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EE 435

Lecture 5

Single-Stage Low-Gain Op Amps

• The Reference Op Amp

• 5T Current Mirror Bias Op Amp

• Current Mirrors

• Signal Swing
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Basic Op Amp Design

• Fundamental Amplifier Design Issues

• Single-Stage Low Gain Op Amps

• Single-Stage High Gain Op  Amps

• Two-Stage Op Amp

• Other Basic Gain Enhancement Approaches

Where we are at:
Review from last lecture:
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How is Common-Mode Gain Modeled? 

If  Op Amp is a Voltage Amplifier with infinite input impedance, zero output impedance, and one 

terminal of the output is grounded

Vd AVVd

Ideal Differential Voltage Amplifier 

V1

V2

VOUT

d 1 2V V - V

Vd

AVVd

Ideal Voltage Amplifier

ACVc

V1

V2

VOUT


  1 2

d 1 2 c

V V
V V - V V

2

Review from last lecture:
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Performance with Common-Mode Input
Consider tail-current bias amplifier with ic=0

F

P VBB

 OUTC
V

cV 

IBIAS/2

CL

VDD

ci 

Common-Mode Half-Circuit

V1
G M1V1 G 1

V1
G M1 G 1

G2

CL

 C
V

 X
V

 OUTC
V

 OUTC 1 2 M1  1 1 x

C 1 X

X 1 M1 1 OUTC 1

sC+G +G +G  = G

 = +

G  - G  =  G







V V V 

V V V 

V V V 

Solving, we obtain

VOUTC=0    thus AC=0

(Note:  Have assumed an ideal tail current source in this analysis

AC will be small but may not vanish if tail current source is not ideal)

Review from last lecture:
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Performance with Common-Mode Input
Consider tail-voltage bias amplifier with ic=0

Common-Mode Half-Circuit

 OUTC 1 2 M1  1

C 1

sC+G +G +G  = 0

 = 





V V

V V 

Solving, we obtain

F

P VBB

 OUTC
V

cV 

CL

VDD

VSS

ci 

V1
G M1V1 G 1

V1
G M1 G 1

G2

CL

 C
V

 OUTC
V

OUTC M1
C

C 1 2

-G
 =A =

sC+G +G

V 

V 

This circuit has a rather large common-mode

gain and will not reject common-mode signals

• Not a very good differential amplifier

• But of no concern in applications where  VC=0

Review from last lecture:
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Single-stage low-gain differential op amp
VDD

VB1

M1
M2

VB2

VOUT

M3 M4

VIN
VIN

CL

M5

Single-Ended Output : Differential Input Gain
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

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










EB1LDD
2VCV

P
GB

1

Design of Basic 

Practical Parameters:  EB1 EB3 EB5V ,V ,V ,P

Design Strategy with fixed A0 and GB requirements:

1. Pick VEB1 to meet gain requirements

2. Pick P to meet GB requirements

3. Pick VEB3 and VEB5 to achieve other desirable properties

(i.e. explore the remaining part of the design space)

 EB1 EB3 EB5V ,V ,V ,P

 EB1 EB3 EB5V ,V ,V ,P

Note:  Design strategy may change if A0 and GB are not firm requirements

Review from last lecture:
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AD expressions valid for both tail-current and tail-voltage op amp

So which one should be used?

VDD

VB1

M1 M2

M3 M4

VIN
VIN

CLCL

VOUT
VOUT

VDD

VB1

M1
M2

VB2

M3 M4

VIN
VIN

CL

M5

CL

VOUT
VOUT

• Common-mode input range large for

tail current bias

• Improved rejection of common-mode

signals for tail current bias

• Two extra design degree of freedom for

tail current bias

• Improved output signal swing for tail 

voltage bias (will show later)

Recall:

31

1 3

, , B1V
 
 
 

WW

L L
3 51

1 3 5

, , , B1 B3V ,V
W WW

L L L

 
 
 

Review from last lecture:



