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Abstract—\We are using open-ended coaxial probes to de- published data in the literature suggesting that a substantial
termine the dielectric properties of freshly excised normal and contrast exists between the dielectric properties of normal and
diseased breast tissue specimens. The considerable variability ancerous breast tissue [9]-[12]. However, the existing data is

in size and composition of these specimens predicates the need. . . .
for determining the minimum surgical specimen size that yields imited both in frequency (below 3 GHz) and in the extent of

accurate measurements for a given probe diameter. We investigate investigated tissue types. To expand this data set, the University
the sensing volume of 2.2- and 3.58-mm-diameter flange-free of Wisconsin—Madison (UW) and the University of Calgary
coaxial probes for both low- and high-water-content tissue using (UC), are collaborating to conduct a comprehensive set of mea-
s_tandard liquids that exhibit dielectric properties similar to breast surements of the dielectric properties of normal, benign, and
tissue over the microwave frequency range from 1 to 20 GHz. We l tb 1 t mi f . Th
also present an innovative graphical technique based on the useMa |gnan rgas |§sue e mlcrowave requenc!es. € Com=
of Cole—Cole diagrams to determine the error thresholds in the Prehensive dielectric-properties database resulting from these
magnitude and phase of the reflection coefficient, which bound the measurements on freshly excised breast biopsy, mastectomy,
errors in the measured complex permittivity to an acceptable level. Jumpectomy, and reduction specimens will further facilitate the
Results from self-consistent experiments and finite-difference ongineering of noninvasive nonionizing microwave technology
time-domain simulations indicate that a tissue specimen with t | t and ¢ v detecti di ti d
a thickness of 3.0 mm and a transverse dimension of 1.1 cm is \© compiement an _augmen early aetec |pn, |agnos_|c, an
the minimum size that yields accurate measurements with the treatmenttechnologies currently employed in the detection and
3.58-mm-diameter probe. For the 2.2-mm-diameter probe, the management of breast cancer.
specimen’s thickness and width should be at least 1.5 and 5 mm, Open-ended coaxial probes have been widely used to mea-
respectively. These conclusions are relevant not only to breast g q the dielectric properties of biological tissues over a broad
tissue characterization, but also more generally to the dielectric f radi d mi f - Si th ial
characterization of a variety of low- and high-water-content range o ra_lo an mlcrowave_ requenmes. : |nce_ € coaxia
biological tissues. probe technique does not require tissue manipulation or prepa-
ration, dielectric-properties measurements can be integrated in a
straightforward manner with surgical and pathology protocols.
Consequentlyin vivo measurements are feasible and reliable
ex vivomeasurements are achievable using open-ended coaxial
. INTRODUCTION probes. The end of the probe is simply placed in contact with
HE critical need for new technologies to improve dethe tissue sample and the complex input reflection coefficient is

tection, diagnosis, and treatment of breast cancer M¢asured as a function of frequency using a vector network an-
widely recognized [1]. A number of innovative technologie§lyzer (VNA). The measured reflection coefficient is then con-
employing radio waves or microwaves are under investigatié!ﬁfted to a complex permittivity using one of a number of ana-

for this purpose [2]-[8]. Such efforts have been guided gytical or numerical models (e.g., see [13]-{18]).
Accurate dielectric characterization of excised breast tissue

using an open-ended coaxial probe requires the sample to

, . , . be homogeneous within a volume large enough so that its
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and normal tissue is often found around the periphery of
malignant or benign tissue present in biopsy, mastectomy, and
lumpectomy samples. Furthermore, breast tissue specimens
vary considerably in their dielectric properties. For example,
based on published data [9]-[12] and our own preliminary data,
the dielectric constant of breast tissue ranges between approxi-
mately 5-60, depending on the tissue type and pathology. If the
sample is electrically small relative to the probe aperture size,
reflections at the edges may perturb the measured reflection
coefficient. A small homogeneous region within an otherwise
heterogeneous tissue sample poses similar problems. While
recently developed models of open-ended probes can account
for the finite thickness of the test sample, the high degree of
variability in both thickness and transverse extent of breast
tissue specimens makes it impractical to try to apply such
models. The strategy we have adopted has been to develop a set
of exclusion criteria that indicates when a surgical specimen
.(OI’ region of h0,m09eneous tissue within a larger ?’peCImelﬂe;.l. Experimental setup for measuring the sensing volume of an open-ended
is too small to yield accurate measurements for a given progfixial probe.
aperture size. Development of accurate criteria requires a

careful analysis of the extent of penetration of the near fields

in the axial and transverse directions for a narrow-diameter

coaxial probe—a characteristic we refer to as the sensing

volume of the probe.

