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Abstract

At a 1550 nm wavelength, the optical sensitivity of conventional indium gallium ar-
senide (InGaAs)-based avalanche photodiodes (APDs) is restricted by their high excess
noise, hindering their performance in long-range free-space optical communication links.
Al g5Gag 15A50.565b0.44 (AlGaAsSb), lattice-matched to indium phosphide (InP) substrates,
has a much lower excess noise factor than InP, the conventional avalanche material.
In this work, we evaluated the performance of optical APD-TIA receivers utilizing In-
GaAs/AlGaAsSb APDs through simulations and experiments. Simulations confirmed their
optimum gain is much higher than conventional APDs. InGaAs/AlGaAsSb APD dies
and transimpedance amplifier (TTA) chips were integrated, yielding four optical receivers
for experimental evaluation. At 2.5 Gb/s and BER = 107, these receivers operated at a
high optimal gain of 56 (as predicted in simulations) and produced a mean sensitivity of
—38.5 dBm, with the best sensitivity at —39.2 dBm. These sensitivity values are at least
2.7 (or, in the best case, 3.4) dB better than those of typical commercial receivers with
InGaAs APDs. This work quantifies the significant performance improvement that In-
GaAs/AlGaAsSb APDs provide to long-range free-space optical communication links.

Keywords: AlGaAsSb; avalanche photodiodes (APDs); bit error rate (BER); free-space
optical communication (FSOC); high sensitivity; InGaAs; optical receivers

1. Introduction

Indium gallium arsenide (InGaAs)-based avalanche photodiodes (APDs) are the op-
tical detectors of choice for optical fiber-based communication systems operating at a
1550 nm wavelength. In recent years, there has been an increasing demand for these APDs
in free-space optical communication (FSOC) [1], many of which also operate at the 1550 nm
wavelength due to eye-safe operation at this wavelength (which enables higher transceiver
powers) [2]. FSOC links can be deployed without costly and time-consuming optical cable
installations. When compared with radio frequency links, FSOC links are not limited by
spectrum scarcity, and they offer more directional signal propagation and better, higher
bandwidths [3]. FSOC transceivers have been demonstrated for ship-to-ship communi-
cation at 300 Mbps, with up to 17.5 km separation between vessels [4]. More recently, a
10.07 Gbps link was achieved over 29 km between islands [5].

Atmospheric conditions can affect FSOC links [6], so high-sensitivity APD-TIA re-
ceivers are crucial to their overall performance. In an FSOC receiver, the incoming optical
signals are often detected by an InGaAs-based APD integrated with a transimpedance
amplifier (TTA). Both the APD and TIA provide amplification; however, the APD’s internal
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gain, M, helps to raise the optical signal above the noise of the TIA, improving the receiver’s
sensitivity. As an example, a 2.4 km optical link utilized a receiver to achieve a sensitivity
of —21 dBm at a bit error rate (BER) of 10~° [7].

The APD'’s gain is generated through impact ionizing collisions inside its avalanche
layer. However, the optimum M values to achieve the best sensitivity in established
avalanche materials such as indium phosphide (InP) and indium aluminum arsenide
(InAlAs) are often limited to 10-20. A higher M is possible, but the increased excess noise
(characterized by the excess noise factor, F) eventually worsens the signal-to-noise ratio.
Therefore, high-sensitivity receivers not only require the APD to have a low dark current
but also low F(M) characteristics.

InP and InAlAs are the most common avalanche materials in InGaAs-based APDs for
1550 nm wavelength. At 2.5 Gb/s, the best sensitivities using an InP APD are predicted to
be ~—34.5 dBm (with M = 17.5) at BER = 1012 [8], in line with commercial 2.5 Gb/s InGaAs-
based APDs [9-11], as listed in Table 1. The unity-gain responsivity, R, and sensitivity
values of these APDs are similar. Coupled with their relatively small optimal M values
(M~10 [9]), it is highly likely that the F(M) characteristics of InP APDs limit the receiver’s
sensitivity. InAlAs APDs can improve sensitivities slightly, but the associated optimal
M is only slightly higher at 23 [11]. The InGaAs/InAlAs APD in [11] was provided by
Optogration, so it can be considered a commercial-grade APD.

Table 1. Performance of 2.5 Gb/s receivers at 1550 nm wavelength at a given BER value with a
pseudorandom binary sequence of 223 — 1 bits (PRBS-23). * Reported at PRBS-7 not PRBS-23.

