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Water-Immersed Microwave Antennas and
Their Application to Microwave Interrogation

of Biological Targets

JOHN H. JACOBI, MEMBER, IEEE, LAWRENCE E.

Abstract—This paper deseribes a method of signifkautfy improving the

resolution of systems rrsed for interrogating the spatiaf variation of permit-
tivity of biosystems at S band. The basic principle employed is to eontraet

the wavelength of the intemogating radiation and to reduee the physiezd

aperture of the interrogating probes by immersing the trarrsndtthrg an-

term~ reeeiviug auterm~ and the target into a materiaf with a high

dielectric constan$ namely water. The antenna d+n is deacri~ and

tine seaus employing transmitted asrd reffeeted energy are presented.

I. INTRODUCTION

T

HERE ARE many forms of radiation that are used

today for noninvasive exploration of biosystems. The

active systems include X-ray, radioneucliotides, and heavy

particle, neutron, and ultrasonic imaging systems. Passive

thermographic systems have also been developed which

depend upon the Planck distribution of emitted radiation

whose spectrum is a function of body temperature. These

systems include infrared and microwave thermographic

measurement devices [ 1]–[6].

Active imaging systems which employ electromagnetic

radiation with a wavelength greater than 3 mm have not

been developed for use in biosystems due to a number of

apparent limitations. At shorter wavelengths in the micro-

wave region, where spatial resolution of an imaging sys-

tem would be best, the attenuation of energy as it passes

through water-dominated dielectrics is so great that the

detection of transmitted energy is not practical or possi-

ble. The same problem is encountered in the detection of

reflected energy with the difficulty increasing as the re-

flecting boundary resides at deeper ranges within the

body. Obviously, it is possible to overcome the attenua-

tion problem by simply operating at a lower frequency.

The demise of this scheme is that as the frequency is

reduced the wavelength of the radiation increases and the
physical aperture of the antenna needed to efficiently

deliver the interrogating energy also increases. In the case

of microwave interrogation, this results in the degradation

of spatial resolution of the system to the point where it

becomes useless as an imaging system. Clearly then, there
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are compromises between spatial resolution and loss of

signal.

Another problem which plagues microwave interroga-

tion systems is multipath propagation. If one attempts to

measure the transmission loss and phase shift through a

lossy dielectric in a nonanechoic environment, it is likely

that the majority of the signal reaching the receiving

antenna has not passed through the object of interest.

Rather, it has been reflected into the receiving antenna

from a surface exterior to the body, or the wave has been

guided around the body into the receiving antenna.

Yamaura [7] has performed experiments on humans at S

band and demonstrates that multipath is a serious prob-

lem, He was not able to obtain useable results unless the

antennas were in contact with the body. This means that

in order to make high-quality measurements, one should

perform them in an anechoic environment. Obviously,

operating in an anechoic environment does not alleviate

the problem of multipath internal to the body under

study. This problem is effectively addressed with other

methods such as microwave time-delay spectroscopy or

pulsed RF techniques.

Finally, there is the problem of the dielectric discon-

tinuity encountered at the air-skin interface. Because of

the difference between the dielectric constants of air and

skin [8], there will be a large reflection of the incident

energy at this interface.

All of the problems presented above would seem to

make the idea of an active microwave imaging system for

biological targets a hopeless endeavor. However, an ap-

proach has been devised which has the fortuitous quality

of providing significant relief for all of the problems

described. The idea is to transmit and receive with anten-
nas that operate totally immersed in a semi-infinite space

of water. The object under examination would then be

immersed in the water space between the two antennas.

In the last twenty-five years, considerable interest has

been shown in underwater transmission of electromag-

netic waves. The main impetus for these efforts has been

the possibility of underwater communications. Most of

the past investigations have been limited to VHF

frequencies and below. Bafios [9] presents a very rigorous

mathematical analysis of dipole radiation in a conductive

medium. To simplify the complex mathematics, he
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assumed only low-frequency characteristics. King and his

associates have performed considerable work on electri-

cally insulated water-immersed dipoles [ 10]–[ 12] and com-

pared their results to Baiios’ equation. In a later paper

[13], radiation patterns of a submerged VHF antenna

were presented.

