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CHAPTER 8 - COMPARATORS

Chapter Outline
8.1 Characterization of Comparators

8.2 Two-Stage, Open-Loop Comparators

8.3 Other Open-Loop Comparators

8.4 Improving the Performance of Open-Loop Comparators
8.5 Discrete-Time Comparators

8.6 High-Speed Comparators

8.7 Summary
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SECTION 8.1 - CHARACTERIZATION OF COMPARATORS
Objective
The objective of this section is:
1.) Introduction to the comparator
2.) Characterization of the comparator
Outline
* Static characterization
* Dynamic characterization
* Summary
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What is a Comparator?

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

Types of comparators:

* Open-loop (op amps without compensation)

* Regenerative (use of positive feedback - latches)

* Combination of open-loop and regenerative comparators
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Circuit Symbol for a Comparator

vp o— +
Vo

VN O— -
Fig. 8.1-1

Static Characteristics

* Gain

Output high and low states
Input resolution

Offset

* Noise

Dynamic Characteristics

* Propagation delay

* Slew rate

CMOS Analog Circuit Design © P.E. Allen - 2003




Chapter 8 — Section 1 (2/25/03) Page 8.1-4

Noninverting and Inverting Comparators

The comparator output is binary with the two-level outputs defined as,
Vop = the high output of the comparator
Vor, = the low level output of the comparator
Voltage transfer function of an Noninverting and Inverting Comparator:
Vo Vo

A A

Vou Vou

> VP-VN > VP-VN

Vo = — VoL

Noninverting Comparator Inverting Comparator

Fig. 8.1-2A
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Static Characteristics - Zero-order Model for a Comparator

Voltage transfer function curve:

Vo
A

Vou

> Vp-VN

VoL Fig. 8.1-2

Model:

vp o—— o
+
Vp-vN fovp-vn)  vo

O

y -
N Comparator

o : Vou for (vp-vy) >0
Vp-VN) =
OVPVN Vor for (vp-vy) <0 Fig. 8.1-3

: . YVourVor . :
Gain=A,= lim — 37— where AV is the input voltage change
AV—0
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Static Characteristics - First-Order Model for a Comparator
Voltage transfer curve:

Vo

r Vou
Vi |f
T > Vp-VN
" JVia
V )
oL Fig. 8.1-4

where for a noninverting comparator,
Vg = smallest input voltage at which the output voltage is Vg

Vi1, = largest input voltage at which the output voltage is Vo,

Model:
vp O0——— o)
" + Vou -V,
. VYou - Vor
Vp-VN f1vP-vN)  vo The voltage gainis A, =7y, 7/,
VN o0—— o
N Comparator
Vog for (vp-vN) > Vi
fivp-vy) =< A\(vp-vy) for Vir< VP-VN)<Vy
Vor for (vp-vy) < vy Fig. 8.1-5
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Static Characteristics - First-Order Model including Input Offset Voltage
Voltage transfer curve:

Vo
A

Vos f Vor
[—> |
Vi, /| s
T » Vp-V
Vi
VOL e

Fig. 8.1-6
Vos = the input voltage necessary to make the output equal w when vp = vy.
Model:
vp O—+O:|_VP' 3.
iVOSVP,_VNV fivp-vN)  vo
VN o—-‘}]\’(’Iomparator ° Fig. 8.1-7

Other aspects of the model:
ICMR = input common mode voltage range (all transistors remain in saturation)
R;;, = input differential resistance

R = common mode input resistance
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Static Characteristics - Comparator Noise

Noise of a comparator is modeled as if 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 Characteristics - Propagation Time Delay

Rising propagation delay time:

Vo
A
Vogl|-------------------
VoL
Vi = Vp-VN
A
Vig 1-----
! ! Vig+V,
. L e v VIH 21L
1 | ; t
v LS
1L Fig. 8.1-9

Propagation delay time =

CMOS Analog Circuit Design
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Dynamic Characteristics - Single-Pole Response

Model:
A 0) A0
Ays) =75 = st+1
o, +
where

A(0) = dc voltage gain of the comparator

wc =7, =-3dB frequency of the comparator or the magnitude of the pole

Step Response:
vo(t) = A(0) [1 - e /7] Vyy,

where

Vi, = the magnitude of the step input.
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Dynamic Characteristics - Propagation Time Delay
The rising propagation time delay for a single-pole comparator is:

Vou-VoL 1
- 24,00y,

Define the minimum input voltage to the comparator as,

.. Yorn-YorL 1
Vin(min) =—4 0y - Ip = Te In |V, (min)
-1_ 2Vin
Define k as the ratio of the input step voltage, V;;, to the minimum input voltage, V;,(min),
Vin 2k
C=Vitmm - =iz
Thus, if k=1, 1, =0.6937.
Ilustration: Vout

/a— Vip > Vip(min)

Obviously, the more overdrive  vin Vour | [~ - YoH* VoI
applied to the input, the smaller v
OL¥+—————— "

the propagation delay time. = i
Otp tp(max)

>t
Fig. 8.1-10

CMOS Analog Circuit Design © P.E. Allen - 2003




Chapter 8 — Section 1 (2/25/03) Page 8.1-12

Dynamic Characteristics - Slew Rate of a Comparator

If the rate of rise or fall of a comparator becomes large, the dynamics may be limited by
the slew rate.

Slew rate comes from the relationship,
dv
i=Cjy
where i is the current through a capacitor and v is the voltage across it.
If the current becomes limited, then the voltage rate becomes limited.
Therefore for a comparator that is slew rate limited we have,
AV Vou- VoL
tp=AT =SR=""25R
where
SR = slew rate of the comparator.

CMOS Analog Circuit Design © P.E. Allen - 2003

Chapter 8 — Section 1 (2/25/03) Page 8.1-13

Example 8.1-1 - Propagation Delay Time of a Comparator

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.ImV. Therefore, the 10mV
input is 100 times larger than v;,,(min) giving a k of 100. Therefore, we get

1 2-100 200
=103 ln(2-100-1) =10-3 ln(@) =5.01ps
For slew rate considerations, we get

1
= 2.1x106 = 0-Sus

Therefore, the propagation delay time for this case is the larger or 5.01ps.
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SECTION 8.2 - TWO-STAGE OPEN-LOOP COMPARATORS
Objective
The objective of this section is:
1.) Illustrate 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 a two-stage, open-loop comparator

* Summary
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Two-Stage Comparator

An important category of comparators are those which use a high-gain stage to drive
their outputs between Vg and V(yy, 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

j]|——|hE

M3

- o—||: Ml szl— 0 Vout
Vin ‘ e
+o IJ T~ CL
+—] LMzl
VBias I_j M5 )
_ Vgs Fig. 8.2-1
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Performance of the Two-Stage, Open-Loop Comparator
We know the performance should be similar to the uncompensated two-stage op amp.

