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ABSTRACT This work presents a compact (125 mm diameter) wideband 4-element antenna array with a
high isolation level for global navigation satellite system (GNSS) applications. The array consists of four
right hand circularly polarized (RHCP) single feed rectangular patch antennas that can cover BeiDou B1
band (1561.098 MHz), GPS L1 band (1575.42 MHz), Galileo E1 band (1575.42 MHz) and GLONASS
G1 band (1602 MHz) of the GNSS upper L-band (1559 - 1610 MHz). The proposed array has a wide
frequency bandwidth of 80 MHz with an axial ratio of less than 3 dB. The patch elements are designed
on a substrate which has a high dielectric constant to achieve a compact size. A novel defected ground
structure (DGS) has been introduced in the ground plane along with a MT-30 microwave absorber on
the top of the array to achieve a high isolation of more than 25 dB in the entire band of interest. The
proposed design has a radiation efficiency of more than 58.8% and a peak gain of 6 dBi.

INDEX TERMS Antenna array, circularly polarized, global navigation satellite system, high isolation.

I. INTRODUCTION

DURING the last few decades, global navigation satellite
system (GNSS) such as GPS, BeiDou and GLONASS

have developed significantly. Circularly polarized (CP)
microstrip patch antenna is a judicious choice for GNSS
systems due to its various advantages such as immunity
to faraday rotation, low profile, low cost and simplicity in
the fabrication process using modern printed circuit technol-
ogy [1], [2]. However, due to an increasingly contaminated
electromagnetic environment, GNSS systems often suffer
from weak signal levels and are vulnerable to jamming
and interference. To mitigate these undesirable effects most
GNSS systems employ anti-jamming antenna arrays. These
arrays use multiple antenna elements to create nulls in the
direction of jammers so that the array can still receive the
signal in the other directions. In addition to the anti-jamming
capability, it is desirable to have miniaturized and compact
antenna arrays for mounting them on vehicles and aircrafts.
This requires the antennas to be compact in size and placed
closely to each other to reduce the overall array size. It is
also a common practice to use thick substrates to achieve

enhanced bandwidth. An important parameter to consider
when designing multi-element antennas is the mutual cou-
pling between them. If antennas are packed densely to
achieve a compact array size, this leads to higher mutual
coupling between them due to their close proximity. On the
other hand, due to the presence of the surface waves in
thicker substrates, mutual coupling is greatly enhanced. An
obvious technique to mitigate mutual coupling is to increase
the inter-element separation. However, this method is vulner-
able to the grating lobes that are formed when the spacing
between the elements is a multiple of wavelength [1], [3].
Furthermore, increasing the inter-element distance will lead
to a larger array size which is undesirable for many appli-
cations. In GNSS arrays, high mutual coupling is extremely
undesirable as it degrades the radiation efficiency and null
depth [4].
Various techniques have been proposed to address the issue

of mutual coupling in patch antennas as in [5] microstrip
antennas have been designed to reduce surface waves by
introducing additional coupling path such that the dominant
mode is not excited resulting in reduced mutual coupling.
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However, this method is limited to only specific antenna
types. Another method involves the cancellation of mutual
coupling by introducing an inductive or capacitive equal
and opposite coupling but this technique has narrow band
coupling suppression [5], [6].

Another popular approach to mitigate mutual coupling
involves the use of electromagnetic band-gap (EBG) struc-
tures. These EBG structures exhibit band-stop characteristics
for surface wave propagation thereby reducing the mutual
coupling between the array elements. In one of such works, a
mushroom like EBG structure is proposed to reduce mutual
coupling in E- and H-coupled antennas to about –24 dB [7].
Similarly, in another work an EBG structure is proposed for
an E-plane aligned 4 x 1 microstrip antenna array [8]. EBG
structures also have been used in multilayer dielectric sub-
strates for mutual coupling reduction [9]. Nonetheless, most
of the EBG structures often comprise complex geometry
involving vias making the overall occupied area larger and
the fabrication process difficult. Furthermore, EBGs give a
narrow band isolation level making their utility limited.
Recently, metamaterials have gained a lot of popularity

