Analog design trade-offs

« Analog design octagon
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+ Balancing performance with real devices

Current mirrors

+ Large signal behavior

— Current controlled current source

» Equal transistor sizes
with same gate voltage

— Give same current

out in

» Sink or source
— Assuming active region
— Ignoring channel shortening
— Fixed gain current amplifier

- Different transistor sizes V\y Q,>' |>4| Q. W/
L, L,
— W2 Ll | [

| = 4
out n
Wl L2
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Diode connected MOS transistor

» Shorting drain-gate
— V-l relation
» Strong inversion
« Active region by connection

« Ignoring channel shortening Vi

cC. W
Io _%T(VGS _Vm)z =
2 2
(VGS _Vm) =WI
VGS :th+ (W/L \/7

Diode voltage is changing by the square of the drain current

Diode connected MOS transistor

— V-l relation
» Weak inversion
» Active region by connection
« Ignoring channel shortening

$ln

Vg -V o—NVs
=1, ™
V=0
p=1le ™ =

Vg =Vyp+nU; -(In(15)=In(15))
Diode voltage is changing with the natural logarithm of the current

Diode connected transistors are also called compressors
(I—In(V) or sqrt(V))
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Diode connected transistor

» Small signal model
— Finding Thévenin equivalent ‘
— Applying test voltage v,
measuring i,

r
= '0_1 """""""""""""" - iy "
v, .- assuming
: ‘ : I >> ES 1/gn
E Ves EaV e 3 On

vy

Mirror equivalent

* Small signal model

O}

The small signal output impedance is
equal to the output impedance of the
output transistor (rs,)

— Current mirror output current is set by input, but some small-
signal errors occur due to finite output resistance




Current mirror example

— Current gain of 2

— Output error <5pA at b e
» 100pA current load lk\ "
* Max 1V output voltage change o o
_ u/y _ _ 8000L(um)
/Uncox 792 VZ!Vm 70'8V'rds - ID(mA) |
=Y 200k0 '
SpA Find the minimum output transistor length
8000L ralp 200k-0.1
Fy =l =——=>L> = =2.
Iy 8000 8000

— Effective input voltage V4 >0.5V

Find the maximum output transistor width
I, = HCo ﬂve?f W< 2L|Dz _ 2-2.5um-504A
2 L :uncoxveff 92 ﬂ%z . 025V2

W,/ _10u and W/ _5u Feasible transistor sizes
L, 3u L 3u

=10.9um

Diode using source

» Diode-connected drain large
signal behavior
— Front-gate and back-gate

(R

WA —

,\ o Lower impedance than standard diode! Why?

<+ Other drawbacks?
Vg =—=Vy,V,, =V
.Yy Vy 1 1
Iy =—+0,Vx +0Vx :>-_=rds|| ~
rds IX gm + gs gm + gs




Common-source amplifier

* Inverting amplifier - resistive load

— Small signal gain
VWI

=T R g

=
——? 12
e
=
]
1| }—
<

A/ = % = _gml(rdslHRload)

in

— High-impedance linear resistive load for high gain
— high supply voltage
Riad = 200kQ, I, =100LA =

load
V,ppy = 200kQ2-100 A = 20V
9

Typical supply <3V!

Common source with diode load
1
,]/

Roa =
toxd gm2
1 m Q.‘
(rdsl JN_gl ';

V
A/ zﬂz_gml

in gm2

On :\/Z/ICoxWT Ip with Ip, =1, =
W,
Z#HCOX 71 I Vi “
Ot L > —_ :unWI/Ll ';
/upWZ/LZ

A/ 2_97 = —
m \/Zzupcox TZZ I D2

m2

v,
| Y

Q

L

The voltage gain is independent of bias current and voltages
— Provided active region
* The gain set by design
* Headroom?
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CS stage with source diode

