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Abstract: This paper presents a textile-based C-shaped split-ring resonators
(SRR) metamaterial (MTM) unit cells with an electrical tunability function.
The proposed MTM was composed of two symmetrical C-shaped SRR com-
bined with a central diagonal metal bar, whereas the RF varactor diode is
placed on the backside of the splitted ground plane. Stopband behavior of
single and array MTM unit cells were analyzed while the achieved negative
index physical characteristics were widely studies. Though four differentMTM
arrays (i.e., 1 × 1, 1 × 2, 2 × 1, and 2 × 2) were analyzed in simulation, a
2 × 2-unit cell array was chosen to fabricate, and it was further undergone
experimental validation. This proposed tunable MTM exhibits double nega-
tive (DNG)/left-handed properties with an average bandwidth of more than
2.8 GHz. Furthermore, attainable negative permittivity and negative perme-
ability are within 2.66 to 9.59 GHz and within 2.77 to 15 GHz, respectively,
at the frequency of interest (between 1 and 15 GHz). Moreover, the proposed
tunable MTM also showed tunable transmission coefficient characteristics.
The proposed electrically tunable textile MTM might function in a dynamic
mode, making it suitable for a variety of microwave-wearable applications. A
satisfactory agreement between simulations and experiments were achieved,
demonstrating that the proposed MTM can operate over a wide bandwidth.

Keywords: Textile metamaterial; metamaterial; wearable antennas; tunable
metamaterials; metasurface; antennas; DNG metamaterials

1 Introduction

The use of microwave wearable prototypes of wireless network communication systems for
health monitoring applications have received a lot of attention. In the presence of the human
body, smart devices’ design becomes more complicated than a free-space environment due to the
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enormous losses produced from humans when the prototype is located close to the body [1].
For instance, advancement in wearable devices have demonstrated that conductive wires can
be integrated into the skin or clothing. Metamaterial (MTM) techniques have shown that the
devices’ electromagnetic (EM) wave can be enhanced by designing a conductive flexible surfaces
structure [2].

MTMs with unique properties such as a zero-refractive index [3] and a negative-refractive
index [4] are generally used to enhance the overall performance of such a wearable prototype
design. Researchers have utilized MTMs in many applications, for instance, invisibility cloak-
ing [5,6], wireless health monitoring [7], sensors [8], filters [9], RFID tags [10], and EM wave
absorbers [11]. Besides, MTM structures are being used to control and improve the textile anten-
nas performance, radar, and other microwave or millimeter-wave applications [3,11]. The MTMs
are classified as single or double negative (SNG/DNG) based on the behavior of the dielectric
permittivity (ε) or magnetic permeability (μ). The SNG MTM with negative μ is known as mu-
negative (MNG) MTM, whereas SNG MTM with negative ε is labeled as the epsilon negative
(ENG) MTM [12,13]. However, MTM defines as a DNG/left-handed (LH) MTM when both
ε and μ are negative [14]. Besides, double-positive (DPS) MTM has both ε and μ as positive,
commonly found in nature [15]. Several kinds of MTM structures have been reported in the state
of the art literature, e.g., split-ring resonators (SRRs) [16], complementary split-ring resonators
(CSRR) [17], artificial magnetic conductor (AMC) [18] and symmetric split-ring resonator (SSRR)
which can be used to enhance the antenna radiation patterns and to build a more miniaturized
size [19].

The wearable applications are mainly used as a supportive and natural layer substitute.
Therefore, an electronic function can be integrated with fabrics attributable to miniaturize the
electronic components and develop the emerging technologies [20,21]. These kinds of textile
fabrics developments have been extensively highlighted in literature with different techniques such
as woven fabrics, embroidered fabric material, sewn textile materials, knitted fabrics, chemically
treated fabrics, and laminated fabrics [22]. Furthermore, smart sensor devices have been improved
recently to be sufficient for the human body [23]. However, the creation process for new textile-
based sensors is an enormous task, especially in health tracking [24], athletic training [25], and
emergency rescue for law enforcement [26]. Limited research has addressed textile MTMs. For
example, a flexible FR4 based CSRR MNG MTM has reported in [27]. It has displayed a negative
index characteristic in the range of 7.2–9.2 GHz. However, the MTM is not suitable for wearable
applications due to the FR4 substrate, which is not considered for textile/wearable applications.
Another research reported textile material work [28] has not achieved an MTM negative index.
Moreover, in the design of reconfigurable/tunable MTM-enhanced devices, the manufacturing
complexity caused by additional DC biasing must be taken into consideration early in the design
process [29].

