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Preface 

The microscopic dimensions of current silicon-integrated circuitry make possible the design 
of digital circuits which may be very complex and yet extremely economical in space, power 
requirements and cost, and potentially very fast. The space, power and cost aspects have 
made silicon the dominant fabrication technology for electronics in very wide ranging areas 
of application. The combination of complexity and speed is finding ready applications for 
VLSI systems in digital processing, and particularly in those application areas requiring 
sophisticated high speed digital processing. Altl1ough silicon MOS-based circuitry will meet 
most requirements in such systems and the technology is still being enhanced by ongoing 
improvements in fabrication, there are ultimate limitations associated with the velocity of 
electrons (and holes) in silicon which will make MOS circuitry unsuitable for some ultra fast 
systems that are now being contemplated. Thus, other techniques are being actively investigated 
to complement silicon technology, including the use of materials other than silicon for the 
production of integrated circuits. One promising technology is the production of very fast 
circuits in gallium arsenide. 

The overwhelming majority ofVLSI systems in silicon utilize nMOS, CMOS or BiCMOS 
technology and, although nMOS designs are now mostly outmoded, it is advantageous to 
understand the processes and to be able to design or analyze nMOS circuits as the need 
arises. This added learning load is no real burden since. the three technologies are closely 
interrelated and design is based on common concepts. It is further possible to relate some 
silicon design methodology and nMOS circuit concepts to the design of gallium arsenide 
circuits. 

A significant feature of this edition is the expansion of CMOS circuitry to include 
bipolar transistors-the BiCMOS process. This is of particular interest, for example, where 
larger capacitive l0ads must be driven. The nature and characteristics of the relevant bipolar 
devices are dealt with and design rules for an n-well BiCMOS process appear in the text and 
are used in design examples. 

Essential matters for nMOS, CMOS and BiCMOS digital circuit design are covered in 
Chapters 1 to 9, including numerous illustrative design exercises over Chapters 6 to 9. 

r:_ Learning to design circuits in silicon is essentially a 'hands-on' process and further exercises 
are set as tutorial work in Chapters 2, 3, 4, 6, 7, 8 and 9, and more demanding work is set 
out in the six CMOS design projects that comprise Chapter 11. Lambda-based design rules 
(Mead and Conway style*) are used in most design exercises since they are easily understood, 

*Mead, C.A. & Conway, LA., Introduction to VLSI Systems, Addison-Wesley, USA, 1980. 
XV 
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Preface ) 

easily remembered and applied, and can be used for fabrication . The rule set given covers 
both nMOS and p-well-based CMOS. However, more effective designs may be based on 
'real-world' micron-based rule sets and two such rule sets are included in this text. Both are 
from Orbit Semiconductor Inc. of California, USA: one rule set covers a 2 micron double 
metal, double polysilicon n-well BiCMOS process and the second set is for a 1.2 micron 
n-well double metal, single polysilicon CMOS process. 

An extended coverage of digital arithmetic circuitry is now included in Chapter 8 and 
a large part of Chapter 10 is devoted to an expanded treatment of testability considerations. 

Chapter 11 is devoted entirely to project work designed to illustrate typical approaches 
to the design of a variety of system requirements. 

• Chapter 12 builds on the earlier chapters to introduce gallium arsenide (GaAs) technology 
and establishes suitable encoding, notation, design rules and basic design methodology. Some 
GaAs logic circuit arrangements are examined. 

We have been particularly careful to ensure that this third edition does not omit essential 
material from the second edition and maintains the format and approach with which users of 
the earlier editions have become familiar. 

Although much new material has been included, all the core material from the second 
edition appears in roughly the same order as before, with the exception of the chapter dealing 
with PLAs and finite state machines. This subject, rightly or wrongly, we now feel belongs 
more appropriately in texts covering digital logic in general and combinational and sequential 
logic in particular. One such text now forms part of this Silicon Engineering Series of texts*. 
However, in order to maintain a coverage of the PLA, we have included the essential material 
as Appendix C. 

Thus, those who have based coursework on the first or second editions of this text 
should not be seriously affected by any omissions and should benefit substantially from the 
additional material presented in this new edition. 

In conclusion, the authors have set out to present a balanced and structured course 
covering the 'technologies of the nineties'. The book covers the design of circuits in silicon 
and introduces the newer GaAs technology in a way that is compatible with design in silicon. 
We have set out to present this text in a form that is readily used and easily assimilated. Most 
of the material presented is based on coursework taught over a number of years and is 
therefore 'tried and trusted'. 

Douglas Pucknell 
Kamran Eshraghian 

*Pucknell , D.A. Fundamentals of Digital Logic Design, Prentice Hall , Au stralia, 1990. 
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A Review of Microelectronics 
and An Introduction to 

MOS Technology 

If you would have the kindness to begin at the beginning, I should be vastly obliged; 
all these stories that begin in the middle simply fog my wit. 

- CouNT ANTHONY HAMILTON 

OBJECTIVES 

This chapter 'sets the scene' by reviewing the evolution of integrated circuits (ICs), and 
comparing the general characteristics of currently available technologies, including BiCMOS 
and GaAs as well as nMOS and CMOS. 

Basic MOS transistor action is briefly reviewed and an overview of fabrication processes 
is given to help appreciate the nature of the technologies. 

1.1 INTRODUCTION TO INTEGRATED CIRCUIT TECHNOWGY 

There is no doubt that our daily lives are significantly affected by electronic engineering 
technology. This is true on the domestic scene, in our professional disciplines, in the workplace, 
and in leisure activities. Indeed, even at school, tomorrow's adults are exposed to and are 
coming to terms with quite- sophisticated electronic devices and systems. There is no doubt 
that revolutionary changes have taken place in a relatively short time and it is also certain 
that even more-dramatic advan.ces will be made in the next decade. 

Electronics as we know it today is characterized by reliability, low power dissipation, 
extremely low weight and volume, and low cost, coupled with an ability to cope easily with 
a high degree of sophistication and complexity. Electronics, and in particular the integrated 
circuit, has made possible the design of powerful and flexible processors which provide 
highly intelligent and adaptable devices for the user. Integrated circuit memories have provided 
the essential elements to complement these processors and, together with a wide range of 
logic and analog integrated circuitry, they have provided the system designer with components 
of considerable capability and extensive application. Furthermore, the revolutionary advances 
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in technology have not yet by any means run their full course and the potential for future 
developments is exciting to say the least. 

Up until the 1950s electronic active device technology was dominated by the vacuum 
tube and, although a measure of miniaturization and circuit integration did take place, the 
technology did not lend itself to miniaturization as we have come to accept it today. Thus 
the vast majority of present-day electronics is the result of the invention of the transistor in 
1947. 

The invention of the transistor by William B. Shockley, Walter H. Brattain and John 
Bardeen of Bell Telephone Laboratories was followed by the development of the Integrated 
Circuit (IC). The very first IC emerged at the beginning of 1960 and since that time there 
have already been four generations of ICs: SSI (small scale integration), MSI (medium scale 
integration), LSI (large scale integration), and VLSI (very large scale integration). Now we 
are beginning tp see the emergence of the fifth generation, ULSI (ultra large scale integration) 
which is characterized by complexities in excess of 3 million devices on a single IC chip . 
Further miniaturization is still to come and more revolutionary advances in the application 
of this technology must inevitably occur. 

Over the past several years, Silicon CMOS technology has become the dominant fabrication 
process for relatively high performance and cost effective VLSI circuits. The revolutionary 
nature of this development is indicated by the way in which the number of transistors 
integrated in circuits on a single chip has grown as indicated in Figure 1.1. Such progress 
is highlighted by recent products such as RISC chips in which it is possible to process some 

Number of transistors per chip 
(complexity) 

128M 

t6M 

2M 

512 

64 

8 

Actual 

• INTEL PENDIUM P5 3.2 millibn devices 1993 

e INTEL PENDIUM P6 6 million devices 
scheduled tor 1996 

1 ~~--~--~--~--L-~~~---L--~--L---L-~~ 
1961 1964 1967 1970 1973 1976 1979 1982 1985 1988 1991 1994 1997 Year 

Note: K signifies a multiplier of 1024 and M a multiplier of 1 ,048,576. 

FIGURE 1.1 Moore's first law: Transistors Integrated on a single chip (commercial products). 
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35 million instructions per second. In order to improve on this throughput rate it 'Will be 
necessdry to improve the technology, both in terms of scaling and processing, and through 
the incorporation of other enhancements such as BiCMOS. The implications of this approach 
is that existing silicon technology could effectively facilitate the tripling of rate. Beyond this, 
i.e., above 100 million instructions per second, one must look to other technologies. In 
particular, the emerging Gallium Arsenide(GaAs) based technology will be most significant 
in this area of ultra high speed logic/fast digital processors. GaAs also has further potential 
as a result of its photo-electronic properties, both as a receiver and as a transmitter of 
light. GaAs in combination with silicon will provide the designer with some very exciting 
possibilities. 

It is most informative in assessing the role of the currently available technologies to 
review their speed and power performance domains. This has been set out as Figure 1.2 and 
the potential presented by each may be readily assessed. 

Propagation 
delay/gate 

1 ns 

100 p 

10~~--------~--------~---------r---------+~~ 
10JJ.W 100JJ.W 1mW 10mW 100mW 

Power dissipation/gate 

FIGURE 1.2 Speed/power performance of available technologies. 

~ This text deals mostly with silicon-based VLSI, including BiCMOS, but also introduces 
GaAs-based technology. ECL-based technology is not covered here, but much of the material 
given is relevant to the general area of the design of digital integrated circuits. 
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1.2 THE INTEGRATED CIRCUIT (IC) ERA 

Such has been the potential of the silicon integrated circuit that there has been an extremely 
rapid growth in the number of transistors (as a measure of complexity) being integrated into 
circuits on a single silicon chip. In less than three decades, this number has risen from tens 
to millions as can be seen in Figure 1.1. The figure sets out what has become known as 
"Moore 's first law" after predictions made by Gordon Moore (of Intel) in the 1960s. It may 
be seen that his predictions have largely come true except for an increasing divergence 
between "predicted" and "actual" over t~e last few years due to problems associated with the 
complexities involved in designing and testing such very large circuits. 

Such has been the impact of this revolutionary growth that IC technology now affects 
almost every aspect of our lives. More is still to come since we have not yet reached the 
limits of miniaturization and there is no doubt that tens of millions of transistors will be 
readily integrated onto a single chip in the future . This evolutionary process is reflected in 
Table 1.1. 

Truly the 1970s, the 1980s and now the 1990s may well be described as the integrated 
circuit era. 

1.3 METAL-OXIDE-SEMICONDUCTOR (MOS) AND RELATED 
VLSI TECHNOWGY 

Within the bounds of MOS technology, the possible circuit realizations may be based on 
pMOS, nMOS, CMOS and now BiCMOS devices. 

However, this text will deal with nMOS, then with___CMOS (which includes pMOS 
transistors) and BICMOS, and finally with GaAs technology, all of which may be classed as 
leading Integrated circuit technologies. 

Although CMOS is the dominant technology, some of the examples used to illustrate 
the design processes will be presented in nMOS form. The reasons for this are as follows : 

• For nMOS technology, the design methodology and the design rules are easily learned, 
thus providing a simple but excellent introduction to structured design for VLSI. 

• nMOS technology and design processes provide an excellent background for other 
technologies. In particular, some familiarity with nMOS allows a relatively easy 
transition to CMOS technology and design. 

• For GaAs technology some arrangements in relation to logic design are similar to 
those employed in nMOS technology. Therefore, understanding the basics of nMOS 
design will assist in the layout of GaAs circuits. 

Not only is VLSI technology providing the user with a new and more complex range 
of 'off the shelf circuits, but VLSI design processes are such that system designers can 
readily design their own special circuits of considerable complexity. This provides a new 
degree of freedom for designers and it is probable that some very significant advances will 
result. Couple this with the fact that integration density is increasing rapidly, as advances in 
technology shrink the feature size for circuits integrated in silicon. Typical manufacturers' 
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TABLE 1.1 Microelectronics evolution 

Year 1947 1950 1961 1966 1971 /980 1990 

Technology Invention 
of the 

transistor 

Approximate 1 
numbers of 
transistors 
per chip in 
commercial 
products 

Typical -
products 

* Ultra large-scale integration 
t Giant-scale integration 

Discrete SS/ MSI 
components 

1 10 100-1000 

Junction Planar Counters 
Transistor devices Multiplexers 
and diode Logic gates Adders 

Flip-flops 

LSI VLSI ULSI* 
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1,000,000 10,000,000 

8 bit micro- 16 and 32 Special 
processors bit micro- processors, 

ROM processors Virtual 
RAM Sophisticated reality 

peripherals machines, 
GHM Dram smart sensors 

2000 

GSP 

>10,000,000 

Note : The boundary lines between technologies in the table are not artificially created. Crossing each boundary requires new design methodology, 
simulation approaches, and new methods for determining and routing communications and for handling complexity. 
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commercial IC products have shown this trend quite clearly as shown in Figure 1.3 and, 
simultaneously, the effectiveness of the circuits produced has increased with scaling down. 
A common measure of effectiveness is the speed power product of the basic logic gate circuit 
of the technology (for nMOS, the Nor gate, with Nand and Nor gates for CMOS). Speed 
power product is measured in picojoules (pJ) and is the product of the gate switching delay 
in nanoseconds and the gate power dissipation in milliwatts. Typical figures are implied in 
Figure 1.2. · 

Micron 
Minimum line width 

FIGURE 1.3 Approximate minimum line width of commercial products versus year. 

1.4 BASIC MOS TRANSISTORS 

Having now established some background, let us tum our attention to basic MOS processes 
and devices. In particular, let us examine the basic nMOS enhancement and depletion mode 
transistors as shown in Figures 1.4(a) and (h) . 

nMOS devices are formed in a p-type substrate of moderate doping level. The source 
and drain regions are formed by diffusing ~-type impurities through suitable masks into these 
areas to give the desired n-impurity concen,tration and give rise to depletion regions which 
extend mainly in the more lightly doped p-region as shown. Thus, source and drain are 
isolated from one another by two diodes. Connections to the source and drain are made by 
a deposited metal layer. In order to mak'e a useful device, there must be the capability for 
establishing and controlling a current between source and drain, and .this is commonly achieved 
in one of two ways, giving rise to the enhancement mode and depletion mode transistors. 

Consider the enhancement mode device first , shown in Figure 1.4(a). A polysilicon gate 
is deposited on a layer of insulation over the region between source and drain. Figure 1.4(a) 
shows a basic enhancement mode device in which the channel is not established and the 
device is in a non-conducting condition, V0 = Vs = Vgs = 0. If this gate is connected to a 
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suitable positive voltage with respect to the source, then the electric field established between 
the gate and the substrate gives rise to a charge inversion region in the substrate under the 
gate insulation and a conducting path or channel is formed between source and drain. 

The channel may also be established so that it is present under the condition Vgs = 0 
by implanting suitable impurities in the region between source and drain during manufacture 
and prior to depositing the insulation and the gate. This arrangement is shown in Figure 1.4(b ). 
Under these circumstances, source and drain are connected by a conducting channel, but the 
channel may now be closed by applying a suitable negative voltage to the gate. 

(a) nMOS enhancement mode transistor 

Source Gate 

(b) nMOS depletion mode transistor 

Source Gate 

Sub. 

(c) pMOS enhancement mode transistor 

Drain 

Drain 

KEY 
llDDDIDDDIDIJ Metal 

~ Polysilicon 

r::::::::::::J Oxide 

~ n-diffusion 

1ZZZZ1 p-diffusion 

~ p-substrate 

~ n-substrate 

c::=::J Depletion 

FIGURE 1.4 MOS transistors (V0 = 0 V. Source gate and substrate to 0 V) . 

In both cases, variations of the gate voltage allow control of any current flow between 
source and drain. 

Figure 1.4(c) shows the basic pMOS transistor structure for an enhancement mode 
device . In this case the substrate is of n-type material and the source and drain diffusions are 

I j< 
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consequently p-type. In the figure , the conditions shown are those for an unbiased device; 
however, the application of a negative voltage of suitable magnitude (> I V1 1) between gate 
and source will give rise to the formation of a channel (p-type) between the source and drain 
and current may then flow if the drain is made negative with respect to the source. In this 
case the current is carried by holes as opposed to electrons (as is the case for nMOS devices). 
In consequence, pMOS transistors are inherently slower than nMOS, since hole mobility Jlp 
is less, by a factor of approximately 2.5, than electron mobility lln· However, bearing .these 
differences in mind, the discussions of nMOS transistors which follow relate equally well to 
pMOS transistors. 

1.5 ENHANCEMENT MODE TRANSISTOR ACTION 

To gain some understanding of this mechanism, let us further consider the enhancement mode 
device, as in Figure 1.5, under three sets of conditions. It must first be recognized that in 
order to establish the channel in the first place a minimum voltage level of threshold voltage 
V1 must be established between gate and source (and of course between gate and substrate 
as a result). Figure 1.5(a) then indicates the conditions prevailing with the channel established 
but no current flowing between source and drain (Vds = 0 ). Now consider the conditions 
prevailing when current flows in the channel by applying a voltage Vds between drain and 
source. There must, of course, be a corresponding IR drop = Vds along the channel. This 
results in the voltage between gate and channel varying with distance along the channel with 
the voltage being a maximum of Vgs at the source end. Since the effective gate voltage is Vg 
= vgs - VI , (no current flows when vgs < VI) there will be voltage available to invert the 
channel at the drain end so long as Vgs - V1 ~ Vds · The limiting condition comes when Vds 
= vgs - VI . For all voltages vds < Vgs - VI, the device is in the non-saturated region of 
operation which is the condition shown in Figure 1.5(b). 

Consider now what happens when vds is increased to a level greater than vgs - VI. In 
this case, an IR drop = Vgs - V1 takes place over less than the whole length of the channel 
so that over part of the channel, near the drain, there is insufficient electric field available 
to give rise to an inversion layer to create the channel. The .channel is, therefore, 'pinched 
off as indicated in Figure 1.5(c). Diffusion current completes the path from source to drain 
in this case, causing the channel to exhibit a high resistance and behave as a constant current 
source. This region, known as saturation, is .characterized by almost constant current for 
increase of vds above vds = vgs - VI. In all cases, the channel will cease to exist and no 
current will flow when Vgs < V1• Typically, for enhancement mode devices, V1 = 1 volt for 
V00 = 5 V or, in general terms, V1 = 0.2 V00. 

1.6 DEPLETION MODE TSANSISTOR ACTION 

For depletion mode devices the channel is established, due to the implant, even when 
Vgs = 0, and to cause the channel to cease to exist a negative voltage V1d must be applied 
between gate and source. 

, 
I 
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Channel 

(a)~.> V1 

V =OV 
d• 

Note: Vds is the drain-to-source voltage. Substrate assumed connected to 0 V. 

•• 

FIGURE 1.5 Enhancement mode transistor for particular values of Vds with (V95 > V1). 

V,d is typically<- 0.8 V00, depending on the implant and substrate bias, but, threshold 
voltage differences apart, the action is similar to that of the enhancement mode transistor. 

Commonly used symbols for nMOS and pMOS transistors are set out in Figure 1.6. 

1. 7 nMOS FABRICATION 

A brief introduction to the general aspects of the polysilicon gate self-aligning nMOS fabrication 
process will now be given. As well as being relevant in their own right, the fabrication 
processes used for nMOS are relevant to CMOS and BiCMOS which may be viewed as 
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nMOS 
enhancement 

nMOS 
depletion 

pMOS 
enhancement 

FIGURE 1.6 Transistor circuit symbols. 

involving additional fabrication steps. Also, it is clear that an appreciation of the fabrication 
processes will give an insight into the way in which design information must .be presented 
and into the reasons for certain performance characteristics and limitations. An nMOS process 
is illustrated in Figure 1.7 and may be outlined as follows : 

1. Processing is carried out on a thin wafer cut from a single crystal of silicon of high 
purity into which the required p-impurities are introduced as the crystal is grown. 
Such wafers are typically 75 to 150 mm in diameter and 0.4 mm thick and are doped 
with, say, boron to impurity concentrations of 1015/cm3 to 1016/cm3, giving resistivity 
in the approximate tange 25 ohm em to 2 ohm em. 

2. A layer of silicon dioxide (Si02), typically 1 J.l.m thick, is grown all over the surface 
of the wafer to protect the surface, act as a barrier to dopants during processing, and 
provide a generally insulating substrate on to which other layers may be deposited 
and patterned. 

3. The surface is now covered with a photoresist which is deposited onto the wafer and 
spun to achieve an even distribution of the required thickness. 

4. The photoresist layer is then exposed to ultraviolet light through a mask which 
defines those regions into which diffusion is to take place together with transistJr 
channels . Assume, for example, that those areas exposed to ultraviolet radiation are 
polymerized (hardened), but that the areas required for diffusion are shielded by the 
mask and remain unaffected. 

5. These areas are subsequently readily etched away together with the underlying silicon 
dioxide so that the wafer surface is exposed in the window defined by the mask. 

6. The remaining photoresist is removed and a thin layer of Si02 (0.1 jlm typical) is 
grown over the entire chip surface and then polysilicon is deposited on top of this 
to form the gate structure. The polysilicon l_ayer consists of heavily doped polysilicon 
deposited by chemical vapor deposition (CVD). In the fabrication of fine pattern 
devices, precise control of thickness, impurity concentration, and resistivity is necessary. 

7. Further photoresist coating and masking allows the polysilicon to be patterned 
(as shown in Step 6) and then the thin oxide is removed to expose areas into which 
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Substrate 

Thick oxide (1 llm) 

Photoresist 

UVIight 

Mask 

Window in oxide 

6. Patterned poly. (1-2 j.Lm) 
on thin oxide (SOQ-1000 A) 

FIGURE 1.7 Continued 

Ill 
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7. 

8. 

9. 

n+ diffusion (1 J.IITl deep) 

Contact holes (cuts) 

Patterned metallization 
(aluminum 1 J.IITl) 

FIGURE 1.7 nMOS fabrication process. 

n-type impurities are to be diffused to form the source and drain as shown. Diffusion 
is achieved by heating the wafer to a high temperature and passing a gas containing 
the desired n-type impurity (for example, phosphorus) over the surface as indicated 
in Figure 1.8 . Note that the polysilicon with underlying thin oxide act as masks 
during diffusion--the process is self-aligning. 

8. Thick oxide (Si02) is grown over all again and is then masked with photoresist and 
etched to expose selected are~s of the polysilicon gate and the drain and source areas 
where connections (i.e. contact cuts) are to be made. 

Donor (pentavaiEMt) gas 

FIGURE 1.8 Diffusion process. 
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9. The whole chip then has metal (aluminum) deposited over its surface to a thickness 

typically of I Jlm. This metal layer is then masked and etched to form the required 
interconnection pattern. 

It will be seen that the process revolves around the formation or deposition and patterning 
of three layers, separated by silicon dioxide insulation. The layers are diffusion within the 
substrate, polysilicon on oxide on the substrate, and metal insulated again by oxide. 

To form depletion mode devices it is only necessary to introduce a masked ion implantation 
step between steps 5 and 6 or 6 and 7 in Figure I . 7. Again, the thick oxide acts as a mask 
and this process stage is also self-aligning. 

Consideration of the processing steps will reveal that relatively few' masks are needed 
and the self-aligning aspects of the masking processes greatly e_ase the problems of mask 
registration. In practice, some extra process steps are necessary, including the overglassing 
of the whole wafer, except where contacts to the outside world are required. However, the 
process is basically straightforward to envisage and circuit design eventually comes down to 
the business of delineating the masks for each stage of the process. The essence of the 
process may be reiterated as follows. 

1.7.1 Summary of An nMOS Process 

• Processing takes place on a p-doped silicon crystal wafer on which is grown a 'thick' 
layer of Si02. 

• Mask 1-Pattern Si02 to expose the silicon surface in areas where paths in the 
diffusion layer or gate areas of transistors are required. Deposit thin oxide over alL 
For this reason, this mask is often known as the 'thinox' mask but some texts refer 
to it as the diffusion mask. 

• Mask 2-Pattern the ion implantation within the thinox region where depletion mode 
devices are to be produced-self-aligning. 

• Mask 3-Deposit polysilicon over all (I _5 Jlm thick typically), then pattern using 
Mask 3. Using the same mask, remove thin oxide layer where it is not covered by 
polysilicon. 

• Diffuse n + regions into areas where thin oxide has been removed. Transistor drains 
and sources are thus self-aligning with respect to the gate structure&. 

• Mask 4--Grow thick oxide over all and then etch for contact cuts. 
• Mask 5-Deposit metal and pattern with Mask 5! 
• Mask 6-Would be required for the overglassing process step. 

1.8 CMOS FABRICATION 

There are a number of approaches to CMOS fabrication, including the p-well, the n-well, the 
twin-tub, and the sili~on-on-insulator processes. In order to introduce the reader to CMOS 
design we will be concerned mainly with well-based circuits. The p-well process is widely 
used in prachce and the n-well process is also popular, particularly as it is an easy retro·fit 
to existing nMOS Jines, so we will also discuss it briefly. 

For the lambda-based rules set out later, we will assume a p-well process. 
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1.8.1 The p-well Process 

A brief overview of the fabrication steps may be obtained with reference to Figure 1.9, noting 
that the basic processing steps are of the same nature as those used for nMOS. 

1. 

2. 

-3. 

p+ mask (negative) -...... 
4. 

FIGURE 1.9 CMOS p-well process steps. 

Thin oxide 
and polysilicon 

p+mask 
(positive) 

In primitive terms, the structure consists of an n-type substrate in which p-devices may 
be formed by suitable masking and diffusion and, in order to accommodate n-type devices, 
a deep p-well is diffused into the n-type substrate as shown. 

This diffusion must be carried out with special care since the p-well doping concentration 
and depth will affect the threshold voltages as well as the breakdown voltages of the 
n-transistors. To achieve low threshold voltages (0.6 to 1.0 V) we need either deep-well 
diffusion or high-well resis.tivity. However, deep wells require larger spacing between the 
n- and p-type transistors and wires due to lateral diffusion and therefore a larger chip area. 

The p-wells .act as substrates for then-devices within the parent n-substrate, and, provided 
that voltage polarity restrictions are observed, the two areas are electrically isolated. However, 
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since there are now in effect two substrates, two substrate connections ( V DD and V5s) are 
required, as shown in Figure 1.1 0. 

FIGURE 1.10 CMOS p-well inverter showing V00 and Vss substrate connections. 

In all other respects-masking, patterning, and diffusion-the process is similar to 
nMOS fabrication. In summary, typical processing steps are: 

• Mask 1 - defines the areas in which the deep p-well diffusions are to take place. 
• Mask 2 - defines the thinox regions, namely those areas where the thick oxide is 

to be stripped and thin oxide grown to accommodate p- and n-transistors and wires. 
• Mask 3 - used to pattern the polysilicon layer which is deposited after the thin 

oxide. 
• Mask 4 - A p-plus mask is now used (to be in effect "Anded" with Mask 2) to define 

all areas where p-diffusion is to take place. 
• Mask 5 - This is usually performed using the negative form of the p-plus mask and 

defines those areas where n-type diffusion is to take place. 
• Mask 6 - Contact cuts are now defined. 
• Mask 7 - The metal layer pattern is defined by this mask. 

Mask 8 - An overall passivation (overglass) layer is now applied and Mask 8 ts 
needed to define the openings for access to bonding pads. 

1.8.2 The n-well Process 

As indicated earlier, although the p-well process is widely used, n-weH fabrication has also 
gained wide acceptance, initially as a retrofit to nMOS lines. 

N-well CMOS circuits are also superior to p-well because of the lower substrate bias 
effects on transistor threshold voltage and inherently lower parasitic capacitances associated 
with source and drain regions. 

Typical n-well fabrication steps are illustrated in Figure 1.11. The first mask defines the 
n-well regions. This is followed by a low dose phosphorus implant driven in by a high 
temperature diffusion step to form the n-wells. The well depth is optimized to ensure against 
p-substrate top+ diffusion breakdown without compromising then-wellton+ mask separation. 
The next steps are to define the devices and diffusion paths, grow field oxide, deposit and 
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Formation of n-well regions 

Define nMOS and pMOS active areas 

FiQid and gate oxidations (thinox) 

Form and pattern polysilicon 

p + diffusion 

Contact cuts 

Deposit and pattern metallization 

Over glass with cuts for bonding pads 

FIGURE 1.11 Main steps in a typical n-well process~ 

pattern the polysilicon, carry out the diffusions, make contact cuts, and finally metalize as 
before. 

lt will be seen that an n+ mask and its complement may be used to define the n- and 
p~diffusion regions respectively. These same masks also include the V DD and V ss contacts· - -
(respectively). It should be noted that, alternatively, we could have used a p+ mask and its 
CDmplemetH; since the n + and p + masks are generally complementary. 

By way of illustration, Figure 1.12 shows an inverter circuit fabricated by the n-well 
process, and this tnay be directly compared with Figure 1.10. 

n·well p-substrate 

FIGURE 1.12 Cross-sectional view of n-wen CMOS Inverter. 
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Owing to differences in charge carrier mobilities , the n-well process creates non-optimum 
p-channel characteristics. However, in many CMOS designs (such as domino-logic and dynamic­
logic structures), this is relatively unimportant since they contain a preponderance of 
n-channel devices. Thus then-channel transistors are mainly those used to form1ogic elements, 
providing speed and high density of elements. 

Latch-up problems can be considerably reduced by using a low-resistivity epitaxial 
p-type substrate as the starting material, which can subsequently act as a very low resistance 
ground-plane to collect substrate currents. 

However, a factor of the n-well process is that the performance of the already poorly 
performing p-transistor is even further degraded. Modern process lines have come to grips 
with these problems, and good device performance may be achieved for both p-well and 
n-well fabrication. 

The design rules which are presented for 1.2 J.l.m and 2 J.l.m technologies in this text are 
for Orbit™ n-well processes. 

1.8.2.1 The Berkeley n-well process 

There are a number of p-well and n-well fabrication processes and, in order to look more 
closely at typical fabrication steps, we will use the Berkeley n-well process as an example. 
This process is illustrated in Figure 1.13. 

1.8.3 The 1\vln-Tub Process 

A logical extension of the p-well and n-well approaches is the twin-tub fabrication process. 
Here we start with a substrate of high resistivity n-type material and then create both 

.. n-well and p-well regions. Through this process it is possib!e to preserve the performance of 
n-transistors without compromising the p-transistors. Doping control is more readily achieved 
and some relaxation in manufacturing tolerances results. This is particularly important as far 
as latch-up is concerned. 

In general, the twin-tub process allows separate optimization of the n- and p-transistors. 
The arrangement of an inverter is illustrated in Figure 1.14, which may, in turn, be compared 
with Figures 1.10 and 1.12. 

1.9 THERMAL ASPECTS OF PROCESSING 

The processes involved in making nMOS and CMOS devices have differing high temperature 
sequences as indicated in Figure 1.15. 

The CMOS p-well process, for example, has a high temperature p-well diffusion process 
(1100 to 1250°C), the nMOS process having no such requirement. ·Because of the simplicity, 
ease of fabrication, and high density per unit area of nMOS circuits, many of the earlier IC 
designs, still in current use, have been fabricated using nMOS technology and it is likely that 
nMOS and CMOS system designs will continue to co-exist for some time to come. 

j 
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Mask 1 
(well definition) 

Mask2 
(nMOS active 
area) 

Mask3 
(pMOS active area) 

Mask4 
(nMOS gates) 

(Note that future 
p-devices are shielded 
by polysilicon gate) 

Mask 5 
(pMOS polysilicon gate) 

Photoresist of this step 
masks the n• regions 
during boron implant 

Mask6 
(cuts) 

Mask 7 
(metals) 

Mask 8 (overglass) 

Basic VLS/ Design 

Defines the phosphorous doped n-wells 

Grow gate oxide, then cover wafer witll silicon nitride 

Delineate the thin oxide areas above the p-substrate, 
leaving all n-well regions covered 

Nitride is selectively etched from the regions where 
thick oxide is desired 

Boo·on implant is introduced to act as a self-aligned 
p-type channel stop 

Field oxidation 

Nitride layer is selectively etched above'n-well 

Phosphorous implant is introduced to form n-type 
channel stop in the n-well · 

The remaining nitride layer is etched 

Implant for threshold adjustment 

Heavily n-doped polysilicon is deposited over wafer 

Formation of polysilicon gates of n-channel devices 

Formation of n• regions in thinox areas not covered 
by polysilicon using arsenic implant 

Formation of p• regions through boron implant 

Thick oxide over all 

Define contact cuts 

Deposit aluminum and pattern 

Passivate and make cuts for bonding pads 

FIGURE 1.13 Flow diagram of Berkeley n-well fabrication. 

) 
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n-well p-well 

FIGURE 1.14 Twin-tub structure. 
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FIGURE 1.15 Thermal sequence difference between nMOS and CMOS processes. 

1.10 BICMOS TECHNOWGY 

A known deficiency of MOS technology lies in the limited load driving capabilities of MOS 
transistors. This is due to the limited current sourcing and current sinking abilities associated 
with both p- and n-transistors and although it is possible, for example, to design so called 
super-buffers using MOS transistors alone, such arrangements do riot always compare well 
with the capabilities of bipolar transistors. Bipolar transistors also provide higher gain and 
have generally better noise and high frequency characteristics than MOS transistors and it 
may be seen (Figure 1.2) that BiCMOS gates could be an effective way of speeding up 
VLSI circuits. However, the application of BiCMOS in sub-systems such as ALU, ROM, a 
register-file, or, for that matter, a barrel shifter, is not always an effective way of improving 
speed. This is because most gates in such structures do not have to drive large capacitive 
loads so that the BiCMOS arrangements give no speed advantage. To take advantage of 
BiCMOS, the whole functional entity, not just the logic gates, must be considered. A comparison 
between the characteristics of CMOS and bipolar circuits is set out in Table 1.2 and the 
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TABLE 1.2 Comparison between CMOS and bipolar technologies 

CMOS . technology 

• Low static power dissipation 
• High input impedance 

(low drive current) 
• Scalable threshold voltage 
• High noise margin 
• High packing density 
• High delay sensitivity to load 

(fan-out limitations) 
• Low output drive current 
• Low Km (gm a V;n) 

• Bidirectional capability 
(drain_ and source are interchangeable) 

• A near ideal switching device 

Bipolar technology 

• High power dissipation 
• Low input impedance 

(high drive current) 

• Low voltage swing logic 
• Low packing density 
• Low delay sensitivity to load 

• High output drive current 
• High Km (gm a evin) 
• High f, at low currents 
• Essentially unidirectional 

) 

differences are self-evident. BiCMOS technology goes some way towards combining the 
virtues of both technologies. 

When considering CMOS technology, it becomes apparent that theoretically there should 
be little difficulty in extending the fabrication processes to include bipolar as well as MOS 
transistors. Indeed, a problem of p-well and n-well CMOS processing is that parasitic bipolar 
transistors are inadvertantly formed as part of the outcome-Qf fabrication. The production of 
npn bipolar transistors with good performance characteristics can be achieved, for example, 
by extending the standard n-well CMOS processing to include further masks to add two 
additional layers-the n + subcollector and p + base layers. The npn transistor is formed in an 
n-well and the additional p + base region is located in the well to form the p-base region of 
the transistor. The second additional layer-the buried n+ subcollector (BCCD) is added to 
reduce the n-well (collector) resistance and thus improve the quality of the bipolar transistor. 
The simplified general arrangement of such a bipolar npn transistor may be appreciated with 
regard to Figure 1.16. Bipolar transistor characteristics will follow in Chapter 2 and the 
relevant design rules are dealt with in Chapter 3. A quick appraisal of Figures 3.13(t) will 
serve to further illustrate the actual geometry of a BiCMOS bipolar transistor in 
n-well technology. Since extra design and processing steps are involved, there is an inevitable 
increase in cost and this is reflected in Figure 1.17; which also includes ECL and GaAs gates 
for cost comparison. 

1.10.1 BICMOS Fabrication In an n-well Process 

The basic process steps used are those already outlined for CMOS but with additional process 
steps and additional masks defining: (i) the p+ base region; (ii) n+ collector area; and (iii) the 
buried subcollector (BCCD). / 
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n-emitter 
and contact area 

BCCD-buried 
n + subcollector 

collector emitter ba!le 

buried n + subcOIIector (BCCD) p • connection to base 

base 
contact area 

(a) plan view 

oxide 

(b) cross section 

Note: For clarity, the layers have not been drawn transparent but BCCD underlies the entire area 

and the p + base underlies all within its boundary. 

FIGURE 1.16 Arrangement of BiCMOS npn transistor (Orbit 2 Jlm CMOS). 

Table 1.3 sets out the process steps for a single poly, single Metal CMOS n-well process, 
showing the additional process steps for the bipolar devices. 

1.10.2 Sqme Aspects of Bipolar and CMOS Devices 

Cle~ly there are relative advantages and disadvantages when comparing bipolar technology 
with CMOS technology. A readily assimilated comparison of some key features was set out 
as Table 1.2. 
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TABLE 1.3 n-well BiCMOS fabrication process steps 

Single poly. single metal CMOS 

• Form n-well 

• Delineate active areas 
• Channel stop 

• Threshold V1 adjustment 
• Delineate poly./gate areas 
• Form n+ active areas 
• Form p + active areas 

• Define contacts 
• Delineate the metal areas 

Relative 
8 cost 

per gate 

7 

6 

5 

4 

3 

2 

0 

Additional steps for bipolar devices 

• Form buried n+ layer (BCCD) 

• Form deep n+ collector 

• Form p + base for bipolars 

0 Current 

Projected 199& 

2 3 4 5 

Relative gate delay 

FIGURE 1.17 Cost versus delay for logic gate. 

It w\11 be seen that there are several advantages if the properties of CMOS and bipolar 
technologies could be combined. This is achieved to a significant extent in the BiCMOS 
technology. As in all things, there is a penalty which, in this case, arises from the additional 
process steps, some loss of packing density and thus higher cost. 

A cost comparison of all current high speed technologies may be assessed from 
Figure 1.17. 
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A further advantage which arises from BiCMOS technology is that analog amplifier 
design is facilitated and improved. High impedance CMOS transistors may be used for the 
input circuitry while the remaining stages and ouput drivers are realised using Bipolar transistors. 

To take maximum advantage of available Silicon technologies one might envisage the 
11 following mix of technologies in a silicon system. 
) 

I~ 

CMOS 
BiCMOS 
ECL 

for logic 
for I/0 and driver circuits 
for Critical high speed parts of the system 

However, in th:is text we will not be dealing with the ECL technology. 

1.11 PRODUCTION OF E-BEAM MASKS 

All the processes discussed have made use of masks at various stages of fabrication . In many 
processes, the masks are produced by standard optical techniques and much has been written 
on the photolithographic processes involved. However, as geometric dimensions shrink and 
also to allow for the processing of a number of different chip designs on a single wafer, other 
techniques are evolving. One popular process used for this purpose uses an E-beam machine. 
A rough outline of this type of mask making follows : 

1. The starting material consists of chrome-plated glass plates which are coated with an 
E-beam sensitive resist. 

2. The E-beam machine is loaded with the mask description data (MEBES). 
3 .. Plates are loaded into the-fr-beam machine, where they are exposed with the patterns 

specified by the customer' s mask data. 
4. After exposure to the E-beam, the plates are introduced into a developer to bring out 

the patterns left by the E-beam in the resist coating. 
5. The cycle is followed by a bake cycle and a plasma de-summing, which removes the 

resist residue. 
6. The chrome is then etched and the plate is stripped of the remaining E-beam resist. 

The advantages of E-beam masks are: 

• tighter layer to layer registration; 
• smaller feature sizes. 

There are two approaches to the design of E-beam machines: 

• raster scanning; 
• vector scanning. 

In the first case, the electron beam scans all possible locations (in a similar fashion to 
a television display) and a bit map is used to tum the E-beam on and off depending on 
whether the particular location being scanned is to be exposed or not. 

For vector scanning, the beam is directed only to those locations which are to be 
exposed. Although this is inherently faster, the data handling involved is more complex. 
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1.12 OBSERVATIONS 

This chapter has set the scene by introducing the basically simple MOS transistor structures 
and the relatively straightforward fabrication processes used in the manufacture of nMOS, 
CMOS and BiCMOS circuits. We have also attempted to emphasize the revolutionary spread 
of semiconductor technology which has, in the short space of 30 years, advanced to a point 
where we now see complex systems completely integrated onto a single chip. 

Although this text concentrates on digital circuits and systems, similar techniques can 
be . applied to the design and fabrication of analog devices. Indeed, the trends are toward 
systems of VLSI (and beyond) complexity which will in future include, on single chips, 
significant analog interfaces and other appropriate circuitry. This higher level of integration 
will lead to fewer packages and interconections and to more complex systems than today. 
There will be a marked beneficial effect on cost and reliability of the systems that will be 
available to all professions and disciplines and in most aspects of everyday life. 

Our discussions of fabrication have in some instances simplfied the processes used in 
order to reveal or emphasize the essential features. Indeed, the fabrication of similar devices 
by different fabricators may vary considerably in detail. This is also the case with the design 
rules (Chapter 3) which are specified by the fabricator. Design rules will be introduced via 
the concept of "lambda-based" rules, which are a result of the work of Mead and Conway 
and, although not producing the tightest layouts, these rules are acceptable to many fabricators . 
A study of lambda-based rules also provide a good way of absorbing the essential concepts 
underlying any set of design rules. However, the text also gives an up-to-date set of real 
world "micron-based" rules for 2 IJ.m and for 1.2 IJ.In n-well CMOS technologies which may 
be used when the designer reaches an acceptable level of competence. The 2 1J.m rule set is 
for a BiCMOS process and thus also provides for bipolar npn transistors. It must be noted 
here that "21J.m technology", for example, mearis that the minimum line width (and, consequently, 
the typical feature size of the geometry) of the chip layout will be 2 IJ.m. 

In order to understand the basic features MOS and BiCMOS IC technologies, we must 
now look into the basic electrical properties. 
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Basic Electrical Properties of 
MOS and BiCMOS Circuits 

OBJECTIVES 

There is no virtue in not knowing what can be known. 

- ALDOUS HUXLEY 

If design is to be effectively carried out, or indeed if the performance of circuits realized in 
MOS technology is to be properly understood, then the practitioner must have a sound 
understanding of the MOS active devices. 

This chapter establishes the basic characteristics of MOS transistor and examines various 
possibilities for configuring inverter circuits. In the case of nMOS circuits the need for and 
values of the ratio rules are established. 

Discussion then extends to the characteristics of BiCMOS transistors and the ensuing 
inverter circuitry. 

Finally, aspects of latch-up are considered f-or CMOS and BiCMOS devices. Having 
introduced the MOS transistor and the processes used to produce it, we are now in a position 
to gain some understanding of the electrical characteristics of the basic MOS circuits­
enhancement and depletion mode transistors and inverters. Our considerations will be based 
on reasonable approximations so that the essential features can be evaluated and illustrated in 
a concise and easily absorbed manner. VLSI designers should have a good knowledge of the 
behavior of the circuits they are designing or designing with. Even if large systems are being 
designed, using cc.mputer-aided design processes, it is essential that the designs be based on 
a sound foundation of understanding if those systems are to meet performance specifications. 

The following expressions and discussion relate directly to nMOS transistors, but pMOS 
expressions are also given where appropriate and, generally, a reversal of voltage and current 
polarities of nMOS expressions and the exchange of j..l.11 for llp and electrons for holes will 
yield pMOS from nMOS expressions. 

We will then briefly discuss some bipolar transistor characteristics which are relevant 
to an understanding of BiCMOS circuits. Bipolar transistor parameters are also compared 
with comparable parameters for CMOS transistors. 

25 
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2.1 DRAIN-TO-SOURCE CURRENT Ids versus VOLTAGE Yds 

RELATIONSHIPS 

) 

The whole concept of the MOS transistor evolves from the use of a voltage on the gate to 
induce a charge in the channel between source and drain, which may then be caused to move 
from source to drain under the influence of an electric field created by voltage V ds applied 
between drain and source. Since the charge induced is dependent on the gate to source 
voltage Vgs• then Ids is dependent on both Vgs and Vds· Consider a structure, as in Figure 2.1, 
in which" electrons will flow source to drain: 

I = _ I = Charge induced in channel (QJ 
ds sd El . . ( ) ectron transit hme 't 

First, transit time: 

Length of channel (L) 
'tsd = --=---------'-~ 

Velocity (v) 

Gate 

FIGURE 2.1 nMOS transistor structure. 

but velocity 

where 
fl = electron or hole mobility (surface) 

Eds = electric field (drain to source) 
Now 

E - vd.s 
ds --

L 

(2.1) 
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so that 

Thus 

Basic Electrical Properties of MOS and BiCMOS Circuits 

v = JlVds 
L 

Typical values of Jl at room temperature are: 

lln * 650 cm2N sec (surface) 

Jlp * 240 cm2N sec (surface) 

2.1.1 The Non-saturated Region 

•• 

(2.2) 

Charge induced in channel due to gate voltage is due to the voltage difference between the 
gate and the channel, Vgs (assuming substrate connected to source). Now note that the voltage 
along the channel varies linearly with distance X from the source due to the IR drop in the 
channel (see Figure 1.5) and assuming that the device is not saturated then the average value 
is V tJ/2. Furthermore, the effective gate voltage Vg = Vgs - V1 where V, is the threshold 
voltage needed to invert the charge under the gate and establish the channel. 

Note that the charge/unit area = EgE-;nsf.o. Thus induced charge 

Qc = EgE-;nsf.oWL 

where 
Eg = average electric field gate to channel 

E;ns = relative permittivity of insulation between gate and channel 
Eo = permittivity of free space 

(Note: Eo = 8.85 x 10-14F cm-1
; E;ns * 4.0 for silico~~ioxide) 

Now 

. - ({V~ - V,) - v;) 
Eg- . 

D 

where D = oxide thickness. 
Thus 

Q = WLE;nsEo ((V _ V.) _ Vds) 
c D gs t 2 

Now, combining equations (2.2) and (2.3) in equation (2.1), we have 

I =EinsEoJ..LW ((V - V.)- Vds)v 
ds D L gs t 2 ds 

(2 .3) 
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or 

in the non-saturated or resistive region where V ds < V1s - V, and 

K = E;ns£oJ.t 
D 

) 

(2.4) 

The factor W/L is, of course, contributed by the geometry and it is common practice to 
write 

so that 

w 
~=K­

L 

1 .. =~(w .. -V.> v., - v!) 
which is an alternative form of equation (2:4). 

Noting that gate/channel capacitance 

we also have 

so that 

£ ,:_W£ 
C = 1"'..., (parallel plate) 

' D 

c,J.l 
K=­

WL 

which is a further alternative form of equation (2.4). 

(2.4a) 

(2.4b) 

Sometimes it is convenient to use gate capacitance per unit area C0 (which is often 
denoted C0_t) rather than C1 in this and other expressions. Noting that 

C1 = C0WL 

we may also write 

(2.4c) 
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2.1.2 The Saturated Region 

Saturation begins when Vds = Vgs - V, since at this point the IR drop in the channel equals 
the effective gate to channel voltage at the drain and we may assume that the current remains 
fairly constant as Vds increases further. Thus 

(2.5) 

or, we may write 

(2.5a) 

or 

- Cgll 2 I (v - ~) tb- --2 gs 
2L 

(2.5b) 

We may also write 

(2.5c) 

The expressions derived for Ids hold for both enhancement and depletion mode devices, but 
it should be noted that the threshold voltage for the nMOS depletion mode device (denoted 
as v,d) is negative. 

Typical characteristics for nMOS transistors are given in Figure 2.2. pMOS transistor 
characteristics are similar, with suitable reversal of polarity. 

2.2 ASPECTS OF MOS TKArfSISTOR THRESHOLD VOLTAGE Yt 

The gate structure of aMOS transistor consists, electrically, of charges stored in the dielectric 
layers and in the surface to surface interfaces as well as in the substrate itself. 

Switching an enhancement mode MOS transistor from the off to the on state consists 
in applying sufficicmt gate voltage to neutralize these charges and enable the underlying 
silicon to undergo an inversion due to the electric field from the gate. 

Switching a depletion mode nMOS transistor from the on to the off state consists in 
applying enough voltage to the gate to add to the stored charge and invert the 'n' implant 
region to 'p' . 

The threshold voltage V, may be expressed as: . 

where 
Q11 = the charge per unit area in the depletion layer beneath the oxide 

Qss = charge density at Si:Si02 interface 

(2.6) 
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'• 
~6•0.3V00 

'• 
~ Saturation ( v,. > Vg. - V, ) ~ 

V66 •0 

r t Vp 

~.=-0.1 voo 

Vg. 

v66 = -0.31'oo 
.............. 

0 
I 
0.5V00 

·v,. 

(a) Depletion mode device 

'• 
~.=o,av00 

'd• 

.. Saturation ( V.- > V66 - V1) ~ Vg. z: 0.5 voo 

~-l t vP 

Vg.=0.4V00 
vP 
~ 

~=0.2V00 

0 o.svoo voo 
~ 

(b) Enhancement mode device 

FIGURE 2.2 MOS transistor characteristics . ... 
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C0 = capacitance per unit gate area 

<l>ms = work function difference between gate and Si 
<I>JN = Fermi level potential between inverted surface and bulk Si. 

Now, for polysilicon gate and silicon substrate, the value of <l>ms is negative but negligible, 
and the magnitude and sign of V1 are thus determined by the balance between the remaining 

negative term -Qss and the other two terms, both of which are positive. To evaluate V1, each 
Co 

term is determined as follows: 

Qss = (1.5 to 8) X 10-S cou)omb/m2 

depending on crystal orientation, and where 

Vs8 = substrate bias voltage (negative w.r.t. source for nMOS, positive for pMOS) 
q = 1.6 X 10-19 coulomb 
N = impurity concentration in the substrate (NA or ND as appropriate) 

£.5 ; = relative permittivity of silicon =;: 11.7 
n; = intrinsic electron concentration (1.6 x 1010/cm3 at 300°K) 
k = Boltzmann's constant = 1.4 x 10-23 joule/°K 

The body effects may also be taken into account since the substrate may be biased with 
respect to the source, as shown in Figure 2.3 . 

Source Gate Drain 

Vss 

FIGURE 2.3 Body effect (nMOS device shown). 

Increasing Vs8 causes the channel to be depleted of charge carriers and thus the threshold 
voltage is raised. 

Change in V1 is given by ,~.V1 =;: '((Vs8 )
112 where '( is a constant which depends on 

substrate doping so that the more lightly doped the substrate, the smaller will be the body 
effect. 
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Alternatively, we may write 

where V,(O) is the threshold voltage for Vs8 = 0. 
To establish the ,magnitude of such effects, typical figures for V1 are as foUows: 

For nMOS enhancement mode transistors: 

VsB = 0 V; V, = 0.2VDD (= +1 V for VDD = +5 V) } S~ but 
negative values 

Vs8 = 5 V; V, = 0.3VDD (= +1.5 V for VDD = +5 V) for pMOS 

For nMOS depletion mode transistors: 

Vsa = 0 V; vtd = -0.7VDD (= -3.5 v for VDD = +5 V) 

Vsa = 5 V; Vtd = -0.6VDD (= -3.0 V for VDD = +5 V) 

2.3 MOS TRArtSISTOR TRArtSCOrtDUCTAriCE g, AriD ODTPUI' 
COrtDUCTAriCE g,. 

Transconductance expresses the relationship between output current Ids and the input voltage 
V11 and is defined as 

To fmd an expression for g,. in terms of circuit and transistor parameters, consider that 
the charge in channel Qc is such that 

where 't is transit time. Thus change in current 

Now 

(from 2.2) 

Thus 
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but change in charge 

so that · 

Now 

In saturation 

vd.r = v"'- v, 

- c6~ g. -[! (V., - V,) (2.7) 

and substituting for C = E;uEoWL 
' D 

(2.7a) 

Alternatively, 

g, = ~(V1s- V,) 

It is possible to increase the g, of a MOS device by increasing its width. However, this 
will also increase the input capacitance and area occupied. 

A reduction in the channel length results in an increase in .COo owing to the higher g,. 
However, the gain of the MOS device decreases owing to the strong degradation of the 
output resistance = llgds· 

The output conductance gd.r can be expressed by 

oi (1)2 

gds = _.1!.... = 'A..Ids a -
oV., L 

Here the strong dependence on the channel length is demonstrated as 

for the MOS device. 
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2.4 MOS TRArfSISTOR FIGURE OF MERIT ro0 

An indication of frequency response may be obtained from the parameter OOo where 

ro = gm = _!::_ (V - V) (= _1 ) 
0 C L2 gs I 

g tsd 
(2 .8) 

This shows that switching speed depends on gate voltage above threshold and on carrier 
mobility and inversely as the square of channel length. A fast circuit requires that g"' be as 
high as possible. 

Electron mobility on a (100) oriented n-type inversion layer surface (11n) is larger than 
that on a ( 111) oriented surface, and is in fact about three times as large as hole mobility on 
a (111) oriented p-type inversion layer. Surface mobility is also dependent on the effective 
gate voltage (V85 - V1). 

For faster nMOS circuits, then, one would choose a (100) oriented p-type substrate in 
which the inversion layer will have a surface carrier mobility l1n :::= 650 cm2N sec at room 
temperature. 

Compare this with the typical bulk mobilities 

l1n = 1250 cm2/V sec 

l1p = 480 cm2/V sec 

from which it will be seen that l1s :::= 0.5 (where 11s = surface mobility and 11 =bulk mobility). 
11 

2.5 THE PASS TRANSISTOR 

Unlike bipolar transistors, the isolated nature of the gate allows MOS transistors to be used 
as switches in series with lines carrying logic levels in a way that is similar to the use of relay 
contacts. This application of the MOS device is called the pass transistor and switching logic 
arrays can be formed-for example, an And array as in Figure 2.4. 

~0---.. 

T 
A 

,----X 

T 
8 c 

1!._= A.B.C (Logic 1 = ~0 - V1) 

X=? 

Note.: Means must exist so that X assumes ground potential when A + B + C = 0. 

FIGURE 2.4 Pass transistor And gate. 
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2.6 THE nMOS INVERTER 

A basic requirement for producing a complete range of logic circuits is the inverter. This is 
needed for restoring logic levels, for Nand and Nor gates, and for sequential and memory 
circuits of various forms . In the treatment of the inverter used in this section, the authors 
wish to acknowledge the influence of material previously published by Mead and Conway. 

The basic inverter circuit requires a transistor with source connected to ground and a 
load resistor of some sort connected from the drain to the positive supply rail Vvv· The output 
is taken from the drain and the input applied between gate and ground. 

Resistors are not conveniently produced on the silicon substrate; even modest values 
occupy excessively large areas so that some other form of load resistance is required. A 
convenient way to solve this problem is to use a depletion mode transistor as the load, as 
shown in Figure 2.5. 

Now: 

vout 

--------~--- GNO 

FIGURE 2.5 nMOS Inverter. 

• With no current drawn from the output, the currents Ids for both transistors must be 
equal. 

• For the depletion mode transistor, the gate is connected to the source so it is always 
on and only the characteristic curve Vgs = 0 is relevant. 

• In this configuration the depletion mode device is called the pull-up (p.u.) and the 
enhancement mode device the pull-down (p.d.) transistor. 

• To obtain the inverter transfer characteristic we superimpose the Vgs = 0 depletion 
mode characteristic curve on the family of curves for the enhancement mode device, 
noting that maximum voltage across the enhancement mode device corresponds to 
minimum voltage across the depletion mode transistor. 

• The points of intersection of the curves as in Figure f-6 give points on the transfer 
characteristic, which is of the form shown in Figure 2.7. 

• Note that as Vin(=Vgs p.d. transistor) exceeds the p.d. threshold voltage current begins 
to flow. The output voltage Vout thus decreases and the subsequent increases in Vin 

will cause the p.d. transistor to come out of saturation and become resistive. Note 
that the p.u. transistor is initially resistive as the p.d. turns on. 
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FIGURE 2.6 Derivation of nMOS Inverter transfer characteristic. 
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FIGURE 2. 7 nMOS Inverter transfer characteristic. 

• During transition, the slope of the transfer characteristic determines the gain: 
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• The po~nt at which Vout = V;, is denoted as V;,v and it will be noted that the transfer 

characteristics and V;,v can be shifted by variation of the ratio of pull-up to pull­
down resistances (denoted zp.ulZp.d. where Z is determined by the length to width 
ratio of the transistor in question). 

2. 7 DETERMINATION OF PULL-UP TO PULL-DOWN RATIO (Zp.u} 
Zp.d.) FOR AN nMOS INVERTER DRIVEN BY ANOTHER nMOS 
INVERTER 

Consider the arrangement in Figure 2.8 in which an inverter is driven from the output of 
another similar inverter. Consider the depletion mode transistor for which Vgs = 0 under all 
conditions, and further assume that in order to cascade inverters without degradation of 
levels we are aiming to meet the requirement 

v~ v.,.,, 

FIGURE 2.8 nMOS inverter driven directly by another inverter. 

For equal margins around the inverter threshold, we set V;,v = 0.5 VDD· At this point both 
transistors are in saturation and 

In the depletion mode 

(v - v.,)2 
I = K W ___,gs'----

ds L 2 

and in the enhancement mode 

I = K Wp.d. U-:,v - V, f . V V 
ds L 2 smce gs = inv 

p.d. 

Equating (since currents are the same) we have 

w w 
_1!3:_ ( v - v. ) 2 = -.!!:!!:.... ( - v. )2 L mv 1 L td 

pd p~ 
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where Wp.d.• Lp.d.• Wp.u.• and Lp.u. are the widths and lengths of the pull-down and pull-up 
transistors respectively. 

Now write 

L L 
zp.d. = ___!!:!!:_ · z = --..!!:.!!:.... W ' p.u. W 

p.d. p.u. 

we have 

whence 

Now we can substitute typical values as follows: 

thus, from equation (2.9) 

whence 

and thus 

VI= 0.2Vvv; vtd =- 0.6Vvv 

Vinv = 0.5Vvv (for equal margins) 

0.5 =0.2 + 0·6 

Jzp.ulZp.d. 

Zp.ul Zp.d. = 4/1 

for an inverter directly driven by an inverter. 

(2.9) 

2.8 PULL-UP TO PULL-DOWN RATIO FOR AN nMOS INVERTER 
DRIVEN THROUGH ONE OR MORE PASS TRANSISTORS 

Now consider the arrangement of Figure 2.9 in which the input to inverter 2 comes from the 
output of inverter 1 but passes through one or more nMOS transistors used as switches in 
series (called pass transistors) . 

We are concerned that connection of pass transistors in series will degrade the logic 
1 level finto inverter 2 so that the output will not be a proper logic 0 level. The critical 
condition is when point A is at 0 volts and B is thus at Vvv. but the voltage into inverter 2 
at point C is now reduced from V DD by the threshold voltage of the series pass transistor. 
With all pass transistor gates connected to Vvv (as shown in Figure 2.8), there is a loss of 
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Inverter 2 

A 

Vou/2 

FIGURE 2.9 Pull-up to pull-down ratios for inverting logic coupled by pass transistors. 

V1P, however many are connected in series, since no static current flows through them and 
there can be no voltage drop in the channels. Therefore, the input voltage to inverter 2 is 

V;nz = Vvv- Vtp 

where 
V1p = threshold voltage for a pass transistor. 

We must now ensure that for this input voltage we get out the same voltage as would be the 
case for inverter 1 driven with input = Vvv· 

Consider inverter 1 (Figure 2.1 O(a)) with input = Vvv· If the input is at Vvv. then the 
( p.d. transistor T2 is conducting but with a low voltage across it; therefore, it is in its resistive 

region represented by R 1 in Figure 2.10. Meanwhile, the p.u. transistor T1 is in saturation and 
is represented as a current source. 

r, 
Depletion mode 

+ ,, 

t 
Voutl 

Voo 

GND 

(a) Inverter 1 with input= V00 

VDD 

r, lz 

Depletion mode 

Enhancement 
mode 

GND 

(b) Inverter 2 with input= V00- V,p 

FIGURE 2.10 Equivalent circuits of inverters 1 and 2. 

For the p.d. transistor 

Ids = K ~p .d.I [(VDD - V,) Vdsl - v;1
) 

p .d .l 
(from 2.4) 
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·Therefore 

Note that V drt is small and V dstl2 may be ignored. 
. ':,.. 

Thus 

. 1 z 
Rt * K p.d.t 

Now, for depletion mode p.u. in saturation with V,. = 0 

I =Itb =K Wp.i..t ( - V~r~)2 
I L 2 

p .ll.l 
(fivm 2.5) 

The product 

Thus 

u -I R _ z,.d.t ( 1 -) (V~r~)2 
,.outl- I I--- ---

zp.ll.l VDD -:- V, · 2 

Consider inverter 2 (Figure 2.10(b)) when input = VDD- Ytp. As for inverter 1 

R ... 1 z 1 
2 .... K p.d.2 ((VDD - Vtp) - v, 

whence 

If inv¢er 2 is to have the same output voltage under these conditions then V 0111 1 = V 0111 2. 

That is 

Therefore 

z, . .,.2 = z, .... t _....;.(_,VD=D'------'V,-'-)­

zp.d.2 zp.d.t (Voo - V,, - V,) 
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Taking typical values 

Therefore 

Summarizing for an nMOS inverter: 

V, = 0.2Vvv 

Vrp = 0.3Vvv* 

• An inverter driven directly from the output of another should have a Zp.ulZp.fl. ratio 
of~ 4/1. 

• An inverter driven through one or more pass transistors should have a Zp.u./Zp.d. ratio 
of~ 8/1. 

' 't Note: It is the driven, not the driver, whose ratio is affected. 

2.9 ALTERMTIVE FORMS OF f'IJLL-UP 

Up to now we have assumed that the inverter circuit has a depletion mode pull-up transistor 
as its load. There are, however; at least four possible arrangements: 

1. Load resistance RL (Figure 2.11 ). This arrangement is not often used because of the 
large space requirements of resistors produced in a silicon substrate. 

------4---- Voo 

FIGUIIIE 2.11 RHistor pull-up. 
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2. nMOS depletion mode transistor pull-up (Figure i .12). 
(a) Dissipation is high ,since rail to rail current flows when V;n = logical 1. 
(b) Switchlng of output from 1 to 0 begins when V;n exceeds V, of p.d. device. 
(c) When switching the output from 1 to 0, the p.u. device is non-saturated initially 

and this presents lower resistance through which to charge capacitive loads . 

GNO 

. . 
' 

~: . 
No curr nt 

.... 
Current 
flows 

Non-zero output 

FIGURE 2.12 nMOS depletion mode transistor pull-up and transfer characteristic. 

3. nMOS enhancement mode pull-up · (Figure 2.13). 
(a) Dissipation is high since current flows when V;n =logical 1 (VaG is returned to V00) . 

(b) Vout can never reach V DD (logical I) if V GG = V 00 as is normally the case. 

. + -.. -- ..... -:- ............. --............ -..... -. -.. -.................. .. -. 

-------~ ........... . 

. 
GNO . . 

0 
. 
v,2 t 

V;n 

--

FIGURE 2.13 nMOS enhancement mode pull-up and transfer characteristic. · 
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(c) VGG may be derived from a switching source, for example, one phase of a clock, 

so that dissipation can be greatly reduced. 
(d) If VGG is higher than VDD then an extra supply rail is required. 

4. Complementary transistor pull-up (CMOS) (Figure 2.14). 
(a) No current flow either for logical 0 or for logical 1 inputs. 
(b) Full logical 1 and 0 levels are presented at the output. 
(c) For devices of similar dimensions the p-channel is slower than the n-channel device. 

(a) Circuit 

p 

Vout 

n 

Current 
(between 

rails) 

v,n ~ 
• 'P 
' I -· -----·--------------------------~--------·- · 

pon 

n off 

Vss 

(b) Transfer characteristic 

Regions 

2 3 4 

(c) CMOS inverter current versus "'n 

' non 

p off 

5 

FIGURE 2.14 Complementary transistor pull-up (CMOS). 
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2.10 THE CMOS INVERTER 

The general arrangement and characteristics are illustrated in Figure 2.14. We have seen 
(equations 2.4 and 2.5) that the current/voltage relationships for the MOS transistor may be 
written 

in the resistive region, or 

in saturation. In both cases the factor K is a technology-dependent parameter such that 

The factor WIL is, of course, contributed by the geometry and it is common practice to 
write 

so that, for example 

I = ~ (V - V.)2 
ds 2 gs I 

in saturation, and where 1t may be applied to both nMOS and pMOS transistors as follows: 

where Wn and Lm WP and LP are the n- and p-transistor dimensions respectively. With regard 
to Figures 2.14(b) and 2.14( c), it may be seen that the CMOS inverter has five distinct 
regions of operation. 

Considering the static conditions first, it may be Seen that in region 1 for which Vi,. = 

logic 0, we have the p-lransistor fully turned on while the n-transistor is fully turned off. 
Thus no current flows through the _inverter and the output is directly connected to V DD 

through the p-transistor. A good logic 1 output voltage is thus present at the output. 
In rey:ion 5 V;,. = logic 1, the n-transistor is fully on while the p-transistor is fully off. 

Again, no current flows and a good logic 0 appears at the output. 
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In region 2 the input voltage has increased to a level which just exceeds the threshold 
voltage of the n-transistor. The n-transistor conducts and has a large voltage between source 
and drain; so it is in saturation. The p-transistor is also conducting but with only a small 
voltage across it, it operates in the unsaturated resistive region. A small current now flows 
through the inverter from V00 to V55. If we wish to analyze the behavior in this region, we 
equate the p-device resistive region current with the n-device saturation current and thus 
obtain the voltage and current relationships. 

Region 4 is similar to region 2 but with the roles of the p- and n-transistors reversed. 
However, the current magnitudes in regions 2 and 4 are small and most of the energy 
consumed in switching from one state to the other is due to the larger current which flows 
in region 3. 

Region 3 is the region in which the inverter exhibits gain and in which both transistors 
are in saturation. 

The currents (with regard to Figure 2.14(c)) in each device must be the samt: smce the 
transistors are in series, so we may write 

where 

and 

from whence we can express V;n in terms of the ~ ratio and the other circuit voltages and 
currents 

(2.10) 

Since both transistors are in saturation, they act as current sources so that the equivalent 
circuit in this region is two current sources in series between V00 and Vss with the output 
voltage coming from their common point. The region is inherently unstable in consequence 
and the changeover from one logic level to the other is rapid. 

If ~n = ~P and if Vm = -V,P, then from equation (2.10) . 

V;n = 0.5 Voo 

This implies that the changeover between logic levels is symmetrically disposed about 
the point at which 
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since only at this point will the two ~ factors be equal. But for ~n = ~P the device geometries j 
must be such that 

J.l.pW JLP = J.l.nWn/Ln 

Now the mobilities are inherently unequal and thus it is necessary for the width to length 
ratio of the p-device to be two to three times that of the n:.device, namely 

WJLP * 2.5 WJLn 

However, it must be recognized that mobility Jl is affected by the transverse electric field in 
the ·channel and is thus depeqdent on Vgs (and thus on V;n in this in case). It has been shown 
empirically that the actual mobility is 

ll = llz (I - «<> (Vgs - V,)t1 

cj> is a constant approximately equal to 0.05, V1 includes any body effect, and llz is the 
mobility with zero transverse field. Thus a ~ ratio of 1 will only hold good around the point 
of symmetry when Vout = V;n = 0.5Vvv· 

The ~ ratio is often unimportant in many configurations and in most cases minimum 
size transistor geometries are used for both n- and p-devices. Figure 2.15 indicates the trends 
in the transfer characteristic as the ratio is varied. The changes indicated in the figure would 
be for quite large variations in ~ ratio (e.g. up to 10: 1) and the ratio is thus not too critical 
in this respect. 

Voo/2 

V,p 
I 

,..... ............. ~~ ....... ~-------------!-------- Voo 
I 
I 
I 
I 

Bn : ...... ~-+- ->1 
Bp 

V0012 

FIGURE 2.15 Trends In transfer characteristic with p ratio. 

2.11 MOS TRANSISTOR CIRCUIT MODEL 

The MOS transistor can be modeled with varying degrees of complexity. However, a 
consideration of the actual physical construction of the device (as in Figure 2.16) leads to 
some understanding of the various components of the model. 

' 
I. 
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FIGURE 2.16 nMOS transistor model. 

Notes: CQc = gate to channel capacitance 
Ccs = gate to source capacitance 
CcD = gate to drain capacitance } Small for self-aligning nMOS process 

Remaining capacitances are associated with the depletion layer and are voltage dependent. 
Note that Css indicates source-to-substrate, CDs drain-to-substrate, and Cs channel-to-substrate 
capacitances. 

2.12 SOME CHARACTERISTICS OF npn BIPOLAR TRANSISTORS 

The key properties of MOS transistors and MOS inverters having been covered, it is now 
desirable to extend our thoughts into some properties of bipolar transistors and into BiCMOS 
inverters. 

In dealing with bipolar transistor characteristics, it will be assumed tha_t the reader is 
familiar with the basic operation and the fundamental aspects of bipolar transistors . 

2.12.1 Transconductance Om-Bipolar 

The transconductance of a bipolar transistor is commonly presented as 

where 
Ic = collt:ctor current 
q = electron charge 
k = Boltzmann's constant 
T = temperature °K 
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The expression can be rewritten in the form 

gm a. AeeYbe(qlkD 

where 
V be is the base to emitter voltage 

and 
AE is the emitter area. 

Note that the following factors may be deduced 

• gm a eYbe, that is, exponentially dependent on input voltage Vbe 

• gm a. lc 
• gm is independent of process 
• g,;, is a weak function of transistor size. 

Remembering that, for MOS transistors 

g = Jl£;n.sEo W (V - V.t) 
m D L gs 

where 
D = oxide thickness (often denoted tox) 

Comparisons can be made between MOS and bipolar transistor gm as follows: 

1. For Ic =Ids the difference between the thermal voltage (kT!q) and the effective gate 
voltage ( V15 - V1) introduces a large difference in transconductance. 

2. If inputs are controlled by equal amounts of charge 
that is 

then 

noting that 

Cg(MOS) = Chase (bipolar) 

gm(bipolar) >> gm (MOS) 

Chase = tFlc(q/k1) 

C1 = CoA 

where C0 (often denoted as Cox) is the gate to channel capacitance per unit area and A= W.L. 
tF is the forward transit time. 

2.12.2 Comparative Aspects of Key Parameters of CMOS and 
Bipolar Transistors 

In order to put matters in perspective, a comparison of key parameters follows in Table 2.1. 
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TABLE 2.1 A comparison of some parameters 

CMOS Bipolar 

1. Ids = (JlCo) W (V - V,)2 lc = Is exp(q Vbefk1) 
2 L gs 

= J! (Vgs - Vi [In saturation] 
2 

[expressions given can be put in this form] 

3. ldJA = (J.LCof2L2)(Vgs- V,)2 

kT 
gm = IJ-

.. q . 

IJA = li(R8Jl'ts) 

IQI 

where Id/A and IJA are current/area and R8 is base resistance and 'ts is the base transit time 
(usually in the order of 10-30 ps). 

Evaluating, we may see that 1/A for bipolar is five times better than that for CMOS. A 
discussion of the current drive aspects of BiCMOS circuits will be found in Chapter 4 
(section 4.8 .3). 

2.12.3 BICI'IOS Inverters 

As in nMOS and CMOS logic circuitry, the basic logic element is the .inverter circuit. 
When designing .with BiCMOS in mind, the logical approach is to use MOS switches 

to perform the logic function and bipolar transistors to drive the output loads. The simplest 
logic function is that of inversion, and a simple BiCMOS inverter circuit is readily set out 
as shown in Figt,~re 2.17. 

It consists of two bipolar transistors T1 and T2 with one nMOS transistor T3, and one 
pMOS transistor T4, both being enhancement mode devices. The actiori of the circuit is 
straightforward and may be described as follows: 

• With V;n ·= 0 volts (GND) T3 is off so that T1 will be non-conducting. But T4 is on 
and supplies current to the base of T2 which will conduct and act as a current source 
to char_ge the load Cr toward +5 volts(Vnn). The output of the inverter will rise to 
+5 volts less the · base to emitter voltage V8E of T2. 

• With V;n = +5 volts· CVnn) T4 is off so that T2 will be non-conducting. But T3 will 
now be on and will supply current to the base of T1 which will conduct and act as 
a current sink to the' load Cr discharging it toward 0 volts (GND). The output of the 
inverter will fall to 0 volts plus the saturation voltage VCEsar from the collector to the 
emitter of T1• 

• T1 and T2 will present low impedances when turned on into saturation and the load 
Cr will be charged or discharged rapidly. 

. I 
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----------------~~----~---GND 
vss 

FIGURE 2.17 A simple BiCMOS inverter. 

• The output logic levels will be good and will be close to the rail voltages since V CEsar 

is quite small and V8E is approximately + 0.7 volts. 
• The inverter has a high input impedance. 
• The inverter has a low output impedance. 
• The inverter has a high current drive capability but occupies a relatively small area. 
• The inverter has high noise margins. 

However, owing to the presence of a DC path from Vnn to GND through T3 and T~o this 
is not a good arrangement to implement since there will be a significant static current flow 
whenever V;n = logic I. There is also a problem in that there is no discharge path for current 
from the base of either bipolar transistor when it is being turned off. This will slow down 
the action of this circuit. 

An improved version of this circuit is given in Figure 2.18, in which the DC path 
through T3 and T1 is eliminated, but the output voltage swing is now reduced, since the 
output cannot fall below the base to emitter voltage V8E of T1. 

An improved inverter arrangement, using resistors, is shown in Figure 2.19. In this 
circuit resistors provide the improved swing of output voltage when each bipolar transistor 
is off, and also provide discharge paths for base current during turn-off. 

The provision of on chip resistors of suitable value is not always convenient and may 
be space-consuming, so that other arrangements-such as in Figure 2.20-are used. In this 
circuit, the transistors T5 and T6 are arranged to turn on when T2 and T1 resi?ectively are being 
turned off. 

In general , BiCMOS inverters offer many advantages where high load current sinking 
and sourcing is required. The atran_gements lead on to the BiCMOS gate circuits which will 
be dealt with in Chapter 5. 
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v,, 

c, 

-----------------.~----~--GND 
FIGURE 2.18 An alternative BICMOS Inverter with no static current flow. 

--~--------------~---------voo 

--~--------------~----._-- GNV 

FIGURE 2.19 ~,An improved BICMOS inverter with better output logic levels. 

2.13 LATCH-UP IN CMOS CIRCUITS 

A problem which is inherent in the p-well and n-well processes is due to the relatively large 
number of junctions which are formed in these structures and, as mentioned earlier, the 
consequent pre·sence of parasitic transistors and diodes. Latch-up is a condition in which . the 
parasitic components give rise to the establishment of low-resistance conducting paths between 
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--~--------------~--------- ~0 

--~--------~---4~----._-- GND 

FIGURE 2.20 An Improved BICMOS Inverter using MOS transistors for base current dlschange. 

VDD and V55 with disastrous results. Careful control during fabrication is necessary to avoid 
this problem. 

Latch-up may be induced by glitches on the supply rails or by incident radiation. The 
mechanism involved may be understood by referring to Figure 2.21, which shows the key 
parasitic components associated with a p-well structure in which an inverter circuit (for 
example) has been formed. 

Vss 

n-substrat~ 

FIGURE 2.21 Latch-up effect in p-well structure. 

There are, in effect, two transistors and two resistances (associated with the p-well and 
with regions of the substrate) which form a path between VDD and V55. If sufficient substrate 
current flows to generate enough voltage across R5 to turn on transistor T1, this will then draw 

· current through Rp and, if the voltage developed is sufficient, T2 will also turn on, establishing 
a_self-sustaining low-resistance path between the supply rails. If the current gains of the two 
transistors are such that ~ 1 x ~2 > 1, latch-up may occur. Equivalent circuits are given in 
Figure 2.22. 
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Voo 

-~nf 

Vss 

FIGURE 2.22 Latch-up circuit model. 

With no injected current, the parasitic transistors will exhibit high resistance, but sufficient 
substrate current flow will cause switching to the low-resistance state as already explained. 
The switching characteristic of the arrangement is outlined in Figure 2.23. 

l..alch-up current 

v, 

FIGURE 2.23 Latch-up current versus voltage. 

Once latched-up, this condition will be maintained until the latch-up current drops 
below ft. It is thus essential for a CMOS process to ensure that V1 and 11 are not readily 
achieved in any normal mode of operation. 
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Remedies for the latch-up problem include: 

I . an increase in substrate doping levels with a consequent drop in the value of R5 ; 

2. reducing RP by control of fabrication parameters and by ensuring a low contact 
resistance to Vss; 

3. other more elaborate measures such as the introduction of guard rings. 

For completeness, the latch-up configuration for an n-well structure is given in Figure 2.24. 

~ut 

FIGURE 2.24 Latch-up circuit for n-well process. 

2.14 BICMOS LATCH-UP SUSCEPTIBILITY 

One benefit of the BiCMOS process is that it produces circuits which are less likely to suffer 
from latch-up problems. This is due to several factors : 

• A reduction of substrate resistance R5 • 

• A reduction of n-well resistance Rw. 
• A reduction of R5 and Rw means that a larger lateral current is necessary to invite 

latch-up and a higher value of holding current is also required. 
• The parasitic (vertical) pnp transistor which is part of the n-well latch-up circuit has 

its beta reduced owing to the presence of the buried n+ layer. This has the effect of 
reducing carrier lifetime in the n-base region and this contributes the reduction in 
beta. 

2.15 OBSERVATIONS 

This chapter has established the underlying properties of MOS active devices and simple 
circuits configured when using them. The reason for such encumbrances as ratio rules has 
been explained and it is now appropriate to discuss the means by which circuits can be 
interconnected in silicon. 
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2.16 TUTORlAL EXERCISES 

1. Compare the relative merits of three different forms of pull~up for an inverter circuit. 
What is the best choice for realization in (a) nMOS technology? (b) CMOS technology? 

2. In the inverter circuit: what· is meant by Zp.u. and Zp.d.? Derive the required ratio 
between Zp.u. and Zp.d. if an nMOS inverter is to be driven from another nMOS 
inverter. 

3. "For a CMOS inverter, calculate the shift in the transfer characteristic (Figure 2.15) 
when the ~ni~P ratio is varied from 1/1 to 10/1. 



MOS and BiCMOS 
Circuit Design Processes 

The artist must understand that he does not (only) create-he materializes. 

- HoRIA BERNEA 

OBJECTIVES 

The purpose of this chapter is to provide an insight into the methods and means for materializing 
circuit designs in silicon. 

Design processes are aided by simple concepts such as stick and symbolic diagrams but 
the key element is a set of design rules. Design rules are the communication link between 
the designer specifying requirements and the fabricator who materializes them. Design rules 
are used to produce workable mask layouts from which the various layers in silicon will be 
formed or patterned. 

The first set of design rules introduced here are 'lambda-based'. These rules are straight­
forward and relatively simple to apply. However, they are 'real' and chips can be fabricated 
from mask layouts using the lambda-based rule set. 

Tighter and faster designs will be realized if a fabricator's line is used to its full 
advantage and such rule sets are generally particular not only to the fabricator but also to a 
specific technology. 

Two such design rule sets, from Orbit*, are also introduced in this chapter. 

