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Input- & output impedances

Output Shunt Series

RouTtoL
1+LG

Rout = Rout = RouTtoL(1+LG)

RinoL

Shunt Ryy= ——
1+LG

Series RiN= RinoL(1+LG)
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Shunt-shunt FB configuration

Ro << Rf

Rour= 0
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Shunt-shunt KB : loop gain

VOUTLG
LG =

VINLG
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Shunt-shunt FB : input resistance

Rnp >> Re
Open Loop
\' R
Ry — = —= = RinoL = Rin (Ay=0) = Ryp//(RE*+R0)
I|N LG ~ RF
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Shunt-shunt FB : output resistance

N =

Rnp >> Re

Open Loop

RouTtoL ~ 0 RoutoL = Rout (Ay=0)

R —
out LG — Roll(RF+RNp) ~ RO
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Shunt-shunt FB pair

1/ng
LG

Rout = =0
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Shunt-shunt FB pair with resistors

R{*R,

Ar1=Rp AR2=Rg =
2

Ref.Cherry, Proc. IEE, Feb.63, 375-389; Holdenried, JSSC Nov.04, 1959-1967
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Current detector with voltage amp.

Ref.Baureis, JSSC
f; =40GHz rg=20Q BW=10GHz |;or=10mA  June 1993, 701-706
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Shunt-shunt FB triple

Re 1/9ma
RyE—= 0  Royr=
INT TG ouT= g

=0

Willy Sansen 10-05 1412



Shunt-shunt FB triple: easier biasing

Re 1/9ma
RyE—= 0  Royr=
INT TG ouT= g

=0
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CMOS preamplifier for optical communications

bias] 1_}‘1% %,,T M3 {‘:T Two stages
biasz |, :IM4 possible
z—2H ; Jud

if fully differential !

]

Vir:_._'m M MZI:I H_\_/:n+
out+ Vout—
O—H > ——9—0
- bigs3 {L:
st H'b,éa o ol 20 kQ ... 500 O
jr—id:t'l tracking

| T L bef , of R1 & Rf

E:b Cib Ref.Phang, Johns,
Cfa CAS-Il July 1999
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Differential shunt-shunt KB pair

Ag = Rp
LG=A,/A,»
Av1= Im1lo1

Ay2 = Omalo2

2R 2/gm3
Rny=—= R =
IN LG ouT LG

=0
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Current detector with voltage amplifier

RE v
IN R
Ry= —= —/
N AA,
liIN R
\Y;
b Ar= —=R;
IIN
A= 9mRL A, 1
38 5 21 Ry C
T RN “p
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Single MOST with shunt-shunt FB

Vbp

Ag = Rg (if >>1/g.)

LG = gy lo

Rg+r
Ry= ——=2 =
LG

r
— =0 ?

Rout = G

Ref.Cherry, Proc. IEE, Feb.63, 375-389
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Single bipolar transistor with shunt-shunt FB

Vbp
R Ar = Rg (if >>1/g,,)
O ol
+ LG —_ m*"Oo 7w
ro ¥ RF + '

_ VouTt
N o Rerr) i

- IN LG
Far from ideal !! = ToRe*ri) L g5
Output loading : Rp+r_ = r, out ™ LG .

reduces the LG !!
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Cascode with shunt-shunt FB

AR = R¢

LG = gm1ro1 Imalo2

_Rp*royr _

1
RiN = ~—=0
LG Im1
rouT = ro19m2ro2
FouTt 1
Royt= — ~ — =0
ouT= T -
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MOST Shunt-shunt FB triple

AR = R¢

LG = Av1 Av2Av3

Avi = Imifoi
Re+r
RIN= F o3 ~ 0
LG
o3
Rour= — = 0
LG
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Bipolar Transistor Shunt-shunt FB triple

Ag = Re

LG = Ay1A\2A 3
Av1 = Im1(rorllry2)

A2 = dmalro2fir,3)
VouT Ay

= dm3 RouTtoL
RoutoL= ro3//(Rp+r,4)

