ECE-6412 Homework Assignment No. 7 - Solutions Spring 2004

Problem 6.4-04

In Fig. P6.4-4, find vout/vgmun 4 and identify the low-frequency gain and the roots. This

represents the case where a noisy ac ground can influence the noise performance of the
two-stage op amp.
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Figure P6.4-4

Solution

A

v
Let, v, =-v, = %‘"m and, v be the small-signal ac voltage at the drain of M..
Applying nodal analysis

(gm2<v0ur - Vs) + 8,5V T 8up (Vdd - Vs) —&uVs 1 8u (Vl —Vs ))rdSS =Vs

(ngV(mt + gdsZVdd + ngVSS)

or, v,= . (1)
Now,

(ng(vout - Vs) + 840 (Vdd - Vs) +8.Vs T 8uss (Vdd - vl)) = (gdsl(vl - Vs) +5Ce (Vl - vout))
or, (gm2 +s5C, )vom + (gds2 + gdsS)vdd = (gds1 +8,5t sCC)vl 2)
Also,

(SCC (Vl - vout) + gm7vss) = (gdsé (vout - Vdd) + gds7 (Vout - vss) + SCLvoul + gm6(vl - vdd ))
Using v, =-v_, we get

(gm6 — 87 T 8use — gdﬂ)vdd = (gdsﬁ 8yt S(Cc +C, ))vout + (gm6 - SCC)V1(3)

Using Equations (2) and (3) gives the low frequency PSRR as

-1
v r 28,8t —|

out

vgruuml B LGI (gds6 —8us1 gm7)J
The zero is

G, (gdm ~8as7 gm7)
CC(GI 86 = 8m7 T 8ass gds7)
The two poles are same as given by the zeros of Equation (6.4-14) in the text.

le_
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Problem 6.5-01

Assume that in Fig. 6.5-1(a) that the currents in M1 and M2 are 50uA and the W/L values
of the NMOS transistors are 10 and of the PMOS transistors are 5. What is the value of
Vpias that will cause the drain-source voltage of M1 and M2 to be equal to V ; (sat)? Design

the value of R. to keep the source-drain voltage of M3 and M4 equal to V,(sat). Find an
expression for the small-signal voltage gain of v /v, for Fig. 6.5-1(a).

Solution

Veias =Vr mc1 +Visar, mc1 +Vsar m1

21 21
or, Vs =Vr,mc1+ ! + !
(W (W
K N . Ky T
o
Ignoring bulk effects
Vpias = 1.3V
Now,

Ve.c3 =Vr,c3 tVasar,c3 +Visarz
Vs =Vr3+Vasar
And, R=Vg.c3 Ve =Visar,c3

)

or, R= ———~ =12.65kQ
xf7]
| s

L
The output impedance is given by

Rour = lgm.caras,.catasa W lem.caras.c2ras2 |
R, =19.38 MQ

The small-signal voltage gain is given by
Ay = -gm,c2Rour = -6248 VIV
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Problem 6.5-14

Repeat Example 6.5-3 if the differential input pair are PMOS transistors (i.e. all NMOS
transistors become PMOS and all PMOS transistors become NMOS and the power supplies
are reversed).

VbD

\ 4 \ 4 L 4
VBIAS ,J
| I[‘_‘ M1

+ M Ve [~ Mo
T M
R
Ry 2 Vout
L.
Mg
M3 - {[_ENW I

Solution
Given, Vour Max)=2 v 5 Vo =Visan1 =025 y

Considering worst-case peak sourcing current of 125 pA
dg =09 =019 =011 =V

Considering worst-case peak sinking current of 125 pA
I5=125 pA npql7=25 pA
Qg =97 =Jd13=17.3

And, Q4 =935 =J14 = 30.

