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Abstract. In this work, we studied the far-field properties of the microwave

radiation from sources embedded inside the split-ring resonator (SRR)

metamaterial medium. Our results showed that the emitted power near the

resonance frequency of the SRR structure was confined to a narrow angular

region in the far field. The measured radiation patterns showed half-power

beamwidths around 14◦. The highly directive radiation is obtained with a smaller

radiation surface area when compared to the previous results obtained by using

photonic crystals. The reduction in the surface area is ten-fold in the case of the

SRR metamaterial medium when compared to the photonic crystals. Our results

provide means to create compact size highly directive antennas.

Since their introduction by Pendry et al [1], split-ring resonators (SRRs) have attracted great

interest among the scientific community [2]–[8]. One of the major reasons for this great interest

lies in the fact that the SRR shows strong magnetic activity at high frequencies that is not

obtainable with natural materials. Several researchers have demonstrated strong magnetic activity

by using SRRs in the gigahertz and terahertz region [2, 9]. In addition to strong magnetic

activity, the SRR is a resonant structure whose dimensions are much smaller than the resonance

wavelength. The small size of the resonant SRR structure may provide means to modify and

control the emission properties of sources with small-sized structures.
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Figure 1. The SRR structure. The following dimensions are used throughout

our experiments and simulations: g = 0.2 mm, d = 0.2 mm, w = 0.9 mm, r1 =

3.6 mm and r2 = 1.6 mm. Arrows indicate the direction of current flowing around

the structure.

In this paper, we experimentally and theoretically study the angular distribution of

microwave radiation from a monopole source embedded inside a SRR metamaterial medium. We

will first review two important properties of the SRR structure relevant to the study of radiation

sources inside the SRR metamaterial medium. In this sense, we will be concerned with the

distribution of the surface current along the SRR structure and the distribution of the electric field

within the unit cell of the SRR metamaterial medium. Finally, we will experimentally demonstrate

that the radiation emitted from a monopole source embedded inside a SRR metamaterial medium

exhibits a highly directive radiation pattern.

The SRR structure consists of two concentric annuli of conducting material. There is a gap

on each ring, and each ring is situated opposite to the gap on the other ring. The schematics of the

SRR structure that we used in this study is shown in figure 1. When excited by an external source,

for example, by a time-varying magnetic field perpendicular to the plane of the SRR, current

flows along the rings are induced. The induced current is solenoidal. Hence, the SRR structure

can be considered as a resonant magnetic dipole. In fact, the associated magnetic-field pattern

from the SRR is dipolar [3]. In addition to the resonant solenoidal current, the SRR structure

concentrates the incident electric field within its close vicinity (see video). Figure 2 shows the

simulated electric-field (total field) distribution within the unit cell of the SRR metamaterial

medium. We considered a single layer of SRR structure along the propagation direction in the

simulations. Periodic boundary conditions were employed on the plane perpendicular to the

propagation direction. The incident wave is a planewave with unit amplitude. The electric field

shown in figure 2 indicates that the incident electric field is localized near the SRR structure.

Also, note that the electric-field amplitude attains values as large as second orders of magnitude

larger than the incident wave.

The resonant nature of the SRR structure is pronounced as a dip in the transmission spectrum.

This dip can be easily observed by measuring the transmission spectrum of a single-SRR structure

by two monopole antennas, one transmitting and the other receiving. The monopole antennas

that we used in our experiments are obtained by removing the dielectric cladding and the metal

shield of a microwave coaxial cable. The left inner core has a length of 7 cm. The monopole
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Figure 2. Simulated electric-field distribution within the unit cell of the SRR

metamaterial medium. Incident planewave has a unit amplitude. The view angle

is tilted for better visualization. (See video.)

length is optimized for operation around 4 GHz. The transmission coefficients of a single-SRR

structure placed between two monopole antennas is then measured by an HP-8510C network

analyser. HP-8510C is a vector network analyser capable of measuring both the transmission

and the phase. The SRR structure is manufactured by standard printed circuit board technology.

The substrate is standard FR-4 material and the metal is copper with a thickness of 0.05 mm. The

thickness of the board is 1.6 mm and the measured relative permittivity around 4 GHz is 3.85.

The measured transmission data and the results of the FDTD simulation are shown in figure 3. For

comparison, we have also measured the response of the closed SRR structure. In the closed SRR

structure we have two complete rings. The transmission data for a single-SRR structure shows a

strong dip around 3.65 GHz. Note that this dip is not observed in the transmission spectrum of

the closed SRR structure.

