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Focusing microwaves into subwavelength dimensions with a

half-cylindrical hyperlens based on split ring resonators
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Hyperlenses based on metamaterials can be applied to subwavelength imaging in the lightwave band. In this
letter, we demonstrate both through simulations and experimentally verified results that our proposed half-
cylindrical shaped hyperlens can be used for super-resolution microwave focusing in a TE mode. Based on
split ring resonators, the hyperlens satisfies a hyperbolic dispersion relationship. Simulations demonstrate
that the focused spot size and position are insensitive to the rotation angle of the hyperlens around its
geometric center. Experimental results show that a focused spot size 1/3 of the vacuum wavelength is
achieved in the microwave band.
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In the lightwave band, a hyperlens made of alternating
metallic and dielectric layers with a hyperbolic dispersion
relationship has been analyzed theoretically[1] and veri-
fied by simulations and experiments[2−5]. Such a device
has achieved both super-resolution imaging and magni-
fication imaging. A typical optical hyperlens consists of
tens or hundreds of curved metallic and dielectric lay-
ers only a few nanometers thick[2−6], whose radii are on
the micrometer level. Fabricating such a device is diffi-
cult because of its ultra-small dimensions and multilayer
structure. Furthermore, the inherent absorption loss of
metals and unavoidable fabrication errors offset the de-
vice’s extra high resolution because small perturbations
are often strong enough to distort the delicate transfor-
mations of large wave vectors[6]. For the above reasons,
it remains considerably challenging to manufacture hy-
perlenses for super-resolution imaging in the lightwave
band.

Unlike the lightwave devices, microwave super-
resolution imaging devices have dimensions on the mil-
limeter or centimeter level, which can greatly reduce the
fabrication and assembling requirements. In our for-
mer works, we have verified that an optical hyperlens
can be employed for super-resolution beam focusing[7−9],
just like many others metamaterials based devices[10,11].
In this letter, we propose a microwave beam-focusing
hyperlens device based on split ring resonators (SRRs)
and analyze its unique focusing-properties. This newly
developed device may find applications in microwave
catalysis[12], microwave synthesis[13], microwave medi-
cal devices[14,15], and other potential fields requiring mi-
crowave beam focusing.

Metamaterials can achieve the required equivalent di-
electric constant ε and magnetic permeability µ through
optimal design of the material structure[16,17]. A hyper-
lens made up of metamaterials with an optimized design

can control the transmission properties of incident elec-
tromagnetic waves. In cylindrical coordinates, for the
TE mode, the dispersion relationship of metamaterials
satisfies
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where kr is the radial wavevector, kϕ is the angular wave
vector, µϕ and µr are the angular and radial magnetic
permeabilities respectively, ω is the working wave fre-
quency, and εz is the dielectric constant in the electric
field direction. For harmonic magnetic resonance meta-
materials (applicable in microwave bands), if µr < 0,
and µϕ > 0 (or both conversely), the dispersion equa-
tion denotes a hyperbolic curve. Under such circum-
stances, the modules of angular wave vectors which de-
termine the resolution will not be restricted, unlike those
of traditional materials with circular or elliptic dispersion
equations. Object waves with angular wave vectors ex-
ceeding k0, which represent the details of the object, can
spread in the material in traveling wave modes instead of
evanescent wave modes, allowing super resolution focus-
ing and imaging in a far field. Furthermore, studies[18,19]

have shown that, when µϕ →0 is satisfied, the dispersion
curves of this material will degenerate into two lines par-
allel to the kϕ axis. Therefore, all rays will propagate
in a direction parallel to kr, so all waves incident on the
material, regardless of the magnitude or the propagation
direction of the wave vectors, will focus into the sphere
center. As a result, a high energy density beam spot is
produced beyond the diffraction. Relying on the above
principles, we propose a microwave beam-focusing device
based on metamaterials.

To verify super-resolution beam focusing in the mi-
crowave band, we have designed a microwave beam-
focusing device with the basic structure shown in Fig.
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1. This device is composed of an object stage, absorb-
ing materials, a horn antenna, a dielectric lens, and a
microwave hyperlens. A slab waveguide formed by two
parallel metal plates receives the incident microwaves.
The microwaves are expanded and collimated by the horn
waveguide and then focused by a dielectric lens. Absorb-
ing materials are evenly distributed around the measure-
ment area. The phases and intensities of the focusing
fields near the hyperlens’ focal plane can also be mea-
sured by a microwave probe.

