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All-Optical Regeneration and Format Conversion for
4APSK Signals Based on Nonlinear Effects in HNLF

Qiankun Li“”, Huashun Wen

Abstract—An all-optical format conversion and regeneration
scheme about 4-ary amplitude and phase shift keying (4APSK)
signals is proposed and numerically simulated based on nonlinear
effects in the high nonlinear fiber (HNLF). The input 4APSK
signal is firstly converted into a regular quadrature phase shift
keying (QPSK) signal by the nonlinear Mach-Zehnder interferom-
eter (MZI) based on the self-phase modulation (SPM). Secondly,
a degenerate phase-sensitive amplification (PSA) based on the
four-wave mixing (FWM) is utilized to convert the regular-QPSK
into two binary phase shift keying (BPSK) signals. The nonlinear
MZI configuration is also used to compress the amplitude noise
of BPSK. Thirdly, one phase shifter and one variable optical at-
tenuator (VOA) are used to adjust the relative phase and power
relationships of the two amplitude-regenerated BPSK signals. The
regenerated 4APSK and converted QPSK signals can be generated
in one 3-dB optical coupler through coherent addition of the two re-
generated BPSK signals. The error-vector-magnitude (EVM) and
the bit-error-rate (BER) are calculated and compared to evaluate
the scheme performance. The proposed scheme can be applied as
an optical regenerator or format convertor at the network gateway
to increase the transmission distance or connect optical networks
with different modulation formats.

Index Terms—Quadrature phase shift keying, amplitude
and phase shift keying, self-phase modulation, four-wave mix-
ing, nonlinear Mach-Zehnder interferometer, phase-sensitive
amplification.

1. INTRODUCTION

ITH the development of emerging technologies and
W services, including the Internet of Energy (IoE), the
Internet of Things (IoT), the Big Data, the cloud computing,
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the artificial intelligence (AI) and the fifth-generation (5 G)
mobile communication technology, the data traffic is growing
explosively in the optical communication networks [1], [2].
For example, in the era of IoT, a large number of intelligent
terminals adopt wireless and wired communication methods to
connect the data flow generated to the optical transport net-
work (OTN). Therefore, the high-speed optical signal processing
function is crucial to the timely transmission of data between
intelligent terminals on IoT. The underlying optical network
as data transmission carries the transmission and exchange of
the massive data. Therefore, improving the signal processing
function of optical nodes and reducing the signal processing
delay of that become the critical issues to improve the perfor-
mance of IoT. The different modulation formats are allocated
to the different types of optical networks to relieve the traffic
pressure. The advanced modulation formats with higher spectral
efficiency (SE) and chromatic dispersion (CD) tolerance can be
used in the backbone optical network (BON) to improve the
transmission capacity. Besides, coherent detection can enhance
the receiver sensitivity and various digital signal processing
(DSP) algorithms can also be used to compensate for the linear
and nonlinear transmission penalties. The simple modulation
formats can be used in the local access network (LAN) and the
metro access network (MAN). Additionally, the direct detection
method is helpful to reduce the cost per bit especially for the
amounts of users and terminals [3], [4], [5]. When the optical
signal is transmitted between the optical networks, the network
node as a links relay node may have the ability to regenerate the
optical signals, so as to increase the transmission distance. The
intermediate node between different optical networks may have
the format conversion function for the optical signals, so as to
adopt the appropriate modulation formats flexibly according to
the network size, cost, capacity and receiver devices etc.

The traditional optical signal processing in the optical network
nodes includes the optical-to-electrical (OE) conversion and the
electrical-to-optical (EO) conversion. However, the bottleneck
of electric rate will limit the improvement of the transmission
rate in the optical network nodes [6]. All-optical signal process-
ing (AOSP) technology based on nonlinear effects has been one
of the key functions in the next elastic optical network (EON) [6].
The common nonlinear effects include self-phase modulation
(SPM), cross-phase modulation (XPM) and four-wave mixing
(FWM) arising from the third-order nonlinear susceptibility
x(3) in the nonlinear media. All-optical regeneration and format
conversion processing based on nonlinear effects can avoid the
OE and EO conversions. Besides, these nonlinear effects have a
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response time at the femtosecond level. Then high-speed optical
transmission and switching in the optical network nodes can be
realized through constructing the all-optical network nodes.

