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Abstract—In this paper, for the very first time, a general algorithm
for designing rectangular microstrip patch antenna, partially loaded
with SNG (Single Negative) (MNG (un Negative) and ENG (e
Negative)) metamaterial has been proposed to achieve better radiation
performance. Then, applying our proposed algorithm, theoretically
we have predicted novel dual band miniaturized rectangular patch
antennas (loaded with MNG metamaterial) for two different bands
using unconventional interface resonance mode under fundamental
TMg1p mode. Then we have proposed a complete design of magnetic
inclusions, presenting full wave numerical simulations of the structure,
which effectively supports the theoretical expected resonant modes as
well as satisfactory radiation pattern performance. Prior to our current
work, impossibility of sub-wavelength or electrically small rectangular
patch antenna has been demonstrated using ENG metamaterial.
However, in this paper, we have indicated a direction towards the
real-life implementation of possible miniaturized rectangular patch
antennas partially loaded with MNG metamaterial. The algorithm
proposed in this paper is the key to choose the appropriate material
parameter to design all such antennas.
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1. INTRODUCTION

Microstrip patch antennas, though popular for several applications, are
difficult to miniaturize, since their resonant frequency is determined
by the dominant modes of the patch cavity. Nevertheless, numerous
miniaturization techniques using shorting posts, active loading or
high permittivity dielectrics [1] have been conceived to lower the
resonant frequency of patch antennas without increasing their size.
Unfortunately, shorted posts, etched slots, and parasitic elements are
often empirical (based on a cut-and-try process), and the additional
parts will inevitably cause deformed radiation pattern and high cross
polarization as a side effect [2]. Moreover, dual frequency patch
antennas provide an alternative to large bandwidth planner antennas.
In radar and communication system applications, patch antennas have
attracted much interest due to their light weight and low cost. A unique
radiating structure is desirable to accomplish these operations [3].
Probably, metamaterial based antennas can be the best solution for
all these demands stated above. In [4] and [5] possibility of sub-
wavelength patch using only circular patch has been demonstrated.
But yet solution of reduced size rectangular patch antenna has not
been reported in literature. In this contribution we have reported
partial solution with proper practical realization to reduce the size of
rectangular patch antenna applying our novel algorithm.

At first, Engheta proposed a sub-wavelength cavity resonator
formed by a pair of conventional DPS (Double Positive) and DNG
(Double Negative) materials with the DNG as a phase compensator [6].
However, in the quasi static limit, when the retardation effects are
negligible due to the small dimensions of such components and only
one of the two constitutive parameters interact with the field depending
on its polarization, even single negative (SNG) materials, i.e., ENG or
MNG, may be utilized to achieve similar effects. Later, Alu et al. [4]
have proposed design method to obtain sub-wavelength rectangular
patch antennas using DPS-ENG bi-layer. But it has been shown
that such patches (rectangular), even if working at resonances in the
sub-wavelength region, do not radiate energy efficiently in free space
(broadside null radiation pattern; Figure 2 of [7]). It has been predicted
that these rectangular antennas partially loaded with metamaterial can
only be good resonators but may not be good radiators [4].

In this paper, at first (sec-2) we will give an algorithm for the
modification of radiation pattern using MNG and ENG metamaterial.
Then applying the algorithm, we shall theoretically predict the
novel design of miniaturized rectangular microstrip patch antennas
partially loaded with MNG metamaterial for dual band applications.
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Later, using spiral ring resonators we shall propose a complete
design of magnetic inclusions for real-life implementation of possible
miniaturized rectangular patch antennas partially loaded with MNG
metamaterial. So, the overall work has been demonstrated here along
with our proposed novel algorithm, code based simulation and from
the point of view of practical-life implementation.

2. PROPOSED ALGORITHM FOR DESIGNING

In Figure 1, the geometry of an un-slotted patch antenna with
metamaterial block is shown. It consists of a metallic patch with
transverse dimensions (L, x W,,) placed over a ground plane (distance
h). The underneath substrate (which is L, x W), x h in volume) is
inhomogeneous, filled with two isotropic and homogeneous materials
with permittivity and permeability €1, p1 and €2, pus. The filling ratio
of the DPS is 7 (i.e., the length of DPS block under the patch is nL).
The problem is proper choice of necessary parameters to design such
an antenna to get not only interface resonance but also good radiation
pattern. To solve these problems, in this section, we have proposed
an algorithm (with the help of some of our novel approximations)
for a rectangular Microstrip patch antenna partially loaded with

