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3D Beamforming Coupler for 2D Waveguides
Using Dielectric Scatterer Array

Yasuaki MONNAI ∗ and Hiroyuki SHINODA ∗

Abstract : We propose a novel directional antenna device that couples 2D guided microwaves with 3D radiated beams. It
consists of a dielectric scatterer array aligned in two-dimensional periodicity on a planar surface-waveguide. Each scat-
terer radiates a portion of the incident guided wave in a location-dependent linear phase delay. Therefore, the directivity
of the synthesized scattered wave is controllable by tuning the period of the scatterers. We derive a guideline to design the
scatterer pattern for beamforming and verify it with numerical simulations. Since the proposed method works reversibly
both on sending and receiving, microwave paths for wireless communication and sensing can be designed smartly.
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1. Introduction

Recently, the concept of Two-Dimensional Communication
(2DC) has been proposed as a new class of wireless technol-
ogy in which two-dimensional surface-waveguides are used for
microwave transmission [1]. By confining microwave propa-
gation two-dimensionally, high-efficient, leakage-secure, and
interference-free wireless communications become available
on the two-dimensional surface. Each device put on the surface
can be wirelessly coupled to the waveguide using an evanes-
cent field. By embedding those waveguides in various two-
dimensional regions in our living environments, for example,
desks, walls, floors, and even in clothes, many devices can eas-
ily be integrated into a wireless network.

Meanwhile, the 2DC has two drawbacks for its usage because
of its principle. First, each device must not be apart from the
waveguide surface more than only a few millimeters because
the evanescent field decays rapidly along the normal direction
to the surface. Of course it is this feature that enables the two-
dimensional confinement of microwaves, however it restricts
the spatial flexibility of the wireless communication at the same
time. This restriction becomes harder when the wavelength gets
shorter with higher frequencies. Second, microwave transmis-
sion over separated waveguides (for example, those embedded
in a desk and a wall) is difficult. Unlike one-dimensional cables,
the two-dimensional waveguides cannot be interconnected just
by point-to-point contact at their ends. As a result, the use of
2DC has been limited only on a continuous two-dimensional
region.

To solve these problems, the authors have recently proposed
a novel directional antenna device which couples 2D guided
microwaves with 3D radiated beams [2],[3]. They have demon-
strated directional beam radiation from one-dimensional peri-
odic array of dielectric scatterers on the surface of the waveg-
uide. The beam direction can be tailored by tuning the scatterer
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Fig. 1 Concept of the proposed beamforming coupler.

period because each scatterer radiates a portion of the guided
wave in a location-dependent phase delay. Since the proposed
method works reversibly both on sending and receiving, it ex-
tends the wireless communication area of the 2DC smartly.
This concept is an application of optical beam coupling tech-
niques [4]–[7] to the microwave region. In the preceding works,
the grating was one-dimensional and therefore the directivity
was tailored only in the 2D cross sectional plane of the grating.
This paper extends the grating periodicity into two-dimension
in order to form a directional beam in the whole 3D space both
in the polar angle direction and the azimuth angle direction as
conceptually illustrated in Fig. 1. If the grating pattern is made
tunable, the system works as a phased array with a quite thin
and light body. Such a phased array also enables microwave
sensing in indoor situations like passive radar detection of the
locations of distributed wave sources such as RFID tags and
wireless LAN nodes. Although we concentrate on microwave
frequency in this paper, the proposed concept can also be ap-
plied to much higher frequencies including quasi-optical region
by scaling the structure. However, this extension often requires
significant modification in the structures at the same time due
to the dispersive characteristics of the materials and that will be
discussed elsewhere.
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Fig. 2 Structure of the 2D waveguide.

2. Waveguide Scattering
The waveguide in consideration is a kind of 2D microstrip

lines as illustrated in Fig. 2. It has a conductive mesh layer
and a ground layer insulated by a dielectric substrate. The lat-
tice period of the mesh is fabricated sufficiently shorter than
the guided wavelength so that it works as an inductive sur-
face on average [1]. In this paper, we consider a guided mode
that travels one-dimensionally in the x-direction and has a uni-
form wavefront along the y-direction. The z-direction is defined
perpendicular to the surface so that z = 0 corresponds to the
waveguide surface. We define βg (= ω/c) as the wavenumber of
the guided wave in the x-direction, where ω and c are the angu-
lar frequency and the velocity of the guided microwave, respec-
tively. When the microwave propagates inside the waveguide,
a non-radiative evanescent field which also propagates in the x-
direction and decays exponentially in the z-direction is formed
on the waveguide surface.

