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CHAPTER 8 -COMPARATORS
Chapter Outline
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SECTION 8.1 —-CHARACTERIZATION OF COMPARATORS
Objective
The objective of thissectionis:
1.) Introduction to the comparator
2.) Characterization of the comparator
Outline
 Static characterization
» Dynamic characterization
* Summary
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What isa Comparator?

The comparator is essentially a 1-bit analog-digital converter.
Input isanalog
Output isdigital

Types of comparators.

» Open-loop (op amps without compensation)

» Regenerative (use of positive feedback - |atches)

» Combination of open-loop and regenerative comparators
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Circuit Symbol for a Compar ator
Vp o—+
Vo
VN 00— - _
Fig. 8.1-1
Static Characteristics
Gan

Output high and low states
Input resolution

Offset

* Noise

Dynamic Char acteristics
 Propagation delay

» Slew rate
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Noninverting and Inverting Comparators
The comparator output is binary with the two-level outputs defined as,
VoH = the high output of the comparator

VoL = thelow level output of the comparator
Voltage transfer function of an Noninverting and Inverting Comparator:

Vo Vo
A A
——VoH VoH
> Vp-VN > Vp-VN
VoL VoL
Noninverting Comparator Inverting Comparator
Fig. 8.1-2A
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Static Characteristics- Zero-order Model for a Compar ator
Voltage transfer function curve:
Vo
A
VoH
> Vp-VN
VoL —— Fig. 8.1-2
Model:
Vp o———
p + 2
Vp-VN fo(vp-vN) Vo
VN © Comparator ©
fof ) VoH for (vp-vn) >0
o(VP-VN) =
. . Von-VoL . .
Gan=A, = lim — 7 where 4V isthe input voltage change

AVZ0
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Static Characteristics - First-Order Model for a Compar ator

Voltage transfer curve:
Vo

r VoH
vie |/

- M
VoL ‘

where for a noninverting

> Vp-WN

Fig. 8.1-4
compar ator,

V|H = smallest input voltage at which the output voltage is VoH

V| = largest input voltage at which t
Model:

Vp o

O
+
Vo

+
Vp-VN f1(vp-wN)

o

W o Comparator

Vo for (vp-wN) > V4
f1(vp-vN) =< Ay(vp-wN) for V< (VP-VN)<V/H
VoL for (vp-wN) < v

CMOS Analog Circuit Design

he output voltageis Vo

Vou - V.
ThevoltagegainisA, = \2: - V.OLL

Fig. 8.1-5
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Static Characteristics - First-Order M odel including I nput Offset Voltage

Voltage transfer curve:

Vo

A

A

Vos

: VoH
l«e—>» /,
\/|‘|_ / |

> \/p-VN
IH

VoL —

Vos = theinput voltage necessary to make the output equal

Mode!:

Vp o——(+ —Vp'

*—“VOSVP- VN

VN o————VN.
N NCompara\tor

Other aspects of the model:

Fig. 8.1-6

VoHu+VoL

— 2 whenvp=w\.

O
i

fi(vp-wN) Vo

)
Fig. 8.1-7

ICMR = input common mode voltage range (all transistors remain in saturation)

Rin = input differential resistance

Ricm = common mode input resistance

CMOS Analog Circuit Design
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Static Characteristics - Comparator Noise
Noise of acomparator ismodeled asif the comparator were biased in the transition
region.

Transition Uncertainty Fig. 8.1-8

Noise leads to an uncertainty in the transition region which causes jitter or phase noise.
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Dynamic Char acteristics - Propagation Time Delay
Rising propagation delay time:

Vo

A

VoH|-------------------
/'4_ Vo= VOH ';VOL

ViL _/ ]

Propagation delay time =
Rising propagation delay time + Falling propagation delay time
2
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Dynamic Char acteristics - Single-Pole Response

Model:
A0 A0
Av()_ S( 1:5%(-!-:)[
where C

Ay(0) = dc voltage gain of the comparator

1
wc =7, = -3dB frequency of the comparator or the magnitude of the pole
Step Response:
Vo(1) = Ay(0) [1 - eVx] Vi

where

Vijn = the magnitude of the step input.
CMOS Analog Circuit Design © P.E. Allen - 2005
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Dynamic Char acteristics - Propagation Time Delay
The rising propagation time delay for a single-pole comparator is:

VoH-VoL [ 1
2 =A/0) [1-eb/x]V,, — th=zIn VoH -VoL
1- 2Av(O>V|n
Define the minimum input voltage to the comparator as,
. H -VoL 1
Vin(min) = WT — thp==In ~ Vip(min)
"2V

Define k asthe ratio of the input step voltage, Vi, to the minimum input voltage,
Vin(min),
m(mm) - tp = In|2k-1
ThUS, if k= 1, tp = 0693‘L'C

Illustration: Vout _
/a«— Vin>Vip(min)

Obviously, the more overdrive Vout
applied to the input, the smaller O§>—o v 7T AN
. . OL ¢+
0+

the propagation delay time. =

>t
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Dynamic Char acteristics - Slew Rate of a Compar ator
If the rate of rise or fall of acomparator becomes large, the dynamics may be limited by

the slew rate.
Slew rate comes from the relationship,

_ dv

1=Cdt
where i isthe current through a capacitor and v is the voltage acrossit.
If the current becomes limited, then the voltage rate becomes limited.
Therefore for acomparator that is dew rate limited we have,

AV VoH- VoL
p=AT =R=" 2R

SR = dew rate of the comparator.

CMOS Analog Circuit Design © P.E. Allen - 2005
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Example 8.1-1 - Propagation Delay Time of a Compar ator

Find the propagation delay time of an open loop comparator that has a dominant pole
at 103 radians/sec, a dc gain of 104, a slew rate of 1V/us, and a binary output voltage
swing of 1V. Assume the applied input voltage is 10mV.

Solution

The input resolution for this comparator is 1V/104 or 0.1mV. Therefore, the 10mV
input is 100 times larger than Vjn(min) giving a k of 100. Therefore, we get

1 [ 2-100 ] [@]
to =103 IN2-100-1) = 10-3 In(Tog| = 5.01 s

For slew rate considerations, we get

1
tp= 2-1x106 = 0.5s

Therefore, the propagation delay time for this case is the larger or 5.01us.
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SECTION 8.2—-TWO-STAGE OPEN-LOOP COMPARATORS
Objective
The objective of thissectionis:
1.) Hlustrate the performance and design of a two-stage open-loop comparator
Outline
» Two-stage, open-loop comparator performance
* Initial states of the two-stage, open-loop comparator
» Propagation delay time of a slewing, two-stage, open-loop comparator
» Design of atwo-stage, open-loop comparator

* Summary
CMOS Analog Circuit Design © P.E. Allen - 2005
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Two-Stage Compar ator
An important category of comparators are those which use a high-gain stage to drive
their outputs between Vo and Vo _ for very small input voltage changes.

The two-stage op amp without compensation is an excellent implementation of a
high-gain, open-loop comparator.

