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Abstract: Free-space optical communications have emerged as a powerful solution for inter-satellite
links, playing a crucial role in next-generation satellite networks. This paper introduces a compre-
hensive model that enables the dynamic evaluation of optical power requirements for realistic low
Earth orbit satellite constellations, throughout the orbital period. Our approach incorporates the
constellation architecture, link budget analysis and optical transceiver design, to accurately estimate
the power required for sustaining connectivity for both intra- and inter-orbit links. We apply the model
considering Walker delta-type constellations of varying densities. We show that in dense constellations,
even at high data rates, the required transmission power can be low enough to mitigate the need of
optical amplification. Dynamically estimating the power requirements is vital when evaluating energy
savings in adaptive scenarios where terminals adaptively change the emitted power depending on
link status. Our model is implemented in Python and is openly available under an open-source license.
It can be easily adapted to various alternative constellation configurations.

Keywords: free space optics; link budget analysis; low earth orbit; optical inter-satellite links

1. Introduction
In recent decades, there has been a notable surge in free-space optics (FSO) driven by the escalating

demand for real-time quality of service and the necessity to efficiently transfer large amount of data
both at terrestrial and satellite networks, with a pronounced focus on optical inter-satellite links
(OILs) [1]. While radio-frequency (RF) technologies are still prominent in satellite applications, the
emergence of OILs is quickly gaining leverage in commercial applications. OILs offer several offer
several key advantages, including a vast available spectrum, high data rates, narrow optical beams
favoring security, small antenna sizes and reduced power consumption [2–5].

Low Earth orbit (LEO) Walker-delta type constellations are widely being considered in commercial
deployments, with Starlink Phase 1 V2 being a typical example [6,7]. This constellation consists of
a total of 1584 mini-satellites at an altitude of 550 km. In LEO applications, satellite sizes vary from
large to pico satellites, the latter commonly being referred as cubesats [8]. OILs are a favorable
communication solution in all these scenarios, leading to laser terminals that are both lightweight and
compact [9].

Various OIL systems have been developed. One notable example is the Optel-µ terminal, con-
structed by TNO and utilized for both downlink and uplink communications [10]. Another is the LCT
terminal produced by TESAT, which is employed for LEO satellite networks. [11]. NASA has also
developed several systems for LEO-to-LEO and LEO-to-ground communication links [12]. Similarly,
the German Aerospace Center has also demonstrated mini-satellite OIL transceivers [13]. In [14], a
spherical system with multiple transceivers has been developed that offers omnidirectional coverage
of nearly 360 degrees and a data rate of 1 Gbps over a distance of 200 km. Another approach, as
described in [15], involves equipping each satellite side with a 100-degree field-of-view OIL, which
also enables omnidirectional coverage.
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1.1. Motivation and Related Work

Understanding the system requirements to maintain connectivity throughout the constellation is
crucial. Several studies examine the structure of satellite constellations and communications between
different satellite layers. In [16], a classification of both RF and OIL links is presented, focusing on
links between satellites at the same or different altitudes and between high-altitude platforms (HAPs).
In [17], a satellite network utilizing OILs is examined and compared to a terrestrial network in terms
of latency. In [18], the phasing parameter F is introduced to determine the relative initial satellite
positions to avoid collisions. In [19] and [20] OIL connection strategies are explored, focusing on
efficient routing schemes with low latencies. In [20], the authors introduced a latitude parameter
to examine the relationship between satellite distance and the number of connections that could
be established. The authors in [6], focused on the trade off between physical layer parameters and
network latencies in intercontinental satellite links. In [21], a methodology is proposed to minimize
the average network latency in intercontinental connections. In [22], authors propose a methodology
for utilizing OILs to reduce latencies and determine the most efficient routing.

The primary contribution of this work is to apply a comprehensive network model to analyze
optical power requirements at OIL terminals in LEO Walker delta-type constellations [23] that are
widely being considered in commercial applications. The required optical power is a crucial factor that
directly affects terminal design, influencing transmitter and receiver specifications, power acquisition
and tracking system precision, thermal management strategies, and overall power consumption.
Previous studies typically consider the link budget without a) accounting for the precise constellation
dynamics and b) the actual network requirements for connectivity which involves reliable intra- and
inter-orbit communication. Our approach incorporates the full constellation dynamics. We apply
our model in scenarios with differing satellite density and estimate the power requirements for high-
speed OILs. Our results indicate that 100Gpbs network connectivity can be maintained throughout
a dense constellation of ≈6000 satellites, using transmission powers in the 300mW range. This is an
important finding, since such power levels can be supported by high-power distributed feedback
(DFB) lasers [24], possibly removing the need for optical amplification, simplifying the terminal design
and reducing power consumption. Such levels of satellite population are well within the planning of
commercial satellite internet carriers [22,25].

