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ABSTRACT

A planar magnetoinductive (MI) waveguide loaded rectangular microstrip patch antenna is presented and discussed.
The MI waveguide consists of two planar metamaterial split squared ring resonators (SSRRs) placed in between two
microstrip lines. The backward wave propagation takes place through this structure. The rectangular microstrip patch
antenna is magnetically coupled to the MI waveguide. The unloaded rectangular microstrip patch antenna resonates at
37.10 GHz. When loaded with planar MI waveguide, its resonant frequency is reduced to 9.38 GHz with the bandwidth
and gain of 44% and 4.16 dBi respectively. In loaded condition, the dimension of antenna is 12.50 mm x 3.70 mm
(0.390 4 x 0.115 A). The appreciable bandwidth is achieved in such a small size antenna. The pass band frequency of
MI waveguide is predicted by using the theoretical model of dispersion equation. The effective medium theory is used to
verify the metamaterial characteristics of SSRR. The simulated results and theoretical calculations are also presented.
The results show that the proposed method can be used to design compact and high bandwidth microstrip patch anten-
nas.
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1. Introduction

In 1967, the Russian physicist Viktor Veselago presented
the properties of artificial materials named as metamate-
rials. These materials possess negative permeability ()
and negative permittivity (¢) that support the backward
wave propagation of electromagnetic waves [1]. About
30 years later, in 1999 Pendry proposed an interesting
subwavelength element termed as split ring resonator
(SRR) to achieve negative permeability. Basically, SRR
is a LC tank circuit having equivalent inductance “L” and
the capacitance “C” between two concentric rings reso-
nating at particular frequency [2]. Further, the negative
permittivity of the wire array is experimentally verified
and is presented in [3]. Metamaterials are the composite
structures of periodically arranged SRRs and wires hav-
ing negative refractive index hence, they are also called
as negative index materials (NIM). The basic properties
of metamaterials like effective permeability and permit-
tivity are normally analyzed by using effective medium
theory [4-7]. However, this approach does not discuss the
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internal modes of the structure. These modes are the
short-wavelength eigen modes present in the microscopic
nature of periodic metamaterial split ring resonator array.
These eigen modes are referred as magnetoinductive
waves which are the slow waves that only propagate
within certain pass band along the periodically coupled
array of small magnetic resonators that is SRRs and
wires [8,9]. The SRR elements or unit cells in the array
are magnetically coupled due to which the voltage get
induced in the resonators to generate the magnetoinduc-
tive waves. Such waves exist in one, two, and in three
dimensional patterns of array. Magnetoinductive waves
permit the propagation of low frequency signals in the
miniaturized structures hence; it is an interesting and
promising phenomenon for microwave applications. By
using this phenomenon, different components like mag-
netoinductive waveguide transducer, directional couplers,
power dividers, splitters, tapers etc. have been proposed
and fabricated [7-14].

Recently, metamaterial is used to load the microstrip

WET



38 Bandwidth Enhancement and Size Reduction of Microstrip Patch Antenna by Magnetoinductive Waveguide Loading

patch antennas as superstrate and substrate to enhance
the gain, bandwidth, directivity as well as to achieve
miniaturization [6-7,15-18]. Pai Yen Chen and Andrea
Alu (2010) proposed a dual band elliptical patch antenna
partially loaded with negative permeability (x) metama-
terial and reported that such loading enhances the band-
width and miniaturize the antenna [15]. J.G. Joshi et al.
in 2010 presented a planar electrically small rectangular
microstrip patch antenna loaded with metamaterial
square split ring resonator (SRR) [6]. The modification
of TMy mode is reported by partially metamaterial
loaded rectangular patch antenna [16]. Miniaturized cir-
cular microstrip patch antenna partially loaded with
metamaterial has been reported in [17]. Le-Wei Li et al.
proposed a novel rectangular microstrip patch antenna
partially loaded with planar metamaterial patterned sub-
strate [18]. The above cited evidences from the literature
inspired the authors to propose a loading on microstrip
patch antenna using planar MI waveguide.

