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Abstract—Optically controlled beamforming techniques
are very effective for phased-array antenna control. We have
developed a two-dimensional (2-D) Fourier transform optical
signal-processing (OSP) beamformer. In the OSP beamformer, we
use multilayer polymeric optical waveguide arrays to generate
and control a 2-D specific phase-front and sample 2-D distributed
light beams. These multilayer optical waveguide arrays consist
of three layers and 13 waveguides; each layer has four, five, and
four waveguides, respectively. We experimentally demonstrate
2-D beam steering in the -band, and show the feasibility of the
2-D OSP beamformer.

Index Terms—Beamforming network, microwave photonics,
multilayer optical waveguide array, optically controlled array
antenna, optical signal processing, polymeric optical waveguide.

I. INTRODUCTION

I N ADVANCED wireless communications, such as the next-
generationsatellitecommunications,mobile radiocommuni-

cations, and wireless local area networks (LANs), phased-array
antennas are expected to be effectively utilized and beamforming
techniques for phased-array antennas are expected to become
more important. Optically controlled phased-array antennas
have become very attractive because they offer advantages such
as a wide bandwidth, a lightweight and small-sized circuit,
low transmission losses, and no electromagnetic interference.
Various kinds of research on the optical control of array antennas
have been encouraged by various organizations [1]–[4].

Optical heterodyne techniques can control the phase of mi-
crowave signals by controlling the phases of lightwaves, thereby
reducing the beamformer size requirement. Moreover, by uti-
lizing a spatial Fourier transform (FT) optical signal-processing
(OSP) function of the FT lens, many phases of the lightwaves
can be controlled simultaneously, and this function can substi-
tute for a number of microwave components in conventional
beamformers. OSP beamforming networks (BFNs) combine an
optical heterodyne technique and an FT function of the optical
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lens; the original concept was proposed in [5]. Due to their sim-
plicity by substituting a number of microwave components for
a simple optics, OSP–BFNs are expected to play an important
role in future wide-band wireless communications, especially
in future satellite communications with a large number of mi-
crowave or millimeter-wave beams and antenna elements [3]. A
variety of functions such as beam shaping [6], one-dimensional
beam scanning [7], multibeam transmission [8] and reception
[9], and frequency independency [10] have been proposed and
experimentally demonstrated. These OSP–BFNs mainly con-
sist of optical fiber arrays. Concerning two-dimensional (2-D)
OSP–BFNs, there is a report using a 2-D optical fiber array.
However, the fabrication process of the 2-D optical fiber array
arranges the optical fibers two-dimensionally, and then fastens
the optical fibers with glue, after they have been bundled up
manually. Therefore, the process has large production errors, is
not suitable for mass production, and has a production cost that
is difficult to reduce.

In order to miniaturize and mechanically stabilize OSP–
BFNs, integration on optical waveguides has been found to be
effective [11], [12]. An optical waveguide array can greatly
reduce the size of the optical processing part, optical alignment
difficulties, and optical insertion losses. 2-D beam control
requires the arrangement with 2-D optical waveguide arrays.
However, all of the optical waveguide arrays reported up to now
have been single layered. Ogawaet al. proposed a 2-D beam-
forming method using only a slab waveguide [13]. However,
their method implements the grating lobes to the 2-D beam
formation. Therefore, it is difficult to determine the relationship
between the light and the microwave beam direction.

In order to solve the above problems, we fabricated polymeric
multilayer optical waveguide arrays [14], [15], which are the
key components for achieving a 2-D OSP–BFN, and developed
a 2-D OSP–BFN. The applications of these arrays made 2-D
microwave beam control possible. The optical waveguide array
pattern can be fabricated by photolithography, and the thick-
ness of each layer can be controlled by spin-coating technology.
Therefore, we can expect high precision, mass production capa-
bility, and fabrication cost reduction.

This paper first briefly introduces the principle of an OSP–
BFN, describes characteristics of a multilayer optical waveguide
array, which is a key component for achieving a 2-D OSP–BFN,
and shows fundamental characteristics of a developed 2-D
OSP–BFN. Finally, we describe results from an experiment on
2-D beam scanning at the-band using the 2-D OSP–BFN.
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Fig. 1. Schematic diagram of an OSP array antenna for transmission.

