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Array of patch-antennas with
meandering-gaps on optical modulator for
wireless millimeter-wave beam-steering

YUSUF NUR WIJAYANTO"?, ATSUSHI KANNO', HIROSHI MURATA’, TETSUYA KAWANISHI "%,
NAOKATSU YAMAMOTO' AND YASUYUKI OKAMURA?>

An array of patch-antennas with meandering-gaps on an optical modulator is proposed for wireless millimeter-wave beam-
steering through high-speed radio-over-fiber systems. Wireless millimeter-wave can be received by the array of patch-
antennas and directly modulated to lightwave by the optical modulator. The wireless millimeter-wave can be steered
using the meandering-gaps at the patch-antennas by controlling interaction between millimeter-wave and lightwave electric
fields in electro-optic modulation. The basic operation and analysis of the proposed device are discussed. In the experiment,
5 X 5 antenna array in 40 GHz millimeter-wave bands was designed and realized for device characterization and demon-
stration to wireless millimeter-wave beam-steering. There were five variations of wireless millimeter-wave beam-steering
for one-dimensional in xz- or yz-planes that can be obtained with wireless millimeter-wave steerable beams of about
+ 30°. Additionally, 25 variations of wireless beam-steering can be obtained for two dimension in xyz-space through orthog-
onal optical modulation. The proposed device is promising to be applied in millimeter-wave/tera-hertz bands for future dir-
ectional wireless communication and sensing with high-speed and high-resolution operation.
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. INTRODUCTION

Wireless technology in microwave bands has been developed
and used widely for communication and sensing applications
[1, 2]. In communication applications, the wireless technology
is used for transferring data, voice, image, and video to mobile
devices. In sensing applications, the wireless technology is
used for identifying unknown object which can reflect the
microwave signals. The microwave bands have advantages
with low atmospheric loss, large coverage area, and excellent
penetration through many obstacles. However, the microwave
bands have narrow bandwidth, narrow available electromag-
netic spectrum, and overcrowded.

High-speed communication and high-resolution sensing
through wireless technology are generally required. In order
to meet these requirements, applying high operational micro-
wave frequency into millimeter-wave bands is one of the
promising solutions because of its large bandwidth and large
available electromagnetic spectrum [3, 4]. However, the
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millimeter-wave bands have relatively large propagation loss
in air and metal cables. It can be compensated by using direc-
tional wireless communication or sensing to obtain effective
operation by high-gain antennas with beam-steering control-
ler. Recently, the wireless beam-steering can be realized using
mechanical methods with an electrical motor or electronic
method with phase shifter [s, 6].

By considering the millimeter-wave characteristics, direc-
tional wireless communication or sensing with small coverage
area in pico/femto-cells can be developed through several
schemes, such as point-to-point wireless, space-division-
multiplexing-access, multiple-input-multiple-output, and so
on. For enlarging the coverage area, several pico/femto-cells
are connected in wired connection by cables. Since the
millimeter-wave has large propagation loss in metal cable,
optical fiber cables are the candidate for propagating the
millimeter-wave through lightwave as the carrier, which is
called the radio-over-fiber (RoF) technology [7].

In the millimeter-wave RoF technology, converters
between millimeter-wave and lightwave signals are the key
devices for connecting the wireless millimeter-wave and
optical fiber networks. For optical fiber downlink and wireless
millimeter-wave uplink, a high-speed photo-detector and
antenna can be used for converting a lightwave to millimeter-
wave signals [8]. On the other side for wireless millimeter-
wave downlink and optical fiber uplink, an antenna and
high-speed optical modulator can be used for converting a
millimeter-wave to lightwave signal [9-12].
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In this paper, we propose an array of patch-antennas with
meandering-gaps on an optical modulator for wireless
millimeter-wave beam-steering through high-speed RoF
systems. By using the proposed device, wireless millimeter-
wave can be received by the array of patch-antennas and dir-
ectly modulated to lightwave by the optical modulator. The
proposed device is used for wireless millimeter-wave down-
link and optical fiber uplink. Furthermore, the wireless
millimeter-wave can be steered using the meandering-gaps
at the patch-antennas by controlling interaction between
millimeter-wave and lightwave electric fields in electro-optic
(EO) modulation. The directional wireless communication
or sensing through photonic technology can be realized
using the proposed device. The basic operations and analysis
of the proposed device are discussed. In our experiment,
5 x 5 antenna array was designed and realized for device
characterization and demonstration to wireless millimeter-
wave beam-steering. As a result, five variations of wireless
millimeter-wave beam-steering for one dimension (1D) in
xz- or yz-planes with wireless millimeter-wave steerable
beams of about + 30° could be obtained. Additionally, 25 var-
iations of wireless beam-steering for two-dimension (2D) in
xyz-space through orthogonal optical modulation could be
obtained as well.