8

Slew Rate
VDD

VB1

M1
M2

VB2

M3 M4

VIN
VIN

CL

M5

CL

VOUT
VOUT

It can be similarly shown that putting a negative step on the input steer all current 

to M2 thus the current to the capacitor CL will be IT minus the current from M2 which

is still IT/2.  This will cause a negative ramp voltage on VOUT
+ of value 

+
- OUT T

L DD L

dV I P
SR

dt 2C V 2C
    

Since the magnitude of SR+ and SR- are the same,  obtain a single SR for the 

amplifier of value

DD L

P
SR

V 2C


Review from last lecture:
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The Reference Op Amp

Would like to have a specific amplifier, termed a 

Reference Op Amp, that can serve as a base-

line so can compare performance of other op 

amp architectures with respect to that of the 

Reference Op Amp

Will use the 5T Op Amp as a Reference Op 

Amp for comparing single-stage Op Amps
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Single-stage low-gain differential op amp

L

T

C

I
SR

2

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CV

P
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2

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C2V

P
GB

Will term this the reference op amp
Will make performance comparisons of 

other op amps relative to this

Consider single-ended output performance :

mixed parameters practical parameters

VDD

VB1

M1
M2

VB2

M3 M4

VIN VIN

CL

M9

CL

VOUT
VOUT

The Reference Op Amp 

(CMFB not shown)

VOUT

VIN

VIN
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Reference Op Amp
single-ended output 

VDD

VB1

M1
M2

VB2

M3 M4

VIN VIN

CL

M9

CL

VOUT
VOUT

The Reference Op Amp 

(CMFB not shown)
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mixed parameters practical parameters

• This is probably the simplest differential  input op amp and is widely used

• Will go to more complicated structures only if better performance is required
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Amplifier Structure Summary

Reference Op 

Amp (single-ended ouput)

31

1

2

1
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m

VO

gg

g
A


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L
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C

g
GB
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Small Signal Parameter Domain

01

L

g
SR

λC


Reference Op 

Amp(single-ended ouput)

Practical Parameter  Domain
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Reference Op Amp

VDD

VB1

M1
M2

VB2

M3 M4

VIN
VIN

CL

M5

CL

VOUT
VOUT

IT

31

1

2

OOL

m

ggsC

g

)s(A




single-ended output 

What basic type of amplifier is this op amp?

Voltage Transconductance

Transresistance Current
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Reference Op Amp

VDD

VB1

M1
M2

VB2

M3 M4

VIN
VIN

CL

M5

CL

VOUT
VOUT

IT

31

1

2

OOL

m

ggsC

g

)s(A




single-ended output 

What basic type of amplifier is this op amp?

Voltage Transconductance

Transresistance Current

Does it really matter?

Transconductance
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Basic Op Amp Design

• Fundamental Amplifier Design Issues

• Single-Stage Low Gain Op Amps

• Single-Stage High Gain Op  Amps

• Two-Stage Op Amp

• Other Basic Gain Enhancement Approaches

Where we are at:
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Basic Op Amp Design

Single-Stage Low Gain Op Amps

Where we are at:

• 5T Op Amp

• 5T Current-Mirror Bias Op Amp
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Need a CMFB circuit to establish VB1 or VB2

CMFB amplifies difference between VB1

and average of two signal inputs

Can apply to either VB1 or VB2 but not both

VDD

M1
M2

VB2

M3 M4

VIN
VIN

CL

M5

CL

VOUT
VOUT

CMFB

Circuit

VB1

VB1

Often apply to only fraction of transistor 

The 5T Op Amp

The CMFB circuit is often quite large and requires 

considerable design effort!

Can the CMFB be removed?
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Operation of Op Amp – A different 

perspective 

V1
G M1V1 G 1

V1
G M1 G 1

G2

CL

2

Vd

 O


V

 

L

M1

L

21

21

M1
VO

2C

G
GB

C

GG
BW

GG2

G
A











Small signal differential half-circuit
V D

D

F

P

F

P

VSS

2

dv

2

dv


VBB VBB

IBB

V D

D

F

P

F

P

F

P

F

P

VSS

2

dv

2

dv


VBB VBB

IBB

CL CL

VO
-VO
- VO

+V +

• The signal dependent current in quarter 

circuit is steered to output node and drives 

the parallel output conductances of the 

quarter circuit and counterpart circuit

• If the signal-dependent current could be doubled 

without changing the output conductances, the 

gain would be doubled as well !

