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1. Structure of OPA
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Phase compensation

3

Circuit configuration of OPA

Class AB output buffer
（See chapter 14)

2 stage voltage amplifier
(CS + CS or CS + CG)

Differential amp. Voltage amp. Output buffer

The output buffer may be omitted to reduce the power consumption, 
if the OPA drive only the capacitive load or operate with high loop 
gain.
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2. Analysis of 2-stage single-end OPA

5



6

Structure of 2-stage OPA

Differential amplifier CS amplifier
)//()//( 766421 dsdsmdsdsmd rrgrrgA 

(without the output 
buffer)

outin
+

in
-

Bias

c

The power consumption 
of impedance buffers 
often large. If the high 
load impedance is 
estimated, consider the 
unbuffered structure. 
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Bias current dependence of the 
differential gain

Differential amplifier stage
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Phase compensation (1)

p1

V
0

-20dB/Dec

-40dB/Dec

p2




･p2

u

Cannot used for the NFB circuit

p1’

0dB

u’

)stability bad(21 　upp  

)stability good(21 　pup  

･p2

Margin

Phase rotation

Phase compensation

Constraint for p2 and u
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Phase compensation (2)

p1

V -20dB/Dec
-40dB/Dec

p2





u

0dB

2 times
　zpup   21

uz

up









10

22

10 times

Z

Phase margin °



(The generation of zero is inevitable in the 
feedback phase compensation circuit.)

Constraint for z and u

Constraint for p2 and z
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Miller capacitance phase 
compensation technique

CVgsCVM CACCAC  262

The input parasitic capacitance of M6 is Cgs6, but the input capacitance of 
the 2nd amplifier is controlled by the Miller capacitance CM.

V1 V2

c

Lgs6

o1 o2
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Design of the frequency response
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In the frequency range more than u, the input signal and output signal 
level is comparable, approximately, AV2=Gm2･Ro2= -gm6･Ro2≒ -1.

Pole and Zero frequency and the circuit parameters

(Miller effect)

(The output capacitance of 2nd amplifier)

(Feed forward through Cc)

(Miller effect)
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Constraint of the phase compensation
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Location of the zero (1)
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The phase compensation using CC requires the constraint 
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requires the very large gm6. RC phase compensation can be 
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Location of the zero (2)
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Practical Rc implementation by 
MOSFET output conductance
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gm6 = gds_MC1, z→∞
(see slide 14)

M7 and MC4 are the same size.
M6, MC1, MC2, and MC3 are the same size.

VGS_MC3 + VGS_MC2 = VGS6 + VGS_MC1
VGS_MC1 = VGS_MC3 + VGS_MC2 - VGS6 = VGS6 + VGS6 - VGS6 = VGS6

Same size
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Differential 
Amp.
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Indirect phase compensation (1)
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Indirect phase compensation (2)

Advantages:
• High SR, High p2, High u, small Cc
Disadvantage:
• Additional power consumption

1

out
C

Bias

Common-gate feedback bufferSource follower feedback buffer



3. Design of 2-stage single-end OPA
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Saturation of M4 (1)

M3 always operates in the saturation region.
333 OVTpGSDS VVV 

44464 OVTpGSGSGSDS VVVVV 

, If 64

64

GSGS

GSDS

VV
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



M4 always operates in the saturation region.

in
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c

GS4 DS4 GS6

MOSFET size should be optimized for VGS4 = VGS6.
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Saturation of M4 (2)
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Saturation of M4 (3)
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Systematic offset (1)

When VA = VB ( differential input = 0), 
the output current = 0 or IDS6 = IDS7.

Systematic offset
Current balance of M6 and M7

Random offset
Process variation of VTVA VB

IDS6

IDS7
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Systematic offset (2)

This constraint is same as the 
saturation constraint of M4.
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Input-referred noise (1)

Channel noise model of MOSFET
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NOTE: Large L is better 
for the low noise amplifier, 
because of large L*W.

Thermal noise Flicker noise

The channel noise is observed in 
the output terminal, but the noise 
PSD is normally described as an 
input-referred noise PSD.

 = 2/3 (Long Channel)
1    (Short Channel)



26

Input-referred noise (2)

Intrinsic noise density of the differential amplifier
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NOTE: Assuming that the differential pair consists n-ch MOFET 
and current mirror load consists p-ch MOSFETs.
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Mismatch of MOSFETs by the 
process variation
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Optimization for the noise and 
process variation

• Thermal noise
• Differential pair MOSFETs: Large W/L
• Current mirror load MOSFETs: Small W/L

• Flicker noise
• Differential pair MOSFETs: Large W*L
• Current mirror load MOSFETs: Large W*L

• Mismatch offset
• Differential pair MOSFETs: Large W, L
• Current mirror load MOSFETs: Small W/L (Small gm3/gm1)

NOTE: Consider that the L and W influences the frequency response too.
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Design constraints
(1) Phase compensation -1

