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Planar Antenna Design for Omnidirectional
Conical Radiation through Cylindrical Leaky Waves

Davide Comite, Member, IEEE, Victoria Gómez-Guillamón Buendı́a, Student Member, IEEE,
Symon K. Podilchak, Member, IEEE, David Di Ruscio, Paolo Baccarelli, Member, IEEE,

Paolo Burghignoli, Senior Member, IEEE, Alessandro Galli, Member, IEEE

Abstract—An annular periodic leaky-wave antenna (LWA) fed
by a simple azimuth-symmetric source is designed to generate a
high-gain omnidirectional conical beam pattern which scans with
frequency over a wide angular range. The proposed structure is
defined by a finite metallic radial strip grating printed on a
grounded dielectric slab which supports an n = 0 cylindrical
leaky wave (CLW). The distinctive features of CLWs supported
by such a truncated structure are also highlighted and discussed.
The directional far-field pattern generated by the proposed LWA,
in conjunction with its non-diffracting and wideband behavior
in the near field (as previously reported by the authors), defines
an original dual-operational LWA. Possible applications include
next-generation wireless power transfer systems that provide
functionality in both the near and far field, vehicle roof-mounted
antennas for base-station data connectivity as well as future
short-range near-field communications, and object tracking by
ceiling-mounting devices for indoor localization.

Index Terms—Conical beams, leaky-wave antennas, cylindrical
leaky waves, annular strip grating, backward spatial harmonics.

I. INTRODUCTION

Arrays of microstrip patch antenna are widely used to obtain
high-gain beams radiating at broadside or steerable along the
zenith angle. The array elements can be distributed to form
linear or planar arrays, and are typically excited by means of
parallel or series feeds [1]. Both methods require the design
of a feeding network, which can be coplanar or arranged
on a separate transmission-line layer. In general, the feeding
network can be responsible for some undesired effects (i.e.,
conductor and dielectric losses, surface-wave excitation, and
spurious radiation from the discontinuities) that can adversely
affect the array performance, making the design challenging,
especially at millimeter-wave frequencies. In addition, if the
array beam is steered towards endfire, one can observe a
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gradual loss of directivity (as the cosine of the pointing angle)
due to the smaller effective area of the projected aperture [1].

In this frame, there has also been increasing interest, in the
last decade, for the generation of conical-beam patterns in the
far-field to support the demand of low-cost and flexible devices
for indoor and automotive applications (see, e.g., [2]-[6]), and
for generating omnidirectional dual-polarized antennas [7]. An
effective alternative to obtain high-gain conical beams (CBs)
scannable along the zenith angle and with the main-beam
direction equal for all azimuth angles can be based on planar
periodic leaky-wave antennas (LWAs) [8]. To our understand-
ing no such LWA with an effective azimuth-independent CB
in the far-field has ever been practically realized and reported.

It is known that properly designed LWAs can generate
directional beam patterns in the far-field [8]. Depending on
the geometry of the involved structure (i.e., linear or annular
apertures), the antenna realizes different shapes such as a fan
or a pencil beam [8]. The radiation pattern generated by two-
dimensional (2-D) leaky waves (LWs), propagating outward
radially along a planar surface, can be described by closed-
form formulas solving the radiation integral over the relevant
antenna aperture. This was accomplished in [9] considering
both n = 0 and n = 1 cylindrical leaky waves (CLWs),
where purely-theoretical radial LW wavenumbers, kLW

ρ or
kρ, were defined and no specific aperture was proposed for
implementation and practical realization. Higher-order (n ≥ 2)
CLWs can also be excited.

