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Abstract: We explain the generation of four wave mixing (FWM) components at the front and
back facets of semiconductor optical amplifiers (SOAs) based on the Bragg-scattering from the
propagating gratings in the SOAs. We propose a counter-propagating cross-polarized degenerate
pumping scheme for polarization-insensitive conjugate generation, simultaneously in both input
and output ports of the SOA for the first time. The corresponding Bragg scattering processes
along with the phase matching conditions are described and the detuning performance of the
generated conjugate in either port are experimentally validated. Polarization-insensitive phase
conjugate generation at both input and output ports of the SOA through Bragg scattering FWM is
further demonstrated.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

All-optical chromatic dispersion compensation and nonlinearity mitigation using phase conjuga-
tion are attracting renewed attention with the advent of advanced modulation formats in optical
communication [1,2]. Four-wave mixing (FWM) in nonlinear media such as highly nonlinear
fiber (HNLF) and nonlinear semiconductor optical amplifier (SOA) is typically utilized to achieve
phase conjugation. Of these, SOAs are particularly attractive because of its smaller footprint,
potential for photonic integration [3] and increased energy efficiency [4]. Similar to that in
HNLF, SOA-based FWM also has the advantage of being impervious to bit-rates and modulation
formats. Polarization sensitivity of four-wave mixing process is one of the primary challenges
in the implementation of phase conjugation. In an optical network that uses polarization
multiplexing, polarization-insensitive FWM scheme is required for practical implementation
of phase conjugator. Several research groups have undertaken detailed theoretical studies of
polarization-insensitive schemes [5—7]. Four wave mixing-based optical spectral inversion
without frequency shift by using two orthogonally polarized pumps in fiber and in SOA are
reported in [8,9]. The dependence of wavelength spacing between the pumps and that between the
signal and the pump on polarization-insensitive conjugate generation for SOAs is reported in [10].
The use of two-orthogonally polarized pumps in a polarization diversity scheme is experimentally
demonstrated in [11]. Further, the operating principle of the polarization-insensitive FWM
is analyzed using an improved space-averaged model and a comparative study of efficiencies
among different pump polarization configurations is undertaken using a model by KA Shore’s
group [12-18]. A scheme with the probe and conjugate waves propagating in opposite directions
in SOA using counter-propagating orthogonally polarized pumps was demonstrated in [19] while
phase conjugation using counter-propagating non-degenerate pumps was recently demonstrated
in [20]. In both these demonstrations, pump and probe are generated in one port while pump and
conjugate are generated at the second port of the SOA.

Though conjugate generation in the bidirectional pumping scheme in SOA has been studied in
the past, a detailed analysis of the mechanism of generation of conjugates in either port of SOA,
their corresponding phase matching conditions and polarization states have not been discussed.
We propose the Bragg-scattering theory to explain the generation of conjugates, that are insensitive
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to the polarization of the input signal in both the ports of an SOA simultaneously, in a partially
degenerate FWM configuration. Experiments on FWM initiated through Bragg-scattering
(FWM-BS) have been demonstrated by many research groups in the past using other nonlinear
media such as highly nonlinear fiber, birefringent photonic crystal fiber, silica and photonic
band-gap fiber [21-25]. In this paper, we discuss the details of FWM initiated through Bragg
scattering in SOAs for the first time. We explain the direction of propagation of the conjugates
by accounting for the facet reflectivities in SOAs as evidenced by our previous experimental
observations in [26]. We further perform experiments with degenerate pumps that are counter
propagating in the SOA with cross polarization and demonstrate polarization-insensitive phase
conjugate generation in both input and output ports of SOA. We also establish the corresponding
detuning characteristics in both the ports.

2. Theory

The nature of Bragg scattering-based four wave mixing in SOAs is influenced by the structure of
the SOA. Even though SOAs are designed to be traveling wave structures, the non-zero facet
reflectivity influences the four wave mixing process. The facet reflectivity of a given SOA can be
experimentally measured from the amplified spontaneous emission (ASE) spectrum [27].
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Fig. 1. (a) Power spectral density of amplified spontaneous emission spectra observed at the
input and output ports of SOA for a drive current of 375 mA. The ASE near 1545 nm is
zoomed and shown in inset, (b) Reflectivity spectra of the SOA at both port 1 and port 2 for
a drive current of 375 mA

