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Abstract: New broadband antennas loaded with split ring resonators (SRR) are proposed and investigated. The results
illustrate that by loading the conventional monopole antennas with an asymmetrical meander lines SRR, a lower
resonance frequency mode can be excited. The dimensions of the SRR have been selected to provide a resonance
close the resonance of the monopole antennas. The results illustrate that when both resonance coincide the antennas
bandwidths and radiation properties can be enhanced. The length and width of the antennas are 25 × 10−2l0 × 11 ×
10−2l0 and 25 × 10−2l0 × 21 × 10−2l0 at 4 GHz for monopole antennas, and 29 × 10−2l0 × 21 × 10−2l0 at 2.9 GHz for both
monopole antennas loaded with SRR. For antennas without SRR loading, maximum of measured gains and efficiencies
are 3.6 dBi and 78.5% for F-antenna, and 3.9 dBi and 80.2% for T-antenna, hence they appear at 5 GHz. For antennas
with SRR loading, these parameters are 4 dBi and 81.2% for F-antenna, and 4.4 dBi and ∼83% for T-antenna, which
appeared at 6 GHz. By implementing the meander lines SRR as a matching load on the monopole antennas, the
resulted antennas cover the measured frequency bandwidths of 2.9–6.41 GHz and 2.6–6.6 GHz (75.4 and ∼87%
fractional bandwidths), which are ∼2.4 and 2.11 times more than monopole antennas with an approximately same in size.

1 Introduction

With the recent developments in wireless telecommunications,
devices are becoming smaller and supporting multiple operations.
Some portable devices such as smart phones are designed with
built in applications to handle numerous voice and data services
[1–5]. Therefore, broadband antennas with good radiation
characteristics are needed to satisfy the growing need of wireless
telecommunication demands [6, 7].

The concept of metamaterial (MTM) has been widely used to
improve the characteristics of antennas [8, 9]. Depending on the
design requirements, the MTMs can be designed by using the
resonant and non-resonant approaches [10–12]. The resonant
approach involves the use of resonant inclusions such as split ring
resonators (SRRs), complementary SRRs (CSRRs), electric-field
coupled-LC, etc. to design the left handed material [13, 14]. Due
to the extraordinary properties of the resonant inclusions, the
MTMs are widely used to design antennas with improved
performances [15, 16]. However it is worth noting that, the
resonant inclusions are narrow band naturally due to the resonant
requirements to operate near resonant frequency. Therefore, they
should be properly integrated with some existing design
techniques for improving the performances [7–15].

Recently, a number of studies to improve the bandwidth of the
MTM antennas have been reported [17–22]. In this paper, four
antennas with and without applying the asymmetrical meander
lines SRR loading are presented and demonstrated. The first
versions of antennas comprise a monopole radiator without SRR
loading and the second versions of them comprise two monopoles
with SRR loading. In effect, with implementing the SRR, the
second versions bandwidths improve from 31.5 75.4% for
F-antenna and from 41.16 to 86.9% for T-antenna, (standing wave
ratio [SWR]≤ 2). Therefore, the SRR loading pull down the
resonant frequency, so that it is possible to cover the required
frequency ranges related to worldwide interoperability for
microwave access (WiMAX-3.5/5.5 GHz) and wireless local area
network (WLAN-5.2/5.8 GHz) bands by the second versions of
antennas.

This paper is organised as follows. The design procedures are
discussed in Section 2. The first part of this section is related to
designing the monopole antennas without the asymmetrical
meander lines SRR loading and in the second part, the antennas
with the asymmetrical meander lines SRR loading are fabricated
and tested. Section 3 provides the antennas results, so that an
investigation on behaviour of asymmetrical meander lines SRR
loaded on both proposed antennas is explained in Section
4. Finally, the conclusions are presented in Section 5.