3.1 MOS LAYERS 

MOS design is aimed at turning a specification into masks for processing silicon to meet the 
specification. We have seen that MOS circuits are formed on four basic layers-n-diffusion, 
p-diffusiqn, polysilicon, and metal, which are isolated from one another by thick or thin 
(thinox) silicon dioxide insulating layers. The thin oxide (thinox) mask region includes 

*Orbit Semiconductor Inc., California. 

56 
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n-diffusion, p-diffusion, and transistor channels. Polysilicon and thinox regions interact so 
that a transistor is formed where they cross one another. In some processes, there may be a 
second metal layer and also, in some processes, a second polysilicon layer. Layers may 
deliberatelY joined together where contacts are formed. We have also seen that the basic 
MOS transistor properties can be modified by the use of an implant within the thinox region 
and this is used in nMOS circuits to produce depletion mode transistors. 

We have also seen that bipolar transistors can be included in this design process by the 
addition of extra layers to a CMOS process. This is referred to as BiCMOS technology, and 
in this text it is dealt with in an n-well CMOS environment. 

We must find a way of capturing the topology and layer information of the actual 
circuit in silicon so that we can set out simple diagrams which convey both layer information 
and topology. 

3.2 STICK DIAGRAMS 

Stick diagrams may be used to convey layer information through the use of a color code­
for example, in the case of nMOS design, green for n-diffusion, red for polysilicon, blue for 
metal, yellow for implant, and black for contact areas. In this text the color coding has been 

r, complemented by monochrome encoding of the lines so that black and white copies of stick 
diagrams do not lose the layer information. The encodings chosen are shown and illustrated 
in color as Color plates l(a)-(d) and in monochrome form as Figures 3.l(a)-(d). When you 
are drawing your own stick diagrams you should use single lines in the appropriate colors, 
as in Color plate 1 (d) noting that yellow lines are outlined in green for clarity only. 

Note that mask layout information, which is also color coded, may also be hatched for 
monochrome encoding, also shown in Figures 3.l(a)-(c). Monochrome encoding schemes are 
widely illustrated throughout the text, and it will be noted that diagrams and mask layouts 
in this forrri are readily reproduced by copying machines. 

The color and monochrome encoding scheme used has been evolved to cover nMOS, 
CMOS, and BiCMOS processes and to be compatible with the design processes of gallium 
arsenide. The color encoding is compatible with color terminals , printers, and plotters having 
quite simple color palettes. Using color workstations, the mask areas are usually color filled 
while pen plotters produce color outlines only. In this text, most color diagrams incorporate 
color outlines and color hatching (hatching as for the monochrome encoding) so that the 
detail of underlying areas may be easily discerned where layers intersect or are superimposed. 
This form of color representation is acceptable for those with color vision difficulties and 
may also be copied by a monochrome copier without losing the encoding. The various 
representations are indicated in Color plate 2. 

In order to facilitate the learning and use of the encoding schemes, the simple set 
required for a single metal nMOS design is set out first as Figure 3.1 (a) and Color plate l(a); 
for a double metal CMOS p-well process the required encodings are extended by those given 
as Figure 3.l(b) and Color plate l(b). Figure 3.l(c) and Color plate l(c) further extend the 
representations to cover a second polysilicon layer and BiCMOS technology. 
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COLOR STICK ENCODING LAYERS MASK LAYOUT ENCODING CIFLAYER 

MONOCHROME MONOCHROME 

L [~J ~ GREEN NO =, Thlnox • · 
• Thinox = n-diff. :+ transistor channels 

Jl 
Polysilicon ~ NP 

RED 
•••••• 

I 11111111111111111111111111 BLUE 
Metal1 NM 

I 

BLACK • Contact cut • NC 

GRAY NOT APPLICABLE Overglass 
.-------, 

NG I I L ______ , 

nMOS ..... ' ... 
ONLY ~~"' ' ' Nl ' ' Implant ' ' ' ' ' ' YELLOW I.~~ . --- _, 

nMOS Buried 
p - -.-. 

ONLY • '10 • ' NB contact ' :: ' 
BROWN ~..: .::..• 

FEATURE FEATURE ~TICK) FEATURE (SYMBOL) FEATURE (MASK) 
(MONOCH OME) (MONOCHROME) (MONOCHROME) 

~ 
GREEN ~=11) n-type 

* * 
outline 

enhancement (COLOR) 
mode transistor G D SG~ D 

G RED line (COLOR) G 
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FIGURE 3.1(a) Encodings for a simple metal nMOS process (see Color plate 1(a) for nMOS 
color encoding details). 

In this chapter we will see how basic circuits are represented in stick diagram and in 
symbolic form. We will b~ using stick representation quite widely throughout the text. The 
layout of stick diagrams faithfully reflects the topology of the actual layout in silicon. To 
illustrate stick diagrams, inverter circuits are presented in Figure 3 J (d) · and in Color plate 
!(d)-in nMOS, in p-well CMOS, and in n-well BiCMOS technology. A symbolic form of 
diagram is often most convenienL and such diagrams are based on the simple symbol set 
included in Figures 3.1(a)-(c) and Color plates l(a)-(c). The simplicity of symbolic form is 
illustrated in Figure 3.1(d), in Color plate !(d), and in Color plate 7. 
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For p-well process, tlie n features are in the well. For an n-well process, the p features are in the well. 

FIGURE 3.1 (b) Encodings for a double metal CMOS p-well process (see Color plate 1 (b) 
for CMOS color encoding details). 
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Note: p-type transistors are placed above and n-type transistors below lhe demarcation line. + 
npnbipo/ar 
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and Color plate 6 

The same well encoding and demarca tion line as in Figure 3-1 (b) are used for an n-well process . For a 
p-well process, then features are in the well . For an n-well process, the p features are in the well. 

FIGURE 3.1(c) Additional encodings for a double metal double poly. BiCMOS n-well process 
. (see Color plates 1 (c) and 6 for additional CMOS and BiCMOS color encoding 
details). 

Having conveyed layer information and topology by using stick or symbolic diagrams, 
these diagrams are relatively easily turned into mask layouts as, for example, the transistor 
stick diagrams of Figure 3.2 stressing the ready translation into mask layout form. 

In order that the mask layouts produced during design will be compatible with the 
fabrication processes, a set of design rules are set out for layouts so that, if obeyed, the rules 
will produce layouts which will work in practice . 
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Voo 

4:1 

1:1 

------~1-------GND 
4:1 nMOS inverter 

Vss' 
Simple n-well based BiCMOS 
inverter (stick diagram) 

SIMPLE SYMBOLIC NOTATION 
TRANSISTORS 

li 

~-g5nnel 10 ~ ~~~~~N 

p-<:hannel 
MOS 

npn 
BiCMOS 

YELLOW 
outline 

Wires etc. as for stick diagrams 

Monochrome stick diagram examples 

-------

~ -- substrate 
~-- connection 

p devices/wires 

• DEMARCATION 

J'~~ ¥ LINE 

---- ' 
J~;eic~~:ris 

p-well 

----~~-----~~.~~~- connectkm 
~ Vss 

p-well CMOS inverter 

Voo 

Vss 
Alternative design of an n-well based 
BiCMOS inverter 

Vss 
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FIGURE 3.1 (d) Stick diagrams and simple symbolic encoding (see also Color plate 1 (d)). 
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2~ 

··+ p-transistor 
(enhancement) 

I 2~ ... 
Thinox 

Key 

~ Polysilicon II Transistor 
channel 

~ n-diffusion ~ p-diffusion 

Stick representation 
translates readily into 
mask layouts as shown 

~ 
···------.'"' 
' ' ' ' ' ' ' ' ' ' ' ' ' ' '----------' 

Polysilicon Implant 

FIGURE 3.2 Stick diagrams and corresponding mask layout examples. 

3.2.1 nMOS Design Style 

) 

In order to start with a relatively simple process, we will consider single metal, single 
polysilicon nMOS technology (see Figure 3.I(a) and Color plate l(a)). 

A rational approach to stick diagram layout is readily adopted for such nMOS circuits 
and the approach recommended here is both easy to use and to tum into a mask layout. The 
layout of nMOS involves: 

• n-diffusion [n-diff.] and other thinoxide regions [thinox] (green); 
• polysilicon I [poly.]-since there is only one polysilicon layer here (red); 
• metal I [metal]-since we use only one metal layer here (blue); 
• implant (yellow); 
• contacts (black or brown [buried]). 

A transistor is formed wherever poly. crosses n-diff. (red over green) and all diffusion 
wires (interconnections) are n-type (green). 

When starting a layout, the first step normally taken is to draw the metal (blue) Vvv 
and GND rails in parallel allowing enough space between them for the other circuit elements 
which will be required. Next, thinox (green) paths may be drawn between the rails for 
inverters and inverter-based logic as shGwn in Figure 3.3(a), not forgetting to make contacts 
as appropriate. Inverters and inverter-based logic comprise a pull-up structure, usually a 
depletion mode transistor, connected from the output point to Vvv and a pull-down structure 
of enhancement mode transistors suitably interconnected between the output point and GND. 
This step in the process is illustrated in Figure 3.3(b), remembering that poly. (red) crosses 
thinox (green) wherever transistors are required. Do not forget the implants (yellow) for 
depletion mode transistors and do not forget to write in the length to width (L: W) ratio for 
each transistor. Ratios are importa11t, particularly in nMOS and nMOS-Iike circuits. 

Signal paths may also be switched by pass transistors, and long signal paths may often 
require metal buses (blue). Allowing for the fact that the stick diagram may well represent 
only a small section of circuit which will be replicated many times, a convenient strategy is 
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FIGURE 3.3 Examples of nMOS stick layout design style. 
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to run power rails and bus(es) in parallel in metal (blue) and then propagate control signals 
at right angles on poly. as shown. At this stage of design, 'leaf-cell' boundaries are conveniently 
shown on the stick diagram and_ these are placed so that repli€ated cells may be directly 
interconnected by direct abutment on a side-by-side and/or top-to-bottom basis. The aspects 
just discussed are illustrated in Figure 3.3(c). 

From the very beginning a design style should encourage the concepts of ' regularity ' 
(through the use of replication) and generality so that design effort can be minimized and the 
interconnection of leaf-cells, subsystems and systems is facilitated. 

3.2.2 CMOS Design Style 

The stick and layout representations for CMOS used in this text are a logical extension of 
the nMOS approach and style already outlined. They are based on the widely accepted work 
of Mead and Conway. 

All features and layers defined in Figure 3.1, with the exception of implant (yellow) and 
the buried contact (brown), are used in CMOS design. Yellow in CMOS design is now used 
to identify p-transistors and wires, as depletion mode devices are not utilized. As a result, 
no confusion results from the allocation of the same color to two different features. The two 
types of transistor used, 'n' and 'p', are separated in the stick layout by the demarcation line 
(representing the p-well boundary) above which all p-type devices are placed (transistors and 
wires (yellow)). The n-devices (green) are consequently placed below the demarcation line 
and are thus located in the p-well. These factors are emphasized by Figure 3.4. 

Demarcation line 

+ 
n-type (red over green) transistor 

(green transistor) 

+ 
Demarcation line 

p-type (red over yellow) transistor 
(yellow transistor) 

FIGURE 3.4 n-type and p-type transistors In CMOS design. 

Diffusion paths must not cross the demarcation line and n-diffusion and p-diffusion 
wires must not join. The 'n' and 'p' features are normally joined by metal where a connection 
is needed. Apart from the demarcation line, there is no indication of the actual p-well 
topology at this (stick diagram) level of abstraction; neither does the p+ mask appear. Their 
geometry will appear when the stick diagram is translated to a mask layout. However, we 
must not forget to place crosses on V DD and Vss rails to represent the substrate and p-well 

. connection respectively. The design style is illustrated simply by taking as an example the 
design of a single bit of a shift register. The design begins with the drawing of the Vvv and 
V ss rails in parallel and in metal and the creation of an (imaginary) demarcation line in 
between, as in Figure 3.5(a). The n-transistors are then placed below this line and thus close 



( MOS and BiCMOS Circuit Design Processes '*' to V55, while p-transistors are placed above the line and below V DD· In both cases, the 
transistors are conveniently placed with their diffusion paths parallel to the rails (horizontal 
in the diagram) as shown in Figure 3.5(b). A similar approach can be taken with transistors 
in symbolic form. 

A sound approach is to now interconnect the n- with the p-transistors as required, using 
metal and connect to the rails as shown in Figure 3.5(c). It must be remembered that only 
metal and polysilicon can cross the demarcation line but with that restriction, wires can run 
in diffusion also. Finally, the remaining interconnections are made as appropriate and the 
control signals and data inputs are added. These steps are illustrated in Figure 3.5(d). 

(Using a 1-bit shift register stage as an 
example) 

Voo 

.......-- Demarcation line 

+ + 

+ + + 
(a) Rails and demarcation line (b) n- and p-transistors 

: .... ~-..... 
Data • -

+ + 

+ 

-
. VP: 

~ 
~Data 

--- ·- -·--· - ••.• 0/P 

--
Vss 

(c) Metal and diffusion connections (d) Remaining interconnections 

Note: The contact crosses in (d) should represent one V00 contact for every four p-transistors and 
one V55 contact for every four n-transistors. 

' FIGURE 3.5 Example of CMOS stick layout design style. 
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Although the circuit layout is now complete, we must not forget to represent the Vss and 
VDD contact crosses-one on the VDD line for every four p-transistors and one on the Vss line 
for every four n-transistors. The bounding box for the entire leaf-cell may also be shown if 
appropriate. 

This design style is straightforward in application but later on we may recognize that 
sometimes transistors can be merged to advantage. We will also see how stick diagrams are 
turned into mask layouts, noting for CMOS layouts that the thinox mask includes all green 
features (n-devices) and all yellow features (p-devices) in the stick diagram. 

An even simpler representation, which nevertheless carries much of the information 
present in a stick diagram, is to draw a symbolic diagram as in Figure 3.5(e). This diagram 
represents-the same circuit as Figure 3.5(d) and the similarities are quite apparent. This form 
of diagram facilitates transistor merging, as shown, and is also readily translated to mask 
layouts. 

Data 
1/P 

-- --• ~ 
• • • • • ~~ • • • 
~ 
• 

....I.. -• • • :u .1:3t 
:a 
• 
• ---

A 1-bit" CMOS shift register cell 

-----·-·- -....... 

c d 

Pll l 

1- - --
- I ~ J ] .... 

* 

... ...................... ---

-'-.7# _______ . 

Voo " 
~ ll ] 

-- -
I 

~ 

ll 

- Data 
0/P 

Demarcation line ** .__ 
• • 

11: 
• b-· , 
• • 

~'--"--: -· ~s 
\ 

Bounding box 

* Note that two transistors (n-t}'pe) are merged as shown. When abutting cells, transistors a 
and b could alsp be merged. It is also possible to merge p-type transistors c and d etc. 

** Demarcation line may be shown but is not essential since transistor symbols are already 
encoded. 

FIGURE 3.5(e) Symbolic form of diagram (CMOS shift register). 

3.3 DESIGN RULES AND LAYOUT 

The object of a set of design rules is to allow a ready translation of circuit design concepts, 
usually in stick diagram or symbolic form, into actual geometry in silicon. The design rules 
are the effective interface between the circuit/system designer and the fabrication engineer. 
Clearly, both sides of the interface have a vested interest in making their own particular tasks 
as easy as possible and design rules usually attempt to provide a workable and reliable 
compromise that is friendly to both sides. 
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Circuit designers in general want tighter, smaller layouts for improved performail~e and 
decreased silicon area. On the other hand, the process engineer wants design rules th'at result 
in a controllable and reproducible process. Generally we find that there l!as to be a compromise 
for a competitive circuit to be produced at a reasonable cost. 

One of the important factors associated with design rules is the achievable definition 
of the process line. Definition is determined by process line equipment and process design. 
For example, it is found that if a 10: 1 wafer stepper is used instead of a 1: 1 projection mask 
aligner; the level-to-level registration will be closer. Design rules can be affected by the 
maturity of the process line. For example, if the process is mature, then one can be assured 
of the process line capability, allowing tighter designs with fewer constraints on the designer. 

The simple 'lambda (A-)-based' design rules set out first in this text are based on the 
invaluable work of Mead and Conway and have been widely used, particularly in the educational 
context and in the design of multiproject chips. The design rules are based on a single 
parameter A which leads to a simple set of rules for the designer, and wide acceptance of the 
rules by a large cross-section of the fabrication houses and silicon brokers, and allows for 
scaling of the designs to a limited extent. This latter feature may help to give designs a longer 
lifetime. The simplicity of lambda-based rules also provides a simple introduction to design 
rules and to mask layout design in general and helps to set the scene for the 'micron-based' 
rule sets which follow. 

3.3.1 Lambda-based Design Rules 

In general, design rules and layout methodology based on the concept of A provide a process 
and feature size-independent way of setting out mask dimensions to scale. 

All paths in all layers will be dimensioned in A units and subsequently A can be 
allocated an appropriate value compatible with the feature size of the fabrication process. 
This concept means that the actual mask layout design takes little account of the value 
subsequently allocated to the feature size, but the design rules are such that,· if correctly 
obeyed, the mask layouts will produce working circuits for a range of values allocated to A. 
For example, A can be allocated a value of 1.0 Jlm so that minimum feature size on chip will 
be 2 Jlm (2A). Design rules, also due to Mead and Conway, specify line widths, separations, 
and extensions in terms of A, . and are readily committed to memory. Design rules can be 
conveniently set out in diagrammatic form as in Figure 3.6 for the widths and separation of 
conducting paths, and in Figure 3. 7 for extensions and separations associated with transistor 
layouts. 

The design rules associated with contacts between layers are set out in Figures 3.8 and 
3.9 and it will be noted that connection can be made between two or, in the case of nMOS 
designs, three layers. 

In all cases, the use of the design rules will be illustrated in layouts resulting from 
exercises worked through in the text. 
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Figure 3-6 Design rules for wires (nMOS and CMOS) 
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FIGURE 3.7 Transistor design rules (nMOS, pMOS and CMOS). 

) 



(~ ____________________ M_O __ S_a_n_d __ B_iC_M __ O_S __ C_ir_c_u_it_D_e~s~ig~n __ P_ro~c~e~ss~e~s----------------~~-· .. • 
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areas of layers to be joined 
in all cases minimum 

2. Via (contact from metal 2 to metal 1 and thence to other layers) 

~I 

Meta12 

Metal1 
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2A x 2"- via at center 

Via and cut used to 
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diffusion 

.... 

Minimum separation 
Multiple cuts 

Via 

FIGURE 3.8 Contacts (nMOS and CMOS). 

3.3.2 Contact Cuts 

When making contacts between peiysilicon and diffusion in nMOS circuits it should be 
recognized that there are three possible approaches--poly. to metal then metal to diff., or a 
buried contact poly. to diff., or a butting contact (poly. to diff. using metal). Of the latter 
two, the buried contact is the most widely used, giving economy in space and a reliable 
contact. Butting contacts were widely used at one time but have been mostly superseded by 
buried contacts and have been included here and in the figures for the sake of completeness. 
In CMOS designs, poly. to diff. contacts are almost always made via metal. 

When making connections between metal and either of the other two layers (as in 
Figure 3.8), the process is quite simple. The 2A. x 2A. contact cut indicates an area in which 
the oxide is to be removed down to the underlying polysilicon or diffusion surface. When 
deposition of the metal layer takes place the metal is deposited through the contact cut areas 
onto the underlying area so that contact is made between the layers. 

When connecting diffusion to polysilicon using the butting contact approach (see 
Figure 3.9), the process is rather more complex. In effect, a 2A. x 2A. contact cut is made 
down to each of the layers to be joined. The layers are butted together in such a way that . 
these two contact cuts become contiguous. Since the polysilicon and diffusion outlines 
overlap and thin oxide under polysilicon acts as a mask in the diffusion process, the polysilicon 
and diffusion layers are also butted together. The contact between the two butting layers is 
then made by a metal overlay as shown in the figure . It is hoped that the cross-sectional view 
of the butting contact in Figure 3 .I O(b) helps to make the nature of the contact apparent. 
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Buried contact: Basically, layers are joined over a 2A. x 2A. area with the buried contact cut 
extending by 1 A. in all directions around the contact area except that the contact cut extension is 
increased to 2A. in diffusion paths leaving the contact area. This is to avoid forming unwanted 
transistors (see following examples). 

Special case 
when used 
in pull-up 
transistors 
fornMOS 
(implant 
not shown) 

4/..i 

21.. 21.. 
I I I I 

I Channel 
length 
L 

2. Butting contact 

Special case 
e.g. pull-up 
transistor 
in nMOS 
(implant not 
shown) IChannel 

length 
L 

*Obey separation rule 

Butting contact 
shown without 
metal lid for 
clarity 

FIGURE 3.9 Contacts polysilicon to diffusion (nMOS only in the main text). 

The buried contact approach shown in Figures 3.9 and 3.10 is simpler, the contact cut 
(broken line) in this case indicating where the thin oxide is to be removed to reveal the 
surface of the silicon wafer before polysilicon is deposited. Thus, the polysilicon is deposited 
directly on the underlying crystalline wafer. When diffusion takes place, impurities will 
diffuse into the polysilicon as well as into the diffusion region within the contact area. Thus 
a satisfactory connection between polysilicon and diffusion is ensured. Buried contacts can 
be smaller in area than their butting contact counterparts and, since they use no metal layer, 
they are subject to fewer design rule restrictions in a layout. 

The design rules in this case ensure that a reasonable contact area is achieved and that 
there will be no transistor formed unintentionally in series with the contact. The rules are 

1 
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X X 

(a) Buried contact . . . section through XX (b) Butting contact .. . section throi,Jgh YY 

Contact from metal 2 to n-diffusion (not using minimum spacing via to cut) 

Via Cut 

n-diffusion 

z 

(c) Metal2-via-metal1--cut-n-diffusion connection ... section through ZZ 

FIGURE 3.10 Cross-sections through some contact structures. 

such that they also avoid the formation of unwanted diffusion to polysilicon contacts and 
protect the gate oxide of any transistors in the vicinity of the buried contact cut area. 

3.3.3 Double Metal MOS Process Rules 

A powerful extension to the process so far described is provided by a second metal layer. 
This gives a much greater degree of freedom, for example, in distributing global VDD and Vss 
(GND) rails in a system. Other processes also allow a second polysilicon layer and one such 
process will be introduced later. 

From the overall chip interconnection aspect, the second metal layer in particular is 
important and, although the use of such a layer is readily envisaged, its disposition relative 
to (and details of) its connectiol). to other layers using metal 1 to metal 2 contacts, called vias, 
can be readily established with reference to Figures 3.8 and 3.10(c). 
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Usually, second level metal layers are coarser than the first (conventional) layer and the 
isolation layer between the layers may also be of relatively greater thickness. To distinguish 
contacts between first and second metal layers, they are known as vias rather than contact 
cuts. The second metal layer representation is color coded dark blue (or purple). For the sake 
of completeness, the process steps for a two-metal layer process are briefly outlined as 
follows. 

The oxide below the first metal layer is deposited by atmospheric chemical vapor 
deposition (CVD) and the oxide layer between the metal layers is applied in a similar 
manner. Depending on the process, removal of selected areas of the oxide is accomplished 
by plasma etching, which is designed to have a high level of vertical ion bombardment to 
allow for high and uniform etch rates. 

Similarly, the bulk of the process steps for a double polysilicon layer process are similar 
in nature to those already described, except that a second thin oxide layer is grown after 
depositing and patterning the first polysilicon layer (Poly. 1) to isolate it from the now to be 
deposited second poly. layer (Poly. 2). The presence of a second poly. layer gives greater 
flexibility in interconnections and also allows Poly. 2 transistors to be formed by intersecting 
Poly. 2 and diffusion. 

To revert to the double metal process it is convenient at this point to consider to be the 
layout strategy commonly used with this process. The approach taken may be summarized 
as follows : 

1. Use the second level metal for the global distribution of power buses, that is, VDD 

and GND ( Vss), and for clock lines. 
2. Use the first level metal for local distribution of power and for signal lines. 
3. Lay out the two metal layers so that the conductors are mutually orthogonal wherever 

possible. 

3.3.4 CMOS Lambda-based Design Rules 

The CMOS fabrication process is much more complex than nMOS fabrication, which, in 
tum, has been simplified for ready presentation in this text. The new reader may well think 
that the design rules discussed here are complex enough, but in fact they constitute an 
abstract of the actual processing steps which are used to produce the chip. In a CMOS 
process, for example, the actual set of industrial design rules may well comprise more than 
I 00 separate rules, the documentation for which spans many pages of text and/or many 
diagrams. Two such rule sets, micron-based, will be given in this text. 

However, extending the Mead and Conway concepts, which we have already set out for 
nMOS designs, and noting the exclusion of butting and buried contacts, it is possible to add 
rules peculiar to CMOS (Figure 3.11) to those already set out in Figures 3.6 to 3.10. The 
additional rules are concerned with those features unique to p-well CMOS, such as the p-well 
and p+ mask and the special 'substrate' contacts . We have already provided for the 
p-transistors and p-wires in Figures 3.6 to 3.1 0. The rules given are also readily translated 
to an n-well proce:;s. 
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p-well 1/ 'p+mask 
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2A.: • 
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ISs-contact 
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p• mask 
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Each of the above arrangements can be merged into single 'split' contacts. 
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...._........ : :_1_ -· : ...-~ . . 

·-~ :-~-------14jl 

p-wel and p+ mask rules 

. 
~o·~· 

"'•mask ~ 
Note: Split contacts may also be made with separate cuts. 

~s 
S = 2l minimum for wells at same potential @ 

~ S= 6~~i~~~u-~-~~~.wells at different pot~~ti~l~ ___ •• !2i..l r------··- --

. . . . . . 

.-----~-----' ~. ~· -' fM 
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:--------------------- _; :f~:,r;21 to - •• - G)j2: j -~-
p-wel must overlap 
all enclosed thinox 
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Thinox must not cross well 
boundary . 

thinox ® ~)., 
p•mask minima: 

G) Overlap of thinox ~~: 
------- Minimum width= 4l 

® Separation to channel 

@ Separation p• to p• 

@) Spacing from unrelated thinox 

FIGURE 3.11 Particular rules for p-well CMOS prOC!"SS. 
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Although the CMOS rules in total may seem difficult to comprehend for the new 
designer, once use has been made of the simpler nMOS rules the transition to CMOS is not 
hard to achieve. The real key to success in VLSI design is to put it into practice, and this 
text attempts to encourage the reader to do just that. 

3.4 GBNBRAL 08SBKVATIONS ON THB DBSIG.N KULBS 

Owing to the microscopic nature of dimensions and features of silicon circuits, a major 
problem is presented by possible deviation in line widths and in interlayer registration. 

If the line widths are too small, it is possible for lines thus defined to be discontinuous 
in places. 

If separate paths in a layer are placed too close together, it is possible that they will 
merge in places or interfere with each other. 

For the lambda-based rules discussed initially, the design rules are formulated in terms 
of a length unit A. which is related to the resolution of the process. A. may be viewed as a 
bound on the width deviation of a feature from its ideal 'as drawn' size and also as a bound 
on the maximum misalignment of any one mask. In the worst case, these effects may combine 
to cause the relative position of feature edges on different mask levels to deviate by as much 
as 2A. in their interrelationship. Inevitably, a consequence of using the lambda-based concept 
is that every dimension must be rounded up to whole A. values and this leads to layouts which 
do not fully exploit the capabilities of the process. 

Similar concepts underlie the establishment of 'micron-based' rule sets, but actual 
dimensions are given so that full advantage can be taken of the fabrication line capabilities 
and tighter layouts result. 

Layout rules, therefore, provide strict guidelines for preparing the geometric layouts 
which will be used to configure the actual masks used during fabrication and can be regarded 
as the main communication link between circuit/systems designers and the process engineers 
engaged in manufacture. -

The goal of any set of design rules should be to optimize yield while keeping the 
geometry as small as possible without compromising the reliability of the finished circuit. 

On the questions of yield and reliability, even the conservative nature of the lambda­
based rules can stand reevaluation when these two factors are of paramount importance. In 
particular, the rules associated with contacts can be improved upon in the light of experience. 
Figure 3.12 sets out aspects that may be observed for high yield and in high reliability 
situations. 

In our proposed scheme of events in creating stick layouts for CMOS, we have assumed 
that poly. and metal can both freely cross well boundaries and this is indeed the case, but 
we should be careful to try to exclude poly. from areas which lie within p + mask areas where 
possible. The reason for this is that the resistance of the poly. layer is reduced in current 
processes by n-type doping. Clearly the p + doping which takes place inside the p + mask will 
also dope the poly. which is already in place when the p + doping step takes place. This results 
in an increase in the n-doping poly. resistance which may be significant in certain parts of 
a system. 
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1. Aspects related to vias {double metal processes) 

4AI Ef§83 
-..j f.- 2A minimum 

(a) Separation via to via 

~~EB~I_t_ = 2Aminimum 

~· 
(c) Separation via to polysilicon 

1111111111111111111111~11~ lA minimum 

1Aminlmum 

{b) Overlap by metal1 

~~FE~I_t_ = 2Aminimum 

~· 
{d) Separation to thinox 

,.~,-~~~ i_~ 
2

A . . 3A minimum 

P:(orn-) --~mum --r-­
dlffUslon ~~ • • 

(a) Short polysilicon run 

3. Diffusion wires separation from cuts 

Separations between different active areas 

(b) Long polysilicon runs 

5A 
minimum 4. Increase in polysilicon overlap to 

reduce metal migration effect 

., 

FIGURE 3.12 Further aspects of A-based design rules for contacts, including some factors 
contributing to higher yield/reliability. 

The 3A. metal width rule is a conservative one but is implemented to allow for the fact 
that the metal layer is deposited after the others and on top of them and several layers of 
silicon dioxide, so that the surface on which it sits is quite 'mountainous' . The metal layer 
is also light-reflective and th~;se factors combine to result in poor edge definition. In double 
metal the second layer of metal has an even more uneven terrain on which to be deposited 
and patterned. Hence metal 2 is often wider than metal 1. 
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Metal to metal separation is also large and is brought about mainly by difficulties in 

defining metal edges accurately during masking operations on the highly reflective metal. 
All diffusion processes are such that lateral diffusion occurs as well as impurity penetration 

from the surface. Hence the separation rules for diffusion allow for this and relatively large 
separations are specified. This is particularly the case for the p-well diffusions which are 
deep diffusions and thus have considerable lateral spread. 

Transitions from thin gate oxide to thick field oxide in the oxidation process also use 
up space and this is another reason why the lambda-based rules require a minimum separation 
between thinox regions of 3A.. In effect, this implies that the minimum feature size for thick 
oxide is 3A.. 

The simplicity of the lambda-based rules makes this approach to design an appropriate 
one for the novice chip designer and also, perhaps, for those applications in which we are 
not trying to achieve the absolute minimum area and the absolute maximum performance. 
Because lambda-based rules try 'to be all things to all people', they do suffer from least 
common denominator effects and from the upward rounding of all process line dimension 
parameters into integer values of lambda. 

The performance of any fabrication line in this respect clearly comes down to a matter 
of tolerances and definitions in terms of microns (or some other suitable unit of length) . 
Thus, expanded sets of rules often referred to as micron-based rules are available to the more 
experienced designer to allow for the use of the full capability of any process. Also, many 
processes offer additional layers, which again adds to the possibilities presented to the designer. 

In order to properly represent these important aspects, the next section introduces Orbit 
Semiconductor's 2 Jlm feature size double metal, double poly., n-well CMOS rules which 
also offer a BiCMOS capability. 

3.5 2 JI.M DOUBLE METAL, DOUBLE POLY. CMOS/BICMOS RULES* 

In order to accommodate the additional features present in this technology, it is necessary to 
extend the range of color and monochrome encodings previously used for double metal 
p-well CMOS. The encoding used is compatible with that already described, but as far as 
color assignments are concerned the following extension/additions are made: n-well-brown 
(same as p-well); Poly. 1- red; Poly. 2-orange; nDiff. (n-active)-green; pDiff. (p-active) 
-yellow (a green outline to the yellow may be used to show pDiff. clearly in color stick 
diagrams). Hatching, which is compatible with monochrome encoding, may also be added to 
color mask encoding, to distinguish underlying layers and to allow for ready copying of color 
diagrams on monochrome copying machines. 

For BiCMOS the following are added: buried n+ subcollector-pale green; p-hase­
pink. These extra features are set out in Figure 3.1 (c) and in Color plate I( c). 

The use of color encoding is illustrated in the Color plates section of this book. The 
monochrome encoded rule set for the Orbit™ 2 Jlm double metal double poly. BiCMOS 
process is given in Figures 3.13(a)- (f). The rule set is also presented in color as Color plates 

* The rules. and other details have been supplied by Orbit Semiconductors Inc . of Sunnyvale, California, 
through Integrated Silicon Design Pty Ltd of Adelaide, Australia . Their joint cooperadon is gratefully 
acknowledged. 
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Minimum 
width 

Thinox 

Z
.,. 1.51'mmin. edgetoedge 

.:::!=. 1.5 11m min. overlap 
2jl1Tl jliTl 

-- 1.5 11m min. overlap .,. 
Capac~ors poly. 1/poly. 2 

Minimum separations 
as shown 

Metal1 

Minimum 
width 

Poly. 2 overlapping poly.1 Poly. 1 overlapping 
poly.2 

A !laO COfNC/OENT EOGES WHERE 
METAL 1ANOMETAL2RUNSFOLLOW 
THESAMEPATHFOR>25p.m LENGTH 
(UNOERLAP METAL 1 EOGES BY O.Bp.m) 

Otherwise polysilicon 2 must not be coincident with polysilicon 1 

Note: Where no separation is specified, wires may overlap or cross (e.g. metal may cross any 
layer). For p-well CMOS, n-diff. wires can only exist inside and p-diff. wires outside the p-well. 
For n-well CMOS, p-diff. wires can only exist inside and n-diff. wires outside the n-well. 

FIGURE 3.13(a) Design rules for wires (interconnects) (Orbit 2 11m CMOS). 

3 to 6. Note the relative complexity of these rule sets. It must be further noted that an 
appropriate set of electrical parameters must accompany each set of design rules and the 
parameters for the Orbit™ 2 J..Lm process are included in Appendix A. 

3.6 1.2 JlM DOUBLE METAL, SINGLE POLY. CMOS RULES* 

As fabrication technology improves, so the feature size reduces and a separate set of micron­
based design rules must accompany each new feature size. In order to open up the possibilities 
presented by this text, we have included the Orbit™ 1.2 J..Lm rules in Appendix B together 
with the relevant electrical parameters. 

3. 7 LAYOUT DIAGRAMS-A BRIEF INTRODUCTION 

Mask layout diagrams may be hand-drawn on, say, 5 mm squared paper. In the case of 
lambda-based rules, the side of each square is taken to represent A. and, for micron-based 
rules, it will be taken to represent the least common factor associated with the rules (for 
example, 0.25 J..Lm per side for the 2 J..Lm process and 0.2 J..Lm per side for the 1.2 J..Lm Orbit™ 
process layout). Most CAD VLSI tools also offer convenient facilities for mask level design. 

• The rules and other related details have been supplied by Orbit Semiconductors lnc . of Sunnyvale, 
California, through Integrated Silicon Design Pty Ltd of Adelaide, Australia. Their joint cooperation is 
gratefully acknowledged . 
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Minimum overlap of 
n-diff. (n• active) 
beyond gate 

3!1ffi -, 
m.n.~f 

Minimum 
overlap of 
p-diff. 
(p+ active) 
beyond gate 

p-type enhancement 
2.5 ILfTl Minimum 
~ overlapof 

2.5L p-dill . 
. Jlllll- (p•active) 

beyond gate 

• p-type enhancement 

Polysilicon 2 transistors 

2.5 JliTl min. sepn. 
contact cut to gate'\. . 
and overlap of diff. ,, __ r :n. 

1.5 jU11 -.- All devices shown are 
n-type. The same rules 
apply for p-type. 

2.5 JliTl min. sepn. 
contact cut to gate 
and overlap of dill. 

) 

FIGURE 3.13(b) Transistor related design rules (Orbit 2 JU1l CMOS) minimum sizes and overlaps. 

The introductory layout diagrams which follow in Figures 3.14 to 3.17 inclusive have 
been included to illustrate th~ use of tht:: lambda-based rule set and many more examples will 
appear later in the text. 

The use of butting contacts has not been illustrated here as the reader is to be discouraged 
from using a facility which is not widely available now, but example layouts appear elsewhere 
for the sake of continuity with earlier designs and previous editions of this book. 

3.8 SYMBOLIC DIAGRAMS-TRANSLATION TO MASK FORM 

The symbolic form of diagram is also readily translated to mask layout form. Take, for 
example, the symbolic form of a 1-bit CMOS shift register cell given earlier in Figure 3.5(e). 
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the contact from any side(s). 
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(c) Multiple contact cuts 
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4 t 
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ILLLLLI~~~ -- J t 

(b) Metal1 to n• or p• active (diff.) 

