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1. Current mirror



Constant voltage circuit

(g Vs =Ves
)R Vs 2 Vs = Vi, =A0y
Therefore, M1 is driven in the saturation
Ml _I—— region. This circuit can output the voltage
V.. controlled by | ..
b /‘ Vs = const. ©3 ref
VSS In the saturation region

V; I, =const. - V= const.
_ _ M 2 | Vg =const. - |, =const.
I _]ref_T(VGS_VTn) G5 D

/2]
Vs ) =Vr, + éef =V, +A,, (Ag: Overdrive voltage)



Current mirror

b, )
I =22w. -V,
RL l Iout { ou 2 ( GS T)

]ref = %(VGS — VTn)2
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. ** Tout ref W ref
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Sink and source of the current mirror

. VDD .
Iref <+> v Iout
I 7 Ml ]i—%[ M2
120/2 120/2
M1 [ M2 o
A 40/2
40721 Vs I +> ! Lout
VSS
Current Sink \ (W)2 /Current Source
[ =L g
out W ef
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Layout sample of the current mirror

Short G and D of M1

A B N
Ml ]I——‘I/E 8

_ >3 B X
/'N ol

Connect at c = 5

the center. -

Dummy
poly strip

___________________________________________________________________________

M1 M2
Center of the sources of M1 and M2



Deviation from the ideal characteristics

v

potential difference l — _out

out

rds 2

0 <«

Lrer <+> Lout T Tout Small-signal
————— equivalent circuit Vout

MI :”_0_”: M2 Vout :> gm2 .Vgs =0 § I'qs2

A
Const.

v
0 <

The channel resistance of M2 is not infinite, therefore, M2 cannot
work as an ideal current source. The higher drain resistance of M2
is preferable to improve the characteristic of the current source.



2. Basic amplifier



Signal transmission and common
terminal

Common source Common gate Common drain
D D
D
OouT ¢ OUT
INJ‘
¢ —iL ¢ —iC ¢ —iL
IN
: IN ouT
> S

Inverting Non-inverting Non-inverting



Configurations of a basic

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

H—L impedance

L—H trans-impedance

H—L impedance
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Voltage gain of amplifiers

1
VDD _ "GmVin &
VintVin VoutrtVout |:> Vin I : +> Rout I Vout
VSS T ) °
Small-signal equivalent circuit (Behavior model)
Definition of G, R
I
G R Gm = -2 Vour =0
v — — o v . V out
AV — _out _ ( m 1n) out _ Gm . Rout mn
: V. Vv
" " Rout = v, =0

Impedance of input signal =0

Assumption{ Impedance of output load = oo
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Common-source (CS) amplifier

RV }_| EIDST Vs

Current source load I,g, (MOSFET current source)

- Bias current Ijq, 1s supplied to M1

- Current source works as a large load resistance (Large voltage gain)

VDD Ipg t

Vs = V1 + Agy(lpso)
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Voltage gain of CS amplifier

—— VDD
M2 > — iout idsl
VBias 46”: I Gm = V=0 -~ =~ 8mi
D lout V., Vgsl
4_
— Vou v 1 p
b ROM = .O_u V. = — — r S r S
Vin 0 ||: ¢ IDSl t lout " gdsl + gds2 are
M1 |s . .
i Please draw a small signal equivalent
VSS L.
circuit for yourself.
— vV, .r
AV = Gm ) Rout = gml = _gml ) (rdsl // rdsZ) — _gml S

a1 T 8us2 Vast T Va2
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Setting of the bias current (1)

1w

[-V characteristic in 1, = S Cox Vs Vi) {1+ AV 5 — Ay}
saturation region 5
(Vps > Vs - Vi) = Py Vas = Vi) {1+ A(Vps — Mgy )}

U

ol
Em = 5VDS ~ IB(VGS _VT) — \/2,8'105
GS

ol
8 ds > :§(VGS_VT)2ﬂ’z/I'IDS

oV g
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Setting of the bias current (2)

