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Abstract
In this article, the cylindrical conformation of a linearly polarized cavity-backed magnetoelec-
tric (ME) antenna is studied. Starting from a planar ME antenna presenting a wide bandwidth
due to a specific design of its feeding probe, the impact of conformation is shown; the cou-
pling between the ME dipole and the cavity walls is demonstrated to be the key element to
keep a wideband behavior. Conformal antennas offering the same impedance bandwidth as
the planar antenna are presented operating at Global Navigation Satellite System frequencies
(1.164–1.61 GHz). As a result of the conformation, the antenna size has to be reduced tomain-
tain the coupling and awideband behavior. A prototype conformed to a 44-mm radius cylinder
was built using low-cost additive manufacturing. External dimensions of 62 × 62 × 35 mm3

(0.285 × 0.285 × 0.16λ0
3, where λ0 is the wavelength at 1.38 GHz) were obtained, showing a

ground plane area reduction of 46% compared to the planar antenna with the same materials.
The conformal antenna also exhibits very steady radiation properties with a gain of around
4.5 dBi and a very similar and stable 3 dB beamwidth around 113∘ in E- and H-planes. A
relatively good agreement is found between measurements and simulation.

Introduction

TheGlobal Navigation Satellite Systems (GNSS) are nowadays an accurate and convenient solu-
tion for the navigation of a diversity of vehicles, from heavy to light ones and from huge to small
ones, evolving in the sky [1], on the ground [2], or even under water [3]. Integration of a multi-
band antenna on these carriers may be a hard task, especially when the geometry is complex
and, above all, when the available space is limited. Planar antennas are well adapted to large
structures, whereas conformal ones are required for small cylinder platforms [4].

Cavity-backed antennas are of interest for integration purposes, as they enable the radiat-
ing element to be isolated from its direct surrounding environment, but the cavity can create
limitations in terms of impedance bandwidth, for example. Conformation of the antenna to a
specific shape minimizes aerodynamic drag by being mounted on or embedded in the curved
surface and provides superior radio frequency (RF) performance.

AME antenna [5] is interesting for GNSS applications as it has very uniform radiation prop-
erties versus frequency close to a Huygens source and a relatively large impedance bandwidth.
Moreover, for some specific case scenarios such as medium- or high-altitude Unmanned Aerial
Vehicles (UAVs), where the environment can be considered asmultipath-free, linearly polarized
antennas can be used for GNSS applications although satellite signals are circularly polarized at
the cost of 3 dB power loss in the link budget.

TheME dipole, introduced in 2006 [5], aims to combine an electric and amagnetic dipole to
obtain both an impedance wideband behavior, due to the combination of two close resonances,
and very stable radiation properties. However, the main drawback was its large electrical size,
as the structure needs a large ground plane to work properly.

Evolutions were proposed to decrease the profile of the radiating element by meandering
or tilting the magnetic dipole [6–8] or adding metamaterial to reduce the overall size [9].
In particular, many different structures with diverse polarizations designed for base station
antennas are presented in the study by Luk and Wu [8]. Miniaturization was also achieved
by creating multiple close resonances with the addition of parasitic elements [10]. This leads
to antennas combining a ME radiating element with other types of antennas. In the study
by Tao et al. [11], the addition of parasitic element over the ME source creates a Yagi–Uda
configuration and an impedance dual-band behavior. Modifications on the exciting probe
were also investigated with, for example, a double Γ-probe [12], stair-shaped probe [13],
or fork shape probe [14], which enables dual-band behavior and an antenna matched to
50 Ω for all GNSS bands and telemetry L and S bands (1.16–1.61 GHz and 2.2–2.4 GHz).
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Thesemodifications change the radiating properties of the classical
ME structure.

Cavity-backed configurations of the ME were also investigated,
often with large dimensions for the cavity, which can be with dif-
ferent heights to increase the bandwidth of the antenna [15] or
conformal with circular array configuration [16]. Cavity-backed
antenna in a smaller cavity is proposed in [17] by combining a
specific placement of the probe outside the magnetic dipole and
substrate to reduce the electrical size of the elements. For this
last structure, three resonances are excited in the band of interest
(instead of two for conventional ME antennas and cavity-backed
ME antennas), presenting a wider bandwidth than conventional
ME antennas of the same dimensions.

Cylindrically conformed patch antennas are also used in lin-
ear polarization for positioning L-band applications in single- and
dual-band configurations [18, 19]. These antennas exhibit a low
profile but cannot be used in GNSS multiple constellation applica-
tion cases because their bandwidth remains very narrow. Besides,
considering a printed antenna on a cylinder with a radius smaller
than half of a wavelength, higher-order modes appear and become
not anymore negligible, shifting the patch resonance frequency and
affecting radiation characteristics [1, 20].

