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Abstract—The inter-data center links are meeting the challenge
of increasing transmission capacity continuously. Here, the tradeoff
between transmission capacity and cost and power consumption es-
pecially needs to be considered. The field modulation polarization-
division-multiplexed (PDM) four-level pulse amplitude modulation
(PAM4) with coherent detection is a potential candidate for 400
Gb/s and beyond inter-data center transmissions, which has several
advantages including low-cost, low optical signal to noise ratio
(OSNR) requirement and high receiver sensitivity. In this paper,
the feasibility and effectiveness of the field PDM-PAM4 coherent
system are investigated over multi core fiber (MCF). In order to
adapt to the field PAM signals, the signal-phase aid least-mean
square (SP-LMS) and training multi-modulus algorithm (TMMA)
are modified and analyzed for equalization and polarization de-
multiplexing. Finally, it is demonstrated that 4×112 Gb/s field
PDM-PAM4 is successful transmitted over 16 km MCF and 384
km SSMF in C-band with a BER below 3.8e-3.

Index Terms—MCF, data center, coherent detection, low cost.

I. INTRODUCTION

THE applications such as the internet of things, live stream-
ing online and cloud computing services will be deployed

rapidly in the 5G era, which makes requirement of increasing
transmission bandwidth of links of intra- or inter- datacenter
urgent. According to Cisco’s recent forecast, global data center
traffic goes up by nearly 3 ZB a year and will reach 20.6 ZB by
2021 [1]. Carrier-less amplitude and phase (CAP) modulation
[2]–[4], discrete multi-tone (DMT) modulation [5], [6], and
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PAM [7], [8] are the modulation formats, which are suitable for
intensity modulation and direct detection (IM-DD). They can
provide a low-cost and power-efficiency solution to meet the
requirements of the data center. Among them, demonstration
about 400G transceivers using 4 x 100G 4-level pulse amplitude
modulation (PAM4) signals stick out all over. Not only have they
low complexity of system architecture but also performance can
be safeguarded. So, they are expected to be commercialized.
However, optical intensity is the only dimension that can be
exploited for IMDD.

Despite increment of dependent dimensions available
and absence of local oscillator (LO) laser and coherent
detection for novel Stokes Vector direct detection (SVDD)
[9]–[11], it also faces the defect of high required OSNR
or low receiver sensitivity in unamplified links because of
power-hungry analog-to-digital converters (ADCs) and digital
signal processing (DSP) [12].

By comparison with the direct-detection technique, the tradi-
tional coherent detection systems used in long-haul context have
the advantage in sensitivity and spectral efficiency, which can
also mitigate channel dispersion. The coherent will be devolved
to short-reach communication in the future, which has become a
consensus in the academic circles [13]. However, due to inherent
sensibility to cost, there is a challenge for a trade-off between the
performance and cost in short-reach communication. There are
already a variety of simplified ideas, such as analogy coherent
[14], self-homodyne coherent [15], [16]. The self-homodyne
coherent can remove the frequency offset estimate and carrier
phase recovery, but which is only be limited to the perfect match-
ing length between LO path and signal path. Analogy coherent
means exchanging the low cost at the expense of compromising
on performance.

The optical coherent systems combined with intensity mod-
ulated transmitter can effectively reduce cost, which can yet
be regarded as an effective simplified coherent. The 112 Gb/s
transmission over 80 km standard single mode fiber (SSMF) in
C-band below a BER threshold of 3.8e-3 by using PDM-PAM4
with coherent detection was demonstrated, which is modulated
by electro-absorption modulated laser (EML) [17]. The benefit
is that it does not need an optical amplifier, chromatic dispersion
(CD) pre-compensation, and extra carrier recovery operations.
Nevertheless, limited by modulation nonlinearity, requiring a
high optical signal to noise ratio (OSNR) makes it essential
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Fig. 1. Offline DSP blocks of signal recovery. TS: Training sequence.

to improve. In this paper, we improve OSNR requirement of
the system by changing the intensity modulation to field PAM4
modulation which uses Mach-Zehnder modulator (MZM). Al-
though MZM is bulky and expensive, it will use lithium niobate
film material in the future, which can reduce the size and is
easy to integrate. Although phase recovery is required in this
system, phase recovery has a high tolerance for linewidth and
low complexity due to signals carrying two-phase information.
Thus, low-priced distributed feedback (DFB) lasers can be
used to reduce costs. Besides, the equalization algorithm after
modifying can apply to the field PAM4 signal, which has been
demonstrated in this work.

