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Abstract: FSO communication is a viral technology among optical wireless communications, gath-
ering the interest of both researchers and manufacturers. This is because of the many advantages
associated with FSO communication, including high data rates, reliability, safety, and economy.
However, there are several unavoidable drawbacks that shadow the performance of FSO systems.
For example, atmospheric turbulence is a well-known problem related to the weather conditions of
the channel, which causes the scintillation effect. Also, spatial jitter due to pointing errors is a critical
factor of the link’s performance, caused by occasional misalignments between the transmitter and
the receiver. Moreover, time jitter is another limiting agent that deteriorates the total throughput,
inducing bit stream misdetections, caused by the arrival of out-of-sync pulses. All three effects
have been exhaustively studied and many statistical models and interesting solutions have been
proposed in the literature to estimate their magnitude and compensate for their impact. In this work,
the turbulence effect was treated by Malaga distribution, the spatial jitter effect was regulated by
the non-zero boresight model, and the time jitter effect was modeled by the generalized Gaussian
distribution. Various modulation schemes were studied, along with DF multi-hop and optimal
combining diversity techniques at the receiver’s end. New, accurate mathematical expressions of
average BER performance have been obtained, and valuable conclusions were drawn thanks to the
presented numerical results.

Keywords: FSO; BER; modulation scheme; atmospheric turbulence; pointing errors effect; time jitter
effect; SIMO links; Malaga distribution model; generalized gaussian distribution

1. Introduction

Free space optical (FSO) communication is a very popular technology among opti-
cal wireless communications (OWC), gathering great interest from both researchers and
manufacturers during the last few decades, according to the relative literature and the
available telecom infrastructures. This is because of the significant advantages that they
offer. FSO systems operate in optical and near-infrared spectrum wavelengths, requiring a
wide enough bandwidth to support high data rates, which is demanding for the current
technological applications. There is no need for a licensed purchase in order to use this
spectral band and while the radiation emitted is harmless for humans. Furthermore, point-
to-point, terrestrial FSO links have long enough range to cover the “last mile” issues and
bridge coasts with nearby islands and islets. Also, the installation and operation of these
systems are performed at low costs, making FSO an efficient, reliable, safe, and economic
solution for wireless communications [1-8].
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However, there are several unavoidable drawbacks that shadow the performance
of FSO systems. Atmospheric turbulence is a well-known problem, responsible for the
scintillation effect, i.e., the rapid fluctuations of signal level, observed at the receiver.
The strength of this effect is related to the prevailing weather conditions of the pathway
across the channel, where unequally sized air-flow eddies affect the propagation of the
optical beam pulses [4-10]. Another critical factor concerning the link’s performance is
the so-called spatial jitter (S]), commonly known as pointing errors (PEs), related to any
misalignments between the transmitter and the receiver. PEs are caused by occasional
displacements and vibrations of either link’s ends, due to many possible reasons, like
building sways, wind loads, and small quakes, inducing the beam’s spatial jitter around
the detector’s aperture center, which implies further irradiance fluctuations of the received
signal. Therefore, this effect deteriorates the performance of FSO links, especially the long
ones [11-14]. Equally important, the time jitter is also related to detection errors, caused by
the arrival of out-of-sync pulses. Receivers have to detect the incoming signal pulse in a
given time slot interval, reciprocally proportional to the bit rate of the system. However,
time-jittered pulses are likely to be misdetected at adjacent time slots, inducing bit flips
and, consequently, bit stream errors. This effect is heavily responsible for limiting the
total throughput of the links, particularly unavoidable in high-data-rate links, in which
the time slot is quite short and comparable to the pulse’s time jitter [15-19]. Nevertheless,
all three effects have been exhaustively studied and many statistical models have been
proposed in the literature to estimate their impact. For instance, the turbulence effect has
been accurately described by many distributions, including lognormal, K, I-K, negative
exponential (NE), gamma, gamma-gamma (GG), Malaga (M) distribution, etc., depending
on the prevailing turbulence effect strength regime [4-7,9,10,12]. Also, TJ influence is
statistically estimated based on the selected modulation scheme and the current bit rate.

