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SUMMARY In inter-data center networks where high transmission ca-
pacity and spectral efficiency are required, a 16QAM format is deployed.
On the other hand, in intra-data center networks, a PAM4 format is de-
ployed to meet the demand for a simple and low-cost transceiver config-
uration. For a seamless and effective connection of such heterogeneous
networks without using optical–electrical–optical conversion, an all-optical
modulation format conversion technique is required. In this paper, we pro-
pose an all-optical PAM4 to 16QAM modulation format conversion using
nonlinear optical loop mirror. The successful conversion operation from 2
× 26.6-Gbaud PAM4 signals to a 100-Gbps class 16QAM signal is veri-
fied by numerical simulation. Compared with an ideal 16QAM signal, the
power penalty of the converted 16QAM signal can be kept within 0.51 dB.
key words: all-optical signal processing, modulation format conversion,
nonlinear optical effect, NOLM, PAM4, 16QAM

1. Introduction

Internet traffic has vastly increased in recent years. It is
anticipated that it will continue to increase because of the
appearance of innovative large-capacity services based on
5G systems and IoT [1]. To meet the demand of the
increasing Internet traffic, multi-level modulation formats
have been widely deployed for high-capacity and high-
spectral efficiency transmission in optical fiber communi-
cation networks. In inter-data center networks, 100 or
400-Gbps transmission systems, which employ quadrature-
phase-shift-keying (QPSK) and 16 quadrature amplitude
modulation (QAM) formats using digital coherent technol-
ogy, have been implemented [2], [3]. On the other hand,
in intra-data center networks, a four-level pulse amplitude
modulation (PAM4) format, which is one of the multi-level
modulation formats using a cost-effective intensity modu-
lation/direct detection (IM/DD) transceiver, is expected to
serve as the main modulation format [4]. As shown in Fig. 1,
a modulation format conversion between PAM4 and QPSK
or 16QAM is required at gateway nodes connecting different
data centers. In addition, a wavelength conversion is neces-
sary because O- and C-bands are respectively used in intra-
and inter-data center networks.

Moreover, it is essential to develop signal processing
technologies for network nodes that is capable of supporting

Manuscript received December 20, 2019.
Manuscript revised April 3, 2020.
Manuscript publicized May 14, 2020.
†The authors are with the Graduate School of Engineering,

Osaka University, Suita-shi, 565-0871 Japan.
a) E-mail: mishina@comm.eng.osaka-u.ac.jp

DOI: 10.1587/transcom.2019OBP0015

Fig. 1 A network connecting data centers.

advanced transmission technologies. All-optical signal pro-
cessing is a promising technology for the realization of flex-
ible and power-efficient all-optical photonic networks [5].
There are some advantages when considering signal pro-
cessing in the optical domain. The first one is the avoidance
of inefficient optical-to-electrical-to-optical conversion. The
second is reduction of latency caused in electronic process-
ing chips. These chips serve as channel de-multiplexers
and may introduce extra time delay. In other words, an all-
optical approach is suitable for new services requiring ultra-
low latency.

A number of studies have been carried out on all-
optical modulation format conversion using various optical
devices [6]–[20] as summarized in Table 1. Initially, OOK
to PSK format conversions using semiconductor optical am-
plifiers and highly nonlinear fibers (HNLF) were demon-
strated [7], [8]. Recently, several studies on all-optical mod-
ulation format conversions for multi-level modulation for-
mat, such as OOK to 16QAM [10] and PAM4 to QPSK
[11] have been reported. The connection of data center net-
works requires format conversions to meet the demand for
high-capacity transmission between data centers. However,
no studies on all-optical modulation format conversion from
PAM4 to 16QAM have been reported in the literature.

All-optical wavelength converter is another important
technology to realize all-optical photonic networks. Optical
wavelength conversion can be done using various nonlinear
materials and devices including HNLF [21], semiconductor
optical amplifier [22], silicon (Si) waveguides [23], period-
ically poled lithium niobate (PPLN) [24], and so on. Ultra-
wideband wavelength conversions have been also reported,
such as 744-nm wavelength conversion from 1999.65 to
1255.35 nm using an AlGaAsOI nanowaveguide [25], cas-
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Table 1 Summary of previous researchs on all-optical modulation for-
mat conversion (?: this work).

