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14.1 The foundations of output 
buffers
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A drive of the load

Rout

RL(50 – 1k )

Rout

CL(5p – 1nF)

Resistive load Capacitive load

In any frequency, the output 
voltage is dropped for the 
low RL.

In the low frequency, the output 
voltage is not dropped,  but the 
cut-off frequency is lowered for 
the large CL.

The low Rout (i.e. low gain amplifier) is required for the voltage 
output, i.e. the output stage of voltage amplifier should be buffered.
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Required characteristic for the 
analog buffer amplifiers

• Low output resistance (The low voltage gain is 
acceptable.)

• Wide output swing (The source follower has a practical 
problem.)

• High Slew Rate (SR)
• Small distortion (i.e. good linearity)
• High power conversion efficiency (PEC)

powerSupply 
power Load100

P
P

100(%)PCE
Supply

 LR
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Class of the amplifier operation
Output resistanceOutput swingLinearityBias currentClassConfiguration
MediumWideGoodLargeACommon 

source MediumWideGoodSmallAB
MediumWideNot goodZeroB
LowNarrowGoodLargeASource 

follower LowNarrowGoodSmallAB
LowNarrowGoodZeroB

The class AB and class B amplifiers are called the push-pull amplifier.
The common gate amplifier cannot be used as a output buffer because 
of the large output impedance.
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Evaluation of the distortion
Input signal
Distorted output signal )sin()2sin()sin(

)sin(

21 tnVatVatVav
tVv

PnPPOUT

PIN









i-th Harmonic Distortion (HD)

Total Harmonic Distortion (THD)
1a
aHD i

i 

1

222
3

2
42

a
aaaa

THD n





(5.5-11)
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Class-A CS amplifier and Inverter

in

Bias

L

DS1

DS2
out

GND

Class-A amplifier

Vin

I

Large quiescent current IQ
is required.

IDS1

Iout = IDS1 + IDS2

IDS2

Good linearity

Push-Pull

If GND = (VDD + VSS)/2,

Inverter (Class-AB)

Vin

I IDS1

IDS2

VTn

Large quiescent current IQ

VTp

Iout = IDS1 + IDS2
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Class-B and AB CS amplifier
(Push-Pull Amplifier)

in

LBias

Bias
DS2

DS1

out

GND

Class-B amplifier

Vin

I

Zero quiescent current 

IDS1

IDS2

Iout = IDS1 + IDS2

Distortion

Class-AB amplifier

Vin

I

Small quiescent current IQ

IDS1

IDS2
Negligible distortion

Iout = IDS1 + IDS2saturation 
region
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PCE of class-A amplifier

2

2

))((100
)(

)
2

)((

100
P

100%)PCE(
VSSVDD

amplitudev
IVSSVDD

R

amplitudev

P
out

Q

L

out

Supply

RL







If the GND potential is (VDD + VSS)/2 and the full 
swing is VSS to VDD, IQ = (VDD-VSS)/2RL

Maximum voltage amplitude (Rail-to-rail) of class-A amplifier vout_max

%25)2(100PCE Maximum

2

2

max_











VSSVDD

VSSVDD

VSSVDDvout
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PCE of class-B amplifier

vOUT

t




)(Avarage amplitudevout

%5.78
4

2)(

1)
2

(
(%)

2
















VSSVDD

v

R
vVSSVDD

R
v

P
P

PCE out

L

out

L

out

Suuply

RL

The PCE of the class-B amplifier is higher 
then the class-A amplifier, because of no 
quiescent current. The class-AB amplifier is 
often designed to attain the PCE around 70%.
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14.2 Class-A CS amplifier
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Circuit configuration

Qdsds
out Igg
r

)(
11

2121  



Output resistance
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Output current swing

21

1

)){(
2

(max)(min)

TnQ

DSQout

VVSSVDDI

III







Q

DSQout

I

III



 (min)(max) 1

Maximum sink current

Maximum source current

IQ

VDDVSS 0 vOUT

iD1

Load line

IDS1 = IQ, Iout = 0

IDS1 = 0, Iout = IQ

RL・IQ

1DSQout III 
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SR (Slew Rate)

L

Q

L

outout

out
Lout

outL

C
I

C
I

dt
dVSR

dt
dVCI

dt
dQ

VCQ







(max)(max)

The RL is approximately infinite,

L

out
Q

in

Bias

out
L

DS1
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Voltage gain

In the low frequency,
Ldsds

m

Ldsds

m

IN

OUT

Ggg
g

Rrr

g
v
v










21

1

21

1

111

(Practically, the Cgd1 and Cds generate a zero and a pole.)