The present effort requires the subsurface transmission

of energy at microwave frequencies. Little mathematical

analysis or experimental investigation has been performed

in this frequency range, and at present there is a gap in

our knowledge of submerged transmission between VHF

and light frequencies where geometric optical theories can

be applied.

The resolution of diffraction-limited imaging systems is

determined by the wavelength of the interrogating radia-

tion. That is, wavelength and spatial resolution are in-

versely related. In the case of microwave near-field im-

agery, resolution can be considered in terms of the physi-

cal aperture of the transmitting and receiving antennas.

When operating in the near field of an antenna, the

spatial resolution of the imaging system monotonically

improves with decreases in aperture size. The relative

permittivity of pure water at 3 GHz is 76.7. Therefore, the

velocity of propagation and the wavelength is reduced by

~ . Because of the contraction in wavelength, the

physical area of an open-ended waveguide antenna that

can be matched to the intrinsic impedance of the medium

over a broad bandwidth is reduced by a factor of 76.7.

Thus, by operating the transmitting and receiving anten-

nas completely submerged in and filled with water, one

can achieve significant improvement in the spatial resolu-

tion of the interrogating system for near-field imagery.

The need to operate the interrogating system in an

anechoic chamber is completely eliminated by immersing

the entire system in water. Water is such a lossy medium

(382 dB/m at 3 GHz) that energy radiated towards the

top, bottom, and sides of the water tank is attenuated to

an undetectable level before it reaches the reflecting

surfaces in tanks of practical sizes. In a sense, the water

space appears as if it had infinite dimensions, and the

enviornment is inherently anechoic.

Finally, there is the improvement of energy coupling

into the body due to the presence of the water. The

dielectric constant of skin is much more closely matched

to water than it is to air. Therefore, the reflections at the

water-skin interface are much less than they would be at

an air-skin interface. Also, water hydrates the corified

epitheliums and improves the impedance match at the

100–200 microns of the skin which would otherwise be

very low in water content. There are two major benefits to

the reduced reflection at the interface. The most obvious

one is improved efficiency of the interrogating system. As
the coupling of the energy to the body is improved, then

one can expect higher energy levels at the receiving an-

tenna. One could achieve the same effect by dielectric

surface-matching techniques in which the antennas would

contact the skin or by tuning stubs, but the resulting

system would be cumbersome. The second benefit is con-
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netted with processing of signals reflected from intemml

interfaces such as the muscle-bone interface. A large rl~-

flection at the air-skin interface imposes a requirement of

greater dynamic range and sensitivity on the microwave

receiving system in order to be able to detect reflections

from internal boundaries. To the extent that this large

reflection can be eliminated, examination of reflections

from internal interfaces can be simplified. Note, however,

that the reflection at the skin should not be entirely

eliminated. This is desirable in order to preserve an irrl-

portant reference point, the surface of the body.

II. METHODS

A. Antenna Design

This research program required an antenna which

would operate under water at frequencies from 2 to 4

GHz. The basic reasons for the large bandwidth are that it

is desirable to use methods in addition to continuous wave

(CW) interrogation for characterizing the dielectric targel;.

The methods include microwave time-delay spectroscopy

and pulsed microwave interrogation techniques. The an-

tenna was designed to operate in distilled water at 32 ‘C.

A temperature of 32 ‘C (slightly above room temperature)

was selected so that the bath temperature could be regu-

lated with only a heater. A bath at room temperature

would have required a heater and refrigeration unit for

regulation. The use of water as a transmissio~n medm

presents two major problems: very high dielectric con-

stant and extremely high transmission loss. Experimented

values for the relative permittivity and loss tangent of

water have been extensively tabulated [ 14]–[ II6]. The

average relative permittivity from 2 to 4 GHz is 77. AIn

antenna loaded with such a material would need to be

reduced to the size of an antenna operating in free space

from 18 to 36 GHz.

