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ABSTRACT

The quality of tomographic images formed from diffracting waves deteriorated due to the limitations
in capturing evanescent waves. The waves carried detailed information about the body being
imaged. Metamaterials were being recently used to amplify and focus evanescent waves. Here, the
physical characteristics of a superlens made out of a metamaterial slab were studied. A detailed
derivation of the equations for wave propagation inside the metamaterial was shown. The effect of
changing the real and imaginary parts of the permittivity and permeability of a superlens were
examined. The dependence of the cut-off frequency of a superlens on the thickness of the slab was
discussed. Suitable physical dimensions of a superlens were proposed for cross sectional imaging

*Corresponding author: E-mail: ahmed22@aucegypt.edu;
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of Aluminum rods. Simulations were done to test the validity of the proposed solution. Simulations
showed that a metamaterial slab of Silver could be successfully used in imaging two rods.

Keywords: Tomography; evanescent waves; metamaterials; superlens; perfect Imaging.

NOMENCLATURES

k;umﬂ Cutoff frequency.

ko Value of wave vector in free space.

d,dy, Horizontal distance of propagation in slab, medium1, 2 and 3 respectively.
dp.d3

ko1,kz2, Component of the wave vector k in the zdirection in medium1, 2 and 3
k;3 respectively.

kx1,kx2, Component of the wave vector k in the x direction in medium1, 2 and 3
ky3 respectively.

T.1, Total transfer function and transfer function in media1,2 and 3 respectively.
1,13

A,CE Transmission Constant in media1, 2 and 3 respectively.

B,D Reflection Constant in media1 and 2 respectively.

S Spatial frequency in the x direction.

T Transmission coefficient.

GREEK SYMBOLS

£05€1> Permittivity of free space, medium1, 2 and 3 respectively.

€2,€3

1O 15 Permeability of free space, medium1, 2 and 3 respectively.

H2, 13

) Angular frequency.

&p,&" Real part and imaginary part of the permittivity respectively.

£ Permittivity equation & = ¢, — j&" .

s 1 Real part and imaginary part of the permeability respectively.

Permeability equation =y, — ju"
Wavelength used in calculations.

Resolution of the imaging system.

Y7
A
Se Ratio of wavevectors multiplied by permittivity.
A
o

Change in real part of the permittivity.

ABBREVIATIONS
SPP

1. INTRODUCTION

Microwave imaging was
investigated for medical and  process
tomography. Problems with resolution when
imaging using Ultra Wide Band waves were
discussed in several papers [1-3]. For example,
the virtual confocal microscope method had been
proven theoretically and cross sectional imaging
had been demonstrated in [4]. The foundations of
this method were the topic of several research

being  widely

Surface Plasmon Polaritons

investigations including but not limited to a PhD
thesis [4]. The method began with a
measurement of the wave fronts leaving the
target and used 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 [4]. Although
the results discussed in [4] were satisfactory but
the resolution obtained was always dependent
upon the size of object being imaged, medium in
which the object was located and the wavelength
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used. If a wave was incident upon a boundary
between two media with an angle greater than
the critical angle, evanescent waves were
generated or total internal reflection happened.
Critical angle was defined using Snell's Law of
refraction [5,6]. If a wave was incident on any
object, evanescent waves were created as well.
The frequency of the scattered evanescent
waves was dependent on the shape of the object
and the details in it. The more the details were
the higher the frequency components which were
scattered from the object. Evanescent waves
decayed exponentially and couldn’t be captured
by antennas. The amplitude of a received signal
was attenuated and so the quality of calculated
images decreased. In addition, due to the
diffraction limit [6], an object with dimensions less
than half the wavelength used couldn't be
imaged. Detailed information about the object
being imaged was held by the evanescent waves
which couldn’t be captured. A metamaterial slab
could be used to make the capturing of those
waves possible and so the ability to produce a
near perfect image for an object possible.