II. PRINCIPLE OF AND OSP ARRAY ANTENNA

In this section, we briefly explain the principle of the OSP
array antenna. Fig. 1 shows a schematic diagram of an OSP
multibeam array antenna for transmission. In this figure, an FT
lens is employed in the spatial parallel optical signal processor
and produces a large number of multiple microwave beams.
The light beams are emitted from the reference laser and signal
lasers, which are set on the front focal plane of the FT lens.
These light beams are incident on the FT lens, and are Fourier
transformed. The light beams are combined and sampled spa-
tially by an optical fiber array that is set on the back focal plane
of the FT lens. A photodiode (PD) is connected to the end of
each optical fiber. Each PD generates microwave signals by het-
erodyne detection; the frequency is the frequency difference be-
tween the reference and signal lasers. This microwave signal
is fed to each antenna element. The phase of the lightwave on
the sampling plane is controlled by moving the lasers, and is
then transferred to the antenna array. The emitting position of
the signal lasers corresponds to the beam direction from the
array antenna. The relation between microwave beam direction

from the array antenna and signal laser-emitting posi-
tion can be expressed by [7]

(1)

where , denotes the element spacing of the sampling
optical fiber or waveguide array, , denotes the ele-
ment spacing of antenna elements, the subscriptsand rep-
resent the horizontal and vertical directions, respectively,is
the focal length of the FT lens, is the optical wavelength,
and is the microwave frequency wavelength. Optical het-
erodyne techniques, including an OSP–BFN, can control mi-
crowave phase shifting in independence of the microwave fre-
quency, however, they cannot control the time delays of mi-
crowave signals. The OPS-BFN technique is not a true-time
delay (TTD) beamformer. Therefore, OSP–BFN can operate
any frequency range, but a bandwidth is limited with fixed an-
tenna element spacing, as expressed in (1), which is the same as
the conventional microwave phased arrays.

Fig. 2. Schematic diagram of multilayer optical waveguide array and fiber
array.

This technique requires two frequency-offset optical beams,
which can be fed from the same laser source or from two phase-
locked laser sources. If we use many signal lasers, and each
laser’s frequency difference with the reference laser is set to the
desired microwave frequency, the multiple microwave beams
are generated individually, as shown in Fig. 1.

III. POLYMERIC MULTILAYER OPTICAL WAVEGUIDE ARRAY

An OSP–BFN uses a spatial OSP by the Fourier transforma-
tion of the FT lens. Accordingly, in order to control radiation
beams two-dimensionally, a technique of controlling the emit-
ting position on a 2-D plane is necessary. It is also necessary
to arrange the sampling waveguide array on the sampling plane
to be similar in figure to the arrangement of the 2-D microwave
array antenna. Therefore, the optical waveguide array, which has
a single layer, is made multilayered, and the one-dimensional
emission and sampling lines are expanded two-dimensionally
on a 2-D plane. In this section, we describe fabricated multi-
layer polymeric optical waveguide arrays.

We fabricated multilayer optical waveguide arrays, i.e., three-
layer optical waveguide arrays, as shown in Fig. 2. The number
of waveguides is 13; each layer has four, five, and four waveg-
uides, respectively. We fabricated two multilayer optical wave-
guide arrays, one connected with lasers for light emission, and
the other connected with PDs for sampling. With these arrays,
the light-emitting position on the 2-D plane can be changed by
selecting a connected port of the emitting waveguide with the
lasers. The arrangement of each end face of the multilayer op-
tical waveguide array for sampling is similar to the arrangement
of the 2-D microwave array antenna elements. The light beam is
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Fig. 3. Cross section of fabricated multilayer optical waveguide array.

sampled by the optical waveguide, photoelectrically converted
by the PD, and fed to each element of the 2-D array antenna.

The material of the optical waveguide arrays is polymer
[14], [15] because polymer easily enables flat layers. The core
is deuterated-polymethylmethacrylate (d-PMMA), the clad is
UV-cured resin, and the refractive index differencen is 1%
at a wavelength of 1.3 m. Fig. 3 shows the photograph of
a cross section of a fabricated multilayer optical waveguide
array. The waveguide array chip size is 19.219.3 mm. The
designed core size is 5 5 m, the arrangement of the core
is in a regular triangular lattice, and the waveguide pitch is
15 m in the horizontal direction and in the vertical
direction. As this figure shows, waveguides can be fabricated
as designed, and every layer is flat. In the following section,
each waveguide is numbered, as shown in Fig. 3 by “ #.”

Optical fiber is connected to one side of the waveguide arrays.
To prevent the optical fiber from interfering with each other,
the optical waveguide is spread by a curve, as shown in Fig. 2.
Moreover, the height of each layer is different. Therefore, three
optical fiber arrays, each consisting of four, five, and four pieces
of optical fiber, respectively, are provided, in order to adjust the
height of each waveguide layer to each optical fiber array with a
precision of micrometer order. A polarization maintaining fiber
(PMF) is connected to the emitting waveguide array in order
to suppress degradation of the heterodyne detection efficiency.
The sampling waveguide is connected to a standard single-mode
fiber (SMF).

