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Abstract—This paper describes a coplanar waveguide coupled
to two split ring resonators that, in turn, are loaded with two
different reactive elements. By these means, balanced compos-
ite right/left-handed-like (CRLH-like) and also dual balanced
composite right/left-handed-like (D-CRLH-like) responses can be
obtained with the same structure showing opposite propagation
characteristics. This behavior is achieved by simply varying one
of the reactive elements, i.e., the capacitive or inductive load. The
physical behavior of these transmission lines has been successfully
explained by means of a single equivalent circuit. Besides, the
proposed transmission lines have an extended bandwidth due
to the balanced nature of the structure. The bandwidth of
these lines can be electronically controlled using varactor diodes
reverse-biased by an external DC voltage. Thus, a reconfigurable
cell with CRLH-like and D-CRLH-like propagation has been
designed and manufactured. Simulated and measured results
show fractional bandwidths (FBW) from 0% (no transmission) to
9.3% for simulations and from 0% (no transmission) to 8.7% for
measurements. Undoubtedly, these new proposed transmission
lines will be useful for designing reconfigurable devices that can
be used in future communication systems such as radar, wire-
less applications, Global Positioning Systems (GPS), or Radio-
Frequency IDentification (RFID) systems, among others.

I. INTRODUCTION

In recent years a variety of transmission lines with new

configurations has been presented. Some of these new con-

figurations are related to left-handed transmission lines due

to their unique properties [1]–[5]. The left-handed behav-

ior is obtained when the host transmission line is either

loaded with split-ring resonators (SRRs) [6]–[8] or their dual

counterpart, the complementary split-ring resonator (CSRR)

[9]–[12], as well as with reactive elements [13], [14]. In

coplanar waveguide (CPW) technology, such propagation is

reached by using SRRs coupled to the line and an inductive

connection between the ground plane and the signal strip.

The right-handed band that appears at higher frequencies can

be generally controlled by connecting a microstrip stub to
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the ring [4]. Thus, a balanced line can be achieved since

the left-handed band is not affected by the stub. This effect

is explained considering that the stub directly modifies the

existing capacitance between the ring and the coplanar line,

because it is the origin of the right-handed propagation band

[15]. Concurrently, the work presented in [16] showed that a

dual behavior can be achieved connecting the two rings that

form the SRR with an inductive connection. In addition to this

research, different structures with reconfigurable responses in

terms of bandwidth ( [17] from FBW= 2.6% to FBW= 5.2%,

[18] from FBW= 54% to FBW= 90% and [19] from FBW=

5% to FBW= 10%) have been presented. However, devices

with wide reconfigurable bandwidths, low insertion loss and

simple arrangements are still a challenge. This is mainly due to

the difficulty of modifying and controlling the inter-resonator

and line-to-resonator coupling.

This work aims to enhance previous designs, and includes

improved reconfigurable responses in terms of bandwidth and

control of the propagation characteristics. Specifically, we

present a single structure exhibiting both behaviors (CRLH-

like and D-CRLH-like propagation). To this purpose, the SRRs

are simultaneously loaded with inductive (positive reactance)

and capacitive (negative reactance) components. The outer ring

of the SRRs is connected to an open-ended microstrip stub,

and the inner ring to a shorted microstrip stub. Thus, D-CRLH-

like or CRLH-like propagation can be achieved with the same

configuration. In addition, varactor diode loaded SRRs are

employed to obtain electronically controllable wide bandwidth

responses with very simple designs.

This paper is structured as follows. Section II describes the

design and characteristics of the basic cell ( e.g., size, substrate

and metallization layer), as well as the components of the

corresponding equivalent circuit. The comparison between the

responses of the simulated cell and of the proposed equivalent

circuit is also studied. Section III presents the results of several

prototypes designed in the previous section. Different behav-

iors of the proposed cell with and without reconfiguration

can be observed through measurements. Finally, the main

conclusions are discussed in Section IV.

II. BASIC CELL DESCRIPTION AND EQUIVALENT CIRCUIT

The equivalent circuit of the basic cell proposed in this paper

is shown in Fig. 1.
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Fig. 1. Equivalent circuit for the cell proposed in this work.

