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Abstract

Reliable communication infrastructure is a fundamental component of Intelligent
Transport Systems (ITSs), particularly in scenarios involving maritime corridors and
emergency traffic management. In locations where optical fiber deployment is geograph-
ically constrained, unmanned aerial vehicle (UAV)-assisted free-space optical (FSO) relay
links provide a flexible and rapidly deployable alternative. However, atmospheric atten-
uation, turbulence-induced fading, and wind-induced UAV misalignment can severely
degrade link reliability and disrupt real-time transport data streams. This study proposes
a payload-efficient multiple-input multiple-output free-space optical (MIMO-EFSO) relay
architecture based on a multi-output/single-input (MOSI) uplink and a single-out-
put/multi-input (SOMI) downlink. Here, MOSI denotes multiple ground-based transmit
apertures directed toward a single UAV receiving aperture, whereas SOMI denotes one
UAV transmitting aperture serving multiple ground-based receiving apertures. Unlike
conventional symmetric UAV-assisted MIMO-FSO relays that may duplicate diversity
hardware on the aerial node, the proposed design shifts the parallel optical branches to
the ground stations and keeps only one optical receiver and one optical transmitter on
board the UAV. Under the adopted 4 x 4 comparison assumption, this reduces the UAV-
side optical branch count from eight to two, corresponding to a 75% branch-count reduc-
tion proxy. System performance is evaluated over a 1.54 km relay link. The analytical
framework describes Beer-Lambert attenuation, log-normal/gamma-gamma turbulence,
and statistical pointing errors; in the OptiSystem implementation, their combined effects
are represented by equivalent aggregate losses of 25 dB/km for atmospheric absorp-
tion/scattering and 25.5 dB/km for turbulence- and pointing-related degradation. Com-
parative simulations for SISO, 2 x 2, and 4 x 4 configurations show that the proposed 4 x
4 architecture increases the Q-factor from 8.38 to 18.25 and changes the OptiSystem-re-
ported minimum BER from 2.73 x 10717 to 9.95 x 1075, Because a finite simulation cannot
statistically validate error probabilities of this magnitude through raw error counting, val-
ues far below 102 are interpreted primarily as comparative indicators of receiver decision
margin. The findings provide simulation-based evidence that the proposed architecture
is a scalable candidate for resilient optical wireless backhaul in smart transport corridors
under adverse propagation conditions.

Keywords: UAV-assisted communication; transport infrastructure resilience; MIMO-FSO
architecture; spatial diversity; intelligent transport systems; atmospheric turbulence
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1. Introduction

Free-space optical (FSO) communication has been widely recognized as a promising
solution for high-capacity wireless transmission due to its license-free spectrum, high data
rates, and immunity to electromagnetic interference [1,2]. In recent years, the integration
of unmanned aerial vehicles (UAVs) as relay nodes has attracted increasing research in-
terest, as UAV-assisted FSO systems enable rapid deployment, flexible topology, and ex-
tended coverage for emergency communications, disaster recovery, and temporary back-
haul links. Hybrid optical fiber-wireless fronthaul and UAV-relay studies further demon-
strate the relevance of optical wireless links for high-capacity backhaul applications [3,4].
General FSO references are also used as background for the device and channel assump-
tions [5,6].

A typical UAV-assisted FSO communication scenario is illustrated in Figure 1, where
a UAV operates as an aerial relay between two ground stations, establishing an optical
line-of-sight (LoS) link to overcome geographical obstacles and extend communication
range. This relay-based architecture enables high-speed optical transmission across rivers,
swamps, and large water bodies, where conventional fiber or radio-frequency infrastruc-
ture is difficult or costly to deploy.

Despite these advantages, the performance of UAV-assisted FSO links is severely af-
fected by atmospheric attenuation, turbulence-induced fading, and transceiver misalign-
ment [7,8]. In particular, UAV mobility can increase pointing errors, while fog/haze atten-
uation and ground-to-HAP optical-link modeling provide relevant propagation context
for the adopted channel stress test [9,10]. The 40 Gbit/s optical-interface context is sup-
ported by ITU-T G.693 [11], while spatial diversity has been analyzed in earlier FSO links
[12]. To address these impairments, multiple-input multiple-output free-space optical
(MIMO-FSO) techniques have been investigated as an effective means of exploiting spatial
diversity to enhance link robustness.

Existing studies on UAV-assisted MIMO-FSO systems typically employ multiple op-
tical transmitters and receivers on the UAV platform to achieve spatial diversity gains
[13,14]. However, such approaches substantially increase system complexity, payload
weight, and power consumption, which directly limit UAV endurance and practical ap-
plicability [15]. Consequently, a fundamental trade-off exists between link performance
enhancement and UAV payload constraints, which has not been sufficiently addressed in
current MIMO-FSO relay designs.

To overcome this limitation, this study proposes an improved UAV-assisted MIMO-
FSO architecture based on a multi-output/single-input (MOSI) uplink and a single-out-
put/multi-input (SOMI) downlink. In this paper, MOSI means that multiple ground-based
transmit apertures illuminate one UAV receiving aperture, whereas SOMI means that one
UAYV transmitting aperture illuminates multiple ground-based receiving apertures. These
terms are used to describe the proposed hardware placement and should not be inter-
preted as a claim that standard MIMO-FSO theory is new. By shifting spatial diversity to
the ground stations while maintaining only a single optical transmitter and receiver
onboard the UAYV, the proposed architecture preserves diversity gain without a propor-
tional increase in airborne payload. Furthermore, a unified channel model incorporating
atmospheric absorption, turbulence-induced fading, pointing-error statistics, geometric
loss, coupling loss, and receiver noise is adopted to evaluate system performance [16,17].
Visibility-based attenuation studies are also relevant to interpreting atmospheric-loss as-
sumptions in FSO links [18].

