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Abstract

The rapid surge in the technological advancement of humanity calls for development of faster, reliable & effective communication
methods between satellites orbiting in outer space. The infamous inter-satellite link technology, coupled with free space optical
communication is a robust solution for the same. While establishing this for low earth orbit satellites, it is critical to ensure that the
links established across the two satellites avoid the atmosphere, i.¢., the links stay above the Karman Line. This becomes necessary
as optical beams suffer a lot of attenuation due to atmosphere. This research aims to calculate the maximum possible perpendicular
range at which two low earth orbit satellites can be offset, while avoiding the atmospheric interference in the links. By using
simple Pythagorean mathematics and spacecraft simulations, the results provide a promising solution for the placement of satellites
in low earth orbits. Along-with the maximum range determination, a comprehensive power analysis is conducted theoretically
using MATLAB and then the same is simulated in OptiSystem software. The power analysis provides insights that are crucial for
determining optical receiver sensitivity, link budget and data rates supported by the link. Both range and power analysis is performed
for multiple circular low earth orbits ranging from 400 km to 1200 km with a 100 km step size. The results demonstrate a lowest
maximum range value of 4511.6 km & the highest received power value of —48.69 dBm for the 400 km orbit and the highest
maximum range value of 14,075 km & the lowest received power value of —58.57 dBm for the 1200 km orbit. A high data-rate of
2.5 Gb/s is obtained between the satellites in the 400 km orbit with an acceptable bit-error ratio value of 4.17 x 1075,
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lI. Introduction provides higher data rates and larger bandwidth due to its

high carrier frequency (around 193 THz). It also offers
Over the last two decades, there has been an overwhelm- improved power efficiency, as optical beams require sig-
ing rise in research and development in the field of op- nificantly less power compared to traditional RF antenna
tical communication, particularly in the domain of free gystems. Additionally, it ensures minimal latency since
space optical communication (FSOC). Instead of relying  this form of communication operates in a direct line of
on physical cables like optical fibers, FSOC transmits  gjght without bouncing off surfaces. Secure transmission
data through air or space using light as a frequency car-  js another advantage, enabled by the narrow beamwidths
rier. This technology has become increasingly popular  apnd high directivity of optical telescopes. Interestingly,
across the entire space and electronics sector due to its  the space sector has made the most use of the FSOC tech-
various advantages over conventional fiber-based or RF-  nology by implementing the same for ground to satellite
based (radio-frequency) communication systems. FSOC  and inter-satellite link (ISL) communication applications.
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ISLs remove the need of ground station as facilitator for
communication between two satellites, thereby enabling
direct line of sight communication between them. NASA
achieved FSOC between a lunar satellite and a ground
station at a distance of 400,000 km in their LLCD (Lunar
Laser Communications Demonstration) experiment. This
experiment achieved an uplink data rate of 20 Mbps and
a downlink data rate of 622 Mbps between the ground
station and the lunar spacecraft [1]. In 2014, the Optical
Payload for Lasercomm Science (OPALS) was installed
in the International Space Station (ISS) with an aim to
establish secure and speedy FSOC links with spacecraft
in Low Earth Orbits (LEOs) under NASA [2]. In 2019,
ISRO did the same but they established a ground to satel-
lite optical link between an optical ground station and
a geostationary orbit satellite (GEO) in their GSAT-29
mission [3]. A duplex ISL scheme was proposed by
ESA to achieve optical ISL data speeds up to 50 Mb/s
in LEO and GEO in the SILEX program that comprises
two FSOC payloads namely SPOT-4 & PASTEL [4]. A
LEO to GEO ISL FSOC scheme & simulation shows en-
hanced data rates that are way better than RF along-with
a much lower power input, better link margin and better
reliability [5]. Optical beams are widely known to expe-
rience significant attenuation due to atmospheric turbu-
lence, cloud cover, and effects such as scattering, disper-
sion, and beam wandering. A primary focus is needed to
counter the challenges faced in establishing reliable and
high-speed communication links through the atmosphere.
In [6-8] a comprehensive examination of the obstacles
faced in free space optical communication has been done
and the strategies employed to mitigate these challenges
effectively have been discussed. Satellites in LEO are es-
sential for tasks like Earth observation and telecommuni-
cations. Connecting these LEO satellites through reliable
ISLs facilitates faster data transfer, real-time data process-
ing, and better satellite management. Now, few questions
arise that eventually made this research happen. Can we
completely avoid this atmosphere that is causing so much
attenuation? Can we deploy such an ISL scheme for LEO
satellites that the link completely avoids the atmosphere
and connects to the other LEO satellite? If yes, then what
is the maximum range these LEO satellites can be offset
from each other that the link completely avoids the atmo-
sphere, that is, it stays above the Karman Line? Karman
Line is a theoretical boundary (approximately 100 km
above earth’s surface) that separates the main chunk of
the atmosphere from outer space. This does not mean that
the part above the Kdrmén Line is completely vacuum, but
the atmosphere there is so thin that it has really negligible
effects of atmospheric attenuation on optical communi-
cation beams. Ref. [9] explores the historical context,