In the following sections, the device structure and
operational principle, analysis, and design of the proposed
device are discussed for 40 GHz millimeter-wave bands.
Device fabrication, characterization, and demonstration are
reported.

Il. DEVICE STRUCTURE

Figure 1 shows the structure of the proposed device in whole,
top, and cross-sectional views. The proposed device consists of
N x N patch-antennas with meandering-gaps fabricated on
low dielectric constant material bonded with N x N orthog-
onal optical waveguides fabricated on a thin EO crystal. The
patches, which are made of gold metal, were inserted
between the EO crystal and low dielectric constant material
for receiving wireless millimeter-wave signal. Half a wave-
length of the designed millimeter-wave was set for the patch
length (I) as the fundamental mode antenna characteristic.
The gap width (g) was set very narrow in micrometer order
for generating strong millimeter-wave electric field. As
shown in cross-sectional view of Fig. 1(c), the optical wave-
guides are located on one side of the gap edge for lightwave
propagation. The overlapping area between the gap and
optical waveguide is for EO modulation. A buffer layer was
inserted between the EO crystal and patches. The reverse
side of the low dielectric constant material was covered with
a ground metal.

The basic operation of the proposed device for wireless
receiver and optical modulator was discussed in microwave
bands [13, 14]. The device characteristics for microwave fre-
quency and irradiation angle dependences have also been
reported. Based on the results, the directivity of the proposed
device can be controlled for receiving certain direction of the
wireless microwave signal. It can be controlled by considering
transit-time and interaction between microwave and light-
wave electric fields along the gaps [15]. Since the polarity of
standing-wave in the microwave electric field between the
gap edges is always in opposite direction, this phenomena
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can be used to invert the polarization for manipulating the
interaction between microwave and lightwave electric fields
along the gaps. Therefore, meandering-gaps along the
optical waveguides are adopted for controlling the wireless
microwave/ millimeter-wave beam-steering. The number of
optical waveguides and meandering-gap variations corres-
pond to the millimeter-wave wireless to enable steering in
certain direction along the xz- or yz-plane. Additionally, 2D
wireless millimeter-wave beam-steering in the xyz-space can
be realized by considering two lightwave outputs from orthog-
onal optical waveguides. The N x N optical waveguides
correspond to the variation numbers of 2D wireless
millimeter-wave beam-steering.

1. DEVICE ANALYSIS

The operation principle of the proposed device is understood
by considering the EO modulation polarity change due to
polarization inversion of the millimeter-wave electric field in
the meandering-gaps. Figure 2 shows the cross-sectional
view of the proposed device along the optical waveguides.
When the millimeter-wave wireless beam was irradiated to
the device and steered to an angle of 6, the millimeter-wave
was received by the patch-antennas and millimeter-wave
standing-wave current was induced simultaneously on the
patches. Millimeter-wave displacement current and strong
electric field were induced across the gaps. The millimeter-
wave electric field at hth patch observed by the lightwave is
expressed in equations (1) and (2) by taking into account
Ehe t]ransit time of lightwave (v, t =x-x" and v, t = y-))
8, 9].
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where f,, is the designed operational frequency of millimeter-
wave, 1, is the refractive index of the millimeter-wave in the
air (n,=1), 6, and 6, are the millimeter-wave incident
angles along x- and y-axes, respectively, d is the distance
between the antennas, v, is the group velocity of the lightwave,
and ¢, and ¢, are the initial phases of the lightwave along
orthogonal optical waveguides in the x- and y-axes,
respectively.

The refractive index change induced by EO effect is pro-
portional to the millimeter-wave electric field observed by
the lightwave. Therefore, the modulation efficiency of the pro-
posed device is determined by sum of the integral of the
induced index change through each gap by considering
transit-time of the lightwave as shown in equations (3)

and (4).

Ty N ohD+L i
Ap(6) = TEFZI P2)Eppy o (x; 0)dx,  (3)
h=0 Y hD
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Fig. 1. Structure of the proposed device (a) whole view, (b) top view for A-plane, and (c) cross-sectional views along C- and D-lines.

