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Horn Image-Guide Leaky-Wave Antenna
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Abstract — A novel structure for a frequency-scanning millimeter-wave
antenna is described. The antenna is constructed by embedding a dielectric
leaky-wave antenna in a long trough with metal flares attached along both
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sides. The optimum flare angle for achieving maximum gain is theoretically
predicted. The design of the leaky-wave antenna, which is comprised of
metallic-strip perturbations on top of the dielectric guide, is also discussed.

I. INTRODUCTION

RECENT TRENDS toward the use of low-cost, high-
resolution antennas for short-range communications
have encouraged the design and development of different
millimeter-wave antennas [1]-[4]. The leaky-wave antenna
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Fig. 2. Horn image-guide leaky-wave antenna.

is well-suited for these applications due to its relatively
simple design, low cost, light weight, and compatibility
with the dielectric-based millimeter-wave integrated cir-
cuits. Another major advantage of this structure is its
ability to electronically scan the beam, simply by varying
the operating frequency. Thus this type of antenna struc-
ture is capable of replacing many of the mechanically
scanned, less-reliable gimbled structures which are too slow
for many applications.

The image-guide leaky-wave antenna, like most travel-
ing wave antennas, is long (in terms of wavelengths) in the
longitudinal or the z-direction and has a cross section in
the order of a wavelength (see Fig. 1). The dielectric guide
with periodic perturbations on top is mounted on a metal
ground plane. The purpose of this ground plane is to
assure that all the power would be radiated from the top
surface only. Without this ground plane, an equal amount
of power would be radiated from both the top and the
bottom of the dielectric guide. These antennas provide
good radiation characteristics in the E-plane which is the
plane containing the longitudinal axis of the antenna.

 However, the radiation patterns of these antennas are
usually too wide for many applications in the plane trans-
verse to the axis.

To reduce the beamwidth in the transverse plane, we
propose a structure in which the dielectric guide with
periodic perturbations on top is embedded in a rectangular
trough with a metal flare attached along each side, as
shown in Fig. 2. With this arrangement, the antenna be-
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haves like a linear array in the longitudinaly or ( E-) plane, A
while the radiation pattern resembles that of a horn in the
transverse (or H-) plane.

II. DESIGN CRITERIA

A. Linear Array in the E - plane

In an image-guide leaky-wave antenna, the propagation
energy in the guide is scattered by the metallic strips on top
of the dielectric guide.  These perturbations cause the
guided-wave energy to radiate off the dielectric guiding
structure or “leaked” into space. Each of the strips behaves
like an element of a linear array. Hence, the key factors in

- the design of a leaky-wave antenna structure are the oper-

ating frequency, the perturbation spacing, and the guide
wavelength. For periodic strip spacing, the angular direc-
tion 6, of the leaky-wave beam is given by

0, =sin" (Ao /A, +nh,/d) (1)

where A is the free-space wavelength, d is the perturbation
spacing between the centers of two adjacent strips, and 7 is
the index of the space harmonic (0, =1,+2,---) and is
most likely to be —1, and A, is the guide wavelength. For
slight perturbation, the real part of the longitudinal propa-
gation constant of the structure has been approximated by
that of the unperturbed structure. The antenna is frequency
scannable if |A, /A, +nX;/d|<1. For a broadside array,
d should be made equal to the guided wavelength A,

At each strip, it is desirable that the rate of energy
radiated be small. Thus a portion of the guided-wave
energy will propagate through the entire antenna length,
which implies a larger effective aperture. But equally im-
portant, the guided energy should be completely radiated
by these strips so that there is no energy left at the antenna
truncation which would radiate endfire. Experiments show
that the rate of energy radiated along the dielectric leaky-
wave antenna structure is strongly influenced by the width
of the perturbation strips on the top surface of the dielec-
tric guide.

For very narrow strip widths, the radiation from each
element is so small that a very long antenna has to be
constructed to radiate all energy in a effective manner. Our
experiments have shown that, for an array with periodi-
cally spaced elements, there is always a noticeable amount
of residual energy radiated endfire even if 50 strips of
width of less than 0.2 A, were used. This indicates that not
all of the guided-wave energy has been radiated by the
metal strips. v ‘

On the other hand, if the metal strips are too wide (>0.5
A,), the bulk of radiated energy is produced by the first
few strips and, consequently, the effective aperture is very
small. Also, for large strip widths, the sidelobes are very
high, due probably to the large mismatch at the first strip.
An experimental study of the gain characteristics of the
antenna revealed that the highest gain was obtained when
the. strip width was approximately 0.4\ 5