Vbp
i
M3 M4 |l<_— M6
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Per for mance of the Two-Stage, Open-L oop Compar ator

We know the performance should be similar to the uncompensated two-stage op amp.
Emphasis on comparator performance:

* Maximum output voltage

_ 8l

Vor = Vop - (Vpp-Ves(Mi n)'lvTPl)[l - \/1 " Bs(Vop-Vae(min)-[Vrp|)2
Minimum output voltage

VoL = Vss
Small-signal voltage gain

_ Om1 ][ Ome

AV(O) - [gd52+gds4 gd36+gds7

* Poles
I nput: Output:

_ -(9ds2+Ydsa) -(9ds6™Yds7)
P = C P2 = Ci

Frequency response
A(0)

MRl
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Example 8.2-1 - Performance of a Two-Stage Compar ator

Evaluate Voy, VoL, A/(0), Vin(min), py, po, for the two-stage comparator in Fig. 8.2-1.
Assume that this comparator is the circuit of Ex. 6.3-1 with no compensation capacitor,
C., and the minimum value of Vgg = 0V. Also, assume that C; = 0.2pF and C,; = 5pF.
Solution

Using the above relations, we find that

[ 8-234x10-6
The value of Vg is -25V. The gain was evaluated in Ex. 6.3-1 as A,(0) = 7696.
Therefore, the input resolution is

. _VonVoL 4.7V
Vin(min) =—A 0) = 7696 = 0.611mV

Next, we find the poles of the comparator, p; and pp. From Ex. 6.3-1 we find that

+ 15x10-6(0.04+0.05
py = - ez Bt ASATAOR0) _ 6 76106 (1.074MH2)

and

+ 95x10-6(0.04+0.05
pzz-gdSGC“gd“_- 5)S10_12 ) - 1.71x106 (0.272MHz)

CMOS Analog Circuit Design © P.E. Allen - 2005
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Linear Step Response of the Two-Stage Compar ator
The step response of a circuit with two real poles (p1 = p2) IS,

Po€P1 Py €2
Vout(t) = Av(O)Vinll PP - pl-pz]

Normalizing gives,

, _ Vout(t) _ m . 1 - _P2 —
Vour (t,) = AV, =1-m1eh+m1em where m= p =1 and tp=-tpg
If p1 = p2 (M=1), then Vout (1) =1- €+ tpern=1 - etn - t,etn
1 -
T T T LI T =’=|_7 ______ Cciaiacl kel | _'_'I_’J_,.I_-
% 08 ' /
S m7 m=05_~f=0.25
E._ 0.6 ; !
3 a4
B 04
= _ b2
g / m=p
s 0.2
Z
O 1 L1 ]
2 4 6 8 10
Normalized Time (tn = -tp1 ) Fig. 8.2-2
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Linear Step Response of the Two-Stage Comparator - Continued

The above results are valid as long as the slope of the linear response does not exceed the
dew rate.

 Slopeatt=0iszero

* Maximum slope occurs at (m =1)

In(m)
th(max) = m-1
andis
WVout' (ty(max))  m | [-In(m)] [ In(m)]]
dt, = m1EXP mT ) - eXP-MTm-1
* For the two-stage comparator using NMOS input transistors, the slew rateis
17
KR = o]
_lg-l7 - 0.585(Vpp-Vee(min)-[Vrp|)? - 17
-Gy~ Ci
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Example 8.2-2 - Step Response of Ex. 8.2-1
Find the maximum slope of Ex. 8.2-1 and the time it occurs if the magnitude of the
input step is Vjp(min). If the dc bias current in M7 is 100uxA, at what value of load

capacitance, C| would the transient response become slew limited? If the magnitude of
the input step is 100vj(min), what is the new value of C at which slewing would occur?
Solution

The poles of the comparator were given in Ex. 8.2-1 as p; = -6.75x106 rads/sec. and
po = -1.71x106 rads/sec. This gives a value of m = 0.253. From the previous
expressions, the maximum slope occurs at t,(max) = 1.84 secs. Dividing by Ip1l gives
t(max) = 0.272us. The slope of the transient response at this time is found as

dVout’ (th(max))

dt, =-0.338[exp(-1.84) - exp(-0.253-1.84)] = 0.159 V/sec
dVout (t(max))
Multiplying the above by Ip;l gives dt = 1.072V/us

Therefore, if the slew rate is less than 1.072V/us, the transient response will experience
slewing. Also, if C| = 100xA/1.072V/us or 93.3pF, the comparator will slew.

If the input is 100Vj,(min), then we must unnormalize the output slope as follows.
dVout’ (t( max)) Vin  QVoyt’ (t( max))

dt = Vi(min) dt =100-1.072V/us = 107.2V/us
Therefore, the comparator will now slew with a load capacitance of 0.933pF.
CMOS Analog Circuit Design © P.E. Allen - 2005
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Propagation Delay Time (Non-Slew)
To find t,, we want to set 0.5(VoH-VoL) equal to Vout(tn). However, voui(tn) given as

m 1
Vout(tn) = A(O)Viy [1 “m1€h t me1emn
can’'t be easily solved so approximate the step response as a power seriesto get

Vout(tn) = Av(o)Vin[]- - m-1[1 t,+ 2 + . ] 4(1 mt,+ mZt i ]] mt,2A,(0)Vin

2
Therefore, set vout(tn) = 0.5(Von-VoL)

VoH-VoL mt,:2A(0)Vi,
2 =~ 2

or
Vor-Vo . [Vin(Min) 1
mA,(0)V;, = mVi,  ~+/mk

This approximation is particularly good for large values of k.

CMOS Analog Circuit Design © P.E. Allen - 2005
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Example 8.2-3 - Propagation Delay Time of a Two-Pole Comparator (Non-Slew)
Find the propagation time delay of Ex. 8.2-1if Vj, = 10mV, 100mV and 1V.
Solution

From Ex. 8.2-1 we know

that Vi,(min) = 0.611mV and m e R P

= 0253 For Vi, = 10mV, k= [ / g g
16.366 which givest,, ~0491. ¥ %° Ry i

The propagation time delay is 3 / 1 m=02

equal to 0491/6.75x106 or 3 °° ;

72.9nS. This corresponds well % o /

with Fig. 82-2 where the &7 ' / P2

normalized propagation time £ M= py

delay is the time at which the 2 %2

amplitude is 1/2k or 0.031 L=o00s1 |
which corresponds to t,, of o ! 2 4 6 8 10
approximately 0.5. Similarly, . 8’25 Normalized Time (tn = tpy = Ur1)

for V;, = 100mV and 1V we get P= 6.75x106 = /1S Fig. 8.2-2A
a propagation time delay of 23ns and 7.3ns, respectively.

CMOS Analog Circuit Design © P.E. Allen - 2005
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Initial Operating Statesfor the Two-Stage, Open-L oop Compar ator
What are the initial operating states for Vb
the two-stage, open-loop comparator?

i3] [ }ia

M3 M4| Vo1
[

with i1 <lgg and i>>0.

Initially, i4 > 12 and vp1 increases,
M4 becomes active and iz decreases
until i3 =i4. Vg1 isintherange of,

VDD - Vsp4(sat) < Vo1 < VpD, VG1 > VREF, i1 <lssandiz >0
and the value of vyt is

Vout = Vss VG1 > VREF, i1 <lssandiz >0
2.) Assumevg2 = VReg and vg1 >>VREF, thereforeiq = Igs and i = 0 which gives
Vo1 = VDD and  Vout=Vss

CMOS Analog Circuit Design © P.E. Allen - 2005
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[nitial Operating States - Continued
3.) Assume Vg2 = VReg and vg1 < VRep With i1>0 and ip<lgs.

Initialy, i4 < iy and vy decreases. When vp1 < VRepF - VTN, M2 becomes active and
io decreases. When i1 =io = lgs/2 the circuit stabilizes and vy isin the range of,

VREF - VGS2 < Vo1 < VREF - VGs2 + Vps2(sat)

or
Vs2 <Vp1 < Vs + Vpso(sat), VG1 <VG2,i1>0andiz <lss
For the above conditions,
Brlss

Vout = VDD - (VDD'V01'|VTP|)[1 - \/ L= e B (VoD ~Vor-V1P|)2
4.) Assume Vg2 = VRer and Vg1 << VREF, thereforeis =lggandi; =0.

