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1Abstract—In this paper we investigate in OptSim software
environment the system performance of intensity and phase
modulation formats for different network scenarios and dense
wavelength division multiplexing grids. OptSim employs the
Time Domain Split Step method to implement the signal
distribution equation in a fiber. We investigate intensity
formats, such as Non Return to Zero, Return to Zero, Carrier-
Suppressed Return to Zero and DuoBinary, and phase
modulation formats like Differential Phase-Shift Keying and
Differential Quadrature Phase-Shift Keying. The main goal is
to compare these formats in terms of bit error rate, Q-factor,
optical reach and grid limitations for transmission rates 10, 40
and 100 Gbps per channel and discuss the possibilities of
increasing their spectral efficiency. We also focus on other
advanced solutions such as the polarization division
multiplexing combined with phase modulations, coherent
detection and advanced digital signal processing which mainly
benefits in spectral efficiency, optical signal to noise ratio and
chromatic dispersion tolerances.

Index Terms—Modulation, optical fiber communication,
optical transmitters, WDM networks.

I. INTRODUCTION

The increasing demand for higher transmission rates over
the existing fiber infrastructure is creating the necessity on
finding other advanced and cost effective solutions and one
of them could be the modeling of new modulation formats
capable of speeds over 100 Gbps per channel. This requires
detailed knowledge on shortcomings and limits of currently
implemented modulations which usually enable in dense
wavelength division multiplexing systems transmission rates
of 10 Gbps, 40 Gbps and 100 Gbps per channel. Some
formats cannot offer higher rates due to their hardware
limitations. Issues like Polarization Mode Dispersion and
nonlinear effects have to be solved to achieve lower Bit
Error Rates (BER) at the receiver. We use OptSim [1], [2] to
investigate the performance of the intensity, phase and other
advanced modulation formats for different dense wavelength
division multiplexing (DWDM) grids and transmission rates
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of 10 Gbps, 40 Gbps and 100 Gbps per channel for a given
network topology. Investigated formats include Non Return
to Zero (NRZ), Return to Zero (RZ), Carrier-Suppressed
Return to Zero (CSRZ), DuoBinary (DB), Differential
Phase-Shift Keying (DPSK), Differential Quadrature Phase-
Shift Keying (DQPSK) and Polarization Division
Multiplexing Quadrature Phase-Shift Keying (PDM-QPSK).

II. STATE OF ART

Multilevel intensity modulation formats deal with
significant back to back receiver sensitivity penalties,
therefore the attention in this paper is paid primarily to the
binary intensity formats. In reference [3], authors extensively
compare intensity and phase modulation formats with
respect to chromatic dispersion, polarization-mode
dispersion, WDM crosstalk, optical amplifier noise,
narrowband optical filtering and fibre nonlinearity. In this
paper we investigate the most two common intensity
formats, i.e. NRZ and RZ, as well as CSRZ. DB is another
format considered in the simulation setups, due to its high
tolerance to chromatic dispersion and narrowband optical
filtering. On the other hand, phase modulation formats offer
higher spectral efficiency and optical signal-to-noise ratio
(OSNR) tolerance at the cost of transceiver's complexity.

In [4], authors investigate different types of formats, such
as NRZ, RZ, CRZ, CSRZ, DB, RZ-DPSK, NRZ-DPSK
applied in WDM-PONs for link distances from up to 50 km
and rates 1.25 Gbps, 2.5 Gbps and 10 Gbps. The study given
in [5] shows a detailed performance comparison of various
types of DB and phase shaped binary transmission (PSBT)
formats for 40 Gbps and mixed 10/40 Gbps long-haul WDM
transmission systems based on standard single mode fiber
(SSMF) and LEAF. Both DB and PSBT formats are more
robust to intra-channel Kerr nonlinear effects than NRZ. DB
generally offers an acceptable compromise between
robustness to OSNR degradation and chromatic dispersion
immunity. On the other hand, DB is a little bit less resistant
to differential group delay than NRZ. DPQSK is primarily
limited by cross-phase modulation (XPM) and is more
suitable for transmission based on SSMF.

