
HAL Id: hal-02152065
https://hal.science/hal-02152065

Submitted on 8 Jul 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Circularly-Polarized Fabry-Perot Antenna Using a
Hybrid Leaky-Wave Mode

Antoine Calleau, Maria Garcia-Vigueras, Hervé Legay, Ronan Sauleau, Mauro
Ettorre

To cite this version:
Antoine Calleau, Maria Garcia-Vigueras, Hervé Legay, Ronan Sauleau, Mauro Ettorre. Circularly-
Polarized Fabry-Perot Antenna Using a Hybrid Leaky-Wave Mode. IEEE Transactions on Antennas
and Propagation, 2019, 67 (9), pp.5867-5876. �10.1109/TAP.2019.2920266�. �hal-02152065�

https://hal.science/hal-02152065
https://hal.archives-ouvertes.fr


1

Circularly-Polarized Fabry-Perot Antenna Using a
Hybrid Leaky-Wave Mode

Antoine Calleau, María García-Vigueras, Senior Member, IEEE, Hervé Legay, Ronan Sauleau, Fellow, IEEE and
Mauro Ettorre, Senior Member, IEEE

Abstract—A spectral Green’s function approach is developed
here to analyze Fabry-Perot antennas for the generation of circu-
lar polarization. The structure consists of a single cavity, created
between a partially reflective surface and a high impedance
surface, fed by a low directive linearly polarized source. The
elements in the antenna are characterized by tensor impedances.
This frame allows to conceive a circularly polarized antenna
supporting a single hybrid leaky-wave mode. By means of a
residue analysis, it is demonstrated that the use of a single hybrid
leaky mode is sufficient to generate circular polarization. The
tool is validated by an antenna design matched over a relative
bandwidth of 28.5% with an axial ratio lower than 3 dB.

Index Terms—Fabry-Perot antennas, leaky-wave antennas, cir-
cular polarization, spectral Green’s functions

I. INTRODUCTION

FABRY-PEROT antennas (FPAs) have been extensively
researched for the past decades for their capability of

creating a large radiating aperture while keeping the antenna
simple and compact [1]. The original concept consists of a
cavity created between a partially reflective surface (PRS)
and a ground plane excited by a low directive source [1].
Since their introduction, FPAs have considerably evolved and
numerous implementations can be found in literature showing
gain enhancement capability [2], [3], beam steering [4], beam
shaping [5]–[7], or even radar cross section reduction [8].
The ground plane may be replaced by a high impedance
surface (HIS) to allow sidelobes reduction [9], profile reduc-
tion [10], [11], or higher control of the beam steering [12],
[13] for instance. In many applications that consider space
to earth links or multi-path media, circular polarization (CP)
is required. CP-FPAs have been broadly studied for the past
decade, and diverse contributions can be found in literature.
Three general strategies can be identified to generate CP. In
the first strategy the cavity is fed by a CP primary source that
can be either a patch [14], [15], a sequentially rotated slot
array [16], or even an array of patches [17]. The use of such
CP sources often implies bulky and complex feeding networks
and the use of dielectric materials. A second strategy consists
in considering a linearly polarized (LP) primary source. It
can be either a vertical [18] or a horizontal source slanted
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Fig. 1. View of the Fabry-Perot antenna under study, where the top partially
reflective and the bottom high impedance surfaces are characterized by
infinite tensor impedances T and B, respectively. (ρ, θ, φ) are the cylindrical
coordinates.

by 45◦ in the azimuthal plane [19]–[24]. The latter launches
both a Transverse Electric (TE) and a Transverse Magnetic
(TM) mode within the cavity [25] interacting with the different
elements of the antenna to create CP. The present manuscript
is based on a third strategy that consists of a self-polarizing
cavity. This method was firstly introduced in [26] and it is
here considered from a different perspective.

In the cited references of the previous paragraph, various
analysis frames are proposed, with different levels of accuracy.
As in [19]–[21], [23], [24], [26], the antenna is seen as a
resonator where the wave number is assumed to be β = k0
(k0, the free space wave-number) and the field is solved using a
ray tracing method. A more accurate method that considers the
complex nature of the wave number can be found in [22], [27].
However, in the two aforementioned references, the source
(a coaxial probe, or a patch antenna) is not described in the
analysis and it is assumed to be a point source.

