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Theoretical and Experimental Characterization of a
Near-Field Scanning Microwave (NSMM)

W. Charles Symons, 111, Member, IEEE, Keith W. Whites, Senior Member, |EEE, and Robert A. Lodder

Abstract—An important aspect to understanding near-field
optics and imaging involves the electromagnetic scattering
characteristics of objects illuminated by the near field of a
sub-wavelength-sized aperture. This paper addresses one par-
ticular application of near-field optics. a transmission-mode
near -field scanning microscope (NSM). Specifically, some peculiar
phenomena are investigated including a near-field focusing effect,
aswell as an impedance-based image-shape effect. To thisend, we
first describe the physical attributes of an NSM and then present
two computational models we use to char acterize thisinstrument.
Both moment-method and finite-difference time-domain models
are discussed. These two models are applied to the analysis of
the NSM for various configurations and compared to other the-
oretical and experimental results. Finally, the construction of an
X -band NSM is described—which we label a near-field scanning
microwave microscope—and the experimental near-field imaging
measurements are compared with our numerical predictions.

Index Terms—Finite-difference time-domain (FDTD) method,
moment method (MM), near-field imaging, near-field scanning
microscopy, hear-field scanning microwave microscope (NSMM),
near -field scanning optical microscope (NSOM), thin wires.

I. INTRODUCTION

ANOMETER-SIZED structures are becoming increas-

ingly important and, as a result, near-field scanning
optical microscopes (NSOMs) are becoming increasingly pop-
ular analytical tools [1]. An NSOM instrument allow samples
that are smaller than half the wavelength of light to be imaged
by using an aperture size and an aperture-sample separation
distance that is less than a wavelength of the source. Further-
more, because optical sources are utilized, NSOM instruments
provide this resolution while maintaining the advantages
of traditional optical microscopes including nondestructive
sample analysis, as well as spectroscopic analysis.

In order to gain a better understanding of near-field scan-
ning microscopes (NSMs), both moment-method (MM) and
finite-difference time-domain (FDTD) numerical techniques
have been implemented to study this near-field scattering
problem. While our models provided interesting insight into the
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NSM instrument, they require the use of certain assumptions
to make them tractable. These assumptions include imaging
an electrically thin wire, as well as placing the NSM aperture
within an infinite perfectly electrically conducting (PEC)
plate. While other models have been developed for studying
NSOM instruments [2]-{6], our models differ in both their
implementation and imaging phenomena being investigated.
Consequently, in addition to these computational models, a
near-field scanning microwave microscope (NSMM) has been
constructed for use in comparing experimental measurements
from this instrument with our numerical predictions. To this
end, our models and the experimental setup are designed to
be as similar as possible in order to eliminate variations and,
therefore, achieve the most accurate results.

A. Physical Setup

There are three basic configurationsin which scattering-type
NSM instruments appear [1], [7]. All three configurations share
a sub-wavelength aperture that is placed within a wavelength
of the sample. The resolution of the instrument is dependent
on the aperture size, source-sample separation distance, and
scanning step size. NSMs can use the aperture as a source, de-
tector, or both. For this paper, the physical NSM instrument
to be studied is a transmission-mode microscope, asillustrated
in Fig. 1, wherein the sub-wavelength aperture is placed very
near the sample and raster scanned, while a detector behind the
sample collects the transmitted signal.

Our first NSM instrument was a near-infrared (near-IR)
NSOM where the source was tunable from approximately 1730
to 1780 nm [8]. In order to theoretically model this complex
instrument, several simplifications were made. First, while
the majority of NSOM instruments—including our near-IR
NSOM—incorporate amodified fiber-optic probe as the source,
this paper will concentrate on a simpler design. Specifically,
as depicted in Fig. 1, the aperture under consideration is a
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sub-wavelength hole within a large metallic plate. In order to
obtain an image, the aperture is scanned point-by-point in a
plane close behind the sample.

Second, for simplicity, the sample was chosen to beametallic
thin wire. In fact, thisis not much different from actual charac-
terization of NSOM instrumentsusing gratings[9]-{11]. Specif-
ically, thin-wire samplesallow for easy characterization of NSM
instruments. For example, the resolution of the instrument can
be determined based on the wire length and diameter. Polar-
ization effects can also be readily characterized using thin-wire
samples. Furthermore, during the course of our modeling of the
NSM instrument, unexpectedly shaped NSM imagesand certain
enhancement effects were observed. We found that these effects
were more easily explained and characterized using athin-wire
sample.