Same asin 3.) but now as Vg1 approaches vgo with Igg/2 flowing, the value of vgso
becomes larger and M5 becomes active and Iss decreases. In the limit, Isg — O,vps2 = 0
and vpgs = 0 resulting in

Vo1=Vss and  vout = Vpp - (VDD-Vss-

Bilss ]
lVTPD[l ) \/1 " B5B6(VDD-Vss-|VTp|)2

CMOS Analog Circuit Design © P.E. Allen - 2005
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[nitial Operating States - Continued
5.) Assumevg1 = VReg and Vg2>VREg Withio <lgg and i1>0.
Initialy, i4 < iy and vp1 falls, M2 becomes active and i decreases until i1 =io = Igg/2.
Therefore,
VREF - VGs2(lss/2) < Vo1 < VREF - Ves2(lss/2) +Vps2(sat)

or
Vs2(Iss/2) < Vo1 < Vso(lss/2) + Vpsa(sat), VG2 > VREFR, i1>0and iz <lss
and the value of vyt is

Prlss
Vout = VDD - (VDD-Vo1-IVTP|1-7\ [1-
out = VDD - (VDD-Vo1-[VTP)) \/ B B5(VDD Vo1-NV1p])2

6.) Assumethat vg1 = VR and vg2 >> VReg. When the source voltage of M1 or M2
causes M5 to be active, then |gg decreases and

Vo1 =Vss and Vout = Vpp - (VbD-Vss-[VTp|)|1 -

. Bilss l
B5Bs(VDD -Vss-IVTpl)2
7.) Assumevg1 = VRer andvgo < VRep andiq <lgg and io> > 0. Consequently, iz>io
which causes vy1 to increase. When M4 becomes active i4 decreases until ip = i4 at

which vy1 stabilizes at (M6 will be off under these conditions and vt = Vsg).

VDD - Vspy(sat) < Vo1 < Vpp, VG2 < VREF, i1 <lIssandip >0

CMOS Analog Circuit Design © P.E. Allen - 2005
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Initial Operating States - Continued
8.) Finaly if vg2 <<VRgF, thenij =Iggandis =0 and
Vo1 = VDD and  vout=Vss.
Summary of the Initial Operating States of the Two-Stage, Open-Loop Comparator using
aN-channel, Source-coupled Input Pair:

Conditions Initial State of vg1 Initial State of vout
VG1>VG2, i1<Iss and i2>0 VDD-Vsp4(sat) < Vo1 < VDD Vss
VG1>>VG2, i1=Iss and i=0 VDD Vss
VG1<VG2, i1>0andig<lss  Vp1=VG2-VGS2,act(lss/2), =Vss if M5 Eqg. (19), Sec. 5.1 for PMOS

act.
VG1<<VG2, i1>0 and ip<lss Vss Eq. (19), Sec. 5.1 for PMOS

VG2>VG1, 11>0andig<lss  Vgo(lss/2)<vp1<Vso(lss/2)+Vpso(sat) Eg. (19), Sec. 5.1 for PMOS
VG2>>VG1, i1>0andig<lss  VG1-VGsi1(lss/2) , =Vss if M5 active  Eqg. (19), Sec. 5.1 for PMOS

VG2<VG1, i1<lss andiz>0 VDD-Vsp4(sat) < Vo1 <VDD Vss
VG2<<VG1, i1=Iss and ip=0 VDD Vss
CMOS Analog Circuit Design © P.E. Allen - 2005
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Trip Point of an Inverter Vop
In order to determine the propagation delay time, itis
necessary to know when the second stage of the two-stage o— M6
comparator beginsto “turn on”. Vin l'G Vout
Second stage: AR .
- v
T{ M7
Trip point; Viins =
Assume that M6 and M7 are saturated. (We know that the L
i it T Vss' Fig.s24
steepest slope occurs for this condition.) 9

Equate ig to i7 and solve for vj, which becomes the trip point.

KN(W7/L7)
Vin = VTRP = VDD - IVTPI - "\ | Kp(Wg/Lg) (VBias~ Vss -VTN)

Example:
If Wr/L7 = Wg/Lg, VDD = 2.5V, Vsg =-2.5V, and Vpjgs = OV the trip point for the
circuit aboveis
VTRrp =2.5- 0.7 -/110/50 (0 +2.5-0.7) = -0.870V

CMOS Analog Circuit Design © P.E. Allen - 2005
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Propagation Delay Time of a Slewing, Two-Stage, Open-L oop Compar ator
Previously we calculated the propagation delay time for a nonslewing comparator.
If the comparator slews, then the propagation delay time is found from
dvi AVj
ii = Cid; = Ci at;

where
C; isthe capacitance to ground at the output of thei-th stage
The propagation delay time of thei-th stageis,
AV
i=ati=Ci

The propagation delay time is found by summing the delays of each stage.
th=tg +fp +t3 + -

CMOS Analog Circuit Design © P.E. Allen - 2005

Chapter 8 — Section 2 (8/3/05) Page 8.2-16

Example 8.2-5 - Propagation Time Delay of a Two-Stage, Open-L oop Compar ator

For the two-stage comparator shown Vpp = 2.5V
assume that C; = 0.2pF and Cj; = 5pF. 4.5um M3 'V'4 4.5um 'V'EJ 38um
Also, assume that Vg1 = OV and that vg) Ium lumvol lum
has the waveform shown. If the input <¢ | o
voltage is large enough to cause slew to 30uA VGl 3um 3Mm _glz;)F Cii=
dominate, find the propagation time delay um  lum }“ I 5pF
of the rising and falling output of the 234MAl =

i ion ti 30uA
comparator and give the propagation time 45um :] ﬂ—l u '[__. 35um
delay of the comparator. Tum ' 4.5um B 1um
Vo M8 M5 1um M7

25V ¢ Vss=-2.5V Fig. 8.2-5A

oV T5 02 (04 o6 M9

RN ——— Fig.825
Solution

1.) Total delay = sum of the first and second stage delays, t; and t;
2.) First, consider the change of Vg, from -2.5V to 2.5V at 0.2us.
The last row of Table 8.2-1 gives Vo; = +2.5V and vyt =-2.5V
3.) tg, requires Cj, 4Vy1, and I5. C; = 0.2pF, Is = 30uA and AV; can be calculated by
finding the trip point of the output stage/
CMOS Analog Circuit Design © P.E. Allen - 2005
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Example 8.2-5 - Continued
4.) The trip point of the output stage by setting the current of M6 when saturated equal to
234uA.

P 234-2

2 (VSG6'|VTP|)2 = 234]/tA — VSGG =0.7 + 50-38 = 1.196V
Therefore, the trip point of the second stage is Vtrp2 = 2.5 - 1.196 = 1.304V
Therefore, AV, = 2.5V - 1.304V = Vggg = 1.196V. Thus the falling propagation time
delay of the first stage is

(1.196\7]
tio1 = 0.2pF 30uA ) = 8 ns

5.) The rising propagation time delay of the second stage requires C;, AVqyt, and lg. Cy,
is given as 5pF, AVg = 2.5V (assuming the trip point of the circuit connected to the
output of the comparator is OV), and l¢ can be found as follows:

Vie(guess) = 0.5[Vgg(16=234uA) + Vgg(min)]

) 2-15
Vee(min) = Vg - Vesi(lss/2) + Vpsz = -Vgsi(lss/2) =-0.7 -\ /T10-3 = -1.00V
Vge(guess) = 0.5(1.304V-1.00V) = 0.152V

Ps 38-50
Therefore Vggg =2.348V  and lg= bl (VSGG'lvTP|)2 =" (2.348 - 0.7)2 =2,580uA

