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Abstract

Active implantable devices are conventionally powered with batteries. The miniatur-
isation of implants necessitates the need to find an efficient way to transfer power
wirelessly. Ultrasound energy transfer with its short wavelength, small receiving trans-
ducer size, beam forming capability make deep tissue penetration possible making it a
good alternative for powering deep implants. There is also the advantage of using the
reflected energy (ultrasound echo) from the implants to perform passive uplink data
telemetry. The ultrasound power transfer efficiency depends on how well the energy
is focused onto the implant. So, the implant needs to be located first and then an ini-
tial contact needs to be established that can then be used to fine tune beam forming
attributes such as focus depth and steering angle.

In this work, a simple low power uplink data telemetry circuit to establish the ’first con-
tact’ that sends information on implant’s energy status to the transmitter is designed.
The telemetry uses load impedance modulation to passively transmit back informa-
tion. This principle is tested using an experimental setup with a 4 MHz burst frequency
and different resistive loads varied from 0 €2 to 2000 2. Next, an algorithm was devel-
oped that automatically finds the optimal focus and steering angle settings so that the
maximum amount of power is transferred to the ultrasound energy scavenger. This
algorithm works based on the information sent from the uplink data telemetry circuit.

The results show that load impedance modulation can effectively be used for backscat-
ter communication. A reflected energy change of upto 40% is observed between
matched and mismatched load conditions. This load modulation was implemented
in the uplink data telemetry circuit. A simple low power circuit that consumes less
than 0.5 yW was designed for this. The uplink telemetry protocol uses pulse width
modulation to send the storage capacitor voltage which powers the implant, and an
almost linear correlation was found between the pulse width and the supply voltage.
The algorithm produces a heat plot showing the maximum power transferred at the
location where CMUT was placed and gives the optimal value of focus and steering
angle.

Keywords : uplink, ultrasound, focus, steer, load modulation, pulse width
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Introduction

Keywords: implantable device, wireless power transfer, backscattered ultrasound,
beamforming.

1.1. Active implantable biomedical devices

The development of sub-millimeter sized implantable devices has gained traction over
the recent years. Some of them include vagus nerve stimulators, deep brain stimu-
lators and gut biosensors [34]. Figure 1.1 shows an example of such an active im-
plantable device.

Figure 1.1: Example of an active implantable sub-millimeter sized device [1].

Conventionally, active implantable biomedical devices have been powered by bat-
teries which can occupy up to 80% of the volume of the implant [35], [36]. Apart from
this, battery depletion requires surgical intervention for replacement that causes dis-
comfort [37]. These issues can be resolved by various alternatives such as finding
an alternative storage element to power the implant or an efficient way to wirelessly
transfer power. Powering implants wirelessly is an option that can be considered to
reduce the size of the implant and at the same time provide data telemetry.
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1.2. Biophysics of ultrasound

Ultrasound waves are pressure waves with a frequency above 20 kHz [38]. The in-
teraction between ultrasound waves and biological tissues in human body can cause
effects such as absorption, reflection, refraction and scattering that forms the fun-
damentals for imaging, power transfer and therapeutic applications [39]. Reflected
ultrasound waves are termed as echo or backscattered ultrasound. Ultrasound en-
ergy harvesters absorb ultrasound for powering deep implants. Biological tissues and
water molecules inside the body can absorb/scatter ultrasound causing attenuation
[40]. Due to this, the amplitude of ultrasound waves decrease with distance.

1.2.1. Acoustic waveforms

Ultrasound waves have two generation modes, namely, continuous wave ultrasound
(CW) and pulse wave ultrasound (PW) [41]. In CW, ultrasound is continuously gener-
ated at a certain frequency. In PW, ultrasound is generated for a short time duration
with a long repetition time. In both modes, an electrical signal with a specific amplitude
at a certain frequency is given to an external ultrasound transducer which generates
the ultrasound waves. For power transfer, pulsed wave ultrasound is generally used
as it can be easily used for backscatter communication and will have lower thermal
effects on body tissues compared to continuous wave . Also known as bursts, high fre-
quency sine waves repeat for ‘n’ number of pulse cycles existing for a short duration;
for example, see Fig.1.2.

* Pulse Repetition Time (PRT)
It is the time duration between two consecutive burst signals [42]. Pulse repeti-
tion frequency (PRF) is the reciprocal of PRT.

* Pulse period
The time taken for one cycle to occur is called the pulse period. Itis the reciprocal
of ultrasound frequency (f).

* Pulse cycles
The total number of pulses in a burst is termed as the number of pulse cycles

(n).

* Pulse duration
If the number of pulse cycle is 'n’ and the time taken by each cycle is the time
period given by 'T’, then the pulse duration (t) is given by by Eqn.1.1.

T=nx*T (1.1)

» Duty factor
The duty factor is the ratio of one burst duration to the pulse repetition time, see
Eqgn.1.2.

DF = t/PRT

= 1 * PRF (12)
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Figure 1.2: Representation of a sinusoidal ultrasound burst signal [2].

In this work, a 4 MHz sine wave of 24 pulse cycles with a 1 ms pulse repetition
frequency is used. This frequency was chosen due to external transducer having
frequency range of 4-7 MHz and the CMUT can work well between 3-9 MHz. Pulse
number was set to maximum possible (24) and longer burst lengths are preferred as it
facilitates modulation (PWM). The pulse repetition frequency of 1 ms was chosen such
that external movements did not interfere with the communication using backscattered
ultrasound.

1.2.2. Acoustic impedance and intensity

The acoustic impedance mismatch of a material is the resistance of particles to get
displaced due to propagation of an ultrasound wave [43]. This impedance depends on
the material density (¢) as well as the velocity of wave propagation (C). The acoustic
impedance (Z) is given by Eqn.1.3.

Z=pC (1.3)

If the acoustic impedance between the interface of two mediums is high, then there
will be more reflection and less transmission [44]. The transmission coefficient (T) is
defined as Eqn.1.4 [45].

Pt 27,
T=—=———-< 1.4
pi (Zy+Zy) (14)
where p; is transmitted wave pressure and p; is the incident wave pressure.
Theoretically, the reflection coefficient (R) is given by Egn.1.5 [45].
pr (ZZ - Zl)
R=—=———= 1.5
pi (Zy+7Z1) (1)

where Z1 and Z2 represents the acoustic impedance (Pa-s/m3) of medium 1 and 2
respectively.
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Acoustic intensity is the average power over an area that is perpendicular to the di-
rection of wave propagation, it is given by Eqn.1.6 [46], [45], [47].

1=p?/2Z (1.6)
In terms of intensity, the reflection coefficient is given by Eqn.1.7 [45].

I,  (Zy—7y)*
=4 =" 1.7
¢ i Z, + Z1)2 a.n

1.2.3. Ultrasound beamforming

Beamforming is the spatial distribution of a signal from a sensor or sensor array [48],
[49]. Ultrasound beamforming is primarily performed to improve the imaging quality.
It involves changing the depth and angular parameters of the ultrasound beam. In
ultrasound terms, they are called the focus and steer parameters of the beam. Fine
tuning of transmit beamforming parameters is essential to transfer maximum power
towards the implant. Beamforming essentially has to do with the shaping of the spa-
tial distribution of the acoustic pressure in the region of interest and the subsequent
recombination of the received ultrasound echoes for image reconstruction and in this
particular case, for establishing an efficient ultrasonic power link [50]. Beamforming
helps to improve lateral and axial resolution. The acoustic field intensity profile for a
rectangular linear array beamformed at the natural focus is illustrated in Fig.1.3.

LENS FOCUS SLICE THICKNESS

/ (elevation)
UNEARARREY S X 7/_ ________ /

i b y e
/
ra
/ SCAN PLANE

(aperture)

X position(m)

06
“T002 o004 006 009 01
Z posigan{m)

Figure 1.3: Linear array probe with pressure field at different focal zones: the beamwidth is large in
pre-focal and post-focal zones, it is the narrowest at the point of natural focus [3].
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Transmit focusing

Focusing is performed to increase the power density at the location of the target. This
reduces the beamwidth in the region of interest. Focusing is the result of constructive
interference of ultrasonic pulses from multiple transducer elements that converge at
a certain depth. Each array element is associated with a time delay corresponding to
the focus depth. Figure 1.4 shows an eight element array with ultrasound wave-fronts
propagating at different delays to converge at a given focal depth. Focusing can be
categorised into three regions:

* Pre-focal (near Fresnel)
* Focal (focal Fraunhofer)

» Post-focal (far Fresnel)

Shifted transmit

\ariable time . pulse
delays {' Wavefronts
" | Focal
"If FANS % IJE.{ region
L i : e /
= e e FEE A S
r_ N ﬁ _:I el ™
T —=d
— et z ) ssa
_._]_ '-I E r\'. _."'-’F ‘--\--“'-.
IS I-:,_ @ l"'-\'l-‘ -
/
Array
elements

Figure 1.4: Focusing of ultrasound beam from an eight element linear array with each element giving
a different time delay to transmit the pulse to a specific point [4].

Focusing is effective in the pre-focal zone and the near field depth is given by
DZ

Eqn.1.8.
=—|1 — 2
42 D

The distance at which the beam is fully formed is called the Rayleigh distance
given by Eqn.1.9, it represents the natural focus of the beam. The condition is such
that \« D where D stands for the aperture diameter, L represents the depth of natural
focus and ) is the wavelength of ultrasound wave propagation [51].