Authors in [6] evaluate the performance of 42.7 Gbps
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DWDM systems for formats such as NRZ-OOK, DB, NRZ-
DBPSK and RZ-DQPSK. Results from simulations show
that RZ-DQPSK combined with LEAF for 50 GHz channel
spacing and spectral efficiency of 0.8 bit/s/Hz can provide
approximately 50 % improvement in terms of transmission
distance over implementations based on other fiber and
modulation formats. In [7], DPSK and DQPSK formats with
NRZ, 33 % RZ and CSRZ are investigated in 160 Gbps
channels. Chromatic dispersion, higher-order chromatic
dispersion, nonlinearity and OSNR are considered as well.
Simulation results show that RZ-DQPSK offers the longest
reach, NRZ-DQPSK offers the highest dispersion tolerance
and RZ-DPSK enables the highest nonlinearity tolerance.

Other advanced solutions have recently been designed
such as PDM-QPSK. PDM has been widely denoted either
by polarization multiplexing, polarization division
multiplexing, dual polarization or orthogonal polarization
[8]. PDM-QPSK combined with coherent detection [9] and
advanced digital signal processing offers a very promising
modulation format designed primarily for 100 Gbps optical
channels. Authors in reference [10], investigate the
performance of 100 Gbps PDM-QPSK channels for 8 Tbps
transmission over a dispersion managed link based on low
dispersion fibers. Experiment in reference [11] compares the
system performance of 80 Gbps × 112 Gbps long-haul
PDM-QPSK DWDM transmission over large-area fiber and
SSMF spans. Other modulation formats for 100 Gbps and
higher rates are recently under research, e.g. the Dual
Polarization Multi-Band OFDM (DP-MB-OFDM) format.
Authors in reference [12] show that DP-MB-OFDM and
PDM-QPSK offer nearly the same performance at 100 Gbps
after transmission over a 10 km × 100 km fiber line. Another
promising modulation format for transmission rates
100 Gbps and especially for those higher [13], [14] is the
combination of polarization division multiplexing with
Quadrature Amplitude Modulation (QAM) formats.
Experiment in reference [15] shows the suitability of
256 Gbps PM-16QAM and 128 Gbps PM-QPSK modulated
signals in long-haul and submarine systems with span
lengths over 100 km.

III. METHODS

The results are obtained using OptSim, which employs the
Time Domain Split Step (TDSS) method to realize the signal
propagation through the fiber. The monitors we use are eye
diagrams, BER and Q-factor. In this section we also describe
the simulation setups, their components and parameters.

A. Time Domain Split Step method
The propagation equation that the TDSS method solves is
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where A(t, z) describes the complex envelope, L linear
effects, and N non-linear effects [2]. The Split-Step
algorithm applies L and N components separately to
calculate A(t, z) over small fibre spans. OptSim uses TDSS
method to calculate the operator for linear effects in the time
domain by applying convolution in sampled time [2]
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where h is the impulse response of L.

B. Bit Error Rate, Eye Diagram and Q-factor
The monitors we mainly use in this paper are BER, eye

diagrams, and Q-factor. From the eye diagram's graphical
appearance we could judge the amount of noise, inter-
symbol interference, jitter and signal distortion. Q-factor
specifies the minimum required OSNR to get a certain BER.
It can be expressed from the mean values μ of logical 0 and
1 and their corresponding standard deviations σ [16]
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Q-factor and BER are related as follows [16]
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C. Transceivers
In this section we describe the transceiver's design for

each of the investigated formats [17], [18]. The NRZ
transmitter is based on a continuous wave laser externally
modulated with a Mach-Zehnder modulator (MZM). We set
parameters, such as bit rate, laser frequency, full width at
half maximum, output power of the laser, loss inserted by
the modulator, etc. The RZ transmitter’s design is similar to
that of NRZ. Unlike NRZ, we set the RZ raised cosine
format in the electrical signal generator. For the CSRZ type,
a NRZ optical generated signal is subsequently modulated
by a second MZM, which is driven by a sinusoidal signal
with a frequency half of the bit rate. Any two adjacent bits
will have a π phase shift and it is possible to suppress the
carrier and generate a CSRZ modulated signal.

The DB transmitter consists of an amplitude dual-arm
MZM with two electrical inputs: the first one is the standard
electrical signal achieved by pseudorandom binary sequence
signals passing through a NRZ driver a low-pass filter, and
the second input by performing a bitwise logical NOT
operation on the logical input which again travels through a
driver and an electrical filter. Similarly as for NRZ, a
continuous wave laser is used as a light source. A similar
receiver as in the previous modulation formats is used.