due to their unconventional behavior and compact size. These
are artificially engineered materials and exhibit negative per-
meability within the vicinity of their resonant frequencies.
They have simpler geometries and hence are easier to fab-
ricate as compared to the EBG structures. Metamaterials
such as split ring resonators (SRRs) and complementary
split ring resonators (CSRRs) have been employed success-
fully to demonstrate mutual coupling reduction in antenna
arrays. In [10], an open slot SRR has been proposed to
reduce mutual coupling between two closely placed patch
antenna resulting in an isolation enhancement of 6.5 dB.
Similarly, in [11] a CSRR has been incorporated to suppress
the mutual coupling for a four-port antenna. Metamaterials
also have been employed as insulating walls as in [12] where
a wall of vertically placed metamaterial is designed to reduce
mutual coupling lower than -20 dB. Similar type of vertically
placed resonators also has been used in [13] to alleviate the
mutual coupling in a compact 2 × 2 GPS array. However,
a major disadvantage of these two designs is their complex
fabrication and assembling due to the vertical arrangement
of SRRs. Moreover, they are not desirable for applications
involving vibrations such as aircrafts and high-speed vehi-
cles. Furthermore, SRRs are polarization sensitive and their
decoupling performance is dependent on their orientation
with respect to the magnetic field component. Hence, they
are more suitable in linearly polarized antennas as GNSS
antennas are circularly polarized and exhibit complex cou-
pling mechanism due to the simultaneous existence of two
orthogonal modes [14].
Another popular method for increasing isolation in MIMO

antennas is the use of defected ground structures (DGS).
These structures act as LC resonant networks. When these
structures are etched in the ground plane, they act as band-
stop filters and increase the isolation level between the
antennas. Many works have been published employing DGS

as in [15] a fractal defected ground structure (FDGS) is
introduced in a two-port MIMO antenna to enhance the iso-
lation level. Various other geometries of DGS structures have
been reported in [16], [17] to increase the isolation level in
MIMO antennas. An advantage of DGS is that it doesn’t
affect the polarization of antennas as compared to metama-
terials. Furthermore, as compared to EBGs the fabrication
of DGS is easier.
In this work, we propose a compact (125 mm diameter)

circular 4-element antenna array for GNSS applications. As
compared to the previously reported works that cover only
one or two GNSS bands and require complex fabrication
process, our proposed antenna employs a hybrid approach
consisting of a DGS and a microwave absorber material to
cover all the four GNSS services (BeiDou, GPS, Galileo,
GLONASS) in the upper L-band with a high isolation level.
The proposed antenna design consists of four coaxial feed
circularly polarized rectangular patches designed on a high
epsilon material to achieve a compact size. To achieve a high
isolation level (> 17 dB), a novel DGS structure is etched
in the ground plane. Furthermore, we also have placed a
thin MT-30 microwave absorber material to further enhance
the isolation level to more than 25 dB. 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 [19]. This work builds
upon the previous work reported in [19] where a 9.525 mm
thick MT-30 absorber has been used to achieve 20 dB iso-
lation in a four element array having the same 125 mm
diameter. Despite having a good isolation level, the design
suffers from poor efficiency (38% only) and gain (3.3 dBi
only) due to the presence of a thick absorber. Our proposed
design achieves high isolation of more than 25 dB with-
out degrading the radiation efficiency and gain by utilizing
a novel defected ground structure along with a 3.175 mm
thick absorber which is only placed at the center of the array
instead of around the radiating patches as reported in [19].
Our proposed approach allows us to achieve a gain of 6 dBi
and an efficiency of more than 58% while maintaining an
isolation of more than 25 dB. To the best of our knowl-
edge, the proposed array covers all the GNSS services of the
upper L-band with the highest isolation level reported within
a compact diameter of only 125 mm (area = 122.65 cm2).
Following this introduction, rest of the paper is orga-

nized as follows: Section II explains the design process
and simulated results of our proposed antenna array while
Section III presents the antenna fabrication and mea-
sured results. Finally, a conclusion is presented in the last
section.

II. FOUR ELEMENT GNSS ARRAY DESIGN PROCESS
A. SIMPLE FOUR ELEMENT ANTENNA ARRAY DESIGN
Initially, a simple four-element antenna array was simu-
lated without any decoupling structure having a complete

780 VOLUME 4, 2023



FIGURE 1. Design geometry of a simple four-element GNSS antenna array on
TMM10i.

