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Abstract

The performance of moment generating function approaches, specifically Chernoff bound
(CB) and modified Chernoff bound (MCB), is examined and improved in this study. We
evaluates and enhances the performance of a wavelength division multiplexing (WDM)
technique for free-space optical (FSO) fibre communications based on passive optical net-
work (PON) using the M-ary digital pulse-position modulation (M-ary DPPM) schemes
under amplified spontaneous emission (ASE) noise effects, interchannel crosstalk (ICC),
and atmospheric turbulence (AT). We use a data rate of 2.5 Gbps for eight channels over a
PON/DWDM-FSO optical fibre system in the C-band with 100 GHz channel spacing start
from 1550 nm. The results achieve 20 Gbit/s transmissions (2.5 Gbps X 8 channels). This is
a technology that can have extended leverage, higher data rates, power-efficient, and is con-
sidered an ideal option for the provision of bandwidth for potential access networks. When
compared to the CB at a low gain (G=38), the MCB outperforms the Gaussian approxima-
tion at high gain (G=30). Because of its superior performance at a high gain (G=30), the
MCB offers the tightest limit on the bit error rate (BER). In comparison to an equivalent
on—off keying (OOK) non-return-to-zero (NRZ), the M-ary DPPM scheme with a coding
level (M) of 2 improves average power about by 2.9 dB at a data rate of 2.5 Gbps on the
1550 nm wavelength and BER of 10~°. The sensitivity of the M-ary DPPM modulation
scheme remains improved over OOK in the presence of ICC. The lower power penalty is
predicted to be approximately 0.2-3.0 dB in the DWDM-FSO systems for low coding level
M =2. We achieve a lower power penalty at 0.2-3.0 dB for the hybrid fiber DWDM/PON-
FSO optical communication system at a BER of 10™°. At a target BER of 10™'2, the hybrid
OOK-NRZ/M-ary DPPM offers about 4-8 dB of optical signal-to-noise-ratio improve-
ments over the M-DPPM of the WDM-PON/FSO link for strong turbulence. The results
demonstrated that the M-ary DPPM and the optical relaying amplification technique are
powerful treatments for mitigating the impacts of ASE noise, AT, and ICC.
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1 Introduction

In free-space optical (FSO) communication systems, digital pulse-position modulation
(DPPM) is one of the most frequently utilized modulation schemes (Phillips et al. 1996a;
Aladeloba et al. 2012a; Ohtsuki 2002; Leeson 2004; Mbah et al. 2016). M-pulse amplitude
and position modulation (M-PAPM) has been investigated and studied for optical fiber (OF)
communications for both pulse amplitude modulation (PAM) and PPM modulation (Mbah
et al. 2016; Garrett 1983; Phillips et al. 1996b; Elsayed et al. 2018). Because the dispersion
is free, M-PAPM can provide high efficiency and sensitivity in FSO communication. This
scheme has proven to be appealing in a variety of FSO systems, including indoor wireless
communications, atmospheric, and inter-satellite broadband wireless networks (Phillips
et al. 1996a; Aladeloba et al. 2012a; Ohtsuki 2002). Aside from the power efficiency ben-
efit, many DPPM systems have the added benefit of eliminating the requirement to specify
and track a decision threshold (Leeson 2004; Mbah et al. 2016). Since FSO communication
is dispersion-free, DPPM has been proposed and thoroughly investigated for optical fiber
(OF) systems (Mbah et al. 2016; Garrett 1983). However, it is especially desirable in an
FSO channel rather than an OF channel. However, the advantages of DPPM come at the
expense of increased bandwidth. However, with a relatively low coding level (CL), DPPM
can be used with other multiplexing/multiple access schemes without significantly raising
bandwidth (Elsayed et al. 2018; Elsayed and Yousif 2020a). For point-to-point fiber com-
munications networks, DPPM has been combined with other modulation techniques, such
as frequency-shift keying and phase-shift keying (Mbah et al. 2016; Elsayed et al. 2018;
Elsayed and Yousif 2020a), as well as additional approaches to increase DPPM band-
width consumption. Digital gaming/video conferencing and IP telephony have increased
bandwidth demand due to the availability of bandwidth-intensive technologies like Inter-
net protocol television (IPTV), video on demand (VoD), and IP telephony (Elsayed and
Yousif 2020b; Andrade et al. 2011; Kramer and Pesavento 2002). The increasing demand
for bandwidth has led to the development and/or implementation of wavelength division
multiplexing (WDM) and dense wavelength division multiplexing (DWDM) technologies
for OF, broadband wireless networks, and atmospheric, indoor, and outdoor cellular opti-
cal networks in response (Elsayed et al. 2018; Elsayed and Yousif 2020a; Kim and Kim
2009; Ke et al. 2011; Aladeloba et al. 2013). WDM can also be employed in networks with
a large number of user access points. WDM passive optical network (PON), for example,
is widely regarded as a promising future access network technology, with the potential for
faster data rates, increased data security, and greater reach (Elsayed et al. 2018; Elsayed
and Yousif 2020a; Kim and Kim 2009; Gee-Kung et al. 2009). The WDM scheme will
help both OF and FSO systems (Elsayed et al. 2018; Elsayed and Yousif 2020a; Mukher-
jee 2000; Ciaramella et al. 2009; Forbes et al. 2001). Each optical network unit (ONU) in
WDM-PON has a fixed wavelength, allowing for more efficient use of the optical domain’s
high transmission bandwidth while avoiding the need for burst mode synchronization and
threshold acquisition upstream of time-division multiplexing/time-division multiplexing
access (TDM/TDMA) systems (Mbah et al. 2016; Elsayed et al. 2018; Elsayed and Yousif
2020a; Ansari and Zhang 2013). FSO systems’ receiver sensitivity can be improved using
optical pre-amplification to counteract the effects of receiver thermal noise. In addition
to optical gain, the optical pre-amplifier (OPA) generates ASE noise. Although the total
electrical domain noise has been approximated as Gaussian in probability density func-
tions (pdfs) used to characterize binary signals dominated by ASE noise (Zuo and Phil-
lips 2009), it is non-Gaussian. This study evaluates and improves WDM-PON/FSO links
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affected by atmospheric turbulence (AT), interchannel crosstalk (ICC), pointing error (PE),
and ASE noise (ASEN). To decrease AT, ICC, and ASE noise in the proposed model, we
improve the moment generating function (MGF) of the M-ary DPPM. The MGF is a math-
ematical method used in the proposed methodology to describe the signal plus ASE noise,
and the modified Chernoff bound (MCB) and the Chernoff bound (CB) are strategies for
obtaining upper constraints on the bit-error-rate (BER) using this definition (Mbah et al.
2016; Elsayed et al. 2018; Elsayed and Yousif 2020a; Olsson 1989; Yamamoto 1980). This
is accomplished mainly by comparing the simulation behavior to the simulation and exper-
iment results achieved in Aladeloba et al. 2012a; Elsayed et al. 2018; Elsayed and Yousif
2020a; Elsayed and Yousif 2020b), and (Aladeloba et al. 2013). In our research, several
comparisons were made. We compare sets of previous research with our model results.
We analyze and develop the proposed system in our paper (Elsayed et al. 2018)-(Elsayed
and Yousif 2020b) to enhance the BER performance and reduce the atmospheric turbu-
lence effects. We analyze the BER in terms of the PE and the effect of misalignment on
FSO links. We provide the effect of misalignment and PE on FSO links and provide a
mathematical representation of BER in terms of pointing coefficient in the existence of
boresight problems (Elsayed and Yousif 2020a, b). The reminder paper is organized as fol-
lows: Sect. 2 discusses the proposed WDM-DPPM/FSO communication system design and
modeling. Section 3 presents the BER analysis. Section 4 evaluates the BER for WDM-
PON/FSO hybrid systems. The calculation results and discussion are discussed in detail in
Sect. 5. Section 6 concludes this paper.

