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Abstract

In this study, we statistically analyze the performance of a threshold-based multiple optical
signal selection scheme (TMOS) for wavelength division multiplexing (WDM) and adaptive
coded modulation (ACM); this is achieved using free space optical (FSO) communication
between mobile platforms in maritime environments with fog and 3D pointing errors.
Specifically, we derive a new closed-form expression for a composite probability density
function (PDF) that is more appropriate for applying various algorithms to FSO systems un-
der the combined effects of fog and pointing errors. We then analyze the outage probability,
average spectral efficiency (ASE), and bit error rate (BER) performance of the conventional
detection techniques (i.e., heterodyne and intensity modulation/direct detection). The
derived analytical results were cross-verified using Monte Carlo simulations. The results
show that we can obtain a higher ASE performance by applying TMOS-based WDM and
ACM and that the probability of the beam being detected in the photodetector increased at
a low signal-to-noise ratio, contrary to conventional performance. Furthermore, it has been
confirmed that applying WDM and ACM is suitable, particularly in maritime environments
where channel conditions frequently change.

Keywords: free-space optical communication; maritime environments; mobile platform;
wavelength division multiplexing; foggy channel; path-loss; pointing error

MSC: 82-10

1. Introduction

In the case of communication link between mobile platforms (e.g., ship-to-ship) in
maritime environments, free-space optical (FSO) communication has emerged as a viable
candidate to support high-throughput data exchange [1]. However, maritime environments,
in their nature, impose distinct physical constraints on FSO links owing to fog and pointing
errors. In maritime environments, atmospheric fog composed of suspended water droplets
and aerosols introduces severe optical attenuation of the laser beam and reduce visibility
by several meters in a worst-case scenario (e.g., 480 dB/km) [2]. As a consequence, the
achievable link reliability and throughput are substantially degraded [3]. In addition to
atmospheric attenuation, due to the characteristics of maritime environments, the contin-
uous movement of the platform makes it difficult for the laser beam to be orthogonal to
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the photodetector (PD) plane, resulting in pointing errors that require non-orthogonality
to be considered in the FSO communication system [4]. These pointing errors can cause
additional attenuation and signal distortion, further degrading performance. Overall, FSO
communication systems have the potential to revolutionize mobile platform communica-
tions in maritime environments; however, the combined effects of fog and pointing errors
in maritime environments can significantly degrade the reliability and performance of FSO
communications. It is necessary to analyze the complex effects of fog and pointing errors
statistically to solve these problems; then, based on this, we must develop an algorithm
that can mitigate performance degradation that may occur due to these effects and provide
reliable communication in maritime environments.

In addition to atmospheric attenuation, continuous platform motion introduces non-
negligible misalignment effects.

In terrestrial environments, performance enhancement in FSO system through various
channel models and modulation techniques, improving the FSO performance by applying
wavelength division multiplexing (WDM) or adaptive coded modulation (ACM), has
already been extensively studied [5-21]. Note that WDM multiplexes multiple optical
carrier signals onto a single wireless optical link by using different wavelengths (i.e.,
colors) of laser light. By allowing multiple WDM channels to coexist on the same free-
space optical path, the simultaneous transmission of multiple high-speed signals becomes
possible, thereby expanding the overall system capacity. These technologies have proven
to be effective in mitigating the effects of Log—normal turbulence and pointing errors
in terrestrial environments [22]. Maritime FSO systems, however, must operate under
uniquely unstable conditions influenced by atmospheric moisture (or water vapor) and
sea level fluctuations. To cope with the rapidly changing channel conditions in such an
environment, applying WDM and ACM is more important than applying land-based
FSO systems. When WDM is applied, multiple optical signals can be multiplexed and
transmitted on a single medium, and data can be transmitted with minimum attenuation
by selecting the optimal wavelength according to the channel conditions, even in unstable
channel environments with severe changes, thereby enabling stable communication. ACM
selects an appropriate channel code and modulation scheme based on the channel state that
can increase the average spectral efficiency (ASE) while satisfying the required bit error
rate (BER). By applying this technology, optimal communication based on channel status
can be achieved, even in an unstable channel environment. Accordingly, it is necessary to
respond to an unstable channel environment by applying WDM and ACM to maritime
FSO systems. The application of this technology enables stable communication, thereby
contributing to the performance improvement in maritime FSO systems.

In this paper, we investigate a ship-to-ship maritime FSO communication link impaired
by the compound effects of maritime fog attenuation and three-dimensional pointing errors
induced by platform motion. We further study the benefit of applying threshold-based
multiple optical signal selection (TMOS) for WDM together with ACM in rapidly time-
varying maritime environments. Although prior studies have addressed fog or pointing
errors individually, a unified closed-form composite irradiance/SNR distribution that
directly enables tractable performance evaluation for both heterodyne detection (HD) and
intensity modulation/direct detection (IM/DD) under the joint fog-pointing impairment
has not been clearly established. Building on the validated modeling assumptions in
the existing literature (e.g., [20]), we derive a new closed-form composite probability
density function (PDF) (and the corresponding cumulative distribution function (CDF))
for the received irradiance and the associated electrical SNR, which serves as an analytical
foundation for evaluating TMOS-based WDM /ACM-enabled maritime FSO systems. The
main novelties and contributions of this paper are summarized as follows: (i) Unified
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closed-form channel statistics: We derive a new closed-form composite irradiance/SNR
distribution under the combined fog and 3D pointing error effects, providing a unified
analytical framework applicable to both HD and IM/DD receivers. (ii) Performance
analysis enabled by the composite PDF: Using the derived statistics, we obtain tractable
analytical expressions for key performance metrics, including outage probability, average
spectral efficiency (ASE), and BER, for maritime FSO links employing TMOS-based WDM
and ACM. (iii) Validation and design insights: We validate all analytical results via Monte
Carlo simulations and provide quantitative insights into the relative behavior of HD versus
IM/DD and the effectiveness of TMOS-based WDM/ACM under weak-to-severe maritime
impairment conditions.

