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Abstract

Metal-Oxide-Semiconductor  Field-Effect Transistors (MOSFETs) offer many
advantages due to their low noise and high associated gain a microwave frequencies.
Therefore, they are well suited to the amplifier requirements of broadband light-wave
receivers, through providing a high dynamic range and wide bandwidths.

In this work, the performance of integrated optical receiver consisting of PIN-
photodiode and MOSFET-based transimpedence type amplifier is analyzed. The effect of
various device parameters on receiver performance is investigated in details. The simulation
results show that the sensitivity (Psen) Of an optical receiver is approximately constant if it is
based on well-designed MOSFET.

Keywords: MOSFET, transimpedance amplifier, optical receiver, sensitivity, optical

receiver noise, transconductance.
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1. Introduction

The optical receiver is an optoelectronic device that recovers the transmitted electrical
signal from the incident light wave signal. It is formed principally from a photo detector
(photodiode or photoconductor), cascaded to a FET-based amplifier. Two photodiodes are
mainly used in optical receiver design namely PIN photodiode and avalanche photodiode
(APD). Theoretical sensitivities for both PIN/FET and APD/FET direct-detection receivers
are shown in Figure (1) [1].

It is clear that the APD is attractive because of its superior sensitivity in APD/FET
receivers. On the other hand, it is difficult to achieve significantly higher bandwidths in APD
receivers, because of the avalanche build- up limitation, which could restrict the use of APDs
in multigegabit systems[1]. PIN photodiodes have no such limitation, and bandwidth as high
as 38 GHz has been reported [2]. Further, the PIN photodiode is preferred to APD because of
the absence of excess multiplication noise.

MOSFETs based on AlGaAg/InGaAs structure offer many advantages due to their low
noise [3], and high associated gain at microwave frequencies [1]. Therefore, they are well
suited to the preamplifier requirements of broadband lightwave receivers.

It is also expected that the monolithic integration of optical and electronic components
on the same chip will alternatively lead to ultra-high speed, high sensitivity, reliability, and
low cost [4, 5]. Most of wide band optical receivers have been fabricated by integrating a PIN
photodiode for light detection [3], and a transimpedance amplifier for electronic signal
amplification and impedance matching [6].

In this work the performance of a monolithically integrated optical receiver consisting
of a PIN photodiode and an MOSFET -based transimpedance type preamplifier is analyzed.

2. Optical receiver
2.1 Device description

In this analysis, the optical receiver considered consists of an InGaAs PIN photodiode
integrated with a single gain stage transimpedance amplifier as shown in Figure (2). Such a
preamplifier design provides a wide bandwidth and high dynamic range, which is defined as
the range of input power levels over which the bit error rate is acceptable [7]. Note that al of
the loads in the circuit are active to alow circuit integration with the other MOSFETs and to
reduce device area and overall power dissipation. A conventional feedback resistor is replaced
by a transistor (Qs) with an equivalent output resistance Rg. The use of a FET feedback may
reduce parasitic shunt capacitance, thereby resulting in a wide bandwidth operation.
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2.2 Receiver noise sources

The noise current of areceiver consists of low frequency (LF) noise, thermal noise in
the feedback resistor, FET channel noise, and shot noise due to the leakage in the FET gate
and the detector. These various noise contributions in an optical receiver are given by [5, 7]:

Ssh :\/zq(IDark +|Ieak)IZB (1)
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Here, osh, och, cLF, and oth are the shot noise, channel noise, low frequency (LF)
noise, and thermal noise standard deviations respectively, q is the electronic charge, Kk is the
Boltzmann constant, gm is the extrinsic transconductance, I1Dark isthe PIN dark current, 1leak
isthe gate leakage current, B isthe data bit-rate, T isthe temperature, I" isthe MOSFET noise
Figure (»1.6 [5]), fc isthe LF corner frequency, and CT isthe total front-end capacitance. CT
is calculated as:

Cr=Cgq+ Cpp+Coss (5

where, Cst isthe input stray capacitance, CPD is the PIN diode capacitance, and CGSis
the MOSFET gate-source capacitance. Furthermore, If, 12, and 13 are effective receiver
bandwidth integrals which depend on the transfer function of the circuit and the input and
output waveforms. Here araised cosine output pulse response of the receiver for arectangular
pulse shape, and a NRZ data format are assumed.
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2.3 Receiver senditivity

The receiver sensitivity is expressed in terms of minimum, time-averaged incident
optical power (Psen), which can be detected for a given acceptable bit error rate (BER).
Assuming Gaussian noise statistics, the sensitivity is given by [7]:

hf 0
p, ==Y (6)

ghq 2
where, Q=6 for BER=10"7, h is Planck constant, f is the frequency of the incident light, 1 is
the overall efficiency in converting the incident optical power into asignal current, and ot IS

the total noise standard deviation which is defined as;

_ 2 2 2 2
S =S Syl +S 12 H+S (7)

Receiver sensitivity can be improved by decreasing the impedance at the interface.
However, the low impedance at the PD-amplifier interface is highly non-optimal from a noise
point of view, which, together with the intrinsic noise Figure of the amplifier, limits receiver
sensitivity. The monolithic integration of transimpedance receiver is expected to be one of the
facial ways to realize high sensitivity optoelectronic integrated circuits (OEICs) [8].

3. Transimpedance amplifier

The equivalent circuit of the PIN/transimpedance amplifier is shown in Figure.(3),
where Rin is the input resistance of the amplifier, CF is the stray capacitance of the feedback
resistor RF , and A isthe amplifier voltage gain, and Iph isthe PIN diode photocurrent.

The response of the receiver is represented by the transimpedance ZT, which is the ratio
of the output voltage to the input photocurrent. The frequency dependence of ZT is given by:

7 (1)= " ARaRe/[Re +(L+ AR, ®

2R R,
1+ ] R +(1+ A)Rn [CT +(1+ A)CF]

Let Z7, be the DC transimpedance, and fzqg is the cutoff frequency (-3dB point), then:
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Due to the use of equalization stage [8] in the receiver, the noise due to the intersymbol
interference (ISl) is not considered [7]. So that, Eqn.(10) is useful in determining the
bandwidth of the system.

In order to achieve the operation of the bit-rate (B) without equalization, the bandwidth
of the preamplifier should be at least equal to the effective noise bandwidth of the receiver
(12B). To accomplish this, RF must be adjusted such that f3dB is equal to the effective
bandwidth. Let A>>1 and ARin >>RF , Eqn.(10) can be simplified as:

fage = [szF (CF + CT/A)]_l (11)
then
Re =[2p1,B(C +C, /A)l" (12)

This choice of RF ensures that thermal noise (Egn.(4)) is not excessive, although it also
implies a negligible intersymbol interference (1Sl) noise. Figures(4a-4d) display the variation
of different receivers noise sources as a function of B. Unless otherwise stated, the parameter
values used in the simulation are listed in Table (1). The solid and dotted lines correspond,
respectively, to the presence or absence of the equalization stage. It is clear that thermal and
shot noises decrease in the absence of equalization. At B=10 Ghit/s, the thermal noise reduces
to 0.075 of its value when equalization exists. This to be compared with 0.91 reduction for
shot noise. So that, the thermal noise reduction is more important than that of the shot noise.
The channel and LF noise behave in an opposite manner. However, at the same bit-rate, the
channel noise and L F noise increase by factors of 1.4 and 2.08, respectively. Asaresult of not
employing an equalization stage, the total noise current decreases to 0.107 of its value at
equalization for 10 Gbit/s bit-rate. Thisis clear from Figure (5) where the total noise is plotted
as afunction of bit-rate.

