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ABSTRACT We demonstrate a multilevel amplitude regeneration experiment for non-return-to-zero 4-
level pulse amplitude modulated (NRZ-PAM4) signals in the proposed polarization-orthogonal continuous-
wave-light-assisted nonlinear-optical loop mirror (PC-NOLM) subsystem. A uniform regenerative behavior
including the same noise-suppression efficiency and the noise-handling capability is observed across
multiple amplitude levels. The pre-phase modulation is carried out for the input signal enabling the multilevel
amplitude regeneration directly on highly-spectral-efficient modulated formats. An overall improvement
of 2.33 dB is achieved by optimizing the launched optical power and the distortion strength in the all-optical
NRZ-PAM4 regeneration experiment. The uniform regenerative performance for the proposed PC-NOLM
regenerator is also analyzed numerically to reveal the regenerative mechanism and the influence from the
operational parameters.

INDEX TERMS All-optical signal regeneration, optical fiber communication, optical signal processing,

fiber nonlinear optics, nonlinear optical devices.

I. INTRODUCTION

All-optical signal regeneration is the key technology to
improve the system capacity and transparent reach for the
long-haul fiber communication networks [1], [2]. To meet the
regenerative requirement of advanced modulation formats,
all-optical regeneration technology should support multilevel
phase and amplitude operations. Employing a phase sensitive
amplifier (PSA), a 6-order phase quantization has been imple-
mented in a coherent parametric mixer [3]. Furthermore,
the multi-channel operation has also been demonstrated using
pump-wavelength optimization [4], polarization-orthogonal
pump [5], or optical time lens schemes [6]. Additionally,
the pump power that was required in the multilevel phase
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regeneration could been reduced in a vector PSA process [7].
On the other hand, the nonlinear-optical loop mirror (NOLM)
is a promising technology to perform all-optical amplitude
regeneration through its well-known power oscillatory behav-
ior [8]. By cascading three-stage NOLMs a high bit rate-
160Gb/s all-optical regeneration and de-multiplexing have
been experimentally demonstrated, but only working on
the simple data format [9]. For those advanced modulated
formats, a single NOLM for the 4-level pulse amplitude
modulated signal (PAM4) in our previous work [10] and
a modified NOLM for the star 8-level quadrature ampli-
tude modulated signal (star-8QAM) [11] have been exper-
imentally achieved. Even for higher constellation orders,
i.e. QAM256 signals the NOLM-based regenerative Fourier
transformation scheme was theoretically proposed to per-
form the dual-quadrature operation [12]. However, these
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conventional NOLM regenerators are based on the self-phase
modulation (SPM) effect, and consequently leading to a
strong oscillatory strength on high launched powers [9], [13],
which gives a severe degradation on the regeneration perfor-
mance of high-order amplitude levels. To address this issue,
we demonstrate a polarization-orthogonal continuous-wave-
light-assisted NOLM (PC-NOLM) regenerator to achieve the
uniform amplitude-noise suppression on each level. Com-
pared to the conventional NOLM regenerator [11], [21],
we only add a CW source as an assisted light in the pro-
posed unit and significantly improve the regenerative range
especially on high amplitude levels. Therefore, more qual-
ity improvement of 2.33dB is achieved by the proposed
PC-NOLM compared to only 0.92dB in the conventional
unit [10].

In this paper, the proposed multilevel amplitude regen-
erator is still based on a single NOLM unit, but with two
orthogonally-polarized-wave inputs: a CW-assisted light and
a signal as pump. The CW-assisted light is launched into the
input port of the NOLM unit. But on the other hand, the signal
pump is only injected into the clockwise-propagating arm
to introduce an additional cross-phase modulation (XPM)-
induced nonlinear phase shift (NPS) to the CW-assisted light.
This operation gives a uniform regenerative behavior on
multiple levels. Moreover, the regenerator working as an
in-line element can significantly improve the system’s trans-
mission reach [14]. Our proposed PC-NOLM regenerator
is also designed for this purpose. A 1.3dB SNR improve-
ment has been obtained through our simulation suggesting
a reach extension by the regenerator. In the experiment,
we carried out a pre-phase modulation for the input signal
significantly increasing the SBS threshold of highly nonlinear
fiber (HNLF) used in the PC-NOLM regenerator. There-
fore, we could achieve the multilevel amplitude regeneration
directly on the highly-spectral-efficient modulated signals,
which was non-return-to-zero (NRZ)-PAM4 in the experi-
ment. The rest of the paper is organized as follows: Section II
introduces the theoretical model of the proposed regenerator,
and analyzes the characteristics of the power transfer function
(PTF); Section III carries out the experimental investigations
on the PTF measurement, the uniform regenerative perfor-
mance on each level and the multilevel amplitude regenera-
tion of NRZ-PAM4 signals; finally, in section IV, we draw the
conclusions of the paper.

