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High frequency small signal equivalent circuit of a
MOS transistor
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Modified Miller conversion
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High frequency behavior of common source amplifier
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R-C Loaded amplifier
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Magnitude of gain at pole frequency: ‘AV (a)p)‘ = %‘AV (O)‘

The gain-bandwidth product: GBW = |Av| X L‘ Sp‘ ~ _Em
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The input admittance of a R-C loaded amplifier

e The total input admittance: y, =y, +s(C, +C,,)

—SC
=5Cy G -I—SC

e The Miller admittance: y, . =

g _ja)Cd

e The Miller admittance in @ domain: y,.(®) = joC,, G C
+jw

Cy Cdg 1
e Real part of y . (input conductance): g, (@)= g +G,
Co (0, w)+1

d, o
= p _—a)C

mi

e Imaginary partof y : b (w)=w
W, + o’

o
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The input conductance as a functionof w: (g, =g,,)
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Miller capacitance as a functionof w: (C,=C +C s T C dg)
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Example:

1,=150uA | || Rp= 10k

~ I, =150 uA (V,, =1.5V),
, g, =2mS,
i) TG C,. =90 fF, C,, =20 fF
Vas T | gds :30 IUS7 Cop :10 fF
-3
A4.(0)= 2x10 - 1538 = 23.74dB

C(30x10° +107)

1 (30x107° +107")
27 (10x107° +20x107"° +50x107")

/, =258.7 MHz
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Input conductance at pole frequency:

120x107"

20x107"
| —o = 2%x107° +107"
gz(fp) gmz(fp) 280)(1015( 80)(1015]

=0.253x107 siemens = r(f,)=3.95k ohm !

Input conductance at (f, /10): 4.95 S = r(f,/10)0 200 k ohm

Maximum value of the Miller capacitance:

2x107°
=307.7
130x107° JE

C,.(0)=C,, gG_m = 20107

o

The total input capacitance:
C,=C,+C,+C, =90+20+307.7=417.7 fF
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PSpice results: 4,(0) =23 dB, f, =192 MHz, g,(f,) =230 uS, C,(0) =360 {F
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High frequency behavior of source follower
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The voltage gain:

Vv g +sC
A —_0 _ m &8s
v, (gm-I—G)-I-S(CgS-I-C)

e Cy (S—SO)
(CgS+C) (S—S )
g +G
gs 8
g
A (0) = =
,(0) (2, +0) Always (< 1) !
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The mput admittance of a source follower:
L=, -v) SCgS =V (I—AV) SCgS

. ] +joC
yi(a)):l_l: 1- (gm / gS) jwcs:gi_l_ja)ci
v, (g, +G)+ jo(C,+C) §

l

(C, excluded!)

The input conductance:

1
1+(a)p/a))2

C
. a) — &5 GC - C
gz( ) (Cgs —|—C)2 ( gs gm )

: C« _6c —g0)
H(w @) (C +C)p @ o
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The input conductance
is positive for GC,, > g, C
1s zero for GC, =g,C
is negative for GC,, < g,C

A negative input conductance
e Can lead to excessive ringing, even to oscillation,
e Can be used

whenever a negative resistance 1S necessary.

©2012
Leblebici/Leblebici, Fundamentals of High-Frequency CMOS Analog Integrated Circuits, Cambridge University Press, 2009

19



G; (uS)

200
f
/
100 /
N4
A
/ B
0 _\ﬁ<
NN
N\ \.C
D N\
N\
-100 S~—\_
N\
-200
0.1GHz 1GHz 10GHz

Simulated input conductance of a source follower for
(A) C=201fF, (B) C =80 fF, (C) C =200 fF, C =1 pF
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v, (mV)
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Square wave response of a source follower

operating in the negative conductance mode

with a 5 nH inductance series to the gate.
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The input capacitance:

00, + o’
Cr=Co* W+’

p
o _le.+6) G
’(c,+C)” 7 C

G
(g, +G)

Cl'T (O) — Cdg + (Cgs + C)

Cr(0) =y +C
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The output admittance of a source follower:
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High frequency behavior of a common-gate amplifier
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The input admittance:

N SZCgSCL +52,C, +G, g, C (5 —850,)(5 —5,)

yi — ’ — gs
(84 +G,)+C (S_Sp
G, +g g 1
L d. ~ ~ L
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The output admittance:
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Cascode Amplifier

