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Abstract: Phase-sensitive amplifiers (PSAs) can work as M − level phase quantizers when
waves generated with specific phase values are allowed to mix coherently in a nonlinear medium.
The quality of an M − level phase quantizer depends on the relative powers of the mixing waves
and requires their optimization. If the mixing waves also experience gain in the nonlinear medium,
such as in semiconductor optical amplifiers (SOAs), this optimization becomes non-trivial. In this
paper, we present a general method to optimize phase quantization using a PSA made using an
SOA, based on gain extinction ratio (GER), which is an experimentally measurable quantity. We
present a simple theory to derive the optimal GER required to achieve an M −level quantization.
We further experimentally demonstrate two- and four-level phase quantization schemes with an
SOA, operated at the optimized GER, with pump power levels as low as 1 mW.
© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

Amplitude regeneration of intensity modulated data using all-optical signal processing has been
reported widely in the past [1–3]. The advent of coherent optical communication demands the
attention of such optical processing towards phase regeneration. The squeezing function of
phase sensitive amplifiers (PSAs) enables phase regeneration, where the signal and noise are
amplified in the quadrature that carries information while they are attenuated in the conjugate
quadrature [4,5]. In addition to optical communication, PSAs have a wide range of applications
including for large scale Ising spin networks [6], phase measurement with enhanced sensitivity
[7] and quantum metrology [8]. Four-wave mixing inside a highly nonlinear fiber (HNLF) is
usually employed for realizing PSA [9]. A key performance indicator of any PSA is the gain
extinction ratio (GER), defined as the ratio of maximum to minimum phase-sensitive gain. There
have been many PSA demonstrations in the past, with GERs as large as 30 dB [10–13]. One
of the earlier numerical studies on PSA for QPSK phase regeneration was carried out using a
Sagnac interferometer configuration [14]. Since then, there have been several reports, including
black-box implementations of a PSA with a pump phase-locking stage for BPSK and QPSK
modulation, with an HNLF as the nonlinear medium [15–19]. Multi-channel phase regeneration
using a polarization-assisted PSA was demonstrated in [20]. The use of multi-wave interference
to improve the phase-quantization was shown in [21]. Polarization-diversity schemes for PSA
were investigated further using HNLF in [22–26] for polarization-insensitive phase regeneration
of polarization-multiplexed phase-modulated data.
Practical implementations of the fiber-based schemes are limited by the high pump power
requirements and their relatively large footprint. A smaller footprint for PSA was reported with
the use of waveguide-based nonlinear media such as periodically poled lithium niobate [27–29],
#410973
Journal © 2021

https://doi.org/10.1364/OE.410973
Received 24 Sep 2020; revised 3 Dec 2020; accepted 3 Dec 2020; published 11 Jan 2021

Vol. 29, No. 2 / 18 January 2021 / Optics Express

Research Article

1546

silicon germanium [30,31] and AlGaAs [32]. However, the pump power required for achieving
PSA in all these media are also relatively high. Table 1 compares the pump power used in the
previous reports for the demonstration of PSA-based phase regeneration and phase quantization
in different nonlinear media. The two challenges, a large footprint and a large pump power,
can be overcome by using SOAs, which require much smaller powers (<10 mW) to initiate
nonlinear interactions and can be potentially integrated on photonic integrated circuits. There
have been a few reports on realising PSA with SOAs. A monolithically integrated phase-sensitive
amplification chip with SOAs was discussed in [33], where GER of ∼7.8 dB was achieved.
Regeneration of a multi-channel DPSK signal using PSA in SOAs was demonstrated in [34].
Further, all-optical phase regeneration of a QPSK signal through PSA in SOAs, was presented
for the first time in [35]. However, it is commonly realized that the amplified spontaneous
emission would lead to poorer noise performance when SOAs are used. This has been proved to
be unfounded, and we have reported that, due to pump saturation, the OSNR of the signal and
conjugate waves is maintained when SOAs are used for FWM, for an input OSNR values of <28
dB [36]. The presence of saturating pump is also found to minimize the nonlinear phase noise
introduced by the SOAs [37].
Table 1. Record of PSA-based phase regeneration and phase quantization experiments in different
nonlinear media with the corresponding pump power levels used.
Process

