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Abstract
Two metasurface-inspired antennas embedded in a metallic cavity are introduced here. They
are expected to be integrated on fast moving platforms enduring harsh accelerations and
shocks. The metasurface allows enlarging the antenna bandwidth that is intrinsically reduced
for small antennas embedded in sub-wavelength metallic cavities. The first one is only
60 × 60 × 20mm3 (0.23𝜆1 × 0.23𝜆1 × 0.08𝜆1 at the frequency of 1164MHz) and presents a dual-
band behavior, covering both the lower and upper global navigation satellite systems (GNSS)
bands (all GNSS bands are covered). It is fed by four probes and a dedicated circuit, ensur-
ing the phase quadrature between adjacent feeds to achieve circular polarization over these
two bands. For the second proposed antenna, circular polarization is achieved using two feed
points connected to the radiating aperture of size 50 × 50 × 20 mm3 (0.26𝜆0 × 0.26𝜆0 × 0.10𝜆0
at the frequency of 1559 MHz). It covers the E1, L1, B1, and G1 GNSS bands. The numerical
results are successfully validated by measurements.

Introduction

Global navigation satellite systems (GNSS) are widely used nowadays for many applications.
Taking advantage of several different systems allows a more accurate navigation solution (in
particular because of a larger number of visible satellites) and allows offering a partial resistance
to RF interferences, whether intentional or unintentional (jamming, multipaths, harmonics of
some oscillators, etc.) [1, 2].

We propose here two compact circularly polarized (CP) antennas embedded in a metallic
cavity for integration on high-speed carriers enduring accelerations and shocks. The applica-
tions targeted here require the use of metallic cavities to ensure strong and reliable mechanical
resistance of the overall antenna systems. As the use of small-size cavities (<0.4𝜆0 typi-
cally, where 𝜆0 is the wavelength at the central frequency) significantly degrades the antenna
performance, innovative solutions must be found to circumvent these drawbacks.

In this context, it has been demonstrated previously that the use of metasurfaces allows
enlarging the bandwidth (BW) of antennas embedded in such small cavities [3, 4]. More pre-
cisely, several GNSS metasurface-inspired antennas in cavities have been studied both in linear
[5] and circular [6] polarization. Similar geometries are also well detailed in the open literature
under the acronym ARMA but with larger structures, typically of 0.5𝜆0; in [7], a small ARMA
element was reduced to 0.31𝜆. In [6], operation in CP has been achieved using four feed points
and sequential rotation; this antenna system (whose size is the same as the one selected here,
namely 50 × 50 × 20 mm3), exhibits an excellent axial ratio (AR) over a frequency band cover-
ing the L1 (GPS), E1 (Galileo); B1 (Beidoo), and G1 (Glonass) GNSS bands, i.e. from 1559 to
1610 MHz. In spite of covering the whole upper GNSS band, this design suffers from mutual
coupling between opposite input ports, thus degrading the antenna radiation efficiency.

We propose in the section “Structure with four feed points and a partial intermediate ground
plane for upper and lower band coverage” an alternative evolution of the structure [6], which
is able to cover entirely the lower and upper GNSS bands ([1164;1300] MHz and [1559;1610]
MHz). To reach a dual-band response with this antenna, an additional partial ground plane is
added in the middle of the cavity. To reach the frequency band objective, the cavity is larger
than in [6], being 60 × 60 × 20 mm3.

We introduce in the section “Structure with two feed points for upper band coverage” a
further evolution of the design proposed in [6] by considering only two feed points. We show
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Figure 1. (a) The top view of the structure with additional ground plane, (b) feeding shape, and (c) cut view.

Figure 2. A partial ground plane located in the center of the cavity.

that this approach leads to amuch lowermutual coupling between
both input ports with improved radiation performance. Here the
selected cavity side is only 0.26𝜆0 (50 mm), and the central fre-
quency of operation is 1575 MHz (𝜆0 = 190.5 mm).

Numerical and experimental results are given and discussed
for both the next sections. Conclusions are drawn in the section
“Conclusion”. This paper is an extension of our paper [8].

