=i 25-50-12-08

The Journal of Korean Institute of Communications and Information Sciences ’25-12 Vol.50 No.12

https://doi.org/10.7840/kics.2025.50.12.1872

Link Budget Analysis for Inter-Satellite FSO Links with
Comprehensive Pointing-Error Models

Jung-min Suh®, Young-Chai Ko

ABSTRACT

In this paper, we investigate the impact of the jitter due to misalighment between the transmitter and the
receiver on the link budget in free-space optical (FSO) inter-satellite link (ISL) in Low-Earth-Orbit (LEO)

satellite communication systems. We first classify six different pointing-error radial displacement models based

on the diverse characteristics of boresight and jitter. Then using the relationship between pointing-etror radial

displacement and pointing error, we derive the corresponding probability density functions (PDFs). Next, we

determine a realistic ISL distance by applying a specific SpaceX Starlink constellation model. Finally, utilizing

these results, we analyze the ISL link budget using closed-form and Monte Carlo simulation methods over

varying jitter levels under a given power constraint.

Key Words : Low-earth orbit, free-space optical communication, inter-satellite link, jitter, pointing error,

and link budget

I. Introduction

In recent years, Low-Earth-Orbit (LEO) satellite
constellations have attracted significant attention for
providing global broadband services with reduced la-
tency and improved coverage!”. A key component
of these constellations is the inter-satellite link (ISL),
which enables satellites to communicate directly with
one another, thereby minimizing reliance on ground
stations and enhancing overall network robustness'”.
Among various ISL technologies, free-space optical
(FSO) communication shows particular promise due
to its high data rate potential, low power consumption,
and resistance to radio-frequency interference!.
However, FSO ISLs remain vulnerable to jitter, which
can lead to beam misalignment and severely impact
link performance. To address this challenge, we derive
the probability density functions (PDFs) for pointing

errors using the relationship between pointing-error

radial displacement and pointing error. Next, we de-
termine a realistic ISL distance by applying a specific
SpaceX Starlink constellation model. Finally, utilizing
these results, we analyze the ISL link budget using
closed-form and Monte Carlo simulation methods
over varying jitter levels under a given power
constraint.

ISL can be implemented using either radio-fre-
quency (RF) technology or free-space optical (FSO)
systems. FSO communication employs signals in the
nanometer wavelength range, which is significantly
shorter than the wavelengths used in RF systems.
Recently, FSO-based ISLs have emerged as a trans-
formative technology owing to numerous advantages
over their RF counterparts, including higher band-
width, smaller antenna size (approximately one-tenth
the diameter of RF antennas), greater directivity due
to narrower beam divergence (around one-thousandth

that of RF), enhanced power efficiency (roughly twice
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that of RF), operation in an unlicensed spectrum band,

561 The narrow beam di-

and improved security
vergence also underscores the importance of precisely
aligning the transmitter and receiver.

When deploying and maintaining FSO ISLs, point-
ing, acquisition, and tracking (PAT) terminals play a

critical role!”

. Specifically, pointing involves accu-
rately aiming the laser beam at the PAT terminal of
a neighboring satellite, acquisition entails pinpointing
the satellite’s location and initializing the ISL con-
nection, and tracking continuously monitors the rela-
tive positions of the satellites to maintain a stable and
reliable link. During pointing, two primary types of
misalignment can arise: transmitter pointing error and
receiver pointing error. Both reduce overall link effi-
ciency by causing pointing losses, making it essential
to quantify and model their effects.

Several statistical models describing pointing errors
—based on the radial displacement between the re-
ceiver aperture center and the actual beam spot—have
been examined in [8]. In [9], three of these models
were selected for a more in-depth analysis of the stat-
istical channel in ship-to-ship (or ship-to-shore) links,
resulting in an integrated channel model. These stud-
ies mainly investigated either the ergodic capacity of

B or the average bit error rate (BER)¥! as

the models
a function of the average signal-to-noise ratio (SNR).