After modulation format conversion (MFC)
OOK PAM4 BPSK QPSK 16QAM

B
ef

or
e

M
FC

OOK — [7], [8] [9] [10]
PAM4 — [11] ?
BPSK [12] — [13] [14]
QPSK [15] [16], [17] — [18]

16QAM [19] [20] —

caded wavelength conversion from 1546.8 to 1312 nm based
on Si waveguides [26], 1400–1600 nm wavelength conver-
sion using PPLN [27]. It is expected to realize all-optical
photonic nodes connecting data centers by combining all-
optical modulation format converters with wavelength con-
verters.

In this paper, we propose a novel all-optical modulation
format conversion from PAM4 to 16QAM using nonlinear
optical loop mirror (NOLM) and a 1 : 2 coupler. The well-
defined constellation diagram of the converted 100-Gbps
class 16QAM signal is demonstrated by numerical simula-
tion which indicates the feasibility of the proposed converter
for high-speed operation. A power penalty of 0.51 dB of the
converted 16QAM signal compared with an ideal 16QAM
signal is presented. Then, the format conversion perfor-
mance when the wavelength, power and timing of the in-
put PAM4 signal are changed is discussed. In addition, we
investigate influences of the waveform distortion of PAM4
signal due to amplified spontaneous emission (ASE) noise
and chromatic dispersion.

2. Principle of Operation

Figure 2 shows the configuration of the proposed all-optical
PAM4 to 16QAM converter. We employ the effect of cross-
phase modulation (XPM) in HNLF for the modulation for-
mat conversion. As shown in Fig. 2, the converter mainly
consists of the NOLM and a 1 : 2 optical coupler (OC) [10].
The converter’s ports are tagged as ports 1, 2, 3, and 4. The
1 : 2 OC has a 1 : 2 power-splitting ratio and the phases of
the coupled output signal and the through output signal are
90◦ apart. Port 3 is the input port of this converter.

Continuous wave (CW) light is launched in port 3 as a
probe light, and then, it is split by the 1 : 2 optical coupler
with a 1 : 2 power ratio. The complex envelope amplitude
of the electric field of the probe light launched in port 3 is
defined as Ein. The complex envelope amplitudes Ec and
Ecc of the probe light electric field, which splits into port 1
and 2, are respectively described as

Ec =

√
1
3

Ein, (1)

Ecc = i

√
2
3

Ein. (2)

The probe light launched in port 1 is coupled with PAM4
signal 1 by a 1 : 1 OC and propagates clockwise through the
NOLM. The phase of the probe light is modulated according

Fig. 2 Configuration of the proposed PAM4 to 16QAM converter.

to the power of PAM4 signal 1 by XPM in the HNLF. The
amount of phase change φ( j)

c of the clockwise probe light by
the XPM is described as

φ
( j)
c = 2γLeffP( j)

c ( j = 0, 1, 2, 3), (3)

where Leff and γ are the effective length and the nonlinear
coefficient of the HNLF, respectively. Leff is defined by

Leff =
1 − exp(−αL)

α
, (4)

where α and L are the attenuation constant and the length of
the HNLF, respectively. P( j)

c is the peak power of PAM4
signal 1, and the subscript j represents each information
sequence in PAM4 signal 1. The peak power P( j)

c ( j =

0, 1, 2, 3) is properly adjusted so that the phase change of
the clockwise probe light φ( j)

c is 0, π/2, π, and 3π/2. Then,
the converted QPSK signal 1 is obtained at the output of the
HNLF [11]. In the same way, the probe light propagating
counter-clockwise is coupled with PAM4 signal 2 and con-
verted to QPSK signal 2. The amount of phase change φ(k)

cc
of the counter-clockwise probe light by the XPM is repre-
sented as

φ(k)
cc = 2γLeffP(k)

cc (k = 0, 1, 2, 3), (5)

where P(k)
cc denotes the peak powers of PAM4 signal 2,

and the subscript k represents each information sequence in
PAM4 signal 2. The complex envelope amplitudes E( j)

c−T and
E(k)

cc−T of the electric field at the HNLF output of the probe
light propagating clockwise and counter-clockwise are

E( j)
c−T = exp

(
iφ( j)

c

)
Ec =

√
1
3

exp
(
iφ( j)

c

)
Ein, (6)

E(k)
cc−T = exp

(
iφ(k)

cc

)
Ecc = i

√
2
3

exp
(
iφ(k)

cc

)
Ein. (7)

