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Abstract: The emergence of new services and data ex-
change applications has increased the demand for band-
width among individuals and commercial business users
at the access area. Thus, vendors of optical access net-
works should achieve a high-capacity system. This study
demonstrates the performance of an integrated configu-
ration of one to four multi-wavelength conversions at 10
Gb/s based on cross-phase modulation using semiconduc-
tor optical amplifier integrated with Mach—Zehnder in-
terferometer. The Opti System simulation tool is used to
simulate and demonstrate one to four wavelength conver-
sions using one modulated wavelength and four probes of
continuous wave sources. The wavelength converter pro-
cesses are confirmed through investigation of the input
and output characteristics, optical signal-to-noise ratio,
conversion efficiency, and extinction ratio of new mod-
ulated channels after separation by demultiplexing. The
outcomes of the proposed system using single channel
indicate that the capacity can increase from 10 Gb/s to
50 Gb/s with a maximum number of access points increas-
ing from 64 to 320 (each point with 156.25 Mb/s band-
width). The splitting ratio of 1:16 provides each client with
625 Mb/s for the total number of 80 users. The Q-factor
and bit error rate curves are investigated to confirm and
validate the modified scheme and prove the system per-
formance of the full topology of 25 km with 1/64 splitter.
The outcomes are within the acceptable range to provide
the system scalability.
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1 Introduction

Configurations of next-generation access networks are de-
veloping to adapt with emerging technology trends driven
by various new technologies and applications, such as
smartphones, the Internet of things, fifth-generation wire-
less systems, and video on demand. Thus, high-speed data
rate and average bandwidth increasingly demand of ac-
cess networks, thereby urging network providers and op-
tical device designers to upgrade the components and in-
tegrate them with one another to obtain high-speed, high-
capacity systems [1-3]. Optical semiconductor amplifiers
(SOA’s) are classified into two categories: amplification ap-
plications and data processing devices, which work in the
saturation region as a nonlinear medium [4-10]. The use
of SOA increases with the continuous emergence of new
smart devices, which are multi-function component for a
wide range of applications, such as optical switching, op-
tical gates, and wavelength converters [11-15].
Wavelength conversion (WC) plays an essential role
in addressing the problem and increasing the number of
channels to achieve the requirements of high-speed, high-
capacity systems. Several schemes have been employed
to explain the operation of a wavelength converter using
SOA; for example, in cross-gain modulation (XGM), the in-
verted data sequence is carried by the probe wavelength
after the process [16—18]. The combined SOA can simply
obtain non-inverted data and delayed interferometer con-
sisting of delay loop, tunable coupler, and phase shifter.
This configuration is implemented using one fiber at the
input and output port [19, 20]. Meanwhile, cross-phase
modulation (XPM) introduces the same data of pump and
probe wavelengths demonstrated in [21]. The outers in [22]
presented and simulated WC of high speed and 40 Gb/s
data rate are based on XPM in an SOA-MZI architecture for
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Figure 1: Basic wavelength conversion configuration: (a) XGM, (b) XPM

up- and down-conversion of WDM networks. Four-wave
mixing (FWM) presents low conversion efficiency (CE). For
example, Awang et al. obtained a CE of -47 dB; however,
the method can offer required power for only a few appli-
cations [23-27]. Some studies have considered the wave-
length converter in optical network unit (ONU) for up-
stream broadcast [28]. These different methodologies en-
abled to increase the number of channels and decreased
the number of high-cost light sources, thereby extending
the optical link reach of optical networks.
Multi-wavelength conversion (MWC) copies data from
one pump wavelength to many continuous-wave (CW)
probes of several wavelengths at the central office. Conse-
quently, the data rate (Gb/s) of the modulated input sig-
nal can be duplicated; then, the data sequence is deliv-
ered at the output wavelengths with the same data rate as
the original pump [29-31]. Unfortunately, these configura-
tions need to use erbium-doped fiber amplifier (EDFA). The
researchers at UKM examined and demonstrated the pos-
sibility to apply (one to two) wavelength conversion at the
ONU after 20 and 25 km XGM and XPM, respectively. The
basic configurations of this method are shown in Figure 1.
First, the authors clarified the importance of SOA position
when used as a data processing device. The model can be
implemented to achieve MWC based on XGM-SOA at a bit
rate of 10 Gb/s for one pump of 1541 nm; this structure can
copy the inverted data to the probes at 1554 and 1558 nm.