Receiver Sensitivity (dBm) @ BER R (A/W)
Dexerials [9] —35.0@107? 0.95
GoFoton [10] -347@107? n/a

InGaAs/InAlAs [11] —388@10%* 1.02

Recently, lower F(M) characteristics have been achieved using two Sb-containing
alloys, AlxIn;_yAsp79Sbp21 and AlcGaj_xAsgs6Sboasa, both of which can be grown
lattice-matched to InP substrates as random or digital alloys [12]. Examples include
Al 7Ing3A80.79Sbo 21 [13], AlAs(56Sbo .44 [14], and Alp.g5Gag.15As0.565b0.44 [15-17]. Of these,
only Al g5Gag 15A50565bg 44 (referred to as AlGaAsSb hereafter) is available commercially.
Commercial InGaAs/AlGaAsSb APDs exhibit F ~ 3.4 at M = 100 [18], significantly better
than commercial InGaAs/InP APDs [19]. Another InGaAs/AlGaAsSb APD offered a
2-5 dB improvement in sensitivity (depending on the operation temperature and for a false
alarm rate <2 X 10’4), compared with a commercial InGaAs/InP APD [20]. It is, therefore,
worthwhile investigating the extent of performance improvement gained by replacing
commercial InGaAs/InP APDs with InGaAs/AlGaAsSb APDs in FSOC links.

Though a significant improvement in the receiver’s sensitivity will benefit standard
FSOC links, it is particularly important for FSOC links over long distances, such as in space
communications. For 2.5 Gb/s FSOC links in space, the required receiver’s sensitivity is
—37.1 dBm at BER < 10~ [21]. This exceeds the best performance of existing commercial
receivers (—35.8 dBm in Table 1) and is very close to the performance of the receiver using
an InAlAs APD when tested with less stringent PRBS-7 data patterns. It is, therefore,
desirable to develop a receiver with a sensitivity significantly better than —37.1 dBm, ata
BER of 10~ and under the more stringent PRBS-23 test condition. The recent emergence
of commercial, low-noise InGaAs/AlGaAsSb APDs may improve the performance of
receivers. In this work, we present our investigation on the potential benefit of using
InGaAs/AlGaAsSb APDs in receivers for FSOC links.
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Simulations using a standard BER model confirmed that the predicted sensitiv-
ity using an InGaAs/AlGaAsSb APD [18] is superior to that using an InGaAs/InP
APD [19] when combined with several commercially available low-noise TIAs. Fol-
lowing that, an InGaAs/AlGaAsSb APD and a TIA were integrated to demonstrate a
2.5 Gb/s receiver with significantly improved sensitivity over existing, commercial 1550 nm
wavelength receivers.

2. Simulation Model and Results
2.1. BER Model

A standard model for a digital receiver was used to simulate the BER (defined as
the probability of incorrect identification of a bit by the receiver) versus the receiver’s
sensitivity characteristics. The receiver’s output is approximated as a Gaussian variable
with mean values of yp and p; during ‘0" or ‘1’ bits, respectively, and standard deviations
of 0y and 1. When the receiver bandwidth, B,,., exceeds the data transmission rate, then
the receiver’s output (and, hence, the BER) will be independent of the previous outputs,
i.e., with no significant inter-symbol interference (ISI). With this assumption, the BER is

BER = ;erfc<\%>, 1)

where Q is the quality factor derived from the optimal detection threshold using

given by [22]

H1— Mo
== 2
Q 0+ 0y @
The mean difference between the current responses of the ‘0" and ‘1 bits is purely due
to the multiplied photocurrent from the APD. Hence,

H1 — po = MR(P; — By), (3)

where P and Py are the optical powers during the ‘1" or ‘0" bits. If the photocurrent is large,
space-charge effects within the APD can lower M [23]. For 2.5 Gb/s receivers, however, the
operating optical powers are small (<—30 dBm for 10~? BER); hence, M can be assumed to
be independent of the optical power.

