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As a superlens to overcome the well-known diffraction limit, the hyperlens has received much attention due to its super resolving 
power and magnifying capabilities. In this article, we review the recent developments, including theoretical and experimental 
studies on the hyperlens. We also discuss its limitations and potential. 
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The optical microscope is undoubtedly one of the most im-
portant tools in the natural sciences. It affords researchers 
the ability to see, with their own eyes, what was previously 
not visible to them. However, the resolution of a conven-
tional optical system is limited to approximately half the 
working wavelength due to the diffraction of light [1,2]. It is 
beneficial to extend the resolving power of optical micros-
copy as high as possible. Immersion techniques [3,4] are 
able to improve the resolution to ~λ/(2n), which, however, 
is limited by the low refractive index n of natural materials. 
In 2000, Pendry proposed that a material with a negative 
refractive index, which was originally discussed by Vese-
lago [5], could enable the realization of a perfect lens [6]. 
The operation of Pendry’s perfect lens lies in the ability of a 
negative index slab to couple and amplify the evanescent 
waves carrying high spatial frequency information. This 
idea has stimulated the emergence of a number of super-
lenses with resolving powers beyond the diffraction limit 
[7–17], among which the hyperlens [12,13,18] has attracted 
much attention due to its ability to send an image of a deep 
sub-wavelength object to the far field. Our purpose in this 
paper is to review the recent theoretical and experimental 
developments of the hyperlens. We will start with the the-
ory, followed by an experimental demonstration of the op-
tical hyperlens, and then introduce an acoustic hyperlens  
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[19]. Finally, we will discuss the limitations and potential of 
the hyperlens. 

1  Theory 

The original proposal for a hyperlens was conceived inde-
pendently by two separate groups [12,18]. The impetus for 
proposing the hyperlens is the desire to push optical mi-
croscopy beyond the diffraction limit. The most ideal 
scheme, shown in Figure 1(a), is to integrate the novel de-
vice into an otherwise conventional microscope. Funda-
mentally, what is needed is the compression of the angular 
spectrum of a diffracted field such that a sufficient amount 
of the evanescent information is compressed into the pass-
band of the microscope’s transfer function, as shown in 
Figure 1(b). Using the same fundamental theory of opera-
tion, both groups aimed to solve the problem of far-field 
imaging beyond classic diffraction. The first group, how-
ever, explored the ideas of both planar and curved surfaces 
ultimately yielding to the curved geometries as a way to 
circumvent the possibility of asymmetric losses being in-
curred in the imaging of different portions of an extended 
image [18]. This account of the operating theory is terse and 
guided by physical intuition and is confirmed by finite ele-
ment method (FEM) simulations. The proposal of the sec-
ond group, in which the term ‘hyperlens’ was actually  
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Figure 1  (a) To extend the use of optical microscopy beyond the diffrac-
tion limit in a practical manner, a novel “X-lens” should be simply inte-
grated into an otherwise conventional microscope. (b) In terms of the an-
gular spectra of imaged fields, the diffraction limit arises from the loss of 
evanescent information that falls outside the passband (width of 2nk0) of 
the microscope. If the angular spectrum can be compressed to satisfactorily 
fit through the passband (i.e. the compression of evanescent fields into 
propagating waves), the image can be resolved. 

coined, concentrates on the curved surfaces appearing in a 
cylindrically symmetric geometry and expounds on the 
fundamental theory of why and how a hyperlens works [12]. 
Additional work by this group led to a ray optics approach 
to the understanding of the hyperlens [20]. 

The fundamental principle, governing the ability of the 
hyperlens to resolve images beyond the diffraction limit, is 
in the use of a metamaterial with a hyperbolic dispersion 
relation; hence the term ‘hyperlens’ [12]. Considering a 
cylindrical coordinate system (r, ϕ, z) with no z-variation 
and an anisotropic permittivity, the dispersion relation of an 
electromagnetic wave can be written as 
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where kr and kϕ are the wave vectors and εr and εϕ are the 
electric permittivities in the r and ϕ directions, respectively; 
ω is the circular frequency and c is the velocity of light. For 
common dielectrics (i.e. materials which exhibit positive 
real permittivities), this equation is that of an ellipse. Thus, 
the total wave vector of an electromagnetic wave at a given 
frequency is bound to the perimeter of this ellipse, as shown 
by the short-dashed curve in Figure 2(a) for εϕ = εr (i.e. a 
circle). This condition on the magnitude of the wave vector 
places an intrinsic limit on the spatial frequencies that a 
traditional lens may resolve. Considering eq. (1) under the 
condition εϕ > 0 and εr < 0, a hyperbolic dispersion relation 
result is shown by the solid curve in Figure 2(a). That is to 
say, the iso-frequency curve of the kr-kϕ plot becomes a hy-