A, =——8n Ay
gdsl + gdsz 1000 i
- /2181105 100 High gain 1

[ +A1 L Ay e—

2'1 DS 24 DS 0L /]DS

__ N 2/ 1 Law outptflt impedance

+ A Jl < :g: > L ! I

ﬂll ? DS Sub- Saturation 0g (Ins)

threshold

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

JLIW\,_‘

i —
S

o

i

VDD
9
— Vou
| [
+—VSS

Voltage bias Current bias
(Unstable) (Stable)



AC coupling of CS amplifier

VDD

out

VSS




2. Cascode amplifier



Gain enhancement technique

A28 1
21+/121/[DS

* The high voltage gain is achieved by the large 3, or
small Iy, but the small I or small A, increases
influence of the process variation and the large 3,
or large W causes a Miller effect.

° AV — Gm . Rom — (CS amplifier)

* The cascode technique is 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 1s remarkably degraded by
the Miller effect.

C

Vin Vout = Vin o \N’ {>_Q Vout

C(1+A) T

v

Large-capacity capacitor

vout = _A ) Vin

i =jw-Clv, —v )=jw-C-(4+1)-v,

Equivalent circuit

R. — Vin — 1
S jo-C-(4+1)

mn

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

S D . -
Vin o= 7 Vou Voltage gain of CG amplifier: 4, =1+g,, -7,
I Input Impedance
) vin = _vgs
rdS i} iin + gmvgs = ir
lin é\é\{,\'gs i Vv, =1l +R,i
Vin1 g v, r.+R r,+R 1 ) B
R,=Yu_to™ly TuH (if R, = 0)
| RL lin 1+gmrds AV m
. | -
“Ves Output Impedance Memorize
Ids J o Vgs = RSiout
lout Iv\(,\’ : l = g A% +l
— grn gs <10_ut out m” gs r
1 @ ° Vout vout =7 dsir + RS iout
Rs _l Vou
LJ; R, =—=r,(1+g,R)+Rs ~ 4,R
~Vgs out .
Memorize
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Cascode amplifier

Ay = GmRoyt
—+— VDD G’m = —09m1
Rout = {(GmaTas2)Tas1}/ /{(GmsTas3)Tasal
Viiass—4[_ M4 Current source load If rys1 = Tasar Tas2 = Tas3, Imz2 = Im3
1
VBia524°||: M3 Trans-impedance Ay = — p9miTdsiImaTasz
’——>sig\171al path .
out Voltage gain of CS amp. ~30dB (=g, T4)
Vi — [ M2 Trans-impedance Voltage gain of cascode amp. > 60dB
without additional power consumption.
Vino———1_ M1 CS amplifier However, the cascode circuit designed for
low VDD i1s disadvantageous for the output
—4VSS swing, because the stacked MOFETs

should be driven in the saturation region.
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Cascode current mirror

Technique to achieve V3 =V,

VDD  The details can be found in chapter 8.
Iref Iref + ,’/ R VbiaSZ = VTn + ZVOV
/,’ R T ZITef
— b o ov — :8
// n
1w ]'V'4 J l Y e M2

M3

4
A 4
[
® 4
_A_
@
<
[T

' Vbias1 = Vrn + Voy



Bias circuit for cascode amplifier

p-ch cascode current mirror

Lt (y)  W/5L | -
e

W/ALTZ E M EBBET E

BOTH LFRBEEL —

7z ' |

e

v

! SRYZ Y Y
'jz-l —— E’t' _”‘:j:" " J Vin + Vovyp
ge e,
SRR
LR e

[

n-ch cascode current mirror



3. AC performance of amplifiers



AC characteristics of CS amplifier

* A main factor to decide an AC characteristic
* Output capacitance
e Capacitive Load + Parasitic capacitance

