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Abstract—Electric field mapping is commonly used to iden-
tify irregular conduction pathways in the heart (e.g., arrhyth-
mia) and brain (e.g., epilepsy). Ultrasound current source 
density imaging (UCSDI), based on the acoustoelectric (AE) 
effect, is a promising new technique for mapping electrical cur-
rent in four dimensions with enhanced resolution. The frequen-
cy and pulse shape of the ultrasound beam affect the sensitiv-
ity and spatial resolution of UCSDI. In this study, we explore 
the effects of ultrasound transducer frequency bandwidth and 
coded excitation pulses for UCSDI and the inherent tradeoff 
between sensitivity and spatial resolution. We used both simu-
lations and bench-top experiments to image a time-varying 
electrical dipole in 0.9% NaCl solution. To study the effects 
of ultrasound bandwidth, we chose two ultrasound transduc-
ers with different center frequencies (1.0 and 2.25 MHz). For 
coded excitation, we measured the AE voltage signal with dif-
ferent chirp excitations. As expected, higher bandwidth corre-
lated with improved spatial resolution at the cost of sensitivity. 
On the other hand, chirp excitation significantly improved sen-
sitivity (3.5 µV/mA) compared with conventional square pulse 
excitation (1.6 µV/mA) at 1 MHz. Pulse compression achieved 
spatial resolution similar to that obtained using square pulse 
excitation, demonstrating enhanced detection sensitivity with-
out loss of resolution. Optimization of the time duration of the 
chirp pulse and frequency sweep rate can be further used to 
improve the quality of UCSDI.

I. Introduction and Theory

Epilepsy and cardiac arrhythmia are serious health 
problems affecting millions of patients worldwide. 

When drug therapy is ineffective, invasive surgical tech-
niques are often employed to restore normal function. 
These procedures (e.g., cardiac ablation therapy) typi-
cally require electrical mapping of tissue before treatment. 
It is highly desirable that these interventional strategies 
provide rapid and accurate images of the electric current 
to help localize irregular pathways for guiding therapy. 
Conventional mapping techniques are typically invasive, 
laborious, prone to registration errors, and require a large 
number of electrodes to reconstruct the current field dis-
tribution [1]–[3]. To avoid these limitations, we have devel-
oped ultrasound current source density imaging (UCSDI) 
[4]–[8], potentially facilitating electrical mapping and im-
proving spatial resolution. One important advantage of 
this approach is that a system that combines an ultra-

sound beam with as few as a single recording electrode 
and reference is capable of mapping current density dis-
tributions in four dimensions (volume + time) at a spatial 
resolution determined by the ultrasound bandwidth [8]. In 
terms of sensitivity, previous studies have demonstrated 
that UCSDI is sufficiently sensitive to map cardiac electri-
cal conduction between 0.1 and 1.0 mA/cm2 [7].

The principle of UCSDI is based on the acoustoelectric 
(AE) effect, a modulation of electric resistivity by acoustic 
pressure [9]. When a focused ultrasound beam intersects a 
current field, a high-frequency AE voltage signal is gener-
ated. For a given ultrasound beam with axial position at 
(x1, y1) propagating through a current field JI along the z 
direction, the AE signal at time t is given by [6]
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with interaction constant KI, a fundamental material 
property [10], resistivity ρ, and pulse pressure amplitude 
P0. JL is the lead field for the selected recoding electrodes 
[11], b(x, y, z) is the ultrasound beam pattern, c is the speed 
of sound, and a(t − z/c) is the ultrasound pulse waveform. 
From (1), one can intuitively predict that the spatial reso-
lution and AE signal sensitivity depend on the ultrasound 
beam pattern, bandwidth, and pressure amplitude. For 
a given current source distribution and fixed recording 
electrodes, an ultrasound focus with a small axial beam 
width (higher frequency) provides better detail at the cost 
of a smaller integral region. On the other hand, when the 
current field is confined within one wavelength of the ul-
trasound beam, the integral in (1) has minimal cancel-
lation effect and produces a detectable AE signal. This 
emphasizes the inherent tradeoff between detection sen-
sitivity and spatial resolution. Besides ultrasound trans-
ducer bandwidth, the shape and duration of the excitation 
pulse can also be used to optimize sensitivity and SNR for 
UCSDI. Previous studies have also shown advantages of 
unipolar ultrasound transducers for minimizing cancella-
tion of the convolution between the ultrasound beam and 
current density distribution [12], [13]. Finally, coded pulse 
waveforms, such as chirps, have also been implemented to 
improve SNR in ultrasound and radar imaging systems 
for decades [14], [15]. The most popular coded waveform 
is the linear frequency modulated pulse (or chirp), which 
can be expressed in complex form by

