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Multifrequency Radiometric Determination of
Temperature Profiles in a Lossy Homogeneous
Phantom Using a Dual-Mode Antenna

With Integral Water Bolus

Svein Jacobsen and Paul R. Stayffdember, IEEE

Abstract—in the treatment of cancer, microwave hyperthermia areas of the body uniformly have restricted the use of moderate
has been established as an efficient adjunctive procedure to radia- temperature hyperthermia for other clinical applications such as
tion therapy and chemotherapy. Wider acceptance of this method the treatment of psoriasis, which has also been shown respon-

awaits schemes to measure volumetric temperatures noninvasively _. -
in human tissue for control of the heating process. This effort de- sive to heat therapy [8]-{10]. Consequently, the design and de-

scribes the design and performance of a new microstrip applicator velopment of a lightweight and flexible printed circuit board
intended for homogeneous heating of superficial tissue while at (PCB) microstrip array applicator has been undertaken to treat
the same time monitoring temperature of the underlying tissue |arge area superficial disease located over contoured surfaces
by noninvasive radiometric sensing of black-body radiation from  f the huyman body. The heating capabilities of small subsec-
the heated volume. Radiometric capabilities are assessed in terms . - )

of accuracy of up to six measured brightness temperatures ap- f[lons of such an a_\rray_appllcator_ have bee_n reported p_reV|0ust
plied in an inversion algorithm from which one-dimensional depth  in the form of finite-difference time-domain (FDTD) simula-
temperature profiles are generated. Based on radiometric signals tions and experimental measurements of power deposition pat-
recorded over the 1-4-GHz range, the temperature accuracy de- terns (SAR) in homogeneous muscle [11]-[13] as well as more
termined from statistical analysis of 200 realizations of the process realistic heterogeneous tissue loads [14]. The SAR patterns have

is better than +0.2 °C to a depth of 5 cm in phantom. Aperture b dint ted t ture distributi f
heating uniformity is assessed with electric field scans in a homoge- een mapped Into expected temperature distributions forarange

neous muscle phantom. As long as sufficiently thin<5 mm) water ~ Of appropriate blood perfusion conditions using finite difference
boli are used, SAR distributions at 1-cm depth in phantom ex- numerical solutions of the bioheat equation in [15]. While the
tends effectively just outside the aperture perimeter, making this dual concentric conductor (DCC) based conformal array appli-
microstrip antenna an excellent building block element of larger  cat0r was originally designed for use at 915 MHz, the feasibility
multi-antenna array applicators. . !
. . . . of using the same antenna array at an operating frequency of
Inl_dex Terms—Archimedean spiral, hyperthermlg,cgmcrowave 433 MHz has also been investigated [16]. Although these publi-
applicator, noninvasive temperature monitoring, antenna, - cations allude to the possibility of heating large areas with up to
radiometry, superficial heating. s . :
32 individually controlled microwave power sources, effective
and quantitative clinical use has been hampered by the require-
|. INTRODUCTION ment for tedious thermal mapping of discreet fiberoptic probes

OCAL hyperthermia has been shown clinically effective ifRcr0SS the antenna/skin—surface interface, in order to monitor
the treatment of cancer when delivered as an adjuvamt%nperatures and control power of the numerous array elements.

radiation and/or chemotherapy [1]-[3]. Since treatment effica%addition’ Fhe number and posi:[ions of thermometer probes
is highly dependent on the minimum delivered dose wherell&t an be insertexto the patient's body (to assess tempera-

pain and other complications are connected to high dose levE atdepth) are limited by trauma considerations. Insertion and
[4]-[6], the uniformity of applicator heating is crucial for sat_Iocal_lzatmn of the_rmometer probes are Iaborlou_s_ and tlme-con-
isfying this narrow therapeutic window. Clinical trials of ad-SUMing tasks which even under optimum conditions still result
junctive hyperthermia have in the past demonstrated statisticflynadequate spatial sampling. _
significant improvement in complete response rates for rela-FF &l these reasons, the concept of a dual-mode applicator
tively small tumors [2], [7], but have failed to make a majolVaS introduced with both heating and noninvasive thermometry