1. COMPUTATIONAL MODELS

We developed two computational models to numerically
model the performance of the NSOM instrument. Specificaly,
MM and FDTD modelswere utilized. Both of these were based
upon the simple physical setup discussed previously containing
an aperture and a thin wire, as illustrated in Fig. 1. The
sub-wavelength aperture is assumed to exist in an infinite PEC
plane. Furthermore, both models used PEC thin wires as the
sample to be studied and imaged. One of the main differences
between the MM and FDTD models involved the sources. Our
MM model used a constant magnetic surface current density
within the aperture, while the FDTD model used a current sheet
excitation, providing an incident wave on the nonsample side of
the aperture. Each of these modelsis briefly discussed below.

A. MM Modd

For the MM maodel, the induced thin-wire current was ex-
panded in aset of triangle sub-domain basis functions and tested
with pulsefunctionsin the standard fashion [12], [13]. Toincor-
porate the source of the NSOM instrument, we use asimplistic
model of the fields in the aperture that turns out to be most sat-
isfactory for our purposes. In particular, we assume that electric
field E in the apertureis constant and much larger than the scat-
tered 2. Assuming £ within the aperture is known, the aperture
can be replaced by an equivalent magnetic current source M,
[14]. Image theory alowsthe infinite PEC plane to be removed
by imaging the source and specimen. This imaging leaves a
magnetic current source 2M , and an imaged specimen with op-
positely directed currents from the actual specimen.

It is important to note that this specific aperture model is
only an approximation. By assuming a constant electric field
within the aperture, this source model ignores the mutual
coupling between the source and specimen. However, because
NSM imaging is a relative effect based upon aperture location,
this simple model should give reasonably accurate results. As
it turns out, this does appear to be the case, aswill be seen later
in Figs. 10 and 11 when NSM images from this method, the
FDTD method, and experimental measurements are compared.

Proceeding with this aperture model and employing a
source-field relationship, theincident electric field can be com-

puted as [14]

' N dg . dg dg
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where E,,. and E,, arethe x- and »-directed components of the
eectricfield in the aperture, respectively, and g isthe time-har-
monic free-space Green’s function
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After smplification of (1), the incident electric field produced
by a constant electric field in the aperture is given as

1+ jkR _,
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for the aperture orientation showninFig. 1, where ¢ istheradius
of the aperture that islocated in the z2-plane, and with the wire
oriented in the z-direction.

With this source model and the fact that the specimen isim-
aged, there are twice as many wires in the equivalent problem
asin the original problem. An image plane thin-wire kernel si-
multaneously representing both a specimen wire and its image
was used as follows:

E = 2167 Eoz(y — )
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where R; isthe distance from the current on the wire to the ob-
servation point onthewireand R, isthedistance from that same
current to the corresponding observation point on the image
wire.

The system of equations resulting from the MM basis func-
tion expansion and testing can be written in the form

(6)

where [z,,,,] is the impedance matrix, [«,] is the vector of un-
known thin-wire current coefficients, and [g¢,,] is the excita-
tion vector due to the 244 ,. With this MM model, simulating
the NSM raster scan is as simple as relocating the 244, mag-
netic current disk and recomputing theincident electric field. Of
course, before thisraster scanning, the impedance matrix [z,
was computed once and decomposed so that the currents could
be computed by simply backsubstituting the LU decomposed
impedance matrix with the new excitation vector. Our simulated
NSM image was obtained by computing the detected power re-
ceived at a point 100 A (A = free-space wavelength) directly
behind the center of the wire. Specifically, this detected power
was computed from the 237, magnetic current disk, the currents
on the wire specimens, and their respective images.
Incidentally, the excitation vector described above can intro-
duce a convergence anomaly into the MM solution depending

[Zmn] [an] = [gm]
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Fig. 2. MM predicted near-field scanning image for a thin wire of length 1.5 cm and radius 0.03 mm using an 11 x 11 grid of observation points near the A/2

resonance (f = 10 GHz)

on the level of approximation used in the evaluation of the el-
ements. For example, using a simple point-match evaluation is
not recommended since E* can be rapidly varying over the seg-
ments of the wire model when the 2M . current disk is close
to the wire, which is the normal operating conditions for NSM.
On the other hand, the straightforward numerical integration of
(4) was generally found to be too time consuming for a com-
plete raster scanned image. A compromise for the efficient and
accurate evaluation of the excitation vector was to compute the
incident field at alarge number of preselected points along the
wire. The testing integration of E" was then performed analyt-
icaly using a linearly interpolated incident electric field. Due
to this analytical integration, a converged excitation vector and
current solution could be obtained while minimizing the com-
putational time to fill the excitation vector in (6).

