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Optical wireless communication (OWC) offers significant advantages over
traditional radio frequency systems due to its high bandwidth, ease of
deployment, license-free operation, immunity to electromagnetic interference,
and inherent security benefits. This research presents a novel all-optical
technique for transmitting multiple data channels over an optical link, employing
Differential Phase-Shift Keying (DPSK) and Pulse Position Modulation (PPM)
schemes. Notably, the combination of DPSK and PPM enhances both data
security and spectral efficiency compared to conventional methods. The
proposed technique demonstrably achieves error-free transmission of three
data channels, each at a data rate of 10 Gbps, as validated through simulation
results. Furthermore, the study explores the applicability of this technique to
inter-satellite links. By integrating with a geostationary Earth orbit (GEO) data
relay satellite, this technique can improve link availability for low-Earth orbit
(LEO) satellites. Our novel approach holds significant promise for practical
deployment and seamless integration into future high-speed and secure
communication networks, catering to the ever-growing demand for robust data
transmission.

KEYWORDS

free space optical communication, inter-satellite optical wireless communication, pulse
position modulation, differential phase shift keying, low earth orbit (LEO), geostationary
Earth orbit (GEO)

1 Introduction

Optical Wireless Communication (OWC) stands at the forefront of transformative
technologies, harnessing light beams to transmit information across unguided
channels, such as the Earths atmosphere or free space. Diverging from traditional
fiber optic communication, OWC offers several advantages, including a remarkably
high bandwidth, easy deployment, allocation in unlicensed spectra, reduced power
consumption (approximately half of radio frequency (RF) systems), reduced size
(approximately one-tenth of RF antenna diameter), and enhanced channel security
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[1]. Utilizing the same infrared wavelengths (850 nm, 1310 nm, and
1550 nm) as fiber optic cables, OWC seamlessly integrates with
optical fiber networks [2]. OWC can be applied to various scenarios
like terrestrial links, deep space connections, ground-to-satellite and
inter-satellite links, remote sensing, astronomy research, military
operations, disaster emergencies, last-mile access, and wireless back-
haul cellular networks.

Notably, OWC communication presents several advantages over
traditional RF systems. With an optical frequency bandwidth in
the terahertz (THz) range, OWC exceeds the typical RF carrier
bandwidth by a factor of 105 [3, 4]. The physical architecture of
optical systems is significantly smaller, with a size 0of 0.3 m compared
to the 1.5 m required for RF satellite antennas [5]. A common issue
in the RF system is the interference caused by nearby carriers,
because of the limited spectrum availability. On the other hand,
OWC systems operate without spectrum licensing, eliminating the
need for regulatory approvals and thereby reducing setup costs and
development time [6]. The highly directional and narrowly divergent
OWC laser beam renders interception exceptionally challenging,
while the inability of free space optics (FSO) signals to penetrate
walls provides an inherent defence against eavesdropping [7].
FSO’s recent prominence in research stems from its potential to
offer gigabit-capacity back-haul links at a fraction of the cost and
deployment time associated with conventional RF or optical fiber
systems [8, 9]. It is expected to be the next breakthrough for fast
internet access, offering unparalleled advantages over RF systems.
Apart from communications, optical techniques are widely being
used for sensing applications [10-12].

High transmission power is a crucial technology for enabling
long-distance space laser communication. In 2018, the AeroCube
7 CubeSat, part of the Optical Communications and Sensor
Demonstration program — a collaboration between NASA and the
Aerospace Corporation—was successfully launched [13]. Another
major challenge in LEO-to-GEO communication is the extremely
precise pointing requirement. Due to the long distance and narrow
beam divergence, both optical systems in the LEO-to-GEO link
must be aligned with an accuracy of just a few microradians. To
mitigate cloud blockage, a network of optical ground stations (OGS)
must be strategically placed in regions with minimal cloud cover.
Additionally, the downlink faces challenges such as atmospheric
signal attenuation, which compounds free-space path loss [14].
To optimize performance, the system must dynamically adjust
the data rate based on link elevation. Furthermore, the signal
must withstand rapid fluctuations caused by atmospheric index-
of-refraction turbulence, an effect that becomes more pronounced
at lower elevation angles due to the increased air mass in the
transmission path [14].