Our comprehensive model is implemented as a Python module that encompasses various con-
stellation parameters, such as satellite count, initial positioning, inclination and phasing, as well as
terminal characteristics, including beam divergence, targeted bit error rate (BER) and receiver aperture,
etc to precisely calculate physical layer performance. It also incorporates a straightforward manner to
optimize satellite phasing in a standard manner following [4,18]. Our results indicate that the required
optical power can vary significantly over an orbital period, in links between satellites in adjacent orbits.
These calculations are useful in evaluating adaptive optical satellite network strategies, where link
parameters such as the transmission power, are dynamically adjusted. Such adaptive approaches can
lead to significant savings in energy consumption, minimize thermal stress and potentially prolonge
the operational lifetime [26]. The model’s source code is publicly available [27] on the web to foster
collaboration and facilitate the utilization of our research outcomes within the scientific community.
The model is easily extendable to a wide selection of constellation types, modulation formats and
detection schemes.

The rest of the paper is organized as follows: In Section 2, we start by outlining how to account
for constellation dynamics. In addition, we discuss how the initial satellite position can be optimized
in order to minimize the chance of collisions. We also outline the satellite connectivity requirements
assumed in our work. Section 3 describes the link budget model adopted to estimate physical layer
performance. We discuss channel gain and how beam divergence can be optimized in the presence
of pointing errors. We also calculate the noise power estimation and the bit error rate (BER) and the
receiver sensitivity. Section 4 discusses some implementation details of the Python module. Section 5
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presents the results obtained from our model, emphasizing on the estimated power requirements for
various constellation architectures. Some concluding remarks are given in Section 6

2. Constellation Model
2.1. Constellation Dynamics

The equations describing the motion of the satellite with a circular orbit can be derived using
the general approach of [28]. In three-dimensional space, the satellite’s position relative to the Earth’s
center is described by a three-component vector r = (x, y, z)⊺ with (·)⊺ denoting the vector transpose.
Figure 1 shows an Earth-centered coordinate system where the xy plane contains the equatorial
plane (orange dashed line), while the z-axis aligns with the Earth’s rotation axis, pointing north.
The figure illustrates the basic parameters involved in estimating the satellite position. In the figure
r =

√
x2 + y2 + z2 denotes the distance of the satellite from Earth’s center. In this paper we study

circular orbits and hence r remains constant.

Figure 1. Satellite frame of reference and various orbital parameters used to determine the orbital dynamics.

Assuming a constellation consisting of Norb orbits containing Nsat satellites each, every satellite
(k, m) can be identified by the index k of its orbit and its index m within the orbit. Its position rkm(t) is
determined by [28]:

rkm(t) = T(Ωk, i)ukm(t) (1)

where:

ukm(t) =
h2

µ
(cos θkm(t), sin θkm(t), 0)⊺ (2)

is the position of the satellite with respect to the perifocal frame of reference (i.e. the frame attached to
the satellite itself), i is the inclination angle, Ωk is the angle between the x-axis and the node line for
orbit k determined by:

Ωk = (k − 1)
2π

Norb
(3)

while h is the magnitude of the angular momentum, related to the satellite period T, through h =

2πr2/T. The period of the circular orbit, given by:

T =
2πr3/2
√

µ
(4)
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with µ = GMe being the product of the gravitational constant, G = 6.6743 × 10−11N × m2/kg2, and
the mass of the earth, Me = 5.974 × 1024kg. The transformation matrix T in (1), is given by:

T(Ωk, i) =

cos Ωk − sin Ωk cos i sin Ωk sin i
sin Ωk cos Ω cos i − cos Ωk sin i

0 sin i cos i

 (5)

The true anomalies θkm(t) in circular orbits are determined by:

θkm(t) = θkm(0) +
2πt
T

(6)

We can assume that on each orbit k, the satellites are evenly spaced, in which case:

θkm(0) = θk(0) +
2π(m − 1)

Nsat
(7)

where θk(0) is the initial anomaly of the first satellite at the kth orbit. Given these initial anomalies,
we can combine (6) and (7) to obtain the values of θkm(t) for every time instance t and calculate the
position of every satellite rkm(t) in the constellation using (1)-(5).