Naturally, an important test of this MM code is to verify that
it can actually produce a sub-wavelength image of a specimen.
For thistest, a0.5-A-long wirewith radius 0.001 X\ was sel ected.
The “probe” (20, current disk) was scanned 0.25 A\ within a
plane from the center of the wirein an 11 x 11 grid. The nu-
merically generated NSM image of thiswireisshownin Fig. 2
and confirms the sub-wavelength resolution of the NSM. The
probe had an aperture radius of 0.001 A and was kept 0.005 A
from the specimen. The polarization of the electric field within
the aperture was totally » directed and had a strength of 1 V/m.

Note that we selected the length of this wire to be near reso-
nance. It was important for us to produce images at or near res-
onance in order to make comparisons with the X -band NSMM
instrument, described later in Section |11. Resonance was chosen
becauseit isan easily identifiable spectral location, particularly
given that thisinstrument becomes quite noisy away from reso-
nance. It isimportant to emphasi ze that the noise does not make
imaging impossible, but it is relatively simpler to compare the

measured data to numerical data at a specified spectral point
such as resonance.

B. Near-Field Focusing Effect

One particularly noteworthy aspect of the image in Fig. 2 is
that the detected power is actually largest when the source is
positioned directly behind the wire and covers up the aperture.
This appears to be a near-field focusing effect not seen in other
models that image larger specimens|[2], [15], [16]. However, at
least one physical NSOM instrument [10] has obtained trans-
mission images where the specimen appears brighter than the
background, asin our computer-generated NSM image. We also
show later that this near-field focusing phenomenon exists ex-
perimentally utilizing an X-band NSMM instrument.

C. Impedance-Based Shape Effect

Another interesting phenomenon in the wire image of Fig. 2
is the rounded shape of the image along the length of the wire.
At first glance, one may be tempted to expect a nearly con-
stant NSM image of the wire since the aperture source “sees’
alarge expanse of wire regardless of its position when behind
the wire—except, possibly, very near the wire ends.

Inreality, however, the rounded NSM image can be attributed
to the fact that the “ coupling impedance” between the aperture
and wire varies as the source is moved along the wire. For ex-
ample, consider a A /2-long wire containing a delta-gap voltage
source[12], [17]. Utilizing athin-wire MM code, this specimen
was modeled for various positions of a delta-gap source along
thewire. Theimpedance was measured for each source position
and plotted in Fig. 3. From thisfigure, it isevident that the shape
of the impedance plot variesinversely to the shape of the NSM
wire image.
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Fig. 3. Predicted impedance magnitude [€2] along athin wire of length 1.5 cm
and radius 0.03 mm at the frequency 10 GHz for a delta-gap excitation

Obviously, the coupling impedance along the wire shown in
Fig. 3 characterizes the shape of the resulting wireimage shown
in Fig. 2. Specifically, an increased coupling impedance results
in less energy being coupled to the wire specimen. Since the
energy exciting the wire is diminished, the energy radiated by
the wire and subsequently received by the detector is also re-
duced. In this manner, the shape of the wire image is inversely
proportional to the coupling impedance along the wire. Fur-
thermore, this relationship between coupling impedance and
NSM image shape leads to the conclusion that, because cou-
pling impedance is dependent on the excitation frequency, the
image shape should aso vary with excitation frequency.

D. FDTD Modél

We chose to aso model the NSMM instrument using the
FDTD method. This second computational model was used to
verify the MM solution and to test the limitations of the con-
stant E-field assumption in the aperture. The traditional Yee
FDTD agorithm [18] was utilized to model the NSMM instru-
ment formed by the aperture and thin wire. The space was trun-
cated using a second-order Higdon absorbing boundary condi-
tion [18].

The implementation of the aperture and the thin wire in
the FDTD method generates a fundamental problem for a
grid-based model since the sizes of these structures range
over several orders of magnitude. In order to keep the coding
simple and concise, the contour finite-difference time-domain
(CFDTD) method [19] was chosen to implement the thin-wire
sample and the sub-wavelength aperture. With CFDTD, it is
important to realize that the Courant stability requirement now
requires that the time step At satisfy

)

where Ay is the smallest y-directed grid spacing and r is the
radius of the aperture, which is the smallest grid spacing in the
z- and z-directions. In general, this stability requirement also

worked well for our thin-wire model, which could require that
the time step specified above be reinvestigated. In this case, the
chosen time step was tested in order to verify that a stable result
was obtained.

