ECEN 3031 Methods Lab #8

Experiment #8

BJT and MOSFET Differential Pair Amplifier

Objective:


The key building block of mixed signal electronics is the differential pair.  The differential pair is pervasive primarily due to is ability to remove common mode terms (e.g. noise) and as a result it shows up in multipliers, integrators, ADCs (comparators), filters, signal conditioning, current conveyers, V to I and I to V converts.  The differential pair is the ultimate mixed signal building block.  Again, due to the need for high gain low power dissipation modern differential pairs must use active loads making current sources and mirrors.  The second most significant building block.  The student will be re-exposed to the concepts of; current mirrors, common mode gain, differential gain, CMRR and slew rate as it relates to devices at the component level.  Specifically this means combining the active current sources and mirrors used in of Lab 7, both the MOSFET’s and BJT’s versions, with the differential pair to form a direct coupled differential or difference amp. 


In this experiment the student will investigate both a resistor loaded differential npn pair and an NMOS differential pair loaded with a PMOS mirror.  Mirrors and current sources are the key building blocks of modern VLSI design replacing resistors loads as well as becoming the key bias element.  Examples of simple but useful current mirrors and sinks were investigated and in Lab 6.

[image: image1.wmf]0

2

2

1

1

=

-

+

-

V

V

V

V

be

be


Fig 8.1 Simple MOS and BJT diff amp.  Note the in modern Bi-CMOS processes such as IBM’s SiGe process it is possible to mix and BJT and CMOS devices.

Assignment:

Part 1


Using the simple NPN sink evaluated in Laboratory 6 design the BJT diff amp of Fig. 8.1 for a differential gain of 50 using the MC3346. Determine its output voltage transfer characteristics, voltage gain and phase, VOS, CMRR, and output resistance.  Use +/- 5V supplies and load amp with a 1(Fd capacitor load.  For testing/operation the inverting input should be grounded with the input applied to the noninverting input. 
Part 2 


Using the simple PMOS mirror and NMOS sink evaluated in Laboratory 7 design the CMOS diff amp of Fig. 8.1 using the CA4007 and determine its output voltage transfer characteristics, voltage gain (differential and common mode) and phase, VOS, and output resistance. Use +/- 5V supplies and load the amp with a 1(Fd capacitor. For testing/operation the inverting input should be grounded with the input applied to the noninverting input.
 Equipment:

Proto-board

Power supply

Oscilloscope

Signal generator

CA4007 and MC3346

Approach:
- Pre-Lab:
1 – Simulate the circuits in Fig. 8.1 a & b, to get the output voltage transfer characteristics, voltage gain, and CMRR.

2 – Bread board your circuits before coming to the lab. 

3 – Calculate the values of the resistors to be used in the circuit.  Also calculate the value of the output impedance to compare with the one measured in lab.

4 – Bring in your data sheets for CA4007 and MC3346 transistor arrays.

5 – Make sure that you read through the entire lab before coming to class. 

Back Ground:


The benefit of the differential pair or diff amp is that differential information or signals are amplified and common mode (in phase and matched amplitude) signals are subtracted or canceled.  For this reason circuits such as in the ECG amplifier (The diff amp using op amps) is able to subtract or cancel the unwanted noise signals (e.g. 60 Hz or to a limited degree striated muscle contractions) and amplify the desired ECG signal.   For this reason most analog signal processing from communications circuits to ADCs are setup in a differential manner to allow the removal of undesirable common signals, which reside naturally in the environment.

We will start by doing a large signal analysis of the BJT and MOS diff pairs of Fig 8.1 see Fig. 8.2 below.
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 Fig. 8.2 Emitter (a) and source (b) coupled or differential pair currents as a function of the differential input voltage.

BJT pair analysis

We will start by writing the input loop equation and the current equation at the emitter coupled node as follows;
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(8.2)

Combing the input loop equation (8.1) with the Ebers–Moll equations below;
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and assuming matched devices (Q1 = Q2), Is1 = Is2 results in 
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(8.3)

Now combing 8.2 and 8.3 and rearranging
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(8.4)
Combing (8.4) with the output equations at the collects of Q1 and Q2 of Fig. 8.1;
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results in 
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(8.5)
Note that if 8.5 is divided by RC the 
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(8.6)

and is plotted in Fig. 8.2(a).  Taking (Vod/(vid of equation 8.6 and solving at Vid = 0, the equivalent voltage gain for the BJT amp of Fig. 8.1 can be found as follows.  Further noting that Q1 and Q2 are matched and 
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(8.7)

