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Abstract—Experimental results are presented to show how a
planar circuit, printed on a laterally shielded dielectric waveguide,
can induce and control the radiation from a leaky-mode. By
studying the leaky-mode complex propagation constant, a desired
radiation pattern can be synthesized, controlling the main radiation characteristics (pointing direction, beamwidth, sidelobes
level) for a given frequency, This technique leads to very flexible
and original leaky-wave antenna designs. The experiments show
to be in very good agreement with the leaky-mode theory.
Index Terms—Hybrid waveguide printed circuit technology,
leaky-wave antennas, sidelobes level control, tapering antennas.

I. INTRODUCTION

A

NY radiating system or antenna must be capable for
transmitting and for receiving electromagnetic signals
in a certain frequency band, and with certain performance.
A flexible antenna would be one able to control its radiation
pattern characteristics without restrictions, while presenting
good input matching for the desired frequency band. The antenna radiation attributes can be summarized in the next three
, main lobe 3 dB-beamwidth
parameters: pointing direction
, and main lobe to sidelobe level (SLL).
Different technologies have been applied to conceive radiators which are able to control these characteristics; wire antennas, waveguide apertures, printed circuit antennas, surfacewave antennas and leaky-wave antennas (LWAs) [1]. It is well
known that the illumination of the near fields determines the far
is inversely
field characteristics. In this way, the beamwidth
related to the effective antenna surface which is illuminated.
can be adjusted by applying a
Also, the pointing direction
linear phase illumination, and the SLL depends on the shape of
the illumination function [1]. LWAs are a type of travelling wave
antennas which show some interesting features in order to control the radiation patterns [2]. The excited leaky-mode complex
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is straightforwardly related
propagation constant
to the antenna radiation properties. The normalized phase condetermines the pointing direction
, while the
stant
, together with the antenna
normalized leakage constant
length
establish the effective radiating length, and there. On the other hand, the SLL
fore the main lobe beamwidth
can be varied by tapering the leaky-mode leakage rate along the
antenna length. Therefore, by controlling the leaky-mode complex propagation constant, one can determine the radiation characteristics of a LWA.
The procedure to taper the antenna dimensions in order to obtain a given radiation diagram depends on each particular type
of LWA. Several hollow waveguide designs have been proposed
to conceive original tapered LWAs, as the groove guide with an
asymmetric strip [3], [4], the offset groove guide [5], the stub
loaded rectangular waveguide [6], the slitted asymmetric ridge
waveguide [7] and the stepped rectangular waveguide [8]. LWAs
using the non-radiative dielectric guide (NRD) technology [9]
have also been proposed. By using a dielectric filled guide, better
frequency scanning sensibility is obtained, when compared to
the hollow counterpart antennas [2]. Also, the NRD technology
is very suitable for millimeter waveband applications [9]. Several NRD structures have been studied to transform the original
bounded mode into a radiative leaky-mode [10]–[15].
All the previously proposed LWA make use of a waveguide
in which some kind of asymmetric modification is added to induce radiation. Moreover, the robust waveguide geometry must
be modified to control the leakage rate and taper the illumination. This introduces complicated and expensive mechanization
processes to design a tapered antenna. A hybrid dielectric-waveguide printed-circuit (HDWPC) technology was originally proposed by Lampariello and Oliner in [16]. In that work, the main
leaky-mode complex propagation constant was obtained using
a transverse resonance technique. It was shown that a structure as the one presented in Fig. 1 can induce and control the
leakage rate, by only modifying the printed-circuit dimensions.
This technology was studied with more detail in [17] using a
leaky-mode analysis technique based on the method of moment,
developed in [18]. A quite similar technology was used in a
paper by Whetten and Balanis [19], where a meandered long
slot was applied to the broad wall of a rectangular waveguide to
induce and control the radiation from the main mode. However,
the LWA antenna proposed in [19] is substantially different from
the hybrid technology studied in this paper. In [19], a slot is cut
on the broad wall of a hollow rectangular waveguide mounted

Fig. 2. Photographs of manufactured structure in hybrid technology. (a) Complete structure. (b) Detail of mountable printed slot-circuits.