In the present manuscript, an analytical approach to
characterize accurately FPAs with arbitrary tensorial sheet
impedances in the stack-up and considering the effect of the
feeding source is proposed. The tool is used to analyze CP-
FPAs, with broadside radiation, fed by a linearly polarized
(LP) source parallel to the ground plane. It allows to analyze
such antennas from a leaky-wave (LW) perspective. It results
that CP can be theoretically produced by the proposed FPA
by the excitation of a single hybrid leaky-wave (HLW) mode
within the cavity. As a result, the HLW is here used to create
CP and at the same time enhances the directivity of the
elementary source. The proposed approach eases the design
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Fig. 2. Equivalent T-Line Network of the structure in Fig. 1.

of the antenna by using ideal tensorial sheet impedances for
the stack-up of the cavity. The required impedance boundaries
are then synthesized by using the full-wave commercial solver
ANSYS HFSS. The paper is organized as follows. In section
II, the spectral GFs analysis of the proposed antenna is devel-
oped. In section III, design guidelines are provided based on
the performance analysis of possible antenna configurations.
Some assumptions are made for the formulation. They are
clearly identified and justified, and their limits of validity
discussed. Section IV is dedicated to the synthesis of a single-
mode CP-FPA. A layout for the PRS and the HIS is obtained.
Full-wave results validate the proposed approach and main
conclusions. The performance of the antenna is then compared
to the state of the art. Finally, conclusions are drawn in section
V.

II. SPECTRAL GREEN’S FUNCTION FPA ANALYSIS

The structure under study is presented in Fig. 1. It consists
of a single FP cavity created between a tensorial PRS (T ) on
the top, and a tensorial HIS (B) over a ground plane. Free
space is assumed between the different layers, however other
materials may be considered without affecting the formulation.
The cavity is fed by one or several LP apertures with size
a × b placed in the ground plane. Such apertures are fed by
a monomodal rectangular waveguide with the electric field
polarized along x.

Resorting to a spectral GF analysis, the structure presented
in Fig. 1 can be equivalently represented by the transmission-
line network sketched in Fig. 2, where the two transmission-
lines account for both TE and TM modal solutions. Their
corresponding modal impedances are ZTE0 = ξk0/kz0 and
ZTM0 = ξkz0/k0 where kz0 =

√
k20 − k2ρ is the wave

number along z axis, kρ =
√
k2y + k2x, and ξ is the free-

space impedance. For the sake of completeness, and in order
to consider any possible case where coupling could exist
between TE and TM modes, the impedances T , and B are
represented as tensors (their definitions are given in Appendix

TABLE I
DESIGN CONFIGURATIONS.

Capacitive-Inductive Inductive Capacitive
h (mm) 5 5 2.5
D (mm) 8.1 5.2 6
T22 (Ohm) -j9000 -j9000 -j9000
T11 (Ohm) j130 j200 j200
T12 (Ohm) 0 0 0
B22 (Ohm) -j30 j420 -j275
B11 (Ohm) j100 j950 -j675
B12 (Ohm) j110 j500 j500

A). Considering the general case for which T12, T21, B12,
B21 are non-zero and using the superposition theorem [28],
the voltages vTM and vTE at the end of the lines presented
in Fig. 2 can be defined as:

vTM/TE(kρ, Ω) = v3/4(kρ, Ω, z) =


vvA3/4(kρ, Ω, z)

or
vvB3/4(kρ, Ω, z)

, (1)

with kρ =
√
k2x + k2y and Ω = tan(ky/kx). The details of the

calculations are given in Appendix B. As presented in Fig.2,
the vA (vB) superscript refers to the case where a voltage
source is placed in the TM (TE) line and the one in the
TE (TM) line is replaced by a short-circuit. Following [28],
chapter 12.9.3, the total far field can be evaluated for each φ
cut-plane, yielding:[

Eθ(θ, φ)
Eφ(θ, φ)

]
= j

k0e
−jk0r

2πr
×
[

1
cos(θ)

]
×

G̃EM
t (kρ, Ω, vTE , vTM )M̃t(kρ, Ω), (2)

where kρ = k0sin(θ), and Ω = φ. In (2), M̃t(kρ, Ω) is
the Fourier transform of the magnetic current distribution at
z = 0. G̃EM

t (kρ, Ω, vTE , vTM ) is the spectral dyadic Green’s
function [29], its definition is given in Appendix C. The EM
superscript indicates that GEMt is associated to the electric
field due to a magnetic current distribution.