The influence of pump power on the system performance
was evaluated and demonstrated at different positions of
SOA. The results showed a splitting ratio of 1:64 for the new
and old channels at a pump power of 3 dBm. The SOA-MZI
configuration generating the same data sequences (non-
inverted) based on 1 to 2 XPM at the ONU achieves a split-
ting ratio of 1:64 for all channels. This finding was verified
and investigated, and different data format was tested for
up and down conversion at specified settings of design pa-
rameters. The method proves that the wavelengths for up-
conversion are 1540, 1541, 1542, 1551, 1552, and 1553 nm;
those for down conversion are 1559, 1561, 1562, and 1565
nm. Applying the configuration on the network with ten
channels can upgrade the system capacity to 300 Gb/s and
the number of users to 1920.

In conclusion, the structure offers the possibility to
achieve up and down conversion and is suitable to dis-
tribute a splitting ratio of 1:64 per wavelength. The con-
figuration uses one pump signal (Am) with 10 Gb/s speed
and two probes (Ap) using CW light sources. The method
can work in return and non-return (RZ and NRZ) formats,
and the structure can increase the number of users of
one channel system from 64 to 192 with 156.25 Gb/s band-
width [32, 33].

The proposal mentioned above uses two CW sources
as a probe, thereby limiting the total number of access
points that can be generated. Therefore, the massive de-
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Figure 2: System configuration of MWC (one to four XPM based on SOA-MZI)
Table 1: Parameters used in this study based on those used in (32, 33)
symbol parameter parameter value
1to 2 XGM (32) 1to 2 XPM (33)"‘"1”955’ 1 to 4 XPM (this work)
Bit rate 10 Gb/s 10 Gb/s 10 Gb/s
Data format Gaussian signal Gaussian signal, NRZ, and RZ RZ
Apump pump 1541 nm Up-conversion of 1541-1553 nm 1541 nm
wavelength Down-conversion of 1561-1562 nm
Ppump Pump power -6to 3 dBm 5to -3 dBm 3to-1dB/m
range
Aprobe Probe 1554 nm 1556 nm/1558 nm Down-conversion of 1530-1534 nm
wavelength /1558 nm Up-conversion of 1548-1552 nm
Pprobe Probes power 0dBm 3to-5dBm 0to-5dB/m
SOA-MZI SOA-MZI
SOA1 SOA1 SOA1 SOA2
Ic Bais current 200 mA 300 mA 250 mA 350 mA 250 mA
L Active region 600 pm 600 pm 600 pm 300 pm 300 pm
length
r Confinement 0.45 0.45 0.45 0.45 0.45
factor

mands of average download bandwidth for smart appli-
cation are inadequate, and a large number of CW sources
should be installed to provide a large number of access
points and satisfy user’s requirements. For this purpose,
the configuration of one to four MWC based on XPM is
demonstrated and verified in the current study.

This study demonstrates the possibility to upgrade
current access networks by integrating SOA and MZI struc-
ture based on the XPM property at the ONU side, and uti-
lize this feature to improve system capacity and the num-
ber of clients. The rest of the paper is organized as follows.

Section 2 illustrates the parts of the system configuration
transmitter (Tx), link, multi-wavelength converter block,
and receiver (Rx), as well as the combined configuration
principle of one to four MWC based on SOA-MZI. Section 3
discusses the mathematical background with the param-
eters for simulation tabulated in Table 1. Part 4 focuses
on the results and outcomes of the scheme. In particular,
the power spectrum and noise after XPM are displayed, the
wavelength converter process is analyzed, and the perfor-
mance is verified. Finally, Section 5 elaborates the conclu-
sions of the study.
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2 System methodology and
configuration

This work aims to establish an efficient and reliable con-
figuration network that provides a large number of ac-
cess points and increased system capacity. For this pur-
pose, one to four MWC based on XPM using semiconductor
optical amplifier integrated with Mach-Zehnder interfer-
ometers (SOA-MZI) is examined and simulated. The Opti
System simulation tool is used to confirm the wavelength
converter. The methodology of this research involves two
parts. In the first part, wavelength converter process is ver-
ified by analyzing the optical signal-to-noise ratio (OSNR),
(CE), and extinction ratio (ER) of converted signals. In the
second part, the bit error rate and Q-factor curves are mea-
sured to evaluate the system performance for the end cus-
tomers for converted probes and pump channel. This ar-
chitecture provides vendors the ability to develop the ex-
isting networks by improving bandwidth and increasing
the number of users.