	 p t a t e i f t t( ) ( ) ,( )= +2 20
2π β / 	 (2)
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with envelope function a(t), starting frequency f0, and 
linear frequency sweep rate β. There are three key ad-
vantages for implementing coded pulse waveforms for im-
aging [16]: 1) improved SNR at equivalent peak acous-
tic pressures; 2) deeper penetration with enhanced SNR; 
and 3) increased frame rate compared with long pulses. 
Waveforms that extend the time–bandwidth product of 
the ultrasound beam without sacrificing spatial resolution 
can improve the SNR by more than 15 dB [14]. We hy-
pothesize that coded pulses also improve sensitivity for  
UCSDI without sacrificing spatial resolution. Electrical 
heart mapping based on UCSDI would especially benefit 
from these advantages. Improved SNR not only allows 
identifying structures at a greater depth, but also enables 
imaging at higher frequencies, leading to better spatial 
resolution. An increased frame rate further provides bet-
ter temporal averaging, potentially facilitating real-time 
UCSDI for guiding interventional treatment of heart and 
brain disorders. With longer pulses, coded excitation re-
tains comparable SNR to shorter pulses at reduced acous-
tic pressure. Whereas coded excitation is employed to im-
prove SNR, the longer pulses can degrade axial spatial 
resolution. However, the spatial resolution can be restored 
by using pulse compression, a signal processing algorithm 
widely used in radar and ultrasound imaging systems [17]. 
In this paper, we employed pulse compression of the AE 
signal to preserve spatial resolution. Similar to ultrasound 
or radar imaging, the pulse compression for UCSDI is ac-
tually carried out by cross-correlation of the coded input 
pulse with the measured AE signal. Assuming the impulse 
response of the transducer for the AE signal is h(t) and 
input pulse is p(t) as expressed in (2), AE signal s(t) can 
be approximated as the convolution of p(t) and h(t):

	 s t p t h t( ) ( ) ( ).= ∗ 	 (3)

Then, the cross-correlation for pulse compression is [18]

	 R t p t s t p t p t h t( ) ( ) ( ) [ ( ) ( )] ( ),= • = • ∗ 	 (4)

where • denotes the cross-correlation. The auto-correla-
tion of p(t) in square brackets results in a compressed 
short pulse. The peak amplitude of this pulse is larger 
than that of p(t) by a factor of K , where K denotes the 
time–bandwidth product [18].

Therefore, for a given electric current field, the AE sig-
nal can be optimized by using an ultrasound transducer 
with an appropriate center frequency and aperture to 
produce the desired beam shape and time profile. In this 
paper, we studied the effect of ultrasound transducer fre-
quency and coded pulse excitations on AE sensitivity and 
spatial resolution.

II. Methods

A. Instrumentation

To study the frequency and pulse shape dependency of 
the AE signal, a time-varying dipole was produced in 0.9% 

NaCl solution, similar to what we have described previ-
ously [8]. A 200-Hz alternating current (ac) was injected 
through two stimulating electrodes by a function genera-
tor (33220A, Agilent Technologies Inc., Santa Clara, CA). 
One of two single-element focused ultrasound transduc-
ers (V392 and V395, Panametrics NDT, Waltham, MA) 
with different center frequencies (1 and 2.25 MHz) and 
bandwidths (0.64 and 1.77 MHz at −6 dB) were used to 
modulate resistivity in the presence of electrical current 
flow to produce AE signals. Both transducers have the 
same element size (38 mm in diameter) and focal length 
(69 mm). A B-scan was performed for each transducer to 
evaluate the sensitivity and spatial resolution for UCSDI.