It was shown in [7] that a slab of materials with
negative refractive index behaved like a perfect
lens focusing all light to an exact electromagnetic
copy of an object. For two-dimensional systems,
over distances much shorter than the free space
wavelength, conformal transformations were
applied to the original parallel-sided slab
generating a variety of new lenses. Although the
new lenses were not ‘perfect’, they were able to
magnify two-dimensional objects. The results
applied equally to imaging of electric or magnetic
sub-wavelength objects in two dimensions. The
concepts had potential applications ranging from
microwave frequencies to the visible [7]. The
ideas of the perfect lens recently proposed by
J.B. Pendry were extended to alternative
structures [8-10]. A slab of a medium with
negative refractive index bounded by media of
different positive refractive index was shown to
amplify evanescent waves and could act as a
near-perfect lens [10]. In paper [11],
transformation-based optics was applied to the
derivation of a general class of transparent
metamaterial slabs. By means of analytical and
numerical  full-wave studies, the image
displacement/ formation capabilities of
transparent metamaterial slabs were explored
[11]. The role of such structures in the
amplification of the evanescent waves was
explained [10]. The image resolution obtained by
these lenses was robust against the effects of
absorption in the lens. In particular, the case of a
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slab of silver, was studied, which had a negative
dielectric constant, with air on one side and other
media such as glass or GaAs on the other side
as an example of a near perfect lens [10]. The
studies in [10,11] concluded that sub wavelength
image resolution was possible. The negative
index of refraction in a metamaterial composed
of metallic split-ring resonators, which exhibited
simultaneously  negative  permittivity  and
permeability, was numerically investigated in
[12]. A study of open-ring resonators and split-
ring resonators was performed in terms of
equivalent circuits [13]. The resonant frequencies
of five different ring resonators were measured
with the aid of a network analyzer within the
frequency range of about 1.5 to 2.8 GHz [14].
The experimental and numerical results were
shown to be very close to each other [14].
Analytical results from various authors were also
compared with the experimental results; one of
them led to a large discrepancy, but the other
analytical approximations was shown to be not
too far off [14]. Also, new periodic structures built
with very thin wires had proven to have novel
properties not observed before in the GHz band,
including some possible impact on
superconducting properties [15]. In an effort to
practically apply metamaterials, planar hybrid
metamaterial with different split ring resonators
(SRR) structure dimensions were fabricated on
silicon substrates by femtosecond (fs) laser
micro-lens array (MLA) lithography and lift-off
process [16]. The electromagnetic field
responses of these metamaterial structures were
characterized using a terahertz (THz) time-
domain spectroscopy [16]. The main focus in this
paper was to study the conditions required for a
metamaterial slab to overcome the problems
imposed by evanescent waves and the diffraction
limit on perfect imaging.

The aim of this paper was to enhance the
resolution limit of an optical system. We used
equations which were already known in the
literature to design a super lens tailored for the
virtual confocal microscope method which was
discussed in [4]. This study proposed
constructing a super lens through a continuous
media that would allow the user to fully control
the scattered field from the imaged object. The
lens could enable us to significantly enhance the
resolution imposed by the diffraction limit [5,17].
Starting with the design process, suitable
frequency and size of a super lens were
established. A one dimensional super lens was
tested to evaluate its performance and compare
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the images which were produced by it with the
objects being imaged.

2. DESIGN PARAMETERS

In this section, we discussed the effect of
changing the real or imaginary parts of the
permittivity and permeability of the metamaterial
slab. The transfer functions for the free space as
well as a slab that was made out of a
metamaterial were given. Simulation was done
on Matlab™ to examine the performance of a
metamaterial slab (transfer functions) when
changing permittivity and permeability. Then, we
studied the effect of changing the thickness of
super lens on the achieved resolution. The
change in the cutoff frequency was one of our
parameters to quantify the performance of the
metamaterial slab when changing any variable.
The cutoff frequency was defined as the point at
which the value of a transfer function dropped to
0.7 of its initial value.

2.1 Equations Describing Electric Field in
Different Media

The slab was represented in Fig. 1 by medium2.
The slab was inserted in free space which was
represented by medium 1 and 3. The transfer
function for free space T (k) was [18]:

[ 2 2
—JN o eouy—kd1
Ti(ky1)=e A 1)

Same equation as Eq.1 applied for medium3
where d; was replaced by d3 and k, was

replaced by k3.