Standard waveguide to coaxial adapters have been

used, both at the Walter Reed Army Institute of Researc]h

and the American Electronic Laboratories as narrow-

band underwater radiators. These transitions have been

used at L band without modification of the design, onl:y

waterproofed and size reduced to account for the dielec-

tric loading. In order to obtain octave bandwidth, a dou-

ble-ridged waveguide to coaxial adapter was selected as

the prototype antenna.

Various attempts were made to match an unmodified

transition to a 50-Q impedance while it was Submerged in

water. The adapter performed very well in free space from

18 to 36 GHz, but underwater from 2 to 4 GHz the mate’b

was worse than 7:1 across the band. It appeared that the

waveguide probe was not operating in the lossy m~edia, Tb

obtain better control over the larger impedance the protw
was shorted to the far ridge of the waveguide. This

lowered the VSWR to better than 4: I across the 2–4-

GHz band.

A maximum loss of 3 dB per antenna had been estal)-

lished as a project goal. To meet this goal, it was ;apparen t

that the antenna had to be r-educed to a length of all,-
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Fig. 1. Frontal view of completed antenna.

proximately 3 mm because of the high losses in the

water-filled waveguide. An antenna this short would not

permit the use of tuning screws for impedance matching,

A length of 6,7 mm was selected as a good compromise

between internal loss and ease of matching,

Matching of the antenna across the octave bandwidth

required careful adjustment of a number of parameters.

The diameter of the feed probe was reduced to 0.5 mm to

provide a better match to the high-impedance ridges of

the waveguide. The spacing between the back shorting

plate and the feed probe was adjusted to obtain the

smoothest impedance match from 2 to 4 GHz. Two holes,

size 2-56, were drilled and tapped into the bottom ridge of

the waveguide. Tuning screws, placed into these holes,

were used to obtain a broader match. Final matching of

the antenna was obtained by simultaneous adjustment of

the two tuning screws and the penetration into the cavity

of the feed probe’s TEFLON@ dielectric. The antenna

performed best when the dielectric was just even with the

waveguide’s inside surface, Because of the relatively high

temperature coefficient of expansion of the TEFLON@, it

was important that the final adjustments be performed at

the maximum operating temperature, 32 “C. The slight

contraction of the dielectric at lower water temperatures
does not adversely affect the antenna’s impedance match.

The antenna was enclosed in a standard double-ridged

waveguide flange. The flange provided mechanical stabil-

ity and a method of mounting extensions onto the an-

tenna. The flange was machined to permit the installation

of the feed cable onto the input connector and access for
adjustment of the tuning screws. A 2.2-mm-diameter hole

was drilled in the shorting plate. This hole permits easy

air-bubble removal from the antenna and can be used as a

sight to help align the antenna on the target. There is very

little radiation from this hole since it is below cutoff for

this frequency band. Fig. 1 is a frontal view of the final

antenna showing the flange and the open end of the

Fig, 2, Completed antenna assembly.

ridged waveguide, The probe can be seen

1, JANUARY 1979

between the

ridges, The hole for removing air bubbles is directly

behind the probe, Beneath the probe is one of the tuning

screws for impedance matching.
The completed antenna was supported at the end of a

tube 45 cm long. The hollow tube supports the antenna

and protects the feed cable which is terminated in a

type-N connector at the top of the tube. To reduce the

effect of any reflections off the tube, the antenna was held

5 cm in front of the tube by a metal standoff. An

adjustable clamp holds the tube and permits the antenna

to be positioned at any height or angular position. A

photograph of the final antenna assembly and its supports

is shown in Fig. 2.

To measure the combined internal losses of two anten-

nas, a set of swept transmission loss measurements were

taken, The antennas were tested centered in a 56.8-1 glass

tank with 10-cm depth of 32°C distilled water, First, a

reference plot was taken by making a through connection

without the antennas. Then the cables were reconnected

to the antennas, and another plot of loss was made with
the antenna flanges touching. The difference between this

data and the reference plot is an estimate of the internal

insertion losses of the two antennas including feed cables

and connectors.

