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Evanescent probe imaging is a powerful characterization technique with subwavelength resolution. In this
paper, we present a theoretical and numerical study of the effect of using double negative �DNG� and single
negative �SNG� metamaterials in evanescent probe imaging. A sensitivity definition is introduced for evanes-
cent probes and it is shown using quantitative measures that the sensitivity can be increased using DNG
material for a target in vacuum and for a buried target. A minimum DNG thickness is required to achieve an
improvement in the sensitivity. For a buried target, there is a fundamental limitation on the maximum achiev-
able sensitivity, in addition to a limitation due to the loss of DNG materials. SNG metamaterials have similar
improvements over the sensitivity as the DNG materials but there are additional limitations due to the different
transmission characteristics of SNG media. To validate the theoretical findings, numerical simulations are
presented.
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I. INTRODUCTION

Evanescent field imaging is a powerful surface character-
ization technique and a promising technique for noninvasive
subsurface imaging. The technique senses electrical and
magnetic properties of materials with subwavelength reso-
lution. Resolution values as low as � /106 �1� have been re-
ported. The technique has been used on various materials,
such as biological samples �2�, circuit boards �3�, or semi-
conductor samples �4�. A more recent application of the
method for subsurface imaging focused on the detection of
corrosion precursor pitting �5�. However, due to the fast de-
cay of evanescent fields, the technique in Ref. �5� was lim-
ited to detection of targets buried under a layer of thin paint.

Since evanescent or near-field imaging has the capability
to detect changes in the electrical and magnetic properties in
materials, it is a strong candidate to detect biological anoma-
lies or land mines. In Ref. �6�, it was shown that superreso-
lution images can be constructed in half space problems if
the evanescent field components are captured. For these di-
verse applications, the common challenge is the range and
the sensitivity of the evanescent field probes.

Recent developments in the double negative �DNG� and
single negative �SNG� metamaterials offer a solution to these
problems. By using the evanescent field amplification prop-
erty, DNG or SNG based superlenses can be used to improve
the sensitivity and range of the evanescent probe imaging
methods.

DNG materials have been attracting the attention of many
scientists and engineers since the discovery of superlensing
effect �7� and the physical realization of DNG materials �8�.
Theoretical field calculations in DNG materials and trans-
mission through a DNG lens were reported in previous
works �7,9,10�. In Ref. �11�, the superlensing effect was

combined with the nonlinear inverse scattering algorithms
and was used for achieving subwavelength resolution im-
ages. Since DNG materials are dispersive and lossy, there are
practical limitations on the superlensing effect �12�. The na-
ture of DNG materials makes it impossible to have a perfect
lens, whereas the superlensing effect, which refers to the
subwavelength resolution capabilities of such lenses by eva-
nescent field amplification, can be realized under less sever
conditions.

Numerical methods using the finite difference time do-
main �FDTD� �13,14� and finite element methods �FEM�
�15,16� were implemented to simulate DNG materials. The
evanescent field amplification and superlensing effect were
demonstrated numerically. Experimental verifications of
these extraordinary behaviors were achieved by using two-
dimensional circuit elements, loaded transmission lines �17�,
and split ring resonator structures �18,19� for DNG materials,
and by using silver superlenses �20� for SNG materials.

Although the theory of the evanescent field imaging using
DNG materials is well developed, its application to evanes-
cent probe imaging has not been fully explored since the
studies previously reported focused on detecting the evanes-
cent spectrum emanating from an object �7,21�. An evanes-
cent �or near-field� probe, in essence operates by measuring
the energy change in the surroundings of the probe tip. The
objective of this work is to demonstrate how the DNG ma-
terial affects the sensitivity of near-field probes. In Sec. II,
independent of the probe media, we introduce a definition for
sensitivity based on the electric and magnetic energy stored
in the vicinity of the probe. In Sec. III, we present theoretical
calculations of the sensitivity applied to a theoretical probe
acting on multilayered media and targets, and show sensitiv-
ity enhancement when using DNG and SNG lenses. In Sec.
IV, we present numerical simulation results for physically
compact targets, thereby validating the theoretical calcula-
tions. Conclusions are presented in Sec. V.
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II. QUANTIFICATION OF SENSITIVITY