Subsequently, the converted QPSK signals 1 and 2 are cou-
pled by the 1 : 2 OC. Then, the converted 16QAM signal
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can be obtained by extracting only the probe light compo-
nent using an optical band-pass filter (OBPF) at port 4. The
complex envelope amplitude E( j,k)

out of the electric field at the
output of converter is described as

E( j,k)
out =

√
1
3

E( j)
c−T + i

√
2
3

E(k)
cc−T

=
1
3

{
exp

(
iφ( j)

c

)
− 2 exp

(
iφ(k)

cc

)}
Ein. (8)

3. Numerical Simulation

3.1 Basic Operation

We verified the operation of the proposed converter by per-
forming a numerical simulation of the all-optical PAM4 to
16QAM conversion. Figure 3 shows the simulation model
of the proposed modulation format conversion. Assuming
that the interference between the clockwise and counter-
clockwise lights in the NOLM is negligible, we transformed
the simulation model from a Sagnac interferometer model
into a Mach-Zehnder interferometer (MZI) model to sim-
plify the simulation [10]. The upper arm of the MZI con-
figuration corresponds to the clockwise propagation in the
NOLM, and the lower arm is the counter-clockwise prop-
agation. We used the identical HNLFs both in the upper
and lower arms of the MZI. In this simulation, we calcu-
lated the electric fields of the probe light at the outputs of

Fig. 3 Simulation model.

Table 2 Parameters of the HNLF @1550 nm.
Parameter Value

Length [km] 2.5
Nonlinear coefficient [1/W/km] 13

Dispersion parameter [ps/nm/km] 0.57
Dispersion slope [ps/nm2/km] −0.027

Loss [dB/km] 0.24

the HNLF and the converter. The complex envelope am-
plitude E(z, t)[

√
W] of the electric field propagating in the

HNLF is described by the following nonlinear Schrödinger
equation (NLSE) [28]

i
∂E
∂z
−
β2

2
∂2E
∂t2 + γ|E|2E = −

iα
2

E + i
β3

6
∂3E
∂t3 , (9)

where z [m] is the propagation distance, t [s] is the time mea-
sured for reference frame moving with the group velocity,
β2 [s2/m] is the group velocity dispersion (GVD) coefficient,
γ [1/(m·W)] is the nonlinear coefficient, α [1/m] is the loss
coefficient, and β3[s3/m] is the third-order dispersion coef-
ficient. We numerically solve the NLSE by using the split-
step Fourier method. The parameters of the HNLF are sum-
marized in Table 2. 26.6-Gbaud PAM4 signals were gen-
erated as input signals using a pseudo-random bit sequence
(PRBS) of length 215−1. The wavelengths of the two PAM4
signals and the probe light were 1560 and 1550 nm, respec-
tively. The power levels of the PAM4 signals were 0, 28, 55,
and 83 mW for the four signal levels. At the output of the
converter, we measured constellation diagram, error vector
magnitude (EVM), and bit error rate (BER) after demodula-
tion.

The eye diagram of the input PAM4 signal is shown
in Fig. 4(a). Figure 4(b) and (c) show the constellation di-
agrams of the QPSK signals 1 and 2 at the outputs of the
HNLF, respectively. Figure 4(d) shows the constellation di-
agrams of the 16QAM signal at the output of the converter.
In Fig. 4(b)–(d), the black lines represent the transition of
the amplitude and phase of the probe light on the I/Q plane,
and the red dots represent the constellation diagram after
down-sampling. It is observed that the phases of the probe
lights are changed depending on the four peak powers of the
PAM4 signals, and that two QPSK signals are generated.
After coupling the two QPSK signals by the 1 : 2 coupler, a
well-defined constellation diagram of a converted 100-Gbps

Fig. 4 (a) Eye diagram of the input PAM4 signal. Constellation diagrams
of (b) QPSK 1, (c) QPSK 2, and (d) output 16QAM signals.
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Fig. 5 BER curves of the converted (a) QPSK and (b) 16QAM signals.

class 16QAM signal can be obtained, as shown in Fig. 4(d).
The EVM of the converted 16QAM signal was 2.6%. This
error is induced by a slight power variation of the probe light
due to optical parametric amplification (OPA) caused by the
interaction with the PAM4 pump lights. The power of the
probe light, which depends on the peak power of the PAM4
signals, is amplified by a four-wave mixing process. There-
fore, the converted QPSK signals exhibit slight power dif-
ferences by the bit pattern of the PAM4 signal. This results
in the degradation of the converted 16QAM signal.

