Progress In Electromagnetics Research Letters, Vol. 116, 63-70, 2024

rlER Letters

(Received 30 November 2023, Accepted 27 December 2023, Scheduled 9 January 2024)

A High Efficiency and Low Mutual Goupling Four-Element
Antenna Array for GNSS Applications

Abdullah Madni'* and Wasif Tanveer Khan!-2

! Lahore University of Management Sciences (LUMS), Lahore, Pakistan
2 National University of Sciences and Technology (NUST), Islamabad, Pakistan

ABSTRACT: In this manuscript, a compact four-element antenna array is introduced for global navigation satellite system (GNSS) upper
L-band applications. The proposed design is modelled using a higher epsilon substrate to obtain a smaller patch footprint. The array
consists of four rectangular right-hand circularly polarized (RHCP) patches etched on a circular substrate having a compact diameter
of only 125 mm. The patch elements cover the BeiDou B1 (1561.098 MHz), GPS L1 (1575.42 MHz), Galileo E1 (1575.42 MHz), and
GLONASS G1 (1602 MHz) bands with an axial ratio below 3 dB. A defected ground structure (DGS) has been integrated in the ground
plane of the proposed array along with a novel meta-isolator on the top side between the antennas to achieve a high isolation level of more
than 24 dB in the complete band of interest. The proposed antenna array has a high gain of more than 6.9 dBi and a radiation efficiency
greater than 93%. A prototype of the proposed array is fabricated, and measured results are presented to validate the design.

1. INTRODUCTION

ecently global navigation satellite systems (GNSSs) like

GPS, BeiDou, Galileo, and GLONASS have advanced sub-
stantially. These services are divided into different sub-bands
such as lower L-band (1.151-1.214 GHz) and upper L-band
(1.559-1.610 GHz) [1]. In this work, we will be focusing
on designing a four element antenna array for the upper L-
band that consists of BeiDou B1 band (1561.098 MHz), GPS
L1 band (1575.42 MHz), Galileo E1 band (1575.42 MHz), and
GLONASS G1 band (1602 MHz).

GNSSs use antenna arrays having multiple elements to
achieve high gain and anti-jamming capability by creating
nulls and steering them in the direction of potential jammers.
In addition to high gain and anti-jamming, it is also prudent to
have antenna arrays with high inter-element isolation. High
mutual coupling between the antenna elements causes radiation
pattern distortion [2]. Furthermore, in GNSS arrays mutual
coupling is highly inadmissible since it degenerates nulling
depth and radiation efficiency [3]. Hence, the main challenge
in designing GNSS arrays is to mitigate the mutual coupling
within a compact size.

Various methods have been proposed to mitigate mutual cou-
pling in compact antenna arrays such as in [4]. Electromagnetic
Band Gap (EBG) surface is proposed to suppress the coupling
to —24 dB. However, EBGs give narrowband isolation levels
and are complex to fabricate due to the presence of vias. Meta-
materials such as split ring resonators (SSRs) have also been
used to mitigate the mutual coupling in GNSS arrays [5]. How-
ever, they are polarization dependent, and their isolating capa-
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bility depends on their position with reference to the magnetic
field component [6].

Recently, microwave absorber materials have also been uti-
lized to enhance the isolation level in GNSS arrays as in [7],
and a 9.525 mm high MT-30 material is employed to enhance
the isolation level above 20 dB. In [8], a 3.175 mm MT-30 ma-
terial has been used in combination with a DGS for isolation
enhancement to up to 25 dB. However, the gains of these re-
ported designs are only greater than 3.3 dBi and 5.75 dBi, re-
spectively. Meanwhile, the corresponding radiation efficien-
cies are only above 38% and 58.8%, respectively. GNSS an-
tennas must exhibit adequate gain to compensate the inherently
weak signals transmitted by GNSS satellites, particularly in the
presence of atmospheric attenuation and adverse weather con-
ditions. Low-gain and low efficiency antennas can lead to sig-
nal degradation and impact the ability to accurately track GNSS
satellites [9, 10]. Hence, it is important to achieve a balance
between isolation enhancement and maintaining sufficient gain
and efficiency in such designs for robust performance. Some
other GNSS designs have been reported in [14—18], but they
suffer from large dimensions, fewer GNSS bands covered, less
isolation level, less gain and design complexity compared to
our presented design.

In this work, the problem of lower gain and radiation effi-
ciency is resolved by proposing a four-element DGS-based an-
tenna array consisting of a novel meta-isolator that is placed
between the radiating patches. The presented antenna provides
a complete band coverage across all GNSS services of the upper
L-band. An isolation above 24 dB is attained in the complete
band of interest without compromising the radiation efficiency
and gain of the proposed array.
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FIGURE 1. Design configuration of the proposed array with no decoupling mechanism. (a) Top surface. (b) Bottom surface.
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FIGURE 2. Simulation results of the presented design with no decoupling mechanism. (a) Impedance matching response. (b) Mutual coupling

response.

