
like a PMC surface for this direction of observation. It can also
be noted that the fields are zero for � � �/2, except when � �
0 and � � �. Thus, the field will propagate along the surface in
the direction of the strips, that is, in the direction for which the
surface behaves like a hard surface. This corresponds to local-
ized surface waves following the strips, as investigated for strip
loaded scatterers in [10]. The far field from a vertical dipole
(z-directed) over the PEC/PMC strip surface is shown in Figure
4, where once again the anisotropic property of the surface can
be noted. It can also be noted that the behavior of E� and E�

when � is close to �/2 are almost interchanged compared to the
case of the y-directed dipole.

Figures 5–7 show the normalized radiation patterns for incre-
mental electric dipoles over PEC/PMC strip and PEC surfaces,
respectively. In these plots, the dipole height over the plane has
been chosen as �/8. Once again, the fact that the PEC/PMC strip
surface behaves as a PEC when the dipole is parallel to the strips
is shown in Figure 5. When the dipole is oriented transverse to the
strips of the PEC/PMC surface, the propagation along the surface
is enhanced in H-plane while it is prevented for the PEC surface,
as shown in Figure 6. When the dipole is normal to the surface,
that is, z-directed, the radiation in direction transverse to the strips
of the PEC/PMC strip surface is prevented, as shown in Figure 7.
This fact can be used, for example, for reducing the coupling
between monopoles, as compared to when they are mounted on a
PEC plane (in which case the coupling is strong).

5. CONCLUSION

We have presented a dyadic reflection coefficient for the canonical
PEC/PMC strip surface. The reflection coefficient can conveniently
be used in GO, GTD, and spectral-domain computations or in cases
when plane-wave reflection in this type of surface is of interest. We
have also shown examples of computations of an electric dipole over
the anisotropic surface using far-field approximation.
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ABSTRACT: A metamaterial-scanning near-field optical microscope is
proposed to study a subwavelength object consisting of a pair of long
slits. The device comprises a metamaterial slab adjacent to the object
and a subwavelength probe consisting of a single long slit which slides
along the other side of the slab. A finite-difference time-domain (FDTD)
simulation is performed, which provides the field-intensity contours out-
side the device. It is found that by using two slabs of different widths
(with and without probe), in the cases considered, the resolution is bet-
ter when the probe is present. © 2006 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 48: 587–590, 2006; Published online in
Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.
21415
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Figure 7 Comparison between normalized far-field radiation from a z-directed incremental electric dipole source at a height of �/8 over an x-directed
PEC/PMC strip surface (blue) and a PEC (red): (a) G� at � � 0°; (b) G� at � � 90°. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com]

DOI 10.1002/mop MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 48, No. 3, March 2006 587



INTRODUCTION

Generally, the behavior of a metamaterial slab, when it is used as
a perfect lens in order to produce subwavelength images, is ana-
lyzed in two dimensions by assuming the existence of a virtual
plane on the side where the object lies and the existence of another
virtual plane on the side where the image lies. Pendry [1] has
shown that a metamaterial slab can be used as a superlens which
focuses evanescent modes and resolves objects only a few nano-
meters wide in the optical domain. Fang et al. [2] have reported an
experimental subdiffraction-limited optical imaging with a silver
superlens. But two stringent criteria have to be met when using this
device [3]: the surface of the film must be extremely smooth and
its thickness must be optimized. It would be interesting to find
another way of retrieving the image with less stringent conditions:
Alu et al. [4] have shown how metamaterial layers placed on the
entrance and on the exit face of a subwavelength aperture in an
opaque flat screen could be used to enhance the wave transmission
through this aperture. In this paper, we propose an alternative
implementation of the perfect lens by using the standard methods
of scanning near-field optical microscopy (SNOM) [5] by inserting
a metamaterial slab (instead of air or a dielectric slab) between the
object and the probe.

