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ABSTRACT

IPT (Inductive Power Transfer) is an approach based on magnetic coupling to realize a
WPT (Wireless Power Transfer) system. In applications using IPT as a mean for trans-
ferring power, like RFID, it is of great interest to have a free positioning system, meaning
without or at least fewer constraints on relative positioning and orientation between the
sender and the receiver.

One of the problems which face the free positioning WPT by using IPT is the great sensi-
tivity of the system to lateral and orientational misalignment between the sender and the
receiver of power.

This could hugely reduce the efficiency of the whole system for certain lateral and orienta-
tional misalignments, resulting in null points for the coupling coefficient, therefore no power
transfer in general or no detection in case of RFID (Radio Frequency Identification).
Another subject related to IPT is the ability to localize the receiver. The ability of the
transmitter to localize the receiver could be interesting for applications such as IoT (Inter-
net of Things).

In Qi standards for wireless power transfer, the localization is performed by using a coils
array.

Here the resolution of localization is equal to the diameter of the coils in the transmitter ar-
ray. Decreasing the diameter of coils in transmitters increases the resolution of localization
but also reduces the range of power transfer. This in an inevitable trade-off.

In this work we tried to address these problems.

First We consider the problem of misalignment between the receiver and the transmitter.
For this we propose a reconfigurable antenna which changes its structure by turning on and
off specific parts of itself. This will guarantee the effective power transfer in the range of
interest, regardless of the lateral and orientational misalignments between the sender and
the receiver. Experimental verification will shows the feasibility of this method.

Then we mention some of deficiency of the proposed method and try to enhance it further-
more. At this point we turn our intention to the subject of localization for enhancing the
performance of the IPT system.

This will lead us to a system which is performing the localization in a fast and reliable way.
In first step we will show the feasibility of the proposed method in general and it is not a
practical system yet.

In this first step we assumed to have access to both transmitter and the receiver. This is
what we call a two ports network. A real practical system should be an one port network
in which we don’t assume having access to the receiver.

To move from one port network to two port network is our next step. Here we learn that
we need to work in resonance frequency for acceptable performance of the system.

In all these steps we start by explaining the main idea. Then we simulate the proposed



ideas. We will rely largely on MATLAB for our simulation and beside it we will use other
software like Ansys Q3D.

Then we will run experiments for testing the proposed ideas and methods. The experimen-
tal results shows the feasibility of our methods. At each step we will discuss the errors in
experimental results and its origin and how to reduce it. We will end our work by mention-
ing the limitation and shortcomings of our work and by mentioning the perspective of this
work.



RESUME

L’IPT (Inductive Power Transfer) est une approche basée sur le couplage magnétique pour
réaliser un systéme WPT (Wireless Power Transfer).

Dans les applications utilisant I'IPT' comme moyen de transfert de puissance, comme la
RFID, il est tres intéressant d’avoir un systeme de positionnement libre, c’est-a-dire sans
ou au moins avec moins de contraintes sur le positionnement et l’orientation relatifs entre
I’émetteur et le récepteur. Ces contraintes sont la pour garantir une inductance mutuelle
non nulle (ou un déficit d’inductance mutuelle).

L’un des problémes auxquels est confronté le WPT a positionnement libre en utilisant 'IPT
est la grande sensibilité du systeme au désalignement latéral et d’orientation entre I'’émetteur
et le récepteur de puissance.

Dans ce travail, nous essayons de résoudre le probléme du transfert de puissance inductif
(TPI) di au manque d’inductance mutuelle entre le récepteur et I'émetteur.

En raison de la nature vectorielle du champ magnétique et du mécanisme de la loi de Fara-
day, il est possible que le récepteur se trouve dans des zones nulles.

Ce sont des endroits et des orientations du récepteur dans lesquels le récepteur n’a pas
d’inductance mutuelle avec I'émetteur.

Lorsque I'inductance mutuelle est nulle ou tres faible, il n’y a pas de transfert de puissance,
ce qui constitue un échec pour les systémes de transfert de puissance ou les applications qui
utilisent I'idée de transfert de puissance de maniere intégrée, comme la RFID.

La premiére méthode que nous proposons est basée sur les TLA (Twisted Loop Antenna)
qui peuvent étre considérées comme un réseau de bobines. Différentes structures des TLA
créent en effet différents modéles de courant électrique.

A leur tour, les différents modeéles de courant électrique créent différents modeéles de champs
magnétiques.

Par conséquent, cela nous donne un moyen de contréler le champ magnétique en contrélant
quel TLA est excité et quel TLA ne ’est pas.

Cette méthode est trés bien connue pour le rayonnement en champ lointain, et nous I’avons
appliquée aux champs proches.

C’est I'idée principale qui se cache derrieére le guidage du faisceau par champ magnétique. La
méme méthode pourrait étre utilisée pour augmenter la portée du transfert d’énergie sans fil.
L’idée d’utiliser une structure de type réseau pour augmenter ’efficacité du transfert d’énergie
a été proposée précédemment, mais nous avons adopté une nouvelle approche et proposé
une application de cette méthode.

Cependant, nous avons adopté une nouvelle approche et proposé une application de ce
principe, a savoir un systéme qui garantit le transfert de puissance indépendamment du
désalignement entre I'émetteur et le récepteur.

La méthode suppose que le volume de ’espace dans lequel le récepteur est placé est donné a



Pavance et qu’il dépend de ’application en question. Elle suppose également que I'inductance
mutuelle minimale requise est donnée a ’avance.

Cela dépend également de 'application a laquelle nous avons affaire et il n’est pas difficile
de le déterminer.

Lorsque le volume d’intérét et I'inductance mutuelle minimale requise sont donnés, nous
divisons le volume d’intérét en cellules.

Ensuite, chaque cellule est couverte en trois étapes. A chaque étape, on choisit une configu-
ration du TLA qui crée un champ magnétique adapté a une orientation paralléle aux plans
XY, XZ ou ZY. Ce faisant, nous libérons le récepteur de toute contrainte sur son orientation.
Lorsque les cellules couvrent tout le volume d’intérét, le récepteur peut se trouver n’importe
ot dans le volume d’intérét. La simulation a été réalisée suivie de mesures.

Les mesures ont montré un bon accord entre les calculs et les valeurs mesurées pour les
inductances mutuelles, ce qui confirme la faisabilité de la méthode.

Cette méthode est raisonnable s’il y a un bon nombre de récepteurs en méme temps dans
le volume d’intérét.

Cependant, s’il y a quelques récepteurs ou méme un seul d’entre eux (par exemple pour
la recharge sans fil de robots, de voitures, de drones...), la méthode devrait quand méme
fonctionner, mais elle ne semble pas étre une approche tres efficace.

La raison en est que I'inductance mutuelle effective que la bobine réceptrice aura dans cette
méthode est la moyenne des inductances mutuelles que la bobine réceptrice a a chaque étape.
appropriée pour le récepteur, ce champ magnétique change a I’étape suivante et dans cette
nouvelle étape, le champ magnétique n’est pas nécessairement approprié.