impact on the disease due to limitations in the size and lo&2Pabilities combined into one structure [17]-[20]. The nonin-

tion of tumors that can be heated effectively with current equijf@Sive temperature sensing principle incorporated in this appli-
ment. Similar difficulties in heating large or highly contoure§&LOr is based on a passive scan of microwave black-body ra-
diation (radiometry) from the subcutaneous tissue volume. An
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tennas were both located in the same plane on the back si z
of the bolus bag [18], [20], [21]. Hence, the radiometric signal )\
faces energy mismatches at the two bolus walls and attenuati PCR Edge Mount X(\‘\
through the water bolus. Overlapping, multi-layer microstrip /// B hiion
spiral antenna configurations have been investigated by Rys g
[22] and Jacobsen and Stauffer [23]. The latter study, whicl
looked at highly overlapped spirals, showed perturbation of th
radiation patterns in the form of increased sidelobes. Here w
describe a nonoverlapping, multilayer, stacked antenna desi
with the radiometer receive antenna located on the front (skir
surface of a thin water bolus and the heating antennaonthebol —___
back surface. Hence, this dual-purpose applicator incorporat s
the water bolus directly within the multilayer antenna structure

The investigation compares the heating and radiometric perfo t K
mance of this new integral bolus antenna with previous desigr ~ 0-8m P ; = Layer 4
[18]-[21]. In this initial feasibility study, we report i) experi- i T ‘

mental measurements of power deposition patterns in a sali |
phantom and ii) estimated one-dimensional (1-D) depth temr  %8™
perature profiles in a solid TX-150 phantom as derived frorr
brightness temperatures sampled in up to six 500-MHz banc

in the range from 1 to 4 GHz.
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Fig. 1. Experimental dual-mode antenna test configuration to compare

radiometric performance of front and back bolus surface mounted Archimedean
Il. MATERIALS, METHODS AND THEORY spiral antennas.

A. Dual-Purpose Applicator Design

The device under test (DUT) in the current effort is one gionnectors soldered to the back layer ground patches (layer 4)
two different configurations of a dual-mode PCB antenna witf{ith small wires extending from the center pins through vias in
integral water bolus. In previous investigations, Dual-mod&€ substrate to connect_the centers of each Archlmedean spiral.
antennas were realized by etching a one-armed Archimedeaf SAuare slot outer dimension of 35 35 mn'¥ is selected
spiral microstrip antenna from the central square part of'@ Produce a large and balanced effective field size (EFS) for
DCC aperture [18]-[20] and operated with an interveninl® DCC at 915 MHz. For studies at 433 and 2450 MHz, the
water bolus between the antennas and test load. For the pre§@RfoPriate DCC dimensions are approximately 60 mn¥
study, a variant of the design was constructed by placi@§d 20<20 mn¥, respectively. _ _
the radiometric probe (spiral) on the front side of the bolus The radiometric sensing elements incorporated into the hy-
immediately adjacent to the load while retaining the heatirfjid Structure are described by the Archimedean spiral function
device (DCC) at the bolus back wall. In this configuration, the = I'¢s (I': spiral constantp,: winding angle). In addition to
bolus liquid serves as a high permittivity substrate in additidry the strip width, substrate permittivity, antenna diameter, and
to the two PCB dielectric layers between the spiral WindingiybStrate thickness are degrees of freedom in the design. From
and ground plane. These two principally different anten _Qe rules of thumb_on single-arm spiral antenna design outll_ned
designs are diagramed in the test setup of Fig. 1. The dual-mddd23]. the following parameter values were selected: Spiral
antenna configurations are paired as DCC 1 and back spiral (§RStant’ = 0.032 cm, strip widthw = 0.6 mm, substrate
design), and DCC 2 and front spiral (new design), respectivelicknessd = 0.8 mm, permittivity ¢, = 2.53 (back spiral)

