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Abstract

There has been a huge demand for localizing in-body medical instruments (IBMI),

such as wireless capsule endoscope (WCE) and nasogastric tube (NGT). Some stud-

ies have been conducted to solve this issue over the last three decades. In these

studies, they either used a permanent magnet (PM), a static current source (SCS),

radio frequency (RF) fields or integration of two of these. The PM is a stable and

reliable magnetic field source. However, due to the size restriction of the NGT

and the WCE, only a small PM can be used. Subsequently, the small size issue

causes low power delivery at the larger tracking distance. Also, the PM field is very

susceptible to ambient noise, and the PM-based localization is not possible in ap-

plications requiring robotic actuation. Even though an SCS can be used to replace

the permanent magnet, and thus the current level can be varied in relation to the dis-

tance for optimized power delivery, it requires a relatively high power to generate a

higher strength magnetic field. Consequently, a more powerful and larger battery is

needed to feed the circuit.Radio frequency field sources require high frequencies to

achieve sufficient precision, but these frequencies undergo high attenuation in the

body. Therefore, the low-frequency RF field is preferred 1.

In the near-field 2, plane wave assumption of the far-field fails for localization

methods since the waves in this region are spherical. Hence, the wave-front has

to be formulated by both the range and the direction of arrival (DOA). The DOA

requires the phase difference of neighbouring sensors to be calculated. However, if

1The studies generally focus on low-frequency RF localization techniques because it can deliver higher power to the
larger distances with relatively low applied power to the source, and it has negligible attenuation to the tissues.

2The space around the RF transmitters is generally separated into the near-field and far-field regions. The near-field
space is usually defined as from the transmitter to up to one wavelength distance, and beyond this space is called the far-field
region.
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the operating wavelength is much larger than the distance between the source and

the receiver, it is not feasible to compute the phase difference between the neigh-

bouring sensors. Thus, there are numerous algorithms in the literature to overcome

these issues, such as MUSIC or ESPRIT which are either complicated or computa-

tionally expensive.

In RF-based localization, generally the time of arrival (TA), the time differ-

ence of arrival (TDA), the angle of arrival (AOA) and the received signal strength

(RSS) are widely used for localization. However, the TA and TDA require accu-

rate knowledge of field speed and good time synchronization. It is not possible to

accurately know while travelling through the body tissues due to complexity of the

tissues. The AOA is also impractical for intra-body applications owing to multiple

reflections signal from the tissues, commonly known as the multipath effect. The

RSS precision is dependent on good knowledge of power loss in complex body tis-

sues. Also, the RSS method requires accurate knowledge of the transmitted signal

strength. However, the power of transmitted frequencies may vary due to the ca-

pacitive effect of human tissue on Resonant frequency of source, hence RSS-based

techniques prove difficult in practice.

Therefore, a novel method of mapping the magnetic field vector in the near-

field region is proposed. This magnetic field mapping (MFM) uses single-axis coils

placed orthogonally with respect to a sensor plane (SP). These single-axis sensors

pick up only the orthogonal component of the magnetic field, which varies as a

function of the orientation of the source and distance to the source. Thus, using this

information, the field strength captured by each sensor is mapped to its correspond-

ing position on the SP as pixels. Next, these field strengths with known positions

are used to detect the location and orientation of the field source relative to the SP.

MATLAB and CST Microwave simulation were conducted, and many laboratory

experiments were performed, and we show that the novel technique not only over-

comes the issues faced in the methods mentioned above but also accomplishes an

accurate source positioning with a precision of better than ± 0.5 cm in 3-D and

orientation with a maximum error of ±5◦.



Abstract 5

Impact Statement
The demand for localizing in-body medical instruments (IBMI) such as wireless

capsule endoscope (WCE) and nasogastric tube (NGT) has risen over the last

decades. The location and orientation of these devices is crucial since they pro-

vide en enormous assistance and comfort to the clinicians and the patients. Never-

theless, these technologies still face challenges with regards to positioning. Many

studies have been performed to overcome these hurdles over the last three decades.

In these studies, one or a combination of a permanent magnet (PM), static current

source (SCS), radio frequency (RF) fields-based localizations techniques were used

to determine the position and orientation of the IBMI. Although RF field-based lo-

calization can provide high localization precision with increasing frequency, it gets

attenuated dramatically by the tissues. At low frequencies, the RF field’s resolu-

tion degrades significantly. Also, it is difficult to determine phase difference at the

short distances if the distance between the transmitter and the receiver array is much

less than the wavelength.In this regard, the aim remains to achieve high accuracy

of localization and orientation determination at relatively low frequencies at which

tissues losses are at a negligible level. Thus, this work presents a novel near-field

technique based on the spatial orientation of the magnetic field vectors (which is

called Magnetic Field Mapping (MFM)) at various locations to infer the direction

of the source. The MFM technique provides the following:

• MFM technique does not require time synchronization between the transmit-

ter and receiver and the mean velocity of the signal for measuring the range in

between. This is a very challenging issue for TA, TDA and AOA-based tech-

niques for in-body localization since a small error in synchronization leads

to inaccuracy, particularly in short ranges. Besides, the velocity of the signal

can change from tissue to tissue.

• MFM does not need to be angle recognition sensitive as for AOA, which is

very costly due to special equipment, complex systems and very susceptible

to noise and reflections. Also, it had not been implemented in the near-field
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for low frequencies.

• MFM does not require the transmitted signal strength information nor a good

channel attenuation characterization, which is a large issue in RSS-based

techniques. For example, to calculate a correct distance between each sen-

sor and the transmitter, the transmitted signal strength and the loss in the

signal through the travelling channel must be precisely known to compute

precise distances. This is very challenging in the body since the loss rate

varies from tissue to tissue and the relative distance between each transmitter

and the receiver varies. Moreover, even if there is a good knowledge of power

applied to the transmitter, the transmitters resonance frequency could poten-

tially change, therefore, the power transmitted by the transmitter will vary,

which will lead to error.

• MFM can localize the source of the field with high accuracy in the near-field

at relatively low frequency.

• MFM works independently of signal wavelength, which is a good solution to

in body localization as it happens in the near-field.
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Chapter 1

Introduction

1.1 Overview
Recent advances in nanotechnology, semiconductor technologies, electronics and

developments in material science have led to promising approaches for improved

medical devices. Thus, medical discoveries bringing about minimally-invasive pro-

cedures, cheaper health-care and reduced recovery time have become vitally impor-

tant to educators, policy-makers, health-care business leaders and clinicians. Small

implantable biomedical sensor systems can be produced thanks to miniaturization of

large electronic components [1]. Thus, vast research has been conducted to localize

in-body medical instruments (IBMI) to provide doctors with improved diagnostic

and therapeutic tools [2].

Knowing the location and orientation of recently-introduced non-invasive

IBMI’s or traditional medical tools in the body is a vital issue for the following

reasons;

• The location of the capsule may provide information about the location of

internal problems.

• Knowledge of the location may allow for targeted drug delivery and adaptive

frame rate video transmission.

• With the localization information, the insertion path that the implant goes
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through may be determined, which will help to avoid repetitive attempts, and

therefore, this information can speed up application timing.

• Positioning is crucial to develop effective actuation systems.

• Location- and orientation-based path reconstruction contributes to various

micro-robotic surgeries and reveals the uncertain interior small intestine en-

vironment to researchers for educational purposes.

• Accurate localization information helps transmission power control and opti-

mise energy consumption [3–6].

1.2 Potential Applications and Their Issues

1.2.0.1 Nasogastric Tube (NGT)

Approximately 60% of early stroke and 10% of chronic patients are unable to eat

and drink [7]. In these circumstances, In order to ensure that they are receiving the

required nutrition, a nasogastric tube (in Figure 1.1) is generally used. Nasogastric

feeding could be a very significant aid to the survival and recovery of the patients

who are not able to swallow normally. Every year, 2% to 4% of NGTs are misplaced

(a total of some 500,000) in the world (2015 AHC Media Health Care Trust), and

these misplacements may cost providers millions of dollars [8]. A nasogastric tube

(NGT) is a narrow bore tube passed into the stomach via the nose. It is used for

short-term or medium-term nutritional support, and also for aspiration of stomach

contents - e.g. for decompression of intestinal obstruction. NGT insertion is a

common procedure for both therapeutic and diagnostic reasons, which involves the

insertion of the tube through the nose down to the stomach. The insertion procedure

is complex and traditionally performed without any visual aids or indications. The

successful tube placement is mainly dependent on the skill of the administration

and experience. An erroneous intubation and misplacement may potentially result

in a broad spectrum of thoracic and non-thoracic complications [9, 10].

However, NGT intubation with any clinical treatment carries risks. As given

in Figure 1.2 (a), (b) and (c) the NGT can be coiled up in the tracheobronchial tree,
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Figure 1.1: A nasogastric tube (NGT) [11].

inadvertently placed in the skull and in one of the lungs. Once these misplacements

occur, they are dangerous or even fatal [7], [12], [13] and [14]. According to the

National Patient Safety Agency (NPSA)in the UK, between September 2005 and

March 2010, there were 21 deaths and 79 cases of severe harm because of misplace-

ments of NGTs. Furthermore, in 45 cases the harm was owing to misinterpretation

of X-rays by the staff, of which 12 resulted in death [7], [12], [16] and [17]. Accord-

ing to [9], an analysis of the National Reporting and Learning System (NRLS) data

were performed, and incidents occurred between 31 August 2005 and 29 February

2008 were searched. There were 2397 incidents reported, of which 210 were due to

NGT, as shown in Figure 1.3. According to the National Health Service (NHS) of

the UK, between 2011 and 2016, 95 incidents of NGT misplacements occurred, 32

of which resulted in death [18].

There are some approaches currently implemented for confirming the place-

ment of NGTs. Firstly, the most reliable one is the use of X-rays (in Figure 1.2),

however, it is dependent on the correct interpretation of the clinical staff, as other-

wise interpretation errors could happen [7] and [14]. Moreover, even though X-ray

confirmation is the most reliable, it causes delay, inefficiencies, discomfort and
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(a) (b)

(c) (d)

Figure 1.2: Radiograph representing a nasogastric feeding tube in the lower right lung (a),
coiled in tracheobronchial [14] (b) skull X-ray showing intracranial location of
nasogastric tube [13] (c) and right placement in the stomach (d) [15].

exposing the patients to radiation. According to NRLS analysis data, there are

89 reports of avoidable and sometimes prolonged delays while the patients could

not be given nutrition or medication because of X-ray delays [7, 19]. Secondly,

another approach which is more widely used to NGTs is the pH test. In this case,

the tube is syringed from outside to suction the content of the place at which the end
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of the NGT positioned, and therefore to test the pH level of the content to confirm

whether it is stomach content. Nevertheless, some conditions could affect the pH

of aspirates which can lead to misinterpretation of NGT placement. For example,

gastric pH increases temporarily when the patient is taking antacid medications.

Thirdly, an auscultation method is performed by instilling air into the NGT with a

syringe while placing a stethoscope on the stomach to listen for air. This method is

rarely used because it is difficult to distinguish the air noise coming from stomach,

lung or bronchial tree.

Figure 1.3: Incidents related to NGT [9].

Another one is bubbling which involves monitoring bubbles when the end of

the NGT is put under-water. In this situation, it is thought that the appearance of

bubbles can indicate the tube is misplaced, whereas bubbling can happen when the

NGT is placed in certain area of the gastrointestinal tract. In addition, the lack of

bubbles does not mean respiratory placement if the respirator occludes the NGT’s

end. Fifthly, the aspirate appearance method is to assess the appearance of aspi-

rate from the tube. But, both gastrointestinal and respiratory aspirates might be of

similar colour, this method is likely to lead to a misinterpretation [14, 19]. Finally,
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the NGT can be located employing ultrasound imaging. But, since the ultrasound

imaging process requires a good reflection from the object to image it, the object

needs to be a good reflector that reflects back to the receiver probe. However, this is

not the case for the NGT since it is a specular reflector and therefore reflects sounds

away from the probe, which does not allow the probe to get enough data to image

it [20].

1.2.0.2 Wireless Capsule Endoscope

Gastrointestinal (GI) bleeding, small bowel tumours, Celiac disease, Crohn’s dis-

ease and many other disorders which happen in the gastrointestinal tract are difficult

to diagnose and treat because of the difficulty in accessing the area in the human

body. Traditionally, examination of part of the GI tract has been carried out by tra-

ditional endoscopy. Endoscopy is a medical procedure that is utilised to examine

and inspect the interior of a human body. Medical capsule devices such as wire-

less endoscope capsule (WCE) are finding increasing application in clinical use.

The conventional endoscope is a useful instrument, but it cannot reach all of the GI

tracts. Also, the conventional endoscope causes discomfort to the patient due to its

size [21–25]. The invention of WCEs, a new generation of the conventional cable

endoscope, not only has brought a more comfortable and pleasant treatment for pa-

tients but also a new challenging research field. This device should swallowable,

fully capable of diagnosis and has to be equipped with an accurate localization sys-

tem to the required standard, which will provide the exact position of the disorder

along the GI tract.

The determination of the position of the WCE in the body cannot be deter-

mined by the traditional methods used for NGT. The pH level test cannot be made

as there is no access from outside the body. The X-ray method is not feasible since

the GI transit time is eight hours on average, which is too long to be exposed to ra-

diation. Ultrasound-waves are also not useful as the shape of the WCE pill is round

and the reflected signals mostly go away to directions other than the direction to the

ultrasonic receiver, which leads to inaccurate and misleading localization [26].

Figure 1.4 (c) indicates the general view of the complete GI tract. The
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traditional diagnosis and treatments techniques with conventional endoscopy and

colonoscopy are generally painful and cause discomfort for patients due to the diffi-

culty of accessing different regions of the GI. The WCE solves this issue, replacing

the traditional methods mentioned above as it is swallowable and therefore travels

through all the GI tract with a relatively small size and smooth shape [27, 28].

(a) (b)

(c) (d)

Figure 1.4: Conventional endoscopy (a), wireless capsule endoscope (WCE) compare to
adult human fingers size (b), complete GI view (c), and commercial M2A cap-
sule architecture (d) ) [3, 24].

“WCE starts with the patient swallowing the WCE. The natural peristalsis

force of the human body helps the WCE to move through the GI tract without any

harm or pain, collecting images and other data and transmitting them to a monitor-
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ing system placed outside the body. GI physiological parameters, such as temper-

ature, pressure or pH level, can be measured by WCEs. Figure 1.4 (d) illustrates

a typical WCE, based on the architecture of the M2A capsule [29], which is com-

posed of an image sensor, a radio frequency (RF) data transmitter, an illumination

unit and a battery. A typical WCE system comprises a spatial robot manipulator

with a sensor unit attached to its end effector or a belt-shaped sensor array unit

attached to the body with a real-time viewer” [28].

1.3 Significance of the Work
In this dissertation, a novel near-field technique based on the spatial orientation of

the magnetic field vectors at various locations is used to infer the direction of the

source. The principle in this novel magnetic field mapping (MFM) technique uses

multiple single-axis coil sensors on the same sensor plane (SP), and they are normal

to the same axis. The field strength captured by each individual sensor is mapped

at their corresponding position on the SP as a pixel. The coupling of the sensors

with the magnetic field of the source is based on Faraday’s law of induction. This

way, they only couple with the magnetic field component that is normal to them.

Thus, the field intensity on the SP varies as the distance, and the orientation of the

source varies relative to the SP. Also, the field strength at the individual sensor is

different from what will be expected. That is to say; the closest sensor will not nec-

essarily catch the strongest field. On the contrary, the closest sensor may sense the

weakest signal, which is entirely opposite of conventional localization approaches

such as the received signal strength (RSS) localization-based techniques. Moreover,

in the RSS techniques, the maximum filed strength will remain at the same point

regardless of the orientation and the distance of the source. On the other hand, the

minimum and maximum field points on the SP will keep changing as the orientation

and the distance changes. In short, the MFM technique provides the following.

• MFM technique does not require time synchronization between the trans-

mitter and the receiver. It is a very challenging issue for the TA, TDA and

AOA techniques for in-body localization since a small error in synchroniza-
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tion leads to huge error inaccuracy (1 ns error causes 30 cm localization in

the free space), particularly in short ranges.

• The mean velocity of the signal through the travelling medium is not needed

for measuring the range as in time-based techniques.

• MFM does not need to be angle recognition sensitive as for AOA, which is

very costly due to special equipment, complex system and very susceptible

to the noise and reflections. Also, it is not possible to be implemented in the

near-field for low frequencies.

• MFM does not require the transmit signal strength information nor a good

channel attenuation characterization, which is a large issue in RSS technique.

For example, to calculate a correct distance between each sensor and the

transmitter, the transmit signal strength and the loss in the signal through the

travelling channel must be precisely known to compute precise distances. It

is very challenging in in-body because firstly the loss rate varies from tissue

to tissue and secondly the relative distance between each transmitter and the

receiver is different. Moreover, even if there is a good knowledge of power

applied to the transmitter, the transmitters resonance frequency could poten-

tially change; and therefore, the power transmitted by the transmitter will

vary, which will lead to error.

• MFM can localize the source of the field with high accuracy with a maximum

error of ±0.5 cm in the near-field at relatively low frequency. This level

accuracy in IBMI positioning is well acceptable in the clinical applications

[30].

• MFM works independently of signal wavelength, which is a good solution for

the in-body localization as it happens in the near-field. Also, any frequency

can be selected to compromise between power delivery and tissue attenuation.

• MFM is relatively cheap, and its circuit less complex than the TA, the TDA

and AOA based applications.
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• MFM system will provide faster and safer location verification than existing

facilities such as long time location verification and radiation exposure of the

X-ray verification.

• The novel system will provide a more comfortable positioning procedure for

already suffering patients.

• The novel system will be small-sized, lightweight and portable.

• The system will also be easy to use such that the clinical staff will not require

extensive training for using it.

1.4 Dissertation Layout
The successfully completed work during this PhD period is presented in this thesis

is as follows;

Chapter 2 provides a general literature review relevant to the investigation. It

includes previous studies of different types of localization methods using a static

magnetic field, RF electromagnetic field and other hybrid techniques employed in

the tissue medium.

Chapter 3 introduces the general mathematical modelling of static magnetic

field theory, starting from point source to general magnetic field formulation. In this

chapter, the magnetic field vector components derivation are derived in details using

Biot-Savart law for a current source coil. Also, the general equation is deduced

to give six degrees of freedom to the observation point, as the field source can

potentially be in any orientation. This chapter also explains the concept of the

localisation technique briefly. In addition, Faraday’s law is explained shortly, and

magnetic field components are indicated graphically to visualize the localization

concept. Moreover, the source and receiving system are displayed, and the expected

field strength at the sensor points are formulated using matrix methods.

Chapter 4 describes simulation modelling and the general concept of localiza-

tion using magnetic field mapping. Additionally, the variation of magnetic field

mapping observed on the sensor plane with respect to the orientation of the source
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is discussed. Furthermore, source localisation was implemented, and the results

explained using simulation data obtained from CST Microwave Studio.

Chapter 5 introduces the circuit design developed for the experiments, and it

shows the components that are used for this purpose. The chapter also shows the

circuit test results from the experiments. Moreover, the experimental methods of the

system are briefly explained. Finally, the localization results based on experiments

are discussed, and compared to the results obtained from simulation.

Chapter 6 concludes the work in this thesis, highlights the key outcomes of the

results and proposes areas of future work.



Chapter 2

Background and Literature Review

2.1 Background
General localization problems must be explained before presenting the literature

review. Thus, a general background of the positioning and orientation techniques

will be covered to give an idea about localization techniques to the reader. Then, the

literature review of the study in this thesis is presented, including work regarding

localization methods carried out by other researchers. A detailed literature review

on localization techniques is presented, including general localization and specific

projects related to this project.

2.1.1 Localization Methods

In order to overcome the problems and drawbacks of current approaches used for

location confirmation of the NGT or WCE, there has been recent interest in deter-

mining the location of NGT or WCE utilizing RF-based location detection tech-

niques. These techniques are already in use for different applications. A number of

location detection algorithms have been introduced for many years to deal with the

issue of localization not only detecting NGT or WCE but also other targets in-body

or in free space. As well as researching for obtaining the best precision algorithm,

the size, security, compatibility, cost, configurability were considered [31]. The lo-

cation detection systems (LDS) have the ability to determine the position of a target
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in three-dimensions or two-dimensions depending on the number of sensors and the

geometry used [32, 33].

