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ABSTRACT

This work presents a Brillouin amplification performance comparison of seed generation
techniques using double-sideband suppressed carrier (DSB-SC) and single-sideband
suppressed carrier (SSB-SC) modulations. The SSB-SC is obtained using an optical
bandpass filter (OBPF) and in-phase and quadrature Mach-Zehnder modulator (IQ-MZM).
All three techniques provide high amplification performance with optical signal-to-noise
ratio (OSNR) enhancement of 37.47 dB, 33.14 dB, and 32.67 dB using DSB-SC, SSB-SC/
OBPF, and SSB-SC/IQ-MZM, respectively. The best seed generation technique is using the
DSB with a signal amplification of 62.47 dB. The technique presents ~4 dB higher OSNR
enhancement due to the dual-energy transfer obtained from the beating process of the DSB

than SSB. A ~3 dB OSNR reduction is found
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seed generation technique using MZMs is insignificant to the amplification performance.
The high-carrier suppression produces a high seed signal power that distorts the Brillouin
gain spectrum (BGS) and the pump depletion region, hence reducing the Brillouin gain
(BQG). Since carrier suppression is not a primary consideration, a cost-effective MZM with
a modest extinction ratio requirement is allowed. The relaxed requirement of the pump’s
linewidth and MZM’s extinction ratio suggest a cost-effective development of the SBS-
based optical amplifier with narrow filter bandwidth.

Keywords: Brillouin amplifier, double-sideband, noise ratio enhancement, optical signal, single-sideband

INTRODUCTION

Microwave photonic filters based on stimulated Brillouin scattering (SBS) have become
a promising alternative for ultra-narrow passband filters with noise suppression and
amplification within the filter bandwidth (Pang et al., 2022; Zhang et al., 2022). With
the SBS-based amplification, a narrow gain bandwidth between 10 to 100 MHz can be
obtained with a lower pump power than using a Raman-based (Qi et al., 2022). The pump
operated at a specific power is required to reach a Brillouin threshold and produce an SBS
process where most of the incident power is reflected and produces an amplification. A
Stokes signal at around 11 GHz from the laser pump’s center frequency is obtained with
more than 20-dB Brillouin gain (BG) at the pump power that exceeds the SBS threshold
(SBST). SBS is known for its amplification with a high selectivity filtering owing to its high
selectivity amplification and becomes a promising approach to enhancing a transmission
system’s optical signal-to-noise ratio (OSNR).

In Marhic and Cholan (2014), signal amplification with a narrow bandwidth was shown
to provide noise suppression with 27-dB OSNR enhancement. It is supported by Nieves
et al. (2021), where noise suppression can be obtained with combinations of waveguide
properties, pump power, Stokes field, pulse durations, and interaction time. The SBS-based
amplification needs a frequency-locking or beating between the optical signal (required
to be amplified) with the backward-generated Stokes within a Brillouin-gain-bandwidth
(BGBW). The signal required to be amplified is a probe or seed signal in the SBS-based
amplification. Techniques to generate and beat the seed signal with Brillouin’s Stokes can
be done using a single or two independent laser pumps (Gertler et al., 2022; Marhic &
Cholan, 2014).

A recent study utilizing two laser pumps was presented by Gertler et al. (2022) with
two free-running laser sources around 1550 nm wavelength with a narrow linewidth
(LW). In this study, the seed generation was done using two laser pumps to modulate
the intensity of a wideband RF signal and produce a double sideband-suppressed carrier
(DSB-SC) of several RF tones with a fully suppressed carrier (Ali et al., 2022; Gertler et
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al., 2022). It requires a special device, a multi-port photonic-phononic emitter-receiver
(PPER), fabricated using phononic crystals. The seed generation was done within these
special waveguides that can generate and tune the seed at the expense of complexity and
implementation costs. Another study reported using a single laser as the pump source but,
however, required three phase-modulators for the seed generations using DSB, where at the
final stage of the generation, the optical carrier was also suppressed using an optical filter
(Du et al., 2023). The study focused on beating the generated seeds for the application of
spectral measurement without emphasizing the modulation techniques used. Meanwhile,
a study utilizing a single sideband modulation with the suppressed carrier (SSB-SC),
which utilized the SBS effect in fiber to obtain the gain spectrum, was reported by Bhogal
and Sindhwani (2022). The study, however, focuses on frequency shifting and a high
carrier suppressed with the effect of Brillouin gain. In Marhic and Cholan (2014), an SBS
experiment demonstrated 27-dB OSNR signal enhancement using a continuous-wave pump.
A narrow linewidth (LW) laser pump with 30 dBm output power has been used with an
intensity modulator focusing on a DSB modulation for the seed signal generation. The work
has yet to explain the condition of the seed signal generation in terms of its modulation
type, carrier suppression requirement, pump power, and interaction within a BGBW.

