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.. We have investigated the use of adaptive array antenna techniques to
maximize the applied electric field at a tumor site in a target body while
simultaneously minimizing or reducing the field at the locations of undesired
high-temperature regions, or hot spots. Computer simulations have shown that
adaptive nulling can prevent undesired hot spots from occurring during the
heating of a deep-seated tumor! The simulation results have been supported by
experimental measurements with a c<,munercial hyperthermia phased-array
antenna system that was modified to!implement adaptive-nulling and adaptivefocusing algorithms. The experimen~wereconducted at the State University of
New York (SUNY) Health Science G~nter in Syracuse, N.Y. Two types of
phantom targets-a saline-filled polyethylene bottle and a beef sample-were
used in the expetiments. Results indicate that adaptive nulling can be used to
reduce the electric field at one or more target positions while simultaneously
maintaining a focus at a deep-seated location within the target.

deep-seated malignant tumors is otten a difficult task, in which the
objective is to reduce the size of or completely remove a tumor mass by using one or more
modalities. The common modalities are surgery, chemotherapy, and X-ray therapy [1]. A particular modality used alone or in conjunction with another modality is hyperthermia [1-5], in which a tumor is
heated to diminish it.
For localized rumor heating, multiple-applicator
phased arrays [6, 7] are commonly used to transmit a
focused radio frequency (RF) main beam at the tumor site [2, 8J. A commercially available RF hyperthermia system is shown in Figure 1. Manufactured
by BSD Medical Corp.
Salt Lake City, Utah, the
BSD-2000 Sigma-GO is an annular phased-array antenna system that uses eight uniformly spaced dipole
elements [9, 10]. The eight transmit elements are fed
as four pairs and each of the four active channels has
an electronically controlled variable-phase shifter that
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can be used to focus the array antenna. Note that the
annular phased-array antenna fully surrounds the
patient, enabling constructive interference (or signal
enhancement) deep within the patient's body. Temperature and electric-field probe sensors (both invasive
and noninvasive) are used to monitor the treatment.
For hyperthermia to have therapeutic value, a controlled thermal dose distribution is required. Typical
localized temperatures necessary for therapeutic
hyperthermia treatment of cancer range from 42.5°
to 45°C. (The normal temperature of human tissue is
37°C.) The most difficult aspect of implementing
hyperthermia with either RF or acoustic (ultrasound)
waves is producing sufficient heating at the site of a
deep-seated rumor. Ideally, a focal region is concentrated at the tumor with minimal energy delivered to
the surrounding healthy tissue, which should be kept
at temperatures below 42.5°C. But a major problem
in heating a deep-seated tumor with a hyperthermia
antenna is the formation of undesired hot spots in the
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FIGURE 1. B5D-2000 hyperthermia system. The 59-em-diameter annular antenna consists of eight dipoles that
are fed as four active pairs of elements. The system operates over the frequency band from 60 to 120 MHz with
up to 500 W average power per channel. A cool water (5° to 40°C) bolus between the patient and the annular
array prevents excess heating of the skin surface.

