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Flexible All-Optical 8QAM Signal Format
Conversion Using Pump Assisted Nonlinear Optical
Loop Mirror

Qiankun Li, Xiongwei Yang, Huashun Wen, Qi Xu, Jiali Yang, Yameng Li, Huajun Yang, Mark S. Leeson /EEE
Senior Member, Tianhua Xu I[EEE Member

Abstract—A flexible all-optical format interconversion scheme
based on a pump assisted nonlinear optical loop mirror (NOLM)
is proposed and numerically simulated for the first time to
our knowledge. In this scheme, input multi-Gbps 8QAM signals
are divided into clockwise (CW) and counter-clockwise (CCW)
components by a 3-dB optical coupler (OC), which also couples
light from the input pump into the NOLM from the CCW
direction. The numerical model of the pump assisted NOLM with
CW and CCW optical paths is simplified using a nonlinear Mach-
Zehnder interferometer (MZI). Optical signals in the upper
MZI arm will be mainly affected by the self-phase modulation
(SPM) effect when traversing the highly nonlinear fiber (HNLF)
and those in the lower MZI arm are impacted by cross-phase
modulation (XPM) in addition to SPM when they experience
the HNLF with the input pump light. When the upper-arm
optical signal with SPM phase shift and the lower arm optical
signal with SPM and XPM phase shifts are coherently mixed,
a new converted 8QAM signal can be obtained. The power
transfer function (PTF) of the pump assisted NOLM and the
relative phase shift (RPS) between the input and the output
optical signals are theoretically provided and verified. By only
changing the input power of the 8QAM signal and the pump
light, all-optical format interconversion of square-, standard-
and star-shaped 8QAM signals can be achieved. Furthermore,
the proposed scheme can achieve format conversion from the
30 Gbps square-shaped 8QAM signal to a 20 Gbps quadrature
phase shift keying (QPSK) signal. The scheme performance is
analyzed via constellation diagrams, eye diagrams, the error
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vector magnitude (EVM) and the bit error rate (BER) of the
optical signals. The scheme developed can be deployed in optical
gateways to connect different optical networks by dynamically
selecting their appropriate modulation formats.

Index Terms—All-optical signal processing, quadrature ampli-
tude modulation, self-phase modulation, cross-phase modulation,
nonlinear optical loop mirror.

I. INTRODUCTION

ITH the development and application of the fifth-
W generation (5G) and sixth generation (6G) mobile
communication technologies, the Internet of Things (IoT), the
Internet of Energy (IoE), automatic driving (AD), ultra-high
definition (UHD) video streams, various types of data traffic
are facing explosive growth of data rates in optical networks
[1]-[4]. According to Cisco, compound annual growth rates
(CAGRs) from 2018 to 2023 for global Internet users have
been 6% and for mobile devices and connection have been 8%
[5]. Whilst more and more large-bandwidth and low-latency
services put forward stricter requirements for optical network
nodes, homogeneous and heterogeneous optical networks are
also required to be all-optically interconnected via optical
network nodes. Thus, to transmit data traffic across such
optical networks, flexible and re-configurable optical network
nodes able to optically interconnect diverse optical networks
with different modulation formats become very important. All-
optical signal processing (AOSP) provides an effective method
for flexible all-optical networks (AONS), since processing
photons offers, inter alia, large-bandwidth, low-latency and
parallel processing [6]. Generally, data transmission between
different optical network variants will be via optical nodes,
connecting for instance, backbone optical networks (BONs)
to metro access networks (MANs) or local access networks
(LANSs). These optical networks usually differ in their data
traffic types, network dimensions, access terminals and so on,
with corresponding optimal modulation formats for each [7],
[8]. Advanced modulation formats including m-ary quadrature
amplitude modulation (mQAM) and m-ary phase shift keying
(mPSK) have higher spectrum efficiency (SE) and better chro-
matic dispersion (CD) tolerance. Typical examples are 8QAM,
8PSK and 16QAM [8]-[11], which have been investigated and
implemented in a range of optical networks [12]-[15]. Optical
nodes must perform format conversion to ensure effective data
transmission between optical networks with different optimal
modulation formats. This has resulted in all-optical format
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conversion (AOFC) technology based on ultra-fast nonlinear
effects in a variety of nonlinear media becoming an important
research focus in flexible AONs [16]-[20].

