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Optimum Power Consideration
Arwa A. Moosa'?, Raad Sami Fyath °

Abstract

Recently, there is increasing interest in using the 18 THz bandwidth
offered by S+C+L band to increase the transmission capacity of fiber
communication systems. This leads to the generation of ultra-wideband
(UWB) wavelength-division multiplexing (WDM) optical communication
systems. In these advanced systems, stimulated Raman scattering (SRS)
causes a power transfer from high-frequency channels to low-frequency
channels. This effect leads to an increase in the nonlinear interference (NLI)
between the UWB-WDM channels. Power optimization techniques are
required to balance transfer power between band channels, thus increasing
the maximum transmission reach (MTR) along with increasing system
capacity. In this paper, the transmission performance of S+C+L band
system operating with dual-polarization 16-QAM signaling is investigated
using enhanced Gaussian noise model. The transmitter and receiver for each
DP channel use a 45°-polarized laser and incorporate two identical configurations,
one for x- and the other for y-state of polarization (SOP). The results are
presented for two values of symbol rate, 40 and 80 GBaud, where the system
carries 360 (=160+80+120) and 180 (=80+40+60) channels, respectively.
The results revel that the MTR of both cases is equal to 12 100 km-spans
when the channel lunch power equals to -4 and -2 dBm, respectively. This
work also shows the effect of NLI components as a function of the number
of spans, channel spacing, and channel launch power. The results show that
the cross-phase modulation component of the NLI has high accumulated
value with transmission distance, while the self-phase modulation
component is almost constant.

Keywords: S+C+1L WDM; Dual-polarization 16-QAM system; Stimulated
Raman scattering; UWB-WDM system.
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1. Introduction

Optical communication systems implemented with
single-mode fibers (SMFs) can offer high data rate
transmission over long haul distances [1], [2]. The SMF
affects optical pulse propagation by its both linear and
nonlinear effects [3], [4]. In ultra-wideband (UWB)
transmission system, the nonlinear interchannel
stimulated Raman scattering (SRS) and Kerr effect are
the major limits of transmission data rates in optical
communication systems [5], [6], and [7]. Note that
although the channel power is low in optical
communication system, the total power due to
multichannel in WDM system is relatively large which
makes the nonlinear fiber optics more effective in
determining the system performance. These linear and
nonlinear effects can be treated as an additive
Gaussian noise (GN) [8], [9] and modeled by enhanced
GN (EGN) approach for further high-order
modulation considerations [10], [11] and [12]. Under
this context, the linear effects can be reduced by using
optical amplifiers [13] and digital signal processing
(DSP), respectively [14]. On the other hand, the
nonlinear effects can be minimized by selecting the
optimal channel launch power which can significantly
improve the signal quality [15], [16]. This consideration
was investigated by GN model for C+L band system
carries 660 channels with symbol rate Rg = 25 GBaud
and 25.5 GHz channel spacing where it was found that
the optimum power is -4 dBm for C band and -8.2
dBm for L band [17]. The GN model was also
implemented for S+C+L band in [18] for 96 channels,
32 GBaud and 50 GHz channel spacing where it was
found that -2.10, -1.99, and -1.43 dBm are the
optimum power for S, C, and L subbands, respectively.
The authors in [19] slashed S band into S1 and S2
subbands for further amplification control, and they
found that the optimum power of 438-channel and 32
GBaud system are -0.4, -1.77, -6 and -6 dBm for S1,
S2, C and L subbands, respectively. Note that the
optimum powers in [17, 18 and 19] are different
because each reference uses different number of
channels, system rate, and modulation format. The
NLI power of the GN model can be modified by
EGN model which shows a high accurate results [10].

In this paper, the EGN model is used to investigate
the optimal channel lunch power and transmission
system performance of DP-16QAM S+C+L WDM
systems when the channels occupy the whole band.
The optimal power is chosen to minimize bit error rate
(BER) performance of channels assuming equal
channel launch power in all S+C+L band.

