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This paper investigates the performance of a hybrid single input multiple output radio frequency/free-space
optics (SIMO-RF/FSO) communication system. Each SIMO-RF link is modeled as an independent and
identically distributed (i.i.d.) Rayleigh distribution, while the FSO link follows a generalized Malaga (M)
distribution. Considering the fixed gain amplify-and-forward (AF) relay and misalignment errors, novel
expressions for the outage probability (OP), average bit error rate (ABER) and average capacity are derived.
Numerical results show that atmospheric turbulence and misalignment errors can seriously impair the
system performance, and the hybrid RF/FSO communication system using SIMO-RF links can greatly
improve system performance. We also analyze system performance under different types of modulation
schemes. Numerical results are verified by Monte Carlo simulations.
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I. INTRODUCTION

Free-space optics (FSO) communications have initially
attracted attention because of high rates, excellent security,
and unlicensed optical spectra [1]. FSO is widely used in
the last-mile access, disaster recovery, etc. [2]. However,
the performance of FSO communication systems is severely
affected by atmospheric turbulence and misalignment errors
[3]. The hybrid radio frequency/free-space optics (REF/FSO)
communication system, which is an asymmetric dual-hop
relay system, was presented to address the effects of atmo-
spheric turbulence [2].

The amplify-and-forward (AF) relay and decode-and-
forward (DF) relay are usually used in the hybrid RF/FSO
communication system. The basic principle of AF relay is
that the relay node simply amplifies and forwards the
signal. In the DF scheme, the relay node not only makes
some simple amplification, but also decodes the incoming
signal and sends it to the next node after recoding and

modulation. In fact, owing to less complexity and simpler
facilities, the AF scheme has more advantages in practical
applications [4]. The authors studied the performance of
the hybrid RF/FSO communication systems using AF and
DF relays in [5, 6] and [7], respectively. Moreover, the
gain schemes of the relay are divided into fixed gain and
variable gain. Among them, the variable gain scheme needs
to obtain the full channel state information (CSI), and the
fixed gain scheme does not need to. In the hybrid RF/FSO
communication system, better communication quality can
be achieved by using fixed gain compared to variable gain
[8]. In [9] and [10], the research of the hybrid RF/FSO
communication system was carried out using fixed gain
and variable gain, respectively.

Many models can be used to describe atmospheric
turbulence, such as Gamma-Gamma, double generalized
Gamma (DGG) and Malaga (M) distribution models. For
most papers, FSO atmospheric turbulence links are generally
considered to experience a Gamma-Gamma distribution. In
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[11, 12], Nakagami-m, x-p or n-p fading for RF link and
DGG, Gamma-Gamma atmospheric turbulence for FSO link
are studied. The M fading model can be used to represent
the Gamma-Gamma, the K, and the negative exponential
distributions under certain conditions and is suitable for
different atmospheric turbulence scenarios. In [13], the
authors derive the expressions of outage probability (OP)
and average bit error rate (ABER) performance under the
M distributed turbulence FSO link. The study in [14]
investigates the performance of hybrid RF/FSO communi-
cation systems in 5G backhaul networks, including the
OP, the ABER, and the capacity performance. The Rician
distribution for RF channel and the M distribution for FSO
fading channel are considered. The hybrid RF/FSO
communication systems are investigated in [15] and [16],
where the FSO links follow the M distribution.

Most of the works consider RF and FSO hops with
single antenna and single aperture. The authors in [17]
studied the hybrid RF/FSO communication system with
single input multiple output RF (SIMO-RF) links and
multiple input multiple output FSO (MIMO-FSO) links. In
[18, 19], OP and ABER expressions of the hybrid SIMO-
RF/FSO communication relay system are investigated. The
relays are assumed to adopt the variable gain AF scheme.
The SIMO-RF hops can provide receive diversity advantage
at the relay. However, fixed gain AF relay is rarely discussed
in the hybrid SIMO-RF/FSO communication relay system.