Lightwaves clearly possess multiple physical characteristics
that can be modulated to convey information and convert-
ing between the various modulation dimensions and formats
requires different format conversion approaches, for exam-
ple from phase to intensity. Aggregation and de-aggregation
between low-order and high-order modulation formats for
many modulation formats have been investigated widely to
connect different LANs and BONs [4], [18], [21]. Aggregat-
ing simple modulation formats into an advanced modulation
format improves SE, for example when simply modulated data
traffic for the same destination originates from different LAN
users, the branch data traffic can be aggregated to form traffic
employing advanced modulation formats. De-aggregation can
be applied when traffic using advanced modulation formats
comes from a BON with different user destinations to recover
the simple modulation formats. This allows the use of simpler
and cheaper LAN receivers, since individual users often do
not require all the data from an advanced modulation format
[22]. Although aggregation and de-aggregation between low-
order and high-order modulation formats are key technologies
in flexible AONSs, another key to information transmission
between optical networks with different modulation formats
is conversion without changing the modulation order [6].
For example, the all-optical conversion of QPSK and PAM4
signals or standard-shaped 8QAM (standard-8QAM), square-
shaped 8QAM (square-8QAM) and 8PSK signals [23]-[26].
The conversion of format produces no information loss or
information redundancy and is thus extremely important in
future AON implementation.

However, in the schemes referenced above, modulation
format interconversion was implemented based on discrete
design schemes, requiring the deployment of at least two sets
of independent devices, increasing optical node complexity
and construction cost.

8QAM has better tolerance to the noise than 16QAM signals
and higher information capacity than QPSK [3], [9], meaning
that it has been widely implemented in 100 Gbps optical
transmission systems and beyond [27]-[30]. The transmis-
sion performance of different 8QAM signals in a variety of
optical transmission systems has also been investigated and
compared [31]-[36]. AOFC of different 8QAM signals will
be needed at optical network nodes when they are selected
in different optical transmission systems. For example, when
the information loaded on standard-8QAM are transmitted
from fixed optical networks to free-space optical networks or
visible light communication (VLC) optical networks loaded
on square-8QAM, the format conversion is needed to be
performed at optical network nodes [30], [33], [37]. Format
conversion of star-8QAM to standard-8QAM using phase-
sensitive amplification (PSA) has been reported to connect dif-
ferent optical networks [38]. The same method has also been
employed to convert square-8QAM to standard-8QAM with
regeneration [25]. However, these schemes required phase-
matching conditions to ensure effective four-wave mixing
(FWM) and did not demonstrate the inverse optical format

Fig. 1. Constellations of standard-, star- and square-shaped 8QAM signals.

conversion process. Another approach has been to utilize a
nonlinear Mach-Zehnder interferometer (MZI) for conversion
from standard-8QAM signals to square-8QAM signals [26].
However, experimental implementation was prone to temper-
ature drift, vibration and other volatile environmental factors.

To the best of our knowledge, there has been no effective
scheme to achieve the all-optical format interconversion be-
tween star-8QAM, square-8QAM and standard-8QAM (with
constellation diagrams as shown in Fig. 1) within a single for-
mat conversion device. In this paper, a flexible all-optical for-
mat interconversion scheme between the 8QAM variants based
on a pump assisted nonlinear optical loop mirror (NOLM) is
proposed for the first time and numerically evaluated. This
all-optical format interconversion method is able to increase
optical node utility in the AOSP and promote the flexible
interconnection of different optical networks. Moreover, the
scheme also improves the utilization efficiency of the optical
conversion equipment and a pump assisted NOLM has better
environmental stability than a nonlinear MZI. An input 10
GBaud star-8QAM signal can be converted into a 10 GBaud
square-8QAM signal or a 10 GBaud standard-8QAM signal
by adjusting the input power of the star-8QAM signal and the
pump level. The same pump assisted NOLM can also convert
an input 10 GBaud standard-8QAM signal into a 10 GBaud
star-8QAM signal or an input 10 GBaud square-8QAM signal
into a 10 GBaud star-8QAM signal. The star-8QAM signal
can be considered as the intermediate optical signal in the
all-optical format interconversion of the rectangular-SQAM
signal and the standard-8QAM signal, as shown in Fig. 1. The
constellation diagrams may be used to demonstrate the efficacy
of the proposed all-optical format interconversion for star-
, rectangular- and standard-8QAM signals. The error vector
magnitude (EVM) and the bit error rate (BER) of the relative
optical signals before and after the interconversion may be
determined to evaluate the scheme performance. Moreover,
30 Gbps square-8QAM can also be converted into 20 Gbps
QPSK just by varying the power of the input pump.