Figure. 1(a) shows the ASE spectra of the SOA (SOA-NL-L1-C-FA; Kamelian, with a saturation
output power = 11.5 dBm for a drive current of 375 mA, a polarization dependent gain of 1 dB
and gain recovery time of 25 ps) used in our experiments, measured at its input and output ports
(referred to as port 1 and port 2 respectively). The presence of facet reflections is evidenced
by the stable and equi-spaced spectral lines, similar to that from the output of a Fabry-Perot
resonator. The frequency spacing is observed to be 50 GHz, corresponding to a device length
of ~1 mm. The facet reflectivities can be estimated from the ASE spectra using conventional
Hakki-Paoli’s relation between the depth of the gain-ripple, facet reflectivity and the single pass
gain (Gy) [27]. This relation is given as,

R = - [P

G: lpHiz s (P2 % 100, (1)

where R represents the geometrical mean of the facet reflectivities of either end; P* and P~
represent the maximum and minimum power levels respectively, measured from the ASE spectra.
The reflectivities calculated across the C-band for the SOAs used in our experiment is shown in
Fig. 1(b). Note that the calculation shown above uses G = 10 dB (fiber-to-fiber gain from the
data sheet) and does not include the fiber-to-chip-to-fiber insertion loss of the SOA since such
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information is not available to us. If this is also included, the reflectivity would further decrease
by the same factor as the insertion loss. However, the theory discussed below is not dependent on
the exact value of reflectivity but relies on the fact that the reflectivity is non-zero. Even though
the magnitude of reflectivity is small, the reflected power experiences gain in the SOA which is
sufficient to contribute to the formation of gratings, as evidenced by the experimental results
discussed in Section 3.

Note that the ASE spectra measured in either port are almost identical for a given drive current,
as indicated in Fig. 1(a). Considering the facet reflectivity, we now discuss the direction of
propagation of moving grating generated due to the beat between the pump and signal (with
frequencies w,, and wy respectively), and the direction of propagation of the generated idler and
conjugate (with frequencies 2w, — w), and 2w, — w; respectively) in an SOA.

Consider a signal and pump that are co-polarized, which are co-propagating in a nonlinear
SOA in the partially degenerate scheme. The co-propagating pump and signal at different optical
frequencies (w, & wy) generate a beat frequency (Q2) in the medium and the carrier density
responds to this beat frequency, given as, Q = |wy — wp,| [28-30]. The modulation of carrier
density at this beat frequency results in a gain grating and hence a corresponding refractive
index grating at this beat frequency. Thus, in a conventionally described FWM occurring due to
population pulsations [28], the pump and signal interacting with this grating generates additional
frequency components, corresponding to frequencies w,, + Q and w; + Q. However, in the Bragg
scattering process, we consider the propagating gratings due to the detuned signal and pump.

— Transmitted
Q= w,— w, — — - Reflected
Transmission grating

w,— 0= w, (forward for ws > wp)
“ Wy w, + 0 = oy

-2
Port1 SOA Port 2
® <ot ---
D p

ws+ 0 =20, — w; . 0= w;—wy, ws— 0 = w,
by + 0= 0, - i -0 =Gag— 03
Reflection grating
(backward for wg > wp)

Fig. 2. Schematic of direction of propagation of moving grating and conditions for idler
and conjugate generation at the either ports of the SOA, considering facet reflectivity.
Co-propagating signal and pump with ws > w), is considered. The reflected frequencies,
the generated idler and conjugate due to reflected grating, reflected signal and pumps are
shown as broken lines.

The detuning between the signal and the pump and their directions of propagation decide the
strength and direction of propagation of the gratings. The schematic of the processes leading to
Bragg scattering-based FWM is shown in Fig. 2. The idlers are generated with frequencies based
on the corresponding Doppler shift. For instance, Fig. 2 shows the case when pump and signal are
launched at port 1 with wy > wp,, where the generated grating (with period Q = w; — w),, wave
vector ks — kj,) moves in the forward direction. Both the pump and signal gets diffracted off this
moving grating and generate idlers corresponding to frequencies (a) w,/p + Q (= 2w, — wp /wy)
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in the forward direction which appears in port 2 and (b) wy;, — Q (= wp /2w, — wy) in the
backward direction, which appears at port 1. Thus in the absence of facet reflectivity, the idler at
frequency 2w, — w), is not expected to appear at port 1 and the conjugate at frequency 2w, — w;
is not expected at port 2. However the idler and the conjugate are usually observed at both the
ports in an experiment. This can be explained due to the diffractions from the grating generated
due to the reflected light from either facets- referred to as the reflection grating. The frequencies
generated due to the interaction of reflected grating with the forward propagating pump and

