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Abstract will be shown, these CSRR-loaded CPW lines are
transparent for the slot mode and opaque for the

In this paper, it is shown that split ring resomat(SRRS) fundamental mode in the vicinity of CSRR resonarfide

and complementary split ring resonators (CSRRs) lman  circuit model of a CPW loaded with symmetricallyghetd

used to selectively suppress the odd (slot) modheoeven SRRs/CSRRs is provided in this paper, and useddtyze

(fundamental) mode, respectively, in coplanar waides the behavior of the line. The paper is supported by

(CPWSs). To this end, it is necessary to symmetyioatich experimental results, and, finally, some potential

the SRRs and the CSRRs in the line. An interptatf applications are highlighted.

this behavior is reported. The paper is also supgoby @

experimental results, and some applications arfdiglged.

1. Introduction O O O O
Coplanar waveguides loaded with pairs of split ring O O O O
resonators (SRRs) (see Fig. 1a) have been propmsed @ @ @ @
mean to achieve one-dimensional planar negative
permeability structures [1]. As consequence ofrtegative

effective permeability, these structures inhibit e th

fundamental (even) mode of the CPW in the viciotthe ()

resonance frequency of the SRRs. Alternatively, stop side length

band behavior of these structures can be integhretedue Aro |G c ¥ et 0N

to the inductive coupling between the CPW and thiespof AT

SRRs at resonance. The circuit model (unit celllC&W 4

transmission lines loaded with pairs of SRRs wast fi C o IW © G

introduced in [1], and later revised in [2]. In [lfhe |

magnetic wall concept was used, taking benefit fof t

symmetry of the structure and the even nature ef th B © B

fundamental mode of the CPW. In [2], the unit cels

modeled by considering both SRRs (i.e., the magvesill Figure 1: CPW loaded with symmetrically etched SRRs

concept was not used). Indeed, the main relevant CPW loaded with pairs of SRRs (a) [1], and CPW

improvement of the model reported in [2], as corefao loaded with single SRRs (b). The ground plane is

the model reported in [1], is the position of tineuctance depicted in light grey. The SRRs are etched inbek

modeling the shunt strips of CPWs loaded with thispof side metallization. The relevant dimensions are

SRRs and shunt connected strips (i.e., left harited). indicated.

However, this aspect is not fundamental for thisgpasince

we are not considering left handed lines, thathis, CPW

lines are only loaded with SRRs. 2. Selective mode suppression in SRR- and CSRR-
The lines considered in this paper are CPWs loadid w loaded CPW transmission lines

single SRRs symmetrically etched in the back satestr . o .
side. As will be shown, these lines are transpaxesignal ~ 1he first CPW transmission lines under study areldoa

propagation for the fundamental (even) CPW mode, vv_ith single and symmetrically etched SRRs, as de¢itn_
whereas they inhibit the odd (slot) mode in thenitg of ~ Fig- 1(b). For the fundamental CPW mode, there is a
SRR resonance. For completeness, we will also aealy Magnetic wall at the symmetry plane of the strugtamd
CPWs loaded with complementary split ring resorstor (he SRRs cannot be excited at their first resonacee
(CSRRs) [3] symmetrically etched in the centraipstAs they exhibit an electric wall at their symmetry maaat this



resonance [4]. The magnetic field lines generatedhey
currents flowing on

Let us now consider that the CPW is loaded with a

the CPW structure are contra square-shaped CSRR symmetrically etched in theratent

directional in the slot regions. Since the SRRs are strip, as the inset of Fig. 2(b) illustrates. Instease, the

symmetrically etched in the back substrate side, akial

components of the magnetic field lines within thBRRS
region exactly cancel, there is not a net axial me#g field

in that region, and the SRRs cannot be magneticaiyen

(the symmetry also precludes that the particles lban
excited by means of the electric field present leetwthe
central strip and the ground planes). Thus, thectire is

transparent for the fundamental CPW mode. Howekiere

is a net axial magnetic field within the SRR regfon the

slot (odd) mode, the particle is excited at itstfiesonance
and, as a result, the injected power is expecterbtiarn

back to the source at that frequency.
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Figure 2: Frequency response for CP&V/and slot §)
mode of the indicated CPW loaded with (a) SRR and
(b) CSRR. The substrate is tRegers RO3010 with
thicknessh=1.27 mm and dielectric constagt10.2.
The dimensions are: for the SRR and CSBRI=0.2
mm, andside length=7.6 mm; for the CPW line$\\=4
mm (a), W=8 mm (b),G=1 mm (a), and5=1.4 mm

