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Near-Field Microwave Imaging of Biologically-
Based Materials Using a Monopole
Transceiver System

Paul M. Meaney Student Member, IEEEKeith D. PaulsenMember, IEEE,and John T. Chang

Abstract—A prototype monopole-transceiver microwave imag- active microwave imaging in the medical context. The first is
ing system has been implemented, and initial single and multitar- the fact that image reconstruction cannot realistically proceed
get imaging experiments involving biologically relevant property —j, tarms of the classical projection-type algorithms which have
distributions have been conducted to evaluate its performance dominated t hi dical i . Th d is th
relative to a previously developed waveguide system. A new, ominate Omer_ap_ Ic .me, '_Ca imaging. (_a S_e_con .'S e
simplified, but more effective calibration procedure has also been fact that data acquisition is difficult due to the significant tissue
devised and tested. Results show that the calibration procedure attenuation of the signals to be recorded and the potential for
leads to improvements which are independent of the type of measurement artifacts arising from unwanted scattered fields

radiator used. Specifically, data-model match is found to increase 54 cross coupling between the transmit and receive elements
by 0.4 dB in magnitude and 4 in phase for the monopoles and . . . .
within an imaging array.

by 0.6 dB in magnitude and 7 in phase for the waveguides (on ¢ . .
average) on a per measurement basis when the new calibration A fair amount of attention has been paid to the recon-
procedure is employed. Enhancements are also found in the struction algorithm problem in recent years. The inadequacy
reconstructed images obtained with the monopole system relative and ultimate failure of diffraction-limit approximations [4] as
to waveguides. Improvements are observed in: 1) the recovered yo pais for microwave image reconstruction has motivated
object shape; 2) the uniformity of the background; 3) edge . - .

detection; and 4) target property value recovery. Analyses of the development of near-field aIgont_hms Wh'c_h prqpe_rly ac-
reconstructed images also Suggest that there is a Systematiccount fOI’ the fU”'WaVe eleCtromagnetIC Interactions In tissues.
decrease of approximately 10% in the reconstruction errors A variety of methods have been proposed [5]-[10] in this
for the monopole system over its waveguide counterpart in context and simulation studies indicate that these techniques

single-target experiments and as much as a 20% decrease iny.\iqe g strong conceptual foundation upon which to pursue
multitarget cases. Results indicate that these enhancements sterrP 9 P P P

from a better data—model match for the monopoles relative to medical m|<_:rowave Imaging In pra_ct|ce. Unfortunately, these
waveguides which is consistent across the type of calibration reconstruction methods are not without drawbacks. They are
procedure used. Comparisons of computations and measurementscomputationally intensive, with costs escalating significantly
show an average improvement in data-model match of approx- with increasing frequency. They have been studied primarily in
imately 0.25 dB in magnitude and near 7 in phase in favor o4 and have not been used extensively in a laboratory set-
of the monopoles in this regard. Beyond this apparent imaging i Th ire inf tion f lex dat isiti
performance enhancement, the monopole system offers economy- INg. T'hey require information rOm complex data-acquisition
of-space and low construction-cost considerations along with hardware that demands well-designed components and cal-
computational advantages (as described herein) which make it a ibration procedures. Assuming that issues of computational
compelling choice as a radiator/receiver element around which costs will diminish over time, there remains a significant
to construct a clinically viable near-field microwave imaging oed to evaluate near-field algorithms with data measured
tem. . . L
system from laboratory apparatus and to identify data-acquisition
configurations which may be viable in a clinical setting.
|. INTRODUCTION On the hardware side of the problem, several prototype

HILE active microwa\/e |mag|ng has been hypothsystems have been reported in the literature [11]—[14] When

esized as a potentially powerful medical-imagingoupled to diffraction-limited image-reconstruction methods
modality for a number of years [1]-[3], there has yet to be arifese systems have been designed to operate in the low-
significant demonstration or realization of a clinically viablgigahertz range (1-3 GHz) in order to achieve centimeter-
imaging system. As a result, the hypothesized clinical potenti#ale spatial resolution [15]. The images obtained during
of this approach has remained unsubstantiated. There are faRpratory experimentation have demonstrated that potentially

major difficulties which have retarded the development oseful qualitative information can be obtained [12], but that the