On the other hand, there are several interesting techniques that can be used in order
to compensate for the impact of the studied effects and, hence, to improve the overall
FSO performance, including the implementation of forward error correction (FEC) on the
transmitted data, as well as the use of intermediate relays or/and the single input-multiple
output (SIMO) technique [8,20-24]. Receiver diversity, applied in SIMO systems, is an
alleviative solution, where multiple signal copies originated from a single transmitter are
detected by many closely placed receivers and the final output is generated by appropriately
combining the signals received. In terms of the most popular combining techniques,
optimal combining (OC), equal gaining combining (EGC), and selection combining (SC)
have been listed [25,26]. The benefits of receiver diversity stem from the fact that even
if any temporary or permanent obstacles block some of the signal copies, the rest would
be finally detected, keeping the link functional and employing time or spatial diversity,
respectively [8,23,27-30]. Hence, by selecting a suitable number of detecting apertures—or
time slots—at the receiving end, the system’s performance is significantly improved, while
at the same time, the link length can be further expanded, confronting the bad weather
conditions [8]. In addition, either further link expansion or better link performance can be
easily achieved, thanks to the multi-hop technique, enriching the system with some decode-
and-forward (DF) relays between the original transmitter and the final receiver [21,31].

In this work, the turbulence effect was treated by M-distribution, whereas the time
jitter effect was modeled by the generalized Gaussian distribution (GGD). Various mod-
ulation schemes, including on—off Key (OOK), i.e., both return-to-zero (RZ) and non-
return-to-zero (NRZ), L-ary pulse position modulation (PPM), and L-ary pulse amplitude
modulation (PAM), were studied, along with OC diversity, which is related to the quadratic
mean of the incoming signals—analogous to the MRC technique in RF (radio frequency)
communications [8].

The remainder of this work is structured as follows. Firstly, the statistical models
about turbulence, SJ, and TJ are listed in Section 2 and the thorough, mathematical analysis
of average bit error rate (ABER) performance generation is developed in Section 3. Next,
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the plots obtained by the numerical results and the corresponding discussion are hosted in
Sections 4 and 5, respectively, followed by some conclusions of this study in Section 6.

2. System Model

The studied FSO system consists of M individual links, including one transmitter; a station-
ary, ergodic, and memoryless channel; and N optimally combined receivers (see Figure 1). The
channel suffers from atmospheric turbulence channels, inducing additive white Gaussian noise
(AWGN) of zero mean and variance Ny /2. Thus, the n-th signal of any individual link, i.e., the
signal received by the n-th photodetector, v, is described as [8]:

Yn=spx+n=unxl,+u, n=1,...,N 1)

where s, = 17,1, is the instantaneous intensity gain depending on the receiver’s effective
photo-current conversion ratio, #,, and the instantaneous normalized irradiance, I,;; x
stands for the modulated, optical signal, receiving either “0” or “1” values; and 7 represents
the atmospheric channel’s AWGN. In particular, the normalized signal’s irradiance should
be considered as a resultant of three components:

In = IT,n IP,n IL,n (2)

where IT,, Ip,, and I} ,, refer to the n-th normalized signal’s irradiances due to turbulence,
pointing errors, and path loss effects, respectively. Without loss of generality, it is assumed
that I,, = It ,Ip ,, implying that the deterministic factor I ,, = 1.
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Figure 1. Schematic diagram of the system’s configuration with M DF relayed multi-hop and N OC receiver diversity for
each individual link.
2.1. Turbulence Effect

In order to calculate the impact of atmospheric turbulence on the n-th received signal,
the Malaga (M) distribution has been employed, which is described by the following
probability density function (PDF) [12,13,32,33]:
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k-1
cn = 2Bon(1 —pn), (bn)r_q = TI (bu — p+1) representing the Pochhammer symbol of

descending factorial, I'(-) is the Gamma function, a, > 0 denotes the effective number
of large-scale cells of the scattering, (), corresponds to the average optical power of the
coherent contributions of the line-of-sight (LOS) and the coupled LOS scattering terms, b,
depends on the total scatter components and terms, 0 < p, < 1 indicates the correlation
between the two scattering components of the M model for the n-th link and the amount
of scattering power coupled to the LOS component [12,13], K, (+) is the second kind of
modified v-order Bessel function, and G(-) stands for the Meijer-G function [34].