In this manuscript, the performance of the seed generation techniques comparing the
DSB and SSB modulations is presented to obtain a high-gain SBS-based amplifier with a
narrow band associated with the Brillouin gain bandwidth. Typical DSB modulation with
carrier suppression adjusted using voltage biasing is obtained using a single-armed Mach
Zehnder modulator (MZM), while two techniques are used for the SSB modulation. The
first one is done by adding an optical bandpass (OBP) filter to remove an upper sideband,
and the second is utilizing a costly optical modulator to generate the SSB directly after the
modulator’s output with the use of in-phase and quadrature MZM (IQ-MZM). The carrier
suppression is also tuned with the biasing voltage supplied to the MZM’s arms without any
biasing control circuit. The proposed setups are more straightforward and cost-effective
than the technique used by Gertler et al. (2022) and Ali et al. (2022), which requires a
PPER device to perform sideband filtering and carrier suppression.

On the other hand, Du et al. (2023) performed the SBS generation using the DSB
modulation but with cascaded phase modulations (PM) and OBP filters. Two free-running
laser diodes and optical modulators were utilized by Ali et al. (2022) to perform the
microwave filtering based on SBS, which again incurred additional cost and phase noise
due to the free-running lasers, as opposed to a single laser diode with single MZM to
perform the SBS seed generations in our proposed work. The single laser diode produces a
strong phase correlation between the laser and the generated seed, reducing the phase noise
impact on the system (Mandalawi et al., 2019). The work also highlights the requirement
of the suppressed carrier for the modulation, which can be used to identify the MZM
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specifications, specifically the required extinction ratio. With the narrow bandwidth, a high
selectivity of 50 MHz optical bandwidth can be obtained with a high OSNR, indicating noise
suppression. It can be another option for a high selectivity optical amplification as opposed
to the typical Erbium-doped fiber-based amplifier with a wide bandwidth of 35 nm where a
predominant amplified spontaneous emission (ASE) noise is imposed within the amplified
signal. Investigations have been carried out in this work using VPItransmissionMaker™
a well-known simulator that industries and academics use to mimic expensive optical
systems. The performance comparison between the SBS and DSB modulations shows
that DSB provides the best seed generation technique to obtain a high gain. OSNR is the
DSB modulation technique with a relaxed carrier suppression requirement. The technique
provides a signal amplification of 62.47 dB with an OSNR enhancement of 37.47 dB. The
results suggested using a cost-effective MZM with a modest extinction ratio requirement.

METHODOLOGY
Seed Generation Techniques

A single pump source at a frequency, f,, generates the seed signal and the SBS process.
The pump signal, f,, is amplified by an erbium-doped fiber amplifier (EDFA) to satisfy the
SBST required to stimulate the Brillouin process and generate BGBW. Figure 1 illustrates
the spectrum modulation and its interaction with BG and BGBW.

The induced soundwave signal has an acoustic velocity, V,, to generate the Stokes
2nV,