scientific rationale, and contemporary perspectives sur-
rounding the definition and relevance of the Karman Line.
Ref. [10] indicates a novel approach to addressing the chal-
lenges associated with defining the Karman line, aiming
to contribute to the advancement of knowledge and under-
standing regarding Earth’s atmosphere and its boundaries
in the context of space exploration. To the best of avail-
able knowledge, determination of the maximum possible
distance at which LEO satellites can be given an offset in
a LEO constellation while avoiding the atmosphere has
not been yet done by anyone. This can prove to be crucial
in future for researchers of this field, as satellite offset dis-
tance data directly provides the base of determining the
total number of satellites that can be accommodated in
that specific orbit. A data-rate and wavelength compari-
son has been done between existing systems and this work
in Table 1.

Table I: Comparison with existing FSOC systems.

Ref. Range Data Rate Wavelength
[1] 384,000 km upto 622 Mb/s 1550 nm
2] ~418 km >10 Mb/s 847 nm
[4] ~45,000 km upto 50 Mb/s 950 nm
[5] ~40,000 km upto 1.1 Gb/s 1550 nm

VTVIOIE >4511 km upto 2.5 Gb/s 1550 nm

2. Materials and Methods

As discussed earlier in the Introduction section, this study
aims to calculate the maximum possible distance between
two LEO satellites while avoiding a major chunk of at-
mosphere that dominantly occurs below the Karman Line.
The methodology involves two satellites with FSOC pay-
loads, S1 and S2, in a LEO orbit, a reference ground sta-
tion and the Karman Line at 100 km altitude. Let’s say,
the first scenario is for a circular orbit of 500 km with 0
degrees inclination. GMAT will give the slant range of
S1 from the reference ground station. This range data is
very important for the Pythagorean calculation which will
eventually provide the half-range between the satellites
S1 and S2 above the Kdrman Line. The Karman Line
height, defined as 100 km above the Earth’s surface, is
utilized, and the Pythagorean theorem is applied to cal-
culate the desired range values. The entire Pythagorean
setup can be envisioned in Figure 1. A ground station,
along with satellites S1 and S2 in a 500 km orbit, is de-
picted, while the dotted line around the Earth represents
the Karman Line, located 100 km above ground level. The
point A is the center point of the line-of-sight distance be-
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tween S1 and S2. It is also the point that just touches
the Kdrman Line, which means that the line joining S1
and S2 via point A will the maximum possible distance
for an optical link between them while avoiding a major
chunk of the atmosphere. Determination of received opti-
cal power is crucial for determination of the data rate that
the link can support, for intricate details that are needed
before hand while designing optical receivers, telescopes,
etc. [11,12] focus on the crucial aspect of estimating the
link budget for free-space optical communications, which
is essential for designing reliable and efficient commu-
nication systems in space environments. Therefore, us-
ing well-established optical communication formulas &
simulation software, an optical received power analysis
was conducted, considering attenuation factors such as
free space path loss, telescope efficiencies, fiber-coupling
losses, pointing losses, and system losses. This received
power analysis has been done for all circular orbits in the
range of 400 km to 1200 km. All the calculations and
post-processing of the data has been done in MATLAB
and the satellites, the ground station (GS) and their range
data has been simulated and obtained from NASA Gen-
eral Mission Analysis tool (GMAT). After theoretical esti-
mation and power calculation, all LEO-to-LEO scenarios
are simulated in OptiSystem software for determination
of highest possible data rates, bit-error ratio (BER), and
Quality factor (Q-factor), based on the eye diagrams ob-
tained from the simulations. BER is basically the ratio of
the received error bits upon the total number of bits trans-
mitted. BER and Q-factor are two co-related parameters
that are usually used to determine received signal’s qual-
ity and ultimately, system performance. In simpler words,
wider the eye, the higher is the Q-factor value and lower
is the BER value which ultimately means better system
performance.

