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Performance Analysis of 16-Channel Hybrid WDM-
CSRZ-DQPSK PON for Different Transmission Speeds
and Distances

Irin Sultana Bristy, Mohammad Nasir Uddin

Abstract—Sixteen  channel  wavelength-division-multiplexed
passive optical network (WDM-PON) based on one Mach-Zehnder
modulator and carrier suppressed return to zero differential
quadrature phase-shift keying (CSRZ-DQPSK) transmitter is designed
and evaluated for various bit rates (20 Gbps to 80 Gbps). The effect of
changes in transmission distance with increased bit rate is also
discussed and hence quality factors and bit error rates are analyzed to
evaluate their performances. The relation between transmission
distance, quality factor (Q factor) and bit error rate (BER) have been
focused to determine the optimized result.

Keywords—Mach-Zehnder modulator, dual-drive (DD) Mach-
Zehnder modulation, carrier suppressed return to zero differential
quadrature phase-shift keying, wavelength-division-multiplexing,
passive optical network, bit error rate, quality factor.

I. INTRODUCTION

As the number of users is being increased, high speed with
longer transmission range and better signal quality is essential for
today’s communication system. The majority of communication
sectors are focusing on higher bandwidth to meet their user
demand [1]. Transmission speed and security is also another two
important requirements for this upgrading system. Optical fiber
network satisfies this combined necessity better than the traditional
copper-based access network by providing faster-transmitted
information with security. Time-division multiplexing (TDM) is a
mostly known optical fiber network system that is reliable for a
lesser number of users. But in case of increased number of user
wave division multiplexing (WDM) based passive optical network
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(PON) shows better performance with bandwidth expansion.
WDM-PON provides higher bandwidth compared to standard
PON and this operation is usually done in single wavelength mode
[2]. In WDM system, each wavelength is assigned for individual
users where MUX or DEMUX is used as node splitter. This is why
power-splitting loss doesn’t occur in WDM-PON configuration [3,
4]. Low power-splitting loss enables this scheme to transmit
signals for a long-distance that is more than 20 km. So, the use of
PON in a telecommunication system is credibly increased due to
its comparatively cost-saving property and high security to provide
fiber to the home (FTTH) [5]. As a result, the WDM-PON will
become a ground-breaking and accessible broadband network
technology to provide high bandwidth to the user [6].

The convergence of access networks is also an important
parameter to minimize the framing cost in case of high data rate in
PON technology. This is why a converged network with WDM-
PON and WiMAX system is designed and evaluated in which the
data are modulated with multi-band technique through Single
Mach-Zehnder modulation [7].

Another important feature grabs concentration while designing
a PON system is good channel spacing. Several integrated optical
interferometers in WDM applications have been investigated to
propose increased channel spacing [8]-[11]. Here, they proposed a
four-channel optical waveguide multiplexer or demultiplexer
having a channel spacing of 5 GHz for frequency division
multiplexer (FDM) based transmission system. Generally in
WDM system, Mach-Zenhder modulators are used for upgrading
network systems due to its asymmetrical Mach-Zehnder
interferometer having two arms with different lengths which
enable wide-ranging channel spacing.

The Mach-Zehnder modulation scheme is also used for
controlling the amplitude of an optical wave from a laser source.
A single-stage dual-drive Mach-Zehnder modulator for radio over
frequency (RoF) architecture is suggested for a low-cost external
modulation scheme [12]. Single dual-drive Mach-Zehnder
modulation scheme is analyzed and suggested for less complexity
and better performance which is also cost-effective [13]. In this
paper, they evaluated the performance of conventional 3 MZM
based CSRZ-DQPSK transmitter system as well as non-
conventional 2 MZM and Single dual-drive MZM using the same
transmission scheme. Low cost with less complexity is the
concerned factors here for single-channel 20 Gbps scheme and
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considering the low-cost arrangement, Single dual-drive MZM is
suggested. For improving dispersion tolerance, mono-stage MZM
is also demonstrated for CSRZ generation [14].

