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ABSTRACT 

The quality of tomographic images formed from diffracting 

waves deteriorates due to the limitations in capturing 

evanescent waves. The waves carry detailed information 

about the body being imaged. Metamaterials are being 

recently used to amplify and focus evanescent waves. Here, 

the physical characteristics of a superlens made out of a silver 

metamaterial slab are studied. A description of the equations 

for wave propagation inside the metamaterial is shown. The 

dependence of the cutoff frequency of a superlens on the 

thickness of the slab is discussed. Suitable physical 

dimensions of a superlens are proposed for cross sectional 

imaging of objects with geometrical shapes. Simulations are 

done to test the validity of the proposed solution. 
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1. INTRODUCTION 

Microwave imaging is being investigated widely for medical 

and process tomography. The formation of tomographic 

images from ultra wideband radio signals is often problematic 

due to limitations arising from diffraction and refraction as 

well as attenuation. Many approaches to diffraction 

tomography rely on complex iterative approaches to solve the 

inverse problem of determining the object from scattered 

signals, or on some assumed foreknowledge of the dielectric 

of the environment / object being probed. The virtual confocal 

microscope method has been proven theoretically [1] and 

cross sectional imaging has been demonstrated [1] without 

either of these problems. The foundations of this method have 

been the topic of several research investigations including but 

not limited to a PhD thesis [2]. The method begins with a 

measurement of the wave fronts leaving the target and uses 

these in conjunction with a synthetic optical system to form a 

confocal image by computing the wave propagation through 

the effective optics to form the image [1]. 

The aim of this paper is to enhance the resolution limit of the 

optical system proposed in [2]. This study proposes 

constructing a superlens through a continuous media that 

would allow the user to fully control the field scattered from 

the imaged object and enable us to significantly enhance the 

resolution imposed by the diffraction limit [3]. Starting with 

the design process, suitable frequency and size of a superlens 

will be established. A one dimensional superlens will be 

tested to evaluate its performance and compare images with 

object being imaged. 

2. PROBLEM AND SOLUTION 
Problems with resolution when imaging using Ultra Wide 

Band waves were discussed in several papers [4,5,6]. If a 

wave is incident upon a boundary between two media with 

angle greater than the critical angle, evanescent waves are 

generated or total internal reflection happens. Critical angle is 

defined using Snell’s Law of refraction [7]. In a different 

situation if a wave is incident on any object, evanescent waves 

are created as well. The frequency of the scattered evanescent 

waves is dependent on the shape of the object and the details 

in it. The more the details the higher the frequency 

components scattered from the object. Evanescent waves 

decay exponentially and can’t be captured by antennas. The 

amplitude of a received signal is attenuated and so the quality 

of calculated images decreases.  

Due to the diffraction limit [7], an object with dimensions less 

than half the wavelength used cannot be imaged. Detailed 

information about the object being imaged is held by the 

evanescent waves which can’t be captured due to the above 

mentioned reason. A metamaterial slab can be used to make 

the capturing of those waves possible and so the ability to 

produce a perfect image for an object is possible. In this 

section, the equations for calculating the electric field inside 

free space and a slab made out of a metamaterial are given. 

Then, the effect of propagating waves in either free space or 

inside the slab is studied. 

2.1 Equations Describing Electric Field in 

Different Media 

The slab is represented in fig. 1 by medium 2. The slab is 

inserted in free space which is represented by medium 1 and 

3. For a TM electromagnetic wave propagating through the 

three media, the x  component of the electric field in medium 

1 1x  is [8]: 
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where 1zk  is the z  component of the wave vector k ,   is 
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the angular frequency for the waves used, 1  is the 

permittivity of medium 1, 1xk  is the x  component of the 

wave vector in medium 1, A  is the amplitude of the incident 

waves on the front surface of the slab and B  is the amplitude 

of the reflected waves from the front surface of the slab (refer 

to fig. 1). 
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Fig 1: A sketch not to scale is shown of a superlens 

(medium 2) inserted in free space (medium 1,3). The 

permittivity and permuability of the different media are 

shown with thichnesses 1d , 2d  and 3d . A TM wave is 

scattered at the scattering plane and received at the 

receiver plane. 

The relation between the z -component and the x -component 

of the of the wave vector is: 

2
0
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where 22
0
k . 

