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(57) ABSTRACT 

A miniature microwave antenna is disclosed which may be 
utilized for biomedical applications such as, for example, 
radiation induced hyperthermia through catheter systems. 
One feature of the antenna is that it possesses azimuthal 
directionality despite its small size. This directionality per- 
mits targeting of certain tissues while limiting thermal expo- 
sure of adjacent tissue. One embodiment has an outer diam- 
eter of about 0.095” (2.4 mm) but the design permits for 
smaller diameters. 

20 Claims, 11 Drawing Sheets 
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DIRECTIONAL MICROWAVE APPLICATOR 
AND METHODS 

ORIGIN OF THE INVENTION 

U.S. Pat. No. 4,3 11,154, issued Jan. 19, 1982, to Sterzer et 
a1 discloses an apparatus that uses microwave energy for the 
therapeutic and hyperthermic treatment of an internal body 
organ such as the prostate gland. An irregularly shaped 
coaxial applicator having a narrow portion and a wide portion 
is inserted through the male anus into the rectum such that a 
substantially maximum intensity of the miCrowave energy 
irradiates the prostrate gland for preferential heating of the 
prostate gland and a substantially minimum intensity irradi- 
ates untreated tissue. Temperature sensing means are posi- 
tioned on the periphery of the applicator to measure the tissue 
environment irradiated by the microwave energy. A control- 
ler, operating with the temperature sensing means, is pro- 
vided to maintain the temperature of the tissue environment 

U S .  Pat. No. 4601,296, issued Jul. 22, 1986, to 
Yerushalmi, discloses an apparatus for hyperthermic treat- 
ment of tumors comprising a Probe insertable into a body 
cavity in the vicinity of a tumor to be treated, the probe 

2. Description of Prior Art including a radiation emitting antenna and a conduit system 
~i~~~~~~~~ are utilized in various medical treatments, 20 for the passage of a cooling fluid adjacent the outer surface 

one possible example, microwave ablation therapy may be thereoffor cooling oftissue lying adjacent the Probe. 
utilized to treat damaged heart tissues or other tissues con- U S .  Pat. No. 4,776,086, issued Oct. 11, 1988, to Kasevich 
taining malignant or harmful cells. During microwave &la- et al., discloses a microwave collinear antenna array applica- 
tion treatments, the damaged tissue to be ablated may be tor for in situ or in vivo treatment of tumors andor other 
located in one azimuthal direction with respect to the antenna 25 materials by hyperthermia. The array consists of a plurality of 
whereas healthy tissue may be positioned in another azi- harmonically related resonant coaxial antenna elements con- 
muthal direction with respect to the antenna. It may often be nected electrically in series to provide uniform heating along 
desirable to ablate the damaged tissue by producing therein the entire length of the array. At the distal end of the array, a 
an increase in temperature while simultaneously limiting the resistor may be provided at the inner conductor for steering 
increase in temperature in the healthy tissue. 3o the heating pattern. At the proximal end of the array, an 

Antenna directionality implies a focusing of energy. impedance matching dielectric structure is provided to enable 
Higher antenna directionality or focusing generally requires a maximum power transfer to the array and to minimize stray 
larger size antenna due to the need to provide antenna focus- leakage currents along the outside ofthe coaxial transmission 
ing elements or means. Non-limiting examples of focusing line. The array may be made longer or shorter without chang- 
elements may comprise parasitic andor active antenna ele- ing frequency and therefore, depth of penetration by simply 
merits, reflectors, directors, and the like. Within the small 35 adding or subtracting half-wave resonant elements or sections 
confines of a small diameter catheter or a syringe, there is of coaxial transmission line. A lossy sleeve member may be 
seldom sufficient room for an aperture large enough to pro- provided around the applicator to provide a localized source 
vide antenna directionality. of heat. 

Several variations of monopole antennas have been used in U.S. Pat. No. 5,026,959, issued Jun. 25, 1991, to Ito et al., 
the prior art for supplying RF or microwave frequency elec- 40 discloses an invention that relates to a microwave radiator for 
tromagnetic radiation in medical applications, often through warming therapy inserted into a human body to cure focuses 
the use of a catheter. These antennas typically have the prop- of the body such as tumors. It has a first and second high- 
erty that radiation around the antenna (azimuthal radiation) is frequency coaxial cable. The second high-frequency coaxial 
fairly symmetric. This can be disadvantageous in many cable has an inner conductor and a plurality of ring conduc- 
instances, as discussed above, in which directionality is pre- 45 tors disposed at the outer periphery of the inner conductor via 
ferred in order to protect tissue on one side of the antenna a dielectric. The second high-frequency coaxial cable is 
while supplying energy to the opposite side. inserted into the focuses of the body, and warming therapy 

In some prior art applications, a catheter-based antenna has can be conducted using radiated electromagnetic waves. 
been routed to an organ wherein sufficient interior space is U.S. Pat. No. 5,151,100, issued Sep. 29, 1992, to Abele et 
available that permits expansion of the antenna. The antenna 50 al., discloses a catheter device and method for heating tissue. 
expands in order to increase the aperture size of the antenna, The device has a catheter shaft constructed for insertion into 
and hence, the directivity, e.g., Gu, Z., Rappaport, M., Wang, a patient’s body, and at least one chamber mounted on the 
P. J., andVanderBrink, B. A., “Development and experimen- catheter shaft. The catheter shaft has at least one lumen for 
tal verification of the wide-aperture catheter-based micro- fluid flow through the shaft. The chambers are defined by 
wave cardiac ablation antenna”, IEEE Trans. On Microwave 55 walls that are at least in part expandable. Fluid flows, through 
Theory and Techniques, ~ 0 1 .  48, November 2000). Accord- the lumens, between the chambers and a fluid source outside 
ingly, these antennas are limited to use in special regions of the body. The chambers can be filled with the fluid after they 
the body. have been placed within the body. A heating device heats 

The following patents disclose prior art efforts related to liquid within at least one of the chambers, so that heat is 
the above-described andor other problems and studies: transmitted from the liquid to surrounding tissue by thermal 

U.S. Pat. No. 4,204,549, issued May 27,1980, to Paglione 6o conduction through the wall of the chamber. Means are pro- 
discloses an apparatus for hyperthermia treatment that pro- vided for selectively directing heat transmission toward a 
vides transmission of microwave energy for irradiation of selected portion of surrounding tissue. The chambers are 
tissues and simultaneous and concurrent and continuous mea- fillable with fluid separately from each other, so that the 
surement ofthe temperature ofthe heated tissues at the site of chambers can occupy any of a plurality of possible total 
the treatment. The microwave energy is supplied to the site of 65 volumes. By selecting the total volume of chambers, com- 
treated tissue by a coaxial applicator, which is positionednear pression of the tissue can be controlled, and hence the effec- 
the tissue. tiveness of transfer of heat to the tissue can be controlled. 

ne invention described herein was made in the perfor- 
mance of work under a NASA contract and is subject to the 
provisions of Section 305 of the National Aeronautics and 
space Act of 1958, public L~~ 85-568 (72 Stat, 435; 42 
U.S.C. 2457). 10 . 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates generally to microwave 15 within a desired temperature range. 

antennas and, more specifically, to a miniaturized directional 
microwave antenna for microwave therapy purposes that is 
highly suitable for use in catheters or syringes where limited 
space is available. 
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According to the method, the catheter device is used to heat depths sufficient for thermally ablating arrhythmogenic car- 
tissue from within a duct in a patient’s body. The chambers diac tissue to treat ventricular tachycardia and other arrhyth- 
are inserted into the duct and filled with fluid. Liquid is heated mias while preventing excessive heating of surrounding tis- 
within at least one of the chambers, and heat is selectively sues, organs, and blood. A wide bandwidth double-disk 
directed toward a selected portion of surrounding tissue. antenna is effective for this purpose over a bandwidth of about 