When using the antennas for imagery, it is of interest to

know the distance to the far field. To insure that the
imagery experiments were done in the near field, a series

of antenna patterns were taken at various antenna spac-

ings. The antennas were submerged to a middepth of 10

cm in 32 ‘C distilled water. One antenna was held

stationary while the second was rotated. A synchro on the

rotator was used to drive a standard polar chart recorder.

The stationary antenna was used as a transmitter while
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Fig. 3. .4rmmna pattern measurement test configuration,

the output from a crystal detector on the other antenna

was used to drive the pen position of the recorder. Fig. 3

is a block diagram of the test setup used for these

measurements. Because of the extreme RF losses in the

water, it was very important to place the center of the

antenna aperture at the center of rotation of the posi-

tioner. In air, antenna patterns are generally taken with

the antenna’s phase center on the center. of rotation. If

this were done under water, the pattern would be dis-

torted due to the difference in path losses as the antenna

was rotated.

B. Line Scan Experiment

To experimentally verify the spatial resolution proper-

ties of the system, a set of experiments involving dielectric

targets of increasingly complex geometry were devised.

Two sets of experiments were performed in order to

obtain a qualitative understanding of the response of

underwater antennas to dielectric targets of simple geome-

try, Each experiment had two phases: single targets and

then double targets. In the first set of experiments with the

water-loaded antennas, they were immersed in water

spaced 6.8 mm apart. The targets were air-filled capillary

tubes 1.8 mm in diameter oriented with their long axis

parallel to the electric field. The antenna pair was scanned

in a direction orthogonal to the direction of propagation

and in such a manner that the targets passed midway

between the two antennas. A Hewlett-Packard 8542A

automatic network analyzer (phase-locked version) was

used to measure the magnitude and phase of the reflection
coefficient (S1,) of the transmitting antenna and the mag-

nitude and phase of the transmission coefficient (Szl)

between the two antennas. All of the measurement data

shown in this section was taken at 3.999 GHz. The reason

for this choice of frequency was so that the system could

be studied under conditions of maximum spatial resolu-

c–-
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I WATER FILLED
‘CAPILLARY TUBE

~“ “ ~,:,
Fig. 4. Sketch of vessel in fat model.

Fig. 5. Experimental arrangement for imaging experiment.

tion. The scattering parameters were measured as a func-

tion of position as the antennas were moved relative to the

target. The first phase of the first experiment used a single

capillary tube as a target. The second phase of the first

experiment used a pair of tubes at three different spac-

ings: 5, 10, and 15 mm. The second experiment also

consisted of two parts, a single water-filled capillary tube

embedded in simulated fat [17] and then two tubes spaced

10 mm apart embedded in simulated fat. In this second
experiment, the antenna spacing was increased to 2.25 cm

in order to accommodate the thickness of the fat. Again,

the long axis of the capillary tube was parallel to the

electric field and the scan was orthogonal to the direction

of propagation. A drawing of the simulated fat model
with one capillary tube in place is shown in Fig. 4.
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Fig. 6. VSWR of antenna submerged in water.

Fig. 5 is a photograph of the experimental arrangement.

The automatic network analyzer is in the cabinets in the

background. In front of the analyzer is the water tank

with the two antennas in place. The water tank is a cube,

45.7 cm on a side. It was filled to within 6.4 cm of the top,

and the antennas were immersed 17.8 cm below the

surface of the water. The positioning of the antennas was

controlled by the same computer that controlled the

network analyzer. After each measurement of the scatter-

ing parameters, the computer issued a sequence of pulses

to control a stepper motor that drove a micrometer on the

antenna positioner. With this system, the minimum step

between antenna positions was 0.0025 mm. The circuit

board shown attached to the water tank is the stepper

motor logic control circuitry.

