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All-Optical Format Conversion-Based Flexible
Optical Interconnection Using Nonlinear MZI With
Nested-Pump Assisted NOLM

Qiankun Li, Xiongwei Yang, Huashun Wen, Qi Xu, Yameng Li, Jiali Yang, Huajun Yang, Heng Zhou, Pengfei
Xu, Mark S. Leeson, IEEE Senior Member, Tianhua Xu, IEEE Member

Abstract—An all-optical format conversion (AOFC) scheme of
star-m-ary quadrature amplitude modulation (star-mQAM)
based on a nonlinear Mach-Zehnder interferometer (MZI) with
nested-pump assisted nonlinear optical loop mirror (nested-PA-
NOLM) is proposed and numerically simulated. In this scheme,
input multi-Gbps star-8QAM signals can be converted into three
quadrature phase shift keying (QPSK) signals (namely QPSK-A, -
B and -C) through the PA-NOLM under different input power of
the signal and the pump. The nonlinear MZI is formed by two PA-
NOLMs of the upper and the lower arms, the former and the latter
3-dB optical couplers (OCs), a directional variable optical
attenuator (VOA) in the upper arm and a directional variable
phase shifter (VPS) in the lower arm. A VOA and a VPS are used
to adjust the power ratio (PR) and relative phase shift (RPS)
between any two of QPSK-A, -B and -C. When any two adjusted
signals in QPSK-A, -B and -C are coherently superposed, the
aggregated star-8QAM signal can be extracted again.
Furthermore, the proposed scheme can also be used to convert the
20 Gbps bipolar 4-ary pulse amplitude modulation (PAM4) signal
into two 10 Gbps BPSK signals and a 20 Gbps QPSK signal. When
the proposed scheme is combined with the phase-sensitive
amplification (PSA), it can also be used to convert one 16QAM into
two QPSK signals. The scheme performance is analyzed via
constellation diagrams, power waveforms, the error vector
magnitude (EVM) and the bit error rate (BER) of the optical
signals. The scheme can not only be deployed in optical gateways
to connect optical networks using different modulation formats,
but also has a potential applied advantage in security information
transmission between different optical networks.

Index Terms—All-optical signal processing,
amplitude modulation, self-phase modulation,
modulation, nonlinear optical loop mirror.
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I. INTRODUCTION

ITH the development and application of the fifth-

generation (5G) mobile communications, the Internet of
Things (IoT), Internet of Energy (IoE), Ultra-high-definition
(UHD) video flow, online working and other social software,
various types of data traffic are being generated and processed
in optical networks all the time. As Cisco predicted, nearly 300
billion mobile applications will be downloaded and some 5.3
billion Internet users are increasing at an annual compound
growth rate (CAGR) of 6% by 2023 [1]. A large amount of data
traffic generated will be transmitted between different optical
networks through optical gateways. Therefore, the challenge of
rapidly processing the continuously growing data traffic at
optical gateways according to different optical network
characteristics to realize all-optical interconnection of optical
networks is of increasing importance. All-optical signal
processing (AOSP) technologies can process optical signals at
high transmission rates without the use of the optical-electrical-
optical (O-E-O) conversion, which can relieve the signal
processing pressure from optical gateways from increased data
traffic [2]. In flexible all-optical networks (AONSs),
homogeneous and heterogeneous optical networks have been
all-optical intra- and inter-connected via optical gateways,
optical amplifiers and fiber components. Moreover, to improve
the optical network performance, different optical signals with
various modulation formats have also been explored to carry
this data information. When optical signals have been
transmitted in optical fiber links, optical amplifiers deployed at
repeater nodes were used to extend optical signal transmission
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distances. However, when the transmission of optical signals
with different modulation formats between homogeneous and
heterogeneous optical networks via connection nodes required
all-optical format conversion (AOFC) operations be performed
at optical gateways. Therefore, AOSP-based format conversion
is an attractive optical gateway enabling technology for flexible
optical interconnection of homogeneous and heterogeneous
optical networks [3].

According to network size, service types, transmission
distance, cost and other factors, different modulation formats
have been used in different optical networks, such as long-haul
backbone optical networks (BONs), middle-distance metro
optical networks (MONSs) and short-reach data centers (DCs).
Intensity modulated signals can be received by direct detection
(DD), which has the advantage of low cost and have thus
become established in short-reach DCs, using, for example, on-
off keying (OOK) and 4-ary pulse amplitude modulation
(PAM4) [4-6]. Complex modulated signals offer higher
spectrum efficiency (SE) and better chromatic dispersion (CD)
tolerance, making them more suitable for long-haul optical
transmission systems, implementing m-ary quadrature
amplitude modulation (mQAM) and m-ary phase shift keying
(mPSK). Therefore, AOFC between simple and advanced
modulation formats, intensity modulation format, phase
modulation format and quadrature amplitude modulation
format can be used to realize all-optical interconnection of
different optical networks. Moreover, many digital signal
processing (DSP) methods can also be used to improve the
optical signal transmission performance in coherent optical
communication systems [2, 7, 8].