Several methods have been developed for localizing algorithms in recent years,

such as trilateration and triangulation. Trilateration is an algorithm that measures

the distances among the target and one of the references. Afterwards, each reference

point taking as the centre of a circle starting from the target to detect the location of

the target ideally at the intersection of these three circles centred by reference nodes

in two dimensions. Ideally, the circles being drawn with trilateration are expected

to intersect at a point as given in Figure 2.1 (a). However, according to [34], they do

not intersect at a point because it has uncertainty, inconsistency, ambiguity and error

propagation as shown in Figure 2.1 (b) and (c). These potential inaccuracies mean

that it is not easy to find an absolute location, and hence the relative location can be

determined to some extent depending on the condition implementation [34, 35].

To calculate the distance between the target and the reference point (Rp) some

ranging methods are developed which are the time of arrival (TA), received signal

strength (RSS), and time difference of arrival (TDA). These techniques provide

good location detection under a certain condition for many applications such as

in long distances, high frequencies and line of sight. However, there are some

issues with these ranging approaches. For instance, in the RSS based technique,

the distance is measured by knowing the power transmitted from the transmitter

and the received power. Also, it is assumed that the total loss between Rp and the

target is known. Furthermore, it is very vulnerable to noise, interference, reflection,

attenuation, variabilities of transmitter and receiver antenna, non-line of sight and

other shadowing problems as the environment condition can change any time.

In-body, the localization problem is even more severe owing to the fact that the

body acts as a challenging propagation medium. The medium of the body consists

of numerous different kind of tissues which have their unique propagation char-

acteristics, and hence it is more challenging to characterise the medium loss [36].

The issue with using the TA and TDA methods is that the speed of the propaga-

tion signal is relatively high (3 ×108 m/s), and the distance of implementation is
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small (below 30 cm). Therefore, these techniques require a very accurate time-

synchronization between the transmitted signal and the received signal. A small

synchronization error leads to a relatively high error (1 ns error causes 30 cm local-

ization in the free space) in location determination estimation. Secondly, the signal

speed is not constant, and it varies depending on the medium (temperature and hu-

midity in free space, challenging in-body by far) it propagates through. Thus,the

off the shelf and cheap hardware are not suitable to be used for the required level of

time-synchronization accuracy [34, 37, 38]. Alternatively, the AOA can be used for

positioning, and it is described as the angle between the propagation direction of

an incident and reference direction, which is known as orientation [39]. However,

despite the fact that the AOA gives good localization in free space, it is vulnerable

to reflections noise of the different tissues of the body, which makes it impossible

to be used in body localization [40].

The current localization methods which are mentioned before have good de-

tection results for many applications, in particular, for the line of sight conditions.

Also, despite having some drawbacks, which make them less useful for certain ap-

plications at different conditions, they are still in use and very popular for different

applications. Furthermore, some of them might be used for the same applications at

the same time, or they might even be used for the same applications interchangeably

to improve precision quality. Moreover, one of these methods can be integrated with

visual aided applications, or they can be combined with ultrasound applications to

increase precision.

In intra-body positioning applications, low-frequency EM fields are generally

used since the transmission loss increases with frequency in tissues (see appendix

A) [35]. The transmitter in the body is mostly much smaller than the wavelength.

Thus, the transmitter is electrically small, meaning that the transmitter’s largest

dimension is smaller than the wavelength of the transmitted signal. Hence, it can

only either magnetically or electrically couple, depending on the transmitter type.

This phenomenon happens because the distance less than a wavelength from the

transmitter is in the near field. In the near field, the electric and the magnetic field
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are independent of each other. In other words, they are not necessarily orthogonal

to each other [34, 37, 38, 41].

(a) (b) (c)

(d)

Figure 2.1: Trilateration method (a), (b),(c) and triangulation (d).

This thesis will focus on localization based on the magnetic field using a radio

frequency signal at 13.56 MHz. The reason this frequency is selected is that it is

allocated for industrial, scientific and medical radio frequency applications (ISM),

[42]. In addition, relatively higher power can be delivered with low applied power

to the transmitter. Also, the ambient noise from the earth magnetic field is not a

problem at this frequency. Higher frequency EM waves based localization methods

are not feasible since they get attenuated while going through the body. Therefore,
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13.56 MHz magnetic field is chosen. The magnetic field generated at this frequency

will be detected by the sensors placed right above the body. One of the advantages

of the RF magnetic field is that they are not affected by the actuation fields. Also, the

magnetic field has less attenuation over the electric field when travelling through the

complex human tissues. Additionally, they are not affected by the low-frequency

noise, such as the noise of the earth magnetic field [4, 28, 47].

The performing of the positioning with the human body is going to be within

a distance of less than 20 cm, as the GI tract is less than 20 cm far from the front

side skin [48]. The operating frequency has a wavelength of 22.1 m, which much

greater than the measurement distance. This relatively large wavelength means that

the system is working in the near field region.

2.1.2 The Far Field & Near Field

The EM waves contain an electric and a magnetic wave. The electric and magnetic

waves travel together over a long distance for communication. But, it is not entirely

reliant on propagating EM waves in the short distance. Therefore, in the short-range

communication is carried out by two conventional lines. The first is the electric field

communication in the near field, which is commonly used in RFID and bluetooth.

They depend upon traditional transmission of radio frequency signals between the

transmitter and receiver, which uses an electromagnetic wave generator and trans-

mitter electrical antenna. The second communication in short-range is known as

magnetic induction. The magnetic induction in the near field is dependent upon

magnetic field energy coupling between two distanced magnetic antennas. The

transmitter and receiver are resonant at the same frequency f0, meaning that there

is no RF signal propagation from the transmitter to the receiver.

The antenna radiations have fundamentally two separate regions, namely ‘far-

field’ and ‘near-field’ as sketched in Figure 2.2. Also, the near field can be divided

into two regions depending on the source size relative to wavelength, which are

reactive near field and radiating near field. In the far-field region, the magnetic

and electric fields are perpendicular to each other and the direction of travel, and

they propagate outward as an EM wave. In the near field region, however, the
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components of the field show different radial and angular dependence. The reactive

near field is the region where the energy is stored and returned to the radiation

source while radiating near field has the angular frequency, which depends on the

distance.

The edge of the near field is described with respect to transmitter′s largest

dimension and can be deduced as;

r =
2 ·D2

λ
(2.1)

λ =
c
f

(2.2)

Where D, r, c and λ are the largest dimension of the transmitter, the distance

from antenna (transmitter) to the edge of near field region, speed of light (3×108 m
s )

and the wavelength of the signal, respectively as illustrated in Figure 2.2.

For electrically small antennas (that means the dimension of the antenna is

much smaller than the wavelength of operating frequency), the reactive near field

region can be computed as [43–46];

r =
λ

2π
(2.3)

However, for electrically large antenna’s3 the reactive near field can be ob-

tained as;

r = 0.62 ·
√

D3

λ
(2.4)

3An electrically large antenna is an antenna that its largest dimension is much smaller than the
wavelength of the transmitted signal.
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Figure 2.2: Near field area in the green ellipse and far-field area beyond near field [49].

2.1.2.1 Localization Problems in the Near Field

The near field localization is a crucial aspect in numerous different areas such as

seismology, acoustics, radar, sonar and electronic surveillance applications. The

planar wave assumption used for far-field localization is not applicable in the near

field applications. In the far-field assumption, the wave-front is assumed to be plane

wave as displayed in Figure2.3 (a). In this figure, the source (S) transmits a signal

through the medium (such as air and\or human tissues) in direction to receiver

array. Since the receiver sensors are located at different positions on the receiver

array and have different distances to the transmitter, the signal arrives at them with

different time durations. Using this time difference of arrival (TDA), the direction

of arrival is estimated. Thus, each wave-front can be regarded as a single direction

of arrival (DA), which could be used to locate the signal source. However, the

wave-front in the near field has a spherical shape. The localization in the near

field could be done by solving the direction of arrival and estimation of range. The

near field localization is a computationally expensive multi-dimensional non-linear

optimization problem [50–56].

Numerous investigations have been done in the near field positioning. Some of

the localization methods are maximum likelihood (ML),2-D (two dimensional) the
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(a)

(b)

Figure 2.3: A Linear array receiving a plane wave-front in the far-field (a) and a spherical
signal wave-front from a near field source (b).

multiple signal classification (MUSIC), the path following method, the weighted

linear prediction, polynomial rooting and higher-order ESPRIT methods. Never-

theless, the majority of these techniques require either multi-dimensional search,

which is computationally expensive, or suffer from the issue of pairing or low-

resolution [57].
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2.2 General Localization Review
Localization is referred to as the process of precisely detecting the position of an

object in the space [58, 59]. A large number of location detection algorithms for

positioning have been investigated for many years to deal with the issue of detect-

ing the location of an object. Since each of these algorithms was conducted to meet

different goals, they vary substantially in terms of parameters including the relia-

bility, size, accuracy, cost reconfigurability and security [60]. The first well-known

RF-based localization technique was the GPS (Global Positioning System) which

was designed initially for military purposes and afterwards became available to be

used for commercial purposes [61]. The major aim of GPS is to detect the loca-

tion of an object based on speed and time of travelling of an electromagnetic (EM)

field signal. The GPS is mainly used in the outdoor environment and have a pre-

cision of around 10 meters, whereas it is bad in indoor applications or for medical

purposes. Multipath interferences are in the indoor environment and medical appli-

cations due to reflections, diffractions or the variation in the speed (hence in time)

of the field, which cause weak signal reception with much noise and hence low

SNR resulting in bad precision. It is somehow likely to improve GPS system in the

indoor environment by optimizing some applications working together with GPS.

For example, Wi-Fi positioning method and assisted global positioning system (A-

GPS) using Wireless Local Area Network (WLAN) to accomplish the positioning

in indoor environments successfully [62, 63].

However, it is not the case for medical in body applications, as it was men-

tioned earlier that the body is inhomogeneous and very complex, which will cause

more refractions, diffractions and absorptions. For medical localization systems,

there have been different proposed methods over the years. These methods are not

only by RF-based systems but also by many other approaches such as X-ray imag-

ing, permanent magnetic field localization. For instance, a PM embodied in the one

end of the NGT, and PM end of the NGT placed into the stomach; and then, the

sensor on the body used to confirm the position of the NGT [64, 65]. Although the

PM method is cheap and the precision accuracy is high 6 mm, the system needs to
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be trained with large data. Also, owing to the size restriction of the medical object

(NGT), a small permanent magnet is not powerful enough to transmit a signal in

the required distance. Also, any ferromagnetic bar accidentally placed in the locat-

ing area might cause a terrible location detection result [66]. Moreover, the issue

of interference avoidance that takes place between actuation and magnetic location

detection is yet to be answered. Furthermore, the positioning in real-time becomes

more challenging when the permanent magnetic source is used [67]. Hence, RF-

based localization systems have become popular as an alternative algorithm for lo-

calization since this system offers the advantage of removing interference by the

magnetic field produced for actuation aims [37].

2.2.1 Permanent Magnet Signal Strength Based Localization

Over recent years, magnetic tracing techniques for the NGT and WCE have been

caught the attention of the researchers. The main advantage of magnetic field based

sensing system is the ability to work in harsh circumstances. The magnetic field

is invariant to pressure, temperature, radiation and other factors of the environment

[72]. The permanent magnetic signals (even relatively very low power alternating

magnetic fields) are able to pass through the tissues without being attenuated. Also,

the magnetic field tracing is a non-line of sight technique, in which the traced object

is not required to be in the line of the sight with the sensors for being determined

[22, 73]. The use of PM in the in-body medical instruments (IBMI) as a magnetic

field source is popular in the design of the IBMI because a smaller space is needed

for the signal generator as the volume which would be needed for the battery is not

required.

Therefore, since the permanent magnet offers these advantages, numerous

studies have been conducted for locating both the NGT and WCE. X. Wu et al.

in [74] used a permanent magnet as a source of the static magnetic field. A wear-

able sensing system of hall-effect sensors was used, as indicated in Figure 2.4. The

authors claim that the system achieves an accuracy of more than 90%. That is to say;

the error will increase by 10% as the distance between the sensing system and the

source increases. For example, the level of the errors for the distances of 100 mm,
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150 mm and 200 mm are 10 mm, 15 mm and 20 mm, respectively. The error level

larger than 10 mm may not be acceptable in clinical applications [30]. Also, the

sensing system is relatively big in size and heavy. This system might cause discom-

fort to the already suffering patient as the patient may have to move while under test.

Also, in this system, the modelling was done assuming the magnetic source was a

point source which means if the source is relatively close to the sensing system, the

localization will fail. Moreover, the system is so susceptible to the earth’s field and

the other low-frequency noises, and therefore it requires initial environmental field

noise knowledge prior to operation.

Figure 2.4: The structure of the wearable sensing modules array.

Sasayama et al. in [65] placed a permanent magnet (PM) at one end of the

nasogastric tube, and 16 magnetic sensors were used to detect the magnetic field

density of the PM (general application view (a) and sensors layout (b) are given

in Figure 2.5). The localization accuracy is less than 10 mm when the distance

between the sensors and the permanent magnet is less than 110 mm at all locations;

and also, the total signal processing time is less than 1 s. It means that the method

can be used in real-time. However, the system is only applicable when the distance

is less than 110 mm. It has an error of 24 mm when the distance is 150 mm, which

makes it unusable.
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(a)

(b)

Figure 2.5: Inspection model for detecting the tip position of the tube inside the human
body (a), and arrangement of the MI sensors (b) [65].

Teruyoshi and his collogues in [65] used 16 MI sensors to detect magnetic

flux density of permanent magnet attached to at the one end of the NGT. In the

experiments, they changed the magnet’s position to measure magnetic flux density

at x = -30 to 50 mm, y = -30 to 50 mm, and z = 90, 110, 130, and 150 mm. Then,

the position of the magnet was predicted utilizing this data. Lastly, they compared

the estimated and actual positions of the magnet. The authors claim that the system
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can locate the magnet with an error of less than 10 mm for a distance of up to

110 mm. However, the detection range is not practically adequate to be utilized

in clinical applications. Thus, in order to overcome the distance problem, they

tried to improve the system for longer distances between the permanent magnet and

the sensors in [73]. They used the pre-data which was yielded by placing PM at

each position and in each direction to increase the resolution. They used the same

experimental set-up as in [65]. The accuracy was improved for the distances up to

150 mm. So, the maximum error of positioning was less than 10 mm. Nevertheless,

this decreases the mean error and standard deviation. Also, besides an increase in

the size of the sensor system, it causes longer measurement time, which will lead to

higher magnetic noise and an array mismatch. In addition, as the system requires

pre-data information, the reliability is less without prior information regarding the

environmental conditions of implementation.

Sun et al. in [10] investigated the permanent magnet tracing system as well.

They think it is not required to track it all the way down to the stomach. So, it is

sufficient to monitor the PM in the tip of the NGT when it passes by the larynx, at

which the NGT may either get through trachea down to lungs or oesophagus down

to the stomach as shown in Figure 2.6(a), by means of compliant sensing array as

given in Figure 2.6 (b). They tried to figure out whether the NGT tip just after the

larynx in the oesophagus or the trachea by calculating the trajectory of the field as

given in Figure 2.6 (c). From the experiments in [10], it is shown that the system

is able to detect whether the NGT is in the trachea or the oesophagus. The authors

claim that the system accomplishes an accuracy with a maximum error of 1.042

mm depending on the shape accuracy of the sensing system. However, this would

not provide any help for WCE like applications. Also, if the NGT coils up in the

oesophagus, it would not provide any contribution.

Sun et al. in [64] tried in the inhomogeneous human tissues to evaluate the

result further, and good accuracy was obtained. Nonetheless, first of all, the mea-

surements and experiments were done without any ferromagnetic material in the

experimental environment. Secondly, any deformation in the compliant structure
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(a)

(b)

(c)

Figure 2.6: Detecting form larynx (a), compliant sensing system for NGT intubation (b)
and location of the permanent magnet using the dipole model (c).
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worsens the localization results. The system might fail to give correct results

if the initial data is with big errors. In addition, the computation time is relatively

slow, which make it difficult to be used in real-time applications. Also, they used

direct Artificial Neural Network (ANN) method to position the target with a max-

imum error of 6 mm. But, the ANN method requires some sets of weights data,

which necessitates advance supervised learning by training. Additionally, it has

non-parametric approximation function; therefore, the training data has to be very

comprehensive to ensure robustness. Any small drift during the training can deteri-

orate the results dramatically.

Similarly, there have been some investigations for tracking WCE while travel-

ling through the GI tract. Weitschiles et al. in [76] and [77] developed a permanent

magnetic tracking system to observe the WCE while moving through the gastroin-

testinal (GI) tract. The magnetic marker observing was applied in their technique

utilized 37 channel superconducting quantum interference sensor model on the ab-

domen of a volunteer. The localization accuracy was obtained in mm range. Never-

theless, high accuracy positioning can be achieved only if the experiment performed

in the magnetically shielded environment to avoid magnetic noise. Furthermore, the

orientation of the capsule was not taken into account, which is very important for

capsule movement control movement loop as well as positioning the pathological

tissue.

Bearing in mind the inadequacy of information about the source orientation

was addressed by Schlageter et al. in, [78]. They used a two-dimensional array of

16 hall sensors to obtain both the orientation and position of the PM as given in

Figure 2.7 (a).

The accuracy of the system was analysed. The system was successful within

the distance of less than 14 cm using a PM of 0.2 cm3. The system can locate the

source with an accuracy of less than 10 mm error if it is within 10 cm of the space

around the system. Otherwise, the error increases linearly with the distance. The

authors claimed that the system was limited to low-frequency noise of the sensors.

So, in [79], they tried to improve the system with slight changes to their approach.
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The first change was to increase the gain sensitivity of the sensors utilising macro-

flux-concentrators; the second change was the reduction of the 1/ f noise employing

the spinning current method. The tracking distance was increased from 14 cm to

20 cm. The authors claim that the system improved 50 times better than the previ-

ous. However, since the magnetic field decays sharply with the increasing distance

on account of its inverse third power proportionality, increasing the separation dis-

tance between the PM and sensor plane causes rocketing a decrease in positioning

accuracy.

Chao et al. in [22] developed a method to sort the distance problem with 2-

D magnetic array sensors by making a 50× 50×50 cm3 cubic array of sensors as

depicted in Figure 2.7(b). 16 uniformly spaced and distributed hall array sensors

placed on each of the four faces. The model determined the position of the magnet

with the resolution range of 1.8 mm and orientation of 1.6◦ when the WCE moved

within the cubic surrounded by the sensors. However, besides needing many sen-

sors for this application, the size is repetitively big to be applicable. To detect the

location of the WCE in the patient, the patient has to be still within the cubic model,

while the cubic is moving back and forth. Moreover, since the body cross-section

varies from person to person, it may not be useful for every patient. Furthermore,

even if other drawbacks are solved, a special table needed to use the system in a

clinical environment.

An alternative magnetic field-based localization technique was proposed in

[80], by utilizing the received data and using pre-defined magnetic field model.

The technique achieved six degrees of freedom with positioning with a maximum

error of 5 mm and orientation with an error of 19◦. It can be used in real-time

during the actuation of the wireless capsule endoscope using a permanent exterior

magnet. In their later work, they used Jacobian of the magnetic field of the capsule

to avoid the magnetic dipole assumption errors. Therefore the accuracy in position-

ing decreased slightly from 5 mm to 7 mm. But, the angular orientation precision

increased substantially from 19◦ to 5◦ error [81].
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(a)

(b)

Figure 2.7: 2-D array of 16 hall sensors (a) and 50× 50×50 cm3 cubic sensor array (b).

According to [64] and the papers we have looked at show that all the perma-

nent magnet-based location detection systems in the literature have been mainly

conducted in the homogeneous magnetic sensors array that is mounted on solid

surfaces in 2 or 3 dimensions. Nevertheless, in medical applications, the sensing

models should be flexible to be used on different body-sized patients. Therefore,

it is required to have a sensing system which can give good accuracy for long dis-
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tances and with inhomogeneous tissues environment. Besides, the sensing system

should have fast enough computation capability to be used in real-time. Further-

more, the system should not be very susceptible to magnetic materials and noise

coming from anywhere in the application environment. Also, if the in-body in-

strument is required to be rotated or moved backwards, sidewards or forward using

magnetic actuation, the PM method would not be practical. Therefore, RF-based

positioning techniques can be a good idea to solve this problem as an alternative.