Il. THEORETICAL MODEL

The proposed PC-NOLM regenerator including two optical
couplers (OC1 and OC2) and a HNLF is depicted in Fig. 1.
The CW-assisted light was input into the NOLM structure
through OC1, and then split into two counter-propagating
waves acquiring a nonlinear phase difference from the SPM
and XPM effects in HNLF. A signal pump was injected
into the clockwise-propagating arm of the NOLM structure
through OC2, which introduced not only the SPM-induced
NPS to itself, but also the XPM-induced NPS to the CW-
assisted light. To achieve the uniform regenerative operation,
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FIGURE 1. The structure of the PC-NOLM regenerator.
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the signal pump and the CW-assisted light have the same
wavelength, but the orthogonal states of polarization (SOP).
In the paper, we assumed an X-linearly-polarized signal and
a Y-linearly-polarized CW light. The regenerated signal con-
taining the interfering light between two counter-propagating
CW-assisted waves as well as the signal pump, was collected
at the transmission port of the NOLM unit. Following the
methodology of [15]-[17], we derived the output powers of

the signal P{  and the assisted light qut:
Py = 107100, (1 — p))GPyy (1.1)
Py = lo_adBL/IOPZPy[P% +(1 = p)?
—2p1(1 — p1) cos(Ag)] (1.2)

where agp, ¥, and L are the loss coefficient, nonlinear
coefficient and length of the HNLF, respectively; Lesf =
(1—e~*L)/a is the effective length; p; and p; are the coupling
ratios of OC1 and OC2; G is the gain coefficient of the
optical amplifier that boosts the input signal; Pj, and P, are
the input powers of the signal and the CW-assisted light;
A¢ = 2y PinLestG(1 — p2)/3 represents the nonlinear phase
difference, and the coefficient 2/3 comes from the nonlin-
ear effect between two orthogonally-polarized waves [18].
A cosine- function power oscillatory behavior as shown in
Eq. (1.2) was expected from the output CW-assisted light, due
to the nonlinear phase difference between the two counter-
propagating CW waves. Then we obtained the total output
power of the proposed PC-NOLM regenerator as follows:

Pout = 10_adBL/10[p12p2Py +(1 - ;01)2/02Py
+02(1 — p1)GPin — 2p1(1 — p1)p2Py cos(Ag)] (2)

Equation (2) reveals the nonlinear behavior achieved in
the proposed single NOLM unit. The new structure leads
to a change on the NOLM’s transmission response corre-
sponding to the fourth term ~Pycos (¢ - Pj,), different from
the conventional NOLM regenerator with the response of
~P;,cos (c, ~P,-,,) [10], [11], where the constant ¢ and ¢
are related to the structure parameters. This change gives an
equal power-spacing between two adjacent working points
(WPs) and also the same oscillatory strength in each period,
enabling the uniform regeneration on multiple levels. The
typical PTF curve (red line) and its slope (green line) are
depicted in Fig. 2.

To identify the WP and the regenerative region (RR) corre-
sponding to each level, we respectively calculated the slopes
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FIGURE 2. PTF result and its slope achieved by the PC-NOLM regenerator.
dy and dy, for the output signal and the output CW-assisted

light. Therefore the total slope d of the PC-NOLM regenera-
tor was given as:

d = dy +dy
4
= 1079101 — p1)prG[1 + (1= o1y
X PyLef sin(—Agy)] 3)

We define the best noise-suppression point as the WP in each
period, i.e. the total slope of output power d = 0, which gives
to the WP for m-th level:

_ 3mm
~ yLG(1 — p)

A constant oscillation period of T = 3w /yLG(l — p3)
was achieved as we predicted from Eq. (2). The RR of each
level was also determined through |d| < 1 where the noise
suppression happens:

P < 34m — 3(4m+ )
"7 L4yLG( — p2)" 4yLG(L — p2)
Obviously, the width of the RRs, i.e. the noise-handling capa-

bility for all levels is equal, further confirming the uniform
regenerative concept of the PC-NOLM subsystem.

