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Highly Polarized, Directive Radiation From a
Fabry-Pérot Cavity Leaky-Wave Antenna Based on a

Metal Strip Grating
Paolo Burghignoli, Senior Member, IEEE, Giampiero Lovat, Member, IEEE,

Filippo Capolino, Senior Member, IEEE, David R. Jackson, Fellow, IEEE, and Donald R. Wilton, Life Fellow, IEEE

Abstract—A metal strip grating (MSG) above a ground plane
is studied as a Fabry-Pérot-cavity antenna excited by a horizontal
electric dipole through a rigorous moment-method approach. Az-
imuthally omnidirectional radiation is shown to be produced, in
the form of very directive pencil beams pointing at broadside or
of conical scanned beams, with excellent polarization purity. An
approximate homogenized model of the antenna based on a trans-
verse-equivalent-network representation shows that the particular
temporally and spatially dispersive equivalent susceptance of the
MSG accounts for the observed peculiar radiation properties. Fur-
thermore, it shows that the wavenumbers of the modes supported
by the structure are independent of their direction of propagation,
thus providing an explanation of the above-mentioned properties
in terms of cylindrical leaky waves propagating omnidirectionally
along the structure. We also show that this antenna, despite its
high directivity, essentially has the same polarization properties of
a dipole in free space.

Index Terms—Fabry-Pérot cavity antennas, leaky waves, omni-
directional radiation patterns, spatial dispersion.

I. INTRODUCTION

T HE possibility of achieving highly directive radiation
from simple sources embedded in planar, partially open

structures (similar to those used in Fabry-Pérot resonators)
has been explored by many authors, starting from the seminal
work of von Trentini in 1956 [1]. Different types of par-
tially-reflecting surfaces (PRSs) have been exploited to form
Fabry-Pérot cavities (FPCs) [2]–[6] including, more recently,
photonic-bandgap or metamaterial media (see, e.g., [7]–[13]).
Previously, we have achieved highly directive radiation by
using an FPC made by a wire medium, i.e., a collection of
parallel metal wires [14]–[16].

A simple example of such an FPC antenna constitutes a metal
strip grating (MSG) above a perfectly conducting ground plane
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Fig. 1. Metal strip grating above a ground plane excited by a horizontal electric
dipole, with the relevant physical and geometric parameters; also shown is a
uniform plane wave incident from the direction ��� ��, used in the calculation
of the far field radiated by the dipole based on reciprocity.

(see Fig. 1). This was among the first leaky-wave antennas, pro-
posed by Honey in the 1950s [17]. It is similar in geometry,
but very different in operating principle, from periodic leaky-
wave antennas that also use MSGs but radiate from the

space harmonic, as in [18] and [19]. The radiation prop-
erties of this structure have recently been studied in [20] via
the array-scanning method and periodic method of moments
(MoM) when excited by an electric or a magnetic line source.
In this work we aim at showing that, when an electric dipole
parallel to the strips is used as an excitation, azimuthally om-
nidirectional pencil beams pointing at broadside or nearly om-
nidirectional conical beams scanned off broadside can be pro-
duced (preliminary results from this study have been presented
in [21]), with excellent polarization properties. For the usual
FPC structures (see, e.g., [2]–[4], [6]–[8]), nearly omnidirec-
tional pencil beams at broadside can be produced, but the degree
of omnidirectionality degrades rapidly as the beam is scanned
away from broadside to become a conical beam.

Similar results have recently been reported for a grounded
wire-medium slab excited by an electric dipole [16] and have
been shown to be related to the excitation of a cylindrical leaky
wave having isotropic propagation features [22], that can be ex-
plained by resorting to an equivalent homogenized representa-
tion of the wire medium and by noticing that it possesses spatial
dispersion. For the antenna considered here, an approximate ho-
mogenized network representation of the MSG, which takes into
account its spatially dispersive nature, allows us to analytically
prove that, also in this case, the wavenumber of the dominant
leaky wave is independent of the azimuthal propagation angle.
The radiated beam is almost azimuthally omnidirectional, as
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confirmed by rigorous simulations of the actual periodic struc-
ture performed with the MoM. Furthermore, in this work we
also show the interesting polarization properties of this FPC an-
tenna; the homogenized representation of the MSG is then used
to provide an analytical proof that the polarization of the FPC
antenna, despite its high directivity, is essentially the same as
that of a dipole in free space.

It will be shown that the radiation mechanism of the consid-
ered antenna is different from that of other FPC antennas (see,
e.g., [2]–[4], [6]–[8]), since it is based on the excitation of a
single leaky mode (TM with respect to the strip direction) rather
than a pair of leaky modes ( and with respect to the ver-
tical direction). This leads to the interesting properties of this
antenna in terms of polarization purity and beam symmetry.

We would like to stress that the leaky wave excited in this
structure radiates through the fundamental spatial harmonic of
the periodic structure (due to the very small period, the sur-
face can be considered as homogenized); the structure is thus in
the category of a “quasi-uniform” leaky-wave antenna, which
is physically periodic but acts as a uniform structure, similar
to the uniform structure in [2]. We recall that there is another
class of leaky-wave antennas based on using a guiding struc-
ture with periodic perturbations spaced on the order of a wave-
length apart, radiating from the space harmonic. These
are referred to as “periodic” leaky-wave antennas. We refer the
reader to [23] and [24] for a comprehensive summary of these
two types of leaky-wave antennas. We also emphasize that the
structure studied here radiates by virtue of a cylindrical (radi-
ally propagating) leaky wave, as opposed to the structures in
[17]–[20], which radiate from a one-dimensional leaky wave
that propagates in a fixed direction down the guiding structure.
In this sense the operation is similar to the structure studied in
[2]. See [24] for a further discussion of one-dimensional and ra-
dially-propagating leaky-wave antennas.