Whereas the concept of ME antenna and its design are well
known in planar configuration, to the authors’ knowledge, cylin-
drical ME antenna was not reported before the recent publication
of Feng et al. [16]. In this last article, a conformal ME dipole is pre-
sented within a cylinder radius corresponding to 0.49λ0, whereas
the ground plane is of 0.71λ × 0.70λ at the central frequency.

In this article, we show the impact of the conformation on small
cylinders (with radius from 0.46λ to 0.18λ) of a wideband lin-
early polarized cavity-backed ME antenna with a Γ-shape probe
located outside of the magnetic dipole [17] and on the perfor-
mance and the importance of the size of the cavity and of the
walls. The coupling between the ME dipole and the cavity walls
is demonstrated to be the key phenomenon to keep three reso-
nances with an impedance close to 50 Ω, and finally, the cavity
size reduction has proven to be an effective solution to maintain
this coupling over a wide band. Well-integrated antennas pre-
senting a cylindrical shape, compact and with good performances
are obtained. The conformation enables the proposed antennas
to be flush mounted on cylindrical carriers having small radius

compared to the wavelength. In section “Planar antenna,” the pla-
nar reference antenna dimensions and performances are presented.
In section “Study of conformation,” a study of the impact of con-
formation is proposed. First, the influence of cavity wall height
on the input impedance of a planar antenna is shown, and then
the conformal case is studied. It is shown that the evolutions of
behavior due to the conformation on small cylinders (from 0.46
λ to 0.18 λ) lead to a miniaturization of the ground plane of
the antenna while keeping close impedance bandwidth. In section
“Optimized antenna and measurement results,” an optimized con-
formal antenna (radius 44mm) is presented, and simulation results
are compared to measurements. Finally, a conclusion of this work
is proposed in section “Conclusion.” This article is an extension of
the work [21] already proposed by the same authors.

Planar antenna

The reference planar antenna is a ME dipole antenna with a
Γ-shaped probe placed outside of the magnetic dipole, as can be
seen in Fig. 1.This specific location enables the enhancement of the
antenna bandwidth by inducing a third well-controlled resonance
in the band of interest of the antenna, as described in the study by
Feng et al. [16], thus enhancing the bandwidth in comparison to
conventionalME antennas of the same dimensions. All dimensions
are shown in Table 1. The cavity is fulfilled by a dielectric material
fabricated using 3D printer filament Preperm ABS300 (εr = 3 and
tan δ = 4.6× 10−3).The electric dipole resonates in λg/2 (where λg
is the guidedwavelength in the substrate) at 1.12GHz, as the excita-
tion probe placement combinedwith the cavitymakes the resonant
length equal to (2 × Ldip + Wdip/2) and reduces the length Ldip of
the electric dipole compared to that obtained in the study by Luk
and Wu [5]. The magnetic dipole resonates in 𝜆g/4 at 1.45 GHz,
and the probe resonates in 𝜆g/4 at 1.7 GHz. The input impedance
and the S11 parameter magnitude are shown in Fig. 2. The simu-
lations are performed using Ansys HFSS [22]. The E-plane is the
YoZ one according to the coordinate system shown in Fig. 1. The
cavity walls are made of copper, as are the radiating elements, and
they present a height HE on XoZ plane and HH in YoZ plane.

The reference antenna exhibits an impedance bandwidth
(|S11| < −10 dB) of 39.0% from 1.13 to 1.67 GHz and external

Figure 1. Top view (a), side view (b), and 3-D view (c) of the reference
magnetoelectric dipole antenna.
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Table 1. Dimensions of the reference antenna

Parameter Value (mm) Parameter Value (mm)

L 85 W1 8

HE 35 a 4.3

HH 35 b 14

Ldip 19 c 28.7

Wdip 50 d 6

S 3 t 0.6

L1 16 – –

dimensions of 85 × 85 × 35 mm3 (0.39 × 0.39 × 0.16λ0
3 at the

center frequency of 1.38 GHz). The broadside gain of the refer-
ence antenna and the 3-dB beamwidth versus frequency are shown
in Fig. 3.

The obtained results are in adequationwith the behavior of clas-
sical ME antenna with a very steady realized gain of around 5.2 dBi
and 3-dB beamwidth over 90∘ with close values in E- and H-planes
of the antenna (respectively, XoZ and YoZ planes). This planar

antenna will be compared with conformal evolutions in terms of
matching and radiation properties.

