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Abstract—This paper presents a dual composite right/left-
handed microstrip line loaded with modified complementary split
ring resonators. In this particular case, the well known resonant
particle employed has been capacitively loaded in order to obtain
a balanced frequency response. The inclusion of this capacitive
element has two main effects. On the one hand, the right-
and left-handed bands are interchanged. On the other hand,
the possibility to control the position of the right-handed band,
while maintaining the left-handed one unaltered. Consequently,
it is relatively simple to design balanced transmission lines with
improved bandwidth and reconfigurable properties. In addition,
the equivalent circuit that describes the electromagneticbehavior
of the structure has been obtained. Finally, a prototype hasbeen
fabricated and measured to confirm experimentally the validity
of the proposed design.

Index Terms—Composite right/left-handed (CRLH) transmis-
sion lines, complementary split ring resonators (CSRR), dual
composite right/left-handed (D-CRLH) transmission lines, equiv-
alent circuit model, microstrip lines.

I. I NTRODUCTION

SINCE the proposal of the first metamaterial based trans-
mission lines [1], [2], different new approaches have

been analyzed and presented to the scientific community.
Generally, these transmission lines with novel propertieshave
been obtained by using a host transmission line loaded with
resonators [3]–[22]. The synthesis of these effective media
requires electrically small unit cells using sub-wavelength
resonators. The resonators can be coupled in different ways,
i.e. inductive or capacitive coupling, giving rise to many
different kinds of transmission lines. In this regard, split ring
resonators (SRRs) coupled to a coplanar waveguide (CPW)
[3]–[9] have been employed in order to obtain lines with
symmetric, highly selective responses with an excellent trade-
off between insertion losses and selectivity, and good quality
factors or reconfigurable BW. In addition, complementary split
ring resonators (CSRRs) based microstrip lines [10]–[14] have
been presented with the prospect to achieve transmission lines
and filters with electrically small size dimensions, balanced
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composite right/left handed (CRLH) transmission lines with
improved bandwidth responses or multi-band functionality.
Based on these two previous configurations, novel resonant-
type elements that load different transmission lines have been
successfully proposed. Recently, inductively connected split
ring resonators (IC-SRRs) [15], open split ring resonators
(OSRRs) [16], open complementary split ring resonators (OC-
SRRs) [17] and different loaded resonators [18]–[22] have
been presented. The aforementioned topologies have allowed
to assemble new transmission lines with novel properties.

In this paper, we present a balanced dual CRLH microstrip
lines based on modified CSRRs with improved frequency
response in terms of bandwidth and reconfigurability. More-
over, its accurate equivalent circuit representation is described,
which in this case has been obtained directly from the physical
arrangement of the structure, conversely to previous studies
where it was obtained applying the Babinet’s principle. As a
consequence, the proposed equivalent circuit permits to model
any geometrical change of the ring. The paper is organized as
follows. In section II, the new proposed modified version of
the CSRR based transmission line and its equivalent circuit
are presented. In Section III, results obtained based on the
scattering parameters and dispersion diagram of the equiv-
alent circuit model, full-wave electromagnetic analysis,and
measured responses are shown. Finally, the main conclusions
of this work are outlined in Section IV.

II. M ODIFIED BASIC CELL

In this section, a modification of former CSRR loaded
microstrip line cells [2], [11], [12] is proposed. The layout
and its related geometrical parameters are described in Fig. 1
and Table I.
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Fig. 1. Layout of the microstrip cell (top view for a transparent substrate)
loaded with a modified CSRR. Dark gray is metal on top layer; light gray is
metal on bottom layer
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As it can be observed, the CSRR particle has been modified.
More specifically, the CSRR central conductor has been split
into two parts. Each half of this central conductor, are now
electrically coupled through the inserted gap, synthesizing thus
a new capacitance. This capacitance can be controlled by
simply modifying the dimension denoted asgrc. Finally, the
substrate employed to design the basic cell has been a Rogers
4003C

TM
dielectric substrate with relative permittivityǫ = 3.55

and thickness 1.524 mm.
In addition, an axial cut of the capacitively split CSRR

loaded microstrip cell, a top view of the cell, and the equivalent
circuit that can be inferred from these representations canbe
found in Fig. 2. The values of the lumped elements are also
presented in Table I.
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(b) Top view
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(c) Equivalent circuit

Fig. 2. a) Axial cut of the CSRR loaded microstrip cell. Blackis metal and
gray is substrate. (b) Top view of the split CSRR loaded microstrip cell. Gray
is metal. (c) Proposed equivalent circuit for split CSRR loaded microstrip line.