II. THEORY AND OPERATION PRINCIPLE

A schematic diagram of the pump assisted NOLM is shown
in Fig. 2(a). Since the NOLM structure was proposed for the
first time in 1988 [39], it has been widely investigated in ultra-
fast optical signal processing, for example in amplitude re-
generation, multiplexing and demultiplexing, analog-to-digital
conversion (ADC), millimeter wave generation and format
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Fig. 2. Schematics of (a) the proposed pump assisted NOLM and (b) the corresponding simplified nonlinear MZI model.

conversion [18], [40]-[45]. Its inherent symmetric structure
in two arms enables the clockwise (CW) optical pulses and
the counter-clockwise (CCW) optical pulses to experience the
same time delay. When these CW and CCW pulses have the
same input power, the nonlinear phase shifts generated by self-
phase modulation (SPM) both pulses are the same. The pump
assisted NOLM designed here is formed by introducing an
additional pump beam into the CCW arm. The cross-phase
modulation (XPM) phase shift produced by this CCW pump
is added to the transmitted CCW optical pulse. The nonlinear
phase difference between the CW and the CCW optical paths
is very important in the NOLM, which can be usually used to
realize various optical signal processing functions, including
adjustment of the amplitude and the phase distributions of the
input optical signals. Moreover, marginal and undesired coun-
terpropagating nonlinear effects, such as polarization mode
dispersion (PMD), stimulated Raman scattering (SRS) and
stimulated Brillouin scattering (SBS) can be neglected in the
simulation scheme. XPM phase shifts generated by the CW
and the CCW signals on the counterpropagating optical pulses
are constant and marginal and can also be neglected [41], [46],
[47]. At this time, the proposed pump assisted NOLM structure
with the CW and the CCW optical paths in Fig. 2(a), can be
simplified into an equivalent nonlinear MZI model with upper
and lower arms shown in Fig. 2(b).

As illustrated in Fig. 2(b), the input optical signal is split
equally by the first 3-dB optical coupler (OC1). The pump and
the signal in the lower arm are mixed in OC2 and the resultant
signal fed into the lower arm highly nonlinear fiber (HNLF).
The input optical signal in the upper arm is also fed into
the same HNLF. Finally, the outputs of the upper and lower
arms are mixed in OC3. An optical band-pass filter (OBPF)
with the same center frequency as input is used to filter out
the converted optical signal. Only the nonlinear phase shift
introduced by SPM is added to the upper arm signal that enters
the HNLF, whereas when that from the lower arm enters the
same HNLF with the pump, the XPM-induced nonlinear phase
shift is added to the signal in addition to the effect of SPM.
Thus, the coherent addition of the upper arm signal (with SPM
only) to the lower arm signal (with SPM and XPM) enables
flexible change of the amplitude and phase of the original
optical input signal. The optical output signal phase and the
amplitude distributions depend on the nonlinear phase shift

difference between the signals in the two arms [19]. When
XPM occurs, power will flow between the input signal and
the pump, known as parametric amplification (PA). We now
present the mathematical analysis of the interaction between
the signal and the pump in the HNLF, based on the nonlinear
Schrodinger equation.

The mathematical relationship between the input and the
output ports of the 3-dB OC can be written as:

El,out _ \/i 1 1 El,in

<E2,out) N 7 (Z 1) . (EZ,in>

E in, Eo i represent the electric fields of the input optical

signals, respectively. E1 oy, Fo, oyt Tepresent the electric fields

of the output optical signals, respectively. In the proposed

pump assisted NOLM configuration, there is only one input

8QAM signal (of square, standard or star format), which can

be represented by F ;y,, s0 Es iy, is zero. For OCI, the output
for the upper arm optical signal can be expressed as:

V2

—Fiin 2
5 b, )

The output of the lower arm optical signal can be written

as:
V2

EQ,out =1 9 El,in

(D

El,out =

3)

Without considering the optical frequency oscillation item,
the electrical field of the input 8QAM signal can be written
as:

By in = Aiy - €9

“4)

A;pn and @;, represent the amplitude and the initial phase
of the input optical signal; the initial phase of the pump is
zero. Assuming that the input signal and input pump have the
same polarization states, e. g., x-polarization. Moreover, the
polarization controller (PC) is used to ensure the polarization
states of the input signal and the input pump light to be
alignment in the practical experiment. For OC2, the output
electrical field from its bar port can be expressed as:

V2 V2.

7E2,out + TZEpump

V2

L . |
ilAine“pzn + 2 Apumpeuppump

%@ei(wn+g)+ Pp;mpeig
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E! ., represents the electric field of the output lightwaves
from the through port of OC2. E,,,,,, represents the electric
filed of the input pump light. Apymp and @pymp represent
the amplitude and the initial phase of the pump; P;, and
Pyumyp are the input powers of the input and pump signals,
respectively. Thus, when the lower arm input and the pump
are mixed at OC2, the output optical signal and output pump
from the through port of OC2 are fed into the HNLF. At this
time, the first term and the second term in Equation (5) can
be considered as the new input signal and pump for the next
loop iteration.

Namely, when the signal and the pump are coupled into the
HNLE, their electric fields can be rewritten as:

1 in —
E, = 2 Pye’ Wpmts) =1 Pine i1 ©)
Epuan — / p;‘ln,p e’L / pump ’Lg&o

Then, the amplitude and the phase of the new input signal
are %\/Pm and ¢, respectively. The amplitude and the initial

phase of the new input pump are % and ¢q, respectively.