The traditional optical network nodes processing usually fo-
cuses on only one function: regeneration, format conversion,
switching or others. The novel all-optical network nodes should
equip with the two functions at least such as signal forwarding,
format conversion, regeneration and so on. It is crucial that the
optical network nodes need to be capable of format conversion
and signal regeneration simultaneously in the next generation of
flexible optical networks (FONs) [7]. On one hand, it allows the
network intermediate nodes to select the appropriate modulation
formats according to the actual needs of different types of optical
networks, for instance, size, cost and traffic. On the other hand,
it can extend the transmission distance of the optical signals
without a power relay, after the optical signals are regenerated
in the optical domain at the network links nodes.

The 4-ary amplitude and phase shift keying (4APSK) signal,
as one of the quaternary modulation formats, has the higher
SE and the bigger transmission capacity than the on-off keying
(OOK) signal and the binary phase shift keying (BPSK) signal.
It can be received by the direct detection and the coherent
detection, which is suitable for the long-haul and the short-term
optical transmission networks [8], [9], [10], [11]. The polariza-
tion division multiplexing QPSK (PDM-QPSK) signal is another
quaternary modulation format which has been recognized as
the standard modulation format for 100 G wide area network
(WAN) transponders in the long-haul optical communication
networks [12], [13]. Additionally, the performance analysis of
the 4APSK and the differential quadrature phase shift keying
(DQPSK) signals have been investigated in the linear and non-
linear transmission [14].

Whether in the network intermediate nodes or in the network
links nodes, there have been many articles talking about the
format conversion from the 4APSK to the QPSK signals and the
regeneration of 4APSK signals based on nonlinear effects and
coherent addition. H. Kishikawa et al. have used the SPM effect
and the saturation effect of the semiconductor optical amplifier
(SOA) to realize the format conversion from the 4APSK signal
to the QPSK signal [15]. L. Qiankun et al. have reported the all
de-aggregation scheme from one 4APSK signal to two BPSK
signals based on SPM and XPM effects [16]. However, the SOA
used in the former scheme is an active device and the amplitude
states of the converted QPSK can’t be adjusted to be equal
flexibly due to the saturation effect of SOA. The converted two
BPSK signals in the latter scheme are not at the same frequency,
so that an extra frequency shifting configuration is needed to
ensure the coherent addition of the two converted BPSK signals.

There are also some schemes talking about the regeneration
of the 4APSK signal. Mable P. Fok et al. have improved an
amplitude regeneration method based on the XPM effect in a
SOA [17]. T. Richter et al. have reported a phase regeneration
scheme of the 4APSK signal based on the phase-sensitive am-
plification (PSA) [18]. Fan S. et al. have improved a phase
preservation and amplitude regeneration scheme through the
nonlinear optical loop mirror (NOLM) [19]. However, the exist-
ing three regeneration schemes can’t realize the amplitude and
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phase regeneration simultaneously. Besides, the optical signal
wavelength before and after regeneration in the former scheme
is deflected, which means that an extra wavelength conversion
configuration is needed. These above schemes can only realize
one function of the signal regeneration or the format conversion
each time. In the future optical networks, the reconfigurable and
multi-functional network nodes with the signal regeneration and
the format conversion are more and more needed. G. Mingyi
et al. have reported an format conversion from one QPSK signal
to one 4APSK signal based on the PSA technology according
to the orientation of the PSA gain axis [20]. C. Jiabin et al.
have improved a reconfigurable and multi-functional network
node to realize the format conversion from a QPSK signal
to a 4APSK signal and the regeneration of the QPSK signal
simultaneously [7]. However, to the best of our knowledge, the
inverse function scheme about the format conversion from a
4APSK to a QPSK signal and the regeneration of the 4APSK
signal simultaneously hasn’t been reported.