III. DISPERSION ANALYSIS

A. Uniform impedance sheets

The natural resonances of the antenna stack-up can also
be derived. Let us first consider that T and B are uniform.
Therefore, no coupling exists between TE and TM modes and
T and B are diagonal matrices of the form

T (kρ, Ω) =

[
T 0

0 T

]
, B(kρ, Ω) =

[
B 0

0 B

]
. (3)

By looking at Fig. 2, two Transverse Resonant Equations
(TREs) [30] can be defined in the considered scenario by
considering the TE and TM transmission lines in Fig. 2:

Y
TE/TM
UP (kTE/TM

ρ,sol , f) + Y
TE/TM
DO (kTE/TM

ρ,sol , f) = 0, (4)
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As it is well known, the solutions of a TRE (values of kTE/TM
ρ,sol )

define the modal solutions satisfying the boundary conditions
of the structure [30]. Leaky-wave modes supported by the
structure are therefore characterized by a k

TE/TM
ρ,sol that is

complex and that varies with the frequency [31]

k
TE/TM
ρ,sol (f) = β

TE/TM
sol (f)− jαTE/TM

sol (f). (5)

In (5), βTE/TM
sol is the phase constant and αTE/TM

sol the leakage
rate, both associated to the leaky-wave modal solution. Since
no coupling is considered between the TE and TM modes, the
TE and TM lines in Fig. 2 are uncoupled, and several leaky-
wave modes may be supported by the cavity. These solutions
have naturally different dispersive behavior.

B. Diagonal tensorial impedance sheets

Let consider B and T of the form

B(kρ, Ω) =
[
R−1(Ω)

] [B11(0) 0

0 B22(0)

] [
R(Ω)

]
, (6)

T (kρ, Ω) =
[
R−1(Ω)

] [T11(0) 0

0 T22(0)

] [
R(Ω)

]
, (7)

where B11 6≡ B22, T11 6≡ T22, and R(Ω) is defined in (23).
In that case, as presented in [32], TE and TM modes are
uncoupled in the principal planes φ = 0◦ and φ = 90◦, and the
dispersion equations are the one in (4). In all the other planes,
B and T are not diagonal and TE and TM modes couple,
pertaining to hybrid modes. Therefore, equations (4) become
rigorously equivalent. As a consequence, pairs of hybrid leaky-
wave (HLW) modes may exist in the cavity as the two TREs
in (4) become identical and equal to:

Y hybUP (khybρ,sol, Ω, f) + Y hybDO (khybρ,sol, Ω, f) = 0, (8)

where the superscript hyb indicates that the solutions are con-
sistent to hybrid modes. The propagation constant associated
to the hybrid leaky-wave modes depends on the observation
plane, due the anisotropy of the PRS and the HIS.

C. Non-diagonal tensorial impedance sheets

Let’s consider now that B and T are of the form

B(kρ, Ω) =
[
R−1(Ω)

] [B11(0) B12(0)

B21(0) B22(0)

] [
R(Ω)

]
, (9)

T (kρ, Ω) =
[
R−1(Ω)

] [T11(0) 0

0 T22(0)

] [
R(Ω)

]
. (10)

As discussed in [32], since B(kρ, 0) is non-diagonal, an
angle Ω′ 6≡ nπ/2 with n ∈ Z exists so that B(kρ, Ω′)
is a diagonal matrix. However, since T (kρ, 0) is diagonal,
T (kρ, Ω′) is a non-diagonal tensor. As a consequence, for any
azimuthal plane φ, coupling exists between TE and TM modes
and the dispersion equation corresponds to equation (8). As
demonstrated in Section IV, such a mode will be used to create
CP.

IV. DESIGN GUIDELINES FOR CP-FPA

In this section, guidelines are provided to design CP-FPA,
supporting a single HLW mode radiating broadside with the
intention of identifying the most promising scenarios. The
goal is to assess the configuration maximizing the axial ratio
bandwidth (AR-BW) [28] of the antenna.

A. Single-mode operation

As illustrated in Fig. 1, the considered primary source is po-
larized along x. To avoid higher-order mode excitation and for
manufacturing issues, both h and D are fixed around quarter
wavelength at the operating frequency. The tensor impedance
considered for the PRS is of the type (11) corresponding to
a classical case considered in literature [26] for which the
PRS only interacts with the x-polarized field while being
transparent to y-polarized waves. The PRS is assumed loss less
and purely reactive around the operating frequency, therefore
it can be written as:

T (kρ, Ω) =
[
R−1(Ω)

] [T11 0

0 −j∞

] [
R(Ω)

]
, (11)

where T11 is purely imaginary. By inspecting (11) it can be
deduced that the PRS is inductive or capacitive when T11 is
positive or negative. The reflectivity of the PRS depends solely
on the magnitude of T11. Higher value of T11 corresponds to
a more transparent PRS.

