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Abstract

Implantable Medical Devices (IMDs) offer a wide range of applications including but not limited to blood
pressure monitoring, bladder pressure sensing, glucose level monitoring, neurostimulation etc. For
such applications, it is often desired that an IMD is as small as possible while meeting the required
objective. Consequently, using a battery as a power source for this miniaturized IMD is inhibited as it
occupies huge space. A good alternative for the battery as the power source is the Wireless Power
Transfer (WPT) method. Among the WPT techniques, ultrasound (US) has seen increasing popular-
ity in the past decade owing to its unique advantages such as better resolution, lower propagation
attenuation, better health benefits etc. Ultrasound WPT methods involve an ultrasound transducer
that converts ultrasonic energy into electrical energy to power the IMD. One such transducer is the
Capacitive Micromachined Ultrasound Transducer (CMUT). As the name suggests it is a capacitive
ultrasound transducer that is micromachined on silicon substrates. Accordingly, this technology offers
advantages such as the ability to integrate with CMOS technology, larger bandwidth and the ability to
fabricate large arrays of these transducers. Previous research in CMUTs has proven that the CMUTs
can be used to efficiently harvest US energy at depths of more than 100 mm. Consequently, this paves
the foundation for miniaturized US-based implants that can be placed deep inside the human body,
using CMUT technology.

Building on this foundation, this thesis work explores the next steps in realizing a CMUT based
implant. Two research questions are the main focus of this work: 1. How can we locate such small sized
deep implants in order to transfer power efficiently? 2. How can we communicate with this device using
ultrasound waves? Addressing the first issue, a Time Reversal beamforming based tracking algorithm
is developed that is able to track CMUTs occupying a surface area of about 6.3 mm? moving at speeds
up to 1.25 mm/s in water. Addressing the second issue, a communication protocol is formulated to
establish ultrasound communication. This protocol makes use of the focused US beam achieved during
tracking to communicate while offering simultaneous power transfer. A data rate of 2 kb/s is achieved
using this protocol when the transmitter (TX) and the receiver (RX) are separated by a distance of 130
mm with a phantom filling up the gap.

US based IMDs can be built to occupy only a few mm? of area, especially when using micromachined
transducers such as CMUTs. This work, the tracking algorithm and the communication protocol further
provide proof of concept for reliable localization of CMUTs and low power data communication, hence
providing good prospects for CMUT applications in the field of Implantable Medical Devices.

Keywords: Ultrasound, CMUT, time reversal, data communication.
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Introduction

An implantable bio-medical device can be powered in three ways using Batteries, Energy Harvesters
and Wireless Transfer methods. Batteries are reliable and portable, which usually makes them the
first choice for a power source. However, batteries have a few limitations. They need to be surgically
replaced after their lifetime and occupy up to 80% of the implant volume [1]. There is always a possibility
of toxic leakage inside the human body. Implants have already scaled down to sizes of dimensions
in mm. Batteries fail to supply energy when they are used in such small dimensions [2]. Energy
harvesters harvest energy from the environment or the human body. Hence harvesters of various
kinds are available such as Bio-chemical, Bio-mechanical, Thermometric, etc. On the other hand,
energy harvesters offer low power levels, are unreliable and often need complex power management
circuits [3]. Wireless power transfer methods show good prospects since they are externally powered
using reliable sources and are safe for the human body. This motivates scientists to perform research
in Wireless Power Transfer (WPT) methods.

Among the WPT methods, three power transfer mechanisms have proven to be viable: Ultrasonic,
Electromagnetic and Optical power transmission. Electromagnetic power transfer has many forms,
namely: Inductive coupling, Capacitive coupling and Radio-Frequency (RF) energy transfer. Inductive
coupling transfers power using magnetic fields by establishing mutual inductance between two coils.
Capacitive coupling establishes an electrostatic field between two conductors, one inside the human
body and the other on the outside of the human body, hence forming a capacitor. Placing another
similar pair of conductors (another capacitor) will complete the electrical circuit and the implant can
be powered [3]. RF transmission involves transmitting RF waves in the direction of the implant. An
antenna inside the human body harvests the energy from these waves to power the implant. Optical
power transfer involves a Photo-Voltaic (PV) cell receiving power from optical waves that pass through
tissues to reach the implant [3].

Table 1.1 shows a summary of wireless power transfer methods. An example of all kinds of WPT
methods discussed above in shown in this table. It can be seen that inductive and capacitive coupling
offer very high power transfer efficiency when the receiver (RX) and transmitter (TX) distance is less
(few mm) and the RX is large (few hundred mm?). Inductive and Capacitive WPT requires: large coils/
conductors, very low misalignment and limited distance between the coils/ conductors for better flux
linkage/power transfer efficiency. It also requires low operating frequency (few hundred MHz) to lower
both the dissipation of power and the rise in temperature in the tissue [1], [14]. RF power transmission
can be seen to offer very low power transfer efficiency when the RX antenna are a few mm? in size. As
the implantation depth increases the RF attenuation increases thereby decreasing the efficiency further
[15]. These small sized antenna offer small radiation resistance that therefore harvest lower power
from the RF waves. RF waves with frequency less than 10 GHz (wavelength > 30 cm) also suffer from
antenna misalignment as the implant size reduces to few mm. Optical power transfer method can be
seen to seen to have low penetration depth (few mm) and large (RX) area (few tens of mm?). Optical
WPT also suffers from low PV cell efficiency and risk of rise in skin temperature [1], [3].

Ultrasound (US) power transfer utilizes ultrasound transducers to convert incident acoustic waves
in electrical signals, hence harvest energy from ultrasound waves. As shown in Table 1.1, US power
transfer offers good power transfer efficiencies when powering small implants (few mm?) that are lo-
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Table 1.1: Summary of Wireless Power Transfer methods.

S.no| Power | Efficiency | Frequency RX-TX Size of | Application Power

at RX | (%) (f) (MHz)/ | distance RX coil/ Strategy
Wavelength | (mm) antenna/
(A)(nm) transducer
(mm?)
1 ~ 81 13.65 (f) 10 78.54 Model based simulation of in- | Inductive
ductive power transfer [4] Coupling
2 ~ 0.1 900 (f) 1.5 1.8 Glucose sensing for artificial | Inductive
pancreas [5] Coupling

3 55.5 0.002 1180 (f) 6.6 0.1 Neuro-stimulator [6] Inductive
uw Coupling

4 90 35 ~ 2 300 WPT [7] Capacitive
mw Coupling

5 75 10 120 (f) 2 800 WPT [8] Capacitive
mwW Coupling

6 195 0.04 1600 (f) 50 0.785 Wireless cardiac pacemaker | Mid range
pwW [9] RF

7 ~ 0.03 1200 (f) 58 46 Antenna design for WPT[10] Mid range

RF

8 4.2 16.6 750 (A) 3 90 Wireless battery charging [11] | Optical WPT
mw

9 37.7 ~ 1.78 (f) 50 0.56 Neuro-recording [12] Ultrasound
uw

10 | 805 48.8 5.85 (f) 176 <25 US WPT [13] Naturally fo-
uw cused US

cated deep inside the body (few cm). In comparison with EM power transfer US power transfer offers

some
1.

unique advantages:

US waves have wave propagation speed that is several orders of magnitude lower than that of EM
waves. Consequently, ultrasound waves travel with lower wavelengths when both the waves are
operated at same frequencies. This directly implies that the implants needed for power transfer
can be designed to be much smaller. [16].

. Considering a similar sized implant, the range of operating frequency for electromagnetic power

transfer (in the range of GHz) is much higher than that of ultrasound power transfer (< 20 MHz).
RF power transfer therefore results in higher dynamic power loss. RF waves with frequency
greater than 1 GHz suffer from at least 10 dB/cm attenuation in the biological tissues and US
waves suffer from less attenuation between 0.5 and 1 dB/cm/MHz. [17], [18].

Inductive coupling requires very precise alignment and a small distance between the harvesting
coils; one inside and one outside the body. It was seen that for deeper and smaller implants;
ultrasound power transfer is more efficient than inductive coupling [4].

Smaller wavelengths enable ultrasound waves to focus into mm-sized spots. Focusing of wave-
fronts reduces the beamwidth. This in turn reduces the power required to compensate for power
loss due to transmission media and increases the transfer efficiency of the established link.

Ultrasound offers an exposure limit of 720 mW/cm? [19]. On the other hand electromagnetic field
exposure limit is less than 10 mW/cm? for frequencies greater than 100 MHz i.e. RF operating
range. The electromagnetic exposure limit for frequencies between 10 kHz to 10 MHz (inductive
operating range) is relatively higher, even more than 100 mW/cm? [2], [20]. However, RF and
inductive coupling, due to their varying electric and magnetic fields; can lead to body currents.
These body currents in turn cause localized heating [1]. Ultrasound power transfer, therefore,
provides better health conditions for the users.

Ultrasound waves are mechanical waves that are usually operated in frequencies ranging be-
tween a few hundred kHz to 20 MHz. Hence US waves are immune to electromagnetic interfer-
ence.

Based on the above mentioned advantages it is clear that ultrasound power transfer is more suitable
than electromagnetic power transfer for biomedical implants in humans. This is especially true when
the implant is small and placed deep inside the human body.

Go to ToC



1.1. Motivation & Obijective 3

1.1. Motivation & Objective

US as a mode for power transfer clearly has good prospects. Interacting with a biomedical implant
involves powering of the device along with communication. Being an emerging technology it poses
many challenges in order to realize its full potential. Since implants are shrinking to sizes of sub mm?,
establishing a viable US link to power and communicating with the implant becomes difficult in case we
are not aware of the location of the implant. This viable link focuses US waves on the implant. Previous
research has shown that the power received by the implants can reduce by 70 % when there is 0.5°
shift in the focused ultrasound beam i.e. about a 1 mm shift from the implant’s location in the lateral
direction of the beam’s axis [21]. Furthermore, in case we are able to establish a link to transfer power,
what would be a good way to communicate with the device? Can we use US to communicate since a
viable US link is now established?
Interacting with an implant using US can be viewed in three steps:

1. Perform typical B-Mode imaging [22] to estimate the implant’s location and transmit focused/plane
US waves towards the implant to provide initial power-up.

2. Track the powered up implant to focus the US waves exactly on the implant’s transducer.

3. Utilize the established focus US link to power up and communicate with the implant.

Previous work at Philips Research, Eindhoven focused on establishing effective power transfer and
formulating a protocol to track the implant (Step 1) [13], [21], [23]. An experimental setup was built
to test ultrasonic power transfer using Capacitive Micromachined Ultrasound Transducers (CMUTSs),
and an initial telemetry circuit was designed to communicate the current power being harvested by the
CMUTs to an external receiver. The objective of this thesis is to proceed further and perform Steps 2
& 3 of the interaction with CMUTs. Accordingly, a tracking algorithm based on the protocol developed
in [23] and a communication protocol implementing forward and back telemetry, are formulated in this
work.

1.2. Background

Beginning with introduction to CMUT technology, this section discusses previous research performed
in [13]. This includes Ultrasound Energy Harvesting and Impedance Spectrum Analysis of CMUTs.
Finally, Verasonics Vantage System is discussed which is used to generate and visualize US waves.

1.2.1. CMUT Technology

Capacitive Micromachined Ultrasound Transducer, as the name suggests, converts acoustic energy
to electrical energy and vice-versa [24]. Two electrodes, one movable and one fixed (as shown in
Fig. 1.1a) with a dielectric between them, show capacitive behaviour when connected across a circuit.
The movable electrode is sensitive to acoustic waves. Hence the vibrations in the movable electrode
causes change in capacitance which is read out to measure the acoustic pressure.

Usually, CMUTs are operated in collapse mode for power transfer applications. They are operated
under a DC bias voltage to close the gap between the top (movable) and bottom (fixed) electrode. In
transmitting mode, an electrical AC signal is super-imposed on this bias voltage, which gets converted
into ultrasound waves. In receiving mode, the incident ultrasound waves appear as an electrical AC
signal over the DC bias voltage. The above mentioned DC bias voltage is increased beyond pull-
in (collapse) voltage (voltage high enough to bring the two electrodes in closed contact) and then
decreased to desired value while maintaining the close contact [25]. The collapse mode, due to a very
low distance between the electrodes, operates in high electric field (see Fig. 1.1a). This provides a
better pressure sensitivity and hence greater transfer efficiency [26].

The DC bias is not always required to be given externally if certain changes are made to the dielectric
layer. Al;O3, a high-K material has the ability to trap charges [27]. This material can be included in the
dielectric stack to eliminate the need of external bias. To achieve this, the dielectric stack is charged by
applying high DC voltage, high enough to tunnel charge carriers, but lower than breakdown voltage of
the dielectric. This high voltage transforms the CMUTs into an electret, ultimately acting as an internal
DC bias [28]. This principle was previously explored at Philips Research, Eindhoven. The dielectric
layer was altered to incorporate a stack of SiO,/Al,03/SiO; on top of the bottom electrode with a pull-in
voltage of 40V. A 200V DC voltage was applied for 3 hours to trap the charges. The top layer stayed
in contact with the bottom stack of high-K layers (collapse mode) after removal of the bias voltage [13]

Go to ToC



1.2. Background 4

(see fig 1.1b). A 2-D array (Fig 1.2) of this CMUT device is used in this work. The array consists of
CMUT drums with a diameter of 135 ym. The array is arranged with 6 CMUT drums in a single column
(top to bottom) and all the columns are placed next to each other (left to right). All the CMUT drums
are electrically connected in parallel, to increase the amplitude of the output signal from the incident
acoustic waves. Furthermore each connector connects 6 elements (columns) on the array i.e. a total
of 336 drums. In this work, a single connector is being used, hence 336 CMUT drums are in operation
which spans an area of about 6.3 mm? [23].

LT
Ordinary mode Collapse Mode
(a) CMUT operated ordinarily and in collapse mode [29]. (b) CMUT device used in this work [21].

Figure 1.1: CMUT device

Figure 1.2: PCB with a 2-D array of CMUTs and 4 SMB connectors connecting to 336 CMUT drums [21].

1.2.2. Ultrasound Energy Harvesting

Efficiency is a very important factor determining the performance of a power transfer link. For optimum
energy harvesting, it is therefore necessary to understand the characteristics of the CMUT. Figure 1.3
shows the electrical equivalent circuit diagram of a CMUT. As mentioned in section 1.2.1, there is
one movable and one fixed electrode. The movable electrode is represented as a mass attached to
a spring. It’'s electrical equivalent consists of a series connection of a resistor (damper - b), capacitor
(spring - k) and an inductor (mass - m). The change in the capacitance caused by the moving elec-
trode’s displacement is represented by a variable capacitor (C¢). The transformer (n:1) represents the
conversion between electrical and acoustic energy. The Zgecrical IS the impedance representing the
rest of the circuit connected to the CMUT [13].

K
b m
n:1
P Ig EE Ce C=>>Vs=Phn

mechanical electrical

— Ce  Zeieotrical

!

Figure 1.3: Equivalent electrical circuit diagram of a CMUT [13].

To maximize the amount of energy harvested by the CMUT, the maximum power transfer theorem
must be applied to this circuit. Accordingly, the load and source impedances must be matched i.e.
they must be complex conjugates. This can also be interpreted as matching the real components of
source & load impedances and making the reactive components, equal and opposite to compensate
each other. By doing this, all of the incident energy is transferred to the load instead of being stored
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1.2. Background 5

in the reactive elements. This is done as follows: 1) operating the CMUT at it's resonance frequency,
by which C, and L, compensate each other, 2) using a matching inductor (L,) to compensate for C,.
Furthermore, the load resistor (R;) must also match Ry, for maximum power transfer (Fig. 1.4) . The
following equations sums up the necessary additions that needs to be made [13] (also shown in Figure
1.4)

1
- 2.7 fg-C.
where fys = ultrasound burst frequency.

For optimal energy harvesting using a collapse-mode CMUT, it is therefore necessary to operate
the device at or near the resonance frequency along with a suitable compensating inductor and resistor.
In order to find the compensating inductor and resistor, the CMUT’s electrical equivalent components’
value must be known. These values can be found by using Impedance Spectrum Analysis.

L R, = Ry, (1.1)

Rpm=b/n?2 i

Lh = mmnZ . , ’ (\

L Ri  Zelectrical
, /

Figure 1.4: Compensated CMUT for maximum energy harvesting.

Vg = P/n

Y
ms

1.2.3. Impedance Spectrum Analysis of CMUTs
In order to obtain the CMUT’s impedance spectrum, one of the SMB connector of the CMUT PCB (Fig
1.2) is connected to an impedance analyser (Agilent 4294A Precision Impedance Analyser) with air
being the surrounding medium. Hence the frequency spectrum of Zgjectrical @S shown in Figure 1.3 will
be measured using the impedance analyser. Figure 1.5 shows the measured frequency response of
Zelectriicar Of CMUT type P103, that is used in this work. At resonance, the phase of the impedance is
the highest (closest to zero) indicating very less reactive impedance. From the phase spectrum the
resonance frequency (fes) is measured to be 2.567 MHz.
From the electrical equivalent circuit (Fig 1.3), an expression for Zgectical Can be derived:

§* 4 fms (1.2)

(Ces)(s? + f—Zs + —CLZEC:)

Zelectrical (S) -

Using the above equation and the measured impedance spectrum (Fig 1.5), the equivalent circuit
component values can be estimated. At very high frequencies, Zgecical Simplifies as follows:

F>> fres (1.3)

Zelectrical(s) ~ CeS;
The high frequency impedance spectrum curve in a log-log scale can thus be compared with the curve
generated by the above mentioned equation to estimate the value of C.. Similarly at frequencies much
lower than the resonance frequencies, Zgjectrical Simplifies to

1
" Ces(Crn + CL)’

Similar to C. ,C,,, can be estimated from the above equation. Since at resonance:

1

m = m; Wres = 27rfres (15)

Zelectrical(s) f < fres (1 4)

Consequently, Ly, can also be calculated. Ry, is estimated by extrapolating the measured curve to zero
frequency. This extrapolation along with estimation of other parameters is performed in Python [13]
and the following values are estimated as follows:
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Part of the curve similar to m

/ Impedance Spectrum of CMUTs

103 i
S
(0]
e |
3 Part of the curve sjmilar to CL
(0} eS
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= 102 H 4

108 107
Frequency (MHz)
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108 f,.es = 2.567 MHz 107
Frequency (MHz)

Figure 1.5: Impedance Spectrum of CMUTs (type - P103).