étape suivante et dans cette nouvelle étape, le champ magnétique n’est plus nécessairement
adapté et le récepteur doit attendre jusqu’a ce que la répétition de la configuration qui
génére le champ magnétique approprié.

récepteurs ou méme un seul récepteur, ce n’est plus une méthode efficace.

Une meilleure solution possible est d’avoir une sorte de localisation. Lorsque la localisation
est effectuée, le champ magnétique peut étre dirigé de maniére optimale pour la position et
Porientation particuliéres du récepteur.

11 convient de préciser que, bien que nous ayons mentionné ici la localisation comme méthode
d’amélioration du couplage magnétique, la capacité de localisation en elle-méme est un sujet
intéressant a considérer.

Pour ce faire, nous avons proposé un algorithme basé sur la mesure de I'inductance mutuelle
entre ’émetteur et le récepteur.

Dans ce cas, I'émetteur est une grille de bobines circulaires. Mais 'idée est générale et
pourrait étre appliquée a d’autres types de grilles d’émetteurs.

L’inductance mutuelle mesurée entre I’émetteur et le récepteur pourrait étre utilisée pour
la localisation du récepteur.

Cette méthode nécessite une connaissance a priori du volume d’intérét. Il s’agit d’un regain
autour de I’émetteur dans lequel le récepteur pourrait étre localisé.

Dans cette méthode, nous divisons le volume d’intérét en une grille de points en 3D. Ensuite,
nous supposons que le centre du récepteur se trouve a I’'un de ces points.

En général, nous pouvons supposer que le récepteur peut avoir n’importe quelle orientation et
que cela ne changera rien a 'algorithme, mais pour simplifier, supposons que nous sommes
intéressés par la recherche de la position du récepteur et que l'orientation du récepteur
est fixe. Nous devons également calculer ce que nous appelons la matrice pré-calculée de
I'inductance mutuelle.

11 s’agit de la valeur de I'inductance mutuelle entre le récepteur et I’émetteur si le récepteur



se trouvait en n’importe quel point des grilles 3D du volume d’intérét.

Pour notre hypothése selon laquelle le récepteur a une orientation fixe, il s’agit d’une matrice
3D.

Si nous ne voulons pas avoir de contrainte sur 'orientation, ce sera une matrice 5d.

Notre émetteur est une grille de bobines que nous pouvons choisir et exciter séparément.
Nous commencgons par choisir une bobine de la grille de I’émetteur puis nous mesurons
I'inductance mutuelle entre le récepteur et I’émetteur.

Ensuite, nous comparons cette inductance mutuelle mesurée avec la matrice d’inductance
mutuelle pré-calculée correspondant a la bobine excitée et nous en déduisons toutes les po-
sitions possibles du récepteur qui donnent lieu a I'inductance mutuelle mesurée.

Nous trouverons un ensemble de positions qui ont la méme inductance mutuelle. La position
n’est pas déterminée de maniére unique.

Nous choisissons une autre bobine et procédons de la méme maniére. Encore une fois, nous
ne trouverons pas de position unique comme réponse.

Mais si ce processus est rapide (ce qui est le cas en pratique) par rapport a la vitesse de
déplacement du récepteur (s’il se déplace), nous pouvons supposer qu’au moment de la
mesure, le récepteur se trouvait au méme endroit.

Ainsi, la position réelle du récepteur devrait étre I'intersection de deux ensembles possibles
de positions du récepteur que nous avons calculés précédemment. Cela signifie que nous
devons prendre 'intersection des deux.

Si leur intersection n’est pas encore unique, nous passons a la troisiéme bobine, puis a la
quatriéme et ainsi de suite, jusqu’a ce que nous ayons une position unique.

A ce stade, la localisation est terminée.

Les simulations ont été réalisées a 'aide d’un code MATLAB spécifique et son applicabilité
a été démontrée par une série d’expériences.

Les résultats expérimentaux montrent que I’algorithme fonctionne comme prévu et qu’il
est possible de localiser le récepteur en fonction de son couplage magnétique mutuel avec
I’émetteur.

Si la méme procédure est exécutée en continu, on peut suivre dynamiquement le mouvement
du récepteur.

On a supposé que le récepteur se trouve dans une position inconnue mais toujours paralléle
a Iémetteur. Cette hypothése a été faite pour des raisons de simplicité et n’affecte pas le
principe et I'utilité de I’algorithme.

L’algorithme pourrait étre modifié pour localiser un récepteur dans une situation plus
générale dans laquelle le récepteur pourrait avoir n’importe quelle orientation arbitraire,
et cette modification sera I'une des perspectives de ce travail.

Cependant, cette hypothése n’est pas une réelle limitation. La vraie limitation vient du fait
de considérer plus d’un récepteur.

L’algorithme, dans son état actuel, est capable de localiser un seul récepteur dans le volume
d’intérét.

Si nous voulons localiser plus d’un récepteur, nous devons calculer la matrice d’inductance
mutuelle précalculée pour chaque bobine de I’émetteur et toutes les combinaisons du récepteur
dans leurs différentes positions possibles.

Comme le nombre de récepteurs est faible, le code peut étre généralisé pour traiter ces sit-
uations. Mais si le nombre de récepteurs augmente, la mémoire et la puissance de calcul du
systéme augmenteront et le code ne sera plus applicable (ou du moins pas en temps réel).
11 s’agit d’une réelle limitation et la surmonter est une autre des perspectives de ce travail.
Mais il ne faut pas oublier qu’en cas de présence d’un certain nombre de récepteurs dis-



tribués dans le volume d’intérét, la méthode proposée au chapitre 2 devient plus pertinente
et dans ce cas, la localisation n’est probablement pas nécessaire.

Aprés la localisation, on a également montré comment la connaissance de 'emplacement du
récepteur pouvait étre utilisée pour améliorer le couplage magnétique entre ’émetteur et le
récepteur.

Au moyen d’une grille de bobines commutables, le champ magnétique est orienté correcte-
ment vers le récepteur.

Cette approche de formation de faisceau permet d’augmenter 'inductance mutuelle entre
Pémetteur et le récepteur et d’accroitre Defficacité de ces systemes de transfert de puissance
par induction.

Pour faire cela systématiquement, nous divisons le volume d’intérét en cellules, puis nous
déterminons la configuration de I'émetteur qui convient a chaque cellule.

Lorsque nous découvrons (en exécutant l’algorithme de localisation) dans quelle cellule
se trouve le récepteur, nous choisissons une configuration de la grille qui crée un champ
magnétique adapté a cette cellule spécifique.

L’expérience montre la validité du calcul et de la simulation de la direction du faisceau en
fonction de la position du récepteur.

Jusqu’a présent, nous travaillions avec un réseau a deux ports. C’est la méme chose que de
dire que nous avons acces a la fois a I'émetteur et au récepteur.

avoir acces a I’émetteur est simple mais avoir accés au récepteur n’est pas pratique dans la
plupart des situations réalistes.

dans la plupart des situations réalistes. Dans I’étape suivante, nous avons montré que si
nous ajoutons des éléments de résonance et d’adaptation a I'antenne de I'émetteur et a
Pantenne du récepteur, il devient possible de déduire la valeur de l'inductance mutuelle
entre I'’émetteur et le récepteur en mesurant 'impédance d’entrée de I’émetteur sans avoir
besoin de I'aide de I’émetteur.

