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Abstract

This paper discusses the development of a seven-band coherent
wavelength-division multiplexing (WDM) system covering the T to U
systems, aiming to enhance the capacity and system efficiency. Seven
multband  systems (C+L, S+C+L, S+C+L+U, E+S+C+L,
E+S+C+L+U, O+E+S$+C+L+U, and T+O+E+S+C+L+U) are
designed with 40 GBaud symbol rate, 50 GHz channel spacing, and dual-
polarization (DP)-16QAM signaling. The analysis adopted the enhanced
Gaussian noise model, considering the amplified spontaneous emission of
inline optical amplifiers and nonlinear interference (NLI) from fiber
nonlinear optics, including Kerr effect and stimulated Raman scattering
(SRS) which it implemented using Matlab (Ver. 2020b) program. The
results show that the optimal powers ate -4, -5, -5, -4.5, -3.5, -6, and -4.5
dBm for the seven WDM systems, respectively. Further, with a fiber span
length of 100 km, the C+L system has the longest transmission reach of
20 span. However, using S+C+L+U system gives the highest bit rate-
distance product of 1619 Tbps.km. The O+E+S+C+L+U and
T+O+E+S+C+L+U systems are designed with 50 km-span length to
reduce the effect of NLI caused by the large numbers of channels (1060
and 1200, respectively).

Keywords: Seven-band WDM, UWB-WDM, Enhanced Gaussian noise model,
Optical communication bands.
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1. Introduction

Optical communication systems face a continuous
data traffic growth to support advanced multimedia
and internet of things (IoT) applications [1] and [2].
Several studies have been suggested to increase the
transmission  capacity of  wavelength-division
multiplexing (WDM) [3] system by decreasing the
channel spacing and increasing the number of
channels; up to 281 channels have been reported in C
band of 4.5 THz bandwidth [4]. Novel approaches
have been suggested to use ultra-wideband (UWB)
WDM technique beyond the conventional C band as
listed in Table (A) of Appendix A. A WDM system of
C+L band with more than 10 THz bandwidth has
been widely proposed in the literature because L and
C bands have almost the same fiber parameters values
[5]. In addition, both bands may share the same
photonic devices such as optical amplifiers [6].
Further, scientific and engineering research has
propagated toward S+C+L system where the three
bands have the lowest attenuation window in standard
single-mode fiber (SMF), which is considered as a very
achievable way for expanding transmission capacity
[71, 8], [9], [10], [11], and [12]. Covering S to U band
has been also investigated to obtain both higher
capacity and spectral efficiency as done in [13] due to
its lower band attenuation values. Further, because of
the development of ITU-T G.652D SMF, which
provides a low water peak absorption, the use of
O+E+S+C+L band is possible for transmission,
which increases the bandwidth more than six times in
comparison to the C-band transmission [14] and [15].
Table (A) summarizes the main concepts of the
scanned literature related to UWB-WDM systems; The
main conclusions drawn from this table ate

I.  The use of more bands to implement the
WDM system attracts increasing interest although
more research is needed to design UWB equipment.

II.  Most research focused on the three-UWB
WDM, S+C+L (S2L), system. It is expected that going
to insert more bands will give a higher data
transmission rate especially for low transmission
distance.

III.  The used method to estimate the optimal
power was based on optimizing a single-band
transmission by sweeping the power, then
reoptimizing the system by entering another single
band. This method is very complex and takes a
relatively long time for high -number of channel
system.

Consider the seven-band (T2U) UWB-WDM
system, whose optical spectrum extends from T to U
bands, as shown in Figure (1) with parameters listed in
Table (1).
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Figure (1): Spectral regions of the seven bands used
in next UWB-WDM systems [10].

Defined by ITU-T 1550 nm/193 THz: widely used
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Table (1): Spectral range of the bands used in
future WDM systems.

Spectrum Center Bandwidth
Band range |wavelength (THz)
(nm) (om)
T
(Thousand | 1000 -1260 1130.0 62.0
Band)
(0]
(Original | 1260 -1360 1310.0 17.4
Band)
E
(Extended | 1360-1460 1410.0 15.1
Band)
S
(Short Band) 1460-1530 1495.0 09.4
C
(Convention | 1530-1565 1547.5 04.4
al Band)
L
(Lo Baad) 1565-1625 1595.0 07.0
U
(Ultra-Long | 1625-1675 1650.0 05.5
Band)

This WDM system is a promising candidate for the
next generation of optical communication networks
[16]. The UWB-WDM is considered the most
advantageous manner to enlarge the capacity without
replacing the existing fiber infrastructure, which offers
dramatic efficiencies in the cost and delay of system
deployment [17]. This paper investigates the
transmission performance of seven UWB-WDM
systems  incorporating DP-16QAM  modulation
format, 40 GBaud symbol rate, and 50 GHz frequency
channel. The systems are C+L (C2L), S+C+L (S2L),
S+C+L+U (S2U), E+S+C+L (E2L), E+S+C+L+U
(E2U), O+E+S+C+L+U (O2U), and
T+O+E+S+C+L+U (T2U). The investigation is
based on enhanced Gaussian noise (EGN) model
which takes into account the nonlinear interference
(NLI) due to nonlinear fiber optics and amplificated
spontaneous emission (ASE) noise, beside the amount
of power transfer from high- to low- frequency
channel caused by stimulated Raman scattering (SRS)
effect.

The key contributions of this work as related to
the seven UWB-WDM systems are as follows

I.  Investigating the linear and nonlinear
spectral characteristics of the SMF when used as the
transmission link for WDM systems.

II.  Studying the effect of fiber nonlinearity on
the shape of the received optical signal spectrum by
investigating the individual contributions of self-
phase modulation (SPM) and cross-phase modulation
(XPM) to NLL

III.  Recording both signal quality as a function
of signal received power and Bit error BER
performance as a function of transmission distance.