signal are shown in Fig. 2, in dotted lines.
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Fig. 3. Forward and backward propagating grating formation and the forbidden (red) and
non-forbidden (green) idler/conjugate at port 1 and port 2 of SOA based on phase matching
condition for wy > wp. The reflected signal and pump from the SOA facets are indicated
with the dotted lines. (a) Forward propagating grating formed by the beating between
co-propagating signal and pump launched from portl. (b) Forward propagating grating
formed by the beating between counter-propagating pump and co-propagating signal. (c)
Backward propagating grating formed by the beating between co-propagating signal and
pump launched from port 2. (d) Backward propagating grating formed by the beating
between counter-propagating signal and co-propagating pump

It must be noted that the scattering from the moving grating also requires phase matching
conditions to be satisfied. The wave vectors corresponding to pump, signal, idler/conjugate and
the moving grating (kp, ks, k;/c, and (ks — kp / ks + kp)) and phase mismatch for each scattering
process is shown in Fig. 3. Note that the magnitudes of all the grating vectors are decided by the

detuning between the signal and the pump.

The formation of forward and backward propagating gratings and the subsequent generation
of additional frequencies are shown separately in Fig. 3. The vector diagram corresponding
to the generation of conjugate and idler in each port and the corresponding phase mismatch
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is shown in separate boxes. The phase mismatch for the conjugate Ak, is calculated as
Ake = ke — (2k, — k) and for the idler, Ak; is calculated as Ak; = k; — (2ks — kp,) in each
case [12]. It is evident that the generation of certain frequencies is forbidden (the corresponding
phase matching conditions are indicated in red in Fig. 3). For instance, the interaction of forward
propagating pump with the co-propagating grating (with wavevector k, — k) leads to a conjugate
in port 1 (with wave vector (ks — k) — k, = ks — 2k,,) with a large phase mismatch given by
Ak = 2k, = k) — (kg = 2kp,) = 4k, — 2k, due to which the conjugate does not get generated
in port 1 efficiently due to this interaction. The corresponding vector diagram is shown in the
top-left box in Fig. 3(a). However, conjugate generation in port 1 is possible due to the interaction
between the reflected pump (indicated with a dotted line in the bottom-left box in Fig. 3(a)) with
the same forward propagating grating with a negligible phase mismatch of 2k, — 2k,. Similarly,
the conjugate generation in port 2 due to the interaction between counter-propagating pump
and backward propagating grating (wave vector ks — kj) is forbidden; while that due to the
interaction between the same backward propagating grating with the reflected pump is allowed
as shown in Fig. 3(c). From all possibilities shown in Fig. 3, it is evident that the conjugate
generation in both ports 1 and port 2 can be explained only through the Bragg scattering process.
The detuning characteristics of conversion efficiency are decided by the corresponding phase
matching conditions. The polarization of the generated frequency is identical to that of the field
(pump/signal) that interacts with the grating.

Table 1. Frequencies generated in each port of SOA with non-zero facet reflectivity; Positive
detuning (ws > w),); grating due to co-propagating signal and pump. The signal is assumed
to have arbitrary polarization. Pump and signal polarization and direction of propagation are
indicated in the first column. Frequencies shown in green satisfy phase matching condition

Interacting frequency ws > wp (Positive Detuning)

Grating Frequency : (Q = ws — wp)

Grating due to co-prop ws & w), Grating due to reflected w; & w),

Forward; Grating vector: ks —k, Backward; Grating vector: ks — k),

Port 1 Port 2 Port 1 Port 2
wp (co-prop)- || 20p - Wy ws ws
wp (reflected)- L 2wp - ws Wy Wy
wp (counter-prop)- L wg ws 2wp — ws
wp (reflected)- || wy Wy 2wp — ws
ws (co-prop)- || + L wp 2ws —wp wp
wy (reflected)- || + L wp 2ws — wp wp