2. ARRAY WITH NO DECOUPLING STRUCTURE

In the first stage, an array without any decoupling structure
was modelled. The array comprises four identical square
patches etched on a 125 mm diameter and 5.08 mm thick Rogers
TMMI10i (¢, = 10.2, tan§ = 0.002) substrate featuring a full
ground plane. The four radiating elements are positioned in a
chronologically rotated configuration, and this layout has also
been exploited to yield circular polarization (CP) from linearly
polarized antennas [11]. Moreover, the rotational symmetry
also helps in packing more antennas within a confined area.
This design arrangement is also helpful in achieving better cir-
cular polarization (CP) and creating nulls for the anti-jamming
capability [7]. The patches have their corners diagonally trun-
cated to attain CP which is essential for GNSS antennas. The
antenna is modelled using High Frequency Structure Simula-
tor (HFSS) software. Each patch is fed by a 50-ohm coax-
ial port also modelled in HFSS. Each port comprises a feed-
ing pin which is surrounded by teflon and an outer conductor
that encapsulates the whole assembly. Owing to a symmetri-
cally rotated configuration, the ports are given a phase shift of
P1 = 0°, P2 =90°, P3 = 180°, and P4 = 270° [7]. Fig. 1
shows the design configuration of the proposed array.

The impedance matching response and mutual coupling of
the proposed simple four element antenna array without any
decoupling structure are simulated. The bandwidth being oc-
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cupied is from 1.56 to 1.62 GHz. The mutual coupling can be
split into two groups, i.e., coupling between the nearest neigh-
boring antennas (S12, S14, S23, S34) and the coupling amid the
opposite elements (S13,.524). The coupling between the near-
est neighboring elements is lower than only —11 dB owing to
their closer vicinity whereas for the opposite elements, the cou-
pling is below —20 dB. It can be noted that due to symmetrical
design geometry, Sll = 522 = 533 = S44 and S12 = Sgl,
S13 = S31 and so on. The overall mutual coupling is only less
than —11 dB. Fig. 2 illustrates the simulated results of the pro-
posed four-element antenna array with no decoupling structure.

FIGURE 3. Simulated surface current distribution at 1.575 GHz with no
decoupling mechanism.

Www.jpier.org



Progress In Electromagnetics Research L, Vol. 116, 63-70, 2024

rPlER Letters

.

- Conductor
- Dielectric

.

FIGURE 4. Design configuration of the presented array with DGS. (a) Top surface. (b) Bottom surface (¢ = 30.25 mm, b = 8.7mm, ¢ = 1.75 mm,

d=11.75mm, e = 847 mm, f = 9.02mm, g = 42mm, A = 3mm).
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FIGURE 5. Simulation results of the proposed array with DGS only. (a) Impedance matching response. (b) Mutual coupling response.

The simulated surface current distribution of the design at
1.575 GHz (GPS L1 band) is shown in Fig. 3. It can be ob-
served that strong coupling is present between the orthogonally
placed elements like element 1 and element 2 due to a small
distance between them. The linearly placed elements like ele-
ment 1 and 3 are better isolated from each other due to a greater
distance between them.

3. ARRAY WITH DEFECTED GROUND STRUCTURE
(DGS)

The surface current distribution in Fig. 3 shows that strong
coupling is present between the orthogonally placed elements.
Therefore, a novel defected ground structure (DGS) with slots
at the regions of higher coupling is employed in the ground
plane of the proposed antenna to enhance the isolation level.
When DGS is employed, the size of the patch elements, patch
corner truncations, and distance from the feed is slightly
changed to 27.4 mm, 6.2 mm, and 12 mm respectively to tune
the array to resonate at 1.575 GHz for better impedance match-
ing and optimum performance. Fig. 4 shows the four-element
array with DGS.

The impedance matching response and mutual coupling of
the proposed four element antenna array with DGS are simu-
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lated. It can be noticed that the mutual coupling is lower than
—15.6dB in the complete desired bandwidth. Therefore, an
enhancement of 4.6 dB in the isolation level is attained after
employing the presented DGS. Fig. 5 presents these results.

The impact of the DGS can be seen by simulating the surface
current distribution at 1.575 GHz which shows the current being
trapped by the DGS slots as observed in Fig. 6.

FIGURE 6. Simulated surface current distribution at 1.575 GHz with
DGS.