13~tml 
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poly. 1 or poly. 2 to edge + 2 Via outside active to active edge 

~~~~;~~; ~~~~ J ~~ 1 ~~ J ~~ rr- --- -~i: ·~~dth 

min. I~~ I 
1.5 11m 2 11m Via to via min. 2 llm miit'~;pace from via 

inside poly. 1 or poly. 2 or 
active to edge (e) Vias from meta12 to metal1 and thence to other layers 

Note. The vias must not be placed over contacts 

FIGURE 3.13(c) Rules for contacts and vias (Orbit 2 p.m CMOS). 

The symbolic form is reproduced in Figure 3 .17(a) and the remltant mask layout is presented 
as Figure 3.17(b). This is also presented in color as Color plate 7. The translation process 
should be self-evident from the figures . Further examples of mask layout from symbolic 
diagram form follow in Chapter 5 (for BiC.MOS gates) and in other parts ofthe text. 
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~s and V00 contacts 
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V00 contact 
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FIGURE 3.13(d) Rules for n-well and V00 and Vss contacts (Orbit 2 11m CMOS). 
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90 X 90 11m 
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FIGURE 3.13(e) Rules for pad and overglass geometry (Orbit 211m CMOS). 
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Note: For clarity, the layers have QOt been drawn transparent but BCCD underlies the entire area 
and the p-base underl ies all within its boundary. 

Buried n• subcollector (BCCD) p + connectiOJl _to base 

Cross-section through npn transistor (Orbit 2 11m BiCMOS) 

FIGURE 3.13(f) Special rules for BICMOS transistors (Orbit 2 JLrn CMOS). 

3.9 OBSERVATIONS 

1:11 

This chapter has introduced three sets of design rules with which nMOS and CMOS designs 
may be fabricated. Designs incorporating BiCMOS technology are covered by the 'Orbit' 
2 11m double metal, double poly. n-well process rules. We are now in a position to use the 
design rules and, for simplicity, most design examples will use the lambda-based rules. As 
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FIGURE 3.14 Stick diagram and layout for nMOS shift register cell. 
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FIGURE 3.15 Two-way selector with enable. 
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FIGURE 3.16 Two 1/P n.MOS No~ gate. 

the budding designer becomes more proficient, designs are readily completed using one or 
other of the 'Orbit' rule sets. 

Before we begin any design work, however, a further chapter is necessary to establish, 
explain and evaluate other key circuit parameters. 

3.10 TUTORIAL EXERCISES 

Note: Use colors to represent layers. 

1. First draw the circuit diagrams for each of Figures 3.14 to 3.16 and then, after 
closing_Jhis book, draw a stick diagram and a mask layout diagram for each. These 
efforts may then be compared with those in the book, although note that lack of 
conformity in detail may not mean that a layout, for example, is incorrect. Check 
your layouts against the design rules given m the text. 

2. Draw the stick diagram and a mask layout for an 8:1 nMOS inverter circuit. Both 
the input and output points should be on · the polysilicon layer. 

3. With regard to Figure 3.15, what will be the state of the output (0/P) when control 
line E is at 0 volts? Could any simple modification to this circuit improve its operation? 
If so, set out a modified stick diagram and corresponding mask layout. 
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I 1-BIT CELL I 

(b) Derived mask layout 

FIGURE 3.17 A 1-bit CMOS shift register cell. 

) 

4. With regard to Figure 3.14, determine suitable left-hand and right-hand boundary 
lines for this leaf-cell, so that a series of such leaf-cells can be butted directly 
together side by side without violating any design rules, yet occupying minimum 
area. 

5. Can you reduce the area occupied by the leaf-cell of Figure 3.14? Draw an alternative 
layout to illustrate your contention. 

6. Figure 3.18 presents a simple CMOS layout. Study the layout, and from it produce 
a circuit diagram. Explain the nature and purpose of the circuit. Using this layout, 
explain how you could construct a four-way multiplexer (selector) circuit. 
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FIGURE 3.18 CMOS layout example. 
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OBJECTIVES 

Education is a progressive discovery of our own ignorance. 

- WILL DURANT 

The active devices of MOS technology having been dealt with in some measure, it is now 
appropriate to consider their interconnection as circuits. The 'wiring-up' of circuits "takes 
place through the various conductive layers which are produced by the MOS processing and 
it is therefore necessary to be aware of the resistive and capacitive characteristics of each 
layer. 

Concepts such as sheet resistatrce Rs and a standard unit of capacitance DCg, help 
greatly in evaluating the effects of wiring and _input and output capacitances. Further, the 
delays associated with wiring, with inverters and with other circuitry may be conveniently 
evaluated in terms of a delay unit t: 

Parameter values for the layers in 5 Jlm, 2 Jlm and 1.2 Jlm technologies are given in 
this chapter so that actual designs may be evaluated. Means of dealing with larger capacitive 
loads are also discussed, as are the factors affecting the choice of layer for various interconnection 
purposes. 

So far we have established equations (Chapter 2) which characterize the behavior of 
MOS transistors, aspects of their use in both nMOS and CMOS circuits, and the pull-up to 
pull-down ratios which must be observed when nMOS inverters and pass transistors are 
interconnected. However, as yet we have not considered the actual resistance and capacitance 
values associated with transistors, nor have we considered circuit wiring and parasitics. In 
order to simplify the treatment of such components, there are basic circuit concepts which 
will now be introduced, and for particular MOS processes we can set out approximate circuit 
parameters which greatly ease the design process in allowing straightforward calculations. In 
order to take advantage of BiCMOS circuitry we must also examine some basic properties 
of bipolar transistors. 

86 
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4.1 SHEET RESISTAriCE Rs 

Consider a uniform slab of conducting material of resistivity p, of width W, thickness t, and 
length between faces L. The arrangement is shown in Figure 4.1. 

8 

A­

FIGURE 4.1 Sheet resistance model . 

With reference to Figure 4.1, consider the resistance RAB between two opposite faces. 

- pL 
RAB-- ohm 

A 

where 

Thus 

A = cross-section area 

- pL 
RAB-- ohm 

tW 

Now, consider the case in which L = W, that is, a square of resistive material, then 

where 

Thus 

R5 = ohm per square or sheet resistance 

R5 = £. ohm per square 
t 

Note that Rs is completely independent of the area of the square; for example, a 1 Jlm 
per side square slab of material has exactly the same resistance as a 1 em per side square 
slab of the same material if the thickness is the same. 

• 
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Thus the actual values associated with the layers in a MOS circuit depend on the 
thickness of the layer and the resistivity of the material forming the layer. For the metal and 
polysilicon layers, the thickness of a layer is easily envisaged and the resistivity of the 
material is known. For the diffusion layer, the depth of the diffusion regions -contributes 
toward the effective thickness while the impurity concentration (or doping level) profile 
determines the resistivity. 

For the MOS processes considered here, typical values of sheet resistance are given in 
Table 4.1. 

TABLE 4.1 Typical sheet resistances Rs of MOS layers for 5 j..tm*, and Orbit 2 j..tm* and 
1.2 j..tm* technologies 

Layer 

Metal 

Diffusion (or active)** 

Silicide 

Polysilicon 

n-transistor channel 

p-transistor channel 

5J.Lm 

0.03 

10~50 

2~4 

15~100 

1o4t 

2.5 x 1o4t 

Rs ohm per square 

Orbit 

0.04 

20~45 

15~30 

2 x 1o4t 

4:S x 1o4t 

Note: In some processes a silicide layer is used in place of polysilicon. 

Orbit 1. 2 J1m 

0.04 

20~45 

15~30 

2 X 104t 

4.5 x 1o4t 

* 5 micron (!lm) technology implies minimum line width (and feature size) of S 11m and in consequence 
A. = 2.5 11m. Similarly, 2 11m ·and 1.2 11m technologies have feature sizes of 2 11m and 1.2 11m 
respectively. 

** The figures given are for n-diffusion regions. The values for p-diffusion are 2.5 times these values. 
t These values are approximations only. Resistances may be calculated from a knowledge of Vds and 

the expressions for Ids given earlier. 

4.2 SHEET RESISTArtCE CONCEPT.An'-L-IED·TO·-nos TRANSISTORS 
AND INVERTERS 

Consider the transistor structures of Figure 4.2 and note that the diagrams distinguish the 
actual diffusion (active) regions from the channel regions. (Note: From here on, the term 
' diffusion' also covers active regions in Orbit processes.) The thinox mask layout is the 
union of diffusion and channel regions and these regions have differing hatching . patterns to 
stress the fact that the polysilicon and underlying silicon dioxide mask the substrate so that 
diffusion ,takes place only in the areas defined by the thinox mask which do not coincide with 
the polysilicon mask. · 

The simple n-type pass transistor of Figure 4.2(a) has a channel length L = 21.. and a 
channel width W = 21... The channel is, therefore, square and channel resi3tance (with or 
without implant) 
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FIGURE 4.2 Resistance calculation for transistor channels. 

ohm 4 R= 1 square x R -- =R = 10 ohm* s s square 

l:fl 

The length to width ratio, denoted Z, is I: 1 in this case. The transistor structure of 
·Figure 4.2(b) has a channel length L = 8A. and width W = 2A.. Therefore, 

Thus, channel resistance 

L 
Z=- =4 w 

R = ZR = 4 x 104 ohm s 

Another way of looking at this is to recognize that this channel can be regarded as four 
2A. x 2A. squares in ser~s. thus giving a resistance of 4R5 • This particular way of approaching 
the calculation of resistance is often useful, particularly when dealing with shapes which are 
not simple rectangles. 

Figure 4.3 takes these considerations one step further and shows how the pull-up to 
pull-down ratio of an inverter is determined. In the nMOS case a simple 4: I Zp.u. :Zp.d. ratio 
obviously applies. Note, for example, that a 4 : I ratio would also be achieved if the upper 
channel _(p.u.) length L = 4A., and width W = 2A. with lower channel (p.d.) length L = 2A., and 
width W = 4A.. 

For the CMOS case, note the different value of R5 which applies for the pull-up transistor. 

4.2.1 Slllcldes 

As the line width becomes smaller, the sheet resistance contribution to RC delay increases. 
With. the currently available polysilicon sheet resistance ranging from IS to I 00 ohm it is 

* From Table 4 .1. 



lp ~-·I.•.JIL-_________________________ B_a_s_ic __ V_LS_I_D_e_s_ig~"------------------------------~) 
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(a) nMOS 

p.u. · p.u. e.g. BA.:2A. L . W. } 
4 : 1 

' ~. u. = 4. R0 n= 4. Rsn= 40k0 

Lp.d.: Wp.d. } e.g. 2 A.: 2 A. 
1 : 1 

Zp.d. = 1. Ron= 1. Rsn= 10k0 

Vss 
(GNO) 

Pull-up : Pull-down ratio 
= ~- u. : Zp. u. = 4 : 1 in this 
case. 
On resistance ( V00 to GNO) 
= sokn . 

Lp.u. : Wp.u. 

1 : 1 
~. u. = 1. Ron= 1. R1 p 
=25kn 

Vout 

Lp.d. : Wp.d 

1 : 1 

~. d.= 1. R0 n= 1. R1 " 

=10k0 

~s 

A ratio rule does not apply and there is no 
static resistance from V00 to Vss· 

(b) CMOS 

Note: Ron = 'on' resistance; R, = n-channel sheet resistance; RJP = p-channel sheet resistance. 

FIGURE 4.3 Inverter resistance calculation. 

apparent that some of the advantages of scaling could be offset by the interconnect resistance 
at the gate level. Therefore the low sheet resistances of refractory silicides (2-4 ohm), which 
are formed by depositing metal on polysilicon and then sintering, have been investigated as 
an interconnecting medium. 

Deposition of the metal or metal/silicon alloy prior to sintering may be done in any one 
of several ways: 

• sputtering or evaporation; 
• co-sputtering metal and silicon in the desired ratio from two independent targets; 
• co-evaporation from the elements. 

Although the properties of silicides make them attractive alternatives to polysilicon, 
there are extra processing steps which offset this advantage. 

4.3 AREA CAPACITANCES OF LAYERS 

From the diagrams we have used to illustrate the structure of transistors, and from discussions 
of the fabrication processes, it will be apparent that conducting layers are separated from the 
substrate and each other by insulating (dielectric) layers, and thus parallel plate capacitive 
effects must be present and must be allowed for . 

For any layer, knowing the dielectric (silicon dioxide) thickness, we can calculate area 
capacitance as follows: 
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• where 
D = thickness of silicon dioxide 
A = area of plates 

••• 

(and it is assumed that £o, A, and D are in compatible units, for example, Eo in farads/em, 
A in cm2, D in em). 

~ ~ E;ns = relative permittivity of Si02 * 4.0 

·'' I 

Eo = 8.85 x 10-14 F/cm (permittivity of free space) 

A normal approach is to give layer area capacitances in pF/J.lm2 (where J.lm = micron 
= 1 0--{) meter = 10-4 em). The appropriate figure may be calculated as follows: 

(D in em, Eo in farads/em) 
Typical values of area capacitance are set out in Table 4.2 for 5 J.lm technology and for 

Orbit 2 J.lm and 1.2 J.lm technologies. 

TABLE 4.2 Typical area capacitance values for MOS circuits 

Capacitance Value in pF x 10-4/J11n2 (Relative values in brackets) 

5J11n 2J11n 1.2 J11n 

Gate to channel 4 (1.0) 8 (1.0) 16 (1.0) 

Diffusion (active) 1 (0.25) 1.75 (0.22) 3.75 (0.23) 

Polysilicon* to substrate 0.4 (0.1) 0.6 (0.075) 0.6 (0.038) 

Metal 1 to substrate 0.3 (0.075) 0.33 (0.04) 0.33 (0.02) 

Metal 2 to substrate 0.2 (0.05) 0.17 (0.02) 0.17 (0.01) 

Metal 2 to metal 1 0.4 (0.1) 0.5 (0.06) 0.5 (0.03) 

Metal 2 to polysilicon 0.3 (0.075) 0.3 (0.038) 0.3 (0.018) 

Notes: Relative value = specified value/gate to channel value for that technology. 
*Poly. I and Poly. 2 are similar (also silicides where used). 

4.4 STANDARD UNIT OF CAPACITANCE OC9 

It is convenient to employ a standard unit of capacitance that can be given a value appropriate 
to the technology but can also be used in calculations without associating it with an 
absolute value. The unit is denoted OCg and is defined the gate-to-channel capacitance of a 
MOS transistor having W = L = feature size, that is, a 'standard' or 'feature size' square as 
in Figure 4.2(a), for example, for lambda-based rules. (This concept, originated by VTI 
(USA), has been adapted here.) 
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OCg may be evaluated for any MOS process. For example, for 5 Jlm MOS circuits: • 

Area/standard square = 5 Jlm x 5 Jlm = 25 Jlm2 (= area of minimum size transistor) 
Capacitance value (from Table 4.2) = 4 x 10-4 pF/Jlm2 

Thus, standard value OCg = 25 Jlm2 x 4 x 10-4 pF/Jlm2 = .01 pF 

or, for 2 Jlm MOS circuits (Orbit): 

Area/standard square = 2 Jlm x 2 Jlm = 4 Jlm2 

Gate capacitance value (from Table 4.2) = 8 x 10-4 pF/Jlm2 

Thus, standard value OCg = 4 Jlm2 x 8 x 10-4 pF/Jlm2 = .0032 pF 

and, for 1.2 Jlm MOS circuits (Orbit): 

Area/standard square = 1.2 Jlm x 1.2 Jlm = 1.44 Jlm2 

Gate capacitance value (from Table 4.2) = 16 x 10-4 pF/Jlm2 

Thus, standard value OCg =1.44 Jlm2 x 16 x 10-4 pF/Jlm2 = .0023 pF 

4.5 SOME AREA CAPACITANCE CALCULATIONS 

The approach will be demonstrated using A.-based geometry. The calculation of capacitance 
values may now be undertaken by establishing the ratio between the area of interest and the 
area of standard (feature size square) gate (2A x 2A. for A.-based rules) and multiplying this 
ratio by the appropriate relative C value from Table 4.2 . The product will give the required 
capacitance in OCg units. 

Consider the area defined in Figure 4.4. First, we must calculate the area relative to that 
of a standard gate. 

Now: 

. 20A X 3A 
Relative-area= = 15 

2A X 2A 

I.,.. L 
L =201.. 
W=31.. 

FIGURE 4.4 Simple area for capacitance calculation. 

1. Consider the area in metal 1. 
Capacitance to substrate = relative area x relative C value 

= 15 X 0.07500Cg 

= 1.1250Cg 

That is, the defined area in metal has a capacitance to substrate 1.125 times that of 
a feature size square gate area. 
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2. Consider the same area in polysilicon. 

Capacitance to substrate= 15 x 0.10Cg 

= 1.50Cg 

3. Consider the same area in n-type diffusion. 

Capacitance to substrate = 15 x 0.250Cg 

= 3.750Cg* 

.,. 

Calculations of area capacitance values associated with structures occupying more than 
one layer, as in Figure 4.5, are equally straightforward. 

41.. 
1 1001.. ----~~~ ... 1 

31 llllllllllllllllllllllllllll~~rTTTTTTTTTTTTTm~-
Diffusion 

21.. 

T 
FIGURE 4.5 Capacitance calculation (multilayer). 

Consider the metal area (less the contact region where the metal is connected to polysilicon 
and shielded from the substrate) 

R 
. Metal area 

aho = ------­
Standard gate area 

100 A X 3 A = 
75 

4 A.2 

Metal capacitance Cm = 75 x 0.075 = 5.6250Cg 

Consider the polysilicon area (excluding the gate region) 

Therefore 

Polysilicon area = 4A. x 4A. + 3A. x 2A. = 22A. 2 

22 
Polysilicon capacitance cp = - X 0.1 = .550 Cg 

4 
For the transistor, 

Gate capacitance Cg = I 0 Cg 

• Note the relatively high capacitance values of the diffusion layer even though peripheral capacitance (see 
Table 4.3 in section 4.1 0.3) has not been allowed for. This may increase total diffusion capacitance to 
considerably more than the area capacitance calculated here. 
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Therefore 

TQtal capacitance Cr = Cm + CP + Cg * 7.200Cg 

In all cases absQlute values are readily evaluated by substitution of the actual value for 
0 Cg as given in section 4.4. 

It is not unusual to fmd metal paths of uniform 41.. width but when taking this approach 
in design it must be borne in mind that, compared with 31.. width paths, the capacitance will 
be increased by one-third. 

For example, if the metal width is increased to 41.. in Figure 4.5, the capacitance Cm is 
increased to 7.50 Cg and the capacitance of the complete structure will increase to about 
90Cg. 

4.6 THE DELAY UrtiT t 

We have developed the concept of sheet resistance Rs and standard gate capacitance unit 
DCg. If we consider the case of one standard (feature size square) gate area capacitance 
being charged through one feature size square of n channel resistance (that is, through Rs for 
an nMOS pass transistor channel), as in Figure 4.6, we have: 

Time constant 't =(IRs (n channel) x lDCg) seconds 

nMOS minimum size pass transistor 
(on resistance =1 Okn ~ 

FIGURE 4.6 Model for derivation of <t. 

This can be evaluated for any technology and for 5 Jliil technology, 

't = 104 ohm x 0.01 pF = 0.1 nsec 

and for 2 Jlm (Orbit) technology, 

't = 2 x 104 ohm x 0.0032 pF = 0.064 nsec 

and for 1.2 Jlm (Orbit) technology, 

't = 2 x 104 ohm x 0.0023 pF = 0.046 nsec 
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However, in practice, circuit wiring and parasitic capacitances must be allowed for so 

that the figure taken for t is often increased by a factor of two or three so that for 5 J.lm 
circuit 

t = 0.2 to 0.3 nsec is a typical design figure used in assessing likely worst case delays. 

Note that t thus obtained is not much different from transit time tsd calculated from 
equation (2.2). 

Note that Vds varies as C8 charges from 0 volts to 63% of Vvv in period t in Figure 4.6, 
so that an appropriate value for Vds is the average value = 3 volts. For 5 J.lm technology, then, 

2Snm2 V sec 
t = r-- X 

sd 650 cm2 3V 

= 0.13 nsec 

This is very close to the theoretical time constant t calculated above. 
Since the transition point of an inverter or gate is 0.5 VDD• which is close to 0.63 VDD• 

it appears to be common practice to use transit time and time constant (as defined for the 
delay unit t) interchangeably and 'stray' capacitances are usually allowed for by doubling (or 
more) the theoretical values calculated. 

In view of this, t is used as the fundamental time unit and all timings in a system can 
be assessed in relation to t. 

For 5 J.lm MOS technology t = 0.3 nsec is a very safe figure to use; and, for 2 J.lm Orbit 
MOS technology, t = 0.2 nsec is an equally safe figure to use; and, for 1.2 J.lm Orbit MOS 
techn!<rl.ogy, t = 0.1 nsec is also a safe figure. 

4. 7 INVERTER DELAYS 

Consider the basic 4: 1 ratio nMOS inverter. In order to achieve the 4:1 Zp.u. to Zp.d. ratio, Rp.u. 
will be 4 Rp.d. and if Rp.d. is contributed by the minimum size transistor then, clearly, the 
resistance value associated with Rp.u. is 

Rp.u. = 4R5 = 40 kQ 

Meanwhile, the Rp.d. value is 1Rs = 10 kQ so that the delay associated with the inverter will 
depend on whether it is being turned on or off. 

However, if we consider a pair of cascaded inverters, then the delay over the pair will 
be constant irrespective of the sense of the logic level transition of the input to the first. This 
is clearly seen from Figure 4.7 and, assuming t = 0.3 nsec and making no extra allowances 
for wiring capacitance, we have an overall delay of t + 4t = St. In general terms, the delay 
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I.,. 5t ------....... ~1 

I~ 
1 't _____ ..,.~, ..... ...__ 

4t--...... , 

i ' 
....... 1 ...... . . ..... .. !. ..... . .................. t DCg i DCg 

' FIGURE 4. 7 nMOS Inverter pair delay. 

through a pair of similar nMOS inverters is 

Td = ( 1 + Zp.u/Zp.d.)t 

Thus, the inverter pair delay for inverters having 4: 1 ratio is 5t. 
However, a single 4: I inverter exhibits undesirable asymmetric delays since the delay 

in turning on is, for example, t , while the corresponding delay in turning off is 4t. Quite 
obviously, the asymmetry is worse when considering an. inverter with an 8:1 ratio. 

When considering CMOS inverters, the nMOS ratio rule no longer applies, but we must 
allow for the natural (R5 ) asYmmetry of the usually equal size pull-up p-transistors and the 
n-type pull-down transistors. Figure 4.8 shows the theoretical delay associated with a pair of 
minimum size (both n-and p-transistors) lambda-based inverters. Note that the gate capacitance 
(= 20Cz) is double that of the comparable nMOS inverter since the input to a CMOS inverter 
is connected to both transistor gates. Note also the allowance made for the differing channel 
resistances. 

f- '·-F- ··~ 

' ' t""' 
' ' ' ' ' ' . -· 
' 

' ' 
25kn 
Rp.u. 

' ' .... -.. .. 
: 2DCg 
' 

FIGURE 4.8 Minimum size CMOS Inverter pair delay. 
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The asymmetry of resistance values can be eliminated by increasing the width of the 

p-device channel by a factor of two or three, but it should be noted that the gate input 
capacitance of the p-transistor is also increased by the same factor. This, to some extent, 
offsets the speed-up due to the drop in resistance, but there is a small . net gain since the 
wiring capacitance will be the same. 

4. 7.1 A More Formal Estimation of CMOS Inverter Delay 

A CMOS inverter, in general, either charges or discharges a capacitive load CL and rise-time 
'tr or fall-time 'tf can be estimated from the following simple analysis. 

4.7.1.1 Rise-time estimation 

In this analysis we assume that the p-device stays in saturation for the entire charging period 
of the load capacitor CL. The circuit may then be modeled as in Figure 4.9. 

The saturation current for the p-transistor is given by 

L ,, 
t .J 

FIGURE 4.9 Rise-time model. 

This current charges CL and, since its magnitude is approximately constant, we have 

Substituting for ldsp and rearranging we have 

t = 2CLVout 
pp(Vgs - IJi';pl}2 
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We now assume that t = 'tr when Vout = + V DD• so that 

with IV1pl = 0.2VDD• then 

This resulLcompares reasonably well with a more detailed analysis in which the charging of 
CL is divided, more correctly, into two parts: (1) saturation and (2) resistive region of the 
transistor. 

4.7.1.2 Fall-time estimation 

Similar reasoning can be applied to the discharge of CL through the n-transistor. The circuit 
model in this case is given as Figure 4.1 0. 

1 

V,n OI 

FIGURE 4.10 Fall-time model. 

Making similar assumptions we may write for fall-time: 

4.7.1.3 Summary of CMOS rise and fall factors 

Using these expressions we may deduce that: 

But Jln = 2.5 Jlp and hence ~n * 2.5~P' so that the rise-time is slower by a factor of 2.5 when 
using minimum size devices for both 'n' and 'p'. 

In order to achieve symmetrical operation using minimum channel length, we would 
need to make WP = 2.5 Wn and for minimum size lamb~a-based geometries this would result 
in the inverter having an input capacitance of 10Cg (n-device) + 2.50Cg(p-device) = 3.50Cg 
in total. 
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This simple model is quite adequate for most practical situations, but it should be 

recognized that it gives optimistic results. However, it does provide an insight into the factors 
which affect rise-times and fall-times as follows: 

1. 'tr and t1 are proportional to 1/VDD; 
2. 'tr and t1 are proportional to CL; 
3. 'tr = 2.St1 for equal n- and p-transistor geometries. 

4.8 DKMNG LARGE CAPACITIVE LOADS 

The problem of driving comparatively large capacitive loads arises when signals must be 
propagated from the chip to off chip destinations . . Generally, typical off chip capacitances 
may be several orders higher than on chip DCg values. For example, if the off chip load is 
denoted CL then 

CL ~ 104 DCg (typically) 

Clearly capacitances of this order must be driven through low resistances, otherwise 
excessively long delays will occur. 

4.8.1 Cascaded Inverters as Drivers 

Inverters intended to drive large capacitive loads must therefore present low pull-up and 
pull-down resistance. 

Obviously, for MOS circuits, low resistance values for Zp.d. and Zp.u. imply low L: W 
ratios; in other words, channels must be made very wide to reduce resistance value and, in 
consequence, an inverter to meet this need occupies a large area. Moreover, because of the 
large L: W ratio and since length L cannot be reduced below the minimum feature size, the 
gate region areaL x Wbecomes significant and a comparatively large capacitance is presented 
at the input, which in tum slows down the rates of change of voltage which can take place 
at the input. 

The remedy is to use N cascaded inverters, each one of which is larger than the preceding 
stage by a width factor f as shown in Figure 4.11 (showing nMOS inverters, for example) . 

• ............ 

I 

t 
GNO 

FIGURE 4.11 Driving large capacitive loads. 
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Clearly, as the width factor increases, so the capacitive load presented at the inverter 
input increases, and the area occupied increases also. Equally clearly, the rate at which the 
width increases (that is, the value of.fJ will influence the number N of stages which must be 
cascaded to drive a particular value of CL. Thus, an optimum solution must be sought as 
follows (this treatment is attributed to Mead and Conway). 

With large f, N decreases but delay per stage increases. For 4: 1 nMOS inverters 

delay per stage = ft for ~ V;n } 
or = 4ft for V V;n 

where ~V;n indicates logic 0 to 1 
transition and V V;n indicates 
logic 1 to 0 transition of V;n 

Therefore, total delay per nMOS pair = 5ft. A similar treatment yields delay per CMOS pair 
= 7ft. Now let 

c y= _L_ =fN 
· DC g 

so that the choice off and N are interdependent. 
We now need to determine the value off which will minimize the overall delay for a 

given value of y and from the definition of y 

That is 

Thus, for N even 

Thus, in all cases 

ln(y) = N In(/) 

N= ln(y) 
ln(f} 

N 
total delay = 25ft = 2.5 Nft (nMOS) 

or = ~ 7ft = 3.5 Nft (CMOS) 

delay oc Nft = ln(y) ft 
In(/) 

It can be shown that total delay is minimized iff assumes the value e (base of natural · 
logarithms); that is, each stage should be approximately 2.7* times wider than its predecessor. 
This applies to CMOS as well as nMOS inverters. 

• Usually, a value off= 3 is used since the curve showing delay versus/is quite flat around the minimum. 
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Thus, assuming that f = e, we have 

and overall delay td 

or 

Number of stages N = In(y) 

N even: td = 2.5eN t (nMOS) 

or td = 3.5eN t (CMOS) 

N odd: td = [2 .5(N- 1) + 1]et (nMOS) } 
for ~.Vin 

or td = [3.5(N- 1) + 2]et (CMOS) 

td = [2.5(N- 1) + 4]et (nMOS) } 

or td = [3.5(N- 1) + S]et (CMOS) 

4.8.2 Super Buffers 

., ..• 

The asymmetry of the conventional inverter is clearly undesirable, and gives rise to significant 
delay problems when an inverter is used to drive more significant capacitive loads. 

A common approach used in nMOS technology to alleviate this effect is to make use 
of super buffers as in Figures 4.12 and 4.13. 

Voo 

71 
T3 

V..ut 

l1n 
72 

r. 

FIGURE 4.12 Inverting type nMOS super buffer. 

An inverting type is shown in Figure 4.12; considering a positive going logic transition 
V;n at the input, it will be seen that the inverter formed by T1 and T2 is turned on and, thus, 
the gate of T3 is pulled down toward 0 volt with a small delay. Thus, T3 is cut off while T4 

(the gate of which is also connected to V;n) is turned on and the output is pulled down 
qu'ickly. 

Now consider the opposite transition: when V;n drops to 0 volt, then the gate of T3 is 
allowed to rise quickly to V DD· Thus, as T4 is also turned off by Vin• T3 is made to conduct 
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FIGURE 4.13 l'.lon-lnvertlng type nMOS super buffer. 

with Vnn on its gate, that is, with twice the average voltage that would apply if the gate was 
tied to the source as in the conventional nMOS inverter. Now, since Ids a Vgs then doubling 
the effective Vgs will increase the current and thus reduce the delay in charging any capacitance 
on the output, . so that more symmetrical transitions are achieved. 

The corresponding non-inverting nMOS super buffer circuit is given at Figure 4.13 and, 
to put matters in perspective, the structures shown when realized in 5 Jlm technology are 
capable of driving loads of 2 pF with 5 nsec rise-time. 

Other nMOS arrangements such as those based on the native transistor, and known as 
native super buffers, may be used, but such processes are not readily available to the designer 
and are mentioned here only briefly. 

4.8.3 BICMOS Drivers 

The availability of bipolar transistors in BiCMOS technology presents the possibility of using 
bipolar transistor drivers as the output stage of inverter and logic gate circuits. We have 
already seen (Chapter 2) that bipolar transistors have transconductance gm and current/area 
!!A characteristics that are greatly superior to those of MOS devices. This indicates high 
current drive capabilities for small areas in silicon. 

Bipolar transistors have an exponential dependence of the output current Ic on the input 
base to emitter voltage Vbe· This means that the device can be operated with much smaller 
input voltage swings than MOS transistors and still switch relatively large currents. Thus, 
bipolar transistors have a much better switching performance, primarily as a result t>f the 
smaller input voltage swings. Only a small amount of charge must be moved during switching. 

One point to consider is the possible effect of temperature T on the required input 
voltage Vbe. Although Vbe is logarithmically dependent on base width W8 , doping level NA, 

electron mobility Jln and collector current Ic it is only linearly dependent on T. This means 
that there is no difficulty in mafching Vbe values across a circuit, spread over an area on chip, 
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as ~e temperature differences across a chip will not be sufficient to cause more than a few 
millivolts of difference in. V be between any two bipolar transistors. 

The switching performance of a transistor driving a capacitive load may be visualized 
initially from the simple model given in Figure 4.14. 

Note: The time necessary to change the output voltage by an amount that is equal to the input 
change is given by 

where 
gm = device transconductance. 

FIGURE 4.14 Driving ability of bipolar transistor. 

It may be shown that the time flt necessary to change the output voltage Vout by an 
amount equal to the input voltage ~~~ is given by 

where gm is the transconductance of the bipolar transistor. 
Clearly, since the bipolar transistor has a relatively high transconductance, the value of 

flt is small. 
A more exacting appraisal of the bipolar transistor delay reveals that it comprises two 

main components: 

1. T;11-an initial time necessary to charge the base emitter junction of the bipolar (npn) 
transistor. Typically, for the BiCMOS transistor-based driver we are considering, T;11 

is in the region of 2ns. A similar consideration of a CMOS transistor driver in the 
same BiCMOS technology would reveal a figure of Ins for 1im this being the time 
taken to charge the input gate capacitance. As a matter of interest, a comparable 
figure for a GaAs driver is around 50-100 ps. 

2. TL-the time taken to charge the output load capacitance CL and it will be noted that 
this time is less for the bipolar driver by a factor of hfe• where hfe is the bipolar 
transistor gain. 

Although the bipolar transistor has a higher value of 1im TL is smaller because of the 
faster charging rate as discussed. 
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The combined effect of T;n and TL is represented in Figure 4.15 and it will be seen that 
there is a critical value of load capacitance CL(cric) below which the BiCMOS driver is slower 
than a comparable CMOS driver. 

Delay T 

cl.(a11l 

/ 
/ 

/ 
/ 

/ 
/ CMOS 

/ Slope= X 
/ /d 

/ BiCMOS 

Slope- V 
/d.h,, 

Load capacitance CL 

• Delay of BiCMOS inverter can be described by 

T = T;n + (VI/d) (1/hre) CL 
where 

T;n = time to charge up base/emitter junction 
hre = transistor current gain (common emitter) 

• Delay for BiCMOS inverter is reduced by a factor of hre compared with a CMOS inverter. 

FIGURE 4.15 Delay estimation. 

A further significant parameter contributing to delay is the collector resistance Rc of a 
bipolar transistor. Clearly a high value for Rc will mean a long propagation delay thrpugh the 
transistor when charging a capacitive load. The effect can be assessed from Figure 4.16, 
which shows typical delay values at two values of CL for a range of collector resistance Rc. 

The reason for including th~ buried subcollector region in the BiCMOS process is to keep 
Rc as low as possible. 

BiCMOS fabrication processes produce reasonably good bipolar transistors-high Km• 
high ~. high hfe and low Rc-without compromising or overelaborating the basic CMOS 
process. The avaifability of bipolar transistors in logic gate and driver/buffer design provides 
a great deal of scope and freedom for the VLSI designer. 



( Basic Circuit Concepts '"'"' 
Delay (p$) 

1500 

1000 

500 

0 
200 400 600 800 1000 

Collector resistance (0) 

FIGURE 4.16 Gate delay as a function of collector resistance. 

4.9 PROPAGATION DELAYS 

4.9.1 Cascaded Pass Transistors 

A degree of freedom offered by MOS technology is the use of pass transistors as series or 
parallel switches in logic arrays. Quite frequently, therefore, logic signals must pass 
through a number of pass transistors in series. A chain of four such transistors is shown in 
Figure 4.17(a) in which all gates have been shown connected to VDD (logic 1), which would 
be the case for a signal to be propagated to the output. The circuit thus formed may be 
modeled as in Figure 4.17(b) and it is then possible to evaluate the delay through the 
network. 

The response -at node V2 with respect to time is given by 

In the limit as the number of sections in such a network becomes large, this expression 
reduces to 

where 
R = resistance per unit length 
C = capacitance per unit length 
x = distance along network from input. 
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FIGURE 4.17 Propagation delays In pass transistor chain. 

The propagation time 'tP for a signal to propagate a distance x is such that 

't cxx2 p 

The analysis can be simplified if all Rs and Cs are lumJfed together, then 

Ctotal = ncOCg 

) 

where r gives the relative res.istanc;:e per section in terms of R5 and c gives the relative 
capacitance p~r section in terms of DCg. 

Then, it may be shown that overall delay 'td for n sections is given by 

'td = n2rc('t) 

Thus, the overall delay increases rapidly as n increases and in practice no more than four pass 
transistors should be normally connected in series. However, this number can be exceeded 
if a buffer is inserted between each group of four pass transis!Ors or if relatively long time 
delays are acceptable. 

4.-9.2 Design of Long Polysllicon Wires 

Long polysilicon wires also contribute distributed series R and C as was the case for cascaded 
pass transistors and, in consequence, signal propagation is slowed down. This would also be 
the case for wires in diffusion where the value of C may be quite high, and for this reason 
the designer is discouraged from running signals in diffusion except over very short distances. 

For long polysilicon runs, the use of buffers is recommended. In general~ the use of 
buffers to drive long polysilicon runs has two desirable effects. First, the signal propagation 
is speeded up and, second, there is a reduction in sensitivity to noise. 
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The reason why noise may be a problem with slowly rising signals may be deduced by 

considering Figure 4.18. In the diagram the slow rise-time of the signal at the input of the 
inverter (to which the signal emerging from the long polysilicon line is connected) means 
that the input voltage spends a relatiyely long time in the vicinity of V;nv so that small 
disturbances due to noise will switch the inverter state between '0' and '1' as shown at the 
output point. 

lo 

d=~m. 
fo 

II ==v-,. r; 

~ Long polysilicon wire ... 

Note. l1n .. = Inverter threshold 

FIGURE 4.18 Possible effects of delays In long polyslllcon wires. 

Thus it is essential that long polysilicon wires be driven by suitable buffers to guard 
against the effects of noise and to speed up the rise-time of propagated signal edges. 

4.10 WIRING CAPACITANCES 

In section 4.5 we considered the area capacitances associated with the layers to substrate and 
from gate to channel. However, there are other significant sources of capacitance which 
contribute to the overall wiring capacitance. Three such sources are discussed below. 

4.10.1 Fringing Fields 

Capacitance due to fringing field effects can be a major component of the overall capacitance 
of interconnect wires. For fine line metallization, the value of fringing field capacitance ( Cff) 
can be of the same order as that of the area capacitance. Thus, Cff should be taken into 
account if accurate prediction of performance is needed. 

C fJ = Esio2 Eo/ 
1t 

1n{1+ 2td (1+~(1+ ~))} 4d 
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where 
I = wire length 
t = thickness of wire 
d = wire to substrate separation 

Then, total wire capacitance 

4.10.2 Interlayer Capacitances 

Quite obviously the parallel plate effects are present between one layer and another. For 
example; some thought on the matter will confirm the fact that, for a given area, metal to 

/ 

polysilicon capacitance must be higher than metal to substrate. The reason for not taking 
such effects into account for simple calculations is that the effects occur only where layers 
cross or when one layer underlies another, and in consequence interlayer capacitance is 
highly dependent on layout. However, for regular structures it is readily calculated and 
contributes significantly to the accuracy of circuit modeling and delay calculation. 

4.10.3 Peripheral Capacitance 
The source and drain n-diffusion regions (n-active regions for Orbit processes) form junctions 
with the p-substrate or p-well at well-defined and uniform depths; similarly for p-diffusion 
(p-active) regions in n-substrates or n-wells. For diffusion regions, each diode thus formed 
has associated with it a peripheral (side-wall) capacitance in picofarads per unit length 
which, in total, can be considerably greater than the area capacitance of the diffusion region 
to substrate; the smaller the source or drain area, the greater becomes the relative value of 
the peripheral capacitance. 

For Orbit processes, the n-active and p-active regions are formed by impurity implant at the 
surface of the silicon and thus, having negligible depth, they have negligible peripheral capacitance. 

However, for n- and p-regions formed by a diffusion process, the peripheral capacitance 
is important and becomes particularly so as we shrink the device dimensions. 

In order to calculate the total diffusion capacitance we must add the contributions of 
area and peripheral components 

Ctatal = Carea + Cperiph 

Typical values follow in Table 4.3. For further considerations on capacitive effects the 
reader is referred to Arpad Barna, VHSIC- Technologies and Tradeoffs, Wiley, 1981. 

TABLE 4.3 Typical values for diffusion capacitances 

Diffusion capacitance 

Area C( Carea) 

(as in Table 4.2) 

Periphery ( Cperiph) 

5 Jlm 

1.0 X 10-4 pF/11m2 

8.0 X 10-4 pF/!lm 

*Assuming implanted regions of negligible depth . 

Typical values 

2 Jlm 

1.75 X 10-4 pF/11m2 

negligible* 

1.2 Jlm 

3.75 X 10-4 pF/11m2 

negligible* 
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4.11 CHOICE OF LAYERS 

Frequently, in designing an arrangement to meet given specifications, there are several possible 
ways in which the requirements may be met, including the choice between the layers on 
which to route certain data and control signals. However, there are certain conunonsense 
constraints which should be considered: 

• Vnn and Vss (GND) should be distributed on metal layers wherever possible and 
should not depart from metal except for 'duck unders', preferably on the diffusion 
layer when this is absolutely essential. A consideration of Rs values will reveal the 
reason for this. 

• Long lengths of polysilicon should be used only after careful consideration because 
of the relatively high R5 value of the polysilicon layer. Polysilicon is unsuitable for 
routing Vnn or Vss other than for very small distances. 

• With these restrictions in mind, it is generally the case that the resistances associated 
with transistors are much higher than any reasonable wiring resistance, so that there 
is no real danger of any problem due to voltage divider effects between wiring and 
transistor resistances. 

• Capacitive effects must also be carefully considered, particularly where fast signal 
lines are required and particularly in relation to signals on wiring having relatively 
high values of R5 • Diffusion (or active) areas have relatively high values of capacitance 
to substrate and are harder to drive in consequence. Charge sharing may also cause 
problems in certain circuits or architectures and must be carefully considered. Over 
small equipotential regions, the signal on a wire can be treated as being identical at 
all points. Within each region the delay associated with signal propagation is small 
in comparison with gate delays and with signal delays in systems connected by the 
wires. 

Thus the wires in a MOS system can be modeled as simple capacitors. This concept 
leads to the establishment of electrical rules (guidelines) for conununication paths (wires) as 
given in Table 4.4. 

The factors set out in Tables 4.4 and 4.5 help to put matters in perspective. 

TABLE 4.4 Electrical rules 

Layer Maximum length of communication wire 

lambda-based (5 )lm) )1m-based (2 pm) )1m-based (1 .2 )lm) 

Metal chip wide chip wide chip wide 

Silicide 2,000A. NA NA 

Polysilicon 200A. 400 !lm 250 !lm 

Diffusion (active) 20A.* 100 llm 60 !lm 

* Taking ac..:ount of peripheral and area capacitances. NA = not applicable. 



..... 
Layer 

Metal 

Silicide 

Polysilicon 

Diffusion 
(active) 

R 

Low 

Low 

High 

Moderate 

Basic VLSI Design ) 

TABLE 4.5 Choice of layers 

c 
Low 

Moderate 

Moderate 

High 

Comments 

Good current capability without large voltage 
drop ... use for power distribution and global 
signals. 

Modest RC product. Reasonably long wires 
are possible. Silicide is used in place of 
polysilicon in some nMOS processes. 

RC product is moderate; high IR drop. 

Moderate IR drop but high C. Hence hard 
to drive. 

4.12 OBSERVATIONS 

This chapter has completed our examination of the factors determining the characteristics and 
performance of MOS circuits in silicon. Useful concepts have been introduced and tables of 
typical parameter values have been set out to allow ready estimation of the performance of 
simple designs. Methods of dealing with larger capacitive loads, for ex? . ..nple 'off chip' loads, 
have also been discussed. 

All the basic information for carrying out and evaluating simple design work is now in 
place and will be put into practice following a discussion on scaling effects. 

4.13 TUTORIAL 5XERCISES 

1. A particular layer of MOS circuit has a resistivity p = 1 ohm em. A section of this 
layer is 55 J!m long and 5 J.Lm wide and has a thickness of 1 J.Lm. Calculate the 
resistance from one end of this section to the other (along the length). Use the 
concept of sheet resistance Rs. What is the value of Rs? 

2. A particular section of a layout (as in Figure 4.19) includes a 3A. wide metal path 
which crosses a 2A. wide polysilicon path at right angles. Assuming that the layers 

FIGURE 4.19 Layout detail for Question 2. 

j 

I 
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are separated by a 0.5 J.1lil thick layer of silicon dioxide, find the capacitance between 
the two layers. 

The polysilicon layer in turn crosses a 41.. wide diffusion region at right angles 
to fonn a transistor. Using the tables provided in the text, find the gate to channel 
capacitance. Compare it with the metal to polysilicon capacitance already calculated. 

Assume A. = 2.5 J.Lm in all cases. 
3. Two nMOS inverters are cascaded to drive a capacitive load Cr = 160Cg as shown 

in Figure 4.20. Calculate the pair delay (V;n to V0u1) in tenns of 't for the inverter 
geometry indicated in the figure. What are the ratios of each inverter? 

If strays and wiring are allowed for, it would be reaso_!lable to increase the 
capacitance to ground across the output of each inverter by 40Cg. What is the pair 
delay allowing for strays? 

Assume a suitable value for 't and evaluate this pair delay. 

Inverter 1 

Lp.u. = 161.. 
Wp.u. = 21.. 
Lp.d. = 21.. 
Wp.d. = 21.. 

FIGURE4.20 

Inverter 2 

Lp.u. = 21.. 
wp.u. = 21.. 
Lp.d. = 21.. 
Wp.d. = 81.. 

Circuit for Question 3. 

4. An off chip capacitance load of 5 pF is to be driven from (a) CMOS and (b) nMOS 
inverters. Set out suitable arrangements giving appropriate channel L: W ratios and 
dimensions. Calculate the number of inverter stages required, and the ,delay exhibited 
by the overall arrangement driving the 5 pF load. 

5. A worked example: Using the parameters given in this chapter calculate the C;n and 
Cout values of capacitance for the structure represented in Figure 4.21. 

Solution: The input capacitance C;n is made up of three components-metal bus capacitance 
Cm, polysilicon capacitance CP, and the gate capacitance Cg. Thus 

C;n = Cm + CP + Cg 

Cm = [2 X (50 X 3)1..2 X 6.25 J.Lm2/}}){0.3 X 10-4 pF/J.Lm2} 

= .05625 pF 
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50 A ---•.-.-1 4A 1-', ..... ,._ __ ___,_-'- 50). ------.-.-

T C,n ' ~-; 
c==========================~F· ================:!:~======~ 

~ T Gout 

FIGURE 4.21 Structure for Question 5. 

CP = [(4 X 4 + 2 X 2 + 2 X l)f..2 X 6.25 jlm2/f..2) {0.4 X 10-4 pf/J..Lm2} 

= .0055 pF 

Cg = IDCg = .01 pF 

Cin = .05625 + .0055 + .01 = .07175 pF (= > 70Cg) 

) 

3A. 

Now, the output capacitan~e Cout is contributed by the diffusion area Cda and peripheral Cdp 

capacitances so that (assufuing the transistor is off) 'Ye have 

Cout = Cda + Cdp 

= [(51 X 2))._2 X 6.25 J..Lm2/f..2) X 1 X 10-4 pF/J..Lm2 

+ [2 x (51 + 2)A x 2.5 J..Lrn/1...] x 's x 10-4 pF/J..Lm 

= .06375 + .212 = .27575 pF (note significance of Cdp) . 
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OBJECTIVES 

Little things are pretty. 

- PROVERB 

Good things come in small packages. 

- PROVERB 

VLSI fabrication technology is still in the process of evolution which is. leading to smaller 
line widths and feature size and to higher packing density of circuitry on a chip. 

The scaling down of feature size generally leads to improved performanc_e and it is 
important therefore to understand the effects of scaling. There are also future limits to scaling 
down which may well be reached in the next decade. 

Although this chapter may be seen by some to interrupt the flow of the text toward actual 
VLSI design, the authors considered this an appropriate topic following the previous chapters 
dealing with basic parameters and characteristics which, of course, are all affected by scaling. 

Microelectronic technology may be characterized in terms of several indicators, or 
figures of merit. Commonly, the following are used: 

• Minimum feature size 
• Number of gates on one chip 
• Power dissipation 
• Maximum operational · frequency 
• Die size 
• Production cost. 

Many of these figures of merit can be improved by shrinking the dimensions of transistors, 
interconnections and the separation between features, and by adjusting the doping levels and 
supply voltages. Accordingly, over the past decade, much effort has been directed toward the 
upgrading of process technology and the resultant scaling down of devices and feature size. 

113 
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In the design processes postulated by Mead and Conway and used for most examples 
in this text, it has been the practice to dimension all layouts in terms of A. A value may then 
be allocated to A, prior to manufacture, which is in line with the capabilities of the silicon 
foundry or is determined by current technology and/or meets the specifications which have 
been set out for the circuit. One benefit of this approach lies in the fact that the design rules 
have been .formulated in such a way as to allow limited direct scaling of the dimensions of 
circuits, so that today's design is not automatically outdated when line widths are reduced 
(i.e. the value allocated to A is reduced) by advances in tomorrow's technology. 

Scaling is therefore an important factor, and it is essential for the designer to understand 
the implementation and the effects of scaling. In writing this chapter, the authors gratefully 
acknowledge the useful contributions made by Dr A. Osserain and Dr B. Hochet, both of the 
Swiss Federal Institute of Technology, Lausanne, Switzerland. 

This chapter discusses scaling and its effect on performance and indicates some problems 
and ultimate limitations. 

5.1 SCALING MODELS AND SCALIJ.'IIG FACTORS 

The most commonly used models are the constant electric field. scaling model and the constant 
voltage scaling model. They both present a simplified view, taking only first degree effects 
into consideration, but areeasily understood and well suited to educational needs. Recently, 
a combined voltage and dimensiort scaling model has been presented (Bergmann, 1991). 

In this chapter, the application of each of the three models will be illustrated. To assist 
in visualization, it is useful to refer to Figure 5.1 which indicates the device dimensions and 
substrate doping level which are associated with the scaling of a transistor. 

L/a_..: 
0 

.J ....... . 
/Ia 

·r···-

*See section 5.3.1.1 

FIGURE 5.1 Scaled nMOS transistor (pMOS similar). 



( Scaling of MOS Circuits ..• ., 
In order to accommodate the three models, two scaling factors-1/a and 1/P---ar:e used. 

liP is chosen as the scaling factor for supply voltage Vvv and gate oxide thickness D, and 
1/a is used for all other linear. dimensions, both vertical and horizontal to the chip surface. 
For the constant field model and the constant voltage model, p = a and p = 1 respectively 
are applied. 

5.2 SCALING FACTORS FOR DEVICE PARAMETERS 

In this section, simple derivations and calculations reveal the effects of scaling. 

5.2.1 Gate Area A9 

Ag = L.W. 

where L and Ware the channel length and width respectively. Both are scaled by 1/a. 
Thus Ag is scaled by lla2 

5.2.2 Gate capacitance Per Unit Area Co or Cox 

C = Eru: 
o D 

where E0x is the permittivity of the gate oxide (thinox) [= E;ns.Eo] and D is the gate oxide 
thickness which is scaled by vp 

Thus C0 is scaled by ~ = P 
11,.. 

5.2.3 Gate capacitance C9 

1 p 
Thus Cg is scaled by P-= -

a2 a2 

5.2.4 Parasitic Capacitance Cx 

A ex is proportional to --:-

where d is the depletion width around source or drain which is scaled by 1/a, and Ax is the 
area of the depletion region around source or drain which is scaled by 1/a2

. 
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Thus C is scaled by _}_ · -
1
- = _!_ 

x a2 1/a a 

5.2.5 Carrier Density In Channel Q00 

Qon = Co • Vgs 

where Qon is the average charge per unit area in the channel in the 'on' state. Note that C0 
is scaled by . ~ and Vgs is scaled by 11~. 

Thus-Q0 n is scaled by 1 

5.2.6 Channel Resistance Ron 

L 1 
R =---

on W Qonll 

where 11 is the carrier mobility in the channel and is assumed constant. 

1 1 
Thus Ron is scaled by - - 1 = 1 

a 1/a 

5.2.7 Gate Delay Td 

Td is proportional to Ron . Cg 

5.2.8 Maximum Operating Frequency fo 

or, fo is inversely proportional to delay Td. 

1 a 2 

Thus fo is scaled by --2 = R Wa 1-' 

5.2.9 Saturation Current ldss 

I = Coil W (V - v.,i 
dss 2 L gs 
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noting that both Vgs and V, are scaled by 1 /~, we have 

ldss is scaled by ~(1/~f = 1/~ 

5.2.10 Current Density J 

where A is the cross-sectional area of the channel in the 'on' state which is scaled by lla2 

1.' 
. II~ <I2 

So, J IS scaled by --
2 

= -
li<I ~ 

5.2.11 Switching Energy Per Gate E0 

· 1C . 
E = _g (V )2 

g 2 DD 

So, Eg is scaled by ~ . ~ = ~ 
(I ~ (I~ 

5.2.12 Power Dissipation Per Gate Pg 

Pg comprises two components such that 

Pg = Pgs + Pgd 

where the static component 

p = (VDDi 
gs R 

on 

and the dynamic component 

Pgd = EJO 

It will be seen that both Pgs and Pgd are scaled by 1/~2 

' · So, P g is scaled by 1/~2 

5.2.13 Power Dissipation Per Unit Area Fa 

p 
p = _!_ 

a A 
g 
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"2 
· 1/fj 2 A2 

So, Pa IS scaled by --2 =a. /p 
1/a. 

5.2.14 Power-speed Product PT 

. 1 13 - 1 
So, Pr IS scaled by l32 · a.2 - a.2l3 

5.2.15 Summary of Scaling Effects 

It is useful to summarize the scaling effects in a convenient form. Table 5.1 sets out scaling 
effect for various key parameters of MOS FET devices and for the three scaling models 
mentioned earlier. 

TABLE 5.1 Scaling effects 

Parameters Combined V and D Constant E Constant V 

VDD Supply voltage 1/fj 1/a. 1 
L Channel length 1/a. 1/a. 1/a. 
w Channel width 1/a. 1/a. 1/a. 
D Gate oxide thickness I /l3 1/a. 1 

Ag Gate area lla.2 lla.2 11a.2 

Co(or C0x) Gate C per unit area 13 a. 1 

Cg Gate capacitance 13/a.2 11a. 11a.2 

ex Parasitic capacitance 11a. 11a. 11a. 

Qon Carrier density 1 1 1 

Ron Channel resistance 1 1 1 

ldss Saturation current 1113 11a. 

Ac Conductor X-section area Ua.2 1/a.2 1/a.2 

I Current density a.2/13 a. a.2 

Vg Logic 1 level 1113 1/a. 

Eg Switching energy l/a.2 .13 11a.3 11a.2 

Pg Power dispn per gate 11132 11a.2 1 

N Gates per unit area a.2 a.2 a.2 

Pa Power dispn per unit area a.2/132 a.2 

Td Gate delay 13/a.2 11a. lla.2 

fo Max. operating frequency a.2/13 a. a.2 

Pr Power-speed product 11a.2.13 l/a.3 11a.2 

Constant E:~ = a; Constant V: ~ = I 
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5.3 SOME DISCUSSION ON AriD LIMITATIONS OF SCALING 

Although scaling down does have many desirable effects, some of the associated effects may 
cause problems which eventually become severe enough to prevent further miniaturization. 

5.3.1 Substrate Doping 

So far, in discussing the various effects, we have neglected the built-in (junction) potential 
VB, which in tum depends on the substrate doping level, and this is acceptable so long as VB 
is small compared with Vvv· However, when this no longer holds, then the effeCts of VB must 
be included. 

Furthermore, substrate doping impinges on many of the characteristics of transistors 
fabricated on it. Thus further discussion is warranted. 

5.3.1.1 Substrate doping scaling factors 

As the channel length of a MOS transistor is reduced, the depletion region widths must also 
be scaled down to prevent the source and drain depletion regions from meeting. Depletion 
region width d for the junctions is given by 

d= 

where 

and 

Es; = relative permittivity Of silicon (=::12) 
Eo = pe~ittivity of free space ( = 8.85 x 10-14 F/cm) 
V = effective voltage across the junction = Va + VB 
q = electron charge 
NB = doping level of substrate 
Va (maximum value = Vvv) = applied voltage 
VB = built-in (ju.Pction) potential 

where Nv is the source or drain doping, and n; is the intrinsic carrier concentration in silicon. 
In, say, 5 Jlm technology, VB is in the region of 500 mV whilst applied voltage 

Va(= Vvv) is commonly 5 V so that VB may be neglected for scaling considerations. Under 
these circumstances, 

d= 
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If V DD is scaled by liP and d by Va, then N8 can be scaled by a 2/P (Bergmann, 1991 ). 
For some more recent technologies, N8 is increased to reduce d so that V8 is also 

enlarged. (For example, if N 8 = 10 15 cm-3 and ND = 1020 cm-3 then V8 = 0.88 V). At the same 
time, VDD is also scaled down, and is thus no longer large compared with V8 so -that V8 must 
be taken account of in scaling. 

Thus, for the combined voltage and dimension scaling model applied to a transistor for 
which we have a known Va, we may write . , 

Va = mV8 

where m is a real number, so that 

V = Va + V8 = m V8 + V8 

Now if we scale Va by liP we have 

mV, p +m 
~ = ~ + V8 so that scaling factor = 

1-' P(m + 1) 

where V5 is the effective scaled voltage across the depletion region. Consequently, N8 should 
be scaled by 

so that d scales by 1/a. 

a2(P+m) 

(m + 1) 

This model not only expresses the effects of the relationship between Va and V8 , but 
also shows their relation to the scaling factor ~- Where m is large and p is small, the scaling 
factor for N8 reverts to a21~. but in other cases this model becomes significant, 

5.3.1.2 Depletion width 

In the previous discussion, N8 is increased to reduce the depletion width, but this also 
increases the threshold voltage V1 which is against the required trends for scaling down. 

In [Hoen] N8 must be kept below. 1.3 x 10 19 cm-3. At higher values of N8 , the maximum 
electric field which can be applied to the gate oxide is insufficient to invert the substrate so 
that no channel can be formed. 

However, the technology of deep channel implantation increases N only near the source 
and drain to substrate junctions. Thus, N8 can be maintained at a satisfactory level in the 
channel region and this problem is thus reduced. Nonetheless, depletion width d and built­
in potential V8 will impose limitations on scaling, 

It can be shown (Grove, 1967) that 

E = 2V 
max d 

where Emax is the maximum electric field induced in the one-sided step junction. 
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When N8 is increased by a and if Va = 0, then V8 is increased by In a and dis decreased 
by 

/:a 
Therefore, the electric field E across the depletion region is increased by .Ja!In a and 

will thus reach the critical level Ecrit with incr<::asing N8 . 

Figure 5.2(a) shows the depletion width d as a function of substrate concentration N8 

and supply voltage V DD· The dashed line indicates the maximum depletion width for Emax = 

Ecrit· Substituting into the equation · for d, we have 

whence 

d = 2:~:0 ( Ecr~ .d) 

d = Es;Eo(Ecrit) 

qNB 

The area of Figure 5.2(a) above the dashed line is the region where the increased 
electric field will induce breakdown. Thus, the point at which the dashed line and the 
Va = 0 line intersect indicates the maximum allowable substrate doping level, which is about 
N8 = 3 x 10 17 cm-3 (for Nv = 3 x 1020 cm-3). At higher values of N8 junction tunneling will 
occur. Therefore allowable values for d fall below the dashed line and above the Va = 0 line. 

Figure 5.2(b) shows the maximum electric field in the depletion layer versus N8 . Any 
applied voltage greater than Va = 0 will cause breakdown to occur at lower values of N8 . 

In the foregoing discussions, the effects of Nv have been assumed to be negligible. 

5.3.2 Limits of Miniaturization 

The minimum size of a transistor is determined by both process technology and the physics 
of the device itself. The reduction of device geometry currently depends mainly on alignment 
accuracy and on the resolution of photolithographic technology; the limit on feature size is 
now at 0.3 J..lm, but the increasing availability of direct write E-beamtechnology will allow 
this limit to be further reduced. 

The size of a transistor is usually defined in terms of its channel length L. As the 
channel length is scaled down, the edge of the depletion region around the source comes 
closer to that around the drain. In order to prevent punch-through and maintain transistor 
action, it can be shown th-at the channel length L must be at least 2d. Therefore, L is in tum 
determined by the substrate concentration N8 and supply voltage Vvv (which determines Va). 

Applying the conclusions from the previous section, we may estimate the minimum 
possible channel length as 0.14 J..lm. The minimum transit time for an electron to travel from 
source to draiq can also be calculated. From (Sze, 1985), · 

v drift = j.lE 
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d versus N 8 for V., from 0 to 5.0 V 
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where v drift is the carrier drift velocity, and 

L = 2d 

so that transit time 't is given by 

L 2d 
't=--=-

vdrift ~ 

The maximum carrier drift velocity is approximately equal to vsat where saturation velocity 
vsat = 1 x 107 em/sec (Sze, 1985), regardless of the supply voltage. Therefore the minimum 
transit time may be assumed to occur for a minimum size transistor when Va is approximately 
0 V. Transit times may be assessed from Figure 5.3. Note that Figure 5.3(a) assumes a 
transistor of size L = 2d with zero space between source and drain depletion regions. 

5.3.3 Limits of Interconnect and Contact Resistance 

Since the width, thickness and spacing of interconnects are each scaled by 1/c:x, cross-section 
areas must scale by 1/c:x2. Thus, · for short distance interconnections the conductor length is 
also scaled by 1/c:x, so that resistance is increased by a. For constant field scaling, current 
I is also scaled by 1/c:x so that IR drop remains constant as a device is scaled, and thus 
represents a higher proportion of the supply voltage VDD which is also scaled by 1/c:x. Thus 
driving capability and noise margins are degraded. 

With decreasing device dimensions, we are also seeing further increases in the levels 
of integration and consequent increases in die size. This lengthens the interconnections from 
one side of the chip to the other and, therefore, both resistance and capacitance of the 
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FIGURE 5.3(b) Transit time 't versus L. 

interconnects are increased, producing much larger time constant values. Thus the effects of 
increased propagation delays, signal decay, and clock skew will decrease maximum achievable 
operating frequency, even though the smaller transistors produce gates with less delay. 

One solution to this problem has been to make use of multilayer interconnections with 
thicker, wider conductors and thicker separating layers. This will reduce both R and C and 
also reduce die size. Other measures include the use of cascade'd drivers and repeaters to 
reduce the effects of long interconnects. 

A further option is to use optical interconnection techniques where a very high level of 
integration is required for high speed circuits. In order to use such techniques, optical fibers, 
laser diodes, receivers, and amplifiers must be included in the integrated circuit. Performance 
will vary with the materials used, but rough estimations can be made for comparison with 
metal interconnects. To start our considerations, a model may be set out as in Figure 5.4. 

The propagation delay TP along a single aluminum interconnect can be calculated from 
the following approximate equation (Sakurai, 1983): 

whence 

,-- , 
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--

FIGURE 5.4 Model of metal Interconnect. 

Now 

where 
Ron is the ON resistance of the transistor 
Rint is the resistance of the interconnect 
Cint is the capacitance of the interconnect 
lox is the thickness of the dielectric oxide 
p is the resistivity of the interconnect 
L, W, H are the length, width and height (thickness) of the interconnect 

£0 x = 3.45I5 X 10-5 pF/Jlm-the permittivity of Si02 

If we use a value of p = 3 Jl.Qcm for aluminum (Bakoglu and Meindl, I985), and if we 
choose l 0x = 0.8 Jlm for thick oxide with interconnect L = I em, W = 3 Jlm and H = I Jlm, 
we then have the propagation delay TP given by 

TP = (2.3 x 5 kQ + O.I kQ)2.5 pF = 29 nsec 

Optical fibers can be used to replace metal interconnects in critical applications, and 
• Figure 5.5 shows this in schematic form. Rim and Cint may be- assumed to be zero, and the 

time needed for the output driver to transfer a logic state is given by 

Tp = 2.3 R onCL + ltaser + lint + lrec 

~.__I 7~_-----.JI ~~ 
Optiool ... , y 

FIGURE 5.5 Electro-optical interconnection. 
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where 

and 

CL is the input capacitance of the laser diode 
traser is the delay time through the laser diode 
tint is the propagation delay along the optical fiber interconnnect 
tree is the receiver delay time 

nL 
tint=­

c 
where 

n is the refractive index for the optic fiber material 
L is the length of the fiber 
c is the free space speed of light (c = 3 x 108 m/sec). 

) 

Since laser diodes and receivers can work at frequencies above I 0 GHz, each of them 
presents a relatively short delay-typically around 100 psec. The capacitance of a discrete 
laser diode is about I pF (Hutcheson, 1987) and the refractive index of commonly used 
material for fiber optics is between 1.5 and 2.0. 

Evaluating the propagation delay we have 

2 X 10-4 
Tp = 2.3 X 5 X 103 X 1 X 1 o-12 + 1 X 10-10 + 8 + 1 X 10-10 = 11.7 nsec 

3 X 10 

Delay time versus line length and width may be assessed from Figure 5.6. It is obvious 
that the longer the interconnect, the more speed advantage arises from the use of fiber optics. 
In considering delay time versus line width, it may be shown that Ran is the dominant factor 
for aluminum whilst Rint contributes the major component for poly. 

The performance of 1aser diodes and receivers can be improved if they are formed as 
part of an integrated circuit. GaAs is a material which allows this integration since it can 
accommodate both electronic components and optical interconnections in the one chip. 

5.4 LIMITS DU~ TO SUBTHRESHOLD CURRENTS 

One of the major concerns in the scaling of devices is the effect on subthreshold current /sub 
which is directly proportional to exp(Vgs ,...- Vt)qlkT: 

When a transistor is in the off state, then the value of Vgs - Vt is negative and should 
be as large as possible to minimize lsub· As voltages are scaled down, the ratio of Vgs - Vt 
to kT will reduce so that subthreshold current increases quite dramatically. For this reason 
it may be desirable to scaJe both Vgs and Vt together with Vvv by factor lib rather than 
lla, since a is generally greater than b. However, this increases electric field strengths and 
thus lowers breakdown voltages. 

The maximum electric field across a depletion region is given by (Grove, 1967): 

E = 2(Va - Vs) 
max d 

This applies to a one-sided step junction. 
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FIGURE 5.6 Interconnect delay versus width and length. 

Ron = 5 kQ, H = W/3; fox = W/3 ; P Al = 3 ~1!.1 cm; Pwsl = 30 J.l!.1Cm; P poly = 500 J.L!.1Cm . 
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As discussed previously, (V0 + VB) is scaled by (~ + m)/~(m + 1) and dis scaled by 
1/a. Therefore, Emax is scaled by a(~+ m)l~(m + 1). Again, if a is greater than ~.then more 
electric field stress will be applied across depletion regions of scaled-down transistors. 

At the same timt~ , the junction breakdown voltage BV must be considered. BV is given 
by (Grove, 1967): 

BV = Es;Eo (Ecrit )
2 

2qNB 

It will be seen that BV is thus scaled by ~(m + 1)/a2 (~ + m) and will decrease. Extra 
care is therefore required in estimating the breakdown voltage for scaled devices. It should 
be noted that electric fields are greater and B V is greater at the comers of diffusion regions 
underlying or abutting silicon dioxide. 

5.5 LIMITS ON LOGIC LEVELS AND SUPPLY VOLTAGE DUE TO 
NOISE 

Major advantages in the scaling of devices are smaller gate delay time, that is, higher 
operating frequencies and lower power dissipation. However, the decreased inter-feature 
spacing and greater switching speeds inevitably result in noise problems. Noise may also be 
amplified and is thus a major concern. 

The mean square current fluctuation in the channel is given by 

(i2) = 4kTR g !l.f 
n m 

where Rn is the equivalent noise resistance at the input and !l.f is the bandwidth. 
F.M. Klaassen and J. Prins (1966) have investigated the thermal noise in aMOS transistor 

over a range of substr~ite doping levels NB from 1014 to 10-17 cm-3. When a transistor works 
in saturation, Km is no longer proportional to the gate voltage Vg, and can be expressed as 

Km =i= BVP 

B = J.!WCOX 
L 

and VP is the pinch off voltage given by 

V = V'-p g 

\where 
Vg = Vg - VI + VB 

a = (2EsilJNB) 112 

Y8 is the junction (built-in) potential. 
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Then, the equivalent noise resistance Rn is given by 

where 

v;, = VP + V8 

Since VP is a monotonically decreasing function of the gate oxide thickness fox and 
substrate doping N8 , Rn is also a monotonically decreasing function of the same parameters. 

Consequently, the main factor of the thermal noise R,gm is given by 

~ 1 ( Vg - V, + VB ) 1 Rg -- +-
nm 2 V+V: 6 

p B 

This indicates that R,gm is strongly and directly dependent on fox and N8 and also, to 
a lesser extent, on Vg. Experimental results, as in Figure 5.7, support this theory (Klaassen 
and Prins, 1966). 

Considering current technology in which fox is scaled, the effect of N8 is smaller 
(Sah, Wu and Hielscher, l966), and v; and Vg are replaced by VP and Vg respectively. Thus, 
the. expression for R,gm becqmes 

v -g 
_!_(~)

2 (1 + 4V~Cox )
112 

2 Cox a 
- 1 

1 
+-

6 

When constant field scaling is applied, Vg is scaled by 1/a, Cox and N8 are scaled by 
a. Consequently, R,gm is only slightly reduced owing to the increased value of Cox· Thus, 
the ratio of logic level to thermal noise is degraded by almost the same factor. 

Flicker noise has been the subject of many studies since A.L. McWhorter introduced 
his model in 1956. The noise was observed and explained as the result of fluctuations of 
carriers trappeg in the channel by surface states. 

As a conclusion of the investigations by F.M. Klaassen, the change in the number of 
trapped carriers dn1 due to the change in the number of induced free carriers dn presents a 
current fluctuation !l.i at the output, such that · 

where 
s = dn/dn-the surface state efficiency 
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I = the DC drain current 
f = the frequency 

Vd = the applied drain voltage. 

Usually the output noise is represented by an equivalent noise voltage source .1.V at the 
input (Klaassen, 1971 ), such that 

When the transistor operates in saturation, then Vd ::;: Vg, so that 

where 
Vg = the effective applied gate voltage 
Cg = the gate capacitance. 

Since s is a process dependent factor, the flicker noise is scaled by one for constant field 
scaling or by a2/~2 for the combined scaling model. 

In addition to noise sources already considered, other noise inputs are due to mutual 
inductive and mutual capacitive coupling, and these alone could impose practical limitations 
on the lowest usable operating voltages. 

Considering the cross-talk between two parallel signal lines on a chip, the coupling 
model presented (Watts, 1989) shows that capacitive noise is proportional to C.dV/dt , where 
C is the inter-line capacitance, and dV/dt is approximately equal to Valtr, where tr is the rise 
time of the coupled signal. The inductive noise is related to Ldl/dt, where L is the mutual 
inductance arid dl/dt = lsa!tr. Therefore, cross-talk noise increases as operating frequency 
increases and tr is reduced. 

There are also other noise sources due to external influences, such as radio frequency 
signals, voltage spikes or voltage drops on power lines or ground connections, unterrninated 
signal lines and lines with non-uniform im~edance characteristics. 

A typical peak to peak noise of at least 100 m V may be observed on the power and 
ground lines of even well-designed multilayer PC boards (Long and Butner, 1989). 

Scaling down exacerbates the effect of both internally and externally generated noise 
and this degrades both the production yield and the reliability of high density chip layouts. 

In order to assess the effects of noise on the probability of failure PF in a circuit, we 
may consider a situation where, as in Figure 5. 7, the minimum signal to noise ratio (SNR) 
for satisfactory operation is assumed to be four, and the mean noise is assumed to be zero 
with a standard deviation :E = 100 mV. PF may be estimated by using the Gaussian distribution 

1 co (e-11212 ] Q(x)=- J - - du 
jin x 2 
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The PF values for a range of supply r;1il voltages and for the conditions specified are 
derived by integrating the appropriate area at one end of the Gaussian curve and are shown 
in Figure 5.8. 
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FIGURE 5.8 Probability of error versus supply voltage. 

5.6 LIMITS DUE TO CURRENT DENSITY 

High purity aluminum seems the most attractive, and is thus the most widely used, material 
for forming interconnections in VLSI chips. However, the scaling down of dimensions also 
increases the curreqt density in interconnects by the same factor 'if constant field scaling is 
applied. When the current density in aluminum approaches 106 Amps/cm2 (10 rnAIJlm2

), the 
interconnects are likely to be burned off owing to metal migration. Thus, allowable current 
densities are set well below this limit and figures of J = 1 to 2 mA/Jlm2 are commonly used. 

5. 7 OBSERVATIONS 

Scaling has not only been developed theoretically, but has also been widely applied in 
fabrication facilities as equipment improves. This has provided a direct and simple way of 
making smaller, faster chips. Current designs are often scaled down by 10% to 20% in linear 
dimensions as a way of providing better performance whilst faster smaller chip designs are 
completed. 

·The contributions made by scaling are significant. In particular, power dissipations are 
reduced, switching speeds are increased and chip size is reduced, which in turn improves 
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production costs. However, the continual scaling down of dimensions is now pushing the 
technology toward both technological and ultimately, real physical limits. 

Recent history has demonstrated that a new generation of microelectronic products 
emerges about every four years and that the device dimensions are scaled down by about 
20% for each new generation. If this pace is maintained, then the ultimate physical limits on 
device size for silicon chips will be reached within the next decade. For further progress in 
the direction of high speed circuits, one must look to the development of alternative materials 
such as gallium arsenide (GaAS) and to super conductors. 
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Subsystem Design and Layout 

OBJECTIVES 

Logic is simply the architecture of human reason. 

- EVELYN WAUGH 

Tall oaks from little acorns grow. 

- DAVID EVERETT 

Having now covered the basic MOS and BiCMOS technologies, the behavior of components 
formed by MOS layers, the basic units which help to characterize behavior, and a set of 
design rules, we are in a position to undertake the design of some of the subsystems (leaf-

' cells) from which larger systems are composed. 
The most basic leaf-cells are the common logic gate arrangements and these are dealt 

with in nMOS, CMOS and BiCMOS forms. In the case of CMOS gates there are several ways 
in which the logic may pe configured, most of which are dealt with in this chapter. 

The concepts of structured design, which leads to system designs of high 'regularity', 
are introduced through examples. A highly regular design is to be sought for VLSI systems 
since high regularity implies the detailed design of relatively few leaf-cells which are then 
replicated many times and interconnected to form the system. 

Other commonly applied concepts, such as two-phase clocks and buses for the 
interconnection paths between leaf-cells and subsystems, are also introduced and illustrated. 
Important aspects of power distribution on chip and associated limitations are discussed. 

The chapter also includes an introduction to common subsystem designs such as 
multiplexers and shift registers. 

6.1 SOME ARCHITECTURAL ISSUES 

In all design processes, a logical and systematic approach is essential. This is particularly so 
in the case of the design of a VLSI system which could otherwise take so long as to render 
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the whole system obsolete before it is off the drawing board. Take, for example, the case of 
a relatively straightforward MSI logic circuit comprising, say, 500 transistors. A reasonable 
time to allocate to the design and proving of such a circuit could be some two engineer­
months. Consider now the design of a 500,000 transistor VLSI system. Even if a linear 
relationship exists between complexity and design time, the required design time would be 
2000 engineer-months or 170 engineer-years. In fact, design time tends to rise exponentially 
with increased complexity. Obviously, then, we must adopt design methods which allow the 
handling of complexity in reasonable periods of time and with reasonable amounts of labor. 

Certainly we are not about to tackle 500,000 transistor designs in this text, but some 
sensible concepts applied even at the subsystem (leaf-cell) level can be most worthwhile and 
can also be directly compatible with larger system design requirements. Guidelines may be 
set out as follows: 

1. Define the requirements (properly and carefully). 
2. Partition the overall architecture into appropriate subsystems. 
3. Consider communication paths carefully in order to develop sensible interrelationships 

between subsystems. 
4. Draw a floor plan of how the system is to map onto the silicon (and alternate 

between 2, 3 and 4 as necessary). 
5. Aim for regular structures so that design is largely a matter of replication. 
6. Draw suitable (stick or symbolic) diagrams of the leaf-cells of the subsystems. 
7. Convert each cell to a layout. 
8. Carefully and thoroughly carry out ' a design rule check on each cell. 
9. Simulate the performance of each cell/subsystem. 

The whole design process will be greatly assisted if considerable care is taken with: 

1. the partitioning of the system so that there are clean and clear subsystems with a 
minimum interdependence and complexity of interconnection between them. 

2. the design simplification within subsystems so that architectures are adopted which 
allow the exploitation of a cellular design concept. This allows the system to be 
composed of relatively few standard cells which are replicated to form highly regular 
structures. 

In designing digital systems in MOS technology there are two basic ways of building 
logic circuits, which will now be discussed. 

6.2 SWITCH LOGIC 

Switch logic is based on the 'pass transistor' or on transmission gates. This approach is fast 
for small arrays and takes no static current from the supply rails. Thus, power dissipation of 
such arrays is small since current only flows on switching. 

Switch (pass transistor) logic is similar to logic arrays based on relay contacts in that 
the path through each switch is isolated from the signal activating the switch. In consequence, 
the designer has a considerable amount of freedom in implementing architectural features 
compared with bipolar logic-based designs. 
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A number of texts on switching theory, some dating from the 1950s and 1960s, have 
sections on relay/switch logic and the reader is referred to such material for generating ideas 
for implementation in MOS switch logic. An example is Marcus, Switching Circuits for 
Engineers, Prentice Hall , 1962; 3rd edn, 1975. 

Basic And and Or connections are set out in Figure 6.1, but many combinations of 
switches are possible. 

- - -
C 0 E 

v, 
v2 --+--1 

v3 --+---t--t 

v. --+---<._-+-f 

Vs --+--1...._-+--11-1 

A B 

Voo 

V..ut 

Vout = ~n when A.B.C.O= 1 

( voul logic levels will be degraded by v, effects) 

V out = V,n when A.B.C.O.E.F.G.H= 1 

Vout = ? when A.B.C.D.E.F.G.H~ 1 

CMOS 5-way selector 

Vou1 = V1 .A+ V2 .B+ V3 .C+ ~ . 0+ V5 .E assuming A, B, 
C. Dand Eare mutually exclUsive 

( V,u1 logic levels will not be degraded by V, effects) 

nMOS 3VP Orgate 

Vout 

Vou1 =A+ B+ C(degraded by V,) 
vou, = .4. 8. c. 

Note the .arrangement to satisfy both 
logic '1' and logic '0' states 

A B C A B C GND 

FIGURE 6.1 Some switch logic arrangements. 

6.2.1 Pass Transistors and Transmission Gates 

Switches and switch logic may be formed from simple n- or p-pass transistors or from 
transmission gates (complementary switches) comprising an n-pass and a p-pass transistor in 
parallel as shown in Figure 6.2. The reason for adopting the apparent complexity of the 
transmission gate, rather than using a simple n-switch or p-switch in most CMOS applications, 
is to eliminate the undesirable threshold voltage effects which give rise to the loss of logic 
levels in pass transistors as indicated in Figure 6.2. No such degradation occurs with the 
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FIGURE 6.2 Some properties of pass transistors and transmission gates. 

transmission gate, but more area is occupied and complementary signals are needed to drive 
it. 'On' resistance, however, is lower than that of the simple pass transistor switches. 

When using nMOS switch logic, there is one restriction which must always be observed: 
no pass transistor gate input may be driven through one or more pass transistors (see Figure 6.2). 
As shown, logic levels propagated through pass transistors are degraded by threshold voltage 
effects. Since the sign~l out of pass transistor T1 does not reach a full logic 1, but rather a 
voltage one transistor threshold below a true logic 1, this degraded voltage would not permit 
the output of T2 to reach an acceptable logic 1 level. 

6.3 GATE (restoring) LOGIC 

Gate logic is based oo the general arrangement typified by the inverter circuits (the inverter 
being the stmplest gate). 

Both Nand and Nor and, with CMOS, And and Or gate arrangements are available. 
Inverters are also employed to complement and restore logic levels that have been degraded 
(e.g. because they have passed through pass transistors). 

6.3.1 The Inverter 

Some of the most commonly used inverter circuit diagrams-the inverter symbol, and the 
corresponding stick and symbolic diagrams-should be familiar by now. An assortment is 
reproduced here in Figure 6.3. Nott< that it is often useful to indicate the nMOS inverter Zp.ul 
zp.d. ratio and/or the channel length to width ratio for each MOS transistor as shown. 

In achieving the desired pull-up to pull-down ratio, several possibilities emerge, two of 
which are illustrated in Figures 6.4 and 6.5 for an 8:1 nMOS inverter. Note the effect that 



-........ 

IEI:I Basic VLSI Design 

nMOS CMOS (complementary) BiCMOS 

GND 

GND 
(a) CircL•it symbols (Note: n- and p-transistors assumed to be min. size unless stated otherwise.) 

~ 
~ 
(b) Logic symbols 

L2 :1-Y2 

GND 
nMOS 

Overall ratiG = L 1 1 W1 
L2/W2 

Ratio may be indicated here if 
appropriate but otherwis4>:: 

assumed to be 1:1 

BiCMOS 

Vtn 

Vss 

CMOS (complementary) Simple BiCMOS 

(c) Stick and symbolic diagrams 

FIGURES 6.3 nMOS, CMOS and BiCMOS inverters. 

) 

the different approaches have on power dissipation P d and on the area occupied by the 
inverter. Also note the resistance and capacitance values. The CMOS inverter carries no 
static current and thus has no power dissipation unless switching. The reader must not, 
however, imagine that CMOS circuits have no dissipation problems. The switching dissipation 
for~ fast CMOS logic circuits will be considerable. 

6.3.2 Two-Input nMOS, CMOS and BICMOS JYand Gates 

Two-input Nand gate arrangements are given in Figure 6.6. The nMOS (and pseudo-nMOS) 
L: W ratios ·should be carefully noted since they must be chosen to achieve the desired overall 
Zp.u/ Z p d ratio (where Zpd. is contributed in this case by both input transistors in series). 
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T Zp.u. = Lpu./Wp.u. = 8 

2A. 

T 

161.. 

1 
Rp.u. = Zpu.X R 5 = 80 k!l (nMOS) 
Similarly . 
Rp.d = Zp.d. X R 5 = 10 k!l 

2 
Power dissipation (on) Pd = R ~ R 

p.u. p.d. 
= 0.28 mW 

Input capacitance= 1 0 C9 

T 
FIGURE 6.4 8:1 nMOS inverter (minimum size p.d.) 

T 
SA. 

1 

Z p u. = Lp.u./W p.u = 4 
R pu = ZpuX R5 = 40k1l (nMOS) 
Similarly , 
R pd = Z pd.X R 5 = 5kn 

Power dissipation (on) Pd= V
2 

Rpu. + Rp.d. 
= 0.56 mW 

Input capacitance = 20 Cg 

Note: A 4:1 inverter is formed if the p.d. width is halved. 

FIGURE 6.5 An alternative 8:1 nMOS inverter. 

•EP• 
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CMOS (complementary) BiCMOS 

Vou/ 

GND 

(a) Circuit diagrams Nets: n- and p- transistors assumed to be minimum size unless stated otheiWise. 

(b) Logic symbols 

Voo __ ,.. __ 
Vaut 

A X 
1:2 

8 
1:2 

GND Vss 
(c) Stick diagrams (nMOS and CMOS) 

Demarcation 
line •• 

Symbolic form (BiCMOS) 

Note: The natural2.5:1 asymmetry of the CMOS Inverter is improved to 1.25:1 (or better) owing to the two 
n-type pull-down transistors in series for the two VP Nand. 

" Demarcation line (edge of n-well) may be shown if required. 

FIGURE 6.6(a)-(c) nMOS, CMOS and BICMOS 2-input Nand gates. 

) 

Vss 

In order to arrive at the required L: W ratios for an nMOS (or pseudo-nMOS) Nand gate 
with n inputs, it is only necessary to consider the very simple circuit model of the gate in 
the condition when all n pull-down transistors are conducting as in Figure 6.7. 

The critical factor here is that the output voltage V0 u1 must be near enough to ground 
to turn off any following inverter-like stages, that is 

vout $ VI= 0.2VDD 

Thus 

.~ 
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A 
B 

Symbolic form (BiCMOS) 
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FIGURES 6.6(d) A BiCMOS two-input Nand gate. 

where ZP d applies for any one pull-down transistor. The boundary condition then is 

whence nMOS Nand ratio 
nZp.d. 

nZp.d. 

nZp.d. = 0.2 
nZ p.d. + Z p.u. 

4 
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nZp.d. 

! 
GND 

FIGURE 6.7 nMOS Nand ratio determination. 

that is, the ratio between Zp.u. and the sum of all the pull-down Zp.d.s.must be 4:1 (as for the 
nMOS inverter). 

This ratio must be adjusted appropriately if input signals are derived through pass 
transistors. 

Further consideration of the nMOS Nand gate geometry reveals two significant factors: 

1. nMOS Nand gate area requirements are considerably greater than those of a 
corresponding nMOS inverter, since not only must pull-down transistors be added in 
series to provide the desired number of inputs, but, as inputs are added, so must there 
be a corresponding adjustment of the length of the pull-up transistor channel to 
maintain the required overall ratio . 

. 2. nMOS Nand gate delays are also increased in direct proportion to the number of 
inputs added. If each pull-down transistor is kept to minimum size (2A. x 2A.), then 
each will present 10Cg at its iQput, but if there are n such inputs, .tf\en the length 
and resistance of the pull-up transistor must be increased by a factor of n to keep 
the correct ratio. Thus, delays associated · with the nMOS Nand are 

where n is the number of inputs and t;1111 is the corresponding nMOS inverter delay. 
(The alternative approach of keeping Zp.u. constant and widening the pull-down channels 
has the same effect, since in this case Cg for each pull-down transistor will be 
increased to nOCg). 

Furthermore, the rise time of the nMOS Nand output is dependent on the actual input(s) 
on which the V transition takes place. 



j 

j 

1 

( Subsystem Design and Layout .,,. 
In consequence of these properties, the nMOS Nand gate is used only where absolutely 

necessary and the number of inputs is restricted. 
The CMOS Nand gate has no such restrictions but, bearing in mind the remarks on 

asymmetry (Figure 6.6), it is necessary to allow for extended fall-times on capacitive loads 
owing to the number of n-transistors in series forming the pull-down. Some adjustmtnt of 
transistor geometry may be necessary for this reason and to keep the transfer characteristic 
symmetrical about VDij2 . 

The BiCMOS gate shown is a practical version and is thus more complex than the 
simple intuitive version. However, it has considerable load-driving capabilities and is most 
useful where a large fan-out is required or where there is some other form gf high capacitance 
load on the output. A typical mask layout for this gate, using Orbit™ 2 J.lm design rules, is 
given in monochrome form in Figure 6.6(d) and in color as Color plate 8(a). 

The relatively easy conversion from symbolic form to mask layout for the BiCMOS 
2-input Nor gate is illustrated by Figure 6.6(d) and Color plate 8(a). 

6.3.3 Two-Input nMOS, CMOS and BICMOS !for Gates 

Two-input Nor gate arrangements are given in Figure 6.8; note here that the nMOS (or 
pseudo nMOS) form of Nor gate can be expanded to accommodate any reasonable number 
of inputs (e.g. see Color plate 9) and, in those technologies, is preferred to the Nand gate 
when there is a choice (which is usually the case if logical expressions are suitably manipulated). 

Since both 'legs' of the two-input nMOS Nor gate· provide a path to ground from the 
pull-up transistor, the ratios must be such that any one conducting pull-down leg will give 
the appropriate inverter-like transfer characteristic. Thus, each leg has the same ratio as 
would be the case for an nMOS inverter. This applies irrespective of the number of inputs 
accommodated. 

The area occupied by the nMOS (or pseudo-nMOS) Nor gate is reasonable since the 
pull-up transistor dimensions are unaffected by the number of inputs accommodated. In 
consequence, the Nor gate is as fast as the corresponding inverter and is the preferred 
inverter-based nMOS (or pseudo-nMOS) logic gate when a choice is possible. 

Obviously, the ratio between zp.u. and zp.d. of any one leg must be appropriate to the 
source from which that input is driven for nMOS design:; (namely 4: 1 driven from another 
inverter-based circuit or 8: 1 if driven via one or more pass transistors) but will be uniformly 
3: 1 for a pseudo-nMOS design where any series switching is by transmission gate. 

The CMOS Nor gate (see Color plate 9) consists of a pull-up p-transistor-based structure, 
which implements the logic 1 conditions and a complementary n-transistor arrangement to 
implement the logic 0 -conditions at the output. In the case of the Nor gate, the p-structure 
consists of transistors in series, one for each input, while the n pull-down arrangement has 
as many transistors in parallel as there are inputs to the Nor gate. Thus, the already predominant 
resistance of the p-devices is aggravated in its effect by the number connected in series. Rise­
time and fall-time asymmetry on capacitive loads is thus increased and there will also be a 
shift. in the transfer (V;n vs V0u1) characteristic which will reduce noise immunity. For these 
reasons, CMOS (complementary logic) Nor gates with more than two inputs may require 
adjustment of the p- and/or n-transistor geometries (L: W ratios) . 

j 
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nMOS 

(a) Circuit diagrams 

4:1or~ 

4:1or~ 
(b) Logic symbol 

NoirJ:·F-tJf CMOS and BiCMOS - all transistors 