Also, this model is of great importance, since many particular statistical distributions,
like negative exponential, log-normal, gamma, gamma—-gamma (GG), K, homodyned-K,
Rice-Nakagami, shadowed-Rician, or gamma-Rician, are accurately shown to be special
cases of M-distribution for specific parameters’ values; for instance, the GG distribution is
derived for p =1 [12,13,35,36].

2.2. Spatial [itter Effect

This section is intended to introduce an acceptable model for FSO links” non-zero
boresight spatial jitter, which can be probabilistically estimated by the following PDF, [37]:

2
flpln(IP,i’l) = ‘;:n I%nn , 0<Ip, < AO,ngn 4)
Agn8n

where §;; = Wz eqn/205 , is the ratio of the n-th equivalent beam radius at the receiver,

Wzeqn = [0.5\/Ew§,ner f(vn)/vnexp(—03)] 1/2, to the standard deviation of the pointing
error displacement at the receiver, o ,,, with w, , being the waist of the Gaussian beam at
the receiver’s plane, depending on the initial beam waist at the transmitter, the refractive
index structure parameter, the operational wavelength, and the optical link length [38-40],
while Ag,, = [erf (vn)]Z, vy = \/1tDy,/ 22 2w, ,, and erf(-) stands for the error function [37].

In addition, g, = exp [2 (2(75’71 — Uf n— a yx n P‘f,n) / w%/eq,n} with g, plyn, Oxn, and
0y,n being the means and the standard dev1at10ns of the Gaussian distributions, describing
the horizontal and elevation jitters of the n-th beam, respectively. For zero boresight spatial
jitter, pixn = py, n =0, while 0, = 0y, = 05y, resulting in g, = 1. The strength of the SJ is

regulated by ¢, meaning negligible impact at large values [41].

2.3. Joint Effect of Turbulence and Spatial Jitter

Since the received signal consists of two components, I, and Ip,, each with its own
PDE, the resultant irradiance, which incorporates both turbulence and spatial jitter effects,
I,, is described by a joint PDEF, calculated as [37,41]:

) = [ i, (1) Pt ®)

After the appropriate substitutions and some mathematical manipulations, the corre-
sponding expression is given as [41]:

_ AuBE2 Y gk ( Buly
C 2
frem o ( 2AO n&n g Z K nB Aongn

&
&2 —1,a,—1,k—1 ) ©)

2.4. Time [itter Effect

The incoming, optical pulses are often detected out of sync, causing bit stream errors,
especially when the available detection slot is relatively short. In order to estimate the
TJ influence on the detected signal, the GGD is engaged [42], supposing that T = 0 sec
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Py 1—pam(In)

Pyn,ms(In) = pmsQ| ams

as the ideal detection instant at the received pulse’s center and that incoming pulses are
distributed around mean value, ji, with variance ¢ = #2T(3/8)/T(1/B), as follows [42]:

— p
Fr1(T) = a7 o l— (Ta”') 1 )

where &, f > 0 are the scale and the shape parameters of the distribution, respectively.
Intuitively, the known normal distribution with mean value ur and variance a?/2 is
derived when § = 2.

3. BER Performance Estimation

In this section, a step-by-step method has been built in order for the total ABER
performance of SIMO-FSO links to be extracted for some popular modulation schemes.

