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ABSTRACT This work presents a compact (125 mm diameter) wideband four-element antenna array with
a high isolation level for Global Navigation Satellite System (GNSS) anti-jamming applications. The array
consists of four identical right hand circularly polarized (RHCP) single feed rectangular patch antennas
that can cover BeiDou B1 band (1559.05 — 1563.15 MHz), GPS L1 band (1563 — 1587 MHz), Galileo E1l
band (1559 — 1591 MHz), and GLONASS G1 band (1593 — 1610 MHz). The proposed array has a wide
frequency bandwidth of 100 MHz (1.55 — 1.65 GHz) with an axial ratio of less than 3 dB. The patch antenna
elements are designed on a substrate that has a high dielectric constant to achieve a compact size. The size
of each patch element is only 32 x 32 x 5.08 mm?. These patches are placed along the circumference
of a circular aluminium ground plane of 125 mm diameter and 1.5 mm thickness in a 2 x 2 symmetrical
arrangement. The edge-to-edge distance between the opposite patch elements is only 48 mm while for the
adjacent elements the separation is only 27 mm. A microwave absorber material is employed to achieve an
extremely low mutual coupling level over a wide frequency range (1.55 — 1.65 GHz) within a compact form
factor. The proposed design achieves a mutual coupling of less than —20 dB within a compact overall form
factor of 125 mm diameter over the entire band of interest. The simulated and measured results of reflection
coefficient, mutual coupling, null steering, null depth, and radiation pattern show that the proposed antenna
array is an excellent choice for multiband GNSS applications.

INDEX TERMS High isolation, anti-jamming, circularly polarized, wideband antenna.

I. INTRODUCTION

Recently Global Navigation Satellite System (GNSS) anti-
jam systems have gained much interest from the research
community, which is mainly due to their ability to tackle
potential jamming, intentional or unintentional electromag-
netic interference and spoofing. Various frequency bands are
being used for Radio Navigation Satellite System (RNSS)
worldwide. There are two primary Aeronautical Radio Nav-
igation Service (ARNS) bands, which consist of lower L
band containing GPS LS5, Galileo ES and GLONASS G3, and
upper L band containing GPS L1, BeiDou B1, Galileo E1l
and GLONASS Gl [1]. In this paper, our focus is on the
GNSS upper L band consisting of GPS L1, BeiDou BI,
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GLONASS G1 and Galileo E1 bands covering a wide fre-
quency range of 1559 MHz — 1610 MHz.

The compactness of the GNSS antenna array is very critical
for portable platforms and mobile terminals. The main chal-
lenge in designing a compact GNSS anti-jam antenna array
system is the requirement of maintaining a wide impedance
bandwidth and at the same time keeping the mutual coupling
between different antenna elements to a minimum level.

A number of techniques exist in the literature, that address
the issue of mutual coupling in tightly coupled arrays [2]-[6].
But most of these techniques are either narrow band and
complex to fabricate or they only address the issue of mutual
coupling for linearly polarized antenna arrays. For example,
ground plane slots are used in [7] and [8], to decouple patches,
monopoles and PIFAs. Similarly, mushroom-shaped Electro-
magnetic Band Gap structures (EBGs) have been utilized to
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reduce the coupling in patch antennas [9], [10]. However,
EBGs provide a narrow band isolation and are complex
to manufacture if they have vias. Periodic arrangements of
ring resonators such as spiral resonators (SRs), split ring
resonators (SRRs) and their variants are shown to act as
metamaterials with a negative permeability () [11]-[13].
One of the major issues with SRs and SRRs is that they
are polarization sensitive and the decoupling performance is
dependent upon their alignment with respect to the magnetic
field component. Thus, these techniques are shown to work
in linearly polarized arrays [11], [12]. However, the GNSS
antennas exhibit complex coupling mechanism due to the
simultaneous existence of two orthogonal modes for circular
polarization (CP) [13]. Some of the works address the mutual
coupling for CP antennas such as [13]. However, these are
for only GPS L1 or L2 bands and are only suitable for
narrowband operation making their utility limited.

In this work, we propose a compact patch antenna array
consisting of four identical coaxial-fed square patch elements
and a microwave absorber. The designed antenna array covers
a wide frequency band of interest (1559 MHz — 1610 MHz)
while maintaining an excellent mutual coupling performance
(< — 20 dB) over the entire spectrum. The proposed antenna
array has a compact diameter of only 125 mm. To the best of
our knowledge, the proposed antenna array simultaneously
covers all the four major GNSS services i.e., GPS, BeiDou,
Galileo and GLONASS with the lowest mutual coupling
within a compact diameter of only 125 mm (area = 122 cm?).