Fig. 1. Leaky-wave antenna in HDWPC technology.

in an infinite ground plane. The hybrid technology used in this
paper makes use of a dielectric-filled rectangular waveguide, to
which a slot printed-circuit is added in the top broad wall. This
technique simplifies the manufacturing process of the structure.
Moreover, the authors of [19] used a three-dimensional analysis technique, able to study the whole antenna structure. On
the contrary, this paper is based on several two-dimensional
analyses of the antenna cross-section, from which the evolution of the leaky-mode complex propagation constant can be obtained [17]. This approach leads to a straightforward and flexible design procedure for tapering the printed slot-circuit. On
the opposite, it is suggested in [19] that, with the three-dimensional analysis, “the methodology for optimum tapering is not
an easy task, and usually requires an iterative approach.” Finally, no experimental results were shown in [19], but only simulated far field patterns were illustrated. In this paper, experimental results for HDWPC structures are shown for the first
time. Measurements are compared with leaky-wave modal theoretical results in order to illustrate the ability to control the radiation properties of the perturbed
leaky-mode by only
modifying the printed circuit. Several designs are manufactured
in this technology, showing experimentally the ability to control
its radiation properties (SLL, pointing direction, beamwidth).
Section II introduces the manufactured prototype, together with
the description of the constituent parts of the antenna and its
main geometrical dimensions. Section III presents results for
uniform-slot LWAs, illustrating the accuracy between theory
and experiments for the frequency beam-shifting response of
the antenna, and for the radiation patterns. Section IV shows
the ability to reduce the SLL by properly tapering the printed
slot-circuit. Finally, it is shown in Section V how the pointing
angle of the antenna can also be tuned by only modifying the
printed-circuit.
II. HYBRID DIELECTRIC-WAVEGUIDE
PRINTED-CIRCUIT TECHNOLOGY
Fig. 1 shows the structure considered in this work, together
with the main geometrical parameters involved in the study.

Fig. 3. Perturbed TE mode in several structures related to the HDWPC technology: (a) Closed dielectric rectangular waveguide (DRWG). (b) NRD. (c)
Centred slot HDWPC guide. (d) Asymmetric slot HDWPC guide.

A dielectric-filled (relative permittivity ) rectangular waveguide of width and height is conveniently fed to excite the
mode. Except for the feeding sections of length
,
main
the top wall of the waveguide is open along a length equal to
, where a printed circuit will be added in the dielectric-air interface (see Fig. 1). Two metallic parallel plates (of
height and separated a width ), are used along all the printed
circuit length to form lateral walls. As it will be explained, a
printed slot-circuit will be used to induce radiation from the
mode of the dielectric guide. In order
originally bounded
to control the radiation properties of the LWA, the position
and the width
of the slot-circuit will be modulated along the
, as it is illustrated in Fig. 1. Triangular tranantenna length,
will be used at both ends of the antenna to
sitions of length
reduce the discontinuity effects between the completely closed
waveguide and the printed slot-circuit (see Fig. 1), improving
the input matching and avoiding diffraction.
The structure is basically composed on three parts: a rectangular dielectric-waveguide, a printed slot-circuit, and two parallel plates [see Fig. 2(a) and (b)]. The dielectric guide parameters (width , height and dielectric permittivity , see Fig. 1)
will determine the frequency band of operation of the perturbed
mode. The slot printed-circuit dimensions (position and
width , see Fig. 1) will make the originally bounded
mode of the dielectric guide to become leaky. Finally, the height
of the parallel plates ( , see Fig. 1), will avoid spurious radiation
from evanescent surface-wave fields, improving the horizontal
polarization purity [20].
This working mechanism is based on the asymmetrical location of the printed circuit [17]. Fig. 3 shows several waveguides related to the HDWPC technology, together with the elec-

