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In this paper, we propose a reverse modulation fiber-wireless system with two jointed DSP algorithms. The signal in the system is
OFDM modulated millimeter wave (mm-wave) at 60GHz. In order to improve transmission of this system, the discrete Fourier
transform spread (DFT-Spread) technology and the averaging of the channel frequency response (H-averaging) technology are
applied. The DFT-Spread technology helps to reduce the peak-to-average power ratio (PAPR) of the OFDM signal, and the Haveraging technology helps to optimize channel estimation. This is the first time that the two kinds of technology were used together
in this reverse modulation system. According to the simulation, the 22Gbit/s 16QAM-OFDM at 60GHz can be generated and
transmitted for 90km fiber transmission under the soft decision forward error correction (SD-FEC) threshold 3.8×10-3 . The results
show that the two jointed DSP algorithms can improve the reverse modulation system transmission performance obviously.

1. Introduction
In recent years, data flow of mobile Internet has increased
quickly. Wireless and broadband communications have been
the interests of the information industry. Radio-over-Fiber
(RoF) technology takes advantages of the optical communication and the wireless communication to realize ultrawideband signal wireless access [1–4]. Because of high spectrum efficiency and anti-interference ability, the orthogonal frequency division multiplexing (OFDM) technology is
intensively studied among researchers. It is widely accepted
that OFDM technology in RoF system helps millimeter wave
signal to resist the dispersion effect in optical link and
multipath fading during the wireless transmission. It is also
considered as an effective solution in the future wireless
access [5–7]. Many countries have opened the frequency
spectrum resources around 60GHz for free, which attracts
many companies and teams to undertake research [8–10]. To
solve the problems which limit the performance of the RoF
system, a novel reverse modulation system which is energy
efficient, dispersion free, and data format compatible has been
proposed [11].

The reverse modulation system with OFDM signal
transmission has got more and more attention and studies
since it was proposed [12, 13]. However, there are still many
problems that need to be solved. The high PAPR will influence
some devices such as the amplifier in mm-wave system.
Therefore, the PAPR needs to be reduced to enhance the
transmission quality. Besides, the OFDM signal in reverse
modulation system will be interfered by noises caused by
optical channel and wireless channel, so it is vital to estimate
the channel estimation correctly. When it comes to the
aforementioned problems, digital signal processing could be
taken into consideration.
This paper proposed an OFDM modulated mm-wave
at 60GHz reverse modulation system based on cascaded
advanced digital signal processing algorithms. The Haveraging is used in the system to optimize channel estimation and the DFT-Spread is used to reduce the PAPR.
Simulation results show that the performance of the reverse
modulation system has been significantly improved with
application of the H-averaging technology and the DFTSpread technology. This is the first time that the two advanced
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Figure 1: Principle of parallel Mach-Zehnder modulator.

digital signal processing algorithms have been cascaded in the
reverse modulation system.

2. Principle of Reverse Modulation System
with Jointed DSP Algorithms
The tandem SSB (TSSB) system is intensively studied [14,
15] for its frequency doubling effect in the optical domain.
Compared to the TSSB, the reverse modulation system can
eliminate the electrical mixer whose imperfect features such
as nonlinearity, bandwidth limitation, and conversion loss
will limit system performance seriously. Furthermore, the
reverse modulation system is energy efficient and dispersion
robust [12]. The reverse modulation system is based on a
parallel Mach-Zehnder modulator (P-MZM) which is shown
in Figure 1. The lightwave is split into two paths: MZ-a at the
up path and MZ-b at the down path. The MZ-a is driven by
the baseband data and its optical spectrum is illustrated in
Figure 1(a). The MZ-b is driven by electrical LO to generate
optical millimeter wave, and its DC-bias is driven at the
top point of its transfer curve. Figure 1(b) is the optical
spectrum of signal from MZ-b. Then optical signals from two
branches are coupled in MZ-c at the end of P-MZM and their
schematic optical spectra are illustrated in Figures 1(c)-1(e).
By adjusting the bias voltage of MZ-c, the phase difference
between the two optical signals is changed. As shown in
Figure 1(e), when the phase difference is set to be 180∘ , the
optical direct current component will be suppressed due to
the interference between the two optical signals. The data is
carried by the alternative current component which means
that the modulation power efficiency will be improved when
the phase difference is close to 180∘ . Thus, the modulation

