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Abstract In this paper, we study nonlinear effects in the
optical communication fibers such as four wave mixing
(FWM) in an integration of dense wavelength division
multiplexing (DWDM) with radio over fiber (ROF). We
used an optical double side band (ODSB) configuration
with direct and external modulation using dual drive
Mach—Zehnder modulator. A 16-DWDM-ROF link at dif-
ferent data rates is used for information transmission in
single mode fiber. Also, the performance analysis of the
proposed system under FWM effect with different param-
eters such as data rate, channel spacing, input power, fiber
length and optical amplifier gain is presented. The results
of the proposed system are evaluated based on bit error rate
(BER) and maximum quality factor (Q). Results show that
the external DSB modulation format has better perfor-
mance rather than the direct modulation. Generally, for
10 dB input power, 100 GHz channel spacing, 10 Gbps bit
rate and 20 km link, the Q is about 20 and BER is less than
10~** for external ODSB modulation format. Also it has
been shown that with increasing data transfer rates, output
results such as optical signal-to-noise ratio, BER and Q are
deteriorated under influence of FWM-effect.
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Introduction

The demand for high bandwidth with high data rates have
increased due to the progress in communication networks.
So, the bandwidth extension and elevating the spectral
efficiency of the transmission networks are necessary. The
wavelength division multiplexing (WDM) systems capable
to expand the bandwidth by transmitted several wavelength
into single mode fiber (SMF) without other optical fibers
[1]. However the WDM systems increase the performance
and bandwidth of transmission links with high cost [2].
Therefore advanced optical modulation could increase the
spectral efficiency of optical transmission systems [3].
Optical double side band (ODSB) transmission is one of
the advanced modulations that can increase the spectral
efficiency of optical networks [4]. In an optical transmis-
sion system with long distance, four wave mixing (FWM)
and chromatic dispersion (CD) are two main issues to
design of WDM system. The CD happens in single mode
fiber and several methods are used to reduce the CD effect
[5]. FWM is one of the nonlinear effects. In FWM three
wavelengths mixed and produce fourth wavelength. This
effect can cause several problems such as additional noise
and loss in the optical power signals [6]. To transmit the
signal with ODSB modulation, the modulator configuration
in [7] for Radio over Fiber (ROF) transmission is used. It
should be noted that the proposed configuration in [7] has
better performance such as less CD and high sensitivity in
comparison with the optical single sideband (OSSB) sig-
nals. To reduce the role of nonlinear effect such as CD and
polarization mode dispersion (PMD) in WDM system, two
modulations consist of OSSB and optical vestigial sideband
(OVSB) was presented in [8]. In [9], direct and external
modulation in ROF system was presented. In external
modulation, the LiNb Mach—Zehnder (MZM) is used, and
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in direct modulation format, the vertical-cavity surface-
emitting laser (VCSEL) is used. The results demonstrated
that external modulation has better performance than direct
modulation. Operation of delay interferometer in 5 Gb/s
ODSB ROF by RF signals was introduced in [10].

We organized our paper as follows: in the second part,
we introduce the modulation techniques and analysis
manner. The proposed ROF-DWDM system and simula-
tion results are presented in the third part.
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Modulation techniques

The aim of incorporation of fiber optical communication
with radio frequency (RF) technology is the ability of
integration with other links and reduction of dispersion
[11]. Conventional intensity modulation is phase insensi-
tive that allows to RF signals to transmit over an optical
carrier. In radio communication systems, the sideband is
symmetrically spaced in the frequency domain, below and
up of the carrier, that sometimes is known as double
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Fig. 1 a Schematic of the direct ODSB modulation format and b the direct ODSB optical spectrum
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Fig. 2 a Schematic of the external ODSB modulation format and b optical spectrum of the external ODSB
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sideband amplitude modulation. In direct modulation,
electrical information changes the input laser current to
produce different optical power. Therefore the direct
modulation through generation of 0 and 1 bits, and by
turning on and off the laser, is not a suitable manner for
high data rates transmission systems [12, 13]. Figure la
shows the configuration of direct ODSB modulation. In this
configuration, the non-return to zero (NRZ) pulse generator

multiplexed with Sine generator at 10 GHz. Output of
electrical multiplier excited the VCSEL laser, which is
known as optical carrier. The output of laser is output of
direct ODSB modulation. Figure 1b shows the optical
spectra of this configuration at 193.1 THz. In external
modulation, laser source current has constant amplitude
that enters to a MZM. This modulation is reduced disper-
sion and increased the data rates. Figure 2 demonstrates the

