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Abstract

Monitoring of the intracranial pressure (ICP) is an essential activity for many brain dis-
eases and injuries. For an adult, ICP value is between 7 mmHg to 15 mmHg. However,
for a critically ill patient, the ICP should be maintained below 20 mmHg. Therefore, con-
tinuous monitoring of ICP is a life-saving activity. Several invasive and non-invasive
methods have been proposed for monitoring of the ICP. However, invasive methods
cannot be used for continuous monitoring of the ICP due to the risk of infection. Moreover,
non-invasive methods lack in accuracy.

Therefore, many researchers reported battery-powered or fully passive implantable sys-
tems. However, a battery-powered implant has limited life and large size. On the other
hand, in a fully passive implant the readout distance is relatively small in comparison with
a battery-powered implant due to its zero-power operation.

In contrast, this work presents the development of an inductively powered implantable
system equipped with a data transmission unit for an ICP monitoring application. The
developed system has three main parts: an implant or in-body unit, an on-body unit and
an off-body unit. The on-body unit powers the implant through inductive near-field link.
After the activation, the implant, consists of a piezoresistive pressure sensor and a data
transmission unit, transmits the pressure signal at the industrial, scientific, and medical
radio (ISM) band of 2.45 GHz. The off-body unit receives the transmitted signal from the
implant and estimates the pressure value.

The simulation and the measurement results of both near-filed and far-field links are
presented. After the development of the system, the pressue readout measurement
results have been presented in the air, water and in a setting mimicking the human head
dielectric properties. For biocompatibility, the implant is coated with biocompatible adhe-
sive silicone. The effect of coating on both wireless links has also been studied.

Finally, this work also presents the effect of misalignment between the inductively
coupled antennas on the pressure readout accuracy of the developed ICP monitoring
system and discusses the solution to overcome this impact. The thesis also presents the
response of the developed ICP monitoring system with the change in the temperature.
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1 Introduction

The intracranial pressure (ICP) was first described by the Scottish anatomist Alexander Monro in
1783 [1]. According to him;

(i) The brain is enclosed in a non-expandable skull

(ii) The brain is incompressible

(iii) Therefore, it is essential that the volume of blood in the cranial cavity is constant

(iv) There must be a continuous outflow of venous blood from cranial cavity such that this

makes room for continuous arterial supply.

Few years later, George Kellie supported Monro’s observation through experiment [2] and known as
“Monro-Kellie hypothesis” or “Monro-Kellie doctrine”. However, both missed the presence of
cerebralspinal fluid (CSF). Although, Flemish anatomist Vesaliu had described the fluid in sixteen
century, however, French physiologist Magendie proved it through animal experiment in 1842 [3]. In
1846, George Burrows introduced CSF as a factor in the “Monro-Kellie doctrine” [4].

According to the Monro-Kellie doctrine, cerebral spinal fluid (CSF), blood, and brain are all
incompressible and are in volume equilibrium [5-7]. An increase in the volume of one component will
result in the decrease in the volume of one or both of the other components. This means that volume
of all components must remain constant for constant ICP. The relation between the intracranial
pressure and the volume can be described as a pressure-volume curve. Figure 1 presents the
relation between the intracranial pressure and the volume. Due to the compensatory reserve, the
ICP do not vary much in the first part of the curve. After exceeding the compensatory reserve, there
is rapid raise in the ICP. Raised ICP leads to a serious medical condition known as intracranial
hypertension (IH). This could reduce the cerebral blood flow (CBF) and can cause ischemia and
infarction.

Although normal ICP range varies with age, however, in adults, normal ICP is between 7 mmHg to
15mmHg. Sustained IH can damage the brain or even cause of death. Therefore, continuous
monitoring of the ICP or management of the IH is critical. ICP can increase due to diverse causes
which can be categorized as the intracranial, extracranial or postoperative complications of neuro-
surgery [5-8].



ICP is commonly monitored through catheter inserted into the ventricular system. This method is
accurate and allows on-site re-calibration and as well as the drainage of the CSF for IH management.
Therefore, it is considered as a gold standard. However, due to its invasiveness, it has the risk of
infection and haemorrhage. As a result, it cannot be used for repeated or prolonged use. Long-term
monitoring of the ICP is a life-saving activity for patient suffering from IH due to an iliness [5][6][9-
10][13]. Due to the limitations of the invasive methods, non-invasive methods have been studied in
recent literatures [11-12] for long-term monitoring of the ICP. However, non-invasive methods lack
in the accuracy and due to anatomical variations, they cannot be used as a counter part of the
invasive methods [13].

ICP

Volume

Figure 1: Relation between the intracranial pressure and the volume.

In the recent literatures, researchers have focused on the development of implantable systems for
ICP monitoring. In an implantable system, an implant monitors the ICP and transmits it outside the
skull. Researchers have either proposed a battery assisted implant [14] or a fully passive implant
[15-17] for monitoring of the ICP. Battery assisted implants are large in size due to the size of the
battery and have limited life due to the life of the battery. Fully passive implants have small read
range due to their zero-power operation.

1.1 Scope of the thesis

This work is focused on the development of an inductively powered implantable system with a far-
field data transmitter for monitoring of the ICP. Figure 2 shows the system-level description of the
developed system for monitoring of the ICP. The developed system has three main parts. First is an
implant or an in-body unit which monitors the pressure and transmits it outside the skull through a
far-field link. Second is an on-body unit which powers the implant through inductive near-field link.
Third is an off-body unit which receives the transmitted signal from the implant. It is important to
mention that the terms “implant” or “in-body unit” are interchangeably used throughout the thesis.



The system has two wireless links: near-field and far-field, as shown in Figure 2. The optimization of
the near-field link is important for sufficient power transmission to activate the implant. The antenna
designing for both implant and on-body unit is discussed for maximum link power efficiency in a
human head model. In an inductive near-field link, maximum power transfer efficiency between the
antennas depends on their size, structure, separation, material properties and alignment between
them [18].

Off- body
& e Unit

Energy T Dat'a )
. ransmission
Harvestin
)’ £ Unit

Unit

Pressure
Sensor

Figure 2. The system-level description of the developed system for monitoring of the ICP

Due to the nature of the application, the implant antenna should be as small as possible. Similarly,
the antenna of the on-body unit should also be light-weight and small in size. Maximum power
transmission from the antenna of an on-body unit is limited by the human safety limit known as
specific absorption rate (SAR). This work follows U.S. federal communications commission (FCC)
regulation which limits the SAR averaged over one gram of tissue to SAR,,,,, = 1.6 W /kg. However,
the SAR limit recommended by The Council of the European Union is SAR,,,, = 2 W /kg averaged
over 10 grams of tissue. Different structures of the antenna are studied for maximum power
transmission without sacrificing the maximum link power efficiency. For a small loop antenna, the
near-field radiated power density is inductive in nature. Near magnetic field in a small loop antenna
can be enhanced by increasing the number of turns or by inserting the ferrite core with high perme-
ability within the circumference or perimeter of the loop antenna [19]. Therefore, 2-D and 3-D loop
antenna structures are studied in an on-body unit for efficient wireless powering. The maximum
power transfer efficiency decreases as the separation between the coupled antennas increases due
to the decrease of the coupling. For a fix implant, if antenna of the on-body unit is brought close to
the skin surface then maximum link power efficiency increases due to decrease in the separation
between the coupled antennas. However, due to SAR limitation, it decreases the maximum allowed
power transmission from the antenna of the on-body unit. The goal is to find an optimum distance
from the skin that results in a maximum power at the implant. Therefore, the separation between the
antenna of the on-body unit and the skin is studied based on the available power at the implant



terminals. Human tissues presence between the inductively coupled antennas exert excessive loss.
Simple and accurate modelling of the human head is important for simulating the inductive near-field
link. Detailed and complex human head models are accurate but require more time and computation
power for simulation. A comparison is done between the tissue-layer and the anatomical human
head model provided by ANSYS HFSS v15. A small misalignment between strongly coupled
antennas significantly decreases the voltage at the implant terminals. It is important that coupled
antennas should tolerate the small misalignment without significat affect on the voltage at the implant
terminals. A 3-D loop antenna structure for an on-body unit helps to overcome the impact of the
small misalignment between coupled antennas.