(2) Slew Rate

(3) GBP

(4) Maximum common-mode input, Thermal noise

(5) Minimum common-mode input

(6) Open loop gain/
Phase compensation

(7) Systematic offset



4. The function and structure of 
Full-differential OPA
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Function of a full-differential OPA

)(
2

  inin
d

out VVAV

Function

)(
2

  inin
d

out VVAV

Ad = Differential Gain

Symbol of Single-end OPA

Symbol of Full-differential

)(   inindout VVAV

Ad = Differential Gain

+

- +
-Vin

+

Vin
-

Vout
-

Vout
+

  outoutout VVV

31



Advantages of full-differential OPA
• Feature of full-differential OPAs

• Cancellation of common-mode noise
• Cancellation of clock feedthrough and charge injection 

error (essential for the discrete analog circuit)
• Cancellation of even-order distortions of MOSFET

Circuit A Circuit B

Differential output Differential input
Vout

+

Vout
-

32



Cancellation of common-mode noise

CMOS switch

＋
−
−
＋

＋
−
−
＋

Digital signal

Cross-talk noiseSwitching noise

Differential 
signal

Errors

Drift

Differential signal 
and errors

Error-free 
differential 
signal

vsig

-vsig

vsig + vdrift

-vsig + vdrift

Drift : A slow shift of the common-mode voltage is often observed as a drift. 
The drift error occurs by a temperature change easily.

vsig + vdrift + vnoise

-vsig + vdrift + vnoise

vsig

-vsig

Subtracter
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Circuit configuration of diff. amp.

ID1 ID2

ID1 ID1

common mode rejection

Current mirror load Current source load

ISS/2

ISS

ISS/2ISS/2

ISS/2

ID1 ID2

Iout
+ = ISS/2 - ID2 = (ID1 - ID2)/2 

ISS/2 = (ID1 +ID2)/2

Iout
+Iout

-

Iout
- = ISS/2 - ID1 = (ID2 - ID1)/2 

biasn

biasp

DD

SS

in
+

in
-

Mirror symmetry
Current subtraction

Iout = ID1 - ID2

Gain = 1/2 times lower for each output port and mirror symmetry

34



bias2

bias1

SS

in
+

in
-

DD

out
+

out
-

CL CR

LRLL
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NOTE: GBP increases with increasing gm1, but power 
consumption is increased with the gm1 (gm ∝ IDS

0.5).
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Characteristic of cascode OPA
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The bias current of M1 and M2 is 
reused for the M4 and M5.

The voltage gain of M1 is about unity and the 
Miller effect is negligible, thus, p2 ≧ u
(The Phase margin depends on the CL.)

CG amplifier
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Cascode bias circuit

VSS

VDD

VT ＋ΔOV

ΔOV

ΔOV

VT ＋ΔOV

Vbias1Vbias2

Vbias3 Vbias4

See Chapter 4, Wide Swing cascode current mirror.
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Voltage 
Reference

VSS

VDD

VBias1

Vref

Wp/4Lp

Wn/Ln

Wp/Lp

IrefIref

VBias2

VBias3

VBias4

Iref Iref

Wn/4Ln

Wn/Ln

Wp/Lp

Definition of the bias voltage



5. Folded cascode OPA

NOTE: The folded cascode OPA consumes larger bias current, 
but it has some advantages, such as wide input range, good 
stability, high gain, which these features are suitable for IP.

38



Calculation method of the 
common-mode range (remind)

VDS = VGS VDS = VGS

39



Common-mode input range of n-ch
input differential amplifier

Common-mode input range

3OV

1OVTnV 

02  TnOV V

ΔOV1
VTn + ΔOV1

ΔOV3

ΔOV2

-VTn

40
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Common-mode input range of p-
ch input differential amplifier

ΔOV1

|VTp| + ΔOV1

ΔOV2

ΔOV3

-|VTp|
Common-mode input range

3OV

1|| OVTpV 

0||2  TpOV V

41

bias1

bias4



Common-mode input range of n-ch
input differential amplifier

Common-mode input range

3OV

1OVTnV 

TnOVOVOV V 452

~ 0

VTn + ΔOV1

ΔOV3

ΔOV1

ΔOV2

ΔOV5

ΔOV4

High gain, small input range, and small output swing

-VTn
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M3RM3L

M2L M2R

M1L M1R

M4RM4L

M5L M5R

bias1

bias4

bias2

bias3



M1 M2

M3 M4

M5
M6 M7

VSS

VDD

vin
+ vin

-

vout

Vbias1 Vbias2

Vbias3

Vbias4 M8 M9

M10 M11

Folding technique of the current 
source load (single-end)

cascode
Separate the transconductor
and current source load.

The differential pair and the current source load can be separated to enhance the signal 
swing and to reduce the bias voltage tolerances.
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Folding

M1 M2

M3 M4

M5
M6 M7

VSS

VDD

vin
+ vin

-

vout

Vbias1 Vbias2



in
+

in
-

out

bias1 bias2

bias3

bias4

Common-mode input range of the 
folded cascode amplifier

common-
mode input 
range

5OV

1OVTnV 

ΔOV3

-VTn

VTn + ΔOV1

ΔOV5

ΔOV1

03  TnOV V
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Full-Differential Folded Cascode
OPA (or OTA)

Current source loadTail

trans-
impedance 
amp.