As shown in Fig. 1(a), we chose a horn antenna to ex-
pand the beam expansion of microwaves. In our design,
a focusing dielectric lens transformed the collimated mi-
crowaves into convergent cylindrical waves that fit within
the shape of the hyperlens. Without the dielectric lens,
a large microwave hyperlens with more layers could be
used, if it is large enough to include all the incident colli-
mated microwaves. This design, however, would decrease
the system’s transmission efficiency and increase the fab-
rication difficulty. In addition, another benefit from the
dielectric lens is that it can reduce the reflection loss at
the boundary of the hyperlens. Without the dielectric
lens, the marginal rays projected on the outmost layer
of the hyperlens will encounter large incident angles at
the medium boundary, which will cause a large Fresnel
reflection loss. Fortunately, the dielectric lens ensures
that each incident ray arrives on the hyperlens at normal
incidence. Our former research[7] showed that with such
a design, the transmission efficiency of an optical hyper-
lens beam focusing system can be improved from 0.1%
to 5.3%.

The dielectric lens is made up of plano-convex lenses.
The collimated microwave rays from the horn waveguide
pass through the front surface of the dielectric lens per-
pendicularly and then are focused at the back surface.
According to the aplanatic principle, an off-axis position
(x, y) at the curve surface of the lens meets

f1 + (n − 1) d =

√

(−x + f1)
2

+ y2 + nx, (2)

and the on-axis point and edge point satisfy
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)2

, (3)

where f1 is the focal length, D is the aperture of the
lens, d is the thickness of the lens, and n is the refractive
index of the lens material. On the basis of Eqs. (2) and
(3), we can get the required surface profile of the plano
convex dielectric lens. In this design, the parameters of
the lens are D = 180 mm, f1 = 180 mm, n = 1.5969,
and d = 35.59 mm.

As shown in Fig. 1(b), the microwave hyperlens is
composed of periodic units of SRRs, and the parameters
of the SRRs in Fig. 1(c) have been carefully designed
to meet the hyperbolic dispersion equation requirement.
The designed hyperlens is made up of 17 layers of pe-
riodic SRRs with layers separation of 2.7 mm, and the
outer diameter is 100 mm. The substrate and metal
material of the SRRs are FR-4 epoxy board and copper,
respectively. Our SRRs have simple structure and mag-
netic resonance frequency that can be varied in a large
range by changing the design parameter of SRRs; thus

the µr and µφ which meet the needs can be obtained
easily. That’s the reason why we chose the TE wave
instead of the TM wave.

Using HFSS software to make electromagnetic simula-
tion on optimized SRRs, we can get its S-parameters to
retrieve its effective permeability and effective permittiv-
ity, and then we can get its dispersion curve, as shown in
Fig. 2. While the effective electromagnetic parameters
of the hyperlens change smoothly when the microwave
frequency f is at around 10 GHz, we take 10 GHz as a
working frequency. The corresponding effective electro-
magnetic parameters are µr = −1.93, and µϕ = 0.86.
These parameters meet the requirement for a hyperbolic
dispersion relationship, and thus the hyperlens can be
used for super-resolution beam focusing.

In practice, the focal plane of the hyperlens is placed
at the focal plane of the dielectric lens. In this way, the
cylindrical shape of each layer of the hyperlens matches
well with the wavefront of the convergent waves. Thus
only the wavenumbers increase as the convergent waves
propagate without perturbation of the wavefront.

Using the electromagnetic simulation software
COMSOLTM 4.2, the properties and super-resolution
beam focusing ability of the proposed device were veri-
fied through simulations. Figure 3(a) shows the electric
field distribution in the simulation domain. Though it
shows high reflection in front of the hyperlens due to the
impedance mismatch primarily, there is still an obvious
focused spot in the focal plane. Figure 3(b) shows the
intensity distributions of the focused microwave along
the focal plane. As seen in Fig. 3(b), the full-width
at half-maximum (FWHM) of the focused spot is about
8.6 mm (corresponding to λ0/3.5, where λ0 is the wave-
length in vacuum). Without the hyperlens, the FWHM
of the spot focused only by dielectric lens is no less than
the diffractive limit λ0/2NA=1.1λ0. Here NA is de-
fined as the numerical aperture of the dielectric lens and
its value is approximately equal to sin[tan−1(D/2f1)].

Fig. 1. (a) Schematic of the experimental device, (b) a sketch
of the periodic arrangement of the split ring units in the lay-
ers (the pitch of each unit is 2.7 mm) and (c) a unit of the
optimally designed SRR structure. The SRR is square with
a substrate length l = 2.7 mm, substrate thickness d = 0.25
mm, metal thickness t = 0.034 mm, metal length a = 2.4 mm,
metal width w = 0.15 mm, and gap width g = 0.2 mm.
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Fig. 2. (Dispersion curve of optimized SRRs with (a) re-
trieved effective permeability µr and (b) resumed effective
permeability µφ.

