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1. INTRODUCTION

Radio over fiber (RoF) is one of the solutions for modern communication systems. It is used to
combine optical fiber communication and wireless mobile networks. This combination provides high-quality
signals, low cost, and high bandwidth, which brings many advantages to conventional wireless
communication systems [1-4]. RoF allows modulation of the optical source by electrical signals, and then the
optical signal will be transmitted via optical fiber to the remote station [5]. RoF allows reducing power
consumption while the remoted side has high-frequency carriers.

Wavelength division multiplexing (WDM) is a technique that allows multiplexing many
wavelengths and transmission in a single optical fiber. It helps increase the bit rate, capacity, flexibility, and
reduce the cost of optical communication systems [6, 7]. WDM is also used in the RoF system to increase the
capacity and bandwidth of wireless systems. This combination significantly increases coverage area and
mobility of optical and wireless mobile networks. However, the performance of WDM-RoF systems is
severely affected by the nonlinear effect in fiber optics, especially FWM [8]. To reduce the influence of
FWM, we can use the mechanism of channel allocating with unequal spacing [9], the pairing combinations of
differently linear-polarized optical signals [10].
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Optical subcarrier multiplexing (SCM) is a technique that allows multiple signals are multiplexed in
the frequency domain and then transmitted on optical fiber [11, 12]. The signals are individually modulated
with different frequencies. They are added together by an RF (radio frequency) multiplexer before converting
into an optical signal through an optical source and optical modulator [13]. SCM can carry many closed
different optical carriers. Therefore, the bandwidth utilization efficiency will be higher than in the traditional
WDM system [14].

When the RF signal is transferred to the optical domain using an optical modulator, two side-bands
will be created in the frequency domain. This double side-band (DSB) signal is affected by the chromatic
dispersion [15-17], the fiber length, the fiber dispersion parameter, the wavelength, and the modulation
frequency, which creates a phase difference between the two bands to reduce system performance. To
overcome this phenomenon, we can use some techniques such as: to use dispersion-compensating optical
fibers [18], an optical filter (Bragg grating filter) to eliminate one side-band, or using advanced modulations
to achieve an optical single-sideband (OSSB) signal.

There have been some previous works surveyed about the impact of switching voltage of Mach-
Zehnder modulator on SCM/ASK RoF system [19, 20]. Still, only one wavelength has been analyzed, and the
optimal value of switching voltage has not been determined according to DSB or OSSB. The values of the
optimal switching voltage and BER are high (8 V, 1076 or 10Y7). Articles [21-26] analyze SCM/WDM RoF
systems' performance using OSSB modulation but have not yet compared its BER with the DSB modulation
technique. Besides, these articles did not mention the effects of ASE noise when using EDFA amplifiers as
well as the effects of FWM nonlinear effects and channel spacing in SCM/WDM RoF systems. In [27], the
authors evaluated the performance of the four-channel WDM RoF-EPON link based on OVSB using SOA,
DCF, and FBG. They used unequal channel spacing but have not investigated the effect of ASE noise and
have not found the best location to place the amplifier.

In this paper, we firstly analyze RoF systems using SCM/WDM architecture with equal channel
spacing (four optical carriers at frequencies 193.1, 193.2, 193.3, and 193.4 THz). Secondly, we proposed to
use unequal channel spacing (four optical carriers at frequencies 193.1, 193.2, 193.35, and 193.6 THz) to
transmit 78 analog channels and one digital amplitude-shift keying (ASK) signal at frequencies 1.5, 2, 2.5,
and 3 GHz, respectively. We also investigate the effects of ASE noise, FWM, and the amplifier's location to
bit error rate of the system. We found that if the EDFA is placed at 1 km from the transmitter, the ASE noise
would be eliminated. Finally, our improved model of RoF communication system is compared to the
conventional one in terms of BER.

The remainder of this article is organized as follows. In Section 2, we indicate the theoretical
analysis of the SCM/WDM RoF system. In Section 3, we present the system's simulation setup, the achieved
results, and discussion. Finally, Section 4 concludes the paper.

2. THEORETICAL ANALYSIS
In this section, we will discuss the OSSB technique and characteristics of optical fiber such as
attenuation, dispersion, FWM, and noise.

