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Lecture 9:

Folded-Cascode Amplifiers

Current Mirror Op Amps
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Basic Op Amp Design

• Fundamental Amplifier Design Issues

• Single-Stage Low Gain Op Amps

• Single-Stage High Gain Op  Amps

• Other Basic Gain Enhancement Approaches

• Two-Stage Op Amp

Where we are at:
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Are there other useful high output impedance 

circuits that can be used for the quarter circuit?
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Implementation of Biased Folded 

Cascode Amplifier?

V
DD

V
IN

M
1

M
3 M

5

V
B1 V

B3

Biased Folded Cascode
Implementation of Biased 

Folded Cascode

V
DD

V
IN

M
1

M
3V

B1
I
B1

I
B2 V

OUT

V
SS

Review from Last Lecture



6

Basic Amplifier Structure Comparisons
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QUARTER CIRCUIT

Folded-Cascode Operational Amplifier

Op Amp
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Folded Cascode Op Amp

▪Needs CMFB Circuit for VB4

▪Either single-ended or differential outputs

▪Can connect counterpart as current mirror to eliminate CMFB

▪Folding caused modest deterioration of AV0 and GB energy efficiency

▪Modest improvement in output swing
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Operational Amplifier Structure Comparison
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Folded Cascode Op Amp

(Single-ended Output)
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What is a practical design parameter set?

How many degrees of freedom are there?

DOF ?  

{IT,W1/L1,W5/L5,W3/L3,W9/L9,W7/L7,VB1,VB2,VB3}

9 DOF

Practical Design Parameters

{P,θ,VEB1,VEB3,VEB5,VEB7,VEB9,VB2,VB3}

where θ=IT/(IT+IT2)

V
IN

V
IN

V
DD

V
SS

V
SS

I
T

V
B3

V
B2

M
1

M
2

M
7

M
9

M
8

M
10

M
5 M

6

M
3 M

4

V
OUT

C
L

I
T2

V
B1

Review from Last Lecture



11

Folded Gain-boosted  

Cascode Amplifier

▪   with ideal current source bias

▪   modest improvement in output swing
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Folded Gain-boosted  

Cascode Amplifier
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Basic Amplifier Structure Comparisons
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Basic Amplifier Structure Comparisons
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Folded Gain-boosted Telescopic 

Cascode Op Amp

▪Needs CMFB Circuit for VB4

▪Either single-ended or differential outputs

▪Can connect counterpart as current mirror to eliminate CMFB

▪Folding caused modest deterioration in GB efficiency and gain

▪Modest improvement in output swing
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Operational Amplifier Structure Comparison
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Summary of Folded Amplifier Performance

• + Modest improvement in output signal 

swing  (from 5 VDS SAT to 4VDS SAT)

• +    Can directly feed output back to input  

to create buffer

• - Deterioration in AV0 (maybe 30% or 

more)

• - Deterioration in GB power efficiency  

(can be significant)

• - Minor increase in circuit size
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Other Methods of Gain Enhancement
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Determination of op amp characteristics 

from quarter circuit characteristics
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• Note that the counterpart circuit is simply serving as the biasing current source

• Could use counterpart circuits (or other circuits) from other quarter circuits for “P”

• Counterpart circuits connected as one-port

• Can think of making differential op amp directly from quarter circuit
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Differential  input op amp directly from 

quarter circuit 

M1

O
V

d L 1 2

G
V 2A
V sC G G

− −

= =
+ +F

VIN

IXX

VOUT

VSS

CL GsC

G
sA

L

M
VQC

+

−
=)(

F

P

VDD

VBB

 OUT
+V

 OUT
−V

d

2

V d

2
−

V 

IBIAS

CLCL

or  VSS

BB

M1

O
V

d L 1 I

G
V 2A
V sC G G

− −
= =

+ +

F

VDD

IBB

 OUT
+V

 OUT
−V

d

2

V d

2
−

V 
CLCL

VSS

IBB

F

VDD

IBB

 OUT
+V

 OUT
−V

d

2

V d

2
−

V 
CLCL

IBB

IBIAS

BBIG is the output conductance of IBB



21

Alternative insight into what is happening
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Can think of this as “steering” signal-dependent current to the output 

node which drives the total output conductance on the output node 

to obtain a signal-dependent output voltage  
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Can GM be increased by steering more current  to the output?



gmEQ Gain Enhancement Strategy

M1

1  :  M

IB

VIN
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Consider this quarter circuit
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1 M
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( )OUT L OEQ 1

1 m IN

sC g I

I g

M + = 


= − 

V

V

OUT m

IN L OEQ

Mg

sC g
= −

+

V

V

mEQ m
g Mg=

Have increased effective gm by M !!
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gmEQ Gain Enhancement Strategy

Consider using the quarter circuit itself to 

form the op amp

gm is increased by the mirror gain !