Table 1 presents the constellation parameters representative of Starlink’s Phase 1 V2, which,
unless otherwise specified, will serve as a reference in our simulations. Figure 2 illustrates the satellite
trajectories for this constellation. Due to the inclination of the constellation, the satellite trajectories are
more widely spaced near the equator and progressively converge as they approach higher latitudes.
Beyond a certain latitude near the poles, satellite coverage diminishes entirely.

Figure 2. Satellite trajectories (colored in blue) for the Walker-delta constellation of Table 1. The equator is shown
with a red color.

Table 1. Orbital parameters.

Parameter Symbol Value
Number of orbits Norb 24
Number of satellites per orbit Nsat 66
Total number of satellites N 1584
Altitude a 550 km
Distance from earth center r 6921 km
Orbital period T 5730.11 s
Angular momentum h 52523.60km2/s
Inclination i 53o

Optimal phasing parameter F 13
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2.2. Collision Avoidance

To avoid collisions within the constellation, we adopt the approach of [18]. For each orbit k we
assume that the satellites are placed so that:

θk(0) = (k − 1)
2π

N
F (8)

where N is the total number of satellites in the constellation N = Nsat × Norb. The parameter F is an
integer ranging inside 0 ≤ F ≤ Norb − 1. This scheme is illustrated in Figure 3.

Figure 3. Illustration of the relation between the true anomalies θkm of the satellites at the same and adjacent
orbits, the phasing factorF and the number of orbits and satellites per orbit, Norb and Nsat respectively.

To choose the optimal value for F, we can run simulations considering various possible values of
F to determine the minimum satellite-to-satellite distance rmin over an orbital period, 0 ≤ t < T. We
can significantly speed up the computations by leveraging the uniformity of the constellation. Thus,
instead of considering all possible combinations of satellites, we can focus on one particular satellite
(k, m) and calculate the distances to all other satellites (p, q) within one orbital period [19,20].

rmin = min
pq,t

|rkm(t)− rpq(t)| (9)

The optimal value of F computed with our model is F = 13 in this case. We therefore choose this
value for F in the rest of the simulations for this constellation.

2.3. Connectivity Requirements

We now discuss the requirements that need to be imposed to guarantee network connectivity
throughout the constellation. This typically involves conditions imposed on both intra- and inter-orbit
links. Figure 4 illustrates a typical scenario where a reference satellite C communicates with its adjacent
satellites. The satellites S1 and S2 are the two nearest satellites in the same orbit k as C. The satellites
U1, U2 and U3 are the first, second and third closest satellites to C respectively, located at the next orbit,
k + 1. Similarly, L1, L2 and L3 are the first, second, and third closest satellites to C respectively, located
in the previous orbit, k − 1. This group of satellites forms a swarm S(C) of nine satellites around C
with constant line of sight. We assume that the connectivity of C with the rest of the satellites of S(C) is
the minimum requirement to achieve reliable communications with the rest of the network providing
various alternative paths for data routing. This must be met for the swarms S of every satellite in
the constellation, as it implies that any two satellites in the communication can communicate with
each other using a single or multiple hops. Similar to what we discussed in subsection 2.2, due to the
uniformity of the constellation, it is not actually necessary to address the swarms formed around every
satellite in the constellation. Instead, we can focus on just a single reference satellite, since the distance
variations between satellites in the swarm will be the same if we change the reference satellite C, albeit
with a time offset.
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Figure 4. The satellite connectivity requirements considered in this work. Each satellite C must at all times
communicate which its two closest neighbors in the same orbit (S1 and S2) as well as its three nearest satellites Li

in the lower orbit and Ui upper orbit, respectively.

Since satellites in the same orbit move at constant angular velocity, the distance between C and
S1 and S2 will be constant with t. This is not true for the distances between C and Ui or Li due to the
difference in the angles Ωk. As mentioned in subsection 2.2, we introduce a relative initial anomaly
difference between orbits. The first orbit begins from the Earth’s equatorial frame with a latitude
of Ωk = 0. The next orbit shifts in longitude by an amount equal to 2πF/N, and so on. However,
the closest neighboring satellites in the adjacent upper or lower orbits remain fixed relative to any
satellite within the same orbit: the nearest upper-orbit neighbor, U1, maintains its position relative to C
throughout C’s orbital period, and this pattern holds for other inter-orbit neighbors as well. At time
t = 0, we can calculate the distances from C to all satellites in adjacent orbits and identify the three
nearest satellites in each orbit to determine the swarm S(C).

