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Introduction 

Imaging Small Targets in High-Loss 
Environments: 
1.  Imaging Depth ~ Signal Quality  
2.  Resolution (Cross and Axial) 
3.  Contrast 
!  Safety (e.g. tissue heating in medical 

imaging) 
!  Imaging Artifacts  
!  System cost and portability 
… 

2 Stanford DC-THz Lab 
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Edrich, “Imaging Thermograms at Centimeter and 
Millimeter Wavelengths,” Annals New York 
Academy of Sciences, 1980



Microwave Contrast 
!  Dielectric Properties at Microwave Frequencies (e.g. water content) 
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Fig. 3 RF/Microwave absorption contrast graphs for a) blood vs. fat b) blood vs. muscle and c) muscle vs. lossy 
plastic  (5% and 15% water content). For 15% water content optimum frequency is ~5GHz and contrast is greater than 
2 for frequencies higher than 1.6GHz.  

Simulation Framework 

An electromagnetic/mechanical hybrid simulation framework for TA imaging is being 
developed at Stanford. The framework uses a combination of commercially available software 
tools (from ANSYS) and custom-designed simulation environments and measures the stress-
wave generation and propagation that results from incident microwave pulses. The framework 
includes all electrical and mechanical/structural properties of tissue and explosive surrogate. 
Fig. 4 shows simulation results from this framework. 

                        
   a)       b) 

     
   c)       d) 
Fig. 4 Hybrid EM/structural simulations of TA imaging of extremely small (1cm3) plastic explosive embedded 1.5cm 
deep in a 5cm muscle structure: a) Transient temperature maps at object depth, b) normal stress wave intensity map 
at surface, c) normal stress wave intensity at surface in peak position vs. time, and d) peak stress wave at surface vs. 
peak absorbed power for several frequencies. In the first three parts an excitation frequency of 3GHz with pulse width 
of 1us is used. 
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Here, p(r, t) is the stress at position r and time t, v
s

is the
speed of sound,� is the thermal expansion coefficient, C is
the specific heat capacity, and Q(r, t) is the heating function,
defined as thermal energy absorbed per unit time and unit
mass. Eq. 1 basically describes generation of pressure waves
from a heat source. The heating function Q(r, t) can be written
as [ref]

Q(r, t) = �|E(r, t)|2+2⇡f✏0✏
0|E(r, t)|2+2⇡fµ0µ

0|H(r, t)|2
(2)

E(r, t) and H(r, t) are root-mean-square electrical field
and magnetic field. The first two terms are the conductivity
loss and dielectric loss, which dominate in thermal energy
generation in tissue. The last term is magnetic loss and it can
be negligible for tissue. As a result, Q(r, t) can be simplified
to

Q(r, t) = �|E(r, t)|2 + 2⇡f✏0✏
0|E(r, t)|2 (3)

The heating function is proportional to square of magnitude
of electrical field.

From equation 1, the stress is generated at rising and falling
edges of the microwave pulse. Additionally, the generated
stress signal at these two edges have different polarities. After
the bandpass filtering of transducer, the detected TA signal is
a bipolar signal. The nature of bipolar signal also corresponds
to the expansion and extraction of target from the mechanical
point of view [16].

Different tissues respond to microwave excitation differently
because of difference in dielectric, mechanical and thermal
properties. They affect the TA signal generation through
heating function Q(r, t), thermal expansion coefficient � and
specific heat capacity C.

III. OPTIMAL FREQUENCY

The TA signal originates from the tissue boundaries. When
tissue absorbs the microwave energy, stress is generated due to
thermal expansion. The propagating stress wave comes from
stress difference of adjacent tissue boundaries. Consequently,
the TA signal is proportional to the generated stress difference
of adjacent tissue at the boundary. Take tissue 1 and tissue 2
for example,

p
diff

= p1(r, t)� p2(r, t) (4)

The generated stress is proportional to the thermal absorp-
tion described as heating function Q(r, t)
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We see that TA signal generation is related to the local elec-
trical field and properties of tissue. The incident microwave
experiences attenuation before arriving the tumor in the case

TABLE I
THERMAL PROPERTY OF FAT AND MUSCLE [17]

Material Heat Capacity
(J · kg�1 ·K�1)

