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Sensitivity Calculations of High-Speed Optical
Receivers Based on Electron-APDs

Vladimir Shulyak”, Majeed M. Hayat

Abstract—Sensitivity of high-speed optical receivers is heavily
influenced by the performance of the optical detectors used in
the receivers, the data rate, and the target bit-error-rate (BER).
A simulation model for sensitivity of optical receivers based on
electron-avalanche photodiodes (e-APDs) is presented. It allows
for the optimization of avalanche width and operating voltage to
achieve the optimum receiver sensitivity for given bit rate and
target BER. The effects modelled include inter-symbol interference
(ISI), various dark current components (tunnelling, diffusion, and
generation), current impulse duration, avalanche gain, and am-
plifier’s noise. The model was demonstrated through simulations
of Indium Arsenide (InAs) e-APDs. For 1012 target BER, the
receiver’s sensitivities were found to be —30.6, —22.7, —19.2, and
—16.6 dBm, for 10, 25, 40, and 50 Gb/s data rate, respectively.
Desirable avalanche properties of InAs e-APDs are counteracted
by detrimental effects of high dark currents. Hence InAs e-APDs
with lower dark currents are required to be more competitive with
other optical detector technologies for high-speed optical receivers.
The data reported in this article is available from the ORDA digital
repository (DOI: 10.15131/shef.data.9959468).

Index Terms—Avalanche photodiodes (APDs), bit-error rate
(BER), dead space, impact ionization, indium Arsenide (InAs),
intersymbol interference (ISI), noise, receiver sensitivity.

1. INTRODUCTION

VALANCHE photodiodes (APDs) are widely used optical
detectors in the domain of high-speed optical receivers
for long-haul optical communication systems. They offer high
internal gain, which is the end result of numerous impact ion-
ization events taking place within the APDs. When used in
high-speed optical receivers, they reduce the dominance of noise
from post-detection amplifier, thereby increasing the overall
signal-to-noise ratio. In recent years there has been great interest
in developing highly sensitive 25 and 40 Gbps receivers with
acceptable bit-error rates.
The sensitivity of an optical receiver is defined as the min-
imum optical power required to reach a target bit-error rate
(BER) - the probability of an error in bit-identification by
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the receiver. Several APD-related characteristics determine the
performance of APD-based optical receivers, including (i) the
excess noise factor; (ii) the stochastic avalanche duration, which
increases with gain and decreases the APD’s speed; (iii) the
APD’s dark current.

Analytical simulation models of APD-based receivers have
been developed to determine their sensitivity [1]-[3]. These
models assume both electrons and holes will impact ionize
(indeed the case for important avalanche materials for optical
receivers, such as InP and InAlAs), whereby the random
avalanche buildup time within the APD is not deterministic.
Hence, they cannot be applied without modification to an im-
portant sub-class of APDs known as an electron-APDs (e-APD).
InAs [4] and HgCdTe [5] based APDs are examples of e-APDs.
In these diodes, only the electrons undergo impact ionization,
which leads to a unique impulse response function whose dura-
tion is deterministic and hence needs to be treated carefully in
the receiver-sensitivity model. Unlike regular APDs, where each
avalanche event has a different duration, an avalanche within an
e-APD ends after two carrier transit times within the avalanche
region, providing avalanche gain with little excess noise. Thus,
eAPDs have potential in high-speed, low noise optical receivers.

In this paper we present a model that can be applied to
any e-APD, capturing effects which include; inter-symbol inter-
ference (ISI), tunnelling current, diffusion current, generation
current, avalanche pulse duration, avalanche gain, and amplifier
noise. Sensitivity calculations obtained using our model for InAs
e-APDs, which have excellent excess noise characteristics but
relatively high dark currents, are also reported here to demon-
strate the model’s functionality.

II. MODEL DETAILS

A. Review of the Model Reported in [2]

The model in this paper is based on the bit-error-rate (BER)
model developed in [1] and [2], although there are some signif-
icant differences and modifications which need to be discussed.
The unique impulse response of an e-APD means that many
of the equations previously developed cannot be used, and a
revision of the model must be carried out.