2.2.2 Localization Using Low-Frequency Magnetic Field

Coupling

The IBMI spatial information can be deduced, employing a coil inside the IBMI.

The idea of localizing a small pick-up coil was first proposed by Plotkin and Paperno

[82,83]. The tracking system consisted of a single sub-miniature receiving coil and

8×8 2-D arrays of transmitter system as sketched in Figure 2.8. The transmitter

coils were fed with the current of 50 kHz frequency. The authors claimed that the

system could locate the receiver with an accuracy of less than 2 mm. But, the effect

of the human body to the resonance frequency of the receiver coils is not taken

into account. The receiver coil’s resonance frequency may change while travelling

through the GI tract due to the capacitive effect of the body. As a consequence, the

measured signal strength could be incorrect; and hence an inaccurate positioning

will be performed. Also, the authors did not mention how the received signal was

sent to a computer for further processing.
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Figure 2.8: Tracking a single subminiature pick-up coil with a 2- D transmitting coils.

Using this method for WCE, Nagaoka and Uchiyama [84] constructed a single-

axis receiving coil, and the coil was enclosed in a capsule. The magnetic field

transmitter generates magnetic fields of five different frequencies to compute the

rotational position of the coil. The received signal at the receiver was transferred to

the detector outside the body via sending a 75 kHz signal using an integrated FM

circuit. The received data at the detector was used to determine the location of the

receiver coil. Even though it was reported that the system accomplished an accuracy

of 5 mm when the receiver was up to 50 cm away from the transmitter, the tracking

system was not positioning the target correctly. The experiments showed that the

tracking of the target was not consistent. The authors say that; “the proposed sensor

could not measure position in several places because the sensor was not able to

measure the magnetic field precisely. It is thought that this problem can be solved

by improving the production accuracy of the sensor.”

Gue et al. in [85] used a different method for localization. He inserted a three-

axis magneto-resistive sensor into a capsule for measuring the field strength coming

from the transmitter. The transmitter contained three energised coils fixed on the

body. The transmitting coils were fed by square waves with the same time duration

of 0.03 s. There was a 0.1 s time interval between each cycle of the transmitter coils
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to measure the earth magnetic field. Then, the earth magnetic field was subtracted

from the total field to obtain the transmitted field. After, using a neural network

algorithm, the position is recovered with a minimum error of 25 mm. Also, the

orientation of the coil was recovered with a maximum error of 15◦. However, the

system fails to work when the distance is less than 50 mm due to point source

assumption which ends up with a higher error in experimental results. Also, the

system has even higher errors for distances of more than 160 mm. The results

become even less reliable when the diameter of the coils enlarged for increasing the

localization area.

Gue et al. and his colleagues in [86] proposed a novel method using a model

based on Biot-Savart law to avoid issues with the magnetic point source assump-

tion. The authors reported that the system achieves localization and orientation

with varying errors between 6.25 to 36.68 mm and from 1.2◦ to 8.1◦ for distances

from 0 to 40 cm. Further, in [87], they put more effort to improve the system by

introducing a different technique that realized eight energized coils fed by a sine

wave signal rather than a square wave. Adaptive particle swarm optimization tech-

nique used to evaluate the experimental results. They reported that the localization

and orientation were obtained with 14 mm and 6.9◦ mean errors.

2.2.3 Overview

Although the permanent magnet and low-frequency tracking systems have many

advantages, as mentioned above, they have some mutual issues. Firstly, to utilize

these techniques in clinical applications, devices made of non-ferromagnetic ma-

terials must be used within their close proximity. The localization and orientation

performance can deteriorate dramatically in case a ferromagnetic (even small one)

device or tool accidentally is placed in the detecting space [88]. Secondly, due to

the size restriction of IBMI, the space volume of tracking of a permanent magnet

is limited [89]. Lastly, it is a significant issue to use magnetic actuation system

along with the PM localization because the magnet used for actuation generates a

magnetic field as well, which will be noise to the receiver.



2.2. General Localization Review 52

2.2.4 RF-Based Magnetically Coupling Localization

The major advantage of positioning techniques based on low-frequency field signal

strength is that the low-frequency magnetic fields either do not get attenuated, or

they get attenuated negligibly by the tissues as they travel through the body since

body tissues do not have magnetic material features. Nonetheless, these magnetic

fields are very susceptible to magnetic noise coming from the surrounding material,

and even the earth magnetic field can be a big problem of creating noise. These

noises, in turn, can require the system to have additional equipment to analyse for

correct signal interpretation. On the other hand, localization based on electromag-

netic fields re-uses the varying EM signal transmitted by the source with no ad-

ditional equipment. However, on the one hand, the attenuation increases with the

increasing frequency; on the other hand, localization precision decreases at low fre-

quencies [25]. Therefore, localization techniques based on RF signals have become

more and more important day by day.

[90] developed a location detection system to locate a WCE that has a reso-

nant coil built-in travelling through the body. The varying magnetic field generator

is placed around the body, and it produces an alternating magnetic field to induce

a varying current flowing through the coil inside the capsule. As a result, the coil

produces an alternating magnetic field within the capsule. Then, the induced mag-

netic field is detected by the receiver placed on the other side of the body. The total

magnetic field captured by the detector sensors was the addition of the field from

the coil and field generated by the generator. The magnetic field coming from the

inner coil alone was recovered by subtracting magnetic field strength of the gener-

ator from total magnetic field received since the signal strength of the field of the

generator is already known. This method can achieve detection in millimetre accu-

racy and power efficiency. But, the size is too large, and as a consequence, the cost

will be expensive. Also, in the implementation process, the patient has to be moved

to be placed inside the positioning box. So, this can lead to further discomfort to

the already suffering patient.

S. Hashi in [91] modelled a localization system. The model included mea-
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surement equipment an exciting coil and receiver which contains 25 pick-up coils

placed at 45 mm distanced on aboard. Each of the pick-up coils has 40 turns and a

diameter of 25 mm. The resonant coil in the capsule consists of 500 turns of wind-

ing. The size of the capsule coil has a length of 10 mm and a diameter of 4 mm.

The excitation coil comprises 13 turns and 390×390 mm2 frame. The capsule coil

within the body was excited by the excitation coil, and therefore an emf was in-

duced across the capsule (LC) coil, which in turn caused a current flowing through

the LC and induced a magnetic field. The induced varying magnetic fields and some

of the exciting magnetic field were picked up by the pick-up coils. To obtain the

induced varying magnetic field, first, the induced voltage across pick-up coils were

measured without LC, and then they were measured with LC. Finally, the varying

magnetic field produced by the capsule coil arrived at the pick-up coil was obtained

by subtracting the measurement without the marker from the total arrived magnetic

field at the pick-up coils. Even though the system is able to give relatively very high

position accuracy of better than 0.1 mm for a certain condition, the system is very

susceptible to the change in SNR, and also to the fluctuation of the exciting coil as

it affects the mutual induction. In addition, the model size is too large, and it will be

relatively expensive. Moreover, the way that the measurement was done is imprac-

tical since the medical staff have to be well-trained to do the measurements without

the capsule in and with the capsule in the patient. Even if the staff are trained well,

the patient would not be exactly in the same position during these two procedures,

which might lead to relatively massive error.

In order to optimize the system in [91, 92], they used the same system. But,

they altered the configuration of the system by increasing the distance between the

coils, and also changing the pick-up coils’ 40 turns to 100 turns, 25 mm diameter to

10 mm and 2 mm thickness to 1 mm. These configurations were done because the

pick-up coil’s dimensions had a significant impact on the point source assumption

in the numerical analyses. Therefore, it caused unignorable errors. Additionally,

the dimension of the capsule coil changed from 10×4 mm to 10×3 mm with less

number of turns of 250. Although the system in [92] was an improved version of the
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system of [91], the issues regarding size, cost, the variation of the body size, staff

training and relative position of the patient for the measurement process remained

the same.

T. Nagaoka and A. Uchiyama, in [21], used the model based on the alternative

magnetic induction principle. The position of the sensor was deduced by a sensing

coil, a magnetic generator coil with five different frequencies. The model achieved a

good accuracy, yet the sensors size relatively big to be applied in-body applications

Anton Plotkin and Eugene Paperno [82] designed a detection system based on

magnetic induction. The transmitter has 8×8 transmitter array coils and a single

receiver within the capsule. The transmitter was used to keep the receiver being

fed. The system accomplished tracking resolution of no worse than 0.25 mm and

orientation better than 0.2◦ for distances up to 200 mm. However, it never mentions

about the condition of the experiment. For example, did they do any experiment in

the body? Was it in a magnetically isolated environment? Was it practicable in a

magnetically noisy environment? Moreover, do the staff in the hospital are needed

to be trained to do the tracking system?

X. Gua and his colleagues, [93], developed a localization system which com-

prises multiple transmitters mounted on a 2-D plane and a receiver with the cylindri-

cal coil. Then, they developed another model [94] and [87] since the previous sys-

tem had low sensitivity, bad accuracy and low stability. Here, they tried to observe

the feasibility of determining the location of the micro-device with the magnetic

positioning system. Even though in this design, a localization error of 97 mm was

obtained, they claimed that the system has perfect anti-interference capability and

stability. Finally, they modelled one more location detection, [95], through which

developing an analytical solution between magnetic flux and object’s position was

derived to figure out the magnetic field inverse issue in order to address the issue of

finite element failing. Therefore, localization equations were obtained and turned

into a non-linear optimization problem. Hence, in order for solving the problem, the

adaptive particle, [87], swarm optimization was applied. The issues with all these

experiments done by X. Gua and his colleagues are that firstly they are not as good
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as the works were given previously in precision. Secondly, none of the experiment

was done with the actual tissues. Thirdly, they use conventional ranging techniques

for localization like all other systems, which means it will have the same problems

as stated earlier on.

According to [96], Fisher and his colleagues have designed a tracking model

which is based on the received signal strength at eight sensors. The system was

based upon the closer the receiver to the transmitter, the higher the received signal

would be. The system has the capability of detecting the location with the precision

of 4 cm in 2-D. Besides, it does not require any additional elements into the capsule.

Nevertheless, the aforementioned assumption is not necessarily reliable on account

of the absorption of the body against radio frequencies and the noise. Also, the

precision of 4 cm is not satisfactory.

2.2.5 Localization Using RF-Based Electromagnetic Wave

Coupling

Electromagnetic (EM) waves have been widely used for determining the location of

a target in both indoor and outdoor with the resolution of up to hundreds of mms.

Nonetheless, it is highly challenging to position an object when the object travels

within the body due to the complexity of the body and other drawbacks counted

earlier. K. Arshak and F. Adepoju in [97] used a method which defines the numer-

ical relationship between the distance (d) from the transmitter to the receiver and

received signal strength. The model has three receivers (with known location and

interval space) to catch the signal transmitted from the source. It is reported that the

technique has an error of 25%, which the author claims that it was acceptable. As

the propagation loss is a crucial player in the received signal strength, the previous

technique is not adequately precise in the body-like complex environments. So, to

increase the localization precision, a proper attenuation model is needed when EM

waves passing through the body tissues [75].

Lujia, [98, 99], considered the RSS dependence on the distance, relative an-

tenna orientation and absorption of the tissues to model a compensated attenuation.

The model consists of a transmitter and receiver dipole antennas. It was claimed
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that this model gives more reliable results than the empirical models, and also the

overlooked antenna orientation is dominant in the received signal strength sensitiv-

ity. Nonetheless, the accuracy of this model is not known yet as it has not been

tested for in-body applications.

On the other hand, [23] assessed the parameters that have an impact on the

precision of the localization of the capsule while it travels through the digestive

system. The receiver system contained 4×4 sensor array. It was noticed that the ac-

curacy was different for different positions. For instance, it was 52 mm for the small

intestine, 65 mm for the stomach and 110 mm for the large intestine. The author

thought that the differences in precision for different tissues should be because of

the fact that they have shapes at different locations in the body. Majority of sensors

are closer to the small intestine in the distance than the other two organs. Thus, the

signal arrives at the small intestine is less attenuated. From my point of view, the

conductivity and dielectric permittivity of the local tissues between the transmitter

and receiver might be another cause of loss. An important point they realized is

that the error rate decrease for large intestine more than other two organs when the

number of sensors increased.

2.2.6 Hybrid Positioning Techniques

Commercially existing radio frequency based tracking and positioning systems

achieve insufficient accuracy of location and orientation because of the complex-

ity of the tissues as well as the complicated structure of the GI tract. Alternatively,

hybrid methods such as fusion of RF electromagnetic signal and magnetic-field-

based techniques [100], the fusion of RF electromagnetic signal and video-based

techniques [101] can potentially provide higher accuracy in localization and ori-

entation prediction. Even though the hybrid methods necessitate a combination of

multiple technologies, and they are natural complex, they can exhibit highly accu-

rate positioning for intra-body instruments. A particular method to farther enhance

the precision of the WCE localization and generate a three-dimensional map of the

GI tract is to yield the prediction utilizing various kinds of techniques separately

and later fuse the generated prediction of the intra-body medical instrument loca-
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tion [102]. Although the hybrid techniques provide good precision for localization

applications, they cannot be applicable for every intra-body instruments.

The authors of [101,102] introduces a hybrid intra-body positioning technique

that combines the RF localization and the image processing-based positioning of

the in-body medical instruments. In the proposed methods, they mathematically

modelled and analysed the system, and then they used the Cramer–Rao lower bound

to evaluate the accuracy of the system. In the RF-based method, they used the signal

strength based ranging as well as the time of fly ranging calculations. The authors

claim that the method can exhibit positioning millimetric accuracy by using hybrid

RF and image processing localization technique.

In [27, 103], the authors researched on the localization of wireless biomedi-

cal capsule (WBC) using a permanent magnet (PM) sensing and actuation settings.

They placed the PM inside the WBC and placed a sensor outside of the body. The

system used a hybrid positioning method based on the fusion of magnetic mea-

surements and EM signals transmitted from WBC. It is claimed that the technique

accomplishes highly accurate with mathematically less complexity and less number

of sensors [102].

Gumprecht and his colleagues in [104] proposed a localization technique using

ultrasound imaging to position the WCE together with magnetic field localization.

This approach contains a cartesian robotic actuating a transcutaneous sonographic

probe in two degrees of freedom. The system localized the WCE by generating

sonographic image data on the backside of the person and displaying the instanta-

neous location of the WCE. This technique can accomplish a positioning accuracy

of less than 2 mm.

The hybrid localization schemes provide high accuracy of localization and vi-

sualization. However, these approaches require more components of circuitry sys-

tem to be used. Firstly, this does not apply to all applications such as the NGT. In the

NGT, it is not possible to provide adequate space for hybrid circuitries. Secondly,

the receiver circuit and transmitter circuit of these systems are usually big in size,

expensive and heavy. Lastly, the systems require highly complicated and complex
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mathematical non-linear models to be dealt with, which is undesired.

2.2.7 Summary

The positioning techniques have been used in many applications for indoor and out-

door localization systems by using different kind of methods namely time of arrival

(TA), time difference of Arrival (TDA), angle of arrival (AOA) and Received sig-

nal strength using RF signals. These techniques can be very accurate when they are

used for an appropriate application. Nevertheless, when they are used for unsuitable

applications, they might lead to low accuracy. Therefore, for good localization, a

suitable technique must be used. A summary of these techniques is shown in Figure

2.9. Also, the accuracy of localization based on signal types employed in localiza-

tion systems are shown in Figure 2.10

In-body localization system is challenging because of its complexity. The TA,

TDA and AOA techniques are not suitable for in-body applications, especially in

near field applications, owing to the fact that it is hard to time-synchronize the trans-

mitter and receiver, and there is a lack of knowledge of the propagating channel in

between. Thus, the most used technique is the RSS technique as it does not require

synchronization, travelling speed signal or angle measurements even in the near

field. Therefore, a large number of localization methods based on RSS have been

investigated in the literature. Some were based on placing a permanent magnet in

the object travelling inside the body and placing the magnetic receiver on the body.

Then, the received signal strength was measured. After, an appropriate technique

was used to determine the location of the source. Additionally, hybrid localization

techniques were proposed in the literature as well. In the hybrid approaches, more

than one localization methods were integrated to localize the intra-body instrument.

These techniques achieve highly accurate localization, but they are more complex,

expensive and heavier.

A novel localization technique is required to solve the problem in the litera-

ture. Thus, the authors of this thesis propose the novel localization and orienta-

tion determination method using magnetic field direction in the challenging near

field environment. The novel method does not require channel information, time-
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synchronization, line of sight, mathematically less complex and light and inexpen-

sive.

Figure 2.9: The advantages and disadvantages of the existing RF-based localization tech-
niques and the Novel Magnetic Field Mapping localization technique [1, 4].
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Figure 2.10: ”-” means not-known. The accuracy is ”High” if error is less than mm, ”Mod-
erate” is with an error between 2 and 20 mm and ”Low” error greater than 20
mm [4].



Chapter 3

Mathematical and Graphical

Modelling of Magnetic Field & Law

of Induction

This project intends to solve the issue with the verification of the location and ori-

entation of the IBMI. The system will utilize forward magnetic field strength to

determine the position of the magnetic field source. Therefore, mathematical mod-

elling of the system is required to be derived to assist the reproducibility of the

model. Hence, the system can be modelled, and the same or similar set-up can be

designed. As a result, if any researchers, companies or institutions are interested in

this modelling, they can use the derived equations and the steps in this chapter to be

able to produce the same results in the following chapters.

3.1 Mathematical Modelling of Magnetic Field
A multi-turn coil is used to generate a varying magnetic field. The mathematical

modelling of the generated magnetic field can be formulated in two ways. Firstly,

for simplicity, the energized coil can be considered a magnetic dipole if the distance

between the observation point and the source is much greater than the coil’s radius.

If this is the case, the shape and the size of the coil can be neglected, and the source
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can be regarded as a point source. So, the magnetic field can be modelled as;

Figure 3.1: The source position and orientation relative to the global coordinate system (X,
Y, Z) and local coordinate system (U, V, W)

B =
µ0 ·µr ·MT

4π

[3(H0 ·Pl)Pl

R5 − H0

R3

]
(3.1)

And

K =
µ0 ·µr ·MT

4π
(3.2)

Where µ0, µr, MT , H0, Pl and R are the free space magnetic permittivity, relative

permittivity, uniform magnetization of the source, magnetic moment of the coil, the

observation point and the distance between the coil and the source, respectively.

The magnetic field density at point Pl=(Xl,Yl,Zl)
T is as given;

B = Bxl î+Byl ĵ+Bzl k̂ (3.3)
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If ~H0 is equal to (m,n, p), the three orthogonal components could be computed as

Bxl = K
[3(m(xl− xs)+n(yl− ys)+ p(zl− zs))(xl− xs)

R5 − m
R3

]
(3.4)

Byl = K
[3(m(xl− xs)+n(yl− ys)+ p(zl− zs))(yl− ys)

R5 − n
R3

]
(3.5)

Bxl = K
[3(m(xl− xs)+n(yl− ys)+ p(zl− zs))(zl− zs)

R5 − p
R3

]
(3.6)

R =
√

(xl− xs)2 +(yl− ys)2 +(zl− zs)2 (3.7)

As can be seen from these equations, calculation of the magnetic field at any specific

point requires six parameters, which are the position of the source and its orientation

[105].

In these equations the only known parameters are the coordinates of the sensor

Pl=(Xl,Yl,Zl)
T . In order to be able to solve this problem, at least six equations are

required. However, the magnetic dipole assumption causes some inevitable errors if

the distance between the source and measurement point is not much greater than the

source radius. In order to increase the accuracy, a new formula is needed to avoid

the close proximity issue.

The second proposition utilizes the Biot-Savart law. Using the Biot-Savart law,

the field generated by a coil at the observation point can be formulated. The coil is

centred at the origin of the global coordinate system of X-Y-Z, and it is placed on

the X-Y plane and aligned along the Z-axis as shown in Figure 3.2.