perbola yielding an unbound value of the magnitude of the 
wave vector. It is therefore plausible that such a material 
system can be used to fabricate a lens capable of arbitrarily 
imaging high spatial frequencies, thus surpassing the dif-
fraction limit. Due to the relatively unusual conditions of 
the permittivity components, it is necessary that the hyper-
lens be made of a metamaterial. It is worth noting that such 
metamaterials possessing dielectric anisotropy of differing 
signs are now known as indefinite media [21]. 

A cylindrical geometry was proposed for the hyperlens 
based on the fact that real materials will exhibit a certain 
degree of loss. Although it is possible to realize hyperlens 
imaging with an asymmetric design, a consequence of the 
material loss is that two rays, originating at different points 
on the input plane and thus traversing different path lengths 
to the output plane, will suffer different amounts of attenua-
tion and spatial broadening [18]. This would lead to distor-
tion and loss of fidelity in the final image. A cylindrical 
hyperlens circumvents this problem by having all rays 
originating from the input plane (the inner surface in Figure 
2(b)–(d)) travel equal path lengths through the metamate-
rial. In this geometry, the compression of the ϕ-component 
of the wave vector transforms evanescent portions of the 
angular spectrum into resolvable information and the mag-
nification at the output surface is given simply by the ratio 
of the radii at the two surfaces routter/rinner [12,18]. 

FEM simulations representative of the operation of the 
hyperlens are shown in Figure 2(c) and (d). Figure 2(b) 
shows the optical field distribution in an ordinary material 
due to two point sources separated by a sub-wavelength 
distance; clearly, the image of two separate sources is ir-
resolvable in the far field. By placing the two sub-    
wavelength separated point sources in close proximity to the 
inner surface of the hyperlens, as shown in Figure 2(c), the 
optical field distribution yields an image of the two sources 
in the far field. It is also interesting to note that the hyper-
bolic dispersion may not be strictly necessary; this may be 
beneficial for practical reasons when fabricating the meta-
material hyperlens. Because the purpose of the hyperbolic 
dispersion is to access large components of the tangential 
wave vector, the same access can be achieved using high 
eccentricity elliptic dispersion (long-dashed curve in Figure 
2(a)). The corresponding field simulation is shown in Figure 
2(d); similar far field imaging of a sub-wavelength feature 
is realized and is similar to, but not as good as, the hyper-
bolic case of Figure 2(c). 

Additional theory regarding the ray optics of the cylin-
drical hyperlens was developed based on the eikonal/  
Hamiltonian approach [20]. A major result of this study is 
the understanding of the profound scattering that occurs due 
to a combination of rays following a spiral-like path through 
the hyperlens and the large reflections at the hyperlens sur-
faces, as shown in Figure 3(a). Indeed, this is not com-
pletely surprising since the hyperlens design calls for  
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Figure 2  (a) Isofrequency dispersion contours indicating circular (εϕ = εr > 0), elliptical (0 < εϕ ≠ εr > 0), and hyperbolic (εϕ > 0, εr < 0) behavior. (b)–(d) 
Simulated field distributions arising from two point sources spaced at a sub-wavelength distance. (b) Field plot showing that the two separate sources cannot 
be imaged under ordinary circumstances. (c) When placed at the input of the hyperlens (with a hyperbolic dispersion), however, information distinguishing 
the two point sources propagates to the far field. (d) When using a metamaterial that exhibits a highly eccentric elliptical dispersion, a similar super resolu-
tion imaging is observed but with degraded image fidelity. 