2 Related works

Due to the advantages discussed above, OWC emerges as a
viable option for inter-satellite OWC (IsOWC), where satellites,
whether in Low-Earth orbit (LEO) or Geostationary Earth orbit
(GEO), establish communication links. GEO satellites, strategically
positioned above specific longitudes, facilitate information relay
across vast regions, as shown in Figure 1. Inter-satellite OWC can
be utilized to extend this coverage to LEO satellites, enhancing
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link availability to ground stations. Inter-satellite OWC enables
real-time data transmission from Earth observation satellites to
ground stations, aiding weather forecasting, disaster management,
and environmental monitoring. LEO satellites are known for
their intermittent connectivity with ground stations, featuring
brief contacts separated by extended intervals. This intermittent
nature, particularly concerning time-sensitive data, can pose a
significant challenge [15]. Small satellites can communicate with
ground stations more often by using a GEO relay satellite, which
increases the availability of the link to the ground stations. Direct
links between LEO satellites and ground stations are available
for a small time span, limited by the distance between the two.
Several GEO data relay satellites are already in operation, such
as European Data Relay System [16], Laser Communications
Relay Demonstration [17], and Laser Ultra-Communication and
Atmospheric Surveillance [18]. Inter-satellite optical links between
GEO and LEO orbit, covering 45,000 km, while achieving a
BER of 107 has been presented in [19]. This simulation study
also used physical techniques like multiple-input multiple output
(MIMO) and wavelength division multiplexing (WDM). Other
methods that use less bandwidth for data transmission over OWC
are differential phase shift keying (DPSK) with dual polarization
modulation and optical single sideband (OSSB) modulation [20].
The pulse position modulation (PPM) [21] is another method of
delivering data without interference via multi-path. Optical wireless
communications are anticipated to bring innovation to advanced
networks as communication technologies continue to evolve and
change. These future networks, such as 5G and Beyond 5G networks,
use LEO satellites and non-terrestrial networks like drones and
High-Altitude Pseudo-Satellites to provide advanced services.

The presence of eavesdropping is attributed to the inherent
openness of wireless propagation. There are various methodologies
to enhance the security of OWC communication. User links may
be vulnerable to drone-based interception because of the fast
movement of LEO satellites in optical wireless communications.
Mitigation options encompass the utilization of Direct Sequence
Spread Spectrum and physical layer security approaches, as
documented in Refs. [22-24]. The attainment of confidentiality in
satellite communication systems necessitates making certain trade-
offs. Efforts aimed at improving uplink confidentiality often require
the reduction of transmit power, thereby affecting the integrity of the
system. On the other hand, amplifying transmit power to enhance
link reliability results in a higher likelihood of eavesdropping, as
indicated by previous research [25]. Li et al. in [26] assessed security
performance, focusing on eavesdropping attacks and proposing
a physical layer security-based satellite communication solution.
Han etal in [27] used relays with hopped beams to protect
the Satellite Identification Number from uplink jamming and
downlink eavesdropping. Li etal. in [28] investigated integrating
artificial intelligence and blockchain to improve data security in
6G, tackling eavesdropping and malicious message modification.
Wang etal. in [29] noted that satellite networks merging with
terrestrial networks are vulnerable to security and eavesdropping
issues. They presented MIMO antenna-aided physical layer security
methods to improve security and reliability due to spectrum
shortages using cognitive radio approaches.