The paper is organized as follows. In Section II, a transverse
equivalent network model for the MSG is presented and used
to calculate the 3-D far-field pattern of the dipole and the modal
dispersion equation of the structure. Based on this analysis, sev-
eral interesting properties (such as omnidirectional propagation,
omnidirectional radiation, and polarization purity) are deduced.
In Section III, numerical results based on both the approximate
homogenized model and a full-wave method-of-moments ap-
proach are reported, which illustrate and confirm the analysis
of Section II. In Section IV the transverse equivalent network
model is used to obtain a direct explanation of the angular beam
scanning process and the azimuthal omnidirectionality of the
far-field patterns in terms of leaky waves propagating omnidi-
rectionally along the considered structure. Finally, in Section V
conclusions are drawn.

II. ANALYSIS VIA HOMOGENIZATION

The FPC antenna, consisting of an MSG placed in air above
a perfectly conducting ground plane and a horizontal electric
dipole parallel to the strip axis ( direction) at a height above
the ground plane, is shown in Fig. 1 together with the relevant
geometric and physical parameters. Although an infinitesimal

-directed electric dipole is used as the source (feed), the radi-
ation patterns would not be significantly different when using a
practical feed such as a slot or a patch antenna inside the cavity,
since the pattern is mainly determined by the leaky wave. Input
impedance could only be studied when using a practical feed,
however, though this is beyond the scope of the present investi-
gation. Since the dipole direction is parallel to the axis and the
strips are embedded in a homogeneous medium (air), a purely

(transverse-to- magnetic) field is excited; hence, the
(transverse-to- electric) polarization will be of no concern in
the following analysis.

In this section an approximate model for determining the ra-
diation properties of the considered FPC antenna is presented,
based on a homogenization of the MSG valid in the limit of
large wavelengths. The model is based on the use of a trans-
verse equivalent network (TEN) to represent the fields in the
FPC structure. This is useful to derive and explain the peculiar
features of the analyzed structure. Furthermore, it constitutes a
simple design tool when aiming for certain antenna specifica-
tions. Homogenization of the MSG is possible because this type
of leaky-wave antenna radiates from the fundamental space har-
monic and the period of the strip grating is kept small relative
to a wavelength. For periodic leaky-wave antennas that radiate
from a higher-order space harmonic (as in [25]) the period is not
small relative to a wavelength and such a homogenization is not
possible.

A. Transverse Network Representation of the Grating

As is well known, a TEN can be used to model planarly lay-
ered structures, assuming that fields have an exponential depen-
dence on the and coordinates. Impor-
tant examples of such fields are those arising from the incidence
of a uniform plane wave upon the structure (used to calculate
radiation patterns via reciprocity, as explained in Section II-C
below); the fields of a mode propagating at an angle in the

plane; or any spectral component of an arbitrary field in
a two-dimensional inverse-Fourier-transform representation.

The presence of a metal screen periodic along one or two
directions can be taken into account through a suitable multi-
port network coupling (in general) all the and Flo-
quet waves that constitute the field. However, for the structure
of Fig. 1 it is convenient to adopt a decomposition
of the fields instead, since those polarizations are decoupled as
a consequence of the homogeneity of the medium (air) and of
the translation invariance of the structure along the strip direc-
tion . For the same reason, propagation modes supported by
the structure can be naturally classified as and .

Furthermore, assuming that the period of the MSG is much
smaller than the free-space wavelength , the ef-
fect of the MSG can be accounted for through a single shunt
equivalent susceptance . With reference to the polar-
ization, the resulting TEN is shown in Fig. 2, where the trans-
mission-line parameters are [16]

(1)
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Fig. 2. Transverse-equivalent-network representation of the MSG in air above
a ground plane (�� polarization). The vertical location of the source is � �
��� � � �.

An approximate expression for can be derived, e.g., from
the generalized Sakurai-Vainshtein-Sivov boundary condition
for the averaged fields of the zero-th order space harmonic
(see [26])

(2)

valid under the assumption that the period is small compared to
wavelength and the strip width is small compared to the period.
It should be pointed out that the susceptance in (2) depends on
both the frequency and the spatial wavenumber , i.e., it is both
temporally and spatially dispersive. A more involved expression
for , obtained with a variational approach, can be found in the
Waveguide Handbook for the case , i.e., (see
[27, Sec. 5•19]). However, from our numerical experiments it
turned out that (2) is remarkably accurate, also for strip widths
that are not small compared to the period.

It can be noted that the dependence of (2) on the wavenumber
is exactly the same as the characteristic admittance of the

transmission line in (1). This fact has crucial conse-
quences in establishing the radiative and modal properties of
the considered structure, as discussed next. It should be noted
that this particular symmetry, exhibited here for inductive strips
in air ( polarization), can easily shown to hold (by duality)
also for capacitive strips in air ( polarization); however, it
would not hold, instead, for MSGs placed above a dielectric
slab, or for more general 2-D grids such as patch, fishnet, or
Jerusalem-cross arrays.

If the strip-grating structure consists of narrow strips that are
continuous in the direction and closely spaced in the di-
rection, the current flow on the grating due to a plane-
wave excitation having wavenumbers will physi-
cally resemble that of an infinite linearly-polarized phased cur-
rent sheet. The equivalent sheet impedance of
the grating will then be proportional to . (A proof of this
is given in the Appendix.) This variation matches the variation
of the characteristic impedance of the air region below the
screen (see (1)). This matching condition ensures that the wave
reflection does not depend on the incident angle , allowing for
the wave reflection of plane waves impinging on the grating to
remain unchanged as the angle of propagation changes. Other

types of screens, in contrast, are not directly equivalent to a lin-
early polarized phased current sheet and hence do not exhibit
this property.

B. Fabry-Pérot Cavity Design Equations

An FPC antenna can generally be regarded as a leaky par-
allel-plate waveguide excited by a finite source. The upper plate,
either in the form of a dielectric screen or of a patch or slot array,
allows radiation to leak out of the region between the parallel
plates. To achieve a wide effective antenna aperture, and hence
a directive radiation pattern, the leakage rate should be small;
this is the case if, e.g., the upper plate has a low transmission
coefficient. This happens when the equivalent susceptance
of the upper FPC screen is much larger than the characteristic
admittance . Assuming that the susceptance tends to
infinity (short circuit), an approximate design equation for the
antenna thickness can be derived in order to achieve directive
radiation at an angle [28]

(3)

where the last expression holds for the case considered here in
which , the relative dielectric constant of the medium filling
the parallel-plate region, is equal to one. A more refined anal-
ysis, which takes into account the (large) finite value of ,
shows that in the and planes the following relation holds:

(4)

where both and the characteristic admittance refer to
the equivalent transmission lines associated to the or
polarizations, respectively [28]; in particular,
whereas in the plane and

in the plane. For broadside radiation ( )
the and polarizations coincide and thus a unique
antenna thickness can be calculated from (4). On the other
hand, for the expression on the right-hand side of (4) in
general depends on the or polarization, so that two
different values for are obtained for the and planes. As a
consequence, for a given thickness , the scanning features of
an FPC antenna in the principal planes are in general different.

