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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
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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

Comparator symbol:
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Characterization
The input to the comparator is analog and the characterization is 
essentially the same as an op amp:
• Common mode input range
• Input offset voltage
• Noise – transition uncertainty
The transfer characterization:

𝐴! = !!""!!#
!$""!$#

Output characterization:
• VOH and VOL
• Slew rate
• Propagation delay time

𝑡! =
"!"#"!#

$
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Propagation delay time:

Assume the gain of the comparator is  𝐴# 𝑠 = $%(&)
⁄) *&+,

= $%(&)
)-&+,

The step response is 𝑣𝑜(𝑡) = 𝐴𝑣(0)[1 − 𝑒 ⁄)* +!]𝑉,- where Vin is the magnitude of 
the step input.

The maximum slope occurs at t =0 and is 
.#.(/)
./

|
𝑡 = 0 =

$%(&)
-&

𝑉01
The rising propagation time, tpr, is found as,

!!""!!#
2 = 𝐴#(0) 1 − 𝑒 ⁄"//0 -& 𝑉01 → 𝑡34 = 𝜏5𝑙𝑛

,

,"1!"21!#34%(6)189

= 𝜏5𝑙𝑛
,

,"189(:89)3189

Define k as the ratio of Vin to the minimum input voltage, Vin(min),

𝑘 = ;"#
;"#(<,-)

→ 𝑡= = 𝑡=> = 𝜏?𝑙𝑛
@A

@A)B

If k=1, tp=0.693tc
If k=10, tp=0.051tc
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Possible open-loop comparators:

Key Specifications:
• Minimum input voltage – Vin(min) ⇒ Av(0)
• Propagation time delay - tp ⇒ GB
• Slew Rate – SR ⇒ ISink/Source
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Slewing versus Linear Response
When does slew occur?
• Slewing occurs when the current in a capacitor becomes limited.

𝑖 = 𝐶 .#
./

→ 𝑆𝑅 = .#
./
= 0

6
• 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.

• The value of Vin for this to occur is, 𝑉,- 𝑠𝑙𝑒𝑤 ≥ 2 C$"#%/$'()!*
+,

⁄. /

• This is generally much larger than the Vin for comparators and therefore most 
comparators will operate in the linear mode.

• If the comparator slews, the propagation delay time is given by,

𝑡= = ∆𝑇 = ∆!
89
= !!""!!#

2:89
where SR is the slew rate of the comparator.
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Design Procedure – CO1:
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Simple One-Stage Comparator Design
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Step Design Equations Comments

This design procedure assumes Vin = Vin(min)

1 Av(0)=(VOH-VOL)/Vin(min) VOH, VOL, Vin(min) given

2
𝑔01
𝐶2

= 𝐺𝐵 =
𝐴3(0)
𝜏4

=
0.693𝐴3(0)

𝑡5
⟹ 𝑔01=

0.693𝐴3(0)
𝑡5

𝐶2 Assumes tp and CL are given.  

3
!6
"6
= !7

"7
= #86

7

$9
, %:

Choose I5

4 𝑊!
𝐿!

=
𝑊"
𝐿"

=
𝐼#

𝐾′! 𝑉$$ − 𝐼𝐶𝑀𝑅% − 𝑉&! + 𝑉&' (
ICMR+ = Vin(max) specified,  
M3 = M4

5 𝑊#
𝐿#

=
2𝐼#

𝐾)* 𝐼𝐶𝑀𝑅+ − 𝑉,-' ( , 𝑉,-' = I𝐼# 𝐾)*
𝑊'
𝐿'

+ 𝑉&'
Note that ICMR- must be 
greater than VGS1

6 Check power dissipation, Pdiss = VDDI5
Change I5 in step 3 to meet 
power dissipation
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Example 1
If KN’ = 120µA/V2, KP’ = 25µA/V2, VTN = |VTP| = 0.5V, lN = 0.06V-1, and lP = 0.08V-1, use Design 
Procedure CO1 to design a single-pole CMOS comparator that meets the following specifications.  
Assume CL = 10pF.

© P.E. Allen 2020

Simple One-Stage Comparator Design
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tp = 10 µs VDD = 2.5V VOH = 2V VOL = 0.5V Vin(min) = 10mV 1V ≤ ICMR ≤ 2V

1.) Av(0)=(VOH-VOL)/Vin(min) = 1.5V/10mv = 150 V/V

2.) 𝑔&' =
(.*+,-;(()

0<
𝐶" =

(.*+,×'2(×'(34
'(56

= 104µS

3.) Choose I5 = 10µA. 
.6
/6
= .7

/7
= 0867

(19
, 2=

= '3"×'3>? 7

'(3×'3>?×'3×'3>? = 9

4.) 
!=
"=
= !@

"@
= %:

$7= 8AA9%:;<B9 8C= =8C6 7 =
'(×'(>?