A. Sensitivity

Evanescent probe detectors measure the evanescent field
energy stored in the surrounding of the radiator tip. Any
antenna, or any radiating system, can be modeled by a
simple lumped circuit with passive elements if the system is
linear. A load connected to a transmission line can be mod-
eled as an impedance, Z=R+ jX. The real part of the imped-
ance, R, corresponds to the radiated propagating power and
the loss of the system. The reactance X is related to the
stored energy. Figure 1 shows a depiction of the probe
�which we assume here without loss of generalization as a
cavity with a thin wire, or tip, extending out of it�. A trans-
mission line model of the probe is also shown in Fig. 1.
Placing a target in the proximity of the probe is analogous to
altering the terminal load of the transmission line, say from
R+ jX to R�+ jX�. A change in the terminal load would then
affect the reflection coefficient, which is represented by the
scattering parameter S11 �see Fig. 1�c��. The change in the
reflection coefficient �frequency shift, magnitude shift, or
both� reflects a change in the resonant frequency of the probe
due to the presence of the target. Therefore a target can be
detected easier if it leads to a higher change in the reactance.

Since the change in reactance that the probe reacts to is in
essence a distributed load, we consider the load to be the
entire volume surrounding the tip of the probe, or more pre-
cisely, the entire volume where the field distribution is non-
zero. Next, we express the resistance and the reactance of the
terminal load in terms of the total fields described in Fig. 2.
The resistance and the reactance can be expressed as �22�

R =
1

�Ii�2
�Re��

V

�J* · E�dv	 + 2

A

�S · n�da

+ 4� Im��
V

�uh − ue�dv	� , �1�

X =
1

�Ii�2
�4� Re��

V

�uh − ue�dv	 − Im��
V

�J* · E�dv	� ,

�2�

where J is the current density, E is the electric field, and uh
and ue are the energy densities due to the magnetic and elec-
tric fields, respectively, in the volume V. S is the Poynting
vector on the surface that encloses V and n is the normal
vector of the surface pointing out of V as shown in Fig. 2. Ii
is the current passing through the load Z.

The first term of Eq. �1� and the second term of Eq. �2�
are due to the conductive losses and they are equal to zero
for a lossless medium. The �uh−ue� difference is equal to
zero for a propagating plane wave and it is purely real for an
evanescent plane wave in a lossless medium. The second
term in Eq. �1� is the power radiated from the surface A and
is negligible for near-field probes. For a propagating wave in
a lossless medium Eq. �1� reduces to the second term and Eq.
�2� is equal to zero. For an evanescent wave, however, the
first term in Eq. �2� is the only parameter that contributes to
the impedance.

Therefore the sensitivity can be defined as the deviation
of the ratio of difference between total H and E field ener-
gies in the presence of the target to the total energy without
the target as follows:

Sensitivity = �1 −
�Uh − Ue�with target

�Uh − Ue�without target
� , �3�

where

Uh,e = �
V

uh,edv . �4�

According to the definition proposed in Eq. �3�, the deviation
from zero, which can only take place if a target is present, is

FIG. 1. �a� A generic probe is depicted by a cavity with a thin
wire or tip coming out of it. �b� The probe is modeled as a trans-
mission line with a certain terminal impedance. �c� A probe encoun-
tering a target is analogous to changing the terminal impedance of
the transmission line, thus leading to a shift in S11.

FIG. 2. The three components representing a generic probe: The
resonator, the interface with the material to be interrogated �the
interface is represented here as a short transmission line�, and the
probe medium, which is a volume containing all the electric and
magnetic energies excited by the resonator in the presence of the
target medium.
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a measure of higher sensitivity. From this sensitivity defini-
tion, it is not intuitive that the amplification of evanescent
fields, as a consequence of using a superlens, would lead to
increased probe sensitivity. This sensitivity definition �i.e.,
Eq. �3��, as will be shown below, is not intended to quantify
the sensitivity for specific targets but rather to be used as a
tool or a measure to investigate the potential of near-field
probes when used in conjunction with DNG media, SNG
media, or, in fact, with any media in general.