Structure with four feed points and a partial intermediate
ground plane for upper and lower band coverage

Antenna geometry

The structure is inspired from the one presented in [6], and
the antenna geometry is represented in Fig. 1. It consists of
a metallic cavity of inner dimensions 60 × 60 × 20 mm3

(0.23𝜆1 × 0.23𝜆1 × 0.08𝜆1 at the frequency of f 1 = 1164 MHz).
This cavity is filled with three dielectric materials, as can be seen
in Fig. 10(c): the lower substrate is constituted of Rogers RO3010
(𝜀r3 = 10.2, tan 𝛿3 = 0.0027, and h3 = 11.0 mm), the center one is

Figure 3. A study on the influence of the metal plate position (values in mm) h3 on
the input reflection coefficient.

made of polypropylene (PP) (𝜀r1 = 2.25, tan 𝛿1 = 0.001, and thick-
ness h1 = 7.08 mm [9]), and the upper one is a stack of three layers
of Rogers RO3010 (𝜀r2 = 10.2, tan 𝛿2 = 0.0027, and h2 = 1.92mm);
each individual layer of Rogersmaterial has a thickness of 0.64mm.
Two arraysmade of 3 × 3 sub-wavelength square patches (Fig. 1(a))
are printed on the upper two metallic layers (Fig. 1(c)). Their size
and the gap separating two neighboring patches are labeled L and
g, respectively. Both arrays are tightly capacitively coupled. On the
lower face of this stack, a four-branch star is etched to match the
four feedings to 50Ω, as depicted in Fig. 1(b).Thebiggest difference
with the structure in [6] is the insertion of a 0.6-mm-thick metal
plate in the x-y plane at h3mmfrom the bottomof the cavity [10], as
can be seen in Fig. 10(c).This metal plate, or said additional partial
ground plane, has direct contact with the cavity walls. It has a per-
foration to allow the non-isolation of one sub-cavity, as illustrated
in Fig. 2; it is constituted of four openings of diameter dg whose
center is at a distant of lg = 4.8 mm from the cavity center.The four
coaxial cables pass through the partial ground plane without being
on contact (openings of 2 mm are trimmed in this last one), and
their outer conductors are soldered to the star shape (bottom face
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Figure 4. The input reflection coefficient versus frequency for various opening
diameters dg.

Table 1. Optimized parameters

Parameter Value (mm) Parameter Value (mm)

a 60 L 11.6

H 20 g 5.0

h1 7.08 f p 13.5

h2 1.92 dg 11.0

h3 11.0 Φinsul 1.8

t1 8.0 Φsold 4.0

t2 13.5

of the upper dielectric stack-up), whereas their inner conductors
are soldered to four of the nine patches on the top face (metasur-
face top layer). The inner conductors pass though the metasurface
layer in the middle of this dielectric substrate, without any contact
with their patches (openings of diameter 1.7 mm are trimmed in
the four concerned patches). The distance of these feed points to
the cavity center is noted as f p. This configuration was retained to
be compliant with the mechanical constraints the antenna has to
withstand.

It is noted that the cavity is not divided into two equal parts.The
position of the plate h3 on the z-axis allows tomatch the frequency.
If the sheet is closer to the bottom of the cavity, the resonances
move toward higher frequencies, as shown in Fig. 3.

Furthermore, Fig. 4 represents the input reflection coefficient
versus frequency for various opening diameters dg. For smaller
values, the four openings are distinct and a wideband behavior is
achieved. By still enlarging them, a unique opening is created and
two distinct resonances are achieved, which tend to be getting apart
with the increase of dg. In combination with the partial ground
plane position h3, this parameter dg is tuned to cover both GNSS
bands. The influence of the metasurface parameters g and L are
discussed in the section “Structure with two feed points for upper
band coverage,” as identical for both structures. The optimized
parameters are given in Table 1, and the corresponding simulated
S-parameters are represented in Fig. 5 for one port of the prototype.
Only one port response is represented since the results are identi-
cal for the other three. As expected for small radiating elementwith

Figure 5. Simulated S-parameters of the structure optimized for the GNSS bands.

multiple ports, themutual coupling is strong, especially for face-to-
face ports [11, 12]. Nevertheless, this configuration is well adapted
to achieve a very good circular polarization over a wide BW.