Figure I: S1 to S2 maximum range for 500 km LEO.

2.1. GMAT Simulation

GMAT simulates the satellites in the required orbits one
by one ranging from 400 km to 1200 km with 0 degrees
inclination angle. It also simulates a reference ground sta-
tion. By generating slant range reports, it allows us to
determine the maximum slant range of satellite S1 from
the ground station, precisely when the satellite crosses the
horizon and comes into the line of sight of the ground sta-
tion. This simulation provides us a very crucial parame-
ter that is the maximum slant range of the satellite from a
ground station on earth.

2.2. Pythagorean Calculation

Asdepicted in Figure 1, we can perform basic Pythagorean
mathematics on the diagram and find out the distance be-
tween S1 and S2.

e  GMAT gives the distance value between S1 and ref-
erence ground station.

e  We know that the perpendicular distance of point A
directly above the ground station is 100 km.

e  We can deploy Pythagoras theorem and calculate the
distance between point A and S1.

e  Doubling the distance between point A and S1 gives
us the total distance between S1 and S2.

e  This keeps on iterating for all orbits ranging from
400 km to 1200 km with a 100 km step size.

2.3. LEO S| & S2 Optical Payload

The LEO satellites S1 & S2 carry optical payloads to estab-
lish FSOC links between each other. In this subsection the
optical telescope parameters, transmit power, telescope ef-
ficiencies, fiber coupling losses, system losses, pointing
losses & operating wavelength have been discussed. The
same have been tabulated in Table 2 for both transmitter
(Tx) and receiver (Rx) sides respectively.

Table 2: Transmitter and Receiver payload parameters.

Parameters Unit Tx Rx
Telescope Aperture cm 5 5
Transmit Power dBm 37 -
Optical Efficiency % 50 50
Pointing Loss dB 1.5 1.5
Implementation Loss dB 0.5 0.5
Fiber Coupling Loss dB 2 2
Carrier Wavelength nm 1550 1550
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The optical aperture for both Tx and Rx telescopes
is 5 cm as both payloads have to be made small in size, to
make them lightweight & feasible for installation on low-
power LEO satellites. A 5-watt (37 dBm) optical transmit
beam is fired through free space, as it saves both power
consumption and carries enough photons that can be de-
tected at the receiver-end easily. The efficiencies of both
the telescopes have been assumed as 50% to leave ample
amount of power loss window to consider lens losses like
absorption, aberration, etc. within the telescopes. The
pointing losses, system implementation losses, and fiber
coupling losses were predetermined and calibrated phys-
ically in an optical communication systems lab at the In-
dian Space Research Organization [5], which is also part
of previous research on FSOC. The operating carrier wave-
length has been chosen as 1550 nm. It is a well-known
fact, also mentioned by various authors in multiple pa-
pers that this wavelength suffers minimum losses in op-
tical fibers, as low as 0.2 dB/km [13].

