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Novel stacked p-negative material-loaded
antenna for satellite applications

TRUSHIT K. UPADHYAYAI, SHIV PRASAD KOSTAI, RAJEEV ]YOTI2 AND MERIH PALANDOKEN?

An engineered novel tunable dual-band metamaterial antenna based on stacked split ring resonator (SRR) array is presented.
The u-negative SRR array present at two sublayers of stacked microstrip patch antenna substrate adds tuning capability to
the antenna with marginal trade-off between antenna gain and cross-polarization. If the size of resonator element is consid-
erably smaller than resonance wavelength, ideally lesser than M 10, the resonator would support the resonating mode of
antenna. Compact SRR array embedded in radiator facilitate the antenna tuning to intended allocated spectrum of Ls-
and S-band frequencies without modifying external dimensions of patch antenna, which in turn helps the satellite
payload design. The variations in SRR array dimensions and inter-element spacing are subsequently utilized to maintain
the antenna gain and voltage-standing wave ratio. The proposed design of inset fed antenna, matched at 50 (3, was validated
by experimental results and it is suitable for global positioning satellite applications.
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. INTRODUCTION

The left-handed materials offer exciting artificial dielectric and
magnetic properties induced by electric and magnetic dipole
moments. Incidence of time-varying fields on left-handed
materials will yield negative permittivity and permeability
[1, 2]. Metamaterials (MTMs) are artificially created struc-
tures of finite size which have shown great potential to engin-
eer the electromagnetic properties of the material [2-4].The
split ring resonator (SRR) is a compact LC resonator, in
which inductance L is formed due to metallic loops and cap-
acitance C is formed due to dielectric gaps [1]. SRRs have
received immense attention in antenna design since its incep-
tion [3, 4].

The paper presents investigations on multilayer u-negative
stacked homogenous SRRs in conjunction with patch reson-
ator. The patch antenna acts as primary radiating element,
whereas dual layers of 3 x 3 SRR arrays are secondary radiat-
ing elements. The primary design novelty of the antenna is
that antenna frequency tuning can be achieved by merely tai-
loring SRR dimensions. This would significantly help in freez-
ing mechanical dimensions of surface mountable patch
antenna for satellite L (1-2 GHz) and S (2-4 GHz) frequency
bands applications.
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SRR generates strong magnetic dipole moment for achiev-
ing negative permeability [5]:
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where pu, is the frequency-dependent relative permeability, w,
is the resonance frequency, F is the unit-cell filling factor, and
Ym is the damping coefficient. Since permeability follows the
Lorentz model, SRR array would generate negative permeabil-
ity when condition w, < @ < w,,, is satisfied where w,,, is the
magnetic resonance frequency. Negative refraction of split
rings can be computed using numerous methods available
in literature [5-9]; however, methodology in [7] was
employed to calculate the magnetic response of unit-cell
SRR array using MATLAB.

The simulated scattering and impedance parameters are
exerted in ABCD parameters as [5]
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where the complex propagation constant can be given as
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Fig. 1. Analytically computed relative permeability for SRR array.

The propagation constant is a complex quantity, which can
be expressed in the form of attenuation constant and phase
constant

y=a+jb
where « and B are attenuation and phase constants,

respectively.
The effective relative permeability (i)
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Based on impedance parameters extracted from the simulated
SRR array unit cell, the computed effective relative permeabil-
ity is illustrated in Fig. 1. In Fig. 1, the effect of exiting electric
field resulting from the feeding potential difference between
the patch and ground plane is taken into account instead of
magnetic field. The effective relative permeability exhibits
anti-resonance behavior, which is an expected result of
neglection of bianisotropy in such kind of artificial structures

Gw . — SRR
_ﬁ:D‘—.‘ __./
i i i i
T 0| | | ///Pntch
Dy o Tuning
" Slot
Gy l._‘, L - T L
stl' M
o= (WY | PN | —
fs“—: _Tw Feed
“ W
(a) (b)

Patch

5
B Y

Ground Plane

(c)

c2

F—'q{h—

3x3 Stacked SRR

c2
(g
L2

Cm rt %Ll‘l‘l CE % Lm

Fig. 2. Geometry of the proposed antenna.
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Fig. 3. Fabricated prototype of the proposed antenna.

in the referenced formulation in addition to the exciting elec-
tric field instead of the magnetic field.

The stacked SRR follows the phenomenon of electroinduc-
tive waves (EIWs) [10]. The LH propagation can be achieved
in stacked SRR regardless of coupling type [10]. The presented
design utilizes such configuration of subwavelength SRR
arrays, which are coupled with the patch antenna. The period-
icity of embedded structure is maintained. Stacking of sub-
strate is carried out to increase gain and bandwidth of the
antenna; however, due to high Q-factor of coupled resonating
elements antenna bandwidth is restricted below 5% in pre-
sented design. The capacitive resonance is significant in
stacked SRR arrays and it has significant importance on
antenna resonance. In the proposed design, the yz-plane con-
sists of symmetrical SRR arrays and hence they force symmet-
ric magnetic field production. Effect of the presence of stacked
SRR array is also presented in the Results section. The proto-
type is carefully fabricated; however, in case of any possible
misalignment in SRR stacking antenna gain gets affected.
Analysis of misalignment of SRR array stacking is demon-
strated in the Results section.

