CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 8-1

CHAPTER 8 - HOMEWORK SOLUTIONS
Problem 8.1-01

Give the equivalent figures for Figs. 8.1-2, 8.1-4, 8.1-6 and 8.1-9 for an inverting

comparator.

Solution

The figures for the inverting comparator are shown below.
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Problem 8.1-02

Use the macromodel techniques of Sec. 6.6 to model a comparator having a dc gain of
10,000 V/V, and offset voltage of 10mV, Vg =1V, Vo = 0V, a dominant pole at -1000

radians/sec. and a slew rate of 1V/us. Verify your macromodel by using it to simulate Ex.
8.1-1.

Solution
TBD
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Problem 8.1-03

Draw the first-order time response of an inverting comparator with a 20 s propagation
delay. The input is described by the following equation

Vip =0 fort <5 us
Vin = 5(1 =5 tis) for 5 us<t<7 us
Vin = 10 for t>7 us

Solution
The input and the output response of the inverting comparator are shown in the figure.
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Problem 8.1-04

Repeat Ex. 8.1-1 if the pole of the comparator is -103 radians/sec rather than -103
radians/sec.

Solution

The pole location is

o, =-100 Krad/s

k=_Vin___10m 5
Vip(min)  0.1m

The propagation delay is given by

1 2k
tp=_—In
0. \2k-1

or, tp :501 ns (1)
Considering the maximum slew rate, the propagation delay can be expressed as

. Vou VoL
p T e—
2SR

or, Iy = 500 pg )

From Equations (1) and (2), the propagation delay is
1, =500 ns

Problem 8.1-05

What value of V;, in Ex. 8.1-1 will give a slewing response?

Solution

The comparator will start to slew when the propagation delay of the comparator is
dominated by its maximum slew rate (and not by the comparator’s small-signal propagation
delay).

Vo =Vor 1 ( 2k
2SR o, \ZF=T

2k o.Vouw —Vor)
; Th—1 7SR

Solving for k, we get
k >1000.5

or, Vi, > 100.05 mV
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Problem 8.2-01
Repeat Ex. 8.2-1 for the two-stage comparator of Fig. 8.2-5.

Solution

The output swing levels are

21,

Bs W pp — Ve (min) - Wrp }2 |

Vor =Vop ~Vpp —Vge(min) - [re 1= \/‘

or, Vog =2.5- (2.5 -0-07)1- |- 2(234)
(50)38)(2.5-0-0.7) |

or, VOH: 243V

The minimum input resolution is

. Vor =V,
Vin (miny = 2222

v

Eml1Em2
L= Sm&m2  _ 3300
1116(A‘P +)~N)l

or, V;,(min) = 1.5 mV

and,

The pole locations are

8ds2 + 8ds4
pL="""¢, = 1074 MHz

8ds6 t 8ds7
P2="_¢; = 0.67 MHz
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Problem 8.2-02

If the poles of a two-stage comparator are both equal to -107 radians/sec., find the
maximum slope and the time it occurs if the magnitude of the input step is 10V;,(min) and

Vor -Vor, = 1V. What must be the SR of this comparator to avoid slewing?

Solution

The response to a step response to the above comparator can be written as,

Yout
Vour =1 —en—t,en where v, = A0V, and t, = tp;

To find the maximum slope, differentiate twice and set to zero.

av,,.’

d(;:t =en+teln-eln=teln
s

2 o em+en=0 = (1-t)emn=0 = t,(max)=tp; =1

n
IL L

t,(max) = lsec and #(max) = ol = 107 =0.1ys
dv, . (max) dv, .’ (max)
—H G =c1=03679 Visee o —Hg—— =3.679V/us
dv gy, (Max) dv ;s (max)
— 4 = 10(V0H—V0L)-T = 36.79V/us

*. Therefore, the slew rate of the comparator should be greater than 36.79V/us to avoid
slewing.
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Problem 8.2-03

Repeat Ex. 8.2-3 if p; = -5x100 radians/sec. and p, = 10x10° radians/sec.

Solution

Given p; =—5 Mrad/s, and p2 =—10 Mrad/s

SO, I’I’l:p_2:2

P1
When Vi, =10m
Vin 1
= —:15576 and, t, = :358 ns
7, (min) I 2
When Vin =100m  (assuming no slewing)
Vin 1
=___~_=15576 and, fp= ——~11.3 pg
Vin (min) p1 ik
When Vin =1 (assuming no slewing)
Vi 1
= M __=1557.6 and, [p = =3.58 pg

7, (mim) W Za
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Problem 8.2-04

For Fig. 8.2-5, find all of the possible initial states listed in Table 8.2-1 of the first stage
output voltage and the comparator output voltage.