3.1. Instantaneous BER Performances for Various Modulation Schemes

Firstly, it is necessary for the instantaneous BER of any individual signal to be ex-
pressed in terms of instantaneous electrical signal-to-noise ratio (SNR), v, = 7721%/ Ny,
and expected SNR, p, = n2E2[1,]/ Ny, with E[I,] = Agugn(cn +Qn)/ (1 + &, 2) being the
expected value of the n-th received signal, concluding with the following expressions for
OOK-RZ/NRZ, L-PPM, and L-PAM, respectively [43,44]:

B 1 gl 1 (1+8&.2) /Hnln

Pb,n,OOK—RZ(In) - Q(\/E /7NO> - (\/EAO,ngn(Cn"’_Qn) (8a)
_ 1 97nly . 1 (1 +€;2) \/ann

Py n00k-Nrz(In) = Q<2 \/WO) = Q<2A0,ngn<cn 0 (8b)

\/Llog, L Llog, L (1+¢&;2 .
Py 1—ppm(In) _LQ<Og2 17”1”) :§Q< 08, L (1467) vitn > (8c)

) 2 VN 2 Agu&n(cn + Q)

_2AL=1) o ViogL gl | 2L =1) o VIogyL (1+8,2) il s
~ Llogy L “\v2(L—1) VNo ) Llogy L =\ V2(L — 1) Aougn(cn + Q)

The previous modulation schemes’ expression can be formulated through the follow-
ing equation:

ol 1+ &;2) /Hnln
Py ms (In) _PMSQ<QMS’7) _PM5Q<61MS( &n”) /i ) )

\/ﬁo AO,ngn(Cn + Qn)
Pook 1 JOOK—-RZ
where, ppys = | pr—prpm | = L/2 and gy = JOOK-NRZ | _
PL-PAM 2(L—1)/(Llog, L) qL—PPM
qL—PAM
V2/2
1/2

v/Llog, L/2
Viog, L/ |V2(L - 1)]

Next, taking OC diversity into consideration, the instantaneous BER performance is
rewritten as:

g(ﬂnln)z N

) 2 2

n (1 + Cn ) .uﬂIn
T | = PmsQ| qmsy| Y 5
NN w Af 8% (cn + Qn)

(10)
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3.2. Average BER Performances Due to Turbulence and S] Influence

By averaging the instantaneous BER expression above over I, using the joint PDF, the
average BER performance expression is taken:

2
N (14 &%) a3
n Ao &5 (cn + Q)

Pynrpms(I) = /PN,MS(I)fTP,I(I)dI: /PMSQ qms frpi(I)dl (11)
I

Taking the Q function approach Q(x) ~ 0.208e 0971 4 0.147¢~0525* into account
[Equation 13c of [45]], the above expression is transformed to the next equation:

~ Nt 09710345 (1462)
Py,nrp,ms(#n) = Pms lO-ZOS;El ({ eXP( NAZ g3 (e ) )fTP 1y (In)dLn+

(12)
N +o 052502, (14&;2) " pn I2
+0. 147an1 [ ex (— N A%fég%(% +gn)2 >fTP,I,,(In)dIn
or Pynrpms(in) = Pums [0-2081_[ Tn(ﬂn10-971)+0-147nTn(V”'O'5Z5)} , with

+o00
Yo(pn; ) = bf exp( %) frp1,(Ix)dI,, where the corresponding solution

of integral ¥, is given by [33,46,47]:
an tk —2\2 1- %1 % 1- n n —k k
b4 ) — GiAn - 4 Gl6 16yq3,spn (1+8,%) 25 A= %' 71— %'lT'l_ 2
n(,un/ 11[]) - 64 Z k,n B 6,3 2 2 2 1-p2
T3 n BnN(Cn +Qn) O,_%,%

(13)

Then, the ABER performance due to turbulence and SJ is obtained by:

antk 1553603 g1t (14872)° 1Y g1 - g 15k )
2! — 2 1,6 - InmsHn n ’ ’ ’ ’ ,
Py n,rp,ms(pn)Y = (64 )N 0.208 H ZZAL E Ckn( ) Gg3 T ENeio ) a 1_255 + "

n=1
g Cn 1- ﬂn ay, 1-k k
— =n 2 1 -5 )