U.S. Pat. No. 5,314,466, issued May 24, 1994, to Stern et six gigahertz. A computer simulation provides initial screen- 
al., discloses an assembly for steering and orienting a func- ing capabilities for an antenna such as operating frequency, 
tional element at the distal end of a catheter tube that holds the power level, and power application duration. The simulation 
functional element with its major axis aligned with the axis of also allows optimization of techniques for specific patients or 
the catheter tube for convenient steering to a tissue site. The conditions. In operation, microwave energy between about 1 
mechanism can also pivot the functional element in response gigahertz and about 12 gigahertz is applied to monopole 
to an external force to orient the major axis of the functional microwave radiator having a surface wave limiter. A test setup 
element generally parallel to the plane of the tissue site, provides physical testing ofmicrowave radiators to determine 
without bending the catheter tube. the temperature profile created in actual heart tissue or ersatz 

U.S. Pat. No. 5,323,778, issued Jun. 28, 1994, to Kandarpa heart tissue. Saline solutionpumpedover the heart tissue with 
et al., discloses amethodfor imaging andheating body tissues l5 a peristaltic pump simulates blood flow. Optical temperature 
with one probe, through use ofa magnetic resonance imaging sensors disposed at various tissue depths within the heart 
radio frequency source. The device may also be configured tissue detect the temperature profile without creating any 
with a thermocouple to provide temperature-controlled heat electromagnetic interference. The method may be used to 
therapy with sufficient image definition to control that produce a desired temperature profile in other body tissues 
therapy. 

U.S. Pat. No. 5,370,644, issued Dec. 6, 1994, to Langberg, U.S. Pat. No. 6,245,062, issued Jun. 12,2001, to Berube et 
discloses a cardiac ablation apparatus including a solenoidal al., discloses a directional reflective shield assembly for a 
antenna, monitoring electrodes, and a coupling network at a microwave ablation instrument having an antenna coupled to 
distal end of a catheter transmission line, and another cou- a transmission line. The antenna is formed to generate an 
pling network at the proximal endofthe cathetertransmission 25 electric field sufficiently strong to cause tissue ablation. The 
line to connect the catheter to the source of radiofrequency shield assembly includes a cradle device disposed about the 
(RF) power and to an intracardiac electrogram monitor. Sole- antenna in a manner substantially shielding a surrounding 
noidal antenna design includes single and multiple windings area of the antenna from the electric field radially generated 
with varying geometrical features. Plated plastic tri-axial therefrom. The cradle device further provides a window por- 
design of a transmission line offers unitary fabrication. A 3o tion communicating with the antenna which is strategically 
catheter with variable impedance electrode and gap coatings located relative the antenna to direct a majority of the field 
has features useful for both ablation and for hyperthermia generally in a predetermined direction. 
applications. U.S. Pat. No. 6,289,249, issued Sep. 11, 2001, and other 

U.S. Pat. No. 5,694,134, issued Dec. 2, 1997, to Barnes, patents, to Arndt et al., disclose an exemplary method, simu- 
relates to a phased array antenna for microwave and millime- 35 lation, and apparatus that are highly suitable for treatment of 
ter wave applications, using either microstrip line, coplanar benign prostatic hyperplasia (BPH). A catheter is disclosed 
waveguide, or other construction techniques incorporating a that includes a small diameter disk loaded monopole antenna 
solid dielectric transmission line. A continuously variable surrounded by fusion material having a high heat of fusion 
phase delay structure which is used to control the beam pat- and a melting point preferably at or near body temperature. 
tern of the phased array antenna can be applied to the con- Microwaves from the antenna heat prostatic tissue to promote 
struction of resonant frequency tunable coplanar waveguide 40 necrosing of the prostatic tissue that relieves the pressure of 
antennas and impedance tunable quarter-wave transformers. the prostatic tissue against the urethra as the body reabsorbs 
A thin film of barium strontium titanate or other nonlinear the necrosed or dead tissue. The fusion material keeps the 
material is depositedupon the coplanar waveguide, andor the urethra cool by means of the heat of fusion of the fusion 
patch antenna element. The dielectric constant of the thin film material. This prevents damage to the urethra while the pro- 
can be made to vary significantly by applying a DC voltage to 45 static tissue is necrosed. A computer simulation is provided 
the thin film. The propagation constant of a transmission line that can be used to predict the resulting temperature profile 
is directly proportional to the square root of the effective produced in the prostatic tissue. By changing the various 
dielectric constant (assuming a lossless dielectric). In an array control features of the catheter and method of applying 
of multiple antenna elements provided with the feed structure microwave energy a temperature profile can be predicted and 
using the disclosed transmission lines, the direction of the 5o produced that is similar to the temperature profile desired for 
resultant main beam of the array can be made to vary over a the particular patient. 
complete half-sPhere With only two adjustable DC voltages U.S. Pat. No. 6,383,182, issued May 7,2002, to Berube et 
applied to the dielectric thin films. al., discloses a directional ablation instrument for ablation of 

US.  Pat. No. 5,843,144, issued Dec. 1, 1998, to Rudie et a targeted tissue. The instrument includes a transmission line 
al., discloses a method for treating an individual with diseased 55 having a proximal portion suitable for connection to an elec- 
prostatic tissue, such as benign prostatic hyperplasia, tromagnetic energy source, and an elongated antenna device 
includes inserting a catheter into a urethra to position a micro- having a longitudinal axis and an end coupled to the trans- 
wave antenna located within the catheter adjacent a prostatic mission line. The antenna is adapted to generate an electric 
region of the urethra. A microwave antenna is then driven field sufficiently strong to cause tissue ablation ofthe targeted 
within a power range for applying microwave energy substan- tissue. An elongated support assembly includes a central axis, 
tially continuously to prostatic tissue to heat the prostatic 6o and an ablation surface extending longitudinally along an 
tissue surrounding the microwave antenna at a temperature exterior surface portion of the support assembly. The support 
and for a time period sufficient to cause necrosis of the pro- assembly is configured to receive the antenna device in the 
static tissue. ablation surface such that the longitudinal axis of the antenna 

U.S. Pat. No. 5,904,709, issued May 18, 1999, and other device is off-set from the support assembly central axis. Fur- 
patents, to Arndt et al., disclose an exemplary method and 65 ther, the antenna device is oriented toward the surface portion 
apparatus for propagating microwave energy into heart tis- for positioning of the antenna device substantially adjacent to 
sues to produce a desired temperature profile therein at tissue or in contact with the targeted tissue during operable use. 

20 reachable by catheter such as tumors and the like. 
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U.S. Pat. No. 6,527,768, issued Mar. 4, 2003, to Berube 
discloses a microwave ablation instrument including a trans- 
mission line having a first conductor and a second conductor 
suitable for the transmission of microwave energy. A horn 
antenna device is mounted to the end of the transmission line, 
and include an outer conductor and an inner conductor. The 
outer conductor of the horn antenna is electrically coupled to 
the second conductor of the transmission line, and includes a 
peripherally extending interior wall flaring outwardly to 
define a recess therein. The inner conductor of the horn 
antenna is electrically coupled to the first conductor of the 
transmission line and terminates in the outer conductor 
recess. The inner conductor and the outer conductor cooper- 
ate to emit an electromagnetic field sufficiently strong to 
cause tissue ablation in a direction generally away from the 
flared interior wall of the outer conductor. 