Caution your BJT circuit for the experiment is a single sided circuit and as a result the gain will be equal 
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.  Taking (Iod/(vid of equation 8.6 and solving at vid = 0 the equivalent differential output transconductance for the BJT diff pair of Fig 8.2(a) can be found as:
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At this point we should take pause to interpret equations 8.5 and 8.8 using Fig. 8.2(a).  Note that the y-axis plot of Fig. 8.2(a) can be readily converter from current to voltage by multiplying 8.6 by RC.  Observation 1 the diff pair used as a single sided amplifier has the same gain, output resistance, and input resistance properties as the classical CE configuration but provides for subtraction of common mode voltages at the cost of two additional transistors. Common mode subtraction will be discussed below.  Observation 2, for large differential inputs of either polarity (> |Vt| ( 75mV) the current in the collectors of Q1 and Q2 saturates at (IEE and is one source of potential distortion in op amps.  This plays the dominant role in slew rate limiting and full power bandwidth observed and measured in Laboratory #2.  The maximum current available to charge any load capacitors at the collector(s) is limited to IEE.   Observation 3, the common node of IEE, Q1, and Q2 is referred to as a “virtual or small signal ground”.  To the extent that IEE, is an ideal current sink (ro of the current sink approaches infinity) the common point (emitters) of Q1 and Q2 do not shift or change for small changes in the differential signal Vo1-Vo2. 

MOSFET pair analysis

It should be noted before we start that the behavior of a JFET diff pair is identical to that of a MOSFET pair except for the notation.  We will start by writing the input loop equation (See 8.2b) and the current equation at the source coupled node as follows;
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(8.9)
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(8.10)

Combing the input loop equation (8.9) with the device saturation equations solved for VGS;
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and again assuming M1 = M2 (VT1 = VT2, KP1 = KP2 = KP, (W/L)1 = (W/L)2) = W/L,    results in 
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(8.11)

Now substituting 8.10 into 8.11 and solving for ID1 and ID2
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Noting that the PMOS current mirror (M4 and M5 ) of Fig. 8.1 copies, inverts sums ID1 with ID2.  The sum of ID1 and ID2 can be written as
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and ID1 and ID2 are plotted after normalizing to ISS in Fig. 8.2(b).  

Taking (Iod/(vid of equation 8.13 and solving at vid = 0 the equivalent transconductance for the MOSFET diff pair of Fig 7.2(a) can be found as follows:
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(8.14)

and gm can be also written as (W/L)KP(V or ((V = ISS /(V where (V= (VGS-VT).  Note the MOS amp is a differential in single sided output solution while the BJT circuit above is a single sided amp or fully differential output solution.
Again at this point we should take pause to interpret equations 8.12 and 8.14 through Fig. 8.2(a).  Note that the y-axis plot of Fig. 8.2(b) can be converter from current to voltage by dividing (8.6) by the effective output conductance of the diff amp looking back into the drains of M2 and M4 {ID((N +(P) equals gds = 1/rds].  Using the output conductance and the forward transconductance of (8.14) we the differential gain can be found as:
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(8.15)
 Observation 1, the MOSFET diff pair has the same gain, output resistance, and input resistance properties as a current source loaded CS configuration but provides for subtraction of common mode voltages.  NOTE: This amp requires NO resistors!!! Common mode subtraction will be discussed below.  Observation 2, for large differential inputs of either polarity (> |(2((V)| typically (500 to 700mV)  the current in the drains of M1 and M2 saturates at ISS and again is one source of distortion in op amps.  The ISS current plays the dominant role in slew rate limiting and full power bandwidth observed and measured in Laboratory #2.   Observation 3, the common node of ISS, M1, and M2 is referred to as a “virtual or small signal ground”.  To the extent that Iss, is an ideal current sink (ro approaches infinity) the common source of M1 and M2 do not shift or change for small changes in the differential signal Vo1-Vo2.  Observation 4, these relationships are only valid for 


[image: image22.wmf] 

2

   

V

id

b

SS

I

£








(8.16)

Observations on the subtle differences between BJT MOSFET diff pair/amp
Before moving on it is worth noting the similarities.  Both circuits can and do use both resistor and active mirror loads.  They both can be analyzed with small signal hybrid ( models if so desired.  Both circuits achieve common mode subtractions, differential subtraction and have their origins in vacuum tube circuits before the glamour days of solid state.  Both circuits exploit the virtues of their respective technologies.  Note that when using current mirror loads differential gains are device dependent and when using resistor loads gains depend primarily on gm and R (gmRC for the BJT pair and gmRD for the FET pair).  When using an active mirror load the BJT and FET diff amp gains can be respectively written as follows:
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(8.17a)
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(8.17a)
We observe from 8.17a and b the the difference in gain is primarily due to the relative magnitude difference of the thermal voltage Vt, and the FET bias voltage (V= (VGS-VT).  As a result BJT circuits have much greater native gain.

The differences

Most of the differences are due to the fact that the BJT pair is based an exponential nonlinearly and the FET pair is based a square nonlinearly and there different fabrication structures.

· Due their respective non-linearity differences the FET has less harmonic distortion and a greater full power bandwidth and better slew rate performance for the same GBP.  While the BJT has a higher gm and greater differential gain.

· The FET diff pair, both MOS and JFET have a higher input impedance than the BJT pair.

· The BJT diff pair has lower offset mismatch and as a result better common mode rejection.
· While the BJT is lower noise than the MOSFET it is noiser than the JFET pair.