Emphasis on comparator performance:
e Maximum output voltage

Voru = Vop - (Vpp-Vge(min)-1Vypl)
* Minimum output voltage
VoL =Vss
Small-signal voltage gain

Eml
8as2t8.dsa

\/ 81,
L-A\J1- Be(Vpp-Ve(min)-1Vipl)2

A(0) =
Poles

Input: Output:

'(g ds2t8 ds4) '(g ds6t8 ds7)
p1= G p2= Cy

Frequency response
A,(0)

R

CMOS Analog Circuit Design © P.E. Allen - 2003

8m6 )
8as6t8ds7

Ay(s) =

Chapter 8 — Section 2 (2/25/03) Page 8.2-4

Example 8.2-1 - Performance of a Two-Stage Comparator
Evaluate Vpy, Vor, A(0), Vi, (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 V545 = OV. Also, assume that C; = 0.2pF and C;; = 5pF.

Solution

Using the above relations, we find that

8-234x10-6
Vog =2.5-2.5-0-0.7) |1 -°\/1 - 50x10-6-38(2.5-0-0.7)2 | = 2.2V
The value of Vi is -2.5V. The gain was evaluated in Ex. 6.3-1 as A,(0) = 7696.
Therefore, the input resolution is

' Vou-Vor 4.7V
V;,(min) = A,0) =7696= 0.611mV

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

_ 8ds2t+8dsa  15x10-6(0.04+0.05)
pr=- ¢ = 0.2x10-12

=-6.75x106 (1.074MHz)
and

¥ 8a7 95x106(0.04+0.05
p,=- 22 6CHg" 7. 5)510_12 ) 171x106 (0272MHz)
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Linear Step Response of the Two-Stage Comparator
The step response of a circuit with two real poles (p1 = p2) is,

paePt pier?
Voullt) = A (0) V|1 +pl-p2 ~ PiPa
Normalizing gives,
5 vout(t) m_ L ]2
Vour (ty ) =A0)V, = l -5getn + ;e where m =" I and t,=-1p]

If p1 = pp (m=1), then Vour (t,) =1 - et + tperr=1 - e-tn - t,etn

1 T

m=4 /:'___,-' -/_/_,/’_" :
\4 ,"’ //:

o
)

;m=>27// m ’”:&%.25

| /A

0 2 4 6 8 10
Normalized Time (¢, = -tp1 ) Fig. 8.2-2

I
o

Normalized Output Voltage
o o
~ o
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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
slew rate.

» Slope at =0 is zero
* Maximum slope occurs at (m =1)

In(m)
tp(max) =7, 77
and 1s

vy, (t,(max)) m |  (-In(m) In(m)

dt, = m—l[eXP( m-1 ) - exp(—m m-1 H
* For the two-stage comparator using NMOS input transistors, the slew rate is

I

SR-=Cy

. _Isly  058s(Vpp-Vae(min)-IVzpl) - I
SRe="c, = Cu

CMOS Analog Circuit Design © P.E. Allen - 2003




Chapter 8 — Section 2 (2/25/03) Page 8.2-7

Example 8.2-2 - Step Response of Ex. 8.2-1
Find the maximum slope of Ex. 8.2-1 and the time at which it occurs if the magnitude
of the input step is v;,(min). If the dc bias current in M7 is 100pA, at what value of load

capacitance, C; would the transient response become slew limited? If the magnitude of
the input step is 100v;,(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

p2 =-1.71x1006 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 Ip;l gives f(max) =
0.272us. The slope of the transient response at this time is found as

dvoys (tp(max))

dt, =-0.338[exp(-1.84) - exp(-0.253-1.84)] = 0.159 V/sec

Multiplying the above by Ip | gives

Pou %max) 1072V
Therefore, if the slew rate is less than 1.072V/us, the transient response will experience
slewing. Also, if C; = 100uA/1.072V/us or 93.3pF, the comparator will slew.

If the input is 100v;;,(min), then we must unnormalize the output slope as follows.

dv,,; (t( max)) V; dv,,; (t( max))
“ - Vin(rlﬁin) ST =100-1.072V/us = 107.2V/ps
Therefore, the comparator will now slew with a load capacitance of 0.933pF.
CMOS Analog Circuit Design © P.E. Allen - 2003
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Propagation Delay Time (Non-Slew)

To find ¢,, we want to set 0.5(Vog-Vor) equal to vy, At,). However, vy /,) given as

m 1
Vout(tn) = Av(O)Vin [1 - m_le'tn + m_le-mm}
can’t be easily solved so approximate the step response as a power series to get

m b I mlt,? mt,2A,(0)V,
Vout(tn) = AV(O)Vm 1- m-1 l-ln+ 7+ oo | m-1 l-m[n+ T+ ~ f
Therefore, set v,/t;) = 0.5(Vog-Vor)

VOH+ VOL mtpnzAv(O) Vin
2 = 2

or

VoutVor Vis(min) 1]
mA,0)V,, = mVi, = lmk
This approximation is particularly good for large values of k.
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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. 8.2-1 if V;, = 10mV, 100mV and 1V.

Solution

From Ex. 8.2-1 we know
that V,,(min) = 0.611mV and m 1 ——
= 0.253. For V,, = 10mV, k = I
16.366 which gives 7,, = 0.491.
The propagation time delay is
equal to 0.491/6.75x100 or
72.9nS. This corresponds well
with Fig. 8.2-2 where the
normalized propagation time
delay is the time at which the
amplitude is 1/2k or 0.031
which corresponds to t,, of

o
o)

©
o

o
~

Normalized Output Voltage

<
)

1

approximately 0.5 . Sim_ilarly, 2k = 0'03 1(? 7 'ﬁ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
for V., = 100mV and 1V we get 0 2 4 6 8 10

n ) : g 0.52 Normalized Time (¢, = tp1 = t/11)
a propagation time delay of tp= 052 70
23ns and 7.3ns, respectively. 6.75x106 Fig. 8.2-2A
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Initial Operating States for the Two-Stage, Open-Loop Comparator
What are the initial operating states for

v
the two-stage, open-loop comparator? LD
i | [ |
M3 M4 Vol {t M6

lil izl :I:CI

M1 M2 [—ove2 O Vout

vG1 o—]
1.) Assume vgo = VRer and vg1>VREF

with i < Igg and i»>0.

Initially, i4 > i and v increases. Vi ) O Lo
M4 becomes active and i4 decreases ) Vs Fig. 823
until i3 = i4. v, 1s in the range of,
VD - Vspa(sat) < vy1 < Vpp, vGl1 > VREF, i1 <lIgs and ip >0
and the value of v, is
Vout = Vs§ vG1 > VReF, 11 <Igsand ip >0
2.) Assume vp = Vegr and vg1 >>VREF, therefore i1 = Igg and ip = 0 which gives
Vol = VDD and Vout = VSS
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Initial Operating States - Continued
3.) Assume vGp = Vegr and vg1 < Vegrp with i1>0 and ip<Igg.