DPS:
L Metamaterial:
Ground P

N
A

L

Figure 1. Geometry of a rectangular microstrip patch antenna
partially loaded with metamaterial (ENG, MNG or DNG). f, =
feed position from DPS and metamaterials interface. f, = chosen
resonant frequency. Detailed information and constitutive parameters
are: pi, = 1. Case 1: L, = 50mm, W), = 40mm, L, = 75mm,
Wy = 75mm, f, = 21.4356 mm, h = 5mm, n = 0.8176, €1, = 3.8,
w1 = 1 and g9, = 5.1, pg, (at f,) = —0.1091 in case of MNG loading.
Case 2: L, = 30mm, W), = 24mm, L, = 50mm, W, = 50 mm, f, =
10.647mm, h = 3mm, n = 0.7439, 1, = 4.4, po, (atf,) = —0.1091
and €9, = 4.4 in case of MNG loading.
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PROPOSED ALGORITHM FOR DESIGNING
RECTANGULAR PATCH ANTENNA
LOADED WITH SNG METAMTERIAL

FOR MNG METAMATERIAL LOADING

Step-4
Evaluate electric field * at the two
radiating edges using a single solution|

of Ha,m
v

Step-5
Check valid field conditions® at the
radiating edges. If it satisfies conditions
go to next step. Otherwise return to
step-4 and check other solutions of

H2, M.
'

Output
Final output of u, n valid values

1. kymL Range for MNG metamaterial loading:

135%< kL <180
2. Dispersive function, f(u, n).[4]. [9] and [10]:

= tan(km L p)+
m

= precision

C2tan (|ky|(1-m) L

Solutlon of function within 0.000001 to
—0.000001.

4. Electric fields at radiating edges (accordingto
field equations of [9], [10]):

E, =Eqcosh(lky (1-m) Lp)
E,,=E,cosh(kmLy)
5 . Edge electric fields ratio(r) must be -1<r<-0.7,

where r= E, /E ; (our approximation).

FOR ENG METAMATERIAL LOADING

Only a few changes:

K2 is an input and ¢, is as variable. Outputs will be
K2 and n.

1. kynL Range for MNG metamaterial loading:
180° < kL <225°

2. Dispersive function, f(€, n):

=5 tan(kmLp) Cztan (|ko| (1) L)

= precision

Other conditions are same as MNG.

Figure 2. Proposed algorithm.
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(SNG) metamaterial. Using our algorithm, mode modification of
rectangular microstrip antenna will be possible for better radiation
performance. Later, in the following sections, the generality of
the proposed algorithm will be proved using ‘CST MICROWAVE
STUDIO’ based [8] realistic simulated results considering relevant
material dispersion, presence of antenna feed and other losses. Then,
‘practical realization’ of such patch antennas will prove the acceptance
of this newly proposed algorithm.

However, in case of designing such dual band patch antennas
(conventional TMjp1p with unconventional TMysy or conventional
TMp19 with modified TMygy) several other considerations should
also be taken account for satisfactory performance. Firstly, we
must be careful about the size of the substrate. The size of the
substrate should be equal to the patch (for both SNG and DNG
metamaterial case). Moreover, the feed position of the antenna should
be optimized properly for impedance matching. If anyone gets better
radiation pattern with poor S-parameter performance, feed position
optimization can be a very helpful tool. According to [4] and [9], the
power taken from the feed is expected to be lost in ohmic losses or
trapped into the unconventional waves travelling along the interface
y = 0 (where OF/0y flips its sign). At this y = 0 interface, due
to the excitation of the surface plasmons, standing waves take place.
Moreover, if the substrate in extended to the size of the ground plane,
strong surface wave is observed at the interface between the air and
the metamaterial block outside the patch. The surface wave is an
unwanted radiation source that disturbs the pattern and consequently
good broadside radiation cannot be achieved. Last but not the least;
substrate height should also be optimized properly so that unwanted
surface waves or impedance mismatching cannot take place in such a
metamaterial loaded antenna.

Now applying our proposed algorithm, we will design two
theoretically predicted novel dual band miniaturized rectangular patch
antennas using MNG metamaterial. Moreover, using our proposed
algorithm novel design of dual band rectangular patch antenna loaded
with ENG metamaterial may also be possible. But we predict
that ENG metamaterial may not be utilized for size miniaturization
purpose.