Table 1.2: Extracted CMUT equivalent circuit component values.

frestMHZ] | Ce[pF] | CmlpF] | Lm[uH] | R[]
2.567 143 [72.8 [528 [386.99

In this work, a Philips L7-4 ultrasound probe is used to perform various experiments. The burst
frequency of 4 MHz is used in this work. The corresponding matching inductor L, calculated from
the above values and 4 MHz of the burst frequency is 1.845 uH ' (refer Equation 1.1). Similarly, the
matching resistor R| needs to be of 387 Q. It should be noted that since the impedance spectrum
analysis is performed with air as the surrounding medium, the above mentioned R,, and hence R,
would be slightly different during an experiment since the US propagation medium would be a phantom
composed of candle gel (95% paraffin oil and 5% organic constituents) instead of air [23].

It should be noted here that the equivalent circuit component values are extracted by comparing
different parts of the impedance spectrum curve with those of approximated impedance functions (Eq
1.3 & 1.4). This type of estimation previously showed a match of up to 93 % between the approximated
impedance spectrum curve and the original impedance spectrum curve [13]. Therefore the value of
1.845 pH for the matching inductor serves as a good starting point for figuring out the right value of
the matching inductor. The right value of the matching inductor and resistor is found out by connecting
discrete indicators and resistors across the two terminals of CMUTs, which is further discussed in
Section 3.3.

"1t should be noted that the value of Ce shown in Table 1.2 is of a single column of CMUT drums. A compensating inductor

connects to 6 such columns of CMUT drums since it is externally connected using the SMB connector. Therefore L, is calculated
using 6*Ce instead of Ce.
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1.2. Background 7

1.2.4. Verasonics Vantage System

Verasonics research ultrasound platform is used to transmit, receive & visualize US waves in this work.
Additionally, verasonics also provides the feature to perform image reconstruction as shown in Figure
1.6. The system consists of the vantage unit and a PC as shown in Figure 1.6. The main components
of the vantage unit are the Scan Head Interface (SHI), Acquisition Modules, Back Plane module and
Transmit Power Controller (TPC) (Fig 1.7). The SHI connects typical US transducers (probes) to the
vantage unit. The Acquisition Modules consists the main electronics that include the transmitters, the
receive channels, a 14 bit A/D converter, a Time Gain Control (TGC) amplifer and a filter (signal con-
ditioning). The transmitters generate US waves and the waves received by the receive channels are
digitized by the A/D converter & the signal conditioner and stored in the local memory of the module.
The Back Plane module consists of the Hardware Sequencer, which is discussed later in this subsec-
tion. The TPC consists of the transmitter driver that generate the US waves. The PC is connected to
the vantage unit using a PCI express (PCle) cable. The US waves data stored in the local memory
of the vantage unit is transferred to the PC’s memory via Direct Memory Access (DMA). Hence the
verasonics vantage system provides direct access to raw data of US waves.

Real-time imaging

Scan Head Interface (SHI)

Personal Computer (PC)

Access to ultrasound
pressure intensity

Vantage unit

Probe

Figure 1.6: Verasonics Vantage System 256™ [30]

______________________________

Vantage Unit

sequencer

v PCle ' il . .:
Acquisition modules: ) , L cable J; : : : P
ition moc : : i : [ Rcv Buffer (PC memory) ] v ’E rc':lzﬁ; : E
- A/D conversion & Signal ' ' : : '
Conditioni ‘| DMA |; ' ' i
Local Memory ;(access); | R ¥
J o [ Image Software |’ E Do
E ' :L Reconstruction) _ Processing J: .
TPC Back Plane: HW E E T ) Cu—

Figure 1.7: Block diagram depicting the internal components of the Vantage unit and the Host controller (PC). Figure is revised
from [31].

MATLAB is used to program the verasonics where the US data can be visualised and manipulated.
Furthermore, various parameters of the above mentioned components of the vantage system can be
tuned on MATLAB during scripting or by using the Graphical User Interface (GUI) that opens when
any verasonics script is run (Fig 1.7). The MATLAB scripting used in the verasonics programs the
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1.2. Background 8

Hardware Sequencer and the Software Sequencer of the system using structure data types. The
Software Sequencer sets the sequence of image reconstruction and software processing of the US raw
data available in the PC’s memory. The Hardware Sequencer, based inside the Back Plane, handles
the sequence of the transmitting and receiving events.

Software
Hardware Sequencer (SW)
Sequencer (HW)

)\
( |

Event 2: Image Event 3: Software
Reconstruction processing of the
from the US data US data

Event 1:
a. Transmission
of the US waves.
b. Simultaneous
Receving of US
waves

Defining the
software
processing
functions and

parameters

Initialization of
US wave
parameters

Tuning the
Vantage unit
components

Figure 1.8: A flow diagram depicting the MATLAB scripting used in verasonics.

Figure 1.8 depicts a flowchart of MATLAB programming of a typical verasonics script. The scripts
starts with defining the parameters of the US waves and the components used in the Vantage unit. One
of the three structures mentioned below can be used to define the type and shape of the US wave that
is desired to be transmitted.

1. Parametric structure: This structure allows to set 4 parameters of an US burst that are burst
frequency in MHz (A), pulse width of the half cycle (B), number of half cycles (C) and polarity of
first burst.

Syntax: TW(i).parameters = [A,B,C,D];

Example: TW(1).parameters = [4,0.67,48,1];

The example defines a sinusoidal (B = 0.67) burst of 4 MHz (A = 4) transmit frequency that
contains 24 cycles (C = 48) starting with positive polarity (D = 1).

2. Envelope structure: This structure allows to define the frequency (fi, f2, f3, .... fy) and pulse width
(pwq, pwa, pws, .... pwy) of every individual cycle in an US burst with ‘N’ number of cycles.
Syntax: TW(i).envNumCycles = N;

TW(i).envFrequency = [fy, fo, f3, .... fnl;
TW(i).envPulseWidth = [pw4, pwa2, pws, .... pwN];

3. Pulsecode structure: This structure allows to define any arbitrary shape for the US burst that
is transmitted. Usually the verasonics converts the parametric or the envelope structure into
pulsecode structure to generate the US burst. Refer to the Vantage Sequence Programming
Manual for more information.

The envelope structure and the parametric structure is used in this work to define the forward telemetry
and back telemetry waveforms respectively. While tuning the components, the vantage unit must be
instructed to set a particular profile for the Transmit Power Controller (TPC). A TPC profile defines
the power limit and requirement of the transmitters. It defines the upper limits of the voltage and the
operating duration that can be used to drive the transducer elements. The driving voltage can be set
anywhere between 1 - 96 V. Although a limit of 20 V is programmed for diagnostic imaging or any other
purpose, as a general practice. The operating duration can be setin modes, called TPC profiles. These
profiles define the transmit power limit and hence also the operating duration. The TPC profile are:

1. Normal Transmit mode: This mode is used to transmit short duration US pulses that are typically
used in diagnostic imaging. The vantage system allows to transmit a maximum of 24 cycles of 4
MHz burst frequency with a Pulse Repetition Frequency of 1 kHz. This US burst is also used in
US power transfer [21] and tracking of implant implemented in this work [23].

2. Extended Transmit mode: This mode is provided by the Vantage system to stimulate tissue using
ultrasound. This mode utilizes a dedicated 48 W internal power supply to drive the transmitter
channels that can generate burst with burst duration of few ms. This mode is used to implement
forward and back telemetry in this work.

3. High Intensity Focused Ultrasound (HIFU) mode: This mode is provided to implement therapeutic
applications using verasonics. Using this mode, an external power supply can be connected to
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1.2. Background 9

transmit US burst with power levels upto 1200 W. Any desired combination of burst duration and
PRF can be programmed with burst frequency between 1 MHz and 5 MHz only.

After the US burst parameters and the Vantage unit component parameters are defined, the software

processing function is defined. In this work, this definition includes computing the envelope of the
received burst, subtraction of the envelopes, finding peaks in the envelope, computing delays between
two bursts and image reconstruction. These definitions find use in the tracking algorithm which is
discussed in Section 2.8. Moving further, the script enters into an infinite loop where the Hardware
and the Software sequencers perform burst transmission, receiving the burst, image reconstruction
and software processing (Fig 1.8). This infinite loop starts with the hardware sequencer transmitting
and receiving US waves at the same time. The transmitted waves travel towards the CMUTs, reflect
back and reach the probe, which is when the receive channels sense an US wave. The HW sequencer
is made to pause after Event 1. The SW sequencer performs the necessary image reconstruction
and software processing of the US data. When the SW sequencer completes Event 2 and 3, the HW
sequencer is released to perform the next acquisition (transmit and receive).
This marks the end of the Introduction Chapter. Moving further in this report, Chapter 2 discusses the
first objective which is tracking a biomedical implant using US waves. Chapter 3 discusses the second
objective of this thesis which is US based communication with a biomedical implant. In both these
cases CMUTs are used as the US transducer and the CMUT 2-D array is addressed as the biomedical
implant.
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Tracking of Biomedical Implants

2.1. Introduction

Implantable bio-medical devices are also seeing a trend of decreasing dimensions. Current wireless
implants developed to stimulate and record the brain and peripheral nerves have dimensions of mm and
sub-mm [2]. This miniaturization provides benefits such as more precise access to the target regions,
less intense foreign body response and compatibility with minimally invasive surgical procedures for
implantation [32], [33]. However, the decrease in the device size and the increase in the depth of
implantation proportionally increases the difficulty in maintaining a link between the implanted device
and the outside world, either for efficient power transfer or good quality data communication. Knowing
the location of the implant helps in many ways such as:

1. developing a targeted wireless link for efficient power transfer and less erroneous data transfer.

2. improving spatial awareness of the device to locate lesions and other structures in wireless cap-
sule endoscopy [34].

3. performing therapeutic operations such as drug delivery for targeted tumors while avoiding healthy
tissues [35].

4. maneuvering micro-robots or capsule endoscopes for surgeries and providing more information
about the insides of the small intestine for research and education [36], [37].

Therefore it is necessary to keep track of the location of the biomedical implant inside the human
body. The localization of implantable devices can be performed using many methods involving Mag-
netic Fields, Electro-Magnetic (EM) Waves, Ultrasound, X-rays, Computer Vision etc [38]. Magnetic
fields, particularly the static and low frequency components do not attenuate inside the human body
and the implant inside the human body does not require a line of sight to interact with these fields
[39]. Methods similar to power transfer and communication using EM waves can be employed to track
a biomedical implant. Owing to the miniaturization of semiconductor devices EM waves based track-
ing can provide low cost, small and feasible solutions [38]. Both magnetic field based and EM waves
based localization strategies offer good accuracy [40]. Such reasons ultimately resulted in significant
research in magnetic and electromagnetic localization methods. However, while considering magnetic
localization methods, for precise results, the medical devices and the equipment in the surroundings
need to be non-ferromagnetic in order to not distort the operating magnetic fields. The use of a perma-
nent magnet or a magnetic coil inside the implant for interacting with the magnetic fields may restrict
the size of the device itself [39]. EM waves see significant attenuation of their amplitude while propa-
gating through human tissue, which again increases with the increase in frequency [2], [20]. Therefore
electromagnetic localization methods become less reliable for small sized and deep implants.

Ultrasound waves, as mentioned previously in Chapter 1, is clearly more compatible with human
tissue when compared with EM waves. Additionally ultrasound power transfer is more reliable for small
sized deep implants. Although ultrasound waves need a line of sight between the transmitter and re-
ceiver for operation, they can be implemented with small sized transducers and are immune to EM
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2.2. Ultrasound Localization Methods 11

fields. These reasons assuredly imply good prospects for localization of biomedical implants using ul-
trasound waves. Therefore in this work, ultrasound based localization strategies of implantable devices
are studied and a localization strategy is developed. Based on the literature search, a computationally
simple and a fast tracking algorithm is implemented to track a small element of a 2-D CMUT array. The
following sections present this literature review followed by some background information, the tracking
algorithm developed in this work and the experimental results implementing this algorithm.

2.2. Ultrasound Localization Methods

Ultrasound based localization can be broadly classified into two categories: active tracking and passive
tracking [39]. Active tracking involves the use of an ultrasound emitter on the implant. The implant emits
ultrasound waves which are received by the external transducers that can be processed to locate the
origin of these waves i.e. the implant. In passive tracking, the external transducers emit ultrasound
waves that travel towards the implant and gets reflected back (refer Section 2.5). Hence the external
transducers receive an echo instead of a direct ultrasound burst. In order to receive an ultrasound echo,
the reflected waves must travel back in the plane of the transducers and the implant. Active tracking
offers more penetration depth since the waves travel only once in the media. It also does not have the
reflection plane constraint. However from a bio-medical implant perspective, active tracking consumes
considerably more power to drive an active ultrasound emitter, more than 100 yW [41]. Passive tracking
on the other hand utilizes back-scattering. An ultrasound transducer can be embedded inside this
implant to harvest part of the incident energy to its corresponding functions and the rest of the energy,
that is reflected, can be processed for passive tracking. Despite the apparent advantages of ultrasound
in terms of implant size, depth of implantation and compatibility with human tissue, little research has
been performed in ultrasound based localization strategies since its alternatives involving magnetic field
localization and EM wave localization provided good success. Table 2.1 shows a review of ultrasound
based localization strategies found in the literature.

Ultrasound based localization utilizes the physical (wave) properties of the ultrasound waves namely:
speed of sound, wavelength or frequency, time of travel in the media [42], [43]. The following sub sec-
tions describe how these parameters are utilized in the experiments performed in [44]-[50] to locate
the ultrasound emitter/reflector (implant).

2.2.1. Time of Flight(ToF), Time of Arrival(ToA) & Time Difference of Arrival(TDoA)

Consider an ultrasound emitter (implant) situated at x = [z y]” emitting ultrasound bursts and a few
ultrasound transducers acting as external receivers situated around this emitter at x; = [z; y]7, | =
1,2,3....L, L > 3. These ultrasound bursts would reach the receivers at different Times of Arrival (ToA)
denoted by ToA;. Assuming the source started emitting ultrasound bursts at time (¢y)r,4 and the
I*" transducer received the burst at (¢;)7,4, ToA; can be expressed as ToA; = ((t))1oa — (to)Ton)-
Furthermore, the distance equations can be written as follows:

di=x—x|=+(@—2)2+(y—u)2 1=1,2,3...L (2.1)
Since speed and distance are related as follows:

C- TOA1 d1
C- TOA2 d2
d . . )
Todr =% =5 c.Tot = dy = |x— x| => |¢ 7043 = | (2.2)
C . .
c-ToAr dr,
When measurement errors are also considered during computation:
c¢-ToA; dy NToA 1 ¢ ((t1)Toa — (to)T0a) V(e —1)%+ (y — y1)? NToA 1
c-ToA; dy NToA 2 ¢ ((t2)10a — (to)T0A) Ve —22)2+ (y — y2)? NToA,2
c-ToAs| _ |ds 4| MTeas | _ |e ((ts)Toa — (to)Toa) | _ | /(x —x3)? + (y — y3)? 4| Toas
c-ToAL dr| |nroa,L ¢ ((t)roa — (to)Toa) Vi —2)2+ (y —y)? NToA,L
(2.3)
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2.2. Ultrasound Localization Methods 13

where d; = distance between the ultrasound emitter and [*" receiver, ToA; = measured ToA for *"
receiver, ¢ = speed of sound in media and ny,4,; = measurement errors for ToA.
In the case of passive tracking, the external transducers emit ultrasound bursts. These bursts reflect
off of the implant and reach the receivers once again at different Times of Flight denoted by ToF;.
Assuming all the transducers started emitting the bursts at (¢y)r,r and It" transducer received the
reflected burst at (¢;)r.r, ToF; can be expressed as ToF; = (t;)ror — (to)Tor. The distance equations
can now be written as follows:

C- TOFl dl
C- TOF2 d2
d . .
ToF=2-% =5 ¢ ToF =2.di=2-[x—x)| => | ¢ 10T | —o. | (2.4)
¢
C:- TOFL dL
c-ToFy dy NToF,1 ¢ ((t1)ror — (to)Tor) Vi =1+ (y — y1)? NToF,1
c-TokFy ds NToF,2 ¢ ((t2)ror — (to)ToF) V(@ —12)2+ (y — y2)2 NToF,2
c-ToFs| _ 9. ds 4| nrers | o | ((ts)ror — (to)Tor) | _ 9. V(e —23)2 + (y — y3)2 4 | "o
c-ToFy, dr, NToF,L ¢ ((t)ror — (to)Tor) Ve —x)2+ (y—y)? NToF,L

(2.5)
where ToF, = measured ToF for [t receiver and nror,; = Measurement errors for ToF.
In order to measure ToAs, synchronization between emitters and receivers is neededi.e. (t,)7r,4 should
be known. Similarly, in order to measure accurate ToFs, synchronization between each receiver is
required i.e. (t,)7,r should be known. Since this arrangement cannot always be fulfilled, the difference
in the times of arrival (TDoA) between different receivers can be utilized to compute the object’s location.
Assuming the source started emitting at time: (¢o)rp,4 and Ith receiver received the reflected burst at
(t1)Tpoa, TDoA)l with respect to the first receiver can now be calculated as: TDoA; = ((t;))Tpoa —
(to)TDoa) — ((t1)TDoa — (to)TDoa) = ((t1)TDoa — (t1)TD0a)- The distance equations can now be written
as:

dp=d—di=\(r—w)?+y-y)? — Ve—21)?+{y-yn)? 1=234.L (2.6)

C- TDOA2 d271
C - TDOA3 d371
d .
TDoA;, = bl => ¢-TDoA, = dl,l = |X — Xl| — ‘X — Xl‘ => ¢+ TDoAy = d4’1 (27)
c . .
c-TDoAp dr1
c¢-TDoA, do 1 NTDoA,2
c¢-TDoAs d3 1 NTDoA,3
c¢-TDoA, _ dy 4 |"TDoA (2.8)
c¢-TDoAp, dr NTDoA,L
C: EEE?;TDOA : E?;TDOAg V@ =222+ (y—12)? — V(@—21)2+ (y — y1)? NTDoA,2
oo~ (rooa) Vo a P (y= — Ve e =P | | nrooas
— . _ VE—z)?+ @y —w)? — V@ —21)2+ (y —1n)? 4+ | *TDoAA
L ¢ (tl)TDo.A._ (t1)TDoa | Vi =22+ —-u)? - V@—21)+ (y—y)? NTDoA,L

(2.9)
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where T DoA; = measured TDoA for [*" receiver and nTpoA, = Measurement errors for TDoA.