2 System description and model

A frame of duration MT, is divided into n = 2M equal time slots of length t, = MT, /n
in the DPPM schemes, T,=1/R, is the bit period of an equivalent on—off keying non-
return-to-zero (OOK-NRZ) and R, is the data rate (Elsayed and Yousif 2020a), where
M is the CL and equals to the number of data bits transmitted per M-ary DPPM frame.
For the best results in DPPM FSO systems, the detecting receiver with the highest prob-
ability is chosen (Phillips et al. 1996a; Elsayed et al. 2018; Elsayed and Yousif 2020a).
The decision circuitry must integrate across all slots in a frame, with the pulse posi-
tion determined by comparing the results and selecting the slot with the highest signal
(Leeson 2004; Mbah et al. 2016). In comparison to the threshold mechanism used in
OOK systems, more electrical processing is needed. Crosstalk effect measurement may
be required in a general WDM-DPPM system that utilizes fiber optic or free space (or
hybrid) systems deployed in a point-to-point, multipoint-to-point, or PON configuration
(Elsayed and Yousif 2020a). Depending on the connection configuration, multiple ICC
sources and amounts may exist in a DWDM DPPM system. The primary cause of ICC
in point-to-point systems with all signal wavelengths coming from the same location is
a defective optical band-pass filter (OBPF)/demultiplexer channel rejection (DCR), and
most practical systems would use an OBPF/demux with a good rejection ratio (Mbah
et al. 2016; Elsayed et al. 2018; Elsayed and Yousif 2020a, b). In multipoint-to-point
connections, such as the upstream transmission system (UTS) in the hybrid fiber free-
space optical (HFFSO) systems shown in Fig. 1 (a) or in PON, optical signals (OSs)
at various wavelengths will arrive at the OBPF/demux at different power levels, where
signals may experience asymmetric splitting loss, fiber and/or FSO attenuation, beam
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Fig. 1 PON-HFFSO device structure for eight channels DWDM FSO over OPA DWDM/M-ary DPPM
scheme: a the unique crosstalk evaluation device architecture; b a generic receiver system. It was taken
from our previous publication in Elsayed and Yousif 2020a, which we reprinted here

scattering, and coupling loss. Optical signals (OSs) at various wavelengths will arrive
at the OBPF/demux at different power levels in multipoint-to-point connections, such as
the upstream transmission system (UTS) in the hybrid fiber free-space optical (HFFSO)
systems shown in Fig. la or in PON, where signals may experience from the beam
scattering, asymmetric splitting loss, coupling loss, and fiber and/or FSO attenuation
(Elsayed and Yousif 2020a). We use a data rate of 2.5 Gbps for eight channels over the
PON/DWDM-FSO optical fiber system in the C-band with 100 GHz channel spacing
start from 1550 nm. The results achieve 20 Gbit/s transmissions (2.5 Gbps X 8 chan-
nels). We use the single-mode fiber 20 km link length for the proposed system at eight
channels DWDM-FSO fiber optical communication systems. Figure 1b shows a generic
system structure that might be easily extended to all of the above scenarios. DPPM sig-
nals of various wavelengths are multiplexed and delivered to a receiving lens via the
FSO link. If they can be efficiently gathered and coupled into an optical amplifier (OA)
by collimating them into a short fiber length at the amplifier input before being demul-
tiplexed into various wavelengths for detection by a positive-intrinsic-negative (PIN)
photodiode, they could theoretically come from anywhere (Elsayed and Yousif 2020a).
Figure 1b shows the OPA as a noise-generating linear gain block (Elsayed and Yousif
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2020a). We an electrical amplifier and filter to limit the noise. We use CC to compare
two voltages and outputs 1 (on the plus side); or a O (on the negative side) to indicate
which is larger.

2.1 M-ary DPPM scheme modeling

Frames compatible is the case shown in Fig. 2 where signal and crosstalk (SAC) frames are
aligned, also known as frames aligned (FA). The scenario shown in Fig. 2a is where the SAC
is only slots aligned (OSA). The SMis (slots misaligned) refers to a scenario in which the SAC
XT slots are misaligned (c).

The same treatment is used to extract the MGF as in Mbah et al. (2016); Elsayed and
Yousif 2020a; Olsson 1989; Ribeiro et al. 1995; O’Reilly and Rocha 1987; Al-Orainy and
O’Reilly 1990). It’s written as:

RG(e 9/t — 1) [ sigP, (Hdt
MYs|g(At) (S) = ‘

1 — RN, (esa/t — 1)

R;G(e/t5—1) [, Pyr(tdt
exp 1-RiN, xr (esq/ s )

(D

[1 - RN, (et —1)]"

where At =t  slots correspond with signal pulse slots (SPS) otherwise t; ort,, and
At = 0 if there is no crosstalk in the slot. Furthermore, P and Py are the DPPM rec-
tangular and crosstalk pulse powers (CPPs), all specified at the PD input, the responsiv-
ityR = n/hv,n is the photodetector (PD) quantum efficiency (QE), h is Planck’s constant, v
and v; are the optical frequencies (OFs) of the SAC wavelengths respectively (Mbah et al.
2016; Elsayed et al. 2018; Elsayed and Yousif 2020a, b), q is the electron charge (EC),
N, = 0.5(NF x G — 1)hv is the single polarization ASE power spectral density (PSD), G
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Fig.2 M-ary DPPM modulation crosstalk in a WDM-FSO system a frames aligned (FA) for M=3, b OSA
for M=2, and ¢ frames and slots misaligned (SMis) for M=2 (Mbah et al. 2014)
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and NF are the OA gain and noise figure respectively, the product of temporal and spa-
tial modes is L = B m\t, (Aladeloba et al. 2012a; Elsayed et al. 2018; Elsayed and Yousif
2020a), B, is the demux channel bandwidth and m, is the number of ASE polarization
states. Cyy = P, /Py is the signal-to-crosstalk ratioCyr, set at the demux output and N, yr
is the ASE PSD at the PD at crosstalk wavelength. The overall MGF including the zero-
mean Gaussian thermal noise variance (TNV) is given as (Mbah et al. 2016; Elsayed and
Yousif 2020a, 2020b)

s262
h—-DPPM
MYMg(At)(S) = MYsig(AI)(S) exp(#) 2

where th _pppy 18 the DPPM TNV. Following (Phillips et al. 1996a; Aladeloba et al. 2012a;
Elsayed et al. 2018; Elsayed and Yousif 2020a, b), the means and variances (MAVs) of the
random variables (RVs) are written as (Mbah et al. 2014, 2016; Elsayed and Yousif 2020a,

2020b)

LRgN . PypAt
Hy, an(3) = " =+ RGCI(SlgPtr XtT > 3)
S S
LRg’N, (1 + RN, ) sigP
2 _ 2 o o 2 \
0%, (80 = Oth-DPPM + < 2 + RGq [(1 + 2RN0) t_‘]
S s
Py At “)
+RGq [ (1+2RN,_) Xth ]
S