B. Probe-target model using plane waves

Unlike earlier works where the near-field �or evanescent
field� probes were modeled using lumped elements, in this
work, we present a field model for the probe-target interac-
tion. This model is developed by using multilayer media as
the target of detection and the material that it typically is
embedded in. The energy coming from the resonator is rep-
resented as evanescent plane waves. Since all time-harmonic
fields can be expressed as a superposition of plane waves
�23�, the evanescent spectrum can be analyzed using the fol-
lowing formulation and the overall response of a probe is a
combination of the responses of plane waves present in its
spectrum. While, in theory, there is always small radiation
coming out of the resonator used in near-field imaging, the
magnitude of these propagating field components are small
enough to warrant their exclusion from our model.

In general, the target to be detected is embedded inside
some target medium. Usually the target is electrically small
and is of finite size. However, for the purpose of developing
our probe-target model, we will consider a target that is of
infinite size, i.e., a single layer, occupying the space Z3�z
�Z4, as shown in Fig. 3. Furthermore, the target can be
backed by a multilayer medium. Therefore, in order to pro-
vide flexibility in the number of layers that correspond to the
complexity of the structure, we calculate the fields for an
arbitrary n number of boundaries. The coefficients are de-
fined in a way that the solution can be calculated recursively.

In most practical applications, such as the examples pre-
sented later in this paper, the target is not an infinite layer but
rather localized in space. However, irrespective of the nature
of the target, when it is interrogated with an evanescent field,
a spectrum of traveling and evanescent plane waves is gen-
erated. In either case, whether the target is localized or not,
an evanescent spectrum is generated. Therefore, it is purely
for the purpose of developing a succinct mathematical theory
for sensitivity enhancement that we consider the infinite
layer target.

Assuming a time-harmonic incident field in the left-hand
half space in the form of

E = ŷej�kxx+kz,1z�, �5�

the field distribution can be found using the boundary con-
ditions. On the mth boundary, the transmission and reflection
coefficients are defined as tm and rm, respectively. The reflec-
tion and transmission coefficients for a multilayered structure
can be found in Ref. �24�. We define evanescent plane waves
using their k components parallel to the interfaces between
the layers since this component does not change from one
layer to another. When there is an incident wave with a par-
allel k component of kx and an E field polarized in the ŷ
direction, the E and H fields become

Em = ŷ

l=1

m−1

tl�ejkz,mz + rme−jkz,mz� , �6�

Hm = ẑ
kx

��m


l=1

m−1

tl�ejkz,mz + rme−jkz,mz�

− x̂
kz,m

��m


l=1

m−1

tl�ejkz,mz − rme−jkz,mz� �7�

for 1�m�n, and for the last half space

En+1 = ŷ

l=1

n

tle
jkz,mz, �8�

Hn+1 =
�ẑkx − x̂kz,n�

��n


l=1

n

tle
jkz,mz, �9�

where the dispersion relation is given as

kz,m
2 = �2�m�m − kx

2. �10�

C. Near-field probe employing double negative media

DNG media has two primary features: First, it allows for
phase propagation in the opposite direction to that of the
direction of energy propagation �k vector and Poynting vec-
tor S are 180° out of phase�. The second important feature is
the amplification of evanescent field magnitude. Both fea-
tures have been used with much excitement in the past to
reproduce the image of a source �17,18,20�. The second fea-
ture, namely, the amplification of evanescent fields, is clearly
relevant to the field of near-field microscopy. What remains

FIG. 3. �Color online� The probe and target interaction is mod-
eled by a plane wave in a multilayered structure. The incident field
is assumed to be excited at Z1, which represents the probe location.
The last region is assumed to be an infinite half space.
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uncertain, however, is whether evanescent field enhancement
translates into increased probe sensitivity in the sense de-
fined in Eq. �3�.

To this end, we consider the field solutions developed
above, which are valid for propagating and evanescent plane
waves. We insert a DNG medium between the probe tip and
the target medium, as shown in Fig. 4. For a DNG layer, the
sign of kz,m must be selected the opposite of the sign in the
case of a positive medium �for a good discussion on the
compatibility between the mathematics and physics of DNG
media, the reader is referred to Refs. �9,10��.

The energy and sensitivity are calculated using field dis-
tributions. For the energy calculations, the DNG layer is rep-
resented as a dispersive medium. Thus, frequency depen-
dence of permittivity of the DNG medium is assumed to be
the same as the permittivity function of a metal around its
plasma frequency, which is a commonly used model for
DNG medium simulations. The frequency dependent permit-
tivity and permeability are given as

���� = �0�1 −
�p

2

��� − j�e�
� , �11�

���� = �0�1 −
�p

2

��� − j�m�
� , �12�

where �p is the plasma frequency and �e and �m represent
the loss of the DNG medium �25�.