RouTtoL
Rout = c 0

Output loading : R +r_3 = r 3 r = (RE*To3) Il
reduces the LG !! IN LG
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Shunt-shunt FB with non-ideal current source

RiN = Rg R
Y

Ag= Rp

LG = A,

Re

RN = A

0

RIN —_ RG /l RS

Willy Sansen 10-05 1422



Shunt-shunt FB with voltage source
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Shunt-shunt feedback : Gain and Rourt

VIN IN VIN
1
Av = 'AR E1
RoutoL R,

0
s
c
—]

I
>
<
I
|
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Shunt-shunt FB pair with with voltage source

Ac=R. A =-F
R™ I\F vo © RS
LG = gm1ro1
RNn= Rs* Rg
Re R
RG — — —F ~
LG 9m1lo1
Re
if Re > — 1/9m2
ST A Rout = =0
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Shunt-shunt FB pair with input loading

Ar= Rc
M1
LG = gm1ro -
Re+ rpq
R _RF//rm_ RF ~ 0
N LG Im1lo1
RouTtoL
Rour=—5 =0
Input loading : Rp = r4 RouroL = 1 o
Im2 B
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Shunt-shunt FB pair with voltage source

A= -R. A=
R F \"4 RS
M1
LG = gm1RL
Re + rpq
Re /Ir
RB — F'''r1 ~ 0
LG
RN=Rs* Rpg
Input loading : RouToL 1 R
RE = r;1 RouTt = T = 0 RoutoL™ E’:n-Z-I- _[_3-
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Non-ideal single-transistor shunt-shunt FB

R
Vbp AR = Rg sz-—R—F-
S
LG = OmloLF
Rn=Rs* Rp
VouT r [[(Re+r
RBz T ( F oL) ~ 0
LG
FoLF
R ~ — =< 0 ??
ouT= Ta

Output loading : Re=r, 1o =1 /IR ro g =r /IR /IRE
Input loading : RE=r
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Non-ideal single-transistor Feedback

R
Vbp AR=RE A, =- I_R_F_
S
LG = ?
VouT Rin=?
Rout="7?

Output loading : Re=ry, 1o =r1,//RL

Input loading : RE=r
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Shunt-shunt feedback in Right-leg drive

VB_ RP+ RB

ig = 10 uARMs — =
for 220 Vg5 (50 Hz) through 150 pF ig Ag+ 1
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Shunt-series feedback : Gain, RIN & ROUT

Vbb LG= A,
R>
A| =1+ —
Re
R,
= RolIRg iout Rin = E =0

RoutoL = o (1 + 9mRE)

Rout = RouytoL LG = *

Re > 19y Rz >1/gny

R; = Ry + Re/(1+gRe) = Ry
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Shunt-series feedback with load RL

VDD LG = Ao

R
<—ROUT A|= 1+ R—
E

AR= AR,

R,

Ry= — =0
NT TG

Rout = RouTtt//RL = R

Routt = RoutroL LG =
RouttoL = To (1 + 9mRE)

Re > 19y Rz >1/gny
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Ideal current buffer

l louT
Rin Ao Rourt
N
=0
Re

A|=1
LG=A0

1/9m
Rn= —— =0

RoutoL = o (1 + 9mRE)

Rout = RoutoL LG = *

Willy Sansen 10-05 1434



Ideal current mirror

liOUT=BiIN A=B

Rout LG = gmn1ro1 Ao
— RinoL = 1 0
W2 N LG Im1Ao
= RiNoL = To1
Rout = ro2
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Gain boosting

LG =Agb
R _ 1/ng ~ 0
E2 — LG

RoutoL = ro2 (1 + 9malo1)

Ay = Agb(9mrps)1(Imrps)2 Rout = RoutoL LG = ©

Hosticka, JSSC Dec.79, pp- 1111-1114; Sackinger, JSSC Febr.90, pp. 289-298;
Bult JSSC Dec.90, pp. 1379-1384
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Differential current amplifier

