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SUMMARY This paper presents a novel 60 GHz-band photonicintegrated array-antenna and module for radio-over-fiber (RoF)-based beam
forming. An integrated photonic array-antennas (IPA), where eight photodiodes and 4 × 2 arrayed patch-antenna are integrated in a single board, is
actually fabricated, and 3.5-Gbit/s QPSK digital signal transmission with
beam forming of the IPA is experimentally demonstrated. In addition, a
novel 60-GHz compact antenna module is proposed and fabricated for increasing the number of antenna elements and flexibility creating various
beam patterns. The feasibility of beam forming operation for the proposed
antenna module is confirmed by a 60-GHz RoF transmission experiment.
The capability of detecting the mobile terminal direction, which is one of
the indispensable functions for actual environment, is also studied. The obtained results in this paper will be useful for designing future radio access
networks based on RoF transmission technology.
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1.

Introduction

The high-speed mobile devices such as smart phones and
data-intensive applications cause the rapid growth of mobile data traﬃc. It is estimated that the amount of mobile
data traﬃc beyond 2020 will become 1,000 times as large
as today’s data traﬃc [1]. In order to accommodate such
huge amount of data traﬃc, the deployment of more wireless base stations (BSs) covering small areas is required than
ever especially in urban and densely populated areas, which
are so-called “small cells [2], [3]”. In such a situation, the
electro-magnetic-wave interference among plural BSs will
increase, which results in the degradation of signal quality.
In addition, the installation of many BSs causes the increase
of cost, footprint, and power consumption of the whole radio access network. In order to resolve these problems,
antenna beam forming is an attractive solution, because it
enables us to ensure the high signal quality against the radiointerference among plural BSs, and therefore, many studies
of beam forming technique with RF optical communication
links have been reported [4]–[6]. As for the optical transmission technology, radio-over-fiber (RoF) is promising, because it has capabilities of a remote radio frequency (RF)
signal feeding through optical fibers from the control site
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(CS) to antenna sites (ASs), which will contribute to significant simplification of the AS configuration [7]–[9]. In addition, when we consider the recent advance of the photonic
integration technologies on the high-speed and high power
photodiodes (PDs) and the tunable laser sources (TLSs), the
RoF technology has a high possibility of further simplification for the current BS architecture [10]–[12].
From these perspectives, we study a beam forming
scheme for RF array-antennas by utilizing RoF technology
[13]–[15]. For the reduction of cost and size of BS equipment, we proposed an integrated photonic array-antenna
(IPA) that fully integrated the PDs with patch array-antenna
elements in a single board, and the beam forming operation
by using an RF tone for the IPA was experimentally demonstrated [16]. However, the required beam forming operation
will be changed according to the applications and practical
use cases, and as a consequence, the various beam patterns
should be flexibly created.
In this paper, we demonstrate the IPA-based beam forming by a 3.5-Gbit/s quadrature phase shift keying (QPSK)
signal transmission experiment. In addition, we propose a
novel 60-GHz compact antenna module for freely increasing the number of antenna elements and flexibly creating
various beam patterns. The beam forming operation for the
proposed antenna module is demonstrated by a 60-GHz RoF
transmission experiment. The experimental study for estimating the position of user terminals is also provided by
using the fabricated 60 GHz-band IPA.
The rest of this paper is organized as follows. In Sect. 2,
the antenna beam forming scheme utilizing the RoF is introduced. In Sect. 3, the detailed configuration of a 60GHz IPA is explained, and the IPA-based beam forming is
demonstrated by a RoF transmission experiment. In Sect. 4,
a 60-GHz compact antenna module is proposed, and the
feasibility of the proposed antenna module is confirmed by
a beam forming experiment. In Sect. 5, the estimation of
the user terminal position is experimentally demonstrated.
Section 6 concludes the proposal and experimental demonstrations with the main topics of each section.
2. Antenna Beam Forming by RoF Technology
In this section, the principle of operation for the RoF-based
antenna beam forming is introduced.
Figures 1(a) and (b) show the schematic illustration
of the radio access links between the CS and the AS. In
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of a dispersion shifted fiber or a non-zero dispersion shifted
fiber will be eﬀective for generating the chromatic dispersion
eﬀect.
When the array-antenna consists of N elements, the
array factor (AF) that indicates the total directivity of the
array-antenna is expressed as;
N
∑

{

(

2π
AF (θ) =
exp − j
d k sin θ + βk
λ
RF
k=1

Fig. 1 Schematic illustration of radio access link between the CS and the
AS; (a) conventional scheme (a), and (b) RoF-based new scheme.

