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To increase the receiving sensitivity of the reversely single-sideband (RSSB) system
with orthogonal frequency division multiplexing (OFDM) signal transmission, we
use the improved pilot interval scheme and pilot power scheme in this system. The
improved pilot interval scheme uses more pilots in areas where channel
conditions are relatively good to avoid signal–signal beat interference (SSBI)
issues for sub-carriers. The improved pilot power scheme compensates for
frequency-selective fading by increasing the pilot power in areas where
channel conditions are relatively poor. According to the simulation, the
generated 60 GHz optical millimeter wave with 2.5 G bandwidth OFDM signal
is delivered over 100 km standard single-mode fiber (SSMF). The improved pilot
interval scheme and pilot power scheme can increase the system’s receiving
sensitivity by 2 dB, respectively. These schemes can enhance the system’s
performance without increasing the complexity of the algorithm and the costs
of the RSSB system.
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1 Introduction

In recent years, wireless and broadband have become the research trends of the
communication industry. Radio-over-fiber (ROF) technology, combining the advantages of
high-frequency wireless communication and optical-fiber communication, can achieve high-
frequency signal transmission of ultra-wideband wireless access [1–6]. Orthogonal frequency
division multiplexing (OFDM) has become a research hot spot owing to the advantages of its high
spectral efficiency and its anti-interference capability. The application of the OFDM to the ROF
system can cause millimeter-wave resist dispersion impairments in the fiber link and multipath
fading in wireless transmission. Therefore, it is regarded as an effective approach to solving
broadbandwireless access in the future [7–10].With the high-frequency spectrum resources,many
countries have allocated continuous license-free spectrum resources around 60 GHz. It has
motivated many companies and research teams to study the signals in this spectrum segment
[11–13]. In the research on ROF, three main issues slow down its development: Improving the
energy efficiency of the signal modulation and the signal detection is a concern. The second issue is
resisting the loss andwalk-off effect in optical fiber links. The last issue is the platform transparency
for many signal services in different frequency bands. For the three major problems in ROF, a
reversely single-sideband ROF system has been proposed [14]. It is an ROF system without an
electric mixer, and it meets the optical frequency doubling. The system has three advantages,
including high energy efficiency in modulation, no work-off effect, and multi-band service [15].
Due to its superior performance compared to other earlier systems, the system has been widely
recognized and researched since it was proposed [15–18].

Channel estimation is an essential problem in OFDM system design. The basic task of
channel estimation is to calculate the channel response for the consequent equalization. The
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channel frequency response or impulse response is often derived
from pilot symbols. An efficient pilot scheme is necessary because we
need to use the channel information at pilot sub-carriers to estimate
the channel at data sub-carriers. There is no research on channel
estimation in the reversely single-sideband (RSSB) system. Because
of the unique character of the optical system, the pilot scheme that
performs well in wireless communication may perform much
differently in the RSSB system. In the present RSSB-OFDM
system, the interval of the pilots in the OFDM signal is an equal
scheme. However, the OFDM signal will be affected by frequency-
selective fading and signal–signal mixing interference in the RSSB
system, which differs from the impairment in the traditional wireless
communication channels. Therefore, estimating the channel
through the pilots is an important problem.

In this study, the pilot setting scheme was optimized. According
to the features of the RSSB-OFDM system, the improved pilot
interval scheme and the improved pilot power scheme are
proposed. In the simulation of the pilot interval scheme, we
placed more pilots in the area where channel conditions are
relatively good, which can avoid signal–signal beat interference
(SSBI). The simulation results show that the increased pilot
interval scheme can improve the performance of receiving
sensitivity. The improved pilot power scheme compensates for
frequency-selective fading by increasing the pilot power in areas
where channel conditions are relatively poor. The simulation results
show that the increased pilot power scheme can improve the
performance of receiving sensitivity.

2 Principle of the proposed pilot
optimization system

2.1 Principle of the RSSB system

The principle of the RSSB system is shown in Figure 1. The RSSB
system is based on a parallel Mach–Zehnder modulator (P-MZM).
The P-MZM includes three sub-modulators: up-road
Mach–Zehnder modulator-a, down-road Mach–Zehnder