DZ
C 42

The natural focus occurs at the Fraunhofer zone and this is ideally the location
of the receiver. The beamwidth is narrowest at natural focus. The beam decays
with distance once it passes this point towards the far Fresnel zone. Focusing an
ultrasound beam improves spatial resolution, signal-to-noise ratio (SNR) and depth of
penetration thereby improving the power transfer efficiency [50]. The spatial resolution
decreases as the beam is moved away from the transmit focus [52].

N (1.8)

L (1.9)
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Transmit steering

Steering changes the direction of propagation of an ultrasound beam by altering the
time delays of the excitation pulses from each of the transmitting elements of an array.
The scanning angle determines the directional shift of the ultrasound beam. Itis given
by the angle between the perpendicular axis to the middle element of the array and the
direction of ultrasound wave propagation. The scan angle or the steering angle can be
represented as V. Consider Fig.1.5 with 8 elements, each element has a different time
delay. If p denotes the distance of separation between two elements, n enumerates
individual transducer elements in both directions from the center element represented
by +/-1,+/-2 etc, then the time delay (t,) is given by Eqn.1.10 [53].

b .
Atn=nzsm9+t0 (1.10)
Variable time Shifted transmit
delays pulses
! ™
. P
i, . Wavefronts
S | I I.'|l' m )
— A "'; —/ .

— | A + th'*'-ﬂ
ey v AN
— e ¢z  ~Js
_1:: N E _f-» Steered &

~r a beam
] (__,r’ __._,:':
Array A
elements e
h

Figure 1.5: Steering of ultrasound beam from a linear array [4].

To summarize, to establish a good power link, ultrasound transmit beamforming
parameters such as focusing and steering angle can be changed according to the
implant location such that the implant is at the natural focus of the ultrasound beam.

1.3. Ultrasound for wireless power transfer in IMD

Technologies such as inductive coupling and radio waves have been commonly used
due to their ease of implementation and power transfer efficiency. But, inductive cou-
pling works well only for short distances which is a limiting factor for application in
deep implants. To efficiently transfer power by means of radio waves, it is necessary
to focus the energy on the implant. To focus the energy of a centimeter size device it
will be necessary to go to very high frequencies (> 10 GHz). Unfortunately at these
frequencies radio waves are highly absorbed by body tissues. An emerging alterna-
tive is to use acoustic power transfer. Figure 1.6 shows common methods of wireless
power transfer technique used with respect to depth, implant size and received power.

Ultrasound is best known for non-invasive diagnostic imaging. Although it is ex-
tensively used in clinical applications, ultrasound has also shown to be a promising
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, Available Power
NF: Near-field

RF: Non-near-field
US: Ultrasound /

Desired region
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Implant Sizs

Figure 1.6: Comparison of between different wireless power transfer techniques with respect to power,
depth and implant size [5].

method for wireless power transfer for implantable devices [54]. An important feature
of ultrasound power delivery is that the transducer size could be miniaturized due to
shorter wavelengths of ultrasound waves. For example an ultrasound wave with a
frequency of 4 MHz has a wavelength of 3.75 mm (see Eqgn.1.11):

A=c/f
= 1500/(4 * 10) (1.11)
=3.75%*10"3 m = 3.75 mm

where ) is wavelength of ultrasound wave (in m), c is the speed of ultrasound in the
medium (in this case, water) (in m/s) and f is the frequency of ultrasound wave (in Hz).

Most importantly, ultrasound waves are directable implying that when focused ac-
curately, power can be efficiently transferred. Since ultrasound has shorter wave-
lengths compared to RF, it is possible to focus energy to a small focal spot such as
a sub-millimeter sized implant. To focus energy deep inside the body, ultrasound is
a good alternative compared to radio waves that are heavily absorbed at high fre-
quencies. Ultrasound used in the frequency range of 1 MHz to 10 MHz offers low
attenuation in the order of 0.5-1 dB/cm/MHz [29]. According to the Food and Drug
Administration (FDA), diagnostic ultrasound is safe on human body if the acoustic
exposure levels given by the spatial peak temporal intensity (Ispta) is less than 720
mW/cm? [55].

The general setup for the experimental ultrasound power transfer consists of a
transmitting system that includes an ultrasound probe connected to a signal generator/
pulser/ ultrasound research system, a tissue/ tissue phantom, and an implant consist-
ing of an ultrasound energy harvester (UEH). Figure 1.7 shows a general schematic for
acoustic power transfer. The receiver consists of an ultrasonic transducer, a harvest-
ing circuit and the implant circuitry. The energy harvesting circuit converts acoustic
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energy to its electrical equivalent. In its simplest form, it consists of a rectifier that
converts the AC signal to a pulsating DC voltage, followed by a capacitor that stores
the charge and supplies voltage to drive the implant.

Skin

Human Body

Harvesting | Power

Circuit

'

External
Transmitter

Implanted
Receiver

Coupling Layer

Figure 1.7: Acoustic power transfer illustrating an external transducer interfaced at the tissue boundary
and the implantable medical device inside body which consists of ultrasound energy harvester and the
energy harvesting circuit [6].

1.4. Scope

For efficient power transfer in deep implants, most of the studies published either know
the implant location or transmit a high intensity unfocused ultrasound beam [24], [32].
The directional sensitivity of the ultrasound energy harvester necessitates a method
to locate the implant precisely. The power transfer efficiency also depends on the size
of the transmitter’s focus point. Comparable sizes of focal spot and the implant will
improve the power link. For instance, a 2 MHz external ultrasound transducer with 1
cm aperture diameter, focusing on a 6 cm deep implant, will have -3 dB half-power
beam width less than 3 mm [17]. In this scenario, it means that the focus must be
given at least 3 mm around the implant, if not, there will be degradation in energy
transfer efficiency. Therefore, it is essential to focus the ultrasound beam accurately
so that energy transferred falls in the half-power beam width. This implies that a slight
misalignment can degrade the power transfer efficiency. A three step scheme for
wireless power transfer in an ultrasonic implant is described to resolve this:

» Locate the implant;
« Establish first contact with implant;

+ Switch to main circuit functioning.

The process of finding the ultrasonically powered implant, the uplink communica-
tion that is necessary to send information on the implant’s energy status and using this
data to fine tune the depth and angular parameters of the ultrasound beam is shown
in Figure 1.8. This is an iterative process that continues until the ideal beamforming
values are found. Once the implant has sufficient energy to perform main functions,
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the initial uplink telemetry circuit is turned off and the main circuit starts working. This
could be physiological sensing, and now a new communication protocol to send data

about the implant is used.

Start searching
for implant

Check ultrasound
echo/ image for
approximate location

!

Is the
implant
located?

No

1

Fine tune the depth
and angle
parameters

Is there
enough
energy
stored in the

F 3

No

}

Switch to Main circuit
functioning —
physiological sensing/
communication

protocol

Enough
power for
the main

implant ? circuit?

No

Is there
uplink
communi
cation?

Physiological data
received at
transmitter

Turn off initial
telemetry circuit

Figure 1.8: Flowchart for the three step scheme of finding the implant, establishing the first contact for
fine tuning beamforming parameters followed by functioning of a main circuit.

1.4.1. Locating the implant

Techniques such as ultrasound imaging, time of arrival (ToA), time difference of arrival
(TDoA) and received signal strength (RSS) indicator can be used to find the approx-
imate location of the implant [56]. Ultrasound brightness (B-mode) imaging is exten-
sively used to visualize diffused reflections from internal organs inside the human body
by a method of variation in acoustic impedance. An implant inside the human body
acts as a specular reflector [57]. This can cause specular artifacts, namely, ghost im-
ages and inaccurate visibility of the implant at certain angles. B-mode as a standalone
method will not be able to differentiate between the implant and other objects seen in
the image. Other methods such as ToA and TDoA assume line of sight (LoS) and the
accuracy of RSS is low. Though these methods can approximately locate the implant,
a feedback mechanism is still required such that a robust power link is maintained.

1.4.2. Initial uplink data telemetry

A simple low power circuit integrated into the implant can establish the first contact
with the transmitter using backscattered ultrasound to fine tune the beamforming pa-
rameters. The circuit is activated as soon as it receives minimal energy from the trans-
mitter. Then, the uplink communication takes place by modulation of backscattered
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ultrasound energy. Most literature utilise a method of variation of the load impedance
where amplitude modulation is used [28], [24]. The implant’s load impedance is varied
between short and open circuit conditions which,in turn, reflects more or less acoustic
energy back to the transmitter respectively. Load impedance modulation can also be
used to ensure that the signal is actually from the implant and not from other objects.

Pulse width modulation (PWM) to send data on implant’s energy
The simplest scheme to send information on the energy stored in the implant through
backscattered ultrasound is to use pulse width modulation. The backscattered ultra-
sound signals could have artifacts due to the presence of scatterers, attenuators in
the medium or even due to a person’s breathing movements. But, by setting a pulse
repetition time of 1 ms between two consecutive burst signals (signal N and signal
N+1), it can be assumed that no significant change will happen during this time frame.
Figure 1.9 shows the proposed telemetry protocol for initiating the first contact with the
implant. Once two consecutive bursts are incident on the implant, the modulation cir-
cuit will alternatively change the load impedance and alter the pulse width defined by
the time constant (t(V44)) of signal (N+1) depending on the storage capacitor voltage
(Vda)-

At the transmitter, taking the envelope difference of two adjacent reflected signals
(signal N and signal N+1), the envelope pulse width is given by T - t(V4q) containing
the information on the implant’s energy.

