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Abstract— Imaging of subcutaneous vasculature is of great
interest for biometric security and point-of-care medicine. We
investigate the feasibility of microwave-induced thermoacoustic
(TA) tomography as a safe, compact, low-power, and cost-
effective imaging technique for subcutaneous vasculature by
means of application-specific design of near-field, radio frequency
(RF) applicators. Using commercial transducers, we demonstrate
proof-of-concept TA imaging of synthetic phantoms, plant vas-
culature, and earthworm blood vessels with only 50 W of peak
power, or 42 mW average power, at 300 µm resolution. The
proposed RF applicator design enabled uniform, orientation-
independent illumination of vasculature phantoms with only
10% variation. Finally, we show that the benefits of microwave
contrast make possible the distinction of actual blood vessels, in
an earthworm, from surrounding tissue within a modest receiver
dynamic range of 40 dB.

Index Terms— Biomedical imaging, biometrics, microwave
imaging, near field, photoacoustic (PA) effect, radio frequency
(RF) applicator, thermoacoustic (TA) imaging, ultrasonic imag-
ing, ultrasound (US).

I. INTRODUCTION

W ITH the advent of the Internet of Things and the
expansion of personal and sensitive data onto the cloud,

security and authentication have become a growing challenge.
A potential solution may be biometric authentication via 3-D
imaging of subcutaneous vasculature [1]–[3], residing less
than 3 mm below the skin in the fingertips, in a noninvasive,
convenient, and economically scalable manner, using an all-
electronic and portable platform. Subcutaneous features, such
as blood vessels, are more difficult to replicate than superficial
biometric features, such as fingerprints, whose spoofing is
possible with technologies, such as 3-D printing, stereolitho-
graphy, and conductive inks [4]. An integrated vasculature
imaging system on a miniature printed circuit board (PCB)
is the ideal form factor for this kind of technology, as it can
be embedded in a variety of end applications, including auto-
mobiles, home security, banking systems, airport terminals,
and of course, mobile phones and wearable electronics.
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Conventional clinical angiography techniques for imag-
ing of vasculature include digital subtraction angiography
(DSA), magnetic resonance angiography, computed tomogra-
phy angiography (CTA), and conventional ultrasound (US) [5].
In addition to the use of hazardous contrast agents or radiation,
as is the case in DSA and CTA, the large size of these
imaging devices prevents their direct application to biometric
authentication. Similarly, the inherently low contrast of US
necessitates the use of more expensive and high-dynamic range
electronics, commonly employed in larger clinical devices,
or the injection of contrast agents [6], [7]. Other techniques
include Doppler optical coherence tomography (DOCT) [2],
[3], [8] and optical IR imaging [1]. DOCT has demonstrated
high-quality vascular images in the retina, yet penetration
of the skin remains a challenge. Optical IR imaging can
only generate 2-D projections of vasculature and, like most
optical sensing platforms (including DOCT), has limited short-
term potential for integration with electronics due to optical
requirements.

Another interesting approach is multimodal imaging, which
includes photoacoustic (PA) imaging [9]–[25] and microwave-
induced thermoacoustic (TA) imaging [26]–[45]. Both of these
techniques operate by modulated heating of the sample within
safe levels in order to generate acoustic waves by means
of thermal expansion. This effect was first demonstrated by
Alexander Graham Bell in 1880, when he used a pulsed
light source to generate weak acoustic waves [9]. Over
time, this evolved into PA imaging, which has been used
to capture high-quality images of vasculature, including that
within the finger, using pulsed or continuous-wave (CW) laser
sources [10]–[25]. Motivated by development of a low-cost
and portable imaging tool for diagnostics and screening, TA
was proposed soon after PA for improved penetration depth
by replacing the laser excitation with microwave heating [28].

TA imaging uses radio frequency (RF) excitation for high-
contrast and ultrasonic detection to obtain high resolution
with only modest signal bandwidth. In principle, both exci-
tation (transmit) and detection (receive) can be achieved using
all-electronic devices by leveraging modern RF and micro-
electromechanical system (MEMS) technologies that have
undergone many waves of evolution in the communication
and cellular phone industries. While conventional TA imple-
mentations require kilowatts to megawatts of peak microwave
power—obtainable only with high-power vacuum tubes, spark
gaps, or transmission line pulsers—TA imaging of excised
organs, such as the kidney and prostate, has shown the great
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potential of TA as an alternative imaging modality [26]–[29],
[31]–[33], [43].

In addition to scalability limitations due to optical require-
ments, concerns of eye safety are an obstacle for a consumer-
grade PA imaging system. Indeed, most PA imaging systems
in the literature, such as [2], are focused on controlled clinical
environments, where safety glasses or protective curtains are
used to ensure laser exposure below the recommended limits
of about 1 μJ/cm2 per pulse or 5 mW/cm2 in CW as
specified by institutions, such as ANSI. This is in contrast
to the much higher limits, about 20 mJ/cm2 per pulse or
200 mW/cm2 in CW, set to ensure safe levels of specific
absorption rate (SAR) within the skin and tissue under
examination [10]–[12], [14]–[21]. This is attributed to the
focusing of visible and near-infrared light on the retina. TA
imaging can potentially integrate the safety mechanism by
RF focusing in the near field and quasi-near field in order to
mitigate far-field exposure of radiation to address eye safety
and minimize radio spectrum pollution. Thus, TA imaging
of the fingertips is mainly limited by the near-field SAR
guideline of about 2 W/kg averaged over 10 g in 6 min for
CW and 2 mJ over 10 g for pulsed microwave excitation,
taken conservatively between institutions, such as IEC, FDA,
and ICNIRP [46]. Back-of-the-envelope calculations show that
most TA imaging systems can meet these safety limits as
verified by [36].

