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FINAL EXAMINATION - SOLUTIONS
(Average = 100, High = 120, and Low = 69)
Problem 1 - (20 points - This problem is required)

If the folded-cascode op amp shown having a small-signal voltage gain of 7464V/V is used
as a comparator, find the dominant pole if C; = 5pF. If the input step is 10mV, determine

whether the response is linear or slewing and find the propagation delay time. Assume the
parameters of the NMOS transistors are Ky'=110V/uA2, Vyy = 0.7V, Ay=0.04V-! and

for the PMOS transistors are Kp’=110V/uA2, Vyp =-0.7V, Ap=0.05V-1.
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Solution

Vog and V; can be found from many approaches. The easiest is simply to
assume that Vg and Vyp are 2.5V and -2.5V, respectively. However, no matter what the
input, the values of Vg and V5, will be in the following range,

(VDD_2VON)< VOH < VDD and VDD < VOH < (VSS+2VON)

The reasoning is as follows, suppose V;, >0. This gives I;>I, which gives I5</; which
gives Ig<I;. V,,, will increase until I; equals Iy. The only way this can happen is for M5
and M7 to leave saturation. The same reasoning holds for V;,, <0.

Therefore assuming that Vg and Vg are 2.5V and 2.5V, respectively, we get

. 5V 10mV
Vip(min) = 777 = 0.67mV  — k=067mv = 1493
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Problem 1 — Continued

The folded-cascode op amp as a comparator can be modeled by a single dominant pole.
This pole is found as,

1
P1=R, T, Where Rour = 8,97 459 s 117" a7 a2l 455)]

gmo=\2-75-110-36 =771pS, g,,0=8451,=75%1076-0.04 = 3uS, g, ,=50x10"6(0.04)=2uS

€m7=N275-50-80 =775, g,,,5=125x10"6.0.05 = 6.25pS, g,,,,;=50x10"6(0.05)=3.75uS

1 1
8m9'ds9"ds11= (771HS)(ﬁ) (ﬁ) = 85.67TMQ

1 11
8m7"ds7Tds2 V7 ds5™ (775“S)<3.75p3)<2p3 "6.25ps> =25.05MQ,

R,y = 85.67TMQ|[25.05MQ = 19.4MQ

1 1
The dominant pole is found as, p; =R,..C, = 19 4x 1055 F = 10,318 rps
A4x p

The time constant is 7; = 96.9us.

For a dominant pole system, the step response is, v, () = Avd(l—e"/ mv;,
The slope is the largest at t = 0. Evaluating this slope gives,

Dour  Avd CAvd 7464
= ? eV, For t =0, the slope is ? Vin = 96.9us (10mV) = 0.77V/us

, _ I3 100puA
The slew rate of this op amp/comparator is SR = C,="5pF = 20V/us

Therefore, the comparator does not slew and its propagation delay time is found from the
linear response as,

2k 2-14.93
tp = yIn{37-T) = 96 s In{ 3T7.53-T) =( 96.91)(0.0341) = 3.3us
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Problem 2 - (20 points - This problem is required)

A comparator consists of an amplifier cascaded with a latch as shown below. The amplifier
has voltage gain of 10V/V and -f 33 = 100MHz and the latch has a time constant of 10ns.

The maximum and minimum voltage swings of the amplifier and latch are Vg and V.

When should the latch be enabled after the application of a step input to the amplifier of
0.05(Vpy-Vo) to get minimum overall propagation time delay? What is the value of the

minimum propagation time delay? It may useful to recall that the propagation time delay of

. Vor-Vor . ,
the latch is given as 7, = 77, In (T) where v;; is the latch input (AV; of the text).

P = 0.0S\(VQH‘VOL)E Amplifier | 2% Latch ! Vout
o\ o—— A,(0)=10V/V & < 7 =10ns ——0

=0 + |-3d8=100MHz|  ; 5

: Comparator :

Enable SO02FEP2
Solution

The solution is based on the figure shown.