Equation (4) can also be applied to the MSG-based FPC an-
tenna considered here, adopting for and the values in
(1) and (2) valid for the polarization (in fact, the latter is
equivalent to the polarization in the plane and to the

polarization in the plane). The particular spatial disper-
sion of the MSG is such that the dependence of and on
the wavenumber is the same; hence, the right-hand side in
(4) has the same value in the principal planes. This crucial fact
implies that a unique antenna thickness can be found that pro-
duces a scanned beam at the same angle in the principal planes.
A high degree of azimuthal omnidirectionality of the resulting
radiation pattern can then be expected, as discussed in detail in
the next subsection.

Interesting correlations exist between the problem of radia-
tion from the considered MSG FPC antenna and the behavior
of the same structure under plane-wave incidence. First, thanks
to the particular spatial dispersion of the homogenized MSG, it
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turns out that, for an inductive MSG, the reflection coefficient
for plane waves in the plane and for plane waves
in the plane is the same; similarly, for a capacitive MSG,
the reflection coefficient for plane waves in the plane
and for plane waves in the plane is the same. Further-
more, it can be verified that the condition of zero phase for the
plane-wave reflection coefficient at the MSG plane is exactly
given by (4); therefore, by the above-mentioned symmetry, the
MSG above a ground plane behaves as a high-impedance sur-
face (HIS) at the same frequency in both principal planes, for
both inductive and capacitive MSGs.

C. Far-Field Pattern

The component (where ) of the electric far field is
written as . By a customary ap-
plication of the reciprocity theorem, the factor can be eval-
uated as

(5)

where the right-hand side is the component of the electric field
at the source location produced by a plane wave po-
larized along (unit vector along the direction), impinging
on the structure from the direction , and having complex
amplitude [2], [16], where and
are the free-space characteristic impedance and wavenumber,
respectively.

The field produced by the incident plane wave (for which
and ) is equivalently

modeled by the equivalent voltage that represents the
component of the electric field, i.e., . The
incident plane wave in the region is then associated with a
voltage incident wave , where .
A simple analysis of the TEN gives the resulting voltage at the
source location as

(6)

where is the admittance seen
toward negative , at location (i.e., slightly above the
susceptance ).

Thanks to the common dependence of and on ,
the admittance ratio in (6) is independent of ; in fact, from (1)
and (2) we have

(7)

Since depends only on the elevation angle , the only de-
pendence on the azimuthal angle in (6) is contained in the ge-
ometrical factor , i.e., or

. Therefore, we can write the far-field components in the
form

(8)

where is a suitable function of the elevation angle only. It is
important to note that the far field radiated by a horizontal dipole
in the absence of the MSG or in free space has the same depen-
dence on the spherical angles as expressed in (8); in particular,
in free space the function is simply a constant. Equation
(8) show that fairly omnidirectional radiation patterns are to be
expected for the considered structure, especially when the angle

is small, i.e., for directions close to broadside.

D. Cross-Polarization Level

Equation (8) also allow for evaluating the cross-polarization
performance of the considered FPC antenna. The co-polar
( ) and cross-polar ( ) components of the far electric
field are calculated according to the standard Ludwig’s third
definition [29]:

(9)

From (8) we then have

(10)

At any elevation angle , the cross-polarized component is
identically zero in the principal planes ( plane) and

( plane), since these are symmetry planes. At any
aspect ratio, the co-to-cross polarization ratio , defined as

(11)

can be calculated from (10) in closed form as a function of the
spherical angles

(12)

The factor in (8) cancels out in (12), hence we get the
remarkable result that the co-to-cross polarization ratio of the
considered antenna does not depend on frequency nor on any
of the physical parameters of the structure and it coincides with
that of an elemental dipole in free space. The fact that there is
cross polarization for an elemental dipole in free space is a con-
sequence of the definition employed. If we had used Ludwig’s
second definition instead [29], the cross polarization would be
zero. The third definition, however, corresponds to that which is
more commonly measured in practice [29].

The angular range for where is larger than a
prescribed value can then be determined in each eleva-
tion plane. Considering the quadrant (analogous
results hold in the other quadrants because of symmetry), (12)
gives

(13)
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Fig. 3. Illustration of the angular region in the quadrant � � � � ��� where
the co-to-cross polarization ratio � is larger than � (shaded area).

A straightforward analysis of (13) shows that is larger than
for all angles in the angular region

, whereas for it gives

(14)

From (14) it is found that the minimum value for is achieved
in the elevation plane (see Fig. 3) and is

(15)

For example, when a polarization ratio better than
dB is required, the minimum angle is .

III. RADIATION FROM A HORIZONTAL ELECTRIC DIPOLE IN

AN FPC ANTENNA

In this section, radiation features of the antenna shown in
Fig. 1 are illustrated by providing numerical results for a spe-
cific structure with parameters , ,

, and . With the indicated values for
and , the normalized susceptance of the MSG is

at for , according to (2). The value
of the thickness has been determined by maximizing at this
frequency the power density radiated at broadside, using the de-
sign (4).

A. Comparison Between Homogenized Model and Full-Wave
Analysis

To assess quantitatively the accuracy of the approximate ho-
mogenized model of the antenna, a comparison is presented be-
tween results obtained with the TEN representation based on
the temporally and spatially dispersive susceptance in (2) and
full-wave results obtained with the MoM in the spatial domain.
In both cases we assume an infinitesimal horizontal electric
dipole source in the middle of the cavity.

