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Abstract: In this paper, a novel multi-hop hybrid Free Space Optical (FSO)/RF link is presented; it is made up of two main parts.
The first part establishes the connection between the mobile user and source base station, and the second part establishes the
connection between the source and the destination base stations. In the first part, a mobile user wants to connect to the source
base station via a long range link; therefore, a fixed gain amplify and forward relay with multiple receive antennas is used for
communication establishment. In the second part, the source and the destination base stations are connected via a multi-hop
hybrid parallel FSO/RF link with demodulate and forward relaying. Considering the FSO link in Gamma-Gamma atmospheric
turbulence with the effect of pointing error in moderate to strong regime and the Negative Exponential atmospheric turbulence in
saturate regime, and the RF link in Rayleigh fading, new closed form exact and asymptotic expressions are derived for the
Outage Probability and Bit Error Rate of the proposed structure.

1 Introduction

In free space optical (FSO) communication systems, often intensity
modulation/direct detection based on on—off keying (OOK) is used
due to its simplicity [1]. The detection threshold of OOK adopts
based on atmospheric turbulence intensity; therefore, it is suitable
for variable atmospheric turbulence conditions. Pulse position
modulation (PPM) and subcarrier intensity modulation (SIM)
schemes do not require adaptive detection threshold; spectral
efficiency of SIM is more than PPM [2].

Differential modulations such as differential phase shift keying
(DPSK) are less sensitive to noise and interference, and have
optimal detection for the following reasons: no need for channel
state information or heavy computations at the receiver, no need
for feedback to adjust the detection threshold, no effect on system
throughput due to the lack of pilot or training sequence, reducing
the effect of weather conditions such as fog and mist, reducing the
effect of pointing error, reducing the effect of background noise at
the receiver [3].

The FSO system has attracted the market for its numerous
benefits, such as non-interference, lack of licensing or bandwidth
management. It has a higher data rate and bandwidth than radio
frequency (RF) system, and its installation is easy, fast and secure
[4]. However, in spite of these advantages, practical
implementation of FSO system is limited due to its high sensitivity
to the effects of physical propagation media, such as atmospheric
turbulence and pointing error.

The atmospheric turbulence causes the random oscillation of
the received signal intensity [5]. Many statistical models have been
presented to investigate the effects of atmospheric turbulence
including log-normal [6], gamma-gamma [7], K distribution [8], M
distribution [9] and negative exponential [10]. Among them,
gamma-gamma and negative exponential are in high accompany
with experimental results for moderate to strong, and saturate
regimes, respectively [11]. The M and K distributions provide
excellent matching and agreement between theoretical and
experimental data. The M distribution is capable of characterising
most of the existing models, including the gamma-gamma and the
K distribution [8]. The K distribution is a suitable model for strong
turbulence conditions [12].

The presence of wind, weak earthquake and building vibration
cause misalignment of the FSO transmitter and receiver [13]. This
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effect is called pointing error and severely degrades the
performance of the FSO system [14].

The FSO and RF links are complementary to each other; there
is almost no condition that could disrupt both of them at the same
time. Therefore, combining FSO and RF links is a good idea to
achieve advantages such as high reliability, accessibility and data
rate. The so-called hybrid FSO/RF systems are available in the
series [15] or parallel [7] structure. In the series structure, the
transmitted data is received, processed and forwarded by a relay,
and each link can be either RF or FSO [16]. In the parallel
structure, an RF link is paralleled to the FSO link, and data is
transmitted simultaneously [17] or by using a switch [18].

In the past decade, various works have been done in
conjunction with the relay-assisted FSO system. The results of
these researches indicate the efficiency and performance
improvement of this system [19]. The processing protocols of
relay-assisted FSO system include detect and forward [20], decode
and forward [19] and amplify and forward [21]. Among them,
amplify and forward is the best choice for long-range mobile
communication, because long-range communication requires
consuming a lot of power at the transmitter side; but the mobile
transmitter cannot provide much power. Therefore, it is better to
use a relay as a signal amplifier. When communication is more
important than power consumption, it is better to use a fixed gain
amplify and forward because in this scheme the amplification gain
is adjusted manually based on the worst case scenario; therefore,
the amplified signal will show favourable performance in all
situations.

However, amplify and forward, due to high power
consumption, is not so cost-effective; it is only recommended in
long-range links or conditions that connection implementation is
more important than cost or power consumption. Therefore, in
other conditions, such as multi-hop links that have short links
between hops, this scheme is not recommended and the use of
other relay protocols, such as demodulate and forward as well as
decode and forward, are preferable. It is worth noting that the
complexity of demodulate and forward is less than decode and
forward.

