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Abstract

In this paper, we demonstrate the efficiency of Electronic Dispersion Compensation (EDC) for coherent optical systems based on
Polarization Division Multiplexed Quadrature Phase Shift Keying (PDM-QPSK). The performance of the proposed system is tested
using a pulse that has been recently used in the presence of nonlinear effects.

The proposed system is compared to the 0.3RZ-PDM-QPSK system at the optimum launched power under different symbol-rates and
lengths of transmission. The simulation results confirm that the proposed method enhances the system performance. In addition,

it secures a low penalty that is below 0.6 dB. As a result, the feasible transmission distance is improved by 29 %, 20.15 %, and 26.7 %,

at 14 GBaud, 28 Gbaud, and 56 Gbaud, respectively.
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1 Introduction

High capacity ultra-long-distance transmission is a major
concern in coherent optical systems with the least pos-
sible equipment and power consumption. Multi-level
modulation format together with Polarization Division
Multiplexing is the solution for high Spectral Efficiency
(SE). PDM-QPSK has become the standard Long-Haul
transmission modulation format for backbone applica-
tions. Therefore, it allows for transmitting the signal that
is encoded at both phase and polarization [1-3].

Additionally, the coherent receivers with algorithms of
Digital Signal Processing (DSP) enhance the mitigation of
channel impairments [4]. The Chromatic Dispersion (CD)
becomes the main limitation for the single long-haul coher-
ent optical PDM-QPSK systems. The signal is distorted by
the temporal broadening of the pulses due to propagation
at different velocities during the optical link [5].

The first study was carried out using Dispersion
Compensating Fiber (DCF) in the optical domain. On the
other hand, higher Amplified Simultaneous Emission
(ASE) noise was being generated by the optical amplifier.
It has led to a lower Optical Signal to Noise Ratio (OSNR)
and increasing the complexity and cost of the system [6].

As a solution, the Electronic Dispersion Compensation
(EDC) has been performed through DSP in the time
and frequency domain. Time Domain Equalizers (TDE)
are used only in short distances because of their higher
power consumption and computational complexity. They
are replaced by the Frequency Domain Equalizer (FDE)
because of its long reach transmission with lower compu-
tational complexity [7-13].

Moreover, other techniques have been suggested, such
as choosing the optimum pulse shape for the CD toler-
ance by reducing the spectral occupancy and minimiz-
ing intersymbol interference [14]. The RZ-QPSK modu-
lation format has a wide spectrum used together with the
narrow optical filter to decrease the intersymbol inter-
ference. In addition, the RZ-QPSK higher peak power
can enhance receiver sensitivity. Then, it minimizes the
OSNR penalty, which is required in long-distance trans-
mission systems [15, 16].

In 2014, Jain and Kumar [17] proposed a new pulse shape
that can improve the performance of a QPSK, PM-QPSK
and 16-star QAM systems for 25 GBaud symbol rate.
It is compared to the rectangular pulse under OSNR of
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6 dB in terms of the effects of laser Phase Noise (PN),
Chromatic Dispersion, and Self-Phase Modulation (SPM).

In 2017, Xu et al. [18] investigated a different Chromatic
Dispersion compensation for 28-Gbaud dual-polarization
QPSK over 2000 km Single Mode Fiber (SMF). The DCF
is applied as optical compensation. The methods were stud-
ied for EDC. The Time-Domain Equalization (TDE), the
Frequency-Domain Equalization (FDE) and the Least Mean
Square (LMS) adaptive equalization. It concluded that elec-
tronic compensation is recommended for long-reach optical
systems in the presence of laser Phase Noise (PN).

Increasing the symbol rate reduces the maximum
achievable distance of the single transmission under the
influence of the Chromatic Dispersion and SPM effects.

The novelty of this research is to implement the pulse
suggested by Jain and Kumar [17] to deal with the inter-
symbol-interference (ISI) and improve the tolerance of
Chromatic Dispersion in the long-haul PDM-QPSK sys-
tems in presence of Self-Phase Modulation effect for sym-
bol rate up to 56 Gbaud. In addition, applying for elec-
tronic compensation in the digital domain decreases the
optical complexity. This allows improvements in the opti-
mal reachable transmission while it increases the symbol
rate compared to the reference system.