The binary data from bit generator should be encoded into
electrical signal or optical waveform signal. In the case of external
modulation, nonreturn to zero (NRZ) format provides the most
straight-forward data generation method among all formats. Two
NRZ are used in this proposed scheme to provide less complexity
and large dispersion tolerance. For OCDMA (Optical code
division multiple access) in FTTH network, NRZ format shows
better performance with BER 1x1071* than RZ (Return to zero)
[15]. For long-haul and high-speed data-rate NRZ is recommended
for its low BER and high Q factor [16].

Differential quadrature phase-shift keying (DQPSK) is used
for a more compact spectrum as two-bit information is carried by
a single optical symbol. DQPSK also provides better tolerance
towards chromatic dispersion [17]. This scenario happens because
a single optical symbol carries two-bit information and all the

information is precoded in differential optical phases such as 0, g
3

wand —.
2

From the literature review, it is clear that increasing channel
capacity of WDM and a simple MZM system for wide channel
spacing, are the concerned factors for better transmission quality
with band-efficiency. In this paper, signals with sixteen channels
are performed in WDM-MZM transmission system with CSRZ-
DQPSK format for different bit rates and various transmission
distances where quality factor (Q factor) and bit error rate (BER)
are the focused parameters for measuring received signal quality
and comparing performance. Using a data stream consist of 16
channels enables satisfying band efficiency for the increased user.
Single dual-drive MZM also provides cost-saving and less-
complex scheme for external modulation in a long haul.

Il. METHODOLOGY

A. Single Dual-Drive Mach-Zehnder Modulation

The operation of a single dual-drive Mach-Zehnder modulator
is discussed and investigated for good channel spacing. Fig. 1
shows the basic structure of a dual-drive MZM. The dual-drive
MZM consists of two-phase modulators that can be operated
independently. Assuming steady-state operation, the two arms of a
dual-drive MZM have independent drive voltage E; and E,. Input
electric field is E;. So the output electric field is:

ot o (i 2) e ()]
Laser ¢E’
Ein —
—+<_ > E
—5—
Eq

Fig. 1: Basic structure of a dual-drive MZM

V, is the voltage to provide a phase shift of each phase
modulator. The MZM is operated as a phase modulator if E;=E|,.
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Any quadrature signal can be generated by choosing both of the
voltages properly. The relationship (1) between input and output
electric field can be rewritten in the normalized form of:

Eo=nex (¢t — ejcbz) @)

Where phase <1>1— 81 and phase c]>2— —=, The output electric
field E, isthe dlfference of two vectors |n the circle which have a
radius of % The MZM of (2) is normally biased at the

minimum transmission point or the null point. The amplitude of
the maximum output electric field is 7,,,,, when E; =E;, or ¢, and
¢, are antipodal phase.

B. DQPSK Precoder

The dual-drive MZM requires a reduced number of signal
levels and so this kind of transmitter scheme is suitable for
generating differential quadrature phase-shift keying (DQPSK)
signals for higher spectral efficiency transmission. In any
transmitter scheme, a precoder is compulsory with the purpose of
avoiding recursive decoding in the receiver end as well as
minimizing error propagation to decrease hardware complexity.

U; and V; are the input signals in the DQPSK precoder that
come from the PRBS which have different bit rates each time. I;
and Q; are the DQPSK coding output and they are described as:

L= Q-1 ® Li-1) (Ui @ L-1)*(Qims @ Li-1) (Vi @ ;1) ©))
Qi=(Qi-1 ® L) (Vi @ [i-)+(Qie1 B [i-1) (U & I1y) 4

The Mach-Zehnder modulator generates in-phase data with a
phase-shift of 0 and 180°. The value of | and Q can be marked as
(00, 01, 10, 11) and the logic operation of the precoder is shown in
TABLE I. E;, is the incident light beam from CW laser source.
E;and E, are the spitted parts of the input signal with 90° phase

shift. These two microwave signals are indicating I-phase and Q-
phase of the precoder.