We note that, .
Voa(t) = 10[1-e-®-3dB7]0.05(Voy-Vor)- . 7

If we define the input voltage to the latch as, N Amplifier Pl
vir=xVou-Yor) Vor

then we can solve for #{ and #, as follows:
x(Vou-Vor) = 10[1-e-®-3dB11]0.05(V o -

Vor) — x=0.5[1-e-®-3dBl]
This gives,

x(Vou-Vor)

1

ik
g\

From the propagation time delay of the latch we get,
Vou-Vor 1
tQ,:TL ll’l( 2vil ) =17 In <2x)

S L dip : il
=t +1)= In (1-2x)+TL In <2x> — 7y =0 gives x= =0.4313

VoL > !
! ) 4] SO1E3S1

™_33dB 1427
10ns 1+27
= s In (142m) = 1.592ns-1.9856 = 3.16ns and t, = 10ns In . 1.477ns

1, =11 +1p=3.16ns + 1.477ns = 4.637ns
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Problem 3 - (20 points - This problem is optional)
If Ry = R, of the circuit shown, find an VoD
lltT

expression for the small-signal output
resistance R, ignoring R;. Repeat

including the influence of R; on the Rout
output resistance. Let Rj=R, and R; = R; R, iouT

500pA, Wy/Ly = 100um/lpm and

1k€2, dc currents through M1 and M2 be viy o—AAAN—AAN\-9 : oVOUT
Wa/L, = 200um/Ipm. Find the value of CLLRL

ROMZ * | Ml I

Solution SO2FEP3 L L

The loop-gain for this network can be
written from inspection as,

1G - ( R, )( Em1+8m2 )
~\R1+R )\ 8as1+84ds2* G
Therefore, since the output is shunt feedback we can solve for output resistance as,
Vdslnl’dsz”RL

out = | ( R )( Em1+&m2 )
\R1+R 1 )\8as1+8as2+ G,
Setting G; = 0 (R =) gives the output resistance not including the load resistor, R;, as

rasilrasn
. Ry \/&m1t&m2
+<R1+R 1)(8ds1+gds2>

R

R

out =

Calculating the small-signal parameters gives,
gm1 =V2:110-500-100 = 3.316mS, g,,» = V2:50-500-200 = 3.162mS,

100 100
Y451 =0.04-500 = d0kQ and r 0 =05705.500 = 40kQ
50kQI140kL2 22.22kQ
Rou(Ry =) = 331643162, — 7208 =304Q
1+0 5<w)
50kQII40kQII1k€2 957Q2

Ry (R =1k€2) = 3316+3162 \ — 4.0995 =233Q
1 +0. ( )

3{25420+1000

As usual, straight-forward small-signal models are faster, summing the currents at the
output,

I

out

=V

out

=V

out

[ 1 1 1 Em1t8m?2 1 ]

1 1 1 gm1+gm2 1
rast T orgo T RIAR, Y 2 *tRL [

+ + + B
Tast © Tds2 2 Ry

1 1 Em1t8m2 1 -1
Rour = [rdsl Tt 2T E] = 3042 (R =)

R, = 233Q (R;=1kQ)

(Principle: Feedback is a great concept tool but a terrible analysis tool.)
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Problem 4 - (20 points - This problem is optional)

A current mirror load, CMOS differential amplifier
is shown. The current in M5 is 100uA. Assume
the parameters of the NMOS transistors are Ky’ :Il |r__

=110V/uA2, Vpy = 0.7V, Ay =0.04V-! and for 0 Vout
the PMOS transistors are Kp’ =110V/uA2, Vyp = J_

0.7V, Ap =0.04V-!. (a) Find the small-signal - 0_‘|l: Ml M2:||—‘ :I:

1pf

output resistance and voltage gain if the W/L ratio Vin
of MI and M2 is 100pm/lpm. (b.) If the W/L +
ratio of M3 and M4 is 50um/lym and C,, =

+ M5
24.7x104F/m2, and the effective output VBi;:l
capacitance is 1pF, find all roots of this amplifier -
(ignore the influence of C gd4)' (c.) What is the Vss SO2FEP3

—3dB frequency in Hertz?
Solution

The small-signal model suitable for this problem is shown below.