Phase quantization

Nonlinear medium

HNLF

HNLF

Phase regeneration

PPLN

SiGe Waveguide
SOA

PPLN
Phase sensitive amplifier

Phase quantization

Pump power (dBm)

Reference

27

J. Kakande et.al., [17]

29

C. Lundström et.al., [38]

>20

F. Parmigiani et.al., [44]

26

A.Almaiman et.al., [45]

33

R. Slavík et.al., [15]

>30

R. Slavík et.al., [16]

29

J. Yang et. al., [23].

30

S. L. I. Olsson et.al., [51]

30

B. J. Puttnam et. al., [27].

24.7

T. Umeki et. al., [28]

21

S. Liu et.al., [50]

<21

M. A. Ettabib et. al., [30,31]

<6

A. D. Ellis et.al., [34]

<7

S. Sygletos et.al., [46]

<10

K. R. H. Bottrill et.al., [35]

33

K. J. Lee et.al., [49]

a-Si:H waveguide

32 (Peak power-pulsed)

H. Sun et. al., [47]

Si-Photonic crystal waveguide

31.7 (Peak power-pulsed)

Y. Zhang, et. al., [48]

A1GaAsOI

19 to 27

F. Da Ros et.al., [32]

SOA

0

(This work)

One of the critical design parameters for a PSA is the GER, which is in turn decided by the
correct choice of mixing ratios of the signal with the desired idler. Several reports in the past
have described the details of optimization of power levels of the mixing beams in HNLF-based
PSA [38]. The dependence of PSA gain on the phase-to-amplitude and phase-to-phase transfer
functions of a PSA made using HNLF are discussed [39,40]. The dependence of the noise
figure (NF) of a PSA on the different signal-idler power ratios was addressed in [41], where
an experimental study was conducted with random gain values and it was concluded that the
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best phase quantization is achieved when the power ratio between the signal and the conjugate
are equal in case of two-level quantization. A detailed analytical formulation was presented in
[42], where the optimal amplitude ratio between the signal and its harmonic was discussed for
a general M− level optical phase quantization of a signal with uniform phase distribution. A
brute-force optimization of the quantization may be possible by adjusting the power levels at the
input of the PSA when the nonlinear medium is passive. However, this may be difficult for an
active gain medium such as SOA. None of the previous demonstrations of PSAs made with SOAs
discuss the systematic optimization of the ratio between input signal and pump power required for
optimal performance. SOAs being amplifiers provide asymmetric gain, it would be cumbersome
to carry out an optimization by just randomly adjusting the power ratio of the input waves.
In this paper, we derive a relation between the signal-to-idler amplitude mixing ratio (r) and the
GER, which is a measurable quantity at the output of the SOA, that can be used to achieve optimal
M−level phase quantization in general. This relation is universal, and can be applied irrespective
of the nonlinear medium used for the PSA. We have previously presented numerical results on the
influence of GER on M−level quantization with SOA [43]. Here, we present experimental data
that verifies the dependence of GER on the quality of phase quantization in SOA. We also quantify
the phase-sensitive gain (PSG) for two and four-level phase quantization schemes, the dependence
of the quality of quantization on GER and then discuss two and four-level phase quantization with
optimized GER. With careful power optimization, we experimentally achieve phase quantization
with a pump power of only 0 dBm. A comparison with previous work (Table 1) shows that the
SOA based demonstration in this work uses the lowest pump power.
2.