The remainder of this paper is organized as follows: Section 2 introduces the system
and channel models. Section 3 presents the unified composite irradiance/SNR statistics.
Section 4 derives the outage probability. Section 5 analyzes ASE and BER with ACM.
Section 6 provides numerical results and discussions. Finally, Section 7 concludes the paper.

2. System and Channel Models

Selection combining (SC) is commonly used as a baseline scheme that selects a single
branch (e.g., the wavelength/beam with the highest instantaneous SNR) for detection.
In contrast, the considered TMOS framework is tailored to WDM-FSO systems where
multiple wavelengths are simultaneously available but may experience heterogeneous
degradation due to atmospheric attenuation and pointing errors. Instead of restricting
reception to only the best beam, TMOS adopts a threshold-based activation strategy in
which all beams whose instantaneous SNR exceeds a predefined threshold are deemed valid
and jointly activated, while severely degraded beams are excluded. This enables the system
to protect a target BER constraint while increasing the aggregate throughput by exploiting
multiple reliable wavelengths whenever channel conditions permit. As the average SNR
increases, the number of activated beams grows and approaches the total number of
available wavelengths, thereby improving the average spectral efficiency. Under the TMOS
operation, full channel state information (CSI) feedback is not required. The receiver feeds
back only compact control information, namely, the indices of the beams that satisfy the
SNR threshold and the corresponding ACM region information. This significantly reduces
the feedback overhead compared to full-CSI-based schemes and allows the feedback to be
delivered through a low-rate optical control channel or a hybrid RF-based feedback link,
consistent with practical WDM-FSO system implementations. A detailed description of the
threshold-based TMOS algorithm and its analytical characterization can be found in [22].

We consider FSO communication between mobile platforms in maritime environments,
as shown in Figure 1. Here, because fog and pointing errors are major factors in performance
degradation, the irradiance can be modeled as I = I,I,, where I, and I, are fog and
pointing errors, respectively. To reduce the effects of these two factors and increase the FSO
performance, we considered a threshold-based rate-adaptive N multidimensional trellis
coded M-QAM for WDM to FSO communication as [22]. Further, because fog and pointing
errors are both random variables, it is assumed that multiple wavelengths experience the
same channel condition when applying a block-fading channel that models slowly varying
fading. Specifically, our analysis follows the standard block-fading assumption that the
channel remains sufficiently stable over one decision-and-transmission interval. For slowly
varying fading (symbol period < channel’s coherence), during the guard time, at the
receiver, the link quality of each beam was estimated and compared with the predefined
threshold 7 and then fed back to the transmitter. Based on this information, during
transmission, the transmitter transmits only beams above yr. With these selected beams,
we considered a rate-adaptive N multidimensional trellis, coded as M-QAM. Using the
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largest possible modulation order while maintaining a predefined target BER, the number
of transmitted bits per symbol interval can be maximized such that the obtainable ASE
approximates the maximum ASE. With these assumptions, we statistically analyzed the
characteristics of FSO communication between mobile platforms in maritime environments
using both HD and IM/DD techniques based on our system and channel models. In
the following section, the statistical model of the foggy channel and pointing error are
described.

Beam footprint % Receiver
{ lens

™.
Receiver

[
= W

HooRS

Transmitter

Beam footprint X

UL L center at b

Figure 1. System and channel models of FSO communication between mobile platforms in maritime
environments.

2.1. Foggy Channel

In terrestrial environments, conventional mobile-platform-based FSO communication
considers the vertical channel between the fixed-mobile platform or the horizontal channel
between the mobile platform; therefore, it is difficult to directly apply the statistical model
of fog, as given in [23]. However, because FSO communication between mobile platforms
in maritime environments consider the form of a horizontal channel, the conventional
statistical model of fog suggests that [23] can be used directly. Based on [23], using the
Beer-Lambert law, which explains the relationship between the propagation path and
signal attenuation, the foggy channel state is expressed as follows:

I, = exp(—al/4.343), 1)

where [ is the propagation link length in km and « is the signal attenuation random variable
in dB/km. The probability distribution function (PDF) of I, defined in [23] is expressed
as follows:

full) = g m(1)] W 0<n <1, @

where z = 4.343/ Bl and I'(-) denotes the Gamma function [24], Equation (8.310.1). Parame-
ters k and f are the shape and scale parameters, respectively, and their related values for
different fog densities are listed in Table 1.
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Table 1. Values of parameters for different types of fog.
Fog Type Dense Thick Moderate Light
V{(m) 0-50 50-200 200-500 500-1000
k 36.05 6.00 5.49 2.32
B 11.91 23.00 12.06 13.12

2.2. Mobile-Platform-Based Pointing Error

In maritime environments, instances of beam misalignment are mainly caused by
ship motions such as yawing, pitching, and rolling [25], as shown in Figure 2, which
jointly perturb the transmitter’s orientation and position and make it difficult to maintain
orthogonal beam incidence to the receiver plane. Unlike conventional statistical model
of pointing error in terrestrial environments, in which only the position changes due to
building sway, both the position and orientation of the mobile platforms change in our
system model. Accordingly, we applied the new statistical model of the pointing error
derived in [4] that considers the position, orientation, and non-orthogonality of the FSO
beam.

e Rolling

| . Pitching
|

Figure 2. Movements of mobile platforms in maritime environment.

Specifically, according to changes in the position and orientation of the mobile plat-
forms, both are random vectors denoted by r = (rx, Ty, rz) and w = (0, ¢). Here, 6 € [0, 271]
represents the angle between the projection of the beam vector onto the x’ — ' plane and
x" axis. In addition, ¢ € [0, 7] denotes the angle between the beam vector and z’ axis. We
assume that all position and orientation variables are independent and follow Gaussian
distribution (IG); therefore, r and w can be expressed as r = (yx +ex, Py + €y, Pz + sz) and
w = (pg + €9, Uy + €¢), respectively. Here, p, = (jix, iy, jiz) and p,, = (yg, jig) are means
of r and w, respectively, and & = (ex, €y, ¢;) and &, = (gg,€4) are fluctuations of r and
w modeled by zero-mean normal random variables with variance 0'1-2, i€ {xyz0,4¢},
respectively.