Incident signal Two consecutive ultrasound bursts @ Implant
4 MHz, 24 pulse cycles, PRF 1 kHz >l|
N+1
N .,-I
I
Pac,i _..|_|
|
I | | vdd
T Modulation —

Unmgduta‘ced

Ttvdd)

Mo dulate d
backsca“e‘

circuit

15

Pre-charged
CMUT

NMOS
switch

} Storage
capacitor

packscatter

Reflected signal
Data processing of reflected signal
A, — = —— W —~—T
T-T(vdd)

Envelope of
difference

difference of 2
signals (N and N+1)
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backscatter
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Figure 1.9: Telemetry protocol showing a) two consecutive sine bursts (N and N+1) incident on an
ultrasound energy harvester (here, a pre-charged CMUT) that is connected to a modulation circuit that
alternatively turns ON the MOSFET and changes the pulse width based on storage capacitor voltage
(V4q); b) data processing of backscattered ultrasound.
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Fine tuning of the beamforming parameters

Once the low power circuit starts giving energy information, the ultrasound beamform-
ing parameters can be changed to track the implant location until an efficient power
link is established. Sweeping the focus (depth) and the steer (angle) values in a plane
is a first step where a heat map shows voltage information at different locations. From
this, the location can be narrowed down to a hot spot where an efficient tracking al-
gorithm determines the exact location of the implant.

1.5. Research goals

The research goals for this project were to develop a "first contact” telemetry protocol
and system and to test, and use the mechanism of load impedance modulation for
back communication. This thesis is organized in the following chapters:

« First, an experimental setup is designed to observe the effects of load impedance
on the reflection coefficient which affects the echo amplitude, this is described
in Chapter 2.

» Second, a simple low power uplink data telemetry circuit is designed using dis-
crete components. The circuit implementation and simulations are given in
Chapter 3.

 Finally, a heat map on the implant’s energy at different locations are visualised
and verified using The Verasonic ultrasound research system is described in
Chapter 4.

Chapter 5 summarizes the thesis work. For the future work, a proposal for tracking
algorithm and a new communication protocol is described.






Effect of load impedance variation on
reflected acoustic energy

An important aspect for backscatter communication is the response of the reflection
coefficient of the ultrasound energy harvester on the load impedance of the uplink
data telemetry circuit. In this chapter, experiments to understand the fundamentals of
how the reflected ultrasound energy changes with respect to a variation in electrical
impedance (a resistive load) is explained.

2.1. Materials

In this section, a description on the materials and equipment used in the measure-
ments is given.

2.1.1. Pre-charged CMUTs

Ultrasonic energy harvesters such as piezoelectric ones have a high power transfer
efficiency. The most commonly used piezoelectric transducers contain Lead Zirconate
Titanate (PZT) which is non bio-compatible due to presence of lead. New types of
ultrasound transducers such as a Capacitive Micromachined Ultrasound Transducer
(CMUTs) have been proposed due to their bio-compatibility, ease of fabrication and
the fact that they can be easily integrated with Application Specific Integrated Circuits
(ASICs). In this project, a CMUT has been used as the ultrasonic energy harvester.

A CMUT is a parallel-plate capacitor with a fixed electrode at the bottom and a
vibrating top electrode suspended above a cavity. The top electrode is a thin mov-
able membrane suspended over the bottom electrode via a vacuum gap. When an
AC voltage superimposed on a DC voltage is applied between the top and bottom
electrodes, the membrane will deflect due to the electric field which, in turn, gener-
ates ultrasonic waves [58]. For higher sensitivity, collapse-mode CMUTs which have
a bias voltage that is high enough to pull in the top membrane towards the bottom
electrode are used. A single CMUT cell can act both as transmitter and receiver. The
working principle of CMUT is demonstrated in Fig.2.1.

13
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Transmit mode

The operation of CMUTs is based on electro-mechanical forces. During transmission,
a DC bias is applied to the CMUT. When it is applied to the electrodes, the top elec-
trode and the bottom electrode are attracted to each other due to electrostatic force.
An opposing force which is mechanical in nature resists this attraction [59]. This force
is due to the stiffness of the the membrane. This mechanical stress is in the opposite
direction of electrostatic force [60]. By applying an AC voltage, the transducer under-
goes flexural vibrations [61]. This leads to generation of an ultrasound wave. Since,
the electrostatic force is proportional to the square of voltage, the transducer can os-
cillate with double the frequency applied [62]. In the current setup, the CMUT works in
the receive mode. It takes in the acoustic energy and converts it into electrical energy.

Ultrasound reception Rx Ultrasound transmission Tx

ACLLITTERAS Membrane LLLLTTIN Membrane

. Ol /

Output "--......--"- Driving
signal signal

N\ N
Substrate Substrate

Figure 2.1: Working principle of CMUT showing a) receive mode; b) transmit mode [7].

Receive mode

During reception, an ultrasound wave is received by the top plate. This results in mem-
brane deflection which leads to a change in capacitance between the plates. This will
result in a movement of electric charges between the substrate and the top plate. This
in turn will produce an electric current under a particular DC bias voltage. A bias volt-
age and electric field is required to generate the displacement current [63].

For the present work, a pre-charged CMUT has been used, see Fig.2.2. A pre-
charged CMUT incorporates a special layer in which charge is trapped thereby elim-
inating the need for an external DC bias. Therefore, the CMUT is always in collapse
mode. The charge storage layer is a 200 nm thick Al,O3 fabricated in between the
top and bottom electrode. The CMUT is mounted on a PCB and each drum has a
diameter of 135 ym. CMUT employed in this study is a broadband device and hence
can have multiple resonant frequencies. The CMUT is matched with an inductor that
defines the working frequency. In this setup, the resonance frequency of the CMUT is
4 MHz (L=3.3 pH). Six columns of CMUT with each column consisting of 56 CMUTs
arranged in parallel are connected to an SMB connector that is on PCB. The total
surface area of CMUTs used is 6.3 mm?. A microscopic photograph of the CMUT is
given in Fig.2.3.
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Figure 2.2: Pre-charged CMUT- 56 rows and 128 columns of CMUTs with every six columns connected
in parallel constituting 336 elements wire-bonded to the PCB with a PDMS coating (protects CMUT
from the tissue phantom); all CMUTs are in collapse mode used for reception of ultrasound waves
(from Philips Research).

Portion of the pre-charged cMUT array
that was used for the experiment

bondpad

Figure 2.3: Microphotograph of CMUT with a disk diameter of 135 ym, 0.8 mm * 7.56 mm is the area
of 336 CMUT drums [8].
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2.1.2. The L7-4 linear ultrasonic transducer

A linear array piezoelectric transducer (L7-4, Philips, The Netherlands) with a band-
width of 4-7 MHz is used in this experiment. It consists of 128 piezoelectric elements
(Fig.2.5) with a spacing of 0.28 mm between elements and a total aperture size of
35.84 mm.

Figure 2.4: The L7-4 piezoelectric ultrasound transducer (Philips, The Netherlands).

0.28 mm
>

7 mm

N 35.84 mm ")

128 piezoelectric elements

Figure 2.5: The dimensions of the probe.

2.1.3. The Verasonic vantage ultrasound research system

The Verasonic ultrasound research system can be used to receive, transmit and pro-
cess ultrasound information [9]. Real time visualization and storage of received ultra-
sound data is possible. The programmable sampling frequency can go upto 62.5 MHz
and the current sampling frequency used is 15.625 MHz (default setting). The vantage
128-HW configuration consists of 128 transmit channels and 128 receive channels
that can be programmed independently. For this experiment, all the transmit chan-
nels have been used and the backscattered energy is observed at receive channel 64.
The parameters of the ultrasound wave transmission such as focus, steering angle,
time gain compensation, and delay can be controlled using a graphical user interface
(GUI). The system has two connector ports available for use and one of the connectors
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is connected to the L7-4 probe. The Verasonic communicates with the host PC using
a peripheral component interconnect (PCl). All the commands to be performed by the
Verasonic system are coded in MATLAB. The working of the Verasonic is based on a
sequence of events such as acquisition, processing, image reconstruction. There are
in-built structures and objects that can be used to customize the code for a specific
application.

Figure 2.6: The Verasonic vantage ultrasound research system [9].

