844

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MIT-32, NO. 8, AUGUST 1984

A Local Field Study of a Water-Immersed
Microwave Antenna Array for Medical
Imagery and Therapy

THEODORE C. GUOQ, SENIOR MEMBER, 1EEE, WENDY W. GUOQO, SENIOR MEMBER, IEEE,
AND LAWRENCE EDWIN LARSEN, SENIOR MEMBER, 1EEE

Abstract — A water-immersed microwave array system for medical imag-
ing is described, and a theoretical analysis of its local field pattern is
presented. The theoretical study also applies to similar systems for medical
therapy purposes. It is shown that, using a technique of phase and ampli-
tude conjugations, a satisfactory three-dimensional focusing for targets
located in the neighborhood of the array may be achieved. The focusing
resolutions for transverse and longitudinal directions are approximately
N/2 and \, respectively, where N\ is the wavelength in the dielectric. By
increasing the element spacing of the array, the resolutions can be as good
as 5.3 and 11.7 mm, respectively, at the operating frequency of 3 GHz.

I. INTRODUCTION

HE DESIRABILITY of using microwaves for medical

diagnosis and therapy has been studied by a number
of researchers [1]-[11]. Some problems invotved include: 1)
low resolution at frequencies below 10 GHz (unless an
impractically large antenna aperture is employed) and ex-
cessive attenuation at higher frequencies [12]; 2) complica-
tion in signal processing caused by multipath propagation
exterior to the target [13]; 3) large reflection of the incident
energy at the air-tissue interface [14]; and 4) for the ther-
apeutic applications, difficulty in producing localized heat-
ing at internal organs due to the inhomogeneous dielectric
profile between the applicator and the target organ. Except
for the last item, these problems can be simultaneously
resolved by submerging both transmitting and receiving
antennas, as well as the biological subject, in water. Indeed,
the large value of the dielectric constant of water, which is
76.7 at 3 GHz, reduces the wavelength of the radiation by
a factor of 8.8 (v76.7 ) and thereby increases the resolution
by about the same factor. Also, the high propagation loss
of microwaves in water eliminates many sources of multi-
path. Furthermore, as water is the primary composition of
most biological materials, the energy coupling into the
target is greatly improved due to the impedance matching
at the water—target interface.
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There remains another difficulty in water-coupled imag-
ing and therapy: the high attenuation of radiation in water
inescapably reduces the incident radiation on the target
and the desired signal to the receiving antenna. In order to
increase the radiation level, to achieve higher resolution, to
acquire data at higher speed, and to obtain three-dimen-
sional focusing control, a large antenna array with phase
and amplitude control on each element must be used. Still,
the high attenuation in water requires that the target be
close to the transmitting antenna and, in the case of
microwave imaging, also close to the receiving antenna.
Indeed, the field at the target is effectively a local field of
the radiation sources. Thus, Fraunhofer and Fresnel dif-
fraction, which is commonly used in calculating the field
patterns of antenna arrays, cannot be applied.

In this paper, a method similar to the local field optics of
crystal lattices is described. It is shown that, using both
phase and amplitude conjugations on each element of the
antenna array, one may achieve resolution for three-dimen-
sional focusing. These results may be employed for imag-
ing and interrogation of biological targets as well as for
application and control of microwave power for ther-
apeutic use. The phase and amplitude conjugations re-
ferred to constitute a method of applying the proper phase
and amplitude distributions (tapers) to the elements of the
transmitting or receiving array to compensate for the prop-
agation path differences and to achieve focusing in the
local area of the array (see (27)).

All input data used in this paper correspond to the
previously described microwave imagery system at the
Walter Reed Army Institute of Research [2],[3],[6]-[8]. A
brief description of the system is given in the next section;
similar systems may also be made applicable for the ther-
apeutic purpose. Theoretical derivation of the local field
formula is summarized in Section ITI, followed by discus-
sions of the calculated results in Section IV.