The far field is calculated again via reciprocity by letting a
plane wave impinge on the structure. The Floquet-periodicity
of the field allows for a restriction of the analysis domain to
a single spatial period (unit cell of the structure); the MoM

Fig. 4. Radiation patterns of the antenna in Fig. 1 in the �, � , and � planes:
comparison at two different frequencies between the homogenized model (TEN)
and the method of moments (MoM). Parameters: � � ��	�� ��, 
 � ���,
� � �		���, � � ���. Legend:
 plane: solid lines (MoM), circles (TEN);
� plane: dashed lines (MoM), squares (TEN); � plane: dotted lines (MoM),
diamonds (TEN).

then uses a periodic Green’s function to enforce the electric
field integral equation on the strip conductor inside the unit
cell. Entire-domain basis functions of Chebyshev type with the
proper edge-singularity factor have been employed and the peri-
odic Green’s function has been accelerated by using the Ewald
method [30].

Moreover, in the MoM code the cylindrical symmetry of the
structure along the strip axis (fields may have only a linear
phase variation along ) is exploited to reduce the problem of
plane-wave incidence from an arbitrary direction to a problem
of incidence in the plane (for details see [16], Appendix).

In Fig. 4, radiation patterns are shown in three elevation
planes, i.e., plane ( ), plane ( ), and plane
( ). Two frequencies are considered, and

, at which a pencil beam pointing at broadside and
a conical beam pointing at 39.7 are produced, respectively.
In all cases the agreement between the results obtained with
the homogenized model and the MoM analysis is excellent
and, although not shown, remains excellent up to very high
frequencies (higher than 40 GHz).

B. Azimuthally Omnidirectional Radiation and Frequency
Scanning Properties

In Fig. 5, far-field radiation patterns in the and planes (the
and the planes, respectively) are shown for a structure as

in Fig. 4. The radiated beam is seen to be scanned in elevation
by varying frequency; in fact, starting from and
increasing frequency, the beam opens up becoming conical in
shape, with an angle of maximum radiation that covers the range
from 0 to 75 in the frequency band from 10 to 35 GHz. At 30
GHz (see Fig. 5(b)) a secondary beam can be seen at broadside
that starts to scan when increasing frequency. The maximum
directivity of the beams radiated at the considered frequencies
are: 24.3 dBi at 10 GHz, 20.9 dBi at 11 GHz, 20.7 dBi at 13
GHz, 19.8 dBi at 20 GHz, 16.8 dBi at 30 GHz, and 14.1 dBi at
35 GHz.
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Fig. 5. Frequency scanning of the beam radiated in the � and � planes for an
MSG FPC antenna as in Fig. 4 (full-wave results obtained with the MoM).

TABLE I
DIRECTIONS OF MAXIMUM RADIATION, PEAK VALUES OF THE POWER

DENSITY, AND 3 dB BEAMWIDTHS FOR A STRUCTURE AS IN FIG. 5

It can be observed in Fig. 5 that, at each of the considered fre-
quencies, the direction of maximum radiation is the same in the

and planes. Indeed, the cone of maximum radiation is per-
fectly circular and described by the equation , in spite of
the strongly directional geometry of the MSG. The degree of az-
imuthal omnidirectionality of the radiation pattern can be appre-
ciated from the exact values of reported in Table I and, over
the entire radiation sphere, from the grayscale plots shown in

Fig. 6. Grayscale representation of the radiation patterns of an MSG FPC an-
tenna as in Fig. 4. (a) � � �� ��� (broadside beam, � � � ); (b) � �

�� ��� (scanned beam, � � �	�
 ).

Fig. 6(a) ( , broadside beam) and (b) ( ,
scanned beam).

In addition to the direction of maximum radiation, the
beamwidth in the principal planes is also seen in Fig. 5 and
Table I to remain almost constant over the entire azimuthal
variation, for each considered frequency. These two properties
(circular conical beam shape and constant beamwidth) are pe-
culiar features of the MSG geometry, and it is not possessed by
other designs of FPCs based on FSS-like PRSs (e.g., 2-D arrays
of metal patches or slots, or dielectric layers) [4], [6], [28].

As concerns the peak intensity, in the plane it remains con-
stant as the frequency is increased, whereas in the plane it
increases (see Fig. 5 and Table I). The ratio of the peak inten-
sity in the plane to that in the plane is approximately given
by , as predicted by (10). This ratio departs significantly
from unity for larger scan angles, as seen in Table I. However,
this ratio is not nearly as different from unity as it is for an FPC
antenna built from a PRS screen that has a constant susceptance
(no spatial dispersion). For such an antenna the ratio of peak in-
tensities varies as [28]. Furthermore, for such an FPC an-
tenna the ratio of the beamwidths in the and planes varies as

, as opposed to the MSG structure which has a beamwidth
that is nearly constant in azimuth.



BURGHIGNOLI et al.: HIGHLY POLARIZED, DIRECTIVE RADIATION FROM A FPC LEAKY-WAVE ANTENNA 3879

Fig. 7. Contour plot representation of the co-to-cross polarization ratio � (in
dB) for an MSG FPC antenna as in Fig. 4. (a) � � �� ��� (broadside beam).
(b) � � �� ��� (scanned beam). The same ��� �	 polar reference as in Fig. 6
is adopted.

C. Polarization Properties

In Fig. 7, the polarization features of the considered FPC an-
tenna are illustrated by adopting the same polar scale as in
Fig. 6 and displaying contour plots of the co-to-cross polariza-
tion ratio (in dB), defined in (12), calculated with the MoM
approach.

In Fig. 7(a), the case of a broadside beam is considered, at
; in Fig. 7(b), the case of a scanned beam is

considered, at (corresponding to a scan angle
). A very good polarization purity of the far field can

be observed. Remarkably, Fig. 7(a) and (b) are indistinguish-
able: in fact, as expected from the analysis in Section II-D, the
cross-polarization performance of the considered antenna is in-
dependent of frequency, and hence is the same for broadside and
scanned beams, and is the same as that exhibited by a horizontal
elemental dipole radiating either in free space or above a ground
plane.

