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Abstract — This paper investigates the performance of a new generalized frequency division multiplexing (GFDM)
parallel  relay  free  space  optical  (FSO)  communication  system  using  multi-input  multi-output  (MIMO)  orthogonal
space-time block codes (OSTBC) scheme. Under the M distribution atmospheric turbulence, taking into account the
triple effects of irradiance, pointing errors and path loss, the mathematical expression of system symbol error rate is
derived with the help of Meijer G-function. The symbol error performance of GFDM is compared with on-off keying,
Gaussian  minimum shift  keying,  polarization  shift  keying  and  orthogonal  frequency  division  multiplexing  (OFDM)
modulation methods. The effects of the MIMO-OSTBC parallel relay scheme on the GFDM system including filter
roll down coefficient, the number of transmitting and receiving antennas, the number of relays, normalized beamwidth
and jitter variance are analyzed, and the numerical results are verified by Monte Carlo simulation. This work provides
a good foundation for engineering applications.
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 I. Introduction
Free-space optical (FSO) communication technology

is based on atmospheric  transmission and laser  modula-
tion  [1].  It  is  widely  used  in  metropolitan  area  network
expansion, cellular backhaul networks [2], and confidential
military  communication  and  other  fields,  thanks  to  its
advantages  such  as  large  communication  capacity,  high
confidentiality, and unlicensed frequency spectrum usage
[3]. However, the atmospheric turbulence encountered by
the laser beam on the propagation path, and the pointing
errors  between  communication  platforms  will  cause  the
optical signal to flicker and undergo distortion in ampli-
tude and  phase.  Consequently,  the  communication  per-
formance  of  the  FSO  system  will  be  greatly  degraded,
and the system efficiency will also be reduced due to the
characteristics of point-to-point transmission. In order to
effectively resist  the influence of  atmospheric  turbulence

on  the  FSO  and  reduce  the  loss  of  the  communication
system,  the  combination  of  modulation  and  diversity
technology  has  become an important  means  in  the  field
of FSO communication.

Currently, different modulation techniques have been
widely  studied  in  the  FSO  field,  such  as  on-off  keying
(OOK) [4], [5], Gaussian minimum shift keying (GMSK)
[6], polarization shift keying (PolSK) [7], and orthogonal
frequency  division  multiplexing  (OFDM).  Among  these
modulations, OFDM has been widely used in 4G scenar-
ios. It is a typical multicarrier modulation technology that
can  support  flexible  frequency  selective  scheduling  and
effectively combat multipath fading [8]–[10]. For example,
in  [9],  the  performance  of  LDPC  coded  MIMO-OFDM
communication scheme was studied, and the average bit
error rate (BER) and diversity throughput of the system
were analyzed. In [10], OFDM was applied to the serial-
parallel combined relay FSO system, and the conclusion 
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was that  this  system  has  shown  great  superiority  com-
pared  with  the  traditional  FSO communication  scheme.
However,  its  spectrum efficiency is  low due to problems
such  as  high  out-of-band  (OOB)  emission,  cyclic  prefix
(CP)  redundancy  and  high  peak-to-average  power  ratio
(PAPR),  which  can no  longer  meet  the  requirements  of
future mobile communication [11].

In this context, general frequency division multiplex-
ing (GFDM)  has  shown  great  advantages  and  has  be-
come one of the competitive alternatives in 5G communi-
cations.  It  transmits  through  independent  data  blocks,
and each block contains several subcarriers and subsym-
bols. By configuring the number of subcarriers and sub-
symbols  in  different  scenarios,  it  has  a  flexible  frame
structure  and  can  be  applied  to  different  service  types
[12], [13].

