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Abstract

Time reversal beamforming to ultrasonic implants using a custom phased array

by

Braeden Christopher Benedict

Master of Science in Bioengineering

University of California, Berkeley

Professor Rikky Muller, Chair

Millimeter-scale implants using ultrasound for power and communication have been proposed
for a range of deep-tissue applications, including neural recording and stimulation. However,
published implementations have shown high sensitivity to misalignment with the external
ultrasound transducer. Ultrasonic beamforming using a phased array to these implants can
improve tolerance to misalignment, reduce implant volume, and allow multiple implants to
be operated simultaneously in different locations.

This report details the design of a custom planar phased array ultrasound system, which is
capable of steering and focusing ultrasound power within a 3D volume. Analysis and simula-
tion is performed to determine the choice of array element pitch, with special attention given
to maximizing the power available at the implant while meeting FDA limits for diagnostic
ultrasound. The design of the ultrasound system is described, with a particular emphasis on
signal integrity and noise minimization.

Time reversal is proposed as a computationally simple approach to beamforming that is
robust despite scattering and inhomogeneity of the acoustic medium. This technique is
demonstrated both in active drive and pulse-echo modes, and it is experimentally compared
with other beamforming techniques by measuring energy transfer efficiency at varying depths
and angles. Simultaneous power delivery to multiple implants is also demonstrated.
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Chapter 1

Introduction

1.1 Ultrasonic implants

External
transceiver

Ultrasonic 
wireless link
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Piezo

CuffCapacitor

Sciatic
nerve

Electrodes

1 mm

Implant

Figure 1.1: Example of neural stimulator system with diagram of ultrasonic implant.
Adapted with permission from [2].

Wireless millimeter-scale implants are attractive due to their minimal invasiveness and un-
tethered operation, and they have been proposed for a range of peripheral nerve recording
and stimulation applications [2], [3]. Ultrasound (US) has emerged as a promising power
delivery and communication modality for deep-tissue implants. When compared with elec-
tromagnetic 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
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in deep tissue [2], [4]. Such an US implant includes a piezoceramic resonator (piezo), an
integrated circuit (IC), and optionally an energy storage capacitor. An external transducer
provides US energy which is received by the piezo and rectified by the IC. The implant
communicates with the external transducer (which also functions as a receiver) either by ac-
tively driving its piezo [5] or through passive backscattering [6]. A diagram of such a system,
including the implant and external transducer, is shown in Fig. 1.1 [2]. In the latter case,
modulation of the impedance across the piezo terminals changes the reflection coefficient at
the piezo and modulates the amplitude of the reflected ultrasound [7]. Piezo volume is a
large portion of the total implant volume and determines the harvestable power for a given
US intensity [7]. Therefore, greater intensity at the implant allows for a reduction of implant
volume.

A single-element focused or unfocused external transducer is used with most published US
implants. A focused transducer provides greater link efficiency for high power applications
such as neural stimulation, but this setup can tolerate only a few millimeters misalignment
[2], [3]. An unfocused transducer is generally less sensitive to misalignment, but it still has a
natural focal length given by its diameter and wavelength. Before this distance, termed the
near-field region, there are local minima and maxima which are dependent on the medium
and difficult to predict [8]. Thus, implants are typically placed beyond this focal point in
the far-field, which provides yet another constraint for this single-transducer setup. While
multiple implants could be powered using a single transducer if placed in close proximity to
one another, it is preferable to record or stimulate at multiple locations.

1.2 Phased array beamforming

To overcome the limitations of a single external transducer, 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
[9]–[11]. In this work a planar array (NxM elements) was fabricated 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 [9]. 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 [12], or a backscattered signal
received from the implant [11]. 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 [11]. 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
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Figure 1.2: Neural implant and cross-section of ultrasound array demonstrating the concept
of active uplink time reversal.

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.

1.3 Time reversal

Time reversal (TR) beamforming requires no prior knowledge 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 [13]. In such a
medium, the position and time-varying pressure field P (~r, t) is described by:

~∇ ·
( ~∇P
ρ

)
− 1

ρc2
∂2P

∂t2
= 0. (1)

The space-varying propagation speed and density are given by c(~r) and ρ(~r), respectively.
Since there is only a second-order time derivative, if P (~r, t) is a solution then P (~r,−t) 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 [13]. Even in cases
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with significant attenuation, such as focusing through the skull, a modified time reversal
procedure can be used [14].

An illustration of the “active uplink” time reversal process is shown in Fig. 1.2. 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 procedure assumes the implant can actively drive the piezo; however, many low-
power ultrasonic implants communicate with the external transceiver only through passive
backscattering [2], [3], [6]. Time reversal can still be implemented in this scenario through a
different, iterative pulse-echo procedure. In the iterative method, the transducer array first
sends out an unfocused pulse. The implant provides a highly reflective target compared to
its surroundings, and the backscatter, or echo, originating from the implant will be received
by the array. This echo is reversed in time and played back. Iterating over these steps will
result in the US beam converging on the strongest, or brightest reflector [14].

Finally, there is a distinction between true time reversal and using a signal from the implant
to calculate the required time/phase shifts between elements [12], 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 composed of a single constant-amplitude sinusoid, and it allows
for continuous beamforming. However, in a heterogenous, highly scattering medium, the
received signals may not be sinusoidal [15]. Time reversal will still work in these conditions,
but it only provides pulses of finite length. This is well-suited for powering US implants since
they are placed in inhomogeneous tissue and typically receive transient pulses of power.

