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Abstract: This paper presents a Dual-sideband Optical Carrier Suppression (DSB-OCS) technique
which is used to generate an optical millimeter-wave (mm-wave) signal in radio over fiber (RoF)
systems. The proposed system employs a Dual-Electrode Mach-Zehnder Modulator (DE-MZM)
and a carrier of 40 GHz mm-wave for data transmission through the RoF systems. Characteristics
determining the performance of the system, among which are the modulation index, phase imbalance
and dispersion parameters, are included. The performance evaluations of the system show that
the mm-wave signal output power follows MZM'’s transfer function when the modulation index is
raised. Moreover, the generated optical mm-wave signal power is affected by phase imbalance and
optical splitting ratio. It is observed that the optical fiber dispersion influences the DSB-OCS system
by decreasing the amplitude of the mm-wave and the signal-to-noise ratio (SNR).

Keywords: mm-wave; RoF; dual sideband optical carrier suppression; optical modulation index;
optical fiber dispersion; phase imbalance

1. Introduction

The millimeter-wave (mm-wave) and radio over fiber (RoF) capabilities have been
developed to improve the speed and the ability to meet high traffic requirements in
the last few years. The mm-wave signal generation is essential to achieve high data
rates, in addition to other advantages such as low attenuation, large bandwidth, and
low cost [1-3]. The massive increase in bandwidth with the huge number of connected
devices causes problems in most communications systems. Therefore, the mm-wave
RoF has been promoted as a bandwidth and infrastructure solution that can meet the
requirements of high-speed wireless systems such as fifth generation (5G) networks [4,5].
The features of mm-wave RoF systems, such as low latency and high bit rates, are suitable
to realize the vision of the centralized-radio access network (C-RAN) [6]. In addition, the
RoF system is also an option for the integrated system to connect with C-RAN fronthaul
networks [7]. Recently, several studies have suggested distributing the wireless signal with
different techniques over the mm-wave RoF downstream systems. The techniques were
developed based on the heterodyne optical phase-locked loop [8], Stimulation Brillouin
Scattering (SBS) [9,10], the optical single side band (OSSB) [11-13] and Dual-side band
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Optical Carrier Suppression (DSB-OCS) [14,15]. All these studies generated the mm-
wave optically and utilized it in signal transmission. It was, however, noted that none
of them examined the effect of modulation index on the system or the effects of optical
fiber dispersion on optical mm-wave networks as well as the phase imbalance, which
is crucial. Therefore, there are more parameters and more efficient techniques to be
investigated to ensure an excellent system for the future. On the other hand, the DSB-OCS
technique is worth exploring for this reason because it generates the mm-wave signal
using just a fraction of the local oscillator (LO) at the base station (BS) [16]. Additional
advantages of the DSB-OCS system are an ability to generate mm-wave signals with
tunable frequencies [17], greater spectral efficiency [18], and lower mm-wave component
requirements to generate the mm-wave carriers [19]. Overall, the choice of using the mm-
wave method is to reduce the central station (CS) model complexity and reduce the remote
antenna unit (RAU) size. Several studies have suggested that both Analog-RoF (A-RoF)
and Digital-RoF (D-RoF) technologies have their advantages and disadvantages [6,20,21].
However, this paper presents the DSB-OCS technique in A-RoF with the intention to
improve its performance, reduce the RAU complexity and enhancing system flexibility [22].
Moreover, it is still possible to convert A-RoF to D-RoF [23], or combine both A-RoF
and D-RoF in one system [24]. This way, the benefits for both the analog and digital
can be shared together with vast bandwidth in the optical domain to be offered to the
wireless counterpart.