Compared with OFDM, GFDM has overcome some
difficulties while retaining the main advantages of OFDM.
For example, in traditional OFDM modulation, one sym-
bol  requires  one  CP,  while  in  GFDM, only  a  single  CP
can be used in a  frame containing multiple  subsymbols,
which ensures minimal overhead [14].  Therefore,  GFDM
has a  greater  advantage  over  OFDM  in  terms  of  spec-
trum efficiency. Then, GFDM is a non-orthogonal multi-
carrier transmission technology, which can resist frequen-
cy  offset  and  phase  noise  very  well.  Therefore,  GFDM
has  less  requirements  for  synchronization  process  than
OFDM. In addition, the choice of pulse shaping filter in
the GFDM system is very flexible, which further adds a
degree of freedom to GFDM. And GFDM performs pulse
shaping on each subcarrier, so it can effectively suppress
OOB radiation and PAPR and is suitable for combining
with  opportunistic  access  technologies  to  improve  the
spectrum utilization of fragmented white space. It is one
of  the  main  modulation  technologies  that  can  meet  the
large-capacity  and  ultra-high-speed  5G  communication
requirements  [14]–[16].  At  present,  there  is  very  limited
research on its application in the field of FSO.

A  multi-input  multi-output  (MIMO)  system  forms
multiple channels between transceivers to combat channel
fading, while orthogonal space-time block codes (OSTBC)
technology can combine the spatial and time domains to
improve  information  transmission  performance  without
increasing bandwidth and transmission power. The OSTBC
scheme can not only implement simple encoding and de-
coding,  it  can also simultaneously provide full  diversity.
Bhatnagar et al. studied the BER and system capacity of
the Alamouti STBC coding system using MPSK modula-
tion  under  the  gamma-gamma  atmospheric  turbulence
channels [17]. In [18], Yi et al. paid attention to the sym-
bol  error  performance  of  the  OSTBC  transmission
method  under  double  generalized  gamma  fading  model.
The results indicated that using the OSTBC method can
effectively  improve  system  performance.  However,  their
work  only  considered  the  direct  transmission  link  be-
tween the  transmitter  and  receiver,  and  did  not  intro-
duce a relay system. The relay technology includes serial

and parallel  relays,  where  the  latter  can use  distributed
transmission  mode  to  obtain  spatial  diversity  gain.  At
present, to the best of our knowledge, the research of in-
troducing MIMO-OSTBC into the parallel  relay-assisted
FSO system is very limited.

Motivated  by  the  aforementioned  literature  review,
this paper proposes a MIMO-OSTBC parallel relay FSO
communication system using GFDM modulation over M
distribution  channels,  which  effectively  alleviates  the
channel  fading  caused  by  atmospheric  turbulence  and
enhances  the  symbol  error  performance  of  the  system.
Taking into account the influence of pointing errors and
path loss, the closed-form expression of the average sym-
bol  error  rate  (SER)  of  the  system  is  derived  with  the
help  of  the  Meijer  G-function.  In  the  proposed  system,
the  SER of  general  frequency  division  multiplexing  and
other different modulations are compared, and the influ-
ence of the filter roll-off factor, the number of transceiv-
er  antennas,  the  number  of  relays,  the  normalized
beamwidth  and  jitter  on  MIMO-OSTBC  parallel  relay
GFDM system are analyzed.

 II. Channel Attenuation Model

h = hahlhp ha

hl hp

The joint  channel  attenuation  effect  of  the  atmo-
spheric  channel  in  the  FSO system can  be  expressed  as

 where  is the attenuation caused by the ir-
radiance  scintillation,  is  the  path  loss,  and  repre-
sents  the  pointing  errors  due  to  the  misalignment  be-
tween the transmitter and the receiver.
 1. Path loss

The path loss is introduced by the propagation envi-
ronment  between  the  transmitter  and  the  receiver  and
obeys the Lambert-Beer law. It can be written as follows
[19]:
 

hl (z) = exp (−σz) (1)

z
σ

where  is the transmission distance of the optical signal,
and  is the attenuation coefficient. Generally, path loss
is a constant.
 2. Pointing errors