Figure 5 shows the BER curves of the converted
16QAM signal. In this simulation, we assumed the use of a
hard decision forward error correction (FEC) with the BER
= 3.8 × 10−3 limit. A power penalty of 0.51 dB was ob-
served for the converted 16QAM signal compared with the
ideal 16QAM signal. This power penalty is caused by two
effects: the OPA effect mentioned above and the restriction
on the encoding. When we use gray-mapped PAM4 signals,
the converted QPSK signals with gray coding can be ob-
tained. However, the converted 16QAM signal obtained by
coupling two QPSK signals is not gray coded.

Figure 6(a) shows the spectra of the converted 16QAM
signal and the 16QAM signal generated by the ideal IQ
modulator with Nyquist shaping. The converted 16QAM
signal has a wider spectral width than that generated by the
IQ modulator. This is due to the effect of frequency chirp
during the conversion process. In this converter, the in-
tensity of the PAM4 signal is transferred to the phase of
the probe light. Thus, the phase of the probe light rapidly
changes at the rise and fall timing edges of the PAM4 sig-

Fig. 6 (a) Spectra of the converted 16QAM signal and the 16QAM signal
generated by the ideal IQ modulator with Nyquist shaping. (b) Temporal
waveforms of the converted QPSK signals 1 and 2.

Fig. 7 (a) EVM of the converted 16QAM with changing the pass band-
width of the OBPF at port 4. Constellation diagrams when the pass band-
width of the OBPF is (b) 0.3 nm, (c) 0.6 nm, and (d) 1 nm.

nals. Figure 6(b) shows the temporal waveforms of the con-
verted QPSK signals 1 and 2. The intensity of the converted
QPSK signals 1 and 2 fluctuates at the time of symbol transi-
tion because of the interaction between the frequency chirp
and GVD effects in the HNLF.

Figure 7(a) shows the EVM of the converted 16QAM
signal with changing the pass bandwidth of the OBPF at port
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Fig. 8 (a) EVM, (b) Eb/N0 to achieve FEC limit, (c) BER curves of the output 16QAM signal when
the wavelength of PAM4 signal is changed.

4, and Fig. 7(b)–(d) shows the constellation diagrams when
the pass bandwidth of the OBPF is 0.3 nm, 0.6 nm and 1 nm,
respectively. When the pass bandwidth is 0.6 nm or more,
the EVM can be kept lower than 10%. These results indicate
that the converted 100 Gbps 16QAM signal is available by
keeping a channel spacing of 0.6 nm in wavelength division
multiplexing (WDM) inter-data center networks.

3.2 Influence of Input PAM4 Signal

In intra-data center networks, the wavelength of the PAM4
signal is different for each WDM channel. The power and
timing of the PAM4 signal need to be properly adjusted for
the conversion. This is because those after transmission are
changed by channel and the transmitted path. Moreover, the
waveform of the PAM4 signal is distorted by ASE noise of
optical amplifier before the converter and chromatic disper-
sion effect through the intra-data center transmission. In this
section, we show the conversion performance with chang-
ing the parameters of the input PAM4 signals (wavelength,
power, input timing, and effects of ASE noise and disper-
sion).

3.2.1 Wavelength Dependence

Figure 8(a)–(c) show the the EVM, Eb/N0 to achieve the
FEC limit, and BER curves of the converted 16QAM sig-
nal with changing the wavelength of the PAM4 signal light
in the C-band, respectively. The wavelength of the probe
light was fixed to 1550 nm. The EVM and Eb/N0 to achieve
the FEC limit drastically increase when the wavelength of
the PAM4 signal is close to the probe light wavelength
of 1550 nm. This is because the probe light is amplified
by the OPA. The OPA gain increases with the increase in
pump light power of the PAM4 signal and decrease with
the difference in wavelength between the PAM4 signal and
probe light. The EVM can be kept below 10% at wave-
length ranges of the input PAM4 signal of 1530–1547 and
1553–1565 nm in C-band. As shown in Fig. 8(b), the power
penalty can be kept below 1 dB when the wavelength dif-
ference is 3 nm or more. The OPA causes a critical BER
degradation when the wavelength deference is 2 nm or less.
Note that it is difficult to convert from O-band PAM4 signal
to C-band 16QAM signal due to walk-off effect in dispersive
optical fiber. When we employ the proposed modulation for-

mat converter to connect data center networks, it is essential
to combine it with wavelength converter.