V 4
Rl _ VdsatT _ 2 KO and R2 _ " dsat9 =2 KO
T T

From gain-bandwidth
Z
Sy =8, = GBYCL _9
Kply
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Problem 6.5-14 - Continued

Considering Vj, (max)=1 Vv
Visar3 =043 V - 53 =21.6
The minimum input common-mode voltage is
Vip (min) = Vg = Py (min) - Vysgrs = 2.8V
Finally, [S12 =1.2583 =27

The small-signal gain is

_ (2+k)

- mngRH

v

i = Roleas + gass)
(gm7rds7)

where, Rg =55 MQ
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gmi =028.3 US g7 =347 US  gas7 =3 MS | gds4 =5 MUS [ 8asp =2.5 US

So, k=396
RH =12 ZWQ

or, A, =4364 v
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6.‘5
—

fols] MA ‘ID"-* ID;_= I.D3= ID4

-]
Cox = ff_’_‘ = 3.9 (8.85x16 "FZM)
-to)‘ 80 A
= 43| nF/.Cm,_
HnCox = 450cm 431 nF
V.s em®
= 194 MA/Vg
Kn = 194 MA/ .
XKp = 647 HAjys
Yo -‘—"ﬁmz( foa Il toq) 4m (Voc |l )
v
L= Ip, axy = |OOHA (0.041)=5:56 4
‘Bl LC’FF des 072 ym

rog = |80ksr = ro4
6’06': ‘iOk.S'L= \67
L¢#= L- Xd"'ZLd
- |-0.1-2(0.09)
= O0+72AM
3mz=fiké':!v_ IDz
\ ¢ft

- \/ 2 (647 4) ( 150) (1004) "

0.-72

dm =Jz(194/4) ( _OLO_I_%) (20044) \

610

Y (. 64m) (20 K) (3.26m) (45K)

2

=-2.18 x |0%
common mode mnge:
From (675),

Vie > Vg, + Vit Vou,~ Vss

-\
VOV3 = ZUOOZ =

a.l2v
%4 (9572)
Vie 2 -0.840.6+0-12 -1:5

From (6:77),

Vovs = — | _2(200) = —0 17V

64'7('5%-72) -

V0V| - - 2( ‘OO) \=
647 (ISO/O'.,Z)

Vig ¢ =0:8-0:12=0:17+1-5
Vlc < 0‘4, V

—0.2V

From (6:86),

2e. = 0

Vad
From §-87),
22_ = 3’07 = 0,5
Vg Toc+ 1oy
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TWO-STAGE CMOS AMPLIFIER (MAXIMOM COMMON-MODE INPUT VOLTAGE)

i 21111

VDD 100 0 1.5 VoD 100 0 1.5

vss 200 0 -1.5 Vvss 200 0 -1.5

n 75 4 4 PMOS W=150U L=1U n 75 4 4 PMOS W=150U0 L=1U
mn 8 6 4 4 PWOS W=1500 L=1U n 8 6 4 4 PWOS W=150U0 L=1U
) o] 71 200 200 MMOS W=50U L=10 | c] 717 200 200 NMOS W=500 L=1U0
L1} 8 7 200 200 MMOS W=500 L=1U | [} 8 7 200 200 HMOS W=50U L=1U
| ] 4 3 100 100 PMOS W=1500 L=1U ] 4 3 100 100 PMOS W=150U L=1U
3 9 8 200 200 MMOS W=100U L=1U M6 9 8 200 200 MMOS W=100U L=1U
7 9 3 100 100 PMOS W=1500 L=1U w 9 3 100 100 PMOS W=1500 L=1U
) 1] 33 100 100 PMOS W=1500 L=1U us 3 3 100 100 PMOS W=1500 L=1U
IBIAS 3 200 2000 IBIAS 3 200 2000

* T0 SET THE OUTPUT TO IERO.