NRZ-DPSK transmitter's design is similar to that of NRZ,
but instead of the MZM, a phase modulator with 180° phase
shift is deployed. A low-pass filter is used between the
driver and modulator to include the impact of a non-ideal
binary to electrical signal conversion. The RZ-DPSK
transmitter includes additionally among others a second
modulator to generate RZ output pulses.

In a NRZ-DQPSK transmitter, the two input encoded in-
phase and quadrature binary signals are converted into
electrical waveforms which drive two MZMs. A continuous
laser source is used for both MZMs. The output of one of the
modulators travels through a phase modulator used to obtain
an additional phase shift of 90°, which is required for the
quadrature component. Signals are then combined together
to generate a single DQPSK modulated signal. Additional
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components include two low pass filters between electrical
signal generators and MZMs to consider also the non-ideal
binary to electrical signal conversion. For RZ-DQPSK, an
additional MZM is used to create the RZ output pulses.

In a PDM-QPSK transmitter we have to deal with four
signal components for the in-phase respectively quadrature
signals and for the two polarizations. Similarly as in
previous formats, the binary to electrical signal conversion is
performed, and low pass Bessel filters are used again to
consider the impact of a non-ideal conversion. The four
electrical signals are then launched to two QPSK
modulators, two per each. The output signal of one of the
modulators travels through a polarization rotator and then it
is combined with the output from the second QPSK
modulator to obtain a single PDM-QPSK modulated signal.

For NRZ, RZ and CSRZ, we use a compound receiver
which models a photodetector, an electrical amplifier and an
electrical filter. A DPSK receiver consists of a delay
interferometer for decoding purposes and a balanced
receiver modeled using two regular compound receivers,
where the electrical output of the first one is added to the
second's inverted output. Meanwhile a DQPSK receiver is
modeled using two balanced 2DPSK receivers for the in-
phase and quadrature signals, each composed of a tunable
Mach Zehnder interferometer and two PIN photodetectors.
The PDM-QPSK receiver includes many components such
as a single ended 90° hybrid with local oscillator and four
PIN photodiodes to enable the coherent detection; trans-
impedance amplifiers, electrical filters, electronic dispersion
compensator and in the end a memoryless blind receiver to
separate the in-phase and quadrature components and
orthogonal polarizations.

D. Simulation Setups
The overall system performance of certain modulations is

degraded beyond a certain transmission rate (results in
section IV) and their deployment in a DWDM network starts
to become inefficient without further transceiver's
improvement. Such formats have been excluded from the

comparison after a certain bit rate in order to figure out the
most appropriate format in the assumed network scenario for
a given transmission rate. We investigate two passive optical
network topologies. The first one is based on a single fiber
to primarily find the maximum reach (Fig. 1).

The second one (Fig. 2) is a tree topology to find out how
formats could run in a typical optical access network.

Several transmitters are used to generate the DWDM
channels with approx. 1550 nm central channel.
Transmitter's optical power is set to 0 dBm for comparison
purposes. We use SSMF with 0.2 dB/km of loss. WDM
multiplexers and demultiplexers are modelled as a set of
filters whose parameters have been optimized for each
modulation format. The goal is to achieve as higher spectral
efficiency as possible. The measurement components we use
include signal analysers, spectrum analysers, BER testers,
eye diagram analysers, optical power meters, etc.

PDM-QPSK is primarily designed for 100 Gbps channel
systems and our purpose of simulating this format in OptSim
is to figure out its suitability in long haul transmission
systems. For this reason, another type of the simulation
design has been used. The optical signal is noise loaded to
extract the receiver BER as the function of OSNR [19] as
schematically shown in Fig. 3. We use non-zero dispersion
shifted fibers with 0.2 dB/km of loss and chromatic
dispersion around 4 ps/nm/km at the considered band. Each
fiber span length is set to 100 km and separated from each
other by optical amplifiers with a fixed gain equal to 20 dB.

We also consider in the PDM-QPSK transmitter a 7 % bit
rate overhead for forward error correction. The simulation
results are given in Section IV part C.

IV. RESULTS AND DISCUSSION

A. Intensity Modulation Formats
NRZ has been widely deployed due to its easy generation,

cost efficiency and sufficient bandwidth to fulfill the
network requirements.

