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In our Letter, we selected several commercial optical transceivers, which consist of single-channel transceiver
modules, parallel transmitting and receiving modules, and Ethernet passive optical network (EPON) optical line
terminal (OLT) and optical network unit (ONU) modules, to do the total ionizing dose (TID) testing via the
gamma-ray radiation method. The changing of current and receiver sensitivity of optical transceivers is discussed
and analyzed. Based on the TID testing exposed to a TID of 50 krad (Si) at a dose rate of about 0.1 rad (Si)/s,
the performance of single-channel transceivers and parallel receiving modules has not changed after 50 krad (Si)
exposure, the parallel transmitting and EPON ONU modules have not worked after 40 krad (Si) and 47 krad (Si)
exposure, the EPON OLT module has bit error in the process of irradiation, and it can work well after annealing;
the reason for the error of OLT is analyzed. Finally, based on the theoretical analysis and testing results, this
Letter provides several design suggestions to improve the reliability for optical transceivers, which can be ref-
erenced by satellite system designation for various space missions.
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Recently, demand for new higher bandwidth services,
higher transmission data rate, and superior reliability is
beginning to drive the deployment of optical communica-
tion technology in space information networks®Z. The
high-performance, high-data-rate, and low-cost optical
transceivers are being considered as a key device in space-
flight projects?¥. However, owing to the effect of galactic
cosmic rays, solar flares, and trapped particles in the earth
radiation belts, the optical transceiver is easily affected by
the effect of space radiation, for example, single-event ef-
fects (SEE), total ionizing dose (TID), and displacement
damage (DDD)22 especially for TID. The TID hazard
originates from the space environment and includes
contributions from charged particles (electrons, ions,
and secondary charged particles), neutrons that undergo
nuclear collisions to produce charged secondaries, and
primary photons from the environment and electron
bremsstrahlung™. However, many researches have
been focused on the effects and analysis of the TID
on complementary metal-oxide-semiconductor (CMOS),
metal-oxide-semiconductor (MOS) devices, optoelec-
tronic devices, and materials®>2Y. There is little research
on the radiation characteristics of optical transceivers.
The space radiation environment is the main factor that
causes the degradation and failure of optical transceivers.
The radiation environment mainly includes particle radi-
ation, photon radiation and the particles that cause the
total ionization damage. Ionization damage refers to the
excitation of high-energy charged particles or rays that
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interact with atoms after they are incident on the semicon-
ductor material. For semiconductor materials, this
excitation causes electrons to transit from the valence
band to the conduction band, creating electron—hole
pairs. Electrons and holes can recombine or displace under
the action of the electric field or temperature. Relative to
electrons, the mobility of holes is small and easily cap-
tured. The trapping of holes increases the leakage current
and power consumption and degrades the performance
of the device®. Usually, ionizing radiation takes a few
forms: alpha, beta, and neutron particles and gamma
(y) and X rays. As y quanta have high energy (about
1 MeV), this results in high penetrating power and weak
dependence of the TID in active areas of the device under
test (DUT)22Y, Therefore, the y ray and X ray are gen-
erally used to simulate the ionization effect on the ground.
Cobalt-60 is almost solely used as the y radiation source
for industrial use now, mainly because of its easy produc-
tion method and its non-solubility in water22J,

In this Letter, we selected several commercial optical
transceivers consisting of a single-channel transceiver,
parallel transmitter and receiver, and Ethernet passive
optical network (EPON) optical line terminal (OLT)
and optical network unit (ONU) modules, which are pro-
duced by Hisense Corporation, to do the TID testing via
y-ray radiation, which is exposed to a total ionizing dose of
50 krad (Si) at a dose rate of about 0.1 rad (Si)/s. Further,
the performance of single-channel transceivers and paral-
lel receiving modules has not changed after 50 krad (Si)
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exposure, the parallel transmitting and EPON ONU mod-
ules have not worked after 40 krad (Si) and 47 krad (Si)
exposure, the EPON module has bit errors in the process
of irradiation, and it can work well after annealing. The
reason is that the optical subassembly of OLT module con-
tains yttrium iron garnet (YIG) single crystal, and the
permeability of the crystal will be changed under the irra-
diation of y ray, which will affect its filtering function and
lead to the occurrence of bit error. Finally, based on
the results and analysis, we provide design suggestions
to improve the reliability for optical transceivers, which
can be referenced by satellite system designation for vari-
ous space missions. At the same time, the components of
the optical transceiver are basically similar, even if the
company or model is different and their functions are sim-
ilar. In this testing, the selected optical transceivers are
widely used in the market, and the author believes that
the test results are also applicable to optical components
with similar functions.

