* Notes Set 23: Fiber optic
communications systems

Receiver design in colored noise. Whitening filter. Intractability of problem
sketch of decision-feedback strategy.
Simplified practical (nonoptimum) receivers. Eye diagrams. Personik noise
integrals. Optical receiver sensitivity

design of low-noise optical reciever front ends
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Optical Receiver Basics

unlilerad signal, widoband neisa

288

bardimitad signal in
bBandlirmitad noiza

Photodetector converts light
into current, drives
preamplifier

Preamplifier & photodetector
set noise performance, hence
attainable sensitivity

Nyquist filter bandlimits noise
to =B/2.

Decision circuit recovers
binary data




Key Component Models

Field-Effect Transistors Resistors
gmvgs
&
+ gs

W == d) @ ks
@ e ey
—(1,I,)=4kT | R
df

d

—(LI,) = 4kITg, Photodiode

df

Other FET parasitics at kT ;;*—b —

1/f noise not relevant at rates above

10 GB/s g
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Front-End

Noise and Bandwidth

Slmpla

*Broadband circuit: cannot noise-match,
noise does not approach fmin.

eFundamental noise source is FET
channel noise. Resistive loading added
for bandwidth, degrades noise.

Note: post-equalization often used.

d(ln I >

7 = 32mkTITf*C, | f, +4kT | R,
7 .

This assumes intelligent choice of FET
size

_-Banclwidth IS
‘ 1+ A
Jaag =

R,f‘(cfﬁm."f' U C',!.:.'i)

(set A=1 for simple stage)




Common-Gate / Transimpedance Front-Ends

same noise
voltage and
current in CS and
CG modes.

CG stage gives
input pole at

i !

need high [,

small Cph()rur.r'im."fe ;

{ Transimpedance alage; H f linnalmpedance stage; |

i voltage galn A'IJ i : vallage gain A'IJ

input noise, given
Cg.‘, =(C

photodiode *

bandwidth:

./;’nﬂ’H s f & J( / 2
Rf (cff;"udf- o Ck'-ﬁ') J 3dB T




Optical Receiver Sensitivity: Design Targei

-20
5 : Bm @ 40 Gbit/ BE !
@ L -20 dBm @ 40 Gbit/sec for BER-10
ey
2 ot ]
= -
.E
= r -
— -26 & 5
5]
= [
3 28 - 5
D
c

e ]
-BD [ 1 1 1 1 |
10° 10"

Data rate, Bits/sec




Key observations regarding noise:

Maximize HEMT f;
Minimize detector and layout capacitance

Monolithic integration NOT imperative
(well-designed bond pads add =25 fF capacitance)

5092 load would incur large noise penalty



Good transistors will make more sensitive receivers

E H15 [ 1 L [ L [ I 1
0 g | n3 19 dBm B
Lt : i i
8 | P‘ .'lFCpB @ 100 Gbiﬂs\ -
c -20 4 o -
- - f =
2 Lo :
=
@ -25 - 4
o)
) i 4
) | !
£ =30 4 5um x5 pum x 0.2 um (14 fF) detector |-
(4 }] i . . =
3 FET noise parameter I'=1.5 i
5 FET f =200 GHz |
-35 ,
10 100

Data Rate, Gb/s

Sensitivity can be greatly improved by using good low-noise HEMTs
Good hybrid integration: 25 fF pad capacitance, 2-3 dB penalty.



Calculating Sensitivity:

Channel filter shape with zero intersymbol interference (Nyquist filter) is
assumed.

Input-referred noise current has a power spectral density of the form

d(I,I,)

=k, +kf+kf

Noise is amplified, and then integrated over filter bandwidth to determine
RMS noise at filter output. For standard filter shapes, Personik has
tabulated these integrals.

Dividing this by the receiver DC gain yields the input-referred RMS noise
current.

Assuming Gaussian statistics, a 6:1 signal/noise ratio yields 1079 error rate

The average input photocurrent at sensitivity is then 6 times the
frequency-integrated input-referred noise current.



Sensitivity Expressions

Receiver sensitivity _

2 3 :

g 62 . 2nkTTC,BI, . 4kTBI,
7761 fT Rf‘

B is the bit rate. For a square optical pﬁlse and a raised-cosine eye,
1o=0.68 and 13=0.12. Sending impulses (solitons) will make I3 somewhat

smaller.

1, =[1/ BH(0)]- j H( f)df
L =[1/ B'HO)]- [ f*H(fdf

Note at 100 GB/sec, a 5 umx5umx0.2um detector, ;=200 GHz, I'=1.5,
that R =209(2 results in equal FET and resistor noise.

