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Abstract

Antennas installed on aircraft are used for communications as well as for various radio navi-
gation systems such as direction finders, distance measuring systems, and altimeters.
Generally, these systems use blade antennas operating in the L frequency band. Recently,
inverted-hat empty section monopole antennas have been found to be good candidates for
such uses. In this study, we propose a new design of inverted-hat antenna based on optimized
elliptical shapes and a filled cavity. The dielectric material added in the cavity helps to improve
the monopole stability and to adjust the resonant frequency of the antenna. The proposed
antenna meets the distance measuring equipment requirements, namely an omnidirectional
radiation pattern in the H-plane, a vertical polarization, a frequency band from 960MHz
to 1.22 GHz, and a gain better than 1 dB. This antenna is entirely made of aluminum in
order to obtain a homogeneity with the aluminum fuselage. In addition, the solution proposed
brings a better protection against weather conditions. The antenna performance is analyzed
on the basis of simulation and measurement results.

Introduction

One of the key components of aircraft communication and radio navigation systems is the air-
borne antenna [1–7]. Current radio navigation systems for air traffic management and air traf-
fic control operate in the air band spanning from 960MHz to 1.22 GHz [8, 9]. Aircraft
antennas generally require omnidirectional properties and the possibility to control the hori-
zontal and vertical beams width. Conventionally, these systems use wideband blade antennas
based on monopoles placed on the fuselage of the aircraft.

One of the drawbacks of this type of antennas operating at low frequencies is their size.
Furthermore, being on the fuselage, these antennas cause many difficulties, among which
the disruption of the aerodynamic forces of the aircraft, the exposure to corrosion effects,
and the possible damage during the different maintenance steps.

The L band is used by several navigation systems such as air traffic control, traffic alert and
collision avoidance system, and distance measuring equipment (DME) [10, 11]. The DME sys-
tem is the most demanding of the three in terms of bandwidth. An important challenge for
radio navigation systems is the deployment of new miniature DME antennas. Recent technolo-
gies offer the opportunity to reduce the size of radio navigation antenna elements and thus
contribute to solve the problem of small aircraft for which the size and weight of antennas
is a strong issue. In particular, inverted-hat antennas (IHA) [12–14] can meet the specific
requirements of DME applications. Notably, several previous works show the significance of
the monocone antenna and IHA size and shape on VSWR, bandwidth, radiation patterns,
and gain [15–21].

In recent works, the objective is to miniaturize the size of the antenna while maintaining
good radiation performance. In this context, electromagnetic bandgap superstrate as partially
reflecting surface and reactive impedance surface backed rectangular-based patch antennas
opens a way to overcome the efficiency/bandwidth limitation for miniature antennas.
These antennas, however, suffer from major drawbacks. Among them, one can mention the
difficulty to extend the bandwidth, to obtain homogeneous materials, to conform them to
the fuselage, and to realize them [22, 23].

Conventional aircraft antennas, such as blade antennas, are electrically small and external,
i.e. they protrude from the surface of the aircraft. As a result, both antenna efficiency and aero-
dynamic efficiency are reduced. Thus, the objective of this work is to design an antenna that is
suitable for a better structural integration into an aircraft fuselage. Therefore, we started from
an already known structure for this application that we modified to better meet the specificities
of the field of interest (aeronautics).
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In this paper, we propose an IHA to fulfil the requirements
previously mentioned. The solution proposed, an IHA paired
with a filled cavity, makes possible a compromise between different
important characteristics such as electromagnetic, mechanical, and
aerodynamic performances, complexity, and weight. The main
properties of the proposed antenna are simulated, measured, and
discussed. The paper emphasizes, at first, on the antenna design
and optimization. Then, in section “Antenna characterization”,
the focus is put on the comparison between the simulated and
measured results to evaluate the antenna performance (reflection
coefficient, bandwidth, radiation patterns, and gain).

Antenna design and optimization

The IHA structure can be seen as an evolution of the volcano
smoke structure [24, 25] that has been proposed in 1945 by
Kraus as an omnidirectional radiation and wideband antenna
[26]. Inspired by the spiral antenna mechanism, this antenna is
based on the excitation of traveling waves between the ground
plane and the top portion of the antenna. It is formed by a surface
of revolution that is made up of concave and convex elliptical seg-
ments. Each segment corresponds to a quarter of an ellipse.

The authors of [4, 5] presented a mathematical method for the cal-
culation of the antenna parameters. In this method, the arrangement
of the elliptical surfaces is based on the model of the exponential
growing spiral. More precisely, the main radius of the ellipses forming
the antenna is chosen to connect to the spiral crossing points.

Referring to [4], one can derive the multi-ellipse geometry
(Fig. 1(a)). In the following we take from this reference the
main elements related to the antenna profile construction.