In order to accommodate the front surface spiral, the néfpders = 77 (front spiral), and antenna diamet®r= 28 mm.
dual-mode antenna design of Fig. 1 reveals important change&n though no attempts were made to optimize the designs
in the planar DCC antenna structure as well. In all previol4th respect to antenna efficiency, the matching properties (re-
work with DCC antennas, the inner and outer conductors wek{N l0sses) were measured to be better a0 dB (data not
contained in the same plane. However, in Fig. 1, the 2.5-mtAoWn) in the operating bandwidth from 1 to 4 GHz.

inner conducting rim is formed in the microstrip feedline layer
(layer 3) rather than in the same plane as the outer condudtor
ground layer (layer 2). While not drawn to scale in the illustra- Radiated field distributions of the transmit-and-receive
tion, the three lower conducting layers are separated by 0.8-ramtennas were measured in a dissipative medium consisting
dielectric substrates whereas the two upper conducting layefsa 6-g/L saline solution. A computer controlled stepper
are formed on opposite walls of the 5—-10-mm-thick water bolusiotor based 3 axis scanning system was used to scan a passive
The structures are connected electrically to microwave equiponopole probe through the phantom in order to mafield

ment by right angle SMA connectors placed conveniently alomtjstributions as a function of space (0.5-mm precision) and
one edge of the PCB with ground connections to layer 2 and tlhequency (205-MHz increments) in the frequency range from
center pins connected to the microstrip feedlines of layer 3. RBO to 5000 MHz. The probe was simply constructed [24] from
connections to the spirals are obtained using straight jack SMArigid coaxial cable (RG-141/U). The coax inner conductor,

Power Deposition Pattern Measurements
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Fig. 2. Experimental setup used in temperature profile measurements. Phantom: TX-150.

covered by a polyethylene dielectric, extends approximatelplume. For correlation with radiometric measurements, “true”
10 mm (0.7 to 3.8 A in phantom for the frequency ROI) 1-D depth profiles were established by means of 6 thermistor
beyond the end of the outer conductor to form a monopagteobes located in the upper 5 cm of the phantom. One additional
sensor. Furthermore, the coupled signal from the probe whsrmistor probe was placed in the circulating bolus liquid
fed to a homodyne (phase and amplitude) detection systgteionized water) to monitor temperature of this closed system.
The sensor configuration provided a spatial resolution of 2 mRadiometric measurements of the load brightness temperature
perpendicular and 10 mm along the axis of the monopolegre obtained for six independent frequency bands—each with
respectively. By rotating the probe 9Qo three orthogonal an integration bandwidth of 500 MHz. The center frequencies
positions, a mapping of thé’,.-(radial), Fs-(angular), and were 1.25, 1.75, 2.25, 2.75, 3.25, 3.75 GHz. In each band, the
E_-field (in depth) components was obtained in three sequadiometer output was sampled at a rate of 5 Hz over a 40-s
tial procedures. For each scan, the initial starting point féme interval, giving 200 samples for further data processing
the center of the monopole was repeatable withih5 mm and statistical evaluation. The accuracy of derived temperature
and £0.5°. The cross-polarization damping of the probe wasrofiles was compared for three different cases using: 1) all six
determined to be-23 dB. Power deposition distributions werdrequency bands; 2) three frequency bands centered at 1.25,
measured in the plane parallel to the applicator surface 1a¥5, and 2.25 GHz; and 3) two frequency bands centered at

z = 1-cm depth in phantom. 1.25 and 2.25 GHz.

In order to prevent standing wave effects between the emitted
C. Radiometric Temperature Measurements and phantom black body radiation and the thermistor probes, data
Instrumentation were recorded initially for the front spiral in the setup of Fig. 2.