For the lossless case, energy densities of the E and H
fields for a linear medium can be found as �22�

ue =
1

2

�„�����…
��

�E�2, �13�

uh =
1

2

�„�����…
��

�H�2. �14�

For a lossless plasma at �=
�p
�2

the effective relative permit-
tivity is equal to −1. Therefore

� �„�����…
��

�
�=�p/�2

= 3�0. �15�

Similarly, the derivative term in the H field energy density is
equal to 3�0.

If there are n number of boundaries, the total E field en-
ergy in the mth slab, defined by zm−1�z�zm, can be written
as

Ue,m = 

l=1

m−1

tl
2��������

��
�rm�zm − zm−1� +

e2jkz,mzm − e2jkz,mzm−1

4jkz,m

+
rm

2 �e−2jkz,mzm−1 − e−2jkz,mzm�
4jkz,m

� . �16�

Equation �16� is valid for 1�m�n. Finally, for the last half
space region, assuming a positive and nondispersive me-
dium, the energy becomes

Ue,n+1 = − 

l=1

n

tl
2
��n+1�e

2jkz,�n+1�zn

4jkz,�n+1�
. �17�

The energy due to the x̂ component of the H field is

Uhx,m = 

l=1

m−1

tl
2�„�����…

��
� kz,m

��m
�2�− rm�zm − zm−1�

+
e2jkz,mzm − e2jkz,mzm−1

4jkz,m
+

rm
2 �e−2jkz,mzm−1 − e−2jkz,mzm�

4jkz,m
�

�18�

for 1�m�n and

Uhx,n+1 = − 

l=1

n

tl
2� kz,�n+1�

�
�2

e2jkz,�n+1�zn

4j��n+1�kz,�n+1�
. �19�

The energy due to the ẑ component of the H field is

Uhz,m =
��������

��
� �„�����…

��
�−1� kx

��m
�2

Ue,m. �20�

For a lossy, dispersive medium, Eqs. �13� and �14� are not
valid �26�. By simplifying the general solution presented in
Ref. �26� for a time-harmonic field in a Drude medium, the E
field energy density can be found as

ue =
1

2
�0�1 +

�p
2

�2 + �e
2��E�2. �21�

Therefore replacing the �(�����)
�w term in Eq. �16� by �0�1

+
�p

2

�2+�e
2 � yields the energy equations that are compatible with

the lossy cases. Similarly, the H field energy density can be
found as

uh =
1

2
�0�1 +

�p
2

�2 + �m
2 ��H�2. �22�

III. THEORETICAL RESULTS

In this section, we calculate the sensitivity as defined in
Eq. �3� for different media and target configurations. We fo-

FIG. 4. �Color online� A DNG slab is inserted between the target
medium and the field excitation.
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cus on the changes in the sensitivity as a result of using
lossless and lossy DNG lenses, and then discuss the effect of
using SNG lenses.

A. Effect of a DNG lens without loss

In the first configuration to be analyzed, the target me-
dium will be considered as a vacuum. The angular wave
number of the material with the largest �� product is defined
as kmax. In order for the field to have evanescent behavior in
all regions, the incident wave must have kx	kmax. Without
loss of generality, we consider a nonmagnetic target with a
thickness of t=�0 /75, where �0 is the wavelength in free
space, and a relative permittivity of 6. The input is an eva-
nescent plane wave with a kx=1.5kmax.

The DNG lens is matched to the free space with relative
permittivity and permeability equal to −1 since this amplifies
the whole evanescent spectrum with a well-defined exponen-
tial function. The lens is assumed to be lossless. �There is no
reflection at the boundary between a DNG lens and a posi-
tive medium if they are matched.�

Figure 5 shows the sensitivity for different DNG thick-
nesses. The sensitivity is plotted as a function of the lens-to-
target distance, which is represented in terms of t. Through-
out this paper, the lens-to-target distance is defined as the
distance �Z3−Z5� �see Fig. 4�. Clearly seen is that the thicker
the DNG lens, the higher the sensitivity; however, what is
interesting is that there is a minimum DNG thickness re-
quired to achieve a sensitivity improvement. For example, as
can be seen from Fig. 5, a DNG lens with a thickness of t
does not improve the sensitivity. In fact, it turns out that a
DNG thickness greater than 1.4t is needed for this particular
configuration �target thickness of t=�0 /75 and �r=6�.