The proposed equivalent circuit model has two major mod-
ifications with repect to former descriptions presented in [2],
[11] and [12]. First, the lumped elementsLc and Cc that
account for the CSRR are divided into two LC resonant tanks.
Second, two additional parasitic capacitancesCcr that model

TABLE I
PHYSICAL DIMMENSIONS AND LUMPED EQUIVALENT CIRCUIT VALUES OF

THE MICROSTRIP CELL LOADED WITH A SPLITCSRR.

Physical Dimensions Lumped element values
wms 3.37 mm Ll 2.05 nH
gms 0.5 mm Cgr 0.33 pF
rr 3.64 mm Ccp 0.27 pF
cr 2 mm Cg 0.081 pF
wr 0.4 mm Ccr 0.043 pF
gr 0.4 mm Cgap 0.083 pF
grc 0.85 mm Lc 2.19 nH
ll 11 mm Cc 0.305 pF

the capacitive coupling of one side of the CSRR with the
microstrip at the opposite side of the cell must be incorporated
to the equivalent circuit. The use of these parasitic capac-
itances permit to control the slopes of the response out of
the pass band. As it can be observed, the use of the Babinet
principle cannot be employed when the complementary of the
SRR is altered. It is necessary to extract the lumped elements
analyzing the shape of the resonator, and interpreting the
electromagnetic interactions among the different elements of
the cell. Finally, the elements of the equivalent circuit have
been calculated following the same procedure described in
[2]. Moreover, the capacitorCgap has been estimated with
the capacitance of a microstrip gap [23] for a line of the
same width as the diameter of the internal conductor of
the CSRR. Once the initial parameters have been calculated,
excluding the capacitanceCcr that has been fixed to 0pF ,
all components are slightly tuned by optimization in order
to match both simulated results, i.e. the full-wave simulation
and the circuital response. Fig. 3 shows the transmission and
reflection coefficients of the modified CSRR based microstrip
line.
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Fig. 3. Equivalent circuit vs. simulated (HFSS
TM

) scattering parameters for
the microstrip cell loaded with a split CSRR.

The agreement between the electrical and full-wave sim-
ulations is excellent. Indeed, the equivalent circuit response
is able to follow any variation of the full-wave response in
terms of slope changes and magnitude depth, thus validating
the proposed equivalent circuit. It can be observed that the
insertion of the gap by partially removing the metal inside the
resonator, permits to obtain a new transmission band below
3 GHz, enhancing the bandwidth and keeping a low insertion
loss level.
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III. E XPERIMENTAL RESULTS

Finally, the proposed cell has been fabricated (see Fig. 4).
This prototype has been fabricated using a mechanical milling
machine (LPKF

TM
Protomat S103), which inherently introduces

a systematic over-milling. It has been noticed by analyzing
different fabricated prototypes that an over-milling depth of
around 60µm is obtained. This fabrication mismatch is the
main responsible of undesired frequency shifts. Fortunately, it
is possible to overcome this problem by taking into account
the over-milling during the full-wave simulation, which has
been the case. The final dimensions obtained are given in the
caption of Fig. 4.

(a) Top (b) Bottom

Fig. 4. Fabricated modified CSRR loaded microstrip cell. Dimensions after
considering overmilling arewms = 3.37, gms = 0.5, rr = 3.68, cr = 2,
wr = 0.4, gr = 0.4, grc = 0.8 and ll = 11. Dimensions are in mm.