In this paper, the reconfigurable and multi-functional optical
network nodes with the signal regeneration and the format
conversion capabilities about the 4APSK signal is proposed.
The input 4APSK signal can be converted to a QPSK signal and
regenerated based on nonlinear effects and coherent addition.
In the format conversion process, the input 4APSK signal is
firstly injected into one HNLF to get the distorted QPSK signal
through the SPM effect. The distorted QPSK signal is sent into a
nonlinear Mach-Zehnder interference (MZI) configuration to get
the regular QPSK signal, which has an equal amplitude for the
constellations with different phases. The PSA technology based
on the FWM effect is adopted to decompose the regular QPSK
signal into two BPSK signals, which are called the in-phase and
quadrature components of the regular QPSK signal. The phase
noise of the regular QPSK signal is compressed and converted
to the amplitude noise of the BPSK signal. Thirdly, another
nonlinear MZI configuration is used to regenerate the amplitude
noise of the decomposed BPSK signals. At last, The VOA and
the phase shifter are used to change the power and the phase
states of the two regenerated BPSK signals. The regenerated
4APSK signal and the converted QPSK signal can be extracted
through coherent addition of the two regenerated BPSK signals
in one 3-dB optical coupler (OC). Then the format conversion
from a 4APSK to a QPSK and the regeneration of the 4APSK
signal are realized based on nonlinear effects including FWM
and SPM. The proposed scheme is verified by theoretical and
numerical simulations. The error-vector-magnitude (EVM) and
bit-error-rate (BER) performance are measured to evaluate the
scheme performance.

II. THEORY AND OPERATING PRINCIPLE

In the following sections, the format conversion and the
regeneration principles of the 4APSK signal are explained in
detail. Section A includes one piece of HNLF and one nonlinear
MZI configuration, which are used to convert the input 4APSK
signal into the regular QPSK signal based on the SPM effect.
Section B includes the PSA and nonlinear MZI configurations.
The former is deployed to decompose the regular QPSK signal
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Fig. 1. The conversion scheme and the constellations from the input 4APSK
signal to the regular QPSK signal, Co-addition: coherent addition.

into two in-phase and quadrature components, which can be
viewed as the phase regeneration for the regular QPSK signal.
The latter is used to eliminate the amplitude noise of the in-phase
and quadrature components of the regular QPSK signal, that
is, the amplitude regeneration for the two decomposed BPSK
signals. Section C is formed by the VOA, the phase shifter and
the OC. The regenerated 4APSK signal and the converted QPSK
signal can be extracted from OC by adjusting the power and
the relative phase states of the two regenerated in-phase and
quadrature components.

A. The Principle of Converting the 4APSK Signal Into the
Regular QPSK Signal

The format conversion scheme from the 4APSK signal to
the regular QPSK signal is plotted in Fig. 1(a). Firstly, the
input 4APSK signal is amplified and injected into a HNLF. The
induced SPM phase shift is added to the input 4APSK signal,
then the distorted QPSK (dis-QPSK) signal is obtained, which
has four phase states and two amplitude states, as shown in
Fig. 1(b). The outer ring constellations of the 4APSK signal
have the high intensities leading to a high SPM phase shift.
While the inner ring constellations of the 4APSK signal have the
low intensities leading to a low SPM phase shift. After adjusting
the length of HNLF and the power of the input 4APSK signal,
the outer ring constellations of the input 4APSK will generate an
extra phase shift of 7/2 compared to the inner ring constellations.
The connection between the constellation points coded (10) and
(11)is vertical to the connection between the constellation points
coded (00) and (01), as shown in Fig. 1(b).

The adjacent constellations of the input 4 APSK signal is equal
interval, the ratio of the inner and the outer ring amplitudes is
1:3. The power ratio of the inner and the outer ring constellations
is 1:9. The SPM phase shift added to the input 4APSK signal
can be written as:

Pspm :’yLeffP (D

The SPM phase shift induced by the inner and the outer ring
constellations of the input 4APSK signal can be expressed as:

Pinner — 'YLeffIDinner (2)
Pouter = ’YLeffPouter 3)
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Obviously, under the condition of the same effective fiber
length and the nonlinear index, 0, is nine times of ;,,. In order
to maintain the vertical relationship of the connection between
the inner and the outer ring constellations, (,,+ and ¢;,, need to
satisfy a particular phase relationship:

Pouter — Pinner = 7T/2 + nm (4)

n can be positive integer. Considering the whole power of the
4APSK signal can be expressed as:

1:)5 = (Pouter + F)inne'r')/Q (5)

The relationship between the input power and the parameters
of HNLF can be obtained through further simplifying the (4)
and the (5):

2 1
p, = 2@ntr ©)
167 Leyy
Specifically, when n is set to be 0, the (6) can be rewritten as:
51
P=— 7
167 Leyy @

When the input power and the parameters of the used HNLF
satisfy this relationship, a distorted QPSK signal accompanying
two amplitude states and four phase states with a vertical rela-
tionship of the connection between the inner and the outer ring
constellations can be obtained.