CMOS Analog Circuit Design © P.E. Allen - 2005
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Example 8.2-5 - Continued
6.) The rising propagation time delay for the output can expressed as
2.5V

trout = SPF 12,580/ A-234uA | =53 ns
Thus the total propagation time delay of the rising output of the comparator is
approximately 13.3 ns and most of this delay is attributable to the first stage.
7.) Next consider the change of Vg from 2.5V to -2.5V which occurs at 0.4us. We shall
assume that Vgy has been at 2.5V long enough for the conditions of Table 8.2-1 to be
valid. Therefore, Vo1 = Vsg = -2.5V and
Vout = Vpp- The propagation time delays for 38V g
the first and second stages are calculated as . ~ |

1.304V-(-1.00V) | VR 3o A
trol = OzpF 30]4A =154 ns 1V : '

2.5V
tiout = SpF [m] = 53.42ns A ; \
8.) The total propagation time delay of the -1y |- Yot J
falling output is 68.82 ns. Taking the —f

L 5

WL' “Falling p \

. . . _ [ | Prop

average of the rising and falling ZV: Rising prOT_ delay fiime

L/

propagation time delays gives a propagation 5, F. dedaytime) | e ]
time delay for this two-stage, open-loop 200ns ~ 300ns 400ns S00ns 600ns

Time Fig. 8.2-6
comparator of about 41.06ns.
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Design of a Two-Stage, Open-L oop Compar ator

Table 8.2-2 Design of the Two-Stage, Open-Loop Comparator of Fig. 8.2-3 for aLinear
Response.

Specifications: t,, Cyj ,Vjn(min), Von, VoL. Viem*, Viem™ and overdrive Constraints: Technology, Vpp and

Vss
Step Design Relationships Comments
1 1 [PnlCyy Choosem=1
Pyl = oyl :tp\]ﬂ(vand 17 =16 =7+p
2 We 2lg J Wy 217 Vspe(sat) = Vpp-VoH
T~- = A an T-=____ A — _
L6 ~kp'(Vops(sat)2 -7 Ky'(Vps7(sat)? Vps7(sat) = Vo - Vss
3 2C A result of choosing m= 1.
Guess Cj as 0.1pF to 0.5pF sl =ly (o] Will check Cj later

* \Lﬁ DA 5 VsG3 = VDD Viem VTN
37 M4 Kp'(VsgaIVrpD?
> AV(0)(9ds2*9dsa)(9ds6*dds7) Wi Wo  gma? _+ [P Wele 0= VoH-VoL
Im1 = Im6 T =, "Kylg ~ Im6 Le Vin(min)
6 Find C} and check assumption If Cj is greater than the guess in step 3, then

Ci = Cgd2+Cqda*Cys6+Chd2+Cha4
Ws

215
VDs5(sa) = Viem™-VGs1-Vss Tg =

increase C| and repeat steps 4 through 6
If Vpgs(sat) is less than 100mV, increase
Wq/Lq.

KN’ (Vpss(sat)?

CMOS Analog Circuit Design © P.E. Allen - 2005
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Example 8.2-6 - Two-Stage, Open-L oop Comparator Design for a Linear Response.
Assume the specifications of the

) Vbb
comparator shown are given below.
tp = 50ns VOH =2V VOL =-2V igl —— li4
Vpp = 2.5V Vsg=-2.5V Cj=5pF M3 M4 VOlJ_ |[‘_‘ M6

V|n(m1n) = 1mV ViCm+ = 2V Vicm- = —125V

of 10. Use this architecture to achieve the
above specifications and assume that all -
channel lengths are to be 1ym. VBias ‘_1
Solution Vss
Following the procedure outlined in Table 8.2-2, we choose m =1 to get
9
Ip|l = Ipyl = % = 6.32x106 rads/sec

M5

This gives
6.32x106-5x10-12
le=17=""004+0.05 =31pA—> lg=17=400uA
Therefore,
Ws  2:400 W7 2:400
Ls = 05250 =%  and;=3527110=2°
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Example 8.2-6 - Continued
Next, we guess C; = 0.2pF. This gives |5 = 32uA and we will increase it to 40uA

for a margin of safety. Step 4 gives Vsg3 as 1.2V which results in

W Wy 40 W Wy
[3=T4 =50(12-:072=32 = T3=T,=4

The desired gain is found to be 4000 which gives an input transconductance of

4000-0.09-20
Omi=" 4444 =162uS

This gives the W/L ratios of M1 and M2 as

W W, (162)2 Wy W,

1
|__1=|__2=110.40=5.96 - 6

To check the guess for C; we need to calculate it which is done as

Ci = CydotCydatCqyse+Chda+Chds = 0.9fF+1.3fF+119.5fF+20.4fF+36.8fF =
178.9fF

which is less than what was guessed so we will make no changes.

CMOS Analog Circuit Design © P.E. Allen - 2005
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Example 8.2-6 - Continued
Finally, the W/L value of M5 is found by finding Vgg1 as 0.946V which gives

Vpss(sat) =0.304V. This gives

Ws 240
Ls = (03042110 = /-87 =8

Obviously, M5 and M7 cannot be connected gate-gate and source-source. The value of
I5 and |7 must be derived separately as illustrated below. The W values are summarized

below assuming that all channel lengths are 1xm.

W) =W, = 6um W3 =W, = 4um Wg = 8umWg = 64m W, =29um
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Design of a Two-Stage Compar ator for a Slewing Response

Table 8.2-3 Two-Stage, Open-L oop Comparator Design for a Slewing Response.

Constraints: Technology, Vpp and Vsg

Step Design Relationships Comments

1 Vout  Cni(Von-VoL) Assume the trip point of the output is (Von-
I7=l6=Cy—dt = t VoL)/2. Letty =ty = 0.5t,

2 We 21g andﬁ_ 217 Vspe(sat) = Vpp-VoH
6 " Kp'(Vpg(sa)2 -7 Ky (Vps7(sat)2 Vps7(sa) = Vo - Vss

3 GuessCj as0.1pF to 0.5pF Typically 0.1pf<C}<0.5pF

4 dvg1  Ci(Vou-VoL) Assume that vy swings between Vo and
I5=Cy—dqt = tp VoL-

° \Lﬁ = # = '5 VsG3 = VDD-Viem VTN

37 M4 Kp'(VsgaIVrpl?

6 A(0)(9ds2+0dsa)(Ods69ds7) Wi Wo g1 _ [ Mels ) Yor oL
9m1 = Im6 T =5 "Kylg ~ 9mé Le Vin(min)

7  Find C} and check assumption If Cy is greater than the guess in step 3, increase

Ci = Cgd2+Cqda*Cyse+Chd2+Cha4
Wi 25
Vpss(sat) = Viem Ves1-Ves Te == -

the value of C| and repeat steps 4 through 6
If Vpgs(sat) is less than 100mV, increase
Wy/Lq.

CMOS Analog Circuit Design
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Example 8.2-7 - Two-Stage, Open-L oop Compar ator Design for a Slewing Response

Assume the specifications of Fig. 8.2-3 are given below.

th = 50ns
C|| = SpF

Vou =2V

VoL=-2V  Vpp=25V

Veg = -2.5V
Vicm- = - 1 .25V

Design a two-stage, open-loop comparator using the circuit of Fig. 8.2-3 to the above

specifications and assume all channel lengths are to be 1ym.

Solution
Following the procedure outlined in Table 8.2-3, we calculate lg and |7 as

5x10-12-4
Therefore,
Ws  2:400 W,

2-400

Ls =(0.5)250 = 04

Next, we guess C; = 0.2pF. This gives

and; = 52110 = 29

0.2pF(4V)
5= 50ns = 16]/1A - |5 = 20]/1A
Step 5 gives Vgg3 as 1.2V which results in
Ws Wo 20 Ws Wy
[3=T4=5012072= 16 = T3=L,=2

CMOS Analog Circuit Design
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Example 8.2-7 - Continued
The desired gain is found to be 4000 which gives an input transconductance of

4000-0.09-10
Omi="" 4444 =81uS

This gives the W/L ratios of M1 and M2 as
Wi Wy (81)2 Wi W,
T3=10,=11040=149 — T, =T1,=2
To check the guess for C; we need to calculate it which done as
Ci = Cyd2+Cqda+CqsetChaztCpds = 0.9fF+0.4fF+119.5fF+20.4fF+15.3fF = 156.5fF
which is less than what was guessed.

