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1. Introduction

With the rapid implementation of low-Earth orbit (LEO) satel-
lites, the giant LEO constellation is a promising candidate for
next-generation backbone networks, delivering the capability
of high capacity and performing multiple tasks across the whole
Earth™. Meanwhile, the transmission technology with the laser
as the carrier has potential advantages, such as wideband oper-
ation, over a hundred gigabits data speed capability, and the
information safety that has been applied in current satellites'>*),
In recent investigations, over 200 Gbit/s of space-to-ground
communication has been achieved"), and laser terminals for
intersatellite transmissions'” have performed successfully, sug-
gesting the high-capacity transmission capability of these laser
systems. However, the high signal-to-noise ratio (SNR) of opti-
cal signals is critical to such high-speed communication, espe-
cially when the advanced modulation format is applied'®. In
free-space laser transmission systems, multiple distortion
sources, such as the Doppler frequency shift, platform vibration,
and Sun outage, could severely degrade signal quality. To
improve the transmission performance, the digital signal
processing (DSP) approach has been adopted into satellite
receiving subsystems to mitigate the impact from frequency
shifts and power vibrations'”*]. But the Sun outage as random
noise, which could interrupt or even block laser communication
by radiation, unfortunately could not be compensated through
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We introduce an all-optical approach, optical parametric amplification (OPA) processor to suppress the impact of Sun out-
age in laser satellite communication systems, which is implemented by only one nonlinear semiconductor optical amplifier
driven by both electrical and optical pumps. The optimized OPA processor, with a current of 539 mA and a pump-to-signal
ratio of 16 dB, could significantly improve the signal quality by 3.5 dB in experiments for the elevation angle of Sun radiation
of 0 rad. The signal quality improvement is observed in the whole range of the elevation angle, confirming the effectiveness
of the proposed OPA processor in the field of Sun radiation mitigation.

Keywords: nonlinear optics; Sun outage; laser satellite communication.

DSP algorithms. Therefore, the significant reduction of the
impact from the Sun outage is still an open issue for laser satellite
communication systems (LSCSs).

To mitigate the impact of Sun outage, several methods have
been proposed, e.g., the use of the Sun shelter!® or selecting an
alternative path. The Sun shelter method could block the radi-
ation from the off-axis direction, reducing the unwanted light
input into the laser antenna. Consequently, the received optical
SNR (OSNR) is indeed increased through the shelter. But this
method could not reduce the light along the propagating direc-
tion of the laser path, not even the in-band random noise falling
into the communication window, which is the major distortion
affecting LSCSs. Selecting an alternative route is also an effective
way to avoid interrupting communication due to Sun outage.
However, such a method increases the routing pressure, which
becomes worse when complex networking is applied over LEO
mega-constellations. Therefore, reducing the impact of Sun out-
age, especially the distortion from the in-band radiation noise, is
an essential function in laser-based satellites. Considering the
nature of laser communication, a novel approach with less com-
plexity should also be operated in the optical domain.

All-optical signal processing (AOSP) technology is a promis-
ing solution to suppress the signal distortion directly in the opti-
cal domain"”’, The nonlinear devices that are used in AOSP
are essential to their implementation. There are two groups of
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these nonlinear devices: passive elements and active elements. nij (i, j=s, p,x) is the nonlinear coupling coefficient; and the
The passive devices, e.g., highly nonlinear fibers (HNLFs), peri- ~ mismatching factor Ak could be zero for the SOA case. Based
odically poled lithium niobate (PPLN), and silicon waveguides,  on Eq. (1), the parametric gain is dependent on both the optical
require several watts or hundreds of microwatts at optical levels  pump A, and the electrical pump (the current through g,,). In
to stimulate the designed nonlinearity[u_m. Therefore, in view the experiment, we investigated the impact of the two pumps

of their power consumption, an active device is more practicable (electrical and optical) on the OPA processor-based Sun outage
in satellite implementation. The nonlinear semiconductor opti- mitigator.