Chapter 2 will provide an analysis of planar phased array design considerations and will
describe the fabrication of the array used in this work. Design of the ultrasound beamforming
system is described in Chapter 3. In Chapter 4, methods and results from experiments testing
active uplink time reversal will be shown. Methods and results for iterative time reversal are
given in Chapter 5, and Chapter 6 will summarize and discuss future work.
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Chapter 2

Phased array design

2.1 Directivity and grating lobes

In this work, a 2D, planar transducer array was designed and fabricated in order to tar-
get an implant within a 3D volume of tissue. While this is essential for ensuring implant
functionality regardless of lateral misalignment, a planar array has greatly increased system
complexity compared to a 1D, linear array. As will be described in subsequent chapters, the
custom ultrasound system built for this work uses MAX14808 high voltage digital pulsers.
These are controlled using a parallel interface requiring 2 bits per channel. With the finite
number of I/O pins on the FPGA being used to control the system, the number of transducer
channels that can be independently driven is limited to 52. This results in an 8x8 element
planar array with the three elements in each corner removed, as shown in Fig. 2.6.

While the channel number is limited, the pitch (inter-element spacing) and total array aper-
ture may be varied. The choice of pitch of a phased array is a tradeoff between the directivity
and the production of grating lobes. The directive gain at a given point is defined as the
power density at that point divided by the isotropic power density [16]. The maximum
directive gain, commonly referred to simply as directivity, is therefore given by:

D =
Pmax
Paverage

For a large array with equal element excitation, the radiation pattern/directivity is the
product of the array factor (the directivity resulting from the array geometry) and the
directivity of the radiation from each element [17]. In the principal planes, the beam pattern
for a planar array is the same as that of a linear array, so a linear array will be considered
here for simplicity. The magnitude of the array factor for a linear array with equally spaced
elements as a function of angle theta (where 0◦ is perpendicular to the array) is given by:

AF =
sin[N πd

λ
(sinθ − sinθs)]

sin[πd
λ

(sinθ − sinθs)]
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Figure 2.1: Array factor, element factor, and directivity for an 8-element linear array with
λ=1 mm, d=1.5 mm.

where θs is the desired steering angle, N is the number of elements, and d is the pitch
[16], [17]. This function has maxima for θ = θs, and the array factor value at this angle
equals N . Thus, the maximum value of the array factor is dependent only on the number
of elements. This also holds true for the array factor of planar array, which is approximated
by the product of two linear array factors [16].

The array factor will be at a maximum when:

θ = sin−1(
mλ

d
+ sinθs)

where m is an integer. Depending on the steering angle and ratio of pitch to wavelength,
there may be multiple solutions to this equation. This reveals the presence of grating lobes,
which can be considered as aliasing resulting from insufficient spatial sampling. Grating
lobes are typically avoided in ultrasound imaging because it is impossible to tell whether a
signal received by the array originated from the main lobe or a grating lobe. To prevent
grating lobes, a pitch is chosen to satisfy:

d ≤ λ

1 + sinθs,max

To eliminate grating lobes at all steering angles, d < λ/2 should be chosen (a result of the
Nyquist theorem), but a pitch of up to λ can be used without the production of grating lobes
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Figure 2.2: Directivity for a 52-element planar array with varying pitch.

if steering to 0◦. An example pattern is shown in Fig. 2.1 for a linear array of 8 elements
with a d=1.5 mm and λ=1 mm, with a steering angle of 0◦. Note the presence of grating
lobes, but these are reduced compared to the main lobe due to the element factor.

The beamwidth of a phased array is determined by the total aperture of the array. For
a square planar array, the angular beamwidth is 0.866λ

D
, where D is the length of a side of

the array [16]. Increasing the array aperture narrows the beamwidth. In Fig. 2.2, acoustic
intensity as a function of angle is shown for a 52-element planar array, calculated using the
MATLAB Phased Array System Toolbox. Note that while increasing the pitch does result in
grating lobes and decreased main beamwidth, the maximum power, or array gain, is identical
for each configuration. Therefore, as long as the beamwidth is sufficiently larger than the
implant piezo and the beam can be accurately steered toward the implant, the grating lobes
produced by a larger pitch array are not necessarily detrimental for efficient power delivery
to an implant. If multiple implants are used, grating lobes could accidentally power up and
receive modulated backscatter from an incorrect implant. However, if maximizing power
delivery is the main goal, as is the case for neural stimulation implants, then a large pitch
array with grating lobes could be an acceptable approach. This will be further demonstrated
in the next section.
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2.2 Optimizing pitch for maximum power delivery

The previous analyses have considered the far-field radiation pattern of phased arrays; how-
ever, it is also possible for the implant to be operated in the near-field of the array. The
near-field, or Fresnel region, of a transducer is where:

z <
D2

4λ

where z is the axial distance to the transducer and D is the transducer diameter [18]. In the
near-field region, focusing can be achieved using a phased array in addition to the steering
which has already been described for the far-field region [19]. The following analysis will
demonstrate why a larger pitch array with grating lobes may be preferable for maximizing
total power delivered to an ultrasonic implant. Field II is used for the following simulations
[20], [21].

The US FDA limits the spatial peak-temporal average intensity, Ispta, of diagnostic ultra-
sound in the body to 7200 W/m2 [22]. If the implant is located in the far-field of the array,
then the focal point will occur at a shallower depth than the implant. If the implant is
located in the near-field of the array, then the acoustic power can be focused at the depth of
the implant. The near-field region of a 52-element, 1.5 MHz, planar transducer with d = λ/2
measures only 3 mm, much shallower than the implant depth.