Guidelines for choosing the appropriate probe size in relation Teflon| [——Ar—
to the electrical properties of a sample of infinite size have been
presented in a number of papers (see, e.g., [13], [14], and [19]). 8
A limited number of studies to date have considered the effect §
of a finite sample size on the measurement accuracy when an 30hmm LUt

infinite sample is assumed in the conversion from reflection co-
efficient to permittivity. For example, finite-difference time-do-

main (FDTD) simulations of a flanged air-filled coaxial probe

were used in [20] to numerically investigate the influence of the @)
transverse dimension of a low-loss solid sample (Teflon) on the
reflection coefficient. Experimental measurements were con-
ducted in [21] using a flanged Teflon-filled coaxial probe to in-

vestigate the influence of the depth dimension of a low-loss solid
sample (paper) on the accuracy of the measured permittivity. In
[22], both FDTD simulations and experimental measurements

Teflon| J—— 30 mm

of the sensing volume were conducted at a single frequency T LuT

(860 MHz) to quantify the sensing volume of a flanged large- Ala

diameter Teflon-filled coaxial probe immersed in a high-loss o
caxer

liquid sample (saline).

The purpose of the comprehensive study presented in this
paper is to determine the sensing volume of narrow-diameter
coaxial probes as a function of probe aperture size, frequency, (b)
and breast tissue permittivity. Our study is based on boffy.2. FDTD models forinvestigating the influence of: (a) the radial boundary
.FDTD. simulations .and experim.ental measqrements. ?ngjt:’)iciﬁIil)l;?(:“ﬂg?gys.;;grg?ned vertical line represents the center axis of the
investigate narrow-diameter coaxial probes without flanges
since they are most suitable for characterizing breast tissue at
microwave frequencies. In Section Il, we discuss our method- Il. METHODS

ology for quantifying the sensing volume. Section IIl presents |n our experiments and numerical simulations, we use and
our raw data and processed results, including comparisQgdel liquid tissue simulants rather than solid breast tissue

between UW and UC results and between experimental aggbcimens. Three standard liquids—ethanahethanol, and
FDTD-computed data. We conclude with a set of guidelines

for the minimum allowable breast tissue specimen size neede%putanol is another commonly used reference liquid with low dielec-

t hi the desired | | of in th tric constant and conductivity. However, we found that the sensitivity of
0 achieve the adesired level O accuracy In the measurgl.giameter coaxial probes immersed in butanol is too high at lower

dielectric properties. frequencies (particularly below 5 GHz) to yield reliable results.
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Fig. 3. Cole—Cole diagrams of complex permittivity as a function of frequency for three LUTs and two coaxial probe diameters. (a)—(d): ethadol. (a) an
(b): 2.2 mm. (c) and (d): 3.58 mm. The black solid curve in each graph represents the permittivity obtained from the reference reflection ctiedfidated

curves in each graph represent the permittivity obtained from incremental perturbations introduced in the magnitude or phase of the retgi@mceeéftaent.

The ellipses centered at representative frequency points ideinti®#6 error bounds on the complex permittivity.

