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ABSTRACT

In this study, a novel planar pu-Negative (MNG) medigerial structure based on Split Ring Resonators
(SRRs) with improved rejection bandwidth is presdntA bridging technique is used to connect two SRR
unit cells at the center to emulate a cascadeet.filfthe proposed structure achieved a -20 dB reject
bandwidth of 15.5% compared to 4.5% for the conemal SRRs which makes it a good candidate for
integration with antennas and RF circuits that reglarge operational bandwidth.
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1. INTRODUCTION magnetic materials from conductors was first prepos
by Schelkunoff and Friis (1952). Ziolkowski and
The past decade has witnessed the revolution ofAuzanneau (1997) proposed the idea of a magnetic wa
Metamaterials (MTMSs), artificially engineered stues based on artificial molecules, while Sievenpipeteinted
which exhibit unique electromagnetic properties tha  the AMC which operates as a surface rather than a
not exist in nature. These materials can be engidel® ~ Medium in 1999. Eventually, Pendeyal. (1999) came
have desired features within a specified frequenage.  up with a MNG material based on SRR structures hic
The integration of these artificial structures with have become the cornerstone of MTMs and one of the
antennas and microwave circuits has shown to bemost widely applied artificial magnetic materizdslay.
extremely beneficial in several applications (Ryal., Pendry's SRR comprises two concentric metallic
2010). Amongst these artificial materials, MNG rings printed on a substrate, with splits in thegsi
metamaterials are of special interest due to theetched out at opposite sides. Later on, a plethudra
advantageous applications in the fields of anteramas  artificial magnetic structures have been proposethé
RF systems. One of the most interesting features ofiterature. Marquest al. (2002) proposed a modified
MNGs is the possibility of synthesizing a magnetic version of Pendry’s SRR (hence called Modified SRR
material with a negative effective permeability at (MSRR)), where the two rings exhibit increased
specific frequency band in the microwave regionsTis capacitance through broadside capacitive couplinighv
in contrast to conventional magnetic materials.,(i.e is higher than the edge coupling in the latterhdiigh
ferrites) which are only magnetically operationalthe the SRR structures are electrically small (i.egéat unit
UHF region and below. Obviously, modern wireless cell dimension <<\), further miniaturization is required
systems such as: L-band, Industrial Scientific Mali for compact and low profile applications. A numiur
(ISM) and UWB bands would highly benefit from such miniaturized artificial magnetic inclusions haveehe
MNG materials. The idea of synthesizing artificial proposed in the literature, spiral resonators, ciéigaly-
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loaded loops and space-filling (Hilbert) curves, to polarized. Such combined structures can be thoafjht

mention a few (Erento& al., 2005; McVayet al., 2004;
Yousefi and Ramahi, 2010).

as cascaded filters (Swailaghal., 2010).

A theoretical background on p-Negative

One of the main advantages of using magnetic\Metamaterial is provided. We discuss the design and
materials (>1) at microwave frequencies is to enhance methodology of the proposed structure. Results bell

the impedance bandwidth and allow miniaturizatidn o
radiating elements since the effective length oé th

radiating element scales down witk/u . Bilotti et al.
(2006), proposed MNG structures embedded in aleircu

patch antenna’s substrate to excite sub-wavelength
radiating modes which are independent of the patch’

size. Miniaturization of microstrip antennas with
substrate loading by spiral resonators is invettdy

discussed and finally, conclusions are given.

1.1.u-Negative Metamaterial: Theoretical

Background

MNG metamaterial structures are sensitive to the
orientation of the impinging magnetic field vectagkn
electromotive force (emf) is excited by a magndiid
parallel to the SRRs axis. Consequently, an indeoeent