· Due to low power properties of CMOS logic the CMOS diff amp is almost always the mixed signal circuit of choice. 
Common Mode

For the BJT and CMOS diff amps of Fig 8.1 it can be shown that the CMMR can be approximated as follows;
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for the BJT where VA is the early voltage and Vt is the thermal voltage and 
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for the MOSFET pair where Lambda is the reciprocal of the early voltage for the MOSFET.  Note in both cases that Vos is critical, implying that matching is very important to reducing CMRR as well as a large early voltage.  Due to the fact that for modern BJTs and MOSFETs, matching is almost always better in BJTs as well as the Early voltage being slightly larger, BJT diff amps typically exhibit higher CMRR.  

BJT and MOSFET Differential Pair Amplifier
Procedure:


After simulating each circuit, bread board each amplifier and test both for the specified parameters.  Compare the simulated and measured values for the respective circuits. Note: 1) The inverting side must be grounded. 2) Use a bias current between 0.7 mA and 1.5 mA for both circuits.
1. Apply a large triangular wave, e.g. +/-1V to the input of the differential pair to determine VOS and the voltage transfer characteristic.  Compare to your measured results with your earlier simulations.  Use the x-y mode of the o-scope. It would be a good idea to review lab 2 at this time.

2. Apply a small signal input at the non-inverting input (To avoid distortion Vin must be small enough to avoid clipping at the output.) and measure each amplifiers gain and phase determining each circuit’s bandwidth with a 1(Fd Capacitor load to ground. Compare your results to the expected results from simulations. The small signal input should be a sine wave with an input magnitude of 1-2 Vt for the BJT and around 10mV for the MOS pair.
3. Apply a large signal simultaneously to both inputs (Avoid distortion due to Vin by keeping Vin small enough to avoid clipping at the output.) and measure each amplifiers the common mode gain and phase from 100Hz to 1KHz. Compare your results to the expected results from simulations.  It would be a good idea to review lab 2 at this time.

4. Using the CMOS diff amp only and experimentally determine its slew rate (positive and negative) for CL equal 1(Fd.

5. Propose a method to measure output resistance at mid-band for both the BJT and the MOSFET.  Measure the effective output resistance for the MOS diff amp ONLY at 100Hz.   Hint: Place a 100uFd capacitor and an a resistor in series to ground.  The resistor should have a value of Rx = 1/[ID((N +(P)].  Can you prove that the 100uFd cap behaves like a short circuit at 100Hz?
Semester Extra Credit – 40pts


Using the follower idea of (experiment #6) to design a level-shifting buffer for your MOS diff amp output.  The addition of the leveling shifting follower makes your diff-amp an op amp.  Using the feedback theory from laboratory # 2 design an amplifier with a gain of –1.  Caution: Note that the output voltage of the follower must be 0V and that the output voltage of your amp is positive.  How do you achieve the necessary voltage shift?  This task takes you full circle for the semester.  Starting with opamps and ending with your own opamp. 

A Suggested Pin Out
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 Fig 8.3 Suggested pin out for Diff amp circuits.  Note For all CD4007s pin 7 must be tied to VSS and pin 14 must be tied to VDD and for all  MC3346s pin 13 must be tied to VEE.

Write up:

Summarize the data you collected in the procedure section, and include all the data collected with graphs if possible. 

Using the observed time and X-Y domain waveforms in part 1. Explain the reason for any observed distortion. 

Make two separate table to compare measured and calculated values for your BJT and MOSFET Differential pairs.

Make sure you answer all questions throughout the lab.

Finally, make you lab report short, precise and concise.

SPICE Models

These SPICE are inferred from the TI CD4007 data sheets

.model mnmos
NMOS (Level=1 Gamma= 0 Xj=0

+

Tox=1200n Phi=.6 Rs=0 Kp=111u Vto=2.0 Lambda=0.01
+

Rd=0 Cbd=2.0p Cbs=2.0p Pb=.8 Cgso=0.1p

+

Cgdo=0.1p Is=16.64p N=1)

*The default W and L is 30 and 10 um respectively and AD and AS

*should not be included.

.model mpmos
PMOS (Level=1 Gamma= 0 Xj=0

+

Tox=1200n Phi=.6 Rs=0 Kp=55u Vto=-1.5 Lambda=0.04
+

Rd=0 Cbd=4.0p Cbs=4.0p Pb=.8 Cgso=0.2p

+

Cgdo=0.2p Is=16.64p N=1)

*The default W and L is 60 and 10 um respectively and AD and AS

*should not be included.

.model MCC3346
NPN(Is=020f Xti=3 Eg=1.11 Vaf=66.6 Bf=140 Ne=1.307

+

Ise =020f Ikf=.2847 Xtb=1.5 Br=1.092 Nc=2 Isc=0 Ikr=0 Rc=1

+

Cjc=1.16p Mjc=.33 Vjc=.75 Fc=.5 Cje=1.2p Mje=.33 Vje=.75 Cjs=5.6p 

+

Mjs=.33 Vjs=.75 Tr=40.91n Tf=398p Itf=.6 Vtf=1.7 Xtf=3 Rb=7)
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