. . ) .The antenna structure was then rotated°1i80the horizontal
Fig. 2 depicts the temperature measurement conflgurat\gn

considered in the present study. A solid TX-150 muscle equi v—) plane. Rgdmmetnc d.‘"‘ta for the back spiral were t_h(_an gen
o . erated, assuming that the insulated wall phantom exhibits sym-

lent phantom load with: 20 crm 20 cm cross section and 9-cm : . .

etric temperature distributions about the line of symmetry.

height was placed on top of a heating element with controllabrl'é_l_he Dicke null-balancing radiometer prototype used in the

temperature. The four sidewalls, of highly conducting material . : . . .
pe . ghly cona 9 . _experiments has been described in the literature previously [18].
(aluminum), were thermally insulated to minimize convectio

and radiation heat loss. Furthermore, the phantom structure vlaaoélv ever, to improve the overall system performance (bright-

. - ._Ness temperature resolution) substantially, the two original cas-
fopped with the 1816 cnt antenna array shown in Fig. 1. Thlsc%jed front end low-noise amplifiers (LNAs) were replaced by

arrangement allowed measurements of load temperature wi . o N
the radiometric probe antenna either placed directly onto tﬁew devices specified to have a noise figure as low as 0.89-1.1
E over the 1-4-GHz band. With a detector integration time of

load (front spiral), or coupled to the load through a 5-10-m . . ; ,
water bolus (back spiral). The lateral (transverse) temperaturg' and mtegratl_on E?ndW'dth 0f 500 MHz, the brightness tem-
ature resolution;. was measured to vary from 0.08C—

gradient was measured to be small compared to variations o
tem ; : 0,256 °C.
perature with depth in the phantom. Hence, the temperattr
distribution below the antenna could be considered plane-par-
allel at least within the radiometrically contributing phantom Miteq Corporation, Hauppauge, NY 11788, USA.
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D. Radiometric Theory and Adaptation Scheme where {T](;)} is a set of single measured samples of the ra-

Microwave radiometry used for noninvasive thermometry Giometer output. Herey,, refers to the number of selected mea-
living tissue is often given the notation “microwave thermogUrément bands. In practice < N, < Nyax WhereM is
raphy.” The sensing technique is short-range and based Ontfppenumber of independent parameters in the temperature pro-
detection of electromagnetic thermal noise emitted by sub-sfj{¢ M0del andN ;... the maximum number of nonoverlapping
face biological tissue. A microwave sensor connected to a radfiauency bands. By the useapriori knowledge on the tem-
metric receiver measures an effective (brightness) temperatBfgature distribution in depth, it is possible to improve the pre-
determined from the weighted volumetric average of tempegSion of temperature estimation in (4), however, at the expense
ture within the sense volume. This average is spatially weight@higenerality of the numerical solution. For the heated phantom
due to a frequency dependent attenuation of the radiation fR9d€! in Fig. 2, an adequate and relatively simple model func-
tensity from every given observation point inside the body arftp" adopted in the reported work may be expressed

the microwave sensor at the surface. Defirilf{g) as being the
. X ) T(z) =Tp + AT -log(1 2 0<2z<zmax (5
physical temperature of the object at painthe apparent tem- (2) o+t og(1 + az), =F=7 ©)

perature observed from outside is denoted brightness tempgygiereT;, is the temperature at the water bolus-phantom inter-

tureT’s,, ., and given by the radiometric equation [19] face and AT, a] govern the curvature and steepness of the tem-
‘ perature profile.
1y =49 [ WO, NT()aV ++OTgxr + Tinr Now, define the error function (mean square deviation)
‘ e Mo
whereW is a weighting function defined over a volurig f (T, AT, ) = Z (T,(;) - Tg)) . (6)
is the frequencydV is an infinitesimal medium volume at po- Pl

sitionr, v is the antenna efficienc¥rx is the external picked , . . .
up interference, andiyy is the noise produced internally in theW'thOUt loss of generality, we assume thgtis known (can be

radiometer electronics. The superscrigtitidicates that radio- found by d|re_ct contact thermocouple,_therm|stor, or fiber-optic
. : . rabes) leaving\7’ and« to be determined.

metric observations can be made over different frequency bamd et G be defined as the gradient of the error funclio —

A f* whereas the subscripiriod” signifies that this is a signal g .