The probability that a symbol is successfully received of ICC is Posn)=1 = Puer_r)
where Pwe(li_ri) is the symbol error probability (SER) in the ICC, r;, and I; (i € {s, 1, 2}) (Phil-
lips et al. 1996a)

n
Puanz ] P(X@0>X)
j=1
j # sigslot

(&)

where X; represents the content of the non-signal slot X, (At-) and Ay is the crosstalk over-
lap with the j™ (empty), the expression P{X, (At;) > X, (A1) } of the ASE beat noises using
the GA is calculated from Phillips et al. 1996a; Aladeloba et al. 2012a; Mbah et al. 2014,

2016; Elsayed and Yousif 2020a; b)

Hx (ar) — Hx,(Ar
PLX, (Af) > X, (AD} = 0.5 erfe| ———ror —0(&0) ©)

2 2
? <O-X1(At) - O-XU(AE‘)>

for the RVX using the CB, we have the general form and a fixed threshold T, is
P(X>Tg) <E{exp[s(X—Ty)|}, s>0 (Mbah et al. 2014, 2016; Elsayed and Yousif
2020a)
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P{X,(Af) > X, (A} < My, (a(=$)Myx (ay(8)(s > 0) %)

For the MCB (Aladeloba et al. 2012a, Mbah et al. 2016),
P(X > Ty,) < M,(s) e‘ST‘h/salh\/; (Phillips et al. 1996a; Aladeloba et al. 2012a; Mbah
et al. 2014, 2016; Elsayed and Yousif 2020a, b).

My 5o (—5)M
P{X,(At) > X,(AD) < X, a0 (=)Mx (a9 (5) 6>0) &

ZSU[h \/;

For the OSA cases and FA, the SER in the presence of ICC is written as (Phillips
et al. 1996a; Elsayed and Yousif 2020a, b)

Puctie) < 1= [1=P{X,0) > X, @0} 1= P{X, (1) > Xy a0} )

where I, and r, are the ICCs number of duration t; occurring in the signal frame and SPS,
respectively, At = t, if crosstalk hits SPS, otherwise At = 0. Similarly, the SER in the pres-
ence of ICC for the SMis case is written as,

P oy < 1= [1=P{X,0) > X, (A0 )" 1= P{X, (1) > X, ap}" ™"

we(Il -1y

I-
[1-P{X,(t,) > X,(AD}]* "

(10)
where 1, I, and r; 1, are the number of the ICC of duration t,, t,, occurring in the signal
frame and SPS respectively, y =1, +1,, At =t or t, if ICC of duration t; or t, respectively

hits the SPS, otherwise At = 0.

2.2 Atmospheric turbulence model

The temperature disparity between the earth’s surface and the atmosphere mediated
refractive air index increases, along with the optical link (Elsayed et al. 2018), causing
the obtained signal to rapidly fluctuate. The degree of coherence of the OS deviates and
the low level of BER is also caused (Elsayed et al. 2018; Elsayed and Yousif 2020a).
The Gamma-Gamma (GG) distribution pdf characterizes the three effects of turbulence:
strong turbulence (ST), weak turbulence (WT), and moderate turbulence (MT) because
of their direct dependence on turbulence parameters and the closeness to experimental
results is presented as (Aladeloba et al. 2012a; Mbah et al. 2014, 2016; Elsayed et al.
2018; Elsayed and Yousif 2020a, b; Personick 1973; Zuo Ma et al. 2010; Andrews et al.
2001; Phuc et al. 2016)

P () = ZEZL PN (08, )iy >0, (1n)
whereh, is the attenuation due to the AT for the signal (hsig) or interfere (him), a and f are
the effects of large and small eddies of the scattering operation, respectively, K, (-) is a
modified Bessel function (second kind, order n), and I'(:) is the gamma function (Elsayed
et al. 2018; Elsayed and Yousif 2020a, b). The signal and interferer (SAI) pass along dis-
tinct pathways in the UTS (Aladeloba et al. 2012a, 2013; Mbah et al. 2014, 2016; Elsayed
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et al. 2018; Elsayed and Yousif 2020a, 2020b; Personick 1973; Zuo Ma et al. 2010;
Andrews et al. 2001; Phuc et al. 2016; Majumdar 2005).

-1

0.490-12{
a = 4 exp -1

7/6
(1+065¢ +1.1167°)

, 12)

-5/6 -1
12/5
0.5103 (1+0.690,)

B =qexp -le (13)
1+0.9d* +0.62d%6,”"°

d=1/kDp /41, (14)

where d is the receiver collecting lenses (RCLs) [8 — 10, 30, 33], Dy is the RCL diameter,
Ci is the refractive index structure (RIS), k = 2z is the wave-number, and A is the wave-
length, and l;, is the FSO length (Elsayed et al. 2018; Elsayed and Yousif 2020a, b; Mbah
et al. 2016; Personick 1973; Andrews et al. 2001). Using the Rytov variance, we can deter-
mine the different turbulence regimes, such as ST and WT, based on the 02R where if 0[2{> 1;
we have ST, and 02R< 1, we have WT (Elsayed et al. 2018; Elsayed and Yousif 2020a, b);
if cslz2 ~ 1, we have MT, and if saturated turbulence cslz2 — oo are given as from Elsayed et al.
(2018); Elsayed and Yousif 2020a; b; Personick 1973; Zuo Ma et al. 2010; Mbah et al.
2014; Andrews et al. 2001; Phuc et al. 2016)

2 _ 21.7/6,11/6
op = 1.23C2k"/% ! (15)

3 BER analysis

Table 1 shows the values calculated for 0']% analysis. a, and f§ used for modeling the satu-
rated turbulence, ST, MT, and WT are shown in Table 1 (Mbah et al. 2016; Elsayed et al.
2018; Elsayed and Yousif 2020a, 2020b; Personick 1973; Zuo Ma et al. 2010; Majumdar
2005). SMis increases the effectiveness of crosstalk combinations that can occur in the
signal frame. Considering Fig. 2c with n;+n,= n+ 1. Crosstalk is plotted against the chan-
nel numbers using the WDM-DPPM system, as shown in Fig. 3. The crosstalk channel is

Table 1 The calculation results

P: t Turbul Regi
for characterizing the ST, MT, arameter urbuience Regimes

WT, and saturated turbulence Weak Turbulence ~Moderate  Strong Saturated
regimes (Mbah et al. 2016; oé <1 Turbulence Turbu- Turbu-
Elsayed et al. 2018; Elsayed and o-ﬁ ~ 1 lence lence
Yousif 2020a, 2020b; Personick o2 > 1 ol -1
1973; Zuo Ma et al. 2010;
Majumdar 2005) 0',% 02 1.6 3.5 25
11.651 4.027 4.226 8.048
p 10.122 1.911 1.362 1.032
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Fig.3 Crosstalk vs. the channels x10*
numbers for the WDM-FSO 6
system

-

w

Crosstalk[dB]

[ 5]

1 2 3 4 5 6 7 3 ) n
Number of channels, N

evaluated by Eq. (16) (Elsayed et al. 2018; Elsayed and Yousif 2020a, b; Personick 1973;
Zuo Ma et al. 2010; Mbah et al. 2014; Andrews et al. 2001; Phuc et al. 2016)

o = M'B’R3P?2€,4 + (N = 3)€,0naai + Xewiten] (16)

The number of hops is equal to M’ =, the detector resistance is R,, the bit ratio of
the peak signal power is equal to B, N is the channel number, X is the switch values,
and P, is the input power.e denotes the effective adjacent and effective nonadjacent,
B=1R;=0.85, and X=1 (Personick 1973; Zuo Ma et al. 2010; Mbah et al. 2014;
Andrews et al. 2001; Phuc et al. 2016; Majumdar 2005). If we increase the hop number
then crosstalk also increases. In other words, if we use more hops, the channel number
decreases, and we can use more channels with fewer hopes, as seen in Fig. 3, with a set
number of crosstalks. The contribution BER is written to the (Aladeloba et al. 2012a,
2013; Elsayed et al. 2018; Elsayed and Yousif 2020a, 2020b) when the crosstalk is not
available.