The experimental setup is displayed in Fig. 1. Two plat-
inum electrodes (S+ and S−) were separated by 10 mm 
to produce an electric dipole in saline. Both electrodes 
were cylinders with an exposed area of 3 mm (length) and 
0.3 mm (diameter). An Ag/AgCl recording electrode (R) 
was placed 5 mm from the cathode of the stimulating elec-
trodes. A spherically-focused single element transducer 
was immersed in a water tank below the electrodes. A 
pulse/receiver (5077PR, Panametrics) was used to excite 
the transducer and collect the pulse-echo (PE) signal for 
routine ultrasound imaging of geometry. The dipole was 
imaged with B-scan using each transducer at room tem-
perature (24°C) and same experimental conditions. For 
each B-scan, the transducer was scanned along the x-axis 
direction with 20 mm scan range and steps of 0.5 mm. At 
each scan point, an A-line was acquired with 10 averages. 
All PE, AE, and current signals were acquired by a data 
acquisition system (NI-PXI 1042S, National Instruments 
Corp., Austin, TX). The timing between the instruments 
and data acquisition system were described in a previous 
work [6]. A single B-scan was completed in 3 min.

To compare results from different transducers, we char-
acterized the beam size and acoustic pressure for each 
transducer using a calibrated hydrophone (HGL-0200, 
Onda Corp., Sunnyvale, CA) [19]. The ultrasound beam 
size was evaluated by the full-width at half-maximum 
(FWHM) of the intensity image at the focus. For the 
1-MHz transducer, the beam size was 3.9 mm (lateral) 
and 2.2 mm (axial); the peak pressure at the focus was 
4.3 MPa. For the 2.25-MHz transducer, the beam size was 
2.0 mm (lateral) and 0.9 mm (axial) with a peak focal 
pressure of 3.7 MPa.

For UCSDI with coded excitation, chirp pulses were 
generated by a function generator (33220A, Agilent Tech-
nologies Inc.) and amplified by a power amplifier (AG 
1021, T&C Power Conversion Inc., Rochester, NY). For 
each transducer, the chirp pulse was properly configured 
so that its center frequency matched the optimal trans-
ducer response. A Hanning window was chosen as the 
envelope function a(t). We measured and simulated AE 
signals with chirps at different time durations T and fre-
quency sweep rates β to study how they affected the AE 
signal. The peak acoustic pressure for each chirp was also 
measured using the hydrophone.
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B. Simulation

B-mode UCSD images were simulated using Matlab 
(The MathWorks Inc., Natick, MA) to verify the experi-
mental results. The ultrasound pressure was simulated 
using Field II [20], [21]. The transducer was configured 
as a single concave element with focal length of 68 mm. 
The impulse response of both transducers was assumed 
to be a Gaussian pulse. The dipole electric field and re-
cording lead fields were modeled using Comsol Multiphys-
ics (Comsol Inc., Burlington, MA), similar to a previous 
study [6]. Fig. 2 depicts the simulated current density dis-
tribution of an electric dipole. Figs. 2(a) and 2(b) are the 
cross-sectional images of the current density magnitude 
|J| and z-component Jz, respectively. Hot and cold colors 
represent the positive and negative polarity of the current 
density. Both images are normalized by the maximum of 
|J|. Unlike the magnitude of the current density, Jz is 
maximized only at the ends of each stimulating electrode.

The lead field JL was simulated with the same ap-
proach [6]. The AE signal at each position and time was 
numerically calculated using (1).

C. Data Processing

AE signals were converted into complex form and fil-
tered using Hanning window filters in both slow and fast 
time. For slow time, the Hanning window was centered 
at 200 Hz to match the frequency of the injected current. 
The bandwidth at 3 dB was 70 Hz. The Hanning window 
filter was matched for the center frequency and bandwidth 
of the ultrasound transducer. Each AE signal was further 
demodulated to remove the ultrasound signature along 
the direction of the ultrasound beam to represent the in-
stant current density along the direction of the ultrasound 
beam [8].

III. Results

A. Frequency Dependence

Color UCSDI B-mode maps (lateral versus depth) of 
the current dipole using short square pulse excitations at 
different ultrasound frequencies are presented in Fig. 3. 
The images display the measured AE signals after data 
processing, which was described in the previous section. 
The injected current in saline is equivalent (112 mA peak-
to-peak) for both cases. All A-lines are measured at the 
instant when injected ac current is maximized. Figs. 3(a) 
and 3(b) provide the experimental results using the 1.0-
MHz and 2.25-MHz transducers, respectively. For compar-
ing spatial resolution, normalized A-lines from the color 
B-mode images are denoted by solid black lines in Figs. 
3(c) and 3(d). To compare the UCSDI A-lines with the ac-
tual current density distribution, the z component of elec-
tric current density Jz is displayed in Figs. 3(c) and 3(d).