2 1— 2
0/7%/ Zén

N w antk 2 —2)2
2 4 2 1,6 8.4quy,,(1+§,, )
+0.147nr:11 énAnkgl Cin (Bn ) Gg (35 N(er )’

Finally, supposing that all receivers are both close to each other and in adequate
distance from the transmitter, then all parameters of the system are independent of # index,

so a simplified expression is derived:
N < R T TN
z T 22172 n
0,812

2

1-¢&2 1-ay 1-k k N
R T R A B
2 2

0, &, 18

k=1

~ 20\ N w au 15.5362, i (14+8;2)?
Pyn,rp,ms (i) = Pus (ng) 0.208 { ) Ck(%) Gy (sz\,?iﬁm)z )
(15)

= B2N(cn+ Q)

w gk 842, an(148;2)°
+0.147[z c(4) * G (‘WS"( )

3.3. Average BER Performances Due to T] Influence

Instinctively, the ABER is reciprocally affected by the probability of incorrect detection
due to TJ. For single-input, single-output (SISO) systems, this is given by the probability
of either an early or a delayed signal arrival, while in SIMO systems the corresponding
quantity arises from the joint probability of incorrect detection at all the receivers and is
given as [48]:

N
5 (Pe(T < —tyms) | Pe(T >ty ms)
b,N,TJ,MS = 5 + 5

N
sl MS

/ Fry(T dT+/fT, (16)

tsl MS
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ts,00k 1/R
where tgpms = | tgr—ppm | = | log, L/(LR) |, denotes the time slot interval for the
ts,L—PAM log, L/R

selected modulation scheme, with R being the bit rate.

Supposing a symmetrical GGD around the time slot center, i.e., yr = 0 s, the ABER
due to the TJ effect, with relation to the modulation scheme used, is easily rendered by
substituting Equation (7) in (16), as:

-1 1P N N
Py nT1Ms = [r(ﬁ 25?;:115) ) >] = [Zr(;l)Gig<(“1t51,M5>ﬁ‘ 137}, 0 )} (17)

3.4. Individual Total Average BER Performances

The next part of this analysis concerns the total ABER performance of an individual
link, taking all of the above-mentioned effects into account [48]:

PynTpriMs =1 — (1 - ﬁb,N,TP,MS) (1 - ﬁb,N,T],Ms) = PN, P + Pon 11 m5 — Pon M5 PoN,TT MS (18)

and the final expression of the ABER is obtained by substituting (15) and (17) into (18) as:

~ N - N _ B 1 N
Bonrprims =1— {1 _ Oéiijg%s LglgﬁAnan(w.S%) +0.707 T] C%Anan(&él)} }{1 - {mc;;g((,k 1t51/MS)ﬂ‘ 510 )} } (19)

n=1

w an stk 2 —2)2
T T 1,6 Wagsin (146:2) 2772 7
with &, (x) = C <i> G, —_—
" ( ) kgl kn By 63 B% N(cn+Qn )2

- 2 1-ay o 1=k k
s R S - 1—2>’

According to the simplification previously reported, the equivalent version is finally derived:

~ 2 N _ _ _ ] N
Pynrpryms = 1— {1 —0.208pus (§42)  [EV(15.536) +0.7072N (8.4)]}{1 - {mcﬁg((a 1t51,M5)ﬁ‘ 510 )} } (20)

w atk 2 —2)2
ith 2(x) = 4\ 16 xaysp(1+E2)°
with E(x) = Py Ck<3) Ge3 ( B2N(c+0))?