deionized water—are selected to represent low, intermediade liquid bath is not precisely identical to pressing the
and high values within the range of electrical propertiggrobe tip into the soft surface of a breast tissue specimen.
expected for breast tissue. The dielectric properties of thlowever, as shown in Section II-D, this slight difference in
glass beakers used to contain the liquid samples are simianfiguration has no significant effect on the determination
to those of the trays on which breast tissue specimens afe sensing volume guidelines. Thus, as configured, our
placed. Since it is difficult to position the probe exacthsetup is sufficiently realistic while offering a controlled test
on the surface of the liquid samples, we decided to fullgnvironment. It also permits us to move the probe with
immerse the tip of the probes into the liquids, therebsespect to the boundaries of a fixed-size sample, rather than
removing all uncertainties involving the positioning of thehange the actual size of the sample with respect to a fixed
probes. Admittedly, full immersion of the probe tip intoprobe location.
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Fig. 3. (Continued)Cole—Cole diagrams of complex permittivity as a function of frequency for three LUTs and two coaxial probe diameters. (e)—(h): methanol.
(e) and (f): 2.2 mm. (g) and (h): 3.58 mm. The black solid curve in each graph represents the permittivity obtained from the reference reflecigwm. ddedfi

dotted curves in each graph represent the permittivity obtained from incremental perturbations introduced in the magnitude or phase of ¢hefleftiemc
coefficient. The ellipses centered at representative frequency points id&iiiif%6 error bounds on the complex permittivity.

We investigate the sensing volume of the probe by trackifithe probe is then positioned or modeled at the side or bottom
changes in the reflection coefficiensy; or I') as the fully boundary of the beaker and the reflection coefficient is mea-
immersed probe is placed at various distances from the edgeed or simulated at each location as the probe is moved in
or bottom of the beaker. In both experiments and numeridacremental steps away from the respective boundary. The de-
simulations, a reference reflection coefficient is obtained ftails of the experiments and simulations are discussed further
each probe, liquid sample, and frequency by locating the proimeSections 1I-A and B, respectively. The resulting reflection
sufficiently far from all sample boundaries in the axial (depthoefficients are expressed as a percent error in magnitude
and radial (transverse) directions. This reference reflectiand absolute error in phase with respect to the reference
coefficient represents that which would be measured forreflection coefficient. Plotted as a function of distance, this
sample of infinite thickness and infinite transverse extentaw data illustrates the effect of the axial or radial bound-
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Fig. 3. (Continued)Cole—Cole diagrams of complex permittivity as a function of frequency for three LUTs and two coaxial probe diameters. (i)—(l): Deionized
water. (i) and (j): 2.2 mm. (k) and (1): 3.58 mm. The black solid curve in each graph represents the permittivity obtained from the referencecaéféictent.

The dotted curves in each graph represent the permittivity obtained from incremental perturbations introduced in the magnitude or phaserufeheftetstion
coefficient. The ellipses centered at representative frequency points id¢slitfy error bounds on the complex permittivity.

TABLE |
S11 MAGNITUDE AND PHASE ERROR THRESHOLDSTHAT LIMIT THE ERROR ONREAL AND IMAGINARY PARTS OF THEPERMITTIVITY TO £10%
Sy, for Ethanol S, for Methanol S,; for Water
Probe Magnitude | Phase error | Magnitude | Phase error | Magnitude | Phase error
Diameter | error (+ %) | (+degrees) | error (+ %) | (+ degrees) | error (£ %) | (& degrees)
2.2 mm 0.5-1.0 ~0.5 0.5-1.0 1.0-1.5 ~1.0 2.0-3.0
3.58 mm 1.0-1.5 ~1.0 ~1.5 2.0-2.5 ~1.0 ~1.0

aries, regardless of the conversion method used to calculetéSection 11-C, we identify the extent of the sensing volume
permittivity. Finally, the reflection coefficient data is used t@s the smallest distance between the probe and boundary
guantify the axial and radial extent of the sensing volume &fr which the magnitude and phase errors in the reflection
a particular probe/sample configuration. As further explainamefficient remain below a defined error threshold.
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Fig. 4. Contour plots of the FDTD-computed electric field intensity (decibel. e . .
scale) in a cross-sectional cut through the 3.58-mm-diameter probe. Here, tfﬂel 5. Contour plots of tI|1e FD; D-cohm;t)]utezdzelectrlé; field |ntensgy ((:I_lembelh
LUT is ethanol and the frequency of excitation is 2 GHz. (a) The probe is plac Te') in ? crosg-t?]ecftlona cutt frougt tt © ¢ '1'8m£1|_'| lame_lt_ir pro be.' elre, tde
in contact with the surface of the LUT. (b) The probe is immersed at a depth;of ' 'S Water and the frequency or excitation I z. (a) The probe is place

10 mm in the LUT. The left boundary of each graph represents the center ontact with the surface of the LUT. (b) The probe is immersed at a depth of
of the probe. mm in the LUT.