U.S. Pat, NO. 6,496,736, issuedDec, 17,2002, to Carl et al,, 
discloses an exemplary method and apparatus to treat athero- 
sclerosis wherein the artery is partially closed by dilating the 
artery while preserving the vital and sensitive endothelial 
layer thereof. Microwave energy having a frequency from 3 20 
GHz to 300 GHz may be propagated into the arterial wall to 
produce a desired temperature profile therein at tissue depths An object of the present invention is to provide an 
sufficient for thermally necrosing connective tissue and soft- improved apparatus and method for miniature microwave 
ening fatty and waxy plaque while limiting heating of sur- antennas. 
rounding tissues including the endothelial layer andor other 25 Yet another objective of the present invention is to provide 
healthy tissue, organs, and blood. The heating period for a miniaturized directional microwave antenna. 
raising the temperature a potentially desiredamount, about 20 Any listed objects, features, and advantages are not 
degrees Centigrade, within the atherosclerotic lesion may be intended to limit the invention or claims in any conceivable 
less than about one second. In one embodiment of the inven- manner but are intended merely to be informative of some of 
tion, a radically beveled waveguide antenna is used to deliver 3o the objects, features, and advantages of the present invention. 
microwave energy at frequencies from 25 GHz or 30 GHz to In fact, these and yet other objects, features, and advantages 
about 300 GHz and is focused towards a particular radial ofthe present invention will become apparent from the draw- 
sector of the artery. Because the atherosclerotic lesions are ings, the descriptions given herein, and the appended claims. 
often asymmetrically disposed, directable or focused heating Accordingly, the present invention provides a microwave 
preserves healthy sectors or the artery and applies energy to or radiowave apparatus which may comprise one or more 
the asymmetrically positioned lesion faster than a non-di- 35 elements such as, for example, an elongate structure, a sub- 
rected bean. A computer simulation predicts isothermic tem- stantially non-radiating portion ofthe elongate structure with 
perature profiles for the given conditions and may be used in a waveguide (or transmission line) mounted on or closely 
selecting power, pulse duration, beam width, and frequency adjacent to the surface of the elongate structure. The 
of operation to maximize energy deposition and control heat waveguide defines at least one waveguide gap therebetween. 

tissues or the sensitive endothelium cells elongate structure comprising an antenna conductor and one 
U.S. Pat. No. 6,690,963, issued Feb. 10, 2004, to Ben- or more antenna elements defining an antenna gap therebe- 

Haim et al., discloses a locating system for determining the tween which is continuous with the waveguide gap. The 
location and orientation of an invasive medical instrument, waveguide gap width is smaller than the antenna gap width. 
for example a catheter or endoscope, relative to a reference 45 The antenna elements may preferably be smaller in width 
frame, comprising: a plurality of field generators which gen- as compared to the waveguide conductors. The antenna con- 
erate known, distinguishable fields, preferably continuous ductor and the one or more antenna elements are preferably 
AC magnetic fields, in response to drive signals; a plurality of mounted on or closely adjacent to the surface of the elongate 
sensors situated in the invasive medical instrument proximate structure. In one preferred embodiment, the outer surface of 
the distal end thereof which generate sensor signals in 50 the elongate structure may be rounded. 
response to said fields; and a signal processor which has an In one preferred embodiment, the waveguide conductors 
input for a plurality of signals corresponding to said drive and the one or more antenna elements comprise substantially 
signals and said sensor signals and which produces the three continuous second and third ground conductors which extend 
location coordinates and three orientation coordinates of a along the substantially non-radiating portion and the radiat- 
point on the invasive medical instrument. 55 ing portion. The second and third conductors may be electri- 

U.S. Patent Application Publication No. 200210128642, cally shorted to each other to effectively provide a single 
published Sep. 12,2002, and other publications, to Berube et conductor. 
al., discloses a directional ablation instrument for ablation of An impedance matching section may be provided between 
a targeted tissue. The instrument includes a transmission line the substantially non-radiation portion and the radiating por- 
having a proximal portion suitable for connection to an elec- tion. The respective widths of the ground conductors may 
tromagnetic energy source, and an elongated antenna device 6o preferably smoothly vary within the impedance matching 
having a longitudinal axis and an end coupled to the trans- section. The gap widths defined therein may also preferably 
mission line. The antenna is adapted to generate an electric smoothly vary. This compares with the waveguide gap width 
field sufficiently strong to cause tissue ablation of the targeted in the non-radiating portion which may preferably be con- 
tissue. An elongated support assembly includes a central axis, stant. The elongate structure may comprise substantially non- 
and an ablation surface extending longitudinally along an 65 conductive material in both the non-radiating portion and the 
exterior surface portion of the support assembly. The support radiating portion. The microwave apparatus may further com- 
assembly is configured to receive the antenna device in the prise substantially non-conductive surface material wherein 

ablation surface suchthat the longitudinal axis ofthe antenna 
device is offset from the support assembly central axis. Fur- 
ther, the antenna device is oriented toward the surface portion 
for positioning ofthe antenna device substantially adjacent to 
or in contact with the targeted tissue during operable use. 

Books with related subject matter may include the follow- 
ing: 

“Microstrip Lines and Slotlines,” 1996, K. C. Bupta et al., 
published by Artech House, in Norwood Mass., in Chapter 7. 

“Design of Nonplanar Microstrip Antennas and Transmis- 
sion Lines,” 1999, by K. L. Wong et al, published by John 
Wiley & Sons, Inc., New York, N.Y., in Chapter 8. 

It would be desirable to provide an antenna that can be 
made sufficiently small to function as a catheter or syringe 
antenna and to provide directionality for radiating, with azi- 

l5 muthal directionality, into a biological medium wherein 
space is not otherwise available. Those skilled in the art have 
long Sought and will appreciate the Present invention that 
addresses these and other Problems. 

SUMMARY OF THE INVENTION 

rise within the atherosclerotic lesion without harming healthy 40 Other elements may comprise a radiating portion of the 
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the waveguide conductors may be mounted on or within the 
non-conductive surface material. In one embodiment, the 
center waveguide conductor and the antenna conductor com- 
prise a first continuous conductor which extends continu- 
OUdy and coaxially along the non-conductive material from 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an elevational view of a microwave applicator 
with a waveguide section and an antenna section in accord 
with possible embodiments ofthe present invention; 5 

the non-radiating portion to the radiating portion. FIG. 1A is a cross-sectional view along lines 1A-1A of 
The miCi-Owave apparatus may further comprise a coaxial FIG. 1 showing in greater detail elements of a waveguide 

non-radiating portion and the coaxial cable. The coaxial cable invention; 
may comprise a sheath and an inner conductor. The sheath FIG. 1B is a cross-sectional view along lines 1B-1B ofFIG. 
may be electrically COnnected to the ground conductors and 1 showing in greater detail elements of an antenna section in 
the inner conductor may be electrically COnnected to the accord with possible embodiments of the present invention; 
center waveguide conductor. In one example, the inner con- FIG, 2 is an elevational view, partially in phantom lines, 
ductor is d~orted to the center waveguide conductor. In showing a coupling between a coaxial cable (before trimming 
another the inner connector is electroma!iPeticallY 15 the length of the coaxial cable center conductor, shown bent at 
coupled to the first waveguide conductor. a 90 degree angle) and a waveguide section in accord with 

In one preferred embodiment, the non-radiating portion possible embodiments ofthe present invention; 
and the radiating portions comprise substantially equal diam- FIG, 3 is an elevational view showing an interconnected 
eters. As one example, the substantially equal diameters are coaxial cable and microwave applicator as shown in FIG, 1 

ther comprise a non-conductive outermost covering, such as 20 ductor) and a waveguide section in accord with possible 
heat shrink or any other suitable material. 

is an elevational view, partially in phantom lines, 

cable center conductor and a waveguide section in accord 

FIG. 5 is a chart which shows excellent transmission char- 
acteristics of the system of the non-radiating part of FIG. 3 
wherein the well matched waveguide or transmission line 
section provides a low-loss link between two coaxial cables in 

FIG. 6 is an elevational view of amodified flexible coplanar 

version of the waveguide section and antenna section of the 

35 embodiments of the present invention; 
FIG. 6A is a cross-sectional view along lines 6A-6A of 