New directions of research in TA imaging include noncon-
tact sensing [39]–[42], novel applicator designs and beam-
forming [37], [43]–[45], [47], new image reconstruction and
processing techniques [48]–[50], as well as CW techniques
[34]–[37] for peak power reduction. Our work in [47], how-
ever, is most relevant here, as it introduced the idea of low-
power, pulsed TA imaging systems specifically designed for
shallow penetration depths, and suitable for imaging subcu-
taneous vasculature. In [47], we demonstrated the potential
of this concept by means of phantoms and simple plant
vasculature, and highlighted applications requiring a high-
contrast, low-cost, easy-to-maintain, and intuitive point-of-care
diagnostic imaging tool. This paper extends our prior work
by presenting a detailed design methodology and analysis of
the proposed TA system, and also extends that work with new
experiments involving imaging of phantoms with complex vas-
cular structures and earthworms for a more realistic assessment
of this concept. Our results and achieved performance indicate
that this technique could also be applicable to biometrics after
further development envisioned in Fig. 1. In particular, we
investigate the design of TA RF applicators that are customized
for low-power, near-field, and quasi-near-field performance
instead of conventional far-field microwave antennas intended
for radiation into tissue, including those in [37] and [51].
By limiting electromagnetic fields to this regime, we forfeit
superfluous penetration depth in order to reduce peak power
requirements.

In this paper, organized into six major sections, we demon-
strate the feasibility of a consumer-grade, all-electronic, bio-
metric imaging system based on TA, as conceptualized in
Fig. 1, using proof-of-concept experimental data and analysis
of electromagnetic simulations. In Section II, we provide

Fig. 1. Concept of compact and low-power TA imaging of subcutaneous
vasculature for biometrics, employing custom MEMS US transducers and
mainstream receiver (RX) electronics. The multiphase RF transmitter (TX)
may time-share existing hardware, such as phone’s RF power amplifiers.

system specifications for the concept in Fig. 1. Next, in
Section III, we introduce essential theoretical concepts relat-
ing to TA physics, acoustic noise, receiver arrays (including
scanning techniques), and heuristics for RF-applicator design.
Subsequently, in Sections IV and V, we highlight some proof-
of-concept experimental results obtained with two different
receiver scanning approaches. Finally, in Section VI, we com-
bine experimental data, simulations, and theory to demonstrate
the feasibility of TA imaging for consumer-grade biometric
authentication.

II. SPECIFICATIONS

The specification for a TA biometric imaging system in
Fig. 1 can be outlined with the goal of capturing fingertip
vasculature between 150 μm to 1 mm thick, which resides
between 0.5 and 3 mm beneath the surface of the skin
[2], [3], [15]. To represent this information, a postprocessed
image would require one or more bits of data, per pixel,
approximately equivalent to a signal-to-noise ratio (SNR) of
8 dB or more [52]. To account for up to 20% variations
in RF excitation, an additional 2 dB is required for a total
SNR of 10 dB or more, which is consistent with experimental
observations. The TA imaging system must also provide
sufficient contrast between vasculature and surrounding tissue
with low dynamic range (<60 dB) receiver electronics to
enable simple and low-cost signal acquisition circuitry. Finally,
practicality and safety dictate that the image acquisition time
should be limited to a few seconds, during which the power
consumption must be restricted to a level manageable with
portable consumer electronics [53].

III. THEORY

A. Thermoacoustic Waves

In both PA and TA, the production and propagation of
pressure waves due to thermoelastic expansion are governed
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by the nonhomogeneous wave equation(
∇2 − 1

ν2

∂2

∂ t2

)
p(r, t) = − β

C

∂ Q(r, t)

∂ t
. (1)

Here, the heating function, Q(r, t), defined as the absorbed
thermal energy density per unit time, is related to the generated
stress, p(r, t), at position r and time t , through the thermal-
expansion coefficient, β, and the specific heat capacity, C ,
of the medium. The stress propagates at the speed of sound,
ν, governed by the wave equation, whose solutions for slab,
cylindrical, and spherical geometries under short and long
pulsed laser excitation are detailed in [24] and [25]. These
results can be applied to TA by appropriately modeling the
heat function, which is proportional to the electromagnetic loss
and, hence, quadratically related to the root mean square of
the electric field, E(r, t), as [36]

Q(r, t) = [σ( f ) + 2π f · ε′′( f )] · |E(r, t)|2. (2)

Here, the material conductivity, σ( f ), and complex permit-
tivity, ε′′( f ), contribute to the losses and may depend on
the operating microwave frequency, f . Finally, our proof-
of-concept TA experiments use mineral oil as a convenient,
electrically neutral acoustic couplant.

B. RF-Applicator Design

As observable from (2), the strength of the generated
acoustic signal is determined by the amount of absorption,
which is related to the electric field strength in the desired
tissue (here the superficial blood vessels), and increases with
operating frequency (when variations in dielectric properties
are negligible). Most TA imaging works in the literature,
however, operate up to only several gigahertz, since the design
complexity and the cost of RF power amplifiers also scale
with frequency [26]–[42]. In this section, we will review
the advantages and limitations of the conventional, open-face
waveguide, excitation scheme for the application envisioned
in Fig. 1, the proposal of a new RF applicator in the near
field, abstractions for analysis and design of this RF applicator,
verification with simulations, and finally a brief comparison
with other candidates.