Since 8QAM signals have had a special applied advantage in
wired and wireless optical transmission systems, the AOFC of
several 8QAM signals have attracted much research attention
[9-14]. Whether in fixed optical networks or in visible light
communication (VLC) optical networks, the transmission
performance of different 8QAM signals has also been
investigated by simulations and experiments [15-21]. When the
information flow was transmitted between heterogeneous
optical networks, i.e., from fixed optical networks to VLC
optical networks, the modulation formats of different SQAM
signals had to be interconverted at the optical gateway. The
aggregation and de-aggregation between advanced and simple
modulation formats were also one important function for all-
optical networks (AONs) in realizing the all-optical
interconnection of different optical networks. The aggregation
and de-aggregation of OOK, QPSK and 8QAM had been
proposed based on nonlinear effects in highly nonlinear fiber
(HNLF) and semi-conductor optical amplifier (SOA) [13, 22,
23]. The aggregation and de-aggregation of BPSK and 8SQAM
have also been proposed based on nonlinear effects in HNLF
[24, 25]. However, the SOA was an active device, which may
increase the design complexity of the AOSP system. The de-
aggregation devices from 8QAM to BPSK and QPSK were
separated and designed based on nonlinear effects.

The star-8QAM signal can be seen as a QPSK signal with
two-level intensity states. Compared to the other SQAM signals,

it has the largest angular distance. Additionally, the better
linewidth tolerance and easier implementation have also made
it a promising modulation format [26]. This is especially the
case for the coexistence of DSP-based passive optical networks
(PONs) and 10-Gbps/A OOK-based PONs, where the
hierarchical characteristic of star-8QAM constellations have
the applied advantage [27].
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Fig. 1. Schematics of (a) the proposed pump-assisted NOLM
and (b) constellations of star-8QAM to QPSK-A, QPSK-B and
QPSK-C.
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Fig. 2. PTF and RPS of all-optical format conversion from star-
8QAM to (a) QPSK-A, (b) QPSK-B and (c) QPSK-C.
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To the best of our knowledge, there has been no effective
scheme to achieve all-optical aggregation and de-aggregation
between star-8QAM and QPSK within a single format
conversion device. In this paper, an AOFC scheme between
star-8QAM and 3xQPSK based on a nonlinear Mach-Zehnder
interferometer (MZI) with nested-pump assisted nonlinear
optical loop mirror (nested-PA-NOLM) is proposed and
numerically simulated. In the de-aggregation stage, the AOFC
method PA-NOLM-based can be used to convert star-SQAM
into three different types of QPSK (namely QPSK-A, -B and -
C) only by changing the input power of the signal and the pump
light. In the aggregation stage, by adjusting the power ratio (PR)
and the relative phase shift (RPS) of any two types of QPSK-A,
-B and -C, they can be aggregated into the star-8§QAM signal
(namely star-8QAM-AB, star-8QAM-AC and star-8QAM-BC)
by coherent superposition. On one hand, this AOFC is
beneficial to the all-optical interconnection of optical networks
adopting star-8QAM and QPSK signals, respectively. On the
other hand, it has a potential applied value in enhancing optical
network security, e.g., implementing an all-optical logic XOR
gate for format converted signals and improving the protection
performance and fault tolerance with separated transmitted low-
order signals [28, 29]. The constellation diagrams can be used
to demonstrate the efficacy of the proposed AOFC scheme. The
error vector magnitude (EVM) and the bit error rate (BER) of
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the relative optical signals before and after the AOFC may be
determined to evaluate the performance of the scheme.
Furthermore, the proposed scheme can also achieve format
conversion from 20 Gbps bipolar PAM4 signals to two 10 Gbps
BPSK signals (namely BPSK-A and -B) and a 20 Gbps QPSK
signal. Therefore, when the proposed scheme is mixed with
phase-sensitive amplification (PSA), it can also de-aggregate a
10 Gbaud 16QAM signals into two 10 Gbaud QPSK signals.

II. THEORY AND OPERATING PRINCIPLE

A. De-aggregation from star-8QAM to three QPSK signals

based on the tunable PA-NOLM

A schematic diagram of the PA-NOLM of converting star-
8QAM into QPSK is shown in Fig. 1 (a). The input signal was
divided into the clockwise (CW) signal and the
counterclockwise (CCW) signal by a bi-directional 3-dB optical
coupler (OC). The CCW signal was coupled with the CCW
input pump light and they were sent into the HNLF. Meanwhile,
the CW signal was also fed into the same HNLF. Therefore, the
CW signal was only affected by the self-phase modulation
(SPM) effect and the CCW signal will be affected by both SPM
and the cross-phase modulation (XPM) introduced by the pump
light. When the purely SPM phase-shifter CW signal was
coherently mixed with the CCW signal, having both SPM and
XPM phase shifts in the OC, the output signal could be filtered
out by an optical band-pass filter (OBPF) with the same central
frequency as the input. The nonlinear phase difference of the
CW signal and the CCW signal could be used to change the
amplitude and phase distributions of the output signal. For
example, fig. 1 (b) shows constellations of converting input
star-8QAM to three QPSK signals.

Based on the nonlinear Schrodinger equation, the output
power transfer function (PTF) and the relative phase shift (RPS)
of the output signal in the PA-NOLM can be expressed as [14]:

P, = M? + N2+ 2MN cos( ¢y — dn)

M singy + Nsingy1 (1)
— — .. =tan~?! ]
¢rps Dout — Pin an M cos ¢y + N cos ¢y
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P;, and Byump are the input powers of the input and pump

signals, respectively; P,,; is the output signal power; ¢;, and
®oue are the input and output phases, respectively, producing

the RPS ¢,,,; v and L are the nonlinear coefficient and the
effective HNLF length, respectively.