The denotations a, ~r ′ , ~rl , ~r, Ps , Pl and θ are the radius of the coil, posi-

tion vector of infinitesimal current source Id~l, observation point vector, distance

between observation point and Id~l, source center, observation point and the angle

between the current element Id~l and X-axis.
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Figure 3.2: The source position and orientation relative to the global coordinate system (X,
Y, Z) and local coordinate system (U, V, W)

Assume the each turn of the multi-turn coil is closely spaced. Then, the total

magnetic field observed at the point of observation is equal to superposition of the

field contribution of each conductor. This approximation provides higher accuracy

for close distances from the coil. The total magnetic field at a point can be computed

using general Biot-Savart law below;

~B =
∫

d~B =
µ · I
4π

∫ d~l× r̂
r2 (3.8)

Where ~B, µ0 (4 π × 10−7 m/A) are the total magnetic field vector and magnetic

permeability in free space, respectively.

The position of Id~l on the coil is as below;

~r ′ = a · cosθ î+a · sinθ ĵ+hk̂ (3.9)
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Then the position vector of point Pl is;

~rl = xl î+ yl ĵ+ zl k̂ (3.10)

The relative position vector (~r) of the point of observation (Pl) is;

~r =~rl−~r ′ (3.11)

~r = (xl−a · cosθ)î+(yl−a · sinθ) ĵ+(zl−h)k̂ (3.12)

The amplitude of the relative position vector is equal to the distance between the

infinitely small current source and the point of observation.

r =
√
(xl−a · cosθ)2 +(yl−a · sinθ)2 +(zl−h)2 (3.13)

Hence, the unit vector of relative vector is deduced as below;

r̂ =
~r
r
=

(xl−a · cosθ)î+(yl−a · sinθ) ĵ+(zl−h)k̂√
(xl−a · cosθ)2 +(yl−a · sinθ)2 +(zl−h)2

(3.14)

Where î, ĵ, k̂ and r̂ unit vectors along X, Y and Z axes, xl , yl and zl are the position

coordinate of the observation point and h is height of each turn from the center of

the coil.

The small current source could be defined as;

Id~l = I · d
~r ′

dθ
·dθ = I ·a ·dθ(−sinθ î+ cosθ ĵ) (3.15)

Therefore,

Id~l = I ·a ·dθ


î ĵ k̂

−sinθ cosθ 0

(xl−a · cosθ) (yl−a · sinθ) (zl−h)

 (3.16)
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After taking the determinant of this;

Id~l× r̂ = I ·a ·dθ

[
cosθ(zl−h)î+ sinθ(zl−h) ĵ

+(−yl · sinθ − xl · cosθ +a)k̂
] (3.17)

then;

d~B =
µ0 · I
4π

a ·dθ(cosθ(zl−h)î+ sinθ(zl−h) ĵ)
r3

+
a ·dθ(−yl · sinθ − xl · cosθ +a)k̂

r3

(3.18)

This is the magnetic field (in tesla (T)) contributed by one small current source, the

total magnetic field at this point of observation is;

C =
µ0 · I
4π

(3.19)

~B =C
∫ a

[
(cosθ(zl−h)î+ sinθ(zl−h) ĵ)

r3

+
(−yl · sinθ − xl · cosθ +a)k̂

]
dθ

r3

(3.20)

The unit of the magnetic flux density is tesla (T). The magnetic flux density is a

vector, so it can be decomposed to its components. The components of the total

field are as given below;

~Bx =C
∫ a · cosθ(zl−h)îdθ

r3 (3.21)

~By =C
∫ a · sinθ(zl−h)îdθ

r3 (3.22)

~Bz =C
∫ a · (−yl · sinθ − xl · cosθ +a)k̂

r3 (3.23)
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This is the case when the axes of the source and the sensors are aligned. However,

in the real scenario, the source moves and overturns, which causes a misalignment

between the source’s and the sensor’s axes. Hence, the field generator’s coordinate

must be translated and rotated [106], [108].

Suppose that the source is rotated around X-axis, Y-axis, and Z-axis with the

angles of α , β and γ , respectively. The rotation matrices could be yield as shown

below;

Rx(α) =


1 0 0

0 cosα −sinα

0 sinα cosα

 (3.24)

Ry(β ) =


cosβ 0 sinβ

0 1 0

−sinβ 0 cosβ

 (3.25)

Rz(β ) =


cosγ −sinγ 0

sinγ cosγ 0

0 0 1

 (3.26)

Assume that the centre of the field generator is positioned at point (0, 0, 0) of the

X, Y and Z axes and the three axes receiver is at (xl , yl , zl). Remember the position

vector of the source in (3.9), this vector should be rotated to get rotation equation

as below;

~r ′rot = Ry(φ) ·~r ′ (3.27)
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~r ′rot =


cosφ 0 sinφ

0 1 0

−sinφ 0 cosφ

 ·


a · cosθ

a · sinθ

h

 (3.28)

Then, steps from (3.10) to (3.20) should be taken. After these steps, the following

is obtained;

d~B ′x =C ·a
[(cosθ(zl +a · cosθ · sinφ −h · cosφ)

r3 −

a · sinθ · sinφ(yl−a · sinθ)

r3

]
dθ

(3.29)

d~B ′y =
−a · sinθ(zl · cosφ + xl · sinφ)+a ·h · sinθ

r3 (3.30)

d~B ′z =
−a(yl · cosφ · sinθ + xl · cosφ)+a2 · cosφ +a ·h · sinφ · cosθ

r3 (3.31)

The same rotation could be applied for other axes or all together. But, in proposed

project, only the rotation towards the sensor plane (SP) is required.

The total magnetic field of each component will be the addition of these small

field elements.

B
′
x =C ·a

∫ [(cosθ(zl +a · cosθ · sinφ −h · cosφ)

r3 −

a · sinθ · sinφ(yl−a · sinθ)

r3

]
dθ

(3.32)

B
′
y =C ·a ·

∫ −sinθ(zl · cosφ + xl · sinφ)+h · sinθ

r3 (3.33)

B
′
z =C ·a ·

∫ −(yl · cosφ · sinθ + xl · cosφ)+a · cosφ +h · sinφ · cosθ

r3 (3.34)

By using these equations the magnetic field strength at the global coordinate system
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B
′
xl , B

′
yl and B

′
zl could be obtained [106].

3.2 Magnetic Field Vector and Faraday’s Law of

Induction
The proposed localization technique is based on a magnetic vector that is orthog-

onal to the SP. Thus, it is essential to first understand the geometrical (vectorial)

behaviour of the field relative to the coil.

Figure 3.3: Magnetic field vector distribution on X-Z plane around a solenoid coil.

In Figure 3.3, a solenoid is placed on the X-Y plane and aligned with Z–axis,

and the magnetic field distribution of the solenoid on X-Z plane is illustrated. The

magnetic field is a vector, it means that the field has magnitude as well as direction.

Therefore, it can be decomposed into three magnetic field components namely, Bx,

By, and Bz. In Figure 3.4 (a), the magnetic field vector B is decomposed into its

X component (Bx) and Z component (Bz). It may be seen that at the lines of X

components are zero (Bx=0), the Bz is at its maximum and equal to B field along the

line perpendicular to orientation and on the coil direction line.

Using this vectorial information, imagine the source is on the X-Y plane, and

it is centred at origin coinciding with the Z-axis. Also, the receiver array is placed
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(a)

(b)

Figure 3.4: B field Distribution on X-Z plane vs only Bx (a), and only Bx field distribution
on X-Z plane (b).

some distance afar from the coil on Y-Z plane coinciding with X-axis as displayed

in Figure 3.5 (a). The induced voltage from S1 to S33, some of which are shown,

are plotted in Figure 3.5 (b). It can be realized from (b) that the voltage drop at S1
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(a) (b)

Figure 3.5: Source aligned with Z-axis and sensors’ array on Y-Z plane aligned with X-axis
(a), and Received signal strength S1 to S33 (b).

is relatively weak, and it increases exponentially from S1 to S12. Then, it becomes a

maximum at S12. Next, it starts decreasing very steeply and becoming zero at S17.

Then, it goes up again and just mirroring the other side of S17. So, this information

could be used to locate the source, and also the orientation of the source can be

determined. If Figure 3.4 (b) is observed carefully, the field on the line passes

through the centre of the coil is zero, and the same result happens in Figure 3.5 as

well. Therefore, it is understood that the sensor catches the field components that

are perpendicular to them.

3.2.1 System Based on Faraday’s Law

The coils are fed by a signal source at the frequency of 13.56 MHz in this local-

ization system. Thus, the magnetic field generated by the coil is an alternating

magnetic field. The receiver sensors are planar rectangular coils (also known as

search or pick-up coil) that are fabricated on printed circuit board (PCB). The rea-

son the search coils were chosen is that they are highly sensitive, easy to build and

inexpensive. The search coils detect varying magnetic field based on Faraday′s law
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of induction. The Faraday’s law is defined as using the change in magnetic flux

through a closed-loop. The magnetic flux is defined as

dΦB = B⊥ ·dA = B · cosϕ ·dA (Wb) . (3.35)

Where ΦB, B, dA, A and ϕ are the magnetic flux, the magnitude of magnetic

density, infinitely small closed-loop area (in grey), the area of the larger circle and

the angle between the total magnetic field and its orthogonal component to the loop

surface (indicated in Figure 3.6), respectively.

Figure 3.6: The incident magnetic field component to the surface of the closed-loop coil.

The total magnetic flux is addition of dΦB
′s contributed from all small dA′s.

ΦB =
∫

B⊥ ·dA =
∫

B · cosϕ ·dA (3.36)

The magnetic flux is proportional to magnetic field strength, the closed-loop area

and the angle ϕ at which the magnetic field vector enters to the closes loop. Suppose

the magnetic field vector strength (B) and the closed-loop area (A) are kept constant.

If the angle (ϕ) is 90◦, the flux will be at its maximum. However, if the angle (ϕ)

is zero (parallel to the closed-loop), then the flux passing through the closed-loop

is zero. The induced voltage across the close loop using Faraday’s law is computed
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as:

ε =−N ·dΦB

dt
(V) (3.37)

ε =−N ·d(A ·B · cos(ω · t))
dt

= N ·B ·A ·ω · sin(ω · t) (3.38)

Where ε , N, t and ω are the induced voltage across closed-loop, loop’s number of

turns, time and angular frequency, respectively.

From the equations (3.36) to (3.38), it is evident that the ε voltage is dependent

on the angle from which the magnetic field enters the closed-loop conductor. If the

angle (ϕ) is 90◦, the voltage across the receiving loop will be at its maximum. On

the other hand, if the angle is 0◦, there will not be any voltage drop in the loop.

Thus, this indicates that the voltage (ε) is a product of orthogonality.

From Figure 3.7, it can be observed that the field vectors that are perpendicular

to Rx1 (receiver coil1) are all in the same direction as indicated with dashed arrows

of 1 and 2. It means that the field vectors captured by Rx1 will all be added, which

increases the signal strength. On the other hand, the same situation does not take

place for Rx2. The field vectors being sensed by Rx2 are pointing in the opposite

direction, which means the field vectors received by Rx2 are subtractive. If the Rx2

is located at a point at which the field of opposite polarities is equal in absolute

magnitude, the induced voltage across the closed-loop will be zero. That is to say,

if the sensor (Rx2) centre is aligned with the solenoid’s (coil) centre with 90◦, no

electromotive force voltage (ε , also denoted as emf) will be induced. In the case

of Rx3 is that it will the same as Rx1 situation. The only difference is the induced

voltage will be in opposite polarity with the induced voltage of Rx1 as depicted in

Figure 3.5 [94, 108].

Although the perpendicular component of the magnetic field is very crucial, it

is not only the factor to be considered. Another important parameter is the distance

r between the point of calculation and the source of the magnetic field. The angle of

the incident field might be orthogonal, but that does not mean the strongest voltage
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Figure 3.7: A geometrical explanation of the voltage induction.

Figure 3.8: Bx compare to Bx/r3

would be sensed. If the point of observation is far relative to other observation
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points, it may capture weaker magnetic flux due to the inverse proportionality to the

third power of the distance. As seen in Figure 3.8, the field is increasing linearly

as the observation point going away from the source line when the effect of the

distance is removed. In this circumstance, the maximum field should be measured

at the furthest point. However, the distance dominates the field being sensed after a

certain distance, and it results in the exponential field increased and decreased due

to the inverse third power effect of the distance. Also, the reason the change of the

sensed signal strength is steeper between the centre line and local maximums is that

the field strength is increasing and dominant over the distance. On the other side

of the maxima, the distance parameter becomes dominant. Therefore, the r is an

important parameter of the calculated signal at a point.

3.3 Magnetic Field of 2-D Plane of Single Axis

Sensors Set-up
In a real scenario, the initial orientation of the source is not known. If an array

sensor is used as in Figure 3.5 (a), the field measured would be useless if the linear

array is not parallel to the source orientation. In the proposed method, to determine

source position and orientation, it is required to have information about the positions

and strengths of the peaks. So, the position of the peaks is not detected in this case

of a linear array of sensors, and it will be applicable only if the orientation of the

source is parallel to the array of sensors as illustrated in Figure 3.5 (a). Hence, 2-D

planar array sensor plane (SP) has to be used to avoid the problem with the sensor

orientation as illustrated in Figure 3.9.

Suppose that there are n×n number of single-axis sensors on SP, and the plane

coincides with the X-axis at some distance from the source in the global coordinate

system (GCS). Also, the source is placed on the origin of the local coordinate system

(LCS) as in Figure 3.9. The field measured B⊥i at the sensor ith (Pi=(X
′

i , Y
′

i , Z
′
i )T )

would be

ε⊥i(X
′

i ,Y
′

i ,Z
′
i ) = N ·B⊥i ·A ·ωsin(ω · t) . (3.39)
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Figure 3.9: Single axis sensors coincide with X-axis and placed on Y-Z plane some distance
from the source of coinciding with Z-axis.

Where ε⊥i is the induced voltage across the sensor at the point (X
′

i ,Y
′

i ,Z
′
i ) in the

local coordinate system (LCS).

If n2 number of sensors data is taken into consideration, then;

ε⊥11 = N ·B
′
⊥11 ·A ·ωsin(ω · t) (3.40)

ε⊥12 = N ·B
′
⊥12 ·A ·ωsin(ω · t) (3.41)

...

ε⊥nn = N ·B
′
⊥nn ·A ·ωsin(ω · t) (3.42)
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εn×n =


ε⊥11 . . . ε⊥1n

... . . . ...

ε⊥n1 . . . ε⊥nn

 (3.43)

εn×n =


N ·B ′⊥11 ·A ·ωsin(ω · t) . . . N ·B ′⊥1n ·A ·ωsin(ω · t)

... . . . ...

N ·B ′⊥n1 ·A ·ωsin(ω · t) . . . N ·B ′⊥nn ·A ·ωsin(ω · t)

 (3.44)

The equation (3.44) demonstrates the relationship between the voltages across the

sensors and relative position and orientation of the source. However, the system

of these equations is extremely difficult to solve and get a unique solution due to

the fact that higher-order non-linear relationship between the source location and

position. In order to solve these equations, numerical optimization methods are

generally used to find the position in the literature [110].

3.4 Summary
The magnetic field generated by a point source was explained. The equations for

calculating the field at any observation point were given. Furthermore, the size

of the source is important if the radius of the coil is not very small relative to the

distance to the observation point. In this case, the point source assumption fails.

In order to obtain a general formula for any source size, the law of Biot-Savart

can be applied to derive the general equation. The equations for all components

of the field, namely Bxl , Byl and Bzl were obtained, and thus the total magnetic

field was obtained by adding them up vectorially. Also, the equation may fail if

the orientation of the source relative to SP was not taken into account because the

source may be at any orientation at the time of measurement. Thus, to avoid this

the equation was derived for the case of rotation as well.

To better explain the geometrical view of the field, the magnetic field distribu-

tion was shown. Also, the magnetic field measured by sensors array on a plane was

given. It is demonstrated visually why the magnetic field calculated at the points
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of sensors gave those results shown in Figure 3.5. Faraday’s law of induction was

introduced. Then, the relationship between the induced voltage across the sensors

and the angle of the incident field to the closed-loop sensor was demonstrated geo-

metrically.



Chapter 4

Localization Technique

4.1 Position and Orientation Determination Method
There have been numerous localization methods in the literature in the near field

area for locating the transmitter. Even though they were relatively good in terms of

precision, each of them had some problems in which they failed. Therefore, MFM

method is proposed to solve the issues that are not solved at all or even partially.

In this method, the information of absolute maximum and minimum magnetic field

strength points positions on the coordinate system are used to deduce location and

orientation of the magnetic field generator. The magnetic field vector strength at the

specific points around the source can be computed in MATLAB using the equations

derived in the previous chapter. Also, graphical modelling software can be used to

produce similar results, such as CST microwave. MATLAB and CST were used to

confirm the reliability of the system.

4.1.1 Mapping of Orthogonal Component of B Field in the

Sensor Plane

It was mentioned in the previous chapter that if there is a varying magnetic field

incident to a closed-loop conductor, there will be an induced voltage across the

conductor on account of Faraday’s law. Using this principle, a coil was fed by a

signal of 13.56 MHz to generate varying RF magnetic field, and the receiving coils
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were placed on a plane as displayed in Figure 4.1. The sensor plane (SP) always

faces the centre of the source coil. Before doing experiments, this system was

modelled in CST microwave and MATLAB to do simulation and observe the field

distribution.

4.1.1.1 Comparison of CST and MATLAB Simulations

In CST, the source coil had 60 number of turns, 3 mm radius, 0.1 mm conductor

radius and 20 mm length. The sensors had dimensions of 10× 10 mm2. Smaller

or larger size could be chosen. However, the smaller sized sensor has lower sen-

sitivity which will require higher source power to perform better. On the other

hand, the larger sized sensor will require larger space; and therefore, it will increase

the spacing between the sensor. Consequently, it may reduce the positioning ac-

curacy. As a result, there had to be a compromise to be made between resolution

and source power requirements. So, 10× 10 mm2 was chosen to best fit between

these to requirements. So, a series of the simulation was done in CST Microwave

and similarly in MATLAB employing the source and the sensors. Firstly, the reason

MATLAB and CST simulation were used was to confirm the simulation reliability

of the simulation before performing the experiment. If there were huge differences

between the two tools results, then the parameters have been adjusted. Secondly,

this gives the reader the opportunity to perform the simulation using graphical mod-

elling and code-based programming tools using derived equations in Chapter 3 if

the reader has only one of them. Thirdly, these two tools have different properties

that can be harnessed when combined. By using these tools, the field calculated at

each sensor was mapped on the plane. The first simulation was performed when the

source local coordinate (LCS) X
′
-Y
′
-Z
′

was in parallel with the global coordinate

system (GCS) X-Y-Z, and sensor plane was on Y-Z plane as shown in Figure 4.1.

In the Figure 4.2 (a) and (b), each pixel represents one sensor’s field strength.

From the Figure 4.2, there is a good similarity between the results of MATLAB and

CST. Also, the results in Figure 4.2 agrees with Figure 3.5 (b). To begin with, it can

be noticed that there are two local peaks and a minimum field point between them

in both figures. Next, the differential field strengths among the neighbouring sensor
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points between the peaks are steeper than those on the outer sides of the peaks.

Figure 4.1: The geometrical view of the source and the sensor plane relative global coordi-
nate system.

Furthermore, it was observed and explained in Figure 3.5 (b), the source centre

aligns with minimum field strength between the two maxima points if the two local

maxima are equal in strength. The same principle is observable in the sensor plane

circumstance too, and thus the source is in the middle of X1 and X2. Additionally,

it is known that the source orientation remains always in parallel with the line from

X1 to X2. This way, the orientation of the source in two dimensions can be deduced

since the peak to peak direction already computable. Therefore, the orientation of

the source is along the Z-axis in this circumstance.
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(a)

(b)

Figure 4.2: Calculated X-axis magnetic field at some point from the source in the X-axis,
while there is a parallel alignment with the global and local coordinate system
calculation in CST (a) and MATLAB (b).
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4.1.1.2 In-Body Simulation in CST

The simulation results of CST microwave and MATLAB on the previous page were

given. The results of these two simulations were done in free space. Nevertheless,

the proposed method is not for locating the source in the free space. The aim is

to locate the source which will be in the body. Thus, it is required to do simula-

tions using human tissues as a medium, and then analyse the field distribution after

passing through these tissues to observe the tissues effect on the field distribution.