The FDTD model of the NSM differed from the MM model
in one significant way. Specifically, the FDTD model utilized a
current sheet excitation on the nonsample side of the aperture
as opposed to the constant aperture E-field. Consequently,
mutual coupling between the aperture and sample could be
accounted for in the FDTD model. Furthermore, the X-band
NSMM, discussed below, utilized nearly an identical source.
Despite the differing excitation models, both the MM and
FDTD simulations of the NSM produced very similar images,
as will be shown in Section Ill.

I11. X-BAND NSMM

While the vast majority of NSM instruments utilize optical
wavelengths, the sample size limitations imposed by such
small wavelengths make it difficult to produce specimens that
exactly duplicate those being utilized in our computational
simulations. To compensate for this difficulty, an X-band
(=~ 812 GHz) NSMM was designed and constructed. At the
center of the X -band, the wavelength is approximately 3 cm so
that specimens of resonant size are much easier to work with
a these frequencies than those used with a near-IR NSOM
instrument, for example.

As stated in [1], NSM instruments constructed for use in the
microwave portion of the electromagnetic spectrum can serve
as abridge between NSOM theory and experimental results be-
cause of the simplefact that the NSM effect isnot limited to op-
tical frequencies, but isindependent of wavelength. Infact, Ash
and Nicholls[20] conducted one of the first experiments defini-
tively proving the NSM effect. In their experiments, they im-
aged wire gratings at resolutions up to A /60 at 10 GHz and pro-
duced sub-wavelength cross-sectional images of their diffrac-
tion grating. Furthermore, currently ongoing experiments also
utilizelarger wavel engthsto test and verify NSM techniquesand
phenomena. For example, in arecent submission by Nozokido
et al., amillimeter-wave experiment was utilized to test ametal
dlit probe design [21].

A. X-Band NSMM Instrument Setup

Our X -band NSMM instrument shown in Fig. 4 hasasimple
design utilizing asquare aluminum plate (33 cm x 34.5 cm) con-
taining a small 0.159-cm-radius (0.0529 A at 10 GHz) circular
aperturedrilled at the center of the plate. The plate was mounted
on a two-axis positioning stage that allows the aperture to be
centered in the focal plane of two lensed horn antennas, which
were spaced approximately 61 cm apart. In order to suspend
thin-wire specimensin front of the aperture with minimal elec-
tromagnetic interference, a specimen holder was created from
Styrofoam and extruded polystyrene since both are nearly trans-
parent at X -band frequencies. Fig. 5 shows a specimen wire
being suspended in front of the aperture by this specimen hol der.
Additionally, a three-axis positioner was incorporated into the
specimen holder to facilitate positioning of specimens in front
of the aperture.
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The X -band lensed horn antenna system with a vector net-
work analyzer (VNA) was|ocated in the Electromagnetic Mate-
rials Laboratory, Department of Electrical and Computer Engi-
neering, University of Kentucky, Lexington. It was used in the
past for scattering measurements of composite materials [22].
Little modifications were needed to alow it to collect X -band
NSMM measurements.

In order to collect an image, the aperture must be raster
scanned in aplane parallel to the specimen. Dueto this scanning
nature of the NSMM instrument, an aperture positioning stage
was utilized to actually scan the aperture across a vertically
oriented wire. Since the aperture stage was not capable of
scanning the aperture vertically, the less accurate specimen
holder positioner was utilized to scan thewire vertically past the
aperture. In this manner, complete images could be collected.

The lensed horn antennas mentioned previously are used as
both the source and detector for the X -band NSMM. Specifi-
cally, the antenna connected to port 2 islocated on the opposite
side of the plate as the specimen and, therefore, was generally
considered the source antenna. Similarly, the antenna connected
to port 1 was located on the specimen side of the aperture plate
and was considered the detector antenna. In this configuration,
the X -band NSMM source more closely resembles the FDTD
current sheet excitation described in Section 11-D than the mag-
netic surface current density source described in Section I1-A.
The lensed horn antennas were connected to a Hewlett-Packard
8510B Vector Network Analyzer, which included an 8515A
S-Parameter Test Set and an 8340B Synthesized Sweeper in ad-
dition to the 8510 Network Analyzer itself.

