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LECTURE 1 - HOW TO DESIGN OPEN
0 LOOP COMPARATORS

Topics:

« Comparator characterization

« Types of comparators

« Design of single-stage comparators

« Design of folded cascode comparators

« Design of two-stage comparators

What will I learn?

« How to design open loop comparators to
satisfy a given set of specifications

Dr. Phillip Allen
Prof. Emeritus, ECE, Georgia Tech Version 200422
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Characterization of Comparators

What is a Comparator?

« The comparator is a circuit that compares one analog signal with another analog
signal or a reference voltage and outputs a binary signal based on the comparison

« The comparator is basically a 1-bit ADC

Reference 1-Bit ADC Analog Comparator

Voltage Input 1 _

1-Bit 1-Bit 1-Bit
, Quantizer] ' |Encoder Digital
Analog 1-Bit 1-Bit 1-Bit Arfalog Output

Input 7 Quantizer Encoder [ Digital Input 2° ]
Output
200401-01

Comparator symbol:

vp Vor if vp > vy
o— Vo = ;

* 0 VoL ifvp<vy
VN
o iy 200401-02
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Characterization of Comparators

Characterization
The input to the comparator is analog and the characterization is
essentially the same as an op amp: vo vo
« Common mode input range / oA A \
« Input offset voltage Vi V > VPV V5 Vii oy
0 IH IL !
* Noise - transition uncertainty Vor i/ \i y
P 4 oL
The transfer characterization: v, Noninverting Comparator Inverting Comparator  ,,0,01.03
Vor-VoL Voh[----------
|AV| — Via—V VoutV,
IHEYIL 2 /2 |\ L 72 72 L S X N\ Vo=%L
Output characterization: % % >t
p VoL —/ 3 \_
i VOH and VOL Vi = VU
« Slew rate Vib -z ; 1
- Propagation delay time / 3 \ ViV
-------- e i TR
tprttpf T borttor \ &
D = > ViL _ltpr« tp = r2 w)p_f'k_ 200408-04
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Characterization of Comparators

Propagation delay time:

Ay(0) _ Ap(0)
s/wc+1 STc+1

Assume the gain of the comparator is A4,(s) =

The step response is v,(t) = Av(0)[1 — e~ t/*<]V,, where V,, is the magnitude of

the step input.

dve(t) | _ Av(0)
dt t=10( va Tc

The maximum slope occurs at t =0 and is V;

The rising propagation time, t,, is found as,

VoH=VoL ~t 1 1

% 7 AU(O)[l —e pr/Tc]Vin = tyr = Tc.ln [m] = 1.ln lw}
2Ap(0)Vin 2Vin

Define k as the ratio of V;, to the minimum input voltage, V;,(min),
Vin 2k Vout
ke = Vin(min) - tp = tpr = Tcln [Zk—l]

If k=1, t,=0.6937
If k=10, t,=0.0517

«— Vin > Vip(min)

VoH

0fp tp(max) 200401-05
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Open-Loop Comparators

Possible open-loop comparators: Vo

Vps1
[

D
/41 M4 M5 115

ol

V.

Vpg2

inn I2 l
Ko
gzp—| M1 M2

"

t

"II II“
ROU
s b v
Vv, 8
B IM IdMQ
Vngr M3J), TG
D_”:\l 3 M1OF_]|——|[:;M11
VSS 180817-01 Vss 180820-03
Design Procedure CO-1 Design Procedure CO-2

Key Specifications:

« Minimum input voltage - Vj,(min) = A,(0)

- Propagation time delay - t, = GB
« Slew Rate - SR = Isjnk/source

AICDesign.org

Vbp
M3 ;‘_’]}—‘—{[‘_J‘m —|[‘7J M6
Vout
o)
-~ CL
Vss 200423-01

Design Procedure CO-3
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Open-Loop Comparators

Slewing versus Linear Response
When does slew occur?

» Slewing occurs when the current in a capacitor becomes limited.
. dv dv [
i=C— - SR= —=-
dt at ¢
« In a CMOS comparator, the input voltage must be large enough to cause the
sinking/sourcing current to be on one or the other side of the differential amplifier

input so that the current becomes constant.

. . Ig;
- The value of V,, for this to occuris, V;,(slew) > 2 f%
w/L

» This is generally much larger than the V,, for comparators and therefore most
comparators will operate in the linear mode.
« If the comparator slews, the propagation delay time is given by,
t, = AT = AV _ Vou-VoL
SR 2-SR
where SR is the slew rate of the comparator.
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Simple One-Stage Comparator Design
Design Procedure - CO1.:

This design procedure assumes V;, = V;,(min)

. . . R
1 A,(0)=(Vou-Vor)/ Vin(min) Vor, Vou, Vin(min) given out y
out
A,(0) 0.6934,(0 0.6934,(0
2 G GB = »(9) = »(9) = —V()CL Assumes t, and C, are given. Iy ©
CL T, t, t, 12y
w- w. 2
3 — === grf—l Choose /5
Ly Ly  Kyls ~cCL
4 Wz W, Is ICMR?* = V;,(max) specified,
Ly~ Li  K'3[Vpp — ICMR™ — |Vp3| + Vp4]? M3 = M4
S wer s
Ls  KLUCMR™ —Vgs)? ' gs1= '/ BN\T 1 8 Gs1

Change /s in step 3 to meet

6 Check dissipation, P, = Vppl T
eck power dissipation, P, ol power dissipation
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Simple One-Stage Comparator Design

Example 1

If Ky' = 120pA/V2, Kp' = 25uA/V2, Vv = |Vp| = 0.5V, 4y = 0.06V1, and 4, = 0.08V1, use Design
Procedure CO1 to design a single-pole CMOS comparator that meets the following specifications.

