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       The resolution of a conventional optical microscope is con-
strained to about half wavelength due to the loss of high spa-
tial frequency information carried in the evanescent waves. [  1  ]  To 
overcome the bottleneck, perfect lens, engineered from a slab of 
ideal negative-refraction medium, has promised to achieve per-
fect image by magnifying the evanescent waves. [  2  ]  For practical 
realization, a simplifi ed perfect lens, i.e., superlens, was exper-
imentally demonstrated using a thin slab of silver [  3  ]  or SiC. [  4  ]  
However, such ‘nearsighted’ superlenses cannot be directly 
used to replace the traditional optical microscope. [  5  ]  To project 
a near-fi eld image into the far-fi eld region, a far-fi eld superlens 
(FSL), made of slab superlens with periodic corrugations, was 
presented later to convert evanescent waves partly into propa-
gating waves. [  6  ]  To achieve the high resolution imaging in 
the far-fi eld region more effi ciently, hyperlenses which allow 
magnifi cation of deep subwavelength scale objects have been 
proposed by using anisotropic materials with hyperbolic disper-
sions. [  7,8  ]  Soon after, cylindrical hyperlenses [  9,10  ]  and spherical 
hyperlens [  11  ]  were experimentally demonstrated with a curved 
periodic stack of metal-dielectric materials. In fact, based on 
the transformation optics (TO), [  12,13  ]  both superlens and hyper-
lens can be precisely designed. [  14  ]  Due to the absorption and 
narrowband properties, however, such superlenses and hyper-
lenses are still limited to laboratory and far away from practical 
applications. To avoid the limitation, a theoretical proposal of 
modifi ed immersion lens with a magnifi cation factor has been 
introduced and analyzed, [  15  ]  and super-resolution imaging has 
been demonstrated using the Maxwell fi sheye lenses. [  16,17  ]  More 
recently, a far-fi eld time reversal theory has been developed to 
reach higher imaging resolution, [  18–21  ]  but an array of antennas 
was required. 

 In this work, we propose an impedance-matched magni-
fying lens to provide far-fi eld subwavelength imaging, which is 

thoroughly made of inhomogeneous isotropic dielectrics based 
on an approximate but accurate simplifi cation from traditional 
transformation optics. This novel lens may also be perceived as 
an improved solid immersion lens operating in microwaves, 
which does not rely on the hyperbolic dispersions or the cou-
pling between evanescent waves and surface plasmons. [  2–11  ]  
The lens is fabricated with multilayer dielectric plates by 
drilling air holes. The far-fi eld high resolution imaging of such 
lens was experimentally demonstrated in a broadband of giga-
hertz frequencies. Benefi tting from the low-loss and broadband 
properties of the all-dielectric metamaterial, the experimental 
results show excellent super-resolution performance from 7 to 
10 GHz. The modifi ed solid immersion lens is capable of mag-
nifying the sub-wavelength space between two objects, and pro-
ducing a magnifi ed image at the far fi eld, where the two objects 
could be distinguished by conventional imaging system. This 
mechanism may also fi nd unique potentials in far-fi eld high 
resolution optical imaging. The proposed operation with high 
resolution may open new avenues towards real-time imaging 
systems across a wide spectrum of light. 

 We begin with a strict coordinate transformation shown in 
 Figures   1 a and  1 b, in which a two-fold transformation needs 
to be carried out for the design of the modifi ed solid immer-
sion lens. The real and virtual spaces are denoted with (x, y, z)   
and (x′, y ′, z′) , respectively. First, a circular region (r ′ ≤ b − *)  
in the virtual space is compressed into region I (r ≤ a)   in real 
space. Second, an annular region (b − * < r ′ ≤ b)  in the virtual 
space is stretched into region II (a < r ≤ b)   in the real space. 
Then the far-fi eld pattern of two closely-packed sources (s1 and 
s2) in the real space will be equivalent to that of two well-sep-
arated sources (s1’ and s2’) in the virtual space, realizing the 
functionality of modifi ed solid immersion lens.  