The average spot size, determined as the full width at
of the maximum value, of 26 waveguides in the two multilayer
optical waveguide arrays is 7.5m (horizontal) 8.2 m (ver-
tical), and the standard deviations are 0.20 and 0.16m, respec-
tively. All of the waveguides are single-mode excited.

Fig. 4 shows measurement results of insertion losses of each
waveguide and the crosstalk in the waveguide array for sam-
pling. Each measured value is the output light power from each
optical fiber against the input light power into each waveguide
end. Any output value of the fiber that differs from the light
input waveguide is crosstalk. A large output value denotes a
small crosstalk. The average insertion loss of each waveguide
was approximately 2.2 dB, and the crosstalk in the waveguide
array was almost greater than 30 dB. These insertion losses in-
cluded the propagation loss of the waveguide and the coupling
loss between the waveguide and fiber.

Fig. 4. Insertion losses of optical waveguides and crosstalk in optical
waveguide array for sampling. Optical input to waveguide/output from optical
fiber.

IV. 2-D BEAM STEERING USING MULTILAYER OPTICAL

WAVEGUIDE ARRAYS

The experimental setup of the transmission mode of the 2-D
OSP array antenna is shown in Fig. 5. This system mainly con-
sists of an optical microwave source, optical signal processor,
opto-electronic (O/E) converter, and array antenna.

In the optical microwave source part, two LD-pumped
ND : YAG ring lasers operating at a wavelength of 1.319m
(227 THz) are used as the signal and reference lasers. The
frequency offset between them is phase locked to a microwave
synthesizer by controlling the temperature and strain of the
laser crystals. If we want multiple microwaves, they can be
generated by adding plural signal lasers that are phase locked
to the reference laser.

The O/E converter is located beside the array antenna in an
anechoic chamber, and connected to the OSP with single-mode
optical fiber. The light from the OSP is photoelectrically con-
verted to beat the microwave frequency signal by a PD, and is
then fed to each element of the array antenna. Although Fig. 5
does not illustrate variable phase shifters and variable attenua-
tors, they are connected between the preamplifier and antenna
to calibrate the different optical fiber lengths and nonuniform
PD responsivities.

In the following, the optical characteristic of the 2-D
OSP–BFN is described as follows, and the measured 2-D mi-
crowave phase control and beam-steering results are described.

A. Optical Coupling Coefficiency

We assume the use of a 2-D array antenna with three rows
of seven elements , all arranged in a regular trian-
gular lattice, as shown in Fig. 5. The 2-D OSP consists of an
FT lens and two multilayer optical waveguide arrays for emit-
ting the light beams and for sampling the beams. These optical
waveguide arrays are located on the front and back focal planes
of the FT lens.

From the well-known shift theorem for the FT lens, a spatial
change in the field of the focal plane on one side introduces
a linear phase shift in the focal plane on the other side. After
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Fig. 5. Experimental setup of the transmitting mode of a 2-D OSP array antenna.

Fig. 6. Assembled 2-D optical signal processor using multilayer optical
waveguide arrays.

transmission through the FT lens, the Gaussian beams keep the
Gaussian mode unchanged. The spot sizein the sampling
plane is given by , where is the spot
size of the emitting waveguide. In this manner, when the focal
length is short, becomes small, and the light concentrates
in the neighborhood of the optical axis. The ideal value of
depends on the element number of the antenna, i.e., the number
of sampling waveguides. Here, we assume that seven elements
of the array antenna are arranged in a regular triangular lattice,
as shown in Fig. 5. The overall diameter of the seven elements of
the sampling waveguide becomes m. Accordingly, it
is desirable that be longer than 0.19 mm in order for the light
beams to cover the sampling waveguide.

Furthermore, we use a 0.25-pitch Gradient Index (GRIN)
micro lens as the FT lens. Itsis 1.34 mm, diameter is 1 mm,
length is 3.2 mm, and numerical aperture (NA) is 0.37. The
spot size at the sampling focal plane then becomes 280m
(diameter) in the Gaussian profile. Notably, the 0.25-pitch
GRIN lens collimates the point source. Therefore, each front
and back focal plane is located on each face of the lens, making
rigorous alignment unnecessary.

Fig. 6 shows a photograph of the assembled 2-D OSP using
multilayer optical waveguide arrays and GRIN lens. As shown
in Fig. 6, the 2-D OSP has been miniaturized.