signal at a BFS of vp given by vg = Ta, where n is the optical fiber refractive index,
and / is the pump-signal wavelength (Ali et al., 2022; Du et al., 2023). The signal that
must be enhanced or amplified needs to be injected with the same frequency and direction
of the BFS aligned within the BGBW. In this case, a seed signal is backward injected into
the optical fiber, beaten with the pump signal, and an amplified signal is produced at —f;,,.
The pump signal, f,, is modulated with an RF signal, f,,, tuned to vy, as shown in Figure
1(b). The MZM is DC-biased at a null point with respect to the MZM’s transfer function,
as shown in Figure 1(b)(iii); according to Figure 1(b)(i), the generation of the SSB-SC
seed signal using an OBPF after the MZM lets the lower-sideband signal interact within
BGBW and filter out the upper-sideband. Meanwhile, Figure 1(b)(ii) shows the SSB-SC
seed signal generated using an IQ-MZM. This technique requires a local oscillator tuned
to f,, where one of the RF signals is 90° phase-shifted from the other inputs to produce in-
phase and quadrature RF signal components. These signals drive the IQ-MZM to produce
a seed signal at vg. The IQ-MZM is biased at the quadrature point of the transfer function,
as illustrated in Figure 1(b)(iii). The theoretical mathematical models to explain Brillouin’s
Stokes amplification and the seed generations have been reported by Gokhan et al. (2018),
Loayssa et al. (2004) and Qing et al. (2016).
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Figure 1. lllustration of (a) Brillouin’s Stokes with BG generation and seed interaction within BGBW and
(b) seed signal generations using MZMs to generate (i) DSB-SC and SSB-SC using an optical bandpass
filter (OBPF), (ii) SSB-SC using in-phase and quadrature Mach-Zehnder modulator (IQ-MZM) with biasing
voltages with respect to (iii) MZM’s transfer function

Simulation Setup

The simulation setup of SBS-based optical amplification with signals before the interaction/
beating processes using (a) DSB-SC, (b) SSB- SC/OBPF, and (¢) SSB-SC/IQ-MZM of
seed signal generation blocks illustrated by the inset diagrams of Figure 2. A CW-laser
with a center frequency of 193.1 THz (corresponding to 1552.52 nm of wavelength), an
output power of 6 dBm, and a linewidth (LW) of 1 MHz is used as the pump source for
this system. The CW-laser light is split by 50/50 Coupler 2, and the outputs are used for
the pump source and to drive the MZM denoted as a carrier signal in the seed generation
block. The MZM is used to generate the BFS light, in which an RF signal generator tunes
the amount of the frequency shift. The optical MZM’s extinction ratio is set to a typical
value of 30 dB for all configurations, indicating the MZM’s carrier-suppression ratio. The
carrier suppression is obtained by biasing the MZM near the null region of its transfer
function curve.

The output light of the CW-laser is added with an amplified-spontaneous emission
(ASE) noise source to provide a constant white noise and a gain-controlled EDFA to vary
the level of a noise- floor for OSNR and gain analyses. The combined CW-light and the
ASE noise signal are fed onto an OBPF with a rectangular transfer function to limit the
signal bandwidth (BW). At Point 1, the CW-light power is maintained at 3 dBm with an
OSNR of 25 dB. The pump source at Output 1 of Coupler 2 is amplified to 30 dBm using
a power-controlled EDFA and connected to a polarization controller (PC1) before the
light is injected into a bidirectional optical fiber to stimulate a Brillouin process. PC1 is
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Figure 2. Simulation setups of SBS-based optical amplification using (a) DSB-SC, (b) SSB-SC/OBPF and
(c) SSB-SC/IQ-MZM seed generation blocks

required before the fiber because the EDFA changes the signal’s state of polarization (Ali
etal., 2023; Du et al., 2023).

The fiber parameters set are 14 km in length, 0.2 dB/km of attenuation, effective core
area, Ay of 8x107'° m?, Brillouin gain coefficient, g, of 4.6x10'' m/W, intrinsic Brillouin
bandwidth (BBW) of 50 MHz, Brillouin frequency shift, vg 11 GHz, and a nonlinear index
of 26x102! m*W. The CW-light at Output, 2 of Coupler 2, is linearly polarized before it
is used to drive the MZM in the seed generation block. The pump and seed signals must
be polarized because the SBS is a polarizer-dependence process (Deventer & Boot, 1994).
The respective modulation techniques of DSB-SC, SSB-SC/OBPF and SSB-SC/IQ-MZM
are shown in the inset diagrams of Figure 2(a), (b) and (c), respectively.