The circuit has been obtained following the methods and

processes described in references [4] and [15]. However, in

the present case the ring resonators have been modified by

adding an inductor connected to the inner ring, and a capacitor

connected to the outer ring (see Fig. 2).

Fig. 2. Unit cell description. The unit cell is formed by a CPW line loaded
with modified SRRs. Capacitive (open-ended stubs) and inductive (metallic
via-holes) loads are connected to the outer and inner ring, respectively. Dark
grey is bottom layer, light gray is top layer.

The inductive element connected to the inner ring is the

most significative change between [4] and this new design.

Nevertheless, this is not a meaningless change, since this is the

key to achieve a cell with strong reconfiguration capabilities.

In order to understand the importance of this change, the

proposed equivalent circuit has been analyzed. In Fig. 1, one

can see that the outer ring is connected to the ground through

an equivalent capacitance Cg+Cst. On the other hand, the

inner ring is connected to the central strip of the coplanar

waveguide through a parallel resonator Lst||Cg . However, this

resonator is far below its resonance, so that the inductive

element prevails and the capacitor, Cg , can be neglected (Cg

is the capacitance between rings and ground, and it is very

small). At the point where the inductance Lst is connected to

the central strip, a very small inductance, Lp, connects this

central strip with the ground plane. Since this inductance is

really small, the inductance Lst is actually connected to the

ground or, at least, this is a very good approximation. As a

result, the centers of both rings are connected through a series

LC resonator. At the design frequency of the cell, this LC

resonator can be below its resonance, and therefore, exhibiting

a negative reactance, i.e., a capacitive behavior. In this case,

the cell holds a CRLH-like propagation, as in reference [4].

Conversely, the resonator can be above its resonant frequency

at the design frequency of the cell. In this case, the resonator

shows a positive equivalent reactance, i.e., an inductive type

reactance. For that reason, a D-CRLH-like propagation can

be expected, as in reference [16]. Finally, if the resonance

coincides with the design frequency of the cell, both rings are

indeed short-circuited and propagation is not possible, i.e., the

cell virtually reflects all the power.

In order to prove this reasoning, the equivalent circuit is

analyzed for different values of Cst using the circuit simu-

lator of CST Microwave Studio
TM

. When this capacitance is

modified, the resonance of the equivalent series LC resonator

that connects the rings is shifted. An equivalent result can be

obtained if Lst is varied. However, practically, it is much easier

to modify a capacitance than an inductance and, therefore, the

first alternative is preferred.

Since a specific circuit has to be simulated, the values of

the third column of Table I have been chosen to perform this

parametric analysis.

TABLE I
EQUIVALENT CIRCUIT ELEMENTS

CRLH-like D-CRLH-like

Starting point Optimized Starting point Optimized

Cst 0.662 pF 0.688 pF 2.066 pF 1.707 pF
Cg 0.560 pF 0.588 pF 0.531 pF 0.410 pF
La 18.567 nH 18.567 nH 17.361 nH 17.361 nH
Ca 0.351 pF 0.324 pF 0.331 pF 0.308 pF
Lst 0.901 nH 0.955 nH 0.994 nH 1.328 nH
Lp 0.173 nH 0.173 nH 0.173 nH 0.173 nH
Llr 1.727 nH 1.727 nH 1.638 nH 1.638 nH
Llo 1.750 nH 1.750 nH 1.840 nH 1.840 nH
Clr 0.688 pF 0.688 pF 0.652 pF 0.652 pF
Clo 0.696 pF 0.696 pF 0.732 pF 0.732 pF
k 0.375 0.330 0.375 0.348

The results of this parametric analysis are shown in Figs. 3

and 4. These results prove that by modifying the capacitance

connected to the external ring, it is possible to control the

behavior of the cell, as expected. The circuit, for small values

of Cst, holds a CRLH-like propagation. As this capacitor is in-

creased, the right-handed band shifts down in frequency until it

overlaps with the left-handed band. At this time, the reactance

of the capacitor Cst cancels the inductive reactance of Lst, and

the ring is shorted. Consequently, the input electromagnetic

signal is reflected. If the capacitor value is still increased, the

inductive effect prevales and a dual transmission is obtained.