The rest of the paper is organized as follows. The
system model is presented in Section 2. Section 3
provides system parameters and simulation results.
Finally, Section 4 summarizes the main conclusions
drawn from this study.
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2. System Model

The S, C, and L subbands cover the 1460-1530,
1530-1565, and 1565-1625 nm spectrum range,
respectively, as shown in Figure (1). The central
wavelengths are 1495, 1547.5, and 1595, respectively.
These parameters are important to design UWB-
WDM systems where the WDM channels occupy the
whole S+L+C band.

Figure (2a) presents a block diagram for the DP-
S+C+L WDM system under investigation. The
transmitter (receiver) side contains S-, C-, L- subband
transmitters (receivers). The transmission link consists
of multispan SMF with optical amplification scheme
(OAS) is used at the end of each span to compensate
its loss over the whole band. Figure (2b) illustrates the
structure of a single span which contains a SMF
section of length Lg followed by an OAS. Since no
single optical amplifier (OA) is available practically
over the whole band, individual S-, C-, and L-subband
OAs ate used. The gains of these OAs ( Gg, G¢, and
G.) ate equal to span length in km multiplied by the
fiber loss evaluated at the central wavelength of the
subband measured in dB/km. Thus, the total amplified
spontaneous emission (ASE) noise is the accumulated
noise added by the amplifiers. The group-velocity
dispersion (GVD) and polarization dispersion of the
SMF are compensated at the receive side for each
channel using electronic dispersion compensation
techniques. The configuration of DP-transmitter and
receiver for each channel are illustrated in Figures (3a
and b), respectively. Both configurations use 45°-
polrization laser to give equal power for both x- and y-
polarizations. Both configurations use two identical
versions, one for each state of polarization (SOP).

The transmission bandwidth of S+C+L system
may exceed 15 THz toward 18 THz. This system is
used to enlarge the transmission capacity [20]. This
increase in band bandwidth enables an increase in
number of transmission channels. Thus, the system is
affected by SRS due its wide bandwidth and by Kerr
effect due to increase in total lunch power. Optimal
power consideration should be addressed carefully to
reduce both effects. These two effects lead to
nonlinear interference (NLI) which is characterized by
self-phase  modulation (SPM) and cross-phase
modulation  (XPM) components which are
accumulated during signal propagation. The effect of
four-wave mixing (FWM) component is negligible in
WDM system operating with channel spacing Af = 50
GHz (or more) when fiber dispersion is more than 2
ps/(km.nm) [21]. Such assumption is justified in this
work since the dispersion of the fiber is > 2
ps/ (km.nm) over all the S+C+L band. The dispersion
compensation is achieved here at the end of the link
using electronic compensation techniques. In such
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system, the channel power is affected by SRS which X-Polarization
causes a power transfer from high-frequency to low- et

frequency channels, which influences the distribution Input DP-CAM F°':fi=ﬁﬁ°" 9:"
of signal power by e ‘

Signal Splitter _’
AP (Z) = R L DSP | Output Binary
z:fllower 4.3 CTLEff (Ptot)lower (Btot) lower Polarization Data

eam o’
! (1) S:Iiltnr BH .

where qjoper is the maximum number of neighboring

—
channels to the ith channel, (Pry¢)iower 15 the total e N-Polarization

channels launch power of the lower-band frequency,
(Btot)1ower 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 Figure (3): Block diagram configurations of DP-
L is the fiber length and « is the attenuation. Equation 16QAM system(a) transmitter (b) receiver.
(1) is deduced from [22] after considering > 15 THz ) o
bandwidth. According to EGN model, the optical signal-to-
12 noise ratio (OSNR) can be obtained as [24]
O band E band S band C 120
Py
g ost / OSNR = PremtPums .2
a 110
S 06+ where Pr is the received signal channel power and it is
g related to the input lunch power (Pi) by Pr = Pi —
i 3,,$é T AP(z), Pys is the ASE noise power, and Py; =n,P;>
I is the nonlinear interference noise power caused by
. . . } } . | | both SPM and XPM components. The total nonlinear
1250 1300 1350 1400 1450 1500 1550 1600 coefficient 1, is taken as [25]
Wavelength (nm) N~ ZNS [i]z [n (f) N . + 0 (f)]
Figure (1): Different transmission bands over WDM " J=11p; SPMIML s XPM.JME
systems [23]. (3
where gpy i, and  Nxpuy, are the nonlinear
Sband ‘?'DM §-band WDM contributions of SPM and XPM, respectively (see
Trenemiter g(( ) Receivers Appendix A). Further, N is the number of spans used
CT:’:::m‘:\::T G to construct the optical transmission link, P; is the
. : ecchers power of channel i lunched into the first span, P; ; is
Ng - the power of channel i launched into jth span, f; is the