The reason for the minimum DNG thickness requirement
can be explained as follows. When a target interacts with the
evanescent field, there are two mechanisms that affect the E
and H field energies. The first mechanism is due to the per-

mittivity and permeability changes of the probe medium as a
consequence of the presence of the target. For an evanescent
TE wave in a dielectric medium, the difference of the E and
H field energy densities can be calculated as

uh − ue =
�kz�2

�2�
�E�2. �23�

As the permittivity is increased, �kz� is reduced to maintain a
constant kx. From Eq. �23�, the reduction in �kz� leads to a
reduction in the energy difference when there is a target with
a higher permittivity compared to the surrounding medium.
As a consequence, the second term in the sensitivity defini-
tion �Eq. �3�� deviates further from unity. �A similar conclu-
sion applies when the target has a permittivity lower than the
target medium.�

The second mechanism is the energy change due to the
reflection from the target. This mechanism increases the en-
ergy difference since it produces a reflected field with �uh
−ue� greater than zero. When there is no DNG layer, the
reflected field energies are small since the field is decaying
and the dominant mechanism is the first mechanism. On the
other hand, when there is a thick enough DNG layer, the
reflected field is amplified and the second mechanism be-
comes more dominant. This behavior is presented in Fig. 6
where the

�Um−Ue�with target

�Um−Ue�without target
ratio is plotted as a function of the

lens-to-target distance.
Next, we consider the sensitivity behavior as a function of

kx. Figure 7 shows that the sensitivity is improved for all kx
values greater than unity, thus implying that the sensitivity
improvement is valid for the entire evanescent spectrum. As
a consequence, we make the key conclusion that the sensi-
tivity improvement is valid for any type of near-field probes.

For a subsurface detection scheme, a more realistic model
would have a target medium other than vacuum. Here, we set

FIG. 5. �Color online� Sensitivity as a function of lens-to-target
distance, for DNG thicknesses of t, 2t, 3t, and 4t �t=�0 /75�. As the
DNG thickness is increased, the sensitivity increases. The nonmag-
netic target is t thick with �r of 6.

FIG. 6. �Color online� The H field and E field energy differ-
ences normalized by the difference without any target,

�Um−Ue�with target

�Um−Ue�without target
, plotted as a function of the lens-to-target distance t.

When there is no DNG layer the target reduces the difference. On
the other hand, when there is a DNG layer the target increases the
difference.
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the relative permittivity of the target medium and the target
to 2 and 6, respectively. The incident field is kept as before.
The tip-to-lens and lens-to-target medium distances are kept
at zero. All media, except the lens, are assumed to be non-
magnetic.

In Fig. 8, the sensitivity versus the lens-to-target distance
is plotted for different lens thicknesses, while keeping the
thickness of the target constant at t. We observe that, in a
manner similar to the target in the vacuum case, increasing
the DNG thickness increases the sensitivity and a minimum
DNG thickness is required to enhance the sensitivity. We
further observe that the sensitivity is seen to be higher than
the case when the target medium was a vacuum, since when

the permittivity of the target medium is increased, the decay
constant is reduced. Further analysis �the graphs are not pre-
sented here for brevity� shows that although increasing the
permittivity of the target medium increases the sensitivity, as
the target medium permittivity approaches the permittivity of
the target, the sensitivity is reduced. This is because even
though the field penetrates better, it does not experience any
significant change when encountering the target.

An important behavior different than the case when the
target medium is a vacuum is the saturation of the sensitivity
improvement as the DNG lens thickness increases. For the
configuration considered here, the sensitivity improvement is
saturated when the thickness of the DNG lens reaches 20t,
despite the lossless nature of the lens.

Similar to the previous case �target medium as a vacuum�,
the lens enhances the sensitivity for any incident evanescent
field. Fields with higher kx have a higher enhancement po-
tential when using a DNG lens, and increasing the target
thickness or target-to-target medium mismatch increases the
sensitivity.