 Using the transformation optics procedure, we obtain the 
closed-form expressions of material parameters for the modi-
fi ed solid immersion lens (see Supporting Information). In the 
case of two dimensions under the transverse electric polariza-
tion and letting * → 0  , we derive the required refractive index 
of the modifi ed solid immersion lens as

n(r ) =
{

b
a r ≤ a

diag 0, b
r

)) a < r ≤ b.
  (1)  

    It is found that the material of region II is anisotropic and 
the radial refractive index is close to zero. However, such an 
anisotropic material is very diffi cult for realization, and we 
need to simplify the material parameters in Equation (1). 
Importantly, numerical results demonstrate that the far-fi eld 
pattern is nearly invariant with the change of the radial refrac-
tive index (see Figure S1a in Supporting Information). Thus we   DOI:  10.1002/adma.201303657  
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can simply make nr = nN = b/r  , and fi nally we obtain an iso-
tropic modifi ed solid immersion lens as

n(r ) =
{

b/a r ≤ a
b/r a < r ≤ b.  (2)     

 Interestingly, we fi nd that Equation  (2)  has a similar expres-
sion to the experienced formula in Ref.  [  15  ]  Our further study 
shows that the isotropic modifi ed solid immersion lens in Equa-
tion  (2)  is also effective for the transverse magnetic polarization 

(see Figure S1b). Thus the proposed modifi ed solid immersion 
lens is independent of the polarization. 

 Since the modifi ed solid immersion lens is made of inhomo-
geneous isotropic material, it can be generated by full dielectrics 
with the broadband performance. The modifi ed solid immersion 
lens is schematically illustrated in Figure  1 c, which includes two 
parts: region I is the core region, while region II is physically 
the impedance- matching layer. The role of the core region is 
to generate subwavelength propagation mode and the matching 
layer effectively transmits the sub-resolution information 
into the free-space propagating waves. From Equation  (2) , we 
observe that the refractive index of the matching layer changes 
adiabetically from  n c   =  b/a  to 1 (free space). Compared to the 
well-studied solid-immersion lenses, [  22–24  ]  the modifi ed solid 
immersion lens here will transmit the signature of the sources 
more effi ciently to the far fi eld due to the impedance-matching 
layer. This is guaranteed approximately by the transformation-
optics theory. The material profi le of the modifi ed solid immer-
sion lens is demonstrated in Figure  1 d, in which we set  a  = 
18 mm and  b  = 54 mm. The sources to be imaged are embedded 
in the modifi ed solid immersion lens by engraving a small air 
opening in the core center. 

 We fi rst numerically validate the modifi ed solid immersion 
lens performance. We set  a =  18 mm,  b  = 54 mm, the operating 
frequency  f  0   =  10GHz, the distance between two line sources 
 d  = 7.5 mm, and the relative permittivity in the core region 
  ε  c  = n c  

2  =  9. Note that the distance of two sources is about 
0.25 wavelengths, which is far below the Abble diffraction limit. 
 Figures   2 a and 2b show the simulation results of two sources 
in the free space with small distance  d  and large distance 3 d , 
respectively. The left panel of Figure  2 a illustrates the near-
fi eld distribution, which is similar to that of a single monopole 
antenna in two dimensions due to the deep subwavelength sep-
aration between the two sources. As we see in the right panel of 
Figure  2 a, the fi eld intensity along a circle with radius 60mm is 
nearly homogeneous, behaving as a monopole. In such a case, 
two sources are very diffi cult to be distinguished, i.e., they look 
like a single source in the far-fi eld region. To distinguish the 
two sources, we have to enlarge their distance to at least half 
wavelength without the help of any lenses based on the Abbe 
diffraction limit. We present the near-fi eld distributions of the 
two sources with enlarged distance 3 d  (0.75 wavelength) in the 
left panel of Figure  2 b, which is remarkably different from that 
of single source. Along the same observation distance, the fi eld 
amplitude changes signifi cantly. In the left panel of Figure  2 c, 
we illustrate the near-fi eld distribution of two sources with 
small distance  d  inside the modifi ed solid immersion lens, 
which shows very similar features as the left panel of Figure  2 b. 
We also plot the fi eld intensity along the observation circle in 
the right panel of Figure  2 c, which is almost identical to the 
right panel of Figure  2 b. Hence, with the proposed modifi ed 
solid immersion lens, two sources with a deep subwavelength 
separation can be easily differentiated beyond the stipulated 
diffraction limit. To verify the far-fi eld effect of the fabricated 
modifi ed solid immersion lens, we also compute the radiation 
patterns, as shown in  Figure   3 b. We observe that the subwave-
length-distance sources inside the modifi ed solid immersion 
lens have equivalent far-fi eld signatures to the large-distance 
sources in the free space.   