X
relative frequency of the channel of interest, and € is a
(a) multispan coherent accumulation factor of SPM
contribution which is given by [26]

_3 6 Less
€= log(1 + L asinh((2/2)BaLesrB2,) ()

nd-DEMUX

In Equation (4), By, is the channel bandwidth, and £,
is the fiber 2nd-order dispersion parameter.
In dB scale, the OSNR has a direct relationship
with the signal-to-noise ratio SNR [27]
(b) OSNR = SNR + 10 x log;o (%) ...(5)
Figure (2): (a) Multispan loss compensated fiber for °
S+C+L UWB system, and (b) single span loss
compensation.

where Sp is number of the polarizations which is equal
to 1 for single polarization and equal to 2 for dual

Kata polarization, B, is the electrical signal bandwidth, and

Sy | Smbols By is the optical bandwidth. The ratio B,/By equals
"B, Sample Y I g 0.5 (double-side optical band), and therefore, the
M'i‘"' Polarizatio |00\ bp.aM electrical SNR can be obtained by
n Beam —
Combiner signal
Polarizatio Y-Symbols [ Optical SNR = OSNR + 3dB - (6)
2;:::: YW modulator | Y-QAM
I The symbol error rate (SER) corresponding to 16-
Y-Data QAM format is given by [27]
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3 SNR
SER16—QAM = EeT’fC( T) -

1—7Gerfc2 <\/¥> )

where erfc is the standard of the complementary error
function. The BER is calculated from the SER by

BER = ~SER (8
since each 16-QAM symbol has 4 bits (log,(16)).

3. Results and Discussion

In this section, the performance of two DP-
16QAM S+C+L WDM systems operating with 40 and
80 GBaud symbol rate Rg is investigated using Matlab
program. The two systems have the following main
parameters.

System I: R; = 40 GBaud, Af = 50 GHz, N, =
360 [S (160 channels) + C (80 channels) + L (120
channels)].

System II: R; = 80 GBaud, Af = 100 GHz, N,
= 360 [S (80 channels) + C (40 channels) + L (60
channels)].

A 2 THz band space between S-C and C-L
subbands are used to reduce the spectral ovetlapping
between neighboring subbands. Further, it is assumed
that all the WDM channels have the same symbol rate
and modulation format. The parameter values used in
the investigation are listed in Table (1) for three
reference wavelengths corresponding to the central
wavelengths of the S, C, and L subbands. Note that
the fiber attenuation @ at the reference wavelengths of
S, C, and L subbands are 0.20, 0.17, and 0.18 dB/km,
respectively. Therefore, the corresponding gains of the
OAs inserted at the end of each 100 km span are Gg=
20 dB, G¢,= 17 dB, and G, = 18 dB.

Table (1): System parameters values.

Parameters Values
S band |C band| L band
Reference Wavelength 1495 | 1547.5| 1595
Aref (nm)
Reference Frequency 200.8 | 193.8 188
fref (THZ)
Dispersion Coefficient | 13.700 | 17.000 | 19.700
D (ps/(nm.km))
Dispersion Slope 0.060 | 0.060 | 0.050
S (ps/(nm?.km))
Attenuation Coefficient | 0.200 | 0.170 | 0.180
a (dB/km)
Nonlinear Fiber Opticsy | 1.380 | 1.300 | 1.280
(1/W/km)
Raman gains slope 0.028 | 0.027 | 0.026
C, (1/W/km/THz)

Two metrics are given here to assign the
performance of the investigated S+C+L WDM
systems. Maximum transmission reach (MTR) which
indicates the maximum number of spans that can be
used to construct the transmission link while BER less
than a specified threshold value (BER,p). In this work

40

/Lgﬁ)

a threshold BER of 3.8X 1073 is used which
corresponds to 7% hard decision (HD) forward error
correction (FEC) code [28]. BER here is that of the
highest frequency channel since it is expected it offers
the highest BER among the whole channels due to the
influence of SRS effect.