In this work, a hybrid SIMO-RF/FSO communication
system with a fixed gain AF relay is presented. The RF
links and FSO link are considered to be subject to Rayleigh
fading and M fading, respectively. The relay adopts the
maximum ratio combination (MRC) scheme to process the
received signal. The expressions of OP, ABER and average
capacity considering misalignment errors are derived. The
main contributions are as follows:

» We introduce a fixed gain AF relay into the hybrid SIMO-
RF/FSO communication system and compare it to the
traditional single input single output RF/FSO (SISO-RF/
FSO) communication system.

* The cumulative density functions (CDF) of end-to-end SNR
is provided, on this basis, novel closed-form expressions
for OP, ABER and average capacity are derived by using
the correlation operation of the Meijer’s G function.

* Numerical analyses are given on the proposed system with
the impact of number of RF links, misalignment errors,
atmospheric conditions, type of modulation schemes. The
numerical results are verified by Monte Carlo simulations.

The remainder of this work is organized as follows. In
Section II, the system and channel model of the proposed
system are introduced. We obtain the statistical analysis of
end-to-end SNR considering misalignment errors in Section
I In Section IV, the novel expressions of OP, ABER and
average capacity are derived. Section V illustrates several
numerical results. And the main conclusion is presented in
Section VI
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II. SYSTEM AND CHANNEL MODEL

A hybrid SIMO-RF/FSO communication system is
shown in Fig. 1. In this system, the SIMO technology is
applied on the RF links, and the source node S uses a
single antenna to transmit signals. The relay node R is
equipped with L receiving antennas for RF reception and a
single transmitting aperture for FSO transmission. The L
receiving antennas receive the same independent RF signal.
Moreover, the relay R adopts the MRC scheme and fixed
gain AF scheme to process singles. A receiving aperture is
installed at the destination node D to receive the optical
signal from the relay. The original RF signal arrives at the
node D after S-R hop and R-D hop. Rayleigh fading
channel is considered for SIMO-RF links, and the FSO
link follows the M distribution.

2.1. System Model

For the S-R hop, the relay R receiver employs L receiving
antennas to receive signal and utilizes MRC scheme to
process the received signal. The processed signal is given by

L
Fe :;w,(hls—i—nl), (1)

where s is the RF signal sent by the node S, w, denotes the
receive beamforming coefficient at the /th relay receiving
antenna, /4, is the /th channel coefficient and #, represents
the additive white Gaussian noise (AWGN).

For the R-D hop, after using the subcarrier intensity
modulation (SIM) scheme at the relay, the optical signals
transmitted can be expressed as

Sy =G(+nry), 2
where 7 is the electrical-optical conversion coefficient, and

G represents the size of the fixed gain. At the destination
node D, the optical signal received can be obtained as

L
r =1G[1+772w1(h1s+n1)]+n[,, 3)

1=1

where [ is the irradiance at R-D hop and 7 is the AWGN.

o
£
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. FSO Link

FIG. 1. Hybrid SIMO-RF/FSO communication system.
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2.2. RF Channel Model

yerr (I =1, ..., L) represents the instantaneous SNR on
the /th RF link between node S and node D. Rayleigh
fading is considered for each RF link, and the probability
density functions (PDF) can be obtained in [20]

£, ()= —Lexp[——i} @)
}/RF }/RF

where }_/RF is the expectation of ygrr;, and we assume that

Vars =V sl is an ii.d. random variable (RVs) and fge
is the signal fading amplitude.

For the MRC scheme, the instantaneous SNR of the RF
link ygr is the sum of L RVs ygr; subjected to exponential
distribution. ygr can be calculated as [17]

L
Vi :z}/RFJ . ®)
=1

For Rayleigh fading models, the Laplace transform
method is used to derive the sum of iid RVs which
subjected to exponential distribution, which can help us
reduce the difficulty of derivation. The moment generating

function (MGF) of yrr/ can be expressed as M, (s)=

(l—s;_/RF)il [21], so the MGF of yrr can be M, (s)=

L — \-L
HM ars (S )=(1—S7 RF) . After taking inverse Laplace
=1

transform to M, (s), the PDF of yrr can be derived as

(Y o tee
f;RF(}/RF)_r(L)(;RF] Y rr exp( ;RFJ’ (6)

where T(*) is the Gamma function and I'(x) = 'Ewt"]e"dt,
Further, CDF of ygr can be given as