Besides, the number of optical transmission channels in a unit
of space is needed to increase to meet the demand of the market,
which means realizing high port density. The MCF is a kind
of Spatial-division multiplexing (SDM), which is an effective
approach to increasing the port density, especially suitable for
the short-reach data center interconnects (DCIs). Because the
inter-core crosstalk is not severe and multicore amplification
is not required in short reach [18]. Thus, we increase the port
density by using MCF. To our best knowledge, this is the first
time to transfer the field-PAM4 signal using coherent detection
in MCF.

The remainder of this paper is arranged as follows. Section II
gives principles of DSP at the receiver side. This will be followed
by the elaborate depiction of the experimental setup, model, and
parameter of equipment used in Section III. The complexity of
DSP and transmission performance are discussed in Section IV.
Eventually, the conclusion of the paper is presented in Section V.

II. PRINCIPLE OF DSP AT RECEIVER

Fig. 1 shows the offline signal processing procedure of field
PAM4 signal recovery at the receiver. The digital samples
captured by the oscilloscope are resampled to two samples per
symbol. The digital squaring and filter algorithm are used to
solve the problem of unsynchronous between the transmitter
signal clock and the ADC sampling clock. Since we transmitted
signals over 400 km fiber, frequency domain equalization is
used to compensate for CD. Then, in order to find the place
where the training sequence (TS) begins, the cross-correlation
of the received signals and the training symbols is investigated,
the abscissa corresponding to the maximum value is the start
point. The next step is butterfly-structured adaptive equalization
that not only demultiplexes polarization but also compensates

Fig. 2. Structure block of the modified TMMA algorithm.

inter-symbol interferences (ISI) caused by residual CD,
polarization mode dispersion (PMD), and limited bandwidth of
component. Here, the equalizer tap coefficient and error function
can be obtained according to the rule of modified algorithms.
The detail will be described later in part A of Section II.

It is noteworthy that frequency offset estimation (FOE) and
low- complexity carrier phase recovery (CPR) are necessary for
this work. This is because MZM is operated at the null point
for field PAM4 modulation. After the decision for symbol and
mapping from symbol to bit, the BER is calculated.

A. Modified Equalization Algorithm for Felid PAM4

1) Training Multi-Modulus Algorithm (TMMA): The
TMMA algorithm is a modified constant modulus algorithm
(CMA) algorithm, which uses the amplitude of the signal for
error calculation even in field PAM4. Therefore, the phase
noise and frequency offset will not impact the robustness. The
graphical representation of the equalizer function for TMMA is
shown in Fig. 2.

The error functions of the nth iteration are represented as
follows

ε(n)x =
∣∣∣d(n)x

∣∣∣ −
∣∣∣x(n)

out

∣∣∣ , ε(n)y =
∣∣∣d(n)y

∣∣∣ −
∣∣∣y(n)out

∣∣∣ (1)

where |·| denotes the operation of taking modulus, and dx(y)
stands for the reference signal of x or y polarization, which can
be obtained from the training sequence. Just as basic CMA, the
renewal equation of tap coefficients of filter for TMMA can be
formulated as:

h(n+1)
xx = h(n)

xx + μ · ε(n)x · x(n)
out · x∗(n)

in ,

h(n+1)
xy = h(n)

xy + μ · ε(n)x · x(n)
out · y∗(n)in

h(n+1)
yx = h(n)

yx + μ · ε(n)y · y(n)out · x∗(n)
in ,

h(n+1)
yy = h(n)

yy + μ · ε(n)y · y(n)out · y∗(n)in (2)

where hxx, hxy, hyx and hyy denote the vectors of filter tap
coefficients, xin and yin stand for input signal vector in X
polarization and Y polarization of equalizer, μ denotes the step
size of gradient descent, and ()∗ stands for operation of taking
conjugate of the complex.
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Fig. 3. Structure block of the modified SP-LMS algorithm.