Finally, the W/L value of M5 is found by finding Vgg; as 1.00V which gives
Vpgss(sat) =0.25V. This gives
Ws 2-20
L5 =(0.25)2110 = >80
As in the previous example, M5 and M7 cannot be connected gate-gate and source-source

and a scheme like that of Example 8.2-6 must be used. The W values are summarized
below assuming that all channel lengths are 1xm.

W, =W, =2um W;=W,=4ym  W;=6um W; = 64pum W, =29um
CMOS Analog Circuit Design © P.E. Allen - 2005
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SUMMARY

» The two-stage, open-loop comparator has two poles which should as large as possible

» The transient response of atwo-stage, open-loop comparator will be limited by either
the bandwidth or the slew rate

* |t isimportant to know theinitial states of a two-stage, open-loop comparator when
finding the propagation delay time

* |If the comparator is gainbandwidth limited then the poles should be as large as possible
for minimum propagation delay time

* |If the comparator is slew rate limited, then the current sinking and sourcing ability
should be aslarge as possible
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SECTION 8.3-OTHER OPEN-LOOP COMPARATORS
Objective
The objective of thissectionis:
1.) Show other types of continuous-time, open-loop comparators
Outline
* Push-pull comparators
» Comparatorsthat can drive large capacitors

CMOS Analog Circuit Design © P.E. Allen - 2005
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Push-Pull Comparators

Clamped:
Vbp
M4L:]} {[‘JMG
}_
M3 +—[" s
< Vout
-o—{[ M1 M2 | °
Vin CL
+o I N I
M5 -
+.4[:‘ M9r<_]|——|[:‘|v|7
VBias
) Vss Fig. 831
Comments.

e Gainreduced — Larger input resolution
» Push-pull output — Higher slew rates
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Push-Pull Comparators- I mproved

Cascode output stage:
Vbp
M4L:]} T T |_Mmé
M15
| A |
YEM| M8 | M l— M7
Ry Ro v,
o[ M1 M2 M9 ot
Vin | 0 [ M12==Cu
M5 T | M11—=
+—j— m13
VBias F’l
) Vss Fig. 8.3-2

Comments:

» Can aso use the folded cascode architecture

 Cascode output stage result in aslow linear response (dominant pole is small)
 Poorer noise performance

CMOS Analog Circuit Design © P.E. Allen - 2005
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Compar atorsthat Can Drive L arge Capacitive L oads
Vbb

'_’II——IMI'_; = Ma[ 10

M3
[~ M6

o Vout

Ci

—
o—||: M1 M%—_IT

-

vé_rias Iﬁ M5 o7 [, Mo H

Vss Fig. 8.3-3

Comments:

 Slew rate = 3V/us into 50pF

* Linear rise/fall time = 100ns into 50pF
* Propagation delay time ~ 1us

* Loop gain = 32,000 V/V
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Self-Biased Differential Amplifier”

Vbp
Vbp
VBiaso—{[ M6 Extremely
- g largesourcing
M3 M4  current
M3 M4
Vin® : Vin® DVi nt DT—|:: ::|—<7 Vin
M1 M2
M1 M2
VBiaso_{ M5
Ves Vss Fig. 8.3-4
Advantage:
Large sink or source current with out alarge quiescent current.
Disadvantage:

Poor common mode range (vjn* slower than vjp-)

M. Bazes, “Two Novel Full Complementary Self-Biased CMOS Differential Amplifiers,” IEEE Journal of Solid-State Circuits, Vol. 26, No. 2, Feb.
1991, pp. 165-168.
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SECTION 8.4-1IMPROVING THE PERFORMANCE OF
COMPARATORS

Objective

The objective of thissectionis:

1.) Improve the performance of continuous-time, open-loop comparators
Outline

» Autozeroing techniques

o Comparators using hysteresis

* Summary
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Autozeroing Techniques

Use the comparator as an op amp to sample the dc input offset voltage and cancel the
offset during operation.

[desl Ideal Idesl

~
TSel Comparator ~~._ Comparator
~ \\

~

r
i i
LR VN S Vour
1 = 1
14+ - ,/” - 1+ -~
1
1
13

-

NMos -~

1
:"/ + VOS - ’/’
= = :EAZ

Model of Comparator. Autozero Cycle éomparison Cycle
Fig. 8.4-1

Comments:

» The comparator must be stable in the unity-gain mode (self-compensating comparators
are good, the two-stage op comparator would require compensation to be switched in
during the autozero cycle.)

» Complete offset cancellation is limited by charge injection

CMOS Analog Circuit Design © P.E. Allen - 2005
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Differential I mplementation of Autozeroed Comparators

Vos vouT = Vos

- _VOS
Comparator during ¢1 phase

VIN'o > VouT

vint o—) |=(_ )+

: : = Vos Vos
Differential Autozeroed Comparator Comparator during ¢, phase

Fig. 8.4-2
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Single-Ended Autozeroed Comparators

Noninverting:
—_|—_{>2 1
VIN o\ Caz VouT
°_/¢2_|_|
b1
L Fgsas
Inverting:
Caz
VIN VouT
$2 K I( o1 0
LB
€L |

Comment on autozeroing:
Need to be careful about noise that gets sampled onto the autozeroing capacitor and is
present on the comparison phase of the process.
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I nfluence of I nput Noise on the Compar ator
Comparator without hysteresis:

Comparator v
threshold "
S . ay

|V y ==Y e
‘vl A ‘l\//l #t
VIRP L e My N
1 | 1
| | :
Vou ! Vout | 3
>t
Ve —
oL Fig. 8.4-6B
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Use of Hysteresisfor Comparatorsin a Noisy Environment
Transfer curve of acomparator with hysteresis:

Page 8.4-6

vouT Vor VouT Vor
SN PP Pt
h e LR N
M VTrpt M —R—l(VOH'VOL) — Virpt
2
»/ 0 »/
= »VIN < »VIN
/ / 0
VT JL Vo | Ve M JL
] W . AL
—y - < —
Counterclockwise Bistable Clockwise Bistable  Fig. 8.4-5
Hysteresis is achieved by the use of positive feedback
» Externally
* Internaly
CMOS Analog Circuit Design © P.E. Allen - 2005
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Noninverting Comparator using External Positive Feedback
Circuit: vouT,
D P
R2 b R b b A_>
4 1
R «5-(Von-VoL)— _RiVoL
VIN 1 vouT Ro “‘/ R
-+ 0 »VIN
_RiVor”
— RZ il A
Fig. 8.4-7 =1 ‘{VOL >
_>
Upper Trip Point:
Assume that voyT = VoL, the upper trip point occurs when,
R, R, R,
0=|R*R,VoL *|R+R,Vrre* - Vire* =- R, VoL
Lower Trip Point:
Assume that voyT = VoH, the lower trip point occurs when,
R, R, Ry
0=|R+R,/Vor *(R+R,/V1re” - Vire™ = - R, VoH

Width of the bistable characteristic:

Ry
AVin = Vrrp*-Vrrp™ = [WZ] (Von -Vor)

CMOS Analog Circuit Design
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Inverting Compar ator_using External Positive Feedback

