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Abstract: The need for a very high data rate in the
next-generation wireless network is growing, and
optical wireless communication has become one of
the best options for addressing this important
problem. The optical system endures power and
bandwidth losses due to channel turbulence,
particularly in the extreme channel conditions
found in outdoor locations. However, suitable
advanced optical modulation schemes categorized
according to the appropriateness of power efficiency
and suitability of bandwidth-efficient systems are
used to ensure transmission reliability. In this study,
orthogonal
generalized frequency-division multiplexing, and L-
pulse position modulation are used. Utilizing the
cutting-edge GFDM-Beamforming technology for

frequency-division multiplexing,

the optical wireless channel was to increase the
signal to noise ratio and enhance the bit error rate
across the board. Gamma-Gamma distribution has
been used to compute the bit error rate and spectral
efficiency. An arbitrary number of light-emitting
diodes and photo-detectors are used at the sources
and detectors. The findings demonstrated that the
optical generalized frequency-division multiplexing
performs better than other modulation schemes in
terms of power and bandwidth requirements, with a
high peak-to-average-power-ratio, which is the
primary drawback in orthogonal frequency-division
the

multiplexing mitigated by beamforming

function.
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1. INTRODUCTION

Recently, high-dense networks and lower data
rates have resulted from the rising demands for
high data rates brought on by a significant
increase in traffic in small cells [1, 2]. Optical
wireless communication (OWC) is a new and
alternative technology that addresses the
network access bottleneck by ensuring the
efficient transmission availability between
transceivers and overcoming the limitations of
radio frequencies that suffer from low data
rates, especially at the last mile connection [2].
OWC's license-free, enormous bandwidth
potential, more than 10 Gb/s data rate, easy
implementation, and superior security made it
a crucial supplementary alternative to RF [3].
Despite these potential benefits, atmospheric
turbulence brought on by meteorological
influences causes fluctuations in the OWClink’s
phase and magnitude, resulting in a deep fade.
However, as air turbulence's effect increases
from weak to strong, the OWC performance
suffers significantly [4]. Choosing a modulation
scheme appropriate for the system is crucial
since it affects its power and bandwidth
efficiency [5]. While pulse position modulation
(PPM) can achieve high-power efficiency at the
expense of spectral efficiency due to an increase
in the bandwidth requirement. Some
modulation schemes, such as multi-Level-pulse
amplitude modulation (L-PAM), improve
spectral efficiency by increasing the pulsed
bandwidth laser, however, at the cost of less
power. Due to its simplicity and ability to
provide acceptable power requirements, On-
Off Keying (OOK) is the technique most
frequently employed in OWC; however, it is
particularly susceptible to air turbulence. Due
to its capacity to counter ISI, OFDM is most
useful with interferer free space channels [5-7].
A viable choice for applying OWC is the
Generalized Frequency Division Multiplexing

(GFDM) approach, as it is designed to address
the high peak-to-average power ratio (PAPR)
issue associated with OFDM by incorporating
filtering and pulse shaping, good spectral
efficiency, and the capacity to reduce channel
interference [8]. In terms of lowering PAPR and
out-of-band radiation, GFDM performs better
than OFDM. Establishing an accurate line of
sight link between sources and detectors and
controlling the beam divergence angle,
particularly for long-range (>1Km) systems to
provide enough energy at the receiver side, are
the key challenges in OWC. However, how
much energy will reach the receiver determines
the OWC signal's availability and stability [9]. A
promising approach to ensuring dependable
transmission between two OWC terminals is
beamforming [4]. The Beamforming function
efficiently controls the signal strength and the
beam divergence angle [10]. However, in the
presence of severe OWC channel characteristics
such as turbulence and scintillation,
beamformers have limits to noise reduction [11-
14]. Different methods have been researched
for observing OWC system performance.
Optical multiple-input multiple-output
(MIMO) links have been introduced in [15] to
enhance system performance overall [15, 16].
According to [17], a simulation approach has
been put forth to model the performance of M-
ary quadrature amplitude modulation (M-
QAM) with spatial diversity to offer data on
outage probability and bit error rate (BER)
while accounting for OWC system disturbances.
According to BER, various channel restrictions,
and turbulences, the performance of a single-
input, multiple-output (SIMO) OWC system
based on the M-ary phase shift keying (M-PSK)
modulation format was examined in [18]. To
enhance the OWC systems, a Space Shift Keying
(SSK) method has been introduced in [19]. The
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error probability of OWC systems based on sub-
carrier intensity modulation has been
examined in [20] utilizing lognormal
connections. A spatially diverse OWC system
over Gamma-Gamma was studied in [21]. It has
been shown that transmit diversity and the
PPM modulation method enhanced the OWC-
based optical spatial modulation's performance
[22-24]. In the present study, advanced
modulation techniques, including L-PPM,
OFDM, and GFDM, have been combined with
the beamforming function to increase the
signal-to-noise ratio and, as a result, deliver
high-efficiency signal intensity at the receiver
by lowering the beam divergence angle. To the
best of the authors’ knowledge, the chosen
approach, which explored the potential of
GFDM to significantly improve both the
spectral and power efficiency utilizing the
beamforming technique, has yet to be
considered.
2, THEORETICAL ANALYSIS
2.1.Beamforming PPM
The L-PPM signal, s (1), consists of a pulse with
a slot duration (Ts), and L denotes the number
of time slots, i.e., L= 22 (Q > 0). As is common
practice in PPM, data is encoded in a pulse
whose position is determined to correspond to
Q-bit input data. The transmitted pulse,
however, is provided by:
1forte (q—1DTsppm qTsprm