In this study, the value of Cst has changed from 0.69 pF to 2.8

pF. From 0.69 pF to 1.2 pF a CRLH-like behavior is observed.

Then, the circuit has a stopband behavior. Finally, from 1.9 pF

to 2.8 pF the circuit behaves as a D-CRLH-like cell.
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(a) Capacitor Cst = 0.69 pF .
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(b) Capacitor Cst = 0.90 pF .
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(c) Capacitor Cst = 1.30 pF .
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(d) Capacitor Cst = 1.60 pF .

Fig. 3. CRLH-like equivalent circuit simulated responses. Scattering param-
eters obtained for different values of Cst. Results obtained after optimization
(see third column of Table I).
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(a) Dimension Cst = 1.65 pF .
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(b) Dimension Cst = 1.90 pF .
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(c) Dimension Cst = 2.40 pF .
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(d) Dimension Cst = 2.80 pF .

Fig. 4. D-CRLH-like equivalent circuit simulated responses. Scattering
parameters obtained for different values of Cst . Results obtained after
optimization (see third column of Table I).

The basic cell associated to the equivalent circuit previously

proposed consists of a CPW combined with a pair of SRRs

located on the opposite plane of the line, see Fig.2. In this

physical arrangement, Cst is implemented with an open-ended

stub of dimensions lst2 and wst2 connected to the external part

of the ring. This open-ended stub behaves as a capacitor and

it is connected between the outer ring and the ground, and its

capacitance can be calculated as in [4] and [20]. Lst can be

synthesized with a shorted stub. Lst is, therefore, the sum of

the inductance of the shorted stub, which can be determined

by the dimensions lst3 and wst3, and the inductance of the

via or vias at the end of the stub [21]. This shorted stub is

connected between the inner ring and the line.

TABLE II
CELL DIMENSIONS

CRLH-like D-CRLH-like

lst1 0.30 mm 0.42 mm
wst1 0.40 mm 0.42 mm
lst2 3.00 mm 8.00 mm
wst2 3.00 mm 6.00 mm
lst3 1.30 mm 1.50 mm
wst3 0.20 mm 0.20 mm
gr 0.40 mm 0.40 mm
wr 0.42 mm 0.40 mm
ca 0.80 mm 0.80 mm
rv 0.30 mm 0.30 mm
cv 0.30 mm 0.30 mm
ra 4.05 mm 3.83 mm
da 10.65 mm 10.65 mm
v 1.00 mm 1.00 mm
gc 0.65 mm 0.65 mm

The physical dimensions of the final design, obtained fol-

lowing the procedure described in [6] and [16], are shown in

Table II. It is worthwhile mentioning that the ring radius (ra)

has different values for the CRLH-like and the D-CRLH-like

designs. As it can be observed in Figs. 3 and 4, the pass-band

response for both cells appears at different central frequencies,

at 3 GHz for the CRLH-like line and at 2.86 GHz for the

D-CRLH-like line. Therefore, the radius of the resonator has

been slightly decreased in the case of the D-CRLH-like basic

cell to shift the frequency response to 3 GHz. The cells have

been implemented using a Rogers RO4003C
TM

substrate (ǫr =

3.55) of 1.524 mm tickness with a copper metallization layer

of 35 µm.

In order to validate the proposed configuration, the circuit

results are compared with a full-wave simulation of the

physical cell without losses using, again, CST Microwave

Studio
TM

. As it can be seen in Fig. 5, the values calculated

for each component (see Table I) are a good starting point

for an optimization process that converges to an acceptable

solution. Nevertheless, these values have to be optimized in

order to obtain more accurate responses. Some components

of the circuit have been adjusted by an optimization process

to match the results obtained from the full-wave simulations.