* THE DC OFFSET IS ADJUSTED BY TRIAL AND ERROR

VIl 5 2 4.60 Vil 5 2 13.70
vi2 6 2 0 vi2 6 2 0
vic 2 0 0 ¢ THE MAYIMUM VALUE OF VIC IS ADJUSTED BY TRIAL AND ERROR

*LEFF = LDRAMN - 2LD -XD = 1 - 2{0.09) - 0.1 = 0.72 UM
*LAMBDA= (DXD/INDS) /LEFF = 0.040/0.720 = 0.0555

JNODEL MMOS MMOS LEVEL=1 KP=194U VTO=0.f LAMBDA=0.0555
.MODEL PMOS FPMDS LEVEL=1 KP=64.7U VI0=-0.8 LAMBDA=0.0555
.OPTIONS NOPAGE NOMDD

.WIDTH O00T=80 .MODEL HMOS EMOS LEVEL=1 KP=194U VTO=0.6 LAMBDA=0.0555

.OPTIORS VNTOL=1X ABSTOL=1F RELTOL=1U MODEL PMOS PMOS LEVEL=1 KP=64.7U VT0=-0.8 LAMBDA=0.0555

OF OPTIORS NOPAGE HOMOD

TP V{9) VI WIDTH OUT=80

END .OPTIORS VRTOL=1N ABSTOL=1F RELTOL=1U
.op

#e4¢  OPERATING POINT INFORMATION THOM= 27.000 TEMP= 27.000 TP V{9) Y1

NoDR =VOLTAGE NODE =VOLTAGE NODE =VOLTAGE JEND

+0:2 = 0. 0:3 = 5.0242-01 0:4 = 9.357E-01

+0:5 = 4.600E-06 0:6 s 0. 0:7 =-7.609B-01 t#e¢¢ OPERATING POINT INFORMATION TNOM= 27.000 TEMPs 27.000

+0:8 =-7.602B-01 0:9 = 3.0268-04 0:100 = 1.500E+00 NODE =VOLTAGE oD =VOLTAGE none =VOLTAGE

+0:200 =-1.500E+00 +0:2 = 3,600E-01 0:3 = 5.024E-01 0:4 = 1.293E+00
+0:5 = 3,600E-01 0:6 = 3.600E-01 0:7 =-7.622E-01

SUBCKT +0:8 =-7.602E-01 0:9 = 1,329E-04 0:100 = 1.500B+00

ELEMENT 0:)M1 0:m2 0:13 0:M4 +0:200 =-1.500E+00

MODEL 0:PMOS 0:PMOS 0:RM08 0:NM08

ID -9.772B-05 -9.7728-05 9.772E-05 9.772E-05 sees YOSFETS

IB8 0. 0. 0. 0. SUBCKT

IBD 1.697B-14 1.696R-14 -7.391E-15 -7.398E-15 ELEMENT 0:M1 0:M2 0:13 0:M4

vGs -9.357B-01 -9.357E-01 7.391E-01 7.391E-01 MODEL 0:PM08 0:PM08 0:1M08 0:NMOS

VDS -1.696B+00 -1.695B+00 7.391E-01 7.398E-01 pas) -9.584B-05 -9.585E-05 9.584E-05 9.585E-05

VBS 0. 0. 0. 0. IBS 0. 0. 0. 0.

Ve -8.000E-01 -8.000B-01 6.000B-01 6.000E-01 IBD 2.055E-14 2.053E-14 -7.378E2-15 -7.398E-15

VDSAT -1.357BE-01 -1.357B-01 1.391B-01 1.351E-01 vGs -9.331x-01 -9.332B-01 7.378E-01 7.378E-01

BETA 1.062B-02 1.062E-02 1.010B-02 1.010B-02 VDS -2.055E+00 -2.053E+00 7.378E-01 7.398E-01

GAM EFF 0. 0. 0. 0. vBS 0. 0. 0. 0.

aM 1.441E-03 1.441B-03 1.405E-03 1.405E-03 VTH -8.000E-01 -8.000E-01 6.000E-01 6.000E-01

GDS 4.957R-06 4.957E-06 5.210E-06 5.210E-06 VDSAT -1.3318-01 -1.332E-01 1.378E-01 1.378E-01

0. 0. 0. 0. BETA 1.0812-02 1.081E-02 1.010E-02 1.010B-02
GAM EFF 0. 0. 0. 0.