II. DESCRIPTION OF THE SYSTEM

The system is composed of two antenna arrays, one for
transmission and another for reception, submerged in a
cylindrical water container of about 3 ft in diameter and 3
ft high. Both antenna arrays are of hexagonal shape with
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127 elements in a brick-staggered arrangement, corre-
sponding to a planar lattice with one lattice vector at 59°
from another and 0.97 times the length (Fig. 1(a)). Each
element is a 4X7-mm degenecrate ellipse waveguide-
to-coaxial adapter, which has, at an axial distance of 5 cm
or farther, an underwater field pattern in the forward
direction similar to that of a dipole field. The two antennas
are mounted in adjustable frames, facing each other. The
target is to be placed between the two antennas, The axial
distance between the antennas and the target may be
adjusted from .as close as 5 cm to a distance of about 35
cm. Other engineering details may be found in [3]; some of
the specifications may still be modified as the theoretical
and experimental studies continue to progress.

In order to compensate for the differences of the dis-

tance from each of the elements to the target, a method of -

phase and amplitude conjugations is used. That is, a factor
which includes both phase and amplitude is applied to
each element depending on its distance to a certain point
of the target (the focal point). For imagery purpose, in-
stead of applying the conjugations to the transmitting
elements, which would require RF phase shifters, the con-
jugations are applied to the receiving elements in the form
of off-line data processing, i.e., by multiplying the received
complex field amplitude in each element by a complex
factor corresponding to the phase and amplitude conjuga-
tions for a measured omnidirectional source. On the other
hand, the phasing of the emitting array is designed to
produce a near plane-wave, or, sequentially overlapping
subarrays, to provide the ability to illuminate selected
areas of the target. In therapeutic applications, an active
conjugation approach that applied to the transmitting ele-

ments will be necessary. ,
© The phase and amplitude conjugation technique pro-
duces a self-focusing array. That is to say, the array’s
element-to-element variations in phase center, insertion
loss, etc. become the data needed for focusing when a
defined source illuminates the array elements and separate
measurements of scattering parameter S,, [15] are made to
each element. The same array may be used for imaging and
heating. The key idea is a method of hyperthermia con-
trolled by imaging changes in the complex permittivity due
to microwave heating. The control and heating functions
can be temporally interlaced during the course of therapy.
In the case of S;; imagery, a central subarray serves as a
low-power illuminator, while the remaining elements serve
as receivers with diplexer protection. In the case of S,
imagery, the array is used as a receiver with diplexer
protection, but an additional illuminator is needed.

In order to describe ‘the application of this technique to a
water-coupled microwave imaging system, a brief digres-
sion into the design of a multiplex receiver is necessary.
The receiver consists of 127 open-ended waveguide ele-
ments (degenerate ellipse in transverse section) each with a
shorted feed for coax-to-waveguide adaptation. The 127
coax lines are routed to 6P1T diode switches in a three-tier
reverse corporate power divider network. This network
provides the switching to connect each receiver array ele-
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Fig. 1. (a) The planar array of 127 dipole elements. (b) A water-
immersed lens antenna for receiver calibration is shown. This derived
the measured data for phase and amplitude conjugations to accomplish
three-dimensional focusing.

ment to a harmonic converter. Two low-noise amplifiers of
20-dB gain are inserted under operator selection prior to
the harmonic converter to compensate for path losses
through the coupling medium. The local oscillator for the
harmonic converter is derived via a directional coupler
from a digital synthesizer which serves as the signal source
for the transmitting array. The RF port of the harmonic
converter is attached to each element of the receiver array
via the switch matrix. The IF port returns the down-con-
verted receiver signal to a complex ratiometer which com-
pares another saraple of the transmitted signal with the IF
signal from the receiver. ‘

The amplitude and phase conjugation, therefore, in-
cludes not only element-to-element variations in the array
geometry, but also path-length and insertion-loss variations
in the switch matrix enroute to the harmonic converter. -
The complex ratiometer provides this measurement by
estimating S,,. for each element over the entire RF signal
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path from the source to the RF port of the harmonic
converter.

The source used for the S,; measurement should ideally
consist of a 2#-sr omnidirectional radiator. One realization
of such a calibration source is shown in Fig. 1(b). This
design is based upon a dielectric lens. It provides a 3-dB
beamwidth of 130° in azimuth and in elevation. The ampli-
tude for each element and its path to the harmonic con-
verter for a given position of the calibration source pro-
vides the amplitude taper needed to compensate for path
losses through the coupling medium and insertion losses in
the switch matrix. That is, the needed amplitude taper is
the inverse of the measured amplitude taper for that posi-
tion of the calibration source. The needed phase taper to
ensure coherent addition at the portion of the calibration
source is the conjugate of each measured phase. All focal
spot positions are provided by translation of the calibra-
tion source.