Prior research on DSB-OCS has pointed towards the need to enhance the current
techniques to reach higher mm-wave frequency with higher bandwidth and capability
through RoF systems. A high-order RF multiplier was used to generate the mm-wave
in the DSB modulation for the Maximum Transmission Bias Point (MATB) in [25], which
focused on the odd harmonics. In that study, a dual-parallel Mach-Zehnder modulator
was used which led to some insertion losses and managed to generate 30 GHz and 60 GHz
signals. On the other hand, this study focuses on determining the right modulation index
to produce the maximum mm-wave output with the help of Bessel function in the DSB-
OCS system, and studying the effect of dispersion and phase imbalance in such a system.
The modulation index and the dispersion of the DSB-OCS parameters are considered as
essential parameters to evaluate the hybrid network performance [26]. Firstly, when the
power of the broadband signal injected into the system is increased, more intermodulation
products are produced, which results in interference. Secondly, the dispersion may induce
power loss and signal broadening, which results in poor signal detection to recover the
original transmitted data. Thirdly, high power injected into the system may also cause
different phase imbalances, which have a great influence on the performance of the mm-
wave signal and directly affect the system performance. Therefore, it is imperative to
maximize the mm-wave output and study the modulation index and dispersion as well
as the phase imbalance in this type of system. This study is arranged as follows. The
following section describes the system design of the DSB-OCS technique. Section 3 models
the system at various modulation indexes. Section 4 presents the effects of phase imbalance
on the generated optical mm-wave in RoF systems. Finally, the effect of dispersion on
different fiber lengths is explained in Section 5.

2. System Design

An MZM schematic diagram of the DSB-OCS system is illustrated in Figure 1. The
DSB-OCS technique is established using a Dual-Electrode Mach-Zehnder Modulator (DE-
MZM) by receiving the optical signal with a wavelength of () from the continuous wave
(CW) laser diode (LD). Then, the optical signal is divided into two arms, the upper and
lower DE-MZM electrodes. The arms contain lithium niobate (Nio3) materials, which
cause disturbance to the optical signal to perform the optical modulation. Next, both
arms are driven by the RF signal from the local oscillator (LO) with a frequency of w,,
except that only one of the arms is driven with a 180° phase-shifter. As a result, the system
achieves a Dual-Sideband Optical Carrier Suppression as the output, where () + w;r and ()
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— w,r emerge as the sideband from the original signal (), as shown in the block diagram
in Figure 1 by manipulating the modulator’s DC bias voltage. The DSB-OCS system was
theoretically clarified in [27]. A baseband signal of 1.25 Gbps was injected or directly
modulated via the CW LD and simulated the system performance via Optisystem software
version 17. The simulation was performed using the setup shown in Figure 2 to generate
the mm-wave with DSB-OCS technique. A direct modulation laser diode (DMLD) of
1550 nm was used to produce the CW optical signal with an amplitude signal around
—10 dBm. The relative intensity noise (RIN) as set at —140 dB/Hz. In order to ensure a
full DE-MZM coupling and to minimize the polarization-dependent loss, a polarization
controller (PC) was used in the circuit. Then, an erbium-doped fiber amplifier 1 (EDFA1)
was utilized to amplify the signal and to overdrive it before sending to a 20 GHz RF signal.
A 3 dB splitter divided the RF signal into two equal parts with a 180° phase-shifter in one
of the electrodes. Then, both parts drove the upper and lower DE-MZM electrodes. The
power of RF signal was 20 dBm at frequency of 20 GHz. The half-wave voltage of the main
Vi was deemed to be 5V, Vpc1 was biased at 5V, while Vs is biased at 0 V.

MZM scheme

AN )
Q ( Electrode 1 ]
— A\

Ground

L Electrode 2 J

V()1
1

Qtor Q-0

Figure 1. DSB-OCS schematic diagram.
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Figure 2. DSB-OCS simulation setup.

The DE-MZM output was amplified by EDFA2. After that, the signal was linked to an
optical fiber of 0.21 dB/km loss, and 16 ps/(nm.km) chromatic dispersion. At RAU, the
photodetector (PD) with 0.6 A/W was used to detect the signals which were then filtered
by a lowpass filter (LPF) with cutoff frequency of 0.75x BitRate. Finally, the output signal
was connected to an analyzer to collect the data and to perform analysis of the signal.