Planar open radial guiding structures are a good candidate to
synthesize and support an aperture field dominated by CLWs
[8]. Two different design approaches can be employed. One
possibility consists of a sub-wavelength, inductive or capaci-
tive, partially reflecting surface (PRS), made by slots or strips
defining a metallic screen and placed over a ground plane. This
class of planar design is known as a Fabry-Perot cavity antenna
[10]. The homogenized nature of the PRS allows for efficiently
describing the radiation by means of CLWs [7], [11], and the
relevant LW mode can be characterized by means of a simple
transverse equivalent network (see, e.g., [11], and references
therein). An alternative design is based on the generation of
a fast spatial harmonic, obtained by periodically perturbing a
surface wave of the grounded dielectric slab (GDS) [8]. Due
to the non-homogenizable nature of such a guiding surface,
the structure must show radial symmetry. This is typically
accomplished by considering an annular periodic arrangement
of metallic strips (i.e., a bull-eye design [12]-[16]), whose
modal behavior can be adequately described by the relevant
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Fig. 1. Omnidirectional conical far-field pattern radiated by the dominant
(m = −1) LW mode supported by the proposed LWA. Parameters: p = 10
mm, w = 4 mm, ρa = 140 mm, h = 3.14 mm, and εr = 2.2.

linearized one-dimensional (1-D) structure (see [14], [16], [17]
and references within, for extensive discussions and relevant
far-field and near-field experimental validations of this issue).

In this letter, following the recent analysis describing the
near-field features of a periodic annular LWA supporting a
fast m = −1 spatial harmonic for wideband Bessel beam
generation in [17], we present the experimental analysis of
the far-field features of the antenna. The structure is fed
at the center with a vertical coaxial probe, obtaining a CB
scanning with the frequency (broadside excluded). We develop
an extensive analysis and an experimental validation beyond
the seminal idea proposed in [12]. In particular, we describe
a practical implementation of an azimuth-symmetric feeding
system (impedance matching included) as well as the mea-
sured pointing angles of the CB, the realized gain versus the
frequency and the 2-D radiation features of the scanning CB
of the LWA. The far-field patterns are originally compared
with the theoretical beam profile. The results provide the
first experimental validation of the omni-directional and equi-
amplitude conical radiation generated by a zeroth-order CLW.

II. THEORETICAL BACKGROUND AND ANTENNA DESIGN

We consider a finite circular radiating aperture of radius ρa
and orthogonal to the z-axis of the system (see Fig. 1). If
properly designed, an ideally-infinite aperture placed at z = 0
supports a field described by the following equations:

Eρ(ρ, φ, z = 0) = −j kz
kρ
E0H

(2)′

n (kρρ)e−jnφ (1)

Eφ(ρ, φ, z = 0) = −nkz
k2ρ

E0
H

(2)
n (kρρ)

ρ
e−jnφ (2)

where H(2)
n (·) is the nth-order Hankel function of the second

kind, and ′ indicates the first-order derivative with respect to its
argument, ρ and φ the radial and azimuthal coordinates of the
cylindrical system, kρ and kz = (k20−k2ρ)1/2 the transverse and

vertical wavenumbers associated with the CLW, k0 the free-
space wavenumber, and E0 an amplitude factor depending on
the excitation. If the structure is excited at the center with a
coaxial probe, a zeroth-order azimuthally symmetric beam can
be generated. Hence, Eφ = 0 and a purely vertical polarized
beam is realized in the far-field.

As is well known the radiated field can be found from an
equivalent current distribution and by using image theory. A
closed-form expression of the relevant integral is given in [9].
The main qualitative properties of the far-field EFF(θ) can be
deduced under the assumption that the omnidirectional TM
CLW excited by the coaxial probe dominates the aperture field.
In this case, the far-field can be accurately modeled through
the relevant aperture field and by accounting for the truncation
of the structure [9]. The relevant formula, not reported here
for space limitations, can be found in [9, Eqs. (10) and (11)].

In order to synthesize an n = 0 aperture field, as in this
work, we consider an azimuthally symmetric TM0 CLW [8].
The leaky mode is launched by an azimuthally symmetric
source, namely a 50-Ω coaxial probe coming through the
ground plane along the z-axis, i.e., at the center of the LWA.
We note that broadside radiation can be obtained with this kind
of design by using an asymmetric structure [18]. However, due
to the non-translational invariance of the radiating surface in
[18], the resulting beam would be neither omnidirectional nor
straightforwardly represented by conventional CLW theory.