Initially, ig < ip and v,1 decreases. When v,1 < Vrgr - V7N, M2 becomes active and
i»> decreases. When i1 = ip = Igg/2 the circuit stabilizes and v, is in the range of,

VREF - VGS2 <Vol < VREF - VGs2 + Vpsa(sat)
or
Vo <vp1 < Vo + Vpso(sat), vG1 < Vo, i1 >0and ip < Igg

For the above conditions,

Bilss
BsB6(VDDVo1-VTp!)?
4.) Assume vgo = VRer and vy << VREgF, therefore ip = Iggand i1 = 0.

1 -

Vout = VDD - VDD-Vo1- V7P| 1

Same as in 3.) but now as v,1 approaches vgy with Ig¢/2 flowing, the value of vgs2
becomes larger and M5 becomes active and Igg decreases. In the limit, Igg — 0,vpgy =0
and vpgs = 0 resulting in

vol=Vss and vy =Vpp-(VDD-Vss-

Vel \/ B7lss
TP
BsB6(VDD-Vss-Vrpl)?
CMOS Analog Circuit Design © P.E. Allen - 2003
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Initial Operating States - Continued
5.) Assume vG1 = VRer and vgo>VRgF with iy < Igg and i1>0.

Initially, iq < ip and v, 1 falls, M2 becomes active and ip decreases until i1 = ip = Igg/2.
Therefore,
VREF - VGs2(Iss/2) <vo1 < VREF - VGs2(lss/2) +Vpsa(sat)
or

Vso(lss/2) <ve1 < Vsolss/2) + Vpsa(sat),  vga > VReFR, i1 >0 and ip < Igs
and the value of v, is

Bilss
BsB6(VDDvo1-VTp!)?
6.) Assume that vG1 = Vergr and v >> Vegr. When the source voltage of M1 or M2

causes M5 to be active, then Igg decreases and
| \/ | Bilss
BsB6(VDD -Vss-Vrpl)?

7.) Assume vG] = Vrgr and vgp < Vergr and i1 <Igs and ip > 0. Consequently, ig>ip
which causes v, to increase. When M4 becomes active ig decreases until ip = i4 at
which v, 1 stabilizes at (M6 will be off under these conditions and v,,; = Vgyg).

VD - Vspa(sat) < vy1 < Vpp, vG2 < VReF, i1 <Igsand ip >0

1 -

Vout = VDD - VDD-Vo1- V7P| 1

Vol =Vss and vy, =Vpp - (Vpp-Vss-IVrpl)
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Initial Operating States - Continued
8.) Finally if vy <<VREF, then i = Igg and ip =0 and

Vol = VDD and Vout = VSS.

Summary of the Initial Operating States of the Two-Stage, Open-Loop Comparator using
a N-channel, Source-coupled Input Pair:

Conditions Initial State of vy Initial State of vz
vG1>V G2, i1<Iss and i2>0 VDD-Vsp4(sat) <vy1 < Vpp Vss
vG1>>V G2, i1=I1s and ip=0 VDD Vss
vG1<VG2, i1>0 and ip<Iss  vo1=VG2-VGS2,act(ISS/2), =Vssif M5 Eq. (19), Sec. 5.1 for PMOS
act.
vG1<<V (G2, i1>0 and io<Igs Vss Eq. (19), Sec. 5.1 for PMOS

vG2>VGl, 11>0 and in<Igs  V§a(I§5/2)<vo1<Vs2(Iss/2)+V psa(sat) Eq. (19), Sec. 5.1 for PMOS
vG2>>VG1,11>0 and ip<Igs  VG1-VGs1Uss/2) , =Vss if MS active  Eq. (19), Sec. 5.1 for PMOS

v2<VG1, i1<Iss and >0 VDD-Vsp4(sat) <vy1 < Vpp Vss
vG2<<VG1, i1=Iss and ip=0 VDD Vss
CMOS Analog Circuit Design © P.E. Allen - 2003
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Trip Point of an Inverter

. : . . Vbp
In order to determine the propagation delay time, it is
necessary to know when the second stage of the two-stage o—[" M6
comparator begins to “turn on”. Vi liﬁ
Second stage: > Vout
& _T_ i7

T
Trip point:

VBias —
Assume that M6 and M7 are saturated. (We know that the ! .
steepest slope occurs for this condition.) Vss™ Fig 8.24

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

Kn(WA/L7)
Vin=VTRP = VDD - WPl - "\|Kp(We/Lg) (VBias~ Vss -VTN)

Example:
If W4/L7 = We/Le, Vpp = 2.5V, Vgg=-2.5V, and Vp;,s = OV the trip point for the
circuit above is

Virp = 2.5 - 0.7 -A[110/50 (0 +2.5 -0.7) = -0.870V
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Propagation Delay Time of a Slewing, Two-Stage, Open-Loop Comparator
Previously we calculated the propagation delay time for a nonslewing comparator.

If the comparator slews, then the propagation delay time is found from
dv; Av;
ij= Cid_tl' =C; Al;
where
C; 1s the capacitance to ground at the output of the i-th stage
The propagation delay time of the i-th stage is,
AV;
1= At; = Cil_l'
The propagation delay time is found by summing the delays of each stage.
Ip=t1+0+13+ -

CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 8.2-5 - Propagation Time Delay of a Two-Stage, Open-Loop Comparator

For the two-stage comparator shown
assume that C; = 0.2pF and Cj; = SpF.
Also, assume that v;; = OV and that v
has the waveform shown. If the input
voltage is large enough to cause slew to <¢>
dominate, find the propagation time delay
of the rising and falling output of the

30uA

comparator and give the propagation time g

delay of the comparator.
Y P 4.5um:]|

VG2 lum

asvl M8
oV 710 02 (04 06~
2SNV — Fig.825

Solution

1.) Total delay = sum of the first and second stage delays, ¢; and t,
2.) First, consider the change of v, from -2.5V to 2.5V at 0.2ys.
The last row of Table 8.2-1 gives v, = +2.5V and v,,,;, =-2.5V

3.) tp, requires Cp, AV,, and Is. C; = 0.2pF, Is = 30uA and AV can be calculated by
finding the trip point of the output stage/
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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 234puA.