BER(nl ) = Pr0.0) (nl ) ﬁ Pe0.0_00) a7

While for the other possibilities are commonly written as (Phillips et al. 1996a;
Aladeloba et al. 2012a; Mbah et al. 2014)

[ps(l| ,Iz)(l’ O)Pwe(l1 ’IZI,O )

tg
1
BER; |, (n) = P Z Pr(y, 12) m +Py(1,1,) 0 O)Pwe(l,,IZO_O)

+ ps(ll,lz)(o’ l)Pwe(Il’IZ().I)
(18)

@ Springer



116 Page 10 of 31 E.E. Elsayed et al.

Fig.4 BER versus the slot 107 . . .
discretization number (m) at - M=1,C, =5 dB
G =30 dB for SMis
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BER

3 4 5

10 10 10
Number of slot discretization, m

where m is the slot discretization number for SMis using the MCB. The total BER is com-
puted by calculating all the error inputs from Eqs. (17) and (18) in the presence of crosstalk
for SMis (Phillips et al. 1996a; Aladeloba et al. 2012a; Mbah et al. 2014)

n | BER(n;) + BER, (n;) + BER, o(n,)
_ 1 2
BER = - > + Y [BER; (n,) +BER, ,(n,)] (19)
I,=1

n =1

The target BER of the value of > 100 is 107 as shown in Fig. 4, while the BER is worse
for the value of m <100, in particular the target BER of lower CL and higher CPP. As seen in
Fig. 4, higher m values do not indicate substantial changes in the BER, but rather the compu-
tational time increases. For definiteness, m =100 was included in the calculations as shown in
Fig. 4.

3.1 DTS analysis

For the downstream transmission system (DTS), L, and I, can be expressed as (Mbah
et al. 2016; Elsayed and Yousif 2020b; Aladeloba et al. 2013)

N
I,a 1 a
RPt,sig (Hl Gihihi )hN + ]hN + 1Lmudeemux
i=
i N+ 17N+ 1 "mux

Iug
L= N : (20)
" Rl?t,int(_l_[1 Ghlha>h1 ha L Ldemudeemux,XT

where R is the PIN photodiode responsivity, G; is the OA at the i-th relay (assuming that
G, = - = G;... =Gy). The signal-to-noise ratio (SNR) is expressed as (Elsayed and
Yousif 2020b; Mbah et al. 2014; Personick 1973; Zuo Ma et al. 2010)
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2
SNR = M (©3))
63 + 02

In (21) Gg and Gﬁ are receiver noise variances of in 0 and u slots, which can be given as
(Aladeloba et al. 2013; Zuo Ma et al. 2010)

2 2
o, _ Gglg + alm + 0' + crASEr + 0' + O'ASEC + o 22)
2 ol o) +a +o, +0' +02

ASE,r ASE.c

where O-Szlg O Gzz,r’ G/ZxSE,r’ Gzz,c’ UzszE,c’
interferer shot noise, accumulated amplified background (AAB) noise over relays, AAB
ASEN over multiple relays (N), AAB at the destination, ASEN resulted from the OA at the
RN, and receiver TNV, respectively (Elsayed et al. 2018; Elsayed and Yousif 2020a, 2020b;
Zuo Ma et al. 2010). In Eq. (22), the TNV noises can be expressed as (Aladeloba et al.
2012a, 2013; Elsayed et al. 2018; Elsayed and Yousif 2020a, 2020b; Mbah et al. 2014; Per-

sonick 1973; Zuo Ma et al. 2010)

and o-% are variances of the signal shot noise (SSN),

N
O-Szlg ZqRPt Sig (H Glhlh:l>h}\l+lh;1+leudeemuxBe’ (23)

i=1

N
mt 2qRPt int (H Glh:h:‘>h}\1 + 1th + 1Lmudeemudeemux,XTBe’ (24)

i=1

N
0'22,r = 2qR<Z HG k+1 k+1)LdemuxBe’ (25)

i=l k=i
N-1 N

Oasps = 2qR<Z [Tc thEh}th;H)LdemuxBe, 26)

i=1 k=i+1
GIiSE,C - zqRPN+th+1hia\I+1LdemuxBe’ (27)
o, = 2qRP,B,, (28)

4k, T
2 B

or="g,_ B (29)

where q is the electron charge; kg is the Boltzmann’s constant (Aladeloba et al. 2012a,
2013; Elsayed et al. 2018; Elsayed and Yousif 2020a, 2020b); T is the absolute tempera-

ture; R, the load resistance; B, = Tl = 10M1§M) is the effective noise bandwidth; P' is the
average power of ASE noise at the i-th relay, assuming that Pl == P‘A == PI:.
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3.2 UTS Analysis

By substituting hy, , “gh;+1 sg 20 h}m e e Or g DY from Eqs. (20), (23), (24), we
respectively obtain I and a . for the UTS. To obtain 2 ASE.C’ hN +p Dy N Eq. (27) is
replaced by h; = hl1 h{ because thls ASEN from the first hop experiences turbulence when
considering the direction from ONUs to the optical line terminator (OLT). For
azzr,aiSEr, 7007 2 the calculation is the same as in Egs. (25), (26), (28), and (29), respectively
(Aladeloba et al. 2012a, 2013; Elsayed et al. 2018; Elsayed and Yousif 2020a, 2020b; Mbah
et al. 2014; Personick 1973; Zuo Ma et al. 2010).

sig? mt’

4 BER evaluations for WDM-PON/FSO system

The BER is a primary performance feature that is widely used in the study of FSO communi-
cation systems (Mbah et al. 2016; Khalighi et al. 2009). By making a GA assumption for the
noise, a BER conditioned on the turbulent channel’s instantaneous loss (or gain) state h,, is
given as (Aladeloba et al. 2012a, 2013; Mbah et al. 2014, 2016; Elsayed et al. 2018; Olsson
1989)

erfe iD_iO(POAinm’ht) + lerfc il(POAinH‘,’hr) —ip
20— (POAm ’ h)

BER (Poy;, » hy) = 262 (Poin,.» ) ?
m,,°

1l
2|2
(30)

The OS power at the output of the OA is calculated as (Aladeloba et al. 2012a; Elsayed
etal. 2018; Mbah et al. 2014)

Pout(Pin) = G(Pin)Pin (31)

We assumed set to a long term average received power at the PD for the non-adaptive deci-
sion threshold (Aladeloba et al. 2012a, 2013; Mbah et al. 2014, 2016; Elsayed et al. 2018;
Elsayed and Yousif 2020a)

(oo}

POAm R/Pout POAm ’ )pGGhtdhl (32)
0

The average BER is obtained by Aladeloba et al. 2012a; Mbah et al. 2016; Elsayed et al.
2018; Elsayed and Yousif 2020a; Aladeloba et al. 2013)

[s5]

BER,, POAm / BER( POAm .h)pgghydh, (33)
0

The outage probability (OP) is therefore determined by integrating the joint pdf over
the region where the instantaneous BER (IBER) exceeds the BER target is calculated as
(Aladeloba et al. 2012a, 2013; Khalighi et al. 2009);
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POUT<<Id>’<Il)) =//de,xl(ld’ Il)<1d>’<ll>dlddll (34)
R,

where Ry denotes the region in (Iy, I;) space where BER; (I4, I;) > BER target. Equa-

nst

tion (34) could be simplified further as, (Aladeloba et al. 2012a, 2013)

oo lor(h)