Experimental results

A prototype has been manufactured to validate the design and for
the achievement of a dual-band behavior. The main element of the
antenna is the metal cavity; the rest of the elements are embedded
inside. The particularity of this cavity is the incision that is present
in one of its walls. The photograph of the cavity frame is presented
in Fig. 6. A slit of height 0.6mm is used to introduce themetal sheet
that separates the cavity into two sub-cavities. A screwed copper
plate closes the cavity and allows welding the coaxial probes with
the cavity. The intermediate ground plane that divides the cavity is
formed by a 0.6-mm-thick copper plate and is inserted in this slit.
As Fig. 6 shows, the plate has been milled to extract the circular
elements from the center of the sheet. Small circles have also been
extracted to introduce the coaxial cables through them. All the ele-
ments are carefully introduced into the cavity, making a compact
and rigid antenna.

S-parameters
Measured reflection coefficients for each port of the prototype are
presented in Fig. 7. The results show that the expected double res-
onance is well obtained despite a slight frequency shift with the
simulated results. However, the coefficient differs from one port
to another and all GNSS bands are not covered, but the princi-
ple to achieve two separate matched bands is demonstrated. The
measured transmission coefficients are represented in Fig. 8. A
down-frequency shift is noted, but the results are in relatively good
agreement with the numerical ones.

Far-fields
A specific feeding circuit summing the incoming signals with a
phase quadrature of 90∘ between the four inputs was designed
based on the component SCQ-4-1650 from Mini-circuits. An
active version including a low noise amplifier (LNA) was used in
[6], as well as for the GNSS reception performances in the subsec-
tion “GNSS reception performances”, but a passive version of this
circuit is used to perform the radiation measurements presented
later. A photograph of the circuit is given in Fig. 9. The measured
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Figure 6. Photographs of the antenna elements.

Figure 7. The measured and simulated reflection coefficients.

transmission coefficients in magnitude and phase are given in Fig.
10. The insertion losses (ILs) are estimated between 1.0 and 1.8 dB
in the frequency range [1150;1650] MHz, which is in agreement
with the component datasheet. The phase quadrature between the
inputs is relatively good over this frequency band, with a standard
deviation of 1.4∘ in the worst case.

In Fig. 11, radiation patterns for two frequencies (1190 and
1570Hz) are represented, one in the lower resonance and other one
in the upper resonance.The antenna radiation has good agreement
with the simulation results. The lower frequency presents a lower
cross-polarization than the higher frequencies. In this last case, the
degradation of the circular polarization can also be seen.

Figure 12 represents the AR as a function of frequency.The pro-
totype has a good AR in the entire frequency band. The measured
gain versus frequency is shown in Fig. 13. To help compare with

Figure 8. The measured transmission coefficients.

Figure 9. A schematic view of the feeding circuit and photograph of the circuit.

numerical results, the measured IL of the feeding circuit are aver-
aged between the four ports and subtracted from the measured
gain value for each frequency point.The frequency shift previously
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Figure 10. Measured transmission coefficients of the feeding circuit.

Figure 11. Measured radiation patterns in two orthogonal cut-planes at 1190 MHz and at 1575 MHz.

observed is also noted in this figure; the low gain values for the low-
est frequencies are explained by the small radiating aperture size
and the high mutual coupling between the four antenna ports.

GNSS reception performances
This antenna was used with an active circuit (additional low-
noise amplifier of 18 dB to the passive circuit mentioned

above) to perform some GNSS signal acquisition with a multi-
band and multi-constellation receiver from Septentrio. The num-
ber of satellites used with a carrier-to-noise ratio C/N larger
than 30 dB is summarized in Table 2. As can be seen,
this antenna is valid for reception of signals from two dif-
ferent constellations (GPS and Galileo tested) and on differ-
ent frequency bands. It validates its efficiency to be used for
navigation.
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Figure 12. The simulated and measured axial ratio.