surrounding tissue. The hot spots can result in pain,
burns, and blistering, requiring the termination of
treatment. Thus techniques for reducing hot spots
are necessary for effective hyperthermia treatment.
This article investigates the use of adaptive nulling
to reduce such undesired hyperthermia-induced hot
spots.
Adaptive nulling is a feedback process that can be
used by an antenna system to control its receive (or
transmit) pattern for optimum reception (or transmission). In the communications and radar fields,
adaptive nulling has been successfully used by array
antennas to place nulls in the direction of interference sources, thereby minimizing the degradation
caused by the interference [11, 12]. There are two
major similarities between the radar application and
RF hyperthermia: (1) phased-array near-field focusing is used to form the main beam and (2) uncontrolled electric fields or high sidelobes are potentially
deleterious to system performance. In radar systems,
interference signals entering through uncontrolled
sidelobes can reduce the signal-to-noise ratio (SNR);
adaptive nulling is commonly used to counteract this
possible degradation. In hyperthermia systems, hightransmit antenna electric fields can result in un224
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desired hot spots in the target tissue; adaptive nulling
of the electric field near the locations of the hot spots
could be used to alleviate such high-temperature
regiOns.
Many studies have been conducted to obtain improved therapeutic field distributions with hyperthermia phased arrays [13-30]. Amplitude and phase
control can be used to synthesize improved RF radiation patterns without adaptive control of the transmit-array weights [13-20]. Array transmit weights
can be adaptively controlled to maximize the tumor
temperature (or RF power delivered to the tumor)
while minimizing the surrounding tissue temperature (or RF power delivered to the surrounding tissue) [21-30]. All the above studies require invasive
techniques to optimize the radiation pattern.
The work described in this article emphasizes two
features that the research cited in the previous paragraph does not consider. First, the electric field is
minimized or maximized at specified locations with
electric-field sensors at those locations. The signals
received by the sensors are used as feedback to an
adaptive algorithm. Second, the work described in
this article emphasizes noninvasive adaptive nulling
for eliminating hot spots within the target body near
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its surface. Recently, the application of near-field
adaptive-array techniques [31-34] to RF hyperthermia for deep-seated tumor therapy has been investigated at Lincoln Laboratory. With computer
simulations, it has been shown that adaptive nulling
with noninvasive auxiliary dipole sensors can theoretically be used to reduce the field intensity at selected positions in the target body while maintaining
a desired focus at a tumor site [35-39]. In the simulations, the electric field radiated by an RF hyperthermia phased array was minimized (nulled) at
multiple hot-spot locations and maximized (focused)
at desired target positions by adaptively adjusting the
transmit amplifiers and phase shifters of the hyperthermia apparatus. The simulations were for a homogeneous elliptical phantom target surrounded by a
water bolus and hyperthermia ring array.
We have supported the simulation results with
experimental measurements. Currently, clinical operation of the BSD-2000 system of Figure 1 allows
only limited manual control of the array transmitelement amplitude and phase. Some improvement in
the electric-field distribution can be achieved by this
manual trial-and-error method [13, 14], but automatic adjustment techniques that are offered by adaptive arrays are desirable; such techniques have the
potential for therapeutically better electric-field distributions. Using a modified version of the BSD2000 in which adaptive techniques were implemented
with a gradient-search algorithm, we have demonstrated adaptive focusing and adaptive nulling at
multiple target locations [40, 41]. In the experiments, which were conducted at the State University of New York (SUNY) Health Science Center in
Syracuse, N.Y., we used two types of phantom targets-a saline-filled polyethylene bottle and a beef
sample.
The remainder of this article is organized as follows. The section "Theory" discusses the concept for
a noninvasive adaptive hyperthermia system and describes algorithms used in implementing the adaptive array. In the section "Simulation Results," a brief
summary of the results obtained with the computer
modeling of a hyperthermia system is given. The
section "Experimental Results" first describes the
materials and methods used in the experiments con-

ducted at SUNY, and then gives results for the modified BSD-2000, an adaptive four-channel hyperthermia ring array, operating at continuous wave (CW)
frequencies of 100 and 120 MHz. The received RFpower distributions measured by short-dipole field
probes both before and after adaptive nulling are
presented for the saline-filled polyethylene bottle and
the beef sample used.

Theory
Noninvasive Adaptive Hyperthermia System Concept

The concept of a noninvasive adaptive-nulling
hyperthermia system for a simplified target body is
shown in Figure 2. For generating the desired electric-field distribution in a clinical adaptive hyperthermia system, receiving sensors are positioned as
closely as possible to the focus (i.e., tumor site) and
where high temperatures are to be avoided, such as
near the spinal cord and scar tissue. In a noninvasive
adaptive-nulling system, the auxiliary sensors 1, 2,
... , N.aux are placed on the target skin as shown. The
finite-width null zones centered at each auxiliary probe
extend naturally into the elliptical target region to
eliminate undesired hot spots. The width (or extent)
of each null zone is directly related to the strength of
each null, and the strength of each null (sometimes
referred to as the amount of cancellation) is directly
related to the SNR at the sensor position. A low SNR
results in a small amount of nulling while a high SNR
results in a large amount of nulling. The resolution,
or minimum spacing, between the focus and null
positions is normally equal to the half-power
beamwidth of the antenna [42]. The resolution can
be enhanced somewhat by using weak nulls whenever
the separation between the null and focus is closer
than the half-power beamwidth. The focal-spot size,
or resolution, of a ring array is approximately onehalf the wavelength in the target body [41].
Initially, the hyperthermia array is adaptively focused to produce the required field intensity at the
tumor site. An invasive probe is used to obtain the
optimum focus at the desired depth. To avoid hot
spots, it is necessary to minimize the power received
at the selected null positions while constraining the
array weights so that the required amount of power is
delivered to the tumor site. The adaptive array weights
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FIGURE 2. Concept for noninvasive adaptive hyperthermia system.

