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Abstract—Ever increasing demand for higher bandwidth and
capacity requests more efficient multiplexing techniques. Recently,
hybrid optical systems have been developed in order to expand
the capacity of optical networks. In this paper a combination
of duty-cycle division multiplexing (DCDM) and polarization
division multiplexing (PDM) system is proposed for long haul
communication. In the proposed system each PDM channel carries
2-channel DCDM where each user is operating at data rate of
10 Gb/s which forms 2 × 2 × 10 Gb/s optical system. Results
show that the bit error rate of 10−9 for worst user is achieved
at received power per chip of 21.12 dBm and optical signal to
noise ratio of 22.08. Furthermore, system analysis demonstrates
that the proposed system can tolerate the ±10 ps/nm dispersion
without any need for compensation.

Keywords—Optical Communication, Hybrid Modulation, Polar-
ization division multiplexing, Duty-cycle division multiplexing.

I. INTRODUCTION

In order to satisfy the growing requirement of higher band-
width, optical multiplexing techniques have been developed
for better utilization of the high capacity of optical fibers.
Several types of multiplexing techniques have been introduced
such as polarization division multiplexing (PDM) [1], time
division multiplexing (TDM) [2], wavelength division multi-
plexing (WDM) [3], [4]. Optical code division multiple access
(OCDMA) system has been developed to share media among
different users mostly in access and local area networks [5],
[6].

Recently an electrical multiplexing technique named duty-
cycle division multiplexing (DCDM), has been reported [7],
[8]. In DCDM, return-to-zero (RZ) signals with different duty-
cycles are used to provide multiple access [9]. DCDM supports
n simultaneous users at single wavelength using n+1 time and
n amplitude levels in each symbol period. There is only one
rising per multiplexing symbol that is located at the beginning
of the symbol. This makes the symbol synchronization of the
system easier. Hence, despite TDM, the synchronization is
much easier in DCDM system. Increasing the capacity of WDM
system using DCDM for long haul optical communication [7]
and using OCDMA system for last mile access [10] has been
demonstrated. The proof of concept experiment of a DCDM
receiver with an acceptable bit rate is demonstrated in [11].

PDM utilizes independent data sets on each of two or-
thogonal optical polarization states to double the total data
throughput. Several optical systems based on polarization mul-
tiplexing have been reported such as time/polarization division
multiplexing [12] and orthogonal frequency/polarization divi-
sion multiplexing [13]. The successful high speed transmission
of PDM is also demonstrated [14].

In this paper, a hybrid DCDM/PDM system is proposed
to extend the capacity of PDM based optical network. The
proposed technique combines electrical coding and optical mul-
tiplexing exploiting RZ signals. Here, users each transmitting at
data rate of 10 Gb/s are electrically multiplexed and transmitted
over PDM channels which forms a 2 × 2 × 10 Gb/s system.
The performance of users are expressed considering their bit
error rate (BER) and eye diagram of received signal and optical
signal to noise ratio (OSNR). Dispersion tolerance of proposed
system is also presented.

The rest of this paper is organized as follows. In section
II, the system architecture of hybrid DCDM/PDM system is
explained in detail. In section III, the simulation results are
demonstrated and BER of users are eventuated. Finally, the
conclusion is presented in the forth section.

II. DCDM/PDM SYSTEM DESCRIPTION

Fig. 1(a) and 1(b) show the possible combination of RZ
signals with duty-cycles of 1/3Ts and 2/3Ts and eye diagram
of back-to-back (B2B) 2-channel DCDM system, respectively,
where Ts is the symbol duration. The last 1/3Ts slot per symbol
is used as guard band which makes the synchronization much
easier.

Fig. 2 shows the system setup for proposed hybrid
DCDM/PDM system transmitting 2 users over one PDM chan-
nel. This setup is simulated using OptiSystem software and
Matlab programming.

At the transmitter, the electrical signals of users with differ-
ent duty-cycles are combined together using an electrical adder.
The optical carriers is polarized into two different orthogonal
states of polarization (SOPs) using a polarization splitter. The
electrical signal from DCDM users are then modulated with
optical carriers using a Mach-Zehnder modulator (MZM) to
complete electro-optic conversion. The modulated signals of
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Fig. 2. Hybrid DCDM/OCDMA system setup with 2 DCDM and N OCDMA channels.

(a)

(b)

Fig. 1. (a) Possible combination of bits and (b) ideal eye pattern of a 2-channel
DCDM system

different channels are then combined deploying a polarization
beam combiner and transmitted over optical medium.

At the receiver side, a polarization beam splitter splits the
modulated optical signals which are then converted to electric
signals by a PIN photodiode. The electrical signal is then
passed through a low pass filter (LPF) followed by DCDM
demultiplexer. The BER of users are calculated using the same
technique as [8].

In this research, the performance of B2B system is inves-
tigated as BER of users by varying the received optical power
(ROP) and OSNR of retrieved signals. Each user in the system
is operating at data rate of 10 Gb/s (2 × 2 × 10 Gb/s hybrid
DCDM/PDM system).