The rest of the paper is organized as follows: section II
explains the array design procedure, while section III presents
some parametric analysis and simulation results. Array fab-
rication and measured results are presented in section IV.
Finally, a conclusion is presented in the last section.

Il. DESIGN PROCESS

A. SINGLE ANTENNA ELEMENT

In order to achieve a compact patch antenna element, we have
used Rogers TMM10i substrate (¢, = 9.8, tans = 0.002).
A standard thickness of 5.08 mm is chosen to cover the entire
band of interest (1559 MHz — 1610 MHz). The patch element
has a square shape with truncated opposite corners to achieve
right hand circular polarization (RHCP) as shown in Fig. 1.
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FIGURE 1. Design geometry of single patch antenna element.

GNSS systems use RHCP antennas due to various advan-
tages such as immunity to Faraday Rotation and less mul-
tipath propagation losses [14]. For good CP performance,
the axial ratio of an antenna should be less than 3 dB [14].
To generate CP in an antenna, the electric field must have
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two components that are equal in magnitude and have a phase
shift of 90°. There are many techniques to achieve CP such as
using dual feed networks, power dividers and phase shifters.
However, these techniques increase the design complexity.
The simplest approach for generating CP involves exciting
the orthogonal modes due to an irregularity in the patch
dimensions [14]. Therefore, the opposite corners of the single
patch antenna shown in Fig. 1 have been truncated and opti-
mized to achieve a phase shift of 90° with an axial ratio of less
than 3 dB. Fig. 2 shows its simulated impedance response and
the axial ratio.
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FIGURE 2. Simulation results of single patch antenna. (a) Impedance
response. (b) Axial ratio.
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B. FOUR ELEMENT ARRAY DESIGN

In contrast to the designs where individual elements are
placed in similar orientations [15], we have used the sequen-
tially rotated architecture for our 4-element antenna array.
This geometry has been used to generate circular polariza-
tion with linearly polarized antenna elements [16]. As thick
substrates are known to produce surface waves, therefore
we have cut the extra substrate right at the boundary of the
metallic patch elements and used an aluminium plate (1.5 mm
thick) as a ground plane as shown in Fig. 3. This also gives

- Microwave TMMI10i
absorber Substrate
Aluminum

Metal Patch G
I T T
T T T
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FIGURE 3. The geometry of proposed 4-element patch antenna array for
GNSS applications. (a) Top view. (b) Side view.
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us an additional benefit of reduced cost as the amount of
substrate being consumed is minimized.

Since maximum mutual coupling occurs in E-field coupled
antenna elements, thus by using this sequentially rotated
architecture the adjacent elements are rotated by 90 degrees.
As the antenna elements are sequentially rotated, in order
to achieve RHCP gain pattern without any nulls, the ports
are fed by P; = 0°, P, = 90°, P3 = 180°, and P4 = 270°
phases. As a result of cutting the thick substrate right at
the corners of radiating patch elements and placing them
in a sequentially rotated array the maximum mutual cou-
pling is reduced to —16 dB for the opposite elements and
—14 dB for the adjacent elements. Furthermore, this particu-
lar arrangement makes the design perfectly symmetric around
the center of the circular ground plane and the placement of
two elements on each of the axis allows us to form N —1 nulls,
where N is the number of antenna elements [17]. These nulls
in the radiation pattern of the array can be independently
steered towards the potential sources of EM interference and
jamming.

In order to further reduce the mutual coupling, we propose
to incorporate a MT-30 microwave absorber (e, = 15.79,
tand = 1.944) in our design. Similar types of absorbers
have been used for mutual coupling suppression as in [18]
Eccosorb AN-79 has been used for isolation in full-duplex
wireless communication systems. However, MT-30 absorber
is lighter in weight and less expensive as compared to
Eccosorb AN-79. It is filled in between the empty spaces
created by cutting the TMM 101 substrate (Fig. 3). The intro-
duction of MT-30 in close proximity to the radiating patch
elements alters the input impedance of the patches and thus
impacts their performance in terms of impedance matching,
maximum achievable gain, and axial ratio. Thus, we have re-
optimized the locations of feed points for our proposed array
and the distance between the edges of the patch elements from
the absorber.

Ill. PARAMETRIC ANALYSIS AND SIMULATED RESULTS
In addition to the location of the feed point, the thickness of
the microwave absorber (H ), the clearance between the patch
elements and the absorber (g), the inter-element distance,
which is directly controlled by the distance between the origin
of circular ground plate, and the center of each patch (R1) are
critical design parameters (Fig. 3). For a fixed R/, increasing
the thickness (H) results in shifting the S1; slightly towards
lower frequency spectrum and it also widens the impedance
matching as shown in Fig. 4.