TABLE I. Phase-shift corresponding to Bit Pairs

Bit sequence Phase (8) I; Q:
00 45° Z al
01 135° A Q;
10 315° I; 0
11 225° I; Q;

C. Single Dual-drive (DD) Mach-Zehnder Modulation Based
Transmitter Scheme

A 7 phase-shift between the two modulating signals is needed
in case of carrier suppressed with a double sideband where for
single-sideband this phase-shift is 7 /2 and +r /2. This scenario
happens in a transmission scheme with two MZM. Sine generator
is eliminated because of the mono-stage MZM based transmission
system.

A bit generator provides signals at a speed of different bit rates
which is precoded later by 4-DPSK precoder to get | and Q signal
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components. The NRZ pulse generator creates a sequence of non-
return to zero pulses coded by the PRBS. NRZ is not self-clocking
so supplementary techniques should be used to avoid bit slip.
Synchronization in NRZ is controlled through a square wave signal
known as bit clock. The block diagram of the Single Mach-
Zehnder modulation based transmitter is shown in Fig. 2.

NRZ Pulse
Generator

0101...

PRBS 4-DPSK
Order 31 Precoder
A\ 4
—
I
| ==

T
|
j

NRZ Pulse
Generator

Laser source
Power= 10dBm

Dual drive MZM

Fig. 2: Block diagram of Single DD Mach-Zehnder modulation
based transmitter

D. Noncoherent Receiver Scheme

A demultiplexer is used at the very beginning of the receiver
unit to reform every signal. The signal with 1-bit delay and 45°
phase shift is converted to electrical signal from optical one by PIN
and 3R (re-time, re-amplifier, re-shaping) regenerator. Electric
subtractor is used to receive both the converted components and
send them for re-shaping. At the end of the scheme, eye diagram
analyzer and BER analyzer are used to evaluate performance. A
block diagram of a receiver for downstream signals in the optical
network unit is shown in Fig. 3.

Ria

2% 2x2 Photo-detector
X Coupler X Coupler PIN
1 1010
x _n
16 Subtractor WW
Ao

Optical
Null

1 bit delay

DWDM Delay= 2/bit rate

3R
Regenerator
Phase shift *#
45 degree \
Photo-detector

PIN
Fig. 3: Block diagram of the receiver unit

I11. SIMULATION

All the simulation parameters are shown in TABLE Il below.
A continuous wave (CW) laser array having sixteen different
output ports is used to provide signals to the modulator units. Laser
array has equally spread wavelength ranges from 1565 nm to 1541
nm.

There are sixteen units of modulators in the transmitter unit
which provide all the encoded and modulated signals to the 16x1
wavelength-division-multiplexer. Dispersion compensating fiber
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(DCF) is placed followed by single-mode fiber (SMF) to
compensate the loss due to spreading light waves while
propagating. For the optimized result, EDFAs (erbium-doped fiber
amplifier) are used to compensate the attenuation loss of fiber.
EDFA amplifies the optical signal directly without requiring its
conversion to the electric domain. Traveling through single-mode
fiber optic, these signals are reformed separately by 1x16
WDMUX and sent to the coupler of the corresponding receiver
unit. PIN detector converts optical input to electrical output. Low
Pass Bessel filter is used which passes the low-frequency signal
and discard high-frequency carrier signal. The output from the
receiver unit goes to the 3R regenerator followed by the eye
diagram analyzer.

TABLE II. Simulation Parameters

SI. No. Parameters Values

1. Laser linewidth 0.1 MHz

2. PRBS bit rate 20 Gbps, 40 Gbps, and
80 Gbps

3. PRBS order 31

4, Optical power 10 dBm

5. Fiber distance 10 km, 50 km, 100 km,
150 km and 200 km.

6. Fiber attenuation 0.2 dBm/km

7. Operation wavelength 1550 nm

8. Fiber dispersion 0.2 ps/nm/km

9. Dark current 10 nA

10. Cutoff frequency 0.8xbit rate (GHz)

11. Photodiode responsivity | 0.8 A/W

IV. RESULT AND DISCUSSION

The entire scheme of the 16x1 WDM based passive optical
network has been analyzed for different bit rates and various
distances. The measurement components like eye diagram
visualizer, BER analyzer are used for measuring Q factor and Bit
error rate. Three different simulation setups for three different bit
rates have been used for analyzing and evaluating performance.
The operating wavelength of the SMF is fixed at 1550 nm as the
central wavelength of all the channels is 1550 nm. The modulation
bandwidth of PIN is 2 GHz.