IV. Estimating the optimal power required to
minimize the BER for a given link length and taking
the highest-edge channel of UWB-WDM system as a
reference.
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V.  Recording the maximum transmission reach
(MTR) as a function of channel lunch power.

The rest of the paper is organized as follows.
Section II presents a summary of the estimated main
SMF  spectral parameters including attenuation,
dispersion, and nonlinear optics. The UWB-WDM
system configuration is described in Section III. The
mathematical frame work is desctibed in Section IV
where the main used equations are taken from
published references. Section V contains simulation
results related to NLI spectra, optimal channel power,
and MTR. Section VI states briefly challenges facing
the implementation of UWB-WDM systems. Section
VII gives a summary of the main conclusions drawn
from this study.

2. Primary Concepts of Multiband WDM
Fiber Communication System

To transmit an UWB-WDM system over a SMF,
the spectra of several linear and nonlinear fiber effects
should be considered [18]. In this
comprehensive estimation of fiber frequency-
dependent parameters is performed including the
linear parameters (such as attenuation and dispersion)
and nonlinear parameters (such as Kerr-related
nonlinear parameter and Raman gain slope). For space
limitation, only a summary of the results is reported in
this section.

The attenuation of a SMF has an effect on signal
transmission quality and it is estimated here over the
UWB spectrum (1000 to 1700 nm) as shown in Figure
(2). Fiber loss (attenuation) comes mainly from
scattering loss, infrared radiation (IR), and Hydroxide
(OH™) absorption [19]. Thetefore, low water-peak
absorption fiber, ITU-T G-652.D, is preferred to be
used [20] because it reduces the effect of peaks
absorption as shown in Figure (2). To simplify the
calculations during system simulation, the attenuation
coefficients are estimated at the center wavelengths of
each band and assumed to be constant through the
whole band. This assumption is justified here since the
variation of fiber parameters over a single band is
relatively small. The estimated attenuation coefficients
at the center wavelengths of T, O, E, S, C, L, U bands
(1130, 1310, 1410, 1495, 1547.5, 1595, and 1650 nm)
are 0.5, 0.29, 0.24, 0.20, 0.17, 0.18, 0.24 dB/km,
respectively.
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Figure (2): Estimated attenuation coefficient of SMF
as a function of wavelength.
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The spectral characteristics of total chromatic
dispersion D and its components, marital Dy, and
waveguide Dy, are also estimated as given in Figure
(3). The calculations use the wavelength-dependance
of both core and cladding reflective indices, n and n,
as described by Sellmeier Equation. Accordingly [21]
and [22]

D(A) = Dy (1) + Dy (1) (1)
Dy(D) = —(A/c)(d?A/dn?) coon(LD)
Dy (1) = —(n, A/c 1) (Vd2(Vb)/ dV?) (l.c)

where 4 is the relative index difference, A is the
wavelength, 17 is the V-number (normalized
frequency), ¢ is the speed of light in vacuum, and b is
the normalized propagation constant and A is the

wavelength.  Further, dy/dx and d%y/dx?,
respectively, for the first and second derivatives.
From Figure (3), the estimated chromatic

dispersion coefficients at the center frequencies of T,
O, E, S, C, L, and U bands are -20.04, 0, 7.31, 13.70,
17.00, 19.73, 22.99 ps/nm/km, respectively. The
dispersion slope parameter S can be estimated when D
is known at a reference wavelength A, by

g=a D()—D(Arey)
T da A=Ares

IR

The § parameter is useful for the operation of
digital signal processing (DSP) unit implemented in
each channel receiver to compensate the grope-
velocity dispersion D at the channel wavelength.
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Figure (3): Chromatic dispersion coefficients of
SMF as a function of wavelength.

Besides these two linear effects, nonlinear fiber
optics should be taken into account due to the high
light intensity, that caused by the large number of
channels in the UWB-WDM system that transfer at the
same time through the SMF. The fiber core refractive
index n is modified according to Kerr effect by n =
ng + n,l, where ny is low-intensity core refractive
index and n, is the nonlinear refractive index
coefficient of the core material [23]. This effect can be
expressed by fiber Kerr nonlinear parameter ¥ which
is estimated as a function of wavelength from 1000 to
1700 nm as shown in Figure (4). The parameter y is
defined as y(d) = 2mn,/AA e  [24],
calculated after estimating the spectral of fiber

and its

effective area characteristics A5 as in [25]. Figure (4)
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shows that the fiber nonlinear parameter ¥ decreases
with wavelength and it is equal to 1.81, 1.56, 1.45, 1.38,
1.30,1.28,and 1.24 1/W/km at the center wavelengths
of the bands, respectively.
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Figure (4): Nonlinear parameter y of SMF over T2U
UWB range.

The effect of stimulated Raman scattering (SRS) is
also considered in this work, which causes a power
transfer AP from high-to low-frequency channels.
This influences the distribution of signal power of the
ith channel (channel under obsetvation) according to
the expression reported in [39] for S+C+L system and
generalized in this work by Eqn. 3 for any multiband-
WDM system

AP(z) =
:llower 4-3CrLeff (Ptot)lower (Btot)lower . (3)

whete ower is the maximum number of low-
frequency neighboring channels with respect to the
ith channel which are SRS
effect, (Pyor) jower 1S the total channel launch power of
the lower-band frequency, (Biot)iower is the total
bandwidth of lower-band frequency, C; is the Raman
gain slope coefficient, and Lesr = (1 — exp (al))/a
is the effective length with L is the fiber length and «
is the attenuation. Note that the C,. for each band can
also be considered as

Cr@/l = Cr@ref X/lref/l

involved in

From Equation (4), C, is equal to 0.037, 0.032,
0.029, 0.028, 0.027, 0.026 and 0.025 ((1/W)/km)/THz
at the center wavelength of each band.