2.1. SCM uses optical single-sideband (OSSB)

Figure 1 shows the single-sideband modulation structure using a dual-drive Mach-Zehnder
modulator (MZM) [28, 29]. The modulating and carrier signals are fed into two branches of dual-driver
MZM at 90° out of phase. The modulated signal is then combined by an adder/subtracts to create single side-
band modulation.

The output signal of the modulator is:

s(t) = A ApCos(wy — w )t or A AgCos(wy + w)t 1)

where A, Ay, w., w, are the amplitudes and the angular frequencies (w = 2nf) of the RF signal and the
optical wave, respectively.
The corresponding spectrum of OSSB signal:

AcAg
2

S(Prowss = = Slw = (0 — 0] + S[w + (0 — 0 )]} )

s(Fupse = “2{5[w — (@ + we)] + S[w + (o + w )]} 3)

The optical power at the output of the dual driver MZM equals to:
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Vbias v(t)
Pauar (8) = |Equar (D7 = Pry |1+ cos (s + 700 | @

where E4,4; (t) is the optical field at the output of the MZM modulator, and P, is the input optical power.
The photocurrent at the output of the photodetector for modulation case at the quadrature point (QP)
With Vyios = Vi /2 + m2V, or Vi = =V /2 + m2V is:

Iop(t)~Pop(t) = Py, [? sin sin (W) ]

=Pl £ 37 (~1)"onr (9 X (5)
X cos((2n — Dwpt)],

where V(t) =V, cos cos (w,ot) is a sine-modulated signal, and J is a Jacobian function.
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Figure 1. The structure of OSSB modulator

2.2. The four-wave mixing effect in optical fiber

FWM is a nonlinear effect in an optical fiber that occurs when the wavelengths are coupled tightly
together in the WDM system. It is independent of bit rate but depends on channel spacing and chromatic
dispersion of the fiber [30]. Let N refers to the number of wavelengths, M mixing products created in the
optical fiber can be expressed as:

M=Sw-D ©®)

Assuming there are three input wavelengths Figure 2(a): w;,3 = 193.1 THz, 193.2 THz, and
193.3 THz (equal channel spacing). Then the mixing wavelengths generated beside the original wavelengths
are w; + w, — w3 =193 THz, w; — w, + w3 =193.2 THz, w, + w3 — w; = 1934 THz, 2w, —w, =
193 THz, 2w, —w; =1929 THz, 2w, —w; =193.3 THz, 2w, —w; =193.1 THz, 2w; —w, =
193.5 THz, and 2w; — w, = 193.4 THz. When the channel spacing is not equal (193.1 THz, 193.2 THz,
and 193.6 THz), the result is shown in Figure 2(b).

TTMTHTTTT, Pt 1 THT Th R

W, Wy W3 Wy Wy w3

(@) (b)

Figure 2. The arising side-bands due to FWM (three input wavelengths), (a) Equal channel spacing,
(b) Unequal channel spacing
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2.3. Attenuation and dispersion in the optical fiber

The signal power will decrease when transmitted through the optical fiber due to the impurity of
materials and Rayleigh scattering. Let a refers to the fiber attenuation coefficient in km-1, and the receiver
signal power depends on the transmitted power according to:

P‘I" = Pte_aL (7)

where L is the optical fiber length, with SMF fibers, ayz = 0.2 dB/km.

The refractive index of a fiber depends on the frequency f = w/2m of the optical wave, the phase
velocity of light v,(w) = c/n(w) depends on the optical frequency that causes dispersion. The degree of
dispersion is characterized by the dispersion parameter D as following:

—27C

D==F ®)
The factor B, is called the group velocity dispersion parameter (GVD).

2.4. Noises

Noise components in the RoF system: shot noise, thermal noise, relative intensity noise (RIN) of the
optical source, amplified spontaneous emission (ASE) noise caused by the amplifier [30, 31]. First, the
variance of the shot noise, which is generated by the photon stream, is given by

o-ghot = 2qlgcAf %)

where g is the electron charge, I, is photocurrent, Af is the bandwidth of the receiver.
Next, the variance of the thermal noise can be written as

o = ZELAf (10)

L
where kj is Boltzman's constant, T is the receiver temperature, and R, is the load resistance.