Be 2342
2 (VSG6'|VTP|)2 =234pA — V56 =0.7 + 50.38 = 1.196V

Therefore, the trip point of the second stage is Vyppy =2.5 - 1.196 = 1.304V

Therefore, AV; = 2.5V - 1.304V = Vgg6 = 1.196V. Thus the falling propagation time
delay of the first stage is

1.196V
tto1 = 0.2pF (WJ =8 ns
5.) The rising propagation time delay of the second stage requires Cy;, AV,,,;, and Ig. Cpy

is given as 5pF, AV,,; = 2.5V (assuming the trip point of the circuit connected to the
output of the comparator is OV), and I can be found as follows:

Vie(guess) = 0.5[Vi6(1g=234uA) + Ve(min)]

. 2-15
Vge(min) = Vg1 - Vgs1Uss/2) + Vpsa = -Vgsi(Uss/2) = -0.7 - \[T10.3 = -1.00V
Voe(guess) = 0.5(1.304V-1.00V) = 0.152V

B 38-50
Therefore Vsge = 2.348V  and I =5 (Vsge-IVyph?2 = =5 (2.348 - 0.7)2 = 2,580uA

CMOS Analog Circuit Design © P.E. Allen - 2003
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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 |2 580uA-234pA | = 5-3 s

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 v, from 2.5V to -2.5V which occurs at 0.4us. We shall
assume that v, has been at 2.5V long enough for the conditions of Table 8.2-1 to be
valid. Therefore, v,1 = Vgg =-2.5V and v,,; = Vpp. The propagation time delays for the
first and second stages are calculated as

1.304V-(-1.00V) - Vour | | el
fro1 = 0.29F| =154  / ~
rol p 3OMA ns 2V il VTRP6 C 1304V\ :;\
v :‘:’ i Balaieiiid nlei B B e D ST R
2.5V Y ; \
tour = SPF (234]4A) = 53.42ns ov L
8.) The total propagation time delay of the - Vol \
falling output is 68.82 ns. Taking the 'V [ ™71
average of the rising and falling propagation L‘ Fallin ;m\
time delays gives a propagation time delay [ Rising prop. delayltime | N 3
for this two-stage, open-loop comparator of sy E.delayime) el s
about 41.06ns. 200ns 300ns 400ns 500ns 600ns
Time Fig. 8.2-6
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Design of a Two-Stage, Open-Loop Comparator
Table 8.2-2 Design of the Two-Stage, Open-Loop Comparator of Fig. 8.2-3 for a Linear

Response.

Specifications: t,,, Cyy,V;,(min), Vo, Vor. Vicm+’ Viem™» and overdrive Constraints: Technology, Vpp and Vgg

Step Design Relationships Comments
1 1 priCrr Choose m =1
pp=lpg=—""FT— dl7=Ilg=777,
pp =lpp ik and 17 =1le =35
2 % _ 2-1g q & ~ 2:I7 Vspe(sat) = Vpp-Vou
L6 = kp(Vopesa)? - L77 Knp(Vpgr(san)? Vps7(sat) = Vo - V
P VSDe6\sa N VDS7(sa DS7 OL~-"SS
3 2Cy A result of choosing m = 1.
Guess Cyas 0.1pF to 0.5pF ns =17 C_H Will check Cj later
4 W3 Wa_ s VsG3=Vop-Viem +VIN
137 L4 kp (vegsvrph?
> AO)gds2t8dsd)8ds68ds?) W1 W2 gm1? _~ [ Vel 0= Vor-Vor
E8ml = gmé6 Lq = Ly = Knis 8m6 = Lg Vi) =V, (min)

6  Find Cyand check assumption

Cr= Coin+Cqs+Cas6+Cpa2+Chds
7 Wy 215
Vpsssat) = Viem ™ Ves1-VsS T = .. .

If Cyis greater than the guess in step 3, then
increase Cyand repeat steps 4 through 6

If Vpgs(sat) is less than 100mV, increase W{/L1.

CMOS Analog Circuit Design
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Example 8.2-6 - Two-Stage, Open-Loop Comparator Design for a Linear Response.

Assume the specifications of the
comparator shown are given below.

Ip= 50ns Vo =2V VorL=-2V
Vpop = 2.5V Veg= -2.5V C]] = 5pF
Vip(min) = ImV Vgt =2V Vg =-1.25V

Also assume that the overdrive will be a factor vg; o[ M1

of 10. Use this architecture to achieve the
above specifications and assume that all
channel lengths are to be 1um.

Solution

Following the procedure outlined in Table
8.2-2, we choose m =1 to get
109
lpd =Ipyl = —SOVE = 6.32x100 rads/sec

This gives
6.32x106-5x10-12

[~ M6

R
I Cn
=

l

Vss Fig. 8.2-3

le=17= 0.04+0.05 =351uyA— [ =17 =400pA
Therefore,
We 2.400 W4 2:400

Ls =(0.5)2-50 = ¢

CMOS Analog Circuit Design
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Example 8.2-6 - Continued
Next, we guess C; = 0.2pF. This gives I5 = 32uA and we will increase it to 40pA
for a margin of safety. Step 4 gives Vgg3 as 1.2V which results in
Wy Wi a0 Wi Wi,
Ly =Ly =50(12-072=°2 = L =L =

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

4000-0.09-20
&ml =" 4444 = 162uS

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

Wi W (162)2 W W
L =L, =11040=°9 — T, =T, =6

To check the guess for C; we need to calculate it which is done as
Cr= Cop+CoutCos+Cpan+Cpas = 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 - 2003
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Example 8.2-6 - Continued
Finally, the W/L value of M5 is found by finding V591 as 0.946V which gives
Vpss(sat) = 0.304V. This gives

Ws 2-40
Ls = (0.304)2-11
Obviously, M5 and M7 cannot be connected gate-gate and source-source. The value of /5

and 77 must be derived separately as illustrated below. The W values are summarized
below assuming that all channel lengths are 1um.

W, =W, = 6um W3 =Wy = 4um W5 = 8um We = 64um W7 = 29um

O:7.87z8

VbD
d} 10uA 2/1 '_’||—4||‘_‘8/1
Mio| M11l |
10pA ! 40pA
M8 | M9 l l;\/15 l 40uA o | M7 1400MA
| s [ 20
Vss Fig. 8.2-7
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Design of a Two-Stage Comparator for a Slewing Response
Table 8.2-3 Two-Stage, Open-Loop Comparator Design for a Slewing Response.

Specifications: t,,, Cy7.,Vi,(min), Vo Vor, Viem s Viem™

Constraints: Technology, Vpp and Vgg

Step Design Relationships Comments
1 dvour CriVowVor) Assume the trip point of the output is (Vg
I1=le=Cir—g = i VoL)2. Leti, =1,,=0.51,
2 Wg 2-1¢g W4 2-17 Vspe(sat) = Vpp-Vou
To = koo an2 W4T =
Kp' (Vspe(sat) Ky (Vpg7(sat) Vps7(sa) =Vor, - Vss
Guess Cjas 0.1pF to 0.5pF Typically 0.1pf<Cy<0.5pF
4 dvo1  CrVow-Vor) Assume that v, swings between Vg and
Is=Cr—gr = 0 Vor.
5 W3 W I
L—3 = L—4 = > VsG3 =Vpp-Viem +VIN
37 M Kp(VsaVrph?
¢ AVO)8dsa+8dst)8ds6+gds) W1 W2 gm1? _A [ Yels ) _YorYoL
&ml = Smb Ll = L2 = KNIS Em6 = L6 v - Vm(mln)

7  Find Cjand check assumption
Cr=Cop+Cqs+Cos6+Cp2+tChda

8 Ws
VDss(sa) = Vien™VGS1-Vss Ts =

2-15
Ky (Vpgs(sat)2

If Cy is greater than the guess in step 3, increase
the value of Cjand repeat steps 4 through 6

If Vpgs(sat) is less than 100mV, increase W1/Ly.

