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Abstract—This work presents a full-wave integral equation
approach specifically conceived for the analysis and design of
laterally-shielded rectangular dielectric waveguides, periodi-
cally loaded with planar perturbations of rectangular shape.
This type of open periodic waveguide supports the propagation
of leaky-wave modes, which can be used to build leaky-wave
antennas which exhibit many desirable features for millimeter
waveband applications. The particularities of the leaky-mode
analysis theory are described in this paper, and comparisons with
other methods are presented for validation purposes. Using this
leaky-mode analysis method, a novel periodic leaky-wave antenna
is presented and designed. This novel antenna shows some im-
portant improvements with respect to the features of previously
proposed antennas. The results of the designed radiation patterns
are validated with three-dimensional electromagnetic analysis
using commercial software.

Index Terms—Floquet modes analysis, leaky-wave antennas,
millimeter waveband, periodic antennas.

I. INTRODUCTION

THE radiation mechanism of periodic leaky-wave antennas
(PLWA) is well-known for many decades [1], [2]. This

type of antennas exhibits interesting features due to their
traveling-wave nonresonant nature. Among them we can men-
tion frequency scanning capability, high directivity and large
radiation bandwidths. Low-losses, easy-manufacturing, open
waveguides can be used to conceive PLWA, thus leading to new
antennas very well suited for millimeter waveband applications.
Different technologies have been used to design PLWA, as the
microstrip line [3], [4], the dielectric grating guide [5], the
strip-loaded dielectric slab [6]–[9] and the strip-loaded inset
waveguide [10]–[12]. Recently, a hybrid planar-waveguide
technology, which makes use of a laterally-shielded top-open
dielectric rectangular waveguide, in which an uniform strip
or slot is asymmetrically located to provide radiation, was
proposed to design tapered uniform LWA for the millimeter
waveband [13]. The same technology can be used to obtain
backward radiation, by changing the waveguide perturbations
from uniform to periodic [2], leading to the PLWA in hybrid
planar-waveguide technology shown in Fig. 1.
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Fig. 1. Different types of laterally-shielded top-open rectangular dielectric
guides, periodically perturbed with rectangular planar circuitry. (a)
Dielectric-inset PLWA. (b) Strip-Loaded PLWA. (c) Slot-Loaded PLWA.

This type of structures must not be confused with the strip-
loaded dielectric slab PLWA, as those studied in [6]–[9]. The an-
tennasproposedinthisworkarebasedonalaterally-shieldedrect-
angular dielectric waveguide, and present a parallel plate stub of
height at their top(seeFig.1).Ananalysismethodconceivedfor
this type of antennas was developed in [10]–[12]. However, some
differences arise between the method proposed in this paper and
the techniques used in [10] and [12]. The scattering analysis car-
ried out in [10] did not take into account for the mutual coupling
effectsbetweenarrayelements. In [11],GuglielmiandBoccalone
proposed a more accurate transverse equivalent network (TEN)
to represent the unit cell of the PLWA, which is used to design
a novel dielectric inset PLWA in [12]. The method proposed in
[11] and [12], although accurate, has two important restrictions
whichareovercomebythefull-waveanalysis techniqueproposed
in this paper. The first restriction of [11], [12] is that only one-di-
mensional (1-D) periodic discontinuities can be studied, leading
to the strip loaded PLWA shown in Fig. 1(a) (the dielectric-inset
PLWA). The novel PLWA shown in Fig. 1(b) and (c) need the in-
troduction of two-dimensional (2-D) perturbations to obtain in-
teresting taper properties, as it will be shown in Section III of this
paper. The second difference is that the TEN developed in [11],
[12] is valid only for the mode excitation [horizontally po-
larized electric field, as shown inFig. 1(a)] The newantennas pro-
posed in this paper are based on the excitation of the mode
(vertical polarization), as illustrated in Fig. 1(b) and (c).