Theory

Phase quantization is implemented typically through a non-degenerate FWM process occurring
inside a nonlinear medium. The schematic of a FWM- based M-level phase quantizer is shown
in Fig. 1(a) [17]. Two pumps with frequencies fp1 and fp2 and powers Pp1 and Pp2 respectively
are allowed to mix with the signal at frequency fs , with power Ps , whose phase φs is to be
quantized to M levels. Assuming δf to be the frequency separation between the pump1 and the
signal, the pump frequencies are chosen such that fp2 − fp1 = Mδf and fp2 − fs = (M − 1)δf as
shown in Fig. 1(a). These two pumps and signal should be phase correlated for realizing phase
quantization.

Fig. 1. (a) Schematic of the input and output spectral components of an M− level phase
quantizer, the output spectrum indicates the mixing frequencies that result in an M-level
quantization. (b) Misfit factor as a function of the mixing ratio, r for M = 2, 4

Cascaded FWM of the pump 1 and the signal generates the (M − 1)th idler at frequency
fp2 − δf , with a phase (M − 1)φs . This idler is allowed to coherently mix with the conjugate
idler generated by the non-degenerate mixing of pump 1, pump 2 and the signal at the frequency
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fp1 + fp2 − fs = fp2 − δf and phase, −φs . The complex amplitude Aout of this coherent combination
can be written as,
(︁
)︁
Aout = A0 exp(−iφs ) + rA0 exp i(M − 1)φs ,
(1)

where A0 , rA0 , are the amplitudes of the two mixing fields at the idler frequency. The quality of
this interference output and hence that of the quantization depends on the mixing ratio r, which is
decided by the conversion efficiency of the mixing process. The importance of the choice of r for
an M− level quantization is studied in detail in [17], where the average deviation of the proposed
phase quantizer from an ideal step function is quantified through a misfit factor (MF), defined as,
MF = log10

(︃

M2
π2

∫

π
M

π
−M

)︃
|φo (r, φs ) − φstep |dφs ,

(2)

where φs is the input phase to be quantized, φo is the phase of the output field defined in Eq. (1),
and φstep is the ideal step function. Figure 1(b) shows the MF as a function of r for M = 2 and 4.
The MF of an ideally quantized output would tend to −∞. For the two-level phase quantization,
the value of r that leads to the ideal MF is 1, as seen in Fig. 1(b), indicating that optimal
quantization occurs when the conjugate and the requisite idler mixes with equal amplitudes. This
conclusion has been previously verified through experiments using HNLF in [39]. The optimal
mixing ratio progressively decreases with increasing M. For M = 4, MF is found to be minimum
at r = 0.5. Since r is not measurable directly in an experiment, especially when the nonlinear
medium is a gain medium as in our case, we propose to quantify r through the GER, defined as
the ratio of the maximum output gain to the minimum output gain when φs is tuned over 2π. For
a process governed by Eq. (1), the output power Pout is given by
Pout = |Aout | 2 = A2o (1 + r2 + 2r cos(Mφs )).

(3)

GER can be a analytically derived from the output power as,
GER = 10 log10

(︃

)︃ 2
)︃
(︃
Pout,max
1+r
= 10 log10
Pout,min
1−r

(4)