The transfer function for medium2 73 (k,y) was
[18]:

46,
(1 +6, )zeﬂ‘ZZdZ _(1 — 6, )ze—ijZdZ

Ty (ky2)=
where J, was equal to:

5, kz2£0

kz12

The total transfer function for the whole three
media was:

T =Tlkx1)*Ta(kx2)* T3(kx3) 3)

In the next subsection, Eq. 3 was investigated to
study the behavior of the transfer function of the
three media collectively as they were defined in
Fig. 1. Permeability and Permittivity were the two
factors which were going to be the variables in
the next subsection.

2.2 Effect of Permittivity and Permeability
on Cutoff Frequency

Using Eq. 1, 2 and 3, the attenuation in the
amplitude of the transfer function of a
metamaterial slab due to losses was shown in
the next Figures.

In reference [18], the ideal metamaterial slab that
could be used for perfect imaging should have
e=-land y=-1. But in real cases, variation
could happen in the values of the permittivity and
permeability parameters. We considered the
permittivity to be &e=¢.—-j¢" and the
permeability to be u= . —ju". In the next
examples, the effect of the variation in the
imaginary part of the permittivity and permeability
of the slab on the cut-off frequencies was
examined. For this sake, we introduced the
parameter d/A which referred to the thickness of

the slab 9 in terms of the wavelength used 1. In
the examples of this subsection, the value

df2=0.1 was assumed. The frequency used
was 3GHz.
xl St &5t €3, 3
Mediuml Medium2 Medium3
Yy oz
A
E\} =
%
H
d d
d, = % d, d; = %
z1=0 z2=d, z3=d,+d,

z4=d, +d, +d,

Fig. 1. A sketch not to scale was shown of a
superlens (medium 2) inserted in free space
(medium 1, 3). The permittivity and
permeability of the different media were

shown with thicknesses 1, 92 and 3. ATM
wave was scattered at the scattering plane
and captured at the receiver plane
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In Fig. 2a, in the first case it was defined that
8:_1_j8”whereg,':10_l, 1072 or 10_3and
#==1"The cut-off frequency was calculated
using the equation [18]:

kel fi — (1)(2md)in(2/s").

4)
The equation of the cut-off frequency was
defined when the amplitude of the transfer
function (Eq. 3) was equal to 0.7. For a small

amount of loss € =10
k

-3
, the transfer function

showed a cut-off at "~ :]2'099k0. This meant
that a slab of 0-12 thickness with €=~1~/0-001

and #=~1 reproduced accurately objects with a

' 10-2
resolution of 4/12.099 For ¢"=10 7
ky =8.434k,

the cut-off

frequency reduced to and for

14 _1 p—
=10 " o kx _4'768k0. The resolution of the

” —2
slab with ¢ =10 = was therefore 4/8434 and

for ¢ =10 ! onlyl/4~768. Increasing the loss
reduced the resolution. When comparing the
three lossy examples with the free space one,
the transfer function was seen to be flatter and
sO more evanescent components could make it
to the image plane even for high losses such as
" _l
e"=10

For the propagating components

which satisfied kx <k0, after propagating
through the lossy slab their amplitude decreased
and so they suffered while the evanescent parts
of the waves were amplified when compared to
the empty space case. When the slab existed,
waves propagated inside the slab for a distance

equal to d and then another equivalent distance
in free space. But when the slab was absent,
waves propagated in free space for a distance

equal to 24

In Fig. 2b, the second case was shown in which
e=-1 and “="1=JH" \yhere ””:10_1, 1072
or 1073
[18]:

. The equation used in this case was

keutelf i~ (4 2/rd))ln[(4/y") [ kcutolf /kojz] 5)

The cut-off frequencies k, were 22.738k, for
i =1073, 19.073k, for 4" =10"2 and 15.408k,

for ,u”:lo_l. The tendency was the same that

was to say increasing the loss reduced the
resolution. But, the cut-off frequency was less

sensitive to a change in # than was the case
for a change in 5”. In the next two cases, the
effect of changing the real part of the permittivity
on the amplitude of the transfer function (Eq. 3)
was explained.