* |Input capacitance
* Parasitic capacitance

* Input-output capacitance
* Parasitic capacitance

(AC characteristic: The small-signal frequency response)



Parasitic capacitance

High frequency small-signal equivalent circuit of

MOSFET
D
ng
Vout Go I ” I © b ngJ_ J_Cdb
Cgs gm* Vgs gds Cds G ‘ | Cb B
T T Cgs—r T
S
S
High frequency small-signal equivalent circuit of CS amplifier
ngl
Vin © H i ° Vout
Cost T — ZmiVin Zlast T lae Cap1TCap2tCoa2




Influence of the output capacitance

gml ° Vin
\ 4

O

JE® el

O

J; I’dsl?/rds2 )
Co = Capr + Capp + Cogp + €,

1

Vout = 1 (_gmvin)
+jw-C
rdsl //rds2 J ¢
A(C())E vout — _gm(rdsl //rdSZ)
Vin 1+ja).CO(rds1 //rds2)
— A4, (0=0)

} I+ jo-Cy(ry 1 7,)



Bode diagram of the CS amplifier

A, 1

| A(a)) |= a)po = (pole frequency of
\/1 + 0)2 / (01290 Co (rdsl // Vds2) output)
A, |(dB :
|A,[(dB) A,
E -20dB/Dec
COE » log(m)
ZA(rad) ‘ po
-T
-(5/4)n
-(6/4)n » log(w)




Bias dependence of a pole frequency

Em = \/2161[1)51
1 B 1
St 8ur L+A4) Iy

J2B, 1

: rdsl //rds2 —

Ay =g Ty 11745) = (DC gain)
21 T ﬂ’z V ]DSI
w,, = l — (h+4): Lps, (pole frequency)
Co (rdsl // ra’s2) Co
) 1 2.3 The product of the w_, and Ay? is

independent on the bias current.

a)PO .Ao -
Co (ﬂ”l +ﬂ“2)



Unity gain frequency o, (= BGP)

4,

\/1 +w,/ 0,

=1 IAJ

0, =42 -V,

g /oc IDSO‘S
= Ao, = Fm 0dB
_ IB(VGS B VT)

C

o

NOTE: w, = GBP (Gain Bandwidth Product)
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Influence of the input capacitance

Output resistance of preceding stage Voltage gain -A

£ c
G l b CbiL \
T

Ri Vin
Cg T AN o ? {}——o Vout
S . v
Miller effect s @ Cgs — - C,
l v v v
C, = Cgsl + ngl (I1+A4) = Acgdl Co = Cab1 t Capa Cgaat €,

NOTE: The pole frequency is low
when a voltage gain is large.

112

Q

i (pole frequency of input)
P ARC



Influence of the input-output
capacitance (1)

Current path through C,,

D Cedt Em1Vin it
Cud — — Cab Vin © ‘ _ ! ° Vout
|
G — ° § M
Cos — I'ds 1/ / I'ds2
Cgs—l_ T
S

{ vout = (rdsl // rds2)(if _io)

lf — ja).ng(Vin _Vout)



Influence of the input-output
capacitance (1)

by competitive currenti;and i;  Normally (Fyt//Tys2) < 1/8m1,

N

// l—jo ——
vout (rdSI rdsz)gml( ] ) (rdsl // rdsZ)gml (1 ]a)/a) )

v, I+ jo-C, (1 // I”dsz) I+ jo/w,,

n

i : Forward transmission signal from G to D
i, : Normally amplified signal

The balance of i; and i, generate the zero.



Summary of AC characteristics of
the CS amplifier

4, (1-jo/ wz) 2 -pole and 1-zero transfer function

(1 + ]C{) / a)pi)(l + ]Co / a)po) (The w4 is placed in the very high
frequency, thus it is usually negligible.)