In this work, an energy harvesting unit activates the implant by converting the radio frequency (RF)
to direct current (DC) voltage. A piezoresistive pressure sensor in the implant monitors the pressure.
A data transmission unit consists of an amplifier and a voltage controlled oscillator (VCO) transmits
the pressure signal at the industrial, scientific, and medical radio (ISM) band of 2.45 GHz. The output
of the VCO is connected to a far-field antenna. The implant is designed on a thin and flexible
substrate. Due to small available space, far-field antenna design is critical. Although researchers
have reported several far-field implant antenna miniaturization techniques [20-38], however, co-
planar far-field antenna structure is proposed due to small available space and thin substrate. The
optimization and designing of the far-field implant antenna are discussed in detail.

The transmitted signal from the implant is received by an off-body unit. In a piezoresistive pressure
sensor, the output voltage of the sensor is sensitive towards the change in the pressure. The implant
is developed and tested in three main stages. At the first stage, the implant does not contain data
transmission unit and the response of the implant is analyzed in the air by monitoring the output
voltage of the pressure sensor. At the sencond stage, the response of the implant is verified in the
liquid (water) without a data transmission unit by monitoring the output voltage of the pressure sensor.
At the third stage, a data transmission unit is included in the final design of the implant and the
response of the implant is verified in a setting mimicking the dielectric properties of the human head.

For biomedical application, the implant should either be made of biocompatible materials or coated
with biocompatible materials. This work also presents the effect of the implant coating material on
both near-field and far-field links. Moreover, the response of the system is also discussed due to the
change in the tempereature.

1.2 Structure of the thesis

This thesis is organized in six chapters (see Figure 3). Chapter 1 provides the literature review of
the intracranial pressure (ICP) and highlights the main objectives of the thesis. Chapter 2 describes
the antenna fundamentals, theoretical background of an inductive near-field link and far-field antenna



design considerations. Chapter 3 presents the simulation and measurement results of the developed
ICP monitoring system without a data transmission unit. An ICP monitoring system with a data
transmission unit is presented in Chapter 4. The effect of misalignemnt between the coupled
antennas and tempereture are discussed in Chapter 5. Finally, thesis conclusion and future trends
are presented in Chapter 6.

) e Literature review of the ICP
1. Introduction

e Thesis objectives

2. Threoretical Background *  Antenna fundamentals
e Inductive near-field link theory

e Far-field antenna design considerations

3. Intracranial pressure monitoring system without a *  Design of an on-body unit antenna [l]

. . e  Pressure measurement in the air [ll
data transmission unit ]

e  Pressure measurement in the liquid (water)

1]

4. Intracranial pressure monitoring system with a data *  Far-field antenna design [IV]

. . e  Pressure measurement in a settin
transmission unit g

mimicking the human head environment [V]
e  Effect of the coating on wireless links [IV, VI]

o Effect of misalignment between inductively
coupled antennas on the system
performance [VIII]

5. Effect of misalignment between inductively coupled
antennas and temperature on the performance of

the intracranial pressure monitoring system
e Effect of temperature on the system

performance [VII]

6. Conclusion e  Summary of the thesis

e  Future trends

Figure 3. Structure of the thesis






2 Theoretical Background

The implant is powered through an inductive near-field link. In an inductive near-field link, the primary
coil (in our case on-body antenna) transmits the power inductively across the tissues of the human
head to the secondary coil (in our case implant antenna). The received power is then rectified and
activates the implant circuitry. After the activation, a pressure sensor monitors the pressure and a
data transmission unit transmits the pressure outside the skull through a far-field antenna. This
chapter discusses the antenna fundamentals, theoretical background of an inductive near-field link
and far-field antenna design considerations for an implant.

2.1 Antenna fundamentals

An antenna can be defined in simple words as a transitional structure between free-space and a
guiding device [19]. It is an essential element in any wireless communication system. Antenna
performance can be described through various parameters. However, it is not necessary to specify
all of the parameters for a complete description of an antenna because some of them are interrelated
[19]. In this section, we will focuse only a few antenna parameters which are going to be used in the
coming chapters.

Antenna surrounding can be sub-divided into two main regions including near-field and far-field.
Close to an antenna, it has both reactive and radiative energies and as a result the field pattern of
the antenna changes rapidly with distance. However, as we move away from the antenna, reactive
energy becomes negligible whereas radiative energy starts dominating. These regions can be
separated by radius R as shown in Figure 4 and given by [39]

R =22 [m] (2.1)

where D is the diameter of the antenna or the largest dimension of the antenna (m) and 1 is the
wavelength (m). The near-field region can be defined as the region within the R, whereas the region
beyond the R is the far-field region. Equation (2.1) defines the near-far field regions for electrically
large antennas. However, in this work, we present electrically small antennas. Therefore, for

, — yl
electrically small antennas, the R is givenas R = Py

Antenna total efficiency takes into account the mismatch efficiency and radiation efficiency and is
given as [19]

€p = €r€6cq [dimensionless] (2.2)
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Figure 4. Definition of antenna field regions [39]

where e, is antenna total efficiency, e, = (1 — |T'|?) is mismatch efficiency at antenna input terminals
and e.; is antenna radiation efficiency. I' is defined as voltage reflection coefficient at the input
terminals of the antenna and is given as [19]

Zi—Zy

=
Zi+Z,

[dimensionless] (2.3)

where Z; is the input impedance of the antenna and Z, is the characteristic impedance of the
transmission line.

Directivity of an antenna can be defined as the radiation intensity in a specific direction to the
radiation intensity averaged over all directions [19]. Gain of the antenna is another important
parameter. It can be defined as the ratio of radiation intensity in a specific direction to the radiation
intensity in the same direction if the antenna radiates isotropically. Gain can be calculated by
multiplying the radiation efficiency to the directivity of the antenna and is given as

Gain = e.4 X directivity [dimensionless] (2.4)

If in equation (2.4), radiation efficiency is replaced by antenna total efficiency then it is called absolute
gain.

In free space, for wireless communication system, it is important to explain Friis transmission formula.
Assume a wireless communication system, as shown in Figure 5, has two antennas 4 and B which
have gains G, and G respectively, separated by distance L and arranged such that their reflection
and polarization are matched. If antenna A is fed with power P,, then power P; received by antenna
B is given as [19]

Py = P4GAGy () W] (25)
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Figure 5. A simple wireless communication system

2.2 Wireless powering through an inductive near-field link

Loop antennas are simple in structure and inexpensive. They can have different shapes such as
circular or rectangular. If the circumference of a loop antenna is less than one-tenth of the wave-
length then the loop antenna is considered as an electrically small antenna. Due to the small size of
an electrically small antenna, its effective area or effective aperture is small and therefore these
antennas are low efficient. However, if the circumference of the loop antenna approaches to the
wavelength then this is known as an electrically large antenna. This section discusses the electrically
small antenna.

2.2.1 Analysis of an electrically small loop antenna

Figure 6 shows a circular loop antenna with radius a on the x-y plane of a polar coordinate system
with z = 0. With the assumption that wire of the loop is thin and current has uniform distribution, the
current spatial distribution I, along the wire for an electrically small antenna is given as [19]

Iy = I, [A]  (2.6)

where I,is a constant. Magnetic vector potential A helps to determine the electromagnetic field pro-
duced by I, at a distance r from the loop center point and is given as [19]
ul, _i ) ik 1 )
A= a¢%e kT 5ing []7 + —] [V.s.m™ (2.7)

r2

where u is the permeability of the medium (H/m) and k is wave number and is given as

k= wype=2=2 [rad/m] (2.8)
where w is angular frequency (rad/m), f is frequency (Hz) of the electromagnetic wave and c is the
speed of electromagnetic wave in the medium (m/s). It is important to note that 4 has only ¢-com-
ponent whereas its r- and 6-components are zero. The relation between magnetic flux density B
and magnetic field intensity H is given as



B =uH [Wb/m? or Tesla] (2.9)
B can also be expressed as the curl of 4
B=V xA (2.10)

Substituting the value of B from (2.9) into (2.10), H can be expressed as the curl of A

H= iv x A [A/m]  (2.11)

Figure 6. Geometrical arrangement for an electrically small circular loop analysis

Substituting the value of 4 from (2.7) into (2.11) and solving (2.11) would provide the magnetic field
components of an electrically small circular loop as following [19]

. ka’l, _; 1
H.=]j ;76 KT cos0 [1 +]W] (2.12)
— _ Kkl —jkr 1 L
Hy = — 2222 eIk sing [1 Fot (},W] (2.13)
Hy =0 (2.14)

Electric field E can be computed through the curl of magnetic field H

1

jweo

VxH [Vim] (2.15)

Similarly, electric field components for an electrically small loop antenna geometry in Figure 6 can
be given as [19]
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E, =Ey=0 (2.16)

(k@) ly ik 1
Ey = n—,e I® sin@ [1 +jkr] (2.17)

where n = \/% is intrinsic wave impedance of the media. For free space it is equal to 377 Q.