The PTF and the RPS of the PA-NOLM used were applied
to verify the format conversion from input star-§QAM to
QPSK-A, -B and -C, respectively. The HNLF considered had a
nonlinear coefficient of 13.1 (km-W)!, an effective length of
~550 m and a dispersion parameter of 1.6 ps (km'nm)!. The
reference frequency was 193.1 THz and fiber losses were
neglected.

When considering QPSK-A extracted from the input star-
8QAM, the modulation index (MI) of the inner and the outer
rings of the star-8QAM was 8/9. That meant the PR of the inner
and the outer rings of the star-8QAM signal was 1/9. The input
star-8QAM had a frequency of 193.1 THz with a 193.07 THz
pump, at average powers of ~24.77 dBm (300 mW) and ~30.41
dBm (1100 mW), respectively. The PA-NOLM was designated
PA-NOLM-A. The PTF and the RPS as functions of the power
of the input optical signal were as shown in Fig. 2 (a). Since the
powers of the inner and outer rings of the input star-8QAM
were ~17.78 dBm (60 mW) and ~27.32 dBm (540 mW),
respectively, the corresponding output powers were ~17.72
dBm and ~18.35 dBm. The corresponding RPS values of the
inner and the outer rings were ~1.86 rad and ~1.93 rad,
respectively. Although the output optical signal still had two
intensity levels of the inner and the outer rings, the level interval
was decreased from 9.54 dB to 0.63 dB. Thus, the level interval
of 0.63 dB was negligible. The phase difference between the
two corresponding RPSs was ~0.074 rad, i.e., ~4.25°. This
means the inner ring and the outer ring constellations with the
same phase of the input star-8QAM signal were converged
together. The residual phase difference of just 4.25° was
deemed acceptable since it was much less than the input star-
8QAM signal 45° phase difference. Namely, the input star-
8QAM signal had been converted into QPSK-A, as shown in
Fig. 1 (b).

When considering the format conversion from input star-
8QAM to QPSK-B with the same HNLF, the PTF and the RPS
functions with the input power were also verified, as shown in
Fig. 2 (b). The PA-NOLM was here designated PA-NOLM-B.
The input signal was a ~28.26 dBm (average power: 670 mW)
star-8QAM signal and the input pump power was ~29.54 dBm
(average power: 900 mW). Since the input inner and outer rings
of the star-8QAM signal had powers of ~21.27 dBm (average
power: 134 mW) and ~30.81 dBm (average power: 1206 mW),
respectively, the corresponding output powers were 21.54 dBm
and 22.70 dBm. The power gap between the output inner and
outer rings decreased from 9.54 dB to 1.16 dB. For the input
star-8QAM, the corresponding output RPSs of the inner and the
outer rings were ~1.27 rad and ~-1.7 rad, respectively. Thus,
there is a phase difference gap of ~169.7°, which is again close
to 180°. Considering the nonlinear phase shift induced by SPM,
the outer ring constellations of input star-§QAM will obtain a
bigger SPM phase shift than the inner ring constellations of that.
Therefore, the power gap of 1.16 dB and the phase difference
error of ~10.3° could be ignored. This also means the inner ring
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and the outer ring constellations with antiphase converged
together. Namely, QPSK-B can be obtained from input star-
8QAM, as shown in Fig.1 (b).

For star-8QAM to QPSK-C conversion with the same HNLF,
the PTF and the RPS with the input signal power were
determined and are shown in Fig. 2 (c) using a ~29.54 dBm
(average power: 900 mW) pump. The PA-NOLM was here
designated PA-NOLM-C. When the input signal had an average
power of ~25.80 dBm (380 mW), the corresponding inner and
outer ring powers were ~18.81 dBm (average power: 76 mW)
and ~28.35 dBm (average power: 684 mW), respectively. The
corresponding output powers were ~20.17 dBm and ~20.85
dBm, respectively. The power gap decreased from 9.54 dB to
0.68 dB. Thus, the amplitude error was negligible. Moreover,
for the input star-8QAM signal, the corresponding RPS values
of the inner and the outer rings were ~1.15 rad and ~2.73 rad,
respectively, i.e., a gap of ~1.58 rad or ~90.4°. Compared to the
inherent angular phase of 90°, the ~0.40° phase error was
negligible. This means that the inner ring and the outer ring
constellations of input star-§QAM with an angular phase of 90-
degree were merged together. Namely, conversion from the
input star-8§QAM signal to QPSK-C could be achieved, as
shown in Fig. 1 (b).

Therefore, the de-aggregation configuration from input star-
8QAM to QPSK-A, -B and -C can be equipped with an optical
gateway to connect optical networks with different modulation
formats. For example, in a point-to-multi-point (P2MP) optical
network, the de-aggregation from star-8QAM to three QPSK
signals can be used to realize the de-aggregation of data traffic
from a BON to local access networks (LANs). Moreover, all
converted QPSK-A, -B or -C, can be obtained from the same
format conversion device by changes to the signal and pump
power levels.