A. Experimental Methods N ) ) o
ositioned in the middle of the beaker where it is more than

~ The experimental setup used at both UW and UC is sh0\§6 mm from the sides and bottom of the beaker. To investigate
in Fig. 1. The liquid under test (LUT) is held in a 600-mLihe extent of the sensing volume in the radial direction, the
low-form glass beaker. A positioning stage is used to control thgfiection coefficient is measured with the probe positioned at
horizontal and vertical positions of the coaxial probe with subycremental distances away from the side of the beaker, ranging
millimeter resolution in the LUT. The two coaxial probes used iffom 0.0 to 10.0 mm. To ensure that only the radial boundary
this Study are fabricated from commercial 2.2- and 3.58-mm-@ﬁect is being measured, the t|p of the probe is a|WayS more
ameter semirigid copper/Teflon coaxial cables using subminigan 30 mm from the bottom of the beaker. To investigate
ture A (SMA) connectors. A high-quality flexible cable is useghe extent of the sensing volume in the axial direction, the
to connect the probe to the VNA. An Agilent 8720D VNA isreflection coefficient is measured with the probe positioned
used at UW and an Agilent 8722D VNA is used at UC. All meaat incremental distances away from the bottom of the beaker,
surements are done at room temperature. The VNA is calibragghin, ranging from 0.0 to 10.0 mm. To ensure that only the
using a procedure similar to that described in [18]. axial boundary effect is being measured, the probe is always
The measurement sequence for determining the sensingre than 30 mm from the side of the beaker. For the axial
volume properties of each probe is as follows. The probe éase, the probe is moved in 0.5-mm increments from the
submerged in the beaker and air bubbles, which can introdum#tom boundary for the first 2.0 mm, then 1.0-mm increments
errors of up to 20% [23], are removed from the tip. Théor the remaining 8.0 mm. For the radial case, the probe is
reference reflection coefficient is measured with the prolmoved in 1.0-mm increments from the side boundary. At each
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Fig. 6. Experimentally determined error fi, for ethanol as a function of Fig. 7. Experimentally determined error i1, for ethanol as a function of
g|staknce between the end of the 2.2-mm-diameter probe and bottom of {igtance between the end of the 3.58-mm-diameter probe and bottom of the
eaKer. beaker.

probe position, the reflection coefficient is recorded over thedial boundary, which consists of the beaker and air. It is impor-

frequency range from 1 to 20 GHz. tant to note that, for smal\r, there is a significant difference
) ) between the simulation and experimental setup. In the simula-
B. Simulation Methods tion, the beaker and probe are concentric in the transverse plane

Full-vector FDTD solutions of Maxwell's equations indue to the assumption of azimuthal symmetry. Conversely, in
cylindrical coordinates [24] are useful for studying open-enddbie experiment, the beaker and probe are highly nonconcentric
coaxial probes, as demonstrated previously for the casedvfe to the large difference in radii of curvature of the probe and
probes with finite-sized flanges [20], [25]. We assume th&eaker and the close proximity of the probe to the sidewall of
the geometry exhibits rotational symmetry, in which case, tiiee beaker. The simulated reflection coefficient will, therefore,
azimuthal dependence of the vector field components can &¢hibit a greater sensitivity to the presence of the boundary in
expressed as a Fourier series and accounted for analyticdlig radial direction than the experimentally measured reflection
The FDTD models used at both universities are illustrated @oefficient.