3.5. Relayed Total Average BER Performances

Finally, assuming that the full-length link is implemented by using (M-1) DF relays,
then the total ABER performance of all M DF-relayed links is given as [21,49]:

M M
Py MN,TP,TIMS = 3, [Pb,i,N,TP,T],Ms 11 (1 - 2Ph,j,N,TP,T],MS)] (21)
iz j=it1

while, supposing all relayed links’ features to be identical each other, then the final relayed
total ABER performance of the whole link is simply derived as:

M

y y
Py N, e Ms = Ponre,rms (1 — 2Py N rprims) Y (1= 2Py NTp, 1 MS) (22)
i=1
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4. Numerical Results

Using the above-extracted mathematical expressions, (19), (20), and (22), the corre-
sponding numerical results are presented in this section using common parameter values.
Thus, variations of the parameters related to the system’s conditions, i.e., atmospheric
turbulence, SJ, and TJ effects, with fixed receiver diversity (N = 3) and DF relaying (M = 1),
are illustrated in Figures 2—4 for particular parameters values of the modulation scheme,
i.e.,, OOK-RZ, 4-PPM, and 4-PAM, respectively. Specifically, binary parameter combina-
tions were studied in all three figures, including: ¢ = 5.03 or 0.59, i.e., for weak or strong
SJ effect, respectively, and whether « = 1 x 1078 or 2 x 107¢ s, with 8 = 4 leading to
0 =5.815 x 1077 or 1.163 x 10~ s for bit rate R = 48 Mbps, ora =5 x 1071 or 1 x 1078 s
(cases with o = 1.163 x 107° s seem to be more typical of real systems for all studied
modulation schemes, according to Table I of [18], however this benchmark is too large
for Gbps rates, which are treated with much smaller ¢ values. For comparison, both bit
rates were studied along with an intermediate value of ¢ = 5.815 x 107? s.), with =4
leading to ¢ = 29.075 x 10712 or 5.815 x 1077 s for 24 Gbps, i.e., for weak or strong TJ
effect, respectively [18], along with Malaga distribution parameter sets (a, b, p) = (11, 4, 1)
(o = 1 corresponds to the GG sub-case.) or (25, 10, 0.75) for weak or strong turbulence
conditions, respectively (corresponding to the atmosphere’s index of refraction structure
parameters, C2 = 7.2 x 107> m~2/3 or 1.2 x 10~ m~2/3 and Rytov variance, 01% =0.32 or
0.52, respectively, according to [13].). In all cases, () = 0.5 and by = 0.25, so that ) + 2by =1,
implying that the average FSO link’s optical power is normalized. The rest factors for any
individual link, minutely described in [13], include a propagation distance of 1 km and
operating wavelength of A = 785 nm.

10

FECLPOGVORHOVS VOOV VUV OVRORUVULREVUTRRY FEUS VUGV R GOV POU IO U VIS UVI VRGN SVR IR HY
(a=

11, b=4, p=1), OOK-RZ, N=3, M=1 (a=25, b=10, p=0.75), OOK-RZ, N=3, M=1

102 F

o ~
53] 53]
m m
& i
= o
2 10°F <10
Case 11A hd = Case 11A 013
- Case 11B 0.13 e Case 11B i
— & —(Case 12A — & —Case 12A “gv
LI i e ke 0.5 ™0 a0n . | g/l Cas L2n O o X000 irrtrrtmrttots |
10 Case 21A Py R L O R e 10 Case 21A LET
©- Case 21B : By EXuns - . o Case 21B 0.12 S8 B e semmna
— % —Case 22A 0.12 Z 3 — % —Case 22A 0 1020 30 40
—-A-—Case 22B P i Ed . il —-A-—Case 22B
10710 | : | I 10710 " ; ; [ [ [
0 10 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
SNR [dB] SNR [dB]
(@) (b)