Solution

Condition: Vg1 > Vg2, 11 <Igs,15 >0
2.1315< V¥, <2.5 andVyy =—2.5

Condition: Vg1 >> V2,11 = 155,15 =0
Vo1 =2.5 and Vy2 =-2.5

Condition: Vg1 <Vg2,11 >0,15 <Igg

0.123
Vary <V, 1 <Veor +0.3 V., =25-
SZ 01 SZ s and 02 (2-5—V01 _0.7)
Condition: V61 <<Vg2,11 = 0,15 =1Igg
VOI =-2.5 , and V02 =247
Condition: VG2 >Va1.11 > 0,15 <Igg
0.123
Var <V 1< Ver +0.3 V., =2.5-
52 <Vo1<Vs2 ,and Vo2 =7 =07)

Condition: Y62 >>VG1,11=0,15 = Igg
Vo1 =-2.5 _and Vi, =2.47

Condition: V62 <Vg1,11 <Iss,1» >0
21315 <V <2.5 _angVos ==2.5
Condition: V62 <<Vg1.11 =1ss.15 =0

Vo1 =2.5 and Vo2 =-2.5

Problem 8.2-05

Calculate the trip voltage for the comparator shown in Fig. 8.2-4. Use the parameters given

in Table 3.1-2. Also, (W/L), = 100 and (W/L); = 10. Vgj45= 1V, Vge =0V, and Vpp, =
4V,

Solution

Given, VBIAS =1 , VDD =4 , VSS =0 , 57 =100 , andS’] =10
The trip point is given by

S
Vire =Vpp — f/T6 |~ \/K N7 Voias —Vss —Vr7)

KpSs

or, Virp =189y
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Problem 8.2-06

Using Problem 8.2-5, compute the worst-case variations of the trip voltage assuming a
+10% variation on VT, K', VDD’ and VBIAS'

Solution
The trip point is given by
Virr =Vpp —F16 |~ \/—(VBJAS Vss =Vr7)
P 6

The maximum trip point can be given by

9K v S
VTRP (max) = I‘IVDD -09 [/T6 |> WNS';(OQVB[AS - VSS —1.1VT7)
A PR6

or, VTRp(maX) =322V

The minimum trip point can be given by

. KnS
Vrrp (min)=0.9Vpp —1.1f76 |- \/09—]\]5_7(1 Waias —Vss —0.977)
KpSe

or, VTRp(min) =039V

Problem 8.2-07

Sketch the output response of the circuit in Problem 5, given a step input that goes from 4
to 1 volts. Assume a 10 pF capacitive load. Also assume the input has been at 4 volts for a
very long time. What is the delay time from the step input to when the output changes
logical (CMOS) states?

Solution

Let us assume VOH =3 V and
VOL =0 Vv 5

Vout

The trip point of the second stage is 4
3.965 V.

When the input makes a transition
from4 Vtol, 254

=02p )(3965 ) 264
30u

Lrol =

_ 2.5)
nsand! f.out = (10p)m—106.8

L NN

e time >
ns T T+133.2ns

Thus, the total propagation delay is 133.2 ns. This is also the time it takes to change the
output logical states.
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Problem 8.2-08
Repeat Ex. 8.2-5 with v(;; constant and the waveform of Fig. 8.2-6 applied to v;;.

Solution

Output fall time, 7,

The initial states are v,; = -2.5V and v,,;, = 2.5V. The reasoning for v, is
interesting and should be understood. When V5| = -2.5V and V5, = OV, the current in
M1 is zero. This means the current is also zero in M4. Therefore, v,; goes very negative

and as M2 acts like a switch with Vg =0. Since the only current for M3 comes through
M2 and from Cy, the voltage across M3 eventually collapses and /3 becomes zero which

causes v, = -2.5V.

From Example 8.2-5, the trip point of the second stage is 1.465V, therefore the rise
time of the first stage is,

1.465+2.5
t,1 = 0.2pF T30pA )" 26.4ns

The fall time of the second stage is found in Example 8.2-5 and is 7 = 53.4ns. The total
output fall time is

t, =1, +1p=79.8ns

Output rise time, ?,:

The initial states for this analysis are v,; = 2.5V and v, =-2.5V.
The input stage fall time is,

2.5-1.465
tfl = 0.2pF 30]JA = 6.9ns

The output stage rise time is found by determining the best guess for V4. Since
Ve 1s going from 1.465 to —2.5V, let us approximate V¢ as

Ve = 0.5(1.465-2.5) = -0.5175 =  Vggg = 2.5-(-0.5175) = 3.0175V

1 Weg
o Ig= jKP'(E)(VSGé-IVTPI)Z = 0.5-50x106-38(3.0175-0.7)2 = 5102uA

to = 5P"(5102p/2&-5234pA) = 2.6ns
The total output rise time is,
. =1+ 10 =9.5108
The propagation time delay of the comparator is,
="t +1,=44.7ns
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Problem 8.2-09

Repeat Ex. 8.3-5 using the two-stage op amp designed in Ex. 6.3-1 if the compensation
capacitor is removed.