Conventional TA imaging systems use an open-face
waveguide to deliver RF excitation with propagating plane
waves, similar to Fig. 2, where it is applied to a simplified
model of skin, fat, and superficial vasculature. In order to
overcome the impedance mismatch at the skin and maximize
the amount of power delivery, the potential operating fre-
quency regime would be where the skin thickness is either
around half wavelength (e.g., 24 GHz for 1-mm-thick skin) or
much smaller than the wavelength (e.g., �5 GHz for 1-mm
skin � λ/10). As discussed earlier, lower frequency regime
is preferable due to availability of amplifiers with sufficient
peak power and efficiency. It is also crucial that the electric
fields are approximately tangential to the fat–blood interface,
as in Fig. 2, in order to maintain continuity of the electric
field strength as the wave propagates from the low-permittivity
fat medium into the high-permittivity blood medium. The
drawbacks of this approach include unused, excess radiation

Fig. 2. Conventional TA imaging setup using plane-wave excitation with an
open-face waveguide and a simplified tissue model of superficial vasculature,
with relative permittivity, εr , and loss tangent, tan δ, tabulated.

Fig. 3. General design of the dipole RF applicator and its key parameters
sd and sg . The microwave transmitter feeds the dipole electrodes through
transmission lines, shielded between ground planes, where controlled exposure
to tissue results in energy absorption, microheating, thermal expansion, and
production of US that is captured by the receiver chain.

beyond the blood layer and the impracticallity of constructing
a compact system, like that in Fig. 1, from bulky waveguides.

To address these limitations, we must deliver RF excitation
with a thin and planar structure, such as a PCB and maximized
microwave absorption in blood, by generating approximately
tangential electric fields at the fat–blood interface, while
operating at lower microwave frequencies. One approach is
to use the PCB structure in Fig. 3 operating in the near-field
regime. Here, two transmission lines feed RF power into two
electrodes that are within the internal layer of the PCB. The
PCB is in direct contact with skin and a few millimeters from
superficial vasculature. In addition to tangential electric fields
along the x-axis, it is desirable to use additional dipoles to
generate tangential electric fields along the y-axis, similar to
Fig. 4(a). This enables more uniform illumination of blood
vessels independent of their orientation.

In order to analyze this complex problem, we will make use
of simplifying abstractions and approximations together with
full-wave simulations similar to approaches used in [54]–[57].
Consider the electrostatic dipole abstraction in Fig. 4(c). The
static electric field along the dipole center, described by

Ex = q

4πε

⎛
⎜⎝ −sd√

h2 + s2
d
4

3

⎞
⎟⎠ (3)



580 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 66, NO. 1, JANUARY 2018

Fig. 4. (a) Top view and (b) side view of the simulation setup and simplified
tissue model with key dimensions of the design as a function of electrode
spacing, sd . (c) Electrostatic dipole abstraction approximates the quasi-static
electric field from a pair of RF electrodes in the near-field region.

Fig. 5. Simulated, normalized absorbed power in blood for Fig. 4(a).
Estimates of optimal frequency and electrode separation of 5.4 GHz and 4 mm
based on (4) and (5) are similar to simulation results. The curve corresponding
to the 5 GHz optimal operating frequency is highlighted as well as the overall
maximum absorption in blood across 3.5–6 GHz.

can be maximized for a given standoff from the dipole, h, by
choosing the dipole separation, sd , as

sd =√
2h. (4)

Practical RF applicators will inevitably be electrodynamic
variations of Fig. 4(c), and only approximated by (3) under
the assumption of near-field operation. This approximation
begins to break down as the operating frequency increases
and a transition is made from the near-field regime into the
far-field regime, where sd is larger than the wavelength. This
transition occurs after the optimal frequency, which roughly
corresponds to a wavelength twice the electrode separation, sd ,
in a medium with a relative dielectric constant, εr , averaged
between skin and blood. With the speed of light, c, this can
be written as

f ≈ c√
εr

1

2 · sd
. (5)

The abstractions in (4) and (5) serve as a heuristic approx-
imation for the proposed RF applicator in Figs. 3 and 4. In
the following ANSYS HFSS full-wave simulations, shown in
Fig. 5, we verify the utility of (4) and (5) in obtaining the first-
order estimates of optimal electrode spacing and operating
frequency. The simplified model of Fig. 4(b) consists of a
layer of skin, fat, and a blood vessel segment, 0.3 mm in
diameter, located 2.8 mm away from the electrodes, beneath

Fig. 6. Simulated electric field pattern for an elongated blood vessel within
a layered fat and skin tissue model is similar to the pattern predicted by the
simplified abstraction.

the skin. The frequency-dependent dielectric properties of this
tissue are modeled based on collected data by [58]. An optimal
electrode separation of 4 mm and a frequency of 5.4 GHz
are predicted by (4) and (5). This configuration is simulated
for a range of electrode separation, sd , from 1 to 7 mm in
0.1-mm increments with the normalized power absorbed in
blood shown in Fig. 5 for a range of frequencies, between
3.5 and 6 GHz in 0.25 GHz steps. A peak near 4.2 mm is
observed at the optimal operating frequency of 5 GHz, which
is in good agreement with the initial values from (4) and (5).
The loss tangent of blood and skin increases with frequency,
in the 3–30 GHz range, but that of skin increases faster based
on data from [58]. So it is expected that the absorbed power
in blood will increase with frequency up to a point at which
increases in skin absorption dominate as observed in Fig. 5.