Here, the training sequence is indispensable in the conver-
gence of TMMA, but the signal cannot always be a training
sequence. Therefore, the equalizer will be switched to Decision-
Directed (DD) Mode after arriving at the convergence state. At
this stage, dx(y) is substituted by judgment value of the output
of equalizer, which can be formulated as

d(n)x = Decision
(∣∣x(n)

out

∣∣), d(n)y = Decision
(∣∣y(n)out

∣∣) (3)

2) Signal-Phase Aided Least-Mean-Square Algorithm (SP-
LMS): Although we used field PAM4 signal, the phase-induced
influence can be avoided by using the modulus of the reference
signal, which does not influence the performance due to wide
phase interval. The architecture of the SP-LMS algorithm is
illustrated in Fig. 3.

The error function can be obtained by making difference be-
tween equalized signal and rotated modulus of reference signal,
which nth iteration are represented as follows

ε(n)x =
∣∣d(n)x

∣∣ · exp(jϕ(n)
x

)− x
(n)
out,

ε(n)y =
∣∣d(n)y

∣∣ · exp(jϕ(n)
y

)− y
(n)
out (4)

where dx(y) stands for the field PAM4 reference signal, ϕx(y)

denotes angles modulus of reference signal needs to rotate,
which can be simply obtained by

ϕ(n)
x = arg

(
x
(n)
out

)
, ϕ(n)

y = arg
(
y
(n)
out

)
(5)

According to the stochastic gradient algorithm, the renewal
equation of coefficients of butterfly filter tap for SP-LMS is
formulated as,

h(n+1)
xx = h(n)

xx + μ · ε(n)x · x∗(n)
in ,

h(n+1)
xy = h(n)

xy + μ · ε(n)x · y∗(n)in

h(n+1)
yx = h(n)

yx + μ · ε(n)y · x∗(n)
in ,

h(n+1)
yy = h(n)

yy + μ · ε(n)y · y∗(n)in (6)

When the equalizer is converged, conversion from training
mode to DD mode needs to be implemented. Again, the process
was very similar to TMMA introduced in the previous part.

B. Phase Recovery and Frequency Offset Estimation

After adaptive equalization based on modified SP-LMS or
TMMA, the kth output signal from equalizer can be expressed
as

Sk = Ak · exp (j (2πΔf kTs + θk + ϕk
n

))
+ n (k) (7)

where Δf denotes the frequency offset between the transmitter
laser and LO laser, Ak and θk denote amplitude and phase of
modulating signal. Ts is the symbol interval, ϕk

n marks the kth
random phase noise of laser and n(k) denotes the ASE noise.

Since we use field PAM-4, we need to recover the frequency
and phase of the carrier. Here, we select an uncomplicated FOE
algorithm based on FFT to remove effects of frequency offset
on syst, and the predicted frequency offset is formulated as

Δ̃f = find
(∣∣FFT

(
(Sk)

4)∣∣ == max
∣∣FFT

(
(Sk)

4)∣∣) /N/Ts (8)

where N is the length of the input signal, FFT (·) is Fourier
transform operation.