The crossings of the x-axis of the spiral, Xn, are given by:

Xn = ea∅n ,

where ∅n = π, 3π, 5π, 7π,…..and a is the spiral growth rate.
It is assumed that if the outer surface of the IHA consists of N

ellipses.

Xn = ea(2n−1)p for n = 1, 2, . . . ., N. (1)

Each elliptical segment is designed for a frequency sub-band.
The combination of these sub-bands constitutes the frequency
band targeted in the study. The major radius ratio between
adjacent ellipses is constant, involving:

Xn+1

Xn
= eap.

The Nth ellipse (the highest) corresponds to the lowest
frequency. Thus, we set w the total width of the proposed antenna
and choose XN as w/2. We can then write the spiral rate, a, as
follows:

a = 1
(2N − 1)p

ln
w
2
. (2)

Therefore, the major radius of the other elliptical segments can
be determined by inserting (2) into (1).

The growth profile of the outer surface of the IHA provides a
control of the input impedance. This is achieved by adjusting the
ratio of the major radius Xn to the minor radius Yn of the elliptical

segments. In addition, M is a parameter used to adjust the curva-
ture of the convex or concave curve to improve impedance match-
ing [4].

Yn =
g1Xn :linear

M(eg2Xn − 1) :convexe
M ln (g3Xn + 1) :concave

⎧
⎨

⎩

⎫
⎬

⎭
. (3)

The indicated factors γi can be expressed by:

g1 =
h
w
2

( ) ,

g2 =
1
w
2

( ) ln
h
M

+ 1

( )
,

g3 =
1
w
2

( ) e
h
M − 1

( )
.

Fig. 1. The geometry of the proposed antenna. (a) Antenna structure. (b) Dimensions
of the antenna (all dimensions are in mm).
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It has been shown that the Xn and Yn values must be reduced to
satisfy the predefined opening width w and the height h (Fig. 1(a)).
Hence, the revised xn and yn become:

xn = fxXn and yn = fyYn.

The scaling parameters fx and fy are appropriately given by:

fx =
w
2

( )

∑N
n=1 Xn

,

fy = h
∑N

n=1 Yn

.

Note that the power supply is realized by a coaxial line whose
central conductor crosses the ground plane and connects to the
first ellipse segment. Thus, the operational upper frequency
limit is influenced by the presence of higher order travel modes,
while the lower operating frequency of the antenna is a function
of its overall size and curvature. In fact, a surface with such a pro-
file ensures that high frequencies are radiated from regions near
the power supply and low frequencies from regions far away.

The implementation of this approach proposed in [4] gives us
a starting point for the antenna shaping and sizing that is then
optimized with HFSS. On this basis, the influence of the various
geometric parameters on the performance of the antenna is stud-
ied in order to select the dimensions that offer a good comprom-
ise between the desired performance and the size constraints of
the antenna. The number of ellipses retained is seven. This choice
also takes into account the depth of the void that is allowed to be
made in the fuselage of the aircraft.

Among the main specifications required for the antenna fabri-
cation, we can mention:

(1) A 50 Ohm feed coaxial line.
(2) An easy integration of the antenna onto the aircraft fusel-

age. To that end the monopole is placed in a cylindrical
cavity with optimized dimensions (radius and height).

(3) An elimination of the vibration phenomenon in flight as
well as to mechanically support the air pressure.

The numbers (1–7) shown in Fig. 1(a) represent the number of
the elliptical segments. Considering the optimization study on
HFSS, the final dimensions of the IHA structure are given in
Fig. 1(b). Initially, the proposed antenna is optimized considering
an infinite ground plane. However, although it is a SMA-type
feeding, the height above the ground plane comprises seven ellip-
tical curved segments that extend laterally to maintain an
inverted-hat profile. All dimensions of the proposed antenna
have been optimized while respecting the constraint imposed by
the thickness of the fuselage. The antenna made in aluminum
is simulated in the range (400MHz–2 GHz) that includes the
DME frequency band (960MHz–1.22 GHz).

The effects of the antenna height (h: sum of the semi-minor
axes of the seven ellipses) and length (w: sum of the semi-major
axes of the seven ellipses) on the reflection coefficient are illu-
strated in Fig. 2. The results clearly show the height and length
influence on the resonant frequency and bandwidth of the
antenna. For h lower than 46 mm and w lower than 105 mm,
the amplitude of the reflection coefficient is reduced and the

operating frequency of the antenna is higher than the upper
limit of the frequency band targeted. This is mainly due to the
small dimension of the IHA that affects its electrical length.