According to [1], the calculation of an analytical expression
for the receiver sensitivity requires knowledge of analytical
expressions for the stochastic photocurrent’s mean and variance
as a function of time following a single trigger of the avalanche
process. (Such photocurrent is also referred to as the APD’s
stochastic impulse response function.) This task requires the
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adoption of a simplifying approximate exponential form for the
mean and the autocorrelation functions. However, this approxi-
mation implicitly assumes a non-deterministic (and unbounded)
duration of the mean and autocorrelation functions of time, an
assumption that is justified when both electrons are capable
of ionizing. Unfortunately, this assumption is incorrect for e-
APDs because only electrons can impact ionize. The e-APD’s
stochastic impulse response function has a deterministic and
finite duration. Hence, a new functional form for the mean and
the auto correlation function of the stochastic impulse response
is required for use in the framework described in [1]. In this
paper we do just that.

We emphasize, however, that the limitation of the model in [2]
arises only when an analytical formula for the receiver sensitivity
is sought; the model in [2] remains valid for the numerical
calculation of the sensitivity for electron APDs, though this
would require significantly more computing resources to match
the accuracy provided by a more analytical model. Although the
analytical expressions for the mean and variance of the APDs
stochastic impulse response function from [2] are no longer
valid, the defining integrals for the mean and the variance are
still valid and can still be used.

The formulae for the mean and variance of the ISI contribu-
tions (p1sr,n and O‘IQSLH) to receiver output from the nth past bit
with duration 7" are given by equations (A3) and (A7) from [2]:

T p—nT+T
HISI,n = ¢0/ / (I,(t — 7))drdt, (1)
0 —nT

T T p—nT+T
UI2$I,n = ¢0/0 /0 [ -
X (Ip(p = ) Ip(v — €))dEdpdy, (2)

where ¢ is a constant photon flux present between times —n1’
and —nT + T, while (I,,(¢)) is the mean impulse response
function.

When considering an arbitrary past bit pattern /; of length L,
the total contributions from all ISI terms, dark current mean and
variance ({tqark and Uﬁark), and Johnson noise o7, the mean and
variance for a “0” bit (19 and o) are given by

SISt R) + [darks 3)
and
L
Z $)0ts1,n) + Tdark + 075 4)

n=1
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which are (9) and (11) in [2]. Here a,,(I;) = 1 when the nth bit
in the pattern /; is a “1,” and 0 otherwise. The mean and variance
when the current bit is a “1” (u; and 01) are then obtained by
adding these contributions to rs7,0 and O'ISLO, with n = 0:

pa (L) = po(Ly) + psto (5)

and
o1 (I;) = o5 (I;) + UISIO (6)

Following [2], the pattern specific BER for I; =1,..., 2L is

given by

BER(;) = 1 erfc 0 olly) + erfe mlly) =6 ,
V200(I;) V201(1))
(7
where 6 is the decision threshold. The overall BER is then given
by (14) from [2]:

2L
BER = - ZBER (1) )

j=1

The threshold, 6, is adjusted to minimize the overall BER.

B. Modification of the Model for Optical Receivers
based on e-APD

We use the asymptotic analytical mean impulse response (9)
as seen in [6], developed by Saleh er al. as the basis of our
model, which include dead-space and are valid for e-APDs [6].
In addition, we use the asymptotic expression

/

() (t2)) = 5 (1(0)) (1 (12))
for variance calculation, given by (41) in [6]. The terms in (9)
and (10) are given by 1/v" = (1/ve + 1/vp), 7e = d/ve, T =
d/v', T, = w/ve, Ty = w/v', d is dead-space, w is avalanche
Wldth ve and vy, are electron and hole drift velocities respec-
tively. ¢ and ¢ are constants defined by (23) and (24) in [6],
calculated using

(10)

Q

B a+p
“~ 2B(ad 1 Bd+ 1) an

and
g CBlatl)
1+28/a—(B/a)*’
where « is the impact ionization coefficient for electrons that

have already travelled a distance of dead-space d, and 5 is
derived from the so-called scaled Malthusian parameter, solution

