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XPM assisted optical frequency comb generator in SOA
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The proposed work reports a technique to realize an optical frequency comb by the exploitation of cross-phase modulation
experienced by an optical signal while propagating through the two semiconductor optical amplifiers placed in Mach-
Zehnder interferometric configuration. The periodicity and the compression of optical pulses define the frequency line
spacing and maximum power deviation of the optical frequency comb. By doing so, we realize a 1.28 THz spectrally broad,

20 GHz line spaced, 2.3 dB spectrally flat, and 64-line optical frequency comb.
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1. Introduction

The continuous increase in the internet requirement
increases the demand for high data transmission rates and
large bandwidth [1]. Dense wavelength division
multiplexing (DWDM) is the only solution to efficiently
exploit the available large optical bandwidth to fulfil the
exponentially increasing network traffic demands [2].
Precise optical frequency control of the number of closely
spaced optical frequency lines is a key challenge in these
designs. The use of optical frequency comb (OFC) as a
multichannel source may be an attractive and interesting
approach to design a precisely controlled DWDM system
for high-performance data transmission [2-4]. The optical
frequency comb also has various other applications such as
arbitrary ~ waveform  generation [5], material
characterization [6], optical tomography (OCT), and high
precision frequency metrology [7].

To date, various techniques have been proposed for
comb generation. Mode-locked laser (MLL) [8-9], electro-
optic modulators [10-25], and fiber nonlinearities [26-29]
are some key techniques used for OFC generation. In MLL
based OFC generators, the phase of the optical signal is
locked in the laser cavity to generate periodic ultra-short
pulses [8-9]. These periodic ultra-short pulses result in a
frequency comb. The resulting OFC's line-width depends
on the periodicity of ultra-short pulses, which is defined by
the length of the laser cavity [8-9]. MLL based OFC
generators shows less stability due to environment-
dependent laser cavity, less controllability due to cavity
length dependency and complexity [10-12, 30]. The
periodic optical pulse compression by using multiple
electro-optic modulator-based is another promising
approach to design optical frequency comb. The pulse
compression operation is achieved by controlling the
amplitude, phase and frequency of multiple RF signals
applied to the multiple cascaded or parallelly placed

electro-optic modulator. Chen et al. [11] modulate the
polarization state of optical signals to achieve the 17 lines,
1.47 dBm flat optical frequency comb. Yamamoto et al.
[3] had realized 11-line frequency comb with 1.9 dB
spectrum flatness by the proper adjustment in the phase of
the sinusoidal signal and DC biased signal applied to the
upper and lower branch of dual-drive Mach-Zehnder
modulator (MZM). Similarly, Jassim et al. [12] and Li et
al. [13] has used the same approach to generate the
frequency comb with 27 and 80 comb lines with 1 dB and
10 dB spectrum flatness, respectively. Bo et al. [14]
cascaded the multiple MZM modulator with a similar
biasing approach and generated the frequency comb of 9,
45 and 47 lines with spectral flatness of 0.8 dB, 1 dB, and
1.9 dB respectively. Also, Bo et al. [15] cascaded the
MZM and IM for further improvement in frequency comb
and generated the 50 frequency lines with 1.3 dB spectrum
flatness. Ozharar et al. [16] uses the phase-only
modulation to realize a 1.9 dB flat 11 line optical
frequency comb. Chen et al. [17] improved it by cascading
the phase and intensity modulator and realize the 17 lines
frequency comb with 0.5 dB spectrum flatness. The OFC
generator can also be realized by exploiting Kerr's
nonlinearities [26-29]. Sefler et al. [27] exploit the four-
wave mixing (FWM) in an optical fiber to broaden and
flatten the spectrum of the periodic optical signal and
realize an OFC. Frequency comb may be realized by
compressing the periodic optical pulses using the
phenomenon of cross-phase modulation (XPM) inside the
active medium of the semiconductor optical amplifier
(SOA). This idea of pulse compression is evaluated in the
proposed paper. The structure of the paper is as follows:

Section Il covers the basic principle of the proposed
design to generate the optical frequency comb.

Section 1l covers the effect and optimization of
various system parameters on the spectrum flatness and
spectral expansion of the optical frequency comb.
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Fig. 1. Schematic to design OFC based on XPM in SOA

Conclusion from the thorough evaluation of proposed
design of optical frequency comb is made in section IV of
the manuscript.