1
load gm2+gs

v, 1 O Om 1
A/zolﬂ:_gm(rs ]z— m — _Jml

Vin At gm2+gs gm2+gs gm2 1+77
for 77_L

gm2

gm = \/Zﬂcoxw Wlth IDl D2 =

W, \Y
zﬂnCOX 1 I ! ~|
A\/ - _ gml Ll > 1/L1
n 1+ W, 1+ L, 1+
Oy 147 \/ZﬂnCOXLIDz 7 W,/ n
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* Lower Q, impedance

Common-source amplifier

* Popular gain stage
— Inverting amplifier with current load
» Triode or active region
— Small signal equivalent

A = Lm =0 R = _gml(rdslHrdsz)
— Typical gain of -10 to -100
— High gain at low supply voltage
« Exploring nonlinear transistor
characteristics
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Common-source stage keypoints

Simple and popular gain stage
High input impedance
Passive load for high frequency (RF)

to non-linearity giving higher gain

Active load provide high resistive equivalent due

13

Source follower

+ Large signal behavior
— Output voltage “follows” input voltage

— Diode drop offset
* Unit gain amplifier (A=1)
» Voltage buffer
« Current gain

out :Vin _VGS =

2
out :Vin _(th + m \/E]

— Ignoring channel shortening and body
effect
» Voltage drop increase with square root of current

— Used as buffer/driver for larger loads
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Source follower

* Small signal model

T
o
[
1
G_ =Rg; =Ty " Fis2 }651 Q, _”i Q.
S1
VQSl - Vin - VOUt vou1651 - gml(vin - voul)= 0= L
A/ — M — gml — gml

Vin gml + GSl gml + gsl + gdsl + gdsz

gs1is 1/10 of g,y @nd g1y is 1710 of gy
*Body effect major error term

Source follower keypoints

+ Voltage gain close to one
« Affected by body-effect
« Can provide large current gain
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« Impedance matching !
— 50Q transmission line g Mt e

A/ :_gml’RD vV, o .

— With common gate j \fo
A =0 Rp |
i{ S )_é% Must see 50Q
1 f
O + 9o i = KUI @
Achieved by proper sizing =

* The common gate allow for much higher RD giving higher overall gain
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Common-gate amplifier

* Low impedance input
— Typical 50Q matching
— Voltage gain as common-source

oy

out

Vi
I,

*\/oltage gain

\r“‘
V.., =-V,
gsl s Vout (GL + gdsl)_vslgdsl_(gm1+ gsl)vsl =0=
For grounded gate circuits Vv 0.,.+0,+0
; t _ Ymi 1 dsl _ ~
Always combine currents sources ~ —out — Iml _ Isl = IJdsl _ (gml + 04+ gdsl)(RL I rdsl) ~ gml(RL I rdsl)
( )V Vsl GL + gdsl
+ st
gml gsl sl
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Common gate amp analysis

AN

o

ot é R,
 Source current”
Iy = (gml + gsl)vsl + (Vsl ~ Vout )gdsl
= (gml +0aqt gdsl)vsl ~ Qus1Vour
* Input admittance

iziis=(gml+gsl+gdsl)E gml =r = 1 [1+RL)
f

in
Vsl 1+ % 1+ % gml I’dsl
L L
1 il
,~R =>r =— RL>>rd51:>rm>g

n l
gml =m

Twice the expected input impedance The drain voltages is too “weak”
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Common-gate keypoints

+ Voltage gain similar to common-source stage

* Provide low input impedance
— May increase for low frequency signals

« Suitable for matched transmission lines
» Used extensively in RF circuits

20
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Source-degeneration

 Increase output impedance

* Reducing error due to output |1, |1
voltage variation

— Making soft reference

— Resistor o o
« Linear voltage dependence ' ‘

— MOS transistor
* Linear drain resistance
« Square (exponential) gate- Ry R;
source dependence
— Increased output current

* Restricted by reduced gate-
source voltage

.....
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Source degenerated mirror

+ Small signal model

W

VS = iXRS
Vg =V,

) vV, -V T v, —i R Rs
R x Vs o x XM
I = OnaVgs + =1, =-1,0,,R ++—"—==

rdsz ds2

V.
rout = Iix = rd52(1+ Rs(ng + gdsz))

X

With body effect
Tout & rdsz(1+ ngmz) Iz = (92 + 952)
Output impedance increased by (1+R.gy) ot = Tz (1+ R (mo + 952))

* Increased output impedance —
more accurate current copy What about headroom?