Every modulation technique is modulated with an RF signal from a local oscillator to
generate side tones at a frequency equal to V5. The DSB-SC is constructed using a single
RF-drive MZM with the biasing voltage set to 1 V to obtain carrier suppression. A complete
null carrier- suppression cannot be obtained with the supplied biasing voltage due to the
low 30-dB extinction ratio of the MZM. Thus, a carrier leakage of 3 dB, shown by the
inset spectrum of Figure 2(a), is produced. The modulated signal also produced harmonic
components at + 22 and +33 GHz. The SSB-SC/OBPF technique is the same as the DSB-
SC design but uses an OBPF of 60 GHz BW, 40 dB stop-band centered at 193.089 THz
with a rectangular transfer function. It filters out the USB and passes the LSB part of the
seed signal. The LSB at 193.089 THz is obtained with respect to the difference between
the center frequency, f, and vg. The seed signal spectrum of the SSB-SC/OBPF with 3-dB
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carrier leakage and the harmonic component at -22 GHz can be shown in Figure 2(b).
Figure 2(c) shows the SSB-SC/IQ-MZM design, constructed using an [Q-MZM with an RF
signal generator connected to a power splitter to provide the in-phase signal. In contrast, the
quadrature signal component is produced after the 90°-phase shift. The I- and Q-arms are
biased at 0.5 V. The output signal is the SSB at v with 4 dB carrier leakage, and 23.3-dB
carrier suppression is obtained with the harmonic components at = 22 and +33 GHz. The
seed signal power at Point 2 is -2 dBm for the three designs. The insertion losses of the
components used in the SSB-SC/OBPF and SSB-SC/IQ- MZM seed generation block are
compensated using an EDFA. The output of the seed generation block is injected through
an isolator to prevent a back-reflection, fed into the bidirectional universal fiber and then
extracted through Port 3 of the circulator as the amplified signal denoted as Point 4.

RESULTS AND DISCUSSION

SBS-based signal amplification is taken at Point 4 of the circulator’s output. The spectra
are analyzed to identify the gain and the OSNR enhancement obtained by comparing the
SBS amplified signal to the pump source at the output at Point 1 of Figure 3.
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Figure 3. Spectra of (a) laser source signal at Point 1, (b) seed signal generation before the interaction at
Point 2 for DSB-SC, SSB-SC/OBPF and SSB-SC/IQ-MZM, (c) aligned Stokes with the amplified signals
of DSB-SC and SSB-SC at 2 MHz resolution bandwidth (RBW) and (d) amplified signal at Point 4 using
DSB-SC seed generation with its pump source signal at Point 1 with RBW of 12.5 GHz
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The 0.1 nm RBW is a standard OSNR measurement using a typical OSA (Ali et al.,
2022). The spectrum has been magnified from a Lorentzian-shaped spectrum to present
the Stokes signal at -11 GHz, where the simulator represents the Stokes signal using the
arrows. The Stokes produces a Lorentzian-shaped BG with a narrow BGBW, whereas the
gain will amplify the seed signal injected backward within the interaction area. In contrast,
the signal and noise outside the BGBW are not affected. It produced a much narrower
amplifier BW than an EDFA, amplified all the signals within a wide BW, and added an
ASE noise onto the amplified signal (Ali et al., 2022). The Stokes signal is produced when
part of the pump signal is back-scattered due to the periodical modulation of the refractive
index when it interacts with the fiber medium. Stokes signal is considered a noise if there
is no backward seed signal. The refractive index modulation obtains an exponentially
increased back-scattered pump power signal, similar to a Bragg condition. The power is
then transferred to the seed signal and amplified (Ali et al., 2022).

The Stokes wave power is higher in the DSB-SC than in the SSB-SCs due to the higher
transferred power of the DSB to the pump, which leads to a more back-scattered pump
power (Ali et al., 2022; Preussler & Schneider, 2015). The measurement of the OSNR
enhancement is shown by taking the difference between the OSNR of the amplified signal
with respect to its noise floor (black line) and the pump source signal with its respective
noise floor (red line), as shown in Figure 3(d) (Marhic & Cholan, 2014). The noise floor of
the amplified signal is represented by the carrier-suppression level of the seed generation
technique, which is, in this case, the DSB-SC. The OSNR enhancement obtained is 37.47
dB, resulting from the subtraction between 62.47 dB and 25 dB, as shown in Figure 3(d).