cal amplifier (SOA) is a powerful element to perform multiple
optical nonlinearities, including optical parametric amplifica-
tion (OPA), four-wave mixing (FWM), and cross-gain modula- 3. Experimental Setup
tion (XGM)!*41% In this Letter, we used only one nonlinear

SOA to suppress the impact of Sun outage on the quadrature- ~ The e).q.)erime.ntal setup f.or the OPA processor—l?ased Sun-out-
phase-shift-keying (QPSK)-based laser satellite communication. ~ age mitigator is depicted in Fig. 1(a). The system is composed of
According to the experimental investigation, around 3.5 dB sig- four parts: the QPSK generator, the Sun radiation emulator, the

nal quality improvement was observed through the OPA process ~ all-optical OPA processor, and t.he coherent r eceiver'(Co-R.x).
in the nonlinear SOA, confirming the suppressing capability of ~ In the QPSK generator, a continuous-wave (CW) light with

the proposed scheme on the in-band distortion from Sun outage. the length of 4;; =1550.92nm [Ch33 in dense wavelength-
division-multiplexing (DWDM) grid] was launched into an

I/Q modulator (IQM), which was driven by two 10 Gbit/s non-

. return-to-zero (NRZ) electrical data as I and Q parts generated

2. Theoretical Model by an arbitrary waveform generator (AWG). The state of polari-
The SOA is a compact solution to perform the AOSP through  zation (SOP) of the input CW light was adjusted by polariza-
multiple nonlinear effects. According to the requirement of  tion controller 1 (PC-1) to achieve the polarization matching.
the wavelength consistency in LSCS, the OPA process is used A 99:1 optical splitter 1 (OS-1) was placed at the output of
to mitigate the impact of Sun outage, where the wavelength of ~ the IQM to monitor the power level, enabling achieving the

signals before and after the all-optical processor stays the same. ~ best modulation performance through tuning the three bias
Through squeezing the signal distortion in the optical domain,  currents in the IQM. In the Sun radiation emulator, the noise
the OPA has been implemented into the field of signal regener- ~ was generated by a wideband optical source because similar
ations''” "%, Most research works focus on the conventional — spectral characteristics are obtained from Sun radiation and this
on-off keying (OOK) format. In this Letter, we reveal the mit-  amplified-spontaneous-emission (ASE) source in the C-band.
igation performance on Sun outage by putting an OPA proces-  The maximal output of the wideband optical source was about

sor into the satellite. After the OPA process, the input signal A, 0 dBm. The strength of the Sun radiation emulator was adjusted
could be evaluated in a nonlinear SOA as follows'*"’; by a variable optical attenuator (VOA-1) to simulate the changes
JA 1 of the elevation angle from the Sun. Meanwhile, the optical
dzs =3 {Tgms(1 — i) — ag] = Tg s (15 |A p|2 + 14 |AL )AL, power of QPSK signals was :ampliﬁed by an erpium—doped fiber
amplifier (EDFA) to maintain a proper OSNR in the test. A 3 dB

—8ms (M AZA L e778k2) (1)  optical coupler (OC-1) was used to couple the two lights to

2 PPt ’ . . . .

generate the distorted optical QPSK signal. An optical spec-

where A; (i =, p, and x) represents the signal, pump, and idler, ~ trum analyzer (OSA) was placed at the 1% output port of the
respectively; I' is the confinement factor; g,,,. is the material gain; ~ 99:1 OS-2 to monitor the OSNR value of the distorted signals.
a,, is the linewidth enhancement factor; « is the loss coefficient; In the all-optical OPA processor unit, a nonlinear SOA element
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Optical pump

|
EDFA 0C-1 o | 0
> 50% b
: % 220 Distorted signal
50%  0S-2 | 5
| Wideband | % 230
Optical source .
_______ VoAl 1 Ewo
______________________________ \ T;E’ FWM product
- oC-2 PC-2 I 50
Nonlinear & | Z
P |
SOA S0% 50% I 0
)@ | Ch34-Laser : 20
PC-3 ) 1548 1549 1550 1551 1552 1553
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T e e e e Wavelength (nm)
Coherent Receiver OPA Processor

