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Circularly polarized microstrip antenna
arrays with reduced mutual coupling using

metamaterial

R. HAFEZIFARD', JALIL RASHED-MOHASSEL?, MOHAMMAD NASER-MOGHADASI"
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A circularly polarized (CP) and high gain Microstrip antenna is designed in this paper using metamaterial concepts. The
antenna, built on a metamaterial substrate, showed significant size reduction and less mutual coupling in an array compared
with similar arrays on conventional substrates. Demonstrated to have left-handed magnetic characteristics, the methodology
uses complementary split-ring resonators (SRRs) placed horizontally between the patch and the ground plane. In order to
reduce mutual coupling in the array structure, hexagonal-SRRs are embedded between antenna elements. The procedure
is shown to have great impact on the antenna performance specifically its bandwidth which is broadened from 400 MHz
to 1.2 GHz for X-band and as well as its efficiency. The structure has also low loss and improved standing wave ratio and
less mutual coupling. The results show that a reduction of 26.6 dB in mutual coupling is obtained between elements at the
operation frequency of the array. Experimental data show a reasonably good agreement between simulation and measured

results.
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. INTRODUCTION

Circularly polarized (CP) array antennas have been the subject
of interest for many years, due to the requirement for greater
penetration and coverage in wireless and satellite communica-
tions. Early implementations of omnidirectional CP were
made by stepped impedance stub (SIS), loaded stepped
impedance resonators (SIR), SIS loaded hexagon SIR [1] or
by using a proper asymmetry within the annular-ring slot
structure and feeding the annular-ring slot using a slot line
feed [2]. Also, these antennas are useful in numerous applica-
tions such as surveillance, interference mitigation, Synthetic
Aperture Radar (SAR) sensor, radars and Global Navigation
Satellite System (GNSS) remote sensing particularly at S-
and X-bands [3-9].

On the other hand, mutual coupling between array ele-
ments affects both the embedded element radiation pattern
and the element input impedance. Radiation from one
driven element induces currents on neighboring elements,
which causes the embedded element pattern to differ from
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the isolated element pattern [10]. The driven element also
induces a nonzero voltage at the terminals of other elements
[11]. In millimeter microstrip antennas, the size of the
antenna is very small. At a distance of A/2 between two anten-
nas, mutual coupling is crucial due to the propagation of
surface waves. Also, it is observed that both increasing the
substrate thickness and the permittivity will increase the
mutual coupling and the bandwidth is slightly increased
[12]. Therefore in the case of high permittivity, it is essential
to minimize mutual coupling using new techniques.

This paper presents the design of a single-fed CP antenna
for X-band radars, SAR sensors and remote sensing applica-
tions. The design is a two-element linear array in the metama-
terial substrate. However it is possible to increase the number
of elements for an array. The bandwidth requirement must be
compatible with a low axial ratio (AR) less than 3 dB to ensure
transmitting and receiving CP waves. In order to minimize the
mutual coupling between two antenna elements, we describe a
simple technique using embedded hexagonal-shaped metama-
terial layers between antenna elements. This technique utilizes
the hexagonal-split-ring resonators (SRRs) to reduce the
mutual coupling between two neighboring patches and does
not require an intricate fabrication process. Metamaterials
provide effective isolation between microwave circuit ele-
ments in specific frequency bands. The basic function of meta-
material insulators is blocking of electromagnetic energy from
being transmitted across the insulation boundary. In other
words, the hexagonal-SRRs are capable of reducing the
surface waves within a certain frequency band. Also, the use
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of circular rings with parallel line strips provides a more
robust CP antenna due to improved phase stability of the
feed arrangement.

II. SINGLE-FED CP ANTENNA

A conventional microstrip patch antenna is usually made on a
substrate and backed by a conducting ground plane. In the
present structure, double back to back SRRs are placed hori-
zontally between the patch and ground plane. In order to
maintain the transmission consistency of the input energy,
the metal in and around the feed-line area is etched.