model. Furthermorel is a nonnegative function normalizedVE’ gndql ~ (AT’. C.)‘)' By using a series expansion of the
according to [26] gradientG and requiring that it equals zero, we get

‘ Ve(P*) = G(P") = G(P) + VG(P)(T* —P) =0 (7)
W@ (r, fdV =1. (2)
v from which the optimum model parameters can be found by
Note that the quotient between the first term in (1) and the lat@®!ving
two terms describing observed noise effects, is related to the
signal-to-noise ratio of the observation points.
Utilizing (2) in (1), 4' were determined by heating thewherer(; ; = 9%/, 01; is the Hessian matrix. Equation (8)
phantom volume in two steps to constant, homogeneous tggds to the iterative adaptation algorithm
peraturesl’(r) = 10 and 20°C above an initial temperature
and recording\7%; at 6 selected frequency bands. In this case, U, 1 =%, —uH Ve, (9)

Ty and the assumed knowi(r) are linearly related through _
~. Furthermore, for the phantom in Fig. 2 we adopt a 1-With 4 introduced as a convergence parameter to control sta-

U =¥ - H Ve (8)

weighting function model of type bility and 1 is the iteration step. . _
Recalling the definitions of the error function and Hessian
W(i)( ) = L exp (_ o ) 3) ma_trix, an adaptive pr(_)ceqlure was derived fo_r statistical eval-

d® d@ uation of the 200 realizations of for both spiral antennas

whered is the upper theoretical power penetration depth givéﬁ N9 dlfferen.t phan_tom model temperature profiles Afd=
by d? = (1/0®)\/e@ /o with o and® being the fre- ,3, and radiometric bands.

guency dependent conductivity and permittivity of the sensing
volume, respectively; angd, the free-space permeability. Ob-
viously, since a 3-D problem is represented by a 1-D model,Fig. 3 shows the measured 2-D power deposition patterns
d® must be regarded as the “effective sensing depth” taki§AR) 1-cm deep in phantom for the DCC 1 antenna di-
both medium loss and antenna diffraction effects into accoungctly coupled to the phantom surface (no bolus). The DCC
d® were determined experimentally using a method outlined amtenna is dimensioned to produce a large EFS (area greater

Ill. RESULTS

[25]. than or equal to 50% SAR.) at 915 MHz. We note a
_ _ broad central plateau between 50% and 75% of maximum
E. Signal Processing SAR and a peripherally enhanced four corner peak heating
We wish to solve (1) with the constraints that pattern. At 2450 MHz, the SAR pattern is more peaky and

‘ » exhibits a significantly smaller EFS, unsuitable for uniform
T,(;‘iod ~ T,(;), fori=1,2,..., NV, (4) heating since the aperture is physically too large compared
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Fig.3. Powerdeposition patterns in 1-cm deep plane for DCC 1 aperture usiig. 4. Power deposition patterns in 1-cm deep plane for back Archimedean
no coupling bolus at both 915 MHz (upper panel) and 2450 MHz (lower panedpiral using no coupling bolus at both 915 MHz (upper panel) and 3770 MHz
(lower panel).