      Figure 1.  The schematic of magnifying lens and its simplifi cation. (a–b) 
The schematic illustration of coordinate transformation for the design 
of modifi ed solid immersion lens. The far-fi eld patterns of two sources 
(s1 and s2) in the real space (Figure b) is equivalent to two sources (s1’ 
and s2’) in the virtual space (Figure a). (c) The schematic and realiza-
tion of the simplifi ed modifi ed solid immersion lens, which is composed 
of isotropic dielectrics. The inset is the side view of the modifi ed solid 
immersion lens. The modifi ed solid immersion lens includes two parts: 
the central core with homogeneous material and the matching layer with 
gradient index materials. In the center of the core, there is a slot sur-
rounded by boundary  s  to place sources denoted by two red points. (d) 
The effective parameters of the modifi ed solid immersion lens. In the 
core region, the refractive index is 3. In the matching region, the refractive 
index ranges from 3 to 1 (free space). 
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Figure  3  illustrates the schematic and fabri-
cated sample of the modifi ed solid immer-
sion lens. Three kinds of dielectric materials 
are involved in the lens’ realization: the TP2 
dielectric, which has large permittivity of 
9.6 (with loss tangent 0.03), the FR4 dielec-
tric, which has rela tively large permittivity 
of 4.4 (with loss tangent 0.025), and the F4B 
dielectric, which has small permittivity of 
2.65 (with loss tangent 0.003). We design the 
modifi ed solid immersion lens to work in a 
broadband from 7 to 10 GHz, and choose fi ve 
kinds of unit cells as the building blocks of 
the metamaterials to realize the required dis-
tribution of refractive index. The size of unit 
cell is  a r  × a ϕ  × h  mm 3 . We choose the com-
mercially available 3mm-thick TP2 plates, 
3 mm-thick FR4 plates, 3mm-thick F4B 
plates, 2 mm-thick F4B plates, and 1mm-
thick F4B plates to generate the fi ve kinds of 
unit cells, respectively. The gradient variation 
of the refractive index ( n ) shown in Figure 
 1 b can be obtained by changing the diameter 
( D ) of the drilling air holes in unit cells. 

 The effective indices of refraction for above 
unit cells have been obtained using the effec-
tive medium theory and the S-parameter 
retrieval method. [  25  ]  For the two-dimensional 
case, such unit cells are isotropic due to the 
rotational symmetry. For the three-dimen-
sional case, the nearly isotropic properties of 
unit cells have been studied in Ref.  [  26  ]  by con-
sidering three orthogonal polarizations of inci-
dent waves. Hence, our impedance-matching 
magnifying lens may extend to three-dimen-
sional space for practical applications. To 
verify the effective medium parameters of 
the drilling-hole unit cells, we simulate the 
near-fi eld distribution of the structured modi-
fi ed solid immersion lens in Figure  3 a, which 
is exactly the same as that of the continuous 
modifi ed solid immersion lens in Figure  2 c. 

 In real fabrications, the modifi ed solid 
immersion lens is composed of four layers 
of the same structures, in which each layer is 
composed of the core region and the matching 
region. We divide the matching region into fi ve 
subregions. The details of the effective medium 
parameters and the sizes of unit cells in each 
subregion are illustrated in Table S1 (see Sup-
porting Information). The whole modifi ed 
solid immersion lens is achieved by fi xing the 
fi ve parts together, as displayed in Figure  3 c. 

 In experiments, a near-fi eld scanning system is employed 
to measure the two-dimensional electric-fi eld distributions. 
The upper and lower parallel metallic plates form a microwave 
planar waveguide, which ensures transverse electric mode 
as the dominant mode. A monopole probe is mounted in the 
upper plate to detect the electric-fi eld distribution. In order to 

 The material parameters of the modifi ed solid immersion 
lens are nonmagnetic, isotropic and inhomogeneous, which 
can be realized by non-resonant metamaterials. We fabricate 
the metamaterials using multi-layered dielectric plates by 
drilling spatially inhomogeneous air holes (Figure  3 c) to achieve 
the gradient distribution of refrac tive indices (Figure  1 d). 

      Figure 2.  The simulation results of the designed magnifying (a modifi ed type of solid 
immersion) lens at 10 GHz. (a) The near-fi eld distribution of two sources with small distance 
(7.5 mm) in free space (the left panel), and the fi eld intense along an observation circle with 
radius 60mm (the right panel). (b) The near-fi eld distribution of two sources with large distance 
(22.5 mm) in free space (the left panel), and the fi eld intense along the observation circle (the 
right panel). (c) The near-fi eld distribution of two sources with small distance (7.5 mm) inside 
the modifi ed solid immersion lens (the left panel), and the fi eld intensity along the observation 
circle (the right panel). 
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limit, and hence the near fi eld is very similar to that of a single 
source. That is to say, the sources are very diffi cult to be distin-
guished. When the two small-distance sources are enclosed by 
the modifi ed solid immersion lens, however, the fi eld distribu-
tions are changed to nearly the same as those of two sources at 
large distance (3 d ) in free space, as demonstrated in the second 
and third rows of Figure  4 . We notice that the two sources can be 
evidently distinguished. To illustrate the effect of the modifi ed 
solid immersion lens quantitatively, we also plot the normalized 
measured fi eld intensity along a circle with radius 60 mm at 9 
GHz in Figure  3 d. It is obvious that the radiation of two small-
distance sources is almost isotropic. However, the radiation 
of the same small-distance sources within the modifi ed solid 
immersion lens is nearly the same as that of two large-distance 
sources, and hence they can be distinguished by the outer detec-
tors. It can be seen that the performance of the modifi ed solid 
immersion lens is very good in a broad frequency band. There-
fore, the super-resolution and broadband properties are reached 
simultaneously in the proposed modifi ed solid immersion lens.  