The x  component of the electric field in medium 2 2x  is 

[8]: 
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where 2zk  is the z  component of the wave vector in medium 

2, 2  is the permittivity of medium 2, 2xk  is the x  

component of the wave vector in medium 2, C  is the 

amplitude of the waves transmitted from medium 1 to 

medium 2 and D  is the amplitude of the reflected waves from 

the rear surface of the slab.  

The x  component of the electric field in medium 3 3x  is 

[8]: 
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where 3zk  is the z  component of the wave vector in 

medium 3, 3  is the permittivity of medium 3, 3xk  is the x  

component of the wave vector in medium 3 and F  is the 

amplitude of the waves transmitted from medium 2 to 

medium 3. For any kind of object that is paced at the 

scattering plane, the amplitude of the electric field scattered 

from it changes as it passes through the different media as 

shown in the next subsection. 

2.2 Propagation of Electric Field in 

Different Media 
Using Eq. 1,3,4, the amplitude of the propagating electric 

field is plotted across the three media shown in fig. 1. 

 

Fig 2: The plot shows the maximum amplitude of the 

electric field after passing through the three media which 

are shown in fig.1 [8]. 

In fig. 2, four lines are seen which represent the maximum 

amplitude of the electric field as it propagates through the slab 

and free space. The solid line represents the summation of all 

frequencies that satisfy the range 00 kxk  . A maximum is 

seen in the middle of the slab. The dashed line represents the 

summation of frequencies satisfying the range 02.10 kxk 

. While the dotted line includes all frequencies satisfying the 

range 03.10 kxk  . The dash-dotted line includes all 

frequencies satisfying the range 04.10 kxk  . As more 

evanescent components are added, the maxima inside the slab 

move to the rear surface of the slab. In all cases, an image that 

has the same amplitude as the object placed at 1z  is seen at 

4z . After 4z , all cases decay rapidly. 

3. SIMULATION RESULTS 
In this section, through simulation, the possibility of imaging 

an object that is one over fifteen of the wavelength used using 

a metamaterial slab is examined. The object function at the 

scattering line is defined. Spacial frequencies are defined for 

the object function by taking the fourier transform of it. The 

total transfer function of the media in which the waves will 

propagate is defined. The fourier transform of the object 

function is multiplied by the transfer function of the media 

and then the inverse fourier transform is finally calculated. 

3.1 Transfer Functions Mathematics 

If medium 1 is filled with free space. The transfer function of 

free space  11 xkT  is [8]: 

  1
2
100

2

11
d

x
kj

exkT





  (5) 

where 0  is the permittivity of medium 1, 0  is the 

permuability of medium 1 and 1d  is the horizontal distance of 

propagation in medium 1. 
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The transfer function of medium 2  22 xkT  which contain a 

metamaterial slab made out of silver is [8] 
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where 2d  is the thickness of the slab which is inserted in 

medium 2 and e  is equal to: 
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While medium 3 is filled with free space and the transfer 

function of free space  33 xkT  is [8]: 
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where 3d  is the horizontal distance of propagation in 

medium3. 

The total transfer function for the whole three media is: 

     33*22*11 xkTxkTxkTT    (8) 

In the next subsection, equations 5-8 are applied together with 

the fourier transforms to an example to see the behaviour of 

the received image at the reciever line due to the presence of a 

silver superlens in medium 2. 

3.2 Imaging using Transfer Functions 

The ability of a silver superlens is tested to produce images 

for an object that is much smaller than the wavelength used. 

An object of Aluminum rod of diameter 1cm is placed at the 

scattering plane as shown in fig. 1 (rod not shown). A wave 

with frequency 2GHz is used. A silver slab is placed in 

medium 2. Silver is an epsilon-negative material with relative 

permittivity jr 01.01 . The width of the silver slab is 

2d mm. The object will be placed at 1d mm infront of the 

surface of the slab. The image is expected to appear at 3d mm 

behind the rear surface of the slab. 

 

 

Fig 3: The plots on the left show the electric field (dotted lines) for an object of Aluminium rod which is placed at the scattering 

plane as shown in fig. 1. The solid lines represent the image’s electric field which is received at the receiver plane as shown in 

fig.1. The plots on the right show the amplitude of the transfer function Eq. 8. The thickness of the slab is 6, 4 2, 1mm in the 

figures a-d consecutively. 