3. Link Model
In this section we elaborate on the link model adopted in order to calculate the physical layer

performance and the required optical transmitter power to maintain connectivity. Figure 5 shows
the basic block diagram of an OIL. The data source modulates the amplitude produced by a laser
diode and after the beam is shaped by the transmitter optics, it propagates in free space until it reaches
the receiving end where a pin receiver converts the incoming light back to an electrical signal. The
performance is impaired by the additive white Gaussian noise (AWGN) n(t) added to the signal. In
what follows, we assume an intensity modulation/direct detection (IM/DD) with on-off keying (OOK)
and note that the model could be extended to also account for multi-level schemes [29], polarization [30]
or wavelength division multiplexing [31] and coherent detection [32].

Figure 5. Block diagram of the OIL model, consisting of the data source, the modulator (MOD), the laser transmitter,
the transmitter optics, the optical channel, the receiver optics and photodiode (pin) and the demodulator (DEMOD).

3.1. Link Budget

Given the satellite positions rkm at any time t, we can use a link budget model to dynamically
estimate the minimum transmitted power required to maintain link connectivity over an entire orbital
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period T. Assuming any two satellites described by the pairs of integers (k, m) and (p, q), their distance
is simply determined as:

R = |rkm(t)− rpq(t)| (10)

In free space, the link budget equation relating the received power PR and the transmitted power PT

can be written as [5]:
PR = LchPT (11)

where

Lch =

(
λ

4πR

)2
nTnRGTGRe−GTσ2

Te−GRσ2
R (12)

is the channel gain, σT and σR are the standard deviations of the pointing errors at the transmitter
and receiver side respectively, nT and nR are the optical efficiency of the transmitter and receiver
respectively while GT and GR are transmitter and receiver gains determined by:

GT =
16
Θ2

T
(13)

GR =

(
DRπ

λ

)2
(14)

where ΘT is the divergence of the transmitting beam, DR is the receiver’s telescope diameter and λ is
the wavelength. The required received power is determined by the receiver sensitivity Psens and the
required link margin LLM as follows [5]:

LLM =
PR

Psens
(15)

We discuss the estimation of the receiver sensitivity in the next subsections. There is an optimal value
for ΘT lying in between that can be found by maximizing (11). Taking the first derivative of Lch with
respect to ΘT, we readily see that the optimal beam divergence is:

ΘT = 4σT (16)

We will therefore consider this beam divergence value in our calculations.

3.2. Bit error rate

The bit error rate (BER), Pe, in the case of OOK is given as [33]:

Pe = Q(γ) (17)

where Q is the Q-function and its argument γ is determined by:

γ = 2R re − 1
re + 1

Pavg

σ1 + σ0
(18)

In (18), Pavg is the average power at the receiver, re is the extinction ratio, R is the responsivity,

R =
ηqe

hp f
(19)

while qe = 1.602 × 10−19Cb is the electron charge, hp = 6.626 × 10−34JHz−1 is Planck’s constant, η

is the internal quantum efficiency and f = c/λ the optical frequency, c being the speed of light in
vacuum and σ1 and σ0 are the corresponding noise standard deviations, determined by:

σ2
1 = 4qeR

reBe

1 + re
Pavg + σ2

th (20)
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σ2
0 = 4qeR

Be

1 + re
Pavg + σ2

th (21)

In equations (20) and (21), Be is the electrical bandwidth, which is related to the data rate Rb through
Be = 1

2 Rb. The first term on the right-hand side, which depends on Pavg, represents the shot noise
component, and σ2

th is the thermal noise power, given by [33]:

σ2
th =

4kBFnTK

RL
Be (22)

In (22), kB = 1.38 × 10−23JK−1 is Boltzmann’s constant, TK the temperature measured in Kelvins (K),
Fn the receiver amplifier noise figure and RL the load resistance.