overall approach is limited by the image reconstruction method
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as 300 MHz. This work also shows that in contrast to earliettributed to better data—model match when the monopoles
diffraction-limited efforts, where only qualitative informationare employed.
was contained in the recovered images, quantitative reconThe importance of these findings centers on the fact that
struction of the location, size, shape, and electrical propertig®ey demonstrate that the more isotropic radiation pattern
(both real and imaginary components) of embedded objects the monopole does not serve to degrade imaging per-
can be obtained using near-field techniques [16]. formance in the near-field context. The results also extend
Interestingly, in these previous hardware realizations of titlee robustness of the near-field approach by establishing a
data-acquisition system, waveguide-type radiators have besethodological independence on the type of radiator used.
used exclusively as transmitters, and either waveguide [1Zhey contribute to the growing knowledge base on near-field
[14] or monopole/dipole [11], [13], [16] antennas have beemage reconstruction from laboratory data by showing the
used as receivers. The exclusive use of waveguide transmitteapability of recovering quantitative images from monopole
is not surprising because of the need to increase directivigdiate/receive components which adds further support to the
and gain resulting from the requirement of placing the imagirgaim that near-field imaging is a viable path toward practical
region in the far-field—a restriction imposed by the diffractionmicrowave imaging in a clinical context. It is important to
limited reconstruction algorithms that have been in use. Thete that the image reconstruction experiments performed
advent of near-field imaging strategies has eliminated tHisrein have utilized mechanical repositioning of a single
restriction in theory, which opens the door to consideringansmit and/or receive element in order to generate the
other types of transmitting configurations. However, it is nanultiple observations used during image reconstruction. Issues
immediately apparent whether other types of transmitting cosidrrounding cross coupling between elements have not been
figurations, in particular, a monopole transmitter, would wor&ddressed in this paper, but remain an important consideration
effectively in practice. For example, the isotropic radiationnder assumptions that one would utilize a fixed-array design
pattern of a monopole can significantly reduce the size tsfr clinical data acquisition.
the received signals and thereby compromise image quality
because of decreased signal-to-noise ratio (SNR) being one of
the critical determinants of near-field imaging performance. On Il. THE MONOPOLE IMAGING SYSTEM
the other hand, the monopole can be placed closer to the targe®revious works by Meanest al.[13], [16], [17] and Paulsen
region itself, and still illuminate the entire area of intereskt al. [18] have demonstrated the initial capabilities of a
whereas the directive antenna (i.e., waveguide) would needpi@totype microwave imaging system which utilizes water-
be somewhat farther away (independent of near versus far-fifilidd waveguides as radiators and an array of monopole
considerations) in order for its main lobe to provide adequas@tennas on the opposite side of the target region as detectors,
ilumination coverage. Clearly, either transmitter could beall of which are suspended in a saline bath where TM
incorporated into an array design; however, if monopoles coulidimination of various phantoms takes place. The configu-
be shown to be a viable transmitter, they offer an economy-eation explored herein utilizes the same monopole antennas
space advantage that could become important as the numieerboth the transmit and receive elements. The monopoles
of independent transmit/receive channels increases. Furthegre constructed by simply exposing a quarter-wavelength (in
since the experience with near-field image reconstruction usithg medium at 500 MHz) of the center conductor (physical
data collected with laboratory prototype microwave imagingngth was 2.5 cm) of a semirigid coaxial cable. While this
systems is very recent and not extensive, there is intrinsippe of antenna design is notorious for exciting currents
interest in evaluating different types of transmit and/or receisdong the outside of the coaxial cable in a low-loss medium
elements within this context. such as air or deionized water, we have capitalized on the
Toward this end, we report our initial experience with neahigh attenuation of the surrounding saline solution to limit
field image reconstruction from laboratory data acquired withis effect. Details of the monopole performance in a lossy
a monopole transceiver system. We demonstrate that suctmedium are reported [13], [17] where we have found its
radiator can be easily incorporated into our reconstructiesturn loss in saline to be quite smooth over the broad
algorithm and, in fact, leads to important computational ecobandwidth (300-1100 MHz) of interest. Information on the
omizations over our previous waveguide approach. Furtheesign, performance, and characteristics of the waveguide
we illustrate a new and improved calibration procedure whidiements can also be found in [13] and [17].
directly addresses the sources of measurement error associatdte monopole transceiver arrangement presents the physical
with antenna positioning discussed in [13], and which isdvantage of eliminating the more bulky waveguides in favor
independent of the type of radiating element used. The nef a single type of simple antenna component which is
calibration approach leads to images that are superior to thesaducive to a fixed-array data-acquisition design that may
previously reported for waveguides as well as for monopoleecome important in realizing a clinically viable system.
as documented in the work contained herein. Most strikintdowever, a number of operational issues surround the use of
in this regard is the accurate reconstruction of the imaginaaymonopole radiate—receive design within the context of near-
component of the electrical property distribution of smalfield imaging and the performance of such a systemawiss
targets which were poorly recovered during earlier experimeritse previous waveguide approach needs to be investigated. In
[13]. We also find a systematic improvement in the monopoperticular, we need to establish the level of data—model match
images relative to their waveguide counterparts which vshich can be achieved with the computational solutions which
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form the basis for image reconstruction with the monopoleavenumber (of the exterior region) times the distance from
system and determine the extent to which the isotropic radike nodes on the imaging boundary to the source location, and
tion pattern of the monopole element influences reconstructed indicates integration over the problem domain. Matrices
image quality. In this section, we describe the operationdD,,] and [Cj;] are full and are described completely in [19]
aspects of the problems that were addressed in order to stadg [20]. Note that by eliminating the integration path around

a prototype monopole transceiver system. each discrete waveguide source, the size of these matrices
is significantly reduced over those in [19] and [20] which
A. Modified Reconstruction Algorithm has considerable impact on the computational costs since the