I'impédance d’entrée de I’émetteur sans avoir besoin d’accéder au récepteur.

Pour ce faire, la valeur des autres éléments du systéme émetteur-récepteur doit étre con-
nue. Nous aurons une expression qui nous donnera I'impédance d’entrée en fonction de
P'inductance mutuelle.

En mesurant 'impédance d’entrée, on peut déduire I'inductance mutuelle. Une fois cette
opération effectuée, la suite est identique a ce que nous avons déja expliqué. La valeur
déduite de I'inductance La valeur de I'inductance mutuelle déduite peut étre utilisée pour
exécuter 'algorithme de localisation.

Dans ce cas également, les simulations ont été faites en utilisant un code MATLAB et son
applicabilité a été démontrée en exécutant un ensemble de tests.

et son applicabilité a été démontrée en effectuant une série d’expériences. Les résultats
expérimentaux montrent que l’algorithme fonctionne comme prévu. Dans les deux cas,
nous avons une certaine erreur dans la localisation.

Comme on peut s’y attendre, ’erreur dans le réseau a un port est plus importante que
celle dans les réseaux a deux ports. Cependant, méme avec cette erreur, la méthode semble
localiser le récepteur avec une précision plus ou moins acceptable. Cette précision peut étre
controlée pour correspondre a la précision requise pour des applications concrétes.
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3-D magnetic beam steering WPT system with a loaded receiver coil res-
onator[48]. . . ...
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2.22

2.23
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2.29

2.30

2.31

A twisted loop antenna in its simplest possible configuration. It is composed
of two coplanar coils next to each other. Both coils are made of one turn, so
the current is the same in both of them. The electric current in one loop is in
clockwise direction and in the other loop in anti clockwise direction (shown
by blue arrows). The diameter of each loop is 4 cm. The black lines are the
magnetic field lines due to this configuration in space around the antenna. . .
A twisted loop antenna in a configuration consisting of four coils. The diame-
ter of small coils are 4 cm and the diameter of larger coils are 8 cm. Coils are
coplanar and each coil has one turn, so they have the same electric current.
The electric current in one small and big loop is in clockwise direction, and
in the other small and big loop in anti clockwise direction (shown by blue
arrows). The black lines are the magnetic field due to this configuration in
space around the antenna. . . . . . . . . ... ... L
A twisted loop antenna in a more complicated configuration consisting of
eight coils. This configuration is two copy of the configuration shown in
Fig.2.21 with one of them rotated in respect to the other by 90 degree. The
all structure is coplanar. The black lines are the magnetic field due to this
configuration in space around the antenna. . . . . ... ... ... ... ...
The surface shows the value of B, component of the field in a plane parallel
to the plane on which the twisted loop antenna is placed (that is X-Y) and
at 4 cm above the twisted loop antenna, for one possible configuration of a
twisted loop antenna shown in Fig. 2.22. The white circle is our target point
where we want to increase the valueof B,. . . . . .. ... ... .. .....
The surface shows the value of B, component of the field in a plane parallel
to the plane on which the twisted loop antenna is placed (that is X-Y) and
at 4 cm above the twisted loop antenna, for one possible configuration of a
twisted loop antenna shown in Fig. 2.22. In comparison to Fig. 2.23, this
configuration enhance the value B, component of the field in the targeted
point shown in white circle. . . . . . . . .. ... oL
Self Inductance of a current loop [57]. . . ... ... ... ... .. ..
Mutual inductance between two loops. Uy =Wy [57]. . . . . . . .. ... ...
a. A receiver (tag) with multi turns coil(loop 1) b. A transmitter (reader)
with multi turn coil (loop 2) [28]. . . . . . . . . .
A transmitter of 1 turn coil with 5 cm radius carrying 1 mA current placed
in the origin of the coordinate system. A receiver of a 1 turn coil with 1 cm
radius shown in black color placed at (x,y,z)=(0 cm,0 cm,5 cm). The receiver
normal vector is (n = —17). . . . . . . ...
The magnitude of each component of the magnetic field due to the transmitter
are shown as we sweep along the X axis from x=-20 cm to x=20 cm, for fixed
z=5 c¢m and fixed y=0 cm. The two black dashes show the border of region
shown in Fig. 2.28, which expands from -10 to 10 cm. B, is zero everywhere.
The mutual inductance between transmitter and receiver is shown as we sweep
along the X axis from x=-20 cm to x=20 cm, for fixed z=5 cm and fixed y=0
cm. It is zero everywhere. . . . . . . ..o
The magnitude of each component of the magnetic field due to the transmitter
are shown as we sweep along the X axis from x=-20 cm to x=20 cm, for fixed
z=bcmand fixedy=bcm.. . ... ...
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The mutual inductance between transmitter and receiver is shown as we sweep
along the X axis from x=-20 cm to x=20 cm, for fixed z=5 cm and fixed y=>5

The mutual inductance between transmitter and receiver is shown for the
same condition of Fig. 2.29 but this time increasing the diameter of the
receiver loop by the factor of 4. This flatten the mutual inductance. . . . . .
The variable that we use to rotate the receiver loop. . . . . .. ... .. ...
The variation of the mutual inductance of our example when we fix the posi-
tion of the center of the coil to the (x=0 cm, y= 0 cm, z= 5 c¢m). This is an
arbitrary position and the same figure could be plotted for any point.