tric field lines of the main mode, which is basically a perturmode of the dielectric rectangular wavebation of the
guide (DRWG) [see Fig. 3(a)]. This DRWG structure can be
considered as a limiting case of the HDWPC technology, since
no slot is used. Another limiting case is the non radiative dielectric guide (NRD) [see Fig. 3(b)], in which the slot width is equal
. Any laterally shielded symto the waveguide width
metric-slot structure can propagate a non-radiative perturbed
mode [Fig. 3(b) and (c)]. The asymmetric counterpart
Fig. 3(d) will induce radiation by means of a leaky-wave permode.
turbed
As it has been commented, the main advantage of the
HDWPC technology when compared to other previously presented LWAs, is that the tapered printed-circuit is responsible
for controlling the leaky-mode complex propagation constant,
and therefore the radiation properties of the structure. In this
way, one can easily design and manufacture the printed-circuits
by using common photolithographic processes see Fig. 2(b).
Then, the printed circuits can be easily inserted into the top
interface of the host dielectric guide. There is no need to
taper the waveguide dimensions themselves, avoiding complex
and expensive mechanization processes. This design is also
much more flexible than previous LWA based completely
on waveguide technology, since one can use the same host
guide and interchange different printed circuits to obtain different radiation specifications. To experimentally prove the
leaky-wave characteristics of this structure, a prototype has
been constructed using an X-band waveguide (
mm,
mm,
mm, with
mm, see
, tan
), and
Fig. 1) filled with PTFE (Teflon,
mm.
using parallel-plates of height
III. UNIFORM SLOT LEAKY-WAVE ANTENNA
Using a modal analysis technique based on the method of moments, specifically developed for this type of HDWPC structures [17], [18], the evolution of the complex propagation conleaky mode can be obtained for any
stant of the perturbed
longitudinal position of the antenna ( -axis, see Fig. 1)
(1)
where is the phase constant and is the attenuation constant.
The attenuation constant can be split in three different attenuation rates: reactive attenuation rate, dielectric losses attenuation
rate, and leakage (radiation) losses attenuation rate
(2)
has been assumed to be independent of the “ ” cowhere
ordinate. Once the total attenuation constant is obtained, and assuming perfect matching, the insertion losses can be computed
from the leaky-mode analysis as
(3)

The near field complex function along the antenna aperture
axis ( -axis, see Fig. 1) can be obtained from the next expression [2]

(4)
Finally, taking the Fourier transform of (4), the far-field radiation pattern in the H-plane (Y-Z plane in Fig. 1) can be straightforwardly derived as
(5)
where is the elevation or pointing angle [see Fig. 3(d)].
and
are
In the case of a uniform slot-circuit,
constant along the antenna length, therefore not depending on
the longitudinal position “ .” As illustrated in Fig. 3(d), the
asymmetry introduced by the printed-slot makes the originally
mode of the NRD guide to transform
bounded perturbed
into a radiating leaky-mode. To demonstrate this theory, four
different uniform slot-circuits have been constructed. All of
mm, but each one has a different
them have a width
slot-offset (see Fig. 1). The first one is a centered slot of width
mm and
mm, in which no radiation occurs
see Fig. 3(c). The three next slot-circuits are shifted to one
of the side walls to break the symmetry see Fig. 3(d), having
mm,
mm and
mm respectively. Fig. 4(a)
shows the measured
, demonstrating that the insertion losses
increases for stronger asymmetry (as is smaller), due to the
.
increase of the leakage rate,
Fig. 4(b) shows the numerical results for the perturbed
mode complex propagation constant for the centered (
mm
mm) and for two non-centered slot-circuits
mm,
mm, and
mm). The cutoff fre(
quency is approximately the same in the three circuits (around
5.2 GHz), and it is meanly determined by the waveguide width
“ ” and relative permittivity “ ” (as it is usual in a perturbed
mode). Above cutoff, the normalized attenuation constant
is higher as the circuit asymmetry increases (as “ ” decreases), due to increased radiation losses. With the computed
complex propagation constant, the insertion losses are calculated following the modal approach (3), and they are plotted
with symbols in Fig. 4(a). Good agreement is observed between
modal analysis results and experiments, therefore validating the
modal analysis approach.
In order to better illustrate the asymmetry radiation mechaand leakage
nism, Fig. 5 shows the normalized phase
constant
obtained from the perturbed
mode
simulations (continuous line), as a function of the slot position
mm. The analysis frequency
“ ” for a constant width
GHz. The measured leakage rate
can be comis
puted from (2) and (3) (once the constant
is known from
the material losses), and it is plotted with circles for the four
mm,
mm,
mm,
manufactured circuits (
mm). As it is sketched in the drawings of Fig. 5,
and
as the slot-circuit is more uncentered, the launched horizontal