Thus, there exists a direct relation between r and GER, given in Eq. (4), which can be used to
optimize the experimental operating conditions for any M-level quantization scheme. For M =
2, MF is minimum at r = 1, and hence GER should be as large as possible. However, for M =
4, MF is minimum at r = 0.5, and substituting it in Eq. (4), we find that the optimal GER for
best quantization is 9.54 dB. Thus, the GER helps to identify the operating point which would
correspond to minimum MF and hence the best possible phase quantization. It is to be noted that
in almost all the literature, GER is mentioned just as a consequence of different mixing ratios.
Here, from the very fundamental relation between the GER and mixing ratio, we explore and
utilize this measurable quantity as the indirect measure for optimizing the mixing ratio, which is
not trivial to optimize otherwise experimentally, especially in SOAs. Thus, even though the GER
and mixing ratio is connected through the fundamental relation given in Eq. (4), it is the first
time to the best of our knowledge that GER is utilized directly to optimize phase quantization.
Figure 2 shows the normalized power and phase of the quantized output for both two and
four level phase quantizations, as a function of input phase (marked in multiples of π). For
two-level phase quantization, the mixing ratio r = 1, gives the maximum gain extinction ratio
(here denoted by the large amplitude dip), as shown in Fig. 2(a), and matches with that obtained
from the optimization of the MF factor . The corresponding phase quantization output- which is
an ideal step function for two level phase quantization - is shown in Fig. 2(b). The figure also
shows the output for different values of r, indicating that even a small change in r leads to a large
quantization error. Similarly for the four-level quantization, the MF is minimized at r = 0.5, and
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the corresponding phase quantization is found to be the optimal one as shown in Fig. 2(d). Even
though the GER is found to be larger for values of r other than 0.5, the corresponding output
phase shows a large quantization error. Thus, in an experiment, it is critical to find the operating
condition that gives a GER of exactly 9.54 dB, which results in the minimum misfit factor. It is
important to note that the optimal GER values depend only on M and are independent of the
nonlinear medium used to achieve phase quantization.

Fig. 2. Quantized output as a function of relative input signal phase (a) Output power
(normalized) and (b) Output phase for two-level quantization, (c) Output power (normalized)
and (d) Output phase for four-level quantization, for different r values.

3.

Experimental demonstrations

The basic characterization showing the gain asymmetry of the SOA used in the PSA stage is
shown in Fig. 3. The SOAs we used are nonlinear (NL-SOA, Kamelian) with an output saturation
power of 10 dBm and gain recovery time of 25 ps. Figure 3 shows both the gain (in black circles)
and the conjugate conversion efficiency (in blue squares) as a function of detuning between the
signal and the pump frequencies (fs and fp respectively) measured experimentally, for the SOA
used in the PSA stage, at a drive current of 350 mA. To specifically indicate the gain asymmetry
in the presence of pump, the values of gain at a detuning of ± 50 GHz is marked in Fig. 3
(horizontal black dashed lines), and the difference in gain for positive and negative detuning is
found to be 6 dB. For the same detuning, the conjugate conversion efficiency (the ratio of the
conjugate power to the input signal power) is found to have a difference of 3.5 dB between the
positive and negative detuning (indicated as horizontal red dotted lines). It clearly demonstrates
the asymmetric behaviour of the SOA in the presence of the pump. Thus, SOA being a gain
medium with asymmetry, the optimization explained here in the manuscript is a practically useful
technique for obtaining better phase quantization.
3.1. Two-level phase quantization
Two level phase quantization occurs when a signal and its conjugate are allowed to add coherently
at the same frequency. The output power and phase response expected of such a coherent addition
is shown in Fig. 2(a) and 2(b) respectively.
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Fig. 3. Gain and conversion efficiency as a function of detuning (fs − fp ).

3.1.1.

Implementation

Figure 4 shows a schematic of the experimental setup used to demonstrate two-level phase
quantization. The expected spectra at the outputs of different stages are also shown in the figure.
This scheme helps to explicitly characterize the phase-to-phase transfer function of a two-level
phase quantizer using SOAs and is similar to that demonstrated in [39], where HNLF was used
as a nonlinear medium.

Fig. 4. Experimental setup to study the phase transfer function of PSA for two-level
quantization