CMOS Analog Circuit Design
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Example 8.2-7 - Two-Stage, Open-Loop Comparator Design for a Slewing Response

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

Vou =2V
Vin(min) = ImV

tp =50ns
C[] = 5pF

Vor=-2V  Vpp=2.5V
Vicm+ = 2V Vicm- = -125V

Veg=-2.5V

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 1um.

Following the procedure outlined in Table 8.2-3, we calculate /4 and 17 as

Solution
5x10-12.4
lIg=17= 30x109 = 400uA
Therefore,
We 2400 W

2-400

Ls = (0.52-50 = %4
Next, we guess C;= 0.2pF. This gives

and7."=952.110= 27

0.2pF(4V)
Is="509ps =16uA —  I5=20uA
Step 5 gives Vggz as 1.2V which results in
Wy Wi 20 Wy Wi
Ly =Ly =50(12-072= 16 = Iy =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
gm1 =" 4444  =8lpS

This gives the W/L ratios of M1 and M2 as
W3 W4 (81)2 Wi W,
L; =L, =11040=149 — T, =T7,=2
To check the guess for C; we need to calculate it which done as
Cr= CoptCostCos+Cpan+Cpas = 0.91F+0.4F+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 Vg1 as 1.00V which gives Vpgs(sat)
=0.25V. This gives

Ws 220
Ls = (0.25)2-110

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 1um.

=58=6

Wl = W2 = 2!.11'11 W3 :W4 = 4|Jm W5 = 6].111'1 W6 = 64].1111 W7 = 29].11’1’1
CMOS Analog Circuit Design © P.E. Allen - 2003
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SUMMARY

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

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

* It is important to know the initial states of a two-stage, open-loop comparator when
finding the propagation delay time

e 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 as large as possible
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SECTION 8.3—- OTHER OPEN-LOOP COMPARATORS
Objective
The objective of this section is:
1.) Show other types of continuous-time, open-loop comparators
Outline
* Push-pull comparators
* Comparators that can drive large capacitors

CMOS Analog Circuit Design © P.E. Allen - 2003
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Push-Pull Comparators

Clamped:
Vbp
M4|_:ll 0 ILJMé
I
M3 0 Il'_'Ms
- o[ Ml M2_|- ' | > Vout
Vin CL
‘o - I
M5 -
+—] MgE“__”%W
VBias
_ Vss Fig. 8.3-1
Comments:

e Gain reduced — Larger input resolution
* Push-pull output — Higher slew rates

CMOS Analog Circuit Design © P.E. Allen - 2003
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Push-Pull Comparators - Improved
Cascode output stage:

VD
M4|:]I IEM6
M15
| A |
V| M g v
R Ry Y
o[ M1 M2 MO ' | > rout
Vin ; \ [ M12=<Cu
To \ IMIO A | I
M5 | | MI11 =
+ = 0 [, M13
VBias I_'l
) Vss Fig. 8.3-2

Comments:

* Can also use the folded cascode architecture

» Cascode output stage result in a slow linear response (dominant pole is small)
* Poorer noise performance

CMOS Analog Circuit Design © P.E. Allen - 2003
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Comparators that Can Drive Large Capacitive Loads

VbD

i o
M3 M4

- 0—|I:M1 szl— o Vout

to |J —Cn
+— LM7 Y mo YoM L

Comments:

e Slew rate = 3V/us into 50pF

 Linear rise/fall time = 100ns into 50pF
e Propagation delay time = 1ps

e Loop gain = 32,000 V/V
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Self-Biased Differential Amplifier’

Vbp
Vbp
VBiaso—|" M6 Extremely
— ¢ large sourcing
M3 M4 ,/ current
M3 M4
Vin* Vin® [:»Vin"' T Vin
Ml - M2
Ml M2
VBiaso—| |, M5
Vs Vss Fig. 8.3-4
Advantage:
Large sink or source current with out a large quiescent current.
Disadvantage:

Poor common mode range (v;,* slower than v;;,")

¥ M. Bazes, “Two Novel Full Complementary Self-Biased CMOS Differential Amplifiers,” IEEE Journal of Solid-State Circuits, Vol. 26, No. 2, Feb.
W0Spudiog-Cakuit Design © P.E. Allen - 2003
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SECTION 8.4- IMPROVING THE PERFORMANCE OF
COMPARATORS

Objective

The objective of this section is:

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

* Autozeroing techniques

» Comparators using hysteresis

* Summary

CMOS Analog Circuit Design © P.E. Allen - 2003
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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.

Ideal Ideal Ideal

Seo \Comparator Seo \Comparator

Seo \Comparator

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.)

e Complete offset cancellation is limited by charge injection

CMOS Analog Circuit Design © P.E. Allen - 2003
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Differential Implementation of Autozeroed Comparators

vour=Vos

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

Fig. 8.4-2
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Single-Ended Autozeroed Comparators

Page 8.4-4

Noninverting:
T \
b1 CIAZ
!

VIN
(e,

(0)) |

o1
A

Inverting:

vour

Fig. 8.4-3

vour

Caz
VIN
°_/<I>2 k I
o1
L I

Comment on autozeroing:

present on the comparison phase of the process.