+Vop
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" >~ Common gate amp.
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Av = Avl ) Av2

y __gml_SCdgl _ (5 —5,)
vl o dgl
Yio Via
_ (5 =86)(s —5p,)
Vio = gs2 ( _
S Sp
S — ’ SOI = ’ S02 = =
p CI C Cr
L gs?2 L
— — ! /
4 = Cdgl (S SOU)(S SP) s Cdgl (5 =50, )(8 = 5p,)
vl T o ' '
Cgs2 (S_Sm)(S_Soz) Cgs2 (S_Sp1)(S_Sp2)
"o _ Em g _ __GL+gds2 I o~ 8m2 _q N_GL
— — ) - - 9 - — ) - —
So1 = Son C Sp =95, C’ Sp1 =801 = C Spr TS0 = C’
dgl L gs?2 L
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A vo ng + ga’sZ 1 ~ gm2 1 S’ — GL T gdsZ
y — = ’ ’ — ' / ? p3 ’
2 Veo C, (s _Sp3) C, (s _sz.) CL
= _ Cdgl Em2 (s = 56)(s = 55)
v vl v2 ’ ’ 4 /
CgS2 C (S_Spl)(S_SPZ)(S_Sp3)
C S—S,
Note that; S, = 51'93 = A =- dgl gm,2 (, 01) ,
Cor €, (5=5,)(5—5,,)
A.(0)=— Cdgl Em2 (_S(,)l) _ &
' Co C; (_S;I)(_S;ﬂ) G,
The frequency characteristic and the -3 dB frequency depend on the
. o e ! ' ' G - gm
relative positions of s, and s ,. For |5, s faap = > C’ : ~ 27761*2
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The voltage gain, the -3dB frequency and the GBW product
of a cascode amplifier 1s approx. equal to that of M1 1f 1t were

loaded with the same load!

Advantage: Lower Miller effect — smaller input admittance!
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The CMOS Inverter as a Transimpedance Amplifier

D 170 fe
(b) : : - |

AL

.)_}i:(yi+SCi) (gm_{F)YF YLZGL+SCL
(Y- +1))

Main advantage: Rail-to-rail output voltage swing
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b Ye(g t Y)Y+ )
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SCF _(gm _GF)

112

Zm — — — —
SzCO(Ci +CF)+S[gds(CF +Cz)+GF(Cl +C0)+ngF)]+GF(gdS +gm)

7 (0) _ (g_m _GF)
! G (84 +8n)

— Zm(O)E_(l/GF) f()r gds9c;FD gm
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sD+E oy (5—5,)

Z = =
s’A+sB+C (S_Spl)(S_sz)
g :_E:(gm_GF) 1 2__( 1F \/ 4AC)
z D CF p P B2
4A4C
a) two separate negative-real poles for s <1
4A4C
b) two equal negative-real poles for s =1
4A4C
c) one complex-conjugate pair for 3 =1
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Source degeneration at high frequencies

d d
g‘_l M = g“—lEl\/Ie
Z;
X s

MOS transistor with Z;  Equivalent transistor

g d
+c — ® — r SCgS
i] EmVgs i2 I yll E 1 C Z
== + + S
] Cgs Cl) [] s : (g m gs ) Ky
Vi S | :
' 1
Zy= 1/, : y21 = gm
! : l+g Z
Yu=u/vy = v vy
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Special case: Z; = sL

2
o sC, L =(1/aC,)-L,
Vin =V =

o—-l M 1+(gm+SCgs)SLS _M\_l M

Ly

C z, = S +g’"LS+sLS r

yin SC C

as as Vin= gva/ Cgs@ Wy

g . (1 y ~ SCgsgds
I - - + 12 —
1 ZnVes i) ] sC o T Y +g.
| ==
I Cg (D [] 8
, S V2
| <
|
l Z,= 1Y, v, = Eas
I
. ° 1+ Em
Vi2= i]/VZ g Vo= ig/Vg (SCgS + Yg)
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High frequency behavior of differential amplifiers

a) R- C loaded long-tailed pair:

* +VDD ® +VDD

+‘—| M ’
Vi T Vl'/2 'V,‘/Z
IT YT B [T YT

(_)VSS (')VSS
(a) (b)
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. 1 v, E V; i
1 Cgs rds* 5 E % #rds Cgs==
+ 5 +
v, /2 @ +— 7 @ —V, /2

T (@)

TCL
7
|

+

@ Lo ol @ = ©®» T (@
[T (Ll T

s(V;=0) —— g (vi/2) sCag(vi/ 2) ' gn(vi/ 2)
Y, Y”
(b) L () -
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Voltage gain from gate-to-drain of M 1:

v, :%(SCdg —gm)%
v, B L
AV:(vl./z)_(SCdg &)y

ForanR-Cload; Y, =G, +sC,

Y, =(G, +sC))+ g,
YL”:YL'+SCdg =(G, +g,)+s(C,+C,)