The proposed multi-hop hybrid FSO/RF structure of this paper
consists of two main parts. The first part establishes the
communication of a mobile user with the source base station at a
long-range link. At this part, the transmitted RF signal from the
mobile user is amplified by a fixed gain relay and forwarded to the
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Fig. 1 Other similar multihop hybrid FSO/RF structures

(a) Proposed structure in [40, 43], (b) Proposed structure in [41], (c) Proposed structure in [39]

source base station through a hybrid parallel FSO/RF link. To have
better performance, the relay uses multiple receive antennas with
selection combining scheme, and the data transmission at hybrid
parallel FSO/RF link is simultaneous. The second part establishes
the communication of the source and the destination base stations
via a multi-hop hybrid parallel FSO/RF system with demodulate
and forward relaying. At this part, in order to have better
performance, between received FSO and RF signals at the source
base station, the signal with higher signal-to-noise ratio (SNR) is
demodulated, regenerated, then modulated and forwarded through
a hybrid parallel FSO/RF link simultaneously. This procedure
repeats in all of the subsequent relays until reaching the destination
base station.

The FSO link has gamma-gamma atmospheric turbulence with
the effect of pointing error in moderate to strong regimes, and
negative exponential atmospheric turbulence in saturate regime; RF
link has Rayleigh fading. Though these channel models are
frequently used in literature, it should be noted that the aim of this
paper is not to explore a new channel model; it is to present a new
structure and prove that the proposed structure has worth to be
practically implemented; these channel models are sufficient to this
end. New exact and asymptotic expressions are derived in closed
form for bit error rate (BER) and outage probability of the
proposed structure. Derived expressions are verified by MATLAB
simulations. At the first part of the proposed structure, a fixed gain
amplify and forward relay with multiple receive antennas amplifies
the mobile transmitted signal. Therefore, this structure is
particularly recommended for mobile communications limitations
in power, processing and latency. At the second part of the
proposed structure, hybrid multi-hop parallel FSO/RF simultaneous
data transmission plus opportunistic signal selection significantly
improves the performance and capacity of the system.

The remainder of this paper is organised as follows. Section 2
reviews some of the published works in hybrid FSO/RF system; in
Sections 3, 4 and 5, system model, outage probability and BER of
the proposed structure are discussed, respectively. Section 6
compares analytical and simulation results, and Section 7 is
conclusion of this study.

2 Related works

The works done on the hybrid FSO/RF system can be divided into
three main categories. The first category is the single-hop hybrid
FSO/REF structure [22-28]. Few works of this category investigated
diversity schemes [24]. The second group examines the
performance of the dual-hop structure [2, 12, 13, 15, 29-38]; in this
area, few works used diversity schemes [38]; also parallel
transmission was investigated in few works [30]. The third
category involves the multi-hop structure [39-43]. The multi-hop
structure was previously investigated in FSO systems [44—48]; but
in FSO/RF system, it is known as a new issue emerged in recent
years. The existing multi-hop FSO/RF structures investigated
outage probability of a multi-hop hybrid FSO/RF link [39-41, 43].
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According to the best of authors’ knowledge, before online pre-
printing of this work, there were only four works published on
multi-hop hybrid FSO/RF system [39-41, 43]; all of them have
investigated outage probability, but BER remained as an open
problem. In order to calculate the BER of a hybrid multi-hop
FSO/RF system, we should integrate the multiplication of at least
three Meijer-G functions and one exponential function (see (42)).
To the best of authors’ knowledge, there is no exact or asymptotic
solution for such an integration. The ideas of this paper for exact
and asymptotic solutions are taken from [12, 49], respectively.
Though [12, 49] brought the idea to the mind, they investigated
single-hop FSO structures.

In order to have a better comparison, the existing multi-hop
structures are reviewed in summary. Fig. la displays the proposed
structure of [40, 43]; a multi-hop single-receive antenna series
FSO/RF system. The FSO link between relay and destination has
gamma-gamma and exponential atmospheric turbulence; the RF
link has Rayleigh and Rican fading. The first hop is FSO/RF.
Fig. 1b displays the proposed structure in [41]; a multi-hop single-
receive antenna parallel FSO/RF system. FSO link between relay
and destination has gamma-gamma atmospheric turbulence; the RF
link has Rican fading. First hop is parallel multi-hop. The effect of
pointing error is not considered. Fig. lc displays the proposed
structure in [39]; a multi-hop single-receive antenna series FSO/RF
system. FSO link between relay and destination has log-normal
atmospheric turbulence; RF link has Rican fading. First hops are
different FSO/RF. The effect of pointing error is not considered.

Fig. 2 displays the proposed structure of this paper; a multi-hop
multi-receive antenna series-parallel hybrid FSO/RF system with
signal selection at each relay. Demodulate and forward relaying
plus amplify and forward relaying are used. FSO link has gamma-
gamma and negative exponential atmospheric turbulences; RF link
has Rayleigh fading. The effect of pointing error is considered.
First hop is RF. Outage probability and BER are investigated. New
closed-form exact and asymptotic expressions are derived for BER
and outage probability.