are assumed to be of minimum size. 

Vss 
(c) Stick diagrams (nMOS and CMOS) and symboliC form (BiCMOS) 

••Demarcation line (edge of n-well) may be shown ~'l'equired. 

• ·Demarcation ~ne 

FIGURES 6.8(a)~(c) nMOS, CMOS and BiCMOS two-input Nor gate. 

Vout 

The CMOS Nand gate, on the other hand, benefits from the connection of p-transistors 
in parallel, but once again the geometries may require thought when several inputs are 
required. . 

The BiCMOS Nor gate shown is a practical version and, as for . the BiCMOS Nand, is 
more complex than a simple intuitive version. However, it also has considerable capacitive 
load-driving capabilities and is most useful where a large fan-out is required or where there· 
is some other form of high capacitance load on the output such as in the 110 region of a chip. 

The relatively easy conversion from symbolic form to mask layout is illustrated for the 
BiCMOS two-input Nor gate in Figure 6.8(d) and Color plate 8(b). The mask layout has been 
drawn using the Orbit™ 2 11m BiCMOS rule set. 
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FIGURE 6.8(d) A BiCMOS two-input Nor gate. 

6.3.4 Other Forms of CMOS Logic 

The availability of both n- and p-transistors makes it possible for the CMOS designer to 
explore and exploit various alternatives to inverter-based CMOS logic. 
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6.3.4.1 Pseudo-nMOS logic 

Clearly, if we replace the depletion mode pull-up transistor of the standard nMOS circuits 
with a p-transistor with gate connected to V88, we have a structure similar to the nMOS 
equivalent. This approach to logic design is illustrated by the three-input Nand gate in 
Figure 6.9. The circuit arrangements look and behave much like nMOS circuits and appropriate 
ratio rules must be applied. 

Vss 

FIGURE 6.9 Pseudo-nMOS Nand gate. 

In order to determine the required ratio, we consider the arrangement of Figure 6.10 in 
which a pseudo-nMOS inverter is being driven by another similar inverter, and we consider 
the conditions necessary to produce an output voltage of V;nv for an identical input voltage. 
As for the nMOS analysis, we consider the conditions for which V;nv = VDI}2. 

At this point the n-device is in saturation (i.e. 0 < Vgsn - Vtn < Vdsn) and the p-device 
is operating in the resistive region (i.e. 0 < Vdsp < Vgsp - V rp). Equating currents of the 
n-transistor and the p-transistor, and by suitable rearrangement of the resultant expression, 
we obtain 

(2~PI~S12 [(-Vvv - Vtn)Vdsp - V~P]1 12 

v = v. + ----'-----------.:...._ _ ____.:._ 
mv In (Z /Z )112 

p .u. p .d . 

where 

and 
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With 

Vout 

Vss 

FIGURE 6.10 Pseudo-nMOS Inverter when driven from a similar Inverter. 

Vinv = 0.5Vvv 

v,n = IVtpl = 0.2Vvv 

Vvv= 5 V 

lln = 2.5 Jlp 
we obtain 

zp.u. = ~ 
z 1 p.d. 

A transfer characteristic, V0,11 vs Vin• can be drawn and, as for the nMOS case, the 
characteristic will shift with changes of Zp.u./Zp.d. ratio. 

Two points require comment: 

" 1. Since the channel sheet resistance of the p-pull-up is about 2.5 times that of the 
n-pull-down, and allowing for the ratio of 3:1, the pseudo-nMOS inverter presents 
a resistance between Vvv and Vss which is, say, 85 kn compared with 50 ill for a 
comparable 4: 1 nMOS device. Thus, power dissipation is .reduced to about 60% of 
that associated with the comparable nMOS device. 

2. Owing to the higher pull-up resistance, the inverter pair delay is larger hy a factor 
of 8.5:5 than the 4:1 minimum size nMOS inverter. 

6.3.4.2 Dynamic CMOS logic 

The actual logic (see Figure 6.1l(a) for the schematic arrangement) is implemented in the 
inherently faster nMOS logic (the n-block); a p-transistor is used for the non-time-critical 
precharging of the output line 'Z' so that the output capacitance is charged to Vvv during the 
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off period of the clock signal <j>. During this same period the inputs are applied to the n-block 
and the state of the logic is then evaluated during the on period of the clock when the bottom 
n-transistor is turned on. Note the following: 

1. Charge sharing may be a problem unless the inputs are constrained' not to change 
during the on period of the clock. 

(a) Schematic 

Voo 

p 

.... -.. -~ 

• : n-block 

:~ • • • . . • . 
. . ............... 

n 

Vss 

(c) Type 3 arrangement 

OJ ----------~r---1~------------
0 4 I r---1 ....... __ 

023------l 

0 341, 

0 4 1 

I I 
...__ __ I 

I 
L 

(b) Possible 4o and derived clocks 

FIGURE 6.11 Dynamic CMOS logic three-input Nand gate. 
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2. Single phase dynamic logic structures cannot be cascaded since, owing to circuit 
delays, an incorrect input to the next stage may be present when evaluation begins, 
so that its output is inadvertently discharged and the wrong output results. 

One remedy is to employ a four-phase clock in which the actual signals used are the 
derived clocks $12, <j>23 , <j>34, and <1>4" as illustrated in Figure 6.1l(b). 

The basic circuit of Figure 6.ll(a) is modified by the inclusion of a transmission gate 
as in Figure 6.ll(c), the function of which is to sample the output during the 'evaluate' 
period and to hold the output state while the next stage logic evaluates. For this strategy to 
work, the next stage must operate on overlapping but later clock signals. Clearly, since there 
are four different derived clock signals which are used in sequential pairs (e.g. <j> 12 and <j>23 
in Figure 6.ll(c)), there are four different gate clocking configurations. These configurations 
are usually identified by a type number which reflects the last of the clock periods activating 
the gate. For example, the gate shown would be identified as ' type 3 ' since the output Z is 
precharged during <j>2 and is evaluated during <j>3 (the transmission gate is clocked by <j>23). In 
order to avoid erroneous evaluations, the gates must be connected in allowable sequences as 
set out in Table 6.1. 

TABLE 6.1 Dynamic lpgic types and sequences 

Gate type Evaluate clock Transmission gate clock Allowable next types 

Type I <1>34 <1>41 Types 2 or 3 

Type2 <1>41 <1>12 Types 3 or 4 

Type 3 <1>12 <1>23 Types 4 or 1 

Type 4 <l>n <1>34 Types 1 or 2 

6.3.4.3 Clocked c~os (C2~0S) logic 

The general arrangement may be made clearer by Figure 6.12. The logic is implemented in 
both n- and p-transistors in the form of a pull-up p-block and a complementary n-block pull­
down structure (Figure 6.12(a)), as for the inverter-based CMOS logic discussed earlier. 
However, the logic in this case is evaluated (connected to the output) only during the on 
period of the clock. As might be expected, a clocked inverter circuit forms part of this family 
of logic as shown in Figure 6.12(b ). Owing to the extra transistors in series with the output, 
slower rise-times and fall -times ca.n be expected. 

6.3.4.4 c~os domino logic 

An extension to the dynamic CMOS logic discussed earlier is set out in Figure 6.13. This 
modified arrangement al~ows for the cascading of logic structures using only a single phase 
clock. This requires a static CMOS buffer in each logic gate. 
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p-block 

o---t---1 
n-block 

f'''''''''' __ ,,,_,,,~,:JW' . . 
A--H H-a 

• • 
1/P------!----t . . . . 

~'·-~---,... ---------J 

(a) 2 1 /P Nor gate (b) Inverter 

FIGURE 6.12 Clocked CMOS (C2MOS) logic. 

--,-~~------, v~~z . . vu 
: I : 
• • • • 
: n-block ~ 
• • • • • • 

----t--~----(~~~__i 
FIGURE 6.13 CMOS domino logic. 

Voo 

Vss 

The following remarks will help to place this type of logic in the scheme of things: 

1. Such logic structures can have smaller areas than conventional CMOS logic. 
2. Parasitic capacitances are smaller so that higher operating speeds are possible. 

) 

3. Operation is free of glitches since each gate can make only one '1' to '0' transition. 
4. Only non-inverting structures are possible because of the presence of the inverting 

buffer. 
5. Charge distribution may be a problem and must be considered. 
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6.3.4.5 n-p CMOS logic 

This is another variation of basic dynamic logic arrangement, in which the actual logic 
blocks are alternately 'n' and 'p ' in a cascaded structure as in Figure 6.14. The precharge 
and evaluate transistors are fed from the clock <j> and clockbar (i) alternately, and clearly the 
functions of the top and bottom transistors also alternate, between precharge and evaluate. 

.,,,,,, , ,,,, , . . __. . 
• • 
~ : 
i n-block : 

: ~ __. . 
l................ ... ............ ~ 

:------. ..................... , -• 
-l 

Voo 

, ........................................ , 
--; : . . ---. . 
-l n-block l •--+----;-! p-block ; 

.---+-~ : 
--; : 

~ .......................... ............. \ 

Vss 

FIGURE 6.14 n-p CMOS logic. 

etc 

•- Other forms of CMOS logic are also possible, but this text does not attempt to give an ·--

. . 

exhaustive treatment. 

6.4 EXAMPLES OF. STRUCTURED DESIGN (Combinational Logic) 

The best way to illustrate the nature of and approach to structured design is to work through 
some examples . 

6.4.1 A Parity Generator 

_ A circuit is to be designed to indicate the parity of a binary number or word. The requirement 
is indicated in Figure 6.15 for an (n + 1)-bit input. 

Since the number of bits is undefined, we must find a general solution on a 
cascadable bit-wise basis so thaJ n can have any value. A suitably regular structure is set out 
in Figure 6.16. From this, we may recognize_ a standard or basic one-bit cell from which an 
n-bit parity generator may be formed. Such a cell is shown in Figure 6.17. 

It will be seen that parity information is passed from one cell to th~ next and is 
modified or not by a cell, depending on the state of the input lines A; and A; . 
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Note: p = I 1 Even number of 1 s at input 
0 Odd number of 1 s at input 

An - 1 An 

FIGURE 6.15 Parity generator basic block diagram. 

,~·----~---------------,--------1 

...... -----,: P;- 1 P; l ...... -----. . : 

• ...,. ___ __,~ p5;- 1 P, 

A;- 1 A ;- 1 

• • . 
• • 
t-----------------·-------------~ 

A; A, 

...... ----..., p i+ 2 

Note: Parity requirements are set at the left-most cell where P;n = 1 sets even and P;n = 0 sets odd 
parity. 

FIGURE 6.16 Parity generator-structured design approach. 

P ; - 1 
P; 

Previous 

P, 

FIGURE 6.17 Parity generator-basic one-bit cell. 

A little reflection will readily reveal that the requirements are: 

A; =;I parity is changed, P; = p ;_1 

A; = 0 parity is unchanged, P; = P;_1 

) 

A suitable arrangement for such a cell is given in stick diagram form in Figure 6.18(a) 
(nMOS) and 6.18(b) (CMOS). The circuit implements the function 
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Voo 

Voo .. ,, . ' 

L ~ I • ,:4 :1 • ~' ''4 :1 
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p i · 1 
~~;.· · ~ -1:2 P, 

I 1 1:2 

~:, 2 ll~ P, 
1:2 

·~'''ll'l ru· ' 
1:1 

t:~ 

~ I GND 

A, A , 
Vss 

A, A, 

(a) nMOS (b) CMOS 

FIGURE 6.18 Stick diagrams (parity generator). 

Note that a cell boundary may be chosen in each case so that cells may be cascaded 
at will. 

When converting stick diagrams to layouts, care must be taken that the boundary is set 
so that no design rule violations occur when cells are butted together. Obviously, the boundary 

· '· must also be chosen so that wastage of area is avoided and, where possible, so that design 
rule errors are not present when a cell is checked in isolation, although this may not always 
be possible. 

Also, note that inlet and corresponding outlet points should match up both in layer and 
position , so that direct interconnection between cells is achieved when cells are butted. 

6.4.2 Bus Arbitration Logic for n-line Bus 

(This example and its solutions are similar to an example accredited to Professor John 
Newkirk in VTI course material.) 

The functional requirements of this circuit are given by Figure 6.19 and associated 
truth table. If the highest priority line An is Hi (Logic 1 ), then output line A: will be Hi 
and all other output lines Lo (Logic 0), irrespective of the state of the other input lines 

~ ... ~ A 1 -- -An+ Similarly, .A:_1 will be Hi only when An- I is Hi and An is Lo; again the state 
of all input lines of lower priority (A 1 - - - An_z) will have no effect and all other output lines 

1,. will be Lo. 
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This requirement can be expressed algebraically as follows: 

A: =An 

A:-1 =An .An-I [A:-I =An~+ An-I) 

A:-2 =An ·An-I · An-2 [A:-2 =An +An-I + An-2 J 

A: =An .An-I .An-2 A3 .A2.AI (etc.) 

An AP n 

A3 Ag 

A2 A~ 

A, Af 

Truth table 

An A3 A2 A1 APn A~ A~ A~ 

0 0 0 0 0 0 0 0 
0 0 0 0 0 0 1 
0 0 1 X 0 0 1 0 
0 X X 0 1 0 0 

X X X 0 0 0 

*X = Don't care 

FIGURE 6.19 Bus arbitration logic and truth table. 

A direct but unstructured implementation of these expressions may be readily envisaged 
and a suitable arrangement of switch (pass transistor) logic is given in Figure 6.20. 

This implementation seems the obvious one, but it does suffer from the fact that as the 
input line under consideration moves down in significance so the complexity of the logic 
grows. For example, we have shown only the top three lines in Figure 6.20, but it will be 
seen that: 

An requires one diffusion path and no switches 
An-I requires two diffusion paths and two switches 
An_2 Fequires three diffusion paths and four switches 

and so on. 
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II 

·~ 
A~ - 1 

0 • 
-~ 

I II 
o..a ·~ 

An - 2 A~2 

0 • 
-~ 

etc . 

0 • 

-~ 
An - 1 An- 1 ... etc . 

FIGURE 6.20 Stick diagram-bus arbitration logic. 

This is not a regular structure and is not well suited for VLSI implementation. Therefore, 
we must take a cellular approach by setting out the requirements in alternative fashion as in 
Figure 6.21. 

A regular structure having been arrived at, the requirements for each cell may be 
expressed as follows: 

AI'= {gi+l 
1 or 0 

if A;= 1 
otherwise 

{
0 if A; = 1 

g · = 1 or gi+l otherwise 

These requirements may be met by the circuit of Figure 6.22, but care must be taken 
not to cascade more than four cells witho'ut buffering the grant line. 

The art of arriving at conveniently expressed relationships which allow a structured 
design is one which must be cultivated and it is often helped by adopting an 'if, then, else 
(or otherwise)' approach. The solution to the problem under consideration can be formulated 
after expressing the need of each cell in words: · 

' If A; = 1 then AP = gi+h 

} 
- I 

else AP = 0 (if A;= 0) both AP and g; can be I I 

If A; = 0 then g ; = gi+l derived from gi+l 

else g; = 0 (if A; = 1) 
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FIGURE 6.22 Bus arbitration logic-structured design. 
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From which we could deduce 

Af = A;.gi+l 

g; = A; .g;+l 

However, there is a danger with expressions of the conventional Boolean type-;--a tendency 
to ignore the fact that MOS switch logic is such that not only must the logic 1 condition be 
satisfied, but it is also necessary to deliberately satisfY the logic 0 conditions. The TTL logic 
designer is used to working with logic circuits in which the output must be logic 0 if the logic 
I output conditions are not satisfied. However, some MOS switch-based logic circuits have 
the property that if the logic I output conditions are not met, then the output can be indeterminate 
or, if some storage capacitance is present (for example, input capacitance Cg of an inverter), 
then the output can remain at logic 1 even after the conditions which caused it no longer 
exist. Thus, it is necessary to deliberately implement the 'else ' conditions. We must, therefore, 
write expressions for both the logic I and logic 0 conditions of the output lines, thus 

which is the circuit realized in Figure 6.22. This circuit is suitable for implementation in 
nMOS or in CMOS technology. Although in the CMOS case there is the possibility of 
replacing the n-type pass transistors by transmission gates, there is no advantage to be gained 
from this as the degrading of logic 1 level is counteracted by the presence of buffers after 
every fourth cell. There is clearly an area advantage in using simple n-type pass transistors 
and the only difference, therefore, between an nMOS and a CMOS design will be the type 
of buffer (inverter) stages. 

6.4.3 Multiplexers (Data Selectors) 

Multiplexers are widely used and have many applications. They are also commonly available 
in a number of standard configurations in TTL and other logic families . In order to arrive 
at a standard cell for multiplexers, we will consider a commonly used circuit, the four-way 
multiplexer. 

The requirements and general arrangement of a four-way multiplexer are set out in 
Figure 6.23, from which we may write 

where S1 and S0 are the selector inputs. Note that in this case we do not need to be concerned 
about undefined ouput conditions since, if S1 and S0 have defined logic states, output Z must 
always be connected to one of /0 to h· 

Thus, a direct n-switch logic implementation follows which is given as Figure 6.24(a) 
in stick diagram form with a standard-cell-based mask layout following as Figure 6.25 and 
in Color plate I 0. 

A transmission-gate-based CMOS.....Stick diagram is given in Figure 6.24(b). A mask 
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(b) Transmission gates (CMOS) 

FIGURE 6.24 Switch logic Implementations of a four-way multiplexer. 

) 

layout of this figure appears as Color plate ll and it can be seen that all n-transistors are 
placed below the demarcation line and close to the Vss rail to allow ready configuration of 
the p-well and Vss contacts. The p-transistors are similarly placed above the notional demarcation 
line and close to VDD· Note that logic 1 levels will not be degraded by this arrangement as 
those in the nMOS version are. 

Now, if we can establish standard cells from which a four-way multiplexer can be 
composed, then we will also cover the case of the two-way multiplexer. Such a cell will, by 
inference, also be suitable for constructing an 8-way or a 16-way multiplexer. 

For the nMOS case a standard cell is illustrated in Figure 6.25 . The standard cell in this 
case measured 7/.. x 11/.. and is shown in the dotted outline. Note that two versions of the 
cell are needed to complete the network, one version with a pass transistor as shown and the 
other version without. If computer-aided design tools are used, the two versions may be 
designed as one cell suitably parameterized to include or exclude the pass transistor. Note 
that in Figure 6.25 the dimensions do not include the end connection to Z. 

Note also that this layout places the metal select lines over the top of pass transistors. 
This practice is acceptable in this situation where a transistor gate is actually driven from and 
connected to the particular metal line which runs across it. This method of economizing in 

.. 
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FIGURE 6.25 Four-way n-switch based multiplexer (MUX) layout (see also Color plate 1 0). 

area must be used with caution when locating transistors under metal layers to which they 
are not connected, and may not be acceptable when the underlying transistors are used as 
storage points to hold a charge and retain a logic level. 

6.4.4 A General Logic Function Block 

An arrangement to generate any function of two variables (A, B) is readily formed from any 
form of four-way multiplexer. · 

The general approach is indicated in Figure 6.26. It will be seen that the required 
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function is generated by driving the multiplexer select inputs from the required two variables 
A and B and by 'programming' the inputs !0-h appropriately with Os and 1 s, as indicated in 
the figure. Larger multiplexers may be similarly employed to generate any function of up to 
four variables ( 16-way multiplexer). 

INPUT PROGRAMMING FUNCTION Z{A,8) 
c3 c2 c, Co 

0 0 0 0 0 Z=O 

0 0 0 1 AB; A+B Nor 

0 0 1 0 A.B 
-

0 0 1 1 8 Not 8 

0 1 0 0 A.B 

0 1 0 1 :A NotA 

0 1 1 0 A.B+A.8 Exclusive-Or 
- --

0 1 1 1 A +8; AB Nand 

1 0 0 0 A.8 And 

1 0 0 1 A.B+A.B Comparator 

1 0 1 0 A 0/P=A 

1 0 1 1 A+B 

1 1 0 0 8 OIP=8 

1 1 0 1 A+8 

1 1 1 0 A+8 Or 

1 1 1 1 1 Z= 1 

FIGURE 6.26 General logic function block (two variables). 

6.4.5 A Four-line Gray Code to Binary Code Converter 

As a further exercise, which employs a very widely used logic arrangement (the Exclusive­
Or gate), consider the requirement for code conversion from Gray to binary as set out in 
Table 6.2. 



( Subsystem Design and Layout llfll 

By inspecting (or mapping from) Table 6.2, it will be seen that the following expressions 
relate the two codes: 

Ao = Go.At + Go.At 

} AI =GI.A2 +GI.A2 Exclusive-Or operations 

A2 = G2.A3 + G2.A3 

A3 = G3 

TABLE 6.2 Gray to binary code conversion 

Gray code Binary code 

G3 G2 Gl Go A3 A2 AI Ao 

0 0 0 0 0 0 0 0 
0 0 0 0 0 0 I 

0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 I ' 0 0 I 

0 0 0 0 
0 0 0 0 I I 

0 0 0 0 0 
0 0 0 

I 0 0 
0 0 

0 0 0 0 
0 I () I 
0 0 I 0 
0 0 0 

A suitable arrangement is set out in Figure 6.27, and the only detailed design required 
is that of a two input Exclusive-Or gate. Many arrangements are possible to implement this 

Gray code input 

Binary code output 

~ Exclusilie·Or 

FIGURE 6.27 Gray to binary code converter. 
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operation, but let us consider an Exclusive-Or gate made up of standard logic gates, as in 
Figure 6.28. 

Truth table 

Inputs Output 

A B s 
S=A@B 0 0 0 

1 0 1 
0 1 1 

1 1 0 

FIGURE 6.28 One possible arrangement for an Exclusive-Or gate. 

A mask layout for this arrangement is presented in Figure 6.29; note that the p-Well and 
p + mask outlines are included in the layout together with the p-well and substrate contacts. 
Simulation of the design yields the results given in Figure 6.30. The simulator used was the 
lSD* program PROBE™ and the circuit extractor NET™. Likely circuit delays can be seen 
quite plainly. 

6.4.6 The Programmable Logic Array (PLA) 

This arrangement provides a general, structured and regular way of mapping multiple output 
combinational logic expressions onto silicon. See Appendix C. 

6.5 SOME CLOCKED SEQUENTIAL CIRCUITS 

6.5.1 1\vo-pbase Clocking 

The clocked circuits to be considered here will be based on a two-phase non-overlapping 
clock signal as defmed by Figure 6.31. 

A two-phase clock offers a great deal of freedom in sequential circuit design if the 
clock period and the duration of the signals 41 1 and 412 are correctly chosen. If this is the case, 
data is allowed to become stable before any further transfer takes place and there is no 
chance of race conditions occurring. 

Clocked circuitry is considerably easier to design than the corresponding asynchronous 
sequential circuitry. It does, however, usu~lly pay the penalty of being slower. However, at 
this stage of learning VLSI design we will concentrate on two-phase clocked sequential 
circuits alone and thus simplify design procedures. When studying Figure 6.31, it is necessary 
to recognize the fact that 41 1 and 412 do not need to be symmetrical as shown. For a given clock 

• lSD refers to Integrated Silicon Design Pty Ltd of Adelaide, South Australia. The use of their design tools 
is acknowledged with thanks and appreciation. 
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FIGURE 6.31 Two-phase clocking. 

1'41 

period, each clock phase period and its. associated under lap period can be varied if the need 
arises in optimizing a design. 

A number of techniques are used to generate the two clock phases. One popular method 
is illustrated in Figure 6.32 and it will be seen that the output frequency is one-quarter of 
that of the input clock. 

lnpu_t clock 

AI! fl ip-fl ops reset Init ially 

o, 

FIGURE 6.32 Two-phase clock generator using D flip-flops, 

A very simple arrangement using combinational logic and generating a two-phase clock 
at the frequency of a single-phase input clock is set out in Figure 6.33(a). The input clock 
signal C is used to provide a delayed version of itself (CD) by passing it through an even 
number of inverters. The delay thus produced determines the underlap period for the two-
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phase clock. Waveforms are as shown in Figure 6.33(b). The phase 1 signal cj> 1 (PHI) is 
generated by Anding C with CD whilst the phase 2 signal cj>2 (PH2) is produced by Noring 
C with CD (that is, Anding C' with CD'). Clearly, the minimum underlap period will be that 
generated by the delay through two inverters and this is also the increment by which the 
delay may be increased by adding further inverter pairs. 

Clock input C 

....._ _ _,~ PH1 

l----11~ PH2 

FIGURE 6.33(a) Simple two-phase clock generator circuit-basic form. 

Clock 

PH1 

PH2 

FIGURE 6.33(b) Waveforms for two-phase clock generator. 

Since clock lines often feed many stages and are associated with long bus lines, they 
often present quite considerable capacitance to the clock line drivers. Here then is a case 
where a bipolar capability can be used to advantage to drive the high capacitance load. This 
approach is demonstrated in Figure 6.34, which uses bipolar-based output stages and also 
produces the complements of the two phases since complementary clocks are almost invariably 
required. Simulation waveforms are given in Figure 6.34(b) and a possible mask layout is 
presented as Color plate 12. 

6.5.2 Charge Storage 

A necessary feature of sequential circuits is a facility to remember or take account of previous 
conditions;. An obvious area of application of such a facihty is in memory elements, registers, 
finite state machines, etc. 

MOS technology takes advantage of the excellent insulating properties of silicon dioxide 
layers on integrated circuits to store charges in capacitors, including the gate-channel capacitance 
of transistors. Such storage is known as dynamic storage since, in a reasonably short time, 



l 
' r' 

( Subsystem Design and Layout IIQ 

Clock 

PH1 

Clocl< 

FIGURE 6.34(a) Two-phase clock generator (with complementary outputs) for BICMOS logic 
Implementation. 

Clock 

Clock' 
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PH1B 

PH2B 
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FIGURE 6.34(b) Waveforms for circuit of Figur& 6.34(a). 

stored charges will leak away and will have to be refreshed if data/conditions are to be 
retained. 

Considering charges on the gate capacitance, the leaking away of the charge is mainly 
due to leakage currents Is across the channel to substrate reversed biased diode. At room 
temperature and for typical 5 11m dimensions and typical voltages, this current is in the order 
of 0.1 nA, and so an approximate idea of holding time can be obtained from the simple 
circuit model of Figure 6.35 which considers lDCg initially charged to 5 volts. 

This simple model indicates storage times of up to, say, 0.25 msec to discharge from 
VDD to V;nv (= 0.5Vvv), but it should be noted that current Is doubles for every 10°C rise in 
temperature so that the storage time is halved. 
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u c2 ' - 1/ 100 pF 
V = 5 volts 
15 = 0.1 nA (typ1cally at room tempera ture) 
Holdingtlme = (1 /100) X 10 ·•12 X 5/(0 .1 X 10 9) 

= 0 .5 msec 

FIGURE 6.35 Simple stored charge model. 

6.5.3 Dynamic Register Element 

) 

The basic dynamic register element is shown in Figure 6.36 in mixed stick/circuit notation 
and may be seen to consist of three transistors for nMOS and four for CMOS per stored bit 
in complemented form. The element's operation is simple to appreciate. (V;n)r is clocked in 
by <)> 1 (or <)>2) of the clock and charges the gate capacitance Cg of the inverter to V;n- If 
subscript t is taken to represent the time during which <)> 1 (say) is at logic I and subscript 
t + 1 is taken to indicate the period during which <)> 1 is at logic 0, then the available output 
will be ( V;n )1+ 1 which will be maintained by the stored charge on the gate until Cg discharges 
or until the next <)> 1 signal occurs. 

0 
(a) nMOS pass transistor switched (b) CMOS transmission gate switched 

FIGURE 6.36 Basic inverting dynamic storage cells. 

If uncomplemented storage is essential, the basic element is modified as indicated in 
Figure 6.37 and will be seen to consist of six transistors for nMOS and eight for CMOS. Data 
clocked in on <)> 1 is stored on Cg1 and the corresponding output appears at the output of 
inverter 1. On <)>2 this value is clocked into and stored by Cg2 and the output of inverter 2 
then presents the 'true' form of the stored bit. Note that data read in on <)> 1 is not available 
at the output until sometime following the next positive edge of the clock signal <j>2. 

(a) nMOS pass transistor switched (b) CMOS transmission gate switched 

FIGURE 6.37 Non-inverting dynamic storage cells. 

Dynamic storage elements and the corresponding register arrays are used in situations 
where signals are updated frequently (i .e. at < 0.25 msec intervals). 
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6.5.4 A Dynamic Shift Register 

Cascading the basic elements of Figure 6.37 gives a serial shift register arrangement which 
may be extended to n bits. A four-bit serial right shift nMOS register is illustrated in 
Figure 6.38(a). Data bits are shifted in when ¢ii.LD is present, one bit being entered on each 
¢!I signal (provided that LD is logic 1). Each bit is stored in Cgi as it is entered, and then 
transferred complemented into Cg2 during the next ¢!2. Thus, after a ¢!I followed by <j>2 signal, 
the stored bit is present at the output of inverter 2. On the next ¢!~> the next input bit is stored 
in Cgi and simultaneously the first bit stored is passed on to inverter pair 3 and 4 by being 
stored in Cg3, and so on. It will be seen that bits are thus clocked to the right along the shift 
register on each ¢!I followed by ¢!2 sequence. Once four bits are stored, the data is available 
in parallel form at the outputs of inverters 2, 4, 6 and 8, and is also available in serial 
form from the output of inverter 8 when ¢ii.RD is high as further clock sequences are received 
(where RD is the serial read control signal). The operation of the CMOS version (Figure 
6.38(b)) is similar, transmission gates replacing inter-stage pass transistors and cini replacing 
Cgb etc ., as the storage capacitance. 

r---~::::::~::::::::~::::::t:::::::~::::::Jr----R;O~notshown 
d> 1.LO 0 1 02 

._ Bit 3 ---~ .. ~·t-- Bit 2 ... Bit1 ... BitO 

(b) CMOS 

FIGURE 6.38 Four-bit dynamic shift registers (nMOS and CMOS). 

Many variations of this basic arrangement are possible, but in general they are all based 
on the basic cell consisting of an inverter and a pass transistor or a transmission gate. 
Suitable standard cells are shown in stick diagram form in Figure 6.39 with the corresponding 
mask layouts in Figure 6.40. Note that two nMOS layouts are given (using butting and 
buried contacts respectively) :;1nd one possible CMOS layout is suggested (see also Color 
plate 7). 
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FIGURE 6.39 Stick diagrams for shift register cells. 

6.6 OTHER SYSTEM CONSIDERATIONS 

When designing at leaf-cell level, it is easy to lose sight of overall system requirements and 
restrictions. In particular, the use of buses to interconnect subsystems and circuits must 
always be most carefully considered; such matters and the current-carrying capacity of aluminum 
wiring used for Vnn and GND or Vss rails are often overlooked completely. 

6.6.1 Bipolar Drivers for Bus Lines 

Bus structures carrying data or control signals are generally long and connected to and 
through a significant number of circuits and subsystems. Thus, the bus capacitances are 
appreciable and thought must be given to the manner in which any bus line is to be driven. 
Otherwise, the propagation of signals may be a slow process. Clearly, the capacitive load­
driving properties of bipolar transistors in a BiCMOS process make bipolar drivers an attractive 
proposition for bus lines. However, this must be approached with some caution as the speed 
of bipolar drivers is only fully realized with bus lines for which there is only one source of 
drive, for example, as in the case of clock line drivers. Bipolar drivers are not so suitable 
where one or other of several sources drives a common bus since under those circumstances 
a series switch must be inserted between each source of drive and the bus. The series 
resistance of such a switch to a large extent negates the speed advantage. In such cases MOS 
transistor drivers are often used and the following basic approaches may be considered. 

6.6.2 Basic Arrangements for Bus Lines 

There are three classes of bus-passive, active, and precharged. A passive bus rail is a 
floating rail to which signals may be connected from drivers through series switches, for 
example, pass transistors, to propagate along the bus and from which signals may be taken, 
also through pass transistors (see Figure 6.41 ). 
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1 
22 1.. 331.. 

l 
I 

(a) nMOS 

+-------- 38 i. 

(b) CMOS 

FIGURE 6.40 Mask layouts for nMOS and CMOS shift register cells (see also Color plate 7). 

A form of active bus is to treat the bus rail as a wired Nor connection which has a 
common pull-up Rp.u. aad n-type pull-down transistors or series n-type transistor logic 
pull-downs where there are circuits which must be selected to drive the bus. Signals are taken 
off the bus in a similar manner and the general arrangement is given as Figure 6.42. This 
arrangement is not suited to complementary CMOS logic-based designs since it is based on 
pull-down logic only. 
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Bus 

Subsystem 1 
I ·-----------------------

, Subsystem 2 1 

------------~----------J 

WR1 RD1 WR2 RD2 

Nore: For C MOS the pass tran s i s tor~ co uld hccomc tran smi ssi on g;r1es. 

FIGURE 6.41 Passive bus-nMOS or CMOS. 

Bus .---------- ------- -.. 
I . 

: Subsystem 1 GND , 

-----------------~ 
1 Subsystem 2 
L-----------------

WR1 RD1 WR2 RD2 

FIGURE 6.42 Active bus (not CMOS). 

The passive bus suffers from ratio problems in that, for any reasonable area restrictions 
on the bus driver circuits, the bus will be slow to respond, particularly for the ~V (logic 0 
to 1) transitions, because of the relatively high value pull-up resistance of the drivers and the 
associated series pass transistor or transmission gate. 

The active bus is better in that more time is available for the bus to charge to V DD• since 
Rp.u. is always connected to the bus and there are no series pass transistors between Rp.u. and 
the bus. However, there are still ratio problems which limit the speed of the bus if reasonable 
area is to be occupied. 

6.6.3 The Precharged Bus Concept 

The precharged bus approach limits the effects of bus capacitance in that a single pull-up 
transistor which is turned on only during $2 (say) provides for the bus to charge during the 
$2 on period; the size of this transistor can be made relatively large (i .e. a low L: W ratio) and, 
therefore, have a low resistance. There are no ratio problems between it and the bus drivers 
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since they are never turned on at the same time. The bus drivers merely pull down (or not) 
the precharged bus by discharging Cnus· The arrangement is given at Figure 6.43 and, in 
effect, a ratioless precharged wired Nor circuit is formed by the bus system. However, care 
must be taken in nMOS systems when using logic 1 levels from the bus since the bus never 
reaches VDD• due to threshold voltage effects in the precharging transistor. 

WR.¢ 1 

(a) nMOS case 

GND 

Bus -

R0.0 1 

(b) CMOS case 

WR .cb 1 

FIGURE 6.43 Precharged bus-nMOS and CMOS. 

GND 

RD.o , 

Cross-talk and delay factors are also of significance in bus design. For example, many 
signals on chip may b.e propagated for some considerable distance (in chip dimension terms) 
along metal buses. Now metal buses even of minimum width are relatively wide (e.g. 3A. = 

7.5 IJ.m in 5 IJ.m technology), and thus have significant area capacitance to substrate (almost 
2.5 x 10-4 pF per IJ.m length for the example). This does not give rise to serious delay-line 
effects since the metal exhibits a low resistance (approximately 0.01 Q/IJ.m for the example) 
but a metal bus of any length presents a significant capacitive load to the driver. For example, 
a bus 400!.. (1000 IJ.m) long will present a total C = 0.25 pF. 

Since metal also has appreciable thickness- typically 1 IJ.m-the edge of a long bus 
represents a significant area. For the 400!.. long bus considered above the area of.each edge 
will be 1000 IJ.m2

. This may give rise to cross-talk noise between two or more buses which 
run side by side for any appreciable length. This problem is not as serious in silicon chip 
designs as in GaAs technology, for example, owing to the relatively low dielectric constant 
(approx. = 4) for the silicon dioxide which will form the dielectric between the edges of two 
parallel buses. 

Bus structures are widely used and will be further discussed in following sections of 
this text. 

6.6.4 Power Dissipation for CMOS and BiCMOS Circuits 

For pseudo-nMOS type circuitry, current and power are readily determined in a manner 
similar to nMOS. However, for complementary inverter-based circuits we may proceed by 
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first recognizing that the very short current pulses which flow when circuits of this type are 
switching between states are generally negligible in comparison with charge and discharge 
currents of circuit capacitances. Then we may see that overall dissipation is composed of two 
terms: 

I. P1 the dissipation due to the leakage current I1 through an 'off' transistor. Consequently, 
for n transistors, we have 

P1 = n.ltVvv 

where I 1 = O.I nA, typically at room temperature. 
2. Ps is the dissipation due to energy supplied to charge and discharge the capacitances 

associated with each switching circuit. Assuming that the output capacitance of a 
stage can be combined with the input capacitance(s) of the stage(s) it is driving and 
then represented collectively as Cr. then, for n identical circuits switched by a square 
wave at frequency f it may be shown that 

Ps = CLVvv2 f 

The total power dissipation Pr is thus 

Pr = P1 + Ps 

from which the average current may be deduced. 
Power dissipation for bipolar devices can be simply modeled by 

p = Vee X Ie 

where Vee is the supply voltage and Ie is the current through the device. 
It may be seen that BiCMOS switching devices will exhibit a constant value for power 

dissipation, not frequency-dependent like CMOS. 

6.6.5 Current Limitations for V00 and GIYD( V55) Ralls 

A problem often ignored is that of metal migration for high current densities in metal 
conductors. If the current density exceeds a threshold value then one finds that metal atoms 
begin to move in the direction of the current. For aluminum conductors this threshold value 
is 

The danger points occur where there is a narrowing or constriction in the conductor. At 
these points the current density is at its highest and metal is transported from the constricted 
regions which, in consequence, become even more constricted and eventually may blow like 
a fuse . The actual mechanism of atomic transport of metal in a thin film carrying relatively 
high currents is well understood, but the science of predicting the location and the time of 
such occurrences is not well developed. 

By way of example, we may consider the question of how many nMOS 8: I inverters 
(as in a dynamic shift register) can be driven by a minimum size conductor assuming lambda-
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based rules and 5 j.tm technology. From the design rules, the metal is 3A. wide, which 
corresponds to 7.5 j.tm. The thickness of the conductor is about 1 j.tm as shown in Figure 6.44. 

FIGURE 6.44 A minimum size metal path or wire. 

For 8:1 inverter (e.g. 8:1 p.u. and 1:1 p.d.) 

Therefore 

R = (8 + 1) X 1 04 Q 

= 90 kQ 

5 
Current I = 

90 
= 0.06 rnA per inverter. 

Now, with a wire cross-section of 7.5 j.tm2
, the current density limitation J1h = 1 mA/j.tm2 

implies that a current of 7.5 rnA can be supplied. Thus about 125 inverters can be driven. 
One approach that may be pursued to allow some increase in the current density above 

the specified critical limit is to take advantage of the ' relaxation effect' that occurs in the 
metal when electron flow occurs in short pulses rather than at a steady state level. 

However, the important factor here is that a standard (minimum) width metal conductor 
can only support a subsystem of quite modest size. Thus, in a design of any complexity we 
must ensure that this fact is not overlooked and power rail distribution becomes an important 
and often complex issue. 

6.6.6 Further Aspects of V00 and V55 Rail Distribution 

Ideally, the power distibution rails (power distribution buses) for a chip should provide a 
constant and equal voltage supply -to each and every device on the chip. Rails should also 
be able to supply the current required by every device. Clearly, these ideals are not achievable 
in practice and issues which determine the limitations are: 

I . metal migration imposed current density restrictions-as already discussed in the 
preceding section. 

2. the IR drop due to rail series resistance. 
3. the series inductance of the rails . 

The IR drops are readily calculated, provided that the currents in any bus section can 
be estimated since the metal bus cross-sectional area and length for that section are known. 
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For a parent bus supplying current to other uniformly distributed short bus branches 
along the length L of the parent bus, then the current at any distance x from the source is 
given by 

I =I(~) X L L 

where 
h = the total load current supplied by the parent bus 
x = the distance from the source. 

The voltage drop at, say, the far end of the bus can be estimated from 

6V = p. ~ (integral from 0 to L of (I - ~) dx) 

L =p.IL.-
2A 

where 
p = resistivity of metal 
A = cross-sectional area of metal bus. 

However, the bus structure is not usually as regular as envisaged here so that estimation 
of the voltage drop at any point is not as simple a matter as implied above if accurate 
determination is required. 

The transmission line nature of any wiring introduces the possibility of voltage transients 
due to its self-inductance L0. The transient changes in voltage due to the presence of self­
inductance can be modeled by 

6V =L dl 
0 dt 

where 
di/dt is the rate 6f change of line current. 

Regarding the bus/oxide/substrate structure as a microstrip, the inductance L0 is given 
by 

L =Z ~eff 0 0 c 

where 
Z0 is the characteristi~ impedance 
c is the velocity of light 
Eeff is the effective dielectric constant. 
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In general terms, line impedance Z0 is given by 

where 

_ (L )112 z- -
0 c 

L and C are the values per unit length of the bus. 

Clearly, transient voltages induced ineither the VDD or the GND(Vss) rail may lead to 
noise margin problems for inverters and gates. 

IR drops generally can give rise to deterioration in the noise margins. This can be 
visualized with the aid of Figure 6.45. 

Wss) 
GNO 

T2 

A - + B -

IGNO 

FIGURE 6.45 Ground <Vss) rail noise. 

GNOrail 

+ Wss rail) 

It may be seen that if n is switched on, then any transient at point A and/or DC voltage 
induced in the GND (Vss) rail from point B to GND will affect the noise margins for the next 
stage, 12. 

6. 7 OBSERVATIONS 

The material presented up to this point has provided a basic toolkit and has introduced 
techniques with which to approach the task of VLSI system design. In this context, it is most 
important to learn by doing and the tutorial exercises included in the text are designed for 
that purpose. Instructors may wish to introduce further exercises from which students will 
undoubtedly benefit greatly. The best (perhaps the only) way to learn to design VLSI systems 
is to do it. 

The next three chapters tackle the design of a four-bit data path system as part of a four­
bit microprocessor. 
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6.8 TUTORIAL EXERCISES . 

1. (a) Construct a color-coded stick diagram to represent the design of the following 
integrated nMOS and CMOS structures and indicate pull-up/pull-down ratios in 
each case: 

(i) three-input Nand gate; 
(ii) three-input Nor gate; 

(iii) 8:1 multiplexer circuit incorporating an enable control line; 
(iv) a dual-serial shift register capable of holding and shifting (right) two 4-bit 

words; 
(v) a selectively loadable dynamic register to hold one four-bit word (parallel). 

(b) For question l(a)(iv) draw the corresponding transistor circuit diagrams. 

2. Construct a stick diagram for an nMOS or CMOS parity generator as in Figure 6.46. 
The required response is such that Z = 1 if there is an even number (including zero) 
of 1s on the inputs and Z = 0 if there is an odd number. (Use simple color coding 
for stick diagrams.) 

Configure your design in a modular expandable fashion so that the inputs could 
be increased to five or more quite readily, using the basic cell suggested in Figure 6.47. 

Parity generator 0/P Z 

FIGURE 6.46 Parity generator outline. 

P ;- 1 

FIGURE 6.47 Parity generator cell. 

3. (a) Construct a color-coded stick diagram to represent the design of an integrated 
nMOS structure to decode the three input lines £ 0, £ 1, and £ 2 into eight output 
lines Z0, Z1 ... , Z7, in accordance with the following truth table. 
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Truth table 

E2 E, Eo Zo z, z2 z3 z4 Zs z6 z7 
0 0 0 0 1 1 1 1 1 1 1 
0 0 1 1 0 1 1 1 1 1 1 
0 1 0 1 1 0 1 1 1 1 1 
0 1 1 1 1 1 0 1 1 1 1 
1 0 0 1 1 1 1 0 1 1 1 
1 0 1 1 1 1 1 1 0 1 1 
1 1 0 1 1 1 1 1 1 0 1 
1 1 1 1 1 1 1 1 1 1 0 

(b) Discuss the expandability or otherwise of your structure and the ease with which 
it would translate to CMOS. 

4. A priority encoder is a combinational circuit in which each input is assigned a 
priority with respect to the other inputs, and the output code generated at any time 
is that associated with the highest priority input then present. 

Construct a color-coded stick diagram to implement such a structure as in the 
following table with Figure 6.48. 

Truth table 

E2 E, Eo P, Po 

0 0 0 0 0 
0 0 1 1 1 
0 1 0 .1 0 
0 1 1 1 0 
1 0 0 0 1 
1 0 1 0 1 
1 1 0 0 1 
1 1 1 0 1 

Voo Truth table 

E2 E1 Eo p1 Po 

Po 0 0 0 0 0 
0 0 1 1 1 
0 1 0 1 0 
0 1 1 1 0 
1 0 0 0 1 
1 0 1 0 1 
1 1 0 0 1 

GND 1 1 1 0 1 

FIGURE 6.48 Priority encoder. 

5. Referring to section 6.4.6 and to the development ofan Exclusive-Or gate, design an 
alternative form of two liP Exclusive-Or using transmission gates and inverters only. 
Your design should include a stick diagram and a mask layout. 
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OBJECTIVES 

One of the pleasantest things in the world is going on a journey. 

- SIR JoHN HARRINGTON 

The longest journey starts with a single step. 

-MAO ZEDONG 

This chapter and the following two carry through the design of a digital system using a top­
down approach. The complete system environment is that of a 4-bit microprocessor which 
is readily envisaged as an interconnection of four major architectural blocks-ALU, Control 
Unit, 110 Unit and Memory. 

The design developed in this text is that of the ALU or data path, which itself divides 
readily into four subsystems. This chapter concentrates our attention on the design of one of 
the ALU subsystems-the Shifter. 

The whole design process clearly illustrates the step-by-step nature of structured design 
and the inherently regular nature of properly conceived subsystem architecture. A general 
design process is developed and set out in this chapter. 

7.1 SOME GENERAL CONSIDERATIONS 

The first question to ask about any design methodology is the time-honored ' What's in it for 
me? Is it going to be worthwhile investing the time to learn?' . To answer the second part 
first, remarkably little time is needed to learn the rudiments of VLSI design. This is largely 
thanks to the Mead and Conway methodology which originally brought VLSI design within 
the scope of the ordinary electronics engineer. In fact, the average undergraduate student of 
electrical or electronic engineering can acquire a basic level of competence in VLSI design 
for an investment of about 40 hours of lectures spread over one or more academic terms or 

180 
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semesters. Similarly, a I 0-day full-time continuing education course can quite readily bring 
practicing professional engineers or computer scientists up to a similar standard. A basic 
level of competence is taken as the ability to apply the design methodology and make use 
of design tools and procedures to the point where a chip design of several hundred transistors 
(or higher for regular structures) can be tackled. 

The first part of the question-'What's in it for me?'-may be quite simply answered 
as: Providing better ways of tackling some problems, providing a way of designing and 
realizing systems that are too large, too complex, or just not suited to 'off-the-shelf components 
and providing an appreciation and understanding of IC technology. 

'Better' may include: 

I . Lower unit cost compared with other approaches to the same requirement. Quantity 
plays a part here but even small quantities, if realized through cooperative ventures 
such as the multiproject chip (MPC) or multiproduct wafer (MPW), can be fabricated 
for as little as $200 (MPC) or $500 (MPW) per square millimetre of silicon, including 
the bonding and packaging of five or six chips per customer. 

2. Higher reliability. High levels of system integration usually greatly reduce 
interconnections-a weak spot in any system. 

3. Lower power dissipation, lower weight, and lower volume compared with most other 
approaches to a given system. 

4. Better peiformance-particularly in terms of speed power product. 
5. Enhanced repeatability. There are fewer processes to control if the whole system or 

a very large part of it is realized on a single chip. 
6. The possibility of reduced design/development periods (particularly for more complex 

systems) if suitable design procedures and design aids are available. 

7.1.1 Some Problems 

Some of the problems associated with VLSI design are: 

I . How to design large complex systems in a reasonable time and with reasonable 
effort. This is -a problem shared with other approaches to system design. 

2. The nature of architectures best suited to take full advantage of VLSI and the technology. 
3. The testability of large/complex systems once implemented in silicon. 

Problems I and 3 are greatly reduced if two aspects of standard practice are accepted: 

• Approach the design in a top-down manner and with adequate computer-aided tools 
to do the job. Partition the system sensibly, aiming for simple interconnection between 
subsystems and high regularity within subsystems. Generate and then verify each 
section of the design. 

• Design testability into the system from the outset and be prepared to devote a significant 
proportion (e.g. up to 30%) of the total chip area to test and diagnostic facilities. 

These problems are the subject of considerable research and development activity at 
this time. 
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In tackling the design of a system, we must bear in mind that topological properties are 
generally far more significant than the logical operations being performed. It may be said that 
it is better to duplicate (or triplicate, etc.) rather than communicate. This is indeed the case, 
and it is an approach which seems wrong to more traditional designers. In fact, even in 
relatively straightforward designs, as much as 40-50% of the chip may be taken up with 
interconnections, and it is true to say that interconnections generally pose the most acute 
problems in the design of large systems. Communications must therefore be given the highest 
priority early in the design process and a communications strategy should be evolved and 
adhered to throughout that process. 

Accordingly, the architecture should be carefully chosen to allow the design objectives 
to be realized and to allow high regularity in realization. 

7.2 AN ILLUSTRATION OF DESIGN PROCESSES 

• Structured design begins with the concept of hierarchy. 
• It is possible to divide any complex function into less complex subfunctions. These 

may be subdivided further into even simpler subfunctions and so on-the bottom 
level being commonly referred to as 'leaf-cells'. 

• This process is known as top-down design. 
• As a system's complexity increases, its organization changes as different factors 

become relevant to its creation. 
• Coupling can be used as a measure of how much submodules interact. Clever systems 

partitioning aims at reducing implicit complexity by minimizing the amount of 
interaction between subparts; thus independence of design becomes a reality. 

• It is crucial that components interacting with high frequency be physically proximate, 
since one may pay severe penalties for long, high-bandwidth interconnects. 

• Concurrency should be exploited-it is desirable that all gates on the chip do useful 
work most of the time. 

• Because technology changes so fast, the adaptation to a new process must occur in 
a short time. Thus a technology-independent description becomes important. 

In representing a design, several approaches may be used at different stages of the 
design process; for example: 

• conventional circuit symbols; 
• logic symbols; 
• stick diagrams; 
• any mixture of logic symbols and stick diagrams that is convenient at a particular 

stage; 
• mask layouts; 
• architectural block diagrams; 
• floor plans. 

We will illustrate various representations during the course of the following design 
exercise to illustrate design processes. 
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7 .2.1 The Generai ·Arrangement of a 4-bft Arithmetic Processor 

The 4-bit microprocessor has been chosen as a design example because it is particularly 
suitable for illustrating the design and interconnection of common architectural blocks. 

Figure 7.1 sets out the basic architecture of most, if not all, microprocessors. At this 
stage we will consider the design of the data path only, but matters relevant to other blocks 
will follow in later chapters. 

Control bus --
Address bus 

+ t + 
ALU and 

Memory 
registers 

Control Input I 

(Data path) 
output 

: - - t 1 - ... 
Data bus 

FIGURE 7.1 Basic digital processor structure. 

The data path has been separaJed out in Figure 7.2 and it will be seen that the structure 
comprises a unit which processes data applied at one port and presents its output at a second 
port. Alternatively, the two data ports may be combined as a single bidirectional port if 
storage facilities exist in the data path. Control over the functions to be performed is effected 
by control signals as indicated. 

Data in 

Data path 

Basic arithmetic 
and logical and 
shift operations 
and temporary 
storage of operands 

Control 

Data out 

or 

Data 

Data in I out Data path 

Control 

Data 

Basic arithmetic 
and logical and 
shift operations 
and temporary 

' storage of operands 

Control 

One possible interconnection strategy 

FIGURE 7.2 Communications strategy for data path. 
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At this early stage it is essential to evolve an interconnections strategy (as shown) to 
which we will then adhere. 

Now we will decompose the data path into a block diagram showing the main subunits. 
In doing this it is useful to anticipate a possible floor plan to show the planned relative 
disposition of the subunits on the chip and thus on the mask layouts. A block diagram is 
presented in Figure 7.3 . 

f 

Input/output 
port 

t 
Direction 
control 

.. ... 4-bit 
registers 

' Select and 
control 

-- 4-bit 
ALU 

t . 
Operat•on 

control 

.. 
• 

4-bit 
end around 

shifter 

.t 
Shift control 

FIGURE 7.3 Subunits and basic Interconnections for data path. 

A further decision must then be made about the nature of the bus architecture linking 
the subunits. The choices in this case range from one-bus, two-bus or three-bus architecture. 
Some of the possibilities are shown in Figure 7.4. 

In pursuing this particular design exercise, it was decided to implement the structure 
with a two-bus architecture. In our planning we can now extend on our interconnections 
strategy by planning for power rails and notionally making some basic allocation of layers 
on which the various signal paths will be predominantly run. These additional features are 
illustrated in Figure 7.5 , together with a tentative floor plan of the proposed design which 
includes some form of interface (I/0) to the parent system data bus (see Figure 7.1). 

The proposed processor will be seen to comprise a register array in which 4-bit numbers 
can be stored, either from an inpt;t/output port or from the output of the ALU via a shifter. 
Numbers from the register array can be fed in pairs to the ALU to be added (or subtracted, 
etc.) and the result can be shifted or not, before being returned to the register array or 
possibly out through the I/0 port. Obviously, data connections between the 1/0 port, ALU, 
and shifter must be in the form of 4-bit buses. Simultaneously, we must recognize that each 
of the blocks must be suitably connected to control lines so that its function may be defined 
for any of a range of possible operations. 

The required arrangement has been turned into a very tentative floor plan, as in 
Figure 7.5, which indicates a possible relative disposition of the blocks and also indicates an 
acceptable and sensible interconnection strategy indicated by the lines showing the preferred 
direction of data flow and control signal distribution. At this stage of learning, floor plans 
will be very tentative since we will not as yet be able to accurately assess the area requirements, 
say for a;4-bit register or a 4-bit adder. 

Overall interconnection strategy having been determined, stick diagrams for the circuits 
comprising sections of the various blocks may be developed, conforming to the required 
strategy. An interactive process of modification may well then take place between the various 
stages as the design progresses. During the design process, and in particular when defining 
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Sequence: 
(i) First operand from registers to ALU. Operand Is stored there. 

(ii) Second operand from registers to ALU. Operands are added (etc.) 
and the result is, say, stored In the ALU. 

(iii) The result is passed through shifter and stored in the registers. 

t A+ 4-bitbus l out 

s 
Registers ALU r--- Shifter 

+ B' 4-bitbus _lin 

Sequence: 
(i) Two operands (A and B) are sent from reQister(s) to ALU 

and are operated upon and the result ( S) IS stored in ALU. 
(ii) Result is passed through the shifter and stored in the registers. 

+ 4-bit bus Af 
Registers ALU 

s 
Shifter 

t ' 4-bit buses B+ ~ 
Sequence: 

Bus A 

Two bus 

BusB 

Three bus 

The two operands (A and B) are sent from the registers, operated 
upon, and the shifted result ( S) returned to another register all 
in the same clock pen'od. 

FIGURE 7.4 Basic bus architectures. 

Bus 1 
~~ 
Jti Power 

4-bit 

registers ALU 

Bus2 

4-bit 

shifter 

(metal). 

Data 
(metal) 

Control 
(polysilicon) 

t System data bus 

~''''''''''''''''''~''''''''''''''''''''''''''''~ 
Extended strategy 

FIGURE 7.5 Tentative floor plan for 4-bit data path. 
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the interconnection strategy and designing the stick diagrams, care must be taken in allocating 
the layers to the various data or control paths. We must remember that: 

1. Metal can cross polysilicon or diffusion without any significant effect (with some 
reservations to be discussed later). 

2. Wherever polysilicon crosses diffusion a transistor will be formed. This includes the 
second polysilicon layer for processes that have two. 

3. Wherever lines touch on the same level an interconnection is formed. 
4. Simple contacts can be used to join diffusion or polysilicon to metal. 
5. To join diffusion and polysilicon we must use either a buried contact or a butting 

contact (in which case all three layers are joined together at the contact) or two 
contacts, diffusion to metal then metal to polysilicon. 

6. In some processes, a second metal layer is available. This can cross over any other 
layers and is conveniently employed for power rails. 

7. First and second metal layers may be joined using a via. 
8. Each layer has particular electrical properties which must be taken into account. 
9. For CMOS layouts, p- and n-diffusion wires must not directly join each other, nor 

may they cross either a p-well or an n-well boundary. 

With these factors in mind, we may now adopt suitable tactics to meet the strategic 
requirements when we approach the design of each subunit in turn. 

7 .2.2 The Design of a 4-bit Shifter 

Any general purpose n-bit shifter should be able to shift incoming data by up to n - 1 places 
in a right-shift or left-shift direction. If we now further specify that all shifts should be on 
an 'end-around' basis, so that any bit shifted out at one end of a data word will be shifted 
in at the other end of the word, then the problem of right shift or left shift is greatly eased. 
In fact, a moment's consideration will reveal, for a 4-bit word, that a 1-bit shift right is 
equivalent to a 3-bit shift left and a 2-bit shift right is equivalent to a 2-bit shift left, etc. Thus 
we can achieve a capability to shift left or right by zero, one, two, or three places by 
designing a circuit which will shift right only (say) by zero, one, two, or three places. 

The nature of the shifter having been decided on, its implementation must then be 
considered. Obviously, the first circuit which comes to mind is that of the shift register in 
Figures 6.38, 6.39 and 6.40. Data could be loaded from the output of the ALU and shifting 
effected; then the outputs of each stage of the shift register would provide the required 
parallel output to be returned to the register array (or elsewhere in the general case). 

However, there is danger in accepting the obvious without question. Many designers, 
used to the constraints of TTL, MSI, and SSI logic, would be conditioned to think in terms 
of such standard arrangements. When designing VLSI systems, it pays to set out exactly what 
is req).lired to assess the best approach. In this case, the shifter must have: 

• input from a four-line parallel data bus; 
• four output lines for the shifted data; 
• means of transferring input data to output lines with any shift from zero to three bits 

inclusive. 
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In looking for a way of meeting these requirements, we should also attempt to take best 
advantage of the technology; for example, the availability of the switch-like MOS pass 
transistor and transmission gate. 

We must also observe the strategy decided on earlier for the direction of data and 
control signal flow, and the approach adopted should make this feasible. Remember that the 
overall strategy in this case is for data to flow horizontally and control signals vertically. 

A solution which meets these requirements emerges from the days of switch and relay 
contact based switching networks-the crossbar switch . Consider a direct MOS switch 
implementation of a 4 x 4 crossbar switch, as in Figure 7.6. 

out2 

out., 

out0 

in 1 

FIGURE 7.6 4 x 4 crossbar switch. 

The arrangement is quite general and may be readily expanded to accommodate n-bit 
inputs/outputs. In fact, this arrangement is an overkill in that any input line can be connected 
to any or all output lines-if all switches are closed, then all inputs are connected to all 
outputs in one glorious short circuit. Furthermore, 16 control signals (sw00-sw15), one for 
each transistor switch, must be provided to drive the crossbar switch, and such complexity 
is highly undesirable. An adaptation of this arrangement recognizes the fact that we can 
couple the switch gates together in groups of four (in this case) and also form four separate 
groups corresponding to shifts of zero, one, two and three bits. The arrangement is readily 
adapted so that the in-lines also run horizontally (to conform to the required strategy). 

The resulting arrangement is known as a barrel shifter and a 4 x 4-bit barrel shifter 
circuit diagram is given ih Figure 7. 7. The interbus switches have their gate inputs connected 
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in1 

out1 

in0 

out0 

s~ . m, 

FIGURE 7.7 4 x 4 barrel shifter. 

in a staircase fashion in groups of four and there are now four shift control inputs which must 
be mutually exclusive in the active state. CMOS transmission gates may be used in phce of 
the simple pass transistor switches if appropriate. 

The structure of the barrel shifter is clearly one of high regularity and generality and 
it may be readily represented in stick diagram form. One possible implementation, using 
simple n-type switches, is given in Figure 7.8 . 

The stick diagram clearly conveys regular topology and allows the choice of a standard 
cell from which complete barrel shifters of any size may be formed by replication of the 
standard cell. It should be noted that standard cell boundaries must be carefully chosen to 
allow for butting together side by side and top to bottom to retain the overall topology. The 
mask layout for standard cell number 2 (arbitrary choice) of Figure 7.8 may then be set out 
as in Figure 7.9. Once the standard cell dimensions have been determined, then any n x n 
barrel shifter may be configured and its outline, or bounding box, arrived at by summing up 
the dimensions of the replicated standard cell. The use of simple n-type switches in a CMOS 
environment might be questioned. Although there will be a degrading of logic 1 levels 
through n-type switches, this generally does not matter if the shifter is followed by restoring 
circuitry such as inverters or gate logic. Furthermore, as there will only ever be one n-type 
switch in series between an input and the corresponding output line, the arrangement is fast. 

The minimum size bounding box outline for the 4 x 4-way barrel shifter is given in 
Figure 7.10. The figure also indicates all inlet and outlet points around the periphery together 
with the layer on which each is located. This allows ready placing of the shifter within the 

' 
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FIGURE 7.8 One possible stick diagram for a 4 x 4 barrel shifter. 

Data 

Control 

Strategy 

0 5 10 15 

211.. 

FIGURE 7.9 Barrel shifter standard cell 2-mask layout. 

* If this particular cell is checked for design rule errors in isolation, then an error will be generated owing 
to insufficient extension of polysilicon over thinox where shown. This error will not be present when cells 
are butted together. This effect is caused by the particular choice of cell .boundaries and care must be taken 
when making such choices. 
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841.. 

921.. 
4 x 4 shifter bounding box 

FIGURE 7.10 Bounding box for 4 x 4 barrel shifter. 

floor plan (Figure 7.5) and its interconnection with the other subsystems forming the datapath. 
It also emphasizes the fact that, as in this case, many subsystems need external links to 
complete their architecture. In this case, the links shown on the right of the bounding box 
must be made and must be allowed for in interconnections and overall dimensions. This form 
of representation also allows the subsystem geometric characterization to be that of the 
bounding box alone for composing higher levels of the system hierarchy. 

7.3 OBSERVATIONS 

At this stage it is convenient to examine the way we have approached the design of a system 
and of a particular subsystem in detail. The steps involved may be set out as follows: 

I. Set out a specification together with an architectural block diagram. 
2. Suitably partition the architecture into subsystems which are, as far as possible, self­

contained and which give as simple interconnection requirements as possible. 
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3. Set out a tentative floor plan showing the proposed physical disposition of subsystems 
on the chip. 

4. Determine interconnection strategy. 
5. Revise 2, 3 and 4 interactively as necessary. 
6. Choose layers on which to run buses and the main control signals. 
7. Take each subsystem in tum and conceive a regular architecture to conform to the 

strategy set out in 4. Set out circuit and/or logic diagrams as appropriate. Remember 
that MOS switch-based logic is such that both the logic 1 and logic 0 conditions of 
an output must be deliberately satisfied (not as in TTL logic, where if logic 1 
conditions are satisfied then logic 0 conditions follow automatically~ . 

8. Develop stick diagrams adopting suitable tactics to observe the overall strategy (4) 
and choice of layers (6). Determine suitable standard ce/l(s) from which the subsystem 
may be formed. 

9. Produce mask layouts for the standard cell(s), making sure that cells can be butted 
together, side by side and top to bottom, without design rule violation or waste of 
space. Determine overall dimension of the standard cell(s). 

10. Cascade and replicate standard cells as necessary to complete the desired subsystem. 
This may now be characterized in bounding box form with positions and layers of 
inlets and outlets. External links etc. must be allowed for. 

7.4 TUTORIAL EXERCISES 

1. (a) Set out the mask layout for a 4-way multiplexer using transmission gate switches. 
(b) Determine the overall dimensions (in terms of lambda) for your design. 
(c) Compare the attributes of this design with those of the n-type pass transistor 

version given in chapter 6. 
2. Using a block diagram (symbolic) form of representation for the 4-way multiplexer, 

draw up an interconnection diagram showing four such multiplexers configured as a 
4-bit shift left/right shifter subsystem. The shifter should meet the same overall 
logical requirements as the barrel shifter designed in this chapter. You should carefully 
specify the control signals · needed for this shifter design. 

3. Estimate the area that will be occupied by your design of question 2, assuming the 
use of the multiplexer design of question 1. Compare this with the barrel shifter 
design developed in this chapter. 
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OBJECTIVES 

Progress is a comfortable disease. 

- E.E. CUMMINGS 

Beneath this slab 
John Brown is stowed 
He watched the ad(d)s 

And not the road. 

-OGDEN N ASH 

In this chapter we progress to the arithmetic subsystem of the 4-bit data path: Once again, 
high regularity should be the aim of the designer. If the subsystems are regular and therefore 
composed of relatively few actual leaf-cell circuits, then the designer can concentrate on the 
main problem of VLSI design-the routing of interconnections and communication paths. It 
is hoped that this fact is beginning to emerge as this design progresses. Properly conceived 
communications-both at leaf-cell and at system levels-are the key to good design. 

The arithmetic circuitry required here is relatively simple but does lead into a further 
consideration of adder circuitry and a fairly comprehensive survey of arrangements for 
multiplication. 

8.1 SOME OBSERVATIONS ON THE DESIGN PROCESS 

The design of the shifter, as the first subsystem of the proposed 4-bit data path, has illustrated 
some important features: 

1. First and foremost, try to put requirements into words (an if. then, else approach 
often helps you do this) so that the most appropriate architecture or logic can be 
evolved. 

192 
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2. If a standard cell (or cells) can be arrived at, then the actual detailed design work 
is confined to relatively small areas of simple circuitry (leaf-cells). Such cells can 
usually have their performance simulated with relative ease so that an idea of the 
performance of the complete subsystem may be deduced. 

3. If generality as well as regularity is achieved then, for example, any size of shifter 
can be built up by simple replication and butting together of the standard cell(s). 

4. Design is largely a matter of the topology of communications rather than detailed 
logic circuit design. 

5. Once standard cell layouts are designed, overall area calculations can be precisely 
made (not forgetting to allow for any necessary links or other external terminations). 
Thus, accurate floor plan areas may be allocated. 

6. VLSI design methodology for MOS circuits is not hard to learn. 
7. The design rules are simple and straightforward in application. 
8. A structured and orderly approach to system design is highly beneficial and becomes 

essential for large systems. 

8.2 REGULARITY 

So far we have used regularity as a qualitative parameter. Regularity should be as high as 
possible to minimize the design effort required for any system. The level of any particular 
design as far as this aspect is concerned may be measured by quantifying regularity as 
follows: 

R 1 
. Total number of transistors on the chip 

egu anty- -----------------=---­
Number of transistor circuits that must be designed in detail 

The denominator of this expression will obviously be greatly reduced if the whole chip, 
or large parts of it, can be fabricated from a few standard cells, each of which is relatively 
simple in structure. 

For the 4 x 4-bit barrel shifter just designed, the regularity factor is given by 

Regularity= _!i = 16 
1 

However,_ an 8 x 8-bit shifter, for example, would require no more detailed design and 
would have a regularity factor of 64 . 

._ Good system design can achieve regularity factors of 50 or 100 or more, and inherently 
regular structures, such as memories, achieve very high figures indeed. 

8.3 DESIGN OF AN ALU SUBSYSTEM 

Having designed the shifter, we may now tum our attention to another subsystem of the 
4-bit data path (as in Figure 8.1 ). A convenient and appropriate choice is the ALU. 
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FIGURE 8.1 4-blt data path for processor (block diagram). 

The heart of the ALU is a 4-bit adder circuit and it is this which we will actually design, 
indicating later how it may be readily adapted to subtract and perform logical operations. 
Obviously, a 4-bit adder must take the sum of two 4-bit numbers, and it will be seen we have 
assumed that all 4-bit quantities are presented in parallel form and that the shifter circuit has 
been designed to accept and shift a 4-bit parallel sum from the ALU. 

Let us now specify that the sum is to be stored in parallel at the output of the adder 
from where it may be fed through the shifter and back to the register array. Thus, a single 
4-bit data bus is needed from the adder to the shifter and another 4-bit bus is required from 
the shifted output back to the register array (since the shifter is merely a switch array with 
no storage capability). As far as the input to the adder is concerned, the two 4-bit parallel 
numbers to be added are to be presented in parallel on two 4-bit buses. We can also decide 
on some of the basic aspects of system timing at this stage and will assume clock phase cp 1 

as being the phase during which signals are fed along buses to the adder input and during 
which their sum is stored at the adder output. Thus clock signals are required by the ALU 
as shown. The shifter is unclocked but must be connected to four shift control lines. It is also 
necessary to provide a 'carry out' signal from the adder and, in the general case, to provide 
for a possible 'carry in' signal, as indicated in Figure 8.1. 

8.3.1 Design of a 4-bit Adder 
In order to derive the requirements for an n-bit adder, let us first consider the addition of two 
binary numbers A + B as follows: 

A 
.. s 

1 

0 
0 0 

: 1 : 0 0 0 1 0 

~vv~v 
C~rry 7 : i' out New Previous 

carry carry 
Column k 

0 
0 

~ 
0 

ColumnO 

1 : 
0 : 

1 ·'······ Sum 

Arrows indicate 'carry 1' 
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It will be seen that for any column k there will be three inputs-the corresponding bits 
of the input numbers, Ak and Bk, and the 'previous carry' -carry in (Ck_1). It will also be seen 
that there are two outputs, the sum (Sk) and a new carry (Ck). 

We may thus set out a truth table for the k column of any adder, as in Table 8.1 . 

TABLE 8.1 Truth table for binary adder 

Inputs Outputs 

Previous New 
carry Sum carry 

Ak Bk ck-1 sk ck 

0 0 0 0 0 
0 I 0 I 0 
I 0 0 I 0 
I I 0 0 I 
0 0 I I 0 
0 I I 0 I 
I 0 I 0 I 
I I I I I 

Conventionally, and assuming that we are not implementing a ' carry look ahead' facility, 
we may write standard adder equations, which fully describe the entries in Table 8.1. 

One form of these equations is: 

Sum 

New carry 

where 

Half sum 

sk = Hkck-1 + ilkck-1 

Ck = A,;Jk + HkCk-1 

Previous carry is indicated as Ck_1 and 0 ~ k ~ n - I for n-bit numbers. 
These equations may be directly implemented as And-Or functions or, most economically, 

Sk and Hk can be directly implemented with Exclusive-Or gates. However, for VLSI custom 
implementation there are none of the standard logic packages which are the delight of the 
TTL logic designer. It may be advantageous, then, to restate the requirements in another way. 

8.3.1.1 Adder element requirements 

Table 8.1 reveals that the adder requirements may be stated thus: 

If then 

else 
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then 

*This relationship could also have been stated as: 

Carry 

or 

when 

when 

8.3.1.2 A standard adder element 

Ak = Bk = 1 

Ak = Bk = 0 

) 

A 1-bit adder element may now be represented as in Figure 8.2. Note that any number of 
such elements may be cascaded to form any size of adder and that the element is quite 
general. 

Carry in 

Adder 
element 

ck 
Carry out 

n such elements would be cascaded to form an n-bit adder. 

FIGURE 8.2 Adder element. 

Note also that this standard adder element may itself be composed from a number of 
replicated subcells. Regularity and generality must be aimed at in all levels of the architecture. 

Using multiplexers is an implementation of the logic circuitry for the adder element that 
is easy to follow, r~sulting directly from the way in which the requirements are stated in 
words (see section 8.3.1.1). This approach is illustrated in Figures 8.3 and 8.4 and it may be 
seen that the words used to describe the adder logic are directly implemented by the various 
paths through the multiplexers. 

In these figu~es the multiplexers form Ck and S* (not Sk) to allow single inverter 
storage or buffering of Sk if this is needed. In fact, one design actually implemented in silicon 
(see Figure 10.9) uses an nMOS multiplexer-based version of the adder. The basic logic 
requirements of this adder element, or bit-slice, are thus readily met in nMOS or CMOS 
technology. However, some practical factors must now be taken into account. 

In order to form an n-bit adder, n adder elements must be cascaded with carry out of 
one element connecting to carry i.n of the next more significant element. Thus, the carry 
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FIGURE 8.3 Multiplexer (n-switches)-based adder logic with stored and buffered sum output. 
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FIGURE 8.4 CMOS version of adder logic. 
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chain as a whole will consist of many pass transistors in series. This will give a very slow 
response and the carry line must therefore be , suitably buffered between adder elements. 
(Remember, no more than four pass transistors in series-see section 4.9). Also, we have 
assumed that both complements, Ak and Bk , of the incoming bits are available. This may not 
be the case. Furthermore, signals Ak and Bk are to be derived from buses interconnecting the 
register with the ALU and may thus be taken off the bus through pass transistors. If this is 
the case, then these signals could not be used directly to drive the pass transistors of the 
multiplexers (see section 6.2.1). Finally, we must allow for storing the sum at the output of 
the adder, as discussed earlier in this section. 

More practical general arrangements are shown in Figure 8.5. It will be seen that the 
adder element now contains all necessary buffering (at the expense of increased area). Seven 
inverter stages are required, deployed as follows (from top to bottom of Figure 8.5): 

• Two inverters to form Ck-I and C k-1 (buffered) 

• Two inverters to form Ak and Ak (buffered) 

• Two inverters to form Jik and Bk (buffered) 

• One inverter to act as a dynamic store for Sk. 

Carry in Clock 
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FIGURE 8.5 CMOS adder element. 

Note that only one inverter is required to store the sum digit Sk provided that S* rather 
than Sk is formed by the multiplexer. The observant reader w ill have already noted that the 
logic is configured to form the complement sk 0 
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8.3.1.3 Standard cells required to be designed for the adder element 

The stick diagram of Figure 8.5 shows that the adder consists of three parts: 

1. the multiplexers (nMOS or CMOS); 
2. the inverter circuits (4: 1 and 8:1 ratio nMOS or CMOS); 
3. the communication paths. 

The first choice is that of technology-for example, nMOS or CMOS-and this in turn 
decides the detailed nature of the multiplexer and inverters. Both technologies lend themselves 
well to a replicate~ standard cell approach, only two standard cells being required for the 
complete adder element. The first cell, given in Figure 8.6, is the very simple cell from which 
multiplexers are formed. Note that the one cell design may appear with a transistor (includes 
poly. and contact) or without a transistor (omits contact cut and/or poly.). The second cell 
required is an inverter. 

(a) (b) 

t t 
n.. 

FIGURES 8.6 Multiplexer cell with or without cut. 

For nMOS, two versions of an inverter are needed-one for an 8:1 ratio and a second 
version for a 4:1 ratio. However, only one standard inverter cell design is actually needed 
with a choice of widths for the pull-down channel as shown in Figures 8. 7 and 8.8. For 
completeness, a butting contact based inverter design is shown as Figure 8.7 since these 
contacts were used at one time by a number of nMOS fabricators. 

The use of a 'standard' nMOS inverter with choice of width for the pull-down channel 
is a common practice. However, note that the narrow channel for the 4: I configuration in 
Figure 8. 7 has been placed so that its edges are on whole A. boundaries, not half A. boundaries 
as would be the case if narrowing had been carried out symmetrically. Always design mask 
layouts having edges on whole A. boundaries. Some design rule checking software and some 
fabrication processes might not accept half A. edges. 

More commonly, buried contacts would be used to join diffusion and poly. layers in 
nMOS fabrication and suitable buried contact based inverter designs are given in Figure 8.8. 

In this case the vertical dimension is larger than that of Figure 8. 7, but there are 
occasions where the lack of any metal regions in the center of the inverter is a positive 
advantage. For the layout shown, two metal bus lines could be run through the cell and across 
the inverter from side to side. This might prove a considerable advantage in saving space in 
certain layouts, such as register or memory arrays where data buses must run through each 
storage element. This could not be done when using a compact butting contact design because 
of the need to maintain 3A. metal to metal separation from the rails and the metal layer 
'cover' on the butting contact. 



.••• ~.n.•IL_ ________________________ ~B~o~s~ic~V~LS~I_D~es~i£g~n ____________________________ ~) 

Of 

30A. 

1/P 

10A.__.. 

8:1 Ratio 

(a) 

0/P 

1/P 

10A.__.. 
4:1 Ratio 

FIGURE 8. 7 nMOS (butting contact) inverters. 
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FIGURE 8.8 nMOS (buried contact) inverters. 
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FIGURE 8.9 A CMOS inverter design. 

For CMOS-based designs, as set out in Figure 8.5, we normally need a complementary 
CMOS inverter. A possible mask layout is shown in Figure 8.9. 

8.3.1.4 Adder element bounding box 

We may now assess the area requirements for, say, the CMOS adder element as in Figure 8.5. 
First estimate the bounding box for the multiplexer area of the adder. Each standard multiplexer 
cell (Figure 8.6) is 7A x llA. and there are .16 such elements side by side 'horizontally' and 
four stacked 'vertically'. We must also allow at least an additional 61.. width for the metal 
to metal spacings required by the clock bus passing through the center. In the vertical 
direction we must allow spacings for the interconnections between the tops of the multiplexers 
(an estimated additional 301..) and a further lOA. for the connection out from S* and C* at the 
bottom. Thus, the bounding box must be at least 16 X n + 61.. = 1181.. 'wide , and 4 X 11 A. 
+ 301.. + lOA. = 841.. in ' height', as shown in Figure 8.1 0. 

To complete an assessment of the approximate area to be occupied by the CMOS adder 
element we need to allow for the seven inverters shown in Figure 8.5. We have already 
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FIGURE 8.10 Approximate bounding box and floor plan for CMOS adder element. 

) 

determined a bounding box outline for a suitable CMOS inverter circuit (see Figure 8.9) and 
it will be seen that each inverter occupies a rectangle measuring 18A. 'wide' and 35A. 'high'. 
Thus, seven inverters alone placed side by side will occupy an area of 126A. x 35A. and, -~ 
allowing, say, an additional 50% width for space between each for connections, we have an 
overall area requirement of about 190A. x 35A. for the inverters. Thus, the overall bounding 
box (or floor plan outline) for a complete adder element will be approximately that given as 
the overall outline in Figure 8.1 0. Note that vertical distribution of power is required by this 
layout, but the direction of global power distribution may be reviewed as the design of the 
complete processor-floor plan as in Figure 7.5-progresses. Details of inlet/outlet points on 
the inverter block and overall adder element bounding boxes ~will be worked out as part of 
the next tutorial exercise. 

The 4-bit adder is then formed by cascading four adder elements as indicated in 
Figure 8.11(a) and an initial assessment of the minimum floor plan area requirement follows 
from the 4-bit adder bounding box of Figure 8.11 (b).- This is the second subsystem of the 
floor plan of Figure 7.5, the first being the barrel shifter of Figure 7.10. 
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FIGURE 8.11(a) 4-blt adder. 

8.3.2 Implementing ALU Functions with an Adder 

An arithmetic and logical operations unit (ALU) must, obviously, be able to add two binary 
numbers (A + B), and must also be able to subtract (A - B). 

From the point of view of logical operations it is essential to be able to And two binary 
words (A.B). It is also desirable to Or (A + B) and perhaps also detect Equality, and of course 
we also need an Exclusive-Or function. 
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Subtraction by an adder is an easy operation provided that the binary numbers A and 
B are presented in twos complement form. In this case, to find the difference A - B it is only 
necessary to complement B (exchange I for 0 and vice versa for all bits of B), add I to the 
number thus obtained, and then add this quantity to A using the standard addition process 
discussed earlier. The output of the adder will then be the required difference in twos 
complement form. Note that the complement facility necessary for subtraction can also serve 
to form the logical complement (which is indeed exchanging 0 for I and vice versa). 

It is highly desirable to keep the architecture of the ALU as simple as possible, and it 
would be nice if the adder could be made to perform -logical operations as readily as it 
performs subtraction. In order to examine this possibility, consider the standard adder equation 
set out in section 8.3.I and reproduced here: 

Sum 

New carry 

where Half sum 

Ck = AkBk + HkCk-1 

Hk = AkBk + Aklik 

Then 

Consider, first, the Sum output if Ck-I is held at logical 0, then 

that is 

Now, hold Ck- l at logical I, then 

that is 

Next, consider the carry output of each element, first if Ck- l is held at logical 0. 

Ck = Ak.Bk + Hk.O = Ak.Bk- An And operation 

Now, if Ck- l is held at logical I , then 

Ck = Ak.Bk + Hk.I = Ak.Bk + Ak .Bk + Ak. lik 

Therefore 
Ck = Ak. + Bk - An Or operation 

Thus it may be seen that suitable switching of the carry line between adder elements will give 
the ALU logical functions . A possible arrangement of the adder elements for both arithmetic 
and logical functions is suggested in Figure 8.I2. 
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8.4 A FURTHER CONSIDERATION OF ADDERS 

A further consideration of aspects of adder circuitry is desirable since adders are the basic 
elements of all arithmetic processes. Also, so far, we have taken a very simple and direct 
approach to implementing the adder equations and have not considered refinement or 
optimization of performance. 

In order to broaden the scope of our discussion, let us first consider some of the 
commonly used alternative forms of the adder equations introduced in section 8.3 .1 and 
repeated here for convenience. 

Sum 

New carry 
where 

Half sum 

S~c = ii* C1c-1 + H~c Ct-t 

C~c = A~:Bt + H~:Ct-1 

The expressions may also make use oflowercase letters. New carry may also be expressed 
in terms of the previous carry ck- I with a propagate signal Pt and generate signal g~;o where 

Then we may write, 

new carry 

or 

and sum 

pt(=H~c) = ak $ bk and gk = ak .bk 

ck = Pk • ck-1 + gk 

ck = (a~: + b~:)ck-1 + ak.bk 

sk = ak $ bk $ ck-1 

The sum may also be expressed in terms of the carry in Ct- I and carry out signals c1c together 
with the input bits ak and bk as follows: 

St = C1c .(ale + b1c + Ck_t.) + a/c.bk.C/c-1 

Such manipulations lead, for example, to the complementary CMOS logic circuit in 
Figure 8.13. 

However, an alternative and perhaps more direct realization, which leads to the concept 
of a carry chain, is set out in Figure 8.14. This in tum, when considering carry circuits alone, 
leads to a popular arrangement known as the Manchester carry-chain. 

8.4.1 The Manchester Carry-chain 

Instead of the carry passing through a complete transmission gate as in Figure 8.14, the carry 
path is precharged by the clock signal and the carry path may then be gated by a single 
n-type pass transistor as shown in Figure 8.15. 

Although individual Manchester carry cells are fast, care must be taken when cascading 
them since this effectively connects pass transistors in series. We have already seen that the 
delay goes up as the square of n where n is the number connected in series. Obeying the rules 
set out earlier to cover this situation, we must buffer after every four carry chain cells as 
shqwn in Figure 8.16. 
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FIGURE 8.13 One possible (symmetrical) adder cell arrangement. 
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FIGURE 8.14 An adder element based on the pass/generate concept. 

In BiCMOS technology it is possible to implement this arrangement and achieve speed 
improvement by a factor of two over the CMOS arrangement. However, this approach functions 
with lower input voltage swings to achieve the full speed advantage (Hotta et al., 1986). 

8.4.2 Adder Enhancement Techniques* 

In the case of small adders (n < 8-bits), it is generally advantageous to adopt the relatively 

• This section is based on material provided by Dr B. Hochet of the Swiss Federal Institute of Technology 
(EPFL), Lausanne, Switzerland. The authors gratefully acknowledge this contribution. 
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FIGURE 8.16 Cascaded Manchester carry-chain elements with buffering. 

simple hardware of the ripple through carry. Thus, the carry completion time is clearly 
directly proportional to n. On the other hand, large adders (up to say n = 64 or even 
n = 128-bits) cannot afford to wait for the long completion time of a large ripple through 
carry line. Thus special techniques must be adopted to improve addition time. This improvement 
is possible only through some increase in complexity and, in consequence, at the expense of 
increased area in silicon. The next subsections discuss three techniques for effecting faster 
carry generation and each approach is characterized by a different area/performance ratio. 