FIG. 6 showing in greater detail elements of the modified 
coplanar waveguide of FIG. 6 which if rolled would become 

cable and an electrical connection between the substantially section in accord with possible embodiments of the present 

less than o.l inch. The microwave apparatus may fur- (before trimming the length ofthe coaxial cable center con- 

embodiments of the present invention; 
The first antenna conductor of the radiating portion is pref- 

ductors to act either as a RFimicrowave radiator or as a lossy 
waveguide or both. The ground conductors may be substan- 25 with possible embodiments ofthe present invention; 
tially arc-shaped when viewed in cross-section and cause the 
first antenna conductor to radiate microwave energy predomi- 
nately in an azimuthal direction with respect to the first 
antenna conductor. 

prise a microwave waveguide portion with a curved first outer 
surface or layer comprised of non-conductive material. A 

the curved first outer surface or layer and may define one or 

or transmission line. 
is electrically connected to 

receive microwave energy from the microwave waveguide 
portion, The microwave radiating section may comprise one 

of the non-conductive material for radiating substantially all 40 embodiments Of the present invention; 
of the microwave energy received from the microwave FIG. 6B cross-sectional view along lines 6B-6B of FIG. 6 
waveguide portion. showing in greater detail elements of the modified coplanar 

determining dimensions for a generally cylindrical antenna section of FIG. 1 in accord with possible embodi- 
waveguide. The methodmay comprise steps such as selecting 45 ments Of the present invention; 
a desired characteristic impedance, determining an effective FIG. 7 is a graph of measured return loss with the catheter 
dielectric constant for layers radially outwardly and radially in air as to the catheter in Phantom Or surrogate 
inwardly of the center conductor, and determining an biological material whereby it is seen that an excellent imped- 
approximate gap width betweenthe center conductors and the ance match is provided at 2.41 GHz when the catheter is in the 
one or more ground conductors which will produce the 5o Phantom 
desired characteristic impedance. In one embodiment, the FIG. 8 is a graph showing a thermal Profile for a directional 

material. The method may further comprise plotting gap the Present invention whereby the temperature of Phantom 
width with respect to impedance. material above the catheter is sufficient for ablation purposes 

yet another embodiment, the invention may comprise a while the temperature below the catheter remains low enough 
transmission line portion, a radiating portion electrically con- 55 during heating to Protect healthy tissue; 
nected to receive energy from the transmission line portion, a FIG. 9 is a diagram depicting mathematical variables and 
curved waveguide non-conductive surface, and an interior their relation to the microwave applicator components. 
passageway extending through the microwave waveguide FIG. 10 is a graph based on themathematical model of FIG. 
portion and the microwave waveguide portion. The interior 9 for the characteristic impedance of a transmission line sec- 
passageway may be filled with air or, if desired, any other 6o tion or waveguide section with respect to gap width, W, 
suitable materials including fluids, such as cooling fluids. between the center strip and the ground plane conductors in 

While the present invention will be described in connection accord with possible embodiments of the present invention; 
with presently preferred embodiments, it will be understood and 
that it is not intended to limit the invention to those embodi- FIG. 11 is an elevational view, in cross-section, showing a 
ments. On the contrary, it is intended to cover all alternatives, 65 coplanar waveguide and the various layers of materials 
modifications, and equivalents included within the spirit of including outer coverings that might be utilized in conductors 
the invention and as defined in the appended claims. in accord with possible embodiments. 

FIG, 
erably 'paced far enough from the ground 'On- showing an electromagnetic coupling between a coaxial 

In another embodiment, the present invention may 'Om- 30 accord with possible embodiments ofthe present invention; 

plurality of waveguide conductors may then be disposed on waveguide which may be for making a prototypic 

gaps therebemeen to provide a microwave waveguide Of in accord with possible 

A microwave radiating 

or radiating conductors disposed on the curved surface a waveguide section Of in accord with possible 

The present invention may further comprise a method for waveguide Of which if become an 

outermost layer of material may comprise the biological microwave catheter in accord with possible embodiments of 
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FIG. 12 is another elevational view of a modified flexible 
coplanar waveguide which may be rolled for making a pro- 
totypic version of the waveguide section and antenna section 
of a microwave applicator in accord with possible embodi- 
ments of the present invention; 

FIG. 12A is a cross-sectional view along lines 12A-12A of 
FIG. 12 showing in greater detail elements of the modified 
coplanar waveguide of FIG. 12 which if rolled would become 
a waveguide section in accord with possible embodiments of 
the present invention; 

FIG. 12B cross-sectional view along lines 12B-12B of 
FIG. 12 showing in greater detail elements of the modified 
coplanar waveguide of FIG. 12 which if rolled would become 
an antenna section in accord with possible embodiments of 
the present invention. 

lB ,  microwave applicator 10 operates as an antenna whereby 
the increased spacing results in radiation into andor absorp- 
tion by the surrounding medium thereby provide antenna 
section 26 of microwave applicator 10. 

The decrease in size of ground conductor sections 14 and 
16 permits an increase in the size of the gap between the 
center strip 12 and corresponding ground conductor sections 
14 and 16. With smaller gap 56, the combination of center 
strip 12 and conductor sections 14 and 16 act as a waveguide 
or transmission line. With a larger gap between center strip 12 
and conductor sections 14 and 16, as shown in FIG. lB ,  the 
traveling wave is more loosely coupled between the center 
strip 12 and the ground conductor sections 14 and 16 thereby 
allowing the electromagnetic field to extend further from the 
applicator, either radiating from the antennaiapplicator or 

l5 becoming absorbed by the surrounding medium in an azi- 
muthal direction with respect to center strip 12. Thus, as 
shown in FIG. 1, FIG. lB ,  (and also FIG. 6B), the gap width 
between ground conductor sections 14 and 16 and center strip 

A miniature directional microwave antenna in accord with 12 is increased to thereby alter the function of this section to 
the present invention has various medical applications such 2o that of an antenna. AcCordinglY, the radiation from the 
as, but not limited to, a microwave angioplasty system, a antenna section 26 may be directed by abbreviated ground 
microwave-based hyperthermia treatment system to replace conductors 14 and 16, thereby allowing auserto heat targeted 
or supplement vertebroplasty, a microwave treatment system tissue without damaging the surrounding healthy tissue. As 
for prostate tumors where need for directional heating is discussed below, microwave applicator 10 may be operated as 
required within small confines, andor for use in biological 25 a resonant device Or as a 
sterilization applications. Because of the small diameter, cir- One necessary aspect of the Present invention is that of 

5 

BRIEF DESCRIPTION OF PREFERRED 
EMBODIMENTS 

wave device. 

cmference, or periphery, the present invention may also be determining the physical dimensions of transmission line 
used as a catheter, syringe, and/or cannula antenna, The section24 andradiating element section26 SO that most ofthe 
present invention may also be used for sterilization in regions applied Power is radiated into the surrounding tissue. The 
that would otherwise be difficult to access, Terms such as 3o process of determining the most suitable dimensions includes 
catheter, syringe, and cannula, or any other means for inser- developing a Predictive mathematical m d e l  forthis Purpose, 
tion into tissue, may be utilized herein interchangeably. with associated variables as suggested by FIG. 9, which is 

specifically to discussed hereinafter. In one preferred embodiment, it has 
FIG, 1, FIG, 1~ and FIG, 1 ~ ,  there is shown an embodiment been found that a catheter in accordwith the present invention 
of a microwave applicator 10 in accord with the present 35 spatially directs about 97.75% of its input power into an 
invention. Microwave applicator 10 comprises transmission artificial human tissue sample. 
line or waveguide section 24 and radiating or antenna section Cylindrical coplanar waveguides andor other miniatur- 
26. ized waveguide andor antenna elements as shown herein are 

not commercially available and therefore require novel fab- 
ricating techniques. In one possible method of the invention 

based on what may be referred to herein as the concept of an 40 for making m i ~ ~ ~ w a v e  applicator 10 a coplanar waveguide 
circuit such as coplanar waveguide 29 (see FIG. 6) is etched 
onto a piece of flexible circuit board to thereby provide layer 