B. Aggregation from any two QPSK signals of OPSK-A, -B
and -C to the star-8QAM signal based on coherent addition

In an 8QAM signal, each symbol represents three bits
whereas in QPSK it is only two bits. In the de-aggregation stage,
the bit information of the input star-8QAM signal was
transferred into three QPSK signals. Any two of these could be
aggregated through coherent addition [30]. When this is
implemented, as shown in Fig. 3, the aggregated star-SQAM
signal has the same data information as the input star-8QAM
signal, maintaining information integrity. This can also be seen
some of the star-8QAM signal’s information bits being
concealed in the converted QPSK signals, which can be
transmitted separately by different optical transmission links.
To ensure the bit information integrity of the star-8QAM signal,
the separated QPSK signals must be combined by coherent
addition at the destination. Possession of any two converted
QPSK signals enables a receiver to restore the original bit
information. Moreover, the separated transmission of the de-
aggregated QPSK signals offers assistance to secure optical
communication [29] since if an attacker (Eve) was in possession
of just one converted QPSK signal, it would be very difficult to
recover the original star-8QAM information. For the separated

transmitted QPSK signals, it will be extremely difficult for an
Eve to simultaneously acquire two separated QPSK signals in a
real optical transmission link. The aggregated star-SQAM
signal can be recovered by authorized receivers via the coherent
addition of two QPSK signals. By adjusting the PR and RPS of
any two types of QPSK-A, -B and -C, the optical field of the
coherent superposed optical signal can be expressed as:

e i¢qpsk—x 10_20[_0

E = qusk—x

ei¢qpsk—ye idp

agg-—star—8qam

+A4

3)
qpsk-y
a and A¢ represent the power attenuation coefficient of QPSK-
X and the linear phase shift of QPSK-Y withx #y (x,y =
A,Bor ().

In the progress of coherent addition of two of QPSK-A, -B
and -C to form the aggregated star-8QAM signal, an issue
should be mentioned in the practical experiment. Since two of
QPSK-A, -B and -C were transmitted by different optical links,
the slowly varying relative phase difference caused by passing
through different fiber paths may result in temporal phase and
amplitude fluctuation. Each of the fiber path had different
characteristics, vibration, temperature fluctuation, and so on.
Therefore, some active and passive phase stability methods
should be considered in the practical experiment to eliminate
the instability brought by temperature fluctuation, airflow,
vibration, curvature, splitting ratio and so on [31-35].

F1g 3. Aggregation (a) configuration and (b) constellations
from two QPSK to star-8QAM signals.
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F1g 4. The proposed aggregation and de-aggregation scheme
for the star-8QAM signal, Tx: Transmitter, Rx: Receiver.

III. SIMULATIONS AND DISCUSSIONS

The proposed AOFC scheme based on the nonlinear MZI
with nested-PA-NOLM is shown in Fig. 4. In the numerical
simulation, a 10 Gbaud star-shaped 8QAM signal at a central
frequency of 193.1 THz could be generated by a cascade phase
modulator (PM) and amplitude modulator (AM) driven by the
pseudo-random binary sequence (PRBS). In the transmitter, the
input non-return-to-zero (NRZ) pulse has the rise time of
2.5%10!! s._The linewidth of the continuous wave (CW) laser
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was neglected. An amplified spontaneous emission (ASE) noise
source was used to change the input optical signal-to-noise ratio
(OSNR) followed by an optical band-pass filter (OBPF) to
remove the out-of-band noise. The generated star-8QAM signal
was launched into the nonlinear MZI with nested-PA-NOLM,
which was formed by two 3-dB OCs and two PA-NOLMs. The
former OC was used to separate the input star-8QAM signal
into the upper arm and the lower arm optical signals. For the
de-aggregation processing, a 193.07 THz pump light was
coupled into the PA-NOLM. The latter OC was used to
converge the upper arm and the lower arm converted QPSK
signals into the star-8QAM signal. As analyzed in Section II.A,
the fiber used in the PA-NOLM had a nonlinear coefficient of
13.1 (km- W)}, an effective length of ~550 m and a dispersion

parameter of 1.6 ps (km-nm)!; the reference frequency was
193.1 THz and fiber losses were neglected. Using a ~24.77
dBm input star-8QAM signal and ~30.41 dBm pump enabled
the converted QPSK-A to be obtained. Similarly, using
corresponding powers of ~28.26 dBm and ~29.54 dBm,
respectively produced QPSK-B and ~25.80 dBm and ~29.54
dBm delivered QPSK-C. The constellations from star-SQAM
to QPSK-A, -B and -C with an input OSNR of 27 dB are shown
in Fig. 5.

Converted QPSK-A Converted QPSK-B Converted QPSK-C

Input Star-8QAM

=27 dB

Input OSNR:

aggregated into the star-8QAM signal (namely star-§QAM-BC),
as shown in Fig. 6 (c).