The total noise of the receiver is the combination of the shot noise components of the
APD’s dark current, iy, the photocurrent, iph, and the TIA’s noise current density, itj4. For a
given receiver bandwidth, By, 01 is given by

oo1) = \/ Brec (i3 + 2,0 + 1) (4)

The subscript o1y denotes whether the APD is receiving a ‘0’- or “1’-bit signal, respec-
tively. Due to the APD’s gain and its associated excess noise, iy, is given by

iﬁh/o(l) = 2M*FRPy ), (5)

where g is the charge of an electron, and Pyy) is the incoming optical power during a ‘0’- or
“1’-bit signal. Likewise, the shot noise from the APD’s dark current is

i?l =2q (MzFlbulk + Isurf)/ (6)

where Iy, and L, are the bulk and surface components of the dark current. Note that the
surface dark current is not multiplied by the avalanche gain. In this work, I, was omitted
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from the sensitivity calculations because M?FI,,; was assumed to be the dominant term
in (6) and represents the worst-case scenario.
During operation, the input optical power will switch between Py and P, resulting in
a mean value optical power Pjean = ¥ (P1 + Pp). In the ideal case of Py = 0 and no optical
intensity noise, (2) to (6) can be rearranged into the following form:
0o

Priean = %(qFQBTEC + M) . (7)

When Py # 0, the sensitivity is worse due to some of the optical power being wasted
during the ‘0" bits. The quality of optical modulation is characterized by the extinction ratio
(ER), defined as 10 log1o(P1/Pp) in units of dB. In cases where ¢ is TIA-dominated, the
ER-related sensitivity penalty, APgg, is given by

14+ 10—ER/10>

2.2. APD and TIA Selection

All APDs considered in this work have InGaAs absorption regions. Two commercial
APDs, an InP APD [19] and an AlGaAsSb APD [18], were included in our simulation study.
An optimized InAlAs APD [11] was also included for comparison. The key APD parameters
used in the BER model are listed in Table 2. The receiver bandwidth was assumed to be
limited by the TIA; hence, B, was set to the TIA’s bandwidth. The excess noise trends
for the AlGaAsSb and InAlAs APDs were obtained from the linear extrapolations of the
available excess noise data from [18] and [11], respectively. The uncertainties of F, for the
AlGaAsSb and InAlAs APDs, are included in Table 2 and Figure 1, while the ranges for F
and fA stated in [19] are included for the InP APD.

Table 2. APD parameters used for the sensitivity modeling. The APD’s dark current, I;, is assumed
to be bulk and is normalized to M = 1.

Avalanche Material FatM =50 R (A/W) Dl(a;:)ter I; nA)
AlGaAsSb 2.03 £+ 0.06 0.95 50 0.05
InP 15.46 to 27.81 0.80 to 0.90 40 4.0
InAlAs 10.51 £ 0.18 1.025 100 0.045
R
[ InP APD
20
2 ;
s b1 InAlAs APD
g 10 1
m L
54 AlGaAsSb APD
0+ . . . .
0 20 40 60 80 100

APD Gain
Figure 1. F(M) characteristics of the AlGaAsSb [18], InAlAs [11], and InP [19] APDs.
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Of the APDs in Table 2, the InP APD had the highest dark current and lowest respon-
sivity. Moreover, Figure 1 shows the F(M) characteristics of these APDs with AlGaAsSb,
InAlAs, and InP avalanche layers. For the AlGaAsSb APD, the excess noise is substantially
lower than that of the InAlAs and InP APDs, indicating that AIGaAsSb will provide a better
sensitivity performance. For the AlGaAsSb APDs, an average dark current of 0.5 nA at
M =10 for APDs with a 50 um diameter was obtained from 10 APDs. We assumed that
Ipuik = 0.05 nA (at M = 1) and I,y = 0. This very low dark current did not affect the sensitiv-
ity analysis since its noise contribution was small compared with the noise contributions
from the photocurrent or the TIA. For example, an optical signal power of —50 dBm will
generate a photocurrent of 9.5 nA without avalanche gain (using %% = 0.95 A/W from
Table 2), larger than the APD dark current.

Three low-noise commercial TIA chips were considered: HiLight HLR2G50 [24],
Ommic CGY2102UH/C2 [25], and Phyworks PHY1097-03 [26]. Table 3 summarizes their
bandwidths and root-mean-square noise currents (Brect’? X it14). The TIA noise currents
are much greater than those from the APD.

Table 3. TIA parameters for the sensitivity modeling.