The near-field region can be extended by increasing the pitch while maintaining a constant
number of elements. Acoustic intensity while targeting an implant at 50 mm depth using
a 52-element planar array is shown in Fig. 2.3, with a pitch of λ/2 = 0.5 mm in (a) and a
pitch of 2λ = 2.0 mm in (b). Both arrays are targeting an implant located at 50 mm depth
(Z axis), which is shown roughly to scale as a black square. The array drive voltage has
been scaled such that the Ispta is equal in both cases. In addition to producing grating lobes,
increasing the pitch relative to wavelength leads to a pattern of high intensity regions near
the transducer, shown observed in Fig. 2.3(b). Unless an acoustic spacer is used, these high
intensity regions will be present within the tissue and must be considered when attempting
to maximize power delivered to the implant.

Fig. 2.4 shows the axial time-averaged acoustic intensity for 52-element planar arrays of
increasing pitch focused at a depth of 5 cm. A constant element drive voltage is used for
each pitch configuration in Fig. 2.4(a). While the intensity at 5 cm is nearly constant across
all pitch configurations, the peak intensity is lower with a larger pitch. Therefore, for the
larger arrays, the drive voltage can be increased to increase the maximum power delivered
to the implant. Fig. 2.4(b) shows the results of this rescaling which sets the Ispta for each
configuration equal to the FDA limit of 7200 W/m2. The array with a 4 mm pitch results in
over an order of magnitude improvement in acoustic intensity at the target compared to the
array with a 0.5 mm pitch, but this comes at the cost of producing 48 grating lobes when
focused at 0◦.
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Figure 2.3: Simulated acoustic intensity (in dB) for a 52-element planar array with a pitch
of (a) 0.5 mm and (b) 2.0 mm with λ = 1.0 mm when targeting an implant (black square)
located at 50 mm depth. Results for each have been scaled to have an equal Ispta.
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Figure 2.4: Simulation of time-averaged intensity along axis while varying pitch for a 52-
element planar array focused at 5 cm depth. In (a) a constant drive voltage is used for
all configurations, while in (b) the drive voltage is scaled for each configuration such that
Ispta=7200 W/m2.
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Figure 2.5: (a) Simulated maximum allowable incident acoustic power on piezo target while
meeting FDA Ispta limit. (b) Simulated power transfer efficiency (normalized) from trans-
ducer to piezo.

The rescaling of drive voltage for larger pitch arrays results in a greater total acoustic power
entering the tissue but allows for more power to be delivered to an implant without exceeding
the FDA Ispta limit when compared to a smaller array. Using this rescaling approach to set
Ispta to the FDA limit and sweeping values for pitch, Fig. 2.5(a) shows the incident acoustic
power on the face of a 0.8 mm cube piezo. This is calculated by integrating the simulated
intensity over the piezo face and thus takes into account the decreased beamwidth with
increasing pitch. The normalized power transfer efficiency from the transducer array to the
piezo is shown in Fig. 2.5(b). This efficiency is constant regardless of the scaling factor and
does not decrease significantly with increasing pitch.

The maxima and minima in Fig. 2.5(a) result from the intensity pattern in the near-field,
which is dependent on the exact acoustic properties of the tissue and is difficult to predict.
These results should not be used to determine an optimal pitch since this will change de-
pending on implant depth and tissue properties. Rather, they lead to the general conclusion
that, with a limited number of channels available, a pitch larger than λ/2 may be chosen
if the goal is to maximize power safely delivered to an implant. However, if the goals are
to improve the overall system efficiency, reduce the total acoustic power dissipated in the
tissue, or eliminate grating lobes, then a smaller pitch should be used.
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Figure 2.6: Fabricated 52-element planar array used in this work.

2.3 Array fabrication

After consideration of the preceding design tradeoffs for an ultrasound phased array used to
power an implant, a pitch of 1.8 mm was chosen for the planar array. While using a limited
number of elements, this results in a good compromise between maximizing overall efficiency,
maximizing intensity at the implant while meeting FDA limits, and minimizing the number
of grating lobes produced. A total of eight grating lobes are expected to be produced, with
four at 33◦ and four at 51◦ from the axis when focused at 0◦ [16].

The 52-element, 13 mm diameter planar array was assembled 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 shown in Fig. 2.6. Piezo dicing was performed by Nathan Ersumo, and the array assembly
was completed by Mohammad Meraj Ghanbari. Additional backing and matching layers
can be added to improve efficiency and protect the elements [8]. Impedance measurements
revealed only 4 defective elements; the remainder showed good matching with each other
and with finite element model simulations [7]. The series and parallel resonant frequencies
of these array piezos were measured to be 1.5 and 1.75 MHz, respectively.
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Chapter 3

Ultrasound system design

3.1 First generation system

The custom ultrasound beamforming system incorporates the MAX14808, an octal three-
level high-voltage digital pulser with integrated T/R switch which has been used in various
studies with ultrasonic implants [10], [23]. Each ultrasound channel is controlled by two logic
inputs, and the devices are run in a transparent (as opposed to clocked) mode, meaning that
the pulser outputs directly reflect the input logic after a short delay. A beamforming system
requires a high number of channels, and so there are a large number of control signals on
this parallel interface. A Spartan-6 LX150 FPGA within an Opal Kelly XEM6010 is used
to generate the control signals, control the receive signal multiplexers, receive data from the
parallel ADC interface, and communicate with a PC over USB. The finite number of I/O
pins on this device limits the number of pulser channels to 52.