It is worth to mention here that, MTR depends on
channel lunch power Pp,. The optimum channel lunch
power (Pep)ope Which gives minimum received BER
depends of number of link spans. The (Pep)ope
describes the transmitter channel laser power in both
SOPs which gives minimum total BER due to both
SOPs. Figures ¢ (a&b) show BER versus channel
launch power for Ng =1, 5, and 10 spans and assuming
Ry = 40 and 80 GBaud, respectively. The two values
of Rg give almost the same BER results but with
different channel lunch power. The 40 GBaud-system
needs lower optimum power (Pcp)ope to set the
minimum BER (BER,,;,) due to its higher NLI that
is caused by the 360 channels in comparison with the
180 channels of System II. The optimum lunch power
is about -5 dBm for System I (Af = 50 GHz and 360
channels) in comparison with -2 dBm for System II
(Af =100 GHz and 80 channels). Note that (Pep,)opt
is almost independent on number of spans as shown
in Table (2). Investigating the results in this table
reveals that the optimum channel power is not affected
by number of spans. In contrast, the BER increases
with increasing number of spans.

It should be noted that the results obtained is
related to the highest relative frequency in S subband
because it loses the highest AP power by SRS effect.
Table (2) shows a performance compression between
the two different Ry values.

The variation of maximum transmission reach
MTR with lunch power is depicted in Figure (°) for
both systems. The results show that the highest value
of MTR offered by both systems = 12 spans and this
occurs when Py, = -4 and -2 dBm for System I and II,
respectively.

10°
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(]
®
[\
i
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Figure (4): Variation of BER of DP-16 QAM
S+C+L WDM system with lunched channel lunch
power when (a) Ry =40 Gbaud and Af = 50 GHz,
(b) Ry = 80 GBaud and Af = 100 GHz.
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5 16
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0
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Figure (5): Number of maximum reach spans for
DP-16QAM S+C+L WDM system operating with R
= 40 and 80 GBaud for four values of channel lunch
powet.

The difference in results between Rg = 40 and 80
GBaud systems is due to increase of NLI level with the
total channels launch power. Both XPM and SPM
components of NLI limit the information capacity of
optical fibers. This is due to the power fluctuations
coming from the effect of the powers of other
channels in case of XPM or from effect of its own
power in case of SPM. Note that although SPM and
XPM cause phase fluctuations, the presence of fiber
dispersion introduced phase-to-intensity conversion.

The total NLI along with its XPM and SPM
components are presented in Figures (6) and (7) as a
function of number of spans Ng assuming P, = -4
and -2 dBm, respectively. Each figure contains three
parts, a-c, corresponding to calculating these effects at
relative frequencies fro of -9, 0, and +9 THz,
respectively. The relative frequency denotes the
deviation from the central frequency (1542.5 THz) of
the S+C+L band. The results show that SPM
component is almost independent of Ng because its
value is accumulated by the multispan coherent
accumulation factor € which equals 0.1340, 0.1478,
and 0.1579 for S, C and L subbands, respectively.
However, the values of XPM component and total
NLI increase with increasing the number of spans.

Table (2): Variation of optimum launch power and
BER,,;, with number of spans.

40 GBaud
Number of Optimum BER
spans power (dBm)
1 -5 8.5 x 1071°
5 -4 25x107°
10 -4 1.7x1073
80 GBaud
Number of Optimum BER
spans power (dBm)
1 -2 8.6 x 1071
5 -2 25x107°
10 -2 1.7x1073
55
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Figure (6): Variation of total and components, NLI,
Nxpm and NspMm> for DP—16QAM S+C+L system

with -4 dBm channel lunch powet of f.¢; equal to (a)
-9 THz, (b) 0 THz, and (c) +9 THz.
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In both systems, reducing channel spacing causes
to a reduction in the total NLI since it reduces the
number of WDM channels. Designing System I with -
4 dBmand Af = 50 GHz yields total NLI of 23.4, 42.8,
and 48.9 dB/W? for the +9 THz channel and 25.4,
43.5, and 49.5 dB/W? for the -9 THz when Ng = 1, 8,
and 16, respectively.