When the optical signal and the pump light are coupled into
the HNLF, harmonics will be generated due to the FWM effect.
The electric fields of the harmonics can be written as [48]:

’ ’
/P et wmtten)
m

=[i"™\/ Py Jpm (2yL\/ PoP1) +i" '/ P1Jp_1(2vL\/ Py P1)]

. ei’yPoL iyP1 L | ei[m(wlt-‘rgal)—(m—1)(w0t+gag)]

e
(7
Take an integer for m. w;n represent the angular frequencies
of harmonics. When m = 1, the output harmonic is just
the output optical signal. wll and w; represent the angular
frequencies of the output and input optical signals. Thus,
w/1=w1. wp represents the angular frequency of the input
pump light. The electric field of the output signal satisfies
the following expression [48]:

\/Eei(wit'*'%’/l)
:[i\/ POJ1(2’)/L\/ P()Pl) + \V P1J0(2’}/L\/ Popl)]

. ei’yPoL . . ei(wlt-l—apl)

:\/PQJ%(Z')/L\/ P()Pl) + Pljg(Z’}/L\/ POP1)

. ei(w1t+901+VP0L+’YP1L)

e’L’YP1 L

®)

. tProm

— Aet(witt+ea)

where

POJ1(2’YL PoPl)
= arctan Y2V 0L
Pbom VP Jo(2v L/ Po Pr)

A =1 +7PL +vP1L + Qpom )
A2 = P0J12(2’}/L\/ P()Pl) + P1J3(2"YL\/ P()Pl)

P, and P; represent the power of the input optical signal and
the pump light, respectively. Jy and J; represent the Bessel
functions, respectively. v and L represent the nonlinear coef-
ficient and the effective HNLF length, respectively. Notably,

By use of (6), 1, P1, Py in (7), (8) and (9) can be expressed
as:

©1 = Qin + 5
P =1pP, (10)
PO = %Ppump

Thus, the output optical signal from the lower arm HNLF
can be rewritten as:

Elow A- eigaA

3,in —

(1)

The upper arm output signal is affected only by SPM when
it traverses the upper arm HNLF. Its optical field can be

expressed as:
B _ Pin e (Pint@spm)
3,in T 2

12)
Y L
2
Finally, at OC3, the through signal can be written as:
2 2
E;,Z()mt - iEgZ;n iEiliozﬂn
_ \/Pmei(%n+ ) A eatrd 3

2 V2

= MeiPM . gi®in + NelPN . pivin

— Aout . eiSaout
The transmission coefficient (TC) is defined as the ratio
between the output and input optical signals:
Aout
Ain
From (13) and (14), the output power transfer function

(PTF) and the relative phase shift (RPS) can be expressed
as:

up :
TC = E3,out o Aouteupout o
E1in Ajne'#in

ei@rps

(14)

Pout:M2+N2+2MNCOS(S0M7S0N)' (15)
Prps = Pout — Pin = arctan%
where
o L
N=4
V2 (16)

oM = 57LPimn
PN = Pbom T i’yLPzn + %’VLPpump +m

To observe the PTF and the RPS of the pump assisted
NOLM, square-8QAM was first applied to verify the format
conversion from this to star-SQAM. In the test, the HNLF
considered had a nonlinear coefficient of 13.1 (km-W)~1, an
effective length of ~550 m and a dispersion parameter of
1.6x107% s/m?; the reference frequency was 193.1 THz and
fiber losses were neglected. The input square-8QAM had a
frequency of 193.1 THz at average power of 24 dBm. The
input pump light had a frequency of 193.07 THz at average
power of 10 dBm (Pp,ymp=10 dBm). The modulation index
(MI) of the inner and the outer rings of the square-8QAM
was 0.5. The MI is defined as the ratio of the difference in
power between the outer ring and the inner ring constellations
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Fig. 3. PTF and RPS versus the input power for the format conversion from
the square-shaped 8QAM signal to the star-shaped 8QAM signal.

to the power of the outer ring constellations. The mathematical
expression can be written as:

Pouter - Pinner

MI = A7)

P, outer

Pipner and Py represent the inner and outer rings power
of the input 8QAM signal. The PTF and the RPS as functions
of the power of the input optical signal are shown in Fig. 3.
Since the powers of the inner and outer rings of the input
square-8QAM are 22.22 dBm and 25.23 dBm, respectively,
the corresponding output powers are ~7.21 dBm and ~13.73
dBm. The corresponding RPS values of the inner and the
outer rings are ~1.0618 rad and ~1.9156 rad, respectively.
Although the output optical signal still has two inner and the
outer ring intensity level, the phase difference between the two
corresponding RPSs is ~0.85 rad, i.e., ~48.9°. This can be
utilized to compensate for the phase offset of 45° between the
inner and the outer rings of the input square-8QAM signal,
leaving a residual difference in the output 8QAM signal of
just 3.9°. Clearly, this is much less than the input square-
8QAM signal 45° phase difference and an acceptably small
error. In addition, considering that the nonlinear phase shift
introduced by the outer ring constellation points is higher than
that introduced by the inner ring constellation points, the 3.9°
phase difference between the inner and the outer rings in the
output 8QAM signal can also be neglected. Namely, the output
8QAM signal can be deemed star-8QAM and the input square-
8QAM has been converted into star-8QAM.