2.4. Received Power Analysis

Multiple factors affect the power levels received by APDs
(Avalanche Photodiodes) or PIN (Positive-Intrinsic-Nega-
tive) diodes at the receiving end. These factors include
free space path loss, pointing losses, coupling loss, imple-
mentation loss, efficiency loss and atmospheric attenua-
tion due to turbulence, light scattering, dispersion, beam
wandering, etc. Atmospheric attenuation is not consid-
ered in this research, as the focus is specifically on work-
ing outside the atmosphere, above the Kdrman Line. Free
space path loss is a key concept of electromagnetic (EM)
wave theory, which states that any EM wave travelling
through a medium or vacuum faces attenuation and power
decrease as it travels further and further through space.
This path loss can be calculated using the fsp/ function in
MATLAB. Pointing losses are considered to account for
losses incurred due to improper alignment of incoming
beam into the telescopes These losses occur as the azimuth
and elevation angles continuously change every second,
owing to the constant motion of both satellites. To keep
the transmitting and receiving terminals aligned with each
other, quad-detectors are used to rotate the gimbals on
which the telescopes are mounted. Fiber coupling losses
are the losses incurred when the free space beam is cou-
pled from a telescope into an optical fiber and vice versa.
Implementation losses are small losses within the system
due to factors such as thermal noise, dark current, etc.
The pointing losses, implementation losses and coupling
losses have already been calibrated using a proper opti-
cal test bench setup in an optical communications lab at
ISRO, as mentioned before [5]. Efficiency loss accounts

for the telescope transmit and receive losses because the
telescope obviously does not transmit and receive 100%
of the outgoing & input power. Since, the transmitted op-
tical beam is gaussian in nature, the optical system faces
geometrical losses as the beam diverges outwards during
propagation. This is determined by the divergence of the
transmitting telescope and is given by Equation (2) below.
Considering the carrier wavelength as 1550 nm and 5 cm
as the diameter of the telescope we get a beam divergence
of 0.075 milliradians. This value is considered during
OptiSystem simulations that adds geometric losses to the
system as well. The received power is determined for dif-
ferent ISL scenario with satellite orbits ranging from 400
km to 1200 km. The optical received power is calculated
using all standard optical communication formulas while
considering all the intricate losses and attenuation faced
by the optical link. These are all well-established and
verified formulas mentioned in various optical communi-
cation books and papers [5,14]. The theoretical received
power analysis is done in MATLAB and the formulas
used for transmitting, receiving telescope gains, efficiency
losses, free space path loss, etc. are given as below.

32
G = (1)
2.44 \
0=="5= @
abs_G,, = 10log,,(G4s) 3)
path_loss = fspl(sat_distance  (10°),0p_wv)  (4)
wD 2
abs_G,., = 10log,o(Gyry) (6)
Preceived - Ptm + Lta: + er + abstm (7)

+abs G,, — PL,— FSPL—CL—IL

Here, Py, is transmitter input power, L, and L,, are
absolute Tx and Rx telescope efficiency losses respec-
tively, G, and G, are Tx and Rx telescope gains respec-
tively, abs G, & abs_G,, are absolute values of Tx and
Rx telescope gains in dB, PL,, and PL,, are pointing losses
of both telescopes respectively. /L and CL are the imple-
mentation and coupling losses respectively. FSPL is the
free space path loss. 6 is the beam divergence of the opti-
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cal beam. A is the operating wavelength of the light beam.
D is the telescope aperture diameter. Different gain cal-
culation formulas are used for the transmitter (7x) and
receiver (Rx) because the wave at the transmitting end is
a Gaussian wave, and by the time it reaches the receiver,
it becomes equivalent to a planar wave. Then, the same
is simulated in OptiSystem software and values are cross-
verified. The OptiSystem layout can be envisioned in Fig-
ure 2. We use a very low input power (5 dBm) continuous-
wave laser supply, a random bit sequence generator with
variable data rate values for different orbits (set to 2.5 Gb/s
in the figure for 400 km scenario) which is connected to a
NRZ pulse generator coupled into a Mach-Zehnder mod-
ulator for modulation of the binary data onto the optical
carrier beam. The modulated signal then passes through
a 37 dB gain optical amplifier and a 4 dB noise figure
and then gets transmitted through a free space channel
through the 5 cm telescope with a beam divergence value
0f 0.075 mrad. Geometrical losses are enabled in the sim-
ulation and the pre-determined optical losses (discussesed
earlier) that amount to a total of 8 dB losses have also
been added. The transmitted signal is then captured by
the receiving telescope and coupled into an optical fiber
that passes through a low-noise amplifier with a 40 dB
gain & a noise figure value of 2 dB. It then goes into an
optical receiver that has an avalanche photodiode (APD)
to detect the incoming signal, a low pass Bessel filer to
filter out the unwanted stray wavelengths and a 3R gener-
ator to generate a binary sequence, a square NRZ signal
and an analog signal which is coupled into a BER ana-
lyzer to determine Q-factor and BER values along-with
eye-diagrams. A wide-open eye indicates good signal
quality along-with high Q-factor values and lower BER
values. There are various commercially available optical
APD-based receivers with sensitivities going as low as
—29 dBm as mentioned in [15]. Commercial optical com-
ponent companies such as Thorlabs, etc. offer these types
of free space receivers. The received signals, amplified
by 40 dB optical amplifier can easily be detected by these
receivers.