This parametric study allows us to select the best couple
(h = 46.70 mm, w/2 = 52.66 mm) for the antenna fabrication.
The reflection coefficient simulated for this combination is plot-
ted in Fig. 3. The expected antenna bandwidth (reflection coeffi-
cient lower than −10 dB) is 730MHz (from 0.75 to 1.48 GHz).

In order to protect the antenna onto the aircraft fuselage, it is
encapsulated in a cylindrical empty cavity. After determining the
dimensions of the IHA, the volume of the cavity is optimized to
minimize the total volume of the antenna while keeping the good
matching of the antenna system. The effects of the empty cavity
on the antenna performance are presented thereafter. First the
height (hc) and the radius (r) of the empty cavity are examined.
We give in Fig. 4 the reflection coefficients obtained when hc
and r are varied. As can be seen the couple of values that give
the best results are hc = 50 mm and r = 100 mm. So, altogether
the values for the IHA are h = 46.70 mm, w = 105.32 mm,
hc = 50 mm, and r = 100 mm.

Fig. 2. Effects of antenna parameters. (a) Antenna height influence (with w = 105.32mm).
(b) Antenna length influence (with h = 46.70mm).
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The −10 dB bandwidth extends from 0.80 to 1.84 GHz with a
minimum for the reflection coefficients of −43 dB at the fre-
quency of 1.55 GHz. From this simulation analysis, we see that
it is possible to obtain a structure whose dimensions are opti-
mized to meet the requirements of radio navigation applications.
In order to shift the reflection coefficient response toward low fre-
quencies to cover the DME frequency band and to eliminate the
phenomenon of vibration in mid-flight as well as to mechanically
support the air pressure, we fill the cavity with different dielectric
materials. The materials chosen (low permittivity and loss tan-
gent) are polystyrene, Teflon, and ABS plastic.

As shown in Fig. 5, the shifted reflection coefficient responses
are relatively comparable for the three materials tested. The dis-
tortion at higher frequencies (1.4–1.6 GHz) is due to higher
order resonance modes of the cavity. Due to its rigidity, compared
to Teflon and polystyrene, we choose ABS plastic as the cavity fill-
ing material. It also has a better resistance to shocks than polystyr-
ene and a low weight compared to Teflon. In fact, to reduce the
weight of the IHA (46% lower), symmetrical cylinders were cut
into the ABS plastic while the antenna characteristics remained
unchanged (Fig. 6).

Finally, the cavity is closed with a layer to protect and isolate it
from environmental conditions that can generate corrosion
(Fig. 7). The material chosen for this layer is epoxy that is very
mechanically resistant and has a high electrical resistivity. It is
widely used in the aeronautics industry.

Fig. 4. Effect of the cavity parameters on the reflection coefficient. (a) Cavity radius
influence (with hc = 50 mm). (b) Cavity height influence (with r = 100 mm).

Fig. 3. Simulated reflection coefficient for the seven-ellipse inverted-hat antenna. Fig. 5. Effect of dielectric filling materials on the antenna reflection coefficient.

Fig. 6. Simulated and fabricated antenna.
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We would like to point out that the choice of the configuration
(seven ellipses) was decided after an extensive simulation study,
taking care to maintain a good compromise between the complex-
ity and performance of the structure. In fact, four cases were con-
sidered, a conical antenna, a three-ellipses antenna, a five-ellipses
antenna, and finally a seven-ellipses antenna. We give in Fig. 8 the
reflection coefficient obtained for the four cases.

One can note that in case of the conical antenna and
three-ellipses antennas (all antennas have the same height and
width as the seven-ellipses antenna) the frequency bandwidth
does not cover the operating band of the radio navigation system
(DME). The coverage of the five ellipses is better, but still a little
too just. The number of ellipses mainly influences the real and the
imaginary part of the input impedance of the antenna. Indeed,
Fig. 9 shows that the increase of the external surface allows chan-
ging the nature of the input impedance of the antenna. This par-
ameter impacts the antenna matching.

As one can see the five and seven-ellipses antennas return
practically the same result in terms of input impedance imaginary
part but the seven-ellipses antenna offers an input impedance real
part closer to 50 Ohms. Therefore, the seven-ellipses configur-
ation has been selected.

Fig. 8. Reflection coefficient for different antenna configurations (conical,
three-ellipses, five-ellipses, and seven-ellipses antennas).

Fig. 7. Fabrication of the final inverted-hat antenna.

Fig. 9. Performance comparison between the different antenna configurations (con-
ical, three-ellipses, five-ellipses, and seven-ellipses antennas). (a) Real part of input
impedance and (b) imaginary part of input impedance (all antennas with same
height and width).

Fig. 10. Simulated and measured reflection coefficient for the proposed inverted-hat
antenna.
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Antenna characterization

In order to validate the design and the simulation results, the pro-
posed IHA has been fabricated and experimentally characterized.