Solution
Let us assume the initial states as
VG2 =25V

Vo1 =25V
Vour =—=2.5V
and, C;=02 pF
For the rising edge of the input, V62 =2.5 v

21
Virr2 = Voo _(|VT6|+\/K;D;6 } - Virp2 =1.6 v
(0.9V)
Thus) =(0.2 =6

The minimum value of VGé6 is

Voo =VGs2 =-1v

Average value of VG6 is

—-1+1.6
Ve = =03 vy
K pSe
I = V e — PZ I, =5.2875

6= 25
(5 C) o236

So, | Ir.our :(Sp)—m)—

Thus, total propagation delay for the rising input is [[pl = 8.36 g
For the falling edge of the input, Vea =25y
_ 1.6-(=25))
to =0.2p) o 273 g
2.5)

L ou = 6p) ) <1316
and, | “f.ou (gsm ns
Thus, total propagation delay for the falling input is p2 = 158.9 g

The average propagation delay is 83.63 ns.
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Problem 8.2-10
Repeat Ex. 8.2-6 if the propagation time is 7, = 25ns.

Solution

Given, I =25 ns
Let, m=1k=10
1

L T

=12.65 Mrad/s

Ig=1,=_P2C1_ __950 1y

MVP + /IN )
WJ __ s =120
or, — | = =
L 6 KP (Vdsat6j
w 2]7
and, T) = =55
7 KN (Vdsat7j

Now, Av2 =444  and for 4y =4000 e have 4,1 =90.11

In order to satisfy the propagation delay from the first stage, let us assume

[ 1= 40 /JA
The corresponding propagation delay of the first stage becomes

= CrWon =VoL) _ |,
p T ns

Now, &m =AuAp +Ay )y
or.  &mi =3244 us

w w
= =12
or Tl ( 77]2

AlSO, V[C (m1n) =-1.25 V, and VGSI =0.946 V.

ThUS, Vdsats = 0304 V

WJ ~16
or, TS

Assuming a V53 = 1.2V gives,

Ws Wy 40 A
Ly = Ly = 5012-0.72

Page 8-12
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Problem 8.2-11

Design a comparator given the following requirements: Py <2 mW, Vpp =3V, Vgg=0

V Cload = 3 PF, fprop < 1 ps, input CMR = 1.5 - 2.5 V, A,y > 2200, and output voltage
swing within 1.5 volts of either rail. Use Tables 3.1-2 and 3.3-1 with the following
exceptions: A =0.04 for a 5 um device length.

Solution
The ICMR is given as 1.5-2.5 V. Let us assume that

wy (W)Y _ _
LRI

Considering the minimum input common-mode range

Vic(min) =Vgg +Vry(max)+V g en +Vgsars

w
or, Visars =0.35 v - [L_l =4.5

Considering the maximum input common-mode range

Vic(max) =Vpp +Vr(min) — V3 (max) — Ve,

w w
V =0.2 | =l _| =15
or, dsat5 Vv - {L ]3 [L ]4

/4
Letusassume(r) =31.5 gnd 17 =210 pA
7

From proper mirroring of the bias currents, we get

W) =210
=

The value of Cgs6 =348 {F. Thus, let us assume €7 =0-5 pF.

The small-signal gain for this comparator is 8189 V/V.
The total power dissipation is 0.81 mW.
The trip point of the second stage is

Virp2 =2.1 y

For the rising edge of the input, referring to the procedure in Example 8.2-5, the
propagation delay can be calculated as

Lot =15 g, Irour =24 ng, and the total propagation delay ‘71 =174 ns
For the falling edge of the input, the propagation delay can be found as
frol =33 pg If.out =214 1g and the total propagation delay ‘72 = 2%% ns

The average propagation delay is 36.9 ns, which is well below 1000 ns.
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Problem 8.3-01

Assume that the dc current in M5 of Fig. 8.3-1 is 100uA. If Wg/Lg = 5(Wy/Ly) and
Wio/L1o = S(W5/L3), what is the propagation time delay of this comparator if C; = 10pF
and VDD = 'VSS =2V?

Solution
The quiescent bias currents are

lg=17 =250 ud
Under large-signal swing conditions, the maximum sourcing and sinking currents are

Ig(max) =500 uA
I7(max) =500 uA

Thus, the propagation delay can be given by

_c 0.50pp —Vss)
=Cp

p I

0.5(2)
t, =010 A

or, p ( p)(SOO/,l)

=20n

or,

|72]

Ip
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Problem 8.3-02

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; = S5pF. 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 Kx’=110V/uA2, V= 0.7V, Ay=0.04V-! and for

the PMOS transistors are Kp’=110V/uA2, Vyp = 0.7V, 1p=0.04V-1,

4 2.5V
VBias I‘J 80um/ 1um]