Equations 2.3, 2.5 & 2.9 show a nonlinear relationship between the location of the implant (x =
[z y]T) and the corresponding measurable time instants ¢;. The measurement noise (n) includes in-
homogeneity in the medium, offsets in the measuring devices and also in-accuracy in the measur-
ing techniques. These equations can be solved for x using linear approaches (Linear Least Squares
(LLS), Maximum Likelihood estimators(ML)) or non-linear approaches (Non-Linear Least Square (NLS),
Weighted Linear Least Squares (WLLS)) [43].

In [44], three channels of an external ultrasound probe is used to generate ultrasound bursts that
travel towards and reflect back from a piezo element (implant). The received signals at these three
channels are cross-correlated with a reference channel to measure TDoAs. The distance equations are
formulated. A cost function is defined based on measured ToAs, the position of the individual elements
of the external probe and the unknown location of the implant. An iterative steepest descent algorithm
is used to minimize this cost function in order to increase the accuracy of the implant location i.e. non-
linear optimization of the distance equations is performed. In [46], an ultrasound emitter is placed inside
a glycerin medium surrounded by a water medium. Three receivers are placed in this water medium.
ToFs are measured using cross-correlation between the emitted burst signal and the received burst
signal. These ToFs along with the speed of the ultrasound are used to derive an expression for the
shape of the wavefront produced by the ultrasound emitter. The propagation path of the ultrasound
wavefront is divided into finite elements. The expression for the shape of the wavefront is then derived
by connecting all the elements with the same pressure amplitude. By the principle of reciprocity [52], the
receivers would also produce the identical wavefront when driven as emitters. Accordingly, the emitter
location is estimated as the intersection of the three wavefronts produced by the three receivers.

2.2.2. Beam-forming methods

Delay-Sum Beamforming (DSB)

Consider four ultrasound transducers (receivers) placed in front of two ultrasound emitters: source 1
and source 2 as shown in Fig 2.1. The burst received by the four transducers from source 1 is shown
in red (denoted by f11(X,t), f1,2(X,t), f1,3(X,t), f1,4(X,t)) and burst received from source 2 (denoted
by fo.1(X,%), fa2(X,%), f23(X,t), f2.4(X,t)) is shown in blue. Each of the four receivers captures these
ultrasound burst signals at different instants of time i.e. the received signals have different time delays
with respect to each other (Step 1). The delays associated with the ultrasound burst originating from
source 1 are denoted by A4, Ay, Az, A4. When these delays associated with source 1 are added to the
original signals from both source 1 and source 2, it can be seen that the delayed signals from source
1 are now in phase with each other. On the other hand, the delayed signals received from source 2
are further out of phase with each other (Step 2). Moving further, these delayed signals are multiplied
with a certain weight (gain) and summed to generate a single signal component. It can be seen that
the delayed and summed signal from source 1 has a greater amplitude than that of source 2 (Step
3). This signal is further normalized to generate the signal fzr(X,t), which is defined by the following
equations:

fl(x,t) =wl - fl_’l(x,t-l- Al) + w2 - flyg(x,t + Ag) + wl - f1’3(x,t —+ A3) + wl - f174(x,t + A4) (210)

fa(X,t) = wl- fo1(X,t+ Ay) +w2- foo(X,t 4+ Ag) +wl- foz(X,t 4+ Az) +wl- fou(X,t+Ay) (2.11)

fl(xvt) + f2(x7t)
Jor(x,t) = 7
where wl, w2, w3, w4 are the weights/gain of the four transducers; A, A,, Az, Ay are the delays
associated with the burst signal received by the four transducers; and M is the sum of the weights
used to normalize the delayed and summed signal.

Since this set of delays (A4, Az, A3, Ay) is generated from the burst corresponding to source 1, the
receiver’s sensitivity is maximized to the burst propagating in this direction [53]. By adjusting this set
of delays, the receiver’s sensitivity can be increased in a particular direction. This principle is used in
ultrasound imaging [54]. By continuously adjusting the delay set, the receiver’s sensitivity is changed
to sense ultrasound bursts in a particular direction each time. By sensing in a particular direction every
time, a Region of Interest (Rol) can be scanned. In the presence of an ultrasound emitter or a specular
reflector [55], the processed delayed and summed signal shows a high amplitude, as shown in Fig 2.1
(Step 4). Upon scanning the Rol, every focused point is represented by the amplitude of this delayed

(2.12)
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Figure 2.1: Delay and Sum beamforming [56]. Step 1 - signal reception, Step 2 - delay estimation, Step 3 - Summation of the
delayed signals, Step 4 - Normalizing of the summed signal.

and summed signal. Hence a contrast image is generated which shows these reflectors/emitters with
a bright light. This is called B-mode image [22].

Delay-Variance Beamforming (DVB)

Since conventional ultrasound imaging has limits when it comes to distinguishing small implants from
larger specular reflectors, further image processing is required in order to track implants using ultra-
sound imaging. One of the ways to improve this further processing can be achieved by implementing
Delay Variance Beamforming [53]. As shown in figure 2.1, the weights (w1, w2, w3, wy) are fixed in
Delay-Sum Beamforming. These weights can be adjusted for every burst signal such that the variance
of the output signal fzr(x,t) is minimized [53]. The variance (0% .) is given by:

S Sk (fRr(t) — far(t))?
8

0% o (W, wa, w3, wy) = (2.13)

By solving Equation 2.13 for wq, ws, ws, wy such that U%F is minimum, it is possible to find the set
of weights which does not distort the sensitivity in the desired direction while suppressing the impact
from the signals originating from other directions [53].

In [47], the position and orientation of a metallic needle are detected from B-mode images that
are further processed. The metallic needle is surrounded by a foam phantom and a conventional ul-
trasound probe is used for image acquisition. This desired further processing is achieved by using
Delay-Variance Beamforming and tuning the parameters of a Frangi multiscale vesselness filter. Com-
bining these two methods drastically increased the contrast in the B-mode image such that the needle
is distinguishable from its surroundings. Consequently, the position and the orientation of a metallic
needle are ascertained along with real-time tracking of the needle movement. Although the position
and the orientation are detected accurately, the tuning of the filter is position and angle dependent. Ev-
ery time there is a change in the orientation or the position of the needle, new parameters are needed
to be tuned visually. The orientation detection is again dependent on the size of the aperture and the
distance between the metallic needle and the probe [47].

Time/Phase Reversal

Imagine a phased array of ultrasound transducers (Fig 2.2). Focusing of ultrasound waves using this
array is performed by providing time delays to each element of the array. These individual time delays
bear a relationship with each other as shown below [57]:
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d F nd nd
—n-—.si . -~ . (1- 2 9. g
At, =n p sin(0) +to; Aty p (1 \/[1 + ( = )32 -2 = sin(0)]) + to (2.14)
Here, At, is the delay for nt" element, c is the speed of ultrasound waves, F is the focus depth,
d is the distance between two consecutive elements, 6 is the steering angle and ¢, is the offset delay
to make sure At, is positive. The first equation shows a linear relationship and the second equation
shows a 2" order (elliptical) relationship between individual time delays i.e. between At,, & n.

Transmit steer Transmit focus
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Figure 2.2: Beam steering and focusing using a phased array of ultrasound emitters [57].

Figure 2.2 demonstrates how delays applied to individual elements can steer the ultrasound beam
and focus it at the desired point. It can be seen that when the delays are linearly varied, a plane wave
is generated in the desired direction. When the delays are varied in an elliptical fashion the ultrasound
beam gets focused on a single point. This is due to the constructive interference of the individual wave-
fronts i.e. the maxima of each wave-front get added together to produce a much larger intensity at this
point.

By the principle of reciprocity [52], when a phased array of ultrasound transducers receive ultra-
sound waves from a point source or in the form of a plane wave, each element of the array, senses this
beam at different instants in time, identical to the elliptical or linear fashion of delays respectively (as
mentioned previously). Thus as long as the delays associated with the received ultrasound waves are
known, the location of the source can be estimated. If the measured delays bear a linear relationship,
then the target is relatively big and located in the direction of 6. If the delays bear an elliptical relation-
ship, then the waves come from a very small source located at distance F' (focus depth) in the direction
of 0 (focus steer).

Time/phase reversal utilizes this principle of reciprocity to locate the bio-medical implant. Time
reversal involves simply inverting the measured time delays and applying them to the individual trans-
ducers. Phase reversal, very similar to time reversal, involves measuring the delay difference between
one transducer element and a reference element on this phased array. This delay is again inverted
and applied to the elements with a delay of zero to the reference element. After applying the above
mentioned inverted delays to each element, the phased array now focuses the ultrasound waves on
the object from which the waves were originally generated, hence locating the object [51]. Figure 2.3
illustrates how Time Reversal Beamforming can be implemented in three steps. Initial powering of the
implant provides the power required to produce an ultrasound ’ping’ which is received by the phased
array. After receiving this 'ping’ the delays are reversed and applied to the individual elements of the
phased array to focus the ultrasound beam on the implant. This principle primarily depends only on the
accuracy of measured delays. Hence it can be utilized to develop robust and simple tracking methods.

In [50], an experimental setup is used to power a 0.8 mm piezo cube (implant) using a custom made
2-D phased ultrasound array. Both the array and the implant are submerged in the canola oil which
mimics the acoustic properties of the tissue. Using Time and Phase Reversal beamforming, the custom
ultrasound array is able to focus on the sub-mm? piezo element, thus harvesting the power equal to that
achieved during the simulation of the setup. Time/Phase Reversal Beamforming is also compared with
Delay-Sum beamforming in this work and it is concluded that the former method shows around 20%
more efficiency in powering the piezo element, in other words more accurately locating and focusing
ultrasound beam on the small sized implant
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Figure 2.3: lllustration of Time Reversal Beamforming [50].

2.3. Inference from the review

As stated earlier, passive tracking is beneficial from a biomedical perspective. In this regard, the pas-
sive tracking methods discussed above utilize the principle of triangulation with the use of 3 or more
receivers. The above mentioned time/phase reversal can be slightly modified to implement a passive
tracking method that does not require this spatial positioning of receivers. This involves the use of
a phased array (probe) to generate ultrasound waves which first travel from the phased array to the
implant and gets reflected back to the array. The delays associated with the reflected waves from the
object are measured at the array’s end to ascertain the implant’s location. Furthermore, the time/phase
reversal method offers:

1. Robust tracking: as the method primarily depends only on the measurement accuracy of the
delay. An accurate wave-front delay measuring system can robustly track the implant.

2. Computational simplicity: After measuring the delays, no linear equation solving is required in con-
trast to the other passive tracking methods. Inverting the delays requires very small computation
power. Hence a simpler algorithm and a less complicated hardware can be built for tracking.

3. Inherent immunity from tissue in-homogeneity and scattering [51]: The tissue spread across the
whole human body is not homogeneous in its composition. This implies ultrasound wave speed
changes during its time of flight along with uneven scattering of ultrasound bursts. Since both of
these effects are already accounted in the measured delays, time/phase reversal method is not
influenced by these factors.

With such benefits associated with time/phase reversal technique, it is chosen as the tracking princi-
ple for this work. Further improvement to this principle is also performed, which is discussed in the later
Sections (Section 2.8) of the report. The tracking algorithm that is developed in this work is an exten-
sion of the research work previously performed in Philips Research, Eindhoven - [21], [23], [58]. The
highlights of the previous work are the experimental setup, up-link telemetry protocol and a heat map.
These topics are discussed further in the report along with the tracking algorithm and the experimental
results obtained.

2.4. Experimental Setup

The key components of the setup are: L7-4 Philips ultrasound probe, CMUTs mounted on a PCB,
tissue phantom and up-link telemetry circuit (Fig. 2.4). The probe consists of 128 channels of PZT
elements capable of producing ultrasound waves from 4 MHz to 7 MHz. This probe is placed on a
linear translatory stage which is controlled by Newport ESP300 universal motion controller. The probe
is moved towards or away from the CMUTs using this stage. The 2-D array of pre-charged collapsed
mode CMUTs as mentioned in section 1.2.1 is used as a receiver for the ultrasound waves generated
from the probe. The CMUTs are mounted on a PCB with connectors to measure the output voltage
signal recorded by the CMUTs. This PCB is positioned on a rotational stage controlled by an ESP300
motion controller. This allows to orient the CMUT array either with an angle or parallel to the face of the
probe. The CMUT array and the probe must face each other parallelly in order to harvest the highest
amount of transmitted ultrasound power [21]. Both the linear and rotary stages have micro-manipulators
that displace the CMUT PCB or the probe in the order of tens of micrometers to help with the alignment.
The phantom is made of candle gel (95% paraffin oil and 5% organic constituents), which mimics the
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Figure 2.4: Experimental setup

characteristics (sound speed and attenuation[21]) of human tissue. Ultrasound waves are generated
by the ultrasound probe. They travel through the phantom and reach the CMUT array.

2.5. Reflection Coefficient and Back-scattering

Acoustic waves get reflected and partially transmitted when they encounter a change in medium. The
fraction of energy reflected and transmitted through, are given as follows [19]:
PR Z2— 71 pT 2.7y
R pr L1+ 72 pr 21+ Za (2.19)
where the acoustic waves are traveling from medium 1 to medium 2. pg, pr & p; are the reflected,
transmitted and incident pressures. Z; and Z, are the acoustic impedances of mediums 1 and 2.
Initial telemetry involves communicating a desired parameter of the implant to the outside world.
Ultrasound bursts are sent toward the implant. The reflection coefficient changes proportional to this
desired parameter. These variations in the reflection coefficient of the receiver change the amount
of reflected energy and that can be measured back at the source. This change is then detected and
decoded to obtain the desired parameter. This is the principle of backscattering and is shown in Fig.
2.5. In this work, this change in the reflection coefficient is caused by modulating a load connected to
the CMUT. When the switch is open, the CMUT is connected to an optimal load, and it harvests most
of the incoming ultrasound energy with a small amount of it being reflected back. When the switch
is closed, the CMUT is no longer connected to an optimal load, hence most of the incident energy is
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Figure 2.5: Principle of Back-scattering.

reflected back and less is harvested.

2.6. Load Impedance Modulation & Initial Telemetry

The encoding of the desired parameter is done by controlling the switch S (see Fig. 2.6). This is called
load impedance modulation. This figure shows the schematic representation of the initial telemetry
circuit. For the initial telemetry, the voltage of a storage capacitor is selected as the desired parameter to
communicate. A circuit was previously developed at Philips Research, Eindhoven [23] which transmits
the level of the storage capacitor voltage every 2 msec.

Rectifier
Matching " Envelope
= Inductorg Rectifier
oM LFr Detector

Storage
NS Capacitor

Figure 2.6: Schematic diagram of initial telemetry circuit.
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The probe connected to the Verasonics system is programmed to generate 24-cycle 4 MHz sinusoidal
acoustic waves, with a pulse repetition frequency of 1 kHz. The important components of this circuit are:
the matching inductor, envelope detector, delay element and the NMOS. The matching inductor is used
for compensating the CMUT'’s capacitive impedance (Sec 1.2.2). The CMUT transduces these acoustic
waves into electrical signals. After rectifying the waves, the envelope of the burst is detected by the
envelope detector. The envelope is delayed with a delay (by the delay element) directly proportional
to the voltage level of the storage capacitor (Vc) i.e. the desired parameter. The logic block drives
the NMOS switch in such a way that it shorts the CMUTs for the amount of time equal to the delay
(produced by the delay block) for every second burst. Hence the switch S is controlled by V¢ which
either opens or shorts the CMUT. This is how load impedance modulation is achieved (please refer [23]
for further information).

Figure 2.7 illustrates the PWM protocol which uses back-scattering and load impedance modulation
to transmit the voltage level of the storage capacitor from the CMUT to the outside world (Verasonics
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Figure 2.7: PWM protocol based on load impedance modulation and back-scattering (courtesy .Subramaniam)

system). The protocol starts with the probe generating the 24-cycle burst. After one ToA, the acoustic
waves reach the CMUT device, and the storage capacitor is charged. The rest of the energy is reflected
back and it is detected by the probe after two ToAs. For the second burst, after one ToA, the switch
is closed and the CMUT gets shorted for a duration proportional to the voltage level of the storage
capacitor (see fig 2.7). When the CMUT gets shorted, most of the incoming energy is reflected back
and it can be detected at the probe side, after 2 ToAs. At the Verasonics end, the modulated and
the un-modulated waves are subtracted from each other and the width of the difference contains the
encoded value of the storage capacitor voltage level.

Figure 2.8: Initial (up-link data) telemetry circuit [23].

2.7. Heat Map

The PWM protocol used in the initial telemetry circuit provides information of the voltage level of the
storage capacitor in an implant. The storage capacitor gets charged when sufficient acoustic energy
reaches the CMUT surface. Without the convenience of focusing of acoustic beams (similar to RF
power transfer), power transfer would require very high input power (electrical/acoustic). Hence the
challenge is to focus the ultrasound beams on the CMUT, whose size is in order of several mm?.

In [23], the above mentioned initial telemetry circuit (see Fig. 2.8) is utilized to generate a heat map
that displays the voltage level of the storage capacitor when the ultrasound beams are focused at each
coordinate point in the map. Figure 2.9 shows the coordinate system used in the heat map. The red
rectangle in the figure is the Region of Interest (Rol). The focusing of the ultrasound beam starts at
(v,2z) = (-2 mm,80 mm) i.e. left bottom corner of Rol. The scan progresses by increasing the depth (z)
and reducing the x to cover the whole system with the last point being (y,z) = (+2 mm,150 mm) i.e. the
right top corner.
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Figure 2.9: Coordinate system representing the probe and CMUT PCB placement [23].

Figure 2.10 shows the two consecutive bursts of which one burst is modulated (Fig. 2.10b). The
storage capacitor starts storing energy when the ultrasound beam reaches the CMUTs. When the
focused coordinate point is near the CMUT region then we see a longer modulated pulse width. Hence,
this modulated width of the second pulse varies for each coordinate point. As discussed in Section 2.6,
this pulse width is directly related to the voltage level of the storage capacitor. The heat map (Fig. 2.11)
plots this pulse width corresponding to each coordinate point.
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(a) Voltage level measured at CMUT (unmodulated signal) [23]. (b) Voltage level measured at CMUT (modulated signal) [23].

Figure 2.10: CMUT voltage levels.