A) Metamaterial basic theory

Left-handed metamaterials have received considerable interest
due to their unique physical properties. Usually, € and w are
both positive in ordinary materials. For certain artificial struc-
tures, however, both the effective permittivity, &.5and effective
permeability, w5 can have negative values. In such media,
the electric, magnetic, and wave vector components form a
left-handed (LH) coordinate system, hence the name LH mater-
ial is used for their description. The capacitive elements of SRRs
are applied to the resonant behavior, which in turn results in
rather high positive and negative values of permeability near
the magnetic resonant frequency. The resonance characteristics
of SRRs are studied in the literature in order to understand the
mechanism behind negative permeability [13]. We first per-
formed simulations to compare with the experimental results.
Simulations were performed by using the commercial software
high frequency structure simulator (HFSS), which is a three-
dimensional (3D) full-wave solver and employs the finite
element method. We also measured the transmission coefficient
S,, of the SRR unit cell using two monopole antennas which
were used for transmission and detection of electromagnetic
waves through the single SRR unit [14, 15]. The simulated
and measured frequency responses of embedded single and
double SRRs structures are shown in Fig. 1. A transmission
dip is observed at 11.1 GHz throughout the transmission spec-
trum of a single SRR and a broadband transmission dip at
11 GHz for double SRR structure. Simulations are in good
agreement with the experiments.

We also propose a new broadband metamaterial structure
composed of a unit cell with multiple hexagonal-shaped metal
rings printed one inside the other. The introduced metamater-
ial structure exhibits multi-resonant behavior due to distinct
magnetic resonances caused by the self and mutual coupling
of each inclusion. The number of distinct magnetic resonances
is determined by the numbers of hexagonal-shaped rings
placed in the unit cell. With a magnetic field applied along
the z-axis (Fig. 2), an electromotive force appears around
the hexagonal-SRR which makes the structure behaves like a
L-C network with a resonant frequency, f,, expressed as:

fo= - (1)

277\/ 2aeanet Cnet

where a., is the effective radius, L, is the net inductance and
C,e: is the net effective capacitance of the equivalent L-C
network of the hexagonal-SRR [16]. The effective radius, a.,,
can be obtained analytically [16], which is given in
Appendix A. Using two rings and a hexagonal-plate on the
center, three distinct resonant frequencies can be shifted to
desired values simply by changing the design parameters
which is described in the paper. Transmission and reflection
spectra of the proposed structure are obtained and the reson-
ant frequencies are observed.

The simulated and measured frequency responses of an
embedded hexagonal-shaped metamaterial layer are shown
in Fig. 2. We use this property to reduce the mutual coupling
between two antenna elements.

The elements of the S matrix can be obtained from the ele-
ments of the T-matrix [17] using the analytic expression for
the T-matrix elements:

821 = Slz
- - (2)
" cos(nkd) — [i/2](Z(w) + 1/Z(w)) sin(nkd)’ 2
Sll = Szz = é (Z(lw) - Z(w)> Sln(”kd) (3)

Here, S,, and S,, are the reflection and transmission coeffi-
cients of the S-parameters, respectively. The wave number k
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Fig. 1. The frequency responses of an embedded single and double SRR structure.
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Fig. 2. Frequency responses of an embedded hexagonal-SRR structure. All dimensions are in mm.

is the incident wave number [18]. The incident wave is
assumed to travel rightward along the positive x-axis, with
the origin defined as the first face of the material seen by
the radiation. When characterizing the SRR system to be
used as an equivalent homogeneous slab, d is the thickness
of such a slab. Equations (2) and (3) can be inverted yielding
Z(w) and n(w) in terms of the scattering parameters:

@+, -8
20 =\ [ (@)

(@) = cos™!| =
f’l(l)—deOS 25,

—§ + s;>] (s)

Also, the refractive index and normalized intrinsic impedance
of the material can be expressed in terms of €(w) and u(w) as:

n(w) = / w) x e(w), (6)
Z(w) = v/ (w)/e(w). (7)

In Fig. 3 it can be observed that the real parts of &,(w) and
W, (w) of the proposed structure are matched at 10-11.7 GHz.

B) Antenna design procedure

A radiating semi-circular patch is placed above a dielectric
substrate backed by a ground plane. A microstrip single-fed
line is used to excite the patch. Two conducting SRRs are
placed horizontally between the patch and the ground plane.
The geometry of SRRs, shown in Fig. 4(c), is optimized by
varying the number of split rings, radius of the largest ring,
slot width, metallization width, and gap width. To reduce opti-
mization costs, the values of metallization width and the gap
width are chosen to be the same for all of complementary
split rings [14].

Figure 4 illustrates the proposed geometry and prototype of
a minijaturized circular patch antenna and its dimensions.