3. MNG METAMATERIAL FOR SIZE REDUCTION
WITH DUAL BAND APPLICATION

Prior to our work, the antenna proposed by Alu et al. [4]
give broadside null for unconventional plasmonic mode using ENG
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metamaterial. But here, we are going to introduce the theoretical
and practical implementation concept of MNG metamaterial to excite
unconventional TMysop mode (0 < § < 1). Using this unconventional
mode, at first, it has been possible to theoretically predict our proposed
dual band rectangular microstrip patch antennas with satisfactory
radiation performance. Then, we have implemented this theoretically
predicted antenna using SRs inclusion. Such unconventional TMgsg
mode gives satisfactory radiation pattern due to the proper use of our
‘Algorithm of Better Radiation’. In this section, we will introduce two
theoretically predicted MNG based antennas for dual band application
for two different bands using interface resonant mode (0 < § < 1).

In our proposed dual band antennas maximum tolerance is 3°
deviation from broadside direction in one plane (principal E-plane
only) for only one mode (TMpso (0 < § < 1) mode). If the deviation is
taken above 3° (i.e., 4° or 5°) further size reduction may be possible for
close choice of f,, near TMy;9 mode (like here). But by choosing much
lower value of f,. (simultaneously all parameters will be changed then),
further size reduction may be possible of such antennas if main lobe
deviation is acceptable up to 7°. (In [9], 7° deviation from broadside
has been accepted for TMp1p mode). However, valuable frequency
shifting phenomenon may not be avoidable for all the cases. Feed
positions must be optimized carefully to get satisfactory bandwidth
performance.

3.1. Theoretical Design

At first, for L band (low frequency region), consider a rectangular
microstrip patch antenna with a transverse dimension L = 50 mm and
W = 40mm. If ¢ = 3.8 and p; = 1 is used, then TMyyq is at
1.57 GHz using DPS only. We will use an unconventional TMgs9 mode
below the fundamental TMg;o mode. In the case of Alu et al. [4], such
mode was produced using ENG metamaterial but it gave broadside
null radiation pattern. But here, using MNG metamaterial, we have
produced such a mode with satisfactory radiation pattern performance.
To introduce modified unconventional TMys9 mode (0 < § < 1) with
50mm x 40mm patch (Using MNG metamaterial), at first f, has
been chosen 1.48 GHz (lower than TMjy;o mode at 1.57 GHz, using
DPS only). But ‘interface resonance’ has been found at 1.224 GHz.

Table 1. Chosen parameters after applying our algorithm.

Chosen resonant frequency, fr |p2 (at fr) n ng (at edge boundaries)

1.48 GHz —0.1091 | 0.8176 —0.78
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This valuable ‘shifting phenomenon’ has also been found with TMgsg
modes (0 < 6 < 1) in different sized patches for application in other
bands. This valuable shifting may not be avoidable for this specific
mode. Later, this mode at 1.224 GHz will show quite satisfactory
broadside radiation pattern. Here, k1nL will be chosen greater than
135° and less than 180° for getting this ‘interface resonance’ with
MNG metamaterial. Then after applying our algorithm we have found
possible choices of n and py (at f,) which has been shown in Figure 3.
In Table 1, we have shown the specific parameters those have been
determined by using our proposed novel algorithm.
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Figure 3. The possible choices Figure 4. Lorentz disper-
of filling ratio and corresponding  sive model for proposed antenna
permeability of the MNG meta-  (design-1).
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Figure 5. S-parameter performance of our proposed antenna
(Figure 1, case 1). TMpjp at 1.56 GHz and TMgysg at 1.224GHz.
Radiation performance for both bands are satisfactory.
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Figure 6. Principal FE-plane
radiation pattern (Polar plot) of
TMoso (0 < 6 < 1) of our
proposed antenna. of TMgsg (0 <
0 < 1) of our proposed antenna.
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Figure 7. Principal H-plane
radiation pattern (Polar plot) of
TMpso (0 < § < 1) of our
proposed antenna. Main lobe
deviation is 0° from broadside
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Figure 8. Principal FE-plane
radiation pattern (Polar plot) of
TMjyp19 of our proposed antenna.
Main lobe deviation is only 1°
from broadside direction.

180

Figure 9. Principal H-plane
radiation pattern (Polar plot) of
TMjy19 of our proposed antenna.
Main lobe deviation is 0° from
broadside direction.

Finally, we have chosen the parameters given in Figure 1 (case 1)

finally for partially loading with MNG metamaterial.

Using these

optimized parameters (Figure 1) and Lorentz model, we get the desired
broadside radiation patterns (Figures 6 to 9). Actually, metamaterials

are inherently dispersive and lossy [4].

So, without using dispersive

lossy model (i.e., Lorentz model), the simulated theoretical results

cannot give proper realistic results.

model [5, 8, 9] for MNG:

Here we have used Lorentz

(/’LS - Noo)w(%

2 24
Wy — w4 Jwe

(w) = Hoo +
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where, oo = 1.0, ps = 1.488, wy = 7853981634 rad/s, § = 50 MHz.