M1 M2 Load

Cds = Cdb1 + Cdb2 + Cdg2

ds1 ds ds2 L L

gd1

outin

m1 in
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Design example (1)
±2.2VOutput swing
10.0V/usSR
2kRL

100pFCL

2.5V/-2.5VVDD/VSS
0VVOffset (GND)
2/2L1/L2

Specification

Cgd1, Cgd2 = 35fF
Gate length scale factor = 1um

L
in

Bias

L

out
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Design example (2)
Output voltage swing = ±2.2V, RL = 2k

mA1.1
2

V2.2






k

Iout

SR = 1V/us, CL = 100pF, SR = Iout(max)/CL

mA0.1)V/us10(100(max)  pFIout
Therefore, the output current swing must be over 
±1.1mA to attain the required output swing.

Hereinafter, the dimensions of M2 are determined. 
VDD = 2.5V, VBias = 0.0V, and VGS2 = -2.5V.
The M2 is able to conducts the current IQ

um50
mA1.1)um(uA/um2.22

)V86.0V5.2(
um2

)um(
2

uA/V33

2

2

22
2






W
W

WIQ

p-chn-ch
-0.860.78VT(V)
COX(uA/V2)
0.0110.019(V-1)
0.40.4(V1/2)

Output current swing:

Parameters of MOSFETs

High priority
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Design example (3)
The maximum current sink of M1:

um6
mA1.1)um(uA/um436mA1.1

)V78.0V0.5(
um2

)um(
2

uA/V98mA1.1(max)(min)

1

1

21
2

1






W
W

WIII DSQout

The constraint condition for the GND = (VDD + VSS)/2

Vin

I

IQ

Iout = IDS1 + IDS2

IDS2

IQ

IDS1GND = (2.5V - 2.5V)/2 = 0V

um2.15
mA1.1)um(uA/um5.72

)V78.0V5.2(
um2

)um(
2

uA/V98)0(

1

1

21
2

1






W
W

WVIDS

(If you need to set the GND to 0.)
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Design example (4)
DC gain at GND potential

dB57.351.1
uS533

mS804.0

mS804.0mA1.1
um2
um6uA/V9822

uS500
2

11

uS1.12mA1.1V011.0

uS9.20mA1.1V019.0

21

1

2
11

1
22

1
11
























Ldsds

m

in

out

Qm

L
L

Qds

Qds

Ggg
g

v
vGain

Ig

kR
G

Ig

Ig







Small signal output resistance




 k
gg

r
dsds

out 3.30
uS0.33

11

21
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Design example (5)

kHz848Mrad/s33.5
pF100
μS533

)()(

GHz66.3rad/s1030.2
fF35
mS804.0

21

212

21
1

10

1

1
1
















L

Ldsds

Lbdbdgd

Ldsds

gd

m

C
Ggg

CCCC
Gggp

C
gz

The frequency of pole and zero can be estimated from the 
value of Cgd1, Cgd2, Cdb1, Cdb2, CL, where usually CL >> Cgd1, 
Cgd2, Cdb1, Cdb2.

NOTE: We will learn these equations in a following chapter in detail.
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14.3 Class-AB CS amplifier



Class-AB amplifier with Floating 
DC voltage source

71_
1_

1_

62_
2_

2_

12/11

2

12/11

2

m
DSn

MBm
MBds

n

MBDS
TnGn

m
DSp

MBm
MBds

p

MBDS
TpGp

g
I

g
r

I
VV

g
I

g
r

I
VV

















フローティン
グ電源

位相補償

vout

From FC Amp.

From FC Amp.