TIA Byec (GHZz) Noise Current (nA)
HiLight HLR2G50 1.8 200
Ommic CGY2102UH/C2 25t02.8 207
Phyworks PHY1097-03 1.866 150 to 200

2.3. Atmospheric Link Model

In a free-space optic (FSO) link, the transmitter’s output optical power, Prx, will be
attenuated by geometric optical loss, Lggp, atmospheric scattering, Lscar, pointing errors,
Lp, and optical coupling losses, L¢, such that the received mean power (all units in dB) is

Pumean = Prx — Lgeo — Lscar — Lp — Lc — Ly )

where Ly, is the optical link margin. The Lggo for a link distance, x, due to beam divergence
is given by

d
cho(x) =-20 10g10 (dTXR‘f GX) ’ (10)

where drx and dry are the diameters of the receiver and transmitter, and 6 is the beam
divergence (in mrad). Using (9) and (10), Pyean was calculated for a range of visibilities
from 0.1 (thick fog) to 50 km (very clear conditions). The values of the parameters used
in this model are listed in Table 4. We used Lscat(x) = 4.3438x, where f is the optical
attenuation coefficient, based on Kim’s model of atmospheric scattering [27]. The Kim
model is dependent on the metrological visibility, defined as the atmospheric path length,
where the optical power from a 2700 K temperature incandescent lamp drops to 5% of its
original value [28]. The predicted FSO link distance is defined from the x value, where
Piyean from the atmospheric link model equates to the receiver sensitivity.

Table 4. Parameters used for the atmospheric link model.

Parameter Prx drx and drx 0 Lcand Lp Ly
Value 10 dBm 10 cm 2 mrad 1dB 5dB

2.4. Simulated Sensitivity at BER = 1077

The APD parameters from Figure 1 and Table 2, combined with the TIA parameters from
Table 3, were used with the BER model to simulate the sensitivity performance for the six
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APD-TIA combinations using AlGaAsSb and InP avalanche APDs, and the InAlAs APD with
the PHY1097-03 TIA (as used in [11]). An ideal ER was assumed (i.e., APgg = 0 dB), and all
receivers were modeled at a BER of 1077 (Q = 6). The receiver bandwidth was assumed to
be TIA-limited; hence, the By, values from Table 3 were used, though all of the modeled
receivers can operate at a data rate of 2.5 Gb/s.

Figure 2 shows the modeled sensitivities using the typical values from APD and TIA
(Tables 2 and 3). The corresponding optimum gain calculated using the typical values is
also shown. For a given BER and TIA, using the AlGaAsSb APD improved the sensitivity
by —5.6 dB compared with the InP APD. Our simulations suggest that a sensitivity below
—40.3 dBm at a BER of 107 can be achieved using the AlGaAsSb APD with any of the TIAs.
The AlGaAsSb, InP, and InAlAs APDs produced similar sensitivity when M < 10, indicating
dominance of the TIA noise. Therefore, increasing M rapidly improves the sensitivity up
to an optimal M, whose value depends on the APD and the TIA. Beyond the optimal M,
the APD’s excess noise factor becomes so large that the sensitivity worsens. The optimal
M of the InP APDs ranged from 15 to 19, depending on the TIA, and was much smaller
than those of the AlGaAsSb APDs (54-66). The InAlAs APD with the PHY1097-03 TIA had
an optimal M of 21, which was larger than that of the InP APD with the same TIA, but
smaller than that of the AlIGaAsSb APD. For a given APD, our results indicate that the best
sensitivity was achieved using the PHY1097-03 TIA (lowest TIA noise current), followed
closely behind by the HLR2G50 TIA (smallest bandwidth), while the CGY2102UH/C2 TIA
was the worst-performing.

e HILR2G50
e CGY2102UH/C2

S
s
——

.
—
——

.-.--""" InAlAs

Sensitivity (dBm)
I
(98]
=)
|

AlGaAsSb 2

20 40 60 80 100

=)

APD Gain

Figure 2. Simulated sensitivity versus APD gain characteristics at BER = 10~ for each APD-TIA
combination listed in Table 5. Symbols mark the optimal gain and sensitivity (the typical values in
Table 5) for the AlGaAsSb (solid lines), InP (dashed lines), and InAlAs (dotted line) APDs, respectively.

Table 5. Optimal gain, Mopt, and sensitivities (S.) for APDs at BER = 1077, assuming an ideal
extinction ratio.