3. UWD-WDM System Configuration
Figure (5) shows a simplified schematic diagram of
the T2U UWB-WDM fiber communication system.
The main parameters of each band used in the
calculations are listed in Table (2). A 1 THz-band
guard is inserted between successive bands to ensure
efficient band demultiplexing at the treceiver side.
Further, only 7 THz portion of T band (246-239 THz)
is used here since this wideband is not expected to be
fully occupied by WDM technology in the near future
due to the lake off efficient photonics and optical
devices. Table (2) indicates that the used bandwidths
of the T, O, E, S, C, L, and U bands are 7, 16, 14 ,8, 4,
6 and 5, respectively. Assuming a WDM system
operates with 40 GBaud symbol rate R; and 50 GHz
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channel spacing Af , and DP-16QAM signaling, then
the number of channels carried by each band are 140,
320, 280, 160, 80, 120, and 100, respectively. Thus
1200 channels may be carried by the T2U system.
Table (2) also gives the values of fiber parameters
a,D, S, and y estimated at the center frequency of the
used bandwidth of each band.

At the WDM transmitter side, a bank of 1200
continues-wave (CW) lasers are modulated using DP-
16QAM  signaling and then multiplexed and
transmitted through loss-compensated Ng-span link.
Each span consists of a SMF section of type IUT-TG-
652 followed by an UWB optical amplification scheme
(OAS) to compensate the span loss as shown in Figure
(6). The OAS consists of three cascaded stages where
first and last stage are implemented using band
demultiplexer (to separate the bands) and band
multiplexer (to combine the amplified band signals),
respectively. The intermediate stage uses seven optical
amplifiers (OAs) configured in parallel where each OA
is responsible for fiber span loss compensation of a
given band. The gain of each band OA is decibel is
computed as G (dB) = a (dB/km) X L; (km),
where «a is fiber loss estimated at the center frequency
of the band and Ly represents the span length.

i
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Figure (5): T2U UWB-WDM system.
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Figure (6): Signal span configuration which consists
of SMF section follows by an optical amplification
system (OSA). The ith band optical amplifier is
labeled with the symbol Gi which denotes its optical
gain.

A simplified block diagram of a single-band WDM
transmitter is illustrated in Figure (7. a). The CW laser
bank transmits N channels, from chl to chN, where N
depends on the used band spectral bandwidth B and
channel spacing Af (N = B/Af). Each optical

channel carrier is modulated using the corresponding
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channel data by a DP-16QAM optical modulator. The
modulated signals are multiplexed using a channel
band multiplexer resulting a band WDM signal. At the
end of the fiber, the corresponding band WDM
receiver operates as illustrated in Figure (7. b). The
received band WDM signal is demultiplexed by a
channel demultiplexer and then a channel data
recovery is achieved by a coherent channel detection.
The optical DP-16QAM channel transmitter and
receiver are illustrated in the block diagram of Figures
(8. a &b), respectively. The UWB-WDM system
configuration adopted in this work are depicted in
figures (5-7) which are by the authors themselves.

Figure (8. a) shows a single-channel transmitter of
the DP-QAM system, The binary data are applied to a
binary-to-symbols mapper which produces two
groups of symbols (X-symbols and Y-symbols). At the
same time, a 45°—polarized CW laser field is split into
two orthogonal polarization components. These two
components are modulated by X-and Y- channel data
using two independent in-phase quadrature (IQ)
modulators. The two orthogonal polarized modulated
signals X-QAM and Y-QAM are then combined using
a polarization beam combiner to generate the DP-
QAM channel signal. The channel receiver uses a DP-
QAM digital coherent detective system. At the WDM
receiver side, each received channel signal is split into
two orthogonally polatized components by a
polarization beam splitter. Two 90° optical hybrids are
used to combine the received signal with the CW local
laser field component, in each polarization state. The
45™°-polarization state of the local laser ensutes equal-
power polatized components. These two 90° hybrid
devices act as a 2X4 quadrature optical hybrid. It
combines two input signals (CW reference signal and
received signal) and generates four output optical
signals with a 90° phase shift. The output signal is then
detected by two identical photodiodes and after
filtering the signal is applied to a dual-polarization DSP
unit for further signal improvement, such as
compensating the chromatic dispersion for the
channel under observation.
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Data

Che Optical
modulator

Single

tr

CW Laser Bank . .
Input Binary .

=)

Optical

Chy modulator
@)
/ Coherent Channel
Detection
T
=
o
5 x
23
]
c
o
=
o
Coherent-Channel
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Figure (7): A single-band WDM (a) transmitter and
(b) receiver.
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Table (2): Band’s parameters used in the calculations.
Band T () E S C L |U

S ;’(fterﬂm (245- | (237- | (220- | (205- | (196- | (191- |(184-
P 238) | 221) | 206) | 197) | 192) | 185) | 179)
(THz)