The performance of the proposed system is evalu-
ated and compared with the 0.3RZ-PDM-QPSK system.
The Frequency Domain Equalizer is chosen as a technique
for Chromatic Dispersion compensation after proving its
efficiency. Furthermore, we have discussed the simulation
results of the two systems performances in terms of Bit
Error Rate (BER), Q factor and OSNR penalty. It is found
that the single carrier 112 Gbps proposed system can be
transmitted over 6412.5 km of Standard Single-Mode
Fiber (SSMF). The transmission penalties are reduced by
up to 0.5 dB. In addition, we have presented the trans-
mission results of both systems including multiple sym-
bol rates (14, 28, 56 Gbaud, respectively) over different
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transmission distances. It is shown that the suggested sys-
tem gives better BER performance and smaller OSNR
penalty with extended optical transmission reach.

This paper is organized as follows. Section 2 describes
the simulation setup. Also, the two dispersion compensa-
tion methods are introduced. In Section 3, we present and
discuss the obtained results. Finally, in Section 4, conclu-
sions are drawn.

2 System setup and parameters

The setup of the PDM-QPSK coherent optical system is
depicted in Fig. 1. The numerical analyses are simulated
by OPTISYSTEM 16 and MATLAB platforms.

On the transmitter side, the data is produced by the
Pseudo-Random Bit Sequence generator (PRBS-12) of Nbit
length. Then, the series of bits are mapped into symbols
and converted to pulse forms. The laser Continuous Wave
(CW) power is split into two carriers by a Polarization
Beam Splitter (PBS). Each of the two parallel I-Q mod-
ulators receives half of the laser power. These modula-
tors transfer the four 28 Gbaud electrical signals into two
orthogonal 0.3RZ-QPSK signals.

For the proposed system, the pulse used is defined
in [19] as:

g(t)= rect(2t/T)—(1/2)rec{4(t—fj/T}

+(1/2)rec{4(t _38Tj /T}

where rect (¢/T) is the rectangular pulse of duration T

(1)

The bandwidth of the proposed pulse is smaller compared
to the rectangular pulse and also displays smoother phase
changes. The frequency response of the pulse is given by
the Fourier transform of Eq. (1) as the following form [17]:
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Fig. 1 Simulation model of PDM-QPSK systems (a) Optical Transmitter (b) Coherent Optical Receiver



Then, these two signals are multiplexed together
with Polarization Beam Combiner (PBC) to form the
0.3RZ-PDM-QPSK optical signal, which propagates into
the channel. Table 1 shows the simulation parameters.

The transmission line is composed of spans of SSMF
and Erbium-Doped Fiber Amplifiers (EDFAs). EDFAs were
used to eliminate the fiber attenuation with 15 dB and 5 dB
as gain and Noise figure [19]. After that, we have inserted
the optical filter with a bandwidth of 8, =2 xR to cancel
the noise. The optical link characteristics are summarized
in Table 2, the Polarization Mode Dispersion (PMD), PN
and the nonlinear effect SPM are also presented.

At the receiver end, both of the received optical sig-
nals and CW of the Local Oscillator laser (LO) are divided
and mixed coherently into two orthogonally polarized
branches by PBS. Then, the signals are detected and con-
verted by the photodiodes (PDs) to generate four electrical
signals. These signals are processed by a low-pass filter
(5™ order Bessel filter) with a 3 dB bandwidth of 0.75 times
R, for interference suppression.

In addition, the Analog-to-Digital Converters (ADCs)
synchronously sample the incoming signals by two sam-
ples per symbol. The sampling rate is twice of R,
The digitized signals are treated using the DSP units [20]
to mitigate the impairments and recover the data.

The Electronic Dispersion Compensation is imple-
mented using a Frequency Domain Equalizer. Whereas;
5 taps Constant-Modulus Algorithm (CMA) equalizer is

Table 1 Set of transmitter simulation parameters

Format PDM-QPSK
R,, 112 Gbps
o 28 Gbaud
N,, 2n
Samples / bit 64
Number of samples 262114
Wavelength (1) 1550 nm

Table 2 The parameters of the optical link at 4 = 1550 nm

Parameters SSMF DCF

Span length (L) 75 LDCF
Attenuation (o) 0.22 dB/km 0.5 dB/km
Dispersion (D) 17 ps/nm/km —85 ps/nm/km
Dispersion slope () 0.08 ps/nm?/km  —0.21ps/nm?/km
Wavelength (1) 1550 nm 1550 nm

Nonlinear refractive index

(n,)

Nonlinear coefficient (y) 1.31 4.27
22 um?