Over the period of time, microstrip antenna size reduction
is achieved by providing slots and lumped elements; however,
using such techniques achieving other antenna parameters
such as gain, bandwidth, and efficiency simultaneously for
the application-specific design is very difficult [3]. Size reduc-
tion of the antenna with metallic inclusion in the substrate
with combined use of planar thin wire and SRR was reported
in [11]. Analytical modeling of single-layer SRR-loaded patch
antenna is thoroughly demonstrated in [12, 13]. Such sub-
wavelength metallic inclusions can be of any form such as
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electrically negative (ENG), magnetically negative (MNG),
or double negative (DNG) materials. Negative refraction can
also be achieved by asymmetric metallic cut wire pairs or non-
isotropic structures [12, 14]. Negative refractive index inspired
antennas have effectively shown increase in gain, bandwidth,
and variable mode operation [15]. The orientation of the
metallic inclusions greatly affects the antenna polarization.
Linear polarization, circular polarization, and elliptical polar-
ization antennas can be achieved using negative refractive
index materials [3].

Recent findings have attracted many microwave applications
of negative refractive index materials. The negative refraction
inspired antennas were proposed for electrically small antennas
[5], multiple-input multiple-output (MIMO) communication

Simulated Results

-35.00 Measured Results - - - —
-40.00 T T T T T T
0.50 1.00 1.50 2.00 250 3.00 3.50 4.00 4.50

FREQUENCY (GHz)

Fig. 4. Simulated and measured return loss (S,,).
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Fig. 5. Illustration of surface current of embedded SRR structures.

antennas [16], broadband antennas [17], isotropic antennas
[18], beam-tilting antennas [19], ultra-wideband antennas
[20], high-gain satellite antennas [21], adaptive antennas [22],
and implantable medical antennas [23].

The scaling of SRR is primary technique utilized for
antenna tuning in the presented results; however, all SRR
parameters presented in the antenna design section can be uti-
lized for antenna tuning. The additional tuning flexibility in
proposed design is provided by symmetric centerd slots. The
impedance matching is done through transmission line. The
proposed antenna was fabricated to validate the simulation
results; both simulated and measured results present encour-
aging agreement. The effect of SRR scaling and inter-element
spacing on corresponding antenna resonance and gain is also
presented in results.

I. ANTENNA DESIGN

The proposed antenna geometry along with its design para-
meters is illustrated in Fig. 2. The symmetric center slotted
rectangular patch antenna having area of 68.8 x 85.8 mm®
is on top of the layered structure and antenna is matched at
50 () with feed width f;y and optimized length f; of 2.6 and
22.2 mm, respectively. The antenna consists of two stacked
3 x 3 SRR arrays sandwiched between dielectric substrates.
The antenna is fabricated on Rogers RO-3003 having relative
permittivity 3, loss tangent 0.0013, and thickness D, of
1.54 mm, which is suitable for satellite antenna applications.
Three substrate layers make the total antenna thickness of
4.62 mm.

The length G; and width Gy of substrate is 94 and
110 mm, respectively. Ground plane dimensions are equal to
the substrate dimensions. SRRs are uniformly distributed
beneath patch antenna etched on both sides of substrate.
SRRs are equally spaced at Dx = Dy = 26.8 mm in the x-y
plane. The feed connector is simulated with hole through in
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the substrates; however, to avoid drilling process, SMA con-
nector is directly connected to transmission line in fabricated
prototype. Screws at two corners of antenna are fixed for
maintaining one on one alignment of stacked antenna sub-
layers. The dimensions of width f,, and length f;; for trans-
mission line placement are 5.2 and 12 mm, respectively. The
SRR dimensions in millimetre: Lo= Wp =120, Dp=1,
Go=2,L;=W,; =16, D;= 1.5, and G; = 2.5.

An electrical equivalent circuit of dual u-negative material-
loaded patch antenna is illustrated in Fig. 2(d). The combin-
ation of R,, C,, and L, represents the antenna resistive and
reactive components, C, and L, represents reactive compo-
nents of the coupling elements. Antenna probe is considered
as inductive lump element L,. L represents the inductance
of SRR. R, and R, are conductive and dielectric resistance,
respectively, due to metallic inclusion and antenna substrate.
Capacitance C, is the gap capacitance for the gaps present
in SRRs. Since the conducting inclusion is embedded
between dielectric slabs of antenna, mutual capacitance C,,
and L,, would also be present. The combined Q-factor of
antenna and SRR would be in order of hundreds and which
leads to extremely lower antenna bandwidth. Since SRR
arrays are stacked in parallel to the conducting sheets, SRR
arrays will form parallel resonator circuit.