Used BW

i 7 | 16 | 14 | 08 | 04 | 06 | 05
N 140 | 320 | 280 | 160 | 80 | 120 | 100
o

(@Blkm) | 040|029 | 024|019 | 017 | 08 [0.24
D -

(osinmkm) |06.63] 0.0 |07.60 13.70/17.00|19.70|22.04
s

ps/ (nm?- | 0.12 | 0.07 | 0.07 | 0.06 | 0.06 | 0.05 | 0.05
km)
Y

(WWikm) | 165 | 158 | 146 | 138 | 1.30 | 128 | 1.23

4. Systems Under Consideration

Using UWB-WDM technique with high-order
modulation formats over the same existing
infrastructure fibers is a promising technique to
maximize the data transmission capacity [20].
Therefore, the investigation of fiber characteristic
transmission performance is necessary to estimate the
transmission capacity boundary and MTR [27]. The
traditional numerical simulation of optical fiber
communication system uses split-step Fourier method
which divides the fiber link into multiple small
segments and treats independently the linearity and
nonlinearity of each fiber segment [28]. However, this
method is inefficient to implement for wide
bandwidths systems and/or long-haul links due to the
computational effort [29]. Also, the use the fast
Fourier transform (FFT) and its inverse fast Fourier
transform (IFFT) for every nonlinear step increases
the computational complexity for predication the
performance of SMF transmission by around 50%
[30]. To enable real-time prediction of fiber channel
performance in UWB-WDM systems, a closed form
approximation of the Gaussian noise model which has
been used to predict the performance of these systems,
is needed. This method is widely used nowadays since
it offers a fast, yet accurate, evaluation of wide-band
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range and long-haul distance systems [31], [32] and
[33]. According to the enhanced Gaussian noise
(EGN) model, the total nonlinear coefficient Ny in
(1/W?) is given by [34]

. .12
Muoe ~ 2124 [32] Drsoaea () Ns° +
77XPM,j(fi)] cen(5)

where N is the number of spans used to construct
the optical transmission link, P; is the power of
channel i lunched into the first span, P; ; is the power
of channel i launched into jth span, f; is the relative
frequency of the channel of interest, and € is a
multispan coherent accumulation factor. The Ngpp;,
and Nxpy,; is nonlinear interference noise caused by
SPM and XPM components, respectively. (See
Appendix B for details).

The EGN model has the advantage of offering
quickly aid to evaluate the system performance by
considering the optical signal-to-noise ratio (OSNR)
measure and ignoring the evolution of the temporal
waveform over the fiber [27]. The OSNR of ith WDM
channel is obtained by [35]
Py

OSNR =

PASE+PNLI

In Equation (6), Pr is the received signal channel
power and it is related to the input lunch power Py, by
Pr = P, — AP(z), P, is the ASE noise power, and
Pyir =NiotPen’ is the nonlinear interference noise
power. Here P, presents the channel lunch power
which is assumed to be uniform for all channels.

In decibel (dB) scale, the OSNR has a direct
relationship with the electrical signal-to-noise ratio

SNR [36]

OSNR = SNR + 10logs, (22) ....(7)
0

where Sy, is the number of the polarizations which
is equal to 1 for a single polatization and equal to 2 for
a dual polarization, B, is the electrical signal
bandwidth, and By, is the optical bandwidth. The ratio
B./By equals 0.5 (double-side optical band), and
therefore, the electrical SNR can be computed by

SNR = OSNR + 3dB n(8)

The symbol error rate (SER) corresponding to M-
QAM format is given by [37]

1 3 SNR
SERM—QAM = 2 (1 - \/_M) eTfC( Z(M—l)) -
_ 2 N eprer( [ZE
(1 7 M) erfc < 2(M—1)) ....(92)

where erfc is the standard of the complementary error
function. The bit-error rate (BER) performance is
measured as a function of the SER [30]

1
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For 16-QAM signaling, SER and BER can be
deduced from equations 9a and 9b, respectively, as

3 SNR 7 SNR
SERIG—QAM = Eerfc( T) - EeTfCZ < ?>

1
BERIG—QAM = ZBER:[G_QAM (10b)

since each 16-QAM symbol has 4 bits (=
log,(16)).

Seven DP-16QAM systems are simulated in this
work to address the effect of inserting extra bands on
the transmission performance and system capacity.
The frequency bandwidth and total number of
channels carried by each system are listed in Table (3).
Note that 1 THz-band grade is inserted between
successive bands. It is worth mentioning here that the
EGN model evaluates the total NLI 74, and its SPM
and XPM components, Ngspp,i, and Nyxpy,j using the
relative frequency “f” concept which indicates the
frequency shift from the center frequency of the
system band “F.”.

It’s worth to mention hete that the EGN model
described in Equation (5) gives the individual
contributions of the nonlinear effects in WDM system
to get a closed-form expressions according to [39] and
has been used successfully by other research groups
[14], [39], [41] and [42]. However, these references
consider only two or three-band WDM systems. In our
wotk, the EGN model is modified to cover more than
three-band system and the main differences are listed
in Table (A) (in Appendix A).

Table (3): Bandwidths and total number of channels
for the seven UWB-WDM systems under investigation
assuming Ry = 40 GBaud and Af = 50 GHz.

System | Total number
System bandwidth of WDM
(THz) channels N,
C+L 10 200
S+C+L 18 360
S+C+L+U 23 460
E+S+C+L 32 640
E+S+C+L+U 37 740
O+E+S+C+L+U 53 1060
T+O+E+S+C+L+U 60 1200
5. Results and discussion
This section presents simulation  results

characterize the transmission performance of the
seven UWB-WDM systems. The results are given for
DP-16QAM signaling, Rg = 40 GBaud, and Af = 50
GHez. First, the spectral characteristics of total NLI
and its SPM and XPM components are reported which
is useful to estimate the NLI levels for each channel in
the WDM system. Then the dependence of BER on
channel lunch power P, and number of link spans are
recorded. These results are used to deduce both the
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optimal value of P, when Nj is fixed and MTR when
P, is fixed. The cotrect operation of the system
should indicate that the BER of each WDM channels
is less than a threshold level BERy,. A BER;; of
3.8 x 1073 is chosen here which corresponds to a 7%
hard decision (HD-forward error correcting (FEC)
code [38].

A. Nonlinear interference spectrum

The EGN model is used to obtain the spectra of
total nonlinear interference and its SPM and XPM
contributions for different UWB-WDM systems and
assuming -5 dBm channel lunch power and 1X100
km-span link. The results are presented in Figures (9.a-
e) for C2L, S2L, S2U, E2L, and E2U, respectively. The
total NLI spectrum shows an increase at the lowest-
edge frequency and a decrease at the highest-edge
frequency due to SRS effect.