The experimental setup that we used to study the transmission properties of the SRR

metamaterial medium is depicted in figure 4. The transmission setup consists of a HP-8510C

network analyser and transmitting–receiving horn antennas. The measured metamaterial medium

is obtained by arranging SRR structures in a rectangular array. The periodicity along the z- and

y-axes is equal to 8.8 mm. The periodicity along the x-axis is 6.5 mm. There are 30 layers along

the x-axis, 15 layers along the z-axis and 15 layers along the y-axis. The distance between horn

antennas and the structure is 15 cm, which is larger than the wavelength at 3 GHz. The measured

transmission spectrum of the SRR metamaterial medium is shown in figure 5. The orientation of

the incident fields and the SRRs is such that the magnetic field is perpendicular to the plane of the

SRRs and electric field is orientated along z-axis. The transmission spectrum of the metamaterial

SRR medium exhibits a forbidden frequency range between 3.4 and 4.3 GHz.

At this point, we would like to emphasize two important properties of the SRR structure.

First of all, at the resonance frequency solenoidal currents flow along the SRR structure. As
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Figure 3. Measured transmission spectrum of (A) SRR structure and (B) closed

SRR structure. Simulated transmission spectrum of (C) SRR structure and

(D) closed SRR structure.
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Figure 4. Experimental setup used to measure the transmission properties of the

SRR metamaterial medium. The setup consists of transmitting-receiving horn

antennas and a HP-8510C network analyser.

a result, the SRR structure can be regarded as a resonant magnetic dipole. In addition, the SRR

structure localizes the incident electric field within its close vicinity at the resonance frequency.

These two properties of the SRR structure makes it interesting for antenna applications. Due

to these two properties of the SRR structure, when arranged in a regular pattern, the resulting

metamaterial SRR medium may be regarded as an antenna array. An array antenna is made up

of more than one radiating element [11].

One usually expects that the field intensity decreases strongly with the distance from the

source. This means that when the surface is considered as a collection of individual antennas, the
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Figure 5. Transmission spectrum of the electromagnetic waves through the

SRR metamaterial medium. Electric field is orientated along the z-axis and the

magnetic field is perpendicular to the plane of the SRR structures.
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Figure 6. (a) Measured electric-field intensity near the surface of the SRR array

at 3.8 GHz when the source is located inside the array; (b) measured electric-field

intensity near the surface of the SRR array at 4.7 GHz when the source is located

inside the array. The scales are the same for both figures.

contribution of each antenna to the emitted radiation decreases with distance from the monopole

antenna. In order to check the above statement, we measured the electric-field intensity near the

surface of the SRR array when the monopole source was placed inside it. In our measurements

we used another monopole antenna as a receiver to measure the electric-field intensity. The

measurements are carried out over an area of 150 × 20 mm2 with steps of 1 mm. The data for

the resonance frequency is shown in figure 6(a). At the resonance frequency a significant part

of the surface contributes to the radiation appreciably. On the other hand, at the off-resonance

frequency (4.7 GHz) a small part of the surface contributes to the radiation (figure 6(b)).

For the far-field radiation pattern measurements, we replaced the transmitting horn antenna

with a monopole antenna and placed this inside the SRR metamaterial medium. We followed

the method suggested by Drozd et al [12] in the construction of the monopole antenna. The
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Figure 7. (a) Far-field radiation pattern in the H-plane (———) and E-plane

(- - - - - -) near the resonance frequency of the SRR structure. (b) Far-field radiation

pattern in the H-plane (red curve) and E-plane (blue curve) at an off-resonance

frequency. Frequency for this plot is 4.7 GHz.

placement of the monopole antenna inside the SRR metamaterial medium was chosen such that

the monopole antenna effectively excites the SRR structures at the surface of the medium. As

a result, there are three layers of SRR planes in front of the monopole antenna. The orientation

of the monopole antenna was along the z-axis. The monopole antenna was placed at the middle

of the SRR array along the x-axis and z-axis. Hence, there are 15 SRR layers to the left and

right of the monopole along the x-axis. Along the z-axis, there are seven layers above and

below the centre of the monopole antenna. Given the above dimensions, the surface of the

SRR metamaterial medium was two wavelength long along the y- and z-axes. The power

spectrum of the radiation emitted by the monopole antenna was then measured at a distance

of 1.5 m away from the metamaterial SRR medium. The measurements were made by varying

the angle in the x–y-plane (H-plane) and y–z-plane (E-plane). Figure 7(a) shows the measured

angular distribution of power near the resonance frequency of the SRR structure. The half-

power beamwidth was approximately 14◦ for the frequencies near the resonance frequency in the