strong anisotropy in the metamaterial permittivity. Strong 
scattering can obviously be a detrimental effect in imaging 
applications; therefore, design rules have been proposed to 
impedance match the hyperlens metamaterial with the me-
dium it is immersed in, thus reducing the surface reflections 
[22]. These rules have been derived through a transforma-
tion optics approach [23], in which the field inside the inner 
radius of the hyperlens is concentrically mapped into the 
hyperlens itself. The most ideal design rules are, however, 
not practical in an experimental sense due to the precise 
control needed over both the metamaterial permittivity and 
permeability. It is also not necessarily reasonable to design 
a magnetic metamaterial in the optical regime. Therefore, 
relaxed design rules allowing for non-permeable metamate-
rials have also been presented. The trade-off with these re-
laxed rules is that impedance matching may only occur at 
one of the hyperlens surfaces instead of both. This trade-off 
is not detrimental as can be seen in Figure 3(b), in which the 
imaged field distribution is compared in the cases of im-
pedance matching at either the inner or outer surface or 
both. Simulated field distributions throughout the hyperlens 
show the effects of the impedance matching of only the 
outer (Figure 3(c)) or the inner (Figure 3(d)) surface. 

The cylindrical hyperlens design may not be convenient 
in its use of curved surfaces. Indeed, in microscopy it is 
usually the case that the specimen under observation lies on 
a plane. Furthermore, if the hyperlens were to be included 
as an addition to the conventional microscope, then it would 
make sense that the output surface is also planar. Such de-
signs have been shown to be theoretically feasible via 
transformation optics [24,25]. In such designs, the metama-
terial properties are designed to bend light rays emanating 
from sub-wavelength features in such a way as to provide  

 

Figure 3  (a) Scattering effect of the hyperlens due to high reflections; an 
incident beam from the left side is scattered after it encounters the inner 
surface of the hyperlens. (b) Output surface field distributions for five 
sub-wavelength spaced point sources under conditions of impedance 
matching at the external surface only, the internal surface only, and at both 
surfaces (ideal). Two-dimensional field plots are also shown for the inter-
nal (c) and external (d) matching conditions. Reprinted with permission 
from [20,22]. 

for a magnified, resolvable image on a flat output plane. 
One such approach is to take a portion of the cylindrical 
hyperlens and have it embedded in a metamaterial slab [25]. 
The design transforms the cylindrical domain of the hyper-
lens onto a planar surface. This design has been shown to 
operate even when the material is truncated at its sides thus 
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being more than adequate for ready integration. The other 
design makes use of planar surfaces at both the input and 
output surfaces [24], as shown in Figure 4. Such a design 
uses coordinate transforms between regions I and II where 
the interfaces of the alternating layers in Figure 4(a) corre-
spond to the u axis and the lines correspond to the v axis. 
The design is such that light rays traverse along the v axis, 
as shown in Figure 4(b). It should be emphasized that these 
designs are different from a truncated cylindrical hyperlens 
[26] or a completely planar hyperlens [18]. In the former, 
the cylindrical output surface is mechanically planarized; in 
the latter, no optical transformation is performed (i.e. a 
Cartesian coordinate system suffices) and asymmetric losses 
occur. Clearly, the transformation optics approach would 
yield a higher degree of image fidelity. 

2  Experimental demonstration 

The first optical hyperlens [13] was successfully fabricated 
using the conformal film deposition method on a 
half-cylindrical cavity on a quartz substrate, as shown in 
Figure 5(b). It consisted of 16 pairs of layers composed of 
35-nm-thick silver and 35-nm-thick alumina, above which a 
50-nm-thick chromium layer was deposited to block the  

 

Figure 4  Transformation optics approach to the design of a hyperlens 
with flat input and output surfaces. (a) Alternating layers of appropriate 
metal and dielectric, plus the designed geometry, give rise to a metamate-
rial in which rays of light propagate along the blue lines. (b) Simulated 
field distribution of six sub-wavelength spaced point sources that can be 
resolved with this design. Reprinted with permission from [24]. 

unwanted incident light. To test this hyperlens, subdiffrac-
tion limited objects were fabricated on the chrome layer. A 
plane wave at the wavelength of 365 nm was used to illu-
minate the objects. Based on the designed metamaterial 
properties, the scattered light (evanescent wave) by the ob-
jects that possessed high transverse k-vectors could be col-
lected by the hyperlens and continue to propagate outwards 
along the radial direction. During the propagation, the high 
transverse k-vectors were compressed gradually, resulting in 
a magnified image of the subdiffraction limited object on 
the outer boundary of the hyperlens. The k-vector of the 
image on the outer boundary was compressed small enough 
to propagate in the medium surrounding the outer boundary 
of hyperlens, so the image could continue to propagate and 
thus be detected with conventional optics in the far field. By 
combining this hyperlens with a conventional microscope, 
as schematically shown in Figure 5(a), a pair of 35 nm wide 
lines, separated by 130 nm, were directly resolved in the far 
field without data processing for image reconstruction, at-
taining a magnification of 2.3. Figure 5(c) and (d) show the 
comparison of the images acquired with and without the 
hyperlens. It can be easily seen that without the hyperlens, 
the sub-diffraction limited object could not be resolved. 
Besides this hyperlens, another cylindrical type of magni-
fying superlens consisting of concentric alternate PMMA 
and vacuum rings on a gold film was also demonstrated at 
the wavelength of 515 nm [10]. 