The first generation of the system, shown in Figs. 3.1(a) and 3.2(a) was designed by Moham-
mad Meraj Ghanbari and used in previous publications [1], [24]. It uses eight MAX14808
evaluation boards which are attached via header connectors to a base PCB (the “Main
Board”). This arrangement and the parallel control interface is a non-optimal solution, but
the intention was to reduce development time of the system by minimizing firmware com-
plexity while using fully tested ultrasound pulser boards. A ribbon cable connects the pulser
outputs to the “Mini” board which attaches to the flex-PCB piezo array and also contains
op-amps which serve to buffer and provide amplification to received ultrasound signals when
in receive mode. This is intended to prevent attenuation of the signal due to the cable
and other parasitic capacitance. These buffered signals are delivered to the Main board for
analog-to-digital conversion via a second ribbon cable. Only one ribbon cable is connected
at a time, and this configuration must be changed between transmit and receive modes. This
system was used to collect the data for active uplink time reversal in Chapter 4.
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Figure 3.1: (a) 1st generation ultrasound system (b) 2nd generation ultrasound system

3.2 Second generation system

The 1st generation system suffers from a number of design issues primarily related to signal
integrity which limited its performance and prevented it from functioning in pulse-echo mode
(which requires simultaneous transmit and receive functionality). Below, these issues and
how they are addressed in Main Board Gen 2 are described. The 2nd generation system is
shown in Fig. 3.1(b) and the Main Board Gen 2 layout is Fig. 3.2(b). This was used to collect
the data for iterative time reversal in Chapter 5.

Ground plane

The first generation 2-layer PCB design does not have a ground plane. While this reduces
trace capacitance, the lack of a low-impedance current return path for high frequency signals
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(a) (b)

Figure 3.2: (a) Main Board Gen 1 and (b) Main Board Gen 2 layouts shown to relative scale.

causes many issues and is generally a poor design choice. The new 4-layer board includes a
ground plane. While it can be beneficial to separate the board into regions with analog vs
digital ground, the requirements of this board to interface with the MAX14808 evaluation
boards (which have a single ground) made this impractical and likely to result in additional
issues. Therefore, a single unbroken ground plane is used, with digital and analog signals
separated and crossing at 90 degree angles.

ADC placement

On Main Board Gen 1, the ADC is placed on the opposite side of the board from the
FPGA, requiring long clock and data traces between the two. While the ADC is rated for
80 MSPS, the long trace length limits maximum sampling rate to 13 MSPS. Additionally,
the long single-ended ADC clock trace without a ground plane results in interference on the
signals being measured. This necessitates averaging of the received signals over multiple
measurements, which increases data acquisition time. In the new design, the ADC is located
close to the FPGA, reducing interference and allowing the ADC to sample at 40 MSPS
without the need for averaging.

Crosstalk between channels

To reduce crosstalk between channels, commercial ultrasound systems use individually
shielded micro-coax cables to connect the system to the probe [25]. However, ribbon cables
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are less expensive and more convenient to assemble than individual cables. The first gen-
eration design uses an 80 conductor cable, and most of the 52 signals are directly adjacent
to other signals. This results in clearly visible crosstalk between channels. To reduce this
issue, the ground-signal-ground (G-S-G) connection pattern is used so that all signals have
a return path and no signals are adjacent to one another [26]. Two 68 conductor ribbon
cables used in the 2nd generation.

T/R switch

The first generation system has 52 unity-gain buffers (LT1365) located on the “Mini Board”
near the array. The non-inverting input of these buffers is connected directly to the output
from the high voltage pulsers. Since the op-amps have a maximum supply voltage of ±15
V, this reduces the allowable output from the high voltage pulsers from ±105 V to ±15
V to satisfy the absolute maximum input ratings, degrading the maximum possible SNR.
However, in practice driving the pulsers with ±15 V is not possible because this greatly
increases the op-amp power consumption and causes stability issues. Therefore, a ±5 V
supply is used for the “high voltage” pulsers in the 1st generation system, resulting in ±3.3
V driving the piezos after two on-chip diode drops.

In commercial ultrasound systems, isolation between the high-voltage transmit circuits and
low-voltage receive electronics is accomplished using transmit/receive (T/R) switches [19].
The MAX14808 chips include integrated T/R switches and low-voltage receive outputs which
are used in the 2nd generation design to allow it to function in pulse-echo mode. This does
result in signal attenuation from the approximately 150 pF parasitic capacitance due to the
ribbon cables, routing, and switches. Isolating the amplifiers from the drivers allows the
high voltage pulsers to be supplied up to ±25 V, the limit of the power supplies used.

Power consumption

To limit system complexity and data rate requirements, a single ADC is used in both genera-
tions. However, the 1st generation uses a buffer for each channel and requires ∼400 mA total
quiescent current for the buffers alone. This causes significant heating of the Mini Board,
making it impractical to incorporate into an actual probe head. In the new design, the 8 low
voltage receive signals per channel are multiplexed (MAX4638) on the Main Board before
amplification. While this adds 54 pF parasitic capacitance per channel, this is just part of
the estimated 150 pF total parasitic capacitance per channel. Only 7 low voltage amplifiers
are then required after the muxes, greatly reducing the total system power consumption.

Separate analog power supplies

Main Board Gen 1 uses the same supplies for the digital HV pulsers, amplifiers, and ADC.
The revised design generates the analog supplies used for the amplifiers and ADC from
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low-noise, high-PSRR LDOs (TPS7A20 and TPS723).

Anti-aliasing filter

The 1st generation does not include an anti-aliasing filter before the ADC, which should be
used to prevent high-frequency noise from folding into the signal bandwidth when sampling.
The new design includes a 4th-order Bessel filter with fc = 5 MHz constructed from two
op-amps (OPA355) in a multiple feedback topology. The Bessel filter was chosen due to
its maximally flat group delay to accurately record any harmonics in the time domain. A
2nd-order filter would likely be sufficient for this application, but using an additional op-amp
also provides the opportunity to add gain.

Supply decoupling

The 1st generation design includes decoupling capacitors between the supply rails rather
than between the supply rails and ground, which was problematic since the signals were
referenced to ground. The 2nd generation uses decoupling capacitors between each supply
and ground placed closer to the power pins.

