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Abstract — The paper deals with transimpedance
amplifiers (TIA) for optical telecommunication systems in
the 10 to 43 Gb/s speed range. The limits of performance in
HBT, pHEMT and CMOS technologies are investigated.
Detailed noise analysis of the photodiode-TIA cluster is
carried out and the factors limiting TIA sensitivity are
determined. It is shown that with existent technologies the
GaAs pHEMT provides lowest TIA noise.

1. INTRODUCTION

Transimpedance amplifier (TIA), as a first element fol-
lowing the photodiode (Fig. 1a), is the most critical ele-
ment on the receiving side of an optical link. Both noise
performance and time domain response have to be consi-
dered when the sensitivity of an optical receiver is opti-
mized.
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Fig. 1. a) structure of a typical optical receiver, b) small signal
model of the photodiode used in this paper.

All available technologies are used currently in the TIA
design [1-4] and the performance achieved qualifies these
circuits for both 10 Gb/s and 40 — 43 Gb/s systems. Two
major TIA configurations predominantly used are shown
in Fig. 2.

This paper attempts to analyze the characteristics of the
two configurations in a more general way and to provide
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Fig. 2. Typical transimpedance amplifier configurations: a)
based on resistive feedback, b) using inherently low impedance
input stage (called straight TIA in the text)

Common gate
(or common base)

measures to determine achievable gain and noise perfor-
mance. Many simplifications were conscientiously used
to keep the resulting equations manageable.

Following major assumptions were made: a) voltage
follower stage has unity voltage gain and low output
impedance (which may not be true in the 40 GHz
frequency range); b) noise contribution comes from the
first stage and it’s load only.

In the first part of the paper the gain and frequency res-
ponse are considered and the limits on gain for a given
bandwidth are derived.

In the second part, general (although simplified) equa-
tions for the equivalent input noise current are presented
and used to compare both the two configurations and the
available technologies.

II. GAIN ANALYSIS

Gain analysis of the TIA is based on an equivalent
small signal model shown in Fig. 2. The amplifier itself
is considered unilateral and its output impedance is
neglected. Input impedance Z;, is generally high in case
of feedback TIA and low in the straight TIA. The mo-
del applies to both configurations — for a straight TTA
the resistance of Ry is infinite.
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Fig. 2. Equivalent small signal and noise model of a transimpedance amplifier
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291



General expression for circuit transimpedance (Fig. 2) is

zp=Ye- A Kr )
Is  D-(1-A, +RpY;, )+ jaCppRp

Noise current density referenced to input (/s source termi-
nals) i,;, = V.o / Zy is computed as

. . . e .
lpin = D- |:lnf+ lna""ﬁ' (1+RFYS )}*’J a)CPD'enS ()
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In case of no-feedback configuration — like common base
input stage — general expressions for Zr and i,,;, are
A
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Fig. 3.
for a straight (a) and feedback (b) configuration. Rp is a bias resis-

Simplified small signal equivalent circuit of an amplifier

tor for the input transistor. Relatively small G;, in b) may be neg-
lected at higher frequencies.

The two cases will be dealt with separately. For the
straight (no-feedback) circuit the voltage gain may be ap-
proximated to the first order as

A(joy=—"0 = Sn¥D )
1+ jor, 1+ja)-2RDCﬂ

where C,, = Cp or Cgq.

Substituting (5) into (3) the expression for Zy may be
derived in case of Ly = 0. This will allow evaluating inhe-
rent limitations for this configuration. Zris given by

R 1
1+ 'aLjT . 2 C 1 ©
10%a 1—M+jw(m++r,)}

in

Zr(jo)=

where the time constants are: 7, = 2R,C, and 7, = RsCpp ,
and G, = g , Wr = gn (Cx+ C, ). This equation sets the
limit on the transimpedance Z; (0) = Rp given the photo-
diode and transistor parameters. For a given bandwidth B
an upper limit for the allowable time constant 7, may be
found and hence the Rp value for a certain transistor size
and technology.

