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Abstract

To realise high-speed free-space optical communication links in harsh space environments,
it is crucial to consider the link’s operating wavelength, the performance of the optical
receiver, and the radiation hardness of the avalanche photodiode (APD)—optical detectors
in the optical receivers. In this work, we experimentally evaluated the radiation hard-
ness of 2.5 Gb/s receivers based on InGaAs/AlGaAsSb APDs integrated with Ommic
CGY2102UH/C2 transimpedance amplifiers. Proton energy (62 MeV) and fluence (up to
3.8 x 10! p/cm?) representative of space environments were used to irradiate multiple
receivers, ensuring rigour. After irradiation, the receivers maintained their avalanche
gain and photocurrent, while exhibiting bandwidths exceeding 1.5 GHz. Despite a slight
increase in APD’s dark current at high reverse bias, there was no degradation of the re-
ceiver’s bit error rate. At 2.5 Gb/s data rate and 1550 nm wavelength, the irradiated
receivers achieved a bit error rate of 10~ with an average optical power of —38.2 dBm,
outperforming selected commercial receivers by ~3 dB. Since the displacement damage
dose induced by the proton radiation levels used in this work are representative of those
in Low Earth, Geostationary and Global Positioning System orbits, we demonstrated that
InGaAs/AlGaAsSb APDs have sufficient radiation hardness to be employed as optical
detectors of high-speed optical links in harsh space environments.

Keywords: AlGaAsSb; avalanche photodiodes (APDs); bit error rate (BER); free space
optical communication (FSOC); optical receivers; proton irradiation; radiation hardness

1. Introduction

Free space optical communication (FSOC) has become a key technology for next-
generation space- and ground-based communication systems because it offers increased
data rates, narrower signal divergence, high security, license-free operation and immunity
to electromagnetic interference compared to the traditional radio frequency (RF) communi-
cation links [1]. High-capacity, high data rate data transmission between terrestrial and
spaceborne platforms therefore tend to include FSOC links. Examples include the European
Data Relay System (EDRS) using FSOC to relay high-volume Earth-observation data [2] and
a ground-to-satellite link for 5G Networks being planned by the European Space Agency
(ESA) [3]. Another example is the TELEO mission which demonstrated FSOC at up to
9 Gb/s data rate linking between Geostationary Orbit (GEO) and Earth [4,5]. Some of
the key determining factors of a FSOC link’s performance are (i) operating wavelength
and (ii) performance of its optical receiver, which can be characterized by its signal to

Aerospace 2026, 13, 482

https://doi.org/10.3390/aerospace13050482


https://crossmark.crossref.org/dialog?doi=10.3390/aerospace13050482&domain=pdf&date_stamp=2026-05-21
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://orcid.org/0009-0006-0203-1128
https://orcid.org/0000-0003-3424-2457
https://orcid.org/0000-0002-1064-0410
https://orcid.org/0000-0002-8900-9452
https://doi.org/10.3390/aerospace13050482

Aerospace 2026, 13, 482

20f13

noise ratio (SNR). Although these factors are important in all optical communication links,
they are particularly so in FSOC, due to long propagation and atmospheric attenuation.
Additionally, FSOC receivers incorporating high gain, low-noise, uncooled avalanche pho-
todiode (APD) can simplify the optical system and contribute to reductions in payload size
and weight for space-based instruments. The optical receiver must also maintain reliable
performance under demanding space and atmospheric conditions.

A commonly used operating wavelength in FSOC links is 1550 nm. Under nominal
solar conditions, background radiance at 1550 nm is 6 W/m?/um/st, significantly lower
than those at shorter wavelengths (e.g., 42.6 W/m?/um/sr at 850 nm) [6], suppressing
background noise in the optical receiver. Furthermore, the wavelength of 1550 nm is
eye-safe (allowing higher transceiver power) and a wide range of optical components (e.g.,
laser and optics) are available commercially.