B. Effect of a DNG lens with loss

In practical applications, DNG materials are lossy. In the
case of a lossy DNG lens, the sensitivity improvement is
expected to be reduced and the loss will form an upper
bound on the sensitivity enhancement whether the target me-
dium is a vacuum or not. The loss effect is expected to be
more dominant for high kx values. Since the amplification in
the DNG lens is limited by the loss of the lens, and higher kx
components need more amplification, these components suf-
fer from loss.

Figure 9 shows the sensitivity in the case of a lossy DNG

FIG. 7. �Color online� The sensitivity as a function of normal-
ized kx. The inset shows that sensitivities of the fields with higher kx

values experience better enhancements. Sensitivity improvement
achieved by a DNG lens is defined as the sensitivity normalized by
the sensitivity of the corresponding case without the DNG lens. The
lens-to-target distance is 3t for all cases.

FIG. 8. �Color online� Sensitivity vs target depth for a buried
target. The target medium has a relative permittivity of 2 and the
target has a permittivity of 6 with a thickness of t. The sensitivity is
plotted for five different lens thicknesses.

FIG. 9. �Color online� The sensitivity behavior for a lossy DNG
case. Sensitivity is plotted as a function of the lens-to-target dis-
tance for DNG thicknesses of 10t, 15t, 16t, 17t, and 21t. The target
medium and the target have a relative permittivity of 2 and 6, re-
spectively, and the target thickness is t. The DNG lens has an imagi-
nary part of complex permittivity �loss tangent� equal to 0.2.
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lens. The DNG lens parameters are �p=��2.02 and �e
=0.1�, corresponding to a complex relative permittivity
equal to −1+ j0.2. We observe that the sensitivity improve-
ment is reduced compared to the case of a lossless DNG. In
addition, there is an optimum DNG thickness needed to
achieve maximum sensitivity. For instance, for the target and
medium parameters considered here, the optimum thickness
is around 15t. As the thickness is increased further, the sen-
sitivity is degraded to lower levels, even lower than the case
without the DNG lens, a consequence that is expected since
a relatively thick DNG lens with loss shields the target from
the source.

C. SNG metamaterials

As DNG metamaterials, SNG metamaterials also amplify
evanescent fields. There are additional fundamental limita-
tions for the use of SNG metamaterials as compared to DNG
metamaterials. The amplification characteristics of an SNG
lens are different than a DNG matched lens.

Firstly, a DNG lens amplifies both TE and TM waves,
whereas an SNG lens amplifies either TM waves, if it is �
negative, or TE waves, if it is � negative �7�. Secondly, a
DNG lens amplifies evanescent fields with an exponential
behavior, meaning that the amplification of the field through
a DNG lens increases exponentially with kx. An SNG lens,
on the other hand, exhibits a singularity in the transmission
behavior �12�, as shown in Fig. 10. The transmission behav-
ior of an SNG lens can be analyzed in three regions within
the kx domain. The first region is before the singularity where
a behavior similar to the DNG layer is observed. The second
region is around the singularity where the amplification is
much higher in comparison to the amplification of the DNG
lens. In the third region, after the singularity, the amplifica-

tion decreases as kx of the incident field increases. As a result
the SNG lens does not amplify the whole spectrum, but it has
an upper kx limit after which the incident field is not ampli-
fied. The singularity behavior was also observed when the
transmission was analyzed as a factor of the SNG lens thick-
ness.

In Fig. 11, the sensitivity as a function of lens-to-target
distance is plotted for different SNG lens thicknesses. The
incident field is a TE wave with kx=1.5kmax. The SNG ma-
terial has �r=1 and �r=−1. The target medium and the target
have a relative permittivity of 2 and 6, respectively, and the
target thickness is t. For this configuration, the singularity is
observed with an SNG lens of 9.22t thickness and a lens-to-
target distance of 1.5t, as shown in the inset of Fig. 11. When
the SNG lens is thinner than the singularity condition, the
sensitivity improvement is similar to the DNG lens case. If
the lens is thicker, the sensitivity improvement is reduced
and increasing the thickness further eventually results in no
sensitivity improvement in comparison to the case without
the SNG lens.

The SNG metamaterials have an advantage over the DNG
metamaterials due to fabrication considerations. The DNG
metamaterials are produced by using periodic split ring reso-
nators for negative permeability, and periodic conductive
rods for negative permittivity, simultaneously in a dielectric
matrix �8�. The SNG metamaterials, however, need only ei-
ther split ring resonators �27� or conductive rods �28�, which
reduces the fabrication complexity and the metallic content
of the overall material. The drawbacks of the SNG metama-
terials are the limitations over the evanescent spectrum, slab
thickness, and its selectivity vis-a-vis TE and TM waves. On
the other hand, the SNG metamaterial, due to the transmis-
sion singularity, has the potential for strong substantial im-
provement in the sensitivity.