Assume C, = 10pF.

t,=10ps | Vpp=2.5V | Vou=2V | Vo = 0.5V | Viy(min) = 10mV | 1V < ICMR < 2V Vbp
1.) A(0)=(Vor-Vor)/Vin(min) = 1.5V/10mv = 150 V/V M3 ‘_’||__||‘_‘ M4 y
0.6934,(0) 0.693x150X10pF out
2.) gml = t—vCL - 10us == 104|JS O
' ] v T 12y
_ Wi Wy gmi? (1o4><10—6)2 _ inp inn
3.) Choose I5 = 10pA. Ly Ly  2KNI3  120x1076x10x1076 2 O_”:‘ﬁlvj,:“_o
Wy _ Wy _ I rF 10x10~° 4 L
4.) Ly L, Kri3[Vpp—ICMR*—|Vps|4+V7.]12  25%x10-6[2.5-2]2 =107 ll5 CL
5.) Vst = /15/1(,’V (2) + Vr1 = /10x107°/(120x10-°x9) + 0.5 =0.596V, VBN D—||: M5
1
ws 215 "2 20 <
Ls Ky(CMR=-Vgs)?2  120(1-0.596)2 Vss 180817-01
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Folded Cascode Comparator Design
Design Procedure — CO2

This design procedure assumes V;, = V;,(min)

1 A(0)=(VorVor)/ Vin(min) Vor, Vou, Vin(min) given
0.6934,(0)
2 gmi= — Cr Assumes t, and C; are given.
D

Choose Izand I, and /5

Note that ICMR must be

1% 21
2 2 greater than Vg5

—_— = ,V =
4 Ly KLUCMR™ — Vg% 65t

5 Wy/ly= Ws/Ls = &14/[K’s(Vpp-Von)?] Vspa(sat)=0.5[Vpp-Von]

6 We/lg= W;/Ly = 4lg/[K’p(VDD-Vop)?] Vsps(sat)=0.5[Vpp-Vou]
We Wy Wi Win  4lg
Le Ly Ly Ly KyV,?

8  Pgiss = Vppllatls) Can change currents if too large

Vpss(sat)=0.5[Vp;- Vsl

180820-03
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Folded Cascode Comparator Design

Example 2

If K\ = 120pA/V2, K,' = 25pA/V2, Vo = | V| = 0.5V, 4y = 0.06V-1, and 4, = 0.08V1,
design a folded cascode comparator that meets the following specifications. Assume

Vop=25V  [t,=10pus |Vou=2.25V  [Vo =0.25V |Vj(min) = 1mV |1V <ICMR <2V

Vv,
1. A(0)=(Voy-Vou)/Vin(min) = 1.75V/1mV = 1750V/V S| = I
0.693A41(0) 0.693X1750X10pF __ 2 , i
2. 91 = 5 C, = Tous =1.213mS =
3. Choose I; = 100pA. —* = 2 = gma? ___(2exon) o g
» LNOOSE 4.~ Wiy 7 Z 1,/ 2KNI3 ~ 2x120x1076x100x10=6 ~ Vi>”"——|
inp
4. Vosy = |I/Ky (2 )+ Vo = 0.616V = 7
Ws _ 215 / 200 Z Vogs
Ly  Kn(ICMR==Vgg1)?  120(1-0.61)2 Lo o / E’ ’[:‘ Roy
5. Choose I4 = I5 125HA. W4/L4 = W5/L5 = 4l4/[K’P(VDD_VOH)2] = 500/[25(025)2] =320 61 M6 ll7 VOUT
6. We/Ls = W/L; = 416/ [K’s(VDD-V,y,)?] = 300/[25(0.25)?] = 192 i rf 'i
Wg _ Wo _ Wio _ W1q 4l Vigy M3 TG
= == —= = = = .25)?] = /
e L Ly Ly - Ko 300/[120(0.25)?] = 40 Dﬂl 3 MmFu——n%W
VS 180820-03
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Two-Stage Comparators
Propagation delay time:
The step response of a comparator with two real axis poles (p;#p>) is,

vout(t) = AV(O)Vin [1 + =2 -

P1—D2 P1—D2 /""'f,- et AT
.. . . . . /’ "
Normalizing in amplitude and time gives, vaRrs
Voye () m 1 /7 5 o i
Vot (ty) = ———=1+ e in — e Mn S :
U A, (0) Vi 1-m 1-m ° .
where m = p,/p; # 1 and t, = t|p4| 8 ue - = ;
$ ,' _"-
If p;=p,, then the normalized output ® 7 e
voltage is, 2o o fod ; g
14 ol e ; f' ’
vhe(@) =1 — e tPil — ¢|p, |etIPal : /'. ERVAp: :
[} LT '.,-' mf
Vout(tn) =1 —e tIn — e tn =z / . i
. st ] — m=0.2
A graph of the output is shown. ‘----j----|m=_0-1
’ 4] 2 8 1]

4 [
Normalized Time (tn=-tp1)
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Two-Stage Comparators

Propagation delay time - Continued:

To find the propagation delay time, t,, equate amplitude unnormalized output to
0.5(Vor-Vor).