3.2.2 Input Power Dynamic Range

We calculate the EVM to evaluate the tolerance of power
deviation of the PAM4 signal in the proposed conversion.
We consider a case that peak powers of the PAM4 signals
1 and 2 change independently. The peak power shifts ∆P( j)

c

and ∆P(k)
cc from the ideal peak power P( j)

c ideal and P( j)
cc ideal of

the PAM4 signals are defined as

∆P( j)
c = P( j)

c − P( j)
c ideal, (10)

∆P(k)
cc = P(k)

cc − P(k)
cc ideal. (11)

The phase shifts ∆φ
( j)
c and ∆φ(k)

cc from ideal phase changes
φ

( j)
c ideal and φ(k)

cc ideal by XPM defined in Eqs. (3) and (5) are
derived as

∆φ
( j)
c = φ

( j)
c − φ

( j)
c ideal = 2γLeff∆P( j)

c , (12)

∆φ(k)
cc = φ(k)

cc − φ
(k)
cc ideal = 2γLeff∆P(k)

cc . (13)

When a 16QAM signal is generated by coupling two QPSK
signals, the EVM of the 16QAM signal is described as

EVM =

√√√
2 −

1
40

3∑
k=0

3∑
j=0

b( j,k), (14)

where

b( j,k) = cos
(
∆φ

( j)
c

)
+ 4 cos

(
∆φ(k)

cc

)
−2 cos

(
φ

( j)
c − φ

(k)
cc ideal

)
−2 cos

(
φ

( j)
c ideal − φ

(k)
cc

)
+2 cos

(
φ

( j)
c − φ

(k)
cc

)
. (15)

Thus, when the average power of only the PAM4 signal 1
shifts from an ideal average power, the EVM of the con-
verted 16QAM signal is described as

EVMPAM4 1 =

√√√
2 −

1
40

3∑
k=0

3∑
j=0

(
4 + cos

(
∆φ

( j)
c

))

=

√√√
2
5
−

1
10

3∑
j=0

cos
(
2γLeff∆P( j)

c

)
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Fig. 9 (a) EVM, (b) BER curves (PAM4 signal 1), and (c) BER curves (PAM4 signal 2) of the output
16QAM signal when the power of the PAM4 signal is changed.

Fig. 10 (a) EVM, (b) BER curves (PAM4 signal 1), and (c) BER curves (PAM4 signal 2) of the output
16QAM signal when the input timing of the PAM4 signal is shifted.

=

√√√√√
2
5
−

1
10

3∑
j=0

cos

 j
π

2

∣∣∣∣∆Pc

∣∣∣∣
Pc ideal

 , (16)

where ∆Pc/Pc ideal is the normalized average power shift of
the PAM4 signal 1. In the same way,

EVMPAM4 2 =

√√√
2 −

1
40

3∑
k=0

3∑
j=0

(
1 + 4 cos

(
∆φ(k)

cc

))

=

√√√√√
8
5
−

2
5

3∑
k=0

cos

kπ2
∣∣∣∣∆Pcc

∣∣∣∣
Pcc ideal


= 2 × EVMPAM4 1, (17)

where ∆Pcc/Pcc ideal is the normalized average power shift
of the PAM4 signal 2. Considering the theoretical EVM val-
ues of the converted 16QAM signal, the power shift of the
PAM4 signal 2 has a larger effect on the EVM than that of
the PAM4 signal 1. This is because PAM4 signal 2 is con-
verted to the QPSK signal 2, which has higher power than
QPSK signal 1 in coupling. Figure 9(a) shows the EVM of
the output 16QAM signal when the power of PAM4 signals
1 and 2 are changed by theory and numerical simulation.
The theoretical EVM curves agree well with the numeri-
cal simulation results. The power shift of the PAM4 sig-
nal needs to be kept from −4% to +3% in the case of EVM
≤ 10%.

Figure 9(b) and (c) shows the BER characteristics of
the output 16QAM signal when the power of the PAM4 sig-
nals 1 and 2 are changed, respectively. When the amount of
the PAM4 signal 1 power shift is ±10%, the BER under the
FEC limit can be achieved. On the other hand, serious BER

degradation occurs with the same amount of shift for the
PAM4 signal 2. This trend is the same as the EVM degra-
dation. The power of the PAM4 signal is the key parameter
for the proposed conversion because the XPM effect in the
HNLF is linearly dependent on the power of the PAM4 sig-
nal as described in Eqs. (3) and (5).