3.3. Receiver Sensitivity

Given the required BER Pe, we can estimate the receiver sensitivity Psens as the average power
Pavg = Psens required by first inverting (17) to obtain the required value of γ. The inverse of the Q
function can be written in terms of the inverse erf−1(y) of the error function erf which can be estimated
through standard Python libraries,

γ = Q−1(Pe) =
√

2erf−1(1 − 2Pe) (23)

Once the target value of γ is obtained through (23) we can substitute equations (21) and (20) in (18) to
obtain the following solution for the required receiver sensitivity Psens:

Psens = δ2(a0 + a1) + 2δ
√

δ2a0a1 + σ2
th (24)

where:
δ =

γ

2R
re + 1
re − 1

, a0 =
4qeRBe

1 + re
, a1 = rea0 (25)

Equations (24) and (25) can be used to determine the receiver sensitivity given the receiver parameters.
One can then determine the required received power Psens using (15) and then estimate the required
transmitter power using (11).

In Figure 6, we illustrate the values obtained for Psens, assuming the parameters of Table 2.
As expected, the sensitivity value increases with the data rate reaching just below ∼= −20dBm at
Rb = 10Gbps.

Figure 6. Receiver sensitivity with respect to the data rate obtained for the parameters of Table 2.
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Table 2. System parameters.

Parameter Symbol Units Value
Laser wavelength λ nm 1550
Transmitter optical efficiency nT 0.8
Receiver optical efficiency nR 0.8
Data rate Rb Gbps 1 - 100
Receiver telescope diameter DR mm 80
Transmitter pointing error σT µrad 1
Receiver pointing error σR µrad 1
Full transmitting divergence angle ΘT µrad 4
Target BER Pe 10−12

Extinction ratio re dB 20
Quantum efficiency η 1
Amplifier noise figure Fn dB 3
Load resistor RL Ω 100
Temperature in Kelvin TK K 300
Link margin LLM dB 3

4. Pyminisat Module Implementation
The various model elements discussed in sections 2 and 3 have been implemented as part of

the Pyminisat Python module [27] which is publicly available under an open-source license. In its
implementation, we have exclusively used standard Python libraries, such as numpy, scipy for numeri-
cal manipulations, and matplotlib for result visualization. The Pyminisat module implements the
satsim class which contains all essential attributes of the satellite network pertaining to the constella-
tion and transceiver systems. The satsim class invokes two sub-modules, namely the linkmodel class
which can be used to study an end-to-end OIL and the constellation class which incorporates the
constellation dynamics and determines the optimal F value and the minimum distances that need to
be covered in order to ensure network connectivity.

To study a given constellation, e.g. the one described in Table 1, the satsim class carries out the
simulation in the following steps: We first use the constellation class to estimate the best value
for F and therefore determine the initial satellite position in the constellation. We then initialize the
constellation with the optimal value of F and calculate the minimum link distances required to provide
connectivity to the nearby neighboring satellites (see Figure 4) over one orbital period. Given the
parameters of the receiver and the data rate, we use the linkmodel class to calculate the receiver
sensitivity. Based on this value, we then calculate the required transmitter power for each instance
of the orbital period using the link budget in (11). The Github repository of the model [27], further
describes how the initialization parameters of the satsim class can be changed to fit various network
scenarios.

To the extent possible, we have optimized the code in order to take advantage of the large speed-
ups involved when numpy vectorization is used instead of for loops. By far the most computationally
challenging task is to optimize the constellation in terms of the F parameter. We can take advantage of
the fact that the estimation of the distances in (9) is an embarrassingly parallel problem for the different
time instances t = tl assumed. We can therefore use Python’s multiprocessing module to distribute
the load to the available central processing unit (CPU) cores. On a standard 6-core, AMD Ryzen 5
7530U CPU (with 2 threads per core), the time required to optimize the constellation in Table 1 and
estimate the power requirements is ≈ 14.3 seconds.

5. Results
In this section we apply the Pyminisat module to study the constellation dynamics and power

requirements for the system parameters summarized in Tables 1 and 2 which we will refer to as
scenario A. It is interesting to point out that data rates assumed in Table 2 are in accordance with
existing terminal technologies [19,34]. Pointing error levels are indicative of values reported in the
literature [35,36]. A value of 20dB is assumed for the extinction ratio, which is typical of commercially
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available lithium niobate electro-optic modulators. In addition the choice of receiver telescope diameter
and wavelength is also compatible with state-of-the-art optical terminal specifications [1].

We also consider two alternative scenarios: Scenario B, where the number of satellites Nsat per
orbit and the number of orbits Norb are reduced by half, resulting in a thinner constellation with 1

4
the total number of satellites N compared to scenario A. In Scenario C, Nsat and Norb are doubled
compared to scenario A resulting in a quadrupling N and hence we obtain a denser constellation. The
constellations remain uniform in all scenarios. Note that the total number of satellites N in scenario C
remain well with the planning of commercial satellite internet constellation deployments [22,25].