The Bragg-scattering process discussed above assumes co-polarized pump and signal.
Polarization-insensitive conjugate generation is achieved through counter-propagating orthogonal
pumps. The signal is assumed to be arbitrarily polarized. The mechanism of grating forma-
tion and the generation of idler and conjugate at specific ports can be analyzed based on the
Bragg-scattering process discussed above and phase matching conditions discussed in Fig. 3.
The possible frequencies and the ports at which they are generated are given in Tables. 1, 2, 3 and
4. The possibilities including the case where w), > w; are also tabulated; forbidden processes are
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marked in red and allowed processes are marked in green. The orthogonal polarizations parallel
and perpendicular (X-pol and Y-pol) are marked as || and L in the Tables. The phase matching
conditions worked out in these tables are for the case where the incident pump in the forward
direction has || polarization and that counter-propagating through the SOA has L polarization.

From Table.1, it is evident that the polarization-insensitive conjugate generation occurs at port
1 (which are marked as green) from scattering off counter propagating pump (L) and the reflected
pump (]|) from the forward propagating grating (generated due to co-propagating signal and
pump). There is an additional contribution to the generation of the conjugate in both polarizations
in port 1 due to the interaction of forward pump (||) and reflected pump (L) with forward
propagating grating generated due to co-propagating signal and counter-propagating pump (with
wavevector ks + kp) as shown in Table. 2. Similarly, we can explain the polarization-insensitive
phase conjugate generation in port 2 of SOA as well. From Table. 2 it is seen that the scattering
of counter propagating pump (L) and the reflected pump (||) off the backward propagating grating
(formed due to reflected signal and co-propagating pump) results in a polarization-insensitive
phase conjugation. Similar to that in port 1, an additional contribution of the conjugate in
|| and L polarization is generated in port 2 due to the interaction of forward pump (||) and
reflected pump (L) respectively, with backward propagating grating due to reflected signal and
counter-propagating pump (as shown in Table. 1).

Table 2. Frequencies generated in each port of SOA with non-zero facet reflectivity; Positive
detuning (ws > wp); grating due to counter-propagating signal and pump. The signal is
assumed to have arbitrary polarization.Frequencies shown in green satisfy phase matching

condition.
Interacting frequency ws > wy, (Positive Detuning)
Grating Frequency : (Q = ws — wp)
Grating due to co-prop ws & Grating due to reflected w; &
counter propagating w, co-propagating w,
Forward; Grating vector: ks +k, Backward; Grating vector: k, +k,
Port 1 Port 2 Port 1 Port 2
wp (co-prop)- || ws ws 20p - Wy
wp (reflected)- 1L Wy Wy 2wp — ws
wp (counter-prop)- L 2wp - wy ws ws
w, (reflected)- || 20) - Wy ws ws
ws (co-prop)- || + L wp 20 - wp wp
wy (reflected)- || + L wp 2w — wp wp

Tables 1 and 2 explain the polarization-insensitive phase conjugate generation in both the
ports of SOA for positive detuning (ws > wp). Similarly, we can deduce the corresponding
Bragg-scattering processes for negative detuning (w, > wy) (given in appendix A), and these are
shown in Tables 3 and 4. It is evident that polarization-insensitive conjugate generation is possible
in either port even for negative detuning. The predominant contributor to polarization-insensitive
conjugate generation in port 1 in this case is due to the grating formed by the reflected signal
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Table 3. Frequencies generated in each port for cross-polarized and counter propagating
pumps, w, > wy; grating due to co-propagating signal and pump. The signal is assumed to
have arbitrary polarization. Frequencies shown in green satisfy phase matching condition.

Grating due to co-prop ws; & w), Grating due to reflected w; & w),

Forward: Grating vector: k, — ks  Backward: Grating vector: k,, — ks

Port 1 Port 2 Port 1 Port 2
wp (co-prop)-|i ws 20p — Wy ws
w,, (reflected)-1 ws 2wp - wy ws

wp (counter-prop)- L ws 2wp — wy ws
w), (reflected)- || ws 2wp — Wy ws

ws (CO-prop)- L+ || 2wy —wp wp wp

wy (reflected)- L + || wp wp 2ws — wp

Table 4. Frequencies generated in each port for cross-polarized, counter propagating pumps,
wp > ws; grating due to counter-propagating signal and pump. The signal is assumed to
have arbitrary polarization. Frequencies shown in green satisfy phase matching condition