Typical FSOC receivers for 1550 nm optical signals use an indium gallium arsenide
(InGaAs)-based avalanche photodiode (APD) integrated with a low noise transimpedance
amplifier (TIA). In the APD, its multiplication region is subjected to a high electric field,
such that charged carriers generated by absorption of the optical signals grow into an
avalanche of charged carriers. The signal experiences an internal gain characterized by the
APD’s multiplication factor, M. The multiplication process produces additional noise, char-
acterized by excess noise factor, F, which increases with M. The exact F(M) characteristics
depend on the avalanche materials and the avalanche region widths.

Commercial InGaAs-based APDs mostly use indium phosphide (InP) multiplica-
tion regions [7], though some use indium aluminum arsenide (InAlAs) multiplication
regions to reduce F [8]. Relative to silicon (Si), both InP and InAlAs exhibit high F at
high M, limiting the receiver’s SNR as shown in [9]. An emerging avalanche material is
Al g5Gag 15A50 565bp 44 (referred to as AlGaAsSb hereafter) exhibiting Si-like low excess
noise [10]. High performance AlGaAsSb APDs [11] and room temperature AlGaAsSb
Geiger mode APD [12] for 1550 nm wavelength detection have been reported. Recently a
low noise 2.5 Gb/s optical receiver consisting of InGaAs/AlGaAsSb APD and a low noise
TIA was demonstrated [9]. The minimum required optical power, Py, to achieve a bit
error rate (BER) of 10~? was ~3 dB better (lower) than commercial InGaAs/InP receivers,
suggesting the potential of using InGaAs/AlGaAsSb APDs for long range FSOC. To fully
assess their potential for space-based FSOC applications, it is important to evaluate the
radiation hardness of InGaAs/AlGaAsSb APDs, which is absent from existing literature.

Radiation hardness is a critical criterion for space applications due to the exposure
to energetic particles in space compared with atmospheric environments. The radiation
environment depends strongly on the orbits and mission duration. Optical terminals are
typically deployed either in low earth orbit (LEO) missions with lifetimes of 5-7 years, or
in geostationary orbit missions with lifetimes up to 15 years [13]. In LEO, displacement
damage is dominated by trapped protons encountered during South Atlantic Anomaly
passages, with proton energies ranging from hundreds of keV to several hundred MeV [14].
Trapped proton flux is negligible in GEO, however cumulative exposure to high-energy
protons can lead to significant displacement damage over long mission durations [15]. Ac-
cording to radiation environment models (e.g., AE9/AP9), the 10-year mission-integrated
integral proton fluence at energy above ~60 MeV can reach ~10'°-10'" p/cm? for LEO
and GEO missions, depending on orbit parameters, shielding thickness and confidence
level [16].

Proton irradiation was found to introduce semiconductor lattice defects in InGaAs aris-
ing from displacement damage. For instance, a packaged InGaAs photodiode-TIA receiver
irradiated with 100 MeV protons at a fluence of 1.6 x 10'! p/cm? exhibited increased mean
dark current (from 25.5 to 94.2 nA at —20 V), which was not recovered through thermal

https://doi.org/10.3390/aerospace13050482


https://doi.org/10.3390/aerospace13050482

Aerospace 2026, 13, 482

30f13

CW optical
Modulated optical
Electrical

EPhoto response: .
» measurement

1550 nm
CW laser |- :

Eye diagram

annealing [17]. However, other key parameters, including responsivity, TIA drive cur-
rent, PIN-TIA conversion gain, bandwidth, and P,,; remained nearly unchanged [17].
On the other hand, using extremely harsh environments (energy of 24 GeV and
fluence > 10 p/cm?) resulted in increased capacitance and reduced responsivity, degrad-
ing the receiver’s sensitivity performance [18]. For InGaAs-based APDs, a proton fluence of
2 x 102 p/cm? at 63 MeV was found to increase dark current by 2 to 4 orders of magni-
tude [19].