Comprehensive OptiSystem simulations are conducted to compare SISO, 2 x 2
MIMO-FSQO, and 4 x 4 MIMO-FSO configurations under the same channel settings and
identical per-branch optical hardware parameters. Each active laser branch uses a 10 dBm
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launch power and an individual 32 dB optical amplifier. Therefore, the study is a con-
trolled per-branch comparison rather than an equal-total-transmit-power comparison;
this distinction is stated explicitly in the Methods, Results, and Limitations. Recent milli-
meter-wave and terahertz-over-fiber optical transport demonstrations provide additional
context for high-capacity optical backhaul systems [19,20].

Novelty clarification. The novelty of the present work does not lie in introducing
MIMO-FSO, UAV relaying, or spatial diversity as isolated concepts. Instead, the contribu-
tion is the asymmetric MOSI/SOMI relay architecture that relocates the parallel diversity
apertures from the airborne relay to the ground infrastructure. In the uplink, several
ground-based transmit apertures illuminate a single UAV receiver; in the downlink, one
UAV transmitter serves several ground-based receive apertures. Thus, the ground-side
diversity order can be increased without a proportional increase in UAV optical front
ends. Under the comparison adopted in this study, a conventional symmetric 4 x 4 relay
would use four receive and four transmit optical branches on the UAV, whereas the pro-
posed relay uses one UAV receiver and one UAV transmitter. The UAV-side branch count
is therefore reduced from eight to two (75%); for the 2 x 2 case, it is reduced from four to
two (50%). These percentages quantify branch count only. Exact reductions in mass, vol-
ume, power consumption, and flight-endurance impact require prototype-level measure-
ments.

Figure 1. FSO communication channel between ground stations with relay UAVs.

The main contributions of this paper are summarized as follows:

e A payload-efficient asymmetric MOSI/SOMI MIMO-FSO relay architecture is pro-
posed, in which the UAV carries only one optical receiver for the uplink and one
optical transmitter for the downlink while the diversity apertures are implemented
at the ground stations.

e The work sharply separates the proposed novelty from prior MIMO-FSO and UAV-
FSO studies by emphasizing the ground-shifted diversity placement and the result-
ing reduction in UAV-side optical branches.

e A unified analytical channel framework is retained for atmospheric absorption/scat-
tering, log-normal and gamma-gamma turbulence, pointing-error statistics, geomet-
ric loss, coupling loss, background noise, and receiver noise. In OptiSystem, the com-
bined turbulence- and pointing-related effects are implemented through equivalent
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aggregate loss parameters, thereby preserving the original high-loss comparison sce-
nario without claiming separate calibration of Cn?, «, 3, or pointing-jitter variance.

e A controlled per-branch OptiSystem comparison of SISO, 2 x 2, and 4 x 4 configura-
tions is conducted under identical channel parameters. The minimum BER values are
reported by the BER Analyzer and are interpreted together with the received power
and Q-factor; values far below 10712 are used as comparative link-margin indicators
rather than evidence of experimentally verified error-free operation.

2. FSO Channel and Impairment Model
2.1. FSO Channel-Loss Model

Analyzing the upward (u) and downward (d) FSO channels in the atmosphere, the
received signals at the UAV and ground station have the general formula:

Tusa(t) = Ry (€)Susa(t) +nya(t) @

In this case, s,,4(t) is the transmitted optical signal, hyq(t) is the channel attenua-
tion characteristic function, and n,,4(t) is the noise. The radio optical signal attenuation
in the atmosphere is due to absorption and scattering by free-space air particles such as
smoke, fog, snowfall, rain, weather, pressure, weather changes, and windstorms, which
are modeled in Figure 2. The general attenuation formula in one direction will be as fol-
lows:

h = hal-hat-hpl (2)

where hy; is the product of transmission losses due to absorption from smoke, fog, snow,
and rain in the atmosphere; h,, is the loss due to weather changes; and h,, is the loss
due to misalignment of the transmitting and receiving mirrors. The main atmospheric at-
tenuation mechanisms affecting the FSO channel, including absorption, scattering, and
misalignment losses, are illustrated in Figure 2.

: FSO channel %
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Figure 2. Model of a radio optical signal transmission channel in the atmosphere.

The optical signal power of the FSO channel in one direction is as follows [5,6]:
B. = PeGeny Geny(hgpe hge. hpl) 3)

where G, is the gain of the transmitting lens, G, is the gain of the receiving lens, 7, is the
additional loss due to coupling the optical signal source from the laser to the transmitting
mirror, 7, is the coupling loss of the optical source from the receiving lens to the photo-
diode, and the optical filter loss at the received wavelength is 7,. Let D, be the diameter
of the transmitting mirror and D, be the diameter of the receiving mirror. Then, the beam
pattern of the transmitted beam is 6, ~ 2arctan g—:; 6,, the beam pattern of the light
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. . . . . D .
source converging with the receiving mirror, is 8, = 2arctan (#), where f, is the focal
4

length of the receiving mirror; the spherical surface of the optical wave at the receiving

pointis Qgoy, where Qpoy = 21m[1 — cos(6,/2)] = (g) 6,; the gain of the receiving mirror

is G, = (j—:) A,; and the gain of the transmitting mirror is G, = ( i ) = (ﬁ)z.