Besides that, material characteristics can be controlled using different approaches, such as an
electrical varactors method, which is popular in beam steering applications compared with the
costly phase-shifter devices [30]. For instance, in [31], a varactor diode has presented with a lack
of DC biasing data. The applied reverse bias voltage of the varactor can be controlled using an
external voltage source. This tuning technique extensively provides a tunable functionality, e.g.,
tunable metasurfaces development, hence it is considering in the development of many wireless
devices [32–34]. Moreover, a tunable MTMs in [35] has applied with an absorption level based on
the applied reverse bias voltage.
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This paper proposes a flexible, multiparameter electrically tunable LH textile MTM. The
design was based on several C-shaped split-ring resonators, whereas a slotted ground plane with
loaded varactors helped achieve the tunability features. The MTM effective parameters (i.e., ε,
and μ) were extracted using the robust reflection-transmission (RTR) method for simulated and
measured structures. The 2 × 2 array structure was opted to use the waveguide (WG) port
measurement approach between 1 and 15 GHz to experimentally validate. The tunable LH features
observed varied from 2.89 to 5.42 GHz for both simulation and measurement. Furthermore,
simulations exhibited ENG characteristics at 2.66–5.65 GHz, 8.24–8.62 GHz, and 9.11–9.59 GHz;
MNG characteristics at 2.77–5.42 GHz, 9.87–12.05 GHz, 12.97–13.39 GHz, 13.81–14.39 GHz,
and 14.72–15 GHz; and negative refractive index (NRI) characteristics within 2.73–5.55 GHz.
Also, measurements revealed ENG characteristics at 2.89–6.75 GHz and 9.91–11.18 GHz; MNG
characteristics at 2.44–6.62 GHz and 10.56–13.79 GHz; and NRI characteristics within 2.61 GHz–
5.72 GHz. Tab. 1 displays the research results compared to other tunable/reconfigurable MTMs
found in the literature, showing how distinct and versatile the proposed MTM models are, with
multiparameter tuning capabilities.

Table 1: Comparison of this work with other tunable MTMs

Ref. Component/s Substrate
type
&
thickness

Tuning
mechanism

Tunable
parameters

Tuning
ratio (%)

Deformation
analysis

[31] Varactor RT/Duroid
(rigid)
&
0.8 mm

– Medium index/
refractive index

3.34 No

[32] Varactor FR3-epoxy
(rigid)
&
1.4 mm

External DC
power

Reflection
coefficient phase

3.72 No

[33] Varactor and
photodiode

FR-4 (rigid)
&
1.5 mm

Light intensity
control using
photodiodes

MNG properties/
artificial magnon
resonance

– No

[35] Varactor FR-4 (rigid)
&
1.6 mm

– Absorption range 9.24 No

[36] Varactor Rogers R4003
(rigid)
&
0.5 mm

Varying the
amplitude of
the
propagating
EM waves

Magnetic
resonance and
transmission
coefficient

– No

This
work

Varactor Felt (Flexible)
&
3 mm

External DC
power

S21, ENG, MNG,
NRI and DNG
properties

S21 = 158.63,
ENG= 71.60,
MNG= 62.95,
NRI = 71.61, and
DNG= 62.95

Yes
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2 Design and Methodology of Tunable MTM Unit Cell

The proposed textile based MTM was developed, simulated, and fabricated using LessEMF
Inc.’s ShieldIt SuperTM conductive textile with felt acting as the substrate. For felt, the loss tangent
is 0.044, and the dielectric constant is 1.44. And the Shield It is 0.17 mm thick with a conductivity
of 1.18 ×105 S/m. Computer Simulation Technology (CST)-Microwave Studio Suite (MWS) was
used to simulate the MTM unit cell considering the finite integration technique (FIT) with a
tetrahedral adaptive mesh scheme.

Several pairs of symmetric C-shaped SRRs were designed and combined to structure the
MTM unit cell and enable the unit cell to operate in a wide frequency range. Figs. 1a and 1b
illustrate the proposed MTM unit cell design by combining several C-shaped SRR resonators and
a slotted ground plane loaded with RF varactor diodes (SMV1232-079LF, Skyworks, Irvine, CA,
USA). The varactor’s capacitance was tuned based on the applied reverse bias voltages [37]. The
size of the MTM unit cell is 15 × 15 × 3 mm3, whereas Tab. 2 summarized all other physical
parameters. Based on the MTM EM response, the C-shaped SRR resonators are modeled as
an inductive/capacitive (LC) circuit. The inductances are formed by the C-shaped SRR, whereas
the gap between the concentric C-shaped SRR creates a capacitance. Besides, another distributed
capacitance is indicated by the gap along with the square metallic ground plane and the top C-
shaped SRR. Finally, a tunable capacitance is introduced on the ground plane due to the 0.8 mm
slot on the ground, whereas the RF varactor was used to control and tune its values, accordingly.