The gain and mutual coupling tend to decrease with
increase in H, this impact is more prominent when H is larger
than T, as depicted in Fig. 5.

Increasing the gap g results in an increased gain and mutual
coupling, as shown in Fig. 6.

Similarly, the axial ratio tends to get wider with
increasing H, and it becomes narrow with increase in g as
shown in Fig. 7.
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FIGURE 4. Impact of microwave absorber height (H) on impedance
matching.
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FIGURE 5. Impact of microwave absorber height (H) on impedance
matching.
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FIGURE 6. Impact of microwave absorber gap g. (a) On mutual coupling
(solid line for adjacent elements S;,, and dashed line for opposite
elements S;3). (b) On array gain.

Thus, there exists a trade-off between mutual coupling,
gain and axial ratio. If we want to decrease the mutual
coupling and widen the axial ratio (AR) response, we must
increase H and decrease g. But it will result in decreased
overall gain of the antenna array. It is clear from the above
discussion that in order to achieve an optimum performance
in which the mutual coupling is less than —20 dB while
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FIGURE 7. Axial ratio variation. (a) With microwave absorber height H.
(b) With microwave absorber gap g.

keeping the gain performance acceptable we must
choose H between 8—10 mm and g between 1.5-2.5 mm.
The standard thickness of the commercially available
MT-30 microwave absorber is 3.175x, where x is an integer
ranging 1 to 4. In our proposed design, we have chosen
x = 3 (i.e., H = 9.525 mm) while the value of g is chosen
to be 1.5 mm so that the array gain is more than 3 dB as
shown in Fig. 6(b). The optimized design parameters of our
proposed 4-element antenna array are tabulated in Table 1.

TABLE 1. Optimized design parameters.

Parameter Value Parameter Value
(mm) (mm)
H 9.525 T 5.08
g 1.5 RI 20
sl 32 As 6.6
s 25.4 f 5.7

The null steering performance of the proposed 4-element
GNSS anti-jam antenna array is presented in the form of
normalized RHCP gain. We have simulated the performance
of our proposed wideband GNSS anti-jam antenna array in
different jamming scenarios by employing the phase only
nulling technique to create nulls in the direction of potential
jammers. In the first scenario, we assume a jammer is located
at ( = —30°, ® = 0°) and in the second scenario we
assume a jammer is located at (6 = 60°, & = 90°). The null
for first scenario is achieved by turning off ports 2 and 4
and applying a phase shift of 60° between elements 1 and 3
while for the second case the null is generated by turning off
ports 1 and 3 and applying a phase shift of 120° between
elements 2 and 4. We are steering the null at two differ-
ent positions i.e., —30° and 60° to assess the anti-jamming
performance of our proposed 4-element antenna array.
The null depth achieved for the first case is 18 dB
while for the second case it is 20 dB. The simu-
lated radiation patterns for both these cases are presented
in Fig. 8.
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FIGURE 8. Null steering performance of the proposed 4-element
wideband GNSS anti-jamming antenna array. (a) Null at —30°.
(b) Null at 60°.

IV. ARRAY FABRICATION AND MEASURED RESULTS

The patch antenna elements are fabricated using LPKF rapid
prototype milling machine S103 as shown in Fig. 9. The
microwave absorber (MT-30) is a foam-like material which is
cut using the same LPKF machine to achieve high accuracy
and precision. The aluminium plate is fabricated by using
CNC machining and then patch elements are integrated to
this plate with the help of a soldering paste. Screws are
incorporated to hold the microwave absorber in its position.

(b)

FIGURE 9. Fabricated prototype of the proposed 4-element wideband
GNSS anti-jamming antenna array. (a) Top view. (b) Side view.

The fabricated model was then enclosed by using a teflon
radome lid to assemble a complete packaged prototype for
testing and measurements as shown in Fig. 10.

FIGURE 10. Complete assembled prototype of the proposed 4-element
wideband GNSS anti-jamming antenna array. (a) Top view. (b) Bottom
view. (c) Side view.

The measured impedance matching response is shown in
Fig. 11, which depicts an excellent match with the simula-
tions. Since there is a perfect rotational and axial symmetry in
the proposed design, therefore, the simulations of reflection
coefficient are identical for all four patch elements and can
represented by S;; Vi e {1, 2,3, 4}.

Similarly, the mutual coupling response Sj; can be
divided into two categories, i.e., coupling between adjacent
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TABLE 2. Performance comparison of our design with related work.