Based on [4,26], we can approximate the fraction of power collected by the receiver

lens as follows:
I, = Agexp| — 25° (©)
p = 0 p tsz .
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Here, the center of the footprint, b, that changes due to these fluctuations can be

obtained from the intersection of the laser beam and the x-plane of PD, which can
be written as b = (0, ry —rytanf,r; — rx%), as shown in Figure 3. In addition,
s = ||b|| is the distance between the center of the beam footprint and the center of

the receiver lens, and wj is the beam width at distance L (m). Moreover, t = #,

f V/rerf .
t1 = ZU\EE;(T)Z, thy = L ) —, 01 = 2,/%, and v; = wvq|sin¢cosh|
1exp( vl) 20y exp( vz)sm HpCOS=Hg L

where erf(x) = % fox e~"dt is the error function and ro is the radius of receiver lens
and Ag = erf(v;)erf(vy) is the maximum fraction of optical power captured by the re-
ceiver lens at s = 0. Our pointing error model follows a Hoyt distribution s ~ (g, Q)
with g = 4/ % and () = A; + Ay. Note that the 2D beam footprint offset (misalign-
ment) on the receiver plane can be modeled by a Hoyt (Nakagami-g) distribution. Here,
A1 and A denote the eigenvalues (principal axis variances) of the covariance matrix of
the pointing offset; thus, (2 = A + A; represents the overall jitter power/spread, while

g = +/(min(Aq,A;)/ max(Aq, A2)) captures the anisotropy (ellipticity) of the pointing jitter.
Here, A1 and A, are the eigenvalues of the matrix, where }_ 1 is given by

Y= (75—}-6%0,%—1—%092 C10502 00407 )
C16503 +Caca0y 02 +C305+cop+caoy |
where IG (independent Gaussian) and ¢; = —tanpg, ¢ = COZ’ 2";‘9, 3 = —Sinzy”#w,
¢
Cy = — %%anyg’ and c5 = — EZ?;Z Then, based on the distribution of s, the PDF of I, is
given by [26]
(e _
=) T (O (I
PP Ag\Ag 2g Ay )’ ()
0<I, < Ay,
2 2
where § = % is the jitter of the pointing error and Iy(-) denotes the zero-order

modified Bessel function of the first kind [24] (Equation (8.431.1)). Note that in heavy seas,
non-Gaussian motion could affect PDF accuracy.

Z

4 b=(byb)

Figure 3. Beam footprint on the receiver lens plane.
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3. Composite PDF

Based on our channel model assumptions, the composite PDF of irradiance I is ex-
pressed as:

A = [, 563 ) utisats ©

Using (6), with the help of [27] (Appendix A), we can obtain the closed-form expression as
given on (7).

L S )

Note that, in (7), using Stirling’s approximation, the value of (7) decays exponentially
as the indices m and n increase [28]. Thus, the approximation by the truncation of index # is
close to the exact value, and an infinite summation in terms of index m can be achieved with
a finite number M. Such truncation-based numerical evaluation of infinite-series fading
expressions is well aligned with established practices in recent studies on computationally
efficient statistical channel modeling [29], where convergence behavior and runtime con-
siderations are explicitly addressed. Additionally, for the numerical results presented in
this manuscript (i.e., the figures), we used (M, N) = (15,15) (approximately 15 terms in
each dimension), which was found to provide stable and accurate evaluations.

In the following subsections, using (7), we analyze the statistical characteristics accord-
ing to the applied detection technique (i.e., HD or IM/DD techniques). Accoryding to the

applied detection technique, the instantaneous SNR can be defined as 7 = Né where r
denotes the detection techniques (i.e., r = 1 for HD and r = 2 for IM/DD) and the related
average SNR is expressed as follows:

Y wag[om’ _ ) O(E[Ip}) , ©

k Aod

,E[I,] = ——=%——, and 7 is the effective photoelectric conver-
(14+92) (1+5)

sion ratio. Subsequently, depending on the applied detection technique, the PDF expression

where E[I,] = (1)

of the instantaneous SNR, 7y, can be obtained as f+(y) = fr(I(7)) ’ g—fy ‘ Detailed analysis
results according to the detection techniques are described in the following subsections.

3.1. Closed-Form Expression of Composite PDF Based on HD Technigue

For the HD technique, with the relationship between the irradiance, I, and the SNR, v,
I can be defined as follows:

( z \k Apré
(+g0) (145)

= '7117\]0 _ D (general case) )
2 \k
7(ﬁgDAm for & > 1
and
( 2 \k Apé
144¢)(1
a _ V(H;q (44) (general case) (10)
doy N ’
(TH)DAO for &2 > 1
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(4;7 k 14A9¢

z+1
Jaran) (1)
where, upp = No ! (general case) i the average SNR. From (9), the SNR
2 \k
() 140 m]\)lo 140 for &2 > 1

is expressed as follows:

= e Hnleg (general case)

y - =1 I (+g) (1+5) ] (11)
—EHDL dfor & > 1
(zi1) 40

Then, by replacing I in (7) with (9) and applying the transformation of random variables
(RVs), we can written the PDF of the SNR using the HD technique as given on (12).

dl
Frn = fii)|
i (ﬁ)k\“ q;( i) Z v (=) )" = (@m+n)-1
_ 2z M 1 _ U= - —(2m+n)— n
RIGH kD X, (ms)2< % ) L ) (-a@) (-2)
(12)
k—1-n

x ¥ 1 In HHD 0% 2m+n+1,—§ln HHD

PR L S R S
'Y<z+1> (1+q§)(1+%) 7<z+1) (1+q§)(1+%)

From (12), with the help of [27] (Appendix B), the outage probability with HD tech-
nique as given on (13) can be obtained.