Figure 4(a) shows the harmonic frequency components at multiple £f,,, for the DSB-SC
and at multiple —f;, for the SSB-SC from the laser pump’s center frequency at 193.089 THz,
where each component is separated at Vg of 11 GHz. When the Stokes signal is aligned, the
LSB signal at -11 GHz away from the laser pump’s center frequency is amplified to a peak
power of 30 dBm. When the LSB frequency does not match the BFS, no power transfer
process between the seed and pump signals will occur. These indicate that the signals
are unaligned; hence, the seed signal (LSB) will not be amplified. In this simulation, the
Stokes signal is fixed to vg with a constant phase. The pump power used is 30 dBm. The
OSNRs are 62.47 dB, 58.14 dB and 57.67 dB for the DSB-SC, SSB-SC/OBPF, and SSB-
SC/IQ-MZM seed generation techniques, respectively. Measured BGs with respect to the
unamplified (unaligned seed signal within BGBW) are 38.4 dB, 34.08 dB and 33.6 dB for
the DSB-SC, SSB-SC/OBPF and SSB-SC/IQ-MZM, respectively.

A BGBW is obtained by taking a full-wave half maximum (FWHM) measurement of
the amplified spectrum. The amplified optical power obtained at Point 4 is similar to the
pump power at Point 3 due to the total power reflection from the saturated pump signal
(Aoki et al., 1988; Ravet et al., 2008). The obtained OSNR enhancements of 37.47 dB,
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Figure 4. Spectra of the aligned and unaligned seed with Stokes signals obtained at Point 4 for (a) all seed
generation techniques at 2 MHz RBW, (b) DSB-SC, (c) SSB-SC/OBPF and (d) SSB-SC/IQ-MZM seed
generation techniques at 12.5 GHz RBW

33.14 dB and 32.67 dB for the DSB-SC, SSB-SC/OBPF and SSB-SC/IQ-MZM seed
signal generation techniques, respectively. 4-dB higher OSNR enhancement is obtained
using the DSB- SC than the SSB-SCs due to the higher power transferred from the USB
at +f,, and carrier at f, to the LSB at —f,,. It is shown in Figure 4(b), where the amplified
USB power (black line) is reduced by 4 dB compared to the unamplified USB (orange
line) when no alignment occurred. It confirmed the result obtained in Marhic & Cholan
(2014) with slightly higher OSNR enhancement due to the circulator’s low insertion loss
and high isolation.

Figure 5 analyzes the noise power level before and after the interaction and shows
additional noise from the Brillouin amplifier. The DSB-SC amplification signal is compared
since the noise floor level is identical to the SSB-SCs. It shows a ~ 24 dB additional noise
power compared to the pump source signal. It is due to the characteristic of EDFA that
amplifies the whole signal band, including the noise. The amplified signal noise level
decreased by 9 dB due to component power loss (coupler, polarizer and MZM). Hence,
the Brillouin amplifier added negligible noise to the signal, in agreement with Souidi et
al. (2016). The Brillouin amplifier added low noise compared to EDFA due to Brillouin’s
narrow gain bandwidth.

In this simulation, the injected seed signal power into the fiber is fixed at -2 dBm to
compare the seed generation techniques. The Stokes signal peak power is obtained by the
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Figure 6. Pump source phase noise effect to (a) amplified signal OSNR, (b) BGBW and (c) Stokes’s peak
power using DSB-SC, SSB-SC/OBPF and SSB-SC/IQ-MZM seed generation techniques

highest arrow peak power value, which indicates the Stokes signal. Figure 6(a) shows
that the highest OSNR is obtained with the narrowest LW and fluctuates when the LW is
broadened for the three modulations. It is expected that the pump LW is narrower than the
intrinsic Brillouin bandwidth. All three seed generation techniques require a coherence
source for the highest amplification. When the pump source with a high phase noise or
an insufficient coherence pump source is used, the phase noise becomes the dominant
factor that reduces the obtained gain and induces the Brillouin gain fluctuations. It can
be associated with the obtained fluctuated OSNR when the LW is broadened. However,
the fluctuations amount is negligible and considered stable due to the frequency-locking
approach that makes the generated Stokes wave follow the pump signal frequency,
consequently canceling gain fluctuations and providing a stable amplification as explained
in Figure 6(a) (Souidi et al., 2016).