The recommended simultaneous one to four XPM
wavelength converters at 10 Gb/s based on the SOA-
MZI structure using a return-to-zero (RZ) data format is
schematically shown in Figure 2. The system comprises
optical line terminal (OLT) transmitter side, 25 km single-
mode fiber (SMF), wavelength conversion operation block,
distribution side de-multiplexing, and an optical splitter.
The modulated pump light of 1541 nm carrying 10 Gb/s RZ
data is implemented with optical polarization control to
achieve parallel polarization. The pump signal transmits
along 25 km SMF as presented in Figure 1, and then injects
into the upper arm of the SOA-MZI configuration. In the
multi-wavelength converter, the four CW lights at carefully
chosen probe wavelengths from 1530 to 1534 nm for down-
conversion and from 1548 to 1552 nm for up-conversion
are used. The spacing between the pump and probes and
that between probes should be appropriately set to avoid
the FWM matching. In this configuration, the spacing be-
tween the pump and probes are adjusted to 7 nm to re-
duce crosstalk, while each couple of probes is spaced by
4 nm. Then, the four probes are combined using a power
combiner in 4:1 structure. After that injected into the up-
per and lower arms of SOA-MZI through an optical coupler.
The WC device called SOA-MZI integrates two SOA con-
nected in series with the optical phase shift to control the
XPM operation. The XPMis completed, and the four probes
are impacted by modulated pump frequency processes in-
side the SOA-MZI structure, thereby enabling copying of
the same pump data to all probes. Subsequently, the out-
put passes through the wavelength division demultiplexer
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(WDM DMUX) to separate wavelengths. Next to that, all
wavelength channels are inserted into the optical splitter
in 1/N distribution to increase scalability. Finally, the PIN
receiver is used to detect the signal, and the performance
for each user is demonstrated using the bit error rate ana-
lyzer.

3 Theoretical background

The main contribution of this work is the SOA-MZI struc-
ture. The steady-state numerical model presented by Con-
nelly [34] is considered to govern the input and output
behavior of the architecture. By numerical simulation of
a wideband steady-state model, the proposed one to four
WCs based on XPM is stimulatingly realized using Opti-
System software. In this model, the changes in carrier den-
sity along the amplifier will affect all input signals (pump
and probes); thus, nonlinearities can occur on the SOA.
The set of coupled differential equations, which distin-
guish the interaction among the input signals, amplified
spontaneous emission and carrier density were used in
this model.

The signal field is obtained using the travelling wave
equation below:

L2 (s 3 ot - a) ) B3, ) )

% = <J'ﬁk - % I'gm (vg,n) - a(n))) Es, (2) )

Where E; and E; Positive and negative field component,
B is the kth signal propagation coefficient, @ material loss
coefficient, gim Optical gain coefficient at frequency v, I'
optical mode confinement factor,n conduction band car-
rier density.

Consequently, the amount of spontaneous emission
photon rates Nj+ and N; noise generated through the SOA
is computed as follows:

dN}

cjiz(Z) = (gm (vj,n) —a(m) Nj +Rsp (vin) )
dN;

cllz(Z) = - (I'gm (vj»n) —a(n)) Nj +Rsp (vjn)  (4)

Where Rsp (v]-, n) spontaneously emitted noise coupled
into N]-+ or Nj.

In the steady-state numerical model, the amplifier is
divided into a number of segments i = 1 to N,. The sig-
nal fields and spontaneous emission photon rates are esti-
mated at the section boundaries, while the carrier density
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is investigated at the center of the section. The variation in
carrier density (n) (m?) at position z as a function of time
is described using the following rate equation:

@ L -R@) 5
Ny
- {ng (v 1 (2)) (N 2) + N (z))}
k=1
ar e

- T > gm (vjyn (@) ki [N (2) + Nj (2)]

j=0

where I bias current, R (n(z)) recombination rate, (d,w and
L) active region thickness, width, and length respectively,
e electron charge.