F;RF()}RF):I_EXP{_Z&]Z_%[Z&J . (7)

Vrr Y rr

2.3. FSO Channel Model

In R-D hop, we use the FSO link to transmit optical
signals. Atmospheric turbulence and misalignment errors can
seriously affect the transmission quality of optical signals in
the atmosphere. In this paper, a heterodyne detection (HD)
scheme is used to detect FSO signals. The M channel
model is introduced to describe the atmospheric turbulence
of the FSO channel. The M fading model can be used to
represent the Gamma-Gamma, the K, and the negative
exponential distributions under certain conditions and is
suitable for different atmospheric turbulence scenarios.

The PDF of the irradiance I, for M model is given as
follows [14]

a+k7] 7
AR XU EY T R

where o and S are used to represent atmospheric turbulence
intensity, Ky(*) is the w order modified Bessel function of
the second kind, 7 is the average power of the scattering
component received by off-axis eddies, " denotes the
average power from the coherent contributions [14]. Other
parameters in Eq. (8) are defined as

a P

20? 2

T e BRI ©
T I'(a)

_[B-1 (Tﬁ’*Q')I% o ﬂg 10
a(k)_[k—l] (k-1)! [rj [ﬁj 1o

Q' =Q+2pb, +2,2b, 00 cos (¢, — 4, ). (11)

m
where [nj denotes the binomial coefficient, 2bo is the

average power of the total scatter component, Q is the
average power of the LOS component. ¢1 and ¢2 are the
phases of the LOS component and the coupled-to-LOS
component. p is a number between 0 and 1, and other
channel models can be generated by setting the value of
p and Q" for M distribution. By setting p=1, Q" =1 and
p=0, Q=0 or =1, M distribution can be transformed
into Gamma-Gamma and K distributions, respectively.

Assume that the system is affected by misalignment
errors, the PDF of the misalignment errors coefficient 7,
can be given as [22]

2
flm (]m):é:_;l]riz_l’ OSIM SAOv (12)

0
where & is used to measure the misalignment error and
denotes the ratio between the equivalent beam radius and
the misalignment errors displacement standard deviation in
the receiver [22]. When ¢& tends to be positive infinity, the

system does not have misalignment errors. 4, = [erf (v)]2 is
2 Z 2
misalignment loss that is a constant, €7/ (z)= N J.O e’ dt

is the error function, v=+lra/ («/Efoz), a is the radius of

the detection aperture and w: is the beam waist.

The path loss I» is considered a constant when weather
conditions and link distance are determined. The joint
distribution of /=1,1,1, can be expressed as
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I
- E(w)f’“ (1")1a1 I [11 ]dl

We utilize Eq. (03.04.26.0008.01) in [23] to rewrite the
modified Bessel function on Eq. (8) and using Eq. (13),
the PDF of [ can be obtained as

(13)

Ead k3,00 @1 | & +1
S ==Y atke Gw[% fz’a’k], (14)
af

m,n
where © = and G () is the Meijer’s G function.

B+Q" p.q
For the HD detection scheme, the PDF of the instantaneous
SNR of FSO link yrso is given as [24]

&x 3 5 3,0( L Yo | 141
Sy Vrso) = a(ko * G | B= , (15
YEso FSO 2}/1:30 ; ], 3 }/FSU 52 ., k ( )
£0(r+9Q’) - . .
where B=——-——", and y,,, is the average electrical

£+l
SNR of the FSO link.
Then we can get the CDF of yrso as

2% ok 31(p
E, o Frso) = 4 Z(l(k)(-D 2 G >V kso
2 i3 2,4

LE+1
&,ak, OJ (16)