FIGURE 2. Simulated impedance matching response of simple four element GNSS
antenna array.

ground plane. The design geometry consisted of four rect-
angular patches with truncated opposite corners placed on
a circular Rogers TMM10i substrate (εr = 10.5, tanδ =
0.0020) having a diameter of 125 mm and a thickness of
5.08 mm. The four patches are placed in a sequentially
rotated architecture and this arrangement has also been used
to generate circular polarization (CP) from linearly polarized
antennas [19]. This symmetrical arrangement is preferred
as two antenna elements on each opposite axis allow us
to form N-1 nulls, where N is the number of antenna
elements [19]. As the antenna elements were sequentially
rotated, therefore the ports are fed by P1 = 0◦, P2 = 90◦,
P3 = 180◦ and P4 = 270◦ phases to achieve RHCP gain
pattern without any nulls. The antenna is modelled using
High Frequency Structure Simulator (HFSS). Fig. 1 shows
the proposed simple four-element array design geometry.
Overall, the mutual coupling in the entire bandwidth of

interest is less than −11 dB. To further identify the regions
of high mutual coupling, the surface current distribution is
shown.
The simulated impedance response of the proposed sim-

ple four element antenna array is shown in Fig. 2. The
bandwidth being covered is from 1.54 to 1.61 GHz.
It can be seen that when element 1 is excited, the surface

current is highly coupled with element 2 and 4 as they
are very close to the radiating patch. Patch 3 is situated
at greater distance from the radiating patch so the isolation
between them is good, i.e., more than 20 dB (Fig. 3). Due

FIGURE 3. Simulated mutual coupling of simple four element GNSS antenna array.

FIGURE 4. Simulated surface current distribution of four element array at 1.575 GHz.

FIGURE 5. Simulated axial ratio of simple four element GNSS antenna array.

to a symmetrical design geometry, exciting the other ports
generates the similar effect. To increase the isolation between
the adjacent antenna elements a defected ground structure
(DGS) is incorporated in the ground plane.
The axial ratio of the proposed simple array is shown in

Fig. 5 as a function of the polar angle at 1.575 GHz. It is
less than 3 dB with a beamwidth of about 180◦ for good
CP performance.
The simulated mutual coupling response is shown in

Fig. 3. The mutual coupling of the proposed four element
antenna can be divided into two categories, i.e., coupling
between the adjacent antenna elements (S12, S14, S23, S34)
and the coupling between the opposite elements (S13, S24).
Furthermore, due to symmetrical design geometry S12 = S21,
S13= S31 and so on.
The mutual coupling between the adjacent elements is less

than –11 dB due to their close proximity (Fig. 3) while for
the opposite elements the coupling is less than –20 dB.
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FIGURE 6. Simulated 3D radiation pattern of simple four element array.

FIGURE 7. Design geometry of the proposed 4-element antenna array with DGS.

The 3D radiation pattern of the proposed array at
1.575GHz is shown in Fig. 6.

B. FOUR ELEMENT ANTENNA ARRAY WITH DGS
In order to increase the isolation level of the four element
antenna array shown in Fig. 1, a modified fork-like defected
ground structure (DGS) is employed. Fig. 7 illustrates the
design geometry of the proposed DGS.
The simulated reflection coefficient of the proposed

structure is shown in Fig. 8.
The simulated mutual coupling response is shown in

Fig. 9. It can be observed that the mutual coupling is less
than −17 dB in the entire bandwidth of interest. Hence there
is an improvement of 6 dB in the isolation level after incor-
porating the proposed DGS. Table 1 shows the optimized
design parameters of the proposed DGS.
The step-by-step process that led to the development of

the proposed DGS involves initially cutting a circular slot

FIGURE 8. Simulated impedance response of four-element GNSS antenna array with
DGS.

FIGURE 9. Simulated mutual coupling of four-element GNSS antenna array with
DGS.