)}
(1)

where λ RF is the wavelength of RF career, d k is the separation
between each antenna element, θ is the observation angle,
and βk is the relative phase shift among input RF signals to
the each antenna element [17].
As explained above, the antenna beam can be remotely
controlled by just changing the wavelengths of RoF transmitter at the CS. The wavelength tuning range (∆λ) required
for obtaining a relative RF phase shift of π is expressed as
[9];
∆λ =

1
2LD f RF

(2)

where L is a length of the SMF, D is the chromatic dispersion
parameter of the SMF (typically, D = 16 − 18 ps/nm/km at
λ = 1550 nm), and f RF is the RF carrier frequency.
3. Transmission Experiments Utilizing Integrated Photonic Array-Antenna

Fig. 2

Principle of operation for RoF-based antenna beam forming.

the conventional scheme shown in Fig. 1(a), the propagation
loss of a coaxial cable is quite large especially in 60-GHz
band, and RF amplifiers and phase shifters to control the
antenna beam are required at the AS side. In contrast, a
RoF-based new scheme shown in Fig. 1(b) can transmit RoF
signals through a low-loss optical fiber, and therefore, the
configuration of the AS can be drastically simplified because
just antennas, PDs, and some passive optical devices such
as a wavelength division multiplexing (WDM) coupler are
needed at the AS side, and the PDs can be directly connected
to the array-antennas without any RF amplifications.
Figure 2 shows the principle of operation for RoF-based
antenna beam forming. In order to simplify the explanation,
just two RoF signals with diﬀerent optical wavelengths of λ 1
and λ 2 in the C-band are used in Fig. 2. When the RF phases
of two RoF signals are initially synchronized just before the
array-antenna, the antenna radiates a straight-forward beam
toward the observation angle of 0 degree. In contrast, when
the wavelength of λ 2 is slightly changed to λ 2 ’, the relative
RF phase between two RoF signals is shifted owing to the
eﬀect of chromatic dispersion (CD) of the single-mode fiber
(SMF), and hence, the beam radiated from the array-antenna
can be steered. If we use O-band optical signals, the use

In this section, the detailed configuration of the IPA is explained, and the feasibility of the beam forming for the fabricated IPA is demonstrated by a RoF transmission experiment.
The achievable RF propagation distance by optimizing each
RF and optical component is also discussed.
3.1 Integrated Photonic Array-Antenna
Figure 3 shows a schematic overview of the IPA, where
the IPA consists of a PD-integrated 60 GHz-band patch antenna substrate (Fig. 3(a)) and an optical signal feeding jig
(Fig. 3(b)). The antenna substrate consists of 60 GHz-band
4 × 2 patch antenna elements in the front side and unitravelling carrier PD (UTC-PD) chips on the back side. The
optical signal feeding jig consists of optical fibers, prisms,
and lenses. The input optical signals through fibers are focused onto the light receiving areas of each PD chip by the
prisms and the lenses. The PDs convert the received optical
signals to RF signals, and then the RF signals are provided
for each patch antenna element from the RF feeding point.
3.2 Experiment of 3.5-Gbit/s Signal Transmission with
Antenna Beam Forming by RoF
In order to confirm the feasibility of the IPA-based beam
forming, we conducted a RoF transmission experiment. Figure 4 shows an experimental setup for 3.5-Gbit/s
QPSK signal transmission with antenna beam forming
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Fig. 3 Schematic overview of the integrated photonic array-antenna; (a)
PD-integrated antenna substrate, and (b) optical signal feeding jig.

Fig. 5 RF radiation patterns with corresponding SNRs when the IPA
beam is controlled.

Fig. 4

Experimental setup for 3.5-Gbit/s QPSK signal transmission.

of the fabricated IPA. The RF carrier frequency output from
the IPA was set to be 60.48 GHz that corresponded to the
central frequency of the channel 2 in the standardized 60GHz band. In the experiment, two RoF signals with diﬀerent
optical wavelengths of λ 1 and λ 2 were used as the light
sources of RoF signals. A 1.76-Gbaud QPSK signal with
the intermediate frequency of 4 GHz was generated by an
arbitrary waveform generator (AWG), and then converted
up to 60.48 GHz by being mixed with 56.48-GHz RF tone
signal from a local oscillator (LO). After passing through a
band-pass filter (BPF) with the central frequency of 60.48
GHz and the bandwidth of 1.76 GHz, the 60.48-GHz QPSK
signal was provided to an intensity modulator (IM). Two
optical signals output from the TLSs, of which wavelengths
were λ 1 = 1550 and λ 2 = 1545 nm, were multiplexed by
a WDM coupler and amplitude-modulated in the IM by the
60.48-GHz RF signal. After being boosted by an erbium-