IV. RELATION TO LEAKY WAVES

The highly directive beam is produced by the excitation
of one leaky mode propagating radially away from the
source. This is clearly shown here by resorting to the TEN
model and verified via the MoM analysis.

Fig. 8. Dispersion diagrams obtained with MoM for the dominant (
� ) and
the first two higher-order (
� and 
� ) leaky 
� modes supported by
the structure in Fig. 4, propagating along the principal planes. Legend: black
solid line: propagation in the � � � plane; gray dashed line: propagation in
the � � �� plane.

The dispersion equation for modes propagating at an ar-
bitrary angle along the structure can be obtained by enforcing
the condition of resonance on the TEN in Fig. 2, where now

and is the complex modal radial
wavenumber. This results in the equation

(16)

where . Since, as already observed, the func-

tional dependence on exhibited by and is the same,
(16) is a function of only; hence, this proves the remarkable
result that the propagation wavenumber does not depend on
the propagation angle .

In other words, the wavenumber of a mode does not de-
pend on its azimuthal direction of propagation, i.e., modal prop-
agation is omnidirectional in the plane. Since the structure
is transversely open and comprises only one dielectric medium
(air), no guided (real) modes exist, i.e., no real solutions of (16)
for exist (as it can also be readily verified by direct inspec-
tion of the equation). All modes are then leaky, and they
are excited in the form of omnidirectional cylindrical waves by
the horizontal dipole source. When one such leaky mode with
a small attenuation constant is dominant within a region ex-
tending a few wavelengths from the source, an azimuthally sym-
metric directive beam is radiated, as reported in Section III.

In Fig. 8, dispersion diagrams are reported for the dominant
and first higher-order leaky modes supported by the struc-
ture in Fig. 5, obtained with the MoM. Propagation in the prin-
cipal planes is considered, i.e., and . In these
planes the modal wavenumber is found to be the
same, thus confirming that the wavenumber is essentially inde-
pendent of the propagation angle , as predicted by the TEN
model. (Although not shown, we note that the dispersion curves
obtained with the homogenized model by solving (16) are in ex-
cellent agreement with the full-wave results of Fig. 8.)

As is well known, the main behavioral features of the radi-
ation pattern of a leaky-wave antenna are determined from the
values of the phase and attenuation constants of the involved



3880 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 58, NO. 12, DECEMBER 2010

TABLE II
DIRECTIONS OF MAXIMUM RADIATION AND 3 DB BEAMWIDTHS (LEAKY-WAVE

MODEL) FOR A STRUCTURE AS IN FIG. 5

leaky modes. In the considered structure, the azimuthal omnidi-
rectionality of the pattern allows for considering one elevation
plane only. In particular, it is convenient to consider the plane
(i.e., the plane orthogonal to the dipole and the strips), since reci-
procity shows that in that plane the normalized radiation pattern
is the same as the pattern radiated by an infinite electric line
source in place of the dipole [31]. (In [16] we have provided
a more detailed explanation of this property.) A line source ex-
cites a 1-D leaky wave, in contrast to the 2-D leaky wave excited
by a dipole; the beam angle and beamwidth in the
plane can thus be calculated through the simple formulas avail-
able for 1-D leaky-wave radiation.

In particular, when a scanned beam is produced. If
, then [23]

(17)

On the other hand, when a broadside beam is produced.
If the power density radiated at broadside is maximum
and the beamwidth is [31]

(18)

It can be verified from Fig. 8 that the main beam in Fig. 5
is due to the excitation of the fundamental leaky mode,
whereas the secondary lobe visible at the highest frequencies
(20, 30, 35 GHz) is due to the excitation of the second higher-
order leaky mode. The first higher-order leaky mode
is very weakly excited by the source since at the com-
ponent of the modal electric field is close to zero. In particular,
(17) and (18) give the results reported in Table II, in very good
agreement with the full-wave MoM results reported in Table I
(with almost exact agreement for the plane).

V. CONCLUSION

A Fabry-Pérot cavity antenna comprised of a MSG above a
ground plane excited by a horizontal electric dipole has been
studied by means of rigorous full-wave simulations. Remark-
able omnidirectionality and polarization purity of the directive
radiation patterns have been reported, even for scanned beams,
due to the excitation of a single leaky mode along the antenna

aperture that propagates omnidirectionally and has current flow
only in the direction. This makes the considered MSG unique
among the class of partially-reflecting surfaces employed in this
type of antenna.

An accurate equivalent network has also been adopted to
model the antenna, based on the representation of the grating
through an equivalent homogenized admittance that is both
temporally and spatially dispersive. The particular dependence
of such an admittance on the spatial wavenumbers is shown
to be the key element in establishing the peculiar observed
radiation properties.

From a mathematical point of view, such a dependence is
related to the underlying geometric properties of the grating,
which is uniform (i.e., has a continuous translational symmetry)
along the -direction, whereas it is periodic (i.e., has a discrete
translational symmetry) along the orthogonal -direction. These
symmetries are shared with the wire-medium slab considered
in [16], which shows similar radiation properties; as pointed
out, e.g., in [32], the continuous translational symmetry of the
structure is responsible for the occurrence of spatial dispersion,
which manifests itself in a special dependence of the relevant
homogenized parameters on the wavenumber .

From a physical point of view, the continuous translational
symmetry of the MSG, together with the gaps between the
strips, allows the MSG to act as a linearly-polarized phased
current sheet. It was shown here that any grating that behaves
as a linearly-polarized phased current sheet will have the re-
markable property of allowing for omnidirectional leaky-wave
propagation.

The particular dependence of the grating admittance on the
spatial wavenumbers accounts for i) the azimuthal omnidirec-
tionality of the patterns, either in the form of pencil beams
pointing at broadside or of conical scanned beams; ii) the ex-
cellent polarization purity of the far field, expressed in terms of
co-to-cross polarization ratio, that turns out to be independent
of frequency and equal to that of a dipole in free space; and iii)
the propagation of cylindrical leaky waves, with respect
to the strip direction, whose excitation determines the shape of
the radiation patterns and whose wavenumber is independent
of the azimuthal propagation angle.