E. Shamonina et al. investigated the phenomenon of
magnetoinductive waves in one, two and three dimen-
sional periodic structure of SRRs. In one dimensional
axially arranged structure or lattice the wave propagation
is forward whereas it is backward in planar orientation.
In their work, the dispersion relations are also presented
indicating the range of frequencies for which propagation
is possible whereas other frequencies get stopped or re-
jected. The authors reported that the frequency range
over which the effective permeability varies rapidly from
high positive value to high negative value is the pass
band of magnetoinductive waves [9-11]. Ilya V. Sha-
drivov et al. experimentally demonstrated the propaga-
tion of magnetoinductive electromagnetic waves in an
array of SRRs operating at microwave frequencies. In
this work, the transverse and longitudinal orientation of
the SRRs array is used. The SRRs are excited by separate
antennas in which the bandwidth changes dramatically as
the coupling coefficient between the resonators is varied.
In longitudinal array, the forward wave propagation takes
place whereas the transverse geometry supports back-
ward wave propagation [8]. Syms et al. examined the
higher order interactions in MI waveguides [11] and the-
ory of interaction between magnetoinductive and elec-
tromagnetic waves in SRRs and rods is illustrated by
Syms et al. The coupling between neighbouring SRRs
and propagation of electromagnetic waves with their re-
lated dispersion equation in stop and pass band in for-
ward and backward wave propagation are also elaborated
[12]. The theoretical model of dispersion relation and
delay time of this device is also presented in [13,14].
Recently, J.G. Joshi et al. presented a compact and high
gain rectangular microstrip patch antenna loaded with MI
waveguide for public safety band applications. Labyrinth
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resonators are used to design this MI waveguide [7].

The objective of this paper is to present a squared split
ring resonator (SSRR) based MI waveguide loading
technique to load the rectangular microstrip patch an-
tenna to enhance its bandwidth and to reduce the size. In
the proposed work, rectangular microstrip patch antenna
is loaded with planar MI waveguide consisting of meta-
material SSRRs. Initially, metamaterial characteristics of
the SSRR unit cell are verified and it is found that the
SSRR endows negative permeability (u-negative). In
loading condition, the rectangular microstrip patch is
excited by coaxial feed. The MI waveguide is closely
placed near to the rectangular microstirp patch. Due to
magnetic coupling the electric field gets induced in MI
waveguide and ultimately the SSRR elements get excited.
This excitation makes the SSRRs to exhibit the metama-
terial characteristics. After loading, the rectangular mi-
crostrip patch antenna shows reduction in its resonant
frequency that is miniaturization is accomplished as well
as the bandwidth is appreciably enhanced. In this paper,
both effective medium theory as well as magnetoinduc-
tive wave analysis is used to validate the work.

The paper is structured into five sections. The sketch
and detailed geometrical dimensions of the proposed
planar MI waveguide loaded rectangular microstrip patch
antenna with the design of metamaterial SSRR unit cell
is presented in Section 2. In Section 3, the metamaterial
properties of SSRR are verified using effective medium
theory. The simulation results of unloaded and MI
waveguide loaded rectangular microstrip patch antenna
are also presented and analyzed in this section. In Section
4, the theoretical aspects related to dispersion relation
and equivalent circuit analysis are discussed to validate
the obtained results. Finally, the paper is concluded in
Section 5.