SUBCKT GM 1.440E-03 1.440E-03 1.391E-03 1.391%-03

ELEMENT 0:M5 0:M6 0:M7 0:M8 GDS 4.7742-06 4.775E-06 5.110E-06 5.110E-06

MODEL 0:PMOS 0:NM08 0:PMOS 0:PMOS QB 0. 0. 0. 0.

o] -1.954E-04 2.053E-04 -2.053E-04 -2.000E-04

B8 0. 0. 0. 0. SUBCKT

IBRD 5,643E-15 -1.500E-14 1.500E-14 9.976E-15 ELEMENT 0:M5 0:M6 0:M7 0: X8

vGs -9.976E-01 7.398B-01 -9.976E-01 -9.976E-01 MODEL 0:PMOS 0::M08 0:PMOS 0:PMOS

vDs -5.643B-01 1.500B+00 -1.499B+00 -9.976E-01 pav) -1.9178-04 2.053E-04 -2.053B-04 -2.000E-04

VBS 0. 0. 0. 0. IBS 0. 0. 0. 0.

VTH -8.000E-01 6.000E-01 -8.000E-01 -8.000E-01 IBD 2.068E-15 -1.500E-14 1.500E-14 9.976E-15

VDSAT -1.976E-01 1.3%8E-01 -1.976E-01 -1.976E-01 YGs -9.976E-01 7.398E-01 -9.976E-01 -9.976E-01

BETA 1.001E-02 2.102B-02 1.0518-02 1.024E-02 VDS -2.068B-01 1.500E+00 -1.499B+00 -9.976E-01

GAM EFP 0. 0. 0. 0. VBS 0. Q. 0. 0.

oo 1.978E-03 2.937E-03 2.078E-03 2.024E-03 VTH -8.000E-01 6.000B-01 -8.000E-01 -8.000B-01

GDS 1.052B-05 1.052E-05 1.052E-05 1.052E-05 VDSAT -1.976E-01 1.398E-01 -1.976E-01 -1.976E-01

o. 0. 0. 0. BETA 9.816E-03 2.102B-02 1.051B-02 1.024E-02
GAM EFF 0. 0. 0. 0.

thee SMALL-SIGNAL TRANSFER CHARACTERISTICS e 1.940B-03 2.937E-03 2.078E-03 2.024E-03
GDS 1.052E-05 1.052B-05 1.052E-05 1.052E-05

v(9)/VIl = -1.975E+04 e i ] 0. 0. 0. 0.

INPUT RESISTANCE AT vIi = 1.000B+20

OUTPUT RESISTANCE AT V(9) = 4.754B+04 tead SMALL-SIGNAL TRANSFER CHARACTERISTICS
v{9)/v1il = -2.029E+04
INPUT RESISTANCE AT VIl = 1.000E+20
OUTPUT RESISTANCE AT V($8) 4.753E+04

* UNTIL M5 BARELY OPERATES IN THE ACTIVE REGION

* (WHERE |VDS| > |VDSAT| FOR N5)

vIcC 2 0 0.36

*LEFF = LDRAMN - 2LD -XD = 1 - 2(0.09) - 0.1 = 0.72 UN
*LAMBDA=(DXD/DVDS) /LEFF = 0.04U/0.720 = 0.0555
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TWO-STAGE CMOS AMPLIFIER (MINIMUN COMMON-MODE INPUT VOLTAGR)

122421

VDD 100 0 1.5

vss 200 0 -1.5

x 75 4 4 PNOS W=150U L=1U
n L ] 4 4 PNOS W=150U0 L=1U
| c] 77 200 200 WMOS W=500 L=1U
| ] 8 7 200 200 MMOS W=500 L=1U
| ] ¢ 3 100 100 PMOS W=150U L=1U
M6 9 8 200 200 NMOS W=100U L=1U
wn 9 3 100 100 PWOS W=150U L=1U
] 3 3 100 100 PMOS W=1500 L=1U
IBIAS 3 200 2000

vi2 6 2 0

¢ THE MININUM VALUE OF VIC IS ADJUSTED BY TRIAL AND ERROR
* UNTIL M1 BARELY OPERATES IN THE ACTIVE REGION

* (WHERE |VDS| > |VDSAT| FOR K1)