Option for matching network

Impedance matching networks can be used to match the impedance of the pulser outputs
with the impedance seen looking toward the ultrasound transducers, increasing the power
delivered to the load [27]. The Main Board Gen 2 includes pads to add a pi configuration
matching network, although this was not used in this work.

Board area

The Main Board Gen 1 uses eight MAX14808 evaluation boards and measured 43x34 cm.
The Main Board Gen 2 uses only seven MAX14808 boards (with the same number of usable
channels) and measures 30x27 cm. This area reduction can be seen in Fig. 3.2.

3.3 Low-noise amplifier configuration and selection

In the 2nd generation system, the backscattered acoustic signals are received on the array
and connected to the low voltage outputs of the MAX14808 using integrated T/R switches.
The signals are then multiplexed to reduce the channel count by 8x, then amplified by a
low-noise amplifier (LNA). These amplified signals are routed to another multiplexer, then
to a programmable gain amplifier, then to the anti-aliasing filter, then to the ADC. Due to
the small magnitude of the received backscatter signals, minimizing noise is important to the
system design. Since the first amplifier provides substantial gain, the signal to noise ratio
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(SNR) is set by the noise at this stage. To compare between amplifier configurations and
gains, this noise should be referred back to the input, the piezo voltage source.

While the frequency dependent response of piezo can be represented by equivalent circuit
models such as the Redwood model, at resonance it can be reduced to a Thevenin equivalent
circuit [7]. Frequency components outside a band surrounding the resonance frequency range
will be removed by analog and digital filtering, so noise at the resonant frequency will be the
most important to reduce. Therefore, the Thevenin model is used for analytical calculations
of input-referred spot noise at the piezo resonant frequency. This piezo source resistance,
Rs, is estimated to be 2.2 kΩ based on measurements and finite model simulations for a 0.8
mm cube piezo [7].

In parallel with the piezo is a parasitic capacitance Cp, which consists of capacitance of PCB
routing, ribbon cables (17.3 pF/foot * 2 feet), interconnects, capacitance on the MAX14808
ultrasound pulsers, and the switch on capacitance of the MAX4638 multiplexer (54 pF). In
total, the parasitic capacitance is estimated to be 150 pF. At the 1.5 MHz piezo resonant
frequency, the magnitude of this parasitic impedance is 700 Ω, resulting in a 75% reduction
in signal amplitude. While this equally reduces noise from the source resistance, it does not
reduce all amplifier noise components and consequently reduces SNR.

In selecting an op-amp to use for the LNA, there is a fundamental tradeoff between those
using BJT and CMOS devices. BJT devices (high current noise and low voltage noise) are
typically appropriate when there is a low-impedance source, and CMOS (low current noise
and high voltage noise) is used for a high-impedance source. Ranging from around 2kΩ to
20kΩ depending on the resonance used, the array piezos present an intermediate impedance.
Therefore, analysis and SPICE simulation was performed to determine the optimum device
choice and amplifier configuration for this system. The OPA355 (CMOS) and OPA846 (BJT)
were chosen for comparison due to their low noise, sufficient gain-bandwidth product, and
convenient supply voltage range. Important parameters are given in Table 3.1. Inverting,
non-inverting, and transimpedance amplifier configurations were analyzed. In the following
calculations, vn is the op amp noise voltage and inn,inp are the op amp current noise at
the negative and positive inputs. These are specified at 1 MHz and are assumed to be
independent for these calculations.

Table 3.1: Relevant parameters for the OPA355 and OPA846 [28], [29].

OPA355 OPA846

Device type CMOS BJT
Gain-bandwidth (MHz) 200 1750
Voltage noise (nV/rHz) 5.8 1.2
Current noise (pA/rHz) 0.05 2.8
Input bias current (nA) 0.003 1900
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Figure 3.3: Inverting amplifier with piezo model and parasitic capacitance.

The inverting amplifier provides flexibility to be used in other configurations such as a
transimpedance amplifier. Note that for an op amp with a significant input bias current,
such as the OPA846, a resistor must be placed on the noninverting input to cancel the offset
from the input bias current. The thermal noise from this resistor and the resulting current
noise at this input can be effectively eliminated with a large parallel capacitor, and so it is
ignored in this analysis.
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Figure 3.4: Non-inverting amplifier with piezo model and parasitic capacitance.

The non-inverting amplifier has the advantage of high input impedance, which is useful
when amplifying a voltage signal with high source impedance. However, due to the parasitic
capacitance which already acts as a voltage divider, the high input impedance of the amplifier
itself is less significant.
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Figure 3.5: Transimpedance amplifier with piezo model and parasitic capacitance.

The transimpedance amplifier (TIA) is an attractive topology for this application because
the parasitic capacitance Cp does not result in signal attenuation. However, the gain will
depend on the internal resistance of the piezo, Rs.
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Comparison

The results of calculations comparing the input-referred spot noise at 1.5 MHz for amplifier
configurations and op-amps is shown in Fig. 3.6, as a function of R1. Integrated input-
referred noise calculated using SPICE and using the full Redwood model of the piezos rather
than the Thevenin equivalent is provided in Table 3.2. Both analyses show that the OPA846
TIA results in the lowest input-referred noise. A comparison of the calculated noise figure of
the OPA846 TIA configuration with data from the AFE5804, a commercial fully-integrated
analog front-end, is given in Table 3.3. While the commercial front-end does have better
performance, the difference is <1 dB.

