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using 2 Mach-Zehnder optical modulators (MZM). The main
limitation of the fiber optical communication is the signal
degradation due to fiber nonlinear effects and chromatic
Abstract: This paper investigates the transmission perfordispersion. This limitation is even more problematic in high
mance of 16-channel DWDM (Dense Wavelength Division
capacity DWDM (Dense Wavelength Division Multiplexing)
Multiplexing) system with two complex Optical Differential
systems as was investigated in [1].
Quadrature Phase Shift Keying modulator configurations
In order to mitigate fiber nonlinear effects, an optical
using 2 LiNb MZM (Mach-Zehnder Modulator) and 3 LiNb
modulation with suppressed carrier can be applied. Such
MZM. The link performance is evaluated for 100 Gbps data
optical modulation technique is called Carrier Suppressed
rate per channel in a total 750 km single mode fiber link.
Return to Zero Differential Quadrature Phase Shift Keying
The perfomance is analyzed in terms of forward power, re(CSRZ-DQPSK) [1]. It is implemented using 3 MZM based
flected power and bit-error rate of the received signal. From
optical transmitter. CSRZ based optical modulation can
the simulation results we prove, that the link performance
provide better tolerance to fiber nonlinear effects and chrocan be improved by adopting the high efficiency optical
matic dispersion.
modulation.
The aim of this paper is to provide a comparative analyKeywords: CSRZ-DQPSK, DWDM, nonlinear effects
sis of two optical modulation techniques, DQPSK and CSRZDQPSK, in a DWDM system with capacity of 16×100 Gbps.
The two modulation techniques are analysed in term of
their input power, reflected power and received bit-error
1 Introduction
rate (BER).
Recent research in the field of fiber optical communication
focuses on increasing the link capacity in order to meet
the demand of current broadband applications. Over the
years multiple approaches of costeffective broadband transmission systems have been studied. One way to increase
the link capacity is to implement less-complex broadband
optical transmitters. Optical Differential Quadrature Phase
Shift Keying (DQPSK) is the most reliable of optical modulation techniques. This modulation technique is known
for its high spectral efficiency and the high data rate. Optical DQPSK modulation technique can be implemented
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2 Carrier suppressed optical
modulator structure
The conventional optical DQPSK modulator structure,
based on two arms LiNb MZM driven by in-phase and
quadrature-phase signal components, is shown on Figure 1.