These components are: Cst, Cg , Ca and Lst. A Nelder-

Mead Simplex Algorithm was used with the next goals:

|S11circuit − S11sim| ≤ 0.01 to match the responses within

pass-band, and |S21circuit − S21sim| ≤ 0.01 to match the

responses out of the pass-band. The values obtained after

optimization are shown in Table I (third and fifth columns).

In Fig. 6 the optimized results of the CRLH-like and D-

CRLH-like circuits are observed. In both types of cell, a

pass-band centered at 3 GHz is obtained. The equivalent

circuit models accurately the real cell performance near the

resonance of the rings. Nevertheless, the more we move away

from this resonance, the response of the equivalent circuit

is progressively degraded. Two transmission zeros are only

observed at both sides of the pass-band of the CRLH-like cell.

As it will be shown in the next section, this behavior is due

to the fact that first a left-handed propagation band and then

a right-handed propagation band are obtained. These zeros
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cannot be observed in the D-CRLH-like cell, because first

the right-handed band and then the left-handed band appear,

cancelling in this way these zeros, which is in agreement with

the results previously published in [22].
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(a) CRLH-like Circuit.
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(b) D-CRLH-like Circuit.

Fig. 5. Simulated circuit (before optimization) and full-wave scattering
parameters.
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(a) CRLH-like Circuit.
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(b) D-CRLH-like Circuit.

Fig. 6. Simulated circuit (after optimization) and full-wave scattering param-
eters.

III. EXPERIMENTAL RESULTS

In this section, three prototypes have been manufactured

and measured in order to validate the designs presented

previously. Firstly, the basic cell presented in Section II has

been experimentally validated using two configurations, i.e.,

SRRs with different open-ended stubs. As it will be shown, if

the size of the stub is modified, the capacitor Cst varies and the

CPW behaves as a CRLH-like or D-CRLH-like transmission

line. Cst only affects the position of the right-handed band,

while the left-handed one remains unaltered. In this way, the

behavior of the cell and also its operational bandwidth can be

controlled. Once this fact has been verified, an electronically

reconfigurable cell has been designed and investigated. In this

case, the open-ended stub is replaced by a variable capacitance

obtained by means of a reverse-biased varactor diode.

A. Experimental Validation of the Basic Cell

In this subsection, the measured frequency responses of

two basic cells with different open-ended stubs are presented.

The prototypes, whose dimensions are specified in Table II,

have been manufactured using a mechanical milling process,

see Fig. 7. To measure these cells, a tapered transition to

a narrower coplanar line has been added in order to solder

an SMA connector with an input impedance of 50 Ω. This

input/output taper is a linear transition of 9 mm length between

the internal line and the feeding line. The outer coplanar

waveguide, where the connectors are soldered, is composed of

a central strip of 5 mm and a gap of 0.65 mm in the Rogers

RO4003C
TM

design.

(a) (b) (c)

Fig. 7. Photographs of the two fabricated prototypes designed in Rogers

RO4003C
TM

: (a) Top view, (b) Bottom view with open-ended stub length and
width of 3 mm and 3 mm, respectively, and (c) Bottom view with open-ended
stub length and width of 8 mm and 6 mm, respectively.

In Fig. 8, simulated results, considering losses, and mea-

surements are compared.
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(a) CRLH-like Circuit.
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(b) D-CRLH-like Circuit.

Fig. 8. Scattering parameters. Comparison between measurements and
simulated results.

The simulated cells have been excited with waveguide ports,

meanwhile a radiation box has been used to simulate the

boundary conditions. The measurements were obtained with

an Anritsu vector network analizer (Fig. 9), which has been

calibrated with a custom TRL calibration kit in order to de-

embed effects of the connectors and the coplanar tapers, see

Fig. 10.
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Fig. 9. Experimental set-up of the basic cell.

(a) Thru (b) Reflect (c) Line

Fig. 10. TRL Calibration Kit designed in Rogers RO4003C
TM

cell.