Y Eso

1. STATISTICAL ANALYSIS

For the fixed gain AF relay system, the end-to-end
instantaneous SNR y can be given as [25]

VreY Eso
= 17
Viso+C (17

where C represents the size of fixed gain and is assumed
that C=1 in the following derivation.
The CDF of y can be calculated as

Y reY Eso
F ()/):Pr{—<7/:|
o Viso 1

VreY E:
_ JjPr|: RF/ FSO 7o :|fmo (yFSO)d}/FSO (18)
Veso T 1
1+y
= J: wa [& 7],/75,0 (Vs 0 .
VEso

Substituting Eq. (7) into Eq. (18), we have
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| i1 '
F,V.,;, (}/):l— J:lZEXp[ —+7FSO }’jzll { Vo ] :|f7,\“ (Vrso) Y is0. (19)

YRV Eso Y R Eso

By using the binomial expansion Eq. (1.111) in [26],
Eq. (19) can be rewritten as

Fm(”:l_f{exp[—y]exp[— b4 j
7 ke Y ke Eso
! I ( !
* Z .(l—r)!yFSU Z Lo (7Fsa)d7psa,

(20)

Substituting Eq. (15) into Eq. (20), Eq. (20) can be
simplified as

!
- ~ gzl P L1l B 1 ¥ atk
5(‘2(,(7)—1—7‘?@[—77} Z =) = |a(k)® ? ><[l’

Ve J1=0 =0 k=1 T Y ke
(21)
where [; is defined as
3,0( 74 fz +1
Vo €XP BEe 7 dVrso. (22)
J: o [ 7RF7/FSOJG1’3( Viso S0k no

Now, using Eq. (11) in [27], the exponential function
can use the Meijer’s G function representation, i.e.,

exp(—x)= —| = x
P Lolx-)~ o1 Mo ) (23)

Then, with the help of Eq. (07.34.16.0002.01) in [28],
we can rewrite /1 as
IJG:%’O(B}/”U
- 1,3 Y kso

Using Eq. (07.34.21.0013.01) in [28], Eq. (24) can be
calculated as

o) 40 Al
I = {7&] G {_ By ] (25)
e 1,4 Y re Y Fso A2

where Al=&>+1 and A2=¢&",a.k,r.

Substituting Eq. (25) into Eq. (21) and simplifying, the
novel closed-form expression of the CDF of y with
misalignment errors is

A]]
A2 ),

(26)

41
ELak

/4
I = 7/—51)]G [ ;F Vrso

Jd}’/-‘so . (24)

-1 L p ! Ltk 4.0
>y [7](:(1«)@26’(,3!
Z L4

1 P
ol Wr'(l N\ Y Vw0

F, (n=1- ’Zexp[——J
2 Y ki
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IV. PERFORMANCE ANALYSIS

In this section, the expressions of OP, ABER and average
capacity with misalignment errors are derived for the system
mentioned above. Furthermore, different modulation schemes
are investigated for the ABER performance of system.

4.1. Outage Probability

The OP is an evaluation indicator of system performance.
When y is lower than a certain SNR threshold ym, an
outage event is generated. This event is probabilistically
distributed, depending on the average SNR of the link and
its channel fading distribution model [20]. The outage
probability can be given as [29]

P, =Pri{y<y,f=F, (7). 27)

The expressions of the OP can be obtained by setting
7=7s in Eq. (26).

4.2. Average Bit Emor Rate

Another significant indicator used to evaluate the perfor-
mance of a communication system is ABER. The expression
of the ABER is given in [29] as

P

By=d

%) f exp(—qyy"'F, (ndy, (28)

where p and g are the parameters which can be selected in
Table 1 for different modulation schemes [29].