The measured S-parameters are depicted in Fig. 5 and
compared to the HFSS simulation. Measurements have been
obtained by means of the Anritsu

TM
vector network analyzer

calibrated with a Through-Open-Short Match kit, in the fre-
quency band from 1 to 5 GHz. Good agreement between the
experimental results and the electromagnetic simulation has
been obtained, which validates the over-milling calculation
employed during simulations. The discrepancies observed can
be attributed to the connectors and soldering imperfections.
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Fig. 5. Measured vs. simulated (considering over-milling with HFSS
TM

)
scattering parameters for the microstrip cell loaded with asplit CSRR. The
results of the traditional cell have been included in order to highlight the
benefits of the new proposed configuration.

Clearly, the modification of the CSRR permits to introduce
a new transmission band, whose position can be controlled

by the widthgrc (represented by the capacitanceCgap in the
equivalent circuit model). The wider the gap is, the lower the
capacitance results. Consequently, in this case the additional
band is shifted to upper frequencies. Likewise, this band can
be moved to lower frequencies by simple diminishing the gap
width grc. Obviously, the basic cell can be easily balanced by
simply designing this parameter. According to the results,it is
clear that wider bandwidths can be obtained for the same size
of the unit cell. The measured fractional bandwidth (FBW)
whereS21 > max(S21) − 0.3 dB is 8.7% for the balanced
dual CRLH cell, whilst it is2.6% for the loaded microstrip line
using conventional CSRRs (the results of a simulated unit cell
are shown in Fig. 5). Besides, it is quite simple to control the
frequency response and obtain reconfigurable performancesof
this novel unit cell by altering the dimensions of the structure.

Finally the composite right/left-handed nature of the new
cell has been studied. To this end, we have retrieved (see Fig.
6) the permittivity and permeability responses as indicated
in [24]. Also, the phase constant of the resulting composite
transmission line (see Fig. 7) has been obtained following
the standard procedure described in reference [25], where
the aforementioned phase constant,β, is retrieved from this
equation:

βll = cos−1

(

1− S11S21 + S12S21

2S21

)

(1)

wherell is the unit cell period, andS11, S12, S21 andS22 are
the scattering parameters of the basic cell.
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Fig. 6. Measured vs. simulated (considering over-milling with HFSS
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)
retrieved effectiveǫ andµ for the microstrip cell loaded with a split CSRR.
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dispersion diagram for the microstrip cell loaded with a split CSRR.
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As it can be seen, measurements confirm that the proposed
loaded transmission lines have two propagation bands with
different nature around 3 GHz. The first frequency band, below
2.9 GHz, is attributed to a right-handed propagation sinceβ

increases as a function of frequency andǫ andµ are positive.
Above 2.9 GHz, the phase is inverted (phase diminishes as
frequency increases),ǫ and µ are both negative, and a left-
handed propagation is achieved with a continuous transition.
These results confirm that a balanced dual CLRH line has
been successfully designed at 3 GHz by means of the modified
CSRRs.

IV. CONCLUSIONS

In this paper, a modified CSRR based microstrip trans-
mission line has been employed in order to synthesize a
balanced dual CRLH cell. The gap etched in the CSRR permits
to introduce a new right-handed transmission band that can
be easily controlled. Consequently, the artificial transmission
line has been balanced by adjusting the dimensions of the
resonator, conversely to previous studies where new loading
elements are introduced to the design. It is important to note
that this new cell cannot be modeled by previous equivalent
circuit representations, so that an improved equivalent circuit
for modified CSRR based micrsotrip lines has been presented.
The equivalent circuit has been obtained directly from the
physical topology of the structure. Thus, it permits to represent
the behavior of these sort of loaded transmission lines evenif
the original CSRR particle is altered. In addition, a fabricated
prototype has been reported to experimentally characterize the
line. It has been found that fractional bandwidths (S21 >

max(S21)−0.3 dB) close to8.7% can be achieved by keeping
good insertion losses. This bandwidth enhancement is due to
the balanced behavior of the devices, which has been estab-
lished by the interpretation of the dispersion characteristics
and retrieved effectiveǫ andµ of the modified basic cells.
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