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Abstract:

Calculations based on a rigorous analytical model are carried out to compare the sensitivity of optical receivers
that use InP and Ings2Alo.48As avalanche photodiodes (APDs). The model includes the effects of intersymbol
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interference, tunneling current, avalanche noise and its correlation with the stochastic avalanche duration, dead
space, and transimpedance amplifier noise. For a 10-Gb/s system with a bit-error rate of 102, the optimum
receiver sensitivity predicted for Ings;Alo.4sAs and InP APDs is -28.6 and -28.1 dBm, respectively, corresponding
to a reduction of 11% in optical signal power for receivers using Ings2Alo.4sAs APDs. Thus, considering overall
receiver sensitivity, the improvement offered by Ings2Alo.4sAs APDs over InP is modest.

SECTION I. Introduction

Indium phosphide (InP) avalanche photodiodes (APDs) are widely used in receivers for high-speed direct-
detection lightwave communication systems. The internal gain, G, resulted from carrier impact ionization in the
InP avalanche region in the APD, amplifies the signal (the photocurrent). This amplification reduces the
significance of Johnson noise, leading to improved receiver sensitivity, since the APD adds only a small amount
of avalanche noise (from the carrier impact ionization, which has a stochastic nature).

For a given avalanche region material, the performance of the APD is strongly influenced by the avalanche-
region width, w, through the following factors. They are the (i) avalanche noise, which is characterized by the
excess noise factor, (ii) stochastic avalanche duration (also known as the avalanche buildup time), and (iii) dark
current, which is usually dominated by tunneling current in the avalanche region. As the receiver operation
speed increases, the stochastic avalanche duration becomes increasingly important since it eventually
determines the level of intersymbol interference (ISI) present in the receiver. In addition, the receiver output is
also influenced by noise from the transimpedance amplifier (TIA), which follows the APD. Thus it is common to
assess the receiver performance through the receiver sensitivity, which is the minimum average optical power in
each bit required to produce a bit-error-rate (BER) of 1012,

Models for calculating sensitivity and BER have been improving in their accuracy through gradually taking into
account the above three factors [1]-[2][3][4][5][6] at different levels of sophistication. Using the joint-
probability distribution function (PDF) of gain and avalanche duration generated by the Random Path Length
model [7], the most complete model so far includes ISI, avalanche noise, stochastic avalanche duration,
tunneling current and TIA noise [6]. An optimum w (of 0.18 um) was also established for InP APDs in 10 Gb/s
receivers [6].

The material IngsAlo.4sAs (referred hereafter as InAlAs) is considered as an avalanche material superior to InP
due to lower excess noise factors in InAlAs than that in InP [8], [9]. APDs using InAlAs avalanche region have thus
been researched widely. However, as mentioned earlier, to rigorously assess the performance of an APD, we
should evaluate the receiver sensitivity at a certain BER, instead of relying on a single APD performance
parameter. Comparing experimental sensitivity data from receivers with different APDs is unfortunately not
straightforward because often different TIAs were used in the receivers.

In this letter, we use the model reported in [6] to carry out sensitivity calculations for InAlAs APDs of varying w,
establishing an optimum avalanche region and associated best sensitivity for 10 Gb/s systems. This enables
straightforward comparisons to be made between optimized InAlAs APDs and InP APDs.

SECTION II. Model

Since the BER model used in this work was described fully in [2] and [6], we present only a brief description here.
The model takes into account that the receiver output is conditional on the state of the present bit and the
entire past bit stream. In [6] we began with computing such pattern-specific BER, repeating the process for all
possible past bit patterns. An overall average BER was then given by
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1
BER = Z—sz:1 BER(J;), (1)

where Ij is the past bit pattern of length L bits. The value of L should be sufficiently large to capture all
significant ISI terms; in our calculations we have found L = 10 to be adequate. The pattern-specific BER is
approximated by [6]

BER(/;) = i[erfc (M) + erfc (ﬂl(lj)_e)] ,

VZao(I)) V2o1(1)) (2)

where iy (I;) and ol (I;) denote the mean and variance for the receiver's output conditional upon the present
bit (i.e., the information bit corresponding to the receiver's present integration period) being ‘0,

and p1(lj) and o (I;) are similar quantities conditional on the present bit being ‘1.” The expressions

for uo (1), ol Up), 1 (I;) and o} (Ij) are equations (16), (18), (10) and (12), respectively in [6]. The decision
threshold, 6, is taken as 8 = (ug0;1 + p104)/(0p + 01), which is a convenient albeit accurate approximation to
the optimal decision threshold that minimizes the BER [1], [10].

As in [6], we use the Random Path Length (RPL) model, described in [7], to provide the joint PDF of gain and
avalanche duration required by the BER model. Impact ionization coefficients and threshold energies for InP and
InAlAs are obtained from [11] and [9], respectively. Due to differences in impact ionization properties, pure hole
injection and pure electron injection were used for InP and InAlAs, respectively, when generating joint PDF of
gain and avalanche duration statistics using the RPL model. The un-multiplied tunneling currents in the
avalanche regions are given by Forrest et al. [12], with the value of tunneling fitting parameter for InP and InAlAs
taken from [11] and [13], respectively. The Johnson noise due to the TIA in the receiver was assumed to be 636
electrons per bit, corresponding to an input noise current density, i,,, of 10.7 pA/Hz'/>—an average from a
number of commercial TIA modules at the speed of 10 Gb/s, as described in [6].