For the first case, the parameters mm62 d  and 

mm331  dd  are used. In fig. 3a, in the plot on the right, 

the amplitude of the transfer function T  is shown. For 

2xk , T  is equal to one which means that all 

frequencies satisfying this equation will pass through the 

silver slab without attenuation. For 2xk , T  is 

slightly above one up till when xk  is almost equal fifteen 

times 2  then T  attenuates to almost zero. In the plot 

on the left, the amplitude of the electric field is drawn. The 

object (dotted line) is a step function of amplitude one and 
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width 1cm. The image (solid line) is almost a line parallel to 

the x-axis with amplitude equal two. The image doesn’t 

represent the object being imaged.  

Slab 

Thickness 
xk

 1T  until 

xk  

Image 

Quality 

6 
2  2  

 

 
2  15 2  

Not Good 

4 
2  2  

 

 
2  22 2  

Moderate 

2 
2  2  

 

 
2  45 2  

Moderate 

1 
2  2  

 

 
2  100 2  

Good 

Table 1: A table for comparing the results in fig 3. 

For the second case, the parameters mm42 d  and 

mm231  dd  are used. In fig. 3b, in the plot on the right 

T  is equal to one for all frequencies satisfying 2xk

. For 2xk , T  is almost equal to one up till when 

xk  is almost equal twenty two times 2  then T  

attenuates to almost zero. In the plot on the left, the object 

(dotted line) is a step function of amplitude one and width 

1cm. The image (solid line) has the shape of a Bessel function 

of the first kind with a maximum amplitude almost equal to 

one. The image is more representative of the object being 

imaged than in fig. 3a. For the third case, the parameters 

mm22 d  and mm131  dd  are used. In fig. 3c, in the 

plot on the right T  is equal to one for all frequencies 

satisfying 2xk . For 2xk , T  is almost 

equal to one up till when xk  is almost equal fourty five times 

2  then T  attenuates to almost zero. In the plot on the 

left, the image (solid line) has the shape of a Bessel function 

of the first kind with the crests on both sides having lesser 

amplitude than those of fig 3b. The image is more 

representative of the object being imaged than that in fig. 3b. 

For the fourth case, the parameters mm12 d  and 

mm5.031  dd  are used. In fig. 3d, in the plot on the right 

T  is equal to one for all frequencies satisfying 2xk

. For 2xk , T  is slightly above one up till when 

xk  is almost equal hundred times 2  then T  

attenuates to almost zero. In the plot on the left, the image 

(solid line) has almost the same shape of the object being 

imaged. The image is a good representation of the object 

being imaged. All results are recorded in table 1 for clarity. 

As the thickness of the slab decreases, the range of evanescent 

frequencies that can be amplified through the slab increases. 

The evanescent waves captured at the receiver side holds 

detailed information about the object and so the obtained 

image is more perfect. 

4. DISCUSSION 
The behaviour of the electric field as it propagates in different 

media is firstly examined. As evanescent components are 

added to the propagated waves, a maxima is seen to move to 

the rear surface of the slab used. The amplitude of the fast 

decaying evanescent waves is shown to be amplified so that 

they are captured at the receiver side. The reason for the 

maxima that appear in all cases which are studied is the 

excitation of Surface Plasmon Polaritons (SPP modes). The 

scattered waves incident on the surface of the slab excite the 

SPP at the rear side of the slab. These modes give the effect as 

if the amplitude is amplified or is increasing as waves 

propagate inside the slab. Secondly, the possibility of imaging 

an Aluminum rod by using a silver slab is investigated. The 

only case in which a good image representing the object being 

imaged is got is when a slab of thickness 1mm is used. As the 

thickness of the slab decreases, the range of evanescent 

frequencies that can be amplified through the slab increases. 

The evanescent waves captured at the receiver side holds 

detailed information about the object and so the accuracy of 

the calculated image improves. To obtain a perfect image for 

an object, the transfer function of the slab should be flat for all 

values of xk . The value of the transfer function is almost one 

for an increasing range of evanescent components as the 

thickness of the slab decreases. 

5. CONCLUSION 
The quality of an image deteriorates due to the presence of 

evanescent waves which decays rapidly. The novelty here is 

the improvement of the resolution of the virtual confocal 

microscope method by several orders of magnitude and 

produce images of high contrast. The SPP plays an important 

part in amplifying the amplitude of the evanescent waves. The 

size of the silver slab is very important as well. The smaller 

the thickness of the slab the better the resolution of the 

captured images due to the increase in the cutoff frequency of 

the transfer functions of the slab. 
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