The ultrasound beamforming parameters can be varied in a custom-made GUI
shown in Fig.2.7. Some of the important user defined icons including the focus depth,
angle of the wave, frequency, number of pulse cycles and transducer voltage are
highlighted in the GUI. TX.focus is the depth of focus of ultrasound signal. TX.steer
denotes the direction of the signal. The high voltage P1 corresponds the amplitude
of the pulses applied to the L7-4 ultrasound transducer. The pulse frequency can be
varied in the user interface and the range depends on the bandwidth of the external
transducer connected to the Verasonic. The number of pulse cycles can be set in the
GUI with a maximum limit of 24 pulse cycles.
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2.2. Measurement setup

The total setup consists of the L7-4 linear probe connected to the Verasonics, a tissue
phantom and a receiver consisting of the ultrasound energy harvester. The harvester
consists of a pre-charged CMUT (Philips Research, The Netherlands) connected to a
circuit used for adjusting the load impedance, see Fig.2.8. The linear array probe can
be fully programmed using Verasonics where the commands are given in a MATLAB
environment. The probe is placed on an XY translation stage universal motion con-
troller (Model ESP300, Newport, Irvine, USA) and the receiving CMUT is placed on a
rotary stage. The linear and rotary stage allows for a variation in the tissue phantom
size which is useful for changing the distance between the transmitter and the re-
ceiver. The tissue phantom is made of candle gel (Rayher Hobby GmbH, Germany)
which contains 95% of paraffin oil with 5% of organic constituents. Figure 2.9 shows a
close up of the experimental setup with the linear array probe, tissue phantom and the
CMUT mounted on the PCB. An acoustic coupling gel is usually applied to the probe
to improve the acoustic coupling at the interface of two mediums.

Load modulation circuit

05k

ef |

[2
g) LI

CMUT wire
Verasonic ultrasound bonded PCB

research system
E CMUT |

Tissue phantom

Commands and
data readout

L7-4 linear probe
ultrasonic transducer

Figure 2.8: System overview for the reflection coefficient experiment.
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Figure 2.9: Close up view of experimental setup.
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2.3. Theoretical background

When the ultrasound transducer in an implant receives acoustic energy, some of the
energy is absorbed and some energy is reflected back (see Fig.2.10). In the ideal situ-
ation of a lossless medium, if reflected energy corresponds to X%, then the absorbed
energy is (100-X)%. Reflection of ultrasound waves is quantified in terms of reflec-
tion coefficient and this can be controlled by adjusting the electrical load impedance.

In this way a back communication channel can be created that does not require any
transmit power.

Water

]// Electrical load

Absorbed |~ | Scattering inside silicon
energy Or other dissipation of energy

X % | 1

Reflected energy

Figure 2.10: Representation of reflection and transmission of ultrasound waves in a medium (Courtesy:
Shinnosuke Kawasaki).

To vary the reflection coefficient, the electrical load impedance of the ultrasound
transducer is modulated by the implant circuitry as shown in the simplified circuit dia-
gram given in Fig.2.11. This will result in an amplitude modulation of the echo. Con-
sider an ultrasound burst signal that is transmitted to the implant. If the switch is
closed, more ultrasound energy is reflected back than if it is open. The proof of con-
cept is presented in this chapter.

Incident Implant
ultrasound burst

= -

cmur ___ Lmat

(R

modulation

Rload

due to change in

load impedance <%

Figure 2.11: Simplified circuit diagram showing the principle of load modulation.
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2.4. Experimental procedure

For the first experiment, the pre-charged CMUT mounted on a PCB is connected to a
matching inductance and a variable resistor, see Fig.2.12. For the second experiment,
a half-wave rectifier is added to the circuit to see the effect of the diode on the reflected
ultrasound energy. The experiments are conducted for an input frequency of 4 MHz. A
resistance box used to vary the resistance in the range of 0-2 k2. A rectangular tissue
phantom with 100 mm length is placed between the external ultrasound transducer
and the pre-charged CMUT which are properly aligned.

Inductors

Resistance box

Figure 2.12: Practical circuit used for load modulation in reflection coefficient experiment.

An electrical equivalent of CMUT at series resonance connected to a load, Z is
given in Fig.2.13. The source impedance (Zs) is denoted by a series connection of
Cm, Rm, Ly and Cg. Cp,, Ry, Ly, represents the electrical equivalent of a mass-spring-
damper (m-k-b) system that characterises CMUT’s mechanical behaviour where C,,
stands for the electrical equivalent of the spring (k), R, is equivalent of damper (b)
and L, is the equivalent of mass (m) [8]. At the device’s resonance frequency, C,
and L., compensate each other. In that case the source impedance is represented by
R, and C.. A matching inductance, L, is chosen such that Ce is compensated at
resonance frequency of CMUT. R,y5q represents the load impedance and when R,,,=
Ri0ad,» Maximum power transfer takes place. From work done in the past, for a 4 MHz
resonance frequency, the calculated capacitance is 465 pF [8]. The inductance is
found using formula in Eqn.2.1.

wr - vLmatce
1
Lmat = wZC,
1
- - 2.1
@2rf)’ce 2.1)

1
(2+3.14%4%106)° x465+10~15

= 3.3uH.
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where o, is the angular frequency, f is the resonance frequency.

Zs
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Ce p— Lmat Rload
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Figure 2.13: Electrical equivalent of CMUT [8].

Simplifying the CMUT as a capacitor, the circuits used for the experiments are
given in Fig.2.14a and Fig.2.14b. According to Eqn.2.1, a matching inductance of 3.3
MH is selected for the 4 MHz resonance frequency. The resistance box value was
changed from 100 2 to 2000 2 in the steps of 100 2. The voltage delivered by the
CMUT to the load is measured with a digital storage oscilloscope (DSO).

In the experiment, a 10 V peak to peak voltage 4 MHz ultrasound sinusoidal burst
signal with 24 pulse cycles with a pulse repetition frequency of 1 kHz is generated by
the Verasonics and delivered to all 128 channels of the L7-4 ultrasound transducer. At
the transmitter side, the reflected ultrasound energy received at channel 64 (located
in the center of the linear array probe) of the ultrasound transducer is visualised and
processed in Verasonic’'s MATLAB environment. The focusing depth of ultrasound
is kept at 120 mm and the steering angle is assigned to 0°. The events occurring
in Verasonic for this experiment include 'Transmit’, 'Receive’ and 'Process’. In the
transmit event, all the 128 channels send ultrasound burst signals with a certain time
delay to the focus set in the program. In the receive event, reflected ultrasound signal
is acquired and stored into the host computer’s local memory. In the process event, the
RFData which corresponds to the reflected signals, are used for visualization and for
calculating the energy. This experiment is repeated after adding a half wave rectifier
to the circuit.
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Figure 2.14: Circuit diagram a) with variable inductance and a resistive load; b) with half wave rectifier.
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2.5. Results

The experimental results are given in terms of energy delivered to the CMUT, given
by E,.c and the amount of energy reflected back to the L7-4 probe, given by E,.
The energy values for a single sinusoidal burst over a time duration of 1 ms is cal-
culated. Measurements are provided in terms of energy as it remains constant and
power keeps varying during the burst. It should be noted that the only source of power
received by the CMUT is the acoustic energy from the L7-4 probe. The acoustic ul-
trasound energy delivered to the CMUT and transferred to a resistive load (R54) With
resistance values between 0 Q2 to 2000 (2 is calculated from the data from the digital
storage oscilloscope. The resistive load values are changed with the resistance box.
By taking the instantaneous voltage (V) delivered to the load by the CMUT over
a time duration of the burst (T) for a specific R,y5q4, the received energy is given by
Eqn.2.2. An example of the voltage seen at the resistive load connected to CMUT is
illustrated in Fig.2.15.

Erec U] = 2y acdt (22)
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Figure 2.15: Measured voltage for a resistive load of 100 €.

The reflected ultrasound signal is amplified with respect to time by Time Gain Con-
trolled (TGC) amplifiers which provides a gain (G) that is constant for all the reflected
signals. Although this gain is unknown, it is constant, so to make a qualitative com-
parison of the reflected gains possible, the reflected energy is given in arbitrary units.
These signals are digitized by a 14 bit analog to digital converters (ADC) sampled
at 15.625 MHz. These signals are reconstructed for visualization [11]. The total re-
flected energy can be calculated by measuring the echo amplitude at each sample
point (A.e) for a particular resistance for the time duration of the burst, in this case 1
ms. G denotes the gain contributed by the time gain controlled amplifier. Figure 2.16
shows an example of a reflected ultrasound signal visualized at receive channel 64 of
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the L7-4 ultrasound transducer. The amplitude and gain of each sample point seen in
the signal is squared and integrated over the duration of the burst.

Eyer [arb] = [[2) (G * Arer(t))2dt (2.3)
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Figure 2.16: Reflected ultrasound signal visualized in Verasonic system.

2.5.1. Measurements at 4 MHz

Figure 2.17 shows the total energy delivered by CMUT for different loading conditions
and also the total reflected energy seen by the L7-4 probe, see Fig.2.14a for the circuit
schematic.

When the resistance was close to 0 2 (short), the CMUT received 20.32 nJ of en-
ergy in a single burst. Maximum energy of 267 nJ was transferred when R,y,q was
100 Q2. Also at this resistance value, the energy harvested was maximum and the re-
flected energy was minimum. But, once the optimum load was further increased, the
received energy decreased. The received energy varied 41.58% and the reflected
energy changed 33% between Ri;54=10 2 and Rj;54=1000 2. Overall, the received
energy varied from 20.32 nJ to 267 nJ. It is clear from the measurements that re-
ceived energy by the CMUTs tends to follow a symmetrical pattern near the matched
load and that the received energy is lowest when R,y,q is low and after the matched
load, the received energy decays.