doped fiber amplifier (EDFA), the two RoF signals were
propagated over a 2 km-long SMF and de-multiplexed to
each wavelength by a WDM coupler in the antenna site.
The two RoF signals were then divided into four signals by
optical couplers (CPLs) and fed to each antenna element
of the IPA. In order to compensate an RF phase shift due
to the diﬀerence of two initial optical wavelengths, seven
optical variable delay lines (VDLs) were inserted just before
the IPA. The RoF signals were converted to the 60.48-GHz
QPSK RF signal by the PDs of the IPA and the RF signal
was radiated from the array-antenna of the IPA. It should be
noted that this experiment was conducted without supplying
any bias voltages for all the PDs, i.e., fully-passive condition
for the AS. After 0.3 m-long radio propagation, the 60.48GHz RF signal was received by a receiver horn antenna,
and then converted down to 4 GHz. The 4-GHz RF signal
was injected into the oscilloscope and the RF power meter
to measure the signal-to-noise ratio (SNR) of the QPSK
signal and the received RF power. The measured SNR was
calculated from the error vector magnitude (EVM) value by
the software installed in the oscilloscope.
Figures 5(a) and (b) show the RF radiation patterns at
∆λ = 0 and 0.25 nm, respectively, where the change of relative RF power is plotted against the observation angle. The
constellations for the corresponding SNR and the EVM values are also shown in Fig. 5. In the case of ∆λ = 0 nm, the RF
power at the observation angle of 0 degree was the maximum,
while it changed to a null point in the case of ∆λ = 0.25 nm.
The transmission length L and the actual dispersion parameter D of the SMF between the CS and the AS were 2 km and

IEICE TRANS. COMMUN., VOL.E100–B, NO.10 OCTOBER 2017

1720

Fig. 6 Change of the received RF powers and SNRs as a function of the
RF propagation distance.

Fig. 7 Calculated result of the received RF power as a function of RF
propagation distance.

16.7 ps/nm/km. From these parameters, the ∆λ for obtaining
π RF phase shift was theoretically estimated to be 0.25 nm
from Eq. (2). The dotted lines in Figs. 5(a) and (b) are calculated by High Frequency Structural Simulator (HFSS) that
is a three-dimensional electromagnetic field simulator for
antenna engineering. The measured RF powers and SNRs
almost coincided with the dotted lines except for the measurement points where the received RF signals were too
small to be clearly discriminated from noises. The constellations were also changed according to the observation angle,
and we successfully obtained the SNR of more than 9.8 dB
that corresponds to the bit error rate of 1.0 × 10−3 required
for error-free transmission with a low-density parity-check
(LDPC) code. Thus, the signal quality of the 3.5-Gbit/s
QPSK signal in the IPA-based beam forming operation was
experimentally confirmed.

RF signal component. Moreover, the RF power output from
the UTC-PDs can be higher when we utilize the latest devices, where the RF output power will be as large as −6 dBm
without any bias voltages and +12 dBm with the bias voltage
[11]. As the output power from the UTC-PD in the experiment was about −30 dBm at zero bias voltage and −10 dBm
with the bias voltage, we will be able to improve the undesired loss by 37 (= 8 + 5 + 24) dB at zero bias voltage and
55 dB (= 8+5+42) with the bias voltages. Therefore, the RF
propagation distance will be extended to 20 m at zero bias
voltage, and 160 m with supplying bias voltages, and much
longer when the number of antenna elements is increased.

3.3

Discussion on System Performance Improvement

Figure 6 shows the change of the received RF powers and
SNRs for the 3.5-Gbit/s QPSK signal by changing the RF
propagation distance between the IPA and the receiver horn
antenna from 0.2 to 1.4 m. Figure 7 shows the calculated result of the received RF power as a function of RF propagation
distance. In the present experimental setup, the achievable
RF propagation distance was 1.0 m considering the required
SNR of 9.8 dB. In order to extend the propagation distance to
10 or 100 m, the RF propagation loss of 20 and 40 dB must
be compensated. In this experiment, however, the received
RF power was restricted by the performances of the IM and
PDs in the IPA. The 60-GHz frequency response of the IM
used in this experiment was worse by 11 dB than that of the
lower-frequency band.
In the future, we may be able to use much better modulator, where the 3-dB bandwidth will be as large as 60 GHz
[18]. In that case, we can improve the frequency response by
8 dB. In addition, the optical-to-electrical (O/E) conversion
eﬃciency of the UTC-PD used in this experiment was as
low as 0.3 A/W at 60 GHz. If the PD is optimally designed
and engineered, the eﬃciency of the O/E conversion can be
improved to be twice as large as the present value [19]. As
a consequence, we may achieve 5-dB improvement for the