In this paper, a novel slot-loaded PLWA [Fig. 1(c)] is pre-
sented, showing the main advantages with respect to the dielec-
tric-inset PLWA [Fig. 1(a)]. A full-wave spectral-domain leaky-
mode analysis method is described in Section II of this paper.
Comparisons with the results obtained with other techniques for
leaky-modes in different laterally-shielded planar structures are
included for validation purposes. Section III presents the novel
PLWA. The working mechanism is explained, and a tapered an-



tenna is designed to illustrate the improvements with respect to
the dielectric-inset PLWA proposed in [12]. Finally, the radia-
tion patterns of the designed antenna are validated using com-
mercial electromagnetic analysis software (HFSS).

II. SPECTRAL-DOMAIN LEAKY-MODE ANALYSIS

The type of LWA to analyze is formed by a multilayered
top-open medium in the transverse -direction, which is sur-
rounded by lateral metal walls separated at a distance in the

-direction (see Fig. 1). In the longitudinal -direction of the
structure, the antenna is infinite and periodic, with a period-
icity which determines the unit cell length. Applying Floquet
theory, the fields can be expanded in the -direction using Flo-
quet modes [2], [4], [5]

(1)

(2)

(3)

The index stands for the order of the Floquet modes,
while is the propagation constant of the bloch-wave. More-
over, the electric and magnetic fields in the unit cell,
and , can also be expanded in the -direction using
a series of parallel-plate waveguide (PPW) modes

(4)

(5)

The analytical expressions of the PPW modal vector-field
functions, and , can be
found in [14]. The index distinguishes between and
polarizations, while the order of the PPW mode establishes
the harmonic variation of the fields along the -axis

(6)

In the transverse -direction, a set of equivalent transmission
lines can be obtained for each PPW-Floquet mode combination
(index ), following the same procedure ap-
plied in [14] for uniform LWA. This equivalent network models
the propagation of the fields along the transverse multilayered
media, as well as the top radiating open end, whose equivalent
radiation impedance can be found in [15]. The equiva-
lent voltage and current functions, and ,
can be obtained from these transmission lines, as described in
[15]. Following the procedure described in [15], the method of
moments (MoM) can be applied to expand the electric currents
on the periodic strips (or alternatively, the equivalent magnetic
currents on the periodic slots), and to solve the corresponding
electric field integral equation (EFIE, or alternatively, a mag-
netic field integral equation, MFIE). In any case, the Gallerkin
procedure is applied, so an homogeneous system of linear equa-
tion must be solved for the coefficients of the current expansion
in the unit cell. In order to ensure non trivial solution, the de-
terminant of the MoM matrix must be equal zero, leading to
the next well-known eigenvalue equation

(7)

The characterization of PLWA can be carried out by obtaining
the complex propagation constant of the leaky-wave modes.
Due to the radiation losses, the bloch-wavenumber becomes
complex, having a phase constant and an attenuation con-
stant . In this way, the propagation constant of any space har-
monic [ in (3)], can be computed by the next expression

(8)

This section presents some comparisons between the results
obtained with the proposed method, and other results published
in previous works. However, it must be noticed that, to the au-
thors’ knowledge, there is not any published technique to deal
with the proposed 2-D rectangular periodic perturbations inside
a multilayered laterally-shielded open structure. Spectral do-
main Gallerkin methods have been applied for the study of peri-
odic 2-D planar structures [16], [17], but completely enclosed in
a rectangular metallic cover, therefore, not allowing for the exis-
tence of leaky-modes. For the case of laterally-shielded top open
leaky-wave structures, only 1-D planar perturbations located at
the dielectric-air interface have been studied so far. For example,
in [18]–[20], different types of uniform LWA were conceived
by adding to the original nonradiative guide some kind of non-
periodic planar perturbation in the transverse -axis to induce
radiation. In other published works, 1-D periodic strip gratings
in the longitudinal -direction of a dielectric slab [6]–[9] or of a
dielectric inset guide [10]–[12] [see Fig. 1(a)] were studied. For
this reason, the comparisons made in this section do not include
any 2-D planar perturbation in the dielectric guide. Neverthe-
less, these comparisons with results for 1-D LWA can be used
to validate the ability of the program to model planar disconti-
nuities in the interface of a laterally-shielded dielectric guide,
for both the and directions of Fig. 1.