The energy of the reflected ultrasound for each loading condition was also recorded,
and it was found that the reflection was maximum when the load resistance was close
to 0 Q2. The reflected energy tends to increase after the matched load condition. Be-
tween the matched and mismatched load conditions, a maximum of 40% change in
reflection was observed (see Fig.2.18a and Fig.2.18b).
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Figure 2.17: Reflected ultrasound energy measured at Verasonic is provided on the right y-axis and
received energy by CMUT as a function of load resistance is provided in the left y-axis.
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Figure 2.18: Reflected ultrasound energy at a) Rj34= 0 ©; b) Rjpag = 100 Q.
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2.5.2. Measurements at 4 MHz with a half wave rectifier

In the next measurement a small signal Schottky germanium diode (BAT86, Vishay
Semiconductors) was inserted in between the CMUT and inductor combination and
the load resistor, see Fig.2.14b for circuit schematic. Figure 2.19 shows an example
of a signal seen at the resistive load for R;55q=1000 2.
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Figure 2.19: Voltage measured in the oscilloscope at a resistive load of 1000 €.

A maximum energy of 122 nJ was delivered to the CMUT for a resistive load of 100
Q. In theory, this is expected to be half the value observed in the previous experiment
due to addition of a half wave rectifier. The optimal load was found to be 100 2 with
maximum energy harvesting and minimum reflection. A maximum reflection change
of 37.5% between matched and mismatched load settings. The reflected energy curve
tends to stay constant after the matched load unlike the previous measurement. This
could be due to the fact that diode only allows current to flow in one direction. During
the positive half-cycle, the load resistance gets optimally matched with R, as the
diode allows the signal to pass through. Therefore, the reflected energy characteristic
becomes similar to that of circuit with only resistive load. But during the negative
half-cycle, this matching does not happen as the diode doesn’t conduct current and
therefore all the energy is being reflected back. So, the reflected energy plot for the
negative half cycle, would have shown high reflections. So, the right y-axis of Fig.2.20
is a combination of two curves from the positive and negative half-cycles of the burst
signal.
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Figure 2.20: Reflected ultrasound energy measured at Verasonic is provided on the right y-axis and
received energy by CMUT as a function of load resistance is provided in the left y-axis for the circuit
with diode.

2.6. Discussion and conclusions

A large variation in the reflected acoustic energy was observed in both the experi-
ments. A significant and detectable change of upto 40% reflection was seen by ad-
justing the load from short to a resistance value of 100 €. It was found that a matched
electrical load harvests maximum energy and also minimizes the ultrasound energy
reflected back. In both the measurements, this occurred at a resistance value of 100
Q. As a result, the amount of reflection is smallest at optimum load, Rj;.q=Rn,. The
measurements with resistive load harvested a maximum of 267 nJ and the half wave
rectifier harvested 122 ndJ. The measured energy value at the half-wave rectifier circuit
was slightly lower than the expected value (=267 nJ/2).

There are several limitations that affected the experiment. The alignment of the probe
to the CMUT played an important role in how the reflections were measured. In the
experiments, it was assumed that all the reflected signals received by the probe origi-
nated from the CMUT, but there could have been scatterers, e.g. bubbles in the tissue
phantom which impacted the observed value.

Despite these limitations, there are few takeaways that becomes a stepping stone for
the backscatter communication. Varying the load impedance between short and a
high resistance value significantly impacts the reflected acoustic energy. These two
states can be decoded as ’1’ and ’0’ thereby showcasing data transfer. Therefore,
electrical load impedance modulation can be used for passive communication using
ultrasound.






Data telemetry uplink

In this chapter, a very simple low power circuit that establishes the first contact with
the implant is discussed. For this, an uplink data telemetry circuit is designed to send
information from implant back to the transmitter using backscattered ultrasound. It
sends storage capacitor voltage information to external ultrasound probe using pulse
width modulation. Commercially available low power discrete components have been
chosen to build this circuit.

3.1. Experimental setup

The materials and the total setup used in this experiment are same as discussed in
Chapter 2. Instead of the resistive load, a telemetry circuit is connected to the CMUT.
The complete setup consists of the L7-4 linear probe connected to the Verasonics, a
tissue phantom and a receiver consisting of the ultrasound energy harvester with the
uplink data telemetry circuit (Fig.3.1). The probe and the CMUT are perfectly aligned
to observe the proper working of the circuit. Figure 3.2 shows a closeup photo of the
experimental setup to test the uplink communication and Fig.3.3 shows the circuit.

Uplink data
telemetry circuit

—

CMUT wire

Verasonic ultrasound bonded PCB

research system

Commands and D CMUT

data readout :
L7-4 linear probe lseselarten

ultrasonic transducer

Figure 3.1: Experimental schematic showing the linear array probe connected to the Verasonic, and
the CMUT array mounted on a PCB that is connected to the uplink data telemetry circuit.
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PCB with CMUT and
backscattering circuit

Figure 3.2: Experimental setup showing a) the linear array probe fixed on an XY linear stage; b) the
tissue phantom made of candle gel; c) the ultrasound energy harvester consisting of a CMUT array
mounted on a PCB connected to the uplink data telemetry circuit.

Figure 3.3: The uplink data telemetry circuit.
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3.2. Circuit implementation

The circuit has mainly two functions - to modulate every consecutive incoming burst,
and to change the pulse width (time constant) as a function of supply voltage of the
implant. This circuit can be used to establish an initial communication between the
implant and the ultrasound transmitter outside the body. For acoustic power transfer
in implants, the initial telemetry will aid in focusing the ultrasound waves towards the
CMUT to maintain a robust power link.

To reduce the power consumption, the circuit was designed using advanced ultra low
power (AUP) logic components obtained from NXP Semiconductors. The power con-
sumption of circuit is as low as 0.5 yW. A 4 MHz sine burst with 24 pulse cycles with a
pulse repetition frequency of 1 kHz is the input signal. So, each sinusoidal burst lasts
for 6 ys. Figure 3.4 shows the circuit diagram. Figure 3.5 shows the waveforms at the
nodes labelled in the circuit diagram. The electrical equivalent of CMUT is modelled
as a voltage source (V;,) with source impedances C,,, L,,, Ry, and C, where at the
device’s resonance frequency, C,, and L, are compensated. For the 4 MHz input
frequency used in this experiment, L5t is chosen as 3.3 yH to compensate for C,=
465 pF [8]. The CMUT with the matching inductance is connected to a full-wave rec-
tifier which is divided into a common anode (BAT754A) and three common cathode
branches (BAT754C).

The energy harvesting circuit converts acoustic energy into electrical energy. A full
wave rectifier consisting of D1 to D4 converts the incoming burst signal into a pulsat-
ing DC voltage. The storage capacitor accumulates the charge and supplies voltage
(V) to drive the complete circuit. The circuit is solely powered by the burst signal
from the L7-4 probe. A 3.6 V rated Zener diode (D,) is connected in parallel to the
storage capacitor to protect the circuit from a too high supply voltage. All the diodes
used for rectification are Schottky diodes that have a very low turn on voltage ( 0.4 V).

The second branch with common cathode is connected to a MOSFET. The MOS-
FET is turned ON/OFF depending on the logic circuitry controlling its gate voltage. In
the third branch, the sine burst is rectified and an envelope of the signal is retained.
The resistive and capacitive values (Eqn.3.1) were chosen such that the time constant
(tenv) Of envelope detector was larger than the burst signal duration. This signal is con-
verted into a sharply defined square wave using a Schmitt trigger (74AUP2G17GW).

Teny = R*xC
=100 % 10° * 82+ 10~ *2 (3.1)
= 8.2 us

To design a circuit for modulating the pulse width depending on the voltage of
the storage capacitor, a suitable component needed to be found. Variable capacitors
diodes exist that alters their capacitance based on its reverse bias voltage. Hence,
a low voltage variable capacitance diode BB202 (NXP Semiconductors) was chosen
for modulating the pulse width based on the voltage of the storage capacitor. It has
a very steep capacitance-voltage curve, see Fig.3.6 [10]. As the reverse bias voltage
is increased capacitance decreases down to 10 pF and then remains constant. Small
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Figure 3.4: Circuit diagram for uplink data telemetry circuit.
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variations in voltage up to 3 V can be deciphered accurately based on the capacitance
value from the curve characteristic. A single varactor diode has a capacitance range
of 11.2 pF to 33.5 pF. In this circuit, two varactor diodes are connected in parallel to
get a range between 22.4 pF to 67 pF which results in a delay of up to 6.64 ps in
combination with a 100 k2 resistor. The pulse is delayed using an RC filter, which

40
Cq
(pF)

30

20

0
1n-1 4 4
10 1 VR V) 10

Figure 3.6: Capacitance of diode (C4) as a function of reverse voltage (Vg) for BB202 [10].

is controlled by a 100 kS resistor and a series capacitance due to 300 pF capacitor
and capacitance (22 pF to 66.4 pF) from a varactor diode (Cgjoqe)- The series capaci-
tance value will be dominated by the lower capacitance value, in this case the varactor
diode. The diode capacitance is modulated by V; via a 1 M resistor connected to
its cathode terminal that will change the delay as a function of V.. The delay can be
calculated from T4, = 100 Q * C4. This signal is input to a second Schmitt trigger (ST2)
making it a sharply defined square wave. The output of ST2 is one of the inputs of an
AND gate (74AUP1G08GW).