(with amplitude A and phase if» are controlled by
either the sample matrix inversion (SMI) algorithm
or a gradient-search algorithm to form the nulls quickly
before a significant amount of heating occurs. With
this adaptive technique, it should be possible to avoid
hot spots while maintaining a therapeutic thermal
dose distribution at the tumor site.

deliver a required amount of power to the hyperthermia array or to the tumor. For simplicity in the
experimental adaptive-hyperthermia-array control software, we constrained the weights such that

Adaptive Transmit-Array Formulation

where IWn I is the transmit-weight amplitude for the
nth adaptive channel and Kis a constant.
The transmit weights (amplitude and phase) can
be controlled by either the SMI algorithm or a gradient-search algorithm to generate adaptive nulls. The
SMI algorithm has the flexibility to operate in either
open- or closed-loop feedback modes [43]; the gradient-search algorithm operates only in a closed-loop
feedback mode. The SMI algorithm is also potentially
faster. The speed of convergence of the SMI algorithm depends on the number of data samples of the
interference. For an Nchannel adaptive array, 5N
samples of each channel are typically required to estimate the sample cross-correlation matrix and cancel
the interference to within 1 dB of the optimum value
obtained with the exact channel-cross-correlation ma-

Consider a hyperthermia array with N identical antenna elements. (Note: For the BSD-2000 system, N
will represent N pairs of identical antenna elements.)
The input signal to each of the N array elements is
obtained from the amplitude- and phase-weighted
CW signal distributed by a power divider network.
The variable N also denotes the number of adaptive
channels; thus the adaptive-channel weight vector
shown in Figure 2 can be given by w = (wI' WZ, ... ,
wN) (The superscript T indicates transpose.)
For an adaptive annular array focused at the origin
in homogeneous tissue, the normalized quiescent
weight vector is simply w quiescent = (l, 1, 1, ... , 1) T;
i.e., the amplitude and phase illumination are uniform. Commonly, the weight vector is constrained to

r.
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trix. The speed of convergence of gradient-search algorithms, on the other hand, is highly dependent on
the number of interference signals and the difference
between their SNRs.

Sample Matrix Inversion (SMI) Algorithm
The SMI algorithm is used to determine the array
antenna's transmit-weight settings that will adaptively
null interference signals. With the SMI algorithm, a
cross-correlation matrix R is determined from sampled
data and, after matrix inversion, the adaptive-array
transmit-weight vector wadapted is calculated as
wadapted

1

= R- W quiescent '

(1)

where wquiescent is the quiescent weight vector and
denotes inverse. Calculation of the cross-correlation matrix R requires knowledge of the complex
received voltages at the auxiliary-probe locations.
References 12 and 39 describe further details of the
SMI algorithm.

-I

Gradient-Search Algorithm
Gradient-search algorithms are commonly used in
adaptive-array applications in which the adaptive-channel cross correlation cannot be calculated or measured. With a gradient search, only the output power
of the receiver channels needs to be measured and is
used as a feedback signal to the algorithm. A wide
variety of gradient searches are possible [44-50].
Under conditions in which only the probe received
power is measured (as in the BSD-2000 system), a
gradient-search algorithm can be used to minimize
the received power at selected positions. A gradient
search can help control the transmit weights iteratively to minimize the RF signal received by the probe
array. The transmit-array weights (amplitude and
phase) are adaptively changed in small increments
and the probe-array received power is monitored to
determine those weight settings which reduce the
received power most rapidly to a null. The mathematical formulation for the gradient search can be
developed in a straightforward manner and is described in detail elsewhere [41, 44]; only a brief
description will be given in this article. (Note: Although the mathematical formulation is given as a
minimization problem, the equations are readily

converted to the maximization case.)
The summation of the power teceived at the electric-field probes is denoted by p. The adaptive-array
cancellation ratio, denoted by C, is defined here as the
ratio of the summation of probe-received power after
adaption to the summation of probe-received power
before adaption; i.e.,
C

=

Pafter .
Pbefore

Consider now] sets (or iterations) of N transmit
weights that are applied to an adaptive hyperthermia
phased-array antenna. In terms of adaptive nulling,
the optimum transmit-weight settings (from the collection of] sets of N transmit weights) occur when
the total power received by the auxiliary probe array,
denoted by p, is minimized. We employ a method of
steepest-descent gradient search to find the optimum
transmit weights to minimize p; i.e.,
Poptimum

= min(Pj)

j

= 1,2'00"].