) : . : 3
In terms of implementation within our reconstruction algo ' €/S1on of matrix[Ce] is anO(n;) process. It also reduces

rithm, the flexibility of the hybrid element (HE) strategy WhiChtEe ?Tg‘gidth O_f the Lu" HE magié( prob!erﬁ sin(r:]e coupllifng Off
we employ [9] lends itself nicely to the incorporation of thdne fu matrix to the sparse FE matrix has the net effect o

monopole radiator. Specifically, the monopole antennas can'B(éreaSi.ng the resuilting sparse matrix bandwidth in proportion
treated as line sources within the homogeneous region m %_the Sizé ,Of the full _BE matrix system. ,

eled by the boundary element (BE) portion of the numerical The matr!x formulatlon for the FE region remains the same
model (i.e., the area outside the imaging region of interes?)s, that derived in [19]

whereas the waveguide antennas required discretization as A Ap] (E; 0 0 0
part of the BE method boundary, thus increasing the overall {Au Abb:| {Eb } {0 Bbb:| {Fb}
computational problem size. This change affects two aspects

of the Newton—Raphson-based iterative image-reconstructishere the subscript refers to nodes in the FE region that are
scheme: first, it requires modification of the forward solutionot on the boundary (i.e., strictly interior). By solving (2) for
(computation of the electric fields given the estimated electfi#,} and substituting this into (3), we are left with

cal property distribution) which is calculated at each iteratio

and, second, it implies that modifications must be made to tilélff An L } {Ef}: {0 0 1} { 0 }
Jacobian matrix calculation which is employed in computin Ayr - A =BGy Diy | | Eo 0 —BuwCy, Zy

the electrical property updates. 4)

The required forward-solution modifications impact only the =~ o ) o
BE part of the numerical algorithm which is then coupled tyhich is used to compute the electric fields at all points within
the existing finite element (FE) discretization yielding a nef?® FE mesh. _ _ _
complete HE representation. The radiating elements still resideS described in [16], a matrix equation for computing the
within the homogeneous BE region except that the source IR4gCtric fields at designated points within the BE region was
been changed from an equivalent field model involving Typedfevel_o_ped for the case of no source terms within that region.
(Dirichlet) boundary conditions along the path of integration® Utilize the same approach for the present case, the terms
around each waveguide to that of a line source within the BE=} must be added to finally yield

region represented by an inhomogeneous forcing térim (B} = [Q1{Ew} + [Qo){Fs} + {Z.) 5)
rf — 1 2 T

the governing Helmholtz equation
V2E + K2E = —f, where f = A8z, 1) (1) where{E,} are the electric fields calculated at the set of points

©)

{X} = (21,22, -,2,,)T outside of the imaging region and
where {Z,} contains the entries; = (fG;) for i = 1,2,---,n,,
A amplitude of the line source; which are similar to those i{Z,} except that the distance
6 Dirac delta function; used in the argument of the Green’s function is the distance
(zs,ys) location of the radiator; from the source location to a point X} instead of a point
k2 complex-valued wavenumber; on the boundary, as is the case {d&f, } (heren,, is the number
E z-component of the electric field perpendicular t®f measurement sites within the BE region). Matrif@g| and
the imaging plane. [Q2] correspond to the terms associated wWillkd7/dn) andG

In matrix form (similar to that described in [19]), the new selfom the equation for calculating the electric field at a single
of equations describing the electric-field distribution exterigtoint within the BE region
to the electrically heterogeneous imaging region becomes j{ <G‘ 9E  0G;

IDwl{Es} = [Col{F} + {2} @ Ei= T

where the subscript refers to discretization points on the Modifications to the Jacobian matrix required for calculating
imaging region boundary with; being the number of bound- the iterative material property updates manifest themselves in
ary points; {E;} and {F,} are the electric field and flux forms similar to the changes made to the forward problem
(i.e., FF = VE - q), respectively, at those point§Z,} is a solution. The first change is in the computation{ 6%, /0k?}
column vector whose entries ate = (fG;) for i = 1ton, and{9F,/0k?} wherek? is the value ofi:? (the wavenumber
where G; is the unbounded-space Green'’s function (singulaguared) at nodé within the reconstruction mesh, which dis-
at node:) for the 2-D Helmholtz equation (in this case, theretizes the electrical property distribution within the imaging
Hankel function) having an argument that is the product of thegion. This is accomplished by first taking the derivatives

E) ds + (fG;). (6)
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with respect tok? of (2) and (3) to yield and the electrical properties of the medium using a least-
squares approach. From this information the 3-D and 2-D loss

0Anr 0Ap OE; factors are calculated, which are subtracted out of and reintro-
ok? ok? E; Arr An ok? duced into the measurement data, respectively. The approach
0Ayr  OAy, {Eb } + {AH Abb} OF, requires a high level of antenna-position accuracy and ignores
ok} Ok? ok? any magnitude and phase changes that may result from the
{0 0 } { 0 } @ bending of cables and the engaging and disengaging of coaxial

connectors (during manual repositioning of the radiator and
receiver elements). Second, when the actual raw measurement
data is being collected for use in the reconstruction algorithm,
and the same assumptions are made about the antenna position
accuracy and the magnitude and phase contributions from
OFE, oF, : . . )
(D] {—} = [Cy] {—} (8) cable bending and connector engaging and disengaging. These
potentially contribute errors to each individual measurement.
. . In this section, we introduce a new four-step calibration
noting that the matricegBy], [Ci], [Dy], and the vector ,,.oqre which improves the match of the measurement data

) 5 . L
{4, } are no_t functlons ok; and_, hence, their derivatives %o that computed, which subsequently improves the general
zero. Combining (7) and (8) yields image quality obtained.