Bias current 
source

10/2

10/2

30/2 30/2

30/2

10/2

10/2

Folding

(Same as a circuit  shown in previous slide)
45

Folding



Common mode voltage range of OPA

46

VSS

VDD

Input range

Rail-to-Rail OPASingle-supply OPADual-supply OPA

These OPAs operate under the condition 
that VSS = GND. This feature is useful for 
many sensor applications. 



Rail-to-Rail input stage
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common-mode 
input range

5OV

1OVTnV 

03  TnOV V
5OV

1|| OVTpV 

0||3  TpOV V

＋ →

VDD

VSS

n-ch input p-ch input CMOS input

Rail-to-Rain input OPA can be composed with p-ch differential pair 
and n-ch differential pair

common-mode 
input range

common-mode 
input range



Rail-to-Rail OPA
bias1

bias2

bias3

bias4

out
+

out
-

DD

M6La M6Ra
M6Lbn

M4L M4R

M5L M5R

in
-

in
+

SS

CL
M1Ln M1Rn

M2L M2R
M3Ln M3Rn

M6RbnM6RbpM6Lbp

M1RpM1Lp

M3RpM3Lp

CL
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n-ch input

p-ch input

10/2

10/2

30/2

30/2

30/2

10/2

10/2

20/2

30/2

10/2



6. Common mode feedback
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Common Mode Feedback (CMFB)
• Common-mode voltage VCM

• The common potential of the input and output nodes in the full-
differential OPAs cannot be defined in the circuit.  Therefore, the full-
differential OPAs have to be controlled with the common-mode voltage 
VCM.

• The common-mode voltage is applied to the common-mode input.
• ISS or Iload should be controlled  by the common-mode voltage, 

because,
• Iload_L + Iload_R > ISS →    Vout

+ = Vout
- = VDD

• Iload_L + Iload_R < ISS →    Vout
+ = Vout

- = VSS

VDD

VSS

Vo
lta

ge

VCM Common-mode input range

Time
50



2
)(   outout VV

CMV

Operation of CMFB

CMFB circuit

ISS or Iload is 
controlled by VCMFB.

Wide input range 
differential amplifier

51

CMFB keeps the bias condition: ID2L + ID2R = ISS.



CMFB circuit for continuous-time OPA (1)

DD

SS

out
-

CM

CMFB

bias4

out
+

SUM SUM

Cp is a speed up capacitor for the phase 
compensation of the CMFB amplifier (It is 
required in the case of large Rsum).

Rsum is averaging resistance.
The output buffer is required for the OPA.

Implementation by the summing amplifier
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in
+

in
-

out
-

out
+

out
+out

-

CM

CMFB

SS CM CM

CMFB circuit for continuous-time OPA (2)

R.A.Whatley, U.S.Pat. 4, 573, 020, (1986)

CMFBThe load current is controlled 
by the common-mode output 
referred by VCM.

Dual differential pair CMFB
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Symmetrical implementation of 
continuous-time CMFB
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bias4

CM

CMFB

OUT
+

OUT
-

10/2

30/2 30/2

10/2

100/2 100/2



Switched capacitor CMFB for discrete-
time OPA (1)

D. Senderowicz et al., IEEE J. Solid-State Circuits, vol.17, p.1014 (1986)

)( refCMR VVCq 

CMFB
Reset Mode in the phase 1

Switched capacitor CMFB circuit
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Vref

VCM - Vref

q

-qVCM - Vref



Switched capacitor CMFB for discrete-
time OPA (2)

refCM
outout

CMFB

CMFBoutRCMFBoutR

refCMR

VVVVV

VVCVVC

VVCqq














2

)()(

)(221

If the common-mode 
output ＝ VCM, ISS = Iref

Amplification Mode in the phase 2
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VCMFB

Switched capacitor CMFB circuit

q1

-q1

q2

-q2 Vout
+ - VCMFB

Vref

Vout
- - VCMFB



M1 M2

M3 M4

M5

in
+

in
-

out
-

out
+

ISS

VCM

Iref
CR CRCA CA

VBias

Cancellation of the parasitic 
capacitances in the CMOS switch

RA CC  10~4
Cancel of the charge 
injection error of CMOS 
switch

57

Vref

VCMFB

-q→-q1-q-q→-q2-q

2q2q



Symmetrical implementation of 
discrete-time CMFB

out
+

out
-

CMFB

CMCM

refref

rAr A

Symmetric schematic (intended for layout design)
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(Appendix) Discrete-time operational 
amplifier with comparator
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The discrete time OPA can be replaced with high-precision comparator to 
implement the differential amplifier, because it is difficult to design the 
high gain OPA with the fine processes.

The output voltage V2 is regulated 
to keep the virtual ground, i.e. Ve = 
0.

+Q -Q

+Q -Q

+Q -Q

+Q -Q

Equivalent circuit with comparator