From equations (2.12) to (2.17), for an electrically small loop antenna, we can conclude as following:

In near-field region (kr « 1): for magnetic field both H, and Hy exist. However, for electric field
only Egexists.

In far-field region ( kr > 1): for magnetic field H, — 0 and only Hy left. However, for electric field
only Ey exists.

Complex power density for an electrically small loop antenna of Figure 6 is given as [19]
W= %(E X H") = %(_arE(pHé +agEgHy) W/m?  (2.18)

where asterisk marks complex conjugate. If (2.18) is integrated over a closed surface, the radial
complex power PB. can be obtained as following [19]

P =n1(ka) 12 [1+ ] W] (2.19)
From (2.19), we can conclude that:

In near-field region (kr < 1): # > 1 and therefore, B. is mainly reactive.

In far-field region ( kr > 1): # « 1 and therefore, B. is mainly real.

Another important point to note is that radial power for an electrically small loop antenna in the near-
field is inductive in nature, however, for electrically small dipole it is capacitive in nature. [19]

2.2.2 Inductive near-field link theory

Consider a loop system shown in Figure 7(a) in which two loops or coils are in each other vicinity
and are perfectly aligned. The magnetic flux ®,, produced due to i; in the first loop passes through
the second loop. This results in an inductive near-field link. Coupling factor k. and mutual inductance
M are two parameters characterize the inductive near-field link strength and both are related as
following [40]

M =k.JL,L, H] (2.20)
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where L; and L, are the self-inductances of the first and the second loops respectively. The mutual
inductance of the system shown in Figure 7(a) can be approximated as [40]

2
M = uN, N, Za2) (2.21)

2(r2+a?)2

where N;and N, are the number of turns of the first and the second loops respectively. a; and a,
are the radius of the first and the second loops respectively and r is the separation between the
loops. From (2.21) we can conclude:

(i) If a; > a, then system is robust towards the misalignment between the loops.
(i) If a; = a, then system has the highest mutual inductance.
(iii) Loops with larger radiuses result in the higher mutual inductance.

From [40], coupling factor k. can be given as

3
_ T ai;a, \z
R ) .

Where d, and d, are the diameters of the first and the second loops respectively. Coupling factor k.
depends on the geometry of the loops or coils and separation between them. However, it is inde-
pendent of the number of turns of the loops or coils.

—M—,
T

\
|
/
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(660)
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lZJ

(a) (b)

Figure 7. (a) Magnetically coupled circular loops (b) equivalent circuit diagram of coupled loops

According to Faraday’s Law, if i;changes then this changes the magnetic flux through the second
loop and induces voltage v, in the second loop. If second loop is connected to the load R; then the
equivalent circuit diagram for coupled loops is shown in Figure 7(b). R, represents the ohmic losses
in the second loop. The induced voltage v, across the load R;can be given as [40]

JwM.iq

Uy, = W [V] (223)

Ry,
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From (2.23) it is clear that load resistance R, value has significant impact on the achieved voltage
across the load R;. For R, - o, v, = jwM.i,. However, when R; = 0, v, = 0.

2.2.3 Modelling of an inductive near-field link

An inductive near-field link can be modelled as linear two-port network parameters (Z,Y, S, or ABCD).
In a linear two-port network, power analysis can be done through transducer gain G; and maximum
available power gain Gy 4, [41]. G; can be defined as the ratio of the power delivered to the load to
the available power from the source. G; can be expressed in terms of the Z-parameters as following
[41]

_ 4RsR|Z1|?
[(z11+Z5)(222+Z1)— 212224 |2

G [dimensionless] (2.24)
where Zs and Z; are the source and load impedances respectively. R;, and R are the real parts of Z;,
and Zg respectively. Under unconditional stability, maximum available power gain G, ;. is the max-
imum of G, and is given as [41]

G S — [dimensionless] (2.25)

PMax g4 \[s2-|21,2,1 ) '

where S = 2Re(Z11)Re(Z;;) — Re(Z1;,Z51). In an inductive near-field link, G, 4, is maximum link
power efficiency. In this work, inductive near-field link is optimized based on G, ;4.

2.3 Far-field implant antenna design considerations

Miniaturizing the overall size and exact form-factor to minimize the intrusiveness are the fundamental
challenges in the design of a far-field implant antenna. Several techniques have been reported in
the literature for implant antenna miniaturization and can be summarized as following:

(i) Using of high permittivity dielectric materials as substrate [20-22].

(ii) Using meandering/spiraling and/or inserting the slot/line to lengthen the current path on
the radiating patch of the antenna [23-27]

(iii) Using a planar inverted-F antenna configuration [28-31]

(iv)  Vertically stacking two or more radiating patches [32-34] and

(v) Loading (inductive, capacitive or split ring) for impedance matching [35-38].

To minimize the intrusiveness, the substrate thickness and rigidness are important. The goal is to
use flexible and thin substrate. Recently, there have been reports of many implant antennas on the
flexible substrate [42-47].
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Usually, due to the small size of the implant, there is limited space available for an implant antenna.
The two-sided structure of an implant antenna on thin substrate would result in a very narrow band-
width of the antenna [19]. Two-sided structure means that a radiating patch is on the one side of the
substrate and a ground is on the other side of the substrate. Moreover, due to other electronics in
the implant, usually it is hard to find suitable space for a two-sided structure of an implant antenna.
Therefore, an alternative is a co-planar implant antenna structure. In a co-planar structure, both the
radiating patch and the ground are one the same side of the substrate. There has also been reported
literature on a co-planar implant antenna structure [22][48-49].
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3 Intracranial pressure monitoring system without a data
transmission unit

This chapter discusses the development of an intracranial pressure (ICP) monitoring system without
a data transmission unit. In the absence of the data transmission unit, the change in the pressure is
monitored by monitoring the output voltage of the piezoresistive pressure sensor. Moreover, the
system response is measured in the air and in the liquid (water). The simulation and measurement
results of the inductive near-field link are discussed in detail.

3.1 Modelling of the inductive near-field link for wireless powering

Inductive near-field powering is used to power the implant. The implant is placed under the skull and
the antenna of the on-body unit is placed at 5 mm from the skin. The reason of 5 mm distance from
the skin is discussed in the coming section. Total distance between the implant and the antenna of
the on-body unit is 16 mm. As explained in Section 2.2.1, near-field of an electrically small loop an-
tenna in inductive in nature. Therefore, we have selected electrically small loop/coil antennas for
wireless inductive powering. Tissue-layer model present in [50] is used to model the human head.
Moreover, each tissue layer is assigned properties based on [51]. ANSYS HFSS v15 is used for
simulation.

The maximum allowed power transmission P, ,,,4, is limited by the human safety limit known as spe-
cific absorption rate (SAR). In this work, we have followed the U.S. FCC regulation which limits the
SAR averaged over 1 — gram of tissue to SAR,,,, = 1.6 W /kg. To activate an implant, we need to
meet the voltage threshold that requires specific amount of power. Under conjugate matched condi-
tion, the maximum power received P, by an implant load is given as: P, = P jmax X Gpmax- This in-
dicates that the goal is to maximize both P; .4, and G, 4 in an inductive near-field link. It is also
important to note that G, ,,,,, depends on both the implant and the on-body unit antennas, however,
P¢ max depends only on the antenna of the on-body unit.

