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Abstract

An analysis of the sub-wavelength imaging performance of disordered thin wire media is undertaken, in order to understand how its performance
may be affected by manufacturing errors. The structure is found to be extremely robust to disorder which keeps the wires parallel. Variation in the
orientation of the wires and their longitudinal position causes more significant degradation in the image quality, which is quantified numerically.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The possibility of reconstructing an image with subwave-
length details has been one of the driving forces behind the
development of SRR/wire media composite metamaterials [1].
However, several studies [2—4] have shown that disorder sup-
presses the left-handed behavior, which is critical for this imag-
ing. Robustness to disorder is essential when scaling a structure
down to the scale of THz or optical wavelengths, where precise
control of dimensions becomes more difficult.

An alternative structure for sub-wavelength imaging is the
thin wire medium operating in the “canalisation regime” [5].
This structure consists of a square lattice of parallel wires ori-
ented along the axis of the lens. This is a much simpler geom-
etry which does not rely on resonant particles. It has also been
shown that the structure can operate at higher frequencies where
plasmonic effects become significant [6]. However its robust-
ness to disorder has not been studied so far. In this Letter three
different types of perturbation are made to the lens structure,
and the resulting image quality is characterised.

2. Method

In order to investigate the sensitivity to error, a method of
moments simulation of a finite-sized wire lens is performed,
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using a custom code for thin-wire structures with the basis func-
tions described in [7]. This is a full wave model of the structure,
with the simplification that the wires are considered to be per-
fect conductors, and to be thin in comparison to the wavelength.
The lens structure considered is similar to that described in [5],
with an operating frequency of 1 GHz, wires of length /2
and radius 0.1 mm arranged in a 21 x 21 lattice with the pe-
riod a being 10 mm. The wires are meshed into 30 sub sections
each.

The image produced by the lens is calculated as the mag-
nitude of the z-component of the electric field (i.e., the com-
ponent parallel to the axis of the wires), within an area of size
20 x 20 cm, at a distance of 0.5 mm from the wire ends. As
the imaging quality of such thin-wire lens structures is known
to depend on the source spectrum [8], two different input spec-
tra were used. The input images were generated by wire an-
tennas placed 5 mm from the input end of the lens. Fig. 1
shows the output image for the two chosen input spectra. It
can be seen that there are sharp field maxima at the locations
of the wires. However, when considering imaging quality, de-
tails smaller than the lattice period should be ignored, since any
practical detection system will employ some effective spatial
averaging.

The corresponding output spectra are shown in Fig. 2. As
these spectra are limited to —m/a < ky, ky < 7/a, they do not
contain the spurious information from the details smaller than
the period. The changes in these spectra are used to quantify the
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effects of disorder. For each disordered lens the image error £
is defined as

. T 0 ST et — Lais | dky dky 0
T ST et 2 dky dky

where Ief and Igjs are the complex spectra of the reference and
disordered lenses respectively.

We consider that the structure is designed to be regular and
periodic, but suffers from some imperfections due to manufac-
turing defects. For a given level of disorder, it is desirable to
estimate the error in a statistically meaningful way. It is most
useful to construct an upper bounds on E, to find the worst case
error which is likely to occur. The 95th percentile of E was cho-
sen to represent this upper bounds. This can be estimated using
Eq. (9-25) from [9], and the estimate has been made with 95%
confidence.

Fig. 3 shows the unit cell of the wire media, and illustrates
the notation and reference directions used to describe the disor-
der of the wires.
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Fig. 1. Image reproduced at the output plane.
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Fig. 2. Normalised magnitude of output spectra in dB.

Fig. 3. Unit cell of wire media showing notation for perturbations.
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3. Results

The first form of disorder considered was in the transverse
position of the wires within their unit cells, with no change
in their length or orientation, so that Ax; = Axy, Ay = Ay»,
Az) = Azp =0. It seems physically reasonable to assume that
the worst case error in the location of the wires would be to
have them uniformly distributed within the unit cell.

Fig. 4 shows the resultant error distribution for both input
spectra. The estimated upper bounds on the error due to uni-
formly distributed wire location was 3.8% for the first input
spectrum, and 4.0% for the second. Given that these figures rep-
resent a worst case scenario for this type of disorder, it can be
concluded that if the wires remain parallel, the image quality
should similar to that of the regular structure.

The next form of disorder is with the wires being skew from
parallel, but with the total length of the structure remaining
fixed. This is achieved by having Ax; = —Axs, Ay; = —Ay,
Az1 = Azp = 0. Small perturbations with Gaussian distribution
were applied. Fig. 5 shows the resulting error as a function of o,
the standard deviation of Ax and Ay. The number of samples
was chosen such that the largest value of E each o is the esti-
mate of the 95th percentile.

The final disorder applied to this structure was for the wires
to be displaced slightly in the longitudinal direction by letting
Ax) = Axy =0, Ay; = Ay, =0, Az; = Az. In this case both
the source antenna and image plane remain at the same distance
from the average position of the ends of the wires. The result-

0.06 | T W, ) J
First spectrum  +
0.05 - Second spectrum -
0.04 + i
+ +5 +¢ + I
T+ % + z *apt 5
w 0.03 | %4t + Yo et ¥ 4A++++ '+ F
0.02 Bt Sy T ’ +7 4 +-+-j"*
+
0.01 | ]
0 ——————

sample number

Fig. 4. Error due to uniform transverse displacement of wires.
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Fig. 5. Error due to skew of wires.
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Fig. 6. Error due to longitudinal displacement of wires.

ing error is shown in Fig. 6, where o is the standard deviation
of Az, which has Gaussian distribution.

4. Conclusion

Examining Figs. 4, 5 and 6, it can be seen that the sensitiv-
ity to the three different types of disorder is quite different. If
we consider that image degradation of around 10% is accept-
able, then a very large degree of transverse displacement could
be tolerated, but only a moderate amount of skew and a very
minimal amount of longitudinal displacement would be accept-
able.

This can be understood in terms of the uniaxial permittiv-
ity of the wire media [10], which is generally undisturbed by
transverse displacement, but strongly distorted by skew. The
displacement of wires along the length direction means that the
wire medium is no longer a flat slab of length 1 /2, thus result-
ing in distortion due to impedance mismatch.

It should be noted that the error figures quoted here are rel-
ative to the unperturbed structure, which does not perfectly
restore all spectral components, only transports TM polarised
waves, and which may also influence the source field due to re-

flections. The influence of disorder on the bandwidth of opera-
tion has not been considered. In addition the separation between
the source and lens has been kept constant, and preliminary re-
sults indicate that this may be an important parameter in the
sensitivity to disorder, most probably due to changes in reflec-
tion from the lens.

In conclusion, the sensitivity of wire media to disorder has
been analysed. The results suggest that the wire media structure
should be scalable to smaller dimensions as long as the wires
can be kept close to parallel and their length is well controlled.
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