We also verified the format conversion from a star-8QAM
signal to a square-8QAM signal with the same HNLF pa-
rameters. The input signal was a 21.8 dBm (average power)
star-shaped 8QAM signal with a MI of 0.708 and the input
pump power was 20.4 dBm. The PTF and the RPS functions
with the input power were determined and are shown in Fig. 4.
Since the input inner and outer rings of the star-shaped 8QAM
signal had powers of 18.31 dBm and 23.66 dBm, respectively,
the corresponding output powers were 8.09 dBm and 11.05
dBm. The power gap between the output inner and outer rings
was 2.96 dB, close to the ideal square-8QAM value of 3 dB.
The inner and the outer rings of star-8QAM are in phase but
ideal square-8QAM has a phase difference of 45° between

20

10

Output Power (dBm)
o

---------- 18.31|

1 1 1 1 1 1 1 1

8 10 12 14 16 18 20 22 24 26
Input Power (dBm)

23.66)
Ll

-10g

Fig. 4. PTF and RPS versus the input power for the format conversion from
the star-shaped 8QAM signal to the square-shaped 8QAM signal.
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Fig. 5. PTF and RPS versus the input power for the interconversion between
star-shaped 8QAM and standard-shaped 8QAM.

the inner and the outer rings. For the input star-8QAM, the
corresponding output RPSs of the inner and the outer rings
were -0.5637 rad and 0.2876 rad, respectively. Thus, there is
a phase difference gap of ~48.8°, which is again close to
45°. Considering that the nonlinear phase shift introduced by
the inner and the outer rings of the input star-8QAM signal is
different, the extra phase difference of 3.8° in the RPS can also
be accepted for the converted square-8QAM signal. Therefore,
conversion of star-8QAM into square-8QAM can be achieved
based on the same pump assisted NOLM configuration by
changing the signal and pump input power.

For standard-8QAM to star-8QAM conversion, we consider
a standard-8QAM signal with a MI of 0.708 and 20 dBm
average input power, with corresponding inner and outer ring
powers of 16.55 dBm and 21.9 dBm, respectively. Using a 10
dBm pump, the PTF and the RPS functions with the input
optical signal power are shown in Fig. 5. The corresponding
output powers of the rings in the optical signal were -0.08 dBm
and 6.65 dBm, respectively. So, the output optical signal still
has two intensity levels with corresponding RPSs of ~0.1852
rad and ~0.9864 rad, respectively; i.e. a gap of ~0.8 rad or
~45.84°. This can also be used to compensate for the inherent
phase offset of 45° between the inner and the outer rings in
the input standard-8QAM with an error of ~2%. Thus, the
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Fig. 6. The proposed scheme of all-optical format interconversion, Tx:
Transmitter, Rx: Receiver.

Input Square-8QAM
90°

Output Star-8QAM
90°

25 dB

Input OSNR:

Fig. 7. Constellations of (a) the input 30 Gbit/s square-shaped 8QAM signal,
(b) the output star-shaped 8QAM signal.

result was successfully conversion to star-8QAM.

Similarly, when a 20 dBm (average power), 0.708 MI star-
8QAM was injected into the pump assisted NOLM, with the
same physical parameters, its corresponding PTF and RPS
functions were as presented in Fig. 5. The input star-shaped
8QAM signal had no phase difference between its inner and
outer rings but a phase difference 45.84° was generated with
the same 2% error observed for conversion the in the other
direction. The output signal preserved two inner and the outer
ring intensity levels, as shown in Fig. 5. Therefore, input star-
8QAM was successfully converted into standard-8QAM based
on the same pump assisted NOLM.

Above all, for each type of format conversion, both PTF and
RPS can be obtained through equations (15) and (16). TABLE
I shows the input and output power and RPSs of optical
signals and pump lights before and after format conversion.
The format conversion processing for different input 8QAM
signals can be seen more clearly.