A G 10:1 | 1:10 s B 1
Jf 7“ * Mslﬂwtjmwsilwﬁlm * 4‘ %
n ' ' {

lip |bm“’ v lbp op lim
M7 ;]p— Vbo—fos

lom

?_" Vb —-q[; M11

30 pA | 4= M9 M10 Jb——— ¥ 30 pA
o] M 7 V[ M12 —o
Ve E M2: | Ve
) Q Q3™ Q4 )
Va ;l— Va

Ref. Umminger,
JSSC Dec.95, 1382-1390
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Linear laser diode driver

Opt. fiber
. — VIN
lour = KiN=Kk Yy
1
. A
. _ lout LG = 70
LIS ;
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Optical receiver : Current or voltage amplifier

Re
Iin Iin
Vour Vourt
A, AR

VouTt = Relin Vout = ArliN
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Current detector with voltage amplifier

VN Rg 1
172
= \"
| iy I Tk 1 C
a 1+Re & ; s
b 172
' rour T Arlda
~ 1+RgCps
Cp=Cp+Ces A1=gmR_ F =P
Noise matching : Cp = Cgg A, BW (THzQ) = AqA,
21 C
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Current detector with voltage amplifier

VIN R 1+ RLCLS

RF .
N~ A,A, 1+ as + bs?
. R A =A1A 2 RFCP
l TY - a=
AA;

ﬂ Vour  p=~ERRLG
A1A2

Cp=Cp+Cas A1=gmR_L

v 1
Re GCp 2 = R

L < : >
No peaking if R, \/4gmA2 C, N 1+ as + bs
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BW in voltage/current amplifier

Rs >> 1/gm1
A 1
BW = v BW =
21t Re(Cgs1*+Cp) 21 Re(Cgp2+Cpp1)
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Current detector with input cascode

BW = Av2
iIN 27C RFIIRL1 CT
M3 Cr=Cgs2*A2Cap2

VouTt —
Ao = 9maR12

c, Vour =Rrin

_ 1lgm3
. Rout =
Z, independentof f ! Rg>>1/g . A,

Vanisri, etal, JSSC June 95, pp. 677-685
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Current detector with regulated cascode

RGC Input

5V 17 mA
Cp=0.5pF

Re = 800 O
BW = 1 GHz

I9mB = 3 Im1

BW independent of C;! Current noise : Rg & Rg// R,
Park, JSSC Jan. 04, 112-120
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Noise sources of detector voltage amplifier

@
d|
'IN

——  4kT
dig?=2qlp df  digZ=——df dv,2=4kT (23) of
RF Im
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Noise density of detector voltage amplifier

Re
|eq
'IN

 2_ i 24 di 2
dijoo“ = dip” + dig” +

F
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Noise sources of detector current amplifier

dip? = 2q I df di 2= 4kT% g, df
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Noise density of detector current amplifier

digo? = dip? + 4KT % g,, df is transistor noise !
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Comparison of noise densities

Voltage amp.: %= dig? = KT af
Re
. i 2=(di 2= 2
Current amp.: i“=di = 4kT 3 9m df

3 1
‘ Voltage amplifier better when Rg > 5 g_
m
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Comparison of integrated noise

Large I : 2= dip? (BW )
Small I :
TU kT RL S I
Voltage amp.: i i 2= di2 (BW =)= — (=) =
IN R > R_'RY C,
. 2 . 2 kT 9,
Current amp.: | 2-dl (BW =)= = — =0
IN A > 3 R, C,

mm \oltage amplifier better when R, > % R,
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CMOS photodiode amplifier

150 kQ x 120 MHz = 18 THzQ 0.5 pA/\Hz

450 MHz per cell Ref.Ingels, JSSC Dec 1994, 1552-1559
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CMOS wideband amplifier cell

M, & M3 : same Vgg & Vpg
Ky =2K',
AllL are L

min

gm1+ Im2

Im3

gm =2 \[ Ky Ipg WIL

Ips1 =2 Ips: 1.2

Ips3 = (1 -2) Ipss Vgs1 =Vgs3: W3 =W, N
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10