In this paper, we first derive six probability density
function (PDF) models of pointing error, covering all
potential scenarios that may arise from satellite vi-
brations and orientation changes. We then compute
the expected pointing loss. Finally, we analyze the
link budget for these six models under different jitter
levels, using five realistic ISL distances. The re-
mainder of this paper is organized as follows: Section
II presents the system and channel models, focusing
on the pointing-error PDFs and the ISL link distance.
In Section III, we analyze the link budget, and numer-
ical results are discussed in Section IV. Section V con-

cludes the paper.
II. System and Channel Model

2.1 System Model
In the additive white Gaussian noise (AWGN)

channel, the received signal y can be expressed as
y = phx + n, (€))]

where 7 is the effective photoelectric conversion
ratio, x is the transmitted signal, 4 is the channel
gain and 7 is the additive white Gaussian noise
with variance M. In FSO communication, the
channel gain 74 is typically modeled as &= A,/
where A is the atmospheric loss factor, £, is the
atmospheric fading factor, and 7, is the pointing
error factor. In case of inter-satellite link where
the communication takes place in space, the at-
mospheric effect can be neglected, so the chan-
nel gain A can be simplified as A,

2.2 Pointing-Error Radial Displacement
Statistical Model

Pointing error in FSO communication is typically
characterized by two main elements: boresight and
jitter. Fig. 1 describes the motion of the beam and
the position of boresight and jitter. As satellites move
along the orbit, subtle turbulence causes the beam
alignment between the transmitter and the receiver to
shiver and yields lots of instantaneous beam
footprints. The boresight is the fixed radial displace-
ment between the receiver aperture and the average
beam footprint where its displacement and coordinate
are expressed as r and (u,, 4,) in the cartesian coor-

dinate system, respectively™. Jitter is the random off-

y Average beam footprint
Receiver aperture b

Boresight

G (s ty) 4

I/«

€
Instantaneous beam footprint

Fig. 1. Beam’s motion and the positions of the boresight
and jitter are illustrated. Red star indicates the boresight, w;
denotes the beamwidth, r is the radial displacement caused
by pointing error, and a represents the receiver aperture
radius. Jitter along the x and j-axes are denoted by o,
and o, respectively.
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Fig. 2. Comprehensive six different pointing-error radial displacement models such as: (a) Beckmann distribution, (b)
Rayleigh distribution, (c) Rician distribution, (d) Hoyt distribution, (¢) Zero-mean single-sided Gaussian distribution, (f)

Non-zero mean single-sided Gaussian distribution.

set of the beam center and expressed in o for xaxis
and o, for jaxis.

Assuming a Gaussian beam, the collected power
at the receiver aperture can be approximated as

272
— |
2

where z is the link distance, A, = [erf(v)]? is the

Ap(r;z) = A exp 2)

maximum fraction of the collected power where r=

a‘n
2u”

z

aperture radius a and the beamwidth w, where

0, v= is the ratio between the receiver

2 To_p
erf(z) :ﬁ f ¢ 'dt is the error function. The
0

approximation made in (2) is valid only under the
condition where w;,> 6a. The equivalent beamdwidth

| Ay

is expressed as y = “572 Noticing
% 2vexp(—v?)
the fact that the beam is Gaussian, radial
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be
r= [VI ry] " where r, and r, follow independent
~ Ny, ¢*) and

the
expressed as

displacement vector r can written  as

Gaussian distribution as 7,

2 .
v, ~ N(/z_,/, (7_1/), respectively.

Accordingly,

radial  displacement can be

y = |r|:,/ri+r_12/.

According to the characteristic of boresight and
jitter, the pointing-error radial displacement models
can be classified into six different distributions as
described below. The Gaussian beam footprint and the
probability density function (PDF) of each cases are
shown in Fig. 2 and Table 1, respectively.