In previous research [21], it was observed that maximum power is transferred when the ultrasound
beam incidents the CMUT almost perpendicular to its surface. Following this, the CMUT is placed in
front of the probe center. The heat map (Fig. 2.11) also follows this observation, as it can be seen
that the maximum power transfer coordinate or the hot-spot is (y,z) = (0.07 mm, 100.74 mm) i.e. the
ultrasound beam is made to incident perpendicular to the CMUT surface. The -3dB width (half-power
beam width) was observed to be 1.05 mm in the y direction and 8mm in the z direction i.e. the yellow
region in the figure. It is therefore essential that the ultrasound beam is focused only in this region to
ensure maximum power transfer. The hot-spot (intersection of (a) & (b) lines) and the half power beam
width is found by scanning the whole region around the CMUT.
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Figure 2.11: Heat map displaying the pulse width of the received ultrasound burst upon focusing the bursts at all points of
coordinate-system [23]. Lines (a) & (b) intersect at the coordinate point enabling maximum power transfer.

The above mentioned hot-spot is tracked by scanning the whole coordinate system. The total
scanning time for the whole coordinate system is more than 3 minutes, which also implies that the hot-
spot can only be tracked every 3 minutes. Additionally, the setup does not move in space and hence
heat map is always valid. However, it may happen that during the scanning, the device may move if
it is present inside a human body. Assuming that the implant is near the chest surface of a human
body, the implant can movements can range between 4 to 12 mm with a frequency of 0.2—-0.34 Hz
(12—20 breaths per minute) due the lung movement during breathing. Additionally, the implant position
can be affected by the weaker vibrations of the heart ranging from 0.2—0.5 mm and a frequency range
of 1-1.34 Hz (60-80 beats per minute) [59], [60]. Although the dimensions of the movement and the
frequency appear small, it shows a drastic change in the power transfer efficiency when the implant is
afew mm? in size. The lateral dimension of the hot-spot region shown in Fig 2.11 is also the beamwidth
of the ultrasound probe focusing on the implant. This beamwidth is evidently only a few mm wide. As
mentioned in Section 1.1, previous research has shown that the power received by the implants can
reduce by 70 % when there is 0.5° shift in the focused ultrasound beam i.e. about a 1 mm shift from
the implant’s location in the lateral direction of the beam’s axis [21]. Therefore any small breathing or
heart movements can move the implant very far from the focus region of the ultrasound probe. This
would ultimately shift the maximum power transfer point and render the scan not valid. It is therefore
required to change the focus point of the ultrasound probe when there is a small movement. Scanning
the Rol to track the hot-spot is arduous and can fail at times when there is frequent movement in the
human body. Alternatively, the time/phase reversal method offers a faster and more direct approach
that can track the implant when there is a constant change in the position of the implant.

With Section 2.2.2 in the back of the mind, the reflected burst in the back-scattering principle arrives
at the 128 channels of the probe, at different instants of time i.e. each channel has a delay with respect
to the other. With the initial telemetry circuit in place, both the modulated and un-modulated signals
arrive at the 128 channels at different instants in time. These delays can be reversed to focus back on
the reflected surface.

There are three reflecting surfaces transmitting back these bursts: 1. PCB holding the CMUT, 2.
non-modulating CMUT drums region and 3. the modulating CMUT drums region which is connected
to the initial telemetry circuit (also the desired region in tracking). It is therefore important to ascertain
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whether or not the reflected bursts are being received after reflecting at the region of the modulating
drums or not. The modulated width is obtained by subtracting successive un-modulated and modulated
signals (see Fig. 2.7). This modulated width cannot be obtained when the bursts are reflected at either
the PCB or the non-modulating CMUT drums region. Furthermore, these modulated widths, very similar
to reflected bursts in back-scattering, arrive at the 128 channels of the probe at different time instants.
Hence by measuring and reversing the delays associated with these modulated widths, it would be
possible to make the channels of the probe focus the ultrasound beam on the modulating CMUT drums
region.

2.8. Tracking Algorithm

The tracking algorithm developed in this work involves the time/phase reversal method along with load
modulation and back-scattering. Back-scattering and load modulation add a passive tracking trait to
this method. First, ultrasound bursts generated at the probe travel toward the CMUT array. The CMUT
array reflects back these bursts towards the probe, eliminating the need to actively drive the CMUTs in
transmitting mode i.e. back-scattering. The CMUTs will now modulate the width of every second burst
as discussed in the previous sections i.e. load modulation. The delays associated with the modulated
widths originate from the modulating CMUT region and are received by the 128 channels of the probe,
giving information about the modulating CMUT region (refer Section 2.2.2). These delays are then
reversed and the ultrasound beam will directly focus on the modulating CMUT region.

To start with the tracking, a region of interest must be defined. In this work, this region of interest
is called the coordinate system. The coordinate system can be obtained using B-mode imaging. A B-
mode image looks very similar to a negative of a photograph. The bright region in the image represents
the intensities of the ultrasound reflections from surfaces where there is a sudden change in the acoustic
impedance [22]. Ultrasound waves get reflected at surfaces where there is a mismatch in the acoustic
impedance, as discussed in Section 2.5. Such surfaces are formed due to the presence of organs or
other objects like biomedical implants. Effectively the B-mode image shows an approximate region of
the implant surrounded by the internal organs i.e. the coordinate system we require. Simultaneously,
the probe can be brought into the plane of the implant to enable the focusing of the ultrasound beam
on the CMUTs.

Initially, the boundaries of the coordinate system (as shown in Fig. 2.9) and the ultrasound burst
parameters: burst frequency, pulse repetition frequency, burst amplitude and the number of cycles
in each ultrasound burst, are defined. The scanning of the coordinate system starts from the first
coordinate point. Two ultrasound bursts are sent to the focus point to check for pulse width modulation
in the reflected bursts. In case no modulation is observed, the bursts are focused on the next point
in the system. In case load modulation is observed, the delays associated with the modulated pulse
widths seen by all 128 channels are measured. These delays are measured using a cross-correlation
technique (in MATLAB) [61].

Ryy(1) = / x(t) - y*(t — 7)dt (2.16)

Cross-correlation of two signals (z(t), y(t)) gives a measure of the similarity between the signals,
as its output (R, (7)). The output of cross-correlation is a function of 7. Considering the delay between
the two signals equal to zero, in case the two signals are very similar, the integral (R,,) sums up to a
high value and in case there is no similarity, the integral sums up to a very low value, both at 7 = 0. It
is considered that the two signals are very similar as we are sending bursts with the same parameters
every time. Accordingly, we will find a high value (peak) in the (R., (7)) function at 7 = delay between
the two signals. Finding the location of this peak gives us the delay i.e. the output of cross-correlation
of two signals gives the delay between the signals as its output.

The delay of each modulated pulse width is measured with respect to a reference channel (reference
modulated pulse width)i.e. the phase reversal technique is implemented. Often these measured delays
have rather big errors. This is highly undesirable. Ideally, the time delays associated with each channel
must follow a 2" order relationship (as discussed in Section 2.2.2) in order to focus at a single point.
Accordingly, this knowledge can be used to utilize the measured delays even in the presence of error.
Curve-fitting or 2" order regression analysis can be used to derive a relationship similar to eq. 2.14)
using these delays. This relation in turn produces the delays required for the channels to focus at a
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Figure 2.12: Tracking Algorithm.

single point since they follow a 2" order relationship. Using the same derived relationship, the error
percentage in the measured delays can be estimated. The estimated delays and the error percentage
in the measured delays are further discussed in Section 2.9.

In case the error percentage is high (more than 8% when compared with the derived relationship),
the measured delays are discarded and the focus point is shifted to the next coordinate point to measure
modulation once again. In case the error percentage is low (less than 8%), the estimated delays are
inverted and fed as inputs to each channel of the probe. This focuses the ultrasound bursts at the
active CMUT region. Figure 2.12 illustrates the above discussion in the form of a flowchart.
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2.9. Experimental Results & Discussion

Figure 2.13 shows a pictorial illustration of the coordinate system considered for the experiment. The
origin is at the center of the probe and the region of interest (Rol) extends from 70mm to 110mm in +z
direction (focus depth) and from —2mm to 2mm in x direction (focus steer). Scanning is made to start
at (z,z) = (—2mm, 70mm) i.e. bottom left corner. This starting point is to compare how quickly the
tracking algorithm can reach the hot-spot.

First, the rigorous way of scanning the whole coordinate system to find the hot-spot is performed.
Figure 2.14a shows the heat map (in [23]) that is reconstructed for the new coordinate system. Once
again lines (a) and (b) intersect at the hot-spot, which is situated at (x, z) = (0mm, 87.78mm). Next,
the tracking algorithm is implemented with the same starting point and scanning path (previously
mentioned in section 2.7). Figure 2.14b shows the hot-spot (red dot) tracked by the algorithm at
(z,z) = (—0.069mm, 86.55mm). The modulation is first observed near the first coordinate point ((z, z) =
(0mm, 87.78mm)), also seen in the heat map (Fig. 2.14a). At (z, z) = (—1.72mm, 75.51mm) i.e. almost
bottom-left corner, the measured modulated delays were seen to contain a low error percentage. Fol-
lowing this, the estimated delays were inverted and fed to the probe. The focus point, immediately
shifted from (x, z) = (—1.72mm, 75.51mm) (blue-dot) to (z, z) = (—0.069mm, 86.55mm) (red-dot).

Figure 2.15 shows the voltage level measured at CMUT at the hot-spot. The figure shows two
consecutive burstsi.e. the first un-modulated and its consecutive modulated burst. Figure 2.16a shows
the recorded phases of each channel at the coordinate point (z,z) = (—1.72mm, 75.51mm). The
blue dots in the figure represent the delays measured using cross-correlation. It can be seen that the
measured delays contain some errors, which are highlighted in the figure. These errors were observed
to be random and affect all the channels. The following reasons are held accountable for these errors
based on some debugging:

1. The processing time of the verasonics software sequencer (Section 1.2.4). In order to maintain
a particular Pulse Repetition Frequency (PRF) (of 500 Hz in this case), the hardware and the
software sequencer are not run in sync with each other. The hardware sequencer often per-
forms transmission and acquisition events quite quickly. Whereas delay measurements for 128
channels and 2" order curve fitting performed by the software sequencer are time consuming.
Therefore at high PRF (> 1 kHz) the hardware acquisition and DMA transfer of the recorded data
is faster than the software sequencer’s processor. At high PRFs, it is observed that often the soft-
ware sequencer is computing on the data acquired from two different focus points since multiple
channels data is seen to be drastically out of phase as seen in Appendix A. Lowering the PRF
below 1 kHz has been seen to be beneficial as the hardware sequencer is now much slower.

2. The recording electronics of the verasonics contain a Time Gain Control (TGC) amplifier and a 14-
bit ADC. The maximum sampling frequency that could be achieved using the verasonics system
is four times the burst frequency. This implies the reflected burst seen by the probe contains 4
samples of the signal amplitude for every wavelength. It is observed that the peaks of the burst
waveform are commonly missed during the sampling. These missed peaks result in the shift of
the location of the maximum cross-correlation discussed in Section 2.8. This shift is about a few
wavelengths, hence the error in the delay measurements.

3. Non-uniform acoustic coupling between the probe and gel-phantom adds further arbitrary delays
to the wave-fronts seen by each channel. It is observed that when the coupling gel contained
air bubbles the delay measurement are often erroneous which could have been caused due to
diffraction caused by these bubbles.

A typical delay pattern (generated by the verasonics system, Fig. 2.16b) can be seen to follow a
second order relation (an elliptical pattern) between the delay and channel number very similar to eq.
2.14. For focusing of ultrasound bursts at a single point, the verasonics system takes the steering
angle (9) and focus depth (F) as its input and then generates time delays (At,,) for each channel (n!"
element). The measured delays (Fig. 2.16a) follow an elliptical pattern, although with error. Since the
relationship between individual element time delays is already known, this knowledge can be used to
eliminate these errors i.e. further processing the measured data. This is achieved using the weighted
linear least squares method with the measured delays as its inputs. Weighted linear least squares can
be used to derive a curve, a 2" order curve in this case, using the measured delays itself. Considering
this estimated curve as the ideal delay curve, the percentage of error in the measured data can be
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obtained by comparing this 2" order polynomial curve with the measured data. The percentage of error
is then expressed in terms of goodness of fit (gof) [61]. This gof parameter expresses the closeness
between the original data and the estimated curve. If the gof is observed to be greater than 92% (or
the error percentage is less than 8%) then the 2" order curve produced using the measured delays
is inverted and then fed to the probe to focus on the active CMUT region. The contribution of the
erroneous time delay measurement is lowered by reducing the contributing weights of the most deviated
measured delays (with high error) to zero. This effectively eliminates the errors to produce a smooth
2" curve (the red curve in Fig. 2.16a) needed as input to the probe. It should be noted here that
although curve fitting reduces measurement errors, it will also deprive the algorithm of its robustness
against an inhomogeneous propagating medium. An inhomogeneous propagating medium alters the
wavefronts of the US beam since the acoustic impedance is non-uniform. This consequently delays
a few wavefronts of the beam that propagate through the different acoustic impedance regions. The
probe would therefore also observe an irregular pattern in the measured delays. The algorithm would
however use the 2" order curve fitting to invert a 2" order delay pattern that may result in focusing
the US beam away from the actual location of the implant.

Phantom

Probe

Origin (O)

Figure 2.13: New coordinate system with the probe’s center at origin (courtesy Y. Westhoek).

The algorithm requires capturing at least one modulated pulse width to invert the delays. In terms of
speed, if modulation at a coordinate point can be detected with the gof parameter being greater than
92%, the average time spent at this coordinate point for processing, before shifting to the hot-spot is
0.2 s. The average time taken by different processing steps in the algorithm (Fig. 2.12) is presented
as follows:

1. Ultrasound burst’s Time of Flight and DMA transfer from acquisition modules to host PC’s memory:
0.02 s (refer Sec 1.2.4).

Deriving the envelope and computing pulse width: 0.02 s.
Computing delays of 128 channels: 0.08 s.

2" order curve fitting and gof parameter calculation: 0.035 s.
Inverting delays and focusing at the hot-spot: 0.03 s.
Changing the focus to a new coordinate point: 0.035 s.

o0k 0N

Since the response time is low and the accuracy of the tracked hot-spot is high enough, another
experiment is performed where the CMUT is continuously moved at a particular speed inside the Rol to
check if the tracked hot-spot moves in the same way as the CMUT. The following subsection discusses
this experimental setup and the corresponding results.
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(a) Heat map for new coordinate system.

(b) Hot-spot tracked by the algorithm (red color dot).

Figure 2.14: Results: the heat map and hot-spot.
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Figure 2.16: Delays corresponding to each channel of the probe.

Go to ToC



2.9. Experimental Results & Discussion 28

110 35

30

30 100
25

B B

& & 0
20 2 90 b=t

; ; 15

N N
15
10 80 10
5 5
0 70 0

-3 2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
x-axis (mm) x-axis (mm)
(a) Heat Map before moving. (b) Heat Map after moving.

Figure 2.17: Heat maps showing two positions of the CMUT device used to test the tracking algorithm.
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Figure 2.18: The location of the coordinate points tracked by the algorithm (in green colored dots). The erroneous tracked
points highlighted with a red circle.

2.9.1. Tracking a moving CMUT

Consider the experimental setup shown in Figures 2.4 & 2.13. A new heat map is reconstructed with
the CMUT device situated away from the central axis of the probe at around as shown in Fig 2.17a.
This experiment involved moving the CMUT device along the x-axis by a distance of 2 mm to the right
(+ve x-axis). The resulting heat map is shown in Fig 2.17b. Before moving the CMUT from its initial
position, the hot-spot of the CMUT device is tracked using the algorithm. The CMUT device is then
manually moved to its new position in about 4 seconds using the micromanipulators present on the
rotary stage of the setup (refer Sec 2.4). The algorithm was seen to track the new hot-spot as well.
Figure 2.18a and 2.18b show the tracked points before and after the CMUT is moved from its initial
position.

To test the tracking capability when the CMUT array is constantly moving, some changes in the
experimental setup are made. These changes are highlighted in Fig 2.19. Since the experiment should
involve moving CMUTs, the propagating medium is changed to water from gel phantom. This allows
us to move the CMUTs at a desired speed and evaluate the tracking capability of the algorithm. The
CMUTs are immersed inside a water tank (filled with water) that contains a window on the side. This
window is fitted with a PET foil of about 30 pm thickness. The probe is pressed against this sheet
along with some acoustic coupling gel in between the two. This sheet is very thin, in comparison to the
wavelength being used and acts as a propagating medium or the ultrasound while keeping the water
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contained inside the water tank.
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Figure 2.19: Experimental setup to test the tracking capability of the water tank when the CMUT is constantly moving.

The ultrasound waves now propagate in a water medium. A translatory stage is used to move the
CMUT array at a constant speed. Similar to Fig 2.18 the CMUT device is moved between two positions
at constant speed lateral to the central axis of the ultrasound probe. It is observed that at speeds less
than 1.25 mm/sec, the algorithm is able to track lateral movements of the CMUT array. As mentioned
previously, the response time of the algorithm is 0.3 seconds. The major contributor of this time is the
software processing performed in MATLAB (delay computation and curve fitting). At higher moving
speeds of CMUTs, this 0.3 seconds of software processing becomes higher than the time taken by the
CMUTs to reach a new position away from the hot-spot. Consequently, even after tracking the CMUTs,
the CMUTs are outside the hotspot region and the PWM modulation required for tracking will not be
observed. A demonstration of the tracking experiment where the CMUT device is moved between
(z,y) = (—2mm, 120mm) and (z,y) = (+2mm, 120mm) at a speed of 0.5 mm/sec is shown here: [62].
At speeds higher than 1.25 mm/sec, it is observed that the algorithm is often not able to track the CMUT
device. This happens because, at higher speeds, the shift in the CMUT location is much more than
focused beamwidth i.e. the hotspot region in the heat maps (Figures 2.14a,2.17a, 2.17b).

2.10. Conclusion

The Time Reversal beamforming provides robust, efficient and computationally inexpensive means
for tracking small implants (CMUT array in this work). Therefore a quick response tracking algorithm
can be derived using this principle, as is done in this work. The algorithm initially starts searching for
the PWM modulation that acts as the indication for power harvested by the CMUTs. Upon sensing a
modulation it uses Time Reversal beamforming to locate the CMUT array in less than 0.3 seconds. The
achieved accuracy, although good enough, is very dependent on the delay measurement accuracy of
the system. A slight error in the delay measurement is seen to change the focus by a few wavelengths
(mm) of distance away from the actual CMUT location. Therefore curve fitting is used to generate a 2"
order delay pattern to focus on the CMUTs. To test the tracking ability of the algorithm a slight change
in the experimental setup was performed. The propagating medium was changed to water and the
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CMUTs were moved at a constant speed. The tracking algorithm is able to track the CMUTs that move
at a speed of 1.25 mm/s.