3.1.1 2-turns loop antenna for an on-body unit

Study of [Publication 1] concludes that a 2-turns loop antenna can transmit more power without vio-
lating the SAR,,,, limit with the same size and dimensions compared to the single turn loop antenna
(see Figure 8(a)). In a 2-turns loop antenna, there are two loops in series. First loop is on the front
side of the substrate and the second loop is on the backside of the substrate as shown in Figure 8
(b-c). Due to the structural property of the 2-turns loop antenna, one feeding port of the antenna is
away from the skin compared to the other. Therefore, it has only one E-field potential peak and
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resulted in low and uniform SAR distribution compared to the single turn loop antenna as shown in
Figure 9.

(a) (b) (c) (d)

Figure 8. (a) Single turn loop antenna (b) the top view of 2-turns loop antenna (c) the side view of 2-
turns loop antenna (d) fabricated single and 2-turns loop antennas [Publication I]

Figure 9. (a) Normalized E-field distribution for 2-turns loop antenna (b) normalized local SAR distribu-
tion for 2-turns loop antenna (c) normalized E-field distribution for single turn loop an-
tenna (d) normalized local SAR distribution for single turn loop antenna at 100 MHz.

[Publication I]

Simulation results from [Publication I] also shows that the distance of an antenna of the on-body unit
from the skin has broad optimum. The optimum distance from the skin is studied based on the max-
imum received power P, at the implant terminals. If an implant is considered fixed under the skull
and distance between the antenna of the on-body unit and the skin is varied then with the decrease
of distance G, qx increases, however, P, ., decreases due to increase in SAR and vice versa. The
simulation [Publication I] results show that the implant would receive approximately the same amount
of power if the distance of the on-body antenna from the skin varies from 5 mm to 11 mm. Therefore,
throughout this work, we kept the on-body antenna at 5 mm from the skin in the development of the
ICP monitoring system.

3.1.2 2-turns coil antenna for an implant

The implant is designed on a flexible polyimide substrate which has dielectric constant (e,.) of 3.3
and tangent loss (tand) of 0.002. The substrate has the thickness of 50 um. For powering the im-
plant, a 2-turns coil antenna is designed as shown in the Figure 10 (a). The implant front side (facing
towards the on-body unit) has a 2-turns coil antenna and the implant backside has copper traces for
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pressure sensor and other electronic components attachment. Our goal is to keep the implant’s
maximum dimensions to 2 cm X 2 cm. Therefore, the inner diameter of the 2-turns coil antenna is
kept 11.2 mm, however, the thickness of the loop and separation between the loops of the coil are
optimized for maximum G, ;4. The optimum values for the thickness of the loop and the separation

between the loops are 0.26 mm and 0.32 mm respectively. [Publication II]

2-turns loop antenna

E’ Skin 2mm vr
B ———
E Fat 2mm k-
1 ——x
] Bone 7mm v

] Brain  2-turns coil
antenna

(a) (b) (c)

Figure 10. (a) The implant front side containing the 2-turns coil antenna (b) the implant backside for
sensor and other electronics attachment (c) tissue-layer model of human head for
simulation. [Publication ]

3.1.3 Simulation and measurement results of the inductive near-field link

The tissue-layer model shown in Figure 10 (c) is used for simulating the inductive near-field link. In
the simulation, there is no coating material used around the implant. The effect of the coating material
will be discussed in the next chapter. The 2-turns loop antenna of the on-body unit is designed on
FR4 substrate with the height of 1.6 mm, the inner diameter of 16.5 mm and the thickness of 7.8 mm.
Figure 11 shows the simulated maximum link power efficiency G, 4, the simulated maximum power
transmission Py 4, and maximum received power P, at the implant. The optimum frequency for
maximum G, mq, is 6 MHz. With the increase in the frequency, G, 4, decreases relatively slowly.
However, P, ,,,, and P, decrease relatively fast.

0
[T}
S,
- '5 T T
§ =8— Human Head Layered Model
o 10 == Measurement Model
0 10 20 30
2 —r
E 10% PL 1
g 1037 \ t,max
o)
o 10° ‘ ‘
0 10 20 30

Frequency [MHZz]

Figure 11. Simulated G, ;mqx » Pe,max @nd P [Publication I1].



17

After fabrication, an LC-matching network is used for the 2-turns loop antenna of the on-body unit to
match it to 50 Q. However, a capacitor in a parallel configuration is used as a matching network for
the 2-turns coil antenna of the implant. An LC-matching network is sensitive towards the capacitor
and the inductor values. Therefore, we are able to match them at 11 MHz instead of 6 MHz. However,
simulated G, ;nqx at 11 MHz and 6 MHz are within 1 dB difference. [Publication I1]

At low frequency, losses due to the tissue layers are low. Therefore, to make the measurement
simple, an air gap of 16 mm between the coupled antennas can be used instead of the tissue layers.
As shown in Figure 11, the difference in G, .4, for measurement and tissue-layer models is only
1.21dB at 11 MHz. The measured S-parameters of the inductive link at 11 MHz are S11 = —4.3 dB,
§22 = -24.8dB and §12 = 521 = —15.5dB. The simulated and the estimated G, .o, are —2.17 dB
and —3.55 dB respectively. The transmission loss is high due to the parasitics of the inductor and
the capacitors in the matching networks. [Publication I1]

3.2 Pressure readout experiment in the air

A rectifier in the implant converts the RF-to-DC. Rectifier has two Schottky diodes (Skyworks
SMS7630 series) for rectification and two 1 uF capacitors in the charge pump configuration. Initially,
Amphenol P162 NovaSensor piezoresistive pressure sensor die is used as a pressure monitoring
sensor. It has overall dimensions of 1150um X 725um x 170um. Moreover, it is a half bridge config-
uration and requires two 800 Q external resistors to complete the full bridge. The measured full
bridge input resistance of the sensor is 795 Q [Publication I1].

Figure 12 (a) shows the measurement setup. The implant is placed inside of an air-sealed plastic
container and the antenna of the on-body unit is placed outside the container. The airflow is con-
trolled through an in/out airflow valve and a reference pressure monitoring device (IMF electronic
gmbh PA 3528) is also connected. The pressure change is monitored by monitoring the output volt-
age of the sensor.

After the measurement setup, an input power of 23.98 dBm (250 mW) is fed to the antenna of the
on-body unit. The pressure sensor needs a minimum of 1 V at its input terminals for activation. How-
ever, with 23.98 dBm input power, the achieved voltage is 1.894 V at the input terminals of the sen-
sor. This means that overall system power transfer efficiency is 1.8 % [Publication Il]. Figure 12 (b)
shows the measured power flow of the developed ICP monitoring system in the air without a data
transmission unit.
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Figure 12. (a) Measurement setup (b) the measured power flow of the developed system in the air
without a data transmission unit. [Publication 1]

The required power to activate the pressure sensor (250 mW) is much less than the simulated
Pt max = 1391mWW at 11 MHz [Publication Il]. However, with the addition of the data transmission unit
in the implant, we will approach the maximum limit of P, .4,

Figure 13 shows the monitored output voltage of the pressure sensor (blue box) with change in the
pressure. It is important to note that the system provides relative measurement not the absolute
measurement. This means that each value of the output voltage of the sensor does not represent
the corresponding pressure value. Instead, it tells us about the relative change in the output voltage
of the sensor to an equal change in the pressure. Therefore, it is important to verify the performance
of the developed system with the performance when the sensor is powered directly through wire.
Figure 13 also shows the output voltage of the same pressure sensor (blue circle) when it is powered
through wire with an equal voltage (1.894 V) as of in the wireless case. Both responses from the
same sensor are different, indicating that the wireless power link is not working as expected. The
problem is with the measurement setup. For stable reading from the piezoresistive pressure sensor,
the input voltage of the sensor should be stable. If voltage at the input of the sensor changes then it
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would change the output voltage even without the change in the pressure. To verify this problem,
voltage at the input terminals of the pressure sensor is also measured and shown as green line in
Figure 13. As can be seen, voltage at the input terminals of the sensor is not constant. Change in
the voltage happens due to the expansion of the plastic box as we apply high pressure. As a result,
this changes the distance between the coupled antennas. Thus, voltage at the input terminals of the
sensor changes. Although a charge storage capacitor of 33 uF is added in the implant, but it is una-
ble to stabilize the voltage. This indicates that for voltage stability, a bigger charge storage capacitor
and a zener diode as voltage regulator are required. After removing the effect of the voltage change
at the input terminals of the sensor as explained in [Publication Il], the wirelessly powered pressure
sensor has the same response as of the wired powered (see Figure 13).
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Figure 13. Measured voltage at the sensor output with pressure change and the voltage at the input
terminals of the pressure sensor when the antenna of the on-body unit is fed with 250
mW [Publication II].