An in-body simulation system was modelled in CST microwave as in Figure

4.3. The source was placed in the stomach, which was at the origin of the global

coordinate system and the local coordinate system. The SP is placed on the body

about 150 mm from the origin in the X-axis. The SP is on the Y-Z plane and

orthogonal to X-axis, and the source is placed on Z-axis. The X-axis starts from

the origin (in the stomach) and coming out from the front side of the body. The

Y-axis is perpendicular to the spine, and it goes toward the right arm. The Z-axis is

in parallel with the spine, and it points towards the head.

The simulation with the entire body would require excessive amounts of com-

puting memory and time; therefore, it was needed to get only some part of the body

to do the simulation. Also, there was no need for doing the simulation with the

entire body since the tissues within close-proximity have an impact on the source

behaviour. Figure 4.4 shows the part of the body which was used in the simulation

environment. The abdomen of the body (voxel, as named in CST) was used to do

simulation as in 4.4.

The voxel is not a homogeneous phantom; it takes into consideration almost all

different tissues effect on the field distribution at the frequency of interest because

each tissue might have different electrical characteristics at the same frequency.

The homogeneous phantom could be used, which makes simulation faster and easy.

But, it would not give a better representation of body effect on the field. Also,

with homogeneous phantom, the tissues are very nicely separated layers from one

another. However, this could undermine the impact of mixed tissues in a random

layer distribution on electrical characteristics of tissues.
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(a)

(b)

Figure 4.3: The source in the body an origin of the global coordinate system and coincide
with Z-axis, with its local coordinate system parallel in the global coordinate.

On the other hand, the simulation with the voxel takes into account the be-

haviour of each tissue individually. For example, the blood effect could be different

when it is still or flowing; therefore, the simulation calculates the effect of blood

flow. Hence, the simulation with voxel is a good representation of the real human

body, and thus the reliability of the simulation in a voxel is higher than the homo-

geneous phantom. For more information the reader is referred to [111]. Also, the

simulation with the body was carried out in the time domain since CST does not
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provide the option for doing the simulation with voxel in the frequency domain.

The simulation in time domain makes it more difficult to do a simulation with elec-

trically small 4 and strongly resonant circuits.

Figure 4.4: The part of the body with the source used in simulation.

In Figure 4.5 (a), the simulation environment is shown in detail. The tissues

used in the simulation are indicated on the left side of the Figure 4.5 (a). Also,

the solenoid and its feeding circuit are given on the right side of Figure 4.5 (a). In

Figure 4.5 (b), it can be observed that the magnetic field has a good distribution

starting from one end to another end of the coil. There is not any disturbance in the

normal field direction which can be noticed by eye.

4The coil (antenna) is called as electrically small if the largest dimension of the antenna is much
smaller than the wavelength of the operation.
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(a)

(b)

Figure 4.5: The part of the body with the source and tissues used (a) and field distribution
through the body (b).
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Figure 4.6: In-body simulation results while the source is aligned to the global coordinate
system (a) and comparison of simulation results in free space and in-body en-
vironment (b).
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Two different volumes of voxels were used in the simulations to investigate the

effect of voxel resolution on the computed magnetic field results. The sizes of the

two voxel were 85× 100× 110 mm3 and 110× 120× 125 mm3. The accuracy of

the simulation is hugely dependent on the number of mesh cells. So, 33.3 million

mesh cells were generated to take the thinnest tissue (skin with a thickness of 0.6

mm [112]) into account. As a result, the minimum mesh step is chosen to be one-

third of the minimum tissue thickness, which ensures the accuracy of the simulation.

Then, the simulation was conducted for two sized voxels. In both cases of voxel

simulations, the computed magnetic field strength results around the source were

almost the same when the medium was either larger or smaller voxel, and they

have a negligible effect on the localization system. So, the data from larger voxel

was used for processing, and the field strength results with the body medium were

compared with those obtained in the free space medium.

From Figure 4.6 (a), it is noticeable that there is a good agreement between

the results in-body simulation and the ones in the free space results through visual

mapping. In Figure 4.6 (b), there are some slight differences in terms of the signal

strengths. First of all, the field strengths from peak signal points to higher distances

decay slightly faster in the free space environment than for intra-body. Secondly,

the samples for the points have varying strengths. For instance, at some points, the

strength is higher in the in-body environment than free space, whereas it is contrary

to other points. But the overall results are very close. The differences could be due

to the different simulation domains as well.

The simulation results show that the effect of the tissue is at the negligible

level. The reason the tissues have a shallow effect on the field distribution is that the

wavelength is 22.12 m, which is much bigger than the size of normal human body

size. Therefore, the signal behaves like quasi-static, and thus it does not get affected

by the tissues much. What these results indicate is that they confirm the expected

results as stated in theory, which claims the body has a relative permeability almost

equal to the free space permeability. Hence, the simulation can be done in the

free space as there is no need to be worried about body effect. Therefore, after
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these results, the simulations for different circumstances were done in the free space

environment, which needs a deficient level of memory, and as a result, it costs less

time for the simulation.

4.1.2 Simulations While the Source (Local) and Global

Coordinate Systems Misaligned

4.1.2.1 Rotation Only About Y-axis

So far, all the simulation results were assumed that the source (in IBMI) and the

global coordinate systems were aligned, and the plane of the sensor was put on the

Y-Z plane some distance afar in the X-axis direction. However, in most of the real-

time applications, this will not be the case. The orientation of the source will not be

aligned. The source could be in any orientation relative to SP. Hence, a solution for

locating IBMI regardless of the orientation of the source must be worked out.

In order to observe the effect of the orientation of the source with respect to the

plane of the sensor, the coil was simulated while rotating only around the Y-axis,

and the SP was kept constant with respect to the global coordinate system as shown

in Figure 4.7.

In Figure 4.8 and Figure 4.9, each pixel represents an individual sensor. The

pixel colour represents the calculated signal strength, as shown by the colour bar.

Figure 4.8 displays the field distribution as 3-D. It explains how the field strengths

on both sides (x1 and x2) of the minimum line vary at two different orientation

of the coil relative to SP. In Figure 4.9, if the figures from (a) to (g) are carefully

analysed, it can be noticed that when the source (Ps) coil coincides with the Z-axis,

there is a straight minimum field strength line (MFSL) or zero line (ZL) between

the two maximum areas in (a). The MFSL is not always zero as in Figure 4.2,

as it approaches the line from x1 to x2, the B increases and then becomes zero

again. However, when the source is rotated about the Y-axis, the straight MFSL

gets curved around the increasing maximum point of x1. Then, it becomes a circle

when the source rotated 90◦, which coincides the sensors’ axis.
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Figure 4.7: The source and sensor position and orientation relative to the global coordinate
system.

The reason why there is a circle line MFSL in (g) is demonstrated in Figure

4.10. As shown with the Zero Line1 and Zero Line2, the Bx components of the field

along these lines start changing the polarity to the opposite direction. It is the same

circumstances as explained earlier in Figure 3.7 for Rx2 in which the sensor captures

opposite direction vectors of the same magnitude. Therefore, as they are pointing in

the opposite direction, they cancel each other and become zero. Suppose the source

is rotated about its Y-axis 180◦ in Figure 4.10, then there will be a complete circle

zero line as obtained in Figure 4.9 (g).

As clarified before, when the magnitudes of the two maximum points are equal,

the source is right in the middle of the two points. Nonetheless, when the source

is at a different angle to the sensor plane, then the magnitudes are no longer equal,

which means that the source is not in the middle. In this situation, the extreme

cases of the field mapping can be analysed. The first extreme case is when the

source orientation and the SP are orthogonal to each other. In this case, it is already

known that there are two peaks with equal magnitudes.
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(a)

(b)

Figure 4.8: The mapped normalized magnetic field view with respect to the source orien-
tation φ = 0◦ (a) and φ = 0◦ (b).
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(a) (b)

(c) (d)

(e) (f)

(g)

Figure 4.9: The magnetic field mapping while the source is rotated about Y-axis with 15◦

of increments.
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So, the source position is in the middle of these peaks position, which is on

the minimum line. The second extreme case is when the source and the SP are in

parallel with each other. In this circumstance, there is only one peak, and the zero

line circle surrounds the peak. The source location is exactly on the position of the

peak point. As a result, this exhibits that the source position is always between the

zero line and the growing maximum point with source rotation. For instance, the

source position gets closer to the increasing maximum point as the source rotates as

given in (a) to (g).

Figure 4.10: Field vector component distribution when rotated 90◦ about Y-axis.

4.1.3 Rotation Only About X-axis

The results of rotations for different angles about Y-axis were discussed in the pre-

vious subsection. Further investigations were needed to better analyse the mapping

results. Therefore, it was monitored that in the cases of the rotation only about

Y-axis, there were major changes in the mapping results. After this, the question

on whether this occurred at every rotation was imminent. Thus, further simulations

were done for the conditions rotations about X-axis in similar ways to the Y-axis.
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As it sketched in Figure 4.11, the source is at the origin and the sensors xi distance

afar from the source in the X-axis direction. Then, the source was rotated by /0= 15◦

at each time about X-axis from 0◦ to 90◦.

Figure 4.11: Rotation about A-axis while sensors’ plane remains at the same position and
orientation.

It is obvious from Figure 4.12 that the field strength distribution is the same as

long as the rotation is along the X-axis. This occurs because the relative orientation

of the source to the SP remains the same throughout the rotation procedure. There-

fore, the effect of the orientation can be neglected since it does not have any impact

on the 2-D sensor plane receiving system 5.

Figure 4.12 also demonstrates that as the source rotates about the X-axis, the

mapping of the field rotates in parallel with the orientation of the source. This

indicates that the orientation of the source in Y-Z axis can easily be determined.

The orientation of the source in 2-D always follows maximum field to minimum.

Therefore, the orientation of the source is calculated very easily and accurately.

5This will be an issue if the sensor system was a 1 D configuration.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.12: The magnetic field mapping while the source is rotated about Y-axis with 15◦

of increments.

4.1.4 Rotation about X-axis by γ and Z-axis by β

It is understood that the rotation about X-axis is not a great concern. The ambiguity

happens when rotation happens about Y-axis. The ambiguity in the Y-axis rotation

generally occurs when the rotation is greater than 45◦ since there are no two clear

maxima and zero line in between. Now, it is needed to deal with a more challenging

case in which the source does not only rotate about a single axis, but it rotates freely

about any axis.
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Figure 4.13: Free axis rotation

It can be monitored from Figure 4.14 that it is quite similar to what it is ob-

served when the rotation was about Y-axis. However, there are some slight differ-

ences. First of all, there is a slight orientation difference which is related to the γ

as expected. Second of all, when the source rotated at any angle the zero line curve

does not bend as narrow as the in the case of only Y-axis rotation. For instance, if

the field distribution of the system is compared when the rotation is at 90◦, it could

be noticed that in the only Y-axis rotation, the field distribution looks like a clear

hotspot surrounded by a circle. Yet, when the source has a free rotation with γ and β

as for the case of Figure 4.14, it is noticeable that the field distribution is no longer

a clear round hot spot and being surrounded by a circle line. The line looks like an

ellipse. If you imagine that you have a torch in a dark room. Then you point the

light of the torch 90◦ to a black wall, and what you see is a nice circular white area

(in case of rotation about only Y-axis). But, if you slightly rotate the torch then the

circular white area will change and become more elliptical shape (as free rotation

case). As a result, it can be reached an understanding that the zero line curve does
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not curve as fast as the only Y-axis rotation. The reason this information of the

differences is important is because it will indicate that whether it is rotated freely or

only about one axis.

(a) (b)

(c) (d)

(e) (f)

Figure 4.14: Free axes rotation with β = 15◦, γ starting from 15◦ to 90◦.

4.2 Source Position on Y-Z plane
The location of the coil was determined using the position information of the two

peaks of equal magnitudes in Y-Z plane if the source LCS was in parallel with GCS;
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in other words, if the source was orthogonal to the SP. However, it was realized that

this not the case if the source has a different orientation angle relative to the SP.

Thus, the two extreme cases of orientation were analysed. The two extreme cases

investigations showed that the source position lies always between the zero line and

the global maximum (larger peak). Notwithstanding, the area between the ZL and

global maximum (GM) can be large. So, this means the precision of the positioning

will be low if the positioning is conducted only using extreme cases. Hence, A

general formulation is required for positioning of the source in the Y-Z plane in

order to enhance the precision of the localization. Before going into the details of

localization, let us first go through some useful analysis.

4.2.1 Slope Information

Figure 4.15: Slope of the 3-D field strength representation from X-Z (a), and X-Y (b).

At the non-alignment circumstances between the source and the SP for higher an-

gles, it is sometimes difficult to determine decreasing maximum, especially in the

low signal to noise ratio cases. Thus, this may cause a wrong localization. To avoid
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this, the slopes from increasing maximum to other direction can be used. In Figure

4.15 (a) it can be seen that in the inward direction, the fall of the field strength is

much faster (steeper, in other words, higher slope) than the side of the outward.

Also, in (b) on the fall looks equally dropping. So, this information could be used

for localization of the source as well as the orientation.

Figure 4.16 shows the slope along the line parallel with the line between lo-

cal maximums (x1 and x2). In the inward zone, the slope is at its highest, which

is expected, and it is zero at the max points. Furthermore, after maximum points

gets stronger and remains almost constant. Moreover, (b) display the slope along

Y-axis on both sides of Vmax1 and Vmax2. The slope begins with a minimum value

at maximum points. Then, it soars and reaches its maximum value until some dis-

tances from the maximum points. Finally, it commences a gradual decrease as it

goes away. In (a), it demonstrates that the source has to be on the Slope line Z

as it is aligned with the line between Vmax1 and Vmax2. This information is very

crucial because when the source is very far from the SP, the distance between the

maximums gets larger. As a consequence, this requires a larger area of fields to be

scanned to obtain two max fields points, which requires more number of sensors as

well as time-consuming. Also, the Y lines in (b) give extra information too. They

demonstrate that the source is in the area between them. Moreover, the orientation

of the source is always along the slope line Z in (a). Overall, the slope technique

helps to shrink the area at which the source could be on the Y-Z plane, and the

orientation information could be obtained, which quite useful.
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Figure 4.16: Slope along the line parallel with max to max X-Z (a), and slope parallel to
zero line X-Y (b).

4.2.2 2-D (Y-Z) Positioning of the Source

Now let us go through the process of formulating an equation using the theory for

determining the source position in 2-D (Y-Z). From equation (3.32), the magnetic

field (B
′
x) component orthogonal to SP has two main components which are φ and

θ . These are the ones that change the position vector of the small current source on

the coil. Therefore, they have an important impact on the range from the infinitely

small current element to the observation point. The importance of the range is

already given in Chapter 3. In the un-rotated case ~Bx is not dependent on θ . Hence,

the source position is much related to the parameter φ when there is a rotation. For

simplicity, if it is assumed yl coordinate of the observation point is zero, and the

transmitter coil is a single turn coil (or very small length multi-turn coil), then the

equation (3.32) becomes as;

B
′
x =C

∫
(zl ·a · cosθ) ·dθ

r3 +C
∫ a2 · sinφdθ

r3 (4.1)
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B
′
x = Bθ +Bφ (4.2)

It is clear here that the radius of the coil has an impact on the Bφ parameter

contribution due to its power of two. If the source radius is relatively big, it will

have a large impact that is when the point source assumption fails. Therefore, the

contribution coming from Bφ is more dependent on the radius of the coil.

Let us now see how the individual parameters contribution to the total magnetic

field. If the source (Ps) is placed at the origin, and measurements (calculations) are

performed at a certain distance from X-axis along Z-axis as given in Figure 4.17

(a). Then, the results shown in (b) is obtained. From (b), the component Bφ is

always positive and has its peak exactly where the source is. The component Bθ

contribution polarity just before reaching the source position changes polarity (goes

from mines to positive). Notice, the polarity changes before the line passing through

the centre of the source. This is happening due to the rotation angle Bφ because it

changes polarity right at centreline with no rotation as shown in Figure 4.18 (a).

Figure 4.18 (a) also indicates that the Bθ component overlaps totally with the total

field, and the component Bφ is zero. The total magnetic field B
′
x is their addition

from the equation (4.2).

As the component Bθ changes polarity, and component Bφ remains always positive,

they add up on side while subtract on the other side. As a result, on one side we ob-

tain one increasing local maximum while descending one on the other side, which

is a proof of earlier in mapping results. Here the crucial information is the posi-

tion of maximum field strength of component Bφ , since it always aligns with the

source location. Thus, how can it be yielded? The answer is hidden in the equation.

The equation says that it is added on one side and subtracted on the other side as

mentioned.



4.2. Source Position on Y-Z plane 102

(a)

(b)

Figure 4.17: The observation point along the Z-axis (a) and the calculated field strength at
these corresponding points (b).
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(a) (b)

(c) (d)

Figure 4.18: The field strength at the corresponding points for no rotation (a), for the rota-
tion angle of 20◦ (b), 40◦ (c) and 60◦ (d).

So, this indicates that there is a relationship between the component Bφ

strength and difference between absolute maximums strength which is inward re-

gion. This relationship has to be two times as one for addition and one for sub-

traction. When weak maximum (x2) is subtracted from stronger maximum (x1), the



4.2. Source Position on Y-Z plane 104

peak value of component Bφ is obtained. Hence,

x1 = Bφ +Bθ (4.3)

x2 = Bφ +Bθ (4.4)

In Figure 4.18, it shows that x2 is always negative from (a) to (d). Also, Bφ com-

ponent is consistently positive as explained before. But, Bθ component is positive

on x1 side. Thus, if x1 and x2 in equation (4.3) is added up, then the following is

obtained.

x1−x2 = 2 ·Bφ (4.5)

Therefore, the strength of the maximum component of the Bφ is obtained as

below;

xφ =
||x1||− ||x2||

2
(4.6)

it can be observed in Figure 4.18 from (a) to (d) that the position of maximum

strength component (xφ ) is always aligned with the position of the source (Xs).

Also, after a series of simulation computation, it is understood that xφ is equal half

of Xs. Thus, using this relationship, it is understood that the source position Ps is at

field difference Xs, which could be found as;

Xs = 2 · xφ = ||x1||− ||x2|| (4.7)

Therefore, the source position (Ps) is where the signal strength equal to field differ-

ence (Xs) is measured or calculated. In Figure 4.18, the source position is at point

Ps, where Z equals zero. Here the question would be which Ps? When the source

is tilted towards SP. Because the sensor plane is 2-D, there might be many points

on the plane have very close strength value. Thus, the system may easily locate the

source in a wrong position. Nonetheless, as explained earlier that the source always

on the line between the maxima points. Additionally, if the slope information is
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used the source has to be on the largest slope line which is shown in Figure 4.16 (a).

Therefore, the search for the field measured value will be just for the values along

the line from x1 and x2.

4.2.3 Initial Source Location Searching

So far, the determination of the source position has been done was based on the

assumption that the source was already right under the SP. However, in practice, the

initial location of the source might not be known. Off course, if there is no signal

output, there is no source. But, when the source is very close, there will be signal

output from the sensors, yet how does the system understand if the source under the

SP. So, this is crucial, as it will fail to give accurate location if this is not considered.

Now let us consider the following cases;

In Figure 4.19 (a), the SP is placed on Y-Z plane some distance away in X and

Y directions from the origin. The source (Ps) is placed at the origin of the X-Y-Z. If

the field of the SP is mapped, then the results sketched in (b) will be yielded.

The output has two local peaks as in other cases. If this result is used to locate

the source, the system will position the source between the two peaks. But, this is

not an accurate localization. In fact, the source is between the peaks along Z-axis,

but it is not in Y-axis. The positioning with the given result will end up at Y=100

mm, which is absolutely incorrect since the Ps is located at (0,0,0), where Y=0.

On the other hand, if the source is away from the sensor plane in the Z direction

as given in Figure 4.20 (a), then the field shown in (b) will be yielded. This data

cannot be used to localize the source. Therefore, the system has to differentiate if

the source is underneath of SP or not. The system can do it by using the information

of the field around the maximum field point. If the results are closely looked into,

it could be seen that the maximum field points are always at the edge of the SP. It is

expected because that is the closest part of the plane to the source.
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(a)

(b)

Figure 4.19: The source (Ps) is away from SP in Y direction.
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(a)

(b)

Figure 4.20: The source (Ps) is away from SP in Z.

Therefore, the system could direct the user towards the source by using some

indicators. As a result, the user can move the plane toward the source actual loca-

tion. Then, it would stop the user once it comes above the source. Once it is above

the Ps, it can do the calculation for locating the source and orientation automatically.
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Figure 4.21: The Algorithm for observing the initial position of Ps relative to SP position.