This work provides proof of concept for implementing Time Reversal beamforming to locate small
sized deep implants. In addition to locating the implant, the system also focuses an ultrasound beam
on the implanti.e. an ultrasound link will be established between the implant and the external when the
implant is located. This link will always be maintained since the implant is continuously tracked. This
helps in continuously powering the device which can be further used for communication, navigation, etc.
The next chapters present the other half of the thesis in which, this link is further used to communicate
with the implant.
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Ultrasound Communication

3.1. Introduction

Interaction with Implantable Medical Devices (IMDs) allows us to monitor physiological activities and
deal with them appropriately. To mention a few, communication with the IMDs allows us to: :

+ access endoscopic images from the ingestible capsules that are probed deep inside the body
cavity which would also require high data rates [63].

* relay pressure sensor readings to diagnose and treat cardiovascular issues, enuresis, glaucoma,
etc [18].

* Glucose monitoring for closed-loop insulin administration [64].
* record gastric electrical activity to better understand gastric dysrhythmias [65].

» set and tune the output current amplitude, repetition intervals and pulse of Implantable Pulse
Generators that stimulate the vagus nerve for epilepsy treatment [66], [67].

In nearly all the above medical use cases, RF transmission has been the steadfast communication tech-
nology. However, RF transmission suffers from a few disadvantages. High frequency RF transmission
(> 1GHz) that offers high data rate and bandwidth, suffers from significant attenuation of the transmitted
signal (> 10 dB/cm) [17]. RF transmission with carrier frequencies less than 1 GHz implements com-
munication in the near-field region since the wavelengths are in the range of a few centimeters (in the
range of the implant’s location). This brings additional requirements of proper antenna alignment due
to the directional sensitivity of RF receivers in the near-field region to avoid distortion and interference
[68]. Furthermore, wavelengths in the range of cm also require the implant’s antenna to be in the same
range.

Considering ultrasound (US) as an alternative to RF transmission for communication is justified due
to the same reasons as for the power transfer (refer Chapter 1). Although US offers advantages over
RF transmission, there are certain challenges that need to be addressed. Focusing ultrasound beams,
one of the advantages of US power transfer, increases the directional sensitivity of the implant. For an
implant of 1 mm?3 volume, a shift of a few mm in the focus point’s location can significantly reduce the
amplitude of the voltage signal (even by 50%) harvested by the US transducer. This in turn reduces
the SNR of the data signal received by the implant. Diagnostic US sonographic scanners operate in
the frequency range of 2 MHz to 18 MHz [69]. The implants that utilize ultrasound for power transfer
and communication that are found in the literature also use a transmission frequency not greater than
20 MHz. Additionally, US transducers are operated in resonance conditions i.e. in a narrow frequency
band in the range of kHz to MHz. These two reasons imply that the data rate achieved based on the
carrier frequency alone is always a few orders of magnitude lower than what could be achieved using
RF transmission. This calls for the use of complex modulation techniques such as Frequency Division
Multiplexing (FDM), Quadrature Amplitude Modulation (QAM), Quadrature Phase Shift Keying (QPSK),
etc, in order to transmit symbols of multiple bits instead of single bit transmission for greater data
rate [70]. These complex modulation techniques require many power hungry components and circuits
such as Phase Locked Loops (PLLs) for demodulation while the implant receives data. Therefore
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the typical power consumption versus data rate disparity is introduced as another challenge. A good
way to deal with this is implementing non-coherent demodulation for forward telemetry (external world
to the implant) and data encoded passive communication for back telemetry (implant to the external
world). Non-coherent demodulation saves power consumption since the generation of the clock and
maintaining the coherency between the locally generated clock and external carrier pulse is not required.
The use of complex modulation techniques to transmit multiple bits while refraining from generating a
carrier burst (passive modulation) can maintain a good data rate at low power [71].

The objective of this part of the thesis is to develop a communication protocol that implements the
above mentioned non-coherent demodulation and passive modulation. Prior to discussing the protocol
an overview of the implants implementing US based communication is presented while emphasizing
on their communication protocols and data encoding methods, in Section 3.2. Moving further into this
literature review, Section 3.3 introduces the different parts of the circuit designed to perform tracking
and data communication. Section 3.4 discusses the proposed protocol that involves three functions
of the designed circuit namely: tracking, back telemetry and forward telemetry. Section 3.4.2 revisits
the proposed protocol and circuit while describing the link between the circuit parts and the proposed
protocol in a flowchart. Moving further Section 3.5 describes different components used in the circuit
while presenting the simulation results. Following these following results, the experimental results are
discussed in Section 3.6 followed by the chapter conclusion, Section 3.7.

3.2. Overview of US based Implants

Wireless communication involves the transmission of a modulated carrier wave (either analog or digital)
and the type of modulation scheme determines the electronic architecture of the implant. This mod-
ulation is modifying one of the wave parameters namely: amplitude, frequency & phase to represent
the data required to be transferred. Complex modulation schemes modulate more than one of these
parameters at a given time, thereby increasing the data rate. The literature consists of various US
implants and experiments implementing common modulation schemes such as Amplitude modulation
(AM), Amplitude Shift Keying (ASK), Pulse Position Modulation (PPM) etc., and complex symbol mod-
ulation such as Quadrature Amplitude Modulation (QAM), Quadrature Phase Shift Keying (QPSK) that
are used for high data rates. Moving further in the report, the two modulation schemes: ASK & PPM
that served as the inspiration for the communication protocol implemented in this work are discussed.

Amplitude Shift Keying (ASK)

Amplitude Shift Keying involves the transmission of data in the form of a modulated amplitude of a
wave (carrier wave) to represent binary bits: 0’ and ’1.’(Fig 3.1). In [72], a modulated US burst signal
is made to incident on the piezo based US transducer of the implant. This ASK modulated US wave is
demodulated using an amplifier stage followed by an envelope detector and a hysteresis comparator
[73]. The amplifier stage employs a Low Noise Amplifier (LNA) and a Variable Gain Amplifier (VGA)
to boost the amplitude of the electrically converted modulated acoustic signal. The envelope of this
amplified signal is detected and converted into a digital signal using the comparator. This digital signal
represents the binary bits that are intended to be transferred as shown in Figure 3.1).

Envelope

Incident modulated ultrasound burst
(Carrier wave)

Demodaulated data bits

Tperiod

Figure 3.1: Amplitude Shift Keying (ASK) Demodulation. If the envelope level (in red) is greater than Vy, then bit "1’ is
transmitted. If the envelope level is lower than Vy, then bit 0’ is transmitted.

The implant does not involve any typical matching inductor or resistor for operating the piezo element

in resonance. Instead, the variable gain stage with gain varying between 30 dB and 58 dB is designed
to amplify the low amplitude electrical signals (gain of 58 dB) while avoiding saturation of the receiver
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when harvesting higher amplitude electrical signals (gain of 30 dB). This amplifier stage along with
the envelope detector and hysteresis comparator, implemented using CMOS 0.18 ym technology, is
reported to consume a very low power of 184 yW and achieve a data rate of 50 kb/s (kilobits per second)
while using a carrier frequency of 1 MHz. This type of demodulation does not require on-board Phase-
Locked Loops (PLL), Injection Locked Oscillator (ILO) or other forms of digital clock generator circuit for
decoding transmitted bit stream [74]. However, the absence of a clock renders the extracted data bits
purposeless and the maximum data rate is limited to the carrier wave frequency and the time constant
of the envelope detector.

ASK modulation can also be implemented for back-telemetry, as reported in [41]. In this work, back
telemetry and forward telemetry is performed simultaneously by utilizing two piezo transducers on the
same implant. The implant involves a number of units performing: power management, clock recovery,
power amplifier, a frequency generator, a finite state machine and a pseudo random binary sequence
generator as shown in Figure 3.2. One of the two piezo transducers (piezo ’a’) is utilized for power
transfer and forward telemetry. The power management unit, which consists of a charge pump and
storage capacitor, harvests energy from the incident ultrasound burst. The input clock, recovered from
the incident US burst, is up-converted using the frequency generator. The up-converted clock and
the stored power are used to drive the other US transducer (piezo b) using the power amplifier. A
reported data rate of 95 kb/s of data rate at a depth of 8.5 cm is achieved while utilizing a transducer
driving (carrier) frequency of 2.45 MHz, which is recovered and up-converted from an input carrier
frequency of 950 kHz. It is also reported that a minimum of 100 yW of power is required only to drive
the forward telemetry transducer (piezo 'b’) for the above mentioned depth. Driving the transducer at a
higher frequency for a higher data rate and for increased depth would consequently require much more
power. Since the other implant units need to be powered from the same US waves, piezo ’a’ needs
to be primarily used for power transfer with time multiplexing the forward telemetry [65]. This gives
little room for increasing the data rate in the forward direction. Additionally, since the power required to
drive piezo 'b’ for back telemetry, is also extracted from piezo ‘a’, the use of two transducers appears
to be inefficient. As long as the incident and reflected US waves are made to travel in the plane of the
transducers, a single transducer can be utilized to save space and power (refer Section 2.5).
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Figure 3.2: Block diagram representing US based powering and communication system developed in [41].

Pulse Position Modulation (PPM).

Consider the data and clock signals shown in Figure 3.3. This Figure demonstrates the transmission
of a bit stream 1001’ using Pulse Position Modulation (PPM). Bit '1’ is represented by a data pulse
that is delayed by & in the time domain with respect to the clock signal. Bit ’0’ is represented by a data
pulse that has no delay with respect to the clock signal. In other words, the position of the clock pulse
determines the type of data bit that is being transmitted. The position of this delayed pulse with respect
to the clock cycle determines its place value i.e. BO, .., B3 (Bn). In [75], the authors used this principle
to develop what is called Ultrasound Wide Band (UsWB) communication protocol.

UsWB was developed in order to effectively mitigate the scattering and multi-path effect faced by
ultrasound bursts in the human body. Based on acoustic wave propagation equations: the continuity
equation, force equation and equation of state [76], a tissue model for ultrasound propagation was
developed by the authors. This model is used to mimic the characteristics of a human arm that includes
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Figure 3.3: Pulse Position modulation showing two signals: data and clock, implemented in [75]. Bit '1’ is represented by a
pulse with a delay of § between the clock signal and the data signal. Bit ‘0’ is represented by a data pulse with no delay
between the data signal and the clock signal.

skin, fat, muscle and bone. By placing an ultrasound emitter at one of the ends of the arm, a simulation
of wave propagation is performed. It was seen that the reflections made by the change in the medium
added attenuated replicas of the original ultrasound pulses in the time series recorded by a receiver
at a place at the other end of the arm, i.e. multi-path effect. These replicas can cause destructive
interference and attenuate the original US echo. Figure 3.4 depicts this multipath effect seen in intra-
body communication using US devices. Figure 3.4a demonstrates three paths the US waves can travel
to reach the receiver (RX). The change in acoustic impedance due to change in propagating medium
(lungs, bone, intestines, air) causes reflection of these waves and hence creates additional paths for
propagation. These multipath replicas (Fig 3.4c)can be seen to appear as an extension of US burst
transmitted from TX to RX.

(a) (b}

Bone

Intestines/
Gut (gas
(< :
- Tx
i Direct path
| [ Multipath L
e Rx

-

Figure 3.4: (a) Depiction of an intra-body communication between a single US transmitter (TX) and Receiver (RX) (b) Depiction
of the desired direct path. (c) Replicas (multipath) of the original burst (direct path) providing destructive interference [68].

UsWB involves the use of ultrasound pulses with pulse widths (W) (Fig 3.3) that are in the order
of a few hundred nanoseconds. By using such short-lasting pulses the authors managed to isolate
the multi-path effect replicas. Since the pulses had a small width, the delays caused by the scattering
proved to be greater than the pulse widths themselves and hence destructive interference and pulse
overlaps can be avoided. Furthermore, the protocol allows for data rate and power rate adaption by
using a time hopping sequence, wherein data bits are transmitted at different instances of the clock cy-
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cle as shown in Figure 3.3. This time hopping sequence can be utilized to communicate with individual
implants in a network of implants by designating each implant with a specific hopping sequence. When
the external transmitter tries to communicate with a particular implant, the corresponding hopping se-
quence can be utilized to transfer data bits while rendering other implants inactive. Furthermore, this
hopping sequence method allows for flexibility in data rate and power consumption. For low data rate
measurements such as pressure recordings, the data pulses can be placed far apart in time to minimize
power.

Based on this principle, the authors implemented UsWB using an FPGA-based prototype in [64]. A

data rate of 700 kb/s (kilobits per second) at a transmit power of 40 yW and a lower data rate of 70 kb/s
at a transmit power of 8 yW was successfully achieved by the authors. While the protocol allows for
high speed data communication at lower power consumption, it requires coherent detection to compute
the delays (3). It requires time hopping synchronization in order to decode the data bit stream sent to
the particular implant [75]. Furthermore, along with time hopping synchronization, a clock signal is
required to determine the type of data bit ("1’ or '0’) that is being transmitted. It should, however, be
noted that the use of short duration US pulses (UsWB) is able to achieve a high data rate of a few
hundred kb/s while compensating for multi-path effects.
ASK scheme can be implemented using a switch that turns OFF and ON to modulate the amplitude
of a US burst. PPM modulation can be decoded easily with the presence of a clock signal and by
using similar components that are used for ASK demodulation in Figure 3.1. Both the schemes are
able to provide a data rate of a few tens of kb/s to a few hundreds of kb/s making them a good option
for applications involving ECG, EEG & audio signal acquisitions [77]. Owing to their implementation
simplicity, reported low power consumption and good data rates these two schemes are adopted for
data communication in this work. In this section, an overview of US based communication schemes has
been discussed. For a low power US based implant non-coherent demodulation for Forward Telemetry
and passive modulation involving backscattering of US burst for Back Telemetry serves as an optimal
solution (as mentioned in the previous section). Accordingly in this work Amplitude Shift Keying (ASK)
of the back-scattered US burst is used to implement Back Telemetry and a variant of the PPM scheme is
used to implement non-coherent demodulation for Forward Telemetry. The rest of the report discusses
the US protocol formulated in this work along with its proof of concept. This starts with the next section
where an overview of different parts of the circuit developed in this work. The protocol is based on the
ASK and PPM discussed above with slight changes made to adapt to decrease the complexity of the
circuit design.

3.3. Circuit Overview

Figure 3.5 depicts a block diagram of various parts of the circuit that is proposed in this thesis. This
circuit implements both the PWM protocol developed in the previous work [78] and the data communi-
cation protocol formulated in this work. The circuit involves the following parts:

a. Maximum power transfer using external inductor and resistor to operate the CMUT drums in
resonance.

b. The tracking circuit that implements the PWM protocol used in the tracking of the CMUTs.

c. A clock recovery circuit and a counter that is used in the data communication protocol.

d. An amplitude demodulator for extracting data bits from PPM modulated US burst sent from the
verasonics to the CMUTs.

e. A microcontroller unit that acts as the brain of the device and switches between different states
to implement both tracking and data communication (further discussed in Section 3.4).

f. A modulating switch that shorts the CMUTs to modulate the amplitude of the reflected ultrasound
burst, hence implementing ASK for Back telemetry and also PWM protocol as mentioned in Sec-
tion 2.6.

a. Max Power Transfer:

The ultrasound probe transmits bursts of 4 MHz frequency. To harvest maximum energy from the
incident ultrasound bursts the CMUT'’s reactive impedance must be zero and the load resistance must
be equal to that of CMUT’s source’s resistance as discussed in Section 1.2.2).
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Figure 3.5: Block diagram of the proposed circuit.

A matching inductor connected in parallel with the two terminals of the CMUTs compensates its ca-
pacitive impedance. When the capacitive impedance is matched, the reactive impedance seen across
the two terminals of the CMUTs is negligible. Consequently, the amplitude of the voltage, which is har-
vested from the ultrasound burst, across the CMUTs reaches a maximum. The value of this matching
inductor was previously estimated to be 1.845 yH as mentioned in Section 1.2.3. Since this value is
an estimate a small number of other inductors in the range of this estimate are connected in parallel
with the CMUTs and the RMS voltages of the received ultrasound burst are noted to determine the
appropriate matching inductance. Figure 3.6 shows these observation results. It can be seen in the
figure that when an inductor of 3.9 yH is connected across the two terminals of the CMUT, the observed
amplitude of the US burst is maximum. This indicates that the compensated reactive impedance is the
lowest for 3.9 yH and hence 3.9 pH is the appropriate matching inductor.

After compensating the capacitive impedance of the CMUTs, R, (Fig 1.4) needs to be compensated
for maximum power transfer. As mentioned in Section 1.2.3 value of the matching resistor R, would
be slightly different from its estimated value using impedance spectrum analysis. Once again a small
range of resistors, Rjgaq is connected across the CMUTs. The power consumed by this load resistor is
noted down. When this load resistor is equal to the internal resistance of the CMUTs, we observe that
the harvested power is maximum. These observation results are shown in Fig 3.7. Maximum power is
harvested from CMUTs when the load resistance is equal to 300 €.

After connecting 300 ©2 and 3.9 puH across the CMUT terminals, it is now prepared for efficient power
transfer as well as data communication.

b. Tracking:
Figure 3.8 shows the schematic diagram of the circuit implementing the PWM protocol that is used
to track the CMUTs. The circuit design is adopted from previous work with a small change [78]. The
envelope of the rectified ultrasound burst is detected using a common RC envelope detector. This en-
velope of the burst is converted into a digital signal using a comparator with hysteresis (upper threshold
voltage, Vi, = 0.6V and lower threshold voltage, Vy = 0.3V). This digital signal env_clk goes high if the
CMUTs received a US burst, hence indicating the presence of a US burst.