Voue (tpn) = Ap(0)Vin |1 — = ™0n + ——e ™| = 0.5(Von — Vo)
Approximating the exponential terms with a power series and taking the dominant
terms, the propagation time delay can be expressed as,

¢ Vou—Vor _ [Vin(min) 1 2 = 1 _ 1
pn mA,(0)V;n MVin Vmk P oy Wmk — [kpip2

If we assume k=1 where V,, = V;,(min), then
1 (An+2p)Is 1 (An+2p)17
|P1| 2162 |p1| R.C, 2C, |p2| R,CL cL

where C; is the capacitance to ground at the output of the first stage. Equating the
two expressions for |p|, substituting for |p,|, and solving for C; gives,
C, = (Ant2p) IsI7t3
2Cy,
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Two-Stage Comparator Design
Design Procedure - CO3:

This design procedure assumes V;, = V;,(min) or k=1

1 AJ(0)=(Vou-Vor)/Vin(min) Vo Vo, Vin(min) given
5 (At Ap)21517t§ Choose Is and I;. t, aTnd o v Vout
1= 2C, are assumed to be given. inp °
We _ 21, W; _ 217 Vioo-Vou = Vsde(sat) and Vou
3 —=—= s and — = ————
Le  Kp(Vpp—Von) L;  Kp(VoL—Vss) = Ve (sat) ==c
2 4y (0) V) |
2 = NI BN1 [
s Wi_ W, Av(O){slz(An + ) gm = —pm L-»l
Ly L, 4KnKp(We/Le) gm1 = IsKn(W1/Ly) Vss 200423-01
W Is W W: 21 i
5 ¥ _ILW  Ws_ _ s _ ICMR™> Vs, W5/L.5 shoyld.satlsfy.both
Ls Iy Ly Ls  Ky(CMR™-Vgs1) relationships if possible
. % _ % _ Is ICMR* = V;,(max)
Ly Ly K's[Vpp — ICMR* — |Vp3| + V]2 specified, M3 = M4
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Two-Stage Comparator Design

Example 3

If Ky' = 120uA/V2, Kp' = 25pA/V2, Vy = |Vrp| = 0.5V, Ay = 0.06V1, and 1, = 0.08V1, design
a two-stage comparator that meets the specifications. Assume Vi, = Vi,(min) and C, = 10pF.

Vop=2.5V [t,=1us Vor = 2.25V VoL = 0.25V | Vjp(min) = 1mV |1V <ICMR <2V

2. Choose Is=10pA and I,=50pA
_ (An+1p)21517t,2, pid (0.06+0.08)%10uAX50pAX1ps?

Cy 20, 2X10pF = 0.49pF
3 We _ 21 / 2X5014 - 64 and w7 _ 217 _d 2X50UA - 13.33 -l M6
"Le  Kp(VpD-VoH)? T 25%1076x0.252 L;  Kh(VoL—Vss)2  120x10-6x0252 =
2
a Wi _ W _ A3 (0I5, (An+2p)”  2000%x10pAX501AX(0.06+0.08)% 51.04 Vinp Vgut
"Ly L, 4Ky K, (We/Le) 4x120X10~6x25x102x 64 ' o—] ll7
W, Is W- 10 %% 1 20
5, =2==-2=="x13.33=2.67 or —= = — - = = 0.78 1
Ls I L7 50 Ls  Ky(ICMR™-Vgs1)®?  120(1-0.54)? ~CL
Ves1 = /15/1(1(, (ﬂ) + Vrq= 0.54V VBN |:>J,i_T
Ly
6 Ws = Ws _ Is = Lo =16 200423-01

"Ly L,  Ki3[Vpp—ICMR*—|Vp3|+Vp.]2  25%(2.5-2)2
It turns out that Cszs¢ = 52.5fF so C; should be changed to 0.438pF. Also, m=[Is/(2x/;)](C,/C,) = 0.49.
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Open Loop Comparator Design

Summary:

« Types of op amps

« Simple one-stage comparator
— Design procedure CO1
— Example 1

» Folded cascode comparator
— Design procedure CO2
— Example 2

« Two-stage comparator
— Design procedure CO3
— Example 3
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Change Tracking

Date | slide No.__| Correction or change

11/11/19 7
11/11/19 9
6/12/20 6
6/12/20 9

Steps 1 and 8 have been changed to include the influence of /1
Step 7 has been modified to include /1o
Added to the second bullet — “so that the current becomes constant.”

Added under comments on line 8 “Can change currents if too large.”
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