3. Modulation Index

The DSB-OCS system has been modelled to investigate the RoF system performance
and the signal power of the mm-wave at various modulation indexes (). At the DSB-OCS
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simulation setup, the parameters were kept at constant values and the fiber length was
set to 20 km. The important findings were collected and are plotted in Figures 3 and 4.
The result in Figure 3 shows the relationship between the mm-wave signal power and the
modulation index. In this figure, the amplitude of the LO signals ranges from 0 V to 20 V,
and the modulation index ranges from 0 to 4. It can be seen that all curves perform the
same behavior in the graph with small differences of around 0.6%, starting at a modulation
index of 2.6. However, the 10 GHz and 20 GHz curves have the same output for the
whole iteration.

Initially, 10.7 dBm signal power of the mm-wave was generated at a modulation index
of 0. When the modulation index as raised, the curves increased gradually to reach the
maximum value at 11.8 dBm for modulation indexes from 0.8 to 1. This case can be clarified
by Equation (1):

o)

Eout = —Eocos(Qt) Y (=1)" Jonsa (?) cos|[(2n + 1)wgrt] (1)
n=0

where J>,11 (7tm/2) refers to Bessel functions of the first kind of n order wheren =0, 1, 2, 3
and the related functions J; , J3 and J5 can be represented by Equation (2):

o (1 k (x\n+2k
=3 g B @

where x = tm /2, m is the modulation index, or Vpc/V; of the DSB-OCS, V¢ is the DC bias
voltage, n and k are integers, and wgF is the optical carrier frequency. Figure 4 displays
the theoretical Bessel function with J; , J3 and J5 for comparison. Due to low bias applied,
only odd Bessel components are considered. Theoretically, the J; portion is dominant
compared to J3 and J5 at modulation indexes of 0.6 and 1.1, while Jy and other components
are suppressed in the DSB-OCS system. J; is considered as the dual sideband components,
while the dual sideband components for 3 and J5 can be regarded as noise. Theoretically,
the term J; — J3 — J5 is the output result of the system. It can be seen that the theoretical
J1 — J3 — J5 term, or the output result of the system, shows maximum mm-wave signal
power at a modulation index of 0.6 to 1.1 in Figure 4, and this result coincides with the
simulation result in Figure 3.
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Figure 3. Signal power of optical mm-wave as a function of modulation index (m) for different
LO frequencies.
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Figure 4. Bessel functions of the first kind.

In Figure 3, the curve of 20 GHz LO records the minimum amplitude values when
modulation indexes range from 2.4 to 2.8, while the curves for 10 GHz and 30 GHz record
the minimum amplitude values at a modulation index ranging from 2.6 to 3. The 20 GHz
curve had higher amplitude after a modulation index of 3 than the curves of 10 GHz and
30 GHz. All curves increased gradually after a modulation index of 3, with a difference of
0.65 dB in the amplitude between the 20 GHz curve and 10 GHz curve. This can also be
explained by referring to the J; — J3 — J5 term plot in Figure 4, where the results coincide
with results in Figure 3, and it has been shown that in order to obtain the maximum
mm-wave signal power amplitude, the modulation index should be between 0.6 and 1.1.

4. Phase Imbalance

In this section, we discuss the phase imbalance parameter that may affect the per-
formance of optical mm-wave. This comes from the influence of phase imbalance on the
insertion loss as well as the DE-MZM modulation indexes. To prove that, we assumed
that the inputs of upper and lower DE-MZM electrodes were imbalanced. This imbalance
comes from the difference in length AL between the two branches. This will cause a phase
imbalance (¢) at the MZM scheme because of different speeds of beams inside the MZM,
therefore different outputs at the MZM. The phase imbalance can be represented by [28]:

¢=2mnAL/A ®)

where 7 is the refractive index and A is the light wave wavelength.

The change in ¢ and splitting ratio () of the two electrodes (upper and lower DE-
MZM electrodes) may cause declines in the generated optical mm-wave. Considering the
limitation or changing of the v and ¢ in both electrodes, the mm-wave generated can be
represented by:
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where E is the light wave amplitude and « is the modulator insertion loss, w, is an angular
frequency, Viris the voltage of local oscillator, m is the modulation index, Vi, and Vy, are
the switching voltages of the two upper and lower DE-MZM electrodes, and V,; and V), are
the two bias voltages where V,; = V.