Secondly, the distorted QPSK signal is sent into a nonlinear
MZI configuration which is used to adjust the distribution of
amplitude and phase states of the distorted QPSK signal. A non-
linear MZI configuration has been used to finish the amplitude
regeneration for the pulse amplitude modulation (PAM) signal
and the amplitude difference erasure for the 8-ary quadrature
amplitude modulation (8QAM) signal [4], [21], [22]. It’s formed
by one HNLF and one VOA in the upper arm, one variable
phase shifter (VPS) and one tunable optical delay line (TODL)
in the lower arm. The distorted QPSK signal can obtain a new
nonlinear phase shift when it is transmitted in the nonlinear MZI
configuration. Since the nonlinear index of the HNLF used is
much more higher than the TODL, the nonlinear phase shift
brought by the TODL in the lower arm could be ignored com-
pared to that induced by HNLF in the upper arm. The outer ring
amplitude constellations may obtain a higher SPM phase shift,
whereas the inner ring amplitude constellations will generate a
lower SPM phase shift. When the input optical signals itself with
and without the SPM phase shift are coherently superposed, the
outer ring amplitude constellations may obtain a bigger negative
gain to reduce the amplitude, whereas the inner ring amplitude
constellations may obtain a smaller negative gain to decrease
the amplitude [4], [7]. In this way, the inner and outer ring
amplitudes of the distorted QPSK signal can be adjusted to be
equal, which is called the regular QPSK (regu-QPSK) signal. In
the upper arm of the nonlinear MZI configuration, one VOA is
used to change the power of the distorted QPSK signal with the
SPM phase shift. A VPS in the lower arm is used to compensate
for the time delay induced by the upper arm and adjust the phase
of the distorted QPSK signal without the SPM phase shift, which
aims to make the distorted QPSK signal with and without the
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Fig. 2. The PTF and the RPS of the nonlinear MZI configuration.

SPM phase shift at the upper and lower arm coherently adding
effectively. Then the format conversion from the 4APSK to the
QPSK signals is finished. The regular QPSK signal has four
phase states of 7/4, 3w/4, —37/4 and —n/4 and one amplitude
state, as shown in Fig. 1(b).

In order to interpret this format conversion from the distorted
QPSK signal to the regular QPSK signal, the power transfer
function (PTF) and relative phase shift (RPS) between the input
and output optical signals are derived as follows [22]:

1 o o
P, = me[l +10710 —2-10720 - cos(Yspm + Aer)]
3
10730 - singapm + sinA
Aps = arctan ;0 SN Papm + SMAPL )
10720 - cospgpm — cosApry,

Where P;,, and P,,; are the input and the output optical power.
« and Ay, represent the VOA in the upper arm and the VPS in
the lower arm. The PTF and the RPS curves are plotted in Fig. 2.
For the distorted QPSK signal with the power of 18.2 dBm, the
corresponding inner and outer level are about 11.34 dBm and
20.73 dBm, respectively. The corresponding output power are
8 dBm and 7.2 dBm for the input outer and the input inner power
level. Obviously, there is only about 0.8 dB gap between the inner
and the outer power level. The amplitude and the phase noise
of the outer ring constellations of the distorted QPSK signal
are higher than the inner ring constellations due to the SPM
phase shift, as shown in Fig. 3. The 0.8 dB power gap can be
ignored, namely, the output power of the corresponding inner
and outer power level can be viewed as the same. Additionally,
the corresponding RPS of the input inner and the outer power
level are almost the same, which means the output phases of the
corresponding inner and the outer constellations don’t change.
The converted regular QPSK signal remains the same phase
states as the distorted QPSK signal.
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Fig.4.  Amplitude and phase histograms of the input 4APSK and the converted
regular QPSK signals.