8.4.2.1 Carry select adders 

For this arrangement-also referred to as a conditional sum adder-the adder is divided into 
blocks. Each block is composed of two adders, one with a logical 0 carry in and the other with 
a logical 1 carry in. The sum and carry out generated are then selected by the actual carry 
in which comes from the carry out output of the previous block as shown in Figure 8.17. 
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FIGURE 8.17 Carry select adder structure (6-blt). 

8.4.2. 1. 1 Optimization of the carry select adder 

Let us consider an n-bit ripple carry adder. The computation time T is given by: 

T= k1n 

where k1 is the delay through one adder cell. 

) 

If we now divide the adder into blocks, each with two parallel paths, then the completion 
time T becomes 

n 
T=k1 . - +k2 2 

where k2 is the time needed by the multiplexer of the next block to select the actual output 
carry. A decision now has to be made on the size, in bits, of each adder block and clearly 
this could be 1-bit, in which case the number of multiplexers is a maximum, or two or more 
bits resulting in fewer multiplexers. If there are many multiplexers, then the ripple through 
effects occur in the multiplexer chain rather than in the carry chain through the blocks. 
Consequently, an optimum value must be sought for the block size. 

Suppose the n-bit adder is divided into M blocks, and that each block contains P adder 
cells in series, and considering the arrangement of Figure 8.17, we may see that the completion 
time T for the overall carry output signal is composed of two parts: 

• the propagation delay through the first block; 
• the propagation delay through the multiplexers. 

so that, 

T = Pk1. + (M- 1)k2 

noting that n = M.P, the minimum value for T is reached when 

As a further improvement, each succeeding block may be extended by one or more 
stages to account for ~he delay in the multiplexer. For instance, if the delay in the multiplexer 
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is equal to the cell delay, then the size P of the succeeding block should be increased by one. 
On the other hand, if the multiplexer delay is twice that for the cell delay, then each block 
may have two more adder cells than the previous one; that is, P can be increased by two from 
one block to the next. The actual optimum increase in P from one block to its successor 
depends on the ratio between k1 and k2. However, care must be taken to properly allow for 
the multiplexer delay which will also depend on the number of inputs, that is, on P, increasing 
as P increases. 

It should also be noted that the adder blocks do not have to be ripple carry adders but 
may use any of the available enhancement te~hniques, such as carry look-ahead or carry skip 
techniques. In such cases, the optimization require~ents may be different from those discussed 
here. 

8.4.2.2 carry skip adders 

When computing an addition with a ripple through adder, the completion time will sometimes 
be small since the carries, generated at several positions, are formed simultaneously as shown 
(e.g. with three carries) in Figure 8.18. 

G-rate1 GenerateO 

~ Pa8a • ~ Pa8a • ~PMa 
A1 0 01 1010 0 1 0 1 1 1 

8 0 0 0 0 0 0 0 0 0 0 

~ ~ ~ ~ I ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~'c .. , 

FIGURE 8~ 18 Diagrammatic representation of carry skip adder. 

In this case, the carry propagation may be likened to the domino principle, where, if one 
falls, then each successive stage is knocked over in tum up to the next point at which a 
different carry is formed. 

In this ·example, assuming the input carry in = I, three simultaneous carry propagation 
chain reactions occur. It may be seen that the longest chain is the second one, which takes 
seven cell delays (from the fourth bit to the II th bit). Thus, the addition time for these two 
numbers is determined by the longest chain, and in this case will be given by 

T = 7.k + k' 

where k is the cell delay and k' is the time needed to compute the II th bit sum using the carry 
in to the lith bit. 

If, for a ripple carry adder, the input bits A; and B; are different for all bit positions, 
then the input carry is propagated at all bit positions and never generated. The addition is 
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thus only completed after the carry has propagated along the entire adder. In this case, the 
computation delay must be nk, and .although it may be less than this quite frequently, the 
worst case must be assumed in all cases when using the adder in, say, high speed or real­
time or other time-critical applications. 

Carry skip adders take advantage of both the generation and the propagation of the 
carry signal. They may be divided into blocks where, for each block, a special circuit is used 
to detect the condition when A and B bits differ in all bit positions in the block (that is 
p; = 1 for all ' i ' in the block). The output signal from such a circuit is called the block 
propagation signal. If the block propagation signal = 1, then the carry signal entering the 
block can bypass it and be transmitted through a multiplexer to the next block. Figure 8.19 
sets out the schematic structure of a 24-bit carry skip adder, subdivided into four blocks and 
based on this approach. 

Ai Bi 

i= 23, .... ,18 

Ai B i 

i=17, .... ,12 

A 1 e, 
i=11 , ... . ,6 

Ai Bi 

i = 5, ... ,1,0 

~ This block computes (A5 ED B5).(A4 ED 8 4 ) •. . .•..• (A0 ED 80 ) . = 1t p 1 ~ in each 6-bit block. 

FIGURE 8.19 Structure of a 24-blt (for example) carry skip adder. 

8.4.2.2. 1 Optimization of the carry skip adder 

Once again there will be factors which determine the optimum block size for this arrangement 
and in this case we assume equal size blocks. Let k1 denote the time needed by the carry 
signal to propagate through the adder cell, and k2 the time needed for a carry to skip over 
a block. Further, let us divide the n-bit carry skip adder into M blocks-each block containing 
P adder cells. Since, as was the case for the ripple carry adder, the actual computing time 
depends on the configuration of the input numbers, the completion time may well be small 
but may also reach the worst case. We must thus evaluate and optimize the worst case 
conditions as depicted in Figure 8·.20. 

The total (worst case) propagation delay time Tis given by 

T = 2(P- 1).k1 + (M- 2)k2 

where 
P = n/M 
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Ai Bi Ai Bi Ai Bi A1 IJ1 

FIGURE 8.20 Worst case carry propagation for carry skip adder. 

The minimum value of T is reached when 

As for the carry select adders, a further improvement may be achieved if the adder is divided 
into blocks of differing sizes (Guyot et al., 1987). 

Finally, Figure 8.21 shows a possible arrangement for a block, complete with its multiplexer 
and block propagation signal generating circuit. This particular realization leads to good 
regularity and thus to a high density layout in silicon. 

FIGURE 8.21 Possible implementation of the block propagation concept. 

8.4.2.3 Carry look-ahead (CLA) adders 

We have considered some other methods of improving adder throughput time and may now 
turn to algebra to seek a general solution to this problem. This is to be found in rearranging 
the expressions for the adder (given in section 8.3.1), in particular the expression for carry 

Ck = AkBk + Hk.Ck- 1 
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noting that Hk = AkBk + A~cBk the expression can be rearranged into the form 

Ck = A~c .Bk + (A~c + B~c) . Ck-1 

Thus for C0 we may write 

Co = Ao.Bo + (Ao + Bo)C;n 

which allows for an input carry; and, therefore 

may then be written as 

and, similarly 

C2. = A2.B2. + (A2 + B2).A1.B1 + (A2. + B2).(A1 + BI).Ao.Bo. 

) 

+ (A2 + B2).(A1 + BI).(Ao + Bo).C;n 

The next stage would be 

C3 = A3.B3 + (A3 + B3).A2.B2 + (A3 + B3).(A2 + B2).A1.B1 

+ (A3 + B3).(A2 + B2).(A1 + B1).A0.B0 

+ (A3 + B3).(A2 + B2).(A1. + BI).(Ao + Bo).C;n 

and so on for further stages. 
If there is no input carry, then C;n becomes 0 and the last term in each expression for 

carry will be eliminated. 
Although these expressions become very lengthy as the bit significance increases, each 

expression is only three logic levels deep, so the delay in forming the carry is constant 
irrespective of bit position. However, the logic does rapidly become over-cumbersome and 
also presents problems in 'fan-out' and 'fan-in' requirements on the gates used. A compromise, 
usually adopted, is a combination of 'carry look-ahead' and 'ripple through' as indicated in 
Figure 8.22. The 3-bit groups shown were arbitrarily chosen to illustrate the approach. 

Following this particular approach, we may now write carry look-ahead expressions in 
terms of the generate Kk and propagate Pic signals defined earlier. The general form for the 
carry signal c1c thus becomes 

ck = K1c + Pk ·Kk-1 + Pk ·Pk- IKk-2 + ······ + Pk ····· · P1·Ko + Pk ·· ··· Po·Cin 

Considering a CLA-based adder divided into blocks of 4-bits, as in Figure 8.23, we may 
write the expressions for the carry circuits in one block as follows: 

Co = Ko + Po·cin 

c1 = K1 + P1·Ko + Pl·Po·cin 

c2 = K2 + P2·Kl + P2·PI·Ko + P2·Pl·Po·cin 

c3 = K3 + P3·K2 + P3·P2·Kl + P3·P2·Pl·Ko + P3·P2·Pl ·Po·cin 
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(a) Partial carry look-ahead adder structure 
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FIGURE 8.22 Carry look-ahead and ripple through compromise. 
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FIGURE 8.23 4-bit block CLA unit. 
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In order to avoid a sequential propagation of carry signals between the blocks, we may 
generate additional signals 1t and y such that 

1t = P3·Pz·PI·Po·Cin and 'Y = g3 + P3·gz + P3·Pz·gl + P3·PZ·PI ·go 

An important property of these signals is that c3, the carry out of the block, is 

c3 = 'Y + 1t 
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This concept allows CLA techniques to be applied to the carry generation between 
blocks and for overall carry out as shown in Figure 8.24, which is the overall arrangement 
of a 16-bit CLA adder. 

FIGURE 8.24 A 16-bit, 4 x 4 block CLA adder. 

Further algebraic manipulation allows the expressions for carries within a four-bit block 
to be written 

Co =go + Po ·cin 

CJ = gl + Pl ·(gO + PoC;n) 

C2 = g 2 + P2·(gl + Pl·go + Pl ·Po·C;n) 

C3 = g3 + p3 .(g2 + P2·gl + P2·PJ·go + P2·Pl ·Po·C;n) 

When implementing these circuits in silicon, each carry may be formed by one simple 
and very regular arrangement as indicated by Figure 8.25, which shows the formation of c3. 

For each 4-bit CLA block, four such cells must be implemented, one for each carry c0 to c3, 

and an additional similar circuit is required to form y. 
In order to reduce this complexity, it is possible to use a dynamic logic technique 

known as ' Multiple Output Domino Logic '. Figure 8.26 illustrates the approach and is, in 
fact, a four-cell Manchester carry-chain. 

8.4.3 A Comparison of Adder Enhancement Techniques 

This section compares the three enhancement techniques we have discussed from the point 
of view of area occupied combined with performance. For the purpose of our study, we will 
compare three 32-bit adders-one carry select, one carry skip and one carry look-ahead. For 
:onvenience the carry select and carry skip adders will be assumed to be subdivided into 
equal site blocks. This must be so as a graduated sizing of blocks relies on an accurate 
knowledge of the gate delays-information which we do not have for this comparison. The 
adder cell to be used is required in two versions, one as in Figure 8.14 and a second 
version-with inverted inputs and carry output-as in Figure 8.27. In both cases, the delay 
between carry in and carry out is denoted by k1 (the delay through one adder cell). 
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FIGURE 8.25 Generation of carry out (from 4-blts and carry In). 

FIGURE 8.26 Four-cell Manchester carry-chain. 
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FIGURE 8.27 Adder cells with alternative input/output arrangement. 

8.4.3.1 A 32-blt carry select adder assessment 

The multiplexers to be used invert the signal and are based on a simple cell comprising one 
inverter and one transmission gate as shown for the 2-way multiplexer of Figure 8.28. 

in0 out 

in1 -----4 

Sel 
· Sel 

FIGURE 8.28 2-way multiplexer showing 'multiplexer cell' (bold lines). 

Comparing this with the proposed adder cell, we may see that the multiplexer delay k2 
is the same as that for the adder cell so that k 1 = k2 and, in consequence, the optimum block 
size evaluates as six. This does not divide exactly into 32, but we may choose to use four 
blocks of five cells and the remaining two blocks will then have six cells each as shown in 
Figure 8.29. The adder completion time is thus : 

T = 5k1 + 5k2 = lOk 

where k = k1 = k2. 

The area of this 32-bit carry select adder is roughly twice that of a 32-bit ripple carry 
adder. 

BLOCK 1 BLOCK4 BLOCKS BLOCK6 

I I I I BLOCKS I I I I I I I I I I ---
2&3 

I I 1. IJ I I I I I I I I 
I MULTIPLEXERS I MULTIPLEXERS MULTIPLEXERS 

FIGURE 8.29 Arrangement of a 32-bit carry-select adder. 
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8.4.3.2 A 32-bit carry skip adder assessment 

Once again, the cell delay k 1 and the multiplexer (as in Figure 8.28) delay k2 may be assumed 
to be equal. In order to simplify the propagation time assessment, we will neglect the time 
taken to compute all the generate and propagate, as well as the block propagation signals, 
since they are all computed simultaneously and may be represented as an overhead = k "" k1• 

Care must be taken to allow for the inversion of the carry signal, both in the adder cell 
and in the multiplexer. For this reason, the block size must be an even number of bits. Again, 
since the ratio between the cell delay and the multiplexer delay is assumed to be I: I , we may 
write 

also, since the ratio k 1 = k2, the optimum block size is four cells so that there will be eight 
blocks of equal size. 

The adder completion time is thus: 

T = 4k1 + 4k2 + 6k2 + k = I5k 

where k = k1 = k2 . 
The area of this 32-bit carry skip adder is roughly one and a half that of a 32-bit ripple 

carry adder. 

8.4.3.3 A 32-bit carry look-ahead adder assessment 

Figure 8.30 represents the structure of a 32-bit carry look-ahead adder. For reasons of simplicity 
in presentation, each heavy interconnect line represents the interconnection of two signals, 
(gk·Pk) and (Yk·1tk) . The fine interconnect lines are the carry signals. 

FIGURE 8.30 Arrangement of a 32-bit carry look-ahead adder. 

Let the delay time of a CLA unit be k3, then the completion time of the adder may be 
assessed as follows: 

At time k3 

At time 2k3 

(Yk1tk) for CLA 0-7 are set. 

(Yk ·1tk) for CLA 8 and 9 are set; c4, c8, and c12 are set by CLA 8. 
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At time 3k3 c16 is set by CLA 10; using c4, c8, and c 12, CLA 1, CLA 2 and CLA 3 
set their carry out. 
c20, c24, and c28 , are set by CLA 9. At time 4k3 

At time 5k3 Using c20, c24, and c28, CLA 5, CLA 6 and CLA 7 set their carry out. 

Therefore, overall time T = 5k3• 

The exact value of k3 depends on the actual CLA adder element arrangement and on 
the layout used, but, allowing for three levels of logic, it could be conservatively estimated 
as 1.5k1 to 2.0kl> where k1 is the delay of the simple adder cell used before in the carry select 
and skip adders. If this is a reasonable assumption then, in comparison with the other evaluations, 
overall time T is given by 

T = 7 .5k to lOk 

However, noting the unused inputs of CLA 10 (Figure 8.30), it may be seen that a 
64-bit CLA adder could be accommodated within the same overall time delay. Since the CLA 
cells are considerably more complex than the adder cells used in the carry select and carry 
skip adders, there will be a penalty in the area occupied. This is difficult to evaluate without 
detailed design work, but the area occupied will be several times greater than for a 32-bit 
ripple carry adder. 

This concludes the consideration of adder circuitry. In the design of ALUs and digital 
processors generally, the adder is the most important circuit and is able to directly accommodate 
additions, subtractions and comparisons, together with a range of logical operations. Another 
common arithmetic requirement is for multiplication and it will be seen that the adder has 
an important role to play in the architecture of many multipliers. 

8.5 MULTIPLIERS 

A study of computer arithmetic processes will reveal that the most common requirements are 
for addition and subtraction, but that there is also a significant need for a multiplication 
capability. Thus, a brief overview of some common approaches to this problem is given in 
this section. Although division is obviously useful , it is a much less common requirement and 
will not be dealt with in this text. 

8.5.1 The Serial-parallel Multiplier 

This multiplier is the simplest one, the multiplication being considered as a succession of 
additions. 

If 

B = (b 11 bn- 1 bn-2 . 

then the product A.B may be expressed as 

. a0) and 

. bo) 

A.B = (A .211 .bn + A.2 11
-
1.bn- 1 + A.2n-z. bn-2 ... ... . . . . A.2°.bo) 

1 
' 
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A possible form of this adder for multiplying four-bit quantities,~ based on this expression, 

is set out in Figure 8.31. Note that D indicates a D flip-flop simple and FA indicates a full 
. adder--or adder bit slice. Number A is entered in the right-most 4-bits of the top row of D 
flip-flops which are connected to three further D flip-flops to form a 7-bit shift register to 
allow the multiplication of number A by 21, 22 .. . 2n, thus forming the partial product at each 
stage of the process. 

0 

D = 0 Flip-flop FA = Full adder 

FIGURE 8.31 Arrangement of a 4-bit serial-parallel multiplier. 

In some cases, it may be easier to right shift the contents of the Accumulator-(bottom 
row of D flip-flops) rather than left shifting A. This approach can be used to eliminate the 
least significant bits of the product if so desired. 

A further reduction in hardware can result from noting that the three most significant 
bits of the partial product are set to zero initially, and are used only one by one as the shifting 
of A proceeds. These three bits can therefore be used to hold three bits of number B initially, 
thus saving three D flip-flops. 

The structure under discussion here is suited only to positive or unsigned operands. If 
the operands are negative and twos complement encoded, then: 

1. The most significant bit of B will have a negative weight and so a subtraction must 
be performed as the last step. 

2. The most significant bit of A must be replicated since operand A must be expanded 
to 2N bits. 

8.5.2 The Braun Array 

A relatively simple form of parallel adder is the Braun array (see Figure 8.32). All partial 
products A.bk are computed in parallel, then collected through a cascaded array of carry save 
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FIGURE 8.32 A 4-blt Braun multiplier. 
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adders. At the bottom of the array, an adder is used to convert the carry save form to the 
required form of output. Completion time is fixed by the depth of the array, and by the carry 
propagation characteristics of the adder. Notice that this multiplier is suited only to positive 
operands. Negative operands can be handled, for example, by the Baugh-Wooley multiplier 
which now follows. 

8.5.3 1\vos Complement Multlpllc.atton Using the Baugh-Wooley 
Method 

This technique has been developed to· design multipliers that are regular in structure and 
suited for twos complement numbers. 

Let us consider two numbers A and B: 

n- 2 
A = (an- I .... .. ao) = - an-1·2"-1 + L a,.i 

0 

n-2 
B = (bn- l ...... bo) =- bn- 1·2"-1 + L b;.i 

0 

The product A.B is given by: 

If we use this form, it may be seen that subtraction operations are needed as well as 
addition. However, the negative terms may be rewritten, for example: 

't" b. 2n+l-l =a - 2"-2 + 2"-1 + "(' b. 2"+i-t n-2 ( n-2 ) 
an-I"'- r • n-1 · ~ r· 

0 0 

Using this approach, A.B becomes 

A B = b 2n-2 + 't" 't" a. b. 21+j + b -2n-2 + 2n-l + 't" a. 2!!_+i-l n-2 n-2 ( n-2 ) 
· an-I · n-1 · "'- "- r· r· n-1 "- r· ' 

0 0 0 

( 
n-2 ) + - 2n-2 + 2n-l + 't" b. 2n+i-l an- I "'- r· 

0 

This equation may be put in a more convenient form by recognizing that 

-(bn- 1 + a"- 1) 2211-2 = -2211-1 + (-;;- +b) 2211- 2 · n-1 n-1 · 
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Thus, AB is given by 

A.B = z2n-t +(an-t + bn-t +an-t .bn-t ).22n-2 

n-2 n-2 
+ L L a;.bj.zi+j +(an-I + bn_1).2n-t 

0 0 

n-2 n-2 
+ ~ b - . zn+l-j + ~ b-. zn+i-1 

L.. n-J ·a,. L.. an- t· ' 
0 0 

) 

Since A and B are n-bit operands, their product may extend to 2n-bits. The first, most 
significant, bit is taken into account by the first term -22n-t which is fed to the multiplier as 
a 1 in the most significant cell. The Baugh-Wooley arrangement is set out in Figure 8.33. 

In serial-parallel multipliers there are as many idle clock cycles as there are Os in the 
multiplicand and the . .same situation applies in Braun and Baugh-Wooley arrays. For this 
reason, it may be useful to introduce pipelining concepts between successive lines of the 
array. The clock speed of the pipeline is limited by the speed of the output adder, but it is 
possible to introduce further pipelining between the adder cells giving rise to the systolic 
array multiplier. 

8.5.4 A Plpellned Multiplier Array* 

Many parallel multipliers are iterative arrays. Some of these are carry-ripple structures with 
no storage elements, in which a given result must be output before new data words can be input. 
Such multipliers can be pipelined by introducing latches at appropriate positions in the array. 

An example is a parallel multiplier based on systolic array principles as in Figure 8.34. 
It comprises a diamond-shaped array of latched, gated full adder cells, connected only to 
immediately adjacent cells. This has practical advantages as no broadcasting of data right 
across the multiplier array occurs. 

With multiplicand X, multiplier Y and product P, the kth bit of each partial product 
Xk-i· Y; is formed in one of the cells in the kth vertical column of the array." 

The kth bit of the product 

" ~ = L X~c-;·Y; 
i=O 

is formed by letting these components accumulate as Pk passes down the column. Carries 
generated at each stage in the array are passed to the left (next most significant column). 

The residual carry bits passing across the lower left-hand boundary of the diamond 
must be added into the partial product sum to complete the multiplication. This is achieved 
with half of the above array placed at the lower left-hand boundary, retaining the iterative 
structure. 

• J.V. McCanny and J.G. McWhirter, 'Completely iterative, pipelined multiplier array suitable for VLSI', 
lEE Proc, vol. 129, pt. G, no. 2, 40-46. This structure was designed by P. Evans as part of a VLSI course 
at the University of Adelaide, South Australia. 
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FIGURE 8.33 A 4-blt Baugh-Wooley multiplier. 
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Product 

FIGURE 8.34 Systolic array multiplier. 

This gives the general structure shown in Figure 8.35 . For an n-bit x n-bit multiplier, 
1/ 2(3n + l)n cells are required·. There is a further requirement of 3n2 latches to skew and 
deskew the input and output data. Note that each cell connects to six other cells, provided 
that it is not on the array boundary. All sum and carry inputs at the array boundary are set 
to zero. 

The structure of the basic cell is shown in Figure 8.36. The gating function for unsigned 
numbers is x.y. 

The delay of one operation through the pipeline is 3n clock cycles (i.e. it takes 3n clock 
cycles to obtain a product after X and Yare input). However, if the pipeline is kept full, a 
product will be outj>ut every clock cycle. 

The clock period can be .. short as it must account for only the propagation time through 
one cell. The multiplier is thus a very high throughput structure (i.e. low average time per 
multiplication). 

If the product XY is rewritten 

XY 2 n-l y- 2n-l - y =xn-1· · +xn-1· +x. 

where x is the (n - 1) least significant bits of X, then the structure can be used for twos 
complement numbers, provided that: 

1. The gating function is replaced by 

(Y e d).x 

where d = 1 for all cells. on the upper left~hand boundary and d = 0 elsewhere. 
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FIGURE 8.35 Multiplier structure. 

p 

Note: Where p1• partial product sum in 

p = partial product sum out 

c1 =car~ 
c =carry out 

X; 

•=latch 
GFA =Gated fuU adder 

d = line required for twos complement operation 

FIGURE 8.36 Basic cell. 
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2. The value of x;_1 is fed to the carry input c; as well as to the normal input x; of the 
cell in the top row of the array. 

3. Y is sign extended and suitably delayed sign extensions are input to left boundary Y; 
inputs. 

The full adder chosen was a transmission gate adder because of its speed and because 
it generates the sum and the carry in equal time. The latches chosen were dynamic shift' 
registers as the structure will be continuously clocked. 

The timing diagram (Figure 8.3 7) illustrates the performance of the 8-bit .version. After 
the initial delay of about 1.2 J.lsec, the output products are available at 50 nsec intervals. 

1-
~ t 

lnitialdelay ~ 

FIGURE 8.37 Performance of an 8-blt multiplier. 

8.5.5 The Modified Booth's Algorithm 

Another approach which avoids having many idle cells in a cellular multiplier as well as 
reducing the number of cycles compared with the serial-parallel multiplier is the use of the 
so-called modified Booth's algorithm. In principle, the modified algorithm requires rewriting 
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the multiplicand in such a way that half the bits are 0.' Clearly, this is possible only by using 
a special number system. 

This converts a signed standard twos radix numbe.r into a number system where the 
digits are in the set {-1, 0, 1}. In this system any number 'may be written in several forms, 
that is, the system has redundancies. · 

Let us consider a number B = bn- l bn-z ..... b1b0 written in twos complement form: 

which may be rewritten as 

with b1 = 0. 

n-·2 

B= -bn_1.2n-l + I bk.2/C 
k=O 

n-2-1 

B = I (b2k-t + b2k + 2b2k+ 1) 2k 
k=O 

In this equation, the term in the brackets is in the set {-2, -1, 0, 1, 2}, so it cannot be 
equal to 3 or -3. In other words, after rewriting B through the modified algorithm, each pair 
of digits can only take the following forms: [-1, -1], [0, -l], [0, 0], [0, 1], [1, 1], that is 
(-2, -1, 0, 1, 2). Another consequence of the modified Booth~ s algorithm is that the sign of 
the numbers is implicitly taken into account. · 

8.5.5.1 Application to multiplication 

Consider two numbers A and B. Encoding B through the modified algorithm converts its form 
to B' with digits -2, -1, 0, 1, 2. In this form there will be half the number of digits in B in 
B'. The digits of B' are scanned, and at each step, A is multiplied by -2, -1, 0, 1, or 2. The 
different cases are given in Table 8.2. For example, if bit b2k of B is 0 and bits bzk+l and 
b2k-l are 1 and 0 respectively, then we must add -2A to the sum forming the product in the 
accumulator. 

TABLE 8.2 Modified Booth's multiplication 

bzk+l b2k b2k-l A multiplied by 

0 0 0 0 

0 0 1 +1 

0 0 +1 

0 1 +2 

0 0 -2 

0 1 -1 

1 0 -1 

0 

One possible implementation of a circuit to implement the requirements of Table 8.2. is 
set out in Figure 8.38. 
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FIGURE 8.38 Booth encoder. 

8.5.6 Wallace Tree Multipliers 

Wallace trees were first introduced in 1964 (Wallace, 1964) in order to design multipliers 
whose completion time grows as the logarithm of the number of bits to be multiplied. The 
simplest Wallace tree is the full adder cell (three inputs-two outputs). More generally, an 
n input Wallace tree, as in Figure 8.39, is ann-input operation with log2(n) outputs, such that 
the value of the output word is eqoal to the number of ' 1 's in the input word (consider the 
full adder in this context). The input hits and the least significant bit of the output word have 
the same weight, as shown in Figi.lre 8.39. 

.-- n inputs ----, ,.- n iriputs ----, 
20 20 20 20 20 

c 

Full adder Wallacen 

s 

21 20 21 20 

L log 2 (n) outpufl; .J L log 2 (n) outputs ...J 

FIGURE 8.39 Wallace tree elements. 

An ,important property of Wallace trees is that they may be constructed from adder cells. 
Furthermore, the number of adder cells needed grows as the logarithm log2(n) of the number 
of input bits n. In a Braun or a Baligh~Wooley multiplier with a ripple carry adder, the 
completion time for multiplication is proportional to 2n. If the collection of the partial 

) 
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products is made through Wallace trees then the completion time for getting a result, in carry 
save notation, should be proportional to log2(n). 

Figure 8.40 shows a seven-input adder for each weight and Wallace trees are used until 
only two bits of each weight remain. These bits are then added using the classical two-input 
adder. Wallace trees may be applied to multipliers in several ways. 

FIGURE 8.40 Example of the Wallace tree approach. 

8.5. 7 Recursive Decomposition of tbe Multiplication 

One method, based on recursive decomposition of the multiplication, consists of partitioning 
the operands. For instance, if A and B are 2p-bit numbers, then A (also B) may be cut into 
two parts A0 and A 1 respectively, so that 

The product A.B is 

A= 2P. A1 + A0 

B = 2P. B1 + B0 

A.B = 22P.AtBt + 26P. (At.Bo + Ao.Bt) + Ao.Bo 

Using this method, four p-bit multipliers are used to compute A1.B1.A0.B1.A 1.B0 and 
A0.B0. The results are collected through Wallace trees. The arrangement of a multiplier of this 
type, with 8-bit input words, is shown in Figure 8.41; the interconnections have been simplified 
for clarity. A0, B0, A 1 and Bl> are in fact 4-bit numbers and the outputs of the multiplier are 
8-bit products. In this figure it has been assumed that the multipliers each contain an adder 
so that each result is not in carry save notation and thus eight adder cells (three-input Wallace 
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A, Ao s, Bo 

Adder 

FIGURE 8.41 8-bit input word multiplier arrangement. 

trees) are used to collect bits of the same weight. For instance, the multipliers denoted 
A0 . B I> A 1• B0 and A0. B0 give bits of weight 4, 5, 6, and 7. For each of these weights, three 
bits (as many as there are multipliers) must be added, and thus an adder cell must be used 
to reduce the number of bits of the same weight to two. 

8.5.8 Dadda's Method 

Another approach consists in computing all the partial products-like the Braun array-and 
then collecting all the bits of the same weight through Wallace trees. This is equivalent to 
partitioning the input operands to work with 1-bit multipliers (i.e. And gates). In 1965 
L. Dadda developed a technique to build the Wallace layer using the minimum number of 
adder cells. 

Consider k bits of the same weight i coming from k partial products. When adding these 
k bits by a k-input Wallace tree, bits of weights i + 1, i + 2, ... etc. appear which must in 
tum be added to the bits of weights i + 1, i + 2, . . . coming from other partial products. 
Dadda's method consists in handling all bits in the collecting Wallace layer so as to minimize 
the number of adder cells as well as the critical path between the partial product generation 
and the final addition. All the developments of this technique may be found in the reference 
(Dadda, 1965). In conclusion, Wallace tree multipliers should be used only for large operands 
and where the performance is critical since the arrangement results in poor regularity due to 
the routing area needed to collect the partial products. 
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8.6 OBSERVATIONS 

This chapter has provided possible designs for the arithmetic subsystem forming part of the 
complete d·ata path we are designing. Both the subsystems so far designed have comprised 
only combinational logic with the exception of possible storage requirements' at the 'Sum' 
output of the adder. The third subsystem, to be designed next, will introduce a need for 
memory or storage and this leads to a review of some possible memory elements and relevant 
characteristics. 

8. 7 TUTORIAL EXERCISES 

1. Referring to Figure 8.12, design switches and other logic as necessary to implement 
the functions performed by the mechanical switches drawn in Figure 8.12. Work out 
the control lines needed to enable the ALU to perform add, subtract, logical And, 
logical Or; logical Exclusive-Or; and logical Equality operations. 

2. Draw a bounding box representation with all inlet and output points shown (as in 
Figure 8.1 0) for the logic circuitry of an adder, using CMOS multiplexers (Figure 8.4) 
and CMOS inverters as suggested in Figure 8.9. You may wish to proceed as follows. 

Continue the design of a standard CMOS adder element (as represented in stick 
diagram form in Figure 8.5) by·working out a layout for the complete inverter block 
and then representing it as a bounding box with inlet and outlet points indicated by 
layer and position. Hint: Design a suitable mask layout for the CMOS inverters and 
then represent each inverter circuit in bounding box form- with inlet and outlet 
points- so that only one inverter needs to be drawn in detail in setting out your 
layout. 

Interconnect the inverter block bounding box with CMOS multiplexer-based adder 
logic (as in Figure 8.4). Work out an accurate bounding box representation for the 
complete adder element showing inlet and outlet points, etc., by position and layer. 

3. What are the overall dimensions of a 4-bit CMOS adder? Using the bounding box 
representations draw an accurate floor plan of the whole 4-bit adder (as in Figure 8.11) 

' showing position and layer of inlet and outlet points. 
4. Carry out the design of a 4-bit CMOS carry look-ahead adder up to stick diagram 

form. Then determine what standard cells are needed and design a mask layout for 
each. 
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Memory, Registers and 
Aspects of System Timing 

OBJECTIVES 

Ay, now the plot thickens very much upon us. 

- GEORGE VILLIERS, 2nd Duke of Buckingham 

The 4-bit data path design continues with the 4 x 4-bit register array. This raises the subject 
of memory/storage elements and techniques. Some of the possible dynamic and static memory 
cells are presented and key properties compared. The concept of an array of memory cells 
is extended to include RAM arrays and some of the needs for selection and control are 
explored. 

Two of the subsystems of the 4-bit data path (as in Figures 7.3 and 8.1) having already 
been designed, it is now appropriate to consider the register arrangements in which the 4-bit 
quantities to be presented to the adder and shifter will be stored. The question of data storage 
is an important one which has already been mentioned a number of times. It raises the 
question of the choice of storage elements or memory cells as well as the questions of 
configuring arrays of such cells and the selection of a given cell or group of cells in an array. 

Before looking at register arrangements, we should set out some ground rules for the 
design of the 4-bit processor. It is essential that such rules should be established early in the 
piece so that a uniform approach to 'reading, writing and refresh' is adhered to throughout. 
In practice, such rules would have been set out much earlier than this, but our progress 
through this text is such that in this case they are most effectively established here and would 
not have meant much earlier on. 

9.1 SYSTEM TIMING CONSIDERATIONS 

1. A two-phase non-overlapping clock signal is assumed to be available, and this clock 
alone will be used throughout the system. 

2. Clock phases are to be identified as 4> 1 and 4>2 where 4> 1 is assumed to lead 4>2• 

235 
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3. Bits (or data) to be stored a),"e written to registers, storage elements, and subsystems 
on $1 of the clock; that is, write signals WR are Anded with $1• 

4. Bits or data written into storage elements may be assumed to have settled before the 
irruriediately followip.g $2 signal, and $2 signals may be used to refresh stored data 
where appropriate. 

5. In general, delays through data paths, combinational logic, etc. are assumed to be 
less than the intervl!l between the leading edge of $1 of the clock and the leading 
edge of the following $2 signal. 

6. Bits or data may be read from storage elements on the next $1 of the clock; that is, 
read signals RD are Anded with $1• Obviously, RD and WR are generally mutually 
exclusive to any one storage element. 

7. A general requirement for system stability is that there must be at least one clocked 
storage element in 'series with every closed loop signal path. 

Strict adhf?rence to a se,t of rules such as this will greatly simplify the task of the system 
designer and also help to avoid some of the disasters which will almost certainly occur if a 
haphazard approach is taken. 

9.2 SOME COMMONLY USED STORAGE/MEMORY ELEMENTS 

Everyone complains of his memory, but no one complains of his judgment. 

- Due DE LA RocHEFOUCAULD 

.In order to make a comparative assessment of some possible storage elements, we will 
consider the following factors: 

• area requjrement; 
• estimated . dissipation per bit stored; 
• vohttility. · 

9.2.1 Tbe Dynamic Shift Register Stage 

One method of storing a single bit is to use the shift register approach previously introduced 
in section 6.5.4 ·(and also Figures 3.14, 3.17, 6.36, 6.37, 6.38, 6.39 and 6.40). 

9.2.1.1 Area 

This calculation applies to an nMOS design, as in Figure 6.40(a), with buried contacts. 
Allowing for the sharing of VDD and GND rails between adjacent rows of register cells, each 
bit stored will require 

(22A X 28A) X 2 :;: 1200J..2 

For example, fo~ A. = 2.5 Jlm 

Area/bit = 7500 11m2 

• 
I ,• 
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To give an idea of what this implies, such area requirements -would result in a maximum 
number of bits stored on a 4 mm x 4 mm chip area == 2.1 k bits. 

For a CMOS design, as in Figilre 6.40(b), and allowing for the sharing of Vvv and Vss 
rails between adjacent rows of register cells, each bit stored will require 

(38). X 28).) X 2 ::= 2100).2 

For example, for A. = 2.5 )lm 

Area/bit == 13,000 )lm2 

Such area requirements would result in a maximum number of bits stored on a 4 mm x 4 mm 
chip area == 1.2 k bits. 

9.2.1.2 Dissipation 
• 

In the case of CMOS designs, the static dissipation is very small and calculation at this stage 
will not be meaningful since only the switching dissipation will be significant (particularly 
at high speeds). This dynamic power consumption Pd can be written as 

Pd = m.(CL.Vbv . f) 

where m is tl.e duty cycle, CL is effective load capacitance and f is the clock frequency. 
In the nMOS case we can readily calculate the static dissipation, noting that in practice 

the switching dissipation would add to this. Each inverter stage has a ratio of 8: 1 and if the 
layout of Figure 6.40(a) (buried contacts) is used, then, noting that one inverter of the pair 
must always be 'on', 

and 

Therefore 

Therefore 

VDD Current = _......;=--
Z +Z p.u. p.d. 

5 V X 106 500 
----:- = -)lA == 110 JlA 
4.5 X 104 4.5 

Static dissipation 
= Vvv x current = 5 V x 110 )lA = 550 JlW 

Bit stored 

Thus, 2.1 k bits on a single chip would dissipate 

2.1 x 103 x 550 x 10-6 = 1.15 watts 

Dissipation can be reduced by using alternative geometry, but this is at the expense of 
increased area. 
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9.2.1.3 Volatility 

Data is stored by the charge on the gate capacitance of each inverter · stage, so that data 
storage time (without refresh) is limited to 1 msec or less. 

9.2.2 A Three-transistor Dynamic RAM Cell 

An arrangement which has been used in RAM (random access memory) and other storage 
arrangements is set out in Figure 9.1. 

p-type pull-up .... H+-+---1-
~ 

Vss~~-.-~-r--
14 

WRRO 
RO 

(a) Circuit (b) CMOS stick diagram 

Note: WR and RO are coinc ident with q, 1 . 

FIGURE 9.1 Three-transistor dynamic memory cell. 

With regard to Figure 9.1(a), the action is as follows : 

1. With the J?D control line in the Lo state, then a bit may be read from the bus through 
T1 by taking WR to the Hi state so that the logic level on the bus is communicated 
to the gate capacitance of T2. Then WR is taken Lo again. 

2. The bit value is then stored for some time by Cg of T2 while both RD and WR are 
Lo. 

3. To read the stored bit it is only necessary to make RD Hi and the bus will be pulled 
down to ground through T3 and T2 if a 1 was stored. Otherwise, T2 will be non­
conducting and the bus will remain Hi due to its pull-up arrangements. 

Note that the complement of the stored bit is read onto the bus, but this presents few 
problems and can be taken care of at some common point in the memory array. 

A stick diagram for the cell identified in Figure 9.1(a) is presented as Figure 9.1(b), and 
possible mask layouts follow in Figure 9.2. Note that this figure gives both nMOS and 
CMOS designs. 

To return to our main theme, it is now appropriate to assess the three-transistor cells 
in the same manner as the previous one. 

. I 
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BUS 
t BUS 

211.. 

!GNO 
WR RD WR 

261.. .. ... 261.. ... 
FIGURE 9.2 Mask layouts* for three-transistor (nMOS and CMOS) memory cell *(pull-ups 

not shown). 

9.2.2.1 Area 

From the layout it will be seen that an area of more than 500/..? is required for each bit stored 
(less if GND (V55), and/or bus, and/or control lines are shared with other cells). Thus, for 
/.. = 2.5 Jlm. 

Area/bit * 3000 Jlm2 

Thus, to continue the previous example, the maximum number of bits which could be 
accommodated on a 4 mm x 4 mm silicon chip is > 4.8 k bits. 

9.2.2.2 Dissipation 

Static dissipation is nil since current flows only when RD is Hi and a 1 is stored. Thus, the 
actual dissipation associated with each bit stored will depend on the bus pull-up and on the 
duration of the RD signal and on the switching frequency. 

9.2.2.3 Volatility 

The cell is 'dynamic ' and will hold data only for as long as sufficient charge remains on Cg 
(of T2) . 

9.2.3 A One-transistor Dynamic Memory Cell 

The area occupied by each bit stored in each of the previous cases is quite considerable, 
which clearly limits, say, the number of bits wbich could be stored on a single chip of 
reasonable size. 

Various approaches have been taken to reduce the area per bit requirements and one 
such approach is the one-transistor cell as shown in Figure 9.3. The concept of the single 
transistor cell is quite simple, as may be seen from Figure 9.3(a). It basically consists of a 
capacitor em which can be charged during 'write' from the read/write line, provided that the 
row select line is Hi. The state of the charge Cm can be read subsequently by detecting th~ 

J 
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Read/write 

(a) Circuit arrangement 

(c) Equivalent circuit 

Read/write 

(d) Mask layout 

Basic VLS/ Design 

Row select 

s 

Voo 

_be 
Fstrate 

GND 

Plate 

Voo 

D s 

Read/write Plate 

(b) Stick diagram 

Read/write 

FIGURE 9.3 One-t,·anslstor memory cell. 

) 

Row select 

state of the charge via the same read/write line with the row select line Hi again, and a sense 
amplifier of a suitable nature can be designed to differentiate between a stored 0 and 
a stored 1. 

However, in practice the cell is slightly more complex than first considerations might 
suggest, since special steps must be taken to ensure that Cm has sufficient capacitance to 
allow ready detection of the stored content. 
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The most obvious and readily fabricated Cm in the structure under consideration would 
be to extend and enlarge the diffusion area comprisil)g the source (S) of the pass transistor 
in Figure 9.3(b). We would then rely on the junction capacitance between the n-diffusion 
region and . the p-substrate to form Cm. However, if we consult Table 4.2 (which gives 
capacitance values for a typical MOS process), we will see that the capacitance per unit area 
of diffusion is much less than the capacitance per unit area between gate and channel (i.e. 
between the channel under the thin gate oxide and the polysilicon gate area). 

If we use the diffusion to substrate capacitance alone, a comparatively large area will 
be required to give any significant value of capacitance; for example, at least 161..2 will be 
needed to give a capacitance equal to 10Cg (i.e. 0.01 pF in the 5 Jlm MOS process being 
considered). A solution is to create a much more significant capacitor by using a polysilicon 
plate (which is connected to Vvv) over the diffusion area. Thus, Cm is formed as a three-plate 
structure as indicated in Figure 9.3(c). For example, for the area given in Figure 9.3(d), 
CDifJ-Poly. = 1 OOOCg (= 0.1 pF), while the contribution from the diffusion region to the 
substrate will be much smaller but will add some 25% to this figure, giving a total Cm of 
0.125 pF for the layout considered. Even so, careful design is necessary to achieve consistent 
readability. 

9.2.3.1 Area 

The area enclosed to indicate the standard cell in Figure 9.3(d) is 200A.2. Thus for A.= 2.5 jlm, 
area/bit stored = 2001..2 = 1250 jlm2. 

Therefore, the number of bits per 4 mm x 4 mm chip area is approximately 12 k bits 
(allowing some 'overheads' for sensing, etc.). 

9.2.3.2 Dissipation 

There is no static power associated with the cell itself, but there must be an allowance for 
switching energy while writing to and reading from the storage elements. 

9.2.3.3 Volatility 

Quite obviously, leakage current mechanisms will deplete the charge stored in Cm and thus 
the data will be held for only up to 1 msec or less. Therefore, periodic refresh operations 
must be provided. It will also be realized that reading the cell is a destructive operation and 
that the stored bit must be rewritten every time it is read. 

9.2.4 A Pseudo-static RAM/register Cell 

So far, all the storage elements considered have been volatile and thus have an implied need 
to be periodically refreshed. This is not always convenient and it is necessary to consider the 
design of a static storage cell which will hold data indefinitely. A common way of meeting 
this need is to store a bit in two inverter stages in series with feedback, say, on ~2 to refresh 
the data every clock cycle. Circuit arrangements are shown in Figures 9.4(a) and 9.5(a) and 
it will be seen that a bit may be written to the cell from the bus by energizing the WR line. 
From our system timing consideration of section 9.1, we will assume WR to occur in coincidence 
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FIGURE 9.4 nMOS pseudo-static memory cell. 
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FIGURE 9.5 CMOS pseudo-static memory cell. 

' 
with cj> 1 of the clock. Thus, the bit is stored on Cg of inverter I and will be reproduced 
complemented at the output of inverter I and true at the output of inverter 2. It will be seen 
that during every cj>2 of the clock the stored bit is refreshed through the gated feedback path 
from the output of inverter 2 to the input of inverter I. Thus the bit will be held as long as 
cj>2 of the clock recurs at intervals less than the decay time of the stored bit. To read the state 
of the cell it is only necessary to energize the RD line, which is also assumed coincident with 
cj> 1 of the clock, arid the bit will be read onto the bus. 

Note that: 

I . WR and RD must be mutually exclusive (but are both coincident with cj> 1). 

2. If cj>2 is used for refresh, then the cell must not be read during cj>2 of the clock unless 
the feedback path is inhibited during RD. If an attempt is made to read the cell onto 
the bus during refresh, .then charge sharing e~fects between the bus and input (Cg) 
capacitances may cause the destruction of the stored bit. 
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3. Cells must be stackable, both side by side and top to bottom. This must be carefully 

considered together with the overall strategy to be observed when the layout is 
drawn. 

4. Allow for other bus lines to run through the cell so that register and memory arrays 
are readily configured. 

With these factors in mind, it is possible to draw up stick diagrams as in Figures 9.4(b) 
and 9.5(b), which show the nMOS and CMOS basic cells. 

Mask level layouts follow from this; a possible layout for an nMOS ·celL which can be 
written to from bus A and can be read onto bus A or bus B is given in Figure 9.6. 

The mask layout shown in Figure 9.6 occupi~s a~ area of 59A. x 45A. = 2655A.2, but if 
we are considering a single bus and a more compact layout then the area requirement can 
be reduced to about 1750A.2 or less. The CMOS version of this cell is net really a practical 
proposition other than for storing a few bits. Ten transistors are needed per bit stored, which 
makes the cell too demanding in area to be the basis of larger memories. We will therefore 
evaluate only the nMOS version of the cell and, to return to the original purpose, we may 
now set out the relevant parameters for this popular and useful pseudo-static storage cell in 
the same terms as have been used previously. 

9.2.4.1 Area 

A typical area for a nMOS single cell with single bus is in the region of 1750A.2. Therefore, 
for A. = 2.5 fJ.m 

Area/bit "" 1 0000 fJ.m2 

Thus, the maximum number of bits of storage per 4 mrn x 4 mrn chip is approximately 
1.4 k bits. 

9.2.4.2 Dissipation 

The nMOS cell uses two inverters, one with an 8:1 and the other with a 4:1 ratio. Dissipation 
will depend on the current drawn and thus on the actual geometry of the inverters, but let 
us assume that inverters are based on minimum feature size gate areas so that the 8:1 stage 
will present a resistance of 90 k.Q and the 4:1 stage a resistance of 50 k.Q between the supply 
rails . Now when one stage is off, the other is on so that, say, each spends half-time in the 
conducting state. Therefore 

Average current = o.s(~ + ~) "" 80 f.l.A 
90k.Q SOkQ 

Therefore dissipation per bit stored = 80 f.l.A x 5 V = 400 f.l. W. Thus 1.4 kbits on a single chip 
would dissipate 560 mW. 

9.2.4.3 Volatility 

The cell is non-volatile provided that ~2 signals are present. 
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FIGURE 9.6 nMOS pseudo-static memory cell with read to either of two buses. 
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9.2.5 Four-transistor Dynamic and Six-transistor Static CMOS 
Memory Cells 

Most of the preceding memory cells involved n-type transistors and can therefore be implemented 
in either nMOS or CMOS designs. The cells about to be described utilize both n-type and 
p-type transistors and are therefore intended for CMOS systems only (although the dynamic 
element can be readily adapted to nMOS-only implementation). 

Both the dynamic and static elements, set out in Figure 9.7, use a two bus per bit 
arrangement so that associated with every bit stored there will be a bit and a bit bus as 
shown. In both cases the buses are precharged to logic 1 before read or write operations take 
place. 

Figure 9.7(a) gives the arrangement for a four-transistor dynamic cell for storing one 
bit. Each bit is stored on the gate capacitance of two n-type transistors T1 and T2 and a 
description of the write and read operation follows . 

9.2.5.1 Write operations 

Both bit and bit buses are precharged to VDD (logic 1) in coincidence with c!> 1 of an assumed 
two-phase clock. Precharging is effected via the p-transistors T5 and T6 in the diagram. Now 
(with reference to Figure 9.7(c), the appropriate 'column select' line is activated in coincidence 
with the clock phase c!>2 and either the bit or bit line is discharged by the logic levels present 
on the I/0 bus lines, the 110 lines acting in this case as a current sink when carrying a 
logic 0. The ' row select' signal is activated at the same time as 'column select' and the bit 
line states are 'written in' via T3 and T4 and stored by T1 and T2 as charges on gate capacitances 
Cg2 and Cg1 respectively. Note thanhe way in which T1 and T2 are interconnected will force 
them into complementary states while the row select line is high. Once the select lines are 
deactivated, the bit stored will be remembered until the gate capacitances lose enough charge 
to drop the ' on' gate voltage below the threshold level for T1 or T2. 

9.2.5.2 Read operations 

Once again both bit and bit lines are precharged to VDD via T5 and T6 during c!> 1 so that both 
lines will be at logic 1. Now if, say, a 1 has been stored, T2 will be on and T1 will be off, 
and thus the bit line will be discharged to Vss (logic 0) through T2 and the stored bit thus 
reappears on the bit lines. 

When such cells are used in RAM arrays, it is necessary to keep the area of each cell 
to a minimum and transistors will be of minimum size and therefore incapable of sinking 
large charges quickly. Thus it is important that the charges stored on the bit lines be modest 
and this may not be the case if they are directly paralleled by the 110 line and other associated 
capacitances through the column select circuitry. RAM arrays therefore generally employ 
some form of sense amplifier. A possible arrangement is shown in Figure 9.7(c) in which Tl> 
T2, T3 and T4 form a flip-flop circuit. If we assume the sense line to be inactive, then the state 
of the bit lines is reflected in the charges present on the gate capacitances of T1 and T3 with 
respect to VDD such that a 1 will turn off and a 0 turn on either transistor. Current flowing 
from V DD through an on transistor helps to maintain the state of the bit lines and predetermines 
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FIGURE 9.7 Dynamic and static memory cells. 
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the state which will be taken up by the sense flip -flop when the sense line is then activated. 
The geometry of the single sense amplifier per colunm will be such as to amplify the current 
sinking capability of the selected memory cell. 

Figure 9.7(b) indicates an adaption of the basic dynamic cell, just considered, to form 
a static memory cell. At the expense of two additional transistors per bit stored, the transistors 

.,. 1) and T2 of Figure 9.7(a) can each be replaced by an inverter as shown in Figure 9.7(b). This 
arrangement will clearly render the cell static in its data-storing capabilities. 

The general arrangement of a RAM utilizing the circuits considered here appears later 
in this chapter (Figure 9 .18). 

9.2.6 JK Flip-flop Circuit 

No consideration of memory elements would be complete without the JK flip-flop . The JK 
flip-flop is a particularly widely used arrangement and is an example of a static memory 
element. It is also most useful in that other common arrangements such as the D flip-flop and 
the T flip-flop are readily formed from the JK arrangement. Edge-triggered circuits are 
conveniently designed with an ASM (algorithmic state machine) approach-see C.Clare, 
Designing Logic Systems Using State Machines, McGraw-Hill, 1983}-and the design equations 
for a JK flip-flop, as in Figure 9.8, follow from an ASM chart setting out the requirements 
as in Figure 9.9. It should be noted that the flip-flop is assumed to have an asynchronous 
clear (C/r) input as well as the clocked J and K inputs, and that J and K are read in during 
the Hi level of the clock <!>, and the data thus read is transferred to the output on the falling 
edge of<!>. 

J - 0 

Clock 0 
,.., 
~ 'V 

K 

I Clr 

FIGURE 9.8 JK flip-flop. 

Design equations are readily derived from the ASM chart of Figur~ 9.9 and, making the 
secondary variable assignments (AB in the figure), we may express the requirements as 
follows: 

A = a.(Clr).(b + ~ + K) + b .(Clr).J ·<I> 

B = (Clr).(a.~ +b.<!>) 

where output Q = B, and a and b are the fed . back state of the secondary variables A and B 
respectively. 
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FIGURE 9.9 ASM chart for JK flip-flop. 

9.2.6.1 Logic gate Implementations 

) 

We are now faced with a choice of implementations based on Nand or Nor or switch logic. 
The expressions for A and Rare readily realized in Nand or Nor logic, as shown in Figure 9.10, 
and it will be seen that a master/slave arrangement applies in each case. 

However, an initial consideration of each arrangement will reveal that, for nMOS, the 
Nand arrangement is impractical, owing to the relatively large number of gates requiring 
three or more inputs which will therefore be inherently large in area and slow in performance. 
The obvious nMOS alternative is a Nor gate arrangement which is a practical proposition and 
can be readily implemented. 
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FIGURE 9.10 Logic arrangement for JK flip-flop. 

For CMOS, both Nand and Nor gates are suitable although the Nor gate is generally slower. 

9.2.6.2 Switch logic and inverter implementation 

In setting out an arrangement of n pass transistors to realize the logical requirements, we 
must bear in mind earlier considerations on the nature of switch logic networks: that is, there 
should ue no more than four pass transistors in series (section 4.9); pass transistors are not 
to be used to drive the gates of other pass transistors; the logic 0 as well as the logic 1 
transmission conditions are to be deliberately satisfied. Thus, we need to implement the 
expressions for A and jj as well as the expressions for A and B given earlier in this section. 
The resulting arrangement is given at Figure 9.11 and is a realization of the JK flip-flop 
based. on n-pass transistor logic and inverters only. 

9.2.7 D Flip-Oop Circuit 

A D flip-flop is readily formed from a JK flip-flop by renaming the J input D and then 
replacing connections to K by jj (see/igure 9.1 0). Similarly, a T(Toggle) flip-flop is formed 
from the JK by making J = K = E, where E is the toggle enabling input. 
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It should also be noted that the arrangements given may be simplified by the omission 
of the Clr input, or that a Preset input can be substituted for or added to the Clr input if 
required. Furthermore, the way in which clock activation takes place may be modified by a 
reshaping of requirements in the ASM chart of Figure 9.9 and a consequent reformulation of 
the JK flip-flop design equations given at the beginning of section 9.2.6 of this text. 

However, a much simpler version of the D flip-flop is obtained from a pseudo-static 
approach, as in Figure 9.12 for CMOS. Clearly, an nMOS version is also readily configured. 

9.3 FORMING ARRAYS OF MEMORY CELLS 

The memory cells discussed in section 9.2 and others will most often be used in arrays of 
some form or other. Typical arrays are registers and random access memories (RAM) and 
these arrays will be used as examples in this section. We must not forget, however, that 
another common application is to use memory elements individually as 'flags' or 'status bits' 
in system design. In any event, there must be some means of selecting a particular cell or 
group of cells and some means of effecting read or write operations. 

9.3.1 Building up tbe Floor Plan for a 4 x 4-bit Register Array 

This will be the third subsystem to be considered for the 4-bit data path, the floor plan of 
which appeared as Figure 7.5; the first two subsystem minimum bounding box outline 
dimensions have been given as Figure 7.10(4 x 4 barrel shifter) and Figure 8.11(b) (4-bit 
adder). The fourth and final subsystem-the I/0 port facilities-will be left for the reader to 
consider as an exercise in completing a system design (prior to adding inlet and outlet pads 
through which a chip is bonded to the outside world). 

Starting with a bounding box representation of the chosen memory cell-in this case 
we have presented typical dimensions and connections of a pseudo-static cell with two bus 
lines, as in Figure 9 .13-we can arrive at a bounding box for a single 4-bit register and hence 
the floor plan for a 4 x 4-bit register array. 

The bounding box representation of the cell is 'stacked' to form a 4-bit register as in 
Figure 9 .14, the overall vertical dimension being about 180A.. Note how the cells stack 
'vertically' to form a 4-bit word and note that although a 'vertical' distribution of power has 
been assumed at the input of the register, power distributes horizontally thereafter. Note that 
since only a single metal layer has been assumed throughout, short but wide diffusion 'duck 
unders' have then been used to allow the ground (or V55) rail to cross the Vvv rail. However, 
it must be stressed that V00 and GND (Vss) connections must always be made through metal 
rails, except where crossovers are unavoidable; such crossovers should then normally be by 
means of short diffusion 'duck unders' where there is no second metal layer. 

The required architecture may then be built up by stacking complete registers, side by 
side in this case, to form the desired four-register array, the dimensions being around 
l80A. x 240A.. The floor plan is given fn Fi'gure- 9.15 and the diag;am clearly indicates the 
direction of data flow and control signal distribution. Note that this floor plan does not 
include the selection and control circuitry. 
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FIGURE 9.12 A CMOS pseudo-static D flip-flop. 

REGISTER CELL 

WR ~2 ROB RDA 
59A. _______________________ ., 

FIGURE 9.13 Bounding_ box for register cell. 

BUS 
A 

45A. 

BUS 
B 

9.3.2 Selection and Control of the 4 x 4-bit Register Array 

Figure 9.15 shows that the register array must be provided with the control signals 
WROr-WR3r; RDBOr-RDB3r; and RDAOr-RDA3r; derived from register select signals so that 
each register may be selected for read or write. We must also note that we need the capability 
to select two registers simultaneously for connection to the adder and that, in some cases, we 
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FIGURE 9.14 4-bit register floor plan. 
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FIGURE 9.15 4 x 4-blt register floor plan. 

may wish to read the contents of a single register to both A and B buses. One approach is 
to make use of decoder (or demultiplexer) circuits to route the control signals, as suggested 
in Figure 9.16. (For the reader unfamiliar with demultiplexer circuits, the select lines allow 
routing of a single input to anyone of the output lines, that i~, like a multiposition switch, 
and are the converse of the m~ltiplexer which selects any one of a number of input lines to 
be routed to a single output.) 

The whole register array and selection and control circuitry may then be represented in 
floor plan form, as in Figure 9.17; note that the details of the selection and control circuitry 
have not been given here. 

Note also that this register subsystem is the third of the four main functional blocks of 
the data path (Figure 7.1), for which we have already designed the shifter (Figures 7.8 to 
7. 1 0) and the adder subsystems (Figure 8.11 (b)). The completion of the floor planning is 
discussed in the nex~ chapter.· 

9.3.3 Random Access Memory (RAM) Arrays 

Now that we have considered individual memory cells, some of which are quite small in area 
and low in dissipation, and also the use of memory cells in an array of registers , it is not a 
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FIGURE 9.16 Decoder-based selection and control. 

Enable registers 

large step to consider much larger arrays of which the RAM (random access memory) is the 
most commonplace. 

It is relatively easy to form arrays of memory cells. For example, the CMOS memory 
cell of Figure 9.7(b) and associated sense circuitry (as in Figure 9.7(c)) will form a RAM 
array as shown in Figure 9.18. A suitable mask layout for the memory cell used here is 
suggested in Figure 9.19 to give an idea of overall area for a particular size of array. 

Finally, the architecture of a typical RAM array storing 'words' is illustrated by the 
floor plan and main interconnections for a 16-location x 4-bit word array in Figure 9.20. It 
will be seen that, in this case, the incoming address lines are decoded into row and column 
(with RD or WR) select lines, which are then used to select individual words in the memory. 
It will be noted that V00 a:nd GND(Vss) rails are not shown, but it is clear that they may be 
interleaved with the data bus lines. Note that in large arrays in particular, the data bus lines 
will become relatively long and must therefore be run on th_e metal layer to avoid excessive 
capacitance or series resistance. As discussed earlier, the bus capacitance and the control line 
capacitances must be allowed for in the design. 

To complete this section, Figure 9.21 is a plot of the metal layer only for -a 16-location 
x 4-bit memory. The regularity of the memory array, the way in which the buses are run, and 
the various subsections of the floor plan are clearly evident. 



fJOi:t Basic VLSI Design 

240A ______ _.. 

4 X 4-BIT REGISTER ARRAY 

320A 

SELECTION AND CONTROL CIRCUITS 

FIGURE 9.17 Overall floor-plan-register array and select/control circuits. 

9.4 OBSERVATIONS 

This chapter has completed our introduction to most of the techniques and many of the 
commonly used circuit arrangements for- VLSI design in Silicon. 

We have now completed the design of three of the four subsystems comprising the 
4-bit data path which has been the 'vehicle ' we have used to explore design processes. 

We have also begun to see that communications are a very important aspect of design 
and this will be further emphasized in the next chapter. 

9.5 TUTORIAL EXERCISES 

l. Design a two-line to four-line decoder (demultiplexer) circuit to the mask layout 
level and determine its bounding box. Then work out the arrangement of, and area 
occupied by, the 4 x 4-bit register select and control circuit of Figure 9 .16. 

2. Taking a 16-location x 2-bit RAM_arrangement as an example, suggest (with sketches 
only) how such an arrangement could be configured for two-port operation (i .e. data 
can be read or written to any location from either of two 2-bit data buses). 
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FIGURE 9.18 16-blt CMOS static memory array. 

3. For the 4 x 4-bit register designed in this chapter, and using the select and control 
circuit suggested in question 1, work out all communication paths and interconnections 
between the three subsystems of the 4-bit data path we have so far designed. Use a 
bounding box representation for each subsystem and clearly indicate the layers on 
which interconnections are made. What is a suitable overall area for the processor 
as so far designed? 

4. nMOS: Using a 4-bit word arrangement of Figure 9.22, and consulting the RAM 
arrangement of Figure 9.20, draw a mask level layout for the word select circuit 
associated with each 4-bit word and thus determine the overall area needed for each 
word stored. Next, design stick diagram level arrangements for the remaining blocks 
on the floor plan-that is, the row and column selection circuits and the input buffers 
and drivers, etc. Then, estimate the area needed for the 16 x 4-bit RAM as a whole 
(without 1/0 pads). 
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FIGURE 9.19 CMOS static memory cell-mask and stick layout. 

5. CMOS: Starting with the 16-bit RAM array of Figure 9.18, design suitable decoding 
and control circuitry to allow row and column selection and read and write operation 
of the array. (You may find it useful to refer to section 9.2.5.) 

Design one memory cell as far as the mask layout and determine a suitable area 
per bit stored. 
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Practical Aspects and 
Testability 

OBJECTIVES 

Is it not strange that desire should so many years outlive performance? 

- SHAKESPEARE: KING HENRY IV 

The chapter is intended to round off and summarize much of the preceding text and to discuss 
some of the practical realities the designer must face. The problems of communication again 
receive close attention and are illustrated in the context of the 4-bit dat~ path design. 

The chapter also includes a section headed 'Ground rules for successful design' and the 
reader will find that most of the rules, tabulated data artd performance parameters are grouped 
together consecutively in this section. The question of noise margins and other relevant 
aspects, such as CIF code and CAD tools, are also discussed. 

The second half of the chapter is entirely devoted to the very important subject of 
testability, which must always be a key design requirement for systems of any size. 

10.1 SOME THOUGHTS ON PERFORMANCE 

Two important parameters (other than 'does it work at all?') are speed and power dissipation. 
These factors are generally interrelated; power dissipation and area are also interrelated in 
MOS technology. 

Take, for example, the simple case of an nMOS 8:1 inverter which m~y be set out with 
a minimum feature size pull-down transistor (i.e. 2A. x 2A. pull-down gate area and a minimum 
width 16A. long x 2A. wide pull-up channel) giving a total resistance from Vnn to GND of 
90 kQ. The maximum power dissipation for this particular design will thus be 

(S Vi = 0.278 mW 
90ill 

An alternative form of 8:1 inverter is to use a pull-down geometry 2A. long and 6A. wide 
262 
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with a 6A. long, 21.. wide pull-up channel giving a Vvv to GND resistance of 33 .3 kQ and a 
consequent maximum power dissipation of 

(S vi = 0.7~ mW 
33.3 kn 

•, 

that is, about three times the dissipation. However, comparing the total transistor areas for 
each case we have, in the first case, 21.. ~ 21.. + 161.. x 21.. = 361..2 area and, in the second case, 
21.. x 61.. + 61.. x 21.. = 241..2. In other words, the 3:1 (approximate) reduction in power 
dissipation is at the. expense of & 50% increase in transistor area. 

Now consider the aspect of speed (or circuit delays), and take the simple case of one 
8: I inverter driving another similar inverter. The longest delays will occur when the output 
of the first stage is changing from logic 0 (Lo) to logic 1 (Hi), that is, the Ll transition of the 
output, and the capacitances associated with the output and the input of the next stage must 
charge through the .pull-up resistance of the first stage as in Figure I 0.1. Asymmetry is also 
present in CMOS devices. It is also obvious that during the complementary V transition the 
same capacitances must be discharged through the pull-down transistor of the first stage. 

FIGURE 10.1 Circuit model for Inverter driving an Inverter on a AO/P transition. 

For the minimum pull-down feature size nMOS 8:1 inverter, for example 

Rp.u = 8Rs 

Rp.d = IRs 

CIN = 10Cg 

allow stray and wiring capacitances 

Cs = 40Cg (say) 
Then 

Ll transition delay = 8Rs x 50Cg = 40't 
and 

V transition delay =d.Rs x 50Cg = 5't 
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For the alternative 8:1 inverter design discussed earlier, and allowing the same stray and 
wiring capacitances 

~ transition delay = 3R5 x 70Cg = 21 't 
and 

1 1 
V transition delay = - R x 70C = 2- 't 3 s g 3 

Thus, it may be seen that a speed-up factor of about 2:1 in this case is bought at the expense 
of a 3:1 increase in power consumption but has the bonus ofreducing area by a factor of2:3. 
Similar considerations apply to the switching energy of CMOS circuits. 

Therefore, as in most engineering situations, there are trade-otis to be made, and it is 
essential that the would-be designer have a good fundamental understanding of the discipline 
to be able to make sound decisions. 

But remember, in the end there will always be limits imposed by the technology and 
some specifications will be impossible to meet. 

10.1.1 Optimization of nMOS and CMOS Inverters* 

The approximate calculations presented here should be useful from a qualitative point of 
view and are intended to give the reader some appreciation of basic CMOS and nMOS circuit 
optimization problems. 

For a more rigorous treatment of circuit optimization methods, refer to the articles cited 
at the end of the chapter. 

10.1.1.1 The CMOS Inverter 

The area of a basic CMOS inverter is proportional to the total area occupied by the p- and 
n-devices. 

where 
wp = width of the p-device 
LP = length of the p-device 
wn = width of the n-device 
Ln = length of the n-device 

Minimum area can be achieved by choosing minimum dimensions for WP, LP, Wn and Lm that 
is 

Hence 

*The authors are indebted to Professor K.S. Trivedi of Duke University for providing this material on 
inverter optimization. 
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Switching power dissipation , P sd• can be approximated by CL V'bvf where 

CL = load capacitance at the inverter output 
Vvv = power supply voltage 

f = frequency of switching 

For fixed Vvv and J, minimizing Psd requires mtmmtzmg CL which can be achieved by 
minimizing the area A since CL is proportional to the gate areas comprising A. 

Asymmetry in rise and fall times, tr and tr (transition times between 10% and 90% logic 
levels), can be equalized by using 13n = I3P' (Notice that tr and t1 are proportional to the 

average resistance of the device which is approximately given by ~ where l3 = 13n or [3p) . 
PVDD 

This requires that 

to compensate for the lower hole mobility Jlp, compared to electron mobility Jln· 

Assuming Lp = Ln = 2A., h * 2, we require WP * 2. This yields tr = tr 
llp wn 

Note that equalizing rise and fall times is not possible in nMOS or pseudo-nMOS 
inverters because of the ratio requirement. 

Asymmetry in noise margins, NMH and NML, can be equalized by choosing 13n = I3P and 

w 
hence ___.!!_ * 2 for LP = Ln. This yields NMH = NML. (See Figure 10.4(b).) 

wn 
Basic inverter pair delay-Consider a basic inverter pair shown in Figure 10.2 where 

CL is the capacitive load driven by the two identical inverters, inverter pair delay D(= tr + t1) 
is proportional to (Rp + Rn)CL where RP = 2!([3pVDv) and Rn = 2/(f3nVvv) are the average 
resistances of the p- and n-transistors respectively. 

Also 

where 
CE = lumped parasitic capacitance 
Cg = gate capacitance per unit area 

FIGURE 10.2 Inverter pair. 
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Hence 

where D0 is a constant of proportionality. Assuming h :::: 2 
Jlp 

D=D [c [2
LP +.!2.)+c (2L2 +2L L Wn +L L WP +L2

)] 0 E W W g p pnW pnW n 
p n · p n 

) 

Since D increases with Ln and Lp, for minimum D choose· Ln = LP = 2A. (minimum). Minimizing -1-
D with respect to WP yields a solution 

w 
However, D does not vary significantly with WJWn in the range 1 ~ _.!!_ ~ 2 (see 

wn 

Figure 10.3). Hence simultaneous optimization of various parameters mentioned above seems 
to be easily achievable in the CMOS inverter, without greatly increasing the delay D. 

10.1.1.2 nMOS Inverter 

L W 
Let Z /Z = p.u. p.d. = k where the subscripts p.u. and p .d. refer to the pull-up ~nd pull-p.u. p.d. W L 

p.u. p.d. 

down transistors respectively. Then area 

( 
L ) - L W +kW2 p.d. - Ao p.d. p.d. p.u. W 

p.d. 

I 
1. 

... 
where A0 is a constant of proportionality. For a fixed k, to achieve minimum A, we need ., 
Lp.d. = wp.u. = 2A.. Minimizing A with respect to wp.d. yields a solution wp.d. Jk wp.u. = Jk n. I 
Hence, using Zp.ulZp.d. = k, we obtain 
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Delay 
(nsec) 

12.96 
12.84 

12.72 Wn=2).. 

12.6 

12.48 Wn=4).. 

12.36 Wn=6).. 

12.24 Wn=8).. 

12.12 

12.0 

11 .88 

11 .76 

0.96 1.2 1.44 1.68 1.92 2.16 2.4 2.64 2.88 

Notes: Lp = Ln = 2). = 5 J!m 
Gate capacitance C1 = 4 x 1 Q-4 pF/J!m2 
CE=4x 10-3 pF 

FIGURE 10.3 Delay (nsec) vs. WJWn for CMOS Inverter. 

This implies Zp.u. = Jk and Zp.d. = 11 Jk . Giving 

Minimum area = 8A0A.2 Jk 

f:JQ 

v? 
· Static power dissipation , Pd = P0 DD , where P0 is a constant ofproportionality-

(k + l)Zp.d. 

for fixed k and VDD• Pd is minimized by choosing as large a Zp.d. as possible. However, a 
large zp.d. requires a large a Zp.u. (Zp.u. = kZp.d.), and hence the delay D of the inverter pair 
increases. One . has to choose the maximum Zp.d. possible for a given maximum allowed 
delay D . 

If we use Zp.d. = 1 with Lp.d. = Wp.d. = 2/2A., and Zp.u. = k with Lp.u. = 2kA. and Wp.u. = 

2A., we obtain 

p = PoVtD· 
d (k + 1) 

A = 4A0(k + 1)/A.2 

Inverter pair delay-Proceeding in a similar manner to the CMOS case 

cL = cE + C8 Wp.d.Lp.d. 

D = tr + tf = Do(Zp.d. + Zp.u.)CL 

= D0[Zp.dCE(1 + k) + Cg(1 + k)L~d.J 
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To minimize D: 

l. Choose minimum Lp.d. = 2A.. 

w 
2. For maximum Wp.d.• choose Lp.u. = 2A., as Wp.d. = 2kA. Lp.u. which yields Wp.d. = kWp.u. 

p.u. 

Choosing large Wp.d. to minimizeD increases A. Hence for a given area A(= Wp.dLp.d. 
+ Wp.uLp.u.) with Lp.d. = Lp.u. = 2A., we must have 

W = A 
p.u. 2"A(k + 1) 

w - kA 
p.d. - 2A.(k + 1) 

With Wp.u. = 2A., we have Wp.d. = k2A.. Hence Zp.u. = 1 and Zp.d. = Ilk for minimum D. 

Minimum D = D0(1 + k) (CE/k + 4A.2Cg) 

Table 10.1 shows the summary of optimization of the three parameters, D, A and Pd, Notice 
that the solution for minimum power dissipation also gives the lowest power delay product 
among the three designs. 

TABLE 10.1 Optimum parameters for nMOS inverters 

Lpd. wp.d. zp.d. Lp.u. w p.u. zp.u. 

Minimum D 21.. 2kA. Ilk 2A. 2A. 1 

Minimum A 2A. 2A.Jk l!Jk 2A.Jk 2A. Jk 

Minimum Pd 2A. 2A. 2Ak 2A. k 

A/A0 DID0 Pdi(PoVbv) 

4A.2(k + 1) (1 + k) (CE/k + 4A.2Cg) 
k 

Minimum D 
k+l 

Minimum A 8A.2 Jk (I + k)( ~ + 4A.
2cg) Jk 

(k + 1) 

4A.2(k + 1) (1 + k) (CE + 4A.2Cg) 
1 

Minimum Pd --
(k + 1) 

10.1.2 Noise Margins 

Noise margins have been mentioned in the preceding section and it is appropriate now to 
consider this factor in more detail. 

Noise margins are a measure of a logic circuit's tolerance of noise voltages in either 
of the two logic states; in other words, by how much the input voltage can change without 

1 

I 

I 

' 
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disturbing the present logic output state. In order to examine this, it is convenient to consider 
a pair of inverters (nMOS or CMOS) and derive the noise margins for signals applied to the 
input of the second inverter, inverter 2, which is driven from the output of a similar inverter, 
inverter 1, as in Figure 10.4(a). 

Referring now to Figure l0.4(b), -we see the transfer characteristics (V0 ..,1 vs .. Vin) for a 
pair of CMOS inverters set out in such a way that the output voltage of inverter 1 is applied 
as the input voltage to inverter 2. By flrst considering the point at which output 1 starts to 
enter the transition region (the unity gain point A) and calling this voltage · V tJH m;n and then 
considering the input voltage level Vm min (point B) at which the transition of the output of 
inverter 2 commences, we are able to define the high level noise margin of inverter 2 as NMn 
where 

NMn = Vonmin - V!Hmin (a positive voltage) 

Similarly, a consideration of the low logic level conditiorts gives 

NML = v OLmax ~ v/Lmax (a negative voltage) 

A similar approach will yield noise margins for the rtMOS inverter as shown in 
Figure 10.4(c). It may be seert that generally the CMOS inverter will have better noise 
tnargin.s than. the nMOS inverter, particularly for the low condition. 

In both cases, symmetry about Vinv is assumed (where Vinv is the point at which V0 ..,1 = 

Vin == VDJJ2) . This assumes that ~P = ~n for CMOS, and that the. correct ratio of Zp.u. t() Zp.d. 
has been observed for nMOS. 
_ Changes in the ~ni~P ratio for CMOS or to the Zp.ulZp.d. ratio f()r nMOS will result in 

a shift in the V0..,1 vs. Vin characteristics (see Figures 2.7 for rtMOS and 2.15 'for CMOS) and 
consequent degradation of one or the other rtoise margin in each case. 

Thus the effect of ratios on n()ise margins performance must be taken into account in 
design. 

10.2 FURTHER THOUGHTS ON FLOOR PlANS/LAYOUT 

In considering the layout of the four-bit data path used earlier as a design exercise, we could 
have waited until we knew the minimum size and disposition of connections to each functional 
block in order to finalize the floor (llan. lndeed, this is a possible approach if coriununications 
will allow. Quite accurate floor plans can be set out at an early stage if a library of properly 
dimensioned and characterized elements/cells is available to the designer. 

However, a better approach is to draw up quite specific floor plans at the outset and 
then design/configure the subsystems to conform to the required floor plan. This ap(lroach 
is more general than the orte we have used so far. The same 4-bit processor (Figure 8.1) will 
be used to illustrate the method and consideratiorts involved. 

First (as before) determine an overall strategy (perhaps as suggested in Figure 10.5) and 
then use this to determine the best relative disposition df subsystems in light of data flow 
and control paths through the system. For the 4&bit data path, a suitable layout is shown in 
Figure 1 0.6. 
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Note: A and 8 , C and D are unity gain points. 

FIGURE 10.4 Inverter noise margins. 
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FIGURE 10.5 A communications strategy. 
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Register 
select and 
control 

ALU 
control 

FIGURE 10.6 Possible floor plan for 4-bit processor. 

Shifter 

When approached this way, a reasonably well thought-out floor plan can be developed 
before knowing any real detail of ·1he subsystem/block areas. In the event, features of individual 
subsystems (Figures 7.8, 7.9 with 7.10, 8.11(b), and 9.15 with 9.17) will, in general, dominate 
the overall layout and other blocks may then be stretched and/or reconfigured as necessary 
to conform with the dominant features. 

In order to do so it is essential to set out clearly the way in which data will flow on 
the buses. In this case: 

1. Floating bus lines are envisaged. 
2. All read and write operations are coincident with <!> 1. 

3. Bus A connects the 110 port to the register array and carries one operand (Ak) from 
the registers to the adder. It will also be used to carry the output of the shifter back 
to the register array (and 110 port). Bus A is therefore bidirectional. 
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4. Bus B connects the register array with the other input (Bk) of the adder and may also 
be used to carry the sum output (S1) from the adder to the input of the shifter. Bus 
B is unidirectional. 

Taking the subsystems of the 4-bit data path example (Figures 7.9 with 7.10, 8.ll(b), 
and 9.15 with 9 .18), one of the main features is the bus spacing, that is, the spacing between 

·buses A,. and B,. and between A,. and A,.+h etc., and close examination of the interconnection 
of designs pursued in this text will reveal that the bus spacings of the adder subsystem 
dominate those of the other sub-systems. 

Rearrangements consequent on these considerations affect the barrel shifter (Figures 7.8 
to 7.1 0) in particular. It is necessary to interchange the relative position of the In and Out 
bus lines and also make the cell stretchable to match the height of the dominant (adder) block 
and its bus spacing. Also, to mate with the bus structures of the other blocks, the In and Out 
bus lines should be in metal rather than polysilicon and diffusion, as used in our original 
design of Figures 7.8, 7.9 and 7.10. 

The way in which this may be done is indicated in the revised standard cell layout 
(Figure 10. 7); it is necessary to allow for rifts and extensions and to cope with optional 
features which result from the four versions (owing to optional contacts) of the standard cell 
required, thus ensuring generality. 

____ -- ______ ,.. _ t _v EXTN 

outbustnTITn1~~~nl~mnTITTITTIT~n]~~~ll 
(metal) 

In bus 
· (metal) 

~L.L&.LLLL.LIDD~~L.I..LLLLI.L~~-~ 

Note: 1 and 2 are optional contacts. 

FIGURE 10.7 Standard cell for barrel shifter. 
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The concept of the use of a Y RIFT which is extendable from OA. minimWil upward and 
X EXTN and Y EXTN which are extensions of the cell from OA. upward make the barrel 
shifter configurable to match most bus dispositions. Note that rifts and extensions should be 
placed where they cut a minimum amount of simple geometry;' for example, Y ·RIFT involves 
the stretching of two wires-one in polysilicon and the 'other in .diffusion. Once such a degree 
of freedom is available, subsystems may be mated with a smooth flow:..through of buses as 
suggested in Figure 10.8, which, for simplicity, shows the mask layout for an nMOS adder 
and a shifter which is on the right. 

10.3 FLOOR PLArl LAYOUT OF THE 4-BIT PROCESSOR 

Having designed the three main subsystems and determined their bounding boxes and 
interconnection dispositions, we can now envisage a complete system in which they are 
disposed relative to each other as set out in Figure 10,6. 

The dg.minant feature of the layout (in this case, the interbus spacing of the adder 
circuit) having already been determined, and the shifter having already been redesigned to 
allow stretching to match the adder, a consideration of the bounding box and of connections 
to the register array will reveal a need for some stretching of the basic register cell as well 
so that an easy interconnection of the subsystem can take place through alignment of the 
buses in each subunit. 

A possible arrangement-one that was fabricated (as a student project-is included in 
Figure 10.9, Although layer encoding is lost in this particular black and white reprqduction 
from a color-pen plotter of the mask layouts, the architecture and placement of the subsystems 
are quite readily apparent. Connections to and from the outside world are made through input 
and output pads which allow for bonding. 

10.4 INPUT/OUTPUT (110) PADS 

As well as allowing the bonding of leads from the chip to the pins on the package, the 1/0 
pads cover a number of other requirements. Consequently, several types of pad are required. 
It is not within the scope of this text to present designs for a family of pads and, in most 
cases, pad designs are readily obtainable as basic library cells. However, the purposes served 
by the circuitry associated with pads require some general observations. The following needs 
must be met: 

1. Protection of circuitry on chip from damage from static electricity and , capacitive 
discharge (ESD) effects: this can be a serious problem, and care must be exercised 
in handling all MOS (and other integrated) circuits. The problem of 'static zap' may 
be put in perspective by considering the breakdown voltage of the thin oxide between 
gate and channel in, say, a 5 J.l.m MOS circuit. Silicon dioxide has a breakdown 
voltage in the region of 109 volts/meter and for a gate oxide thickness of 0.1 Jlm, the 
maximum allowable voltage gate/channel is 

V < 
109 

volts x 
0·

6

1 meter= 100 volts 
gc max meter 1 0 
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FIGURE 10.8 A possible interconnection of the adder and shifter subsystems. 
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FIGURE 10.9 Complete layout of 4-blt data path multlproject chip. 
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This may sound generous in light of rail voltages of the order of 5 to 10 volts, but 
relatively high voltages are readily generated on one's person or on tools and handling 
equipment. Quite innocent pastimes, such as walking across a vinyl floor or a synthetic 
carpet, can generate voltage·s of several hundred volts under conditions of high 
relative humidity (RH) and more than 10 kV if the RH is low. These voltages are 
well in excess of 100 volts and, although in some cases immediate failure may not 
occur, there may be significant degradation of reliability and/or life through 'wounding' 
of circuits. 

2. Provide the necessary buffering between the environments on and off chip. For 
example, buffers are needed to drive the relatively large capacitances associated with 
circuits off the chip. 

3. Provide for the connection of power supply rails. 

A minimum set of pads should include: 

1. Vvv connection pad; 
2. GND (Vss) connection pad; 
3. input pad; 
4. output pad; 
5. bidirectional 1/0 pad (usually tristate logic). 

In all cases when input and output (or bidirectional) pad designs from a library are used, the 
designer must be aware of the nature of the circuitry embodied in the pad design, that is: 

1. be aware of the ratios (size of inverters/buffers onto which output lines are connected; 
2. be aware of how input lines pass through the pad circuit (e.g. are the input signals 

fed in through pass transistors or do they come ·rrom inverter-like stages)? 

Unless there are exceptional circumstances pads must always be placed around the periphery 
of the chip area, otherwise bonding difficulties may be encountered. A sample set of nMOS 
5 J.lm pad designs may be consulted in Hon ~d Sequin, 1980, and Newkirk and Mathews, 
1984. CMOS pad designs are usually available from fabricators. 

The designer must allow for the way in which the number of available pads quickly get 
used up and the very significant area they occupy. Take, for example, a simple processor of 
the type discussed in this text together with some RAM memory to form a basic microprocessor 
circuit. A typical arrangement is shown in Figure 10.10. Allowing for eight memory address 
lines (i.e. 256 locations of RAM}, the complete chip as shown will need more than 30 pads 
which must therefore be accommodated in the layout. Such a number is readily bonded to, 
say, a 40-pin header, but the designer must ·also bear in mind that the package to be used will 
impose an ultimate limitation on the allowable number of pads. 
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FIGURE 10.10 4-bit processor-pad utilization. 

10.5 .. REAL ESTATE' 

Give me land, lots of land .. . 

-(WORDS OF A POPULAR SONG OF YESTERYEAR) 

One of the most common mistakes among beginners is to assume that phenomenal amounts 
of circuitry occupy very little area on the chip (VLSl = very little silicon indeed). In order 
to correct such over-optimism it is necessary to consider only one or two of the practical 
factors which arise in system design. 

For example, consider the area required by the 1/0 pads for the floor plan of Figure 10.1 0. 
The connections shown require 33 pads and typical standard 5 J..Lm pad layouts require an area 
of-1 OS A. by 1 OOA. to 200A. (depending on the nature of the pad). An average pad then occupies 
some 105A. by 150A., say, that is, an area of 15,750A.2. Thus the area: required for 33 pads is 
over 500,000A.2. To put this into perspective, the average area allowance for each student 
project for a multiproject chip (MPC) design was typically somewhere in the region of 
1000A. x 1000A., that is, 106A.2. Thus, for the floor plan given in Figure 10.10, the pads would 
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occupy one-half of this total area. Certainly, the design given here is somewhat pad-intensive 
but, as a rule of thumb, the small system designer should allow one-third of the chip area 
for pads. 

Having come to terms with this, the budding designer may then consider what to do 
with the layout of the remaining two-thirds of the chip area (i.e. about 700,000A.2 for an 
example MPC design). What is the prognosis? 

An assessment of what could be fitted into such an area could be approached by 
considering the basic enhancement mode pass transistor of minimum size occupying an area 
of 4}}. If 2A clearance is allowed all around, then the on chip area will be 36A.2. Dividing 
this into the available area, one might conclude that almost 20,000 such devices could be 
fitted into the area under discussion. However, MOS circuitry necessitates the use of inverters 
or inverter-like circuits. When two transistors are put together and contacts etc . are added, 
then, typically, a single inverter occupies at least 200A.2. Viewed from this point, the same 
area should thus accommodate about 3500 inverters. However, this is also an over-optimistic 
assessment of the possible circuit density, since one has to consider the significant effect of 
interconnections even within a leaf-cell. Consider the simple memory cell of Figure 10.11 
which we might use to implement the RAM of Figure 10.1 0. The temptation is to as~ess area 
requirements by reasoning thus: 

two inverters + .three pass transistors = 2 x 200A.2 + 3 x 36A.2 = 508A.2. 

However, when design rule clearances, buses, power and control wiring are allowed for , 
this cell can occupy 1500A.2 or more (i .e. a factor of 3:1 over the 'simple ' estimates). 

Now, consider the available area on the floor plan and further assume that about half 