Qrovy A2
Symbol Description
h_at Atmospheric-turbulence fading coefficient
h_pl Pointing-loss coefficient
h Total FSO channel gain
Q Q-factor
u Electrical signal-to-noise ratio

2.2. Atmospheric Absorption Loss
The absorption loss of air in free space as a function of the transmission distance R,
is expressed by the Beer—Lambert formula as follows [13,14]:
har = exp(=R;$) @)

where £ is the attenuation coefficient. Hennes and Kim’s study proposed the following
formula for calculating attenuation due to fog, smoke, and clouds predicted by empirical
models [5,6,14]:

391 /A(nm)\P
L =—" 5
rog(A) V(km)( 550 ) ©)
where V(km) is the observation distance, and p is the size distribution coefficient of the
scattering area.

136 < V<50

1.6V > 50
p =
058.V2y < 6

When the rain is 0.25 to 25 mm/h, the approximate formulas for calculating the rain
attenuation and snow loss are as follows [9,10,14]:

2.8
Lygin = 57— (6)
V (k)
58
Lsnow = 2 @)

2.3. Weather-Induced Atmospheric Turbulence Attenuation ha

Atmospheric turbulence is a random phenomenon caused by changes in atmospheric
temperature and pressure along the transmission line, forming turbulence cells, called
vortices, with different sizes and refractive indices, causing interference between optical
beams, resulting in a scintillation effect of the receiving beam. The scintillation index is a
function of the air surface refractive index structure parameter C?Z. For weak to moderate
turbulence conditions, turbulence is a random process that follows a log-normal distribu-
tion [9,21-24], while moderate to strong turbulence follows a gamma-gamma distribution
function. The PDF of h,; based on the LN model is as follows:

(Inhg: + 263)2>

1
exp
2. hg/2m. 0 ( 8o}

where ¢ is the Rytov variance of height I/(m) with the following formula [14]:

fin(hae) = 8)

https://doi.org/10.3390/automation7040107


https://doi.org/10.3390/automation7040107

Automation 2026, 7, 107 6 of 21

7

5
2m\6 5 11 H l—hy\6 (l—h
2 — - _ = — 2 _ 0 0 9
o2 2.25(/1) (H — hy)ésec(0;)6 xfho C2(D) (1 H_ho) .(H_ho) a

[\ 1331

Similarly, the PDF of h—at according to the GG model is as follows:

a+pf
2(a.p) 2z #—1 10
@@ e Kap (2B har) (10)

where I'(.) is the Gamma function and K, (.) is the Bessel function. The parameters «

foe(hat) =

and [3 are represented as follows [14]:

a= [exp (0.49. 02/(1+0.5. 052/6)7/6) - 1]_1 (11a)
B = [exp (051.02,/(1 + 0.69.0:%%)°) - 1]_1 (11b)

2.4. Transceiver Directional Offset Loss hyi

Analyzing the spherical optical beam in 3D space of the FSO transmission channel
from ground station A (A Earth station) at position A(xs, 1s, zo) with height he to the UAV
repeater station (UAV repeater station) at position Zu, with coordinates Zu(xs, yu, z«) and
height Hu as shown in Figure 3, the transmission distance along the main axis is Rz(m).
The best transmission channel occurs when the optical beam travels from the laser to the
center and converges at the focal point of the receiving mirror in series with the receiving
photodiode. Figure 3 illustrates the geometric relationship between the ground station
and the UAV relay, which is used to model the pointing error and axial deviation loss.

Figure 3. Diagram of the radio wave beam transmitted from station A to the UAV.

Suppose that the UAV moves off-axis from the main axis of the optical beam emitted
from the center Zu to point Zp, Zp(xp, yp, zp). Let 1, be the eccentric distance between
the center of the receiving mirror. The formula is as follows:

ol = JCru =207 + G =) + (2= 2,)° 12)

When examining the change in the UAV’s position in 3-dimensional space(x, y, z),
the variation along the z-axis is very low, so it can be disregarded. Thus, ||r| =

\/ (xu — xp)z + (yu — yp)z. Similarly, the eccentricity angle along the x-axis is 6,,, and that

along the y-axis is 8, so the general eccentricity angle will be as follows:
2 2 13
O = J(0px)" + (6py) (13)
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G =

The change in UAV position in space is random, modeled according to a Gaussian
normal distribution; thus, the eccentricity magnitude 7, and eccentricity angle 6, are
also calculated according to a normal distribution, with a mean of 0 and a variance of o¢,
N(0, g¢), calculated using the following formula:

H he 2 -1/3
ol = 2.07f Cz(l)( l) r, '7dl (14)
he s(6g)
where 1, is the radius of the beam sphere at point Zu with height I, (8z) is the zenith
angle of the UAV, and CZ(1) is the refractive index structure parameter describing the
intensity change of the optical signal beam disturbance with height I, with the following

calculation formula [14]:

0.00594(V,,/27)?(10751)10g~1/1000 4 2 7 1016, ¢=L/1500 4 ¢2(()e~L/100 (15)

where V,,(m/s) is the average wind speed, and CZ(0) is the refractive index structure at
the ground calculated in m~%/3. Consider a Gaussian distributed optical signal beam
transmitted from the transmitter to the receiver with the optical signal source intensity as

follows [9,22-24]:
2 2.lpll?
I(p;2) = -
(p; 2) 7T_wgexzﬂ( 0 (16)

where p is the main axis optical signal beam, and w; is the beam at a distance R, re-

ceived [9]:

AR,
Wz = W, 1+g<nw ) 17)
0

where w, is the beam at R, = 0. The formula for calculating the axial deviation loss ac-
cording to the angle 8, is as follows [9]:

hpue, =f I(p - rp;RZ)cos(Gp)dp (18)
Ar

Assuming that the radius of the optical beam cross-section at a distance R, is r; >»
1,, Formula (18) is approximated as follows:

2 2
1/2.D 2. ||l
hp”gd =~ 2. ( — T) exp <_T—§ COS(Qp) (19)
A A
According to Figure 3, the axis deviation distance 7, = ||, || is a Rayleigh distributed

random variable with the following PDF [9]:

7
fr, (1) = exp( 2.Urz);rp >0 (20)
From (19) and (20), the PDF of hy can be deduced according to 6, as follows:
/ (hpz|ed)(hpz) = C7%%.Ca.hy . cos(6) 1)

where C; = 2. (; ) C, = o7 and C; = 5. From Formula (10), considering the com-
yA

2.Cw
ponent h,; as a constant parameter, and hg; and h,, as functions that change randomly
according to the channel distribution, the distribution density function PDF of the channel
loss product function FSOis h = hg;. hy. hy,; according to the axis deviation angle 6, and
is written as follows [9]:

1
f oy = f (h_al) f (hpl|6d)(hpl)fhat(hat)dhat (22)
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fihig ™ =

fihiay® =

Replace (13), (11), and (20) with (21), the PDF of h according to both atmospheric
a+p
AN CIN

turbulence models LN and GG in (22) and (23), respectively, where C, = " aor )
al* :

5 =
a+f-2C,
2
—C: C3—1
C5.C; . he3

C
2.h3/2nof?

L((2C+ 1\ 1
\J 8matexp| 8.0 (T) BT (23)

2261, 7% h> 7 Cyc05(04) . (zc5 +24+a- B) . (2C5 +2—a+ ﬁ)

(4. a. B)Cs*1 2 2 @4

3. Signal-to-Noise Ratio (SNR)

Notation convention: To avoid ambiguity, or? denotes the Rytov-variance-related
turbulence quantity in the analytical model, on? denotes the total receiver-noise variance,
and oB? denotes the background-radiation noise variance. The gamma—-gamma shape pa-
rameters are denoted by a and 3, whereas M and N denote the numbers of ground-side
transmit and receive apertures. The symbols a and b are not used as substitutes for a and
[. These analytical parameters establish the physical basis of the model; the OptiSystem
implementation uses the aggregate loss values specified in Section 6.1 rather than inde-
pendently calibrated Cn?, «, 3, or pointing-jitter parameters.

Let us assume that the digital optical radio transmission channel after modulation is
given by the following:

m(t) = Agg(t — kT)dycos(wct + @) (25)

where d € {—1,+1} gives the bit data {0,1}, g(t — kT) is the rectangular pulse character-
istic function, and T is the symbol duration. The laser generates the optical signal source
after BPSK digital modulation, transmitting through the atmosphere to the receiver. The
receiver uses a photodiode and a low-pass filter (LPF) to recover the digital signal stream
dk with minimal distortion as follows [12]:

(1) = R,. I(1 + Em(D)) + n(t) (26)
where ( is the modulation index, R,, is the sensitivity of the photodetector, and n(t) is the
additive noise. The amplitude of the digital signal current can be modeled as follows [12]:
dyl.Ry,.£[A.h]g(t — kT)

2

The AWGN channel noise, with a normal distribution, n(t)~N (0,7, affects the dig-
ital signal recovery current. The probability density function (PDF) of the received current

i(t) = +n,(t) (27)

I after the optical detector is given by the following [16]:

1 (In(1/1y) + 0.5012)2}
I) = —-expy— ;120 28
p[( ) \/EO’I p{ 2 0_12 ( )
The signal-to-noise ratio (SNR) after the receiver demodulator will be as follows:
2 2
I.R,.¢[A.h IR, [A.h
202 \/Eo'

Q is the ratio of the received signal amplitude to the noise amplitude. The average

E[1])?

SNR will be denoted by j = O"T, where E[.] denotes the mathematical expectation. The

PDF of the SNR can be written as follows:
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In(u/fD) + o2)
) = _(UnG/m) + %) ) (30)

1
ex
2uo\2m P ( 802
The result of calculating the integral F,(u) = f_”oo fu(Wdp will be the cumulative dis-
tribution function (CDF) for u as follows [18]:

1 In(i —a?
R = serfe (%)

Equations (30) and (31) present the PDF and CDF of the log-normal distributed SNR
of the disturbed channel.
Similarly, by integrating (15), the CDF of the gamma—-gamma distributed strong-type

@)

disturbance model with respect to parameter I can be derived as follows [18]:

" atb
(ab])(a+b)/2 21 - 2
FD =Tty @3 ®a—b b—a a+b (32)
227 2
where G,"[.] is the Meijer G function. The PDF of SNR y is calculated as follows:
(ab)@*d)/2 {(a+b)/4-1 u
= . = 33
1u) = "FeSr ) T Ka-b| 2 |ab |2 (33)

We express the Bessel function K, (.) in terms of the Meijer function G{,"Z" [.] as the

(Kv (2) = %Gg_f (z % _ %)) (34)

The result of integrating according to (33) obtains the cumulative distribution func-

following formula:

tion (CDF) of the SNR according to the gamma—-gamma noise model as follows:

@) 1 a+b
(ab) a+b)/2 u (a+b)/4 U —
R = (5) T x| a | 2 (35)

r(@r) \a gla=bb—a a+b
22 2
Therefore, according to (34) and (35), the PDF and CDFs of the ratio u according to
the gamma—gamma distribution are as above.