CMOS Analog Circuit Design
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Need to be careful about noise that gets sampled onto the autozeroing capacitor and is

Fig. 8.4-4
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Influence of Input Noise on the Comparator

Comparator without hysteresis:

Comparator

threshold
\4

Page 8.4-5

VOH " Vout il

VoL
Comparator with hysteresis:

Fig. 8.4-6A

CMOS Analog Circuit Design
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Use of Hysteresis for Comparators in a Noisy Environment
Transfer curve of a comparator with hysteresis:

vour v VOUT v
 Von OH
< < < - — — . T»{ R
) ) ) A_> «— A RV | " i
Y VIrRp+ - R—I(VOH-VOL)—>" VIRP+
2
o, ? 0 -
/ﬂr >VIN < 0 Yy IN
VTRP v A VIrp 4
\ 4 OL 4
— > b{ > < < »/V oL [
_> = = = hl hl hl 4—
Counterclockwise Bistable Clockwise Bistable Fig. 8.4-5
Hysteresis is achieved by the use of positive feedback
e Externally
* Internally
CMOS Analog Circuit Design © P.E. Allen - 2003
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Noninverting Comparator using External Positive Feedback
Circuit: vour Vor
D P
v LR o 4
VIN Ry A R*Z(VOH'VOL)* _IML
vour 0 . ~I§12N
_RIVOH/ 0
N k2 lL oL T
_ ] Fig. 8.4-7 = 5
Upper Trip Point:
Assume that voyr= Vo, the upper trip point occurs when,
R, R, R,
0= (Rl+R2 VoL +|R+R,|Vrrr" — Viret =-R, Vor
Lower Trip Point:
Assume that vy = Vopg, the lower trip point occurs when,
R, R, R,
0= (R1+R2 Vo +\R+R,|V1rP — Virr=- R, Vou
Width of the bistable characteristic:
Ry
AVip = Virp*-Virp =R, (Vou -Vor)

CMOS Analog Circuit Design © P.E. Allen - 2003




Chapter 8 — Section 4 (2/25/03)

Page 8.4-8

Inverting Comparator using External Positive Feedback

Circuit:
vouT
Vor
N PR
VIN «—] 7 T
vour I R (VE;-VOL) J’«
R1+R;
0 >V
v 0 w IN
R Ry R1VOL/ J \RIVOH
Ri+Ry | o, 1_Rivk:
- E 8.4-8
Upper Trip Point:
R,
viv = Vre" = |\R+R,|Vou
Lower Trip Point:
R,
vin=Vigp = R+R, Vor
Width of the bistable characteristic:
R,
AV = Vipp™=-Virp = (RI+R2 (Vou -Vor)

CMOS Analog Circuit Design
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Horizontal Shifting of the CCW Bistable Characteristic
Circuit:
v
O‘FT« I%(VOH'VOL)*>
Ry Vor| 2 - :
JL R1+R2Vi M
VIN RZ REF
rour 0 A »VIN
' RiIVorl
VREF+; RiVou" R, [
: AT
il Vo 1 R2 I
. = OL —5—> ———>
Fig. 8.4-9
Upper Trip Point:
R, R, R{+R, R,
Vrer = |R+Ry)VoL +|R+R,|V1rr* — Vire" =\"R, |Vrer-R, VoL
Lower Trip Point:
R, R, R+R, R,
Veer = R{+R, Voun + R{+R, Virp g Virp = R, REF ~ R_2 Vou
Shifting Factor:
R1+Ry
"R, | VREF

CMOS Analog Circuit Design
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Horizontal Shifting of the CW Bistable Characteristic

Circuit:
VOUT g
VIN M -
vour _“;’ R1+R2(VOH Vor) «
Von b —> > >
R2 Vi \ 4
R1+Ry REF
O : R V Y 4
+ o LTOH 1
VREF = _JTRR—IIVIng L R1+R2
= +Ry
—I— VoL <1 2% #":
Fig. 8.4-10
Upper Trip Point:
R, R,
viv=Vire" = \R 4R, Vor +\R+R,|VrEF
Lower Trip Point:
R, R,
vin=Vrgp = R4R, Voo + R4R, VREF
Shifting Factor:
Ry
R1+R,) VREF
CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 8.4-1 Design of an Inverting Comparator with Hysteresis

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

Solution

Putting the values of this example into the above relationships gives

Ry )
1= (R1+R2 2+ R1+R2 VREF
and
R Ry
0 =( 1+R> (-2) + R1+R2)VREF

Solving these two equations gives 3R| = Ry and Vgppr = (2/3)V.

CMOS Analog Circuit Design © P.E. Allen - 2003
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Hysteresis using Internal Positive Feedback
Simple comparator with internal positive feedback:

VbbD

Fig. 8.4-11
Vss

CMOS Analog Circuit Design © P.E. Allen - 2003
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Internal Positive Feedback - Upper Trip Point
Assume that the gate of M1 is on ground and the
input to M2 1s much smaller than zero. The
resulting circuit is:

M1 on, M2 off — M3 and M6 on, M4 and M7 off. Velo— Vo2
Vo2 1s high.
W6/L6 i—' R +
M6 would like to source the current ig = W3Ls ! Vin
As v}, begins to increase towards the trip point, the L
current flow through M2 increases. When iy = ig, Fig. 8.4-12A
the upper trip point will occur. Vss
WelLe We/Leg i5
i5 =11+ = i3+ = i3+[m]i3 i [1 +W3/Lz| = 11 =13=T + [(Wg/Le)/(W3/L3)]

Also, ip=i5-i]=i5-13
Knowing i1 and iy allows the calculation of vgGg1 and vGs2 which gives

. % %
VIRPT =vGs2-vGs1="\| B * V12 - \/ B - V71

CMOS Analog Circuit Design © P.E. Allen - 2003
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Internal Positive Feedback - Lower Trip Point
Assume that the gate of M1 is on ground and the input
to M2 is much greater than zero. The resulting circuit
1s:

M2 on, M1 off - M4 and M7 on, M3 and M6 off.
Vo1 1s high.

W+/LA
M7 would like to source the current i7 =WalLyg i

As vj, begins to decrease towards the trip point, the
current flow through M1 increases. When i| = i7, the

lower trip point will occur. Vss Fig. 8.4-128
o (Walkyy o Willg
Sy =11+ =17+i4 = [mju +ig =14 [1 +m}
. is
TRT4E1 4+ [(Wr/L7)/(WalLg)]
Also, i1 =i5-ip=i5-1i4
Knowing i1 and iy allows the calculation of vgGg1 and vGs2 which gives
209 201
VIRP =VvGS2-vGs1="\/ B * V12- "\ B1 - V71
CMOS Analog Circuit Design © P.E. Allen - 2003
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Example 8.4-2 - Calculation of Trip Voltages for a Comparator with Hysteresis

Vbp

Consider the circuit shown. Using the
3.1-2 calculate the positive and negative M6 M7 [:JM“
threshold points if the device lengths are all 1

—OVo2
= W7 =10 um and W3 = W4 =2 um. The gate
of M1 is tied to ground and the input is the vito— M1 MZFA_“—OV’Q

transistor device parameters given in Table

IBias d) M\z]
um and the widths are given as: W1 = Wy = Wg Vol 0
gate of M2. The current, i5 = 20 uA

Solution
M8_ || [, M5
To calculate the positive trip point, Ft]
assume that the input has been negative and is Vss
heading positive.
. (Wil . . . is . 20uA
i6 = (WJL)s 13=0/D3)  — i3=T[(W/L)g/(WIL)3] =i1=T+5 =3.33uA

. 2i; 2:3.33\12
ip=15-101=20-3.33=16.67 uA — vgs] = (/3_1 +Vr1 = ((S)TIO +0.7=0.81V

20\172 2-16.67\1/2

VGS2 = ([5_2 +Vp = (m +0.7 =0.946V

VIrp+ = vGs2-vGst = 0.946-0.810 = 0.136V

Fig. 8.4-11

172
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Example 8.4-2 - Continued
Determining the negative trip point, similar analysis yields
ig =333 uA
i1=16.67 uA
vgs2 = 0.81V
vGs1 = 0.946V
Vrrp- =vGs2 - vgst = 0.81 = 0.946 = -0.136V

PSPICE simulation results of this circuit are shown below.