According to the above analysis, taking the input 4APSK
signal with an OSNR of 25 dB as an example, the constellations
of the input 4APSK, the distorted QPSK and the regular QPSK
signals are plotted in Fig. 3. It can be clearly seen that the input
4APSK signal is converted into a regular QPSK signal suc-
cessfully. When the input 4APSK signal is transmitted into one
HNLEF, the distorted QPSK signal has more phase and amplitude
noise due to the SPM effect induced by the inner and the outer
ring constellations. The following nonlinear MZI configuration
is used to eliminate the amplitude difference between the inner
and the outer ring constellations by utilizing the induced SPM
phase shift and coherent addition. Besides, the amplitude and
phase histograms of the input 4APSK and the regular QPSK
signals are drawn in Fig. 4. The two amplitude states of the
input 4APSK signal are compressed into one amplitude of the
regular QPSK signal, as shown in Fig. 4(a) and (c). While
the two phase states of the input 4APSK signal are converted
into four phase states of the regular QPSK signal, as shown in
Fig.4(b) and (d). These results indicate that the converted regular
QPSK signal has one union amplitude and four average phase
states, which is consistent with the ideal QPSK signal.

B. The Principle of Converting the Regular QPSK Signal Into
Two Regenerated BPSK Signals

From the signal constellations in Fig. 3 and the amplitude
and phase histograms in Fig. 4, the quality of the regular QPSK
signal is worse than that of the input 4APSK signal. In order
to improve the quality of the regular QPSK signal, the ampli-
tude regeneration and the phase regeneration are needed. The
PSA technology has been investigated to realize the all-optical
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quantification for the all-phase signal [23], [24]. This technique
has also been utilized to eliminate the phase noise of the input
noisy optical signal through nonlinear wave-mixing [25], [26].
The typical quantification formula can be expressed as:

Aoutej%%ut _ Amej%n + m,AMej<PM (10)

Which represents the input signal itself is coherently added
with its M-order harmonics. m is the amplitude ratio of the
two optical waves. When M = —1, Eq. (8) means the input
signal itself is coherently added with its conjugate wave. This
represents the two-level quantification for the input signal, which
can be used in the format conversion and the regeneration [4],
[23]. A typical degenerate PSA configuration is used in this
scheme to decompose the quadrature modulation signal into
the in-phase and quadrature components, as shown in Fig. 4.
Two pump lights are symmetrically distributed relative to the
input optical signal. Generally, assuming the phase of the optical
pumps is 0, a conjugation wave will be generated at the same
frequency of the input signal through the degenerate FWM
effect.

When m is adjusted to 1, the input all-phase optical signal
is quantized ideally to obtain the in-phase component with two
phase states of 0 and 7, as shown in Fig. 6(a). For the input QPSK
signal, the four phase states of 7/4, 37/4, —37/4 and —n/4 would
be squeezed into one BPSK signal with two phase states of 0
and 7. When an extra phase shift of 7 is added to one of the two
pump lights, the (8) can be rewritten as:

Aoutej%ut — Amej%“ _ m,AMeMM

Y
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Fig. 7. Constellations of the in-phase and quadrature components before and
after amplitude regeneration.

Similarly, When m is adjusted to 1, the input all-phase optical
signal is quantized ideally to obtain the quadrature component
with two phase states of 7/2 and —7/2, as shown in Fig. 6(a).
For the input QPSK signal with four phase states of 7/4, 37/4,
—37/4 and —n/4 would be squeezed into another BPSK signal
with two phase states of 7/2 and —/2. Then the QPSK signal is
decomposed into two BPSK signals to eliminate its phase noise.
The constellations of the regular QPSK signal and the converted
in-phase and quadrature components are plotted in Fig. 6(b).
This quantization progress for the regular QPSK signal can be
viewed as phase regeneration processing. Moreover, the phase
noise of the regular QPSK signal is converted to the amplitude
noise of the two BPSK signals by the degenerate PSA.

In order to eliminate the induced amplitude noise of the
decomposed BPSK signals, the other two MZI configurations are
designed to compress their amplitude noise. The constellations
of the two BPSK signals before and after the nonlinear MZI
configurations are plotted in Fig. 7. Fig. 7(a) and (d) represent
the in-phase and quadrature components of the regular QPSK
signal. Fig. 7(b) and (e) represent the input in-phase and quadra-
ture components with the SPM phase shift. Fig. 7(c) and (f)
represent the regenerated in-phase and quadrature components
after the nonlinear MZI configurations. We take an example
of the in-phase component of the regular QPSK signal, when
the BPSK signal itself with and without the SPM phase shift
are coherently addition, the regenerated BPSK signal can be
obtained.