1) Beckmann Distribution

The Beckmann distribution is the generalization of
all other models as r, and r, follow two independent

Gaussian distributions,

7, ~ Ny, %), r,~ Ny, o). ?3)
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Table 1. PDFs of pointing-error radial displacement, r > 0

Beckmann
27 (rcosf—p,)* (rsinf—p,)?
£ =" f exp( PR S, |de @)
270,0, Y 207 20,
Rayleigh
v 7
f(r) = fexp(— ) ®
. o 20°
Rician
y R A N N7 s
f,(r) = —exp|— ; A ;o ©
o 20 o
Hoyt
7. 7.
1+— 1—— o
__7 2 9y 2 I,
f,(r)= exp| —7 | 7 :
0,0, 452 )" 40°
Zero-mean single-sided Gaussian
2 72
f,(r) =—F—exp _7) 8)
’ o/ 2n 26° (
Non-zero mean single-sided Gaussian
2, 2
Vur r tpu ur
f,(r)= exp(— I (—) 9
' o A ©)

In this paper, we focus on the most complicated
but general case where u, # , and oy # o, The beam
footprint and PDF in the Beckmann distribution are
shown in Fig. 2(a) and (4) [8, Eq. (3)], respectively.

2) Rayleigh Distribution

The Rayleigh distribution is one of the most widely
known distribution and the simplest case. The
components of pointing-error radial displacement

follow the same Gaussian distribution such as
7, ~ N, 0®), 7, ~ N0, o). (10)

For the Rayleigh and Rician models, we assume
isotropic jitter, i.e., jitters in the x and j-axes are
identical (ox = o, = 0). This is consistent with widely
used models in the literature™ and simplifies the

statistical expressions. The beam footprint and PDF

for the Rayleigh distribution are shown in Fig. 2(b)
and (5) [8, Eq. (7)], respectively.

3) Rician Distribution

The Rician distribution is similar to the Rayleigh
distribution except that the boresight is non-zero.
Hence, the radial displacement follows two distinct
Gaussian distributions such as

vy~ My, ), r

x

.~ Ny, o°). an

The beam footprint and PDF for the Rician dis-
tribution are shown in Fig. 2(c) and (6) [8, Eq. (10)],
respectively. In (6), [,( - ) is the modified Bessel
function of the first kind of order zero.

4) Hoyt Distribution

The Hoyt distribution is also similar to Rayleigh
distribution, but the jitters in the x-axis and j-axis
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Source Satellite

Destination Satellite

Fig. 3. Relationship between pointing-error radial displacement
r and pointing error 0r d denotes the ISL distance. The
receiver pointing error g is assumed to be zero for
analytical simplicity and is therefore omitted in the figure.

Minimum distance
Source Satellite .- -
""""""" ‘e t_Pesﬁnaﬁon Satellite 1
hs Q.. Maximum distance
h,
Q
0 ) Destination Satellite 2
Q

Fig. 4. Scenario for deriving the minimum and the
maximum ISL distance. The Earth is shown in blue, LEO
satellites in orange, and the source and the destination
satellites in red.

differ. Thus, the radial displacement is expressed as
r, ~ N0, o2), »,~ N0, o°). (12)

The beam footprint and PDF for the Hoyt dis-
tribution are shown in Fig. 2(d) and (7) [8, Eq. (13)],
respectively.

5) Zero-mean single-sided Gaussian Distribution

In this scenario, the jitter occurs in only one direc-
tion, either parallel or perpendicular to the receiver
plane as depicted in Fig. 2(e). In this paper, we only
consider the jitter along the xaxis. The PDF of this dis-
tribution can be derived through a simple random varia-
ble transformation using (2) and [8, Eq.(16)] as (8).

6) Non-zero mean single-sided Gaussian Distribution

This distribution corresponds to the non-zero bore-
sight case for the Zero-mean single-sided Gaussian
distribution. Here, we consider the case that u, = u,

1876

and the jitter along the xaxis. The beam footprint and
PDF of the distribution are shown in Fig. 2(f) and
(9), respectively. In (9), 1 (+) is the modified
2
. . . 1
Bessel function of the first kind of order — 5 The
PDF can be derived via a simple random variable
transformation using (2) and [9, Eq.(7)].

