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10.1 The foundations of
Amplifiers



Signal transmission and common

terminal
Common source Common gate Common drain
D D
D
OuUT + OUT
w
G —L G —i[ G —iL
IN
IN OuUT
S S S

Inverting Non-inverting Non-inverting



Configurations of a basic

amplifiers
Types of amplifiers
Common source | Common gate Common drain
Source | ‘ommon Input Output
Gate Input Common Input
Drain Output Output Common
Function | Yoltage Amplifier Voltage Amplifier DC level shift

H—L impedance

L—H trans-impedance

H—L impedance




Voltage gain of amplifiers

_ ) iout
—+ VDD G &
VintVin o—l:>—o VourtVout |:> Vin I : § Rout Ivout
—— VSS ° : ©
Small-signal equivalent circuit (Behavior model)
Definition of G,,, R
l
G R ( Gm =—— Vo =0
V — — 'V- N .V out
AV — out _ ( m m) out _ Gm .R()ut ) mn
in Vin Vou
\ Rout = v, =0

Impedance of input signal =0

Assumption{ Impedance of output load = oo



Common-source (CS) amplifier

Current source load I,q, (MOSFET current source)
- Bias current Iq, 1s supplied to M1
- Current source works as a large load resistance (Large voltage gain)

VDD

-

IDS

Vigs = Vi + AgvlIpse)

4:_% VGS
Vias > Vr




Voltage gain of CS amplifier

—— VDD
M2 > — iout idsl
VBias HI I Gm = v, =0 — = 8 mi
D lout Vi Vgsl
4_
— 0 Vout Vv t 1
P RouE = v, =0 :rs//rs
Vin o ¥ Ins: t Lot 8as1 T &as2 s
MI1|s _ ,
4 Please draw a small signal equivalent
VSS L.
circuit for yourself.
o gm r S I/' S
AVEGm.Rout: 1 :_gml.(rdsl//rdSZ):_gml S

a1 T 8o Vast T Vg2
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Setting of the bias current (1)

Ce |4
[-V characteristicin 7, = P Cox Vs Vi) {1+ AV s = Ay )}

saturation region 5
(VDS > VGS B VT) :E(VGS _VT)2{1+2’(VDS —Apy)}

U

ol

g, = - zﬂ(VGS_VT):\/zﬁ']DS
oV,
ol

g, = Py yyasa,

oV, 2



Setting of the bias current (2)

A —__ 8m [AV] 4
v =
8us1 1 8us2 1000 - .
_ /2131]1)5 00 High gain 1

A, <

ﬂ’l]DS_l_ﬂ“leS
_ N2A ]
A+ A, 1/]DS

]DS

10 L
Law outplflt impedanc
> Log (Ipg)

S‘ub- Saturation
threshold

NOTE: gm/Iq 1s a reference index of the voltage gain in saturation region.
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Bias circuit for CS amplifier

VDD | ! ' VDD

I,f—“— AOV(Mz) V
; M 3 F Nref CI M 2
‘L IBias
Vout

output range i
ref

input range 94—
VT T on ) T

— A, (M1)

Lref ({) Vin Ml
/ L — vss

The bias current 1s supplied to M1 by the current mirror.

Reference current
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Common drain amplifier (Source
vop Tollower or SF)

—+— VDD
b MI |p
Vino—] l Ips Vino—[ { Ips;
S S
Vout Vostm <2 Vou

current source

E? - ° ]
Ipso MOSFET \V/— out

M2 |5
VSS T VSS
Gm E_iouz = -1, =g AV _ Gm 'Rom _ |
Vm ’ 1+ 1
R, = ‘;m 0 T : " o (T 11 7y02)
out gast T8as2 T 8m hon g g ).