4. ARRAY WITH DGS AND META-ISOLATOR

With the aim of further enhancing the isolation level, a novel
meta-isolator is placed between the antenna patches on the top
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FIGURE 7. Design configuration of the four-element array with both DGS and meta-isolator (¢ = 48mm, j = 11mm, k¥ = 7mm, L, = 25 mm,
m=>5.6mm,n =2mm,p =5mm, g =4mm, rp; = 2.7mm, ryp2 = 3.1mm,r = 3mm, s = Tmm, ¢t = 0.6 mm, v = 4.4mm, v = 27.5mm

and w = 4.7 mm).
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FIGURE 8. Simulation results of the presented design with DGS and meta-isolator. (a) Impedance matching response. (b) Mutual coupling.

FIGURE 9. Simulated surface current distribution at 1.575 GHz with
DGS and meta-isolator.

surface of the DGS based design as illustrated in Fig. 7. When
the meta-isolator is placed between the radiating patches, the in-
put impedance is altered resulting in a change in the impedance
matching response. Hence, the sizes of the patch elements
and the distance of the feed point from the edge of the patch
have been re-optimized. Furthermore, an annular gap has also
been added in each of the four patches to improve the reflec-
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tion coefficient such that the required bandwidth of interest is
occupied. This technique is useful for achieving wider band-
width in thicker substrates [12]. In the ground plane of the an-
tenna (Fig. 4(b)), we have chosen d = 10 mm, e = 9.83 mm,
f = 1447mm, g = 46mm, and » = 4mm for optimum
performance in the GNSS L1 band. Fig. 8 shows the sim-
ulated reflection coefficient and mutual coupling of the pro-
posed configuration. It can be observed that that all the re-
quired GNSS bands of interest are covered with an isolation
level above 24 dB. Therefore, there is an isolation improve-
ment of 8.4 dB by using a meta-isolator along with a DGS as
compared to using DGS only. The simulated surface current
distribution of the proposed meta-isolator based design is ex-
hibited in Fig. 9 showing that current propagation responsible
for higher coupling is completely blocked. This indicates the
effectiveness of our proposed DGS and meta-isolator that are
responsible for improving the isolation level significantly.

The simulated 2D radiation pattern of the presented 4-
element array at 1.575 GHz shows that the array has a gain of
more than 6 dBi. The radiation pattern is almost hemispherical
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FIGURE 10. Simulation results of the presented array with DGS and meta-isolator. (a) 2D radiation pattern. (b) Axial ratio.
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FIGURE 11. Simulated radiation efficiency of the presented DGS and
meta-isolator array.

showing that the presented design is able to encompass the
full upper half spherical beam facing the sky for robust per-
formance. For good CP performance the axial ratio should be
less than 3 dB [13]. The simulated axial ratio of our proposed
antenna array is less than 3 dB with a beamwidth about 120°.
Fig. 10 exhibits these results.

The radiation efficiency of the presented 4-element array
with a DGS and meta-isolator is more than 93% in the entire
BW of interest while the gain is more than 6.9 dBi with a peak
value of 6.931dB at 1.561 GHz as shown in Fig. 11 and Fig. 12,
respectively.

The variation of RHCP and left-hand circularly polarized
(LHCP) realized gains with polar angle and frequency are
shown in Fig. 13 for 1.575 GHz (GPS L1 band).

It can be observed that the LHCP component is significantly
less than the RHCP component indicating that the proposed an-
tenna array has excellent polarization purity.

5. FABRICATION AND MEASURED RESULTS

The previous section shows that the DGS and meta-isolator
design exhibits excellent characteristics in all aspects such as
GNSS band coverage, isolation, and CP performance and is
therefore our finalized model. It is fabricated by means of
LPKF S103 rapid prototype milling machine using a Rogers
TMM10i substrate (5.08 mm thick) as shown in Fig. 14. The
S-parameters of the fabricated model were measured by em-
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FIGURE 12. Simulated gain of the proposed DGS and meta-isolator ar-
ray.
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ploying a Rhode and Schwarz vector network analyzer (VNA)
ZVA 40 as shown in Fig. 15.

The mutual coupling is lower than —24 dB while all the
GNSS bands of interest are occupied. It can be observed that the
maximum isolation at the GPS L1 band (1.575 GHz) is 30.4 dB
while at the BeiDou B1 (1.561 GHz) and GLONASS G1 bands
(1.602 GHz), the highest value of isolation is 26 dB and 32 dB,
respectively. The radiation pattern of the proposed DGS and
meta-isolator design was measured in an anechoic chamber us-
ing a 1-4 power divider as shown in Fig. 16.

In Fig. 17, the presented radiation pattern demonstrates the
formation of a null directed towards boresight at 1.575 GHz.
This pattern is achieved by concurrently exciting all four ports
in the anechoic chamber, employing a 1-4 power splitter. The
measured null depth exceeds 40 dB which is consistent with the
simulation.