this area (i .e. approximately 350,000A.2) is to be devoted to the RAM. This area will allow 
no more than 256 bits of storage elements, as in Figure 10.11, and if each RAM location 
must hold a 4-bit word, then the designer can be no more ambitious than a 64-word RAM. 
The running of extra bus lines, as in the register array, will further substantially increase the 
area occupied by each memory cell. 

Bus 

- - - - - - - - - - 0 /P 
'-------, 1:1 ,....------' 

FIGURE 10.11 Pseudo-static memory cell. 
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10.6 FURTHER THOUGHTS ON SYSTEM DELAYS 

10.6.1 Buses 

He thought he saw [an operand}, 
descending from a bus, 
he looked again and saw it was 
a hippopotamus. 

flfl 

- (WITH APOLOGIES TO LEWIS CARROLL) 

The use of bus lines is a convenient concept in distributing data and control through a 
system. However, it is easy to lose sight of what is really happening and bus-derived signals 
tend not to be what were expected. 

Bidirectional buses are convenient but conflicts must be avoided since data cannot flow 
in both directions at once. Clearly, in our data path design, the sum Sk must be stored and 
then subsequently read onto the bus, since it becomes obvious th~t two buses cannot carry 
two input operands and the sum simultaneously. A significant problem which is often 
underestimated is that of speed restrictions imposed by the capacitive load presented by long 
bus lines. 

The largest capacitance (for a typical bus system) is contributed by Cnus (the bus wiring 
capacitance), and for small chips with, say, a IOOOA. long bus this can be as high as 0.75 pF 
for a metal layer bus in 5 Jlm technology. In total, then, the bus and associated circuitry for 
the system being considered could contribute a capacitive load of about 0.8 pF, which may 
be driven ·through pull-up (typically 20 to 40 kQ 'on' resistance) and pull-down (typically 

; 10 kQ 'on' resistance) transistors and through at least one pass transistor or transmission gate 
in the series. 

Therefore, sufficient time must be allowed to charge the total bus capacitance during, 
say, cp 1 of the clock. In the data path system considered here, the time required for the total 
bus capacitance to charge to an appropriate level (to, say, > 90% of Vnn) is in the region of 
100 nsec. Thus, it may be seen that equal cp 1 and cp2 clock periods would result in an upper 
clock frequency limitation for the processor due to bus loading alone of 5 MHz. This frequency 
can be increased by using asymmetric cp 1 and cp2 periods or by using BiCMOS drivers. 

10.6.2 Control P'atbs, Selectors, and Decoders 

A basic operation of a data path is to add together the numbers stored in two registers to 
produce a sum and a carry at the 'carry out' pad (for cascading, etc.). 

In terms of delays involved, and in the context of the 5 Jlm system considered here, the 
following delay mechanisms are encountered during this process: 

I. Select register and open pass transistors (or transmission gates) to connect cells to 
bus. For a particular design, the select logic and associated drivers might have the 
equivalent circuit as shown in Figure 10.12. 

The overall delay of this arrangement may be assessed in terms oft (where t is 
the time constant of 1 D Cg charging through a minimum-size n-type pass transistor) . 
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FIGURE 10.12 Register select circuit. 

Delay Element(s) contributing 

Input pad 
Three pass transistors (n2't) = 9't 
Driver inverter pair (M ~ VB~ l\C) 
(Assuming 40Cg load at C) 

30't (typical) 
9't 

34't 

Sum of delays (select register) = 73't 

2. Data propagation along bus-This has already been calculated as 100 nsec. 
3. Carry chain delay-The longest delay in the particular design of adder used is that 

of forming the 'carry out' which, in effect, propagates through all bits of the adder 
and then through the outlet pad as shown in Figure 10.13. Timing simulator results 
for a 2-bit arrangement is given as Figure 10.14. It will be seen that, although the 
l\C and V C delays are slightly different, an average delay of 65 nsec is a fair 
assumption for the 2-bit system simulated. We may also deduce the delay per bit 
(* 20 nsec) from the simulation. Overall then, a 5 j.lm 4-bit ripple-carry adder could 
be expected to have a delay of about 105 nsec. 

Thus, the overall delay = select registers + bus delays + carry chain delays = (73't) + 100 nsec 
+ 105 nsec. 

For 't = 0.2 nsec 

Sum of delays= 14.6 + 100 + 105 * 220 nsec 

Thus, cp1 of the clock must have a duration longer than 220 nsec . 

1'1)Ut 
pad 

Carry in 

MULTIPLEXER 

A j_ j_ 

... 
: Three further 
• similar MUX 
:stages . . ~ .... · ..... . 

c 

FIGURE 10.13 Possible carry chain clrult. 
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FIGURE 10.14 Timing simulation result for a 2•bit version of the multiplexer-based adder. 

10.6.3 Use of an Asymmetric Two-phase Clock 

10.6.3.1 Clock Ferlod cp2 

In many systems, cp2 of the clock is used only to refresh memory/register cells such as that 
shown in Figure 1 O, 15. From the figure it can be seen that cp2 has to be long enough in 
duration to allow C;n to charge ~hrough the pull-up resistance of the second inverter and 
through the feedback circuit--~hi~h may be in the region of 35 kW. If time is allowed for 
C;n to charge to within< 10% of, its final value, then refresh time* 2.5 x lOt= 25t which, 
for the 5 Jlm system being evaluated, equates to a minimum 'on' time of 5 nsec for cp2. 

However, cp2 signals must also propagate through wiring etc., and finite rise- and fall-times 

r<;.,=3DC, 

cln = Gate and wiring c QND. 
,. ,-. 

FIGURE 10.15 Memory c:etl refresh. 
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must be allowed for so that some extra time should be allowed for the $2 'on' period. For 
safety allow, say, 50-r (i .e. 10 nsec) for the $2 'on' period and also allow 10 nsec underlap 
between the two phases. Thus 

total clock period = 220 + 10 + 10 + 10 = 250 nsec 

Therefore, in theory, our simple modeling suggests that the data path chip design should 
operate on add instructions with a 4-MHz clock. 

10.6.4 More Nasty Realities 

Life wasn 't meant to be easy. 

- MALCOLM FRASER 

(FORMER PRIME MINISTER OF A USTRALIA) 

The simple calculations made on the particular processor design seem to indicate that a clock 
frequency in the region of 4 MHz would be possible. In practice, this may not happen. Why 
is this so? To answer this it is necessary to consider practical as well as theoretical realities. 

From the theoretical aspect, our predictions have been made on very approximate 
parameter values and on very simple circuit models. We have also mostly ignored the quite 
significant effects of peripheral capacitance in diffusion regions and fringing field capacitances 
around conductors on the chip. 

Although 't was assumed to be in the range 0.1 to 0.3 nsec for 5 ~m technology, the 
value of 't measured for the fabricated chip may not be within this range. In fact, the value 
of 't measured on some 5 ~m MPC circuits fabricated and tested for this project was in the 
region of 0.6 nsec. 

The designer, therefore, must be aware of, and allow for, all the significantly nasty 
realities affecting the performance of the design, and have a good knowledge of the parameters 
of the processing plant or fabrication line where that design is to be implemented in silicon. 

There are two main points of difference between expectations and realization which 
characterize many of the designs of beginners. They are: 

1. The system being designed occupies far more area than was anticipated. 
2. The system when manufactured is slower than the designer had estimated. 

However, if the first few designs are carefully carried out, are not over-ambitious, and are 
properly checked for logical and design rule errors, the beginner is usually pleasantly surprised 
by the fact that the system does in fact function, albeit not quite as fast as intended. 

10.7 GROUND RULES FOR SUCCESSFUL DESIGN 

This section is intended to provide a convenient · focus for design information. From our 
cons-iderations of system design up to this point a number of ground rules, aspects of philosophy, 
and some basic dStta have emerged which help to ease the design process and ensure success. 
These and one or two other considerations which are important (but have not as yet been 
formally set out in the text) are presented or referenced here under 19 subheadings. 
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1. The ratio rules (Chapter 2) 

(a) for nMOS inverters and inverter-like stages 
Zp.u.:Zpd. ratio = 4:1 when driven from another inverter 
Zp.u.:Zp.d. ratio= 8:1 when driven through one or more pass transistor(s) 

where 
Z = LIW for the channel in question 

(b) for CMOS, a 1: 1 ratio is normally used to minimize area, but for pseudo-nMOS 
inverters etc., a ratio Zp.u.:Zp.d. = 3:1 is required. 

2. Design rules (Chapter 3). Never bend the rules. 
3. Typical parameters for 5 J.l.m (A = 2.5 J.l.m), 2 J.l.m and 1.2 J.l.m feature size MOS 

(Chapter 4) including guidelines for signal interconnections. 

TABLE 10.2 (Table 4.1) Typical sheet resistances Rs of MOS layers for 5 J.l.m, and Orbit 
2 J.l.m and 1.2 J.l.m technologies 

Layer R5 ohm per square 
------

5 Jim Orbit 

Metal 0.03 
Diffusion (n-type or n-active) 10-50* 
Silicide 2-4 
Polysilicon 15-100 
n-transistor channel 1o4t 
p-transistor channel 2.5 x 1o4t 

Note: In some processes a silicide layer is used in place of polysilicon. 
*Times 2.5 for p-type. 

0.04 
20-45* 

15-30 
2 X 104t 

4.5 X 104t 

tThese values are approximations only. Resistances may be calculated from a knowledge of Vds -and 
the expressions for Ids given earlier. 

TABLE 10.3 (Table 4.2) Typical area capacitance values 

Capacitance Value in pF x J~IJ.Lm2 

(relative values in brackets) 

5Jlm 2 J.Lm 1.2 J.Lm 

Gate to channel 
Diffusion (active) 
Polysilicon* to substrate 
Metal 1 to substrate 
Metal 2 to substrate 
Metal 2 to metal 1 
Metal 2 to polysilicon 

4 
1 
0.4 
0.3 
0.2 
0.4 
0.3 

(1.0) 
(0.25) 

(0.1) 
(0.075) 

(0.05) 
(0.1) 

(0.075) 

8 (1.0) 16 
1.75 (0.22) 3.75 
0.6 (0.075) 0.6 
0.33 (0.04) 0.33 
0.17 (0.02) 0.17 
0.5 (0.06) 0.5 
0.3 (0.038) 0.3 

Note: Relative value = specified value/gate to channel value for that technology. 
*Poly I and Poly 2 are similar (also silicides where used). 

(1.0) 
(0.23) 

(0.038) 
(0.02) 
(0.01) 
(0.03) 

(0.018) 
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TABLE 10.4 (Table 4.3) Typical values for diffusion capacitances 

Diffusion capacitance Jypical values 

5J.Un 1.2 Jlm 

Area C ( Carea) 
(as in Table 42) 

Periphery (Cperiph) 8.0 X 10-4pF/j.lm negligible* negligible* 

• Assuming implanted regions of negligible depth. 

In order to calculate the total diffusion capacitance we must add the contributions of 
area and peripheral components. 

Ctotal = Carea + Cperiph· 

Standard unit of capacitance OCg 
IDCg is defined as the gate~to-channel capacitance of aMOS transistor having W = 

L = feature size, that is, a 'standard' or 'feature size' square (the concept of DCg, 
originated by VTI (USA), has been adapted here). 

OCg may be evaluated for any MOS process. For example, for 5 J.lm MOS circuits: 

standard value OCg = .01 pF 

or, for 2 J.lm MOS circuits (Orbit): 

standard value OCg = .0032 pF 

and, for 1.2 j.lm MOS circuits (Orbit): 

standard value DCg = .0023 pF 

The delay unit t 

We have developed the concept of sheet resistance Rs and standard gate capacitance 
unit OCg. If we consider the case of one standard (feature size square) gate area 
capacitance being charged through one feature · size square of n channel resistance 
(i.e. through Rs for an nMOS pass transistor channel), we have: 

time constant t "" IRs (n channel) x IOCg seconds 

This can be evaluated for any technology and for S J.lm technology 

theoretical 't = 0.1 nsec. 

and for 2 J.llli (Orbit) technology 

theoretical 't = 0.064 nsec . 

and for 1.2 J.llli (Orbit} technology 

theoretical 't == 0.046 nsec. 

However, in practice, circuit wiring and parasitic capacitances must be allowed 
for so that' the figure taken for t is often increased by a factor of two ·or three. 
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Taking account of resistances and total capacitances we may set out practical 
guidelines on signal path lengths as in the following table (10.5), noting that the 
figures given are conservative but safe. 

4. Inverter pair delay 
In general terms, the delay through a pair of similar nMOS inverters is 

Td = (1 + Zp.ulZp.d.)'t 

and for a minimum size CMOS complementary inverter pair 

TABLE 10.5 (as for Table 4.4) Electrical rules 

Layer Maximum length of communication wire 

lambda-based (5 J.Lm) J.Lm-based (2 J.Lm) J.Lm-based (1.2 J.Lm) 

Metal 

Silicide 

Polysilicon 

Diffusion (active) 

chip wide 

2,000A. 

200A. 

20A.* 

chip wide 

n.a. 

400 Jlm 

100 Jlm 

*Taking account of peripheral and area capacitances. n.a. not applicable. 

5. Cascaded inverters for driving capacitive load (CJ) 

chip wide 

n.a. 

250 Jlm 

60 Jlm 

The approach is to use N cascaded inverters, each one of which is larger than the 
preceding stage by a width factor f 

It has been shown that the number 'N' of stages required is given by 

where 

N = ln(y) 
ln(f) 

c 
y=-L-

0C8 

It can also be shown that total delay is minimized iff assumes the value e (base of 
natural logarithms); that is, each stage should be approximately 2. 7* times wider 
than its predecessor. This applies to CMOS as well as nMOS inverters. See Chapter 4 
for more details. 

*Note: Usually f = 3 will do since the curve is quite flat near the minimum. 

6. Propagation delay through cascaded pass transistors or transmission gates (Chapter 4) 

Td = n2rc('t) 
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where 
n = number in series 
r = relative series resistance per transistor or per transmission gate in terms of R5 

c = relative capacitance gate to channel per transistor or per transmission gate in 
terms of OCg. 

Normally, no more than four pass transistors or transmission gates should be 
connected in series without buffering. 

7. Factors influencing choice of layer for wiring (Chapter 4) 

Layer 

Metal 

TABLE 10.6 (Table 4.5) Choice of layers 

Relative 
R 

Low 

c 
Low 

Comments 

Good current capability without large 
voltage drop ... use for power distribution 
and global signals. 

Silicide* Low Moderate Modest RC product. Reasonably long 
wires are possible. Silicide is used in place 
of polysilicon in some nMOS processes. 

Polysilicon High Moderate RC product is moderate; high IR drop. 

Diffusion Moderate High Moderate IR drop but high C. 
Hence hard to drive. ,-

Note: VDD and Vss (or GND) rails must always be run in metal, except for very short ' duck 
unders' where crossovers are unavoidable. 
*Not often available-depending on process line. 

8. Subsystem/leaf-cell design guidelines (Chapter 6) 
(a) Define the requirements properly and carefully. 
(b) Consider communication paths most carefully in order to develop sensible placing 

of subsystems and leaf-cells. 
(c) Draw a floor plan (alternating with (b) as necessary). 
(d) Aim for regular structures so that design is largely a matter of replication. 
(e) Draw stick diagrams for ba&i<; cells, leaf-cells, and/or subsystems or enter the 

design in symbolic form. 
(f) Convert to a mask level layout. 
(g) Carefully and thoroughly check each mask layout for design rule errors and 

simulate circuit or logical operation. Correct as necessary, rechecking as corrections 
are made. 

9. Restrictions associated with MOS pass transistors and transmission gates (Chapter 6) 
(a) No more than four in series without buffering (see Point 6). 
(b) No pass transistor gate must be driven from the output of one or more pass 

transistors, since logic 1 levels are degraded by threshold voltage V1p (where V1P 

can be as high as 0.3 VDD). 
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(c) When designing switch logic networks of pass transistors or transmission gates, 
care must be taken to deliberately implement both the logic 1 and logic . 0 output 
conditions. 

Note: An if, then, else approach to specifying requirements will help to make sure 
that this is done. 

10. Storage of logic levels on the gate capacitance of transistors 
(a) Gate/channel capacitance is suitable for storing a bit, but care must be taken to 

allow for the finite decay time (about 0.25 msec at room temperature). 
(b) It is quite allowable to construct pass transistors, etc. under metal layers tc save 

space. This is often convenient and is used, for example, in some multiplexer 
layouts, but care must be taken with overlying metal wires where gate/channel 
capacitance is used for bit storage. 

Consider Figure I 0.16(a). Three such instances are illustrated here, all of 
which lie under metal wires. Two of these cases, T1 and T3, will operate 
satisfactorily, since for T1 the metal wire is actually connected to the gate and 
for T3 the metal wire is at a fixed, unvarying potential (that is, VDD in this case). 
However, T2 gate region lies under a metal bus which has no connection with th .. 
gate of T2. If a bit is stored on T2 gate by momentarily connecting Control A to 
the required level, then the bit will be stored but can be disturbed or destroyed 
by variation of the voltage on the overlying bus, as Figure 1 0.16(b) reveals. 

(c) Restrictions also apply to logic level storage on the input capacitance of a Nand 
gate except for the input nearest the GND or Vss rail. Conditions are indicated 
in Figure 10.17. 

11 . Enhanced clocking. One of the basic limitations on the use of simple MOS pass 
transistors (se~ Point 9 above) is the degradation of logic 1 levels by Vrp and the 
consequent inability of one pass transistor to drive the gate of a second (or more) 
pass transistor. This is particularly bothersome in clocking networks and a solution 
to this problem is to run all clock lines at a voltage level above VDD as shown in 
Figure 1 0.18 . 

Note that the signal propagated through T1 is VDD while that propagated through 
T2 is VDD - vtp· 

12. The maximum allowable current density in aluminum wires is 1 rnA/J..lm2
. Otherwise, 

metal migration may occur (Chapter 6). Current density must be particiilarly carefully 
considered if the circuit is to be scaled down. 

13 . Scaling effects: see Chapter 5. 
14. System design process (Chapter 7-refer also to point 8 in this section) 

(a) Set out a specification together with an architectural block diagram. 
(b) Suitably partition the architecture into subsystems that are, as far as possible, 

self-contained and give interconnections that are as simple as possible. 
(c) Set out a tentative floor plan showing the proposed relative physical disposition 

of subsystems on the chip. 
(d) Determine interconnection strategy. 
(e) Revise (b), (c) and (d) interactively as necessary. 
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FIGURE 10.16 Pass transistors under metal wires. 

(f) Choose layers on which to run buses and main control signals. 

) 

(g) Take each subsystem in turn and conceive a regular architecture to conform to 
the strategy set out in (d). Set out circuit and/or logic diagrams as appropriate. 
Remember that switch-based logic is such that both logic 1 and logic 0 output 
conditions must be deliberately satisfied (see Point 9). 

(h) Develop stick or symbolic diagrams adopting suitable tactics to meet the overall 
strategy (d) and choice of layers (f) . Determine suitable /eaf-cell(s) from which 
the subsystem may be formed. 



( 

1/P B e e 
SLJL_ 

GND 

(a) Not allowable 

Practical Aspects and Testability 

Vss 

nMOS or CMOS 
puU·up arrangement 

1/PA e e 
..rL.rL 

(b) Allowable 

FIGURE 10.17 Storage nodes In gate arrangements. 

Voo 

FIGURE 10.18 Enhanced clocking. 

Vss 

(i) Produce mask layouts for the leaf-cells making sure that cells can be butted 
together, side by side and/or top to bottom, without design rule violation or 
waste of space. Carefully check for any design rule errors in each standard cell 
itself .. Determine overall dimensions of each cell and characterize in bounding 
box form if convenient. 

(j) Casc-ade the replicate leaf-cells as necessary to complete the desired sub-system. 
This may now be characterized in bounding box form with positions and layers 
of inlets 'and outlets. External links, etc. must be allowed for. Check for design 
rule . errors. 

15. Further observations on the design process (based on Chapter 8). 
(a) First and foremost, try to put requirements into words (often an if, then, else 

approach helps to do this) so that the most appropriate architecture or logic can 
be evolved. 

(b) If a standard leaf-cell(s) can be arrived at, then the actual detailed design work, 
including simulation, is confined initially to small areas of simple circuitry. 
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(c) Aim for generality as well as regularity, that is, leaf-cells, etc. should not be 
highly specialized unless absolutely necessary. 

(d) Communications dominate any system design. 
(e) A good library of basic leaf-cells and subsystems will speed design and allow 

accurate floor planning at an early stage. 
(f) A structured and orderly 'top-down' approach to system design is highly beneficial 

and becomes essential for large systems. 
16. Set out rules of -system timing at an early stage in design. A sample set of such rules 

is set out in Chapter 9 (section 9.1 ). 
17. Avoid bus contentions by setting out bus utilization diagrams or tables, particularly 

in complex systems and/or where bidirectional buses are used. 
18. Do not take liberties with the design rules but do take account of the ground rules 

and guidelines. 
19. Remember, IC designers should expect their systems to function first time around* 

and this will happen if the design concepts are correct and if the rules are obeyed. 

(We do not subscribe to the view 'If it works, it's out of date' (Stafford Beer), but 
we do contend that poorly conceived and badly designed systems may well be out 
of date before they work!) 

10.8 THE REAL WORLD OF VLSI DESIGN 

Knowledge comes, but wisdom lingers. 

-ALFRED LoRD TENNYSON 

The preceding sections of this book have been intended to give the reader an understanding 
of the way in which system, circuit, and logic requirements may be turned into silicon and 
a feeling for the nature of silicon circuits. The authors believe that a sound understanding of 
cause and effect is essential if the maximum benefits are to be obtained from VLSI and the 
fullest range of applications opened up to VLSI realizations. Thus it is without apology that 
we have dwelt on the fundamental aspects of design in silicon. 

From a sound foundation, a VLSI designer can operate with confidence, but must face 
up to the following requirements when contemplating large system designs in silicon. 

1. CAD. The VLSI designer will need computer-aided design assistance, not only to 
assist in the design but also to handle the sheer complexity of the information needed 
to express the physical aspects of the design in a form suitable for translation into 
silicon. 

2. Verification tools are essential to verify that the design is physically and logically 
correct and will perform correctly at the desired speed. 

• Not necessarily at optimum speed ... this may take longer and depends on the designer' s understanding 
of the properties of circuits produced in silicon. 
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3. Testability. The designer must, from the outset, face up to the requirements of being 
able to test a system once it i~ realized in silicon. 

4. Test facilities . Not only must testability be designed in but complex systems will 
need sophisticated equipment to actually test for correct operation. 

Thus, it is a purpose of this chapter to present an overview of these important topics in order 
to put them in perspective for the budding VLSI designer. However, it is not our intention 
to cove'r comprehensively any of these topics. Although the topics are dealt with separately, 
it will be readily apparent that they are closely interrelated and can be significantly 
interdependent. 

10.9 DESIGN STYLES AND PHILOSOPHY 

Style, like sheer silk, too often hides eczema. 

-ALBERT CAMUS 

When wishing to implement a system design in silicon, various approaches are possible and, 
of course, a wide range of technologies is available to choose from. The designer must 
choose an appropriate design style, but at this point it must be stressed that in no case will 
the choice of style hide the lack of a competent and systematic approach by the designer. 
However, we may summarize the possibilities into three broad categories: 

1. Full custom design of the complete system for implementation in the chosen technology. 
In this case, the designer designs all the circuitry and all interconnection/communication 
paths. 

2. Semi-custom design using a library of standard leaf-cells together with specially 
designed circuits and subsystems which are placed appropriately in the floor plan 
and interconnected to achieve the desired functional performance. In this case, the 
designer designs a limited amount of circuitry and the majority of interconnections/ 
communications. 

3. Gate array (uncommitted logic array) design in which standard logic elements are 
presented for the designer to interconnect to achieve the desired functional performance. 
In this case, the design is that of the interconnections and communications only. 

Once aga,in the boundaries between these categories may be blurred. For example, full 
custom design seldom involves the complete design of the entire chip; input/output pad 
circuits are more or less accepted as standard components and are generally available to the 
custom designer. 

In all cases it is desirable to take a hierarchical approach to the system design in which 
the principles of iteration or replication (regularity) can be used to reduce the complexity of 
the design task .. 

The designer is usually concerned with a number of key design parameters. These will 
include: 

1. performance, in terms of the function to be performed, the required speed of operation 
and the power dissipation of the system; 
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2. time taken for the design/development cycle; 
3. testability; 
4. the size of the die, which is determined by the area occupied by the circuitry and in 

tum has a marked impact on the likely yield in production and on the cost of bonding 
and packaging and testing. Large die sizes are generally associated with poor yields 
and high costs. 

Full custom design tends to achieve the best results, but only if the designer is fully 
conversant with the fundamental aspects of design in silicon so that parameters can be 
optimized. However, full custom design parameter optimization is usually at the expense of 
parameter 2, the time taken to design. 

Semi-custom and gate array designs both have penalties in area and often in speed and 
this is contributed to by the fact that not all the available logic will be used. This is due to 
the need for generality in gate array and standard cell geometries. However, it may often be 
the case that gate arrays will be faster than a prototype full custom design in, say, MPC form 
and the final custom designs must often be carefully optimized. 

Once the approach is chosen, there remains the design philosophy which ranges through 
the following general possibilities. 

1. Hand-crafted · design in which, for example, the mask layouts are drawn on squared 
paper with layer encoding and are then digitized to give a machine-readable form of 
the mask detail. Digitization can be done 'by hand', with entry of coordinates through, 
say, a keyboard or by more direct digitization of the drawn layout using a digitizer 
pad and cursor. 

2. Computer-assisted textual entry of mask detail through a keyboard using some specially 
developed language employing a text editing program. Such programs may have 
relatively low-level capabilities, allowing the entry of rectangtilar boxes, and 'wires' , 
etc. only, or may be at a higher level and allow symbolic entry of circuit elements 
such as transistors and contact structures. 

3. Computer-assisted graphical entry of mask geometry through either a monochrome 
or color graphics terminal, again with the aid of the appropriate entry, display, and 
editing software. 

In cases '2 and 3 the software usually aids the processes of hierarchical system 
design in that leaf-cells (or symbols) can be instanced many times, each instance 
being placed as appropriate in the floor plan. Subsystems thus created may themselves 
be repeatedly instanced and placed as required to build up the system hierarchy. 

Such tools obviously encourage regularity and are generally used with a generate 
then· verify design philosophy. · 

4. Silicon compiler-based desi~Jn in which a high level approach is taken to design, and 
special hfuguages, analogous to high level programming language compilers, are 
developed to · allow the. designer to specify the system requirements in a manner 
which is convenient and compact. The silicon compiler program then translates this 
input code into a mask design which will generate a circuit in silicon to meet the 
specified system requirements. Such programs are the subject of much research and 
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development work at this particular time. Indeed, the work has reached a stage at 
which silicon compilers have been in use for some time and there are textbooks on 
the subject (e.g. Ayres, 1983). 

10.10 TUB INTBRFACB WITH TUB FABRICATION HOUSE 

Knowledge without practice makes but half an artist. 

-PROVERB 

Obviously, real world designs in silicon are intended to be fabricated and there is no doubt 
that the learning processes associated with VLSI design depend heavily on actually designing 
systems in silicon, on having them fabricated and then on testing the fabricated chips. In all 
cases, then, good two-way communications between the fabrication house or silicon broker 
and the designer must be established. 

Communication from the former to the latter usually takes the form of a set of design 
rules which specify clearances, widths, spacing, overlaps, etc. for the process to be used. The 
design rules used in this test are examples of such rules. The fabrication house will also 
supply design parameters relevant to its processes. These include layer resistance values, 
layer to layer capacitance values, etc. , and typical values have been given and used in this 
text. 

In return, the designer must communicate his mask layout designs to the fabricator in 
a form which is convenient and clearly understandable. Methods of expressing mask geometry 
are not entirely standardized, but a de facto standard appears to be CIF code. 

10.10.1 CIF (Caltech. Intermediate Form) Code 

CIF is a low-level graphics language for specifying the geometry of integrated circuits 
(Hon and Sequin, A Guide to LSI Implementation , Xerox). The purpose of CIF code is to 
communicate chip geometry in ·a standard machine-readable form for mask-making. CIF code 
is reasonably compact and can cope with small and large system geometry. Its format is 
straightforward and it has the added advantage of being easily read. It has been widely used 
for the electronic transport of designs between universities and industrial laboratories, using 
such facilities as ARPANET in the United States and CSIRONET in Australia. Thus, it is 
appropriate to briefly examine some of the features of CIF so that th~ reader may appreciate 
general attributes of the code. 

10.10.1.1 Geometric primitives 

Various geometric structures such as boxes, polygons, and wires are readily defined. In 
general, the position, dimensions, and orientation must be specified and, also of course, the 
layer on which the box exists in the silicon. When examining the attributes of CIF code, the 
reader should be aware that CIF dimensions and positions are given in X, Y coordinate form 
but are in absolute dimension units, not in lambda form. 
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A few examples (Figure 1 0.19) illustrate the features of the representation. 

Boxes (B) are specified as 

Box Length (L) 

y 

Width (W) 

Center 
• 

Length 

Center (C) 

II .. 

Direction (D) 

.. ________ v 
I 
I 

I • 

FIGURE 10.19 CIF Primitives-examples. 

) 

X 

Note that direction is given as a vector assumed parallel to the length. If not given, then a 
vector 1, 0 (x, y) is assumed (that is, length will be parallel to the x-axis). 

1 
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Boxes I and II in the diagram would therefore appear in code as 

B 25 60 50 80 -10 10; (box I) 
,__---yo:.-~ "---v- _.__.; 

(L) (W) (C) (D) 
(L, W, C, D would not 

appear in the actual code.) 
,__.,.-.J--~ 

B 40 20 40 35; (box II) 

Polygons (P) are specified in terms of the vertices in order. An n-sided polygon requires 
n vertices ·and a connection between first and last is assumed to complete the boundary. 

Polygon III in Figure 10.19 would therefore appear in code as 

P-10-10 40 10 20-25 (polygon III) 

In order to represent areas with holes in them, as in polygon (IV), the vertices A, B, 
C, D, E, F, G, H, J, K, L, M would be used to specify the area. 

t Wires (W) are specified in terms of their width followed by the center line's coordinates 

' I 
\ . 

of the wire's path. In Figure 10.19, wire (V) would be specified as follows: 

w 10 90 110 120 110 120 75 

Note that each segment of wire ends in a semicircular 'flash' which will overlap any connecting 
area. 

10.10.1.2 Layers 

I,.ayer selection and subsequent changes are treated by mode setting prior to or during the 
entry of geometric primitives. Layer setting must precede the entry of the first piece of 
geometry and must then precede the geometric inputs on any change of layer. 

For the processes in this text the layers are named as follows: 

ND (nMOS diffusion/thinox) 

NP (nMOS polysilicon) 

NC (nMOS contact cut) 
NM (nMOS metal 1) 
NN (nMOS metal 2) 
NI (nMOS implant) 

NV (nMOS Via) 
NB (nMOS buried contact) 

CAA 
CNA 
CPA 
CPF 
CPS 
cc 
CMF 
CMS 

CS or CPP 
CW or CPW 
CVA 

(CMOS diff/thinox) 
(CMOS nDiff/thinox) 
(CMOS PDiff/thinox) 
(CMOS polysilicon 1) 
(CMOS polysilicon 2) 
(CMOS contact cut) 
(CMOS metal 1) 
(CMOS metal 2) 

(CMOS p+ mask) 
(CMOS p-well) 
(CMOS Via) 
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NG (nMOS overglass cuts) 
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CG or COG 
CBA 
CCA 

(CMOS overglass cuts) 
(BiCMOS p-base) 
(BiCMOS buried collector) 

Layer changes are indicated by the letter L followed by the lyaer name. 

) 

CIF also accommodates calls (C) and rotations and translations, etc., but the elementary 
review given here should convey the essential features. To reinforce this, a simple cell layout 
is given as Figure 10.20 with the corresponding CIF code given in Table 10.7. 

FIGURE 10.20 Layout of 'SRCELL' (plotted from the CIF code of Table 10.7). 
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TABLE 10.7 CIF code for SRCELL 

25 ~bda = 250; 
DS 1001; 
9 SRCELL; 
42-500, -250 5250, 7000; 

L NM 
w 1000 0,500 4750,500; 
w 1000 0,6250 4750,6250; 

L ND 
B 1000 1000 1000,500; 

L NC 
B 500 500 1 000,500; 

L NM 
B 1000 1000 1 000,500; 

L ND 
B 1000 1000 1 000,6250; 

L NC 
B 500 500 1 000,6250; 

L NM 
B 1000 1000 1 000,6250; 

L ND 
B 1000 1000 1 000,3250; 

L NP 
B 1000 750 1000,3875; 

L NC 
B 500 1000 1000,3500; 

L NM 
B 1000 1500 1000,3500; 

L ND 
w 1000 1000.750 1000,3000; 
w 500 1000.6000 1000,3500; 

L NP 
B 2000 500 1 000,2000; 
B 1500 2000 1000,4500; 

L NI 
B 1500 3000 1000,4500; 

L ND 
B 1000 1000 4000,2750; 

L NP 
B 1000 750 4000,2125; 

L NC 
B 500 1000 4000,2500: 

L NM 
B 1000 1500 4000,2500; 

L ND 
w 500 1250,3000 3750,3000; 

L ·NP 
w 500 4250,2000 4750,2000; 
w 500 2750,0 2750,6750; 

DF; 
C 1001 T 0,0 

End -
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10.11 CAD TOOLS FOR DESIGN AND SIMULATION 

Efficiency is intelligent laziness. 

-ARNOLD GLAsGow, READER ' s DIGEST, 1974 

The design of a chip of reasonable complexity can in time be completed 'by hand' but it is 
both a hard and inefficient way of doing things. As far as the design of very large systems 
is concerned, it is essential to have computer aids to design so that the design can be 
completed in a reasonable time and, indeed, so that it can be completed at all . Whatever the 
size or nature of the design task, there is no doubt that well-conceiyed tools can make it 
much easier and do it better. Tools are therefore essential to ensure first time (and every 
time) success in silicon. At the very least, the designer's 'tool box' should include: 

1. physical design layout and editing capabilities, either through textual or graphical 
entry of information; 

2. structure generation/system composition capabilities, which may well be part of the 
design layout software implementing Point 1; 

3. physical verification. The tools here should include design rule checking (DR C), 
circuit extractors, ratio rule and other static checks, and a capability to plot out 
and/or display for visual checking; 

4. behavioral verification. Simulation at various levels will be required to check out the 
design before one embarks on the expense of turning out the design in silicon. 

Simulators are available for logic (switch level) simulation and timing simulation. Circuit 
simulation via such programs as SPICE is also possible, but may be expensive in terms of 
computing time and therefore impractical for other than small subsystems. Recent advances 
in simulators have made it possible to use the software as 'a probe' to examine the simulated 
responses on various parts of the circuit to input stimuli also provided via the simulator. Such 
a facility, known as a software probe (and analogous to a CRO and associated hardware 
probe and signal generator), is available in various suites of design programs. 

The authors can only stress that the joy of discovering that 'it does what it's supposed 
to' is only exceeded by the dismay of discovering that 'it doesn't work!' once a chip is 
fabricated (the designer having failed to carry oqt proper simulation testing). Some aspects 
of typical design tools are briefly reviewed next. 

10.12 ASPECTS OF DESIGN TOOLS 

10.12.1 Graphical Entry Layout 

Textual entry of layouts was at one time quite widely used and special textual entry editors 
are in existence and may well be used for small subsystem layout. However, such tools have 
been virtually swept aside by a much more convenient and highly interactive method of 
producing layouts for which monochrome or color graphics terminals are used, and on which 
the layout is built up and displayed during the design process. Such systems are mostly 
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'menu driven' , in that menus of possible actions at various stages of the design are displayed 
on the screen beside the display of the current layout detail. Some form of cursor allows 
selection and/or placement of geometric features, etc., and the cursor may also allow selection 
of menu items or, alternatively, these may also be selected from a keyboard. Positioning of 
the cursor may be effected from the keyboard in simple systems and/or cursor position may 
be controlled from a bitpad digitizer or from a 'mouse ' , etc. 

Two of the earliest available graphical entry layout packages were KIC developed at the 
University of California, Berkeley, and PLAN, originally developed at the University of 
Adelaide. PLAN makes use of low-cost monochrome, well as color, graphics terminals and 
is marketed by Integrated Silicon Design Pty Ltd, Adelaide. The use of an early version of 
PLAN to generate layouts illustrated in Figures 10.21 to 10.25 and it is hoped that the 
inclusion of these figures, which show various stages of design, is sufficient to convey an 
idea of the nature of the layout process using this class of software tools. 

View i 
l'ai 
Kill I 
Move 1 

I. 
Scel 
Conn 
Wire 1 

Lcut 
Join 

Box 

Dm! 
I 

Po ly I 

01fn 1 

lll!liill 
Imp I 

Noox 

L- - ·- - ·----'-..:.-----
Pi c k another diagona~ point 

FIGURE 10.21 

. . . . . . . . 

------------'- .:.. '-- ·-- -dx~ ' --' Ody~-'-- 0- --
x = 17 !j= 27 

Basic PLAN design environment.* 

• Figure shows A grid, cross hair cursor, and menu (selected items in inverse video). x andy values of 
current or previous cursor position may also be displayed as shown. OBOX is selected to establish an 
outline (bounding) box. Then a name, (SRCL), is allocated to the enclosed cell. 
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f 
FIGURE 10.22 Layout of metal geometry using the BOX generate feature*. 

) 

• VDD and GND rails have been drawn by specifying diagonally opposite corners of each box (the Alum or 
metal layer is selected). x and y values shown are for the last comer specified and dx and dy give the 
relative movement of the cursor between corners of the last box drawn. 

10.12.2 Design Verification Prior to Fabrication 

Try your skill in gilt first, and then in gold. 

-PROVERB 

It is not enough to have good design tools for -producing mask and system layout detail. It 
is essential that such tools be complemented by equally effective verification software cap_able 
of handling large systems and with reasonable computing power requirements. 

The nature of the tools required will depend on the way in which an integrated circuit 
design is represented in the computer. Two basic approaches are: 

1. M~sk level layout languages, such as CIF, which are well suited to physical layout 
description but not for capturing the design intent. 
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FIGURE 10.23 Completed layout of shift register cell (SRCL)*. 
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210. 

• Identical to that of Figure 10.20. Note the labeled nodes ()r pins. 

2. Circuit description languages where the primitives are circuit elements such as 
transistors, wires, and 'nodes. In general, such languages capture the design intent but 
do not directly describe the physical layout associated with the desiga. 

By and large, therefore, the designer' s needs may include the following. 

10.12.3 Design Rule Checkers (DKC) 

The cost in time and facilities in mask-making and in fabricating a chip from those masks 
is such that all possible errors must be eliminated before mask-making proceeds. Once a 
design has been turned h. to silicon there is little that can be done if it doesn 't work. 

The wise designer will check for errors at all stages of the design, namely: 

1. at the pencil and paper stage of the design of leaf-cells; 
2. at the leaf-cell level once the layout is complete (e.g. when the CIF code for that 

leaf-cell has been generated); 
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Pick fh -·position 6f srcl dx= 2d~= · 3 · 

x = 2 !:!= 3 

FIGURE 10.24 Bounding (outline) box representation of SRCL*. 

• From now on, SRCL may be instanced from the SCEL item on the previous menu and placed as required 
as shown. Note that the cell is shown now as a bounding box with pins. 

3. at the su\.)system level to check that butting together and wiring up of leaf-cells is 
correctly done; 

4. once the entire system layout has been completed. 

The nature of physical layout verification 'design rule checking (DRC)' software may 
depend on whether the design rules are absolute or lambda-based, or on whether or not the 
layout is on a fixed or virtual grid. 

-----A number of DRC programs, based on various algorithms, are available to the designer 
(e.g. the CHECK program from Integrated Silicon Design Pty Ltd), 

10.12.4 Circuit Extractors 

If design informatiOI! exists in the form of physical layout data (as in CIF code form), then 
a circuit extractor program which will interpret the physical layout in circuit terms is required. 
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FIGURE 10.25 Instancing SRCL to form a register*. 

• Several instances of SRCL may be set out as shown to form a complete register (2-bits only shown) and 
a bounding box, and a name can be given to the whole structure. 

Although the designer could use the extracted data to check against his or her design intent, 
it is normally fed directly into a simulator so that the computer may be used to interpret the 
findings of the extractor. (An example of a circuit extractor program is NET trl'>m Integrated 
Silicon Design Pty Ltd.) 

10.12.5 Simulators 

In this section we very briefly consider the important topic of simulation prior to the VLSI 
design being committed to silicon. 

From mask layout detail it is possible to extract a circuit description in a form suitable 
for input to a simulator. Programs that do this are referred to as circuit extractors. The circuit 
description contains information about circuit components and their interconnections. This 
information is subsequently transfonned by the simulator into a set of equations from which 
the predictions of behavior are made·. 
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The topology of the circuit determines two sets of equations: 

• Kirchhoff's Current Law-determining the branch currents; and 
• K.irchhoffs Voltage Law-determining node voltages. 

The electrical behavior is defined by mathematical modeling, the accuracy of which 
determines two key factors: 

• the accuracy of the simulation; and 
• the computing power and time needed for the simulation. 

We are often interested in relatively simple models to enable the highlighting of key 
features of performance in the design stage and to be able to observe, trends as aspects of 
a design are changed by means of on-line interactive design. 

Various types of simulators are available but generally they fall into the following groups: 

• circuit simulators; 
• timing simulators; 
• logic level (switch level) (functional) simulators; 
• system level (functional) simulators. 

Circuit simulators are concerned with the electrical behavior of the various parts of the 
circuit to be implemented in silicon. Simulation programs such as SPICE can do this quite 
well, but take a lot of computing time to simulate even relatively small sections of a system 
and are completely impractical for circuits of any real magnitude. 

Timing simulators (such as PROBE from Integrated Silicon Design Pty Ltd and QRS 
(developed at MCNC)) have attempted to improve matters in these respects by concentrating 
on active nodes and ignoring quiescent nodes in simulation. Work is proceeding in many 
establishments oil improving the nature and performance of simulators; in particular, the way 
in which devices/circuits are modeled is vital. In all cases, the accuracy of simulation depends 

_ on the accuracy of the fabrication house parameters which must be fed into the simulator. 
In most cases, simulators attempt to predict the electrical performance with an accuracy of 
20% or better. Examples of the output form of typical timing simulators have been included 
at several points in this book. 

Timing simulators are becoming increasingly important during the design phase because 
of their speed and consequent interactive qualities. The structure of these tools ensures that 
run times are strictly linearly related to the number of devices and nodes being simulated. 
Speed-up is usually achieved through the use of a simple simulation cycle, a somewhat 
restricted network model and reasonably simple transistor models. 

The simulation cycle is organized around the concept of a timestep . Each node voltage 
V is updated within each timestep by applying the following relation: 

where 
Ids = drain to source current 
C = node capacitance 

!lt = timestep 

Ids v = vld +- !lt new o C 
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In order to improve transistor modeling it is possible to include: 

• body effect; 
• channel length modulation; 
• carrier velocity saturation. 

The last two effects are particularly important for short channel transistors, that is, 
channel lengths S 3 IJ.m, and their effects should be taken into account. 

Channel length modulation-for voltages exceeding the onset of saturation there is an 
effective decrease in the channel length of a short channel transistor. For example, the 
change in channel length IlL for an n-transistor is approximated by 

The resultant drain to source current 11 is approximated by 

where Ids is given by the simple expressions developed in Chapter 2. 
. Velocity saturation-when . the drain to source voltage of a short channel transistor 

exceeds a critical value, the charge carriers reach their maximum $Cattering limited velocity 
before pinch off. Thus, less current is available from a short channel transistor than from a 
long channel transistor with similar width to length ratio and processing. 

Logic level simulators can cope with large sections of the layout at one time but, of 
course, the performance is assessed in terms of logic levels with no or little timing information. 
However, there may be large sections of a system which can be satisfactorily dealt with and 
verified this way, provided that leaf-cell elements have been subjected to a more rigorous 
treatment. 

When considering complete systems, logic simulators may be replaced by simulators 
which operate at the register transfer level. In all cases, the designer should carefully consider 
the availability of all such tools when choosing VLSI design software. 

10.13 TEST MID TESTABILITY 

The proof of the pudding is in the eating. 

-PROVERB 

Although this topic has been left to last in this chapter, it is by no means least in significance. 
Three factors conspire to create considerable difficulties for the test engineer and, 

indeed, for the designer testing his or her own prototypes: 

1. the sheer complexity of VLSI systems; 
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2. the fact that -the entire surface of the chip, other than over the pads, is sealed by an 
overglass layer and, thu~, drcuit nodes cannot be probed for monitoring or excitation; 

3. with minor exceptions, there is no way that the circuit can be modified during tests 
to make it work. 

It is also essential for faults to be detected as early as possible in the manufacture of 
a system. A relationship, known as 'the rule of ten ' , tends to apply as far as test costs are 
concerned. This rule is concisely put as follows: 

If chip test cost = $x, then once that chip is soldered into a p.c. board with other 
components, test' cost= $lOx. Further, once that board is integrated into a system/equipment, 
then the test cost escalates by a further factor of ten to test cost = $100x. Finally, a factor 
which is often overlooked is that test costs may escalate by a further factor of ten when the 
equipment is in service in the field. It is thus essential to test at the chip level as comprehensively 
as possible. 

Thus, chip design/fabrication mistakes can be very costly, both in terms. of time and 
money and, for a complex chip, lack of tl}ought at the design stage may mean that it cannot 
be properly tested at all . Design for testability (DFT) is an essential part of good design. 

The requirements of testing must be co~idered at the outset and a satisfactory and 
sufficient measure of testability built into the architecture. So important is testability that 
many designers are prepared to dedicate 30% or more of chip area for this purpose alone. 

10.13.1 System Partitioning 

The problems of testing, particularly at the prototype stage, are greatly eased if the system 
is sensibly partitioned into subsystems, each of which is as self-contained and independent 
as possible. To take the example of the four-b it data path chip used earlier in the text, the 
partitions used-namely, the register array, the adder, and the shifter-are functionally 
independent to a large extent and have relatively simple interconnections. 

At the prototyping stage it is possible to provide special test points (by providing extra 
pads for probing) at the interface between the subsystems. It is also possible, in a prototype, 
to provide double pad and fusible link connections in key paths between subsystems. This 
allows these connections to be open circuited if necessary so that one system can be divorced 
from another as a last resort in prototype testing. 

For production items, also, it helps greatly if subsystems can be checked out individually 
by providing the appropriate additiOnal inlet/outlet pads for test purposes. The test requirements 
for exhaustive testing of large digital systems are quite prohibitive if the system is tested as 
a whole. Take, for example, a finite state machine realized as a mixture of combinational 
logic and memory elemert~s . Let us assume n possible inputs to the combinational logic and 
m memory elements, and that m memory elements outputs are fed back as inputs to the 
combinational logic. 

In this case, to fully exercise the system for every possible combination of inputs and 
internal states would involve the generation of 2m+n test vectors. If, say, n = 24 and m = 20, 
the resultant number of test vectors for exhaustive testing is 244 and, even if these are 
generated at a rate of I 06 vectors/sec, then testirig will take six months at 24 hours per day. 



(~ _______________________ P_r_a_ct_ic_a_I_A_s~p_ec_t_s_a_n_d_TI_e_st_a_b_il~ity~------------------~·-1.•1 .. 1 
On the other hand, if the system is partitioned for testing, exhaustive testing can be 

reduced to 2n + 2m vectors, a much more reasonable proposition (and for the figures given 
above would result in a test time of less than 20 seconds). 

10.13.2 Layout and Testability 

Although it is impossible to generalize on this topic, common sense and a thoughtful approach 
to system layout may well considerably ease the problems associated with testing. For example, 
the inclusion of key point test pads or pads to energize special test modes are possible when 
the design is evolving. 

The designer should also be aware of practical factors which will reduce the likelihood 
of short and open circuits. In particular, for MOS circuits, it has been shown that short 
circuits and open circuits in the metal layer and short circuits in the diffusion layer were the 
dominant faults experienced. Careful observance of design rules and ground rules should 
help to reduce the incidence of such faults . 

10.13.3 Reset/Initialization 

One simple but very effective aid to testing and testability is to design a reset facility into 
all digital systems of any complexity. This has the considerable advantage of setting all 
internal states to known values, and testing may then at least proceed from known conditions. 

The simple expedient is quite often overlooked or omitted. 

10.13.4 Design for Testability* 

There are two key concepts underlying all considerations for testability. They are: 

1. controllability; 
2. observability. 

Quite simply, these concepts ensure that the designer considers the provision of means of 
setting or resetting key nodes in the system and of observing the response at key points. 

The effects of testability or lack of it are such that it has been predicted that testability 
will soon become the main design criterion for VLSI circuits. The alternative is to save area 
by ignoring testability, but the penalties are such that even for modest complexity (e.g. 
10,000 gates per_ chip) the test costs could rise by a factor of five to ten, compared with the 
same system designed for testability. Given that test is already a significant component of 
LSI chip costs, the effects will be quite dramatic and could well cause the test costs to exceed 
all other production costs by a significant factor. 

Design for testability ( observability and controllability) is then reduced to a set of 
design rules or guidelines which, if obeyed, will facilitate test. 

• The authors acknowledge contributions embodied in this section by Dr A. Osseiran of the Swiss Institute 
of Technology. 
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. A failure during testing at the chip level may be due to a design defect or a poorly 
controlled fabrication process. 

The inputs of the device under test (DUT) are subjected to a test pattern (or test vector) 
which supplies a set of binary values, in combination and/or in sequence, to detect faults. The 
specification of the test vector sequences must involve the designer, while the generation and 
application of test patterns to a DUT are the problems faced by the test engineer. Test pattern 
generation is assisted by using automatic test pattern generators (ATPG), but they are complicated 
to use properly and A TPG costs tend to rise rapidly with circuit size. 

Once the application of a test pattern has revealed a fault, the process of diagnosis must 
be invoked to localize the fault. 

10 .. 13.4.1 Test coverage 

Detecting all the possible faults in a DUT corresponds to 100% 'test coverage'. In general 
it is relatively easy to detect the tirst 80% of faults using various classical test strategies, but 
when more than an 80% coverage is required, appropriate test strategies must be developed. 
In any case, it is not generally possible to anticipate 100% of all faults, so that we tend to 
talk .about a set of fault hypotheses which may then be covered 100%. 

Faults may be classified using different models, and three such levels of definition are: 

• mathematical model; 
• logical model (stuck-at); 
• physical model. 

The latter two are most commonly used. The 'stuck-at' model has been widely used and 
was originally developed in the testing of p.c. boards but is not in itself sufficient to test 
actual VLSI CMOS circuits. 

A further set of physical fault models is also used: 

• Class· 0: A single physical defect such as a faulty contact or via, a transistor stuck 
on or stuck off, an interconnection through any layer open circuit. 

• Class 1: Class 0 with a short circuit between metal lines or diffusion lines. 
• Class 2: Class 1 with short circuit(s) between two lines on any layer. 

10.13.4.2 Nature of failures in CMOS devices 

Failures may occur after a CMOS circuit has been fabricated and has successfully passed 
initial testing. Such failures may be due to poor desigri, weaknesses introduced during fabrication, 
ageing, or corrosion (of metallization) mechanisms which, again, may be accelerated owing 
to poor quality control infabrication. The MOSFETs used in CMOS circuitry are susceptible 
to performance defects if there is a change either in the specified threshold voltage or in the 
transcondJJctance. 

Design faults are mostly due to deviations from the design rules specified for the 
fabrication process and this type of fault is difficult to detect since the manifestation of the 
fault often occurs later in the life of the device. Such faults mainly take the form of open 
circuits in conductors or short circuits between conductors. Crosstalk is also a cause of faults 
which are generally transient and are again due to poor design. 
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Other failures may be due to oxide breakdown, usually the thin oxide between gate and 
channel regions. This form of breakdown is often related to the inadequate protection against 
electrostatic discharge (ESD) and may be traced back to defects in or poor design of input/ 
output pad circuitry. 

Another problem is caused by hot carrier injection which causes both threshold voltage 
shift and transconductance degradation due to charge accumulation in the gate oxide. 

10.13.5 'Jesting Combinational Logic 

The solution to the problem of testing combinational logic is to generate a set of test patterns 
which will detect all possible fault conditions. 

The first approach to testing an N input circuit is to generate all the possible 2N input 
signal combinations by means of, say, an N-bit counter (controllability) and observe the 
output(s) for checking (observability). This is called exhaustive testing and is very effective, 
but is only practicable where N is relatively small. The reason for this becomes obvious when 
exhaustive test times are evaluated, taking, say, a relatively high (10 MHz) clock speed to 
the test pattern generating counter, results for several values of N being as follows: 

N inputs = :2" combinations = 2N x 0.1, J.!Sec. = total test time 

32 inputs 232 232 X 1 o-7 sec ~ 7 minutes 
40 inputs 240 240 

X 1 o-7 sec ~ 30 hours 
64 inputs 264 264 x 10-7 sec ~ 574 centuries 

10.13.5.-1 Sensitized path-based testing 

Many of the patterns generated during exhaustive testing may not occur during the application 
of the circuit. Thus, it is productive to first enumerate the possible faults and then generate 
a set of appropriate test vectors. 

The basic idea is to select a path from the site of the possible fault, through a sequence 
of gates leading to an output of the logic circuitry under test. The process comprises three 
steps: 

1. Manifestation: Gate inputs at the site of an assumed fault, say a 'stuck at' (SA) 
fault, are specified to generate the opposite value to the assumed SA value (0 f9r 
SAl, 1 for SAO). 

2. Propagation: Inputs of other gates are determined so as to propagate the fault 
signal along the selected path to the primary output of the circuit. This is done by 
setting And/Nand inputs to '1' and Or/Nor inputs to '0'. 

3. Consistency (or justification): This final step finds the primary input patterns to 
realize all the necessary values. This is done by tracing backward from the gate 
inputs to the primary input of the logic. · 

Examples will help explain the process. 

Example 1: Take an SAl fault on line l(Ll) in Figure 10.26, then 
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Manifestation: L1 = 0, then A = 0. In a fault-free situation, output F changes with A if 
B, C and D are fixed. If Ll is SAl then F = 0 even if A= 0. 
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V3 
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V4 0 
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D 
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FIGURE 10.26 Combinational logic testing-sensitized path-example 1. 

Propagation: For propagation through the And gate, line S(LS) = line 8(L8) = 1 and, 
since we are propagating the condition Ll = 0, then LlO = 0. So that the propagated fault 
manifestation can reach the output through the Nor gate, then Ll1 = 0. Output F is thus read 
and compared with the fault-free value F = 1. 

Consistency: For the And gate, LS = 1 and thus L2 = input B = 1; also L8 = L 7 = 1. 
So far, we have determined the values of inputs A(= 0) and B(= 1) and also that L7 = 1. For 
this latter contention to be true, we may see that B + C + D = L 7 = 1. If L 7 is = 1 then L9 
= 1 and Lll will be 0, which is consistent with the Nor gate propagation requirements. A 
set of test vectors, Vl to V4, may now be specified as shown in the figure. 

These tests will therefore reveal the SAl fault. However, there are some faults which 
will be inherently undetectable with the sensitized path approach as illustrated in the following: 

Example 2: Take the same circuit as in Figure 10.26, but with a stuck at l(SAl) fault on 
line L8 as in Figure 10.27. 

Manifestation: L8 = 0. 
Propagation: For propagation through the And gate, LS = Ll = 1 and, since we are 

propagating the condition L8 = 0, then LlO = 0. For the Nor gate Lll = 0, which means that 
L9 = L7 = 1. 

Consistency: For the And gate, L8 = 0 and thus L 7 = 0. Clearly this is inconsistent 
since L 7 gannot be set to 1 and 0 at the same time. This conflict cannot be resolved and the 
fault is undetectable. 

10.13.5.2 The D-algorithmlKothJ 

Given a circuit comprising combinational logic, the algorithm aims to find an assignment of 
input values that will allow detection of a particular internal fault by examining the output 
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FIGURE 10.27 Combinational logic testing-sensitized path-example 2. 

fill 

conditions. In order to do this the algorithm is based on the hypothesis of the existence of 
two machines-a good machine and a faulty machine. The existence of a fault in the faulty 
machine will cause a discrepancy between its behavior and that of the good machine for 
some particular values of inputs. The D-algorithm provides a systematic means of assigning 
input values for that particular design so that the discrepancy is driven to an output where 
it may be observed and thus detect~d~ :rhe algorithm is extremely time-intensive and computing 
intensive for large circuits and has been the subject of several a.daptions, modifications and 
improvements. LASAR (Logic Automated Stimulus and Response), PODEM (Path Oriented 
Decision Making) and FAN (FAN-out oriented test generation) are all improvements on the 
D-algorithm. Further reading is cited in the reference list which follows thi.s chapter. 

10.13.6 Testing Sequential Logic 

Sequential circuits, w})ich may be generally represented as finite state machines, may be 
modeled as combinational logic with a set of delays and feedback from output to input as 
shown in Figure 10.28. 

The 'm' feedback variables constitute the state vector and determine the maximum 
number of finite states which may be assumed by the circuit. In the most general case, the 
next state and the output are both functions of the present state and the independent inputs. 
The delay elements are generally assumed to be associated with the feedback path and, for 
clocked systems, the basic delay elements are flip-flops , although, in asynchronous circuits 
in particular, the delays may be contributed by circuit propagation delays. 

The test generation for a sequential circuit is a very complicated task since the test 
signals must not only be logically correct but must also occur at the correct time relative to 
other signals. 
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FIGURE 10.28 Sequential logic testing-finite state machine model. 

10.13.6.1 The effect of memory 

All sequential circuits exhibit a memory property since, in deciding what to do next, they 
take into account (or remember) previous conditions. In testing then, it is not only the test 
pattern but also the order or sequence in which it is applied is significant. Take, for example, 
a very basic sequential circuit as in Figure 10.29. 

OUTPUT 0 OUTPUT 0 

INPUTS GM Input SA 1 
s "R 1 2 3 4 

INPUTS GM Input SA1 
s "R 1 2 3 4 

0 0 1 0 1 1 1 
1 1 ? ? 0 1 ? 

0 1 1 0 1 1 1 
1 0 0 0 0 0 ? 

1 0 0 0 0 0 1 0 1 1 0 1 1 1 

1 1 0 0 0 1 1 0 0 1 0 1 1 1 

FIGURE 10.29 Sequential logic testing-effects of memory. 

The feedback paths are quite obvious but the delay in the feedback path is apparently 
non-existent, this being a case where the circuit propagation delays contribute the necessary 
delay elements. 
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To explain the tabulations under the figure, the input test pattern is applied as shown 

under the S R heading and working in sequence from top to bottom row. The remaining 
columns tabulate the state of output Q first of all for a 'good machine' (GM) and then for 
the 'faulty machine' (FM) for a SAl fault on each of the four input lines (1 , 2, 3, 4). 

Note that in the first table with the SAl fault on line 2 the machine matches the good 
response and so this particular test sequence will not detect a SAl fault on line 2. 

In the second table, the vectors are applied in exactly the reverse order. In this case '? ' s 
appear owing to the memory property of the circuit, each ' ?' indicating that Q will retain 
whatever value it had prior to the application of the test vector for that row. Again, the SAl 
fault on line 2 may not be detected if the latches are reset (i.e. Q = 0) prior to applying the 
test sequence. 

10.13.6.2 The Iterative test generation method 

An obvious way of approaching the testing of sequential logic is to 'convert' the logic into 
combinational logic by cutting the feedback lines, thus creating pseudo inputs and outputs 
as well as the original primary input and output lines. For an N-state machine, this arrangement 
is then replicated N times so that an N-state sequential machine is converted into an N-time 
frame combinational machine. 

The main problem of this technique is that a simple fault in the sequential machine is 
manifest as N multiple faults during test. This is time-consuming for circuits of any complexity. 
It is also necessary to describe all the initial states of the circuit, which is also time-consuming. 
For these reasons the iterative test generation (lTG) methods are best suited to logic with few 
feedback loops as in control logic for example. 

10.13. 7 Practical Design for test (OFT) Guidelines 

Practical guidelines for testability should aim to facilitate test processes in three main ways: 

• facilitate test generation; 
• facilitate test application; and 
• avoid timing problems. 

The discussions in this section address these matters. 

10.13.7.1 Improve controllabflfty and observabflfty 

Design for test methods must ensure that a design is well enough covered to provide for 
complete and efficient testing. When a node is difficult to access from primary input or 
output pads, then a very effective method is to add additional, internal pads to access the 
desired point. These additional pads may be accessed using a prober. 

If the node is a link between blocks of a circuit, as in Figure 10.30, then the most 
immediately obvious attributes required are to be able to observe the output of block 1 and 
also to provide for the control of block 2. Some additional circuitry will be required and a 
possible configuration is set out in the figure. If the Normal/ Test line is set to 1 (Normal) 
then transmission gates T2 and T3 are open and T1 is closed. Normal transmission between 
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FIGURE 10.30 Practical OFT guidelines-controllability and observability. 

the blocks can take place through T2 but a control input to block 2 can also be applied 
through T3. When the Normal/ Test line is set to 0 (Test) then transmission gates T2 and T3 

are closed, there will be no transmission between the blocks, and the output (observe) of 
block I can be monitored through f 1 which is now open. 

This solution requires three pads and eight transistors in a CMOS environment. This 
technique must be complemented by other appropriate testing techniques which will depend 
on the internal structures of blocks I and 2. 

10.13. 7.2 The use of Inter-block multiplexers 

Some general attributes are illustrated in Figure 1 0.31. This arrangement allows the bypassing 
of blocks. The addition of demultiplexers also improves observability. The major penalties 
incurred here are the numerous extra devices and the added propagation delays through the 
multiplexers. 

SELECT 1 SELECT2 

I I 
N OUT 
~ ~ 81 82 - - 83 -

MUX MUX 

FIGURE 10.31 Use of multiplexers-increasing internal access. 
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10.13. 7.3 The partitioning of large circuits 

Partitioning large circuits into smaller subcircuits is an effective way of reducing test generation 
complexity and test time. It has been shown that test generation effort for an n gate general 
purpose logic circuit is proportional to somewhere between n2 and n3 (Bennetts, 1984 ). If the 
circuit is partitioned then the effort is reduced correspondingly. For example, exhaustive 
testing of the SN7 480 adder circuit for SA 1 and SAO faults requires 29 ( = 512) tests. If the 
adder is partitioned into four subcircuits, then the number of tests is reduced to 24. Clearly, 
partitioning should be done on a logical basis into recognizable and sensible subfunctions 
and can be achieved physically by incorporating clock line isolation and control facilities, 
reset and power supply lines. Isolation and control are readily achieved through the use of 
multiplexers as suggested in Figure 10.32. 

MUX 

MUX 

FIGURE 10.32 System partitioning-using multiplexers. 

10.13.7.4 Dividing long counter chains 

I Counters are sequential and need a large number of input vectors to be fully tested. Partitioning 
into sub-counters can be very effective in reducing test complexity. For example, the full 
testing of a 16-bit counter requires the application of 216 = 65,536 clock pulses. Division of 
the counter into two 8-bit counters, as Figure 1 0.33 , reduces this number to 2 x 28 = 512 
clock pulses. 

10.13. 7.5 Initialization of sequential logic 

An important problem in sequential logic testing arises at power-up time where the first state 
will be quite random if there is no initialization. In this case it is impossible to start a test 
sequence correctly. The remedy is to design the circuit using elements which have a preset 
and/or clear facility (e .g. JK flip-flop elements with Pr. and Clr. inputs) . From a practical 
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FIGURE 10.33 Dividing long counter chains. 

viewpoint, this could be very space-consuming and it may often be sufficient to initialize 
only the first stage. For example, if its first stage only is initialized, a serial in serial out 
counter will pick up a known state after a few clock pulses. 

Sometimes it will be necessary for the tester to be able to override the normal initialization 
state of the logic and the addition of appropriate gating in the reset/initialize control line will 
achieve this. 

10.13.7.6 Asynchronous sequential logic 

Asynchronous logic is driven by self-timing state transitions in response to changes of the 
primary inputs. This makes it generally impossible to determine when the next state is 
actually established and in consequence there are large problems to be faced in the timing 
and also in the memory effects associated with such circuits. Although asynchronous logic 
is inherently faster than clocked logic it has several serious disadvantages from the test 
viewpoint as follows: 

• testing is difficult; 
• sensitivity to tester skew; 
• non-deterministic behavior; 
• prone to races and other hazards. 

The design processes are more difficult than synchronous logic and must be approached with 
care, taking due account of critical race and other hazard-generating conditions. 

10.13.7.7 Avoiding logical redundancy 

Logical redundancy may be present by design; for example,. in order to mask a static hazard 
condition, or unintentionally as a design bug. In both cases it is not possible to make a 
primary output value dependent on the value of the redundant node. Thus, there are certain 
fault conditions associated with the node which cannot be detected, Take, for instance, the 
two sets of conditions outlined in Figure 10.34. 
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FIGURE 10.34 Fault masking due to logical redundancy. 

10.13.7.8 Avoiding delay dependant logic 

I'M 

An example of a delay-dependent circuit is given in Figure 10.35. It will be seen that the 
presence of a pulse at the And gate output depends not on the logical performance of the 
three inverters but rather on their temporal performance. Automatic test pattern generators 
(ATPGs) work in the logic domain and view delay-dependent logic as redundant combinational 
logic . In the case illustrated in Figure 10.35, the ATPG will see the Anding of a signal with 
its complement and will therefore always compute a '0' as the output of the And. gate- rather 
than a pulse. 

]L ___ _ 

' .... : 
FIGURE 10.35 Delay-dependent logic. 
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10.13. 7.9 Avoiding gating or asynchronous delays In the clock line 

When a clock signal is gated with another signal, such as a load signal coming from a tester, 
then any skew (or other hazard) on that signal can cause an erroneous output from the 
associated logic. This is illustrated in Figure I 0.36. 

Clock 

Load 

a 

FIGURE 10.36 Clock line gating hazard. 

Further, another timing situation to avoid is that illustrated in Figure 10.37. 

0 

T 

FIGURE 10.37 Asynchr-onous delays_in the clock line. 

where the tester could not be synchronized if one or more clock is dependent on asynchronous 
delays (from the D-input to Q-input of the flip-flop in the figure), or when a signal is used 
both as data and as a clock. 

1 0.13. 7.10 Avoiding self-resetting logic 

The problems here are akin to those in asynchronous logic, since the reset input is independent 
of the system clock. This can result in an erroneous value being read by the tester. The 
situation is indicated in Figure 1 0.38(a). 
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(a) 

FIGURE 10.38 Problems associated with self-resetting logic. 

One solution to this problem is to allow the tester to override by adding an Or gate as 
indicated in Figure 1 0.38(b ). This allows the tester to receive the right response at the right 
time. 

10.13.7.11 The use of bused structures 

This approach is related to the partitioning technique and is very widely used for microprocessor­
like circuits as illustrated in Figure 10.39. 

ATPG 
TESTER 

CONTROL BUS 

FIGURE 10.39 Use of bused structures. 

Using this arrangement allows the tester access to all the main subsystems and other 
modules which the buses interconnect. The tester can then effectively disconnect any unit or 
module from the bus by putting its output into the high impedance state. Test patterns can 
then be applied to each separately. 

10.13. 7.12 Separation of analog and digital circuits 

The testing of analog circuits requires a completely different strategy from digital circuits . 
and is therefore incompatible. Furthermore, the fast rise- and fall-times of digital signals can 
give rise to cross-talk problems · in analog signal lines if they are in close proximity. Where 
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it is essential to route digital signals near analog lines, then consideration must be given to 
balancing and shielding the digital signals. 

In the case of analog-digital converters, it is better to bring out the analog signals for 
observation before conversion. For digital-analog conversion the digital signals may also be 
brought out for observation prior to the converter as outlined in Figure 10.40. 

--
ATPG 

biGITAL 
ANALOG 

(DIGITAL ANALOG -- TESTER -TESTER) 

-

ADC TESTING: BRING OUT ANALOG INPUTS FOR TEST OBSERVE DIGITAL OUTPUT 

DAC TESTING: BRING OUT DIGITAL INPUTS FOR TEST OBSERVE ANALOG OUTPUT 

FIGURE 10.40 Separation of analog and digital signals. 

10.13.7.13 Bypassing techniques 

Bypassing a subsystem consists of providing the facilities for propagating its inputs directly 
through to its outputs. The aim is to bypass the sub-system in order to directly access another 
subsystem to be tested, and, as with partitioning, wide use is made of multiplexers to achieve 
the bypassing. 

Bypassing techniques work well with the following: counters, dividers, RAM, ROM, 
PLAs, sequential blocks, analog circuits and internal clocks. In the bypassing approach, the 
subsystems can be tested exhaustively by controlling the multiplexer-based interconnections 
in the system. To speed up the testing, some subsystems may be tested simultaneously if the 
propagation paths are associated with other disjoint or separate subsystems. 

10.13.7.14 Some observations on OfT 

The preceding sections have not presented an exhaustive list of OFT techniques but have 
been intended to present a set of rules which should be respected in design: Some of the 
guideline goals are to simplify test vector generation and application, and others are intended 
to avoid timing problems in the design. The references given at the end of this chapter and 
other related material give variants of the design guidelines for PCBs and for ICs. 

10.13.8 Scan Design Techniques 

The testability guidelines so far presented provide ad hoc methods for dealing with random 
logic designs. The scan design techniques which are now to be discussed are structured 
approaches to designing sequential circuits so that testability is 'designed in' from the outset. 
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The major difficulty in sequential circuit testing is in determining the internal state of 
the circuit. Scan design techniques are directed at improving the controllability and observability 
of the internal states. The approach aims to reduce the problem of testing a sequential circuit 
to that of testing combinational logic. 

10.13.8.1 The scan path 

A sequential circuit comprises combinational logic and storage elements-usually in the 
feedback path-as illustrated in Figure 1 0.41 . Scan path design techniques configure the 
logic so that the inputs and outputs of the combinational part can be accessed and the storage 
elements reconfigured to form a shift register known as the scan path. Thus the internal states 
of the circuit can be observed and controlled by shifting (scanning) out the contents of the 
storage elements. 

Scan 
out 

--~r-----------------~---5 

Mode 

Tesvnormal 

Combinational 
logic 

Clear Clock 

1---a.. 
5 

1----.0 

FIGURE 10.41 Sequential circuit configured for scan path testing. 

The storage elements are usually 'D', JK' or 'RS ' flip-flop elements with the classical 
structure being modified by the addition of a two-way multiplexer on the data input(s). The 
multiplexer is controlled by an external mode signal and allows the scan path reconfiguration 
to be effected. In Figures 10.41 and 10.42 a basic 'D' flip-flop has been shown with the 
added input multiplexer. This configuration is commonly known as an 'MD' (multiplexed 
'D ') flip-flop. The sequential circuit containing the scan path has two modes of operation-



ffl'J 

·o· 

Combinational 
logic 

'1 ' Clock 

(a) Normal mode 

Basic VLSI Design 

VJ 
:; VJ 
a. :; 
:; a. 
0 .s 

Combinational 
logic 

(b) Test mode 

Scan 
in 

Clock 

Vl 
:; 
a 
:; 
0 

FIGURE 10.42 Sequential circuit showing normal and test mode configurations. 
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a normal and a test mode. The configuration associated with each basic mode is set out in 
Figures 10.42(a) and (b)-normal and test mode respe.ctively. 

A large sequential circuit is generally partitioned into a number of subcircuits each with 
a combinational section and one associated scan path. The efficiency of the test pattern 
generation for the overall combinational circuit is greatly improved by partitioning since its 
depth is reduced. 

Before applying test patterns, the scan path shift register is verified by shifting in all 
ones then all zeroes. 

A general method for testing with the scan path approach is as follows: 

1. Set the mode to test so that the scan path is configured. 
2. Verify the scan path by shifting test data in and out. 
3. Set the shift register to a known initial state. 
4. Apply a test pattern to the primary inputs of the overall circuit. 
5. Set the mode to normal. The circuit then settles and the primary outputs are monitored. 
6. Activate the circuit with one clock pulse. 
7. Return to the test mode. 
8. Scan out the contents of the scan path registers and simultaneously scan in the next 

pattern. 
9. Repeat from step (4) etc. 

10.13.8.2 Level-sensitive scan design (LSSD) 

This is a technique, initially developed by IBM, which incorporates two aspects-level 
sensitivity and a scan path approach (Williams, 1986). The general amangement is indicated 
in Figure 10.43. 
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FIGURE 10.43 Level-sensitive scan design LSSD configuration. 
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The level-sensitive aspect means that the sequential network is designed so that when 
an input change occurs, the response is independent of the component and wiring delays 
within the network. 

The scan path aspect is due to the use of shift register latches (SRL) employed as 
storage elements. In the test mode they are connected as a long serial shift register. Each SRL 
has a specific design similar to a master-slave flip-flop . It is driven by two non-overlapping 
clocks which can be controlled readily from the primary inputs to the circuit. Input DI is the 
normal data input to the SRL, clocks CKI and CK2 control the normal operation of the SRL 
while clocks CK3 and CK2 control scan path movements through the SRL. The SRL output 
is derived at L2 in both modes of operation, the mode depending on which clocks are 
activated. The following advantages are claimed for the LSSD approach: 

• The circuit operation is independent of the dynamic characteristics of the logic 
elements-rise- and fall-times and propagation delays. 

• A TP generation is simplified since tests need only be generated for a combinational 
circuit. 

• LSSD methods, when adopted in design, eliminate hazards and races; greatly simplifies 
test generation and fault simulation. 

10.13.8.3 Boundary scan test (BST) 

This is a technique involving scan path and self-testing to resolve the problems associated 
with the testing of boards carrying VLSI circuits and/or surface-mounted devices (SMD). 
Printed circuit boards (PCBs) are becoming very dense and complex, especially with SMD 
circuits, so that most test equipment cannot guarantee a good fault coverage. 

BST consists of placing a scan path (shift register) cell adjacent to each component pin 
and to interconnect the cells so as to form a chain around the border of the circuit. The BST 
circuits contained on one board are then connected together to form a single path. The 
general idea is illustrated in Figure 1 0.44. 

The boundary scan path is provided with serial input and output pads and appropriate 
clock pads which make it possible to: 

• test the interconnections between the various chips on the board; 
• deliver test data to the chips on the board for self-testing; 
• test the chips themselves with internal self-test facilities. 
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FIGURE 10.44 Boundary scan test (BST) configuration. 

BS techniques are grouped by the IEEE standards organization into a 'standard test 
access port and boundary scan architecture' (namely, IEEE, p. 1149.1-1990). The advantages 
of BST are seen as follows: 

• no need for complex testers in PCB testing; 
• the test engineer's work is simplified and efficient; 
• the time spent on test pattern generation and application is reduced; 
• fault coverage is increased. 

10.13.8.4 Other scan design techniques 

Many other stuctured approaches have evolved over the past few years, for example, partial 
scan, scan/set and random access scan. 

The partial scan is derived from the scan path technique, but is less area-consuming. 
The scan path approach needs, on average, a 30% area increase for testing a whole 
sequential circuit. Using the partial scan approach, only faults not detected by the designer's 
functional vectors are selected. The test generator decides exactly which flip-flops should 
be scanned. 

In the scan/set method, the storage elements within the circuit are not used to implement 
a scan path. Instead, a separate register is added whose sole function is to scan test data in 
and out of the circuit. This allows for the main circuit under test to be of any type-it is not 
restricted to combinational as befor~. and the storage elements are not restricted to particular 
types of latch or flip-flops. The major disadvantage of this technique is the high overhead 
cost in terms of additional input/output pins. 

An overview of the other scan design techniques referred to here is presented in 
Table 10.8. However, many other scan design approaches exist but are mostly based on one 
or more of the methods discussed. 
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TABLE 10.8 Other scan design techniques 

Partial scan Scan/set 
Separate shift register Scan: area increase 

Approach targets faults 
Selected flip-flops. 

No interruption to normal operation. 
No reduction to combinational test. 

Random access scan 
No shift register with flip-flops 
Matrix of flip-flops addressed, controlled and observed 
Disadvantage: The number of 110 pins. 

10.13.9 Built-In-Self-Test (BIST) 

As the complexity of individual VLSI circuits and as overall system complexity increase, test 
generation and application becomes an expensive, and not always very effective, means of 
testing. Further, there are also very difficult problems associated with the high speeds at 
which many VLSI systems are designed to operate. Such problems require the use of very 
sophisticated, but not always affordable, test equipments. 

Consequently, BIST objectives are: 

1. to reduce test pattern generation costs; 
2. to reduce the volume of test data; 
3. to reduce test time. 

BIST techniques aim to effectively integrate an automatic test system into the chip 
design. 

10.13.9.1 Compact test: signature analysis 

Data compression techniques are currently used in BIST systems and consist of making 
comparisons on compacted test responses instead of on the entire test data, which can be 
huge in some cases. The most important test task-is the circuit fault free?-is hence executed 
in an efficient manner. 

The test compacting scheme currently used most is called signature analysis. This was 
developed by Hewlett Packard in the late 1970s' . Signature analysis performs polynomial 
division, that is to say division of the data out of the device under test (DUT). This data is 
represented as a polynomial P(x) which is divided by a characteristic polynomial C(x) to give 
the signature R(x), so that 

R(x) = P(x)/C(x) 

This is summarized in Figure 10.45. 
The signature from the DUT is compared with the expected signature to determine if 

the DUT is fault-free. The differences between the faulty signature and a good signature may 
also be used to indicate the nature of the fault. Signature analysis has been proved to be a 
reliable and attractive alternative to full uncompacted testing. 
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FIGURE 10.45 Built-in-self-test-signature analysis. 

Another technique -of data compression-trans(tion counting- has been in use for some 
considerable time. This consists of counting transitions of a specified direction (0 to 1 or 
1 to 0) and then comparing this count with the count obtained from the simulation model. 

10.13.9.2 Linear feedback shift register (LFSR) 

The LFSR model is that of a finite state machine comprising storage elements and modulo 
two adders (Xor gates) connected in feedback loops as indicated in Figure 10.46. 

0 

00 01 0 2 

FIGURE 10.46 Built-in-test-linear feed-back shift register. 

LFSR techniques can be applied in a number of ways, including random number generation, 
polynomial division for signature analysis, and n-bit counting. LFSR can be either series or 
parallel, the differences being in the operating speed and in the area of silicon occupied­
parallel LFSR being faster but larger than serial LFSR. 

10.13.9.3 Built-in logic block observer (BILBO) 

BILBO is a built-in test generation scheme which uses signature analysis in conjunction with 
a scan path. It is aimed at integrated modular and bus-oriented systems, such as microprocessor 
and similar circuits. 

The major component of a BILBO is an LFSR with a few gates. In Figure 10.47 the 
BILBO i~ controlled by two signals, Bl and B2 which define the modes. 

In the Normal mode, B 1 = B2 = 1 and the storage elements are used independently by 
the circuit as in Figure 10.48. 

In the Test 1 mode, B1 = B2 = 0 and the storage elements are configured as a scan path, 
all storage elements being connected as a serial shift register. This is shown in Figure 1 0.49 . 
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FIGURE 10.47 Built-In-self-test-Built-In logic block observer (BILBO). 
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FIGURE 10.48 Bullt-ln-self-test-BILBO normal mode. 
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FIGURE 10.49 Bullt-in-self-test-BILBO scan path mode. 
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Test vectors are then applied to the scan-in input and responses shifted out at the scan path 
output. The analysis of data is then similar to that for a sil'11ple scan-path test. 

In the Test 2 mode, as in Figure 1 0.50, B 1 = 1, B2 = 0 and the circuit is then configured 
in a LFSR mode and can be used either as a polynomial divider to compact data or as a 
random test pattern generator. 

In the final mode, B 1 = 0, B2 = 1 which resets the BILBO. 

03 \;; 

FIGURE 10.50 Built-in-self-test-BILBO: LFSR mode. 

10.13.9.4 Self-checking techniques 

Data transmission in computer systems commonly makes use of coding to allow for the ready 
detection of errors. Such error detection techniques have been adapted and extended for 
built-in test purposes. 

Self-checking techniques consist of supplying coded input data to the logic block under 
test and comparing the output in a checker designed to detect any errors. This is illustrated 
in Figure 10.51. 

CODED 
INPUTS_. 

SFS 
LOGIC BLOCK 

SFS= STRONGLY FAULT SECURE 

SCD = STRONGLY CODE DISJOINT 

sco 
CHECKER 

ERROR 
INDICATION 

FIGURE 10.51 Self-checking logic: coding techniques. 

The design of logic blocks and checkers should then obey a set of rules in which the 
logic block is 'strongly fault secure' and the checker 'Strongly Code Disjoint' . A set of 
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hypotheses is used in self-checking design to define the optimal design which allows a test 