Figure 1: MTM unit cell. (a) front view and (b) 3D rear view with RF varactor

Table 2: MTM unit cell parameters

Parameter Value (mm) Parameter Value (mm)

L 15.0 G1 2.00
W 15.0 G2 0.80
R1 6.50 D 6.00
R2 5.00 a 0.80
R3 4.00 h 3.00
R4 3.00 t 0.17
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The entire design procedures of the MTM structure, including considering a slot at the ground
plane to insert the RF varactor is presented in Fig. 2. The first step was to create two C-shaped
SRRs with 0.8 mm gap, as demonstrated in Fig. 2a. Inner ring conductor was connected using
a diagonal metal strip in Fig. 2b, where it was splitted into two sections as shown in Fig. 2c.
Furthermore, a slot in the MTM ground plane was considered in Fig. 2c as well. Finally, RF
varactor was installed in the ground plane of the MTM to complete the design as illustrated
in Fig. 2d. The fabric materials were adopted in this study are flexible. Moreover, DC biasing
circuitry was required for tuning the material properties. This research also observed the impact
of C-shaped SRRs on the design process to help alleviate issue with the fabrication complexity.
Another fact that strongly supports the usage of an SRR type structure is that this has been
found to improve the magnetic resonance of the material [38].

Figure 2: Design steps of the MTM unit cell: (a) step-1, (b) step-2, (c) step-3, and (d) step-4

In the simulation setup boundary condition of the proposed C-shaped SRR MTM was
followed according to Fig. 3a. Where two waveguide ports were taken into account along the
unit cell ±z-axis. To excite the transverse electromagnetic (TEM) wave, the perfect electric, and
magnetic conductors (PEC and PMC) were defined at the ±x-axis and ±y-axis, respectively.
The tetrahedral meshes model was used to mesh and optimize the unit cell structure, whereas
the frequency domain solver was used as the selected available simulator in CST MWS. The
simulations were performed independently to illustrate the single/arrays MTM properties in the
span of 1 to 15 GHz.

Fig. 3b depicts an equivalent circuit model of the MTM inclusive of the RF varactor diode,
which provides an insight into the operating principle of the MTM under consideration. The
parameters at Fig. 3b are denoted as follows: L1, L2, L3, L4, L5, and L6 are the inductance
of the C-shaped SRR, C1, C2, C3, C4, C5, and C6 are the capacitance within the gap of the
C-shaped SRR, Cc is the coupling capacitance between the metallic ground plane and the SRR,
whereas Lgnd is the inductance from the ground plane. Additionally, based on applied reverse
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bias voltage to the RF varactor, the capacitance of the varactor changes, which helped tuning
the multiparameter of the proposed MTM model. Furthermore, Fig. 3c depicts the relationship
between the reverse bias voltage and the total capacitance of the RF varactors [29].

Figure 3: (a) 3D view of the EM MTM simulation setup for unit cell (1 × 1 array). (b) Proposed
MTM unit cell equivalent circuit model. (c) Relationship between the applied reverse bias voltage
and capacitance of the RF varactor

3 Results and Discussion

3.1 Modelling and Simulation
To understand the unit cell physical behavior, the MTM surface current distribution was

analyzed and discussed for distinct unit cell array conditions in the xy-plane at 4.5 GHZ, with an
applied reverse bias voltage of 13V∼0.73pF (refer to Fig. 4). The proposed MTM was considered
to place between electric and magnetic fields to study and evaluate its working principle. The
arrows display the propagation path among the layout structure whereas the colors reflect the
gradient surface current path strength throughout the proposed structure. The current distribution
flows in two opposite directions to the upper and down C-shaped slot, which nullifies the current
and create a stopband frequency. A series of simulations with different number of unit cells were
carried out in which the capacitance was varied to investigate the impacts of the tuning capaci-
tance of the varactor diode on the MTM. Though surface current at 4.5 GHz (13V∼0.73pF was
considered within DNG region from 2.49 to 4.3 GHz), similar strong surface current distribution
can be observed when the MTM is tuned at other frequency with the help of varactor diode/s.
However, comparatively a weak distributed surface current was observed at the outer ring of the
MTM (all presented array conditions) as shown in Figs. 4a–4c).
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Figure 4: Surface current distribution at different unit cell array conditions (with an applied
reverse bias voltage of 13 V∼0.73pF): (a) 1 × 1 array, (b) 1 × 2 array, (c) 2 × 1 array, and (d)
2 × 2 array