(b). The characteristic impedance of the CPW mode

(even mode) is 5@. The even and odd modes are fed
by, respectively, a 5@ coplanar port and a 10Q
differential port.

magnetic wall of the CPW structure (fundamental e)dd
perfectly aligned with the magnetic wall of the tide at its
resonance frequency [5], and signal is inhibitedtlie
vicinity of CSRR resonance. Conversely, for the stode,
there is not a net axial electric field in the inmeetallic
region of the CSRR, the resonator cannot be exciad
the line is transparent for this mode (symmetryp algncels
the particle activation through the magnetic fielduced in
the line).

To demonstrate the previous statements, we have
simulated (by means of the commercial softwAgglent
Momentum) the transmission and reflection coefficients of a
CPW loaded with a single square-shaped SRR foevkea
and odd mode (see Fig. 2a). As can be seen, s is
transparent to the fundamental (even) mode, budtehnris
clearly visible at SRR resonance for the slot mdae. the
CPW loaded with a CSRR (Fig. 2b), the fundamentadien
is inhibited in the vicinity of CSRR resonance, wdes the
slot mode is transmitted between the input andudygprts.

The main conclusions of this section are: (i) a CPW
loaded with a symmetric SRR exhibits for the oddiman
identical behavior to that of a CPW loaded withrpaf
SRRs for the fundamental mode, that is, a notclthen
transmission coefficient; however, the line is saarent to
the fundamental mode; (ii) a CPW loaded with a CSRR
the central strip inhibits the fundamental mode tle
vicinity of particle resonance (similar to micraptiines
with CSRRs etched in the ground plane), but it is
transparent to the odd mode.

3. Circuit model of a CPW loaded with symmetric
SRRs

The Ilumped element equivalent circuit model of the
structure of Fig. 1(b) (unit cell) is depicted igF3(a). The
coupling between adjacent resonators is considareoe
negligible. The metallic terminals at ports 1 an@lown in
Fig. 1b) are also indicated for a better compreioan<
models the slot capacitance of the CPW libg,is the
inductance of the line for the fundamental moldgis the
inductance of the line for the odd mode, the SRR is
modeled as a resonant tanksCs), M is the mutual
inductance between the SRR and each half of the CPW
transmission line, and, finally\G, accounts for the electric
coupling between the line and the SRRs. The electric
coupling between the CPW transmission line andSR&
has been neglected so far. However, contrary teiquse
reported structures (for instance, that shown @ Ea), in

the structure of Fig. 1(b), the slits of the SRR aligned
with the line axis. It is well known that SRRs ebihicross
polarization, that is, they can be excited by meahsn
axial magnetic field, but they can also be drivgnnieans

of an electric field with a non negligible compohém the
plane of the particle and orthogonal to the plameataining

the slits. Since for the odd mode of a CPW, thera net
electric field across the slots of the CPW transiuis line,

the electric coupling cannot be a priori neglected.



For the fundamental (even) mode, the terminalsAd, o
B; and B are grounded, a magnetic wall arises in the W(r

symmetry plane, the SRR is opened, and the equivale
circuit model is simply that of a conventional tsarission -10
line (Fig. 3b). For the odd mode, the feeding digisa
applied between the terminals And B (i.e., port 1 and 2
are differential ports). Thus, the symmetry plarbilgits a
virtual ground, and the equivalent circuit modedtthesults
after applying the electric wall concept is ideatito that of
a CPW loaded with a pair of SRRs [1], namely a -301
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transmission line inductively coupled to a SRR, but i _E'Ms‘itm:
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Figure 3: Equivalent circuit model (unit cell) ofGPW
loaded with symmetrically etched SRRs (a); equivale
circuit model for the even mode (b); equivalentuait
model for the odd mode (c).