Simulations demonstrate that the electric field pattern,
shown in Fig. 6, is close to the approximation in Fig. 4(c) for
frequencies corresponding to the near-field regime, approx-
imately <6 GHz. At the PCB–skin interface, most of the
electric field is normal to the interface and is reduced in
skin due to its large permittivity. The tangential component
of the electric field is continuous, resulting in a weaker total
electric field, parallel with the skin. This is favorable as it
lowers losses in skin and maintains an electric field below
the 105 V/m safe limit [46]. At the skin–fat interface, the
situation is reversed, with the normal component increasing
due to fat’s low permittivity, resulting in a total electric field
pattern similar to the estimation in Fig. 4(c). Consequently, at
the blood–fat interface, the electric field is mostly tangential
and its continuity ensures that the enhanced field in the fat is
transferred into blood as desired. It is interesting to note that
with the simplified tissue geometry, this effect from the skin
layer’s higher permittivity compensates for skin absorption
losses, resulting in electric fields in blood that are about 1.4×
larger, at the optimal frequency of 5 GHz, than if the skin
layer was replaced with fat. Thus, in the near field, it is actually
desirable to have an electric field that starts normal to the skin
layer and later becomes tangential at the blood, as is inherent
to the proposed RF applicator.

Finally, we will briefly explore other RF-applicator designs,
shown in Fig. 7, that we investigated for our target application.
In Fig. 7(a), the finger is sandwiched between two parallel
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Fig. 7. Various RF-applicator designs that were (a), (b) tested in simulation
as well as (c), (d), and (e) with experiments. Designs (a), (c) yielded poor
performance, (b) resulted in impractical dimensions, and (e) achieved the best
performance with minimal size.

plate electrodes, which operate at low frequencies. Here, the
electric field is normal to the blood–fat interface leading to
unfavorably low field strengths in the blood. In Fig. 7(b),
a resonant cavity had good performance in simulation but
it is bulky for the envisioned application. Simulations show
that the absorption mechanism of the loop RF applicator in
Fig. 7(c) is through the electric field as the magnetic losses
in tissue were negligible. This applicator was also constructed
and tested, and unfortunately, the large currents present in the
loop produce self-heating and parasitic TA signals that are
undesired. The dipole RF applicator in Fig. 7(d) was already
discussed, analyzed, and does not suffer from excessive cur-
rents. Finally, we investigated the possibility of extending the
dipole RF applicator into multiple dipoles as in Fig. 7(e). This
allows using of multiple polarizations to increase illumination
uniformity as discussed in more detail in Section V-C.

C. Transducer and Acoustic Noise

Thermal noise manifests in mechanical and acoustic systems
as the random motion of particles and structures. For an US
transducer, this can be captured by

pn =
√

kT

(
1 + 1

ηeff

)
Z/A (6)

as a pressure noise density with units of [Pa/
√

Hz] [12]. Here,
k is Boltzmann’s constant, T is the temperature, Z is the
medium’s acoustic impedance, A is the sensor area, and ηeff is
its effective efficiency. The acoustic inefficiencies and losses in
the transducer can contribute significant excess noise resulting
in a larger noise equivalent pressure (NEP). The transducer
efficiency is related to its insertion loss (IL), which can be
calculated by

IL = 1

ηeff
=

√
VRX

VTX
. (7)

Here, a pulse-echo experiment is performed, where the trans-
ducer is excited with a short transmit pulse, at a voltage of
VTX, after which the subsequent echo signal, VRX, is captured.

It is assumed that the experimental setup would ensure near
total reflection of the transmitted wave with negligible acoustic
loss due to propagation and defraction, or account for these
losses in postprocessing.

The Olympus Panametric V320 device used in this paper
serves as an example of a typical commercial piezotrans-
ducer. This device has a 26 dB IL, which represents about
20× increase of the noise floor from the level dictated by
thermodynamics, even prior to considerations of noise from
receive electronics. In contrast, MEMS US transducers in the
form of capacitive micromachined US transducers (CMUTs)
have demonstrated lower IL, reaching down to 3 dB [59].
Although these devices are not yet widely available, their
commercialization is an emerging trend [60], [61].

D. Transducer Arrays and Scanning

The ideal TA system in Fig. 1 consists of a CMUT phased
array in order to achieve high-speed and high-resolution imag-
ing in a compact form factor. The depth resolution, �r , for a
microwave excitation pulse of duration �t is given by

�r = ν�t ≈ 1.2 · ν

BW−6 dB
≈ λmin (8)

where �t is approximately limited by the −6 dB acoustic
bandwidth, BW−6 dB. For a relatively wideband transducer,
�r is approximately equal to the minimum acoustics wave-
length, λmin. The wavelength and transducer diameter, D, also
determine the acoustic beam angle, θ , measured from its 0 dB
beam centerline to its −6 dB beam edge, through the reception
directivity function [62]. This can be simplified to

θ ≈ arcsin

(
0.7λ

D

)
D�λ≈ 0.7λ

D
(9)

for a circular aperature. This, in turn, determines the phased
array’s maximum useful synthetic aperture size, Lsynth (R), at
given range, R, which establishes the lateral resolution, �l, as
calculated by [62]

�l = λ

Lsynth(R)
R = λ

2 tan(θ)

D�λ≈ D

1.4
. (10)

Reducing the element size and pitch improves the lateral
resolution while it also increases the per-element noise floor,
since the area term in (6) is reduced as a consequence. This
analysis is similar to that in [63] for millimeter-wave imaging
except that here we are not aperature-size limited, due to the
close proximity of the blood vessels to the transducer array
in Fig. 1.

Although (6)–(10) inform the first-order transducer array
design for imaging applications, we start by scanning single-
element transducers as a proxy to obtain proof-of-concept
measurements. In particular, scanning a single, commercially
available, transducer over a circular aperture, as shown in
Fig. 8, can be used to obtain good lateral and depth resolution,
both of which can be approximated by (8). In this case,
however, the distance between the target and the transducer
is significantly larger (>50 mm), and with the frequency-
dependent viscous attenuation of the mineral oil couplant,
this can artificially limit the effective acoustic bandwidth and,
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Fig. 8. Circular scanning of a bulky, off-the-shelf transducer using a
motorized stage, together with a simple dipole RF applicator, can result in
high-resolution TA cross-sectional images [47].

hence, resolution. For example, the transducer used in this
paper has a baseline BW−6 dB beyond 12 MHz; however,
its effective BW−6 dB was limited to 6 MHz in mineral oil,
corresponding to a depth resolution of approximately 300 μm.