12)

for0<t<r,
( Ve + U, (eﬁl’ﬂt — eﬁd) + ”7‘) forr, <t <7
(Ip(t)) = < ( Ve + vp) €9t — v PVt — pefd 4 %C) for7 <t<T, 9)
“op (63“’ eﬂvlt) forT, <t < Ty
0 otherwise
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to the equation

2¢ % _ B/ =1. (13)
This asymptotic result is valid when w >> d. Validation of these
formulae for estimating gain and excess noise was recently
performed by Jamil et al., who were able to accurately predict
these characteristics in InAs APDs with avalanche widths as low
as 500 nm [7].

Using an analytical expression for mean and variance as a
function of time allows for reduced computation time, in contrast
to using a Random Path Length (RPL) model to generate the
mean impulse response [8]. As in [2], we consider the past bit
stream as well as the state of the present bit. A crucial difference
is that we are able to determine the required bit stream length,
L, precisely with L defined analytically using

Ty
-[7]
where the brackets represent the ceiling function. Since L is
known analytically (and depends on w/v'), it is possible to
capture the full contribution to mean and variance from ISI
(previously the maximum L had to be deduced through trial
and error). This also allows for the precise calculation of dark

current components on the current detection bit for an impulse
with duration 7'y, using modified forms of (1) and (2);

(14)

T 0
Hdark = ¢dark/ / (Ip(t —1))drdt (15)
0o J-my
and
T T 40
U?iark = (bdark/ / /
o Jo J-ry
x (Ip(p = &) Ip(v — §))dEdudy (16)

where ¢qa,k 1s the number of charges caused by dark currents;
it is given by

Itunn + Ibulk
¢dark = )
q

7)

where ¢ is electron charge, Ii,ny is the tunneling current, and
Iy 1s combined diffusion and generation currents. Ip,jx 1S
given by experimental value of JyA, where Jy is bulk dark
current density and A is device area [9]. [;unn, is given by [10]

Itunn -

(Zm*)O'SqBFVA ZWGT(m*)O'BE;"B
W2E05 P ghF ’
(18)
where m* is the effective electron mass, F' is electric field, V' is
voltage, A is device area, h is Planck’s constant, k is Boltzmann’s
constant, I/, is band-gap, and o is the tunnelling parameter.
After substitution of (15) and (16) into (3) and (4), the pattern
specific and overall BER can be calculated. The integrals are
evaluated using the QUADPACK numerical method [11].

TABLE I
MODEL PARAMETERS FOR INAS E-APDS
Parameter Value Ref.
Temperature 1" (K) 293
Device diameter (pm) 20.0
10 Gb/s | 8.0 [12]
TIA bandwidth (GHz) 25 Gbls | 160 L13]
40 Gb/s | 35.0 [14]
50 Gb/s | 32.0 [15]
10 Gb/s | 6.5 [12]
. 25 Gb/s | 15.0 [13]
TIA S t (pA/vH
noise current (pA/v/Hz) 20 Gois | 120 [14]
50 Gb/s | 23.0 [15]
Electron effective mass m™ 0.023 mo [16]
Bandgap Ey (eV) 0.356 [4]
Tunneling parameter o 1.16 [17]
Bulk dark current density Jo (A/m2) 68.8 [9]
6
10 E —& &
Q
E 105
= 100 L e
b E _O——'O_--G_--e_--e-_—_
i3} N4
2 -
2 o ® InAs v, [15]
= 10% 4
E‘E F O GaAsvy[16]
[a] —— Fitted ve
--- Fitted v,
103...1...|...|...|..
0 20 40 60 80 100

Electric Field (kV/cm)

Fig. 1. Simulated electron drift velocity of InAs [18] and experimental hole
drift velocity of GaAs [19]. Fittings (lines) to these data are used in our
simulations of optical receivers based on InAs e-APDs.