Fig. 1. (a) Experimental setup for the OPA processor-based Sun-outage mitigation: (b) optical spectrum obtained from the nonlinear SOA element.
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was used to stimulate the OPA process. In such a process, 20

another CW light as the optical pump was also input into the 10 @) Teececcess

SOA. The wavelength of this optical pump was 1550.12 nm, g ol

Ch34 in the DWDM grid. At the output of SOA, a 99:1 OS-3 =

was used to extract 1% of the light to monitor the OPA process § 101

from the nonlinear OSA. By adjusting PC-2 and PC-3, the high- 220t

est FWM product was obtained, suggesting the best OPA also 3_3 ol ® Experiment
happened. The optical spectrum obtained from the output of 3 Simulation
SOA is depicted in Fig. 1(b). A clear FWM product was observed =0

in the experimental test, proving the OPA happened when the -50 : : : : ‘
two inputs, i.e., the distorted QPSK and the optical pump, were 0 100 200 300 400 300
simultaneously launched. A DWDM demultiplexer (De-MUX) Kpreek {mia)

that had the same wavelength as the input signal was used to 20 R ' : ‘ : S &
extract the regenerated signal. In the coherent receiving unit, 195 Az e

a VOA-3 was placed at the input port of the Co-Rx as a power /

limiter to avoid exceeding the receiving level after the optical o7

amplifying process. The local laser with the same wavelength D185} ®  After OPA
as the input signal was also launched into the Co-Rx. Simple N; 18t :g}ﬁiﬁg‘fgsl
DSP algorithms were used to perform the basic functions,

(e.g., the frequency offset estimation and the phase compensa- 17:5

tion) to restore the QPSK signals. No equalization behaviors e
were included during the DSP processing.

200 250 300 350 400 450 500
Current (mA)

4. Results and Discussion Fig. 2. (a) Dependence of the output power on the current; (b) current

dependence of the OPA processor.
First, we carry out the electrical pump optimization for the OPA P P

processor. The SOA performance of optical amplification is de-
pendent on the current of the electrical pump. In our experi-
ment, the output power of the nonlinear SOA is also sensitive 15
to the current. In Fig. 2(a), the measured data for the undertested
SOA is depicted when the electrical pump is solely applied. The
maximal output was over 10 dBm, and clear saturation was
observed when the current was larger than 300 mA. Moreover,

bptical pump

Output power (dBm)
=)

we also tested the dependence of the OPA performance on the ) :;édB]?nm
current. In this case, both the electrical and optical pumps were 5 _6dBm
applied onto the nonlinear SOA. The signal quality of the OPA i —=—-3dBm
product was measured, as depicted in Fig. 2(b). The input signal -10¢ ——-0dBm
quality Q? of the QPSK signal was about 16.8 dB. To give a fair 15 ; ; ‘ - 3dBm
comparison, the optical power input into the Co-Rx was fixed -19 -15 -10 -5 0 5
for the whole test. According to the tested results, the signal Input power (dBm)

quality was improved by almost 1 dB when the current was 93 ‘ .

in the range of 200 to 539 mA. Therefore, the electrical pump (b)

for the OPA processer-based Sun-outage mitigator was set as 20

539 mA in the subsequent investigations. Based on the configu- 8l

ration of the experimental setup, we built a simulation platform =
through VPI to evaluate the performance of the proposed OPA AT
processor. The parameters we used in the simulation were the ‘©

same as in the experiment. The results (depicted with blue lines) 141 o ﬁ‘;ﬁuge(:;el’g;?;';t)
are plotted in Fig. 2. The similar outputs obtained from both bt 4 Output (simulation)
experiment and simulation further confirm the correctness of x

the model and the scheme of the nonlinear SOA. 10

Next, we discuss the impact of the optical pump on the OPA 2468 ;(S)R ( d%32) 161820
processor. When the current was fixed at 539 mA, we swept the
input power from —19 to 5 dBm and collected the output power Fig. 3. (a) Power response between input and output signals from the OPA;