Two independent narrow-linewidth lasers at frequencies fp and fs are used as sources for the
pump and signal respectively. The output of the signal laser is split and a part of it is used
as the local oscillator for the coherent receiver. The amplified signal is filtered to remove the
out-of-band amplified spontaneous emission (ASE) noise, and is combined with the pump using
a 3-dB coupler and fed to the first SOA. Using polarisation controllers, it is ensured that the
polarisation states of the pump and the signal are matched at the input of the SOA. The first
nonlinear mixing stage - referred to as the copier stage - is used to phase-lock the pump, signal
and idler of interest through the partially degenerate FWM process in the SOA. A phase conjugate
of the signal (I), at frequency fI = 2fp − fs and phase 2φp − φs is generated at the output of this
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stage. The output of the copier stage is split using a 3-dB coupler. The signal and its conjugate are
filtered in one of the arms, and both of them are modulated with a linear phase, φmod (t), between
−π to π rad at 15 MHz using an electro-optic phase modulator. This modulation frequency is
chosen such that the output is captured without being influenced by the environmental phase
fluctuations. The pump is filtered and amplified in the other arm. The phase-modulated signal (
phase φs + φmod (t), power S) and its conjugate ( phase 2φp − φs + φmod (t), power I) are combined
with the pump ( phase φp , power P) and fed to SOA2 (PSA stage). The idler (I ′) generated in
SOA2 at frequency fs (= 2fp − fI ) and its phase (φs − φmod (t)) then coherently add with the input
signal to yield two level phase quantization. The output of the PSA stage at the signal frequency
fs is filtered and fed to the coherent receiver followed by a real time scope. The I and Q data
recorded in the scope is further used to extract the phase of the quantized signal.
3.1.2.

Results and discussion

The quality of quantization is determined by the ratio with which the coherent addition of
the signal and the desired idler occurs, as discussed in Section 2. Hence, prior to the phase
quantization step, we identify this operating condition by measuring the GER. In this GER
optimization step, the output of the copier stage is directly fed to the waveshaper (FinisarWaveShaper 1000s.) for manually changing the relative phase of the signal and idler at the PSA
input. The input and output of the PSA stage are recorded on an optical spectrum analyser (OSA)
and the corresponding gain at the signal frequency is measured as a function of input signal
phase. The corresponding results are shown in Fig. 5(a).

Fig. 5. (a) Gain vs. Relative phase between the signal and pump, (b) GER vs. S/I ratio (red
circle shows the highest GER for S/I ratio of -6 dB); pump power = 0 dBm

The maximum and minimum gains are observed at a phase difference of π/2 as expected. We
change the pump/signal/idler power ratios at the input of the PSA stage using power attenuation
of each filtered line in the waveshaper. For each set of power ratio, we sweep the input relative
phase of the signal and idler, using the waveshaper and record the phase sensitive gain (PSG) as a
function of input phase. The results are shown in Fig. 5(a). We calculate the GER as the ratio of
the maximum to the minimum measured gain value. We choose the input pump power such that
it is sufficient (0 dBm) to saturate the SOA. We fix the signal to the idler power ratio (S/I) and
vary the pump/idler (P/I) power ratios by changing both the signal and the idler power at the
PSA input. GER is found to be independent of the P/I ratio (not shown here) when it is varied
over a range of +14 dB to +26 dB for an S/I ratio of 0 dB. We further vary the signal power after
fixing the P/I ratio to a specific value (+14 dB). This P/I ratio was chosen such that, it enables
a large range of S/I ratio between -15 to +10 dB in the PSA stage. Variation in signal power
correspondingly changes the S/I ratio while we observe a corresponding large variation in GER
for each case. The corresponding GER as a function of the S/I ratio is shown in Fig. 5(b). The
largest GER is observed for a signal/idler (S/I) power ratio of -6 dB.
In order to extract the phase transfer characteristics after the PSA, the optimized values (S/I
= -6 dB) are further used as the input power levels to the SOA2. Phase modulation using a
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saw-tooth waveform at a frequency of 15 MHz is applied in the signal and idler arm, and the
applied drive voltage is set such that it swings from −Vπ to +Vπ (3.5 Vpp ) at the input RF port of
the modulator. Thus one cycle of saw-tooth RF waveform modulates the input signal and idler
phase linearly over 2π radians. Figure 6(a) & (b) shows the input and the output of the phase
quantization stage where it is clearly evident that the output is quantized to two fixed phase states
with an absolute nonzero mean phase shift (corresponding to the residual φs ).