Fig. 2. Comparison of results for 1-D uniform perturbation in the x-direction.

Fig. 3. Comparison of results for 1-D periodic perturbation in the y-direction.

To validate the results for the planar discontinuity in the
-direction, results for the first higher order mode of a lat-

erally-shielded microstrip line are presented in Fig. 2. The
dimensions of the structure are: mm,
mm, mm, and the frequency of analysis
is GHz. Our results are compared to those obtained
using a full-wave spectral domain technique [18], and results
from a transverse resonance technique [19], [20]. This last
technique makes use of a transverse equivalent network (TEN)
for the strip discontinuity, which is obtained in closed form
for small obstacles. The small obstacle approximation, also
used for periodic discontinuities [21], is less valid for large
aperture values, as can be seen for the dashed line in Fig. 2,
when . Our approach agrees very well with the
results obtained with the full-wave spectral domain approach,
for both the phase and the attenuation constant of the microstrip
higher order leaky-wave mode. basis functions and

PPW modes were used.
Fig. 3 shows the results obtained for the main leaky-wave

mode in the dielectric-inset PLWA shown in Fig. 1(a). This
antenna was studied by Guglielmi in [12] using a TEN devel-
oped in [11] to model the planar periodic metal strip grating in
the dielectric-air interface. The dimensions of the antenna, ac-
cording to the scheme shown in Fig. 1(a) are: mm,

mm, mm, and mm. Fig. 3
represents the variation of the angle of maximum radiation of
the space-harmonic and
the normalized attenuation constant as the slot aperture
length is modified. The circles represent the results obtained
in [12] with the TEN. The continuous line represent the results
obtained with the method proposed in this paper, by expanding
the electric currents in the periodic strip. The dashed line repre-
sents the results for the slot magnetic currents expansion. Both
results agree very well with those obtained in [12]. The number
of basis function used are , with a total of 21 Floquet
modes .

III. A NOVEL PLWA

In this section, a novel PLWA in hybrid printed-circuit dielec-
tric-waveguide technology is presented. This antenna is geomet-
rically quite similar to the dielectric-inset PLWA studied in [12],
but has a totally different radiation principle. This fact provides a
very important electrical feature which will be shown: it allows
to independently control the stopband and the illumination of
the antenna. In this section, the working mechanism of the inset
PLWA is firstly summarized. Then, the novel PLWA is presented
and the radiation mechanism is explained. Some leaky-wave



Fig. 4. Backward to forward frequency scanning capability of the dielectric-inset PLWA.

mode dispersion curves are plotted to show the electrical per-
formances of the proposed antenna. Finally, a cosine illumi-
nated PLWA is designed using the novel leaky-mode method
of moments analysis. The predicted radiation patterns are com-
pared with results from three-dimensional (3-D) analysis ob-
tained with commercial software (HFSS).

A. Dielectric-Inset PLWA Working Mechanism

The backward radiation principle of PLWA is well-known [2],
[5]. The space harmonic is used to obtain backward
to forward frequency scanning. Fig. 4 shows the results obtained
for the dielectric-inset PLWA designed in [12] (circles), together
with the results obtained with the analysis technique developed
in this paper (continuous line). Very good agreement between
both methods is observed.

As described in [12], the period is chosen to select the ra-
diation frequency and to avoid multi space-harmonic radiation.
On the other hand, the slot length can be varied to modify
the bandwidth of the bandgap which occurs at broadside. Fig. 5
shows the results obtained in [12] (circles) as compared with
those obtained with the proposed analysis technique (contin-
uous line), for several values. Again, very good agreement
is shown. As it can be seen in Fig. 6, there is a given value of
which should be chosen to minimize the stopband (
mm), thus obtaining a more continuous scanning transition from
backward to forward radiation. To achieve broadside radiation, a
more complicated two-slot structure should be used, as demon-
strated in [22].