The variation of the induced voltage in the receiver coil when we fix the
position but change the orientation of the receiver coil. The receiver is in the
plane parallel to the transmitter. . . . . . . . ... .. ... ... .......
The variation of the induced voltage in the receiver coil when we fix the
position but change the orientation of the receiver coil. The receiver has 30
degree angle with the plane parallel to the transmitter. . . . . . . . . .. ...
The variation of the induced voltage in the receiver coil when we fix the
position but change the orientation of the receiver coil. The receiver has 65
degree angle with the plane parallel to the transmitter. . . . . . . . ... . ..
The variation of the induced voltage in the receiver coil when we fix the
position but change the orientation of the receiver coil. The receiver has 90
degree angle with the plane parallel to the transmitter. . . . . . . . . .. ...
The volume of interest is a black rectangular cuboid extending 30 cm along
X axis, 30 cm along Y axis and 20 cm along Z axis. The receiver is a loop of
1 c¢m radius in XZ plane. The transmitter is a circular coil of radius 10 cm
placed on the XY plane with its center at the origin, carrying 1mA current.
The planes show the value of mutual inductance with contours of equal values
of mutual inductance. . . . . . . .. ..
The volume of interest is a black rectangular cuboid extending 30 cm along
X axis, 30 cm along Y axis and 20 cm along Z axis. The receiver is a loop of
1 c¢m radius in XZ plane. The transmitter is a TLA of radius 10 cm which
is placed in symmetrical way around the origin in the XY plane. Each loop
of the TLA carry a current in 1 mA in opposite direction (one in clockwise
other in anti clockwise). The planes show the value of mutual inductance
with contours of equal values of mutual inductance. . . . . . . ... ... ...
The volume of interest is a black rectangular cuboid extending 30 cm along
X axis, 30 cm along Y axis and 20 cm along Z axis. The receiver is a loop of
1 cm radius in XZ plane. The transmitter is a circular coil of radius 10 cm
placed on the XY plane with its center at the origin, carrying ImA current.
Here we fix X coordinate to X=0, fix Z coordinate to Z=10 cm, then we sweep
along Y axis. The blue curve shows the variation of the mutual inductance
aswe move along Y axis. . . . . .. ... e
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The volume of interest is a black rectangular cuboid extending 30 cm along
X axis, 30 cm along Y axis and 20 cm along Z axis. The receiver is a loop of
1 c¢m radius in XZ plane. The transmitter is a TLA of radius 10 cm which
is placed in symmetrical way around the origin in the XY plane. Each loop
of the TLA carry a current in 1 mA in opposite direction (one in clockwise
other in anti clockwise). Here we fix X coordinate to X=0, fix Z coordinate
to Z=10 cm, then we sweep along Y axis. The blue curve shows the variation
of the mutual inductance as we move along Y axis. . . ... ... ... ...
A scenario for RFID application of the magnetic coupling for the shopping. A
cart with a RFID reader implanted underneath it. This reader can read all the
items and calculate the price automatically in the exit without the customer
having to scan all of them one by one. Black circles show the receiver coils
attached to each object. The cart is shown in blue and the volume of interest
isablack box. . . . ...
Each loop of the TLA is connected to next loop through a switch that connects
pin C, to either pin A or B. Here we show 3 loops. The vertical distance
between loops is exaggerated to make it easier to show the concept. These
switches are controlled by a circuitry attached to the TLA. . . . ... .. ..
Those are the three loops shown in Fig. 2.45. Here the switches state are
chosen by controlling mechanism in a way that all three loops are connected
and are part of the TLA. The loops that carry the electric current are shown
inred. . . ...
Those are the three loops shown in Fig. 2.45. Here the switches state are
chosen by controlling mechanism in a way that we disconnect the middle loop
and it is not part of the TLA. The loops that are part of the TLA and conduct
current are shown in red, and the loop that is excluded from TLA and does
not conduct current is shown in green. . . . . . . . .. ... L L.
Connecting each loop to other through switches also enables us to change the
direction of the current in each loop. If the current I enters the loop on the
right in a anti clock wise direction by switching the switch connecting it to
the loop on the left side we can control the direction of the current in the left
side loop. There are two possible directions for current, clock wise and anti
clock wise directions. . . . . . .. ... oL
Here the cell-1 is a rectangular cuboid extending 4 cm along X axis, 8 cm
along Y axis and 8 cm along Z axis. The cell-1 is shown in blue. The goal
is to create a field which is suitable for the orientation of the receiver if it
was parallel to the XY plane (shown by blue circle). On the left we see such
configuration. The arrows show the direction of current in each loop. On the
right, we see the Z component of the configuration. We can see it covers all
the cell. . . . . . e
Here we still considering cell-1 which is shown in blue. The goal is to create
a field which is suitable for the orientation of the receiver if it was parallel to
the XZ plane (shown by blue circle). On the left we see such configuration.
The arrows show the direction of current in each loop. The red loop are
disconnected and are not part of the configuration. On the right we see the
Y component of the configuration. We can see it cover all the cell. . . . . ..
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2.54

2.55

2.56

2.57
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2.59

Here we are still considering cell-1 which is shown in blue. The goal is to
create a field which is suitable for the orientation of the receiver if it was
parallel to the YZ plane (shown by blue circle). On the left we see such
configuration. The arrows show the direction of current in each loop. On the
right we see the X component of the configuration. We can see it covers all
thecell. . . . . o
On the right we have the total magnetic field (in red) in a certain point due
to the magnetic fields (dashed blue) of two different coils. If we want to
rotate the field for example in the Y direction, we realize one possible way is
to reverse the direction of the magnetic field due to coil 2, by changing the
direction of current in it, and at the same time by increasing its strength, by
increasing its turns. The results is shown on the left side of the figure with
the total magnetic field in Y direction, which was our goal. . . . . .. .. ..
The volume of interest is a box extending in Y axis from -10 cm to 10 cm.
In X extending from -6 cm to 6 cm. In Z from -6 cm to 6 cm. This volume
is divided into three cells, shown here in three different colors. cell-1 in red,
cell-2 in blue and cell-3 in black. The receiver coils could be anywhere in this
volume of interest and it could have any orientation. . . . . . .. .. ... ..
The structure of a TLA chosen for experimental verification of our method.
The TLA is consisting of four loops. The two larger loops have diameter of 8
cm, one of the small loops has diameter of 6 cm and another small loop has
the diameter of 5 cm. It is placed in the XY plane centered in the origin of
the coordinate system, which is the center of the volume of interest. . . . . .
The Y component of the Magnetic field across XY plane of the volume of
interest for a fixed Z (Z= 6cm). Cell 1 and cell 3 are shown also, to emphasize
the fact that TLA indeed creates a Y component of the field that increases
in the position of cell 1 and cell 3. . . . . . . ... .. ... ... ...
The Y component of the Magnetic field across XY plane of the volume of
interest for a fixed Z (Z= 6cm). Cell 2 is shown also, to emphasize the fact
that TLA indeed create a Y component of the field that increases in the
position of cell 2. . . . . . .. L
Representation of the mutual inductance. We fix Z and X component of
receiver location and we move it along the Y axis. The receiver is in XZ
plane. The TLA is shown in black. The arrows and the number next to
each loop indicates the number of turns and the direction of current in each
loop. The colour of these arrows corresponds to the same colour of mutual
inductance curve, configuration 1 in blue and configuration two in red. Each
configuration is suitable for a cell with the same colour. Here the Z axis is used
to show two quantities at the same time: The vertical distance from the TLA,
this is shown in meter. But also it is used to show the mutual inductance.
The value of mutual inductance is not given here, what we want to show is
the relative variation of mutual inductance in a way that it increases in the
targeted cells as expected. . . . . . . .. .. L
Circuit model of two magnetically coupled inductors (transmitter and re-
ceiver) in low frequency. L1 is the self inductance of the transmitter (TLA),
L2 is the self inductance of the receiver and M represents the mutual induc-
tance between transmitter and receiver. . . . . .. ... oo
Two-port network model of the transmitter (TLA) and the receiver. . . . . .
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3.1

3.2

3.3

3.4

3.5

The fabricated TLA for the experiment. This TLA has the same property
(size of each loop, number of turns,...) for which we did the simulation.