" ok 1 1—25 2m k—1 o . ) 2m+n+11"(k+2m+1)
Fy(x):/o fn,('y)d'y:ﬁgmz:;o o (_( 2;1) > Z( )(_@) @uren)=1(_g) ((( 7) 41

n=o \ " 2m+n+1)(—-% +z2)

—

k—
—@
xoF (Lk+2m+12m+n+2, ——— | —
—@ + 2z =

X |y 2m—|—n+1+i,(—9+z>ln HHD —y 2m+n+1,—eln HHD ) (13)
2 e g 2 < z g
z z+1

i1gk—n—i 2 5tz

" (k—1—n)! <(_w>2m+n+1 " ( L;) )7(2m+n+1)7i

(1+42) (1+5)

3.2. Closed-Form Expression of Composite PDF Based on IM/DD Technique
For the IM/DD technique, using the relationship between I and 7, I can be defined

as follows:
z \k AoG v
(%) / (general case)
= Yo _ ) \/ (1q2) (145) V0P , (14)
U) k
(59) Ao P‘IM'Y/DD for &2 > 1
and
i k Aoé 1 ~ (general case)
dr \/(1+q€’) (1+%) 201/00\ vt o (15)
dy (ﬁ)kAoé for & > 1

2#1m/DD V ?‘IMW/DD

https://doi.org/10.3390 /math14040699


https://doi.org/10.3390/math14040699

Mathematics 2026, 14, 699 9 of 23

2
(( Zil )k WAOé )
2(E[1])? (a+a)(1+5)

where, yip/pp = No = No (general case) is the average SNR.
k 2
=) A
7((”11)\]0’7 O> for &2 > 1
Then, similar to the HD case, v is expressed as follows:
2
Him/DD ¥ IL (general case)
Y= U Jean (145) . (16)
2
I 2
Him/DD ( . ) for &= > 1
e

Then, by replacing I in (7) with (14) and applying the transformation of the RVs, PDF of the
SNR with IM/DD technique as given on (17) can be written.

z

k k ¢ 1 I o9 (1-¢%)¢ M k—1 (2t —
fW(V)ZFZ(k)C (zJZr1> (1+§> (MIM/DD) m;O (m!)2 <_ ZZ > Xn;()( n )(_(D) e
q

(1+48)
k—=1-n (17)
/#IM/DD /#IM/DD
a Yoo (1+5) = Jos0 (1+5)

From (17), with the help of [27] (Appendix C), the outage probability with IM/DD
technique as given on (18) can be obtained.

2= 1 =\ S 1 ety (9T T+ 2m 1)
F’Y(x)fl—-(k)gmgo (m')2< 26] ) n;o( n )( (D) ( 2) (2m+n+1)(_%+z)k+2m+l

— @+ j1zk—n—i

><<'y(2m+n+1+i,(c2o+z)ln( /s )) (18)

ES LY S
<Zil) a0 (1+9)

—y 2m+n+1,f§1n ,W W h In W | .
ot 3 TN ) )

(1+4¢) (1+£) (Ja+a) (145)
3.3. Closed-Form Expression of Unified Composite PDF

In this subsection, the PDF results of SNR derived from HD and IM/DD techniques
given in (12) and (17), respectively, in the previous subsections are rewritten in a unified

k—1—n _ g
% Fy (1,k—|—2m—|—1;2m—|—n—|—2; _wzz) _ ‘ZO (k—1—n)! ((_(g)2m+n+1(_(§ +Z) (2m+n+1)—i
1=l

form expression as given on (19).

k—=1-n (19)
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where r = 1 with HD and r = 2 with IM/DD techniques.

Using Stirling’s approximation (as m and n increase, infinite summations decrease
exponentially), infinite summations can be achieved using a finite number of terms.

For & >> 1, it can be assumed that the pointing error is negligible. Therefore, the
irradiance can be simplified to I ~ I,. Therefore, the PDF of I can be expressed as follows:

fr(I) = 1"?];() [m(i)]k_llz—l. (20)

Then, by replacing I with the unified SNR representation given in (11) and (16) and applying
the transformation of RVs, the PDF of SNR in a unified form expression is expressed

k—1
1“< 1 1)] . (21)
o) ()

3.4. Closed-Form Expression of Unified Composite PDF Based on TMOS

Based on the system and channel models, the range of the optical beam (i.e., irradiance)

as follows:

affected by the foggy channel and pointing error is 0 < I < Ay. Then, according to the rela-
K

[ \/<1+qf><l+5>>

In addition, based on the TMOS scheme, the SNR of the selected beam is above the pre-
selected threshold 1. Therefore, based on [22], the statistical representations of the output

tionship between I and v, the range of -y can be obtained as 0 < ¢ <

SNR of the selected beam can finally be obtained as follows:

fr(7)
Ey E 7| —Fy (1)
((zi)k L )
fre_wpm(7)= ) (22)
YT < Y < 7
_z \k g
(Z+1) (14+42) (1+%> )
0
otherwise,

where f, () and F,(-) are the PDF and the outage probability of the SNR, respectively.

4. Performance Analysis of the Outage Probability

Based on the operation mode, the outage probability, Poyr, (i-e., equal to the prob-
ability of no transmission) is defined as the probability that the output (electrical) SNR
of the selected beam with TMOS falls below a preset threshold. Therefore, Poy1 can be
formulated as

Pour = Pr[yr < yrs_wpm < yrH_our]

YTH_ouT (23)

= fre_wpm(7)dy.
YT

According to the TMOS scheme, the selected beam follows the conditional PDF of
a truncated RV. Subsequently, by substituting (22) into (23), a closed-form expression for
PourT can be obtained as follows:
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Ey(vrH our) — Ey (1)

Pour =

Ey £ i _Fv(’YT) (24)
_z K g
(<Z+l> — (Hg))
_ Ey(rruour) = By (r7)
1—=Fy(r1) '

Subsequently, in (24), the final closed-form results can be obtained by simply replacing
E,(-) with (13) for HD technique and (18) for IM/DD technique.

