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Focus-Scanning Leaky-Wave Antenna With
Electronically Pattern-Tunable Scatterers

Yasuaki Monnai, Student Member, IEEE, and Hiroyuki Shinoda, Member, IEEE

Abstract—A focus-scanning leaky-wave antenna is proposed. It
is based on evanescent wave scattering by electronically pattern
tunable scatterers fabricated of fine cascade connections of field ef-
fect transistors (FETs). The focus is tailored by switching the FETs
so that numbers of the scattered waves cause constructive interfer-
ence at the target point. Our prototype achieved focus-scanning at
2.4 GHz. The proposed antenna can be used as a very low-cost and
lightweight phased array especially suitable to indoor use.

Index Terms—Evanescent waves, focused antennas, focus-scan-
ning, leaky-wave antennas, phased arrays, reconfigurable mi-
crostrip arrays.

1. INTRODUCTION

OCUSED microwave transmission and reception with
F phased array technique is a fundamental solution to
various kinds of up-to-date microwave challenges in indoor
situations, for example, throughput increase of wireless com-
munications, passive radar detection of distributed wireless
devices such as RFID tags and wireless LAN nodes, securing
high electromagnetic compatibility (EMC), and reducing
human exposure to microwaves. In order to transmit focused
waves in a room, the size of the aperture has to be comparable
to the room scale (typically 1-2 m in length). Although several
near-field focused antennas using microstrip arrays have been
developed recently [1]-[4], they have been designed only for a
fixed focus. Steering the focus with numbers of phase shifters
requires expensive and bulky system for those purposes. As a
result, the use of phased arrays that cover indoor spaces has
been impractical.
In this paper, we propose a novel focus-scanning antenna with
a large aperture which can be fabricated in a thin and light body
at low cost without phase shifters. It works based on evanescent
wave scattering by reconfigurable microstrip array fabricated of
field effect transistors (FETs). Fig. 1 illustrates the concept. The
structure consists of a waveguide layer and a scatterer layer. The

Manuscript received May 02, 2010; revised August 31, 2010; acceptance Oc-
tober 20, 2010. Date of publication April 19, 2011; date of current version June
02,2011. The research was supported in part by a Grant-in-Aid for the JSPS Fel-
lows (22-4238), National Institute of Information and Communications Tech-
nology (NICT) 13701 and in part by the Murata Science Foundation.

The authors are with the Department of Information Physics and Computing,
University of Tokyo, Tokyo 113-8656, Japan (e-mail: monnai@alab.t.u-
tokyo.ac.jp).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TAP.2011.2143680

A Half-Wavelength Scatterer
(Microstrip Dipole)

_______

i ST
M
GuldedWaﬁ A \ ......

Inductive Surface

Fig. 1. Concept of focused radiation by the electronically tunable scatterer pat-
tern. The on (off) state of each FET is shown in white (black). Half-wavelength
series of on-state regions works as one scatterer because a microstrip dipole is
formed.

waveguide is a kind of microstrip lines with an inductive sur-
face and supports an evanescent wave. On the top of the induc-
tive surface, there is a microstrip line-based fine cascade con-
nection of FET source-drain channels that works as reconfig-
urable microstrip array by switching the gate-source voltages.
When a microstrip dipole (or a scatterer) is formed on the sur-
face, it scatters a portion of the evanescent wave into the air in a
phase ranging from 0 to 27 depending on its location. Therefore,
a focus is tailored by tuning the scatterer pattern so that num-
bers of the scattered waves cause constructive interference at the
target point. The focus can be scanned rapidly in the zz-plane
by switching the FETs with quite low voltage and little idle cur-
rent. The formed focus is effective both on transmitting and re-
ceiving. We have proposed the original concept recently in [5]
and carried out some simulations there. Here we fabricate a real
device and demonstrate microwave focus-scanning at 2.4 GHz
with focal width of one-wavelength at a distance of five-wave-
length above the waveguide.

II. BEAM-STEERING LEAKY-WAVE ANTENNAS

The proposed antenna can be classified as a kind of
leaky-wave antennas because it is based on coherent en-
ergy leakage from a perturbed waveguide. The important
difference from the traditional leaky-wave antennas consists
in the feasibility of focus-scanning. Although most of the
conventional periodic leaky-wave antennas are good at far-field
beam-steering by varying the operating frequency [6]—-[8] or by
tuning the effective permeability/permittivity of the waveguide
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media [9]-[11], they have difficulty in near-field focusing be-
cause periodic scatterers produce only linearly tilted wavefront
whereas focusing requires converging wavefront. In contrast,
our structure radiates converging wavefront with a fixed-wave-
guide perturbed by tunable non-periodic scatterers.