Fig. 3. (a) Electric field distribution mode in the simulation
domain and (b) intensity distribution of the focused spots on
the focal plane when the hyperlens rotates an angle α around
its centre of sphere in the horizontal plane.

Therefore, the ability of the proposed device to focus its
beam beyond the diffraction limit was confirmed by the
simulation.

Simulation also showed that the hyperlens was not sen-
sitive to incident angles. When the hyperlens rotates an
angle α around the center of the sphere in the horizontal
plane, the intensity distributions on the focal plane are
shown in Fig. 3(b) with α equal to 0, 15◦, 30◦, and 45◦

degrees, respectively. According to Fig. 3(b), there are
no significant fluctuations in the size of the focused spots
or their positions, except for some energy loss at large
incident angles. These findings are consistent with semi-
classical theory[18], which states that all of the lights
incident to the hyperlens will converge to the core of the
sphere in spiral lines. Such a distinguishing feature can
greatly reduce the assembly requirements of the hyper-
lens in practice. Additionally, problems in traditional
microwave devices, such as degradation of the focusing
quality caused by the deformation of the focusing wave,
can be easily avoided in such a device.

The proposed beam-focusing system is shown in Fig.
4. Figure 4(a) is a schematic of the automatic 2D mea-
suring system, which measures the field distribution of
microwaves on the x−y plane, controlled by a microcom-
puter. Figure 4(b) is our experimental system, and Fig.
4(c) is the hyperlens fabricated by circuit-board printing
technology operating in the microwave band.

In the experiments, microwave signals were gener-
ated by a vector network analyzer, and frequencies were
scanned between 8 to 12 GHz. These microwave signals
were transmitted into the designed device and focused
near the focal plane of the hyperlens. To discover the

best operating wavelength, we scanned and recorded the
microwave power flow distribution near the hyperlens’
focal plane by using a microwave probe with a sampling
interval of 0.1 mm. Data analysis verified that the best
focusing effect appeared at the designed frequency of
10 GHz, which produced the smallest focused spots and
least noise. The power flow distribution is shown in Fig.
5(a), where the focal plane of the hyperlens is marked
by a red dashed line. The power flow distribution at the
focal plane is shown in Fig. 5(b). According to Fig. 5(b),
the measured FWHM of the focused spot is about 10 mm
(corresponding to λ0/3), which is close to the theoretical
value of λ0/3.5 and less than the diffraction limited spot
size 1.1λ0. Besides the intrinsic loss of materials, man-
ufacturing error of SRRs, distortions of layer curve, and
probe detection error may also contribute to the small
difference between the simulated and experimental spots
dimension. By decreasing the separation between multi-
layers of the hyperlens, optimizing the metamaterial unit
structure, and improving the microwave collimating and
focusing efficiency, the resolution of the beam-focusing

Fig. 4. (a) Schematic diagram of automatic 2D measuring sys-
tem, photos of (b) the microwave focusing experiment setup
and (c) the microwave hyperlens used in our experiment.

Fig. 5. (a) Experimental two-dimension microwave power
flow distribution and phase, (b) distribution near the focal
plane and (c) normalized power flow distribution at the focal
plane.
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device can be further improved experimentally.
It can also be seen from Fig. 5(a) that the microwaves

diverge quickly after leaving the focal plane. The rea-
son is that microwave components with transverse wave
vectors larger than k0 have been turned into evanescent
waves after leaving the hyperlens. The evanescent waves
experience an exponential attenuation of amplitudes, and
the bigger the wave vectors, the faster the attenuation[8].
Therefore the working plane should be as close to the
focusing device as possible in applications.

In summary, we present a microwave device combining
a horn antenna, dielectric lenses, and a hyperlens to re-
alize super-resolution focusing in the microwave band. A
device layout is suggested and the device’s characteristics
are analyzed theoretically. Numerical simulations and ex-
periments further verify our design and demonstrate that
the minimum focusing spot size can be reduced to λ0/3.
To improve the performance of the system, we use a di-
electric lens to transform the collimated microwaves into
convergent cylindrical waves that fit within the shape
of the hyperlens, which is different from other promis-
ing subwavelength imaging devices[19,20]. With a simple
structure, a robustness to assembly variations, this newly
proposed microwave device, when further optimized, is
expected to find numerous applications in such fields as
microwave catalysis, microwave synthesis, and medical
treatment.
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