VDD

VSS

vBias1

vBias2

vBias3

vBias4

VGp

VGn

MB2
CC

MB1
M7

M6

22

Floating DC voltage

Zero cancel

Zero cancel

Floating DC voltageFloating DC 
voltage source

Phase compensation

The output voltage swing is limited within 
VSS + VTn + 3OV and VDD - |VTp| - 3OV.

NOTE: FC Amp. = Folded cascade amplifier (See chapter 14).



Reduction of the output 
resistance with NFB

23





A
R

i
vR

vv
RiAvv

out

out

out
NFBout

oute

outouteout







1

)(

_

Voltage feedback → Low output impedance
Current feedback → High output impedance
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Shunt negative feedback

Ad(vout – vin) -Ad(vout – vin)

2121

2
2

1
1

2
2

1
1
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1

11

1))((1)(

dsdsmmdout

out
out

out
ds

outdmout
ds

outdm

out
ds

inoutdmout
ds

inoutdmout

ggggAi
vR

v
r

vAgv
r

vAg

v
r

vvAgv
r

vvAgi








, and Total gain ~ 0dB

0inv, for



Simplified class-AB shunt 
negative feedback amplifier
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Full-differential error amplifier

IDS1 IDS2

VTp +(iDS2)

VTn +(iDS1)𝐼஽ௌଵ ൅ 𝐼஽ௌଶ ൌ 𝐼ௌௌ
𝑖஽ௌଵ ൅ 𝑖஽ௌଶ ൌ 0

=



Design example (1)
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±2.2VOutput swing
10V/usSR
Rout

20kRL

10pFCL

2.5V/-2.5VVDD/VSS
10uAISS

0VVOffset

2L

Specification

Gate length scale factor = 1um

V2V5

V1V9

ISS/2 IQ

IQ

IQ

19
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Q
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CMDSCMDS
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Design example (2)

27

Output voltage swing = ±2.2V, RL = 20k

uA110
20

V2.2






k

Iout

SR = 10V/us, CL = 10pF, SR = Iout(max)/CL

uA100)V/us10(pF10(max) outI

Therefore, the output current swing must be over ±110uA to attain the 
output voltage swing required.

Output current swing:

11
uA10
uA110(max)

(max)





SS

out
m

SSmout

I
IK

IKI

The size of M6 and M5 may be given arbitrarily, if any other 
constraints is not imposed. Say (W/L)6 = (W/L)5 = 30/2,  (W/L)2 = 
(W/L)8 = Km(W/L)5,6 = 330/2.



Design example (3)
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A class-AB (push-pull) amplifier requires the same gm value between 
the p-ch and n-ch devices to avoid the nonlinear distortion.

2
112

2
112

2
330

uA/V98
uA/V33

2,2
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IgIg

OXn

OXp

OXpOXn

QmQm
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Estimation of Rout and Ad

21

21

2121

/1

100
)(

1

mm

dsdsout
d

dsdsmmd
out

gg
ggRA

ggggA
R













Design example (4)
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uS605.0
2
uA1011V011.0

2

uS05.1
2
uA1011V019.0

2

uS774
2

1011
2

330uA/V332
2

22

uS777
2

1011
2

112uA/V982
2

22

1
222

1
111

2
222

2
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The voltage gain of the differential amplifier is described as follows. 

(Required)



Design example (4)
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The large W of M10 and M7 extend the input voltage 
range of the differential amplifier. In this design, it is 
difficult to meet the given output swing, because of the 
large threshold voltage of MOSFET. Anyway, let's assume 
that the size of M10 and M7. Thus, (W/L)10 = 2(W/L)7a = 
2(W/L)7b = 20/2.

2
208104

uS320
2

2

uS320)uS5.99uS055.0uS095.0(22.3)(

uS5.99uA10
2

30uA/V332
2

2

uS055.0
2
uA10V011.0

2

uS095.0
2
uA10V019.0

2

43

4,3
4,3

6644,3

2
56,5

1
66,5

1
44,3
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 W/LTr. #
112/2M1
330/2M2
208/2M3
208/2M4
30/2M5
30/2M6
10/2M7a
10/2M7b
330/2M8
112/2M9
20/2M10