Assume that there are N complex transmit weights
in the hyperthermia phased array. The nth transmit
weight in the jth configuration (or iteration) of transmit weights is denoted by
-

Wnj -

A

'''n/

j~'if

'

where A nj is the transmit-weight amplitude distributed over the range A min to A max and <Pnj is the
transmit-weight phase distributed over the range <Pmin
to <Pmax ' The goal is to find the values of amplitude
and phase for each of the N transmit weights such
that P is minimized. When the auxiliary receive array
power is minimized, adaptive radiation-pattern nulls
will be formed at the auxiliary sensor positions.
Assuming an initial setting of the N transmit
weights, we adjust the weights by dithering them in
small increments ~n and ±t:.<Pn until the optimum
power is achieved. The goal is to find the collective
amplitude and phase search directions for the N
transmit weights such that P decreases most rapidly. Further details of the gradient search are given
in Reference 41.
For adaptive focusing at a tumor site, we employ a
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FIGURE 3. Block diagram of gradient-search algorithm for adaptive-nulling hyperthermia

system.

method of steepest-ascent gradient search to find the
optimum transmit weights to maximize p; i.e.,
Pop[imum

= max(Pj)

j

= 1,2, ... ,].

For the current software implementation of the
gradient search in these experiments, assume (for convenience) that the step sizes are independent of both
the iteration number and the adaptive-channel number; i.e.,

L1A,zj = M, and
/).ljJ,zj

= /).ljJ.

In some situations it may be desirable
228
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step size at each iteration [45,48], but that possibility
has not been explored in these measurements.
Figure 3 shows a block diagram for an adaptive
hyperthermia system controlled by the gradient-search
algorithm. The transmit weights Wlj' ... , w nj' ... ,
wNj at the jth iteration are shown at the top of the
figure. The transmit phased-array antenna induces a
voltage across the terminals of the ith receive probe
antenna. For any given configuration of the transmit
weights, each weight is dithered by a small negative
and positive amount in amplitude and phase and the
received powers at the electric-field probes are stored
in the computer for calculation of the total received
probe array power, amplitude and phase search direc-
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tions, and updated (j + l)th transmit-weight configuration. The weight dithering of one transmit weight
must be done with the remaining transmit weights
in their jth state. The adaptive weight vector wadapred
is achieved when the (j + 1)th weight configuration
has converged. The rate of convergence depends on
the number of independently generated adaptive
nulls, the SNR at each null position, and the gradient step Sizes.

Simulation Results
Computer simulations at Lincoln Laboratory have
shown that the electric field radiated by an RF
hyperthermia phased array can be minimized (nulled)
at multiple hot-spot locations and maximized (focused) at desired target positions by adaptively adjusting the transmit amplifiers and phase shifters
of the hyperthermia apparatus. The simulation results are based on the computation of the electric
field with a homogeneous moment-method model
•

T > 42°C

T > 44°C
15.0

[51-53], and on a transient thermal-analysis computer program [54].
The computer simulation analyzes adaptive nulling with a hyperthermia phased array in an infinite
homogeneous conducting medium. The method of
moments helps compute the electric field received at
a short-dipole sensor due to a radiating thin-wire
dipole ring array. The SMI algorithm is used for the
adaptive control of the transmit array weights to form
the radiation-pattern nulls. The transient thermal behavior of the RF-illuminated target is analyzed with
an equivalent electric circuit network similar to the
approach used in Reference 55. For a detailed discussion of the computer simulation, see Reference 39.
Figute 4 summarizes the thermal simulation for a
l20-MHz RF hyperthermia ring array with eight
adaptively controlled dipole elements transmitting
uniformly, in amplitude and phase, through a constant-temperature water bolus into a homogeneous
elliptical target region. The tumor site is assumed to

D T > 40°C D T > 38°C D T > 36°C D T > 34°C

T > 32°C •

T > 30°C

Without Adaptive Nulling
,....----,r------r------,r------r-...:....-----,r-----,

Aux 3
7.5

E

~

0.0

N

-7.5
Target Body

Tumor Site

Target Body

Aux 4

Tumor Site

-15.0
-15.0

-7.5

0.0

7.5

15.0

-15.0

-7.5

0.0

x (cm)

x (cm)