The radiation pattern found from simulation tells that at
broadside, theoretically it gets maximum radiation. The directivity of
the antenna at broadside is 5.57 dBi for unconventional resonant mode
at 1.224 GHz (Figure 6). So, the algorithm proposed in Section 2
is properly justified here with mathematical calculation, code based
simulation and ‘CST Microwave Studio’ based realistic simulation [8].
Hence such MNG metamaterial based rectangular microstrip patch
antennas can be used for miniaturized novel designs. Lorentz model,
S-parameter performance and radiation pattern have been shown in
Figure 4 to Figure 9.

3.2. Theoretically Predicted Second Design

Here we are considering another patch with size 30 mm x 24 mm with
€0 = 4.4, u1 = 1 with TMpyo at 2.62GHz. Following the same
procedure like previous design at first we have chosen kinL above
135° and less than 180°. Here f. has been chosen 2.5 GHz. Here,
again frequency shifting phenomenon has taken place. Unconventional
TMgso mode (0 < § < 1) has been found at 2.225 GHz. Later, this
unconventional mode has shown satisfactory radiation performance at
2.225 GHz. Here, necessary information and relevant figures using our
code and ‘CST MICROWAVE STUDIO’ [8] based simulated results are
given below. Finally we have chosen the parameters given in Figure 1,

Table 2. Performance parameters of proposed antenna-2..

TMo10
™ T™ radiation
Patch 010 . 0,10
S Resona- radiation pattern’s
ize
5 nce Freq pattern main lobe
(mm?) oo o
(GHz) directivity direction
(degree)
30 x 24 2.59 6.63 dBi 1
™ T™
TMo1o . oiso 050
TMoso TMoso radiation S-Pa-
S-para- .
Resona- radiation pattern’s rameter’s
meter’s . .
. nce Freq pattern main lobe magni-
magnitu- . .. . .
(GHz) directivity direction tude
de (dB)
(degree) (dB)
—22.969 2.225 6.184 dBi 3 —13.3
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case 2. Lorentz model parameters are: poo = 1.0, us = 1.2032, wg =
14451326210rad/s, § = 50MHz. ‘CST MICROWAVE STUDIO’ [8]
based final simulated results have been listed in Table 2. According
to the simulated results, performance of the proposed antenna-2 is
quite satisfactory (From the point of view of s-parameter and radiation
pattern performance).

4. PRACTICAL REALIZATION OF PROPOSED
ANTENNA-1

In the above sections, application of MNG metamaterial in designing
miniaturized antenna has been mentioned with theoretical modeling
and simulated radiation performance. But the real challenge remains
behind the practical implementation of these antennas with u-negative
loading. In the following section, practical realization of antenna (in
Figure 1 (case 1)) has been proposed and demonstrated.

Practical realization of artificial p-negative material was first
demonstrated by Pendry et al. [11]. After this work, different
methods have been proposed to design materials with negative
permeability. Split Ring Resonator (SRR), Spiral Resonator (SR),
Multiple Split Ring Resonator (MSRR), Complementary Split Ring
Resonator (CSRR) and Labyrinth Resonator (LR) are some well known
inclusion methods [5,12,13]. For the implementation of MNG loading
practically, both radiation and S-parameter performance issues should
be meticulously handled so that there remains minimum anomaly
between theoretical and practical realization of antenna performance.
Our theoretical modeling of antenna assumes isotropic loading of MNG

(a)

Figure 10. (a) Actual Spiral Resonator used in our design (Dimension
details are given in Figure 11). (b) Implementation of SR arrays
underneath the patch to obtain MNG behavior at the desired frequency
for 50mm x 40 mm antenna (Figure 1, case 1).