As we know, an optical transceiver is the main device to
realize photoelectric conversion, and it is one of the most
important devices in the optical-fiber data link system
of aerocraft. In our Letter, we selected single-channel
transceiver modules (HTS8566), parallel transmitter
(HTAS8567) and receiver (HTA8568) modules, and EPON
OLT (HTS3261) and ONU (HTS2361) modules, which
are produced by Hisense Corporation. The internal
structure diagram of the selected optical transceivers is
shown in Figs. 1(a)-1(c). The typical optical transceiver
consists of a packaged semiconductor laser diode (LD)
and photodetector, drive chips and microcontroller
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Fig. 1. Internal structure diagram of (a) parallel, (b) single-
channel, (c) EPON, and (d) chip relationships of transceivers.

(MCU), etc. connected to a printed circuit board assembly
(PCBA); Fig. 1(d) illustrates the chip relationship of each
element of the selected transceivers™

Based on the structure of the optical transceivers, the
effects of irradiation on the LD and positive-intrinsic-
negative (PIN) are mainly reflected by the ionization
and DDD effects caused by various kinds of radiations
and particles. The total dose effect will affect the perfor-
mances of optoelectronic devices, such as lasers and detec-
tors, which will cause the changing of dark current, bias
voltage, and frequency response. As a result, the optical
received power of the optical module is changed, and
the bit error rate (BER) of the system is reduced.

The XC7K325T of the Xilinx Kintex-7 field-
programmable gate array (FPGA) is used in the FPGA
test system, and Fig. 2 illustrates the structure of the
FPGA test system. According to the requirements of
the experimental system, the FPGA system consists of
three function modules, which are the optical transceivers
module, voltage monitor module, and serial port module.
(1) Optical transceivers are primarily responsible for send-
ing and receiving pseudo-random binary sequence (PRBS)
data, reading the inter-integrated circuit (I2C) messages
of optical transceivers, and reporting the collected data to
the serial port module. (2) The voltage monitor module
records abnormal voltage and reports to the serial port
module. The voltage monitor module can read real-time
voltage by the ADS1258 chip, which is the voltage mon-
itor chip by a serial peripheral interface (SPI) bus. When
the voltage is abnormal, the alarming signal is read via the
upper computer software. (3) The serial port module is the
most fundamental module. The module receives the data
from the other modules and sends the data in a sequence to
the upper computer software by the interface of
RS232 (Fig. 3).

The function diagram of the TID testing board is shown
in Fig. 3, and the performances of the optical transceivers
are tested. In our testing, the test board is divided
into two parts: the upper part is exposed to y rays, and
the lower part is shielded to avoid radiation effects. In
the test board, MI1#(HTA8567), M3# (HTA8568),
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Fig. 2. FPGA block diagram of TID testing.
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Fig. 3. Function diagram of the TID testing board.

M54 (HTS8566), M7#(HTS3261), and M9#(HTS2361)
are the DUT, which are exposed to vy rays.
M2#(HTA8568), MA4#(HTA8657), M6+4#(HTS8566),
M8#(HTS2361), and M10#(HTS3261) are the standard
modules, which are shielded by the lead brick. Moreover,
the communication process between optical transceivers is
MleM2, M3eM4, M5-M6, M7<MS, and M9<-M10.

The experiment is designed to identify the effects of
y-ray radiation on several commercial optical transceivers
at increasing levels of absorbed doses of y-ray radiation,
which is shown in Fig. 4. Figure 4(a) shows the testing
environment diagram of the TID. The TID test board
was placed in a radiating room with a Co60 y-ray source
at a dose rate of 0.1 rad (Si)/s. In testing, the rise and
fall of the Co60 y-ray source is controlled by an external
switch. When it rises, the test board is subjected to the
radiation of Co60 sources, and when it lands, there is
no radiation. The test board transfers the optical
transceiver data to the computer through the serial port
in the radiation room, and the standard modules (M2, M4,
M6, M8, and M10) and the computer are shielded by the
lead brick. The other computer, which is located outside
the room, can observe the performances (such as the BER
or real-time voltage) of the optical transceivers by remote
control. Figure 4(b) shows the TID test device in the
radiation room. Figure 4(c) shows the schematic diagram
of the upper computer software; the BER, real-time volt-
age, 12C message of the optical transceivers are shown in
the personal computer (PC) software.