For practical implementation and low-cost fabrication of
the 2-D LWA radiating a CB in the far-field, an annular
radially periodic metal strip grating (MSG) printed on a
GDS is examined and measured. This structure was originally
designed in [17] to generate Bessel beams in the near field and
over a wide frequency range. Since the structure can be used
for both near- and far-field applications the LWA can offer an
original dual-operational behavior.

Regardless of the application and the radiated field of
interest, the MSG transforms the surface wave supported by
the GDS into a LW mode [19]. By local linearization of
the radially periodic structure in Fig. 1 (see also [17]), the
wave can be seen to propagate along a 1-D periodic MSG
[14], [16], [20] and thus can be described in terms of space
harmonics. Assuming a direction of propagation along the x-
axis (see Fig. 1), the m-th space harmonic has a wavenumber
defined by kxm = kx0 + 2πm/p, where p is the radial period
and kx0 = β0 − jα is the wavenumber of the fundamental
(m = 0) harmonic [8]. The vertical complex wavenumber
is related to kxm by means of the separation condition, with
αzm < 0 (proper harmonic) or αzm > 0 (improper harmonic)
according to its backward or forward nature [8]. Thanks
to linearization, we can assume kxm = kρm, which is the
transverse wavenumber of the CLW associated with the m-
th space harmonic [8], [17].

The GDS and the metal-strip geometry were selected such
that the LWA operates in a frequency range where a fast space
harmonic exists (the m = −1 harmonic) and is backward, i.e.,
a proper LW with β−1 < 0. To maximize the bandwidth of the
proposed LWA, a commercial laminate having low permittivity
(see Fig. 1) was considered such that the LWA can operate
around 18 GHz. In addition, a parametric dispersive analysis
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Fig. 2. MoM parametric dispersion analysis for different metallic strip widths
w (fixed periodicity p = 10 mm) for frequencies at which the harmonic
radiates in the backward quadrant. Left axis: normalized phase constant of
the m = −1 space harmonic; right axis: normalized attenuation constant.
Legend: dotted light blue w = 5 mm, solid blue w = 4 mm, dashed green
w = 3 mm, dash-dotted black w = 2 mm.

was performed to characterize the LWA using a method-of-
moments (MoM) full-wave analysis, as further described in
[14], [16], [17]. Results in Fig. 2 suggest that a value of 10
mm for the period p of the MSG is suitable to achieve a central
frequency of about 18 GHz and wide angle frequency beam
scanning from about 14 to 23 GHz.

Initially, to design the width of the strip a modal analysis
for different values of w was performed. The normalized
phase and attenuation constants obtained for w ranging from
2 and 5 mm are reported in Fig. 2. Increasing values of w
produce a stronger perturbation of the phase constant, whilst
the attenuation constant remains substantially unperturbed as
its behavior is mainly determined by the period p. In addition,
the LWA presents an open stopband at about 23 GHz, which
does not affect the antenna operation since no radiation at
broadside is allowed by the source [8]. To radiate more than
90% of the input power, and to achieve a practically sized
LWA, w was set to 4 mm. Detailed information on the LW
and total radiation efficiencies can be found in [17].

The antenna is simply fed by a 50-Ω commercial coaxial
connector protruding through the ground plane of the support-
ing GDS. As described in [17], the matching was optimized
by controlling both the distance between the probe and the
inner metal ring as well as its radius (set here as ρmin = 5
mm). The final design results in a very wideband matching
with reflection coefficients below −10 dB from 14 GHz to
more than 23 GHz (see [17]), corresponding to a fractional
bandwidth of more than 45%.

III. FAR-FIELD ANALYSIS

Reflection loss values and measurements of the far-field
patterns have been performed in a calibrated anechoic chamber
using a Keysight PNA and an NSI near-field measurement
system (for acquisition of the electric far-field distribution,
far-field patterns, and angle of the CB as shown in Figs. 3
to 6) as well as direct far-field measurements using the three-
antenna test method (for the maximum realized gain in Fig. 6).