In Figure (6), RF that satisfies the condition of negligible intersymbol interference is
plotted as a function of the bit-rate. Note that RF »600 W is required for B=10 Ghit/s. The
dependence of receiver sensitivity on bit-rate is depicted in Figure (7). Note that Psen (in dBs)
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decreases linearly with the logarithm of the bit-rate. For example, increasing B from 1 Gbit/s

to 10 Ghit/s degrades the receiver sensitivity by 5 dB.

4. Receiver performance

To calculate the performance of the optical receiver, a MOSFET with parameter values
given in Table (2) are assumed. Other parameters used in this analysis are listed in Table (1).
The MOSFET performance such as gm, Cgs, and Cgp are determined from expressions
derived in[9].

Recall that the MOSFET capacitance and transconductance are functions of structure
parameters of the device. Therefore, it is expected that the sensitivity of MOSFET-based
receivers vary with transistor structure parameters. However, the simulation results reveal that
this fact loses its importance when
(i) Cas iskept much lower than (Cpp+Cy); OF

(i) The total front-end capacitance to transconductance ratio (Ct/gy) is small. In other words,
the operation speed of the MOSFET is much greater than the bit-rate.

Using the parameters listed in Tables (1) and (2), the PIN/MOSFET optical receiver
sensitivity is plotted in Figure (8) as a function of CT for different values of gm. The results
in this Figure indicate clearly that the receiver sensitivity is less affected by the variation of
CT when CT is small and this effect is more pronounced when gm is high. For example,
Psen=-21.17 dBm when CT is less than 500 fF and gm=800 mS. For the receiver under
consideration, the values of CT and gm are 290 fF and 216 mS respectively. These values
lead to -21.12 dBm receiver sensitivity. The simulation results indicate that Psen is almost
independent of the variation of MOSFET structure parameters. In fact, Psen is almost
independent of bias conditions (VGS and VDS) as shown in Table (3).

Figure (9a-9¢) show, respectively, the effect of varying gate width (W), gate length (LQg)
oxide layer thickens (di), semiconductor layer thickens (dd), and doping concentration (Nd)
on receiver sensitivity. Investigating these Figures highlights the following facts:

(i) For optical consideration, the optical receiver sensitivity is almost independent of gate
width.
(i) There is a negligible degradation in Ps, (0.1 dBm) as aresult of increasing Ly from 20
to 100 nm.
(iii) Increasing the oxide layer thickness from 1 to 100 A improves the sensitivity by only 1
dB.
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(iv) Psen remains almost unchanged by increasing the semiconductor layer thickness from 10
to 130 A.

(v) There is no remarkable dependence of Ps, on the doping concentration of the MOSFET
semiconductor layer doping (Ng).

To improve the receiver sensitivity slightly, the source resistance (Ry) must be minimized

since the intrinsic transconductance, which inversely proportional to the total noise current,

increases with minimizing Rs. Figure (10) depicts the effect of Rs on receiver sensitivity.

Reducing Rs from 30 Wto 0 Wimproves the Pss, by only 0.3 dB.

5. Conclusion

We analyze the performance optical receiver consisting of PIN-photodiode and
MOSFET-based transimpedence type amplifier by investigating the effect of vireos device
parameters on receiver performance. The simulation results show that the sensitivity (Psen) Of
an optical receiver approximately independent of gate width, degrade negligibly with the
increase of the gate length, enhanced with the increase of oxide layer thickness, and

approximately it has no change with semiconductor layer thickness and doping concentration.
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Figure(2).Circuit diagram of a
transimpedance optoelectronic integrated
circuit (OEIC) optical receiver.
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Table (1).Receiver parametersvaluesused in the smulation.
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Table (2). MOSFET parametersused in the smulation.

VGS =0.2V

VGS =0.3V

Table (3). Receiver senditivity (dBm) asa function of Vps and Vgs.

VGS =05V

-19.1218

-19.1225

-19.1231

-19.1219

-19.1226

-19.1232

-19.1220

-19.1227

-19.1233

-19.1220

-19.1228

-19.1234