However, it is well known that if the attenuation of the
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traveling wave in the z-direction due to the energy leakage
at the leaky-wave region of the antenna is a constant
(dB/m), the radiation pattern is not symmetric about the
main beam direction. Consequently, the energy transfer
from the leaky beam to the surface wave, and vice versa, is
not optimum [6]. A suitable modification of the geometry
in the leaky-wave region of the antenna should be made to
obtain a slowly varying leaky rate to increase the conver-
sion efficiency [7]. If the variation of the strip width is
correct, all the surface energy will convert completely into
a symmetric leaky beam (and vice versa). This can be done
by tapering the size of the periodic scatterers [6]. Experi-
mental results show that the radiation characteristics in the
E-plane are much improved when the strip width is con-
tinuously tapered. By linearly tapering the strip width (see
Fig. 1), the rate of energy radiated into space is lowered.
The effective aperture is enlarged and the beamwidth is
narrowed. The larger strips at the end of the antenna
radiate efficiently and assure that only negligible energy is
left in the endfire (axial) direction. Since the mechanisms
of perturbation and radiation are not clear, the widths of
these metallic strips were experimentally investigated only.
The width of the mth strip is found from the following
empirical relation:

_ (0.15+0.015(m —1))A,,
m 0.41,,

m=<18

m=>18 (2)
where A, is the guide wavelength. Near-field power distri-
bution plots have shown that little or no radiation is
produced by the first few strips, and their roles appear to
be limited to providing an impedance match in the transi-
tion between the surface-wave and the leaky-wave regions.

The sidelobe levels for an antenna with tapered strips
were much lower than that of a uniform strip width
structure. However, if the tapering rate of the width of
these metallic strips is slower than that given in (2), i.e.,
more than 18 small strips with tapering width were used,
the gain and sidelobe characteristics of the antenna remain
relatively unchanged. More exotic distributions for the
strip width, e.g., the logarithmic or exponential, were not
investigated in this study.

B. Flare Horn in the H- plane

It is well known that the overall gain of a conventional
image-guide leaky-wave antenna structure is relatively low.
This is due to the fact that the beamwidth in the transverse
or H-plane is extremely wide; for instance, the null-to-null
beamwidth of these antennas is almost 180°. This is under-
standable since the aperture in the transverse plane is on
the order of a wavelength only.

To enlarge the aperture in the H-plane, we propose a
new structure in which the dielectric guide with metal strip
perturbations on top is embedded in a metal trough of
rectangular cross section and with a metal flare attached to
each side. The resulting configuration is shown in Fig. 2.
The bottom of the trough assures that only a single beam is
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radiated from the antenna structure. The bottom plane
redirects the energy which would have been radiated from
the bottom surface of the dielectric guide back up and out
the upper surface at exactly the same angle as the radiation
from the upper surface [3].

The width of the trough was chosen such that it could
easily interface with the truncated metal waveguide which
was used to feed the antenna structure. The dielectric guide
was designed to fit snugly against the sidewalls of the metal
trough thus eliminating the need for adhesive materials
which were used to bond the dielectric guide to the ground
plane. The depth of the trough is such that the propagation
constant of the structure can be determined using the
dielectric-loaded trough guide model (see the Appendix).
The height of the dielectric guide is then chosen to provide
single-mode operation.

Since the radiation in the E-plane is fixed by the distri-
butions of the silver strips, the overall gain of the antenna
depends only on the radiation pattern in the H-plane and
is thus a function of the flare angle and the length of the
flared metal horn. With H, as the major guided magnetic
field component in the dielectric guide, the current element
on each metal strip is z-oriented, and the principal aperture
field of the metal flare is F,. Assuming that the structure is
infinitely long in the z-direction allows the metal flares to
be modeled as an H-plane sectoral horn [8], [9]. For a
conventional slotted metal waveguide, the use of longitudi-
nal long metal flares has been known as a Slorn [10].

III. CONSTRUCTION

Under the guidelines and constraints described in Sec-
tion II, a dielectric waveguide of dimensions 3.4X 1.4 mm
was constructed. The trough depth was arbitrarily chosen
to be 3.4 mm to simplify the constructions. It was observed
that as long as the trough was not too shallow, the radia-
tion patterns of the structure were almost independent of
the trough depth. At 81.5 GHz, the guide wavelength was
calculated to be 2.70 mm (e, =2.47).

The length of the flare horn was chosen to be 4 cm in
this design. Fig. 3 shows the comparison between the
measured relative gain of the constructed antenna as a
function of the flare angle and that of an H-plane sectoral
horn. The results of this figure have confirmed the assump-
tion that the H-plane sectoral horn is a reasonable model
to predict the flare angle for maximum gain in the H-plane.