3.2.3 Tolerance of Input Timing

We evaluated the tolerance of the PAM4 signal input tim-
ing shift in the proposed conversion. Figure 10(a) shows the
EVM of the output 16QAM signal when the input timings
of PAM4 signals 1 and 2 are changed. Figure 10(b) and
(c) shows the BER curves of the output 16QAM signal with
changing the input timings of the PAM4 signals 1 and 2, re-
spectively. As in the case of the power tolerance, PAM4 sig-
nal 2 has a larger effect on the timing tolerance than PAM4
signal 1. Both the EVM and BER of the converted 16QAM
signal start to increase at an input timing shift of ±15∼20 ps.
The time slot of the 26.6-Gbaud PAM4 signal is about 38 ps,
and the rise and fall times of the symbol transition are about
10 ps. Therefore, the stable time width of the peak power
within the time slot is about 28 ps, which is almost the same
value as the time range of a stable EVM. In other words, the
allowable range of the input timing shift between two PAM4
signals is determined by the baud rate and rise/fall time of
the PAM4 signals. In this simulation, the wavelength differ-
ence between the probe light and the PAM4 signal is 10 nm.
In the case of a large difference in wavelengths, a walk-off

effect degrades the tolerance of input timing. The input tim-
ing shift of the PAM4 signal needs to be kept ±20 ps in the
case of EVM ≤ 10%.
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Fig. 11 Overview of the ASE noise simulation.

3.2.4 Effect of ASE Noise

In the proposed scheme, optical amplifiers are essential to
amplify the PAM4 signals because high input powers of
PAM4 signals are required. After the amplification, the
PAM4 signals have waveform distortion due to ASE noise.
An overview of the ASE noise simulation is shown in
Fig. 11. The optical amplifiers were put before the proposed
PAM4 to 16QAM converter. The ASE white noise power
spectral density No at the output of the optical amplifier is
described by [29]

No = hνnsp(G − 1), (18)

where nsp is the spontaneous emission factor, G is the opti-
cal amplifier gain, h is Planck’s constant, and ν is the optical
frequency. nsp has a relation of NF ∼ 2nsp with noise fig-
ure (NF). We investigated the effect of the ASE noise with
changing input power Pin at the input of the optical ampli-
fier. The power levels of the PAM4 signals at the output
of the amplifier were maintained at 0, 28, 55, and 83 mW
for the four signal levels. The NF of the optical amplifier
was 5 dB and we assumed that the ASE noise followed a
Gaussian distribution. The bandwidth of the OBPF after the
optical amplifier was 2 nm.

Figure 12(a) shows the EVM of the converted 16QAM
signal with changing the input power Pin. Figure 12(b)–
(d) shows the eye diagrams of the distorted PAM4 signal
and constellation diagrams of the converted 16QAM signal
when the input powers were −20, −12 and −5 dBm, respec-
tively. When the input power was low, the phase fluctua-
tion of the converted 16QAM signal became larger. This
is because that the power fluctuation of the PAM4 signal
due to ASE noise is converted to the phase fluctuation of
the converted 16QAM signal through XPM in HNLF. To
be precise, the power fluctuations of the PAM4 signals are
converted to the phase fluctuations of QPSK signals through
XPM, subsequently the distorted 16QAM signal was gener-
ated by coupling two phase-distorted-QPSK signals. There-
fore, some signal points of the converted 16QAM signal
contained amplitude fluctuations. Figure 12(e) and (f) re-
spectively shows the constellation diagrams when adding
ASE noise to only the PAM4 signal 1 and only the PAM4
signal 2 (Pin = −12 dBm). The ASE noises of PAM4 sig-
nals 1 and 2 affected phase fluctuations of the small QPSK
signal 1 and the large QPSK signal 2, respectively. Then,

Fig. 12 Effect of ASE noise, (a) EVM of the converted 16QAM signal.
(b)–(d) Eye diagrams of the PAM4 signal and constellation diagrams of
the 16QAM signal when the input powers were −20, −12 and −5 dBm,
respectively. Constellation diagrams when adding ASE noise to (e) only
the PAM4 signal 1 and (f) only the PAM4 signal 2 (Pin = −12 dBm).

the higher power level of the PAM4 signal was, the larger
the phase fluctuation was. This is because the phase change
through XPM is proportional to the power level of PAM4
signal, that is square of the amplitude. The power fluctu-
ation of the PAM4 signal was also large in the case of the
high power level as shown in Fig. 12(b)–(d). Finally, the
EVM of the converted 16QAM signal can be kept lower than
10% when the input power is −18 dBm or more. Assum-
ing 400Gbase-LR-8 in IEEE802.3bs [4] with average launch
power of transmitter of 0 dBm, fiber loss of 0.5 dB/km, and
transmission distance of 10 km, the input power of the opti-
cal amplifier is −5 dBm. In this case, the well-defined con-
stellation diagram of the converted 16QAM signal can be
obtained as shown in Fig. 12(d).