A Rohde & Schwarz-type ZVL vector network analyzer is used
to carry out the reflection coefficient measurements of the pro-
posed IHA. Figure 10 shows the test bench and the simulated
and measured reflection coefficient parameters. The antenna
shows a −10 dB measured bandwidth extending from 0.84 to
1.21 GHz (simulated and measured bandwidth, respectively, of
57.27 and 33.63%) and a minimum reflection coefficient of
−22.5 dB at the frequency of 1.02 GHz.

More generally speaking, the simulated and measured reflec-
tion coefficient values are in a quite good agreement. The discrep-
ancy may be due to fabrication tolerances caused by the precision
of the used three-axis digital lathe, the surface roughness of the
antenna and cavity, and the SMA connector not taking into
account in the simulation. Given the good results obtained, we
have therefore verified the radiation properties of this IHA pro-
posal. The radiation diagram in 3D and polar coordinates, follow-
ing the two planes (E and H ) containing the antenna, shows the
existence of a directional lobe with a section at θ = 0° in vertical

profile and an omnidirectional radiation in horizontal profile
for the simulated frequency (Fig. 11).

The radiation patterns of the principal planes (E and H ) were
measured by means of Lab-Volt Series by Festo Didactic, the
Antenna Training and Measuring System (ATMS)-model 8092,
using a standard Yagi antenna functioning at 1 GHz.
The simulated and measured radiation patterns in the H- and
E-plane are shown in Figs 12(a) and 12(b), respectively. These radi-
ation patterns exhibit very good results in the E- and H-plane with a
difference between simulated and measured results less than 0.5 dB.

The radiation patterns are symmetrical because the ellipse has
a symmetrical shape around the z-axis. The perturbations are
mainly due to the fact that the distribution of the surface currents

Fig. 11. Simulated 3D radiation pattern at 1 GHz.

Fig. 12. Simulated and measured E- and H-plane co-polarization radiation patterns of the antenna at 1 GHz. (a) H-plane results, (b) E-plane results.

Table 1. Comparison of the performance of the proposed antenna with
previously published antennas

Antenna
type Dimensions Bandwidth

Gain
(at 1
GHz)
(dB)

Radiation
pattern

Antenna
in [4]

H = 152 mm
D = 406 mm

0.4–0.8
GHz
DME NOT
covered

2.85 Perturbed

Antenna
in [19]

H = 25.4
mm D =
253.26 mm

0.8–2.5
GHz
DME
coverage

1.85 Perturbed

Antenna
in [20]

H = 61 mm
600 × 600
mm2

0.447–5
GHz
DME
coverage

−3.15 Not
perturbed

Antenna
in [21]

H = 310 mm
D = 620 mm

0.2–1.8
GHz
DME
coverage

−2.15 Not
perturbed

Proposed
antenna

H = 50 mm
D = 200 mm

0.84–1.21
GHz
DME
coverage

2.20 Not
perturbed
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depends on the distance between the IHA and the ground plane.
It can also be observed that the proposed antenna has an omni-
directional radiation pattern in the H-plane and a vertical polar-
ization. The differences between simulation and measurement
data at some angles are partly due to manufacturing tolerances.
The small ripples in the radiation patterns measured are mainly
caused by the precision of the antenna training and measuring
system. The measured gain is 2.2 dB for the lowest frequency
band. The maximum difference between the simulated and mea-
sured gain is 0.5 dB. In Table 1 the results obtained are compared
to those of antennas of relatively similar design.

First, one can note that the antenna proposed in [4] does not
cover the DME bandwidth. Then, among all antennas, the one
proposed exhibits the smallest size. Finally, although its radome
diameter is smaller than that of other antennas, the proposed
antenna demonstrates good overall performance in terms of
gain, omnidirectional radiation, and low profile, which are the
main concerns of radio navigation systems.

Conclusion

The proposed IHA was designed and verified in the DME band
(962–1213MHz). A reasonable agreement between the measured
and simulated reflection coefficients is achieved, with measured
reflection coefficients better than −10 dB over the entire DME fre-
quency band. Simulation and measurement results demonstrate
that the proposed antenna has good omnidirectional radiation
characteristics in H-plane and a vertical polarization. The overall
results validate that the proposed antenna can be ideally mounted
onto an aircraft for communication or radio navigation systems.
This seven-ellipses antenna offers a quite large bandwidth and
reduced dimensions, compared to conventional solutions, making
it less bulky and easier to be integrated in systems where compact-
ness is an important factor. The antenna is protected by a radome
that is made of epoxy material and is transparent to electromag-
netic radiation. In addition, the proposed IHA is conceived to be
able to bear aero-dynamical loads that cause vibrations and defor-
mations of the antenna. It is an attractive solution for DME.

Conflict of interest. None.
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