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Comparative Effects of Linearly and Circularly
Polarized Illumination on Microwave-Induced
Thermoacoustic Tomography

Yu He, Changjun Liu, Senior Member, IEEE, Li Lin, and Lihong V. Wang, Fellow, IEEE

Abstract—Homogeneous illumination is important in
microwave-induced thermoacoustic tomography (TAT) be-
cause it directly determines the quantification of the reconstructed
images of objects. In this work, we studied the effects of both
linearly and circularly polarized microwave illuminations on TAT
images. A customized horn antenna and a helical antenna working
at 3 GHz were used to provide linearly polarized and circularly
polarized illuminations, respectively. Based on our simulated and
experimental results from tumor phantoms, the imaged patterns
of the targets showed dependence on their permittivity. The
target size and microwave wavelength within the target affected
the microwave power distribution, which resulted in different
reconstructed images. We analyzed the effect of the microwave
penetration depth on TAT images as well. The images under
circularly polarized illumination presented better quality than
those under linearly polarized illumination. Hence, circularly
polarized illumination can potentially better detect breast tumors
in clinical applications.

Index Terms—Imaging, microwave, polarization, thermoacous-
tic tomography (TAT).

I. INTRODUCTION

ICROWAVE or RF-induced thermoacoustic tomogra-

phy (TAT) has recently received considerable atten-
tion because of its great potential in biomedical applications,
especially for detection of human breast tumors [1]-[6]. By
combining the advantages of traditional microwave imaging
and ultrasonic imaging, TAT simultaneously yields good res-
olution and contrast. Compared to laser-based photoacoustic
imaging, TAT possesses greater penetration [7]. In TAT, short
microwave pulses are applied to irradiate tissue. The tissue
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absorbs microwave energy and creates thermoacoustic waves
by thermoelastic expansion. The generated acoustic waves carry
information about the microwave absorption distribution of the
tissue and are detected by an ultrasound transducer or a trans-
ducer array.

The primary contrast in TAT comes from differences in mi-
crowave energy absorption due to variations in dielectric prop-
erties. Malignant tissues, with higher dielectric loss than normal
tissues, absorb more microwave energy and generate stronger
acoustic waves [8]. The different absorption properties among
different types of tissues permit the reconstruction of a distri-
bution of microwave absorption. However, the thermoacoustic
waves map primarily the boundaries among different tissues,
and it is difficult to directly reconstruct the internal composition.
Since the amplitude of the induced thermoacoustic signal is pro-
portional to the absorbed microwave energy, which depends on
both the absorption coefficient and the microwave illumination,
the antenna should ideally illuminate the object homogenously.
Otherwise, the image will reveal not only the variation in ab-
sorption coefficient, but also the inhomogeneous illumination,
which will result in ambiguity in signal interpretation [9].

TAT most commonly uses horn antennas and helical antennas,
which radiate microwaves in linear polarization and circular
polarization, respectively [5], [10]. Under linearly polarized
illumination, distortion was observed in TAT images [11]. The
reconstructed images of a cylindrical object appeared to be
split into two parts, a phenomenon that we have investigated
previously [12]. However, the effects of circularly polarized
illumination on TAT images have not been studied, and it is
worth comparing the results from the two kinds of polarized
illumination.

In this letter, we report the effects of antenna polarization,
including both linear and circular polarization, on TAT images.
Considering that the relation between the size of the object and
the microwave wavelength A, within the object can influence
the TAT images, we prepared two cylindrical tumor phantoms
with different diameters. One was smaller than A, , and the other
was greater than A,. A horn antenna and a helical antenna were
used separately to illuminate the phantoms. Both the simulated
and experimental results of linearly and circularly polarized illu-
mination are presented. Moreover, the effects of the cylindrical
phantoms’ heights, which correspond to the penetration depth
influence, were studied as well.
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Fig. 1. (a) Simulation model. The phantom is made up of a tumor surrounded
by fat. The microwave illumination is directed upward, along the z-direction.
(b) Model of the horn antenna. (c) Model of the helical antenna.

II. SIMULATION MODEL AND EXPERIMENTAL SETUP

Microwave power absorption in biological tissues can be mea-
sured by the specific absorption rate (SAR), which is defined as
the power absorbed per mass of tissue [13]

e 2
o(r) B

SAR(7,t) = 200

I(t) (1)

where ¢ is the conductivity, | E| is the amplitude of the electric
field, p is the mass density, [ is the microwave pulse function,
t is time, and 7 represents the spatial location. The SAR is the
microwave power density converted to heat.