Many countries have launched mega-constellation programs,
deploying thousands of optical satellites to create advanced
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FIGURE 1
Application scenario of GEO-relaying between Optical ground station and LEO satellites employing inter-satellite OWC links.

communication networks. Huawei, for example, is planning
a 10,000-satellite Low Earth Orbit (LEO) constellation called
Massive VLEO, aimed at supporting beyond 5G technologies [30].
Telesat has developed a global network of 198 sophisticated LEO
satellites, seamlessly integrated with terrestrial data infrastructure.
Meanwhile, SpaceX is working on an extensive low-orbit satellite
system designed to form a vast constellation. OneWeb is building
a network of 648 LEO satellites, and Kaskilo is establishing its
own constellation with 288 satellites [31]. These satellite-based
optical communication networks are emerging as a key backbone
for next-generation connectivity, surpassing 5G and 6G, and
ensuring seamless integration between terrestrial and space-based
networks. Several satellite systems using laser communications
are already in operation. One notable example is a lunar laser
communication experiment that successfully transmitted a Pulse
Position Modulation (PPM) signal over a distance of more than
400,000 km, achieving a downlink rate of 622 Mbps and an
uplink rate of 20 Mbps [32]. The Japanese Data Relay System has
implemented a 1.8 Gbps inter-satellite laser communication link
using DPSK/IMDD to transfer data between LEO satellites and
relay satellites [33]. Similarly, the European Space Agency deployed
a next-generation data relay satellite in geosynchronous orbit
(36,000 km), operating with BPSK modulation at 1.8 Gbps [34].
Additionally, a 10 Gbps satellite utilizing QPSK modulation was
successfully launched, enabling high-speed optical communication
between the satellite and a ground station [35].
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This work presents a novel data transmission technique
designed for enhanced security, bandwidth efficiency, and minimal
implementation complexity within existing OWC links. The
proposed technique leverages a hybrid modulation scheme,
combining PPM and DPSK. In PPM, data is encoded by varying
the position of a pulse within a defined time slot (bit period),
inherently increasing eavesdropping difficulty. DPSK, on the other
hand, modulates the carrier signal’s phase by specific increments
to represent data bits, further complicating unauthorized signal
decoding. The combined application of PPM and DPSK renders
the proposed technique relatively more secure for OWC data
transmission. This heightened security stems from the requirement
for an attacker to simultaneously access all three information
channels embedded within the signal for successful decoding.
OWC systems are inherently susceptible to eavesdropping due to the
readily intercepted nature of the optical wireless signal. However,
the proposed hybrid DPSK-PPM technique significantly impedes
unauthorized interception or eavesdropping, thereby improving
data confidentiality. This technique finds particular utility within
the context of GEO data relaying, enabling the transmission of
multiple channels with enhanced security and bandwidth efficiency,
as exemplified in the application scenario depicted in Figure 1. The
composite optical signal, carrying information from three distinct
channels, is transmitted towards the GEO satellite. Functioning as
a relay between an OGS and three LEO satellites, the GEO satellite
separates each channel before forwarding them to their respective
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FIGURE 2
Hybrid PPM-DPSK technique designed in Optisystem. EDFA: Erbium doped fiber amplifier, PM: Phase modulator, PC: Power combiner, OC: Optical
coupler, OS: Optical splitter, PS: Power splitter, PD: Photodetector, OBPF: Optical band pass filter, OGPG: Optical Gaussian pulse generator, ELPF:

Electrical low pass filter. SOA: Semiconductor optical amplifier.

LEO satellite destinations. By transmitting three independent
channels through a single OWC link, the proposed method fosters
increased efficiency within OWC systems by minimizing the
number of required optical transceivers. Notably, the stationary
nature of the GEO satellite grants it a significantly larger coverage
area compared to the constantly moving LEO satellites. The
subsequent section delves into the intricacies of the proposed
technique and the simulation setup employed to generate the results.

3 Proposed architecture

Figure 2 illustrates the detailed configuration of the proposed
technique. The system employs a pulsed laser source operating at a
central wavelength of 1,552 nm. This laser generates Gaussian pulses
with a pulse width of 12 ps and a repetition rate of 10 GHz. These
pulses serve as carriers for data from three channels originating at
the OGS. Each data symbol encompasses three data bits. For channel
one, data encoding is achieved using Optical DPSK modulation.
Initially, a pseudo-random bit sequence (PRBS) generator creates
a bitstream that is subsequently fed into a DPSK encoder. Within
the DPSK encoder, the PRBS data undergoes a one-bit delay via
an Exclusive-OR gate before conversion into Non-Return-to-Zero
(NRZ) format. The DPSK-encoded electrical signal then modulates
a Mach-Zehnder modulator (MZM), generating an optical DPSK
signal. Consequently, the optical DPSK signal encodes the data bits
for channel one efficiently within the phase of the optical carrier [36].