In this work, we address proton-radiation tolerance at receiver level for receivers
based on InGaAs/AlGaAsSb APDs. We investigated the effects of proton irradiation on
both optical and electrical characteristics of an InGaAs/AlGaAsSb APD-TIA receiver, using
irradiation conditions relevant to space applications. We also quantified the effects of
proton irradiation on the receiver’s Py for a BER of 107 at a data rate of 2.5 Gb/s.

2. Experimental Detail
2.1. APD-TIA Integration

InGaAs/AlGaAsSb APD dies were procured from Phlux Technology Ltd. (Sheffield,
UK). The APD has a responsivity value of 0.97 A/W, using an InGaAs absorption layer
and AlGaAsSb multiplication layer, with a field control layer inserted between them to
achieve the required electric field profile [20]. Ti/ Au metal contacts were deposited to form
ohmic contacts. Each APD had an optical sensitive area with a diameter 50 um and was
integrated with an Ommic CGY2102UH/C2 TIA [21] using bond wires into a TO-46 header,
as shown in Figure 1. A total of 13 headers were used in this work. The TIA has been
evaluated for space applications and is listed on the ESA’s European preferred parts list
(see ED02AH) [22]. It used silicon nitride passivation, which is known to reduce radiation-
induced leakage current [23]. It has a bandwidth of 2.8 GHz and a moderately low noise
current of 3.98 pA/Hz!/2. For optimal TIA performance, the suggested photodiode or
APD capacitance is 0.3 pF, which is close to that of the APDs used. An additional reference
receiver using the same APD and TIA dies was packaged with an LC (Lucent Connector)
receptacle header, which is a miniature push-full fiber optic connector widely used in data
centres. The header contains an internal lens to minimize optical coupling loss. All receiver
characterization and tests were performed at room temperature.

-----------------------------------------------

e diagr ngh-speed
measurement oscilloscope J: Integrated

APD-TIA
BER

10 Gb/s
limiting | =
amplifier J :

Dark current

measurement

........................

Figure 1. Integrated APD-TIA receiver and schematic diagram of measurement system used to obtain
the dark current, photocurrent, bandwidth, eye diagram, and BER from the receivers. The colored
dashed boxes indicate different measurements’ setup.
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2.2. Electrical and Optical Characterization

For each receiver, both electrical and optical characteristics were obtained in pre-
irradiation (pre-rad) and post-irradiation (post-rad) measurements. The APD-TIA receiver
was mounted on a printed circuit board (PCB) to facilitate measurements of dark current (I;;),
photocurrent (I,;;), M, and BER. All measurements were conducted at room temperature
using the setup shown in Figure 1, as room-temperature operation is essential for reducing
the cost of integrating detectors into space-based optical terminals. The TIA was biased at
3.3 V using a DC power supply, while the APD was biased using a TTi SMU4201 source
measure unit (SMU, Aim-TTi Ltd., Huntingdon, UK), which also measured the current
flowing through the APD. In dark current-voltage (I-V) measurement, three sets of I-V data
were taken to yield a mean I-V data for a given receiver. During the I-V measurements for
the APDs, currents drawn by the TIAs were also recorded.

In photocurrent measurements, optical signals were provided by a 1550 nm wave-
length fiber coupled continuous-wave laser. A collimator and an objective lens mounted
on motorized translation stages helped to couple the optical signals into the receiver. The
optical setup included a variable optical attenuator (VOA) for adjusting optical power on
the receiver. Using a fixed optical power of —40 dBm and the reference receiver with an LC
receptacle, an optical coupling loss due to the objective lens was estimated to be 0.44 dB.
This loss was accounted for when measuring the APD’s responsivity, R. The APD’s gain,
M, was deduced using M(V) = R(V)/Rg, where Ry is the responsivity value at unity gain
(0.97 A/W as provided by Phlux was used).