Circuit:
VouT
Vi
R P,
VIN vour 4 I; S
IR +}Q2(VOH'VOL) T
/" o
R Ro RiVoL Rlng
R1+R; y 1tR2
172 ) ) >/VC2L \ N
- -~ -~ ~ P T—
Fig. 8.4-8
Upper Trip Point:
R,
Vin = Vre* = [R+R,)VoH
Lower Trip Point:
R,
Vin = Vrrp” = [R+R,) VoL
Width of the bistable characteristic:
1
AVin = Vrre*-Vire™ = |R#R,) (Vor -Vou

CMOS Analog Circuit Design

© P.E. Allen - 2005

Chapter 8 — Section 4 (8/3/05) Page 8.4-9
Horizontal Shifting of the CCW Bistable Characteristic
Circuit:
VouT
) ‘*F%l(VOH'VOL)*><_
Ry VOoH| <—— i =
un  R1 VOUT 0 | REZR \TEF )i
+ o ' RiVo | ~
VREF = JRVoH" TRy [
_ l VoL _;v R=2 L,
Fig. 8.4-9
Upper Trip Point:
Ry R Ri+tR Ry
Veer = |RFR,Vou * [R+R,)Vre* - Vre* = 7R, |Vrer-R, VoL
Lower Trip Point:
Ry R, Ri+R Ry
iR, R R Vo + |R+Ry/Vrre - Vire = TR, |Vrer - R, VoH
Shifting Fagipr) VREF

CMOS Analog Circuit Design
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Horizontal Shifting of the CW Bistable Char acteristic

Circuit:
VOUT R
vin vour 4 mrrfVorVol) «
OH b > ; > >
Ro v i JL
Ri+RyYREF
RS R 0 - ~ >VIN
, o RVouT,
VReEF = WJ—lFFgl VR?'- IR L
+ I
__1__ VoL <1 2: ‘ «—) :
Fig. 8.4-10
Upper Trip Point:
Ry R,
Vin = Vrre* = [R+R,/Von + (R+R,/VRer
Lower Trip Point:
Ry R,
Vin = Vrrp” = (R+R, VoL * |Ri+R,)VRer
Shifting Factor:
Ry
Ri*R,) VREF
CMOS Analog Circuit Design © P.E. Allen - 2005
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Example 8.4-1 Design of an Inverting Compar ator with Hysteres's

Use the inverting bistable to design a high-gain, open-loop comparator having an
upper trip point of 1V and alower trip point of OV if Vo =2V and Vg =-2V.

Solution
Putting the values of this example into the above relationships gives

Ry Ro
1= |R+R,) 2 + |R#R; VRer

and

Ry Ro
0=(R+Ry) (-2) * [Ri+R,/VREF

Solving these two equations gives 3R; = Ry and Vreg = (2/3)V.
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Hysteresisusing I nternal Positive Feedback
Simple comparator with internal positive feedback:

Vo1l 0—¢ —O V2

Vilo—|[:’|\/|1 MZ‘:]HViZ
MS!:]} {[_J“M5

Vss

Fig. 8.4-11

CMOS Analog Circuit Design © P.E. Allen - 2005

Chapter 8 — Section 4 (8/3/05) Page 8.4-13

Internal Positive Feedback - Upper Trip Point
Assume that the gate of M1 ison ground and the
input to M2 is much smaller than zero. The
resulting circuit is:

M1 on, M2 off - M3and M6on, Mdand M7 "]

—O V2

off.
Vg2 is high.
. . Welle — {
M6 would like to source the current ig = W/ 5 i1 M5 [v¥ Vin
As Vi, begins to increase towards the trip point, the - l'5
current flow through M2 increases. Whenis =g, Ve Fig. 8.4-12A
the upper trip point will occur.
. We/Lg| Ws/Lg i5
L 5 =g+ =igtie = i3HWa/L5)i3 =13 |1 + Wil = 11713 = T+ [(We/Lg)[(Wa/L3)]

Also, ip=ig-i1 =ig-i3
Knowing i1 and i» allows the calculation of vgg; and vgs2 which gives

, %) 2y
VTRPT =VGs2-Ves1="\/ B tV12-"\/ A1 - V11
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Internal Positive Feedback - L ower Trip Point
Assume that the gate of M1 ison ground and the input
to M2 is much greater than zero. The resulting circuit
Is:

M2 on, M1 off - M4 and M7 on, M3 and M6 off.
Vg1 ishigh.

. . WLz
M7 would like to source the current i7 = WylLy i2

As Vi, begins to decrease towards the trip point, the
current flow through M1 increases. Wheniq =i7, the
lower trip point will occur.
o (Wrllg)
Sl =11t =17+ = [m
Also, i1 =ig-i2=lig5-ig
Knowing i1 and io allows the calculation of vgg1 and vgs2 which gives

2ip 2i1
VTIRP =VGS2-Ves1="\/ B tV12-"\/ B - V11

CMOS Analog Circuit Design © P.E. Allen - 2005

Fig. 8.4-12B

14 +I4 I4

Wy/L7 Is
1 +ﬁ|__4 — |2 = |4 1+ [(W?/L?)/(W4/L4)]
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Example 8.4-2 - Calculation of Trip Voltages for a Comparator with Hysteres's
Consider the circuit shown. Using the

transistor device parameters given in Table
3.1-2 calculate the positive and negative Ismd) ML:] M6 M7 [lJNM

threshold points if the device lengths are all 1 Volo—q D—OV02

um and the widths are given as. W1 = W» = Wg

=Wy = 10 um and W3 = Wy = 2 um. The gate v .
i M2 Vi

of M1 istied to ground and the input is the 1°_|[ij1 F‘u_o ’

gate of M2. The current, i5 = 20 uA

Solution M8F]|—4|
To calculate the positive trip point,

v Fig. 8.4-11

assume that the input has been negative and is »
heading positive.

- (WiL)s . _ i 20 uA

l6=(WIL)313= B/D(i3) - i3=1% [(WIL)g/(WIL)3] = I1=1+5 5 =3.33 A

. 2i1)y 2:3.33\v/

ip=i5-11=20-3.33=16.67 yA — Vgs1=(pB1 +VT1 =(5Y110 +O.7 =0.81V

21212 2:16.67\1/2
Ve = [735 + V2= [Tr 1170/ +0.7=0.946V

VTRP+ = Ve2-Vesl = 0.946-0.810 = 0.136V

CMOS Analog Circuit Design © P.E. Allen - 2005




Chapter 8 — Section 4 (8/3/05) Page 8.4-16

Example 8.4-2 - Continued
Determining the negative trip point, similar analysisyields
i4=3.33 A
i1=16.67 uA
Vos = 0.81V
Vgsy = 0.946V
VTRpP- = Vg - Vast = 0.81 - 0.946 = -0.136V
PSPICE simulation results of this circuit are shown below.

2.6 —
- \
2.4 | \W
22 F
2F
Vo2 a
(volts) ™ [ \
16 F \
14 F N
12 F
1 L 1 1 1 1 1 1 1 1 -
-05 -04 -03-02 -01 00 01 02 03 04 05
Vin (volts) Fig. 8.4-13
CMOS Analog Circuit Design © P.E. Allen - 2005
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Complete Comparator with Internal Hysteress

Vbp
|Biasd> M’\’:’,:]j—{ M6 M7 }—l[‘}‘m
M9 |—— —“ms
Vil Vi2
o—|[%|v|1 M2_Jo  |—ovou
m10_]| [
M8!:]= A IS

Vss Fig. 8.4-14
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Schmitt Trigger
The Schmitt trigger is a circuit that has better defined switching points.
Consider the following circuit:

Vbb How does this circuit work?
Assume the input voltage, vin, islow and the output
A s voltage, Vout , is high.