The images in Fig. 3 demonstrate that the high-fre-
quency transducer has better spatial resolution. The pat-
tern of the UCSDI image [Fig. 3(b)] from the 2.25-MHz 
transducer is consistent with the image of Jz [Fig. 2(b)] 
predicted by our model. It clearly resolves the two maxi-
mum current densities of each electrode and their polari-
ties. The distance between the two extremes was 2.8 mm, 
similar to the length of the stimulating electrodes. Be-
tween the two poles, the current distribution changes rela-
tively slowly in the axial direction (z) and symmetrically 
in the lateral direction, such that only small-amplitude 
AE signals were detected because of integral cancellation 
between the US pressure field and current density distri-
bution, as predicted by (1). Fig. 3(d) further illustrates 
the relationship between UCSDI and current density Jz. 

Fig. 1. Experimental bench-top setup for ultrasound current source den-
sity imaging (UCSDI).

Fig. 2. Simulated cross-sectional images of an electric current dipole. (a) 
The amplitude of current density in the x–z plane and (b) the z compo-
nent of current density distribution. Hot and cold colors in (b) present 
the positive and negative polarity of current density, respectively.
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The lateral FWHM was measured at 2.2 mm. However, 
for the 1-MHz transducer, the axial size of the focal zone 
is comparable to the distance between the two maxima 
points of Jz. The poles appeared as one bright area with 
a FWHM of 4.4 mm (x) and 5.3 mm (z). As a result, the 
two dipoles overlapped in the image because of poor spa-
tial resolution.

In terms of sensitivity, the peak amplitude of the AE 
signal was 1.61 µV/mA for the 1-MHz transducer and 
0.55 µV/mA for the 2.25-MHz transducer. After consider-
ing differences in acoustic pressure, the signal amplitude 
from the 1-MHz transducer was 2.6 times larger than that 
produced by the 2.25-MHz transducer.

The simulations, displayed in Fig. 4, were consistent 
with the experimental results, further confirming the fre-
quency dependence and tradeoff between resolution and 
sensitivity. Whereas the dipole appeared as one structure 
using the 1-MHz transducer, both poles of the dipole were 
resolvable using the 2.25-MHz transducer.

B. Coded Excitation

We also examined effects of coded excitation on the AE 
signal. The transducer beam was focused at the cathode of 
the dipole (S+ in Fig. 1). The chirp pulse and ultrasound 
transmitted waveform (measured using a hydrophone) are 
depicted in Fig. 5(a). The chirp pulse with 25 cycles was 
convolved with a Hanning envelope. The time–bandwidth 
product of this chirp pulse was 10.7. Note that the trans-

ducer has limited bandwidth, so the transmitted pulse, 
which is the convolution between the input chirp pulse 
and the impulse response of the ultrasound transducer, 
does not appear exactly the same as the input chirp wave-
form.

Fig. 5(b) displays the experimentally measured AE 
signal before and after pulse compression, respectively. 
We observe from Fig. 5 that the compressed signal has a 
smaller pulse width than the uncompressed version and 
that this compression process suppresses noise.

For comparison with traditional excitation, a square 
pulse was also used to produce AE signals subject to the 
same experimental conditions. To compare sensitivity and 
resolution between chirp and square pulses, we measured 
the peak AE amplitude and calculated the FWHM for 
each ultrasound excitation and current injection level. The 
results for the 1-MHz transducer are displayed in Fig. 6.

From Fig. 6(a), it is clear that the amplitude of the AE 
signal amplitude using chirps [as in Fig. 5(a)] is double 
(6 dB) that using a square pulse. In addition, the axial 
width for chirp excitation (6.0 mm) was worse than that 
of square pulses (4.3 mm) because of the extended dura-
tion of the excitation pulse. However, after pulse compres-
sion, the width was reduced to 4.4 mm, comparable to the 
square pulse. The same experiment was conducted with a 
2.25-MHz transducer. The results, depicted in Fig. 7, also 
indicated the chirp pulse yielded a stronger AE signal. 
Pulse compression was also able to retain the spatial reso-
lution using chirp excitation.