A. Simulation Model

The tumor phantom used in the simulation was a dielectri-
cally homogeneous cylinder with a relative permittivity of 70
and conductivity of 2.0 S/m, which is close to the dielectric
properties of breast tumors [8]. The surrounding cube mim-
icked adipose tissue, and had a relative permittivity of 5.0 and
conductivity of 0.1 S/m, as shown in Fig. 1(a). Considering that
the wavelength A, of a 3-GHz microwave within the cylindri-
cal tumor phantom is approximately 12 mm, we modeled two
cylindrical tumor phantoms with diameters of 10 and 15 mm,
respectively, and each 10 mm long.

Two differently polarized antennas working at 3 GHz were
used to demonstrate the effect of antenna polarization on the
SAR distribution in the tumor phantoms. For linear polarization,
a pyramidal horn antenna [see Fig. 1(b)] was used, and for
circular polarization, a helical antenna [see Fig. 1(c)] was used.
The phantom was placed at the center of the aperture above
the antenna. The antennas illuminated the phantom along the
z-direction, and for the horn antenna the polarization was along
the x-direction. Because the phantom was much smaller than
the apertures of the antennas, the illuminating microwave in the
apertures’ vicinity could be regarded as a plane wave. We built
the model in COMSOL multiphysics finite element modeling
software to calculate the SAR distribution in the tumor phantom.
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Fig. 2. Schematic of the experimental system.
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Fig. 3. Porcine fat phantoms in the experiment. Each phantom is with a small

hole at the center filled with a cylindrical gel. The diameter of the gel on the left
is 10 mm, and that on the right is 15 mm.

B. Experimental Setup

The setup developed for experimental validation is shown in
Fig. 2. Microwave pulses transmitted from a 3-GHz microwave
generator with a peak power of 60 kW were delivered to the sam-
ple through the antenna. The microwave pulse width was 0.6 ps,
and the pulse repetition rate was 10 Hz. We used a custom-made
horn antenna (WR284 horn antenna W/EEV flange, HNL Inc.)
and a helical antenna (RA-4510-15 helix antenna, ROZENDAL
Inc.), respectively, to illuminate the phantoms. The two antennas
and phantoms used in the experiment had the same parameters
as the models in the simulation. Each phantom had a hole in its
center filled with water-based gel sample, as shown in Fig. 3.
The gels, made of 3% agar and 97% water, mimicked breast
tumors, and the porcine fat mimicked normal breast tissue. The
phantoms were immersed in a plastic container filled with min-
eral oil, which is a good acoustic coupling liquid in TAT due to
its low microwave and acoustic loss.

An ultrasonic transducer with a central frequency of
2.25 MHz and a diameter of 6 mm (V323, Panametrics-NDT)
was used to receive the microwave-induced thermoacoustic sig-
nals. The transducer was fixed on a rotational apparatus and
controlled by a step motor. It pointed horizontally to the rota-
tion center and scanned around the phantom. The transducer
and the connection cables were grounded with shielding mesh
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Fig. 4. Simulated and experimental results of the phantoms with different
diameters under linearly polarized illumination. Simulated SAR distribution of
the phantoms with diameters of (a) 10 and (c) 15 mm. Reconstructed images
of the phantoms with diameters of (b) 10 and (d) 15 mm. (e) Simulated SAR
distribution of phantoms with diameters ranging from 11 to 14 mm.

to reduce the microwave interference. The generated thermoa-
coustic signals received by the transducer were amplified by a
50-dB amplifier (5072 PR, Panametrics), then directed to a data-
acquisition card with a sampling frequency of 20 MHz, averaged
50 times at each scanning stop for noise suppression, and finally
transferred to a computer. The acquired thermoacoustic signals
were used to reconstruct the distribution of the microwave ab-
sorption through our half-time back-projection algorithm [14].

III. RESULTS AND DISCUSSIONS

The simulated SAR distribution and reconstructed images of
the two tumor phantoms with different diameters under linearly
polarized illumination are shown in Fig. 4. In the simulation, we
averaged the SAR distribution of each cross section along the
z-direction. In the measured results, we used the peak-to-peak
value of the bipolar acoustic signal as the measure of thermoa-
coustic amplitude from the phantoms. The experimental results
agreed well with the simulated results. When the diameter of
the cylindrical tumor phantom was 10 mm, smaller than the
relative wavelength A, the distribution has a “bipolar” pattern
with greater SAR values located near the boundaries intersect-
ing with the antenna polarization direction, as shown in Fig. 4(a)
and (b). When the diameter of the cylindrical tumor phantom
was 15 mm, greater than the relative wavelength A,, the SAR
distribution is completely changed, as shown in Fig. 4(c) and (d).
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A standing wave is formed in the phantom, and the antinodes
can be observed at the center and at the edge, with the maxi-
mum values located at the center region. The 10-mm diameter
phantom and 15-mm diameter phantom present two different
distortions. We simulated the other four phantoms, with diame-
ters ranging from 11 to 14 mm, to show the evolution of these
changes, as shown in Fig. 4(e).