Since B is a tensorial impedance of the form (9), cou-
pling between TE and TM modes is introduced and only
hybrid leaky-wave modes are supported by the cavity, as
demonstrated in Section III.C . Considering that the source is
polarized along x, a single hybrid mode is excited, generating
a CP field. This avoids the need for equal dispersive behavior
for both TE and TM solutions to assure CP [18]. The HIS
and the PRS should be tuned appropriately to generate CP,
thus determining the remaining unknowns T11, B11, B22, and
B12. In the following, the polarization operation is attributed
to the HIS while the gain enhancement is attributed to the PRS
[22].

B. Design of the HIS

Assuming T11 is fixed, B must be chosen by looking to the
axial ratio (AR) performance. The latter will be tuned to target
CP at broadside. Figure 3 presents the variation of the AR for
a fixed value of T11. By tuning B12, an infinite number of
potential solutions can be theoretically found. Those solutions
can be divided into three groups. One for which both B11 and
B22 are positive (inductive case), a second one for which both
B11 and B22 are negative (capacitive case) and a third one for
which the impedance have opposite signs (capacitive-inductive
case). For the sake of completeness, and to benchmark the
performance of the different solutions, three different antennas
with directivity around 13 dBi at 15 GHz are synthesized, their
characteristics are given in Table I.

The impedances are assumed to be independent of the
frequency as well as the incidence in the elevation plane and
an analysis of the behavior of the three designs is carried
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Fig. 3. Contour plots of the AR at 15GHz with respect to B11 and B22 for
different values of B12. h = 5mm, D = 5.5mm, T11 = j200 Ohm, and
T22 = −j1.3.104 Ohm.
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magnitude ratio between Eφ and Eθ (right), and (b) Axial Ratio over the
frequency (left) and directivity (right).

12 12.5 13 13.5 14 14.5 15 15.5
0

0.2

0.4

0.6

0.8

1

Frequency (GHz)

 

 

β/k0 low reflective PRS
α/k0 low reflective PRS
β/k0 high reflective PRS
α/k0 high reflective PRS

Fig. 5. Dispersion diagram of the designs presented in Table I
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Fig. 6. Radiation patterns of the LW contribution and the total field for both
Eθ and Eφ components along the plane φ = 0. h = 5 mm, D = 5.2 mm,
and B12 = j500.

out. Directivity and AR comparisons are proposed in Fig.
4 (b). The three cases show similar directivity behavior but
the capacitive-inductive design can be discarded when com-
paring the axial ratio bandwidth (AR-BW). Indeed, although
the phase difference between Eφ and Eθ presented in Fig.
4(a) (left) presents similar variations, the variations of the
magnitude ratio between the two components (Fig. 4(a) (right))
for the capacitive-inductive case are much stronger that the
ones for the capacitive or the inductive cases. Regarding the
AR-BW, the capacitive and the inductive cases are therefore
the most promising solutions.

Considering the proximity between the HIS and the ground
plane for the capacitive configuration (see Table I) and the
manufacturing issues linked to it, the inductive design is
chosen. An inductive surface can be easily synthesized with a
mesh of metallic strips [33], [34]. The synthesis is proposed
in the next section.

C. Design of the PRS and impact on the LW radiation

In this section, we highlight the fact that although both the
leaky modal solutions of the cavity and the direct radiation
from the primary source contribute to the radiated fields,

Acc
ep

ted
 M

an
us

cri
pt



5

12 13 14 15 16
−8

−6

−4

−2

0

Frequency (GHz)

N
o
rm

.
D
ir
.
(d

B
)

12 13 14 15 16
0

0.5

1

1.5

2

2.5

3

Frequency (GHz)

A
R

(d
B
)

 

 

low reflective PRS: Max Dir: 13.2dB
high reflective PRS: Max Dir: 17.05dB

Fig. 7. Normalized field pattern (left) and AR (right) of the designs presented
in Fig. 6

the HLW generates the component necessary to create CP.
In the following we intend to assess the impact of the LW
contribution to the total radiated field, and thus, the fact that
the LW could be the only responsible for the generation of
CP (since direct radiation from the source is LP). Following
[31], [35] the contribution of the LW to the radiated field can
be approximated by the following residue analysis

[
Ehlwθ (θ, φ)

Ehlwφ (θ, φ)