We have also optimized the separation of the two rings
slightly to achieve a better performance of the antenna. In
this connection, the radiation along the patch direction is sig-
nificantly enhanced.
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Fig. 3. Results for the two-ring hexagonal-SRR, real parts of the permeability and permittivity.
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Fig. 4. Geometry and prototype of a miniaturized circular patch antenna and its dimensions; (a) 3D view, (b) antenna element, (c) SRRs structure, (d) ground
plane, (e) top and bottom of single element antenna prototype, (f) simulated vector magnetic field distributions at 10.8 GHz. All dimensions are in mm.

C) Feed line for circular polarization

The patch antenna is excited through a microstrip single-line.
The antenna is matched through a quarter-wavelength micro-
strip line transformer with stubs and their dimensions opti-
mized to enhance the matching between the antenna and
the 50() microstrip line. The excitation line has a delay
ring to provide the circular polarization. The method of
analysis used here follows the conventional approach
adopted for coupled microstrip lines. In addition, the coup-
ling is carefully controlled by microstrip circular ring reson-
ator and the tuning is performed by changing the radius of
the ring. By using the correct amount of delay, the signal
can be shifted for the intended amount of phase shift [19,
20]. A circular-shape slot is cut in the ground plane as
shown in Fig. 4(d) and its dimensions are optimized to
enhance the circular polarization. It can be seen that a
high level of electromagnetic coupling is present between

https://doi.org/10.1017/51759078715000847 Published online by Cambridge University Press

the delay ring and the upper end of the radiant patch.
This effect together with that due to the circular slots
etched on the ground plane is responsible for the excitation
of the circular polarization. In fact, the circular ring appears
to behave more like a device breaking the symmetry of the
structure, and coupling strongly with the upper edge of the
radiating patch. This coupling is able to excite a circular
polarization. Figure 4(f) shows the magnetic field distribu-
tions excited on the feeding line and the radiating element
for four different instants (phase of magnetic field) ie.
wt =0° 90° 180° and 270°. It is noted that the vector
magnetic field distributions at wt= 180" and 270° are
equal in magnitude and opposite in phase of wt=0°, 90°,
respectively. Therefore, it can be concluded that the magnet-
ic field vector rotates in the right-hand direction by 90° in
+z-direction after a quarter-period, which satisfies the
requirement of the spatial and temporal quadrature for cir-
cular polarization. As for —z-direction, the direction in
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Fig. 5. The proposed antenna, (a) simulated and (b) measured polar radiation pattern, at 10.8 GHz in the xz-plane (¢ = 0°) and the yz-plane (¢ = 90°).
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Fig. 6. Simulated and measured antenna AR at different deviations from the center frequency.

which the magnetic field vector rotates is opposite to that of
+z-direction, ie. the proposed CP antenna generates right
hand circular polarization (RHCP) in +z-direction while
left hand circular polarization (LHCP) in —z-direction

[21]. In addition, since the levels of the surface current
density along the edge of the radiator are higher, the emis-
sion of electromagnetic energy mainly takes place from the
regions located along the edges of the radiating patch [21].
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Fig. 7. Simulated and measured return loss for single antenna.
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Fig. 8. Simulated S-parameters for array antenna in the different structures.
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Fig. 9. Geometry and prototype of array antenna and its dimensions in mm;
(a) 3D view, (b) top and bottom view of the antenna. (c) Simulated surface
currents intensity at the resonant frequency.
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Figure 5 presents the proposed antenna radiation pattern
from which, the antenna introduces RHCP performance.
The proposed antenna has 3 dB AR bandwidth of 8oo MHz
as shown in Fig. 6 which covers the required band.

The proposed patch antenna was designed, simulated, fab-
ricated, measured, and comparatively studied with theoretical
results. The prototype CP antenna was fabricated on Rogers
RO4003 dielectric substrate, which has a thickness of
1.6 mm, a relative permittivity of 3.38, and loss tangent of
0.003. The substrate was plated with 1 oz Copper. To optimize
the design for various parameters, a full wave finite element
method simulator was used. The simulated and measured
S.. values of the proposed antenna and the patch antenna
without SRRs are obtained and shown in Fig. 7. As is observed,
the operating bandwidth of the conventional patch antenna is
400 MHz (around 10.5 GHz), which is typically wide. The
proposed antenna is designed to have 1 mm gap between
SRRs, and the —10dB bandwidth within 10.4-11.6 GHz
range. The bandwidth is 1.2 GHz and is three times wider
than the bandwidth of the conventional antenna.