modulator-b, and optical-phase modulator-c. The modulator-a
that operates in the linear region modulates the baseband OFDM
signal. The optical spectrogram of the baseband signal modulated by
modulator-a is shown in Figure 1A. The modulator-b that operates
in the non-linear region is driven by electrical radio frequency (RF)
to produce optical millimeter waves. When the bias voltage is at the
highest point, it can obtain a double-frequency modulation in the
optical domain. The optical spectrogram after modulation is shown
in Figure 1B. The two optical signals are combined in themodulator-
c. Because the baseband data are only modulated to a central optical
carrier, no data are carried by the sideband. The system reduces the
effect of walk-off in the fiber transmission. Modulator-a operates in
the linear regions, and modulator-b operates in the non-linear
region, which can meet the different modulation requirements of
the baseband signal and optical millimeter wave. Therefore, the data
format in the system is compatible. When two optical signals are
combined in modulator-c, we can adjust the bias voltage in
modulator-c to change the phase offset before the coupling of the
two optical signals. As the phase shift is set to π, the DC component
of the central optical carrier will be suppressed because of the phase
cancelation interference, as shown in Figure 1C. Thus, the
modulation power efficiency can be improved. Figure 1C shows
that the baseband OFDM is reversely modulated onto a light wave
owing to the phase shift of π.

2.2 Pilot interval optimization scheme

In theOFDMcommunication system, some researchers have shown
that a pilot distributed in an equal interval can obtain the best
performance [19]. In the RSSB-OFDM system, the OFDM signal will
be subject to frequency-selective fading and the SSBI during the
transmission. Generally, each sub-carrier of the OFDM signal is
subject to different intensities of the interference factors. Because the
beat interference has a large amplitude near the optical carrier, the sub-
carriers at the low frequency are subject to a stronger interference factor.
At high frequencies, sub-carriers are subject to strong frequency-selective
fading because the electronic devices cannot achieve the ideal spectral
characteristics. In addition, the frequency-selective fading factor in optical
fiber is directly proportional to the signal frequency. The higher the
frequency of the sub-carriers, themore serious the fading, and the greater
the power loss.

For the RSSB-OFDM, we can place fewer pilots at high
frequency to decrease the loss of the pilots used for channel
estimation. It can ensure the accuracy of channel estimation and
improve system performance. We set up three pilot interval
schemes. First, the equal interval scheme is as follows: keeping
the pilot interval constant in the OFDM signal. Second, the
increased interval allocation scheme is that the pilot is more
distributed in high frequencies. Third, the decreased interval
allocation scheme is that the pilot is less distributed in high
frequencies. In the three schemes, we keep the total number of
inserted pilots the same. We only change the interval distribution.

The three pilot interval schemes shown in Figure 2 are analyzed
and simulated. The abscissa axis represents the frequency. The
frequency of the intermediate carrier is 0. Frequency increases
from the center to both sides. The vertical axis represents the
power of the sub-carriers. This graph has three pilot schemes: the

FIGURE 1
Schematic diagram of the RSSB system. (A)Modulated lightwave;
(B) Pure lightwave; (C) Combined signal.
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equal-interval scheme, the decreased-interval scheme, and the
increased-interval scheme, as shown in Figures 2A–C, respectively.

2.3 Pilot power optimization scheme

In the communication system, we can increase the power of the
transmitted signal to resist interference under difficult channel
conditions. For this consideration, the power of each pilot should
be distributed reasonably to improve the accuracy of the channel
estimation and reduce the bit error rate (BER) of the system.

Because the sub-carriers are subject to serious interference from
frequency-selective fading at high frequencies, we can counter
channel interference by increasing the power of the pilot
information. Three pilot power schemes are set up in this study.

In Figure 3, the abscissa axis represents the frequency, and the
frequency at the intermediate carrier is 0. Frequency increases from
the center to both sides. The vertical axis represents the normalized
power of each sub-carrier. This graph has three different pilot power
schemes: the equal-power scheme, the decreased power scheme, and
the increased power scheme, as shown in Figures 3A–C, respectively.

3 Simulation design and results

3.1 Pilot interval scheme simulation design
and results

We have simulated the pilot-optimized scheme, and the simulation
structure diagram is shown in Figure 4. OptiSystem and MATLAB are

FIGURE 2
Three different pilot interval setting schemes.