III. RBSULTS

A set of measurements on two production antennas was

performed at the American Electronic Laboratories an-

tenna facility. These initial measurements were to prove

the performance of the antennas and define their general

operating characteristics. While the data presented is by

no means a complete analysis of the antennas, it does

demonstrate the basic antenna characteristics.

Fig. 6 is a plot of the VSWR of the completed antenna

operating submerged in water, As shown on the plot, a

match of better than 2:1 was obtained for this particular
antenna up to approximately 3.96 GHz. This result is

presented as typical since the VSWR varies as a function
of the cleanliness of the antenna and the degree to which

small air bubbles can be removed from the vicinity of the

probe in the center of the waveguide.
The combined insertion loss of the two antennas is

shown in Fig. 7. In order to avoid high transmitted powers

or extreme receiver sensitivity, the design goal was a

combined loss of 6 dB. This goal was met over approxi-

mately 79 percent of the total desired band. Even at the

highest frequency, the total loss for both antennas is only

14 dB which is still acceptable for this application.

The beamwidth of the underwater antenna was

measured at several different antenna spacings. Fig. 8 is a
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Fig. 7. Combined insertion loss of two antennas, interconnecting ca-
bles and connectors.
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Fig. 8. Beamwidth variation versus spacing: F= 3000 MHz.

Fig. 9. Pattern at 3000 MHz. Distance between antennas is 5.1 cm.
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plot of beamwidth at 3 GHz at antenna spacing from

approximately 1–5 cm. The pattern at a frequency of 3
GHz and a spacing of 5.1 cm is shown in Fig. 9.

The following figures present the imagery qualities of

the antennas in scattering parameter dat~. Fig: 10 shows

the magnitude and phase of the scattering Dararneters for-.
the case of a single air-filled capillary tube immersed in

water. Figs. 11– 13 present scattering parameter data for

two capillary tubes in water spaced at 15-, 10-, and 5-mm
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separations. Fig. 14 shows the scattering parameter data

for a single water-filled capillary tube embedded in simu-

lated fat. Fig. 15 depicts the results for two water-filled

capillary tubes spaced 11 rnmapart in simulated fat.

IV. DISCUSSION

There were several major design objectives for the

water-loaded antennas. They had to exhibit small physical

size compared to the free-space wavelength in order to

provide adequate spatial resolution for biologically rele-

vant targets. Despite their small size, the antennas had to

perform efficiently over approximately one-octave band-

width so that they could be used with pulsed or swept

interrogating radiation. Finally, the antennas had to oper-

ate completely submerged in water so that the advantages

of that environment could be realized. The combined loss

data shown in Fig, 7 and the VSWR data shown in Fig. 6

serve to illustrate that these performance features are

achievable.

The magnitudes and phases of both S1, and Szl for a

single capillary tube in water (Fig. 10) are clear indicators

of the presence of the target, changing rapidly as the

target begins to enter the opening of the waveguide. The

presence of standing waves are clear in all the functions,

and, as expected, this behavior persists in the presence of

multiple targets in the water.

The response of the scattering parameters for two 1.8-

mm diameter capillary tubes separated by 15 mm is

shown in Fig. 11. The peaks in the phase of both S1~ and

Szl are clear indicators of the position of the two capillary

tubes. There is a slight filling in the trough between the

peaks of the phase functions indicating that the responses

of the two targets are beginning to interact slightly at this

spacing. The magnitudes of both S1~ and Szl are already

beginning to exhibit strong standing-wave patterns, and,

by themselves, these functions would not provide much

information about target size or location. The indicated

separation of the targets is within 1.1 mm of the expected

value. This error was within the limit of our capability to

position the capillary tubes relative to each other.

At the 10-mm separation (Fig. 12), the phase of both

S1, and Szl continue to indicate the presence of two

separate targets. However, the proximity of the two is

such that the interaction between the two targets has

made the peak of the phase functions an inaccurate indi-

cator of the position of the targets. The phase of Szl is the
more accurate of the indicators of target position differing

from the expected value by approximately 15 percent.

At the 5-mm separation (Fig. 13), the distinction be-

tween the two targets is completely gone. The data for Szl

is not shown because it is equally uninformative.

