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We study the radiation properties of electrically small resonant antennas (ka < 1) composed of

electric-field-coupled (ELC) and complementary electric-field-coupled (CELC) resonators and a

monopole antenna. We use such parasitic ELC and CELC “metaresonators” to design various

electrically small antennas. In particular, monopole-excited and bent-monopole-excited CELC

resonator antennas are proposed that provide very low profiles on the order of k0=20. We compare the

performance of the proposed ELC and CELC antennas against more conventional designs based upon

split-ring resonators. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4793090]

I. INTRODUCTION

Metamaterials have been widely used in many antenna

applications as a means to improve overall performance.1–28

In particular, new electrically small antennas (ESAs) have

been designed thanks to miniaturization capabilities enabled

by metamaterials.12–16,21–24 As summarized in Ref. 23, one

effective approach to design ESAs is to employ metaresona-

tors, i.e., split-ring resonators (SRRs) or complementary

split-ring resonators (CSRRs), excited by monopole or patch

antennas.13–16,21 Such combined structure (“metaresonator

antenna”) operates near the resonant frequency of the meta-

resonator, thus allowing for the miniaturization.23

Resonant antennas composed of single negative materials

were proposed by Isaacs.29 Being perhaps the most popular

element providing negative permeability response, the SRR30

was employed to design ESA by Alici et al.13,14 They showed

that ESAs can be designed by properly exciting the SRR via a

monopole antenna. CSRRs that exhibit negative permittivity

were studied by Falcone et al.31,32 CSRRs were also used for

low-profile planar antenna designs.16,21 Moreover, by employ-

ing various resonators in tandem, added functionalities such

as dual polarization, circular polarization, or multi-band char-

acteristics can be obtained.15,21 SRRs are also employed in the

design of multi-band and multifunctional printed monopole

antennas,17–20 particularly for wireless applications. SRR and

CSRR can be considered as parasitic elements inducing

coupled (equivalent) magnetic or electric dipole responses,

respectively.23 To enhance the bandwidth of resonant anten-

nas, active devices can also be used.25–28

In this work, we investigate the use of electric-field-

coupled (ELC)33 and complementary electric-field-coupled

(CELC)34 resonators to design ESAs. It turns out that ELC

and CELC resonators can also induce coupled electric and

magnetic dipole responses.34 The advantage here is that oth-

erwise using either SRR or CSRR elements allows for cou-

pling only to the perpendicular (with respect to the resonator

plane) magnetic or electric field, respectively, from the

active component.14,21 This limits the choice of configura-

tions to which SRR and CSRR resonators are useful for one

particular orientation only. In contrast, ELC and CELC reso-

nators can couple to both parallel and perpendicular compo-

nents of the electric or magnetic field, respectively.33,34 In

the following, we exploit this property to design new ESA

configurations as depicted in Fig. 1. Configurations depicted

in Fig. 1(d) in particular are both very low-profile. The

design of a new low-profile bent-monopole CELC-coupled

antenna is also presented.

II. ELC/CELC-BASED METARESONATOR ANTENNAS

Fig. 1 shows the five different antenna configurations

considered here, viz., (a) SRR, (b) ELC and (c),(d) CELC-

1,-2,-3 resonator antennas, respectively. Fig. 1(d) depicts both

CELC-2 and CELC-3 resonator antennas with their respective

coordinates shown in Fig. 1(e). All resonators are excited

through a monopole antenna, also depicted. The physical

dimensions of the resonators are the same in all configura-

tions. Following the definitions in Fig. 1, antenna parameters

are as follows: the monopole wire length is equal to l ¼ 9 mm

for (a) SRR, (b) ELC, and (c) CELC-1, and equal to l ¼ 2 mm

for (d) CELC-2,-3; the inner wire radius is rw ¼ 0:46 mm;

and the coaxial outer radius is rc ¼ 1:47 mm with �r ¼ 2. The

side length of square ground plane is lgp ¼ 100 mm; the side

length of the substrate is a ¼ 7.8 mm; the width of the strips

is w ¼ 0.5 mm; the gap between strips is g ¼ 0.4 mm; the dis-

tance between substrate edge and strips is s ¼ 0.3 mm; and the

length of the strip inside ELC and CELC-1,2,3 is t ¼ 4.8 mm.

The distance between the monopole and resonators is d1 ¼
0:1 mm for all cases, except for (c) CELC-1, where it is

d1 ¼ 0:2 mm. The distance between the ground plane and res-

onators is d2 ¼ 0:6 mm for (a) SRR, (b) ELC, (c) and (d)

CELC. The FR-4 substrate has �r ¼ 3:85 and loss tangent

tan d ¼ 0:02. The thickness of the substrate is h ¼ 1.6 mm

with a copper thickness of 0.030 mm.

