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Abstract

The development of a system facilitating the convergence
of millimeter-wave and optical systems is highly desirable
to realize 5G/beyond 5G mobile communication. However,
such broad-bandwidth signals cannot be easily transmitted
using a long optical fiber owing to the optical fiber chro-
matic dispersion effect. This paper reports upon the realiza-
tion of a high-speed millimeter-wave radio-over-fiber sig-
nal transmission by using an optical single-sideband (SSB)
modulation scheme. The combination of an optical in-
tensity modulator and optical filter can provide the opti-
cal SSB signals with an automatic bias controller. The
IEEE802.11ad-compliant packet streams are successfully
transmitted and converted into 105 GHz millimeter-wave
signals. The system can generate and transmit a packet in
16-QAM under an error vector magnitude of 4.8% at a fre-
quency of 104.77 GHz.

1 Introduction

The use of a millimeter-wave radio system is a promising
solution to provide a high-speed wireless link in fifth gener-
ation (5G) mobile communication systems, which involve
a data rate of more than 1 Gbit/s. In such a case, the back-
end network, particularly, the optical fiber system, should
have a broader bandwidth than that of a traditional digi-
tal system. For example, a digital-based optical connec-
tion system, such as a common public radio interface, can
provide a bandwidth of approximately 100 MHz by using
12 Gbit/s optical transceivers. However, the signal conver-
sion between the high-speed radio and high-capacity digi-
tal optical link via digital signal processing induces a pro-
cessing latency, additional footprint, and additional power
consumption. The analog radio-over-fiber (RoF) technol-
ogy can be used to configure a massive telecommunication
network for a high-speed communications system in the
millimeter-wave (MMW) band without any digital conver-
sions required between the radio and optical domains at an
antenna site. This feature can help realize robust and low-
cost antenna units, and such a configuration is applicable
for typical terrestrial mobile wireless communication sys-
tems as well as high-speed train communication systems.
In particular, for a train communication system, the opti-
cal fiber networks can be easily installed along the railway

tracks. In addition, in a bullet train system, the transmis-
sion distance in the optical domain is 10-30 km, and thus,
it is not necessary to install optical repeaters in the network.
Thus, the MMW-RoF system can be applied to train com-
munication systems.

The train wireless link system based on the MMW-RoF
technology is a distributed prediction-based train tracking
system [1, 2, 3], in which a central station predicts the train
location information and activates the nearest radio station
from the train. The stations are located at 1-km intervals
along a train track. Furthermore, the MMW-RoF technol-
ogy itself involves a hybrid system: Its architecture is split
into an optical part and an electronics part [4]. A baseband
signal is transmitted using an optical fiber over a long dis-
tance with the minimum transmission loss; subsequently,
a radio signal is converted directly from an optical signal
to a radio signal in a photo diode (PD). In previous work,
we have already proposed and demonstrated an MM W-RoF
system in the 90-GHz-band for a bullet train or Maglev [5].
This system is used for the backhaul of an in-car Wi-Fi ser-
vice provided to the passengers, which monitors and diag-
noses the train and railway status [3]. The proposed setup is
based on a single-sideband (SSB) optical modulation tech-
nique [6] with an automatic bias controller (ABC) for an
optical modulator [7]. In addition, an extremely low dis-
tortion front-end circuit in the W-band is used to transmit
an IEEE802.11ad [8] packet in 16-QAM and 64-QAM un-
der the error vector magnitudes (EVMs) of 4.8% and 5.5%,
respectively, at a frequency of 97.5 GHz [5]. To realize
the effective transmission of a high-speed signal, a broader
bandwidth or higher frequency is desirable. However, the
transfer of a broad-bandwidth signal in a single mode fiber
(SMF) leads to signal deterioration owing to the effect of
the wavelength-dependent dispersion. Thus, we employ the
SSB optical modulation instead of a conventional double-
sideband (DSB) method to mitigate this effect [7].

In this study, we demonstrate the MM W-RoF system based
on the SSB optical modulation with the ABC, and discuss
the feasibility of its application to future telecommunica-
tions systems for high-speed trains.
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Figure 1. Experimental setup of the MMW-ROF system in 105-GHz band.