 For practical applications, it is important to be able to 
deduce the confi guration of the sources embedded in the 
modifi ed solid immersion lens based on the recorded far-fi eld 
radiation patterns. We have developed an inversion scheme to 
determine the positions of sources from far fi elds (see Sup-
porting Information). We consider two examples with dif-
ferent distances between the two sources. The results are 
demonstrated in  Figure   5 . In both examples, the magnifi cation 
factor of the modifi ed solid immersion lens is 3. For the two 

obtain two feeding sources, we design a simple power divider 
upon the lower plate, shown in inset of Figure  3 c. Following 
the numerical simulations, the distance of two small-distance 
sources is 7.5 mm, and the distance of two large-distance 
sources is 22.5 mm. Such two feeding sources are embedded 
into a slot in the modifi ed solid immersion lens center. With 
this slot, the sources will be immersed in the magnifying 
lens and hence it is also termed the “modifi ed solid immer-
sion lens“. A moving stage has been used to carry the lower 
metallic plate and scans in the  x  and  y  directions, so that we 
can measure the near-fi eld distributions in a certain area. The 
step resolution in both scanning directions is set as 1 mm. Due 
to the symmetry of the modifi ed solid immersion lens and two 
sources, only half region is mapped. 

 To validate the designed impedance-matching magnifying 
lens experimentally, we measure the fabricated sample which 
has the same geometrical size as that in simulations ( a  = 18mm, 
 b  = 54 mm, and  d  = 7.5 mm) in broadband from 7 GHz to 10 
GHz. Note that, at 10 GHz, the small distance ( d ) of two sources 
is 0.25 wavelength and the large distance (3 d ) is 0.75 wave-
length; while at 7 GHz, the small distance is 0.175 wavelength 
and the large distance is 0.525 wavelength.  Figure   4  illustrates 
the measured results of two small-distance and two large-dis-
tance sources, respectively. The fi rst row shows the near-fi eld 
distributions of two small-distance sources without modifi ed 
solid immersion lens at 7 GHz (Figure  4 a1), 8 GHz (Figure 
 4 b1), 9 GHz (Figure  4 c1), and 10 GHz (Figure  4 d1). In this case, 
the distance of two sources is much smaller than the diffraction 

      Figure 3.  (a) The simulated fi eld distribution inside the magnifying lens with hole-drilling dielectric structures. (b) The simulated far-fi eld patterns of 
the modifi ed solid immersion lens at 9 GHz. (c) The photograph of the fabricated magnifying lens. The inset is the designed power divider and two 
sources in experiments. (d) The measured fi eld intensities (normalized) along the observation circle with radius of 60mm at 9 GHz, for two small-
distance sources in free space (red dashed line), two large-distance sources in free space (green dashed line), and two small-distance sources inside 
modifi ed solid immersion lens (blue solid line). 
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7.5mm-distance sources in free space, the retrieved locations 
of two sources are diffi cult to be distinguished, as shown in 
Figure  5 a. However, when such two sources are placed in the 
graded magnifying lens, their physical positions can be clearly 
identifi ed, as displayed in Figure  5 c. For the two sources with 
22.5 mm separation in free space, the retrieved positions are 
distinctly perceived (see Figure  5 b) since they are beyond the 
diffraction limit. We note that breaking the diffraction limit is 
possible by retrieving the position of point sources from the 
far fi eld without any noise. However, when we add some white 
noise to the radiation information, the location of the sources 
can hardly be distinguished as shown in Figure  5 a.  

 In conclusion, we have proposed a transformation-optics 
modifi ed solid immersion lens and fabricated a microwave 
sample using the full-dielectric metamaterial. The experimental 
results have verifi ed the super-resolution performance of the 
dielectric modifi ed solid immersion lens in broadband from 7 
to 10 GHz. Owing to the low loss and broadband properties, 
this modifi ed solid immersion lens can be used to far-fi eld 
imaging with high resolution that could be captured directly by 
a conventional microwave imaging device. Unlike the method 
of far-fi eld time-reversal mirror, [  18–21  ]  which is made of antenna 
array and dependent on post signal processing, the presented 
modifi ed solid immersion lens is composed of graded dielec-
trics with extremely low loss.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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