Grating due to reflected w; & Grating due to co-prop ws &
co-propagating w, counter propagating w,,

Forward: Grating vector: k, + ks  Backward: Grating vector: k, + ks

Port 1 Port 2 Port 1 Port 2
wp (co-prop)-|| ws 2wp — ws ws
wp (reflected)- L wy 2wp ~ ws Wy
wy (counter-prop)- L ws 2wp - ws ws

w), (reflected)- | Wy 20p — ws wWs
ws (co-prop)- L + || wp wp 2ws — wp
wy (reflected)- L + || 2ws — wp wp wp

and counter-propagating pump (backward propagating grating with grating vector, k, — k).
On the other hand in port 2, polarization-insensitive conjugate generation is due to the grating
formed between co-propagating signal and co-propagating pump (forward propagating grating
with grating vector k,, — ky) as shown in Table. 3. Thus, conjugate in both polarizations do
get generated in ports 1 and 2, but the processes leading to the polarization-insensitive phase
conjugation are different for positive and negative detuning. The strength of these gratings and
the corresponding phase matching conditions are different and hence detuning performance in
port 1 and port 2 are also expected to be different. In this analysis, we neglect the polarization
dependent gain of the SOA.
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3. Experimental setup, results and discussions

3.1. Detuning characteristics
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Fig. 4. Schematic of the experimental setup to study the detuning performance of conjugate at
ports 1 and 2 of SOA, with tunable CW signal and orthogonally polarized counter-propagating
pumps

The schematic of the experimental setup to investigate the detuning characteristics of the Bragg-
scattering based FWM in SOA for phase conjugate generation is shown in Fig. 4. Continuous
wave signal and cross-polarized counter-propagating pumps are used in this experiment. The
pump wavelength is fixed at 1546.4 nm and the signal wavelength is swept in steps of 0.02 nm
over a span of 20 nm about pump wavelength using a tunable laser. The pump power is amplified
using an erbium doped fiber amplifier (EDFA). The out-of-band amplified spontaneous emission
noise from the EDFA is filtered using a band pass filter (BPF).
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Fig. 5. Conversion efficiency of the conjugate at port 1 and port 2 of the SOA; the detuning
region over which the efficiency go below -5 dB is shown in the inset, which can be attributed
to the Bragg scattering region.

Output of the pump laser after proper amplification is split into orthogonal polarizations
using a polarization beam splitter (PBS) and are counter propagated through a nonlinear SOA,
operated at an injection current of 375 mA. The signal is coupled along with the X-polarized
pump to the input of SOA through port 1. The additional 50:50 coupler in the Y-polarized arm,
on the input side is used to equalize the pump powers in both the polarizations. Note that ||
polarization is marked as x-pol and L polarization is marked as y-pol in this figure. The variable
optical attenuator (VOA1) in the pump arm is used to adjust the power levels of the pump in
each polarization launched into the SOA, to be 1 dBm. VOA2 in the signal arm is used to adjust
the input signal power to be -8 dBm. The pump power is chosen such that it is larger than the
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Fig. 6. Schematic of the experimental setup to demonstrate polarization-insensitive phase
conjugate generation with CW signal and orthogonally polarized counter-propagating pumps

saturation power of the SOA. Polarization controllers (PCs) are used at different stages in order
to ensure the desired state of polarization at the respective stage. Circulators (CIRC) are used in
both input and output ports of the SOA to extract power at the respective ports. The spectra at the
input and output ports (port 1 and port 2 respectively) are recorded in an OSA (NRT-8000) for
different values of detuning between pump and signal.

The variation of conversion efficiency (defined as the ratio of conjugate power to that of the
input signal power) with detuning (w, — w),) is shown in Fig. 5. The conversion efficiency of the
conjugate generated in both the ports of SOA for detuning < 100 GHz is shown in the inset of
the Fig. 5. It is evident from Fig. 5 that the efficiency observed in both the ports for the smaller
values of detuning are almost identical; while the efficiency reduces to less than 0 dB (<100%)
for a detuning of >30 GHz. The particular narrow detuning performance is attributed to the
phase mismatch factor for Bragg-scattering phenomena which is explained in Section 2, Fig. 3.
The relatively larger conversion efficiency observed in port 2 for larger values of detuning is due
to the generation of conjugate through the conventional four wave mixing process occurring due
to population pulsations.