2.3 Relationship between Pointing-Error
Radial Displacement and Pointing Error

In this paper, we distinguish between two similar
looking terms: the pointing-error radial displacement
and the pointing error. The former refers to the radial
displacement (in meters) of the beam within the re-
ceiver aperture caused by pointing error (in radians),
whereas the latter denotes the pointing error at the
transmitter side. The relationship between the point-
ing-error radial displacement and the pointing error
is illustrated in Fig. 3. Here, r is the pointing-error
radial displacement, d is the ISL distance between the
source satellite and the destination satellite, and &7
is the pointing error. By applying basic trigonometry,
the relationship between these elements can be ex-
pressed as 7 =dtan(6,). In this paper, we use the
approximation tan(6,) =, since the Or is ex-
tremely small given that the ISL distance ranges from
several hundred to several thousand kilometers. This
approximation yields the final relationship between
the pointing-error radial displacement and the pointing

error as
r=db,. 13)

2.4 Pointing Error Statistical Model
By applying a simple random variable trans-
formation between r and &r as in (13), given by

fg (‘97‘) = f, (7)

T

, the PDFs of the pointing error

o
20,
can be derived from Table 1, as summarized in Table
2. Since the PDFs of the pointing error involve the
ISL distance d, the distribution of the pointing error
varies with the link distance.

2.5 Inter-Satellite Link Distance

To determine realistic ISL distances, we refer to
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T
Table 2. PDF of pointing error, 0 < 8, < B}

Beckmann
d’0 2 (d6 ycosd—p,)*  (db,sind—p,)*
fp (67) = a f exp| — ———— — T g (14)
r 2710,0, Jg 20° 207
Rayleigh
a0 , d*6%
fo,(07) = et (15)
Rician
d*0 ., A2+ 12+ i\ | dO A+ i
fo,(07) = & exp|~ o “ 14 < . (16)
Hoyt
1+ Gi 1 Gi
d*0 ., o o 17
_ 252 y 252 y
fo,(07) = o0, exp| —d 6% = I| a°0% e
Zero-mean single-sided Gaussian
d*6%
(0,) = exp(— (18)
So, 07 021 20°
Non-zero mean single-sided Gaussian
d\/pdb 0%+ i 1d0
(04) = exp| — . 19
So,\07 o> 26° *% 7 (19
SpaceX’s Starlink constellation as analyzed in [5]. In basic geometry, yielding
the proposed modification scenario for phase I, total .. =2 \/(r + 1) — (r+1,)? =5,305.53 km.

1,584 satellites are deployed in 24 orbital planes with
an inclination of 53° at the altitude of 550 km. This
scenario is illustrated in Fig. 4. Here, r is the Earth’s
radius, which is 6,378 km; A is the satellite altitude,
which is 550 km; 7 is the minimum altitude above which
atmospheric effects are negligible, set to 22 km"”; and
@ is the radial interval between adjacent satellites in the
same orbital plane, which can be calculated as
360" x Total number of orbital plane

0= Total number of satellites ’ (20)

Here, we determine the minimum and the maximum
ISL distances between two satellites in the same orbital
plane. The minimum ISL distance can be obtained using
basic trigonometry and a degree-to-radian conversion,
yielding  dy;, =2 (r+h) xsin(6/2) =659km,  The
maximum link distance can also be calculated by using

For analytical tractability, this study focuses on in-
tra-orbital plane ISLs, where both satellites reside in
the same orbital plane. Extension to more realistic sce-
narios, including inter-orbital plane ISLs with varying

inclinations, will be considered in future work.
Il. Link Budget Analysis

3.1 Link Budget

In space-based FSO communication, where atmos-
pheric attenuation is negligible, the relationship be-
tween the transmitted power Prand the received pow-

er Pg is expressed as
Po=Prtn,rtnptGCp+ G+ Lyt L+ Lps, (21)
where Prand Py are expressed in dBm, and all other

terms are in dB. Here, 77 is the transmitter optical
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Table 3. Expected pointing loss E[L]!"!