Upper Typical Lower
APD TIA
Mopt S. (dBm) Mopt S. (dBm) Moyt S. (dBm)
HLR2G50 66 —43.3 66 —43.4 67 —43.5
AlGaAsSb CGY2102UH/C2 54 —42.1 54 —42.2 58 —42.6
PHY1097-03 65 —43.2 56 —43.8 57 —439
HLR2G50 14 —36.3 19 —37.8 19 —37.8
InP CGY2102UH/C2 11 —35.2 15 —36.6 16 —36.9
PHY1097-03 13 —36.2 15 —38.2 15 —38.2
InAlAs PHY1097-03 24 —39.7 21 —40.3 21 —40.3
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When the calculations were repeated using the available range of values in Tables 2 and 3,
a set of upper and lower values for the sensitivities was also produced. These sensitivities
are included in Table 5, along with the corresponding optimal gains.

3. Experimental Results
3.1. APD-TIA Integration and Receiver Tests

The AlGaAsSb APD, procured from Phlux Technology Ltd., Sheffield, UK, was used
in the APD-TIA integration, since it is advantageous to use an AlGaAsSb APD rather than
an InP APD. CGY2102UH/C2 TIA chips were chosen because Figure 2 suggests they can
achieve a sensitivity of —42.2 dBm at a BER of 1077 and are on the European Preferred
Parts List (EPPL) of the European Space Agency (listed under ED02AH). In contrast, no
fabrication information for the other two TIA chips was provided, and they were not in
the EPPL.

Prior to APD-TIA integration, the dark-current versus reverse-bias characteristics of
ten APDs (in bare-die form) were measured using a source measure unit with the APD kept
in the dark. From these, four AIGaAsSb APD dies (with a 50 um active area diameter) were
integrated with CGY2102UH/C2 TIA chips and mounted on transistor outline (TO-46)
headers with five pins, yielding four completed optical receivers. An image of one of the
completed receivers is shown in Figure 3. Wire bonding was used to connect the TIA chip
with the APD die, additional capacitors, and the header’s pins. Two decoupling capacitors
were placed between the power supply pins and the APD/TIA to ensure a stable voltage
supply to the APD. The TIA’s differential outputs were connected to the bottom pins, while
the ground connection was provided via the TO-can.

Decoupling
Capacitors

TIA Differential
Outputs

Figure 3. An APD-TIA receiver on a TO-46 header using an AlGaAsSb APD.

To characterize the receivers, the M, frequency response, and BER measurements
were performed as functions of APD reverse bias. During testing, each receiver was
mounted on a printed circuit board (PCB) with electrical connections to supply voltages to
(+3.3 V dc for the TIA and variable for the APD) and take electrical voltage signals from
the receiver. All measurements were carried out without temperature control, and the
ambient temperature was between 20 and 25 °C. The TO headers were produced with
flat windows, suitable for free-space coupling via an objective lens (positioned using a
motorized three-axis translation stage). Optical powers incident on the receiver were
adjusted using a variable optical attenuator. M(V) characteristics were estimated from
experimental APD photocurrent versus reverse-bias characteristics with the receiver under
1550 nm laser illumination. The photocurrent was taken as the difference between the
APD’s current under dark and illuminated conditions.

A network analyzer (Keysight Technologies Inc., Santa Rosa, CA, USA) was used to
drive a 50 GHz-capable O-band ModBox from Exail to generate a 1310 nm modulated opti-
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cal signal going to the receiver. The electrical signal from one of the receiver’s differential
outputs was then fed back into the network analyzer. Frequency response measurements
were conducted at —40 dBm, similar to the optical conditions used in the BER measure-
ments. System losses (such as from the RF cables) were deducted from the raw data, while
the calibrated data were normalized against the power at the lowest frequency.

In the BER measurements, a BER tester (Optellent, Santa Rosa, CA, USA) provided an
optical PRBS 23-bit sequence at a 1550 nm wavelength, an extinction ratio of 12 dB, and a
2.5 Gb/s data rate to the receiver. The receiver’s electrical differential outputs (from the
TIA) were fed to an Analog Devices, Wilmington, MA, USA limiting amplifier before being
fed to the electrical input port of the BER tester. The BER was measured as a function of the
APD reverse bias for a given optical power and receiver. The reverse bias producing the
lowest BER was identified as the optimal APD reverse bias. The optimal voltage condition
was then used to obtain the BER versus optical power characteristics.