221 x 10 m?/W 2.8 x 1072 m*/W

Core effective area (4 ﬁﬂ’) 80 um?
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realized as a solution for polarization De-multiplexing [21].
As the final step, the carrier phase estimation is performed
using a Viterbi-Viterbi algorithm [22] followed by a deci-
sion and BER evaluation. In all cases, the Monte Carlo
(MC) method [23] is used to estimate the system perfor-
mance in terms of BER after a noise loading process with
at least 400-bit errors. The Bit Error Rate is counted and

converted into quality factor (Q-factor) by Eq. (3):
0 =20log,, [ \2erfe (2x BER) | 3)

where "erfc" is the error function.
In Subsection 2.1, we will present a brief description of
the optical and electronic compensation technique.

2.1 Optical Dispersion Compensation (ODC)
The temporal pulse spreading caused by CD is given
by [5]:

AT:szx%fo @)
where D is the fiber dispersion parameter, z is the fiber
length, c is the speed of light, f is the carrier frequency,
and Af'is the pulse spectral width in Hz.

For optical compensation, each span of Single Mode
Fiber (SMF) is followed by a DCF with D equal to
—100 ps/nm/km. The length of the DCF for perfect com-
pensation (dispersion inline = 0) is given by [24, 25]:

LDCF = <_ (LSMF X DSMF )/DDCF ) )

2.2 Electronic Dispersion Compensation (EDC)

The Overlap-add fast Fourier transform is suggested as
a method to mitigate the intersymbol-interference due
to Chromatic Dispersion. It is performed by frequency
domain CD equalizer at the receiver side. The incom-
ing signal is divided into small blocks and affixed with
zeros at one side. The zero-padded sequence is converted
into the frequency domain by Fast-Fourier-Transform
(FFT) [26, 27]. Then, the resulting signal is multiplied by
the inverse transfer function of the dispersive channel and
finally transformed back to the time domain by an Inverse
Fast Fourier Transform (IFFT) [18]:

DAL wz) ©

drc

H FDE exp(—j

where w, 4, ¢, L and D are the angular frequency, wave-
length, the speed of light, fiber length and fiber dispersion
coefficient, respectively.
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The required zero-padding value is expressed by
Eq. (7) [27]:

Q)

FDE

\/nzczT4 +4)*D*? —‘
+1].

Nzcm-paddmg — 2 % l’ -
ncT

T'=R_,/2isthe sampling period. The FFT-size is twice
of the required zero-padding value.

3 Simulation results and discussion

In Section 3, the results of the numerical simulations are
presented and discussed in order to track the successive
transformations of the signal during its propagation.

Fig. 2 shows the time evolution in the phase of the
PDM-QPSK optical signal. The four-phase levels of the
optical signal (3z/4, n/4, —n/4, —3x/4) are observed.

The generated electrical constellation diagrams at each
step of DSP algorithms are detailed in Fig. 3. Fig. 3 (a)
shows the electrical constellation shape of X-polarization
before the DSP algorithm in which the received signal is
impacted by the accumulated CD. After applying EDC
and the demultiplexing polarization, the constant modu-
lus of the QPSK signal clearly appears in Fig. 3 (b) like a
circle. Finally, the step of phase recovery is illustrated in
Fig. 3 (c). The data are restored and shaped as four points
that signify the four states of phase.

3.1 Comparison between Optical (ODC) and Electronic
Dispersion Compensation (EDC)

To focus on the mitigation of the Chromatic Dispersion
effect, we made a comparison between the Optical
and FElectronic Dispersion Compensation approaches.
The simulations were done in the long-haul single channel
112 Gbps 0.3RZ-PDM-QPSK transmission system.

In these measurements, the transmission is over a fixed
distance of 1200 km, corresponding to 16 spans (75 km
SSMF). While the launch powers are in the range —3 to
2 dBm per channel.

phase [rad/g]

5 10 15 20 25 30 35 40 45
time [symbaols]

Fig. 2 Temporal representation of the phase of the optical signal

Fig. 3 Receiver constellation diagrams X-polarization (a) before DSP,
(b) after CMA, (c) after Carrier Phase Estimation

The comparison of optical and Electronic Dispersion
Compensation is illustrated in Fig. 4 (a) and (b), where the
Q factor and the Bit Error Rate are measured as a func-
tion of fiber launch power (Pin) for 112 Gbps 0.3RZ-PDM-
QPSK system after 1200 km. The DCF is implemented
at the end of the optical link, while the FDE is applied in
the coherent receiver.

At lower powers, the system performance is limited by
ASE noise, then the BER decreases and Q-factor increases
until they reach the optimum power. This value is selected
at the maximum Q-factor and the minimum BER.

—1 dBm is considered as optimum power for ODC at
BER of 4.9 x 107 and Q-factor of 10.36. For EDC, the
0 dBm power channel reaches the best performance with



1044
10.42
10.40
10.38
10.36 4
10.34-.