(Baenaet al., 2004). The dimensions of the proposed circulates along each ring of the SRRs. In addititie

design are substantially reduced at the cost aframat's
efficiency. Another interesting application of MNGs

capacitive gaps between the rings allow displacémen
currents exchange between the rings. The totalemurr

the mitigation of surface wave propagation betweeninduces an opposite magnetic field. The total ieduc
radiating elements (since EM wave propagation iscurrent | can be expressed as (Ikoetah., 2004) Equation 1:

prohibited in media with a negative value of eitheor
€. Bait-Suwailamet al. (2010) utilized six sets of SRR

arrays to reduce mutual coupling between two high

profile monopoles. As is well known, MNG media can

| = emf emfl (1)
Zsrr joo ff +- +R
juC ff

a

be realized through SRR structures. When the SRRs a

excited by an incident electromagnetic wave with aWhere, Zgr is the total impedance of the SRR. The
magnetic field parallel to their axes, currentslviié  structure circuit parametersed. Cer, R represent the
induced on both the inner and outer rings and @sarg inductance expressed by the current path in thgsrin
accumulate across the gaps. Consequently, the SRRapacitance (induced in the gaps and between trex in

structures act as magnetic dipoles and an effeMN&

and outer rings) and the resistance of the strectur

medium is obtained which prevents propagating modesrepresented by the finite conductivity of the miatal

within a specific frequency band. This behavior ten
represented by a matrix of LC circuits with inducta L
(represented by the current paths in the metailtigs)
and capacitance C (represented by the gaps betiveen
rings). Hence, SRR structures can be charactefized
the effective capacitance and inductance with anast

frequencyw, =1/LC and a negative permeability can be

achieved within a narrow frequency band slightlypab
the resonant frequeney, as will be explained.

Complementary Split Ring Resonator (CSRR) m =, SI

structures are considered as the dual counterp&RB
since they exhibit a resonant behavior when subjetd
a vertically polarized electric field.

A slotted CSRR structure is proposed by Swadghah.
(2010) to effectively reduce the mutual couplingween
two square microstrip antennas. The slot combimivay
unit cells is proven to enhance the bandwidth dred t
stop band behavior. By applying the duality pritejpa
dual structure is proposed in this study where SRR
cells are bridged to enhance the stop band perfarena
when magnetic fields are dominantly vertically
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material (copper, silver). The electromotive fooam be
expressed as Equation 2:

emf == j(")“eff SHext (2)
where, S is the effective area impinged by therezle
magnetic field, K.

The induced magnetic field will exert a magnetic
dipole moment within the structure Equation 3:

®3)

where, m is the magnetic dipole moment of an inldizi
SRR structure. The magnetic susceptibility,, Xs a
measure of the magnetization in a material dua tpalied
magnetic field. It can be expressed as Equation 4:

X = (4)

where, M is the average moment of the magneticlegpo
within the bulk homogeneous structure.
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Fig. 1. A SRR structure positioned at the center of agtlelr
plate waveguide (Khaleet al., 2012)
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Fig. 2. A circuit model for (a) parallel-plate waveguidb) (
SRR structure
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Fig. 3. A circuit model of the SRR in the parallel-plate
waveguide

The permeability of a magnetic material is gergral
expressed as the ratio of the total magnetic flemsity
and the applied magnetic field Equation 5:
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Mt = Mo L+ X)) (5)

From the above equation, it is evident that tiectfe
permeability can be enhanced by increasing thectefée
magnetic susceptibility. It should be noted thateffective
permeability is complex, with a positive real psiightly
below the structure’s resonant frequency and ativegaal
part slightly above resonance.

A more in-depth analysis of such structures can be
obtained from a macroscopic circuit model. An aateir
circuit model reported by (Grbic, 2005; Marteh al.,
2003) is used to analyze and demonstrate the resona
nature of SRR structure. As depicted Hig. 1, the
structure is excited by an axial magnetic fieldipiased
at the center of a fictitious parallel-plate wavieigu
which allows a unit cell to be duplicated infinitel
emulating a periodic structure.

A well known circuit model for a parallel-plate
waveguide which comprises a series inductance and a
shunt capacitance is depicted kig. 2a The series
inductance is represented by Equation 6:

— ueff A
L. =-refft 6
TL d ( )
where, A = |h, while the shunt capacitance is gibgn
Equation 7:

C, =t ™
As mentioned previously, the SRR possesses an
inductance from the two rings paths and a capamtan
from the gap which can be modeled as an LC respnato
as shown irFig. 2b. An induced current on the SRR is
formed by the magnetic field of the Transverse
Electromagnetic (TEM) mode in the parallel-plate
waveguide which in turn sets up a voltage across th
capacitive gap. This voltage can be simply
comprehended by applying Faraday's law Equation 8:

—-dpB
V. =
SRR dt

(8)

where, \4grr is the voltage across the SRR’s capacitive
gap that is induced by the axial magnetic fieldardl @z

is the magnetic flux within the SRR. This can be
represented in the phasor form as Equation 9:

Vsrr = J0A grit of 9
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where, @z is replaced by ArrleH wWhere Agr is the
loop area of the SRR structure. The interactionvben
the axial magnetic field enforced in the paralliite
waveguide and the SRR loops can be represented by
mutual inductance M in a circuit model as showifriig.