One of the main components of the tracking circuit is the varactor diode that is used to relate the
length of the modulation in the PWM protocol with the amplitude of the incident burst [23]. The capac-
itance of the varactor diode is a function of the reverse bias voltage applied across it. An RC delay

Go to ToC



3.3. Circuit Overview 37

Matching inductor - Vpp vs L

22r X 3.9 i
Y 1.97
2r 5 .
AQ.
Q.
S 18F .
>
o 1671 4
o
8
oS 14rF .
>
X
© 12 1
o)
o
L 1r 1
X
3
o 08 [ 7
0.6 4
04 1 1 1 1 1
2 25 3 35 4 4.5 5
Inductor (xH) (L)
Figure 3.6: Inductance matching for maximum power transfer.
11 Matching Resistor - P vs R
' X 300
Y 1.00467
1k 4
z 09r .
N\
>

o
©
T

Power (mW) (P
o
~

0-4 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000

Resistor (2) (R)

Figure 3.7: Resistor matching for maximum power transfer.

element is used to delay the digital envelope signal env_clk. This delay is made variable by using the
above mentioned varactor diode as the capacitive part of the RC delay element (Fig 3.8).

The US burst is rectified and the energy is stored in a storage capacitor. This storage capacitor is
used to bias the varactor diode. The voltage of the storage capacitor (V) is proportional to the amplitude
of the ultrasound burst. This implies that the capacitance of the varactor diode and hence the delay
produced by the RC delay element is also proportional to the amplitude of the ultrasound burst. This
delayed signal is once again converted into digital using a Schmitt trigger. Hence the signal frack _out
is basically a burst amplitude dependent time delayed envelope signal. This track out is used to turn
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on a switch connected across the CMUTs to modulate the amplitude of the incident ultrasound burst to
implement the PWM protocol discussed in Section 2.6.

Furthermore, a D flip-flop is used in toggling mode to identify even or odd bursts (Fig 3.8). The
inverting output Q is connected to the input D of the flip-flop and the digital envelope env_clk signal is
given as the clock input of the flip-flop. The output q_frack of the flip-flop toggles between high and low
every time there is a rising edge in the env_clk signal. Hence the output of this flip-flop indicates that
the current burst is either an even burst or an odd burst.
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Figure 3.8: Schematic diagram showing the elements implementing the PWM protocol used in the tracking of the CMUTs.

Figure 3.9a shows the burst amplitude dependent time delayed envelope signal. The first burst with
a low amplitude produces a frack_out signal that is delayed by w;, in the time domain. The second burst
with a higher amplitude produces a frack_out signal that is delayed by wy, such that wy, is greater than
W,. Figure 3.9b shows the output of the toggling mode D Flip-Flop used to identify the even/odd burst.
Every odd burst is identified by a low level q_track signal and every even burst is identified by a high
level g_track signal.

c. Clock Recovery and Counter:

The Back Telemetry protocol proposed in this work implements the ASK scheme on the backscattered
US burst (as mentioned in Section 3.2). The ASK scheme requires a reliable clock signal to modulate
the amplitude of the burst signal according to the data bit intended to be transferred (further discussed
in Section 3.4.1 and 3.5). Furthermore, tracking of the CMUTs is achieved by transmitting an ultrasound
burst of 24 cycles. The proposed communication protocol utilizes 128 cycles in a single burst for data
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Figure 3.9: (a) Waveform depicting the output signal track_out. (b) Waveform depicting the output signal q_track.

transfer. The switch between the tracking of the CMUTs and the data transfer is dependent on the
number of cycles present in a single ultrasound burst (further discussed in Sec 3.4). Therefore a clock
signal and a counter are needed.

This clock is generated by using a comparator that is provided with external hysteresis [73]. This
comparator converts the sinusoidal waves into square waves of amplitude equal to V.. Figure 3.10
shows the schematic diagram of the clock recovery circuit. The (relatively) positive terminal of the
CMUTs is connected to the negative input of the comparator. An inverting external hysteresis is applied
by using a feedback resistor. The upper threshold and lower threshold voltages are: Vg, = 0.2 V and
Vy = 0.1 V. These threshold values are selected to ensure a clock is generated even when the CMUTs
are short-circuited for modulation. The output of the comparator is inverted to produce the clock signal.
This clock signal is connected to a 7-bit counter to count the number of sinusoidal waves in the burst.

A 7-bit synchronous positive-edge triggered up-counter is designed using J-K Flip-Flops to count
the number of cycles in the clock signal. The inputs J and K of flip-flops are connected to use flip-flops
as T flip-flops. The output of the envelope detector is connected to the ’clear’ input of the counter to
make sure that the number of cycles is counted only when the CMUTs receive a US burst. This also
resets the counter when no ultrasound burst is received by CMUTs. Figure3.11 shows the schematic
diagram of this counter.

a 7-bit Counter requires 7 Flip-Flops, T Flip-FLops in the case. The clock signal is connected directly
to the clock inputs of all the Flip-Flops to operate the counter synchronously. The counter has 7 outputs
namely: q0, q1, 92, 93, g4, g5 and q6. This counter counts up to 128 cycles and also starts counting
from zero after it has completed counting 128 cycles.

d. Demodulation:

The proposed data communication protocol utilizes a variant of PPM for Forward Telemetry (discussed
further ins Section 3.4.1). An amplitude demodulator is used to convert the modulated burst into pulses
representing data bits and hence decode the information transmitted from the Verasonics to the CMUTs.
Figure 3.12 shows the circuit used to demodulate an amplitude modulated signal. The ultrasound burst
received by the CMUTs is rectified to produce the signal v_demod. An RC low pass filter is used to
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Figure 3.11: 7-bit synchronous positive-edge triggered up-counter is designed using J-K Flip-Flops.

filter out high frequency components in v_demod. The low pass filter produces a signal similar to that
of the envelope of the burst since it allows low only frequency signals. A comparator with hysteresis
(Vih = 0.6V and Vy = 0.4V) is used to convert this filtered signal into a digital signal i.e. into pulses
representing the data bits. The demod signal is high when no burst is received by the CMUTs and is
low when the CMUTs receive a burst.

e & f. Microcontroller Unit & Modulating Switch:

The digital signals generated by the demodulator, counter and the tracking part of the whole circuit
is given as an input to the microcontroller (MC). This MC acts as the brain of the whole circuit and is
programmed to switch between different states (Sec 3.4) and perform tracking and data communication.
Figure 3.13 shows a block diagram of the microcontroller and the modulating switch. A Teesny 4.0 [79]
board is used as the microcontroller. An NMOS switch connected across the CMUTs through a rectifier
is used to modulate the amplitude of the incident burst to implement PWM protocol for tracking and
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Figure 3.12: Demodulator circuit used to indicate a break in the ultrasound burst.

ASK for back telemetry(Sec 2.6 & 3.4.1).

A total of 19 pins of the microcontroller are used as shown in Fig 3.13. The MC reads the output
of the 7-bit counter (q0 to q6) to determine the burst length. It reads the env_clk and q_track signals
to determine the odd and even bursts. Signals frack _out and demod are read to implement the PWM
protocol used in tracking and to decode the transmitted data from the ultrasound probe to the CMUTs,
respectively. Signals sda and scl represent the I°C data and clock lines of the sensors that are con-
nected to the microcontroller. These two pins are intended for communicating vital readings with a
sensor. The red, yellow and green LED signals, connected to their corresponding LEDs, are used to
demonstrate the decoded data received by the CMUTs from the ultrasound probe (verasonics). The
MC generates a digital output signal sw that is used to turn on the NMOS switch for modulating the

amplitude of the ultrasound burst.

....................................................................................................................................................
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Figure 3.13: Microcontroller unit and the modulating switch.
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3.4. Communication Protocol

The protocol that is discussed in this chapter is formulated to perform three functions, namely: tracking
of the biomedical implants as discussed in the previous chapter, forward telemetry to turn on the LEDs
for indicating the decoded bit stream and back telemetry to transfer measured sensor readings such as
heart rate or blood oxygen level to the outside world. Figure 3.14 shows a conceptual block diagram
of this protocol that implements these three functions. Starting with an OFF state, no ultrasound beam
focusing is done previously. The CMUTs did not harvest energy and the storage capacitor does not
contain any energy. The location of the CMUTs is not known yet and hence the tracking algorithm is
implemented (T .... Ty). The algorithm begins by scanning the Region of Interest (Rol) by focusing the
ultrasound beam at various coordinate points (Fig 2.9). When the ultrasound beam is focused near the
CMUTs region, the ultrasound energy is harvested and the capacitor starts to store the energy. After
harvesting enough power, the circuit implements the PWM protocol for tracking the CMUTs location
(Sec 2.6). After successfully locating the implant the ultrasound beam is now focused on the CMUT
drums, hence establishing a focused US link between the CMUTs and the probe. Assuming that this
focused US link transfers sufficient power to the CMUTs data communication is now established. Either
forward telemetry or back telemetry is performed. To ensure that the ultrasound link is strong i.e. to
maintain the focal region of the ultrasound beam around the CMUT drums, the communication is ter-
minated and tracking is performed after every 5 words (D4 .... Ds) of data transfer. In case the CMUTs
are out of the focal zone, the algorithm tracks the CMUTs and then performs data communication after
establishing a reliable focused US link again.
Forward J
Telemetry

l Forward

Forward Forward Forward
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Figure 3.14: A conceptual diagram of the communication protocol.

Ultrasound bursts are sent toward the CMUTs every 2 ms i.e a Pulse Repetition Frequency of 500
Hz is maintained. Every burst travels towards the CMUTs and gets reflected back towards the probe.
This echo is again sensed by the probe. In this protocol, two bursts are grouped together to form a
single word. The first burst is called the command burst and the second burst is called the function burst.
The command burst is used to set the state of the microcontroller (MC) and the function burst is used
to perform the action corresponding to that particular state. Ultrasound bursts traveling inside a human
body are often distorted and attenuated due to reflectors and multi-path effect (Sec 3.2) especially
when it is assumed that the implants are moving. By using the difference between two consecutive
bursts separated by a small time interval (in this work 2 ms), the influence of transducer offsets and
distortion can be avoided. This difference between the command burst echo and the function burst
echo is utilized in Tracking and Back Telemetry as discussed in the further sections. Similar to the
functions performed by this circuit, the microcontroller also has three states: tracking state, forward
telemetry and back telemetry. The following sub-sections describe these states and the protocol in
more detail.

Command Command Function Function

Burst urst echo Burst urst echo
Signal at the / /

Ultrasound Probe

SR 1T SV VYV
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AC -

v

1/PRF =2 ms

Figure 3.15: Two ultrasound bursts forming a single word of the communication protocol.
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Table 3.1: Summary of the logic implemented by the Microcontroller.
Lr:;z::atcsklgnals demod nF. Gy Condition Decision (D)/Action (A) gxtput 5|gnaIsLED
cles
0 (odd No Modulation 24 ~(does not | D - PWM modulation of the | 0 ~
burst) matter) next burst for Tracking State
(T.S.)=>T.S. =1
0 (odd burst) | No Modulation 128 ~(does not | D - ASK modulation of next | 0 ~
matter) burst for Back Telemetry (B.T.)
=>B.T.=1
0 (odd burst) | Pulse Position 128 ~(does not | A - Decode the Forward | 0 ~
Modulation matter) Telemetry (F.T.) data bits
using the Amplitude Demodu-
lator =>F.T. = 1
1 (even burst) | ~(does not matter) | 24 TS.=1 A - The variable delay element | track_out ~
produces the track_out signal | (output of
which is delayed proportional | the variable
to the storage voltage capaci- | delay ele-
tor ment)
1 (even burst) | ~(does not matter) | 128 B.T.=1 A - The Microcontroller turns | Back ~
on the switch to transmit data | Teleme-
serially as discussed in the | try Data bits
communication protocol sec- | BO to B7
tion
1 (even burst) | ~(does not matter) | 128 FT.=1 The Micrcontroller turns on the | 0 Turns  on
LEDs to display the Forward LEDs to
Telemetry data bits indicate the
decoded
F.T. bit
stream

3.4.1. States of the Microcontroller

As mentioned in the previous section, a total of 19 pins are used by the MC of which 4 pins produce
output signals, 2 pins supply power to the ICs and the rest of the pins are the input to the MC from the
rest of the circuit. Table 3.1 shows a summary of the logic implemented by the MC. The input signal
q_track as mentioned previously is low for odd bursts and high for even bursts (Fig 3.9b). The demod
signal is the output of the amplitude demodulator (Sec 3.3). This demod signal contains a train of pulses
when the command burst is modulated to perform Forward Telemetry using PPM. The input signal nr.
cycles is the output of the counter indicating the width of the US burst received by the CMUTs. The
MC changes its state based on the command burst. If the command (odd) burst contains 24 cycles,
the circuit performs pulse width modulation of the function (even) burst for tracking. If the command
burst contains 128 cycles, ASK of the function burst is implemented to perform Back Telemetry. If the
command burst is modulated based on Forward Telemetry data bits, the MC stores these data bits and
turns on the LEDs indicating the decoded bit stream during the function burst.

As mentioned previously, the protocol essentially performs three functions: Tracking, Back Teleme-
try & Forward Telemetry. The MC used in the circuit acts as the brain to decide when to perform one
of the above mentioned functions. Accordingly, three states of the MC are defined below that explain
how the communication protocol works.

Tracking State:

As mentioned earlier, the state of the microcontroller is set by the command burst. Figure 3.16 shows a
time sequence demonstrating how the tracking state of the MC is set by the Verasonics system. At the
beginning, the Verasonics system generates a 24-cycle, 4 MHz ultrasound burst using the probe. This
ultrasound beam is initially focused away from the CMUT drums since its current location is not known
yet. The focus pointis moved around the coordinate system (Sec 2.8) for tracking the implant. When the
CMUT drums start harvesting enough power, the implant starts counting the number of cycles using the
7-bit synchronous up-counter. The ultrasound burst arrives at the CMUTs after 1 ToA (Time of Arrival).
The counter counts more than 18 cycles (for a 24-cycle burst) and this makes the microcontroller switch
to the Tracking state. Meanwhile, the backscattered US burst reaches the US probe after 2 ToA, which
is indicated by a low amplitude signal in the figure.
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Figure 3.16: Tracking state of the implant.

After 2 ms, the second ultrasound burst is transmitted toward the CMUT drums. This second burst
is modulated proportional to the power harvested by the CMUT drums (z(v ), refer Sec 2.6). The modu-
lated backscattered burst now travels back and reaches the probe after 2 ToA. On the Verasonics side,
the command burst echo and the function burst echo are recorded. These two echos are subtracted
from each other and the envelope of this difference is derived on MATLAB. As shown in the figure,
the width of this envelope is directly proportional to the power harvested by the CMUT drums. This
modulated burst width is used in the tracking of the CMUTs as discussed in Section 2.8.
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Figure 3.17: Tracking state to Back Telemetry.

Figure 3.17 shows another time sequence demonstrating how the microcontroller’s state changes
from Tracking to Back Telemetry. This state change is achieved by sending 128 cycles in a single
ultrasound burst. When the counter counts more than 122 cycles in the US burst, the MC changes its
state to Back Telemetry i.e. to modulate every second burst based on the bit stream intended to be
transferred. When the CMUTs receive the function burst after 2 ms, the burst is modulated using ASK
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for transmitting 8 bits of data. Similar to the Tracking State, the function echo and the command echo
are recorded on the Verasonics and the envelope of the difference between these echos is derived to
decode the data bits transferred from the CMUTs to the Verasonics.

The CMUTs transmit 8 bits of data every 4 ms. These 8 bits of data are modulated using Manchester
data encoding [80]. Figure 3.18 shows an example of Manchester data encoding. The data bit '0’ is
represented by a falling edge and the data bit ’1’ is represented by a rising edge. The figure shows
the transmission of bitstream 10001000°. Figure 3.19 shows this 8-bit stream transmitting a binary
code ’10001000°’. Manchester data encoding, therefore, transmits data bits in the form of rising and
falling edges. In order to decode the bit stream detection of these edges can be performed instead
of detecting independent amplitude levels of each data bit that require precise circuit designs. Figure
3.19 shows the modulated function burst used in Back Telemetry. Similar to the Manchester encoded
signal, data bit ’0’ is represented by a decrease in the amplitude of the sinusoidal waves and the bit
1’ is represented by an increase in the amplitude of sinusoidal waves. The lower amplitude sinusoidal
waves are achieved by closing a switch that is connected across the two terminals of the CMUTs. The
US burst incidents on the CMUT drums and the backscattered burst travels back to the probe. When
this switch is open the incident sinusoidal waves are rectified to store the harvested energy. Hence,
this type of encoding allows the circuit to utilize the power harvested during the communication. When
transmitting any bit stream combination, harvested energy from the high amplitude sinusoidal waves is
stored in the storage capacitor (V.). This energy can be used to turn on the switch connected across
the CMUT terminals.

BO B1 B2 B3 B4 B5 B6 B7
(- 4 ,us ’ 1 =0 1 =0 ! = 1 = 1 = 1 =0 1 = 1 = 1
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
Data blt lol 1 1 1 1 1 1 1 1 1
with a falling edge | + | + | + E + E + l * l + E ‘I‘ |
€4ps > L r Ly e e
1 1 1 1 1 ' 1 1 1 1 1 1 1 1 1 1 1
1 1 1 ' 1 ' 1 1 1 1 1 1 1 1 1 1 1
Data bit '1' V' 2us | 6us | 10us | 14pus . 18us |\ 22us |, 26us | 30us |
with a rising edge Opus  4us  8us 12us  16us  20us  24us  28us  32us

Figure 3.18: Example of Manchester data encoding used to transmit an 8-bit stream of *10001000’.

Data Stream: B7 B6 B5 B4 B3 B2 B1 B0 = 10001000

<€ 4us >

Data bit "0’ /\/\/\/V

<€ 4us >

Data bit 1’ /\/\/\/\/
16 cycle period

8 cycles with high amplitude and zero amplitude for 8 cycle period

0 us 4 us 8 us 12 us 16 us 20 us 24 us 28 us 32 us

Figure 3.19: Example of a bit stream encoding in a single ultrasound burst using manchester line coding and .

The digital envelope of the burst env_clk signal is high when the CMUTs receive an ultrasound burst.
The proposed circuit performs all the operations when this signal is high. In case a bit stream with the
data bit ‘B0’ equal to '1’ is to be transferred to the external transmitter, the CMUTs are shorted for the
first 8 cycles (2 us) of the burst. In this case, the envelope will not be detected until the very next 8
cycles of the burst, ultimately the counter will not count the first 8 cycles. Hence the bit ’0’ is always
fixed as the starting bit for the 8-bit stream transferred to the Verasonics system. Figure 3.20 shows
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Figure 3.20: A depiction of the envelope and difference of two consecutive echos for a bit stream of *10001000’.

the envelope and the difference of the command and function echos received by the probe. From this
figure following two points can be noted:

1. For the data bit pairs of ‘00’ & ’11’, an envelope dip of width less than or equal to 8 cycles (or
wavelengths) is present between two envelopes of width less than or equal to 8 cycles (or wave-
lengths).