Fig. 1(c), A is the wavelength of the lightwave propagating
in the orthogonal optical waveguides, 7, is the EO coefficient,

mrons N (DAL 1, is the extraordinary refractive index of the EO crystal, I" is a
Ap(6,) = % r Z j PE i 1w (v:6,)dy, (4) factor expressing the overlap between the induced millimeter-
h=o ¢ hD wave and lightwave electric fields where it depends on the

location of the optical waveguides and patches by considering
where P(z) is the polarity of millimeter-wave electric field due  the EO crystal orientation and optical field polarization, L is
to the meandering gaps along the x- or y-axis as shown in  the length of the patch as the interaction length between the
millimeter-wave and lightwave, and N is the number of

1’—- ‘ / : / & gap-em.bedded paFches in the array structure. '
*) fa In Fig. 2, the distance of the patches was set effectively for
- normal direction wireless millimeter-wave beam. In this case,
the millimeter-wave electric field observed by the lightwave
was in the same region. Therefore, effective optical modula-
tion could be obtained. Then, when wireless millimeter-wave
beam is shifted to other direction, the millimeter-wave electric
=y  field observed by the lightwave contained positive and nega-
tive regions. As a result, the modulation efficiency was
degraded due to miss-matching condition. To compensate
this degradation, polarization inversion by inversing the direc-
tion of spontaneous polarization at the negative regions with

Fig. 2. Operational principle of the proposed device for an optical waveguide meandering-gaps was adopted. Therefore, effective modula-
along a line-B in Fig. 1(a). tion efficiency for certain direction of wireless millimeter-
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wave beam was obtained. Based on this, the proposed device
can be designed for receiving several directions of wireless
millimeter-wave beam by setting appropriate polarization
inversion patterns.

The patch-antennas with meandering-gaps are an import-
ant structure for receiving wireless millimeter-wave beam and
generating strong millimeter-wave electric field. They were
analyzed in 40 GHz millimeter-wave bands by using electro-
magnetic analysis software. The design parameters were set
as follows: &,; =3.5; hy =0.13 mm; &0 = (41, 41, 28);
h; =o0.07; L=1.6; t=0.002; and G=o0.010 mm. The
millimeter-wave frequency response was observed under
irradiation of the plane wave in 40 GHz millimeter-wave
bands with 45° polarization from the free space to the
designed device. Figure 3(a) shows the electric field distribu-
tion on the reverse side of the EO crystal surface under irradi-
ation of millimeter-wave wireless beam. A strong
millimeter-wave electric field is induced across the gaps for
EO modulation along the gaps and optical waveguides.

Since the polarity of the millimeter-wave electric field in the
z-component between two edges of the gap has opposite direc-
tion as shown in Fig. 3(b), the polarity in EO modulation can be
switched using meandering-gaps. The typical polarization
inversion patterns with meandering-gaps were designed with
antenna distance (d) of 2.3 mm as shown in Fig. 4(a). The cal-
culated modulation efficiency as a function of millimeter-wave
wireless beam-steering is shown in Fig. 4(b), when the designed
millimeter-wave frequency of 38 GHz.

Furthermore, 2D millimeter-wave wireless beam-steering
can be realized based on the observed 1D wireless beam-
steering. It can be obtained by considering the two modulated
lightwave from orthogonal optical waveguides along the
x- and y-axes. The typical analyzed 2D wireless beam-steering
is shown in Fig. 5 based on current experimental measure-
ment results using the fabricated device. We can see that the
wireless millimeter-wave beam can be steered for a certain
position along the x- and y-axes. As a result, since the
number of the antenna array is 5 x 5, 25 variations of 2D
wireless beam-steering in the xyz-space can be obtained
using the designed device.

V. DEVICE EXPERIMENT

The designed device was fabricated and demonstrated experi-
mentally. First, titanium diffusion carried out at 1100°C for
10h was performed to fabricate the orthogonal optical
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Fig. 3. (a) The millimeter-wave electric field distribution on reverse side of the
EO crystal surface. (b) The millimeter-wave electric field profile.
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Fig. 4. (a) The designed polarization inversion patterns of meandering-gaps.
(b) The calculated millimeter-wave wireless beam-steering for 1D in xz- or
yz-planes.

waveguides on a 0.25 mm-thick z-cut LINbO, optical crystal
[16]. A 0.2 pm-thick SiO, buffer layer was deposited on the
LiNbO, optical crystal. An array of patches with meandering-
gaps was fabricated on the LiNbO, optical crystal with
2 wm-thick gold film using thermal vapor deposition, stand-
ard photo-lithography, and a lift-off method, wherein the
optical waveguides were aligned precisely onto one side of
the gap edges as shown in Fig. 1(c).