Referring now to the drawings, and 

In one possible embodiment of the present invention, a 
directional microwave antenna for antenna section 26 is 

open-ended cylindrical coplanar waveguide ( c c p w )  that 
acts both as a transmission line and as a radiating element, 
While the cross-sections and present mathematical models of 
the microwave applicator 10, as suggested in FIG. lA,  FIG. 

circular cross-sectional layers or elements, the invention is 
not limited to purely circular cross-sectional designs. For 
instance, the waveguide andor antenna portions of the 

other generally rounded or curved cross-sectional shapes, if 50 indicated in see FIG. 1A and FIG. 1B. 
desired. Furthermore, as discussed hereinafter, the cross-sec- In FIG. 6, a modified coplanar waveguide circuit 29 is 
tional shape may be varied or selected depending on a desired shown from a top view prior to being wrapped around Teflon 
shape of the catheter, syringe, or cannula for insertion of the tubing 22 (see FIG. 1A) or possibly other non-conductive 
microwave applicator into the body andor to affect the depth materials. FIG. 6A and FIG. 6B show cross-sections of the 
of penetration, the azimuthal radiation angle, the focus point 55 circuit board prior to the flexible circuit board being wrapped 
of the antenna, andor for other considerations, as deemed around the Teflon tubing. Note that dimensions of the figures 
desirable. are not intended to be to scale and are selectedmainly for ease 

In general concept of operation of microwave applicator of viewing the various components. 
10, radiating section 26 of the microwave applicator 10 may One significant advantage of the construction is that 
be formed by increasing the microwave gap width 56 (see because conductors are positionedalong or near the periphery 
FIG. 1A) such as by decreasing the size of ground conductor 6o of preferably non-conductive circuit board material 20, the 
sections 14 and 16 (see difference in size of sections 14 and 16 inner portion, such as that shown at 30 and 32 of the micro- 
between FIG. 1A and FIG. 1B). With ground conductor sec- wave applicator 10 is left available for any desired suitable 
tions 14 and 16 closely spaced to center strip 12 as shown in function. For instance, depending on the particular construc- 
FIG. lA,  microwave applicator 10 operates as a transmission tion, the inner region might be used for cooling fluid, if 
line or a waveguide to thereby provide waveguide section 24 65 desired. For instance, where blood flow is not available for 
of microwave applicator 10. With ground conductors 14 and cooling purposes, e.g., for use in the urethra for prostate 
16 distantly spaced from center strip 12 as indicated in FIG. treatment purposes, then cooling fluid could be introduced 

20 and conductors 12, 14, 16 (see FIG. 6A and FIG. 6B). In 
One example, the flexible circuit board may be 5 mil (0.005 

that the drawings are not to scale and dmwn in a m~nner  
selected for ease of Viewing the Various components). The 
circuit h a r d  may then be wrapped around a Piece of non- 

1B, and FIG. 9 utilize a generally circular cross-section or 45 inch) thick as indicated at 48 in FIG. 6A and FIG. 6B. (Note 

present invention may have generally circular, elliptical, or conductive Teflon tubing 22 or other suitable materials as 
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through an otherwise unused central region. Note that the 
central region could be segmented so that a cooling fluid 
passageway could be positioned further or closer to center 
strip 12, as desired. Different salinity fluids, temperatures and 
so forth could also be utilized in different portions of the 
central region of30 and 32 and Or larger regions as discussed 
hereinafter which may depend on construction techniques. As 
well, the existence of the central region in this very small 

Other electrically insulative materials may also be utilized for 
covering the catheter including specialized materials suitable 
for catheters. In some methods of building, mentioned here- 
inbefore and discussed again hereinafter, the electrically 
insulative material may already be present so that 
no heat shrink or other coating material is required or desired. 

FIG. 3 shows direct solder connection 43 between center 

embodiment (e,g, less than 0.1 inches maximum diameter) conductor 42 Of the adapter 40 and the center strip l2 Of 

provides for quite significant reductions in diameter where microwave lo prior to removing the Of 

fluids, other interior devices, or other interior structures are lo extension 44 which extends beyond the Outer surface Of 

not utilized. microwave applicator 10. One possible alternate method of 
m i l e  prototypes have been made by starting with modi- connecting adapter 40 to microwave applicator 10 is through 

fied coplanar waveguide 29 shown in FIG, 6, and wrapping electromagnetic coupling. One conceptual means for this is 
that aroundTeflonmaterial22, it is to beunderstoodthat other dmwn in FIG. 4. The advantage ofthe electromagnetic COLI- 
manufacturing techniques may be utilized. For instance, a 15 pling connection method shown in FIG. 4 is that the center 
cylindrical metal plated insulator, similar to that of the circuit conductor solder joint 43 (see FIG. 3) is not required. This 
board 29 prior to etching of conductors 12,14, and 16, might simplifies the construction of the completed catheter and 
bethe startingpoint. Thedesiredpatternofconductors 12,14, smoothes the outer profile of the catheter. As discussed ear- 
and 16 could then be etched. In this way, Teflonmaterial22 is lier, if adapter 40 is not necessary to form part of the overall 
not necessary and it is not necessary to provide the solderjoint 20 catheter, as may occur without a rolled construction method, 
or solder joint seam indicated in FIG. 1A and FIG. 1B. An then other types of connections become available that are not 
electrically insulative cylindrical member or elliptical cross- particularly of concern as far as the outer profile of the result- 
sectional elongate member could be utilized as the starting ing catheter. 
Point andmetallic conductors 12,14, and 16 couldbe sprayed Suitable equations for characterizing waveguide 24 were 
Or Painted thereon in the desired Pattern. The electrically 25 obtained by applying existing equations for a multi-layer flat 
insulative elongate member could be at least semiflexible or coplanar waveguide in conjunction with existing equations 
have a flexible portion to avoid the need for a coaxial cable for a single-layer cylindrical coplanar waveguide, F~~ 
connection that is part of the inserted catheter. Moreover, the instance, equations for multilayer coplanar waveguide are 
internal components or lack thereof could be quite different provided by K, c, Bupta et -Microstrip ~i~~~ and 
with this construction. If desired to make microwave appli- 3o Slotlines;' published byMech H ~ ~ ~ ~ ,  in Norwood M ~ ~ ~ , ,  in 
cator smaller, various construction techniques, some ofwhich 1996, Chapter 7 ,  Equations for single-layer cylindrical copla- 
are discussed herein, would permit significant reductions in nar waveguides are provided, for instance, by K, L, wong et 
size. Thus, the present inventive method is not limited to - ~ ~ ~ i ~ ~  of ~~~~l~~~ Microstrip Antennas and 
rolling a circuit board for creation of microwave applicator ~ ~ ~ ~ ~ ~ i ~ ~ i ~ ~  ~ i ~ ~ ~ ; '  published by john wiley & sons, I ~ ~ , ,  
10. New York, N.Y., in 1999, Chapter 8. A mathematical model 

As noted above, in one embodiment of the invention the 35 based on the above equation but which describes character- 
edges of circuit 29 (see FIG. 6) are solderedtogetherto form istics ofthe unique construction of microwave applicator 10 is 
a cylinder as indicated by the solderjoint in FIG. 1A and FIG. discussed hereinafter in conjunction with FIG, 9, T~ test the 
1B. Adapter 40 (see FIG. 2) may then be used to COnnect the mathematical model for the cylindrical coplanar waveguide, 
resulting microwave applicator 10 to a radio frequency (RF) an initial design for a 5 o - o h  transmission line on a cylin- 
source using a standard coaxial cable connector such as cou- 40 drical structure, covered with a dielectric paste (relative per- 
pling 36. In one preferred embodiment, adapter 40 is a semi- mittivity 10.2) and based on the mathematical model, was 
rigid connector 36 On One constructed. The dielectric paste was used as a superstrate 
end. Extruded Teflon or other internal coaxial non-conductive with high contrast relative to the base dielectric so that any 