3.2. Demonstration of polarization-insensitive phase conjugate generation

In order to demonstrate the polarization-insensitive operation in both the ports of SOA, 25 GHz
detuning is used with pump wavelength at 1546.4 nm and the signal at 1546.6 nm (w, > wy).
The corresponding experimental setup is shown in Fig. 6. The description is almost identical to
that in Fig. 4, except that, we use a polarization beam splitter (PBS2) at the output side (at port 3
of the CIRC1/2) so that the generated x-polarized and y-polarized conjugates can be observed
independently in the OSA. An additional EDFA and a BPF are introduced in the signal arm in
order to control the input signal power. Figure. 7(a) shows the spectra of the input signal and
those observed at port 1 and port 2 of the SOA. The conversion efficiency is found to be consistent
with the detuning performance shown in Fig. 5. At port 2, the efficiency is > 0 dB while at port 1
itis = —2 dB as observed in Fig. 7(a). PC2 in the experimental setup in Fig. 6 is used to adjust
the CW input signal to be equally distributed in both the polarizations. As indicated in Fig. 7(b)
& 7(c), the conjugates in port 1 and 2 have an almost equal proportion of power in x and y
polarizations, as predicted by the theory. This occurs so long as the input signal has equal content
in both polarizations. In case the input signal power has an unequal proportion of powers in the x
and y polarizations, the phase conjugation would lead to a polarization dependent loss (PDL). In
case of the polarization multiplexed coherent communication systems, the corresponding PDL
can be corrected by digital signal processing [31].

Even though the detuning used in this experiment is ~25 GHz, the experiment can be performed
for larger detuning, with a corresponding trade-off in the conversion efficiency. Demonstrations
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Fig. 7. (a) Spectra of input signal, and output of SOA observed at Port 1 and Port 2. Input
and output spectra, demonstrating polarization-insensitive phase conjugate generation of
CW signal (b) at port 1 and (c) at port 2 of SOA

of polarization-insensitive phase conjugation in the proposed scheme with data modulated with
PM-QPSK and PM-16QAM are performed successfully and the details of these experimental
results are being reported elsewhere.

4. Conclusion

Polarization-insensitive phase conjugate generation using counter propagating orthogonally
polarized pumps is theoretically explained using the Bragg scattering FWM due to propagating
gratings in SOAs. Unlike the conventionally described FWM due to population pulsations,
it is critical to consider the phase matching conditions, which in-turn decides the detuning
performance in Bragg scattering-based FWM. The generation of the conjugate in both front
and back facets of the SOA, their corresponding polarizations along with the appropriate phase
matching conditions are explained in detail. It is evident from our analysis that, non-zero facet
reflectivity is essential to achieve polarization-insensitive conjugate generation for both positive
and negative detuning, in both the ports of the SOA. Experiments are performed to validate the
proposed polarization-insensitive phase conjugation generation. The detuning performance is
highly limited by the wave-number mismatch. The conversion efficiency of > -10 dB is observed
for a detuning range of up to + 100 GHz in both the front and back facets of the SOA, for both
the polarizations. These results would prove to be useful for compact, efficient and flexible phase
conjugation generation for polarization multiplexed data in advanced modulation formats.

5. Appendix A

The wave vectors corresponding to pump, signal, idler/conjugate and the moving grating (k,, ks,
kijc, and (kp — kg / kp + ky)) and the phase mismatch for each scattering process is shown in
Fig. 8 for w, > ws. Since w), > wy, the grating vectors move in the direction of the pump. When
the pump and signal co-propagate, the moving grating is generated with a grating vector k,, — kg,
while for counter-propagation, the grating is generated with vector k,, + k. The magnitudes of
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Fig. 8. Forward and backward propagating grating formation and the forbidden (red) and
non-forbidden (green) idler/conjugate at port 1 and port 2 of SOA based on phase matching
condition for w,, > ws. The reflected signal and pump from the SOA facets are indicated with
dotted lines. (a) Forward propagating grating formed by the beating between co-propagating
signal and pump launched from port1. (b) Forward propagating grating formed by the beating
between counter-propagating signal and co-propagating pump. (c) Backward propagating
grating formed by the beating between co-propagating signal and pump launched from port
2. (d) Backward propagating grating formed by the beating between counter-propagating
pump and co-propagating signal

all the grating vectors are decided by the detuning between the signal and the pump.
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