A low dielectric material was covered with ground elec-
trode on the bottom side. The top surface of a low dielectric
material was covered with an optical adhesive for bonding
process. In bonding process, the LINbO; optical crystal was
flipped to 180° so that the metal antennas were on the
bottom surface of the LINbO, optical crystal. Then, the
flipped LINbO, optical crystal was bonded to the low dielectric
material by exposing to ultraviolet light [17]. Finally, the
o0.25 mm-thick LiNbO, optical crystal was polished using a
polishing machine with diamond slurry to achieve the
desired thickness of about 70 wm. The fabricated device is
shown in Fig. 6(c).

The characteristics of the fabricated device were mea-
sured experimentally with a measurement setup as shown
in Fig. 6. Lightwave with operational wavelength of
1.55 wm from the laser were propagated to optical fibers
and coupled to the fabricated device. Optical polarizers
were inserted between the lasers and fabricated device and
set to the z-axis by considering EO crystal orientation.
Millimeter-wave in 40 GHz bands from a signal generator
was amplified and irradiated to the fabricated device using
a horn antenna. The output lightwave from the orthogonal
optical waveguides were measured using an optical spectrum
analyzer.
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Fig. 5. The analyzed 2D millimeter-wave wireless beam-steering in xyz-space
based on the two orthogonal 1D millimeter-wave wireless beam-steering.
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Fig. 6. (a) Fabricated device and (b) measurement setup for millimeter-wave wireless beam-steering.
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Fig. 7. (a) Typical measured optical sidebands from lightwave output and (b) the measured millimeter-wave wireless beam-steering in xz- or yz-planes.

The fabricated device was measured for effective oper-
ation around 34 GHz millimeter-wave frequency. The
typical measured optical sidebands by irradiation of
34 GHz wireless millimeter-wave frequency are shown in
Fig. 7(a). We can see that the measured power ratio
between optical sidebands and carrier is about —37 dB
under 20 mW millimeter-wave irradiation. Since the power
ratio is less than unity (<1 or <o dB), it can be used for
representing modulation efficiency or index. By considering
Bessel function, the relative modulation index of the fabri-
cated device under millimeter-wave irradiation is about
0.2 rad/W. The measured millimeter-wave wireless beam-
steering characteristics are shown by the dots in Fig. 7 for
the two waveguide with different polarization inversion pat-
terns with meandering-gaps as previously shown in Fig. 4(a).
We can see that, the millimeter-wave wireless beam can be
received, converted to lightwave through EO modulation
and steered using meandering-gaps. The measurement
results were obtained for several wireless beam angles. The
measured wireless beam steering was slightly shifted com-
pared with the calculation results because the millimeter-
wave operational frequency has been changed due to fabrica-
tion error. This can be resolved by performing the fabrica-
tion process precisely. Based on this result, basic operations
of the millimeter-wave wireless beam-steering using patch-
antennas with meandering-gaps on an EO modulator have
been proven.
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The modulation efficiency of the fabricated device is also
an important parameter. Large modulation efficiency can
also be obtained by using large millimeter-wave irradiation
power and good enough separation between the antenna
transmitter and fabricated device. The measured modulation
efficiency for several millimeter-wave irradiation power and
separation is reported in Fig. 8. Furthermore, the modulation
efficiency of the proposed device can be improved internally
by adding array antenna number with higher EO coefficient
such as EO polymer, and so on.
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Fig. 8. The measured modulation efficiency for several millimeter-wave
irradiation power and separation.
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V. CONCLUSION

A new array of patch-antennas with meandering-gaps on an
optical modulator for wireless millimeter-wave beam-steering
through high-speed RoF systems has been proposed. Its oper-
ational principle, analysis, and experimental demonstration
were reported. By using simple meandering-gaps, interaction
between millimeter-wave and lightwave electric fields in EO
modulation can be manipulated for steering wireless
millimetere-wave beam. Therefore, N variations of 1D and
N x N variations of 2D wireless beam-steering can be realized
using the proposed device with low millimeter-wave loss and
no external power supply requirement. The proposed device
using the fabricated 5 x 5 patch-antennas with meandering-
gaps was demonstrated experimentally in 40 GHz millimeter-
wave bands. Wireless millimeter-wave beam-steering with
steerable beam of + 30° can be obtained using the fabricated
device. Furthermore, 25 variations of 2D wireless beam-
steering were obtained using two modulated lightwave from
orthogonal optical waveguides. The proposed device is prom-
ising to be applied in millimeter-wave/ tera-hertz bands for
future directional wireless communication and sensing with
high-speed and high-resolution operation.
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