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Multiwire endoscopes may enable the manipulation of the electromagnetic field in the
subwavelength scale. Recently, two different configurations of such devices have been proposed.
Here, we compare the imaging performance of the imaging device introduced by Belov et al. �Phys.
Rev. B 73, 033108 �2006�� and by Silveirinha et al. �Phys. Rev. B 75, 035108 �2007�� with the
shielded multiwire endoscope described by Shvets et al. �Phys. Rev. Lett. 99, 053903 �2007��. It is
demonstrated that the performance of the latter may be strongly affected by the presence of a
metallic shield around the endoscope and by poor matching between the endoscope and free space.
Our results show that the metallic shield is completely unnecessary and emphasize the importance
of tuning the length of the wires according to the Fabry–Pérot resonance condition, as proposed by
Belov et al. �Phys. Rev. B 73, 033108 �2006��. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3073714�

Recent studies have shown that a bundle of parallel me-
tallic wires may enable the transmission of the subwave-
length details of an electromagnetic image to a distance
larger than the wavelength.1–4 Such manipulations of the
electromagnetic field in the subwavelength spatial scale are
based on the transformation of the whole spectrum of spatial
harmonics generated by the source, including evanescent
waves, into propagating eigenmodes of a metamaterial. This
regime of operation is known as “canalization” and enables
the propagation of the subwavelength fine details across a
planar metamaterial slab, provided the thickness of the slab
is tuned to obey the Fabry–Pérot �FP� resonance condition.
The canalization regime was studied at the microwave,1–3,5,6

infrared,4,7,8 and even visible9,10 domains. It has been used
for realization of subwavelength imaging by photonic
crystals and, in this context, it is also known as
self-collimation,11–13 directed diffraction,14 and tunneling.15

It is well established that an array of metallic wires can be
operated in the canalization regime up to infrared frequencies
due to the anomalous waveguiding properties of the quasi-
transverse electromagnetic modes supported by the wires and
that such effect is weakly dependent on losses and on the
plasmonic properties of the metal.4,7,8

In a recent work, Shvets et al.16 introduced a multiwire
endoscope formed by an array of shielded metallic wires to
image the near-field. Such setup differs in two essential
points from the configuration considered in our previous
works such that1–4 �i� the bundle of wires is surrounded by a
metallic shield and �ii� the length of the metallic wires is
assumed to be irrelevant �i.e., the imaging properties are as-
sumed to be independent of the length of the wires�. Here,
we compare the performances of the two imaging strategies
and demonstrate with full wave simulations that the modifi-
cations considered in Ref. 16 do not lead to any improve-

ment, but that on the contrary may dramatically affect the
quality of the imaging.

To this end, we studied the imaging properties of a
multiwire endoscope with exactly the same parameters as
suggested in Ref. 16 using the full-wave electromagnetic
simulator.17 The endoscope is formed by an array of 25
�25 metal wires �see Fig. 1�; this corresponds to the number
of wires suggested in Ref. 16 for a practical endoscope. As in
Ref. 16, the length of the wires is taken equal to 4� /3 at the
frequency of operation of 60 THz. As can be seen in Fig. 2,
the imaging provided by such endoscope has very poor qual-
ity and the image at the output plane has hardly anything to
do with the image at the source plane.

Our previous theoretical and experimental studies of
multiwire systems1–8 allow us to conclude that the endoscope
does not operate properly because of two reasons. First, the
endoscope is coated by a metal shield, when such a kind of
shielding actually greatly reduces and limits the perfor-
mance. Indeed, in subwavelength structures the electric field
can be described to a good approximation by an electric po-
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FIG. 1. �Color online� Geometry of the 25�25 multiwire endoscope pro-
posed in Ref. 16 for operation at �=5 �m. The wires have length
L=4� /3=6.67 �m and diameter d=� /15=333 nm. The period of the array
is a=� /10=500 nm and g=d+� /20=400 nm. The near-field source is
shaped in the form of a crown and is placed at the distance 0.07�
=350 nm away from the endoscope.
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tential. The multiwire system basically behaves as a “sam-
pler” of electric potential. Such property implies that the pe-
riod of the array roughly determines the resolution of the
system. However, the presence of the metal shield forces the
electric potential to be constant around a contour very close
to the object to be imaged. This implies that the electric field
distribution near the considered object is corrupted by the
presence of the endoscope �see Figs. 2�d�, 2�e�, 4�d�, and
4�e��. In other words, diffraction by the metal shield may be
extremely harmful to image formation. The second reason
that explains the results of Fig. 2 is that an array of metallic
wires can be used for sensing and guiding on the subwave-
length scale only if the length of the wires is tuned to obey
the FP resonance condition. This property was ignored in
Ref. 16 whereas it is of fundamental importance in order that
the fields can be effectively sensed by the endoscope. These
problems can be avoided by using a multiwire endoscope
with no metallic shield and thickness tuned to obey the FP
resonance condition. In this case, as demonstrated in Ref. 18,
because of the all-spatial-spectrum FP resonance, the multi-
wire endoscope does not produce any diffraction effects. The
FP condition enhances the sensing properties, enables a
nearly perfect transmission of the image, and guarantees the
absence of strong reflections from the endoscope, which oth-
erwise perturb the near field distribution of the source.