55

| w— A= 50 GHz = Af=75 GHz Af =100 GHz|

Total NLI

2 4 6 8 10 12 14 16
Number of Spans

(@)

[— Af= 50 GHz s A\f=75 GHz === Af =100 GHz
Total NLI

2 4 6 8 10 12 14 16
Number of Spans

(®)

l— Af=50 GHz e Af= 75 GHz === Af =100 GHz |

Total NLI

4 6 8 10 12 14 16
Number of Spans

(©)

Figure (7): Variation of total and components, NLI,
Nxpm and Nsppy, for DP-16QAM S+C+L system
with -2 dBm channel lunch powet of f.; equal to (a)
-9 THz, (b) 0 THz, and (c) +9 THz.

Increasing the Py, to -2 dBm yields total NLI of
22.4, 41.9, and 48.1 dB/W? for the +9 THz channel
and 26.2, 44.4, and 50.4 5 dB/W? for the -9 THz when
Ng =1, 8, and 16, respectively. When the same system
is considered with P,y = -4 dBm and Af = 100 GHz,
the total NLI of +9 THz (-9 THz) is 22.9 (23.1), 37.9

42

(37.3), and 46.4 (45.5) dB/W? for Ny = 1, 6, and 16
respectively. This is due to lower number of channels
in the system (180 channels) compared with 360 for
Af = 50 GHz. Reducing the power from -2 dBm to -
4 dBm causes a reduction in power transfer between
the edge channel where the total NLI changes from
26.2dB/W? for +9 THz and 22.4 dB/W? for -9 THz
to 25.4 dB/W? for +9 THz and 23.4 dB/W? for -9
THz when using 1 span and Af = 50 GHz. Using
different powers (i.e., -4 and -2 dBm) gives identical
results for the central channel (f,,; = 0THz) since the
effect of net SRS-transferred power is neglected at this
frequency according to the EGN model.

4. Conclusions

The transmission of a UWB-WDM system needs
careful consideration due to its high NLI caused by
SRS and Kerr effects. Optimizing channel launch
power is very useful to reduce the NLI effect. Using
DP-16QAM S+C+L system with Rg = 40 GBaud and
Af=50 GHz shows an optimum powet of -4 dBm for
multispan link and -5 dBm for single-span link.
However, increasing Rs to 80 GBaud with Af= 100
GHz shows an optimum power of -2 dBm for multi-
and single-span links. Using 40 GBaud system with
P.p, = -4 dBm yields 12-span MTR assuming 100 km
SMF per span. In other hand, the 80 GBaud system
can reach the same MTR value but with P, = -2 dBm.
The results indicate that the XPM component of the
NLI has high accumulated value with distance, while
the SPM component of the NLI is almost constant.

Appendix A
Summary of the Enhanced Gaussian Noise
(EGN) Model

For DP-16 QAM S+C+L multi-span system, the
nonlinear interference (NLI) noise can be considered
as additive Gaussian noise and resolved by the EGN
assumption model. NLI noise is contributed by two
factors, SPM and XPM, as shown in Equation (3). The
SPM and XPM contributions are given by [29]

a? . b Biz
asinh (7) +

2

4 Ti—
nsem(fi) = - L1 .

where ¢ =2 12 (B, + 2mfsf), A=a+
@ andT; = (a + & — Py Cr f7)?

Nxem (fi) =
5
32 ZNCh (ﬂ)Zﬁ n+z®
27 “k=1k#i\p;) By ‘¢ a Qa+a)’

A%-Ty, ®ikBi 5 ®nNTy
- atan( y )] + 3plBEara? [2|Af| -

2|Af|-By

The parameter N in Equation (9) depends on the
number of spans Ny
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0, if Ng=1

N = N, otherwise

kurtosis parameter (i.e., the modulation factor @) is
defined as in [10] @ = (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. Further, Ty = (a + @ —
PeotCr fi)? bik =21 (fi — f) (B2 +
2nBsf;). where, f; and fj are the relative frequencies
of the interest ith channel and interfering kth channel,
respectively. To simplify the calculations, the
attenuation parameter @ is assumed equals to the
average attenuation @& Note that ¢; and ¢;y
corresponding to SPM at frequency f; and XPM
between the two frequencies i and k, respectively.

and
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