To characterize the receiver’s bandwidth, an Agilent E8364B network analyzer (Agilent
Technologies, Santa Clara, CA, USA) was used. The network analyzer’s RF signal was
fed to an Exail laser-modulator system (Exail, La Garde, France) to generate a 1310 nm
wavelength modulated optical signal, which was subsequently focused onto the receiver.
The receiver’s photocurrent signal was measured by the network analyzer.

For BER measurements at 2.5 Gb/s, a BER tester (BERT, Optellent OPB02X10, Optellent
Inc., Santa Rosa, CA, USA) was used to generate an optical signal with a pseudo random
binary sequence, PRBS23. The receiver’s response was connected to a limiting amplifier
(Analog Devices MAX3945, Analog Devices Inc., Wilmington, MA, USA) before being
measured by the BER tester. The corresponding optimal bias voltage for each APD was
given by the reverse bias yielding the minimum BER when the optical power was fixed at
—40 dBm. An example of the bias dependence of the receiver BER in this work is shown in
Figure 2. The lowest BER was obtained at an optimum bias ranging from 60.2 to 60.8 V. The
extinction ratio of BER tester (which directly influences BER performance) was measured
to be 12 dB using a high-speed oscilloscope (Agilent 86100B, Agilent Technologies, Santa
Clara, CA, USA). The oscilloscope was also used to record the eye diagram of the receivers,
providing insights into the timing and noise characteristics of the receiver.

48 T
46 £ °
44
l\. F
c42+ @
Z40 £ &
Bis £
TR °
34 £ °
32
594 596 598 60.0 602 604 60.6 60.8 61.0
Reverse voltage (V)

Figure 2. Measured BER of a receiver in this work at 2.5 Gb/s and a wavelength of 1550 nm, using an
optical power of —40 dBm.
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2.3. Radiation Test Conditions

The receivers were separated into four groups (A, B, C and D) for proton irradiation
at three fluences, as shown in Table 1. Four receivers in Group D serve as reference for
pre-irradiation performance. Proton irradiation was carried out at the Light Ion Facility,
Université Catholique de Louvain, Belgium, using proton flux of 108 p/cm?/s with the
receivers unbiased, placed in three electrostatic discharge boxes and at room temperature.
The proton energy of 62 MeV was selected to ensure sufficient penetration through the
package with minimal interaction and a more uniform energy at the receiver. This energy
also corresponds to the maximum available at the irradiation facility and minimizes the
total ionizing dose effects. Since the proton beam characteristic is not expected to be altered
at the header’s optical window, we assumed that the APD and TIA were subjected to
identical proton fluence and energy. Displacement Damage Dose (DDD), defined as the
product of the non-ionizing energy loss (NIEL) and the particle fluence, is also included in
Table 1 to provide a measure of the cumulative non-ionizing energy deposited in a material
by energetic particles. The NIEL was calculated using codes from [24]. Post-irradiation
characterization was performed after an interval of five weeks.

Table 1. Experimental proton irradiation parameters for the different APD-TIA receiver groups.

Group T{ir::e?\?Zr(;f Fluence (p/cm?) DDD (MeV/g)
A 3 3.8 x 10° 3.84 x 10°
B 3 1.8 x 1010 1.82 x 107
C 3 3.8 x 1010 3.84 x 107
D 4 (not irradiated) (not irradiated)

The interval was necessary as a safety measure, because metals within the receivers
could become radioactive following high-energy proton irradiation. Previous studies have
shown room temperature annealing can partially reduce radiation-induced dark current,
with the recovery magnitude depending on material and device structure. For example,
some APDs showed dark current reduced by ~8% one month after irradiation, whereas
others decreased by 18% after 8 days [19]. Although the interval in our work introduces
some room temperature annealing, all irradiated receivers experienced the same storage
interval and conditions. Hence, the relative comparison among the irradiated groups
remains valid.