However, the OPA846 does have significant input bias current due to the BJT devices.
Preliminary testing with the OPA846 indicated that this could cause issues when switching
between pulser channels even after including a DC current path due to the differing DC
resistance of the MAX14808 pulser channels. Also, the TIA configuration had not been
used in the 1st generation and it was unknown if any other issues could arise. Therefore,
the initial assembly of the 2nd generation board used OPA355 devices in a non-inverting
configuration. Since both devices use the same package, the boards can be easily converted
to a non-inverting or transimpedance configuration using the OPA846 if noise performance
turns out to be a limiting factor for the system.
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Figure 3.6: Calculation of input-referred spot noise at 1.5 MHz for the OPA355 and OPA846
in inverting, non-inverting, and transimpedance configurations.
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Table 3.2: Integrated (1-2 MHz) input-referred noise (µVRMS) using SPICE and the Redwood
piezo model for the OPA355 and OPA846 in inverting, non-inverting, and transimpedance
configurations.

OPA355 OPA846

Inverting 1.6 1.26
Non-inverting 1.49 1.17
Transimpedance 1.29 0.58

Table 3.3: Calculated noise figure (dB) for varying source resistance, Rs, and comparison
with a commercial fully-integrated ultrasound analog front-end [30]. All data is at 1.5 MHz.

Rs Commercial front-end (AFE5804) OPA846 TIA configuration

200 1.1 2.0
400 1.2 1.7
1000 1.8 2.5
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Chapter 4

Active uplink time reversal

4.1 Methods

Figure 4.1: Photograph of experimental setup.

The results in this chapter were obtained using the 1st generation ultrasound system. In
power/transmit mode (Fig. 3.1, purple), the pulsers drive the array elements at ±3.3 V from
a ±5 V supply (1.7 V of diode drops), resulting in approximately 1.4 mW consumed by
each element. The voltage received by a 0.8 mm cube “implant” piezo is recorded using
an oscilloscope and differential probe (Keysight N2750A). Both the array and implant are
submerged in canola oil. The perpendicular distance between the array and implant, or
implant depth, is controlled by a manual translation stage. The lateral position of the
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implant is controlled by a pair of motorized translation stages (Thorlabs MTS50), which
allows measurements to be acquired across a plane at a given depth. The experimental
setup is shown in Fig. 4.1.

In ping/receive mode (Fig. 3.1, 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.

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 (-VHigh, 0, +VHigh) US pulsers. This could be implemented with
simple digital processing and memory on-chip. As a comparison to time reversal, phase
reversal is also used. Here, the implant is driven for only 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.

The total energy transmitted from the array is estimated from the voltage waveforms applied
to the 52 array elements and the element impedance at resonance:

Etransmitted =
52∑
i=1

∫ T

0

V 2
i (t)

RTh,array

dt.

Available received energy at the implant is calculated using the recorded voltage waveform
and assuming a matched load (2.2 kΩ) for the piezo at series resonance:

Ereceived =

∫ T

0

V 2
implant(t)

4RTh,implant

dt.

Energy transfer efficiency is found by dividing received energy by transmitted energy. Effi-
ciency is used to compare methods because the applied voltage waveforms for time reversal
are not explicitly controlled and may slightly differ in duration from other beamforming
methods. The results must therefore be normalized for equal input energies.
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4.2 Results

Acoustic Field Characterization

Energy transfer efficiency for a cross-section of the acoustic field when focusing at -10◦ is
shown (Fig. 3). This was characterized in the homogeneous oil medium (c ≈ 1470 m/s,
ρ ≈ 910 kg/cm3, α ≈ 0.15 dB/cm) at a depth of 5 cm and through 2.5 cm of porcine muscle
tissue (c ≈ 1580 m/s, ρ ≈ 1070 kg/cm3, α ≈ 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 [16].

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 µW available power for the implant with only a
±5 V supply for the phased array.
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Figure 4.2: 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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Figure 4.3: Efficiency vs beamforming angle (normalized to peak time reversal measurement
at 2 cm) when focusing at each position using time reversal, phase reversal, and time delay
beamforming. Measurements were taken at depth planes of (a) 2 cm, (b) 4 cm, and (c) 6
cm. Measured angles were smaller in (c) due to limited translation stage travel. Note the
rescaled y-axis in (b) and (c).

Beam Steering and Focusing

The ability to steer and focus on targets at varying angles and depths is shown in Fig. 4.3.
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 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.

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 [24], [31]. 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 [10]. 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. 4.4(a),(b)), together using a
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partitioned array (Fig. 4.4(c)), and together using superposition (Fig. 4.4(d)). 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. The results from simultaneous time reversal focusing on two
implants at different depths (3 and 4 cm) is shown in Table 4.1. Superposition performed
better than the partitioned array.

(a)Target #1 only

Target #2 only

Superposition

     Partitioned

(b)

(c)

(d)

Figure 4.4: Energy transfer efficiency (normalized) with two implants at 5 cm depth with
separate and simultaneous time reversal. Illustrations demonstrating each setup are also
shown. (a) Target #1 (-6 mm, -8 mm) only. (b) Target #2 (8 mm, 6 mm) only. (c)
Partitioned array. (d) Superposition.

Table 4.1: Efficiency (normalized to peak value) of separate and simultaneous 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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Chapter 5

Iterative time reversal

5.1 Backscatter modulation signal

The iterative reversal technique described in the introduction requires that the strongest set
of received echos originate from the face of piezo itself. Other reflectors in tissue, particularly
bone, can create stronger reflections. Even if the implant provides the strongest backscat-
tered signal, the piezo is not the only component of the implant, since it also includes an
integrated circuit and may include a capacitor. The flex-PCB substrate can also contribute
significantly to these echos and result in a defocused beam after time reversal iterations.
This is demonstrated in Fig. 5.1, which shows a cross-section of the acoustic field intensity
after active drive time reversal and after iterative time reversal focusing. In this testing
setup, the piezo was mounted on a long flex-PCB strip, which resulted in focusing along the
length of the flex-PCB. While an assembled implant has a much smaller PCB substrate, this
could still result in defocusing from the piezo target.