s®rppu { 0,otherwise &
where T ppyy = T, Q, T, is the bit duration, and
qe{12,..L}
As aresult, each Laser Diode (LD)'s transmitted
bits sequence modulation is indicated by:

where S, is the PPM bit sequence
{So0,S1,.,S;-1}, and PR, is the average
transmitted power. The pulse shaping is
disregarded in this notation. Considering that a
driving circuit converts the modulated voltage
signal into a pleasant current signal given to the
LD. The signal received at the photo-detectors
PDs through additive white Gaussian noise
(AWGN), affected by air turbulence for the
proposed system with M sources and N PDs.,
can be described as:
mM-1
Yn = R Z Hmnsowc(m) + Vn:n
m=0
=0,2...N—-1 (3)

where R is the detector responsiveness, and
Sowc(m) 18 the transmitted signal from the mt
source. V, is AWGN with variance 62, and H,,,
is the irradiance from the mt source and the nt"
detector. The irradiance can be stated in OWC
as:

Hmn = Hemanmanmn (4)
where H,,,, stands for the attenuation brought
on by path loss and beam extinction. Hi,,,
represents the effects of scintillation. Hpmn
stands for the geometric spread and
mispointing error. The received signal vector
from each aperture is represented by:

Yn = RZ{;% Z%;(l) H o (1) Sowem T Va

ine{0,1,2 ...1-1} 5)
where I is the directed beam intensity from the
sources (LDs). Each y and V in Eq. (5) has
dimensions of (nx1), and H is a matrix with
dimensions of (nxm). So:

% =R f;& Z%;ﬁ Hmn(i) §0WC,m + V_O (6)

-1 _ _ _ N o
Y1 = RYIZ6 2 m=0 Hnn (D) Sowem + V1 (7)
Sowc(®) =L Pavg Sk (2) Y1 = R2{—1 M-1p ) Ky +
o JN-1 i=0 m=0""mn owcm
V-1 3
One alternative for these equations is:
Yo 1-1M-1[ H, . Hom-1 Vi
Y1 =R H21 . H2,m—1 gow(;,m + V'z (9)
V-1 i=0 m=0 | Hn-11 Hy_1m-1 Vy_1

To estimate the derived beam, all the received
beams must be merged at the required
destination. Consequently, the combined signal
can be written as:

Byyo + Biyi+..... +By_1Yn-1 (10)
The equations above are written as:
Yo
Y1 _
[Bo Bi - . By4l| - |=Bfy (1)
Yn-1

where B stands for the beamformer, and the up-
script H denotes the matrix's Hermitian.
Remember that in wireless communications,

y=HS+V (12)
y = R(EHHmn-EOWC,m + EHV) (13)

The desired beam's signal components are
represented in the first half of the above
equation, while the desired beam's noise
components are represented in the second. The
signal power of the desired beam can be
computed as:

signal power=R |B¥Hm |2- Pa-L  (14)
where Pg is the intended signal's power,
calculated as:

S e S

E(S;S)=E|"* " THl=|0P,0 =Py (15)
: : 00P
Si1 Sij d

E{S;S;} = P, when i=j and E{S;S;} = 0 when ij
Now, the effective noise at the beamformer's
output may be calculated from:

E{|B"V|*} = E{((B"V)(B"V)"} (16)

jTikrit Journal of Engineering Sciences | Volume 32 | No. 2! 2025

raze 46N



https://tj-es.com/

j Lwaa Faisal Abdulameer, Adil Fadhil Mushatet, Tania Tariq Salim / Tikrit Journal of Engineering Sciences 2025; 32(2): 1397. :‘

E(B"V VB)=BYE(VV)B (17)

[ V11l V1V3 ViV 4]
—_ VoVi v 2::VzV;‘v—l|
E(VVH) = E! ; | 2;2| S |= o7l (18)
Wyoavs . Vaeal?l
where E{V;V;}= o when i = j and o when i # j.
Hence,

Noise power = o2 ||B || 2 (19)

where || || denotes the norm.
After that, the maximum signal-to-noise ratio
can be calculated as:

_R|BHH,, 12 PyL
SNRmax_ az ﬁ%lnz (20)
|4

The computational BER for L-PPM in the
example being studied can be calculated from
the determined SNR,, ., above, as follows:

BER(H,,;,) = 0.5 X erfc(,/SNR,.,) (21)

BER(H,,) = 0.5 x erfc( /W) (22)

A probability density function is utilized to
represent the channel in the form of Meijer’s G
function represented in Eq. (20) and calculate
the average BER across strong atmospheric
turbulence, as follows:

f Hmn (hmn)

_ amnﬁmn smn
AomnHlmnF(amn) F(an)

x c3_0 Amn mnHmn]sf,m

B A Hpn, —Vtemamhbmn  (23)

where a and S represent the effective number

of large- and small-scale turbulent eddies, r(.)

represents the Gamma function, A,

represents the highest percentage of the

gathered power in the receiving lens, and £2,, (=

ao,) represents the ratio between the deviation

of the mispointing and the beam radius. The

average error probability is thus represented as:
Pe = J‘0°° BER(Hmn)mendH (24)

Hence,

AmnBmnEmn

2 o R| BH Hmn |Z- Pg.L 3,0 (EmnBmnHmn S,,m
= ——X . X _— _—
Pe = G H it @) B Jy 0.5 x erfe (\/ oy |IB 1|2 )% G315 AomnHimn 121z, ot g AH (25)

2.2.Beamforming OFDM
A block of QAM symbols is d = [d d; ... dp_4],

and symbol time T, = Bi allows the complete
bandwidth (B,) to be divided into C sub-
carriers. The output OFDM signal, however, is
represented as,
j2mic
Sorpmm = 2od dieT,c €{0,1,..c—-1} (26)
where, E{d;d;} =03 if i = jand E{d;d;} =
0 ifi # j. Applying cychc prefix (CP), then,
cpm Z d e C scp,m - [S(C-I—
ch 1,s(c—1;c] (27)
To make the OFDM signal comfortable for the

j2mic

Iy, = zpm,gz ip € C (28)
Eq. (2) denotes the signal produced by the mt
optical source. The multipath (direct and non-
direct) between M sources and N detectors is
related to the channel matrix H,,,, as was
discussed in the previous section in Eq. (4).
Consequently, the signal obtained at the PDS
using AWGN is impacted by:

Yorpm = RZ%;(I) Hypud; Wy + V5, (29)
where W_N is the N point inverse-fast Fourier
transform (IFFT).

Now, let H_mn be a circulant matrix and can be
factorized as,

LDs inputs, the signal Syrpuy m can be applied to He —WFWH
the driven circuit. Hence, Where ’
W%lHlllz H 0 2 g WN0'1 0 0
F=vix| 0 Wil 0 =l o wis o (30)
2
0 0 WH|Hy_11n-| 0 0 WNTi-1

where o; is the gain of the channel. Thus, the
received signal following the removal of CP is
provided by,

N1

Y. =R Z L(WyFWHa, +V),)

i=0
M-1

=R Z WyFLo; +V, (31)

The N pomt FFT is computed as:
Why,=RYN'Flo; +V, (32)