3. Results
3.1. Dark Current

Experimental dark currents from the 13 receivers are highly uniform, as shown in
Figure 3a. After reverse bias of ~5 V, the dark current remains constant with reverse bias
up to 50 V. It then rapidly increases with reverse bias at ~63—-64 V, which is the apparent
breakdown voltage. A separate I-V measurement without any receiver suggests that the
dark current at low bias up to ~63 V (data shown in Figure 3a) may be dominated by
leakage current from the PCB and/or the experimental setup. Figure 3b—d compare the
pre- and post-rad dark currents for a given irradiation fluence. The breakdown voltages
that can be observed from the pre- and post-rad I-V data are indistinguishable. Similarly,
for bias <45 V, there is no noticeable difference between the pre-rad and post-rad I-V data.
However, above 45 V, all the irradiated receivers exhibit dark currents that (i) increase
gradually with APD reverse bias and (ii) are higher than pre-rad data.
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Figure 3. Pre-rad I-V characteristics of (a) all 13 receivers as well as comparisons before (solid lines)
and after irradiation (dashed lines) using 62 MeV proton at fluence of (b) 3.8 x 107, (c) 1.8 x 10%,
and (d) 3.8 x 1010 p/cmz.

To aid comparisons between the pre- and post-radiation dark currents, dark current
values at 60 V (near the optimum voltage for BER; include any setup/PCB leakage) are
shown in Table 2. The mean value of dark current is 8.7 nA before irradiation. Using
62 MeV protons and increasing the proton fluence from 3.8 x 10° to 3.8 x 10" p/cm?
increases the average dark current from 23.7 to 129 nA. On average, the dark current
increased by a factor of 2.9, 2.3, and 18.8 for the three fluences (increasing order). The
worst performing receiver (C3) suffered from an increase by a factor of 29.4. In contrast, the
TIAs appear to be unaffected by the irradiation because the pre- and post-rad TIA currents
are similar.

Table 2. Pre- and post-rad APD’s dark current and avalanche gain as well as the receiver’s Pyp; (at
2.5 Gb/s and BER of 10?). * indicates the mean value from Group D (control).

Fluence (62 MeV) ) I;at 60V (nA) Pyt at BER of 10~ (dBm) APD
p) Receiver .

(p/cm?) Pre-Rad Post-Rad Pre-Rad Post-Rad Gain

Al 9.0 10.9 —37.8 51.9

3.8 x 10° A2 79 18.9 —37.5 54.3

A3 8.0 41.2 —37.9 50.0

Bl 8.8 17.6 —38.1 57.2

1.8 x 1010 B2 8.9 18.1 —38.2*% —38.1 55.3

B3 15.1 43.4 —39.2 57.7

C1 72 50.9 —37.6 53.2

3.8 x 1010 C2 7.1 141.0 —38.0 53.4

C3 6.6 195.0 —38.0 52.8

3.2. Photocurrent

The I, versus reverse bias data of the 13 receivers for optical power of —40 dBm are
highly uniform as shown in Figure 4a, except for the APD’s punch-through voltage (the
voltage at which the absorption region is fully depleted). The pre- and post-rad I, data
for a given irradiation fluence are compared in Figure 4b—d. There is no significant change
in the I, in all three groups. Repeating the measurements at a higher optical power of
—30 dBm yielded the same observation.

M-V characteristics from pre- and post-irradiation for all fluences are compared in
Figure 5. There is no significant difference in the pre- and post-rad mean gain values. Mean
values of M at 60 V for Group A, B, and C are 48.2, 44.3, and 47.7 from the post-irradiation
data, respectively. These are close to the corresponding pre-irradiation gain values of 48.7,
44.3, and 48.2, respectively.
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Figure 4. Pre-rad photocurrent versus reverse bias characteristics at optical power of —40 dBm of
(a) all 13 receivers as well as comparisons before (solid lines) and after irradiation (dashed lines)
using 62 MeV proton at fluence of (b) 3.8 x 10°, (c) 1.8 x 1019, and (d) 3.8 x 10%° p/cmz.
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Figure 5. Mean avalanche gain extracted from pre- (solid lines) and post-rad (dashed lines) photocur-
rent data obtained with an optical power of —40 dBm.