APPENDIX

Here we show that a periodic grating that behaves as a lin-
early-polarized (directed along ) phased current sheet will have
a sheet admittance that is proportional to for a
wave for which the current flow in the conductors is purely in
the direction. In particular, we assume that the grating con-
sists of metallic conductors that are uniform in the direction
with a periodic spacing of in the direction. The conductors
do not necessarily have to be planar, but we assume that the
cross-sectional dimensions are small relative to a wavelength,
and also that the period is small compared to the wavelength.

We assume the grating is illuminated by an incident plane
wave having an component of the electric field given by

. This incident
field will result in a current on the -th conductor, centered at

, of the form .
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The surface current density on the conductor sat-
isfies an integral equation that is given approximately (for small
cross-sectional dimensions) by

(19)

where is the boundary of the conductor cross-section at
, and are observation and source points on the boundary,

and is a periodic Green’s function for the field at
corresponding to a periodic phased array of line sources, given
by

(20)

where and .
If the cross-sectional dimensions of the conductors are small

relative to a wavelength, the Green’s function may be approx-
imated by the sum of two terms. The first term arises from the

term in the summation (for which the exponential terms
are approximately constant) while the second term, arising from
all other terms, corresponds approximately (under the ap-
proximation ) to a static kernel that does not depend
on the wavenumbers . Hence,

(21)

where

(22)

Assume that , where the basis function
(corresponding to 1 A of current on the conductor)

is independent of the wavenumbers. Also, we note that on the
conductor surface

(23)

where the constant does not depend on the wavenumbers.
This result follows since the total scattered field from the grating
as well as the term in the scattered field are both approxi-
mately constant on the conductor surface, and also from the fact
that the basis function and the static function do not depend
on the wavenumbers. The integral equation then yields

(24)

The equivalent sheet impedance of the grating is defined as [33]

(25)

where is the amplitude of the zero Floquet wave of the
field scattered by the grating and is the equivalent sheet
current of the grating. We have that

(26)

Using (24) and (26) in (25) then yields, after algebraic simplifi-
cation

(27)

Thus, the equivalent sheet impedance has the desired
wavenumber dependence that is observed in (2), which is
critical for establishing the omnidirectional leaky-wave propa-
gation properties discusses in this paper.

ACKNOWLEDGMENT

The authors wish to thank an anonymous reviewer for
his interesting comments about plane-wave reflection and
high-impedance surfaces.

REFERENCES

[1] G. von Trentini, “Partially reflecting sheet arrays,” IRE Trans. Antennas
Propag., vol. AP-4, pp. 666–671, Oct. 1956.

[2] D. R. Jackson and N. G. Alexópoulos, “Gain enhancement methods for
printed circuit antennas,” IEEE Trans. Antennas Propag., vol. AP-33,
no. 9, pp. 976–987, Sep. 1985.

[3] H. D. Yang and N. G. Alexópoulos, “Gain enhancement methods for
printed circuit antennas through multiple superstrates,” IEEE Trans.
Antennas Propag., vol. AP-35, no. 7, pp. 860–863, Jul. 1987.

[4] A. P. Feresidis and J. C. Vardaxoglou, “High gain planar antenna using
optimised partially reflective surfaces,” IEE Proc. Microw. Antennas
Propag., vol. 148, no. 6, pp. 345–350, Dec. 2001.

[5] R. Sauleau, P. Coquet, T. Matsui, and J.-P. Dan, “A new concept of fo-
cusing antennas using plane parallel Fabry-Perot cavities with nonuni-
form mirrors,” IEEE Trans. Antennas Propag., vol. 51, no. 11, pp.
3171–3175, Nov. 2003.

[6] N. Guérin, S. Enoch, G. Tayeb, P. Sabouroux, P. Vincent, and H.
Legay, “A metallic Fabry-Pérot directive antenna,” IEEE Trans.
Antennas Propag., vol. 54, no. 1, pp. 220–224, Jan. 2006.

[7] A. P. Feresidis, G. Goussetis, S. Wang, and J. C. Vardaxoglou, “Arti-
ficial magnetic conductor surfaces and their application to low profile
high-gain planar antennas,” IEEE Trans. Antennas Propag., vol. 53, no.
1, pp. 209–215, Jan. 2005.

[8] M. Thèvenot, C. Cheype, A. Reineix, and B. Jecko, “Directive photonic
bandgap antennas,” IEEE Trans. Microw. Theory Tech., vol. 47, no. 11,
pp. 2115–2122, Nov. 1999.

[9] B. Temelkuaran, M. Bayindir, E. Ozbay, R. Biswas, M. M. Sigalas, G.
Tuttle, and K. M. Ho, “Photonic crystal-based resonant antenna with a
very high directivity,” J. Appl. Phys., vol. 87, no. 1, pp. 603–605, Jan.
2000.

[10] R. Biswas, E. Ozbay, B. Temelkuran, M. Bayindir, M. M. Sigalas,
and K.-M. Ho, “Exceptionally directional sources with photonic-
bandgap crystals,” J. Opt. Soc. Am. B, vol. 18, no. 11, pp. 1684–1689,
Nov. 2001.

[11] A.-L. Fehrembach, S. Enoch, and A. Sentenac, “Highly directive light
sources using two-dimensional photonic crystal slabs,” Appl. Phys.
Lett., vol. 79, no. 26, pp. 4280–4282, Dec. 2001.



3882 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 58, NO. 12, DECEMBER 2010

[12] C. Cheype, C. Sérier, M. Thèvenot, T. Monédière, A. Reinex, and B.
Jecko, “An electromagnetic bandgap resonator antenna,” IEEE Trans.
Antennas Propag., vol. 50, no. 9, pp. 1285–1290, Sep. 2002.

[13] H. Boutayeb, K. Mahdjoubi, A.-C. Tarot, and T. A. Denidni, “Directivity
of an antenna embedded inside a Fabry-Perot cavity: Analysis and de-
sign,” Microw. Opt. Tech. Lett., vol. 48, no. 1, pp. 12–17, Jan. 2006.