Table 3 summarizes some of the properties of the constellations for the three scenarios considered.
All scenarios assume an inclination angle i equal to 53o and a altitude a = 550 Km. The table quotes
the optimal F obtained for each constellation, the distance rc between two consecutive satellites in the
same orbit, as well as the maximum and minimum link distances required Rmax and Rmin respectively to
achieve network connectivity by considering the links to adjacent satellites as outlined in Section 2.3.

Table 3. Scenarios considered.

Parameters A B C
Nsat 66 33 132
Norb 24 12 48

N 1584 396 6336
i 53o 53o 53o

a [Km] 550 550 550
F 13 6 19

rc [Km] 659.3 1317.1 329.7
Rmax [Km] 1645.6 3241.9 802.4
Rmin [Km] 132.9 231.5 17.2

5.1. Scenario A

Scenario A is similar to Starlink’s Phase 1 V2 constellation [6]. The optimal F is equal to 13 as
quoted in Table 3. To ensure connectivity across the network as discussed in section 2.3, we first
need to estimate the distances between a satellite and its adjacent neighbors. Figures 7 (a) and (b)
show the distances of the upper and lower orbit adjacent satellites for satellite (k, m) = (0, 0). For this
constellation, the distance between two consecutive satellites in the same orbit is rc ≈ 659.3 km. We
observe that, in both cases, the distances between the satellite and its upper and lower orbit neighbors
fluctuate significantly within one orbital period, ranging from Rmin ≈ 132.9 km to Rmax ≈ 1645.6 km.
These distance fluctuations exhibit a periodic behavior as the central satellite moves through the upper
and lower halves of its trajectory around the Earth. Due to the uniformity of the constellation, these
fluctuations are practically the same for the upper and lower orbit neighbors, Ui and Li respectively,
differing only by an initial time displacement. The figures indicate the varying conditions for inter-orbit
links: while intra-orbit link distances remain constant at rc, the inter-orbit link length varies from about
one fifth of rc to more than twice that.

In Figures 8 and 9 we show the variations in path loss LPS and channel gain Lch respectively, for
the links between the central satellite and both the upper and lower orbit neighbors. Both LPS and
Lch follow an inverse square variation (∝ R−2) with respect to corresponding inter-satellite distance
R. For the set of parameters in Tables 1 and 2 the transmitter and receiver gains are GT= 120 dB and
GR= 104.2 dB respectively while the transmitter and receiver pointing losses are LT= -4.3 dB and LR=
-0.11 dB respectively. High transmitter and receiver gains are necessary to compensate for the path
losses shown in Figure 8. This is a clear advantage of optical inter-satellite links (OILs), which can
utilize highly collimated beams to optimize the link budget. We next discuss the transmitter power PT

required to maintain the links between all adjacent satellites of Figure 4. Using the link budget model
of Section 3 and assuming a target data rate of Rb = 10Gbps, we readily obtain the results depicted in
Figures 10 for the upper and lower orbital neighbors. The power turns out to be less than 500mW in
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all cases which is certainly within the reach of state-of-the-art optical transceivers [37] by combining
for example high DFB and optical amplification [38].

Figure 7. Distance variations between satellite (0, 0) and its adjacent neighbors: (a-left) in the upper orbit and
(b-right) in the lower orbit, observed over one orbital period. The intra-orbit link length between consecutive
satellites remains constant throughout.

Figure 8. Path loss variations for links established between satellite (0, 0) and its adjacent neighbors in (a) the
upper orbit and (b) the lower orbit, observed over one orbital period.

Figure 9. Channel gain for links established between satellite (0, 0) and its adjacent neighbors in (a) the upper
orbit and (b) the lower orbit, observed over one orbital period.

Another practical conclusion that can be drawn from these figures is the fact that especially for
neighbors in adjacent satellite orbits, the required power varies significantly over time and hence it
may be advantageous to consider adaptive schemes to calibrate the transmission power to its required
value, rather than simply transmitting the maximum value obtained in the figures. Figure 11 shows
how the required power scales with the specified data rate Rb. As expected, the required optical power
increases as the data rate rises. For 100 Gbps it surpasses 1W. [39]. Note that even at such data rates,
power requirements levels remain low enough to be achieved in miniaturized terminals using optically
amplified transceivers [40].
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Figure 10. Required transmission power, PT for establishing links between satellite (0, 0) and its adjacent neighbors
in (a) the upper orbit and (b) the lower orbit, observed over one orbital period.