VIC 2 0 -1.55

SLEFY = LDRAMN - 2LD -XD = 1 - 2(0.09) -~ 0.1 = 0.72 UM
*LAMBDA= (DXD/DVDS) /LEFF = 0.04U/0.720 = 0.0555

. MODEL MOS8 LEVEL=1 KP=194U VTO=0.6 LAMBDA=0.0555
.MODEL PMOS PMOS LEVELal KP=64.7U VIO=-0.8 LANBDA=0.0555
.OPTIONS NOPAGE MOWOD

MIDTH OUT=80

.OPTIONS VNTOL=1N ABSTOL=1F RELTOL=1U

.oP

TP V(9) VI

.END

#et+ OPERATING POINT INFORMATION THOM= 27.000 TEWMP= 27.000
NODE =VOLTAGE WOIE =VOLTAGE NODE =VOLTAGE

40:2 =-1,.550E+00 0:3 = 5.024E-01 0:4 =-6.030E-01

+0:5 2~1.550E+00 0:6 =-1.550B+00 0:7 =-7.5528-01

+0:8 =-7.6028-01 0:9 = 6.068E-04 0:100 = 1,500E+00

+0:200 =-1.500B+00

t*tedd mm

SUBCKT

ELEMENT 0:M1 0:M2 0: 0:m4

MODEL 0:PMO3 0:PMO3 0:NM08 0:KMOS

o) -1.058E-04 -1.0582-04 1.058E-04 1.058E-04

IBS 0. 0. 0. 0.

IBD 1.5238-15 1.572E-15 -7.448B-15 -7.398E-15

vG8 -9.471E-01 ~-9.470B-01 7.448B-01 7.448E-01

vD8 -1.523B-01 -1.572E-01 7.448B-01 7.398E-01

VBS 0. 0. 0. 0.

VTH -8.0008-01 -8.0008-01 6.000E-01 6.000E-01

VDSAT -1.471E-01 -1.470E-01 1.448E-01 1.443R-01

BETA 9.787B-03 9.790E-03 1.010E-02 1.010E-02

GAM EFF 0. 0. 0. 0.

[« 1.439E-03 1.439E-03 1.462B-03 1.462E-03

GDS 5.824E-06 5.821E-06 5.640E-06 5.640E-06

0. 0. 0. 0.

SUBCKT

ELEMENT 0:)5 0:M6 0:37 0:M8

MODEL 0:PMOS 0:NM0S 0:PMOS 0:PMOS

hoe] -2.116B-04 2.053E-04 -2.053E-04 -2.000B-04

IBS 0. 0. 0. 0.

IED 2.103B-14 -~1.501E-14 1.499B-14 9.376E-15

vGs -9.976BE-01 7.398E-01 -9.3762-01 -9.376E-01

vos -2.103E+00 1.500E+00 -1.4998+00 -9.976E-01

VB8 0. 0. 0. 0.

VHH -8.000B-0% 6.000R-01 -8.000E-01 -8.000E-01

VDSAT -1.976E-01 1.398E-01 -1.976E-01 -1.376E-01

BETA 1.084E-02 2.102E-02 1.051E-02 1.024E-02

GAM ET? 0. 0. 0. 0.

2.142B-03 2.937E-03 2.077E-03 2.024E-03

GDS 1.052BE-05 1.052B-05 1.052E-05 1.052E-05

GMB [ 8 0. 0. 0.

hhbdd SMALL-SIGNAL TRANSFER CHARACTERISTICS

v(9)/VIl = -1,750E+04

INPUT RESISTANCE AT Vil = 1.000E+20

OUTPUT RESISTANCE AT V(9) = 4.754E+04

TWO-STAGE CMOS AMPLIFIER (GAIN FROM VID)
[TIITTs
VDD 100
V88 200

1.5

-1.5
4 4 PMOS W=1500
4 4 PMOS W=150U
200 200 NMOS W=500
200 200 MMOS W=500
100 100 PMOS W=15007
200 200 NMOS W=100U
100 100 PMOS W=1500