Table (4) summarizes the results depicted from
Figures (9.a-¢) where the total NLI and its SPM and
XPM components are listed at three frequencies for
each system. These frequencies denote the lowest-
edge frequency fip, center-bandwidth frequency f,
and highest-edge frequency fyg.
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Figure (9): Nonlinear interference of the first
five UWB-WDM systems operating with -5 dBm
channel power, Dp-16QAM signaling, and 1x100
km-span link (a) C+L, (b) S+C+L, (c) S+C+L+U,

(d) E+S+C+L, and (¢) E+S+C+L+U.

Table (4): Total nonlinear interference and its SPM
and XPM components evaluated for different UWB-
WDM systems. Ng = 1, Ly = 100 km, DP-16QAM,
and Af =50 GHz.

(a) Lowest-edge frequency

Frequency Nonlinear interference
TH 2
WDM ( z) NLI (dB/W*)
system|Relative| Real Nxpm
F Nspm |Mxpm| NN |
fLE LE Nspm
C2L -05.0 186 | 22.2 | 21.4 | 24.8 -0.8
S2L -09.0 186 | 24.3 | 23.4 | 26.9 -0.9
S2U -11.5 180 | 25.3 | 24.1 | 27.7 -1.0
E2L -16.0 186 | 27.3 | 26.5 | 29.9 -0.8
E2U -18.5 180 | 284 | 27.4 | 30.9 -1.0
(b) Centre band frequency
Frequency Nonlinear interference
(THz) NLI (dB/W?)
WDM
system | Relative | Real Nxpm
fe F, Nspm (Nxpm | 1IN | Nspm
C2L 0 192.0| 21.9 | 24.1 |26.1 2.2
S2L 0 196.0| 22.7 | 25.5 (274 2.8
S2U 0 193.0| 22.7 | 24.7 |27.5| 2.0
E2L 0 203.5| 23.1 | 27.1 |28.6 4.0
E2U 0 200.5| 24.1 | 27.8 |29.4 3.7
(c) Highest-edge frequency
Frequency
(THz) Nonlinear interference
WDM NLI (dB/W?)
. Real
system | Relative F
HE
fue Nspm |Mxpm | 1IN ZXPM
Nspm
C2L 05.0 197 | 21.6 | 21.9 |24.8 2.2
S2L 09.0 206 | 20.6 | 22.8 |24.7 2.2
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S2U 11.5 206 | 18.6 | 22.6 |24.1 4.0 S2U -1 27.6

E2L | 160 | 221 | 135 | 238 |240] 103 E2L 115 30.6

E2U 18.5 221 | 13.9 | 25.5 [25.8 11.6 E2U 85 30.7

L . (c) F; =196 THz

Investigating the results in Table (4) reveals that
the total NLI is an increasing function of system vaslt)i\:l ffi (UL Ty (dB/W?)
bandwidth for the center and lower-edge frequencies. };:ZL 50 248
This is because of the increasing in the number of SoL 1'0 27'2
WDM channels which causes an increase in the NLI : :
value due to the increase of the total lunch power. S2U 4.0 27.2
While, the total NLI of the highest-edge frequency E2L 6.5 29.8
decreases with increasing number of channels for C2L, E2U -35 29.8
S2L., S2U, and E2L due to the higher power transfer (d) F; =205 THz
by SRS effect. These results give an idea about how the WDM
NLI of a given channel is affected when different extra fi (THz) Ny (dB/W?)
bands are inserted in the implementation of the UWB- system
WDM system. C2L Out of range

It is worth to estimate the total NLI at specific S2L. 9.0 24.7
frequencies for the different systems. The results are S2U 115 24.1
listed in Tables (5. a-d) for frequencies F; =186, 192, E2L 1.5 28.2
197 and 206 THz, respectively. These values E2U 45 27.3
correspond to frequencies in I, I, C, and S bands,
respectively. Tables (5. a-c) show an increase in the I
NLI with the increase of the system bandwidth. §§ O+E+S+C+L+U (N, ='1060)
Further, Table (5. d) shows that the NLI values depend 2 e P i o -
on the frequencies position in the bands and is related g 2 =S
to the amount of power transfer from the channel. In 2 ;2 i
S+C+L and S+C+L+U systems, it lay at the highest- 'g o
positive edge which its NLI value decreases due to the & 1
increase of power transfer from it. Note that the § o
E+S+C+L system has higher NLI value than the zn
above two bands. 3 spw = =xpm o)

The NLI investigation is extended to the other two o %0 P 5 10 P P

systems, namely O2U and T2U which use 6 and 7
bands, respectively. The calculations are performed
using a fiber span of 50 km length and -8 dBm channel
lunch power. The simulation results of the O2U
system (1060 channels) and T2U system (1200
channels) are shown in Figures (10 a& b), respectively.
The results indicate that the total NLI of the O2U
system is 25.5 dB/W?2 and 31 dB/W? at the highest-
and lowest- frequency edges, respectively. These are to
be compared with 25.3 dB/W?2 and 26.3 dB/W? for
T2U system, respectively.

Table (5): Total nonlinear interference calculated at
specific  frequencies for different UWB-WDM
systems. (System parameters are identical to those
given in the caption of Table 4).

(a) F;=185THz
WDM | f;(THz) | 1y (dB/W?)
system
C2L -5 24.8
S2L -9 26.9
S2U -6 28.3
E2L -16 29.9
E2U -13.5 31.5
(b) F; =191 THz
WDM | f; (THz) | 7y (dB/W?)
system
C2L 0 26.1
S2L -4 27.7
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Figure (10): Nonlinear interference of O+E+S+C+L+U
system (a) T+O+E+S+C+L+U system (b) assuming DP-
16QAM signaling, -8 dBm channel power, and 1X50 km-

span link.