The calibration data set derived as described above is
then applied to the §,; measurements in the presence of a
target for each element for each focal point. In this way,
the forward scattered fields are scanned by a sensitive
volume element. The receiver array focusing takes place
off-line. The array is focused only in the coupling medium,
not in the target. The forward scattered fields from the
target are differenced from the beam pattern of the il-
luminator recorded at the same plane in the absence of the
target.

III.

In this section, the formula for the electromagnetic field
in the neighborhood of a lattice radiation source is derived.
The formula will be used to calculate the field pattern of
the antenna array and the beam characteristics. The an-
tenna array is treated as a localized distribution of charge
and current in a lattice structure. The following three
assumptions are made:

1) If d, and d, represent, respectively, the longitudinal
and transverse dimensions of each array clement with
respect to the direction of the point of observation, and 7,
the distance from the nth element to the observation point,
it is assumed that, for every element, the following magni-
tude comparisons are valid:

THE Local FIELD FORMULA

A>di/r, (1)

where A is the wavelength of the microwave signal in
water. Under this assumption, the field due to each radiat-
ing element may be approached by the dipole approxima-
tion.

2) Mutual couplings between the radiating clements are
included in the local field formula to the extent that the
effect of all couplings is assumed to be identical in every
element. In other words, the difference between the periph-
eral elements and the interior elements with regard to the
effect of mutual coupling is assumed to be negligibie.

3) Mutual coupling between the radiating elements is
linear with respect to the phase and amplitude of the power
input to the elements. Measured mutual coupling using a

r,>d, and d,, A>d,
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Hewlett Packard 8542C Automated Network Analyzer
(ANA) proved this assumption to be true and demon-
strated that mutual coupling is <80 dB.

It is remarked that assumption 1) is of a quantitative
nature, in the sense that its degree of satisfaction depends
on the degree of quantitative precision needed for the field
pattern. Although the physical size of each array element is
about half the wavelength, it is the actual current distri-
bution that determines the size of the source. Our calibra-
tion measurements show that the field of each individual
array element resembles that of a dipole, indicating that
this assumption is valid for the system. It will be made
clear where this assumption, as well as the other two
assumptions, enter into the derivation, so that the per-
centage error of the derived quantities may be determined.

To derive the local field formula, consider a localized
charge density p and current density J distributed in a
space region V. For an antenna in a free space, V indicates
the space occupied by the antenna array, as well as its
accessories. Without losing any generality, monochromatic
time variation is assumed, so that

p(%,1)=p(F)e !
and
J(Z,0)=J(Z)e ", (2)

Accordingly, all other field quantities resulting from p and
J also vary with time monochromatically. Any other time
variation can always be obtained by superposition of
monochromatic waves. From Maxwell’s equation, the vec-
tor potential at any point outside of V' is given by, in the
Gaussian system of units [16]

. 1o . expik|X—X| .,
(%)= [ 2 5(z) ZREE =X 4y
144 |1X—X'|
from which one obtains the magnetic induction B and
electric field strength E

B(%)=v x A(%)

)

(4)

and

E(%)=7 v x B() (5)
where k is the magnitude of the wave vector in the
medium. For water, k is a complex quantity k&, + ik,
where k, is equal to 27 times the inverse of the wavelength
and k, is the inverse of the distance over which the field is
attenuated by a factor of e =2.72 (equivalent to a power
loss of 8.7 dB). At an operating frequency of 3 GHz in
water, the values of k; and k, are

kj=55cm™"  and  k;=044cm . (6)

The current—charge volume V is divided into a number
of subvolumes, each denoted by V,, which represents the
space occupied by the nth radiating element. Let X, be the
center of V, and denote by J, and p,, respectively, the

current density and the charge density in ¥, with respect to
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its center, then
J(%)=J(%+%,)

Clearly, (3) may also be written as

and  p,(X)=p(X+%,). (7)

A= ¥ [ L7 ST

= X'

dx’.