The evanescent field is likely to be converted into radiation
by scatterers. The scattering situation in consideration is illus-
trated in Fig. 3. The microwave propagates in the x-direction
and has a uniform wavefront along the y-direction. The z-
direction is defined perpendicular to the surface so that z = 0
corresponds to the waveguide surface. Scatterers can be im-
plemented in various ways of perturbing the surface condition
of the waveguide. For example, a local increase of the dielec-
tric permittivity on the waveguide surface is known to work as
a scatterer [5]. Although structural parameters of the scatter-
ers such as shape, size, and dielectric permittivity are physi-
cally important, the optimization of them is out of interest in
the paper (see [5]–[8] for more details.) Here we consider a
simple thin dielectric block of half-wavelength long as a scat-
terer and concentrate on directivity control by tuning the array
pattern. Each scatterer radiates a portion of the evanescent field
in a location-dependent phase delay. Therefore, the directivity
of the scattered field is controllable by tuning the spatial pat-
tern of the scatterers. Far-field forming process with distributed
wave sources is fundamentally described by the diffraction in-
tegral [9]. Assuming scalar waves for simplicity, the radiation
from the aperture as illustrated in Fig. 3 is described as follows.

ψ (u, v, z) = A
∫

S
f (x, y)

e jβaR

R
g(u−x, v−y, z) dxdy (1)

R =
√

(u − x)2 + (v − y)2 + z2 (2)

where ψ (u, v, z) is the complex amplitude at the observation
point, A is an appropriate coefficient, S stands for the aperture
region, f (x, y) is the aperture function which is the complex

Fig. 3 Coordinate to describe the waveguide scattering.

weight for the distributed scatterers, R is the distance between
the observation point and the distributed scatterers, βa is the
wavenumber of the radiated wave in the air, and g (u−x, v−y, z)
is a directivity of the radiation from (x, y, 0) toward (u, v, z). The
goal of this paper is to show how to design f (x, y) in order to
obtain the desired directivity. Before proceeding into details,
here we explain one simple guideline. In Fraunhofer’s region
where z is sufficiently far compared to the size of the aperture,
(1) approximates to the following relation.

ψ (u, v, z) �A
e

jβa

(
z+ u2+v2

2z

)

z
g (u, v, z)

×
∫

S
f (x, y) e− j(ux+vy)/zdxdy (3)

As is well known from the diffraction theory, the integral in (3)
is identical to the Fourier transform of f (x, y). Therefore, the
far-field pattern can be designed by tuning the complex weight
f (x, y) so that it becomes the inverse Fourier transform of the
desired far-field pattern. For example, if f (x, y) has a periodic-
ity in the xy-plane, the radiation pattern also has a periodicity in
the far-field, which is physically attributed to grating lobes. If
the periodicity of f (x, y) is small enough, the lobes other than
the main one disappear, and strong directivity toward the main
lobe will be obtained.

3. Directivity Forming
In this section, we discuss how the scatterer pattern is de-

signed for a predefined beam-direction. A directional beam
with a tilted wavefront is formed when each scatterer works
in a linear phase delay. Therefore, we consider a 2D grating
structure as shown in Fig. 4. The scatterers (in dark gray) are
located at

xmn = mpx + ndx (4)

ymn = npy (5)

where m and n are integers. For simplicity, each scattered wave
is assumed to spread isotropically in the far-field. The far-field
radiation pattern is calculated based on (1). Since the scatterers
are located discretely, the superposition of each scattered wave
is calculated by the following summation

ψ (u, v, z) = A
M−1∑
m=0

N−1∑
n=0

fmn
e jβaRmn

Rmn
(6)
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Fig. 4 Definition of the 2D periodic scatterer pattern. The scatterers (dark
gray) consist of dielectric blocks.