22
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High impedance mirrors

» Resistors hard to get in CMOS

— Have to use MOS-devices for
degeneration

* Cascode mirror

— Softening sources with additional
current-mirror

Using formula from source degeneration

rout = rds4(1+ Rs (gm4 + gs4 + gds4))
setting R, =r,, =

rout = rds4(l+ rdsz(gm4 + gs4 + gds4))
rout ~ rds4 (rdszgm4)

Disadvantage:
Output impedance increased by rys,9,4 Vo2Vt Vs,
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Cascode gain stage

» Single stage inverting amplifier
* Improving performance
— Combine common source feeding into common gate stage
— Large gain
* Low output impedance
» High gain of common source transistor
» High quality current sources
— No speed loss with increased gain
— Two variants
» Telescopic configuration
» Folded cascode configuration

24
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Cascode gain stage

* Improve output impedance
— “locking” Q1 drain voltage absorbing output voltage variations

with Q2
*Telescopic cascode gain stage *Folded cascode gain stage
: (D)1
il i
—0 ] '|I
"I ( /[’r l\? ;
v . - v
= g
8 | V-
) i GR o
v, <||:L}_ =
DC level shift or headroom reduction Reduced gain due to PMOS transistor

25

» Impedance looking into Q,
Fy2 = Omalisilas2
+ Small signal total output impedance is rg,||R,

» Assuming high quality current source =

Vs? ‘_
Row =y IR
out d2 L
. \«f.nﬂ-’\é\:—| 10
+ Gain )
* Common gate input admittance «  Common gate gain
1 On2 T 952+ 0
gmz == ( n2 = dSZ) = ng Vout _ ng + gsZ + gdsz ~ — ng
r. R, R, — === Z(RL”rdZ)_
in2 1+ L 1+—L v, G, + 0y, " s 042 + G,
rdsZ rdsz
» Common source gain » Total gain
Vsz gml v 2 Vo it
=-0 1(rd1”r‘2)=_ A== 2 =-g r ”r g R ”r
Vin m s: in gdSl N ginz Vin Vsz ml( dsl mz) m2( L dsZ)
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Cascode stage usage

* Large gain for low frequencies R, =r, R,
— Giving R, must be large provided by high quality current mirror
» With output resistance in the order of: RL =g rdz
m-p ds—

. . . p
— Approximate by assuming transistors are close to equal
» Dropping indices

— Q2 admittance B
gmz rinz = 1+ gdsgmrdzs = gds in2 = 'ds
CS H. VSZ 1
- gain. T:_gml(rdsl ” rinZ):_Egmrds
in
H. V
- CG gain: —L ng(RL I rdsz) =gnly for R >>ry
— Overall gain *2
vV, V 1
A=—2 o ~ _*g;rdzs
in "s2 2
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Differential amplifiers

+ Single ended signal
— Signal swing relative to fixed potential

+ Differential signal
— Difference between two nodes
» Equal swing around fixed potential
» Opposite signal excursion
— Better noise immunity
» Common mode noise rejected
* Power supply noise

Z
T+ Y= -
rejection v A
i | V ] - in?