TABLE 1. Optimized design parameters of DGS.

in the ground plane of the simple four-element array. In the
next step, rectangular perturbations are added at the diagonal
positions. Finally, in the last step, a fork-shaped DGS is
added along with some slots and stubs near the ports (Fig. 7)
so that an isolation level of more than 17 dB is achieved in
the band of interest. Fig. 10 shows the step-by-step ground
plane evolution of the proposed four-element antenna array
with DGS only.
The mutual coupling response of each ground plane stage

is illustrated in Fig. 11.
The antenna array with ground-1 exhibits an isolation

level of only 13 dB which is increased to more than 15 dB
by modifying it to ground-2. Ground-3 consists of a fork-
shaped DGS to further enhance the isolation level to more
than 17 dB in the entire band of interest. The corresponding
reflection coefficients of these cases are shown in Fig. 12.
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FIGURE 10. Step-by-step evolution stages of the ground plane of the proposed DGS
only four-element antenna array.

FIGURE 11. Mutual coupling response of each ground plane stage of the proposed
DGS based four-element antenna array.

It can be observed that the reflection coefficient of
ground-3 is better than ground-2 and ground-1 with the
antenna array resonating at the center frequency which is
GPS L1 band, i.e., 1.575 GHz.
The corresponding 2D radiation patterns of these cases are

presented in Fig. 13 for the GPS L1 band (1.575 GHz). It
can be observed that there is back lobe radiation for ground-1
and ground-2. However, for ground-3 there is no significant
back lobe radiation. Therefore, the proposed DGS based four
element antenna array (Fig. 7) is covering the full upper half
spherical-beam facing the sky which is required for GNSS
antenna arrays.
Therefore, the proposed ground-3 based antenna design

(Fig. 7) has an isolation level of 17 dB in the entire band
of interest without any significant back-lobe radiation. The

FIGURE 12. Reflection Coefficient of each ground plane stage of the proposed DGS
based four-element antenna array.

FIGURE 13. 2D radiation pattern of each ground plane stage of the proposed DGS
based four-element antenna array.

3D radiation pattern of the proposed DGS based antenna at
1.575 GHz is shown in Fig. 14 which is in accordance with
the 2D radiation pattern of ground-3 shown above.
The axial ratio of the proposed four-element array with

the proposed ground 3 (Fig. 7) is shown in Fig. 15. The
axial ratio is less than 3 dB for good CP performance with
a beamwidth of about 180◦.
It can be concluded from the above discussion that the

ground plane of the proposed antenna plays a decisive role in
the improvement of isolation of the proposed antenna. Apart
from isolation, the other important antenna parameters such
as axial ratio, gain, and radiation pattern are not degraded.
The axial ratio is less than 3 dB (Fig. 15), the gain is more
than 6 dBi (Fig. 14) and there is no significant back lobe
radiation as observed in Fig. 13. The reflection coefficient
of the antenna is slightly degraded after employing DGS but
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FIGURE 14. Simulated 3D radiation pattern of four element array with DGS.

FIGURE 15. Simulated axial ratio of four element GNSS antenna array with DGS
(Fig. 7).

it is still resonating at the center frequency of 1.575 GHz
(GPS L1 band). In the next step, a microwave absorber
is employed which not only improves the isolation level to
more than 25 dB but also improves the reflection coefficient.

C. FOUR ELEMENT ANTENNA ARRAY WITH DGS
AND ABSORBER
In order to further increase the isolation level, a 3.175 mm
thick microwave absorber material MT-30 (εr = 15.79, tanδ
= 1.944) is placed on the top surface at the center of the
array. The introduction of microwave absorber alters the
input impedance of the patches and effects the impedance
matching performance. Therefore, we have re-optimized the
locations of feed points s, size of patch elements, width of
the slot with fork branches a and the distance between the
fork-shaped branches m (Fig. 7) in the ground plane of the
antenna array to tune the array for optimum performance
within our desired bandwidth of interest. Fig. 16 shows the
design geometry of the proposed absorber based DGS array.
We have chosen a = 17 mm, s = 6.8 mm, and

m = 3.35 mm in our re-optimized ground plane such that
the bandwidth as well as the isolation remains satisfac-
tory. Fig. 17 shows the impedance matching response of the
proposed array which indicates that all four GNSS bands
are occupied.
The simulated mutual coupling response is shown in

Fig. 18. The mutual coupling is less than –25 dB in the
entire bandwidth of interest. Therefore, there is an improve-
ment of 14 dB in isolation level as compared to the case
involving simple four element array (Fig. 1).