38 with 

is made such as by removing the effects ofthe superstrate could be tested, Dimensional details 
2. In One 45 ofthe transmission line are discussed hereinafter, Reflection sheath, On the Opposite end as indicated in 

possible embodiment, center conductor 42 of semi-rigid 
cable 38 is bent to extend as indicated by extension 44. After 
or before connectionwithmicrowave applicator 10, as shown 

and transmission test results from the small section of 
50-oh transmission line are shown in FIG, 5, The plot in 
FIG, shows that excellent impedance match and transmis- in sion characteristics were obtained for the microwave trans- 

's 'lightly exposed Outside the extrudedTeflon at the approxi- 5o mission line with a high dielectric superstrate, The Same math 

The antenna Or catheter shown in by that for tubing, was used to design the waveguide 
section (FIG, 1A) that connects the coaxial transmission line 

3, extension 44 may be preferably trimmed so that it 

mate diameter of microwave applicator 10. model, with the permittivity for the dielectric paste replaced 

3, is formed by the lo Over the 
to the antenna section (FIG. 1B). of the catheter. extruded Teflon section of the adapter (see FIG. 2) and sol- 

dering it in place. As suggested in FIG. 3, the catheter ground 
path may be completed by soldering ground conductors 14 55 Radiating Or antenna section 26 shown in 1, as dis- 
and 16 to the outer conductor, generally the coaxial sheath, of cussed hereinbefore, is Preferably an open-ended section as 

40 as indicated at 46 such that conductors 14 and 16 indicated by modified coplanar waveguide circuit 29 shown 

coaxial cable sheath. The signal path is completed by solder- ground conductors 14 and 16 are tapered away from center 
ing center conductor extension 44 of adapter 40 to the center strip 12. The increasedgaps between the center conductor and 
strip 12 ofmicrowave applicator 10 such that center conduc- 6o the ground conductors 14 and 16 result in an increase in 
tor 42 and center strip 12 are electrically shorted together. radiation over the antenna section. The radiation from the gap 
Extension 44 is then preferably trimmed to the diameter of is directed due to the ground conductors 14 and 16 reflecting 
microwave applicator 10 and may be smoothed by sanding, power upward and away from the ground conductors 14 and 
grinding, or other suitable means. Once the catheter is com- 16. This radiation mechanism stands in contrast to that of the 
pletely assembled, a piece of heat shrink tubing (not shown) 65 monopole antenna, which would typically radiate power 
encapsulates the entire circuit to protect it and to prevent the symmetrically in azimuthal angles around the transmission 
circuit from making contact with the surrounding tissue. line axis. As shown in FIG. lB,  ground conductors 14 and 16 

are electrically shortedtogether and electrically shorted to the in FIG. 6. AS indicated in FIG. 6, the circuit is modified SO that 
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may preferably have an arc-shaped cross-section. Note that well as the surrounding media. In the case in which the length 
ground conductors 14 and 16 are preferably electrically is equal to one-quarter of an effective wavelength, the top 
shorted together to effectively provide a single ground con- conductor 12 is shorted to the ground conductors 14 and 16 at 
ductor. Further, the resulting width of combined ground con- the end of the antenna section as indicated in dash by shorting 
ductors 14 and 16 as compared to the width of center conduc- wire or shunt 59 in FIG. 6 which may be manufactured into 
tor 12 is also a relevant consideration for controlling the the design prior to rolling or added subsequently. The use of 
amount of directivity. For instance, if the width of center the one-quarter effective wavelength permits for a shortened 
conductor 12 and the combined widths of ground conductors antenna length where this is desirable. In the second method 
14 and 16 are equal, then directionality will be reduced and for optimizing power transfer to the surrounding media, the 
may be of little practical effect. As indicated in FIG. 6, in one radiating section is designed to function as a traveling wave 
preferred embodiment discussed hereinafter, width 61 of cen- antenna as opposed to a resonant antenna. The power in the 
ter conductor 12 is approximately 10 mils and the combined wave is dissipated by radiation into, and absorption by, the 
widths 63 and 65 of ground conductors 14 and 16 (prior to be surrounding media as the wave propagates along the antenna 
rolled as indicated in FIG. 6) is approximately 60 mils. As section. When the wave reaches the open or shorted end ofthe 
used herein ground conductors may refer to being connected antenna section, the remaining power is reflected and then 
to sheath of a coaxial cable, or being connected to a common l5 travels toward the waveguide section (FIG. 6A). In the pre- 
connection, or being connected to any known reference, or ferred embodiment of this method, the length is such that 
may simply be a label for conductors positioned to act as most or all of the power has been dissipated before the 
reflectors or parasitic elements for enabling directional radia- reflected wave reaches the waveguide section. 
tion of microwaves. For antenna testing purposes, a biomedical tissue simula- 

FIG. 1, FIG. 1A, and FIG. 1B all show how the ground 20 tionmaterialcalledphantommaterial was used. The phantom 
section, i.e., conductors 14 and 16, of microwave applicator material was mixed so that it behaved like human tissue at the 
12 is tapered at taper section34 so that that the ground section, catheter operating frequency of2.41 GHz. Each antenna pro- 
or conductor 16 as seen from the elevational view of FIG. 1, totype was tested in the phantom material to determine if 
resides below top or center conductor element 12. The com- powerwas being radiated into the material or simplyreflected 
b i n d  width of 14 and 16 is preferably greater than the width 25 back due to impedance mismatches. Two potential sources of 
of element 12 in order to create a preferred direction of impedance mismatch are recognized: one  is associated with 
radiation above element 12. the junction between transmission line or waveguide section 

As discussed earlier, FIG. 6 shows coplanar circuit 29 24 andradiating or antenna section 26. The other is associated 
before it is wrapped around Teflon tubing 22 as per one with thematch between theradiating sectionandthe phantom 
possible embodiment of the invention. FIG. 6 may also be 3o material. Efficient antenna system performance is predicated 
utilized to more easily show presently preferred dimensions upon minimizing the reflected power from all potential 
of both transmission line or waveguide section 24 and radi- sources. The dimensions as given hereinbefore were devel- 
ating element or antenna section 26 for microwave applicator oped using the mathematical model and several different 
10. designs until the best results were obtained as determined by 

As shown in FIG. 6, gap width W, as indicated by 56, is variousmeasurements.ThemeasurementsindicatedinF1G. 7 
varied gradually from about 20 mils beginning at 50 to a gap 35 are considered quite useful over a band extending from 2250 
width of about 70 mils at 52 so there is no step-change in the to 2575 MHz. The length of the antenna section may be 
geometry ofthe line. Thus, width57 is about 70mils. Taper 34 altered to optimize performance for different bands. 
may be angled with corners at 50 and 52 or may be smoothed FIG. 7 shows two different measurements weremade ofthe 
or curved as desired. This tapered design reduces impedance catheter assembled as shown in FIG. 3. The results of FIG. 7 
mismatches between the junction of transmission line or 40 show measurement with the assembled catheter shown in air, 
waveguide section 24 and radiating element or antenna 26. and with the catheter submerged in the phantom material. It is 
Thus, in a preferred embodiment taper 34 comprises a taper readily seen that when the prototype catheter is in air, it 
junction or impedance matching section between transmis- reflects almost all the input power back to the source. How- 
sion line or waveguide section 24 and antenna 26. ever, once the catheter is submerged in the phantom material, 