2 Experimental Setup

The experimental setup is shown in Figure 1. The base-
band signal of the IEEE802.11ad standard for 16-QAM of
the modulation code scheme (MCS) 12 is generated on a
Tektronix AWG70001A arbitrary waveform generator at a
center frequency of 3.28 GHz. The baseband signal is up-
converted to 14.08 GHz in an IF up-converter. The signal
is amplified by a preamplifier with a gain of 29.5 dB and
injected into an optical modulator. In the optical modula-
tor, the baseband signal and 1551.52 nm fiber laser (LD1)
are mixed to obtain an optical double-sideband (DSB) sig-
nal by optimizing the bias voltages with an ABC [4]. The
SSB optical signal is obtained by passing the optical DSB
signal through an optical notch filter to suppress the other
sideband. The optical SSB signal is then transferred via
an SMF and injected into an erbium-doped fiber amplifier
with an automatic gain control. The length of the SMF is
changed in steps of 5 km from O to 15 km. The optical
SSB signal is optically mixed with a 1552.22-nm fiber laser
(LD2), which acts as an optical local oscillator in an optical
coupler. Therefore, the MMW signal frequency can be ad-
justed by tuning a wave length of the LD2. LD1 and LD2
have a laser linewidth of approximately 15 Hz.

One output from the coupler is input to an optical spec-
trum analyzer to monitor the optical SSB spectrum. The
other output is injected into a PD in the optical-to-RF part
shown in Figure 1 (a) to convertan MMW signal. To main-
tain the input level for a down-converter (FS-Z110) and the
signal-to-noise power ratio, a WR-10 waveguide variable
attenuator (VAT) is prepared to adjust the input signal level
from the optical-to-RF part. In addition, a waveguide band-
pass filter with a center frequency of 105 GHz and a 3-dB
passband of 9.5 GHz is installed between the low-noise am-
plifier and the VAT. The output signal is evaluated using
a Rohde & Schwarz FSW43 signal and spectrum analyzer

and a FS-Z110 down-converter, by using the IEEE802.11ad
signal analysis option. The difference in the frequencies of
the sideband of the SSB signal and LD2 is the frequency of
the IEEE802.11ad signal in the W-band.

3 Experimental Result

A typical optical spectrum in the back-to-back setup (SMF
length of 0 km) for the SMF is shown in Figure 2. The
difference in the wavelength of the LD2 and IF spectra is
equivalent to the center frequency of the MMW signal out-
put from the PD. The ratio of the upper-sideband and the
carrier is obtained by 18 dB, approximately.
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Figure 2. Typical optical spectrum of the SSB optical mod-
ulation from PD.

Next, the output MMW signal up-converted from the
14.08 GHz baseband signal of the MCS12 was examined.
The typical output spectra and constellations at each check
point (CP) are shown in Figure 3. The EVMs of the 14.08-
GHz baseband signal at CP1, as shown in Figure 1, and
the 104.77 GHz MMW signal at CP2 were 1.5% and 4.8%,
respectively.
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Figure 3. Typical constellations and spectra of 16-QAM
on an MMW-ROF system. Left: IF signal input to optical
modulator at CP1, Right: MMW signal at the output of the
optical to the RF part at CP2.

To evaluate the stability of the optical modulator with the
ABC, a heat-cycle test was performed in a temperature-
controlled bath. The optical modulator was placed into
the temperature-controlled bath, and the temperature was
changed by 1 °C/min from 0 to 70 °C for 20475 s. The
results of the optical SSB modulation, EVM, and output
power in the stability evaluation are shown in Figure 4. The
optical SSB modulation was stabilized with the ABC; sub-
sequently, the EVM was maintained at 5.0 & 0.1% in the
heat-cycle test.

To evaluate the effect of varying the length of the SMF,
the difference in the EVM and output power was observed,
as shown in Figure 5. The stability of the EVM and out-
put power was confirmed, even at the maximum length of
15 km. The EVM values in different of optical SSB mod-
ulation schemes are compared, as presented in Table 1. In
a previous work [6], we employed the IQ modulation with
bias control to generate an optical SSB signal. It was con-
firmed that even in the case of different modulation schemes
and frequencies, a high quality MMW signal could be ob-
tained using the proposed MM W-ROF setups.

Table 1. Comparison of EVM in different of optical SSB
modulation schemes.

Modulation
Scheme MCS | RF frequency | EVM
1Q modulation w/ 97.57 GHz
Bias control 12 [6] 4.1%
DSB modulation w/ 104.77 GHz
Notch Filter 12 [This work] | 4.8%
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Figure 4. Time variation of the EVM, output power, and
optical SSB modulation in the temperature-controlled bath.
(a) EVM and output power, (b) optical power, (c) difference
in the carrier and upper- and lower-sidebands, and differ-
ence in the upper- and lower-sidebands.
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4 Conclusion

In this work, an IEEE802.11ad-compliant packet of MCS12
of 16-QAM was successfully generated and transferred.
The signal was modulated by an optical modulator with an
ABC on an MMW-RoF system based on an optical SSB
modulation scheme. In the proposed MMW-ROF system,
the MMW signal exhibited an EVM of 4.8% at a center
frequency of 104.77 GHz. The findings indicate that for
a distributed optical network in the new generation wire-
less link for a high-speed train, the proposed MMW-RoF
configuration can enable low distortion in signal transport
along killometer-order distances.
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