(a)

(b)

7.5

15.0

FIGURE 4. Simulated two-dimensional thermal pattern: (a) without adaptive nulling and (b) with adaptive nulling at four
auxiliary sites. The data are for an eight-element dipole ring array (60-cm diameter) and an elliptical phantom muscletissue target surrounded with a water bolus. The incident radio frequency (RF) power distribution is at 120 MHz, the
initial temperature of the phantom is 25°C, the relative dielectric constant and electrical conductivity of the phantom
muscle tissue are 73.5 and 0.5 Siemens/m, respectively, and the array has been focused at the center of the elliptical
target for 20 min. During the simulation, the temperature of the water bolus was held constant at 10°C, and the maximum
temperature of the phantom was 46°C. Note that adaptive nulling has eliminated the undesired hot spots on the left and
right sides of the target.
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FIGURE 5. Experimental setup for the saline-filled cylindrical phantom. Three probes are used to monitor the
electric field during the adaptive-nulling measurements.

be at the center of the ellipse. The thermal distribution in Figure 4(a) contains two undesired hot spots,
one on either side of the focus. (Note: A similar
thermal distribution has been reported in the literature, for example, by S.B. Field and].W Hand [2]).
The adaptive array weights have been computed from
Equation 1. In Figure 4(b), adaptive nulling at four
independent positions on the surface of the target
body has been applied and, due to the finite widths of
the nulls, the undesired hot spots near the surface of
the target body have been eliminated. For a detailed
discussion of the simulation results, see References
36 through 39.

Experimental Results

Materials and Methods
The hyperthermia phased-array system used in our
experiments at the State University of New York
230
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(SUNY) Health Science Center in Syracuse, N.Y.,
was the BSD-2000 with Sigma-60 applicator, manufactured by BSD Medical Corp. The system's annular
array applicator has a diameter of 59 em with eight
uniformly spaced dipole elements (dipole length of
44 em) operating over the frequency band from 60 to
120 MHz [10]. The eight dipoles are fed as four
active pairs of elements with an average power per
channel of up to 500 W To phase-focus the array,
each of the four active channels has an electronically
controlled variable-phase shifter. The variable transmit amplitude and phase modules are controlled by
digital to analog (D/A) converters. A bolus filled with
circulating deionized water, which has a very low RF
propagation loss, prevents excess heating of the surface of the patient's skin.
For the electric-field probes, short dipoles with
semiconductor diode detectors [56-58] were used.
We selected three models of BSD probes: for invasive
electric-field measurements, the EP-500 probe; and,
for noninvasive electric-field measurements, the EP100 and EP-400. The lengths of the probe dipole
antennas are 1 em and 3 em for the EP-500 and the
EP-100, respectively, and the EP-400 is a three-element array of dipoles with a total length of 23 em.
(Note: The design of the EP-500 probe is given in
Reference 58. For the EP-500 design, the short metallic leads of a Schottky diode are connected between
two highly resistive conductive leads. A I-em-long
conducting wire is added to one of the resistive leads
and responds to linear polarization. The leads of the
diode and the additional conducting wire act as an
offset-feed dipole antenna.) In addition to the electric-field probes, two temperature probes (provided
with the BSD-2000 system) were used to monitor the
temperature of the beef phantom.
The BSD-2000 comes equipped with eight EP400 noninvasive electric-field probes for monitoring
clinical hyperthermia treatments. The eight EP-400
probes (or, alternatively, eight EP-100 probes) could
provide feedback signals to the adaptive algorithm. In
theory, with four transmit channels three independent adaptive nulls can be formed with any three of
the eight feedback signals.
There are various methods to select the desired
null sites. The adaptive algorithm could minimize the
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three largest measured electric-field signals on the
surface of the patient's skin. If two or three positions
are identified as potential hot spots, adaptive nulls
could be automatically formed at those positions.
Alternatively, if during the heating therapy the patient can localize a painful tissue area, the nearest
electric-field probe can be used as the feedback signal
to the adaptive-nulling algorithm. In some situations,
more than three independent adaptive nulls may be
needed to produce a therapeutic thermal distribution.
An extension of the present four-channel BSD-2000
Sigma-60 system to eight channels would provide up
to seven independent adaptive nulls in addition to a
desired focus.
A computer program that implements the gradient-search algorithm was developed at Lincoln Laboratory and integrated at SUNY with the BSD Medical Corp. software for transmit amplitude/phase
control and temperature/electric-field monitoring. The
integrated MIT/SUNY software allows a user to run
either adaptive-nulling or adaptive-focusing algorithms
and to monitor the output power of the electric-field
probes during the gradient search. The adaptivenulling algorithm uses phase and amplitude control
to form nulls; the adaptive-focusing algorithm uses
only phase control to maximize the focal-point electric field. Because the adaptive-array transmit amplifiers and phase shifters are updated continuously,
patient breathing and motion should not affect the
performance of the feedback algorithms.
The gradient-search algorithm was chosen because
the BSD-2000 system measures the applied electric-