FIGURE 16. Design geometry of the proposed four-element array with absorber and
DGS. (a) Top layout with absorber. (b) Bottom layout with DGS.

FIGURE 17. Simulated impedance response of four-element GNSS antenna array
with DGS and absorber.

FIGURE 18. Simulated mutual coupling of four-element GNSS antenna array with
DGS and absorber.

Table 2 summarizes the isolation enhancement achieved
by each technique starting with the simple four element array
without any decoupling structure having an isolation level
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TABLE 2. Isolation achieved from each technique.

FIGURE 19. Simulated results of the proposed 4-element array with DGS and
absorber. (a) 2D radiation pattern (b) axial ratio.

FIGURE 20. Simulated results of the proposed 4-element array with DGS and
absorber. (a) radiation efficiency (b) axial ratio variation with frequency.

of only 11 dB. In the second step a DGS was employed to
achieve an isolation level of 17 dB. Finally in the last step,
a microwave absorber material was incorporated to further
enhance the isolation level to 25 dB.
The gain of the proposed array is more than 6 dBi

while the axial ratio is less than 3 dB for good CP
performance. Fig. 19 illustrates these results for the GPS
L1 band (1.57542 GHz). The axial ratio beamwidth is about
180◦. Hence, the proposed antenna is able to cover the full
upper half spherical beam facing the sky. Furthermore, the
axial ratio is also not degraded at the cost of improving the
isolation level.
The simulated radiation efficiency of the proposed antenna

array and the axial ratio variation with frequency is shown
in Fig. 20. The efficiency with both absorber and DGS at
BeiDou B1 band (1.561 GHz) is 62.2%. At GPS L1 and
Galileo E1 bands (1.57542 GHz), the value of efficiency is
61.2% while at GLONASS G1 band the efficiency is 58.8%.
These values of efficiencies are better than reported in [19]
by up to a maximum of 24%. The axial ratio is less than
3 dB in the required band of interest.
The impact of microwave absorber on the isolation can be

analyzed by the simulating the surface current distribution.

FIGURE 21. Simulated surface current distribution of four element array with DGS
and absorber at 1.57542 GHz.

FIGURE 22. Simulated 3D radiation pattern of four element array with DGS and
absorber.

FIGURE 23. Simulated gain vs frequency plot of the proposed four element antenna
with DGS and absorber.

Fig. 21 shows the surface current distribution of the absorber
based DGS array at the GPS L1 band, i.e., 1.57542 GHz.
During these simulations port 1 is excited and the other
ports are turned off to analyze the coupling performance.
The current is trapped by the fork shaped DGS and the
absorber thereby increasing the isolation level.
The 3D radiation pattern of the proposed DGS and

absorber based array is shown in Fig. 22 at 1.575 GHz.
The array has a peak gain of above 6 dBi. Therefore, there
is no significant degradation in gain by using the absorber
and DGS as the gain is still more than 6 dBi.
Fig. 23 shows the gain variation of the proposed array

with DGS and absorber against frequency. The peak gain is
6 dBi at 1.561 GHz.
The RHCP and left hand circularly polarized (LHCP) gain

variation with frequency and polar angle is shown in Fig. 24
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FIGURE 24. Simulated results of the proposed 4-element array with DGS and
absorber. (a) realized CP gain variation with frequency (b) realized CP gain variation
with theta.

FIGURE 25. Simulated radiation pattern at GPS L1 band with null in the boresight
direction.

TABLE 3. Optimized design parameters of DGS and absorber array.

indicating that our proposed array is RHCP having good
polarization purity.
The anti-jamming performance of the proposed antenna

array can be evaluated by adding nulls. If each port is fed
by a phase shift of 0◦, then a null is formed at the bore-
sight direction. Fig. 25 shows the radiation pattern with null
formed at the boresight for the simple array, array with DGS
only and the array with both DGS and absorber.
The null depth for the simple four-element array is 31 dB,

for array with DGS only the null depth is 42 dB and for
the array with DGS and absorber the null depth achieved
is 48 dB. Therefore, for the design with the highest iso-
lation level (> 25 dB) i.e., array with DGS and absorber
the null depth is maximum indicating good anti-jamming
performance. Table 3 shows the optimized design parameters
of our proposed design (Fig. 16).
The microwave absorber material MT-30 is commercially

available in a thickness of 3.175x mm, where x is an integer
ranging from 1 to 4. We have chosen x =1 in our proposed

FIGURE 26. Variation in the reflection coefficient of the DGS and absorber antenna
with absorber thickness.