2. Antenna Design

Figure 1 and Figure 2 respectively depicts the geomet-
rical structure and cross sectional view of rectangular
microstrip patch antenna loaded with planar MI waveguide.
This antenna is an integrated structure of rectangular
microstrip patch antenna loaded by planar magnetoin-
ductive waveguide. The dimensions of rectangular mi-
crostrip patch antenna are; length L, = 2.4 mm and width
W, = 2 mm respectively that is co-axially fed at the loca-
tion x = —1.2 mm and y = 1.2 mm. The waveguide struc-
ture consists of two microstrip lines which are induc-
tively coupled by means of two split squared ring reso-
nator array for effective propagation of magnetoinductive
waves. The position of SSRRs is parallel to microstrips
along the waveguide line of symmetry. The distance be-
tween microstrip line and SSRR array is g,, = 0.15 mm.
The SSRRs are transversely oriented between the two
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Planar magnetoinductive waveguide structure
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Figure 1. Sketch and geometrical structure of rectangular
microstrip patch antenna loaded with magnetoinductive
waveguide.

Rectangular microstrip
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Figure 2. Cross sectional view of rectangular microstrip
patch antenna loaded with magnetoinductive waveguide.

microstrip lines that constitute a finite length planar
waveguide structure. The rectangular microstrip patch
antenna is placed in the proximity to the waveguide at a
distance g,, = 0.25 mm. The length of microstrip lines is
L,,=10.25 mm and width 7,, = 0.50 mm.

To realize the magnetoinductive waves, the ratio of
resonant wavelength to the structure period should be of
the order of 10 [8]. Hence, to satisfy this condition the
period of this structure (p) is kept at 5.25 mm as shown
in Figure 1. The total dimensions of the proposed an-
tenna structure is 12.50 mm x 3.70 mm (0.390 A x 0.115 1),
indicating a compact size antenna. Figure 3 shows the
geometry of SSRR unit cell of the dimensions; length of
outer strip /; =5 mm and the overlapping length of inner
strip [, = 4.6 mm. The gap at split of the strips (g), the
separation between inner and outer strips (s) and width of
the strips (w) are in the order of g = s = w = 0.2 mm.
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Figure 3. Geometrical structure of metamaterial split squared
ring resonator (SSRR) unit cell.

The side length dimensions of the strips are; x; = 2.4 mm
and x, = 2 mm respectively. The dimension of the SSRR
at its resonant frequency 4.09 GHz is 0.033 1 x 0.068 A.
This antenna is designed and simulated on RT Duriod
5880 substrate of thickness # = 3.175 mm and dielectric
constant ¢, = 2.2. In this work, method of moment based
IE3D electromagnetic simulator of Zeland software in-
corporation, Fremont, USA is used to simulate the an-
tenna.

3. Simulation and Verification of
Metamaterial Characteristics

The SSRR and the designed antenna are simulated using
IE3D of Zeland Software Incorporation. At the outset
attempt is made to realize or verify the metamaterial
characteristics of SSRR in the defined frequency band.
Figure 4(a) and Figure 4(b) respectively shows simu-
lated reflection coefficient (S;;) and transmission coeffi-
cient (S;;) characteristics of an isolated SSRR unit cell.
Figure 4(b) shows the zoomed resonance behaviour of
the SSRR unit cell in 2 GHz to 6 GHz frequency band
and it resonates at 4.09 GHz. Figure 5 indicates the per-
meability characteristics (#) of SSRR unit cell which
exhibits the negative permeability () in the frequency
range 3.5 GHz to 5.5 GHz. Thus, the SSRR is single
negative that is explicitly u-negative (MNG) metamate-
rial.

The average cell size of SSRR unit cell is smaller than
Ag/4 which satisfies the condition of effective homogene-
ity [19]. Thus, the effective medium theory is applied to
determine the permeability (u,.) and permittivity (g,). The
effective medium parameters are derived from the reflec-
tion and transmission coefficient parameters (S-parame-
ters) using Nicolson-Ross-Weir (NRW) approach [4-7].
The expressions of Equations (1) and (2) are used to de-
termine these effective medium parameters.
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where kj is wave number, d is the thickness of substrate,
V', and ¥, are the composite terms to represent the addi-
tion and subtraction of S-parameters. In SSRR, the factor
kod = 0.266 which is <1 [4-7]. The values of V; and 7,
are estimated using Equations (3) and (4).