(See next slide) it &uso 11



Output resistance of source follower

Small-signal equivalent circuit Vasi = Vin = Vou
V. =const.
gml('Vout) . .
* J7 ° Vgsl — _vout
: 1 1
§ Tds] - Lowt = &m1 " Vour = ( + )'Vout
lout Vist  Tas2
- i
L 4 @ V . t _
out Rout _( > )
§ I Vout
ds2
i - 1 - 1
v 8ust T8us2 + &mi 1

+g,
(g1 // 4) 1

Low output resistance
_ Tyt 1 T 1
I+ 8 T 1 Va) &

Small voltage gain and large current gain

12



DC level shifter

57 Vin ~Vout Vout
I/out — I/zn o VT o =0
\ 4
N J
'
Level shift \
v
VDD Y1
when V, = VDD, | g Do
Input range vy Vi
V =VDD-V. — @ ! practical
o ! B VoA ‘ output range
T ov AN v
The voltage range of output is restricted vss r Aoy

in lower half of possible output range. 13



Common gate (CG) amplifier

vDD | . Small-signal
A equivalent circuit
—— VDD 1
VTYFBEsl ‘S/ output range M2 15 i 4 T4sd .
input range 4 Viasz—9[_ Lout
D Iout <
. \ A A «— gml('Vin) ¢ i °Vout
vss 1 You [
D .
V . | er rdsl
VGSI =Vgias1 = Vi sl L r
M1|s —
Vgias1 = CONSL. o 1in
. Vi Vin
*e Vgsl — _vin '
If 1 =0. (withno external load 8
o =0, ,( , : A, =—2—(1+ g, )
Vout — rdsZZin — rds2 (gml ) Vin + lr) rdSl + rds2
, 1
lr - (vin o vout

rdsl 14



Summary of the basic amplifiers

The common terminal 1s regarded as the fulcrum of the lever.

G > D Iy, — o0 (Ideal current load)
dVin dVout AV = ~&milas (Common source)
dV. A4, = Emds (Common drain)

1+ gmlrdsl

A, =1+g .r,, (Common gate)
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10.2 Cascode amplifier

16



Gain enhancement technique

AV :Gm.Rout - \/Tﬂl

1
(CS amplifier)
A+ Ay T

» The high voltage gain is achieved by the large 3,
or small I, but the small I, or small Ay
increases 1nfluence of the process variation and
the large 3, or large W causes a Miller effect.

* The cascode technique 1s useful for the gain
enhancement by increasing the output resistance

of amplifiers without additional bias current.
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Miller effect

The AC characteristic of amplifiers is remarkably degraded by
the Miller effect.

C

Vin Vout = Vin o ! (}_Q Vout

C(1+A) T

v

Large-capacity capacitor

voul‘ — _A ) vin

i, =jo-C(v, —v,,)=jo-C-(4+1)-v,

" Equivalent circuit
R o=V _ 1
"0 jw-C-(4A+])

mn

Assuming that the input impedance 1s very large.
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Trans-impedance with CG amplifier

Vin © > D, V,. Voltage gain of CG amplifier: 4, =1+g,, -7,

I Input Impedance

V., =—y

in gs

< lin + gmvgs = lr

| Vi = Pl TR

Vi _ T YR T R

R, =—= ~ ifR, =0
N iin 1_|—<gm’/'ds AV m ( L )
H_J °
Output Impedance Memorize
( _ .
_VgS o RSlout
iOut < iout — nggS + ir
<— . .
Vout \ Vout — rdslr + RSlout

R — vout — rds(1+ngS)+RS ~ AVRS

out .
%{_J

Memorize

out



Cascode amplifier

VBias34c||: M4 Current source load

VBias2 4[_ M3 Trans-impedance

L——gsional path
¢ ogvout P

VBia514||I M2 Trans-impedance

[ M1 CS amplifier

—+—VSS

Ay = GpuRoyt
Gm = —9m1
Rout = {(gmzrdsz)rdsl}//{(ngTdSS)rdSLL}

[f 7451 = Tqsa, Tas2 = Tds3, 9m2 = Ima3.,
1
Ay = _Egmlrdslgmzrdsz

Voltage gain of CS amp. ~30dB (=g, "T4)

Voltage gain of cascode amp. > 60dB
without additional power consumption.

However, the cascode circuit designed for
low VDD 1s disadvantageous for the output
swing, because the stacked MOFETs

should be driven in the saturation region.
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Advantages of cascode amplifier

The bias current of CG amplifiers is reused for the bias
current of the CS amplifier.

The unity gain frequency of cascode amplifier is higher
than other amplifiers.