The prototype of proposed antenna that was fabricated on
RO 3003 substrate with > Oz copper coating is illustrated in
Fig. 3. Figures 3(a) and 3(b) demonstrate the front and back
views of antenna. Two such layers as shown in Fig. 3(c) are
sandwiched between the patch and ground planes as illu-
strated in side of antenna in Fig. 3(d).

. SIMULATED AND MIEASURED
RESULTS

Simulated and measured reflection coefficient (S,,) for the
antenna is shown in Fig. 4. The antenna resonates at 1.17
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and 3.212 GHz as per the requirement of GPS antenna.
Voltage-standing wave ratio (VSWR) at L5 and S band are
1.34 and 1.20, respectively, both are meeting primary design
criteria. Owing to high Q-factor of SRR array antenna 10-dB
bandwidth is restricted abouts 2-3%, which is a fundamental
drawback of the proposed design. Figure 5 illustrates the
surface current of SRR structures embedded as sublayers of
substrate in patch antenna.

The simulated and measured radiation patterns on the H-
(x-z) and E- (y-z) planes for 1.17 and 3.212 GHz are illu-
strated in Fig. 6. The H- and E-plane patterns exhibit dipole-
kind patterns, which can be improved further by employing
reflectors. The optimum measured antenna gain is 6.2 dBi at
Ls band and 5.5 dBi at S band.

Effect of alteration in SRR dimensions in reference to exist-
ing proposed design dimensions and cross-polarization levels
are illustrated in Fig. 7. Figure 7(a) demonstrates the antenna
resonance by reduction in size of SRRs. The size of SRR is
scaled down in fraction due to which it is apparent that reson-
ant frequency is getting increased in first band, however,
second band frequency is decreased. The frequency increment
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in first band is ranged from o.1 up to 0.5 GHz and frequency
decrement in second band due to scaling down SRR is ranged
from o.5 up to 2 GHz. This frequency range is very wide
without modifying external mechanical parameters of the
antenna. The cross-polarization levels are well above the
requirement for satellite communication antenna for entire
frequency range.

Effect of alteration in inter-element spacing in SRR
arrays is illustrated against resonant frequency and cross-
polarization in Fig. 7(b). The change in resonant frequency
due to increase in inter-element spacing is quite less for
both first and second resonance bands; however, noteworthy
modification in cross-polarization is noted due to variation
in gap between SRR array elements. These results can help
to counter measure the reduction in the cross-polarization
level occurred due to SRR scaling. The presence of SRR
arrays in sublayers of patch antenna are vital in presented
design. Analysis of antenna resonance and respective gain
values in presence of SRR arrays are tabulated in Table 1.

Table 1 demonstrates the analysis of SRR array loading in
patch antenna. Gain enhancement is achieved in presence of
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Fig. 6. Measured antenna radiation patterns of the proposed antenna at f, = 1.17 GHz (a) H-plane gain (b) E-plane gain; at f, = 3.212 GHz (c) H-plane gain

(d) E-plane gain.
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Fig. 7. Effect of SRR dimension variations on antenna resonance.
Table 1. SRR array loading effect analysis.
SRR layers in patch antenna Resonance Peak gain
frequency (GHz) (dBi)
Antenna with both SRR array layers 1.17; 3.212 6.5; 7.6
Antenna without top SRR array layer 1.192 5.72
Antenna without bottom SRR array layer 1.16 5.63
Antenna without any SRR array layers 1.202 5.62

dual stacked SRR array-loaded patch antenna. Absence of one
of the layers of SRR array leaves only one resonance in tar-
geted frequency regime. The antenna gain is also reduced by
0.78 dBi in the absence of top SRR array layer and 0.87 dBi
in the absence of bottom SRR array layer. Noteworthy
change occurs in absence of both SRR arrays. The frequency
of resonance is increased and peak gain is reduced by 0.88 dBi.

The proper alignment of SRR array in the multilayer struc-
ture of patch antenna is extremely important. In the case of
misalignment of SRR array-loaded stacked substrate
antenna, peak gain is reduced. Table 2 depicts values of reson-
ant frequencies and peak gain for the misalignment of two
SRR array layers. Resonant frequencies are significantly
deviated from target frequencies and peak gain of antenna is
also reduced.

Table 2. Effect of SRR array.

Alignment difference between Resonant Peak gain
two layers of SRR array frequency (GHz) (dBi)
Quarter SRR misalignment 1.1624; 3.348 6.2; 7.4
Half-SRR misalignment 1.1580; 3.488 5.7, 7.1
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V. CONCLUSION

A novel design of dual-band, dual-stacked SRR array-loaded
microstrip patch antenna is presented. The proposed
antenna can be tuned for varied defense communication
system applications operating in L and S bands by making
appropriate variations in SRR array parameters. The vital
benefit of proposed antenna is flexibility in antenna resonance
tuning along with simultaneous achievement of required
antenna gain and cross-polarization levels for satellite anten-
nas. The design can be further improved by employing
antenna bandwidth enhancement techniques.
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