When a single target embedded in simulated fat (Fig.

14) is displayed by its scattering parameters, three of the

functions give a clear indication of the location of the

capillary tube. The magnitude of S1, is very noisy and

gives only a weak response, The rapidly varying standing-

wave patterns previously observed in water have disap-
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peared due to the expanded wavelength in fat. In this

medium, the wavelength is approximately 3,3 cm.

When two capillary tubes are embedded in fat (Fig. 15),

the distance between the tubes inferred by the peaks in

the magnitude of S1~ and the troughs in the magnitude of

Szi are in good agreement with the measured distance

between the tubes. The distance between the two tubes

was 11 mm. The distance indicated by the separation in

the peaks in the magnitudes of S1~ and S21 are 11.6 and

12.33 mm, respectively.

In evaluating these results, one should bear in mind that

the width of the flange of the antenna is 22.2 mm and the

width of the broad dimension of the waveguide is 7.7 mm.

Examination of this data indicates that noticeable effects

on the scattering parameters begins to occur about the

time that the target encroaches upon the edge of the

flange of the antenna. Even though the response does

begin to appear at that point, it is clear that there is

significant resolution within the opening of the waveguide.

For example, the phases of both S1~ and Szl in Fig. 10 rise

rapidly as the target begins to enter the area of the

opening of the waveguide. The magnitude of S1~ is rather

flat in the region of the opening of the waveguide.

The imaging experiments demonstrate that very high

resolution in space is possible with small apertures. It was

shown that objects spaced approximately 10 mm apart (13

percent of the free-space wavelength) produced clear and

separate responses in the measured scattering parameters.

A very important conclusion in connection with this is

that one cannot depend upon a single variable (e.g., phase

of S2,) for location of target inhomogenities. For example,

in Fig. 15 the phase of S21 provides practically no infor-

mation at all; on the other hand, in Fig. 11 the phase of

S21 is quite informative. The point is that all four parts of

the scattering parameter data must be considered in for-

mulating an image. It appears that the limit of resolution

for the system operating in the near field of the antenna is

approximately equal to the width of the broad dimension

of the waveguide opening. Here, we are defining resolu-

tion as the ability to distinguish two separate point targets.

One can easily see from Figs. 12 and 15 that targets

spaced by 10 mm produce separate responses. Fig. 13

shows that when the target spacing is less than the broad

dimension of the waveguide, then the two targets are

indistinguishable.

There are numerous examples in the data of standing-

wave patterns. One would expect that the distance be-

tween a peak and valley in the standing-wave pattern

would be some multiple of a quarter-wavelength in water.

The wavelength at 3.999 GHz in water is 8,55 mm. In

most cases, the distances between the peaks and valleys

are considerably removed from the expected value. The
discrepancy is probably due to the complex arrangements

of reflectors and materials of varying dielectric constants

in the vicinity of the antenna. It will be the subject of

future investigations. The high-frequency standing-wave

patterns on the fat/vessel model are presumably due to
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mechanical instability in the scanning apparatus. This

conclusion is reached because the peaks and valleys lie

exactly on the increments taken by the scanner.

The question of accuracy of the positioning mechatisrn

is shown to be extremely important. The experiments

showed that phase changes on the order of 350/mm exist

in S1,. The accuracy of measurement of the phase off S11

by the 8542A network analyzer is approximately + 1.00.

In order to make the errors introduced by the mechanical

scanner small (i.e., O.10), the positioning accuracy must be

on the order of (0.1”) (1 mm/35°)=2.86x 10–3 mm.

Detection of dielectric constant discontinuities within

otherwise homogeneous dielectrics was shown with the

simulated fat/water-filled capillary tube model. One par-

ticularly interesting result of this experiment is the fi~~ct

that the spacing between the two capillary tubes agreed

quite closely with the distance between the peaks in the

scattering parameters. This was not the case with the two

tubes separated by 10 mm in water. It is likely that this

result is due to the fact that the longer wavelength in the

fat extended the distance between the peaks in the stand-

ing-wave pattern and thus eliminated the ability of star~d-

ing waves to interfere with the image.