Using mean I, values at —40 dBm and 46 V (after the punch through voltage), the
mean responsivity values before irradiation for Group A, B, and C were 4.3, 4.1, and
4.3 A/W, respectively, compared to 4.5, 4.2, and 4.5 A/W from the post-irradiation data.
Overall, both responsivity and avalanche gain of the APDs were not affected by the
displacement damage caused by proton irradiation up to a fluence of 3.8 x 10 p/cm?.
Our observations are consistent with those of [17].

3.3. Bandwidth

Prior to the irradiation campaign, frequency response measurements were performed
on four receivers from Group D (not irradiated), biased at 60 V and an input optical power
of —40 dBm. Since the I-V and gain data were highly similar between all receivers, we
assume the bandwidths from Group D receivers are representative of a typical pre-rad
bandwidth. The frequency response data from one receiver from each group, Al, B3, and
C3, are compared to those from Group D in Figure 6. Although there is variation in the
—3 dB bandwidths, all the values exceed 1.5 GHz, which is sufficient for 2.5 Gb/s data
rate. The similarity of bandwidths from all groups suggests there was no significant change
in bandwidth.

3.4. BER

Figure 7a shows the pre-rad BER as a function of optical power from Group D (control),
which yield a mean Py value of —38.2 + 0.2 dBm at BER of 10~?. This is 3.5 and 3.2 dB
better than commercial receivers from GoFoton [25] and Dexerials [26], respectively (as
stated in their datasheets). All irradiated receivers outperform the two commercial receivers,
as shown in Figure 7b—d. Compared to those of Group D, the irradiated receivers exhibit
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similar or slightly worse performance (difference < 0.6 dB). The best Py value of —39.2 dBm
was achieved by receiver B3. Values of Py at BER of 10~? from Figure 7 are summarized

in Table 2. The corresponding gain values (ranging from 50 to 57.7) to achieve the best BER
are also summarized in Table 2.

~

Pre-rad

— — Post-rad

power (dB)
o [\

=
2
S
E4 -
=}
Z
-6 t f t t
0.0 0.5 1.0 1.5 2.0 25
Frequency (GHz)

Figure 6. Normalized frequency response of four receivers without irradiation (control groups, solid

lines) and one irradiated receiver in each group (dashed lines). The APD was reverse biased at 60 V
and the optical signal wavelength was 1310 nm.
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Figure 7. BER measured at 2.5 Gb/s and 1550 nm wavelength from receivers that were (a) not irradiated
at all as well as those irradiated using 62 MeV proton at fluence of (b) 3.8 x 10%, (c) 1.8 x 109, and

(d) 3.8 x 1010 p/ cm?. Data from commercial receivers (GoFoton [25] and Dexerials [26]) are included
for comparison.

4. Discussion
4.1. Radiation-Induced Damage Factor

Figure 8a compares average increases in dark current density for a given proton flu-
ence at operating reverse bias for M = 10 and 50. Reported increases in InGaAs-based
APDs (manufactured by PerkinElmer and Hamamatsu) from ref. [19], limited to operating
condition for M = 10, are included for comparisons. At M = 10, for a given proton fluence,
our receivers exhibit smaller increases in dark current than those from PerkinElmer and
Hamamatsu APDs. At M = 50, our receivers behaved similarly to PerkinElmer and Hama-
matsu APDs. This suggests that the InGaAs/AlGaAsSb APDs evaluated in this work can
be operated at M > 10, offering flexibility to optimize other performance parameters.