3.3 Pressure readout experiment in the liquid (water)

The response of the system is also observed in the liquid. In the previous section, the sensor is
placed in the air. However, in this section we will discuss the response of the system when the
piezoresistive pressure sensor is placed in the liquid. From now onward, we have used Amphenol
NPP301A-200A piezoresistive pressure sensor instead of the one that we have used in the previous
section due to two reasons. First, due to the small size of the previous sensor, it was difficult to attach
to the board. Second, previous sensor has low input resistance (796 Q) compared to Amphenol
NPP301A-200A (5000 Q). This puts requirement to transmit more power to achieve the same voltage
at the input terminals of the sensor.

Following changes/improvements in the sensor/measurement setup have been made compared to
the previous section [Publication I11]:

(i) An addition of zener diode for the stability of the voltage at around 2 V.
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(ii) In the measurement, a pig skin of 6 mm thickness is added between the coupled anten-
nas for better modelling of the inductive near-field link compared to the air model in the
previous section.

(iii) Only the pressure sensor is exposed to the liquid (water).

(iv) The sensor is coated with 2um Parylene C for its normal operation inside the liquid.

Figure 14 (a) shows the measured power flow and S-parameters of the inductive near-field link. With
an input power of 19.5 dBm (in previous section 23.98 dBm), we are able to achieve 2.122 V (in pre-
vious section 1.894 V) at the input terminals of the pressure sensor. This happens because of the
high input resistance of the pressure sensor as explained in Section 2.2.2. Figure 14 (b) shows the
measurement setup. The pressure inside the water column is controlled by water level.
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Figure 14. (a) Measured power flow and S-parameter (b) measurement setup to verify the performance
of the developed system in the liquid (water) [Publication IIl].
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Figure 15. Simulated G, 1,4, for the tissue-layer and the measurement model (Figure 14(b))

Moreover, Figure 15 shows the simulated G, ;.4 for the tissue-layer model and the measurement
model. It is clear that adding pig skin of 6 mm thickness between the coupled antennas significantly

improve the accuracy of the measurement model compared to the air measurement model of the
previous section (Figure 11).

Rectifier efficiency with respect to the change in the input power and the load impedance variation
is an important parameter to study for a wireless power transfer system. In our system, load is con-
stant and is known that is why we study the rectifier efficiency with only different input powers. Figure
16 shows the measured rectifier efficiency and the voltage at the input of the sensor with respect to
different fed power at the rectifier input. The gap between the coupled antennas and the load imped-
ance are kept the same. The input power to the antenna of the on-body unit is varied from 13.5 dBm
to 23.5 dBm with step size of 1 dB by feeding sine wave signal at 11 MHz. This results in power
variation from —2.27 dBm to 7.73 dBm (input power to the antenna of the on-body unit — 15.77 dB)
at the rectifier input terminals. The rectifier efficiency increases linearly with the increase in the feed
power until 5.5 dBm. However, after 5.5 dBm input power, the increase in rectifier efficiency is not
linear any more.
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Figure 16. Measured rectifier efficiency and the voltage at the input of the sensor with the change in the
transmission power
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Figure 17 shows the measured voltage at the output of the sensor with the change in the pressure.
The pressure is changed in both Up/Down directions with a step size of 1 mmHg. This verifies the
system response in both directions. Moreover, two sets of Up/Down measurements are performed
to verify the repeatability of the system. We can conclude as following:

(i) The sensor’s response is linear over the studied pressure range. A total of 773 uV change
in the voltage from 18.617 mV to 19.390 mV is observed corresponding to 30 mmHg
pressure change from 0 mmHg to 30 mmHg.

(i) The sensor shows an average hysteresis of only 13 uV between the increasing and the
decreasing pressure.

Even with hysteresis, there is clear distinction between the voltages corresponding to the adjacent
pressure values. This attests 1 mmHg resolution in the pressure readout.
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Figure 17. Measured output voltage of the sensor with the change in the pressure in liquid (water).

The results indicate that the presented ICP monitoring system without a data transmission unit
showed an excellent response. However, we have simplified many things in the simulation and in
the measurement. For example, in the simulation, there is no coating material around the implant.
Although, in the measurement, we have used pig skin of 6 mm thickness between the coupled an-
tennas for inductive near-field link, however, in real application, the sensor is supposed to place in
the CSF. The next chapter discusses the data transmission unit, the addition of the coating material
in the simulation and presents the results from experiments carried out in a setting which mimics the
biological operation environment.
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4 Intracranial pressure monitoring system with a data trans-
mission unit

This chapter presents the simulation and measurement results from an ICP monitoring system with
a data transmission unit. Figure 18 shows the detailed description of the ICP monitoring system with
a data transmission unit. The on-body unit powers the implant and consists of a powering module,
loop antenna and a matching network for the loop antenna. The implant has a 2-turns coil antenna
that is inductively coupled with the antenna of the on-body unit. A matching network is used for
matching the 2-turns coil antenna. A rectifier consists of schottky diodes and capacitors for RF-to-
DC conversion and voltage doubling, Zener diode as voltage regulator and super capacitor for
charge storage. A piezoresistive pressure sensor monitors the pressure. A differential amplifier am-
plifies the difference in the output voltage of the pressure sensor and drives the VCO at ISM band of
2.45 GHz. Both amplifier and VCO are powered through rectifier as shown in the Figure 18. The
output of the VCO is connected to the far-field antenna. The output of the piezoresistive pressure
sensor is sensitive towards the change in the pressure. This means that differential output of the
pressure sensor changes with the change in the pressure. Therefore, we are converting the voltage
change of the sensor to the frequency change of the VCO output signal. By monitoring the change
in the frequency of the transmitted signal from the implant, we can monitor the change in pressure.
The signal transmitted from the implant is received by the off-body unit placed at 1 m from the implant.
The off-body unit has 1/2 dipole antenna that is connected to the spectrum analyzer (SA).

On-body Unit

Matching Circuit

Powering
module

Off- body Unit

A\/2 dipole
Antenna

Data Transmission Unit

Spectrum
Analyzer

2-turns coil
Antenna

\

Far-field

Rectifier = i
== Matching Amplifier
b\ Network *
i Pressure Voltage
Sensor Controlled

Oscillator

Figure 18. The detailed description of the wirelessly powered ICP monitoring system with a data trans-
mission unit.

In this chapter, we present the simulation and measurement results of the far-field antenna, the effect
of the coating on the inductive near-field link and on the gain of the far-field antenna. In addition,
present a comparison of tissue-layer and anatomical human head model provided by HFSS v15 and
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finally, complete implant design and measurement results in a setting mimicking the human head
environment.

4.1 Far-field antenna simulation and measurement

Based on the far-field implant antenna design considerations explained in Section 2.3, we selected
a co-planar spiral antenna structure. The spiral structure is selected over meander because spiral
provides lower resonance frequency and higher radiation efficiency. The radiation efficiency of me-
ander structure is low because of the opposing current direction in the adjust arms of the radiating
patch [27-28]. Figure 19 shows the top view of the simulated far-field antenna structure [Publication
IV]. Tissue-layer model explained in previous chapter (Figure 10(c)) is used for the simulation. The
implant is coated with commercially available silicone with a total thickness of 1 mm [Publication IV].
The antenna dimensions “Tf”, “Sf” and “W” are fixed due to the size of the VCO, however, the rest
of the dimensions are optimized to achieve the resonance at 2.45 GHz with maximum size limits “L +
Lg+ Sf =6mm” and “Wg + Ws = 5mm”. The maximum limits are imposed due to available size
on the implant. The far-field antenna is designed on the flexible polyimide substrate as explained in
the previous section. At first step, the antenna is simulated as individual. The material close to the
antenna disturbs the current flow in the antenna and affects the antenna resonance frequency and
radiation pattern. Therefore, after simulating the antenna individually, we placed the antenna on the
implant surrounded by the 2-turns coil antenna and other copper traces for electronics components.
This requires retuning of the antenna dimensions to bring the resonance frequency back to 2.45 GHz.
Figure 20 shows the layout of the implant front and back sides. Table 1 shows the final far-field
antenna dimensions.