Following its generation, the optical signal is directed through
a Mach-Zehnder Interferometer (MZI) structure. One arm of the
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interferometer incorporates a phase modulator (PM) that receives
its electrical input signal from channel two, possessing a data rate of
10 Gbps. The data for channel two is generated by a PRBS generator,
which subsequently controls a NRZ electrical pulse generator. When
a high electrical data value (representing a “1” bit) is applied, the
PM induces a 90-degree rotation in the phase of the optical signal.
Conversely, the phase remains unaltered for 0 bits (“0”). Finally, a
3 dB coupler, featuring two input and two output ports, is positioned
at the MZT’s output [39]. The X-coupler has a transfer function that
can be written as Equation 1 below:

OP, 1l gl
=— (1)
op,| V2|j 1| IN2

The transfer matrix of the MZI determines the output port of
the optical signal. When the phase undergoes a 90-degree shift, the
signal emerges from port OP1 of the 3 dB coupler. Conversely, if
the phase remains unchanged, the signal exits through port OP2.
In essence, the data bits of channel one dictate the propagation
path of the optical signal within the MZI. This is because the phase
modulation applied by the PM, controlled by channel two's data,
directly influences the phase shift experienced by the signal.

Subsequent to the initial MZI stage, two additional MZIs are
employed. The PMs within these MZIs receive electrical data pulses
from channel three simultaneously. Similar to the first MZI, the PM
controlled by channel two’s data dictates the output port of the 3 dB
couplers (X-couplers) that the optical signal will traverse. A “1” bit
from channel twos PM directs the signal to port OP1, while a “0”
bit routes it to port OP2. Consequently, each of the four output
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ports from X-coupler-2 and X-coupler-3 will receive an optical pulse
within each time period, determined by the data bits processed by
the respective MZIs' PMs. Variable delay lines are then introduced
to implement PPM for four distinct bit combinations on the output
paths. Each pair of data bits (“2-bit symbol”) governs the position
of a pulse within a fixed time frame. The pulse corresponding to
the bit pair “00” experiences no delay. The pulse for the bit pair
“01” incurs the smallest delay (tl1), exceeding the optical signal’s
pulse width (12 ps). Conversely, the pulse for the bit pair “11” has
the largest delay (t3), yet remains shorter than the optical signal’s
time period (100 ps). The bit pair “10” experiences a delay (t2) with
a value between t1 and t3. A 4 x 1 power combiner subsequently
merges the four outputs. The power combiner’s output is then
amplified by an Erbium-doped Fiber Amplifier (EDFA) before being
transmitted over the OWC originating from the OGS. The Gamma-
Gamma channel model under medium turbulence conditions [36]
is employed to simulate the characteristics of this channel. The
Gamma-Gamma model accounts for both by modelling turbulence
as the product of two independent Gamma-distributed random
variables, one for small-scale turbulence and the other for large-scale
turbulence. This makes it more general than simpler models like
log-normal (valid only for weak turbulence) or exponential (used
for deep fading). Furthermore, the Gamma-Gamma model provides
a good fit to experimental results over a wide range of turbulence
conditions, from weak to strong turbulence regimes [36].