(8)

Making the change of variable X’ — X, + X', where the new
X’ is a vector from. the center of each element to the
volume dx’, which is identical for every n and thus may
simply be regarded as a vector in V7, using (7), (8) becomes

expzkl(x x,)— X

I(%-%,)-%|

Note that each 1ntegral in the nght-hand side of (9) is the
same as that in (3), except that X is replaced by X — X, and
the space of integration is over only the center element Vi
instead of the entire array, V. Therefore, even though the
observation point is in the neighborhood of the array, as
long as |X — X,| =, is much greater than the size of each
array element d, one may expand the integrand in (9) in
powers of X'/r, (note that |X’| < d).

So, denote by X/ and X, respectively, the longitudinal
and transverse components of X', i.e., the projections of X’
in the directions parallel and perpendicular to X — X,,, then

(%)= z o @ (9)

IR T VISR [,
xl='r_2[x (x—'xn)](x_xn) (10)
and
. lraore = -
%= [¥x(E-%)|x(x-5). @)
n
Define
(=%, x/=I%] (12)
Then one has the identity
2 2 2/ 12 ’ 172
(8%, — 1= (r,— x0)"+ 7]
or
, , 2 1/2
S 1 RUCT4 )
SV R (i)

Under assumption 1), x;/r, and x//r, are both small
quantities, Then, expand |X — X, — X’| and other functions
of it in powers of x;/r, and x//r, and the following series

results:
2
_ R/ Y EAN Y
- X'|= kr,,{l "n+2(rn) 2("n)

AT o

k|% - X,

847

x\_1(x\

r, 217,

7 xl 2 xl 2 xl 4

TG o
rn rn rn

rn

As to the factor exp(ik|X — X, — X’|), its expansion de-
pends not only on the relative magnitude of 7, and d, but
also on the magnitudes of kr, and kd. If the real part of kd
is small, which is valid under assumption 1), then, except
for the first term, every term on the right-hand side of (14)
is much smaller than 1. The exponential of the series then
gives

exp (ik|X — %, — %'|) = exp (ikr, )(1 - ) (16)

Combining this expansion with (15), the integrand of (9)
becomes
1 exp(ik|5c’—5c’,,—5c”|)

—J (%
I (®) |X—%,—X'|

lkx [+

1 exp (ikr,) )J(""’)

n'

{1+——ikx,’+ } (17)

Substituting the leading term on the right-hand side of (N
into (9), an approximation for the vector potential is
obtained as

N .
o 1 exp (ikr, S N g
d)= ¥ 12U [ 5 ()
=] n 1

ne=

(18)

It can be shown that the ir_itegral in the right-hand side is
proportional to the total dipole moment p, of the array
element v,

B=t (I aw=" [ 1)@ (19)

" ck " " k v,

where the dipole p, is defined as the moment of the charge
distribution of the nth radiating element with respect to its
center

P.= | Fp(x’)dx". (20)

"
Therefore, the vector potential may also be written as
N exp(—ik|X—X,))

—ik Y, P, —=
n=1 g |X =X,

A(%)=

(21)

which is the field due to N radiating dipoles.
Assumptions 2) and 3) are now applied to (21). Noting
that all elements have the same geometry, the only factors
that could contribute to different values of p, for different
elements are the input power and phase and the differences
in the current—charge distributions due to mutual coupling. -
Under assumption 2), the last factor is assumed to be
negligible, and, under assumption 3), p, must be propor-
tional to the input phase and amplitude factor. Therefore,
pI,C, may be substituted for p, in (21), where p is the
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dipole moment for each radiating element at a certain
standard input, 7, is the illumination factor for the nth
element, and C, is a complex factor representing the phase
and amplitude conjugations. 7, is used as a controlling

factor to modify the main-beam shape. Equation (21) then
becomes

N e
A(Z)=-ikp L IC, eXp(i’;/'x %)

n=1

The electric and magnetic fields may be obtained from (22)
by applying (4) and (5) on A(R). Again, applying assump-
tion 1), the results are

N > o g2 o
- ¥—x, exp(ik]x —%,))
B =KX L LGER— 7-5,

(23)
and
N o
. X%
E(X)=-k*>Y IC|PX= J’)
n=1 [X — X,
x— %, exp(ik|X—X,|)
T keg 0 Y

To focus the main beam at the point X/, the conjugation
factor C, is given by

(25)

Noting that & is a complex number, the exponential factor
in the above equation includes a phase factor and a factor
to compensate for the absorption by the propagation
medium, the factor |X; — X,| in front of the exponential is
to compensate for the inverse-square loss.