Fig. 6. (a) The phase of the input signal to the phase quantizer obtained by driving a phase
modulator with a 15 MHz sawtooth input voltage (b) Two-level phase quantized output of
the PSA stage.

The two quantized phase states are found to have a phase difference of π as expected for the
two level phase quantizer. The lower quantized values is aligned to 0 rad and the upper quantized
one to π for the clear visualization and hence the output phase mentioned here is the relative
output phase. Phase jumps in both Fig. 6(a) and (b) are possibly due to phase wrapping between
−π and +π rad, whenever a random phase drifts occurs in the system possibly due to some
environmental perturbation, or due to the voltage fluctuations in RF source used to drive the
modulator. GER is maximum at S/I ratio of -6 dB and near ideal phase quantization is obtained
for the optimized power ratio. Other S/I ratios, which resulted in smaller GER in Fig. 5(b)
resulted in quantization, albeit with a large quantization error. Note that, this is different from the
power ratio for optimized phase quantization in HNLF where the optimal S/I ratio is 0 dB [39].
Even in the case of HNLF, the optimal S/I ratio depends on the specific operating and saturation
condition. In this work using SOA, we find that the optimized power ratio (S/I) is not unity. This
difference is primarily due to gain asymmetry of the SOA.
These values of different optimized power ratios are all specific to our experiments and can
change in different experimental test-beds and experimental conditions, but the optimal GER is
independent of the experimental conditions.
3.2. Four-level phase quantization
Four level quantization occurs when the conjugate of the signal coherently adds with its third
harmonic, both generated at the same frequency, resulting in a phase addition corresponding to
e−iφs + r.ei3φs . To obtain the four level phase quantization with the optimized power ratio through
the corresponding GER, we design a proof of principle experiment, which is modified from that
shown for the two-level quantization.
3.2.1.

Implementation

The experimental setup used to demonstrate the four-level quantization is shown in Fig. 7.
The signal and pump at frequencies fs and fp with a detuning δf = fs − fp = 50 GHz, are
propagated through the copier stage, to result in a cascaded FWM process described below. Idler,
I1 at frequency 2fs − fp with the phase 2φs − φp is generated due to mixing of the pump and
signal. This idler mixes with the signal and results in the generation of idler I2 at frequency
3fs − 2fp = fs + 2δf with the phase 3φs − 2φp . I2 further mixes with I1 to generate idler I3 , at
frequency 4fs − 3fp = fs + 3δf with the phase 4φs − 3φp , which would be further used as the
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correlated second pump required for the four-level quantization process. Phase quantization
occurs at the idler I2 frequency fs + 2δf in the PSA stage. The output of the copier stage is split
and the frequency corresponding to fs + 2δf is filtered in one of the arms, which is further used
as a local oscillator for the coherent receiver that is used to measure the phase of the quantized
output. The pump and the third harmonic idler I3 are filtered in the other arm, which is further
combined with the phase modulated signal (phase, φs + φmod (t)) and fed as input to the PSA
stage. Note that, unlike in the case of two-level quantization, only the signal is phase modulated
using an electro-optic phase modulator driven with a 15 MHz saw tooth wave of Vpp so that
φmod (t) is swept in the range −π and +π in a linear fashion.