To achieve contrast with the surroundings during implant localization, [11] utilizes the 3rd
harmonic produced by the rectifier connected to the piezo while [32] opens and shorts the
piezo while sweeping the focus of the array during ultrasound B-mode imaging. Here, we
use a related approach to the latter in order to identify the reflected signal originating solely
from the piezo itself rather than its packaging or surroundings.

The backscatter received by a single array element after sending an unfocused ultrasound
pulse is shown in Fig. 5.2(a), both with the implant piezo terminals open and shorted. The
implant piezo is located at a depth of 50 mm and approximately 20◦ from the axis. In both
conditions, the received waveform is composed of multiple reflections and it is not possible
to isolate the reflection from the piezo face. However, taking the difference between the
waveforms, i.e. the backscatter modulation between the two states, allows for isolation of
the clean waveform in Fig. 5.2(b) which is known to originate from the piezo itself. Using
this calculated waveform as the input for the time reversal or phase reversal procedure thus
allows for reliable focusing on the piezo.
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Figure 5.1: Energy transfer efficiency using (a) active drive time reversal and (b) iterative
time reversal showing defocusing from piezo resulting from flex-PCB. The location of the
piezo target is shown by a black square and its flex-PCB substrate is the hatched rectangle.
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shorted. (b) Difference between open and shorted signals
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Using the calculated backscatter modulation as the signal for reversal also presents a method
for targeting multiple implants separately or simultaneously. One limitation of the typical
iterative time reversal procedure using the raw echos is that it will converge on the brightest,
primary reflector. If multiple implants are present, then only the one which produces the
strongest signal will be targeted. While a method has previously been developed to target
weaker reflectors [33], using the backscatter modulation presents a simpler approach. By
sending a command to a single implant to change its modulation state, the delays required
to transmit to only that implant can be determined. This can be performed for each implant,
allowing each implant to be targeted individually. As was demonstrated in [1], superposition
of multiple signals can also be used to target multiple implants simultaneously, even with
the low resolution of the US pulsers used.

5.2 Phase reversal procedure

Since the signals used here for time reversal contain the majority of their spectral power at a
single frequency, the waveforms received can be reduced to amplitude and phase information.
With the 3-level (-VHigh, 0, +VHigh) US pulsers and approximately sinusoidal waveforms, the
outputs will either cycle between the three levels in an ON state or remain at 0 during an OFF
state. During quantization, the received signal amplitude is used to determine whether the
channel will be ON or OFF at a given time, but the higher resolution amplitude information
is lost. This results in quantization error between the ideal time reversed pulse and the actual
transmitted pulse. Finite element model simulations (COMSOL Multiphysics) showed a 10%
efficiency improvement was possible using 9-level (≈ 3-bit) quantization when focusing at 0◦

in a homogeneous medium. A previous study experimentally evaluating the effect of “one-bit
time reversal” in a highly scattering medium observed good performance even after removal
of the higher resolution amplitude information [34].

If no amplitude information is used, then the “reversed” waveforms can be constructed
simply by applying a reversed delay to each array element based on measuring the relative
delays between received signals. This was demonstrated through simulation in [12] and
experimentally in [1], and this technique will be referred to as “phase reversal.” An advantage
of this approach compared to full time reversal is that it is possible to deliver pulses of
arbitrary length to the implant, rather than relying on the length of the initial pulse.

When calculating the relative delays between the signals received on each element, an element
near the array center is used as a reference. The maximum of the cross-correlation is found
between this reference signal and the signals on each element to determine relative delays.
However, this can result in in 2π offsets between elements, or “phase gaps” [33] For an
infinitely long pulse, these 2π offsets will have no effect, but for shorter pulses it can be
helpful to adjust these offsets so that the ultrasound waves produced by each element arrive
at the implant at the same time. Therefore, an iterative process is used to shift element delays
by increments of 2π if they differ substantially from neighboring elements. Fig. 5.3(a) shows
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Figure 5.3: Example of relative delays (in 40 MHz clock cycles) determined (a) By finding
the maximum of cross-correlation between received signals and (b) After adjustment by 2π
shifts.

an example of the delays across the array calculated directly from the cross-correlations,
while Fig. 5.3(b) shows the final delays after the adjustment procedure is applied.

5.3 Methods

The results in this chapter were obtained using the 2nd generation ultrasound system. In
iterative pulse-echo mode, the drive voltage of the ultrasound array automatically varies
from ±25 V to ±5 V depending on the amplitude of the received backscatter. This increases
SNR when the implant is not aligned with the array while keeping the received echos within
the range of the ADC when the implant is aligned. However, all measurements are taken
with the drive voltage of the ultrasound array at ±5 V. For iterative reversal, the array
first sends out an unfocused ultrasound pulse. Using the difference signal corresponding to
the backscatter modulation originating from the implant piezo, the system performs time
or phase reversal. This process repeats until the transmitted ultrasound has converged on
the target implant. The position of the 0.8 mm cube “implant” piezo in the oil medium is
controlled by motorized translation stages (Thorlabs MTS50), and its open-circuit voltage is
recorded using an oscilloscope and differential probe (Keysight N2750A). While operation at
the series or parallel resonant frequencies is possible, the results shown were obtained while
operating at the parallel resonant frequency of 1.7 MHz. While the implant piezo has a
higher impedance at its parallel resonant frequency, it also has a higher open-circuit voltage,
and this can result in a better volumetric efficiency when operating at parallel resonance [7].
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As with the active drive reversal, the transmitted energy from the array is calculated from
applied voltage waveforms, and the energy received by the implant is calculated from the
received voltage waveform. Energy transfer efficiency is found by dividing received energy
by transmitted energy.