]
≈ j k0e

−jk0r

2πr

2khybρ,sol(kρ, Ω)

k2ρ − k
hyb2

ρ,sol(kρ, Ω)
×

Res
[
G̃EM
t (kρ, Ω, vTE , vTM )M̃(kρ, Ω), k

hyb
ρ,sol(kρ, Ω)

]
,

(12)

where kρ = k0sin(θ), and Ω = φ.
Res(G̃EM

t (kρ, Ω, vTE , vTM )M̃(kρ, Ω), kρ,sol(kρ, Ω)) is
the residue of G̃EM

t (kρ, Ω, vTE , vTM )M̃(kρ, Ω) at khybρ,sol.
The superscript hlw indicates that the field is the one radiated
by the HLW. In order to illustrate the contribution of the
LW to the CP radiated far field, two examples are next
analyzed where T11 = j100 Ohm or j200 Ohm thus implying
high/low PRS reflectivity cases. The dispersion of the two
aforementioned cases is presented in Fig. 5. As expected,
the leakage rate of the high reflectivity case is much lower
than the one of the low reflectivity case. Figure 6 presents
the comparison between the magnitude of the field radiated
by the LW, evaluated with (12), and the total field, evaluated
with (2), for both Eθ and Eφ, in the plane φ = 0. By looking
at the Eφ component, it can be noticed that this component
of the radiated fields is only created by the LW. In Fig. 7
the normalized directivity and the AR of both designs are
presented. Thanks to the single HLW in the cavity, it is
demonstrated that the AR bandwidth is independent of the
directivity peak. Consequently, the technique is particularly
interesting for small apertures, for which the gain bandwidth
is large. Therefore, it can be deduced that the HLW not only
is responsible for the gain enhancement of the cavity but also
for the generation of CP over a wide band. Although the gain
enhancement is highly related to the leakage rate, and so to
the PRS reflectivity, in the following T11 is fixed to j200
Ohm to get wide 3dB directivity BW.

Fig. 8. Fabry-Perot antenna under study. D = 5.2 mm, h = 5 mm. For
manufacturing simplicity: wstrip = 1 mm, and pstrip = 7 mm. Therefore,
to realize the chosen impedances: wx = 0.5 mm, wy = 4 mm, px = 10.6
mm, py = 12.3 mm and ψ = 59◦. The slots size are a = 8 mm, b = 12
mm and are separated by a distance sep = 2 mm. Rohacell HF51 foam is
considered between the elements.

V. ANTENNA SYNTHESIS

A. Design Procedure

When synthesizing the desired values of the impedances,
it is desirable to opt for low dispersive and non-resonating
cell topologies. Both the PRS and HIS geometries in Fig. 8
are chosen to provide a constant behavior with the frequency
around the frequency of operation and with respect to angles
of incidence close to broadside. This assumption is in line
with the analytical approach proposed in the previous sections.
As presented in [37], the reflection properties of a surface
impedance can be determined by its Floquet’s harmonics
scattering matrix such as:

ΓT/B(kρ, Ω) =

ΓT/B11 (kρ, Ω) Γ
T/B
12 (kρ, Ω)

Γ
T/B
21 (kρ, Ω) Γ

T/B
22 (kρ, Ω)

 . (13)

To synthesize the antenna, the topologies depicted in Fig. 8
have been chosen for the PRS and HIS. The PRS is made out
of periodic metallic strips aligned with x in order to provide a
T matrix of the type (11). The width of each strip is wstrip and
the period is pstrip. If wstrip ∼ λ/10, and wstrip\pstrip �
1, the strip grid can be considered as transparent for the y-
polarization [38] and the assumption made in (11) remains
valid. For the case of the HIS, both the phase of ΓT11(kρ, 0)
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TABLE II

Reference Source Polarization Max. directivity -10dB-S11 BW 3dB-directivity BW 3dB-AR BW
[24] LP 10 dBi 2.6 % >5 % 0.85 %
[20] LP 13.5 dBi 10 % >10 % 1.9 %
[23] LP 12.4 dBi 3.7 % 7.9 % 6 %
[36] CP 12 dBi 13.9 % 19 % 13 %

This work LP 13.2 dBi 23.5 % 21.5 % 28.5 %

and ΓT22(kρ, 0) can be written

ΓT11(kρ, 0) =
T 11(kρ, 0)− ZTM0 (kρ, 0)

T 11(kρ, 0) + ZTM0 (kρ, 0)

ΓT22(kρ, 0) =
T 22(kρ, 0)− ZTE0 (kρ, 0)

T 22(kρ, 0) + ZTE0 (kρ, 0)
,

(14)

they both vary less than 5% over the frequency band.
The HIS is a mesh of inductive strips of widths wx and wy

with periodicity px and py rotated by an angle ψ around z. This
allows to tune each parameter of the tensor B. Following the
guidelines presented in section III, the characteristics of both
surfaces to obtain left-handed circular polarisation (LHCP)
are:

T (kρ, 0) =

[
j200 0

0 −j13000

]
,

BLHCP (kρ, 0) =

[
j950 j500

j500 j420

]
.