Fig. 7. Experimental setup to demonstrate four-level quantization

In the second SOA, the conjugate I ′ is generated at frequency fp + fI3 − fs = fs + 2δf , through
the mixing of pump, signal and idler I3 , which possesses the conjugate phase of the signal,
the time-varying part of which is −φmod (t). Similarly, idler I2 generated in SOA2, through the
cascaded mixing process described above, at frequency fs + 2δf with third harmonic phase of the
signal (3φmod (t)). Thus, in the second SOA, the idlers I2 and I ′ generated through two independent
processes, but at the same frequency, coherently combine and this results in four-level phase
quantization.
SOA1 at the copier stage is used here only to generate the phase correlated lines (P and I3 )
required for the phase quantization stage. The component, fs + 2δf at the output of SOA1 is
unmodulated, and hence if it is fed to the PSA stage (SOA2), it will degrade the coherent addition
of the 3fs − 2fp and fp + fI3 − fs modulated components, leading to poor quantization. We, however,
use the filtered fs + 2δf component from the copier stage (SOA1) as the local oscillator for
demonstration of the four-level quantization as shown in Fig. 7. The signal is modulated only at the
PSA stage for this proof of principle experiment. If we modulate the signal at the input of the copier
stage, the modulated signal with a phase φs + φmod (t), would generate idler I3 at frequency fI3 in
′
the copier stage, with a phase 4(φs +
(︁ φmod (t)) − 3φp . This)︁ would result in the signal conjugate I in
the PSA stage to have a phase φp + 4(φs + φmod (t)) − 3φp − (φs + φmod (t)) = 3(φs + φmod (t)) − 2φp ,
which is identical to the phase of I2 , resulting in phase-sensitive gain with no phase quantization.
As discussed in Section 2, the amplitude ratios with which this combination occurs decides the
quality of quantization, which is measured and optimized indirectly through GER, as discussed
below.
3.2.2.

Results and discussion

As in the previous case, we first optimize input power levels into the PSA stage by measuring
the GER, with CW operation. In the GER optimization step, the splitting at the output of copier
stage is bypassed, and all the three required waves- signal, pump and the idler I3 , are filtered
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using the waveshaper and fed to the second SOA, whose output is monitored using an OSA. The
amplitude and phase (from 0 to 2π radians) of the input waves are varied using the waveshaper
and the gain as a function of the input signal phase is measured from the spectrum. The optimal
ratio with which the pump, signal and idler I3 has to be fed to the quantization step is determined
by monitoring the gain extinction ratio for different values of power ratio of signal to pump (S/P)
and pump to idler I3 (P/I3 ). The spectra at the input and output of the PSA stage are shown in
Fig. 8(a). The input spectrum (blue) shows the three input waves S, P and I3 . The output spectrum
is shown under both the maximum gain (green line) and minimum gain (red line) conditions,
where GER ∼ 9.5 dB is achieved corresponding to the theoretically optimized value at fs + 2δf .

Fig. 8. (a) A reference spectrum at the PSA input, PSA output spectra, corresponding to
maximum gain Gmax and minimum gain Gmin , of the fs + 2δf component at the PSA based
four-level phase quantizer output, (b) Phase-sensitive gain (PSG) vs input relative signal
phase (c) Gain extinction ratio (GER) for different S/P ratio for a given P/I3 ratio, and
(d) Input phase at the PSA input (top) and phase transfer function of the four-level phase
quantizer (bottom).