For  long-distance  wireless  optical  communication
links, the fixed transmitter and receiver platforms will be
affected by  phenomena  such  as  wind  load,  jitter,  ther-
mal expansion  and  contraction  in  the  external  environ-
ment,  resulting  in  random swings.  Therefore,  the  power
of the received optical signal is reduced, which affects the
performance of the communication link. The probability
density function (PDF) of pointing errors can be obtained
as [20]
 

fhp
(hp) =

g2

Ag2

0

(hp)
g2−1

, 0 ≤ hp ≤ A0 (2)

τ = 0 A0 = [erf (ν)]2 erf (·)
where the  part  of  the  collected  power  at  the  radial  dis-
tance  is represented by ,  denotes
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ν =
√
πr/2wz wz

r

wzeq

δs g

the complementary error function, ,  rep-
resents the beamwidth, and  represents the radius of the
incident wave cross section. The ratio between the equiv-
alent  beam  radius  at  the  receiving  end  and  the
pointing error jitter offset  is given by , in which
 

wzeq =
[
w2

z

√
πerf (ν) /2ν exp

(
−ν2

)]1/2
wz/r δs/r
The normalized beamwidth and jitter are represented by

 and , respectively.
 3. Atmospheric turbulence

In FSO communication, atmospheric turbulence has
serious  interference  to  the  performance  of  transmission
system.  The  laser  transmitted  in  turbulence  will  cause
the  phase  and  intensity  fluctuation  of  the  beam,  which
greatly affect the transmission rate and accuracy. M dis-
tribution  can  simulate  all  the  atmospheric  turbulence
channel conditions of weak, moderate and strong. It covers
most of the existing statistical models of irradiance fluc-
tuation and fit with experimental data.

The  PDF  of  M  distribution  irradiance  is  expressed
as follows [21]:
 

fha (ha) = A

β∑
k=1

akh
α+k−1

2
a Kα−k

(
2

√
αβha

ξβ +Ω′

)
(3)

where
  

A =
2αα/2

ξ1+α/2Γ (α)

(
ξβ

ξβ +Ω′

)β+α/2

ak=

(
β − 1

k − 1

)
(ξβ +Ω′)

1−k/2

(k − 1)!

(
Ω′

ξ

)k−1(
α

β

)k/2

(4)

α
β

Kv (·)
ν

ξ = 2b0 (1− ρ)
ρ (0 ≤ ρ ≤ 1)

Ω′

Γ (·)

where  represents  the  effective  number  of  large-scale
units in scattering environments, natural number  is re-
lated  to  the  diffraction  effect  produced  by  small-scale
eddy currents,  and  represents the modified Bessel
function  of  order .  The  average  power  of  the  classical
scattering  component  is  given  by ,  where

 denotes  the  ratio  between  the  scattered
power coupled with the line of sight (LOS) and the pow-
er of all scattered components. The parameter  represents
the contribution of the coherent average power, and 
is the gamma function.
 4. Joint channel attenuation model

Under the joint atmospheric channel state, the PDF
of the attenuation is expressed as [22]
 

fh (h) =

ˆ
fh|ha

(h|ha) fha
(ha) dha (5)

fh|ha
(h|ha)where  is the conditional probability when at-

mospheric attenuation exists, and it can be calculated as
follows: 

fh|ha
(h|ha) =

1

hahl
fhp

(
h

hahl

)
=

g2

Ag2

0 hahl

(
h

hahl

)g2−1

,

0 ≤ h ≤ A0hahl

(6)

According to (3), (5),  (6),  the PDF under the joint
attenuation channel can be obtained:
 

fh (h) =
Ag2

2h

β∑
k=1

ak

(
αβ

ξβ +Ω′

)−α+k
2

×G3,0
1,3

[
αβh

(ξβ +Ω′)A0hl

∣∣∣1+g2

g2,α,k

]
(7)

G (·)where  represents the Meijer G-function [23].