POUT(<Id>7<Il>)=/ / de(Id’ad))px,(Il’(Il))dlddll
0 0
Lar(h) (35)

:/le(11’<11>) / de(Idaad))dId dI,
0

0

where I;; (11) is the threshold instantaneous irradiance. The system’s IBER is a result of the
SAI (Id, Il), (Aladeloba et al. 2012a, 2013; Mbabh et al. 2016; Elsayed et al. 2018)

1 Q(Id’ I1)
BER; (I, I}) = —erfc(—) (36)
4 V2

i o(Ig 1)) =iy (I- 1)
GI,O(Id’ Il) + 00, (Id’ 11)

where aﬁl(de 0,1) and (le0,1) are the sum of the TNVs which include SSN

Qly, ) =

(37

G;—sh( = 2qid’1(Id,Il)B?, ASE shot noiseoy gy 1) = an[Rc%BOBe, signal-ASzE ;)eat noise
0 asan (Lo 1) = 4RNpig) (Ig, 1) B, ASE-ASE beat noise o3, = 2mR*NiBB, and

thermal noise o-tzh and id’l(Id, 11) =iy (Id) +1i (Il) is the desired SAI current at the decision
instant in the receiver (Aladeloba et al. 2013). The MAVs of the RVs for the DTS are
retrieved by substituting AT attenuation for the required SAI (hd, hi) with &, written as
(Aladeloba et al. 2012a; Mbah et al. 2014, 2016; Elsayed et al. 2018; Elsayed and Yousif
2020a)

LRgN
g (B 1) = 0 + G (5igRPy () + intRP; (1)) (38)

S

0_2

(hg. b)) =02 + (

(LRq*Ny (1 +LR¢*Ny)) )

Xig, int tg
(39
sigP;(h intP; (h;
+Gq* [ (R+ ZRZNO)—d( o) | (R + 2R12N0,i)—’( )
S S
where sig/int = 0 or 1 depends on the existence of signal/CPP in the slot. atzh is the M-ary

DPPM TNV (Aladeloba et al. 2012a; Elsayed et al. 2018; Elsayed and Yousif 2020b; Per-
sonick 1973; Zuo Ma et al. 2010; Mbabh et al. 2014; Andrews et al. 2001; Phuc et al. 2016)
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n

we(lr)(hd’ht) = H P(Xl,int >Xj|hd’hi) (40)
j’;iigslot

—1—(l-r) 1-

Pyeq,n(has ;) < 1= (1= P(Xo0 > Xy lhg b)) 1= p(Xoy > X juclhasby)
(41)
P (Xoini > Xy ini| Bg-h; ) using GA is of the general form (Aladeloba et al. 2012a;

Elsayed et al. 2018; Elsayed and Yousif 2020b; Personick 1973; Zuo Ma et al. 2010;
Mbah et al. 2014; Andrews et al. 2001; Phuc et al. 2016)

#X int h’hi _”XJ"K h !hi
P(Xo,n > Xy lgs by) = 0.5erfe ) o) 42)

2(6)2(““‘ (hd’ hl) + 6)2(0,““ (hd’ hl) )

For the UTS and DTS, the conditional BERs are expressed as (Aladeloba et al.
2012a; Elsayed et al. 2018; Elsayed and Yousif 2020b; Personick 1973; Zuo Ma et al.
2010; Mbah et al. 2014; Andrews et al. 2001; Phuc et al. 2016) and are dependent on
turbulence and crosstalk frame overlap, respectively.

_ Puay(DPyeq, 1) (hgs ;)
Bmﬂ%MM—m(hm)<gmﬁ%M%® 43)
_ n Psy(DPueq, 1) (hz)

BERD] (h27 nl) - pf(l)(nl ) 2(n _ 1) < +l;s(l)(0)P:/e(l, 0 (hZ) (44)

where py, (n 1 ) is the probability that frames are affected by crosstalk pulses. Also p,(r)
is the probability of r out of / crosstalk pulses entering the single slot is calculated from
Mbah et al. (2014). The total BER was estimated in the presence of the AT and ICC for
DTS and UTS and calculated using Eqs. (43), (44) (Aladeloba et al. 2012a; Mbah et al.
2014, 2016; Elsayed et al. 2018)

2

1

BER s = - Z Z BERyrs, (hg, hiny )Pega(ha)Pagi(hi)dhg dhy  (45)

n=01=0
00 =0 1=

BERDTS /
0

Equations (45) and (46) are updated to eliminate the conditions of averaging for all
values for the UTS and DTS of (nl)Elsayed et al. 2018; Elsayed and Yousif 2020a, b;
Aladeloba et al. 2013) to address signal frame misalignment and crosstalk.

n—1

BERDTS 2211 )Poe.a(hz)dhy (46)

S| =
M-

T
o

ny=0

(8]

ﬁ=//BER(hsig’ hint)pGG,sig(hsig)pGG,int(hint)dhsigdhim (47)
0 0
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where pee i (i) a0d P it (Pin) are the SAT GG pdfs respectively, as written in Elsayed
et al. (2018); Elsayed and Yousif 2020a; Elsayed and Yousif 2020b; Aladeloba et al. 2013;
Personick 1973; Zuo Ma et al. 2010; Mbah et al. 2014; Andrews et al. 2001; Phuc et al.
2016). For accuracy measurements, signal multiplexer/de-multiplexer loss L, and L.y
(£3.5 dB) (Elsayed et al. 2018; Elsayed and Yousif 2020a, 2020b; Mbah et al. 2014),
Using a GA, the BER conditioned on (hﬂ-g) and (him) for UTS with a single ICC (Aladeloba
et al. 2012a, 2013; Mbabh et al. 2016; Elsayed et al. 2018; Elsayed and Yousif 2020a, b)

hy,. h;,
BER (hg,. by, ) = im%(L\/g_‘)) (48)
2

i1,0 (hsig’ hint) - i0,] (hsig? hint)
C10 (hsig’ him) +0p1 (hsig’ him)

Q(hsig’him) = (49)

iy, a (hsig’him) =iy, (hsig) +ig (hin) (50)

sig, dint

h

int = 0 or 1) and interferer (d;,= 0 or 1) cur-

) is the OS resulting (d;,

rent at the decision circuit (DC). where iy 4 (hge.hyy) is the OS resulting
ig,, (D) +1g, (hine) = (dggy = O or 1) and interferer (d;, = Oorl) current at the DC are
written as (Aladeloba et al. 2012a, 2013; Elsayed et al. 2018; Elsayed and Yousif 2020a,
2020b), iy, (hyg) = adgoRPg g (hyig) and iy (hip) = adiy RPg iy (hiy) is the SAI current
for data 1 and 0, are, respectively (Aladeloba et al. 2012a; Elsayed et al. 2018). Py ;, and
Ppin are instantaneous received SAI average powers, respectively. a,=2/(r+ 1)
4, =2r/(r+ 1), ris the extinction ratio. R = ng/E is the responsivity (in A/W), 7 is the
PD QE, ¢ is the EC, E = hf, is the photon energy, & is Planck’s constant, f, is the OF
(Aladeloba et al. 2012a; Elsayed et al. 2018; Elsayed and Yousif 2020a, 2020b; Mbah et al.

2014). As shown in Egs. (51) - (54), the total OLT receiver TNV o2 n is the sum of the

SSN and the TNV (Aladeloba et al. 2012a, 2013; Mbah et al. 2014,‘ 2616; Elsayed et al.
2018; Elsayed and Yousif 2020a, 2020b) plus the ASE shot noise,signal-ASE beat noise,

and ASE-ASE beat noise variance.

where iy g (h

sig?