To compare and assess the radiation hardness of receivers, the damage factor, Ky, is
commonly used. It is given by

Kiark = [I(CD) - I(O)]/CDA/ 1)
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where @ is the fluence, A is APD’s active area, and I(0) is the APD’s dark current prior
to irradiation. To account for differences between the receivers’ operating M, normalized
damage factor, Kj,,x/M can be used instead, as shown in Figure 8b. Assuming that radiation-
induced degradation scales linearly with proton fluence, the results at M = 50 from Groups
A and C are broadly consistent with those from PerkinElmer and Hamamatsu receivers.
Group B deviates from this trend; however, the origin of this discrepancy is not fully
understood. At M = 10, K3,,+/M is lower in the receivers of this work. Without full details
of these APDs (beyond the fact that APDs of this work use wide bandgap AlGaAsSb as the
avalanche region), further investigations for the cause(s) of the observed differences were
not possible.
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Figure 8. (a) Increase in dark current density and (b) Normalized damage factor of the receivers of
this work at M = 10 and 50 (black and red symbols) and other commercial receivers at M = 10 [19]
(grey symbols).

4.2. Gain and Responsivity Analysis

When a photon is absorbed outside of the photodiode depletion region, the photogen-
erated carriers will diffuse to the depletion region. The collection efficiency is dependent on
the minority carrier diffusion length. The minority carrier diffusion length can be reduced
due to displacement damage caused by sufficiently high proton irradiation, leading to
reduced collection efficiency and hence reduced responsivity. However, since the InGaAs
absorption layer is within the depletion region, the responsivity does not depend on minor-
ity carrier diffusion length. Therefore, the responsivity of the InGaAs/AlGaAsSb APD is
not affected by the proton irradiation in this work.

The avalanche gain primarily depends on the energy gain from the electric field and
energy loss through photon scattering in the AIGaAsSb multiplication layer. The dominant
scattering rates in AlGaAsSb are expected to be intervalley and alloy scatterings, rather
than an imperfect lattice. This could explain why the avalanche gain in AlGaAsSb is not
affected by the proton irradiation in this work.

4.3. BER Analysis

For a given TIA noise, a material with lower excess noise will enable higher avalanche
gain, leading to improved signal to noise performance. AlGaAsSb APDs exhibit lower
excess noise than conventional InGaAs/InP and InGaAs/InAlAs APDs [9]. Consequently,
the InGaAs/AlGaAsSb APD can be operated at much higher gain (50-58) compared to InP
or InAlAs APDs, leading to improved BER.

Despite an increase in APD’s dark current, our data show that proton irradiation has
not degraded the BER performance, consistent with that reported in [17]. This suggests
that the noise associated with the APD’s dark current was negligible compared to other
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Eye amplitude: 38.9 mV

noise sources, e.g., shot noise from the multiplied photocurrent, the TIA or the system. We
note that the TIA’s total input noise current is 207 nA, higher than the irradiated APD’s
dark current (shown in Table 2) at operating conditions.

Receiver B3 exhibited BER superior to those of all other receivers (including those in
the control group), so we carried out additional eye-diagram measurements for receiver B3
and another receiver, D3 (selected from the control group). The eye-diagrams of receiver
B3 and D3 measured without a limiting amplifier are shown in Figure 9. Both receivers
produced comparable eye widths but B3 showed a significantly greater eye amplitude of
38.9 mV, compared to 27.9 mV in D3. Consequently, B3 achieved a higher SNR of 6.27,
compared to 4.43 in D3.

x: 66.2 ps/div
y: 11.8 mV/diy..

X: 65.7 ps/div
9 “8_my‘/diyv_

Eye amplitude: 27.9 mV

(b)

Figure 9. 2.5 Gb/s eye-diagrams from receiver (a) B3 and (b) D3, measured without a limiting
amplifier and at an optical power of —40 dBm.