In Fig. 2c, the third case could be seen in which
eg=-1-¢ where5:10_1, 1072 o 107 gng

#==1" The equation which was used to
calculate the cut-off frequency was:

k€ fi = (3)(2ad)in2 V3 o)) 6)

In Fig. 2d, the Fourth case was shown in which
£=-148 whered=10"1 1072 o 107 4ng

#==1"same equation as the one which was
used in the third case was used for this case as

well. For both cases, the cut-off frequencies kx
-3
+ 5=
were 12974y ¢ [F6]=10 9308k o
102 a1
|i5|_10 and 5.643ko for|i5|_]O . The cut-

off frequency exhibited similar characteristics as
the examples which were shown before but the
transfer function showed resonances in these
last two Figures. One resonance was seen in
Fig. 2c and two in Fig. 2d.

The scattered waves which were incident on the
surface of the slab excited the SPP at the rear
side of the slab. The excitation of the SPP modes
was undesirable for imaging especially in the

case of the less negative € . The x components
corresponding to these excitations were
represented with amplitudes much higher than
those corresponding to non excited modes. In
the mean time, these excitations were essential
for amplifying the magnitude of the evanescent
waves so that they could be detected at the
receiver side of the slab [18]. Similar results were
seen when a change in the real part of the
permeability of the slab was studied.

For the kx values for which €7 and #r had
negative values and their product was smaller
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than one, two resonances were seen in the
graph. But for the ey values for which ¢7 and

Hr had negative values and their product was
larger than one, one resonance was seen in the
graph. For this part of the latter frequencies the
resonant components in free space were turned
into propagating components inside the slab
without fulfilling the condition for a resonance
that was why only a single resonance was seen
[18]. There was a direct correlation between the

value of the ex corresponding to the resonance
frequency and the possible achievable resolution
[18]. The flat section of the transfer function

extended up till the largest value of the fex
corresponding to the excitation of the SPP mode.

It could be said that it was the position of this ex
which determined the cut-off frequency of the
transfer function [18]. Saying this, the function
describing the cut-off frequency was modified to
be [18]:

k540l Ji, = (2/(2mt))in(2/j8). %

To design a slab, the cutoff frequency was an
important quality. The higher the cutoff frequency
the more evanescent components could make it
to the image plane and so higher resolution could
be achieved. The lower the losses in permittivity
and permeability were the higher the -cutoff
frequency. Also, if the real part of permittivity was
varied away from one, care should be exercised
to use frequencies which didn’t cause resonance.

2.3 Resolution of a Metamaterial Slab

If it could be estimated that the resolution A was
being inversely proportional to the cut-off
frequency as could be described in the equation:

A =27/ kel

Then, after some mathematical manipulation to
Eq.(2), it could be deduced that [18]:

MEGE
2o (o] | o

The dependence of the cut-off frequency on the
thickness of the metamaterial slab was plotted in
Fig 3. The cut-off frequency for thinner slabs was

d=

increasing sharply. As thickness increased small

losses in both € and # brought the cut-off
frequency down. For thicker slabs the cut-off

frequency was approximately equal to ko so that
only very minute improvement in sub wavelength
resolution could be achieved. Also, as the
thickness of the slab increased, it became more
non-transparent for the propagating components
which lost more and more energy while
propagating through the slab [18].

To design a slab which could produce high
resolution, the thickness of the slab should be
kept as small as possible. Also, losses in both €

and # should be kept as low as possible. From

” _3
Fig 3, we deduced that for ¢ =10 and

/,l” — 10_3 . ,
, the thickness of the slab shouldn’t be

dJA=02

" _1
higher than But for ¢ =10 and

" __ —1
H' =10 , the thickness of the slab shouldn’t be
higher than df2=0.1 in order to obtain a
reasonable cutoff frequency.