O hormdyy iy = 20 (B i) Bes 51)
thot, ASE = 2mt BONOqR Be (52)

o} =4RN,iy 4 (g hin) B
sig—dy;q.din—ASE o dq i \""sig? TVint C (53)
G/ZxSE—ASE =2m,R°N, f B.B,. (54)

BER(Pg (1)) = Lerte

1 (35)

(Z(r—l)RPRYS,-g(l) [(r+ 1)>

2qB,RPy (1) + 07,
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1 2r—=DR - P/(r + 1) < P >
BER = - [ erfc dP
4 0/ < 2gB,R- P+ 07, P66\ ProgD (56)

where

atf g

< p > _ z(aﬁ)(ﬂ+ﬂ)/2< P ) 2
P60\ PrseD) ~ T@L®B) \ Prag(D

P
XK, g (21 [ap Pro(D )

Finally, the dependency in the last case is as follows (Aladeloba et al. 2012a; Elsayed et al.
2018):

(7

(2(r— DR-P(1=1/Cyy)/(r+ 1))
o erfc > X
BER = L 2qB,R-P(1+1/Cxy) + 02,

P
0 X dpP
Pac < PR,sig(l) >

4.1 BER analysis in terms of the pointing errors and the effect of misalignment
on FSO links

(58)

In this section, we provide the effect of misalignment and PEs on FSO links and provide a
mathematical representation of BER in terms of pointing coefficient in the existence of bore-
sight problems (Elsayed and Yousif 2020a, 2020b).

BER(I) = 1 [exp( (=sip(D) My, (s, 1) + exp (sip()) My (=s, )]s = 5o =5, > 0
(59)

5/6
wZ=W0< 1+(z/zL)2>>< \/1+1.33a§<2z/kw0 1+(z/zL)2> (60)

where w, is Gaussian beam caused by the AT effects increases with the optical length

z =g, and w,, is the minimum value of w, at a point (z=0) and the Rayleigh range
— w2

7 = Wy /2

2,
pPE(hp) = 1:7h[}; o< hp <A, 61)
0

where h,, is the attenuatlon duetothe PE,y =w, / 207pg, jitter-induced PE at the receiver is

Opp, Ag = [erf(v)] is the portion of the collected power at zero radial displacement. The
combined pdf due to PE is given as (Aladeloba et al. 2012a, 2013; Elsayed et al. 2018;
Elsayed and Yousif 2020a, 2020b; Mbabh et al. 2014)
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PUn) = [ 2ol (), ©

where hy,; = hyh, and pp is the probability distribution for PE conditioned on h,, such that
(Aladeloba et al. 2012a; Elsayed et al. 2018; Elsayed and Yousif 2020b)

h 2

1 1ot hmr y2_1 .
S pee(higlhy) = o pPE(—h ) = (—h ) 0 < hyy <A, (63)

On substituting Eqs. (11) and (63) into Eq. (62), the combined pdf can be re-written as
(Aladeloba et al. 2012a; Elsayed et al. 2018; Elsayed and Yousif 2020a, 2020b)

Zyz(aﬂ)(a+ﬁ)/2 - @ _j_y2
pGG(htot) = A},z—hfot 1 X / ha : Ka—ﬂ<2 aﬁha>dha; (64)
o (@(B) h A

4.2 The proposed system model’s power budget

In this section, we analyze the power budget for the proposed system model. The power
budget is the amount of light possible to produce at OF link (Elsayed et al. 2018; Elsayed
and Yousif 2020a, 2020b).

Power Budget(PB) = Minimum Transmitter Power (PTMIN) 65)

— Minimum Receiver Sensitivity (PRMIN)

Link Margin(PS) = (Fiber Attenuation X Km) — (Splice Loss X No. Splices) 66)

+ (Connector Loss X No. Connectors)

Power Margin (Py;, ) = Power Budget (Py) — Link Margin (P) — Safety Margin

(67)
Losses = (8 channel Multiplexer/Demultiplexer] loss)
+ (8 channel Multiplexer/Demultiplexer2 loss) = 38 dB (68)
Py = T,Power — R, Sensitivity — Losses = 0 dBm — (—44 dBm) —38 dB = 6 dB
(69)
Power Budget = Buffer Distance/Fiber Attenuation (70)

Then we will calculate the maximum supported distance of the DWDM-optical fiber
link. From (Elsayed et al. 2018; Elsayed and Yousif 2020a, 2020b), we calculate the fiber
attenuation (0.2 dB/km). The OF link length distance is:

Distance = (6dB—2 dB)/0.2dB/km = 20 km (71)
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5 Calculation results and discussion

Table 2 shows the system parameters that were utilized in the calculations. N x is fixed
by N, /Cxr at the receiver with Cyy > 1, i.e. assuming that the demultiplexer has attenuated
the crosstalk and associated ASE when coupled with the intended signal PD. Both SACs
are considered to have the same data rate (Aladeloba et al. 2012a, 2013; Mbah et al. 2016;

Elsayed et al. 2018; Elsayed and Yousif 2020a, b). The DPPM TNV is recalculated by mul-

tiplying the DPPM bandwidth factor such that O-zh—DPPM = BeXPGtzh—OOK where B, ,= 2M/M
is the DPPM bandwidth growing factor and 67 =7 X 10=" A is calculated using a

Fig.5 BER versus average opti- (a)
cal power (AOP) (dBm) with Cy 1
=5dB,and M=2, a gain=8 dB B
and b gain=30 dB for (Mbah
et al. 2014) and proposed work 10
10 g
=RUM*

10* H[--e--GA, No XT 29] . '-Q 1
--%-- MCB, No XT |[present] \\ \_‘
-8-GA, CXT=5 dB [present] AR

_ \ Y

10" - MCB, CXT=5 dB [29] QQ‘ B

\ Y

VA

--4--CB, CXT=5 dB [29], [present] \\\‘
(Y

10'12 ! ! ! ! ! ‘:‘E‘A

-44 -42 -40 -38 -36 -34 =32
Average Power at OA Input (dBm)
(b)
10’ , , , , . .

10°

--0--MCB, No XT [present]
--8--CB, No XT [29]

—>— GA, No XT [29]

107" MCB, CXT=5 dB [29]
—#—CB, CXT=5 dB [29], [present]
-0 GA, CXT=5 dB [present]

56 54 52 50 48 46 44 42
Average Power at OA Input (dBm)

@ Springer



116 Page 20 of 31

E.E. Elsayed et al.

Fig.6 BER versus average
received irradiance at RCL [dB]
using a gain=8 dB, Dgyx =4 mm
for ST using K distributions

and GG, b gain=30 dB, Dyx=

4 mm for no turbulence (NT),
and WT using the GG model and
log-normal

()
10”
107}
E 107
—o— CB, Strong turbulence using K distribution
10° --A--MCB, Strong turbulence using K distribution
—+—GA, Strong turbulence using K distribution E
- CB, Strong turbulence using gamma-gamma
—8—MCB, Strong turbulence using gamma-gamma
--9--GA, Strong turbulence using gamma-gamma

-6/
10 L L

22 24 26 28 30 32 34 36 38 40
Average received irradiance at RCL input normalized to 1mW/m? [dB]

(b)
10’ §
10° 1
-2
=
-]
10—10» i
=@=" GA, No turbulence
=-B-- MCB, No turbulence
==¥-- GA, Weak turbulence using log-normal
==#--CB, Weak turbulence using log-normal
=+8=" GA, Weak turbulence using gamma-gamma
-+ CB, Weak turbulence using gamma-gamma |\
I I I PO
-10 -5 0 5 10 25

Average received irradiance at RCL input normalized to ImW/m? [dB]

PIN-field effect transistor receiver model at BER of 1072 and sensitivity of —23 dBm with
Ry= 2.5 Gbps (Aladeloba et al. 2012a, 2013; Mbah et al. 2014, 2016; Elsayed et al. 2018;
Elsayed and Yousif 2020a, b; Khalighi et al. 2009). The Matlab 2013 software is used to
plot the figures of the proposed system.