The optical channel in our simulation setup is composed of three
components that are transmitter telescope, optical communication
link and the receiver telescope. The power of the optical signal P,,.
received at the receiver telescope is given as [37, 38]:

A 2
P.= Ptrrltrqrec( m) GtrGrethrLrec (2)

In Equation 2 above, P,, is the transmitted optical power, #,,
and 7,,. are the optics efficiency of the transmitter and receiver,
respectively, A is the wavelength of the optical signal, R represents
the distance between the transmitter and the receiver, G,, and G,,,
are the transmitter and receiver telescope gain, respectively and
L, and L

respectively. In a FSO link for satellite communication, transmitter

rec are the transmitter and receiver pointing loss factor,
and receiver optics efficiency refers to the effectiveness of the optical
components in directing and collecting light for signal transmission
and reception. These efficiencies directly impact the overall system
performance, affecting the link budget and signal quality. The
transmitter gain represents the ability of the transmitting optics
(e.g., a telescope or beam expander) to focus the optical power into
a narrow beam, reducing divergence and maximizing the power
directed toward the receiver. The receiver gain represents the ability
of the receiver telescope to collect and concentrate optical power
onto the photodetector. The squared term in the brackets represents
the free space loss of the link. The gain of the transmitter and the
receiver telescopes are dependent upon their diameters and can be
expressed using the Equations 3, 4 below [37, 38]:

G ( Dy )2 (3)
tr ~ B
and
T[DYEC 2
Gree = | —; (4)
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In the above expressions, D,, and D,,. represent the diameter
of the transmitter and receiver telescopes, respectively. Generally, a
narrow-beam laser is transmitted towards a receiver that also has
a narrow field of view. This results in some loss due to imperfect
pointing of the laser, known as the pointing loss factor, given by the
Equations 5, 6 for the transmitter and receiver, respectively:

Ltr =exp (_Gtrez%r) (5)

and

Lrec =exp (_Grecetz'ec) (6)

where, 6, and 0,,. represent the transmitter and receiver azimuth
pointing error angle, respectively.

Upon reaching the GEO satellite relay, the received optical
signal is separated into four distinct paths using a power splitter.
Here, an optical pump signal comes into play. Similar to the pulsed
laser source at the ground station, it employs a different optical
wavelength of 1,550 nm. This pump signal serves to demodulate
the received DPSK-PPM signal and recover the embedded data
channels. The four signals generated by the local pump source
are intentionally delayed using the same delay values implemented
at the transmitter side. This ensures that a single pump pulse
consistently coincides with each PPM pulse time interval as input
to the Semiconductor Optical Amplifiers (SOAs) depicted in
Figure 2. Each of the four paths experiences a random combination
with the four received signals, and subsequently undergoes Four-
Wave Mixing (FWM) within the SOAs. The pump power and
the wavelength difference between the pump and signal pulses
are carefully selected to generate a sideband on each side of the
combined signal and pump spectrum [8]. Bandpass filters centered
at 1548.4 nm are positioned after each SOA to selectively extract the
desired FWM sidebands.

As previously discussed, each PPM pulse encodes two
data bits simultaneously, one each for channels two and
three (refer to Figure 3). The specific bit combination determines
the observable FWM sideband after the Optical Bandpass Filters
(OBPFs). For instance, the bit pair “11” is transmitted with a delay
of t3. This pulse will only effectively interact with the pump pulse
entering SOA-3, which possesses the same delay. The resulting FWM
sideband generated at SOA-3 is then filtered, delayed, and equally
divided between the photodetectors designated for channels two and
three. Consequently, a PPM pulse representing the “11” bit pair splits
into two On-Off Keying (OOK) pulses, each conveying a “1” bit.
Time delays are strategically introduced at the output of all OBPFs
to ensure proper alignment of pulses across all paths. Following
a similar principle, the bit pair “10” experiences a transmission
delay of t2. On the receiver side, this pulse interacts solely with
the local pulse at SOA-2 that shares the same delay. As a result,
FWM sideband generation is exclusive to SOA-2. After filtering and
delay adjustments, the output is directed solely to the photodetector
dedicated to channel one. This translates to channel one receiving
a pulse signifying a “1” bit, while channel two receives no pulse,
signifying a “0” bit. Subsequently, the pulse undergoes further
delay and attenuation to synchronize with pulses in other paths.
By following this procedure, a pulse representing the “01” bits is
delivered exclusively to the photodetector of channel three. For
the bit pair “00,” no overlap occurs within the SOA due to the
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FIGURE 3
Explanation of Pulse Position demodulation using pump pulses.