FIGURE 27. Variation in the radiation efficiency of the DGS and absorber antenna
with absorber thickness.

design hence the thickness of the absorber being used is
3.175 mm (Fig. 16a). Fig. 26 shows the variation of reflec-
tion coefficient of our proposed antenna with increase in the
thickness of the absorber. Since our proposed antenna has
perfect symmetry and S11 = S22 = S33 = S44, hence we
have shown the variation of S11 only against the standard
thickness of the available absorber. Increasing the absorber
thickness increases the bandwidth and shifts the impedance
response towards the lower end of the frequency spectrum.
It is also important to keep in mind that the radiation

efficiency is degraded as the absorber thickness is increased.
Fig. 27 shows the effect of increasing the absorber

thickness on radiation efficiency.
It can be observed in Fig. 27 that the radiation efficiency

is maximum for the absorber with a thickness of 3.175 mm.
For the absorber with the highest thickness of 12.70 mm,
the radiation efficiency drops to only about 50%. Therefore,
in our proposed design we have chosen the least available
thickness of the absorber, i.e., 3.175 mm such that the radia-
tion efficiency is not degraded and the required bandwidth is
also covered. Furthermore, using the absorber of least avail-
able thickness makes our design cost effective and easier to
be assembled into a fabricated prototype.
The thickness of the absorber also impacts the isolation

level. Since the absorber is placed in the center of the array,
therefore it effects the isolation between the opposite antenna
elements, i.e., antenna 1 and 3 and antenna 2 and 4 (Fig. 16)
significantly as compared to the adjacent antenna elements.
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FIGURE 28. Variation of mutual coupling with absorber height (solid lines with
symbols for opposite elements S13 & S24, dashed lines for adjacent elements S12, S14,
S23 & S34) at (a) absorber height 12.7 mm and Wp = Lp = 26 mm, (b) absorber height
9.525 mm and Wp = Lp = 26 mm, (c) absorber height 6.35 mm and Wp = Lp = 26 mm
(d) absorber height 3.175 mm and Wp = Lp = 27.4 mm.

As the absorber height is increased isolation between the
opposite antenna elements increases.
For the absorber height of 12.7 mm the isolation for oppo-

site elements is more than 28 dB, for absorber height of
9.525 mm the isolation for opposite elements is 27 dB while
for 6.35 mm thick absorber it is 26 dB. Since increasing
the absorber height also shifts the reflection coefficient as
shown in Fig. 26, therefore the size of the patch is slightly
reduced to Wp= Lp = 26 mm so that during the simulations
the required bandwidth of interest is covered. For absorber
height of 3.175 mm, the patch size is chosen to be Wp= Lp
= 27.4 mm so that the required bandwidth is covered and at
this height the adjacent as well as the opposite elements have
an isolation level of more than 25 dB. Fig. 28 illustrates the
variation in isolation level with absorber height.
It is clear from the above simulations that for the absorber

height of 3.175 mm, the reflection coefficient, isolation and
the radiation efficiency are the most ideal. At this thickness
the isolation level of adjacent as well as the opposite ele-
ments remains more than 25 dB as shown in Fig. 28d. Using
an absorber of height greater than 3.175 mm will not only
degrade the radiation efficiency (Fig. 27) but also impact the
isolation level of the adjacent antenna elements.
Another critical parameter that affects the isolation of the

proposed array is the distance of the absorber form the edges
of the patches shown by Sa (Fig. 16a). The isolation level
increases as the absorber size Wa is increased, i.e., Sa is
reduced. For Sa = 10.6 mm, the isolation is more than
18 dB in the bandwidth of interest. As Sa is reduced and

FIGURE 29. Variation of mutual coupling with Sa (solid lines with symbols for
opposite elements S13 & S24, dashed lines for adjacent elements S12, S14, S23 & S34) at
(a) Sa = 10.6 mm, (b) Sa = 8.1 mm, (c) Sa = 7.1 mm and (d) Sa = 2.1 mm.