Study of conformation

This study aims to characterize the impact of cylindrical con-
formation on the input impedance and radiation properties of
cavity-backed ME antenna. Starting from the optimized planar
antenna presented in section “Planar antenna,” first, the impact of
the modification of wall height is investigated based on the study
by Feng et al. [16]. This will be helpful to apprehend in a second
time the case of a conformal antenna for which the cavity height is
lower along the longitudinal axis; the approach is applied to fully
conformal structures in the second part of this section.

Planar case

The variation of cavity height for a planar antenna with fixed
ground plane dimensions was proposed by Causse et al. [20] (for
a similar antenna filled with polypropylene and of dimensions
75 × 75 × 40 mm3). From this study, it can be concluded that the
variation of height for the cavity walls parallel to the exciting probe

(a) (b)

Figure 2. Simulated Z11 (a) (real part in continuous line and imaginary part in dashed line) and S11 (b) of the reference antenna.

(a) (b)

Figure 3. Broadside realized gain (a) and 3-dB beamwidth in E- and H-planes (b).
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Figure 4. Simulated (a) input impedance (real part in continuous line and imaginary part in dashed line) and (b) reflection coefficient for various width L (HH = 35 mm).
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Figure 5. Simulated reflection coefficients for various HH and L between 85 and 65 mm.

(HH) is the most beneficial for impedance bandwidth enlargement
of the antenna considering a relatively small cavity width.

Considering the antenna described in section “Planar antenna,”
the cavity width L is varied from 85 to 70 mm in a first time; the
other parameters are identical to the ones in Table 1 (optimized for
L = 85 mm). The simulated impedance and reflection coefficient
are given in Fig. 4. When this width is reduced, the magnitudes of
the first and second resonances increase, unmatching the structure
for the lowest frequencies and reducing the bandwdith (BW).This
is due to the coupling between the ME dipole and the cavity walls
parallel to the exciting probe. In fact, when the width L is reduced,
these walls are closer to the elements and the coupling increases.

We also note a frequency shift of the second resonance (magnetic
dipole), as well as, more slightly, of the third resonance.

In a second time, starting from the cavity wall height
HH = 35 mm, this parameter is reduced for various cavity width
L between 85 and 60 mm.The simulated reflection coefficients are
represented in Fig. 5. For L = 85 mm, reducing HH of a few mil-
limeters improves the matching and the BW is similar; in this case,
there is no benefit in reducing HH. For L = 80 and 75 mm, the
antenna with HH = 35 mm is not matched, whereas it becomes
matched for a lower value of HH (33 mm for L = 80 and 31 mm
for L = 75 mm). For L = 70 mm, a wide BW is achieved for
HH = 28 mm; finally, for L = 65 mm, even by reducingHH, a wide
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Table 2. BW of the planar antenna after optimization of the cavity height HH
for various cavity width L (reference central frequency of 1.38 GHz)

L (mm) HH (mm)
Impedance BW

|S11| < −10 dB (GHz)

85 35 1.13–1.67 (39.0%)

80 33 1.12–1.68 (40.4%)

75 31 1.11–1.69 (42.0%)

70 29 1.10–1.70 (43.5%)

65 25 1.2–1.69 (34.9 %)

BW could not be achieved. The results are summarized in Table 2.
By reducing the cavity height HH, the coupling between the walls
and the ME dipole is minimized, and finally, an optimal value
of HH could be found for each L value, corresponding to a wide
BW. Furthermore, it could be observed from Table 2 that an even
wider BW could be achieved with a weaker value of L (down to
70 mm). This phenomenon will be advantageously used in the
section Conformal case for conformal antennas.

Conformal case

The cylindrical conformation of the antenna is close to the cavity
wall height modification proposed previously. In fact, this confor-
mation is made in the direction orthogonal to the electric dipole
(corresponding to the Y axis) as this configuration is themost ben-
eficial for the wideband behavior of the antenna [20]. A schematic
of the conformation can be seen in Fig. 6. The cavity walls in
E-plane become rounded on top, whereas the cavity walls in
H-plane become smaller than those in the planar case. The cavity-
backed antenna can be integrated into a cylindrical or partially
cylindrical carrier made from conductor material, non-conductor
material, or both.

The electric dipole is conformed to a cylinder of radius R, and
the cavity walls follow the cylinder shape. HE is fixed to 𝜆g/4 with
respect to the ME magnetic dipole resonance constraint. HH can
vary within the range [0,HE] depending on the radius R.