So11’ Sozz

From the electromagnetic simulation of the struetof
Fig. 2(a) corresponding to the odd mode, we caraeithe
parameters of the model of Fig. 3(c), accordingthe

procedure described in [6]. Actually, the procedure Figure 4: Comparison of the electromagnetic ancldir

— EM sim.
circuit sim.

described in [6] does not account for electric dimgp The simulation of the structure of Fig. 2(a) for thedadode.
circuit simulation obtained from the extracted paeters The element values (referred to the circuit of FQ)
does not accurately fit to the full wave simulasoof Fig. are:C= 1.38 pF,L,=2.96 nH,Ls=3.66 nH,C<= 2.73 pF,
2(a) for the odd mode. This means that electricpling M=0.66 nH, andC,= 0.4 pF.

must be considered for an accurate description hef t
structure. Therefore, we have inferred the newudir@alues
(including Cy) by curve fitting. The comparison between the

circuit and electromagnetic simulations is showrFig. 4, 4. Circuit model of a CPW loaded with symmetric
where the element values are indicated (see figap&on). CSRRs

As can be appreciated, good agreement is obtaiyed b . -

including electric coupling in the circuit simula. The lumped element equivalent circuit model of tH&AC

loaded with CSRRs in the central strip (Fig. 23hswn in
Fig. 5 (inter-resonator coupling has not been amsrsd).C



models the slot capacitance of the CPW libg,is the On the other hand, we have designed the same wg&act
inductance of the line for the fundamental madeis the without the CPW to slot line transition (Fig. 8a@nd we
inductance of the line for the odd mode, the CSRR i have obtained the transmission coefficient (Fig. &hich
modeled as a resonant tahk-C.), and, finally,M accounts corresponds to the fundamental mode (the strudtasenot
for the magnetic coupling between the line and@i$RR. been fabricated; hence it has been obtained thrduljh
The magnetic coupling between the CPW transmiséien | wave electromagnetic simulation). In this case,ditation
and the CSRR has been neglected so far. Howevaracp is reversed, that is, the notch is caused by tHRRC@nd the
to previous reported structures, in the structdirgig. 2(b), line is transparent at the resonance frequench®f3RR.
the slits of the CSRR are aligned with the linesakinder 0

these conditions, cross polarization effects aesgmt and, —
hence, inductive coupling must be also included for
accurate modeling. 104

Following a procedure similar to that explainedtle o
previous section, we have extracted the paraméterthe =)
even mode corresponding to the electromagneticlation :‘- -201
of the structure shown in Fig. 2(b) [7]. The conipan :
between the electromagnetic and circuit simulatisn 2]
depicted in Fig. 6 (the element values are inditatethe -30-
caption), where it can be appreciated that theuitirand ——EM sim.
electromagnetic simulations are in good accordance. 40 - - -circuit sim.
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Figure 5: Equivalent circuit model (unit cell) ofGPW
loaded with symmetrically etched CSRRs (a);
equivalent circuit model for the even mode (b);
equivalent circuit model for the odd mode (c).

5. Experimental validation

In order to experimentally validate the selectivedm
suppression in CPWs, we have designed some stesctur  _— gmsim.

One of them consists of a CPW loaded with a SRRsin - circuit sim. R /
back substrate side and with a CSRR in the cestrig
(Fig. 7a), while another structure is the same ctire
V.V'thOUt the SRR. We have fed the CF.’WS by meansstita simulation of the structure of Fig. 2(b) for theeav
line to generate the odd mode, and it is clear ffog 7b mode. The element values (referred to the circuiigf
that the presence of the SRR inhibits this modé&SRR 5b) are:C= 0.75 pFLe=2.13 nH,L=0.49 nH,C= 17.3
resonance (while this mode is not affected by tISRR). pF, andVi=0.2 nH. ’ ' '