L=1U
L=10
L=1U
L=1U
L=10
Ls1U
L=1U
L=1U

EEREENNNA
WD W o -3 o -]
W oW oo

vic 2 0 0

*LEFF = LDRAMN - 2LD -XD = 1 - 2(0.09) - 0.1 = 0,72 UM
*LAMEDA= (DXD/DVDS) /LEFF = 0.04U/0.72U0 = 0.0555

.MODEL MMOS NMOS LEVEL=1 KP=154U VTO=0.6 LAMBDA=0.0555
.MODEL PMOS PMOS LEVEL=1 KP=64.7U VTO=-0.8 LAMEDA=(.0555
.OPTIONS NOPAGE ROMOD

.WIDTH OUT=80

.OPTIORS VNTOL=1N ABSTOL=1F RELTOL=1U

.op

TP V(9) VDD

.END

*+2+  OPERATING POINT INFORMATION THOM=  27.000 TEMP= 27.000

NODE  =VOLTAGE NODE  =VOLTAGE NODE  =VOLTAGE

+0:2 = 0. 0:3 = 5.024%-01 0:4 = 9.3578-01
+0:5 = 4.600E-06 0:6 = 0. 0:7 =-7.609E-01
+0:8 =-7.602E-01 0:9 = 3.026E-04 0:100 = 1.500+00
+0:200 =-1.500E+00

seee SMALL-SIGHAL TRANSFER CHARACTERISTICS
v(9) /vDD = -1.6478-02

INPUT RESISTANCE AT VoD = 4.723E+04
OUTPUT RESISTANCE AT V{9) = 4.754R404

TWO-STAGE CMOS AMPLIFIER (GAIN FROM VSS)

i 22202
VDD 100 0 1.5
V83 200 0 -1.5

M 7 5 4 4 DMOS W=1500 L=1U

M2 8 6 4 4 PMOS We1500 L=1U
M 7 7 200 200 5MOS W=500 L=10
WM& B 7 200 200 KMOS W=50U L=1U
M5 &4 3 100 100 PMOS W=1500 La1U
M6 9 8 200 200 KMOS Wxl00U LalU
W 9 3 100 100 PMOS W=1500 L=1U

M8 3 3 100 100 PMOS W=150U LaliU

IBIAS 3 200 200U

* THE DC OFPSET IS ADJUSTED BY TRIAL AND ERROR

* TO SET THE OUTPUT TO ZERO.
VIL 5 2 4.60
vIZ 6 2 0
vic 2 0 0

*LEFF = LDRAWN - 2LD -XD = 1 - 2{0.09) - 0.1 = 0.72 UM

*LAMBDA= (DXD/DVDS) /LEFF = 0.04U/0.72U = 0.0555

.MODEL HMOS RMOS LEVEL=1 KP=194U VT0=0.6 LAMBDA=0.0S55

.MODEL PMOS PMOS LEVEL=1 KP=64.7U VT0=-0.8 LAMBDA=0,0555

.OPTICNS NOPAGE NOMOD

.NIDTH OUT=80

.OPTIONS VNTOL=1N ABSTOL=1F RELTOL=10

.OP

TP V(9) vss

.END

#s++ OPERATING POINT INPORMATION  THOM= 27.000 TEMP= 27.000

NODE  =VOLTAGE NODE  =VOLTAGE NODE  =VOLTAGE

+0:2 = 0. 0:3 = 5.024E-01 0:4 = 9.3578-01
+0:5 = 4.600E-06 0:6 = 0. 0:7 =-7.609E-01
+0:8 =-7.602E-01 0:9 = 3.026E-04 0:100 = 1.500E+00
+0:200 =-1.500E+00

bbb SMALL-SIGNAL TRANSFER CHARACTERISTICS
v(9)/vss = 5.063E-01

INPUT RESISTANCE AT vss = 1.865E+05

OUTPUT RESISTARCE AT V(9) = 47542404