3. Results

The results section of this work comprises of two subsec-
tions, i.e., Multi-Orbit Range Analysis, that tabulates and
plots the maximum satellite range trends across different
orbital altitudes & Multi-Orbit Power Analysis that tab-
ulates and plots the received power when the proposed
optical payload is used on both the LEO satellites across
different orbital altitudes. Maximum data rates, BER and
Q-factor values along-with eye diagram are also presented

and discussed for two peak orbital scenarios, that are 400
km and 1200 km respectively.

3.1. Multi-Orbit Range Analysis

In this subsection, maximum range trends of inter-satellite
communication in Low Earth Orbit (LEO) beyond the Kar-
man Line while varying the orbit altitude from 400 km to
1200 km with an inclination of 0 degrees with a step size
of 100 km is determined. The same has been tabulated in
Table 3 & the trends are plotted in Figure 3.

Table 3: Maximum received power for different orbits.

Orbit Altitude Slant Range Max ISL Range
(km) from GS (km) S1-S2 (km)
400 2291 4511.6
500 3080 6078.3
600 3749 7401.4
700 4372 8631.2
800 4946 9761.7
900 5519 10,890
1000 6077 11,988
1100 6625 13,066
1200 7139 14,075

3.2. Multi-Orbit Power Analysis

In this subsection, the calculated received power for or-
bits ranging from 400 km to 1200 km is tabulated and the
trends are graphically represented in Table 4 & Figure 4,
respectively.

Table 4: Maximum received power different orbits.

Orbit Altitude Max ISL Range  Received Power
(km) S1-S2 (km) (dBm)
400 4511.6 —48.69
500 6078.3 —51.28
600 7401.4 —52.99
700 8631.2 —54.33
800 9761.7 —554
900 10,890 —56.35
1000 11,988 —57.18
1100 13,066 —57.93
1200 14,075 —58.57
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Figure 2: 400 km orbit OptiSystem layout.

After rigorous simulations in OptiSystem, it is ob-
served that the 400 km orbit ISL with a maximum range
0f' 4511 km can support a data rate of 2.5 Gb/s while main-
taining good BER and Q-factor values of 4.17 x 1078
& 5.346, respectively. An acceptable eye-diagram is ob-
served and can be envisioned in Figure 5. However, for
the 1200 km orbit ISL with a maximum range of 14,075
km, the received power falls significantly due to the huge
amount of distance that ultimately reduces the data carry-
ing capacity of this link. A 250 Mb/s data rate link can be
established for this scenario while maintaining acceptable
BER and Q-factor values of 4.82 x 10~7 & 4.886, respec-
tively. The eye-diagram for 1200 km orbit scenario can
be envisioned in Figure 6.

16000
14000
12000
10000
8000
6000

4000

Max ISL Range S1 to S2 (km)

2000

0
0 200 400 600 800 1000

Satellite Orbit Altitude (km)

1200 1400

Figure 3: S1 to S2 maximum ISL range across 400 km to 1200
km circular orbits.

4. Discussion

The results of this research work effectively demonstrate
the methodology and deliverables in the form of maxi-
mum ISL range data between satellites S1 and S2 while
avoiding optical beam propagation through atmosphere
above the Karman Line. These results are obtained through
simple Pythagorean mathematics, basic simulations in
GMAT, calculations in MATLAB, and simulations in Op-

. E—I l* =1 B -
EERL ]
NRZ Pulse Generator G RX =, ]
010..= P = Sdmal Reoav:rAPD BERAnalyzer
Gain=3
Pseudo-Random Bit Sequence Generator EDFA 2 Dark current= 10 nA
Bitraie = 25 GBitsis G Gain=40 dB