Radiating

Element ~—. |

shorting Feed

Lg

Ground
Plane

Figure 19. Top view of the far-field antenna structure [Publication IV].



Figure 20. (a) The front side of the implant (red traces represent electronic circuitry, black represents 2-
turns coil antenna and green represents the implant antenna) (b) the backside of the
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(a)

(b)

implant (red traces for electronic circuitry) [Publication 1V].

Table 1. Optimized dimensions of the far-field antenna presented in Figure 19 [Publication 1V].

Symbol

L | W | Lg |wg | Ls | Ws | T

Lt

Sf

Tf

Ts

Value [mm]

3.55 3 2 4 1.9 1 0.4

0.75

0.5

0.3

0.35

1.05

0.2

4.1.1 Simulation results of the far-field antenna

Figure 21 shows the simulated reflection coefficient of the far-field antenna. The antenna has
—10 dB bandwidth of 280 MHz. Figure 22 shows the E-field distribution of the antenna at 2.45 GHz.
Antenna is acting as a A/2 resonator at 2.45 GHz (see Figure 22). Moreover, Figure 23 and 24 show
the antenna 3-D and 2-D gain patterns. It is important that the antenna should not radiate towards
the brain to avoid any harm due to the radiation. From Figure 23, it is clear that the far-field antenna
main beam is directed away from the brain. Moreover, antenna has small side and back lobs. The
simulated antenna gain, directivity and radiation efficiency are —19.63 dB, —4.33 dB and 0.5 % re-

spectively [Publication IV].
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Figure 21. The simulated reflection coefficient in dB [Publication 1V].
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Figure 22. E-field (V/m) distribution at the far-field antenna surface at 2.45 GHz [Publication 1V].
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Figure 23. 3-D gain pattern of the far-field antenna at 2.45 GHz [Publication IV].
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Figure 24. Far-field antenna 2-D gain pattern at 2.45 GHz (a) E-plane (b) H-plane [Publication IV].
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Although the gain of the antenna and the radiation efficiency are low. Still, it radiates electromagnetic
energy. Therefore, it makes important to check either antenna full fills the SAR limit or not. In the
simulation model, although the antenna is facing away from the brain but closest tissue layers to the
antenna are the bone and the brain. Therefore, we estimate the SAR in both tissue layers as ex-
plained in [Publication 1V]. The maximum output power of the VCO is 0.5 mW. Therefore, we esti-
mate the SAR,,,, for 0.5 mIW input power. Table 2 shows the simulated P, ,,,4, and SAR,,,, for both
tissue layers [Publication IV]. From Table 2, it is clear that bone tissue layer has the highest SAR,,, 4
and puts the limit to P, ,,,,, from the far-field antenna. This makes sense because the antenna radi-
ates towards the bone and small amount of electromagnetic energy goes towards the brain. Another
important point to note is that P, ,,4, for the bone is much higher than 0.5 mW [Publication 1V]. As
SAR 4, 9enerated in the bone layer limits the Py ,,,4,, therefore, we have plotted the local SAR dis-
tribution at the bone interface when far-field antenna is fed with 0.5 mW at 2.45 GHz as shown in
Figure 25.

Table 2. Simulated P, ,,,4, and SAR,,,, for the bone and the brain tissue layers [Publication IV].

SARmax [W/kg] for 0.5 mW
Layer max
y input power P max [MW]
Bone 0.1446 5.53
Brain 0.0104 7.63

Maximum |
Local SAR [
occured |

SAR Field[W/kgl

. 5. 6008e-Ba1
Y, 9778e-EA1

4, 3556e-601

3. 7333e-0a1

3. 1111e-BEA1
F 2. 488%:-Ba1
1. 8667e-BA1

1. 2444 e-Eal
B, 2223e-B@2
5.2912e-0BA7

Figure 25. Local SAR (W/kg) distribution at the bone interface when far-field antenna is fed with 0.5
mW at 2.45 GHz [Publication 1V].
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4.1.2 Measurement results of the far-field antenna

Small antenna with low gain and designed for human head environment are difficult to measure due
to the following reasons:

(i) Due to 0.4 mm gap between the ground and the radiating patch, it is difficult to connect
the antenna with a normal SMA connector. Therefore, we have used a micro-coaxial ca-
ble for this connection. Also connecting the micro-coaxial cable requires great care.

(i) Due to the small size of the antenna, even the small size of the micro-coaxial can influ-
ence the measurement results. Therefore, we used the port extension feature in the vec-
tor network analyser (VNA) to remove the micro-coaxial cable impact from the measure-
ment.

(iii) The far-field antenna is designed for human head environment; therefore, it is important
to measure the antenna performance in an environment close to the human head. For
this purpose, we developed a liquid phantom by adding salt and sugar into the water as
explain in [52] that resulted in the dielectric properties close to the human head dielectric
properties [Publication IV].

(iv) Due to the low gain and liquid surrounding the antenna, it is not possible to measure the
antenna gain through normal near-field or far-field field measurement methods. The rea-
son is that during the measurement the liquid surface is not stable due to movement of
the stand on which the antenna is placed. Therefore, we estimate the antenna gain at
2.45 GHz through Friis transmission formula (see Section 2.1) as explained in [Publication
IV]. Moreover, the esimated antenna gain is compared with the simulated antenna gain
that is simulated in a setting similar to measurement setup.

Figure 26 shows the setup for measuring the reflection coefficient and measured reflection coeffi-
cient. Figure 26 (b) also shows the simulated reflection coefficients for tissue-layer and liquid phan-
tom models. It is clear that the liquid phantom model is a good approximation of the tissue-layer
model. Moreover, the measured reflection coefficient follows the simulated one. Although the meas-
ured —10 dB bandwidth (160 MHz) of the antenna is smaller than the simulated, but it covers the
ISM band of 2.45 GHz.

For gain estimation, the VCO is connected to the far-field antenna and activated through an external
DC voltage supply. The fed power from the VCO to the far-field antenna is —3 dBm (0.5 mW). The
transmitted signal at 2.45 GHz from the far-field antenna is received by a 1/2 dipole antenna whose
parameters (gain and reflection coefficient) are known. The distance between the transmitting and
the receiving antennas is also known. Therefore, using equation (2.4), we estimated the far-field
antenna gain as explained in [Publication 1V]. Figure 27 shows the measurement setup and the
measurement picture for the far-field antenna gain measurement. To verify the consistency between
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the results, the gain of the antenna is estimated at two distances (0.5 m and 1 m) between the trans-
mitting and the receiving antennas. Table 3 shows the estimated gains at two distances. The simu-
lated and measured gains of the far-field antenna are within 3 dB difference [Publication IV].
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Figure 26. (a) Setup for reflection coefficient measurement (b) measured and simulated (tissue-layer
and liquid phantom models) reflection coefficients in dB. [Publication V]
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Figure 27. Far-field antenna gain measurement (a) measurement setup (b) measurement picture [Pub-
lication IV].

Table 3. Received power level by the 1/2 dipole antenna and estimated gain of the far-field antenna
[Publication 1V].

Distance (d) [m]

Received Power Level [dBm]

Estimated Gain [dBi]

0.5

-53.0

-23.25

- 58.6

-22.94
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4.2 Inductive link modelling using an anatomical human head model
and effect of the coating

The tissue-layer model presented in Figure 10(c) is simple. However, we have also verified the in-
ductive near-field link modelling in an anatomical human head model provided by ANSYS HFSS v15.
The anatomical human head model is detailed and complex, therefore takes significantly large time
to simulate the inductive near-field link. In an anatomical human head model, the implant is placed
in the CSF and the antenna of the on-body unit is placed at 5 mm away from the skin as shown in
Figure 28. For biomedical application, the implant should either be made of biocompatible material
or coated with biocompatible material. Therefore, in the simulation, the implant is covered with a total
of 1 mm thick coating of the biocompatible adhesive silicone (MED-2000.) Although the actual im-
plant after the fabrication is coated with two layers of the coatings. First, it is covered with 1 mm thick
silicone and then with 2 ym Parylene C. However, in the simulation, we only consider silicone coating
because effect of very thin Parylene C coating on the inductive near-field link can be neglected.