The system may utilize the algorithm in Figure 4.21. The received signals

strength will be compared, and it will be checked if the local maximums are at the

edge of the SP. If the peaks (x1 and x2) are not at the edge of the SP, then it will

proceed to localization and orientation determination process. If x1 and/or x2 are at

the edge of the SP, then an indicator could direct the user to move the SP towards

the maximum field sides. It will continuously do this process until it comes above

the Ps. There is one more thing here to mention which is that in Figure 4.19 (b).

It could be realized that the source orientation is still could be determined even if

the localization is not possible. This case is the same for Figure 4.20 (b) as well

since the field distribution is not even. The field is distributed away from maximum

field point along Z is much longer than along Y, which indicates the source is laying
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along the Z-axis as mentioned in 4.2.1.

4.2.4 Determining the Third Dimension (the Depth)

It is clear from the results of the simulations in the previous figures that the source

can located in two dimensions (in our case Y-Z plane). Nonetheless, we have not

talked yet how to deduce the third dimension, which is the depth (in our case is in

the X-axis).

The equation (3.33) shows us the distance between the sensors and the source

is quite important as the field is inversely proportional to the third power of it. Also,

the angle of the incident to SP has a crucial impact on the sensed signal strength.

The Figure 4.22 shows the distance between Ps and P1 (r3) and Ps and P2 (r7). Now,

let us suppose that the P1 and P2 are two adjacent sensors on SP. r3 and r7 are

deduced as below;

r3 =
√

r2
1 + r2

2 (4.8)

r5 =
√

r2
1 + r2

4 (4.9)

r7 =
√

r2
5 + r2

6 (4.10)

Where r1 and r4 are the distance from Ps to SP and distance between two adja-

cent sensors on SP.

r7 is dependent on r5 which is product of r1 and r4. Imagine two scenarios

given below;

• Scenario 1: When the distance between Ps and SP relatively close. In this

circumstance, r4 has a big effect on the value of r5, as it is comparable to

r1. Hence, r3 becomes much smaller than r7 which results in higher signal

strength at P1.

• Scenario 2: If the distance r1 is much larger than r4. In this case, r3 and r7
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almost becomes equal. The field sensed at point P1 becomes little bigger than

at P2.

The Distance effect is not the only parameter; the second important parameter

is the incident angle of the field vector.
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Figure 4.22: The widening of contour lines, while moving away from the sensor plane
while keeping the source at a fixed position

It should be noticed that as the depth (r1) increases the incident field vectors

to neighbouring sensors become more parallel to one another. Therefore, when the

depth is relatively small, the field strength difference at the neighbouring sensors

becomes large. On the contrary, the field strength difference at the neighbouring

becomes smaller as the depth increases. For instance, in Figure 4.23 (a) the field

strength is very intense on the sensors close the source relative to other sensors ones.

However, the intensity of the field gets smaller, and it distributes in a wider area of

plane as the depth increases from (a) to (d).

In order to compute the third dimension (X-axis), it is needed to be understood
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how the field mapping evolve as the SP is moved somewhere near the source to far

away. In Figure 4.23 the magnetic field mapping results of different distances from

the source are displayed. It is comprehended from Figure 4.23 that when the plane

of the sensors is moved away from the source the width of the hotspot area keeps

widening.

-200 0 200
Y axis of SP

-200

0

200

Z
 a

xi
s 

of
 S

P
 (

m
m

)

X= 50mm

1

2

3

4

-200 0 200
Y axis of SP

-200

0

200

Z
 a

xi
s 

of
 S

P
 (

m
m

)

X= 100mm

0.2

0.4

0.6

-200 0 200
Y axis of SP

-200

0

200

Z
 a

xi
s 

of
 S

P
 (

m
m

)

X= 150mm

0.05

0.1

0.15

-200 -100 0 100 200

Y axis of SP

-200

-100

0

100

200

Z
 a

xi
s 

of
 S

P
 (

m
m

)

X= 200mm

0.01

0.02

0.03

0.04

0.05

0.06

0.07

Figure 4.23: Moving away the sensor plane while keeping the source at a fixed position.

Figure 4.24 shows that the counter lines becomes wider as the distance between

the source and the SP becomes larger. Therefore, this relationship could be used to

estimate the depth of the source from the SP.



4.2. Source Position on Y-Z plane 112

-200 -100 0 100 200

Y axis of SP

-200

-100

0

100

200

Z
 a

xi
s 

of
 S

P
 (

m
m

)

X= 50mm

0.511.522.533.54

0.5

1

1.5

2

2.5

3

3.5

4

4.5

-200 -100 0 100 200

Y axis of SP

-200

-100

0

100

200

Z
 a

xi
s 

of
 S

P
 (

m
m

)

X= 100mm

0.
10.1

0.2

0.2

0.3
0.4
0.5

0.1

0.2

0.3

0.4

0.5

0.6

-200 -100 0 100 200

Y axis of SP

-200

-100

0

100

200

Z
 a

xi
s 

of
 S

P
 (

m
m

)

X= 150mm

0.02

0.02

0.02

0.02
0.04

0.04

0.04

0.060.
06

0.
08

0.08

0.1

0.1

0.12

0.140.16

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

-200 -100 0 100 200

Y axis of SP

-200

-100

0

100

200

Z
 a

xi
s 

of
 S

P
 (

m
m

)

X= 200mm

0.01

0.01

0.01

0.
01

0.01

0.02

0.02

0.02

0.02
0.03

0.03

0.03

0.04

0.04

0.
05

0.05

0.06

0.06

0.07

0.01

0.02

0.03

0.04

0.05

0.06

0.07

Figure 4.24: The widening of contour lines, while moving away from the sensor plane
while keeping the source at a fixed position

4.2.4.1 Using Circle Width

Figure 4.25: The Circle position of half signal strengths.
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Any of the circle widths in Figure 4.24 may be used to determine the depth of the

source from SP; however, the correction factor must be used to get the correct depth

value. The width of the circle created by positions at which the measured signal

strengths are half of the maximum signal strength is used. Figure 4.26 shows the

relationship between the real depth of the source from SP to the source and the

distance between positions of two half signal strengths. In (a) to (d)the real depths

and the distance between the half signal strength positions gets almost the same

value. Therefore, this link is utilised to estimate the real depth. However, the given

results are for the case when the source and the SP are along the same axis. Figure

4.27 displays the results of the real depth versus estimated depth. These results

show that the predicted values of the depth are very similar to real values. The

discrepancies are generally 1 cm and deteriorate at the lower rotation cases at larger

distances. For example, at φ = 30◦, the error is 1 cm while the depth is less than

160 mm, but at larger distances, the error increases to 2 cm.
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Figure 4.26: Relationship between the depth and circle diameter.
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The results for angles lower than φ = 30◦ are not given in the graph because

the result are have higher inaccuracy. Therefore, this method cannot be used to to

estimate the depth at angles lower than φ = 30◦.

4.2.4.2 Using Distance between Two Peaks

It is understood that the depth estimation fails to be determined when the rotation

angle is less than φ = 30◦. So, a new method is needed to deduce the depth at these

angles. The response of the measured field to the distance (r) was given in Figure

3.8. The figure shows that the distance between the peaks becomes larger as SP

goes away from the source. This relationship will be used to determine the depth

of the source for lower angles of rotation. The depth estimation at angles higher

than φ = 30◦ deteriorates as given in (a). Nonetheless, the results at lower angles

are relatively better as given in (b). The distance calculated with an high accuracy

at 0◦ but the accuracy decreases to up to 1.5 cm at φ = 30◦. Hence, to determine

the depth for all rotation angle or under all circumstances at angles between φ = 0◦

and φ = 30◦ the peak to peak distance method and for angles other than these the

diameter of the circle (width) could be used.
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Figure 4.28: The depth estimation using peak to peak distance.
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4.2.5 Deducing Rotation Angle φ
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Figure 4.29: 3-D magnetic field distribution as surface (a) and (b), and field representation
in 2-D (c) and (d) for source rotation of φ 15◦ and 45◦.

In Figure 4.29, x1 and x2 are the maximum local fields. As seen in (a) and (b),

when the source rotates towards the SP from 15◦ to 45◦, x1 in (a) gets smaller and

turns into x1 in (b) while x2 becomes stronger becomes x2 in (b). it was also seen

previously when the source does not rotate, x1 and x2 were equal. Hence, it is

evident that there is a relationship between the rotation of the source and the local
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maximum (peaks) fields. So, by taking advantage of this information, the angle

can be estimated, as the peaks can be calculated or measured. Therefore, using

the simulation results rotation about Y-axis for φ starting from 0◦ to 90◦ for every

5◦ increment. It is observed that there is a relationship between the change of the

difference of the two local peaks and the change of the angle φ . The relationship

may be explained as below;

dφ ∼= d(x1− x2) (4.11)

In order for this to be generalized this relationship is required to be normalized

as below;

dφ ∼= d(
x1− x2

x1 + x2
) (4.12)

If the normalized field different is called as F as;

F =
x1− x2

x1 + x2
(4.13)

Since x1 and x2 (local maximum fields) will change depending on the distance

between the source and SP, they must be multiplied by some coefficient a and b.
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Figure 4.30: The relationship between the rotation angle and change in normalized differ-
ence of two local peaks.
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The plot of equation (4.12) is shown in Figure 4.30. The relationship between

the angle and the normalized field strengths are given in Figure 4.30. The value

of the graph starts from 0 (zero) at 0◦ and growing logarithmically. It reaches its

maximum value just below 1. Then, it begins descending logarithmically again and

bottoming at 180◦. This actually is the sin function behave. This is expected from

(4.1) where the field distribution depends on Bφ component. Therefore, this link

could be used to predict the orientation angle (inclination) of the source towards the

SP. The inverse sin function is used to predict as follows;

φ = arcsin(
x1− x2

x1 + x2
) (4.14)

This equation is used to predict the simulated results. Figure 4.31 in (a) shows

that the predicted angles increase almost linearly as the real angle (φ ) increases. The

estimated angles have discrepancy of 5◦ from their corresponding real angles for the

rotation angles between 0◦ and 65◦. However, this difference firstly lessen reaches

zero at about 75◦, then changes randomly. Also, the error between the predicted

and real angle is higher at angles above 65◦. Furthermore, it is noticeable that as the

distance (depth) increases, the inaccuracy goes up as well. For example, the largest

error happens when the source is 200 mm away from SP, while the least inaccuracy

is occurring at 100 mm.

The errors in this system could be reduced by using some correction tech-

niques. The following equations were empirically used for the distance between SP

and Ps with 20 mm increment starting from 100 mm to 200 mm. At every distance,

the predicted ratio (F) was divided to real ratio (sinφ )) for every 5◦, and their mean

were taken as follows;

C1 = F/sinφ
{

X = 100 mm & φ = 5◦,10◦, ...,90◦ (4.15)

C2 = F/sinφ
{

X = 120 mm & φ = 5◦,10◦, ...,90◦ (4.16)
...

Cl = F/sinφ
{

X = 200 mm & φ = 5◦,10◦, ...,90◦ (4.17)
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C =
C1 +C2 + · · ·+Cl

l
(4.18)

Where C1 to Cl are constant vector coefficients for the distances of X 100 to

200 mm and C is the mean constant vector coefficient of all the vector coefficients

and l is an integer number l = 1,2,3, · · · , l.
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Figure 4.31: The predicted angle towards SP (a), and corrected angles using the coefficient
factor (b) (in degrees).
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The correction coefficient vector C is used as below;

φ = arcsin(F/C) (4.19)

The (4.19) is used, and the obtained results are plotted as given in (b). It is

obvious that the prediction results are much better than result in (a). The errors for

φ ’s less than 65◦ are less than 1◦. Even though, the inaccuracy for higher angles

are not as good as the lower angles, they are much better than the result in (a).

Additionally, the error is higher for larger distance than lower distance.

4.3 Summary
A novel method has been described for near-field location, based on measurement of

the H-field orientations at a number of sample points. The method was modelled and

simulated in MATLAB and CST microwave studio. The results from the simulation

were used to develop a localization and orientation technique. The method was

explained in details. The localization method had two steps, the first step was to

determine the position of the source in 2-D (Y-Z) and the second step to deduce

the 3rd (depth) dimension. It was understood that the source orientation is always

parallel to the line between the local maximums, which makes it easy to find the

orientation in 2-D. However, the 3rd-D orientation was more challenging. It is

computed by using the relationship of the difference between the local maximums

and the angle of inclination towards the SP. It was concluded that there is a relatively

good link between them. Therefore, this relationship was used to determine the third

orientation.

The position of the source relative to SP was found with an error of less than

one cm in 2-D. The depth (3’th dimension) was found to be located with an accuracy

of less than one cm.

The orientation of the source in 2-D was found to be quite accurate (almost

less than 1◦). The third degree (inclination towards SP) was with an accuracy of

less than 3◦ for the angles less than 65◦. However, more errors were occurring

above these angles: hence a correction coefficient was developed to increase the
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accuracy.



Chapter 5

Hardware Circuit design and

Experimental Data-Based

Localization

5.1 Hardware
The simulation results were shown in the previous chapter. From here on, the circuit

design will be discussed. Then, the conducted experiments will be discussed, and

results will be evaluated and compared with the theory as well as the simulation

results.

5.1.1 Circuit Design

Figure 5.1 shows the general circuit schematic. The Source of the transmitter is a

13.56 MHz signal generator with voltage of Vin and its internal resistance Rg. The

generated signal first goes to a power amplifier (P.A) to boost the power of the sig-

nal. After the power amplifier, the signal goes through the matching network and

tank system. The capacitor Cm is used to match the impedance of the load with the

output impedance of the power amplifier. The receiver circuit receives the transmit-

ted signal via L2 with magnetic coupling. It has a parallel tuning capacitor. This

signal then goes through a differential amplifier (D.A). The output of the ampli-
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fier goes through a bandpass filter (the lower cut-off frequency of 13.21 MHz and

upper cut-off frequency of 13.83 MHz) to reduce the noise of the signal. Finally,

the signal Vout is measured linearly with the magnetic field intensity sensed by the

corresponding sensor.

Figure 5.1: The circuit of the transmitter and receiver systems.

The transmitter circuit contains Cm because the load impedance (ZL1) must

be equal (or very close) to the power amplifier’s output impedance (Zo) to deliver

maximum power from power amplifier to the load. The power delivered to the load
6 (PL1) can be deduced as follows;

PL1 =
V 2

a ·ZL1

(Z0 +ZL1)
2 = i2 ·ZL1 (5.1)

i =
Vin

Z0 +ZL1

(5.2)

Let us suppose that ZL1 is infinite (open circuit), then Z0 can be ignored, and

thus the PL1 will be equal to V 2
a , which will be considered as maximum power

6The loading effect of the secondary (receiver) circuit on the primary (transmitter)circuit was
not considered because the distance between the primary and secondary circuits are relatively very
large;so, the loading effect of the secondary coil is negligible.
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delivery to the load. However, the power delivered to the load will be zero since the

current i will be zero from Ohm’ law. Now, let us consider opposite extreme case

of ZL1 being zero (short circuit), in this case PL1 will be zero as well because the

PL1 is dependent on ZL1 too. Therefore, in both extreme situations power at load are

zero. The delivered power will only be maximum if ZL1 and Z0 are equal. Hence,

the impedance of the load must be equal or very close to the output impedance.

5.1.2 Impedance Matching

Figure 5.2: Connecting a capacitor in parallel with the coil and its internal resistance Rg.

The Figure 5.2 displays the schematic view of the tank resonant circuit. The

impedance ZL is;

ZL =
j ·ω ·L1 +Rg

1−ω2 ·L1 ·Ct + j ·ω ·Ct ·Rg
(5.3)

Where ω , L1, Rgand Ct are the angular frequency, inductance of coil, internal

resistance of the coil and tuning capacitor, respectively.

In order the circuit to be resonant the following should be satisfied;

ω ·L1−
1

ω ·Ct
= 0 (5.4)

The Figure 5.3 indicates the response of real and imaginary part of the

impedance to the frequency. Based on resonance definition, the circuit resonates

at angular frequency ω since the imaginary impedance becomes zero. So, the
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impedance ZL becomes;

ZL = Q ·L1 ·ω (5.5)

Q =
ω ·L1

Rg
(5.6)

Where Q is quality factor of the L1 coil. The Higher the Q, the more power

will be delivered . ZL is totally purely resistive (R) at the resonant frequency which

is generally a very high value relative to the conventionally used feeding source

impedance (Z0 = 50Ω) in parallel LC circuits. It is obvious in Figure 5.3 that R

is much greater than Z0. Thus, the power delivery to the load would not be effi-

cient with this condition. Accordingly, some new additional component ought to be

added to the circuit to match the circuit.

Figure 5.4 shows the matched circuit. The Cm is added in series to the tank

circuit in Figure 5.2. The addition of Cm will match load impedance to the feeding

source impedance at angular frequency of ω1 since the series capacitor impedance

will have a negative imaginary impedance. Thus, The impedance match of the

load to the source impedance will ensure two benefits. The first benefit is that

the highest desired power will be delivered to the load, which means the circuit is

very efficient. Hence, higher distances can be covered with relatively low power.

The second benefit is that the least power will be reflected to the source, which

ensures the source is safe in case of relatively high available power. Thus, the load

impedance will be equal to Z0 after addition of the Cm [113–116]. The capacitors

value could be computed as follows;

Ct =
Q−A
ω1 ·B

(5.7)

B = Rg · (1+Q2) (5.8)

A =
√

(
B
Z0
−1) (5.9)
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Figure 5.3: The impedance of the load against frequency [117].

Figure 5.4: Cm added in series to circuit to match the load impedance.
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Figure 5.5: Transmitter Circuit design with Cm matching and Ct tuning capacitors in CST
Microwave.

Cm =
1

ω1 ·A ·Z0
(5.10)

The (5.8) and (5.9) show that the value of both matching and tuning capacitors

are strongly dependent on the quality factor due to its second order power [117,118].

The transmitter circuit of the source designed as shown in Figure 5.5. The

Vin source of 1 MHz to 20 MHz signal generator is applied to the resonant coil.

The values of neccessary tuning and matching capacitors were calculated using the

equations (5.7) to (5.10). However, these equations require advance knowledge of

the quality factor (Q) and internal resistance (Rg). The prior calculation of these two

parameters were done by using the online calculator [119]. The online calculator

uses the length, radius, number of turns and wire diameter of the coil for calculation

of the Rg and Q.

This resonator circuit was simulated and the reflection coefficient (S11) was

obtained as below;
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Figure 5.6: S11 results of the transmitter circuit from simulation.

The Figure 5.6 shows the S11 results of the transmitter circuit. The circuit

is resonating and matched between the lower frequency ( fl) and upper frequency

( fu). The bandwidth (the range of frequencies within which the performance of

the transmitter relative to the characteristic conforms to specified standard [121]) of

the source equals to the difference between upper and lower frequencies ( fl − fu),

which is 130 kHz. The bandwidth is 130 kHz because the standard was chosen to

be lower than −10dB, which means more than 90% of the power was deliver to the

load (coil).

5.1.3 Impedance Matching in Experiment

The transmitter circuit was designed and built using a similar circuit to the one in

simulation. Figure 5.7 and Figure 5.8 display the tools and components that were

used in the experiment.

A portable vector network analyzer (VNA) from Rohde & Schwarz FSH8 in

Figure 5.9 was used to measure S11 of the transmitter circuit. S11 is one of the

parameters used to characterize complex impedance of the device under test (DUT)

for more information about S-Parameters the reader is referred to [120]. Before,

measuring the return loss of DUT, The VNA had to be calibrated to eliminate cable

effect and the VNA’s internal errors. Then, a short circuit was connected to port 1
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for doing the short calibration. After, the short circuit was disconnected, and the

open circuit was placed to port 1 for open circuit calibration. Finally, the loaded

circuit was connected, and the calibration for the loaded circuit was done.

Figure 5.7: The transmitter circuit.