OFE

Arr Ap akfl Step 1: Calculation of the Electrical Eroperties of

Ay Ay — BbbC(EIDbb:| OE, the Homogeneous Background Medium
ok? This can be accomplished by one of two techniques: using
04 9An, the first step in the existing least squares calibration procedure

__| 9k Ok? {EI } (9) Or using an HP85070B dielectric probe kit in conjunction with
% % E, the HP 8753C Network Analyzer. As a good check, the results
oki Ok} of these two techniques have been compared to ensure the

_ . measurement accuracy.
Calculation of{ E;} and{E,} is already performed as part of

the forward solution at each iteration. The entry-by-entry for ] . _—
of the matrix on the right-hand side of (9) is given in [9] and irsgtep 2. Calculation of j[he Electric Fields
not repeated here. The matrix on the left-hand side is exac?fglthe Measurement Sites
the same as that in the forward solution (4). Thus, calculationGiven the electrical properties of the homogeneous medium
of {0E;/0k?} and{OE,/dk?} is relatively straightforward. from Step 1 the calculated electric field§Ef , , cneous} €N
Since the present configuration utilizes measurement siti& computed (using the algorithm described in the previous
outside of the FE region, in particular at poirfft } within section) at the required measurement sites. Since this algorithm
the BE region, calculation ofdE, /0k?} is also required. employs a 2-D model, the calculated values will already
This is accomplished by first taking the derivative of (5): include the desired 2-D free-space loss factor.

OE, OE, OF, Step 3: Measurement of the Electric Fields with
'z L _ - — 10 .
{ ok? } (1] { ok? } Q2] { ok? } (10) and without the Test Phantom Present

) ) With the antennas, cables, and connector positions fixed
noting that the matricef§2,] and[Q2] and the vecto{Z.} do  for each transmit and receive antenna permutation, the

not vary with k7 and, hence, their derivatives are also zer@jectric fields measured for a homogeneous target region

Here, [Q1], [Q2], {0, /0k}} and {OF,/0k?} have already fpm 1 ang the electric fields measured in the
been constructed via the previous computations, therefoﬁ‘?esenge of the test phantdiB™._ . ...\ 1...} are recorded
phantom tes ata "

calculation of {OE./ ok?} requires two matrix-vector mul- | js important to note that both of these measurement sets
tiplications which do not significantly impact the overalfycjyde multiplicative terms with: 1) the same 3-D free space

computational costs. loss factors; (2) the same magnitude and phase errors due to the
antenna position inaccuracies; and 3) the same magnitude and
B. New Calibration Procedure phase errors due to cable bends and variations from engaging

The existing calibration procedure [13] which transform@nd disengaging of the connectors. Taking the logarithm and

field-measurement data from a three-dimensional (3-D) tof@Ming the difference of these two quantities

two-dimensional (2-D) representation makes assumptions at

two key steps. First, in computing the magnitude and phasdog [{ £pfantom test datat] — 108 [{ Ehomogencous datat]  (11)
offsets, a certain amount of measurement data is taken at

selected locations in a homogeneous medium from which thields a measured electric-field perturbation term which in-
procedure calculates the phase center of the waveguide radiatodes only the field variations due to the presence of the test
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TABLE |
ELECTRICAL PROPERTIES AT700 MHZz FOR THE
MATERIALS USED IN THE IMAGING EXPERIMENTS

Re(k?) Im(k?)
Material (g,) (0 -s/m)
Saline 16670 12150
(77.44) (2.198)
Fat/Bone Equivalent 1198 1034
(5.57) (0.0187)
Agar (0.3% NaCl) 15310 5485
(71.11) (0.9923)
Plexiglas 514.4 51.46
(2.39) (0.00931)

radiation characteristics of the antennas themselves remain
unperturbed.

NN
V‘VA‘VA‘?’A I1l. RESULTS AND DISCUSSION

COOADLOD
SIRAEERBIN
G

The monopole-transmitted measurement data was collected
using the same prototype data-acquisition system described in
[13] and [16] except for the type of transmitting antenna which
has been selected. Full data sets were collected by manually
moving the antennas to the prescribed positions (16 equally
spaced locations on a 15-cm diameter circle surrounding the
14-cm diameter imaging region). Each of the 16 positions are
used sequentially as the transmitting antenna location. With
each active transmitting antenna, nine sites on the opposite

(b) side of the imaging region were used as the receiver locations.
Fig. 1. FE meshes used for the monopole-based image reconstructions T(js technique provides a total of 144 measurement points
Field calculation mesh including radiate and receive antenna locations. {g} each image reconstruction. The mesh used for the forward
Property distribution mesh. solution computation is shown in Fig. 1(a) and illustrates the
transmitter/receiver configuration for a sample transmitting
phantom with all of the other contributions—the free-spaqgcation. The material property distribution was recovered
loss factor and various magnitude and phase errors—assurggtihe more coarse mesh of Fig. 1(b) via the dual mesh
to be canceled. scheme described in [18]. The electrical properties of the saline
background and phantom objects which have been imaged are
Step 4: Addition of the Resultant Terms from Steps 2 and 3gjven in Table I. All data collection and concomitant image