III. SIMULATIONS AND DISCUSSIONS

The proposed all-optical format interconversion configura-
tion is shown in Fig. 6. A configurable optical transmitter
was used to generate the input 10 GBaud square-, standard-,
and star-shaped 8QAM signals at a center frequency of 193.1
THz. In the simulation, the transmitter comprised a cascaded
phase modulator (PM) and amplitude modulator (AM), a
pseudo-random binary sequence (PRBS) generator, non-return
zero (NRZ) coders and a laser (the linewidth of which was
neglected). An amplified spontaneous emission (ASE) noise

Input Star-8QAM Output Square-8QAM
90° 90°

Output Standard-8QAM
90°

=25 dB

Input OSNR:

Fig. 8. Constellations of (a) the input 30 Gbit/s star-shaped 8QAM signal,
(b) the output square-shaped 8QAM signal and (c) the output standard-shaped
8QAM signal.

Input Stané:i(?ord-SQAM

Output Star-8QAM
90°
1202 :

120° ; 60°

25 dB
i
%
L

Input OSNR:

Fig. 9. Constellations of (a) the input 30 Gbit/s standard-shaped 8QAM signal,
(b) the output star-shaped 8QAM signal.

source was used to change the input optical signal-to-noise
ratio (OSNR) followed by an OBPF to remove the out-of-
band noise. An OC was used to separate the various input
8QAM signals into upper arm and the lower arm optical
signals. A 193.07 THz pump was coupled into the pump
assisted NOLM from the lower arm direction. Notably, in
the practical optical transmission systems, the polarization
states of the signal and the pump need to be alignment by
the PC. The SBS threshold of the HNLF used also need to
be increased by applying a temperature distribution, applying
a strain gradient, pre-processing by the phase modulation or
other promising methods [49]-[51]. When optical signals in
the upper arm and the lower arm passed through the HNLF,
they were coherently superposed in the OC. An OBPF centered
on 193.1 THz was placed after the through port of the OC
to filter out the converted 8QAM signal. Finally, the output
optical signal was demodulated by the coherent receiver. The
HNLF used in the pump assisted NOLM had the same physical
parameters as those in Section II and a dispersion slope of
0.02 ps/((nm)?km). When a 24 dBm (average power) input
square-8QAM signal and 10 dBm pump were injected into
the pump assisted NOLM, a converted star-8§QAM signal was
obtained, as shown in Fig. 7. When a 21.8 dBm (average
power) input star-8QAM signal (Fig. 8(a)) and 20.4 dBm
pump were applied, a converted square-8QAM signal was
extracted, as shown in Fig. 8(b). Similarly, when the input
was star-8QAM signal with an input average power of 20 dBm
using a pump of 10 dBm, a converted standard-8QAM signal
was generated, as shown in Fig. 8(c). When an input average
power of 20 dBm standard-8QAM signal and 10 dBm pump
were applied, a converted star-8QAM signal was produced, as
shown in Fig. 9.

To characterize the degree of noise interference on the
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TABLE I
POWER AND RPSS RELATIONSHIPS OF INPUT AND OUTPUT OPTICAL SIGNALS BEFORE AND AFTER FORMAT CONVERSION.
Input signal Input Input Pump Output Output RPS of RPS of Output
signal Average power inner ring outer ring power inner ring outer ring inner ring outer ring signal
Square-8QAM 24 dBm 2222 dBm | 25.23 dBm 10 dBm 721 dBm | 13.73 dBm | 1.0618 rad | 1.9156 rad Star-8QAM
Star-8QAM 21.8 dBm 18.31 dBm | 23.66 dBm | 20.4 dBm | 8.09 dBm | 11.05 dBm | -0.5637 rad | 0.2876 rad Square-8QAM
Standard-8QAM 20 dBm 16.55 dBm | 21.90 dBm 10 dBm -0.08 dBm | 6.65 dBm 0.1852 rad | 0.9864 rad Star-8QAM
Star-8QAM 20 dBm 16.55 dBm | 21.90 dBm 10 dBm -0.08 dBm | 6.65 dBm 0.1852 rad | 0.9864 rad | Standard-8QAM
-1 T T T T T T -1 T T T T T
[ | Input square-8QAM | lnput star-8QAM
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$tar-8QA
2F 4
2K 4 |
|-2. _— ]
& ';2 ________ o -2.5F _i- -
g 251 ] 9 | I
= = 5| |
> | P | I\ X
w  -3F | 1 ) | |
N || B NN ‘
3.5} 4
|| -4 Y .
o - o -
-4.5 1 l 123 1 12 S 1 1 1 - 1 l 1122‘2 1 124.51 126.41 1 1
20 22 24 26 28 30 18 20 22 24 26 28 30 32 34
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Fig. 10. BER versus receiver OSNR for the format conversion of square-  Fig. 11. BER versus receiver OSNR for the format conversion of star-shaped

shaped 8QAM to star-shaped 8QAM with the input OSNR of 25 dB.