2. Design principle of an optical frequency
comb generator

If the path length of optical signals propagating
through the branches of MZI is well aligned, the phase of
optical signals can be adjusted so that only the destructive
interference will occur at the output port of MZI. This path
length can be controlled by an optical delay line (ODL)
and XPM. Fig. 1 shows the basic schematic to design the
optical frequency comb. In the proposed design, the
periodic signal generator block provides the periodic
optical signal having 50 ps pulse width, 50% duty cycle
and 0°0° polarization state at 193.165 THz. The periodic
optical signal block consists of a laser source, followed by
a power splitter and a periodic electronic signal controlled
dual derive Mach-Zehnder modulator (DD-MZM).
Further, the DD-MZM is followed by the power splitter.
The other part of signal from continuous wave source is
followed by a polarization controller which fixed the
polarization at 90°/0° followed by an optical attenuator.
Further, the power splitter and pump signal are followed
by a power combiner, and an optical time delay block
follows another part of an optical signal from the power
splitter. Further, the signal from power combiner is
followed by a semiconductor optical amplifier (SOAL) and
another part of the periodic optical signal propagates
through an optical delay line, followed by SOA2. The
XPM in SOA1 and ODL induces in the phase difference at
the output port of SOA-MZI and with the proper
adjustment in this phase difference, an ultrashort pulse can
be realized, which ultimately results in an ultra-flat optical
frequency comb [7]. The condition to realize the optical
frequency comb is given in equation (1).
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Here in equation (1), ¢, and ¢, are the phase of the
periodic optical pulses at the output port of SOAl and
SOA2, respectively. The path length variation or phase
modulation in a semiconductor optical amplifier can be
calculated from equation (2) [32-34].
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Ap = +a[loge(G) — Log.(Gy)] (2)

Here in equation (2), Ad¢ is the phase variation due to
length L of active medium and other nonlinearities, n, is
the refractive index, a is the linewidth enhancement factor,

G is the saturated gain and G, is the linear device gain of

SOA. In equation (2), the first and second expressions
shows the phase variation due to the length of active
medium and cross-phase modulation and self-phase
modulation respectively. In the proposed work, the cross-
phase modulation in SOA-MZI configuration is controlled
to achieve the condition given in equation (1) and the
realization of the optical frequency comb. The
optimization of SOA parameters for XPM is based on
equation (3) [32-33].
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Here in equation (3), t and z are the instantaneous
time and transverse position inside the active region of
SOA, b is the phase propagation constant, L, W and t, are
the length, width and thickness of the active region of
SOA, a is the differential gain coefficient of SOA, G is
the confinement factor, | is the injection current, g is the
gain coefficient of SOA and M is the total number of
channels in SOA. P=¢ P(t,z) & t, and N =
dN(ty,z,)/0t, are the time derivative of the power
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coefficient and carrier density of SOA, and are chosen so
to reduce the complexity of the equation. As shown in Fig.
1, the phase of the periodic optical signal propagates in the
lower branch modulates due to SPM and optical time
delay and in the upper branch modulates phase due to
SPM and XPM, which can be calculated from equation
(3). Further, the signals from two different branches are
followed by the power combiner, and due to phase
difference, the signal at frequency 193.165 THz shows the
destructive or constructive type of interference. The phase
difference between the signals at 193.165 THz can be
calculated from equation (4).

40 = ¢y — Py = Pxpy — d)delay (4)

Here in equation (4) 46 is the phase difference
between the phase of the signal coming out from upper
branch (¢,,) and lower branch (¢,;) at frequency 193.165
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THz. dxpy Shows the phase variation due to cross-phase
modulation and  ¢geray IS the phase variation due to
optical time delay. Further, to remove the pump signal
from the signal of interest, the signal from power combiner
is followed by the 90°/0° polarization filter.

The XPM in the SOA controls the interference pattern
at the output end. As the condition given in equation (1)
fulfil, the output port results in a periodic ultra-short pulse
having the pulse width defined by the optical time delay
with the periodicity of two times than the periodicity of the
input signal. Fig. 2a shows the timing diagram of the
periodic optical ultra-short pulse. The output spectrum at
the output end of the polarization filter is shown in Fig. 2b.
It shows the ultra-flat and ultra-wide optical frequency
comb. The lines spacing between two consecutive
frequency signals depends on the periodicity of the optical
signal. The various parameters of the components used in
the design are reported in Table 1.
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Fig. 2. (a) Timing diagram of periodic ultra-short pulse, and (b) optical frequency comb

Table 1. Parameters of the components used to realize the ultra-flat optical frequency comb

Sr. No. Components Parameter Value

1 Probe signal Periodicity 100 ps
Centre frequency 193.165 THz
Duty cycle 50%
Power 3.01 dBm

3. SOA Injection Current 0.15mA
Length 500 pum
Width 3um
Thickness 0.245 pm
Optical confinement factor 0.2
Differential gain 25x10% m?
Carrier density and transparency 1.5x10% m™
Linewidth enhancement factor 5
Recombination coefficient factor A 143x10° st
Recombination coefficient factor B 1x10% ms™
Recombination coefficient factor C 3x10™* m%*
Initial carrier density 3x10% m3