%

The condition may not keep ®,; < ®, <
Ayl ..., but it is often that this condition is

po ’

Ag= Bma(rgsa//as2) observed when g, is not very large

NOTE: Pole in the left
half plane and zero in
the right half plane
turns phase -90
degrees.

0dB




Phase characteristic

Im Im
6 >0 6<0 60<0 6 >0
e O——>Re x *—>Re
. . 1 1 1 1
at+s=a+jw a—s=a—jw = _ = _
at+s a+jw a—s a—jw
_ a—jw B a+jw
o (a+j —j (a—j +
cs amplifier (a+jo)@a—jw) — (a=jw)(a+jo)
Im
4 All pole and zero retard the

negative iohase of transfer
0<060<0 6<0 function.

—
Q
I
—.
S



Simplified 1-pole model of AC
characteristic of amplifiers

d)=—h N o
I+jo/o, jot+o, joto,
| 4, (w) |=| You = 4, o,: the pole frequency (or cut-off frequency)
Vin \/1 +o° /a)ﬁ ®,: the unity gain frequency
A
0 | v| oole AO
A, ' when — -1
Band width ®_ ! \/1+a)u /@, Important
< IO;:
P S S o, =4’ -1, = 4, -0, =GBP
(S/8) | N I’T/z Unity Gain Frequency o,
S (27 1 S N = GBP (Gain-bandwidth product)
O dB o N >
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Gain error of circuits and GBP

A 7
Gain of NFB amplifier g_Yw ___ % o 2
Vin 1+é Zl
1+ Z, Vin Z -A — Vout
Y Z,
Gain error of NFB amplifier AG _ G(0)=G(4) _ Z, NFB amplifier
G gya+
A Z1
H i (H?) Z ? G AG
I = L _ =2 Q’.«—l:—: -
G G G

""""" Nominal gain G = 10.0 =20 [dB] (Ideal value)
' Gain of amplifier A at o, = 60 [dB]

If the gain error should be suppressed below
AG/G =1%=0.01 =-40 [dB],

Required GBP o, = 1[MHz]*1000 = 1[GHz]

precision of circuit - 40 dB

_________________________

gain of circuit —> 20 dBI

o, 0 (IMHzZ) ok '(o [rad/s]

NOTE: The gain error does not depends on ,,. 18



Frequency dependence of the gain error

Gain of NFB amplifier (dB)

Gain error AG/G

90

Ad_dB(w)

G1000_dB(w)
G100_dB(w)
G10_dB(w)
G10_dB(w)

G1_dB(w)

-10

Err_100(w)
Err_10(w)
Err_1(w)

| | | |
50
0
] ] ] ]
1 10 100 1:10° 110 110°
w 4
A, 10x10°,
1 T [ T I I
1000 .-~
01p--------- - —
100
0.01 |- —
10
3 _
G| = |Z2/Z1]=1
=4 | | | |
1 10 100 110° 110* 110°
oL 10x10",

Angular frequency (rad/s)

The gain error is increased
in high frequency, because
the gain A is reduced.

U

The large GBP guarantees
the low gain error of the
circuit in the wide
frequency range.
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GBP as a figure of merit (FOM) of
amplifiers

A1

10dB ~

High performance (Large I)

The high performance amplifier
means the amplifier designed for
the high GBP. The high GBP
feature required to achieve the
wide bandwidth and high
precision of the signal processing.

A

A

®,,: Narrow bandwidth

1
1
1
1
I
1
1
1
1
1
1
1
I
1
1
1

1

1

1

»l
»

I
1

®,,: Wide bandwidth



4. Phase compensation



NFB (Negative Feedback)

+ b Vo _ 4, :1
ATC B

A,>°

Harold Black, US Patent 1921

. Precise control of transfer functions and stabilization

of the gain

Suppression of the distortion

Extension of the frequency range

Suppression of the noise output to the output
Control of the input resistance and output resistance



Control of the gain and bandwidth
AO

I+s/w,
A, 1

I+p-4) 1+s/w,(1+ 5 4,)

Gopen (S ) =

) Gclosed (S) =

1G(s)]

A

» Bandwidth control
Gain control,

Ao/ (1+BA) _

closed |

| - ©
(’3 mp(l"‘BAo) \




NFB applied to multi-stage amplifier

Opl ®p2
Vin — {}A\ Vout
T /
B
— AIAZ ~ 1

A = — = oo
total 1+IBA1A2 IB (A1A2 : )

The effect of NFB is remarkable for the multi-stage amplifier, but ®, and ®,, may
be allocated in the neighbor frequency.