4. Discussion

According to Formula (3), the optical signal power increases when the transmit and
receive aperture gains increase. According to the pointing-loss and received-power rela-
tionships, reducing the off-axis loss generally requires a larger receive aperture. However,
increasing the receiving mirror area on the UAV also increases the mass, aerodynamic
drag, alignment complexity, and background-radiation collection, which can reduce the
effective SNR. Background noise is modeled as a Gaussian process with variance oB? as
follows [14]:

02 =2.e.B.1.Py, (36)

In this case, e is the electron charge, B represents the photodiode bandwidth, and Pbg
is the background-light power collected by the receiver aperture. This payload—noise
trade-off motivates the MOSI/SOMI structure: the larger and multiple diversity apertures
are placed mainly at the ground stations, where size, mass, power, and stabilization con-
straints are less restrictive, while the UAV carries only one receiver and one transmitter.
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The very small BER values reported later are therefore used together with the Q-factor

and received power to compare the simulated decision margin after the practical 10-12 tar-

get has already been exceeded; they are not presented as field-validated error-free opera-

tion.

5. Proposed MOSI/SOMI MIMO-FSO Relay Architecture

The proposed MOSI/SOMI MIMO-FSO relay model has M optical transmit apertures
at ground station A, N optical receive apertures at ground station B, and only one upward-

facing receiver and one relay transmitter on the UAV. The terms MOSI and SOMI are used

in this manuscript as hardware-placement descriptors: MOSI refers to M ground transmit

outputs feeding one UAV input on the uplink, whereas SOMI refers to one UAV output

feeding N ground receiving inputs on the downlink. Assuming statistically independent

transmit and receive apertures, the combined optical signal current at the UAV and at

ground station B, using equal-gain combining (EGC), is expressed as follows:

Su(t) oM
ru(8) = EO T Ly + 1y (8)

Ssq(t
ra(®) =0T 1, + (D)

(37)

(38)

Here, the photodiode responsivity and the branch currents are defined consistently

with the preceding receiver model, and equal-gain combining is applied to the recovered

branch signals. The UAV-side optical branch count remains two—one receiving and one

transmitting branch—when the ground-side diversity order is increased from 2 x 2 to 4 x
4. Figure 4 illustrates the resulting MOSI/SOMI hardware placement.

APD Laser
Tx

o
. A g,
Lens 3 ‘ UAV Repeater station &

o

°

-

Laser #1
1 a3
Ny
| ¢

Laser #2

L{#> 4
4

N

Laser # m
w

A Earth Station

APD #1

:

Db |,

R

APD#n

B Earth Station

Figure 4. Proposed MOSI/SOMI MIMO-FSO relay architecture with ground-side diversity and a

single receive/transmit optical chain on the UAV.

The received digital signal current intensity of the improved MIMO-FSO configura-

tion will be as follows:

i_pec(t) =

di Ry E[ARlg(t—kT) (N
2N (Zn

11 In) + nd(t) (39)

The ratio of received signal power to noise power (SNR) can be rewritten as follows:

2.Ng

(dkRp.;[A.h]g(t—kT)

2

N
(Eng1 In)> 2 (40)

SNRgge-mimo =

(o%)

D)
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6. Simulation
6.1. Simulation Parameters

Based on the analytical atmospheric-loss framework in Sections 2 and 3, propagation
guidance for terrestrial FSO links [25], related UAV-FSO studies [9,17,22], and the device-
level 40 Gbit/s interface context in ITU-T G.693 [11], the following parameters were
adopted: laser launch power = 10 dBm per active branch; uplink optical carrier = 193.1
THz; downlink optical carrier = 193.2 THz; optical amplifier gain =32 dB per active branch;
bit rate = 40 Gbit/s; receiver-sensitivity reference = -21 dBm; practical BER target = 10-12;
link length per hop = 1.54 km; atmospheric absorption/scattering loss = 25 dB/km; equiv-
alent combined turbulence- and pointing-related loss = 25.5 dB/km; transmitter coupling
loss = 0.3 dB; receiver coupling loss = 0.3 dB; device-aging margin = 1.0 dB; transmitter
aperture diameter =5 cm; and receiver aperture diameter = 20 cm. The same values were
used in the SISO, 2 x 2, and 4 x 4 OptiSystem cases. ITU-T G.693 is cited only as a device-
level reference and is not used as an atmospheric UAV-FSO performance standard. Be-
cause 10 dBm and 32 dB are assigned to every active branch, the aggregate launched op-
tical resources increase with diversity order; the comparison is therefore intentionally de-
scribed as per-branch rather than equal-total-power.

Representation of adverse atmospheric conditions. The original analytical model de-
scribes Beer—Lambert attenuation, log-normal/gamma-gamma turbulence, and Gauss-
ian/Rayleigh pointing-error statistics. In the OptiSystem implementation, these mecha-
nisms are not entered through independently calibrated Cn?, &, 3, beam-jitter variance, or
angular-deviation parameters. Instead, their net effect is represented by the original
equivalent loss settings: 25 dB/km atmospheric absorption/scattering and an additional
25.5 dB/km combined turbulence- and pointing-related loss over each 1.54 km hop, to-
gether with 0.3 dB coupling loss at each optical interface and a 1.0 dB aging margin. Ac-
cordingly, the phrase “adverse” or “severe” conditions refers to this repeatable high-loss
stress-test scenario, not to a site-specific measured weather record. Identical loss settings
are applied to all three architectures.

Physical model versus OptiSystem implementation. Sections 2-5 establish the phys-
ical relationships among atmospheric loss, turbulence, pointing error, receiver noise, and
the proposed relay architecture. Section 6 implements the resulting link in OptiSystem
using PRBS generation, optical carriers, branch amplifiers, FSO channel blocks, photode-
tectors, Bessel filters, equal-gain combining, optical spectrum analyzers, eye diagram an-
alyzers, and BER analyzers. The simulation uses equivalent aggregate impairment set-
tings and does not separately calibrate Cn?, «, {3, pointing-jitter variance, long-duration
weather variation, UAV vibration dynamics, or acquisition/tracking/control-loop transi-
ents. These assumptions delimit the interpretation of the results while keeping the imple-
mentation consistent with the original manuscript.