Several beam-steering leaky-wave antennas that have been
proposed recently without fixed gratings [12]-[14] are of
importance to note here because they are potentially able to
implement focusing. Sievenpiper [12] demonstrated forward
and backward beam-steering based on leaky-wave scattering
by non-uniformly modulated surface impedance on a textured
high-impedance surface incorporating varactor diodes. Al-
though it was mentioned as a kind of “steerable planar lens”, it
was not applied to focusing in the literature. Compared to their
structure, ours has a separate waveguide layer and scatterer
layer, and both of them can easily be fabricated into a printed
structure. A structure proposed by Huang et al. [13] is more
similar to ours in that it uses a fixed-waveguide perturbed by
separate switchable gratings. They developed an electronically
switchable grating fabricated of p-i-n diode array aligned in
parallel in two different periods along the surface of a dielectric
waveguide. In the literature, the entire array was controlled by
a common bias voltage and therefore only two beam angles
could be switched. In oder to tailor various radiation patterns,
much more p-i-n diodes are required and each of their bias
voltage has to be controlled independently. However, more
p-i-n diodes involve more idle current. Lim et al. [14] pro-
posed a different concept. They controlled the beamwidth of
leaky-wave by superposing different angle leaky-waves in a
way that the propagation constant varied non-uniformly in each
part a composite right/left-handed (CRLH) transmission line
incorporating varactor diodes. This approach requires numbers
of voltage controllers to tune the individual varactor diode
continuously. While the literature demonstrated the beamwidth
control of diverging waves, they did not discuss converging
waves.

III. PROPOSED STRUCTURE

A. Waveguide With an Inductive Surface

First of all, we consider a parallel plate waveguide consisting
of an inductive surface and a ground plane insulated by a di-
electric substrate as shown in Fig. 2(b). Note that Fig. 2(b) also
illustrates the FET array and the FR-4 substrate added on the
waveguide surface. An inductive surface can easily be fabricated
with metal mesh whose lattice constant is sufficiently finer than
the wavelength [16], [17]. When a microwave is guided in the
x-direction, most power flows inside the waveguide while the
rest flows along the inductive surface as an evanescent wave.
When the dielectric substrate is thin enough, the £/, component
of the dominant TM mode right above the inductive surface is
described as follows [17].
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Fig. 2. (a) Photograph of the fabricated structure. (b) Cross-sectional image.
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where V is the voltage between the two plates, w is the angular
frequency, k, = eopuow? is the wavenumber in the free space
where £ and g are the permittivity and permeability of the free
space, respectively, ¢, is the relative permittivity of the dielectric
substrate, ¢, is the thickness of the dielectric substrate, and 7 is
the surface impedance of the inductive surface. Since the surface
is inductive, 7) is an imaginary quantity with a positive imaginary
part. According to (2), it makes the wavenumber, k4, a little bit
larger than that of a parallel plate waveguide with a flat metal
surface which is given by /e k.

B. Reconfigurable Microstrip Arrays

The proposed pattern-tunable scatterer array in close prox-
imity to the inductive surface is fabricated of microstrip line-
based fine cascade connection of FET source-drain channels
each of whose conductivity is switchable by the gate-source
voltages as shown in Fig. 2(a). The scattering principle is ex-
plained as follows. If the source-drain channels are insulated
(off-state), the microstrip lines are unlinked and chopped so
short that they have little influence on the traveling evanescent
wave. However, when some of the serial channels become con-
ductive (on-state), the chopped lines are linked to form a longer
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Fig. 3. Simulated field profile at | mm below the FET array. The linked line is
located at —20 < 2 < 12 mm. The inset describes the amplitude of H,, as a
function of the serial number of the shorted spacings.

microstrip line, on which currents are induced by the evanes-
cent wave. In particular, when the linked line gets close to the
half-wavelength, it works as a scatterer because a microstrip
dipole is formed due to the current resonance. Therefore, the
scatterer pattern can be programmed by switching each FET
in order to form half-wavelength lines at arbitrary positions as
conceptually illustrated in Fig. 1. A microstrip dipole is not a
good radiator unless the dielectric substrate is thick enough [18].
Meanwhile, maximizing the radiation efficiency of each radiator
is not a purpose here, rather, each radiation should be weak in
order to feed as many scatterers as possible and obtain a large
aperture.