FIG. 10. �Color online� The transmission coefficient as a func-
tion of normalized kx is plotted for SNG and DNG lenses. Both
lenses have a thickness of t. The SNG lens exhibits a singularity at
kx=121.3k0. The inset shows that before the singularity the SNG
lens follows an amplification characteristic very similar to the DNG
lens.

FIG. 11. �Color online� Sensitivity vs target distance for a target
medium and target having relative permittivity of 2 and 6, respec-
tively, and a target thickness of t. The 5t SNG slab results in a
sensitivity improvement similar to the DNG slabs. The 9.22t slab
has a singularity when the target is at 1.5t. The 20t slab reduces the
sensitivity.
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IV. NUMERICAL RESULTS

In this section, we present numerical experiments where
we consider two configurations in order to validate the the-
oretical findings of sensitivity enhancement discussed above.
The numerical simulations are performed using HFSS, a
three-dimensional finite element analysis tool by Ansoft cor-
poration.

In the first numerical experiment, we analyze the field
change due to the presence of a DNG lens. We consider a
cutoff waveguide with a rectangular cross section of dimen-
sions �0 /5
�0 /5. The field is excited from the left end of
the waveguide as shown in Fig. 12. The E field distributions,
with and without the DNG layer, are plotted along the wave-
guide for two different target locations. The generated field
has a decay constant of 2.29k0. The amplifying region is a
DNG lens matched to the free space with a loss tangent of
−0.45.

Figure 12�a� shows the E field distribution without any
DNG layers. The target hardly changes the field distribution.
The E field distribution with a DNG layer is shown in Fig.
12�b� where the field change in the DNG layer due to the
target is visible. Therefore, it can be observed that the main
role of the DNG lens is to enlarge the active region in which
the field distribution is changed by the target. When there is
no DNG lens, the target changes the fields only in the prox-
imity of itself. On the other hand, as a result of the evanes-
cent field amplification, when there is a DNG lens, the target
also changes the field distribution in the lens itself.

In the second experiment, we consider a probe consisting
of an open-ended rectangular waveguide with a cross section
of 7.11 mm
3.56 mm �typically referred to as WR-28�.
This waveguide has been used as a near-field probe for de-
tection of cracks on aluminum plates �5�. A schematic of the
probe-target configuration is shown in Fig. 13. The image of
a 1-mm-sided cubic crack is generated by sending a 30 GHz
signal and analyzing the variation in the phase of the re-
flected signal. The waveguide is assumed to be semi-infinite
so that the field reflected from the open end does not expe-
rience further reflections, preventing the multiple reflections
in the waveguide. The waveguide is faced to an aluminum
plate with a crack at the center. The probe is scanned over
the aluminum surface and the phase of the reflection coeffi-

cient, S11, is recorded for each probe location. The standoff
distance, defined as the distance from the waveguide �or
from the SNG layer, if there is any� to the aluminum plate, is
1 mm for all numerical experiments presented here.

In order to analyze the effect of the evanescent field am-
plification on the imaging strength of the probe, SNG layers
are placed immediately at the opening of the waveguide. The
SNG lens has a relative permittivity equal to 1 and perme-
ability equal to −1. If a lossless SNG material is used, spu-
rious surface modes are excited. These modes are a result of
the discretization used in the FEM procedure �15�. Therefore
the lossless case cannot be analyzed using FEM.

In Fig. 14 the phase shift due to a target at a position
along the centerline of the waveguide is plotted as a function
of the SNG layer thickness. The phase shift is defined as the
difference between the reflection phase in the case of a plate
with a crack at the center and the phase in the case of a plate
without any crack. In this numerical experiment, the wave-
guide pointed to the center of the aluminum plate and the
thickness of the SNG layer is changed. Increasing the SNG
thickness results in a higher phase shift, which indicates a
higher sensitivity. The phase shift is improved by 4.5 times
when a SNG layer with a loss tangent of −0.2 and with an
optimum thickness of 0.85 mm is employed. As the thick-
ness exceeds the optimum thickness, sensitivity improve-

FIG. 12. �Color online� The effect of the target on the E field distribution without �a� and with �b� a DNG layer. The upper panels show
the field distributions when the lens-to-target distance is 4�0 /5. The lower panels show the field distributions when the lens-to-target distance
is �0 /25. The rectangular waveguide has a side length of �0 /5. The target thickness is �0 /37.5 and the lens thickness is �0 /5.