Taking the sum of the resultant terms froBteps 2and reconstruction were conducted at 700 MHz. _
3 will yield the logarithm of the calibrated electric-field In the following subsections, we first demonstrate the im-

hERS
NP

measurements in the presence of the test phantom provements afforded by the new calibration procedure in the
data—model match for both the monopole and waveguide

log [{E™ i eated}] systems. We also show that under equivale_nt cal_ibrati0n§, the

. - data—model match for the monopole transmitters is superior to

=log [{Ehomogenous}] T IOg[{EPhaHtom test data)] its waveguide counterparts. This improvement in data—model

— log [{ Efomogencous datat] (12) match is fundamental to achieving better image reconstructions

with the near-field approach because the image reconstruction
which can be transformed to produdé ;i .cqt- Here, process is reliant on computational solutions which mimic the
{Ehomogenous} (@nd its logarithm) already contains the dephysical hardware system. Next, we compare reconstructed
sired 2-D free-space loss factor. In essence, this technigoege accuracies obtained with the monopole and waveguide
combines the exact forward solution in the homogeneotediators based upon the new calibration approach in single-
medium having the correct free-space loss factor with tharget experiments. We conclude by showing results from more
measurement electric-field offsets due to the introduction of titemplex multitarget imaging problems where we compare
test phantom into the homogeneous medium while cancelihgth new and old calibration procedures and waveguide and
the unwanted 3-D free-space loss factor along with the oth@onopole image quality. These studies not only provide
unwanted magnitude and phase errors. This technique is mmstehicle for demonstrating that calibration-related image-
effective in a lossy medium which promotes minimization ofeconstruction improvements occur under these more compli-
the magnitude and phase errors due to mutual coupling a#fted conditions, but also a means of illustrating the general
neighboring antennas, and for systems where the test phantgagormance of our prototype monopole schewea-vis its
are sufficiently far away from the antennas such that theaveguide counterpart.
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Fig. 2. (a) Reconstructed images of the comptéxdistributions for a 4.3-cm-diameter bone/fat equivalent cylinder in a saline background for three locations
using the monopole system with the new calibration procedure. (i) Centered. (ii) 2.5 cm to the right of center. (iii) 3.8 cm to the right of center.

A. Calibrated Measured Data Comparisons reported in this section, both the new calibration procedure

The ability to exploit our iterative computational algorithmand the use of a monopole radiator (relative to waveguides)

for i truction is based th tion th contribute to improvements in the underlying match between
or image reconstruction Is based upon the assumption that,a, 5 req and computed data which translate into improved

good match exists between the calibrated measured data ggge quality, as demonstrated in the following subsections.
the numerically calculated data in the presence of equivalenExperiments performed in [13] compared calibrated mea-
electrical property distributions. As we show in experimentsured and computed data for a homogeneous target region
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Fig. 2. (Continued.)(b) Longitudinal transects through the images shown in Fig. 2(a) displaying the reconstructed property profiles (solid lines) compared
to the exact electrical property distributions (dashed lines).

under waveguide illumination. A more extensive study of 3) monopole radiator using the old calibration procedure;
data—model match has been undertaken here. Specifically4) monopole radiator using the new calibration technique.
three different phantom configurations have been used gy each target problem, 144 electric-field measurements were
represent a variety of inhomogeneities within the target regiog|iptracted from the numerically calculated field values at the
1) single 4.3-cm-diameter bone/fat equivalent cylinder cemeasurement site locations. These differences were then aver-
tered in the imaging region; aged. The results are shown in Table li(a) for the monopole
2) single 2.5-cm-diameter bone/fat equivalent cylinder offadiator and Table Ii(b) for the waveguide radiator. It is clear
set 2.5 cm from the imaging region center; that for all target configurations studied there is consistent
3) 4.3- and 2.5-cm-diameter bone/fat equivalent cylindefgprovement with calibration procedure independent of ra-
separated by 1.7 cm. diator used, and with the monopoles (relative to waveguides)
Four combinations of radiator and calibration procedure hairglependent of the calibration technique employed, leaving the
been examined: new calibration/monopole radiator combination as providing
1) waveguide radiator using the old calibration procedur#he best data—model match. In particular, the field magnitude
2) waveguide radiator using the new calibration techniquand phase match of the combined monopole radiator/new
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Fig. 3. (a) Reconstructed images of the compiéxdistributions for a 2.5 cm diameter bone/fat equivalent cylinder in a saline background for three locations
using the monopole system with the new calibration procedure. (i) Centered. (ii) 2.5 cm to the right of center. (iii) 3.8 cm to the right of center.

calibration technique versus the waveguide radiator/old cahanges in a large number of measurement observations;
ibration technique has been improved by 0.9 dB anti d® hence, incremental improvements in the forward solution
the average. model-to-measurement-data match become important. In the
It is important to recognize that these improvements occoext two subsections, complete image reconstruction as well
on a per-measurement basis and the entire foundation agfquantitative analysis of the images is presented. The image
near-field imaging rests on its ability to synthesize smalkconstruction results are found to be consistent with the
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Fig. 3. (Continued.)(b) Longitudinal transects through the images shown in Fig. 3(a) displaying the reconstructed property profiles (solid lines) compared
to the exact electrical property distributions (dashed lines).