The illumination of a leaky-wave antenna must be somehow
tapered to reduce the sidelobes level. For this purpose, the
leakage rate of the leaky-mode must be varied along the an-
tenna length, while keeping unchanged the pointing direction
of the antenna [2]. The dielectric-inset PLWA can modify
the leakage rate by varying the relative slot length, , as
illustrated in Fig. 3. However, two important problems arise
from this mechanism to control the leakage rate. First, the slot
length controls the stopband (Fig. 5). Therefore, one cannot
independently control the bandgap and the illumination of the
antenna. Second, the variation of strongly affects both the
pointing direction of the antenna and the leakage rate. As it is
well-known [2], this causes phase aberration in the radiation

Fig. 5. Control of the bandgap in the dielectric-inset PLWA.

pattern. It is then desirable to independently control and
to allow for an easier tapering procedure. The proposed PLWA
overcome these two difficulties inherent to the dielectric-inset
PLWA.

B. The Asymmetrical PLWA

The proposed PLWA is shown in Fig. 1(c). It is quite sim-
ilar to the dielectric-inset PLWA, but has two main differences.
First, the periodic slots do not cover all the waveguide width ,
but have a width and are located at an offset from one
side (see Fig. 1). Second, the waveguide must be excited with
the mode, and not with the mode as it happened in
the dielectric-inset PLWA. These two facts make the radiation
mechanism of the new antenna to be based on the asymmetry
principle, illustrated in Fig. 6. When the periodic slots are lo-
cated symmetrically with respect to the side walls, the vertically
polarized mode does not create any horizontal field in the
antenna aperture, as shown in Fig. 6(a). As it is well-known in
this type of stub-loaded LWA [2], [15], [19], [20], the parallel
plates act as a filtering mechanism which only allow the hori-
zontal field to reach the waveguide aperture, located at a height

from the dielectric interface. Therefore the symmetrical pe-
riodic structure makes the mode to be nonradiative if the



Fig. 6. Asymmetry radiation principle in PLWA: (a) nonradiative TE mode in symmetrical structure, (b) leaky TE mode in asymmetrical structure, and (c)
leaky TE mode in symmetrical structure.

stub length is high enough [15]. The slots must be asymmet-
rically located to induce a difference of potential in the parallel
plates. This difference of potential creates a horizontal polarized
TEM wave which can propagate to the aperture, and can radiate
to the free space region, as it is shown in Fig. 6(b).

Therefore, by controlling the level of asymmetry of the slots,
one can control the level of excitation of this radiating hori-
zontal wave, and as a result the leakage rate of the leaky-
mode can be adjusted. For this reason, the new PLWA will be
called asymmetrical PLWA (APLWA). On the contrary, the inset
PLWA is based on the excitation of the mode, which is
horizontally polarized itself. The own mode is respon-
sible for the radiation of the antenna, therefore, there is no need
to introduce any asymmetry to induce radiation in the structure,
as illustrated in Fig. 6(c).

Nevertheless, the rest of the working principles of the inset
PLWA are also applicable to the new APLWA. The period
must be chosen to select the operation frequency, while the value
of allows to modify the stopband width. Fig. 7 shows the
dispersion curves of the space harmonic obtained for
the new leaky-wave structure with the next dimensions:
mm, mm, mm, mm,

mm, and mm. It must be noticed that the
dielectric guide dimensions have been interchanged with respect
to the dielectric-inset PLWA ( mm, mm), in
order to work with the vertically polarized mode.

In our case, the value of which minimizes the stopband is
mm. With this value, it is obtained the millimeter wave-

band frequency-scanning response shown in Fig. 8, where also
the variation of the leakage constant with frequency is shown.
It can be seen that the response is quite similar to the one ob-
tained for the inset PLWA (Fig. 4), with the difference that the
stopband width has been reduced.