Next, the complementary (Q’) and individual data (D) pins of a positive edge triggered
D-type flip-flop (74AUP1G74DC) are connected making it a T-type flip-flop which tog-
gles for every positive edge of the clock pulse (CP). The clock is given by the output
of ST1. The flip flop’s output, Q is connected to the second input of the AND gate.
The AND gate output is connected to the gate of a MOSFET (FDV303N, On Semi-
conductors). This low threshold voltage transistor short circuits the CMUT when the
output of the AND gate is high.

To summarise, at every odd instance of the incoming ultrasound burst the MOSFET
is turned ON thereby modulating the backscattered signal with a variable time delay
1(V.c), whereas at every even instance the MOSFET is turned OFF.
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3.3. Results

In this section, the simulations for verifying the working of the circuit, and the data
processing done in the Verasonic are discussed.

3.3.1. LT-spice simulation

The circuit was simulated using LT Spice (Linear Technology, USA). For the spice
analysis, the CMUT was modelled as an AC source with a resistance of 400 Q2. The
components chosen for the simulation were default components available in LT Spice.
The variable capacitance diode was modelled using information retrieved from its
datasheet. A transient analysis was performed on the circuit given in Fig.3.7. Fig-
ure 3.8 shows the waveforms at different nodes of the circuit. The input signal given
was a sine burst with 24 pulse cycles with PRF = 1 kHz. V .+ V4. denotes the AC
signal source and AC ground respectively.

tran 0 10m 0 ¥0n
Ssave v

model BB202 D{ls=1.365p Rs=0.35 Cjo=35.5p M=6.8 Vj=111s=16 02p N=2 Bv=25 Ibv=10u Vpk=25 mfg=0n Semi type=varactor)

Vac+

vack 1S ‘ Vhigh=4 Vt=16 Vh=0.6 Trise=ins Tfall=1ns
——MN— fullbridge ) :
V2 400 Vhigh=4 Vt=1.8 Vi=0.6 Trise= Ins TfalF Ins
o 05 4%7 ST1_out -
PRE =
D1
: b = e L F 4
> D 3 — o
otl sin044MEG trigger v{ctl>2 *| oy NMOS
Vmod Ry —|Bspeg D
{ V3 4 100K
T PULSE(0 4 1n in 1n 6u 0.25m) -

i

Figure 3.7: Schematic used for the LTspice simulation using pulse width.

Assuming t=0, the 300 pF capacitor starts charging slowly towards the maximum
voltage. Once t= T,se, the capacitor further accumulates charge and acts like a small
battery since its value is large compared to the capacitance of the varactor diode.
In this way, the voltage stored at the 300 pF capacitor is doubled and remains that
way until a specific time constant. This time constant is determined by the 300 pF
capacitor and the 1 MQ resistor. This 1 M2 resistor between the storage capacitor
and the diode has a value 10 times larger than the resistor used for the integrator,
which is 100 k2. The 300 pF capacitor is also much larger than the capacitance of
the varactor diode. These capacitive and resistive values have been selected such
that the time constant (Eqn.3.2) is large enough to keep the reverse bias voltage over
the varactor diode constant during the burst period. By doing this, the voltage at the
integrator and the varactor diode becomes a function of the supply voltage. Figure 3.9
shows the simulated reverse voltage seen at the cathode terminal of varactor diode
(Vyc), voltage at the storage capacitor (Vysiore)-
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Figure 3.9: Simulated V. is about twice the V, e due to 300 pF capacitor during the burst period.

T=R=x*xC
=1+10°%300 1012 (3.2)
= 0.3 ms

Figure 3.10 and Fig.3.11 shows the dependency of the pulse delay on the storage
capacitor voltage (Vystore)- TO Vary Visiore in the simulation, a transient analysis was
performed for two input voltages (V,_,) of 4 V and 5 V. Comparing the two modulated
waveforms, the delay due to different voltages can be observed.
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3.3.2. Signal at uplink data telemetry circuit

The modulation circuit with ultra low power components starts working when the stor-
age capacitor voltage is about 0.8 V. Below this voltage, the circuit doesn’t have
enough power to start modulation. The waveforms are measured by using a digital
storage oscilloscope (DSO). Figure 3.12 shows an unmodulated signal and Fig.3.13
shows a modulated signal with a 3 us delay. More waveforms from the circuit are
given in Appendix B.
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Figure 3.12: An unmodulated signal measured at the two terminals of CMUT.
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Figure 3.13: A modulated signal measured at the two terminals of CMUT.
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3.3.3. Signal acquisition in the Verasonic

From every ultrasound burst signals that hits the CMUT array, some energy is re-
flected back, and this backscattered ultrasound is received by the L7-4 probe. This
data can be visualized in the Verasonic. For data visualization, the Verasonic code
runs a sequence of transmit, receive and process events. Transmit and receive are
solely based on the hardware sequencer which is an FPGA in the Verasonic system
and the process event happens in software sequencer (the host PC). The process
event defines an external function in the Verasonic to acquire the RF data at all chan-
nels and to store it in the local memory of the host PC which is accessible through
the MATLAB workspace. The backscattered ultrasound is collected in all of the 128
receive channels of L7-4 probe at a sampling frequency of 15.625 MHz where each
acquisition takes 4096 samples. Knowing the sampling frequency, the timing of the
signal is calculated. Figure 3.14 shows an ultrasound echo received at receive chan-
nel 64, which is located in the center of L7-4 probe. ldeally, the backscattered ultra-
sound can be considered as a complement of the signal at telemetry circuit but this is
not the case in a lossy medium due to presence of scatterers and other reflectors.
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Figure 3.14: Ultrasound echo for an unmodulated signal received at channel 64 of L7-4 probe.

3.3.4. Signal processing

To observe the modulation in the backscattered ultrasound the difference of two con-
secutive bursts is calculated. This takes place in the external function defined in an
Verasonic MATLAB environment. Unmodulated and modulated echoes are difficult to
differentiate in a lossy medium, so taking the difference can filter out any unwanted
noise, and it can be assured that the signal is from the CMUT given the pulse repeti-
tion time is 1 ms. A Hilbert transform is applied to the difference signal which results in
the envelope of the signal. The signal processing toolbox in MATLAB was utilised for
this task. Next, the absolute value of the envelope is calculated. Figure 3.15 shows
two consecutive bursts, signal N (unmodulated) and signal N+1 (modulated) with the
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Figure 3.15: a) Unmodulated echo; b) modulated echo; c) difference between the two signals; c¢) ab-
solute value of envelope of the signal visualized in MATLAB.

Once the envelope is calculated, the pulse width variation based on supply voltage
can be determined. The envelope pulse width is calculated by detecting the first and
last instance of 0.3 times*(peak value of envelope). This threshold was chosen such
that it would not take into account spikes from noise. The t(Vcc) is delay observed
in the circuit and the envelope visualized in the Verasonic has a pulse width given
by Tyurst - T(Vec) where Tyt is the duration of burst signal (6 ps). Signals powered
with different supply voltages including 6.5V, 8.5V, 10.5 V and 12 V were given from
Verasonic to the CMUT. Then, the pulse width differences of the envelopes of two
consecutive signals (one modulated and the next unmodulated) were determined in
MATLAB and Fig.3.16 shows the results. As the storage capacitor voltage increased
due to increased power transmitted from L7-4 probe, the delay decreases and there-
fore envelope pulse width increases. Here, a variation of 2 us can be observed due
to change in voltage.

The relation between the envelope pulse width and the storage capacitor voltage is
given in Fig.3.17 and can be expressed as Vgioe = 0.15*(PW) + 0.75 (with correlation
coefficient, R?=0.99). Envelope pulse width from a value of 0.35 ps to 1.96 ucan be
detected. Forinstance, if the pulse width detected is 1.55 us, then it can be concluded
that the storage capacitor voltage is 1 V. It can be seen that this detection can occur
only when the circuit has received minimal power (in this case, 0.8 V). Once powered,
the pulse width mostly varies linearly with the storage capacitor voltage. After a pulse
width of 2 us, the delay in the circuit does not change anymore. The storage capacitor
voltage does increase slightly if a higher supply voltage is given but this doesn’t affect
the delay anymore.
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3.4. Discussion and conclusions

An uplink telemetry circuit was designed to send the energy status of an implant using
pulse width variation on the backscattered ultrasound. The circuit consumed less than
0.5 yW and a voltage as low as 0.8 V. The circuit exploited two types of modulation
for uplink communication; by shunting and opening the CMUT, amplitude modulation
(load impedance variation) and PWM based on delay variation over voltage. In the
measurements done to check the pulse width as a function of different supply volt-
ages given from the Verasonic, apart from PWM, an amplitude modulation is also
seen. This is due to the fact that an increased voltage from the transmitter tends to
increase the echo intensity. Variable capacitance diodes were used to modulate the
pulse width. According to simulations, the delay variation should be between 2.2 us
and 6.7 us given the time constant constituted by two diodes and a 100 k2 resistor,
but a delay change from 4 ps to 6 us was observed in the measurements. Therefore,
the range of detecting different storage capacitor voltages was limited by this. This
range reduction may have been due to parasitic capacitances from the PCB or due
to a 1 M2 measurement probe connected to DSO. A small noticeable change in the
delay was seen when multi-meter was connected to measure the storage capacitor
voltage. Nevertheless, a linear relation between envelope pulse width and storage
capacitor voltage was established using this circuit.






