Time reversal beamforming for powering ultrasonic implants
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Abstract— Efficient ultrasonic beamforming to millimeter-
scale neural implants can reduce implant volume, improve
tolerance to misalignment, and allow multiple implants to be
operated simultaneously. This work proposes the use of time
reversal, a computationally simple approach to beamforming
that is robust despite scattering and inhomogeneity of the
acoustic medium. A custom ultrasound phased array system is
used to demonstrate beam focusing and steering both in a liquid
phantom and through tissue. Time reversal is experimentally
compared with other beamforming techniques by measuring
energy transfer efficiency at varying depths and angles. Simulta-
neous power delivery to multiple implants is also demonstrated.

I. INTRODUCTION

Wireless millimeter-scale implants are attractive due to
their minimal invasiveness and untethered operation, and they
have been proposed for a range of peripheral nerve recording
and stimulation applications [1]-[3]. Ultrasound (US) has
emerged as a promising power delivery and communication
modality for deep-tissue implants. When compared with
electromagnetic waves, US offers efficient propagation in
tissue and a relatively small wavelength, which enable the use
of millimeter and sub-millimeter scale acoustic resonators
implanted in deep tissue [1], [4]. Such an US implant
includes a piezoceramic resonator (piezo), an integrated
circuit, and optionally an energy storage capacitor. An ex-
ternal transducer provides US energy which is harvested
by the piezo. The implant communicates with the external
transducer (which also functions as a receiver) either by
actively driving its piezo or by modulating the backscattered
signal amplitude [3]. Piezo volume (a large percentage of
total implant volume) determines the harvestable power for
a given US intensity [5]; therefore, efficient delivery of power
to the implant allows for reduction of the implant volume.

A single-element focused or unfocused external transducer
is used with most published US implants. A focused trans-
ducer provides greater link efficiency for high power appli-
cations such as neural stimulation, but this setup can tolerate
only a few millimeters misalignment [1], [2]. While multiple
implants could be powered if placed in close proximity to
one another, it is preferable to record or stimulate at multiple
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Fig. 1: Neural implant and cross-section of ultrasound array demonstrating
the concept of time reversal.
locations. To overcome these limitations, a transducer array
can be used to dynamically focus and steer US energy by
manipulating the phase at each element. Linear phased arrays
(Nx1 elements) are used in ultrasound imaging to sweep the
beam over a cross-sectional plane, and several have been
demonstrated for power delivery to US implants [6]-[8]. In
this work we fabricated a planar array (NxM elements) to
allow for steering to locations within a 3D volume of tissue.
In its simplest implementation, transmit beamforming can
be achieved by calculating a time delay for each array
element based on the differences of the distances from each
element to the implant and the propagation speed in the
medium [6]. This requires prior knowledge of the target
implant position relative to the array. To localize the implant,
a subset of array elements can record either a pulse sent
by the implant or a backscattered signal received from the
implant [8], [9]. Time delays can be calculated by finding the
maximum of the cross-correlation between signals received
on the individual array elements. The location of the implant
can then be found by solving a nonlinear optimization
problem [8]. Once the location is determined, the time
delay beamforming method can be applied. This does not
account for tissue inhomogeneity and scattering which may
distort and redirect the beam. In contrast, this work proposes
the use of a computationally simple method for ultrasonic
beamforming to neural implants that is inherently robust to
tissue inhomogeneity and scattering.



II. TIME REVERSAL

Time reversal (TR) beamforming requires no prior knowl-
edge of the implant position or characteristics of the medium.
In a lossless medium, time reversal US beamforming has
been shown to be the optimal solution for maximizing
pressure at a target [10]. In such a medium, the position
and time-varying pressure field P(7,¢) is described by:
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The space-varying propagation speed and density are given
by ¢(¥) and p(7), respectively. Since there is only a second-
order time derivative, if P(¥,¢) is a solution then P(7, —1)
must also be a solution. With an additional attenuation term
this property is lost, but since attenuation is low in biological
tissue this remains a valid approximation [10]. Even in cases
with significant attenuation, such as focusing through the
skull, a modified time reversal procedure can be used [11].

An illustration of the time reversal process is shown in Fig.
1. The implant sends out an acoustic pulse or “ping” received
by the ultrasound array. These signals are recorded from the
array elements, reversed in time, and played back to focus
acoustic power on the targeted implant. This procedure could
be repeated intermittently to correct for the implant shifting
relative to the array. To initially power up the implant before
the ping, the external ultrasound array would start in a high-
power mode and/or sweep its focus using standard time delay
beamforming. After the time reversal procedure, the external
transducer power would be lowered since power could now
be efficiently delivered to the implant. This protocol assumes
the implant can actively drive the piezo; an alternate iterative
pulse-echo time reversal sequence is possible if the implant
communicates only through backscatter [11].