B. Power Dependency

The EGN model shows that the nonlinear
interaction between the WDM channels has power
dependent characteristics since both SPM and XPM
components depend on channel launch power as
illustrated by Equations (B.1) and (B.2) of Appendix
B. Itis obvious that the right side of each of these two
equations can be separated into two parts, power-
dependent and power-independent parts. For the SPM
component Ngpp
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Nsem (fis Prot) = Nspm-p (fis Prot) + Nspm—o(fi)

Power—dq;cndent

Power 1ndepcndent

(11, 2)
Nsem-o = (RiA* — E;a?) ..(11.b)
Nspm—p(fis Prot) = (E; = R)T;

where

(1.9

T; = (@ + @ — Py Gy fl)z

A=a+a

E = 4 y? T h ¢; B
"7 \9 B2 ;@ aa +a) S g

At o (9B
Ri_A(f) B? ¢ia(2a+a)) asmh(m)

For the XPM component Nxpy

Nxem (fis Peot) = Nxpm—p (fis Peot) + Nxpm—o(fi)

Power-dependent Power-independent

(12 2)
32 $\Nch 2 2
Nxpm—o(fi) = P et el (TA? = Wea®) ...(12.b)
NC
Nxpm—p (fis Prot) = e il (Wi = T + )Ty }
.(12.0)
where
Ty = (a + a — Pyt Gy fk)z
2 atan(%) Ns+g¢
Wi = Br A bix@ 2a+a)
atan (—¢iﬁBi>
F,=— 2/
k A
V_ EL’V _ 200f1-By
" By 3|¢|BZa24? [21Af1 = Bi) log(ZIAf|+Bk) +2By]

Therefore, the Ngpy at the center of the system
bandwidth ( f; = 0) is equal to Nspp (0) = Nspy—o(0),
and its value does not depend on the channel lunch
powet. The 7xpp(0) has negligible dependence on
channel lunch power.

Figure (11) shows the NLI spectrum of S+C+L
UWB-WDM system computed at three different lunch
powets, -0, -4, and -2 dBm. It can be noticed that the
NLI at f; = 0is almost constant with difference of 0.02
dB/W? between -6 and -4 dBm lunch powers and 0.04
dB/W? between -4 and -2 dBm lunch powers.
Thetefore, at f; = 0 (center of the system bandwidth)
the optimal power can be obtained depending on
Equation (6) and by ignoring the power dependency at
this frequency. Then by differentiating the OSNR with
respect to Py and setting the result to zero, one can
obtain the optimal channel power (Pey)opt
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dOSNR
dPcp

/%9)
(PASE+7IPch) Pi(3 (dn/dp)Pch) .(13)
(Pase+nP3,)’

Then the optimal power at f; = 0 is equal to

3 |PASE
(Pch)opt = ’ 2

However, the most channel affected by NLI is the
highest-edge frequency channel. It is expected that this
channel has the highest BER among the whole
channels due to the influence of SRS. The variation of
the BER of the highest-frequency channel is
investigated for the seven UWB-WBM systems and
the results are depicted in Figure (12). Parts a-e of this
figure correspond to C2L, S2L, S2U, E2L, and E2U
systems, respectively, and assuming a 100 km-span
length. Parts a and b of Figure (13) correspond to O2U
and T2U systems, respectively, and assuming Lg = 50

.(14)

km. The number of spans Ng used to construct the
transmission link is taken as an independent parameter
in these figures. The OAS used in the WDM systems
of Figure (12) has up to five optical amplifiers
(according to the number of used bands) with gains Gg
=24, Gs = 19,G¢ =17, G, = 18, and Gy = 24 dB.
(Here the subscript denotes the band). In Figure (13),
the OAS uses six or seven optical amplifiers; the extra
OAs have gains Gp = 14.5 dB and Gy = 20 for the
sixth and seven band, respectively.

S+C+L (N, =360)

30

N N
© ©
T T

»N
~

N
o

NLI coefficient 7, (dB/W?)
N N
S (-

N
w

[ [=——-6dBm =——-4dBm ——-2dBm|

10 -5 0 5 10
Relative Frequency f; (THz)

Figure (11): Nonlinear interference of DP-16QAM

S+C+L system for different channel lunch power and

assuming 40 GBaud symbol rate, 50 GHz channel

spacing, and 1X100 km-span link.

The results in Figures (12 and 13) are presented for
the highest-frequency channel, which is expected to
have the highest BER among the channels, and for Ns
=1, 2, and 3 spans. Investigating the results in these
figures reveals that there is an optimal lunch power
(Pch)ope which minimizes the BER. The deduced
values of (Pep)opt are -4, -5, -5, -4.5 and -3.5 dBm for
C2L, S2L, S2U, E2L, E2U systems, respectively, and
(Peh)opt= -6 and -4.5 for O2U and T2U systems,
respectively. The results also indicate that the optimal
channel power is almost not affected by the number
of spans, and it reduces by about -1 dBm for C2L and
E2U systems when a 20X 100 km-span link and 4X100
km-span link is used, respectively. Note further that
the BER increases with increasing number of spans for
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all the seven systems. Recall that the BER
characteristics of the highest-frequency channel is kept
under observation to estimate (Pep)ope. Therefore,
one needs to check that all the WDM channels operate
with BER < BER;;, when all have identical lunch
powet, Pep = (Pcp)ope. This is illustrated in Figures
(14.a-h) where the BER is reported for each WDM
channel of the seven systems. Using (Pep)opt of -5
dBm for C2L, S2I, and S2U systems give a maximum
reach of 19, 9, and 9 X100 km — span,
respectively. Using — 4.5 dBm channel lunch power for
E2LL and E2U systems gives a maximum reach of
4x100 km-span. Using -7 dBm for O2U and -5 dBm
for T2U systems gives a maximum reach of 22X50 km-
span and 3X50 km-span, respectively.
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Figure (12): Variation of BER with channel lunch
power for DP-16QAM UWB-WDM system operating
with Rs = 40 GBaud, Af = 50 GHz, and Ls = 100 km
(a) C2L, (b) S2L, (c) S2U, (d) E2L, and (e) E2U.
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Figure (13): Variation of BER with channel lunch

power for O2L (a) and T2U (b) systems operating
with Rs = 40 GBaud, Af = 50 GHz, and Ls = 50
km.
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Bitrate-Distance Product