where A is an appropriate coefficient, M and N are the num-
bers of the scatterers in the x and y directions, fmn is a complex
weight that represents scattering amplitude of the (m, n)-th scat-
terer, Rmn is the distance from each scatterer to the observation
point, and βa is the wavenumber of the radiated microwaves in
the air. Considering the location-dependent amplitude decay
and phase delay of the guided wave, fmn is modeled as follows

fmn = amne jβg(mpx+ndx) (7)

where amn represents the location-dependent amplitude decay
and βg is the wavenumber of the guided wave. The amplitude
decay is attributed to both radiation-loss and material-loss, and
results in the decrease of the aperture size (i.e. the number of
the scatterers which contribute to the radiation). Substituting
(7) into (6) and assuming that the observation point is suffi-
ciently far from the scatterers, (6) approximates to

ψ (R, θ, φ) � A
ejβaR

R

M−1∑
m=0

N−1∑
n=0

amn

× e− jm(βa pxsinθ cosφ−βg px)

× e− jn{βa(dxsinθ cosφ+pysinθ sinφ)−βgdx} (8)

where (R, θ, φ) is the spherical coordinate of the observation
point that relates to (u, v, z) by

u = R sin θ cos φ (9)

v = R sin θ sin φ (10)

z = R cos θ (11)

(8) indicates that constructive interference occurs when the fol-
lowing conditions are satisfied.

βa pxsinθ cosφ − βg px = 2πμ (12)

βa

(
dxsinθ cosφ + pysinθ sinφ

)
− βgdx = 2πν (13)

where μ and ν are integers. Considering that βg is larger than
βa for microstrip line-like waveguides, the main lobe is formed
for μ = −1 and ν = 0. Conversely, in order to form a main
lobe in the predefined direction in (θd, φd), the scatterer pattern,
(px, dx, py), needs to satisfy the following relations.

px =
2π

βg − βa sin θd cos φd
(14)

dx

py
=

βa sin θd sin φd

βg − βa sin θd cos φd
(15)

Fig. 5 Snapshots of the directivity forming process (Hy-component). The
directivity was designed in (θd , φd) = (20◦, 45◦). (a) The incident
guided wave propagating in the x-direction was scattered by the
scatterers (solid rectangulars) in a location-dependent phase delay.
(b) As a result, a new wavefront in the other direction was formed
in the far-field.

Note that dx and py are not determined uniquely from the main
lobe condition only. We determine these values based on the
following consideration. In order to suppress side-lobes, it is
required that (13) holds only for μ = −1 and ν = 0. This is
satisfied when the following inequality holds.

(
βa + βg

)
px < 4π (16)

βa

√
d2

x + p2
y + βgdx ≤ 2π (17)

In order to obtain sharp directivity, it is preferable that dx and
py are as large as possible within the range where (17) holds.
Thus, combining the equal case of (17) with (15), we finally
obtain (px, dx, py).

As long as the aperture size is finite, the radiated beam is
collimated only within a finite range, L, given by

L � 2D2

λa
(18)

where D is the aperture size and λa=2π/βa is the wavelengh in
the air [10]. Thus, in order to transmit collimated microwaves
over a long range, D needs to be increased with numbers of the
scatterers. After passing through that range, the beam begins to
diverge with a 3 dB beam-angle, θw, given as follows [11].

θw � λa

D
(19)

Assuming indoor wireless applications, D should be typically
more than several wavelength. For example, a mouse-pad size
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Fig. 6 Simulated beam steering by the 2D grating patterns where the beam direction, (θd , φd), was
programmed in (a) (0◦, 0◦), (b) (40◦, 45◦), (c) (40◦, 90◦), and (d) (40◦, 135◦), respectively.
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array of 200 mm × 200 mm works well at 5 GHz (λa = 60 mm)
resulting in L � 1.3 m and θw � 17◦.

4. Simulations

In this section, we show several numerical simulation results
of beamforming. The simulations were carried out with MW-
Studio 2009 (CST) which is based on finite integration tech-
nique, and we investigated wave scattering at 5.5 GHz assum-
ing microwave applications. We modeled the 2D microstrip
lines with a lattice period of 5 mm and a line width of 1 mm
as illustrated in Fig. 2. The insulator layer has a thickness of
3 mm and a relative permittivity of 2.7. Since the radiation-loss
by the scatterer array was more dominant than the material-loss
for the decay of the guided wave in our previous works [2],[3],
we assumed loss-less materials in this simulation for simplicity.