2 Design process of the proposed antennas

Two antennas with different configurations are proposed (Figs. 1 and
2). The first antenna with F-shaped structure is a conventional
monopole antenna without/with using the asymmetrical meander
lines SRR loading, and the second antenna with T-shaped
configuration is a monopole antenna loaded/unloaded with SRR
loading. To validate the designs, both structures are modelled and
designed by applying Ansoft’s (threedimensional) 3D full-wave
electromagnetic field software called to high frequency structure
simulator (HFSS) [23] and after optimisation and regulation
procedures, the resulted structures were tooled, fabricated, and
tested using a network analyser. The constructional elements of
the antennas are carved on the Rogers_RT_Duroid5880 substrate
with permittivity of εr = 2.2, tanδ = 0.002 and substrate thickness
of h = 0.8 mm. In these designs, the rectangular slots on an
asymmetrical ground plane along with the gap slits on the
monopole radiators are used for impedance matching. In addition,
in the second versions, a SRR loading is applied for improving the
antenna performances.

2.1 F and T-shaped antennas without asymmetrical
meander lines SRR loading

Photographs of these antennas with F- and T-shaped configurations
are shown in Fig. 1.

IET Microwaves, Antennas & Propagation

Research Article

IET Microw. Antennas Propag., 2015, Vol. 9, Iss. 14, pp. 1487–1496
1487& The Institution of Engineering and Technology 2015

mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:


These antennas integrate three rectangular radiation patches that
are vertically and horizontally arranged, thus creating the F- and
T-shaped structures. In these structures, two slits on the monopole
radiators along with an asymmetrical feeding with respect to the
ground planes are used for impedance matching. The antennas
overall sizes are 25 × 10−2l0 × 11 × 10−2l0 × 2 × 10−2l0 for
F-antenna and 25 × 10−2l0 × 21 × 10−2l0 × 2 × 10−2l0 for
T-antenna, in terms of free space wavelengths (l0) at 4 GHz
for both monopole antennas and their reflection coefficients are
SWR≤ 2 (Figs. 3 and 4). Regarding with widths of antennas, for
implementing T-antenna the designers have coupled and fed this
structure by an additional monopole radiator on the other side
(Fig. 1b). As a result, width of this antenna has slightly extended
than F-antenna.

2.2 Proposed antennas loaded with SRR

In this section, previous structures with three rectangular radiation
patches to form F and T shapes are extended for presenting better
performances. Like the first versions, for matching process, the
slits are used on the monopole radiators, and the feed of monopole

antennas are asymmetric with respect to the ground planes. For
providing better performances compared with previous versions
the SRR loading are implemented. This loading excites a lower
resonance frequency mode that matches with the resonance
frequency of monopole antennas, thus increasing the antennas
bandwidths. As a result, the second versions with the
asymmetrical meander lines SRR loading can be applicable for
the WiMAX (3.5–5.5 GHz) and WLAN (5.2–5.8 GHz) bands. The
fabricated prototypes of these antennas with F- and T-shaped
configurations and the SRR placed on the ground planes are
shown in Fig. 2.

Layout of the fabricated SRR loaded antennas structures drawn to
scale. SRR dimensions included, number of SRR pairs n = 4, length
of SRR LSRR = 12 mm, width of SRR WSRR = 0.4 mm and variable
distances between SRR pairs 0.4 mm <DSRR < 0.8 mm (DMin. =
0.4 mm and DMax. = 0.8 mm). Adjacent ring pairs are separated d
= 1.5 mm. The lengths and width of strip are L1 = 30 mm, L2 = 11
mm and W = 22 mm, respectively. Too, length and width of slot
are LS = 3.5 mm and WS = 2.2 mm, respectively. The structure has
been fabricated on a Rogers_RT_Duroid5880 substrate with
permittivity of εr = 2.2, tanδ = 0.002 and substrate thickness of h =
0.8 mm. Actual devices length and width (including access lines)

Fig. 1 Fabricated prototypes of the monopole antennas

a Top view of F-shaped antenna
b Top view of T-shaped antenna
c Back view of both antennas without SRR loading. Antennas design parameters are L1 = 19 mm, L2 = 7 mm, W1 = 1.4 mm and W2 = 0.4 mm. The antennas are in the XZ plane

Fig. 2 Fabricated prototypes of the antennas with asymmetrical meander lines SRR loading

a Top view of F-shaped antenna
b Top view of T-shaped antenna
c Back view of both antennas with SRR loading. The antennas are in the XZ plane

IET Microw. Antennas Propag., 2015, Vol. 9, Iss. 14, pp. 1487–1496
1488 & The Institution of Engineering and Technology 2015



are 30 mm and 22 mm, respectively. Both antennas have total
dimensions of 29 × 10−2l0 × 21 × 10−2l0 × 1 × 10−2l0 at 2.9 GHz
and its reflection coefficients are SWR≤ 2 (Figs. 3 and 4).