The results agreed well with the BGBW, as shown in Figure 6(b). To obtain the
maximum gain, the pump LW must be much narrower than the intrinsic Brillouin bandwidth
of 50 MHz in the simulation setup. The BGBW is relatively broadened and fluctuates
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when the pump LW is increased, which agrees with its respective amount of gain shown in
Figure 6(a). The broadened pump LW also affects the threshold power required to produce
the stimulated Brillouin effect. Consequently, reducing the SBST will reduce the gain
amplification produced by the SBS (Ali et al., 2022; Du et al., 2023; Harish & Nilsson,
2019). Figure 6(c) shows that the narrower the pump LW than the Brillouin bandwidth,
the stronger the Stokes signal is obtained, resulting in the highest gain. Figure 6 shows that
the DSB-SC provides better overall performance than the SSB-SC/IQ-MZM and SSB-SC/
OBPF due to the double-energy transfer processes, as explained in Figure 4 (Frederic et
al., 2013). It is shown by the significantly high Stokes’s peak power in Figure 6(c) for the
narrowest LW pump. When the pump LW is broadened, the Stokes power is reduced as
the phase noise dominates.

The obtained OSNR is reduced at around 1 dB when the LW is broadened from 1 kHz
to 20 MHz and around ~2.6-dB reduction when the LW is broadened to 50 MHz, equal to
the intrinsic Brillouin bandwidth. At 50 MHz pump LW, the obtained BGBW is ~60 MHz
for the DSB-SC and SSB-SC/IQ-MZM, while ~40 MHz for the SSB-SC/OBPF. The BGBW
will increase proportionally with the increase of pump LW through the relationship between
Brillouin LW parameter, I and BGBW, Avg given by Avgal / 2m, where I is also related
to the pump LW, Av, by I' = f(Tp, Avg) where Tp is phonon lifetime (Zhao et al., 2020).
Nevertheless, the results suggest a low-cost distributed feedback laser (DFB) can generate
the 50 MHz pump LW. Thus, a low-cost laser source could be used as the pump source.

Figure 7 shows the effect of the pump power on the (a) BG, (b) amplified seed signal
power, and (b) amplified seed signal OSNR obtained at Point 4 of Figure 2 using DSB-SC,
SSB-SC/OBPF and SSB- SC/IQ-MZM seed generation techniques. The OSNR is obtained
using an OSA with respect to 0.1 nm (~12.5 GHz), a typical OSA RBW, and the signal
power is measured using a power meter. It is to analyze the SBST for the three designs.
The laser time trace is assumed to be stable throughout the loop for Figure 2(a), (b), and (¢)
without phase mismatch. Figure 7(a) shows that the BG increased linearly with the pump
power, and at 10 dBm, it started to increase rapidly. It indicates that a stimulated Brillouin
process has taken place, and a pump depletion occurs when the pump power is transferred
to the seed signal. It gives the SBST value relatively the same for all three techniques.
At the pump power higher than the SBST, most of the power is transferred to the seed
signal, resulting in the signal amplification at the Brillouin frequency, vg, away from f, and
saturating the power of f,. The BG starts to saturate after 30 dBm of pump power. Figure
7(b) confirms that the f, power is transferred to the seed signal at —f;, saturates after 30
dBm. Figure 7(c) presents that after 15 dBm peak power, the OSNR of the amplified seed
signal using DSB-SC provides a 3-dB better OSNR than the SSB-SC. It confirms the double
energy transfer processes between the pump and the USB and LSB of the DSB-SC. The
OSNR continues to improve exponentially with the increase of the pump power until at 30
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Figure 7. Pump-power effect on (a) BG, (b) amplified signal power, and (c) amplified signal OSNR at Point
4 using DSB-SC, SSB- SC/OBPF and SSB-SC/IQ-MZM seed generation techniques

dBm when it starts to saturate. The highest OSNR obtained is 62.47 dB for the DSB-SC
and 58 dB for the SSB-SC. An OSNR enhancement of 37.47 dB is obtained compared to
the 25-dB OSNR of the laser source taken at Point 1 of Figure 2 of the DSB-SC.