H-plane. These results show that the emitted power is confined to a narrow angular region near the

resonance frequency. The experimental far-field radiation pattern near the pass-band frequencies

is presented in figure 7(b). Figure 7(b), on the other hand, shows that the emitted power at the

pass-band does not show a highly directional radiation pattern. The half-power beamwidth at

4.7 GHz is 36◦ in the H-plane. The measured far-field radiation patterns in the E-plane are also

shown in figure 7. Radiation patterns for both the resonance (figure 7(a)) and off-resonance

frequencies (figure 7(b)) do not exhibit high directionality in the E-plane. We performed similar

experiments with the closed-ring resonator (CRR) arrays. The dimension of the individual CRRs
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Figure 8. (a) Far-field radiation pattern in the H-plane (red curve) and E-plane

(blue curve) near the resonance frequency of the SRR structure. Frequency for

this plot is 3.8 GHz. (b) Far-field radiation pattern in the H-plane (red curve) and

E-plane (blue curve) at an off-resonance frequency. Frequency for this plot is

4.7 GHz.

and the size of the CRR array were the same as the SRRs and SRR array. The measured far-

field radiation patterns when the monopole source was located inside the CRR array is shown

in figure 8 for the H-plane and E-plane. Figures 8(a) and (b) show that the emitted radiation is

not confined to a narrow angular region either in H-plane or in E-plane for both the resonance

and off-resonance frequencies. These results can be interpreted as follows. At the resonance

frequency SRRs act as a magnetic dipole whereas CRRs do not. As a result, SRR array can

be considered as a collection of antennas. On the other hand such an interpretation cannot be

done for the CRR array.

In a previous work, we showed that photonic crystals may be used to obtain highly directive

radiation from sources [13]. Also, Enoch et al [14] reported similar results by using a metallic

mesh of thin wires. The results of both of these previous works are related to the anisotropy

of the band structure associated with the wave propagation inside photonic crystals. A physical

explanation of highly directive radiation from sources embedded inside photonic crystals is

provided by Chigrin et al [19] in terms of stationary phase. In addition several other researchers

have reported directional radiation sources based on photonic crystals [15]–[18]. On the other

hand, the highly directional radiation near the resonance frequency from a source embedded

inside an SRR array is due to the resonant behaviour of the individual SRRs. It is worth

comparing these values with our previous results obtained by using photonic crystals. For the
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Figure 9. Far-field radiation pattern from a rectangular aperture when it is

illuminated by a plane wave. The dimensions of the aperture are equal to the

dimensions of the SRR array. The surface of the aperture is on the x–y plane. The

frequency is 3.86 GHz.

Figure 10. Measured S11 for the monopole source in free space (red curve) and

for the monopole when the source is located inside the SRR array (blue curve).
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case of the photonic crystal, the radiation surface had an area equal to 44λ2, where λ is the

operation frequency. In contrast, the surface area in this work is only 3.8λ2. This means that the

surface area is approximately reduced by a factor of 11 times when compared to the photonic

crystals that are composed of regular arrays of dielectrics or wire arrays. We believe that

this improvement is important for compact size highly directional radiation sources. We also

calculated the far-field radiation from a rectangular aperture of the same dimension of the SRR

array for comparison. The results of the calculations in spherical polar coordinates are presented

in figure 9. The half-width in the H-plane is 18◦. Note that this value is larger than the one

obtained by using the SRR array.

We also checked the coupling efficiency of the monopole antenna by measuring the S11

values. The measured S11 values when the source is placed inside the SRR array and in free

space is shown in figure 10. The measured S11 value at the resonance frequency is −5 dB

when the source is placed in free space. On the other hand, when the source is located inside

the SRR array S11 value reduces down to −24 dB at the resonance frequency. These results

clearly indicate that the coupling efficiency is enhanced appreciably when the source is placed

inside the SRR array. The coupling efficiency is quite important for practical applications.

The enhanced coupling efficiency may be attributed to the high local electric fields near

the SRRs.

In conclusion, we showed that near the resonance frequency of the SRR structure the surface

of the SRR metamaterial medium can be regarded as a collection of resonant magnetic dipoles.

When excited with a monopole source the SRR metamaterial medium exhibited a highly directive

radiation pattern. The measured half-power beamwidth is comparable with the results obtained

by photonic crystals in the previous works. In addition, the surface area is appreciably reduced

compared to the highly directive radiation source based on photonic crystals. Hence, the results

presented in this paper provide a new way to obtain compact-sized highly directive antennas.
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