To assign the system performance of the UWB-
WDM systems, the maximum transmission reach
(MTR) is used as one of the measures. MTR indicates
the maximum number of spans (or maximum fiber
length) that can be used to construct the transmission
link while keeping BER less than a specified threshold
value BER;,. It is worth to mention here that MTR
depends on channel lunch power P,y. Three different
values of P, (-2, -5 and -7 dBm) are considered for
first five systems assuming Rg= 40 Gabud, Af=50
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GHz and Lg= 100 km. Figures (15.2 and b) show the
MTR and bit rate -distance product (BDP),
respectively, for C2L, S2L, S2U, E2L. and E2U
systems. The simulation is repeated for O2U and T2U
systems using 50 km-span length and the results are
depicted in Figures (16 a and b). Three values of Py, (-
2, -5 and -7 dBm) are considered here. The results
show that the highest values of MTR and BDP are
obtained in the O2U system when Py = -5 dBm.
(MTRmax = 33X 50 km-span and BDPmax = 11193
Tbps.km).
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Figure (15): Number of maximum reach spans
(a) and bit rate-distance product (b) of C+L, S+C+L,
S+C+L+U, E+S+C+L, and E+S+C+L+U systems
and assuming DP-16QAM signaling, I.s = 100 km,
Rs = 40 GBaud and Af = 50 GHz.

6. Challenges Facing the

Implementation of UWB-WDM Systems
The implementation of UWB-WDM systems,
which operate over a large frequency range and carry
high transmission data rate, will rely on the existing
infrastructure fibers to reduce the cost. Although,
UWB-WDM communication systems offer many
advantages, but also face several challenges.
Addressing these challenges requires innovative
solutions and careful system design to ensute reliable
and robust communication
I. Crosstalk between channels: In a UWB-WDM
communication system, large number of channels with
closely frequency spacing is used. This can result in
crosstalk between the neighboring channels. Crosstalk
can cause interference and reduce the overall system
performance.
II.  Complexity  of design:  UWB

communication systems require careful design of

system
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complex components systems such as advanced signal
processing, UWB optical transmitters, and UWB
optical receivers. The wide bandwidth of UWB signals
also requires high sampling rates, which can increase
the computational complexity of the system. Also, the
main components for optical UWB transceivers are
not available as commercial products such as [80];
UWB tunable laser, UWB dual-polarization I1Q
modulator, and UWB coherent receiver front end.
III. Power consumption: The power consumption of
the individual components in the UWB-WDM
communication system, such as lasers, modulators,
and amplifiers, can significantly impact the overall
power consumption. Therefore, it is essential to
optimize the power consumption of each component
to achieve the desired power efficiency.

IV. Signal-to-noise ratio (SNR) requirements: UWB-
WDM communication systems typically require high
SNR levels to ensute reliable communication.
Achieving high SNR levels often requires the use of
high-power components, which can increase the
overall power consumption and his cause to increase
the nonlinear channel interface.

V. Optical amplifiers: Design optical amplifier scheme
with lowest number of optical amplifiers is great
challenges for UWB-WDM system.
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Figure (16): (a) Number of maximum reach spans,
(b) Bandwidth-distance product of DP-16QAM of (a)
O+ E+S+C+L+U and (b) T+O+ E+S+C+L+U for

Ls = 50 km, Rs = 40 GBaud and Af = 50 GHz.

4. Conclusions

This paper has discussed the design considerations
and performance estimation of various coherent
UWB-WDM systems. Seven systems have been
investigated using a 40 GBaud symbol rate, 50 GHz
channel frequency spacing, and DP-16QAM signaling.
To optimize system performance and minimize BER,
trade-off between different system parameters, (such
as the number of channels, channel spacing,
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transmission distance, optical OSNR, modulation
format, and nonlinear fiber effects) should be
considered. considered.

The variation of the BER of the highest-frequency
channel with channel lunch power P, investigated for
the seven UWB-WBM systems. The first five systems
C2L, S2L, S2U, E2L, and E2U can be implemented
with 100 km fiber length because they having lower
accumulated nonlinearity, lower number of channels,
than O2U and T2U systems. However, O2U and T2U
can be propagated with fiber link of 50 km due its high
NLI obtained from the high number of channels.

/Lgﬁ)

Further, the highest MTR can be obtained with C2L
WDM system operating over 20X 100 km-spans due to
its lower NLI value making it further propagate for

higher distance. However, the maximum BDP can be
obtained with S2U WDM system.
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Appendix A
Summary of the UWB-WDM Communication Systems reported in the Literate

Table (A): Summary of UWB-WDM transmission systems investigated in the literature.