The simulated transmission coefficient (S21) results with −10 dB or below indicate acceptable
stopbands are presented in Fig. 5. As a result, the achieved resonance stopbands are at lower
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bands with 1–11.92 GHz for 1 × 1 array, and 1–8.67 GHz for 2 × 2 array. Besides, upper
frequency stopband resonances have been achieved as well to adopt with different microwave
applications. The proposed MTM arrays are extensively tunable from 1 to 6.1 GHz and are almost
static from 11 to 15 GHz in the upper band. However, slight differences in S21 results can be seen
for all arrays.

Figure 5: S21 results obtained from different unit cell arrays: (a) 1 × 1 array, (b) 1 × 2 array, (c)
2 × 1 array, and (d) 2 × 2 array

The RTR method was utilized in this study to extract material effective parameters (i.e., per-
mittivity, permeability, and refractive index) for both simulated and measured structures according
to [39]. Figs. 6–8 demonstrate the MTM simulated relative effective permittivity, permeability, and
refractive index, respectively. Furthermore, the light orange color indicates the realized negative
indexed region. As demonstrated in Fig. 6, ENG has spanning BW in the range of 2.66–5.65
GHz, 8.24–8.62 GHz, and 9.11–9.59 GHz for of 2 × 2 array, whereas MNG BW is in the range
of 2.77–5.42 GHz, 9.87–12.05 GHz, 12.97–13.39 GHz, 13.81–14.39 GHz, and 14.72–15 GHz as
shown in Fig. 7. Furthermore, in Fig. 8 presents attainable real negative refractive index (n) value
from 2.77 to 5.42 GHz for 2 × 2 array condition which also represents the DNG characteristics
of the proposed MTM. Other array conditions exhibit slight discrepancies. Moreover, around
76% noticeable bandwidth of NRI property for different unit cell arrays were achieved. Tab. 3
summarizes exhibited MTM properties for all presented array conditions.
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Figure 6: Simulated MTM permittivity: (a) 1 × 1 array, (b) 1 × 2 array, (c) 2 × 1 array, and (d)
2 × 2 array

3.2 Deformation Analysis
To give proper context to wearable applications when it is applied to the human body,

several bending angles were extrapolated and tested for the proposed flexible MTM with different
scenarios. Fig. 9 shows the physical potential bending or elongation deformations of the simulated
MTM in x-axis and y-axis.
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Figure 7: Simulated MTM permeability: (a) 1 × 1 array, (b) 1 × 2 array, (c) 2 × 1 array, and (d)
2 × 2 array

At different bending angles (r) in radians were studied to analyze S21, ε, μ and n. Figs. 10
and 11 illustrate an apparent frequency shift toward upper bands to increase the bending angle
value. Thus, the EM properties were meaningfully changed while the simulated MTM structure
was bended at x-axis and y-axis. Besides, ENG, MNG and NRI characteristics are continuously
achieved during the bending scenarios.
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Figure 8: Simulated MTM refractive index: (a) 1 × 1 array, (b) 1 × 2 array, (c) 2 × 1 array, and
(d) 2 × 2 array

Table 3: ENG, MNG, NRI and DNG bandwidths for different unit cell arrays for different
varactor tuning conditions

Array
structure

ENG BW(GHz) MNG BW(GHz) NRI BW(GHz) DNG BW (GHz)

1 × 1 2.69–5.69 &
8.52–9.59

2.83–5.43,
9.71–11.70,
12.61–13.89 &
14.22–15

2.77–5.86 2.83–5.43

(Continued)
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Table 3: Continued

Array
structure

ENG BW(GHz) MNG BW(GHz) NRI BW(GHz) DNG BW (GHz)

1 × 2 2.36–5.54 &
8.58–9.1

2.50–5.21,
9.32–10.94 &
11.47–14

2.43–5.42 2.50–5.21

2 × 1 2.42–5.59 &
8.55–9.11

2.49–5.28,
9.39–11.25,
11.54–11.74 &
12.96–14.05

2.45–5.47 2.49–5.28

2 × 2 2.66–5.65,
8.24–8.62 &
9.11–9.59

2.77–5.42,
9.87–12.05,
12.97–13.39,
13.81–14.39 &
14.72–15

2.73–5.55 2.77–5.42

Figure 9: Probable 3D bending MTM structure at diverse radii at (a) x-axis and (b) y-axis