— The Miller effect of the CG amplifier 1s eliminated, because of the
very small parasitic capacitance between S(input) and D(output).

(See Chapter 11.)

— The Miller effect of the CS amplifier 1s eliminated too, because the
voltage gain of the CS amplifier is ~0dB.

» The voltage gain of the CS amplifier is reduced by the very low input
impedance of the succeed CG amplifier.

* The CS amplifier in the cascode amplifier is working as a trans-impedance

amplifier.
21



10.3 Differential amplifier



Function of differential amplifier

* The differential signal V= (V, - V. )/2
— 1s amplified to Ad times.

* The common-mode signal V_ = (V, "+ V, )/2
— 1S eliminated.

\]inJr A + + )
~ y Vout = Ad- (Vin - Vin )
Vin
V=t
V =4,-V
- Vc —Vd out d d
mn 2

« Advantages of the differential amplifier
— The common-mode errors included in a signal 1s eliminated.

— Common-mode errors: Switching noise, Crosstalk, Thermal drift, )
Offset, Even-order distortion ....



Configuration of the differential
amplifier y

+— VDD
VDD
iIDSI IDSli 1\/[5’31_Ii QMSb
VBlas Cl

: ]
Current Mirror N :| F_‘ 4

Load JDSI Ips2

Vs Vas2
Ml Vou Ve [

+ .
Differential Pair Vipfo—{[_ iIDSl IDSQi :||_°Vin' Vin L ilDSl IDS2¢ :||°_° Vin
‘}\ \V4 /‘ M1

VGS < VGSZ VOUJZ

g s =1
DS1 = 1DS2
Current Source VBias—T= | M3
(Tail transistor) Mb5a| | [ Mop iIDs1 IDSli

VSS

iss/z ISS/'2 VSS

Ipsi = Ipgy = Iss/2.
All MOSFETs are driven in the saturation region.

The noise level of p-ch MOSFET is smaller than that of n-ch MOSFET.
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Differential gain

VDD
e R . +
) Ips1 = gm1(Vm _Vc) 11(\)/% H - 11/(1)4/12
' — - _Jbsi—Ips>
LIps2 = 8mi ‘(Vm — Vc) Vo
[ =0 —1 Vinl—{[_ 3022 302 J|—Vyy
out ~ “DS1 DS?2
( + - ) VG;\ [ e $ jVGSZ
=g 1"\, —V
" v v VBias IE H:
] M5a i i M5b
G =- out =g 6/4_| | 6/4
SRR VRS U B " / Iss/2 o2 VSS
" The large L of M5 can suppress the
% 1 .
R, =— — =7 )T channel length modulation effect.
our Vi =0 Eas1 T 8.2 (V. = const. The source node of M1 and

M2 is equivalent to GND for the

Ad — Gm ) Rout = 8mi (I” ds?2 /¥ ds4) differential input signal.) s



Setting of the bias current

|Ad|
1 1 1
A, = \/2131]1)51 '/12 A, 1, 1000

B \/27131 2 100 |

= 10 ' s
Ay + A4 \ g
2\/ 181 1 ) i > Log (Igs)
= Weak Strong
/12 + 2/4 Ji 55 inversion inversion

(without the external load)
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Design example

T

! r—VBD Ay ,=02V

A, =0.019V!
Ms;  30u/2u K3 =0.011 V!
B, =98u * 20u/2u
= 980uA/V?

out

Vit o—{[ M M, |F—o Vi
20u/2 Ay = 2
. )| us Zu d 12 +/14 [SS
-6 2
Mel | 1 = l [ l 20u/4u _ 24/980-10°A/V 1
20u/4u M, Ms; 0.019V"' +0.011V" \J40-10° A
‘ ‘ +—— VSS =330
20uA 20uA 20uA _ 50.4dB

Iqg = 40uA
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Cause of the common mode gain
(Ideally A= 0)

1. The variation of V. by the common-mode input.
2. The mismatch of the pair transistor M1 and M2,

M3 and M4 1
————— VIOD
|:| : é : gm4Vout <*> § l‘ds4 ~ OO
M3 T M4 P
! u—ol out |:> <_° Vout
M1 I M2
Vv = —[ ' Small-signal
‘:rc : . gmz(Vin‘Vc) <+> § Tysp ~ O
. I
VBias II_ : I :
MS\a_‘ i Msb | 2 2ryes
iss/z - SS772 - yss v