The normalized E and H-plane RHCP and LHCP radiation
patterns are shown in Fig. 18 when only a single port is excited
at 1.575 GHz. It can be seen that the presented antenna array
has good polarization purity with a reduced LHCP component
making it an ideal option for robust GNSS multi-band appli-
cations. Moreover, the RHCP pattern shows that the proposed
antenna covers the upper hemisphere facing the sky ensuring
good GNSS coverage for optimum performance.

Table 1 presents a comparative analysis between our pro-
posed design and the existing designs reported earlier in the
literature.

WWwWw.jpier.org



PlER Letters

Madni and Khan

@ 40

-50}-=—LHCP ® = 0° [
60 A—LHCP®=0°
_70_-—0—RHCP<I>=90° [
s T RHCP @ =00°
150 100 -50 0 50 100 150
Theta (Degrees)

Realized Gain (dBi)
A
i

Realized Gain (dBi)
A
<

-80

—&— LHCP @ =90°
—4&—RHCP @ =0°
—¥—RHCP @ =90°

o_r/w‘\‘\.\‘\;.
-101 —8—LHCP ® =0° [
.50 [
-Go-m.
704 X

14

1.5 1.6

1.7

Frequency (GHz)

1.8

FIGURE 13. Simulation results of the proposed array with DGS and meta-isolator. (a) Realized CP gain variation with theta. (b) Realized CP gain

variation with frequency.

(b)

FIGURE 14. Fabricated DGS and meta-isolator array. (a) Top side. (b) Bottom side.
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FIGURE 15. Simulation results of the proposed array with DGS and meta-isolator. (a) Reflection coefficient. (b) Mutual coupling.

TABLE 1. Comparison of presented design with existing literature.

Reference # [5] [7] 8] [14] 151 | [16] | (17 [18] Proposed
Area (cm?) 119.29 122.65 12265 | 15320 | 400 | 361 196 184.96 122.65
No. of 4 4 4 3 5 4 4 4 4
Elements
GNSS band L1, Bl BI,LI BI,LI L1, Bl
R R ) B b L1 | BI,LI | B3 B3 b B0
Covered El, Gl El, Gl El, Gl El, Gl
Isolation (dB) | > 15,25 > 20 > 25 >186 | >20 | >22 | >18 > 20 > 24
Gain (dBi) - >33 > 5.75 - >4 ; i >6 > 6.9
Efficiency - >38% | > 58.8% - - - > 52% - > 93%
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FIGURE 16. DGS and meta-isolator array placed in anechoic chamber
for radiation pattern measurement.
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FIGURE 17. Measured and simulated radiation pattern of the fabricated
model with a null formed.
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FIGURE 18. (a) Simulated and measured normalized RHCP and LHCP patterns for E-plane. (b) Simulated and measured normalized RHCP and

LHCP patterns for H-plane.

The proposed antenna is compared with previously published
works on the basis of size, number of GNSS bands covered,
isolation level, gain, and efficiency. The size of the presented
antenna is significantly less than the designs reported in [14—
18]. The proposed antenna also covers more GNSS bands
than [5, 14-17] making it more robust and versatile. The iso-
lation level of the proposed design is also more than described
in [7, 14-18]. Furthermore, the gain and efficiency of our pro-
posed design are significantly greater than the previous de-
signs [7, 8] employing an absorber that degrades these two es-
sential parameters. The design complexity of the proposed de-
sign is also significantly less than [5, 16] which employ a verti-
cal wall of split ring resonators (SRRs), increasing the vertical
height of the antenna arrays. Hence, the presented four-element
antenna array surpasses the earlier published GNSS arrays due
to more GNSS bands covered, compact size, higher isolation
level, higher gain, more efficiency, and design simplicity.
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6. CONCLUSION

In this manuscript, we introduce a compact four-element high-
isolation antenna array designed for applications in the GNSS
upper L-band. The proposed design achieves compactness by
using a high epsilon substrate while simultaneously retaining
an isolation of more than 24 dB by employing a DGS and novel
meta-isolator. The proposed antenna covers all the GNSS bands
of interest in the upper L-band, i.e., GPS L1 (1.575 GHz), Bei-
Dou B1 (1.561 GHz), Galileo E1 (1.575 GHz), and GLONASS
G1 (1.602 GHz). The proposed design exhibits excellent RHCP
realized gain indicating suitable polarization purity. The ra-
diation efficiency of the presented design is more than 93%
while the gain is more than 6.9 dBi. Owing to its compact size,
high isolation, and high efficiency, the proposed design is an
ideal option for robust GNSS multi-band applications. In fu-
ture works, the proposed research can be extended by exploring
more techniques to achieve further miniaturization and com-
pactness while simultaneously maintaining a better isolation
level. Additionally, enhancing the array’s gain can be pursued
by increasing the number of array elements.
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