The last one is the beat noise current. It consists of the signal-ASE beat noise, the ASE-ASE beat

noise, and signal-signal beat noise. The total variance of the noise current is the sum of all variances of

thermal noise, shot noise and beat noise and can be calculated by
0% total = Oy + 0 + Ofear (11)
Eventually, the bit error rate (BER) can be written as
BER = §erfc(51vR) (12)

where erfc(.) is the complementary error function, and signal-to-noise rate is calculated by [30]

Isignal (ith)

SNR = OtotalV2

(13)

Isignai (ith) is a photocurrent of the i channel at the exit of the photodiode.

3. SIMULATION AND EXPERIMENT RESULTS
In this section, we propose a system model, present the results obtained, discuss, and compare with
the previous works.

3.1. Simulation setup

In this section, we set up an SCM/WDM-based RoF system model by using OptiSystem 17 software
to investigate the effect of ASE noise and modulation techniques on the system performance as shown in
Figure 3. We used four transmitters in this model, each carrying 78 analog channels and one digital ASK
signal. Laser sources emit continuous wave with frequencies 193.1 THz, 193.2 THz, 193.3 THz, and
193.4 THz, respectively, is modulated by the MZMs under the support of phase shifter (to create a single
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side-band signal-SSB) and local oscillators with frequencies of 10 GHz, 20 GHz, 30 GHz and 40 GHz,
respectively. The WDM multiplexer is used to multiplex signals from 4 transmitters. An EDFA amplifier
with a gain of 10 dB is used to increase the power of the optical signal. The signal is then transmitted via
single-mode fiber (SMF). On the receiver side, the demultiplexer is used for wavelengths filtering before it is
distributed to the individual receivers. The signal is then converted into photocurrent by using a PIN

photodetector. BER of the received signal is observed using a BER analyzer combined with a low pass
Bessel filter.
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Figure 3. Block diagram of an RoF system using SCM/WDM

3.2. Simulation results

Simulations have been performed to consider the effects of ASE noise, switching voltage, bias
voltage, and modulation method (DSB or OSSB) on the system's performance in different scenarios. The key
parameters used for this simulation are listed in Table 1.

Table 1. Simulation parameters

Name Symbol Value
Length of optical fiber L 10 km
Effective area Agss 80 u?

Bit rate R, 1 Gbps
Optical frequencies fo 193.1-193.6 THz
Carrier frequencies f. 15,2,25,3GHz

Attenuation coefficient Qgp 0.2 dB/km
Dispersion D 16.75 ps/nm.km

Figure 4 shows the relationship between BER and the switching bias voltage of the MZM
modulation for two cases, with and without ASE noise. We fix the bias voltage at values of V;=0 and V,=3
volts and set the switching voltage to vary from 4 to 8.5 volts. It is seen that the values of the switching bias
voltage at which the lowest BER can be achieved are from 5.5 V to 6 V (equal to V};). In the absence of ASE,
BER is very good. However, when ASE noise is considered, the BER increases significantly, and the most
affected case is the RF signal channel of 1.5 GHz.

Figure 5 shows the BER as a function of the bias voltage 2. As we can see, when the bias voltage is

3V:%V7T (the quadrature point at which the OSSB signal is generated). The BER is the lowest. Explicitly, the
BER performance of a system in the case without ASE is much better than with ASE-case.
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Figure 4. BER as a function of the switching voltage Figure 5. BER as a function of bias voltage 2 with
with P;,, = =5 dBm P;, = —5 dBm and switching voltage of 6 V

In Figure 6, we fix the transmitted power P;,, = —5 dBm and EDFA gain = 10 dB. We examine
BER versus extinction rate (Ex) for cases, with and without ASE noise, DSB, and SSB. It is realized that
when EXx increases, BER is reduced. However, when EX is greater than 15 dB, BER curves will be saturated.
It proves that the BER values will not change when Ex reaches a certain threshold. In the case of OSSB
modulation, the BER is much better than the DSB modulation.