Different behaviors can be seen in Figs. 8(a) and 8(b). In

Fig. 8(a), a CRLH-like behavior with a center frequency of

3 GHz, 9% fractional bandwidth, and two transmission zeros,

one above and one below the center frequency is observed. In

Fig. 8(b) a D-CRLH-like response with the same center fre-

quency, 8.3% fractional bandwidth, and without transmission

zeros due to its dual behavior is obtained. The simulated and

measured insertion losses (at the center frequency) are shown

in Table III for each case.

TABLE III
INSERTION LOSS

CRLH-like D-CRLH-like

Simulated 0.62 dB 1.34 dB
Measured 0.82 dB 1.37 dB

The CRLH-like and D-CRLH-like behaviors can also be

observed in Fig. 11, where the dispersion diagram of the cells

are represented using the following equation [23]:

βll = cos−1

(

1− s11s22 + s12s21

2s21

)

(1)

In the CRLH-like cell, Fig. 11(a), it is seen that below the

center frequency of the pass-band, the phase decreases as the

frequency increases, which denotes a left-handed behavior.

Above this frequency the phase increases obtaining a right-

handed propagation. In the D-CRLH-like cell, Fig. 11(b), it

can be seen, first, the right-handed behavior of the line, below

the pass-band, followed by the left-handed behavior above the

pass-band. CRLH-like and D-CRLH-like behavior of the lines

are thus validated.
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Fig. 11. Dispersion diagram of the fabricated prototypes.

B. Electronically Controlled Transmission Line

A new basic cell with electronically reconfigurable capabil-

ities is presented in this subsection. The general schematic of

the structure is the same of Fig. 2, just the SRR configuration

is modified to introduce a variable capacitance. Thus, the

capacitive stub (defined by lst2 and wst2) is replaced by a

varactor diode connected to ground. The biasing circuit is

formed by two high value resistances that prevent RF coupling

and two metallic pads used to apply a DC voltage, see Fig.

12(a). Also, a fabricated prototype and a measurement set-up

are illustrated in Figs. 12(b) and 12(c). The use of varactor

diodes allows to control the capacitive coupling between the

ring and the transmission line. Therefore, the right-handed

resonance can be shifted depending on the biasing voltage,

obtaining the desired transmission bandwidth. In addition, it

is possible to switch between CRLH-like or D-CRLH-like

propagation or even cancel transmission. In this particular

case, a varactor BB857 model with capacitance values ranging

from 0.45 pF to 7.2 pF is employed.

Simulated and measured scattering parameters of three dif-

ferent cases, i.e., CRLH-like propagation, no propagation, or

D-CRLH-like propagation, are shown in Figs. 13, 14 and 15,

respectively. These figures show that by varying the external

voltage that controls the polarity of the varactor, it is possible

to reconfigure the bandwidth, change the propagation mode or

even to avoid transmission. In particular, for a biasing voltage

of 30 V (0.5 pF associated nominal capacitance), a CRLH-like

behavior is obtained in the measurement. If the biasing voltage

is decreased to 14 V, the associated nominal capacitance is

now 0.8 pF and there is no transmission. With biasing voltages

below 9 V (associated nominal capacitances above 1.1 pF), D-

CRLH-like behavior is obtained. The reconfigurable fractional

bandwidth obtained varies from 0% (no transmission) to 8.7%

with a CRLH-like behavior and to 6.5% with a D-CRLH-like

behavior. The frequency range covered for this basic cell with

CRLH-like propagation is 260 MHz starting from 2.85 GHz

to 3.11 GHz and with D-CRLH-like propagation is 180 MHz

starting from 2.65 GHz to 2.83 GHz.
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(a) Varactor diode loaded split ring resonator configuration. Dimensions:

w1=1mm, w2=0.2 mm, w3= 0.5 mm, l1=0.68mm, l2=1.08 mm, l3= 2 mm,

l4=1.5mm, l5=1 mm, l6= 0.38 mm, ra= 3.9 mm, lst3=0.15 mm. The other

dimensions of the circuit are equal to the cell CRLH-like (see Table II)

(b) Photograph of the varactor loaded fabricated prototype designed in Rogers

4003C
TM

.