Figure 11. Maximum transmission power required to maintain connectivity between adjacent satellites as a
function of the data rate, for scenarios A.

5.2. Alternative Scenarios

To further demonstrate the applicability of the Pyminisat module and assess the power require-
ments for minisat OILs we explore the two alternative scenarios B and C outlined in Table 3. For these
constellations we first need to estimate the optimal F parameters to reduce the risk of collisions which
turn out to be F = 6 for scenario B and F = 19 for scenario C. Note that the values of the minimum
distances rmin are now 207.6 Km and 12.4 Km for scenarios B and C respectively. This is in accordance
with the fact that constellation B is thinner than A while C is denser than A.

After determining the optimal F value we apply the model to determine the link budget conditions
and power requirements. In Figure12 depicts the required power to maintain the adjacent satellite
links within one orbital period for both scenarios B and C. We again assume a target data rate of Rb =

10Gbps. In scenario B optical power ranges from ≈ 400mW to ≈ 1.7W. For scenario C, the range
of required power decreases significantly due to the higher constellation density, from ≈ 20mW to
≈ 100mW respectively. The power levels of the latter scenario can in principle be supported using
commercial high power DFB lasers without optical amplification. This can simplify optical terminal
implementation and improve power consumption.

In Figure 13, we show how the maximum required power varies with the data rate for both
scenarios. The figure is indicative of the bearing of constellation density in transceiver design. For
scenario B optical power ranges above 1W for Rb larger than 2.5Gbps reaching more than 5W at
100Gbps. This can pose some strict requirements at the transmitter side and especially the optical
amplifier stage. Restrictions are significantly relaxed for the denser constellation of scenario C where
the transmission power reaches ≈300mW at 100Gbps. Such optical power levels can be supported
with specially designed DFB lasers [24], thereby mitigating the need for optical amplification. The
figure suggests that for this constellation, maintaining OILs at tenths of Gbps is practically feasible
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without excessive power requirements. One can extend the inter-satellite connection data rate using
wavelength and/or polarization multiplexing to reach capacities in the Tbps realm.

(a) Upper orbit (scenario B) (b) Lower orbit (scenario B)

(c) Upper orbit (scenario C) (d) Lower orbit (scenario C)

Figure 12. Transmission power required, PT , for establishing links between satellite (0, 0) and its adjacent
neighbors over one orbital period: (a) neighbors in the upper orbit and (b) neighbors in the lower orbit, for
scenarios B and C.

(a) Scenario B (b)Scenario C

Figure 13. Maximum transmission power required to maintain connectivity between adjacent satellites as a
function of the data rate, for scenarios B and C, as described in Table 3.

6. Conclusions and Outlook
In this work, we presented a complete physical layer tool for estimating the performance of

OILs in LEO satellite networks. Our tool includes various aspects, including the architecture of the
constellation, link budget analysis, collision avoidance optimization, transceiver optics design, etc and
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can be used to analyze practical constellation implementations. A Python implementation of our tool
is publicly available on the world-wide web under an open-source license. Using our approach, we
have estimated the power requirements of high-speed OIL communication assuming LEO constel-
lation variations. We have shown that especially for dense constellations, power requirements are
compatible with existing state-of-the-art optical terminals even for smaller satellite sizes, pointing out
the significant potential of optical satellite communications for providing high-speed network satellite
internet services. Our simulation tool can be used to ascertain the feasibility of satellite network
designs, accurately and efficiently.

There are several interesting paths for future research, some of which we intent to include in
future publications. Our model assumes a standard IM/DD OOK transceiver. It would be interesting
to incorporate various choices for modulation formats (such as multi-level amplitude modulation)
as well as wavelength, spatial or polarization multiplexing. Extending the model to study coherent
systems is also interesting given the nature of the OIL channel and the fact that coherent detection
is much more power efficient than direct detection [41] while at the same time supporting advanced
modulation formats such as phase shift keying (PSK) or quadrature amplitude modulation (QAM).
It would also be interesting to incorporate the impact of higher network layer design and routing
algorithms to determine other key performance indicators such as the network latency. The assessment
of optical downlink and uplink technologies under realistic conditions is also of great importance for
formulating a road map for these technologies.
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