Noisefigure=2 dB

FSO Channel

N1 A — | Gain=37 dB Ranae = 4511 km
2 Noisefigue=4 dB  Geometica loss = YES
Transmitter aperture diameter =5 cm

Receiver aperture diameter =5 cm
Beamdivergence = 0.075 mrad

tiSystem software. Earlier a few questions were raised re-
garding how can FSOC be carried out between two LEO
satellites while avoiding hindrance caused by atmosphere.
The range results show us the exact maximum perpendic-
ular distance at which satellites in a LEO constellation be
offset from each other while avoiding the Karméan Line,
effectively answering the earlier raised questions. The
same has been done for all primary LEOs ranging from
400 km to 1200 km with minimum perpendicular range
being 4511.6 km for 400 km LEO & maximum perpen-
dicular range being 14,075 km for 1200 km LEO. One
shortcoming of this range determination is that this works
only for circular orbits with 0 degrees inclination. These
values are bound to change drastically for differently posi-
tioned ground stations, as well as satellites with different
orbits and inclination angles. However, this research can
be deemed as first of its kind and sets the base and stage for
further research with more complex orbits and even more
complex mathematical models to determine the maximum
perpendicular range above the Karman Line. Received
power is also a very important parameter to determine be-
forehand, as it is a prerequisite to design optical receivers
and also determine link budgets as well as maximum data
rates that can be supported by the link. The maximum re-
ceived power, obviously is obtained in the 400 km LEO,
its value being —48.69 dBm. For this received power, a
data-rate of 2.5 Gb/s is obtained while maintaining good
BER value of 4.17 x 1078, It is to be noted that this data
rate is achieved by using just a 5-watt (37 dBm) carrier
beam. This implies that the system proposed in this re-
search work is very power efficient as it uses only a 5 dBm
continuous-wave laser supply and a 37 dB gain optical am-
plifier and still manages to achieve a data rate of 2.5 Gb/s.
The lowest received power is obtained in the highest orbit
scenario, i.e., 1200 km LEO, which is —58.57 dBm. This
range ISL can support a data rate of 250 Mb/s along-with
acceptable BER value of 4.82 x 10~7. Received power
and data rates can be enhanced by increasing the diameter
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of the telescope, boosting the input optical beam power,
using more efficient optical amplifiers with higher gain,
or minimizing pointing errors. These improvements can
contribute to optical systems that consume more power,
leading to enhanced performance. As for this work, the
main aim has been to consume as less power as possible
since LEO satellites are low duty satellites and low power
consuming systems eventually increase the satellite’s mis-
sion life. In the end, the entire range and power analysis
provides enough data and understanding of the signifi-
cance of FSOC, the need of FSOC and most importantly
the intricate answer to why and how one can establish
links while avoiding the atmosphere to minimize losses
suffered by the optical ISL. The power analysis also pro-
vides a number that is important to be predetermined for
purposes like defining receiver sensitivity, link budget and
data rates.
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Figure 4: Received power variations for 400 km to 1200 km cir-
cular orbits.
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Figure 5: Eye-diagram for 400 km orbit ISL.
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Figure 6: Eye-diagram for 1200 km orbit ISL.

5. Conclusions

The comprehensive analysis conducted in this study sheds
light on the range capabilities and received power dynam-
ics of inter-satellite communication in Low Earth Orbit
(LEO) beyond the Karman Line. Investigation into the
maximum slant range and distance between LEO satel-
lites in each orbit configuration has highlighted the im-
portance of altitude in determining communication range.
It has been observed that higher altitude orbits generally
exhibit greater communication range potential with fairly
enough amount of received power, emphasizing the sig-
nificance of optimal orbit selection in space communica-
tion system design. Furthermore, the analysis of received
power across multiple orbits has provided valuable data
on the power levels received by satellites, considering
factors such as transmission power, telescope gain, path
loss, and potential atmospheric attenuation (that has been
entirely removed as the link is established above the Kar-
man Line). This research work sets the stage for this field
of FSOC above the Karman Line for lot more promising
research. Future research could focus on developing im-
proved mathematical models that account for satellites
with various inclination angles, as well as ground stations
located at different positions on the Earth’s surface.
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