According to the best of the authors’ knowledge, the main
contributions and innovations of this paper, which are introduced in
multi-hop hybrid FSO/RF system for the first time, include the
following: presenting a new structure, providing a new
mathematical solution to the problem of system performance
evaluation, the use of the receive diversity scheme, the use of
selection combining and opportunistic selection schemes, the use
of amplify and forward as well as demodulate and forward
relaying, considering a wide range of atmospheric turbulences from
medium to saturate regimes with the effect of pointing error,
deriving new closed-form exact and asymptotic expressions for
outage probability and BER.

3 System model

The proposed multi-hop hybrid FSO/RF structure is presented in
Fig. 2. This structure includes two main parts. At the first part of
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Fig. 2 Proposed multi-hophybrid FSO/RF system

this structure, a fixed gain amplify and forward relay with multiple
receive antennas connects the mobile user to the source base
station through a dual-hop hybrid FSO/RF system. At the second
part of this structure, source and destination base stations are
connected via a multi-hop hybrid parallel FSO/RF link with
demodulate and forward relying.

Consider Fig. 2, let x be the transmitted signal from mobile
user, the received signal at ith receiver antenna of the first relay
becomes as follows:

Yi=hx+e ey

where e, ; is additive white Gaussian noise (AWGN), with zero
mean and ogp variance, at the input of ith receive antenna of the
first relay, and h,; is the fading coefficient of ith path between
mobile user and first relay. The first relay uses selection combining
scheme, so between received RF signals, the signal with the
highest SNR is selected; then the selected signal is duplicated. One
copy of the duplicated signal is converted to FSO signal by
conversion efficiency of 7 and summed up with a bias, because the
FSO signal is not negative. Then the FSO signal and the other copy
of the duplicated signal are amplified with fixed gain of G and
simultaneously forwarded through parallel hybrid FSO/RF link.
The forwarded FSO and RF signals are, respectively, as follows:

X, rs0 = G(1 +17y)), 2)
X rr = Gy, 3)

where y, is the selected signal at the first relay. After DC removal,
the received FSO and RF signals at the second relay (source base
station) become, respectively, as follows:

Yo.es0 = Gnlhhx + Gnhe, + e, pso, 4)
Y RF = Ghzhlx + Gh2€1 + €, RF> (5)

where I, and h, are, respectively, the atmospheric turbulence
intensity and the fading coefficient of the second hop, e, gr and
e, rso are AWGN with zero mean, orr and ofgo variance, at the RF
and FSO receiver inputs, respectively. Accordingly, the
instantaneous SNR at the FSO and RF receiver inputs of the second
relay become, respectively, as follows:

G TR
=55 6
V2ndrelay, FSO 2772156]22 et O'IZ:SO (6)
G
Yandrelay, RF = = (7

272 2 2 .
G hy0RF + ORF
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Destination
Base Station

Regarding the fixed gain amplification, G could be chosen as
G’ =1/(Cogy ), where C is a desired constant parameter [12].
Substituting

7 = (hilokg),
12.vF = (G’hy/oRg), (8)

12150 = (G’ L/ otso),

and G, (6) and (7) become as follows:

_ "2, Fso
Yandrelay, FSO = m, )
Y1Y2,RE
Yandrelay, RE = %w- (10)

In order to have better performance, between received FSO and RF
signals at the second relay, one with higher SNR is selected. Then
the selected signal is demodulated, regenerated and duplicated. The
same as the first relay, one copy is transformed to FSO signal; then
the FSO signal and the other copy of the duplicated signal are
modulated and forwarded simultaneously through hybrid parallel
FSO/RF link. The procedure described in this paragraph repeats in
all subsequent relays until reaching the destination base station.

The probability density function (pdf) and cumulative
distribution function (CDF) of gamma-gamma atmospheric
turbulence with the effect of pointing error [49], CDF of Rayleigh
fading and negative exponential atmospheric turbulence, are,
respectively, as follows:

_ fz 3.0) _r 52 +1
10 = 2r(a>r(ﬁ)yGl~3(“ﬂ’<v s N

2 [ LE+
B0 = o) G“(“ﬁ Vol apof P
Fy(}’) -1- e‘(}’/};RF), (13)
F(y)=1- e Wreso) (14)

where
Y TS

Gp’q(Z|b],b2, ...,bq) (15)

is Meijer-G function [50, Eq. 07.34.02.0001.01], I'(.) is gamma
function [50, Eq. 06.05.02.0001.01], & = wz, /(20,) is the ratio of
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the equivalent received beam radius (a)zquZ) to the standard
deviation of pointing errors at the receiver (o),

k= (E1E +1),

a= [exp(0.490§/( + 1. 11611{/5 )7/6) _ 1]_] (16)

and
p = exp(0.5163/(1 +0.696%" )"~ 1] 17)

are parameters related to gamma-gamma atmospheric turbulence,
where of is Rytov variance [35]. 7pso = #°/otso and Jre = 1/0ke
are average SNR at the FSO and RF receiver input, and 1/4° is
variance of negative exponential distribution.