3.3 Experimental Validations
Fig. 12a presents the overall flow of the operation process, where the final prototype is shown

in Figs. 12b and 12c for the 2 × 2 condition. Firstly, the optimized design outline was exported
into the Drawing Exchange Format (DFX) file and followed by inserting this file into the laser
cutter to dimension MTM. Then, clothing iron was utilized to heat the dimensioned textile and
stick it onto the front and back sides of the felt substrate layer. It was then followed by assembling
the DC (i.e., wires and RF varactor diodes) biasing circuitry. After that, the combined connections
to the textile surface were cured between 24 to 36 h within more than 25◦C. Moreover, the
fabricated prototype was utilized for the measurements and validations process.
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Figure 10: Effects of bending at different radii (r) at the x-axis with different tuning conditions:
(a) S21 result, (b) permittivity, (c) permeability, and (d) refractive index

Measurements of the fabricated MTM prototype was carried out using an N5227A Vector
Network Analyzer (VNA) from Agilent Technologies with a DC power supply (E3631A) to
provide inverse bias voltage to tune varactors to the MTM [29]. Measurements of S21, ε, μ and
refractive index were carried out within the frequency range of 1.7 to 15 GHz. Six different types
of waveguide ports (WG) were used in the span of WR430 (1.7–2.6 GHz); WR284 (2.6–3.95
GHz); WR187 (3.9–5.85 GHz); and WR137 (5.7–8.20 GHz). WCAS112 (7.05–10.00 GHz); and
WCAS75 (10–15 GHz) due wide range tuning capabilities of the MTM prototype. Finally, the
RTR method was applied to extract the MTM effective parameters.
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Figure 11: Effects of bending at different radii (r) at the y-axis with different tuning conditions:
(a) S21 result, (b) permittivity, (c) permeability, and (d) refractive index

The measured results of S21, ε, μ, and refractive index (n) are exhibited in Figs. 13a–13d,
respectively. The experimental results show S21 BW of 3.2 and 0.8 GHz (from 2.5 to 5.8 GHz, and
from 10.4 to 11.2 GHz, respectively) presents in Fig. 13a, this is agreed with the simulation result.
Moreover, the measured ENG and MNG BW are 2.89, 6.75 GHz, and 9.91–11.18 GHz; and 2.44–
6.62 GHz, and 10.56–13.79 GHz; respectively, which can cover several bands within microwave
frequency regime (S-, C-, X-, Ku-bands). Besides, Fig. 13d shows the achievable measured NRI
BW of 3.11 GHz indicated frequency shifting toward higher bands by approximately 1.1 GHz
compared to simulation. Furthermore, all measured and simulated results are summarized in
Tab. 4 to present discrepancies between simulated and measured results.
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Figure 12: (a) The fabrication steps and procedures are represented in a flowchart. Fabricated
prototype of the proposed MTM structure: (b) Front view and (c) Rear view

Figure 13: Measured results: (a) S21, (b) permittivity (c) permeability, and (d) refractive index
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Table 4: Simulated and measured S21, ENG, MNG, NRI and DNG bandwidths between 1.7 and
15 GHz for a 2 × 2 unit cell array for different varactor tuning conditions

Array
structure

ENG BW (GHz) MNG BW (GHz) NRI BW (GHz) DNG BW (GHz)

Simulated (2.66–5.65),
(8.24–8.62), &
(9.11–9.59)

(2.77–5.42),
(9.87–12.05),
(12.97–13.39),
(13.81–14.39) &
(14.72–15)

2.73–5.55 2.77–5.42

Measured (2.89–6.75) &
(9.91–11.18)

(2.44–6.62) &
(10.56–13.79)

2.61–5.72 2.89–5.72

4 Conclusions

This paper presents a flexible and electrically multiparameter tunable MTM unique in terms
of structure and performance. And this proposed MTM is particularly suited for wearable appli-
cations. It was developed using several symmetrical C-shaped SRR resonators and a split ground
plane loaded with RF varactor as a tuning technology. Results indicated that the presented textile
MTM is suitable for S, C, X, and Ku bands application. The results also showed a wide tunable
ENG, MNG, NRI, and DNG characteristics with a considerable bending curvature effect towards
the upper-frequency bands. The simulated textile MTM bandwidth remains approximately the
same compared with all measured cases. In conclusion, the proposed MTM can be efficiently
tuned to feature the upcoming future wearable applications in a flexible/wearable format.
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