. MUTUAL COUPLING
REDUCTION

When two CP antenna elements are brought in the vicinity of
each other, the current in each element changes in both amp-
litude and phase. We introduce the coupling path term in
order to account for the mutual coupling between antennas
and the current path through the displacement current.
A hexagonal-SRR metamaterial is developed in order to
efficiently suppress the electromagnetic coupling between
closely-spaced antenna elements. The hexagonal-SRRs con-
sidered here have equal sides with strip widths of 0.5 mm.
The rings with small gaps are etched on and in the dielectric
substrate in two rows. The cut gaps within the metallic rings
are 0.5 mm. The total size of the dielectric substrate is 30 x
25 mm® with a thickness of 1.6 mm. The hexagonal-SRRs
are made of copper with a thickness of 20 um.

By embedding the hexagonal-SRRs array between the
antenna elements, as shown in Fig. 8, the mutual coupling
has been reduced by about 26.6 dB at the resonant frequency,
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Fig. 10. Measured S-parameters for the array antenna.

while maintaining good impedance match for the two-
antenna system. The simulation results are presented in the
different structures with and without hexagonal-SRRs and
their associated ground plane.

IV. ANTENNA FABRICATION AND
MEASUREMENT RESULTS

A) Array antenna fabrication

The sandwich structure consists of two thin load-bearing face
sheets. Each layer must meet its own combination of struc-
tural and electrical design requirements, as well as the manu-
facturing and assembly requirements. The basic panel layers
are: antenna elements, metamaterial structure, and the
defected ground layer. It is worth mentioning that human
errors caused by manual cutting and soldering of shorted
annular rings can deform the antenna elements, thereby shift-
ing the resonant frequency as well as degrading the polariza-
tion purity. Figure 9(a) shows the layered structure and front
and back of the manufactured antenna prototype. In addition,
the photograph of the manufactured antenna is shown in
Fig. 9(b). Figure 9(c) shows the calculated current distribution
on the CP antenna array at 10.8 GHz and shows that the
surface current of the active antenna has little impact on the
adjacent antenna.

B) Array measurement results

The measured S-parameters of the proposed antenna array
with hexagonal-SRRs are obtained and shown in Fig. 1o.
Far-field radiation patterns for the CP antennas with- and
without-SRRs are numerically computed using HFSS in
order to quantify the performance of the antenna system.
The antenna’s radiation pattern measurements were per-
formed in an anechoic chamber. A wideband (2-18 GHz)
standard CP horn antenna was used as field probe and the
antenna gain and radiation patterns were measured for
RHCP and LHCP field components.

The measured far field radiation patterns of this antenna
for active element are shown in Fig. 11 at 10.8 GHz for
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LHCP and RHCP components. We used a standard linear
polarization horn in the case of the linear polarization
measurement for co-polarized and cross-polarized field
components.

Figure 12 compares the co-polarized with cross-polarized
patterns of the array antenna at 10.8 GHz and shows the mea-
sured cross-polarization levels are approximately equal with
the co-polarization levels which are a good result for CP
antenna. The corresponding gains of E-left and E-right are
—21.3 and —5.8 dBi, respectively, at ¢ = 0°. This agrees
well with the finding obtained from the simulated radiation
patterns by HFSS. Also, Table 1 gives the comparison of the
final antenna with and without hexagonal-SRRs.

~O©-Gain RHCP (dB), ¢=0°
—7~Gain RHCP (dB), ¢=90°
—¥—Gain LHCP (dB), ¢=0°
—@-Gain LHCP (dB), ¢=90°

-180

Fig. 11. Measured polar radiation patterns for array antenna for active
element at 10.8 GHz in the xz-plane (¢ = 0°) and the yz-plane (¢ = 90°).
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Fig. 12. Measured radiation patterns of co-polarization and cross-polarization for the active element at 10.8 GHz in the xz-plane (¢ = 0°) and the

yz-plane (¢ = 90°).

Table 1. Comparison between the antenna arrays with and without
hexagonal-SRRs.