of the OPA product; see the results in Fig. 3(a). The optical pump  (b] PSR dependence of the OPA processor.
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was selected in the range of —12 to 3 dBm. The optical pump-
CW light was fixed to each curve, the values given in the legend
of the figure. The power saturation behavior was observed from
the nonlinear input-to-output power response, suggesting the
amplitude suppression obtained from the OPA. The plateau
becomes much wider when the optical pump is low. However,
the CW pump could not suppress the pattern effect of SOA.
We need to select the proper power levels for both pump and
signal. To achieve the balance between the suppression on the
pattern effect and the amplitude mitigation from the nonlinear
response, we optimized the pump-to-signal ratio (PSR) in this
OPA processor. In the experiment, we kept the pump power
as 3 dBm and swept the optical power of the distorted QPSK
signals by tuning VOA-2. Figure 3(b) depicts the measured
and simulated results when the input PSR is changed. When
the CW pump was increased, the pattern effect was clearly sup-
pressed due to the reduction of the input power variation.
Moreover, the higher nonlinear gain through the OPA process
was naturally expected when the optical pump was enhanced.
Furthermore, the nonlinear response from input-to-output
power facilitated the all-optical approach in suppressing the
amplitude distortion, enabling increased signal quality directly
in the optical domain. Consequently, better output was collected
from the nonlinear SOA. According to the test results, the pat-
tern effect could be well suppressed when the PSR was larger
than 10.5 dB, in which the output quality was better than the
input quality, and the best output was achieved at the input
PSR of around 16 dB. Therefore, the input PSR was fixed at
16 dB in the OPA processor-based Sun-outage mitigator.
Finally, we investigated the mitigation performance of the
optimized OPA processor for the impact on Sun outage.
Because of the long distance between the Sun and Earth, the
strength of the Sun’s radiation could be considered as the fixed
value. But the received noise at the antenna was indeed changed
following the variation of the elevation angle. In the experiment,
we tuned the output power from the Sun-radiation emulator and
calculated the corresponding elevation angle according to the
received radiation strength. Then we could simulate the scenario
of the Sun outage happening in LSCSs. The results are depicted
in Fig. 4. According to the experimental results, the most severe
impact happened at the elevation angle 6; = 0 rad, resulting in
the worst Q? of distorted signals, close to 14.1 dB. In this case,
the OPA processor performed the best signal quality improve-
ment, achieving a 3.5 dB enhancement. By increasing the
value of the elevation angle, the distortions coming from Sun
outage became weak; see the blue marks in Fig. 4. For the
case of O, = /2 rad, the received noise was close to zero, sug-
gesting no Sun outage happened in the laser system. Even
in such a case, the OPA processor could improve the signal
quality by about 1 dB, proving the suppression capability of
the all-optical approach in LSCSs. Therefore, quality improve-
ment was achieved in the whole tested elevation-angle range
by suppressing the in-band radiation noise. The output results
are depicted in Fig. 4 as the red marks. We also simulated the
suppression behavior of the proposed OPA processor. The lines
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Fig. 4. Signal quality improvement before and after the OPA processor when
the QPSK signals are distorted by Sun outage.

depicted in Fig. 4 share the same trend as the experiment, con-
firming the all-optical regeneration in the LSCS. It should be
noted that less improvement should be expected if the strength
of the Sun’s radiation was further increased because the regen-
eration range of the proposed OPA processor would limit the
performance.

5. Conclusion

We introduce an all-optical approach OPA processor into the
satellite payload to suppress the impact of Sun outage, which
could deal with the most severe distortion from in-band radia-
tion noise. According to the experimental test, the best improve-
ment of 3.5 dB was obtained at the elevation angle of 0 rad,
which was also the worst case of Sun outage. When sweeping
the whole range of elevation angle, more than 1 dB signal quality
improvement was achieved by the OPA processor, confirm-
ing the suppression function through the proposed all-optical
approach. To the best of our knowledge, this is the first experi-
ment in which an OPA was used to suppress the impact of
Sun outage. This all-optical nonlinear amplifier offers a poten-
tial combination in which both power restoration and signal
processing could happen in only one device, providing a low
power consumption solution to LSCS.
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