“

Pin

&)

Ill. EXPERIMENTAL SETUP AND RESULTS

The uniform multilevel amplitude regeneration experiment
was carried out in the proposed PC-NOLM subsystem,
as depicted in Fig. 3. At the transmitter we generated the
NRZ-PAM4 signal and the CW-assisted light as follows: A
CW light with the wavelength of 1550nm was firstly launched
into a phase-modulator (PM) which was driven by a 12.5Gb/s
pseudo random binary sequence (PRBS) NRZ signal, and
then split into two orthogonally-polarized waves by a polar-
ization beam splitter (PBS). One part of the waves as a CW-
assisted light was input into the NOLM unit through OCI1,
which power was amplified to 0.2W by an Erbium-doped
fiber amplifier (EDFA2). The other part was injected into
an intensity modulator (IM) for the optical PAM4 genera-
tion. The intensity modulator is a ‘“modulator box” which
includes a RF amplifier to control the strength of the input

149668

electrical signal and consequently effecting the modulation
depth of the optical modulator. The modulator IM1 was
driven by an NRZ-PAM4 electrical signal generated by a
NRZ-to-PAM4 convertor [19]. Therefore a clean NRZ-PAM4
signal was obtained for the multilevel amplitude operation
of the PC-NOLM regenerator. To evaluate the regenera-
tive behavior, the NRZ-PAM4 signal was then degraded
through a distortion loading unit, which included an opti-
cal modulator (IM2) and a pulse pattern generator (PPG2).
A 9.8Gb/s PRBS-NRZ signal generated by PPG2 intro-
duced an amplitude distortion into the clean signal, which
strength was controlled by tuning the RF gain in IM2. After
the power amplification in EDFA1 the NRZ-PAM4 signal
as the pump was launched into the NOLM unit through
OC2. The optical isolator (ISO) was used to prevent any
unwanted feedback-light into the transmitter. To maintain
the orthogonally polarized relationship between the input
signal and the CW-assisted light, two polarization controllers
(PC2 and PC3) were placed at the input ports of the couplers.
The NOLM unit was comprised of a 50:50 OC1, a PC4, a
2.9km-length HNLF and a 75:25 OC2. The nonlinear coeffi-
cient of the HNLF was 10.8 W~ !/km and the loss factor was
0.7 dB/km. The total loss of other parts (including the power
splitting from OCs) was 8dB. The PC used in the NOLM
unit was to optimize the initial state of the interferometer.
At the transmission port, the regenerated signal was collected
by a 50G optical photodiode (PD). The received electrical
signal was sampled by a sampling oscilloscope (Tektronix,
DSA8300). We recorded the data at the widest eye-opening
and reconstructed the results by using the Matlab function
“eyesight (Pout, 2)”’, where ““2” in the function represents
the figure containing two eyes.

We firstly measured the PTF curve of the proposed
PC-NOLM regenerator to locate the WPs of all levels. To this
end, a CW pump as the signal was directly input to the NOLM
without any intensity modulation, i.e. bypassing the modula-
tors IM1 and IM2 in Fig. 3. We used a long-HNLF to sig-
nificantly reduce the optical powers of the WPs. Meanwhile
we carried out the pre-phase modulation to the input signal
for increasing the SBS threshold of HNLF, enabling a highly
effective launched-power. In the experiment, we changed
the signal power from 0.1W to 2W and kept a constant
CW-assisted light of 0.2W. To improve the reliability of
experimental data, we recorded 50 samples within 10s for
each point. Figure 4 depicts the measured PTF curve with
the error bar for the PC-NOLM regenerator. A staircase-
like PTF with four power-plateau regions was obtained in
the optimized NOLM unit. Four WP points were respec-
tively at 0.46W, 0.92W, 1.38W and 1.84W, corresponding
to the definition of the total slope d = 0, as given by Eq.
(4). An equal power-spacing of 0.46W was achieved con-
firming the uniform regenerative concept of the proposed
regenerator. According to the definition of RR in Eq. (5),
we measured the RR corresponding to each WP, i.e. around
0.23W in our case. Within this RR the regeneration gain
was achieved. We noticed that the RR has covered 50% of
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FIGURE 4. PTF results for the PC-NOLM regenerator.

the power spacing demonstrating the large noise handling
capability and the high toleration of power level shifting.
Moreover, the small error bar, i.e. around 0.002dB depicted
in the inset of Fig. 4 proves the stability of the output
power from the PC-NOLM subsystem. We also calculated
the theoretical results using Eq. (2), referring to the blue line
in Fig. 4. A good agreement between theory and experiment
was observed for the whole curve. The results also show that
a high optical power launched into the HNLF, which proves
the pre-phase modulation operation works in the proposed
structure.

Subsequently, we investigated the noise suppression per-
formance on each WP. Specifically, we input a 10Gb/s
PRBS-NRZ signal as the pump, which was distorted by
an electrical 9.8Gb/s PRBS-NRZ signal through IM2. The
strength was controlled by tuning the RF gain of the electrical
signal from 0 to 25dB. In the experiment we respectively kept
the input average optical power at 0.23W, 0.46W, 0.69W and
0.92W in order to let the ““1”* level of the input NRZ signals
fall on every WP point. Then we measured the amplitude
noise of the output signals as a function of the distortion
strength. The amplitude regeneration performance was quan-
tified by the normalized noise reduction ratio (NRR) [20]:

NRR; = i%l,l/agut,l (6)
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FIGURE 5. NRR results for each WP and distribution diagram obtained at
the input distortion of —10dB.