Next, the gain limits will be derived for three illustrative
sets of transistor and photodiode parameters for 10 Gb/s
and 40 Gb/s transmission:

A) fr=50GHz, B=10GHz, Cpp=0.2 pF, Ry=30 Q.
B) f;=100GHz, B =10 GHz, Cpp=0.2 pF, Rg=30 Q.
C) fr=160GHz, B=40 GHz, Cpp =50 fF, Rgy=20Q.
Transistor fr may easily be achieved with existing bipolar,
HEMT or CMOS technologies and case A may be rep-
resentative for a 0.25 um CMOS, case B for a 0.13 um
CMOS and case C for a 90 nm CMOS [9].

When Ly is included into the circuit, the transimpedance
is given by the fourth order equation:

. R
Zr(jo)=— —L 3
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C :T—a+LBCPD d :—LBCPD
or wor

Equation (6) has been solved for the three cases
considered for a range of transistor g,, values. Assumption
was made that transistor dimensions are kept constant and
gn 1s changed by appropriate adjustment of transistor
current. C, was taken as 15 fF for cases A and B, and 10 fF
for case C. Resulting Rj, values are plotted in Fig. 4 with
solid lines. Eq. (7) was used next to find numerically maxi-
mum Rp and suitable inductance Ly to achieve required
bandwidth B. Additional constraint was imposed on the fre-
quency response to be monotonic, without any significant
peaks. This requirement is needed to assure adequate res-
ponse in time domain and sufficiently clean eye diagram
plot. The results are shown in Fig. 4 with dashed lines.
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Fig. 4. Transimpedance vs. first transistor g, for the three cases
considered. Solid lines — circuit without Ly , dashed lines — for
inductive compensation.

Similar considerations were carried out for a feedback
TIA. Relevant equations are given below.
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where
CppRF

a=7p+RpCy+ . R
mF

2
b:LBCPD+RFCILl (TD‘&J C:LBCPDRFC,u
Em

It is interesting to note that to the first order the response
does not depend on transistor f; assuming that C, is con-
sistent with required bandwidth. The major pole is formed
by the feedback resistor R and the photodiode capacitance.

Analysis similar to the presented above has been perfor-
med and the results are presented in Fig. 5 for B = 10 GHz
and in Fig. 6 for the bandwidth B = 40 GHz. It was assu-
med that the load resistance Rp needed might be achieved
with appropriate circuitry (passive or active).

Transimpedance vs. gm - BW = 10 GHz
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Fig. 5. Transimpedance vs. transistor g, for the three cases and B
= 10 GHz. Solid lines — circuit without Ly , dotted lines — for
inductive compensation. Results for the voltage gain g,Rp = 10,
20 and 30 are shown.

Transimpedance vs. gm - BW = 40 GHz
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Fig. 6. Transimpedance vs. first transistor g, for the three cases

and B = 40 GHz. Solid lines — circuit without Lg , dashed lines —
for inductive compensation.

It may be noticed that the feedback circuit provides ap-
proximately 2 times more gain than the straight TIA under
comparable conditions. Lg inductor in general allows incre-
asing the gain at a given bandwidth, although the compen-
sation is feasible over a relatively narrow range of g,, valu-
es. Particularly in a straight configuration, the low input im-
pedance (at high g,, ) causes peaking in the frequency res-
ponse and corresponding distortion of the eye diagram (see
Fig. 7).

Straight TIA - gm = 150 mS, RD = 880 Ohm, LB = 1.07nH

Straight TIA - Gm = 20 mS, T = 50 GHz, RD = 550, LB = 1.6 nH

- .;Tfr;’:
7/

a) g,=20mS, Rp=550Q b) g, =150mS, R, =880 Q

Fig. 7. Eye diagram plots: a) for B = 10 GHz and monotonic
response, b) for circuit with too low input impedance and B = 13.8
GHz. 10 Gb/s NZR signal.