data reported in Table Il indicating that the degree to whiatm-diameter bone/fat equivalent cylinder at the same set of
data—model match can be realized is a critical factor Incations as in Fig. 2(a), with Fig. 3(b) displaying the corre-
determining the final image quality. sponding longitudinal transects. In all of the above cases, the
recovery of the object locations, shapes, and sizes agrees quite
well with the exact material distributions. A corresponding set
of image reconstructions have been obtained for the waveguide
Fig. 2(a) shows monopole images recovered at 700 MHgstem using the new calibration procedures (not shown), and
for a single 4.3—cm-diameter fat/bone equivalent cylinder @t order to compare these to the monopole cases we define a

B. Single-Target Imaging

three locations: high-contrast image error as
1) centered; P
2) offset 2.5 cm to the right of center; Imase Error — 1 Z < (Xreconstruct — Xexact)? >
3) offset 3.8 cm to the right of center. 48 L (Xbackground — Xexact)?

Fig. 2(b) shows longitudinal transects through these images = 213)
compared to the exact material property distribution to illus-

trate the level of quantitative agreement. Similarly, Fig. 3(ayherey represents the target property under evaluation (either
contains monopole images reconstructed for a single 2rgal or imaginary component df?) and (—); indicates inte-
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TABLE I
AVERAGE MAGNITUDE AND PHASE DIFFERENCESBETWEEN THE CALIBRATED
MEASURED DATA AND THE CALCUALTED DATA FOR THREE DIFFERENT
PHANTOMS FOR BOTH THE NEW AND OLD CALIBRATION PROCEDURES

Old Calibration Procedure | New Calibration Procedure
Phantom Magnitude Phase Magnitude Phase
dB) (deg) (dB) (deg)

4.3 cm diameter bone/fat equivalent

cylinder centered in target region 1.754 9.379 1.442 5.308

2.5 cm bone/fat equivalent cylinder
offset 2.5 cm to right of target

region center 0.803 7.914 0.298 1.273

4.3 cm diameter and 2.5 ¢cm

diameter bone/fat cquivalent

cylinders separated by 1.7 cm. 1.323 9.484 1.304 5.419
Avcrage 1.293 8.926 0.925 4.000
@
- - - - =" S
Old Calibration Procedure | New Calibration Procedure
Phantom Magnitude Phase Magnitude Phase o
(dB) (deg.) (dB) (deg.) o

4.3 cm diameter bone/fat equivalent
cylinder centered in target region 2.299 21.578 1.560 14.050
2.5 cm bone/fat equivalent cylinder )

offset 2.5 cm to right of target
region center 1.244 11.076 0.545 3.120

e
4.3 cm diameter and 2.5 cm T ¥
diameter bone/fat equivalent .
cylinders scparated by 1.7 cm. 1.963 24.474 1,468 17.057 R
(bl
Aver: 1.835 19.043 1.191 11.409
verage ib
b . . S
®) Fig. 4. Reconstructed images of the compl&® distributions for a
4.3-cm-diameter and a 2.5-cm-diameter bone/fat equivalent cylinder separated
TABLE Il b)|/d1.7|_(l:)m using the dmonopole system. (a) New calibration procedure. (b)
IMAGE RECONSTRUCTIONERRORS FOR THEMONOPOLE AND Old calibration procedure.

WAVEGUIDE SYSTEMS IN THE 4.3-CM SNGLE-TARGET EXPERIMENT

Target centered Target 2.5 cm from Target 3.8 cm from
center center

]
Real Tmag Real Imag Real Tmag t.-—.-u
Monopole 0.1782 0.3177 0.1964 0.3231 0.1774 0.3434
New cal.
Waveguide | 0.2757 0.4123 0.2650 0.4368 0.2593 0.4563
New cal.
Waveguide | 0.2864 0.7457 0.2674 0.4659 0.4327 1.2184
Old cal.

nEn
L0
Le]

0

L =Lt}
oo N
T £
1190 &
=

RE
gration over theith elemental area (of a total df elements) I
comprising the target region. Table Il reports this measure
the 4.3-cm-diameter target positioned at three spatial locati
for the monopole and waveguide radiators, respectively. 1
data in the table reveals that the target recovery for the real
imaginary components of the electrical property distribution
improved by both the calibration procedure and the monop
radiators in all three cases.

Although not comprehensive, these comparisons indic
that the monopole system leads to an improvement in imi
reconstruction over the prototype waveguide approach un i
equivalent calibration procedures. As indicated by the resi e
in Section llI-A, this is likely due to the degree of data—mod {t
match which can be achieved for the monopole when a simple
computational representation of the radiator is employed ratl§g 5 ~Reconstructed images of the comptéxdistributions using the new

. .. . calibration procedure for a 4.3-cm-diameter bone/fat equivalent cylinder and a
than due to some physical characteristics which favor tRe.cm-diameter (0.3-cm-thick wall) Plexiglas cylinder filled with an agar gel
monopole relative to the waveguide source. When combinkaling 0.3% NaCl separated by 1.4 cm. (a) Monopole system. (b) Waveguide
with the economy-of-space issues and the computational c&$te™:
advantages of the monopoles over the waveguides, the evi- ] ]
dence of enhanced accuracy in the reconstructed images $advlultitarget Imaging
demonstrated in Figs. 2, 3 and Table Ill) makes the monopoleln this section, monopole-imaging performance and its
antennas an appealing choice as the radiator/receiver elemestbciated improvement afforded by the new calibration proce-
in near-field microwave imaging. dure is examined further through several multitarget imaging