Fig. 6. Simulated and measured radiation properties of asymmetric slot circuit
W = 12 mm d = 5 mm, L = 270 mm (L = 5:4 at 6 GHz).

theoretical radiation pattern (5) has a maximum at an elevation
, given by [2]
angle,
(6)

Fig. 4. (a) Simulated and measured S

for non-centered slots of width W =
mode complex

12 mm and different position d. (b) Simulated perturbed TE
propagation constant.

Fig. 5. Simulated and measured perturbed TE mode normalized complex
propagation constant as a function of d for slot-circuits of constant width W =
12 mm at 6 GHz.

leaky-wave amplitude is stronger due to the higher difference
between the charges induced in the two side walls [17]. In this
way, the leakage rate can be controlled from zero (centered circuit) to a maximum value, by just modifying the slot offset.
For a uniform LWA, (4) describes a linear-phase exponentially-decaying-amplitude complex illumination function. The

Using (6), the phase constant is extracted from the measured
pointing direction of the LWAs. In Fig. 5, comparisons between
theory and measurements for
are also plotted, showing
again very good agreement.
mode frequency
It must be noticed that the perturbed
dispersion curve for [see Fig. 4(b)] can be translated into a frequency beam scanning curve, according to (6). In order to obtain
pointing angle,
must be lower than unity [2].
a real
curve shown
Following this theory and according to the
in Fig. 4(b), the uncentered slot-circuits provide radiation from
5.2 GHz (cutoff frequency) to 7.5 GHz (from where the condiis no more satisfied). Beyond 7.5 GHz, the pertion
mode becomes a slow wave, also called bounded
turbed
wave [2]. Fig. 6(a) shows the theoretical frequency beam scanmm and
ning curve obtained for the slot-circuit with
mm. Measured results are also plotted with circles,
showing excellent agreement. Also in Fig. 6(b), the normalized
radiation diagrams are shown for several frequencies. The radiation patterns obtained with the modal approach are also presented. The SLL corresponding to an exponential amplitude illumination is 13 dB. Good agreement with measurements can
be observed for the beamwidth and the SLL, for all frequencies.
IV. DESIGN OF TAPERED ANTENNAS FOR
SIDELOBES REDUCTION
In the previous sections, the asymmetry radiation mechanism
mode complex propagahas been illustrated by using
tion simulation results (modal approach), and experimental
measurements. As a result, the function of each part of the
proposed LWA in HDWPC technology has been studied. Once
and ) have been
the host dielectric guide dimensions (
chosen to propagate a fast-wave perturbed
mode in a

Fig. 7. Scheme illustrating (a) Nontapered LWA. (b) Tapered LWA.