To compare the bit sequence variance of the 8QAM signal
before and after de-aggregation and aggregation, the power
waveforms of the input star-8§QAM signal and the aggregated
star-8QAM-AB, -AC and -BC were also measured, as shown in
Fig. 7. Clearly, the aggregated star-SQAM-AB, -AC and -BC
had the same bit sequence as the input star-8QAM signal. This
phenomenon indicated that the original bit information of the
input star-8§QAM signal can be restored from the coherent
addition of any two converted QPSK signals. Moreover, from
the constellations of the aggregated star-8QAM-AB signal, the
amplitude noise of the outer ring was regenerated compared to
the input star-8QAM signal. This can also be identified from
the power waveform of the aggregated star-8QAM-AB signal,
as shown in Fig. 7 (b). In addition to information integrity, the
bit mapping of optical signals before and after format
conversion was another key question. From the format
conversion rules introduced in Section II, for an input star-
8QAM signal with Gray coding, the converted QPSK-A
obtained the phase information of the star-8QAM signal. The
intensity information of the inner and the outer rings of the star-
8QAM signal had been hidden into the phase states of the
converted QPSK-B and QPSK-C. This can also be secen as
information hiding or encryption of intensity information. Only
by coherently stacking two converted QPSK signals with
specific logical relationships could the intensity information of
the original star-8QAM signal be restored.
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Fig. 6. Constellations of the aggregated star-8QAM signals.

For the aggregation processing, when considering QPSK-A
and QPSK-B combined to obtain the star-8QAM signal, the
VOA and the VPS were 3 dB and -36°, respectively. The
average powers of QPSK-A and QPSK-B were ~14.62 dBm
and ~20.45 dBm, respectively. The constellations of the
aggregated star-8QAM signal (namely star-8QAM-AB) are
shown in Fig. 6 (a). When the VOA and the VPS were 1.8 dB
and -62°, respectively, QPSK-A (average power: ~15.81 dBm)
and QPSK-C (average power: ~19.24 dBm) could be coherently
superposed into the star-8QAM signal (namely star-8QAM-
AC), as shown in Fig.6 (b). When the VOA and the VPS were
set to be 3.6 dB and -27°, respectively, QPSK-B (average power:
~16.9 dBm) and QPSK-C (average power: ~19.24 dBm) were

Fig. 7. Power waveforms of (a) the input star-8QAM signal
with an input OSNR of 27 dB, (b) the aggregated star-8QAM-
AB signal, (c) the aggregated star-§QAM-AC signal and (d) the
aggregated star-8QAM-BC signal.

The bit allocation on each of the constellation point of star-
8QAM constellation and that for the converted QPSK-A, -B,
and -C were also described to make sure that the original bit
information on the star-8QAM was correctly transferred to the
converted QPSK signal. For example, the bit allocation of the
inner star-8QAM constellation was 000, 001, 011, 010 on 0°,
90°, 180°, 270°, and the outer constellation was 100, 101, 111,
110 on 0°, 90°, 180°, 270°, respectively, as a Gray code was
considered, as shown in Fig. 8. In this case, the bit allocation of
QPSK-A was *00, *01, *11, *10 on 0°, 90°, 180°, 270° where
* means hidden bit (0 or 1 depending on the case) in Fig. 1(b).
Thus, only two bit information was transferred to QPSK-A. The
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bit allocation of QPSK-B was *¥%_ #¥* k% %% on (0°, 90°,
180°, 270°, resulted in no bit transfer. The bit allocation of
QPSK-C was *0*, **1, *1* **( on 0°, 90°, 180°, 270°, resulted
in one bit transfer. Therefore, the original bit information on the
star-8QAM cannot be obtained especially by QPSK-B. Only
when any two of QPSK-A, -B and -C are coherently combined,
the original bit information of the input star-§QAM signal could
be reshaped.
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Fig. 8. (a) EVM versus input OSNR, (b) BER versus receiver
OSNR for de-aggregation from input star-8QAM to QPSK-A,

-B and -C with the input OSNR of 27 dB.
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Fig. 9. (a) EVM versus input OSNR, (b) BER versus receiver
OSNR for aggregation from any two QPSK signals to the
aggregated star-8QAM signal at an input OSNR of 27 dB.

The EVM variance with the input OSNR and the BER
variance with the receiver OSNR were used to evaluate the
AOFC scheme performance. It is worth noting that there is no
using some DSP technique in calculating the BER performance.
Fig. 8 shows the EVM and BER performance of the optical
signals for the de-aggregation processing from input star-
8QAM to QPSK-A, -B and -C. As seen in Fig. 8 (a), with
improving input OSNR, the three converted QPSK signals had
worse EVM performance than the input star-8QAM. This was
due to the accumulation of nonlinear phase noise and amplitude
noise generated by the PA-NOLM. When the input OSNR of
star-8QAM was 27 dB, the corresponding EVMs of star-8QAM,
QPSK-A, -B and -C were ~7.22%, ~13.37%, ~15.84% and
~11.44%, respectively. However, the three converted QPSK
signals exhibited better BER performance than the input star-
8QAM signal with improving receiver OSNR, as shown in Fig.
8 (b). With a BER threshold of 107, the corresponding receiver
OSNRs for star-8QAM, QPSK-A, -B and -C were ~24.6 dB,
~18.3 dB, ~18.4 dB and ~18.1 dB, respectively. Thus, the
converted signals displayed an improvement in receiver OSNR
of at least 6.3 dB over the input star-8QAM. This is not
unexpected since QPSK had a larger Euclidean distance

between adjacent constellations than the jointly amplitude and
phase modulated star-8QAM signal. The smallest Euclidean
distance of star-8QAM was strongly dependent on the PR of
star-8QAM between the inner and the outer rings. For input
star-8QAM with a PR of 1/9, the inner ring constellations were
more distorted by amplitude and the phase noise.