4. 60-GHz Compact Antenna Module Integrated with
Photodiodes
The IPA shown in Fig. 3 has an advantage in terms of the size
and space because it is integrated in a single board. However,
it may be diﬃcult to arrange a number of arrays arbitrarily
and create the beam pattern flexibly, because the number of
the antenna arrays and PD arrays is fixed uniquely. In order
to resolve this problem, we propose a novel 60-GHz compact
antenna module.
4.1 Design of Integrated Photonic Antenna Module
Figure 8 shows a schematic overview of the 60-GHz compact
antenna module as well as a photograph of the whole module
with a fiber. The module consists of the antenna element,
which is basically a cavity antenna, integrated with a UTCPD and an optical fiber. The RoF signal through the fiber is
focused onto the light receiving area of the PD chip by a lens.
The output RF signal from the PD chip is fed to an RF strip
line formed on the top surface of an aperture of the cavity
antenna. Figure 9 shows a photograph and an illustration
of the top surface of the antenna module. The diameter of
the module is 3.8 mm. The RF strip line to connect the PD
to the aperture is a coplanar line formed on an SiO2 -based
dielectric substrate. The dielectric substrate is buried by
0.1 mm in the top surface and stretched out to the other side
of the aperture so that the coplanar line doesn’t slip oﬀ. The
aperture is a cavity of 1.0 mm in the x-axis direction, 2.5 mm
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Fig. 8 Schematic overview of the 60-GHz compact antenna module as
well as a photograph of the whole module with a fiber.
Fig. 10 Experimental Setup for RoF-based beamforming of the arrayed
modules.

Fig. 9 Photograph and figure of the top surface of the 60 GHz compact
antenna module.

in the y-axis direction, and 1.2 mm in the z-axis direction,
respectively. It is designed so that the RF signal is radiated to
the opening front direction with the resonance in the 60-GHz
band. Various antenna arrays can be formed by arranging
side by side the square stainless steel outer cover as shown
in Fig. 8 illustration.
4.2

Fig. 11

Setup for he arrayed modules to measure the radiation pattern.

Table 1
shift.

Relationship between the wavelength shift and the RF phase

Beam Forming for the Proposed Antenna Modules

Figure 10 shows the experimental setup for RoF-based beam
forming of the 60-GHz arrayed modules. Four optical signals
output from TLSs, of which wavelengths were λ 1 = 1560,
λ 2 = 1553, λ 3 = 1550, and λ 4 = 1545 nm and were selected
so as to be the central wavelengths of the WDM filters used in
the experiment, were simultaneously amplitude-modulated
by a 60-GHz RF signal from the LO at the IM. After being
boosted by the EDFA, the RoF signals propagated a 2 kmlong SMF. The four RoF signals were de-multiplexed to
each wavelength by a WDM coupler at the AS. The four RoF
signals were then divided into two signals by CPLs and fed to
each antenna module. The experimental measurement was
conducted without supplying any bias voltages for the PDs.
After 0.8 m-long radio propagation, the 60-GHz RF signal

was received by a receiver horn antenna (Rx), and then the
signal was observed by an RF spectrum analyzer.
In this experiment, we arranged eight antenna modules
into a 2×4 array and the element separation is 3.9 mm, which
corresponded to 0.78 λ at 60 GHz. Figure 11 shows the
measurement setup of the radiation patterns. The λ 2 , λ 3 , and
λ 4 were changed to five patterns, where the RF phase shifts
were changed so that the main beam angle was (i) 0 to (ii)
10, (iii) 20, (iv) 30, and (v) 40 degrees as shown in Table 1.
Figures 12 shows the RF radiation patterns in each case of
five wavelength tuning ranges. The solid lines in Fig. 12 were
calculated by the HFSS. The measured RF powers almost
coincided with the simulated results. The slight deviations
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Fig. 12

Measured RF radiation patterns.

between theoretical and measurement values may be caused
by some output power diﬀerences in the individual module.
When the number of the lasers and modules are increased,
we can create various beam patterns. Such experiments may
be reported elsewhere in the future.
5.