Figure 2. ABER versus expected SNR for the OOK-RZ scheme, N = 3, M = 1, with various bit rates and spatial and time
jitter conditions of (a) (1 =11,b =4, p =1) and (b) (a2 = 25, b = 10, p = 0.75). The studied curve cases are codified as follows:
Case 11A: ¢ =5.03, 0 = 5.815 x 1077 s, 48 Mbps; Case 11B: ¢ = 5.03, o = 29.075 x 10712 g, 24 Gbps; Case 12A: ¢ = 5.03,
0 =1.163 x 107° s, 48 Mbps; Case 12B: & = 5.03, ¢ = 5.815 x 10~ s, 24 Gbps; Case 21A: & = 0.59, o = 5.815 x 10~ s, 48 Mbps;
Case 21B: ¢ =0.59, 0 =29.075 x 10712, 24 Gbps; Case 22A: ¢ =0.59, 0 =1.163 X 10~%s, 48 Mbps; and Case 22B: ¢ = 0.59,
0 =5815 x 1077 s, 24 Gbps.
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Figure 3. ABER versus expected SNR for the 4-PPM scheme, N = 3, M = 1, with various bit rates and spatial and time jitter
conditions of (a) (=11, b=4, p=1) and (b) (2 = 25, b = 10, p = 0.75). The studied curve cases are codified as in Figure 2.
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Figure 4. ABER versus expected SNR for 4-PAM scheme, N = 3, M = 1, with various bitrates and spatial and time jitter
conditions of (a) (=11, b =4, p =1) and (b) (a = 25, b = 10, p = 0.75). The studied curve cases are codified as in Figure 2.

Accordingly, variations of the operating system’s parameters, i.e., modulation scheme
format, diversity, and DF relays, are illustrated in Figures 5-7 for particular conditions,
ie, (a, b, p) = (114,1), & = 5.03, and either ¢ = 29.075 x 107! s for R = 48 Mbps or
o =5815 x 1077 s for 24 Gbps with « =5 x 107 or 1 x 1078 s, respectively, and
B = 4. Similarly, binary case combinations of diversity, N = 3 or 9, DF relaying, M =1 or 5,
and formats per modulation scheme family, i.e., OOK-RZ or NRZ, 4 or 16-PPM and 4 or
16-PAM, are shown in all three figures, along with selected bit rates.
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Figure 5. ABER versus expected SNR for (2 =11, b =4, p = 1), ¢ = 5.03, OOK-RZ/NRZ schemes, and various diversity
and DF multi-hop parameters, with (a) R = 48 Mbps, o = 5.815 x 107° s (x = 1078 s, B = 4) and (b) R = 24 Gbps,
0=29.075 x 10712 5 (x=5 x 10711, B =4). The studied curve cases are codified as follows: Case 31A: OOK-RZ, N = 3,
M =1; Case 31B: OOK-RZ, N = 3, M = 5; Case 32A: OOK-RZ, N =9, M = 1; Case 32B: OOK-RZ, N =9, M = 5; Case 41A:
OOK-NRZ, N = 3, M = 1; Case 41B: OOK-NRZ, N = 3, M = 5; Case 42A: OOK-NRZ, N = 9, M = 1; Case 42B: OOK-NRZ, N =9,

M=5.
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Figure 6. ABER versus expected SNR for (2 =11, b =4, p = 1), ¢ = 5.03, L-PPM schemes, and various diversity and DF
multi-hop parameters, with (a) R = 48 Mbps, o = 5.815 x 10?s(@=10"8s, B =4)and (b) R =24 Gbps, o =29.075 x 107125
(a=5x10"1lg, B =4). The studied curve cases are codified as follows: Case 51A: 4-PPM, N = 3, M = 1; Case 51B: 4-PPM,
N =3, M =5; Case 52A: 4-PPM, N =9, M = 1; Case 52B: 4-PPM, N = 9, M = 5; Case 61A: 16-PPM, N = 3, M = 1; Case 61B:
16-PPM, N = 3, M = 5; Case 62A: 16-PPM, N = 9, M = 1; Case 62B: 16-PPM, N =9, M = 5.
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Figure 7. ABER versus expected SNR for (a2 =11, b =4, p = 1), { = 5.03, L-PAM schemes, and various diversity and DF
multi-hop parameters, with (a) R = 48 Mbps, 0 = 5.815 x 102s(x=10"8s, B=4),and (b) R =24 Gbps, 0 =29.075 x 107125
(a=5x 10~ s, B =4). The studied curve cases are codified as follows: Case 71A: 4-PAM, N = 3, M = 1; Case 71B: 4-PAM,
N=3,M=5; Case 72A: 4-PAM, N =9, M = 1, Case 72B: 4-PAM, N = 9, M = 5; Case 81A: 16-PAM, N = 3, M = 1; Case 81B:
16-PAM, N = 3, M = 5; Case 82A: 16-PAM, N =9, M = 1; Case 82B: 16-PAM, N =9, M = 5.