The antennas are simulated using the software CST

Microwave StudioTM, based on the finite integration tech-

nique. Return losses are measured using Agilent N5230A

network analyzer. Fig. 2 shows the simulated and measured
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S11 data. Good agreement is observed between the two sets

of results. The small discrepancy can be attributed to mea-

surement imperfections and expected variations of FR-4

dielectric constant among samples.15 Even though all resona-

tors have same physical dimensions, it is seen that the elec-

trical dimensions for each antenna differ due to the different

resonant frequencies. Figures of merit for above antennas are

presented in Table I. Using Foster reactance theorem, the

quality factor is computed as Qrad ¼ 1=FBW, where FBW is

the fractional bandwidth. In order to calculate the minimum

radiation quality of the antenna, we determine the radius a
for the minimum sphere that encloses each antenna, which is

presented in Table I. For CELC-2 and CELC-3, the resonant

frequency is relatively higher, but the minimum radius is

smaller. This is due to the low profile characteristic of these

two designs. Note that the minimum radius is determined for

each configuration considering the ground plane effect,

where the image of the antenna is taken into account. The

minimum Q presented in Table I is calculated as

Qmin ¼
1

2

1

k3a3
þ 2

ka

� �
; (1)

where k is the wavenumber at the (resonant) frequency of

operation f0. Notice that all antennas studied here have low

radiation efficiency and narrow bandwidth, which is

expected due to their small electrical sizes.

The simulated 3D radiation pattern along with the E-

and H-plane patterns are shown in Fig. 3. ELC and CELC-1

designs have similar monopole-like patterns, whereas the

SRR, CELC-2, and CELC-3 designs have a (z-oriented)

patch-like pattern.13,14 The surface current distributions

along the metaresonators are also depicted. The computed

antenna directivities are 6.1 dBi (SRR), 3.7 dBi (ELC), 4.6

dBi (CELC-1), 6.8 dBi (CELC-2), and 7.1 dBi (CELC-3)

with corresponding efficiencies 40%, 14%, 36%, 34%, and

55%, and gains 2.6 dB, 0.6 dB, 1.9 dB, 2.6 dB, and 4.1 dB,

respectively.

We also study the case where the CELC resonator is

excited through a bent monopole antenna, as depicted in

Fig. 4(a). As stated previously, the CELC resonator can couple

FIG. 1. Schematic configurations of (a) SRR,

(b) ELC, (c) CELC-1, and (d) CELC-2, CELC-3

resonator antennas. For the CELC-1,-2,-3 configura-

tions, the respective orientation is indicated in (e).

FIG. 2. Return loss of the resonator antennas depicted in Fig. 1.
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to a magnetic field parallel to its surface. We exploit this fea-

ture to design another antenna with a very low-profile. The

CELC resonator has the same parameters as considered

before. The wire height is hw ¼ 4:72 mm and the wire length

is l ¼ 11 mm. The distance between the vertical wire and the

CELC is d1 ¼ 0:5 mm and the distance between horizontal

wire and CELC is d3 ¼ 2:2 mm. The S11 (along with the

CELC-1 case, for comparison) and radiation pattern in the xy
and yz planes are shown in Figs. 4(b) and 4(c), respectively.

The resonant frequency for this bent excited CELC is slightly

higher than the CELC-1 case. In the simulations, it is seen that

the resonant frequency is strongly dependent on the d3 param-

eter. The minimum radius a of the antenna is now consider-

ably smaller. Moreover, the radiated power has increased

TABLE I. Simulation (measurement) results of the figures of merit.

f0 ðGHzÞ ka FBW �10 dB (BW) Qrad Qmin Efficiency

SRR 2.82 (2.84) 0.58 (0.58) 0.030 (0.061) 0.99 (1.94) % 33.3 (16.3) 4.34 (4.28) 39.8 (NA) %

ELC 4.13 (4.11) 0.84 (0.84) 0.040 (0.089) 1.05 (1.38) % 25.0 (11.2) 2.01 (2.03) 14.2 (NA) %

CELC-1 4.31 (4.32) 0.84 (0.84) 0.040 (0.082) 1.29 (2.13) % 25.0 (12.2) 2.04 (2.03) 36.3 (NA) %

CELC-2 7.11 (7.12) 0.83 (0.83) 0.040 (0.051) 1.39 (1.59) % 25.0 (19.6) 2.09 (2.08) 34.3 (NA) %

CELC-3 7.49 (7.49) 0.87 (0.87) 0.055 (0.082) 1.88 (2.55) % 18.2 (12.2) 1.90 (1.90) 55.0 (NA) %

Bent CELC 4.50 (4.43) 0.68 (0.67) 0.058 (0.063) 0.92 (1.12) % 17.2 (15.9) 3.03 (1.13) 23.2 (NA) %

FIG. 3. 3-D far-field radiation pattern (first row), xy- and yz-plane radiation patterns (second row), and the surface current plots (third row) for each of the

antennas shown in Fig. 1.

FIG. 4. (a) Bent monopole-excited CELC antenna. (b) Measured return loss. (c) Radiation pattern.
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significantly at zenith. On the other hand, the radiation effi-

ciency is slightly smaller compared to the CELC-1 case. The

radiation characteristics of this antenna are also summarized

in Table I. We mention in passing that due to the planar nature

of this later design, reactive impedance surfaces can be used

to further enhance this antenna performance.21

III. CONCLUSION

We have designed electrically small metaresonator anten-

nas composed of ELC and CELC resonators and a monopole

antenna. We exploited the ability of ELC and CELC to induce

equivalent electric or magnetic dipoles with different polariza-

tions towards designing various ESA configurations. We have

designed monopole-excited and bent-monopole-excited

CELC antennas with extremely low profile. We observe that,

as a general rule, CELC resonators are more suited than ELC

counterparts for ESA configurations because of superior per-

formance and flexibility of the former for excitation in differ-

ent orientations. The results above clearly show that CELC

resonators are a very attractive component for the design of

electrically small metaresonator-based antennas.
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