• If G1 and G2 are small, the voltage gain will 

be large
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Operation of Op Amp – A different 

perspective 

V1
G M1V1 G 1

V1
G M1 G 1

G2

CL

2

Vd

 O


V

Small signal differential half-circuit

V D

D

F

P

F

P

VSS

2

dv

2

dv


VBB VBB

IBB

V D

D

F

P

F

P

F

P

F

P

VSS

2

dv

2

dv


VBB VBB

IBB

CL CL

VO
-VO
- VO

+V +

V

F

P

F

P

VSS

2

dv

2

dv


IBB

V DD

F

P

F

P

F

P

F

P

VSS

2

dv

2

dv


VBB

IBB

CL CL

VO
-VO
- VO

+V +

• If the input impedance to the counterpart circuit is 

infinite and the quiescent values of the left and right 

drain voltages are the same, connecting the bias port 

of the counterpart circuit to V0
- instead of to VBB will 

cause the signal current in the right counterpart 

circuit to be equal to that in the left counterpart circuit

• This will approximately double the signal 

current steered to Vo
+ and thus double the 

voltage gain ! (formal derivation on following slide)

• This will also eliminate the need for a 

CMFB circuit !

• Voltage Gain to           not high so this output seldom 

used
OUTV

No signal current driving counterpart circuit
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Doubling of Gain with “Current Mirror” connection

From KCL at two drain nodes (VOUT=VO
+, VZ=VO

-)
V

F

P

F

P

VSS

2

dv

2

dv


IBB

V DD

F

P

F

P

F

P

F

P

VSS

2

dv

2

dv


VBB

IBB

CL CL

VO
-VO
- VO

+V +

V1 GM1V1 G1 V2GM2V2G2

V3 GM3V3 G3
V4GM4V4G4

VOUT

dV

2

dV

2


CL

VZ

 

 

2 4 2 4

1 3 3 1

0
2

0
2

d
OUT L M M Z

d
Z M Z M

V
V sC G G G G V

V
V G G G V G


     


   


 
  

4 1 2 3 2 1 3

2 4 1 3 32

M M M M MOUT
VD

d L M

G G G G G G GV
A

V sC G G G G G

  
  

   

1

2 4

 
 

M
VD

L

G
A

sC G G

Eliminating VZ we obtain

Assuming GM’s large compared to G’s 

and left-right symmetry, it follows that 

OUTVdc Voltage Gain to     doubled ! 
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Current Mirrors

F F
P P

VDD

 OUT
I

 IN
I  BB

I

 IN
I

 OUT
I BB

I

• If the current IBB is small compared to IIN, and the current IIN is 

nearly independent of the voltage across P, then IOUT≈IIN

• Circuits with this property are called Current Mirrors

• If multiple copies of the right circuit are placed in parallel, the 

current will be scaled by the number of copies

• These scaled circuits are also called Current Mirrors

• As long as IBB<<IIN, this scaling in currents occurs even if the circuits are 

highly nonlinear provided the voltages across the circuits are the same!
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Operation of Op Amp – A different 

perspective 

V

F

P

F

P

VSS

2

dv

2

dv


IBB

V DD

F

P

F

P

F

P

F

P

VSS

2

dv

2

dv


VBB

IBB

CL CL

VO
-VO
- VO

+V +

VDD

M1
M2

VB2

M3 M4

VIN
VIN

M9

IOUT
IIN

Basic Current 

Mirror

Consider using single n-mos transistor as 

quarter circuit

VSS

• Note counterpart circuits can be 

recognized as the basic current mirror

• But other current mirrors that may differ 

from the counterpart circuit could also be 

used (but then G4 and G2 may differ)

5T Current-Mirror Bias Op Amp



24

Single-stage low-gain differential op amp
(with M1 as quarter circuit)

VDD

VB1

M1
M2

VB2

M3 M4

VIN
VIN

CL

M5

CL

VOUT
VOUT

• Can eliminate CMFB circuit if only single-ended output is needed by  

connecting counterpart circuits as a current mirror

• This will double the voltage gain and the GB as well

• Still uses counterpart circuits but terminated in different ways

• Although not symmetric, previous analysis results with specified 

modifications still nearly apply

VDD

M1
M2

VB2

M3 M4

VIN
VIN

CL

M5

VOUT

Assume left and right 

sides matched

Needs CMFB No CMFB needed

5T Current-Mirror Bias Op Amp5T Op Amp
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Single-stage low-gain differential op amp

VDD

M1
M2

VB2

M3 M4

VIN
VIN

CL

M5

VOUT

IT

IC

No CMFB Circuit Needed

Current-Mirror Connected Counterpart Circuit

Slew Rate?