Considering the impact of misalignment errors and
substituting Eq. (26) into Eq. (28), the expression of ABER
for system can be expressed as

a+k

1 geyads 1 (1) s
"3 4F(p),=oZZ !(l—r)!( ] a(l)® = I, (29)

where I, is the definite integral as

4,0
12 — J:Oyl—wrpfl eXp|:—[¢1+1J}/:| G [ BZ/
]/RF 1’4 }/RF }/FSU

Al

Az]dy. (30)

TABLE 1. Parameters of binary modulations

Modulation scheme p q

Coherent Binary Frequency Shift Keying
(CBFSK)

Non-Coherent Binary Frequency Shift Keying
(CBPSK)

Coherent Binary Phase Shift Keying (NBFSK) 1 |05
Differential Binary Phase Shift Keying (DBPSK)| 1 1

05105

051 1
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Then we can use Eq. (07.34.21.0088.01) in [28] to
calculate Eq. (30). After some manipulation, we have

rl-p

4,1 1+r—1—p,Al

12—[q+1] 6 |————" e

Ve A - - (q+lj A
Y v

Y rie Y s0

Substituting Eq. (31) into Eq. (29), the ABER corres-
ponding to the misalignment errors can be obtained as

o 1 p 2 L g 1 I-r ark 1 r=l-p
Py=—- z a(k)® ? | g+=—
2 4r(17 1=0 =0 k= ,r‘(l r)! }’R,- Y e

4.1 B 1+r—-1-p,Al

2,4 - — 1 A2
YreVrso| 4t=—

Y rr

(32)

4.3. Average Capacity

The average capacity is an indicator used to measure the
ability of a channel to transmit information. The expression
of the lower-bound average capacity is given as [29]

— 1-F
C:L #(7)6/7. (33)
In2 I+y

With the help of Meijer’s G function, (1+}/)_l can be

(010
expressed as G | 1[ 0] [30]. Then, Substituting Eq. (26)

into Eq. (33), the expression of average capacity for the
system can be expressed as

a+k

i 1 1 o _atk
> (_—] ak)® > I, (34)

7 rF

where 5 is defined as

}/RF }/RF 7/F§0

Then we can use Eq. (6) in [31] and Eq. (20) in [32] to
calculate Eq. (35). we can rewrite 5 in terms of the
extended bivariate Meijer’s G function (EGBMGF) as

M1 o
{ } I-r+1;—| _
00 Y re

L=y,""8 bl 0;0
3 = Ve > , (36)

0 4 ’
AL A2 Y Fso
1 0

] 7. (35)




370

m, 0 b b
a,...’a ; ’...’
p—m g, I ne B

m, m,
where S Cp,onC ;dly"')d
P,

_ _ > 33
m, q,—n,

m3 }13
ene, s fiv e S

\Ds =My g3 =1 ]
EGBMGF.
Substituting Eq. (36) into Eq. (34), the closed-form

expression of the average capacity can be obtained as

10
[ } I-r+1;—|_
00 Y ke

1 etk 11 _
—® S{O 0] @ | (37

(o g] ALA2 Vrso

is the

V. NUMERICAL RESULTS

Based on the expressions derived above, we present and
analyze numerical results. FSO links are considered with
link lengths of 1 km and wavelength of 785 nm [24].
Both turbulence and misalignment errors are considered,
and the FSO channel is modeled as the M distribution
whose parameters are set to the similar as in [14, 24]. The
parameters (o =2.296, f=2), (a =42, f=3), and (a =38,
B =4) correspond to three cases of different turbulence
scenes. And, as the values of a and f become smaller, the
turbulence of the atmosphere is more serious. Misalignment
errors is investigated with £=1 (i.e., strong misalignment
errors) and =6 (i.e., weak misalignment errors). We set
the other parameters as =0, bo=0.5, g1 - g2=12, p=1
[33]. To simplify the analysis, it is usually assumed that
y = v o [19]. The expressions for OP, ABER and average
capacity are demonstrated and verified by Monte Carlo
sirrélulations. All simulation results are generated using 5 x
10" samples/SNR value. ]

For SIMO-RF links, we generate 5 x 10" random variables
which subject to Rayleigh distribution to simulate signal

fading amplitude /Ask of each RF link. Based on g, =

}_/RF ||hSR||2, the instantaneous SNR of each RF link is

expressed. Then we superimpose them according to Eq. (5)
to simulate the instantaneous SNR of SIMO-RF links yrr.
For FSO links, we generate 5 X 10° M distribution random
variables and misalignment errors random variables.
Misalignment errors random variables are needed whose
PDF is given as Eq. (12). We multiple these random
variables and M distribution random variables to simulate
optical irradiance / in the presence of misalignment errors.