III. RESULTS
A. Model Parameters for InAs e-APDs

Some of the material-dependent parameter values used
for our room temperature InAs e-APD simulations are sum-
marized in Table I. In the simulations, the Johnson noise
due to the transimpedance amplifier (TIA) was given by
o7 = (\/Briai2/q)(1/Ry), where i,, and Bt are the input
noise current density and bandwidth of a typical TIA at a given
bit rate R;, [2]. For impact ionization, we used the electron ion-
ization coefficient from [4] and assumed that holes do not impact
ionize. For electron drift velocity, due a lack of experimental
reports at electric fields above 10 kV/cm (the relevant fields for
impact ionization in InAs) [20], our fitting to simulated values
from [18], as shown in Fig. 1, was used. Similarly, we used GaAs
hole drift velocity from [19] (also plotted in Fig. 1) for holes in
InAs e-APDs, since room temperature experimental hole mobil-
ities in InAs are similar to those of GaAs (460 and 400 cm?/ Vs,
respectively [21]). With these parameters, an example mean
impulse response is calculated and shown in Fig. 2. Overall
dark current is calculated based on experimental bulk dark
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10-6
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10-10 T R B R B
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Time (ps)

Fig. 2. Calculated mean impulse response for an InAs e-APD with
w = 3.0 pm reverse biased at 18 V. The different stages of the mean impulse
response function are indicated by the dashed lines in the figure.

current [9], tunneling current [17], and avalanche gain (which
can be calculated from impact ionization coefficients [4]). In our
calculations, the ratio of the dead-space to the avalanche width
ranges from 0.016 to 0.037 at the operational gains; hence, the
assumption is valid, which justifies the use of the asymptotic
approximation in (9) and (10) in all of the results reported in
this paper.

Using these parameters and the equations discussed in
Section II, calculations of overall system’s sensitivity for target
BER ranging from 1072 to 1073 and 1550 nm wavelength were
performed for InAs e-APDs. The simulation conditions covered
arange of avalanche widths at data rates of 10, 25 and 40 Gbit/s.
The electric field profiles of the e-APDs were assumed to be
constant across the avalanche region, with negligible depletion
into the p and n regions. For a given avalanche width and data
rate, a full set of field-dependent parameters was calculated
for each reverse voltage. The minimum avalanche widths used
exceeded 1 um to ensure approximations related to impulse
response currents are valid.

B. Effects of Gain, Bandwidth, and Dark Current

For a given e-APD avalanche width, as the reverse voltage
increases, there are changes in gain, bandwidth, and dark current,
all of which contribute to the final BER values. This is illustrated
in Fig. 3, which plots the results from the w = 3.0 pm (optimal
for 10 Gbit/s operation) InAs e-APD as functions of reverse
voltage, for a 10 Gbit/s data rate and 10~!? target BER. As
reverse voltage increases, gain and bandwidth increase, which
together improve the sensitivity. On the other hand, the bulk
dark current increases due to increased gain and/or tunneling
current (depending on the reverse voltage), limiting the bene-
ficial effect of gain on sensitivity somewhat. Eventually, rising
tunneling current causes the sensitivity to degrade. This trend is
consistent with observations from earlier BER simulations for
other avalanche materials [2], [3], although the magnitude of
tunneling current is more pronounced in our results for InAs
e-APDs due to the material’s small, direct bandgap. Indeed, to
avoid significant tunneling current, it is not desirable to use an
InAs e-APD with w < 1 pm.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 38, NO. 4, FEBRUARY 15, 2020
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Fig.3. Gain, 3 dB bandwidth, dark current, and sensitivity simulation data for

a w = 3.0 um InAs e-APD operated at 10 Gb/s bit rate and 1 x 10~ 12 target
BER. Its optimal operating voltage (—18 V) is indicated by the dotted line.

Observing Fig. 3, the 3 dB bandwidth does not decrease with
increasing gain in the w = 3.0 um e-APD thanks to a lack of
hole impact ionization, thus avoiding the usual gain-bandwidth
product limitation in other APDs [22]. This is supported by
results of 3 dB bandwidth versus gain from two other e-APDs
(w = 1.6 and 2.3 pm), as shown in Fig. 4. The gradual increase
in the bandwidth values at low gains is caused by the field
dependence of drift velocities assumed for InAs e-APDs.