The optical coupling efficiency between an incident Gaussian
beam, with a spot size of , and a sampling waveguide, with a
spot size of ( m), is calculated to be [16]

(2)

Fig. 7. Measured coupling coefficiencies in 2-D optical signal processor.

where and give the distance from the optical axis to the sam-
pling waveguide, and is the incident angle. In this experiment,

mm, m, and m. The coupling
coefficiency becomes 24.5 dB.

Fig. 7 shows measurement results of coupling coefficiency
between each waveguide of the emitting array and each wave-
guide of the sampling array. Each number with “#” is a sam-
pling waveguide number, and each mark corresponds to an op-
tical input port of the emitting array. The measurement values
are calibrated by the values of the insertion losses of both the
emitting and sampling waveguide arrays, as shown in Fig. 4.
From Fig. 7, the average coupling coefficiencyis 25 dB,
with a standard deviation of 1.4 dB, and this result agrees with
the calculated result.

B. Phase Distribution of Generated Microwave Signal

Fig. 8 shows measured relative phase distributions of mi-
crowave signals using a network analyzer, in reference to the
phase from port #7 of the sampling waveguide. The reference
light was input into port #5 of the emitting waveguide, and the
signal lasers were input into the other ports. The output signal
from the sampling waveguide was photoelectrically converted
to microwave by a PD. The generated microwave signal fre-
quency, i.e., the frequency difference of the reference and signal
lasers, was in the -band.

In Fig. 8, each plane represents the calculated value of each
port. As shown in Fig. 8, the measurement results well agree
with the calculation results. We could confirm a shift of the 2-D
phase distribution of the microwave signals by a change in the
port of the emitting waveguide.

Here, the experiment was carried out in the-band. How-
ever, because the OSP–BFN is independent of the microwave
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Fig. 8. Measured relative 2-D phase distributions of detected microwave (X-band) signals.�: measured, plane: calculated.

frequency, if we had carried out experiments in different fre-
quency bands, such as the millimeter-wave frequency band, the
results would certainly have been the same [10].

C. Antenna Radiation Patterns

We measured array antenna radiation patterns in an anechoic
chamber, as shown in Fig. 5. The array antenna was an-band
seven-element 2-D array antenna with a 0.75-wavelength
spacing (horizontal direction) and –wavelength
spacing (vertical direction). It had a regular triangular lattice
array, and each element was a rectangular patch antenna.
Fig. 9 shows measured far-field radiation patterns when the
connection port of the signal laser is changed using an optical
channel selector. In Fig. 9, “” represents a calculated main
beam direction from (1). These results show that the expected
beam control could be achieved. The gain of the main beam
should become the same as that in the measured beam direction,
but in the measurement results, gain degradation (maximum
3.8 dB) was observed. This degradation was caused by the
nonuniformity of the optical coupling coefficient, as shown in
Fig. 7.

In this experiment, since the core pitch of the waveguide array
was made narrow, the beam-scanning angle was small. How-Fig. 9. Measurement results of 2-D antenna radiation patterns.
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ever, the beam-scanning angle can be easily enlarged if we make
the waveguide pitch wider and each layer thicker.

V. CONCLUSIONS

In this paper, we have fabricated the polymeric multilayer op-
tical waveguide arrays and developed a 2-D OSP–BFN using
these multilayer optical waveguide arrays. The fabricated op-
tical waveguide arrays are composed of three layers and 13
waveguides (4 5 4). Each waveguide array forms a regular tri-
angular lattice arrangement. The waveguide array has a 15-m
horizontal core pitch and a - m vertical core pitch. The
pattern and thickness of each waveguide array were fabricated
in a very high precision. The insertion losses of each wave-
guide were approximately 2.2 dB, and the crosstalk in the wave-
guide array was found to be small (mostly below30 dB). The
2-D OSP–BFN was constructed using these multilayer optical
waveguide arrays and a GRIN micro lens with a focal length of
1.34 mm. In experiments, we could confirm a 2-D phase con-
trol characteristic. The output signal from the 2-D OSP–BFN
was fed to each antenna element of the 2-D array antenna, and
2-D beam control was demonstrated.

Without changing the 2-D OSP–BFN’s organization, 2-D
multibeams can be achieved easily by adding lasers to the
optical microwave source [8], [17]. Moreover, a 2-D reception
BFN can be easily achieved by using the output signal from the
OSP as a local signal [9], [18].

Future work includes increasing the number of waveguides
of each layer and the layers of the multilayer optical waveguide
array.
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