(c) Experimental Set-up of the Reconfigurable Cell

Fig. 12. Prototype and Experimental Set-up of the Reconfigurable Cell.

The insertion losses at the center frequency for simulations

and measurements are shown in Table IV. The table shows

that the measured losses are higher than the simulated ones.

However, in all cases insertion losses are below 3 dB.To the

best of the authors’ knowledge, this result is one of the widest

reconfigurable bandwidths obtained with CRLH-like or D-

CRLH-like transmission lines.

Some small discrepancies between simulated and mea-

sured results, including frequency displacements, insertion loss

variations and SRR-to-ground capacitances disagreement, are

noticed. It can be due to parasitic capacitances and welding

imperfections not considered during simulations. In any case,

the agreement between experimental data and full-wave sim-

ulations is very good.
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Fig. 13. CRLH-like responses. Scattering parameters obtained for different
reverse-biasing voltages. (a) Measured: Reverse-biased voltage V = 30 V .
Nominal associated capacity C =0.45pF . Simulated: C = 0.37 pF . (b)
Measured: Reverse-biased voltage V = 24 V . Nominal associated capacity
C = 0.6 pF . Simulated: C = 0.38 pF .
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Fig. 14. Scattering parameters obtained for 14 V reverse-biasing voltage.
Measured: Nominal associated capacity C = 0.8 pF . Simulated: C = 0.73
pF .
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Fig. 15. D-CRLH-like responses. Scattering parameters obtained for different
reverse-biasing voltages. (a) Measured: Reverse-biased voltage V = 9.5 V .
Nominal associated capacity C = 1 pF . Simulated: C = 0.96 pF . (b)
Measured: Reverse-biased voltage V = 9 V . Nominal associated capacity
C = 1.1 pF . Simulated: C = 1.12 pF .

TABLE IV
INSERTION LOSS - RECONFIGURABLE DEVICE

CRLH-like D-CRLH-like

Simulated 0.62 dB 1.29 dB
Measured 1.26 dB 2.86 dB
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Fig. 16 shows the dispersion diagram for two cases having

CRLH-like and D-CRLH-like propagation. As it can be seen,

the results obtained are coherent with those achieved in Figs.

13(a) and 15(b), thus validating the correct performance of the

electronically reconfigurable prototype.
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(a) CRLH-like Circuit. Reverse-biased

voltage V = 30 V .
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(b) D-CRLH-like Circuit. Reverse-

biased voltage V = 9 V .

Fig. 16. Dispersion diagrams of the varactor loaded fabricated prototypes.

IV. CONCLUSIONS

In this paper, a coplanar waveguide line combined with

reactively loaded SRRs has been presented. If the cell structure

is maintained, but the capacitance of the open-ended stub is

modified (changing its dimensions -total surface over the cell-

), two different balanced behaviors are achieved: CRLH-like

or D-CRLH-like propagation. A general equivalent circuit able

to model both behaviors has also been proposed. A good

starting point for the optimization process is achieved with

the estimation of the equivalent circuit elements. Then, these

elements have been adjusted to match full-wave simulations.

Two different prototypes have been manufactured in order

to experimentally validate the design of the CRLH-like and

D-CRLH-like cells. In addition, an electronically controllable

structure has also been fabricated and measured. This device is

able to achieve reconfigurable bandwidth responses with frac-

tional bandwidths between 0% (no transmission) and 8.3%.

Besides, it is capable to behave as a CRLH-like and D-CRLH-

like transmission line simultaneously. These transmission lines

can be used in multiple communication applications such as

radar, wireless, GPS, or RFID systems. The main advantages

of the reconfigurable structure are the possibility to cover a

wide reconfigurable bandwidth (from full rejection to trans-

mission) and control the characteristics of the propagation

mode in real time. To the best of the author’s knowledge, this

is the first time that this kind of reconfiguration and control

has been achieved. Finally, as future work, other electronic

reconfiguration could be added to this current design. For

instance, reconfiguration of the center frequency would allow

to operate for both CRLH-like and D-CRLH-like modes at

the same frequency, or preserve the central frequency when

the bandwidth is modified.
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