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This paper deals with the design of a broadband low-noise receiver for fiber optical
transmission systems. A high-impedance first stage is designed in order to minimize all
sources of noise. Then, a second stage performs the required equalization in order to
restore the signal shape, which is distorted owing to the limited bandwidth. The
proposed optoelectronic receiver is theoretically analyzed. A simplified noise model is
also developed. Computer simulations, performed vith MDS, are carried out, based on
a complete electrical model library. The latter includes wideband noise models for
normally-off and normally-on p-HEMT's [1]. The designed low-noise amplifier exhibits
a 40 dB constant trans-impedance gain over a 44 MHz-40 GHz frequency range.

Introduction

One fundamental design criterion for optical receivers is to minimize the amount of the
optical input power needed to achieve a given bit error rate or a given signal to noise
ratio in analog systems. Consequently the front-end receiver, which amplifies the
electrical signal provided by the photodetector, has to be accurately designed, as the
amount of noise present in the pre-amplifier is directly related to the receiver sensitivity.
The simplest receiver front-end consists of a photodetector, an input resistor and a low
input impedance amplifier. As the thermal noise associated with the input resistor is one
of the principal elements which determines the amplifier noise performance, it will be
possible to minimize the receiver noise by maximizing the amount of voltage on the
input resistor. This approach alows to remove low value shunt resistors and high value
series resistors which dramatically reduce the noise performance. Unfortunately the
input resistor, used to convert the photocurrent in a signa voltage, reduces the
bandwidth of the system via the RC time constant, where the capacitance is the total
input capacitance of the first stage. The influence of the input resistor and input
capacitance will be compensated by an equalizing stage.

Design and optimization
This section describes the proposed receiver configuration and shows how to determine
both signal to noise ratio (SNR) and circuit bandwidth.

A. Noise analysis

In this section we anayze the amplifier noise performances. Our analysis takes into
account only the high-impedance front-end, because, as in a cascaded network, the
noise factor is primarily influenced by the first stage noise. Theoreticaly, the noise of
the receiver can be minimized by presenting an optimum source impedance to the
amplifier. As the source impedance and noise generators of the photodetector are
function of the frequency, in a practical design, matching networks which approximate
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the required optimum impedance, can be obtained only with high order lossless filters,
which are not realizable over a wide frequency range. In order to analyze the amplifier
noise performances we derive the equivalent input noise current. Our approach is to
calculate the total noise at the amplifier output and then to divide the output noise by the
trans-impedance gain. The total equivalent input current noise can be written as:

Ifsq(f): V:ou[ . :irfd +i§(1+Cd RSS)Z +Vn2((1+cd(Rd2+ F\"n)s)z +(1+CdeS)ZYc2)+
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where K is the Boltzmann's constant, T the temperature in kelvins, and i, the
photodetector current noise generator. First stage amplifier noise is represented by a
zero impedance voltage generator V, and an infinite impedance current generator i, .
Y.is a complex number derived by correlating the i, and V, generators. Severa
considerations can be made from the equation (1). It is clear that the noise for each
resistor increases ineq. The resistor Ri, must be as large as possible to reduce its effect on
ineg- Unfortunately a large input resistor reduces the first stage bandwidth dramatically.

The SNR can be simply obtained by substituting the eguation (1) in the following
expression:

SNR= g )

[ira (Dol
0

Details for the method used to calculate the equivalent input noise current can be found
in[2].
B. Bandwidth analysis

In order to design a wideband amplifier for OEIC receivers we start by analyzing the
amplifier block in Fig. 1. The schematic circuit diagram shows a transistor where an
admittance Yg forms a parallel feedback and Ye forms a series feedback path. The
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Photodiode small-signal Amplifier
equivalent circuit

Fig 1. Small signal equivalent model for the PIN photodiode and a generic stage of the amplifier

circuit analysis was performed by using the nodal approach. The main block,
represented by the transistor and the two feedbacks, can be described in terms of nodal

48



Proceedings Symposium |IEEE/LEOS Benelux Chapter, 2000, Delft, The Netherlands

admittance matrix. As the Y g admittance is grounded, we can define a 2x2 admittance
matrix:

3
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Where yi1, Y12, Va1, and Yo, represent the Y-parameters of the active device. For low
noise design purpose a high impedance first stage has been proposed. This configuration
is obtained by imposing Yg = O, Yg infinity, and Yin, You, determined by considering the
input and output load. The trans-impedance Zss of the first stage can be written as:

Z _Vou!ffs —- gm Rin (4)

® i, gell+sC.R,)+SC,(R, +R,(1+SC_R)))]
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where the photodiode junction resistor R, has been neglected and Cgs, Jas, Om, are the
elements of the small-signal equivalent circuit for the transistor. The transistor model
has been simplified in order to present a simple analytic solution. The transfer function
in (4) exhibits two poles, but only one, located at low frequency, determines the high-
impedance behavior of the first stage. In order to obtain a flat response up to high
frequencies, we cascode the first stage with an equalizing stage characterized by a zero
located such as it cancels the integrator pole. We consider a second stage where the
parallel feedback is a resistance R;, whereas the series feedback is composed of a
resistance Req and a capacitance Ceq connected in parallel. The second stage voltage to
voltage transfer functioniis:

V S—Z
H§ — Your-ss — A/ (5)
Voutffs Z= p

with:

__R+(9s*9n)ReR +R (+9, Ry +9s(Ry +R))
(Ceq +Cgs) Req (Rf + RL +gds Rf RL)
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where we assume two identical transistors for the first and the second stage. In order to
have a zero-pole compensation we cancel the low frequency pole of the first stage with
the zero of the second stage. This condition is satisfied when:
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_2C R+ 94 R ) +(1+(9ds +9n) Rq ~9u Ry )(WA-C.R, -C,(R, +R,))

C
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with:
A =(Cgs Rn +Cd(Rd + Rn))2 _4Cd Cgs Rd Rn

Only the positive value of C are alowed. Such values can be determined by
performing an implicit plot of the equation Ce = 0, versus positive values of Rq and Ry,
then by identifying the positive and negative regions.

Results and Discussions

A broadband trans-impedance amplifier has been designed on the theoretical basis
presented in the previous sections. Fig. 2a shows the gain obtained with MDS circuit
simulator. The 3dB bandwidth is larger than 40 GHz, while the trans-impedance gain is
about 41 dB. Simulations have been performed by assuming a 50 Q output port. Fig. 2b
shows the amplifier noise performance in terms of noise figure. A good noise
performance is assured with a high-impedance front-end. Although this approach entails
a limited dynamic range, it is normally used in many high sensitivity applications [3,
4].
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Fig2.  a) Trans-impedance gain, b) Noise figure and minimum noise figure.
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