3. RESULTS AND DISCUSSION

In this section, through simulation, the possibility
of imaging an object that had a dimension equal
one over thirty of the wavelength used using a
metamaterial slab was studied. The object
function at the scattering line was defined.
Spatial frequencies were defined for the object
function by taking the Fourier transform of it. The
total transfer function of the media in which the
waves propagated was defined. The Fourier
transform of the object function was multiplied by
the transfer function of the media and then the
inverse Fourier transform was finally calculated.
Simulation was done on Matlab™ to examine the
success of an actual example of a metamaterial
slab in imaging.
3.1 Fourier Transforms and Results
Analysis

The object image was in the space domain and
the transfer functions were in the frequency
domain, so the spatial frequencies of the object
image was required to find the effect of
propagation in the slab. The Fourier transform
was used to relate the space domain and the
spatial frequencies domain. The effect of the slab
space on the spatial frequencies of the object
was obtained by simply multiplying the Fourier
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transform of the space domain by the transfer
function of the slab. To obtain the image of the
object, the inverse Fourier transform of the
resulting equation was obtained. Next, we
defined two new parameters which were used in
evaluating the obtained results in this section.

As shown in Fig 4, the two parameters were the
Centre and the FWC (Full Width at Centre). For
an image which was obtained for an object, the
Centre parameter was defined to be the
minimum value of the image curve as shown in
Fig. 4. The FWC parameter was the width of the
image curve at the value of the Centre
parameter. Both parameters were used to
evaluate how much an image was identical to the
object being imaged.

In this section, we applied Fourier transforms on
two cases that were discussed in details in the
following subsection. A slab was designed taking
into consideration the simulations which were
done in section 2. The permeability of the slab
which was discussed in this section was equal to
one. So, the losses due to variation in

1 (a)

Transfer Function [T|
S

No Slab
107 + gr=103
O ¢ =102

O &' = 10-1

Transfer Function [T|
>

No Slab
+ g =-1.001
10” '
O = -1.01
s O g= -1.1
107 -1 . 0 1
10 10 10

permeability were eliminated. The real part of
permittivity was equal to negative one so we
didn’t have to worry about problems from
resonances. The only variations assumed were
in the imaginary part of the permittivity as well as
the thickness of the slab.

3.2 Transfer Functions and Imaging

The ability of a silver superlens to produce
images for an object that was much smaller than
the wavelength used was investigated. The
object of two Aluminum rods each of diameter
1cm was placed at the scattering plane as shown
in Fig. 1 (rods not shown). A wave with frequency
3GHz was used. A silver slab was placed in
medium2. Silver was an epsilon-negative
material with relative permittivity 7 =-1-0.017
The width of the silver slab was 42 mm. The

object was placed at 9mm in front of the
surface of the slab. The image was expected to

appear at d3 mm behind the rear surface of the
slab.

1 (b)

No Slab
W =-103
' =-102
W' =-10"

O o +

No Slab
g =-0.999
10? '
O g= -0.99
g = -0.9
1073 1 . 0 : 1
10 10 10

Fig. 2. The plots showed the amplitude of the transfer function when changing the values of
the imaginary and real parts of the permittivity and permeability of a metamaterial slab. The
amplitude of the transfer function was plotted when the slab was absent for reference
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X0

cut-off k /k

Fig. 3. The plot showed the change in cut-off frequency as the thickness of the slab changed
when changing the values of the imaginary parts of the permittivity and permeability of a
metamaterial slab

Centre
{Minimumvalue)

Image
—ofan
Object

Fig. 4. A sketch of the definition of Centre and
FWC which were used to quantify the results
in this section