Fig. 1. Standard topology for 10, 40 and 100 Gbps DWDM systems.

Fig. 2. Tree topology for 10 Gbps, 40 Gbps and 100 Gbps DWDM systems.

Fig. 3. Simulation scheme for the 100 Gbps PDM-QPSK DWDM system.
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In this section we discuss this format and compare it with
other intensity formats. In Fig. 4, we show optical spectra of
intensity formats that we have investigated for 10 Gbps and
40 Gbps transmission systems. Each transmitter's output
power is set to 0 dBm and the operating wavelength to 1550
nm. A spectrum analyser is placed directly after the
transmitter for simplification purposes. The scale of the x
axis has been adjusted for each transmission rate for
comparison purposes. The NRZ format has a narrower main
lobe than other formats. One can observe the spectrum
broadening of RZ while comparing it with NRZ, which
results in an ineffective bandwidth utilization. However
NRZ is prone to chromatic dispersion and nonlinear effects
like XPM due to the fact that bits occupy the entire bit slots
and this has a strong impact on NRZ's limitations. As
mentioned in section III part C, the CSRZ modulated signal
introduces a π phase shift between adjacent bits resulting in
carrier suppression (Fig. 4) which can reduce the
interference between adjacent pulses. In the first step, each
of the three formats was simulated according to the topology
in Fig. 1. Results showed that the acceptable DWDM grid
starts from 25 GHz. NRZ and CSRZ could achieve at least
10-10 BER up to 80 km of reach with the proper use of
optical filters in the 10 Gbps DWDM system with 25 GHz
channel spacing. RZ did not perform well primarily due to
its broader spectrum and higher interference between
adjacent channels.

(a) (b)

(c) (d)

(e) (f)
Fig. 4. Optical spectra of intensity modulation formats for 10 Gbps and
40 Gbps.

Similar results were also achieved for the tree topology.
As an example, NRZ and CSRZ could enable up to 24 km of

reach consisting of three fiber spans: 12 km, 8 km and 4 km
separated by 1:8 and 1:32 splitters (Fig. 2). Nevertheless,
there was seen a slight improvement in terms of BER by
CSRZ due to its suppressed carrier which reduces inter-
channel interferences. The transition to higher transmission
rates emphasis the shortcomings of every format as can be
expected for the spectra shown in Fig. 4. As for 40 Gbps and
higher, all formats did not perform well due to their
significant increased crosstalk penalties, resulting in a highly
deteriorated performance, especially in DWDM systems.

Subsequently, we investigate the DB format. The results
from spectrum analysers are shown in Fig. 5 for a DB
modulated signal at 10 Gbps and 40 Gbps.

(a)                                                      (b)
Fig. 5. Optical spectra of DB for 10 Gbps (a) and 40 Gbps (b).

As can be seen, its spectrum gets much broader, as the
transmission rate increases. The DB format primarily
benefits in high chromatic dispersion tolerance and
narrowband optical filtering. This could potentially be
applicable for increasing the spectral efficiency in WDM
systems. The minimum channel spacing was found to be
12.5 GHz for 10 Gbps transmission systems. In such
scenario, DB is capable of offering up to 110 km of optical
reach, which clearly proves the suitability of this format at
this speed over the previous intensity format. Deployment of
25 GHz channel spacing could offer up to 27 %
improvement in terms of the maximum optical reach. For
this scenario, the DB format was also simulated for the tree
topology. The minimum BER was obtained at these SSMF
lengths: 25 km, 15 km, 5 km, separated by 1:8 and 1:32
splitters similarly as for the previous formats. DB's immunity
to nonlinear effects especially at higher transmission rates is
not that different from previous binary modulation formats.
DB could only offer up to 15 km of optical reach in a
40 Gbps DWDM system with 100 GHz channel spacing. In
order to achieve better results, the dispersion map
optimization is necessary among others.

B. Phase Modulation Formats
In this section we discuss the results for phase based

formats such as DPSK, RZ-DSPK, DQPSK and RZ-
DQPSK. In Fig. 6, we show optical spectra of DPSK and
RZ-DPSK for 10 Gbps and 40 Gbps.