While the circular scanning approach can obtain high-
quality cross-sectional images, such as those demonstrated by
[15]–[17] using PA, this technique is not directly applicable
in the desired form factor shown in Fig. 1. A more direct
approach is to perform 2-D raster scanning with a single
transducer as a means of producing a synthetic phased-array
system. Ideally, this should be accomplished using a single-
element CMUT with similar dimensions and characteristics
of an element within the array of Fig. 1. In the absence of
such a CMUT device, a commercial focused transducer can
serve as a substitute, as done in [18] for PA imaging. However,
the lateral resolution will be twice the beamwidth at the focal
point, which for off-the-shelf devices is usually larger than the
bandwidth-limited range resolution. Thus, circular scanning
obtains better overall image resolution as it relies mainly on
range resolution for image reconstruction. In this paper, we use
both circular and raster scanning of commercial transducers in
order to indirectly assess and predict the performance of the
ideal CMUT-array enabled system proposed in Fig. 1.

IV. CIRCULAR SCANNING AND RESULTS

To demonstrate the feasibility of the proposed system in
Fig. 1, we start by circularly scanning commercial, single-
element transducers as a proxy to obtain proof-of-concept
measurements. With this approach, we will demonstrate TA
imaging results that satisfy many of the required specifica-
tions, resolution in particular, using an RF applicator based
on a simple dipole design, and later, we will look at the
raster scanning approach. Both approaches use a common
experimental setup consisting of the transmit (TX) and receive
(RX) chains as in Fig. 9. The TX chain begins at the function
generator, which produces the envelope signal: a 167 ns pulse
with 5 kHz repetition rate. This envelope signal modulates
the 2 GHz carrier produced by the signal generator, which
then feeds the preamplifier, the solid-state power amplifier, and
the circulator. An RG400 coaxial transmission line feeds the
circulator output, limited to 50 Wpk or 71 Vpk corresponding
to 42 mWavg, into the RF applicator.

Fig. 9. Experimental setup: the sample is submerged in oil, together with
the RF applicator, where it absorbs less than 2 mWavg to produce US waves
from microwave-induced thermal expansion similar to [47].

A. Experimental Setup

The experimental setup for the circular scanning approach
used a small excitation PCB, made with RO-3003 substrate,
consisting of two gold-plated copper traces spaced 4 mm apart,
as shown in Fig. 8. Submerged inside mineral oil for acoustic
coupling, as shown in Fig. 9, the sample is placed near the RF
applicator for electromagnetic excitation and approximately
63 mm away from the US transducer (Olympus Panametric
V320). The transducer is connected to the RX chain: a
commercial front end in the form of a 60 dB pulser/reciever
amplifier, whose output is captured by the oscilloscope at
100 MS/s using a 20 MHz bandwidth and 500–8192 averages.
Motorized rotation stages perform 360° circular scanning in
1° steps. Reconstruction is performed in MATLAB by solving
the 2D acoustic wave equation under time reversal using the
k-Wave toolbox [64].

B. Dipole RF Applicator

In order to facilitate circular-scan TA imaging for early
proof-of-concept experiments, a compact two-trace excitation
PCB, the dipole RF applicator, was designed with a simple
single-phase RF input port, as shown in Fig. 8. According to
(4), the trace spacing of 4 mm is ideal for a penetration depth
of 3 mm, which is suitable for the application. These traces
are about a quarter-wavelength long in mineral oil. Additional
traces form a transmission line that route RF power, similar
to a twin-lead cable. Using a water medium would increase
absorption by the couplant; however, this is less significant
in our application, as the sample is situated adjacent to the
RF applicator and only a few millimeters of penetration are
required to reach the blood vessels of interest. Nonetheless, the
higher dielectric constant significantly reduces the wavelength,
which is undesirable, as this alters the characteristic impedance
of transmission lines, causing an increase of reflected power,
as well as making the two electrodes traces behave more
as ill-controlled antennae. Obviously, this is an artifact of
the simplified dipole RF-applicator implementation in Fig. 8,
which is resolved when the transmission lines are shielded
between ground planes within the internal layers of the PCB as
proposed in Fig. 3. Normally, the termination of the electrodes
will be open, which generates standing waves that result in the
maximum electric field intensity at the termination. When the
imaging sample is placed near the termination, this behavior
can be maintained if the sample is relatively small, so that a
large portion of the copper traces remain exposed only to oil.
If the dielectric loss of the sample is small, then the input RF
impedance will be very large, making impedance matching
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Fig. 10. (a) US and (b) TA image of two saline-filled Teflon microcapillaries.
Saline concentration was increased to (c) 8× and (d) 4× with the addition of
a layer of chicken skin under TA imaging.

impractical as it would limit bandwidth necessary to obtain
sufficient resolution.