Stability of the NFB circuit

Second ®, or ®, may causes the positive feedback and there 1s

a problem 1n the circuit stability.
* Long transient response

* Oscillation
The phase change of the loop gain should not exceed 180 degrees.

Negative feedback ?

Positive feedback

+
e .
vm + A Vout
+

Frequency (Hz)

Vout

)>

[=]

Phase of open loop
gain £ A(rad)

o8

a

N

ro
S

(o8]
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Stability condition

Gain crossover frequency

®(rad/s)
G,, > 6dB

|AB|

P,, > 60 deg. = 1t/3rad i\m(rad/s)
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Gain margin and phase margin

Stability condition of P,

Im ,
. Inputsignal +

Feedback signal Feedback signal

|AB| = 0dB
Phase margin = 60 deg.

> Re
Input signal

When the P,, = 60 deg. and the loop
gain = 0dB (100%), the resultant vector

of the input signal and the feedback
signal has the same magnitude as the
magnitude of input signal.

Py and G,,

The 0.5 times change (-6dB) of

the magnitude is equivalent to
60 deg. change of the phase.
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Phase compensation

The 2-stage amplifier has 2 or more corners in the frequency response, that is, the
phase rotation may exceed 180 degrees.

The phase compensation (iZf84#1&) is used to increase the phase margin or the gain
margin.

R Corner of the dominant pole

i -20dB/D
/ Cecg:rner of the 2nd pole

|AB|

Unity gain frequency

N

o

dB o(rad/s)

4
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Example of phase compensation 1

> The corner of the amplifier is moved by
2 the feedback technique with Z and Z..
<— The denominator of the transfer function
Vin Zi y —A Vour is affected by the feedback loop.
A= Ao
v, — v, = Zii, 1+jw/wp) (1+jw/wy,)«— 2corners

|y o 7 1/ 1 1
Vour = Ve = Zeie L) ic=_(1+—)voutz—vout (4> 1)
- Vour = —Av,

Vout —A _AO

Gain = = =
Vin 1+%A 1+jw/wy) (1 +jw/wp2)+%/lo
C Cc
e




Example of phase compensation 2

. —4
Gain = 7
(1+j w/wpy) (1 +j o/wpz) + 74
B 1 1 w | Z The corner of the 2nd pole o,
1+jw (a)pl + a)pz)  Wp1 Wy + Z, Ao+ 8 multiplied by x.

1
(1_x+1__>+ZiA 0
jw Ao =
a)pl wpz Zc 0 1
When Z; = R;, Z ! i g iwC.R A ' 1_x+1_E
en | — ) - ) —— = . = —
l l c ]wCC Zc 0 JWL KA jw wpl (Upz
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Quiz

The amplifier with the following characteristics, o, = 1IMEG rad/s, ®,, = 10MEG rad/s,
A, = 40dB, R, = 3.7MEGQ.
Find the value of the capacitor Cc in order to move the corner to ®,, = 100MEGrad/s.

=10
wp; = 10MEGrad/s — = w,,, = 100MEGrad/s

1
WC Ry = —jor| L 4
JwlchiAg = —jw Wp1 Wy

1 1
. 1—x+1—; B 1 (1—10+1_E>
" RAg\wp; wp/)  3.7MEG-100 \1MEG 10MEG

= 24.1fF