M}—U 1250A M3|v 12514

; T J M7
11 12 | 80Um/1“mlr__80unlllllm

SO02FEP1

Solution

Vog and V; can be found from many approaches. The easiest is simply to assume
that Vg and Vg are 2.5V and -2.5V, respectively. However, no matter what the input,
the values of Vyy 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 I¢</; which
gives Ig<I;. V,,, will increase until /7 equals Ig. 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) = 7727 = 0.67mV. — k=067mv = 1493
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Problem 8.3-02 — 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 Rout= 8,97 459 s 117" a7 a2l 455)]

8mo=\2-75-110-36 =771pS, g,0=8751,=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" as1T 52 as5= (775HS)(3 7508 szs 182515 ) =25.05MQ,

R,y = 85.67MQ[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 C Avd 7464
= ? e”TV. Fort =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= 10|37 | = 96.9us:Inf 577937 | =( 96.9us)(0.0341) = 3.3us
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Problem 8.3-03

Find the open loop gain of Fig. 8.3-3 if the two-stage op amp is the same as Ex. 6.3-1
without the compensation and W;o/Lig = 10(Wg/Lg)= 100(W¢/Lg), WolLg =
(Kp /KN )(WglLg), Wi1/L11 = (Kp/Kpn)(W;o/L1o) and the quiescent current in M8 and
M9 is 100pA and in M10 and M11 is 500uA. What is the propagation time delay if Cj; =
100pF and the step input is large enough to cause slewing?

VbD
i A M8 w0
M3 | M4
e
-o—{| M1 M2 | o Vout
:ii l: IJ :I ‘ J_CH
s ol L
) Vss

Figure 8.3-3 Increasing the capacitive drive of a two-stage, open-loop comparator.
Solution

From Ex. 6.3-1, we know that the small-signal gain to the input of the M8-M9 inverter is
7696 V/V. The gain of the M8-M9 and M10-M11 push-pull inverters are given as,

A 3 8m8 t 8mo9 d A _ Em10t 8&m12
v8.9 = "g 8 + 8459 " vIOIT = "8 ys10 + 8ds12

Since Wg/Lg = 94 then Wg/Lg = 940 and Wo/Lg = (50/110)940 = 427.
NOW, g8 = &mo = V2-50-940-100 pS = 3,066uS, g5 = 0.04-100uS = 4uS and g 0 =
0.05-100uS = 5uS.

3,066 + 3,066
Av&g = - 445 =-681.3V/V

Since Wy/Lg = 94W, (/Lo = 9400 and W, /L, = (50/110)9400 = 4270,

NOW, €10 = &mi2 = ¥2-50-9400-500 pS = 21.68mS, g4510 = 0.04-500uS = 20uS and
2459 = 0.05-500uS = 25pS.
21.68x2x103 , 9
S AV1011 = T 30595 — =-963.5 V/V = Total gain = 7696-681-963 = 5.052x 10
VN
AV, KpWio
t,=C— where I =W(VSG10—IVTPI)2 = 235x103(5-0.7)% = 4.345A

_ -12 2.5V _ -12
. tp— 100x10 4.345A =57.5 x10 SeC.
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Problem 8.3-04

Fig. P8.3-4 shows a circuit
called a clamped comparator. Vbp

Use the parameters of Table 3.1- M5 M6
2 and calculate the gain of this 4 :II L \_Il‘_‘ 1
comparator. What is the positive 4 — —' 4

and negative slew rate of this MI11
comparator if the load
capacitance is 5 pF?

Solution 2OHA<+> v Mi ﬁ/’z
LQ0iUtion 10 10 |_OV1

TN
4+~
=] ¥
|« T
z_—'—]—f

A \
NS SN
1
ST ¥
J> < l\)lo-l;

I;=20 pd 2 2
Iy =1,=10 uA M10 M7 M9
J Fr—. %
Is=1¢ =5 2 2
s=1g =5 pd 2 :
So, I3=14=5 Vss
Is =80 ud Fig. P8.3-4

The small-signal voltage gain is

_ Em28m8
2gm4 (gdS8 + &ds9 )

1%

or, 4, =83 vy
The negative slew rate is
Iy
SR =- C, = -16V/us
To calculate the positive slew rate

. max
VsGg (min) = f/T4 |+ 4
KpSq

. [T
Vg (min)= 0.7+ =1.25
or sy Y

So. Ilg(max)=242 pA

Ig(max)
or, SR *= C, =48.4V/us
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Problem 8.4-01

If the comparator used in Fig. 8.4-1 has a dominant pole at 104 radians/sec and a gain of
103, how long does it take C4 to charge to 99% of its final value, V5g? What is the final
value that the capacitor, C4, will charge to if left in the configuration of Fig. 8.4-1(b) for
a long time?