4.4. Equivalent Space Mission

To assess the potential of using InGaAs/AlGaAsSb APD receivers in space applica-
tions, Displacement Damage Dose curves for InGaAs in LEO (800 km, 98° and 10 years),
GEO (35,784 km and 15 years) and GPS (23,222 km, 56° and 12 years) were computed with
the OMERE 5.9.3 [27]. Displacement damage dose versus aluminum shielding thickness is
shown in Figure 10. At the proton energy of 62 MeV, the maximum displacement damage
dose of 3.84 x 10”7 MeV /g (used in this work) covers typical LEO, GPS and GEO internal
accommodations. Since Py of the receivers containing InGaAs/AlGaAsSb APDs did
not show noticeable degradation, our results suggest they can be used in LEO, GPS, and
GEO orbits.

101]
—— LEO
10 Jd
10 —— GPS
GEO

—_
(=3
©

—
(=)
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(62 MeV, 3.8%10" p/em?)
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Figure 10. Displacement damage dose versus aluminum shielding thickness for InGaAs in LEO, GPS
and GEO. The reference line (dashed line) indicates the condition used in this work (62 MeV proton

at maximum fluence of 3.8 x 10'° p/cm?).

Due to the safety measure, the post-rad characterizations were performed five weeks af-
ter the irradiation campaign. Therefore, possible room-temperature annealing of radiation-
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induced defects may have occurred during this interval. As a result, our post-irradiation
dark current, gain, and BER should be interpreted as values after five weeks of room-
temperature storage rather than immediate post-irradiation characteristics.

We also note that the receivers were irradiated unbiased and at room temperature.
When deployed in space applications, operation may involve different bias voltages, tem-
peratures, and mission-dependent radiation conditions. Therefore, more extensive study
would be beneficial.

5. Conclusions

Radiation hardness of 2.5 Gb/s optical receivers consisting of InGaAs/AlGaAsSb
APDs integrated with TIAs was experimentally evaluated, through comparisons of the
APDs’ dark current, photocurrent, and avalanche gain as well as the receivers’ BER data
prior to and after proton irradiation. A total of 13 receivers were used, covering the

0'° p/cm?) representative of

control group and three proton fluences (3.8 x 10° to 3.8 x 1
space environments.

After proton irradiation, despite increased dark current at reverse bias above 40 V,
the APD’s photocurrent and gain remain unchanged. Similarly, BER data showed no
degradation, with the receiver’s bandwidth exceeding 1.5 GHz required for 2.5 Gb/s
operation. At 2.5 Gb/s data rate and 1550 nm wavelength, the irradiated receivers achieved
a BER of 10~ with an average input optical power of —38.2 & 0.2 dBm, outperforming
selected commercial receivers by 3.2-3.5 dB. Therefore, 62 MeV proton irradiation up to a
fluence of 3.8 x 10'° p/cm? does not degrade the performance of optical receivers based
on InGaAs/AlGaAsSb APDs. This suggests InGaAs/AlGaAsSb APDs have sufficient
radiation hardness to be employed in 2.5 Gb/s optical communication links in LEO, GPS
orbit, and GEO.
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Abbreviations

The following abbreviations are used in this manuscript:

AlGaAsSb  Aluminum Gallium Arsenide Antimonide

APD Avalanche Photodiode

BER Bit Error Rate

BERT Bit Error Rate Tester

DDD Displacement Damage Dose
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EDRS European Data Relay System
ESA European Space Agency
FSOC Free Space Optical Communication
GEO Geostationary Orbit

GPS Global Positioning System
InAlAs Indium Aluminum Arsenide
InGaAs Indium Gallium Arsenide
InP Indium Phosphide

LC Lucent Connector

LEO Low Earth Orbit

NIEL Non-Ionizing Energy Loss
PCB Printed Circuit Board

RF Radio Frequency

Si Silicon

SMU Source Measure Unit

SNR Signal to Noise Ratio

TIA Transimpedance Amplifier
VOA Variable Optical Attenuator
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