FIGURE 3
Three different pilot power setting schemes. (A) The equal-power scheme; (B) The decreased-power scheme; (C) The increased-power scheme.
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used for simulation. Digital baseband OFDM signal is generated using
MATLAB. First, the sent data are mapped into QPSK, and each OFDM
symbol includes 192 data sub-carriers carrying information. Eight
pilots with three different pilot interval schemes are inserted for
channel estimation. Fifty-six virtual sub-carriers are used as a guard
interval, where zeros are inserted. These virtual sub-carriers are at high
frequency, as shown in Figure 2. The cyclic prefix used to reduce inter-
symbol interference contains 32 sub-carriers. Therefore, each OFDM
symbol consists of 288 sub-carriers. The OFDM signal used in this
system is called discrete multi-tone (DMT) modulated signal. The
generated OFDM signal is a real-valued signal because of the conjugate
symmetric signal used in the IFFT operation. Second, the digital QPSK-
mapped OFDM signal is converted into an electrical signal using the
digital-to-analog converter (DAC) in the transmitter. Then, a lowpass
filter (LPF) is used to filter out the higher-order sidebands and noise
from the electrical signal. The continuous light wave with a central
wavelength of 1,553.60 nm is generated using a laser, of which the
power is 13 dBm and the line width is 10 MHz. The optical signal from
the laser is divided into I/Q signals through a power splitter. The power-
splitting ratio for the two ports is 1:1. The two optical signals out of the
power splitter are the same signal, and both have a power of 6.5 dB m.
The electrical OFDM baseband signal with a bandwidth of 2.5 GHz is
fed into modulator-a operating in the linear region. The 30-GHz RF
signal is fed into modulator-b driving by DC offset at the highest point,
thus suppressing the odd sidebands. The optical signals from
modulator-a and modulator-b are combined in phase modulator-c.
The phase offset between two optical signals changed by modulator-c
can adjust the energy efficiency of the signal modulation. In all
simulation tests, an optical amplifier (OA) is used to amplify the
coupled optical signal to maintain the signal power at 0 dB m before

entering the standard single-mode fiber (SSMF). The second OA is
used to control the received signal so that it has sufficient optical power
after the optical fiber transmission. Then, an optical bandpass filter is
used for filtering out the extra sideband. The filtered optical signal,
containing the central carrier with data and one of the second-order
sidebands, is converted into a high-frequency electrical signal using a
photodetector (PD). The electrical 60 GHz mm wave with OFDM
signal is through an electrical bandpass filter (EBPF). The EBPF has
a center frequency of 60 GHz and a bandwidth of 20 GHz, making sure
useful signals get through. For each text, the power is amplified
to −14 dBm by an electrical amplifier (EA). Then, the
60 GHz millimeter-wave signal and the 60 GHz RF with a power of
4 dBm are mixed for down-conversion in an electric mixer. An LPF
with 3 GHz bandwidth is used to filter out the high-frequency noise
after down-conversion. The baseband OFDM signal after ADC is
further processed in MATLAB to measure the performance of the
link. The demodulation steps are shown in Figure 4. The detailed
processes are the same for different pilot schemes. We use three
indicators to measure the system performance: BER, error vector
magnitude (EVM), and Q-factor. EVM represents the approximate
degree between the I/Q components generated by the receiver during
the demodulation of the signal and the ideal signal components and is
an indicator of the quality of the modulated signal. The specific
parameters of each device in this system are shown in Table 1.

It is convenient to set the position of the pilot in the OFDM
signal when modulating the OFDM digital baseband signal in
MATLAB. Figure 5 shows three electrical spectrum diagrams of
OFDM signals in different interval setting schemes. The abscissa
axis represents the frequency, and the vertical axis represents the
power. The equal-interval scheme, the decreased-interval

FIGURE 4
Simulation structure diagram of the RSSB-OFDM system with pilot optimization.
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TABLE 1 Parameters of the devices in the simulation.

Parameter of the devices Parameter of the devices

Laser frequency 193.1 THz Optical fiber attenuation 0.2 dB/km

Laser line width 10 MHz Optical fiber dispersion 16.75 ps/nm/km

Laser output power 13 dB m Fiber dispersion slope 0.075 ps/nm2/km

Laser initial phase 0 PD sensitivity 1A/W

MZM-a extinction ratio 80 dB PD dark current 10 nA

MZM-a insertion loss 5 dB MZM-b extinction ratio 80 dB

MZM-a exchange bias voltage 4 V MZM-b insertion loss 5 dB

MZM-a exchange RF voltage 4 V MZM-b exchange bias voltage 4 V

MZM-a modulation voltage 1 2 V MZM-b exchange RF voltage 4 V

MZM-a modulation voltage 2 2 V MZM-b modulation voltage 1 4 V

MZM-a bias voltage 1 0 V MZM-b modulation voltage 2 −4 V

MZM-a bias voltage 2 2 V MZM-b bias voltage 1 0 V

Modulator-c phase offset π MZM-b bias voltage 2 0 V

FIGURE 5
OFDM spectrum of different pilot interval schemes in the transmitter. (A) The equal-interval scheme; (B) The decreased-interval scheme; (C) The
increased-interval scheme.
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scheme, and the increased-interval scheme are shown in Figures
5A–C, respectively. The larger power amplitude is the pilot
information component in each spectrogram. In the three
simulation schemes, the power of each pilot information
component is equal. The location of the pilots in each scheme
can be seen in the spectrogram.