3.2. Experimental Results of Receivers with AlGaAsSb APDs

The dark-current versus reverse-bias characteristics from the 10 APD dies were indis-
tinguishable before integration, as shown in Figure 4 (right). The avalanche breakdown
voltage was ~64 V (defined by a dark current of 100 nA). The M(V) characteristic of an APD
die prior to APD-TIA integration was also included in Figure 4 (right), with M reaching
1000 at 61.5 V. The M(V) characteristics of the APDs after APD-TIA integration, as shown
in Figure 4 (left), also exhibit the same breakdown behavior at a given optical power. Post-
integration, the APDs still reached gains of 1000, but at 63.8 V. The M(V) characteristics of
the four receivers in Figure 4 (left) were highly similar.

1000 — 1073 I 1000
- 104 Dark Currents |
800 - o agE e T 800
r < i
2 600 g 10 - 600 5
&) B = -7 i &
A i 5 I ] A
B S 1
= 400 C 10® Fao0  E
L E =
- a -9 ]
200 | o - 200
[ 10—10 — ]
- B -~ ]
0 —e 101 i
35 40 45 50 55 60 65 35 40 45 50 55 60 65
Reverse Bias (V) Reverse Bias (V)

Figure 4. Experimental APD gain post-integration versus reverse bias characteristics (left) from four
receivers at 1550 nm wavelength and —40 dBm optical power. Experimental dark-current versus
reverse-bias characteristics from ten APD dies (solid lines of various colors—right) are highly similar.
The M(V) characteristic of an APD die prior to integration is also shown (dashed line—right).

For clarity, we show the frequency response from one of the four receivers in Figure 5.
The APD was reverse-biased from 56 to 62 V. No degradation in the —3 dB bandwidth
was observed until the significant drop from 60 to 62 V (corresponding to M = 42 and
99, respectively). Measurements from all four receivers yielded a —3 dB bandwidth of
2.0-2.6 at 60 V and 1.3-1.5 GHz at 62 V, respectively. All receivers, therefore, had a sufficient
bandwidth for 2.5 Gb/s operation.



Appl. Sci. 2025, 15, 12056

9of 14

)
=,
5
=
(<)
(=W F
= E
2 !
= T —
£ F—— 58V
c —6
Z F—— 60V
T4 — eV
_8 = T T T T T T i
0.01 0.02 005 01 02 0.5 1 2 3 4

Frequency (GHz)

Figure 5. Experimental frequency responses of a receiver at an optical power of —40 dBm for different
APD biases, with the frequency response dropping notably at 62 V.

For a fixed optical power, the optimal APD reverse bias producing the lowest BER
ranged from 60.2 to 60.8 V. Using the M(V) data at —40 dBm, the optimal gain was, there-
fore, estimated to be 56.1 £ 1.8, in good agreement with the predicted gain in Table 5. The
2.5 Gb/s BER versus optical power data at a 1550 nm wavelength for each APD operating
at its optimum reverse bias are shown in Figure 6. At BER = 1077, the mean sensitiv-
ity (of the four receivers) was —38.5 = 0.5 dBm. Receiver 4 achieved a sensitivity of
—39.2 dBm, the best out of the tested receivers, and 0.4 dB better than that of the receiver
using an InAlAs APD, and at least 3.4 dB better than that of the commercial receivers with
InP APDs.

107 AN
v ® Receiver 1
10-5 5 v Receiver 2
T RNy B Receiver 3
e e @ ¢ Receiver 4
v 1071 % Qy‘y
é} i * \' d:y
.| = 2
[ o P
1078 L ¢ ™ s ‘P 7)
\g 2 %
c * \EA/v 2 \ >
107° S S X N N
-42 -40 -38 =36 =34
Sensitivity (dBm)

Figure 6. Experimental BER versus sensitivity characteristics at 1550 nm wavelength, BER = 10~7,
and 2.5 Gb/s for the four receivers in this work (symbols) and other receivers [9-11] (lines).

4. Discussion

The receivers’ bandwidth of 2.0-2.6 GHz at 60 V (with M = 42) was lower than the TIA
bandwidth of 2.8 GHz, suggesting signal losses from the APD dies (e.g., series resistance)
and/or the APD-TIA integration (e.g., parasitic circuit elements). Since there was no APD
bandwidth degradation until 60 V, the APD bandwidth can be assumed to be resistance—
capacitance limited up to 60 V. With an APD capacitance of 0.27 pF (measured on-chip),
the measured 2-2.6 GHz bandwidth indicates a series resistance of ~230-300 (). The
series resistance may be reduced by optimizing doping in the APD’s contact layer, surface
preparation, and metal contacts. Parasitic circuit elements can be minimized by reducing
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the APD’s chip size (without reducing the APD’s active area) and reducing the length of
the bond wires.