Beckmann

Hlep)= [ *expl=Grl,) [ ol p[

B (d0,cos—p,)? B (dfsin@—p,)*

)dﬁ)dﬁT 22)

2r0,0, 202 207
Rayleigh
d’ 1
ElLyl=—  ——+
oo ) @)
o
Rician
d2
2 24,2 T2
1 Mo THy 1 o
ElL;)=~ - S expl— ———| o+ 5 (24)
7 a6 d—) A T PP )
o o
Hoyt
1= d? 1
Ti— ; ;
ngy , O“i 2 , O‘i 2
all+— d\1—— 25)
0
2| G+ | - Y
r 40> 40°
Zero-mean single-sided Gaussian
EIL T] = %
26,(3) +1 26
d
Non-zero mean single-sided Gaussian
1 )
31 ﬂ)ff ﬁ)z
2,2 2 2 2
Elr =52 exp|— 25 J exp|— 27)
- ? oG+ L 4(6 a )
T 962 T 2g?

efficiency, 7z is the receiver optical efficiency, Gris
the transmitter gain, Gk is the receiver gain, Ly is the
transmitter pointing loss, Lg is the receiver pointing
loss, and Lps is the free-space path loss between satel-

lites!"?. The transmitter gain is expressed as

Gr= 4 (28)

where Or is the full transmitting divergence angle.
The receiver gain is expressed as

(29)

Dpr \?
GR:( y )

where Dk is the receiver aperture diameter and A is

1878

the laser wavelength. The transmitter pointing loss
is expressed as

L,=exp(—Gr(04)), (30)

where Oris the transmitter pointing error. The receiver

pointing loss is expressed as
Ly =exp(—Ggl(0z)?), (B

where 6 is the receiver pointing error. The transmitter
and receiver pointing losses range between 0 and 1.
As either of the pointing error increases, the corre-
sponding pointing loss approaches zero, indicating a
significant signal degradation. The free-space path

loss is expressed as
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A 2
Lps= (m) , (32)

where d is the ISL distance. For simplicity, we assume
Oz =0 in this paper, which leads to Zgx= 1, as the anal-
ysis focuses on the transmitter pointing error with re-
spect to the receiver. Applying this assumption to (21)
yields the simplified link budget equation as

Po=Prtyr+n,+Grt G+ L+ Ly (33)

3.2 Transmit Power Calculation
Since the transmitter pointing loss Ly is a function of
the transmitter pointing error &7 the expected value of

Lr can be expressed as

ElL,] = fLT- fg,,.(5T> do ,, (34)

where f 67‘(0T) is the PDF of qT listed in Table 2.

Closed form expressions of £ [LT] are derived and

listed in Table 3. Here, note that unlike the other
pointing error models considered in this study, the
Beckmann model does not admit a closed-form ex-
pression for the expected pointing loss E[L]. This

is due to the presence of a non-separable, anisotropic
Gaussian kernel over angular variables, compounded
with a Ordependent exponential term, making the
double integral analytically intractable.

Applying (34) into (33) yields the link budget equa-

tion as

PT:PR_’7T_77R_GT_GR_E[LT]_LPS' (35
IV. Numerical Results

4.1 Simulation Settings

In this section, we present the numerical evaluation
of the required transmit power that meets the receiver
sensitivity of -35.5 dBm under the comprehensive six
different pointing error models presented in Table 2.
The parameter settings are provided in Table 4 and
5. The performance is assessed for five ISL distances:
dnin = 659 km, 2,000 km, 3,000 km, 4,000 km, and
dnax = 5,305.53 km. Both the closed-form analytical
expressions and the Monte Carlo simulation results