By using ¥rso = Vrso (&2 +1)1/[4,E (r+Q)] in [24], the

instantaneous SNR of the FSO link yrso is provided. Then
we superimpose them according to Eq. (17), the end-to-end
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SNR y is obtained. OP and ABER simulations can be
further realized by calculating the probability that the
instantaneous SNR falls below the predetermined threshold
and the ratio of error transmit symbols to total transmit
symbols. The average capacity can be calculated by using
C=E[log,(1+7)] in [29].

In Fig. 2, we have investigated the OP of the proposed
system in different relay antenna number and misalignment
errors. The threshold SNR is assumed to be 10 dB. L=1
and L=2, 4, 6 represent SISO-RF link and SIMO-RF
links, respectively. We set the value of a and f as 4.2 and
3. It can be seen that severe misalignment errors would
deteriorate the OP performance and larger value of & could
provide better OP performance for certain atmospheric
conditions. On the other hand, Fig. 2 clearly reflects the
improvement in the OP performance of the system for L =
2, 4, 6 when comparing with L=1. Under the effect of
weak misalignment errors, the OP of the SISO-system can
only reach 10'3, however, the OP can be lowered to 10°
when L is larger than 1 at average SNR=40 dB. When L
changes from 1 to 2, the OP performance of the system
will be greatly improved. However, when L changes from
4 to 6, the improvement of OP performance is not very
much and the system becomes more complicated.

Figure 3 demonstrates the OP performance of the system
under different turbulence conditions. We assume that the
system is under the influence of strong misalignment
errors. Even if the average SNR reaches 40 dB, the OP of
SISO-system can only reach 10° when the system is
destroyed by the effect of strong misalignment errors. As
can be seen from the curves, atmospheric turbulence can
obviously degrade the OP performance of the system. As
atmospheric turbulence becomes severe, the OP performance
will continue to deteriorate. The OP of the system decreases
when the number of receiving antennas of the relay node
increases. In addition, it can be observed that the numerical
results match perfectly with the simulation results.

Pl —e—L=1,e=1

—B—L=2,=1 %\
—o— L=4,5=1

Outage Probability
5

107} —¥— L=6,¢=1 \
S L=1g=6 |\
S| T L=2c=6 \
10 F| —O—L=4,t=6 \
—V— L=6,£=6 ¥

+  Simulation \
10- T T I L\ I T
0 5 10 15 20 25 30 35 40
Average SNR per hop (dB)

FIG. 2. Outage probability with different relay antenna number
and misalignment errors.
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Figure 4 shows the ABER performance using CBPSK
modulation scheme and misalignment errors is illustrated.
We can draw a conclusion similar to Fig. 2. Compared to
the traditional SISO relay system, the performance of the
hybrid SIMO-RF/FSO communication system is significantly
improved. As expected, the ABER performance is very poor
when L=1. Specifically, the ABER performance of the
SISO-system can only reach a range of 10* to 10° at 40 dB
average SNR, however, the ABER of the SIMO-RF/FSO
system drops below 10° before the average SNR reaches
30 dB. Furthermore, the ABER performance of the system
is greatly improved with the influence of weak misalignment
errors. As L continues to increase, the improvement of
ABER performance continues to decrease and the complexity
of the system increases. Therefore, it is recommended that
L is between 2 and 4 in practical applications.