This setup allows the complex scattering parameters Si1,
So1, Si2, and S3» to be measured over the desired range of
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Fig. 6. Measured |S2:| from the VNA for a 30-AWG copper wire of length
1.4 cm and radius 0.0127 cm centered over the aperture in the NSMM
instrument. The sample islocated 0.15 cm in front of the aperture

8.2-12.5 GHz. For the case of a transmission-mode NSMM
instrument, the scattering parameter of interest was S12 (= So1)
since this is related to the power transmitted from the source
(port 2) and received at the detector (port 1). Before utilizing the
X-band NSMM setup to collect image data, a thru-reflect-line
(TRL) calibration was performed, wherein the VNA was used
to measure transmitted, reflected, and quarter-wavelength line
signals. Once these signals were measured, the VNA then
computed a set of calibration parameters, which were utilized
in the collection of the image data.

B. X-Band NSMM Results

A number of experiments were developed to test the
near-field focusing and other effects illustrated earlier in the
MM and FDTD results. First, an appropriate wire specimen was
chosen to simply test the NSMM'’ s ability to image athin wire.
A 1.4-cm-long 30-American-wire-gauge (AWG) copper wire
(with radius 0.00423 X at 10 GHz) was chosen as the thin-wire
specimen. For the imaging measurements, the specimen was
first centered in front of the aperture. Since the wire was cut to
be near resonant length (roughly A/2 at 10 GHz), this center
positioning was accomplished by adjusting the specimen’s
placement while monitoring the peak |S»1| as a function of
frequency. A sample of such asignd is shown in Fig. 6. Once
this peak was maximized, the wire was assumed centered in
front of the aperture. It is interesting to note that it is already
obvious that the near-field focusing effect predicted by both the
MM and FDTD models is areal phenomenon. Thisis evident
in Fig. 6 where the scattering parameter |S,; | indicates that a
larger signal is being received near resonance when the wire
is centrally located between the aperture and the detector and
covers the aperture.

After centering the 30-AWG wire, the aperture was scanned
horizontally, while the wire specimen was scanned vertically.
Thisimage scan utilized 0.15-cm stepsto form an 11 x 11 grid
with the center of the wire corresponding to the center of the
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Fig. 7. Measured X -band NSMM image of a 30-AWG copper wire of length 1.4 cm and radius 0.0127 cm near its A/2 resonance (f = 9.63 GHz)

image scan. Due to the frequency scanning capabilities of the
VNA system, a complete spectrum from 8.2 to 12.5 GHz was
collected at each “pixel” location with the VNA averaging func-
tion activated.

Of particular interest was the image collected at the reso-
nant frequency. This resonant image was selected by first de-
termining the frequency corresponding to the maximum value
collected at the central pixel location. For our specimens, this
frequency varied somewhere between 9-10 GHz depending on
variations inherent in the specific specimen such as the length
and radius of the wire. Once thisfrequency was determined, the
signal at thisfrequency was selected for each spatial pixel loca-
tion. In this manner, acompleteimage at the resonant frequency
was produced, as shown in Fig. 7, for the 30-AWG wire.

In addition to the 30-AWG wire image, a second specimen
consisting of a 1.3-cm-long 22-AWG wire (radius of 0.0107 A
at 10 GHz) was also used to produce a second NSMM image,
shown in Fig. 8.

The images in Figs. 7 and 8 demonstrate two main points.
First, it is evident that the signal strength increases when the
wire is positioned between the aperture and detector, thereby
validating the near-field focusing phenomenon predicted ear-
lier by the MM and FDTD models. Second, the shape of the
imaged wires also corroborates the computer models. Specifi-
cally, asthe apertureis scanned along thelength of thewires, the
aperture-specimen coupling impedance along the wire varies,
as demonstrated earlier in Fig. 3. In this manner, the increasing
coupling impedance al ong the wire causes the rounded shape of
the resonant images.

A third effect predicted by the computer models involved the
incident field polarization. Both computer models predict that
the image contrast is directly proportional to the field polariza-
tion, which is an obvious prediction for this thin-wire sample.

When a linearly polarized E' is oriented paralel to the wire,
the highest contrast image (or strongest wire scattering) is ob-
tained. Asthe polarization of thefield isrotated perpendicular to
the wire, the wire signal then diminishes considerably resulting
in lower contrast images.