A,

3W

Wy
W,

CMOS wideband amplifier : gain and bandwidth

A W,
— (1+ )
1-A 2\W

g

BW = m3

2n C,
(1-2) VAW1

W, (2 - ) + AW,
A

C,=Cpg1 *+Cgs3 * Cpp3 + Cpp2

k = 2 fF/um
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Integrated resistor

N Vo Re ? Poly R : large size : large L
distributed C :
45° phase shift at 100 MHz

; 1 2.43
3dB —
s B 21 RgCyL2
Rg = sheet res. (2 /00)
RE Co = unit cap. (F/cm?)
MOST : W=1.3 Hm &L=1 um Glaser; IC Engineering
allows dynamic compression Add.Wesley, p.132
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Gain compression

R [kohm] Vout [Volt]

4.00
et 350

=1 3700
g 12150
[ 2700
T R 11
1 1.00

‘V20'0+0+0> 0 ‘0"‘0‘6’6‘6‘3? 0 50

0 = % = = 0.00
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1 Gb/s 1 kQ transimpedance stage

>

pMost vs nMOST :

NMOST R increases for
larger diode currents !
pPMOST gives compression !

C,=0.8 pF = Cgsg

Capacitive noise matching !

BW = 500 MHz
5 mA (5V)
0.7 um CMOS

Ref.Ingels, JSSC July 1999, 971-977
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High-frequency Resistance RF

Rf
15y _R3 A Rd

R, + R, = 200 kQ

RJ' = 52 = 2
T sees 1/gy, Cq=0.1pF

Poly Rg = 200 kQ2
would cut off 180 kQ 380 MHz

T5 around 67 MHz ! 68 THzQ

0.5 pF

TIA Input TIA Output 14 mA (5 V)

o 0.6 um BiCMOS

Seidl, ISSCC 04, 470-471
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BICMOS transimpedance amplifier

VCC (4.3“5.5V)
@- 2 4 9—
Rez 31.9KQ Rag
1.9KQ
®. 3 77
l2 A B
l

28 kQ 178 MHz 1 pA/NVHz
Ref.Meyer, JSSC June 1994, 701-706
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BICMOS transimpedance amplifier

R,/ ..
y= — = 2K 455
12+1/g,, 12+28
R
R= —1 =240 0
1+A,

Ci= (1+A,)C,=4pF

di2 = 2qlg,df + T:—T df

F1
= (0.4 + 0.6)10"2* = 1024 A%/Hz

28 kQ 178 MHz 1 pAgys/VHz
Ref.Meyer, JSSC June 1994, 701-706
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Low-voltage transimpedance amplifier

(| (1) Ig2 (}) (1) Ig2

VouT

M1 M1 M1 M1

If RE > 1/9m1: Voutr =-RriN

Ref.Phang, Johns, ISSCC 2001, 218-219
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75 Mb/s optical receiver in CMOS

VDD VDD Cd =1 pF
6 A
| 40 pA
i\ Voes  (pls2 (2.4LIL(Q)
Vpp=1V oy Ti .
A + \ A — B an@) ou
0.8V M, Ly, Vbias R, | %8  75Mbls
&ZS ) . i_& 11 pARMSI\/HZ
~0.2V
M,
N | : | I: M3 0.35 um CMOS
= — 1V (1 mA)

Ref. Phang, ISSCC 2001 218-219
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GaAs 10 Gb/s receiver

vDO vD1 VD2
Y I
) 1 H HP - GaAs MODIC :
= g“‘“ g"“’ depletion nMOST’s
. 3
Ar ? S “’t 560 V/W
i a1 sm S
> s @ Vou flip-chip PD :
08 -3dB at 7.2 GHz
v
" T’t 10 pA/VHz
RF | | °
Y J- wire bond :
. _[m ez -3 dB at 4.2 GHz
l 20 pA/NHz
v

/
VE1 VE2
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