At 40 GB/sec, the point of equal contribution is R =1.3 k€.



receiver sensitivity, nP, dBm

Optical Receiver Sensitivity for square and oJ-pulses

|._ m.v - i i 1 PR T 5 JE ] i L (R ) -
20 | square pulses (normal) u!
L impulses e
-25 - =
-30 3 2
35 < 2 , -
- o best published result -
-40 . </ . with optical preamplifier 3
-45 5um x5 pm x 0.2 um detector .:
tmo ..H,l...._ m.m(_.. _}”L—.m HI
- FET =200 QHz -
Imm ln—v T I T T ol —I_llrll.n T T T T P e | -
10° 1 10"

Data Rate, Bits/sec



ﬁa%ﬁ:m’ﬁtj

FSS AT

SIMPLIFY A Dow

e




Mo
e
Abtee ey £
~cor

m #ﬂ“c J'r f .
ﬁ &/ : - :

4/(7'
.: AV Cpse *.,ﬁw’) =
=l 1 Mo, 4 ,4;4 ff{;fé'r‘ia)/ Q/j;-j ?Z : A
: 5%, - .
4@7;{,7 fzgf//t@;;-.h(‘;/t | .A
= L T .
? q’/ Il/éifﬁ

E
2o |
i v

L G mi
= becanse
. = zé{e ﬂ;,-w _,C-’}Sr =C}"
5"‘: fﬁé& d/ }@‘ :
e s 4 '_?;z })ﬂ;’d a3 /’(
J” ) stz
T N
J:, = e e i
* -
%,}

e 154:;5 {t’/j
2 o= W
/! :
/5 A/// efsare

/?4)'/ é/ : ,
7 e A~AE7 2 Ao Se 53;:’77‘#'4
!I? "% st AT - e Y~ "I



®

5'.., S é/c:‘/ fi{e &&/g/f/ ’j&; .
__ e,,/ézf = -
No — mé, /!{as/ AAoeS” c:::e/a/ 54 éz:o/

/'a?_fi:sfé';_ Az _ﬁﬁ/fg Lo 7'5/:? ?ﬂf"{

évﬂ/é-/ﬁ/ﬁ/ . ,,g/,;é/mz,z ;acr,-.:/jﬁf T £, /#/
|

ﬁb_

"4 /—"x’é aé ZY ¢ cé 7«,{?/2 = c./.é



i~ B pRre AN Lo e s‘m/a/e zﬁr—ﬂk:.wynaéaa

e \ ;”‘“Dj_
%, _

iﬁﬁ:/zﬁéﬂ a/ﬁf 5{” :_37;,-.;-/
Heis€ ;234::4"4 % A7 % Crmns— B fs

-

jooer Copechin (Gewer Lt éw//ég e
/"'/"7-4'" '_-/9.4; << Cyse

S'/ .2'/;? rZ(”

ZC = = Z(,is’ ﬁfz oy
Cos2tCapls Cgsz + L7 b

£ soe Afsé W /_é/j( - "/2

.E? Jcﬁéé&/ :



&

S o s ld i el 9 T4
il el Sl £ A
ltz  dave Ve ode g il
o L e pll P il e
vese pumety ok 56z s ag U
Cin CBD e & W iy JEB F] ol pde
o SR & e/
Frovsesmpedina - Sfage £ éﬂ«/ﬁ/ﬂ/b‘%‘
T Bl e et o
é Eimed Jaroes



&

//’_/,é ot s*.':wz/i/y ,4{;:4 22 ,«g___a/ .gwmé’
Aca L2/, e et f;‘-ﬁad{yf&‘
/jyld Ay esi®y P2 ﬂa&e} Che’ fiﬁe/
s’;éjﬂ- Z écidz.‘/ﬁ-/s/%_; ..-;/ s 5 A 1,7
FM;/‘ % %/?4"/‘6’ é/_q;  a 9% Z

Focaise
I ol gl ke AR Al el
(o - Wor s 59’4//53;,/
2] wc:"m/-i{‘jﬂ 4 azcomed
m:r% k. ey = comsrdadds
Ll o e Aose /w;‘#/;ﬁﬁ«fﬂ a/