Figure 5.8: The transmitter circuit.
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The return loss (S11) and the phase response of the transmitter coil is shown

in Figure 5.10. There is a dip at the frequency of 13.56 MHz (M1). This is

the frequency at which the load impedance is closest to the source’s (Vin) internal

impedance (Rg). The return loss (S11) is −22.2dB at this frequency. The −22.2dB

of S11 implies that 99% of the power is delivered to the transmitter circuit. So, this

means the impedance of the coil is very close to the source internal impedance. This

is the desired S11 result because the lower the S11 is, the more the power delivered

to the transmitter coil. The S11 is related to the load impedance of the circuit. A

zero S11 means either very high or zero load impedance relative to source inter-

nal impedance (Rg), which explained earlier. Zero (0 dB) S11 means the load with

pure reactive impedance, and hence all the incident power to the load get reflected

back to the source. A totally matched circuit means S11 less than −30dB which is

purely resistive and matches the source impedance(if the source internal impedance

is purely resistive).

If the experiment (Figure 5.10) and simulation (Figure 5.6) results are com-

pared, it can be noticed that the result in the experiment is with a smoother line of

S11, while the simulated one has many ripples on the line of S11. The experiment

results were taken between 12 MHz and 16 MHz to show better visualisation. The

S11 in the simulation between 12 MHz and 16 MHz have some ripples around zero

(0dB) and in some cases goes above zero (0dB), which is not expected as this means

a power gain reflected back to the source. On the other hand, the S11 in the experi-

ment is always below zero dB and not rippling. The bandwidth in the experiment is

570 kHz which is greater than 130 kHz in the simulation. The reason the bandwidth

of the experimental circuit is larger than the circuit in the simulation can be due to

the internal resistance of the non-ideal matching and tuning capacitors. Also, the

internal resistances of the cables, the SMA connector and the transmission lines can

be the additional causes. These additional resistances reduce the Q factor of the

tank circuit as a result of equation 5.6. So, the bandwidth becomes wider as it is

inversely proportional to the Q factor [122].
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Figure 5.9: Portable vector network analyzer (VNA).

It is not desired to have a wider range of frequencies below zero dB like in

the experiment result. The Q factor in the simulation is greater than the experiment

on since it is inversely proportionate to the bandwidth. Also, the higher the quality

factor is, the more the power radiated. Therefore, it is desirable to have narrower

bandwidth in the real circuit. The other advantage of having a narrower bandwidth

source is that it will generate less noise since the frequencies other than desired

frequency will be filtered out. On the other hand, a circuit with a high Q factor is

susceptible to any external loads introduced in the close-proximity. Therefore, the Q

factor has to be designed very carefully to avoid unwanted impact on the transmitter

circuit. For example, Q factor can be lowered a bit by increasing bandwidth, and
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hence lowering the external load effect.

The phase, in Figure 5.10, starts below 0◦ for frequencies lower than the reso-

nant frequency. This is where the circuit behaves capacitive. Then, it becomes 0◦ at

a frequency around (M1) the resonant frequency where the circuit becomes purely

resistive if perfectly matched. It happens as the inductive and capacitive parts be-

come equal and therefore cancel out each other. After that, the phase continuous

going above 0◦ at M2, where it acts as an inductive circuit. Ideally, it is desired

to have a perfectly matched (resistive) circuit at the frequency of operation (M1).

However, due to matching imperfection, it can be observed from Figure 5.10 that at

M1 the phase is -28.2◦, which indicates the circuit is capacitive to some extend.

Figure 5.10: The transmitter’s S11 and phase experiment results.

In Figure 5.11, the impedance of DUT at three frequency point are shown by

using markers (M1, M2 and M3) provided by VNA. The impedance at the marker

M3 is equal to 41.0− ĵ30.9 Ω, which contains a capacitive reactance. It agrees

with the phase figure. On the other hand, at the marker M2 the load has a positive
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reactance that is where the load is inductive. Finally, the M1 is ideally expected to

be perfectly resistive and equal to the internal resistance. Nevertheless, in Figure

5.11, the M1 is equal to 57.5− ĵ3.9 Ω.

Figure 5.11: The load impedance response with Smith chart.

The M1 has a capacitive reactance. This reactance is unwanted as it causes

some portion of the incident power to the load scattered back to the source. Here,

the reactance is small relative to the resistive component of the load impedance.

Also, the resistive component of the load impedance is 57.5 Ω, which is 15% more

than the internal resistance of the source (Rg = 50Ω). Overall, the transmitter circuit

is not perfectly matched. The system can be further improved by tweaking the

capacitors and the inductor values of the circuit, which will increase the Q factor

(narrow the bandwidth) of the system. The problem with this is that the circuit

becomes very susceptible to external loading. Thus, an external load can easily shift

the resonant frequency of the circuit to an undesired frequency. So, it is desired to

keep the Q factor a bit wider as a compromise between the power delivery efficiency
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and the circuit susceptibility to the external loading effects. But, as the circuit is in

the desired standard of less than −10dB (-22dB at frequency of operation) return

loss, no further improvements are required.

The receiver circuit matching is not explained because it is only desired to mea-

sure the induced voltage across the receiver coils. Figure 5.3 indicates that when the

coil and the capacitor connected in parallel, the impedance of the circuit becomes

very large relative to characteristic impedance (Z0). A differential amplifier (D.A)

with high input impedance was connected to the resonant coil to amplify the voltage

detected by the receiver tank circuit as given in Figure 5.1.

5.1.4 The Coupling between Neighbouring Sensors

Figure 5.12: Sensor plane (SP).
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The Figure 5.12 shows the SP. On the sensor plane, there are nine sensors of 5

mm radius printed circuit board (PCB) rectangular coils are shown (some of which

labelled as S1,S2,S3 and S4). The reason coil sensor (in other words, search coil)

was chosen was;

• They are one of the highest sensitive magnetic sensors.

• They are easy to be made by the user.

• They are easy to be made in any shape and cost-effective [123].

When the search coils are placed in a close-proximity as in this case, the cou-

pling between the neighbouring sensors are needed to be carefully designed. If

the coupling is high, it will cause unwanted errors in practice. Thus, the coupling

must be reduced as much as possible. In order to test the coupling between the two

nearest sensors, an experimental set-up was prepared.

Figure 5.13 displays the calibration set-up. The measuring cables connected

to each other directly, and a through calibration was performed. Then, the load

calibration was conducted with port 1. After the calibration, the transmission loss

(S21) between port 1 and port 2 is given in Figure 5.14. Ideally, the trace should be

0 dB; however, it has some fluctuation around it. But, the error is low.

The coupling between the two closest neighbouring sensors S1 and S2 in Fig-

ure 5.15 are given in Figure 5.16. At the frequency of interest M1 (13.56 MHz)

the coupling is −27.39dB. Below this frequency, the coupling decreases as the fre-

quency goes down. On the other side, as the frequency goes up the coupling surges

and reaches its maximum at M2 where the coupling equals to −5.5dB.

The crucial thing is to have as low coupling as possible. In this scenario, the

coupling is −27.39dB at the frequency of interest, which is satisfactory. However,

this could be further improved by increasing the distance between them. The other

thing could be changing the parameters of the coils (decreasing number of turn,

reducing the radius, etc.).
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Figure 5.13: Calibrating the S21 of the cables to minimize the effect of the cables on the
measurement accuracy of coupling between sensors under-test.
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Figure 5.14: The S21 results of cables.

Figure 5.15: Feeding neighbouring sensors S1 and S2 set-up.
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Figure 5.16: The coupling between two closest sensors.

5.2 Experiment
The Simulation results of the field mapping were given in the previous chapter. In

those simulation results, it was seen that the source could be located with relatively

high accuracy in two dimensions of Y-Z axes. Also, the source depth was found

with an error of less than 1 cm. Moreover, the orientation of the source in two

dimensional was recovered very accurately in Y-Z axes (with an error of less than

1◦). But, the orientation of the source towards SP was a bit more challenging to

recover. It was deduced by using some techniques with an error of a maximum of

10◦. Therefore, it is required to validate these encouraging results using experimen-

tal data. Hence, experiments have to be done to confirm the reliability of the results

obtained in the simulation.

5.2.1 Experiment Set-up

Figure 5.17 shows the experimental set-up. A signal generator was used to generate

the signal of 13.56 MHz for feeding the source. The generated signal first was sent

to a power amplifier via an insulated coaxial (transmitting cable) cable to boost the

signal. After, the amplified signal is fed to source through a coaxial cable. The rea-

son the coaxial cables were used is that the transmitting cable also would generate
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an undesired magnetic field. In case the transmitting cable is curved, it could gen-

erate a much stronger magnetic field than the source due to its larger radius. Hence,

well-insulated cables used to reduce the generated noise to a negligible level.

(a)

(b)

Figure 5.17: Experiment set-up perspective view (a) and side view (b).

The solenoid (source) has 40 turns with the radius of 3 mm and 20 mm length.

To make the source, firstly, a copper wire of 0.1 mm was used. Secondly, the source

was soldered in parallel with a tuning (variable) capacitor to resonate it. Thirdly,
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the resonated circuit was connected in series with a matching circuit to match the

source load to the output impedance of the power amplifier. Lastly, the source

and its resonating and matching circuit were placed on a plastic stand (polylactic

acid (PLA)). The source stand was fabricated in a way such that the source could

be rotated for different angle measurements. All of the stands (for the source and

receiver) used were designed by the author and printed using 3-D printers provided

by UCL.

The receiver PCB board of 10 mm length and width was fabricated on an FR4

material. The thickness of FR4 and copper coil were 0.8 mm and 0.1 mm, respec-

tively. The PCB receiver coil is mounted on a stand some distance away from the

source. The sensor stand was portable and above a cutting map, as illustrated in

Figure 5.17. A single sensor was used to represent the virtual sensor plane since it

is very complicated to make the sensor plane with many sensors. Also, it is practi-

cally complicated to make the sensors identical. So, to avoid errors from multiple

sensors, a single sensor was used.

The receiver coil’s output goes through a twisted cable pair (shown in Figure

5.17 (b)) and connected in parallel with a tuning capacitor. The reason the twisted

pair was chosen is that the cable pairs are a closed-loop too, as indicated in Figure

5.18. Also, they are easy to be made and more flexible.

In Figure 5.18(a), a straight pair cable is shown. The straight pair loop picks up

the noise field and induces noise current. The noise current flows as normal current.

The twisted pair has loops too. However, it can be seen from Figure 5.18 (b) that

since for each loop the pair cable changes the side relative to impinging magnetic

field, the induced current on the same cable are in opposite signs. Thus, the resultant

currents get subtracted from each other, and the total current becomes zero if they

are equal in magnitude. With twisted-pair, this noise would be minimised as the

loop area would be minimized even if the opposite flowing currents are not equal in

magnitude.

Also, since cables of the twisted pair are equally close to the filed source,

they induce equal noise current and in-phase. These currents could be removed by
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connecting it a differential amplifier or a balun (transformer). Therefore, the cap-

tured signal coming through twisted pair was amplified, and the common noise was

removed by a differential amplifier (AD8129ARZ from Analog Devices). Then,

the output of the differential amplifier was sent to an oscilloscope through a well-

insulated coaxial cable. Finally, the output was measured by the oscilloscope and

the data transferred to a computer via USB cable.

Figure 5.18: Twisted pair cable versus straight cable pair (induced voltage noise (Vn)).

5.2.2 Experimental Method

This project aims to solve the issue in the near field. Also, since the localization of

in-body medical instruments is generally in the near field, the in-body instrument

localization is the targeted application of this method. Therefore, the effect of the

human tissues on the radiated signal must be taken into consideration. But, it was

not allowed to do experiments with living human tissues. Thus, the animal tissues

(pork) were used as a medium between the transmitter coil and the receiver. Al-

though the pork does not represent human tissues a hundred percent, it has very

similar dielectric properties to human tissues [124]. Even though some of the re-

searchers claim that it is not necessary to do experiments with the human body for

frequencies less than 20 MHz, since the tissues of the human body have magnetic
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permittivity of almost equal to the permittivity of air [125], experiments were per-

formed to validate the literature. Thus, the experiment was conducted in the free

space environment and pork tissues, as indicated in Figure 5.17.

Figure 5.19: The virtual plane schematic view.

The distance between the source and sensor was 110 mm and 190 mm for

the two conducted experiments. It is extremely difficult to tune the tuning circuits

to the same resonant frequency. Also, it requires very careful design and good

expertise to be able to shield the neighbouring sensors from each other. Thus, this

complexity of the circuit makes it difficult to do experiment with a sensor plane of

many sensors. To avoid this complexity, a single sensor was used to do experiments

by changing its position on the SP to represent all the sensors. Also, it is not possible

to make the receiver identical due to fabrication errors. Therefore, a single sensor

was used to ensure the field at each point measured with an identical sensor. Also,

the complexity of the circuit is avoided. But, the principle of the system still stands

true with good circuit design and fabrication. The sensor was firstly placed at S11 on

the right top corner of the virtual plane indicated in Figure 5.19. The magnetic field

at this point was measured and saved to the computer using MATLAB. Then, the

sensor was moved to S12 on its right, and the field at this point was measured and

saved. After, the sensor was kept moving to other points until S1n and the fields at
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them are measured and saved. The same procedure was repeated for the remaining

rows.

5.2.3 Experimental Results Comparison with Simulation

(a)

(b)

Figure 5.20: Magnetic field measurement in the free space (a) and in complex tissue envi-
ronment (b).

A measurement set-up was done, as indicated in Figure 5.20. Firstly, the exper-

iments were conducted while the medium between the solenoid (source) and the
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receiver coils was air. The procedure of the experiment was as below;

• Put the sensor stand away from the source so that the distance between the

source and the sensor becomes x (keep at fixed value) variable when their

centres are aligned as shown in Figure 5.20 (a).

• Start by placing sensor rod in Slot 1.

• Measure and save the results while the centre of the sensor is aligned with

Slot 1.

• Repeat the same procedure while moving the sensor rod along the parallel

line until Slot 34.

• Change x value and repeat all the steps again.

Secondly, the medium between the source and the sensor was changed by covering

the source with fresh pork tissues as illustrated in Figure 5.20 (b). The tissues that

were used were fresh pork shoulder steaks, belly joint and pork ribs. The tissues

were placed around the solenoid (source). The thickness of the tissues between the

Source and SP was 9.5 cm, and the layers of each different tissue were distributed

equally around the source.

Figure 5.21 illustrates the comparison of results amongst simulation, experi-

ments in free space and tissue (pork). These results were obtained for different x

values of 120, 130 and 140 mm. The simulation results were purposefully scaled

up for a better demonstration of comparison between experimental results in free

space and tissues. Figure 5.21 shows that there is a good agreement amongst all

three curves. The reason there are two unequal peaks that the source was tilted

about 4◦ There are some small differences between the free space and in tissues

results. On the stronger field side, the discrepancies are less than the weaker field

side. This can be observed by looking at the root mean square error (RMSE). The

RMSE (indicated with different colours for different distances) clearly reveals that

the maximum error between the two peaks, and it is less than one mV, which is very

small. This explains that the impact of the tissues at the frequency of operation can
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be ignored. Also, looking at the comparison with the Simulation results, the sim-

ulation results have a good linear relationship with both experimental results. This

indicates that numerical simulations are strongly reliable.

Figure 5.21: Comparison of magnetic field computed in simulation, measured in free space
and in animal tissues.

5.2.4 Experimental Field Strength Mapping

The good agreement between the simulation and experimental results encouraged

us to do more experiments for further validation of the concept. Thus, extensive ex-

periments were carried to map the field (the field on SP were measured using single

sensor method as explained in section 5.2.2). Figure 5.22 indicates two different

magnetic field mappings. The distance (x) for the results of (a) and (b) are 125 mm

and 165 mm. The results are in agreement with the simulation results shown in

Figure 4.2. There are two main differences exhibited between (a) and (b). These

differences are firstly the mean induced voltages such as maximum mean voltages

50 mV in (a) and 35 mV in (b). Secondly, colour lines are wider in (b) than in (a).

It is due to the distance differences to the source. For example, the upper side of

yellow region is around 60 and its downside is around -60 mm along the Y-axis of

SP in Figure 5.22 (a). However, this becomes larger in (b) which are noticed at 80

and
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(a)

(b)

Figure 5.22: Experimental magnetic field mapping results on 2-D plane at distance (x) of
125 mm (a), and 165 mm from Ps (b).
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-80 mm along the Y-axis of SP. This is expected as the distance in (b) is larger

than in (a) as explained in Section.4.2.4. Thus, the experimental results and simu-

lation results exhibit a good agreement.

5.2.5 2-D Localization Using Experimental Results

Figure 5.23: The spatial variation in field intensity when the source is along Z-axis.

Figure 5.23 shows the experiment results obtained while the source was in (ideally)

parallel with the Z-axis and the sensor plane were on Y-Z plane aligned with X-

axis. In this scenario, the distance from the source to the sensor plane to SP was

110 mm. It could be noticed that there is a good agreement between the experiment

and the simulation result in Figure 4.2. There are two discrepancies. To begin with,

the local maximums are not equal because the source is not 90◦ to SP. It appears

that the source has a tilt towards about 6◦. This explains why the field one side is

stronger than the other side. The other difference is that the source has a tilt about

X-axis as well, which shows how good the source orientation can be known.

The first question is, where is the source here? From equation (4.7), it was
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explained that the position of the source would be at the position of the sensor which

measures the field equal or the closest value to the field difference (|X1−X2|), on

the line drawn between two maxima. Figure 5.24 shows potential source positions

(in white points) when a search is done to determine the measured values closest to

field difference. This indicates that the source could be at any white points on the

image. However, it was explained earlier that the source is always between the two

maxima points. More specifically, it is always on the line drawn between the two

maxima points.

Figure 5.24: Ps (centre of the source) can lead to wrong positioning if only the maximum
field differences (|X1−X2|) were considered.

It can be realised from Figure 5.25 that the potential source positions reduced

to points along the line between the two maxima points. But, since the sensors on

SP are along the Z-axis, and the source is slightly tilted there is not many sensors

on the line. So, the closest sensor points (in grey) to the line are selected.

Now the system knows where the source could be. Then, the system subtracts

all the values from the field difference (Xi). After, it picks sensor point, which

gives a minimum (ideally 0) result after being subtracted from field difference as



5.2. Experiment 149

indicated in Figure 5.26.

Figure 5.25: Considering potential Ps positioning errors.

Figure 5.26: Algorithm for source positioning.

Notwithstanding, using this algorithm is not enough as can be noticed from
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Figure 5.25 that the source is located at a wrong position (Ps in white) while the

actual (real) position 2 cm away from it (Ps in black). This happens because the

field measured on both sides of minimum field points can be very close values.

Thus, the system may select either side.

This can be avoided because, as specified before, as the source rotates the

stronger field position (X1) gets closer to the source centre while the weaker (X2)

side gets further away. Also, the source position is at the minimum field point when

the two maxima signal strengths are equal. But, with rotation, the source drifts

away from the minimum signal point towards the strengthening maxima point, as

shown in Figure 5.27. Hence, the source is always between the maximum field of

the image and the minimum field strength on the line drawn between X1 to X2. The

system will indicate the real position of the source with the least error.

Figure 5.27: The maximum of all image (strengthening maximum) position relative to
source position versus source orientation.

Using this method, the localization was done when the source was tilted 30◦

towards SP as sketched in Figure 5.28. The figure indicates that the system located

the source centred at the point (-5, 5) in Y-Z axes, which is quite close to (0,0). The

accuracy of the system in 2-D is with an error of 7 mm and the precision of 98%.
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Figure 5.28: Source positioning when the source has an orientation of 30◦ towards the SP.

The localization accuracy and precision can be further improved by using some

curve fitting techniques. In the experiment results given above, the spacing between

the centre of the sensors is 10 mm, which limits the accuracy. The smaller the spac-

ing between the centres of adjacent sensors, the higher the accuracy and precision

of localization. But, decreasing the spacing causes usage of more sensors and, as

a consequence, brings about the more complicated receiving system. Curve fitting

methods can be utilized to avoid using more sensor for improving the precision and

accuracy of localization. Therefore, the polynomial curve fitting techniques in Mat-

lab were used. Figure 5.29 shows the calculated versus fitted data. In this situation,

a 6th-degree polynomial curve was used to fit the data. It is clear that the curve fits

the data quite well. So, using this fitted data will make the localization system more

accurate. If the location of the source is determined using the calculated data, the

system deduces the closest calculated data to the field difference. For example, let

us assume the field difference (Xi) is equal to data point at the blue point between

s1 and s2, then the system will indicate the location of the source as either s1 or s2

which leads to an accuracy depending on the distances between the sensors’ cen-
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tres. Whereas, if the fitted data is used, the localization accuracy can be increased

as shown in blue point due to very small distances between the data points.