5. Performance Analysis with Adaptive Modulation
5.1. Average Spectral Efficiency

Based on the system models described in Sec. II, the ASE of the selected beam can be
estimated as the sum of all spectral efficiencies, R, weighted by the probability, F,, that
the SNR of a selected beam is assigned to the u-th region as follows:

Nmax
ASE - RuFu, (25)

u=1
where R, = u + 0.5 and F, can be considered the following two cases depending on the cor-
. Let be

(ul) <1+q5<1+5>) (W w&w%))

Ymax, then, by substituting frg wpam(-) with (22), we can obtain the closed-form expression
of F, equation required for estimating the ASE as follows:
Case 1. YTy < Ymax < YTnirr N < Nmax,

responding integral region according to

VT,4q _ F’y('YTu 1)*F7(’7Tu)
1, * fTB_WDM(’Y)d’Y = Fw(’?n:;x)_Fw(’YT)

u=1,---,N-1
F, = , (26)

Ymax — F (’)’max)_F (’YT )
o fre_wpm(v)dy = W

u=N

Case 2. Yymax > Y Trgae ”

T, Ey(rr,q ) —Fr(rm)
v fre_owpm(Y)dy = Fs(w;lf))ﬁ(w)

u=1,+,Nmax —1
F, = . (27)

ny('}’max)fF’y (’YT max )
fTB_WDM(’)/)d’)/ - Fy(’)’max)_l:’y('l‘\/]T)

1 = Nmax

Ymax

IYTNmaX

We can then obtain the closed-form results of F;, by replacing F,(-) in (26) and (27) with
(13) for HD technique and (18) for IM/DD technique, respectively. Finally, by substituting
F, and R, in (25) with the closed-form results above, we obtain the closed-form results of
the ASE for each detection technique.
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5.2. Average Bit Error Rate

In the case of ACM, we can express the average BER, BER, of all the codes for the
SNRs of the selected beam as the average number of bits in the error divided by the ASE in
(25) as follows:

BER—= = (28)

Similar to the ASE analysis case, evaluating BER,, can be considered in the following two
cases, depending on the corresponding integral region based on 7.x. In (28), to obtain

the closed-form results for BER, we only need to derive the closed-form results for BER,,.
Thus, in the following, we focus on the derivation of the closed-form results of unified
BER,, for HD and IM /DD methods.
Case 1 ,YTN = ')’max < ,YTN+]/N < Nmax
Y
ryT?HBERufTKWDM(’Y)d'Y u=1,- ,N-1
BER, = ’ (29)
,Q/;HMBERufTB wpm(7)dy u=N
Case 2. Yymax > Y Tnigan
T, Tyv1 _
77, BERufre_wpm@dy u=1, ,Nmax—1
BER,= ’ (30)

Jmax BERy frp_wpm )4y #=Nmax
TNmax

where BER,, = a, exp( “—Z) is the BER for code u according to [30]. Furthermore, the

corresponding values of a,, b, and M, are listed in Table 2 and M,, = 2utl gy e {1,2,...,8}
is the constellation size. Here, by applying Maclaurin series of exponential function to

0 buy
BER, (i.e., exp( b””) =Y ( ?’,I”) ), (29) and (30) can be rewritten as follows:

BERy= [ BERu frp_wpm(y 7~ fj}"“lBERu fre_wpmrdy
u+

+ [max BER, frg_wom(7)dy (31)
,YTNmax

= BER, 1 — BER, 1 + BER, m,

where,
DD ad a”(_%)l 'Ymu
BERu1= & = 1" By ) oy 1 (1), (32)
I
BER, =5 “(h) Tl 6 (), 33)
4 1=0 : F 'Ymax T, +1
and - o, t )z ) _
BERu'IH:lgo I ’ Ey(Ymax) —Fy (v7) T TNma ,Y f,y( ) (34)

By replacing Y T 1N (34) with 77, we can express Case 2. Using (32)—(34), by substituting
(12) and (13) for HD technique and (17) and (18) for IM/DD technique into f, (y) and Fy(x),
we can derive the closed-form expressions of (32)—(34) for both HD and IM/DD techniques,
respectively.
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Table 2. Parameters based on the given My, yt, for Target BERg = 1073,

u M, ay by, vt, [dB]
1 4 896.0704 10.7367 7.1

2 8 404.4353 6.8043 11.8

3 16 996.5492 8.7345 14.0

4 32 443.1272 8.2282 17.0

5 64 296.6007 7.9270 20.1

6 128 327.4874 8.2036 23.0

7 256 404.2837 7.8824 26.2

8 512 310.5283 8.2425 29.0

In addition, in (32)-(34), using Stirling’s approximation (as [ increases, the infinite
summation decreases exponentially), the required accuracy can be achieved by a truncated
summation with a finite number of terms. The detailed closed-form result derivation pro-
cess of (32)—(34) with both HD and IM/DD techniques are presented in [27] (Appendix D)
and [27] (Appendix E), respectively. With these closed-form results for both HD and
IM/DD techniques, the unified closed-form result expression of BER, 1 as given on (35)
can be expressed at the top of the next page.

!