1&l

15000
il
L]
0
TREL
L
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Fig. 6. Longitudinal transects displaying the reconstructed property profile (solid lines) through the images shown in Fig. 4. (a) New caldmadore pr
(b) Old calibration procedure.

experiments. The first test case consists of two bone/fatFig. 7 contains the longitudinal transects corresponding
equivalent cylinders (4.3- and 2.5-cm diameters, respectivetp) the images in Fig. 5 which compare monopole- and
separated by 1.7 cm. Fig. 4 show the images reconstructeaveguide-imaging performance when the new calibration
from measured data using both the new and old calibratiprocedure is applied to both data-acquisition systems. An
procedures. The second test, which highlights the advatded degree_ of complexity for the image reconstructi_on
tages of the monopole transmitter system over the waveguRi@blem in this case is the presence of the 0.3-cm-thick
transmitter system (under equivalent conditions), consists ”Jexiglas-cylinder wall. Looking at the material properties
images recovered from the 4.3-cm-diameter bone/fat cylindi§ted in Table I, one can observe that this thin wall has an
separated by 1.7 cm from a 3.8-cm-diameter Plexiglas cylind@lgctrical contrast with the surrounding medium of roughly
filled with an agar solution which contains 0.3% NaCl. Thé”:1 in the real part and over 100:1 in the imaginary part.
reconstructed images based upon the two transmitter types Hfé Wall thickness makes it prohibitively difficult to recover
shown in Fig. 5(a) and (b). the material properties of the plastic exactly; however, the
Longitudinal transects through the images presented ggneral shape and Io.cation of the WaII. are discernib!e in the
Fig. 4 are compared with the exact material property proﬁ[gonopole system while less apparent in the_ WayeQU|de case.
in Fig. 6. There are several observations to note which furthI rShOUId bde_ n(t)r:ed thlat thte fr?;]:or?structecilj rln? Itsh als? :_norle
support the contention that the improved data—model ma fpnounced in the real part of the images due {o the refatively
N Quer contrast level of the plastic with both the materials
afforded by the new calibration approach leads to enhanced. . : ) Lo . )
) : : . |ﬂ13|de and outside of the cylinder; while in the imaginary
image reconstruction. First, the shape of the objects for bg

: . pa*rt, the faint detection of the shell is not observed because
the real and imaginary parts more closely resembles that a

of the extremely high contrast level (three times greater than

the true targets for the new f:ahbratlon' proc'ed'ure. Segoq & real part). Table IV shows the image errors resulting from
the background and the material properties within the obje%{s

. . ) guantitative analysis of these reconstructed images. In the
are more uniform using the new procedure. Third, the edg@ése of agar, we define a low-contrast image error as

between two neighboring objects appear to be more discernible

for the images using the new procedure, suggesting spatial L 9
. . . . . . _ 1 (Xreconstruct - Xexact)

resolution improvements. Finally, the imaginary part of the Image Error = I E ( 2

recovered object material properties is closer to the known i=1 Xexact

values using the new procedure. (14)
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Fig. 7. Longitudinal transects displaying the reconstructed property profiles (solid lines) through the images shown in Fig. 5 compared toldutriesact e
property distributions (dashed lines). (a) Monopole system. (b) Waveguide system.

which is similar to the high-contrast image error (used for the TABLE IV
bone/fat target) of (13), except for the normalization. IMAGE RECONSTRUCTIONERRORS FOR THEMONOPOLE AND WAVEGUIDE
N . SYSTEMS IN THE MULTITARGET PROBLEM CONSISTING OF ONE
The data in Table IV supports the notion that the monopoles 4.3-CM-DAMETER BONE/FAT TARGET AND ONE PLEXIGLAS ENCLOSED

outperform their waveguide counterparts for the most part,  Acar GEL TARGET UsING THE NEW CALIBRATION PROCEDURE

althoqgh perhaps not as _consistently as in the single-ta}rget Bonoli At Ploxialos

experiments. For both radiators, the presence of the Plexiglas target target

ring serves to degrade the resulting image quality, but even Real Tmag Real Trag Real Toag

in this demanding situation there does appear to be a sniétpopole { 02171 | 03347 ] 01422 ] 0.1399 ] 07821 ] 0.5592
. . . . ., Wave- 0.4542 0.5168 0.1204* 0.2192 0.8159 0.5776

systematic and quantitatively measurable improvement withuide

the monOpOIeS n terms Of . Identlfylng the n ng ) All image error values are based upon the high contrast criteria of equation 13 unless otherwise indicated.
The final set of images in this section report results for.a , L .
*Image crror values are based upon the low contrast criteria of equation 14,

three-target phantom experiment using the 2.5- and 4.3-cm-

diameter bone/fat equivalent cylinders along with the 3.8-cm-

diameter Plexiglas cylinder of agar. Because these objects &pgwared to the old calibration technique. These multitarget
not placed along a common axis such that a useful exag¥periments illustrate that this new monopole system and
material property transect can be obtained (as in the previ&;ssomated _callbrfitlon_ proced_ure is viable in proble_ms other
imaging experiments), a color image of the exact-materitgan those involving simple single-target reconstructions.
property distribution is shown in Fig. 8(a) for comparison