Vi=8,+S,
V,=8, -8,

3
“4)

—&—dB[S(1,1)] —8—dB[S(2,1)]

1 15 2 25 3 35 4 45 5 55 6 65 17
Frequency (GHz)
(2

Bandwidth Enhancement and Size Reduction of Microstrip Patch Antenna by Magnetoinductive Waveguide Loading

By using the obtained S-parameters, mathematical
equations and MATLAB code the metamaterial charac-
teristics have been verified [4-7].

From Figure 4(a) and Figure 4(b) a good matching is
observed at 4.09 GHz. In the same frequency band as
shown in Figure 5, the magnetic permeability of the
SSRR is negative thus; the structure exhibits negative
refractive index. Hence, the split squared ring resonators
used in constituting the MI waveguide to load the rec-
tangular microstrip patch antenna exhibits the metamate-
rial behaviour.

5

—&—dB[S(1,1)] —8—dB[S(2,1)]

35 4 45 5 5.5 6

Frequency (GHz)
(b)

Figure 4. (a) S-parameters (S;;) and (S;) of metamaterial SSRR; (b) Zoom of S-parameters.

Permeability

—10F

Permeability (Real)
== == == Permeability (Imaginary)

720 1 1 1 1 1

L5 2 25 3 3.5

4 45 5

Frequency (GHz)

Figure 5. Permeability (#,) characteristic of SSRR.
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Figure 6 which represents the return loss (Si;) charac-
teristics of the unloaded rectangular microstrip patch
antenna resonates at frequency f. = 37.10 GHz with the
bandwidth and gain of 15% and 0.5 dBi respectively.
Hence, to decrease the resonant frequency and to in-
crease the gain as well as bandwidth in the same dimen-
sions of the rectangular microstrip patch antenna; it is
loaded with planar MI waveguide. Figure 7 depicts the
return loss characteristics (S;;) of the rectangular micro-
strip patch antenna loaded with MI waveguide. The
loaded antenna resonates at 9.38 GHz with the bandwidth
of 44%. This is considerably a high bandwidth in such a
compact size antenna. In the loaded antenna structure the
spacing between neighbouring SSRRs is small conse-
quently the mutual coupling is increased. In this antenna
the directivity of 7.5 dBi is achieved. In general, for effi-
cient radiation the electrical size of the antenna at reso-
nant frequency 9.38 GHz should be equal to 4/2 that is 16
mm (at 4 = 32 mm). In loaded condition the size of the
proposed antenna is 12.50 mm x 3.70 mm (0.390 4 x
0.115 ). The design of two long strips of the SSRR
forms the two capacitors which cancel the electric di-
poles associated with them at the resonance condition.
Hence, in this antenna the cross-polarization gets re-
duced.

Figure 8(a) and Figure 8(b) respectively depicts the
azimuth and elevation radiation patterns of the proposed
magnetoinductive waveguide antenna showing the gain
of 4.16 dBi. Figure 9 shows the current distribution of
unloaded rectangular microstrip patch antenna at reso-
nant frequency 37.10 GHz. Figure 10 represents the
current distribution of loaded rectangular microstrip
patch antenna loaded with MI waveguide at resonant
frequency 9.38 GHz. Arrow shows the direction of cur-
rent distribution.

—&—dB[S(1,1)]
S
-9 R . . . ; :

—12f-

35 36 37 38 39 40 41 42
Frequency (GHz)

Figure 6. Return loss (S;;) characteristics of unloaded rec-
tangular microstrip patch antenna.
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Figure 7. Return loss (Sy;) characteristics of rectangular
microstrip patch antenna loaded with magnetoinductive
waveguide.
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Figure 8. Radiation patterns of rectangular microstrip
patch antenna loaded with magnetoinductive waveguide (a)
azimuth (b) elevation.
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Figure 9. The simulated current distribution of unloaded
rectangular microstrip patch antenna at 37.10 GHz.