12) (14§

(35)

il(rl+z)

£ o
xy(Zm—Fn—&-l—l—i,(—%—&-rl—l—z)ln(—(i k(”“)g ))—7(2m+n+1,—‘§1n((2)k(”“)g ))
z+1 +1 /(1+qg’,‘)(1+%)

Jaran (1+5)
For ¢% > 1, by substituting (32) into (21), the unified expression for BER,, can be
expressed as

N #k’ / k-1
oo ay (- (A, (% _ 1 z
BE wl = ‘:\:O ( II[VIu) . 1 X,f'yg-u (Z+l))zk12£1k)2(n<4 1 })) ( D(ﬁ)k(%) ) dy. (36)

et k=1-n ! m-+n —(2m+n+1)—i
% Z (k*l)(_w)f(ZnH»n)fl(_z)nX A;O (kilikii)n;,' <(_(2o)2 + Jrl(—%-‘r?’l-i-Z) (2m+n+1)

1 1
i 7

.
In (36), by letting t = In| ——L—— |, then ¢ = y( g_: k) and dy =
a0(21)5(2)” Ao(H1)
(—yr)(A E’Z' )k> dt. Thus, (36) can be rewritten as follows:
olz41

In 1 T

- 0 by ! r(-1) Al ( 2 k ITy \ 7
BER,; =5 “( k). ! ’Zkr?’i>1x< (1 )k) Jo () () f gtz gy (37)

= Ao Zj»il

Ey ( (Aa(;rl)k)r) —Fy(7r)

From (37), utilizing [24] Equation (3.381.1), the closed-form of the unified BER, | in
(37) can be obtained as follows:
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® uu(—h—”)l 1 ko i—1 (

r(-1)
ER_x 1 e—r+rh) %y | k,(z—r+r) In| ————
G ) ; 39)
)

M z+1

E v (k’ —F Y ('YT
(40(51)") )
However, to obtain the closed form results of BER,;, in both general cases and the case

where pointing error is negligible, we still need to derive the closed-form results of BER,, 1y
and BER,, 11 corresponding to the relevant cases. In the case of BER,, jj and BER,, 1, we can

perform the same derivation process as BER,, 1 in both cases. Consequently, we can obtain
the closed-form of unified BER,, 1 and BER,, i by replacing 7y, in (35) and (38) with 7y, ,
and v, for Case 1 and yr, for Case 2, respectively. Subsequently, we can finally obtain

max

the closed form results of BER, by subtracting the closed form of BER, 1 and BER,, jj and
adding the closed form of BER,, ;.

6. Numerical Results

In this section, we present performance outcomes to illustrate how applying TMOS-
based WDM with ACM enhances the performance of FSO communication among mobile
platforms in maritime settings amidst random fog and pointing inaccuracies. Our method-
ology involves selecting beams that surpass a predetermined SNR threshold (i.e., above 7).
Based on this selection, we employed a rate-adaptive scheme utilizing an N-dimensional
trellis coded M-QAM for our performance evaluation framework. More specifically, we
define N + 1 regions as the SNR threshold (i.e, 0 < v, < 71, < -+ < 71y < VYTyys)
and each region is assigned different modulation size M,, M, = 2”“(11 =1,2,...,N)

for N = 8 different codes based on QAM signal. Note that o has an upper limit
i

(i.e., ’YTN+1 =
k
(Rm—

140) (14+5)
The means of random vector r, ., mentioned in Section 2.2, is expressed in spherical

7), unlike 7y, ., = o0 in the conventional [22].

coordinates as (L, a4, B4), i-e., pix = Lsin Bycosay, py, = LsinBysinay, and p, = Lcos By
to quantify the effect of non-orthogonality of the beam, ie., (as, B4) = (£, 3%) [31].
Also, we assume standard deviations for the position and orientation variables as
(0x,0y,02) = 079(0.8,0.27,0.53) and (0p, 0) = 52 (0.44,0.9), respectively, where ¢ is the
standard deviation of the position or orientation [31]. Moreover, the analytical expressions
presented in the previous sections are cross-verified using computer-based Monte Carlo
simulations under varying foggy condition parameters (i.e., k and ) and pointing error
parameters (i.e., ¢). In all figures, the lines and markers represent the analytical and simula-
tion results, respectively, and the analytical results perfectly match the simulation results.
The default parameter settings for all figures are listed in Table 3 unless otherwise noted.
In all figures, we consider light fog with a low pointing error that slightly degrades the
performance (i.e., k = 2.32, B = 13.12, and ¢ = 420.7725 with ¢ = 0.5) and dense fog with
a high pointing error that severely degrades the performance (i.e., k = 36.05, § = 11.91,
and ¢ = 0.6732 with ¢ = 2.5) and call them weak impact cases and severe impact cases,
respectively. Note that the higher ¢ value, the lower the pointing error effect.

In Figure 4, we present the composite PDF results, based on the system model detailed
in Section 2. Specifically, this figure shows a comparative analysis between the simulation
results and newly derived analytical outcomes, considering an environment characterized
by moderate fog and pointing errors. In conclusion, this analysis confirmed that these two
results matched perfectly.
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Figure 4. PDF comparisons for moderate fog with pointing error (i.e.,, o = 1).

Figure 5 and 6 display the outage probabilities of FSO systems using (i) TMOS-based
WDM and (ii) non-threshold-based WDM, under both HD and IM /DD techniques with
vt = 7.1 dB over an average electrical SNR range from 9 dB to 45 dB. These figures illustrate
the performances of these systems under varying levels of influencing factors, from weak
to severe conditions. Specifically, Figure 5 shows the impact of an adjustable threshold
on the outage probability, with yu (i.e., 4 = 10 dB) being held constant, as described in
Equation (23). In this context, an “outage” refers to situations where the quality of the link
for each selected beam falls below the threshold specified in Equation (23). As is evident
from the outcomes, it is expected that when y is fixed at 10 dB, increasing the threshold
leads to a reduction in the number of beams with SNR above the threshold. This reduction,
in turn, results in the deterioration of FSO communication. Figure 6 shows the impact of
varying u on the probability of successful data transmission at a fixed yry oyt = 11.8 dB.
In this scenario, with increasing values of y, there is a corresponding increase in the number
of beams with SNR higher than the threshold, resulting in improved system performance.
Furthermore, the results confirm that the performance of TMOS-based WDM surpasses
that of non-threshold-based WDM, particularly in challenging maritime environments.
Essentially, by employing the threshold, beams with SNR compared to the threshold that
fail to meet the system requirements are filtered out, leaving only those beams that satisfy
the system requirements, thus enhancing beam reliability. Note that the crossover between
the HD and IM/DD outage curves is mainly attributed to the different receiver operating
principles and the resulting SNR mapping/noise statistics. In particular, IM/DD can be
more outage-robust in the low average-SNR regime, whereas HD becomes advantageous as
the average SNR increases; hence, the curves intersect. This crossover tendency is observed
under both weak and severe combined-effect conditions.
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Figure 5. Impact of an adjustable threshold on the outage probability in TMOS-based WDM and
non-threshold-based WDM for combined effects of foggy channel with pointing error under both HD
and IM/DD techniques with y7 = 7.1 dB.
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Figure 6. Impact of varying u on the outage probability in TMOS-based WDM and non-threshold-
based WDM for combined effects of the foggy channel with pointing error under both HD and
IM/DD techniques with yr = 7.1 dB and vy our = 11.8 dB.
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Table 3. Parameter settings in results.