First of all, we set no scatterers on the waveguide surface and
excited a transverse magnetic guided wave from which we es-
timated the guided wavenumber, βg, to be 190 m−1 at 5.5 GHz.
Although it might be slightly modulated when some scatterers
were put on the surface, we neglected that and used the above
value as the normal wavenumber. We then aligned 5 × 5 pieces
of scatterers on the waveguide surface according to (14)−(17).
Each scatterer was modeled by a dielectric block with dimen-
sions of 15 mm ×15 mm × 3 mm and a relative permittivity of
15. Figure 5 shows snapshots of the radiated field (y-component
of the magnetic field) observed at (a) z = 2 mm (right above the
surface) and (b) z = 150 mm (far from the surface) where the
directivity was programmed in (θd, φd)= (20◦, 45◦). As shown
there, the incident guided wave propagating in the x-direction
was scattered by the scatterers (solid rectangles) in a location-
dependent linear phase delay in (a), and a new wavefront in the
other direction was formed in the far-field in (b).

Next, we carried out a series of beamforming simulations
around the z-axis. The results are shown in Fig. 6. On the
right side of the figure, the scatterer patterns and the directivity
plots (linear scale) are drawn in 3D graphics. At first, we set
the beam direction in θd = 0◦ (vertical radiation) in Fig. 6 (a).
Subsequently, we set the polar angle in θd = 40◦ and swept
the azimuth angle as φd = −135◦,−90◦,−45◦, 45◦, 90◦, 135◦.
Here we show the results for (b) 45◦, (c) 90◦, and (d) 135◦ in
Fig. 6. As expected, the beam direction was controllable by tun-
ing the scatterer pattern. Although only the cases for φd > 0◦

are shown here, we confirmed that beams for φd < 0◦ were also
formed by mirrored scatterer arrays with respect to the y-axis.
On the left side of the figure, the detail profiles of the directiv-
ity are plotted in dB scale for −90◦ ≤ θ ≤ 90◦ (at φ = φd) and
−180◦ ≤ φ ≤ 180◦ (at θ = θd). The errors of the simulated
beam direction from the predefined beam direction, (Δθ,Δφ),
were (a) (2◦, indefinable), (b) (2◦, −5◦), (c) (−4◦, −4◦), and (d)
(−9◦, −3◦), respectively. In order to reduce the errors, more pre-
cise phase tuning of each scattered wave is required because the
wavenumber βg is slightly modulated when the scatterers are
aligned on the waveguide surface. The simulated antenna gain
and the 3 dB beam angle in the polar angle direction and the az-
imuth angle direction were (a) 18.4 dB, 16.8◦, indefinable, (b)
16.1 dB, 18◦, 23◦, (c) 15.3 dB, 23◦, 27◦, and (d) 11.1 dB, 28◦,
33◦, respectively. The radiation efficiency calculated by inte-
grating the Poynting vector over the simulated space was (a)
16%, (b) 30%, (c) 25%, and (d) 20%, respectively. The remain-
ing power was transmitted to the other end of the waveguide

not being radiated by the scatterers. By putting more scatterers
both in the x- and y-directions, the aperture size is enlarged and
sharper directivity is attained according to (19). The increase
of the scatterer number also leads to the rise of the amount of
radiation.

5. Conclusion

We have proposed a novel antenna device which couples 2D-
guided microwaves with 3D-radiated beams. It is based on
waveguide scattering from 2D periodic scatterers on the waveg-
uide surface. We explained how to form a directional beam in
the 3D space by tuning the 2D grating pattern. The feasibil-
ity of the proposed method was verified with numerical simu-
lations. The next work is to implement an electronically tun-
able grating pattern which is the key to construct a phased ar-
ray system. Since it leads to a phased array radar with a quite
thin and light body compared to the conventional systems, there
are many promising applications with respect to wireless com-
munications and microwave sensing. Candidates for the tun-
able scatterers include the array of semiconductor switches like
FETs or more optical materials such as liquid crystals.
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