The A, can be expressed as:

re?+(1-1), n = 4m
A, — —jy(1=271)e? + (1= 7)(1 =272), n=4m+1 )
" —jye? + (1 —1), n=4m+2

jr(1— 271)ef5" + (1 =9)(1—=27,), n=4m-+3

Assuming that the two electrodes of DE-MZM have a y of y1 and 75, in the case of 4
=, =0.5and ¢ =0, Equation (4) becomes Equation (6) [28]. The ordersof n =4m +1, n =
4m + 2 and n = 4m + 3 can be ignored.

E(t) — a E eJwet OZOZ Jan (m)ej(wc+4nwm)t
~uaE {]U(m)efwct + J4(m) el (Wetdwm)t ej(wcfélwm)t} (6)
+]8(m> [ej(wc+8wm)t + ej(wcf&um)t} + .. }

However, the declination of the original values causes some limitations in the 4m
order sidebands and further (4m + 1st), (4m + 2nd), and (4m + 3rd) order sidebands. We
can see from these equations that the amplitude mostly depends on the y and the ¢. For
instance, the amplitude of the 4m can be expressed by:

|Agm| =142 9% =294+ 29(1 — 7) cos ¢ (7)

Figure 5 indicates the relationship between the ¢ and the amplitude when optical 7 is
varied from 0 to 0.5. The increase in the ¢ from 0 to 90° causes decrease in the 4m order
sideband. It can be seen that when v is equal to zero, the greatest value of amplitude will
be formed. This suggests that the influence of ¢ is greater than .

According to the theoretical analysis on both 7 and ¢, we can confirm that both of
them affect the amplitude of the generated optical mm-wave. It is worth noting that the
influence of phase imbalance is greater than the splitting ratio. It is important to take this
point into consideration when generating an optical mm-wave in addition to adjusting the
DC bias voltage and the LO voltages. It is obvious that the mm-wave signal power and the
phase imbalance are dependent on the insertion losses and the modulation indexes of the
DE-MZM.
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Figure 5. Effect of both optical splitting ratio -y and the phase imbalance ¢ on the 4m order sideband.

5. Effect of Optical Fiber Dispersion

In this section, the effect of dispersion is studied to investigate the performance of the
RoF system and the signal power of the mm-wave at different optical fiber lengths. The
simulation results of the proposed architecture showed acceptable performance of the RoF
system: the system obtained a BER of 2.6 x 107! and Q factor of 6.2 for the 1.25 Gbps
signal. Figure 6 shows the relationship between BER and the received optical power (ROP)
at 0 km and 20 km fiber length. From the graph, it can be seen that the power penalty is
1.5 dBm between the 0 km and 20 km lines at a BER of 102, where the system achieves
error-free transmission.
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10)(10 08
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Figure 6. BER vs. the received optical power (ROP) at 0 km and 20 km fiber length.



Photonics 2021, 8, 153 8 of 12

To show the dispersion effects, the optical fiber length was varied from 0 km to 40 km
and dispersion was considered at 16 ps/(nm/km). The parameters for CW laser, PD,
EDFA1 and EDFA2 were kept at the same settings. The results in Figure 7a—e show the
effects of dispersion on the DSB-OCS system and how it contributes to changing the output
spectrum of 40 GHz.
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Figure 7. DSB-OCS electrical output spectra at different optical fiber lengths. (a) 0 km; (b) 10 km;
(c) 20 km; (d) 30 km; (e) 40 km.