28



Common mode gain

l ¢
] — (V. —Vv.)+ V
out Ema ( in C ) EmaYout 8 aVout ¢ § Iyeq ~ ©

vC — 2rds5gm2 (vz'n o VC)

I, = 0  without external load

1
[ ’ out

° Vout
AC _ Vout — gm2 1 gm2(Vin_VC) <+> § rdSZ ~ 00
Vin gm4 1+2gm2rds5 *
|
- gml § 21‘dSS

gm3 1+ 2gml’/'a’sS

To reduce A, the large g _,, g, and 14 1S preferable.

The cascode current mirror 1s effective to increase 1.
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CMRR (Common mode rejection ratio)
Ag

CMRR =
A

1
VOMf — Ad .(vl.—:l _vl:’l)-l_EAC .(vl.—:l +Vl;l)+V0

S out

Input-referred offset

1
=4, -(vi —=v )+ A4 (VI +Vv )+V .
d ( in zn) d{2CMRR ( in m) OS_m}

[

common mode gain  Process variation

The precise signal processing requires the larger CMRR.
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Differential input range

M3T

l Vin+°_| I:

21
Vasi =Vr, + >

1

21
Vosa =V + -

IDSI :ISS — IDsz =0
]DS2 :[SS — ]DSI =0

i Ipsi IDSZi

L

O—OV

VDD

M4

out

M2
:I |_° Vin

VBias I
7 i i M5b
Ve =Vis1 =Vesa = (| = W ps1 =+ ps2) «— VSS
ﬁl 133/2 ISS/2
[ pMAY _ 21 Vinl\i/HN IpgT Vi EMAX
mn ﬁl ] |

yMIN _ /2] SS
124 ﬁl




Calculation method of the
common-mode input range

Ips Ips
| |
D D
\Min. =-V
Vi + AOV(IDS)< 1 G Min. = AOV(IDS)< —2a
! Vi1t Aov(Ips) | Vi1 + Aov(Ips)

Vs = Vs Vbs X Vs

32



Common-mode input range (1)

Minimum common-mode input voltage

’ +— VDD
i
'—ovout
M1 M2
\/vinC IE H:
VG§\ ‘ilss/ 2 ilss/ 2
V (shift)
Vias— = | Aovs
MS5a i i M5b
VSS

When both M1 and M2 is operating in the
saturation region,

I B
IDSI = % — EI(VGSI - VTn)2

/ .
Ve =V, +.[—= (Common-mode input)
1
While the M5 may operates in the linear region.
if V. 1s larger than A,y (Igg) and M5 operates in

the saturation region,
21

s
VI =VSS +Apys + Vs

=VSS+V, + Iﬁ+ 2ss 13
\ 6\ 5

VDSS 2 A0V5 -




Common-mode input range (2)

Maximum common-mode input voltage

? +— VDD
Vass| M3 ] [ M4
M1 +—Vout
V. o1 % Aovi M2
in | Y |
v A2 152
GS1 4 - ®
V(shift)
VBias | . I
Mb5a i L MS5b
fss/z ISS/‘2 VSS

Viss = Vpss» M3 and M4 is operating in the
saturation region.

] __[SS

DS3 ~
2

p
- 23 (VGS3 - VTp)2

Lss

Voss =Vass =V, — (Common-mode input)

3
Assuming that the M1 operates in the saturation

region,
VDSl 2 AOVl ([SS /2)

V;lax =VDD + V53— Ay + Vs

/
=VDD+V,, - /? — Ao + V5 + A0
3

I
= VDD +V,, +V;, - —ﬁSS (V,, <0)
34
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Numerical calculation example of
the common-mode input range

VSS+/ SS+ /ﬁw <V, <VDD - 7_| | Vo
3

(

\

Ml M2

Ayys = 25 ~(0.3V
\' B;

I
Ay, = /ﬂSS ~ 02V
1,3

Ve, =V, =2 0.8V

VDD

VSS

N
M3M4 MIM2

0.2V

Common-mode input range

1.3V
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