Next, we analyzed the distribution of the phase noise
of the converted 16QAM. Figure 13 shows histograms of
phase of the representative signal points and fitting curves of
Gaussian distribution based on maximum likelihood estima-
tion when Pin = −23.8 dBm. As Fig. 13 indicates, the dis-
tribution of the phase noise of the converted 16QAM signal
can be approximated by Gaussian distribution. This results
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Fig. 13 Histograms of phase of the representative signal points and fit-
ting curves of Gaussian distribution when Pin = −23.8 dBm.

Fig. 14 Effect of chromatic dispersion, (a) EVM of the converted
16QAM signal. (b)–(d) Eye diagrams of the PAM4 signal and constella-
tion diagrams of the 16QAM signal when the total accumulated dispersions
were −45, −35 and −15 ps/nm.

are similar to the simulation results of the OOK/16QAM
converter [10]. In typical optical fiber transmission system,
nonlinear interference in WDM fiber channel can be also ap-
proximated by Gaussian-noise (GN) model [30]. Therefore,
we can handle the phase noise of the converted 16QAM sig-
nal as an additional nonlinear phase noise in the typical dig-
ital coherent system.

3.2.5 Effect of Chromatic Dispersion

In intra-data center network of IEEE802.3bs [4], the PAM4
signals are transmitted through < 2 or < 10 km stan-
dard single mode fiber (SSMF). We investigated the effect
of waveform distortion due to chromatic dispersion. Fig-
ure 14(a) shows the EVM of the converted 16QAM sig-

nal when the PAM4 signal is distorted by chromatic dis-
persion. Figure 14(b)–(d) shows the eye diagrams of the
distorted PAM4 signal and constellation diagrams of the
converted 16QAM signal when the total accumulated dis-
persions were −45, −35 and −15 ps/nm, respectively. The
power fluctuation of the PAM4 signal due to dispersion ef-
fect is converted to the phase fluctuation of the 16QAM
signal as well as the case of ASE noise effect. The EVM
of the converted 16QAM signal can be kept lower than
10% when the total accumulate dispersion is from −42 to
+42 ps/nm. In IEEE802.3bs, 8 WDM channels of wave-
length from 1273.55 to 1309.14 nm are adopted. Assum-
ing SSMF with zero dispersion wavelength of 1300 nm and
dispersion slope of 0.092 ps/nm2/km [31], the range of dis-
persion parameter is from −2.4 to 0.8 ps/nm/km (1273.55–
1309.14 nm). In this case, 2 and 10 km transmissions of
400Gbase-FR-8 and 400Gbase-ER-8 are acceptable because
the range of the accumulated dispersion is from −24 to
8 ps/nm with the 10 km transmission. For future intra-data
center network of higher baud rate and longer transmission
distance, high dispersion tolerant schemes are still open for
discussion, such as precompensation of PAM4 signal and
additional all-optical approach including combination with
dispersion compensation or signal regeneration.

4. Conclusions

In this paper, we proposed a novel all-optical modulation
format conversion from PAM4 to 16QAM using NOLM and
a 1:2 coupler. The successful operation of the conversion
from 2 × 26.6-Gbaud PAM4 signals to a 100-Gbps class
16QAM signal was demonstrated by numerical simulation.
Compared with an ideal 16QAM signal, the power penalty
of the converted 16 QAM signal could be kept within 0.5 dB.
The spectrum of the converted 16QAM signal is wider than
that of an ideal 16QAM signal. However, the converted
100 Gbps 16QAM signal is available by keeping a WDM
channel spacing of 0.6 nm in inter-data center networks.
Furthermore, we discussed the conversion performance of
the wavelength, input power, and input timing dependence
of the PAM4 signal. Then, we demonstrated effects of the
waveform distortion of the PAM4 signal due to ASE noise
and chromatic dispersion.
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