3 Results and discussions

In this section a comparison between performances of F and
T-antennas without asymmetrical meander lines SRR loading and
with this load is provided. The simulated and experimental
reflection coefficients (S11 <−10 dB) of F and T-antennas without/
with SRR loading are shown in Figs. 3a and b, respectively. As
clear, F-shaped antenna without meander lines SRR loading covers
the impedance bandwidths of 3.95–5.57 GHz (BW = 1.62 GHz)
and 4.0–5.50 GHz (BW = 1.5 GHz), which correspond to 34.0 and
31.5% simulated and measured bandwidths. Moreover, the
simulated and measured impedance bandwidths for T-antenna
without SRR are 3.77–5.85 GHz (BW = 2.08 GHz) and 3.82–5.80
GHz (BW = 1.98 GHz), which correspond to 43.24% and 41.16%
operating bandwidths, respectively.

These figures express that with loading SRR on the antennas
ground plane, the antennas bandwidths increased to up a
considerable ranges. As a result, F-shaped antenna loaded with
SRR exhibits 78.27% (2.83–6.47 GHz) frequency bandwidth in
simulation by HFSS and 75.40% (2.9–6.41 GHz) measured
impedance bandwidth (Fig. 3a). Moreover, similar results are
obtained by loading meander lines SRR on ground plane of
T-shaped antenna. Hence, T-antenna in this case covers the

simulated and experimental bandwidths of 2.57–6.68 GHz (4.11
GHz) and 2.6–6.6 GHz (4 GHz), which are corresponded to 88
and ∼87% fractional bandwidths, respectively (Fig. 3b). According
with Figs. 3a and b, F and T-antennas without SRR have an
operating frequency region centred at the frequency of fr = 4.80
and 4.85 GHz from HFSS and both antennas in measurement case
resonates at the same frequency of 5 GHz. Moreover it is find that,
by loading SRR on the antennas grounds a lower resonance
frequency mode for both antennas is excited that matches with the
resonance frequency of monopole antennas, thus increasing the
antennas bandwidths. F and T-shaped antennas in this case
resonates at 3.65 and 5.8 GHz, 4.1 and 5.9 GHz in simulation, and
3.75 and 5.9 GHz, and 4 and 6 GHz in measurement, respectively.
Consequently it is found that, the SRR loading extends the
impedance bandwidths of monopole antennas for covering the
WiMAX (3.5–5.5 GHz) and WLAN (5.2–5.8 GHz) bands.
Moreover it is noted of Figs. 3a and b that, unlike the first
versions with measurement bandwidths given by BW = 31.5%
(F-antenna) and 41.16% (T-antenna), the second versions have a
BW = 75.4% (F-antenna) and 86.9% (T-antenna) which are 2.39
and 2.11 times more. The results demonstrate good agreement
between simulations and measurements.

Besides the size and the frequency bandwidth, the radiation
properties are main performance parameters in antenna systems.
Curves of measured gains and efficiencies versus frequency for the
proposed antennas without/with asymmetrical meander lines SRR
loading are plotted in Figs. 4a and b, respectively.

All radiation specifications of the proposed antennas in
measurement are listed in Table 1.