For the highest DPPM CL of M =7, the demux bandwidth is 80 GHz with an adja-
cent channel spacing of 100 GHz, which is nearly identical to that of Mbah et al. (2016);
Elsayed et al. 2018; Al-Habash et al. Aug. 2001; Popoola and Ghassemlooy 2009) and can
easily handle the slot rate of 45.7 GHz (Aladeloba et al. 2012a).
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Fig.7 PP versus a frame mis- 0.424 - - - - - - - -
alignment for Cy;= 10 dB, M=3

and at BER=10""
0.422F ]

0.42f i

0.418F i R

0.416} . 1

Power penalty (dB)

0.414F 1

0.412} ]

Frame Misalignment, (n,)

The OF feeder link length is 20 km for a single-mode fiber of the proposed design for
the hybrid fiber/FSO communications system. Typical values are — 20 dB to — 30 dB for the
adjacent channel rejection ratio (Mbah et al. 2016; Elsayed et al. 2018; Elsayed and Yousif
2020a, b; Al-Habash et al. Aug. 2001; Popoola and Ghassemlooy 2009; Ramaswami et al.
2010).

Figure 5 shows the comparative output of the CB, MCB, and GA performance at high
gain G=30 dB and low gain G=8 dB with M =2 and single crosstalk (Mbah et al. 2014,
2016; Elsayed and Yousif 2020a). While the MCB comes closer to the CB at high gain,
it coincides with the GA at low gain due to the ASE noise’s effect on the TNV. The GA

Fig.8 BER vs. AOP at RCL 10° . . . . . . .
input (dBm) using G=30 dB,
M=5, and Dgx=1 mm at I

=1500 m and 2000 m 107

-4
10
--EF- CB, No Turbulence [\ % =3NS
® || 7O GANoTurbulence | \  wIN ™
= 10 [ A GA, WT1_=1500 m . ]
= o RN XA TS

=-%--- MCB, WT1_=1500 m |, \

fso

—+— GA, WT, =2000 m
10' H ¢ CB, WT';‘..:ZOOO m
wofer GA, MT 1 =1500 m

fso

—<— MCB, MT1_=1500 m

fso

RO GA, MT 1, =2000 m

10 1
—6— CB, STI, =1500 m
—8— GA, ST, =2000 m
12| | = MCB, ST1_ =2000 m
- w0
10 L

-60 -55 -50 -45 -40 -35 -30 -25 -20
Average Power at RCL Input (dBm)
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Fig.9 PP against signal-to-cross- 5% T -
talk ratio at BER = 107 and for \ ! --4-- QOK, 50 XT signals
1
both DPPM and OOK 4.5 4.|¢ ; --6-- Q0K 35 XT signals
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Signal to Crosstalk ratio (dB)

30

outperforms the MCB and CB at high gain and in the presence of crosstalk (which are
upper bounds). The BER curves for CB, GA, and MCB at low gain OA (G=8 dB) and
G =30 dB) are shown in Fig. 6. The difference between the K and distribution is depicted
in Fig. 6 (a). Figure 6b shows the high-gain BER curves (G=30 dB) with the same param-
eters to characterize the AT regimes. Here the curves of MCB BER and CB are nearly the
same, while both CB and MCB vary in the GA and are much stronger with increasing AT
(Elsayed and Yousif 2020a, b). The MCB with GG distribution is probably the most sensi-
tive modeling approach in all AT regimes, as shown in Fig. 6a and b. This is due to the

MCB’s tighter bound than the CB.

Fig. 10 BER against AOP at OA
input (dBm) with Cy =5 dB,
M=2,G=27 dB (Mbah et al.

2014) and G=30 dB [present
work]

BER

-10

10

5 || -0~ MCB, No XT [29)]

-8--CB, No XT [29]
——GA, No XT [29]

~+--MCB, C =5 dB 9]
—+—CB, CXT=5 dB [29], [present]
-¢--GA, CXT=5 dB

-+4--MCB, No XT [present]

--u--CB, CXT=5 dB [present]

-5--GA, CXT=5 dB [present]
T T

-56
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The power penalty (PP) versus a frame misalignment for Cxy= 10 dB, M =3, and at
BER = 107° is shown in Fig. 7 for the single crosstalk scheme. The PP for the various
set slots alignments (subcases) is seen in each point in Fig. 7 and is summed to achieve
the OSA for the total PP. This is due to the probability that crosstalk does not interfere
with the pf(o)(nl) signal frame for such misalignment (Mbah et al. 2016), which is the
best result for the fixed slot alignment at n; = 4. In Fig. 8, two typical FSO distances
with WT, MT, ST regimes, and NT, Iz,= 1500 and 2000 m using Dgx = 1 mm, M =5,
G =30 dB, and are seen with the BER curves (Elsayed and Yousif 2020a, b), respec-
tively. The consequences of AT for the longer optical link can be found here more seri-
ously, for example, at target BER, the receiver’s deteriorating sensitivity reduces the
duration of the optical link by 8 dB (ST), 5 dB (WT), and 12 dB (MT) (Mbah et al.
2016; Elsayed and Yousif 2020a, b; Maru et al. 2007; Hirano et al. 2003; Yu and Neil-
son 2002; Henry 1989; Ebrahim and Yousif 2020a; Yousif et al. 2019a). As shown in
Fig. 9, the results of crosstalk PP analysis M =2 are compared with the PP OOK for a
target BER of 107°. For numerous crosstalks at low CL, DPPM anticipates an accepta-
ble PP that is smaller than the OOK. The DPPM PP reduction improves as the number
of crosstalk sources grows and the CL increases from M =1 to 2. For M =2, the FA is
equivalent to OSA (Mbah et al. 2016, 2017; Elsayed et al. 2018; Elsayed and Yousif
2020a; Maru et al. 2007; Aladeloba et al. 2012b, 2012c; Yousif et al. 2019b; Ebrahim
and Yousif 2020b; Available online 2021; Singh and Malhotra 2019a, 2019b). Figure 10
compares the output of the MCN, CB, and GA performance at high gain G=27 dB
(Mbah et al. 2014, 2016) and G=30 dB [present]. At low gain, the GA corresponds to
the MCB performance, and at high gain, the MCB moves closer to the CB. As the CL
and the noise equivalent bandwidth B, of the DPPM receiver rise, so does the margin by
which the GA reaches the CB and MCB. The results demonstrate an aggregate 20 G/bit
for eight channels of the DWDM-PON/FSO optical fiber at a 2.5 data rate using the
hybrid modulation M-ary DPPM/MPPM at a BER of 10712, We compare the results with
the upstream and downstream directions in Kumari et al. (2021), which achieves a max-
imum transmission rate of 40/40 Gbps at 50 km fiber for 64 quadrature-amplitude mod-
ulations (QAMs) over ten 8000 m visible light communication links. In Kumari et al.
(2021), the system improves orthogonal frequency division multiplexing with M-QAM
for the downstream and upstream, while in our proposed design we enhance M-DPPM
for upstream and downstream DWDM-PON/FSO communication systems. The numeri-
cal analysis of Kumari et al. (2021) reveals the superiority of the proposed fiber links.
The system demonstrates a high bit rate and WDM-PON with a hybrid PON optical
fiber communication system (Kumari et al. 2020). The receiver sensitivity (M = 1-6) for
the NT with WT and ST for each CL of DPPM employing the GA, CB, and MCB is
shown in Fig. 11 (Aladeloba et al. 2012a). At M=5, G=30.6 dB and R, =2.5 Gb/s, in
condition of the NT, the receiver sensitivities are —51.59 dBm (MCB), -51.49 dBm
(CB), and —50.53 dBm (GA) (Elsayed and Yousif 2020a; Maru et al. 2007; Hirano et al.
2003; Yu and Neilson 2002; Henry 1989; Ebrahim and Yousif 2020a; Yousif et al.
2019a). Numerical results show that sensitivities are around —51.56 dBm (MCB),
—51.49 dBm (CB), and —50.25 dBm (GA) [present]. In Fig. 12, we show a plot of the
required mean irradiance (RMI) for a WDM-FSO system to reach an IBER target with a
fixed OP. According to Fig. 12, the RMI to achieve a target IBER of 10~ with an OP
target of 107° is greater than the RMI to achieve a target IBER of 107® with an OP target
of 1073 (Mbah et al. 2016, 2017; Elsayed et al. 2018; Yousif et al. 2019a; Aladeloba
et al. 2012b, c). This demonstrates that it takes more transmitter power to increase OP
for a given IBER target than to enhance IBER for a given OP target. For example, at
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Fig. 11 Receiver sensitivity (dBm) for each M-DPPM CL for NT with a WT and b ST(Aladeloba et al.
2012a), [presentwork]