The receiving antennas of the first relay are assumed to be
separated from each other; therefore, the received signal by each of
them experiences independent fading. Thus, with high probability,
it could be said that at any given time slot, at least one signal
experiences desired condition. Accordingly, if always best signal is
used, the overall system performance improves. In this paper, the
signal with the best link quality is considered as the best signal.
Accordingly, the CDF of the instantaneous SNR at the first input of
the relay (y,) becomes as follows: (see (18)) . By derivation of (18)
and using the binomial expansion theorem, the pdf of y, becomes
as follows:

N -1

N N-1 ~((k+ )1y
fh(}/):EZ( x )(—1)ke ((k )V}’RF)_ (19)

k=0

In order to improve the performance, at the jth; j=2,4,....M
relay, between received FSO and RF signals, one with higher SNR
is selected. Therefore, the CDF of the instantaneous SNR at the jth
relay input (y;) becomes as follows:

F, (y) = Pr(max(ygso, j» rrE.j) < 7)

(20)
= Pr(reso.; < 75 1RE.j S 7) = Fpogo (D F e (1) -

The last equality appears because of independence of FSO and RF
links. According to (9) and (10), the CDFs of yngrelay.rso and
Yandrelay, RE Decome as follows [35]:

F}'anrelay.FSO(}/) =1- f Pr(?’z FSO > |71)fy1(x +y)dx, (21)
0

yC
FVzndrclay, ) =1- / Pr(]’z RF = — |7’1)f71(x +y)dx. (22)
0

Eq. 07.34.17.0012.01], the CDF of y,ngretay,rso in gamma-gamma
atmospheric turbulence with the effect of pointing error becomes
equal to

N ~DNED'N (e
FYanrelay,FSO(J/) =1- kZO( k ) k+1 e
(24)
o g2 3572 (afr)’Clk + Dy |
aL@U(B) | T67psorrr  |ws)|
where
= {1,(1/2),(& + 2/2),(& + 1/2)} (25)
and
o = {1,(1/2), (& + 1/2) ,(E'/2), (@ + 1/2), (/2), (B + 1/2 26)

), (812),(172),0} .

By substituting (18) and (19) into (21) and substituting
equivalent Meijer-G function of e~*V(Cr/¥7es0) a5

1 2( 4x7rso 27

\/7_7’_ 2,0 Azyc

using [50, Eq.07.34.03.1081.01] and [50, Eq. 07.34.17.0012.01],
the CDF of y,ngrelay,rso in negative exponential atmospheric
turbulence becomes equal to

N-1 k
N =1\ N s
Frparso® = 1= 3 ( . )Qe ((k+ 1)717ke)

k=0 YRF
L1 @9
% / ~((k+1)xnype_L G2 4x27/Fso 2 |dx.
0 Jr 2yC

By wusing [50, Eq. 07.34.17.0012.01] and [50, Eq.
07.34.21.0088.01], the CDF of y,neay rso in negative exponential

atmospheric turbulence becomes equal to

1,1/2)

N-1 k
N-1\ (=1)'N
F =1- Tatk+ 1)
Y2ndrelay, FSO(y) kgo( k )\/;(k + 1)
(29)
*((k+ I)V/VRF)G3 0 w 1,0,1].
YFSOYRF —

By substituting (18) and (1?) into (22), and substituting equivalent
Meijer-G function of &~ rCrrRe) 4o

By substituting (13) and (19) into (21) and wusing [50, o 1
Eq.07.34.17.0012.01], the CDF of y,ngrelay,Fso in gamma-gamma Glfo(foF|_) (30)
atmospheric turbulence with the effect of pointing error becomes
equal to (see (23)) . By using [50, Eq. 07.34.21.0088.01] and [51,
Fyl(}’) = Pr(maX(J’my}’l,z, cees 71,N) <y)
N
=Py <v.72 <y onn<y)= || Pr(ni<y) 18
i1 (18)
_ (F}'l,i(}/))N _ (1 — o r're) )N,
F}/anrelay.FSO(y) =1
N-1
_ 2 (N )( _ l)kie (k};];l{‘)y / we*ﬂk“w?ap)
=\ K RF 0 (23)

52
x (1 T (

206

XYESO
)/C

l—fz,l—a,l—ﬂ,l))dx
0, — & '
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using [50, Eq. 07.34.03.1081.01] and [50, Eq.07.34.17.0012.01],
the CDF of y,ngrelay, R in Rayleigh fading becomes equal to