Table 1 illustrates that, in case of without SRR loading the peak
gain and efficiency occur at 5 GHz for both antennas, which are

Fig. 3 Simulated and measured reflection coefficients (S11 <−10 dB)
a For F-shaped antenna without/with asymmetrical meander lines SRR loading
b For T-shaped antenna without/with asymmetrical meander lines SRR loading

Fig. 4 Experimental gains and efficiencies curves against frequency

a For F-antenna without/with SRR loading
b For T-antenna without/with SRR loading
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3.6 dBi and 78.5% for F-antenna and 3.9 dBi and 80.2% for
T-antenna, (Figs. 4a and b). Moreover, minimum values of these
parameters are 1.0 dBi and 36.3% for F-antenna and 1.15 dBi and
36.5 for T-antenna occurred at 4.00 and 3.82 GHz, respectively. In
the opposite case (designed by meander lines SRR), the maximum

gain and efficiency for both antennas happened at 6 GHz are 4 dBi
and 81.2% for F-antenna and 4.4 dBi and 82.6% for T-antenna. So
that minimum amounts of these parameters are 1.7 dBi and 43.6%
occurred at 2.9 GHz for F-antenna and 1.8 dBi and 45.5%
happened at 2.6 GHz for T-antenna.

Table 1 Radiation characteristics of the proposed antennas

Radiation specifications: gain (dBi) and efficiency (%). Maximum values are bold

Without asymmetrical meander lines SRR loading With asym. meander line SRR loading

F-antenna gain @ 4, 4.5, 5, 5.5 GHz: 1, 1.8, 3.6 and 3.2 @ 2.9, 3.8, 5, 6, 6.41 GHz: 1.7, 2.4, 3.7, 4, 3.45
efficiency @ same Freq.: 36.3, 48.1, 78.5, 73.8 @ same Freq.: 43.6, 51.7, 60.9, 81.2, 76.5

T-antenna gain @ 3.82, 4, 5, 5.8 GHz: 1.15, 1.3, 3.9, 3.3 @ 2.6, 3.82, 4, 5.8, 6, 6.6 GHz: 1.8, 2.75, 2.9, 4.25, 4.4, 3.7
efficiency @ same Freq.: 36.5, 42.1, 80.2, 70.4 @ same Freq.: 45.5, 56.5, 58.9, 79.3, 82.6, 75.4

Fig. 5 a–b Measured E and H-planes radiation patterns for proposed antennas without/with asymmetrical meander lines SRR loading at the operating
frequencies. c–d Current distributions of the F- and T-antennas without/with SRR loading at resonance frequencies

a Experimental E-plane radiation patterns for F- and T-shaped antenna. E-plane corresponds to Phi = 0°
b Experimental H-plane radiation patterns for F and T-shaped antenna. H-plane corresponds to Theta = 90°. The slight shift in beam direction in H-plane is due to loading of SRR on the
ground plane
c Without SRR loading
d Loaded with SRR

IET Microw. Antennas Propag., 2015, Vol. 9, Iss. 14, pp. 1487–1496
1490 & The Institution of Engineering and Technology 2015



The measured E and H-planes radiation patterns for both proposed
antennas without/with asymmetrical meander lines SRR loading at
the operating frequencies are displayed in Figs. 5a and b,
respectively.

The omni-directional radiation patterns are obtained for E-plane at
all operating frequencies in both cases of without and with SRR
loading (Fig. 5a). While, the radiation patterns for H-plane at all
operating frequencies have the bidirectional features with huge
side lobe, hence these features are exacerbated at 6 GHz for both
antennas with SRR and at 5 GHz only for T-antenna loaded with
SRR (Fig. 5b). The huge side lobs can be attributed to the
asymmetrical ground planes and the rectangular slots employed for
impedance matching. Moreover it is worth mention that, by
loading the SRR with asymmetrical meander lines on antennas
structures these lobs have great.

The current distribution is most important part to shown the SRR
characteristics. Hence, the surface current distributions over the
proposed antenna at resonance frequencies are shown in Figs. 5c
and d. The SRR affect the current flow over the antennas to
generate the radiation patterns shown in Figs. 5a and b that are
stable across their operating frequency ranges.

As previously mentioned, to validate the design processes, the
antennas were modelled and designed by applying Ansoft’s 3D
full-wave electromagnetic field software, that is, HFSS [23] and

after achieving the good simulation results, the antennas were
fabricated and tested. The antenna measured data such as
bandwidths, gains, efficiencies and radiations patterns were
obtained in the antenna and microwave laboratories by network
analyser. The measured results of both proposed antennas without/
with asymmetrical meander lines SRR loading are summarised in
Table 2.