5.4 Results

Efficiency through oil medium

Iterative time and phase reversal are compared to active uplink time and phase reversal
in Fig. 5.4. Measurements were taken at a constant depth of 50 mm while sweeping the
implant piezo along one direction of the array. 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, increased angular
misalignment of the implant relative to the array, and additional attenuation from greater
propagation distance.

Iterative time reversal was 4% more efficient, on average, than active uplink time reversal.
Iterative phase reversal was also 4% more efficient, on average, than active uplink phase
reversal. It was expected that both active uplink and iterative would result in the same
efficiency or that active uplink would perform better; the cause of the slight improvement
using iterative reversal is currently unknown. Use of full time reversal resulted in 5-10%
better efficiency than its phase reversal approximation both in active uplink and iterative
modes. All four methods were more efficient than time delay beamforming using the known
implant position. Since the oil medium was homogenous and not highly scattering, this
difference can likely be attributed to the fact that time delay beamforming did not account
for irregularities in array geometry or implant angular misalignment. While this advantage
may not be present if using a conventional ultrasound imaging array, this self-correction
would be useful if the phased array was designed as part of a flexible, wearable device for
which the exact array curvature may vary. All methods improved efficiency compared to the
unfocused array by 1-2 orders of magnitude.
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Figure 5.4: Efficiency vs beamforming angle (normalized to peak time reversal measurement)
when focusing at each position using active uplink and iterative reversal methods, at 50 mm
in oil.
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Efficiency through tissue

Energy transfer efficiency was also evaluated when focusing through 2.5 cm of porcine tissue
suspended in the oil medium at a total depth of 5 cm. These results are shown in Fig. 5.5, and
are normalized to the same peak time reversal value measured with the oil medium in Fig. 5.4.
Efficiency is lower through tissue due to greater attenuation in tissue and reflections at the
oil-tissue interfaces. Iterative phase reversal again performs comparably to active uplink
phase reversal, but the efficiency is highly dependent on local tissue properties. Iterative
time reversal can also be performed through tissue, but that data was not obtained in time
for this publication.
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Figure 5.5: Efficiency vs beamforming angle when focusing at each position using iterative
phase reversal and active uplink time/phase reversal, through oil and 2.5 cm tissue. Efficiency
is normalized to the same value as in Fig. 5.4.



CHAPTER 5. ITERATIVE TIME REVERSAL 35

Iterations to convergence

Iterative reversal may require one or more iterations depending on the strength of the
backscattered signals, as shown in Fig. 5.6. If the initial echo is strong, as is the case when
the implant is already centered on the array, only one iteration is required. When the im-
plant is off-center, more iterations are required. Still, convergence is achieved in only a few
iterations, which improves the feasibility of tracking a moving implant in real-time.
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Figure 5.6: Efficiency over multiple iterations showing iterations to convergence under vary-
ing conditions.
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Chapter 6

Discussion

In this work, we proposed and demonstrated the use of time reversal beamforming for ultra-
sound power delivery to millimeter or sub-millimeter sized implants. We showed how this
could be used both in an active uplink mode if the implant communicates by actively driving
its piezo and in an iterative pulse-echo mode if the implant communicates through passive
backscattering. Time reversal and the related phase reversal approach both showed showed
significantly better energy transfer efficiency than time delay beamforming using the known
implant location. We showed that superposition could be used to simultaneously power two
ultrasonic implants, and this was observed to be up to twice as efficient as using half the
array to power each implant. Extending this approach to a greater number of simultaneous
implants may further degrade efficiency, but implants could also be targeted sequentially.

Use of the backscatter modulation signal provides a method for locating and powering mul-
tiple implants with iterative time reversal. In future work this straightforward approach will
be compared to a previously published method in which weaker reflectors can be targeted by
subtracting the previously recorded echos from stronger reflectors [33]. Recently, we taped
out an ultra low-power recording implant with a time-division multiplexing communication
protocol that will allow the external transducer to program and receive data from multiple
implants. With a few modifications, these “DustNet” devices could be programmed to alter-
nately short and open their piezos during the startup sequence to allow for robust iterative
time reversal beamforming.

While we implemented time reversal beamforming using a custom planar phased array and
ultrasound system, this method can be used with any 1D or 2D ultrasound array. It could
also be used with a sparse random array, in which the irregular position of elements prevents
the production of grating lobes while requiring relatively few channels [35]. However, typical
ultrasound phased array systems for imaging or high intensity focused ultrasound therapy
are not suitable for extended or wearable applications due to their form factor and reliance
on gel for acoustic coupling to tissue.

Consider the control of a prosthetic arm using a network of implants located along the
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remaining peripheral nerves of an amputee. Since the external transducer will be attached
to part of an arm in motion, it must be able to correct for the changing alignment between
itself and the implants, and ideally it will also allow for implants to be located on multiple
nerves. This necessitates the use of a planar phased array to allow for steering of ultrasound
power within the 3D tissue volume. However, using a 2D planar array results in quadratically
increasing channel count compared to a 1D linear array. The system size is already limited
due to the wearable nature of the device, so the design of the array must be carefully
considered to maximize total power delivered to the implant while meeting FDA guidelines
for diagnostic ultrasound. Our analysis has shown that an array with a pitch greater than
the typical λ/2 allows for maximizing power at the target without sacrificing efficiency.

While most ultrasound arrays require gel for acoustic coupling, this is not ideal for long-
term applications. A flexible or stretchable array could conform to the skin without the
need for gel, as has recently been demonstrated [36]. Due to the power-limited environment
of a wearable device and the desire to dissipate the minimum amount of acoustic energy in
tissue while powering chronic implants, beamforming efficiency should be maximized. Time
reversal provides a theoretically optimal approach to beamforming and accounts for tissue
inhomogeneity and changing geometry of a flexible/stretchable array. The eventual devel-
opment 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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