Figure 7 shows noise powers as a function of fiber length of the first (1.5 GHz) and the fourth
(3 GHz) RF channels when transmitted power P, = —5 dBm for two cases, DSB, and OSSB modulation.
We can see, when fiber length increases, noise powers are decreased, and in the OSSB modulation case,
noise powers of both the first and the fourth channels are smaller than those in DSB modulation. OSSB
modulation is advantageous than DSB modulation from the viewpoint of minimizing noise. It is because the
combination of the MZM modulator and the 90° the phase shifter has eliminated a side-band of the
modulated signal, which helps reduce the effects of noise and dispersion. This result is consistent with the
theoretical analysis in section 2.1.
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Figure 6. BER as a function of extinction rate (Ex) Figure 7. Noise power as a function of fiber length

From the results of Figures 4 and 5, we fix the switching voltage to 6 V and bias voltage to 3 V,
amplification factor G = 10 dB, and the transmission length of 10 km. We consider BER versus transmitted
power for two cases, with and without ASE noise in the DSB and OSSB modulation configurations for RF
signal channel 1 (1.5 GHz) and 4 (3 GHz) as shown in Figure 8. It is seen that when transmitted power
increases, the BER decreases. Moreover, the effect of ASE increases in DSB modulation case compared with
OSSB modulation, and the effect of ASE noise in channel 1 is also higher than on channel 4. These results
are consistent with the theoretical analysis in sections 2.1 and 2.4.
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Figures 9 and 10 shows BER's dependence on the transmitted power for two cases: DSB and OSSB
modulations, with and without ASE. However, when the transmitted power is greater than 0 dBm, BER does
not decrease any more; it falls into a saturated state. The reason is that the nonlinear effects in the optical
fiber increase as the power increases. Moreover, in Figure 10, the OSSB modulation case, the BER is
significantly improved compared to DSB modulation in Figure 9. As shown in Figure 10, the BER
performance of 1.5 GHz is the best in that the transmitted power is larger than -8 dBm.

Figure 11 presents BER's dependence on the location of the amplifier (EDFA) on the link with the
transmitted power of -5 dBm in the OSSB modulation case. We can observe that without ASE, the BER is
almost constant when the amplifier is near the demultiplexer. However, when ASE noise is considered, the
closer the amplifier is to the receiver, the worse BER is. We found that if the EDFA is placed at 1 km from
the transmitter, BER will reach to the smallest value. The reason is that when the amplifier is far away from
the receiver, the noise power will be attenuated along with the fiber link.
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Figure 11. BER vs. location of EDFA amplifier with
SSB modulation

In Figure 12, we consider the effect of FWM on WDM-RoF system performance for two cases of
equal channel spacing (193.1 THz, 193.2 THz, 193.3 THz, and 193.4 THz) and unequal channel spacing
(193.1 THz, 193.2 THz, 193.35 THz, and 193.6 THz). We investigate BER vs. transmitted power in OSSB
and DSB modulation configurations. It is seen that, in unequal channel spacing, the BER of all four signal
channels has been significantly improved compared to the case of equal channel spacing, especially for
channels 3 and 4. It is because the new spurious wavelengths did not appear in the original signal channels,
so there was no added noise (crosstalk), as shown in section 2.2.

Improvements on the performance of subcarrier multiplexing ... (Duc-Tan Tran)



1446 O ISSN: 2088-8708

o
& 3
o
1070 : - /
—3— 1.5 GHz with ASE, SSB, equal channel spacing —¥— 1.5GHz with ASE, DSB, equal channel spacing
—+— 1.5 GHz with ASE, $SB, unequal channel spacing —+—1.5GHz with ASE, DSB, unequal channel spacing
—— 1.5 GHz without ASE, SSB, equal channel spacing -15 | 1.5GHz without ASE, DSB, equal channel spacing
. e 10 1.5GHzwithout ASE, DSB,unequalchannel spacing
10740 | —7— 1.5GHz without ASE, SSB, unequal channel spacing ] _ 3 GHz with ASE, DSB, equal channel spacing
= €~ 3GHz with ASE, SSB, equal channel spacing - El- 3 GHz with ASE, DSB, unequal channel spacing
= El- 3GHz with ASE, SSB, unequal channel spacing 3 GHz without ASE, DSB, equal channel spacing
3 GHz without ASE, SSB, equal channel spacing 3GHzwithoutASE, DSB,unequal channel spacing
10,50 L 3GHzwithoutASE, SSB,unequal channelspacing : | 10-2010 5 A . 5 o
-10 -8 -6 -4 -2 0 - - - - -
Transmitted Power (dBm) Transmitted Power (dBm)
(@) (b)