optical signal in the transmission process, an ASE noise source
was added to change the receiver OSNR. A sequence of 217
signal symbols was applied to calculate the BER performance
of the input and the output optical signals when the receiver
OSNR varied for an input OSNR of 25 dB. Fig. 10 shows the
BER performance for the conversion from square-8QAM to
star-8QAM before and after the pump assisted NOLM. The
corresponding EVM values were 8.89% for the input square-
8QAM and 11.37% for the converted star-8QAM. OSNR
values of 22 dB, 23 dB and 24.5 dB were required achieve
a hard-decision forward-error-correction (HD-FEC) threshold
of 3.8 x 1073 (log value of -2.42), for ideal square-SQAM
with back-to-back (BTB) transmission, input square-8QAM
and output star-8QAM, respectively. There was thus a power
penalty of 1.5 dB resulting from the format conversion. It
can be seen from the constellations in Fig. 7 that significant
nonlinear phase noise induced by the SPM and XPM effects
was added to the output star-8QAM. The power ratio (PR)
between the inner and the outer rings of the star-8QAM
signal has a significant impact on its BER performance,
which is also impacted by the phase distance (PD) and the
amplitude distance (AD) of the adjacent constellations [19].
The generated nonlinear phase noise makes the PD shorter,
which leads to the degradation of the phase noise tolerance in
the converted star-8QAM signal. Although the nonlinear phase
noise induced by SPM and XPM effects can degrade the phase
noise tolerance of star-8QAM, optical nonlinear regenerators
can be deployed to mitigate this negative impact [51], [52].
Fig. 11 shows the BER performance versus the receiver
OSNR for conversion from a star-8QAM input to standard-
8QAM and the square-8QAM. At the HD-FEC threshold, the

8QAM to standard-shaped 8QAM and square-shaped 8QAM with the input
OSNR of 25 dB.

corresponding receiver OSNRs are 26.4 dB, 21 dB and 22.2
dB, respectively. Clearly, compared to the input star-8QAM,
the converted standard- and square-8QAM signals offer OSNR
advantages of 4.2 dB and 5.4 dB, respectively. Moreover,
there is a 1.2 dB OSNR advantage in favor of standard-
8QAM over square-8QAM in the output signals. For the ideal
star-8QAM signal with BTB transmission, the corresponding
receiver OSNR is 24.5 dB. the converted standard- and square-
8QAM signals also offer OSNR advantages of 3.5 dB and
2.3 dB. In the proposed scheme, the star-8QAM generated
has a larger PR, which makes it more easily distorted by
amplitude noise, as shown in Fig. 8(a). For the converted
standard- and square-8QAM signals, the constellation points of
the inner and the outer rings of both signals have a phase offset
of approximately 45°, as shown in Fig. 8(b)-(c), allowing
the converted optical signals to achieve a better balance in
tolerating amplitude and phase noise. The smallest Euclidian
distance between adjacent constellation points in standard-
8QAM is larger than that in square-8QAM, meaning it usually
has a better noise tolerance, which translates to the superior
BER performance seen in Fig. 11. For an input OSNR of 25
dB, the EVMs of the input star-8QAM signal and the output
standard- and square-8QAM signals were 9.18%, 7.49% and
8.52%, respectively. Thus, the standard- and square-8QAM
outputs showed respective improvements of 1.69% and 0.66%.
Therefore, format conversion from star-8QAM to standard-
and square-shaped 8QAM also offers all-optical regeneration
with geometric constellation shaping (GCS).

Fig. 12 shows the BER performance versus receiver OSNR
for conversion from standard-8QAM to star-8QAM. At an
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Fig. 12. BER versus receiver OSNR for the format conversion of standard-
shaped 8QAM to star-shaped 8QAM with the input OSNR of 25 dB.

input OSNR of 25 dB, the input and output EVMs were 9.21%
and 8.19%, respectively. The converted star-8QAM signal
exhibited a 0.6 dB power penalty over the input standard-
8QAM signal at the HD-FEC level for the same input OSNR.
For the ideal standard-8QAM signal with BTB transmission,
the corresponding receiver OSNR is 21.3 dB. the converted
star-8QAM signal obtains OSNR penalty of 1.4 dB. As shown
in Fig. 9, the converted star-8QAM accumulated a significant
amount of nonlinear phase noise from SPM and XPM. The
higher power outer ring constellation points were particularly
vulnerable. The phase offset of 45° between the inner and
the outer rings of the input standard-shaped 8QAM signal
can be eliminated by the pump assisted NOLM. Although the
converted star-8QAM signals had worse BER performance,
regardless of the input type, this format still offers better laser
linewidth tolerance [53].

The converted star-8QAM can also be considered as a
combination of QPSK signals with two rings. The amplitude
shift keying (ASK) part of the star-8QAM obtained can be
received using direct detection (DD) [54]. Moreover, as a
hierarchically modulated optical signal, the ASK part can be
sent to a traditional passive optical network (PON) and the
QPSK part can be utilized in an advanced PON with digital
signal processing (DSP) [55].