2. For a data bit pair of '01’, the envelope width will be greater than 8 cycles (or wavelengths) and
less than 16 cycles (or wavelengths).

3. For a data bit pair of 10’, a dip in the envelope can be seen. The width of this dip will be greater
than 8 cycles (or wavelengths) and less than 16 cycles (or wavelengths).

Since the starting bit is always '0’, based on the above bit pair information, modulated backscattered
US bursts can be decoded to derive the bit stream on MATLAB. This is discussed further in Section
3.6.

Forward Telemetry:

Modulated Command burst Function burst

Signal at the < _J:::;y;liiz_ > < 't:,?eii?:,:- > <€ -128 cycles - » <€ -128 cycles - »
Ultrasound Probe
N A A A f\ f\ I\ AR I\V/\VI\V . A A A /\ /\ /\ /\ I\vl\vl\vl\v/\vl\vl\vl\v >
TR ; TVUTVIT ] ;
H e _ 128 cycles H ' H
! < "time period™ ! 1€ ~128 cycles = »
cl ' I ' I '
A s ; AN AAA A AMAAAAAR
& : LR ANNILE
Microcontroller state : : : : :
Tracking State H Forward Telemetry

PR

;
1 '
1 '
i '
0 1ToA 2ToA 1 T:/\ 2ToA
MC understands this is a modulated pulse and there is a code inside The device performs the operation
given in the previous command

1/PRF =2 ms

Figure 3.21: Tracking state to Forward Telemetry.

Figure 3.21 shows the change of MC state from Tracking to Forward Telemetry. The figure shows
a modulated command burst received by the CMUTs. When the CMUTs receive this modulated burst,
the amplitude demodulator (Sec 3.3) converts the demodulated wave into a train of pulses (demod
signal). When the MC receives this train of pulses (demod signal), it switches to Forward Telemetry
(sec 3.4.1). The encoded bit stream is simultaneously decoded by the MC and stores the bit values till
the end of the function (next) burst.

Pulse position modulation is used in this protocol to transmit data in Forward Telemetry (sec 3.2).
The modulation of the command burst is shown in Figure 3.22. The figure shows a modulated burst of
45 us representing a bit stream of '00110101°. Data bit ’1’ is represented with a 4 MHz sinusoidal burst
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of length 8 ps with an intermission of 4 us (16 cycles). Data bit '0’ is represented by a sinusoidal burst
of 4 ps (16 cycles). In this type of modulation, the position of this intermission (bit '1’) determines its
bit place value i.e. BO, B1, ... B7. This is further discussed in Section 3.5. Similar to Back Telemetry a
total of 8 bits of data is transmitted every 4 ms.

Sinusoidal waves of 4 MHz Data Stream: B7 B6 B5 B4 B3 B2 B1 B0 = 00110101
<€4us >
. BO voBt ! B2 ' B3 ! B4 ! B5 ' B6 ! BT |
Data bit ‘0" o =1 ' =0 =1 (Y =1 ' =1 ' =0 =0
' ' 1 ' ' ' ' ' 1
‘ I |
h .
€--8us-->

it 4 !
Data bit "1 /\/\I—(\/\/ 42pus | 45pus

« 4”5_)5 0us 4 pus 8 us 12 us 16 us 20 us 24 us 28 us 32 us 36 us 40 us 44 us 46 us

] I
0us | 34us ,

' | - 1
14pus | 18us | 22pus | 26us |

Figure 3.22: Forward telemetry encoding of data bits using Pulse Position Modulation (PPM).

As mentioned previously, the decoding of the Forward Telemetry data bits happens during the com-
mand burst. The MC controller stores the decoded bit values and turns on the LEDs during the function
burst indicating the decoded bit stream. This transfer of data, from Verasonics (external transmitter)
to CMUTs, is demonstrated by using 4 LEDs on the board (3 external LEDs and 1 LED on the mi-
crocontroller). This feature in the protocol is intended to show that an implant can implement forward
telemetry during the command burst and use the power harvested during the function burst to perform
various functions such as stimulating current generation or recording the body’s vitals based on the
data received from the outside world.

3.4.2. Synopsis of the Protocol and the Circuit

Figure 3.23 shows a flowchart that summarizes the working of the circuit and the protocol. It demon-
strates the working of the circuit designed in this work while explaining how various signals are gener-
ated in the circuit and used by the MC. The flowchart starts with the Max power transfer inductor and
resistor (Sec 3.3). The clock recovery circuit and the counter produce the number of cycles signal (Sec
3.3). The amplitude demodulator produces the train of pulses indicating the Forward Telemetry data
bits (Sec 3.3 & 3.4.1). The tracking part implements the PWM protocol [23] and produces the track_out
and q_track signal (Sec 3.3). The MC in the end is programmed to implement the logic represented by
Table 3.1 (Sec 3.3). Hence MC outputs the sw signal to implement Back Telemetry and Tracking of the
CMUTs (Sec 3.4.1 & 3.3) and turns on the LEDs indicating the decoded Forward Telemetry bit stream.

3.5. Simulation Results

Rectification, envelope detection, clock recovery and storage capacitor:

As mentioned in Section 1.2.2, CMUTs can be compensated using a matching inductor and by oper-
ating at its resonance frequency. Figure 1.4 shows this compensated CMUT which is essentially a
voltage source (Vs) in series with an internal damping resistance (R ) without the load resistor. This
compensated CMUT element is used as the source of the ultrasound bursts in the following simulations.
Figure 3.24 shows the schematic diagram of the compensated CMUT element as the voltage source
and a series resistor of 300 €2 (the matching Rjaq value from Section 3.3). In the rectification and enve-
lope detection block, two full bridge rectifiers (using BAT54 Schottky diodes) connect this CMUT to an
envelope detector and a storage capacitor of 1 nF. The envelope detector uses a resistor of 30 k2 and
270 pF. These R and C values amount to a discharging time constant (t) of 8.10 us. A voltage source
of 3.3 V (node V) is used to power the comparator ICs in the simulations. This is equivalent to 3.3 V
pin of the MC that is used to power all the ICs in this circuit.

The storage capacitor block contains a current source of 0.5 yA connected in parallel to the storage
capacitor to simulate the discharge of the capacitor through the rest of the circuit when CMUTs do not
receive any ultrasound burst. In the clock recovery block, a comparator with hysteresis is simulated
using the model of LTC6752. The positive terminal of the CMUT (ac+) is the input for the comparator
producing the clock. The resistor divider consisting of 30 k(2 and 1k(2 form the reference voltage for the
comparator and another resistor of 30 kQ2 is the feedback resistor for external hysteresis. This resistor
combination adds two threshold voltages at Vy, = 0.2 V and Vy = 0.1 V. In the digital envelope signal
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Figure 3.23: Flowchart depicting how the various signals are produced in the circuit.

block, the envelope signal v_env_clr is connected to the input of the comparator that produces the
digital envelope signal env_clk. Similar to the clock generator, the resistor divider consisting of 9.09 k2
and 1 k(2 forms the reference voltage for the comparator and another 9.09 k(2 operates as the feedback
resistor for the external hysteresis. This resistor combination adds two threshold voltages at V¢, = 0.6
Vand Vy=0.3V.

Figure 3.25 shows the waveforms of different voltage nodes when the CMUTs receive a 24 cycle
ultrasound burst. It can be observed here that the env_clk signal goes high during the start of the burst
and goes low only after a certain period of time after the end of the burst. This extra time period for
settling down is given to make sure that env_clk does not go low during the modulation of the burst
during tracking or back telemetry.
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.param c_time=32u t_time=6u p_time=204u pt_time=6u i ion and D
Rs1 D1 D3 D4 D8 D12
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comparator with hysteresis, (Vt)h = 0.6V & (Vt)l = 0.3V

Figure 3.24: LT spice schematic presenting the envelope detector, storage capacitor and the clock recovery circuit discussed
in Section 3.3.
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Figure 3.25: Simulating the case where the CMUTs receive a 24 cycle ultrasound burst. Waveforms of the signal nodes vstore,
v_env_clr, clk, env_clk and the voltage across the source(ac+,ac-).

Counter:

Figure 3.26 shows the schematic diagram of the 7-bit synchronous up counter. In this schematic, a
D Flip-Flop together with a single XOR gate is used as a T flip-flop for the counter. As mentioned in
Section 3.3 the clear input of all the flip-flops is connected to the env_clk signal to clear the counter
when the CMUTs do not receive any ultrasound burst. Additionally, the figure also consists of a logic
circuit using 3 AND gates in the right bottom corner. This logic is used to disable the clock input after
the counter counts 128 cycles. This is done to ensure that the counter does not start counting from
zero in between the burst. The counter output can be seen in Fig 3.27 when the compensated CMUT
source generated 24 cycles.
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Disable clock after counting 127 cyclés

Figure 3.26: Schematic of the 7-bit synchronous up-counter using T Flip-flops.

V(g2) V(a5)

Vv(a1) V(g4)
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V(clk)
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env_clk goes down

599.4ps 600.3ps 601.2ps 602.1ps 603.0s 603.9ps 604.8ys 605.7ps 606.6p1s 607.5ps 608.4ps 609.3ps

Figure 3.27: Output of the counter when simulating the CMUTs harvesting a 24 cycle burst.

State Selection (Back Telemetry & Tracking):

The change in the state from tracking to back telemetry takes place when a 128-cycle burst is sent to
the CMUTs in the command burst. This logic is implemented using the output of the counters and a D
flip-flop as shown in Fig 3.28. Node a goes high when the counter counts 18 or 19 cycles and node
b goes high when the counter counts 122 or 123 cycles. The node a is connected to the input of a D
flip-flop to remember this state of the circuit for the next burst. The clock for this flip-flop is produced
by the signal a itself by adding an RC delay element of 12.5 ns. Therefore the output of this flip-flop
ff_out goes high slightly after node a goes high. The node qga is a replica of ff_out with a delay of 32
us. The circuit operates in a Tracking state when the node ga is high and in Back Telemetry when the
node qa is low. When there are only 24 cycles in the input generated burst, node ga goes high and
when there are 128 cycles node ga goes low. This way the number of cycles in the command burst
and the node qga decide to initiate either the Tracking state or Back Telemetry state. This state change
is demonstrated by the waveforms in Figures 3.29 and 3.30.
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Figure 3.28: Logic circuit that decides the states between Tracking state and Back Telemetry state.
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Figure 3.29: Initiation of Tracking state.
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Figure 3.30: Initiation of Back Telemetry state.

Figure 3.31 shows the LT spice schematic diagram of the tracking part of the circuit. The burst amplitude-
dependent delay-producing RC element uses a 100 k2 resistance and a 300 pF capacitor. This capac-
itor is in series with the parallel combination of the two varactor diodes (BB202). The varactor diodes
are biased with the storage capacitor voltage using another resistance of 100 k(2. The capacitance of
a single varactor diode varies from 20 pF to 5 pF, hence the parallel combination’s capacitance varies
from 40 pF to 10pF when the bias voltage varies from 1 V to 4 V (Fig 3.32). Since the capacitance of
the varactor diode is much less than 300 pF which is in series with the diode, the capacitance of the
series combination depends on the capacitance of the varactor diode. This implies the time delay
produced varies from 4 ps ((100 * 10° Q) * (40 * 1072 F)) to 1 us ((100 * 10% Q) * (10 * 1072 F)).

AND1

BB202

Variable Delay

Vc
100k
D10 | D11

BB202

R3 PRE
env_clk o D FF1
ST1 bCLK
c2 CLR
R2 [330p

Q q_track ﬁtrack_out
Q

A46
q_track—Doiq_neg_track

Vhigh=3.3 Vt=1.2 Vh=0.6 Trise=1ns Tfall=1ns

Tracking circuit

Figure 3.31: Schematic of the tracking part of the circuit.
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Figure 3.32: Variation of the varactor diode capacitance with respect to its bias voltage [81].
Figure 3.33 shows waveforms of two simulated bursts that are used in the tracking of the CMUTs.
The two bursts are separated by a time interval of 200 ys and the amplitude of the second burst is

modulated. Figure 3.34 shows this modulated burst and the clock signal extracted from the burst. The
clock signal is extracted even when the amplitude of the burst is modulated.

V(ac+,ac-) V(vstore) V(env_clk)

TJé command biirst without modulation The function birst with modulation
— =B

~

Figure 3.33: Two consecutive bursts implementing Tracking State.
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Figure 3.34: Waveform of the modulated burst used in the tracking of CMUTs.

Back Telemetry:

As seen in Fig 3.19, each data bit (Bn) is transmitted for 16 cycles or 4 ps of the ultrasound burst. Each
data bit is transmitted at a different instant of time in the total burst period, in other words, the bits are
transmitted serially. To achieve this a time-division multiplexer is used in this work. Since a counter
is present in the circuit, this time division multiplexing can be implemented using a multiplexer (MUX)
with the outputs of the counter connecting directly to its select inputs. Figure 3.36 shows the block
diagram of this MUX. The output of the counter (g6, g5, g4, g3) is connected to the select inputs. Table
3.2 shows the truth table of the multiplexer that outputs each bit of the data stream (BO, B1, ..., B7)
at different instants of the burst period as seen in Figure 3.19. This MUX is implemented using AND
gates to produce an output signal comm_out (Fig 3.35). This signal comm_out is the digital form of the
serial 8-bit stream that is transmitted in the Back Telemetry. It is assumed that data is already available

as an 8-bit word.
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Time - Division multiplexing of data bits BO to B7
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Figure 3.35: Schematic of time multiplexing circuit that multiplexes individual bits as shown in Table 3.2.
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Cycles MUX Input MUX Output
Q6(n) | Q5(n) | Q4(n) | Q3(n) | Comm_out (Bn)

0-7 0 0 0 0 BO
8-15 0 0 0 1 BO
16-23 0 0 1 0 B1
24-31 0 0 1 1 B1
32-39 0 1 0 0 B2
40-47 0 1 0 1 B2
48-55 0 1 1 0 B3
56-63 0 1 1 1 B3
64-71 1 0 0 0 B4
72-79 1 0 0 1 B4
80-87 1 0 1 0 B5
88-95 1 0 1 1 B5
96-103 1 1 0 0 B6
104-111 1 1 0 1 B6
112-119 1 1 1 0 B7
120-127 1 1 1 1 B7

7

Table 3.2: Truth table of the time division multiplexer.

w
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Figure 3.36: MUX implemented by the schematic diagram
shown in Fig 3.35.
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Figure 3.37: Two consecutive bursts implementing Back Telemetry.
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Figure 3.38: Waveform of the function burst transmitting bit stream of"10001000’ in Back Telemetry.

Figure 3.37 shows the two bursts that implement Back Telemetry. The first burst is not modulated
and the second burst is modulated as discussed in Section 3.4.1. Figure 3.38 shows modulation US
burst that is used to transmit a bit stream of '10001000’ (similar to Fig 3.19). The figure also demon-
strates how each data bit (B0, B1, ..., B7) is transmitted serially (time multiplexed).

State Selection (Forward Telemetry):

Figure 3.39 shows the logic circuit that initiates the Forward Telemetry state. This logic circuit imple-
ments the detection of a second rising edge. When CMUTs receive an un-modulated US burst, the
demod signal has only a single rising edge at the end of the burst as shown in Figure 3.40. However,
when the CMUTs receive a modulated US burst, which contains the Forward Telemetry data bits, the
demod signal contains more than one rising edge i.e. a train of pulses as shown in Figure 3.42. This
logic is used to change the state of the MC to Forward Telemetry State. The first D Flip-Flop in Figure
3.39 detects the first rising edge and the second D Flip-Flop detects the second rising edge. These
Flip-Flops are cleared when the burst ends using the env_clk signal. The node q_demod goes high
after the burst ends when the demod signal contains more than one rising edge i.e. when the CMUTs
receive a PPM modulated US burst used for Forward Telemetry.

State logic/ Microcontroller

500 ns delay to make its own clock g g
4u12 Suis
PRE PRE R20
D Q D Q _demod
demod CLK CLK 100k A48
Qp-—= Qp-— c6 _neg_demod
CLR CLR J3200
74HC74 74HC74

R21

1K
c7
300.:

500 ns delay for self clock

A62

A61

env_cl _track

_track

Clearing the state after every second burst

Figure 3.39: Logic circuit that initiates the Forward Telemetry state.
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Figure 3.40: Waveform depicting a single rise edge in the demod signal when CMUTs receive an un-modulated US burst
signal.

Forward Telemetry:

Figure 3.41 shows the amplitude demodulation circuit used to decode the Forward Telemetry data bit
stream. As mentioned in Section 3.4.1, data bit ’1’ is represented with a 4 MHz sinusoidal burst of
length 8 ps with an intermission of 4 us (16 cycles). Data bit ‘0’ is represented by a sinusoidal burst
of 4 ys (16 cycles). The output of the demodulator circuit (signal demod) is shown in Figure 3.42.
The pulses with an amplitude of 3.3V represent this decoded bit ’1’. It can be seen in the figure that
when a bit 1’ is transmitted, there is an intermission in the US burst. During this intermission, no clock
can be recovered and the counter stops counting the number of cycles. During this intermission, the
output of the counter is equal to the position of the pulse in the demod signal. This position of the
pulse determines its place value as shown in Table 3.3. Building up on this, an 8-bit register stack is
simulated using 8 D Flip-Flops along with a DEMUX that implements the above mentioned truth table
as shown in Figure 3.43. The DEMUX implemented using AND gates assign the place value for the
decoded bits "1’ present in the demod signal. The Flip-Flops remember these values until the end of
the next burst as shown in Figure 3.44. This is how Forward Telemetry is implemented.