Operating No. Total Array Coupling .
Ref# é\; E.d(s)fchirsesd Isolation (dB) frequency of antenna Area Reduction Co]r)neslleg;li ¢
(GHz) elements (cm?) Approach P Y
13 L1, L2 > 15,25 1.227,1.575 4 119.29 Metamaterial high
SRR &
[15] L1 >17 1.575 5 254.34 Spatial spacing low
Parasitic strips,
[19] L1 >18.6 1.575 3 153.20 %erfgﬁd moderate
Structure
Artificial
20 L1,L2 > 16, 18 1.205 - 1.240, 5 400 Magnetic high
1.565 - 1.595
) ) Conductor
21 L1, BI >20 1.56 - 1.59 4 400 None high
g
[22] L1,Bl >8-13 1.563 —1.587 4 138 None moderate
Discontinuous
This Work | L1, B1, E1, G1 >20 1.55-1.65 4 122.65 L Lt low
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material
-15 - : -
2
T )
- 5
g g
% 2
2 ]
© S
= =
E=i =
> £ a0 ’ 1
é 3 - = = . Simulated Su —&— Measured Slz
é = A45F |--=a=-- SimulatudSm .‘sieasun.-dS” 1
230 . . 50 :
14 1.5 1.6 1.7 1.8 1.4 1.5 1.6 1.7 1.8

Frequency (GHz)

FIGURE 11. Simulated and measured impedance matching performance
of proposed 4-element GNSS anti-jam antenna array (solid lines for
measured and dashed line for simulated).

patch elements (S12) and coupling between opposite patch
elements (S13). The measured mutual coupling response is
shown in Fig. 12. It can be seen that the coupling between
opposite patch elements is less than the coupling between
adjacent patch elements and each of them is below —20 dB
in the entire BW of interest (1559 MHz — 1610 MHz). To the
best of author’s knowledge this is the minimum reported
mutual coupling that incorporates all the four major GNSS
bands within a compact diameter of 125 mm.

The radiation pattern of the proposed array was also mea-
sured in the anechoic chamber for all the frequency bands.
Fig. 13 shows the simulated and measured E-plane and
H-plane normalized radiation pattern for the GPS L1 band
i.e., 1.575 GHz for a single antenna element of our proposed
array.

If all the elements of the array are excited with a phase shift
of 0° at each port, then a null is formed at the boresight. The
measured null depth is more than 30 dB in this case as shown
in Fig. 14.
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FIGURE 12. Simulated and measured inter-element coupling of proposed
4-element GNSS anti-jam antenna array.
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FIGURE 13. Normalized simulated and measured radiation pattern for
1.575 GHz. (a) E-plane. (b) H-plane.

Fig. 15 shows our proposed antenna array placed in the
anechoic chamber for radiation pattern measurement.

Table 2 shows the comparison of our proposed wide-
band anti-jamming antenna array with other published lit-
erature. As compared to the earlier reported works that
cover either one or two GNSS bands [8], [9], [13]-[16], our
proposed antenna array simultaneously covers all the four
major GNSS bands with a bandwidth of more than 100 MHz
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FIGURE 14. Simulated and measured radiation pattern with a null at
boresight.
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FIGURE 15. Radiation pattern measurement setup for the proposed
antenna array.

(1.55 — 1.65 GHz). Furthermore, our design has the least
mutual coupling (< —20 dB) within a compact area of only
122 cm? (125 mm diameter) as compared to other designs
that have a significantly larger size. As compared to other
isolation techniques such as EBGs and SRRs that require
more substrate and costly fabrication, our proposed design
incorporates an aluminum ground plane to reduce the cost
of substrate being used and employs a low-cost microwave
absorber to achieve a wideband isolation level.

V. CONCLUSION

This work presents a compact 4-element GNSS antenna
array design that achieves a mutual coupling level of less
than —20 dB within a highly compact form factor of only
125 mm. The design uses a low-cost approach in which four
identical antenna elements of 32 x 32 mm? are cut and
placed on an aluminium ground plane to reduce the coupling
due to the surface waves along with a microwave absorber
material to further minimize the coupling that exists due to
space wave propagation as well. The proposed design exhibits
excellent null steering performance with null depths of more
than 18 and 20 dB over a wide range of scanning angles in
the upper hemisphere. The array covers a wide frequency
spectrum from 1.55 to 1.65 GHz with an isolation level of
more than 20 dB in this entire bandwidth. The axial ratio of
the designed array is less than 3 dB for good CP performance.
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The proposed design achieves the lowest level of mutual
coupling reported so far for a wideband GNSS patch antenna
array within a compact area of only 122 cm?, that can cover
the entire bandwidth of interest (1559 MHz — 1610 MHz).
The proposed design is suitable for applications that require
simultaneous operation in all the four major bands of the
GNSS upper L band i.e., GPS L1, BeiDou B1, Galileo El
and GLONASS G1.
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