Here, the relative permittivity of the tumor phantom is 70, and
the corresponding microwave wavelength within the phantom
is 12 mm. If we change the relative permittivity of the tumor
phantom to 30 in the simulation, the microwave wavelength
within the phantom will be 18.3 mm, and the tumor phantom
with a diameter of 15 mm will be smaller than the microwave
wavelength. As a result, the SAR distribution in the tumor phan-
tom is no longer the same as shown in Fig. 4(c). The “bipolar”
pattern will occur in the phantom, just as in Fig. 4(a), which
indicates that the SAR distribution depends on the object size
and microwave wavelength within the object. We also note that
the phantom will be more homogeneously illuminated when the
diameter of the phantom is much smaller than the wavelength.
However, the “bipolar” distortion always exists in the linearly
polarized case.

Since the linear polarization of the microwave radiated by
the horn antenna was along the x-direction, the electric field
and the generated thermoacoustic signals were stronger at the
boundaries of the sample along the x-direction. Therefore, the
boundaries of the reconstructed image perpendicular to the x-
axis are clear, while the boundaries parallel to the x-axis look
ambiguous, as shown in Fig. 4(b). Unlike linear polarization,
in which the electric field at a fixed point in space remains
pointing at a fixed direction, the circular polarization involves
the plane of polarization rotating in a corkscrew pattern, making
one complete revolution over each wavelength. The circularly
polarized wave radiates energy with the electric field in both the
horizontal and vertical planes, as well as every plane in between.
Theoretically, circularly polarized illumination provides more
homogeneous illumination than linearly polarized illumination.

The results for the tumor phantoms under circularly polarized
illumination are shown in Fig. 5. The SAR distribution in the
phantoms is also related to their sizes. When the diameter of
the cylindrical tumor phantom was smaller than the wavelength
Aq, the SAR distribution along the edge reaches its maximum
and gradually decreases toward the center, as shown in Fig. 5(a)
and (b). On the other hand, when the diameter of the cylindrical
tumor phantom was greater than the wavelength 1,, the SAR
distribution is different, and is strongest at the center, as shown in
Fig. 5(c) and (d). In a previous work [12], image distortion under
linearly polarized illumination was alleviated by averaging two
images obtained separately by two perpendicular illumination
polarizations. However, under circularly polarized illumination,
the “bipolar” pattern appearing in the linear polarization case
no longer exists, and the boundaries of the reconstructed images
are clearer for the whole circumference of the tumor phantom.

In the aforesaid analysis, the conductivity of the tumor phan-
toms is 2.0 S/m, and the corresponding 1/e penetration depth
of the microwave amplitude at 3 GHz is close to the phantom
height. If the height of the cylindrical tumor phantoms is smaller
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Fig. 5. Simulated and experimental results of the phantoms with different

diameters under circularly polarized illumination. Simulated SAR distribution
of the phantoms with diameters of (a) 10 and (c) 15 mm. Reconstructed images
of the phantoms with diameters of (b) 10 and (d) 15 mm.
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Fig. 6. Simulated and measured results of the phantoms with different heights
under linearly polarized illumination. Simulated SAR distribution of the phan-
toms with heights of (a) 5 and (c) 2 mm. Reconstructed images of the phantoms
with heights of (b) 5 and (d) 2 mm.

than the penetration depth, the images will be different. Here, we
simulated and measured a 5S-mm-tall cylindrical tumor phantom
and a 2-mm-tall cylindrical tumor phantom, both with a diam-
eter of 10 mm, under linearly polarized illumination, with the
results shown in Fig. 6. For the 5-mm-high tumor phantom, the
“bipolar” effect is much weaker than that in Fig. 3(a), as shown
in Fig. 6(a) and (b). The 2-mm-high tumor phantom presents
more homogeneous energy distribution, and the “bipolar” effect
is not present, as shown in Fig. 6(c) and (d), demonstrating that

IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 16, 2017

the microwave penetration depth in the phantom also has great
influence on the SAR distribution.

IV. CONCLUSION

In this letter, we compared the quality of the TAT images
under linearly and circularly polarized illumination. Both sim-
ulations and experiments were carried out to demonstrate the
image distortion mechanism in TAT. The dielectric properties
of the target, the size of the target, and the polarization of the
antenna all affect the TAT images. Specifically, for a cylindrical
tumor phantom, the SAR distribution of the targets depends not
only on the phantom size and microwave wavelength within the
phantom, but also on the height of the phantom and penetration
depth in the phantom. In addition, the circularly polarized illu-
mination provides a more homogeneous illumination than the
linearly polarized illumination, and it yields better images.

Although all the phantoms discussed here are homogeneous,
and real tumors have more complicated shapes and nonuniform
permittivity and conductivity, this study provides basic guidance
for the preclinical and clinical applications of TAT.
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