Since the fact that GCS is often achieved by changing the
signal constellations distribution, this all-optical format inter-
conversion of square-, standard- and star-§QAM signals can be
viewed as GCS in the amplitude and the phase distributions.
Deploying all-optical format interconversion configuration at
the optical gateway is beneficial to the all-optical interconnec-
tion of homogeneous and heterogeneous optical networks by
using different optical modulation formats. The pump assisted
NOLM approach offers a general-purpose conversion method
to achieve this.

Fig. 13 shows the conversion of 25 dB OSNR 10 GBaud
square-8QAM into QPSK using the pump assisted NOLM.
The amplitude and phase differences between the inner and
the outer rings of the square-8QAM signal can be eliminated
simultaneously. To the best of our knowledge, this is the
first reported format conversion from square-8QAM to QP-

Input Square-8QAM Output QPSK
90°

1507

=257dB

input OSNR=

° 1807

Fig. 13. Constellations of (a) the input 30 Gbit/s square-shaped 8QAM signal,
(b) converted QPSK signal.

20

Output Power (dBm)
=
RPS (rad)

22.22| 25.23 .
10 12 14 16 18 20 22 24 26
Input power (dBm)

Fig. 14. PTF and RPS versus the input power for the format conversion from
the 30Gbit/s square-shaped 8QAM signal to the QPSK signal.

SK. Most existing schemes have only demonstrated format
conversion from standard- and star-8QAM to QPSK [3], [9],
[21], [56]. The PTF and the RPS of the format conversion
from square-8QAM to QPSK are shown in Fig. 14 using a
21.8 dBm pump. When the input square-8QAM signal had an
average power of 24 dBm, the corresponding output powers
of the inner and the outer rings in the converted QPSK signal
were 13.09 dBm and 14.29 dBm, respectively. There was a
thus power gap of 1.2 dB between the inner and the outer
rings power in the converted QPSK signal, reduced from the
3 dB gap between the inner and the outer rings of the input
square-8QAM signal. The phase offset between adjacent input
square-8QAM constellation points at the inner and the outer

432 35

w0l Input Square-8QAM

Output QPSK

304 &
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Fig. 15. Eye diagrams of (a) the input 30 Gbit/s square-shaped 8QAM signal,
(b) converted QPSK signal.
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Fig. 16. BER versus receiver OSNR for the format conversion of square-
shaped 8QAM to QPSK with the input OSNR of 25 dB.

rings can also be mitigated. For example, the output RPSs for
the inner and the outer rings in the input square-8QAM were
-0.16 rad and 0.66 rad, respectively. Moreover, the relative
nonlinear phase difference was circa 47.17°, which was within
5% of the ideal value of 45°. Thus, the output signal was
QPSK, albeit with the amplitude difference noted above. This
can also be observed from the eye diagrams of square-8QAM
and QPSK with a 30 dB OSNR input, shown in Fig. 15. The
3 dB square-8QAM power interval between the inner and the
outer rings was reduced to 1.2 dB, which may be observed
to be consistent with Fig. 14 in the QPSK signal simulation
(Fig. 15(b)).

Fig. 16 shows the BER performance of the converted QPSK
and the input square-8QAM, obtained from evaluating 2'7,
25 dB OSNR symbols. The converted signals offer a 5.8 dB
receiver OSNR advantage at the HD-FEC limit resulting from
the larger Euclidean distances between adjacent constellation
points. Therefore, the pump assisted NOLM can be deployed
at the optical gateway to obtain QPSK by amplitude and phase
erasure of the square-8QAM signal.

IV. CONCLUSION

In this paper, a configurable all-optical format intercon-
version scheme of square-, standard- and star-shaped 8QAM
signals based on a pump assisted NOLM is proposed and
numerically simulated for the first time to our knowledge.
Input square- and standard-8QAM signals can be converted
into the star-8QAM and vice versa. Therefore, star-8QAM
can be employed as the intermediate optical signal to realize
all-optical format interconversion between the square- and
standard-8QAM. When the input OSNR is set as 25 dB,
the constellation and eye diagrams have been assessed to
evaluate the optical format interconversion results intuitive-
ly. For converting square-8QAM to star-8QAM signal, the
converted there was a 1.5 dB degradation in the receiver
OSNR; for standard-8QAM to star-8QAM, the received OSNR
degradation was just 0.6 dB. Finally, for conversion from
star-8QAM to square- and standard-8QAM signals, the output
signals had improvements of 4.3 dB and 5.4 dB respectively in

their receiver OSNR values. Meanwhile, the proposed scheme
was extended to realize conversion from the square-8QAM to
QPSK, particularly at low OSNRs. The proposed scheme can
be deployed in optical gateways to connect homogeneous and
heterogeneous optical networks by dynamically selecting their
optimal modulation formats. It also has the potential applied
advantage in realizing the format conversion of wavelength
division multiplexing (WDM) channels.
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