4 Optical delay Time delay 0.8 ps
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3. Results and discussion

The path length difference experienced by optical
signal in different branches of SOA-MZI configuration
plays a crucial role in realizing the optical frequency
comb. Control over the phase of an optical signal using
XPM in SOA makes it more flexible. This section
discusses the effect of various physical parameters of
SOA, probe signal and pump signal power on the spectrum
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flatness of the optical frequency comb. There is a phase
difference between signals propagating through SOA 1
and SOA 2 due to cross-phase modulation in SOA 1 and
fixed optical delay lines. From equation (3), pump signal
power is the primary cause of XPM experienced by the
optical signal. So, the effect of pump signal power on
output spectrum maximum power deviation is plotted in
Fig. 3.
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Fig. 3. Plot between optical frequency comb spectrum maximum power deviation and pump signal power at various probe
signal power levels (color online)

The plot shows the spectrum flatness with the
variation in pump signal power at various fixed probe
signal power. From the plot, it is observed that at 3 dBm
probe signal power, with the increase in pump signal
power from -20 dBm, the frequency comb maximum
power deviation also decreases and reaches the maximum
flatness of 2.4 dBm at pump signal power of -9.5 dBm.
From equation (3), it can be seen that the cross phase
modulation experienced by probe propagating through the
active medium of SOA 1 is due to the presence of a pump
signal, also known as XPM. With the increase in pump
signal power, there is an increase in the extent of XPM
interaction, results in the phase difference and reaches to
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the 180° for with an increase in power. At that particular
point, the proposed frequency comb observed a maximum
power deviation of 2.4 dB. With a further increase in
pump signal power, maximum power deviation again
starts increasing. From the plot in Fig. 3, with the increase
in probe signal power, the pump power required to achieve
the maximum power deviation also increases.

The active length and differential gain of SOA also
play a crucial role to achieve the maximum spectrum
flatness of an optical frequency comb. So, the effect of
length and differential gain of SOA on the output spectrum
maximum power deviation is analyzed in Fig. 4.
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Fig. 4. Plot between optical frequency comb spectrum maximum power deviation and active medium length of SOA at
various constant differential gain levels (color online)

The plot is drawn between the length of the active
region of SOA and output spectrum maximum power

deviation at various differential gain levels. From the plot,
at 22x10%* m? differential gain level, the spectral flatness
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decreases with the increase in active medium length. The
spectral flatness decreases due to an increase in XPM
interaction in SOA, as given in equations (2) and (3). The
lowest maximum power deviation achieves as the phase
difference become an odd multiple of 180°, which holds a
good agreement with equation (1). From the plot, the
effect of differential gain of SOA on spectrum flatness/
power deviation can be observed. With the increase in
differential gain, the XPM interaction between co-
propagating signals also increases, as seen in the plot and
agreed with equation (3). Due to this, there is a shift in the
lowest maximum power deviation point in the plot, which
is shown in Fig. 4. In the plot at the differential gain of
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25x10% m? initially the spectrum maximum power
deviation decreases with the increase in the active medium
length of SOA and reaches the peak flatness of 3 dBm at
the active medium length of 480 pm. With a further
increase in the active medium length, the maximum power
deviation increases due to an increase.

From equation (3), the optical confinement factor and
injection current of SOA affects the XPM interaction in
SOA, which ultimately affects the condition given in
equation (1). So, the injection current effect at various
confinement factors is plotted in Fig. 5.
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Fig. 5. Plot between optical frequency comb spectrum maximum power deviation and injection current of SOA at various constant
levels of confinement factor of SOA (color online)

From the plot, it is observed that with the increase in
injection current of SOA, the spectrum maximum power
deviation also decreases and reaches the minimum level at
some point defined by the phase difference between the
signals both branches of SOA-MZI as given in equation
(). Further, increase in injection current of SOA, XPM
interaction increases, and phase difference shifts away
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With the optimization of all the parameters based on
the analysis in this section, the values of various design
parameters are set as given in Table 1 and result in a 2.3
0dB flat, 20 GHz spaced, 64-line, and 1.28 THz spectrally
broad optical frequency comb. The spectrum of the
resulted frequency comb is also shown in Fig. 6.

from 180° resulting in the decrease in the spectrum
flatness. From the plot, with an increase in optical
confinement factor, injection current needs to achieve the
maximum spectrum flatness also decreases and shifts
toward the left side of the horizontal axis, which holds the
good agreement with equation (1) and equation (3).

Frlq?’uency (THz)
Fig. 6. Output optical frequency comb spectrum.

4. Conclusion

This paper implements an optical frequency comb by
active control over the phase of an optical signal by using
XPM in SOA placed in MZI configuration. In this paper,
the analysis of pump signal power, probe signal power and
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various SOA parameters is done and concluded that the
periodic ultra-short pulse results from the proposed design,
which results in a 2.3 dB flat, 20 GHz spaced and 1.28
THz spectrally broad optical frequency comb. It is also
concluded that the flat spectrum results only when the
completely destructive interference will occur at output
port of the comb generator.
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