FIG. 13. �Color online� Schematic showing a side view of the
waveguide probe positioned on top of the aluminum plate having a
crack. The SNG layer is positioned immediately at the opening of
the waveguide.
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ment is degraded as predicted by the theory. Additionally, it
was found that increasing the loss tangent of the SNG me-
dium leads to a reduction in the sensitivity improvement.

Once the optimum SNG thickness is found, the image of
the crack is generated by using a 0.85 mm SNG lens. The
improved image and the original image obtained without us-
ing any SNG lens are presented in Fig 15. The aluminum
plate is placed in the xy plane and the waveguide is aligned
parallel to the ẑ direction. Images are generated by recording
the reflection phase while scanning the probe in the xy plane.
The offset phase, which is defined as the reflection phase
when there is no crack on the aluminum plate, is used to
achieve the phase shift due to the crack. The images are
extracted by mapping the phase shift due to the crack to the
color maps shown in Fig. 15. The SNG layer produces a
clearer image with a higher phase-shift peak. Note that the
narrow side of the waveguide is along the x̂ direction �see
Fig. 13�.

Two important features are analyzed in the generated im-
ages: the sensitivity and the image quality. The sensitivity
corresponds to the phase shift due to the target. The pre-

sented theoretical calculations in this work aim to analyze
this sensitivity improvement. The sensitivity of the probe is
the ultimate limitation on the detectability of the target. The
second feature, the image quality, corresponds to the reso-
lution of the imaging technique. The strength of the side
lobes compared to the main lobe, and the size of the main
lobe are the measures of the image quality. The image qual-
ity is crucial for differentiating two targets placed close to
each other and the previously reported calculations aim to
analyze the image quality of such a system �7,11,18�. Images
presented in Fig. 15 confirm both sensitivity and image qual-
ity improvements.

The images presented in Fig. 15 show that 1D images
along the x̂ axis have sufficient information about the sensi-
tivity improvement and the image quality. In order to reduce
the computation time, 1D images are generated to further
analyze the effect of the SNG thickness. Figure 16 shows 1D
images for different SNG thicknesses. Above the optimum
SNG thickness, the SNG layer degrades the sensitivity of the
probe. In Fig. 16�d�, the phase-shift peak due to the target is
reduced to 0.37°. This value is half of the phase shift ob-
tained without using the SNG layer.

V. CONCLUSION

In previous works, DNG and SNG media were found to
amplify evanescent fields. The purpose of this work is to
answer the question of whether these media can be used to
enhance the effectiveness of near-field probes that work by
detecting the change in the energy stored in the close prox-
imity of the probe. In this paper, we presented a sensitivity
definition, which can be used to study the effectiveness of
DNG and SNG lenses in enhancing the sensitivity of near-
field probes. A model using multilayers for the probe-target
interaction was introduced that allowed for the excitation of
a single evanescent wave.

It was found that by using DNG lenses, the sensitivity for
buried and nonburied objects can be increased; however, the
increase in sensitivity is not a monotonic function of the
DNG lens thickness. In fact, it was found that the DNG
thickness needed for increased sensitivity has a lower and
upper bounds, irrespective of losses in the lens itself.

FIG. 14. �Color online� The phase shift due to a target along the
centerline of the waveguide as a function of the SNG layer
thickness.

(a) (b)

FIG. 15. �Color online� The image of the 1 mm crack generated by scanning the waveguide in the xy plane: �a� with an 0.85 mm SNG
layer having −0.2 loss tangent and �b� without an SNG layer.
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The effectiveness of SNG lenses was also discussed. The
advantage of SNG media is its relatively easier fabrication in
comparison to DNG media and the potential for a substantial
increase in the sensitivity. The tradeoff is additional con-
straints on the sensitivity improvement.

Finally, the theoretical findings presented in this work

were validated using two numerical experiments involving
waveguides as probes.
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