For the aggregation processing from any two QPSK signals
to the aggregated star-8QAM signal, the EVM and the BER
performance were also determined, as shown in Fig. 9. When
the input OSNR was set to be 27 dB, the corresponding EVMs
of the aggregated star-8QAM-AB, -AC and -BC were ~13.93%,
~11.97% and ~15.15%, respectively, as shown in Fig. 9 (a). The
aggregated star-8QAM-BC had the worst EVM performance,
and the aggregated star-8QAM-AC the best. As for the BER
performance of the three aggregated star-8QAM-AB, -AC and
-BC, using a BER threshold of 10, the corresponding receiver
OSNRs were ~28 dB, ~27.45 dB and ~32.3 dB, respectively, as
shown in Fig. 9 (b). Compared to the aggregated star-8QAM-
BC signal, the aggregated star-8QAM-AB and star-8§QAM-AC
had 4.3 dB and 4.85 dB performance improvement in receiver
OSNR, respectively. As shown in Fig. 8 (b), at a BER threshold
of 10, the corresponding receiver OSNR for the input star-
8QAM signal was ~27.45 dB. Therefore, although the
aggregated star-§QAM-AC had worse EVM performance than
the input star-8QAM signal, it offered similar BER
performance to the input star-8QAM signal. This was mainly
because the anti-noise ability of the 8QAM signal was not
relevant to the amplitude and the phase noise in constellations.
However, the Euclidean distance between the adjacent
constellations did play a significant part, for example, the phase
distance (PD) between inner ring adjacent constellations and
the amplitude distance (AD) between adjacent inner and outer
ring constellations with the same phase states [13]. The
aggregated star-8QAM-AB and star-8QAM-BC signals also
had about 4.3 dB and 4.85 dB performance degradation in
receiver OSNR compared to the input star-8QAM signal,
respectively. The OSNR penalty was primarily caused by the
extra amplitude and phase noise brought by the SPM, XPM
effects and coherent addition in the PA-NOLM.

We also considered 10 Gbaud bipolar PAM4, which can be
seen as the simplest star-QAM signal. It can be generated
through the coherent addition of two BPSK signals [36, 37] and
has attracted considerable research attention since it can be
received by coherent or direct detection [38-40]. Recently, there
have also been improvements in bipolar PAM4 format
conversion schemes [41, 42]. However, these produced two de-
aggregated BPSK signals with different wavelengths, which
may lead to decreased wavelength utilization. Format
conversion from bipolar PAM4 to QPSK has also been
performed based on SPM and power saturation in a SOA [43].
This increased the scheme complexity since it employed an
active device rather than a HNLF. Although another format
conversion scheme from bipolar PAM4 to QPSK was proposed
based on SPM in a single HNLF, the converted QPSK was not
uniform in amplitude [44]. Here, the PA-NOLM scheme
enables the conversion of an input bipolar PAM4 signal into
BPSK-A, -B and QPSK signals for different input signals and
pump powers. The constellations of the input bipolar PAM4
signal before and after format conversion are shown in Fig. 10.
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The PR of the inner and the outer rings for the input bipolar
PAM4 signal was also 1/9. As analyzed above, when the input
bipolar PAM4 signal and pump had average powers of ~24.77
dBm and ~30.41 dBm, respectively, BPSK-A results. Using
average powers of ~28.26 dBm and ~29.54 dBm for the input
bipolar PAM4 signal and pump, respectively delivers BPSK-B.
Finally, for the input bipolar PAM4 signal and pump average
powers of ~25.80 dBm and ~29.54 dBm, respectively, QPSK
can be received. It was noteworthy that the converted BPSK-A
and -B could be seen as the de-aggregation of the input bipolar
PAM4 signal. For the format conversion from bipolar PAM4 to
QPSK, the intensity information of bipolar PAM4 was
transferred into the phase information of QPSK.
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Fig. 10. Constellations of (a) the input 20 Gbps bipolar PAM4
signal, (b) the converted BPSK-A signal, (c) the converted
BPSK-B signal and (d) the converted QPSK signal.

One bit allocation case could be considered for the input
bipolar PAM4 signal, e. g., the inner constellation was 01 and
10 on 0° and 180°, and the outer constellation was 00 and 11 on
0° and 180°, respectively, as shown in Fig. 10 (a). The
converted BPSK-A and BPSK-B signals can obtain the first and
second bit information of the input bipolar PAM4 signal,
respectively, as shown in Fig. 10 (b)-(c). The converted QPSK
signal could obtain all the bit information of the input bipolar
PAM4 signal, as shown in Fig. 10 (d). Therefore, the
information integrity of the input bipolar PAM4 signal can be
preserved before and after AOFC. In addition, the two
converted BPSK-A and BPSK-B can also be aggregated into
the bipolar PAM4 and the QPSK signals again through coherent
addition.
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Fig. 11. (a) EVM versus input OSNR, (b) BER versus receiver
OSNR for conversion of bipolar PAM4 to BPSK-A, -B and
QPSK at an input OSNR of 20 dB.
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The EVM and BER performance of the input bipolar PAM4
signal before and after AOFC were determined, as shown in Fig.
11. When the input bipolar PAM4 signal had an input OSNR of
20 dB, the EVMs of the bipolar PAM4 signal, the converted
BPSK-A, BPSK-B and QPSK signals are ~16.01%, ~23.88%,
~32.34% and ~21.68%, respectively, as shown in Fig. 11 (a).