Finally, there is a distinction between true time reversal
and using a signal from the implant to calculate the re-
quired time/phase shifts between elements [9], which we also
demonstrate and refer to as phase reversal. This approach
is a specific case of time reversal in which the received
signals are perfectly sinusoidal, and it allows for continuous
beamforming. However, in a heterogenous, highly scattering
medium, the received signals will not be sinusoidal [12].
Time reversal will still work in these conditions, but it only
provides pulses of finite length. This is well-suited for pow-
ering US implants since they are placed in inhomogeneous
tissue and typically receive transient pulses of power.

I11. METHODS
A. Array Fabrication

The 52-element, 13 mm diameter planar array was assem-
bled on a 0.3 mm polyimide flexible printed circuit board.
Lead zirconate titanate piezoceramic (APC851) was diced
into 0.8 mm cubes, and these elements were attached with
silver epoxy (EPO-TEK H20E). The top ground electrodes
were connected using bonding wire and silver epoxy. An
image of the array is included in Fig. 2. Additional backing
and matching layers can be added to improve efficiency
and protect the elements [13]. Impedance measurements
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Fig. 2: Ultrasound system and ex;)-erimental setup. A photograph of the
piezo array is also shown.

revealed only 4 defective elements; the remainder showed
good matching with each other and with finite element model
simulations [5]. At the series resonant frequency of 1.5 MHz
(used for all measurements), the piezos can be modeled as a
Thevenin voltage source and purely real impedance, Ryje, =
4 kQ.

To eliminate grating lobes, which degrade the efficiency of
the array, a pitch is typically chosen between the wavelength
A (1.0 mm here) and A /2, depending on the desired maxi-
mum steering angle. However, due to fabrication limitations
a pitch of 1.8 mm was used; this should produce grating
lobes at 33° and 51° from the axis when focused at 0° [14].

B. System Design

The custom US system (Fig. 2) incorporates 52 pulser
channels (Maxim, MAX14808) controlled by an FPGA (Xil-
inx Spartan-6 LX150) clocked at 40 MHz. In power/transmit
mode (Fig. 2, purple), the pulsers drive the array elements
at £3.3 V from a £5 V supply (1.7 V diode drop), resulting
in approximately 1.4 mW consumed by each element. The
position of a 0.8 mm cube “implant” piezo in the oil
medium is controlled by motorized translation stages (Thor-
labs MTS50), and its open-circuit voltage is recorded using
an oscilloscope and differential probe (Keysight N2750A).

In ping/receive mode (Fig. 2, blue), the implant piezo
is driven by an US pulser for ten cycles at 1.5 MHz. Op
amps (LT1365) are located close to the array board to buffer
and amplify the received signals. These buffered signals
are multiplexed to a single 8-bit analog to digital converter
(ADC) (ADG9057), and the 40 MHz digitized signals are
transferred to a PC. Recording from the entire array thus
requires 52 identical pulses to be sent from the implant piezo;
in a full implementation, these pulses could be synced based
on a command sent from the array to the implant.

C. Signal Processing

After being transferred to the PC, the recorded signals
from the ping are bandpass filtered and reversed in time.
Signals are rescaled by the maximum value for each channel
and quantized for the 3-level (-Vygn, 0, +Vijgn) US pulsers.
This could be implemented with simple digital processing
and memory on-chip. The use of 3-level drive results in quan-
tization error between the ideal time reversed pulse and the
actual transmitted pulse. Finite element model simulations



(COMSOL Multiphysics) showed a 10% efficiency improve-
ment was possible using 9-level (= 3-bit) quantization when
focusing at 0° in a homogeneous medium.

As a comparison to time reversal, phase reversal is also
used. Here, the implant is driven for a single cycle, and the
phase offsets between the signals received on the array are
calculated by finding the maximum of the cross-correlation
between the signals. These phase offsets are reversed and
used to generate the waveforms for each array element.
Finally, time delay beamforming is also used to target the
implant using its known position.

Transmitted energy from the array is calculated from
applied voltage and element impedance. Available received
energy at the implant is calculated for a matched load (2.2
kQ) for the piezo at resonance. Energy transfer efficiency
is found by dividing received energy by transmitted energy.
Efficiency is used to compare methods because the applied
voltage waveforms and therefore input energy for time rever-
sal are not explicitly controlled. To ensure a fair comparison,
the number of cycles used for other methods is set to yield
approximately equal input energy as time reversal.

IV. RESULTS
A. Acoustic Field Characterization

Energy transfer efficiency for a cross-section of the acous-
tic field when focusing at -10° is shown (Fig. 3). This was
characterized in the homogeneous oil medium (¢ ~= 1470 m/s,
p ~ 910 kg/cm?, o ~0.15 dB/cm) at a depth of 5 cm and
through 2.5 cm of porcine muscle tissue (¢ ~ 1580 m/s, p ~
1070 kg/em?, o ~ 2 dB/cm) suspended in the oil medium
at a total depth of 5 cm. Attenuation was greater through
tissue, but the half-power beamwidth in both cases was 3.8°
(3.3 mm diameter at 5 cm depth), which is consistent with
the 3.7° theoretical beamwidth for this array [14].

