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12.1 Specification of OPA



3

Parameters of OPA
DescriptionDesign constraintParameter

Power supply voltagemax/typ/minVDD (V)

Total bias currentmaxIBias (uA)

Differential gainminOpen loop gain Ad (dB)

For discrete CMFB OPAmaxSampling frequency fS (Hz)

Unity gain frequencyminGBP (Hz)

>> 2*VDD/fSminSR (V/us)

< 2/fsmaxSettling time (us)

> 60 deg.minPhase margin (deg)

min/maxCommon-mode input range (V)

> Differential input rangemin/maxOutput swing (V)

In frequency rangemaxInput-referred noise level (uV @Hz)

maxInput-referred offset VOS (V)

Common Mode Rejection RatiominCMRR (dB)

Power Supply Rejection RatiominPSRR (dB)

Possible external loadtypLoad resistance, capacitance (ohm, F)
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Sample Format of specification sheet
CommentUnitMeasured valueSimulationTarget 

value
Parameter

max.typ.min.max.typ.min.

V1.8VDD

No inputuA312Bias current

dB82Open loop gain

Load=100fFHz320MGBP

Load=100fFV/us244SR

Error 1%us24nSettling time

dB-185CMRR

dB-150PSRR

@1MHznV/Hz0.550Noise level

V-0.5upperCommon-
mode input 
range

V0.9lower

Estimated from the host system of the circuit



Phase compensation
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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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12.2 Analysis of 2-stage CS OPA
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Structure of 2-stage OPA

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





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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Location of the zero (2)
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Practical Rc implementation by 
MOSFET output conductance
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(see slide 16)

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.

DS



18

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



20

Indirect phase compensation (3)

The cascode current mirror load is used in place of the feedback buffer. 
There is no additional power consumption.

Common gate feedback buffer

Long L will help the adjustment 
of the output offset voltage.

100/2

100/2

100/1

100/1

100/1
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200/4
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50/2 50/2

50/2
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200/4
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12.3 Optimization of MOSFET size
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Saturation of M4 (1)

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

44464 OVTpGSGSGSDS VVVVV 

, If 64
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M4 always operates in the saturation region.
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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 a 
input-referred noise PSD.

 = 2/3 (Long Channel)
1    (Short Channel)
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Input-referred noise (2)

Intrinsic noise density of the differential amplifier
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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
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12.4 Design example of a single-
end OPA



Circuit topology

34
2 stage OPA without zero-canceling
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Specification

Power supply voltage VDD/VSS 2.5V/-2.5V
Open loop gain Ad > 95dB
GBP fu 100MHz
Phase margin PM 60°
Slew rate SR > 100 V/us
Load capacitance CL 1.0 pF
Output voltage swing Voutp-p > 4.2 V
Maximum common-mode voltage Vinmax > 2.1 V
Minimum common-mode voltage Vinmin < -1.4 V
Input-referred noise < 500 uV (BW=1Hz~1MHz)
Power consumption PW < 10 mW

2
nv
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Parameters of MOSFET

Parameter n-ch p-ch
VT [V] 0.78 -0.86
COX [A/V2] 98u 33u
 [1/V] 0.0186 0.0114

The parameters are extracted from 10um/2um MOSFETs for 
OV =0.2V.
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Cc, ISS
(1) Phase compensation -1

Load capacitance CL = 1.0 pF
Phase compensation constraint 

CC = 0.2 pF

(2) SR
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M1, M2
(3) GBP

(2) IDS1 & (3) gm1
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M3, M4
(4) Maximum common-mode input
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M5
(5) Minimum common-mode input
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M6 (without zero cancellation)
(6) Phase compensation -2

mS40.1
u1010u98210

210

10

11

16








DS

mm

I

gg



13848.133
u102
6u33

1033
m40.1

2

2

2

, If

6

4

46

6

4

4
66

666

4

6

4

6

64


























DSOXp

m

DS
m

DSm

DS

DS

GSGS

IC
g

L
W

I
g

Ig

I
I

VV











　

Bias condition:

V318.0
138u33

u23022

uA230u10
6

138

6

6
6

4
4

6
6














DS
OV

DSDS

I

II



42

M7
(7) Systematic offset (Saturation of M4)
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The circuit parameters 
are determined. Check 
the other specification.
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Output swing
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Open loop gain
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Flicker noise (1)
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The parameter COX can be loosely estimated for nCOX or pCOX. 
Say n~ 400 cm2/Vs and p ~ 130 cm2/Vs. 
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Flicker noise (2)
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Based on the specification sheet, at  fu = 1 MHz, Vnf = 
500 V.
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Thermal noise
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Completion

Power consumption Pw = (230 + 3･10)･5.0V = 1.3 mW