The design of transmitters was described in Section III
part C. For comparison purposes we have adjusted the scale
of the x axis to show how spectra differ from each other. As
can be seen from Fig. 6, DPSK's spectrum at 40 Gbps starts
to be much wider, which extensively decreases its efficiency
especially for DWDM systems at such transmission rate and
becomes deprecated for higher ones. Simulations showed
that phase-based formats offer higher spectral efficiency
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while comparing with OOKs at the cost of transceiver's
complexity.

(a) (b)

(c) (d)
Fig. 6. Optical spectra of DPSK and RZ-DPSK for 10 Gbps and 40 Gbps.

At first glance, DPSK's narrow main lobe could offer
higher spectral efficiency than RZ-DPSK. On the other side
RZ-DPSK could achieve higher crosstalk penalties. For
100 Gbps, DPSK's performance significantly degrades. We
compare both formats in DWDM systems (Fig. 1) in terms
of BER, Q-factor and maximum optical reach. The minimum
acceptable channel spacing at 10 Gbps was found to be
25 GHz. In such scenario, DPSK can offer up to 105 km of
optical reach. On the other hand RZ-DPSK offers 6 % less,
primarily due to its wider spectrum (Fig. 6), which causes at
this grid higher interference between adjacent channels.
Both formats were also simulated for the tree topology
shown in Fig. 2. DPSK can offer up to 100 km reach
consisting of 60 km, 30 km, and 10 km fiber spans, which
are separated by splitters 1:8 and 1:32. RZ-DPSK's result is
very similar, and there is only a slightly better result
achieved by DPSK, which offers approx. 5 km longer reach.

DPSK and RZ-DPSK are also compared at 40 Gbps.
Their grid limitation was found to be 100 GHz for the
assumed topologies. The system performance of both
formats was significantly decreased. For such a reason,
SSMFs used in these simulations were replaced by the
world's most widely deployed Non-Zero Dispersion-Shifted
Fiber, i.e. Corning LEAF. As a result, DPSK could enable
up to 26 km optical reach and RZ-DPSK around 8 % more,
for a minimum BER of 10-10. Implementation of these
formats in the tree topology with SSMFs shown in Fig. 2 is
not efficient. Both formats were not able to reach over
10 km due to the high insertion loss of 1:8 and 1:32 splitters.
Other splitters with a lower split ratio have to be used and
LEAFs can be deployed again instead of SSMFs.

In the following part, we investigate DPQSK and RZ-
DQPSK. In Fig. 7, we show their optical spectra that we
obtained from spectrum analysers in OptSim.

DPQSK's compression in frequency offers higher spectral
efficiency compared to DPSK primarily at 10 Gbps, as well
as increased tolerance to chromatic dispersion and
polarization mode dispersion due to its longer symbol

length. DQPSK can double the bit rate for a given
bandwidth, or it can halve the required bandwidth for a
certain bit rate. The numerical results showed that DQPSK
could achieve after optimizing the simulation parameters a
maximum reach of 100 km for at least 10-10 BER, without
using any active component in the optical path in a 10 Gbps
transmission system with 12.5 GHz channel spacing (Fig. 1).
Larger channel spacing significantly decreases the inter-
channel interference. In case of DQPSK, a channel spacing
of 25 GHz could achieve up to 40 % reach improvement.
RZ-DQPSK improves the system performance at the cost of
the transmitter's complexity. This format could offer up to
130 km of reach for 12.5 GHz channel spacing and 45 %
more for 25 GHz spacing. The tree topology network has
been tested as well. The best result was achieved by 10 Gbps
RZ-DQPSK system with 25 GHz spacing, which could offer
up to 180 km reach consisting of 110 km, 60 km and 10 km
fiber spans (Fig. 2), separated by 1:8 and 1:32 splitters.

(a) (b)

(c)                                                      (d)

(e) (f)
Fig. 7. Spectra of DQPSK and RZ-DQPSK for 10 Gbps, 40 Gbps and 100
Gbps.