Solution | VOUT

—O

The output voltage for the circuit shown can be expressed as,

_ +
A, (0) Caz =<
vom(s>=<-vosvom<s>>( S] VOSQ Az
1+ = -

Ipil
This can be solved for the transfer V,,,,(s)/V g as follows,

4,(0)
14+ —
Vout(S) *pyl A(0) A, (0)Ipql
Vos(s) = A 0) = s s +(1+ A,00)) Ipql
1+ —— 1+ A (0)+ [ Y
1+ P
Assuming V¢(s) is a step function then,
Vos Av(o)lpll Av(O)VOS l 1
Voul($) = -5 |5+(1+ A,(0) Ip{1)= " T+A,(0) [s - s+(1+AV(O)Ip1I)}
Taking the inverse Laplace transform gives,
A, (0)Vpg
Vour) = - T3A(0) [ 1 - e tH+AvOlp1in
Let v,,() =-0.99V ¢ and solve for the time 7.
1000V g .
vom(t) = —O.99VOS =-"1000+1 [1- ¢-1001-10 T]

1001 99
1-T000'T00 = 0-0090 = ¢- 10011047 — 110.99 = ¢1001-104T

T =0.9990x10-7 In(110.99) = 0.47us

1000V g
As t— 0, v, (D) = -To00+1 = 0:999V0s




CMOS Analog Circuit Design (2" Ed.) — Homework Solutions Page 8-20

Problem 8.4-02

Use the circuit of Fig. 8.4-9 and design a hysteresis characteristic that has Vygp~ = 0V and
VTRP+ =1Vif VOH =2V and VOL =0V. Let Rl = 100kQ.

Solution

Given, Vp,, =1V
Vip =0V
Voy =2V
Vo, =0V

and, R =100 KQ

R +R R
Now, VTJIr?P :( ]R 2)’REF __IVOL
2

R +R
or, [IR—zz)VREF =1 (D

R +R R
Also, Vi, :[]R—z}/REF - _1V0H
2

R +R R
or, ( 1 2}/REF =12
R, R,

From Equation (1)

L
R2
or, R,=2R =200 KQ

2
and, V.. = 3 \%
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Problem 8.4-03

Repeat Problem 8.4-2 for Fig. 8.4-10.

Solution

Given, Vp,, =1V

and,

Now,

or,

Also,

or,

or,

Viep =0V
V,, =2V
V,, =0V
R =100 KQ

Vip =| K2 4| _Re
TRP R1+R2 OL W REF

Vrer =0 v

R R
Vinp = 2 + 2
TRP (Rl s ]VOH (Rl TRy | REF

Rl :R2 :100 KQ

Problem 8.4-04

Page 8-21

Assume that all transistors in Fig. 8.4-11 are operating in the saturation mode. What is the
gain of the positive feedback loop, M6-M7 using the W/L values and currents of Ex. 8.4-

27

Solution

The loop-gain in the positive feedback loop can be expressed as

Now,

So,
And,

So,

|LG| _ 8n68m7
(gm4 t8uus T 8ut gds6)(gm3 18y tT8ust gds7)

$=5,=85=5,=10,and S, =5, =2
I,=20 uA

13=% UA, and Iéz% UA

8ne =91.3 US

8,7 =913 us

gm3 :183 »u'S
g, =183 us

ILGl =22.6
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Problem 8.4-05

Repeat Ex. 8.4-1 to design Vypp*t =- Vypp = 0.5V.

Solution

Given, V7gp =0.5 V
Virp =—0.5 v
Vo =2 V
VoL =2 V

Now, Virp = ( R—z}/OL +[R—2JVREF
Ri+Ry Ri+Ry

or,  ~03= ( R I—?Rz }_2) +[ Rllisz }REF

Also, Virp = ( Rllisz JVOH + ( %)VREF

or, 0= [ I3 Ij-sz }2) ’ (Rl Iisz ]VREF

Solving Equations (1) and (2), we get
Ry =3R) andVrer =0 v

Page 8-22
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Problem 8.4-06
Repeat Ex. 8.4-2 if i5 = 50uA. Confirm using a simulator.

Solution

I5=50 ud

Sl =S2=5, S6 :S7 ZIO,andS3:S4 =2
To calculate the positive trip point

Iy = 56ﬁ=8.33 A

Iy=1Is—1;=50-833=41.67 pd
VGSI = VTI + _,_211 =(0.874 VvV
Ky Sy

VGSZ = VTZ + 212 =1.089 AV
KNS

or, V';RP = VGSZ - VGS] =0.215V

Based on a similar analysis, the negative trip point will be

I4=?=8.33 A

I, =41.67 ud
Visy = 0.874 v
Vesi =1.089 v

Vrrp = Vis2 — Vs =-0215V

Page 8-23
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Problem 8.5-01

List the advantages and disadvantages of the switched capacitor comparator of Fig. 8.5-1
over an open-loop comparator having the same gain and frequency response.