(15)

T can be obtained by using a full-wave simulator considering
a unit-cell scenario with Floquet boundary conditions. The
case of BLHCP is more complicated to address, since it is
not straightforward to tune independently the three desired
values of the matrix. Therefore, by considering (21) and (22)
in Appendix A, it is possible to reduce the problem to the
synthesis of only two components of the tensor and finding
the angle φ = 59◦ where the diagonal components are zero
[37].

BLHCP ((kρ, 59
◦) =[

R−1(59◦)
] [j950 j500

j500 j420

] [
R(59◦)

]
=

[
j1250 0

0 j119

]
,

(16)

where
[
R(φ)

]
is defined in (23). The angle found to diago-

nalized the matrix corresponds to the angle of rotation ψ of
the HIS. As for the synthesis of the PRS, using the full-wave
solver HFSS, the HIS is easily synthesized. Similarly as in
(14), the variation of the phase of ΓB11(θ, 59

◦) and ΓB22(θ, 59
◦)

are derived and presented in Fig. 9. Both phase vary less than
5% in the considered frequency band and angles of incidence,
which valid the assumptions made in this work. As a result,
over the frequency band on interest (12-16GHz) and for a
limited scanning angle (±25◦), the assumptions made for both
impedances are valid.
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Fig. 9. Phase of the reflection coefficient of the adapted PRS.

B. Circular Polarization Orientation

As presented in Section III.C, the HIS of the form (16)
leads to LHCP. It might be of interest to realize right-handed
CP (RHCP), and this can be easily done by changing the signs
of B12 and B21 in (15) as

BRHCP (kρ, 0) =

[
j950 −j500
−j500 j420

]
. (17)

Following the same procedure, BRHCP may be diagonalized
as

BRHCP (kρ,−59◦) =[
R−1(−59◦)

] [ j950 −j500
−j500 j420

] [
R(−59◦)

]
=

[
j1250 0

0 j119

]
,

(18)

which leads to the same parameters as in (16). Consequently,
RHCP or LHCP may be chosen by considering respectively a
rotation +ψ or −ψ of the HIS.

C. Simulation Results

To avoid spurious radiation at the edge of the antenna, the
antenna is dimensioned so that the field level reaching its edges
is at least 15 dB lower than the level at the center. Following
[25], this corresponds to a radiation efficiency of the HLW of
about 98%. The antenna is extended of 2λ around the source.
Therefore, the 5λ× 5λ× 1λ full structure is simulated using
the full-wave solver HFSS.

As presented in Fig. 8, two slots are etched on the ground
plane for matching purpose. The couple of slots in the ground
plane are fed by a waveguide transition that have been de-
signed by full-wave simulations. The waveguide transition is
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Fig. 10. Right (top) and front (bottom) view of the waveguide power divider.
The dimensions are a = 8 mm, b = 12 mm, gap =2 mm, L1 = 10 mm,
T1 = 20 mm, T2 = 7 mm, and T3 = 10 mm.
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Fig. 11. Normalized radiation pattern at 14.6 GHz for two cut planes. Source
size: a=8 mm, b=12mm, gap=2 mm.

12 12.5 13 13.5 14 14.5 15 15.5 16

−15

−10

0

Frequency GHz

S
1
1
(d

B
)

 

 

12 12.5 13 13.5 14 14.5 15 15.5 16
0

1

3

10

13

M
a
g
n
it
u
d
e
(d

B
)

S11

Axial Ratio
Directivity

Fig. 12. Simulated performance of the synthesized antenna. Ohmic, dielectric
and return loss are considered in the simulations. The strip grids are made of
brass with thickness 0.1mm. The spacers are made of HF51 foam (εr = 1.067
and tan(δd) = 0.0041 at 10 GHz).