N
§

Z

Loop antenna,
placed at 5 mm
away from the skin.

Impant covered

with 1 mm silicone

coating, placed in
the CSF

Figure 28. The modelling of the inductive near-field link in an anatomical human head model provided
by ANSYS HFSS v15. Implant is placed in the CSF and coated with a total 1 mm
thick biocompatible silicone.

Figure 29 presents the G, 4, Of the inductive near-field link in an anatomical human head model
with and without the coating material. We can conclude as following [Publication VI]:

(i) The optimum frequency without the coating for maximum G, ;4 is 6 MHz which is the
same as in the case of the tissue-layer model (Figure 10 (c)). This means that both mod-
els have the same response in terms of optimum frequency when there is no coating.
However, Gy mqx is —8.6 dB in the anatomical model compared to —3.0 dB in the tissue-
layer model. CSF is lossy material and placing the implant in the CSF adds more loss to
the inductive near-field link.



31

(ii) Adding the coating material, improves the G, ,,, and shifts the optimum frequency from
6 MHz to 15 MHz. At 15 MHz, there is an improvement of 6 dB in Gy, 4, With coating ma-
terial.

(iii) Therefore, coating not only provides biocompatibility of the implant but also improves the
inductive near-field link efficiency. Based on new simulation results, from now onward,
we have shifted the optimum frequency to 15 MHz for the inductive near-field link.
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Figure 29. Simulated G, 4, in an anatomical human head model with and without the coating [Publica-
tion VI].

Moreover, coating has significant impact on the gain of the far-field antenna. Figure 30 shows the
far-field antenna gain by varying the coating thickness. For very thin coating, the gain of the antenna
is low because the distance between the lossy human tissues and the antenna radiating patch is
small. As the coating thickness increases, gain gets stable.
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Figure 30. The impact of coating thickness on the far-field antenna gain [dB] [Publication IV].
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4.3 Pressure readout experiment in a setting mimicking the dielectric
properties of the human head

From the previous section, it is concluded that optimum inductive near-field link operation frequency
is 15 MHz. Moreover, at 15 MHz the Py 4, is 940 mW (see Figure 11). Therefore, we have tuned
the matching networks for both 2-turns loop antenna (on-body unit) and 2-turns coil antenna (implant)
at 15 MHz. Apart from this, the data transmission unit (amplifier, VCO and far-field antenna) is also
added in the implant. Figure 31 shows the final implant layout on the thin and flexible polyimide
substrate.

13.46 mm

12.88 mm

(a) (b)

Figure 31. (a) The front side of the implant (a 2-turns coil antenna, a far-field antenna and traces for
other components) (b) the backside of the implant (traces for components attach-
ment) [Publication V].

The VCO need around 3V for activation, therefore, we have added a super capacitor of 11 mF
(CPH3225A) instead of 33 uF capacitor. Moreover, a Zener diode is used as a voltage regulator to
stable the voltage around 3 V. After designing, the implant is fabricated and coated first with 1 mm
thick biocompatible silicone and then 2 um Parylene C.

4.3.1 Measurement setup

For an inductive near-field link, the material between the coupled antennas is important and for the
far-field link, the surrounding environment of the implant should have similar dielectric properties to
the human head. As explained in Section 3.3, pig skin of 6 mm thickness provides good approxima-
tion. Therefore, for the inductive link, we used the same setting as explained in Section 3.3.

However, for the far-field link, as explained in Section 4.1, we developed a liquid by adding salt and
sugar that mimics the human head dielectric properties. We used the same liquid. The implant is
placed in a glass bottle and glass bottle is filled with that liquid. The pressure inside the glass bottle
is controlled by pressure controlling device ADT761. Moreover, we have increased the temperature
of the liquid inside the glass bottle through heating plate. The temperature of the liquid is maintained
at 37°C (body temperature) during the measurement.
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The 2-turns loop antenna is placed outside the glass bottle and is connected to the signal generator.
The total distance between the implant and the 2-turns loop antenna is 16 mm. A 1/2 dipole antenna
of off-body unit is placed at 1 m distance from the glass bottle and is connected to the spectrum
analyzer. Figure 32 shows the measurement setup for monitoring the pressure in a setting mimicking
the human head dielectric properties. Figure 33 shows the power flow of the developed ICP moni-
toring system and measured S-parameters of the inductive near-field link. It is important to note that
on-body unit antenna is fed with 31 dBm (1259 mW), however, Py 4, at 15 MHz is 940 mW. The re-
flection coefficient of the on-body unit antenna is —5.3 dB, which means that only 889 mW is coupled
to the implant antenna and rest is reflected back. The reflection coefficient of the on-body unit an-
tenna is high because small loop antennas at lower frequency are difficult to match to 50 Q due to
small real part of their input impedances. As the antenna of the on-body unit is fed with 31 dBm, this
activates the implant and implant starts monitoring the pressure. With the change of the pressure
inside the glass bottle, the frequency of the transmitted signal from the implant at ISM band changes.
Therefore, by monitoring the change in the frequency of the implant signal, we can estimate the
variation in the pressure.
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Figure 32. Measurement setup for monitoring the pressure in a setting mimicking the dielectric proper-
ties of the human head and fabricated implant, on- and off-body unit antennas [Publi-
cation V].
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Figure 33. Power flow and measured S-parameter of the ICP monitoring system [Publication V].
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4.3.2 Pressure readout measurement results

The pressure measurement follows the same steps as in Section 3.3. The pressure inside the glass
bottle is varied from - 3 mmHg to 33 mmHg with a step size of 3 mmHg in both Up and Down direc-
tions. Two sets of pressure measurements are performed to verify the repeatability of the developed
ICP monitoring system. Figure 34 shows the change in the frequency of the received signal from the
implant with the change in the pressure. A total of 5.2 MHz change in the frequency is observed with
36 mmHg change in the pressure. This corresponds to 145 kHz change per 1 mmHg. However, an
average hysteresis is 150 kHz. This means that system shows a resolution of 2 mmHg. The resolu-
tion of the system without the data transmission unit was 1 mmHg. Therefore, with the addition of
the data transmission unit the resolution of the system decreased to 2 mmHg.
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Figure 34. Measured frequency of the received signal from the implant with the change in the pressure
[Publication V].

In real application, the implant is fixed; however, the on-body unit antenna can be misaligned, for
example, due to patient movement. Therefore, it is important to verify the response of the ICP mon-
itoring system if small misalignment of the order of 2 mm is occurred. Figure 35 shows the error in
pressure readout if the antenna of the on-body unit is misaligned. In this measurement only coupled
antennas are misaligned on X- and Y- axis (lateral misalignment) on a rectangular coordinate axis.
However, separation between them and fed power to the antenna of the on-body unit are kept con-
stant [Publication V]. The error in the pressure readout is estimated based on the shift in the fre-
quency of the received signal as explained in [Publication V]. The error in the pressure readout is
significantly large for small misalignment. This happens due to the structure and the size of the
antenna of the on-body unit. The 2-turns loop antenna of the on-body unit has strong H-field in the
middle of the antenna, however, the H-field decays sharply when moving away from the centre [Pub-
lication V].

Although the developed ICP monitoring system with a data transmission unit showed an excellent
performance for monitoring the change in the pressure. However, small misalignment significantly
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affects the performance of the system. From Figure 35, the error in the pressure readout due to
misalignment is always negative. Negative means that the system shows lower pressure value com-
pare to the actual due to misalignment effect. One solution to the problem is to move the antenna of
the on-body unit and search for the maximum pressure value [Publication V]. Next chapter discusses
about the solution to overcome the impact of small misalignment on the performance of the system
by proposing a 3-D antenna structure for the on-body unit.

° °
(-2.37 MHz)  |(-1.1 MHz)  (-2.30 MHz)
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« o o
(-630 KHz) (-780 KHz)
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(] o [ ]
(-1.02 MHz) (-690 KHz)  (-1.17 MHz)
-8 mmHg -5 mmHg -9 mmHg

Figure 35. Measured shift in the frequency of the received signal and estimated error in the pressure
readout due to small misalignment between the coupled antennas [Publication V].
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5 Effect of misalignment between inductively coupled anten-
nas and temperature on the response of the intracranial
pressure monitoring system

As discuss in the previous chapter, small lateral misalignment significantly affects the performance
of the developed ICP monitoring system. In this chapter, we explain that 3-D loop antenna helps to
overcome the impact of small lateral misalignment between the inductively coupled antennas. More-
over, we also present the impact of temperature change on the response of the developed ICP
monitoring system.