Fig. 3. 2-D measured electric-field distribution in the far-field (θ component)
over the φ−θ plane (in dB V/m) for different frequencies. It can be observed
that the normalized field defines a conical pattern (since the field maximum
is maintained from φ = 0◦ to 360◦): (a) f = 16 GHz, (b) f = 17.5 GHz,
(c) f = 18.5 GHz, and (d) f = 22.5 GHz. Measured conical-beam pattern:
(e) f = 17.5 GHz and (f) f = 18.5 GHz.

A picture of the manufactured prototype is reported in the inset
of Fig. 1. Measurements and full-wave simulations developed
with CST Microwave Studio [21], accounting for both thick
and lossy materials, are compared in Figs. 4 to 6.

Due to the azimuthal symmetry of both the annular structure
and of the feeding system, the antenna radiates a vertical
polarized electric field with high purity, thus only the θ
component of the field is depicted here. For example, Figs.
3(a)-(d) report measured 2-D contour color plots of the far-
field over the φ − θ plane for four frequency values (see
caption for the relevant details). As predicted by LW theory, a
well-defined omnidirectional CB scanning with the frequency
is observed (see Fig. 3(e), (f), which shows the measured
beams for f = 17.5 GHz and 18.5 GHz, respectively). A
gain variation of the CB along the azimuth can be observed, as
visible in Fig. 3(f). This is most likely due to small mechanical
movement of the near-field probe when sampling the aperture
and possibly a small bending of the planar antenna during
measurements, which makes the aperture not perfectly flat.

To better appreciate the main features of the CB and to
provide a comparison with the predicted behavior by CLW
theory, Figs. 4(a)-(d) report the radiation patterns on an arbi-
trary azimuth cut for φ = 0◦ and for different frequencies (i.e.,
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Fig. 4. Normalized 1-D profiles of the far-field pattern for φ = 0◦ at different
frequencies: (a) f = 16 GHz, (b) f = 18 GHz, (c) f = 20 GHz, and (d)
f = 22.5 GHz. The plots compare CLW theory [9], the full-wave results
obtained with CST, and the experimental measurements.

f = 16, 18, 20, and 22.5 GHz). The CLW pattern is reported
by plotting the closed-form expression given in [9, Eqs. (10)
and (11)] and assuming kρ = kLW

x whilst considering the
m = −1 spatial harmonic. A truncated aperture is also defined
for the theoretical CLW pattern by setting ρmin = 5 mm and
ρa = 140 mm for consistency with the fabricated prototype.
Such a truncation is responsible for the sidelobe level variation.
Regardless, good sidelobe levels have been obtained (about -12
dB), which, if desired, can be further improved by increasing
the antenna size (i.e., reducing diffraction effects) or by
tapering the relevant aperture distribution (i.e., by modulating
the slot size for each strip) [22].

Figure 4 also reports full-wave CAD simulations and a good
agreement is obtained with the experimental and theoretical
patterns. However, the agreement with the theoretical CLW
patterns is not always fully consistent with the measurements
and the CST simulations, mainly due to the fact that LW theory
only approximately accounts for the spurious diffraction at the
edge of the structure (by adopting a physical-optics approach),
and cannot include the spurious contribution given by the
direct space-wave radiation from the source.

Figure 5 reports a comparison between the maximum gain
obtained by simulating the complete structure using CST
and an efficient in-house MoM code (based on a Galerkin
procedure) for the equivalent gain calculations [23], which
takes into account the azimuthal symmetry of the LWA and
uses appropriate subsectional basis functions, whose closed-
form spectral-domain expressions ensure a rapid convergence
of the relevant spectral integrals (see [23], [24] for a detailed

14 15 16 17 18 19 20 21 22 23 24

f [GHz]

0 

5 

10

15

20

25

30

M
ax

im
um

 G
ai

n 
[d

B
i] 

-30

-20

-10

0

10

|S
11

| [
dB

]

Gain MoM
Gain CST
S11 Measured
S11 CST

Fig. 5. Left axis: Maximum gain of the proposed antenna on an arbitrary
azimuthal cut of the conical-beam pattern. Right axis: impedance matching.
CST: lossy metal and lossy substrate; MoM: PEC and lossy substrate.