This section has presented various simulation results of the circuit developed to implement tracking,
back telemetry and forward telemetry using CMUTs. The State Selection (Tracking, Back Telemetry &
Forward Telemetry, Sec 3.5 & Sec 3.5) circuit, the Time MUX circuit (Fig 3.36) and the register stack
(Fig3.43) circuit simulated using LT Spice can be practically implemented using a Microcontroller since
these parts of the circuit implementing digital logic. In the next section, this protocol is implemented
using Teensy Microcontroller as discussed in Section 3.3.
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Figure 3.41: Amplitude demodulation circuit used to decode Forward Telemetry data bit stream.
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Figure 3.43: 8-bit register stack storing Forward Telemetry Data bits.
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Figure 3.44: Waveform depicting the output of the 8-bit register stack and the decoded Forward Telemetry bitstream
’10101100°.
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3.6. Experimental Results & Discussion

Figure 3.45 shows the pcb developed that implements tracking and data telemetry using CMUTs. An
SMB connector connects the CMUTs to the PCB and as mentioned in the previous section, a Teensy
Microcontroller is used to implement the logic represented by Table 3.1. The Microcontroller is con-
nected to a Personal Computer (PC) and is programmed using Arduino IDE. This section presents the
experimental results of data telemetry using CMUTs when a bit stream of 10001000’ is transmitted
from the CMUTs to the verasonics (Back Telemetry) and a bit stream of 10101100’ is transmitted from
verasonics to the CMUTs. The 2-D CMUT array is fixed on the rotary setup of the experimental setup
(Fig 2.4). The probe is fixed on the linear stage of the setup. The CMUT array is placed about 130 mm
away from the probe with a phantom in between the two identical to the setup discussed in Section 2.4.
In both cases, 8 bits of data are transmitted every 4 ms of time. This implies a data rate of 2 kb/s (kilo-
bits per second). By reducing the Pulse Repetition Time (increasing the Pulse Repetition Frequency
(PRF)) to a few hundred ps and by transmitting 16 bits of data for every second burst, the data rate can
be considerably increased up to an 80 kb/s. The MATLAB scripting used in the verasonics system (Sec
1.2.4) typically takes around 0.3 seconds to execute once i.e. the time taken by MATLAB processing
in Figure 3.17. It was observed that when the Pulse Repetition Frequency is increased to more than
1 kHz, the Software sequencer fails to keep up with the Hardware sequencer of the Verasonics sys-
tem (refer Appendix A). Therefore this data rate of 80 kb/s is not demonstrated in this work. Refer to
Appendix A regarding increasing PRF.

SMB connector

Figure 3.45: PCB developed using the circuit discussed in Section 3.3.

3.6.1. Back Telemetry Experiment

The communication protocol uses two US bursts for Back Telemetry (Sec 3.4.1). These two bursts
are subtracted from each other and an envelope of this difference is extracted to decode the serially
transmitted data bit stream as shown in Figure 3.17. For a bit stream of 10001000’ Figure 3.20 shows
a depiction of how this envelope and difference would look like.

Figure 3.46 shows the modulated waveform of the second US burst that incidents on the CMUTs
and demonstrates the serial transmission of the data bits (B0, B1, ..., B7). It can be seen that the
modulated waveform matches the simulated waveform (Fig 3.38) and also the conceptual waveform
(Fig 3.19) when a bit stream of 10001000’ is being transmitted from the CMUTs to the Verasonics.
Figure 3.47 shows how this modulated waveform appears on the Verasonics (MATLAB) screen. As
mentioned previously, in MATLAB, two consecutive bursts are subtracted from each other to extract
the Back Telemetry Data. This graph represents the envelope of this difference that is transmitting the
bit stream of ’10001000’. The x-axis of the graph represents time in terms of the number of wavelengths.
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The US wave seen by the US probe (connected to the Verasonics) is digitized (as mentioned in Section
1.2.4). The Verasonics samples this wave with a frequency that is equal to four times the US burst.
This implies this graph contains four samples for a single wavelength. The graphs contain six peaks
with widths equal to 31, 36, 50, 34, 33 & 64. Therefore in terms of wavelengths, these widths are
approximately equal to 8, 9, 13, 9, 8 & 16.

Recollecting the points mentioned in Section 3.4.1:

1. For the data bit pairs of ‘00’ & '11’, an envelope dip of width less than or equal to 8 cycles (or
wavelengths) is present between two envelopes of width less than or equal to 8 cycles (or wave-
lengths).

2. For a data bit pair of ‘01, the envelope width will be greater than 8 wavelengths and less than 16
wavelengths.

3. For a data bit pair of 10’, a dip in the envelope can be seen. The width of this dip will be greater
than 8 wavelengths and less than 16 wavelengths.

4. In Back Telemetry, the starting bit is '0’.

Based on the above mentioned points, the envelope is decoded to extract the bit stream from the
backscattered US burst as shown in Figure 3.47.

‘% Agilent Technologies THU SEP 29 20:12:11 2022
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Figure 3.46: Modulated burst of Back Telemetry transmitting bit stream of 10001000’
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Figure 3.47: The envelope of the difference signal that is processed in MATLAB. The double-sided arrows represent the
widths of the peaks.

3.6.2. Forward Telemetry Experiment

In Forward Telemetry, a PPM modulated US burst is transmitted toward the CMUTs. This modulated
US burst is generated on the Verasonics using the Envelope structure discussed in Section 1.2.4. The
amplitude demodulation (Sec 3.3) converts this modulated sinusoidal burst into a train of pulses rep-
resenting data bit ’1’. The DEMUX (Fig 3.43)/ Microcontroller (Fig 3.13) assign the bit place value for
these pulses, hence decoding the bit stream transmitted in Forward Telemetry. This decoded bit stream
is displayed on the Arduino IDE’s Serial Monitor. Figure 3.48a shows the modulated US burst received
by the CMUTs when the probe is transmitting a bit stream of '00110101°. Figure 3.48b shows the cor-
responding amplitude demodulated US burst which contains pulses of 3.3 V (height) representing data
bit *1’. Figure 3.48c shows the screenshot of the Arduino IDE’s serial monitor that is used to display
the decoded Forward Telemetry bit stream. It can be seen in the figure that the transmitted bit stream
00110101’ is decoded and each data bit along with its place value is displayed using the ’bit_data_ft'.

Figure 3.48a also shows a ringing of a US burst during the intermission and at the end of the burst.
This ringing can be seen to be a few hundred mV in magnitude that is damped out eventually. This
ringing occurs due to the resonance operation of CMUTs, performed using an external inductor as
discussed in Section 3.3. This ringing is not accounted for in the simulation (Sec 3.5) or the conceptual
diagrams (Fig 3.22). Since the initial cycles of the ringing have an amplitude of a few hundred mV,
each such cycle will also produce a clock that is undesired. It was seen that with these additional
clock cycles, the decoded bit stream contains '1’ data bits with wrong place values. For example, the
transmitted modulated US burst contained a bit stream of ‘00110101’ and the decoded bit stream on the
CMUTs side turned out to be ‘01100101°. An additional '0’ bit is added before the 11’ pair. This happens
because the counter counts additional cycles and hence the place assignment becomes incorrect. It
should be noted here that this ringing would not be a problem in the Back Telemetry because the data
bits ’1” and ’0’ in the bit stream and the number of cycles do not alter this sequence of rising and falling
edges.

Since this ringing is prevalent at the start of the intermission and at the end of the US burst, a slight
change in the Forward Telemetry protocol can be introduced to mitigate the ringing problem. As shown
in Figure 3.22, a data bit’1’ is represented by a modulated wave of 8 us width with an intermission of 4 ps.
The first 2 ys contains 8 cycles of 4 MHz sinusoidal waves and the last 2 ys contains another 8 cycles
of 4 MHz sinusoidal waves. The data bit ‘0’ is transmitted using 16 cycles of 4 MHz sinusoidal cycles.
Hence in total 128 cycles of 4 MHz sinusoidal waves are transmitted toward the CMUTs. However,
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the ringing causes additional cycles to appear. The 8 cycles of sinusoidal waves before and after
intermission are changed to 6 cycles. The additional ringing will then compensate for the reduction in
the number of cycles transmitted from the probe. By introducing this slight change, the decoding of the
transmitted bitstream appeared to be successful for various bitstream combinations, hence achieving
Forward Telemetry.
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Figure 3.48: (a) US burst received by the CMUTs containing Forward Telemetry bitstream '00110101°. (b) Amplitude
demodulated US burst indicating the data bit '1". (c) Screen shot of Arduino IDE Serial Monitor displaying the received bit
stream during Forward Telemetry of bitstream '00110101°.

Go to ToC



3.7. Conclusion 65

3.7. Conclusion

Ultrasound based communication needs a reliable US link between the implant’s transducer and the
external world. In order to perform data communication at low power using ultrasound, it is optimal to
use non-coherent demodulation for Forward Telemetry and passive modulation for Back Telemetry. In
order to achieve this, a communication protocol is developed in this work. The protocol performs three
functions, namely: Tracking, Back Telemetry and Forward Telemetry. Performing tracking of CMUTs
for every 5 words of data communication helps in maintaining the above mentioned strong US link.
Back Telemetry is implemented using ASK of the backscattered US burst and Forward Telemetry is
implemented using PPM of the US burst transmitted towards the CMUTs. ASK is implemented with a
simple switch connected across the two terminals of the CMUTs and the PPM signal is demodulated
using a typical amplitude demodulator. A data rate of 2 kb/s is achieved using this protocol when the US
probe of the CMUT array is separated by a phantom of a thickness of about 130mm. By reducing the
Pulse Repetition Time to a few hundred ps and by transmitting 16 bits of data for every second burst,
the data rate can be considerably increased up to an 80 kb/s hence serving as one of the prospects for
applications such as EEG, ECG, audio signal acquisitions, etc in bio-medical implants.
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Conclusion

Interacting with miniaturized IMDs of a few mm? in size that is deeply implanted inside the human body is
challenging. This interaction includes efficient power transfer and low power data communication. For
US based implants efficient power transfer includes focusing of ultrasound beam on the US transducers
that convert the ultrasound energy into electrical energy to power the IMD. Focusing of these ultrasound
beams, therefore, requires accurate localization of these IMDs. Chapter 2 addresses this issue where
a tracking algorithm based on Time Reversal beamforming is developed to locate CMUTs occupying an
area of about 6.3 mm?. The algorithm is able to track the CMUTs even when they move at a constant
speed less than or equal to 1.25 mm/s. For speeds greater than 1.25 mm/s, the response time of 0.3
seconds falls short and the algorithm can be seen to in accurately locate the CMUTs. Furthermore, a
2" order curve fitting of the delay pattern measured to implement the Time Reversal method is used
to reduce the errors in the measured delays. This however deprives the algorithm of its robustness
against the inhomogeneous propagating medium.

Addressing the issue of low power data communication, a communication protocol is developed in
this work (discussed in Chapter 3). Using this protocol data communication was established between
a 2-D CMUT array (RX) and a US probe (TX) that are separated by a distance of 130 mm. A data
rate of 2 kb/s was achieved using this protocol and a prospect of up to 80 kb/s also seems viable. The
protocol also makes sure that the focused ultrasound link is always maintained between the TX and
RX by performing tracking and data communication alternatively. The circuit implementing this protocol
uses an NMOS switch for Back Telemetry and an amplitude demodulator for Forward Telemetry, hence
a low power solution. However, for higher data rates, complex modulation strategies would be required
that would also consume high power.

With this, the report comes to an end. This work has demonstrated the Tracking of CMUTs and Data
Telemetry using Ultrasound. Building upon this work various topics can be researched or developed
further in the future. These topics are further discussed in the next section.

4.1. Future Work

1. In this work, the face of 2-D CMUT array is always placed in parallel with the face of the US probe
i.e. the CMUT array is oriented at 0° with respect to the probe. This is also maintained while the
CMUT is moved at a constant speed. This, however, is not practically true. A two dimensional
device can always change orientation in any direction when implanted inside the human body. In
one of the previous works [21] the power received by the CMUT can decrease by about 50 % for
a 10° change in orientation. Moreover, with this change in orientation, the backscattered US burst
may not travel back to the probe, thus failing both the Time Reversal Tracking and Backscattered
Data (Back) Telemetry. Therefore detection of the orientation of the CMUT array with respect
to the probe is necessary. As discussed in Section 2.2.2, beamforming along with ultrasound
imaging can be used to detect the orientation of the implant. The PWM protocol used in the
tracking algorithm can be utilized to test this prospect. This might, however, require ultrasound
transmission and acquisition electronics other than Verasonics system.
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2. As discussed in Section 3.2, multi-path effects caused by bones, muscles and organs can intro-

duce errors in data communication when using ultrasound. This multipath effect can be exper-
imentally incorporated by introducing a reflector between the TX and RX. This can be used to
evaluate how the multi-path effect comes into the picture during data communication. Building
up on that a new protocol can be formulated to mitigate this effect.

. Time Reversal Beamforming implemented in [51] involves a 2-D ultrasound transducer array in-

stead of a linear US transducer as used in this work. When using a linear probe, the echo, the
incident burst, the TX and RX needs to be presentin the same plane for the linear probe to receive
the backscattered echo. A 2-D probe can be used to alleviate this restriction to a certain degree.
A 2-D probe can thus be used to test the angular acceptance of the out-of-plane reflected echos
and hence improve the Time Reversal Algorithm to implement tracking in three dimensions (x, y
and z).

MATLAB scripting is used for implementing the tracking algorithm. The verasonics use an in-built
FPGA to drive the transmitters. The received data is however transferred to the host PC using
DMA access. As mentioned in Section 2.9, the curve fitting performed on the host PC to reduce
the influence of the measurement errors deprives the tracking algorithm of its robustness. This
DMA transfer is one of the major error sources in the delay measurement as mentioned in Section
2.9. To avoid this DMA transfer, an external driver circuit connected to an FPGA can be used to
directly drive a US transducer as the TX. The receiver circuit would receive the echo and the
delays can be calculated using the FPGA. This FPGA can be programmed to implement Time
Reversal beamforming hence avoiding the DMA transfer. This can hence retain the robustness
of the algorithm while also increasing the response time.

. An ASIC can be designed to implement the formulated communication protocol that also imple-

ments the tracking algorithm. This ASIC can also use variable gain stages instead of matching
inductors for amplifying the harvested electrical signal from the ultrasound waves to save space
as performed in [72]. This variable gain stage can also be used to recover the clock from a low
amplitude signal when the CMUTs are modulated hence also avoiding power hungry blocks such
as PLL.

. The ultrasound raw data is available in the local memory of the PC. Using this same data, B-

mode image reconstruction is performed in verasonics using Delay and Sum Beamforming (as
discussed in Section 2.2.2). This B-mode imaging provides a live feed of the inside of the human
body. The B-mode depends on the contrast provided by the amplitude of reflected echos. Some-
thing similar can also be performed by using the modulated pulse widths of the reflected echos
instead of the amplitude. This can be used to produce another similar contrast image made out of
the modulated widths used in the Tracking algorithm. This image would hence provide a live feed
of the inside of the body while highlighting only the implant since only the implant can modulate
the pulse widths.
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Error in Delay Measurement

As mentioned in Section 1.2.4, the US raw data received by the US probe is first stored in the local
buffer of the acquisition modules of the vantage unit and then transferred to the local memory of the
host PC by Direct Memory Access (DMA). This sequence of events is performed by the Hardware
(HW) Sequencer (Fig 1.7). The envelope detection, curve fitting and other processing of US data
on MATLAB are performed by the Software (SW) Sequencer. To maintain a constant Pulse Repetition
Frequency (PRF), the Hardware Sequencer is programmed to run to transmit and receive the US bursts
at a particular frequency. Additionally, the HW sequencer also replaces the US raw data from the local
memory of the host PC as soon as a new acquisition is performed. Since the Pulse Repetition Time
is in the order of one or two milliseconds, the HW sequencer performs the transmit, receive and DMA
transfer much faster than the processing of the software sequencer that performs which previously was
seen to have a response time of 0.3 seconds combined for command and function echo processing
(Sec 2.9).

Revisiting the software processing in MATLAB (Fig 3.16 & Fig 3.17), the verasonics script computes
the difference between the command echo and function echo and the envelope of this difference for
all the 128 channels of the US probe. This computation is performed on the US data present in the
local memory of the host PC. Cross-correlation is now used to find the delays for these 128 envelopes.
Figure A.1 shows these 128 delays and the 2" order curve fit used to reduce the influence of the
measurement errors in the delay measurements (Sec 2.8). The x-axis shows the channel number of
the US probe and the y-axis shows the measured delay for the corresponding channels in terms of the
number of wavelengths. Three channels: 1,4 and 5 are highlighted in the figure. Channel 1 is delayed
by zero wavelengths since this channel is used to measure the delays of the rest of the channels
using cross-correlation. Channel 4 can be seen to exhibit a delay equal to a quarter of a wavelength.
However, channel 5 can be seen to exhibit a delay equal to ten times of the wavelength. The individual
PZT elements on the probe are separated by 283 ym and the wavelength of a US wave is about 363
um. For a delay that is equal to ten times this wavelength, the probe elements must be separated by
about 3000 p, hence making it physically impossible to have a delay equal to ten times the wavelength.
Furthermore, the delay of 10 (is) is set at the upper limit of delay computation in the verasonics script.

Figure A.2 shows the difference signal and the envelope signal of channels 1, 4, and 5. In the figure,
it can be seen that the channel envelope signal of channels 1 and 4 have a slight delay between them
and the envelope signal of channel 5 is negligible. Since the channel 5 envelope signal is negligible, the
delay pertaining to the channel is computed to be 10 (As). This negligible difference can only occur if the
command echo and the function echo received by the probe are practically identical . This happens
due to the fast transmit, receive, and DMA transfer performed by the HW sequencer. The following set
of events describes how this fast acting HW sequencer can cause this error in the delay measurement.
The HW sequencer acquires command echo data and transfers it to the PC local memory pertaining
to location (x4,y1) in the ROI -> SW sequencer processing this data -> HW sequencer acquires the

10n the contrary, since the function echo seen by channels 1 and 5 have a modulation due to the PWM protocol, a difference
signal and hence an envelope can be seen.
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Figure A.1: Measured delays and 2" order curve fit highlighting channels: 1,4 and 5.
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Figure A.2: Difference and envelope signals of channels: 1,4 and 5.

function echo data -> SW sequencer is still processing the previous data for the command echo -> HW
sequencer acquires command echo data from location (x2,y2) -> SW sequencer finishes the processing
of command echo from location (x1,y¢) and starts processing for its corresponding function echo. Since
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the data in the local memory of the PC belongs to the command echo from the next location, it does
not contain any modulation which results in the negligible difference signal mentioned above.

In order to avoid this problem, sufficient time must be given for the SW sequencer to complete all
the computations in the script. A PRF of 500 kHz is used in this work which is seen to provide sufficient
time for the SW sequencer and avoid the errors caused by the fast acting HW sequencer.
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PCB Layout and Schematic

Figures B.1 shows the schematic diagram of the circuit designed in this work. Figure B.2 shows the

PCB layout of the circuit designed in this work. Figure
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Figure B.1: Schematic diagram of the circuit designed in this work.
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Figure B.2: PCB Layout of the circuit designed in this work.
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