%1_ Vi 902 D1=G3=D3=G4 D2=D4 o
+ T * o J_ +
Vest Ves2 12 == Vour
s _gml VgSl gm Cl _gm2 Vgs2 gmé Vi rds2S rds4 C2T 5

C; = 2(0.667)(50x1012m2)(24.7x10"*F/m?) = 0.1647pF  g,,;3 = V/2-50-50-50 = 500pS

8ma8m1Ves1
mao m N
Vout = (gm4V1 - ngVg52)Z0ul‘ = (gm3 + SC] - ngVgs2)Zout

B 1 (_gmlvin) &m2Vin 1
| & 2 )7 2 (SCL+gds2+gds4)
s+ 1
Em3
¢y ¢
B ng3 + 2 1 ﬂ_ S2gm3 + 1 1
~Emd| C (SC2+gds2+gds4) 2 =8md|  C, (SC2+gds2+gds4) Vin
§ + s+ 1
The small-signal ourput resistance and voltage gain is,
1 10

Rout = gy+gaes = 50 (0.05+0.04) =222kQ Ay =-8miRous

&ml =8ml = \/2-110-100»50 =1.049mS = A, ;=-g,,,1R,us = (1.049)(222) = -233V/V
The roots of this circuit are,

Em3 500uS
PI=" = DT6AToF = 3.036x10%ps, 71 = 2p; = -6.072x10%ps.

8ds2t8ds4 1 4.504x10°
=- =-4.504x10° =
C, 222kQ-1pF x107mps = faap ="

and pp =- =T717kHz
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Problem 5 - (20 points - This problem is optional)

The simplified schematic of a feedback amplifier is
shown. Use the method of feedback analysis to
find vo/vy, Rin = vi/iy, and Ry = vo/in. Assume
that all transistors are matched and that § = 100, rx
=5kQ and r, = .

Solution

Open-loop, quasi-ac model: v Vg SOFEPS

—
.! = °J
1 Ri Ry= +
Q2 Q3 20k€2
Re= v
v v +) 1k § ’
1 s Ry= Ri3= Rs5= V'f R,=
) i 20kQ 10k [ 10k€2 S 1kQ
1 o_
!
Small-signal, open-loop model:
. R1= iy . R 1
Do,roke) L B iy Y
. Z A AAY
+ I+, I'y I'n
v " SRa=S Ry= S Ry= S “(DRs= S i,

1KQS 20kQS 10kQ S B )Y 10k

Ri=15;7 = tn+ (1+B)(RolIRg) = SkQ + (101)(1KQI20kR) = 101.19k2
Vo' /Vo'\/ib3'\/ib2" /ib1’
=vs T (ib3')(ib2')(ib1')("5'>
BRs BR3 \/1
= (1+B)[R6II(R2+R4)]<R5+rn+(1+B)[R6II(R2+R4)])(R3+ rn)(@

= [(101)(954.55)](-8.976)(-66.67)(1/101.19kQ) = 570.16 V/V
R» 1 Vo' x+R5
f= Ry+Rg =21 = 0.0476 and R, =7, = R6II(R2+R4)II<W) =128.5Q
Closed-loop quantities are:

Vo a 570.16
AVf=g = 1+af =1527.15 = 20.25, Rjf = (1+aﬂRi = 2.848MQ

R,  128.5Q
Rout = Rof = T7A B;= 728.15 = 4.9565Q

R
Rin = R1+Rjf = 2.858MQ | and o= Ayr IT—I-l‘RL,-f= 20.18 V/V




ECE 6412, Spring 2002 - Final Exam Page 7

Problem 6 - (20 points - This problem is optional)

1%
A voltage follower feedback circuit is shown. For the MOS Rin P
transistor, I = 0.5mA, K’ = 180|JA/V2, rge =%, and W/L =
100. Although, the bulk effect, g,,;,, should be considered,
for simplicity ignore the bulk effects in this problem. For the \ O R,
op amp, assume that R; = IMQ, R, = 10k, and a,, = 1000. <+

Calculate the input resistance and output resistance using = Ip
Blackman’s formula given below.