V1
Electrodes) !
0.5F
Input optical field, Output optical field s
Ei —» Eo H_ o
&
0S¢ biased'at minimum
-1 1 L 1 3 Lo
V2 0 5 10 15 (Vz&)*vlj:s) 30 35 40 45
(a) (b)
Fig. 3 a Structure of LiNb; MZM and b transmitted optical filed in it
Receiver unitl
EE— [=
a . Optical Fiber - -
Subsystem|1 o Length=20Km =
+ G = M=
] — ] L i
P = T .
Subsystem2 P l | - Receiver unit2
= . =
P ja_ ™ O - 4@ -
P Loop Control =
F— Span=>5 M=
P =
P =
P H=-
P =
i - I i
Subsystem16 Ideal Mux Ideal Demux Receiver unitl16
(a)
Bessel Optical filter
Bandwidth=0.3nm Photodetector APD 3R Regenerator
G 1. ORI | v -
N ! * EE 7 F— B
g ST ... 4| [EEEE
Optical Amplifier Amplitude Demodulator BER Analyzer
Gain=15dB cut of frequency= 1GHz

Noise figure=6dB

(b)

Fig. 4 a Schematic of the 16 DWDM-ROF and b the Receiver unit of proposed system
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Fig. 5 a Eye diagram of the direct ODSB modulation format, and b external ODSB modulation format, at 1 Gbps
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Fig. 6 Py, output of the proposed system versus the input power for
different fiber link length

configuration of external ODSB modulation and its optical
spectra at 193.1 THz. In this configuration, after multi-
plexing of the NRZ pulse generator with Sine generator,
the output of electrical multiplier excited the LiNb MZM.
A continuous waveform (CW) laser used as the input of the
LiNb MZM and optical carrier.

A single drive LiNb MZM for external ODSB has only
one single driving voltage applied to either arm of MZM.
The transmitted optical field E, (t) at output of a single
drive MZM is a function of v(t) and bias DC voltage, Vy;as.
The expression of E, (t) is given by [14]:
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Vy Vr
Vit Vi
= Ei(r)cos [g X V() + Voias )‘Z bws}

(1)

Figure 3a, shows the structure of LiNb MZM that used in
external ODSB modulation. Figure 3b, demonstrates the
transmitted optical filed according to (v(t) + Vyias) for
different V.. As can be seen by increasing the V,, the
minimum modulation voltage is shifted to higher value.

Simulation results and discussion

Figure 4a shows the schematic diagram of the proposed
16-channel DWDM-ROF link without using any optical
amplifier and dispersion compensation in transmission
block. In the proposed system a 16 DWDM-ROF link has
been modeled for 100 km distance by using direct modu-
lation and external modulation. Our proposed system
consists of several components such as: subsystems from
#1 to #16, ideal multiplexer and demultiplexer, transmis-
sion link and receiver units. In subsystems we used direct
and external modulation. Transmission link consists of a
SMF with 20 km length, 0.2 dB/km attenuation and
16.75 ps/nm/km dispersion. In the proposed system, we
used of a loop control to increase the distance of
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transmission link. In fiber communication systems chro-
matic dispersion can be calculated as [15]:
1dz d (1 2nc
D= 5 =—|— )] = —— 2
Ld)  di (vg) 22 & @)
where D is the dispersion, L is the distance, dt,/dA is the
differential of delay time per wavelength to propagate in

the L, v, is the group velocity, ¢ is the speed of light in
vacuum and f, is the derivative of group velocity. As

shown in Fig. 3b, to recover the signals we used in several
devices, these are known the receiver units. At the begin-
ning of the receiver units a Bessel optical filter with 0.3 nm
bandwidth and an optical amplifier with 15 dB gain are
used to increase the power of the input optical signal. We
employed an APD photodetector after optical amplifier to
convert the optical signals to electrical signals. Also, for
demodulation of the electrical signal, an amplitude
demodulator with 1 GHz bandwidth is used.

Figure 4a shows the eye diagram of the proposed system
at 1 Gbps with direct ODSB modulation by using VCSEL
laser. Results demonstrate that direct ODSB modulation
has Max quality factor (Q) equal to 3.53 and Min bit error
rate (BER) equal to 1.68 x 10~*. So, this method is not
suitable for proposed system. Figure 5b shows the eye
diagram of the proposed system with external ODSB
modulation. For external ODSB modulation with CW laser
array, the system has 19.52 Max Q and 3.89 x 10~*> Min
BER which shows good performance of the system.