ik // ///_7 ﬁm//?/
%%— @ _ e  —

o
\ I b% —_— Sodl
!
= %f=(} L2 41’7-;,-7&/?1/2.
<7J

75}54 -’ﬁ?" So Ld/f/

FLT 275 _/ia/k F2U AT L o g2d

T i

Lhe ,4,6,- G’z_/-f/z éw/#g :gﬁ'ﬁﬁ*g’éu-



= £ Iy O./2
3 ; ¥ f\.a- z)“ﬁ'f 54—&!4 : /J—
/VD'HJ' a "ﬁ-;gm X Skt oz

= & / ~, :4@# ,4
éc @t/ AL 'E_-f;é o C
é;ﬂ s SRl =

Pl ;,K =/00 GA -
= (<
e ;m; = 3”'9:;7; i P A

51 25

<
= /2 = t/128.n
gn s /25 /"; gart Pdali

ar

>z

o
- -~ //F Lo GLe se?%
sl ://pw‘y' ;4 ro.Se CLeprtr t/z:.f{ ¥ <2

7 (B =ioo Cmls)
: Zs Kt < iem)i20 pisspeerap
Lbir's g . -

A L



Kozl Lhed ks
&; Lj i %.&,

=

ﬁ*‘* = ﬂ*ﬁ- J' -"ZT = /e" _._.—-?Aﬁ P -i"
f:lf_fmﬂ z—?ﬁ‘ﬁ /‘y“ﬂ"’

JOCCH See,  Chowse Kzco .
L chose f£r = zgoa!

f.'.zr = /f,’a’ et o ZFo(l - (252 ¢ /2.
: ol

P

£ Wl . J2jEn,
0?;-*1, .

Secondd pole posidi: (neghdiy Cut)

.Z:z = .____f.- : — :/;- = /20 LC!% ./

zr (izgan) Cose



— o
==
5:‘—%’ :é;:- 913

ﬁﬁ/&ﬂéw 2 ok se /] be odswirA
l&ﬁéﬂ(ﬂ?}j": ;f"(d..' {



Optimum Noise Design of Multi-Gigabit

Common-Gate Optical Receivers

B. Agarwal and M.J.W. Rodwell

Department of Electrical and Computer Engineering,
University of California, Santa Barbara, CA 93106.

Abstract

1. Introduction

Ultra-wideband photoreceivers are needed for multi-gigabit optical transmission systems.
Flat photoreceiver front-end response is desired over several decades of frequency to avoid
post-equalization problems. High sensitivity at high data rates require low front-end noise
at these high frequencies. The standard approach used is a front-end with a photodiode in
conjunction with a transimpedance or integrating preamplifier. Several such monolithic [2]
and hybrid [3] optical receivers with a p-i-n/MSM photodiode and HEMT/HBT for
operation at 10-15 Gbits/sec have been reported. Excluding the use of inductive peaking
[4,5] which can provide moderate noise reduction for most receiver configurations,
integrating optical preamplifiers attain the lowest noise but have low bandwidth and require
equalization. At low data rates, transimpedance amplifiers can attain similar noise
performance. At very high data rates (>10 Gbits/sec), a transimpedance amplifier is
extremely difficult to realize with the present transistor technology, as very large transistor
gain-bandwidth products are demanded. Addition of a common-gate stage to the input of
the transimpedance preamplifier with appropriate selection of circuit element values allows



the receiver bandwidth to be increased to one-half of the HEMT current-gain cutoff
frequency. while attaining the same noise performance as the integrating front-end.
Common-gate receivers were demonstrated earlier [6] , but the authors presented no noise
or gain-bandwidth analysis and concluded that the common-gate stage degraded the noise
performance. Here, we show that, if appropriately designed, the common-
gate/transimpedance based receiver can attain both wide bandwidth and very low noise. By
combining this circuit configuration with advanced low-capacitance InGaAs photodetectors
and AlGaAs/InGaAs/GaAs PHEMTS, optical receivers with -22 dBm sensitivity at 25
Gbits/sec and -20 dBm at 40 Gbits/sec are attainable.

Il. Analysis of the Transimpedance amplifier

In Fig. 1(a) is shown a simple transimpedance amplifier as is predominantly used in
photoreceivers [7]. R, is the feedback resistor, while the input HEMT Q1. the gain stage

A, and R, form an inverting amplifier with gain A =—g_ R A . A simple first-order noise
model of the HEMT (Fig. 1(b)) is generally used in optical receiver design. Neglecting all
secondary noise sources and dropping non-dominant terms, the input referred equivalent
noise current spectral density is given by

d<;;> = 4Hr{zﬁ)3(cp +C,,) +4kT I/ R, (1)

where C, is the photodiode capacitance, f, is the HEMT current-gain cutoff frequency and

I", its channel noise coefficient. Using the optimum HEMT size (that which gives
C, = C,), this becomes



d(z::) = 327kITfC, | f,+4kT I R, @)

At the gate of QI, the node impedance is R, / (1 - A) and the node capacitance is
C,+C,, =2C,. Hence, the preamplifier 3 dB bandwidth is given by

fim=(1-A)/47CR, 3)