Figure 7a shows the 40 GHz output spectrum with a 0 dBm peak and 80 dB SNR at
0 km fiber length. Figure 7b shows that the SNR decreases to 54 dB, while the peak of
40 GHz remains at 0 dBm at 10 km fiber length. At this length, the components of 20 GHz
and 60 GHz appear with amplitudes of —27 dBm and —38 dBm, respectively. Figure 7c
shows that the peak of 40 GHz output spectrum is —5 dBm and the SNR value drops
to 44 dB at 20 km fiber length. The component amplitudes of 20 GHz and 60 GHz are
—45 dBm and —36 dBm, respectively. Figure 7d shows that the peak of the 40 GHz output
spectrum is —10 dBm and the value of the SNR is 42 dB at 30 km fiber length, while the
component amplitudes of 20 GHz and 60 GHz are —43 dBm and —38 dBm, respectively.
Finally, Figure 7e shows that the peak of the 40 GHz output spectrum is —14 dBm and the
SNR is 42 dB at 40 km fiber length, whereas the component amplitudes of 20 GHz and
60 GHz are —41 dBm and —45 dBm, respectively. It is obvious that the 40 GHz amplitude
and the SNR is decreasing with the increase in optical fiber length. The amplitude of
40 GHz is reduced to —14 dB after increasing the fiber length to 40 km. Additionally, the
amplitude of SNR drops to 44 dB after 40 km fiber length. Therefore, the effect of optical
fiber dispersion occurs with the increase in optical fiber length. To investigate more into
dispersion parameter, we can refer to the formula [29]:

D= -2Cp, ®)

where D is the dispersion [ps/(nm/km)], C represents the light speed in (ps), A represents
the wavelength in (nm), and B, represents the second-order propagation constant. The
D value degrades the RoF system due to the high utilization of optical bandwidth, as
displayed in Figure 7. The degradation of system influences more on the DSB system than
the OCS. This because the speed of the sideband is different from the speed at which the
carrier propagates in the fiber. Later, both arrive with an introduced delay and inter-mix
with the optical signal at the detector. Therefore, the system would experience power loss
and signal broadening, which makes it difficult to decode the received data. Another study
provides a comprehensive description of dispersion and its influence on the DSB-OCS
output [30].

Figure 8 illustrates the relationship between the mm-wave signal amplitude in dBm
and different optical fiber distance. In this graph, the optical fiber length varies from 0
to 40 km distance, while the amplitudes for the mm-wave signals range from 0 dBm to
—80 dBm. It can be observed that the graph of 40 GHz is different from 20 GHz and
60 GHz; the 40 GHz graph is more linear than the others with big difference in amplitude
power. In the graph, the 40 GHz level is above the other signals, 20 GHz and 60 GHz, with
a power difference of 28 dBm at 10 km distance. Based on this graph, we can conclude
that the DSB-OCS system is compatible more with a 40 GHz mm-wave signal than the
others. The linearity for such a system can be enhanced using various techniques, for
instance, ref. [31] used the direct digital predistortion technique to improve the laser



Photonics 2021, 8, 153

10 of 12

References

chirp and fiber dispersion in long-haul RoF links. However, the process of converting
the signal from the digital form to analog form was found to induce distortion in the
signal [32]. Additionally, it is possible to avoid a dispersion penalty using single-sideband
(SSB) modulation and DSB in the system [33], or using a tunable dispersion-compensation
module [34].
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Figure 8. mm-wave amplitudes vs. fiber lengths.

6. Conclusions

We studied the modulation index, phase imbalance, and dispersion to observe the
effects of these parameters on the performance of an RoF system through the DSB-OCS
technique. The system successfully generated an optical mm-wave by using DE-MZM.
Several LO frequencies have been applied to generate a wireless carrier for the data
transmission through the RoF systems at different fiber lengths. The performance of the
system has been tested with various modulation indexes where the maximum mm-wave
signal power amplitude can be achieved with a modulation index between 0.6 and 1.1. The
phase imbalance and insertion loss have been theoretically analyzed. The performance
evaluations of the system show that the output mm-wave signal power increased when the
modulation index of the MZM was increased. The study also shows that phase imbalance
and optical splitting ratio affect the power of the generated optical mm-wave. Thus, the
generated mm-wave signal power and the phase imbalance are dependent on the insertion
losses and the modulation indexes of the DE-MZM. It was also found that dispersion of
the optical fiber influences the performance of the system through reducing the mm-wave
amplitude and SNR with the increase in fiber length. The system presented has great
potential in future optical and wireless access networks.
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