Thus, the signal removed the FOE can be expressed as

S ′
k = Sk · exp(−j

(
2πΔ̃fkTs

))
(9)

In this case, the signal with phase noise is similar to 16 QAM,
which can be classified into two rings. The carrier phase recovery
algorithm such as the blind phase search (BPS) is also suitable
for field PAM4 after modifying the decision. The real part of
the signal after decision is ignored. Here, we employed pure
feedforward structure to compensate the phase noise of a laser,
the input symbol-rate sample S ′

k is rotated by test phase angles
ϕb,

ϕb =
b

B
· π
2
− π

4
(10)

where B stands for the amount of the test phase used, and the
rotated symbol can be represented as

z (k, b) = S ′
k · exp (jϕb) (11)

Then the rotated symbol is loaded to the judgment circuit,
and the decision circuit outputs the ideal constellation point with
the closest Euclidean distance to the input signal. The squared
distance between the ideal constellation point and the rotated
signal containing phase can be expressed as

|dk,b|2 = |z (k, b)− decision (imag (z (k, b)))|2 (12)

In order to further filter out other additive noise that may
exist in the receiver, the squared distances of consecutive 2N
constellation points are summed to obtain

Sk,b =
N∑
−N

|dk−n,b|2 (13)

where 2N is the number of symbols for averaging window length.
Finally, the test phase corresponding to the minimum value of
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Fig. 4. The measured BER performance as function of (a) Summing window
length of 2L and (b) the number of test phase of B at linewidth of 100 kHz,
1 MHz and 10 MHz for PAM4 and QPSK.

the square and distance is selected from the B test values as the
estimated phase noise.

Because the PAM4 signal only carries two-phase information,
which means it’s possible to reduce the complexity and increase
the tolerance for linewidth. Thus, we concentrate on the com-
pensation characteristics of phase noise induced by different
linewidth using different algorithm parameters. The 28-Gbaud
QPSK is carried out to compare with 28-Gbaud 4PAM. Here, we
neglected other impairments induced by timing clock sampling
error, CD, PMD, and frequency offset to get on with the tolerance
of phase noise without distractions.

To compare the performance of different modulation formats
fairly, the “ASE-noise limited” OSNRs attaining a BER of 3.8e-3
are set differently for PAM4 and QPSK systems, which are
corresponding to 15.67-dB and 13.63-dB respectively. Besides,
differential coding/decoding technology is applied to prevent
the effect of cycle slips induced by the use of CPR and get a
steady BER in encoded and decision operation, but it will result
in ∼0.6-dB and 0.3-dB OSNR penalty for QPSK and PAM4
respectively [19]. Fig. 4(a) depicts the BER as a function of the
amount of test phase at linewidths of 100 kHz, 1 MHz, and 10
MHz with PAM4 and QPSK modulation format, respectively. It
can be seen that BER performance improves primitively and
hold steady along with the rise of B. However, there is no
obvious penalty when B>8, which means that the quantization
of the carrier phase noise is precise enough for both QPSK and
PAM4. However, when linewidth is increased from 1 MHz to

10 MHz, the deterioration of BER performance in QPSK was
more serious than 4-PAM in the same test phase angles. In
Fig. 4(b), the effects of window length on BER are also inspected
in identical simulation parameters. The same case also appears
in Fig. 4(b). Even when linewidth is increased from 100 kHz to
1 MHz, BER performance of QPSK deterioration was worse
than 4-PAM obviously, especially for large window length,
which means that 4PAM have better tolerance to linewidth in
the same complexity. For a 28-Gbaud 4PAM signal, the system
can tolerate a corresponding laser linewidth of 10 MHz, which
means that DFB lasers can replace ECLs to reduce the cost in
most cases.