The definition of the quantities in (22) and (25) are
summarized below:

=|%, — %,lexp (— ik|%, — Z,0)-

the vector potential, in the Gaussian system of units,

the magnetic induction, in the Gaussian system of

units,

the complex number representing the phase and

amplitude conjugation for the nth radiating element,

the electric-field intensity, in the Gaussian system of

units,

I the illumination factor for the nth eclement; this
factor is used to control the beam shape,

k the complex number representing the magnitude of

the wave vector of the radiation in water; the values

of its real and imaginary part for a 3-GHz radiation

are given in (6),

a subscript denoting the nth radiating element,

the total number of radiating element in the array,

the dipole moment of each radiating element at a

standard phase and amplitude input (i.e., for /, and

C, being unity), in the Gaussian system of units,

TN

O

|

"mizm

X the vector representing the observation point with
respect to the center of the array,

X, the desired focal point of the main beam,

X, the vector representing the center of the nth radiat-

ing element with respect to the center of the array.
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Note that, for a planar array of N X M radiating dipole
elements, (22) and (25) yield

elklgixnm{

( lkp Z E nm nmI I (26)
n=1m= Xnm
and
Cnmzl)?f_)?nmlexp (—iklff—)_énm!) (27)

and B and E will be changed accordingly.

IV. RESOLUTION AND 3-D FOCUSING

Using (22) and (27), the electromagnetic fields may be
calculated and the field characteristics may be obtained.
This section presents some results and briefly discusses
their significance. Only the absolute value of vector poten-
tial and the corresponding ficld characteristics are pre-
sented here. The structure of the array lattice is illustrated
in Fig. 1(a), and the equations used are (26), (27), and (6),
with illumination factor I,,, =1, and polarization taken to
be in y direction. In all the figures, the plane of the array is
taken to be the xy-plane and the z-axis is perpendicular to
the array plane and pointing to the forward direction. In
the following discussion and in all figures, the phrase
“mainbeam” is used in reference to field characteristics of
the three-dimensional focal region. Fig. 2(a)-(¢) shows
various field patterns with different interelement spacings
in the transverse plane at an axial distance of 7 cm, which
is also the axial distance of the desired focal point. Simi-
larly, Fig. 3(a)-(e) is the longitudinal field patterns at
different interelement spacings and focal points. The corre-
sponding 3-dB full-mainbeam width is given on each fig-
ure. Note that Figs. 2(b), (¢) and 3(b), (¢) are for the array
with lattice structure shown in Fig. 1(a). Fig. 2(d) and (¢)
shows arrays that are similar to the one shown in Fig, 1(a),
except with different lattice spacings. Figs. 2(a) and 3(a)
are for the same size array as shown in Fig. 1(a), but with
419 instead of 127 elements. Figs. 4 and 5 are the corre-
sponding pictures of Figs. 2 and 3, and plotted in isode-
cibel field contours. For easy comparison, the beam char-
acteristics of these figures are tabulated in Table I. It is
clearly seen that, with larger element spacing, the 3-dB
beamwidth becomes narrower. Also, the deviation from the
predicted focal point becomes less. However, the grating
lobes become more of a problem. It also shows that the
array size plays a more important role than the number of
elements of the array in beamwidth reduction. Resolutions
of 4 A in the transverse direction and 1 A in the longitudi-
nal direction can be achieved with the use of phase and
amplitude conjugation. Note also that the peaks along
z=2.5 cm shown in Fig. 3(a)-(¢) and Fig. 5(a)-(e) are due
to the single element that is closest to each of these peaks.
As the range becomes so close to an individual element, the
coherent addition from other elements is negligible in
comparison. As long as the target is not too close to the
array, these peaks will not cause any problem for actual
applications in microwave imagery or microwave therapy.