 III. System Model

W

W
Nt

Nr

In Figure  1(a),  a  parallel  relay  MIMO transmission
scheme is shown, which is a two-hop system composed of
a source node S, a destination node D as well as  de-
code-and-forward  (DF)  relays.  Each  relay  is  equipped
with  an  optical  transmitter  Tx  and  an  optical  receiver
Rx. It is assumed that the source node and the transmit-
ting  end of  each of  the  relays  use  the  same OSTBC
scheme and have  transmitting antennas,  and the  re-
ceiving end of  each relay and destination node have 
receiving antennas.

The system uses GFDM-QPSK modulation,  and its
OSTBC transmission process is shown in Figure 1(b). In
the transmitter, the input signal is first converted into a
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Figure 1  System  model.  (a)  Parallel  relay  MIMO-OSTBC  system
model  based  on  GFDM  modulation. (b)  GFDM  MIMO-OSTBC
system model. (Tx: transmitter, Rx: receiver).
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complex form by a QPSK mapper. The mapped signal is
then  passed  through  an  OSTBC  encoder  followed  by
GFDM  modulation  and  the  addition  of  CP.  The  final
signal is then transmitted from the corresponding anten-
na to the FSO channels.

j
i = 1, 2;

j = 1, 2, . . . ,W

On the  other  hand,  at  the  receiver,  the  optical  sig-
nal  is  detected  and  then  processed  in  reverse.  For  the
parallel relay  communication  method,  the  total  perfor-
mance of  the  system  can  be  obtained  from  the  perfor-
mance  of  each  single  hop  in  each  path.  Therefore,  only
the th  parallel  path  of  the ith  hop  is  considered  when
the  transmission  model  is  established,  where 

.  In  the  FSO  system,  assuming  that  the
data  symbols  are  transmitted  through T time  slots,  the
general form of the transmission matrix under the OSTBC
scheme is as follows [24]:
 

X =


x11 x21 · · · xNt1

x12 x22 · · · xNt2

· · · · · ·
. . . · · ·

x1T x2T · · · xNtT

 (8)

xmt

m
t t = 1, 2, . . . , T

where  represents the constellation component of the
signal transmitted from the th transmitting antenna in
the th slot, . Then the transmission mod-
el is expressed as
 

Y =
η

Nt
HX +Z (9)

η H

i j

Z
N0/2

where  is  the photodetector responsivity,  represents
the independent and identically distributed channel coef-
ficient  matrix  of  M  distribution  in  the th  hop  and th
path,  and  denotes  the  additive  white  Gaussian  noise
(AWGN) matrix  with  zero  mean and variance  of .
In the ideal channel state, after decoding at the receiver,
equation (9) can be rewritten as follows:
 

y =
η

Nt
∥H∥2F x+ z (10)

y x
z

H
∥H∥2F =

∑Nt

m

∑Nr

n h2
mn hmn

m
n m = 1, 2, . . . , Nt;

n = 1, 2, . . . , Nr

where  represents the complex matrix after decoding, 
and  represents  the  input  matrix  and  AWGN matrix,
respectively.  The square of  the Frobenius norm of  is
represented by , where  is the
channel  attenuation  factor  between  the th transmit-
ting  and th  receiving  antennas,  with 

. Hence,  in  the  OSTBC  scheme,  the  in-
stantaneous signal-to-noise ratio (SNR) is expressed as

 

γOSTBC =
γ

Nt
2 ∥H∥2F =

γ

Nt
2

Nt∑
m=1

Nr∑
n=1

h2
mn (11)

γwhere  the  equivalent  SNR  can  be  expressed  in  the
GFDM system as [14]
 

γ =
3RT

2 (M − 1) ζ
γav (12)

M γav
ζ

RT

where  and  represent  the  mapping  order  and  the
average  SNR,  respectively.  is  the  noise  enhancement
factor  and  is  related  to  the  receiver  type  and  the  filter
roll-off factor.  can be defined as
 

RT =
Θ

Θ +Ncp +Ncs
(13)

Θ = SK S K

Ncp Ncs

where ,  and  respectively denote  the  num-
ber of subcarriers and subsymbols in GFDM modulation,

 and  represent the lengths of  the CP and cyclic
suffix (CS), respectively.