level

Important circuit invention with increased t t
usage in advanced CMOS technology

28
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MOS differential pair

» Standard input stage
— Differential input v, =v*—v~
— Ignoring output impedance
_ Vin Vin

idl =g = =
r51 + rsZ 1/gml +]7/gm2

— Assuming |, split equally

. On
O =Gm =11 = 7Vin

« Similar for other branch

o o g,
laz =152 = —la1 = lg2 = =" Vin

2
— Defining

bout = a2 —la1 = lout = InVin

Differential pair
* Adding a P mirror i, =i, = —i,
+ Output voltage

Voo = (i =140 o = 2100 = G0V

+ Voltage gain

Vv
_ out __
A/ - V. - gmrout

n

« Simplified model

. 1
Vin BuVin é Tou CI .
r ]l

D vl ot

-0

1y

D_{

VIII
o
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Output impedance

rout = VX/Ix ' Ix = le + Ix2 + |x3 + Ix4
Lo . V,
Finding currents I, =
rds4

assuming rdSl’ rdSZ >> rsl’ rSZ

i, =
x2
. rd52
assuming r, =r,
i =i, =
. . . sl s2 2rd52
since I, =1
La=—lg ="l ="l
V Y

X X

ryallr

it

r =

out

le + |x2 + |x3 + |x4 Vx/rds4 + Vx/rdsz

rout = rdsz ” rds4 = A\/ = gm(rdsz ” rds4)

%
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Transconductance amplifier

+ Differential pair with current output
— voltage — current
— Weak inversion characteristics

I S
1(2) V-V,
1+e"r

S Vv, =V
|o_ut=|1—|2:|btanh(1 ZJ

2nU,

33

Transconductance amplifier
* Transconductance

al Transient Response
out

O9n =% ~ “u
8(V1 —V2) 1.1 PRt

_ _ Ib
= 9ma = 2nU
.

.8 2.2
— Linear region
* <200 mV 908m y L L L el | =9.8u
2.8m 2.2m 2.4m 2.6m 2.8m 3.0m

“time (s )

Cadence simulation
34
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Diff pair cadence analysis

Diff voltage in: 1V
Current out:

4 different bias voltages:

0.5Vto 1V

»
. .
.
Transient Response
1.0u .
. 480n | s
- -
~— —20@n_ el
~8@8n yy y
2.8m 2.5m 3.8m
time ( s )
208u
1@0u .
< eo8 | «
~ -1eou L -
-200u ' 1
2.8m 2.5m 3.8m
time ( s )

B
"y
-
40u - Vb="666.7m"/V5,/PLUS
1oy . /
—2Bu Pl
=58u L ]
2.8m 2.5m 3.8m
time (s )
B
420u
200u =
a.ee -
280u “ L
2.8m 2.5m 3.8m
time (s )
350

CA)

Linear diff pair transfer

+ Transconductance i =
— Vdiff: [-25mV, 25mV] out

— 1b: [1nA,10nA]

5¢n - lb="3.25n";/

3.0n
1.@n
d__.l‘g'_':-
—
=1.0n — =<
=38n .. .
?.00 4@@u

i, .
V, =V IvIin
ZnUT(l ,) giving

Iy

2nU,

On =
[b="7.75n
’___.x-""
..-';" “
7 ~
e
....... e e
time (s )

Inserting values:
10mA 1,
9~ 15.25mv 75 Do

reading graph (10nA):
2.8nAchange in 20mV gives:

28nA 1
—__~-n
20mv 7.2 %v

36
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Diff pair output conductance
« Cadence simulations
— Varying output voltage
* Vout: [1V,2V] i
* Input diff:[-25r v Vout="175"
- 1b=10nA 2gn = Vout="1.25"; "/
5.0n J,/:/,
3.0n et
= P
- 10 Sl
" Pt
_18n ////;/ -
300 |
0.00 400u 800u 1.20m
time ( s

Keypoints

+ Simple mirror have a small signal input resistance g

+ CS stage is popular with high input impedance and active load
maintain headroom

» CD stage, no voltage gain (=1) and may be unstable

+ CG similar performance to CS, but with low input impedance
» Source degeneration increase output resistance

» Cascode techniques increase output resistance

+ Diff pairs are very popular as input stage
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