Figure 10. The simulated current distribution of MI waveguide
loaded rectangular microstrip patch antenna at 9.38 GHz.

-
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4. Theoretical Discussion

From Figure 1 it is seen that the rectangular microstrip
patch antenna is positioned at the open end of MI
waveguide structure. The electromagnetic waves radiated
by the rectangular microstrip patch antenna at its reso-
nant frequency are confined into the planar magnetoin-
ductive waveguide through magnetic coupling. The mag-
netoinductive waves propagate through the SSRRs be-
cause they are mutually coupled in transverse geometry
[7-14]. The MI waves are surface waves propagating on
this planar substrate along the direction of an array. The
electric field in first SSRR element is coupled to the
second SSRR element by mutual induction and the proc-
ess becomes persistent. The coupling coefficient strongly
depends on spacing between SSRR elements of the array.
In this structure, the interface or mutual induction be-
tween two resonators takes place and the excitation is
transferred to the next resonator. This interface between
the coupled SSRRs generates the strong mutual induction
and the magnetoinductive approximation can be applied
to this structure. Thus, the magnetic coupling between
the elements causes the propagation of the magnetoin-
ductive waves (MIWs) in metamaterial SSRRs compris-
ing the array. As it is a planar transverse metamaterial
based geometry, it supports the backward wave propaga-
tion hence the group and phase velocities are opposite in
direction [7-14].

The dispersion relation of magnetoinductive waves
propagating in the SSRR array of MI waveguide is ex-
pressed by Equation (5) [7-14].
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2
&:1+2—Mcos(ka) &)
w? L
where M is the mutual inductance between adjacent
SSRR, a is periodicity of the array, L is the inductance of
resonant element, o is angular frequency and k is the
wave number. The resonant frequency (w,) of an isolated
SSRR unit cell is expressed by Equation (6) [7,13-14].

NI
LC " Zﬁ\/ﬁ

where L and C are the equivalent inductance and capaci-
tance of SSRR respectively.

The inductance (L) is estimated by modifying the
mathematical equations expressed in [20-21]. Equation
(7) is used to calculate the value of “L”.

(6)

2
@

L
[t b 1, 098 e, )
2 2 Yo
where p is the filling ratio expressed as
(N - l)(w + s)

p= [l—(N—l)(W-i—S):I, Liayg 1s average length of the
SSRR expressed by L, =2[, =(N=1)(w+s)], and N
is number of rings.

The equivalent capacitance (C) of an isolated SSRR
unit cell is calculated by dividing it into two sections as;
the upper and lower two strips as fingers of an inter-
digital capacitor (C;) and secondly the parallel plate ca-
pacitance (C;) between two inner strips. Therefore, the
capacitance (C) is estimated using Equation (8).

C=C,+C, ®)

The inter-digital capacitance (C)) is calculated using
Equation (9) [19].

C,=(e, +1)L[(N,-3)4+4,] (oF) ©9)

where N, is the number of fingers of inter-digital capaci-
tor.

0.45
A1:4.4O9tanh{0.55(£j }-10‘6 (pF/um)  (10)
w

0.5
A2:9.92tanh{0.52(ﬁj }-106 (pF/um)  (11)
w

For calculations of 4; and A4, the dimensions of the
SSRR are considered in um.

Similarly, the parallel plate capacitance between two
inner strips (Cy) is estimated using Equation (12) [22].

€., Awt
d

m

C, = (12)
where & is the permittivity of free space (8.854 x 1072 F/m),
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A is modified factor (4 = 60), ¢ is the thickness of metal
strips, and d,, is the distance between two inner strips.