6.2. OptiSystem Simulation Diagram of the SISO-FSO Baseline Link

The simulation model represents a UAV-assisted free-space optical (FSO) communi-
cation link implemented in OptiSystem. A pseudo-random binary sequence (PRBS) is gen-
erated and directly modulates a laser source operating at an optical carrier frequency of
193.2 THz. The modulated optical signal is amplified and transmitted through an atmos-
pheric FSO channel with a link distance of 1.54 km, incorporating absorption loss, geo-
metric loss, atmospheric turbulence, and pointing error effects.

At the UAV relay node, the received optical signal is detected using a photodetector
filtered by a low-pass Bessel filter, and re-amplified by an optical amplifier before being
retransmitted over the downlink FSO channel. The downlink employs similar atmos-
pheric parameters and optical components. At the ground receiving station, the signal is
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photodetected, filtered, and regenerated for performance evaluation. Optical spectrum
analyzers and optical power meters are used to monitor signal characteristics along the
link. In contrast, an eye diagram analyzer and a BER analyzer are employed to evaluate
signal quality in terms of Q-factor and bit error rate. This simulation framework is used
to compare the performance of SISO and improved MIMO-FSO configurations under
identical channel conditions. Figure 5 presents the SISO-FSO simulation model, which is
used as a baseline for comparison with the proposed MIMO-FSO configurations.

I I
I__L *APD —> Laser* -Ij

UAV Repeater station
—_

(uipumop)
Puuey) OSA
(5)

(5)
FSO Channel
(uplink)

e

—}Laser*-) >__IJ I——{-}*APD-) LPF ¥ 3R E BER I
| S

(1): Pseudo-Random Bit Sequence Generator  (2): NRZ Pulse Generator (3): Optical Sources
(5):FSO channel (6): Photodetector APD  (7): Gaussian Low Pass Filter  (8): 3R Regenerator (9): BER Analyzer metter

= Electric sinal ling; —)  Optical sinal line;

Figure 5. Simulation diagram of a SISO-FSO wireless optical transmission channel.

6.3. Simulation Results

Figure 6 presents the uplink optical signal characteristics at the ground transmitting
station and at the UAV receiver. At the ground station, the transmitted optical signal ex-
hibits a stable output power with a broadened spectrum centered on the carrier frequency
(#193.1 THz), mainly due to direct intensity modulation and amplifier noise. After prop-
agating through the atmospheric FSO channel, the received optical power at the UAV is
significantly attenuated due to absorption loss, geometric spreading, atmospheric turbu-
lence, and pointing error. This attenuation is reflected by a noticeable reduction in total
received power and a narrower, noise-suppressed spectrum at the UAV receiver. Never-
theless, the main spectral component remains clearly distinguishable from the noise floor,
indicating that the uplink maintains sufficient signal integrity for reliable detection and
relay amplification.

These results show that, under the high-loss setup defined in Section 6.1 —25 dB/km
atmospheric absorption/scattering plus 25.5 dB/km equivalent turbulence- and pointing-
related loss over the 1.54 km uplink—the principal optical component remains distin-
guishable from the noise floor and retains a sufficient simulated margin for relay detection
and regeneration.
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Figure 6. Optical signal on the uplink.

Figure 7 illustrates the downlink optical signal at the UAV transmitter and at ground
station B. The same 1.54 km high-loss settings used for the uplink are applied to the down-
link: 25 dB/km atmospheric absorption/scattering, 25.5 dB/km equivalent combined tur-
bulence- and pointing-related loss, interface coupling losses, and the device-aging margin.
Although the received power is attenuated, the dominant spectral component remains
distinguishable from the simulated noise floor, indicating that the downlink can support
photodetection and signal recovery under the adopted stress-test assumptions.

Optical signal received at ground station
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Figure 7. Optical signal on the downlink.

Digital signal quality received at ground station B

Figure 8 presents the Q-factor evolution and the corresponding eye diagram of the
received signal at ground station B. The Q-factor reaches its maximum near the optimal
sampling instant, indicating a favorable signal-to-noise ratio and stable decision threshold
at the receiver.

The eye diagram exhibits a clearly open eye with distinct separation between logical
‘1" and ‘0’ levels, demonstrating limited intersymbol interference and moderate noise in-
fluence. Although amplitude fluctuations are observable due to atmospheric turbulence
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and pointing errors, the eye opening remains sufficiently wide to ensure reliable symbol
detection.

These results indicate that the baseline SISO FSO link maintains acceptable signal
quality after UAV-assisted relay transmission within the idealized OptiSystem setup. Fig-
ure 8 illustrates the Q-factor and eye diagram of the SISO configuration, serving as a ref-
erence for subsequent MIMO-FSO performance evaluation.

Q ratio EYE diagram
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0s 0s
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Figure 8. Q-factor and eye diagram for the SISO baseline.

Figure 9 shows the BER variation and the corresponding quality-analysis output at
ground station B. The BER Analyzer directly reports the minimum BER metric from the
simulated receiver waveform, and the minimum occurs near the optimum sampling in-
stant. However, a finite simulation does not transmit the 104-107 bits that would be re-
quired to validate such probabilities by raw error counting. Therefore, BER values far be-
low 102 are retained as software-reported indicators of decision margin and are inter-
preted together with the received power, Q-factor, and the eye diagram.

The quality analysis further reports a maximum Q-factor of 8.38 and a well-defined
eye height, which together reflect a sufficient noise margin and clear separation between
logical levels. The stable decision instant close to the center of the bit period indicates low
intersymbol interference in the simulated receiver chain.