14 15 16 17 18 19 20 21 22 23 24

f [GHz]

0

5

10

15

20

25

30

M
ax

im
um

 R
ea

liz
ed

 G
ai

n 
[d

B
i] 

0

10

20

30

40

50

60

70

80

p
 [°

]

Rlz Gain Measured
Rlz Gain CST
LW pointing angle
Measured pointing angle
CST pointing angle

Fig. 6. Left axis: Maximum realized gain on an arbitrary azimuthal cut.
Right axis: pointing angle of the conical beam.

discussion on these aspects). An excellent agreement has been
obtained over the entire frequency range. As expected, the gain
reaches a maximum value at about 23 GHz, corresponding to
a beam-pointing direction equal to about 2◦. Then, it gradually
decreases since, due to its omnidirectional character, the beam
spreads over a larger solid angle as the cone gradually expands
its aperture towards endfire (corresponding to the proper
regime of the LW mode).

We note that, as concerns the numerical efficiency of the
MoM code [23] for gain calculations in Fig. 5, for a frequency
step equal to 0.2 GHz and by considering 13 basis functions
per slot [23], a computation time of about 3 hours has been
required (using an i7 CPU with negligible RAM allocation).
On the contrary, convergence and simulation time with CST
required more than 300 hours and 105 GB of RAM. Figure
5 also reports the measured impedance matching of the LWA,
which deteriorates around the open stop-band (i.e., at about
23.1 GHz where |S11| > −7 dB). Then, for an increase
in frequency the matching drops again below −10 dB, but
the radiation is not characterized here since the structure is
optimized to work on the proper branch and no sustained
leakage is supported by the structure on the improper one.

Figure 6 reports the measured and full-wave CST simulated
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realized gain as well as the pointing angle θp of the CB.
Both are in agreement with the LW formula when considering
the main beam angle of the CB, i.e., θp = sin−1(βLW

−1/k0)
where βLW

−1 is defined by the parameters of the structure,
see Fig. 2. However, measured values for the realized gain
are not in complete agreement with the full-wave simulations
as shown in Fig. 6. This can be attributed to the practical
difficulties in measuring the realized gain in the far-field at
millimeter-wave frequencies. More specifically, due to the
finite size of the anechoic chamber, placing the reference
horns in the far-field for the three-antenna test method, and
considering an electrically large-aperture antenna under test,
significant free-space loss and cable attenuation were observed
during the measurements. This reduced the received power
levels and the measurement accuracy, requiring the use of RF
amplifiers. Regardless of these practicalities related to the gain
characterization, all other results reported here (obtained with
the NSI near-field system) are consistent with the full-wave
simulations and LW theory. For example, the measured and
simulated beamwidth (see Fig. 4) are in good agreement with
the LW formula [1, Ch. 11, eqs. 11-2], whereas reflection-loss
values as well as the beam-pointing angle are very similar (see
Figs. 5 and 6). It should also be mentioned that far-field cross-
polarization levels have not been reported here due to space
limitations, but measured values are at least −20 dB lower
with respect to the measurements for each angle.

IV. CONCLUSION

We have experimentally demonstrated the generation of an
omnidirectional equi-amplitude CB by means of a zeroth-order
CLW. Results show that the proposed 2-D LWA can radiate
a highly-directional pattern, scanning along the zenith angle
from about 2◦ up to about 70◦. The far-field generated by
the LWA, in conjunction with its non-diffractive properties in
the near-field [17], offer new applications for such a multi-
functional antenna: e.g., in the design of next-generation wire-
less power systems which require both power and data transfer
or transmission, and for frequency scanning radars with near-
field data connectivity. Future work can be focused on the
design of a more involved geometry for the antenna aperture,
which can allow for controlling the dispersive behavior of the
attenuation constant of the LW mode, or to mitigate the gain
and directivity losses when scanning towards endfire.
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