The results were plotted in Fig. 5 and tabulated
in Table 1. For the first case, the values

dy =16mm and d1:d3:8mmwere used. In

Fig. 5a, the amplitude of the transfer function 7
was plotted in the plot on the right. For ey < kO,
|T| was equal to one which meant that all
frequencies which satisfied this range passed
through the silver slab without attenuation. For
e >k0, |T| was almost equal to one up till the

k

cutoff frequency when "* was almost equal 8ko

then |T| attenuated to almost zero. In the plot on

the left, the amplitude of the electric field
representing the two Aluminum rods were drawn.
The object (dotted line) was a two step function
of amplitude one and width 1cm. The image
(solid line) looked as two parabolic functions
joined along the x-axis each with the Centre
value equal 05999 and the FWC equal to1-047
The image didn’t represent the object being
imaged. For the second case, the values
dy =4mm g di=d3 =2mm \ere ysed. In
Fig. 5b, |T| was equal to one for all frequencies

satisfying ky <k

kx > ko |T|

0 in the plot on the right. For

was almost equal to one up till the

cutoff frequency when e was almost equal

30k then |T| attenuated to almost zero. In the
plot on the left, the object (dotted line) was a two
step function of amplitude one and width 1cm.
The image (solid line) had the shape of two
parabolic functions joined together with the

Centre value equal to 0.6000 and the FWC
equal tol-047 . The amplitude of the points

x~-2 and ¥=2 increased slightly than those
found in Fig. 5a. For the third case, the
dy =lmm . dj=d3=05mm

values were

used. In Fig. 5c, |T| was equal to one for all

ky <k

frequencies satisfying 0 in the plot on the

ky > ko

right. For , |T| was almost equal to one
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k

up till the cutoff frequency when ™* was almost

equal ko then |T| attenuated to almost zero.
In the plot on the left, the image (solid line) had
the shape of two step functions representing the
object being imaged where each function had the

Centre value equal to 09606 and the FWC

equal to 10, The image was a good
representative of the object being imaged than
those shown in Figs. 5a and 5b. For the fourth
case, the values 92 =025mm and
d1=d3=0.125mm \ere ysed. In Fig. 5d, 7
was equal to one for all frequencies satisfying

kx <ko in the plot on the right. For kx > kO, |T|
was almost equal to one up till the cutoff

k | 931k,

frequency when "X was almost equa

then |T| attenuated to almost zero. In the plot on
the left, the image (solid line) had the same
shape of the object being imaged with the Centre

value equal to 1-0 and the FWC equal to 1.0.
The image was a perfect representation of the
object being imaged. As the thickness of the slab
decreased, the range of evanescent frequencies
that could be amplified through the slab
increased. The evanescent waves captured at
the receiver side held detailed information about
the object and so the obtained image was more
perfect. For good imaging the thickness of the
slab should be equal to one tenth the width of the
object being imaged or less.

Next the same simulations were repeated as in
Fig. 5 while taking the relative permittivity of the

slab to be ¢r="1704/  The results were
plotted in Fig. 6 and tabulated in Table 2. The

first case was shown in Fig. 6a. For kx> kO, |T|

was almost equal to one up till the cutoff

k

frequency when "X was almost equal Zko then

|T| attenuated to almost zero. In the plot on the
left, the image (solid line) looked as two parabolic
functions joined along the x-axis each with the
Centre value equal 0-5015 and the FWC equal

to1-046  The second case was shown in Fig. 6b.

For kx> kO, |T| was almost equal to one up till

the cutoff frequency when kx was almost equal

8ko then |T| attenuated to almost zero. In the
plot on the left, the image (solid line) had two
parabolic functions each with the Centre value

equal 0-5799 and the FWC equal to 1.046 The
amplitude of the points ¥~—2 and X~2
increased than those seen in Fig. 6a. The third

case was shown in Fig. 6c. Forkx >k0, |T| was

almost equal to one up till the cutoff frequency

when kx was almost equal 31ko then |T|
attenuated to almost zero. In the plot on the left,
the image (solid line) had two parabolas each

with the Centre value equal 0-5976 and the FWC
equal tol-045 . The amplitude of the points

x~-2 gnd X~2 jncreased than those shown in
Fig. 6b. The fourth case was shown in Fig. 6d.

For kx >k0, |T| was almost equal to one up till
the cutoff frequency when kyx was almost equal

246k0. In the plot on the left, the image (solid
line) had the same shape of the object being
imaged. The image was a good representation of
the object being imaged. Losses had
deteriorated the quality of the images being
produced using the same thicknesses as those
used in Fig. 5.