(5Cos ~8) Cop_ (5=5,)

Av ju— j—
(G, +g,)+s(C,+C,) (C,+C) (s—s,)

_ (G, +gy,) P

S, = b
! (CL + Cdg) " Cdg
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Similarly; gain from gate-to-drain of M2:

' v, Cdg (5 —5,)

o

T /2) (C,+C,) (s—s,)

The differential input to differential output voltage gain:

A, = (v,-v.) _Yoa _ Cog (5 = 5o)
W 12)—(=v 12) v, (C, +C,) (s—s,)

—3 dB frequency corresponding to the pole of the gain:

1 (GL +gds)
27 (C, +Cdg)

f3dB —
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b) Fully differential, current mirror loaded amplifier (Differential OTA)

J ¢ +Vop
M3 M2 M12 E MI3
i, = Bi i = Bi
Vi
Y + @ M1 Mll Y,
. /2 g -, /2) '
—_— | I M |E —
| I |
M4 M14
1 = — ()Vss
VBT
v, .
b :Egml i, =48
: : : §—8
The current transfer ratio of a current mirror (see Appendix D): B =B -~ E 2
s (s—s
0 p
So =+ Eug » 8, = fte Cgs3 =B, 'Cgsz
Coes (CgS2+C 3)+C,,
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Ky _
i, =iB=iB, x5 "%
So (5=5,)

The trans-admittance from v, to i, :

i1 S, (§—s,)
ym_ _Egml 0 . :
Vi So (S_Sp)
: 1 1 1
Since ‘SO‘D ‘Sp ym:—gm1 oS P 5 S) =g s Gos)

The -3 dB frequency:

— 1 gmz 1 p ox(W /L)‘VGSZ _VTP‘
Jas

2 (1+B))C,,, +C,, 2r 2(1+B)WLC +C,,

I 4,
Viss =V,
' (1+BO)L2 (‘ GS2 TPD
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The output voltages on equal loads (Y, ):

_lo _ ym ’_ZO __ZO__ ym
Vo_?_viY’ VO_Y _Y o V1Y
L L L L L

The differential output voltage:

, y 1 1
v .=V —v :2v—’"—v— B s
odd (0 0) YvL gml op(S S)

The differential voltage gain:

1 1
vdd :_gmlBo p (S s )

Foran R-C load (Y, =G, +sC,):
1 1 G

A, =—g Bs , S, =
vdd CL gml 0 p(S—Sp)(S—SpL) pL CL
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c¢) Single-ended output long tailed pair:

®+1'rp

M2 M12

= VfT—":Ms =

(-)Vss

I, =l,+i,=1,+i, i, =B

1
i, = (B+1) :Evl.gml(B+l)

' I
p =l = g =le-_Smp,y)
° Y v, 2
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The current transfer ratio of a current mirror:

S _
B=p 2 87%)
5, (5-5,)

Since B, =1 for this case;

— Sp (S_So)
s, (s—s5,)
SO — 4+ gm12 — gm2 Sp — gml — gml
Cdng Cng (Cgsl + Cgle + CpT) (2Cgs1 + CpT)
S — Ss(s—s )+s (s—s
(B-l‘l):l-l‘ P(S So): 0( P) P( 0)
S, (S—Sp) SO(S—Sp
§s—2s8
Since s, [ ‘sp ; (B+1);( )
(s—s,
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A :lgml (S_2SP)
T2, (5-s,)

For a capacitive load (Y, = g, +sC,);

lgml (S—2Sp) g

Av > SL
2C, (s—s,)(s—5,) C,

112

4,(0) = St
8L
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The input admittances of a long-tailed pair

a) A differentially driven symmetrical amplifier:
Since the sources are at zero signal potential, both inputs exhibit
equal admittances similar to that of a CS circuit, equal to the sum of :
e The gate source capacitance of M1 or M11,

e Corresponding Miller components with their capacitive and conductive part

gi (uS)
300
200 /;//
yanyd
[oidn
oy fi
100 / //
Ay A) R, =500 ohm,
) H—— C) R, =10 k ohm
10M 100M 1.0G
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b) Driven from one input (other input grounded)
e The source of the driven transistor 1s loaded with the input of the
other transistor operating as a CG amplifier and the parasitics.
e Since this load 1s capacitive, the input of the driven transistor
acquires a negative conductance component.
e In addition there is the Miller component.

e The total input admittance is the sum of these components.

gi (uS)
100 T

A) R, =500 ohm,
........ B) RL =5k Ohm,
C) R, =10 k ohm

N T T SO PR SRR S

-200 ’ 5 :
10M 100M 1.0G
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¢) The input admittances of a single-ended output DA
e M1 has a diode connected (low impedance) load.
e MI11 has a current source (high impedance) load.
e Therefore gate-to-drain voltage gains, consequently
Miller components are not same.