Inorder to test these predictions experimentally, threelinearly
polarized incident fields were chosen to obtain the cross-sec-
tional images of an 18-AWG wire, asshown in Fig. 9. Whilethe
perpendicular- and parallel-polarized images were readily ob-
tained, theimagewith E oriented approximately 45° tothewire
proved more proneto error. Since the experimental setup did not
readily allow the antennasto be rotated 45° without introducing
measurement error, the wire itself was placed at approximately
that angle in the Styrofoam holder. However, a precise angle
was difficult to obtain due to the lack of rigidity in the Styro-
foam. Furthermore, this approach also required both horizontal
and vertical positioning systemsto be utilized, thereby inducing
more error. Consequently, the images are not completely accu-
rate representations of exactly parallel, perpendicular, and 45°
incident polarizations. Nevertheless, as predicted by the com-
puter models, a general trend of diminishing contrast with po-
larization can still be observed in Fig. 9.

Incidentally, it should also be noted that these resultsindicate
that, after being transmitted through the sub-wavelength aper-
ture, the polarization of the incident plane wave is preserved in
the near field.

IV. X-BAND NSMM AND COMPUTER
SIMULATION COMPARISONS

The data collected by the X-band NSMM instrument for
the thin-wire specimens shown in the previous section appears
to verify the results obtained by the computational models
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discussed earlier in this paper. Specifically, the near-field
focusing effect, the polarization contrast relation, aswell asthe
impedance-influenced image shape of the wire were verified.
The question remains, however, just how accurate are the
models.

In order to adequately answer this question, the X -band
data was rigorously compared to the computer-generated data.
Whilethe X -band NSMM instrument implementation attempts
to minimize sources of error, these sources are quite numerous

Z-Scan Range (cm)

Measured X -band NSMM image of a22-AWG copper wire of length 1.3 cm and radius 0.0321 cm near its A /2 resonance (f = 9.77 GHz)

and difficult to control. It is believed that the positioning of
specimens relative to the aperture in al three dimensions is
the greatest source of error. This positioning error includes the
scanning movement, aperture—specimen separation distance, as
well as the orientation of the specimen. Other sources of error
includevariationsinwire length of the specimens. Additionaly,
due to the relatively small signal received, system noise and
measurement errors also contribute to the overall error.

In order to minimizethe error for these comparisons, two sep-
arate setsof datawere collected. Thisproved to be necessary due
to the inaccuracy inherent in the three-axis positioner. Overall,
the most accurate scanning element of the X-band NSMM in-
strument isthe micrometer driven stagethat the plateisattached.
Therefore, in order to utilize this stage exclusively for image
scanning, cross-sectional images were first obtained across the
wire for a vertically oriented wire, as illustrated in Figs. 1 and
5 (paralé to incident polarized field). This cross-sectional scan
was followed by a second scan where cross-sectional images
aong the wire were obtained for a horizontally oriented wire.
Since the field must be polarized such that it is oriented along
the wire to produce the best images, both antennas were rotated
90° to match the orientation of the wires under investigation.

Five replicates of the 22-AWG wire were utilized. From this
data, cross-sectional plots were produced, as seen in Figs. 10
and 11. In order to accurately compare the measure data to the
computed data, all the datawere normalized to eliminate differ-
ences due to varying source amplitudes. The measured X -band
results indicate the mean value of the five replicates with error
bars indicating the standard deviation. The mean value was uti-
lized for these comparisons because of the fact that random er-
rors average to zero with repeated measurements. Although the
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Fig. 10. Computed and measured NSMM images across a 22-AWG copper
wire of length 1.3 cm and radius 0.0321 cm near the A/2 resonance (f =
9.77 GHz). The center of thewireislocated in the center of the plot, asindicated
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Fig. 11. Computed and measured NSMM images along the length of a
22-AWG copper wire of length 1.3 cm and radius 0.0321 cm near the A/2
resonance (f = 9.77 GHz). The center of the wire is located in the center of
the plot, as indicated

error bars are relatively large, indicating large variation of the
data, the match for the mean is excellent. In fact, the wire itself
matches extremely well with the largest discrepancy occurring
at the ends of the scan, which indicates that thisvariation is due
primarily to system noise.

V. CONCLUSIONS

The X-band NSMM instrument has demonstrated the
validity of both the MM and FDTD models as valuable tools
to characterize near-field imaging. Additionally, the X-band
NSMM has aso demonstrated previously unrecognized
imaging phenomenon. Specifically, in addition to standard
polarization effects and sub-wavelength imaging capabilities,
the NSMM has also demonstrated both an impedance-based
image shape effect, as well as a focusing effect for NSMM
images. In this manner, the X -band NSMM has proven to be

a valuable tool for comparing theoretical models with actual
experimental results.
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