Figure 1: Two LiNb MZM DQPSK modulator structure.
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The modulator structure shown in Figure 1 is commercially available in a LiNbO3 integrated form [4]. There is
a π/2 phase shift between the I and Q signal component.
Data are generated by PRBS (Pseudo Random Bit Sequence),
with a data rate of 100 Gbps which are then precoded by a
4-DPSK precoder and finally shaped by electrical NRZ (Non
Return to Zero) driver. The 4-DPSK precoder is used to prevent recursive decoding on the receiver side. The precoder
performs the following mathematical operations:
I i = (Q i−1 ⊕ I i−1 ) (U i ⊕ I i−1 ) + (Q i−1 ⊕ I i−1 ) (V i ⊕ I i−1 ) (1)
Q i = (Q i−1 ⊕ I i−1 ) (V i ⊕ I i−1 ) + (Q i−1 ⊕ I i−1 ) (U i ⊕ I i−1 ) (2)
In the above formulas, ⊕ donates the logical operation of
XOR (Exclusive OR). U i and Vi are the input signals generated by PRBS. I i and Q i are the DQPSK coded output signals. Figure 2: Optical spectra of 2 MZMs based DQPSK modulated sigThen, the logic operation I i−1 , Q i−1 corresponds to the logic nal.
state 00 and the 180∘ phase difference. The logic operation
Q i−1 , I i−1 corresponds to logic state 01 and 90∘ phase differ- The signal spectra of a 2 MZM based optical DQPSK moduence. 270∘ phase difference matches logic state 10 and Q i−1 , lator emitting on 193 THz is shown in Figure 2.
I i−1 logic operation. I i−1 , Q i−1 corresponds to logic state 11
Fiber non-linear effects, especially SMP and XPM, are
and 0∘ phase difference [1–3].
energy sensitive. The negative contribution of these effects
The DQPSK modulator conveys information by estab- is well known and intensively studied. Another problem
lishing a phase of one symbol relative to the previous sym- is the instability of modulation, which affects the perforbol while QPSK conveys the absolute phase of each symbol. mance of optical communication systems in which losses
This means, that standard DQPSK phase options are 0∘ , are regularly compensated by an optical amplifier (such as
90∘ , −90∘ and 180∘ or −180∘ while phase options of QPSK DWDM systems). The results of the simulation showed that
are 45∘ , 135∘ , 225∘ and 315∘ .
the main limiting factor is the use of Non-Return to Zero
The induced phase difference between two arms of the (NRZ) format for data transmission [710].
modulator can be expressed by equations [3–5]:
A possible way to mitigate nonlinear effects and to
achieve
increased DWDM performance is to use carrieru (t)
u (t)
∆φ I (t) = I π, ∆φ Q (t) = Q π
(3) suppressed optical modulation. CSRZ-DQPSK (Carrier SupVπ
Vπ
pressed Return to Zero DQPSK) is one of the most promiswhere ∆φ I (t) and ∆φ Q (t) are phase differences of I and Q ing optical modulation schemes for long distance and high
signal components, u I (t) and u Q (t) are the applied voltage data rate optical systems, providing increased tolerance to
and V π is the half-wave voltage. The transfer function of nonlinear effects and chromatic dispersion.
the IQ modulator is [4]:
The CSRZ-DQPSK optical modulator may consist of 3
(︂
)︂
(︂
)︂
LiNb
MZM as shown in Figure 3.
∆φ Q (t)
∆φ I (t)
E out (t) 1
1
= cos
+ j cos
(4)
2
2
2
2
E in (t)
Using these two equations it is possible to calculate
amplitude modulation A IQM (t) (3) and phase modulation
φ IQM (t) (4) of IQ modulator [4].
√︃
⃒
⃒
(︂
)︂
(︂
)︂
⃒ E out (t) ⃒ 1
u Q (t)
2 u I (t) π + cos2
⃒
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A IQM (t) = ⃒
=
cos
π
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Vπ
Vπ
E in (t) ⃒ 2
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[︂
(︂
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u Q (t)
u I (t)
φ IQM (t) = arg cos
π , cos
π
Vπ
Vπ

(6)

Figure 3: 3 MZMs DQPSK modulator structure (CSRZ-DQPSK).
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The first MZM is used to generate a phase shift of 0 or π
of the phase signal component. The second MZM generates
a quadrature phase shift of 0 or π/2 modulating the quadrature phase signal component. Possible phase differences
at the output of the second MZM are 0, π/2, 3π/2 and π. A
third MZM is used to generate the carrier-suppressed signal.
It is used as a pulse carver. Pulse cutting is performed by
driving the MZM sine wave RF signal at a frequency of one
quarter of the bit rate. The peak-to-peak amplitude is Vπ.
The signal spectra of the CSRZ-DQPSK optical modulator
based on 3 MZMs emitting 193 THz are shown in Figure 4
[11, 12].

Figure 4: Optical spectra of CSRZ-DQPSK modulated signal.

Figure 5: 16-channel 100 Gbps DQPSK DWDM system.

The optical distribution path consists of 50 km of highly
nonlinear single mode optical fiber (HNLF), two erbiumdoped fiber amplifiers (EDFA) and 10 km of dispersion compensating fiber (DCF). The optical distribution path is located in the loop component. The number of loops is 15
(750 km). An advanced SMF simulation model is used. This
means that both linear and non-linear effects are taken into
account. The attenuation is 0.25 dB/km, the chromatic dispersion is 16 ps/km-nm2 , the non-linear refractive index is
n2 = 2.6e−20 m2 /W and the effective fiber cross-sectional
area is Aeff = 80 µm2 . The chromatic dispersion is fully compensated in DCF with the dispersion set at −80 ps/km-nm2 .
Channels are demultiplexed with a AWG demultiplexer with
5.5 dB insertion loss.
Received signal is demodulated in a 90∘ optical hybrid
shown in Figure 6. Received signal is analyzed in electrical
domain and from the received samples, the BER and Qfactor is calculated [6]:
I −I
Q= 1 0 .
(7)
σ1 + σ0

3 Proposed DWDM simulation
model
The 16-channel DWDM simulation model is designed in the
OptiSystemTM simulation software.
The block diagram of the proposed simulation model is
shown in Figure 5. The simulation model consists of three
subsections: a transmitter, an optical distribution and a
receiving section. General simulation features are: bit rate
of 100 Gbps, time window is 2.56e−09 s, sample rate of 320
GHz a sequence length of 256 bits. The number of wavelength channels is 16. The channel wavelengths are set according to ITU-T G.694.1. The simulation is performed in the
optical band C (1530-1565 nm). The channels are then multiplexed by a 16-channel waveguide grid multiplexer (AWG)
with 5.5 dB attenuation (standard value of 16-channel AWG
miltiplex).