power efficiency can be changed by the MZ-c and be max
when the phase difference is 180∘ .
One major drawback of the OFDM technology is that the
modulated signal has a high PAPR. When the instantaneous
power of the OFDM signal is too large, the gain of the
amplifier in the system tends to be saturated at that time.
Nonlinear distortion may be caused because the OFDM
signal is clipped. In the RoF systems especially the reverse
modulation system, nonlinearity also exists in the fiber transmission, so reducing the impact of the PAPR is a challenge for
the designed system. The DFT-Spread technology can be used
to reduce the PAPR of the OFDM signal, so that multicarrier
modulated OFDM signal can show the characteristics of
single-carrier modulated signals [16]. Figure 2 shows the
principle of the DFT-Spread OFDM signal generation and
recovery. Compared with the conventional OFDM signal,
the DFT-Spread scheme performs the DFT of the 𝐾 point
and zero symbols inserted before the IDFT. The data expand
into a new sequence of 𝑁 points after the zero symbols
inserted and go through the IDFT. Other processes are the
same as the conventional OFDM modulation. In addition,
one more IDFT process is performed when OFDM signal
demodulation is performed at the demodulation.
In the reverse modulation system, receiving noise created
by detector through photon-electrical conversion greatly
affects the system performance. However, the H-averaging
technology can improve the accuracy of channel estimation
by suppressing receiving noise [17]. In OFDM systems, training sequence is often used to estimate the frequency response
of the channel. The H-averaging is that, in a training sequence
period, the channel response 𝐻k of the 𝑘-th subcarrier is
known to be adjacent to the first 𝑚 subcarriers and the last
𝑚 subcarriers. The channel response value is averaged, and
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Figure 2: Principle of the DFT-Spread OFDM signal generation and recovery.

the calculated optimal channel response value for the 𝑘-th
subcarrier is as follows.
𝐻𝐼𝑆𝐹𝐴 =

∑𝑘+𝑚
𝑘 =𝑘−𝑚 𝐻𝑘

min (𝑘max , 𝑘 + 𝑚) − max (𝑘min , 𝑘 − 𝑚) + 1

(1)

The 𝑘 max and 𝑘 min represent the largest and the smallest
subcarrier numbers, respectively. When the subcarrier index
is beyond the range between the minimum and maximum
subcarrier numbers, the value of the channel response is 0.
The optimized channel response value can be used to recover
the received signal. The number of averaged subcarriers used
in calculating the channel response for each subcarrier is
called tap size, which affects the performance of H-averaging
technology. The average number of subcarrier samples will be
larger when the tap size increases, which is more conducive
to suppress random noise. However, if the number is too
large, the correlation between the subcarrier samples may
be weakened, so the accuracy of channel estimation may be
affected. Therefore, choosing the optimal tap size needs to get
a balance between the suppression of random noise and the
correlation between subcarriers.

3. Simulation Results
In this section, the simulation platform will be set up to verify
the designed system and also to investigate the performance
influenced by the two jointed DSP algorithms. The simulation
setup will be described with key parameters. Results from
simulations will be described and analyzed. The simulation
system diagram is shown in Figure 3. The modulation and
demodulation process of the baseband OFDM signal is performed offline in the Matlab software. The data transmitted
in this simulation is firstly mapped into the 16QAM format.
Each OFDM symbol includes 200 data subcarriers which
carry data information. 56 null subcarriers are inserted for
the guard interval, and the cyclic prefix of 32 subcarriers is
provided to reduce intercarrier interference and intersymbol
interference, so there are a total of 288 subcarriers per symbol