We show a simulation on the reconfigurable microstrip dipole
with MW-Studio (CST). The structure was modeled based on
Fig. 2. The on-state (off-state) of a source-drain channel was
simply modeled by a short (open) of a chopped microstrip line
spacing. At first, we excited a guided wave with all the spacings
opened (i.e. no scatterers), from which the guided wavelength,
Ag, was estimated to be about 70 mm at 2.4 GHz. Then, we next
shorted 3 serial spacings in order to link the 4 chopped lines of
32 mm long (~ \,;/2), and excited a guided wave again. Fig. 3
plots the simulated amplitude profiles of the magnetic field (H,)
and the electric field (E.) at 1 mm below the FET array (i.e.
1 mm above the waveguide surface), where the linked line is
located in —20 < x < 12 mm. H,, is strong at the center of the
line while F, is strong at the edges of the line. The sign of F,
was opposite for the both edges (not shown). The inset in Fig. 3
describes the peak amplitude change of H,, as a function of the
serial number of the shorted spacings. A remarkable increase is
observed at the 3 series. These results certify the resonance of
the evanescent wave-induced current on the linked line and the
formation of a microstrip dipole. Choosing other numbers of the
shorted spacings will lead to operation at other frequency bands.

C. Near-Field Focusing

In this section, we derive scatterer patterns required for fo-
cusing. A focus is formed when numbers of scattered waves
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Fig.4. Focusing situation. A scatterer (in white) radiates a portion of the guided
wave in a location-dependent phase delay. A focus is formed when scattered
waves cause a constructive interference at the target point.

cause constructive interference at the focal point. For simplicity,
we assume each scattering is isotropic. Considering the situation
illustrated in Fig. 4, the constructive interference occurs when
the following condition is satisfied.

kg(n — o) + ka(rn —10) =270 (n=0,1,---) (3
where x,, is the z-position of the n-th scatterer, and 7,, is the

distance from (z,,, 0) to the focus at (xr, zy) given as

Ty =

(zf — 20)? + 23 4)

From (3), we obtain the following solution

Ty = = (&)

where

a= kZ — k2
by = —2kgnm — k3wo + kiwg — kakgy /(0 — x5)? + ZJ%
¢n = dnm(nm + kgmo) + (k2 + k2) x

—2k2x0m ¢ + 2k, (207 + kywo) /(10 — )% + z?
(6)

(5) yields a quasi-periodic pattern as shown in the following sec-
tion in Fig. 8(ii). Note that the calculated x,, must be discretized
by the period of the FET array, which also means that the FETs
have to be aligned sufficiently finer than the guided wavelength.
The location of the first scatterer, xo, can be chosen arbitrarily
based on experimental convenience.

The radiation pattern is calculated by superposing each scat-
tered wave.

=iy by Ry (2,2))

R, (z,2)

pl,2) =Y an (7
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Fig.5. Theoretical near-field pattern. The focus is designed for (a) (—300, 600)
mm, (b) (=50, 500) mm, and (c) (200, 900) mm.

where «, is a weight representing each scattering amplitude and
R, (z, z) is the distance between the observation point and each
scatterer given as

R, (z,2) = /(z — z,)% + 22 (8)
Since the scatterers constitute a non-uniform array, analytical
calculation of (7) is difficult in general. When a focus is formed
above the center of the aperture (z; ~ 0), the focal width, w,

can be roughly estimated from the following relation [19]

)\aZf
L

w )
where L is the length of the aperture and \,(= 27/k,) is
the wavelength in the air. Since a sharp spot is formed for
zy < L, the aperture length should be an order of 1 m for many
indoor applications. For instance, (9) gives w ~ 62.5 mm at
z¢ = 500 mm and A\, = 125 mm (i.e. 2.4 GHz) when L = 1 m.
Although the aperture length of the proposed antenna is basi-
cally determined by the physical length of the scatterer array,
the effective aperture length would be a little smaller than that
because scattering amplitude decays as the evanescent wave
goes through energy leakage by the radiation and dielectric
loss. Fig. 5 shows computed radiation patterns from (7) where
a, is assumed to be constant for simplicity. Here we designed
(z ¢, zp) for (a) (=300, 600) mm, (b) (—50, 500) mm, and (c)
(200, 900) mm with 15 pieces of scatterers aligned in nearly 1
m long according to (5) with k, = 50.2 m™*, k, = 88.5 m™ 1,
and 9 = —484 mm. The focal width, w, defined by 1/ V2
of the peak amplitude is (a) 99 mm (= 0.79),), (b) 74 mm
(= 0.59)\,), and (c) 102 mm (= 0.82),). The sharpest width is
attained in (b) since the focus is almost located above the center
of the aperture and the aperture seen by the focus becomes
largest in (b).