These results validate that the baseline SISO FSO link maintains detectable signal in-
tegrity after UAV-assisted relay transmission under the stated stress-test channel param-
eters. The minimum simulated BER reaches approximately 2.73 x 10-'7, which is already
below the practical 102 target and therefore indicates a sufficient numerical link margin
for the considered SISO case rather than a directly field-measured long-term error proba-
bility.

The two modulated branches propagate through independently instantiated FSO
channel blocks with identical equivalent loss settings. At the UAV, the optical branches
are combined and detected by a single photodetector. Thus, the 2 x 2 implementation pre-
serves the original signal-flow concept while avoiding the duplication of UAV-side optical
receiver hardware.
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Figure 9. BER ratio and quality analysis results for the SISO baseline.

6.4. Simulation Results of the Proposed 2 x 2 MIMO-FSO Configuration in OptiSystem

Figure 10 illustrates a clean schematic of the proposed 2 x 2 MOSI/SOMI MIMO-FSO
relay implementation in OptiSystem. At ground station A, a PRBS generator drives two
parallel optical transmitters through a power splitter, forming the MOSI uplink. The two
optical branches propagate through independent FSO channel blocks toward a single
UAV receiver. At the UAV, the branches are combined, detected, regenerated, amplified,
and retransmitted using one relay transmitter. On the downlink, the single UAV transmit-
ter illuminates two ground receiving branches, forming the SOMI downlink, and the re-
covered electrical branches are combined at ground station B.

The two optical signals are transmitted through independent uplink FSO channels
toward the UAV relay. These channels incorporate atmospheric attenuation, geometric
loss, turbulence effects, and pointing errors under identical propagation conditions. At
the UAV, the received optical signals are combined using an optical power combiner and
detected by a single photodetector, thereby reducing the number of optical components
and minimizing the payload on the UAV platform.

This improved 2 x 2 configuration enhances received optical power and link robust-
ness while maintaining a lightweight UAV relay architecture. The simplified high-resolu-
tion schematic in Figure 10 replaces a small software screenshot to improve readability,
while preserving the same OptiSystem signal-flow logic.
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Figure 10. Clean high-resolution schematic of the proposed 2 x 2 MOSI/SOMI MIMO-FSO relay
implementation in OptiSystem.
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Simulation results of the received signal stream quality at ground station B

Figures 11 and 12 present the signal quality performance of the improved MIMO-
FSO (2 x 2) configuration at the ground receiving station. As shown in Figure 11, the Q-
factor reaches a peak value of approximately 13.79 at the optimal sampling instant, indi-
cating a substantial improvement in signal-to-noise ratio compared to the SISO case. The
corresponding eye diagram exhibits a wide eye opening with clear separation between
logical levels, reflecting reduced intersymbol interference and enhanced noise tolerance.

Figure 12 further confirms the 2 x 2 performance improvement. The OptiSystem BER
Analyzer reports a minimum BER of approximately 1.53 x 10-4. Because this value is far
below the range that can be validated by finite raw error counting, it is interpreted as a
comparative link-margin indicator rather than as a field-measured probability. The Q-fac-
tor, eye opening, and received-power improvement provide the accompanying engineer-
ing evidence of improved receiver margin.
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Figure 11. Q-factor and eye diagram for the 2 x 2 configuration.
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Figure 12. BER ratio and quality analysis results for the 2 x 2 configuration.

6.5. Simulation Results of the Proposed 4 x 4 MIMO-FSO Configuration in OptiSystem

Figure 13 illustrates a clean schematic of the proposed 4 x 4 MOSI/SOMI MIMO-FSO
relay implementation in OptiSystem. At ground station A, a PRBS generator drives four
parallel optical transmitters through a power splitter, forming the MOSI uplink. The four
optical branches propagate through independent FSO channel blocks toward a single
UAYV receiver. At the UAYV, the received branches are combined, detected, regenerated,
amplified, and retransmitted using one relay transmitter. On the downlink, the single
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UAV transmitter illuminates four ground receiving branches, forming the SOMI down-
link, and the recovered electrical branches are combined at ground station B.

The four modulated branches propagate through independently instantiated FSO
channel blocks with the same equivalent atmospheric and misalignment-loss settings. At
the UAYV, the branches are combined and detected using a single optical receiver, thereby
keeping the UAV-side optical architecture unchanged while the ground-side diversity or-
der is increased.

This improved 4 x 4 configuration further enhances the received optical power, Q-
factor, and link margin compared with the 2 x 2 and SISO configurations, while keeping
the UAV-side optical branch count fixed at two. The simplified high-resolution schematic
in Figure 13 replaces a small software screenshot to improve readability and to emphasize
the hardware-placement principle of the proposed MOSI/SOMI relay.
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Figure 13. Clean high-resolution schematic of the proposed 4 x 4 MOSI/SOMI MIMO-FSO relay

implementation in OptiSystem.

6.6. Received-Signal Quality at Ground Station B

Figures 14 and 15 illustrate the signal quality performance of the improved MIMO-
FSO (4 x 4) configuration at the ground receiving station. As shown in Figure 14, the Q-
factor reaches a maximum value of approximately 18.25 at the optimal sampling instant,
indicating a substantial enhancement in signal-to-noise ratio compared with both the SISO
and 2 x 2 MIMO-FSO configurations. The corresponding eye diagram exhibits a signifi-
cantly wider eye opening and improved vertical eye height, reflecting strong immunity to
intersymbol interference and atmospheric noise.