The importance of tuning the length of the endoscope to
be an integer multiple of half wavelength can be better un-
derstood by the well-known input impedance expression of a
transmission line �see Fig. 3�,

Zi = Z0
Zload + jZ0 tan��L�
Z0 + jZload tan��L�

. �1�

For any length L=n� /2, the endoscope is effectively invis-
ible and thus produces no reflection. In the case of a large

deviation from n� /2, the reflection effects may perturb the
image formation at the source plane. Several theoretical and
experimental studies2,4 show that if the frequency of opera-
tion does not correspond to a FP resonance, the image may
also be severely distorted �see Fig. 2� due to the excitation of
guided modes supported by the wire medium slab and stud-
ied in detail in Ref. 6. This is a very general behavior char-
acteristic of arrays of parallel wires and of tapered arrays, as
shown in Ref. 19, where a threefold magnification was dem-
onstrated using an array of 21�21 wires.

The thickness of the endoscope considered in Ref. 16 is
4� /3 at 60 THz, which deviates significantly from the FP
resonance condition. As discussed above, this originates very
strong reflections and the excitation of guided modes, which
ultimately prevent the formation of a discernible image.
When the source generating the crown-shaped near-field dis-
tribution �Fig. 2�a�� is placed next to the endoscope the near
field becomes totally corrupted at the source plane �see Figs.
2�b� and 2�d��, independent of the presence or absence of the
metallic shield �compare Figs. 2�b� and 2�d��. Respectively,
no identifiable image having the shape of a crown is ob-
served as the fields get totally distorted by the guided modes
�see Figs. 2�c� and 2�e��.

However, if the frequency of operation is increased to
66.2 THz, ensuring that the total thickness of the endoscope
is equal to 3� /2 and that the FP resonance condition is veri-

FIG. 2. �Color online� Numerical simulation at 60 THz ��=5 �m�. �a� Amplitude of the near field created by the source at the input interface of the
endoscope when the interaction between the endoscope and the source is neglected. ��b� and �d�� Same as �a� but in the presence of the endoscope. The
near-field is corrupted by reflections and by the excitation of guided modes. ��c� and �e�� Image at the output interface of the endoscope. The crown-shaped
source is not discernible. The distributions �b� and �c�, and �b� and �d�, are for the endoscopes with and without shield, respectively.

FIG. 3. Transmission line model of the endoscope.
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fied, the fields at the source plane �see Figs. 4�b� and 4�d��
may mimic very closely the fields created by the source in
the free space �see Fig. 4�a��. In contrast with the operation
at 60 THz, no harmful reflected field is noticed in the source
plane except for the case with metallic shield where some
reflections can be traced �see Fig. 4�d��. At the image plane,
the crown-shaped field distribution is clearly visible, consis-
tent with the fact that the FP condition improves the sensing
ability and hence the fidelity of the system. Notice that the
strong fields along a square boundary around the crown are
caused by diffraction by the metal shield and that these are
completely absent if the shield is removed.

In conclusion, it was shown that the multiwire endo-
scope proposed in Ref. 16 may not provide a satisfactory
imaging performance. This happens because the thickness of
the endoscope is not tuned to obey the FP resonance condi-
tion, which results in a mismatch between the device and the
free space that causes strong reflections and the excitation of
guided modes that totally distort the image. Moreover, the
presence of the metallic shield around the array of wires
leads to diffraction effects, which also prevent proper forma-
tion of the image. When the shield is removed and the FP
resonance condition is verified, the endoscope becomes the
multiwire system studied in Refs. 1–8, which exhibits an
excellent subwavelength imaging performance.
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FIG. 4. �Color online� The same as Fig. 2, but at 66.2 THz, which corresponds to a FP resonance ��=4.53 �m�. The crown-shaped source is clearly
reproduced at the output plane. Significant distortions around the boundary of the endoscope are observed when the metallic shield is present.
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