SECTION IIl. Results

Calculations were performed for a series of InP and InAlAs APDs, with active area diameter of 30 um

and w ranging from 0.1 to 0.5 um. Compared to the 50 um used in [6], the smaller diameter was chosen to
reflect the trend of smaller APDs for lower dark currents and higher speed. An ideal electric-field profile
(negligible depletion into the p- and n-claddings, and a constant electric field across the i region) was assumed.
The system speed was assumed to be 10 Gb/s.

For a given combination of avalanche width and material, the calculations yielded an optimum sensitivity and
corresponding mean gain. Results for the different combinations are summarized in Fig. 1, which plots optimum
sensitivity (optimized over the mean gain) and its corresponding mean gain from the InP and InAlAs calculations
against the avalanche region width. Our calculations predict an optimum w of 0.15 um, with sensitivity

of —28.6 dBm and gain of 15, for InAlAs APDs in a 10 Gb/s system. For InP APDs, the optimum w is 0.18 um,
with sensitivity of —28.1 dBm and gain of 13. It is interesting to note that at the optimal width, the
corresponding optimal mean gain (whose value is selected to maximize the sensitivity at each width) is also
maximized. Our results were benchmarked against published experimental reports. In [14], an optimum
sensitivity of —26.8 dBm at 10 Gb/s was reported for an InP APD (w = 0.5 um) receiver system, in agreement
with our results in Fig. 1. For InAlAs APD-based receiver systems. Yagyu et al. [15] and Levine et al. [16] reported
optimum sensitivity values of —29.9 (w = 0.2 um) and —29.0 dBm (w = 0.13 um), respectively. Although these
are better than our results, the difference may be due to the system's TIA (not specified in either paper).



Reducing in from 10.7 to 6.5 pA/Hz"/?, which is still reasonable for a 10 Gb/s TIA, we obtained results in
agreement with [15] and [16].
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Fig. 1. (a) Optimum sensitivity and (b) the corresponding mean gain versus device avalanche width for a 10-Gb/s
system using InAlAs (closed symbols) and InP (open symbols) APDs. Lines are drawn to aid visualization.

For a given width, InAlAs provides better (lower) sensitivity than InP. However, at their respective optimum
avalanche widths, the difference in receiver sensitivities is only 0.5 dBm, corresponding to a reduction of 11% in
optical signal power at the receiver input. The improvement brought on by replacing InP with InAlAs for
avalanche material is therefore modest. The modesty in this improvement is partly due to a diminishing
advantage, as w decreases, in excess-noise characteristics in InAlAs over InP, as shown in Fig. 2(a) in the form of
effective ionization coefficient ratio, k.s. At the optimum avalanche widths, the values for k¢ are 0.21 and
0.29, for InAlAs (at 0.15 um) and InP (at 0.18 um), respectively. Another factor is the slightly higher gain-
bandwidth product in InAlAs compared to InP, 220 and 180 GHz, respectively, at their optimum widths, as
shown in Fig. 2(b). The slightly lower tunneling current in InAlAs APDs compared to those in InP APDs (expected
from the slightly larger bandgap of InAlAs), as shown in Fig. 2(c), also contributes slightly to the improvement in
receiver sensitivity. These results have not taken into account device fabrication variations, which may worsen
receiver sensitivity performance.


https://ieeexplore.ieee.org/mediastore_new/IEEE/content/media/68/5697314/5664764/5664764-fig-1-source-large.gif
https://ieeexplore.ieee.org/mediastore_new/IEEE/content/media/68/5697314/5664764/5664764-fig-1-source-large.gif
https://ieeexplore.ieee.org/mediastore_new/IEEE/content/media/68/5697314/5664764/5664764-fig-1-source-large.gif

o (a)
035
o
030 .
- ” -.
025 ®
[ ]
. L ]
0.20 f ®  InAlAs
Z InP
... FEPEFEE EPEFEFEFE BN PN B |
L ]
250 1
%

GEP (GH=z)
Ig

-
=

Tunneling Current Density (Adem™)

| T P I IS S B S |

o (c)

—_— InAlhs
10 InP

1r* < 1 1
000 015 020 025 0.30 035 040 045 050

Avalanche Width (pm)
Fig. 2. (a) Effective ionization coefficient ratio (k.s), (b) gain-bandwidth product, and (c) tunneling current
density, all functions of the avalanche width for a 10-Gb/s transmission system using InAlAs (closed symbols;
black line) and InP (open symbols; gray line).

SECTION IV. Conclusion

Using the APD-based receiver model for BER in [6], which includes effects of ISI, avalanche noise, stochastic
avalanche duration, tunneling current in APDs, and Johnson noise from TIA, we have calculated and compared
the sensitivities of receivers using InAlAs and InP APDs for a BER of 10-12 at 10 Gb/s. InAlAs APDs are found to
bring a modest improvement in sensitivity of ~ 0.5 dBm (from —28.6 to —28.1 dBm) over InP APDs. This
enables a reduction of 11% in optical signal power whilst maintaining the BER at 10-12. Our results show that,
when considering overall receiver sensitivity, InAlAs APDs are not significantly better than InP APDs.
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