Fig. 2. The dispersive properties of the liquids are incorporated _

using Debye parameters found in the literature (e.g., [261 11 Error Threshold Definitions

givese,, = 4.2, e, = 25.07, 7 = 143.3 ps for ethanol,  Once the percent errors in magnitude and absolute error in
€0 = 5.7,e5 = 33.64, 7 = 53 ps for methanol, and,, = 5.2, phase of the reflection coefficient are obtained as a function of
e, = 80.4, andT = 9.45 ps for water at 20C). The low-loss probe position with respect to the LUT boundaries, the sensing
glass beaker and epoxy stand are modeled with frequencyamiume of the probe is assessed. In this final step, we define the
dependent dielectric properties (e.g., [27] gi¥gs= 4.82 and maximum acceptable level of error in the magnitude and phase
o = 0.01446 (S/m) for Pyrex glass at 3 GHz, and [28] give®f the reflection coefficient as the error threshold and identify
e, = 4.0 ando = 0.09444 (S/m) for epoxy at 5 GHz). The the smallest distance between the probe and boundary for which
thickness of the beaker sidewalls [see Fig. 2(a)] is 2.5 mm atiee magnitude and phase errors in the reflection coefficient re-
the thickness of the beaker bottom [see Fig. 2(b)] is 3.0 mm.main below this threshold. One approach to defining the error

Simulations are conducted for probe positions similar to thoffereshold is to make an arbitrary choice; e.g., one might define
used in the experiments. The reference reflection coefficigihie threshold as a 1% error in magnitude ahdrior in phase of
value is simulated for each LUT with the axial and radial boundhe reflection coefficient. This approach is the simplest and can
aries 30 mm away. To study the sensing depth in the axial dirdxe directly applied to the graphs of reflection coefficient error
tion, we modify the distancé\a between the tip of the probe as a function of distance presented in Section Ill. An alternative
and the axial boundary consisting of the bottom of the beakapproach is to choose an acceptable level of error in the mea-
and stand. To study the sensing volume in the radial directi®syred permittivity and work backward to determine the corre-
we modify the distancar between the side of the probe and theponding error threshold in the measured reflection coefficient.
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This second approach is more meaningful, but less straightfoepresents a10% variation ine”. The ellipses enable us to
ward because it requires the use of a specific analytical or rgraphically relate the acceptable level of error in permittivity to
merical method to relate the reflection coefficients to permian upper bound on the error in the reflection coefficient. The
tivity values. various dotted curves in each diagram represent the complex

We illustrate this second approach using one of the most germittivity that results from a positive incremental perturbation
curate conversion methods—the rational function model (RFNMjtroduced in either the magnitude or phase of the reference re-
[18]—in conjunction with an innovative graphical techniqudlection coefficient. Curves resulting from negative incremental
based on Cole—Cole diagrams that permits straightforward geerturbations would appear a similar distance away from the ref-
termination of the error thresholds. Using the RFM, we convegtence curve, but on the opposite side.
the frequency-dependent reference reflection coefficient (that~or example, consider Fig. 3(a), which graphs the complex
which is measured when the tip of the immersed probe is Ipermittivity loci for ethanol after a 0.0%40.5%,+1.0%, and
cated in the center of the beaker, sufficiently far from all bound-1.5% perturbation has been numerically introduced in the
aries) into frequency-dependent complex permittivity referenoeagnitude of the reference reflection coefficient measured by
data sets for each of the three liquids and each of the two proltbée. 2.2-mm-diameter coaxial probe. At 1.12 GHz, only the
For each combination of liquid type and probe diameter, we dirst of the three dotted-line curves falls within the area of
tificially introduce incremental perturbations in the magnitudthe ellipse. This indicates that -#0.5% perturbation in the
and phase of the reference reflection coefficient and convert tinagnitude of the reflection coefficient yields less than a 10%
modified reflection coefficient to complex permittivity at eacterror in the complex permittivity, but &1.0% perturbation
frequency sample across the 1-20-GHz range. does not. Similarly, a-0.5% perturbation in the magnitude of