The setup for the measurement. X,Y and Z axis are shown in black. The
volume of interest is the blue box. The TLA is in the XY plane and is
connected to port 1 of the VNA. The receiver is in XZ plane and connected
toport 2. . ..
The geometry of the setup shown in Fig. 2.61 is given here in schematics to
make it easier to see the different components of the set up measurement.
Sweeping the receiver along Y axis, we move the receiver while keeping its
orientation and X and Z coordinates fixed, step by step along the Y axis. In
each step the new measurement is done and the value of mutual inductance
between the transmitter and the receiver being at that particular position is
measured. a) y=8 cm. b) y=0 cm. ¢)=-8cm. . . . . ... ... ...
The results of sweeping the receiver along Y axis, while keeping the orien-
tation and X and Z coordinates of the receiver center fixed. The red curve
shows the mutual inductance due to the first structure of the TLAs, which
covers the cell 1 and cell 3, and the blue curve is the mutual inductance due
to the second structure of the TLAs, which covers thecell 2. . . . ... ...
The mutual inductance at the point y=-0.045 for the first configuration of
the TLA is too low, it means if happened that the receiver was in this point
and its orientation lays in XZ plane it would not receive any energy. . . . . .
The mutual inductance at the point y=-0.045 for the second configuration
of the TLA is 4 nH. We can see the mutual inductance at this point got
increased considerably, it means if now it happened that the receiver was in
this point it would receive sufficient energy. . . . . . . .. .. ... ..

Multiple transmitter coils over which a device or devices can be placed freely
as long as the device or devices are in the volume of interest (Image via
https://makezens.com/liberty-series/) . . . . . ... ... ... L.
Electric circuit model of a receiver-transmitter system. L; and Ly are the self
inductances of the transmitter and the receiver. Ry and Ry are the internal
resistances of the transmitter and the receiver. Zj, is the load connected to
the receiver and Vj is the voltage source and V7, is the voltage across the load
Z1,. M is the mutual inductance between the transmitter and receiver. . . . .
When there is two transmitters for example, and the receiver is closer to one
of them, the reflected impedance will be higher in the transmitter closer to the
receiver. By measuring the input impedance of each transmitter it is possible
to deduce which transmitter is closer to the receiver. Then one conclude if
the receiver is in area 1 or area 2, shown here by block boxes. . . . . ... ..
A situation which will lead to wrong localization if we follows the Qi standard
naively. Due to the orientation of the receiver, though the receiver is closer
to the Tx1, it will have higher mutual inductance with Tx2 (we discussed the
raison in the previous chapter). In this case the Qi standard will conclude
that the receiver isinarea 2. . . . . . . . . . .. ... L.
Range of detection is approximately equal to the inaccuracy in location. If the
current method is applied in natural habitat of animals, one should increase
the diameter of transmitter coil and that will increase the inaccuracy in the
detection of the animal position. . . . . . ... ... .. 0oL
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3.6

3.7

3.8

3.9

3.10

3.11

A diagram of the grid of coils that we use as a transmitter underneath the
volume of interest (or the transmitter is placed at Z < 0). The green box
is the volume of interest. The black circles are the coils of the transmitter.
The switches between coils allow connecting or disconnecting each coil of the
transmitter. . . . . . . oL oL
One possible configuration which is made of only one coil. In this configura-
tion the switches are selected in a way that disconnect all the coils (shown in
black color) except for one coil, shown in red color. In our method we will
use configurations like this which are made of one active coil for localization.
Another possible configuration which is consisting of three active coils (shown
in red) and other coils are turned of (shown in black). In our method we will
use configurations like this which are made of more than one active coil for
field steering. . . . . . . ..
The location of the receiver (the purple coil) is the location of the center of the
circular receiver coil, shown in black dot and specified by (x, y ,z) coordinates.
The orientation of the circular receiver coil is the orientation of a vector
perpendicular to the circular receiver coil (the blue arrow) and specified by
(0, ¢) coordinates. This means the complete localization is finding out these
five variables. . . . . . . e
In this example the Transmitter is a circular coil of radius of 3.3 cm with
one turn. We put the receiver which is a circular coil of radius of 1 cm
with one turn in six different locations. To show these locations relative to
the transmitter, the transmitter is shown in white circle. Each of these six
locations is the center of each six spherical plots. If we assume the center
of the transmitter is at (x=0, y=0, z=0)cm, These locations are, 1:(x=0,
y=0, z=3 cm), 2:(x=0, y=3.3, z=3)cm, 3:(x=0, y=6, z=3), 4:(x=4, y=0,
z=3), 5:(x=4, y=4, z=4)cm, 6:(x=6, y=6, z=4)cm. The value of mutual
inductance as a function of the location and orientation of the receiver is the
radial distance from the center of each spherical plots to the surface shown
for each orientation. To show the complete dependency of mutual inductance
on location and orientation, one should imagine such spherical plots at all the
points in space. The unit of the axes is in Henry. However the exact values
of mutual inductance here is not important for us, we just want to show how
it is a function of five variables. . . . . . .. .. ... L.
A visualization of a pre-calculated mutual inductance matrix in which the
transmitter is a circular coil of 3.3 cm radius with 6 turns and the receiver is
a circular coil of 1 cm radius with 1 turn. The transmitter coil is centred at
X=10 cm, Y=10 cm and Z=0 cm. This is one of the coils of our grid of coils
shown in Fig.3.6. The pre-calculated mutual inductance matrix shows the
mutual inductance between the transmitter and the receiver as a function of
location in the volume of interest. These locations are distinct points. Each
point represents one location at which the center of the receiver could be.
The color of that point shows the value of mutual inductance. The positive
and negative values refer to the direction of magnetic field passing through
the receiver coil. . . . . . . . . L
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A certain value of mutual inductance could be a result of large different
numbers of positions of receiver determined by simulation. In this figure the
grid box is the volume of interest. The transmitter coil (the white circle) of
radius 3.3 c¢m is placed at (x = 3.3 cm, y = 10 cm, z= 0 cm), and the receiver
coil is of radius 1 cm. The surface shows the positions of the receiver which
yield in same mutual inductance. The value of 5 pH for mutual inductance
is arbitrary chosen for the sake of demonstration. . . .. .. ... ... ...
A certain value of mutual inductance could be a result of large different
numbers of positions of receiver determined by simulation. In this figure the
grid box is the volume of interest. The transmitter coil ( the white circle)
of radius 3.3 cm is placed at (x = 3.3 cm, y = 165 cm, z= 0 cm), and the
receiver coil is of radius 1 cm. The surface shows the positions of the receiver
which yield in same mutual inductance. The value of 0.16 nH for mutual
inductance is arbitrary chosen for the sake of demonstration. . . . .. .. ..
The two surfaces show all the positions of the receiver according to each coil
(shown in Fig.3.12 and Fig.3.13 determined by simulation. The real position
of the receiver should belong to their intersection. . . . . . . . . .. ... ...
Procedure of localization. . . . . . . . . ... ... ...
The origin of the coordinate system, the position of each transmitter coil by
its number (as in table 3.4), and how we assign a number to the position of
the receiver. The green cuboid is the volume of interest. . . . ... .. ...
The real transmitter fabrication (grid of red coils) and the set-up of the
measurement, the volume of interest in shown as a black cuboid, and the
receiver coil (red small coil) is placed in some arbitrary position in the volume
of interest. . . . . . . L
The pre-calculated mutual inductance matrix is a transmitter-coil specific
3D matrix of numbers which will be stored in the controlling circuitry of the
transmitter. . . . . . ... Lo
The schematic that is used to model the measurement process in this chapter.
It is a two port network. Later we will make our model more realistic, by
moving from two port network to one port network, but not in this chapter.
The measured value of mutual inductance (12.72 nH) could be a result of any
positions of receiver belonging to the surface shown here. Till this step there
are 7325 possible positions of the receiver which match the measured mutual
inductance. The position is not unique and the localization process should
continue. . . . . . ..o e
The set of all possible positions of the receiver stored in MATLAB as a nu-
merical matrix. First column indicates the X coordinate, the second column
indicates the Y coordinate and the third column indicates the Z coordinate.
In this step there are 2525 possible positions of the receiver which match the
measured mutual inductance. . . . .. ..o Lo
The measured value of mutual inductance (0.997 nH) could be a result of any
positions of receiver belonging to the surface shown here. This is configuration