given frequency band, the printed circuit dimensions ( and )
can be designed. The purpose of the printed circuit is to control
the propagation and radiation properties of this perturbed
leaky mode.
and
is needed in order to perform a
The control of
tapered LWA design [2]. Fig. 7 illustrates the difference between
a non-tapered and a tapered LWA. A non-tapered LWA Fig. 7(a)
is a uniform radiating structure which creates a linear-phase exponential-amplitude aperture illumination. The far field radiadefined by the normalized
tion pattern has a pointing angle
leaky-mode phase constant (
, see (6), and the SLL are theoretically around 13 dB, as it was shown in the measured results
of the last section (see Fig. 6). In order to increase the SLL, a
tapered-amplitude illumination [such as a cosine aperture illumination function, see Fig. 7(b)] must be synthesized along the
antenna aperture length. For this purpose, the designer must be
from
able to control the leaky-mode radiation rate
zero to a maximum value. Moreover, in order not to spoil the
of the LWA [17], the leaky-mode phase
pointing direction
must be kept unchanged along all the antenna
constant
length, as illustrated in Fig. 7(b).
Following these ideas, the position of the slot “ ” can be
varied to control the normalized leakage rate
, by means
of the asymmetry radiation mechanism. However, it can be seen
in Fig. 5 that the phase constant changes when “ ” is varied.
without affecting
(without modiIn order to vary
fying
), the slot position and width (“ ” and “ ”) must be
simultaneously modified along the antenna length [17]. The tapered design procedure is sketched in Fig. 8. First, the illumiis
nation amplitude function along the antenna aperture
chosen. The equivalence between the near field function
and the radiation pattern is well known [1], see (5). The variation of the leaky-mode leakage rate along the antenna length
can be computed from the illumination function to
be synthesized
, according to the next expression (
is the radiation efficiency) [2]
(7)

Fig. 8(a) shows the variation of the normalized leakage rate
along the tapered printed-circuit slot length [obtained from (7)],
(with
needed to synthesize a cosine illumination function
%). On the other hand, the leaky mode phase constant must be kept unchanged along all the antenna length, so

Fig. 8. Tapered LWA design procedure.

that all sections of the LWA radiate at the same pointing angle
[see (6)].
while keeping
constant, the
In order to vary
printed slot-circuit dimensions (width “ ” and position “ ”)
must be adjusted for each longitudinal position of the antenna,
“ .” For this purpose, the leaky-mode contour plots shown in
Fig. 8(b) are used. These curves were obtained from the
modal analysis at 6.2 GHz, by computing the leaky-mode commm,
mm,
plex propagation constant for
mm, and
, and simultaneously varying
and . The continuous lines define the set of dimensions (“ ”
and “ ”) which have a common pointing angle
, while the
. If we
dashed lines are for a constant leakage rate
move along a constant pointing angle line we can obtain the set
of dimensions “ ” and “ ” for each longitudinal position “ ”
[see Fig. 8(c)], which allow to vary
in a specified fashion
unchanged. Finally, the printed circuit mask
while keeping
can be manufactured with photolithographic processes using
these dimensions, as shown in Fig. 8(d).
In order to see the improvement obtained by tapering the
printed slot-circuit, Fig. 9 shows measured radiation patterns for
a non-tapered [uniform circuit, Fig. 9(a)] and a cosine-tapered
LWA in HDWPC technology [Fig. 9(b)]. Both antennas present
for 6.2 GHz, but a considerable
a pointing angle
improvement in the SLL (around 10 dB) is observed for the tapered design. The main lobe is wider for the tapered antenna, as
expected from the shorter effective length corresponding to the
tapered radiating aperture. However, it must be noticed that the
beamwidth can be controlled by adjusting the physical length of
. The simulated radiation patterns obtained with
the antenna,
the modal approach are also plotted. The agreement observed
validates the leaky mode analysis and the design procedure.
Fig. 10(a) shows the measured radiation pattern of the designed cosine tapered LWA for different frequencies. It can be
seen that the sidelobes reduction is maintained for different

Fig. 9. Measured and simulated radiation patterns at 6.2 GHz (a) Non-tapered
printed-circuit. (b) Tapered printed-circuit.

scanning angles. The scattering parameters of the designed tapered LWA are plotted in Fig. 10(b). Measurements are in good
agreement with both HFSS three-dimensional simulations,
obtained from the leaky mode
and also with the results of
approach analysis (3).

Fig. 10. (a) Measured radiation patterns for tapered LWA at different frequencies. (b) Measured and simulated S parameters for tapered LWA in HDWPC
technology.