In the end of this section, we mention that the scatterer pat-
tern becomes fully periodic when the focus is infinitely far from
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the aperture because (5) converges to a linear function of n as
follows.

2
xnekLn+w0 (,/x?-}-z?—mm) (10)

P

where £, is the wavenumber of the scatterer period given by

. (11)
[ 2 2
xf+zf

(11) is consistent with the following beamforming formula of
conventional periodic leaky-wave antennas

kp =kg — kqsinf sinf =

sinf = ﬁ

(ky = ky — kp) (12)

where 6 is the beam direction measured from z-axis and k. is the
wavenumber of the leaky wave. Thus, beamforming is equiva-
lent to focusing toward an infinitely far focal point.

IV. EXPERIMENTAL RESULTS

A. Device Fabrication

The fabricated structure is illustrated in Fig. 2. The waveguide
layer is a quasi one-dimensional microstrip line composed of
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and the programmed scatterer pattern at ¥y = 0 mm are shown in (i) and (ii), respectively, sharing the same x-axis. (iii) shows the profile of (i) in the x-direction
at z = z; for (a) and (b) and z = 750 mm (limit of the measured range) for (c).

a ground plane, a dielectric substrate, and a microstrip mesh.
The dimensions are 1500 mm long in the x direction and 32
mm wide in the y direction. Both the ground plane and the mi-
crostrip mesh are made of aluminum printed on PET films. The
microstrip mesh has a line width of 1 mm and a lattice period of
7 mm which is sufficiently smaller than the guided wavelength
resulting in an inductive surface. The dielectric substrate is an
acrylic plate of 3 mm thick with a relative permittivity of about
3. Although an acrylic plate is so lossy that more than 80% of
the guided power is dissipated after 1500 mm propagation, we

used it because of its availability and manufacturability in large
dimensions.

The scatterer layer is composed of microstrip line-based cas-
cade connection of FET source-drain channels supported on
three jointed FR-4 substrates. Each substrate is 336 mm long and
2 mm thick with a relative permittivity of 4.9. On each surface,
160 pieces of commercial microwave FETs (SKY65050-372LF,
SKYWORKS) are aligned in 40 cascaded columns and 4 par-
allel rows at 8 mm intervals in the x and y directions, respec-
tively. In total, the three substrates constitute a scatterer layer of
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1008 mm long on which 480 pieces of the FETs are aligned in
120 columns. All the source terminals of the FETs are grounded
(0 V) with vertically printed thin lines as illustrated in Fig. 2(a).
We confirmed that the vertical lines are uninfluential to the mi-
crowave transmission from numerical simulations. Note that the
drain terminals are also grounded because they are connected
to the next source terminals through short microstrip lines. The
conductivities of the source-drain channels for microwave cur-
rents are switched by the gate-source voltages. The gate-source
voltages of the 120 columns are switched independently (—3.3/0
V) with the other vertical lines and the voltages of the 4 rows are
driven commonly.

B. Experimental Setup

The experimental setup is illustrated in Fig. 6. We defined port
1 at one tapered end of the waveguide (shown in Fig. 7) and port
2 at a standard dipole antenna (ASD-2425B, Antenna Giken)
probing above the waveguide, and then measured the transmit-
tance, So1, at 2.4 GHz with a network analyzer (N5230A, Ag-
ilent). We also defined port 3 at the other end of the tapered
waveguide and terminated it with an impedance matched re-
sistor. The probe antenna was scanned with a 3D position con-
troller (DM3474AV 1, Device) surrounded by anechoic walls.
The origin of the coordinate, (z,y, z) = (0,0,0) mm, was de-
fined at the center of the FET array, and the scanned ranges
were —450 < z < 450 mm, —400 < y < 400 mm, and
350 < z < 750 mm in each direction. The scanned area is
indicated by a broken rectangle in Fig. 6. The scanning resolu-
tion was 10 mm (€ A, = 125 mm at 2.4 GHz, where )\, is
the wavelength in the air). Since the radiated wave is transverse
magnetic (£, = 0), the probe dipole antenna was set along the
x-direction during the measurement.