Figure 12. BER vs. transmitted power for two cases of equal and unequal channel spacing,
(a) OSSB modulation, (b) DSB modulation

Other useful information for system design can be obtained from Figure 13. we fix transmitted
power P;,, = —5 dBm, keep the same voltage parameters for the system to operate in DSB and OSSB modes.
We examine BER versus EDFA gain for cases, with and without ASE noise. It is seen that when the
amplification factor increases, the BER decreases; it reaches the minimum value when gain = 20 dB.
However, when the amplification factor is greater than 20 dB, the BER curve tends to increase rapidly. It is
because as the amplification coefficient increases, the effect of the nonlinear effects will be more significant.
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Figure 13. BER vs. EDFA gain

4. RESULT AND DISCUSSION

RoF is an analog transmission system. There are many ways to increase the performance of RoF.
However, the use of the SCW/WDM technique has shown remarkable efficiency. It allows combining
multiple RF signals, traveling on different wavelengths on the same optical fiber, exploiting the optical
network's bandwidth, and increasing the system capacity [21, 22]. During the modulation process, each RF
signal will produce two side-bands. If more RF signals are mixed and modulated together, it will produce
higher harmonics that come in the same frequency range as another RF signal, which causes signal distortion
and affects the system [14]. Therefore, the creation of a single-sideband signal is significant. Moreover,
EDFA amplifiers are used in the system to compensate for transmission attenuation. Still, it also produces
ASE noise that reduces the RoF system's performance, so it is necessary to investigate the effect of ASE
noise.
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In this paper, we analyzed the effects of ASE noise, switching voltage, bias voltage, DSB, and SSB
modulation methods on the performance of RoF-based systems. We noticed that the different modulation
configurations, ASE noise, FWM, and drive voltages of the MZM modulator to play an important role in
performance improvement. It reduces noise, chromatic dispersion, and noise figure, and bit error rate (BER)
of the RoF systems. Simulation results present that the lowest BER was achieved by using OSSB
modulation, unequal channel spacing (193.1 THz, 193.2 THz, 193.35 THz, and 193.6 THz) with switching
voltage of 6 V = Vr and bias voltage of 3 V = 12 Vx. Besides, we studied the effects of EDFA noise on the
performance of SCM/WDM-based RoF. Other noise and interference, such as thermal noise, shot noise, beat
noise, are considered in our model and simulation. It is seen that the presence of ASE noise significantly
reduces system performance. The position of EDFA on the link between WDM Mux and WDM Demux is
very important because it helps reduce ASE noises. The EDFA's best position is 1 km from the transmitter
when the total link distance is 10 km. The results of this paper have contributed to improving the system's
performance and comparing in more detail the advantages and disadvantages of DSB and OSSB techniques.
Figure out the extent of ASE noise, FWM, which will help deploy RoF systems in the future. The Table 2
below compares the results of the paper with previous works.

Table 2. Compare the results of the paper with the previous works (at 193.1 THz, P,, = 5 dBm)

Name The paper [19] [20]
Switching voltage 6V 8V 4V
Bias voltage2 3V not to mention not to mention
Q factor 10.9952 9.120 8
BER (with ASE) 2.013x 10728 ~107Y ~10716

4. CONCLUSION

In this paper, we have proposed an improved model of the WDM-RoF system using unequal
channel spacing, SCM, and 1 km EDFA. Simulation results show that the lowest BER was archived using
OSSB modulation, unequal channel spacing (193.1 THz, 193.2 THz, 193.35 THz, and 193.6 THz) with a
switching voltage of 6 VV = Vr and bias voltage of 3 V = 12 Vr. We also investigate the effects of ASE noise,
FWM, and the amplifier's location to bit error rate and noise figure of the system. We found that when the
total link distance is 10 km, if the EDFA is placed at 1 km from the transmitter, the ASE noise would be
eliminated. Finally, our improved model of the RoF communication system is compared to the conventional
one in terms of BER.
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