Figure 13. The simulated and measured gain versus frequency.

Structure with two feed points for upper band coverage

Antenna geometry

The antenna geometry is represented in Fig. 14. It consists
of a metallic cavity of inner dimensions 50 × 50 × 20 mm3

(0.26𝜆0 ×0.26𝜆0 ×0.11𝜆0).This cavity is filledwith only two dielec-
tric materials: the lower substrate is PP (h1 = 18.08 mm) and the
upper one is made of Rogers RO3210 (h2 = 1.92 mm). Two lay-
ers of metasurface are etched on this last dielectric material. The
upper array is fed by two coaxial probeswhose outer conductors are
soldered to two orthogonal printed strips, as illustrated in Fig. 15.
Both feed points are located at a distance fx and fy from the cavity
center. In contrast to [6] and to the previous section, these strips
do not intersect, thus resulting in a low coupling between the two
ports (see the section “Numerical results and design guidelines”).
This configuration allows to reach a greater BW than that offered
by a conventional small patch embedded in the same cavity.

The influence of themain design parameters is briefly discussed
in the next section.

Table 2. The number of used satellites during the acquisition (5 minutes)

Band
GPS
L1 C/A

GPS
L2C

GPS
L5

Galileo
E1

Galileo
E5

Number of satellite
(C/N > 30 dB Hz)

4 3 4 5 5
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Figure 14. (a) Top view of the structure and (b) side view of the structure.

Numerical results and design guidelines
As explained in [6], the gap g is a key parameter to tune the antenna
resonance frequency as it governs the capacitance of the metasur-
face at the cavity aperture. Here, to achieve a resonance frequency
around 1575 MHz, g is equals to 3 mm. Consequently, L is set
to 13.6 mm to keep the metasurface size slightly smaller than the
cavity side (50 mm).

The matching level of the antenna can be controlled by opti-
mizing fx, fy and the strips dimensions l and t. The antenna has
been designed usingHFSS and optimized through exhaustive para-
metric studies. The optimized dimensions are provided in Table 3.
As an example, we only show here the influence of fx and fy
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Figure 15. Feeding systems of the proposed antenna. Both probes are etched on
the lower metallic substrate (Fig. 1b).

Figure 16. Reflection coefficient for various feed point locations.

Table 3. Optimized parameters

Parameter Value (mm) Parameter Value (mm)

a 50 L 13.6

h 20 g 3

h1 18.08 fx 15.5

h2 1.92 fy 15.5

L 24.0 Φinsul 1.8

t 4.0 Φsold 4.0

on the antenna input impedance (note that we only provide the
impedance values at one feed port since the results are identical
for the second input port). The corresponding results are given in
Fig. 16 for fx and fy, varying between 13.5 and 17.5 mm (the other
parameters are identical to the values given in Table 3). This figure
shows that increasing the values of fx and fy leads to a higher real
part of the input impedance at resonance and in an increase of the
resonance frequency.

After optimization, both ports are matched to 50 Ω around
1575MHz, with a −10-dB BWof 90MHz, as can be seen in Fig. 17;
the GNSS bands E1, G1, L1, and B1 are all covered. Compared to
our previous work in [6], the antenna architecture proposed here is
simpler and exhibits a lower mutual coupling between input ports
(−17 dBhere) and a higher realized gain (Fig. 18), larger than 4.4 dB
over the GNSS band (1559–1610) MHz.

Figure 17. Simulated and measured S-parameters.

Figure 18. Simulated and measured realized gain.

The radiation patterns computed at 1575 MHz are represented
in Fig. 19 in four vertical cut-planes. In all cases, we can see that the
cross-polarization level remains lower than −20 dB over almost the
entire upper hemisphere; the AR is better than 3 dB over the angu-
lar range [−79; 84]∘ in the worst case, denoting a good CP quality.
The half-power beamwidth is around 112∘ in all cut-planes.