M3, M4 and M5 are on and M1, M2 and M6 are off.
_|[‘_-v| 4315 When vip isincreased from zero, M2 starts to turn on causing

Vin_| l—:» E Vout M3 to start turning off. Positive feedback causes M2 to turn
on further and eventually both M1 and M2 are on and the

M6
AL vz output is at zero.
The upper switching point, VTrpt isfound as follows:
4, M1 When vjn is low, the voltage at the source of M2 (M3) is
_ Ve = Vpp-V1ng
— Fig.8.4-15

VTRpt = Vin Wwhen M2 turns on given as VTrRpt = Ving + Ve
VTRrpt occurs when the input voltage causes the currentsin M3 and M1 to be equal.
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Schmitt Trigger — Continued
Thus, ip1 = A1 VTRPT - VN2 = B3( VDD - Veo- Vng) 2= ip3
which can be written as, assuming that V2 = Ving,

VNt ++/B3/A1 Vb
AUUVTRPT - VIND 2= (VDD ~VTRPH)?= VIRPY =" 14 BB

The switching point, VTrp- isfound in asimilar manner and is:

\/Bs/Be (VDD - VTps)

ps(VDD - VTRP™ - V1ps)? = fe( VTRP)? = VIRP =" 14 N
The bistable characteristic is, Vout
VDD 1 >
a JV
0 < LV
0 Vg Vrre* Vop
Fig. 8.4-16
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SUMMARY

» Open-loop, continuous-time comparators can be improved in the areas of :
- Current sinking and sourcing
- Removal of offset voltages
- Removal of the influence of anoisy signal through hysteresis

» Comparators with hysteresis (positive feedback)

- Externd

- Interna
CMOS Analog Circuit Design © P.E. Allen - 2005
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SECTION 85—-DISCRETE-TIME COMPARATORS (LATCHEYS)
Objective
The objective of thissectionis:
1.) llustrate discrete-time comparators
2.) Estimate the propagation delay time
Outline
 Switched capacitor comparators
» Regenerative comparators (latches)
* Summary
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A Differential Switched Capacitor Compar ator Avoiding Common M ode Problems

Vi ¢

A switched capacitor comparator Equivalent circuit when the ¢ switches are closed
Fig. 851
¢ Phase:
The V1 input is sampled and the dc input offset voltage is autozeroed.
Ve(g1) =Vi1 -Vos and  Vcp(é1) = Vos
¢ Phase:
Vo€ (Vi-Vos)C - ViosCy

Vout(#2) =-A [C+CIO - C+C, *T+C,|*AVos
C C C, C
=-A|(V2V1) T+C, *+ Vos|C+C, * T+C, )| + AVos = -A(V2-V1) T+C, = AV1-V2)
if Cp issmaller than C.
CMOS Analog Circuit Design © P.E. Allen - 2005
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Differential-1n, Differential-Out Switched Capacitor Compar ator
o [(C
A 01 ?

+ ¢2K
d1 -

Vin J__ Y- Vout
N S 5
b2 K I\ b1
d1
JT_ Fig. 8.5-2

Comments:
 Reduces the influence of charge injection
 Eliminates even harmonics
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Regener ative Comparator s

Regenerative comparators use positive feedback to accomplish the comparison of two
signals. Latches have afaster switching speed that the previous bistable comparators.
NMOS and PMOS latch:

NMOS latch PMOS latch _
Fig. 8.5-3

How isthe input applied to alatch?
The inputs areinitially applied to the outputs of the latch.
Vo1’ =initia input applied to vp1
Vo2’ = initia input applied to vgo
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Vo2 Vo2
gm1V02 Ry s? m2Vo1Y Ro s

Fig. 854

Step Response of a Latch

Circuit:

Rj and Cj arethe
resistance and capacitance
seen to ground from the
i-th transistor.

Nodal equations:

gm1V02+leol+SC1[V01' S ] = Om1Vo2tG1Vo1+SCV 01-Ci V' =0

V02’
gm2V01+62V02+5C2[V02 = Om2Vo1+t GV tsCyV -GV, =0
Solving for V1 and Vg2 gives,
R,Cy Om1Ry Ty Om1Ry
VOl = SR]_C]_"'J. V SR1C1+1 V ST1+1 V01 ST1+1 V02
R,C, Om2Ro T Om2Ro

Vo2 = SR,C,+1 Vo2 - SR,C,+1 Vo1 = s5,+1 Vo2 - sp,+1 Vot
Defining the output, AV, and input, AVj, as
AVO = V02'V01 and AV| = V02’ ‘Vol’
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Step Response of the Latch - Continued
Solving for AV, gives,

T OmR
AV, = Vo2-Vor = ST AV + 5041 AV,
or
TAVi
TAVi 1—ng T AV,
AV, = 5t+(1-g,R) = st =sr+1
1_ng +1
where
v
T =1g,R

Taking the inverse Laplace transform gives
Avy(t) = AV, el = AV, etl19nR) T = emRUTAV, ) if gaR>>1.
Define the latch time constant as

T C  06/MWMWCy WL3
0 =11~ gR =g, = Y2k WD) = 067Co \[ 2K
if C~ Cys.
AVy(t) = €/ AV,
CMOS Analog Circuit Design © P.E. Allen - 2005
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Step Response of a L atch - Continued
Normalize the output voltage by (Von-VoL) to get

AVout(t) - AV,
Voru-VoL =% Vou-VoL

which is plotted as,
w50 e, ) )] /
ﬁ// ) ) papere )
04?// /// // -m//f
02l / / // )
7 :

AVout
Von-VoL

(@)

O _’-’:’/@# PR T | PR T I PR T |
0 1 2 . 3 4 5
TL Fig. 8.5-5
Von- VoL
The propagation delay timeist, = 7 In 24V

CMOS Analog Circuit Design © P.E. Allen - 2005




Chapter 8 — Section 5 (8/3/05) Page 8.5-8

Example 8.5-1 - Time domain char acteristics of a latch.

Find the time it takes from the time the latch is enabled until the output voltage,
AVt equals Vou-VoL if the WIL of the latch NMOS transistors is 10ugm/1ym and the

latch dc current is 10uA when AV = 0.1(Von-VoL) and AV; = 0.01(Von-Vor). Find the
propagation time delay (AV,,=0.5(Von-VoL)) for the latch for each of these conditions.

Solution
The transconductance of the latch transistors is

Om =V2-110-10-10 = 148uS
The output conductance is 0.4uS which gives gyR of 370V/V. Since gyR is greater than
1, we can use the above results. Therefore the latch time constant is found as

/WL3 (10-1)x10-18
71 =0.67Cox \/2K’T =0.67(24x10-4) 7-110x10-6-10x10-6 = 108ns

If we assume that the propagation time delay is the time for the output to reach (V-
Vo), then for AV, = 0.01(V,,-V,,) that t; = 4.6027, = 497ns and for AV, = 0.1(Vo,-Vo,)
that t, = 2.3067, = 249ns.

If we assume that the propagation time delay is the time when the output is 0.5(Vop-
VoL), then using the above results or Fig. 8.5-5 we find for AV = 0.01(Vpon-VoL) that tp =
3.917 = 422ns and for AV =0.1(Von-Voo) that tp = 1.617 = 174ns.
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Comparator using a Latch with a Built-ln Threshold'
How does it operate?

1.) Devices in shaded region operate in the
triode region. M10 Latch
2.) When the latch/reset goes high, the upper [Resat
cross-coupled inverter-latch regenerates. The
drain currents of M5 and M6 are steered to
obtain a final state determined by the mismatch
between the R and Ry resistances.