Applying beamforming to the above formula to
increase SNR and calculate the ideal beam. As a
result, the total received signals are given as:
ByZo BiZy+ - ...+By_1Zy_ = BHZ; (33)
Z = RB"FZ I,o,+B" v, wi  (34)
The intended beam s signal power is calculated
as:
Signal power= |BAF |2 Y"1 g, P,. 2P,,4R (35)
The effective noise at the beamformer s output
is calculated as:

E{B" v, WwH} = E{((BivwH)(BHVYW")} = BAB WHWE{V VH} = o} ||B || ?||W || 2 (36)
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Hence,

2P R|BYF |2 Py Y01
oy 1B 2w || 2

Following that, the suggested beamforming

OFDM system's average BER is calculated as
follows:

(]
SNRox = 37)

BER(H,,;,) = 0.5 x erfc(,/SNR,,,.,) (38)
In section (2.1), Eq. (23) states that under the
same circumstances, the likelihood of error is
represented as:

2 (oo}
Pe = mnPrmnEinn * [, 0.5 xerfc (\/

AomnHumn T(@mn)r(Bmn)

C3 ,0 [amnﬁmnHmn]Smn
13 1+ehn Omb Bk

AomnH Imn

2.3.Beamforming GFDM
In general, consider a QAM. A block of symbols
is organized as follows:
d=[dydy..drc4]" (40)
where the expected value of d;d; = 67 when i =
j, and the expected value of d;d; = 0 when i # j.
In contrast to OFDM, GFDM forms the
transmitted signal as a block of time slots or
two-dimensional symbols, i.e., T time slots
multiplied by C subcarriers. Therefore, C
subcarriers are transmitted throughout each
time slot. To represent the data of dimension
TCx1,
d=[doo-dic...dr1dc4] (41)
are considered at transmitter, where t=
01,..T—1, and c¢(=0,1,..C — 1) represents
time slot index and subcarrier index
respectively. The driven circuit converts the
modulated data into a signal convenient for the
LD source using a GFDM Modulator. A pulse
shape g(a) is considered as an impulse
response for data d in the dimensions MN X 1;
then,
Xic(n) = et dic gln—1) =
d;..g(n—mN) (42)
Using IFFT, the data is separated into C
subcarrier frequencies, i.e.,
MN-1

Xeelm) = Z dye gn-r)e ¢ (43)
The GFDM s1gnal is expressed as,
MN-1
Xy =) almdl  (4a)

where X, .(n) = dm_ a;.(n). However, the
output samples of the GFDM is:

-~ MN-1
X = Z a; € d§ (45)
i=0

2PgygR|BHF |2 payi! a,l)
EATENAIE

dH

(39)

where,
X = [X(0),X(1),..X(mN — D] (46)
=[af(0) af(1)..af(mn—-1)]=A4A

where af is the modulation index, and d¢(=
[do dy, ...dyn—1]") is the date vector. A CP is
added to the GFDM modulated signal and
applied to the driven circuit to prevent Inter
Block Interference (IBI), i.e.,
m(n) = 2Pavg[I(MN - Ccp + 1 Mn); 11 (47)
The signal received at the PDs is impacted by
atmospheric turbulence, as seen in the analysis
above, and is stated as:

yr:p =R Zi HmnICP(i) + Vn (48)
Ccp and L — 1 are samples that will be taken out
of y., at the receiver, and the signal is then
transformed into,

y=RY,Hmn Aidi+V, (49)
A beamformer is used to integrate all received
signals at a particular aperture and estimate the
best-desired beam. Then,

Byyo + B1y1 + - Bun_1Ymn-1 = B"y  (50)
Hence,

¥y =RY;B"H,,, A, di + B'n (51)
Then, the signal power is given by:

Signal power=RY;B" H,,A;|*’P, (52)
The effective noise of the output of the
beamformer can be computed as:

E{B"VYE 7,} =B"BE[V7,} = o2 [IBI| (53
Then, the maximized SNR using the GFDM
modulator is:

RnH a2
SNRmaszZlB Hmn‘qul Pd (54)
oy |1Bl|
Consequently, the probability of error in this
instance is represented by:

AmnBmnEmn

Pe,GFpM

z o0 R| %iBY HyunA, 2. Py. 3,0 [@mnBmnHon | 1
= [ 0.5 x erfc (([—= ) X C13[—H .dH  (55)
omnH imnt (@nn)T (Bmn) oy |IB || AomnHimn —1+elankBrk