By using equivalent circuit theory and above mathe-
matical equations, the estimated values of equivalent
circuit elements are; inductance L = 7.45 nH and capaci-
tance C = 0.211 pF respectively. Theoretically, from
these values the resonant frequency (f,) of SSRR unit cell
is found to be 4.03 GHz. The simulated resonant fre-
quency of an isolated SSRR unit cell is f, = 4.09 GHz
(Figure 4(b)) which is in good agreement with the theo-
retical results.

The mutual inductance M between two neighbouring
SSRRs of the array is calculated using Equation (13)
[21].

(13)

2
X

M= M{OAW +

0.059w”
2n

The estimated mutual inductance is M = —0.224 nH
and the coupling coefficient of |M /L| is 0.030. Here,
the minus sign indicates the backward wave propagation
in planar configuration of the SSRR array. Thus, from
Equation (5) the dispersion relation is negative indicating
the propagation of backward wave in planar configura-
tion causing to pass the lower resonant frequencies be-
yond which the propagation is not possible. The disper-
sion relation (5) is modified to determine pass band of
MI waveguide and ultimately the resonant frequency of
loaded antenna is expressed by Equation (14) beyond
which there is no propagation.

2 _ (’)(2)
2M
{1 + Lcos(ka)}

Therefore, through the MI waveguide the propagation
of resonant frequency 4.09 GHz at good matched condi-
tion in the pass band (3.5 GHz to 5.5 GHz) of MI
waveguide takes place. In the same frequency band the
effective permeability is negative which also validates
the pass band of MI waveguide [9-11] beyond this band
there is no propagation. Thus, the loaded rectangular
microstrip patch antenna should resonate at 4.09 GHz by
decreasing its resonant frequency 37.10 GHz in unloaded
condition. But due to loading effect, there is magnetic
coupling between rectangular microstrip patch antenna
and planar MI waveguide that result to develop the mu-
tual induction between these two elements. Due to this
effect the pass band frequency of MI waveguide and ul-
timately the resonant frequency of loaded rectangular
microstrip patch antenna is shifted to 9.38 GHz by a
coupling coefficient of M'/L', where M’ is the mutual
inductance between the rectangular microstrip patch an-
tenna and MI waveguide. L' is the inductance of rectan-
gular microstrip patch antenna. Further, Equation (10) is

(14)
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modified by incorporating the factor M /L’ by consid-
ering the effect of magnetic coupling and expressed by
Equation (15).

2 @

o’ = , (15)
[1+2Mcos(ka)} A/{
L L

The mutual inductance M’ is calculated by using
Equation (16).

2
0.059(W, +
M= ’g’xl {0.467 +M] (16)

2
T X

The inductance of rectangular microstrip patch an-
tenna L' is computed by using its equivalent circuit and
expressed by Equation (17) [23,24].

. 1
G w

where o, = 2af,; f is the design frequency, and C, is the
parallel capacitance in the equivalent circuit given by
Equation (18) [23,24].

Lw
C :MCOSZ K0 (18)
’ 2h L

r

where y is the Y-coordinate of the feed point.

The estimated values of inductance L' and mutual in-
ductance M’ are 1.25 nH and 0.247 nH respectively.
Therefore, in the loaded condition due to magnetic cou-
pling effect the resonant frequency is shifted to 9.32 GHz
which is closely matching with the simulated resonant
frequency 9.38 GHz of the MI waveguide loaded rec-
tangular microstrip patch antenna (Figure 7). Thus, due
to MI waveguide loading resonant frequency of rectan-
gular microstrip patch antenna is decreased to 9.38 GHz
over the pass band of 8.85 GHz to 13 GHz at good
matched condition.

5. Conclusions

This paper presents a new approach to enhance the
bandwidth and reduce the size of microstrip patch an-
tenna. The theoretical explanation using effective me-
dium theory, dispersion relation and equivalent circuit
agrees well with the simulated results. A good agreement
is observed in terms of resonant frequency and band-
width with the simulated results thus validating the ap-
proach. In future, the authors intend to carry out experi-
mental measurements and to propose such approach in
ISM band for wearable wireless devices.
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