The converted BPSK and QPSK signals had demonstrably
worse EVM performance than the input bipolar PAM4 signal
because of the extra amplitude and phase noise generated by the
PA-NOLM. However, better BER performance for the
converted BPSK and QPSK signals can be obtained compared
to the input bipolar PAM4 signal with an input OSNR of 20 dB,
as shown in Fig. 11 (b). Using a 10° BER threshold, the
corresponding receiver OSNRs of the input bipolar PAM4
signal, the converted BPSK-A, BPSK-B and QPSK signals
were ~23.5 dB, ~15.8 dB, ~17.1 dB and ~21.3 dB, respectively.
Thus, the converted BPSK-A, BPSK-B and QPSK signals can
offer 7.7 dB, 6.4 dB and 2.2 dB improvements in receiver
OSNR, respectively. The BPSK signal as the lowest-order
phase modulated signal had the largest Euclidean distance
between the adjacent constellations. This made the BPSK signal
usually have better BER performance than the other high-order
modulated signals. The all-optical de-aggregation from bipolar
PAM4 to BPSK signals can be used in the scenario of P2MP.
Additionally, in the presence of extremely noisy links,
unsuitable for direct transmission of bipolar PAM4, the de-
aggregated BPSK signals could be used to transmit the data
information separately. A simple combination operation
between the two separated BPSK signals could be used to
ensure the information integrity.

For the converted QPSK signal, the Euclidean distance in
phase states between the adjacent constellations delivered
better anti-noise ability. Although the converted QPSK signal
was affected by the generated extra phase noise, it also had
better BER performance than the input bipolar PAM4 signal.
Moreover, existing AOFC schemes from bipolar PAM4 to
QPSK have been realized based on PSA, SPM and SOA or
HNLF power saturation effects [43-45]. Our scheme avoids the
phase-locking operations of PSA, obtains a uniform amplitude
distribution for the converted QPSK signal and improves its
anti-noise ability.

In addition, the AOFC of 16QAM was also considered due
to its potential application in high-speed and large-capacity
optical networks [46-48]. On one hand, the 16QAM can be de-
aggregated into two quadrature bipolar PAM4 signals or two
QPSK signals by nonlinear optical signal processing [43, 44, 49,
50]. On the other hand, the 16QAM can also be produced by the
coherent addition of two bipolar PAM4 signals or two QPSK
signals by linear and nonlinear optical signal processing [36, 37,
51, 52]. Modulation format aggregation from simple to
complex modulation formats may assist data traffic aggregation
from different users to the same destination, i.e., multi-point-to-
point (MP2P) optical transmission. Conversely, de-aggregation
from the complex to simple modulation formats has utility in
realizing data grooming, and simplifying receivers and optical
switching by adding/dropping the sub-optical signal. The
development of optical constellation slicing (OCS) and
constellation add/drop multiplexers (CADMs), have brought
complex to simple de-aggregation technology to reality [53, 54].
Utilization of PSA for de-aggregating a 16QAM signal into two
bipolar PAM4 signals (PAM4-1 and PAM4-Q) has also been
investigated numerically and experimentally [44, 50]. However,
QPSK finds more application in long-haul transmission than
PAM4 [55] making de-aggregation from 16QAM to 2xQPSK
the research hot spot. Here, we thus investigated an all-optical
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constellations de-multiplexing scheme from 10 Gbaud 16QAM
to 2xXQPSK by combining PSA and the PA-NOLM, as shown
in Fig. 12. The input 16QAM was firstly de-aggregated into two
bipolar PAM4 signals by the dual-pump degenerate PSA. Two
pumps, both with average power ~18.45 dBm (f,1=193.07 THz
and f,2=193.13 THz), and the input 16QAM signal with average
power ~6.99 dBm (fi=193.1 THz) were injected into a HNLF
to obtain PAM4-1 and PAM4-Q by phase-sensitive
compression of the input signal constellations. The PSA gain
axis could be adjusted by adding a linear phase shift to the input
signal and pump lights. After adjusting the bipolar PAM4 signal
and the pump powers to 24.77 dBm and 29.19 dBm,
respectively, the bipolar PAM4 signal was injected into the PA-
NOLM to generate the converted QPSK signal, as shown in Fig.
13.
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Fig. 12. Schematic diagram of the de-aggregation from
16QAM to 2xQPSK based on PSA and PA-NOLM.
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Fig. 13. Constellations of (a) the input 40 Gbps 16QAM signal,
(b) the converted PAM4-1 signal, (c) the converted PAM4-Q
signal, (d) the converted QPSK-I signal and (e) the converted
QPSK-Q signal.