Summarizing the above results, the following conclusions
may be drawn:
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TABLE I
ARRAY BEAM CHARACTERISTICS OF THE FIELD PATTERNS AT 3 GHz

FOCAL POINT ELEMENT SPACING PEAK AT Z=7

PEAK AT X=X

BEAMWIDTH AT Z=7 BEAMWIDTH AT X=Xg

(x y z) em (dx dy) em (x y z) em (x y z) em (dx dy) cm (dy dz) ecm
007 .381 .635 007 ¢ 6 .60 .60 .81 2.83
007 .762 1,27 o 07 06 .60 .60 .50 1.60
00 7 .990 1.65 007 0 0 6.5 .53 .53 .20 1,17
4 3 7 762 1.27 4 37 4 2,75 6.25 .74 .67 .80 1,87
4 37 .900 1.65 4 37 4 3 6.5 .60 .60 .70 1.82

1) Using the method of phase and amplitude conjuga-
tions, one may achieve a satisfactory degree of three-
dimensional focusing in the neighborhood of radiation
sources in a lattice structure. There is a slight shift of the
peak point of the field from the intended focal point as
defined in the phase-amplitude conjugation factor. The
shift, as outlined in Table I, generally points toward the
center of the array. This should not pose any problem for
practical applications since it can be calibrated.

2) Upon applying the phase and amplitude conjugations,
the field patterns and the beam characteristics in the
transverse direction appear to have similar dependency
upon the lattice structure and the array size as that of a
Fraunhofer field. Thus, the transverse beamwidth becomes
narrower as the element spacing increases, at the expense
of more grating lobes. Interestingly, this behavior also
applies to the longitudinal beamwidth. Therefore, for a
small target, it is possible to improve the resolution further
by increasing the element spacing, as long as the target
does not extend to the region covered by grating lobes.

3) Along the longitudinal direction, the field patterns
and the beam characteristics using the phase and ampli-
tude conjugations differ considerably from that of a
Fraunhofer field. A Fraunhofer field is invariant in the
longitudinal direction, except for the inverse-square depen-
dence, whereas a local field under phase and amplitude
conjugations has a diffraction structure in the longitudinal
direction, as well as in the transverse direction. Therefore,
some degree of focusing of the local field along the longitu-
dinal direction may be achieved using the phase and ampli-
tude conjugation technique. It must be remarked that, as
the axial distance increases, the sensitivity of longitudinal
focusing to the phase—amplitude conjugation decreases.
Our analysis of the field pattern for focusing at 30-cm axial
distance indicates that the conjugation factor is totally
overcome by the exponential attenuation. However, the
transverse focusing remains good even at this axial dis-
tance.
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Microwave Thermoelastic Tissue
Imaging— System Design

JAMES C. LIN, sENIOR MEMBER, IEEE, AND KAREN H, CHAN

Abstract — A microwave-induced thermoelastic tissue imaging system is
proposed as a new and promising imaging modality. It possesses unique
features that permit noninvasive imaging of tissue characteristics which are
not identifiable by other techniques. It uses nonionizing radiation and relies
on a beam of impinging microwave energy to launch an acoustic wavefront
into tissue. This thermoelastic wave of pressure propagates through the
tissue and is detected by a two-dimensional array of piezoelectric trans-
ducers positioned on the body surface to give an image of the intervening
tissue structure. Signals from the output of this transducer array are
amplified and band-limited. A computer-controlled data acquisition system
samples and converts them to digital form for further processing. A hybrid
parallel /serial design for dividing the array into segments and collecting
data from each segment sequentially is used. The area image sensor offers
inherent geometric stability essential for reliable measurement. Error in
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scan position is not a concern, since mechanical scanning is not involved.
The gray level resolution is 256 after digitization, and the spatial resolution
is 5X 5 mm. These resolutions, along with a calculated signal-to-noise ratio
greater than 2500, are sufficient to provide structural information needed
to render microwave-induced thermoelastic imaging a useful, noninvasive
method for imaging biological tissues.

I. INTRODUCTION

HE LAST DECADE has witnessed tremendous ad-

vances in the field of biomedical imaging. Imaging
modalities and protocols which only a short time ago were
in the experimental stage have, during the last decade,
become routine clinical procedures. In hematology, for
example, automated instruments process blood slides on a
daily basis in the clinical laboratory. In nuclear medicine,
nuclear image processors are used in perform over 7 mil-
lion scintigraphic studies yearly in the U.S. In cardiology,
real-time ultrasonic systems are used routinely to image
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