Table 1. A Table to compare the results which were shown in Fig. 5

Slab Thickness Centre FWC Cutoff Freq Image Quality
[Ex]

16 mm 0.5999 1.047 7 32k0 Moderate

4 mm 0.6 1.047 29.08 ko Moderate

1mm 0.9606 1 116.3 %o Good

0.25 mm 1 1 930.3 %0 Good
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Fig. 5. The plots on the left showed the object electric field (dotted lines) for two Aluminum
rods which were placed at the scattering plane as shown in Fig. 1. The solid lines represented
the output electric field which was received at the receiver plane as shown in Fig.1. The plots
on the right showed the amplitude of the transfer function Eq. 3. The thicknesses of the slab
were 16, 4, 1 and 0.25mm in the Figures a-d consecutively. Imaginary part of permittivity was
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Fig. 6. Same plots as those shown in Fig. 5 but while using an imaginary part of permittivity

that was equal to 0.4
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Table 2. A Table to compare the results which were shown in Fig. 6

Slab Thickness Centre FWC Cutoff Freq Image Quality
|Ex|

16 mm 0.5015 1.046 1.996 ko Not good

4 mm 0.5799 1.046 7.699 ko Moderate

1 mm 0.5976 1.045 30.73 %0 Moderate

0.25 mm 0.9748 1 245.8 ko Good

4. CONCLUSION

Evanescent waves carried detailed information
about the object being imaged but they were fast
decaying waves which couldn’t be captured at
the receiver side. Metamaterial slabs were used
to amplify the amplitude of the evanescent waves
so that they could be captured using antennas.
The variation in the cut-off frequency for a
metamaterial slab was examined when changing
the real or imaginary parts of the permittivity and
permeability of the slab. Increasing the imaginary
part of the permittivity reduced the cut-off
frequency of the slab. Increasing the imaginary
part of the permeability reduced the cut-off
frequency as well but with less sensitivity than
that for permittivity. When changing the real part
of either the permittivity or permeability similar
behavior for the cut-off frequency was seen.
However; resonance in the amplitude of the
transfer function was seen. The cause of these
resonances was the excitation of the Surface
Plasmon Polaritons (SPP) modes. Next, the
relationship between the possible resolution that
could be achieved and the thickness of the slab
was studied. As the thickness of the slab
decreased, the cut-off frequency increased. Also
as the thickness of the slab increased, the
propagating components of the frequencies lost
more energy inside the slab. An investigation had
been made to test the possibility of imaging two
Aluminum rods by using a silver slab. A slab
made out of silver had a permeability value of
one and a permittivity value of negative one. All
problems discussed in section 2 about the
reduction in the cutoff frequency due to losses in
permeability or change in the real value of
permittivity were eliminated. In the first example,
losses in permittivity were low and so a good
image representing the object being imaged was
retrieved when a slab of thickness 1mm or
0.25mm was used. As the thickness of the slab
decreased, the range of evanescent frequencies
that could be amplified through the slab
increased. The value of the transfer function was
almost equal to one for an increasing range of

evanescent components as the thickness of the
slab decreased. The reason for the amplification
was the excitation of Surface Plasmon Polaritons
(SPP modes). The scattered waves which were
incident on the surface of the slab excited the
SPP at the rear side of the slab. These modes
gave the effect as if the amplitude was amplified
or was increased as waves propagated inside
the slab. In the second example losses in
permittivity were higher than those used in the
first one and so a good image was retrieved
when a slab of thickness 0.25mm was used.
Losses affected the resolution of the obtained
images negatively. We concluded that results
showed that for a frequency of 3GHz and an
object of diameter 1cm, the slab didn’t manage to
amplify evanescent waves except in 3 cases. For
an imaginary value of permittivity equal 0.01,
reasonable resolution was not obtained except
when thickness was 1mm or 0.25mm. But for an
imaginary value of permittivity equal 0.4,
reasonable resolution was not obtained except
when thickness was 0.25mm.
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