Whereoii, = E [(x — x1)2] / Ax? represents the input noise
of the [-th level normalized to the amplitude spacing x =
Xx; — x1—1, and x; is the amplitude of the /-th WP; aozuL ;=
E [(y — yl)z] /Ay? is the output noise of each level normal-
ized to the output spacing y = y; — y;—1, and y; is the
corresponding output obtained at x;; x and y are the measured
input and output amplitude, respectively. Figure 5 depicts
the NRR results versus input noise at four WPs. Here we
only considered the amplitude distortion on the “1” level
of NRZ signals which performed the noise suppression in
power-plateau regions. It can be observed that the noise
suppression performance including the handling capability of
input noise and the noise-suppression efficiency are identical
for all WPs, which means the uniform regenerative behavior
can be achieved on multiple levels in the proposed PC-NOLM
regenerator. From Fig. 5, the NRR drops down with the
increase of the input distortion strength, which defines the
noise-handling capability, i.e. RR of the regenerator. A better
noise-suppression efficiency can be obtained at the lower
launched distortion due to the small slope value obtained
around WPs, see the green line in Fig. 2. In Fig. 5, the theo-
retical curve (blue line) calculated from Eq. (6) was plotted
as well, and the agreement between the theoretical and exper-
imental results is illustrated. The noise suppression function
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FIGURE 6. (a) Overall NRR improvement achieved by the NRZ-PAM4
signal regeneration and (b) distorted and regenerated eye diagrams at
the NRRoverall = 1.67.

for the PC-NOLM subsystem can also be seen from the power
histogram inserted in Fig. 5, corresponding to the case with
the input distortion of —10dB at the WP of 0.46W.

Finally, we carried out the multilevel amplitude regen-
eration of NRZ-PAM4 signals in the PC-NOLM subsys-
tem. As the same as our previous test, a degraded optical
NRZ-PAM4 signal with the average optical power of about
29.7dBm was launched into the NOLM, and all of the input
levels located at the corresponding power-plateau regions.
We used the overall NRR to evaluate the regeneration per-
formance by the following definition:

11 % 1
NRRyverali M / NRR,

(N

where NRR; represents the NRR at level /, and M is the
level number. The measured overall NRR results are shown
in Fig. 6(a), along with the theoretical curve similar to that
of Fig. 5, which can be explained from the uniform regener-
ative behavior on each level. In our experiment, a maximal
NRRyerqn improvement of 2.33dB was achieved at the input
distortion of —17.1dB. We also compared the eye diagrams
of the distorted and regenerated signals when NRRyyerali =
1.67dB, as shown in Fig. 6(b). These two eyes were recon-
structed through the received data sampled by the sampling
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oscilloscope, only for a visual demonstration of signals before
and after the regenerator. The regenerated NRZ-PAM4 signal
has a larger eye opening confirming a four-level amplitude
regeneration happened in the proposed PC-NOLM subsys-
tem. In principle, the amplitude regeneration of a higher-order
PAM signal may be expected by using a longer HNLF or
increasing the launched optical power.

To further investigate the regenerative effect on the long-
haul transmission link, we carried out the Monte Carlo simu-
lation to evaluate the regenerative performance through direct
error counting. In the numerical calculations, the experi-
mentally verified transfer function of the regenerator was
used. We inserted the regenerator into the middle of the
transmission link, working as an in-line element [14]. For
this case a 1.3dB SNR improvement was obtained by using
the PC-NOLM regenerator compared to the un-regenerative
case, suggesting a reach extension in the PC-NOLM-based
transmission link. This PAM4 operation has demonstrated
the multilevel amplitude regeneration capability. In the future
investigation, we will use the proposed PC-NOLM regener-
ator to deal with high-order QAM signals for the long-haul
transmission. In that case, the all-optical regeneration tech-
nology has more advantages on bandwidth, cost and power
consumption compared to the current DSP-based signal pro-
cessing unit.

IV. CONCLUSION

We have proposed a novel PC-NOLM subsystem and demon-
strated, to the best of our knowledge, the first regenerative
experiment on the NRZ-PAM4 signal. The new structure
performed the uniform regenerative behavior on multiple
levels, achieving the same noise-suppression efficiency and
noise-handling capability to every WP. The use of the
pre-phase modulation significantly increased the effectively
launched optical power, enabling all-optical signal regen-
eration on NRZ-based highly-spectral-efficient modulated
formats. The maximum NRR improvement of 2.33 dB was
achieved in the experiment by simultaneously suppressing
the amplitude distortion on four levels. Through the numer-
ical simulations, a 1.3dB SNR improvement was achieved
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compared to the un-regenerative case suggesting a reach
extension in the PC-NOLM-based transmission link.
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