III. EXPERIMENT SETUP

Fig. 5 shows the experiment setup. In the transmitter, a mul-
tiport tunable laser source N7714A from Agilent was used to
produce a carrier that was modulated with 28 GBaud PAM4
signals, which linewidth is under 100 kHz. The center frequency
was set at 1550.32 nm. The 28 GBaud PAM4 signals shaped by
root-raised pulse were generated by MATLAB and then was
fed into a four-channel arbitrary waveform generator (Keysight
AWG M8195A). The MZM is driven by the AWG operated at
64 GS/s with a 3 dB bandwidth of 20 GHz. In order to reduce the
nonlinearity distortion induced by MZM, the driving voltage of
AWG was set to 120 mV. Here, MZM was operated at the null
point to realize a field modulation PAM4. The polarization beam
combiner combines X polarization and Y polarization signal.
Then, the signal was amplified by erbium-dropped-fiber ampli-
fiers (EDFA). Although we only have 4 km MCF, we build a loop
that included 4 km MCF and 96 km SMF which was selected
due to measurement of the OSNR. To alleviate the significant
inter-core crosstalk of MCF, we only selected 3 outer cores and
1 middle core to transmit signals, which are marked in yellow
circles in insert (ii). The remaining cores can propagate signals
in opposite directions. The effectiveness of this bidirectional
assignment method between neighboring cores was demon-
strated in [20]. A variable optical attenuator (VOA) placed in
front of EDFA was used to change the OSNR of recirculating
transmission loops. Inset (i) shows the optical spectrum of the
modulated signal after changing OSNR. Additionally, each loop
contained an EDFA, an optical bandpass optical filter, which is
used to lift the received optical power and filter the out-band
noise, respectively. A timing control was used to control the
loading and recirculation time of the loop gate the receiver for
measurement of the transmission distance under test. The input
of the loop was controlled by acousto-optic-modulators (AOM)
from G & H and independent drivers. And optical switches with
zero frequency. The recirculation time was controlled by another
AOM switches with an 80 MHz frequency upshift. Finally,
the 400 km transmission link contained 16 km MCF and 384
km SMF was realized after circulating 4 times. Optical signals
passing through fiber are transmitted to an integrated coherent
receiver (ICR) from Fujitsu. The optical LO is generated from
another channel of a tunable laser source with 8 dBm power.
Making sure polarization is aligned with the signal is necessary,
which can be implemented by a polarization controller (PC).
A digital oscilloscope with 60 GHz 3dB bandwidth is adopted
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Fig. 5. Experimental setup of the 448 Gb/s field PDM-PAM4 with the coherent system. PBS: Polarization beam splitter; PBC: Polarization beam combiner;
MCF: multi-core fiber; BP: 1:4 beam splitter; OBPF: Optical bandpass filter; Insets: (i) the optical spectrum of the signal after the PBC (ii) the MCF core layout
(iii) the optical spectrum of the signal captured by OSC in Y-polarization.

Fig. 6. BER as a function of the number of taps.

to capture the signal from ADC at a sampling rate of 80 GSa/s.
Finally, the signal with all kinds of impairment was compensated
by DSP offline, the DSP procedure is depicted in Fig. 1.

IV. RESULTS AND DISCUSSION

Nyquist pulse shaping is used to remove the ISI caused by the
bandwidth limitation of devices, such as DAC and MZM. Here,
we used the root rise cosine (RRC) filter function of MATLAB.
The BER performance is scanned under different roll-off. And
0.8 of the roll-off factor is found to realize optimal BER per-
formance. In the first, optimal tap number of equalization is
investigated. The relationship of the tap number of equalization
and BER over 400 km fiber transmission at an OSNR of 22.08
dB for SP-LMS and TMMA is depicted in Fig. 6, respectively. If
there is no special mention, the OSNR and transmission distance
are fixed. Besides, it is worth noting that investigations about
optimal parameters of equalization all use Training Mode. As
shown in Fig. 6, 25 taps are enough to implement polarization
demultiplex and compensate polarization mode dispersion and
residual chromatic dispersion simultaneously using SP-LMS
and TMMA. And TMMA is better than SP-LMS slightly can
be noted.

Fig. 7. MSE versus iterations with different step size parameter and different
tap number using (a) SP-LMS and (b) TMMA. (After 400 km transmission,
OSNR = 22.08 dB).