Wavelengths usually vary from 800 nm to 1600 nm, but so far
the most commonly used wavelengths in fiber optics are 850 nm,
1300 nm, and 1550 nm. For these wavelengths, the attenuation of
the fiber is less compared to other wavelengths. But the widespread
used wavelength for long haul communication is 1550 nm due to
the absorption characteristics of the glass materials used in fiber.
Besides, for short wavelengths, Rayleigh scattering starts
increasing. Wavelength series for this simulation setup ranges
from 1541 nm to 1565 nm. As the operating wavelength of SMF
is 1550 nm, so wavelength series is chosen in the way that the
central wavelength can be operated as best while traveling through
this fiber. High frequency or low wavelength upsurges the line
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resistance that leads to decrease signal quality. In the entire data
stream, it is observed that the best performing channel is operating
at 1550 nm wavelength and the worst-performing channel is
operating at 1541 nm wavelength.

A. Analysis of Q Factor

Fig. 4 shows the signal quality for different distances
corresponding to their bit rate. In the case of 20 Gbps bit rate, Q
factor varies between 33 and 3.2 for transmitting 10 km to 300 km
respectively. Channel quality and parameters are not significantly
favorable all-time. So, if the worst channel is considered (Fig. 4
(b)), this range becomes 30.5 to 2.6 for the previously mentioned
distances. When this transmission scheme has a bit rate of 40 Gbps,
quality factors of all the channels in the data stream vary 20 to 23
for 10 km traveling distance and 1.9 to 2.5 for 300 km routing
distance. Similarly, the best performing channel with 80 Gbps
scheme shows quality factor 18 for 10 km and 1.5 for 300 km.
Worst performing channel has obtained this parameter value as 14
and .05 correspondingly. Additional distance results in high signal
distortion which plays vital role in lowering quality factor below
its acceptable commercial value. Data of all the bit rate traveling

@)
35
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— - - -40 Gbps
= = =80 Gbps
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20
15 <3

Q Factor
/

10
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Transmission Distance (km)

(b)

0 50 100 150 200 250 300
Transmission Distance (km)

Fig. 4. Graphical representation of quality factor vs. distance for
various speeds: (a) best channel (b) worst channel

300 km has collected for the analysis purpose. Not all the scheme
performs well for all the bit rate. Signals having Q factor less than
6 are not accepted for commercial communication systems.

It is also observed that performance differences are less acute
with the increased bit rate. Fig. 4 (a) shows, for the increased 20
Gbps speed quality factor becomes around 23 from 33 for 10 km
distance at 40 Gbps bit rate. Again for increased 40 Gbps speed,
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the quality factor becomes 18 for 80 Gbps compared to 23 for 40
Gbps speed at the same 10 km distance. The same scenario is
observed in Fig. 4 (b) for the channel which has the highest
channel-gap from the central wavelength.

It is informed previously that the best performing channel (Fig.
4 (a)) for each bit rate is working at 1550 nm wavelength as the
SMS is designed to be operated on that wavelength. In contrast,
the worst-performing channel is operating at 1541 nm wavelength
(Fig. 4(b)). As the wavelengths start to shift far more and more
from the center wavelength, the carried information or energy is
started to face more distortion and noise. The gain of optical
amplifier (EDFA) is not perpetually constant in the entire
wavelength series. When other wavelengths are started to become
split from the operating wavelength, the fiber becomes more
affected by insertion loss, dispersion loss, intrinsic attenuation and
losses due to scattering. So the outputs of these channels at the
receiver end are not as satisfying as the central one.