5. Discussion

Comparing Figures 2—4, the slopes of left panel are reasonably steeper than the re-
spective right ones, as the former curves correspond to weaker turbulence than the latter
ones. Additionally, the red curves, i.e., stronger S] effect, have a smoother slope than the
black ones, meaning that when link misalignments get significant, more SNR is required in
order to achieve the same ABER level. What is more, faster links face stronger TJ effects
than slower ones and when TJ is quite intense, the inevitably generated ABER thresholds
get higher, particularly delimiting the performance of high-data-rate links. Finally, among
the three studied modulation schemes, the OOK-RZ format presents moderate slopes and
mediocre influence on TJ; the 4-PPM format has steeper slopes, but is heavily affected
by the TJ effect; while the 4-PAM format is only slightly affected by TJ, but it presents
smoother slopes.

Next, comparing Figures 4 and 5, it can be seen that faster transmission links induce
increased ABER thresholds in any case, with some of them tending to a completely flat
performance. In addition, the individual link’s performance is significantly improved when
the receiver’s diversity is higher. Furthermore, OOK-NRZ curves seem to be inferior to the
corresponding OOK-RZ curves; however, both share the same ABER thresholds for any given
TJ and bit rate values. For its part, the 16-PPM scheme curves are also inferior to the respective
4-PPM ones, but the expected steeper slope of the 16-PPM cases, allowing small BER to be
achieved with less SNR requirements, is abolished, due to the large ABER thresholds. On
the contrary, the 16-PAM scheme deepens the ABER performance with the respective 4-PAM.
However, the improved curves are shifted to larger SNR values. Last but not least, expanding
the total link’s length from one to five identical hops, all curves are slightly shifted to worse
ABER performance; however, this degradation is inferior to the aggravated performance of a
single hop link of the same total link length, as referred to in [24].

6. Conclusions

This work has dealt with the composite estimation of ABER performance of FSO
links, subjected to atmospheric turbulence, SJ, and TJ effects, also taking N-OC diversity
and M-DF multi-hop techniques into account, for three modulation scheme families, i.e.,
OOK-RZ/NRZ, L-PPM, or L-PAM. The study included the Malaga distribution model, for
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the atmospheric turbulence effect, the non-zero boresight S] model, and the GGD model
for the TJ effect. New, closed-form mathematical expressions for any studied case and
practical numerical results for typical parameter values were also generated. Taking into
account the above-derived expressions, the design and implementation of modern FSO
links can be easier and more accurate. The influence of each effect have been described and
the choice of the appropriate diversity scheme, along with the corresponding regenerator
use, can be selected depending on the special characteristics of each specific area where the
FSO link is installed.

The obtained outcomes show that the joint effects due to the weather conditions
or/and receiver’s misalignment or/and desynchronization can be counterbalanced, al-
lowing either further length expansion or bit rate incremental increase of the existing link.
These features are feasible by increasing either the number of the receiver’s apertures
and/or the number of DF relays implemented between the original transmitter and the
final receiver or the order of PPM/PAM scheme, depending on the desired results in terms
of ABER thresholds or SNR benchmarks, beyond which no further ABER performance
is achievable.

The selection of the modulation format is crucial for the link’s performance and for
either the curve’s slope, regulated by joint turbulence and SJ effect, or threshold, regulated
by TJ effect and bit rate—steeper slopes allow a given ABER performance to be achieved
at lower SNR values than in smoother slope cases, while deeper thresholds allow better
ABER performance at the same SNR value than in shallower flat cases.

Finally, it should be mentioned that although this research concerned terrestrial links,
the results obtained can also be implemented—with minor alterations—in underwater links,
since the studied effects, among others, also exist in underwater optical wireless channels.
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