N-1 k
N -1\ (=1)Nn

F — 1 _ —
V2ndrelay, RF(]/) kgo ( k ) TRE

« g (Ck+ I)V/fRF)/me-((k‘f l)x/fRF)Gt):(i(x};RH 1 )dx
A _

G

Using [50, Eq.07.34.21.0088.01] and [50, Eq.07.34.17.0012.01],
the CDF of y,ngrelay, R in Rayleigh fading becomes equal to

N-1 k
N -1\ (-D)'N
F 72ndrclay‘RF(Y) =1- Z ( )

e k k+1
k=0 32)
k+1 —_
y ei( iRF)yG[Z)f(g)( C(k_;l- )y ) .
YRF 1,0

4 Outage probability

In the proposed structure, the outage occurs when the instantaneous
SNR of each relay becomes lower than a threshold. By assuming
the independent operation of each relay, the availability probability
of the proposed structure equals to the multiplication of the
availability probabilities of individual relays [39]; considering this
fact and the independence of the FSO and RF links, outage
probability of the proposed structure is as follows: (see (33)) .

4.1 Gamma-gamma atmospheric turbulence with the effect
of pointing error

By substituting (13), (12), (24) and (32) into (33), outage
probability of the proposed structure in gamma-gamma
atmospheric turbulence with the effect of pointing error becomes as
(see (34)) . By using binomial expansion of

_ 52 _ o~ (rw/7rE) 3.1 Yih 1’52‘*'1 M-
[1 Ty (L~ ) x Gl b 7 £.a. 5.0
as

M-1 1t M—1 ¢ o

PN W

t=0u=0 t u

| & o o [ra | LE T
e (F(a)F(ﬁ) G“(“ﬁ’cv 7rsole,a, 5,0))

outage probability of the proposed structure in gamma-gamma
atmospheric turbulence with the effect of pointing error becomes as
(see (35)) , where Q = (N — 1/k)(M — 1/t)(t/u)(—1)k”+”WNl.

Equation (35) and other derived expressions (in the following)
of this paper are complex; therefore, it is not easy to have insight
about them. However, authors tried to provide physical insights at
the results section. Complexity of derived expressions is related to
the complexity of the proposed structure and the complexity of
Meijer-G function. To the best of the authors’ knowledge, this is
the first time that such a complicated structure is investigated in
hybrid FSO/RF system.

4.2 Negative exponential atmospheric turbulence

By substituting (18), (13), (36) and (32) into (33), outage
probability of the proposed structure in negative exponential
atmospheric turbulence becomes as (see (36)) .

By using the binomial expansion of

[1 _ (1 _ e’(hh/};RF))(l — e (}’lh/fFS())):lM_l (37)

as (see (38)) outage probability of the proposed structure in
negative exponential atmospheric turbulence becomes as
(see (39)) , where

Pou(rn) = Pr{(yi: 72 - > ¥m+) Svm} = 1

=Pr{y, 2 Vi V2 2 Vio -+ s YM 41 2 Vin}

=1-Pr{y; 2 Y072 2 Vit --- Y41 = Vin}

=1-Pr{y, 2 y}Pri{r, 2 va} .. Pri{yp 2 v} =1 (33)
=1 =Pr{(r.7) < v DA = Pr{(rs < v DA = Pr{rpr 11 < v D)

=1 = (1 = Pout 2ndretay¥e))(1 = Pout3(7i))- - (1 = Pout v +1(¥))

=1- (1 - FVanrelay, FSO(},th)FVanrelay, RF(ylh))(1 - FYj, FSO(}/Ih)FV/. RF(}/[h))M .

Pouym) =1~

k k+1

k=0

NE’ (N - 1) (=N o (ks D7)

Uy

gt P ()’ Clk + Dyw
167Es0YRE

L= @)

k
% =D Ne’((kJrl)}/lh/fRF)G(z)-g(

k+1

NoinN-1(N—=1\(N -1
- k:ozg:()( k )(

(=D*" N2 e*((/”g + l)hhlfRF)GZ-O( Cg+ Drn
0.2

G+ D+ D

X (1

Clk + Dym

AL

1,0)

=2
YRF

(34

2
YRE

X

Uyg

 al(@(p)

X
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g2403 o (@pr)’Clk + Dyilvi
167rsoYrE |l,1/2

_5—2 _ o~ (rn/7RE)\ 3.1 Vi
- rarpl - )GZ'S(“ﬂ"\/ Frso

Le+ 1\

& 4,0
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_(N=1\(M - 1)1\t ketrusy N hybrid FSO/RF system. The BER of DPSK modulation can be
A= k t (=D k+1° (40) calculated from the following equation [31]:
Though it is difficult to have insight about (56), it is being _1 [ _1 [
plotted and enough insights are provided in results section. Fe=3 ) eTEndy 2/, & Poulr)dy @
5 Bit error rate where the last equality appeared because F,(y) = Pou(y).