 IV. Average SER Performance Analysis
The SER represents the data transmission accuracy

within  a  specified  time.  The  conditional  SER  of  the
GFDM system with the QPSK mapping method can be
obtained as follows:
 

Ps = 2Q

(√
γavh2

3RT

(M − 1) ζ

)
(14)

j i
Then, according to equations (12)–(14), the SER of

the th  parallel  path  of  the th  hop  for  the  OSTBC
transmission scheme under the M distributed atmospher-
ic turbulence joint channel is written as
 

Ps,AV,ij

=

ˆ
h

fh (h) · 2Q


√√√√ 3RT γav

(M − 1) ζN2
t

Nt∑
m=1

Nr∑
n=1

h2
mn

dh
(15)

fh (h) h =
(h11, h12, . . . , hNtNr

) Nt ×Nr

Q (·)

where  refers  to  the  joint  PDF of  the  vector 
 that has a length equal to ,

and  represents the Gaussian Q-function.
Q (x) ≈ (1/12) exp

(
−x2/2

)
+ (1/4) exp(−2x2/

3) exp (−x) = G1,0
0,1

[
x
∣∣−
0

]Using 
 and ,  equation  (15)  can  be  re-

written as follows: 

PS,AV,ij =
1

6

Nt∏
m=1

Nr∏
n=1

ˆ ∞

0

fhmn
(hmn)G

1,0
0,1

[
3RT γav

2 (M − 1) ζN2
t

h2
mn

∣∣−
0

]
dhmn

+
1

2

Nt∏
m=1

Nr∏
n=1

ˆ ∞

0

fhmn
(hmn)G

1,0
0,1

[
2RT γav

(M − 1) ζN2
t

h2
mn

∣∣−
0

]
dhmn (16)

j

i

Based on (7)  and (16),  the  SER of  the th  parallel
path of  the th hop of  the system is  calculated by (17).

The total average SER of the GFDM double-hop parallel
relay structure using DF relay transmission mode depends
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on the average SER of each relay. Hence, the total aver-
age  SER of  system can be  expressed as  (18).  Then,  the

average  SER of  the  GFDM parallel  relay  system  under
OSTBC transmission scheme can be calculated by (19). 

PS,AV,ij =
1

6

Nt∏
m=1

Nr∏
n=1

Ag2

π

∑β

k=1
ak · 2α+k−4

(
αβ

ξβ +Ω′

)−α−k
2

×G1,6
6,3

[
24RT γav(A0hl)

2

(M − 1) ζNt
2

(
αβ

ξβ +Ω′

)−2 ∣∣∣∣ 1−g2

2 , 2−g2

2 , 1−α
2 , 2−α

2 , 1−k
2 , 2−k

2

0,−g2

2 , 1−g2

2

]

+
1

2

Nt∏
m=1

Nr∏
n=1

Ag2

π

∑β

k=1
ak · 2α+k−4

(
αβ

ξβ +Ω′

)−α−k
2

×G1,6
6,3

[
32RT γav(A0hl)

2

(M − 1)ζNt
2

(
αβ

ξβ +Ω′

)−2 ∣∣∣∣ 1−g2

2 , 2−g2

2 , 1−α
2 , 2−α

2 , 1−k
2 , 2−k

2

0,−g2

2 , 1−g2

2

]
(17)

 

Ps,AV =

W∏
j=1

Ps,j =

W∏
j=1

[
1−

2∏
i=1

(1− Ps.ij)

]
=

W∏
j=1

[
1− (1− Ps.ij)

2
]

(18)

 

PS,AV =

W∏
j=1



1−



1−



1

6

Nt∏
m=1

Nr∏
n=1

Ag2

π

∑β

k=1
ak

(
αβ

ξβ +Ω′

)−α−k
2

· 2α+k−4

×G1,6
6,3

[
24RT γav(A0hl)