>2×'(>? >.29> 7 =1.6 → 2

5.) 𝑉DE1 = 5𝐼F 𝐾GH
I!
2!

+ 𝑉J1 = ⁄10×10KL 120×10KL×9 + 0.5 =0.596V, 

!:

":
= >%:

$9
, %:;<>98M$6 7 =

>(
'>( '9(.2+* 7 = 1

Open Loop Comparator Design
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Design Procedure – CO2
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Folded Cascode Comparator Design
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Step Design Equations Comments

This design procedure assumes Vin = Vin(min)

1 Av(0)=(VOH-VOL)/Vin(min) VOH, VOL, Vin(min) given

2 𝑔01 =
0.693𝐴3(0)

𝑡5
𝐶2 Assumes tp and CL are given.  

3
!6
"6
= !7

"7
= #86

7

>$9
, %=

Choose I3 and I4 and I5

4
𝑊N

𝐿N
=

2𝐼N
𝐾GH 𝐼𝐶𝑀𝑅K − 𝑉DE1 O , 𝑉DE1 =

𝐼N

𝐾GH (
𝑊1
𝐿1
)
+ 𝑉J1

Note that ICMR- must be 
greater than VGS1

5 W4/L4 = W5/L5 = 4I4/[K’P(VDD-VOH)2] VSD4(sat)=0.5[VDD-VOH]

6 W6/L6 = W7/L7 = 4I6/[K’P(VDD−VOH)2] VSD6(sat)=0.5[VDD-VOH]

7
𝑊5

𝐿5
=
𝑊6

𝐿6
=
𝑊'3

𝐿'3
=
𝑊''

𝐿''
=

4𝐼7
𝐾)* 𝑉8/2

VDS8(sat)=0.5[VOL-VSS]

8 Pdiss = VDD(I4+I5) Can change currents if too large
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Example 2
If KN’ = 120µA/V2, KP’ = 25µA/V2, VTN = |VTP| = 0.5V, lN = 0.06V-1, and lP = 0.08V-1, 
design a folded cascode comparator that meets the following specifications.  Assume 
Vin = Vin(min) and CL = 10pF.

Folded Cascode Comparator Design

180820-03
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1. Av(0)=(VOH-VOL)/Vin(min) = 1.75V/1mV = 1750V/V
2. 𝑔:' =

3.76!<;(3)
?<

𝐶/ =
3.76!×'@#3×'3AB

'3CD = 1.213mS

3. Choose I3 = 100µA.  
!6
"6
= !7

"7
= #86

7

>$9
, %=

= '.>'?×'(>=
7

>×'>(×'(>?×'((×'(>?
= 61.3

4. 𝑉,-' = /𝐼! 𝐾)*
.6
/6

+𝑉&'= 0.616V  ⇒

!=
"=
= >%=

$9
, %:;<>98M$6 7 =

>((
'>( '9(.*' 7 = 11.3

5. Choose I4 = I5 125µA.  W4/L4 = W5/L5 = 4I4/[K’P(VDD-VOH)2] = 500/[25(0.25)2] = 320
6. W6/L6 = W7/L7 = 4I6/[K’P(VDD−VOH)2] = 300/[25(0.25)2] = 192

7. 
J@
K@
= JA

KA
= JBC

KBC
= JBB

KBB
= LMD

NE
F !GHO

= 300/[120(0.25)2] = 40

Open Loop Comparator Design

VDD = 2.5V tp = 10 µs VOH = 2.25V VOL = 0.25V Vin(min) = 1mV 1V ≤ ICMR ≤ 2V
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Propagation delay time:
The step response of a comparator with two real axis poles (p1≠p2) is,

𝑣IJ0 𝑡 = 𝐴8(0)𝑉KL 1 + 37M>P <6

36937
− 36M>P <7

36937

Normalizing in amplitude and time gives,

𝑣IJ07 𝑡L =
𝑣IJ0 𝑡
𝐴N 0 𝑉KL

= 1 +
𝑚

1 − 𝑚 𝑒90# −
1

1 − 𝑚 𝑒9&0#

where m = p2/p1 ≠ 1 and tn = t|p1|
If p1=p2, then the normalized output 
voltage is,

𝑣OP/Q 𝑡 = 1 − 𝑒"/|3B| − 𝑡|𝑝,|𝑒"/|3B|

𝑣OP/Q 𝑡1 = 1 − 𝑒"/O − 𝑡1𝑒"/O
A graph of the output is shown.

© P.E. Allen 2020

Two-Stage Comparators
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Propagation delay time - Continued:
To find the propagation delay time, tp, equate amplitude unnormalized output to 
0.5(VOH-VOL).