The current of each optical transceiver changes with the
TID, as shown in Fig. 5. From the results, the current of
HTA8568 and HT'S8566 slightly changes and no bit error
occurs during the whole process of TID testing. However,
the current of HTA8567 and HT'S2361 drops to 0.04 A and
0.03 A at 40 krad and 47 krad, respectively, and they will
not work properly.

Figure 6 shows the BER and other performances of op-
tical transceivers via the upper computer software. Based
on the results, there is no error bit of the HTA8567,
HTAS8568, and HTS8566 during the whole testing time.
However, the bit error of the HTS3261 and HTS2361
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Fig. 4. Diagram of (a) the TID testing environment, (b) the TID
test device, and (c) the upper computer software.
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Fig. 5. Current changing of optical modules with the TID.

modules occurs in the process of irradiation, and there
is no bit error in the process of no radiation.

Because HT'S8566, HT'S2361, and HTS3261 modules
can be plugged from the test board, the receiver sensitivity
of the three modules is tested, and the testing results are
shown in Fig. 7. From the results, the receiver sensitivity
of HTS3261 is decreased with an increase of the TID,
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Fig. 6. Schematic diagram of upper computer software.
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Fig. 7. Receiver sensitivity of HTS2361, HTS3261, and
HTS8566 at different total doses.

about 2 dB from —18.89 dBm to —16.98 dBm. However,
the receiver sensitivity of HTS8566 and HTS2361 is
slightly changed and has about 1 dB fluctuation. The op-
tical eye diagrams of HTS3261, HTS2361, and HTS8566
at different doses are shown in Fig. 8.

To explain the phenomenon of HT'S3261 amd HTS2361,
which occurs with bit error under irradiation and without
bit error in no irradiation, we carried out the TID test
again and positioned it in the same test environment.

In this testing, we used two test boards, one of which
was identical to the one used in the first testing, and the
other test board used EPON OLT/ONU+PIN compo-
nents and EPON OLT/ONU + self-loopback (no optical
subassembly).

Figure 9 shows the changing current trend of the first
test board with the TID in the second testing. The results
of the second test are in agreement with the results of the
first test; the HTA8568 and HTS8566 work well at all the
testing time, and the HTA8567 and HT'S2361 modules are
not working normally around 40 and 47 krad, respectively.
The bit error phenomenon of HTS3261 and HTS2361 is
also consistent with the first testing; that is, there is bit
error when irradiation exists, and there are no bit errors
in the absence of radiation.

For the high receiver sensitivity of EPON modules,
the existing modules use avalanche photodiode (APD) de-
tection. Therefore, to position the bit error reason of the

(@ ®

Fig. 8. Eye diagram of (a), (b) HT'S3261 at 0 and 50 krad, (c),
(d) HTS2361 at 0 and 41 krad, and (e), (f) HTS8566 at 0 and
50 krad.
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Fig. 9. Cwrrent changing of the first test board with the total
dose in the second testing.

EPON module, we change the APD to PIN detection and
use the electric self-loopback. The current-changing trend
of the results of the EPON OLT/ONU + PIN and EPON
OLT/ONU + self-loopback is shown in Fig. 10. Based on
the results, EPON OLT/ONU + PIN shows bit error
under irradiation and without bit error in no irradiation.
However, there is no bit error for the EPON OLT/ONU +
self-loopback during the whole testing process. Therefore,
the bit error phenomenon of the EPON OLT/ONU
module is due to the problem of optical subassembly based
on two testing results, and the optical subassembly in
EPON is more sensitive to y rays.

In order to analyze the errors occurring from the EPON
module, the structure of the optical subassembly and the
influence of the y-ray optical module are analyzed.

In the two TID tests, HT'S8566 can work normally when
the total dose is at 50 krad (Si), and there is no bit error in
the whole irradiation process. Therefore, we compared and
analyzed the optical subassembly of the EPON module
(HTS3261) and HTS8566. Figure 10 shows the structure
of the optical subassembly of the HT'S3261 and HTS8566
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Fig. 10. Current changing trend of the second board in the sec-
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modules. The bidirectional optical subassembly (BOSA)
of HTS3261 consists of a distributed feedback (DFB)
laser, isolator, APD, 0° optical filter, 45° beam splitter,
and optical connection interface, which are shown in
Fig. 11(a). However, the transmitting and receiving of
the HT'S8566 module takes a discrete form, which includes
the receiver optical subassembly (ROSA) and trans-
mitter optical subassembly (TOSA), which are shown
in Figs. 11(b) and 11(c).