coverage of I 00% of these hypotheses. 

The code used in data encoding depends on the type of errors that may occur at the 
logic block output. In general, three types are possible: 

• Simple error: one bit only affected at a time. 
• Unidirectional error: multiple bits at I instead of 0 (or 0 instead of I). 
• Multiple error: multiple bits affected in any order. 

For each type of error there is a set of appropriate coding techniques. For example, the 
well-known parity check detects simple errors easily by using Xor gates. Unidirectional 
errors ·may be detected using Berger code which consists of additional check bits formed 
from a binary number which corresponds to the number of Is in the information bits. Multiple 
errors are detected by duplication codes which consist of duplicating the information and 
using its complementary form to give a so-called double rail structure. 

In this approach, all checkers have a double rail output and are designed to be tested 
using the normal code inputs. Such checkers can detect errors in their own operation. 

Self-checking techniques are applied to circuits in which security is important so that 
fault tolerance is of major interest. Such techniques will occupy considerably more area in 
silicon than classical techniques such as functional testing but provide a very high : test 
coverage. 

10.13.10 Future Trends 

Observability and controllability are dramatically improved with new techniques using non­
destructive E-beam probes which eliminate any probe capacitive loading. CAD tools are 
often used, and voltage contrast methods allow an immediate fault diagnosis. 

Scanning E-beam microscopes have many test advantages such as the ability to function 
at very high clock speeds (GHz range) and at very high resolution and finally with a wide 
range of CAD tools. The main disadvantage is their very high cost. 

Expert · CAD tools for IC design are being developed and are based on the hard-earned 
experience of test engineers, performing test pattern generation in the same manner as an 
individual test engineer does. 

Expert systems generate tests with the objective of detecting all possible faults of 
interest and using as many as possible of the normal mode circuit operations. Consequently, 
test programming is acknolwedged as a highly knowledge-intensive task. 

Many intelligent systems have been developed and are distinguished by their abilitity 
to test small and/or structured circuits (Russel and Sayers, I989). 
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And for instructors: 

OBJECTIVES 

You cannot create experience-you must undergo it. 

- ALBERT CAMUS 

Practice makes perfect. 

-PROVERB 

Practice what you preach. 

-PROVERB 

The 'raison d'etre' for this chapter is self-evident. The authors regard project work and the 
tutorial work which leads up to it as absolutely essential to effective learning. The way in 
which the five individual projects are approached will, it is hoped, provide further insight 
into VLSI design processes. The projects have been chosen for their diversity and also to 
provide designs for useful and practical circuits. 

11.1 INTRODUCTION TO PROJECT WORK 

The design exercises tackled earlier in this text were chosen to illustrate the design processes 
and to introduce the reader to the type of problems suitable for introducing design in silicon 
and relevant to everyday applications. 

Following on from the design processes introduced, it is now instructive to formally 
tackle CMOS design work on some complete subsystems, and to this end various projects are 
now tackled in this chapter. 

333 
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11.2 CMOS PROJECT 1-AN INCREMENTERJDECREMENTER 

The design to be pursued is that of a 4-bit incrementer/decrementer, but the design is general 
in that the standard cell envisaged can be cascaded at will to n-bits. 

11.2.1 Behavioral Description 

The truth table for a binary 1-bit incrementer is shown in Figure 11.1, where C; is the carry 
bit !rom the previous stage, C/ is the clock input, Ci+ 1 is the carry bit output, and Qn is the 
stage output. 

The logic expressions for the incrementer are as follows : 

(11.1) 

( 11.2) 

The n stages are isolated by the clock signal C/, and it will be seen that the truth table 
assumes positive-edge clocking. A reset signal (Res) should also be provided for the incrementer 
to be able to start from zero at any instant in time. 

For the incrementer to function as a decrementer the additional equation that needs to 
be implemented is as follows: 

Truth table 

Inputs Outputs 

Cl C; Qn- 1 Qn C ;+l 

0 0 0 0 0 

1 0 0 0 0 

0 1 0 0 0 

1 1 0 1 0 

0 0 1 0 0 
1 0 1 1 0 

0 1 1 0 0 

1 1 1 0 1 

Note: Where Qn-l is state of output prior to clocking. 

FIGURE 11.1 1-bit incrementer cell. 

lncrementer .___ __ c
1 cell 

Cl 

(11.3) 

A particular, but not the only possible, approach to designing this subsystem follows. 
For those readers who wish to 'fly solo' in tackling this design, the next project follows in 
Section 11.3 on p. 339. 
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11.2.2 Structural Description 

11.2.2.1 Logic representation 

An incrementer/decrementer cell is realized by direct implementation of expressions ( 11.1 ), 
(11.2), and (11.3) as in Figure 11.2, for example. Note that a reset control line may also be 
added using the 'clear' input of the flip-flop to enable the circuit to start from zero at any 
time, but this is not shown in the figure. The control line which is required to set the circuit 
operation to that of an incrementer or a decrementer is shown in the figure. 

Carry in 

Carry out 
lncrement/decremeo1t 

t------1 D. 0 t-----

Clock 

FIGURE 11.2 Logic diagram for an incrementer/decrementer cell. 

11.2.2.2 Operation of the circuit 

The circuit functions like an adder or a subtractor with one of its three inputs set to zero. The 
cell uses its current state as one input and the carry in from the previous stage as the other 
input. The current state and the carry out are modified according to the two inputs on 
clocking. 
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11.2.2.3 Crltl~l patbs 

The critical delay in this circuit is the propagation delay of the carry bit-analogous to the 
adder situation. Since the circuit is clocked, the minimum allowable clock period is set by 
the maximum circuit delay; in this case th~ time that the carry bit needs to propagate from 
the first to the last stage. This will be reasonably fast as the carry bit passes through only 
one And gate per stage. 

11.2.3 Physical Description 

11.2.3.1 Floor plan of a 4-blt lncrementer/decrementer subsystem 

The 4-bit incrementerldecrementer is realized by abutting four identical cells. The height of 
the complete subsystem remains constant while the width grows linearly with n-the number 
of bits. Therefore the width of each cell should be made as small as possible. The control 
lines run right across the whole structure and adequate driving capability should be supplied 
when n is significant. The resulting floor plan is shown in Figure 11.3. 

Voo NW 
0 3 N 0 2 N 0 1 N 0 0 N V00 NE 

C4W Co C;n 
lncrementer I lncrementer I 
decrementer decrementer 

Clock W 
cell cell 

Clock E 

lncldac w lncldac: E 

V,Ss SW 
0 3 S 0 2 S o,s 0 0 5 

VssSE 

Note: N, SW etc. indicate cell orientation (compass points). 

FIGURE 11.3 Floor plan for a 4-blt lncrementer/decrementer. 

If the width of the leaf-cell is w, then the width of an n-bit incrementer/decrementer is 
nw. This dimension must be pitch-matched to the rest of the system into which the incrementerl 
decrementet is to fit (e.g. a VLSI processor, etc .), which may be assumed to be of width W. 
Therefore 

w =Win 
provided that 

Wmin $ Win 

where Wmin is the minimum width of a cell. In the event that wmin > Win , then the design must 
be adjusted to be thinner and taller, otherwise the width W of all mating subsystems may 
have to be increased. 
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11.2.3.2 Leaf-cell floor plan 

The floor plan of the 4-bit incrementer/,decrementer basically determines the floor plan of the 
leaf-cell which is given in Figure 11.4. 

O,.N 
Voo NW V00 NE 

Cl+ 1CDUI C,l C,,. 
N 

lncrementer I + Clock W decrementer ClockE 
cell 

lnc/dec W lnc/dac E 

VssSW VssSE 
a,s 

FIGURE 11.4 Floor plan of lncrementer/decrementer leaf-cell. 

The width w of each cell is set by the total allowable maximum incrementer/decrementer 
width W which cannot be exceeded if the circuit is to be properly pitch-matched to the rest 
of the system, e.g. data path, for which it is being designed. The minimum height h of the 
leaf-cell is set by its complexity once the width w has been fixed. The decision about the 
output connection and the power rail placements is made at the subsystem level (the subsystem 
here being the four-bit incrementer/decrementer). 

In a complex design, the number of leaf-cells should be kept to the absolute minimum, 
which implies that the complexity of the leaf cells should be as high as possible. This greatly 
simplifies the global floor plan, but it must be recognized that the available d~sign tools will 
determine the maximum size of leaf-cell which can be readily handled. In general, a 50 to 
100 transistor leaf-cell can be readily realized with available design tools. Since the incrementer/ 
decrementer leaf-cell is of a medium complexity it should not be further subdivided into sub­
leaf-cells, and the design of a mask layout for the circuit of Figure 11.2 may be pursued for 
an appropriate technology using available design tools. 

11.2.4 Design Verification 

The leaf-cell circuit was designed using 5 jl.m p-well CMOS technology and a mask layout 
arrived at. The detail present in the CIF code specification for the mask layout was extracted 
with a circuit extractor (NET) and then a two-bit sub-system simulated with a circuit simulator 
(PROBE). The simulation results are given in Figure 11 .5. 



PROBE Licenced to the Universit~ of Adelaide b~ ISD 
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FIGURE 11 .5 Simulation results for a 2-bit system. 
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11.3 CMOS PROJECT 2-LEFriRIGHT SHIFf SERIAL/PARALLEL 
REGISTER 

This project is concerned with the design of a general purpose shift register cell capable of 
expansion to form an n-bit register. 

11.3.1 Behavioral Description 

Table 11.1 defines the shift register connections that apply to Figures 11.6, 11 .7 and 11.8. 
The logic circuit for a suitable single shift register leaf-cell is shown in Figure 11 .7 and in 
block diagram form in Figure 11.8. 

TABLE 11.1 Shift register control functions 

Controls 

dp 

dprl 

qp 

qprl 

ds 

qs 

right 

leftin 

left out 

left 

fb 
cj>2 

Function 

parallel data input 

parallel input data control 

parallel data output 

parallel output data control 
serial right data input 

serial right data output 

shift right control 

serial left data input 

serial left da,ta output 

shift left control 

internal refresh control 

second clock phase 

11.3.2 Structural Description 

11.3.2.1 Logic representation 

Conditions required 

latched when dprl is asserted 
---
left .right cl>t 

valid when qprl is asserted 

data valid on cj>2 of clock 

valid when right is asserted 

valid when right is asserted 
--
dprl.left -cl>t 

valid when left is asserted 
valid when left asserted 

dprl.right -cl>t 

dprl.right.left -cl>t 

data latch to output node 

The complete 4-bit shift register is made up of single shift register cells abutted as shown 
in part in Figure 11 .6. 

11.3.2.2 Operation of the circuit 

The operation of the complete shift register may be understood by considering the single 
shift register cell of Figures 11.7 and 11 .8. The advantage of this cell is that it may be loaded 
or read in parallel and the bits may be shifted either left or right within the shift register and 
an output thus obtained in serial form at either end of the register. The register also uses a 
two-phase non-overlapping clock of which cj> 1 allows loading, shifting, and refreshing to 
occur while cj>2 isolates the two inverters so that the cells may be loaded. 
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clock dp dprl dp dprl I I I' I 
fb 

ds qs ds qs 

clock .. Register 'i'4 lb 
clock .. Register ~ fb 

/effin 
n lehout lehin n-1 lehout 

~ - ~ 1--

.. 
I I I I I 

qp qprl tight qp qprl nght 
nght 

FIGURE 11.6 Two-bit shift register block diagram. 

dprl qprl 

ds QS 

right 

left in 

lei/out 

left 

FIGURE 11.7 Shift register cell l~gic diagram. 

Clock 

ds qs 

FIGURE 11.8 Shift register cell block diagram. 
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The operations of the shift register (Figure 11 . 7) in detail are as follows : 

1. The refresh loop. The refresh signal.fb (or feedback) occurs in coincidence with <!> 1 

and when no other control is asserted (namely dprl, right, and left) . The transmission 
gate takes the output of the second inverter and uses it to refresh the logic level 
stored on the input gate capacitances of the first inverter. 

2. In parallel load mode. The inputs dp and control dprl are used to load the registers 
in parallel. Asserting dprl when <!> 1 is at logic level 1 will cause the input of the first 
inverter to assume the state of dp. At this time <j>2 = 0 and the inverters are isolated. 
Subsequent~y <1>2 = 1 and the second inverter output assumes the state of dp which 
has been stored dynamically at the first inverter input. 

3. In shift right mode. The signals associated with the shift right operation are right, 
qs, and ds. Asserting right when <!> 1 is at logic level 1 effectively loads the subsequent 
register with qs, while the qs output of the register cell to the left of the current one 
is connected through a transmission gate to the ds input of the present cell. Hence 
the cell is loaded in the same manner as with a parallel load, but with the data input 
coming from the adjoining cell to the left (that is, a shift right operation). 

4. In shift left mode. The signals associated with the shift left operation are left, 
leftout, and leftin . Asserting left when <!> 1 is a logic level 1 effectively loads the 
previous register with qs via the line leftout. The register cell to the right of the 
current one has its leftout connected through a transmission gate to leftin of the 
present cell. Hence the cell is loaded in the same manner as with a parallel load but 
the data input comes from the adjoining cell to the right (that is, a shift left operation). 

5. For parallel output. The output data is correctly read at the end of <1>2 when there 
can be no change to the input. This is achieved by asserting qprl, in which case qp 
assumes the state of the cell and all outputs are then read in parallel. 

6. Isolation of the inverters by <)>2 . The second phase of the clock ( <!>2) is used to isolate 
the inverters during a write operation so that the register array does not become 
'transparent' . Consider a shift right operation but allow <!>2 = 1. 

Here the first inverter output would become ds;- 1 (from the next left cell). The second 
inverter output would thus become ds;_1. However, since <!>2 is logic 1, ds;_1 can now be 
passed on to cell i+ 1, since right is asserted and qs = ds;+ Hence the register has become 
transparent and ds;_1 would ripple throughout the entire array. This undesirable effect is 
eliminated by loading and coupling inverter pairs on separate clock phases. 

11.3.2.3 Critical paths 

The system is restricted to shifts of 1 bit only in either direction and hence any shifts of more 
bits will take proportionally more time. In this case, there is a minimum time t 1 for which 
<j> 1 must be asserted to allow the data to be stored at the first inverter input gate. After this 
delay the data is passed to the output on <!>2 which must have time duration t2 for the second 
inverter input capacitance charge to change its state if required. The total delay ( 1) is governed 
by the sum of t1 and t2 and the number of shifts n required (i.e. T = n . (t1 + t2)) . To reduce 
this delay a fast shifting cell is required. 
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adjacent to an undoped GaAs channe'l layer, which receives the free electrons from the 
ionized donors. Electrons are transferred from the AIOaAs charge control layer to the undoped 
GaAs layer where they form a two-dimensional electron gas. Since the electrons are spatially 
separated from the ionized donors, they exhibit high mobility. 

Although there are variations to the processing steps, the basic structure is as illustrated 
in Figure 12.19 and will be seen to comprise four distinct layers: 

• channel layer-GaAs; 
• undoped spacer layer-AIGaAs; 
• donor layer; 
• cap layer. 

Source Drain 

11111111111111111111 1111111111111111111 
\ Gate J n•GaAs 

--~\'-----IJII .......... IIII ....... IIII ......... IIII....__II ____.r n• AIGaAs 

Cap layer 

Donor layer 

AIGaAs Undoped spacer 

Undoped GaAs Channel layer 

FIGURE 12.19 Basic structure of a high electron mobility transistor (HEMT). 

12.4 DEVICE MODELING AND PERFORMANCE ESTIMATION 

VLSI designers, as a rule, should have a good knowledge of the behavior of the circuits they 
are designing. Even when large systems are being designed using computer-aided design 
processes, it is essential that the designs are based on a sound foundation of understanding 
if the system is to meet a given performance specification. 

12.4.1 Device Cbaracterl.zatlon 

In order to preserve simplicity, the prime consideration in this section is to provide an 
approximate model for the MESFET which not only preserves the essential features of the 
device, but also assists the VLSI systems designer with performance estimations and optimization 
processes. 

As the gallium arsenide transistor and the processes used to produce it have been 
introduced, it is now possible to gain some insight into the electrical characteristics of the 
basic GaAs MESFET circuits. 
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The most critical path at the leaf-cell level is associated with the output of the second 
inverter which must drive four transmission gate input capacitances. For this reason the 
second inverter is not usually made minimum size. Note, however, that the second inverter 
cannot be made too large since the first inverter (which is minimum sized) must drive its 
input when $2 = 1. The final sizing of the transistors may be determined after a series of 
simulations following circuit extraction from the mask layout. 

11.3.3 Physical Description 

11.3.3.1 System floor plan 

The 4-bit shift register may be formed by abutting four identical 1-bit register cells. The most 
convenient arrangement for an n-bit shift register is to have the parallel data inputs and 
outputs running perpendicular to the direction of the register array. The control lines are also 
conveniently run perpendicular to the register array but, on exiting a register cell, may be run 
along the array with appropriate connections made to adjoining cell control signals. The 
power rails must be implemented in metal and also run perpendicular to the parallel input/ 
output data. The resulting floor plan is shown in Figure 11.9. 

Vao-W 
srightb 
sright 
s/eftb 
s/eft 
QjT/b 
QJTI 
djT/b 
djT/ 
~2b 
~2 

llss - W 

~ 
~ 
~ 
~ 
~ 

- - - - li7o-E 

Shift register Shift register Shift register Shift register 
cell cell cell cell 

+ + + + - - - -
FIGURE 11 .9 Proposed floor plan-4-bit shift register. 

If the width of the leaf-cell is w, then the width of ann-bit register is nw. This dimension 
must be pitch-matched to the rest of the system (e.g. a VLSI processor, etc .) of assumed 
width W. Therefore 

w = Win 

11.3.3.2 Leaf-cell floor plan 

The floqt plan of the 4-bit shifter basically specifies the floor plan of the leaf-cell. The width 
w is set by the total maximum register width, and this cannot be exceeded if the register is 
to be properly pitch-matched, for example, to a processor. The minimum height h of the leaf­
cell is set by its complexity once the width has been fixed . The decision about the input/ 
output connection and the power rail placements is made at the system' s level. 
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In a complex design, the number of leaf-cells should be kept to the absolute minimum, 
which implies that the complexity of the leaf-cells should be as high as possible. This greatly 
simplifies the global floor plan. As stated earlier, a 50 to 100 transistor leaf-cell can usually 
be readily realized with commonly available design tools. The register leaf-cell described 
here is of small/medium complexity and thus should not be further subdivided into sub-leaf­
cells. The shift register leaf-cell floor plan is shown in Figure 11.1 0. 

dp_N • 2 b-N lb_N righfb_N 
df¥/b_N qp_N qf¥/b_N /ellb_N 

ds_W • 

lellin_W • 

- - - - - - -
N 

£ w --+----.. 

s 

I dout£ 

I /eltouL£ 

- - - - - -tb_S rightS 
Qf¥/_S lelt_S 

Compass points, used to indicate orientation of cell , may 
also be appended to signals to indicate position as shown. 

FIGURE 11.10 Shift register cell floor plan. 

11.3.4 Design Verification 

Simulation results for a 4-bit register realized in 5 !.liD p-well CMOS technology (using 
PROBE software) are presented in Figure 11.11. 

11.4 CMOS PROJECT 3-A COMPARATOR FOR TWO n-BIT 
NUMBERS 

This section describes the design methodology, layout strategy, and simulation results for 
cascadable comparator cells. A 4-bit comparator was designed using these cells, the general 
arrangement being as suggested in Figure 11 .12. 
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FIGURE 11.11 Simulation over four shift register cells. 
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A>B 

A<B 

FIGURE 11.12 4-blt comparator-block diagram. 

11.4.1 Behavioral Description 

The truth table and general arrangement for a binary 1-bit comparator bit-slice is shown in 
Figure 11 .13 where A; and B; are the two numbers to be compared, C ;+J and D i+l are the inputs 
from outputs of the previous stage, and C; and D; are the outputs of the current stage. 
C; = 1 if A; > B;; D; = 1 if A; < B;; and C; = D; = 0 if A; = B;. 

Truth table 

Inputs Outputs 

A, s, c,.1 0 t +1 c, o, 
X X 1 0 1 0 .. 
X X 0 1 0 1 Comparator 

0 0 0 0 0 0 
cell 

0 1 0 0 0 1 ... 
1 0 0 0 1 0 

1 1 0 0 0 0 

X signifies 'don't care' 

FIGURE 11.13 Comparator cell behavior. 

r: The logic expressions for the two output signals in terms of the four input signals are 
as follows . 

(11.4) 

(11.5) 

The two logic expressions may be rearranged into the form 

(11.4a) 
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(11.5a) 

A further simplification may be achieved if alternate logic is used between subsequent cells. 
Stage i implements 

(11.4b) 

(11.5b) 

and stage i - 1 implements 

(11.4c) 

(11.5c) 

11.4.2 Structural Description 

11.4.2.1 Logic representation 

The comparator is implemented with complementary cells, that is, the ith stage has true 
inputs and inverted outputs while the (i + l)th stage has inverted inputs and true outputs. The 
two cells are realized by direct implementation of expressions (11.4c) and (11.5c) 
(COMPCELLA) and expressions (11.4b) and (11.5b) (COMPCELLB) as shown in Figures 
11.14(a) and (b) respectively. 

(a) Cell 'COMPCELL.A' (b) Ceii'COMPCELLB' 

FIGURE 11.14 Comparator-logic diagram. 
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11.4.2.2 Operation of the circuit 

The operation of the complete circuit is as follows : 

• The two numbers are compared starting with the most significant bits. The outputs 
from this comparison are connected to the next most significant bit stage inputs etc. 
The two output signals C; and D; remain at zero as long as the two bits being 
compared are the same. 

• As soon as a difference is detected, the two outputs are set to one of two possible 
states: if A; > B; then C; = 1 and D; = 0; if A; < B; then C; = 0 and D; = 1. 

• All the remaining pairs of less significant bits then have no further effect on the state 
of subsequent outputs C; and D;. 

• If all pairs of bits of the two numbers being compared are equal, then the outputs 
stay at zero signifying equality. 

11.4.2.3 Critical paths 

The critical delay in this circuit is the propagation delay of the two outputs through all the 
stages. The gates passing both outputs should be sized appropriately. The delay is only one 
gate per stage and should not be the limiting factor on a system' s scale. The final sizing of 
the transistors is usually determined after a series of simulations. 

11.4.3 Physical Description 

11.4.3.1 System floor plan 

The 4-bit comparator is realized by abutting cells of each type on an alternate basis. One 
possibility would be to have both bit inputs on the same side of a cell with the two outp1-1ts 
propagating at right angles to the input data path. Another possible layout would be to have 
the two bit inputs on opposite sides of a cell. The second approach was adopted here. The 
height of the comparator remains constant while the width grows linearly with n- the number 
of bits. Therefore the width of each cell should be made as small as possible. 

A possible floor plan is shown in Figure 11.15: the inputs A; and B; come in at the top 
and bottom of each cell respectively, and C; and D; propagate horizontally. VDD and Vss rails 
may also propagate horizontally in global terms but may be distributed at right angles within 
a cell if convenient. 

FIGURE 11.15 Proposed floor plan-4-bit comparator showing shared power rails. 
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If the width of the leaf-cell is w, then the width of an n-bit comparator is nw. This 
dimension must be pitch-matched to the rest of the system (e.g. a VLSI processor, etc.) of 
width W. Therefore 

w =Win 

11.4.3.2 Leaf-cell floor plan 

The floor plan of the 4-bit comparator basically specifies the floor plan of the leaf-cells as 
shown in Figure 11.16. The width w is set by the total maximum comparator width W. The 
minimum height h of the leaf-cell is set by its complexity once the width w has been fixed. 
The decision about the input/output connection and the power rail placements is made at the 
system's level (the system here being the 4-bit comparator). 

A;+l 

(b) (a) 

FIGURE 11.16 Comparator leaf-cells-floor plan. 

In a complex design the number of leaf-cells should be kept to the absolute minimum, 
which implies that the complexity of the leaf-cells should be as high as possible. This greatly 
simplifies the global floor plan. A 50 to 100 transistor leaf-cell can usually be readily 
realized with available design tools. The comparator leaf-cell is of medium complexity and 
does not require any further subdivision. 

11.4.4 Symbolic or Stick Representation to Mask Transformation 

A mask representation is generally obtained from a symbolic form of cell specification by 
the process of compaction. A compactor is a tool that takes a symbolic representation of the 
given cell and produces a mask description of the cell according to some predefined set of 
process design rules. A mask description of the cell may also be obtained by direct mapping 
from a stick diagram using a mask level graphics editor. 

A few basic rules should be observed when designing a circuit: 

I. Start the design by placing an imaginary demarcation line (for p-well CMOS, this is 
closely related to the top edge of the well, and for n-wefiCMOS, the bottom edge 
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of the well). This line separates the p-type devices, which are placed above it, from 
the n-type devices, which are placed below it; that is, the two types of transistors 
should not be intermixed. This style of design allows easy placements of the well and 
the p+ or n+ masks (Figure 11.17). 

2. Keep the VDD and Vss supply rails well separated. This allows all the devices to be 
placed close to the required rail and be completely within the Vvv to Vss boundaries, 
greatly simplifying the inter-cell connections. 

3. Abut as many devices as possible to minimize the interconnect resistance and capacitance 
between them. 

4. Do not use more than four levels of devices between a rail and thuemarcation line 
(as shown). 

5. Place one Vss contact for every four n-type devices, and one Vvv contact for every 
four p-type devices. 

One V 00 contact for every four p-type devices 

No more than four tianslstors in series 
between either rail and demarcation line 

............. .! ...... -~!':'~. ~~ !~~ -~ ~ .. ~~ .. . 
V ss contact for every four n-type devices 

"""- .... , 
Vss 1111111111111111111111111111111111111111111111111~1.111111111111111111111111111111111111 

~ ........ 
FIGURE 11.17 Layout design style. 

A possible embryo mask layout for COMPCELLA (Nand gate-based) is given in 
Figure 11 .18. Note that input A; defines the top of the cell and B; the bottom. This layout 
is readily adapted to form cell COMPCELLB by exchanging Nand for Nor gates. Dimensions 
and separations, etc. will be fixed by the chosen technology to give the final working mask 
layout. 
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Note: Cell orientation in relation to the floor plan (Figure 11 - 16). 

FIGURE 11.18 COMPCELLA mask layout. 
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11.4.5 Design Verification 

Before the actual layout can be submitted for fabrication, the whole design must be carefully 
checked and verified. A simulator (e.g. PROBE) is used during the design process to verify 
and improve the timing behavior of each leaf-cell. When the layout is completed, it must be 
passed through a design rule checker to verify its compliance with the design rules of the 
fabrication process to be used and an electrical rules checker to test for the number of V DD 

and Vss contacts etc . The necessary steps are: 

• Pass the design through a design rule checker and correct any design rule errors. 
• Check the circuit for any electrical rule errors using an electrical rules checker. 

Correct as necessary. 
• Extract the circuit from the mask layout. This produces a file which is a circuit 

description containing connectivity information obtained from the CIF description. 
• Simulate the cell and make any necessary changes to the transistor dimensions etc. 

to improve the performance. Remember to apply correct capacitance loadings to the 
output terminals when simulating. Simulation results obtained in this case for 5 J..lm 
technology are presented in Figures 11.19 and 11.20. Correct as necessary. 

• Recheck for design rule errors. 
• Carry out the final simulation at cell level. 
• Assemble the complete 4-bit comparator using a suitable editor. Simulate ahd design 

rule check the complete subsystem. 
• Place the input and output pads around the circuit as suggested in the floor plan in 

Figure 11.21. Note that the overall system, including the pads, should now have its 
operation checked by simulation. 

11.5 CMOS/BiCMOS PROJECT 4*-A TWO-PHASE NON­
OVERLAPPING CLOCK GENERATOR WITH BUFFERED 
OUTPUT ON BOTH PHASES 

This project differs from the previous three since it is not concerned with the design of a 
cascadable architectural subsystem bit-slice. Rather, it is a control signal (two-phase clock) 
generator and bus driver which must perform well when driving relatively large capacitive 
loads. 

11.5.1 Behavioral Description 

The circuit is required to accept a single-phase input clock signal of 10 MHz maximum 
frequency and, from this, generate two-phase non-overlapping clock signals at the input 
clock frequency. The two-phase clock signals are to be good, clean 'square' waves, and each 
phase should be capable of driving a load capacitance of 0.33 pF without undue waveform 

*The work reported here was carried out by Brenton Cooper as part of a final year project at the University 
of Adelaide . 
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FIGURE 11.21 4-bit comparator with illustrative placements. 

degradation. The approach taken is one of circuit development through the design of mask 
layout, simulation of performance, improvement where necessary, modified mask layout, 
simulation, and so on. 

11.5.2 Structural Description 

The structure of a suitable basic circuit arrangement, previously introduced in Chapter 6 
(Figure 6.33), is quite simple, comprising two gates and two inverters repeated here in 
Figure 11.22. Output buffers will be added to the two-phase outputs to cater for the specified 
capacitive load. 

clock in 

FIGURE 11.22 Basic two-phase clock generator logic. 

11.5.3 Design Process 

11.5.3.1 Version 1 

In order to achieve the waveform requirements, it was decided to first complete a mask 
layout for the basic arrangement without output buffers and simulate this before proceeding 
further . The circuit realized is shown in Figure 11 .23 and is a straightforward translation of 
the logic of Figure 11.22. 
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Clock in 
Voo 

delayed clock 

All transistors minimum size, W= L = 2 lambda. 

FIGURE 11.23 Basic two-phase clock generator_ circuit. 

The design rules used will be lambda-based with a value of A. = 2 ~m for fabrication 
in single poly., single metal, p-well CMOS technology. All transistors are of minimum size, 
that is, W = L = 2A. = 4 ~m. The initial mask layout is given in Figure 11.24 (B& W copy 
of color pen plotter output) and corresponding ' H-Spice' simulation results at 10 MHz on 
zero external load in Figure 11 .25 . 

The following observations are relevant: 

1. The amount of 'underlap' between the phase 1 and phase 2 waveforms is barely 
adequate. 

2. Phase 1 output rises faster than phase 2, and phase 2 peak voltage does not quite 
reach +5 V owing to the time required for the Nor gate output to rise. 

3. The square waves produced at each output are not particularly good and there is a 
noticeable 'glitch' on the phase 2 output. 

11.5.3.2 Version 2 

Clearly, all the above performance features could be improved by: 

1. increasing the delay presently introduced by the two inverters in series; 
2. reducing the output resistance of the final delay generating inverter so that the gate 

capacitance of the Nor gate will be charged faster, a·nd also reducing the output 
resist!lnce by widening the channels of the two p-type pull-up transistors of the Nor 
gate; and 

3. routing the delayed clock waveform to the p-type transistor closest to the output 
node of the Nor gate. 

All the above points have been taken into account in version 2, noting that (1) the 
delayed clock waveform is now generated by four inverters in series and (2) that the driving 
capability has been improved by progressively decreasing the L: W ratio for the transistor 
channels in each inverter. Improvement (3) has been taken account of by rearranged connections 
to the Nor gate pull-up gates. 

The circuit implementation now appears as Figure 11 .26, the revised mask layout as 
Figure 11 .27 and the corresponding simulation results as Figure 11.28. 
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All transistors minimum size, W: L = 1 :1 unless stated otherwise. 

FIGURE 11.26 Circuit (version 2) for two-phase clock generator circuit. 

11.5.3.3 Version 3 

Waveforms and delay are now predicted to be within acceptable limits and it now remains 
to add the output buffer at each output. An acceptable approach is to cascade inverters of 
increasing channel width as set out in chapter 4, section 4.8 . 

In this case, the ratio 

y = _!;_ = 0.33 pF = 33 
ocg o.o1 pF 

(An approximate value of .01 has been assumed for OCg.) 
The number N of cascaded stages is given by N = 1n(y); thus in this case. 

N = 3.5 (say, N = 3) . 

Thus, we need three inverters in series, each one being:;:: 2.7 times (say 2.5) its predecessor's 
width. Noting the existing output inverter stage for phase 1, we need two additional buffer 
inverter stages to provide the phase 1 output. Three will be needed for phase 2 but a fourth 
is added to maintain the original phase relationship. The circuit is shown in Figure 11.29 and 
the modified mask layout is shown in Figure 11 .30. 

11.5.4 Final Test (Simulation) Results 

The final version (version 3) of the mask layout was first simulated on no external load and 
the waveforms generated at 10 MHz clock frequency. Near ideal non-overlapping square 
waves were observed as shown in Figure 11 .31. 

In order to assess the effect of increasing this maximum operating frequency, the input 
clock rate was doubled and results for a 20 MHz input clock were observed as in Figure 11 .32. 
It will be seen that the performance of the ci-rcuit is still very good. 

Finally, the outputs were loaded with load capacitance CL which was increased in value 
until the slope of the clock edges began to erode the underlap between the phases. 
Figure 11 .33 shows that acceptable waveforms are still generated even if the originally 
specified CL value is exceeded by a factor of six times, indicating a very conservative design. 
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Clock in 

All transistors minimum size, W: L = 1 :1 unless stated otherwise. 

FIGURE 11.29 Circuit (version 3) for two-phase clock generator circuit. 

11.5.5 Further Thoughts 

The mask layouts presented here are those from which the simulation results were obtained. 
They should, however, be used with care since the yellow lines defining p+ areas do not copy 
in monochrome (B&W) form and are thus not apparent in the layouts reproduced here. Also, 
actual details of the appropriate technology design rules should be applied to a layout as 
necessary. 

If larger capacitive loads are required to be driven, such as an output pad with associated 
off chip wiring etc. , then two possibilities are: 

1. Increase the number of cascaded inverter buffers at each output. 
2. If the technology in use caters for BiCMOS circuits, then redesign the two-phase 

generator to include BiCMOS output stages for each phase. 

A further need may be for buffered complementary outputs, that is (phase 1) and 
---

(phase 2 ) to be also generated. 
The mask layout for an arrangement which employs BiCMOS technology and provides 

four outputs-(phase 1), (phase 1 ), (phase 2), and (phase 2 )- is presented as Color plate 12. 

11.6 CMOS PROJECT 5*-· DESIGN OF A d/LATCH-AN EVENT­
DRIVEN LATCH ELEMENT FOR EDL SYSTEMS 

This project differs from the previous four since it is concerned with the design of an event­
driven circuit element. In fact the design to be pursued is that of an event-driven latch 
(Jlarch) which is part of ongoing developments in the field of event-driven-logic (EDL). 
Before a behavioral description can be set out, it is necessary to acquaint the reader with 
some basic aspects of EDL. 

*The design work on thi s latch was carried out by postgraduate researcher Shannon Morton at the Un iversity 
of Adelaide as part of th e digital systems group work on the application of EDL concepts to the design 
of asynchronous processors. 
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11.6.1 A Brief Overview of Event-Driven Logic (EDL) 
Concepts (Pucknell, 1993) 

) 

An alternative way of approaching the representation and design of asynchronous sequential 
logic is to take an 'event-driven' or 'transition-based' approach. In concept, the approach 
taken is to define the initial conditions of a system in terms of the logic level assumed by 
each variable and then describe subsequent system behavior in terms of the transitions (changes 
in logic level, also called events) of those variables. Clearly, if all events are defined for each 
variable, then subsequent logic level states are also defined. In order to pursue this approach, 
let us first examine some of the basic features and factors associated with the concept of 
'event-driven' or 'transition-based' logic and logical operations. 

11.6.1.1 An event-driven or transition-based approach to logic 

In formulating event-driven logic (EDL), it is necessary to adopt special operators which 
readily express the transitions or events which may occur. 

Transition operators and some basic relationships. The operators proposed are an extended 
set of the two originally proposed (Talantsev, 1959). Considering a single line carrying a 
logic signal denoted 'A', then at any time 't' there are four possibilities: 

1. ~ A denoting a change in A from 0 to 1; 
2. V A denoting a change in A from 1 to 0; 
3. Li denoting no change in A at logic 0; 
4. V A denoting no change in A at logic 1. 

Note the operators ~ V Li V and their significance. 
Possibilities 1 and 2 may be defined as ' events' and we may write : 

a.A =~A+ VA 

where a.A indicates any event for signal A. 
Possibilities 3 and 4 may be defined as 'non-events' and we may write: 

the negated a indicating no event for signal A. 

11.6.1.2 Some bridging rules between EDL and 'conventional logic' 

Clearly, there must be some relatively straightforward rules for converting between conventional 
and event-driven forms of logic and EDL elements may be constructed from conventional 
combinational logic circuits, as is also the case .for clocked sequential elements. 

The basic relationships are simple and may be proved quite readily mathematically or 
through a process of logical reasoning. Requirements are met by the rules given in Table 11 .2. 
To illustrate the use of these rules, we may predict the transition behavior of a simple 
conventional two-input And gate. To do this, we start with the conventional logic equations 
and then apply the rules of Table 11 .2. 
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TABLE 11.2 Simple bridging rules 

Event-driven Conventional In words 

VA+LlA <=> A becomes 0 or remains at 0 

M + V A <=> A A becomes I or remains at I 

(M + VA + Ll A + VA <=> I All possible events for A 

M(VA + VA+ Ll A) <=> 0 'Anding' differing events for A 

Where '<=>' indicates ' translates to ' and should be considered in the context of what is 
actually meant in conventional logic when we write, say, A = B.C or A= B + C etc. 

X = A . B becomes 

LlX + V X = (M + VA) . (LlB + VB) 

= LlA . LlB + LlA . V B + V A . LlB + VA . V B. 

A little thought will reveal that this equation comprises two parts: 

I . the conditions for X to change from 0 to I 

LlX = M . LlB + M. VB+ VA . LlB 

2. the conditions for X to remain at logic I 

VX = VA . VB 

3. 

4. 

Similarly, starting withthe complementary form of the expression · 

X=A+B 

we may arrive at expressions for 

VX =VA+ VB 

and 

LlX = LlA + LlB 

Taking events only: 

.LlX = LlA . LlB + M V B + VA . LlB 

and VX =VA+ VB. 

These are the EDL equations defining the conditions for X to change from 0 to I and 
from I to 0 respectively. EDL equations can be written for any gate. For example, a two 
input Nor gate (inputs A and B, output Y) can be represented by: 

VY = M + ~B and Ll Y = VA VB + VALl B + Ll A VB 

Clearly, then, the behavior of simple combinational logic gates may be expressed in terms 
of events. Note, however, that the common combinational logic gates may well not generate 
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simple EDL functions but it is possible to conceive a specifically designed set of EDL gates 
which perform straightforward EDL functions but which, in tum, may not generate simple 
combinational logic functions . The exception is the Exclusive Or gate which is the point of 
intersection between the two gate sets. 

11.6.1.3 The Inverter as an EDL element 

The inverter converts one transition of its input variable (e.g. 0 to 1) into the other transition 
(1 to 0 for the example) at the output. It also quite clearly converts a logic level at the input 
to its complement at the output. Th~ inverter will not convert events into non-events or vice 
versa unless it is faulty . 

11.6.1.4 Other EDL elements 

So far, this discussion has covered the EDL aspects of gate logic circuits and we may now 
tum attention to the application of EDL concepts to the design of storage elements. EDL 
storage elements will be driven and activated by events on specified control inputs. For 
example, the event-driven latch to be discussed here is activated by events on pass and 
capture control inputs. 

11.6.2 Behavioral Description of a ()Latch 

The circuit is required to accept a single input, pass this to a single output when any 
event occurs on a pass (p) control line and latch this output when any event occurs on a 
capture (c) control line. The basic, most general, arrangement is shown in symbolic form in 
Figure 11.34 and it may be seen that a delayed version of each event control line, namely 
pass done (pd) and capture done (cd), is presented as an output control signal. A Clear (clr) 
input is also required. In a particular configuration, the pd output provides the c input and 
the delay through the two inverters is sufficient to allow the select line of the latch input 
switch to go high long enough for data to propagate through the latch from input to output 
before it is captured. Thus, the whole latch action is controlled by events on the p input line. 
It is that version which is to be implemented here. 

p Clr cd 

;}latch 

data data 
in out 

pd c 

FIGURE 11.34 Symbolic form of alatch element. 
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11.6.3 Structural Description 

The structure of a suitable basic latch circuit arrangement is quite simple, comprising three 
inverter pairs, an Xor gate and a switch (multiplexer) as shown in Figure 11.35(a). Note that, 
in this case, pd and c will be joined, as in Figure 11.35(b), internally in the mask layout. 

p cd 

(a) General arrangement of i}latch 

p cd 

0 

data .__ ____ out data 
ln----....:f 

Clr -------t 
(b) Arrangement of dlatch to be realized here 

FIGURE 11.35 Basic arrangement of the iHatch element. 
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11.6.4 Cireuit Action 

The select line is generated by an Xor gate between inputs p and c. The done events will 
occur after the select line has reached its new state which will activate the actual latching/ 
storage part of the circuit. This consists of two pass transistor switches with a supporting 
pull-up transistor, a two inverter buffer/driver, and a clear transistor. If one wishes to latch 
more than 1-bit of data, then it is this part of the circuit alone which must be replicated, for 
example 16 times for latching a 16-bit word. 

When the select line goes high, the input logic level is connected to the buffer/driver 
through one of the pass transistor switches and the output of the buffer/driver will assume 
the same logic level. If this is a logic 1, the logic level would be degraded by the threshold 
voltage of the pass transistor, but the output (logic 0) of the first inverter of the buffer/driver 
is used to turn on a p-type pull-up transistor which acts as a pull-up to the output of the pass 
transistor, thus restoring a good logic 1 level. When the latch enters the capture state, the 
select line goes low, the input pass transistor switch is turned off and the other pass transistor 
switch is turned on, thus connecting the input of the buffer/driver pair to its output. Thus, 
the data is latched. 

The clear line is inactive when low but when enabled with a logic 1, the pass transistor 
switch output node is forced low and will remain low even if the select line goes high and 
the logic level at the input is a 1 . 

. 
11.6.5 Mask Layout and Performance Simulation 

The translation of the latch circuit into a mask layout is conveniently · achieved using either 
a symbolic entry editor or a direct mask entry editor. In either case, the technology chosen 
will determine absolute widths, separations and overlaps and will also determine C and R 
values for the various layers. 

In this case, the geometry of a suitable mask layout is given in Figure 11.36 and 
network extraction and simulations have been carri~d out in both 5 11m and 1.2 11m double 
metal, single poly. , p-well CMOS technologies. Simulation results are given in Figure 11.3 7 
(5 11m) and Figure 11.38 (1.2 11m). Noting the differing time scales used to plot the simulation 
results, it can be seen that the 1.2 11m latch is faster than the 5 11m latch by a factor of 
approximately 5. This compares favorably with the theoretical speed-up factor= 5/1.2 "' 4.2. 
Propagation times through the latch are approximately 5.4 nsec for the 5 11m design and 
1.1 nsec for the 1.2 11m design. 

11.7 OBSERVATIONS 

We have seen that the design process for the design of digital systems in silicon is a 
reasonably straightforward proposition, provided that an orderly, structured approach is taken. 
The tutorials, exercises, and project work in the text have illustrated approaches to design, 
and readers should by now begin to feel comfortable in their ability to tackle the design of 
systems of modest size and complexity. An ability to understand the characteristics of the 
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available technologies and the design processes should enable system designers to specify an 
appropriate technology and, where necessary, design ' custom' digital chips. 

This text has not attempted to seriously address the problems of complexity. management 
and the design time associated with the design of large digital systems. We. have also largely 
ignored the ever-growing need for custom-designed analog circuits in MOS technologies, 
both for pure analog applications and for 'on-chip' interfaces between the analog world and 
digital systems. 

We have seen that there are factors which limit the ultimate scaling of silicon circuits 
and thus there are ultimate limitations on the speed of silicon circuitry. This will not be a 
problem in any but the fastest areas of application, but emerging needs in real-time control 
and in signal processing applications, to name just two, may well impose needs beyond the 
capability of MOS silicon systems alone. It is in such applications that other technologies, 
in particular gallium arsenide, will find application as fast 'front-end' processors to silicon 
systems. To introduce the reader to this important area, the next, and final, chapter introduces 
gallium arsenide technology. 

11.8 REFERENCES 

Pucknell, D.A. (1970) 'Transition equations for the analysis and synthesis of sequential 
circuits', lEE. Electron. Lett., 6 (23), 731-33. 

Pucknell, D.A. (1993) 'An event-driven-logic (EDL) approach to digital system representation 
and related design processes', lEE. Proc.-E, Computers and Digital Techniques, Vol. 
140, No. 2, 119-26. 

Pucknell, D.A. (1973, May) 'Sequential circuit characterisation and synthesis using a transition 
equation approach', Proc. lEE. , 120(5), 551-56. 

Pucknetl, D.A., and Liebelt, M.J. (1990, July) 'Aspects of event-driven logic', Proc. 9th 
Australian Microelectronics Conference, Adelaide, South Australia, 171-73. 

Smith, J.R., and Roth, C.H. (1971) 'Analysis and synthesis of asynchronous sequential networks 
using edge-sensitive flip-flops', IEEE. Trans. Comput., C-20, 847-55. 

Talantsev, A.D. (1959) 'On the analysis and synthesis of certain electrical circuits by means 
of special logical operators', Autom. and Telemech., 20, 895-907. 



... 

Ultra-fast VLSI Circuits 
and Systems-Introduction 

to GaAs Technology 

There was a young lady named Bright, 
Whose speed was far faster than light, 
She set out one day in a relative way, 
And returned home the previous night. 

- ARTHUR HENRY -BULLER 

12.1 ULTRA-FAST SYSTEMS 

In this final chapter we will briefly consider some of the limitations of silicon devices and 
then look at one of the emerging..altematives-gallium arsenide. 

12.1.1 Submicron CMOS 'technology 

Speed and smaller device dimensions are closely interrelated and we have already touched 
on the fact that the foreseeable limits on channel length for MOS transistors is in the region 
of 0.25 j.lm, after which further scaling down results in unworkable transistor geometry. 

In CMOS devices we have also seen that the p-transistors have inherently slower 
performance than similar n-transistors. This is primarily due to the lower mobility of holes 
compared with . that of electrons. Typically 

llp :;:: 240 cm21V.sec 

lln * 650 cm2/V.sec 

In long-channel devices this means a difference in current drive transition times of 
about 2.5:1. However, as the channel lengths are scaled down, the influence of mobility starts 
to diminish as the effects of velocity saturation begin to be felt. 

For long-channel MOS transistors, the current/voltage relationship below saturation can 
be approximated by 

Ids = Wl.lfox [ (Vgs - ~) Vds - 0.5 vJs] 

375 
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where 
Cox = gate/channel capacitance per unit area 

= E;nsEo 

D 

This implies that current drive is proportional to mobility and inversely proportional to 
channel length. 

Transconductance gm is similarly influenced. When velocity saturation occurs along the 
entire channel length, then the current/voltage relationship is given by 

ldsat = WCoxVsat ( Vgs - V,) 

where V501 is the saturation velocity. Current is now independent of both mobility and channel 
length but dependent on the saturation velocity. Transconductance is constant and thus 
independent of channel length. 

It should be noted that velocity saturation occurs at lower electric field strengths in 
n-devices due to their higher mobility compared to p-devices. Thus, as dimensions are scaled 
down, the current drive from n-transistors tends to a constant value independent of channel 
length while the current drive from p-transistors does not tend to a constant value until, at 
a shorter channel length, the holes start to run into velocity saturation. We must therefore 
look to other than silicon-based MOS technology to provide for the faster devices which will 
undoubtedly be required as the sophistication of our system design capabilities increases. An 
alternative technology is based on gallium arsenide. 

12.1.2 Gallium Arsenide VLSI Thchnology 

He that will not apply new remedies must expect new evils: 
for time is the greatest innovator. 

- FRANCIS BACON 

Silicon MOS technology has been the main medium for computer and system applications for 
a number of · years and will continue to fill this role. However, silicon logic has speed 
limitations that are already becoming apparent in state-of-the-art fast digital system design. 
Paralleling developments in silicon technology, some very interesting results have emerged 
for gallium arsenide (GaAs)-based technology. Gallium arsenide will not displace silicon but 
is being used in conjunction with silicon to satisfy the need for very high speed integrated 
(VHSI) technology in the many new and innovative systems. 

Much of the development work in material technology that has paralleled that in silicon 
has been related to groups II-VI and groups III-V compounds, with gallium arsenide, a 
group III-V compound, showing the most promise. 

The compound gallium arsenide was discovered in 1926. However, its potential as a 
high speed semiconductor was not realized until the 1960s. The high speed electron mobility 
of gallium arsenide with respect to silicon, a semi-insulating substrate with consequent lower 
parasitics, a 1.4 improvement factor for carrier saturation velocity of GaAs over silicon, its 

1 

..J 

i 
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Gallium possesses a positively charged nucleus of+ 31, while the arsenic atom's nucleus 
has a positive charge of + 33. In each case, the total positive charge of the nucleus is 
equalized by the total effective negative charge of the electrons. Electrons, traveling within 
their respective orbits, possess energy since they are a definite mass in motion (i.e. rest mass 
of electron is 9.108*10-23gm). This means each electron in its relationship with its parent 
nucleus exhibits an energy value and functions at a distinct energy level. This energy level 
is dictated by the electron's momentum and its physical proximity to the nucleus. The closer 
the electron is to the nucleus, the greater is the holding influence of the nucleus on the 
electron and the greater is the energy required for the electron to break loose and become 
free. 

Outer orbit electroQs are said to be stronger than inner orbit electrons because of their 
ability to break loose from the parent atom, and as a result they are referred to as ' valence 
electrons'. The outer orbit in which valence electrons exist is called the ' valence band' . It 
is the electrons from this band that are being considered in much of the discussions in the 
section to follow. 

Crystal chemical bonds result through sharing of valence electrons. In materials such 
as Si, Ga and As, the outer-shell valence configuration can be represented by 

Si --7 3s2 3p2 

Ga --7 4s2 4p1 

As --7 4s2 4p3 

Here the core is not shown and the superscripts denote the numbeJ:: .. of electrons in.the 
subshells (i.e. s- and p-orbitals). Wit.h this concept in mind, the structure of the atoms shown 
in Figure 12.2 can be simplified by representation as in Table 12.1. 

TABLE 12.1 Periodic table 

GROUP II GROUP III GROUP IV GROUP V GROUP VI 

Be~_01 Be:o.s2 c~2.o1 N{4oos 0~60 
M 12 

g24.32 Al~!.97 s · l4 128.09 
piS 

31.02 
sJ6 

32.07 

z 30 
n6s .3s 

G 31 
a69.72 

G 32 
en.6o 

As33 
74.91 

s 34 
e79.o 

Cd{~2 .4 I 49 
nll4.s 

s 50 
nll8.7 sb:~~.s T s2 

el27.6 

Note: Numbers in the table refer to the atomic number and the atomic weight. 
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12.2.1 A Compound Semiconductor 

Gallium arsenide is a compound semiconductor which may be defined as a semiconductor 
made of a compound of two elements (as opposed to silicon, which is a single element 
semiconductor). From Table 12.1 , which shows the materials in a periodic table, it is possible 
to deduce the manner in which III- V semiconductors can be produced. For example, gallium, 
having three valence electrons, can be combined with arsenic, which has five valence electrons, 
to form the compound GaAs. 

Figure 12.2 shows the arrangement of atoms in a gallium arsenide substrate material. 
Note the alternate positioning of gallium and arsenic atoms in their exact crystallographic 
locations. Since gallium arsenide is a binary semiconductor, special care is required during 
the processing to avoid high temperatures that could result in dissociation of the surface, this 
being one of the basic difficulties in the growth of GaAs bulk material. 

• 0 • 0 • 0 • 
0 • 0 • 0 • 0 

Key 

• G a 

• 0 • 0 • 0 • 0 As 

0 • 0 • 0 • 0 
FIGURE 12.2 Arrangement of atoms in GaAs substrate. 

12.2.2 Doping Process 

Much as it is with silicon, it is necessary to introduce impurities into the semi-insulating 
GaAs material in order to facilitate the creation of switching devices. Selection of the impurity 
and its concentration density determine the behavior of the switching element. According to 
the dopant used, both n-type and p-type material can be realized. 

12.2.2.1 n-type material 

Group IV elements such as silicon can act as either donors (i,e. on Ga sites) or acceptors 
(i.e. on As sites). Since arsenic is smaller than gallium and silicon (the covalent radius for 
Ga is 1.26 A and for As is 1.18 A), group IV impurities tend to occupy gallium sites. Thus, 
silicon is used as the dopant for the formation of n-type material as shown in Figure 12.3. 

• 0 0 0 0 0 0 Key 

0 G 0 0 0 • 0 0 Ga 

® 0 • 0 0 0 G 0 As 

0 0 0 0 0 0 0 • Dopant atom 

FIGURE 12.3 n-type material. 
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semiconductor). From Table 12.1, which shows the materials in a periodic table, it is possible 
to deduce the manner in which III- V semiconductors can be produced. For example, gallium, 
having three valence electrons, can be combined with arsenic, which has five valence electrons, 
to form the compound GaAs. 

Figure 12.2 shows the arrangement of atoms in a gallium arsenide substrate material. 
Note the alternate positioning of gallium and arsenic atoms in their exact crystallographic 
locations. Since gallium arsenide is a binary semiconductor, special care is required during 
the processing to avoid high temperatures that could result in dissociation of the surface, this 
being one of the basic difficulties in the growth of GaAs bulk material. 
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and its concentration density determine the behavior of the switching element. According to 
the dopant used, both n-type and p-type material can be realized. 

12.2.2.1 n-type material 

Group IV elements such as silicon can act as either donors (i,e. on Ga sites) or acceptors 
(i .e. on As sites). Since arsenic is smaller than gallium and silicon (the covalent radius for 
Ga is 1.26 A and for As is 1.18 A), group IV impurities tend to occupy gallium sites. Thus, 
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0 0 0 0 0 0 0 • Dopant atom 

FIGURE 12.3 n-type material. 
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The shrinkage of atomic radii across a given row of the periodic table (Table 12.1) can 
best be explained by noting that in any given period, electrons are added to s- and p-orbitals, 
which are not able to shield each other effectively from the increasing positive nuclear 
charge. Thus an increase in the positive charge of the nucleus results in an increase in the 
effective nuclear charge, thereby decreasing the effective atomic radius. This is why, for 
example, an As atom is smaller than a Ga atom. 

12.2.2.2 p-type material 

Beryllium (Be) or magnesium (group II) can be used for the formation of p-type material. 
Since Be is the lightest p-type dopant for GaAs, deep implantation of the dopant atoms can \ 
be accomplished with relatively less !attic damage. Nevertheless, Mg is also finding its way 
as a suitable dopant in a number of processes. Formation of p-type material is fundamental 
to both JFET and CE-JFET (i.e. complementary JFET) processes, to be described in the later 
part of this chapter. 

12.2.3 Channeling Effect 

The whole concept of crystal orientation becomes important during 

• the etching of the crystal; 
• ion implantation; 
• passivation. 

This introduces an 'orientation dependency' that influences the properties of GaAs field 
effect transistor. For example, during implantation, when a high energy ion enters a single 
crystal lattice at a critical angle to the major axis of the GaAs crystal, the ion is steered down 
the open directions of the lattice. This steering is called axial channeling. This implies that 
if a random equivalent direction is not used during ion implantation, the depth distribution 
will be greater than those predicted by range statistics which are used to establish penetration 
depth. 

The channeling effect is not as dramatic in the <100> direction when compared with 
<110> direction. Many of the current GaAs wafers employ the <100> direction. It should be 
noted that the profile difference between the aligned <100> direction implant and any other 
direction of implant has a significant influence upon the threshold voltages of the fabricated 
devices. 

12.2.4 Energy Band Structure 

One of the important characteristics that is attributed to GaAs is its superior ele.ctron mobility 
brought about as the result of its energy band structure as shown in Figure 12.4. 

Gallium arsenide is a direct gap material with valence band maximum and conduction 
band minimum coinciding in k space at the Brillouin zone centers. Valleys in the band 
structure that are narrow and sharply curved correspond to electrons with low effective mass 
state, while valleys that are wide with gentle curvature are characterized by larger effective 
masses. 
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FIGURE 12.4 Energy band structure of silicon and gallium arsenide. 
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The curvature of the energy versus electron momentum profile determines the effective 
mass of electrons traveling through the crystal. The minimum point of gallium arsenide's 
conduction band is near the zero point of crystal-lattice momentum, as opposed to silicon, 
where conduction band minimum occurs at high momentum. Now, mobility, jl, depends upon 

• concentration of impurity, N; 
• temperature, T; 
• and is inversely related to 
• electron effective mass, me. 

For GaAs, the effective mass of these electrons is 0.067 times the mass of a free 
electron (i.e. 0.067 me, where me is the free electron rest mass). This means electrons travel 
faster in gallium arsenide than in silicon as the result of their superior electron Qtobility 
brought about by the shapes of their conduction bands. Electrons in the higher valleys have 
high mass and strong intervalley scattering and therefore exhibit very low mobility, which 
is very similar to conduction electrons in silicon. 

Furthermore, gallium arsenide is a direct-gap semiconductor. Its conduction band minimum 
occurs at the same wave vector as the valence band maximum (Figure 12.4), which means 
little momentum change is necessary for the transition of an electron from the conduction 
band to the valence band. Since the probability of photon emission with energy nearly equal 
to the band gap is somewhat high, GaAs makes an excellent light-emitting diode. Silicon on 
the other hand, is an indirect-gap semiconductor since the minimum associated with its 
conduction band is separated in momentum from the valence band minimum. Therefore it 
cannot be a light-emitting device. 



• .. ~.f.I~ ________________________ B_as_i_c_V_L_SI __ D_es_i~g_n __________________________ ~) 

12.2.5 Electron Velocity-field Behavior 

As the applied electric field, £, across the GaAs material is increased, the charge carriers, 
that is electrons in this case, gain energy from the applied field. At the same time, through 
collisions (i.e. optical phonon scattering) with the lattice, the electrons also lose a small 
portion of this energy. So long as the resultant balance is positive, the energy and drift 
velocity of the charge carriers increases with an increase in the applied field. However, at 
some point, the energy gained from the field becomes equal to the energy lost as the result 
of collisions. This results in the drift velocity approaching a limiting value referred to as the 
saturation velocity, Vsat· 

Since gallium arsenide is a multi valley semiconductor, when the energy of lower valley 
electrons rises sufficiently, that is at electric fields greater than approximately 3500 V/cm, 
electrons become 'hot'. There is a region in the electron velocity-field characteristics where 
some of the 'hot' electrons populate an upper conduction band that is characterized by larger 
electron effective mass. The resultant effect is a reduction in the number of high mobility 
electrons and hence the drift velocity. 

In this region the drift velocity is no longer proportional to the electric field, but instead 
passes through a maximum of about 2*107 em/sec with increasing field, and decreases to an 
electriC field independent saturation value of about 1.4*107 em/sec. 

The velocity-field characteristics illustrating the three regions of interest are shown in 
Figure 12.5. For convenience of comparison, characteristics for silicon are also illustrated. 
From the figure it can readily be noted that in low electric field regions, silicon has a much 
lower mobility than ,gallium arsenide. This increases monotonically until the drift velocity 
saturates at a value of about 1 *107 em/sec. 
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FIGURE 12.5 Electron velocity versus electric field for silicon and gallium arsenide. 
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12.3 TECHNOLOGY DEVELOPMENT 

Although this technology is confronted with similar technological problems as was silicon in 
the mid-1970s, during the last few years ·considerable progress has been made in GaAs 
integrated circuitry and the technology has progressed to the point where a number of foundries 
that provide GaAs fabrication are now in opefation. 

Typically, the current offerings have the following characteristics: 

• less than one-micron gate geometry; 
• less than two-micron metal pitch; 
• up to four-layer metal; 
• 'ON' and 'OFF' devices; 
• four-inch diameter wafers; 
• suitability for clock rates in the range 1-2 GHz. 

The salient features of this technology include: 

• Electron mobility of six to seven times that of silicon, resulting in very fast electron 
transit times. 

• Saturated drift velocity for GaAs and silicon are approximately equal, that is, 1.4*107 

em/sec and 1.0*107 em/sec respectively. However, what is significant is that for 
GaAs saturation velocity occurs at a lower threshold field than for silicon. 

• Large energy bandgap offers bulk semi-insulating substrate with resistivities in 
the order of 107 to 108 ohm.cm. This minimizes parasitic capacitances and allows 
easy electrical isolation of multiple devices in a single substrate. 

• Radiation resistance is stronger due to absence of gate oxide to trap charges. 
• A wider operating temperature range is possible due to the larger bandgap. GaAs 

devices are tolerant of wide temperature variations over the range - 200 to +200°C. 
• Direct bandgap of GaAs allows efficient radiative recombination of electrons and 

holes; this means forward-biased pn junctions can be used as light-emitters. Thus, 
efficient integration of electronics and optics becomes possible. 

• Up to 70% reduction in power dissipation can be obtained over the fastest of the 
silicon technology such as ECL. 

Table 12.2 provides an insight into the major differences between silicon and gallium arsenide. 
Progress in terms of speed/power projections for GaAs and commonly used silicon technologies 
may be assessed with reference to Figure 12.6. 

In view of rapid developments in silicon technology itself, it is also appropriate to 
compare gallium arsenide with CMOS and BiCMOS. This comparison is highlighted in 
Table 12.3. 

For very high speed operation in a semiconductor medium, three factors become significant, 
namely: 

• carrier mobility; 
• carrier saturation velocity; 
• existence of semi-insulating substrate. 
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TABLE 12.2 Comparisons between silicon and gallium arsenide. 

Properties Si GaAs Units 

Intrinsic mobility 
Electrons 1300 8000 cm2N.sec 
Holes 500 400 cm2N.sec 

Intrinsic resistivity 2.2*105 1*108 ohm.cm 
Dielectric constant 11.9 13.1 
Density 2.33 5.32 gm/cm3 

Energy gap 1.12 1.43 eV 
Thermal conductivity 1.5 0.46 W/cm° K 
Effective electron mass 0.97 ll1e 0.067 ll1e 
Coefficient of thermal expansion 2.6*10-6 5.9*10-6 ;oc 
Vapor pressure (900°C) 7.5*10-19 7.5*10-3 mmHg 
Breakdown field 3*105 4*105 V/cm 
Schottky barrier height ~8 0.4-0.6 0.7-0.8 v 

propagation 
delay/gate 

10ns 

1ns 

100 ps 

10ps;---------~---------r---------+---------+---. 
101J.W 1mW 10mW 100mW 

power dissipation/gate 

FIGURE 12.6 Speed/power performance projections for GaAs and Sl. 
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TABLE 12.3 Comparison between CMOS, bipolar and GaAs technologies 

CMOS Bipolar GaAs 

• Low dissipation • High dissipation • Medium dissipation 
• High liP impedance • Low liP imp~dance • High 1/P impedance 

-low drive current -high drive current -below <!>8 

• High noise margin • Medium noise margin • Low noise margin 

• Medium speed • High speed • Very high speed 
-high voltage swing -low voltage swing -low voltage swing 

• High packing density • Low packing density • High packing density 
• High delay sensitivity • Low delay sensitivity • High delay sensitivity 

to load-fan-out to load-fan-out to fan-in and fan-out 

• Low output drive • High output drive • Low output drive 

• gm ,a,Vin • gm a.eV;n • gm a.Vin 
• Bidirectional • Unidirectional • Bidirectional possible ,_ 

• Ideal switching device • Not ideal switching device • Reasonable switching device 

• Medium/, • High f, at low current • Very high f, 
• Indirect gap • Indirect gap • Direct gap 

-good light-emitter 

• Mask leveis 12 to 16 • Mask levels 12 to 20 • Mask levels 6 to 10 

Gallium arsenide mostly fulfills the requirements and, together with its moderate power · 
dissipation, provides the technology base for a new generation of circuits .and subsystems. 

12.3.1 Gallium Arsenide Devices 

During the last few years a number of different devices have been developed. The so-called 
'first generation' of GaAs devices includes: 

• depletion-mode metal semiconductor field-effect transistor, D-MESFET; 
• enhancement-mode metal-semiconductor field-effect transistor, E-MESFET; 
• enhancement-mode junction field-effect transistor, E-JFET; and 
• complementary enhancement-mode junction field-effect transistor, , CE-JFET. 

First generation GaAs gates have exhibited switching delays as low as 70 to 80 psec 
for a power dissipation in the order of 1.5 mW to 150 J..tW. 

There are other more sophisticated 'second generation' devices such as: 

• high electron mobility transistor, HEMT; 
• heterojunction bipolar transistor, HBT. 

Electron mobility in second generation transistors can be up to five times greater than 
in the first generation. In consequence, very fast devices are possible. 
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However, in the following sections we will concentrate on establishing some of the 
fundamental _l)rinciples of GaAs design methodology for the first generation devices only, 
particularly the predominant MESFETs, which are now at a stage of development that enables 
them to be incorporated in very fast VLSI systems. 

12.3.2 Metal Semiconductor FET (MESFET) 

The gallium arsenide field-effect transistor, a bulk-current-conduction majority-carrier device, 
is fabricated from bulk gallium arsenide by high-resolution photolithography and ion implantation 
into a semi-insulating GaAs substrate. Processing is relatively simple, requiring no more than 
six to eight masking stages. For the purpose of comparison, Figure 12.7 shows the evolution 
of process complexity in terms of mask count as function of time for both silicon and gallium 
arsenide technologies. 
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FIGURE 12.7 Evolution of process complexity for silicon and gallium arsenide technologies. 

The structure of the basic MESFET as shown in Figu~e 12.8 is very simple. It consists 
of a thin n-type active region joining two ohmic contacts with a narrow metal Schottky 
barrier gate that · separates the more heavily doped drain and source. 

GaAs MESFETs1·are similar to silicon MOSFETs. The major difference is the presence 
of a Schottky diode at the gate region which separates two thin n-type active regions, that 
is, source and drain, connected by ohmic contacts. It should be noted that both D type and 
E type MESFETs, that is, 'ON' and 'OFF' devices, operate by the depletion of an existing 
doped channel. This can be contrasted with silicon MOS devices where theE (enhancement) 
mode transistor functions by inverting the region below the gate to produce a channel, while 
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FIGURE 12.8 Side view for basic MESFET. 

the D (depletion) mode device operates by doping the region under the gate slightly in order 
to shift the threshold to a normally 'ON' condition. 

This similarity provides us with the basis for extending to gallium arsenide the design 
methodology used so successfully in silicon to simplify circuit and, system design and layout 
issues. 

The D-MESFET is normally 'ON' and its threshold voltage, V,dep• is negative. The 
E-MESFET is normally 'OFF' and its threshold V1enh is positive. The threshold voltage is 
determined by the channel thickness, a, and concentration density of the implanted impurity, 
N0 . A highly doped, thick channel exhibits a larger negative threshold voltage. By reducing 
the channel thickness, and decreasing the concentration density a normally 'OFF' enhancement 
mode MESFET with a positive threshold voltage can be fabricated. Circuit symbols for the 
depletion and enhancement mode MESFETs are set out in Figure 12.9. 

DRAIN 

GATE _.J DEPLETION MODE MESFET 
--., (normally 'ON') 

SOURCE . 

DRAIN 

GATE _) ENHANCEMENT MODE MESFET 1 (nonnally 'OFF') 

SOURCE . 

FIGURE 12.9 MESFET circuit symbols. 

The MESFET has a maximum gate to source voltage Vgs of ab~ut 0. 7-0.8 volt owing 
to the diode action of the Schottky diode gate. Since the principle underlying the operation 
of MESFETs is. based upon the behavior of metal-semiconductor interface, we will briefly 
outline some of the features that characterize such an interface. 

12.3.2.1 Characteristics of Schottky barriers 

When a metal is brought into contact with a semiconductor, an electrostatic potential barrier 
(refered to as Schottky barrier) is created at the interface as the result of the difference in 
the work function of the two materials. To appreciate the physical nature of the barrier we 
can model the interface by visualizing a situation whereby the metal is gradually brought 
toward the semiconductor surface until the separation becomes zerc:>. 
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As this separation between the metal-semiconductor surface is reduced, the induced 
charge in the semiconductor increases, while at the same time the space charge layer widens. 
A greater part of the contact potential difference begins to appear across the space charge 
layer within the semiconductor. Because the carrier concentration in the metal is several 
orders of magnitude larger than that in the semiconductor when the separation is brought to 
zero, the entire potential drop then appears within the semiconductor itself. This is in the 
form of a depletion layer situated adjacent to the metal and extending into the semiconductor. 
A simplified view of such a transistor showing the depletion layer profile is shown in 
Figure 12.10 for two conditions, one when the drain to source voltage V ds is zero and the 
other when it is greater than the saturation voltage. 

(a) vds = 0 

(b) ~. > vds (sat) 

FIGURE 12.10 Depletion profile of a MESFET. 

12.3.3 GaAs Fabrication 

Although there are various approaches that are currently used, high-pressure liquid-encapsulated 
Czochralski (LEC) growth of gallium arsenide crystals from high purity pyrolytic boron 
nitride (PBN) crucibles is becoming the primary growth technique over several other methods 
that have emerged during the last few years. 

Since preference is usually for wafers grown in the <1 00> orientation, much of the 
success of the above method is achieved as the result of the ability to grow LEC material 
in the <100> direction, which produces relatively large diameter, round (100) wafers that are 
thermally stable and have superior semi-insulating properties. 

Since the <110> cleavage planes are at a right angle, square chips can be obtained with 
a diamond scribe and break. This means that by adhering to the <100> growth plane many 
of the problems· associated with cutting and subsequent handling can be alleviated. 
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The sequence for GaAs wafer preparation is very similar to that of silicon wafer preparation 

technique. The first step involves mechanically grinding the As-grown boules to a precise 
diameter and incorporating orientation flats. This is followed by 

• wafering using a diamond ID saw; 
• edge rounding; 
• lapping; 
• polishing; 
• wafer scrubbing. 

12.3.3.1 Depletion-mode MESFET 

The profile for the metal gate depletion-mode MESFET (D-MESFET), the most mature of the 
current GaAs technologies, is illustrated in Figure 12.11. 

(Ti/Pt/Au) metal gate ----- 2nd level metal 

Semi-insulating GaAs substrate 

Source 

FIGURE 12.11 Structure of a metal-gate depletion-mode MESFET. 

Basically, a thin n-type region joins two ohmic contacts with a narrow metal Schottky 
barrier gate. Usually, the . depletion-mode devices are fabricated using the planar process 
where n-type dopants (having concentr,ation density typically in the range of I *1017 cm-3 to 
2*1017 cm-3) are directly implanted into the semi-insulating GaAs substrate to form the 
channel as well a·s the more heavily doped source and drain regions. The semi-insulating 
substrate is ideal for all 'ion implantation' planar techpology. The gate and first level interconnect 
metallizations are typically deposited by E-beam evaporation techniques. The gate length and 
its position relative to the source and drain contacts have a significant influence upon the 
transconductance of the device and control the perfotllllance of the MESFET. The conducting 
n-channel is confined between the gate depletion region and the semi-insulating GaAs substrate. 
By varying the channel thickness (usually in the range 1000 A to 2000 A) and the doping 
level of the active region, it is possible to vary the threshold, Vtdep• to the desired negative 
value, that is, in the range - 0.5 V to -2.0 V. 



fijlel Basic VLSI Design ) 

12.3.3. 1.1 Depletion-mode planar process flow 

The driving force and indeed much of the success associated with silicon technology were 
brought about as the result of the presence of a stable native oxide which was readily 
produced through the oxidation of silicon. However, owing to the absence of a stable native 
oxide, GaAs technology relies on deposited dielectric films for passivation and/or encapsulation. 

The fabrication process varies from foundry to foundry. However, one approach is 
,illustrated in Figure 12.12, which entails the use of 3-inch or 4-inch liquid-encapsulated 
Czochralski (LEC) wafers. Initially, the GaAs substrate is coated with the first level of 
insulator, that is a thin layer of silicon nitride (Si3N4), which is sputtered on the GaAs 
substrate. This thin film of insulator remains on the wafer throughout the processing steps 
that .follow, allowing the annealing of GaAs at temperatures of up to 9000°C. The next step 
entails the formation of an n- type active layer. This is achieved by direct ion implantation 
into the GaAs semi-insulating substrate through the insulating layer where the photoresist is 
used as the implant mask. Implantation of Si+ ions takes place at about 220 to 230 keV to 
a dose of approximately 6*10 12/cm2

. There are only two main implantation steps: 

1. a shallow high-resistivity n- layer for formation of the channel layer; and 
2. a deep low-resistivity n+ layer for the formation of source and drain. 

The resultant channel resistance is in the order of 1000 to 2500 ohm/square, which is 
too high for source and drain contacts. Therefore, by keeping the surface concentration at the 
source, and drain regions relatively high by additional implantation, it is possible to reduce 
the contact resistances of these contacts. 

The wafer is then coated with the interlevel dielectrics, Si02 by CVD (chemical I vapor 
deposited) process. Si02 layer has a thickness of 400 to 500 nm and is deposited over the 
Si3N4 layer primarily to provide protection against physical damage. This is followed by an 
anneal in a hydrogen ambient at a temperature of about 800-850°C for approximately 
30 minutes. This encapsulation phase is very important as it prevents out-diffusion of arsenic, 
brought about as the result of high vapor pressure associated with GaAs (Table 12.2) when 
subjected to temperatures over 600°C or so dunng the anneal step. 

It should be noted that there are only a few capping materials that can be used in the 
process since the mechanical stability of the thin film encapsulation hlyer depends upon the 
stress that is present at the interface. 

There are several sources that this stress can originate from: 

• lattice mismatch; 
• intrinsic stress of the encapsulation layer itself; 
• thermal mismatch. 

For example, the coefficients of thermal expansion for the commonly used capping 
materials such as Si3N4 and Si02 are: 

Si3N4 = 3.2*10-6/oc 

Si02 = 0.5*10-6/°C 

This can be compared with GaAs, which has a thermal expansion coefficient of 5.9* 
to-<i;oc. Thus, it is readily recognizable that Si02 has the greatest mismatch. 
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FIGURE 12.12 A typical gallium arsenide DMESFET metal gate process using planar 
technology. 
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Since Si3N4 has a dielectric constant of 7, compared to 3.9 for silicon dioxide, a 
sandwich structure of Si02 and Si3N4 increases the effective dielectric constant of the insulator 
layer. Furthermore, Si02 was initially employed as the first-level capping material. However, 
it was found that Ga can diffuse through this layer. This problem was subsequently alleviated 
by using Si3N4 as the first-level insulator with Si02 as the second-level insulator. 

The next step in the process entails defining the MESFET gates, the ohmic contacts and 
the first-level metal interconnects. There are several points that must be considered during 
this phase. These are: 

• The metals must be carefully alloyed to ensure reliable low resistance contacts, that 
is less than 1 o-6 n-cm2

. 

• The ohmic contacts between the metal interconnect and the source and drain are 
deposited by evaporation using E-beam technology. A thin layer of gold-germanium­
nickel (Au/Ge/Ni) or gold-germanium-platinum (Au/Ge/Pt) is alloyed on the wafer 
at a temperature of about 450°C to 500°C. 

• One of the most critical steps in the fabrication process is the gate metallization. 
• Schottky gates, together with first-level metal for interconnects, are formed by multilayer 

gold-refractory thin films such as titanium/platinum/gold (Ti/Pt/Au:300 A/400 
A/3000 A) or alternatively titanium/tungsten/gold (Ti/W/ Au) alloys deposited by 
E-beam evaporation. Tita.nium provides a good, high barrier, Schottky contact, but it 
has a high parasitic gate r'esistance. To reduce the parasitic resistance, gold is used 
as the top layer with p1atinum or tungsten as--the intermediate layer. In the absence 
of either Pt or W layers, gold could diffuse into the GaAs surface, thus converting 
the Schottky contact into an ohmic one. 

First-level metallization, which is about 3000 A to 4000 A, is accomplished by: 

• delineating photoresist patterns; 
• plasma etching the underlying insulator; 
• deposition of the metal on GaAs wafer either by vacuum evaporation or by sputtering; 
• photoresist lift-off. 

The metal contacts and interconnects are precisely registered with the plasma-etched 
insulator windows. By fabricating the first-level metal within windows in the first-level 
insulator, and by ensuring that the first-level metallization thickness is close to the insulator 
thickness as in Figure 12.13, a more complex multilevei interconnect structure becomes 
possible due to the planar nature of the surface. Thus, a third-level metal and a fourth-level 
metal can readily be implemented. 

Second-level metal is not in contact with gallium arsenide substrate; therefore platinum, 
which is used to prevent the interaction of gold with the GaAs surface (i.e. Au dissolves in 
GaAs), is usually eliminated from this step. (Second-level metallization, which is about 
7000 A to 8000 A thick, entails magnetron sputtered titanium/gold (Ti/Au:300 A/7000 A) 
alloy only, which is followed by filling the vias between first-level and second-level metal. 
The sputtering process entails the physical deposition of a thin film by ion bombardment of 
the required material. Usually the deposition rate (i.e. thickness per unit time) depends upon 
the sticking coefficient of the depositing material and the nature of the sputtering equipment. 
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FIGURE 12.13 Metallization process. 

The main feature of the magnetron itself is that it involves a set of powerful magnets, located 
behind the target surface, that provides an intense magnetic field for concentrating the plasma 
in the vicinity of the target. 

The final step in the fabrication is passivation, used to protect against contamination 
and moisture. This entails a 0.4 Jlm to 0.5 Jlm thick passivation layer being deposited using 
a low temperature, plasma-enhanced chemical vapor deposition (PECVD) process. This is a 
chemical deposition technique used for fabrication of both insulating and conducting films. 
The method is very similar to the low pressure CVD except that plasma excitation is provided 
in addition to the usual thermal energy. 

Since in D-MESFETs any regions of the source or drain channel that are not under the 
gate are automatically strongly conducting, one does not require the precise alignments of the 
gate nor gate recesses to avoid parasitic source and drain resistances. However, in the metal­
gate planar technology the position of the gate relative to the source and drain contacts has 
significant influence upon the performance of the device. Because of the very thin undepleted 
n- layer, the source resistance can be rather high, which subsequently causes the degradation 
of the transconductance, Km· 

Extension of th~ surface depletion layer cannot be avoided because of the presence of 
traps localized at the gallium arsenide surface. Subsequently, the extension of the interface 
depletion layer, owing to traps near the interface between the active layer and the substrate, 
has an influence on the drain resistance also. Hence process optimization is essential in order 
to minimize these resistances so that the device performance is not degraded. 

It is interesting to note the close similarity between the planar implanted D-MESFET 
GaAs fabrication process · and the Si planar process. This can readily be observed by noting 
that the GaAs substrate is totally protected by dielectric layers throughout the fabrication 
process. Cuts are made in the di-electric only where ohmic contacts, Schottky barriers, or 
interconnect metallizations are required. As far as process technology is concerned, the most 
difficult layer to control is the shallow, lightly doped high-resistance n- MESFET channel 
layer. This implant layer determines the threshold voltage V, ofthe MESFETs. 

If some reduction in speed can be tolerated, then instead of using the exotic gold 
process for first-level and second-level metals it is possible to use the less costly aluminum. 
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Thus, significant cost savings could be achieved at the expense of speed. This will be 
outlined in the following section on the self-aligned gate (SAG) process. 

12.3.3. 1.2 lon implantation and annealing 

The ion implantation and the subsequent annealing are very significant in this technology. In 
ion-implantation, doping is achieved by bombarding the semiconductor surface with a high­
velocity ion beam. Doping density and dopants distribution in the semi-insulating material 
are controlled by varying the ion flux and velocity. Using this approach, crystal defects 
brought about as the result of ion bombardment are annealed at about 800-850°C. The 
advantages of ion implantation are: 

• independent control of doping level; 
• independent control of doping profile; 
• good reproducibility; 
• ease of selective doping of selected areas. 

The original arrangement of atoms on the crystal lattice was indicated in Figure 12.1. 
As implanted ions penetrate the GaAs substrate, they lose energy by sev.eral mechanisms, 
including the displacement of target atoms from the lattice sites. After ion implantation, the 
dopant atoms come to rest in the crystal and, as a result of interactions and collisions, the 
crystal lattice is disrupted as indicated in Figure 12.14(a). 

Ions now occupying interstitial positions are electrically inactive. Annealing provides 
energy to the implanted impurities and results in moving the interstitial dopant ions into 
lattice positions where they become electrically active. Furthermore, the displaced substrate 
atoms are subsequently moved back to their crystallographic lattice locations (Figure 12.14(b)) 
which then gives the high electron mobility. The extent of damage to the arystal depends on 
several factors, including: 

• mass of the implanted ion; 
• target mass; 
• energy associated with the ion; 
• dose; 
• temperature; 
• displacement energies. 

12.3.3.2 Enhancement-mode MESF 

The E-MESFET "structure is similar to that of the D-MESFET, except for a shallower and 
more lightly doped channel. This means the channel is in 'pinch-off at zero gate voltage, 
due to the built-in potential of the metal Schottky barrier gate. A posit~ve gate voltage is 
required for the channel to begin conduction. In order to ensure that the depletion layer 
extends through the channel height at zero gate voltage, the gate is usually recessed into the 
underlying channel. The steps in the fabrication of the E-MESFET are somewhat similar to 
those for the D-MESFET. 



( Ultra-fast VLSI Circuits and Systems-lnfroduction to GaAs Technology 

··~ . o • •o 
• 0 • 
0 • 0 

0 . 
• o 
0 • 
• 0 

o • 
•• . 

0 o• 
e o 

(a) Substrate after ion implantation 

• 
0 
~ 

0 

0 
@ 

0 
0 

• 0 @ 

0 0 0 

• 0 0 
0 © 0 

(b) Substrate after annealing 

0 

• 
0 
@ 

® 
0 
© 
0 

KEY 

• Dopant atom 

FIGURE 12.14 lon Implantation before and after annealing. 

12.3.3.2.1 Process details 

·' Steps for fabrication of gallium arsenide enhancement/depletion-mode MESFETs are reproduced 
here to highlight some of the complexities of the process. The details of the process are: 

1. Encapsulation phase: 
• wafer preparation; 
• encapsulation (deposition of first-level insulator Si3N4); 

• alignment mark mask; 
• alignment mark metallization and lift-off. 

2. Ion implantation: 