Performance Without With
parameter hexagonal-SRRs hexagonal-SRRs
Frequency 10.8 GHz 10.8 GHz
Bandwidth 1.0 GHz 1.2 GHz

Siv> Sia —27, —25dB —38, —51.6 dB
Gain 6.1 dBi 6.2 dBi

Axial ratio 2.0dB 2.1dB

We have used a reverberation chamber with dimension
3.2 X 2.2 X 3m’ for antenna gain and efficiency measure-
ment using the method described in references [22, 23]. The
measured power of the antenna at 10.8 GHz for the single
and the array structure were approximately —38.2 and
—38.1 dBm, respectively. In comparison standard antenna
provides about —36.1 dBm of power. The standard antenna
is better by 2.1 and 2 dBs than a single CP-antenna and the
array structure, respectively. Thus, the efficiency for the pro-
posed antenna and the array in 10.8 GHz is 61.6 and 63%,
respectively.

(a)

V. CONCLUSION

In this paper, mutual coupling between closely-spaced printed
CP antennas is investigated particularly for radars and GNSS
remote sensing, specifically at X band. Two-element micro-
strip arrays with back-to-back embedded SRRs are studied
and by suppressing the surface waves using hexagonal-SRRs,
it provides a very low mutual coupling between array ele-
ments. The studies indicate that, compared with the conven-
tional array, the mutual coupling in the array loaded by mu-
negative (MNG) is suppressed effectively, and the new array
has a better performance. A reduction in mutual coupling of
21dB at 10.8 GHz was achieved for the antenna system
with  MNG while the —10dB bandwidth maintained
the same.
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Fig. 13. Schematic geometry of (a) a hexagonal-SRR and (b) its equivalent circuit model.
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APPENDIX

Applying general trigonometry to Fig. 13, and assuming
8 = & = g we estimate the effective radius, a.4, as [16]:

aeq:a—‘% (A1)

L can be analytically expressed as:

L:ﬂﬂw [Tk dk, (A.2)

],
where T(k) is the Fourier-Bessel transform of the current, I,
excited on the metal ring [16]. For computational conveni-
ence, Bashenoff deduced a simpler expression to compute
the self-inductance of any closed loop conductor using semi-
empirical methods [24]. Simplified further by Terman [25],
the net inductance, L, can be analytically expressed as:

l
L,.; = 0.00508 - l<2.3o3Ln4— — 2.636), (A.3)
p

where [ the perimeter of the Hexagonal-SRR (equal to 6a) and
p is the width of the cross-section of the conductor (equal to
¢); and u is the permeability of the conductor. Considering
the rotation of inner ring by angle 6 in counter-clockwise dir-
ection as shown in Fig. 13, we express 0 as:

6=mg+¢, (A.4)

where m is some integer and i < 27/6. For this counter-
clockwise rotation of angle 6, the perimeter of the upper
half-ring decreases and that of lower half-ring increases by
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an amount A, computed using general trigonometry as:

a T
A:;{(zm—l—l)—ﬁtan(g—d/)}. (A.s)
Now the capacitance of the upper half-ring, C,, and lower
half-ring, C; can be easily computed from A & C,,; as [26]:

Cu= (g - A) - CPUIv G = <§ * A) . CP“I’ (A6,7)

where C,,,; is estimated as [26]:

8,+1)«/1—O”'

o) (A.8)

Cpul =& (

with o = d/(d + 2¢) and £(-) is the complete elliptical integral
of the second kind, defined as:

(A.9)

/2
E(o) = J v 1 — (osinb)* do.

The capacitance due to the gaps (splits) in the hexagonal-SRR,
C, can be estimated using parallel plate approximation
method, while assuming g, = g, = g, as:

g & -Cc-h
77

C, =
£ g

(A.10)

where h is the depth of substrate on which SRR is embedded.
Note that equation (A.10), providing a very approximate
expression of the exact value of the capacitance C,, can be
used just to get an idea of how the resonant ring
behaves.Therefore, the net equivalent capacitance of the L-C
network, C,,.;, stands out to be:

1 _ 1 + 1
Chret B (Cy + Cg) (Cg + Cl),

(A.11)

which can be simplified using general algebra and expressed
as:

_ (G4 GG+ )

= A.12
=G 3G T ) (A12)

Thus by using equations (A.1), (A.3), and (A.12) in equation
(1) and the equivalent circuit shown in Fig. (13), we can deter-
mine the resonant frequency of the hexagonal-SRR. Solving
df,/00 = o for minimization of f,, gives us minimum f, at
6= 180°.
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