The center strip 12 width S may preferably be held constant 45 a very good impedance match is obtained at 2.4 1 GHz. This 
at 10 mils, the same width that was used for center strip 12 of indicates that most of the input power is being radiated into 
50-Ohm transmission line or waveguide section 24. Thus, the the phantom. More specifically, at 2.4 1 GHz, the return loss is 
antenna element is preferably an extension of center strip 12, -1 6.5 dB, which means that about 2.25% of the input power 
just as the ground plane conductors in antenna section 26 are is reflected back to the source. This implies that (ignoring the 
extensions of ground plane conductors 14 and 16. The length 50 negligible Ohmic losses in the circuit), 97.75% of the input 
of the center strip was optimized through laboratory tests for power is radiated into the phantom material. 
maximum power transfer as described in the following sec- The directionality of the catheter assembled as shown in 
tion. The width of ground conductors 14 and 16, for this FIG. 3 when used in phantom material was tested with fiber- 
embodiment, varies from about 100 mils to about 30 mils. optic temperature probes spaced 3 mm above and3 mmbelow 
However, the dimensions of ground plane conductors 14 and 55 the radiating microwave applicator 10. In this test, the cath- 
16 may change depending on the circumference of micro- eter assembly was fed with 5 Watts of power at 2.41 GHz for 
wave applicator 10. 200 seconds. Results ofthe test are shown in FIG. 8. The test 

The length of the radiating section (FIG. 6B) is designed to results shown in FIG. 8 demonstrate how the catheter directs 
optimize the power transferred to the media surrounding the power into the phantom as desired, heating the upper probe 
antenna. This is accomplished by one of two methods. The more than the lower probe. The upper probe measured a much 
first method is to design the length of the radiating section so 6o higher temperature rise than the lower probe continuously 
that the antenna is resonant in the relevant environment. until the power was removed (Times200 seconds). This per- 
Although there are an infinite number of resonances, it is formance verifies that the directional catheter antenna allows 
recognized that in the two preferred embodiments, the length a user to concentrate heat on a specific targeted area of tissue 
is equal to either one-quarter or one-half of an effective wave- without excessively heating the surrounding healthy tissue. 
length, where the effective wavelength refers to the wave- 65 The cells in front of the antenna can be killed by the direct 
length in the relevant environment. The relevant environment radiation while the cells behind the antenna will not receive a 
is determined by the materials and design of the antenna as lethal dose. 
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Referring to FIG. 9, equations are provided that describe 
dimensions, features, and operation of a multilayer substan- 
tially cylindrical coplanar waveguide with the many param- 
eters which determine the characteristic impedance ofthe line 

The following equations were obtained andor derived 
from references cited above (“Microstrip Lines and Slot- 
lines,” for determining parameters for multi-layer co-planar 

and Transmission Lines,” for determining parameters for co- 
planar waveguides on cylinders). 

Width parameters for the center strip 12, or S, and the gap, 
W, between the center strip and the ground plane are deter- 

K(k  1 
K(k: )  

q, = k O L ,  

as shown in the cross sectional drawing of FIG. 9. 5 

and 

waveguides, and “Design of Nonplanar Microstrip Antennas k : = e  Equation 7a 

smh2[A,(S + 2W)] Equation 7b 
smh(A,S) - s1h2(2A,r17r) 

1-- 1 smh(2A, r17r) 
smh2(A,S) ’ 

mined given the dielectric constant, the radius of each of the 
layers, and the desired characteristic impedance. For the 15 

k ,  = smh(A,(S + 2W)) 
embodiment described herein, the target characteristic 
impedance was 50 Ohms. 

To determine the characteristic impedance given the rel- 
evant parameters, the effective dielectric constant, Eep of the 
system, and the parameter C“, which is the capacitance of the 
structure with the dielectric replaced by air, must be found 2o 
first. In the following equations, rz is the outer radius ofthe ith 

are the width of the center conductor and gap, respectively 
(FIG. 9), and E, is the permittivity of air. The characteristic 

and 

~ K ( k , )  - 7r 

layer wherein i is greater than or equal to 1 (FIG. 9), S and W K(k:)  - 1n[2(1+ f i ) / ( l  -e)] 
impedance is given as: 25 

where 

1207r&, Equation 1 
zc = ~ 

’ 

where 

with 

kb=dl-k,2, where 

and 

16 

Equation 6 

Equation 7c 

Equation Sa 

and 

35 

40 wherein r, is the inner radius of layer 1. For A, wherein i is 
greater than or equal to 3, the conformal mapping technique, 
as outlined in statedreferences, is used to extend the approach 
for an arbitrary number of layers. 

Once the filling factors are determined for layers 1 and 2, 
which are the layers directly below and above the center strip 
and ground plane, respectively, the filling factors for the 
innermost and outermost layers must be calculated. In this 
example, the innermost and outermost layers in this applica- 
tion are air and biological tissue, respectively. The filling 

Equation 2a 

Equation 45 

50 factor for the innermost layer is 

Equation 4 
c“I2-GI Equation 9 

40 = - P ’  
55 

Now that C“ has been determined, the effective dielectric 
constant is determined. To do this, the filling factors, qz, for 
each of the layers must be determined. Starting with layers 1 

and the filling factor for the layer is 

- 
and 2, 60 

e / 2 - q 2  
43 = -. P 

Equation 10 

with 

4,  = -. 
Ca 

Equation 5 

When all of the filling factors are determined, a check is 
65 performed to make sure that the sum of all the filling factors 

is equal to one. To determine the effective dielectric constant, 
one calculates 
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Equation 11 
&ef = 4,&7,. 

,=I 

where E, is the relative permittivity for the ith layer. 
Applying Equation 11 and Equation 2 to Equation 1, an 

approximate characteristic impedance of the line is obtained. 
FIG. 10 shows a plot of some results for the characteristic 
impedance vs. gap width, W. From FIG. 10 it can be seen that 
the range of gap width values, W, between 20 and 40 results in 
a characteristic impedance near 50 Ohms with other param- 
eters as stated in FIG. 10. 

FIG. 11 shows a multilayered coplanar waveguide 10B 
with material 62 above conductors 12,14, and 16. The same 
or a different material 60 may surround conductors and sup- 
port conductors 12,14, and 16. Another layer 58 may or may 
not also be utilized. 

Thus, different numbers of layers may or may not be uti- 
lized with the various contributions of layers being deter- 
mined as the above. In a presently preferred embodiment, the 
layers other than conductors 12,14, and 16 are non-conduc- 
tors. The phantom material is not shown. 

While a cylindrical model is utilized in the preferred 
embodiment, the internal cross-sectional arch shape of 
ground conductors 14 and 16, and the spacing between 
ground conductors 14 and 16 can be altered by using elliptical 
and other curvatures, if desired. The relative width or arc- 
length of the cross-section of ground conductors 14 and 16 
can also be varied. These can be used to affect the depth of 
heating and the energy directivity. Moreover, the interior of 
microwave applicator 10 can be hollow to permit the intro- 
duction of cooling fluid if desired for the particular applica- 
tion to reduce the temperature directly adjacent conductors 
12, 14, or 16, any of which may include tissue which is 
preferably not heated, in some cases. 

In summary, the present inventionprovides, in one possible 
embodiment, a substantially cylindrical miniaturized micro- 
wave antenna intended for biomedical applications such as, 
for example, radiation induced hyperthermia through cath- 
eter systems. One key feature of this antenna is that it pos- 
sesses azimuthal directionality despite its small size. One 
embodiment of the present invention has an outer diameter of 
about 0.095" (2.4 mm) but because of the design, embodi- 
ments with even smaller diameter exist. The directionality of 
the miniaturized microwave antenna permits targeting of cer- 
tain tissues while limiting thermal exposure of adjacent tissue 
when operating within small apertures. Accordingly, the 
antenna described herein was designed to provide a means for 
radiating, with azimuthal directionality, into a biological 
medium. The antenna is sufficiently small to function as a 
catheter or syringe antenna. 