𝑣IJ0 𝑡3L = 𝐴N 0 𝑉KL 1 − &
&9'

𝑒90<# + '
&9'

𝑒9&0<# = 0.5(𝑉PQ − 𝑉P")

Approximating the exponential terms with a power series and taking the dominant 
terms, the propagation time delay can be expressed as,

𝑡3L ≈
8QR98Q/
&-; ( 8"#

= 8"#(&KL)
&8"#

= '
&R

⟹ 𝑡3 =
'

36 &R
= '

R3637

If we assume k=1 where Vin = Vin(min), then

|𝑝'| =
'

|37|0<7
and  |𝑝'| =

'
<6:6

=
(T#=T<)%:

>:6
also |𝑝>| =

'
<7:/

=
(T#=T<)%S

:/

where C1 is the capacitance to ground at the output of the first stage. Equating the 
two expressions for |p1|, substituting for |p2|, and solving for C1 gives,

𝐶' =
T#=T<

7
%:%S0<7

>:/

© P.E. Allen 2020

Two-Stage Comparators
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Design Procedure – CO3:

© P.E. Allen 2020

Two-Stage Comparator Design
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Step Design Equations Comments

This design procedure assumes Vin = Vin(min) or k = 1

1 Av(0)=(VOH-VOL)/Vin(min) VOH, VOL, Vin(min) given

2 𝐶1 =
𝜆T + 𝜆5

O𝐼F𝐼U𝑡5O

2𝐶2

Choose I5 and I7.  tp and CL
are assumed to be given.

3
!?
"?
= >%S

$<
, 8AA98QR 7 and  

!S
"S
= >%S

$#
, 8Q/98$$ 7

VDD-VOH = Vsd6(sat) and VOL

= Vds7(sat) 

4 𝑊'
𝐿'

=
𝑊(
𝐿(

=
𝐴E((0)𝐼#𝐼@ 𝜆F + 𝜆A

(

4𝐾F*𝐾A*( ⁄𝑊7 𝐿7)
𝑔:' =

𝐴E(0)
𝑔:7𝑅'𝑅(

𝑔:' = 𝐼#𝐾F* ( ⁄𝑊' 𝐿')

5
!:
":
= %:

%S

!S
"S

or  
!:
":
= >%:

$9
, %:;<>98M$6 7 , ICMR-> VGS1

W5/L5 should satisfy both 
relationships if possible

6
𝑊!
𝐿!

=
𝑊"
𝐿"

=
𝐼#

𝐾′! 𝑉$$ − 𝐼𝐶𝑀𝑅% − 𝑉&! + 𝑉&' (
ICMR+ = Vin(max) 
specified,  M3 = M4

Open Loop Comparator Design
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Example 3
If KN’ = 120µA/V2, KP’ = 25µA/V2, VTN = |VTP| = 0.5V, lN = 0.06V-1, and lP = 0.08V-1, design 
a two-stage comparator that meets the specifications.  Assume Vin = Vin(min) and CL = 10pF.

Two-Stage Comparator Design
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1. Av(0)=(VOH-VOL)/Vin(min) = 2V/1mV = 2000V/V
2. Choose I5=10µA and I7=50µA  

𝐶' =
G#%G<

72:2S?<7

(H/
= 3.37%3.35 7'3C<×#3C<×'CD7

(×'3AB = 0.49pF

3. .?/?
= (2S

1<, IAA+IQR 7 = O×FWXY
OF×1W"#×W.OF$

= 64 and   I%2%
= O[%

\&' ]()K]** $ =
O×FWXY

1OW×1W"#×W.OF$ = 13.33

4. 
!6
"6
= !7

"7
= -;7(()%:%S T#=T<

7

U$#
,$<

, ( ⁄!? "?)
= (333

7×'3C<×#3C<×(3.37%3.35)7

"×'(3×'3>?×(#×'37×7" = 51.04

5. 
!:
":
= %:

%S

!S
"S
= '(

2(
×13.33=2.67  or  

!:
":
= %:

$9
, %:;<>98M$6 7 =

>(
'>( '9(.2U 7 = 0.78

𝑉DE1 = 5𝐼F 𝐾GH
I!
2!

+ 𝑉J1= 0.54V

6. !=
"=
= !@

"@
= %:

$7= 8AA9%:;<B9 8C= =8C6 7 =
'(

>2×(>.29>)7
= 1.6

It turns out that CGS6 = 52.5fF so C1 should be changed to 0.438pF.  Also, m=[I5/(2xI7)](C1/CL) = 0.49.

Open Loop Comparator Design

VDD = 2.5V tp = 1 µs VOH = 2.25V VOL = 0.25V Vin(min) = 1mV 1V ≤ ICMR ≤ 2V
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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

Slide 15© P.E. Allen 2020Open Loop Comparator Design
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Change Tracking
Date Slide No. Correction or change

11/11/19 7 Steps 1 and 8 have been changed to include the influence of I10
11/11/19 9 Step 7 has been modified to include I10
6/12/20 6 Added to the second bullet – “so that the current becomes constant.”
6/12/20 9 Added under comments on line 8 “Can change currents if too large.”

Slide 16© P.E. Allen 2020Open Loop Comparator Design