C. Sensitivity at Different Avalanche Widths and Bit Rates

Simulated characteristics of sensitivity versus reverse voltage
for different InAs e-APDs (w = 2.5, 3.0, 3.5 and 4.0 um)
are compared in Fig. 5 for 10 Gb/s data rate and 10~'? target
BER. The optimal avalanche region width for an InAs e-APD
for these conditions can be found at the sensitivity minimum.
As avalanche width increases, the e-APD is able to reach a
higher operating voltage before sensitivity begins to degrade.
This is due to the combined beneficial effects of larger gain and
reduced tunneling current, for a given reverse voltage. At large
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Fig. 4. Bandwidth versus avalanche gain characteristics of three simulated
InAs e-APDs. Unlike other materials, bandwidth does not decrease with gain.

Sensitivity (dBm)

APD Reverse Bias (V)

Fig.5. Sensitivity versus APD reverse bias as function of avalanche width for
10 Gb/s data rate and 1 x 10~ 12 target BER.

avalanche widths, these benefits are however outweighed by the
reduced bandwidth (longer impulse duration) and the increased
intersymbol interference.

As previously mentioned, since in an e-APD gain is no longer
limited by bandwidth, there is no single optimum operating
gain across widths, unlike in InP and InAlAs APDs [2], [3].
This, compounded with the shorter impulse duration, means
that optimum operating widths are much larger than for regular
APDs. This demonstrates how design considerations for high
speed, highly sensitive e-APDs differ from other diodes, and is
a key contribution of this work.

Results of sensitivity versus avalanche width for data rate
of 10, 25, and 40 Gb/s (all at a BER of 10~'?) are compared in
Fig. 6. This yields a minimum sensitivity of —30.60, —22.74, and
—19.17 dBm for 10, 25, and 40 Gb/s operation, respectively. The
corresponding optimal avalanche widths are 3.0,2.3 and 1.5 pm.
In general, avalanche width of e-APDs should be maximized
(subject to the bandwidth constraint) to maximize avalanche
gains and avoid significant tunneling current. At higher data
rates, more stringent bandwidth constraint causes smaller opti-
mal avalanche width for e-APDs, in order to achieve the best
possible sensitivity.

Calculations were also performed to yield plots of target
BER versus sensitivity for InAs e-APDs detecting 1550 and
1310 nm wavelength photons, as shown in Fig. 7(a) and (b),
respectively. The results are for data rates of 10, 25 and 40 Gb/s.

2 -175¢F ;;P —— 10 Gb/s
g i —0— 25 Gb/s
5 200¢ —O— 40 Gb/s
Z —225F
2} L
5 L
& -25.0F
§ [
g -275f
& -300F
PR PR S S PSSR S NS S N PR S
1 2 3 4 5 6

Width (um)

Fig. 6. Gain-optimized sensitivity for each simulated avalanche width for a
1 x 10712 target BER.

10-3
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10-5 |
10-6 b
1077
10-8 |
109 |
510—10 L

(B
==
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.

T
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&
T
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Target Bit Error Rate
&
T

10-10 1

10—11._
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10‘12-r|....|....|...|....|..¥.|...|..
-35.0 —=32.5 -30.0 =27.5 =25.0 =22.5 -20.0

Minimum Received Optical Power (dBm)

Fig. 7. Variable target BER versus optimum sensitivity for InAs APD-TIA
combinations for (a) 1550 nm and (b) 1310 nm wavelength operation. The data
rates are 10 (black circles, w = 3 pm), 25 (grey circles, w = 2.3 pm), and
40 Gb/s (open circles, w = 1.5 pm). Other high speed detector systems (other
symbols, using identical color scheme for the different bit-rates), such as InAlAs
APDs [23], [24], Ge/Si APD [25], and SOA-PIN combinations [26]-[28] are
included for comparison.