2

(M − 1) ζNt
2

(
αβ

ξβ +Ω′

)−2 ∣∣∣∣ 1−g2

2 , 2−g2

2 , 1−α
2 , 2−α

2 , 1−k
2 , 2−k

2

0,−g2

2 , 1−g2

2

]

+
1

2

Nt∏
m=1

Nr∏
n=1

Ag2

π

∑β

k=1
ak

(
αβ

ξβ +Ω′

)−α−k
2

· 2α+k−4

×G1,6
6,3

[
32RT γav(A0hl)

2

(M − 1)ζNt
2

(
αβ

ξβ +Ω′

)−2 ∣∣∣∣ 1−g2

2 , 2−g2

2 , 1−α
2 , 2−α

2 , 1−k
2 , 2−k

2

0,−g2

2 , 1−g2

2

]





2

(19)

 V. Numerical Simulation and Results

C2
n = 2.3× 10−13

α = 4.86 β = 1 σ2
R = 4.58

C2
n = 2.3× 10−14 α = 6.30

β = 5 σ2
R = 0.46

ΦA−ΦB = π/2 (Ω, ρ, b0) =

(0.5, 0.75, 0.5) λ = 1550

z = 1000

wz/r = 5 δs/r = 1

S = 64
K = 5

ε = 0.5

Based on the aforementioned derived formulas,  this
section evaluates the average SER performance based on
numerical  and  Monte  Carlo  simulations.  Under  the  M
distribution joint atmospheric channels,  the atmospheric
refractive index structure constants are 
m−2/3 (strong  turbulence, , , )
and  m−2/3 (weak turbulence, ,

, ). The phase difference between the LOS
and the coupled scattering is , 

,  and  the  laser  wavelength  nm.
The link length between Tx and Rx is equal to 
m, and the normalized beamwidth and jitter are fixed as

 and ,  respectively.  The  parameters
used  for  simulation  of  the  GFDM signal  are  as  follows:
The  number  of  subcarriers  and  subsymbols  are 
and , respectively; lengths of the CP and CS are 8
and 0,  respectively;  the receiving end uses a zero forced
(ZF) receiver; the pulse shaping filter used by the GFDM
system is  an  raised  cosine  (RC)  filter;  and  the  value  of
the roll-off factor is .

2 ⊆ 3

W = 2

Figure  2 compares  the average SER with the 
OSTBC scheme when the system adopts different modu-
lation  schemes  under  the  strong  and  weak  atmospheric
turbulence, where the number of relays . It can be

seen from the figure  that  the numerical  results  are  con-
sistent with the Monte Carlo curve. As the average SNR
increases, the SER of the system decreases. Among sever-
al  different  modulations,  the  GFDM  system  performs
better  than  OOK,  GMSK  and  PolSK,  but  worse  than
OFDM. This  is  because  GFDM abandons  the  strict  or-
thogonality between  subcarriers,  resulting  in  the  in-
crease of subcarrier interference. However, a communica-
tion  system  using  GFDM  modulation  can  obtain  lower
PAPR and OOB values, and higher spectrum utilization
efficiency than OFDM modulation.

2 ⊆ 3
W = 2

ε
ε

ε

Figure  3 describes  the  average  SER  of  the  MIMO-
OSTBC parallel relay GFDM system with different roll-
off  factor  under  the  strong  and  weak  turbulence.  The

 OSTBC scheme is adopted, and the number of re-
lays .  It  can  be  seen  from  the  figure  that  the
smaller  the  roll-off  factor , the  better  the  SER perfor-
mance of  the system. This is  because the smaller  the ,
the higher the utilization rate of the frequency band and
the  lower  the  in-band  noise.  However,  after  matching
and  filtering  the  signal  at  the  receiving  end,  the  inter-
symbol crosstalk will be amplified, resulting in performance
degradation.  When  is  increased,  the  oscillation  of  the
time-domain waveform of the filter is reduced and atten-
uates  rapidly,  which  is  beneficial  to  reduce  the  inter-
symbol crosstalk. However, this will occupy a larger fre-

  568 Chinese Journal of Electronics, vol. 33, no. 2



ε

quency band,  resulting  in  lower  utilization  of  the  fre-
quency band and higher in-band noise. Hence, the value
of  is not as small as possible, and it is more appropriate
to take 0.5 in comprehensive consideration.