3.RESULTS AND DISCUSSION

The simulation results used to confirm the
effectiveness of various scenarios, including
various sophisticated modulation techniques
and beamforming, are shown in this section.
Plots have been drawn showing the
performance in terms of BER. Analysis has
been done on the effects of scintillation and
turbulence on various modulation schemes

over the Gamma-Gamma channel model. C
equaled 128 subcarriers in total. The 16 QAM
signaling has been chosen. The values of a and
B used for the scintillation effect were 4.19 and
2.27, respectively. As OOK is the most frequent
modulation technique employed in OWC, it will
be considered a reference technique to evaluate
the performance of the more advanced
modulation formats. Figure 1 shows the
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bandwidth and power requirements for OOK,
L-PPM, optical OFDM, and optical GFDM. The
bandwidth requirements are related to the
achievable data rate R,, and according to
computed maximized SNR for each type of the
modulation formats, the total channel capacity
for M sources and N detectors is given as:

M
i=1
which represents the sum of individual
capacities of M information streams. The trade-
off between optical power and bandwidth
requirements is shown in Figure 1. The power
requirements for the conventional modulation
method used in OWC and OOK decreased with

the duty cycle while increasing bandwidth in
response. The bandwidth requirements for L-
PPM continuously increased with the number
of time slots (L). Optical-GFDM performed
better in terms of bandwidth efficiency than
optical-OFDM due to the structure of the
transmitted signal for the GFDM scheme,
formed as a block-time slot (two-dimensional),
with successive increases in the bandwidth
requirements. However, the optical power
requirements increased insignificantly. Due to
these findings, optical-GFDM is a good choice
for the future generation of wireless
communications, which must have a large
bandwidth and use little power.

nts vs. BW requirements

Normalized average optical power requirements (dB)

8 \ \ \

Optical power requireme
\

‘ 'l-00K

L=10

0 0.5 1 1.5

2

2.5 3 3.5 4

Normalized bandwidth requirements (Mbps)
Fig. 1 Optical Power Requirements vs. Bandwidth Requirements.

With the aid of the beamforming function,
which increases optical tracking effectiveness
and system SNR, simulation evidence on
advanced modulation methods was considered
in this investigation. The likelihood of error for
the OOK, L-PPM, optical-OFDM, and optical-
GFDM is plotted versus the SNR in Fig. 2,
showing a medium scintillation effect BER with
a refractive index structure constant of 10—-15.
When BER was 10-5, optical-OFDM performed
better than other schemes because it only needs
around 12 dB SNR, whereas regular OOK needs
about 16 dB SNR. Due to the nature of the
transmitted symbols in GFDM, emitted in a
block-time manner and causing some
synchronization issues at the receiver side,
optical-GFDM performed better at high SNR
than optical-OFDM. Figure 3 shows the

performance evaluation of several optical
modulation techniques using the beamforming
function. As illustrated, the optical-GFDM has
higher spectral efficiency than the optical-
OFDM over OWC. However, at least -10 dB
SNR is required, whereas optical-OFDM
requires -8 dB to obtain a spectral efficiency of
10 (bit/s/Hz). The literature claims that
OFDM's main shortcoming is a high PAPR,
even though its spectral efficiency is good.
Thus, strong evidence of the GFDM-aided
beamforming function was discovered when
the present findings showed that GFDM had
lower power requirements than the other
schemes investigated and performed better in
terms of spectral efficiency, making it a
promising candidate for the next wireless
technology.
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BER vs. SNR for advanced modulation schemes
I
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A E
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SNR in dB
Fig. 2 BER vs. SNR.
18 Spectral Effeciency vs. SNR
5 T I I
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512+ A .
3 e
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4.CONCLUSIONS beamforming function improves the spectral

To enhance system performance and guarantee
power and bandwidth efficiency, advanced
modulation techniques-based beamforming
functions for OWC were developed in this
study. Particularly, the beamforming function
with multiple sources at the transmitter and
multiple apertures at the receiver has been
considered when deriving the mathematical
models of several modulation methods for the
proposed system (L-PPM, optical-OFDM, and
optical-GFDM). According to the findings of
this investigation, the optical-GFDM assisted
beamforming function performs better in terms
of bandwidth efficiency and power efficiency
than the other study-involved methods. One of
the significant conclusions from this work is
that, at the expense of adding complexity, the

efficiency for various methods.
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