Solution
Advantages Disadvantages
Fig. 8.5-1 Can remove input offset voltage Requires switches
Positive terminal on ground Charge feedthrough
climinates need for good ICMR Must be stable in autozero mode
Open-loop Stability not of concern Requires good ICMR
Comparator Continuous time operation Can’t remove input offset voltage

Problem 8.5-02

If the current and W/L values of the two latches in Fig. 8.5-3 are identical, which latch will
be faster? Why?

Solution

The closed loop gain of the NMOS latch can be given by

2 5
(e PP
8ds Ay

The closed loop gain of the PMOS latch can be given by

, :(gm T: PR @ )
P 2as Bz

It can be seen that

A
Vi =3.4375
vp

Thus, the NMOS latch would be faster (as it has larger small-signal loop gain).
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Problem 8.5-03

Repeat Ex. 8.5-1 if Avout = O'SV(VOH'VOL)'

Solution

The propagation delay of the latch can be expressed as

AV
tp =1 In| out
AVip

where, Tz, =108 pg

Vou —Vor
t,=7; In 2L~
or, p L “( 2AV;,

When AV, =0.01Voy —Vor)

g1 Lo YoL
p= L 24V,

When AV =0.1Von —Vor)

=422 ns

Problem 8.5-04
Repeat Ex. 8.5-1 if the dc latch current is SOpA.

Solution
8&m =332 uS

8ds =2 U
So, the latch gain is
A4, =166 vy
The latch time constant is given by

1, =067C,, |7 - 43

2K N1

ns
When, Vin =0-01(Vor —Vor)

Vou-Vor
=1L ln(W)= 188 ns

When, Vin =V-1Von =Vor)

Vou-Vor
=7 In————|=176.
=1 n( 24V, ) 6.8 ns

Page 8-25
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Problem 8.5-05

Redevelop the expression for AV, /AV; for the

4 VDD
circuit of Fig. P8.5-5 where Av,,, =v,, - v, and
AVi=vj - vpp. M3 M4
Solution Vol Vo
o

Referring to the figure and applying nodal
analysis vito—|| . M1 M2 |Fovi
gmlVil + &ds1Vol + &m3Vo2 T 8ds3Vo1 =0

or,

Vit +(as1 + €453 Vo1 +€m3Ver =0 (D)

IBias

Similarly, applying nodal analysis Figure-PS. 5.5

gmavio +(Qds2 +&dsa Vo2 + Emaver =0 )
Subtracting Equation (2) from Equation (1), we get

g Wil =vin )= (~&m3 + 8ast + &as3 NVo2 —Vor)

or,
(VOZ _Vol): Eml T
Vit—vi2)  &m3+8as1 +8as3) gmavo)
rds3 § f f 9myVol g rds4
L Vo1 Vo2 4
o+ +0
9ImqViq Imovia
m5Vi
Vi * érdﬂ * 2 :% rds2 Vi2

.

Problem 8.5-06
Compare the dynamic latch of Fig. 8.5-8 with the NMOS and PMOS latches of Fig. 8.5-3.

Solution

Advantages Disadvantages

Fig. 8.5-3 Work with smaller power supply Class A output — can’t source and
sink with the same current-slow

Fig. 8.5-8 Push-pull is good for sinking and | Needs larger power supply
sourcing a lot of current -fast
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Problem 8.5-07

Use the worst case values of the transistor parameters in Table 3.1-2 and calculate the
worst case voltage offset for the NMOS latch of Fig. 8.5-3(a).

Solution

The offset voltage can be expressed as

Vos |5 Vo2 =Vor|= V1 +Vasart =Vr2 = Vasarz |

_
21 21

o, fos|=|2AVr+ L - |22
K18 K>S,

Assuming, [j =12 =10 pd  and $ =S, =10

_ M0 [ 20|
pos - | 2015+ / y ]

0.9(1101)(10) [ I(TT0w)(10)

or, Pos|F03l4y

Problem 8.6-01

Assume an op amp has a low frequency gain of 1000 V/V and a dominant pole at -104
radians/sec. Compare the -3dB bandwidths of the configurations in Fig. P8.6-1(a) and (b)
using this op amp.

Solution

Given, 4,(0)=1000 ,and P1 = 10 Krad/s

Thus, the gain-bandwidth frequency is
GB=A4,(0)p; =10 Myrad/s

a) The closed-loop gain is (-25). Thus, the -3 dB bandwidth becomes

GB
W_348 = 2-5-:400 Krad/s

b) The closed-loop gain of each gain stage is (-5). Thus, the -3 dB bandwidth
becomes
GB
®_34p = T:zooo Krad/s

There would be two poles at 2 Mrad/s at the output; each being created by a single
gain stage.
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Problem 8.6-02