When Vd large and negative, 

IC=-IT

d IN INV V V  

When Vd large and positive, 

IC=IT

T

L

I
SR

C
 

T

L

I
SR

C


LDDCV

P
SR 

In terms of practical parameter set

Assume left and right 

sides matched

SR is double that of the 5T op amp !
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Single-stage low-gain differential op amp

VDD

M1
M2

VB2

M3 M4

VIN
VIN

CL

M5

VOUT

IT



















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EB131

0

V

2
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1
A

LDDCV

P
SR 

No CMFB Circuit Needed
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g
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
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31

1

OO

m

O

gg

g
A




L

m

C

g
GB 1



















EB1LDD
V

1

CV

P
GB

In terms of practical design space parameters

L

T

C

I
SR 

Current-Mirror Connected Counterpart Circuit

Assume left and right 

sides matched

Is a factor of 2 improvement in A0, GB, and SR significant?
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Amplifier Comparison

Reference Op 

Amp (single-ended ouput)

(5T Op Amp)
31

1

2

1

OO

m

VO

gg

g
A




L

m

C

g
GB

2

1

Small Signal Parameter Domain

01

L

g
SR

λC


Reference Op 

Amp (single-ended ouput)

(5T Op Amp)

Practical Parameter  Domain






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
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








EB131
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1
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1
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
















EB1LDD
V

1

C2V

P
GB

LDDC2V

P
SR 

Op Amp with CM 

Load and M1 QC

(5T Op Amp wCM)

m1
VO

O1 O3

g
A

g g




Small Signal Parameter Domain

01

L

g
SR 2

λC


Op Amp with CM 

Load and M1 QC

(5T Op Amp wCM)

Practical Parameter  Domain

V0

1 3 EB1

2 1
A

λ λ V

   
   

    DD L

P
SR

V C


m1

L

g
GB

C


DD L EB1

P 1
GB

V C V

  
   
    
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Current Mirrors

• Current mirrors are really just  current 

amplifiers

• Current mirror (from counterpart circuit) 

can be used to eliminate CMFB and 

double gain in basic op amp

• Many different current mirrors exist with 

varying levels of performance (performance 

with some better than counterpart current mirror)

• Current mirror not necessarily from 

counterpart of quarter circuit but often is
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Basic Current Mirror

M1 M2

IIN IOUT
 

2OX 1
 IN GS1 T

1

μC W
I V -V

2L


 
2OX 2

 OUT GS2 T
2

μC W
I V -V

2L


OUT 2 1

 IN 1 2

I W L

I W L


n-channel
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Basic Current Mirror

M1 M2

IIN IOUT

n-channel

m1 01g g
02g

m2
IN

m1 01

g
i

g g

 
 

 

iIN iOUT

m1g
02g

m2
IN

m1

g
i

g

 
 
 

iIN iOUT

small-signal two-port model

Simplified small-signal two-port model

m1g 2 1
IN

1 2

W L
i

W L

 
  
 

iIN iOUT

02g

OR equivalently
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Basic Current Mirror

 
2OX 1

 IN GS1 T
1

μC W
I V -V

2L


 
2OX 2

 OUT GS2 T
2

μC W
I V -V

2L


OUT 2 1

 IN 1 2

I W L

I W L


p-channel

M1 M2

IOUTIIN

VDD

Since counterpart of n-channel current 

mirror, small signal models identical
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Current Mirrors

• More advanced current mirrors exist

• Several of these are discussed in the text

 Current Mirror

(sinking)

IIN IOUT

IN OUT

 Current Mirror

(sourcing)

IIN
IOUT

IN OUT

VDD
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Current Mirrors

F F

 IN
I

 OUT
I BB

I

F F

K copies of F on right

OUT INI KI

Properties of Current Mirrors of Interest:

• Mirror Gain Accuracy

• Signal Swing at Output

• Output Impedance (ideally infinite)

More advanced current mirrors usually offer improvements in one or more 

of these properties but at the expense of another of these properties.