Phase recovery error degrades the performance of system with
coherent modulations; whereas differential modulations such as
DPSK are less sensitive to it, and their detection is less complex.
The DPSK is of the most frequently used modulation formats in
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5.1 Gamma-gamma atmospheric turbulence with the effect
of pointing error

Substituting (35) into (41), BER of DPSK modulation in gamma-
gamma atmospheric turbulence with the effect of pointing errors
becomes as (see (42)) . In the case of r > 0, for solving (42) we
must integrate the multiplication of at least the three Meijer-G
functions and one exponential function. To the best of the authors’
knowledge, the exact or asymptomatic solution for this integration
has not yet been provided. The idea of this paper for solving this
integral is to obtain a linear substitution for (.)" in (42). In fact,
after this substitution, at all ¢ values, for solving (42), it is sufficient
to integrate the multiplication of only two Meijer-G functions and
one exponential function; this integration has an available answer.
Using (61) from Appendix 1, the linear equivalent of

LE+1
&, a. 4.0

(43)

52
(r(a)r(ﬂ) ( apx

?’Fso

becomes as (see (44)) . By using trinomial expansion it becomes as
follows:

bR AN HEN

ky -k k (43)
) (n+a)\"\1 721 (n+pr2)\"*2
Yth Yth
x|y (_) z ( : ) .
(nz=:o "\7Fso ) (,,20 "\7Fso
By using [51, Eq.0.314] and [51, Eq.0.316], (45) becomes as
t ki =) 7 2
Z Z 2 ( ) )Xz by kz)*Z(kﬁ)(};FtSho) s

where 2 = ((n+ &t — k) + atk, — k) + pk,)/2), and (*) denotes

the convolution and the subscript h,(,k) means that £, is convolved

(k — 1) times with itself.
By substituting equivalent of

LE+1
&.a,p,0

(47)

apry(r/7eso |

(-’f IT(@I(P) % Gz4

from (46) into (35), outage probability of the proposed structure in
gamma-gamma atmospheric turbulence with the effect of pointing
errors becomes equal to (see (48)) .

By substituting (48) into (41) and wusing [50, Eq.
07.34.21.0081.01] and [50, Eq. 07.34.21.0088.01], BER of DPSK
modulation in gamma-gamma atmospheric turbulence with the
effect of pointing error becomes equal to (see (49)) , where

GoiZiZ ( |.,.) is the extended bivariate Meijer-G function
[52].

It is worth to ask why should we investigate complex multi-hop
structures. Why should we derive such complicated expressions?
Aren't they expandable from single and dual hop structures? The
answer is ‘No’, it is necessary to investigate multi-hop structures
independently. Because effects of number of relays cannot be
shown while expanding single and dual hop structures. Actually,
number of relays affect the decision made on the signal and the
system performance.

5.2 Negative exponential atmospheric turbulence

Substituting (56) into (41), and substituting Meijer-G equivalent of
e Wm0 BER of DPSK modulation in negative exponential
atmospherlc turbulence becomes as (see (50)) . This integral cannot
be solved for the same reason as (42), because of the multiplication
of three Meijer-G functions and one exponential function.
Furthermore, the trick used to obtain exact solution for (42) does
not work here. Therefore, this paper tried to solve (50)
asymptotically. The idea of this paper for solving this integral is to
obtain a linear substitution for CDF of negative exponential in (50).
In fact, after this substitution, for solving (50), it is sufficient to
integrate the multiplication of only two Meijer-G functions and one
exponential function; this integration has an available answer.
By substituting the CDF of negative exponential atmospheric
turbulence from Appendix 2, (13), (36) and (32) into (33), and
using binomial expansion of

[1 - 0]/(”2)(1 _ e*(ylhlfRi‘))]M_l .

as

(52)

)20 I i W ST O

asymptotic outage probability of the proposed structure in negative
exponential atmospheric turbulence becomes as (see (53)) .

By substituting (53) into (41), and wusing [50, Eq.
07.34.21.0081.01] and [50, Eq. 07.34.21.0088.01], asymptotic
BER of DPSK modulation in negative exponential atmospheric
turbulence becomes equal to (see (54)) , where

_(N-1 -1

Tk t
Though with modern computing tools, it is now easier to
produce analytical expressions, it should be considered that even

modern computing tools cannot produce closed-form expression
shorter than these formulations; because Meijer-G function is the

(55)
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shortest possible expression that could be found for mathematical FSO system for deriving performance investigation expressions.
expressions. Meijer-G is a frequently used mathematical tool in This function has a complex structure; it is not easy to have insight
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Fig. 3 Outage probability of the proposed structure as a function of
average SNR for various number of relays for moderate regime of gamma-
gamma atmospheric turbulence with the effect of pointing error when
number of receive antennas is N = 2 and y;, = 10dB
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Fig. 4 Outage probability of the proposed structure, as a function of
average SNR for various number of receive antennas for moderate regime
of gamma-gamma atmospheric turbulence with the effect of pointing error,
when number of relays is M = 2 and y,;, = 10dB

about it; furthermore, the proposed multi-hop structure is
complicated; therefore, the complexity of the derived mathematical
formulations is reasonable. Many publications in FSO system
performance used Meijer-G function. Though they did not have
mathematical insights, they provided enough physical insights
from figure plots in their results section.