field amplitude but not the phase. A potentially better approach to performing adaptive hyperthermia is
to use a channel-cross-correlation-matrix-based algorithm (such as the SMI algorithm) and suitable transmit calibration to control the transmitter channels. If
both the electric-field phase and amplitude could be
measured (e.g., by modification of the electric-field
probe hardware to form inphase and quadrature signals), the SMI algorithm could be used to form the
nulls.
Phantom, or simulated, human tissue models are
commonly used to evaluate hyperthermia techniques
[59]. Photographs of the saline-filled phantom that
was used in the experiments are shown in Figure 5.
The phantom was a 6-gallon cylindrical polyethylene
bottle (28-cm diameter and 40-cm length) filled with
0.9% NaCl in deionized water. (Note: The estimated
dielectric properties of the various materials used in
these experiments are given in Table 1.) Three electric-field probes monitored the electric-field distribution: one probe was mounted invasively at the center
of the cylindrical phantom and the other two were
mounted separately on the left and right sides of the
phantom. The power measured at the invasive probe
site was assumed to be the power that would have
been delivered to a tumor site.
The beef phantom was a tapered cut of meat obtained from the hind leg just below the knee (Figures
6 and 7). The front face of the beef cut had a horizontal width of 38 em and a vertical height of 23 em.
Altogether, the beef cut weighed 10.9 kg and had a
thickness of 15 em. The probe positions used in the

Table 1. Dielectric Properties of Materials Used in the Experiments
Material

Relative Dielectric Constant

Electrical Conductivity (Siemens/m)

Deionized water

78.0

0.0001

0.9%-NaCI solution

75.0

1.5

Polyethylene

2.25

0.0002

Beef tissue

50.0

1.0

Fat

7.5

0.067

Bone

7.5

0.067
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FIGURE 6. Front view of the beef phantom used in the
experiments. The locations of the electric-field and temperature probes are shown.

experiments are indicated in the figures. As with the
saline-fuled phantom, three electric-field probes monitored the electric-field distribution: one probe was
mounted invasively at the center of the beef phantom
and the other two probes were mounted separately on
the left and right sides. The power measured at the
invasive probe site was assumed to be the power that
would have been delivered to a tumor site.
Results