The guided wavelength, \;, was determined experimentally
from the phase delay measurement through port 1 to port 3 when
all the FETSs were set off-state, and A, = 71 mm was obtained
at 2.4 GHz. From this result, we determined to use 3 series of
on-state FETSs (resulting in a 32 mm line) as one scatterer iden-
tically to the previous simulation, and defined its z-position by
the center of the 3 series. The scatterer pattern was programmed
to a focus based on (5) where z,, was discretized by the FET
array period (8 mm).

C. Focus Scanning

Fig. 8(i) shows the measured S5; distribution at y = 0 mm
when the focus was set at (a) (zf,2z5) = (—300,600) mm,
(b) (=50, 500) mm and (c) (200, 900) mm. Field enhancement
around the focus was clearly observed in all cases. Although z¢
of (c) was out of the measured range, the field was obviously
growing toward the focal point. Faint standing waves appeared
in the z-direction probably because of the reflection by the 3D
position scanner installed above. The programmed scatterer pat-
tern is illustrated in (ii) sharing the same z-axis with (i). There is
a lack of a scatterer around 2 = 168 mm in (a) and (b) because
the location coincided with the substrate joint. The profile of
Fig. 8(i) in the z-direction is plotted in Fig. 8(iii) where z = z¢
for (a) and (b), and z = 750 mm (limit of the measured range)
for (c). The peak position agreed well to the aimed x5 with the
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error less than 10 mm (0.08,) in both (a) and (b). The focal
width defined by 1/1/2 of the peak amplitude was (a) 120 mm
(0.96),) and (b) 90 mm (0.72),). The dotted line plotted to-
gether with the measured data in (iii) was calculated from (7)
and normalized to the measured peak. In the calculation, we as-
sumed that the scattering amplitude, «,,, is constant with respect
to n for simplicity. The model of (7) becomes less accurate off
the peaks because it does not include the effects of other weak
radiation such as scattering at the joints or the edges of FR-4
substrates.

Fig. 9 shows the profile of Fig. 8(b-i) in the z-direction at
x = x7. The dotted line was plotted based on the same model
as above. The slight fluctuation of the measured values indicates
the formerly mentioned standing waves. Actually, the distance
between the antinodes was about 60 mm and corresponded to
the half-wavelength in the air. The peaks of the measurement
and the model slightly shifted below the aimed z; (500 mm)
because the scatterer pattern was designed based only on the
phase relation in (3) and the factor of «,, / R,, in (7) was not into
account, which becomes less accurate when the focus gets closer
to the aperture. Although the measurement could not cover the
entire profile in the z-direction, we estimated the focal depth to
be about 260 mm (2.1A,) from the model.

Since the scatterer array was almost one-dimensional, the
focus was not formed in the y-direction. The result of probe
scanning in the zy-plane at z = zy is plotted in Fig. 10 and
the profile in the y-direction at z = x is shown in Fig. 11.
The focus spread about 600 mm in the y-direction. Fig. 10 also
gives an estimation that roughly 10% of the input guided power
was focused within the band of the focal width around z = z¢.
More power can be focused by increasing the scatterer number
with a longer FET array and decreasing the dielectric loss of
the waveguide medium. These efforts are also effective in terms
of sharpening the focus with a larger aperture. Fig. 12 shows
focus shift accompanied by frequency variation. The focus at
zy = —50 mm at 2.4 GHz shifted —30 mm with 60 MHz de-
crease and +40 mm with 90 MHz increase. Finally, we mention
that So; = S12 was satisfied during the measurement. Thus, the
fabricated structure was shown to work reciprocally.
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V. CONCLUSION

A focus-scanning leaky wave antenna has been proposed. It is
based on evanescent wave scattering by electronically reconfig-
urable microstrip array fabricated of FETs. Since each FET re-
quires only a low voltage (—3.3 V) and leakage current (~ pA)
for its switching, the scatterer pattern can be programmed and
reconfigurated by a simple electronic circuit with low power
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consumption. Our prototype has achieved focus-scanning at 2.4
GHz. The scanned range covers the measured area (900 mm X
400 mm) and a larger area measurement is required to evaluate
the full scannable-range. The focal width was about one-wave-
length at a distance of five-wavelength from the aperture. About
10% of the input power was focused while more than 80% was
dissipated by the acrylic plate in the waveguide. The radiation
efficiency will be increased by increasing the scatterer number
with a longer FET array and replacing the waveguide medium
with other low-loss materials such as PTFE. The longer array is
also preferable in terms of sharpening the focus.

The proposed structure produces a very low-cost phased
array. Promising applications include the use of phased arrays
in indoor situations for smart wireless communication and
sensing.
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