(2). o e
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3.23 Left panel shows possible positions of the receiver due to the configuration
1 and configuration 2. Right panel shows their intersection. Intersection
between surfaces belong to configuration 1 and configuration 2, reduces the
set of possible positions of the receiver. The answer is still not unique. One
should notice that the X, Y and Z axes in Right panel cover a small part of
what is shown in Left panel. It means that the answer is converging toward
small possible set of positions. . . . . . . . .. ... o

3.24 The measured value of mutual inductance (0.307 nH) could be a result of any
positions of receiver belonging to the surface shown here. . . . ... ... ..

3.25 Right panel shows possible positions of the receiver due to the configura-
tion 3 and the possible positions of the receiver from previous steps. Left
panel shows their intersections. Intersection between them reduces the set of
possible positions of the receiver. The answer still is not unique. . . . . . ..

3.26 The measured value of mutual inductance (0.997 nH) could be a result of
any positions of receiver belonging to the surface shown here. This is for
configuration 4. . . . . ... L

3.27 Right panel shows possible positions of the receiver due to the configuration
4 and the possible positions of the receiver from previous steps. Left panel
shows their intersection. Intersection between them reduces the set of possible
positions of the receiver. The answer still is not unique. . . . . . .. ... ..

3.28 The measured value of mutual inductance (0.920 nH) could be a result of any
positions of receiver belonging to the surface shown here. This is configuration
D

3.29 The intersection result now just contain six possible positions. . . . . . . . . .

3.30 All the pre-calculated surfaces (due to the measurements of the mutual in-
ductance) whose intersection leads to the localization of the receiver coil . . .

3.31 Two different configurations of transmitter lead to a magnetic field with dif-
ferent distributions in volume of interest.The upper part shows the magnetic
field distribution of a configuration suitable for case in which the receiver is
in the position shown by yellow circle and not suitable for case in which the
receiver is in the position shown by white circle. The lower part shows the
opposite (suitable for position shown by white circle and not yellow circle).
Here the precise positions of the circles are not important and we just want
to show the dependency of the magnetic field distribution in the volume of
interest on the transmitter configuration. . . . ... ... ... ... 0.

3.32 The volume of interest is divided into sub volumes (green voxels). Depending
on the result of localization of the receiver, a configuration of transmitter is
selected corresponding to the magnetic fields that add constructively in a sub
volume in which the receiver was found. . . . . . .. ... ... ... ... ..

3.33 Part of the configuration table which is stored in the controlling system of
the transmitter. ”C” means connected, and ”D” means disconnected. . . . . .

3.34 The chart for the process of localization and power transfer. . . . . . . . . ..
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3.35 Calculation for z component of the magnetic for two different configurations
of the transmitter suitable for (A panel) when the receiver is at the position
X =12 cm,Y = 12 ecm,Z = 4 ¢cm and (B panel) when the receiver is at the
position X =6 cm and Y = 5 cm, Z = 4 cm. The maximum of the generated
field (z component) takes place at the position of the receiver. The black
line in (B panel) is used to indicate the path along which measurement will
be performed (shown in Fig.3.36) to compare the experimental results to the
calculated results shown here. . . . . . . . ... ..o

3.36 Mutual inductance along the black line shown in Fig. 3.35. This line extends
from point (X=6 cm, Y=-1 cm, Z=4 cm ) to point (X=6 cm, Y=30 cm, Z=4
cm). The mutual inductance increases where the receiver is positioned and
falls down in other locations. . . . . . . . . .. ... ... ... ... ...,

4.1 The L1 and R1 are respectively the inductance of the transmitter and the
resistance of the transmitter, the L2 is the inductance of the receiver, the R2
is the resistance of the receiver, R3 is Rpoap which is the load connected
to the receiver and the Mutuall is M, the mutual inductance between the
transmitter and the receiver. I; and Is are the currents in loop 1 and loop 2,
and Vj is the voltage applied to the port 1, shown by Term1. . .. ... ...

4.2 Simulation of real part of input impedance of a transmitter as a function of
mutual inductance. The mutual inductance runs from zero to its maximum
value of 1 yH. One can see that the change in input impedance is very small
tobemeasured. . . . ... Lo

4.3 Simulation of imaginary part of input impedance of a transmitter as a function
of mutual inductance. The mutual inductance runs from zero to its maximum
value of 1uH. One can see that the change in input impedance is very small
tobemeasured. . . . . ...

4.4 Parallel — Parallel transmitter-receiver magnetic resonance coupling schematic.

Vs is the applied voltage and 11, 12, 13, 14 and I5 are the currents in each loop.129

4.5 The real part of the input impedances of the circuit in Fig.4.4 as a function
of the mutual inductance(M) and the frequency. This result shows what is
known as frequency splitting. . . . . . . ... Lo oL oL

4.6 The imaginary part of the input impedances of the circuit in Fig.4.4 as a
function of the mutual inductance(M) and the frequency. This result shows
what is known as frequency splitting. . . . . . . . ... ... .. ...,

4.7  The input impedances of the circuit in Fig.4.4 as a function of frequency with
M=0 pH. . . . . e

4.8 The input impedances of the circuit in Fig.4.4 as a function of frequency with
M=0.25 pH. . . . e

4.9 The input impedances of the circuit in Fig.4.4 as a function of frequency with
M=0.5 pH. . . .o

4.10 The input impedances of the circuit in Fig.4.4 as a function of frequency with
M=0.85 fH. . . oo

4.11 Variation of input impedance, real part and imaginary part, as a function of
the mutual inductance (M). These values becomes negative because the value
of input impedance reduces. Weak coupling is when the M is small, and the
strong coupling is when M is high. . . . . . ... ... .. ... ... ... ..
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Real part of the input impedance of the circuit shown in Fig.4.4, as a function
of M. Here the frequency is fixed at 125 kHz. . . . . . .. .. ... ... ... 138
The imaginary part of the impedance of the circuit shown in Fig.4.4, as a
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A generic antenna circuitry used in the near field magnetic coupling divided
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BRIEF INTRODUCTIONS TO
EACH CHAPTER

The main subject in this work is considering IPT (Inductive Power transfer). In particular
enhancing the magnetic mutual coupling in IPT.