the absorber is brought closer to the edges of the antenna
patches, the isolation level increases and the at Sa = 2.1 mm
a high isolation level of more than 25 dB is observed in the
entire bandwidth of interest. Fig. 29 illustrates this trend for
different values of Sa keeping the absorber height fixed, i.e.,
3.175 mm.
The above discussion shows that we have positioned the

absorber in such a way that it equally impacts the isolation
level for all the antenna elements. The parameters of the
absorber have been optimized such that the isolation in the
entire bandwidth of interest is more than 25 dB. The height
of the absorber is also chosen to be minimum such that the
radiation efficiency is not degraded.
The performance of the proposed DGS and absorber based

array can also be analyzed by MIMO performance param-
eters such as the Envelope Correlation Coefficient (ECC)
and Diversity Gain (DG). For a two port antenna ECC can
be found form the antenna far-fields using the following
expression [20]:

|ρ12|2 = ρe (ECC)

=
∣
∣
∫∫

4π
[E1(θ,�) ∗ E2(θ,�)d�]

∣
∣
2

∫∫

4π
|E1(θ,�)|2d� ∫∫

4π
|E1(θ,�)|2d� (1)

The value of ECC for an uncorrelated antenna should be
zero ideally, however, ECC below 0.5 is considered good
for MIMO performance [20]. Fig. 30 shows the ECC for
the proposed four-element DGS and absorber based array
which is less than 0.35 in the entire band of interest.
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FIGURE 30. ECC of the proposed DGS and absorber based four element antenna
array.

FIGURE 31. DG of the proposed DGS and absorber based four element antenna
array.

Another important MIMO parameter is the diversity gain
(DG). It can be evaluated from the following expression [20]:

DG = 10
√

(1 − |ρ|2) (2)

where ρ is the complex correlation coefficient, with |ρ|2 ≈
ECC.
DG for good MIMO performance should be more than

9 dB [20]. Fig. 31 shows the simulated DG for the proposed
DGS and absorber based four element array which is more
than 9.3 dB in the entire band of interest.
Therefore, it is clear that the proposed DGS and absorber

antenna array also has good MIMO performance in the entire
bandwidth of interest.

III. FABRICATION AND MEASURED RESULTS
The proposed four-element absorber-based DGS antenna
array (Fig. 16) was fabricated by using a LPKF rapid pro-
totype milling machine S103 on Rogers TMM10i substrate.
The MT-30 absorber having a thickness of 3.175 mm was
also fabricated by using the same machine and is held in
fixed position by using two screws. Fig. 32 shows the top
and bottom layout of the fabricated antenna array.
The S-parameters of the fabricated model were measured

by using a Rhode and Schwarz vector network analyzer
(VNA) ZVA 40. Fig. 33 shows the measured impedance
matching response of the fabricated antenna array. It is clear
from Fig. 30 that the fabricated model covers all the four
major GNSS bands, i.e., GPS L1, BeiDou B1, Galileo E1
and GLONASS G1 in the GNSS upper L-band.
It can be observed in Fig. 34 that the mutual coupling in

the entire bandwidth of interest is less than −25 dB. The

FIGURE 32. Fabricated model of the proposed absorber and DGS based
four-element antenna array. (a) Top view (b) Bottom view.

FIGURE 33. Measured impedance matching response of four-element GNSS
antenna array with DGS and absorber.

FIGURE 34. Measured mutual coupling of four-element GNSS antenna array with
DGS and absorber.

maximum isolation level achieved is 43 dB at GLONASS G1
band (1.602 GHz). The maximum isolation at the BeiDou
B1 band (1.561GHz) is 28 dB while for the GPS L1 and
Galileo E1 bands (1.575 GHz), the highest isolation attained
is 30 dB. The slight variation in the simulated and measured
results is due to the non-idealities of the fabrication process
and variation in the permittivity of the substrate. The radia-
tion pattern of the proposed antenna array was measured in
the anechoic chamber as shown in Fig. 35. The experimen-
tal setup consisted of a 1-4 power divider for feeding the
antenna array with equal power at each port.
Fig. 36 shows the measured radiation pattern when a null

is formed in the boresight direction at 1.575 GHz. This is
the pattern obtained when all four ports are simultaneously
excited in the anechoic chamber using a 1-4 power divider.
The measured null depth is 48 dB which is in accordance
with the simulated results.
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TABLE 4. Comparison of proposed antenna with other works.