The simulated AR is represented against frequency in Fig. 20. It
remains lower than 2 dB over the whole matched band.

Experimental results

The antenna studied in the previous section has been manufac-
tured. It is shown in Fig. 21 where both feed points can be easily
seen.

S-parameters
The measured S-parameters are plotted in Fig. 17. The achieved
−10 dB BW equals 65 MHz (1535 to 1600 MHz) and covers the
GNSS L1, B1, and E1 bands ([1559; 1591] MHz). The measured
coupling between the ports is lower than −20 dB, over these three
bands. These results are in a relatively good agreement with the

https://doi.org/10.1017/S1759078723000089 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078723000089


1280 Laura García-Gámez et al.

Figure 19. Simulated radiation patterns at 1575 MHz in 4 cut-planes 𝜑 = 0∘, 45∘,
90∘, and 135∘ (𝜑 defined from x axis in xy plane).

Figure 20. Simulated and measured realized axial ratio (AR).

simulated ones, despite the slight frequency shift of the port 1
response.

Far-fields
The measured gain is represented in Fig. 18; it reaches 3.2 dB
and is higher than 2.7 dB over the GNSS bands E1, L1, and B1.
The discrepancy with the numerical values is partly attributed to
the losses in the combiner used during the measurement (Mini-
Circuits ZAPDQ-2-S, with typical ILs around 0.8–0.9 dB in the
considered frequency range). The measured AR is provided in
Fig. 19. It remains lower than 2 dB over the band of interest.
Nevertheless, a discrepancy between simulation andmeasurement
is noted out of theGNSS band, around 1.5 dB; it could be attributed
to the matching difference between port 1 and port 2 in experi-
ment. Finally, the measured radiation patterns are given in Fig. 22.

Figure 21. Photograph of the manufactured prototype.

Figure 22. Measured radiation patterns at 1575 MHz in 4 cut-planes 𝜑 = 0∘, 45∘,
90∘, and 135∘ (𝜑 defined from x axis in xy plane).

These measurements confirm the very low cross-polarization level
in the upper hemisphere.

GNSS reception performances
This antenna has been used as passive antenna to receive GNSS
signals in the upper band; the results are summarized in Table 4,
denoting a good capacity to receive such signals.

Conclusion

We proposed here two CP metasurface-inspired cavity anten-
nas of small sizes for GNSS applications in harsh environments:
0.23𝜆1 × 0.23𝜆1 × 0.08𝜆1 at the frequency of 1164 MHz and
0.26𝜆0 × 0.26𝜆0 × 0.11𝜆0 at the frequency of 1575 MHz. The first
one proposed an innovative solution to create a dual-band behav-
ior of such structures with four ports by the insertion of a partial
ground plane in the middle of the cavity. The principle is vali-
dated by a prototype. A good AR is achieved over all the GNSS
bands.The second antenna is fed with only two coaxial probes and
presents good radiation performance (AR < 2 dB, gain of 3.2 dB,
low cross-polarization in the upper hemisphere). The measured
BW is of 65 MHz, and this antenna covers GNSS bands L1, B1
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Table 4. Number of used satellites during the acquisition (5 minutes)

Band
GPS
L1 C/A

GLONASS
L1C

Galileo
E1 SBAS L1

Number of satellite
(C/N > 30 dB Hz)

9 8 9 4

and E1 (experimental results); numerical results also cover in addi-
tion theG1band.The results presented here demonstrate improved
performance with a much lower mutual coupling between input
ports compared to [6].

For these twoprototypes, discrepancieswere notedwith numer-
ical results but also between the ports themselves. They could
be attributed to many causes in a nonindustrial manufacturing
process, but before all they reveal the great sensitivity of these
structures to asymmetries and manufacturing tolerances. Further
steps would be required to achieve a product manufacturing pro-
cess. Nevertheless, from a development point of view, the results
obtained demonstrate the validity of both concepts for the realiza-
tion of small-size broadband cavity antennas.
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