e The mput conductance of M1 is smaller than that of M11.

gi(uS)

25
/]
20 -/
y4
/.
15 //
B/
/.
/.
10 v
/.
Lz
5 //
//
A) Input conductance of M1
0
A B) Input conductance of M 11
5
10 30 100 300

©2012 Frequency (MHz)
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Gain Enhancement Techniques for HF Amplifiers

a) Additive Amplifiers:

e The conventional way to increase the gain is to cascade the stages:

Zy

Vi Ay Ay A,, jvo

AVT = AV] . Avg ..... Avn

e For any stage GBW is constant; BW[ , GL[

e For A <1 cascading does not help to increase the gain.

e Solution is to add the gains of stages instead of to multiply.
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Additive (distributed) amplifiers

L2 L L L L2
Z() CZ CZ C2 C2 [] ZL:ZO \|;0
[N\ (=N (=N [\
L2 L L
Y Y \_L_ Y Y\
“ c g
Properties of an artificial transmission line:
® Characteristic impedance: Z, =+L/C
® Cut-off frequency: w,=2/NLC , f,=1/72vLC
® Signal delay per sector: r=2/w,=~LC
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¢ Input and output lines have equal delays per sector.

e Input and output lines terminated with their characteristic impedances.

e For each of the transconductors: i (v,) =g, v,

e Forward components of the output currents: i (v;) =i,(v;)/ 2

e The total current flowing over Z, 18 nxi (v,);

1 v 1
Vv =nx—g v./Z A =—">=—g Z n
o 2gl’l’ll o A% V 2gm o

1

e After reaching 4, > 1, similar m distributed amplifier stages

can be cascaded to increase the gain further:

m_ (1 :
AVT:(AV) :(Egmzonj
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A Band Widening Technique: Inductive Peaking

e The main factor limiting the BW i1s the parallel parasitic capacitance to the load.

e To compensate it with an appropriate inductor at the high end of the band helps.

a) Parallel peaking:
VDD
L
Y
Ro g Ce g
[ . 4 " . 4 . 4
® ° + (| +
+
+ ' ot ©ar 3t
Vi = C, v, Vi & T L] ;
+
Vs / Rp
T 8 N ° ® 1 ——o
S
_ gmvgs= EmVi
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v, R, +sL
The voltage gain: A =-2=-—
508 SRR L s’LC, +sC, R, +1

1+ja)£

D

The normalized gain: A =

With @, =1/R,C, , o =1//LC, and a:a)p/a)o;

7 1+ j(0/w,)a’
[1—(w/wp)2a2}+j(w/wp)
o= LC, — L=a’R.C,

RC

©2012
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Normalized gain A (dB)
4

T\

A\

AN

JIAN
\
e

a=0, 0.6, 0.7, 0.85and 1

_______ \\\\

-6
a0\

0.1 1 10

Normalized frequency (o / w), )

Optimum ¢ value for minimum amplitude distortion: 0.7

For o = 0.7, the -3dB frequency is 87% higher than a non-compensated amplifier
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The "delay distortion" 1s important for complex wave forms!

(From input to output, all Fourier components of the signal must have equal delays)

The relation of the phase shift and the delay of a sinusoidal signal:

Amplitude
// = @ T = (0 = g
2r 2nf w
/ \
/ \
\ /
\ /
A\
N
> (U1 axis
0 ¢ 2n
‘ ‘ : : : ‘ > faxis
0 4 T
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0.9

0.8 ™

\
s =\
N

0.5 - /' N
04 e \
0=085 |/
03 /
0.2 /
: /
0.1 B / /
e
0.1 1 10

Normalized frequency (o / @, )

Optimum « value for minimum delay distortion: 0.6

For a = 0.6, the -3dB frequency is 62% higher than a non-compensated amplifier
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Effects of a on the pulse response of an amplifier

Output voltage (mV)
20
L = 1
VAN
// hN
P N
10 /// 1 —
I/
/ a=0
0 / a=0, 0.6, 0.7and 1
-10 L J —
Vi <l> c, jo
Re | =
-20 e
0.5 1 1.5 2
Time (ns)
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a) Series peaking:

VDD
R
b o Coe 4 L
|
[ _ L 4 P
— N ° + ] n
+ RD
V; — v, V; Cgs —— C.=~r Vo
+
VGS -|-
I G ° ® @ // o0
S
= 8m RL Vgs: 8m RL Vi
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Maximum signal transfer from source to load