C. Results

The first step in the investigation of the TA imaging perfor-
mance under circular scanning involved the simple, compact
dipole RF applicator and an artificial vasculature phantom.
Normal saline served as a blood phantom and was prepared by
dissolving 3.6 g of table salt in 400 mL of tap water. The saline
solution was injected into two Teflon microcapillaries with
inner diameters of 280 μm and outer diameters of 640 μm as a
proxy for blood vessels. The microcapillaries were positioned
with 1.6 mm standoff from the copper traces on the dipole
RF applicator. The resulting cross-sectional images obtained
with conventional US and TA are shown in Fig. 10(a) and (b),
respectively, which illustrate about 300 μm resolution after
image reconstruction using a computation grid comprising
100-μm pixels. The details of the imaging and reconstruction
processes are described in [47]. To create a more realistic
phantom of the fingertip, 0.5 to 1 mm thick chicken skin was
added. Here, a 100 μm layer of polyethylene terephthalate
plastic insulated the two-trace PCB from the chicken skin,
behind which the micro capillaries were situated. The salinity
was increased by a factor of 8× and 4×, respectively, and
cross-sectional images were obtained as in Fig. 10(c) and (d).
The clear dependence of the signal strength on salinity demon-
strates that the TA effect occurs inside the capillary rather
than due to thermal expansion of the capillary itself. However,
the Teflon capillary can impede the propagation of acoustic
waves, as Teflon has an acoustic impedance of about 3 Mrayl
compared with approximately 1.5 Mrayl for water, tissue, and
oil. At high acoustic frequencies, reflections occur, as acoustic
waves travel from the saline into the capillary wall and then

Fig. 11. TA imaging in log scale (dB) of two inner microcapillaries filled
with (a) and (b) 8× normal saline and (c) and (d) 1× normal saline surrounded
by an outer layer of (a) and (c) tap water or (b) and (d) 1× normal saline,
with a maximum theoretical dynamic range of 40 dB.

again when these waves travel from the capillary wall into
the oil medium. Thus, in total, a significant portion (as much
as 89% at high frequencies) of the incidence wave may be
impeded.

Microwave penetration into tissue is generally restricted due
to losses within the skin. To quantify this effect, an earthworm
phantom was created using two plastic tubings and two Teflon
microcapillaries. The two microcapillaries were filled with
saline and enclosed by the smaller plastic tubing, approxi-
mately 3 mm in diameter. This tubing was filled with mineral
oil to emulate fat. An outer tubing covered this entire assembly
and was filled with tap water or saline to emulate an outer
layer of skin. Resulting images are shown in Fig. 11, where at
most a 30 dB dynamic range is observed between the vascular
phantom (microcapillaries) and the skin phantom (outer saline
layer). This is in good agreement with typical observations
from electromagnetic simulations. It should be noted that the
artifacts are expected outside the region corresponding to the
skin phantom (labeled as outer) due to background TA signals
from the RF-applicator circuit board and acoustic reflections.
Each pixel, q , in a given log-scaled image was obtained using

q =sgn(p) · max

(
20 log10

( |p|
max(|p|)

)
+ DR, 0

)
(11)

where p is the observed pressure change for that pixel,
max(|p|) is the maximum observed pressure change magni-
tude in the entire image, DR is the spurious free dynamic
range of the receiver chain, and sgn(p) is +1 for positive
pressure changes and −1 for negative pressure changes in the
pixel. The spurious free dynamic range of the measurement
equipment was limited to a maximum of 40 dB.

Images of biological samples were also obtained using
the circular scanning approach as a means of evaluating the
natural contrast present in tissue as well as overcoming the
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Fig. 12. TA imaging of (a) scallion plant with xylem comparable to a
260 μm diameter wire in linear scale and (b) earthworm showing inherent
contrast between its two blood vessels and other tissue with log scaling.

acoustic impedance mismatch mentioned earlier. A sample of
scallion plant and an earthworm, whose images are shown
in Fig. 12, are ideal candidates as they can meet the small
sample size requirement of the dipole RF applicator, as
discussed previously. The scallion plant sample consisted of
three vascular structures in the form of xylem and phloem
pairs [65], comparable in size with a 260 μm diameter wire,
that were slightly smaller than those reported in [47], where a
leek plant was imaged instead. The TA image, in linear scale,
reveals hotspots corresponding to these vessels, where water
and electrolytes are more concentrated. Imaging of vasculature
inside the earthworm is more challenging due to the outer layer
of skin and muscle, which necessitates log scaling similar
to Fig. 11. The earthworm was sacrificed with exposure to
a tablespoon of isopropyl alcohol and was situated on the
RF applicator. After TA imaging, the worm was carefully
placed inside a plastic straw, which was then inserted into
an aluminum block. This setup was frozen below 0 °C for
24 h. The setup was later quickly removed from the freezer
and the worm sliced with a razor at the point corresponding
to the imaging plane. The photograph of this cross section is
in agreement with the TA image based on the two observed
hotspots that corresponding to the dorsal and ventral blood
vessels of the earthworm [66]. Due to the malleability of
the worm, however, some deformation in the photograph is
visible, which is attributed to the handling, freezing, and
slicing process.

V. RASTER SCANNING AND RESULTS

So far, we have observed good performance of the TA
circular scanning approach, in terms of SNR and resolution,
similar to those demonstrated by [15]–[17] for PA. However,
circular scanning is not feasible in the desired operating
conditions of a TA-based biometric imager, as shown in Fig. 1.

Fig. 13. Zoomed-in view of (a) quadrupole RF applicator and (b) its
corresponding simulation with a layered tissue model.

In addition, the simple dipole RF applicator is only effective on
vasculature that is oriented into and out of the cross-sectional
plane, hindering the imaging of more complex vascular struc-
tures. A more relevant method is the 2-D raster scanning of
a focused commercial transducer, to synthetically create an
equivalent 2-D phased-array transducer, together with a pla-
nar RF-applicator PCB designed for uniform illumination of
multiple vessels with various independent orientations. While
off-the-shelf focused transducers are not designed to achieve
the desired lateral resolution, this will allow the evaluation
of the RF-applicator’s performance, which will be directly
reflective of the ideal system in Fig. 1. We will now explore
this approach, performed with the common experimental setup
shown in Fig. 9.