depicted in Fig. 10 along with its dimensions. A comparison
between full-wave simulations and the proposed tool is pro-
vided in Fig. 11; good agreement is observed. Fig. 12 presents
the performance of the antenna in terms of directivity, AR
and matching around the central frequency f0 = 14 GHz.
The antenna is matched and presents a directivity variation
smaller than 3 dB in the band 12.8-16 GHz (22.9%). Besides,
the AR is lower than 3 dB in the band 12-16 GHz (28.5%). In
Table II, a comparison between the work presented here and
some contributions in the literature is proposed, for similar
directivity peak values. For example, in [20], [23], [24], [36]
LP primary sources slanted by 45 ◦ are utilized to feed the
cavity. As detailed in section II, two LW modes need to be
excited in the cavity to generate CP. In the work presented
here, a single HLW is excited allowing a wide AR bandwidth,
suitable for small aperture sources for a wide gain-bandwidth

product.

VI. CONCLUSION

A circularly-polarized Fabry-Perot antenna based on a hy-
brid LW mode has been presented in this paper. Based on
a spectral Green’s function approach and the definition of
a tensorial equivalent model, the antenna has been analyzed
from a LW perspective. Resorting to a residue analysis, it
has been showed that a single leaky mode is sufficient to
produce CP in a wide band. Several assumptions have been
made to derive the theoretical formulation. In particular, we
have assumed that the PRS and HIS tensor impedances do
not change with the frequency and angle of incidence around
broadside. In spite of these approximations, the proposed
tool becomes very useful to find a first theoretical design.
A full-wave analysis is then necessary to synthesize realistic
PRS and HIS structures. The simulated results agree with the
numerical results of the proposed tool, thus validating the
approach and main conclusions. A design example is also
proposed validating the approach. The proposed antenna shows
a wide band operation, 21.5% around 14 GHz, which is a
significant improvement, of about 8%, with respect to the
literature. The proposed antenna is within the state of the art
in terms of compactness. No dielectric materials are needed
to manufacture the antenna, which is very appealing for space
applications.

APPENDIX

A. Definition of the tensor impedances

The impedances T and B are represented by the following
tensors

T (kρ, Ω) =

[
T11(kρ, Ω) T12(kρ, Ω)

T21(kρ, Ω) T22(kρ, Ω)

]
, (19)

B(kρ, Ω) =

[
B11(kρ, Ω) B12(kρ, Ω)

B21(kρ, Ω) B22(kρ, Ω)

]
. (20)

Considering a reference value in the plane Ω = φ = 0 (see
Fig. 1) and normal incidence, the impedances in (19), (20) can
be written as

T (kρ, Ω) =
[
R−1(Ω)

] [T11(0) T12(0)

T21(0) T22(0)

] [
R(Ω)

]
, (21)

B(kρ, Ω) =
[
R−1(Ω)

] [B11(0) B12(0)

B21(0) B22(0)

] [
R(Ω)

]
, (22)

where [37], [39][
R(Ω)

]
=

[
cos(Ω) − sin(Ω)

sin(Ω) cos(Ω)

]
. (23)

T11(0), B11(0) are the impedances seen by the x-polarized
waves, T22(0), B22(0) are the ones affecting the y-polarized
ones, and T12(0), T21(0), B12(0), B21(0) account for the
coupling between both polarizations. Considering reciprocity
[40], [41] T12(0) = T21(0) and B12(0) = B21(0). This
synthesis method allows to obtain the tensor impedances at
any desired Ω value from a given reference.
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B. Analytic derivation of the currents and voltages

The calculations to compute the voltages vTE and vTM in
Fig. 2 are presented for the case for which the TM line is fed
and the TE line is ended by a short-circuit. The calculations
for TE line fed and TM line closed on a short-circuit are
very similar, and hence not presented in this appendix. The
superscript TM on the current and voltages indicates that a
voltage source is placed in the TM line and the one in the
TE line is short-circuited. Rigorously, due to the anisotropy
of the PRS and the HIS, all the currents and voltages depend
on (kρ, Ω). However, for readability purpose, this dependence
is omitted in the derivations. The equivalent transmission line
network presented in Fig. 2 can be solved as a ABCD matrix
network as presented in Fig. 13(c). All the defined voltages and
currents are presented in Fig. 13. Considering the definition
of tensors in (19), (20), and the direction of the voltages iTM1

and iTM2 in Fig. 13(c), the following expressions hold

[
vTM1

vTM2

]
= B

[
iTM1

−iTM2

]
,[

vTM3

vTM4

]
= T

[
iTM3

iTM4

]
.