Automatic implant localization

In this chapter, an algorithm is developed that automatically finds the optimal focus
and steering angle settings so that a maximum amount of power is transferred to the
CMUT ultrasound power scavenger.

4.1. System overview

A close up of the experiment setup with a 10 cm rectangular shaped tissue phantom
between probe and the CMUT can be seen in Fig.4.1). Figure 4.2 shows a schematic
overview of the setup. The waveform parameters such as frequency of wave, pulse
cycles, pulse repetition frequency remains the same as mentioned in Chapter 3.

Figure 4.1: Close up of the setup.

47
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Figure 4.2: The host PC communicates with the Verasonic using a PCI connector; the L7-4 probe gets
power and commands from and gives ultrasound echo data back to the Verasonic through the 128
channel containing connector cable; the Verasonic has two 128 channel connector slots; the experi-
mental setup showing alignment of probe and CMUT; CMUT connected to the uplink data telemetry
circuit (Setup courtesy : Youri Westhoek).
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4.2. Verasonic system components

Figure 4.3 shows the hardware components in the Verasonic system which has dif-
ferent modules that are interconnected to each other.
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SHI \ I
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) )
L " TPC
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Figure 4.3: Hardware components of a Verasonic vantage ultrasound system [11].

A scan-head interface (SHI) consists of two transducer connector slots where a 64
or 128 channel transducer can be connected. In this experiment, a 128 channel L7-4
probe is connected. The acquisition module contains electronic circuits that control
the transmit and receive delays and also does filtering and conditioning of the acquired
data. It includes local memory for temporary storage of ultrasound data (RF-Data).
The back plane comprises the hardware sequencer which gives commands to the ac-
quisition module for its functioning. Most importantly, this module connects the host
PC with the acquisition module for data transfer through Peripheral Component Inter-
connect (PCI) bus. The Transmit Power Controller (TPC) powers the external probe
with a voltage specified in the Verasonic Scripts execution (VSX) GUI. The input/output
panel (1/0O) can be used for external clock/ trigger signal from other devices.

4.3. Script execution

To execute the beamforming script, structures and global parameters need to be de-
fined for sequential program execution. These objects define the attributes required
for running the Verasonic script. The global objects include the resource parameters
that define the storage buffers in the local memory. RcvBuffer acts as the memory
buffer to store acquired ultrasound echo data from all 128 channels. ImgBuffer usu-
ally consists of multiple acquisition data that can be used for image reconstruction.
Information about the transducer used (L7-4), frequency of operation, delay computa-
tion is given in the 'Trans’ structure. The 'Media’ structure is used for simulation mode
only. For the event objects, important information to be specified includes the transmit
waveform parameters, delays associated with each channel (since L7-4 is a ’known’
transducer, Verasonic automatically computes the delay for focusing and steering);
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the receive parameters including Time Gain Control (TGC) that sets the gain for the
receiving amplifier; the process to be performed which is processing of echo data and
the frame that needs to be processed (defined in an external function). All of these
attributes are customizable. Figure 4.4 gives an overview of the event list where each
event has a number of functions to be performed before it goes to the next event. The
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| Waveform sinusoidal, 24 pulse cycles,
z Apod 4 MHz frequency
Event(n+2) Delay
[[I:Sc':;:i] Delay array
Process : (computation done based on
Sequence Control known transducer parameters)
|
| Receive
. Apod Apod array
Event(n+3) | TGC (computation done based on
RcvBuffer# known transducer parameters)
Sequence Control — ficati
(Jump back to Process specitication
. Method
first event) Echo d
[Echo data] RFData at channel 64
| Source frame number
|
| .
Event objects

Figure 4.4: a) Event list describing the function of Verasonic in a sequential order; b) global objects to
set resource parameters and providing information on the transducer used and c) different event objects
with multiple parameters defined under each object required for execution of VSX script (Adapted from
Verasonic Programming Manual [11], [9)]).

events included in the script are transmission (TX), reception (RX), sequence control
and processing. The transmission and reception are managed by the acquisition mod-
ule, whereas the processing is done by the software in the host PC. The sequence
control decides the flow of events in the program. The mostimportant part of the script
involves defining the 'external function’. This is a user-defined function. Itis a process
that has two main functions: processing of RFData and updation of the beamforming
attributes.
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4.4. Algorithm flowchart

To verify the concept of the power telemetry, a MATLAB script was written that sweeps
the steering angle and focus depth of an ultrasound beam through an area surrounding
the CMUT transducer. In each point the information on the storage capacitor voltage
received back from the CMUT connected to the telemetry circuit was recorded and
eventually collected in a so called "heat plot”. The pulse amplitude in the Verasonic
was set to 7 V. A pre-defined column vector with focus depth and steering angle val-
ues was used as input for the transmit beamforming. Each condition (TX.focus(n) and
TX.steer(n)) is updated every 2 ms.

In this script, first; the transmission of an ultrasound beam with a specific focus dis-
tance (TX.focus(n)) and steering angle (TX.steer(n)) takes place. Next, the ultrasound
echo is received at channel 64 of the L7-4 probe, and the hardware sequencer is up-
dated for transmit and receive function. Finally, a 'transfertoHost” command in the
sequence control moves the received data from the RcvBuffer of the Verasonic Data
Acquisition Module (VDAS) to the RcvData variable in the MATLAB workspace of the
host PC. This echoed data (RcvData) is saved into a user-defined variable (prevRF-
Data) and this operation takes place in the external function. After a 1 ms interval,
another echo data is acquired and stored (currRFData). Finally, these two RFData
sets are processed by the calculation of the differences in the envelopes of the two
signals followed by pulse width extraction. The envelope PW is detected by taking the
first and last value that corresponded to 0.3 times the maximum value of the envelope.
Once, the processing is completed, the next focus depth (TX.focus(n+1) and steering
angle (TX.steer(n+1)) are assigned, and this task continues until all pre-defined input
parameters are updated. A color map is updated real-time for each combination and
at the end of the last loop iteration, the color map gives an insight into energy received
by the CMUT. Itis created from a user defined matrix in which the different pulse width
values measured from the received signals are stored for each location. For locations
where the envelope is not detected, a null value is assigned.
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Figure 4.5: Algorithm used for ultrasound beamform sweep at different locations.
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4.5. Results

In this section, the measured results from the ultrasound beamforming sweep are
presented and compared to simulations. The user defined inputs were given in Carte-
sian coordinates. The distance (z-axis) was varied between 80 mm and 150 mm. The
steering direction (y-axis) was varied between -2 mm and 2 mm. The measurements
were initially conducted for a larger steering direction range from -1 cm to 1 cm, but
it was found that the detectable signals lied in the range of -2 mm to 2 mm. There
were 55 steps each between the highest and the lowest value. They are converted
to polar coordinates to set the beamforming attributes. For better visualization, the
results were mapped in Cartesian coordinates. With 55 steps, the map resolution for
z-axis (focus) was 0.29 mm (= 70 mm/55 steps) and the y-axis (steer) was 0.07 mm
(= 4 mm/55 steps).

Transmitter Simulated result is at this plane

L7-4 probe « 100mm
(283 mm* 7mm) . H .
il r
Il | 1 Zz
0
4 HqX
y |
Recei\}er:
CMUT array
*figure not drawn to scale (7.56 mm * 0.84 mm)

Figure 4.6: Placement of transmitter and receiver used as the basis for simulation.

A FOCUS simulation was performed to calculate the power received over the area
of the CMUT. FOCUS (Fast Object-oriented C++ Ultrasound Simulator) is an ultra-
sound simulator that can be work in MATLAB developed by Michigan State University
[64], [65], [66]. The parameters of the L7-4 probe, such as the number of channels
(128), kerf width (0.025 mm) which denotes the spacing between two channel ele-
ments, aperture size (28.3 mm), and probe height (7 mm) were used to define the
transmitter. The simulation was done at 4 MHz in continuous wave mode with the
speed of sound set to 1409 m/s. A 2D plane was defined at 10 cm distance from the
transmitter with the surface area of the CMUT used in the experiment. The simulation
shows the normalized power received over the area of the transducer as a function
of a parametric sweep of the focusing depth (z-axis) from 80 mm to 150 mm and for
steering direction (y-axis) between -2 mm and 2 mm. The step size for simulation was
kept the same as the real-time measurements for fair comparison. Figure 4.6 illus-
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Figure 4.7: (a) Envelope pulse width measured at different locations; b) Simulation results of the nor-
malized power received on a plane with the surface area of the CMUT. Both represent the received
power over the CMUT at each location. The red lines labelled from (a) to (d) are used to find the -3 dB
width in z-axis and y-axis and their results are explained below.
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trates the placement of transmitter and receiver for the simulation. A lossless medium
with no attenuation was assumed in the simulations.