In Fig. 3, the complex permittivity data sets for each liquidhe reflection coefficient would yield less than a 10% error, but
type and probe diameter are plotted in the form of Cole—Cade—1.0% perturbation would not. Thus, the error threshold for
diagrams. The diagrams for ethanol, methanol, and deionizbé magnitude of; falls betweent0.5% and+1.0%. Using
water are given in Fig. 3(a)—(d), (e)-(h), and (i)—(l), respethis along with the remaining graphs in Fig. 3, we generate the
tively. The black solid curve in each graph represents the codata in Table I. By applying the threshold criteria of Table | to
plex permittivity obtained from the reference reflection coeffithe graphs in Section Ill, we identify the sensing volume and
cient data. Five ellipses are centered at representative frequetheycorresponding minimum specimen size required to achieve
points along the locus of complex permittivity values. In thithe desired accuracy.
example, we have chosen 10% as the acceptable level of errdNe note that this error threshold analysis considers the con-
in the real(¢’) and imaginary(e”) parts of the complex per- tributions from theS;; magnitude and phase errors separately.
mittivity. Thus, the horizontal width of each ellipse represenis other words, the thresholds in Table | represent the maximum
a410% variation ire’, while the vertical width of each ellipse allowed error in the magnitude assuming zero phase error, and
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Fig. 10. Experimentally determined error.$, for deionized water as a function of distance between the end of the 2.2-mm-diameter probe and bottom of the
beaker. Measurements were conducted at: (a) and (b) the UW and (c) and (d) UC.

vice versa. It does not consider the case where the effectssohilar results at 18 GHz for the 2.2-mm-diameter probe in
the errors in the magnitude and phase are combined. Considater. To assess these differences, we consider the location of
a hypothetical measurement that introduces errors in the m#ge —30-dB contour in the half-space beneath each probe. In
nitude and phase &f;; equal to the error thresholds listed inthe depth direction, there is less than a 0.1-mm difference in the
Table | for a specific probe/LUT pair. The combined effect gbosition of the contours. In the radial direction, there is only
these errors would result in permittivity errors of 18%, 17%a 0.2-mm difference for the larger probe in ethanol at 2 GHz
and 15% for ethanol, methanol, and water, respectively, for tfieig. 4) and a 0.1-mm difference for the smaller probe in water at
2.2-mm probe. Similarly, for the 3.58-mm probe, the permitt8 GHz (Fig. 5). These differences are insignificant for the pur-
tivity errors would become 17% (ethanol), 15% (methanol), ammbses of quantifying the sensing volume. Hence, we conclude
13% (water) under such conditions. However, there is a practithat the sensing volume of the probe is not affected by whether
problem with this approach to considering the combined effeais not the probe is immersed in the LUT, and that our fully
of magnitude and phase. Our experimental results in Sectionifimersed probe configuration is valid for establishing sensing
show that, in almost every instance, the magnitude error domeélume guidelines.
nates the phase error. Further discussion of this point is reserved

until the conclusion of Section Ill, where the analysis assump-

tions of Table | will be justifieda posteriori

Ill. RESULTS

A. Experimental

D. Validity of the Fully Immersed Probe Configuration The influence of the axial boundary on the reflection coeffi-

For reasons explained at the beginning of this section, thient measurements is illustrated in Figs. 6-11. Fig. 10 shows
tip of the coaxial probe is fully immersed in the LUT in theexcellent agreement between the UW and UC reflection-coeffi-
experimental setup and the corresponding FDTD simulatiortsent measurements for the 2.2-mm-diameter probe and deion-
This probe configuration differs slightly from the configuratiorized water as the LUT. We have seen this level of consistency
encountered in practice where the probe tip is pressed againstll of our data sets; therefore, aside from this example, we
surface of a tissue specimen. To determine what impact, if apyesent graphs of reflection coefficient data from only one of
this difference in configuration may have on the determinatidhe two measurement sites. A comparison of Figs. 6, 8, and 10
of the sensing volume, we have analyzed the distribution of tfar, likewise, a comparison of Figs. 7, 9, and 11) shows that, for a
fringing fields beneath the probe using FDTD simulations. Herixed probe size, the influence of the bottom of the beakef.gn
we present two representative cases. Fig. 4 shows the magnitindeeases as the dielectric-properties contrast between the LUT
of the electric field phasor at 2 GHz with the 3.58-mm-diamand beaker increases. A comparison between Figs. 6-11 shows
eter probe either placed on the surface [see Fig. 4(a)] or futlyat, for a fixed LUT, the influence of the bottom of the beaker
immersed [see Fig. 4(b)] in the liquid (ethanol). Fig. 5 showsn S;; increases as the probe diameter increases. Figs. 6-11
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Fig. 11. Experimentally determined error Fy, for deionized water as a Fig. 12. Experimentally determined error &y, for deionized water as a

function of distance between the end of the 3.58-mm-diameter probe 4Hgction of distance between the outer conductor of the 3.58-mm-diameter
bottom of the beaker. probe and the side of the beaker.