Relevant reports of optical receivers based on other APD tech-
nologies [23]-[25] or Semiconductor Optical Amplifier (SOA)-
PIN combinations [26]—-[28] are included for comparison. For
1550 nm wavelength systems, at 10 and 25 Gb/s data rate, the
InAs e-APDs compare favorably with receivers based on InAlAs
APDs [23], [24]. At 40 Gbps, the performance of InAs eAPDs
is worse than those of SOA-PIN from [26]-[28], except at more
demanding BER. Note that optical receivers based on Ge/Si
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APDs at 25 Gb/s are absent in Fig. 7(a) because their values at
1550 nm wavelength (—16 dBm at 1 x 10~*2 BER [25]) are out
of range.

Observing Fig. 7(b), for 1310 nm wavelength systems, op-
tical receivers based on Ge/Si APDs generally provide better
sensitivity than InAs e-APDs. It is however emphasized that
these comparisons will evolve depending on the future perfor-
mance of each of these technologies. For InAs e-APDs, reducing
their tunneling current density through engineering of a more
parabolic tunneling barrier shape, and reducing their bulk dark
current density could lead to improved performance for optical
receivers.

To test the effects of various dark current components on
sensitivity values, a separate set of calculations were carried
using I,k = O (retaining Ity With o7 = 1.16). There was no
significant improvement in sensitivity values for the optimum
avalanche widths and voltages, although the sensitivities at
non-optimum avalanche widths do improve by up to 0.5 dBm
for 25 Gbps bit rates. Further simulations were performed using
Tiunn With o = 1.88, which corresponds to a parabolic tunnel-
ing barrier rather than a triangular barrier when o = 1.16 [10].
This showed a marked improvement in optimum sensitivities
with the 40 Gbps value becoming —20.6 dBm. It is important
to note, however, that engineering such a barrier would require
a graded doping profile through the avalanche region, which
would negatively impact on the magnitude of avalanche gain,
the effects of which were not modelled in these additional
simulations. There may be a middle ground to be explored which
would lead to improved sensitivity overall. Simulations were
also performed at 50 Gbps for key target BERs of 1073, 1077,
and 10712, with resulting optimum sensitivities of —20.6, —17.3,
and —16.6 dBm (w = 1.4 pm) for 1550 nm operation.

IV. CONCLUSION

A model for sensitivity of optical receivers based on e-APDs,
in which only the electrons contribute to impact ionization,
has been presented. The new model was demonstrated through
optical receiver’s sensitivity calculations of room temperature
InAs e-APDs, using current performance parameters of InAs
e-APDs. From the calculation results, the best sensitivity values
for InAs e-APDs are —30.6, —22.7, —19.2, and —16.6 dBm, at
10, 25, 40, and 50 Gb/s data rate, respectively. Although InAs
e-APDs offer improved sensitivity compared to InAlAs APDs
at 10 and 25 Gb/s, they are not as competitive as SOA-PIN
combinations at 40 Gb/s for 1550 nm wavelength systems. For
1310 nm systems, the Ge/Si APDs offer better sensitivity than
InAs e-APDs. Thus InAs e-APDs will need to have lower dark
currents for a more optimized performance in high-speed optical
receivers.

REFERENCES

[1] P. Sun, M. Hayat, B. Saleh, and M. Teich, “Statistical correlation of gain
and buildup time in APDs and its effects on receiver performance,” J.
Lightw. Technol., vol. 24, no. 2, pp. 755-768, Feb. 2006.

[2] D.S.G.Ong,J.S.Ng, M. M. Hayat, P. Sun, and J. David, “Optimization of
InP APDs for high-speed lightwave systems,” J. Lightw. Technol., vol. 27,
no. 15, pp. 3294-3302, Aug. 2009.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 38, NO. 4, FEBRUARY 15, 2020

[3] D. S. G. Ong, M. M. Hayat, J. P. R. David, and J. S. Ng, “Sensitiv-
ity of high-speed lightwave system receivers using InAlAs avalanche
photodiodes,” IEEE Photon. Technol. Lett., vol. 23, no. 4, pp. 233-235,
Feb. 2011.

[4] A.R.J.Marshall,J. P.R. David, and C. H. Tan, “Impact ionization in InAs
electron avalanche photodiodes,” IEEE Trans. Electron Devices, vol. 57,
no. 10, pp. 2631-2638, Oct. 2010.