Subsequently, 40 Gbps DQPSK modulated signals were
investigated. The system performance using SSMFs was
extensively decreased. Similarly as for DPSK, SSMF was
replaced by LEAF. Simulations showed that 40 Gbps
DQPSK systems with a single channel and LEAF could
reach up to 45 km and RZ-DQPSK about 7 % more. Based
on this setup, we built in OptSim several 40 Gbps DQPSK
DWDM scenarios. The limitation was found to be at 50 GHz
spacing, for which the system could offer up to 35 km of
reach to obtain at least 10-10 BER. Results showed also that
RZ-DQPSK’s maximum reach is in this case 10 % lower for
the same simulation parameters, primarily due to its wider
main lobe which causes a higher inter-channel interference.
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As can be expected from Fig. 7, simulations showed that the
performance of 100 Gbps DQPSK DWDM system based on
LEAF is not efficient without further improvements in
transceivers, deployment of optical amplifiers, etc. The
maximum reach did not cross 10 km and the maximum
allowed spacing was found to be 100 GHz. Next session will
show that PDM-QPSK proves to be the appropriate
modulation at 100 Gbps.

C. Polarization Division Multiplexing
In this section we discuss the results related to PDM-

QPSK. This format has been simulated only for 100 Gbps
since other formats without such a transceiver as PDM-
QPSK's one (Section III part C) perform well at lower
transmission rates and accomplish the contemporary
infrastructure needs. Its optical spectrum is shown in Fig. 8.

Fig. 8. Optical spectrum of a 100 Gbps PDM-QPSK modulated signal.

As it can be seen from the spectrum, this format can offer
high spectral efficiency although it deals with transmission
rate 100 Gbps per channel. The PDM-QPSK coherent
detection provides high sensitivity receivers making it a very
promising format for standardization. PDM increases the
transmission capacity while comparing with DQPSK or
other multilevel formats. The simulation results that we
obtained in OptSim are based on the scheme shown in
Fig. 3. We could find that the maximum allowed channel
spacing is 50 GHz. By properly setting the parameters on
transceivers, including those of optical filters, PDM-QPSK
could enable 2000 km of optical reach, i.e. 20 fiber spans of
100 km each, separated by inline amplifiers with fixed gains
20 dB (Fig. 3). For this reach, a total pre-FEC value for all
four signals was found to be in the order of 10-4 for 20 dB
span loss, which demonstrates the capability of this format
of performing well even after such a long transmission
system without any inline dispersion compensation.

V. CONCLUSIONS

In this paper we investigated intensity, phase and PDM
based modulation formats for optical communications. The
main goal was to find out their limitations in commonly used
network topologies. RZ was found to be mainly limited by
its broader spectrum and higher inter-channel interference
compared to other investigated intensity formats. CSRZ
improves the overall system performance in terms of BER
and maximum optical reach due to its suppressed carrier.
However, CSRZ and NRZ offered similar results in 10 Gbps
DWDM networks with the minimum acceptable channel
spacing of 25 GHz. Transition to higher bit rates
significantly decreased the performance of all these intensity
formats. On the other hand, DB proved its suitability over

the other intensity formats due to its high chromatic
dispersion tolerance and narrow spectral width. DB could
enable over 100 km of optical reach for a 10 Gbps DWDM
system with 12.5 GHz channel spacing. Although at 40 Gbps
DB was more efficient than other formats, its immunity to
nonlinear effects was not that different. Phase-based
modulations offered high spectral efficiency at the cost of
transceiver's complexity. As an example, both DPSK and
RZ-DPSK could enable around 100 km of reach for a
10 Gbps DWDM system with 25 GHz spacing. At 40 Gbps
results were quite poor, and improvement was achieved by
replacing SSMFs with LEAFs. DQPSK and RZ-DQPSK
offered higher spectral efficiencies due to their compression
in frequency, increased tolerance to chromatic dispersion as
well as to polarization mode dispersion, compared to DPSK
and RZ-DPSK. DQPSK could enable up to 100 km of reach
in a 10 Gbps system with 12.5 GHz spacing and RZ-DQPSK
around 30 % more. Significant improvements were observed
for both formats while choosing larger channel spacing. At
40 Gbps, both formats performed well while deploying
LEAFs instead of SSMFs. The maximum optical reach was
35 km for the lowest acceptable channel spacing, i.e. 50
GHz. At 100 Gbps the only efficient modulation was found
to be PDM-QSPK, which combines the benefits of phase-
based modulations with PDM, as well as coherent detection
and advanced signal processing, at the cost of transceiver's
complexity. 100 Gbps PDM-QPSK system was successfully
simulated for a 2000 km DWDM system with 50 GHz
channel spacing and without inline dispersion compensation.
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