6 Comparison between analytic and simulation
results

In this section, the obtained analytical results are compared with
MATLAB simulations. It is assumed that FSO and RF links have
equal average SNRs (yavg = ¥rso = ?RF), For simplicity and
without loss of generality it is assumed that 7 = 1 and C =1 [53].
The proposed structure is evaluated at different atmospheric
turbulence intensities as well as different number of receive

antennas (N) and relays (M). The threshold outage SNR of the
proposed structure is denoted by yy,. The parameters a, f and & in
gamma-gamma atmospheric turbulence with the effect of pointing
error are assumed to be a=4,=1.9,£=10.45 in moderate
regime and a = 4.2, = 1.4,& = 2.45 in strong regime.

6.1 Gamma-gamma atmospheric turbulence with the effect
of pointing error

The effects of number of relays and number of receive antennas on
the performance of the proposed structure are, respectively,
investigated in Figs. 3 and 4. It is indicated in Fig. 3 that the outage
probability increases while increasing number of relays, because in
the proposed structure, the outage occurs when the instantaneous
SNR of each of the individual relays becomes lower than a
threshold. In series relay structure, increasing number of relays is
equivalent to increasing number of decisions made on the signal,
which is equivalent to increasing probability of making wrong
decisions that leads to system performance degradation. However,
in parallel relay structure, because of diversity, increasing the
number of relays decreases the outage probability.

Also, it can be seen in Fig. 3 that at wide range of target Poy,
Yavg difference between cases with different number of relays is
fixed, meaning that by increasing number of relays, a constant
fraction of consuming power should be added in order to maintain
performance of the system. Hence, the proposed structure does not
require additional processing to adjust this fraction adaptively. So
this system is cost effective and suitable for mobile
communications.

Fig. 4 shows that the outage probability is almost independent
of number of receive antennas. The proposed structure has the
same performance at different number of receive antennas.
Therefore, in the proposed structure, number of receive antennas is
not important, which means that the proposed structure provides a
favourable performance with low power consumption and low
complexity. However, at low y,y,, there is little difference between
cases with different number of antennas, which is because of the
noise-dominant effect at this range.

Fig. 5 compares BER of DPSK modulation in moderate and
strong regimes of gamma-gamma atmospheric turbulence with the
effect of pointing error. As can be seen, performance of the
proposed structure has little dependence on the intensity of gamma-
gamma atmospheric turbulence with the effect of pointing error.
For example, 7, difference between moderate and strong regimes,
at P, = 107" is about 2dB and at P, = 107" is about 1.5dB. This is
an advantage for the proposed structure, because identical
performance at different atmospheric turbulence intensities means
that it is not required to consume much more power or use
additional processing to maintain performance when atmospheric
turbulence changes.

6.2 Negative exponential atmospheric turbulence

Figs. 6 and 7, respectively, investigate the effects of number of
relays and number of antennas on system outage probability. As
can be seen in Fig. 6, at various target Py, Yay, difference between
cases with different number of relays is fixed. Actually, series relay
structures show a trade-off between performance and capacity; in
the sense that increasing number of relays degrades system
performance, but increases the system capacity. Fig. 7 shows little
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Fig. 5 BER of the proposed structure as a function of average SNR, for
moderate and strong regimes of gamma-gamma atmospheric turbulence
with the effect of pointing error, when number of relays is M =2 and
number of antennas is N = 2
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Fig. 6 Outage probability of the proposed structure as a function of
average SNR for various number of relays for negative exponential
atmospheric turbulence with unit variance, and y,;, = 10dB

Yavg difference between cases with different number of receive
antennas. Therefore, the same as moderate regimes, system
performance in saturate regime is independent of number of
receive antennas.

In Fig. 8, BER performance of DPSK in various variances of
negative exponential atmospheric turbulence are compared. As can
be seen, obtained asymptotic results match with the simulations at
Yavg = 5dB. Compared with the moderate regime, system
performance at saturate regime is a bit more dependent on
atmospheric turbulence intensity. However, the same as moderate
regime, system performs favourable even at low 7, in saturate
regime.