[5] J. Beck et al.“The HgCdTe electron avalanche photodiode,” J. Electron.
Mater., vol. 35, no. 6, pp. 11661173, 2006.

[6] B. E. A. Saleh, M. M. Hayat, and M. C. Teich, “Effect of dead space
on the excess noise factor and time response of avalanche photodi-
odes,” IEEE Trans. Electron Devices, vol. 37, no. 9, pp. 1976-1984,
Sep. 1990.

[7] E.Jamil, M. M. Hayat, and G. A. Keeler, “Analytical formulas for mean
gain and excess noise factor in InAs avalanche photodiodes,” IEEE Trans.
Electron Devices, vol. 65, no. 2, pp. 610-614, Feb. 2018.

[8] J. S. Ng et al., “Effect of dead space on avalanche speed,” IEEE Trans.
Electron Devices, vol. 49, no. 4, pp. 544-549, Apr. 2002.

[9] P. J. Ker, A. R. J. Marshall, A. B. Krysa, J. P. R. David, and C. H.
Tan, “Temperature dependence of leakage current in InAs avalanche
photodiodes,” IEEE J. Quantum Electron., vol. 47, no. 8, pp. 1123-1128,
Aug. 2011.

[10] S.R. Forrest, M. DiDomenico, R. G. Smith, and H. J. Stocker, “Evidence
for tunneling in reverse-biased III-V photodetector diodes,” Appl. Phys.
Lett., vol. 36, no. 7, pp. 580-582, 1980.

[11] R Piessens, Quadpack: A Subroutine Package for Automatic Integration.
Berlin, Germany: Springer-Verlag, 1983.

[12] H. Ikeda, T. Ohshima, M. Tsunotani, T. Ichioka, and T. Kimura,
“An auto-gain control transimpedance amplifier with low noise and
wide input dynamic range for 10-Gb/s optical communication sys-
tems,” IEEE J. Solid-State Circuits, vol. 36, no. 9, pp. 1303-1308,
Sep. 2001.

[13] ADSANTEC, “ASNT6123 25 Gbps Dual Transimpedance Amplifier,”
Jan. 2010.

[14] S.-T. Chou, S.-H. Huang, Z.-H. Hon, and W.-Z. Chen, “A 40 Gbps optical
receiver analog front-end in 65 nm CMOS,” in Proc. IEEE Int. Symp.
Circuits Syst., May 2012, pp. 1736-1739.

[15] ADSANTEC, ASNT6122-BD 50 Gbps Linear/Limiting TIA. May 2017.

[16] W. Nakwaski, “Effective masses of electrons and heavy holes in GaAs,
InAs, AlAs and their ternary compounds,” Physica B, Condensed Matter,
vol. 210, pp. 1-25, Apr. 1995.

[17] A.R.Marshall, “The InAs electron avalanche photodiode and the influence
of thin avalanche photodiodes on receiver sensitivity,” Ph.D. Thesis, Univ.
Sheffield, Sheffield, U.K., 20009.

[18] K. Brennan and K. Hess, “High field transport in GaAs, InP and InAs,”
Solid-State Electron., vol. 27, no. 4, pp. 347-357, 1984.

[19] V.L.Dalal, “Hole velocity in p -GaAs,” Appl. Phys. Lett., vol. 16, pp. 489—
491, Jun. 1970.

[20] M. V. Fischetti, “Monte Carlo simulation of transport in technologically
significant semiconductors of the diamond and zinc-blende structures. 1.
Homogeneous transport,” IEEE Trans. Electron Devices, vol. 38, no. 3,
pp. 634-649, May 1991.

[21] S. M. Sze and K. K. Ng, Physics of Semiconductor Devices. 3rd ed.
Hoboken, NJ, USA: Wiley-Interscience, 2007.

[22] R. B. Emmons, “Avalanche-photodiode frequency response,” J. Appl.
Phys., vol. 38, pp. 3705-3714, Aug. 1967.

[23] K. Shiba, T. Nakata, T. Takeuchi, T. Sasaki, and K. Makita, “10 Gbit/s
asymmetric waveguide APD with high sensitivity of -30 dBm,” Electron.
Lett., vol. 42, no. 20, pp. 1177-1178, 2006.