The gain at fs + 2δf as a function of signal’s relative phase is shown in Fig. 8(b). The maxima
and minima are obtained with a phase difference of π/4 as expected for four-level quantization.
Since both the signal and the pump participate in the generation of I ′ and I3 , the signal to pump
power ratio (S/P), which primarily decides the mixing ratio r of I ′ and I3 at the PSA stage,
is varied and GER is measured for each combination by plotting the phase sensitive gain as
a function of input signal phase, for different P/I3 power ratios and the results are shown in
Fig. 8(c). The pump power is fixed to 0 dBm and the pump to I3 power ratio (P/I3 ) is maintained
constant at ∼6 dB for these experiments. From theoretical predictions the GER of ∼9.54 dB
would give the best possible four-level quantization. This condition is achieved when the input to
the PSA stage is with the ratio P/I3 of ∼6 dB and the S/P of ∼0 dB (GER=9.5 dB) as indicated by
a black dotted ellipse in Fig. 8(c). Note that, these power ratios would be a function of operating
wavelengths. The tolerance range of GER (and the corresponding power ratio) for the optimum
quantization is relatively small such that we could not observe four-level phase quantization for
other operating conditions.
Now in the phase quantization stage, proper adjustment of the optimized power ratio of
interacting waves are precisely carried out by adjusting the amplitude of the corresponding
frequencies in the waveshaper, while the signal phase is swept over 2π radians at a faster rate of
15 MHz by driving a phase modulator with a saw-tooth waveform. The output of the SOA2 is
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filtered to select the fs + 2δf component. For coherent detection, the local oscillator at fs + 2δf is
obtained from the copier stage as shown in Fig. 7. The input and output phase transfer function
of the phase quantization step is shown in Fig. 8(d). The imperfection in the quantized output
could be attributed to the phase-noise transfer due to the cascaded four wave mixing processes.
We also observe that the quantized output phase (Fig. 8(d)) has opposite slope when compared
to that of the input. This is because the quantization is measured in the conjugate regime, where
the coherent addition is between the signal conjugate and third phase harmonics of the signal
(e−iφs + r.ei3φs ). In case the quantization is carried out through the phase addition corresponding
to (eiφs + r.e−i3φs ), this change in slope may be avoided [35]. Since optimization of four-level
phase quantization is established, the experiment can now be further extended to illustrate PSA
of QPSK modulation formats using SOAs.
4.

Discussion

Phase correlation among the participating waves in the phase quantization process is a necessary
condition for quantization to occur with minimal errors. Here this condition is obtained with a
copier stage which generates the requisite idlers through cascaded four wave mixing. However,
the phase noise of the pump and signal at the input of the copier stage determines the error in
phase quantization due to the total phase noise transfer at the quantization frequency. The total
phase noise in the case of two-level phase quantization in our experiment is decided by the laser
phase noise of the signal. Since we use a laser with a very narrow-linewidth for the signal, the
quality of the quantization is not affected significantly. However, the total phase error variance
at the quantization frequency for the four-level phase quantization scheme can be calculated
as the 3σs2 + 2σp2 , where σs2 and σp2 refers to the phase error variance of the signal and pump
respectively. This is why in our experiments the four-level phase quantization is not ideal. This
can be avoided if we use the phase-correlated comb-lines instead of the copier stage. With the
comb lines, the expected phase-error variance at the output becomes identical to that of one
of the comb lines. Another issue that must be taken care of in the experiment is the handling
of the phase fluctuations due to environmental changes. Optical phase-locked loops (OPLL)
are typically used to maintain phase correlations in black-box implementations of PSA. In our
proof-of-principle experiment, we could avoid the OPLL as we sweep the signal phase much
faster than the rate of environmental fluctuation. In actual experiments with BPSK/QPSK data
in the signal, the experimental setup should have the OPLL incorporated in order to obtain the
phase quantization. Moreover, locally generated pump should be used for a black box-PSA
implementation, where the pump is generated through injection locking and carrier recovery
[15,17].
5.

Conclusion

We optimize the power ratio of input waves to an SOA-based PSA stage for both two-level
and four-level phase quantization schemes. The relation between the mixing ratio r and the
measurable quantity GER is utilized for power optimization. We experimentally study the effect
of GER on phase quantization efficiency and obtain the best two-level phase quantization for S/I
ratio of -6 dB. Owing to the gain asymmetry of the SOA, the best GER and phase quantization
are obtained at unequal signal and idler input power levels (S/I= -6 dB). Furthermore the GER is
optimized for a four-level phase quantization scheme and illustration of the phase-sensitive gain
of the four-level phase quantization scheme is experimentally carried out. The GER of different
S/P ratios is measured and the proper ratio which gives GER of ∼ 9.5 dB is selected to illustrate
four-level phase quantization. Thus for both two-level and four-level phase quantization, GER is
used as the key parameter for optimization and we successfully achieved the quantization with a
pump power requirement of only 0 dBm. The idea could now be extended to demonstrate PSA of
BPSK/ QPSK modulation formats using SOAs, with optimised operating conditions.
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