B. Highest Obtained Distance

In the above figures, it is also observed a straight line is
indicating the acceptable Q factor for signals in a communication
network. The designed scheme gives optimized signal quality for
more than 250 km when the PRBS has a bit rate of 20 Gbps. Data
series that crosses or touches the straight line indicates low signal
quality with various distortions. For 1550 nm wavelength and 40
Gbps speed, maximum distance is obtained which is
approximately 230 km. Greater than this distance, signal started to
lose quality with quality factor becoming less than 6. The same
speed can travel 220 km transmission distance for 1541 nm
wavelength having Q factor approximately 6.73. 80 Gbps
transmission scheme can travel nearly 190 km and 180 km through
the channel with 1550 nm and 1541 nm wavelength respectively.
As bit rates and distances increase non-linear effect also increases
which causes performance degradation in optical communication.
These nonlinear effects include self-phase modulation (SPM),
cross-phase modulation (CPM) stimulated Brillouin scattering
(SBS), stimulated Raman scattering (SRS), etc.

TABLE I1l. Maximum obtained distance (Q Factor)

Bit rate Highest obtained distance | Q factor
20 Gbps 260 km 6.00
40 Gbps 220 km 6.73
80 Gbps 180 km 6.12

The highest obtained distance with optimized signal quality
according to the bit rate is summarized in TABLE III.

C. Bit Error Rate

A bit error rate (BER) of 10~ is every so often considered as
the minimum acceptable bit error rate for the communication
network. The channel with 1541 nm wavelength has been
considered for analysis purposes as this is the worst-performing
channel among all. The accepted commercial value of log(BER) is
started from -11 to below -11. As distance increases, the bit error
rate is increased due to noise, interference, and distortion. BER is
also increased for high-speed transmission scheme because of bit
synchronization problems.
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From Fig. 5, it is observed that all the values are below -11 up
to 250 km. The bit error rate is highest for 80 Ghps speed at a
distance of exactly 250 km which is approximately -11. For the

same bit rate log(BER) becomes around -54 for 10 km g
transmission distance. Transmission system with 40 Gbps speed 2]
shows the value of BER from 10763 to 102 for 10 km to 300 km
respectively. Bit error rate is increased with the transmission speed
as hit synchronization, interference and distortion increase for [3]
increased bit rate. The poorest performing channel with 20 Gbps
scheme provides log(BER) from approximately -88 to -15 for 10
km to 300 km in that order. It can be noted that all the values are
obtained without considering Forward Error Correction (FEC). 4]
The highest obtained distances for each bit rate considering the
minimum BER are 310 km, 290 km and 250 km for 20 Gbps, 40 |5
Gbps, and 80 Gbps respectively. But for these distances, Q factor
degrades below 6 and so the maximum transmission distances of
TABLE 11l are considered as the optimized distances for this
scheme and for the corresponding bit rates. (6]
10 50 100 150 200 250 300
0 [7]
-20
% 40 (8]
o
2 -60 Bl
-
20 Gbps
-80 — - - =40 Gbps
— — — 80Gbps [10]
-100
Transmission Distance (km) [11]
Fig. 5: Log of minimum BER vs. distance graph for different bit
rates. The comparatively best channel is considered from 16 [12]
channels
V.. CONCLUSION [13]
Based on the obtained results from simulations, it is clear that
the hybrid WDM-PON system based on mono-stage MZM and
CSRZ-DQPSK provides standard signal quality that travels [14]
approximately 260 km for 20 Gbps speed. The highest speed for
the above scheme is 80 Gbps which can transmit signal up to 180
km having Q factor 6.12. But if we consider the BER, 80 Gbps  [15]
scheme is quite good for 250 km transmission distance though this
distance is not considered because of the low Q factor. 20 Gbps
scheme is comparatively most efficient for long-distance with the
highest Q factor and lowest BER. But if the user demand is high- [16]
speed scheme then transmission distance should be sacrificed for
good quality and secured information. In section IV, change in Q
factor and BER according to the transmission distance and speed
is presented by graphical representation so that depending on the [17]
user demand and band efficient property, the suitable and
optimized set-up can be chosen.
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