(24)

And therefore, it can be defined BABDC , and TABDC as

BABDC =

[
B11/B21

B11B22−B12B21

B21

1/B21 B22/B21

]
,

TABDC =

[
T11/B21

T12T21−T11T22

T21

1/T21 −T22/B21

]
,

(25)

so that [
vTM1

iTM1

]
= BABDC

[
vTM2

iTM2

]
,[

vTM3

iTM3

]
= TABDC

[
vTM4

iTM4

]
.

(26)

Now, R and L are defined as

R =
[
A
TM

L2

] [
A
TM

Z0

]
,

L =
[
A
TE

SC

] [
A
TE

L2

] [
A
TE

Z0

]
,

(27)

so that [
vTM1

iTMIN − iTM1

]
= R

[
vTM3

iTM3

]
,[

vTM2

iTM2

]
= L

[
vTM4

iTM4

]
,

(28)

where

A
TM/TE

L1 =

[
cos(kz1h) jZ

TM/TE
1 sin(kz1h)

j sin(kz1h)
Z

TM/TE
1

cos(kz1h)

]
,

A
TM/TE

L2 =

[
cos(kz0D) jZ

TM/TE
0 sin(kz0D)

j sin(kz0D)

Z
TM/TE
0

cos(kz0D)

]
,

A
TM/TE

Z0 =

[
1 0
1

Z
TM/TE
0

cos(kz0D)

]
,

A
TM/TE

SC =

[
1 0
−j

Z
TM/TE
1 tan(kz1h)

cos kz0D

]
.

(29)

Finally, solving the ABCD matrix network in Fig. 13(c), one
can define ∆ and Λ as

∆ =

[
∆11 ∆12

∆21 ∆22

]
= BABDCL,

Λ =

[
Λ11 Λ12

Λ21 Λ22

]
= RTABDC ,

(30)

so that [
vTM1

iTM1

]
= ∆

[
vTM4

iTM4

]
,[

vTM1

iTMIN − iTM1

]
= Λ

[
vTM4

iTM4

]
.

(31)

And finally a system of four equations can be defined as
follows

Λ11v
TM
4 + Λ12i

TM
4 =

1− jZTM1 sin(kz1h)i
TM
IN

cos(kz1h)
(32)

Λ21v
TM
4 + Λ22i

TM
4 = iTMIN − iTM1 (33)

∆11v
TM
4 +∆12i

TM
4 =

1− jZTM1 sin(kz1h)i
TM
IN

cos(kz1h)
(34)

∆21v
TM
4 +∆22i

TM
4 = iTM1 (35)

From (32) and (34)

vTM4 =
∆12 − Λ12

Λ11 −∆11
iTM4 . (36)

From (33) and (35)

iTMIN = vTM4

(
Λ21 +∆21

)
+ iTM4

(
Λ22 +∆22

)
. (37)

Therefore, using the expression of vTM4 in (36), we define
KTM
IN as

KTM
IN =

(
Λ21 +∆21

)(
∆12 − Λ12

)
Λ11 −∆11

+ Λ22 +∆22 (38)

such as
iTMIN = KTM

IN iTM4 , (39)
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(a)

(b) (c)

Fig. 13. (a) ABCD matrix representation of the FPA where (b) the TM line is fed and (c) the TE line is closed on a short-circuit. The superscript TM on
the currents and voltages indicates that a voltage source is placed in the TM line and the one in the TE line is short-circuited.

and in (32) by replacing vTM4 and iTMIN by the expressions in
(36) and (39) it follows that

iTM4 =
K−1
i4

cos(kz1h)
, (40)

where

Ki4 =
Λ11

(
∆12 − Λ12

)
(
Λ11 −∆11

) + Λ12 + jZTM1 tan(kz1h)K
TM
IN .

(41)
Now that iTM4 is known, vTM4 shall be solved by using (36)
and then with (26) vTM3 and iTM3 can be calculated.

C. Spectral GF derivation

Since the GF is sampled with respect to the observation
plane φ, the use of polar coordinates is more suitable. The
spectral dyadic GF of layered media associated with a horizon-
tal magnetic source is sampled with respect to the observation
plane φ. By linear superposition, the GF used in (2) is defined
as

G̃EM
t (kρ, Ω, vTE , vTM ) =

[
vTEfeed3 (kρ, Ω) vTMfeed

3 (kρ, Ω)

vTEfeed4 (kρ, Ω) vTMfeed
4 (kρ, Ω)

]
(42)
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