Thermal Expansion Coefficient
(K�1)

Fat 2348 3⇥ 10�4

Muscle 3421 3⇥ 10�4

Fig. 1. Dielectric property of fat and muscle[ref].

of breast cancer detection, by the following equations[ref,
microwave engineering],

E(z) = E(0)⇥ exp(�↵z) (6)

↵ = 2⇡f
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Here, z is depth, ↵ is attenuation coefficient, and E(z) is
electrical field at depth z. At tumor site, differential pressure
is generated due to thermal expansion by Equation 5. This dif-
ferential pressure propagates out and is detected by ultrasound
transducer. Attenuation coefficient of Equation 7 is frequency
dependent through f , �, and ✏0. Even at the same depth, local
electrical field at tumor site is smaller with higher frequency
due to high attenuation.

Differential pressure can be calculated by combining equa-
tions 6, 7 and 5. The dielectric properties for fat and muscle
are plotted in Fig. 1. Thermal properties used in the calculation
are listed in Table I. The relative differential pressure is plotted
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Fig. 2. Relative TA signal level with different tumor depths and different
frequencies.



Microwave Radar Trade-offs 

!  Tradeoff in Penetration Depth & Resolution 
!  No additional degree of freedom for contrast 
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Low-Loss Tissue (Body Fat) High Loss (Body Fluid) 



Radar Cross-Section 

!  LF Reconstruction" ill-posed, Reduced 
scattering from targets, lost resolution  
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Inverse Problems 26 (2010) 074009 J D Shea et al
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Figure 1. Scattering cross-section of a homogeneous dielectric sphere of radius a as a function of
diameter. The diameter of the sphere is given in units of wavelengths in the background medium,
λb . The sphere has the properties of malignant tissue and is placed in a lossless version of three
representative backgrounds: adipose, transitional and normal fibroglandular tissues. The contrast
in relative permittivity between the sphere and the background at 2.5 GHz for these three cases are
11.6, 2.55 and 1.15, respectively.

resolution-limited reconstruction will overestimate the dimension of the object, figure 1
suggests that the reconstructed contrast will be underestimated to limit the magnitude of the
computed scattering response equal to that of the actual object. According to this reasoning, we
expect a resolution-limited microwave breast imaging system to underestimate the properties
of electrically small features of the tissue distribution, such as early-stage tumors. We illustrate
this effect in section 5 by imaging a simple numerical breast phantom with a single spherical
tumor of varying diameter placed in the three cases of homogeneous background tissue (normal
fibroglandular, transitional and adipose) considered in figure 1.

3. Test beds and data generation

Measurements for our study are simulated using anatomically realistic numerical models from
the University of Wisconsin Computational Electromagnetics Laboratory’s (UWCEM) breast
phantom repository [25, 26]. In this section we summarize the models selected from the
repository and the modifications made to these numerical phantoms to create the test beds
employed in this paper. We present the endogenous frequency-dependent dielectric properties
of the breast tissue models as well as the assumed effect of the microbubble and carbon
nanotube contrast agents on the dielectric properties of malignant tissue.

3.1. Heterogeneous numerical breast phantoms

We select one phantom from each of the four American College of Radiology classifications of
fibroglandular breast tissue density [27]: ID number 071904 from the class 1 group (‘mostly
fatty’), 010204 from the class 2 group (‘scattered heterogeneity’), 062204 from the class 3
group (‘heterogeneously dense’) and 012304 from the class 4 group (‘extremely dense’). The
phantoms are defined on a 0.5 mm uniform Cartesian grid. The 1.5 mm thick, homogeneous
skin region of the repository phantoms is replaced by a 2.0 mm thick region to match the cell
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The Thermo-Elastic Response 
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404 UPON THE PEODUCTION AND EEPEODUCTION OP

OEIGINAL COMMUNICATIONS.

[The following has been communicated by the author to the
Society, as the authentic account of his recent experiments.]

UPON THE PRODUCTION AND REPRODUCTION OF
SOUND BY LIGHT.

BY ALEXANDER GRAHAM BELL, PH.D.

(4 Paper read "before the American Association for the Advancement of Science, in
Boston, on the 27th August, 1880.)