In one embodiment, the antenna makes use of connection 
shown generally at location 46 from flexible coaxial cable 38 
to a generally circular transmission line or waveguide section 
24. A junction or beginning of taper section 34 provides an 
impedance match between waveguide section 24 and antenna 
section 26. Thus transmission line or waveguide section 24 
guides the RFimicrowave radiation along the microwave 
applicator 10, and the ground portion of the microwave appli- 
cator 10 is tapered as indicated at 34 to a thin ground strip on 
the back side of antenna section 26. The increased gap size 
results in extension of the electromagnetic field into the bio- 
logical medium where power is absorbed. The remaining 
ground strip on the back side serves to restrict radiation on 
that side. Excellent impedance matching was demonstrated 
with the prototype submerged in a phantom material simulat- 
ing human tissue at 2.4 GHz. Also, the directionality was 

verified by means of nonconductive thermal probes placed in 
the phantom surrounding the antenna. The directionality may 
be tailored to some extent based on characteristics of the 
antenna. Also, a variation of the design, as indicated generally 
at 46 in FIG. 4, is provided to electromagnetically couple 
from center conductor 42 to center strip 12. This approach has 
the advantage of easing fabrication. Some possible applica- 
tions include hyperthermia for microwave angioplasty and 
microwave hyperthermia as a substitute for vertebroplasty. 

In one embodiment, shown in FIGS. 12,12A and 12B, the 
waveguide section (FIG. 12A) of the device consists of 
ground conductors shown as 14 and 16, in which ground 
conductors 14 and 16 are a continuous conductive section, 
and a single slot exists along the waveguide such that the 
electromagnetic field is guided by the slot. The antenna por- 

l5 tion (FIG. 12B) likewise consists of a single slot in a continu- 
ous conductive section, and, in an embodiment, the antenna 
slot 71 in the antenna portion (FIG. 12B) is wider than the 
waveguide slot 70 inthe waveguide section (FIG. 12A). There 
also may exist a taper section 34 in the slot width between the 

20 waveguide section (FIG. 12A) and the antenna portion for the 
purpose of matching the characteristic impedances of each of 
these sections. In an embodiment, the antenna slot 71 in the 
antenna portion (FIG. 12B) is shorted by a conductive strip 
72, as illustrated in FIG. 12. 

As used herein, waveguide and transmission line may be 
used interchangeably. As well, microwaves and radiofre- 
quency waves are used interchangeably herein. Accordingly, 
section 24 may be referred to as either a waveguide or trans- 
mission line and may be utilized for connecting electromag- 

Thus, while the preferred embodiment of the miniature 
directional microwave applicator is disclosed in accord with 
the law requiring disclosure of the presently preferred 
embodiment of the invention, other embodiments of the dis- 
closed concepts may also be used. Therefore, the foregoing 

35 disclosure and description of the invention are illustrative and 
explanatory thereof, and various changes in the method steps 
and also the details of the apparatus may be made within the 
scope of the appended claims without departing from the 
spirit of the invention. 

What is claimed is: 
1. A miniature microwave applicator, comprising: 
an elongate structure, said elongate structure comprising a 

surface; 
a substantially non-radiating portion of said elongate struc- 

ture comprising, 
a waveguide mounted on or closely adjacent to said 

surface of said elongate structure and extending along 
said elongate structure, said waveguide defining at 
least one waveguide gap therebetween, said at least 
one waveguide gap each comprising a waveguide gap 
width and 

a radiating portion of said elongate structure, comprising, 
an antenna conductor and one or more antenna elements 

mounted on or closely adjacent to said surface of said 
elongate structure, said antenna conductor and said 
one or more antenna elements defining an antenna gap 
which is continuous with said waveguide gap, said 
antenna gap comprising an antenna gap width, said 
antenna gap width being greater than said waveguide 
gap width. 

2. The applicator of claim 1, further comprising an imped- 
ance matching section positioned between said substantially 
non-radiating portion and said radiating portion, said imped- 

65 ance matching section defining an impedance matching gap 
width which varies in width along a length of said impedance 
matching section. 

10 

25 

3o netic power between a source and antenna section 26. 

40 

45 

50 

55  

60 



US 7,410,485 B1 
19 20 

3. The applicator of claim 1, wherein said waveguide com- 14. The applicator of claim 12, wherein said coaxial cable 
prises a center conductor and substantially continuous second comprises an outer coaxial conductor and an inner conductor, 
and third conductors which extend along said substantially wherein said waveguide comprises a center conductor, said 
non-radiating portion and into said radiating portion where inner connector being electromagnetically coupled to said 
they become said antenna conductor and said one or more 5 center conductor. 
antenna elements. 15. The applicator of claim 1, further comprising a sub- 

4. The applicator of claim 3, wherein said second and third stantially non-conductive outermost covering for said non- 
conductors are electrically shorted to each other to effectively radiating portion and said radiating portion, said substantially 
provide a single conductor. non-conductive outermost covering being positioned radially 

5. The applicator of claim 3, wherein said second conduc- i o  outwardly of said first waveguide conductor and said one or 
tor and said third conductor are decreased inwidth within said more waveguide conductors. 
radiating portion. 16. The applicator of claim 1, wherein said antenna con- 

6. The applicator of claim 3, further comprising an imped- ductor is spaced sufficiently from said one or more antenna 
ance matching section between said substantially non-radia- elements such that said radiating portion thereby acts as a 
tion portion and said radiating portion such that respective 15 microwave radiator, said one or more antenna elements being 
widths of said second and third conductors varies within said substantially arc-shaped when viewed in cross-section. 
impedance matching section. 17. The applicator of claim 1, wherein said antenna con- 

7. The applicator of claim 1, wherein said at least one ductor of said radiating portion is spaced sufficiently from 
waveguide gap width is substantially constant within said said one or more antenna elements to be operable for radiation 
substantially non-radiating portion. 20 of microwave energy, said one or more antenna elements 

8. The applicator of claim 1, wherein said at least one being operable to direct microwaves radiated by said antenna 
waveguide gap comprises first and second waveguide gaps, conductor predominately in an azimuthal direction with 
said first and second waveguide gaps being equal in width. respect to said antenna conductor. 

9. The applicator of claim 1, wherein said elongate struc- 18. The applicator of claim 1, 
ture is rounded and comprises substantially non-conductive 25 wherein said radiating portion radiates energy over a pre- 
material. determined operating frequency band; 

10. The applicator of claim 9, wherein said elongate struc- wherein said radiating portion is characterized by a radiat- 
ture further comprises substantially non-conductive surface ing portion length that results in said radiating portion 
material, said waveguide being mounted on or within said being substantially resonant over said operating fre- 
substantially non-conductive surface material. 30 quency band. 

11. The applicator of claim 1, wherein said waveguide 19. The applicator of claim 18, wherein said radiating 
comprises a center conductor which is continuous with said portion length is such that said operating frequency band 
antenna conductor and which extends continuously along coincides with the first resonance of said radiating portion. 
said substantially non-conductive material from said non- 20. The applicator of claim 1, wherein said radiating por- 
radiating portion to said radiating portion. 35 tion radiates energy into surrounding biological material and 

12. The applicator of claim 1, further comprising a coaxial is characterized by a radiating portion length such that any of 
cable and an electrical connection between said substantially said energy reflected at the end of said radiating portion is 
non-radiating portion and said coaxial cable. substantially radiated into or absorbed by said surrounding 

13. The applicator of claim 12, wherein said coaxial cable biological material prior to reaching or returning to said 
comprises an outer coaxial conductor and an inner conductor, 40 waveguide portion. 
wherein said waveguide comprises a center conductor, said 
inner conductor being shorted to said center conductor. * * * * *  