absence of a received pulse. Consequently, no pulse appears at
the output of the OBPFs. Both receivers interpret this absence of
an optical pulse as a “0” bit. In essence, this conversion method
effectively transforms the received PPM signal into two independent
OOK signals. The OOK signals detected by the photodetectors are
then processed through low-pass filters to eliminate noise. The
resulting signals are subsequently fed into a Bit Error Rate (BER)
analyzer for computation using eye diagrams, as explained in the
following section.

Based upon the findings presented in [40], our approach
leverages a SOA for signal processing. When the received signal
and the local pump signal are introduced into the SOA, idler
signals are generated. The wavelengths of these idler signals are
directly dependent on the spacing between the original signals. The
primary factor influencing the amount of idler signals produced
within the SOA is the combination of received and pump signal
powers, along with their respective wavelengths [40]. Notably,
the efficiency of FWM exhibits an inverse relationship with the
wavelength spacing between the parent signals. Consequently, we
meticulously adjust the signal strength and wavelength separation
to ensure the generation of only one idler signal on each side of the
spectrum. The resulting combined signal is then transmitted over
the sSOWC to the third LEO satellite equipped with a DPSK receiver.
The incoming optical DPSK signal undergoes demodulation using
a balanced detection technique. This method capitalizes on the
relative phase shifts experienced between consecutive data bits. A
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bit delay introduced by the Mach-Zehnder Delay-Interferometer
serves as a reference signal. This reference signal effectively cancels
out the phase information incorporated during the modulation
process [41, 42]. The photodiodes convert the remaining intensity
difference, reflecting the phase change between bits, into electrical
currents. The DPSK decoder then compares the current difference
at bit transitions to identify data bit flips, thereby recovering
the original data stream. This process essentially removes the
bit-delay signal and decodes the transmitted information [41,
42]. Through this approach, we achieve successful reception and
decoding of data bits from all three channels on the LEO satellites.
The simulation incorporates various parameters, including the
characteristics of the optical pulsed laser source, such as its center
wavelength, pulse width, and repetition rate. Consistent values are
employed for both communication links, encompassing aperture
diameter, input power to the OWC, transmitter/receiver geometric
parameters, pointing error angles, optical component’s efficiency
and the extinction ratio of the Mach-Zehnder modulator. A table
summarizing the key simulation parameters used in the proposed
model is presented in Table 1.

4 Results and discussion

As mentioned earlier, this work proposes a novel technique that
achieves a combined transmission rate of 30 Gbps. Each of the three
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TABLE 1 List of parameters applied in the proposed model.

10.3389/fphy.2025.1562799

Parameters Ground-to-GEO satellite link GEO-to-LEO satellite link
1 Wavelength 1,552 nm 1,552 nm
2 Link Distance 36,000 km 36,000 km
3 Data Rate 30 Gbps 10 Gbps
4 Transmitter aperture diameter 50 cm 50 cm
5 Receiver aperture diameter 90 cm 90 cm
6 Input power to the channel 533 W 5.8 W
7 Refractive Index structure parameter 5% 10714 w23 5% 1071 w23
8 Transmitter optics efficiency 85% 85%
9 Receiver optics efficiency 85% 85%
10 Transmitter pointing error angle 0.001 mrad 0.0.001 mrad
11 Receiver pointing error angle 0.001 mrad 0.001 mrad
12 Mach-Zehnder modulator Extinction ratio 30 dB 30 dB

independent channels carries data at a rate of 10 Gbps, utilizing
a single pulsed laser source with a repetition rate of 10 GHz. To
evaluate the effectiveness of the proposed method, the BER for
each channel was analyzed across varying received optical signal
powers. The widely adopted Gamma-Gamma model was employed
to characterize the OWC channel. In this model, a scintillation
index of 50x 107> was chosen to precisely represent the weak
turbulence conditions of the medium. Additionally, the attenuation
introduced by the geometric parameters of the transmitter and
receiver equipment was also considered.