From figures and tables it can be expressed that by applying the
asymmetrical meander lines SRR loading, the proposed antennas
with approximately same in size exhibits the better operational
performances including the broader bandwidths (more than two
times for both antennas), higher gains and efficiencies
accompanying the improved radiation patterns, curves and current
distributions in comparison to antennas designed without SRR
loading. Consequently, in achieving better performances compared
with conventional versions the SRRs have been loaded onto the
conventional unloaded antennas. These loading excite the lower
resonance frequencies modes that match with the resonance
frequencies of monopole antennas, thereby extending the overall
impedance bandwidths from 31.5 to 75.4% (∼2.4 times more) for
F-antenna and from 41.16 to 86.9% (2.11 times more) for
T-antenna. As a result, the second versions with the asymmetrical
meander lines SRR loading can be applicable for the WiMAX
(3.5–5.5 GHz) and WLAN (5.2–5.8 GHz) bands.

Fig. 5 Continued
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Hence, effects of asymmetrical meander lines SRRs loading onto
the conventional monopole antennas are elaborated in next section.

4 Investigation on effects of asymmetrical
meander lines SRR loading

Let us now focus on the propagation characteristics of the proposed
structures through the analysis of the dispersion relations. This is
inferred from the lumped elements equivalent circuit (Fig. 6),

which is valid in the long-wavelength regime (bl ≪ 1, where β is
the propagation constant for guided waves).

L and C are the per-section inductance and capacitance of the
structures. These parameters model the inductance associated with
the central conductor of the structures and the capacitive coupling
between these structures and ground planes (slot capacitance),
respectively. SRRs are modelled as parallel resonant circuits (with
inductance LS and capacitance CS) which are inductively coupled
to the structure through a mutual inductance, M. After some
calculation, the dispersion relation has been found to be

Fig. 5 Continued

Table 2 Overall characteristics of the proposed antennas

Parameters F-Ant. without SRR F-Ant. with SRR T-Ant. without SRR T-Ant. with SRR

dimensions 25 × 10−2l0 × 11 × 10−2l0 @
4 GHz

29 × 10−2l0 × 21 × 10−2l0 @
2.9 GHz

25 × 10−2l0 × 21 × 10−2l0 @
4 GHz

29 × 10−2l0 × 21 × 10−2l0 @
2.9 GHz

BW 4–5.5 GHz (31.5%) 2.9–6.41 GHz (75.4%)
∼2.4 Times More

3.82–5.8 GHz (41.16%) 2.6–6.6 GHz (∼87%)
2.11 Times More

Max. Ga. 3.6 dBi @ 5 GHz 4 dBi @ 6 GHz 3.9 dBi @ 5 GHz 4.4 dBi @ 6 GHz
Max. Eff. 78.5% @ 5 GHz 81.2% @ 6 GHz 80.2% @ 5 GHz 82.6% @ 6 GHz
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Moreover, M can be inferred from the fraction f of the slot area
occupied by the rings according to

Fig. 6 Lumped element equivalent circuit for the proposed structures

Fig. 8 Dispersion diagrams of the proposed F- and T-shaped antennas
(Blue lines are for F-antenna and Green lines are for T-antenna)

a Without SRR loading
b Loaded with SRR

Fig. 7 Simplified circuit with the series branch replaced by its equivalent
impedance

Fig. 9 Impedance and permeability plots against frequency for proposed
antennas loaded with SRR

a Impedance plots of SRR versus frequency for F-antenna
b Impedance plots of SRR versus frequency for T-antenna
c Permeability Curves of SRR versus frequency for both antennas

IET Microw. Antennas Propag., 2015, Vol. 9, Iss. 14, pp. 1487–1496
1493& The Institution of Engineering and Technology 2015



M = 2L.f . (5)

By obtaining the equivalent impedance of the series branch, the
circuit can be simplified to that shown in Fig. 7.