7 Conclusion

In this paper, a novel multi-hop hybrid FSO/RF structure is
presented as a solution for long-range mobile communications.
This structure is made of two main parts; at the first part a fixed
gain amplify and forward relay connects mobile user and source
base station in a long-range link. In order to have better
performance, relay uses multiple receive antennas with selection
combining scheme. At the second part a multi-hop hybrid parallel
FSO/RF system with demodulate and forward relaying connects
source and destination base stations. In order to have better
performance, opportunistic selection is performed at each relay.
Considering FSO link at gamma-gamma atmospheric turbulence
with the effect of pointing error in moderate to strong regimes, and
at negative exponential atmospheric turbulence in saturate regime,
new closed-form exact and asymptotic expressions are derived for
BER and outage probability of the proposed structure. Derived

212

Ty, =10(dB)h=1.M=2

—
M=3-analytic
M=3-simulation
----- N=5-analytic

*  N=5-simulation
N=10-analytic
M=10-simulation

|

T

Poulag)

10 15 20 25 30 35 40

Fig. 7 Outage probability of the proposed structure as a function of
average SNR for various number of receive antennas, for negative
exponential atmospheric turbulence with unit variance, when number of
relay is M = 2 and y,;, = 10dB
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A=1,simulation[]
====h=2analytic
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Peliy,g)

—UTImE T rinim =

Fig. 8 BER of the proposed structure as a function of average SNR, for
various variances of negative exponential atmospheric turbulence, when
number of relays is M = 2 and number of receiving antenna is N = 2

expressions are verified by MATLAB simulations. Results indicate
that the performance of the proposed structure is almost
independent of number of receive antennas. Also, performance
difference between cases with different number of relays is fixed.
The proposed structure shows favourable performance at wide
range of atmospheric turbulences from moderate to saturate
regimes. According to these results, the proposed structure is
affordable in terms of cost, power and complexity; also it is
particularly suitable for long-range mobile communications.

This paper aimed to present a new comprehensive structure as a
solution for long-range communications as one of the most
challenging problems in communication systems. Results of this
paper indicated that at wide range of atmospheric turbulences even
with considering the effect of pointing errors, it is possible to have
a reliable connection even with low power consumption. This
paper showed that there is no need to ‘do’ implement complicated
coding or detection techniques or use heavy processing or massive
antennas to make communication reliable. Complexity is a non-
dissociable part of most of the existing communication structures,
because they should serve many users with high reliability, data
rate and favourable performance, which cannot be provided
without complexity. The main point of this paper is that only by
adding some simple relays, it is possible to have favourable
performance at wide range of atmospheric turbulences even with
the effect of pointing error, even at low power consumption at a
long-range link. In this structure, the mobile user should not
consume more power or add complexity, also the receiver should
not implement additional processing or complicated detection
techniques; so this is the main physical insight that could be
provided from proposed complex mathematical exercises.
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9 Appendix

9.1 Appendix 1: Exact CDF of gamma-gamma atmospheric
turbulence with the effect of pointing error

Using [50, Eq.07.34.26.0004.01], the pdf of gamma-gamma
atmospheric turbulence with the effect of pointing error becomes
equal to (see (56)) , where ,F,(aj, ...,a,; b, ..., b, 2) is the hyper-
geometric function [50, Eq. 07.31.02.0001.01]. Using [50, Eq.
07.23.02.0001.01], the above expression becomes equal to

2
y )(5 12)-1
Frsolr) = 2}’Fso (}’Fso
n+a % n+a/2)-1 O n+pr2-1 (57)
Z 27/1:50 (YFSO) ; YFSO (}’Fso)
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where
(see (58))
(see (59))
and
_Ta=-&rp-8) ¢
Xo = W(aﬂk‘) . (60)

Note that (.), is the pochhammer symbol [49]. Integrating (48), the
CDF of gamma-gamma atmospheric turbulence with the effect of
pointing error becomes equal to [The main idea of such
transformation from Meijer-G to linear summation is taken from
[49, Eq. (10)—(14). In this paper, no truncated value of n has
revealed to show the convergence of the infinite series, because use
of a truncated value of n does not lead to an exact result, and ‘=’
sign should be changed to ‘~’. However, in MATLAB
implementation, » taken in (0, 20) works.]

FYFSO(}/) = Xﬂ(
(61)

)(n+a/2) )(n+ﬂ/2)

2:: (}’Fso

9.2 Appendix 2: Asymptotic CDF of negative exponential
atmospheric turbulence

By using [50, Eq. 07.34.06.0006.01], the asymptotic CDF of
negative exponential atmospheric turbulence becomes as follows:

-1 rs0) 1 ool Xy
Fly)=1-¢ =1-—G)<

\/7_r 1 7rso
1 2 a2
—F(——)( A ) an) _ 0 (1/2),
2N\ 4a7rs0) 7 ’

1 2\
where = — F(——)( - ) .
2 )\4rygso

2 (62)
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