Time reversal resulted in the highest peak efficiency, while
phase reversal resulted in 83% and 77% efficiency when
compared to time reversal in oil and tissue, respectively.
Phase reversal was similar to time reversal since the porcine
tissue was still a fairly homogeneous medium and the US
pulsers only had 3-level drive. However, phase reversal
required greater computational complexity. Efficiency using

calculated time delays was approximately 65% compared to
time reversal and required knowledge of the implant position.

Steering to -10° allowed for measurement of a predicted
grating lobe resulting from the array pitch. When focusing
on a target at 0° at 5 cm depth, the peak-to-peak voltage at
the focal point in oil was 0.95 V, which results in 13 uyW
available power for the implant with only a +5 V supply
for the phased array system. Efficiency can be improved
by using arrays with more elements at a finer pitch to
eliminate grating lobes. Excellent power transfer efficiency
has been demonstrated for a 32-element linear (1D) array
[7]; however, planar (2D) arrays allow for beamsteering in a
3D tissue volume. This work is meant as a self-comparison
between beamforming methods that can be used with any
planar or linear ultrasound array.

B. Beam Steering and Focusing

The ability to steer and focus on targets at varying angles
and depths is shown in Fig. 4. Time and phase reversal
were performed at each point. As a comparison, results with
time delay beamforming using the known implant location
and without beamforming are also shown. Efficiency drops
off at larger steering angles due to increased beamwidth
and increased angular misalignment that results from fixed
implant orientation. Time reversal had 10 — 20% greater
efficiency than phase reversal across all angles, and both
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Fig. 3: Efficiency (normalized to peak time reversal measurement) as a
function of angle when focused to -10° through (a) the homogeneous
oil medium and (b) 2.5 cm porcine tissue suspended in the oil medium.
Note the rescaled y-axis in (b) due to greater attenuation through tissue.
Measurements taken at 5 cm depth.
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methods performed better than time delay beamforming,
especially at larger angles. All methods improved efficiency
compared to the unfocused array, with a 2.5x to 100x
improvement using time reversal depending on position.

C. Multiple Implants

An advantage of a phased array system compared to a
single-element transducer is the possibility of powering and
communicating with multiple implants in different locations.
This can occur one at a time using time-division multiplexing
or simultaneously using techniques such as code-division
multiple access [3], [15]. In the latter case, all implants
must receive sufficient power to operate simultaneously.
A previously demonstrated approach to powering multiple
implants simultaneously was to partition the array and use
half to target each implant [7]. In this work, the principle
of superposition was used to simultaneously target multiple
implants by playing back the sum of the time-reversed
signals from each implant.

Two implants at 5 cm depth were powered separately
(Fig. 5a,b), together using a partitioned array (Fig. 5c), and
together using superposition (Fig. 5d). Time reversal was
used to generate the transmitted waveforms. Superposition
resulted in 0.6x and 0.43x efficiency at the targeted implants
compared to powering each implant separately. This was
expected since the acoustic energy was split between two foci
and a perfect superposition was not possible due to pulser
quantization. The partitioned array suffered from increased
beamwidth due to the reduced aperture of each sub-array,
resulting in 0.33x and 0.21x efficiency at each implant.

Table I shows the results from simultaneous time reversal
focusing on two implants at different depths (3 and 4 cm).
Superposition performed better than the partitioned array.

V. SUMMARY

In this work, we proposed and demonstrated the use of
time reversal beamforming for ultrasonic power delivery to
neural implants. We implemented this using a custom planar
phased array, but the method can be used with any 1D or 2D
ultrasound array. To our knowledge, this is the first demon-
stration of power delivery to implants using time reversal,
a computationally simple yet theoretically optimal method
for focusing and steering ultrasound through inhomogeneous
media. Time reversal was 10 — 20% more efficient than phase
reversal, the next best method. It was also 30 — 300% more
efficient than time delay beamforming across the implant
locations tested.

To the best of our knowledge, this is also the first work to
use superposition to simultaneously power multiple implants,
and this was shown to be up to twice as efficient as using half
the array to power each implant. The eventual development
of a compact phased array system with simple on-chip
processing for time reversal beamforming would greatly
improve the feasibility of powering a network of miniaturized
implants for neural recording and stimulation.
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TABLE I: Efficiency (normalized to peak value) of separate and simultane-
ous time reversal measurements to 2 implants at different depths.

Depth Target 1 Target 2 Partitioned Superposition

Implant 1 3 cm 1.0 0.009 0.34 0.41
Implant 2 4 cm  0.005 0.48 0.14 0.20
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