Despite the less-than-optimum bandwidth, the sensitivity of the AlGaAsSb APD
receivers outperforms those of commercial receivers (e.g., with Dexerials’s at —35.0 dBm [9]
and GoFoton’s at —34.7 dBm [10]) by at least 3.5 dB (relative to the average receiver
performance) or at least 4.2 dB (relative to the best receiver). Furthermore, the optimal gain
of 56.1 £ 1.8 was considerably larger than that of other APDs, such as [11] (M = 23). This
confirms the advantage of using low-noise AlGaAsSb APDs in optical receivers, supporting
the link between low excess noise, high gain operation, and achieving high sensitivities.

The average sensitivity of our receivers was —38.5 dBm, close to the —38.8 dBm
achieved in [11], which used an InAlAs APD and the PHY1097-03 TIA chip. Despite
our model (Figure 2) suggesting that AlGaAsSb APDs will outperform InAlAs APDs,
our experimental data indicate that the two APDs have highly similar performance. The
discrepancy between the observation from our simulation results and the experimental
evaluation may have arisen from two differences between this work and [11]: (i) the APD’s
responsivity (0.95 cf. 1.025 A/W) and (ii) the TIA’s noise current (207 cf. 150 nA). In
addition, the BER of the InAlAs APD in [11] was measured using PRBS-7 (a less stringent
test condition) compared with PRBS-23 in this work.

To assess the overall effect of these differences on the receiver’s sensitivity, we simu-
lated sensitivity versus gain characteristics for the APD-TIA combination used in [11]. The
results are included in Figure 2, which shows that when the InAlAs APD-based receiver
operates at its optimum gain of 21, the predicted sensitivity is —40.3 dBm, ~1.5 dBm better
than the reported experimental value (—38.8 dBm). The difference may be attributed to
experimental uncertainty and a non-ideal extinction ratio. Hence, the receiver in [11] was
likely already operated with optimized conditions. Meanwhile, our analyses show that
the performance of AlGaAsSb APDs in optical receivers can be improved by increasing
the APD’s responsivity and bandwidth, as well as switching to a TIA chip with a lower
noise current. Switching to different TIA chips could improve the performance of the
receiver. For example, PHY1097-03 has a layout conducive to shorter bond wires, a lower
TIA current noise, and a smaller bandwidth. Based on Table 5, switching the TIA from
CGY2102UH/C2 to PHY1097-03 could improve the sensitivity by 1.6 dBm.

Our simulation results for receivers with AlGaAsSb APDs are better than the experi-
mental results in Figure 6. For example, at BER = 1077, the simulated and experimental
sensitivities at 60.8 V (M = 55.6) are —42.2 and —38.5 dBm, respectively. This 3.7 dB
discrepancy may be due to a combination of factors, including the following:

1. The model assumes an ideal, infinitely large ER, leading to over-optimistic sensitivity
values. Using ER =12 dB (our experimental value), the predicted optimum sensitivity
worsens by ~0.5 dB to —41.7 dBm.

2. The transmitted optical signal also has an associated intensity noise. From [22], the
sensitivity penalty due to intensity noise, AP}, can be approximated using

AP} = —IOIog(l - r%QZ) 11)

where 7 is the noise level of the optical signal. The maximum relative intensity noise
of our transmitter was —128 dB/Hz, corresponding to an 7 value of 3.96 x 10~* and
AP; =0.14 dB. Hence, the optical intensity noise resulted in a minor loss of sensitivity.

3. The model does not include dead-space effects (known to increase an APD’s impulse
response [29] and worsen an APD’s bandwidth). It also does not include the avalanche
duration fluctuation. Hence, the single bandwidth By, in Equation (4) is likely to
overestimate the APD’s performance [8].
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4. The model assumes a Gaussian distribution for the amplitude fluctuation of the
receiver’s voltage output. This is likely to underestimate the noise contributed by the
avalanche gain distribution, which is non-Gaussian [30] and skewed heavily toward
gains that are below the mean gain.

5. The TIA layout necessitated relatively long bond wires between the TIA outputs and
the TO-header pins, contributing to parasitic components.