C. Obtaining the Regenerated 4APSK Signal and the
Converted QPSK Signal

The QPSK and 4APSK signals as quaternary modulation
signals both can be obtained through the coherent addition of the
two BPSK signals. The former can be extracted when the two
BPSK signals have the same power with the orthogonal relative
phase states. The latter can be generated when the two BPSK
signals have the same relative phase states and the amplitude
ratio of 1:2. In this scheme, the VOA and the phase shifter are
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used to adjust the power and phase states of the upper and the
lower arms regenerated BPSK signals. When they have the same
relative phase states and 6 dB power difference, the regenerated
4APSK signal can be obtained, as shown in Fig. 8(a). When the
two regenerated BPSK signals both have the same power and
the orthogonal relative phase states, the converted QPSK signal
can be obtained, as shown in Fig. 8(b).

III. SIMULATIONS AND DISCUSSIONS

The proposed format conversion and regeneration scheme of
the 4APSK signal is shown in Fig. 9. A seed continuous wave
(CW) is injected into the phase modulators (modulated index:
m) and amplitude modulator (modulated index: 0.885) driven
by the pseudorandom binary sequence (PRBS) to generate a
4APSK signal of 20 Gbps at the frequency of 193.1 THz. An
amplified spontaneous emission (ASE) noise source is added to
the 4APSK signal to change its input optical-signal-noise-ratio
(OSNR). The input 4APSK signal is firstly injected into the first
HNLF (HNLF1, L: 550 m) with a power of 21.3 dBm. The input
4APSK signal is converted into the distorted QPSK signal due
to the phase shift brought by the SPM effect. The outer ring
constellations have an extra 7/2-phase shift compared to the in-
ner ring constellations. Then the distorted QPSK signal (power:
18.2 dBm) is sent into a nonlinear MZI configuration to adjust
the amplitude of the inner and the outer ring constellations. In
the nonlinear MZI configuration, the HNLF and the VOA used in
the upper arm are 370 m and 0.5 dB, respectively. The TODL and
the phase shifter are set to be 340 m and 37/4 in the lower arm to
compensate for the phase shift and the time delay induced by the
HNLF in the upper arm. The regular QPSK signal with the same
amplitude constellations can be obtained from the nonlinear MZI
configuration. The change of the constellations from the input
4APSK signal to the distorted QPSK and the regular QPSK
signals are shown in Fig. 3.
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Fig. 10.  Constellations of the input 4APSK signal before and after regenera-
tion and format conversion.

There have been many reports talking about the regeneration
of the QPSK signal based on the PSA [24], [25], [26], [27], [28].
In our simulation scheme, a degenerate PSA configuration with a
nonlinear MZI configuration is used to convert the regular QPSK
signal into two regenerated BPSK signals, which represent the
in-phase and the quadrature components of the regular QPSK
signal after the amplitude and the phase regeneration. The typical
degenerate PSA configuration with the nonlinear MZI config-
uration has been depicted in Fig. 5. The used two pumps (P1
and P2) are generated by a Mach-Zehnder modulator (MZM)
which is injected into a seed CW and driven by the sine wave
with 30 GHz. After the regular QPSK signal (power: —0.9 dBm)
and two pumps (power: 18 dBm) are injected into the HNLF (L:
550 m), the in-phase component of the regular QPSK signal
can be extracted. The power relationship of the regular QPSK
signal and two pumps satisfies the small-signal approximation
condition when the degenerate PSA is occurred. When an extra
phase shift of 7 is added to one of the input two pumps, the
quadrature component of the regular QPSK signal can also be
extracted.