[24] M. Nada, Y. Muramoto, H. Yokoyama, T. Ishibashi, and S. Kodama, “High-
sensitivity 25 Gbit/s avalanche photodiode receiver optical sub-assembly
for 40 km transmission,” Electron. Lett., vol. 48, no. 13, pp. 777-778,
2012.

[25] Z. Huang et al., “25 Gbps low-voltage waveguide SiGe avalanche photo-
diode,” Optica, vol. 3, pp. 793-798, Aug. 2016.

[26] C. Caillaud et al., “Integrated SOA-PIN detector for high-speed short
reach applications,” J. Lightw. Technol., vol. 33, pp. 1596-1601,
Apr. 2015.

[27] P. Angelini et al., “Record —22.5-dBm sensitivity SOA-PIN-TIA pho-
toreceiver module for 40-Gb/s applications,” IEEE Photon. Technol. Lett.,
vol. 27, no. 19, pp. 2027-2030, Oct. 2015.

[28] S. Takashima, H. Nakagawa, S. Kim, F. Goto, M. Okayasu, and H. Inoue,
“40-Gbit/s receiver with —21 dBm sensitivity employing filterless semi-
conductor optical amplifier,” in Proc. OFC Opt. Fiber Commun. Conf.,
vol. 2, Mar. 2003, pp. 471-472.



SHULYAK et al.: SENSITIVITY CALCULATIONS OF HIGH-SPEED OPTICAL RECEIVERS BASED ON ELECTRON-APDs 995

Vladimir Shulyak received the M.Phys. degree in physics from the University
of Sheffield, Sheffield, U.K., in 2015.

He is currently working toward the Ph.D. degree in electronic engineering
with the Department of Electronic and Electrical Engineering, University of
Sheffield. His research interests include Geiger-mode avalanche photodiodes,
avalanche photodiode based optical receivers, avalanche photodiode structure
design, and diode characterization.

Majeed M. Hayat (S’89-M’92-SM’00-F 14) received the B.S. degree (summa
cum laude) in electrical engineering from the University of the Pacific, Stockton,
CA, USA, in 1985, and the M..S. and the Ph.D. degrees in electrical and computer
engineering from the University of Wisconsin-Madison, Madison, WI, USA, in
1988 and 1992, respectively. He is currently a Professor and Department Chair
of electrical and computer engineering with Marquette University, Milwaukee,
WI, USA.

He has authored or co-authored nearly 110 peer-reviewed journal articles
and 130 conference papers (more than 5000 citations, H-Index: 36). He has 14
issued patents, five of which have been licensed. His research activities cover
a broad range of topics including avalanche photodiodes, high-speed optical
communication, signal processing for synthetic aperture radar, data-compressive
algorithms for spectral sensing and imaging, networked computing, and inter-
dependent networks and cyberphysical systems with applications to smart grids.

Dr. Hayat was an Associate Editor of Optics Express from 2004 to 2009, the
Chair of the Topical Subcommittee of the IEEE Photonics Society from 2009
to 2013, and Associate Editor of the IEEE TRANSACTIONS ON PARALLEL AND
DISTRIBUTED COMPUTING from 2014 to 2018. He is recipient of the NSF Early
Faculty Career Award (1998). Dr. Hayat is a Fellow of SPIE and OSA.

Jo Shien Ng (M’99) received the B.Eng. and Ph.D. degrees in electronic
engineering from the University of Sheffield, Sheffield, U.K., in 1999 and 2003,
respectively.

She is currently a Professor of semiconductor devices with the Department of
Electronic and Electrical Engineering, University of Sheffield. She was a Royal
Society Research Fellow based in the same department between 2006 and 2016.
Her research interests include avalanche photodiodes, Geigermode avalanche
photodiodes, and material characterization.



	Sensitivity Calculations of High-Speed Optical Receivers Based on Electron-APDs
	Recommended Citation

	Sensitivity Calculations of High-Speed Optical Receivers Based on Electron-APDs