TABLE I
DIMENSIONS OF THE TAPERED PRINTED-CIRCUITS FOR THE THREE ANTENNAS

V. CONTROLLING THE POINTING DIRECTION
In the previous section, it has been demonstrated that a tapered slot printed-circuit can be added at the top of an NRD
guide in order to modulate the leakage rate of the perturbed
leaky-mode. In this way, it can be obtained a radiation
, with lower SLL than in
pattern pointing at a given angle
the case of a uniform antenna. The pointing angle
is defined
, which priby the leaky-mode normalized phase constant,
marily depends on the dielectric waveguide dimensions (“ ,”
“ ,” and “ ”) and the frequency. However, the printed circuit
can also be adjusted to tune the pointing direction of the antenna
over a range of angles for a fixed frequency.
As it can be seen in the contour leaky-mode dispersion graph
can be varied in a
shown in Fig. 8(b), the pointing angle
range of 20 degrees by modifying the printed circuit dimensions
“ ” and “ .” Basically, by choosing a wider or a narrower slot
mode can be
design, the cutoff frequency of the perturbed
shifted. The cutoff frequency increases as the slot width “ ” is
larger, due to the decrease of the effective dielectric constant of

the perturbed
mode. In this way, one can choose a wider
or narrower slot to tune the pointing angle. Table I shows the
dimensions of three cosine-tapered LWAs, designed using the
contour curves shown in Fig. 11 to synthesize beams pointing
and
, at a fixed frequency of 6.2 GHz. The
at
slot width “ ” and the offset “ ” are varied along the antenna
mm), to obtain the desired leakage rate funclength (
, (7)], while keeping
constant to avoid phase
tion [
aberrations.

shows the simulated and measured frequency beam scanning
behavior for theses three antennas. Again, excellent agreement
is obtained between modal approach and measurements. From
the dispersion curves shown in Fig. 12(b), it is easily confirmed
leaky-mode cutoff frequency is shifted
that the perturbed
to higher frequencies, when wider slots are used to induce
radiation. In this way, the whole beam-scanning response is
shifted, obtaining lower radiating angles for wider slots designs,
as shown in Fig. 12(a).
VI. CONCLUSION

Fig. 11. Contour curves used to tune the pointing angle for tapered designs at
6.2 GHz.

In this paper, it has been demonstrated experimentally for the
first time the ability to control the radiation properties of a leaky
mode which propagates in a hybrid waveguide printed-circuit
guide. This hybrid technology is based on a slot-circuit printed
on the top side of a rectangular dielectric guide, and laterally
shielded with parallel-plates. The function of each part of the
structure to control the complex propagation constant of the
leaky-mode has been described by simple and
perturbed
illustrative experiments performed on a prototype conceived to
radiate in the 6 GHz band. These leaky fields are excited using the
asymmetry radiation mechanism, which is controlled by the position and dimensions of the slot printed-circuit. The main practical
advantage with respect to other LWAs resides in the fact that the
host waveguide must not be changed in order to obtain a given
specification. The radiation properties of the antenna (pointing
angle, beamwidth and sidelobes) can be controlled by only interchanging different printed-circuit masks, therefore avoiding
complicated mechanization processes. In addition, a simple and
straightforward design procedure based on the dispersion curves
obtained from modal analysis has been used. Good agreement
was observed between measurements and the leaky-wave modal
approach, thus validating the proposed design procedure. This
original hybrid dielectric-waveguide printed-circuit technology
provides a good option to conceive simple LWA designs, in
which the main radiation properties can be flexibly controlled.
ACKNOWLEDGMENT
The authors want to thank Epson-Ibérica Foundation, Vodafone Foundation, and the Spanish Institute of Telecommunication Engineers (COIT/AEIT) for their stimulating support. The
authors also want to thank Prof. J. Yiannis, and C. Vardaxoglou
from Loughborough University, U.K., for his helpful comments
and for providing research facilities.

Fig. 12. (a) Measured radiation pattern at 6.2 GHz showing the tuning in  .
(b) Measured and simulated pointing direction  for the three tapered designs.

Fig. 12(a) shows the normalized radiation pattern of the three
cosine-tapered antennas at the design frequency of 6.2 GHz,
confirming the ability to tune the pointing angle while controlling the illumination to avoid high sidelobes levels. Fig. 12(b)
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