Parameter Symbol Value
Distance L 500 m

Beam width at L wr, 0.3m
Radius of receiver lens o 0.1m

Figure 7 shows the average number of selected beams (ANSB) with TMOS-based
WDM in both the weak and severe impact case under HD and IM/DD techniques with
o1 = 14.0 dB. As expected, as u increases, the number of beams above the predefined
threshold increases; thus, ANSB is enhanced and eventually converges to the total beam
number (i.e., H = 5). In addition, for both detection techniques, the weak impact case
performed better than the severe impact case and converged much faster. Based on these
results, Figure 8 depicts the ASE of the selected beams in TMOS-based WDM, both with
and without ACM, in scenarios with weak or severe impacts on the communication channel
with yr = 14.0 dB. We assume that, in the context of fixed modulation, which consistently
transmits data at the same rate, it is typically designed to operate at the minimum SNR,
typically using the 4-QAM scheme (i.e., R, = 1.5 in 4-QAM). When adaptive modulation is
adopted, the data rate is dynamically adjusted based on the channel conditions, allowing
for the transmission of more data compared with fixed modulation. Consequently, as
the SNR increases, the spectral efficiency also increases, leading to an upward trend in
ASE, ultimately approaching the maximum achievable ASE L - Ry (i.e., 5 x 8.5 = 42.5). In
systems employing ACM, the primary goal is to optimize the data transmission rates while
maintaining a stable BER as required by the system in response to the current channel
conditions. The results presented in Figure 9 confirm that the average BER across a range
of scenarios was consistently maintained below the predefined threshold BER. (BER( =
1073), this criterion is maintained even in the face of significant channel degradation.
Consequently, the utilization of ACM in dynamically changing channels not only meets the
desired system quality but also boosts the ASE. This demonstrates that data transmission is
considerably more efficient than when using fixed modulation schemes.

To assess the impact of applying the threshold-based WDM, Figures 9 and 10 depict
the ASE and average BER when using conventional (i.e., non-threshold-based) WDM with
ACM in scenarios of both weak and severe signal degradation, considering both HD and
IM/DD techniques. Without considering the threshold, the number of beams remains
constant for the total number of beams (i.e., 5), which leads to variations in the performance
of ANSB, as illustrated in Figure 9. However, the disparity between the ASE shown in
Figure 8 and that in Figure 9 is very small. This indicates that beams with SNRs falling
below the threshold are ill-suited for communication and have an insignificant impact
on system performance. Furthermore, Figure 11 confirms that, in scenarios where the
threshold is not considered, all outcomes result in BER lower than the specified target.
Consequently, by considering the threshold-based selection scheme with ACM, with fewer
beams used for transmission, a performance similar to that achieved when threshold-based
WDM is not considered is still attainable.

Figures 6, 10 and 11 demonstrate the improved performance in scenarios where the
communication channel is severely impacted at a low SNR, which differs from typical
outcomes. This can be attributed to the combined effect of the presence of fog and jitter.
The beam experiences dispersion as it traverses the foggy channel, as discussed in [32].
Furthermore, the jitter makes the beam footprint more spread out [31]. Owing to these
factors, a dispersed beam has an elevated likelihood of being detected using a photodetector
(PD). Notably, in the scenario with a severe impact on the communication channel, where
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the extent of beam widening is more pronounced than in the weak impact case, the
probability of detection increases, resulting in enhanced system performance.

5,
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|| O Simulation severe impact HD
X Simulation weak impact IM/DD
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Figure 7. Average number of selected beams for combined effects of foggy channel with pointing
error under both HD and IM/DD techniques with 1 = 14.0 dB.

45

QO Simulation threshold ACM weak impact HD

(O Simulation threshold ACM severe impact HD
40 x Simulation threshold ACM weak impact IM/DD
X Simulation threshold ACM severe impact IM/DD
35 | ——Analytical weak impact
- - - Analytical severe impact
3% Threshold 4-QAM

30

25

20

ASE of Selected Beams

Average Electrical SNR, p (dB)

Figure 8. Average spectral efficiency of selected beams in TMOS-based WDM, both with and
without ACM, for combined effects of foggy channel with pointing error under both HD and IM/DD
techniques with y7 = 14.0 dB.
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Figure 9. Average spectral efficiency of beams in non-threshold-based WDM, both with and
without ACM, for combined effects of foggy channel with pointing error under both HD and

IM/DD techniques.
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Figure 10. Average BER of a beam in non-threshold-based WDM with ACM for combined effects of
foggy channel with pointing error under both HD and IM/DD techniques.

