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A planar metamaterial structure consisting of two layers of split-ring resonator (SRR) arrays is demonstrated to form the im-

age of a point source with subwavelength resolution. The source frequency is swept through the resonance gap of the

metamaterial layers and the lateral field intensity distribution is recorded on the transmission side of the metamaterial. When

the source is tuned to the resonance frequency of SRRs, the metamaterial acts as a high permeability medium and a distinct

image with subwavelength resolution in the lateral direction is obtained. Increasing the distance between the individual SRR

layers reduces the interlayer coupling, and the intensity and spatial resolution of the image decrease rapidly.
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The intriguing electrodynamics of materials with simulta-

neous negative dielectric permittivity � and negative per-

meability µ were proposed and discussed by Veselago [1].

Decades after, the pioneering works of Pendry et al.

opened the way for the practical realization of artificial ma-

terials with the aforementioned electromagnetic properties

at different wavelength regimes of the electromagnetic

spectrum, for which no naturally occurring material is

known to exist [2,3]. In particular, the imaging capabilities

of the metamaterials are envisaged as tools which can

change the paradigm of microwave and optical imaging de-

vices, since they can overcome the diffraction limit of con-

ventional lenses [4]. The present studies are focused mainly

on two areas, i.e., the development and analysis of meta-

materials as lenses having negative effective index of re-

fraction and as subwavelength diffracting devices in the

near field zone. While the former is closer to the behaviour

of a conventional focusing lens, the anisotropic dispersive

characteristics of the metamaterials prohibited the practical

realization so far [5,6]. Nevertheless, there are some exper-

imental reports indicating the lensing behaviour [7]. The

latter approach makes use of the metamaterial as the nega-

tive high permittivity � or the permeability µ medium to

operate in the near field zone, as proposed in Ref. 4. If the

system is located in the near field zone (in which all dimen-

sions are smaller than the wavelength of light), the electro-

static limit may be applied, and hence the electric and mag-

netic response of the medium can be treated decoupled. In-

deed, a number of theoretical and experimental studies

based on � < 0 or µ < 0 metamaterials reported promising

results in terms of imaging in the microwave regime

[8–14], magnetic resonance imaging (MRI) [15], and even

in submicron regime [16].

In this work, we investigate the imaging properties of a

layered metamaterial consisting of 2D array of split-ring

resonators (SRRs) in the microwave regime. A similar

metamaterial lens employing broad side coupled split ring

resonators and working by the magneto-inductive coupling

was recently reported to provide subwavelength imaging

[11]. Here, we consider edge coupled SRRs and show that

the resonance of the SRR can be induced via the electric

field component of the source provided that the asymmetric

geometry of the SRRs on the metamaterial planes are prop-

erly oriented. The relation between the subwavelength re-

solved image formation and the SRR resonance is clearly

demonstrated by spectral measurements.
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The SRR units are fabricated on FR4 circuit boards (thick-

ness 1.6 mm, dielectric constant å = 4.4) with a deposited

copper layer of 30-µm thickness. The geometric parameters

of the SRR depicted in Fig. 1(a) are d = t = 0.2 mm, w = 0.9

mm, and r = 1.6 mm. The SRR units form a 2D array with

periodicity ax = ay = 8.8 mm. This SRR structure is re-

ported to provide a magnetic resonance (µ < 0) around 3.7

GHz and was successfully utilized in a metamaterial which

has a left-handed (i.e., negative refractive index) transmis-

sion band at this frequency [17]. The fabricated layer con-

tains 15 and 18 SRR units in the x, and y directions, respec-
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tively. The metamaterial consists of two SRR layers; sepa-

rated by a distance z. Figure 1(b) shows schematically the

measurement setup for the imaging experiment. A mono-

pole source is fixed at 5 mm away from the centre of the

first SRR layer. Another monopole serves as the detector,

scanning the field intensity along the other (transmission)

side of the second SRR layer, at a distance of 5 mm. The

metamaterial and the detector are both located in the near

field zone of the source. The separation between the layers

is made adjustable by a mechanical slider up to 30 mm.

The source and detector are connected to a network

analyser for measuring the transmission spectrum. In Fig.

1(b), the ordering of the experimental components from

back to front are SOURCE – PCB – SRR – z – PCB – SRR

– DETECTOR. Note, that the SRR units are not separable

from their respective PCB layers. We have defined the

interlayer spacing z, such that z = 0 corresponds to the case

when the SRRs of the first layer are in contact with the

PCB of the second layer. Thus, when z = 0, the two SRR

layers are still separated by a PCB layer of thickness 1.6

mm, and the (minimum) separation between the source and

detector is 13.2 mm (10 mm + 2PCB layers). Different

configurations are possible, e.g., SRR layers are facing

each other or away from each other. When the SRR layers

face each other, z = 0 would imply that the SRRs are elec-

trically in contact which is not desired. In either case, the

imaging properties discussed further below would show

some changes for each configuration but the essential con-

clusions of the study remain valid.