A. Quadrupole RF-Applicator Design

While the microcapillaries and vasculature imaged with
the circular scanning approach had identical and optimal
orientation, the blood vessels of the finger have multiple
independent orientations. In order to uniformly excite all
vasculature in an orientation-independent manner, the applied
electric field must ideally be polarized in all possible directions
along the vasculature. One way to achieve this is to employ
two sets of dipole electrodes arranged in the manner shown
in Fig. 13(a), here on referred to as the quadrupole RF
applicator. Each electrode of the quadrupole RF applicator
is fed with a specific RF phase of 0°, 90°, 180°, and 270°,
in order to form a circularly polarized electric field between
the electrodes and within the sample. Consequently, the time-
averaged electric field intensity is approximately constant in
any direction parallel with plane of the PCB, and so the
excitation of vessels is approximately uniform irrespective of
their particular orientation.

The quadrupole applicator is designed to operate in both the
low-permittivity and lossless mineral oil environment as well
as the low-loss and high-permittivity environment of distilled
or tap water. This is made possible, since the ground planes
only expose a small region of interest around the quadrupole
to the targeted lossy or high-permittivity materials. The spac-
ing between quadrupoles, sd , is 5 mm to give an optimal
penetration depth of 3.5 mm according to (4), assuming a
low-permittivity environment. This serves as a starting point
for iterative design through simulation under high-permittivity
environment, such as in water or tissue, which results in
complex electrical behavior that is not fully modeled by the
simple theory of (3) and (4).

The optimal spacing between the ground planes and the
quadrupoles and the ideal operating frequency are determined
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by simulation optimization in Ansoft HFSS using the tissue
layer structure of skin, fat, and blood shown in Fig. 13(b).
The frequency-dependent dielectric properties of this tissue
are modeled based on collected data by [58]. These simula-
tions revealed that optimal operating frequency corresponds
to a wavelength that is approximately twice the quadrupole
separation, sd . Choosing a ground plane and quadrupole
separation, sg , of about a half-wavelength maximizes power
delivered to the blood layer, while setting it to about a quarter-
wavelength maximizes the ratio of the delivered power to
the blood with respect to that delivered to skin. This is
generally equal to or greater than the delivered optical power
in an equivalent PA imaging system based on Monte Carlo
simulations [67] for PA imaging using the layered-tissue model
in [68]. Finally, the lossy properties of the skin permit RF
impedance matching while maintaining sufficient bandwidth
(≥20 MHz) for image resolution. Electromagnetic simulations
and experimental results on the earthworm suggest up to four
times improvement in TA signals after matching.

B. Experimental Setups

Each electrode of the quadrupole RF applicator was fed
with its corresponding RF phase through an SMA connector
and a stripline transmission line. This proof-of-concept system
used commercial 90° and 180° hybrid couplers to generate
the necessary RF phases of 0°, 90°, 180°, and 270°, from the
single-port output of the circulator in Fig. 9. Considering that
the subcutaneous vasculature of interest is a few millimeters
beneath the skin, and that during an imaging procedure the
finger would press flat against a planar RF-applicator PCB, a
2D microfluidic network of multidirectional channels serves
as a good model of this geometry. As discussed earlier in the
theory, resolution will decrease if a bulky (i.e., commercial)
planar transducer, or an off-the-shelf focused device, is used
as a substitute for an MEMS transducer or phased array.
Consequently, a microfluidic structure consisting of 300 μm
wide channels spaced several millimeters apart in various
orientations was made. The 2D microfluidic pattern, with
exposed channels, was 3D printed using multijet modeling
technology. A silicone mold of this pattern was made, into
which Polyester Casting Resin was poured. After 48 h of
curing, the polyester piece contained grooves, which were
then sealed with clear 3M Scotch Tape to form microfluidic
channels. Teflon microcapillaries were epoxied at the inlet and
outlet to form a complete microfluidic device. Since these
materials have very low dielectric loss, relatively low levels
of TA signals are generated unless saline is present inside the
channels.

C. Excitation Uniformity Results

The generation of the four required RF phases will
inevitably be imperfect, as there will be phase and gain
mismatch between them, leading to production of elliptical
rather than circular electric field polarization. This contributes
to degradation of excitation uniformity, which was measured
using a saline-filled, single-channel microfluidic structure, as
shown in Fig. 14. The channel was aligned with one pair

Fig. 14. Measurement of the RF-excitation along (a) x-axis and (b) y-
axis of the RF applicator with an aligned, saline-filled microcapillary. The
microcapillary was repositioned to find the US transducer’s focal point. The
hybrid couplers producing the four RF phases were (c) swapped to evaluate
their contribution to excitation nonuniformity.

Fig. 15. Saline-filled microfluidic channel was aligned with the x-axis, and
subsequently y-axis, electrode pairs of the quadrupole RF applicator. The TA
signals showed no more than 10% variation.

of the four quadrupoles, i.e., along the x-axis, and the time-
domain TA signal was observed. The microfluidic structure
was swept along the perpendicular y-axis in order to locate
the focus of the transducer, which does not necessarily align
with the quadrupole center. This was repeated for the other
pair of electrodes along the y-axis. Finally, this entire process
was performed again after swapping the outputs of the hybrid
couplers that fed the quadrupole RF applicator, to obtain the
recorded TA signals shown in Fig. 15.

Referring to Fig. 15, it is observed that the transducer focus
misalignment was greater along the y-axis, which explains the
consistently weaker TA signal from the y-axis electrode pairs.
The total RF gain and phase mismatch among the four ports
was characterized by a vector-network analyzer to 8% and 7°,
respectively. As observed in Fig. 15, the 10% uniformity
mismatch, U, is below the specified 20% variation, where

U =

⎧⎪⎨
⎪⎩

TAx − TAy

TAx
, if TAx > TAy

TAy − TAx

TAy
, if TAx < TAy .