Estimation of the User Terminal Position

While the beam forming operation was successfully demonstrated in the previous sections, a technique for accurately
estimating the position of user terminals is indispensable for
properly controlling the antenna beam. In this section, we
demonstrate the estimation of user position by conducting a
bidirectional RoF transmission experiment.
Figure 13 shows the experimental setup for estimating
the position of user terminals. At the AS side, the 60 GHzband IPA presented in Sect. 3 was adopted for RF downlink
transmission, and two 9.4-GHz patch antenna elements that
were separated by 0.47 λ were used as an RF uplink receiver.
By using the 9.4-GHz antenna as a receiver, it can be easier
to arrange two antenna arrays, which results in the simplification of the experimental setup. As the required data rate is
not so high in actual use cases, it will be suﬃcient to use the
9.4-GHz antenna for the RF and optical uplink transmission.
Two optical signals (λ 1 = 1550, λ 2 = 1545 nm) were
multiplexed by a WDM coupler and modulated by a 60-GHz
RF signal in an IM, and thus, two RoF downlink signal at λ 1
and λ 2 were created. After 2 km-long SMF transmission, the
two RoF signal were de-multiplexed by a WDM coupler. The
RoF downlink signals were divided into two signals by CPLs
and injected into the IPA (Tx) and a 60-GHz RF downlink
signal was radiated. While the λ 1 was fixed at 1550 nm, the
λ 2 was changed from 1545 to 1545.25 nm.

As for the RF and optical uplink transmission, a part
of the RoF downlink signals were tapped by CPLs. The
RoF signals were injected into the IMs and re-modulated
by a 9.4-GHz RF uplink signal that was received from a
transmitter horn antenna, and then the RoF uplink signals
were generated. After 2-km SMF propagation, the RoF
uplink signals were down-converted to 2-GHz RF signals by
the O/E converters and being mixed with a 7.4-GHz RF tone.
The phase diﬀerence (∆Φ) between two RF uplink signals
was measured by changing the angle of the 9.4-GHz patch
array-antenna from −70 to 70 degree. The phase diﬀerence
(∆Φ) measured at the CS corresponds to the summation of
the phase diﬀerence (∆ϕ1 ), which is caused by the RF path
diﬀerence of the received signals at the two patch antenna
elements, and the phase diﬀerence (∆ϕ2 ) due to the chromatic
dispersion eﬀect of the two RoF uplink signals during 2-km
SMF propagation. Therefore, the ∆Φ can be expressed as;
∆Φ = ∆ϕ1 + ∆ϕ2
= 2πd sin θ/λ RF + 2π∆λLD f RF

(3)

where d is the separation between the two array-antenna
elements, θ is the incident angle of the uplink signal, and ∆λ
is the wavelength shift of λ 2 .
Figures 14(a) and (b) show the measured ∆Φ as a function of the incident angle θ of the RF uplink signal at ∆λ = 0
and 0.25 nm, respectively, where the relative RF phases between two RoF downlink signals are 0 and π. The dotted
lines and the solid line in Fig. 14 were calculated from Eq. (3)
in the cases of ∆λ = 0 nm and 0.25 nm, respectively. The
measured ∆Φ almost coincided with the calculation except
for the measurement points at the large incident angles. In
Fig. 14(b), the phase diﬀerence (∆ϕ2 ) due to the chromatic
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Fig. 13

Experimental setup for estimating the position of user terminals.
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Fig. 14 Measured phase diﬀerence ∆Φ as a function of the incident angle
of RF uplink signal; (a) ∆λ = 0, and (b) 0.25 nm.

dispersion eﬀect can be observed.
The result indicates that the incident angle of the RF
uplink signal (i.e., the position of user terminals) can be
estimated. By increasing the antenna elements for receiving
the RF uplink signal, we may be able to estimate the user
position more accurately.
6.

Conclusion

We experimentally demonstrated the 3.5-Gbit/s QPSK digital signal transmission with RoF-based beam forming for the
60 GHz-band IPA. In addition, we proposed and fabricated
the novel compact antenna module for flexibly creating various beam patterns, and the feasibility of beam forming for
the antenna modules was experimentally confirmed. The estimation of the user terminal position was also demonstrated
by the bidirectional RoF transmission experiment. The obtained results in this paper will be useful to design future
radio access networks based on 60-GHz RoF transmission
technology.
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