2.6 L T T T T T T T T T T i
L ] N
2.4 w .
22 F .
2k ]
Vo2 C ]
(volts) ~ [ ]
1.6 F \ .
1.4 F \\ .
12 t :
1 [ 1 1 1 1 1 1 1 1 M-
-0.5 -04 -03 -0.2 -0.1 0.0 0.1 02 03 04 05
Vin (volts) Fig. 8.4-13
CMOS Analog Circuit Design © P.E. Allen - 2003
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Complete Comparator with Internal Hysteresis

Isis (¥ M3 M6 M7 M4
CJ) M9:||_"I:t|_{ }—Iif"—lr__Ms

Vil V2
o—| M1 M2r—_l|—o —O Vour
M10:|I |l:M11
Msr__]: 7 IR
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:

VbD How does this circuit work?
Assume the input voltage, vj,, is low and the output
—|_M5 voltage, voyur , is high.

M3, M4 and M5 are on and M1, M2 and M6 are off.

—{[‘_‘M4 3 When vjj, 1s increased from zero, M2 starts to turn on causing

Vi E E Vout M3 to start turning off. Positive feedback causes M2 to turn
7] on further and eventually both M1 and M2 are on and the
—|[:M2 M6 output is at zero.

The upper switching point, V7rpt is found as follows:

Y When vj;, 1s low, the voltage at the source of M2 (M3) is
vs2 = Vpp-V1n3

=  Fig. 84-15 i
Vrrpt = v, when M2 turns on given as Vyppt = Vrng + v

Vrrpt occurs when the input voltage causes the currents in M3 and M1 to be equal.

CMOS Analog Circuit Design © P.E. Allen - 2003
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Schmitt Trigger — Continued
Thus,  ip; =B VTRPY - VIn1)? = B3( Vpp - vsa- Vinz) 2 = ip3
which can be written as, assuming that Vyyy = Vs,

81 Varpt - Vin ()2 = ol Vop— ViepH? >V +_VTN1+\/ﬁ3/ﬁ1VDD
1(VrrP* - Veni) 2 = B3( VDD ~ VTRP TRP N

The switching point, Vygp- is found in a similar manner and is:

\B5/B6 VDD - Vrps)

Ps(VDD - VIRP™ - V1ps)* = ol VIRP)? = VIRP =" | 55
The bistable characteristic is, Vous
ou
Vbb 1 >
y N A 4
0 < L v
0 Vigp- Vet 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 a noisy signal through hysteresis
* Comparators with hysteresis (positive feedback)

- External

- Internal
CMOS Analog Circuit Design © P.E. Allen - 2003
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SECTION 8.5 — DISCRETE-TIME COMPARATORS (LATCHES)
Objective
The objective of this section is:
1.) Ilustrate 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 Comparator Avoiding Common Mode Problems

V1 ¢1 1

o—" C ¢

+ - Vour

v, &

2 | . [c

CP + V2
Vos\ -
A switched capacitor comparator Equivalent circuit when the ¢ switches are closed

Fig. 8.5-1

¢1 Phase:
The V7 input is sampled and the dc input offset voltage is autozeroed.
Ve =V1 -Vos and Vep(91) =Vos
¢» Phase:
Vo€ (Vi-Vos)C  VipsC,
Voul$r) =-A [C+cp "7 C+C, TG,

C c C C
(Vy-Vy) C+C, t Vo C+C,* C+C,)| * AVps =-A(V,-V)) C+C, = A(V1-V2)

if Cp 1s smaller than C.

+ AVOS

=-A
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Differential-In, Differential-Out Switched Capacitor Comparator

o c
+ 92 kl( P1 ?
b1 RN
V; JT_ N > Vout

e
C {1) 5

o—r"
$2

| {
K I\
d1

—_—

1 Fig. 8.5-2

Comments:
» Reduces the influence of charge injection
¢ Eliminates even harmonics
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Regenerative Comparators

Regenerative comparators use positive feedback to accomplish the comparison of two
signals. Latches have a faster switching speed that the previous bistable comparators.

NMOS and PMOS latch:

VDD VDD

n I M1 }>({ M2
Vol o OVy2 Vol © OVy2
Ml % M2 I b

NMOS latch PMOS latch

Fig. 8.5-3
How is the input applied to a latch?
The inputs are initially applied to the outputs of the latch.
Vo1’ = initial input applied to v,
Vy2’ = initial input applied to v,»
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Step Response of a Latch
Circuit:

R; and C; are the

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

Nodal equations:

9

ol

gm1V02+GlVol+SC1[Vol' s ] = 8&mVortG V1 +sCV ,1-CiV, " =0

V02

gm2Vo1+GaVortsCy| Vior- — ] = 8m2Vo1tGVoptsCV p-CV =0

Solving for V1 and V) gives,

R,C, gn1R) T gmiRy
Vor = 5R,.CoT Vor = SR, CoT Vor =5y Vor = syl Vo
Ry, . &mf 2 8maR>

V02 = SR2C2+1 V02 - SR2C2+1 VOl = ST2+1 VOZ’ - ST2+1 VOl
Defining the output, AV,,, and input, AV}, as
AV,=V,n-V,1  and AVi=V,2'-Vor1’
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Step Response of the Latch - Continued

Solving for AV, gives,
T gmh
AV, =Vp-Vo1 = 51 AVi+ 5761 AV,
or
T AV;
TAV; 1-g,,R T’ AV,
AV, = st+(1-g,R) = sT = 5T+l
1_gm Rt 1
where
T
T =1-g,R

Taking the inverse Laplace transform gives
Av,(t) = AV, eT = AV, e18nR) /T = egmRITAV,  if g,,R >>1.
Define the latch time constant as
., T C 067WLC, WL3
w=ITl~g.R =g, =\ w1 = V07Co N 2KT
lf C = Cgs.
AV, (1) = et AV;
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Step Response of a Latch - Continued

Normalize the output voltage by (Vog-Vor,) to get
AVout(t) AVI
VorVor = €™ VouVor

which is plotted as,

0.8 [

)
W/

ANou
Vou-VoL - /
0.4

=

oo
N,

v |
Q\
S

S T~—
\

0 L 1
0 1 2, 3 4 S
Vou Vor
The propagation delay time is 7, = 1 In |5 AV,
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Example 8.5-1 - Time domain characteristics of a latch.