V. CONCLUSIONS

In this paper, we present experimental evidence that it

is practical to construct a simple antenna that operates at

S band while completely submerged in water, This iin-

tenna has good impedance characteristics (W3 WR < 2!.3)

and reasonable losses (less than 14-dB total for two anttin-

nas) over an octave from 2 to 4 GHz. To the best of our

knowledge, this is the first successful attempt 1.0 operate

transmitting and receiving antennas underwater at thwe

frequencies.

It is demonstrated that it is possible to use these anttm-

nas to create line scan images of dielectric targets, Objects

with a diameter of 1.8 mm and spacing of 10 mm me

easily detected by interrogating radiation whose wave-

length is 75 mm, The resolution of the system (in terms of

separating two closely spaced objects) is shown to lie

between 5 and 10 mm. The data also shows that the

presence of multiple dielectric discontinuities does riot

destroy the ability of the system to resolve closely spaced

objects. This is demonstrated in the vessel-in-fat moclell.
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A Microwave System for the Controlled
Production of Local Tumor

Hyperthermia in Animals

RICHARD L. MAGIN, MEMBER, IEEE

Abstract-A microwave system was designed and constructed which

providea controfl~ luealiied hyperthernria in ttre tumors of four experi-

mental aofmaJs. Tbe components of the system are a 2.45-GHz microwave

source, a four-way power-dividing network and refleeted power monitor, a

temperatrrre-eontrofferf microwave pnwer regotator, and smRU direct-

contact microwave applicators. Adjustment of the tempratrrre control

resotts in elevated temperatures in the centem of tornors which can be

maintained to within t 0.1 ‘C without production of significant whole body

hyperthernria.The temperaturesat the edgesof the localfy heatedtumors
were found to vary within A 1.O”C of the center temperature. The system

is currently hehsg used to evakrate the therapeutic potentiaf of sostained

Ioealiied hypcrthermfa in small tumors implanted subcutaneously in mice.

L INTRODUCTION

T HERE IS continuing interest within the cancer-re-

search community in the application of hyperthermia

as an adjuvant to ionizing radiation and drug therapies
[1], [2]. Both laboratory and clinical studies are proceeding
to establish the efficacy of this combination treatment.

The effects of local tumor hyperthermia can be investi-

gated using small animal tumor models. These models

Manuscript received April 27, 1978; revised August 14, 1978. This
research was conducted in the Laboratory of Chemical Pharmacology,
National Cancer Institute, Bethesda, MD 20014.

The author is with the Department of Radiation Biology and Bio-
physics, University of Rochester, Rochester, NY.

have the advantages of well-characterized growth patterns

and known sensitivities to drugs and other antitumor

agents. In order to study the effectiveness of heat in

treating these animal tumor models, it is necessary to

develop an apparatus which produces a controlled and

localized tumor hyperthermia.

Several techniques have been employed by previous

researchers to use microwaves for the local heating of

tumors. Gessler et al, [3], Allen [4], and Yerushalmi [5]

used metallic screens to shield the bodies of mice and rats,

restricting the microwave exposure from microwave di-

athermy applicators (types A and C) to the area of the

tumor. Copeland and Michelson [6] also used a metallic

screen to shield the body of a rat, while the tumor was

drawn through a hole cut in the screen. The entire rat was
then irradiated with 2.80-GHz microwaves from an l%-

plane sectoral horn antenna. Robinson et al. [7] improved

on these methods by simultaneously forcing warm air over

the surface of the tumor during microwave exposure re-

sulting in more uniform intratumor temperatures. Cater et

al. [8] localized the exposure to the tumor by suspending

tumor bearing thighs of rats in front of a waveguide

(7.0 x3.5 cm) operating at 3.00 GHz. Zimmer et al. [9]

used direct-contact microwave applicators at 2.45 and

9.05 GHz to rewarm the local tumor areas of hypothetic
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