Vin Vout

SO02FEP6 Vss

1 + RR(output port shorted)
1 + RR(output port open) ]

R, =R, (Controlled Source Gain=0)[

Solution

Circuit for calculating the return ratios.

Vin R; R, Vout Vin R; R, Vour
- Vo, _—=©° T = Vo, _—™°

Rln V] + Rout Rm Vr y * R()ut
—> v - — WV -
vhl gmV2 - gmV2

= SO02FES6
Input Port:

R, (a,=0)=R;+ (1/g,), &, =1Y2-500-100-180 = 4.243mS
R;,(a,=0) = IMQ + 236Q = 1MQ
RR(input port shorted):

-4y R
Vi=-guR; Vo and Vo =a,V,-guR; V, — V.= 1+g,,R; Vi

: V. -a,gmRi  1000-4.243mS-IMQ
RR(input port shorted) = - V. =T1+g,R, = 14 23mS MO - -999.8

RR(input port open):
RR(input port open) = 0 because V,, =0
1 + RR(output port shorted)

R, =R, (a,=0)| T ¥ RR(output port open) | = IM€2(1+999.8) = 1000.8M€Q2
Output Port:

R,,(a,=0) =R;ll(1/g,,) = 23682

RR(output port shorted):

RR(output port shorted) = 0 because V,. =0
RR(output port open):

Same as the RR for the input port shorted.
1 + RR(output port shorted) 1+0
Rour = Rout (av=0)[ 1 + RR(output port open) ] = Q ( )

1+999.8) = 0.236%
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Problem 7 — (20 points — This problem is optional)

A CMOS op amp capable of operating from 1.5V power supply is shown. All device
lengths are 1um and are to operate in the saturation region. Design all of the W values of
every transistor of this op amp to meet the following specifications.

Slew rate = £10V/us Vout(max) = 1.25V Vout(min) = 0.75V
Vic(min) = 1V Vjc(max) =2V GB = 10MHz

Phase margin = 60° when the output pole = 2GB and the RHP zero = 10GB.
Keep the mirror pole = 10GB (Cox = 0.5fF/um?2).

1.5V
MI0] M MI2
MO Itll.SIIEll.SI [
0 l1ozvom

T@

G e Sl T Tl
qIF ,[:M6I1opF
1@ M8:||—4|N1: M3:||——||:M4 =

L SO02FEP7 Your

design should meet or exceed these specifications. Ignore bulk effects in this problem and
summarize your W values to the nearest micron, the value of C.(pF), and I(uA) in the

following table. Use the following model parameters: K N’:24pA/V2, Kp' = 3uA/V 2, Vin
=-Vyp=0.75V, Ay, = 0.01V-' and A, = 0.02V1.

Solution
1.) p2=2GB = gme/CL=2gm1/Cc and z=10GB = gn6=10gm1. .- |CC =CL/5 = 2pF|

2.) I=CeSR = (2x1012)-107 =20uA .. [1 = 20pA
3.) GB = gm1/Ce=> gm1 = 20mx106-2x10-12 = 407tx10-6 = 125.67uS

Wi Wo  gmi? (125.67x10-6)2
L1 = L2 72KN(2) 7 2.24x10-6.10x10-6

=329 =>| W1 = W3 =33um

, 2-10
4.) Vic(min) = Vpgs(sat.)+Vgs1(10uA) = IV—=Vpgs(sat.) = 1-\[37.33 -0.75 = 0.0908

2-1 2-20
Vpss(sat) = 0.0908 = \’KNSS — Ws5 = 24.(0.0908)2 = 201.9um (W5 =202um |
5.) Vjc(max) = Vpp-Vspii(sat)+VTN = 1.5-Vgpi1(sat)+0.75 = 2V—=Vgpq(sat) = 0.25V

2-1.51 2-30
Vspii(sat) < KpS1 S11=Wi1 zm =120 — WE:WEszum
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Problem 7 - Continued

6.) Choose S3(S4) by satisfying Vjc(max) specification then check mirror pole.