In Fig. 5, we assume relay antenna number L=1 and
L =3, the ABER performance under different turbulence
conditions is presented. Misalignment errors are investigated

-2
o 107F 4
= .
i -
[} -3 - I
a 10°¢ P
(o)
(=}
£ —6— L=1,0=2.296,3=2
O 10*}| —¢— L=3,0=2.296,3=2 J
—6— L=1,0=4.2,=3
. —9 L=3,a=4.2,p=3
10 ¢ L=1,0=8,p=4 E
L=3,0:=8,=4
+  Simulation
1076 T T T Il I L
0 5 10 15 20 25 30 35 40

Average SNR per hop (dB)

FIG. 3. Outage probability under different turbulence
conditions.

—O— L=1,g=1
—E—L=2,¢=1
——L=4=1 |3
—— L=6,&=1
—©—L=1,=6
—H—L=2¢=6
—O— L=4,t=6
—v— L=6,:=6
+  Simulation

0=4.2, B=3

Average bit error rate

\ L L L
0 5 10 15 20 25 30 35 40
Average SNR per hop (dB)

FIG. 4. Average bit error rate with different relay antenna
number and misalignment errors.

with £=1. It is demonstrated that atmospheric turbulence
can degrade the ABER performance of the system. When
the atmospheric turbulence changes from weak to strong,
the ABER performance is seriously degraded. Under the
condition of weak atmospheric turbulence, the ABER
performance of the system can reach below 10° with L =3.
Figure 6 depicts the ABER performance corresponding
to different modulation methods (i.e. DBPSK, NBFSK,
CBPSK, CBFSK) with L=3. We can conclude that the
performance of CBPSK modulation is superior to other
modulation methods. We also find that the performance of
the system with NBFSK modulation is poor under the
same atmospheric turbulence intensity and misalignment
errors. However, regardless of the modulation method, the
ABER performance can be reduced to 10° before the
average SNR reaches 30 dB under given conditions.
Figure 7 shows the average capacity performance of the
hybrid SIMO-RF/FSO communication system with fixed
gain AF relay under different relay antenna number and

10 ‘ ‘ ‘ .
—6—L=1,0=2.296,p=2 | ]
1| | —9—L=3,a=2.206,p=2 | |
—6—L=1,0=4.2=3 |1
—4—L=3,0=42,=3 |]

. L=1,0.=8,p=4
g L=3,0:=8,p=4
S +  Simulation
5
-3
5 10°¢ E
a E
j=}
g
S—
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misalignment errors. All the capacity numerical results in
Fig. 7 closely match with the Monte Carlo simulations
results. It is discovered that the average capacity will
increase when the relay antenna number becomes greater.
Furthermore, misalignment errors can damage the average
capacity of the system. The average capacity of the system
will decrease when the misalignment errors become stronger.
Although using SIMO-RF links increase the complexity of
system, the system can achieve higher diversity gain and
increase average capacity, which is very meaningful.

In Figs. 8 and 9, the OP and ABER of the hybrid
SIMO-RF/FSO communication system with fixed and
variable gain AF relay are presented under the same
channel conditions. It can be seen clearly that fixed gain
relay scheme outperforms variable gain scheme. Moreover,
the system performance formula using the DF relay is
derived the same as that of the variable gain AF relay, so
the performance is the same. Hence, the system with fixed
gain AF relay scheme can get better performance.

V1. CONCLUSION

In this work, we investigated and analyzed the perfor-
mance of the hybrid SIMO-RF/FSO communication system
with the fixed gain AF relay. The SIMO-RF links and
the FSO link experience Rayleigh fading and M fading,
respectively. Considering the presence of misalignment
errors, the CDF of end-to-end SNR on the proposed system
is obtained, on this basis, the OP, ABER and average
capacity performance are obtained in different cases. The
numerical results show that using SIMO-RF links can
greatly improve system performance. We also demonstrated
that both atmospheric turbulence and misalignment errors
can markedly deteriorate system OP and ABER performance.
However, considering with strong misalignment errors,
when the average SNR reaches 40 dB and L =2, the OP
and ABER performance can be lowered to 10°. In addition,
the use of SIMO-RF links can increase the diversity gain
of the system, and the system can achieve higher system
capacity. However, using SIMO-RF links can increase the
complexity of system, so it is recommended that the value
of L is between 2 and 4 in practical applications.
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