5.1 3-D antenna for an on-body unit

As explained in the previous chapter, the H-field of the 2-turns loop antenna of the on-body unit
decays sharply as we move away from the center of the antenna. In our system, both antennas of
the on-body unit and the implant are tightly coupled. Moreover, the size of both antennas are relative
the same. This means that small misalignment between the inductively coupled antennas leads to a
significant variation in the magnetic flux passing through the 2-turns coil antenna of the implant, as
explained in Section 2.2.2. Therefore, the voltage at the implant terminals drops. This resulted in the
shift of the frequency of the received signal to lower value even at the same pressure value.

Several studies [53-58] have been reported by many researchers that present semi-analytical or
analytical solutions for the analysis of misaligned coils. They present analysis either for lateral or
both lateral and angular misalignments. As explained in Section 2.2.2, an inductively coupled system
where the antenna of the on-body unit has bigger diameter compared to the implant antenna is more
robust towards the misalignment between the inductively coupled antennas. However, the antenna
of the on-body unit with bigger diameter has higher SAR due to stronger E-field peaks on the skin
surface and G, 4, can be lower for the system [Publication VIII]. Moreover, our goal is to keep the
on-body unit simple, low cost, small and lightweight.

A 3-D antenna presented in [Publication VIII] can significantly reduce the error in the pressure
readout due to misalignment between the inductively coupled antennas. The 3-D antenna has bigger
diameter with the same Gy, 4 @and P, 45 as of the 2-turns loop antenna. Figure 36 shows the initial
and the final design of the 3-D loop antenna. Detailed optimization steps for 3-D loop antenna are
explained in [Publication VIII]. However, here we can summarize these steps as following:

(i) First, 3-D loop antenna length (D) and height (H) are optimized for maximum G, ;4
(i) Second, cut angle (4¢) and cut height (H¢) are optimized for the same P, 4, and Gy, pax
as of the 2-turns loop antenna.
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To get customized antenna structure, we use polylactic acid (PLA) with a thickness (S) of 3 mm as a
substrate. The substrate is printed through 3-D printer as explained in [Publication VIII].

H= t
7 mm

D=32 mm

(a) (b)

Figure 36. 3-D loop antenna (a) initial design (b) final design [Publication VIII].

The optimization of cut angle (A;) and cut height (H.) significantly reduces the E-field peaks at the
surface of the skin. Figure 37 shows the E-field and local SAR distributions at the surface of the skin.
Moreover, Figure 38 shows the vector H-field plot of the final 3-D loop antenna. It is clear the H-field
is uniform within the diameter of the 3-D loop antenna.

A comparison of normalized H-field distribution between the 3-D loop antenna and the 2-turns loop
antenna is shown in Figure 39. The H-field is extracted on the plane parallel to the antenna and at
16 mm distance. It is clear from Figure 39 that H-field of the 3-D loop antenna decays relatively
slowly compare to the 2-turns loop antenna as we move away from the centre of the loop antennas.
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Figure 37. E-field (V/m) distribution of (a) initial (b) final 3-D loop antenna at the surface of the skin. Lo-
cal SAR (W/kg) distribution of (c) initial (d) final 3-D loop antenna at the surface of the
skin. Frequency for distributions is 15 MHz. [Publication VIII]
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Figure 38. Vector H-field distribution (A/m) plot of final 3D loop antenna on the surface of the skin at 15
MHz [Publication VIII].
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Figure 39. Normalized H-field distribution extracted at 16 mm away from the antenna in a plane parallel
to (a) 3-D loop antenna (b) 2-turns loop antenna [Publication VIII].

5.1.1 Pressure readout and misalignment measurements using a 3-D loop antenna

After the antenna fabrication, first, pressure readout measurement is done using a 3-D loop antenna
and then the misalignment measurement. The measurement setup explained in Section 4.3.1 is
used for pressure readout measurement. Similarly, the misalignment measurement is done by fol-
lowing the same procedure explained in Section 4.3.2. Figure 40 shows the pressure readout meas-
urement. The system has a similar response with the 3-D loop antenna compared to the 2-turns loop
antenna (Figure 34). Moreover, results from the misalignment measurement are shown in Figure 41.
For comparison, pressure readout error due to misalignment for a 2-turns loop antenna is also shown.
The measurement results indicate that there is significant reduction in the pressure readout error
with 3-D loop antenna. Although, error is not completely remove, however, the improvement is sig-
nificant.
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Figure 40. Frequency of the received signal with variation in the pressure using a 3-D loop antenna
[Publication VIII].
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Figure 41. Shift in the frequency of the received signal due to misalignment between the coupled an-
tennas. Pressure readout error of 3-D loop antenna. Also pressure readout error of 2-
turns loop antenna. [Publication VIII]

5.2 Effect of temperature on the performance of the ICP monitoring
system

In a piezoresistive pressure sensor, the output of the sensor is sensitive to the change in the tem-
perature due to the thermal expansion of the diaphragm [59-60]. Therefore, we consider beneficial
to study the effect of the temperature on the response of the developed ICP monitoring system. For
this purpose, the same measurement setup is used as explained in Section 4.3.1. Only difference is
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that we take pressure readout measurements at four different temperatures. Figure 42 shows the
received signal frequency from the implant for different temperature and pressure values. We can
conclude as following [Publication VII]:

(i) The frequency of the received signal from the implant shifts to lower value with the in-
crease of the temperature.

(i) The pressure readout response of the system remains linear.

(iii) There is 7 mmHg error in pressure readout per 1°C change in the temperature.

This indicates that temperature variation has significant effect on the pressure readout accuracy.
However, this error can be removed by using a piezoresistive pressure sensor with build in temper-
ature compensation or by monitoring the body temperature along with the pressure measurement.
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Figure 42. Received frequency of the implant signal at different pressure and temperature values [Pub-
lication VII].
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6 Conclusions

In this work, we present the simulation and the measurement results of an inductively
powered implantable system with targeted application of the intracranial pressure (ICP)
monitoring. The system has three main parts: implant, on-body unit and off-body unit.
The near-field inductive powering successfully activates the implant. The designing, sim-
ulation and measurement results from the inductive near-field link show that on-body unit
antenna activates the implant without violating the SAR limit.

The developed system shows an accuracy of 1 mmHg in the air and in the water when
a data transmission unit is not included in the implant. However, with the inclusion of the
data transmission unit in the implant, the system accuracy drops to 2 mmHg. The devel-
oped system response in a setting mimicking the human head environment proves the
system operational capability.

The implant coating not only provides the desired biocompatibility but also helps to im-
prove the inductive near-field link efficiency and gain of the far-field antenna. Initially, for
misaligned cases, the system showed poor response with the 2-turns loop antenna of
the on-body unit. However, with newly proposed 3-D loop antenna of the on-body unit
significantly reduces the pressure readout error of the system due to misalignment be-
tween the coupled antennas. There is maximum 9 mmHg improvement in the pressure
readout with the 3-D loop antenna of the on-body unit. Moreover, the experiment results
indicate that the response of the ICP monitoring system is significantly affected with the
change in temperature. This puts the requirement to monitor the body temperature along
with the ICP for accurate measurement.
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6.1 Future Trends

As concluded in Section 5.2 that temperature change significantly affects the system
response. Therefore using a piezoresistive sensor with build in temperature compensa-
tion feature can help to solve this problem. Another solution is to use the capacitive pres-
sure sensor, which is less affected with the change in the temperature. However, using
a capacitive pressure sensor will require more changes in the implant circuitry.

Although the system is tested in a setting that accurately model the human head envi-
ronment, however, testing the system in real environment (in-vivo test) can be a future
step.

Although we are able to activate the implant within the SAR regulation. However, it is
believed that low power electronics or system on chip concept could improve further the
implant in terms of the power consumption. Usage of piezoresistive pressure sensor with
high input impedance could also reduce the implant power consumption.
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