2000 m in Fig. 12, an additional 2.66 (dBm/cmz) is required to raise the IBER from
1073t0 107° at a given OP of 1073, whereas an additional 14.23 dBm/cm? is necessary to
enhance the OP from 107> to 107 at fixed IBER of 107> (Aladeloba et al. 2012a, 2013;
Mbah et al. 2016; Elsayed et al. 2018). The results demonstrate that to meet target BERs
of 1073, 1076, and 10~ for all turbulence conditions, the proposed system requires a
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Fig. 12 RMI versus of the
FSO link length for DTS at
C2 =1x10"m 23 and
L‘demux,XT= 35dB

Fig. 13 UTS ROP (dBm)
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demultiplexer with an adjacent DCR greater or equal to 17 dB, 33 dB, and 46 dB,
respectively (Mbah et al. 2016;Elsayed et al. 2018; Maru et al. 2007; Hirano et al. 2003;
Yu and Neilson 2002; Henry 1989; Ebrahim and Yousif 2020a; Yousif et al. 2019a).
Figure 13, shows the UTS required AOP (dBm) as a function of the interferer DCR
Lyemux xT (dB), and RIS constant at li, = 2000 m. The results demonstrate that to meet
target BERs of 1073, 107%, and 107° for all turbulence regimes, the system requires a
demultiplexer with an adjacent DCR greater or equal to 17 dB, 33 dB, and 46 dB,
respectively (Mbabh et al. 2016; Elsayed et al. 2018; Maru et al. 2007; Hirano et al. 2003;
Yu and Neilson 2002; Henry 1989; Ebrahim and Yousif 20_2921; Yousif et al. 2019a).
Figure 14 shows the UTS PP (dB) at C2=le—17m 3 and interferer DCR
Lgemux, xt (dB) at [, = 2500 m. As a result, the PP for the DPPM scheme is lower than
for the OOK technique. As seen in Fig. 14, a closer interferer to the remote node results

@ Springer



116 Page 26 of 31

E.E. Elsayed et al.

Fig. 14 PP (dB) versus the
interferer DCR Lyepy x1 (dB) for
the UTS at C?> = le— 17m /3 at
lto = 2500 m

Fig. 15 BER versus the average
transmitted power P, with M-ary
DPPM hybrid fiber/FSO-WDM
for DTS, l;,,= 2500 m, and
L%emux%T: — 30 dB for different
Cm 73
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Table3 The proposed DWDM-FSO/PON-based M-ary DPPM and PAPM modulation schemes for the
DWDM-FSO network system (Aladeloba et al. 2012a; Elsayed et al. 2018; Elsayed and Yousif 2020a;
Mukherjee 2000; Yu and Neilson 2002; Singh and Malhotra 2019b; Hayal et al. 2021)

Modulation Scheme

Bits per Symbol

Bandwidth Requirement ~ Spectral Efficiency

M-ary PPM

M-ary-PAPM

Hybrid M-ary M-DPPM-PAPM

()
o ()
bz (1)

R, 1 k,,( M ) J
M 0g)
10222?:1( n )J .é
L M

MR, M

e (1)

[logzk"ZL]( I\I/I )J .;
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-2
in higher ICC to other users at low <C[21m /3>. Figure 15 shows the M-ary DPPM BER

versus P, with different AT strengths for the DTS (Mbah et al. 2016; Elsayed et al.
2018). When the AT becomes stronger across a total distance of 2500 m, the BER per-
formance deteriorates continuously. With only one relay (N), the required P, to achigve
BER of 10™°_gre 4.5 dBm, 7.5 dBm, and 10.5 dBm equivalent to 5x 10~ m /3,
75%x10"5m 73, and Ci of 10~m /3. In comparison to N=1, the BER performance
with two relays is greatly improved. When N =2, the improvements are 6 dB, 7 dB, and
8 dB for "C2 of 5x107"m B1x10™“m 73, 5x107°m 73,7.5x105m 73,
respectively (Aladeloba et al. 2012a, 2013; Elsayed et al. 2018; Maru et al. 2007).
Table 3 shows the proposed DWDM-FSO/PON-based M-ary DPPM and PAPM modu-
lation schemes for the DWDM-FSO network system (Aladeloba et al. 2012a; Elsayed
et al. 2018; Elsayed and Yousif 2020a; Mukherjee 2000; Yu and Neilson 2002; Singh
and Malhotra 2019b; Hayal et al. 2021). Table 4 shows the comparison of the results of
the DWDM-FSO/PON-based M-ary DPPM based-hybrid fiber-FSO communications
with contemporary literature.

6 Conclusions and future work

BER modeling is being investigated for the hybrid fiber WDM-PON/FSO systems based-
OOK and M-ary DPPM modulation techniques that control AT utilizing MGF-based tech-
niques such as CB and MCB. Crosstalk analyses are calculated for GA, CB, and MCB
in the DWDM DPPM systems. The FA case shows the worse PP. However, a substantial
decrease in computational complexity justifies the performance penalty. When compared to
the FA hypothesis, the OSA solution calls for a more sensitive penalty and hence provides
a more accurate description of a prospective scheme. Although the MCB has a higher max-
imum and is more resistant to optical amplification than the CB, the GA is computation-
ally much faster. M-ary DPPM coding level M=2 is a good choice for the DWDM-FSO
optical fiber free space and wireless systems because of its sensitivity improvement for a
small bandwidth expansion over OOK, and when ICC is present this is further benefited
by a reduced PP relative to OOK. The proposed system achieves a lower power penalty for
the DWDM-PON/FSO optical fiber communication system at a BER of 107", Finally, the
numerical results show that the proposed system could mitigate atmospheric turbulence,
interchannel crosstalk, and achieve superior BER performances. The calculation results
show enhancement in the DWDM- PON/FSO optical fiber the optical-wireless and fiber-
optic communication systems, significantly increasing their efficiency.
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