Table 4. Parameter settings

Parameter Symbol| Units| Value
Laser wavelength [12] A nm 1550
Beam Width W cm 40
Transmitter optical efficiency
[12] nro| -] 08
Receiver optical efficiency [12] R - 0.8
Receiver telescope diameter [12]| Dk mm 80
Transmitter pointing error Or | prad |Table 2
Receiver pointing error Or | wrad 0

Full transmitting divergence Or | urad 15

angle [12]

Link Margin [12] LM | dB 3

Bit error rate [12] BER | - 10"
Data rate [12] Ruw | Gbps| 10

Receiver sensitivity [12] Py, | dBm| -355

Table 5. Pointing error settings

Fixed Boresight (cm)
Distribution / Boresight
Hx Hy
1 | Beckmann 3 12
2 | Rayleigh 0
3 | Rician 3 12
4 | Hoyt 0
Zero-mean single-sided
5 . 0
Gaussian
6 Non-zero mean 12
single-sided Gaussian

are illustrated in Fig. 5, and the numerical values are
provided in Table 6. All Monte Carlo simulations use
10° samples.

The jitter varies from 0.01 m to 4 m for most
models. However, for the Rician and Non-zero mean
single-sided Gaussian models, the simulation range
starts at 0.1 m instead of 0.01 m. In these two models,
Princreases sharply as the jitter approaches zero. This
is due to the non-zero boresight offset, which causes
the beam to focus in a fixed, misaligned direction
when jitter approaches zero. As a result, most of the
beam misses the small receiver telescope, leading to
near-zero received power and thus a divergent Pr

‘While Monte Carlo simulations smooth out this effect
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Fig. b. Transmit power versus jitter level for comprehensive six pointing error models: (a) Beckmann distribution, (b)
Rayleigh distribution, (c) Rician distribution, (d) Hoyt distribution, (¢) Zero-mean single-sided Gaussian distribution, (f) Non-zero
mean single-sided Gaussian distribution. The curves are color-coded by link distance in ascending order: blue (659 km), purple
(2,000 km), green (3,000 km), orange (4,000 km), and red (5,305.53 km).

due to averaging, the closed-form expression captures

the deterministic misalignment explicitly.

1880

In the Beckmann and Hoyt models, jitter exists in

both the x and y-axes. To isolate the impact of hori-
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Table 6. Required transmit power Pr (dBm) for different ISL distances across jitter range

Model 659 km 2,000 km 3,000 km 4,000 km 5,305.53 km
(Min / Max) Min / Max) (Min / Max) (Min / Max) Min / Max)

Beckmann 11.40 / 15.37 20.93 / 21.91 24.45 | 24.94 26.94  27.23 29.39 / 29.56
Rayleigh 11.28 / 19.23 20.92 / 22.87 24.44 [ 25.42 26.94 | 27.52 29.39 / 29.73
Rician 11.30 / 19.23 20.92 / 22.88 24.44 [ 25.42 26.94 [ 27.52 29.39 / 29.73
Hoyt 11.39 / 15.37 20.93 / 21.91 24.45 | 24.94 26.94  27.23 29.39 / 29.56
Zero-mean
single-sided 11.28 | 15.26 20.92 / 21.90 24.44 [ 2493 26.94 [ 27.23 29.39 / 29.56
Gaussian
Non-zero mean
single-sided 11.29 / 15.26 20.92 / 21.90 24.44 | 24.93 26.94  27.23 29.39 / 29.56
Gaussian

zontal jitter and enable a controlled 2D performance
evaluation, the vertical jitter oy is fixed at 0.4 m, while

o, varies from 0.01 m to 4 m.

4.2 Model-by-Model Comparison

1) Rayleigh and Rician Models

The Rayleigh and Rician models exhibit very sim-
ilar trends in required transmit power Pr across the
entire jitter range, particularly at shorter ISL distances
where Pr increases by approximately 7.96 dB and
7.93 dB, respectively, at 659 km. While this similarity
is expected at large o due to the diminishing influence
of the fixed boresight in the Rician model, it also ap-
pears at small o, which may seem counterintuitive.