In chapter 1, we introduce the main concepts regarding the IPT. Here we will give a very
brief summery about the state of arts concerning our target, which is enhancing the mag-
netic mutual coupling between the transmitter and the receiver. We will find that this
enhancing is closely related to the localization of the receiver in respect to the transmitter.
In chapter 2 we start by consider the problem of misalignment between the receiver and the
transmitter.

In this chapter a reconfigurable antenna which changes its structure by turning on and
off specific parts of itself is proposed. This will guarantee the effective power transfer in
the range of interest, regardless of the lateral and orientational misalignments between the
sender and the receiver. Experimental verification will shows the feasibility of this method.
In chapter 3 we mention some deficiency of the method introduced in chapter 2. At this
point we turn our intention to the subject of localization for enhancing the performance of
the IPT system.

How ever in chapter 3 we will do so for a two ports network. This is a system in which we
have access to both transmitter and the receiver. This is not a practical situation.

In chapter 4 we extend this method to a realistic one port network in which we do not
need access to the receiver. In this chapter we will show that our proposed method is also
compatible with currently in use system and could be integrated in them by miner modifi-
cations.

All these steps will be simulated first then measurements will be carried on. The measure-
ments will conform the validity of proposed methods.






Chapter 1

INTRODUCTION TO
WIRELESS POWER
TRANSFER AND RADIO
FREQUENCY
IDENTIFICATION IN NEAR
FIELD

1.1 FAR-FIELD AND NEAR-FIELD IN WPT

Wireless power transfer (WPT) describes the technology of transmitting electric power with-
out using any wires which are normally used to transmit electric power.

Here the system which performs the Wireless power transfer is divided into two parts:

1. Transmitter or sender or primary side (in different literature it is called different names).
This is the part of the system to which we apply the signal (or source of energy). We expect
that the transmitter transfers this power to the second part of the system (receiver) without
having them being connected by wires. This is the power-transmitting part of the system.
2. Receiver or tag or secondary side (in different literature it is called different names). This
is the part of the system which we expect to receive the power of the transmitter without
being connected by wires to it.

This is the power-receiving part of the system.

One could categorize different wireless power transfer technologies based on the mechanism
by which they transfer the power:

1. Wireless power transfer operating in near-field or non-radiative propagation.
2. Wireless power transfer operating in far-field or radiative propagation.

By near-field we mean reactive fields. Those are the component of electric or magnetic
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Figure 1.1: Near field and Far field around the source,[52].

fields which are dominant at small distance from the transmitter antenna and decay rapidly
as we increase the distance from the transmitter.

Those fields also called reactive because they represent the stored energy in the field sur-
rounding the transmitter antenna.

If we apply a certain frequency to the transmitter antenna in the half period of each time
cycle, the transmitter sends energy into these fields but in the other half cycle these fields
send back this energy to the transmitter.

So in one period (if we neglect the ohmic loss) there is no net energy (or power) transmitted
(from the transmitter) to those fields. Energy (or power) goes back and forth between the
transmitter and the fields all the time, hence the name reactive.

By far-fields we mean radiated fields. Those are the component of electric or magnetic
fields which are dominant at large distance from the transmitter antenna and hence the
name far-field.
The energy which is sent from transmitter to the far-fields will not return back to the
transmitter and is transmitted in one direction away from the transmitter, hence the name
radiated field.
It should be mentioned that the border between far-fields and the near-fields is not really
sharp as our categorization suggests, but it is a gradual transition from reactive field being
the dominant field to the radiated field being dominant (a very good distance approximation
for border line between near-field and far-field is %
So there is another category which operates in Mid-Range.
All these categorise are approximations. When we only consider the near field and neglect
the far field (or vice versa), we are approximating a complicated situation into somewhat
simpler situation.
Fig.1.1 summarizes what we have said.

A detailed analysis of Maxwell equations shows that for the near-field analysis, a good
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Figure 1.2: Classification of WPT technologies,[51].

approximation requires the following conditions:

1. The size of the transmitter is much smaller than the wavelength .
2. The distance between transmitter and the point in space which we are interested in
analysing the field there, is much smaller than the wavelength .

And for the far-field analysis, a good approximation requires the following conditions:

1. The distance between transmitter and the point in space which we are interested in
analysing the field there, is greater than the wavelength \.

2. The size of the transmitter is more than 10 times greater than the wavelength A[51].
There are numbers of WPT technologies which belong to these categorises as shown in
Figd.5:

1. In the near-field there are the inductive, the resonant and the capacitive wireless power
transfer.

2. Microwave-based or optical WPT are far-field technologies.

Because Maxwell’s equation can be simplified in the near-field (by using quasi-static ap-
proximation) in a different way in comparison with, when we work in far-field, one should
know to which group (far-field or near-field) a certain WPT technology belongs. So one can
use the correct analyse tools and approximations.

As we will see later, in this work our interest is in magnetically coupled WPT system which
operates in near-field. So we will use quasi-static approximation in this work.

1.2 TYPES OF WIRELESS POWER TRANSFER IN
NEAR-FIELD

Figure 1.3 shows the types of wireless power transfer in near fields. The coupling type is
categorized into two main categories. One is magnetic field coupling and the other is electric
field coupling. This categorization depends on whether the coupling is achieved through a
magnetic field or an electric field.

Each of these categories are further divided into two types based on the presence of the
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resonance phenomenon or its absence.

1. The magnetic field coupling uses electromagnetic induction. Here the primary side and
the secondary side are coupled by a magnetic field, and the phenomena of electromagnetic
induction is used for power transfer.

We will explain it in more details later but it is enough for now to mention that as a result
of the alternating magnetic field created by an alternating electric current in the primary
side, energy is transmitted to the secondary side. In the magnetic field coupling the primary
side and the secondary side are coils. In this work the magnetic field coupling is one of the
wireless power transfer types which we are interested in.

2. The electric field coupling uses electric field instead of a magnetic field. (In this work we
are not interested in studying the electric field coupling).

3. Magnetic resonance coupling. Introducing a resonant capacitor to the electromagnetic
induction mentioned in group 1, will cause the primary side to resonate at a certain reso-
nant frequency. If the secondary side also resonates at the same frequency (by introducing
a resonant capacitor to it also), this enables the achievement of high efficiency and high
power transfer.

In the magnetic resonance coupling the primary side and the secondary side both are res-
onators made of inductors (coils) and capacitors.

Magnetic resonance coupling will not work properly if the resonant conditions are not cor-
rect.

Having resonators on both side and working in resonance frequency, this as well let us to
have a wireless power transfer system with relatively larger gap (gap is the physical distance
between transmitter and the receiver) between the primary side and the secondary side in
comparison to simple magnetic field coupling mentioned earlier.

Before magnetic resonance coupling, it was thought that wireless power transfer was real-
izable only over a distance of 1/10th of a coil diameter primary side; however, after the
emergence of magnetic resonance coupling, it was found that power could actually be trans-
mitted with high efficiency and high power over distances equal to or greater than a coil
diameter [63]. This was a major boost for research and development in the field of wireless
power technology [63]. In this work the magnetic resonance coupling is one of the wireless
power transfer types which we are interested in.