Equation (5) consists of four terms. The first part repre-
sents the addition of carriers to the active region from bias
current; the second is recombination rate term; 24 and 3™
portion on the RHS. Of Eq. (5) represent radiative recom-
bination of carriers due to the amplified signal and ASE
noise.

The full model expectations, parameters, and exami-
nation are explained in [34, 35].

OSNR, ER, and CE are deliberated to investigate and
verify the configuration of the conversion operation.

1. Optical signal to noise ratio (OSNR) [36]

OSNRoue = P24 6)

2. Extinction ratio (ER) [37]

Pl
ERout =10 (%) (7)
PPout
3. Conversion efficiency (CE) [38]
Pout(Aconv)
=1lo out\/tconv 8
L 8 Pin(Apump) ( )

In the equations, P,,; is the CW output power, o is the
noise variance, and P;, is the pump input signal power.
Table 1 summarizes the parameters used in this work.

4 Results and discussion

The structure of the proposed scheme established for the
setup is presented in Figure 2. The outcomes tested for the
adjusted parameters of SOA are shown in Table 1. The two
SOAs are optimized for up- and down-conversion to im-
prove the power of converted signals. The static perfor-
mance of the SOA-MZI for original and converted channels

Quadruple multi-wavelength conversion for access network scalability = 1081

has been measured. In this work, one to four MWC gov-
erned by XPM characteristic based on integrated SOA-MZI
configuration is verified and investigated. The system con-
sists of one pump signal of 1541 nm with RZ data format, as
well as four CW probes at 1530-1534 nm up-conversion and
1548-1552 nm down-conversion. The optimal condition of
SOA-MZI is set up to achieve interface between pump and
probe powers with device parameters on the output side.
Figures 3(a) and (b) illustrate the capture of the power
spectrum and noise after the XPM operation, respectively.
Figure 3(a) displays good power levels achieving approx-
imately 3 dBm for all probe wavelengths at the SOA out-
put. The amplitude of FWM components has a lower power
level of around 30 dBm than CW’s power. Figure 3(b) de-
scribes the ASE noise profile with a power level of approx-
imately —52 dBm, which clarifies the range of acceptable
noise for this proposal.
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Figure 3: SOA-MZI output spectrum after the XPM operation: (a)
multiwavelength spectra; (b) ASE spectra
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4.1 Analysis of WC process

The XPM process is investigated by analyzing the behav-
ior of wavelengths after filtering in terms of power change
effect on different parameters as described below.

4.1.1 Influence of input power on output power and
OSNR

Figure 4(a) illustrates the variation in output powers for
basic and converted channels; this change depends on the
input power of a fixed probe power of -5 dBm. The output
power increases with the rise in the input power; high out-
put power values for all frequencies at 3 dBm signal power
means a high value of the basic wavelength. The effects of
input optical pump on OSNR plotted in Figure 4(b) show
that the increase in input power improves the OSNR of the

output power. Moreover, the values of OSNR fluctuates be-
tween 34.14 dB minimum at —1 dBm for 1530 nm and 38.27
dB maximum at 3 dBm for 1541 nm. All values are in good
agreement.

4.2 Influence of input pump power on CE

The CE of converted channels 1530, 1534, 1548, and 1552 nm
are calculated in two criteria, as shown in Figures 5 (a) and
(b). First, at 3 dBm pump power when the probe power is
changed from -5 dBm to O dBm, the second varying pump
power is between -1 and 3 dBm with sitting total probe
power at -5 dBm. From Figures 5 (a) and (b), the CE de-
clines with the increase in the input power, this is in agree-
ment with previous results in the literature. Moreover, the
value of CE is more than 0 dBm for all wavelengths at 3
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Figure 6: ER as a function of converted wavelengths for different
pump power levels

dBm pump and -5 dBm probes and is thus considered an
acceptable value for XPM schemes.

4.2.1 Influence of probe wavelength on ER

The results of this study show that the ER measurement
of up and down-converted channels for various values of
pump power is between 3 and -1 dBm. From the graph
below, ER is proportional to pump power and obtains the
best value at 3 dBm. The values of ER for 1552 nm are bet-
ter than those for other channels. Meanwhile, the values
for 1534 nm obtain lower values than those for other fre-
quencies.