Next, we evaluate the potential of using the receivers with AlGaAsSb APDs for FSOC.
In [7], a 2.4 km optical link utilized a receiver with a sensitivity of —21 dBm at a BER of
10~%. The significantly better sensitivity of the AlGaAsSb APD suggests that a much longer
optical link could be achieved. To evaluate this, we simulated the optical power at the
receiver, Pyeqn, from the atmospheric link model with parameters in Table 4 (Section 2.3). It
should be noted that the link distances predicted with this model are optimistic, as over
longer distances, the pointing error will increase. Other factors, such as scintillation from
atmospheric turbulence, will also contribute to the noise but were not included.

Assuming a transmitter with an optical power of 10 dBm, the P;es value was com-
pared with the receiver sensitivities to estimate the achievable link distances under a
range of metrological conditions (or visibilities). Figure 7 compares the link distances at
BER = 102 for our AlGaAsSb receiver (—38.5 dBm) and the Dexerials receiver
(—35.0 dBm) [9]. In conditions with visibility of <1 km (i.e., severe weather conditions, such
as fog), the link distances are similar (difference < 0.2 km). As visibility increases beyond
1 km, the advantage of the AlGaAsSb APD becomes more pronounced. At visibilities of
5 (light haze) and 50 km (clear skies), the AlGaAsSb APD can achieve link distances of
3.7 and 5.6 km, respectively. These represent significant improvements of 34% and 47%
over the Dexerials APD. For reference, values from [7] (a visibility of 5.6 km and a link
distance of 2.4 km) are also shown in Figure 7.

6

| —e— AlGaAsSb APD
5 { —v— Dexerials

B Szajowski 1999

Link Distance (km)
(O8]

Visibility (km)

Figure 7. Modeled FSOC link distance of the measured receiver using an AlGaAsSb APD alongside a
Dexerials receiver [9] and reported data from Szajowski, 1999 [7] at BER = 1079,

FSOC links between satellites or high-altitude platforms generally have better vis-
ibility conditions than FSOC links at lower altitudes due to Mie scattering from larger
particles (which are generally the main limitation to visibility) being primarily limited to
the troposphere (<20 km). Hence, the link distance benefits of using an AlGaAsSb APD are
expected to be even more pronounced on these higher-altitude platforms.

5. Conclusions

We presented the simulation and experimental results of high-sensitivity receivers
using AlGaAsSb APDs. BER simulations of receivers comparing AlGaAsSb APD and
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InP APD confirmed that the AlGaAsSb APD operated at relatively high avalanche gains,
resulting in better receiver sensitivity. At 2.5 Gb/s and BER = 107, the predicted sensitivity
for AlGaAsSb APD was —42.2 to —43.8 dBm (assuming an ideal extinction ratio for the
optical signals), representing a 5.6 dB improvement over the InP APD.

Experimental evaluation of four optical receivers, each containing an InGaAs/AlGaAsSb
APD chip and a TIA chip, yielded a mean sensitivity of 38.5 + 0.5 dBm (with the best sen-
sitivity at —39.2 dBm) at 2.5 Gb/s and BER = 10~7. These values are at least 3.5 (in the
best case, 4.2) dB better than those of typical commercial receivers. The optimal APD bias
and gain were 60.2-60.8 V and 56.1 & 1.8. The APD bandwidths were 2.0-2.6 GHz at 60 V,
confirming their suitability for 2.5 Gb/s operation. Discrepancy between the experimental
and predicted values for the receiver’s sensitivity may be reduced through the follow-
ing: increasing the optical signal’s extinction ratio; increasing the APD’s responsivity;
reducing the APD’s series resistance; and using TIAs with lower noise, as well as a more
optimized layout.

Using our receiver’s data, we predict that the AlGaAsSb APD increases the maxi-
mum FSO link distances by 34% and 47% for visibilities of 5 km and 50 km, respectively,
compared with a highly competitive InP APD. Our results quantify the significant perfor-
mance improvement offered by InGaAs/AlGaAsSb APDs to long-range free-space optical
communication links.
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Abbreviations

The following abbreviations were used in this manuscript:

AlGaAsSb  Aluminum Gallium Arsenide Antimony

APD Avalanche Photodiode

BER Bit Error Rate

EPPL European Preferred Parts List

ER Extinction Ratio

FSO(C) Free-Space Optics (Communication)
InAl(Ga)As Indium Aluminum (Gallium) Arsenide
InP Indium Phosphide

ISI Intersymbol Interference

PCB Printed Circuit Board

PRBS-(n) Pseudorandom Binary Sequence (2" — 1-bit length)
TIA Transimpedance Amplifier

TO Transistor Outline
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