to the corresponding lossy medium wavelength. In contrast,
the direct coupled broad-band Archimedean spiral produces aAfter adaptive signal processing of data using (1) and (4),
centrally peaked radiation pattern that narrows (but retains itee corresponding estimated depth temperature profiles are
central peak) at higher frequencies as seen in Fig. 4. Figsiown in Fig. 8. We note that the mean temperature profiles
(upper left panel) shows a representative SAR pattern for tfdashed lines) are biased slightly downwards from the true
back spiral radiating into phantom through a 5-mm watg@hantom temperatures (solid lines), though the error increases
bolus below its critical frequency which was determined t® a maximum of only-0.1 °C at 5-cm depth for both 1.5C
be 1700 MHz. We observe a progressively worse dampiagd 3 °C gradients. In addition, the 68% confidence intervals
and attenuation of the central peak at frequencies abowe quite tight, spreading to onl0.2 °C at a depth of
1700 MHz, splitting into a broader multi-peaked distributio® cm for this front mounted spiral in direct contact with the
(upper right panel). The front spiral exhibits a correspondirghantom load.
critical frequency of 2450 MHz, with similar perturbation To compare overall performance of the back and front spiral
of the central Gaussian patterns above that frequency (loveetennas as radiometric probes, the temperature accatacy
right panel). and biasB = T — (1%, where ¢ )" is the mean operator, were
Fig. 6 depicts the SAR patterns for both DCC antenna coestablished using two, three, and six frequency band charac-
figurations at 915 MHz when radiating through 5-mm (uppederizations. Fig. 9 summarizes these performance indices. The
panel) and 10-mm (lower panel) water bolus layers. Of partifront spiral performs quite acceptably with an accuracy of better
ular note is that the peripherally enhanced four corner peak pttan+0.32°C for both profiles given that at least three bands
tern of the direct coupled DCC apertures (Fig. 3, upper paneldee used. The bias absolute value is less than@1ifor the
increasingly distorted and skewed toward the center of the dhree- and six-band measurements. As a direct consequence of a
tenna array as bolus thickness increases. Fig. 7 shows a typsradller signal-to-noise ratio, the back spiral exhibits somewhat
example of brightness temperatures obtained from radiometiess accuracy of=0.4 to+0.6 °C for the six- and two-band
measurements of two different phantom temperature profileketerminations, respectively. The bias is relatively small for six
at 6 nonoverlapping frequency bands, using the front spiral dmands &—0.1°C), but increases te-0.2 to—0.3°C for fewer
tenna configuration. bands.
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Fig. 5. Same as Fig. 4 for spiral antennas illuminating the phantom through a 5-mm deionized water bolus. Upper panels: back spiral, lowertpiedt: fron
(a) 1310 MHz. (b) 2540 MHz. (c) 1925 MHz. (d) 3155 MHz

IV. DISCUSSION negative functional that embeds prior information. This scheme,
which often is denoted a Tikhonov approach [33], comprises
Single and multiple frequency radiometry have been préwo terms in which the first is the standard error term as in (6),
posed for accurate, noninvasive retrieval of predictably shapgdd the second is a regularizing term that induces smoothness
temperature distributions [27], [28]. Another possible schemgto the adaptive algorithm. Since both the input and output
is to use different sized antennas and utilize the fact th@émains in the mapping fror(z) — T(Z already are lim-
diffraction effects (and, hence, weighting functions) vary witited in range by the smooth parametnc temperature profile in
the lateral dimension of the antenna [29], [30]. (5), we have chosenot to incorporate further regularization
Radiometry can in principle be applied to derive fine-struaf the problem by a Tikhonov approach. However, as the in-
ture temperature variations in space and time, provided thaksion problem increases in complexity (temperature mapping
a sufficient amount of data (different antenna positions amgla 3-D heterogeneous medium) this generalization might be
sampling frequencies) are available. However, radiometii@perative.
data are usually sparse (2-6 samples) and highly contaminate®the desired temperature accuracy (resolution) of invasive
with noise. Hence, the inverse probleﬁi() — T(z), is thermometry for superficial hyperthermia has been defined
ill-conditioned (prone to exhibit large variability) and useaf previously ast0.2°C [34], [35]. For noninvasive thermometry,
priori knowledge has been suggested as a basis for paramedriche other hand, consensus has not yet been obtained on the
modeling of temperature profiles with a reduced number eéquired accuracy, due to the evolving technology and limited
unknown variables [31], [32]. clinical use today of such thermometry. It is quite reasonable
The adaptation problem formulated in (6) was solved byta expect that the desired accuracy of noninvasive temperature
method of steepest descent. Closer investigation of the ernsreasurement will be less stringent (perhaps on the order of
performance surface shows several local minima of this fung5 °C-1.0 °C) since the reading represents a volumetric
tion that yield approximately the same performance (data figverage value of spatially varying temperatures. The accuracy
Curve fitting problems in a multi-dimensional space can also loé¢ tissue temperatures measured noninvasively in lossy media
solved by a method calleggularization of ill-posed problems by the radiometric technique is inversely proportional to the
where the basic idea is to stabilize the solution by a selected neansing depth. At the same time, the sensing principle is
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Fig. 6. Same as Fig. 3 for both DCC antennas scanned at 915 MHz using 5-mm and 10-mm deionized water boli. Right panels: DCC 1, left panels: DCC 2, upper
panels: 5-mm bolus, lower panels: 10-mm bolus.