W = 2

Figure  4 illustrates  the  SER  curve  of  the  MIMO-
OSTBC parallel  relay  GFDM-QPSK FSO system under
the  strong  and  weak  turbulence  with  the  average  SNR,
where  the  number  of  parallel  relays .  It  can  be
clearly seen that the Monte Carlo simulation and numer-
ical  analysis  curves  fit  well.  By  increasing  the  average
SNR,  the  SER  of  the  system  decreases.  It  can  be  seen
from the figure that the introduction of OSTBC has sig-
nificantly  improved  the  performance  of  the  system.  In
the strong turbulence communication link, if the SER of
the system reaches 10−5 to maintain normal communica-
tion, the uncoded system needs an SNR of higher than 70
dB, which  necessitates  higher  laser  output  power,  lead-
ing to a significant increase in the cost of the system. On
the other hand, lower SNR values of 63 dB, 47 dB and 41
dB are required by the 2 × 1, 2 × 2 and 2 × 3 OSTBC
systems, respectively. Therefore, it can be analyzed that
as the transceiver antenna increases, the SER of the sys-
tem  decreases  and  the  ability  to  resist  fading  increases.
The effect of space diversity gain is very obvious.

When the transmitter and receiver platforms can on-
ly be equipped with limited transceiver antennas and are
unable  to  meet  the  communication  requirements,  it  is
necessary to introduce a parallel relay to obtain diversi-
ty gain. In Figure 5, the symbol error performance of the
GFDM  system  using  MIMO-OSTBC  parallel  relay scheme under  the  strong  and  weak  atmospheric  turbu-
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Figure 2  Average SER of MIMO-OSTBC parallel relay system with
different modulation methods. (a) weak turbulence, and (b) strong
turbulence.
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lence  is  illustrated.  It  can  be  observed  from  the  figure
that  the  Monte  Carlo  results  agree  with  the  numerical
analysis. In the 2 × 1 OSTBC scheme, the SNR is fixed
at 50 dB and the SER in the direct transmission link is
2.4 × 10−2. On the other hand, when the numbers of re-
lays are 2 and 3, the SER values are 1.5 × 10−3 and 6.0 ×
10−5,  respectively.  Hence  in  the  MIMO-OSTBC system,
increasing  the  number  of  parallel  relays  can  effectively
reduce the SER of the system in the communication pro-
cess,  and  make  the  communication  performance  of  the
system  increase  significantly.  However,  this  does  not
mean  that  the  greater  the  number  of  relay  nodes,  the
better  the  system.  Taking  cost  into  consideration,  the
number of relay nodes in the communication link should
not be  too  many.  The  numbers  of  transmitting  and  re-
ceiving antennas and relays should be determined based
on the actual  scenario.  From the simulation diagram, it
can  be  observed  that  the  system  with  2  ×  2  OSTBC
scheme and  has the best performance, where the
required SNR is  only 40 dB to maintain an SER of ap-
proximately 10−5.