These initial proof-of-concept experiments were demon-
strated at a UV (365 nm) wavelength. It would be useful to 
move the working wavelength to cover the entire visible 
light band, and thus enable a broad range of applications, 
such as the study of live cells and molecules. Smith et al. 
systematically investigated the metamaterial optical hyper-
lens for this purpose [27,28]. Two different material sys-
tems, Al2O3/Ag and TiO2/Ag, were investigated for the 
visible band for oxide:metal volume ratios ranging from 0 
to 6. A picture clearly showing what material combination 
and wavelength can be used for designing a VIS hyperlens 
was obtained and shown in Figure 6. As is discussed in the 
theory section above, a highly anisotropic elliptically dis-
persive material can also support the transmission of high 
spatial frequency information, although the wave vector is 
not unbounded as in a hyperbolically dispersive material. 
The data in the elliptic dispersion regime with higher ox-
ide:metal ratios for hyperlens purposes is also included in 
Figure 6. Note that the dashed and dotted curves are the 
impedance matching modes of the hyperlens for the sur-
rounding water and air. That is, a hyperlens configuration 
on these impedance matching curves satisfies 

mediumRe( ) nϕε = , so reflections can be avoided at the outer 

interface of the hyperlens. Here nmedium is the refractive in-
dex of the medium that the hyperlens is immersed in.  

Using a different material system (In)GaAs/Ag and the 
roll-up technique, Schwaiger et al. fabricated multilayer  



2622 MA ChangBao, et al.   Chinese Sci Bull   August (2010) Vol.55 No.24 

 

Figure 5  An experimental demonstration of the first optical hyperlens. (a) Schematic of the experimental setup combining a hyperlens with a conventional 
microscope. (b) Hyperlens with sub-diffraction limited object. (c) Images of the sub-diffraction limited object obtained with (left) and without (right) the 
hyperlens. (d) Intensity profile of a cutline on the images in (c). Reprinted with permission from [11]. 

 

Figure 6  Tunable dispersion range of Al2O3/Ag and TiO2/Ag for hyper-
lensing effects. Reprinted with permission from [27,28]. 

tubes and measured the transmission though the tube walls 
using two point sources on a metalized fiber taper [29]. 
Their experimental results show that the plasma frequency 
of the multilayer tubes can be tuned over a broad range in 
the visible and near infrared by varying the volume ratio of 
the materials. Further numerical study shows that the trans-
mission through the multilayered wall of the tube is actually 
a hyperlensing effect. 

3  Acoustic hyperlens 

While the hyperlens concept was proposed and demon-
strated for electromagnetic waves at optical frequencies, it 
can also be applied to overcome the diffraction limit of 
acoustic waves. Li et al. experimentally demonstrated, for 
the first time, an acoustic magnifying hyperlens using a 
non-resonant radially symmetric layered brass structure 
[19]. The principle of an acoustic hyperlens is to tune the 
anisotropic effective mass density to allow for the transmis-
sion of high transverse acoustic wave vectors, mimicking 
hyperlensing action, and thus achieve super resolution. As 
shown in Figure 7(a), the acoustic hyperlens consists of 36 
brass fins arranged in a 180° sectorial shape. Each fin is 
19.1 cm long, extending from an inner radius of 2.7 cm to 

the outer radius of 21.8 cm. The fins are 3 mm thick and 
subtend an angle of 2.5°. Between two adjacent fins is an air 
gap also subtending 2.5°, resulting in a volume filling factor 
of 0.5. The acoustic hyperlens was tested with two in-phase 
sound sources of 1 cm diameter and 1.2 cm separation. 
Frequencies were swept from 4.2 to 7.0 kHz using the 
pressure mapping method. These two sub-wavelength 
sources in front of the inner surface of the acoustic hyper-
lens were successfully resolved at the outer surface of the 
hyperlens. The experimentally measured pressure profile in 
the output space is shown in Figure 7(b), and the simulated 
pressure field that matches the experimental results well is 
shown Figure 7(c). Because there are no resonant structures 
[30] in this acoustic hyperlens design, it can work in a broad 
band of acoustic frequencies. Therefore, the acoustic hyper- 

 

Figure 7  (a) Acoustic hyperlens. (b) Experimentally measured pressure 
profile in the output space of the acoustic hyperlens. (c) Simulated pressure 
field. Reprinted with permission from [19]. 
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lens concept may be extended to a number of applications 
where electromagnetic wave detection may have difficulties 
such as in utero imaging, underwater detection, etc. 