Progress In Electromagnetics Research M, Vol. 17, 2011 23

S-parameter Magnitude in dB

}

Figure 11. Geometrical dimen- Figure 12. S-parameter per-
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0.lmm, ¢t = 0.1mm, [ = 4.8mm. tenna (Figure 1, case 1). TMjyig
Number of cells used = 7 in our at 1.69GHz and TMgysg is at
actual design (Figure 10(a)). 1.205 GHz.
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metamaterial. But when inclusions are placed in the partially loaded
region, anisotropic MNG region appears for the introduction of SR
inclusions in the radiator. Nevertheless, it is enough to guarantee a
correct operation of the antenna [5]. Considering these facts, Bilotti
etal. [5] showed a circular patch antenna with p-negative loading by
using inclusion of SRs. To promote same field distribution inside
the antenna, incident magnetic field direction must align with the
orientation of the magnetic field of inductive loops so as to provide
changing effective permeability to the medium in that direction [5].
Incident magnetic energy induces currents in the circuit loops and
causes coupling of energy into the resonators. Eventually it changes
the relative permeability of the medium in that direction [14]. In
other directions, relative permeability experienced by other magnetic
field components will be that of free space (ug). Although SRRs or
MSRRs can be used in this purpose, we have used SRs (Figure 10)
for the following reasons [15]: (1) SR’s are easy to manufacture using
well-known and relatively cheap technologies. (2) The absence of the
necessity of fabricating narrow slots between the stripes. (3) SRs
allow for a significant potential reduction in the electrical size of the
metamaterial unit cell which contributes to form a continuous medium
of metamaterial rather than as a discrete periodic structure.
Distributed capacitance and inductance inside the SRs can be
modeled as equivalent LC circuit [16]. The modeling proposed in [17]
describes the behavior of the SRs as negative permeability medium
with proper orientation [17]. The maximum linear dimension of SR in
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-9.50
-18.1
6

Figure 13. Three dimensional radiation pattern of (a) TMyso mode
at 1.205 GHz and (b) TMp19 mode at 1.69 GHz. Directivities are quite
satisfactory.
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Angular width (3 dB) =110.3 deg.

Side lobe level = -5.7 dB

120 Main lobe magnitude = 4.8 dBi120
Main lobe direction = 0.0 deg.
Angular width (3 dB) = 108.9 deg. ;

Side lobe level = 6.6 dB W~ | 150
80

180 1

20

Figure 14. Principal E-plane Figure 15. Principal H-plane
radiation pattern (Polar plot) radiation pattern (Polar plot) of
of TMyso (0 < ) < 1) of  TMjyso (0 < 0 < 1) of our

our proposed antenna. Main  proposed antenna. Main lobe
lobe deviation is only 4° from  deviation is 0° from broadside
broadside direction. direction.

our design is on the order of A\g/44. Increasing the number of turns
in SR causes reduction in quality factor and eventually increases the
bandwidth [16].

We have used spiral resonators to partially load our patch antenna.
According to [5], we have used the spiral resonators from the concept
of near field analysis. All our findings using ‘CST MICROWAVE
STUDIO’ [8] based realistic simulations have been shown in Figure 12
to Figure 17. The medium does not remain completely isotropic
when these inclusions are loaded practically. As a result, the |S11]
is affected (Figure 12). Due to the proper placement of the resonators
and choosing the turn numbers properly according to [5] and [16], the
1S11| of TMgso (0 < § < 1) mode shifts slightly to the left. But the
|S11] of TMp1p mode behaves differently. It shifts to the right due
to anisotropic effect and other effects. Here ‘other effects’ means the
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Figure 16. Principal E-plane Figure 17. Principal H-plane
radiation pattern (Polar plot) of radiation pattern (Polar plot) of
TMjy1g of our proposed antenna. TMgg of our proposed antenna.
Main lobe deviation is only 2°  Main lobe deviation is 3° from
from broadside direction. broadside direction.

inclusion parameters are not fully optimized. However, the results
those we have found with practical inclusions (conductivity of copper
= 5.8 x 107, feed loss) are realistic. Moreover, slightly right shift
does not totally change the performance of the antenna. Then if we
consider the radiation pattern case, the radiation patterns (Figure 14 to
Figure 17; polar plots) change slightly from the theoretically predicted
results given in Section 3.1. The 3-dimensional radiation patters
(Figure 13) are clearly assuring the maximum broadside radiation for
both bands. change slightly from the theoretically predicted results.
So we think that the results that we have found in this contribution
are very impressive and promising for real life implementation.

5. CONCLUSION

In this paper, ultimately we have found both theoretical and practical
point of view that MNG loading can be useful in miniaturization
of microstrip antennas with appropriate filling ratio and choice of
appropriate inclusions. In this approach, a simple but organized
algorithm has been proposed to reduce the complexity of designing
microstrip antenna with partially loading of SNG metamaterials.
Moreover, a practical way of implementing ‘MNG metamaterial loaded
rectangular patch antenna’ found from the result of algorithm has
also been discussed and demonstrated. In comparison, theoretical
and practical modelling of the proposed antennas have insignificant
differences in performance parameters. Therefore, the proposed
antennas can be used efficiently in wireless communication systems,
radio sensors, RFID tags, RADAR applications and so on.
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