4.3 Performance of the proposed system

The analysis of the up- and down-converted wavelengths
at end clients using an optical splitter (1:64) is verified
through Q-factor and BER measurement of the outcomes
as illustrated in Figures 7(a) and (b) in order to demon-
strate the overall system performance of the scheme.

Figures 7(a) and (b) provide the results obtained from
the Q-factor analysis for converted channels at various
pump powers and BER curves. In all cases, the wave-
lengths 1530, 1534, 1548, and 1552 nm obtain an acceptable
result for all values of pump power except for one value of
1534 nm that records 5.84. Furthermore, the Q-factor val-
ues of 1552 nm are highest and fluctuated between 7.26 and
9.74.

The system can be implemented at the ONU to offer
one to four WC based on XPM after 25 km SMF, and the
output power of each CW can be split into 1:64 clients.

Quadruple multi-wavelength conversion for access network scalability = 1083
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The findings of this research provide insights for increas-
ing the optical channel capacity four times from 64 users
with 156.25 Mb/s to 320 users at the same download speed.
For scalability, the system with 10 pump wavelength (each
occupied with four CWs) can implement the proposed
system to provide the required bandwidth for 3200 cus-
tomers. Moreover, the scheme offers the possibility to serve
users with a broad range of bandwidths using different
splitting ratios. Then, the configuration should be imple-
mented with 10 channels to obtain the total system ca-
pacity of 500 Gb/s, thereby providing a simple scalabil-
ity system. The topology offers many advantages, such as
satisfying the coexistence with existing standards, the ab-
sence of EDFA, easy upgrading, and brown network sce-
nario using the same infrastructure, which contributes the
cost-effectiveness of a system and the capability to satisfy
users’ requirements of bandwidth. The possible options of
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Table 2: Users’ downstream bandwidth possibility of the proposed system compared with 1 to 2 XPM [31]

Basic optical channel

1 to 2 XPM [31]inpress’ 1 to 4 XPM (This work)

Total System Capacity 10 Gb/s
Point to point Bandwidth 10 Gb/s
No.users 1
1:8  Bandwidth 1.25Gb/s
%' o No.users 8
e = 1:16  Bandwidth 625 Mb/s
s o No.users 16
& £ 132 Bandwidth 312.5 Mb/s
E é_ No.users 32
E 1:64 Bandwidth 156.25 Mb/s
No.users 64

30 Gb/s 50 Gb/s
3t0310Gb/s 5to 510 Gb/s
3 5
1.25Gb/s 1.25Gb/s
24 40
625 Mb/s 625 Mb/s
48 80
312.5Mb/s 312.5Mb/s
96 160
156.25 Mb/s 156.25 Mb/s
192 320

downstream bandwidth based on the splitting ratio for one
channel system are summarized in Table 2.

Significant arguments and recommended future
works are as follows:

1. The SOA device should be arranged to work in a sat-
uration region by adjusting the total input power
(modulated pump and CW probes) injected into the
amplifier.

2. The sensitivity of the device to FWM is attributed to
two factors: one is the space between the pump and
probes, and the other is the space among the CW’s
lasers, and the number of CW’s lasers used. These
factors should be accordingly considered.

3. The model for standard PON’s using wavelengths of
1490 and 1550 nm for downstream will be a good
challenge (under progress).

4, An additional number of CW’s should be applied to
achieve a large-capacity system.

5 Conclusion

This study demonstrates the possibility to implement
quadruple WC configuration at ONU. In this structure, con-
verting modulated RZ data at 10 Gbhit/s for 1541 nm to 4 CWs
depends on the nonlinear property (XPM) of SOA. The in-
vestigation of converted channels shows that the scheme
can copy data from the pump wavelength to all four probe
wavelengths for the considered design. Also, the perfor-
mance of output power of the converted channels can be
attributed to 1:64 splitter with suitable values of Q-factor
and BER. Therefore, the architecture can provide an appro-
priate upgrade of wavelength division multiplexing net-

works. Further studies should be carried out to validate
and optimize the topology.
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