v Remarks Investigated points
Band azz;r Modulation | Symbol | Channel| Number | Transmission . Frequency | Type of
Ref format rate | spacing| of WDM distance OP e:r BER| dependent | study
) (Gbaud) | (GHz) | channels pow parameters
16 16 281 5800 km
32 32 141 5700 km
2023 [4]| DP-16QAM ot o o 2100 k| done | - done Theo.
128 128 35 4660 km
2023 | PM-QPSK
. [41] PM-64QAM 32 50 80 500 km - - done Theo.
DP-QPSK, DP-| 32 32 61
2022 | 16QAM, DP- 48 48 51
[42] 64QAM, and 64 4 33 11000 km done - done Theo.
DP- 256QAM | 128 128 15
2022
a3 | DP16QAM 64 75 54 60 km - - done Theo.
2022 [5]| DP-16QAM 120 125 |15 %é ad | 3000 km | done | - - Theo.
PM-16QAM Theo. &
2022 [6]] PM-32QAM 245 25 424 2348km | done | - done ECf"
PM-G4QAM P
2022
43 | DP16QAM 64 75 146 60 km - - done Theo.
980 km - ,
22? DP-16QAM 64 100 96 Theo. - - done T};‘z" &
C2L [44] 680 km - Exp. Xp-
PM-QPSK and
2020 | PM-16QAM 32 50 220
[14] | PM-QPSKand | 43 75 147 960 km ) ) done | Theo.
PM-16QAM
2022 | PM-QPSK
5] | DP-16QAM 64 75 146 60 km - - - Theo.
In this
work DP-16QAM 40 50 200 2000 km done | done done Theo.
2020 100in S
+ - - Xp.
SHL | g 16QAM 32| gyt 75 210 km done Exp
2[9&]2 DP-16QAM 64 75 271 60 km - - done Theo.
S2L
PM-QPSK and
2020 | PM-16QAM 32 50 402 ,
[14] | PM-QPSK and | 43 75 268 960 km . ) done Theo.
PM-16QAM
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Y e

o Remarks Investigated points
Band af:; Modulation Symbol | Channel| Number | Transmission Oot Frequency | Type of
Ref format rate | spacing| of WDM distance O‘I;e'r BER| dependent | study
’ (Gbaud)| (GHz) | channels P parameters
2023 Gaussian
32] Modulation 64 75 277 1000 km - - done Theo.
2022 [9]| DP-256QAM 24.5 25 793 54 km - - done Exp.
2[%]2 QAM 32 50 400 7500 km - - - Theo.
2022 16QAM and i
[48] 64QAM 49 50 247 257.5 km - - done Exp.
2022 | PM-QPSK
[45] DP-16QAM 64 75 271 60 km - - - Theo.
2022 [7]| DP-16QAM 40 50 360 1200 km done | done done Theo.
2022 16QAM 64 75 256 75 km - - - Theo.
su | 13 320
In this
work DP-16QAM 40 50 460 1100 km done | done done Theo.
2022 PM-QPSK
E+C4t [45] DP-16QAM 64 75 292 60 km - - - Theo.
Lol 202
[43] DP-16QAM 64 75 292 60 km - - done Theo.
2023 Gaussian
[32] Modulation 64 75 479 1000 km - - done Theo.
2[25]2 PM-16QAM 30 100 150 70 km - - done Exp.
E2L PM-QPSK and
2020 PM-16QAM 32 50 698
[14] | PM-QPSKand | 43 75 465 960 km - - done Theo.
PM-16QAM
In this
work DP-16QAM 40 50 640 400 km done | done done Theo.
In this
E2U work DP-16QAM 40 50 740 400 km done | done done Theo.
PM-QPSK and
2020 PM-16QAM 32 50 938 )
O2L 1 hay | PMQPSKand | 43 75 625 960 fkm ) ) done | Theo.
PM-16QAM
The modulation
format is
2020 | adaptable. i.e., a -
[20] bit-loading 32 50 937 600 km done - done T'heo.
technique is
supposed
2022 - . . . . .
[50] Suggested as silicon TE-pass polarizer based on ridge waveguide adiabatic S-bends
02U e
\‘;(jﬂf DP-16QAM 40 50 1060 1650 km done |done|  done Theo.
In this
T2U work DP-16QAM 40 50 1200 150 km done | done done Theo.
Appendix B resolved by the EGN assumption model. NLI noise is

Summary of the Enhanced Gaussian

Noise (EGN) Model

The EGN model has been applied in the literature
for multispan C+L and S+C+L WDM systems and
has been adopted in this paper for the other five
systems. The nonlinear interference (NLI) noise can
be considered as an additive Gaussian noise and
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governed by two contributions, SPM and XPM, as
shown in Equation (5). The SPM and XPM
contributions are given by [29]

4yt om [Tz o (6B
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2mc 2mc?

- PtotCr fl)z

2 3 .
where ¢; =§ m? ((_M) + (2/1 Df‘)), A=a+
a andT;=(a+a
UXPM(fi) i

5
Ncn ( ) V_Z NS+ECD Tk—az ¢i.kBi
k=1 k=i P; Bk{¢i_ka(2a+ﬁ)' a atan( a )+
A%2-T b kB 5 &nNT
S 2]+ 2y (21811 -

2|Af |- Bk

B log( o) + 2Bil) ~(B.2)

The parameter N in Equation (A.2) depends on the
number of spans N

- 0,
N= {Ns,

if Ny=1

otherwise --(B.3)

The Kurtosis parameter (i.c., the modulation factor
@) is defined as in [40] @ = (E{|x|*}/E*{|x|?*}) —
2, where x denotes the data symbol and E is the
expectation operator. The modulation factor @ is
equal to -0.68 for 16-QAM [8]. Further, T = (a +
@ = ProcCr fi)? and bix = —21*(fi —
f)((=2*D/(2mc) + (223Df;/(2mc?))). where, f;

and fj, are the relative frequencies of the interested ith
channel and the interfering kth channel, respectively.
To simplify the calculations, the attenuation parameter
a is assumed equals to the average attenuation @ [28].
Note that ¢; and ¢; , correspond to SPM at frequency
fi and XPM between the two frequencies i and k,
respectively. Furthermore, B; & By, is the bandwidth
of i and k channel, respectively, Af frequency spacing,
P,y is the total channels lunch power.
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