The phase noise of the regular QPSK signal is converted into
the amplitude noise of the two BPSK signals after the PSA pro-
cessing. The following nonlinear MZI configuration is designed
to eliminate the amplitude distortion of the two BPSK signals. In
this nonlinear MZI configuration, the HNLF and the VOA used
in the upper arm are set to be 370 m and 1.7 dB, respectively.
One TODL with the same length of 370 m is set in the lower arm
of the nonlinear MZI configuration. An extra phase shift of 37/4
is added in the lower arm of the nonlinear MZI configuration.
When the in-phase and the quadrature components power are
adjusted to be 18.2 dBm and 18.3 dBm, the amplitude and
phase regenerated BPSK signal can be obtained. After adjusting
the power and the phase relationships of the two regenerated
BPSK signals, the regenerated QPSK and 4APSK signals can
be obtained by coherent addition. When the phases of the two
regenerated BPSK signals are orthogonal and the powers are
equal, the regenerated QPSK signal can be acquired. When the
phases of the two BPSK signals are the same and the amplitude
ratiois 1:2, the regenerated 4APSK signal can be obtained. In the
simulation, the utilized HNLF have the same parameters except
the fiber length. Its attenuation is 0.2 dB/km, the dispersion
is 1.6x107° s/m?, the dispersion slope is 0.08x 103 s/m?3, the
nonlinear index is 2.6 x 10~2° m?/W and the effective core area is
80x 10713 m2. The constellations of the input 4APSK signal, the
distorted QPSK signal, the regular QPSK signal, the regenerated
4APSK signal and the converted QPSK signal in the proposed
scheme are shown in Fig. 10.
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Fig. 11. (a) EVM and (b) BER performance of the scheme.

In order to evaluate the format conversion and regenera-
tion performance of the proposed scheme, the ASE noise is
added to change the receiver OSNR related to 0.1 nm noise
bandwidth to simulate the actual situation of transmitting the
signals in the fiber-optic links. 2'° and 2'7 signal symbols
are counted to measure the EVM and the BER performance,
respectively, which are plotted in Fig. 11. With the improve-
ment of the input OSNR in Fig. 11(a), the EVM performance
of the input 4APSK signal is lower than the distorted QPSK
and the regular QPSK signals. When the input 4APSK sig-
nal is transmitted into one HNLF, the distorted QPSK signal
has more severe phase and amplitude noise due to the SPM
effect induced by the inner and the outer ring constellations.
The EVM performance of the distorted QPSK is worse than
the regular QPSK signal. The designed nonlinear MZI can
compress the partial amplitude noise of the distorted 4APSK
signal based on the SPM and coherent addition. The regener-
ated 4APSK signal and the converted QPSK signal have better
EVM performance than the input 4APSK signal. These results
prove that the amplitude and phase noise are compressed effec-
tively through the proposed scheme based on SPM and FWM
effects.

With the input OSNR of 18 dB, at the hard decision forward er-
ror correction (HD-FEC) threshold is set to be log,,(3-8%107%) =
—2.42, the BER transmission performance of the regenerated
4APSK signal and the converted QPSK signal are better than the
input 4APSK signal, the distorted QPSK signal and the regular
QPSK signal. As shown in Fig. 11(b), the regenerated 4APSK
and the converted QPSK signals have about 5 dB and 10 dB
improvement in receiver OSNR compared to the input 4APSK
signal, respectively. This indicates the regenerated 4APSK and
the converted QPSK signals have the better anti-noise ability
and can extend the transmission distance longer. Moreover,
the QPSK signal as a phase modulated signal has the stronger
anti-noise ability than the 4APSK signal as an amplitude and
phase modulated signal. This is because the 4APSK signal is
more sensitive to the nonlinear phase noise induced by the
SPM effect than the QPSK signal, which has the larger Eu-
cldean distance between the adjacent constellations. It should
be noteworthy that any all-optical regenerator based on the
nonlinear optical processing can’t be used to reduce the original
BER of the input noisy optical signal. However, the original
OSNR of the input noisy optical signal can be improved. The
regenerated optical signal can also transmit a longer distance
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Fig. 12.  Constellations of (a) the 2ASK and (b) the star-8QAM signals.

than the input noisy optical signal. Namely, under the interfer-
ence of the same intensity of noise, e.g., the ASE noise, the
regenerated optical signal can obtain a better BER transmission
performance.