THEORY

The diffracted spectrum of an object whose dimensions are much
smaller than the wavelength consists of exponential (growing or
decaying) and trigonometric (propagating) fields. Information on
the geometry of this object is contained in the exponential com-
ponents of the field. In the case of a dielectric slab, the probe
(whose dimensions should be much smaller than the wavelength)
is to be placed as close as possible to the object (the slab width
should be much smaller than the wavelength), so that the expo-
nential field should decay as little as possible as it recedes from the
object. On the other hand, in the case of a metamaterial slab where
the exponential field grows as it recedes from the object (tempered
evidently by unavoidable losses), this is less relevant. According to
[5], a small object lit by a propagating field generates a diffracted
field that is partly exponential; conversely, by applying the reci-
procity theorem, a small probe placed in an exponential field
converts part of this field into a propagating field which could be
detected in the far region. Let us suppose that the source is a plane
wave of wavelength �0, approximately obtained through an array
of ten linear sources situated close to an object consisting of two
infinitely long slits in the x-direction, each one of very small width
w (w �� �0), as shown in Figure 1. Their separation s is very
small (s �� �0). The width of the metamaterial slab is denoted by
d. The probe is an infinitely long slit in the x-direction, of very
small width W (W �� �0). It may be displaced up and down along
the slab in the y-direction in order to achieve a point-by-point
scanning of the object (Fig. 1). This is advantageous when we wish
to scan only part of the object. Moreover, since a number of
different probes are available, we can select the probe best suited
to our needs. For instance, if the intensity obtained without any
probe or with a given probe is too weak, we could use a vibrating
metallic conical probe [6], which enhances the intensity. The
metamaterials used in this paper are dispersive, their permittivity
and permeability being described as follows:

���� � �0�1 	
�pe

2

��� 	 j
e�
� ,

���� � �0�1 	
�pm

2

��� 	 j
m�� ,

where �pe and �pm are the electric and magnetic plasma frequen-
cies, respectively. 
e and 
m are the electric and magnetic collision
frequencies, respectively, and represent losses in the medium. In
our study, both 
e and 
m are set equal to zero, assuming a lossless
metamaterial.

Our theoretical analysis follows closely that given in [5] for a
structure consisting of an object and a scatterer immersed in air. As
pointed out in [5], this representation appears not to be strictly
valid because it has been done under the Kirchhoff approximation.
However, it was justified there using a completely self-consistent
method, which has led to similar results.

The following theoretical analysis is intended to explain the
physical processes involved in the SNOM performance. For the
sake of simplicity, the object and the scatterer are both represented
by an infinitely long slit and the metallic plates have zero thick-
ness. The origin is taken at the center of the object. A monochro-
matic field E0( x, z) propagates along the z direction and impinges
on the object situated at z � 0. Let us assume that, to a first
approximation, the field just on the left-hand side of the object can
be written as

E1� x, z � 0� � E0� x, z � 0�� � C�x, �
w

2
, �

w

2�
for an infinitely long slit, where C( x, �(w/ 2), �(w/ 2)) is the
rectangular function.

Let us denote by E*1 (k�x, z � 0) the Fourier transform of E1( x,
z � 0). Then, we obtain

E*1�k�x, z � 0� � �
�	

�	

E1� x, z � 0�e�jk�xxdx.H. Cory is on sabbatical leave from the Electrical Engineering Department,
Technion, Technion City, Haifa 32000, Israel

Figure 1 Geometry of the metamaterial SNOM. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.
com]
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The exponential field would have been lost if the slab was dielec-
tric and its width d 

 �0. It would have contributed to the far
field for a dielectric slab, after having been partially transformed
into a propagating field by the scatterer, for a slab width d �� �0.
For a metamaterial slab, since the exponential field grows with
distance, its width should not be necessarily much smaller than the
wavelength. The electric field on the right-hand side of the object
should therefore be given by

E2� x, z � 0�� � �
�	

�	

E*1�k�x, z � 0�e�jk�x xdk�x.

The total field at a distance d from the object on the left-hand side
of the scatterer should be given by

E2� x, z � d�� � �
�	

�	

E*1�k�x, z � 0�e�jk�x xe�j�k2�k�x2 ddk�x,

where k � �/v and v is the wave velocity in the metamaterial.
The � sign in the exponent is related to the metamaterial nature

of the slab. The field on the aperture of the scatterer is given by

E3� x, z � d� � �
�	

�	

E*1�k�x, z � 0�e�jk�xxe�j�k2�k�x2 ddk�x

� C�x, �
W

2
, �

W

2 �
for an infinitely long slit. Its Fourier transform is consequently
given by

E*3�kx, z � d� � �
�	

�	

E3� x, z � d�e�jkxxdx.

The total field on the right-hand side of the scatterer is given by

E4� x, z � d�� � �
�	

�	

E*3�kx, z � d�e�jkxxdkx.