L AR bandwidth; 8) recording time (output filter bandwidth); 9)

' : : : 5 number of independent measurements (radiometer frequency
bands); and 10) bolus versus radiometric signal interference
(thickness, signal loss, reflections, back and front layer
impedance mismatch). In this paper, the latter two items are
focused on. If we compare the power deposition patterns of the
investigated antennas with the more symmetric “control” scans
obtained when the bolus is removed, a number of eye-catching
features are apparent. Firstly, we observe a splitting of the
central peak above the critical frequency of 1700 MHz for the
back spiral radiating through the 5-mm water bolus. Gelvich
and Mazokhin [36] discuss oscillation modes and resonance
effects induced in the water bolus layers and how they influence
SAR patterns. One of their main findings is that there exists a

o o -
> o o

DIFFERENTIAL BRIGHTNESS TEMP [°C]
o
KN

TS0 100 L L I I L T I Y L A A I

1.0 15 20 25 30 35 40 minimum critical bolus thicknessif) above which resonance

FREQUENCY [GHz] effects can be induced. To first ordéy,is dependent primarily

Fig. 7. Measured increase in brightness temperature above initial steady s?e{?ethe medium proper_tl_es and Slgnal frequency‘ However,_ to
values.or,,: standard deviatione]: T average value, (—): true brightnesshigher orders also additional resonance modes may be excited.
temperature. These are a direct function of the bolus dimensions.

Typical effects on the power deposition patterns are damping
influenced by a number of factors including: 1) brightnessf the SAR centrally and increasing asymmetry when the bolus
temperature minimum resolution; 2) external electromagnetliickness exceeds.. This feature is seen in Fig. 6 for the DCC
interference from other sources; 3) antenna size (lateral spanfigurations. With a distance of only 2.2 cm from the antenna
tial resolution versus sensing depth); 4) antenna efficienqyeriphery to the bolus edge, it is likely that energy can be con-
5) antenna bandwidth and medium matching propertiestructively or destructively focused in this peripheral region as
6) cable loss (diameter and length); 7) radiometer integratidiscussed by [36]. Additional distortion and SAR asymmetry
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already been documented however that printed circuit board mi-
crostrip antennas can convert a principal fraction of fed power
into surface waves at a poorly matched antenna-medium inter-
face. Coupling of power to surface waves has been reported
to contribute to losses in coplanar waveguide and stripline an-
tennas [37]. The substrate thicknésand permittivitye,. should
. be chosen such that /e, < 0.12)y, where), is the free-space
AAAAAA wavelength, to prevent excitation of surface waves [38]. With
] h = 5 mm ande, = 77, frequencies above 58 MHz will in-
duce such effects. Hence, operating from 900 to 5000 MHz, it is
likely that surface wave modes are responsible for the observed
! ] interference in power deposition patterns from the front spiral
! . ] high-permittivity thick substrate design. Although SAR pertur-
: i b, ] bations are present in a wide band (1700-5000 MHz), these ef-
0 10 DEP%% [m%% 40 50 fects do not seem to be detrimental to the radiometric perfor-
mance of the antenna as observed in Figs. 8 and 9.