TABLE I The influence of the radial boundary on the measured re-
SENSING DEPTH DETERMINED FROM EXPERIMENTAL MEASUREMENTS AS A flaction coefficient is illustrated in Fig. 12 for deionized water
FUNCTION OF LUT AND PROBE APERTURESIZE . . . .
(the LUT that exhibits the largest dielectric-properties contrast

Probe Ethanol Methanol Water with the beaker). We note that this is the case of a nonconcen-
diameter H H i _di i

P T TS T _tnc radial bound_ary,_l.e., alarge dla_meter circular b_oundary that
3.58 mm 125-1.5 mm 225 mm 3.53.0 mm is not concentric with the small-diameter probe in the trans-

verse plane. The influence is minimal, even when the probe is
in direct contact with the side of the beaker. For all liquids and
indicate that the influence of the axial boundary does not vagyopes, there is no required distance of separation between the
significantly over the frequency range of interest. outer conductor of the probe and nonconcentric radial boundary.
Table II summarizes the estimates for the sensing depthis suggests that accurate measurements can be made with the
of the two prObeS. To illustrate how the reﬂection'coeﬁ.icierﬁrobe located at the edge of a Specimen or region of homoge_
error thresholds defined in Table | are applied to the data géous tissue as long as the radius of curvature of the boundary

Figs. 6-11 to determine the sensing depth, we consider the @xmuch larger than that of the probe’s outer conductor.
ample of Fig. 9 for methanol and the 3.58-mm-diameter probe.

Fig. 9(a) suggests that a minimum distance of approximat . .

2.25 mm is required to ensure that the error in the magnitud;%/f Simulation

the reflection coefficient is below the threshold of 1.5% (from Fig. 13 illustrates the influence of the axial boundary on the
Table I) over the 1-20-GHz frequency range. Fig. 9(b) suggestdlection coefficient, as characterized numerically via FDTD
that a minimum distance of approximately 1.25 mm is requiresimulations. A comparison between Figs. 10 and 13, both of
to ensure that the phase error remains below the threshaldich report data for the 2.2-mm-diameter probe in deionized
of 2.0°-2.5 (from Table I). Therefore, the sensing depth isvater, illustrates the excellent agreement we have obtained be-
identified as 2.25 mm—the larger of the two distances. Weveen our experimental and FDTD results for the sensing depth
note that the error threshold for the magnitude determines tbfethe probes. We have also made a direct comparison of the
sensing depth in this example. According to the data of Table theasured and simulated reflection coefficients used as the refer-
the sensing depth is greater for the larger diameter probe. Téree data in creating the error plots of Figs. 10 and 13. Overall,
sensing depth is clearly a function of the LUT and is greatetbte agreement between measured and simulated reference re-
for the case of water, which has the highest dielectric propertigsction coefficients is within 2% for the magnitude antfér

of the three LUTs, as well as the largest dielectric-propertiéise phase. Estimates of the sensing depth of the two probes de-
contrast with the adjacent medium (the beaker). termined from the simulation data are summarized in Table IlI.
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Fig. 13. FDTD-computed error iy, for deionized water as a function of Fig. 14. FDTD-computed error iy, for deionized water as a function of
distance between the end of the 2.2-mm-diameter probe and the bottom ofdfiance between the outer conductor of the 3.58-mm-diameter probe and side
beaker. of the beaker.