10.32 1

Q factor (dB)

10.30 4
10.28
10.26 -
1024
1022
7 —

6.0x10"

5.8x10"
5.6x10"

5.4x10"

BER

5.2x10"
5.0x10"
4.8x10" 4

4.6x107"

4.4x10"

Launch power (dBm)
(b)

Fig. 4 (a) Q factor versus launch power for ODC and EDC after 1200 km,
(b) BER versus launch power for ODC and EDC after 1200 km

BER of 4.5 x 10~ and Q-factor of approximately 10.44 dB.
With the increment in power level, the BER values become
important due to the degradation by fiber nonlinearity.

An improvement in the system performance is seen
in the case based on FDE compensation. Consequently,
Electronic Dispersion Compensation with 0 dBm will be
used as the optimum launched power per span for the fol-
lowing measurements.

3.2 Analysis of the Electronic Dispersion
Compensation (EDC)

In Subsection 3.2, we will investigate the tolerance of
Chromatic Dispersion in the two systems. The perfor-
mances of the 112 Gbps proposed system and 0.3RZ-PDM-
QPSK system under Back-to-Back (BtB) transmission
(0 km) is studied first. After that, we will evaluate the
influence of Chromatic Dispersion on both systems over
an uncompensated link.
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The total transmission distance is 1200 km, consisting
of 16 spans 75 km SSMF. Also, the OSNR is varied from
12 to 16 dB using an ASE noise source.

Finally, we will analyze the performance of the
two systems after applying the Electronic Dispersion
Compensation.

Fig. 5 illustrates both systems in BtB case which is
taken as reference. The comparison of two systems plot-
ted in Fig. 6, presented by the Q factor as a function
OSNR (0.1 nm).

Fig. 6 (a) compares the proposed system without (w/o)
and with (w) EDC after 1200 km. In Fig. 6 (b), both sys-
tems are using EDC after 1200 km.

Focusing on the Q-factor of the Forward Error
Correction (FEC) threshold, the required OSNR for these
systems is displayed in Table 3.

It can be seen that both systems show a similar per-
formance between BtB and Electronic Dispersion
Compensation configurations. Also, the OSNR penalty
on the 0.3RZ-PDM-QPSK system exceeds that of the pro-
posed system. It is decreasing from 0.33 dB to 0.14 dB
after using EDC. For the proposed system, the penalties
of 0.14 dB and 0.06 dB are obtained.

From these results, the proposed system has given
a better OSNR tolerance compared to the other system.
Furthermore, the ability of the EDC technique at proved in
a distance of 1200 km. In Subsection 3.3, the BER perfor-
mance of the two systems through different fiber lengths
is investigated.

3.3 Influence of fiber transmission distance on EDC

The performance of both systems is examined in terms of
Bit Error Rate at BtB case and different long-haul trans-
mission distances.

— ®— proposed system
114 —e—0.3RZ-PDM-QPSK system .
] FEC limit /
/.

8:, /?

)

Q factor(dB

71 /'

12 13 14 15 16
OSNR [dB/0.1 nm]

Fig. 5 Q factor as a function of OSNR measured in 0.1 nm of the two
systems in BtB case.
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Fig. 6 Q factor versus OSNR measured in 0.1 nm. (a) for the proposed system without and with compensation, (b) for both systems using EDC

Table 3 The required OSNR at FEC threshold

Case 0.3RZ-PDM-QPSK system proposed system
Back-to-Back 12.67 dB 12.15dB
w/o EDC 13 dB 12.29 dB
w EDC 12.81 dB 12.21 dB

The BER is generated after the CD compensation for
1200 km, 3000 km, 4025 km, and 5025 km fiber lengths.
The used spans are 14, 40, 54 and 67, respectively.
The Back-to-Back BER was calculated for both systems
and plotted here as a reference.

Fig. 7 depicts the measured BER versus OSNR (at
0.1 nm noise bandwidth) curves of the systems after dif-
ferent transmission lengths.

The required OSNR at FEC limit in back to back trans-
mission is 13.75 dB and 14 dB for the proposed system

-1.0

-1.54

-2.0 1

Y

g —
=
2 2.54
s> \
gﬂ 1| —=— Back-to-back
= -3.04| —e—1200 km
—4— 3000 km
—v— 4050 km
3591|5025 km
—+— FEC limit
'4-0 T T T T T T T T
12 13 14 15 16
OSNR [dB/0.1nm]
(@)

and 0.3RZ-PDM-QPSK system. We calculate the OSNR
penalty at BER relative to Back-to-Back for different links
and the results are summarized in Table 4, wherein the
proposed system is indicated and the 0.3RZ-PDM-QPSK
system is referred to.