As described earlier, the receiver employs FWM within the SOAs
to convert the received DPSK + PPM signal into separate OOK
signals representing channels one, two and three. Figures 4A-D
showcases the optical spectra observed at the output of each SOA.
The spectral plots reveal that the received optical signal and pump
signal are centered at wavelengths of 1,552 nm and 1,550 nm,
respectively. The FWM process generates two major sidebands
surrounding these central wavelengths, specifically located at
1,548 nm and 1,554 nm. As noted in [40], nonlinear effects within
the SOAs introduce a slight shift in the sideband wavelengths.
Using OBPFs with a 40 GHz bandwidth centered at 1548.4 nm,
the sideband closer to the pump wavelength is selectively chosen.
Figure 4E presents an eye diagram of the received hybrid DPSK-
PPM signal. This eye diagram demonstrates that the optical pulses
occupy four distinct positions within a single bit period. Each
position in this context represents a two-bit combination. The
optical pulses are delayed based upon the two-bit combination.
For example, the bit combination of “00” will result in no delay
of the pulse. If v¢ is minimum amount of delay, then for bit
combination of “01” the delay is vf, for “10” the delay is 2 x vt
and for “117 the delay is 3 x v£. The maximum delay, which is 3 x
vt, must not exceed the bit period of the data signal. Following
reception of the hybrid-PPM signal, the bit pairs are subsequently

Frontiers in Physics

07

separated into two independent OOK data streams, as explained in
the previous section. Figures 4F-H depict the eye diagrams of the
resulting signals for Channels 1, 2, and 3, respectively, obtained at
the output of the electrical low-pass filters. The eye diagram shown
in Figure 4F is for the DPSK modulated signal that is demodulated
using balanced detection. The remaining two eye diagrams are for
the two OOK signals that were extracted from the received PPM
signal. These eye diagrams clearly illustrate the minor intensity
variations caused by the turbulence inherent to the OWC channel.
The plots presented in Figure 4 were derived from an OWC channel
with a length of 36,000 km. This configuration resulted in a BER of
approximately 107°.

Figure 5 shows the BER performance of the three channels
for different values of received optical powers. Furthermore, the
BERs are measured for two different values of the time delay v,
to elaborate the effect of delays on the performance. The BER is
measured at the LEO satellite, that is the final point in our link.
The plots show that the BER performance of the data transmitted
using the PPM technique is better by around 2.5 dB compared to
the data transmitted by employing DPSK modulation. The reason
may be understood by considering that the DPSK signal uses phase
modulation of the optical signal for transmitting data. Since DPSK
utilizes phase shifts to represent data bits (ones and zeros), the
primary source of signal degradation is phase noise induced during
transmission. In our proposed technique, consistent phase noise
is introduced by the SOAs responsible for separating the three
channels at the GEO satellite. This is also the reason why the
BER performance of the DPSK modulation for higher value of
time delay vt of 20 ps is better compared to lower value of 15 ps.
Higher time delay between the pulses allow the SOA to recover
from the carrier depletion and hence, result in low phase noise over
the optical pulses. Additionally, the phase modulators used at the
transmitter for PPM implementation also contribute some phase
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shift to the optical signals. On the other hand, the PPM signal is
obtained by choosing specific values of time delays at the transmitter.
These delays are eliminated and all the pulses are aligned at the
GEO satellite. Therefore, the performance degradation is less for
the PPM signals compared to DPSK modulated signals. Figure 5
shows that the minimum achievable BER for the DPSK signal
is around 107. Increasing the received optical power beyond
this point did not result in any significant improvement in the
BER of the DPSK signal. The BER of the PPM signals showed
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improvement when the received power is increased. However, for
the purpose of comparison, BER values around 107 are shown
for the PPM signals. This work achieves a combined data rate
of 30 Gbps, surpassing the data rates reported in previous PPM-
based studies. It is crucial to acknowledge the inherent trade-off
between achievable BER and data throughput. Lowering the data
rate would permit further improvement of the BER. The simulations
employed the well-established commercial tool Optisystem, which
incorporates the majority of critical OWC channel characteristics.
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TABLE 2 Comparison among different modulation formats.
\[e} Feature PPM DQPSK (0]0],4 QPSK
1 Spectral Efficiency Low (requires more High (1 bit per Hz) Moderate (1 bps/Hz) High (2 bps/Hz)
bandwidth)
2 Power Efficiency Very High (low average Moderate (better than Low (requires high Moderate
power) OOK) power)
3 Noise Tolerance High (less affected by High (coherent detection Low (sensitive to noise) High (coherent detection
shot noise) improves performance) mitigates noise)
4 Synchronization High (precise slot timing Moderate (phase Low (simple envelope High (coherent phase
Requirement needed) changes must be tracked) detection) tracking needed)
5 Bit Error Rate (BER) Better than OOK at low Better than OOK, High BER at low SNR Best BER performance at
Performance SNR comparable to QPSK high SNR
6 Implementation Moderate (requires slot Moderate (requires Low (simple direct High (requires coherent
Complexity synchronization) differential phase detection) demodulation)
detection)
7 Turbulence Resistance Better than OOK Good (differential Poor (direct intensity Good (coherent
(pulse-based nature encoding mitigates fluctuations affect processing mitigates
reduces impact) turbulence) performance) turbulence)