period. Then the digital OFDM baseband signal becomes
an electrical signal through a digital-to-analog converter
(DAC) in the system, and a low pass filter (LPF) removes
middle and high order band and noise. The lightwave with a
center frequency of 193.1THz is generated from a distributed
feedback (DFB) laser. The power of the lightwave is 10dBm
and the linewidth is 10MHz. With bandwidth of 8GHz, the
electrical OFDM baseband signal is sent into the MZM-a,
and the MZM-a works in the linear region. The local radio
frequency at 30GHz is sent into the MZM-b to drive the
DC offset at the highest point of its modulation curve, and
the odd numbered sideband is suppressed. The optical signal
is coupled in the phase MZM-c after coming out of the
MZM-a and MZM-b, and the modulation power efficiency
is controlled by adjusting the phase deviation in the MZM-c.
The output signal is amplified by an optical amplifier before
being transmitted into a standard single-mode fiber (SSMF).
In all the simulation test examples, the power of the signal
before entering the fiber is 0 dBm. An optical amplifier is
then used to compensate for the loss of the signal after passing
through the optical link. A rectangular optical bandpass filter
is used to filter out unwanted sidebands. After filtering, the
light signal is then detected by a photo detector (PD). The
detected electrical signal goes through a rectangular band
pass filter (EBPF) with a center frequency of 60GHz and a
bandwidth of 16 GHz. The test examples all use an electrical
amplifier (EA) to amplify the power to -14dBm. Then, the
generated 60GHz millimeter wave electrical signal and a
signal with frequency at 60GHz from local oscillator are
downconverted in an electric mixer. A LPF with bandwidth
of 8GHz is used to obtain the OFDM baseband signal. The
obtained OFDM baseband signal then passes through an
analog-to-digital converter (ADC) into the Matlab software
for further processing to test the performance of the system.
The conventional OFDM signal and the DFT-Spread
OFDM signal are shown in Figure 4. Figures 4(a) and
4(b) show that the power of the DFT-Spread signal is
more evenly spread comparing to that of the conventional
OFDM signal. Figures 4(c) and 4(d) show the demodulation
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Figure 3: Simulation setup for 60GHz reverse modulation scheme.
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Figure 4: The conventional OFDM signal and the DFT-Spread OFDM signal.
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Figure 6: BER versus distances with different algorithms.

constellation of the received conventional OFDM and DFTSpread OFDM signal after 65km fiber transmission. We
can see that the received constellation of DFT-Spread signal
converges more. Compared to the conventional OFDM,
DFT-S OFDM scheme contains one more DFT operation
in the signal modulation and one more IDFT in the signal
demodulation. DFT-Spread technique can make the OFDM
signal with multicarrier modulation have the characteristic
of single-carrier signal, and mitigate the fiber nonlinearity.
The transmission quality of DFT-Spread OFDM signal in the
system is obviously better than that of conventional OFDM
signal.
Figure 5 shows the channel frequency responses of the
subcarriers in OFDM signal. A training sequence used for
channel estimation is inserted at the front of data frames
in every 100 OFDM symbols. The channel response curves

obtained by training sequences in different frames are different. However, in every 100 OFDM frames, we assume
the channel responses of the OFDM frames are the same
as the channel responses of the adjacent training sequence.
The result shows the channel responses of the following
100 OFDM frames. By suppressing the noise, the frequency
response curves with the H-averaging are relatively flat
compared to the curves without the H-averaging. There is a
tradeoff in choosing the tap size. The tap size should be large
for noise suppression while the taps number should not be too
large for channel estimation accuracy. The BER measured in
the system is the minimum when the optimal tap size is 4.
We obtain the bit error rate (BER) curves versus length
of transmitted single-mode fiber in Figure 6. The mmwave at 60GHz is generated in the system. The transmitted
OFDM signal carried by the mm-wave has 8GHz bandwidth,
and the total rate is 22Gbit/s. In the simulation, the phase
difference between the optical signals is adjusted to be 180∘ ,
so that the modulation power efficiency is the maximum.
The optimal tap size used in the H-averaging technology is
4. In the simulation, 22Gbit/s 16QAM DFT-Spread OFDM
signal was successfully transmitted for 90km fiber when BER
is controlled at the SD-FEC threshold where the redundancy
is 7% (the bit error rate is 3.8×10-3 ). The result shows that
the system with the DFT-Spread technology can transmit the
DFT-Spread OFDM signal over about 10km fiber distance
more than the conventional OFDM signal. By reducing the
PAPR and suppressing the in-band noise, the system with
two jointed DSP algorithms can transmit the signal over more
than 15km fiber distance compared to the system without any
DSP algorithms.

4. Conclusions
This paper proposed a reverse modulation fiber-wireless
system with two jointed DSP algorithms. The DFT-Spread
and the H-averaging technology are applied for improving
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the transmission performance. In the simulation, the mmwave at 60GHz carrying 16QAM-OFDM signal with 22Gb/s
rate is generated and transmitted in the optical link. The BER
of the generated signal after 90km optical link can be controlled within the SD-FEC threshold. The results show that
DFT-Spread and the H-averaging technology can improve
the reverse modulation system transmission performance by
more than 15km fiber transmission at the SD-FEC threshold
3.8×10-3 .
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