Secondly, after considering different parameters syntheti-
cally, speed of convergence and precision are investigated. Fig-
ure 7(a) and (b) show the mean square error as a function of
iterations in the case of using SP-LMS and TMMA, respectively.
It is easy to note that TMMA has a faster convergence speed than
SP-LMS. Also, a larger step size has a faster convergence speed.
However, it will pay dearly for larger residual error, especially
for TMMA.
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Fig. 8. Constellations of X-pol (a) Before equalization, (b) After equalization, and (c) the imagine part of the output of carrier recovery.

In the terms of tap number, results are divided into two
cases. It is difficult to inspect dissimilarity on the magnitude
of convergent MSE for SP-LMS. But things are different in
TMMA. When the step size equals 0.003, 31 taps are better than
51 taps. Besides, the speed of convergent is affected by step size,
which inspires us to use variable step size μ. μ is set to be 0.003
at first, and it is cut down by 10% when MSE is smaller than −7
dB. As shown in Fig. 7, both SP-LMS and TMMA can attain
their optimum performance with speedy convergence speed by
using variable step sizes. Although compared to TMMA, the
profits are limited using variable μ for SP-LMS.

The constellations of the signal before and after equalization
were shown in Fig. 8(a) and (b). It can be seen that the con-
stellation of equalization output signal was classified into two
rings dividually, which demonstrates that ISI has been removed
after using the modified SP-LMS and TMMA. Since the phase
carries information, the carrier recovery introduced by Section II
needs to be done. After frequency offset estimation and carrier
phase recovery were implemented, the imagined part value of
the signal can be obtained, just as Fig. 8(c) shows, which means
that impairment of the transmitted symbol was compensated
perfectly. The red dot coincides with the blue dot, which shows
that the performance is similar between TMMA and SP-LMS.

The system is not always operated in the training state in
practice. Thus, the focus is on the switch operation from Training
Mode to DD Mode. In the DD Mode stage, known training
symbols will be substituted by decision values of equalization
output, which has been shown in (5). In order to find the least
number of TS, BER is measured for different TS numbers. The
relation of them is depicted in Fig. 9. As shown in Fig. 9, the
TMMA algorithm reaches the convergence condition with a
fewer number of TS than that of SP-LMS. The tap number will
also influence convergence speed. However, the impact of both
tap number and equalization algorithm on convergence speed
can be ignored.

After optimizing parameters of DSP, the performance of BER
versus OSNR for BTB and 400 km mixed fiber transmission are
scanned by using the optimal parameters, respectively, just as
shown in Fig. 10, which means that a 448 Gb/s transmission over
400 km SSMF and MCF below a BER threshold of 3.8e-3 was
demonstrated, namely, using field PDM-PAM4 with coherent
detection is feasible in performance.

Fig. 9. BER as a function of the number of training symbols before switching.

Fig. 10. BER as a function of OSNR by using TMMA algorithm.

As explained in Section III, we have no alternative but to
increase the length of the loop by series connecting with 96 km
SMF due to measurement of the OSNR. Despite this, a loop
that included 4 km MCF and 10 km SMF was built, which
was circulated 10 times, ie transmission of 40 km in MCF. For
sake of verifying different cores, core 1, core 3, core 4, and
core 6 was switched on loop, respectively. The BER of them
was summarized in Table I, which further shows that inter-core
crosstalk of MCF is not severe.
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TABLE I
BER OF DIFFERENT CORES

V. CONCLUSION

In this paper, a transmission of 448 Gb/s field PDM-PAM4
over 400 km mixed fiber (SSMF and MCF) in C-band below
a BER threshold of 3.8e-3 has been demonstrated by using
coherent detection successfully. The SP-LMS and TMMA al-
gorithms are modified and used to equalize the field PAM4
signal. Based on simulation and experimental analysis, the two
modified algorithms have a negligible difference in OSNR re-
quirements between BTB and transmission scenarios. Besides, it
is demonstrated that the inter-core crosstalk of MCF is not severe
by using un-adjacent cores in the short-reach ER application.
Due to the compatibility with the large linewidth DFB laser,
the PDM-PAM4 coherent system is expected to be a potential
solution in the future.
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