Figure 15 further confirms the performance improvement through the BER analysis.
The OptiSystem BER Analyzer reports a minimum value of approximately 9.95 x 1075 for
the 4 x 4 case. This value is retained exactly as reported by the software, but it cannot be
interpreted as an empirically counted field BER over a finite data sequence. Its practical
meaning is that the simulated receiver has a substantially larger decision margin than the
102 design target and then the SISO and 2 x 2 cases. The received-power, Q-factor, and
eye diagram results provide the more directly interpretable engineering comparison.
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Figure 14. Q-factor and eye diagram for the 4 x 4 configuration.
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Figure 15. BER ratio and analysis results for the 4 x 4 configuration.

6.7. Analysis and Comparison of Results

Simulation results show that the received optical power at ground station B increases
from -21.054 dBm (SISO) to -18.810 dBm (2 x 2) and -16.194 dBm (4 x 4). The maximum
Q-factor increases from 8.37536 to 13.7866 and 18.2504, respectively. The OptiSystem BER
Analyzer reports minimum values of 2.72964 x 10-17, 1.52898 x 10, and 9.94827 x 10-7.
Because all values already exceed the practical 10-12 reliability target by a wide margin,
the very small BER outputs are used primarily to indicate the relative receiver decision
margin; the received power, Q-factor, and eye opening remain the more directly interpret-
able engineering metrics. Table 1 also reports the per-branch laser and amplifier settings
so that the power-comparison basis is explicit.

Table 1. OptiSystem results and per-branch optical settings for the SISO, 2 x 2, and 4 x 4 configura-

tions.

Parameter SISO MIMO 2x2) MIMO (4 x 4)
Received power at ground station
B, Pr (dBm) 21.054 18.810 16.194
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Maximum Q-factor 8.37536 13.7866 18.2504
ggESyStem'reported fumm 272964 x 107 152898 x 10> 9.94827 x 1075
Laser launch power per active
branch (dBm) 10 10 10
Optical amplifier gain per active
branch (dB) 32 32 32
Aggregatei ?ase‘r launch power be- 10.00 13.01 16.02
fore amplification (dBm)
Equal-total-power normalized Baseline No No

The comparison between the 2 x 2 and 4 x 4 MIMO-FSO configurations highlights the
performance gains achievable by increasing the ground-side spatial diversity in UAV-as-
sisted FSO links. While the 2 x 2 configuration already provides a significant improvement
over the conventional SISO system in terms of the received power, Q-factor, and BER,
further enhancement is observed when extending the ground-side diversity order to 4 x
4.

Specifically, the 4 x 4 configuration exhibits a higher received optical power and Q-
factor than the 2 x 2 and SISO cases, together with a smaller software-reported minimum
BER. The improvement results from the combined effects of additional ground-side opti-
cal branches, equal-gain combining, and increased aggregate launched optical resources;
it should not be attributed to diversity gain alone under an equal-total-power constraint.

Power-comparison interpretation. Each active laser emits 10 dBm, and each active
branch uses an individual 32 dB optical amplifier. Before amplification, the aggregate laser
launch power is therefore 10 dBm for SISO, approximately 13.01 dBm for two active
branches, and approximately 16.02 dBm for four active branches. The 2 x 2 and 4 x 4 cases
thus use approximately 3 dB and 6 dB more aggregate launch power than the SISO case,
respectively. The present results quantify the benefit available when additional ground-
side branch hardware and optical power are permitted; they are not an equal-total-energy
diversity comparison. An equal-total-power study is identified as future work.

Overall, the 2 x 2 configuration provides a moderate improvement with fewer addi-
tional ground-side branches, whereas the 4 x 4 configuration provides the largest simu-
lated receiver margin at the cost of greater ground-station hardware and aggregate optical
power. These findings are intentionally framed as simulation-based evidence and do not
constitute the field validation of ultra-reliable or error-free operation.

7. Conclusions

This study presented a payload-efficient MOSI/SOMI MIMO-FSO architecture for
UAV-assisted relay links. The proposed hardware placement shifts the parallel optical
branches to the ground stations while retaining one optical receiver and one optical trans-
mitter on the UAV. Under the adopted symmetric-relay comparison assumption, the
UAV-side branch count is reduced from eight to two in the 4 x 4 case, corresponding to a
75% branch-count reduction proxy; the exact mass and power savings require hardware
validation. Under the high-loss OptiSystem settings defined in Section 6.1, the 4 x 4 con-
figuration increases the received optical power from —21.054 dBm to —=16.194 dBm and the
Q-factor from 8.38 to 18.25 relative to SISO. The BER Analyzer also reports progressively
smaller minimum BER values, but outputs far below 10-12 are interpreted as comparative
decision-margin indicators rather than finite-length field measurements. The results
therefore provide simulation-based evidence that the proposed ground-shifted diversity
architecture can improve the link margin in transport-oriented FSO backhaul scenarios
when additional ground-side optical branches and aggregate launch power are available.
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Limitations and future work. This study used equivalent aggregate atmospheric and
pointing-related loss coefficients rather than independently calibrated Cn? «, 3, beam-
divergence, or pointing-jitter parameters. It also assumed ideal synchronization, ideal
branch combining, fixed channel settings, and identical per-branch laser/amplifier param-
eters. Because the total launch power was not normalized across SISO, 2 x 2, and 4 x 4, the
numerical improvement combined diversity, combining, and additional optical-power ef-
fects. The model does not yet include measured weather time series, finite-aperture track-
ing tolerances, UAV vibration and attitude dynamics, acquisition/tracking/control-loop
transients, hardware nonlinearities, optical-safety constraints, or prototype-level mass
and energy measurements. Future work should include equal-total-power simulations,
explicit stochastic turbulence and pointing parameters, closed-loop UAV stabilization,
and hardware or field validation.
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