Mgg m1MQC =

M1

1  :  M

IB

VIN

VOUT

CL

Consider this quarter circuit

Folding is required to establish the correct 

bias current direction

Could have done this (or can do) for 

other quarter circuits as well but there is 

a particularly important reason we are 

following this approach with this quarter 

circuit – What is it ?

OQCgOutput conductance of QC:
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gmEQ Gain Enhancement Strategy

Redraw to absorb IB in the quarter circuit
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MQC M1g = g M
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gmEQ Gain Enhancement Strategy

M  :  1

VIN
IB

VOUT

M1

M  :  1

IB

M1

1  :  M

IB

M2VIN

VOUT

VIN

VOUT
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gmEQ Gain Enhancement Strategy

M  :  1

IB

M1

1  :  M

IB

M2VIN

VOUT

VIN

VOUT

IT

M1

1  :  1

M2VIN
VIN

VOUT

IT

Have we seen something very similar to this before?

?

doubled effective gm  (factor of 1+M)

sacrificed one output

increases effective gm by a  factor of M

does not sacrifice an output

eliminates need for CMFB
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What about this?
M  :  1

IB
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What about this circuit?

Increases effective gm  by 1+M

Leave this circuit to HW problem
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What about this?
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2-output Current Mirror
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New Device

Interesting properties – is it useful?
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Current Mirror Op Amps
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Mg =Premise:   Transconductance gain increased by mirror gain M

Premise:   If output conductance is small, gain can be very high
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Very Simple Structure!
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Current Mirror Op Amps

VDD
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VIN
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VOUT VOUT
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VSSVSS

VB2

M1 M2

M3 M4M5 M6
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Need CMFB to establish VB2

Can use higher output impedance current mirrors

Can use current mirror bias to eliminate CMFB but loose one output

Basic Current Mirror Op Amp
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Current Mirror Op Amps

VDD
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Alternative Basic Current Mirror Op Amp

Elimination of CMFB

m1
Vd

L 0EQ

g M
A
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+

• Eliminated CMFB

• Doubled gmeq

• Sacrificed one output

• Good Signal Swing at input and output

• Only 9 transistors

• Very simple circuit
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Is this a real clever solution? 
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Basic Current Mirror Op Amp
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• Current-Mirror Op Amp offers strategy for

gm enhancement

• Very Simple Structure

• Has applications as an OTA

• Based upon small signal analysis, 

performance appears to be very good !

• But – how good are the properties of the 

CMOA?
Is this a real clever solution? 

Basic Current Mirror Op Amp
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Seminal Work on  the OTA

N.E.C. PROCEEDINGS

From:
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Seminal Work on  the OTA

1969 N.E.C. PROCEEDINGS

December 1969

From:
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Original OTA
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I g V

=

=

=

Small-signal expressions same for MOS and Bipolar Structures



41

Current Mirror Op Amp W/O CMFB
V

DD

V
SS

V
IN

V
IN

M  :  1 1  :  M

I
T

V
SS

1  :  1

V
OUT

I
OUT

V
IN

g
m

1mmEQ
Mgg =

Often termed an OTA

INmOUT
VgI =Introduced by Wheatley and Whitlinger in 1969

For convenience, drop gmEQ notation
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OTA Circuits

• OTA often used open loop

• Excellent High Frequency Performance

• Gain can be made programmable with dc current

• Large or very large adjustment ranges possible

g
m

I
OUT

I
ABC



 •

=
circuitsMOSforIK

circuitsBJTforIK
g

ABC

ABC

m

2 to 3 decades of adjustment for MOS

5 to 6 decades of adjustment for BJT
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OTA Circuits
OTA often used open loop

g
m

I
OUT

I
ABC

Recall:  Op Amp almost never used open loop 

Since we just showed that the OTA is also a good high-gain 

op amp it seems there are conflicting statements

Challenge to students:   Resolve what may appear to be conflicting 

statements.  Will discuss this issue during  the next lecture.  
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OTA Applications

g
m

V
IN

V
OUT

R

Voltage Controlled Amplifier

Note:  Technically current-controlled, control variable 

not shown here and on following slides

INmOUT
VRgV •=

gm is controllable with IABC
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OTA Applications

INmOUT
VRgV •−=

Voltage Controlled Inverting Amplifier

g
m

V
IN

V
OUT

R
L
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OTA Applications

R
IN

g
m

R
IN

g
m

m

IN

g
R

1
=

Voltage Controlled Resistances 

m

IN

g
R

1
−=



Stay Safe and Stay Healthy !
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End of Lecture 9
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