3. The induced voltage acrosssgk by the mutual
inductance can be expressed byj,, where | is the
current flowing through . By equating this expression
to the right side of (5) and applying Ampere’s lawthe
current flowing through 4 (I; = Hd), then M can be
represented as follows Equation 10:

M = HeffAqpr (10)
d

Applying circuit analysis to the model depicted in
Fig. 3, the following set of equations can be derived
Equation 11-13:

Visjol ol +jaMl, (11)
V, = JoMl + ok geh (12)
v, =1, (13)

where, \ is the voltage acrossyl, V, is the voltage
across kgr and b is the current on the loops path of the
SRR. By further simplifications to the above edmad,
the impedance of the series brangh;Z= V; /I, can be
obtained Equation 14:

_ jwM 2

Zseries: J(’d— TL (14)

1

Whggg ~
wC,
SRR

To extract the effective permeability,qiof the

peff _ zseries

- 17
peff ol )
2
Reff _p oM (18)
pe Lo (el ———
TL( SRR (A)(:

SRR

The above expression represents the effective
permeability of a periodic array of SRR structusekich
follows a Lorentzian type dispersion (Sméttal., 2002).
The inclusion’s resonant frequency can be extracted
using Equation 19:

1

Wnp =

(19)

LSRRC SRR

where, the SRR is of a capacitive nature bedgy and
inductive above. Due to the capacitive nature @& th
SRR, asw- oy, the effective permeability increases
positively, while at resonance) = omp, Her Switches
signs and turns negative. As gets farther away from
Omp Mer DECOMES lESS negative untilapproachesm,
whereonm, is the plasma frequency of the SRR expressed
by Equation 20:

Wy

2
1- M
Loral 1o

(20)

W

At this frequency p = 0. This demonstrates that the
reactive loading of the SRR by the magnetic field
generates an effective permeability which becomes
negative and switches signs at a frequency band
constrained by design. It is worth mentioning that
resonant modes exist other than the one exprebsse.a
These resonances take place due to higher order, no
uniform current distributions sustained by the SRR

SRR, it can be shown that the series impedance of &tructure, either by one of the rings or by thectire as

parallel-plate waveguide filled with the SRR stwures is
represented by Equation 15:

_joueff A _jad o peff
d peff

ZPPW

(15)

Thus by equating (13) with (14), the effective
permeability can be given by Equation 16-18:

Zow=Z

ppw

(16)

series
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a whole. These higher order resonances can alsaigs/
to an effective permeability and permittivity due t
electrical coupling and can be utilized separately.

2. MATERIALS AND METHODS

The dimensions are chosen such that the structure
resonates at the frequency range under consideratio
(2.45 GHz).Figure 4adepicts a unit cell of the proposed
BSRR which is modeled to have an effective negative
permeability around 2.45 GHz.
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Fig. 4. Unit cell geometry of the proposed flexible BSRB &nd numerical setup based on the virtual wadegmethod used for
the characterization of MNG metamaterial (b). PM@uitdary conditions are assigned to the top andoiotbf the

waveguide while
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Fig. 5. Effective complex permeability values the pro-gbBSRR unit cell

The dimensions of the BSRR to operate at thePerfect Magnetic Conductor (PMC) boundaries are
desired resonant frequency are as follows: R1 =n8 m assigned to the top and bottom walls in order torer
R2 =4.9 mm, S1 =1.63 mm, S2 =3 mm, D1 = 0.4 mmthe TEM. Generally, the effective permeability and
and D2 = 0.3 mm. In order to characterize the SRRpermittivity are calculated through the refractivelex
model, the scattering parameters of the unit celstnbe and impedance matrix which are extracted from the
obtained. A BSRR unit cell is positioned at theteermf scattering parameters of a SRR unit cell. A general
a waveguide excited by an incident wave with E Bind procedure to retrieve the complex constitutive
fields oriented as described Fig. 4b where Perfect parameters of metamaterial structures is reportged b
Electric Conductor (PEC) boundary conditions are (Chen et al., 2004). First, the S-parameters (both
assigned to the side walls of the waveguide, whilereflection and transmission coefficients) are eotbd
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from a full wave simulation as depicted Hig. 4. Next,