One bit allocation case could also be considered for the input
16QAM signal, as shown in Fig. 13 (a). The last two and the
first two bit information of the input 16QAM signal can be
transferred into the intermediate converted PAM4-1 and PAM4-
Q signals, respectively, as shown in Fig. 13 (b)-(c). Then, the
final converted QPSK-I and QPSK-Q signals can obtain the last
two and the first two bit information of the input 16QAM signal,
respectively, as shown in Fig. 13 (d)-(e). As such, the
information integrity of the input 16QAM signal can also be
preserved before and after AOFC. In addition, the two
converted QPSK-I and QPSK-Q signals can also be aggregated
into the square- and star-16QAM signals through coherent
addition.

Compared to present 16QAM to 2xQPSK de-aggregation
schemes [43, 44, 49, 54], the proposed scheme has some

advantages: 1) It does not require an active device, such as a
SOA. 2) The converted QPSK maintains the same wavelength
as the input 16QAM signal. 3) No high-order harmonics are
needed to generate the phase-locked pump light by injection
locking (IL). 4) The converted QPSK has a more uniform
amplitude state, which is also beneficial to further de-aggregate
the QPSK into two BPSK signals based on PSA. 5) Any
converted QPSK signal can also be added or dropped and
coherently added with the new input QPSK signal to generate
the new 16QAM signal. This characteristic may be useful to
construct a flexible optical network based on CADM.
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Fig. 14. (a) EVM versus input OSNR, (b) BER versus receiver
OSNR for conversion of 16QAM to 2xQPSK at an input
OSNR of 25 dB.

The EVM and the BER performance of the 16QAM signal
before and after format conversion were calculated, as shown
in Fig. 14. For the input 16QAM signal with an input OSNR of
25 dB, the corresponding EVMs of the 16QAM signal, the
converted PAM4-1 and PAM4-Q, the converted QPSK-I and
QPSK-Q signals were ~7.47%, ~7.60%, ~7.91%, ~15.56% and
~15.09%, respectively, as shown in Fig. 14 (a). With the
improvement of the input OSNR, the EVM performance of the
converted QPSK-I and -Q signals became worse than the input
16QAM signal. When the input OSNR was larger than 25 dB,
the EVM performance of the converted PAM4-I and -Q was
worse than the input 16QAM signal. When the input OSNR was
smaller than 25 dB, the converted PAM4-1 and -Q signals had
better EVM performance than the input 16QAM signal. This
meant that for greater OSNR, the conversion of phase noise to
amplitude noise based on PSA formed the main source of the
degradation of the EVM performance. The converted bipolar
PAM4 signals (PAM4-1 and PAM4-Q) were mainly affected by
amplitude noise.

As shown in Fig. 14 (b), for a BER threshold of 1073, the
corresponding receiver OSNRs for the input 16QAM signal
with an input OSNR of 25 dB, the converted PAM4-I and -Q,
the converted QPSK-I and -Q were ~25.6 dB, ~21.65 dB,
~21.35 dB, ~18.4 dB and ~18.65 dB, respectively. Therefore,
the converted bipolar PAM4 and QPSK signals offered greater
noise immunity than the input 16QAM signal. For example, the
converted PAM4-1 signal had an approximately 3.95 dB
improvement in receiver OSNR, whilst the corresponding
improvement was around 7.2 dB for the converted QPSK-I
signal. Additionally, compared to the PAM4-I signal as one
amplitude and phase joint modulated signal, the QPSK-I signal
as one phase modulated signal had about 3.25 dB performance
improvement in the receiver OSNR. Notably, for the converted
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QPSK signals, the constellations lying in the quadrature axis,
which were converted by the inner ring constellations of the
bipolar PAM4 signals, were mainly affected by amplitude noise.
The constellations lying in the in-phase axis, which were
converted by the outer ring constellations of the bipolar PAM4
signals, had larger phase noise. To some extent, the non-
uniform distribution of amplitude and phase noise can also be
seen as the phase regeneration for the constellations in the
quadrature axis and the amplitude regeneration for the
constellations in the in-phase axis.

IV. CONCLUSION

In this paper, an all-optical constellations aggregation and de-
aggregation scheme from star-8QAM to 3XQPSK using
nonlinear MZI with nested-PA-NOLM has been proposed and
numerically simulated. When the input OSNR was set to 27 dB,
the constellation and eye diagrams were assessed to intuitively
evaluate the star-8QAM signal format conversion results. For
the de-aggregation from input star-8QAM to 3xQPSK, there
was at least ~6.3 dB improvement in the receiver OSNR for the
three converted QPSK signals. For the aggregated 3Xstar-
8QAM, the BER performance of the aggregated star-§QAM-
BC was worse than the other two aggregated star-8QAM-AB
and -AC. Meanwhile, the proposed scheme could achieve the
all-optical de-aggregation from input bipolar PAM4 to
2xBPSK and the format conversion from input bipolar PAM4
to QPSK. Both the converted BPSK signals and the converted
QPSK signal both achieved better anti-noise performance.
Moreover, when the proposed scheme was combined with PSA
technology, the input 16QAM could also be de-aggregated into
2xQPSK. Moreover, compared to the input 16QAM signal with
an input OSNR of 25 dB, the converted QPSK signal obtained
atleast 7.2 dB BER performance improvement. The scheme can
not only be deployed in optical gateways to connect optical
networks using different modulation formats, but also has a
potential applied advantage in security information
transmission between different optical networks.
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