We would like to make R, large so that it contributes negligible noise. In the limit of very
large R, we are left with the integrating front-end, which results in low front-end
bandwidth and introduces significant difficulties with post-equalization. To attain large
bandwidth, while still having a large R., the preamplifier should have a large gain A. To
avoid loop instability, A(j®) should have no poles below the loop bandwidth f, . Both,
very high gain and wide bandwidth is difficult to attain, given finite transistor cut-off
frequency f.. Hence, multi-gigabit receivers are generally designed with R, reduced to the
point where a front-end bandwidth of about 50-75% of the data rate is attained, and

sensilivity is sacrificed.

lll. Analysis of common-gate/transimpedance preamplifier

These difficulties are overcome by the common-gate/transimpedance preamplifier

(Fig. 1(c)). At the source of Q1. the node impedance is 1/ g, and the node capacitance is
C,+C_, =2C_,. Hence the input pole frequency is f, /2. The dominant pole is at the
gate of Q2, where the node impedance is R, /(1 — A) and the node capacitance is
Con+C,;.

S == A) 1 28(Cyy + C0)R, @)



As before, taking only the dominant noise terms, the input referred equivalent noise current

spectral density is given by

d(I.1}) _ 4kTT
df gml

*4;_Tﬂ +QAfV(C,+C,.) 1 82)

1 |
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3:-2 (5}
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The optimum gate widths of Q1 and Q2 are those which give C,,, =C,and C,,, =C,,,

simplifying (5) to

d—“) ;323#:?1")‘3(.‘,!,(!+£l’l+(2f!f,):}+ =

LI
‘tf Rf g-2R§
where the approximation C,, >> C,,, which is true for a typical HEMT, is used. From

(6

equations (2) and (6), the channel noise of HEMT Q1 is same for both configurations.

If both are designed for the same bandwidth, R, for the common-gate configuration can be
much larger (by the ratio of C,, to C,) than for the simple transimpedance amplifier, thus
giving a noise performance similar to that of an integrating front-end. For equal noise
currents from both (i.e. same R,), the common-gate receiver will have a larger bandwidth
by the ratio of C, to C,,. In either case, the common-gate receiver works better than the

simple transimpedance receiver.
IV. Design lllustration
We illustrate here, a design for 20-40 Gbits/sec reception (Fig. 2). Complete small-signal

and noise models for the 0.3 um gate length pseudomorphic HEMTs are taken from [8]
while a 100 GHz 5pum x 5pm GalnAs/InP p-i-n photodiode [9] is assumed. The widths of



the HEMTs Q1 and Q2 are chosen for low input noise. The feedback resistors are chosen
for large bandwidth while not degrading the noise performance. QI is the common-gate
stage while Q2 and R, form the transimpedance stage. Q3 and Q4 provide both, voltage

gain and buffering to drive a 50 Q load.

Fig. 3 shows SPICE simulations of transimpedance gain and input noise current using
complete device models. The simulation includes 25 fF parasitic assembly capacitance
consistent with MMIC assembly. The 3 dB bandwidth is 20 GHz and the input referred
noise current is 14 pA/sqrt. Hz at 20 GHz. The predicted receiver sensitivity [7] at 109
BER (Fig. 4) is -19 dBm at 40 Gbits/sec. For comparison, the predicted sensitivity of an
integrating front-end is also shown. It can be seen that the common-gate receiver

approximates the minimum attainable noise of an integrating front-end.

V. Conclusions

We have analyzed the simple transimpedance preamplifier and the common-
gate/transimpedance preamplifier for use in optical receiver front-ends. Our analysis shows
that, for the same bandwidth of the two circuits, the common-gate-transimpedance
preamplifier is less noisy and hence, more sensitive. On the other hand, if both are
designed for the same noise performance, the common-gate/transimpedance preamplifier
has a higher gain-bandwidth. In the case of the common-gate/transimpedance preamplifier,
the trade-off between noise and bandwidth is less than in the case of the simple
transimpedance amplifier. SPICE simulations of our front-end design using state-of-the-art
devices predict satisfactory performance for 20-40 Gbits/sec. In conclusion, we would like
to say that the common-gate/transimpedance preamplifier is a promising candidate for high
bitrate photoreceivers.
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Figure Captions

Fig. 1 Simple transimpedance amplifier (a), Simplified HEMT noise model (b), and

Common-gate/transimpedance preamplifier (c)

Fig. 2 Schematic diagram of common-gate/transimpedance photoreceiver

Fig. 3 SPICE simulations of transimpedance gain and input referred equivalent noise

current spectral density

Fig. 4 Predicted sensitivity of common-gate/transimpedance preamplifier and integrating

front-end using Personick coefficients Ir=0.68 and I13=0.12
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Figure 9. HBT "linear-channel" AGC amplifier
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