To investigate the effect of the frequency sweep rate β 
and time duration T on AE signals, we generated chirp 
pulses with two different time durations (T = 2 and 5 µs), 
as depicted in Fig. 8(a). The center frequency of each 
chirp was configured to match the optimal response of 

Fig. 3. Effect of ultrasound frequency on ultrasound current source 
density imaging (UCSDI) (experiment): Color UCSDI B-mode images 
using two ultrasound transducers with different center frequencies: (a) 
1.0 MHz and (b) 2.25 MHz. Colors represent amplitude and polarity of 
the acoustoelectric (AE) signal related to the electrical field distribution. 
Scale of color bars represents the amplitude of the measured signal in 
millivolts with a gain of 700. Solid curves in (c) and (d) are select filtered 
and basebanded A-lines denoted by dotted white lines in (a) and (b). 
The dashed curve in (c) and (d) is the z component of the electric current 
density distribution Jz.

Fig. 4. Effect of ultrasound frequency on ultrasound current source den-
sity imaging (UCSDI) (simulation): Color UCSDI B-mode images at two 
different US excitation frequencies: (a) 1.0 MHz and (b) 2.25 MHz. The 
scale of the two color bars represents the simulated signal amplitude 
in the same arbitrary unit. (c) Traces corresponding to white lines in 
B-mode images (dotted for 1.0 MHz and solid for 2.25 MHz) and cor-
responding current density Jz (dashed line).
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the selected ultrasound element. For each T, chirp pulses 
with a series of different β were generated to excite the 
transducer.

With the same experimental setup, AE signals were ex-
perimentally measured with the transducer focused at the 

cathode (S+ in Fig. 1) of the electric dipole for each T and 
β combination. Typical AE signals with 20 averages from 
each T are plotted in Fig. 8(b). Simulations of the AE sig-
nal were also conducted for each corresponding scenario. 
The amplitudes of the AE signal are displayed in Fig. 9.

These preliminary results indicate that both the chirp’s 
pulse duration T and frequency sweep rate β are both im-
portant parameter for optimizing the strength of the AE 
signal. That is, longer pulse durations and faster sweeps 
yield larger AE signal signals under the same conditions. 

Fig. 5. (a) Input chirp waveform and transmitted ultrasound pulse cap-
tured with hydrophone; (b) uncompressed (dotted line) and compressed 
(solid line) waveforms of the detected acoustoelectric (AE) signal using 
the 1-MHz ultrasound transducer. The amplitude of the compressed sig-
nal was normalized to the amplitude of the original signal.

Fig. 6. (a) Sensitivity and (b) axial width of the acoustoelectric (AE) 
signal using the 1-MHz transducer. Plot symbols denote experimental 
measurements, and solid lines represent the best linear fit.

Fig. 7. (a) Sensitivity and (b) axial width of the acoustoelectric (AE) 
signal using the 2.25-MHz transducer.

Fig. 8. (a) Input chirp pulses and (b) detected acoustoelectric (AE) sig-
nals with a T of 2 µs (solid line) and 5 µs (dotted line).
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The nonlinearity of the AE signal as a function of sweep 
rate β can be simply explained by the fact that the AE 
signal depends on both the spectrum of the excitation 
pulse (i.e., chirp) and the frequency response of the ultra-
sound transducer. As β increases, this overlap varies in a 
nonlinear manner, which was verified with simulation.

IV. Discussion and Conclusion

In this paper, we studied the sensitivity and resolution 
of UCSDI from two aspects: 1) center frequency and band-
width of the ultrasound transducer and 2) shape of the 
excitation pulse. We demonstrated the tradeoff between 
detection sensitivity and spatial resolution using trans-
ducers with different center frequencies. For the electric 
dipole experiment, the 1.0-MHz transducer produced an 
AE signal with peak amplitude of 1.61 µV/mA, whereas 
the 2.25-MHz transducer produced only 0.55 µV/mA at a 
similar acoustic pressure. However, the higher frequency 
transducer had better spatial resolution, revealing more 
details related to the current density distribution. For 
coded excitation, we detected the AE signal at a sensi-
tivity of 3.47 µV/mA using the 1-MHz transducer and 
25-cycle chirp excitation. Sensitivity was twice that of 
square excitation. Pulse compression was proven to be ef-
fective for preserving the spatial resolution for coded ex-
citation. The results illustrate that ultrasound frequency 
and beam shape significantly affect UCSDI resolution and 
sensitivity. In addition, β and T of the chirps affect the 
amplitude of the AE signal. Choice of the ultrasound pa-
rameters, therefore, can fulfill different requirements for 
imaging current flow in the heart and brain using UCSDI. 

Further control of the ultrasound pulse shape will help 
optimize sensitivity and facilitate translation of UCSDI to 
the clinic for the diagnosis and treatment of arrhythmia 
and epilepsy.
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