W = 2

In Figure 6, the 3D plots of the average SER of the
parallel relay MIMO-OSTBC GFDM-QPSK system ver-
sus  the  normalized  beamwidth  and  normalized  jitter  is
shown. The average SNR is 25 dB and the number of re-
lays is . It can be found that the SER of the sys-
tem reduces as the normalized beamwidth increases, and
rises  as  the  normalized jitter  increases.  This  behavior  is
obvious  for  a  lower  normalized  beamwidth.  In  addition,
by comparing Figure 6(a), 6(b) and 6(c), as the number

δs/r = 6
wz/r

wz/r = 8 δs/r

of  transceiver  antennas  increases,  the  influence  of  the
normalized beamwidth on the system SER becomes more
and  more  obvious,  and  the  influence  of  the  normalized
jitter on the system SER gradually decreases. For exam-
ple,  when the normalized jitter  is  fixed at  and

 is increased from 1 to 8, the SER under the 2 × 1,
2 × 2, and 2 × 3 OSTBC schemes are reduced by 0.102,
0.124,  and  0.128,  respectively.  When  the  normalized
beamwidth is set to a constant , and  is re-
duced from 6 to 1, the SER of the system under the 2 ×
1, 2 × 2, and 2 × 3 OSTBC schemes are reduced by 0.058,
0.039, and 0.029, respectively. Therefore, when the num-
ber  of  transceiver  antennas  is  large,  more  attention
should be paid to the beamwidth. From this we can con-
clude that  in  engineering  applications,  in  order  to  con-
trol the SER within a lower range, the divergence angle
of  the  transmitting  beam  can  be  adjusted  by  the  laser
beam expanders  to  achieve  the  optimal  beamwidth  and
improve the communication quality of the system.

 VI. Conclusions
This paper proposes a MIMO-OSTBC parallel relay

FSO  communication  system  using  GFDM  modulation
over  the  M  distribution  atmospheric  joint  attenuation
channels. The SER performance of the system is studied
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under the triple effect of path loss, pointing errors and ir-
radiance.  The  average  SER  expression  of  the  system  is
derived,  and  then  the  theoretical  results  are  verified  by
Monte Carlo method. The SERs of GFDM and other dif-
ferent modulations are compared in the simulation. Com-
pared with  OOK,  GMSK,  PolSK  and  OFDM  modula-
tion  methods,  GFDM  has  shown  great  superiority  in
symbol  error  performance,  and  can  obtain  lower  PAPR
and OOB value, as well as higher spectrum utilization ef-
ficiency.  The influence of  the roll-off  factor,  the number
of transmitting and receiving antennas, the number of re-
lays, the  normalized  beamwidth  and  jitter  on  the  pro-
posed  system  are  illustrated.  The  results  indicate  that
the  larger  the  roll-off  factor  of  the  filter,  the  worse  the
symbol error performance of the system. Considering fac-
tors such as noise and frequency band utilization in the
analysis,  a  value  of  0.5  for  is  more  appropriate.  The
GFDM  FSO  transmission  system  combining  MIMO-
OSTBC  scheme  and  parallel  relay  technology  has  been
significantly improved  in  terms  of  symbol  error  perfor-
mance. By  increasing  the  number  of  transceiver  anten-
nas and relays, the SER of the system is significantly re-
duced.  However,  considering  the  cost,  complexity  and
performance  improvement,  the  number  of  relays  in  the
communication link should not  be  too many.  The num-
ber of transceiver antennas and relays needs to be decid-
ed according to the practical application. In the simula-
tion, the system performance with 2 × 2 OSTBC scheme
when  of 3 is the best, and it only needs 40 dB to meet
the normal communication requirements of the FSO sys-
tem.  In  addition,  increasing  the  normalized  beamwidth
and normalized  jitter  of  the  system  will  reduce  and  in-
crease the SER, respectively. This behavior is obvious for
a lower normalized beamwidth.  And compared with the
normalized jitter, the beamwidth has a greater impact on
the SER of the system when the number of transmitting
and  receiving  antennas  is  large.  Therefore,  in  order  to
control  the  SER  within  a  lower  range,  the  beamwidth
can be optimized by using a laser beam expander to ad-
just the beam divergence angle while increasing the num-
ber  of  transmitting  and  receiving  antennas.  Taking  the
above  factors  into  consideration,  the  GFDM  OSTBC-
MIMO parallel  relay  system  has  certain  guiding  signifi-
cance  for  future  FSO  communication  systems  in  engin-
eering applications.
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