Figure 6 represents the BER, EVM, and Q-factor on each sub-
carrier in an OFDM symbol after the signal has been delivered 100 km
in the fiber. A total of 192 sub-carriers carry data in the OFDM symbol,
and these sub-carriers are set to be conjugate symmetric in the
frequency domain. Because the channel characteristics of conjugate
symmetric parts in the transmission system are the same, only half of
the performance is analyzed and displayed. In Figure 6, the more to the
right on the abscissa, the higher the frequency. The sub-carrier with a
smaller index is at a high frequency, and the sub-carrier with a bigger
index is at a lower frequency. The performance of the system with an
optical received power of −18, −19, and −20 dBm is shown in Figure 6,
respectively. With the decrease of received optical power, the
performance of the system will degrade and the error rate on each
sub-carrier will increase. In Figure 6, the results of each sub-graph are
consistent and in line with the theory previously described. The data
sub-carrier is most influenced by frequency-selective fading at high
frequency, leading to higher BER and EVMand lowerQ-factor.We can
see from the graph that the lower frequency has better performance.
However, it is evident from the EVM and Q-factor that the trend

disappears at the lowest frequency, mainly because the sub-carrier at
low frequency is subject to serious interference from the SSBI, which
affects the performance.

Figures 7A–C represent the BER, EVM, and Q-factor curves
versus different received optical power after delivering 100 km SSMF
with different pilot interval schemes. The results of the sub-graphs in
Figure 7 are consistent and in line with the theory previously
described. The RSSB-OFDM are seriously affected by frequency-
selective fading. We can reduce pilot data at high frequency and
place more pilot data in the area where the channel condition is
relatively good at low frequency, which can improve the accuracy of
channel estimation with the pilot. The results show that the
increased interval scheme provides the best performance among
the three schemes and improves the performance by 2-dB receiving
sensitivity compared with the worst scheme.

3.2 Pilot power scheme simulation design
and results

The simulation system diagram and device parameters of the
pilot power scheme are the same as those of the pilot interval
scheme, as shown in Figure 4 and Table 1. The parameters of
these pilot scheme simulation cases are the same as those in the
OptiSystem. Only the methods of the pilot setting are different in

FIGURE 6
BER, EVM, and Q-factor distributions on each data sub-carrier. (A) BER distributions; (B) EVM distributions; (C) Q-factor distributions.
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MATLAB. When modulating the digital OFDM baseband signal
in MATLAB, the equal-interval distribution of the pilot position
is fixed, and then the power of the pilot data is set separately.
There are three different pilot power setting schemes at the
transmitter, as shown in Figure 8. The abscissa axis represents

the frequency. The vertical axis represents the power. The equal-
power scheme, the decreased-power scheme, and the increased-
power scheme are shown in Figures 8A–C, respectively. In the
three schemes, we keep the total power of the inserted pilots the
same and only change the power distribution. In the pilot

FIGURE 7
BER, EVM, and Q-factor curves under different pilot interval schemes. (A) BER curves; (B) EVM curves; (C) Q-factor curves.

FIGURE 8
OFDM spectrum of different pilot power schemes in the transmitter. (A) The equal-power scheme; (B) The decreased-power scheme; (C) The
increased-power scheme.
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increased-power scheme, the power of the high frequency is
increased to resist fading, and the power of the low frequency
is decreased to ensure the same total power in each simulation.
The larger power amplitude is the pilot information component
in each spectrogram. We can see the change in the pilot power in
each scheme from the spectrogram.

Figures 9A, B represent the EVM and Q-factor curves versus
different received power after delivering 100 km of SSMF with
different pilot power schemes. In Figure 9, the results of each
sub-graph are consistent and in line with the theory previously
described. RSSB-OFDM are seriously affected by frequency-selective
fading. We can increase the pilot power at a high frequency, which
can improve the ability to resist channel interference and the
accuracy of channel estimation with the pilot. Therefore, the
increased power scheme provides the best performance among
the three schemes and improves the performance by 2-dB
receiving sensitivity compared with the worst scheme.

4 Conclusion

For the channel characteristics of the RSSB-OFDM, the
improved pilot interval scheme and the pilot power scheme
are proposed in this study. We built a simulation system to
verify the correctness of the theory and the viability of the
solution. The improved pilot interval scheme uses the method
of placing more pilots in areas where channel conditions are
relatively good. The increased interval scheme provides the best
performance and improves the performance by 2-dB receiving
sensitivity compared with the worst scheme. The improved pilot
power scheme uses the method of increasing the pilot power in
areas where channel conditions are relatively poor. The increased
power scheme provides the best performance and improves the
performance by 2-dB receiving sensitivity compared with the
worst scheme. These schemes can enhance the system
performance without increasing the complexity of the
algorithm and the costs of the RSSB system. It is an ideal way
to improve the performance of the RSSB system.
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FIGURE 9
EVM and Q-factor curves under different pilot power schemes. (A) EVM curves; (B) Q-factor curves.
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