Figure 6: Noncoherent DQPSK receiver.

In the equation (7), I1 is the mean value and σ1 is the
deviation of the pulse 1, I0 is the mean value and σ0 is the
deviation of pulse 0. The bit error rate (BER) is calculated
as follows:
(︂
)︂
(︂ 2 )︂
1
Q
1
Q
BER = erfc √
≈√
exp −
.
(8)
2
2
2πQ
2
The threshold for the BER value is 1.0e−10 with Q-factor
6.3613. The performance of proposed DWDM system is not
acceptable for BER higher than 1.0e−10.
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Simulation results are presented for received channel
no. 5 (193.4 THz).

4 Simulation results
The performance of NRZ-DQPSK and CSRZ-DQPSK modulated 16-channel DWDM system with the data rate of 100
Gbps per channel was firstly analyzed over 15 optical segments. Each segment includes 50 km of HNFL, 10 km of
DCF and two EDFAs.
Figure 7 and Figure 8 show comparison between
forward and reflected power of the NRZ-DQPSK and
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CSRZDQPSK transmitter. The most important parameters
of the eye diagram are the eye opening and the thickness
of the lines. CSRZ-DQPSK modulated DWDM system shows
better eye opening which indicates lower bit error rate (BER)
and higher Q-factor. NRZ-DQPSK modulated DWDM system
shows less opened eye diagram. Thicker the lines of the eye
diagram, higher the bit rate. The thickness of the lines also
indicates the OSNR (Optical Signal-to-Noise Ratio). In term
of these results, the nonlinear effects can be mitigated by
deployment of carrier suppressed optical modulation.
Figure 9 shows the eye diagrams of received signals
after 5 loops (250 km). Figure 10 shows eye diagrams of the

Figure 8: Forward and Reflected Power for CSRZ-DQPSK modulation.
Figure 7: Forward and Reflected Power for DQPSK modulation.

Figure 9: Eye diagrams of received signals after 250 km.
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Figure 10: Eye diagrams of received signals after 550 km.

Figure 11: Optical spectra of DQPSK modulated signal.

Figure 12: Optical spectra of DQPSK modulated signal.

signals of the same DWDM system received after 550 km (11
loops).
The dependence between the length of the fiber optical transmission path and the modulation method used in
DWDM is shown in Figure 9.
In the next experiment, the effect of increased CW laser
launch power on the creation of fiber nonlinear effects is
analyzed. The transmission distance is set to 350 km (7
loops). The CW laser launch power is linearly swept from 0
dBm to 10 dBm. Again, the channel 5 is analyzed and BER
is calculated.
Based on the obtained results, the performance of 16channel DQPSK modulated DWDM system can be improved
using optical carrier suppression method. Using the three
MZMs DQPSK modulator structure, also known as CSRZ-

DQPSK optical modulator, the negative contribution of fiber
nonlinear effects can be mitigated. The maximum transmission distance for CSRZ-DQPSK modulated DWDM is 500
km. The BER is 3.96e−010. The BER of NRZ-DQPSK modulated DWDM on the same distance is 4.25e−007 which
is inefficient. The launch power is also very important parameter due to the power dependence of SPM and XPM.
CSRZ-DQPSK modulated DWMD system is more resistant
to nonlinear effects due to the increased launch level. It
means that we can manage the power in such DWDM more
effectively. It also means that using the same launch level,
CSRZ-DQPSK modulated DWDM system has the lower signal
attenuation and thus transmission on the greater distance
can be achieved.
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5 Conclusion
Optical differential quadrature phase shift keying is the
most efficient optical modulation technique for transmitting high data rates. In this paper we compared the performance of 100 Gbps 16 channel DWDM system with NRZDQPSK and CSRZ-DQPSK optical modulation. It is observed
that CSRZ-DQPSK result in higher tolerance to fiber nonlinear effects. Thus, higher resistance to nonlinear effects and
higher performance can be achieved through the carrier
suppressed DQSPK.
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