Fig.8. Estimated depth temperature profiles based on data in Feg ifitial) When discussing the performance of microwave radiometry
and 6): thermistor based temperature measureménts - ): average ofZ, applied as a noninvasive thermometry scheme, two pertinent
(oo ): one standard deviation, (—): LMS fit to thermistor values. quantities are the statistical spread and bias of the estimated,

o e o oo compared to actual, temperature profiles. Fig. 9 summarizes
oo these features for the two different antenna configurations that
were investigated in this work. Overall, the spiral placed flush to
the heated medium performs significantly better than the back
spiral sensing through the water bolus. This is to be expexted
priori since the signal-to-noise ratio is a factor of two larger for
the contact probe. As also may be anticipated from a statistical
evaluation of the least-mean-square (LMS) fit problem, fewer
measurement bands introduce larger variations and instabilities
in the adaptation algorithm. For the back spiral, two frequency
band case, well-considered initial parameter guesses were re-
quired to assure stability in the iterative inversion algorithm. For
the front spiral, six frequency band case, the steepest-descent
algorithm converges very fast in fewer iteration steps (10—-20)
to parameter values very close to the actual ones. While these
tests showed marginally acceptable accuracy for two bands in a
homogeneous phantom with essentially a 1-D temperature gra-
dient, clinical measurements of 3-D temperature distributions in
a heterogeneous medium will likely exhibit larger errors. This
may require at least three or maybe as many as six band ra-
pram—— diometry to obtain sufficient 1-D profile temperature accuracy

to depths of 5 cm in lossy tissue.

[ BOLUS TX-150 PHANTOM

LMS FIT TO
THERMISTORS

<T>

DIFFERENTIAL TEMP T(2)~TgoL [°C]

|
o
o

BIAS: <T> ~ Tymyer [°C]
o

—-0.2}

-0.3

ACCURACY [°C]

20 30 4‘0 50 o o] 20 30
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(c) (d)

Fig. 9. Statistical bias and accuracy of radiometric temperature estimator in

two temperature profiles using direct and 5-mm bolus coupled spiral sense V. CONCLUSIONS

antennas. Thick lines: first profile, thin lines: second profile, (— ): six bands, . . .

(oeeee ): three bands( - - - ): two bands. (a), (c) Back spiral. (b), (d) Front In this paper, we introduce a dual-mode microwave

spiral. transceiving antenna design for simultaneous heating and
noninvasive thermometry of superficial tumors. The design
may result from interference between the radiating DCC apés- conceptually different from previous designs in that the
ture and spiral copper trace. These latter two effects are fortamperature sensing antenna and heating antenna are placed
nately minor for the 5-mm bolus and do not hamper use of thi&; opposite sides of the water bolus, with the former in
proposed antenna structure for heating and radiometry purposi®ct contact with the medium. This approach increases the
However, for the 10-mm bolus, the situation is worse, with emadiometric signal sensitivity by approximately a factor of
hanced SAR centrally and further skewed radiation pattertao. A comparison of the performance of this design to a
The configuration with a front surface mounted spiral placadore conventional realization, where both antenna elements
flush against the medium is significantly different. In this casare placed concentrically in one plane on the back surface of
(see Fig. 5), the damped central region of SAR nahbe ex- the coupling bolus, shows that the temperature accuracy can
plained by volume or standing wave oscillations in the watdée improved from typically+0.4 °C to £0.2 °C at 5-cm
bolus since the spiral is in direct contact with the medium. It hakepth in phantom when six independent frequency bands are
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used in the temperature inversion algorithm. The second part3]
of the investigation included determination of the transceiving
antenna power deposition patterns. Data indicate that SAR
patterns are only marginally perturbed by the presence of g4
narrow spiral copper trace placed in the central area of the DCC
heating aperture, whether on the back or front surface of bolu%LS]
Spurious volume and surface standing wave oscillations in the
water bolus layer appear to be of greater importance, producing
significant perturbation of the SAR when thick-{0 mm) [16]
bolus layers are used. When the bolus thickness is reduced to

5 mm or less, the power deposition patterns of DCC antennas

are essentially unperturbed relative to the direct coupled casem]

With animproved accuracy of temperature detection and min-
imal perturbations of heating antenna SAR patterns, the frorLtlsl
surface mounted spiral Dual-Mode antenna introduced in thi
work has the potential to represent a nearly ideal building block
element of large-area array applicators for combined heating®]
and multifrequency radiometry.

[20]
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