The acoustic hyperlens term stems from the optical hy-
perlens concept, of which the metamaterial dispersion may 
be either a highly anisotropic hyperbola or ellipse. The 
models of the two types of hyperlenses differ in some as-
pects because an electromagnetic wave is transverse and an 
acoustic wave is longitudinal. The comparisons of the two 
hyperlens models are summarized in Table 1. The acoustic 
hyperlens demonstrated has only positive effective densi-
ties, so its dispersion is a highly eccentric ellipse, due to its 
much larger angular effective density ρφ compared with the 
radial effective density ρr. As a result, acoustic waves with 
high transverse momentum carrying sub-diffraction limited 
information of the acoustic object can propagate in the hy-
perlens and thus an image with sub-diffraction limited 
resolution can be obtained. 

4  Outlook 

The demonstrated hyperlenses have achieved, although 
moderately, subdiffraction limited resolution with optical 
and acoustic waves. The performance of a hyperlens can be 
further improved several times by optimization, in which 
the geometry, material loss and fabrication play important 
roles, and can be extended to other electromagnetic wave 
frequency bands such as microwave and THz. One limita-
tion of the hyperlens imaging is that the object has to be 
placed very close to the inner surface of the hyperlens, 
which physically limits the imaging depth and field of view. 
From this point of view, the applications of the hyperlens 
should be focused on 2D surface imaging which is similar 
to total internal refraction (TIR) microscopy. In addition, so 

far the demonstrated hyperlenses are based on cylindrical 
geometries, which can only achieve super resolution in one 
direction. Thus, three-dimensional spherical hyperlenses 
with super resolution in all transverse directions are desired 
for realistic applications. An example of a spherical hyper-
lens is shown schematically in Figure 8, which consists of 
multilayered half spheres of metal and dielectric materials. 

The hyperlens demonstrations have sparked the pursuit 
of subdiffraction limited resolution in the far field, so that 
an image of the object with super resolution can be obtained 
directly in the far field, without time-consuming point- 
by-point scanning and image reconstruction. This enables 
the reciprocal usage of the hyperlens with an object in the 
far field of outer space for photolithography which specifi-
cally demands super resolution. Therefore, hyperlenses may 
find application in various areas, such as super resolution 
imaging, nano-manufacturing [26], sensing [29] and data 
storage. We finally note that a hyperlens actually works in a 
projection manner, i.e. plane to plane mapping, between its 

 

Figure 8  Schematic of three-dimensional spherical hyperlens. 

Table 1  Comparison of the optical and acoustic hyperlens models 

 Optical hyperlens Acoustic hyperlens Common parameters 

Dispersion 

Hyperbolic or elliptic: 
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·εr and εϕ are the effective permittivities in the 
 radial and angular directions 
·c is the velocity of light in vacuum 
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·ρr and ρϕ are the effective densities in the radial 
and angular directions, respectively 
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and angular directions 
·ω is the circular frequency 

Effective media 
theory 

εϕ = pεm + (1−p)εd 

(1 )
m d

r
m mp p

ε εε
ε ε

=
− +

 

εm and εd are the permittivity of the metal and  
dielectric constructing the metamaterials 
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ρ1 and ρ2 are the density, and B1 and B2 are the  
bulk modulus of the metal and the filing  

material 

p is the volume filling factor of metal 
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inner and outer interfaces. Thus, a hyperlens cannot focus a 
plane wave to a spot, i.e. a hyperlens lacks the function of 
the Fourier transform, which is one of the fundamental 
functions of a conventional optical lens. This may limit its 
capability in information processing in Fourier space. We 
anticipate that superlenses with a Fourier transform function 
and other basic properties of a conventional optical lens, 
such as focusing, imaging and collimating, would emerge 
and thus work like a conventional optical lens in addition to 
its super resolving power. 
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