This subsection presents measured data for the salinefilled cylindrical phantom and the beef phantom. The
transmit frequencies used were 100 MHz for the
cylindrical phantom and 120 MHz for the beef phantom. The frequencies were selected by monitoring the
reflected-power level of the transmitter channels as a
function of frequency. Trial and error determined
frequencies at which the reflected power was low.
In the first experiment, two adaptive nulls were
formed independently on the left and right sides of
the cylindrical phantom while the power received at
the tumor site was monitored. The longitudinal characteristics of one of the adaptive nulls were quantified
by measurement. In the second experiment, an adaptive-focusing gradient search was run for the cylindrical phantom. The focus was positioned on the surface
of the phantom. In the third experiment, one adaptive null was formed on the side of the beef sample.
232
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Thermocouple data were measured for this case.
In the following results, the measured electric-field
probe ND-converter data have been converted to
power in dB by computing 10 10g(P), where p is the
value (measured power) of the ND converter.
Two adaptive nulls for cylindrical phantom. In the
first experiment, two adaptive nulls were formed simultaneously at two independent electric-field-probe
feedback positions. The invasive EP-500 probe was
mounted in the center of the cylindrical phantom
(the probe was inserted in a catheter through the
rubber plug on top of the phantom) to measure the
electric-field power at the simulated tumor site. One
EP-I00 probe was taped to the left side of the phantom and another EP-I00 was taped to the right side;
the two probes measured the adaptive-nulling feedback signals.
A 50-iteration adaptive-nulling gradient search was
executed for this experiment. The commanded initial transmit forward powers on channels 1 through 4
were all 215 W (The numbering of transmit-array
elements 1, 2, 3, and 4 correspond to the anterior,
posterior, left, and right quadrants, respectively, as
depicted in Figure 8. Note that the right side refers to
the side of the Sigma-60 that contains the coaxial feed
cables.) The commanded initial phase shifts for the
four quadrants were all 89°. After 50 iterations of the
adaptive-nulling algorithm, the transmit forward powers were 510 W, 55 W, 190 W, and 76 W in quadrants
1 through 4, respectively, and the corresponding phase
shifts were 0°, 99°, 58°, and 101°, respectively. The
measured electric field as a function of iteration number is displayed in Figure 8. Three curves have been
plotted; each curve has been normalized to 0 dB at
the initial iteration. The two null-site probe powers
decrease nearly monotonically over the 50 iterations.
At iteration 50, the powers for null-site probes 2 and
3 are -18.0 dB and -11.5 dB, respectively. The tumor-site probe power stays relatively constant during
the 50 iterations. With the two symmetric nulls, the
main beam tends to stay centered at the desired focus.
Using the adaptive weights from iteration 50, we
measured the electric field in the vicinity of one of the
nulls. Probe 3 was moved longitudinally and uniformly to nine positions on the surface of the cylindrical phantom; the nine positions scanned 20 em.
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The electric field before and after nulling is presented
in Figure 9. Before nulling, the radiation partern had
broad coverage and the half-power beamwidth was at
least 20 cm. After nulling, the electric field was reduced at each measurement position over the 20-cm
distance. The electric field tended ro increase as the
probe moved away from the null position at y = O.
This measured result is consistent with computer
simulations in which a longitudinally finite-width
null was observed [39].
Adaptive focus for cylindrical phantom. In the second experiment, an adaptive focus was formed on the
surface of the cylindrical phantom (Figure 10). One
EP-I00 probe was taped ro the right side of the
phanrom ro measure the adaptive-focusing feedback
signal at that location. A 30-iteration adaptive-phasefocusing gradient search was executed for this experiment. The initial transmit forward powers on channels 1 through 4 were all 215 W, and the corresponding
phase shins were all 100°. After 30 iterations of the
focusing algorithm, the transmit forward powers were
held constant and the phase shins for channels 1

through 4 were 13°, 98°, 78°, and 30°, respectively.
The measured electric field as a function of iteration
number is displayed in Figure 10. Note that the focalprobe power increases by 0.8 dB over the 30 iterations and that the data indicate convergence in about
15 iterations.
One adaptive nuLL for beefphantom. The third experiment demonstrated the formation of one adaptive null for the beef phanrom. The invasive EP-500
probe was mounted in the center of the phanrom,
and an EP-400 probe and EP-I00 probe were taped
ro the left and right sides of the phantom, respectively, as shown in Figure 11. The EP-500 measured
the electric-field power at the simulated tumor site,
the EP-400 measured a reference electric field, and
the EP-I00 measured the adaptive-nulling feedback
signal. A 50-iteration adaptive-nulling gradient search
was executed for this experiment, which used a transmit frequency of 120 MHz. The initial transmit forward powers on channels 1 through 4 were all 215 W,
and the corresponding phase shins were all 103°.
After 50 iterations of the nulling algorithm, the trans-

FIGURE 7. Beef-phantom target with electric-field probes and thermocouples.
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FIGURE 8. Experimental demonstration of adaptive nulling with the adaptive hyperthermia system at SUNY: (left) cross
section of experimental configuration with saline-filled cylindrical phantom and (right) measured electric field as a
function of adaptive-nulling gradient-search iteration number (frequency = 100 MHz). Note that two adaptive nulls were
independently formed at the locations of probes 2 and 3 while the power at probe 1 was kept relatively constant.

mit forward powers for channels 1 through 4 were
163 W, 390 W, 170 W, and 112 W, respectively,
and the corresponding phase shifts were 76°, 60°,
58°, and 131°, respectively. The measured electric
field as a function of iteration number is displayed
in Figure 11. Note that the null-site probe power
decreases during the first 30 iterations, after which
the average null-site amplitude (cancellation) is about