As illustrated in Fig. 3, the only way to control the leakage
rate in the inset PLWA is by changing the slot aperture . The
main novelty of the new APLWA is that the leakage rate can
be controlled by modifying the slot asymmetry, while keeping
unchanged the value of , as previously explained. Fig. 9 illus-
trates this mechanism, by showing the variation of the pointing
direction and the normalized leakage rate when the
slot width is modified for different values of the slot offset

Fig. 7. Control of the bandgap in the novel APLWA.

. The antenna dimensions are the same of that in Fig. 8, and
the frequency of analysis is 45 GHz, which corresponds to a
pointing angle in the backward quadrant . For a
given slot offset , there is a value of the slot width which makes
the structure to be symmetrical with respect to the lateral par-
allel-plate walls . The leakage rate is zero for
these values of the slot width, as it is seen in Fig. 9(b). As the
width is decreased, the structure becomes more asymmetrical
and the leakage rate increases.

However, it can be seen in Fig. 9(a) that also suffers a
small variation when the slot width is modified. As it is well-
known [2], the pointing direction must be kept unchanged in a
tapered leaky-wave antenna to avoid phase aberrations. In order
to keep constant while varying , both the slot width
and the slot offset must be modified at the same time. As it can
be seen in Fig. 9(a), the slot offset can be modified to readjust
the pointing direction, while is varied to obtain the different
values of . As a result, it can be obtained a contour curve
with the values of and which allow to change from
zero to a given leakage rate, while keeping constant . Fig. 10
shows the constant curve for the APLWA, with a constant
pointing angle of at 45 GHz.

As it can be seen from Fig. 10, one can vary the normalized
leakage rate from zero to . The periodic slot



Fig. 8. Backward to forward frequency scanning capability of the new APLWA.

Fig. 9. Variation of the leakage constant by changing the slot width in the APLWA.

Fig. 10. Constant pointing direction contour line for the design of the tapered
illumination.

width is the main responsible for the leakage variation, while
the slot position is modified to readjust the pointing direction
and keep it constant at for all the values of .
The aperture illumination determines the sidelobes level. To ob-
tain a given illumination function , the leakage rate must
be varied along the antenna longitudinal direction ( axis in

Fig. 1), according to the following known expression [2], where
is the antenna length and is the antenna efficiency

(9)

C. Radiation Patterns

If the antenna is not tapered, the exponential illumination of
the uniform leaky-mode creates a radiation pattern with dB
sidelobes level. Fig. 11 shows the normalized radiation pattern
obtained for the nontapered APLWA at 45 GHz, with the same
dimensions as in Fig. 8, and using an antenna length

. The leaky-mode design predicts a pointing direction of
, and a dB beamwidth of . The radiation

pattern has also been obtained using 3-D electromagnetic anal-
ysis software (HFSS), and it is plotted with circles in Fig. 11.
The layout of the hybrid waveguide printed-circuit APLWA is
shown in the inset of Fig. 11. The results obtained with HFSS
agree very well with the radiation pattern obtained from the 2-D
leaky-mode analysis, thus confirming the nontapered design.

To reduce the dB sidelobes level, a cosine-tapered illu-
mination function is chosen. Using (9) and the curve of
Fig. 10, the variation of the periodic slots dimensions ( and



Fig. 11. Normalized radiation pattern for the nontapered APLWA at 45 GHz.

Fig. 12. Normalized radiation pattern for the tapered APLWA at 45 GHz.

) along the antenna length can be designed to vary the leakage
rate while keeping . Fig. 12 shows the layout ob-
tained for the tapered APLWA, together with the normalized ra-
diation pattern. It can be seen how the periodic slots width is
modulated along the antenna length to create the cosine tapered
illumination.