For the strip width distribution chosen according to (2)
and the flare angle selected from Fig. 3 for maximum gain,
the radiation patterns in both the E- and H-planes of the
horn dielectric guide leaky-wave antenna were measured
and plotted in Fig. 4. The number of silver strips on top of
the dielectric guide was 32. However, it was found that the
length of the antenna was overdesigned since little or no
power was detected after the 27th strip. The antenna can
be truncated at this point with very little sacrifice of the
overall gain. The half-power beamwidth (HPBW) in the E-
and H-planes are 4°, 13°, respectively. If the attenuation of
the guided wave due to radiation at each strip is small, the
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Fig. 4. E- and H-plane patterns of the constructed antenna.

radiation pattern in the E-plane can be approximated by
that of a cophasally excited linear array [4]. For a broad-
side array, the HPBW is then approximated by
Ao__ Ao
L d(m—1) (3)
where A, is the free-space wavelength, L is the aperture
length, d is the perturbation spacing between two adjacent
strips, and m is the number of strips. For m =26, d =2.73
mm, and f=81.5 GHz, the HPBW in the E-plane calcu-
lated from (3) is 3°. This beamwidth is slightly narrower
than the measured value. However, it should be noted that
the first few strips in our antenna array are merely an
impedance match, and contribute very little to the radia-
tion.
~ The antenna was designed for broadside radiation. The

consequent experimental beam angle deviated slightly from
the normal direction. This is interesting since the strip
width determines the rate of energy radiated off the guide
but does not change the angle of radiation significantly.
The E - H tuner was employed in front of the feed end to
ensure good matching. The return loss of the structure was
measured to be about 15 dB. The overall gain of the
antenna is the product of the gains in the £- and H-planes
and was measured to be 26 dB. The sidelobe levels were at
least 25 dB below the main lobe. Since there is no endfire
radiation detected, it is assumed that most of the radiated
energy is produced by the strip eclements.

The angular beam direction was scanned by varying the

HPBW =~
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operating frequency. Fig. 5 shows the measured and com-
puted main beam directions as a function of the frequency.
In our experiments, the frequency was varied from 76 to 86
GHz. The theoretical beam angle was calculated from (1).
At each frequency, a new guide wavelength has to be
determined (see the Appendix). As mentioned earlier, if the
perturbation spacing is made equal to A, the main beam
will be at the broadside direction. The entire angular
scanning range, however, can be shifted more positively or
negatively by changing the perturbation spacing between
the adjacent strips.

The main beam level of the antenna is relatively stable
throughout the operating frequency range except at around
84 GHz where it falls about 2 dB below the reference level
(Fig. 6).

1V. CONCLUSIONS

A horn dielectric guide leaky-wave antenna structure has
been described. Both E- and H-plane beamwidths were
much narrower than for a conventional leaky-wave design.
Optimum designs of the perturbation strips on top of the
dielectric waveguide and the flare angles of the horn have
been determined. If the horn flare angle is not made
prohibitively large, the antenna aperture can still be flush
mounted by recessing the actual dielectric antenna into the
supporting structure, such as the outer hull of an aircraft.

APPENDIX

CALCULATIONS OF THE PROPAGATION CONSTANTS

It is advantageous to keep the dielectric waveguide in
contact with the metallic sidewalls of the trough in order to
ease the supporting problems and to eliminate the need for
adhesive materials which were used to bond the dielectric
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guide to the ground plane. This study was primarily con-
ducted using this configuration and, therefore, only the
propagation constants for this structure are presented.
When there is a gap between the sidewalls, the expressions
for the propagation constants can be found elsewhere [3],
[4].

For the E}, mode, the field’s variation in the x-direction
must satisfy the boundary conditions at the metal sidewalls
resulting in

k.=pm/a, (A1)

where a is the width of the trough and p=1 for the
fundamental mode.

Matching the tangential fields at the dielectric-air inter-
face yields the following eigenvalue equation for the k

kbelIw/Z— tan‘l(nky/sr)s g=12,--- (A2)

where

p:l,z"..

n= [(er -1k — kﬂ w2

(A3)
7 is the field decay coefficient outside of the dielectric, k is
the wavenumber of free space, b is the height of the
dielectric guide, and ¢ =1 for the fundamental mode.

The longitudinal propagation constant is obtained as
follows:

1/2

k,=2m/\,=(e,k3—k2—k2) (A4)

where A is the guide wavelength.

The dispersion curve for this guiding structure is shown
in Fig. 7. For a fixed trough width, the range of the
single-mode operation can be varied by changing the height
of the dielectric guide. The multisignal complexity of the
antenna can be avoided by restricting the operating
frequency to the single-mode region of the dispersion curve.
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