We can see that the performance of both systems is
inversely proportional to the Bit Error Rate and the trans-
mission distance.

In fact, a smaller difference between the performances
of both systems at 1200 km is observed when the penalty
is reduced by 0.2 dB. This is due to the robustness of the
used pulse with the efficiency of the electronic compensa-
tion technique for shorter distances.

Then, the OSNR penalty
ally with the distance. This is clear specifically for the

increases proportion-
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Fig. 7 Bit Error Rate (BER) as a function of the Optical Signal to Noise Ratio measured in 0.1 nm for the different transmission lengths. (a) proposed
system, (b) 0.3RZ-PDM-QPSK system



Table 4 The OSNR penalty at BER of 3.8 x 1073

Distance (km) OSNR Penalty* OSNR Penalty®
1200 0.11 dB 0.18 dB
3000 0.47 dB 0.52 dB
4050 0.64 dB 0.84 dB
5025 1.09 dB 1.66 dB

* the proposed system, ° the 0.3RZ-PDM-QPSK system

0.3RZ-PDM-QPSK system. It is due to the accumulation
of the ASE noise and Chromatic Dispersion with the influ-
ence of SPM at long transmission distances. This allows
the temporal enlargement of transmitting pulses and
increases the intersymbol-interference.

Nevertheless, the proposed system has a higher CD tol-
erance and a lower penalty compared to the other system.

3.4 Maximum tolerable transmission distance

The achievable transmission reach when the performances
of the systems are still considerable was calculated after
CD compensation. The measure was done at the optimum
optical launch power and fixed OSNR of 16 dB/0.1 nm.
The comparison of the measured BER versus the trans-
mission distances is shown in Fig. 8.

According to the results obtained, it can be seen that
BER values increased proportionally with higher dis-
tances. Both systems achieved a transmission distance up
to 5000 km.

The maximum distance which can be reached at BER
of 3.8 x 107 for 112 Gbps 0.3RZ-PDM-QPSK system is
6000 km with a Q-factor of 9.24 dB. At the same BER, the
reach is enhanced to 6412.5 km with an improvement of
6.88 %. The Q-factor attains 9.45 dB.
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Fig. 8 BER versus transmission distance

Hadjadji and Hamdi | 287
Period. Polytech. Elec. Eng. Comp. Sci., 65(4), pp. 281-289, 2021

3.5 Influence of symbol-rate on Chromatic Dispersion
tolerance

3.5.1 Back-to-Back (BtB) characterization

Initially, the performance of the systems at BtB transmis-
sion with different symbol rates was investigated. Both
systems were measured with symbol-rates varying from
14 GBaud, 28 GBaud, and 56 Gbaud, respectively.

Fig. 9 shows the Back-to-Back BER as a function of
OSNR. Table 5 provides the requirements of Back-to-
Back OSNRs in both systems at the FEC limit.

However, it is observed that BER degradation has a pro-
portional relationship with a higher symbol rate. In addi-
tion, there is an improvement in the performance of the
proposed system with better OSNR sensitivity compared
to the other system.

3.5.2 Distance investigation
The reach of each system at three symbol rates is cal-
culated after applying for electronic compensation.
The BER is measured from 75 km to 8400 km and plotted
in Fig. 10 as a function of distance. The average OSNR
is 18 dB. Also, the maximum distance in all cases is dis-
played in Table 6.

At higher symbol rates, the degradation of CD toler-
ance has been observed in simulation results by increasing
BER and curtails the maximum reach. The results can be

-1 4
2 \!
M
g . '\
S ]
gD -4 —m=—14GBaud 0.3RZ-PDM-QPSK \
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— <—FEC limit
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Fig. 9 Back-to-Back measurement at differents symbol rate

Table 5 The Back-to-Back OSNRs at BER of 3.8 x 103
0.3RZ-PDM-QPSK system

Symbol-rates Proposed system

14 Gbaud 1391 dB 13.67 dB
28 Gbaud 1531 dB 14.28 dB
56 Gbaud 16.90 dB 16.81 dB
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Fig. 10 The BER measured vs. transmission distance

Table 6 The maximum achievable distance at BER of 3.8 x 1073
0.3RZ-PDM-QPSK system

Symbol-rates Proposed system

14 Gbaud 6600 km 8362.5 km
28 Gbaud 5212.5 km 6262.5 km
56 Gbaud 1162.5 km 1500 km

further improved by using the proposed system. This can
also aid in augmenting the number of spans required for
the ultra-long coherent optical system.
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