In this configuration, the lengthHH and the width L are directly
linked to the conformation radius R according to the following
formulas:

HH = HE − R. (1 − cos(sin−1 ( L
2R))) (1)

L = 2 × √R2 − (R − HE + HH)2 (2)

These two equations impose that for a given radius R, a unique
value ofHH corresponds to one value of L; in the optimization step
(below), only L is tuned, asHH depends on this parameter.The cri-
teria is to cover the whole GNSS band, but not more, and ideally
with an antenna as small as possible. In other terms, if for a given
conformation radius R and a given width L, the achieved band-
width is larger than the GNSS band from 1.16 to 1.61 GHz, then
the width L can be optimized to a value corresponding to a band-
width covering only the GNSS band (the value ofHH being affected
by the variation of L).

The variation of L impacts both the heightHH and the distance
between theME dipole and the cavity. Figure 7 shows, for a chosen
value of R = 44 mm, the evolution of the behavior of the antenna
input impedance for different values of L.

We can observe a very similar behavior compared to the planar
case, except that the effects of size reduction are stronger.When L is
large and HH is smaller than 20 mm, the electric dipole resonance
is shifted out of the band of interest as it behaves like a free space
ME dipole (no coupling between cavity and radiating element).

In Table 3 are summarized some values of external dimensions
for optimized conformal antennas ; these results are found through
numerical simulations. The criteria were impedance bandwidth
and working frequencies for fixed cylindrical conformation radii.
During the optimization process, the width L was varied in a first
time, and other parameters were optimized in a second time to
reach a good impedance matching on the GNSS frequency band
(mainly the lengths c and Ldip). All the presented results are with
HE = 35 mm for the reasons exposed previously. We note that Lmin
is the smallest width L, allowing to cover all GNSS bands with a
wideband behavior (for a given conformation radius R).

We can see that the values Lmin and HH decrease when the
radius of conformation R decreases. In fact, the coupling between
the radiating element and the cavity becomes weaker if the con-
formation radius R is decreased, which can be compensated by
reducing the cavity width L (because the height HH is higher for
a smaller width, and the cavity wall then comes closer to the radi-
ating element). Although other parameters are optimized for each
conformation radius R, the optimization of the width L is the
key parameter in this process. The results presented in Table 3
lead to conclude that decreasing the radius of conformation brings
miniaturization of the antenna without significantly impacting the
impedance behavior of the antenna. It has to be noted that without
compensating for the coupling reduction due to the conforma-
tion by optimizing the cavity width, wideband behavior cannot
be achieved. As can be seen from Table 3, the 3-dB beamwidth
is affected mainly in the H-plane with a wider beamwidth, which
is an advantage for the targeted application. It is to be noted that

Figure 6. Cut-views of antenna conformation in (a)
H-plane and (b) E-plane; (c) 3D view.
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Figure 7. Variation of input impedance versus L for R = 44 mm and HE = 35 mm
(real part in continuous line and imaginary part in dashed line).

Table 3. Dimensions of the optimized conformal antennas for different values
of conformation radius

R
(mm)

Lmin
(mm)

HH
(mm)

Impedance
BW

|S11| < −10 dB
(GHz)

E-plane 3 dB
beamwidth
at 1.16 and
1.61 GHz

H-plane 3 dB
beamwidth
at 1.16 and
1.61 GHz

∞ 85 35 1.13–1.67
(39.0%)

105∘/92∘ 105∘/115∘

100 75 28 1.16–1.63
(33.7%)

107∘/101∘ 105∘/116∘

77.5 70 27 1.14–1.69
(38.8%)

108∘/103∘ 106∘/114∘

50 64 24 1.16–1.63
(33.7%)

110∘/111∘ 110∘/115∘

44 62 22.8 1.16–1.69
(37.2%)

110∘/113∘ 111∘/115∘

40 60 22 1.16–1.64
(34.3%)

111∘/118∘ 113∘/116∘

in comparison to the planar case, the enlargement of the 3 dB
beamwidth in E- and H-planes is obtained with an antenna size
decrease and a decrease of the cavitywalls inH-planeHH. A ground
plane area reduction of 53.3% is obtained for a 40-mm radius cylin-
drical conformation compared to the reference planar antenna.
This size reduction is only imputed to the conformation as the
dielectric material inside the cavity remains the same. It is to be
noted that in comparison to the planar case of discussed in section
“Planar antenna” (results given in Fig. 3), the 3 dB beamwidth is
more symmetric in E- and H-planes, especially within the small
radius R.