—o Vin
1 Wi W,
R{=KN| T Gint-VD+T (VREF - VT) T |
= Fig. 8.5-6
and

1 W W,
Ry =KN| T (in - VD +T (VRer™ - V1)
3.) The input voltage which causes R| = Ry is Vjn(threshold) = (Wh/W))VREE
WhH/W] = 1/4 generates a threshold of +0.25VRgE.
Performance — 20Ms/s & 200uW

" T.B. Cho and P.R. Gray, “A 10b, 20Msamples/s, 35mW pipeline A/D Converter,” |EEE J. Solid-State Circuits, vol. 30, no. 3, pp. 166-172, March
1995.
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Simple, L ow Power L atched Comparator’

Vbp
¢1o—|\{ﬂ[§ M7 }—><4 M8 E;]ATM
¢10—[, M5 M6 o ¢1

|\/|3<—_]|——V?>Ut+ Vogt_—H[: M4
"i”+°—i[:‘|v|1 M2’:]|—°Vin'
= Fig. 857

Dissipated 5S04'W when clocked at 2MHz.

" A. Coban, “1.5V, ImW, 98-dB Delta-Sigma ADC”, Ph.D. dissertation, School of ECE, Georgia Tech, Atlanta, GA 30332-0250.
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Dynamic L atch
Circuit;

—  Fig.858
Input offset voltage distribution:
5 820 - L=12um
88 0 =565 (0.6um Process)
S § 10 ~ mbhn nn n
Z N
o 0 1 1 1 1
15 .10 5 0 5 10 15

Input offset voltage (mV) Fig. 8.5-9
Power dissipation/sampling rate = 4.3uW/Ms/s
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SUMMARY
Discrete-time comparators must work with clocks
Switched capacitor comparators use op amps to transfer charge and autozero
Regenerative comparators (latches) use positive feedback

The propagation delay of the regenerative comparator is slow at the beginning and
speeds up rapidly astime increases

The highest speed comparators will use a combination of open-loop comparators and
latches
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SECTION 8.6 —HIGH-SPEED COMPARATORS

Objective

The objective of this presentation is:

1.) Show how to achieve high-speed comparators
Outline

» Concepts of high-speed comparators

o Amplifier-latch comparators

* Summary
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Conceptual Illustration of a Cascaded Compar ator
How does a cascaded, high-speed comparator work?

o o A A L U A U A ] o

L L

sT+1 sT+1 sT+1 sT+1| | sT+1 sT+1
Linear Linear Linear Large Large Large
small small & large signal signal signal
signal signal signal small C  bigger C  bigC Fig. 8.6-1

Assuming asmall overdrive,

1.) Theinitial stage build the driving capability.

2.) Thelatter stages swing rail-to-rail and build the ability to quickly charge and
discharge capacitance.
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Minimizing the Propagation Delay Timein Compar ators
Fact:
» Theinput signal isequal to Vjy(min) for worst case

« Amplifiers have a step response with a negative argument in the exponential
 Latches have a step response with a positive argument in the exponential

Result:

Use a cascade of linear amplifier to quickly build up the signal level and apply this
amplified signal level to alatch for quick transition to the full binary output swing.
[llustration of a preamplifier and
latch cascade:

Minimization of tp:

Q. If the preamplifer consists of n
stages of gain A having asingle-
pole response, what is the value of
nand A that gives minimum Vx
propagation delay time?

A. n=6and A=262 butthisisa VoL
very broad minimum and n is

usually 3 and A = 6-7 to save area.

Vout
VOH A
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Fully Differential, Three-Stage Amplifier and L atch Compar ator
Circuit:

FB FB FB
7 7 S
Resst Cu1 Cv3 Cvs
P L 3
Resi\ [ >\ [ >\ Vi >\ Latch | Vou
HEPA 7 Reset |\ 7 Reset |\ 7 Reset 2
Ci =<|Cn o Cva o Cve /s
= ’l\CZ FB FB FB Clock
(@]
*Vin- Fig. 8.6-3

Comments:

» Autozero and reset phase followed by comparison phase

» More switches are needed to accomplish the reset and autozero of all preamplifiers
simultaneously

« Can run as high as 100M sps
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Preamplifier and Latch Circuits
Gain: Vbb
AV =

9m1  9m2 (KN (Wi/Lg)
"Om3 T "Oma T\ Kp'(Wa/la) - — [f 0 o Q
Dominant Pole: o— o—
9m3  Om4 B ° Q
IPdominant!="C ="C == [, M2 °_|[—3 M5 Mé
where C is the capacitance seen from the ---| ™ IITTMZ
output nodes to ground.
Enable Latch
If (Wy/L1)/(Wa/L3) = 100 and the Preampﬁ’fg'l# A
bias current is 100u A, then A =-3.85
and the bandwidth is 15.9MHz if C = VBias H%
0.5pF. L Fig. 8.6-4
Comments:

e [If a buffer is used to reduce the output capacitance, one must take into account the loss
of the buffer.

* The use of a preamplifier before the latch reduces the latch offset by the gain of the
preamplifier so that the offset is due to the preamplifier only.
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An Improved Preamplifier

Circuit:
Vbb
Vi ;
el R
Voutt M5 6 Voutt
O Reﬁetj)— O
S
g M1l M10 M12 o
o— Mf_]T[:Ms
Vit ;+ Bias v
in - in
M1 l M2 5
a8 Fig. 8.6:5
Gan:
__ 9m1 _ \/KN’(Wl/Ll)ll_ \/KN’(Wl/Ll) 115
V= gm3 =" \| Kp"(Wa/L3)I3 =\ Kp'(W3/L3) I3

If 15 = 2413, the gain isincreased by afactor of 5
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Charge Transfer Preamplifier

The preamplifier can be replaced by the charge transfer circuit shown.
Vin=VREF Q’PR vin=Vrer VPR Vin = VREF+AV

i S2 VREF-VT+AVI

Vin'VT \4
+ + ., Cr
S1 Vout _ Vout =VPR Co Av
o[ 1 @ o e[ o <[

Charge transfer amplifier. Precharge phase. Amplification phase. Fig. 86.6

Comments:
» Only positive values of voltage will be amplified.
 Large offset voltages result as a function of the subthreshold current.
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A CMOS Charge Transfer Preamplifier

Circuit:
Vbb Vbbp )A v
PR
cr /St
W M2 <
S3 - Vout
Vin o 1
C
e T
Cr /s 1
= —l— Fig. 8.6-7
Comments:

* NMOS and PMOS allow both polarities of input

* CMOS switches along with dummy switches reduce the charge injection

* Switch S3 prevents the subthreshold current influence

* Used as a preamplifier in a comparator with 8-bit resolution at 20Msps and a power
dissipation of less than SyW
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A High-Speed Compar ator

Circuit:
TVDD
| |[:J _| Self-biased
! ' diff amp  Output
| | Driver
Preamp
_Vgut
Vin O—| }—‘ t
Vin o I
I S5 &
l IBias
[_‘7 Latch
= Fig. 8.6-8
Comments:

* Designed to have a tp = 10ns with a 5pF load and a 10mV overdrive
* Not synchronous
* Comparator gain is greater than 2000V/V and the quiescent current was 100xA
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CHAPTER 8 - SUMMARY

Types of Comparators Presented
 High-gain, open-loop
 Improved high-gain, open-loop, comparators

Hysteresis

Autozeroing
 Regenerative comparators
* Discrete-time comparators

Performance Char acterization

 Propagation delay time

 Binary output swing

* Input resolution and/or gain

* Input offset voltage

 Power dissipation

Important Principles

» The speed of the comparator depends on the linear and slewing responses

» Thedc input offset voltage depends on the matching and is reduced by autozeroing.
Charge injection is the limit of autozeroing

» The comparator gain should be large enough for a binary output when vj, = Vjp(min)

» Cascaded comparators, the first stages should large GB and the last stages high SR
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