Figure 5.29: Fitting 6th degree polynomial to calculated data points.

Figure 5.30 displays the resultant imaging of the fitted data of 1 mm increment

between each data point. it can be seen that the Figure 5.30 has much more detailed

pixels than the original image in Figure 5.28. Therefore, the localization accuracy

has increased with decreasing error from 7 mm to 4.4 mm. This might not be a big

difference, but when the distance between the sensors is bigger, then it will make

a huge difference. For example, as in Figure 5.31 (a) and (b), when the spacing

between the centre of the coil increased to 40 mm and the same procedure is used,

the system locates the source at the position of (10,10) than actual position (0,0),

which means an error of 14.14 mm. Whereas, with the fitted data, the source is

positioned much better accuracy, which locates the source at the point of (-1, -2).

The fitted data boosted the accuracy and precision of localization at the cost of

computation time.

it is known that in order to determine the location of the source, the data point
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along the line in parallel with the vector between the peak points is sufficient. There-

fore, it is not necessary to fit a curve to all of the data points. The fitting curve could

simply fit the line passing through the two maximum points, which will reduce the

time of calculation.

Using the curve fitting technique along the line in parallel to the source ori-

entation, a series of simulations and experiments were carried out. Figure 5.32 (a)

demonstrates the root mean square error (RMSE) of the source positioning. The

simulations were conducted by placing the source at an orientation (starting from

5◦) relative to SP. Then, the SP was placed 80 mm away from the source. After,

the simulation was done. Next, the same procedures were conducted by moving

the source for every 20 mm increments until 180 mm distances. Finally, the source

rotation was changed by 5◦, and the same procedure was repeated until 90◦. After

completing the simulation, the same method was implemented at the experiment

but for every 10◦ of source rotations as shown in Figure 5.32 (b).

Figure 5.30: Data fitted image and source positioning.
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(a)

(b)

Figure 5.31: Positioning with row data (a) versus fitted data (b) using larger distance (40
mm) between centres of adjacent sensors
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(a)

(b)

Figure 5.32: RMSE of localization results in 2-D of Y-Z plane from simulation (a) and
from experiment (b).
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Figure 5.32 (a), the RMSE is 5 mm at the rotation angle of 5◦, and then it drops

below 3 mm between 10◦ and 55◦. After, it rises and fluctuate between 4 mm and

6 mm between 60◦ and 85◦. Finally, it goes up to a higher error of 11.8 mm at the

angle of 90◦. Figure 5.32 (b), the RMSE result obtained from the experiments is

shown. The RMSE fluctuates between 0 mm and 4.5 mm between 10◦ and 70◦.

Then, the error rises to 7.6 mm at the angle of 80◦. After, it slightly goes down to

7.3 mm at the angle of 90◦.

Figure 5.33: comparison of RMSE of localization results obtained in CST microwave sim-
ulation and in experiment in 2-D plane of Y-Z .

Figure 5.33 shows the comparison of RMSE between simulations and mea-

surements and illustrates that the RMSE is generally higher in experimental results

than the simulation ones at the lower angles between 10◦ and 50◦. Then, the error of

simulation results becomes larger than the error of the experimental results between

the angles of 50◦ and 70◦. After, the error of both the simulation and the experiment

increase for the higher angles. Ultimately, the error of the simulation is higher than

the experimental error at 90◦.

The results of the experimental and the simulation are generally in good agree-

ment. The maximum error occurs in experimental results is 7.3 mm at the rotation

angle of 85◦, and the minimum error is 0.8 mm at the angle of 60◦. On the other
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hand, the maximum error of 11.8 mm occurs at the angle of 90◦, and minimum

error of 1.2 mm observed at 45◦ in the simulation results. Overall, these results

explain that the source position in Y-Z plane can be predicted with an error of 11.8

mm in the worst scenario. This is very encouraging since the accuracy of 1 cm is

satisfactory for the doctors, clinicians or other medical staff.

5.2.6 Third Dimension (depth)

2-D (in Y-Z plane) localization of the source is given above in details, but the third

dimension is an important parameter as well. Therefore, the third dimension has

to be determined too. The method of determination of the third dimension was

explained in section 4.2.4.

Figure 5.34: Width between the two half-field strength points of the curve at different
known distances to the source.

In Figure 5.34 demonstrates the results of the experiments that were conducted

at a different position from the coil. The measurements were carried out by placing

the sensor plane at x distance from the source, and then the fields at the observation

points were measured and saved. The measurement distances were from 80 mm to

140 mm at every 20 mm increment, as illustrated in Figure 5.34 from (a) to (d). The

distance between the half maximum (Vm/2) field points increases almost linearly

from (a) to (d) as the actual distance increases. These results are in a agreement
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(a)

(b)

Figure 5.35: Comparison of real depth and predicted depth using simulation data (a) and
RMSE value at the given angles (b).

with simulation results in Chapter 4 under section 4.2.4. If the results are

analysed, it can be noticed that the distances between two half maximum field points

are almost equal to the actual distances of x. For instance, the known (actual) depth
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from (a) to (d) are 80 mm, 100 mm, 120 mm and 140 mm, and the corresponding x

values are 80.75 mm, 101.29 mm, 122.81 mm and 144.52 mm. The maximum error

observed is 4.52 mm for a distance of 140 mm. Therefore, using these information,

the depth of the source from the SP were predicted using measurements at different

source orientations.

Figure 5.37 displays the results of the predicted depth versus the known depth.

The experiments were conducted at six different distances for each orientation of

the source, and the known depth of the coil to SP ranged from 80 mm to 180 mm in

increments of 20 mm. The orientation of the source was varied from 10◦ to 90◦ in

increments of 10◦.

In Figure 5.37 (a), there is a linear relationship between the predicted depth

and the known depth. The predicted depths are varying depending on the angle of

the source. The maximum error happens at the known depth of 80 mm while the

source is rotated 30◦ towards SP. This error value is 15 mm, which is most likely due

to measurement error. In (b), the RMS error of the predicted data is shown. From

RMS error, the overall error is between 2 mm to 9 mm. The maximum predicted

depth error occurs at the angle of 40◦, and the maximum error happens at the source

rotation of 30◦.

The depth of the source relative to the SP can be predicted with an average error

of less than 1 cm based on the experimental and simulation results. This prediction

level is a good precision since it will give a clear idea of the source position. These

results are especially accurate enough for the case for locating the NGT because the

distance between the lungs and the stomach is much larger than 1 cm.
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(a)

(b)

Figure 5.36: Comparison of real depth and predicted depth using experimental data (a) and
RMSE value at the given angles (b).
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5.2.7 Determining Angular Orientation of the Coil

The 2-D orientation of the source is predicted since the source is always in parallel

with the line between the two peaks. Therefore, the prediction of this orientation

is with an error of less than 1◦. But, the angular orientation (AO), which is the

orientation of the coil towards the SP, is not predictable with the same technique.

Thus, the estimation of the AO is done using derived equations from Eq. (4.11) to

(4.19).

In Figure 5.37, the predicted angular orientation versus the actual angular ori-

entation is shown. These results are computed in CST microwave simulation for the

distances from 80 mm to 180 mm at every 20 mm increment. The black coloured

dashed line indicates the expected angles results. From Figure 5.37, the predicted

AO is almost in a linear relationship with the actual AO. The RMSE between the

predicted and actual AOs are almost equal to zero up until 70◦ for all distances.

Then, at the higher angles, the RMSE increases and reaches the maximum error of

4.2◦. Similarly, in Figure 5.38, there is a nice similarity to the simulation results.

Low RMSE values up to 80◦, and then reaches a maximum RMS error of 8.9◦ at

90◦ of actual AO.
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(a)

(b)

Figure 5.37: The predicted orientation of the source versus the known (actual) orientation
of the source using simulation data (a), and RMSE between the predicted and
actual angle of orientation of the source (b).
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(a)

(b)

Figure 5.38: The predicted orientation of the source versus the known (actual) orientation
of the source using experimental data (a) and the RMSE value at the given
angles (b).
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The discrepancies between the two figures are that the simulation results have

better results than the experimental results. For example, Figure 5.39 displays the

comparison of RMSE in simulations and experiments. It is obvious that the RMSE

of the experiment is higher than the RMSE in simulation at all angles. Also, the

RMSE in experimental data is constantly fluctuating between 100 and 101 dB while

in the simulation is increasing with small values linearly.

Figure 5.39: RMS error comparison of simulation computation data and experimental data.

The results in numerical calculation and the experiments show that the angular

orientation of the source can be deduced with high accuracy for the angles of 0◦ to

75◦. However, the error grows at angles between 75◦ and 90◦ as the angle increases,

and it reaches a maximum error of 10◦ in the worst case.

5.3 Summary
This chapter discussed the hardware and the circuit impedance matching of the sys-

tem initially. It was explained how the transmitter circuits were built and matched

to 50 Ω to deliver higher power to the transmitter on the transmitter side. Also,

the appropriate capacitors were added in parallel with the transmitter and the re-

ceiver coils two resonate them at the same frequency for maximum wireless power
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transfer from the transmitter to the receiver coil. After, to indicate the agreement

between simulation and experiments, the simulation and experimental S11 results

of the transmitter results were given.

Then, the experimental set-up was explained in detail with images. Later, the

experimental procedure was given. The comparison of the results obtained in the

simulation and experiment were explained throughout the chapter. Firstly, the lo-

calization of the source in the Y-Z plane was covered. It was shown that the source

could be localized with a maximum error of 11.8 mm in the worst case-based sim-

ulation and experimental results. Then, the procedure of determining the angle of

rotation towards the sensor plane was mentioned. The experimental and simulation

outcomes indicated that the source angular orientation could be estimated with a

maximum error of less than 10◦. Lastly, the third dimension (depth) of the source

from SP were estimated using empirically obtained equations.

To conclude, the overall experimental and simulation data outcome shows that

the source can be positioned in three dimensions with an error of less than 1 cm in

the worst circumstances. Also, the orientation of the source in two dimensions can

be estimated with an error of less than 1◦, and its angular orientation is predictable

with a maximum error of less than 10◦.



Chapter 6

General Conclusion and Future

Work

The work presented in this thesis involves the multi-disciplinary application of RF

engineering in the medical field. The goal of the PhD was to develop a novel

non-invasive localization method to determine the position and orientation of intra-

body medical instruments. An effective and original approach has been used, based

on static magnetic field vector orientation localization. Such magnetic field-based

methods are useful because the body tissues have relatively low magnetic perme-

ability which is almost equal to the free space permeability. Thus, low frequency

magnetic fields pass through body tissues with little loss. 13.56 MHz was chosen as

the operating frequency, which is in the lower RF frequency band region. The rea-

son this frequency was chosen was, firstly, because it has relatively high immunity

to thermal noise relative to static and low frequency signals. Secondly, more power

could be transferred over a given distance than lower frequencies owing to Farady’s

law . Although higher frequencies could be considered, high frequencies of VHF

and above undergo high attenuation in the body. Hence, this frequency was chosen

to be an intermediate frequency offering a good compromise of performance.

In the very beginning of the work, the general mathematical modelling of

the magnetic field was derived using existing Biot-Savart’s law. Then, Faraday’s
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law and Lenz’s law were utilized to deduce the induced voltage across closed-loop

search (pick-up) coil sensor at an observation point around the source of the field.

The Faraday’s law was required since the signal is a varying magnetic field. Next,

the system was modelled in CST Microwave Studio and MATLAB software to con-

duct an extensive full-wave three-dimensional electromagnetic simulations and two-

dimensional magnetic simulation. The CST results were subsequently imported into

MATLAB to evaluate and compare with MATLAB results. After the results of these

two tools were in good agreement, the data were used to localize the source position

relative to some known observation points. These known observation points were

selected to be on the same plane. Also, the sensors in the plane were chosen to be a

single axis. Furthermore, the sensor plane was designed in a way such that it always

faces the source position.

The simulation data were used to localize the centre of the source in three-

dimensional space. The source position was calculated based on the global coor-

dinate system present in the sensor plane. Also, the orientation of the source in

three dimensions was determined using the same data. In this positioning method,

the magnetic field strength sensed at each of the sensors was mapped at the sensors

corresponding position on the SP. Using the total magnetic field strength mapping

planes, it was noticed the source always lies between the two local maxima, and

the orientation is always along the line between the local peaks. The position and

direction were computed using analytic principles. Then, numerous experiments

were conducted to validate the principle as the outcomes from the simulation tools

were highly encouraging.

The simulation and experimental results in the free space were linearly re-

lated. The next step was to prove the same system works in the body environment.

Therefore, a heterogeneous human body was placed in the CST environment, and

simulations were conducted. Then, experiments were performed using fresh animal

tissues as the medium. It was observed that the effect of the tissues on the signal

was at a negligible level, and the source was located to the desired accuracy.

Overall, the results from simulation and experiments demonstrate that the
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source position can be deduced with an accuracy of better than 10 mm in three-

dimensional space. In addition, the direction of the source in two-dimensional can

be determined with a maximum error of 1◦. Third-dimensional orientation is also

detectable with a maximum error of 10◦. This indicates that the source can be lo-

calized with six degrees of freedom to a desired level of accuracy.

Although the proposed positioning technique was successfully completed, it

will require more complex experiments to be used commercially. For example,

in the current experiments, deceased porcine tissues were used instead of human

tissues due to safety requirements. Further experiments can be done by inserting

the transmitter system in the GI tract of the human body in a safe and legal manner

to determine the capability of the system in the intended application. Also, it is

suggested that the experiments should be performed in an environment similar to a

hospital situation where it is intended to be used in practice.



Chapter 7

Appendices



Electromagnetic Field in Tissue and

Safety

This chapter covers the background theory of time-varying magnetic fields in the bi-

ological tissues. According to [126], any system carrying steady or low frequency

(<1 KHz) currents, the H-field generally will not have large enough magnitude to

generate heat inside a biological tissue. Therefore, we will focus on magnetic field

with frequencies greater than these frequencies particularly radio frequencies (RF).

The RF is non-ionising electromagnetic radiation. The studies carried out over a pe-

riod of last 35 years have demonstrated that RF exposure to the tissues might create

some physiological problems including those related to changes in auditory, visual,

neural, endocrine, reproductive, immune, developmental function, and cardiovas-

cular. These alterations of biological tissues are mainly thought to happen owing to

the tissues heating caused by RF energy [126–128]. During Magnetic Resonance

Imaging (MRI) process, large portion of the RF energy transferred for imaging is

turned into heat in the tissues because of the resistive losses. Therefore, the RF

associated bio effects used for MRI are associated with this EMF’s thermogenic

qualities [127, 128]. Even though numerous researches have been conducted by

using laboratory animals to obtain reactions to biological tissue heating related to

exposure to radio frequencies radiation, these experimental results are not reliable

to directly apply to conditions which take place while MRI process in progress, nor

do the results be extrapolated to use as regulation for various reasons. For instance,

the radiation coupling or RF absorption’s pattern to the tissues depends upon size of

the organ, features of anatomy, exposure’s length of time, tissues’ sensitivity many
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other variables [127]. The interaction of electromagnetic (EM) with a lossy dielec-

tric medium is dependent on the frequency of operation. Furthermore, the medium’s

loss factor is directly associated with the absorption, which causes to tissue heating

and loss in the field strength. The heat in the tissue generates physiological and ther-

moregulation alterations of the biological medium as mentioned earlier. The heat

basically is an energy transformation, meaning that some of the applied EM field

must have lost some or all of its energy while travelling through the tissue. There-

fore, it firstly causes rising concerns about safety issues since leads to unwanted

warming of tissues which in turn can contribute to a dangerous health effects and

secondly causes big energy losses. Large losses of the power will result in reducing

of coverage and hence ultimately make the application useless. [129–131]. How-

ever, these effects are all happening with plane waves, which means they happen in

the far field region. Then the question of what happens in the near field as there is

no plane waves, electric and magnetic fields are independent, and they have varying

magnitudes and phases along with location or the distances from the source.



Magnetic and Electric properties of

Biological Tissue

The biological tissues’ electrical properties are significantly obtained by the electri-

cal interactions of ions and polar molecules. The mediums contains neutral molec-

ular dipoles are referred to as dielectrics, but, anionic and cationic species in in-

tracellular and extracellular spaces of a biological tissue leads to conductive roots.

Also, the human body is not homogeneous in electrical and physical properties.

Moreover, each material in the body shows different relative permittivity and they

can change in dielectric deceased and healthy situation. The biological tissues are

non-magnetic and thus assumed to have the magnetic permeability equal to the free

space permeability which is 1. Hence, a tissue has to be recognized as a conduc-

tive material. As a result, the electrical properties of the tissue can be defined by

the dielectric permittivity (ε) and the conductivity (σ ) of the material. The current

density (d~j) is determined as

~j = ~E ·σ (1)

Where ~j, σ and ~E are current density (ampere/m2), conductivity (S/m) and

electric field (V/m), respectively. The dielectric properties of biological tissue is

dependent upon polarization, frequency, temperature and location. In this case the

properties of dielectric constant has to be considered as complex permittivity with
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phase and magnitude as;

D = ε ·~E +~P (2)

Where ~D is electric flux density (C/m2). The complex permittivity (ε) is a

crucial property which defines the interaction of electric field with the material. The

induced current density and conductivity are functions of field strength at a certain

location in the tissue. Additionally, the polarization density (~P) were applied electric

field gets polarized in a lossy medium. Owing to the alterations or the addition in

electric dipole moment is the measure of entire polarity which is described by the

distance between negative and positive charges.

The impedance of the biological tissues are variable as they are dependent on

the dielectric and conductivity of the medium, which means that it is dependent

on the frequency. Hence, the current magnitude and the decay of EM inside the

Biological tissue is significantly dependent on ε and σ . The permittivity and con-

ductivity of tissues are substantially non-linear function of frequency. In addition, if

the external frequency varies, then a variable interaction between the tissue and the

field occurs. Especially, at low frequencies, EMFs interact multicellular or cellular

level; as the frequency continuously rises, interactions of bio-electromagnetic take

place with intracellular organelle, cellular membrane, molecular and, ultimately,

EMF interacts only with water molecules at microwave frequencies. Therefore, the

permittivity and conductivity have three different frequency-dependent behaviors,

which is referred to as dispersion. The Figure1 indicates the frequency dependence

of relative permittivity and the conductivity. The complex permittivity can be de-

termined as

ε̂ = ε0(ε
′
− ε

”) (3)

Where ε
′

and ε
′

are the real and imaginary parts of the permittivity of the

medium (see Figure2) and ε0 is the free space permittivity which is equal to

8.85×10−12.
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The imaginary part (ε
′
) can be obtained as;

ε
” =

σ

ε0ω
(4)

Substituting into 3;

ε̂ = ε0(ε
′
+

σ

jε0ω
). (5)

The real part is a measure of how much energy coming from external E-field

is stored, while the imaginary part is a measure of how lossy material to an ex-

ternal field source. The real part decreases against frequency, while conductivity

increases. The relation between the real and imaginary part defined as the loss tan-

gent;

tanδ = ε0(ε
′
+

σ

jε0ω
). (6)

The loss tangent is an angle that defines the ratio of the lost to the stored energy

[129, 130, 132].

Figure 1: Frequency dependency of conductivity and permittivity of tissues; the major dis-
persion regions of α , β and γ are shown [129, 130, 132].
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Figure 2: The real and imaginary dielectric property of a medium versus frequency (dielec-
tric spectroscopy) [133].
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Figure 3: electrical properties of all the tissues at the 13.56 MHZ [134].

As in this specific project, it is aimed to work at 13.56 MHz. Therefore, the

dielectric properties all tissues in the body at this frequency is given in the Figure3

(reader refered to [134] for new tissues versus frequency calculation). When we

increase the frequency to 100 MHz as shown in Figure4, the conductivity and the

permittivity of the tissues changes. For instance, the blood conductivity is 1.117

(S/m) at 13.56 MHz, while being 1.233 (S/m) at 100 MHz, which indicates as the

frequency increases the conductivity increases. Also if we have a look at the per-

mittivity of the blood, it is 210.64 at 13.56 MHz, whereas it is 76, which shows the

relative permittivity decreases with increasing frequency. The detailed dielectric
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properties of the tissues can be obtained for frequencies between 10 Hz to 100 GHz

[89], which is provided by the Italian National Research Council.

Figure 4: electrical properties of all the tissues at the 100 MHZ [134].
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