In the configuration depicted in Fig. 1(b), the electric

field vector is perpendicular to the splits of SRRs. This

causes an imbalance of the charge distribution in each

ring, which then induces circulating currents on the rings.

The result is a resonant electric response of the SRR de-

termined by the capacitance of the splits and inductance

between the concentric rings. When the SRR is located in

the near field zone of a source which radiates at resonance

wavelengths of the SRR, the propagating and, in particu-

lar, the evanescent modes of the radiation can couple to

the SRRs and transferred spatially through the meta-

material to the image plane. A near field probe on the

transmission side of the metamaterial would then be able

to detect the source with subwavelength resolution. The

spectral and spatial properties of the image are investi-

gated by sweeping the source frequency across the reso-

nance gap of SRRs, and by scanning the lateral intensity

profile. Figure 2(a) shows the measured intensity map in

colour scale for z/ë = 0. Within the gap, a distinct peak

profile is observable in the spatial direction at around

f = 3.7 GHz. Indeed, the lateral intensity profile (solid

line) plotted in Fig. 2(b) shows that the metamaterial can

form the near field image of the source with substantial

enhancement in both the intensity and spatial resolution

when contrasted to the intensity profile in the absence of

the metamaterial (dashed line). The full width half max

(FWHM) of the intensity is approximately 0.15 ë.

In order to make the connection of image formation

with the resonance of SRRs, we made a control experiment

using closed-ring (CRR) structures. Since the splits are ab-

sent in the CRR, no capacitance is present in the rings and

a resonance behaviour is not available in contrast to SRR

[17]. Figure 2(c) shows the spectral distribution of the lat-

eral intensity for the control experiment. In this case a re-

solved image of the source is not present. Apparently, the

CRRs degrade the image further by diffraction as seen in

the lateral profiles given in Fig. 2(d). The overall slight en-

hancement of the signal with respect to freespace propaga-

tion can be attributed to the refraction by the circuit board

having a larger dielectric constant than air.
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Fig. 1. The split-ring resonator structure (a). The parameter values

are d = t = 0.2 mm, w = 0.9 mm, and r = 1.6 mm. Schematic view of

the experimental setup consisting of source and detector

monopoles, and the two layers of SRR metamaterial (b). The

distance between the SRR layers is adjustable.
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Fig. 2. The spectral map of the lateral field intensity distribution for double layer SRR metamaterial (a). The interlayer spacing is z = 0.0

mm. The intensity is normalized by the maximum of the intensity for freespace propagation at z = 0 and x = 0. Lateral cross section of the

field intensity at f = 3.7 GHz in the presence of double layer SRR metamaterial (solid lines) and in the absence (i.e. freespace) (dashed

lines) (b). Same as in case (a) using CRR metamaterial (c). Same as in case (b) using CRR metamaterial (d).

Fig. 3. Spectral map of the lateral field intensity distribution for double layer SRR metamaterial for different amounts of interlayer spacing.

The intensity color map is calibrated with respect to the freespace propagation taken when z = 0 (hence the intensity values larger than

unity). Note the shrinkage of the resonance band and the image intensity with increasing interlayer spacing.



The spectral measurement for the SRR metamaterial is

repeated by varying the distance between the SRR layers.

The spectral-spatial intensity maps are plotted in Fig. 3. In-

creasing the interlayer distance, decreases the coupling be-

tween the layers and the SRR resonance band shrinks from

~0.9 GHz for z = 0.0 mm to ~0.6 GHz for z = 2.4 mm. At

the same time, the intensity of the focused image rapidly

decreases. We also note that all the intensity maps plotted

in Fig. 3 are normalized by the maximum of the freespace

propagation profile for z = 0, at the centre point (x = 0) of

the spatially scanned region. Thus, the intensity plots for z

� 0 are actually suppressed in magnitude, since they are not

normalized by their respective freespace measurement. It

should be noted that the freespace profile degrades faster

than that observed in the presence of SRR layers, since the

evanescent modes do not acquire any enhancement in

freespace at all. Figure 4 shows the lateral intensity profiles

at f = 3.74 GHz obtained from the data in Fig. 3. The rapid

decrease in the intensity and the broadening of the profile

are observed.
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In conclusion, we investigated experimentally the near

field image formation by a metamaterial consisting of dou-

ble layer arrays of split-ring resonators. For a monopole

source radiating at the resonance frequency of SRR and lo-

cated close to the metamaterial surface, the electric field

coupling to the SRR induces the resonance and the image

of the source can be formed on the transmission side. The

full width half max of the image profile is found to be

0.15 ë, well within the subwavelength regime. The image

resolution is quite sensitive to the interlayer spacing of the

double layer metamaterial.
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Fig. 4. Lateral cross section of the field intensity at f = 3.7 GHz

taken from Fig. 3. The freespace measurement is taken when z = 0,

and the SRR metamaterial was removed. In this case, the separation

of the source and detector is 13.2 mm.