II1. NOISE ANALYSIS

General expressions for the input current noise density
are given by (2) and (4). Noise sources e,, and i,, include
contributions from the first transistor, its load and possib-
ly from the bias resistor Rp (Fig. 8).

Tran-
sistor

(Y]

Fig. 8. Noise sources in the amplifier stage. e,r and I, charac-
terize first transistor

The noise sources e,, and i,, are given by

D Y21

4KkTdf 1
Cpg=Cprt————
Rp vy

9

Ing =lyp+iyr +

Simple expressions were adopted for transistor noise des-
cription [2, 3, 5]:

For a bipolar transistor:
. 1
e, = 4kT- Iy df i,y = 2q (—|ﬂ(fa))| + IBjdf (lOa)
For a CMOS transistor:

r WKTT-(wC)?d
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m
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m

For a HEMT transistor:

2qlp, -
enT:(qD—C"+4kT(RG +RC)]df
Em (10¢)

_2q1p-Cy-(@Cg)*df
Em

Int

where: Cg is the total gate to channel capacitance, Rg is
gate resistance, Rc is a part of a channel resistance under
the gate and C, is the fitting coefficient [5].

Appropriate correlations were taken into account. Input
noise current density is given below.

For a non-feedback amplifier:

2 22 2.2 (2 2
Lnin =|D| lpg T+ @ CPD(ena +en5j+
(11)

+2Re(—D-inae:a -jwcPD)
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For amplifier with feedback:

2 2(2 |2 2,2 (2 2
inin =|D| (lnf +1na)+w CPD(ena +ensj+

, (12)
2Re(—D-inae;a ~ijPD)

Equations (11) and (12) show the significance of the
photodiode capacitance — it is important to use the diode
with the lowest possible Cpp in high sensitivity systems.

Selected results of analysis are shown in Fig. 9 and 10.
Only feedback TIA is presented here as the straight
configuration has higher noise, because: transistor input
voltage noise is somewhat higher, gain (and hence Ry is
lower and additional contribution from input Rj.
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Fig. 9.  Components of the total input referred noise current:
A — contribution from transistor only, B — transistor and feed-
back resistor, C — all components, D — noise from photodiode
Rg excluded
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Fig. 10.  Input noise current density for a pHEMT, SiGe HBT

and CMOS feedback amplifiers. Solid lines: no Lp correction,
dotted lines: with Lg = 1 nH. In each case: fr = 100 GHz, g, =
25 mS, Rp=700 Q

In Fig. 10, three technologies were compared for a par-
ticular case of a 10 GHz feedback circuit. Representative
transistor parameters were taken from publications [4, 6,
8] and all other factors were kept equal. As may be ex-
pected the lowest noise is achieved with the pHEMT de-
vices. Results for 40 GHz TIAs are similar in nature.

When the noise properties are considered under supply
power restrictions, the lowest noise at a given bias cur-
rent is achieved with SiGe and InP bipolar devices, beca-

use of their high g,,.

IV. CONCLUSIONS

Of the two major configurations of transimpedance
amplifiers the feedback TIA (Fig. 2a) provides higher
gain at given bandwidth and with the same transistors
used. In terms of transimpedance gain, the existing tech-
nologies (CMOS, HEMT and bipolar) have comparable
capabilities. In terms of sensitivity, (equivalent input
noise current) HEMT transistors give best results.

APPENDIX

Two-port noise figure F vs. source impedance Y5 may be
expressed as
. 2
—e Y
F(YS):1+—(I” s ¥s) (A1)
4kTy-Gg -df
introducing correlation admittance and equivalent noise
resistance Ry and conductance Gy

S %

+jB, :i’f

Y
cor erzl (A2)

cor

=G

cor

i2 =4KTyGydf e? =4kTyRydf
the two-port noise parameters are given by (A.3)

Bsopt =B.or
2 _Gy 2
Gsopt = R_ =By,

(A3)

Fopt =1+2Ry (Gsopt —Geor)
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