Find the time it takes from the time the latch is enabled until the output voltage,
AV, equals Vog-Vor if the W/L of the latch NMOS transistors is 10um/1um and the
latch dc current is 10puA when AV; = 0.1(Voy-Vor) and AV; = 0.01(Voy-Vor). Find the
propagation time delay (AV,,,=0.5(Vog-Vor)) for the latch for each of these conditions.

Solution
The transconductance of the latch transistors is

gm =N2-110-10-10 = 148uS

The output conductance is 0.4uS which gives g,,R of 370V/V. Since g,,R is greater than
1, we can use the above results. Therefore the latch time constant is found as

WL3 (10-1)x10-18
77, =0.67C,, \/ 2] = 0.67(24x10-4) 2110x10-6-10x106 = 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(V,,-V,,)
that ¢, = 2.3067, = 249ns.

If we assume that the propagation time delay is the time when the output is 0.5(Voy-
Vor), then using the above results or Fig. 8.5-5 we find for AV; = 0.01(Vpy-Vor) that 1, =
3.91t; = 422ns and for AV; = 0.1(Voy-Vor) that t, = 1.61t, = 174ns.
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Comparator using a Latch with a Built-In Threshold"
How does it operate?

Vbp

1.) Devices in shaded region operate in the o o_”f " Ms o o1
triode region. Latch M9 M10 Latch
2.) When the latch/reset goes high, the upper  /Reset /Reset
cross-coupled inverter-latch regenerates. The ¢ro—|, M5 M6 |0 ¢
drain currents of M5 and M6 are steered to

obtain a final state determined by the mismatch R E; Vourt Vour ;M_4 Ry

between the R and R» resistances. M

M1 M2 M2
1 ‘4/1 W Vin* O—| [: |—'L|_ —,_+—| :] |—o Vin~

2
R_l = KN L L (Vin+ -V +77 (VREF - V7) VREF % ? VREF™
and —i‘ Fig. 8.5-6
1 W1 W>
Ry =KN{ T Oin - VD) +7 (VREFT - V)

3.) The input voltage which causes R and R} to be equal is given by
Vip(threshold) = (Wo/W{)VREF

Wo/W1 = 1/4 generates a threshold of +0.25VgEF.

Performance —  20Ms/s & 200uW

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

Vbbp

1 o—|l§ M7 | —[ M8 I:l|—o o1
M9 ><: MI10
d1 o—|l: M5 M6:||—O o1

M3 —o o——[, M4
Vin* o_||__.|M1 Mzr__ll—o Vin

= Fig. 8.5-7
Dissipated S0uW 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 Latch
Circuit;

JVDD
¢Iéa1ch | M6

M5
S —  Fig. 858
Input offset voltage distribution:

. 820 L=1.2um

8 g* 0=5.65 (0.6um Process)

E510

%% LR A

S0 1 L v rrg rd A rd 114 >
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 as time 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
* Amplifier-latch comparators
* Summary
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Conceptual Illustration of a Cascaded Comparator
How does a cascaded, high-speed comparator work?

Ao || Ao [ Ao

Ao _l_ Ag _l_ Ag _o_l_

YO STl [ sTHL [ | sTHl [ ST sT+1 [ | sT+1
Linear Linear Linear Large Large Large
small small & large signal signal signal
signal signal signal small C  bigger C  big C Fig. 8.6-1

Assuming a small overdrive,
1.) The initial stage build the driving capability.

2.) The latter stages swing rail-to-rail and build the ability to quickly charge and
discharge capacitance.
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Minimizing the Propagation Delay Time in Comparators
Fact:

e The input signal is equal to V;,(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 a latch for quick transition to the full binary output swing.

[lustration of a preamplifier and
latch cascade: Vout

A
Minimization of Ip: Von

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

A. n=6and A=2.62 butthisisa
very broad minimum and n is
usually 3 and A = 6-7 to save area.

VoL
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Fully Differential, Three-Stage Amplifier and Latch Comparator
Circuit:

FB FB FB
Reset Gy Cy3 Cys
WA RN [ [ L | 3
Reset A > \ A > \ 3 > \ Latch | Vour
Y A I AT I AT I . .
c, == I\ Reset )\ Reset )\ Reset -
1 =<| G2 am Cyy am Cve ]
= I C FB FB FB Clock
o)
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

e Can run as high as 100Msps
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Preamplifier and Latch Circuits

Gain: Vop
4o Sl Em2 |KN'(W1/Ly) M3L:]4}—| —|[fM4
VZTem3 T T 8ma =~ \| Kp (W3/L3)
Dominant Pole: B e [f T ° Q
gm3  8ma - -

\Pdominant = cC = C FB R o Q
where C is the capacitance seen from the ~~~ ) [:Ml °_i[:‘ Ms| M6
output nodes to ground. ---9| n {[:‘MZ 4

If (W1/L1)/(W3/L3) = 100 and the Enable | Leteh
bias current is 100uA, then A = -3.85 Preamplifier Latch
and the bandwidth is 15.9MHz if C =
OSPF VBias O——IfaL
Comments: | Fig. 8.6-4

* 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:
VBtavP VBlavP
M4
Vout [‘\J‘ \l:]}—‘ ’—{[‘\Jl :;1:]/[ Vout
Reseti
rg Mll M10 MI2 o
o—i . M7 M8 _|—o
Bzas
Vipt Vin~
Fig. 8.6-5
Gain:
A Sl \/KN’(WI/LI)II_ \/KN’(WI/LI) B
v="gm3 =" \Kp(W3/L3)I3 =~ \| Kp"(W3/L3) \| ‘113

If I5 = 2413, the gain is increased by a factor of 5
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Charge Transfer Preamplifier
The preamplifier can be replaced by the charge transfer circuit shown.

vin=Vrer VPR

1 s

CTI—F sl : c O%vtm

Charge transfer amplifier. Precharge phase. Amplification phase.

Vin = VREF+AV
VREF- VT-I-AVi

\4
+
Vout =VPR ‘gg AV
T

Fig. 8.6-6
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:

Vout
Vin O

I——I

VPR
i
! 331 T
Fig. 8.6-7

Comments:
* NMOS and PMOS allow both polarities of input
e 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 SpyW
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A High-Speed Comparator

Circuit:
IVDD
| | l:J Self-biased
! I diff amp  OQutput
:]I 0 I Driver
Preamp
_Vgut
Vint o— }—‘
Vinm o M
5 Ad S
l IBms
Latch
= Fig. 8.6-8
Comments:

* Designed to have a #,, = 10ns with a 5SpF load and a 10mV overdrive

* Not synchronous
* Comparator gain is greater than 2000V/V and the quiescent current was 100uA
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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 Characterization
* 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
* The dc 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 v;;, = V;;,(min)

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