21
Vie(max) = VGs3(20pA) + VIN — VGs3(20pA) = 1.25V = A\ / RS +0.75V

220
S3:S4:(0.5)—2-24 =6.67 = [ W3 = Wy = 7um |
7.) Check mirror pole (p3 = gm3/CMirror)-
gm3 gm3 \2-24-6.67-20x10-6

= = = = 9
P3 = Cytimor = Z0.667W3L3Cox = 2.0.667-6.670.5x10-15 ~ |/ 0ox10

which is much greater than 10GB (0.0628x10%). Therefore, W3 and W4 are OK.
8.) gme = 10gm1 = 1256.7uS
a.) g€me6 = \/2KN8610I = Wg =164.5um

2-101
b.) Vout(min) = 0.5 = Vpge(sat) =0.5 = KnSe = Wg = 66.67um
Therefore, use | We = 165um |

4
Note: For proper mirroring, S4 = s S = 8.25um which is close enough to 7um.

9.) Use the Vyy(max) specification to design W7.

2-200pA
Vout(max) = 0.25V = Vpg7(sat) = _8x10'6-S7

S 400uA W = 800
2 = =
7= 8x10°6(0.25)2 W7 um |

10.) Now to achieve the proper currents from the current source I gives,

S7
Sg=S10=179 =80 = |W9:W1()= 80um |

and

1.5-S7
Si1=S12="70 =120 = W1 = W2 = 120um. We saw in step 5 that Wy

and W12 had to be greater than 120um to satisfy Vic(max). .. | Wi1=W2=120um |
11.) Pgiss = 151-1.5V = 300uA-1.5V = 450uW

Ce I | Wi=Wy | Wa=W, | Ws=Wg | Wq Wq [ Wo=Wio [W11=Wi2 | Puiss

2pF | 20uA | 33um 7um 202um | 165um [ 800um |  80um 120um 450uW
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Problem 8 — (20 points — This problem is optional)

A differential CMOS amplifier using depletion mode
input devices is shown. Assume that the normal

MOSFETs parameters are Ky’ =110V/uAZ, Vi =
0.7V, Ay =0.04V-! and for the PMOS transistors

are Kp” =110V/uA2, Vyp = 0.7V, Ap =0.04V-1.
For the depletion mode NMOS transistors, the

parameters are the same as the normal NMOS
except that Vyy = -0.5V. (a.) What is the

maximum  input common-mode voltage,
Viemt(max)? (b.) What is the minimum input

common-mode voltage, V;., (min)? (c.) What
value of Vpp gives an ICMR = 0.5Vpp?

Solution

Page 10

VBlasP L

Ml.Jloum/m
Vout
M2 2
°_| 100pum/1um

M5

VBiasN H

(a.) Vicm+(max) = Vpp — Vgps(sat) — Vpgi(sat) + V541(S0pA)

. B 2ip
ip=5Vgs1- Vr1)? — Vst = ? + V1 = Vpsi(sat) + Vg

Viem"(max) = Vpp — Vgps(sat) + V= Vpp - \/ B V1

Vicm"'(max) = VDD —-04472-0.5 = X@ﬂ,

100uA

100um/1wm
SO2FEP8

(b) Vicm‘(min) = VDSS(sat) + VGSl(SOpA) = VDss(Sat) + VDSl(sat) + VTI

/55 B1

Viem (min) =

(c.) ICMR=V;

wicm

VDD -0.6774 = O'SVDD - VDD = 2(06774) = 1.355V

+ V1 =0.1348 + 0.0953 — 0.5 = -0.2698V

*(max) - V;.,, (min) = Vpp —0.9472 + 0.2698 = Vpp —0.6774