purposes. Note that these images also illustrate the thin ring IV. SUMMARY AND CONCLUSIONS

of the Plexiglas cylinder. Fig. 8(b) and (c) show the images In this paper, we have implemented a monopole transceiver
recovered for this experiment using the new and old calibraear-field imaging system and have conducted a number
tion procedures, respectively. The observations are generafypreliminary experiments in order to examine its imaging
similar to those noted earlier—more uniform backgroungherformance. The monopole implementation has required al-
better object shape definition, and improved spatial resolutiterations within our previously reported image-reconstruction
for the images which used the new calibration proceduralgorithm which was based upon waveguide illumination. In
Again, the Plexiglas wall is readily visible, especially iraddition, a new calibration procedure has been recognized
the real part of the electrical property distribution, when thend applied to data collected from both monopole and wave-
reconstructions are based on the new calibration [see Fig. 8(jde radiators. A series of single and multitarget imaging
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Fig. 8. Reconstructed images of the complex distributions achieved for a three-object phantom including in clockwise order from the upper left: (i)
the 3.8-cm-diameter Plexiglas cylinder filled with a 0.3% NaCl agar gel, (ii) the 4.3-cm-diameter bone/fat equivalent cylinder, and (iii) thei2rbeten
bone/fat equivalent cylinder. (a) Exact property images. (b) New calibration procedure. (c) Old calibration procedure.

experiments have been used to illustrate the overall quality afline-source term within our HE reconstruction algorithm
the monopole reconstructions and the importance of the natva considerably reduced computational cost relative to its
calibration approach. waveguide counterpart. Primarily, a reduction in the hybrid
Technically, the incorporation of the monopole radiator IEE/BE matrix system bandwidth is achieved, which results in
both physically and computationally straightforward. In fact factor of four increase in forward solution speed assuming
we have shown that the monopole radiator can be treatedtlaat an equal humber of nodes are devoted to the waveguide
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and imaging region boundary discretizations, respectively (i.the range of these differences under representative conditions,
the bandwidth is cut in half and the forward solution costs scaleere are other compelling reasons to use monopoles, including
as the square of the bandwidth). This economy also translatiesir economy-of-space advantages, their simplicity, low cost,
into a factor-of-two increase in the Jacobian construction spemud the ease with which they can be modeled. Thus, the fun-
which scales linearly in the bandwidth. The ability to succesdamental importance of the monopole results contained herein
fully incorporate either a waveguide or monopole radiator iis the demonstration that their resultant near-field images are
the near-field imaging context adds further credibility to ourertainly no worse (and likely better!) than their waveguide
previous claims about the flexibility of the HE approach as tledunterparts.
basis for image reconstructions [9], [18].

The new calibration procedure which has been identified
is independent of the type of radiator which is used—yet
systematically improves image quality. The source of this imfl] L. E. Larsen and J. H. JacobMedical Applications of Microwave
provement is the enhancement in the data—model match wheg 'F?_’a,\%g%i‘ ,\F,’l'_s,cz"’_‘t?g’l"(%'dgg:é'_zﬂ:j Bﬁzy‘l%?% M. Berggren, “On the
simple computational representations of the transmitter are sensitivity and resolution of microwave imaging using ARPtoc.
employed. The procedure serves to eliminate positioning arlg] I'QEE’& vol. 69, pp. 1517-1519, Nov. 1981. ) .

. . . VR . Maini, M. F. Iskander, and C. H. Durney, “On electromagnetic

feed-cable errors while simultaneously replacing the intrinsi imaging using linear reconstruction techniqueBjoc IEEE vol. 68,
3-D loss factor with an equivalent 2-D loss factor. Results pp. 1550-1552, Dec. 1980.

show that magnitude differences are improved by 0.4 dé4] J. C. Bolomey, C. Pichot, G. Gaboriaud, “Planar microwave imaging
camera for biomedical applications: Critical and prospective analysis of

and phase discrepancies are improved By(én average) reconstruction algorithmsRadio Sci. vol. 26, pp. 541-550, 1991.
on a per-measurement basis relative to our earlier scheniél N. Jaochimowicz, C. Pichot, and R. Hugonin, “Inverse scattering: An

. : : . iterative numerical method for electromagnetic imaging&EE Trans.
These improvements clearly manifest themselves in the final Antennas Propagatvol. 39, pp. 1742-1752, Dec. 1991

reconstructed images. Specifically, more accurate object shag s. Caorsi, G. L. Gragnani, and M. Pastorino, “A multi-view microwave
determination, more recovered-property uniformity within the \naging Syiﬁm fothW?] dllmggsmnagggﬂggfb:\j ObllzcgﬁlEE Trans.
[ . . . [ icrowave Theory Techvol. 39, pp. —851, May .
baquround! b_etter _qua“t?-t've spatial reSO_IUt'On In dlscrlml'[7] , “Reconstruction of dielectric permittivity distributions in arbi-
nating edges in neighboring targets, and improved recovery trary 2-D inhomogeneous biological bodies by a multiview microwave

in the imaginary component of the electrical properties of the ~numerical method,TEEE Trans. Med. Imagvol. 12, pp. 232-239, June
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