@

Zs T
174 Zr

Vs ‘

@

For maximum power transfer: Z, =Z.; Z, =1, +jx, , Z, =1, + jxg
T JX, Sy = Xg s 1T g, X T T Xy

(Corresponds to the resonance of x, and x, can be satisfied only at a certain frequency)

For maximum voltage transfer: |Z L| ] |Z S|

(Possible in a wide band)
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s@ Uz [z

For maximum current transfer: |Z L| ] |Z S|

(Possible in a wide band)

©2012
Leblebici/Leblebici, Fundamentals of High-Frequency CMOS Analog Integrated Circuits, Cambridge University Press, 2009

63



Cascading strategies for wide-band amplifiers

e For maximum power transfer from the output of the first stage
to the input of the following stage:
Ly =Ty + Jjx Zi22201:r01_jx01

ol ol ?

e This means the resonance of the reactive parts;

possible only for a certain frequency or in a narrow band.

Not meaningful for wide-band applications.
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For wide-band applications:

The voltage or current from the output of the first stage to the input

of the following stage must be efficiently transferred in a wide band.

Goal: minimize the adverse effects of the parallel capacitors

at the cascading points.
Solution: Minimize the parallel conductance without signal amplitude loss.

e To cascade a low input impedance stage to a high output impedance stage,

(To drive the a low input impedance stage from a current source)

e To cascade a high input impedance stage to a low output impedance stage,

(To drive the a high input impedance stage from a voltage source source)
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The four basic amplifier configurations:

high 7, low r, high 7; high r,
< I,
o— —o + o— . °
+ 4\ + 4\ + 1\ Ym.V,
V; A,.v; Vo V;
L ! — .
Voltage amplifier Trans-admittance amplifier
(a) (b)
low r7; high r,
Ij i A, <o_ Lo
Q—E] 4) o
Trans-impedance amplifier Current amplifier

(©) (d)
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Appropriate configurations for

two stage voltage amplifiers

high 7, low r, high 7 low r,

+ r + —o + —'4( +
V; Av]-v Av2-vi2 Vo
|.— O |°

AVT D Avl XAV2 for ’/;‘2 D 7"01
(a)

high 7, high », low r; low 7,
+r ij.Vl' °
: .
(b)
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Appropriate configurations for

two stage trans-admittance amplifiers

high 7 high », low 7 high 7,

+ T\_ le°vi ° Aig.iig
|o— o °

Y, U=Y, x4, for r,U r,
(a)

high 7; low r, high 7; high r,
< lO
+r + ° Ymg.Vl' °
V; Av]-v
|._ ° °

YmT D Avl XYmZ fOr ’/;'2 D rol
(b)
©2012
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Appropriate configurations for

two stage trans-impedance amplifiers

low 7; high », low 7 low 7,
o Ajri; ° 7 +
[ L4 |.

L, =—4,%2Z,, for r,U 7,
(a)
low r; low r, high r low r,
li g | . _:1: +

Ay 2vip Vo

L =2, %A, for r,U r,

(b)
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Appropriate configurations for

two stage current amplifiers

low 7; high r, low r; high 7,
‘i zﬁflﬂl¢ ° Ai2'ii2 —0
[ == L4
Ap =—A4,x 4, for r,U r,
(a)
low 7, low r, high 7 high 7,
i g ——

hym} v@ﬁ
—o

A, =Z,%xY,,

©2012
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’/;'2 D rol
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Example: Cherry-Hooper amplifier.

(Trans-admittance amp.+ Trans-impedance amp. = Voltage amp.)

The simple trans-admittance amp.:

+Vpp
Ip <I> i

|
N I: M1 .
Vi The low frequency trans admittance:
+
Vs T i
— vi
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A simple trans-impedance amplifier:

+Vpp
1
—{} °

— “; Vo I C’) Vi
o— _L_ —

@) (b)
-G
The low frequency transimpedance: Z (0) = (8, r)
GF (gds + gm)
-G 1
For g, ll g and G.U g ; Zm(());(gm F);__:_RF
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+Vbp

csit (D) CS2

-—o 'VSS

The low frequency voltage gain: 4 (0)=Y (0)-Z ,(0)

Av (O) = _gml ) RF
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R, +71,, |

"~/

The low frequency input impedance of M2: Z;(0) =

1+gm2rds2 ng

ng
del + deCSl + Cgs2

The cascading node pole freq.: D, =

VdS 2 ~

The low frequency output impedance of M2: ZO (0) = —

1+gm2rds2 gm2

— gm2
dez T deCSZ T CL

The output node pole frequency: @,
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The differential Cherry Hooper amplifier
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