In bringing before you some discoveries made by Mr. Sumner
Tainter and myself, which have resulted in the construction of
apparatus for the production and reproduction of sound by means
of light, it is necessary to explain the state of knowledge which
formed the starting point of our experiments.

I shall first describe that remarkable substance "Selenium,"
and the manipulations devise'd by previous experimenters ; but the
final result of our researches has widened the class of substances
sensitive to light-vibrations, until we can propound the fact of
such sensitiveness being a general property of all matter.

We have found this property in gold, silver, platinum, iron,
steel, brass, copper, zinc, lead, antimony, German silver, Jenkins'
metal, Babbitt's metal, ivory, celluloid, gutta percha, hard rubber,
soft vulcanised rubber, paper, parchment, wood, mica, and silvered
glass; and the only substances from which we have not obtained
results are carbon and thin microscope glass. Later experiments
have shown that these are not exceptional.

We find that, when a vibratory beam of light falls upon these
substances, they emit sounds, the pitch of which depends upon the
frequency of the vibratory change in the light.

We find, further, that when we control the form or character of

…While working on the “Photophone” 

!  Generation of stress due to heating 
!  vs : speed of sound 
!  β : thermal expansion coefficient 
!  C : specific heat capacity 
!  p(r,t) : stress 
!  H(r,t) : heating function 

Junjie Yao, Contrast Media Mol Imaging, 2011. 

Can we use microwave as “heat source”? 



EM – US Interactions	

Magneto-Acoustic 
(Lorentz Force )	


F = J ×B

B	


J	


US normal 
to J & B	
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Presence of Static 
Magnetic Field  

Thermo-Acoustic 
Thermal expansion	


SAR = J •E / ρ

US normal to 
Expanding Surface 	


J*E	


Electro-Acoustic  
Electrostatic Force	


F = qE

E	


+	
-	


US parallel 
to E	




Thermoacoustic Imaging 

!  Microwave Imaging 
!  Spectral Information 
!  Contrast 

!  Ultrasound Imaging 
!  Structural Information 
!  Resolution 

Thermoacoustic Imaging 

Microwave 

acoustic 

transducer 

<1µs 



Imaging Examples 
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Immersion Transducers 

Resolution approaching  
millimeters 
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Non-Contact Detection in Material with Very High Loss 



Capacitive Micromachined Ultrasonic Transducer 
(CMUT) 
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DC + 
- 

AC ∼ 
Fixed Bottom Electrode 

Vacuum Cavity 

Flexible Top Plate/Electrode 

Schematic of a CMUT Cell 

In a typical realization, many CMUT cells operate in parallel. 
CMUT Cells can be circles, squares, rectangles, tent structures, etc. 

Circular cells Hexagonal cells Tent cells 
80 µm 80 µm 80 µm 



Fabricated Airborne CMUTs 

!  Optimized transducer/ signal chain for sensitivity 
!  Custom CMOS RX + vented CMUTs w/ squeeze film damping 
!  Minimum detectable pressure: 240 µPa (unfiltered) 
!  Within 6dB of the mechanical noise floor 
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Laser Doppler vibrometer measurement results 
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Vented CMUTs 



Imaging Setup 
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ȱ

Fig.ȱ1.ȱSchematicȱofȱtheȱnonȬcontactȱthermacousticȱdetectionȱsetup.ȱHȱisȱtheȱthicknessȱofȱ

packagingȱmaterialȱ (setȱ betweenȱ 1Ȭ5ȱ cmȱ ofȱwaterȱ orȱAgarose).ȱ Tȱ isȱ theȱ thicknessȱ ofȱ

embeddedȱtargetȱ(e.g.,ȱRexolite,ȱsetȱtoȱ4mmȱlayersȱandȱtargetȱareaȱofȱ4ȱcm2).ȱȱ



Rexolite- Agarose Interface 
Agarose target above 4mm of Rexolite   

!  36 dB SNR for Non-Contact Detection  

H. Nan and A. Arbabian, “Stepped-Frequency Continuous-Wave Microwave-Induced 
Thermoacoustic Imaging,” Appl. Phys. Letters, Vol. 104, pp. 224104, 2014.  
 



Early Experiments in Soil 

!  Pitch-Catch 
Measurements in Soil 
(@ 1MHz) 
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