[14] G. Lovat, P. Burghignoli, F. Capolino, and D. R. Jackson, “High direc-
tivity in low-permittivity metamaterial slabs: Ray-optic vs. leaky-wave
models,” Microwave Opt. Techn. Lett., vol. 48, no. 12, pp. 2542–2548,
Dec. 2006.

[15] G. Lovat, P. Burghignoli, F. Capolino, D. R. Jackson, and D. R. Wilton,
“Analysis of directive radiation from a line source in a metamaterial
slab with low permittivity,” IEEE Trans. Antennas Propag., vol. 54,
pp. 1017–1030, Mar. 2006.

[16] P. Burghignoli, G. Lovat, F. Capolino, D. R. Jackson, and D. R. Wilton,
“Directive leaky-wave radiation from a dipole source in a wire-medium
slab,” IEEE Trans. Antennas Propag., vol. 56, no. 5, pp. 1329–1339,
May 2008.

[17] R. Honey, “A flush-mounted leaky-wave antenna with predictable pat-
terns,” IEEE Trans. Antennas Propag., vol. AP-7, no. 4, pp. 320–29,
Oct. 1959.

[18] K. L. Klohn, R. E. Horn, H. Jacobs, and E. Freibergs, “Silicon wave-
guide frequency scanning linear array antenna,” IEEE Trans. Microw.
Theory Tech., vol. MTT-26, no. 10, pp. 764–773, Oct. 1978.

[19] M. Guglielmi and G. Boccalone, “A novel theory for dielectric-inset
waveguide leaky-wave antennas,” IEEE Trans. Antennas Propag., vol.
39, no. 4, pp. 497–504, Apr. 1991.

[20] Y. Kaganovsky and R. Shavit, “Analysis of radiation from a line
source in a grounded dielectric slab covered by a metal strip grating,”
IEEE Trans. Antennas Propag., vol. 57, no. 1, pp. 135–143, Jan.
2009.

[21] G. Lovat, P. Burghignoli, F. Capolino, D. R. Jackson, and D. R.
Wilton, “High-gain omnidirectional radiation patterns from a metal
strip grating leaky-wave antenna,” in IEEE AP-S Int. Symp. Antennas
Propag. Digest, Honolulu, HI, Jun. 10–15, 2007, pp. 5797–5800.

[22] P. Burghignoli, G. Lovat, F. Capolino, D. R. Jackson, and D. R.
Wilton, “Modal propagation and excitation on a wire-medium slab,”
IEEE Trans. Microw. Theory Tech., vol. 56, no. 5, pp. 1112–1124,
May 2008.

[23] A. A. Oliner and D. R. Jackson, “Leaky-wave antennas,” in Antenna
Engineering Handbook, J. L. Volakis, Ed., 4th ed. New York: Mc-
Graw-Hill, 2007, ch. 11.

[24] D. R. Jackson and A. A. Oliner, “Leaky-wave antennas,” in Modern
Antenna Handbook, C. A. Balanis, Ed. New York: Wiley, 2008, ch.
7.

[25] M. Guglielmi and D. R. Jackson, “Broadside radiation from periodic
leaky-wave antennas,” IEEE Trans. Antennas Propag., vol. 41, no. 1,
pp. 31–37, Jan. 1993.

[26] R. R. deLyser and E. F. Kuester, “Homogenization analysis of electro-
magnetic strip gratings,” J. Electromagn. Waves Applicat., vol. 5, no.
11, pp. 1217–1236, Nov. 1991.

[27] N. Marcuvitz, Waveguide Handbook. Stevenage, U.K.: Peter Pere-
grinus-IEE, 1986.

[28] T. Zhao, D. R. Jackson, J. T. Williams, and A. A. Oliner, “General for-
mulas for 2-D leaky-wave antennas,” IEEE Trans. Antennas Propag.,
vol. 53, no. 11, pp. 3525–3533, Nov. 2005.

[29] A. C. Ludwig, “The definition of cross polarization,” IEEE Trans. An-
tennas Propag., vol. AP-21, no. 1, pp. 116–119, Jan. 1973.

[30] F. Capolino, D. R. Wilton, and W. A. Johnson, “Efficient calculation of
the 2-D Green’s function for 1-D periodic structures using the Ewald
method,” IEEE Trans. Antennas Propag., vol. 53, no. 9, pp. 2977–2984,
Sep. 2005.

[31] G. Lovat, P. Burghignoli, and D. R. Jackson, “Fundamental properties
and optimization of broadside radiation from uniform leaky-wave an-
tennas,” IEEE Trans. Antennas Propag., vol. 54, no. 5, pp. 1442–1452,
May 2006.

[32] P. A. Belov, R. Marqués, S. I. Maslovski, I. S. Nefedov, M. Silveirinha,
C. R. Simovski, and S. A. Tretyakov, “Strong spatial dispersion in wire
media in the very large wavelength limit,” Phys. Rev. B, vol. 67, pp.
113103-1–113103-4, 2003.

[33] S. A. Tretyakov, Analytical Modeling in Applied Electromagnetics.
Norwood, MA: Artech House, 2003, ch. 2.

Paolo Burghignoli (S’97–M’01–SM’08) was born
in Rome, Italy, on February 18, 1973. He received the
Laurea degree (cum laude) in electronic engineering
and the Ph.D. degree in applied electromagnetics
from “La Sapienza” University of Rome, Rome,
Italy, in 1997 and 2001, respectively.

In 1997, he joined the Electronic Engineering
Department, “La Sapienza” University of Rome.
From January 2004 to July 2004, he was a Visiting
Research Assistant Professor with the University of
Houston, Houston, TX. Since November 2010, he

has been an Assistant Professor at “La Sapienza” University of Rome. His
scientific interests include analysis and design of planar leaky-wave antennas,
numerical methods for the analysis of passive guiding and radiating microwave
structures, periodic structures, and propagation and radiation in metamaterials.

Dr. Burghignoli was the recipient of a 2003 IEEE Microwave Theory and
Techniques Society (IEEE MTT-S) Graduate Fellowship, the 2005 Raj Mittra
Travel Grant for Junior Researchers presented at the IEEE Antennas and Prop-
agation Society Symposium, Washington, DC, and the 2007 “Giorgio Barzilai”
Laurea Prize presented by the former IEEE Central & South Italy Section. He
is a coauthor of the “Fast Breaking Papers, October 2007” in EE and CS, about
metamaterials (paper that had the highest percentage increase in citations in Es-
sential Science Indicators, ESI).