Optimized antenna and measurement results

Based on the previous analysis of the impact of conformation
on antenna behavior, an optimized ME antenna conformed to a
44-mm radius cylinder is proposed. The prototype of this antenna
is shown in Fig. 8, surrounded by a holding frame fabricated using
classical 3D printing material Acrylonitrile Butadiene Styrene
(ABS) material with 60% material filling. The optimized dimen-
sions shown in Table 3 take into account the small influence of the
holding frame. This holding frame has the function to keep the

Figure 8. Prototype of the optimized conformal ME antenna (R = 44 mm).

Figure 9. Simulated and measured |S11| of the conformal optimized antenna.

metallic cavity surrounding the antenna closed, as it would be if
integrated into a carrier. It is used only for the characterization of
the antenna. The integration of this antenna on a metallic carrier
would require a slight modification of the proposed dimensions
and thus is not shown here as the presented prototype validates the
principle.

This structure exhibits external dimensions of
62 × 62 × 35 mm3. The substrate was fabricated with Preperm
ABS300 material (εr = 3, tan δ = 4.6 × 10−3) using Ultimaker
S5 3-D printer. It was measured using Agilent E8363C network
analyzer for S parameters and MVG SG24 anechoic chamber
for radiation properties. Measured and simulated S11 are visible
in Fig. 9. We can note a good agreement with a small shift
of 30 MHz (2,2%) between simulated and measured S11, with
1.16–1.69 GHz for the simulation and 1.20–1.81 GHz (40,5%)
for the prototype. The difference is mainly due to the fabrication
process and its uncertainties; this shift is attributed to the gaps
between the substrate pieces, which is required for the assembly;
the repartition of these gaps is not homogeneous, depending on
how the manufactured elements (by 3D printing technology)
interlock. However, the measurement validates the principle and
the considered substrate’s electromagnetic properties.

Measured and simulated realized broadside gain and simu-
lated 3 dB beamwidth in E- and H-planes versus frequency are
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Figure 10. Simulated and measured realized gain (a) and simulated 3 dB beamwidth (b) of the conformal antenna.
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Figure 11. Simulated and measured normalized radiation pattern in E- and H-planes (a and b) at 1.20 GHz and (c and d) at 1.61 GHz.
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shown in Fig. 10. Measured 3 dB beamwidth is 106∘ and 113∘ for
E- and H-planes, respectively, at 1.2 GHz and 116∘ and 122∘ for
E- and H-planes at 1.61 GHz, corresponding to a maximum of 6∘

compared to simulation.
Measured gain has a maximum difference of 1.1 dBi with simu-

lation in the 1.2–1.61 GHz frequency band and a mean gain value
of 4.2 dBi.

These gain values and the radiation patterns observed in Fig. 11
show smaller front to back ratio when compared to classical ME
antennas. This is explained by the small dimensions of the ground
plane compared to the wavelength (0.285 × 0.285λ0

2) [23, 24], but
a good agreement is obtained with simulations. Out of the working
bandwidth, the gain drops drastically, which can be an advantage
for sensitive applications such asGNSS applications. Radiation effi-
ciency is around 90% between 1.2 and 1.61 GHz. The measured
gain variations are attributed to the measurement system uncer-
tainties, which are given by the supplier up to 1 dB. The achieved
3 dB beamwidth values are closer in E- and H-planes for confor-
mal case than for planar antenna of section 2; this can be explained
because the configuration is closer to a free space ME antenna. We
also note a good symmetry of the radiation pattern, which is typical
of ME antennas.

Conclusion

In this article, a study of the impact of the cylindrical conforma-
tion of linear polarisation (LP) cavity-backed ME antenna with
a feeding probe located outside of the magnetic dipole was pro-
posed. This study shows the key role of the coupling between the
radiating element and the cavity in the wideband response of such
structure; as the conformation radius becomes small, the cavity
wall height decreases and the coupling is attenuated, and this phe-
nomenon can be compensated by reducing the cavity size. In this
case, the wall will be closer to the radiating element without being
at the same level. Moreover, wideband behavior is maintained.
The level of miniaturization directly depends on the conforma-
tion radius considered and increases when the radius decreases.
An optimized version of conformal antenna (R = 44 mm) was
fabricated to be integrated into a cylindrical carrier using low-
cost additive manufacturing. A footprint area reduction of 46%
was observed compared to the planar optimized antenna using the
same substrate to fill the cavity. The antenna exhibits 37.2% band-
width, covering all GNSS bands, and a stable gain with a mean
value of 4.5 dBi.
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