• Replication of K copies is often simply denoted as a device sizing or 

scaling factor

• Quarter circuits with high output impedance are useful for building current mirrors
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More Advanced Current Mirrors

M1 M2

IIN IOUT

M3 M4

Cascode Current 

Mirror

M1 M2

IIN IOUT

M3 M4

Modified Wilson  

Current Mirror

M1 M2

IIN IOUT

M4

 Wilson  Current 

Mirror
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• How many current mirror circuits are there?

Current Mirrors

• The concept of the current mirror was first introduced in about 1969

(not certain who introduced it but probably Wheatley and Wittlinger)

• Many of the basic current mirror circuits were introduced within a few 

years after the concept first appeared

 Current Mirror

(sinking)

IIN IOUT

IN OUT

 Current Mirror

(sourcing)

IIN
IOUT

IN OUT

VDD

• Have any current mirrors been introduced recently?

• Is there still an opportunity to contribute to the current mirror field?
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Consider only US patents



41
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USPTO search on Feb 2, 2021
605 patents with “current”  and “mirror” in title since 1976
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USPTO search on Jan 24, 2020
595 patents with “current”  and “mirror” in title since 1976
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USPTO search on Jan 21, 2018
569 patents with “current”  and “mirror” in title since 1976
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USPTO search on Jan 26, 2014
509 patents with “current  and mirror” in title since 1976
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USPTO search on Jan 22, 2012
475 patents with “current  and mirror” in title since 1976
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USPTO search on Feb 2, 2021
605 patents with “current  and mirror” in title since 1976

• Averaged 12.4 patents/year from 1976 to 2006

• Averaged 17 patents/year  in 2012 and 2013

• Averaged 13 patents/year  in 2016 and 2017

• Averaged  13 patents/year  in 2018 and 2020

• 10 patents from Jan 21, 2020 to Feb 1, 2021

10 patents with “current  and mirror” in title in past year
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USPTO search on Jan 21, 2018

Is there still an opportunity to contribute to the current mirror field?

569 patents with “current  and mirror” in title since 1976

26 patents with “current  and mirror” in title from  2018 and 2020 searches

Number of patents/year is about at the 3-decade average

 Current Mirror

(sinking)

IIN IOUT

IN OUT

 Current Mirror

(sourcing)

IIN
IOUT

IN OUT

VDD
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Signal Swing

Vin

VDD

VOUT

M1

M2VXX

OUT iN TnV  > V -V

To keep M1 out of Triode Region

L1 :

L2 :

To keep M1 out of Cutoff

iN TnV  > V

To keep M2 out of Triode Region

L3 : OUT DD XX DD TpV  - V  > V V -V

XX Tp OUTV  - V  > V

Consider single-input amplifier first
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Signal Swing
OUT iN TnV  > V -VL1 :

L2 : iN TnV  > V

L3 : XX Tp OUTV  - V  > V

iNV

VOUT

VCC

VCC

VTn

L1L2

L3
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Signal Swing
OUT iN TnV  > V -VL1 :

L2 : iN TnV  > V

L3 : XX Tp OUTV  - V  > V

iNV

VOUT

VCC

VCC

VTn

L1L2

L3
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Signal Swing

Vin

VDD

VOUT

M1

M2VXX

iNV

VOUT

VCC

VCC

VTn

L1L2

L3

High Gain Region
Gain = slope

Transfer Characteristics of amplifier

How do the transfer characteristics relate to the signal swing ?

Observe signal swing boundaries are same as operating region changes for 

transfer characteristics
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Signal Swing

Vin

VDD

VOUT

M1

M2VXX

How do the transfer characteristics relate to the signal swing ?

iNV

VOUT

VCC

VCC

For this circuit, high gain and large output signal swing for small VEB1



Stay Safe and Stay Healthy !
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End of Lecture 5