-20 dB. The tumor-site power drops by about
2 dB during the 50 iterations; the power reduction
is attribured in part to a shift in the beam peak away
from the focus. The power at the reference site increases by about 2 dB during the 50 iterations; the
increase is consistent with the assumption that the
beam peak shifts away from the focus.
To record calibrated thermocouple data, we
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cylindrical phantom before and after nulling (frequency = 100 MHz). The experiment uses the setup shown in Figure 8,
except the position of probe 3 is moved longitudinally over a distance of 20 cm.
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period when the RF antenna was off, the temperature-monitoring mode of the BSD-2000 system was
accessed and the data recorded. The RF antenna was
then turned back on with the transmit weights set to
values of the previous iteration. Figure 12 shows the
experimental configuration used and the measured
temperatures at the tumor and null sites. The initial
temperatures were approximately equal; after 80 min

turned the RF antenna off for about 5 min after every
10 iterations. (Note: The length of time for 10 iterations is approximately 12 min with the present software/hardware configuration. A faster iteration speed
is required for the practical use of the gradient-search
algorithm in patient therapy. Optimizing the software/hardware configuration for adaptive feedback
operation should enable faster speeds.) During the
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probe 2 while the power level at the location of probe 1 (the tumor site) is maintained within 2 dB.
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MHz). After 80 min, the temperature at the tumor site is 4°C higher than that at the null site. (Note: The RF antenna was
turned off for approximately 5-min intervals during the temperature measurements.)

the temperature at the tumor site was 4°C higher
than that at the null site. Thus the data suggest that
adaptive nulling can be effective in improving the
thermal distribution in hyperthermia treatment. For
the future, more detailed thermal measurements in
three dimensions are planned.
Conclusion

We have investigated the use of adaptive array antenna techniques in the hyperthermia treatment of
cancer. Both computer simulations and experimental
measurements have shown that adaptive nulling can
be used to prevent undesired hot spots from occurring during the heating of a deep-seated tumor by a
hyperthermia annular phased-array system.
For the experimental measurements, we used a
BSD-2000 Sigma-GO hyperthermia system at the State
University of New York (SUNY) Health Science Center in Syracuse, N.¥. The commercial phased-array
system was modified to implement adaptive-nulling
and adaptive-focusing algorithms. The experimental
measurements reported in this article demonstrate
that the electric-field radiation pattern of a
hyperthermia phased array can be controlled by an
adaptive algorithm. Both electric-field nulling (power
minimization) and focusing (power maximization) at
desired phantom target positions were experimentally
236
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demonstrated. Although the emphasis of our experiments was on electric-field measurements, limited
beef-phantom temperature data were also measured
and reported.
The purpose of electric-field nulling is to reduce
the occurrence of undesired hot spots inside or on the
surface of a target body. In contrast, electric-field
focusing is intended to maximize the RF power delivered to a tumor site. The data presented in this article
suggest that both these goals can be achieved with an
adaptive hyperthermia phased-array system. A potential clinical application of the adaptive phased-array
system has been outlined.
In the experiments, the adaptive algorithm used
was a gradient-search feedback technique (method of
steepest descent/ascent). For RF nulling, the gradient
search employed transmit-weight amplitude and phase
dithering together with probe measurements of the
electric-field power at the desired target positions to
calculate the required gradient-search directions. For
RF focusing, a phase-only transmit-weight dithering
algorithm was used. Short-dipole electric-field sensors provided the feedback amplitude signals for the
adaptive array. Two phantom targets were investigated in the experiments: a homogeneous saline-filled
cylindrical target and a heterogeneous (tissue, bone,
and fat) beef target. For the saline-filled phantom
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target, two independent adaptive electric-field nulls
were demonstrated at 100 MHz. In addition, the
electric-field longitudinal surface distribution was
measured before and after adaptive nulling. The longitudinal field-probe measurements indicated a finite-width null characteristic. The saline-filled phantom was also used to demonstrate adaptive focusing
on the surface of the phantom. For the beef sample,
one adaptive null was obtained at 120 MHz. During
the adaptive-nulling beef-phantom testing, the measured thermocouple data indicated that the temperature at the tumor site was 4°C higher than the temperature at the target surface. The measured adaptive
null strengths were on the order of -10 to -30 dB.
For practical implementation of the adaptive-nulling algorithm, the required minimum null strength
for local near-surface hot-spot reduction is assumed
to be on the order of -3 to -6 dB, which we readily
achieved.
The data from our experiments are encouraging.

The results indicate that adaptive-nulling and adaptive-focusing array control can potentially improve
the hyperthermia treatment of cancer patients. Further experiments are planned.
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