Our proposed method avoids the use of specialized optical
or electronic components, resulting in straightforward hardware
implementation using readily available commercial equipment.

A comparison among different modulation formats employed in
our work, that are PPM and DQPSK and the commonly employed
formats, that are OOK and quadrature phase shift keying (QPSK)
has been presented in Table. 2. Based on this comparison, it may
concluded that a hybrid modulation scheme that combines PPM
and DPSK (PPM-DPSK) can leverage the advantages of both
techniques, leading to improved performance in power-limited
and bandwidth-constrained optical communication systems. The
transmission of multiple data streams can be achieved using
techniques such as Wavelength Division Multiplexing (WDM) with
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three signals or PAM-8 modulation; however, these approaches
introduce higher complexity. In contrast, our technique utilizes
only off-the-shelf components, making it more practical and cost-
effective. Additionally, the SOA employed in our approach is a low-
power device that can be seamlessly integrated on-chip, enhancing
scalability and efficiency. While synchronization challenges exist,
they are common across various modulation schemes. Standard
synchronization mechanisms can be applied to mitigate these
issues effectively. Various approaches can be utilized to extend the
proposed scheme for transmission up to 100 Gbps. For instance, the
data rate can be increased by introducing additional wavelengths
or reducing pulse widths to enhance temporal resolution. Our
technique leverages off-the-shelf components and can be seamlessly
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integrated into existing deep-space communication links that
currently employ OOK or DPSK, ensuring compatibility with
deployed infrastructure while offering enhanced performance.

5 Conclusion and future work

This work presents a novel technique for transmitting three
secure data channels over a single OWC link. This approach
addresses the limitations of traditional methods by combining
the security benefits of DPSK with the flexibility of PPM. By
offering a selection of time delay values between PPM pulses, the
method enhances the security of OWC links against eavesdropping,
providing a dynamic and adaptable security mechanism. Compared
to conventional techniques like OOK and DPSK only, our proposed
method transmits data from three distinct channels using a single
optical carrier, resulting in reduced power consumption per channel.
Additionally, the technique facilitates uplink data transmission
from the OGS to multiple LEO satellites via a GEO data relay
satellite, improving overall link availability. The cost-effectiveness
of this method lies in its ability to be implemented without
requiring specialized components, making it a practical solution for
network operators. This innovative approach has the potential to
revolutionize wireless connectivity by enabling widespread networks
that leverage both terrestrial and satellite-based optical connections.
Potential applications include underwater communication networks
and high-speed internet access in remote locations. Given the ever-
increasing demand for secure and high-speed communication, this
method holds significant promise for real-world deployment.
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