According to the results, the direct modulation is not
suitable for our proposed system. Therefore in this section
we try to optimize the nonlinear effects such as FWM and
chromatic dispersion in external ODSB modulation. FWM
is considered as a scattering process and the power gen-
erated due to the interaction of signals is given by [16]:
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Ptym = n(D* x K* x P*) exp(—a - L) (3)

where K is the nonlinear interaction constant, o is the
attenuation constant, L is the fiber length, 7 is the quantum
efficiency and D is the degeneration factor. It is obvious
that increasing of the fiber length or input power of the
system, leads to enhancement of the FWM effect. It should
be noted that the nonlinear effects influence the maximum
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quality factor and the minimum BER. Figure 6 shows the
P¢wm versus input power for different fiber link lengths.
The parameters which we have changed to improve the
nonlinear effects, consist of bit rate, channel spacing, input
power and length of the fiber. Also, for performance
evaluation of the proposed system, we analyzed the output
optical signal-to-noise ratio (OSNR), a parameter that
assesses the quality factor of the received signals. It is
defined as the ratio of the average optical signal power to
the optical noise power, and is given by:

~ Nasg  (NF -G —1)hfAf

where NF is the noise figure, G is the amplifier gain, Af is
the photon energy and Af is the optical bandwidth [16].

Input power effects

In optical transmission system, reduction of dispersion is
obtained by increasing the input signal power. However,
enhancement of the signal power increases the nonlinear
effects of the system and leads to signal distortion [14].
Figure 6 shows the optical spectra and eye diagram of the
output signals from the ideal multiplexer for — 10, O,
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10 dB optical power. Figure 7 shows the OSNR for — 10,
0, 10 dB input power with 100 GHz channel spacing and
193.1 THz center frequency. From the Fig. 7, it is obvious
that by decreasing the input power, the nonlinear effects
are decreased. Despite of the reduction of the nonlinear
effects in — 10 dB input power, the eye diagram does not
give good performance. Therefore, the system with 0 dB
has less FWM and good eye diagram. Output OSNR versus

channel number at different amount of input power (IP) is
shown in Fig. 8.

Channel spacing effects

The channel spacing describes the frequency spacing
between two different channels [17]. Figure 9, shows the
optical spectra versus wavelength at the point after the
demultiplexer and eye diagram of the proposed system at
1 Gbps with several channel spacings, respectively. The
channel spacings consist of 100, 110 and 120 GHz. By
increasing the channel spacing, BER and Max quality
factor give better performance for proposed system. OSNR
Output versus the number of channels for different channel
spacings (CS) is shown in Fig. 10. It is obvious that by
increasing the channel spacing, the OSNR increases.
Therefore, by increasing the value of channel spacing from
100 to 120 GHz, the nonlinear effect decreases.

Bit rate effects
To improve the capacity of a communication systems, one
method is enhancement of the data rate value. But data rate

enhancement leads to undesirable effects on the perfor-
mance of the system [18]. So increasing the bit rate in the
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proposed system is not suitable. Figure 11, shows the
optical spectra and eye diagram of the system at the point
after the demultiplexer at different bit rates, 1, 2 and
3 Gbps, respectively. From this figure, it is obvious that by
increasing the bit rate, Max quality factor and BER were
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deteriorated. So that, at bit rates higher than 2 Gbps, the
received signals are destroyed. Figure 12 demonstrate the
OSNRs of the proposed system at different bit rates. As can
be seen by increasing bit rates, the value of OSNR
decreases. Therefore, the optimization value of the bit rate
is about 1 Gbps.

Fiber length effects

In this section, the nonlinear effects such as chromatic
dispersion which are dependent on the fiber length is dis-
cussed. Figure 10 shows the optical spectra at the point
after the demultiplexer and eye diagram of the proposed
system at different lengths of fiber, respectively. From this
figure, it is obvious that by increasing the fiber lengths,
Max quality factor, BER and optical power from — 20 to
— 50 dB that express increasing the FWM, are decreased.
Figure 13 shows the optical power and eye diagram of the
proposed system for different fiber lengths from 20 to
30 km. Also, In Fig. 14 the OSNR output of the system for
mentioned fiber lengths are depicted. It is clear that by
increasing the length of fiber from 20 km to 35 m the
OSNR of the proposed system is decreased.
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Conclusion

In this paper, a DWDM-ROF optical transmission system
is designed and simulated in direct and external ODSB
modulation. Based on the results obtained it has been
founder the direct modulation unlike the external modu-
lation is not appropriate for the proposed system. For
external modulation format, we tried to optimize the non-
linear effects by changing the parameters of the system
such as input power, bit rate, channel spacing and fiber
length. Increasing the magnitude of the input power,
enhances the Max quality factor and BER, but the non-
linear effects is increased too. Higher bit rate and/or longer
fiber length, are caused to deterioration of the performance
of the system but more channel spacings of the transmitter,
lead to better performance of the system parameters such as
OSNR, Max quality factor and BER. The proposed system
with the mentioned characteristics is appropriate for mod-
ern wireless communication.
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