TABLE Il TABLE IV

SENSING DEPTH DETERMINED FROM FDTD SMULATIONS AS A
FUNCTION OF LUT AND PROBE APERTURESIZE

RADIAL SENSING DIMENSION DETERMINED FROM FDTD SMULATIONS AS A
FUNCTION OF LUT AND PROBE APERTURESIZE

Probe Ethanol Methanol Water
diameter

2.2 mm 0.5-1.0 mm 1.0-1.5 mm 1.25-1.5 mm
3.58 mm 1.0-1.5 mm ~1.75 mm ~2.5 mm

Probe Ethanol Methanol Water
diameter

2.2 mm <0.5 mm 0.5-1.0 mm ~1.25 mm
3.58 mm <0.5 mm ~1.0 mm 3.5-3.75 mm

Excellent agreement is noted between Table Il (experimental the largest dielectric-properties contrast with the surrounding
sults) and Table Il (simulation results). medium (the beaker). As explained in Section Il, our FDTD

The small differences between experimental and simulatisimulations cannot be directly compared with our experimental
results may be attributed to two potential sources of discremeasurements for this case because of the two different ways in
ancy. First, the probes are not flawless, but they are representgiich the beaker encircles the probe in the transverse plane.
as such in the simulation. Imperfections in the probes can in-Finally, we return to the discussion brought up at the
troduce variations in the experimental results [29]. Secondbpnclusion of Section II-C regarding the validity of ignoring
the material properties assumed in the simulations may not ¢ixe combined effects of;; magnitude and phase errors in
actly represent the actual material properties. For example, ttetermining error thresholds. In both the UW and UC data sets,
beaker and stand material parameters are estimated from dlatasholds for the magnitude error dominate the phase error in
in the literature for similar materials. Also, the dispersive progetermining the sensing dimensions in almost every instance.
erties of the liquids are incorporated in the simulations usingTde exception is seen in Fig. 6 for the case of the 2.2-mm
single-pole Debye model, whereas their behavior, particulagiyobe with ethanol as the LUT, where the magnitude and phase
water, may be better represented with a Cole—Davidson disperror thresholds are reached at approximately the same distance
sion model. away (0.75-1.0 mm) from the bottom of the beaker. Fig. 6

The influence of the concentric radial boundary on the simaiso shows, however, that both the magnitude and phase errors
lated reflection coefficient is illustrated in Fig. 14. As expectedirop to negligible values for distances greater than 1.0 mm.
this influence is much stronger than that of the nonconcentiidis latter point is particularly relevant in light of the sensing
radial boundary. Estimates of each probe’s radial sensing depths identified for the other two LUTs since they override
mension (Ar, as labeled in Fig. 2) are summarized in Table I\the ethanol results in establishing guidelines for the minimum
The radial sensing dimension is greatest for the larger diametpecimen thickness, as discussed in Section IV. Hence, the
probe and the LUT with the highest dielectric properties arahalysis assumptions of Table | are justifee@osteriori



HAGL et al: SENSING VOLUME OF OPEN-ENDED COAXIAL PROBES FOR DIELECTRIC CHARACTERIZATION OF BREAST TISSUE

IV. CONCLUSIONS [11]

Consistency in the results obtained experimentally and
through simulations, both of which were conducted indepent!2]
dently at two different universities, gives us a high level of
confidence in the reliability of the data that has been reporte 3]
here. From Tables Il and Ill, we conclude that, for frequencies
between 1-20 GHz, the thickness of the breast tissue specimen
(or extent of homogeneity in the case of a larger specimenji4]
should be greater than 3.0 mm for a 3.58-mm probe and
greater than 1.5 mm for a 2.2-mm probe in order to bound
the permittivity errors due to the finite size of the specimen[15]
to approximately 10%. When the size of the specimen (or
the size of the homogeneous region of tissue) is such that i{s ]
margins are concentric with the probe in the transverse plane,
the 3.58-mm-diameter probe should be at le®st= 3.75 mm  [17]
from all edges and the 2.2-mm-diameter probe should be at
least Ar 1.25 mm away from all edges. Thus, the full [1g]
transverse extent of the specimen (or homogeneous region
of tissue) should be at least 1.1 cm for the 3.58-mm probg19
and at least 5 mm for the 2.2-mm probe in order to boun
the permittivity error to approximately 10%. For much larger[20]
specimens (or larger regions of homogeneous tissue), accurate
measurements may be achieved regardless of how close the
outer diameter of the probe is to the margin. [21]
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