• first Si+ implant (E-MESFET) mask; 
• channel implant; . . 
• second Si+ implant (D-MESFET) mask; 
• channel implant; 
• SID implant (fOrmation of source and drain) mask; 
• n+ implant; 
• anneal. 

3. Schottky junctions and first-level metal: 
• patterning ohmic contact mask; 
• plasma etching contact windows; 
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• contact metallization (ohmic-Au/Ge/Ni); 
• contact definition and alloy; 
• ~+ implant mask; 
• If'• implant (isolation); 
• Schottky gate mask; 
• plasma etch Schottky windows; 
• metallization (Ti/Pt/Au); 
• lift-off. 

4. Second-level metal: 
• dielectric (Si02 sputter); 
• via cut mask; 
• metallization (Ti/ Au) mask; 
• lift-off. 

5. Scratch protection: 
• Si3N4 plasma deposition; 
• pad/scribe street mask; 
• plasma etch. 

12.3.3.3 Self-aligned gate EID process 

An alternative approach in process technology is the; self-aligned gate (SAG) process, which 
is showing promise and is beginning to emerge as a strong contender for silicon in the area 
of very high speed VLSI systems. 

Note that in the self-aligned process as shown in Figure 12.15, then+ implant regions 
prevent the extension of both the surface and the interface depletion layers, thus reducing the 
effect of the undepleted n + layer parasitic resistance which subsequently improves the 
performance of a device. Process steps for a GaAs self-aligned gate are as follows: 

• a n- implantation for formation of E-MESFET; 
• a second n+ implantation for formation of D-MESFET; 
• formation of Schottky gates on an n-type GaAs layer; 
• a third, n +, implantation for formation of source and drain; 
• an anneal cycle at 850°C to activate dopants; 
• ohmic metallizations of the source and drain regions; 
• interconnect metallizations. 

Owing to the anneal cycle that requires a temperature up to 850°C to activate the 
dopants, it is necessary to choose a high-temperature-stable gate. Tungsten nitride has beeri 
found to be satisfactory as gate material. It has film resistivity p = 70 IJ.!l-cm and Schottky 
barrier height ~B = 0.8 volt to n-type GaAs. 

Since Schottky barrier gates on GaAs cannot be forward biased above 0.7 to 0.8 volt 
without drawing excessive currents, the permissible voltage swing is relatively low. This 
limits the noise immunity of the gate and places stringent fabrication requirements on threshold 
voltage control and uniformity. 

As can . be seen, this technology very closely resembles that of nMOS, which means it 
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FIGURE 12.15 Self-aligned processing steps for GaAs E-/0-MESFET. 
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is very likely that ratio rule needs to be applied when designing logic circuits using the 
enhancement/depletion process shown in Figure 12.16. 

In summary, the steps in the process entail defining the active areas (Green Mask) that 
would eventually form the E-type and the D-type MESFETs, followed by two ion implantations, 
that is, lightly doped for E-type and heavily doped (Yellow Mask) for D-type followed by 
formation of gate-metal (Red Mask). 

E-MESFET ~ESFET 

(a) Bulc profile 

D 
11 ~ ~ 1· 

_________ J::::I _________ , 

~--------- -- ~ ------: 
(b) Simplified layout 

FIGURE 12.16 Enhancement/depletion self-aligned gate process. 

The E-type MESFET is defined by intersection of Green and Red masks while the 
D-type MESFET is defined by intersection of the Green, Red and Yell ow masks. This 
abstraction as an aid to design will be dealt with in more detail in Section 12.5. 
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12.3.3.4 Enhancement mode junction FBT (B-JFBT) 

The operation of an E- JFET is similar to that of an E-MESFET, in which source and drain 
regions are formed by n+ ion implantation while the channel is formed by n-type implantation. 
However, in contrast to the E-MESFET, where the metal gate rests above the channel, in the 
E-JFET the gate is buried below the channel surface by p+ implantation (using either beryllium 
or magnesium as the implant). Through this process, a pn junction is formed between the gate 
and the channel, as illustrated in Figure 12.17. The structure offers lower parasitic source and 
drain resistances than the E-MESFET owing to the doping of the channel region. 

Semi-insulating GaAs substrate 

FIGURE 12.17 E-JFET structure. 

AuGeohmic 
contact 

Insulator 

From previous discussions, the permissible voltage swing for E-MESFETs is rather low 
since Schottky barrier gates on GaAs cannot be forward biased above 0.7 to 0.8 volt without 
drawing excessive current. However, with E-JFETs, because of the .larger built-in pn junction 
voltage, the device can be biased to about Vgs = + 1 volt without incurring excessive conduction, 
thus alleviating some of the problems that are encountered in the control of the threshold 
voltage. E-JFETs are more difficult to fabricate than MESFETs primarily because of the 
additional p + implant step. It is necessary to have a precise control over the implant thickness 
to ensure that the desired pinch-off voltage of the device is maintained. However, here we 
have an additional advantage over the E-MESFET in the control of threshold voltage not 
only through the implant but also by adjusting the pn junction location. 

A significant aspect ofE-JFET technology is that complementary devices can-l?e fabricated, 
whereas in MESFET technology considerable difficulty is encountered in forming Schottky 
barriers to a p-type implanted channel. 

The presence of the additional pn junction sidewall gate capacitance makes the E-JFET 
slower than an equivalent E-MESFET. However, reduced power requirements together with 
larger logic voltage swings makes E-JFET technology a possible contender for the emerging 
ultra high speed VLSI systems. 

12.3.3.5 Complementary enhancement-mode junction fBT (CB-JFBT) 

A CE-JFET device, shown in Figure 12.18, is similar to the silicon complementary MOSFET. 
Here the nMOS depletion mode transistor, or alternatively, a resistive load, is replaced by a 
p-channel EJFET. 
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FIGURE 12.18 Complementary enhancement mode JFET structure. 

The n-channel and p-channel JFET is fabricated by a series of ion implantations into 
the semi-insulating GaAs substrate. The sequence entails: 

• n+ implantation; 
• n- channel implantation; 
• p- channel implantation; 
• p + implantation. 

In a CE-JFET the ratio of the effective channel electron mobility J.ln of the n-channel 
device to that of the hole mobility llp of the p-channel device is given by: 

h =10 
llp 

Thus, for a p-channel device requiring the same drain current Ids as that of the complementary 
n-channel device, it is necessary that 

WP = 10Wn 

where wp = channel width for p-channel device, 
Wn = channel width for n-channel device. 

This means that circuits requiring equal numbers of p- and n-devices will consume 
large areas. Therefore, one must resort to other design methods such as precharge techniques, 
which require a single pull-up transistor to serve a number of n-transistors performing the 
logical functions. 

12.3.3.6 High Electron Mobility Transistor (HEMT) 

Here, multilayered structures of very thin (10 A to 100 A) alternating layers of GaAs and 
AIGaAs are used. This multilayered approach is referred to as a multiquantum-well structure. 
The key in these structures is to place the donor atoms in a wider bandgap GaAIAs layer 
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adjacent to an undoped GaAs channel layer, which receives the free electrons from the 
ionized donors. Electrons are transferred from the AIGaAs charge control layer to the undoped 
GaAs layer where they form a two-dimensional electron gas. Since the electrons are spatially 
separated from the ionized donors, they exhibit high mobility. 

Although there are variations to the processing steps, the basic structure is as illustrated 
in Figure 12.19 and will be seen to comprise four distinct layers: 

• channel layer--GaAs; 
• undoped spacer layer-AIGaAs; 
• donor layer; 
• cap layer. 

Source Drain 

11111111111111111111 1111111111111111111 
\ Gate J n•GaAs 

-----\\,____..ll ........ llll......_.llll ......... llll..__ll ___,/ n• AIGaAs 

Cap layer 

Donor layer 

AIGaAs Undoped spacer 

Undoped GaAs Channel layer 

FIGURE 12.19 Basic structure of a high electron mobility transistor (HEMT). 

12.4 DEVICE MODELING AND PERFORMANCE ESTIMATION 

VLSI designers, as a rule, should have a good knowledge of the behavior of the circuits they 
are designing. Even when large systems are being designed using computer-aided design 
processes, it is essential that the designs are based on a sound foundation of understanding 
if the system is to meet a given performance specification. 

12.4.1 Device Characterization 

In order to preserve simplicity, the prime consideration in this section is to provide an 
approximate model for the MESFET which not only preserves the essential features of the 
device, but also assists the VLSI systems designer with performance estimations and optimization 
processes. 

As the gallium arsenide transistor and the processes used to produce it have been 
introduced, it is now possible to gain some insight into the electrical characteristics of the 
basic GaAs MESFET circuits. 
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12.4.2 Drain to Source Current Derivation 

MESFETs are channel-area modulation devices, that is, they depend upon the capacitance of 
the Schottky barrier to control the effective charge in the channel. As for silicon MOS 
transistors, gallium arsenide devices have also three regions of operation: 

• cut off; 
• linear; 
• saturation. 

To appreciate sollle of the features that charact€ :ze Ids• in the first instance, we will proceed 
with deriving a simple model that highlights first order effects only, and then focus attention 
on the more complex models, without losing our objective of simplicity which is so critical 
for VLSI systems designers. 

Consider a typical structure (see Figure 12.20) where the majority carriers, that is, 
electrons, flow from source to drain. The curent Ids• as the result of this movement, is given 
by:· . 

1 
= _ 

1 
= Charge induced in channel (Qc) 

tb •d El . . ( ) ectron transtt hme t 
(12.1) 

Source 

(a) Geometry 

Depletion region 

(b) Side profile 

FIGURE 12.20 GaAs MESFET cross-sectional view. 
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First, the electron transit time t can be determined by noting 

t = Channel length (L) 
Channel velocity (v) 

Now carrier velocity, that is the movement of electrons, is given by 

where Eds is the electric field between the drain and the source, and J.ln is the electron 
mobility. 

The transit time t can thus be expressed as 

(12.2) 

If we denote the average potential difference between the gate and the channel by V1b, 

then owing to the shape of the depletion layer, this average potential can be written as 

V1b = 0.5(V11 - V,) (12.3) 

where V iJ is the gate to source voltage and V,, is the threshold voltage of the device. 
The threshold voltage V, is defined as the gate voltage at which the depletion layer 

(Figure 12.17) just pinches off the channel, tha( is, the gate voltage that extends the depletion 
layer down to the substrate. 

The average electric field Eds along the length of the gate is: 

_ O.S(Vgs - V,) 
Eds- L (12.4) 

Upon substitution of equation 12.4 into equation 12.2, the transit time, t, becomes 

t=-----
J.l,. (VII - V,) (12.S) 

The average electric field Eave across the channel can also be approximated in terms of 
implant depth, a, and the voltage ( V 11 - V,) that appears across the channeL Thus 

The induced charge in terms of the device geometry and the average electric field 
becomes 

(12.6) 

Upon substitution for EaWI in equation 12.6, the resultant expre~sion for the induced 
charge becomes 
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Qc = (WL) ( E,;o) (V
8
s - Vi ( 12. 7) 

Now, by combining equations 12.5 and 12.7 with equation 12.1, we obtain the principal 
result for the drain to source current Ids 

(12 .8) 

which, when rewritten, results in 

(12.9) 

where 

~ is a common parameter used in the SPICE MESFET model specification, denoted by KP. 
For a typical process, KP is in the order of 0.1 to 0.5 mAIV2. 

~ may be seen to consist of a process dependent factor (JlnE,£ol2a), which contains all 
the process terms and a geometry dependent term (W/L), which depends on the actual layout 
of the transistor. The geometric terms in equation 12.8 are illustrated in Figure 12.20. 

Sometimes the channel length of the MESFET is predetermined by the process, which 
means the designer can control the gain factor through varying the channel width of the 
MESFET only. 

Equation 12.8 describes the behavior Of the MESFET in the saturation region only. 
Now using a similar approach, it is possible to derive a relation for the MESFET to represent 
the operation in the linear region also. The model in this region 6ecomes: 

Ids = ~[2(V8s- V,)Vds - V~s] ; Vds < (V85 - V,) and V85 ~ V1 (12.10) 

Special note should be made here that in GaAs the saturation of drain current, Ids, with 
an increasing drain to source voltage, Vds> is brought about by carrier velocity saturation, 
whereas in silicon the resultant saturation effect is due to 'channel pinch-off'. 

12.4.2.1 More complete device. equation 

The model described by equation 12.10 unfortunately does not provide for a smooth transition 
between the saturation and the linear regions of MESFET operation. It is possible to modify 
equation 12.10 by including a hyperbolic tangent term that will facilitate this smooth transition 
between the two regions. 

The modified model describing the ~ehavior of a GaAs MESFET in the three regions 
can now be written as 
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{

Vgs - V, < 0 (Cut off) 

Ids= ~[(Vgs- V,)"' +A(Vgs- V,)bVd5 ]tanh(aVd,) 

Vgs - V, > 0 (Linear and saturation) 

Where A is the channel length modulation factor and varies in the range 0.01 to I. 

(12 .11) 

Parameters A and tanh (a Vds) are channel length modulation and hyperbolic tangent 
function respectively, while m and b are constants that are derived empirically. It should be 
noted that the hyper~olic tangent function tanh (a V tts) is used to describe the channel conductance 
at low drain-to-source voltage, Vds· This effect is the result of the decrease in magnitude of 
the depletion region beneath the gate as the gate-to-source voltage, Vgs is increased. 

Usually m and b can be adjusted to suit a particular process. For example, with m = 2 
and b = 2, the drain current Ids as described by equation 12.11 reduces to: 

{

Vgs - V, < 0 (Cut off) 

Ids = ~(Vgs - V, )2 
+ (1 + AVds) tanh (a Vd,) 

Vgs - V, > 0 (Linear and saturation) 

This is referred to as the Curtice model. 

(12.12) 

It is still possible to improve the device model further by considering the influence of 
velocity saturation. The new relation for the drain to source current referred to the Raytheon 
model is given by: 

(V ....;.. V)
2 

( V)3 
3 

A gs 1 
. (1 + AV ) (1 - 1 - a~ )· 0 < V < -

'"' 1 + b(V - V) ds 3 ' ds a gs 1 

~(Vgs - V,i (1 + AV ) 
1 b(v v,) ds 

+ gs -

(12.13) 

Where b, in equation 12.13, is an empirical term and the 'slope factor ' a is used to take into 
consideration the influence of slope in both the linear and saturation regions. 

12.4.2.2 V-1 characteristics for GaAs MESFET 

A typical voltage-current characteristic as described by equation 12.12 is shown in Figure 12.21 
for both the depletion and the enhancement devices. When Vgs < V1, the increase in the drain­
to-source voltage Vds above the saturation voltage Vifs(sat) leads to current saturation. The 
saturation of drain current with increasing drain-to-source voltage is caused by velocity 
saturation in the high electric field in the channel. 

The boundary between the linear and saturation regions defined by ( Vds = Vgs - V1) is 
referred to as the 'knee voltage', and appears as a dashed line in Figure 12.21. Note that the 
drain current saturates at the same drain-to-source voltage Vds and is independent of the gate-
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FIGURE 12.21 Voltage v current characteristics for GaAs MESFET. 

to-source voltage Vgs · This behavior can best be explained by noting that the critical electric 
field Ecritical in the channel is reached at the same drain-to-source voltage, V ds• given by: 

Vds = Ecritical * L 

As a matter of interest the critical electric field is in the order of 3500 V/cm. 
As can be seen, the characteristic is similar to that of silicon gate technology, with the 

exception of the magnitude of the gate-to-source voltage Vgs• which is limited to about 
0.8 volt. This limit is brought about by the presence of the Schottky diode at the gate region. 
This is illustrated in Figure 12.22 for both the E type and D type MESFETs. 

Vf < OV 

Normally 'ON' 

I .... =•· I Forward bias limit 

E-MESFET 

0 Vf> OV Vg. 

Normally 'OFF' 

FIGURE 12.22 Transfer characteristics for MESFET. 
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Depending on whether the MESFET is operating with reverse ( V1 < Vgs < 0) or forward 
(0 < Vgs < <j>8 ) gate to source bias, the mode of operation is referred to as: 

DEPLETION ~ REVERSE; V, < Vgs < 0 
ENHANCEMENT ~ FORWARD; 0 < Vgs < <j>8 

12.4.2.3 Threshold voltage definition 

The threshold voltage V, that appears in our model has a significant influence upon the sizing 
of circuits. V, is dependent upon the pinch-off voltage Vpo and the barrier potential <j>8 given 
by: 

v, = <l>n- vpo (12.14) 

This relation simply means that the pinch-off voltage Vpo is the total voltage; that is, 
both built-in potential and applied voltage necessary to completely deplete the channel of 
mobile charge carries. In other words, it is the gate voltage at which the depletion layer just 
pinches off the channel; that is, the gate voltage that extends the depletion layer down to the 
substrate as was illustrated in Figure 12.1 O(b ). The pinch-off voltage is a function of bo~h 
the channel thickness, and concentration density Nd and is always positive. The pinch-off 
voltage is: 

where 
a = channel thickness of the n- implant 

Nd = effective channel concentration density 
q = electron charge (1.6*10-19 Coulomb) 

Eo = permittivity of free space (8.85*10- 14 F.cm-1) 

Er = relative permittivity of GaAs (13 .1). 

(12.15) 

This relation illustrates the difference that exists between the threshold voltage V, and 
the pinch-off voltage Vw This difference is somewhat significant and is brought about as the 
result of the built-in potential <j>8 which can no longer be neglected as was the case with 
silicon. Furthermore, the threshold voltage V, is very sensitive to both the channel thickness 
a (i.e. the vertical geometry) and the doping of the channel layer. 

One significant aspect of the above model is that it illustrates the parameters that 
influence the transition of a device from being a depletion mode to an enhancement mode. 

12.4.2.3. 1 Threshold variation 

In logic structure, the dynamic switching energy must exceed the energy stored in the load 
capacitor CL. This can be written as: 

(12.16) 

where LlV0 is the logic voltage swing, Pg is the gate dynamic dissipation and 'tg is the 
associated gate delay. To keep the dynamic switching energy small, the logic voltage swing 
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~V0 must be kept small also. This requires precise control over the threshold voltages of both 
the D type and E type MESFETs not only between adjacent devices but also across the whole 
wafer. 

In order to achieve such a control, it is necessary for the standard deviation of the 
threshold voltage <1 V1 to be less than 5% of the logic voltage swing ~ V0 . Thus the logic swing 
can be expressed as: 

~vo > 20 av, 
The logic swing for an E typy MESFET is in the order of 500 mV. Above this value 

one can ·expect excessive gate current. Thus, the variation of the threshold voltage for the 
E-MESFETs over the chip must be better than 

v. - ~Vo 
<1 ---

1 20 

= 25 mV (12.17) 

This can be compared with the D-MESFET in which the logic voltage swing ~V0 can 
be larger than 1 V, which means tolerance to larger threshold voltage variation-that is, at 
least 50 m V, can be more readily accommodated. 

Basically this implies that it becomes necessary to have a high degree of control over 
the threshold voltage and drain-to-source current to ensure that GaAs circuits with reasonable 
yields and circuit performance are produced. Also, owing to the almost exponential influence 
of implant depth on the threshold voltage, there is the need to control the channel thickness 
within ± 20 A, and to ensure that change in impurity concentration is ±20% to achieve 
reasonable device yield across the wafer. 

12.4.3 Transconductance and Output Conductance 

The two parameters, transconductance g, and output conductance g0 are important since they 
are directly related to the gain of the MESFET. The transconductance describes the relationship 
between the output current Ids and the input control voltage Vgs and is used to measure the gain 
of the MESFET, while the output conductance determines the slope of the output characteristics. 

12.4.3.1 The transconductance parameter g., 

The transconductance g, is derived by differentiating equation 12.12 with respect to Vgs• 
giving the principal result: 

~'ds = constant 

{ 

= 0; for cut off 

g, = or 

= 2~( vg, - v,) ( 1 - A. vd.) tanh (a v ds ) ; linear and saturation 

(12.18) 
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possible to predict the expected intrinsic speed of a GaAs device from a knowledge of the 
figure of merit commonly referred to as the gain bandwidth product ft given by: 

=~(V - V) 
21CI} gs I 

(12.19) 

where Cgs and Cga are the gate-to-source and gate-to-drain capacitances respectively. 
The current gain bandwidth product ft illustrates that switching speed depends upon 

• gate length L; 
• carrier mobility J..ln in the channel; 
• gate voltage. 

However, if we consider the limiting condition, that is, velocity saturation, the gain 
bandwidth · product may be expressed as 

ft = ~at 
I 21tL (12.20) 

where V sat is the saturation velocity. This means for a typical 0.8 J..lm gate, a ft of about 
28 GHz can be expected. 

12.4.3.2 Output conductance 

The output conductance can also be determined by differentiating equation 12.12 with respect 
to the drain voltage Vas · Thus 

{

0; for cut off 
g -

0 
A.~(Vgs - ~i tanh(aVds) + a~[(V~ - V,)2 (1 + A.Vts)] sech2 (aVds); linear and saturation 

(12.21) 

In the saturation region the above relation can be simplified to 
- 2 . go - A.~( Vgs - V,) tanh (a Vtis) (12.22) 

from which the drain-to-source resistance Ras can be estimated. Thus 

(12.23) 

A typical characteristic illustrating the variation of Ras as a function of Vas is shown in 
Figure 12.24. 
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FIGURE 12.24 Variation of drain-to-source resistance Rds as a function of Vds· 

12.4.4 Logic Voltage Swing 

In order to improve the switching speed, the options are: 

• increase logic voltage swing (logic voltage swing is comparable with the gate 
voltage above threshold); and 

• reduce gate length. 

Although the former option is possible, the switching energy in this case is increased, 
resulting in an increase in dissipation. The dynamic dissipation Pg can be expressed in terms 
of the logic voltage swing AV0 • 

Titus 

where 
P, = dynamic dissipation 
CL = load capacitance 

AV0 = logic voltage swing 
f = frequency of switching 

(12.24) 

Devices must develop their transconductance at control voltages only a small logic 
swing above the threshold voltage in order to exhibit small dynamic switching energy. 

To establish the logic voltage swing AV0 two conditions must be satisfied: 

I . The low logic voltage level Vrow must satisfy 

Vrow < V, 

which ensures that the device turns off. 
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2. The gate should not be driven higher than the barrier potential, 4>8 . 

The logic high level vhigh therefore should satisfy 

vhigh < <l>s 

Thus, the logic voltage swing can be expressed 

.::\ Vo = Vhigh - V1ow 

= <l>s- V, 

which is simply the channel pinch-off voltage V po· 

12.4.5 Direct-coupled FET Logic (DCFL) Inverter 

(12.25) 

A basic requirement for creating a complete range of logic circuits is the inverter. Although 
several options for the classes of logic are available, direct-coupled PET logic (DCFL) is 
chosen as this is the only class of logic that shows promise for VLSI implementation. 

In this class of logic the inverter uses both the depletion mode and the enhancement 
mode transistors. The E-MESFET is used as the switching device, while the D-MESFET is 
used as the load. This basic structure is illustrated in Figure 12.25. From the figure it is 
evident that the design of the inverter closely resembles that of silicon nMOS circuitry with 
one exception: the allowable output voltage is limited by the barrier height 4>8 of the Schottky 
gate diode. 

p.d. I I dsp. d. 

' SWITCH 

GND 

FIGURE 12.25 Direct coupled FET logic (DCFL). 

Now, there several issues that must be highlighted before proceeding with the design 
of the inverter: 

• With no current drawn from the output, the drain to source current Ids for both the 
E type and D type devices are equal. 

• For the depletion mode transistor, the gate is connected to the source so it is always 
on and only the characteristic curve Vgs = 0 (Figure 12.21 (a)) is relevant. 

. 
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• In this configuration the depletion mode device is called the pull-up (p.u.) and the 

enhancement mode device is called the pull-down (p.d.) transistor . 
• To obtain the inverter transfer characteristic, we superimpose the Vgs = 0 depletion 

mode characteristic curve on the family of curves for the enhancement mode device, 
noting that maximum voltage across the enhancement mode device corresponds to 
minimum voltage across the depletion mode transistor . 

• The point of intersection of the curves as in Figure 12.26 gives points on the transfer 
characteristic, which is of the form shown in Figure 12.27. 

• Note that as V;n (= Vgs p.d. transistor) exceeds the p.d. threshold voltage, current 
begins to flow. The output voltage V0 u1 thus decreases, and the subsequent increases 
in V;n will cause the p.d. transistor to come out of saturation and become resistive. 
Note that the p.u. transistor is initially resistive as the p.d. turns on. 

• The point at which Vout = V;n is denoted as V;nv (inverter threshold voltage). Note that 
the transfer characteristics and V;nv can be shifted by variation of the ratio of pull-up 
to pull-down resistances (denoted zp.u./Zp.d. where Z is determined by the length to 
width ratio of the MESFETs). 

• During transition, the slope of the transfer characteristic determines the gain 

~ 
V,.5 (dep) 

Intersection points give transfer characteristic 

Vg5 (enh)=0.8 

Vg5 (enh)=0.5 

V95 (enh)=0.4 

"Us (enh) = 0.2 

vds(enh) 

FIGURE 12.26 Derivation of DCFL inverter transfer characteristics. 

12.4.5.1 Determination of pull-up to pull-down ratio 

Consider the arrangement as shown in Figure 12.28 in which an inverter is driven from the 
output of another similar inverter. 
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FIGURE 12.27 DCFL Inverter transfer characteristics. 
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FIGURE 12.28 DCFL Inverter driven directly from another Inverter. 

) 

In order to cascade inverters without degradation of levels we are aiming to meet the 
requirement: 

Since the logic high level is limited by the barrier potential cj)8 , then for equal margins 
around- the inverter threshold we set V;nv equal to half the lo_gic voltage swing. 

Thus: 

V;nv = (c!IB- V,)/2 = 300 mV 

Now assuming a supply voltage V00 = +2.0 V, and with typical values for threshold 
voltages V1dep = -700 mV, V1enh = +200 mV, both the pull-up and pull-down transistors are 
in saturation, that is, Vtts > (Vgs- V,) for the D type and E type MESFETs. The pull-up to 
pull-down ratio (Zp.u./Zp.d.) is defined as: 
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L 
Z - p.u. ---p.u. W 

p.u. 

L z =.2:!:_ 
p.d. w 

p.d. 

•.. , 

where Wp.u.• LP·"·' Wp.d. and Lp.d. are the widths and lengths of the pull-up and pull-down 
transistors (i.e. the D-MESFET and E-MESFET) respectively. 

The drain to source current for the pull-up transistor (0-MESFET) can be expressed by 

ldsp.u. = J3p.11.(J' gsp.u. - V lde~)2 (12.26) 

where 

= [J.t,.£0£, ~ Wp.u.] Pp.... 2a L p.u. p.u. 

and 
ap.u. = implant depth for D-MESFET. 

For the pull-down device (E-MESFET), the drain current is 

ldsp.d. = P,.d. ( v pp.d. - v terth)2 

where 

R = [J.l,.EoEr ][ WP·"· ] 
Pp.u. 2a L 

p.u. p.u. 

and 
ap.d. =implant depth for E-MESFET 

(12.27) 

(12.28) 

(12.29) 

Now equating the two currents, and with Vgsp.u. = 0, V gsp.d. = V;,. = V;,.vo -we have: 

1 r (ap.d.)( 1 J· 2 -(V, -v.d. ·=- -(-V.) z IIIV 'P· a Z tp.u. 
p.d. p.u. p.u. 

(12.30) 

and on rearrangement 

whence 

V;nv is set approximately midway between cjl8 and ground. 
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Substituting typical values for the threshold voltages V utep = -700 m V, Vrenh = + 200 m V, 
and with ap.ulap.d. = 4:1 and 4>B = 800 mV, we obtain the principal result 

zpu. = .!.Q 
z 1 p.d. 

For MESFETs having Lp.u. = Lp.d.• we have 

wp.u. = _.!._ 
w 10 p.d. 

However, in order to improve the packing density, as in the case for VLSI applications, it 
becomes necessary to use a larger gate length for the pull-up device. This will reduce the 
drain to source saturation current lds(sar) but with appropriate optimization this may not be 
very significant. 

It should be noted that such an approach provides us with an approximate method to 
size up a typical DCFL inverter and therefore it becomes essential to resort to simulation 
tools such as HSPICE in order to optimize a circuit. 

12.5 MESFET-BASED DESIGN 

12.5 .. 1 MESFET Design Methodology 

The major aim that a circuit designer is faced with is to turn circuit specifications into masks 
for processing. However, the physical characteristic of the gallium arsenide processing brings 
about statistical variations in all process parameters, including those of line width, junction 
depth ancj film thickne~.s. The objective of this section is to develop an approach to capture 
the topology of the actu.allayout so that through a simple representation both layer information 
and topology can be described and at the same time interaction between signal and power 
buses is minimized to guard against degradation of noise margin. 

12.5.2 Gallium Arsenide Layer Representations 

The advances that are taking place in the gallium arsenide process are very complex and 
sometimes inhibit the visualization of all the mask levels that are used in the actual fabrication 
process. Nevertheless, the design process can be abstracted to a manageable number of 
conceptual levels that represent the physical features one observes in the final GaAs wafer. 

We have already seen that MESFET circuits are formed effectively on two layers: 

1. green implant layer; and 
2. red gate-metal layer. 

If the gate-metal layer is in contact with the implant layer a transistor is formed, that 
is, the implant layer and the gate-metal layer interact to form the Schottky gate where they 
cross one another. However, if an insulating layer is introduced between the implant and the 
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gate-metal, then there is no interaction between these layers and in this case the gate-metal 
can be used as an interconnect. 

We have also seen that the basic MESFET properties can be modified by varying the 
implant concentration density. Therefore using a simple color scheme we can capture the 
topology of the actual layout in gallium arsenide so that simple circuit diagrams which 
convey both layer information and topology for different layers, including those for the 
E-type and D-type MESFETs, can be set out. 

Through color encoding and symbolic representation of layers it is possible to remove 
much of the complexity associated with a given design. To convey layer information the 
encoding used to represent a basic transistor is: 

• green (implant) for the active implant regions; 
• red (gate-metal) for Schottky gate and short interconnections. 

Now to facilitate changes to characteristics of the basic transistor and to include 
representation of other layers, the above encoding is complemented by: 

• yellow (nplus) for the more heavily doped shallow n channel implant; 
• blue (metal 1) for first level metal; 
• dark blue (metal 2) for second level metal. 

Transistors are formed by intersection of the green and red masks. The devices that are 
formed can either be enhancement mode, if no yellow implantation is provided, or depletion 
mode, if such an implantation is provided. Therefore, the E-type MESFETs are formed 
whenever the two masks red and green intersect; the D-type MESFETs are formed by intersection 
of green, red, and yellow masks. 

It is essential that one fully understand what set of masks a particular process line uses 
if an interface format is to be generated. At mask level, some layers can be omitted for clarity 
while others are derived. The layers for a typical gallium arsenide E-/D-MESFET process are 
represented in Table 12.4. The following comments should assist with clarifying the color 
encoding used in Table 12.4. 

The green layer mask identifies all the active regions, that is, areas that eventually form 
D and E type devices, active loads, Schottky diodes, and implant resistors. 

Green regions that are inside the yellow layer mask form the more heavily doped 
channel of the D-MESFET. 

Green regions outside the yellow form the lightly doped channel of the E-MESFET. 

12.5.3 Design l'letbodology and Layout Style 

Having introduced the color and encoding convention for layer representation and device 
formations, we are now in a position to illustrate the approach to be used to tum MESFET 
circuits into a mask layout. 

12.5.3.1 Ring Notation for GaAs MESFETs 

Communication paths between cells or group of cells and organization and positioning of 
power (VDD) and ground (GND) buses have significant influence upon the performance of 
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TABLE 12.4 Layer representation for E/D GaAs process 

Layer Color Symbolic CIF Comments 

Implant Green E-MESFET GD Inside is the active area, outside 
is the substrate. E-MESFET is 
formed when crossed by gate-
metal. 

Depletion Yellow D-MESFET GI Defines the more heavily doped 
implant n+ depletion MESFET. 

Ohmic contact Brown GH Used with source/drain contacts. 

Gate-metal Red Gate-metal GP 

Metal I Blue Metal I GM 

Metal 2 Dark blue Metal 2 GN 

Contact Black Contact GC Source/drain and gate contacts 
to metal I. 

Via Gray Via GV Metal I to metal 2 contacts. 

Passivation White stipples GG 

very high and ultra high speed VLSI systems. For example, fast transitions on a signal bus 
could bring about significant noise on the 'Power Bus'. Thus, both the design methodology 
and layout will have to address the influence of coupling between buses on performance. 
This leads to the concept of 'ring notation' or 'ring diagrams', a generic term given to a free 
form topological symbolic layout in which graphical symbols are placed relative to each 
other rather than in an absolute manner. These are subsequently interconnected by colored 
sticks representing mask level interconnection layers, paying particular attention to organizational 
aspects of 'Power ' and 'Ground' buses in relation to high speed signal carrying paths. 

In this text the color coding has been complemented by monochrome encoding of the 
lines so that black and white copies of circuit representation using' rings' do not lose the 
layer information. The encoding is shown in Figure I2.29. 

In the ring diagram as shown in Figure I2.30(a), 'green'or 'dotted' line represents the 
E-MESFET while the 'yellow' or 'solid' line represents the D-MESFET. The two 'E type' 
and 'D type ' features are joined together using 'blue' metal I. Since this rule is implicit, for 
simplicity of representation it is possible to remove both the metal and the cut representation 
at this level of abstraction and include a demarcation line as a reminder, which can be left 
out after gaining some layout experience. It should be noted that the missing geometries will 
appear when the ring diagram is translated into either symbolic or mask layout form. This 
simplification is shown in Figure I2.30(b). At this level of abstraction it is important that the 
length (L) and width (W) for each transistor be included. 
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FIGURE 12.30 Ring diagram showing the topology of a circuit. 

12.5.3.2 MESFET design style 
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Having conveyed layer information and topology by using ring diagrams, the rings can then 
be turned into mask layout either directly or through an intermediate 'symbolic' representation 
stage of 'grid assignment' where rings are converted into circuit elements. This translation 
phase is illustrated in Figure 12.31. For the mask layouts produced during design to be 
compatible with the fabrication processes, a set of generic design rules are set out for layouts 
so that, if obeyed, the rules will produce layouts which will work in practice. Therefore, with 
the aid of ring notation the designer is able to layout the skeleton of a circuit quickly, paying 
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particular attention to interconnects between adjacent circuitry as well as to the positioning 
of signal buses in relation to both the Power (+Vnn) and Ground (GND) buses. 

When starting a layout, the first step is normally to draw the Metal 2 (dark blue) + Vnn 
and GND rails in parallel and in the close proximity of one another at the top. Next, the green 
followed by yellow paths are drawn for inverters and imerter-based logic (such as Nor 
gates), as shown in Figure 12.31, not forgetting to make appropriate contacts. Inverters and 
inverter-based logic comprise a pull-up structure, usually a depletion mode transistor, connected 
from the output point to Vnn and a pull-down structure of enhancement mode transistors 
suitably interconnected between the output point and GND. Long signal and global control 
paths are conveniently run in in metal 2, parallel with the power rails with the GND bus 
located in between the two to reduce the coupling of fast transients into the power bus. 
Finally the remaining interconnects are made using either metal 1 (blue) or metal 2 (dark 
blue) and the control signals and data inputs added. In some processes it is also possible to 
use the gate metal (red) for very short paths. 

Since, in this technology, we restrict ourselves to parallel branches in the input path­
that is, Nor gates only-then the ring notation for Nor gates may be simplified by eliminating 
the parallel input branches as shown in Figure 12.32. The transformation to symbolic form 
is then straightforward, as in Figure 12.33. 

(a) Imaginary 
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.. 
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demarcation line 

(b) 
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demarcation line 

(a) initial representation 
(b) first simplification 
(c) final simplification 

FIGURE 12.32 Ring n'>tatlon for 2 Input Nor gate. 

12.5.3.3 Layer connections 

As for nMOS and CMOS, intersections on the same layer form connections, as in Figure 
12.34(a). Intersections on different layers do not form connections or transistors as shown in 
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Figure 12.34(b). Different layers may also be connected by a contact or a via as in Figure 
12.34(c). Some processes do not support blue (metal 1) crossing green (diffusion). This is 
primarily to reduce some of the complexities that emerge during the design phase. 
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Ohmic Metal 2 

~-,l.~~ 
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V~aaM:~~~1 

Metal2 

Dark blue 

(a) Same layer- connection (b) Different layers - no connection (c) Different layers -
connection by contact or via 

FIGURE 12.34 Layer connectivity* 
• Some restrictions may apply for specific processes. 

12.5.4 Layout Design Rules 

Design rules, or layout rules, can be considered as a prescription for the preparation of the 
photomasks that are to be used in the fabrication of integrated circuits. The rule set provides 
a necessary communication link between circuit designer and process engineer during the 
manufacturing phase of the integrated circuit. The main objective associated with the design 
rules is to obtain the circuit with optimum yield in as small a geometry as possible without 
compromising reliability of the circuit. 

Usually, the layout rules represent the best possible compromise between yield and 
performance. In fact, the more conservative the rules are, the more likely it is that the circuit 
will function. However, the more aggressive the rules are, the greater the probability of 
improvements in circuit performance. Such an improvement may be at the expense of yield. 
Design rules specify to the designer certain geometric constraints on the layout artwork so 
that the patterns on the processed wafer will preserve the topology and geometry of the 
design. What is significant is that layout rules do not represent some hard boundary between 
correct and incorrect fabrication, but a tolerance that ensures very high probability of correct 
fabrication and subsequent operation. 
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Circuit designers usually want tighter, smaller layouts for improved performance and 
decreased area. On the other hand, the process engineer calls for rules that result in a 
controllable and reproducible process. One important factor associated with design rules is 
the achievable definition of the process line equipment. Definition is determined by process 
line equipment and process design. For example, it is found that ,if a I 0: I wafer stepper is 
used instead of a I: 1 projection mask aligner, the level-to-level registration will be closer. 

Design rules can also be influenced by the maturity of the process line. If the process 
is mature, then one can be assured of the process line capability allowing tighter design with 
fewer constraints on the designer. Layout rules address two main issues: 

I. geometrical reproduction of features that can be reproduced by the mask-making and 
lithographical process; 

2. interaction ·between different layers. 

Over the years several approaches have been used to describe the design rules. However, 
in this text we are going to concentrate on two methods that are appropriate for gallium 
arsenide technology. These are: 

I. The lambda-based rule; 
2. The micron-based design rule. 

The lambda-based design rules used earlier in the text were made popular by Mead and 
Conway (I980)* for silicon, and are based on a single parameter, lambda (A.), which characterizes 
the linear features as well as the resolution of the complete wafer implementation process. 

Note that the degradation in circuit performance could make the lambda-based design 
approach unsuitable for GaAs processes. However, in this text, for simplicity, initially we 
will use lambda rules to illustrate principles and to familiarize the designers with the geometric 
features and the layout process associated with GaAs MESFETs. Then, by adopting symbolic 
techniques, micron rules can be applied directly. 

12.5.4.1 Lambda-based rules/or GaAs MESFET 

Table I2.5 and Figure I2.35 are a version of a lambda-based rule set. From Figure 12.35 it 
can be seen that the rule set is defined in terms of: 

• feature sizes; and 
• separations and overlaps. 

Several rule set issues require discussion. 

12.5.4.2 Width and spacing rules 

Although diffusion, metal 1, and metal 2 can cross each other without interaction, in some 
processe, metal 1 is not permitted to cross diffusion. 

Witlth and separation rules given in Figure 12.35 are dependent upon the width of the 
photoresist. 

*C.A. Mead & L.A. Conway, Introduction to VLSI Systems, Addison-Wesley, 1980. 
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TABLE 12.5 Lambda-based layout rules for gallium arsenide 

Layer CIF Rule feature Dimension (lambda) 

Active GO A 1 minimum width 5 
(Diffusion) A2 minimum spacing 5 

•' ..... A3 minimum to n + 5 
A4 minimum E-MESFET width 5 

Depletion GI B1 minimum D-MESFET gate overlap 2 
implant n+ B2 minimum width 7 

B3 minimum spacing 5 
B4 minimum spacing to E-MESFET 2 

Ohmic contact GH C 1 minimum ohmic contact width 5 
C2 minimum ohmic-metal spacing 5 
C3 minimum cut overlap 2 
C4 minimum ohmic contact size 5 X 5 

Gate metal GP D 1 min. gate-metal gate extension 2 
02 min. gate-metal length 3 ... . 03 min. gate-metal width 3 
04 minimum cut overlap 2 
05 min. gate-metal spacing 5 
06 min. spacing to ohmic contact 3 

Contact GC E 1 minimum cut size 4x4 
E2 minimum cut spacing 4 

"' 
- E3 minimum spacing to via 4 

Metal 1 GM F1 minimum width 4 
(Diffusion) F2 minimum spacing 5 

F3 minimum cut overlap 2 
F4 minimum via 1 overlap 2 

Via 1 GV G 1 minimum via size 5 X 5 

~~ G2 minimum via spacing 5 
Metal 2 GN H 1 minimum w-idth 5 

H2 minimum spacing 5 
H3 minimum overlap of via 1 2 

As for nMOS and CMOS, we need to ensure that the depletion regions of two unrelated 
J..~ implants do not contact. · Jhe separation between implant is determined from: 

·­" 

(a) width of depletion region; 
(b) width of the photoresist. 

Crossing of metal 2 over channel areas of the MESFETs should be avoided. 
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12.5.4.3 Transistor rules 

There are two types of implants used to form the two different MESFETs. A transistor is 
depletion type if it is inside the n+ (yellow) region, otherwise it is enhancement mode. 

It is essential for gate-metal (red) to completely cross the implant (green) region, 
otherwise the transistor that has been created will be shorted by an- path between source and 
drain. To ensure this condition is satisfied, 2A.. of gate-metal extension is necessary. This is 
termed the 'Schottky gate extension' . 

Orientation is an important consideration during layout. All MESFETs need to be 
positioned horizontally owing to the anisotropic nature of GaAs, which influences the threshold 
voltage of the device brqught about as a result of variation in both concentration density and 
channel thickness. 

Some processes require isolation between devices to reduce their interaction. This is 
achieved through lattice damage. The mask is derived from the 'logical' operation of the 
active layer masks. 

12.5.4.4 Contact cut and via rules 

Generally the size of a cut is established from the knowledge of the minimum dimensions 
necessary to give an acceptable resistance. The ohmic contact has a current capability in the 
range O.S-1.0 mA/J.lm long. The rules that one may follow are: 

• minimum dimensions of ohmic cut for source/drain are SA. x SA.; 
• minimum dimensions of a cut are 4A. x 4A.; 
• via dimension is SA. x SA.; 
• metal 1 overlap of via is 2A.; 
• metal 2 overlap of via is 2A.. 

12.5.4.5 Process enhancements 

There are several enhancements that may be added to the GaAs processes, primarily to 
provide active load, capacitors and resistors, as well as to increase routability of circuits 
through a third metal or fourth metal level. 

12.5.4.5. 1 Saturated resistor 

The saturated resistor is simply a MESFET with the Schottky gate removed. The preferred 
direction for layout is vertical. 

12.5.4.5.2 Capacitors 

Several of the processes provide for at least two kinds of capacitors. These are: 

1. metal-insulator-metal (MIM); 
2. diode-capacitor diode (DCAP). 

There is considerable complexity and variation in the approach to realize the DCAP, 
but the MIM capacitor structure is quite simple using metal I and metal 2 as the plates of 
a parallel plate capacitor. 
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12.5.4.6 Design rules summary 

The approach taken here has been to focus our attention on the main features of typical 
design rules that the designer must become intimately familiar with. Although the introduction 
of a lambda-based approach has no real value in terms of creating ' real' circuits, because of 
its simplicity, much insight can be gained for the important issues that must be considered 
during the layout phase. With this basic knowledge it .is not too difficult to use actual micron 
rules that may be obtained from different foundries for an actual design. 

12.5.5 Symbolic Approach to Layout for GaAs MESFETs 

Now that the concept of lambda-based rules for GaAs has been introduced, and its limitations 
have been commented on, it becomes evident that perhaps to implement circuits and systems 
that synthesize the correct geometry from an intermediate form referred to as symbolic 
notation (Figure 12.31) is more appropriate to this technology. This means symbolic styles 
of design would provide a solution for creating generic GaAs circuits that can be fabricated 
in various foundries of processes. 

The adoption of symbolic design allows the designer to directly manipulate transistors 
as well as other circuit features that could be of interest. Figure 12.36 shows the symbolic 
layout for the D-type latch using SDCFL logic (see next section) and based upon the notation l 
of Figures 12.30 and 12.31. Translation from this level into masks once again requires the 
introduction of geometric detail as. before, using the micron rules. 

12.6 GaAs MESFET CLASSES OF LOGIC 

There are two main approaches to logic design: 

1. normally-on logic; 
2. normally-off logic. 

The normally-on logic uses depletion mode MESPETs which are 'ON' devices and when 
used as,switching elements are required to be turned OFF. Thus, a number of circuit techniques 
have been developed to facilitate logic turn-off. The approaches in this class of logic include: 

• unbuffered PET logic (UFL); 
• buffered PET logic (BFL); 
• D-MESPET Schottky diode PET logic (SDFL); 
• capacitor-coupled PET logic (CCFL); 
• capacitor-diode PET logic (CDFL). 

The normally-off logic uses enhancement mode MESPETs as the switching element. 
Although several approaches have emerged during the last few years, the following structures 
have shown the most promise: 

• direct-coupled PET logic (DCFL); 
• buffered DCFL; 
• source-follower DCFL (SDCFL). 
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12.6.1 Normally-on Logic Gates 

Depletion mode devices are basic switching elements for this class of circuits. Since DMESPETs 
are ON devices, a negative voltage is needed at the gate to facilitate tum-off. This means that 
two supply rails together with level shifting networks are necessary for proper circuit operation. 
Owing to this complexity, this class of logic is unsuitable for VLSI implementation. 

12.6.2 Normally-off Logic Gates 

The normally-off logic includes direct coupled PET logic (DCFL), buffered DCFL, and 
source-follower (SDCFL). The following section provides a brief outline of this particular 
class of logic families, with particular emphasis on the DCFL and SDCFL being the main 
contenders for ultra high speed VLSI systems. 

12.6.2.1 Direct-coupled FET logic (DCFL) 

In this class of logic both the depletion mode and the enhancement mode transistors are used. 
The enhancement mode PET acts as the switching device, and the depletion type device acts 
as the load. From the basic structure it is evident that, first, there is no need for level shifting 
circuitry as was the case for normally-on logic. Secondly, the design of the logic gate closely 
resembles that of nMOS circuitry; and finally only a single power supply is required. DCFL 
gate dissipation is typically 100 Jl W with an associated delay of about 50 ps, which is 
considerably less than the normally-on logic families . Thus, the logic appears as a suitable 
contender for very high speed VLSI systems. 

The allowable output voltage is limited by the barrier height of the Schottky gate diode, 
which means only a small voltage swing is possible from DCFL circuits, which in tum 
implies relatively small noise margins. 

12.6.2.2 DCFL with super buffers 

DCFL circuits have weak load drive capability. This implies that the delay associated with 
a gate increases with an increase in both the fan-out and the interconnect line lengths. 
Introduction of super buffers can alleviate much of the problem at the expense of extra area. 
Usually the basic DCFL gate is used for light load conditions, while the super buffers are 
used where larger loads are to be driven. 

12.6.2.3 Source-follower DCFL FET logic (SDCFL) 

The source-follower PET logic (SFFL) uses both the enhancement and depletion mode devices. 
The basic structure for a SFFL inverter is shown in Figure 12.37. This logic family has both 
a power dissipation and switching delay that are comparable with the DCFL family, but with 
a larger noise margin which is brought about as the result of the pull-up transistor (enhancement 
mode) being able to be turned off, thus permitting the source follower output to pull-down 
all the way toward zero voltage. 

This basic structure can be extended to perform logic functions. A typical three input 
gate is shown in Figure 12.38. The DC transfer characteristics, showing the larger noise 
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FIGURE 12.38 Three Input SDCFL Nor gate. 

margin, are illustrated in Figure 12.39. This class of logic is most suitable for the realization 
of the And-Or-Invert (AOI) function which usually assists in the optimization of logical 
functions . 

12.7 VLSI DESIGN--THE FINAL INGREDIENTS 

We are living in an age of unprecedented revolutionary change in engineering, particularly 
electronic engineering. The digital computer and associated processing revolution of the past 
two or more decades has been complemented and augmented by the even more dramatic 
advances in microcircuitry in silicon. We have come to accept world-shattering advances as 
a matter of course, and predictions such as the computing power of a CRA Y 1 computer in 
one's pocket hardly raise an eyebrow. Further, the full potential of newer technologies, such 
as GaAs, has yet to be explored. 
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FIGURE 12.39 DC transfer characteristics for SDCFL. 

) 

However, it is a fact that unlike in the situations faced by engineers in the past, we are 
no longer technology-bound or limited. Indeed, we have solutions to problems that don't 
even exist yet! This is a situation in which the potential applications of VLSI technology are 
limited only by the creativity and imagination of those working in engineering or computer 
science. 

VLSI design is also an enjoyable area in which to work. The designer has a great deal 
of freedom as there are few constraints associated with VLSI system designs. It is also an 
area which captures the imagination and it is hard not to become highly motivated. 

The authors therefore recognize enthusiasm founded on a knowledgeable base as the 
final ingredient. We feel it appropriate to end with three quotations, two .from R.W. Emerson 
and one from Franklin D. Roosevelt: 

Nothing great was ever achieved without enthusiasm. 

- R.W.E. 

The reward of a thing well done is to have done it. 

- R.W.E. 

The only limit to our realization of tomorrow will be our doubts of today. 

- F.D.R. 
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12.8 TUTORIAL EXERCISES 

1. Using the electron velocity versus electric field characteristics as illustrated in 
Figure 12.5, compare the carrier velocity behavior of silicon with that of gallium 
arsenide. For a bipolar device the base region may be considered to be in the order 
of 0.2 J.lm-0.25 J.lm, while in the GaAs technology a typical gate has a dimension of 
1.0 J.lm. 

2. Typical values for a D-MESFET are as follows: J.l11 = 7000 cm2N-sec, Er = 13.1, 
Eo= 8.85*10-14 F/cm, a= 1000 A. Using these parameters as the base determine the 
gain factor for the D-MESFET. 

3. For depletion mode devices, typical channel doping is in the order of 1*1017 "cm-3 

and the channel implant thickness, a, is about 1500 A. Calculate the pinch-off voltage 
and hence the threshold voltage for this device. What conclusions can you make? 

4. Using the ring notation, design a simple D-latch. With the aid of color encoding 
cre(!te a layout for this structure. 



2.0 Micron Double Poly. 
Double Metal n-well CMOS*­

Electrical Parameters 

Process specs: 2.0 micron double poly. double metal n-well CMOS* 

Minimum Typical Maximum 
Oxide thickness (angstroms) 
Poly. I gate oxide 370 400 430 
Poly. 2 oxide 470 500 530 
Field oxide (poly. 1 & 2 to sub.) 5500 6000 6500 
Metal 1 to poly. 1 & 2 800 8500 9000 
Metal 1 to sub. 13500 14500 15500 
Metal 1 to n + /p + diff. 8500 9000 9500 
Metal 2 to metal 1 6000 6500 7500 
Poly. 1 to poly. 2 650 750 850 

Conductors 
Poly. 1 3700 4000 4300 
Poly. 2 3700 4000 4300 
Metal 1 5500 6000 6500· 
Metal 2 10500 11500 12500 

Device specs: 2.0 micron double p·oly.. metal n-well CMOS 

Minimum Typical Maximum 
P-channel poly. 1 
Threshold (volts) 
Gamma (volts **.5) 
K' = j..I.Cox/2 (~A/V**2) VDS = 0.1 V, VGS = 2 - 3 V 
Punchthrough for min. length channel (volts) 
Subthreshold slope (volts** - 3/decade) 
Delta length = effective-drawn (microns) 

Poly. 2 etch delta from mask C.D. to wafer is 1.1 11m. 

-1.0 
0.45 

6.0 
-16 

90 
-0.7 

-0.75 - 0.5 
0.55 0.65 

7.5 8.5 
-14 -10 
100 110 

- 0.4 -0.1 

For drawn C.D. of 2 j..l.m, and biased to 3 j..l.m, the final wafer dimension is 2.0 j..l.m. 
Recommended minimum poly. 2 gate width is 2.5 11m but interconnect can be 2.0 j..l.m. 

*In all cases, the serious user is advised to contact Orbit for their latest process details. 
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P-channel poly. 2 

Threshold (volts) 
Gamma (volts **.5) 
K' = JlCox/2 (J.1AN**2) 

Appendix A 

Punchthrough for min. length channel (volt$) 2.5 Jlm 
Subthreshold slope (volts** -3/decade) 
Delta length = effective-drawn (microns) 

N-ch~nnel poly. 1 

Threshold (volts) 
Gamma (volts **.5) 
K' = JlCox/2 (J.1AN**2) VDS = 0.1 V, VGS = 2 - 3 V 
Subthreshold slope (volts** -3/decade) 
Punchthrough for min. length channel (volts) 
Delta length = effective-drawn (microns) 

Poly. 2 etch delta from mask C.D. to wafer is 1.1 Jlm. 

Minimum 

- 1.5 
0.5 
5.0 

-16 

- 0.8 

0.5 
0.15 

20 
90 
10 

-0.7 

Typical Maximum 

-1.15 - 0.8 
0.6 0.8 
6.0 7.0 

-14 -10 

- 0.5 -0.2 

0.75 1.0 
0.25 0.35 

23 26 
100 110 

14 16 
- 0.3 - 0.0 

For drawn C.D. of 2 Jlm, and biased to 3 Jlm, the final wafer dimension is 2.0 Jlm. 
Recommended minimum poly. 2 gate width is 2.5 Jlm but interconnect can be 2.0 Jlm. 

N -channel poly. 2 

Threshold (volts) 
Gamma (volts**.5) 
K' = JlCox/2 (JlAN**2) 
Subthreshold slope (volts** - 3/decade) 
Punchthrough for min. length channel (volts) 2.5 Jlm 
Delta length = effective-drawn (microns) 

CCD channel potential (volts) 

Poly. 1 VG = 0 
Poly. 2 VG = 0 

NPN transistor in the n-well 

Beta = 80 to 200 at 18 = 1 JlA 
BVEBO = 10 V 
BVCEO;;:: 10 V 
BVCES > 10 V 
BVCBO;;:: 60 V 
P-hase Xj = 0.45 to 0.50 micron 
N+ emitter Xj = 0.3 micron 
Rcollector = 1.0 + _0.2 kohrn/sq 
P-hase resistance 1.2 + _0.2 kohrn/sq 

0.7 
0.215 

18 

10 
- 0.8 

3.0 
3.0 

1.10 1.40 
0.30 0.40 

20 22 

14 16 
- 0.4 -0.1 

5.0 8.0 
5.0 8.0 

) 
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Early voltage > 30 volts 

Sheet resistance (ohms per square) 

p+ Active 
N+ Active 

N-well 

Poly. 1 
Poly. 2 

Metal 1 
Metal 2 

Contact Resistance (ohms) 
Metal 1 to p + Active 
Metal 1 to n + Active 
Metal 1 to poly. 1 
Metal 1 to poly. 2 
Metal 1 to metal 2 

Field inversion and breakdown voltages (volts) 

N -channel poly. 1 field inversion 
N -channel poly. 2 field inversion 
N-channel metal 1 field inversion 
P-channel poly. 1 field inversion 
P-channel poly. 2 field inversion 
P-channel metal 1 field inversion 
N -diffusion to substrate junction breakdown 
P-diffusion to substrate junction breakdown 
N-well to P-subjunction breakdown 

Minimum Typical Maximum 

40 57 80 
20 28 40 

2000 2500 3000 

15 21 30 
18 25 30 

.050 .070 .090 

.030 .040 .050 

Minimum Maximum 
(single contact 2 by 2Jlm) 

Minimum 
10 
10 
10 

35 75 
20 50 
20 50 
20 50 

0.4 0.7 

Typical Maximum 
14 
14 
14 

-14 -10 
-14 -10 
-14 -10 

14 16 
15 18 
50 90 

Interlayer capacitances (Plate: 10** -5 pF micron** -2) 

Capacitance Equiv. thickness 

Gate oxide plate poly. 1 
Gate oxide plate poly. 2 
Poly. 1 to poly. 2 over active 
Poly. 1 to poly. 2 over field 
Metal 1 to active plate 

Min. Max. 

78 
64 
43 
43 
3.6 

90 
70 
55 
55 

4.0 

Min. Max. 
(angstroms) (angstroms) 

370 
470 
650 
650 

8500 

430 
530 
850 
850 

9500 
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Metal 1 to subs plate 
Metal 1 to poly. plate 
Metal 2 to active plate 
Metal -2 to subs plate 
Metal 2 to poly. plate 
Metal 2 to meta1 1 plate 

- .• 

Appendix A 

Capacitance ­
Min. Max. 

Equiv. thickness 
Min. Max. 

(angstroms) (angstroms) 

' ' 

2.2 
3.7 
1.9 
1.5 
1.9 
4.6 

2.5 
4.4 
2.4 

1.65 
2.4 
5.6 

--

' ~ . . I 

.· " . 

13500 
8000 

14500 
19500 
14500 
6000 

.. 

' .. 

' : J 

15500 
9000 

17500 
22000 
17500 
7500 

; j -I 
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439 



-1 ~~ 1- Minimum sizes and overlaps 

2.4Jlm--. 
min.wi~ 

Min. extension 1.0 )lm 

2.0 r Minimum overlap of 
~ n-dillusion (n•active) 

beyond gate. 

2.0Jlm 

f n-type enhancement 
Transistors 

1.0 )lm min. overlap 

2.4Jlm--+ 
min.wi~ 

t 

All devices shown are n-type. The same 
rules apply for p-type. 1.8Jlm 

_.I~~ I._ 

p-type enhancement 

Minimum overlap of 
p-dillusion (p+ active) 
beyond gate. 

2.0Jlm 

FIGURE 8.1 (B) Transistor-related design rules (Orbit 1.2 JJ.m CMOS) minimum sizes and overlaps. 
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(1) Metal to polysilicon 

0.611ffi 

S • 1.6 11m min. separation 

(3) Multiple contact cuts 

3jtl11 

t 

~mmln. 

t 

Metal1/n•active 
(2) Metal 1 to active 

~mmln. ---_ 

( 4) Via metal 1/metal 2 

(5) Vias from metal 2 to metal 1 and thence to other layers 1 11m min. space from via to polysilicon or active edge 

1 l'ffi 0.6 11m I 1 11m Via outside active to active edge 

--~=::r .. 2f-~~m min. w~ I~ I I ~I I~ j }01 }~ J}e j_ 311m ~i~. ~~: l 
3.4 3.0 
l'ffi l'ffi 

221'ffi min. 
~ 

Nole: Vias must not be placed over contacts. 

1 .2~~;~- r-- i----
~ 1.6)1m 

Via to via min. 

---.--
1 11m min. space from via inside 
poly. or 1.811m min. for via inside 
act111e to edge 

FIGURE 8.1 (C) Rules for contacts and vias (Orbit 1.2 p.m CMOS). 



Vss and ~0 contacts 

Maximum distance between Vss contacts = 80 11m Maximum distance between V00 contacts = 80 11m 

n-well 

n-well 

311m 

I 
I 
I 
I 
14 ... 
I 
I 

~s 

2.4 11m min. width 

~ 

3jlm 

V
00

contact 
to n-well. Note 
minimum space 
requirement. 

r-, r------, 

Jl' ---------
1 I 3.8 11m I I 3.8 11m I 1• 2.~ 11m 4 .., • .., m1n. 

.: ~ ~ ~' 

1.2jlm 
min. 

I 

!.-I 
I 
I 
I 
I 
I 

10 p+ I 
type features I 

I I I l-4 .., 
n-well I I I I 3.0 11m 

-._! ~~ 8.0 11m I n-well I min. 
,...._ I min. _____... I 

I I I ~I ; 
I I I 
I I I I 2.0 11m 
1--~ ._ ______ _.min. 

n-well spacings and width 

FIGURE 6.1 (D) Rules for n-well (Orbit 1.2 ~m CMOS process). 
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T 
100J.lm 

1 
90J.lm 
overglass 
opening 

+ 
~

90J.lm ~ 

1 
75J.lmmin. 

1 
overQiass • .., 
open1ng 

--.--

100J.lm 

lJ-
1 T 

20,.m;n ~~ 

tOO X 100 J.lm 
metal 1 and metal 2 

90X90J.lffi 
aperture in 
overglass 

I ~~ l 
Other rules and encodings: 

Via overlap of pad 2 J.lm . 
Pad to active separation 20 J.lm min. 
Color encoding for overglass mask . . . gray. 

FIGURE 8.1 (E) Rules for pad and overglass geometry (Orbit 1.2 11m CMOS). 
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Gate oxide 

Field oxide 

Poly. 

Intermediate oxide 

Metal I 

Metal 2 

Metal I to polysilicon 

Metal I to substrate 

Metal I to diffusion 

Metal 2 to poly. 1 

Metal 2 to substrate 

Metal 2 to diffusion 

Metal 2 to metal I 

N+ to P-JCN 

P+ to N-JCN 

Appendix B 

Thickness/separation 
(angstroms) 

225 +/- 25 

6000 +/- 300 (as grown) 

4000 +/- 250 

6000 +/- 600 

6000 +/- 500 

II500+/- 750 

6000 +I- I 0000 

11000 +/- 1000 

6000 +I- 1000 

13000 +/- I500 

20000 +/- 2000 

13000 +/- 1500 

7000 +I- 10000 

Capacitance 
(10"-4 pf/um"2) 

Min . Typ. Max. 

0.56 0.6 0.68 

0.3I 0.33 0.35 

0.56 0.6 0.68 

0.25 0.28 0.3I 

0.15 0.17 0.18 

0.25 0.28 0.31 

0.42 0.50 0.56 

3.1 3.87 4.7 

3.0 3.74 4.4 

) 
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N-channel P-channel 

Min. Typ. Max. Min. · Typ. Max. 

VTF polysilicon 10 13 -13 -10 (volts) 

Diffusion resistance 25 35 45 50 70 100 (ohrnlsq) 

Poly. resistance 15 20 30 15 22 30 (ohm/sq) 

Substrate resistance 1.3 1.6 1.8 (kohms/sq) 

Substrate Cs lEI6 1.5El6 2El6 6EI5 7El5 8El5 (/em) 

Diffusion junction 0.25 0.3 0.35 0.25 0.3 0.45 (microns) 

Well junction 3.5 4.0 4.5 3.5 4.0 4.5 (microns) 

Oxide spacer 0.2 0.2 (microns) 

Contact resistance (1.4 x 1.4 Jlm) 75 150 (ohms) 

Junction breakdown voltage . 15 15 (volts) 

N-well to P-substrate breakdown 45 (volts) 

Metal I sheet resistance 35 45 55 (mohm/sq) 

Metal 2 sheet resistance 20 25 30 (mohm/sq) 

The UCB-Mosfet model in TECAP is an exact copy of the model in U.C. Berkeley's 2g.5 
and 2g.6 versions of SPICE, except for the parameter WD. 

The TECAP model takes oxide encroachment and any biasing between drawn and mask 
into account through the parameter WDt. The effective channel width Weff is W-2*WD, 
where W is the drawn channel width. When doing SPICE simulations, use Weff as the device 
channel width. It is important to take WD into account for devices whose drawn channel 
widths are small. The other parameters that SPICE needs are L, AS, and AD, which are the 
drawn channel length, the area of the source and the area of the drain respectively. Do not 
enter in the effective channel length L. SPICE figures out the effective channel length for you 
by internally subtracting twice the lateral diffusion from the drawn channel length that you 
enter. 

Because of the different biasing of the drawn active layer for each rule set, there is a 
different value of WDt associated with each rule set and it may be found in the beginning 
of each of the rule set descriptions. 

Comer simulations may be done by using the following fast and slow models: 

Fast model-change values Weff, L, and Tox to Weff + 0.25 microns, 
L - 0.15 microns, and Tox = 21.0 nanometers respectively. 
Slow model-change values of Weff, L, and Tox to Weff - 0.25 microns, 
L + 0.15 microns, and Tox = 24.0 nanometers respectively. 

t Parameter WD (channel width reduction) = 0.4 Jlm for Orbit 1.2 Jlm technology and WD = 0.25 Jlm for 
Orbit 2 Jlm technology. 



The Programmable 
Logic Array (PLA) 

An elegant solution to the mapping of irregular combinational logic functions into regular 
structures is provided by the PLA. The PLA provides the designer with a systematic and 
regular way of implementing multiple output functions of n variables in sum of products 
(SOP) form. The general arrangement of a PLA is given as Figure C. l and it may be seen 
to consist of a programmable two-level And/Or structure. 

Clearly, the structure is regular and may be expanded in any of its dimensions-the 
number of input variables v, the number of product (And) terms p , and the number of output 
functions (Or terms) z . It will also be noted that if there are v input variables, for complete 
generality each of the product forming And gates must have v inputs, and if there are p 
product tt!rms, each output Or gate must have p inputs. 

In practice, a range of 'off-the-shelf' PLAs is available to the TTL-based system designer. 
Typically, PLAS with 14 variable inputs, 96 product terms, and eight output functions are 
readily obtained, and much larger PLAs (e.g. with more than 200 product terms) are also 
available. Such elements are programmed by the manufacturer or field programmed by the 
user to meet requirements. 

In VLSI design, however, custom PLAs can be readily designed and must be 'programmed' 
during the design process. Thus for the VLSI designer, PLAs are tailored to specific tasks 
with little wastage of functions or space. However, the PLA structure is regular and readily 
expanded, contracted, or modified during design. This contrasts sharply with the attributes 
of random logic . 

In VLSI design our objective is to map circuits onto silicon to meet particular specifications. 
The way in which a PLA maps onto the chip may be indicated by a 'floor plan' which gives 
the notional areas and relative disposition of the particular circuits and subsystems. A floor 
plan layout for a PLA is given in Figure C.2(a). 

For MOS fabrication, And and Or gates are neither as simple nor as suitable as the Nor 
gate. Thus, we look to De Morgan's theorem to manipulate And-Or combinational logic 
requirements into Nor form. 

For an n input Nor gate, we tnay write 

X =A + B+C + ... + N 

where X is the output and A to N the inputs. 
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( Appendix C II" 
By De Morgan's theorem 

X = A' + B' + C ... N' 

In other words, the Nor gate is an And gate to inverted input levels. 
Obviously, the output Or functions of the PLA can be realized with Nor gates each 

followed by an inverter. Thus, the requirements and floor plan of the PLA may be adapted 
to Nor gate form as in Figure C.2(b ). A MOS Nor gate-based PLA realization for the multiple 
output functions used as an example in Figure C. I is presented in circuit form as Figure C.3. 

It will be noted that Figure C.3 is a PLA, tailored to meet the particular needs and 
drawn in mixed circuit and logic symbol notation. Although not in mask layout form, it can 
be clearly seen how the factors v, p, and z affect the PLA dimensions. A PLA circuit is readily 
turned into a stick diagram and then to mask layout form. A similar 4 x 8 x 4 programmed 
PLA is given in stick diagram form as Figure C.4 and the regular nature of the topology is 
clearly apparent. The reader is left to determine the functions implemented by this PLA. 
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FIGURE C.J PLA arrangement for multiple output function. 
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active bus, 17Q-71 
adder 

block diagram, 194 
bounding box, 202 
complete stick diagram CMOS, 198 

bounding box, 202 
element, 195-202 
enhancement techniques, 208 If 

carry look-ahead, 213-16 
carry select, 209 
carry skip, 211-12 
comparison of, 216-20 
Manchester carry-chain, 207 

4-bit design see 4-bit adder, 194 fJ 
implementation of ALU with, 203 If 
multiplexer-b.ased, 197 If 
requirements, 195 
standard equations, 195, 207 
truth table, 195 

ALU (Arithmetic and Logic Unit), 205 
arbitration logic example, 167 If 
architecture 

nature of design for in VLSI, 181 
area capacitance (layers), 90 If 
arithmetic processor, 4-bit, 194 If 
array 

forming from memory cells, 250 If 
4 x 4-bit register, 250 
RAM, 254 

ASM (Algorithmic State Machine) design, 247 
chart for JK flip-flop, 248 

asymmetric two-phase clock, 281 

barrel shifter, 187 If 
bounding box for 4 x 4, 190 

4 x 4 circuit, 187 
stick, 189 

standard cell for, 191 
beta (~), 28 If 
BiCMOS 

comparison with CMOS, 19 
drivers, I 02-04 
fabrication, 20 If 
technology, 19 If 
transistor, npn, 21 

BILBO, 326-28 
bipolar npn transistor 

Index 

comparison with MOS transistors, 48 
transconductance, 47 

body effect, 31 
Boltzmann's constant k, 31 
bounding box concept, 191 If 
buffer, super, I 01 - 02 
bus arrangements, 170 If 

precharged arrangement, 172 

CAD (Computer-Aided Design), 298 
capacitance 

area, 90, 283 
calculations, 92 
MOS circuit model, 46 
peripheral, l 08 
standard unit OCg, 91, 284 
wiring, 107 

capacitive load driving, 99-l 04 
carry look-ahead adders, 213 If 
cell, design see mask layouts 
channel length modulation, 305 
charge 

electron, on, 29 
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gate to channel Qc, 27 
precharged bus, 172-73 
storage-based dynamic shift register, 169 
storage-based register, 168 
storage on Cg, 187 

CIF (Caltech Intermediate Form), 293-97 
circuit extractor see CAD 
circuit simulator see CAD 
clock, two-phase, 162 ff 
clock asymmetric, 281, 282 
clock generator, 166, 167 
CMOS 

design projects, 333-74 
design style, 62-66 
fabrication, 13-17 
inverter, 44 ff 
latch-up, 51 
submicron technology, 375, 376 

color 
layers, coding of, 56-{)! (Color plates I (aHd)) 

crossbar switch, 187 
current 

limitations, 174-75 
Ids versus Vds relationship 

(GaAs), 401-06 
(MOS) in saturation, 29 
(MOS) non-saturated, 27-28 
(Si), 26 ff 

D flip-flop, 249 
data path, 4-bit, 183 ff 
data selectors (multiplexers), 157 ff 
decoder, 254 
delay 

in long polysilicon wires, I 06-07 
pass transistor chains, in, I 05-06, 284 
through inverters, 95-96 

delay unit r, 94-95 
design 

ALU, 193-206 
bus arbitration logic, 153-57 
azatch, 361 !! 
4-bit arithmetic processor, 183 ff 
4-bit shifter, of, 186-90 
4-line Gray/binary code converter, 160-61 
ground rules for, 2g2-90 
guidelines, 286 ff 

incrementer/decrementer, 334-38 
LIR shift register, serial/parallel, 339-43 
n-bit comparator, 343-51 
parameters, 282-83 
parity generator, 151-53 
process, 192 jJ, 287 

observations on, 192 
regularity, 193 
style, 291-93 
testability, for, 313-20 
2-phase clock generator, 381 ff 

design rules, 66 jJ; Appendix 8, 439-43 
checkers see CAD 
CMOS, 68-73 
GaAs, 423-28 
nMOS, 67-71 
Orbit 

2 IJ.m double metal/double poly. CMOS/ 
8iCMOS, 76-77 and Color plates 3-6 

l.21J.m double metal/single poly. CMOS 77, 
Appendix 8, 439-43 

design style 
CMOS, 64-66 
GaAs, 417 ff 

symbolic, 428 
nMOS, 57-58 

design tools, 298-305 
device parameters 

silicon, 88, 282-83 
diffusion 

area capacitance, 90 
peripheral capacitance, I 08 
sheet resistance R5 , 87 

dissipation 
power, 8iCMOS, 173-74 
power, CMOS, 173-74 

double metal process 
design rules, 76-77, Appendix 8, 439-43 

double polysilicon process, 76-77 
drivers for large capacitive load, 99-104 
dynamic storage 

elements, 168 
4-bit shift register, 169 
on Cg, 167 ff 

electrical 
MOS parameters, 88-90 



Index ,,.f. 
Orbit parameters 

1.2 IJ.m process Appendix B, 439-45 
2 IJ.m process Appendix A, 435-38 

electron 
charge, 29 

Exclusive-Or gate, 163 
exercises, 55, 83-84, 110-12, 178-79, 191,233, 

256-58, 433 

fabrication 
CMOS, 13-15 
GaAs MESFET, 394-97 
nMOS, 9-13 

figure of merit, 34 
flip-flop 

D type, 249 
JK type, 247 

ASM chart for, 248 
floorplan 

4-bit processor, 184, 269, 273-75 
4-bit adder, 194 jJ 

design of, 194-203 
element for, see adder, element 

4-bit shifter 
design of, 186-90 

4 x 4-bit register array, 250 jJ 
selection and control , 252-54 

gallium arsenide (GaAs), 375- 33 
CE-JFET, 399-400 
comparison with other technologies, 384 
crystal structure, 377 
DCFL, 412-13 
device modeling and performance estimation, 

401 jJ 
E-JFET, 399 
HEMT, 400-0 I 
MESFET, 386 jJ 

design methodology, 416 
design rules, 423-27 
logic voltage swing, 411-12 
ring notation, 418 jJ 
transconductance and output conductance, 

408 
transfer characteristics, 406 

general logic function block, 159 
ground rules for design, 282- 90 

HEMT, 400-0 I 
Hochet, Dr. B., 208 

110 pads, 273- 77 
Ids versus Vds relationship 

(Si), 26 jJ 
(GaAs), 401 

incrementer/decrementer design (CMOS), 334-38 
Integrated Silicon Design Pty Ltd (lSD) software, 

299 jJ 
interlayer capacitance, I 08 
inverter 

alternative pull-ups, 41-43 
BiCMOS, 49 jJ 
CMOS, 44JJ 
nMOS, 35 jJ 
noise margins, 266-68 
optimization (nMOS and CMOS), 264-68 
pseudo-nMOS, 146-47 
p.u./p.d. ratio nMOS, 35-40 
p.u./p.d. ratio pseudo-nMOS, 147 
threshold voltage v inv• 37 jJ 
transfer characteristic 

(nMOS), 36 

JK flip-flops, 247 

lambda, 67 jJ 
latch-up 

BiCMOS, 54 
CMOS, 51 

layer representation (GaAs),""4 16-17 
layers (Si), 57 jJ 

choice of, I 09-10 
encoding, 57- 61 

Color plates l(a)-(d) 
layout diagrams see Mask layouts 
layout style (Ga:~). 417 
length to width ratio, 37 jJ 
logic 

other forms of CMOS, 145 jJ 
pseudo-nMOS, 146-47 
switch arrangements, 136 

mask encoding, 57 jJ 
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mask layouts 
barrel-shifter cell, 189, 272 
clock generator, 356, 359, 362 
comparator cell , 350 
dlatch, 371 
4-way multiplexer (Transmission gate) Color 

plate 10 
inverters 

CMOS 201, Color plate 2 
nMOS, 139, 200 

memory cell 
CMOS static, 248 
nMOS pseudo-static, 244 
one-transistor, 240 
three-transistor, 238- 39 

multiplexer 
cells, 199 
four-way n-type, 158, Color plate I 0 

Nand gate, 21/P BiCMOS, 141 
Color plate 8(a) 

Nor gate 
3IIP nMOS Color plate 9(a) 
21/P BiCMOS 158, Color plate 8(b) 
21/P CMOS Color plate 9(b) 
21/P nMOS, 82 

shift register cells, 82, 84, 171, Color plate 7 
two-phase clock generator (BiCMOS) 

Color plate 12 
Xor gate, 163 

memory arrays, 250 
4 x 4-bit register, 250-54 

floor plan, 253- 54 
RAM arrays, 254-56 

memory cells see mask layouts 
CMOS dynamic and static, 243-47 
refresh, 281 

MESFET-based design, 416 ff 
layer connections, 421-23 
layer representation, 416-17 
layout style, 417 

Moore's law, 2 
multiplexers, 157 ff 

general logic function block, !59 
multipliers, 220 

Nand gates, 138 ff 
Nor gates, 143 ff 

observability, 307 
optimization of inverters, 264- 68 
Osseiran, Dr. A., 307 

pads 110, 273-77 
geometry, 80, Color plate 5 

parallel multiplier, 221 ff 
parity generator design example, 151-53 
pass transistor, 34 ff 

cascaded delay, 105-06 
logic, 137 
properties, 137 

periodic table groups, 378 
peripheral capacitance, 108 
permittivity E, 27 ff 
pinch off 

pMOS transistor, 7 ff 
PLA, 162, 446-51 
polysilicon long wire delay, 106-07 
power dissipation 

CMOS and BiCMOS, 173-74 
nMOS, 118 

power rails, current limitations, 174-75 
priority encoder, example, 153-57 
propagation delay, basic unit '!, 94 ff 
pull-up, alternative forms, 41 
pull-up/pull-down ratios, 38 If 

RAM see memory arrays 
ratio calculation, inverters, 37, 146-47 
Recursive decomposition, multiplication, 231-32 
regularity, 193 
resistance, of layers, 88 ff 
ring notation (GaAs design), 417 If 

saturated region, Ids versus Vds 29 If 
saturation, 8 If 
Schottky barrier diode, 387 If 
sheet resistance (R5 ) , 87-88 

typical values, 88, 284 
shift register, 169, 236, 239, see also mask layouts 
shifter, 4-bit, barrel , 186-90 
signature analysis, 325 If 
silicide layer, 89 
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simulations 
clock generator, 357-61 
comparator cells, 352-53 
iJ/atch, 372-73 
4-bit shift register, 344 
2-bit incrementer/decrementer, 338 
Xor gate, 164 

simulators, 298 fJ 
speed, power product, 3 fJ 
standard units 

0Cg see capacitance, standard unit 
R, see sheet resistance 
't see delay unit 

stick diagrams, 57 fJ 
storage see memory arrays 
strategy, interconnection, 184 fJ 
structured design, 181 fJ 
submicron CMOS, 375-76 
super buffers, I 01 - 02 
switch crossbar, 187 
symbolic design (as in GaAs), 428 
system 

timing considerations, 235 

thermal aspects of processing, 17 
threshold voltage V1, 29-32 
transconductance gm, 32-33, 47-48 

transfer characteristics 
inverter, 36, 46 
MESFET (GaAs), 406 

transistor 
BiCMOS, 20 fJ 
MOS, 4ff 

transmission gate, 136 fJ 
properties, 137 

Trivedi, Prof. K.S., 264 
tutorial exercises, 55,83-84, 110-12, 178-79, 191, 

233, 256-58, 433 
two-phase clock, 162 fJ 

velocity of electrons, 26 fJ 
velocity saturation, 305 
vinv• 37 fJ 
v,, 8, 30 

Wallace tree multiplier, 230 fJ 
wiring 

capacitance, I 07 fJ 
choice of layer, I 09 

rules for, II 0 

yield, 291-92 



COLOR 

ORANGE 

PINK 

PALE 
GREEN 

STICK ENCODING 

-,---1 

< 
Not separately encoded 

Not separately encoded 

LAYERS 

Polysilicon 2 

Bipolar npn 
transistor 

p-base of 
bipolar npn 
transistor 

Buried 
collector of 
bipolar npn 
transistor 

· MASK LAYOUT ENCODING CIF LAYER 

~"""<'~,~~~~ . '-..\'· ~··-... . .............. ~'"""""''~~.y~-~"'"" CPS 

See Color plate 6 Not 
also Figure 3. 13(f) applicable 

CBA 

CCA 

FEATURE FEATURE (STICK) FEATURE (SYMBOL) FEATURE (MASK) 

n-type 
enhancement · 
poly. 2 transistor. 

Demarcation line 

Transistor length to width ratio L: W may be shown . 

p-type 
enhancement 
poly. 2 transistor 

Demarcation line 

IQ:tai 
s Fo 

G 

Note: p-type transistors are placed above and n-type below the demarcation line 

npn bipolar 
transistor < See Figure 3. 13(f) 

and Color plate 6 

COLOR PLATE 1 (c) Additional encodings for a double metal double poly. BiCMOS n-well 
process. The same well encoding and demarcation line as in Figure 
3.1 (b) is used for an n-well process. For a p-well process, the n features 
are in the well. (See Color plate 6 for additional BiCMOS color encoding 
details and see Figure 3.1(c) for monochrome encoding details). 



1 :1 

GND 

4 :1 nMOS inverter 

Simple n-well based BiCMOS 
inverter (stick diagram) 

Simple symbolic notation 

Transistors 

n-channel 
MOS 

p-channel 
MOS 

npn 
BiCMOS 

rn-tr;,__ GREEN 
~----outl ine 

.0 1 
0 ___ vE~Low 

..._.-- outl1ne 

WIRES etc., as ior stick diagrams 

1:1 

p-well CMOS inverter 

substrate 
connection 

Alternative design for an n-well based BiCMOS inverter 

Simple n-well based BiCMOS inverter (symbolic 
diagram) 

COLOR PLATE 1 (d) Color stick diagram examples. (See Figure 3.1 (d) monochrome stick 
diagrams and simple symbolic encoding.) 



CMOS inverter liP & 0/P on polysilicon 

Stick diagram 

Vss 

Color fill 
Color outline 

0 2 5 10 15 

Lambda I I I I I.., 
Lambda 

0/P 

Color hatching 
Monochrome 

COLOR PLATE 2 Example layout encodings. 



Design rules for wires (interconnects) (ORBIT 2 I-'m CMOS) 

Minimum 
width Thin ox Min. separation as shown Minimum 

width 
n-diff. (n•active) ~iff-(e:,activel..... Metal1 

31-ln:~s~/h] diff.todiff. 

_ n-diff. and p-diff. cannot cross or join S = 2.5 11..;;-~to metal 1 

31!~~ S 12/Z'?~ffiJ- Poly. todiff. E
2.5~>m 

-
_ 1 11m separalton diff./poly.1 1.5 11m sepn diff./poly. 2 ~ 2.51!m 

Metal2 -211m~ , -;m 
2.5 11m Po1 2 1..-. * - Poly. to poly. _ ___;__ r--- Poly. 2 3~>m ... ._..__;___~-

2 11m m~~""'~"""~ ;1 - Metal 2 to metal 2 - ~~::::..,::.;.;,.:::,. ,:::J 2J!.m 3 I'm 

Z~,.,""'..,;,. -,.dge z~~~~~~~~~~~~ :::=!E: 1 .5 11m min. overlap -- 3 !-'m 
211m 211m 
-- 1 .5 11m min.overlap ::::IE: tZ · ~ 
Capacitors poly. 1 /poly. 2 ~ · · · · · · 

Poly. 2 overlapping poly. 1 Poly. 1 overlapping poly. 2 

Otherwise poly. 2 must not be coincident with poly. 1 

Note: Where no separation is specified, wires may overlap or cross (e.g. metal may cross any layer). For p-well CMOS, n-diff. 
wires can only exist inside and p-diff. wires outside p-well. For n-well CMOS, p-diff. wires can only exist inside and n-diff. wires 
outside n-well. · 

Avoid coincident edges where metal 1 and metal 2 runs follow the same 
path for> 25!-lm length (underlap metal1 edges by 0.8J1m). 

Transistor related design rules (ORBIT 2 11m CMOS) 

2 Minimum sizes and overlaps 

---~:2 ·5 1..._ Minimum overlap of 
n-diffusion (n• active) 
beyond gate. 3 I-'m 

min. width 

Poly. 1 transistors 

Minimum overlap of 
2.51.._ p-diffusion (p• active) 
I-'m beyond gate. 

All devices shown are 
n-type. The same rules 
apply for p-type. 

2.5 11m min. sepn contact cut to 
gate and overlap of diff. 

COLOR PLATE 3 ORBIT™ 2 J.lm design rules (a) (b). 



Rules for contacts and vias (ORBIT 2 f!m CMOS) 

1. Meta11 to poly. 1 or poly. 2 

Metal 1q'poly. 1 

A~ernative color representation+ I I I 2i!m 
4flm 

Sllffi 
~ 

3 . Multiple contact cuts 

S = 2 !.tiT1 min. separation 

Alternative color separations 

2. Metal 1 to n+ or p+ active (diff.) 

4 . Via metal 1 1 metal2 

I ~!J.~ I 

t.51J.M 
2!J.m 

TI~J.M 

2 !J.m min. space from via to 
Poly. 1 or 2 or active edge 

1.IS1J.M 1.51J.M 

5 . Vias from metal 2 to metal1 and thence to other layers 1 .5 !.tiT1 / Via outside active to active edge 

3 11M min. width ' 2.5 l 3 11M min. width 

d ld I!J.m ld ld · -- --- -
1.5 ~- J. -

f 2!J.m ===== ~~~~~~1.111.11 1.5 !J.m 
~~ ---- -l -

Via to via min. 

Note that vias must not be placed over contacts. 

COLOR PLATE 4 ORBIT™ 2 ~m design rules (c). 

2 11M min. space from vta 
Inside poly. 1 or 2 or 
active to edge 



Rules for r.-well and V00 and V55 contacts (ORBIT 2 1-'ffi CMOS process) 

n-well 

V00 and V55 contacts 

Sf.lm 5 2.5f.!m f..l.ffi 
min. 

3 !Am min. width 

-Jiilool I.,._ 

Metal1 (hatohlng omitted 
for clarity) 

V00 contact 
ton-well. Note 
that edges of well 
and contact may 
coincide. 

n-well 

n-well spacings and width 

Rules for pad and overglass geometry (ORBIT 2 !Am CMOS) 

min. 

Top+ 
type features 

100 urn----.] 
· -J 100 x 100 urn metal 1 

1 
901-'m 

overglass 
opening 

-~ 

90x90 !Am 
aperture in 
overglass 

I 90f.'m II 75f.!mmin. ~~~ 
~overglass~ . ... •I 20ym j 1 ~ 5 !Am min. metal 

open1ng mm. lr overlap of overglass 
lr-----~--~------scr~i~--ri~ng--------~------------,1 

Other rules and encodings: 

Via overlap of pad 2 !Am 
Pad to active separation 20 !Am minimum 
Color encoding for overglass mask ... gray. 

COLOR PLATE 5 ORBIT™ 2 IJ.m design rules (d) (e). 



Special rules for BiCMOS transistors (ORBIT 2 1-1m CMOS) 

Note : For clarity, layers have not been drawn transparent. Note that BCCD underlies the entire area and the 
p-base underlies all within its boundary. 

COLLECTOR EMITTER BASE OXIDE 

Buried n+ subcollector (BCCD) 
p+ connection to base 

Cross-section through npn transistor (ORBIT 2 1-1m BiCMOS) 

COLOR PLATE 6 ORBIT™ 2 Jlm design rules (f) . 



Data 
liP 

Data 
0 /P 

Note that the transistors 
a and b also c and d have 
been merged in the mask 
layout. 

--~--~--_.----~---1--__ ._ __ _. vss 

0 1 0 1 

(a) Symbol ic diagram 

... 
From liP or 
from 
preceding 
bit cell 

Data 
liP 

r 0'7 

0 2 0 2 . "\.- I 

Bounding box 

-- - ~p-well 
,,.... ... ,.._ ________ 1-bit cell 

(b) Derived mask layout 

COLOR PLATE 7 1-bit CMOS shift register cell. 



Symbolic diagram 

8 A 

I I I I I I 
I I I I I I C I 

I It I I I ·e 

BiCMOS 

. v .• I,.-~.~-·~.~--~ ·I·-~ I;.{·.; I~-·~.~·-~ ·I··~.~.~-.;.-:-.;., .. ; ... I. 
t I I I I I I I I I I I I I I I I I I I I I I I I I 

I t I I I I I I I I I I I I I I I I I I I I I I I I I 
I I J I I I I I I I I I I I I I I I I I I I I · I I I I 

Mask layout 

COLOR PLATE 8(a) A BiCMOS 2 input nand gate. 



Symbolic diagram 

B 
I I I t I I I I I 

B 

A 
8 

A 
I I 

A 

I I I I I t I t I t I I I I I I I I I I I I I I I I I I I I I V, 

- ~ - r - r · t-~ - ~ - ; - - r - r - ~ · i · i·i · t · W·i · i·i · i - i · l · i · i · ~ · i · i · { · ~ oo 

Mask layout 

COLOR PLATE 8(b) A BiCMOS 2 input nor gate. 



-•-

Implant 

(a) (ii) Mask layout 

c (4:1) 

(Source of inputs assumed as shown in stick diagram) 

A 
I I 

Input source through 
pass transistors 

·~-,, 
! 
l! 

(b) (i) Sti ck diagram 

A 

(Optio 
dema 
line 

_;. /w 
nal ) · 
rcation 

B 

- ~. 

" 

(a) (i) Stick diagram 

1:2 

I-

0/P 

i :l 

GND 

c 
Input from an 
Inverter output 

-1"1"' 

0/P 
-- ~ 

-

Vss 

COLOR PLATE 9(a) Three input nMOS nor gate; (b) two input CMOS (p-well) nor gate. 



(a) Standard 
cell layouts 

Standard cells 
TA.x11f.. 

(ii) 

(b) Mask layout 

Stick diagram 

z 

,, 

-_, 

COLOR PLATE 10 n-type pass transistor based 4-way MUX. 

k 



.- COLOR STICK ENCODING LAYERS MASK LAYOUT ENCODING CIFLAYER 

I t~~u•on J n+ active) ~1@) ND 
GREEN I Thinox* 

*Thinox = n-diff. +transistor channels 

RED I 
I Polysilicon ~ NP 

I 1111111111111111111111 SLUE Metal1 
NM 

J1 I 
BLACK • Contact cut • NC 

I - I GRAY NOT APPLICABLE Overglass NG 

nMOS 

D l ONLY Implant Nl 

YELLOW 

nMOS 
Buried 

~ ONLY • NB 
BROWN 

contact 

FEATURE FEATURE (STICK) FEATURE (SYMBOL) FEATURE (MASK) 

J: s t: m ~-n-type ) 
enhancement . 

mode transistor 
D 

G S D 

Transistor length to width ratio L: W should be shown. 
G 

I L: W l l:W • L: W . w. n-type depletion • ··- -+- [§ g] 
) 

mode transistor 

~ ~ I I nMOS only s .. G D 

Source, drain and gate labelling will not normally be shown. ~ 
i 

COLOR PLATE 1(a) Encodings for a simple single metal nMOS process. (See Figure 3.1(a) 
for nMOS monochrome encoding details.) 



COLOR 

GREEN 
- -

AEO - -
BLUE - -
BLACK 

- -
GRAY 

YELLOW 
(STICK) 

YELLOW 

DARK 
BLUE OR 
PURPLE 

BLACK 

STICK ENCODING 

-
-- Encod ing as in 

Color plate 1 (a) 

-
,... - - - -
-

--~ 
green outline here for 
clarity 

Not shown on 
diagram 

I 
I 

• 
Demarcation line 

-
-
-
-

BROWN ....., ..... - iiiiiii .... 

p-well edge is shown as 
a demarcation line in 
stick diagrams 

BLACK X 

LAYERS 

r-n-diffuslon ...., 
(h• active) 
~ Thltiox* ....I 

Poly Ill leon ---
Metal1 
- -

Contact cut 
- -

Over glass 

p-diffusion 
(p+active) 

p+mask 

Metal 2 

VIA 

p-well 

VDD or 

Vss 
contact 

-

-

MASK LAYOUT ENOODING CIF LAYER 

• Thinox = n-dft. + p-dft. + 
transistor ehannels -

CAA 
or 

CNA 
f- - - - - - - - -

Encoding as in - - -
CPF 

- -Color plate 1 (a) CMF 
f- - - - - - - - -cc 
~ - - - - - - - -

COG -
p+mask 

CAA 
or 

CPA 

either or 

CPP 

I I CMS 

rn CVA 

I . I CPW 

n• t '[l!IJhlli' cc 

FEATURE FEATURE (STICK) FEATURE (SYMBOL) FEATURE (MASK) 

n-type enhancement 
mode transistor 

(as in 
Color plate 1 (a)) 

Demarcation line 

+ L: W 

Transistor length to width ratio L:W may be shown. 

p-type 
enhancement 
mode transistor · 

Demarcation line 

+ 
G 

D ~ 
~ ......_ 

-
-
-
-

Note : p-type transistors are placed above and n-type below the demarcation line G p+mask 

COLOR PLATE 1 (b) Color encodings for a double metal CMOS p-well process. The same 
well encoding and demarcation line is used for an n-well process. For 
a p-well process, the n features are in the well. For an n-well process, 
the p features are in the well. (See Figure 3.1{b) for CMOS monochrome 
encoding details.) 



lo 

::: 

t 

s, 
'li..l 

" 

""' "' 
~ I• Whir . ..t. r:rm ...,. 

ra.l 

"' s, 

'"' " 

"'"" ""' ....... 

...... 

·" " 

Mask layout 

Note that the n and p switch 
networks are identical-each 
comprising 6 minimum size 
contactltransistor structures 
plus 1 long double transistor 
switch. 

Stick diagram 

- 0/P 
IMX n 

'-... 
Demarcation line 

COLOR PLATE 11 CMOS transmission gate based 4-way MUX. 
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1 Basic VLS| Design )
1.2 THE INTEGRATED CIRCUIT (IC) ERA

Such has been the potential of the silicon integrated circuit that there has been an extremely
rapid growth in the number of transistors (as a measure of complexity) being integrated into
circuits on a single silicon chip. In less than three decades, this number has risen from tens
to millions as can be seen in Figure 1.1. The figure sets out what has become known as
“Moore’s first law” after predictions made by Gordon Moore (of Intel) in the 1960s. It may
be seen that his predictions have largely come true except for an increasing divergence
between “predicted” and “actual” over the last few years due to problems associated with the
complexities involved in designing and testing such very large circuits.

Such has been the impact of this revolutionary growth that IC technology now affects
almost every aspect of our lives. More is still to come since we have not yet reached the
limits of miniaturization and there is no doubt that tens of millions of transistors will be
readily integrated onto a single chip in the future. This evolutionary process is reflected in
Table 1.1.

Truly the 1970s, the 1980s and now the 1990s may well be described as the integrated
circuit era.

1.3 METAL-OXIDE-SEMICONDUCTOR (MOS) AND RELATED
VLSI TECHNOLOGY

Within the bounds of MOS technology, the possible circuit realizations may be based on
pMOS, nMOS, CMOS and now BiCMOS devices.

However, this text will deal with nMOS, then with. CMOS (which includes pMOS
transistors) and BICMOS, and finally with GaAs technology, all of which may be classed as
leading Integrated circuit technologies.

Although CMOS is the dominant technology, some of the examples used to illustrate
the design processes will be presented in nMOS form. The reasons for this are as follows:

e For nMOS technology, the design methodology and the design rules are easily learned,
thus providing a simple but excellent introduction to structured design for VLSL

e nMOS technology and design processes provide an excellent background for other
technologies. In particular, some familiarity with nMOS allows a relatively easy
transition to CMOS technology and design.

e For GaAs technology some arrangements in relation to logic design are similar to
those employed in nMOS technology. Therefore, understanding the basics of nMOS
design will assist in the layout of GaAs circuits.

Not only is VLSI technology providing the user with a new and more complex range
of ‘off the shelf® circuits, but VLSI design processes are such that system designers can
readily design their own special circuits of considerable complexity. This provides a new
degree of freedom for designers and it is probable that some very significant advances will
result. Couple this with the fact that integration density is increasing rapidly, as advances in
technology shrink the feature size for circuits integrated in silicon. Typical manufacturers’
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