What is the gain and -3dB bandwidth (in Hz) of Fig.
P8.6-2 if C; = 1pF? Ignore reverse bias voltage

effects on the pn junctions and assume the bulk-

source and bulk-drain areas are given by W x5um. % __’I l‘_‘ 21
Solution M3 M4
CL
| {

vS
A, =8m = TN 66 vy
gm3 KPS3

A3V

Ml - I + M2

The single-ended output resistance is $—| 410 o 410 ’:I

R = L 14.14 KQ Vin

gm3 . . é
The pole frequency at the output is given by
1 S0puA
P =
R,(2€, + €+ Cops + C G T

or, p = ! Fig. P8.6-2

- R(2¢, +C,,)

or, D =-5.15 MHz e f—3dB =5.15 MHz
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Problem 8.6-03

What is the gain and -3dB bandwidth (in Hz) of Fig. P8.6-3 if C; = 1pF? Ignore reverse

bias voltage effects on the pn junctions and assume the bulk-source and bulk-drain areas
are given by W x5um. The W/L ratios for M1 and M2 are 10um/lpm and for the
remaining PMOS transistors the W/L ratios are all 2um/1pm.

4 3V
M7L:] M5 L:] [:J M6 [:JMS
M3| M4
Cr
[l
_VI\ +
20;1A<D ro— M1 ™ M2 }—‘ CD 201A
o [:, ;—]
2
50uA
il I il
Fig. P8.6-3

Solution

A small-signal model which Vout

A
can be used to solve this J_ I\ J_
blem is sh . ; ) ;
proplem1s s OWI'l gmzvm c, R, L R, Cs gmzvm
The voltage gain and the T T
—3dB bandwidth can be

S8.6-3
expressed as,

Vout 1
Vin = 8mRo and @348 =7C,305C,)2R,

The various values in the above relationships are:

gm = \2-Kn(W/L)Ip; = V2-110-10-25 pS = 234.5u8

1
R, =g Wrgailragllrass. 8ms=N2-Kp(Wi/LIp3 =V2:50-2:5 pS = 31.62uS

1 1 1
rast =0.0425pA = IMQ. 7453 =005 5pA = 4MQand ry55 =5 04200A = 0-8MQ
- R, =31.623kQIITMQII4MQII0.8MQ= 29.31kCQ2
Co = Cgs3+de1+de3+de5 Cgs3 = CGSO'W5+0.67~COX-W5-L5
= 220x10-12F/m-2x10-m+0.67-24.7x10-4F/m?2-2x10-12m?2 = 3.73(F
Cpa1 = CJ-AS+CJISW-PS =770x10-9F/m2-50x10-12m2 + 380x10-12F/m-30x10-6m
= 38.5fF + 11.4fF = 49.9{F
Cpg3 =Cpgs = 560x10-6F/m2-10x10-12m?2 + 350x10-12F/m-14x10-6m = 10.5fF

1
. C,=74.6(F - —16.445x106rads/
Co 7 “3dBY(1 073pF)58.62kQ xIradsisee

Finally, fag=2.62MHz  and A, = 6.873V/V
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Problem 8.6-04

Assume that a comparator consists of an amplifier cascaded with a latch. Assume the

amplifier has a gain of 5V/V and a -3dB bandwidth of 1/7;, where 7; is the latch time

constant and is equal to 10ns. Find the propagation time delay for the overall configuration
if the applied input voltage is 0.05(Vyg-Vr) and the voltage applied to the latch from the

amplifier is (a) AV; = 0.05(Vpgy-Vor), (b) AV; = 0.1(Voy-Vor), (¢) AV; = 0.15(Voy-
Vor) and (d) AV; = 0.2(Voy-Vor). Assume that the latch is enabled as soon as the output

of the amplifier is equal to 0.05(Vpg-Vr). From your results, what value of AV; would
give minimum propagation time delay?

Solution
A,(0)
STL+1

The transfer function of the amplifier is A(s) =

The output voltage of the amplifier is v, (7) = A, (0)[1-e/TL]AV
Let AV; = x-(Voy-Vor), therefore the delay of the amplifier can be found as

X(VOH_VOL) = AV(O)[l-e'tl/TL]O.OS(VOH-VOL) = 5[l—e'fl/TL]O.OS(VOH—VOL)
or

1
x=025[1-etV/L] — =1 ln(m)
The delay of the latch can be found as
Vor-VoL 1
=1 In ZX(VOH'VOL Y= 1 In 2%

The propagation time delay of the comparator can be expressed in terms of x as,

1 1 L
Ip=h+i =17 l”(l —4x) + T ln(ﬂ) = ln(2x—8x2)

Thus,
x=0.05=1/20 = T, =11 + 1p = 2.23ns+2.30ns = 25.26ns
x=0.1=1/10 = T, =11+ 1 =5.1Ins+16.09ns = 21.20ns
x=0.15 = T, =11+ 1p =9.16ns+12.04ns = 21.20ns
x=02=1/5 = T, =11 + 15 = 16.09ns+9.16ns = 25.26ns

Note that differentiating 7, with respect to x and setting to zero gives
Xpin = 1/8 = 0.125

Therefore, minimum delay of 20.08ns is achieved when x = 1/8.
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Problem 8.6-05

Assume that a comparator consists of two identical amplifiers cascaded with a latch.
Assume the amplifier has the characteristics given in the previous problem. What would be
the normalized propagation time delay if the applied input voltage is 0.05(Vyg-V ;) and

the voltage applied to the latch is AV; = 0.1(Voy-Vor)?