III. RESULTS AND DISCUSSION

Fig. 3 shows the BER of the worst users for B2B system
with two users per PDM channel versus OSNR of received
signal. It can be seen that Considering the worst user, the BER
of 10−9 is obtained at OSNR of 22.08 dB, this shows 2.3 dB
improvement comparing to normal DCDM in which BER of
10−9 is attained at OSNR of 24.11 dB [15].

Performance of proposed system is also investigated by
varying the received power. As the power of different wave-
length may vary due to modulation, the average received power
of all channels is considered. The log of BER for worst user
against average received optical power per chip is illustrated
in Fig. 4. With reference to BER of 10−9, minimum received
optical power of -21.12 dBm is required for each chip in a B2B
system.

Fig. 5 presents the eye diagram of worst channel at BER
of 10−9. The Q-factor values are 7.18, 5.43 and 5.87 for Q1,
Q2 and Q3, respectively.

Fig. 6 shows the effect of chromatic dispersion on the
performance of proposed system. All users show almost similar
behavior at positive and negative chromatic dispersions. Users
with duty cycles of 33% and 66% can tolerate chromatic disper-
sion of ±101 and ±103.5 ps/nm at BER of 10−9, respectively.
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Fig. 3. Log BER against average optical SNR.

Fig. 4. Log of BER versus average received optical power per chip.

Fig. 5. Eye diagram of worst DCDM/PDM user at BER of 10−9.

These results indicate that proposed DCDM/PDM system is
more robust to dispersion in comparison with conventional 4-
channel DCDM which tolerates approximately 95 ps/nm of

Fig. 6. Log of BER versus average received optical power per chip for the
system operating at data rate of 20 Gb/s.

dispersion [16].

In order to evaluate the DCDM/PDM system a comparison
with other multi-bits/symbol systems such as 8-level phase-shift
keying (8-DPSK) and amplitude-/differential phase-shift keying
(ASK-DPSK) [17], [18] is represented. Table I demonstrates
and compares the performance of the different modulation
formats at bitrate of 40 Gbps. Both 8-DPSK and ASK-DQPSK
have better dispersion tolerance compare to DCDM/PDM.
Required OSNR for DCDM is 1.5 and 0.7 dB higeher than
for RZ and NRZ ASK-DQPSK, respectively. DCDM requires
5 and 6.2 dB lower OSNR comparing to RZ and NRZ 8-
DPSK, respectively. In general, ASK-DQPSK with RZ signals
shows the best tolerability to dispersion and receiver sensitivity.
In term of transmitter and receiver complexity, DCDM/PDM
outperforms other systems, where two MZM and photo detector
(PD) and three polarization combiners is the required optical
components at the transmitter and receiver, respectively. 8-
DPSK needs two MZM, one phase modulator (PM) and one
phase shift (PS) component only at the transmitter and four
PDs and two delay and add filters at the receiver. The receiver
of ASK-DQPSK system is even more complex than 8-DPSk.

IV. CONCLUSION

In this research work a novel hybrid multiplexing technique
based on DCDM and PDM systems was proposed. A 2×2×10
Gb/s DCDM/PDM system was investigated using simulation
model. The performance of system was investigated as log of
BER of worst user by varying the average received power per
chip and average OSNR of 4 channels. In addition it was shown
that the minimum average received power of -21.12 dBm is
needed to maintain the BER of 10−9 and the same BER is
attained at OSNR of 22.08 dB. Compared with the pure DCDM
system carrying 4 users DCDM/PDM has shown noticeable
improvement in term of OSNR of received signal. Eye diagram
and Q-factor of worst channel at BER of 10−9 were also
illustrated. In this research, it has been shown that the dispersion
tolerance of proposed hybrid system is around 102 ps/nm. The
main advantage of proposed system is that the capacity of
existing PDM systems could be increased without any need
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TABLE I. COMPARISON BETWEEN DIFFERENT SYSTEMS OPERATING AT
DATA RATE OF 40 GBPS

Modulation Format Complexity Sensitivity
(dBm)

Dispersion
tolerance
(ps/nm)

NRZ 8-DPSK 2 MZM, 1 PM, 1
PS, 1 coupler, 4 PD,
2 delay & add filter,
1 coupler

28.2 177

RZ 8-DPSK 27 368

NRZ ASK-DQPSK 2 MZM, 1 PM, 1
PS, 5 PD, 2 de-
lay lines, 2 PD &
add filter, 1 Gussian
bandpass filter

21.3 226

RZ ASK-DQPSK 20.5 165

DCDM/PDM
3 Polarization

combiner, 2MZM,
2PD

22 104

for modifying the optical system, for DCDM encode/decodes
in electrical domain and it can be implemented using logic
gates [19]. The capacity of DCDM/PDM system itself can
be increased either electrically or optically. In electrical do-
main which is much economical, DCDM system with higher
channels (e.g. 3 or 4-channels) could be employed. On the
other hand, combination of DCDM/PDM and WDM system
will allow to vastly extend the number of users. Based on the
properties of the proposed system, it is an alternative solution
for long haul optical communication. Further improvements
of DCDM/PDM system can be achieved by controlling the
amplitude distribution of different levels.
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