The proposed scheme has some other scalable applications in
the format conversion and regeneration processing. For example,
it can also be used to convert one 2ASK signal to one BPSK
signal and convert one star-MQAM signal into one M/2-PSK
signal by only selecting section A. For the input 2ASK signal,
it is firstly converted into the distorted 2ASK signal by the
first HNLF through the SPM effect. The following nonlinear
MZI configuration can remove the amplitude difference between
the inner and outer rings constellations of the distorted 2ASK
signal. The converted BPSK signal with a phase offset of 7/2
between the different constellation diagrams can be extracted
in Fig. 12(a). The format conversion advantage is that there is
no wavelength conversion for the MAN and the BON, which
deploy to use the ASK and the PSK signals separately [29]. For
the input star-MQAM signal, it can be viewed as two 4APSK
signals at the in-phase component and quadrature component
directions. The distorted star-8QAM signal can be obtained
after the input star-8QAM signal is sent into the first HNLF.
The amplitude difference between the inner and outer rings
of the distorted star-8QAM signal is erased by the nonlinear
MZI configuration. The constellations of the input star-8QAM,
the distorted star-8QAM and the converted QPSK signals are
plotted in Fig. 12(b). The converted QPSK signal as a low-
order phase modulated signal has a better anti-noise ability
and the nonlinear phase noise tolerance than the star-8QAM
signal.

Another application is the inverse operation that the QPSK
signal can be regenerated and converted into the 4APSK sig-
nal. The input QPSK signal is sent into the first HNLF to
get the distorted QPSK signal. The distorted QPSK signal is
converted into the regular QPSK signal through the nonlinear
MZI configuration. The regular QPSK signal is converted into
two regenerated BPSK signals through the cascaded PSA and
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Fig. 14.  (a) EVM and (b) BER performance of the scheme.

the nonlinear MZI configurations. After adjusting the power
and the phase states of the two regenerated BPSK signals, the
regenerated QPSK and the converted 4APSK signals can be
extracted separately. The constellations of the input QPSK, the
distorted QPSK, the regular QPSK, the regenerated QPSK and
the converted 4 APSK signals are plotted in Fig. 13. As shown in
Fig. 13, the input QPSK signal is regenerated and converted to
the 4APSK signal successfully. Combining the Fig. 10 and the
Fig. 13, the proposed scheme can be applied in the network nodes
to realize the bidirectional format conversion and regeneration
for 4APSK and QPSK signals simultaneously.

The EVM and the BER performance of QPSK signals before
and after regeneration and format conversion are measured
in Fig. 14. With the increase of input OSNR, the EVMs of
the regenerated QPSK signal and the converted 4APSK signal
are lower than the input QPSK signal. This is mainly due
to the amplitude and the phase noise compression based on
the PSA and the nonlinear MZI configuration for the input
QPSK signal. When the input OSNR is set to be 25 dB, the
regenerated QPSK signal obtains a little better receiver OSNR
performance improvement than the input QPSK signal at the
HD-FEC threshold of log,,(3-8*10"*) = —2 42, The regenerated
4APSK signal has a worse BER transmission performance
compared to the input QPSK signal. Although the 4APSK
and QPSK signals, as quaternary modulation signals, have
the same spectrum efficiency, the 4APSK signal has a worse
amplitude noise tolerance than the QPSK signal. When the
optical signal transmits in the fiber-optic links, the ASE noise
induced by optical amplifiers will bring more amplitude noise.
The QPSK signal can have a better anti-noise ability than the
4APSK signal, since the Euclidean distance of the adjacent
constellations for the QPSK signal is bigger than the 4APSK
signal.

IEEE PHOTONICS JOURNAL, VOL. 15, NO. 1, FEBRUARY 2023

IV. CONCLUSION

In this paper, an all-optical regeneration and format conver-
sion scheme about the input 4APSK signal based on the FWM
and SPM effects in the HNLF was proposed and simulated. The
regenerated 4APSK and the converted QPSK signals both have
better EVM and BER performance than the input 4APSK signal.
Moreover, the proposed scheme can be extended to convert
a star-8QAM signal to a QPSK signal and convert an ASK
signal to a PSK signal, when the Section A is selected. The
system can also be used to realize the regeneration and format
conversion for the input QPSK signal, which makes the scheme
is applicable to the bidirectional regeneration and format con-
version for the input QPSK and 4APSK signals simultaneously.
Therefore, the proposed scheme can also be a regenerator and
format convertor for the QPSK and the 4APSK signals at the
network gateway to select the appropriate modulation formats to
connect optical networks or extend the fiber-optic transmission
distance.
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