The dispersion relation for the circuit of Fig. 7 can be easily
obtained from standard calculus [24]

cos (bl) = 1− Lv− (1/Cv)

(4L/C)
2Lv− L′S/C

′
S

( )
L′Sv− 1/C′

Sv
( )

[ ]
(6)

Fig. 10 Parametric study on SRR dimensions for F-shaped antenna

a Effects of different lengths (LS) of SRR on reflection coefficient (The other parameters
remain constant)
b Effects of different widths (WS) of SRR on reflection coefficient (The other parameters
remain constant)
c Effects of variation in distances between rings of SRR (DSRR) on reflection coefficient
(The other parameters remain constant). The number of SRR pairs is 4, hence distances
between the rings are not equal to one. They are variable and their optimal values are in
the range of 0.4 mm <DSRR < 0.8 mm

Fig. 11 Parametric study on SRR dimensions for T-shaped antenna

a Influences of different lengths (LS) of SRR on reflection coefficient (The other
parameters remain constant)
b Influences of different widths (WS) of SRR on reflection coefficient (The other
parameters remain constant)
c Influences of variation in distances between rings of SRR (DSRR) on reflection
coefficient (The other parameters remain constant). The number of SRR pairs is 4,
hence distances between the rings are not equal to one. They are variable and their
optimal values are in the range of 0.4 mm <DSRR < 0.8 mm
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The dispersion diagrams for the corresponding structures using
HFSS and (6) are depicted in an ω–β diagram in Fig. 8. The
circuit elements have been calculated for the structures shown in
Fig. 2 (the pairs of SRRs are placed in the back substrate side). As
can be seen, by loading SRRs on the proposed structures their
impedance bandwidths have enhanced.

To validate the results of both proposed antennas, asymmetrical
meander lines SRR simulated specifications are expressed. SRR
characteristics are studied by Ansys HFSS simulation tool. The
effective medium theory has applied to calculate the permeability
of SRR. Nicolson–Ross–Weir method was used to obtain the
permeability of SRR [25]. Impedance and permeability curves of
SRR for F- and T-shaped antennas are plotted in Figs. 9a–c,
respectively. As seen in Figs. 9a–c, the impedance and
permeability of SRR for both antennas are positive and stable in
the operating bands of antennas [13, 26].

To providing the desired performances, the dimensions of the
asymmetrical meander lines SRR have optimised and regulated
using Ansys HFSS EM simulator. Figs. 10 and 11 explain the
effects of SRR dimensions on the reflection coefficients (S11 <
−10 dB) of the proposed antennas for various lengths (LSRR),
widths (WSRR) and distances between rings of SRR (DSRR).

As observed from Figs. 10 and 11, when the lengths (LSRR),
widths (WSRR) and distances between rings of SRR (DSRR) for
both antennas increase the negative permeability characteristics of
SRR accompanying the resonant frequencies of antennas are
slightly shifted to lower frequencies and consequently extension in
the antennas bandwidths is observed (7).

m = L′S −
1

v2C′
S

(7)

Besides investigations on bandwidths of antennas by variations of
SRR dimensions, a parametric study by SRR on the radiation
specifications of the proposed antennas too is studied (Figs. 12a
and b).

Figs. 12a and b express that, by increasing the dimensions of SRR
loaded on the antennas the gains and efficiencies of them have
improved on the entire frequency bandwidths.

5 Conclusions

Two antennas in different configurations with/ without SRR loading
have been designed, constructed, and tested. The broader bandwidth
along with better radiation characteristics were obtained by SRR
loading on the conventional unloaded monopole antennas. The
SRR loaded antennas excite a lower resonance frequency mode
that matches with the resonance frequency of the monopoles,
thereby extending the overall impedance bandwidths from 31.5%
to 75.4% (∼2.4 times more) for F-antenna and from 41.16 to
86.9% (2.11 times more) for T-antenna. The proposed loaded
antennas have the small size of 29 × 10−2l0 × 21 × 10−2l0 both at
2.9 GHz. The maximum values of the measured gain and
efficiency for F- and T-shaped antennas with the SRR loading
appear at operating frequency of 6 GHz that are 4 dBi and 81.2%,
and 4.4 dBi, and 82.6%, respectively. Hence, by applying SRR
loading, the second versions of antennas can be applicable for
WiMAX band (3.5–5.5 GHz) and WLAN band (5.2–5.8 GHz),
offering good gains and efficiencies through the whole frequency
bandwidths.
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