However, as the SNR increases, the beam spread relatively diminishes, resulting in
a reduction in the positive impact on the performance caused by the combined effects
of beam spread and jitter. Generally, FSO operates across a broader range of SNR than
RF, and notably functions at high SNRs [22]. In this context, when focusing on a higher
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SNR range, the HD technique more effectively mitigates the adverse impact of fog and
pointing errors compared to the IM/DD technique, leading to improved performance. This
disparity in effectiveness stems from the fundamental operational differences between the
two techniques: HD technique implements a two-dimensional modulation involving phase
and amplitude, whereas the IM/DD technique operates within one dimension, focusing
solely on intensity [33]. Therefore, IM/DD technique necessitates a higher SNR than its
HD counterpart to achieve equivalent performance rates.

O Simulation threshold ACM weak impact HD

(O Simulation threshold ACM severe impact HD
[Target BER X Simulation threshold ACM weak impact IM/DD
I X Simulation threshold ACM severe impact IM/DD

—— Analytical weak impact

—_
oI
w

- - - Analytical severe impact

Average BER of a Selected Beam

_k

o
- &
o

20 25 30 35 40 45
Average Electrical SNR, p (dB)

Figure 11. Average BER of a selected beam in TMOS-based WDM with ACM for combined effects of
foggy channel with pointing error under both HD and IM/DD techniques with yr = 14.0 dB.

Note that when p is 45 dB, the average SNR affected by the weak and severe im-
pact cases are 39.4631 dB in HD and 38.0607 dB in IM/DD, and 27.7026 dB in HD and
32.4938 dB in IM /DD, respectively. Here, it is possible to apply the conventional values of
the coefficients (i.e., 2, and b,) used in [30]. Even if ACM is applied to a wider and higher
range of SNR, the analytical framework and closed-form expression results, along with the
appropriate coefficient values provided in [30], remain valid. However, suitable values
of a, and by, should be determined using curve-fitting techniques based on M, yT,, Ry,

and BER using the least squares method, as shown in [30]. Furthermore, according to [22],
considering the pathloss I; to be deterministic, we assume that it maintains a constant value
of 1. However, if the impact of the pathloss needs to be considered, we can substitute A
with Ay - I; in the derived results. Note that one may replace Ay in the derived expressions
by Apl;(d), where the path-loss term can be modeled as I;(d) = exp(—ad), with « denoting
the attenuation coefficient and 4 the link distance. While « is environment-dependent and
should be obtained via measurements (or adopted from validated experimental data) for a
given underwater scenario, our analytical results remain valid and directly applicable once
the appropriate « (and hence I;(d)) is used.

Note that, when p is 45 dB, the average SNR affected by the weak and severe impact
cases are 39.4631 dB in HD and 38.0607 dB in IM /DD, and 27.7026 dB in HD and 32.4938 dB
in IM/DD, respectively. Although FSO links can operate at relatively high SNR in benign
conditions, the considered maritime scenario includes fog attenuation and platform-motion-
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induced pointing errors; hence, the range of i considered in Figures X-Y (i.e., 1545 dB)
sufficiently captures the meaningful transition region of the outage/ASE/BER perfor-
mance. Moreover, for u 2 45 dB, the TMOS-based WDM selection tends to activate
(select) all available beams/wavelengths and the ACM operation reaches the maximum
modulation/coding mode; therefore, further increases in u yield only marginal statisti-
cal/performance changes (i.e., performance saturates), and thus results beyond 45 dB are
omitted for brevity. Here, it is possible to apply the conventional values of the coefficients
(i.e., a, and b,) used in [30]. Even if ACM is applied to a wider and higher range of SNR,
the proposed analytical framework and the derived closed-form expressions remain valid;
however, in the high-SNR regime (e.g., beyond 45 dB) the performance improvement
becomes marginal due to the above saturation behavior. Nevertheless, suitable values of
a, and by, should be determined using curve-fitting techniques based on My, yT,, Ry, and
BER) using the least squares method, as shown in [30]. Furthermore, according to [22],
considering the pathloss I; to be deterministic, we assume that it maintains a constant value
of 1. However, if the impact of the pathloss needs to be considered, we can substitute A
with Ag - I; in the derived results.

7. Conclusions

In this study, we investigated FSO communication between mobile platforms in
maritime environments, where fog attenuation and three-dimensional pointing errors
constitute the dominant performance impairments. To address these challenges, TMOS-
based WDM combined with ACM was applied to enhance link reliability and spectral
efficiency. A new closed-form composite irradiance/SNR probability density function was
derived to accurately capture the joint effects of fog and pointing errors, enabling tractable
performance evaluation for both conventional detection techniques (i.e., HD and IM/DD).
Based on this unified analytical framework, the outage probability, ASE, and BER were
systematically analyzed. Numerical results demonstrated that the proposed TMOS-based
WDM with ACM significantly improves performance, particularly in dynamically varying
and harsh maritime conditions, by selectively activating reliable beams while maintaining
target BER constraints. All analytical results were rigorously validated through Monte
Carlo simulations, confirming the accuracy of the derived expressions and the effectiveness
of the proposed scheme.

Based on the selected results, we can confirm that a higher ASE performance can be
achieved by adjusting the data rate according to the channel environment by applying
TMOS-based WDM and ACM. Therefore, it was confirmed that the application of TMOS-
based WDM and ACM is suitable for maritime environments with frequent changes in
channel conditions. In addition, the performance difference between HD and IM/DD
techniques can be identified, which can help determine an appropriate detection technique.
However, in some results, the performance was reversed at a low SNR unlike the con-
ventional performance, which confirmed that the performance improved by increasing
the probability that the diffused beam was detected in the PD owing to the combined
effects of fog and jitter. Note that this contribution is pivotal in advancing the domain by
improving statistical analysis and performance evaluation capabilities in the context of
maritime communications under challenging environmental conditions. Note also that the
power saving obtained by transmitting fewer beams originates from selectively activating
only the WDM channels that meet the target SNR, rather than from reducing the number
of supported wavelengths in the hardware. The proposed framework therefore addresses
link-level adaptation, while practical real-time implementation issues, including high-rate
adaptive switching and feedback latency, are left for future investigation.
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