We also observe in Fig. 12 that the sidelobes level has been
reduced to 23 dB, as it corresponds to a cosine illumination.
Again, the analysis of the 3-D antenna with HFSS agrees very
well with the design performed using the leaky-mode 2-D
analysis approach. There is, however, an important difference.
The 3-D analysis takes into account the effect of the discontinuity
at the end of the antenna length. A part of the leaky-mode
energy is reflected back, creating a lobe in the forward quadrant,
at the complementary angle of the main lobe .
This reflected lobe is observed in both the tapered and the
nontapered antennas (Figs. 12 and 11, respectively). In the
nontapered antenna this effect is weaker due to the fact that
a higher value of leakage rate was used .
For the tapered antenna, must change from zero to the
maximum affordable leakage rate [2], therefore having a lower
mean leakage value (which corresponds to a greater reflected
lobe). In any case, this unwanted lobe must be reduced below
the sidelobes level in a practical tapered design. To reduce the
reflected lobe, an improved transition has been added at the

end of the antenna. The transition reduces the discontinuity
from the periodically slitted structure to the completely closed
waveguide. The scheme of such transition can be seen in the
layout of Fig. 13. This transition is long, making the antenna
to be longer than in the previous design. However, this extra
length does not affect the radiating length of the antenna, since
the slots of the transition are centered and do not contribute
to any radiation. Therefore, although the antenna total length
is , the actual radiating length continues being . The
radiation pattern obtained with HFSS shows an improvement
in the reflected lobe, which has been reduced more than 10
dB with respect to the design without transition (Fig. 12). In
this way, the cosine tapered illumination is not spoilt by the
reflected lobe, since all the sidelobes are at least 23 dB below
from the main lobe.

It must be noticed that the design has been performed using
the results from the novel leaky-mode analysis technique pro-
posed in this paper. This approach allows for fast computations
of the leaky-mode dispersion curves, due to its high analytical
2-D analysis nature. Only the unit-cell antenna cross section is
needed to obtain the leaky-mode complex propagation constant.
Once the parametric behavior of the leaky-mode is known (with
frequency and antenna dimensions), the tapered slot dimensions
have been straightforwardly obtained to design a given illumi-
nation function. The design of the 3-D tapered antenna is there-



Fig. 13. Normalized radiation pattern for the tapered APLWA with transition from periodically slitted waveguide to closed waveguide to reduce the reflected lobe.

fore obtained from a 2-D analysis. The designed 3-D tapered-an-
tenna structure has been validated using HFSS. The automated
design would have been extremely time consuming using a 3-D
analysis tool, due to the complexity and electrical length of the
antenna (22 slots in a antenna, each one with its own width
and offset).

IV. CONCLUSION

A full-wave spectral-domain technique has been specifically
developed for the analysis of leaky-modes in laterally-shielded
stub-loaded rectangular dielectric waveguides, periodically
perturbed with rectangular strips or slots. The electromag-
netic fields have been developed by means of Floquet and
parallel-plate modes. The method of moments has been ap-
plied to solve the corresponding EFIE/MFIE for the periodic
rectangular strip or slot discontinuities. Comparisons with
previously studied leaky-wave modes in 1-D structures —both
uniform and periodic-, have been presented, showing very good
agreement. The full-wave feature of the proposed leaky-mode
analysis method, together with its high analytical nature, allow
to easily obtain the leaky-mode dispersion curves necessary
for the design of a leaky-wave antenna. As an example, a
novel PLWA has been presented and designed. This antenna
has the same advantages that the dielectric-inset PLWA, which
was presented a decade ago for applications in the millimeter
waveband. In addition, the new antenna presents the property to
independently control the stopband width and the leaky-mode
leakage rate. This is due to the fact that the new antenna
uses the asymmetry radiation principle, therefore being called
the APLWA. In this way, one can design a low-sidelobes
tapered-illumination antenna, while keeping the ability to scan
from the backward to the forward quadrant with a narrow
stopband. The leaky-mode design has been compared with 3-D
electromagnetic analysis using commercial software to validate
a cosine-tapered antenna radiating in the backward quadrant.
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