After comparing the internal structure and materials of
the HTS8566 and HTS3261 optical subassemblies, the
main differences between the two optical subassemblies
include the laser type [one DFB laser and the other

1. DFB laser, 2.Isolator, 3. Photodetector (APD), 4. 0° Optical filter,
5. 45° Beamsplitter, 6. Optical connection interface

(@
) ) optical connection
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Fig. 11 Structure of (a) BOSA of the HTS3261, (b) TOSA of
HTS8566, and (c) ROSA of HTS8566.

Fabry-Perot (FP) laser], the isolator (EPON contains
the isolator, and the HTS8566 does not contain), the detec-
tor type (EPON is APD, HT'S8566 is PIN), and the beam-
splitter (EPON contains beam-splitter, HTS8566 does not
contain). Based on the second testing results, the sensi-
tivity of the vertical-cavity surface-emitting laser
(VCSEL) and FP laser to the radiation dose is not ob-
vious, and the effect is reflected more in the change of
efficiency and threshold. It is impossible to cause a small
number of error bits, which can exclude the reason for the
DFB laser. The beam splitter and the lens belong to the
glass material, which can exclude the cause of the bit er-
ror. Subsequently, we find that the isolator of the
HTS3261 optical subassembly contains Faraday mag-
netic media. The role of the isolator is to prevent the light
reflected from the fiber from returning to the laser, and
the jitter of the laser output power and the increase of the
laser noise are prevented. Magnetic materials in the y-ray
environment and the indicators, such as permeability
and magnetic field strength, will be changed22. In
the isolator, the Faraday magnetic media are composed
of a YIG single crystal, while the permeability of a single
crystal of YIG would be disaccommodated in the y-ray
environmentZ2), Therefore, the change of permeability
affects the change of the crystal magnetic field, and
the change of the magnetic field affects the filter function
of the isolator, resulting in the occurrence of bit error.

For the irradiation performance of optical transceivers,
we proposed the radiation reinforcement scheme for the
low earth orbiting (LEO) and long-running aircraft (such
as the International Space Station). The characteristics
of the optical transceivers in the LEO environment are
analyzed. Radiation performance of LEO aircraft mainly
depends on such factors as protons, electrons, and brems-
strahlung. However, aluminum (Al) is one of the main
measures used to shield these particles. Therefore, we ob-
tained the effect of shielding particles of Al for 10 years by
the irradiance analysis software Space Environment Infor-
mation System (SPENVIS), which is shown in Fig. 12.

Figure 12 shows the relationship between the thickness
of the Al shell and the 10-year dose of LEO aircraft based
on the SPENVIS software. From the simulation results,
when the thickness of the Al shell is 1 mm, the total dose
of radiation for 10 years is about 4.2 krad; when the thick-
ness of the Al shell is 2 mm, the total dose of radiation is
about 1.2 krad for 10 years; and the total dose is about
910 rad for 10 years when the thickness of the Al shell
is 3 mm. Therefore, considering the size, weight, and irra-
diation effect of the optical transceivers, we recommend
the use of an Al thickness of 2 mm for module
reinforcement.

In summary, the TID performances of several commer-
cial optical transceivers are tested via y-ray radiation
methods. The changing of current and receiver sensitiv-
ities of optical transceivers is discussed and analyzed when
they are exposed to a TID of 50 krad (Si) at a dose rate of
about 0.1 rad (Si)/s in the two-round TID tests. The re-
sults of the second test are in agreement with the results of
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the first test. The performance of single-channel transceiv-
ers and parallel receiving modules has not changed after
50 krad (Si) exposure, and the parallel transmitting and
EPON ONU modules have not worked well after 40 krad
(Si) and 47 krad (Si) exposure. Subsequently, we analyzed
the reasons for the phenomenon of HT'S3261/2361, which
occurs as bit error under irradiation and without bit error
in no irradiation, which is due to the magnetic medium in
the isolator material of the HTS3261/HTS3261 optical
subassembly. Finally, based on the theoretical analysis
and testing results, this Letter provides design suggestions
to improve the reliability for optical transceivers, which
can be referenced by satellite system designation for vari-
ous space missions.
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