Solution

. . A,(0) 5
The transfer function of the amplifiers is A, (s) = =
sTp+1 sTp+1

The output voltage of the amplifiers is

25
V(s = u?  005(Von-Vor) 125(Von-VouTa b c
o) = )2 s T s T st T s+
a b c
or H(s) =

sG+(1T))2 =S skl T (s+(1/m)))?

Solving for a, b, and ¢, by partial fraction expansion gives

| |
a=sH(s)g= 12 c=[s+UT>H(S) = 1/q, =7

df1 5 1
and %[;: als+(1/t)1= + bls+(1/7)] + C} = g =2als+(l/7p)] +b

Let s=-1/1; to get b = -7;2

Vo(s) = 125(Vou-Vor| = - — 7
o) =1.BVor VoL 5 - L) ™ sn(im) 2

Taking the inverse Laplace transform gives,

t
Vo(t) = 125(V0H—V0L)\i1 e /TL - T—e-t/TLi|
L

Setting v,(t) = 0.05(Vpgy-Vor) and solving for the amplifier delay, ¢, gives

I 1.25 1.25 4 5!
—=] T2+ 12 = =[n 1.041667| 1+ —
TL ) T 1L

Solving iteratively gives t1/7;, = 0.313 = t1 =3.13ns
The latch delay time, 7, is found as

VouV.
= rLln(Zxo‘ﬁf,O;‘ﬁm)j = 10ns [n(5) = 16.095ns

Lecomparator =11 + 12 = %
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Problem 8.6-06

Repeat Problem 5 if there are three identical amplifiers cascaded with a latch. What would
be the normalized propagation time delay if the applied input voltage is 0.05(Vyg-Vr) and

the voltage applied to the latch is AV; = 0.2(Voy-Vor)?

Solution

The combined transfer function of the three, cascaded amplifier stage can be given as

3
A(s) =

In response to a step input, the output response of the three, cascaded amplifier stages can
be approximated as

v, () =A, (1-3¢)

Vo

The normalized propagation delay of the three, cascaded amplifier stages can be given by

The normalized propagation delay of the latch can be given by

, V. -V,

When v, =O.05(V0H —VOL), and v , =O.1(V0H —VOL), the total normalized propagation
delay is

(=1, +1,=1115+1.609 =2.724

When v, :O.OS(VOH —VOL), and v, =0.2(V0H —VOL), the total normalized propagation
delay is

t,=t,+t,,=1.131+0.916 =2.047
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Problem 8.6-07

A comparator consists of an amplifier cascaded with a latch as shown in Figure P8.6-7.
The amplifier has a voltage gain of 10 V/V and f.33g = 100 MHz and the latch has a time

constant of 10 ns. The maximum and minimum voltage swings of the amplifier and latch
are Vog and V. When should the latch be enabled after the application of a step input

to the amplifier of 0.05(Vpy — Vr) to get minimum overall propagation time delay? What
is the value of the minimum propagation time delay? It may be useful to recall that the

o . Vou-VYor :
propagation time delay of the latch is given as 7, = 7; Inl 2y where v;; is the
latch input (AV; of the text).

Vip = O.OS(VOH—VOL)E ifi Voa E

in N . Amplifier / Latch ' Vout
) o—— A,(0)=10V/V ~ t=10ns [+°
=0 E f-3gg=100MHz vif L E
S Comparator T ______ i
Enable SO02FEP2
Solution ,.': -
The solution is based on the figure shown. Amplifier —»-"" /
A .7 '
We note that, Vou
Voa(t) = 10[1-e-®@-3dB7]0.05(Voy-Vor)-
. . Vou-V,
If we define the input voltage to the latch as, *Vor-Vor)
vir=xVou-VYor)
VoL >
then we can solve for #{ and #, as follows: n SO1E3S1

x(Vog-Vor) = 10[1-e®3dB1110.05(Vp-Vor) — x = 0.5[1-¢-®3dB11]

This gives,

o ()
t=——In\T3y¢
1 w_SdB”1—2x

From the propagation time delay of the latch we get,
Vou-Vor 1
=1y In 2vil =1 In ox

(L L diy . n
tp=t1+t2=a)-3dB In\Toa5 |+t in|5x] — Zx =0 gives X=1 o =0.4313

10ns
2r

n=

1+2
In (1+27) = 1.592ns-1.9856 = 3.16ns and #, = 10ns ln( -

T
) = 1.477ns

1, =11 +1p=3.16ns + 1.477ns = 4.637ns