Figure 8 shows the effect of the MZM biasing voltage concerning the amplified signal
OSNR and the seed power. The varying MZM biasing voltages will produce a respective
carrier suppression at 193.1 THz laser-pump frequency based on the MZM’s transfer
function curve and extinction ratio value. The biasing voltages 0of 0.1 V, 0.5V, 1V and 1.6
V produced carrier suppression of 8.1 dB, 20.2 dB, 24.1 dB and 31 dB, respectively. The
spectra of Figure 8(a) show that the carrier is suppressed down to the noise floor when the
MZM is biased at 1.6 V and a small suppression at 0.1 V. When the carrier is suppressed,
the carrier power is distributed to the sidebands or the seed signal at +f,,, hence producing
a high-power seed signal at -6 dBm. When the carrier suppression is small, for example,
at 8.1 dB, the power of the seed signal is low at -21 dBm when the MZM is biased at
0.1 V, where a considerably high carrier signal can be seen in the spectrum. High carrier
suppression is desired for a coherent transmission system. However, generating the seed
signal for an SBS-based amplifier is unnecessary, as shown in Figure 8(b). The lowest
carrier suppression of 8.1 dB with its respective seed signal power of -21 dBm of Figure
8(c) provides the best-amplified signal OSNR of ~80 dB. It satisfies the required backward
interacting light-wave signal power of tens of microwatts (Du et al., 2023; Marhic &
Cholan, 2014; Zan et al., 2013). Moreover, the high carrier in the generated seed signal
provides an extended energy transfer between the pump, f, and +f;, into —f,,. When the
carrier suppression level is increased, for example, at 20.2 dB, the OSNR of the amplified
signal is reduced by close to 14 dB. At a high carrier suppression level of 24.1 dB and 31
dB, when the MZM is biased close to or at the null point of the MZM’s transfer function,
the produced seed signal power is -2 dBm and -6 dBm, respectively. At this seed signal
power, the OSNR becomes saturated. It agreed that the seed signal power should not
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Figure 8. MZM biasing voltage effect with the resulting (a) seed spectra, (b) amplified signal OSNR at Point
4, and (c) seed power at Point 2 using a DSB-SC seed signal generation design

exceed 10 uW to prevent BGS distortion. The high seed signal power will strongly beat
within BGBW, and the gain is decreased because the pump-depletion region is prominent
at the peak of the BGS.

Furthermore, the carrier suppressed at 24.1 dB and 31 dB will produce high-order
harmonics of the carrier and sidebands. It can induce intermodulation distortion between
the harmonics and the signal sidebands when this amplifier is used for a transmission
system. The obtained results can be used as a guide to tune the optimum biasing point for
seed generation with respect to the carrier suppression required. A typical commercially
available IQ-MZM requires a biasing point higher than the quadrature to produce the
small carrier suppression to meet the seed signal power requirement. Since the carrier
suppression is insignificant in producing a high Brillouin gain, a cheap MZM with a low
extinction ratio can be used for the seed signal generation. The requirement of SSB-SC/
IQ-MZM can be relaxed as DSB-SC without a stringent carrier suppression requirement
is shown to perform well. Furthermore, an EDFA to compensate for the insertion loss of
the MZM is also not required for the seed generation block.

CONCLUSION

This work investigated the amplification performance of modulation techniques to generate
a seed signal using DSB-SC, SSB-SC/OBPF and SSB-SC/IQ-MZM driven by a single
CW laser pump using simulation. The three techniques used an MZM to generate the
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seed signal at a BFS of 11 GHz, where the SSB is obtained using an OBPF and 1Q-MZM.
The produced seed will beat within a BGBW to obtain the amplified signal. The OSNR
enhancements achieved are 37.47 dB, 33.14 dB and 32.67 dB using DSB-SC, SSB-SC/
OBPF and SSB-SC/IQ-MZM, respectively. It is found that the DSB- SC seed generation
modulation technique performed the best with the highest amplified seed signal of 62.47 dB
compared to 58.14 dB and 57.67 dB obtained with SSB SC/OBPF and SSBSC/ IQ-MZM.
The dual-energy transfer occurs through the beating process involving the USB and LSB
instead of the single-energy transfer in the SSB-SCs. Laser pump phase noise represented
by the LW is also a limiting factor for the BG as it reduces the gain and induces fluctuations.
However, the BG performance tolerates the LW of 50 MHz with a slight OSNR reduction
of ~3-dB measured from the resulting amplified seed signal for all generation techniques.
It suggests that a low-cost laser source, such as a DFB laser, can be used as a pump source
if the OSNR requirement is not critical. Also, the carrier suppression ratio of the resulting
DSB and SSB modulation signals is less significant. The seed signal power must be as low
as tens of microwatt to prevent the distortion of the BGS and pump depletion. It permits
using a low-cost MZM with a low extinction ratio value.
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