Figure 5 depicts the retrieved complex permeability

the refractive index, n and the impedance, Z, areofthe BSRR structure.
obtained from the S-parameter inversion given by

Equation 21-23:

_ @+s,y
P Eog i -8 21
ze )+ (1_3.1)2 ( )
e(-jneffkd)= X£/1- X? (22)
Where:
1

Xz — 23

2521(1_ §1+ %1) ( )

where, d is the largest dimension in the unit ckll.
should be noted that since the metamaterial streictu
considered in this study is a passive medium, ipessn
(21) and (22) are chosen such that Reg})(20 and Im
(mer) < 0. Finally, the effective constitutive paramste
€ot aNdpe are obtained by Equation 24 and 25:
Hett = Netr Zot (24)
Nt
V4

8eff =

(25)

eff

5

3. RESULTS AND DISCUSSION

To demonstrate the effectiveness of the Bridged
SRR (BSRR) in comparison to the conventional SRR
structure, a numerical comparative study is coreflict
where the scattering parameters of a microstrip
transmission line positioned over a BSRR unit agith
and without the joining bridge are obtained. leigdent
from Fig. 6 that the proposed structure exhibits an
enhanced stop band performance over the convehtiona
SRR. Figure 7 depicts the numerical setup for the
microstrip transmission line method.

To explain the wide band behavior of the proposed
structure, a duality principle can be applied te stotted
Complimentary Split Ring Resonator (CSRR) structure
which was proven to effectively increase the openat
bandwidth compared to its single structure courerp
Such combined structures can be thought of as dedca
filters. By applying the duality principle, the mosed
structure can achieve similar bandwidth charadtesis
given that it is excited by a magnetic field comgon
parallel to its axis (when magnetic fields are duoamitly
vertically polarized) which is the opposite case tloe
CSRR structure that would be only excited by actéke
field vector parallel to its axis.

]
] LE)
1 P
I 7
' T
H s, !
=30 <t e e i :
[ ) "' | ! i
i i i iS12 (SRR)
(H Y H i H H |
e N s
-40 4- R T e o
N what o fgld ; : :
y gy e { : i
ARSI y i ;
IR R i : i
H LR TR AR ; £ i
) £ g - 5 : : ;
_55 1 : : i : ;
2 2.1 22 23 2.4 25 2.6 27 2.8 2.9 3

Frequencyin GHz

Fig. 6. Transmission coefficient S12 for the BSRR striecttompared to a conventional SRR obtained frortrdmsmission line method
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Port 2 Substrate

Micrés‘m‘p Port1 ,

line

Fig. 7. Numerical setup for the microstrip transmissiorelmethod

4. CONCLUSION Erentok, A., P.L. Luljak and R.W. Ziolkowski, 2005.

In this study, a novel planar MNG structure
composed of two SRRs connected at the center is
presented. The bridging technique is proposed to
enhance the rejection bandwidth by emulating a
cascaded filter. The proposed structure achieve@Oa
dB rejection bandwidth of 15.5% compared to 4.5% fo
the conventional SRRs which reflects a 32% incréase

Characterization of a volumetric metamaterial
realization of an arti_cial magnetic conductor for
antenna applications. |IEEE Trans. Antennas
Propag., 53: 160-172. DOL:

10.1109/TAP.2004.840534

Grbic, A., 2005. Super-resolving negative-refragtiv

index transmission-line lenses.

University of Toronto.

Ph.D. Theses,

the stop bandwidth. This finding suggests that the|konen P.. S. I. Maslovski. S. A. Tretyakov andAl.

structure would be a good candidate for integratiith
large-bandwidth RF circuits and antenna elements.
Furthermore, a detailed theoretical analysis of MNG
metamaterial was provided.
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