Figure 6: Comparison of the electromagnetic ancludir
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Figure 7: CPW loaded with a SRR and a CSRR and fed Fijgure 8: CPW loaded with a SRR and a CSRR and

through a slot line to generate the slot mode (& a
frequency response (b). The substrate is Ruogers
RO3010 with h=1.27 mm, £=10.2, and loss tangent
tany=0.0023. The dimensions are: for the SRRJ=0.2
mm, andside length=7.6 mm; for the CSRR dimensions,
¢=d=0.2 mm, longitudinal side length=12.6 mm, and
transverse side length=3.6 mm; for the CPWW=4 mm,
andG=1 mm,; for the slot line, the slot width is 1.5 mm.

Notice that in Fig. 7(b) the response exhibits aiart

excited through the fundamental (even) mode (a) and
frequency response (b). The substrate and dimension
are those indicated in the caption of Fig. 7.

inhomogeneities in the surrounding medium, etc.d an
sensing/detection can be simply carried out by omass
the transmission coefficient (many other sensorsetheon
the variation of the resonance frequency of spiigs have
been reported [9-16]).

For which concern CSRR-loaded CPWs, the presence
of these particles causes notches in the transmissi

inser_tion Ioss_es due to the im_peda}nce mismatchhen t coefficient for the fundamental mode, and this baruseful
coaxial (50Q impedance) to slot line (it has been found that for the rejection of interfering signals in commeation

it exhibits about 10@ impedance) transition. Nevertheless,

this is irrelevant for the purpose of this worlkgcg the main
aim is to demonstrate the selective mode suppresg§iboth
CPW even and odd modes by using either SRRs or SRR

6. Potential applications

systems. As long as the CSRRs are etched in thgaten
strip, this undesired signal suppression can bdewaet
without the penalty of increasing device area asgl.c

In this paper, the potentiality of the reportedustures
is illustrated by means of a proof-of-concept desti@tor of
a radiofrequency bar code [17]. The idea is to €8RIRS

CPW structures loaded with single SRRs or CSRRs ma)yvith different dimensions (i.e., providing diffetteresonance

find applications in several fields. For examplePVZ
transmission lines with symmetrically loaded SRRisibit
the slot mode, keeping the fundamental mode umalter

frequencies) in the back substrate side of a CPW
transmission line. If the SRRs are aligned withdhmmetry
plane of the CPW structures, the line is transgaren

Thus, a set of SRR properly designed can be usaful i However, we can codify the line by laterally dispfey the

certain CPW applications where the slot mode tyfyica

SRRs, since this produces a transmission zero @ th

appears and must be suppressed. Another potentia{fansmission coefficient at the corresponding fesmy, and

application of SRR-loaded lines concerns

implementation of novel sensors and detectors basatie
loss of symmetry of the reported structures [8]e Téick of
symmetry can be caused by many different reasoich, &s
a displacement or rotation, the presence of pasicl

the this can be easily monitored. This frequency domain

codification is similar to that reported in [18)tin our case

it is not necessary to remove the SRR to set & I it
suffices by aligning it with the line; hence, oyspaoach
opens the possibility to implement reconfigurable
radiofrequency bar codes. A 3-bit bar code with the



sequence ‘101, that is, with two SRRs laterallyfted and applications of these structures have been higtddyhwith

with one SRR centered is depicted in Fig. 9(a),r@ae Fig.  special emphasis to radiofrequency bar codes. Afmb

9(b) shows the simulated frequency response. Forconcept demonstrator of a CPW transmission lind &iB3-
comparison, the simulated frequency responsebit spectral signature has been provided. Work jgrogress
corresponding to the code ‘010, is also depick#fith the to implement practical bar codes with a higher nembf

purpose to prevent the presence of the odd modeyrtiund bits, and to the development of new sensors bagethe
planes are connected through backside strips asd With symmetry properties of CPW transmission lines.

these results, the radiofrequency bar code proabotept

based on CPW structures loaded with SRRs is velidat Acknowledgements
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