. . gt
This is because the Rician factor K= > re-
mains modest (e.g., K= 0.77 when g, = 0.03 m, p,
= 0.12 m, and o = 0.1 m), making the effect of the
boresight relatively weak even in the low-jitter
regime. Additionally, since the Rician simulations
start at o = 0.1 m, the regime where deterministic
misalignment dominates is excluded, further con-
tributing to the observed similarity with the Rayleigh
case.

2) Beckmann and Hoyt Models

The Beckmann and Hoyt models exhibit relatively
stable transmit power performance across the entire
jitter range. At 659 km, the required transmit power
increases by only 3.97 dB under the Beckmann model
and shows nearly identical behavior under the Hoyt
model. Even at higher distances such as 5,305.53 km,

the increase remains below 0.2 dB. This stability
stems from the directional configuration of the jitter:
while the horizontal jitter component oy varies from
0.01 m to 4 m, the vertical jitter o, is fixed at 0.4
m. Because the overall misalignment is governed by
the combined radial displacement, the contribution of
o becomes relatively less significant when o, is al-
ready large. As a result, additional jitter in the hori-
zontal direction causes only marginal degradation in
pointing accuracy. This anisotropic behavior under-
scores the importance of dominant-axis jitter in link
performance and highlights how a single direction can
saturate the system’s sensitivity to further
misalignment.

3) Zero-mean single-sided Gaussian and Non-zero
mean single-sided Gaussian Models

These models represent single-axis jitter dis-
tributions—without and with a deterministic boresight
offset, respectively. Despite their structural differ-
ences, both exhibit nearly identical transmit power
trends. At 659 km, the required transmit power in-
creases by approximately 3.98 dB and 3.97 dB for
the zero-mean and non-zero mean cases, respectively,
across the full jitter range. At 5,305.53 km, the differ-
ence becomes negligible, with both models showing
a variation of less than 0.2 dB. These results indicate
that when jitter is confined to a single direction, even
large variations in its magnitude lead to only modest
changes in transmit power. This suggests that it is not
just the presence of jitter, but how broadly it spreads

across spatial dimensions, that determines its impact
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on link performance.

4.3 General Observations and Summary

Across all models, shorter ISLs exhibit greater sen-
sitivity to jitter due to their narrower beam footprints.
The required Pr consistently stays below 30 dBm un-
der all conditions, satisfying the transmit power con-
straints of Mynaric’s laser communication terminal™?.
Furthermore, the closed-form analytical results align
closely with the Monte Carlo simulations, confirming

the accuracy of the derived expressions.
V. Conclusion

In this work, we presented comprehensive six stat-
istical models of pointing error affecting FSO systems
in ISLs, and determined realistic ISL distances based
on SpaceX’s Starlink constellation. We then analyzed
the link budget for each pointing error model under
five different ISL distances, with respect to jitter.
Finally, we compared the closed-form analytical ex-
pressions with rigorous Monte Carlo simulations using
10° samples for each setting to verify the accuracy
and applicability of the derived formulations.

The simulation results confirm that the required
transmit power Prremains within 30 dBm under all
considered models and distance scenarios. This sat-
isfies the practical constraint of 1 W optical transmit
power used in Mynaric’s commercial laser communi-
cation terminal, validating the feasibility of robust
FSO-based ISLs even under statistically significant
pointing uncertainties.

Overall, this study offers a unified and extensible
modeling framework to evaluate pointing error impact
on ISL link budgets. The findings reinforce the im-
portance of statistical error modeling and show that
closed-form expressions, when used carefully with re-
spect to their assumptions, can provide valuable de-
sign guidance.

In future work, this framework may be extended
by incorporating time-varying jitter processes, satellite
body dynamics, and adaptive power control strategies.
Further exploration of coding/modulation adaptation
and acquisition/tracking mechanisms under the de-

rived statistical distributions would also provide val-
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uable insights toward the development of robust
next-generation optical ISLs.
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