(12)

This quantity can be converted to an equivalent eccentricity
of 0.32 for the elliptically polarized electric field, considering
that the TA signal is proportional to the square magnitude of
the electric field. The eccentricity, e, can be described as

e =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

√
1 −

(
Ey

Ex

)2

, if Ex > Ey√
1 −

(
Ex

Ey

)2

, if Ex < Ey

(13)

where Ex is the magnitude of the electric field generated
by the pair of electrodes along the x-axis and Ey is similar
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Fig. 16. TA imaging of (a) saline-filled 2-D microfluidic structure using the
quadrupole RF applicator with (b) four electrodes and RF phases activated or
(c) only two electrodes activated.

TABLE I

SPECIFICATIONS MET BY EXPERIMENTS

for the y-axis. In summary, successful TA imaging of complex
vascular structures such as those in the finger will necessitate
excitation uniformity, with respect to electric field orientations,
and the proposed quadruple RF applicator is capable of
meeting this demand.

D. Imaging Results

A raster scanning setup similar to Fig. 9, employing a
focused transducer (Olympus Parametric C308) and quadru-
pole RF applicator, was used to obtain the TA images of
the saline-filled 2D microfluidic structure in Fig. 16(a), under
both four-electrode excitation and two-electrode excitation,
respectively. As expected, the four electrodes produced circu-
larly polarized electric fields in the sample, when each port
is driven with the proper RF phase, creating a symmetric
excitation that results in the desired image of Fig. 16(b).
On the other hand, when only two electrodes are activated,
similar to the simple dipole RF applicator, a linear polarization
is formed that only illuminates channels, which are aligned
with the linear orientation, resulting in the undesirable image
of Fig. 16(c). Finally, while the results obtained in Fig. 16
are limited to a resolution of 1.2 mm or larger, due to the
≥ 0.6-mm beamwidth of the commercial focused transducer,
this will improve with an MEMS transducer array.

VI. DISCUSSION

The experimental results obtained with circular and raster
scanning of a single transducer can now be used to predict
the feasibility and performance of the proposed, ideal TA
biometric imaging system in Fig. 1. In addition, areas of
improvement can be identified for future work.

Referring to Table I, we can see that the cross-sectional
imaging of the earthworm with the circular scanning approach
met the most important specifications: SNR, contrast, and
sufficient penetration depth. Since the worm’s blood vessels
were 0.5 mm or larger, it does not serve as a good measure
of resolution, which was confirmed by other experiments
on the microcapillaries. The limiting factor so far has been
the 40 dB minimum receiver dynamic range required to
successfully image subcutaneous vasculature, which is still

more lenient than the 70 to 120 dB requirements found in
conventional Doppler US and vector-velocity US imaging
techniques [69]–[72]. Thus, all specifications outlined earlier
in this paper are currently satisfied with the exception of the
power and acquisition time requirements.

In order to further improve the resolution as well as reduce
acquisition time, a TA-based biometric imager system would
need to employ transducers arrays and application-specific
front-end electronics similar to [73]–[75]. For example, a
1 cm×1 cm 2-D array made up of 75 μm × 75 μm elements
similar to the 1-D array reported in [73] is expected to have an
NEP of 0.43 Pa, averaged over the array. This is slightly higher
than the 0.2-Pa NEP of the synthetic aperture formed by the
V320 after circular scanning. To meet the SNR specifications,
based on experimental observations in Fig. 12, we would
require at least 50 averages to reduce the NEP to 0.06 Pa. With
32 receive channels in the front end, the image acquisition can
be performed within 3 s. To further reduce the power down to
levels compatible with mobile devices, CW techniques, such
as those reported in [34] and [35], may have to be used.

Prior works in TA imaging demonstrate 1 mm typical
resolution within a range of 0.1–4 mm, as well as typical
peak and average powers of 10 kW and 16 W within a range
of 20 kW–70 MW and 60 mW–70 W, respectively [26]–[33],
[36], [43]. By customizing our TA imaging implementation
for superficial vasculature of the fingertip, we have obtained
a better resolution, 0.3 mm, as well as the lowest peak power,
at 50 W, and average power at 42 mW. In comparison,
PA imaging works in the literature typically demonstrate
between 0.1 and 0.5 mm resolution when acoustically focused
and down to several micrometers when optically focused using
more than 100 kW of peak power and 200 mW average power
corresponding to the 20 mJ/pulse laser safety limit and a
typical 20 Hz pulse rate [10]–[12], [14]–[21].

VII. CONCLUSION

In this paper, we highlighted the potential of the TA imaging
modality as a safe, cost-effective, low-power, and compact
method for capturing biometric features from subcutaneous
vasculature. Despite the drastic power reductions compared
with conventional implementations of TA imaging, we show
that sufficient SNR can be attained by increasing microwave
excitation uniformity and concentrating it in the near field
and quasi-near field by an optimized RF-applicator design.
Heuristic methods are outlined to inform this design process,
which can be further optimized in simulation. Finally, we used
theory, simulations, and data from proof-of-concept experi-
ments to more accurately interpret the performance of these
RF applicators in order to assess viability of TA imaging
for biometrics on mobile and wearable platforms. Analysis of
experiments, simulations, and theory suggests the possibility
of further improvement using MEMS US arrays, including
enhanced resolution down to 150 μm and reduced image
acquisition time from 10 min to a few seconds. All-in-all, the
results support the feasibility of this application and encourage
the development of a prototype as a future work.
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