Giampiero Lovat (S’02–M’06) was born in Rome,
Italy, on May 31, 1975. He received the Laurea de-
gree (cum laude) in electronic engineering and the
Ph.D. degree in applied electromagnetics from “La
Sapienza” University of Rome, Rome, Italy, in 2001
and 2005, respectively.

In 2005, he joined the Electrical Engineering
Department of “La Sapienza” University of Rome,
where he is currently an Assistant Professor. From
January 2004 to July 2004, he was a Visiting Scholar
at the University of Houston, Houston, Texas. He

coauthored the book Electromagnetic Shielding (IEEE Wiley, 2008). His present
research interests include leaky-wave antennas, general theory and numerical
methods for the analysis of periodic structures, and electromagnetic shielding.

Dr. Lovat received a Young Scientist Award from the 2005 URSI General
Assembly, New Delhi, India. He is a coauthor of “Fast Breaking Papers, October
2007” in EE and CS, about metamaterials (paper that had the highest percentage
increase in citations in Essential Science Indicators, ESI).

Filippo Capolino (S’94–M’97–SM’04) received
the Laurea degree (cum laude) and the Ph.D. degree
in electrical engineering from the University of
Florence, Italy, in 1993 and 1997, respectively.

He is currently an Assistant Professor in the
Department of Electrical Engineering and Computer
Science, University of California, Irvine. He has
been an Assistant Professor in the Department
of Information Engineering, University of Siena,
Italy. From August 1997 to January 1998 and
from September 1998 to March 1999, he was a

Postdoctoral Researcher with the Department of Aerospace and Mechanical
Engineering, Boston University, MA. From 2000 to 2001 and in 2006, he
was a Research Assistant Visiting Professor with the Department of Electrical
and Computer Engineering, University of Houston, TX. From November to
December 2003, he was an Invited Assistant Professor at the Institut Fresnel,
Marseille, France. His research interests include antennas, sensors, metama-
terials and their applications. He has been the EU Coordinator of the EU
Doctoral Programmes on Metamaterials (2004–2009). He is the Editor of the
Metamaterials Handbook (CRC-Press, 2009).

Dr. Capolino was awarded a number of Young Scientist Awards for Best Pa-
pers and for participating in international conferences from 1994 to 1998, the
Raj Mittra Travel Grants for Young Scientists in 1996, and for Senior Scien-
tists in 2006. He received the 2000 R. W. P. King Prize Paper Award from the
IEEE Antennas and Propagation Society for the “Best Paper of the Year by an
author under 36.” He is a coauthor of “Fast Breaking Papers, October 2007”
in EE and CS, about metamaterials (paper that had the highest percentage in-
crease in citations in Essential Science Indicators, ESI). From 2002 to 2008, he
served as an Associate Editor for the IEEE TRANSACTIONS ON ANTENNAS AND

PROPAGATION. Since 2007, he is a Founder and an Editor of the new journal
Metamaterials.



BURGHIGNOLI et al.: HIGHLY POLARIZED, DIRECTIVE RADIATION FROM A FPC LEAKY-WAVE ANTENNA 3883

David R. Jackson (S’83–M’84–SM’95–F’99) was
born in St. Louis, MO, on March 28, 1957. He re-
ceived the B.S.E.E. and M.S.E.E. degrees from the
University of Missouri, Columbia, in 1979 and 1981,
respectively, and the Ph.D. degree in electrical engi-
neering from the University of California, Los An-
geles, in 1985.

From 1985 to 1991, he was an Assistant Professor
in the Department of Electrical and Computer Engi-
neering, University of Houston, Houston, TX, where,
from 1991 to 1998, he was an Associate Professor

and, since 1998, he has been a Professor. His present research interests include
microstrip antennas and circuits, leaky-wave antennas, leakage and radiation ef-
fects in microwave integrated circuits, periodic structures, and electromagnetic
compatibility and interference.

Prof. Jackson is a Fellow of the IEEE and is a Member-at-Large for the U.S.
Commission B of URSI. He is presently serving as the Chair of the Transna-
tional Committee, the Distinguished Lecturer Committee of the IEEE AP-S So-
ciety, the MTT-15 (Microwave Field Theory) Technical Committee, and previ-
ously served as the Chair of U.S. Commission B of URSI. He is on the Editorial
Board of the IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES.
Previously, he has been the Chapter Activities Coordinator for the IEEE AP-S
Society, a Distinguished Lecturer for the AP-S Society, an Associate Editor for
the IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, and a member of
the AdCom for the AP-S Society. He has also served as an Associate Editor for
the Journal Radio Science and the International Journal of RF and Microwave
Computer-Aided Engineering.

Donald R. Wilton (S’63–M’65–SM’80–F’87) was
born in Lawton, OK, on October 25, 1942. He re-
ceived the B.S., M.S., and Ph.D. degrees from the
University of Illinois, Urbana-Champaign, in 1964,
1966, and 1970, respectively.

From 1965 to 1968, he was with Hughes Aircraft
Co., Fullerton, CA, engaged in the analysis and
design of phased array antennas. From 1970 to
1983, he was with the Department of Electrical
Engineering, University of Mississippi, and, since
1983, he has been Professor of electrical engineering

at the University of Houston. From 1978 to 1979, he was a Visiting Professor
at Syracuse University. During 2004 to 2005, he was a Visiting Scholar at
the Polytechnic of Turin, Italy, the Sandia National Laboratories, and the
University of Washington. His primary research interest is in computational
electromagnetics, and he has published, lectured, and consulted extensively in
this area.

Dr. Wilton is a Fellow of the IEEE and received the IEEE Third Millenium
Medal. He has served the IEEE Antennas and Propagation Society as an As-
sociate Editor of the IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION,
as a Distinguished National Lecturer, and as a member of AdCom. He is also
a member of Commission B of URSI, in which he has held various offices in-
cluding Chair of U. S. Commission B.