Finally, the far field at the detector (situated at z � Z), which
contains only propagating components, is given by the following
expression:

E4� x, z � Z� � �
�	

�	

E*3�kx, z � d�e�jkxxe�j�k2�kx
2 �Z�d�dkx,

which contains information on the geometry of the object.

SIMULATION

Let us assume that the center of the probe is located on the axis of
symmetry of the device and let us choose z � ��0/ 2 in the
middle of the metamaterial slab. We have used a dispersive FDTD
simulation, but other numerical simulations are applicable [7]. We
have taken �0 � 0.5 �m, s � 0.0775 �m, w � 0.115 �m, d �
0.08 �m, �/�0 � �1, �/�0 � �1, W � 0.08 �m, �pe �
�pm � �2 �0. The metallic plates are 0.01-�m thick and
assumed perfectly conducting. The FDTD cell size is �0/200 and
the computational region is 2000 � 600 cells. An eight-layer
uniaxial perfectly matched layer (UPML) is used as an absorbing
boundary and only TM polarization is considered in our simula-
tion. The field intensity contours in the y–z plane outside the
device are shown in Figure 2. The field intensity is plotted in
Figure 3 as a function of y at the fixed distances z, where it attains
its highest values, that is, z � 2.75�0 and z � 3.8�0. The
resolution (maximum intensity divided by minimum intensity) is
good (
1.46) at z � 3.8�0. The simulation has been repeated
without the probe (Fig. 4). It can be seen that in this case, the
intensity is lower than in the previous case (about twice), the

Figure 2 Electric-field intensity (v/m) contours in the y–z plane (400 cells corresponding to 1 �m). y � 0 is located 0.75 �m under the middle of the
probe while z � 0 is located 0.25 �m to the right of the middle of the metamaterial slab. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com]
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resolution is lower (
1.26), and it occurs only at z � 4�0. There
is no resolution at z � 2.95�0, showing that the focal region is
narrower. Using a thin slab (d � 0.04 �m) instead of the previous
thick one (d � 0.08 �m), it can be shown that when the probe is
missing, the intensity is higher (about eightfold), the resolution is
lower (
1.3 against 
1.9), and the focal region is narrower. If we
remove the metamaterial thick slab, leaving air between the object
and the probe, we observe that the image is around 200 times
weaker, showing the decisive influence of the metamaterial slab in
obtaining high-intensity images.

CONCLUSION

A metamaterial scanning near-field optical microscope has been
proposed. The object (consisting of a pair of long subwavelength
slits) is separated from the probe (consisting of a long subwave-
length slit) by a metamaterial slab. The probe slides along the slab.
It has been found that by using two slabs of different widths (with
and without probe) in the cases considered, the resolution is better
when the probe is present. It is advantageous to use a probe when
we wish to scan only part of an object. Moreover, since a number

of different probes is available, we can select the probe best suited
to our needs. A study is underway to optimize the various param-
eters and the components involved in the microscope in order to
obtain the strongest intensity with the highest resolution.
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ABSTRACT: A compact, lightweight, low-cost, miniature dual-band
printed antenna for 2.4-GHz (2.4–2.484 GHz) and 5.2-GHz (4.9–5.8 GHz)
WLAN applications is presented. This antenna is dedicated to be integrated
on a PCMCIA card. To optimize its behavior, this antenna combines sev-
eral techniques, namely, the use of parasitic and shorted parasitic patches.
The electromagnetic software simulator Agilent Momentum is used to opti-
mize the structure and good agreement between the theoretical and mea-
sured results is obtained. © 2006 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 48: 590–593, 2006; Published online in Wiley InterScience
(www.interscience.wiley.com). DOI 10.1002/mop.21416

Key words: miniature antenna; wideband antenna; wireless communi-
cations

INTRODUCTION

Printed dipole antennas are very attractive for applications in WLAN
systems. Many products are now designed to satisfy the IEEE 802.11a
and 802.11b WLAN standards. Such antennas have the advantages of
occupying a very small volume and having low-cost fabrication. They
also have the merit to be made in a very simple way and to have
omnidirectional radiation patterns. Several promising printed dual-
band monopole antennas have also been demonstrated, which are
suitable for applications in mobile units. For this purpose, this paper
describes a dual-band-frequency F-shaped monopole printed antenna

Figure 3 Resolution for an object consisting of two slits with probe
present (400 cells corresponding to 1 �m)

Figure 4 Resolution for an object consisting of two slits with probe
missing (400 cells corresponding to 1 �m)
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