FIGURE 35. Radiation pattern measurement setup of the proposed DGS and
absorber four element antenna array. (a) Front view (b) Back view showing 1-4 power
divider.

FIGURE 36. Simulated and measured radiation pattern of the proposed array with a
null at boresight at 1.575 GHz.

Fig. 34 shows the measured mutual coupling response of
the proposed antenna array.
Fig. 37 presents the normalized measured and simulated

E and H-plane RHCP and LHCP 2D radiation pattern
when only one port is excited at 1.575 GHz showing
good polarization purity. Moreover, the nearly hemispher-
ical behaviour of the RHCP radiation pattern with minimum

FIGURE 37. Normalized measured and simulated CP radiation patterns of the
proposed array with DGS and absorber at 1.575 GHz. (a) E-plane (b) H-plane.

cross-polarization (LHCP component) and back lobe radia-
tion shows that the proposed antenna array is an excellent
choice for robust GNSS upper L-band applications.
Table 4 shows the comparison of proposed of our

proposed design with previously reported literature. In com-
parison with previously published works that cover either
one or only two GNSS bands [13], [21], [22], [23], [24],
our proposed antenna simultaneously operates on all four
GNSS services (BeiDou B1 band 1561.098 MHz, GPS L1
band 1575.42 MHz, Galileo E1 band 1575.42 MHz and
GLONASS G1 band 1602 MHz) in the upper L-band. Our
proposed design has more isolation level than GNSS arrays
reported in [19], [21], [22], [24]. The isolation level reported
in [23] is 25 dB, but the size of this array is significantly
greater than our proposed array and it operates across only
one GNSS band thus making its utility limited. Moreover
in [23], a vertical meta-material wall of height 45 mm is
used to increase the isolation which increases the design
complexity and make it unsuitable for practical applications
with strong vibration circumstance. Furthermore, the size
of our proposed antenna array is also more compact than
designs reported in [21], [22], [24]. In addition to this, our
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proposed antenna has a simpler feeding mechanism as com-
pared to the designs that utilize dual feeding networks or
lossy lumped components [13], [24], [25], [26]. The size of
our proposed antenna is same as reported in [19], but the
radiation efficiency and gain of this design is only 38% and
3.3 dBi respectively due to the presence of a 9.525 mm thick
MT-30 absorber. We have used only 3.175 mm thick MT-30
absorber which is the least thickness commercially available
along with a combination of DGS to enhance the isolation
level without degrading the radiation efficiency (> 58.8%)
and gain (> 6 dBi). The null depth of our proposed array
is also more than reported in [19] due to a higher isolation
level of more than 25 dB. Therefore, our proposed four-
element antenna array outperforms the previously reported
GNSS arrays owing to a greater number of GNSS bands cov-
ered, compact size, higher isolation level, more null depth
for anti-jamming performance, higher gain, more efficiency
and design simplicity.

IV. CONCLUSION
In this work, a compact four element high isolation antenna
array is presented for GNSS upper L-band applications. The
array is designed on high epsilon material to achieve a
compact patch size of only 27.4 mm x 27.4 mm and an
overall area of only 122.65 cm2. The proposed array cov-
ers all the four major GNSS services in the upper L-band,
i.e., BeiDou B1 (1.561098 GHz), GPS L1 (1.57542 GHz),
Galileo EI (1.57542 GHz) and GLONASS G1 (1.602 GHz)
by covering the bandwidth from 1.556 -1.610 GHz. A high
isolation level of more than 25 dB is achieved in the entire
bandwidth of interest by employing a DGS and a low-
cost microwave absorber material. The proposed array has
a high gain of 6 dBi. The anti-jamming performance of
the proposed array is analyzed by the simulating the null
depth at the boresight direction which is 48 dB owing to
a high isolation level. The MIMO performance parameters
ECC (< 0.35) and DG (> 9.3 dB) also have been evaluated
for the proposed antenna DGS and absorber array. Owing to
a wide bandwidth, high isolation, high gain and better null
depth, the proposed array is an excellent choice for GNSS
applications.
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