Figure 4.7a shows the results of the received pulse widths on different locations of
the focus and angle sweep. The maximum value in the heat plot is 36 (sample num-
ber), converting it into time using a sample frequency of 15.625 MHz gives 2.24 ps.
So, the maximum pulse width was found to be 2.24 us, which corresponds to a storage
capacitor voltage of 1.09 V. The maximum value was observed at multiple points near
the actual focus depth. One of the locations where this PW was found is at (102.5 mm,
0.15 mm). Figure 4.7b shows the FOCUS simulation results for the parametric sweep
over a plane showing the normalized power received over the area of the CMUT. In
the simulations, the maximum power received is when the ultrasound beam is exactly
focused at the CMUT transducer.

There is a great similarity between the measurement and simulations results. Apart
from the main lobe where there is a high correlation between the measurements and
simulations, some side lobes can be seen in the measurements that are not fully filled
compared to the simulation. In the simulations there is a smooth transition between
the side lobes and rest of the simulation plane, but in case of the measurements, this
transition is abrupt. This is caused by the fact that in the dark blue regions the CMUT
does not receive enough energy to work correctly at all. The high intensity region in
the measurement takes an elliptical shape whereas this area has a circular shape in
the simulations. This might be due to a slight offset in the alignment of the probe to
the CMUT receiver during the measurements.

The half power width along the focus and steer direction were compared between
simulation and measured data. In Fig.4.7a and Fig.4.7b, the red lines labelled (a) to
(d) represent lines passing through the point of maximum power (located in the cen-
ter) so as to determine the half power width. For simulation, maximum power transfer
location was at (0 mm, 100 mm) and for measured data (0.07 mm, 100.74 mm). For
good comparison, the measured data has been normalized.

Figure 4.8a shows normalized amplitude for the measured and simulated data
over y-direction. The -3 dB width in the steering direction was 1.05 mm for the mea-
surement data and 1.15 mm for the simulations. The curve fit is similar except for
the bottom region where the graph is smooth in simulation and not so in the mea-
surements. The plot width is narrow given the half power width along y direction is
1.15 mm. It can be implied that CMUT is sensitive to steering and can work well only
within a small range. This can also be seen in the heat map where as the focus gets
narrow in the center. Figure 4.8b shows normalized amplitude for the measured and
simulated data over z-direction. The -3 dB width along z-direction was found to be 18
mm for the simulation and 25 mm for the measured data. The curve trend is similar
but there are some peaks observed on either sides of measured data that are smooth
in the simulation. This is due to the circuit not having enough power to transmit and
therefore, the plot had a null value. The measured data plot is wider than the simu-
lated plot which could be due to the offset of 0.07 mm.
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To summarize, the power received by the CMUT becomes half the maximum value
when the elliptical shape near the natural focus has its minor axis set to 1.15 mm and
major axis to 25 mm. Therefore, it must be beamformed within this region (to achieve
power transfer without much degradation.

simulated data (c)
—©— measured data (a) |
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Figure 4.8: a) Normalized power in y-direction when z is set to 100 mm with -3 dB width in steer direction
set to 1.15 mm for measured data and 1.05 mm for simulations; b) power plot when y is set to 0 mm
with -3 dB width in focus direction to be 18 mm for simulations and 25 mm for measured data. The
labels marked from (a) to (d) refers to the red lines in the heat plot that gives the location at which these
plots are visualized.
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4.6. Discussion and conclusion

To verify the concept of the power telemetry a MATLAB script was written that sweeps
the angle and focus of an ultrasound beam over an area surrounding the CMUT trans-
ducer. In each point the information on the voltage on the storage capacitor received
back from the CMUT connected to the telemetry circuit was recorded and eventually
collected in a so called "heat plot.” It was found that the maximum voltage occurred at
multiple locations around the natural focus and sending bursts at any of these loca-
tions transmitted maximum energy to the CMUT. A comparison of measurements and
simulations showed a good correlation. But, there were regions in the measured heat
plot where the data was not fully filled compared to simulation. The reason is that the
CMUT didn’t receive enough power to start the uplink communication.

This work can be used as a basis to further develop a tracking algorithm that should
be able to locate and follow the implant as either the probe or the implant is moved.






General conclusion and
recommendations

5.1. Conclusion

Ultrasound has been used to wireless power deep implants. In this work, first, a simple
low power uplink telemetry circuit that can establish initial contact with the implant was
designed. This circuit sends information on the implant’s supply voltage using pulse
width modulation and amplitude modulation of the ultrasound echo. A pre-charged
CMUT was used as the ultrasound energy scavenger. It was found that the pulse
width variation has a more or less linear relationship with the storage capacitor voltage
in the uplink telemetry circuit. Therefore, it was possible to successfully determine
the voltage of the storage capacitor based on the pulse width. The variation in load
impedance, which constituted the amplitude modulation occurred due to a change in
the reflection coefficient of the acoustic energy. Secondly, the effect of impedance
on acoustic energy was investigated and a significant change in reflection of upto
40% was observed between matched and mismatched load conditions. Finally, a
good alignment between probe and the receiving transducer is necessary to establish
a robust power link, therefore, a 'heat plot’ was generated using the Verasonic by
sweeping the focus depth and the steering angle to find the location at which maximum
power transfer takes place. It was found that the optimum power transfer is very
critically dependent on the steering angle and less of the focus depth.

5.2. Future work
Recommendations for the future work:

» To even further reduce the power consumption and the size of the circuit it is rec-
ommended to design a dedicated application specific integrated circuit (ASIC)
rather than to use off the shelf components;

» Based on the findings in this thesis a tracking algorithm can be developed that
can actively track the implants when either the ultrasound probe or the implants
in the patient is moving;

59
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+ After initial contact is made to the implants a communication protocol needs to
be developed to send and receive data to and from the implant.

5.2.1. New uplink telemetry protocol

Once the optimization of the focus depth and the steering angle are done by per-
forming the localization algorithm, it can be concluded that the implant now receives
enough energy. At this point, the circuit should autonomously decide to switch to an-
other circuit (digital) that could take over the uplink communication to send information.
A pulse width modulation scheme similar to the one used in the initial circuit can be
used to accomplish this telemetry protocol. The receiver outside the body must be
able to differentiate if the received signal is from the simple circuit or the digital circuit.
Normally, it can be assumed that the pulse width variation in the simple circuit will only
have a short difference between two sets of consecutive echoes, given the probe is
not abruptly moved. For the new telemetry protocol, a simple header consisting of four
pulses with short, long, short, long pulse width duration can represent the beginning of
the data being sent from the digital circuit. So, the receiver can check for this header
to know from which circuit the data is coming. If the digital circuit is working, then there
are always four pulses which constitute the header followed by eight pulses of data
(for instance) which could be the information regarding implant’s stimulation status or
physiological sensing data. Therefore, defining a unique header can be a way to iden-
tify the circuit. The receiver can identify this using the protocol shown in Fig.5.2. For
instance, it can constantly check if there is large difference of pulse width between
twelve pulses. If yes, then it mostly originates from the new circuit and therefore it
waits and checks for a header. Once the header has the said duration of pulses, then
it starts to receive data for the next eight pulses. If the header does not exist, then it
waits for another 12 set of pulses and checks again. In case the twelve pulses do not
have much pulse width variation between each other, then it can be concluded that
the data is from the initial telemetry circuit. It could happen that the communication is
lost and an automatic reset could be programmed to look for the data again.

AN

@ 4t o>

short long  short lomg

Figure 5.1: An example of a header that is sent from implant as a pre-cursor for identification of up-
coming data transfer from the digital circuit.
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Figure 5.2: The proposed tracking algorithm that can form a closed loop system.
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5.2.2. Proposed localization algorithm

A tracking algorithm that can follow the implant to find the optimal point should be im-
plemented such that any movement made due to a person’s breathing or due to the
probe, does not affect the power transfer efficiency, given the probe is in the vicin-
ity of the implant. A heat plot created in this work shows maximum power transfer
location and the area around this point can be further tracked down by steering and
focusing the ultrasound beam around that value. Figure 5.3 shows the flowchart for
the proposed tracking algorithm.
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Figure 5.3: Proposed algorithm for localization of an implant using the uplink data telemetry circuit.



Appendix

A.1. PCB schematic and layout

In this section, the schematic and layout design done for the uplink data telemetry
circuit is given (see Fig.A.1 and Fig.A.2). The dimensions of the final PCB is 35.56
mm * 10 mm.

* il
J

L e m o pusoRbee D b bw o

Figure A.1: PCB layout for the uplink data telemetry circuit.
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A.2. Waveforms from the telemetry circuit

A.2. Waveforms from the telemetry circuit

Figure A.3 shows the output of ST1 ans ST2 from the circuit. Figure A.4 shows AND

gate output where it is high only for one of the two burst signals.

Figure A.3: a) Input burst signal b) Schmitt trigger (ST1) output ¢) Schmitt trigger output (ST2) after the

integrator.
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Figure A.4: a) Input burst signal b) AND gate output with PRF of 1 kHz.
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A.3. Power consumption in uplink data telemetry circuit
with HWR

The initial circuit was built on the perforated board with half wave rectifier (HWR). The
power consumption of HCT series of logic circuits was 1.4 pyW. Figure A.5 and its
picture is given in Fig.A.6.
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Figure A.6: Photograph of the circuit.



Appendix

Table B.2, B.3, B.4, B.5, B.1 shows an overview of publications which were part of the

literature research.

Table B.1: Comparison of deep implants powered by ultrasound [12], [13]
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lants powered by ultrasound [14], [15], [16], [17], [18]
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