4. Electric resonance coupling. This type uses electric field with the resonance phenomenon.
This type follow the same logic (more or less) of magnetic resonance coupling in using the
benefits of resonance for power transfer. Though the Electric resonance coupling and mag-
netic resonance coupling follow the similar logic, however because in electric resonance
coupling we are dealing with electric field rather than magnetic field, these two types are
suitable for different applications. (In this work we are not interested in studying the electric
field coupling).

1.3 THE MAGNETIC INDUCTIVE COUPLING WPT
1.3.1 BASIC WPT SYSTEM

As we said in this work we are interested in wireless power transfer in magnetic field cou-
pling (it’s other name is inductive coupling). Although in this work we will concentrate on
the coupling components, it is important to understand that such a system is much more
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Figure 1.4: Conceptual diagram of basic WPT system configuration,[63].

than just coupling parts. It is a complete system consisting of many other parts beside the
coupling elements.

Fig. 1.4 illustrates the conceptual diagram of the basic configuration of a wireless power
transfer system. The main parts of any wireless power transfer in magnetic field coupling
are([63],[24], [73], [3]-[71]):

1. DC generation: creating DC ( most of the time from 50/60 Hz frequencies) with an
AC/DC converter.

2. DC/AC transformation (inverter). The frequencies when the DC/AC transformation
occurs are those used in wireless power transfer. Frequently used frequencies in wireless
power transfer in magnetic field are 100-200 kHz, 6.78 MHz and 13.56 MHz.

3. Power transmission coils and receiving coils and an air gap between them in which wire-
less power transmission actually takes place.

4. AC/DC transformation (rectifier): The transferred power in AC is converted back to DC
with a rectifier circuit.

5. DC/DC transformation (DC/DC converter): To reach a voltage and current ratio equal
to the optimal load, some time it is called: Impedance adjustment.

6. Load components (resistance, battery, etc.)

1.3.2 EFFICIENCY OF WPT

There is an efficiency associated with each part of the wireless power transfer system shown
in Fig.1.4 [55],[38]-[71].

There is the efficiency of inverter, the efficiency of converter and so on. What we are inter-
ested here is the efficiency of coupling. The efficiency of coupling is defined as the ratio of
the applied power to the transmitter coil and the received power in the receiver coil [33].
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One way to increase the efficiency of coupling is to enhance the Q factor of the transmitter
coil and the receiver coil.

In [15], an improved planar spiral winding was proposed to improve the Q by using a Track-
Width-Ratio geometry and increasing the inner radius of the winding.

In [56] an intermediate coil was utilized for WPT system which can enhance the self-
inductance for the primary side at the resonant frequency, so effectively compensate the
apparent coupling coefficient.

In [68], a new U-coil WPT system was proposed to improve the power transfer efficiency,

ensure the suitability of the space in the path of power transmission direction, so increase
the power density.
All these methods mentioned earlier (and some other not mentioned here) are suitable for
applications in which the relative position of the transmitter and the receiver is fixed. There
are other solutions which are suitable for cases in which the relative position of the trans-
mitter and the receiver is not fixed.

1.3.3 MOBIL RECEIVERS IN WPT

In the case of the receiver not being in fixed position in respect to transmitter some new
problems arise and need to be addressed. One of them is the receiver being in null areas.
Those are positions with essentially zero coupling between receiver and the transmitter.
This happens due to the vectorial nature of the magnetic field. If the receiver is in null po-
sition the efficiency practically reduces to zero, therefore such situations should be avoided.
In [6],[22], [20] a structure is proposed (namely a twisted loop antenna) which reduces the
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Figure 1.7: Three-orthogonal-coil topology for omnidirectional WPT systems,[71].

probability of receiver (when it is placed randomly close to the transmitter) being in null
areas.

Another approach for dealing with the case of the receiver not being in fixed position in
respect to transmitter is to create Omni-directional transmitters. This approach sometimes
is called multi-objectives charging, which means having coupling between a transmitter and
multiple receivers. The key of multi-objectives WPT system is to ensure the energy supply
at an arbitrary spatial position [71].

For achieving Omni-directional transmitters, orthogonally-assembled coils has been increas-
ingly studied by researchers since it can offer an enhanced flexible charging way for household
appliances[71], as shown in Fig.1.7.

In [11], [14], [44] it is shown that, such an orthogonal topology (shown in Fig.1.7) is a
promising approach for achieving Omni-directional transmitters.

Based on such an orthogonal topology, the current phase and amplitude modulation was
proposed to spatially manipulate the electromagnetic field to be suitable for omnidirectional
WPT systems.

In [48]- [49], the transmitter consisting of two vertical coils is proposed which is excited by
current sources with adjusted amplitudes. This design aims to create a rotating electromag-
netic field.

Beside manipulating the amplitude of the current exciting the transmitter, the effect of the
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current phase was also studied for such a transmitter topology in [12], where the current
applied to each coil has a phase difference of 90 degrees. This approach was adopted to
verify the capability of power transfer to a moving receiver around the transmitter in a 2-
dimensional space [71].

In [64], a new cubic transmitter was proposed to realize an omnidirectional WPT system by
having just one single power source. This work can simplify the controlling system of WPT
while its capability of 3-dimensional power transfer remains to be verified[71].

One notice that the created electromagnetic field can be not only distributed in a 3-
dimensional space, but also concentrated to the loads directionally. This is the concept
of magnetic field beam forming or sometimes called beam steering.

A 3-dimensional WPT system with a three orthogonal coils transmitter was proposed in
[69] which is operated by the current amplitude controlling mechanism. In [47]-[46]a math-
ematical model for such system was put forth.

Such a coil topology is becoming one of the optimal technical solutions for omnidirectional
WPT systems [71].

In this work there is a number of coils as transmitter. Having more than one coil brings its
own issues (mainly coupling between transmitter coils instead of coupling between trans-
mitter coils and the receiver).

In [39] a non-coupling coil pattern which can cancel the coupling between array components
as the transfer coils is introduced. In [74], this problem is addressed by suitable placing of
transmitter coil in respect to each other.

The possibility of having more than one receiver was addressed in other works. Several
attempts were made to extend the magnetic induction WPT to a system with more than
one receivers [8] or even multiple relays,[9]-[54]. For example in [41] magnetically coupled
based networks with multiple transmitter-receiver and relays have been analysed for the
underground Wireless sensor networks, [40].

In these works the optimal performance of the system is searched for by aiming at impedance
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matching and tracking of the split frequencies beside the role of magnitude and phase of the
input signal.

Also an implicit localization of the receiver is implemented in some of these works. For ex-
ample in [69]-[65], [37] an omnidirectional scanning process for detecting the power transfer
in a 3-dimensional space, then by monitoring the amount of power transfer and choosing its
optimum values, the power flow is focused towards the targeted areas. Such principles could
be applied to any WPT system comprising three orthogonal transmitter coils and multiple
receivers with coil-resonators.

We call it implicit because there is no real knowledge involved in these approach about the
position of the receiver.

However for example the system chooses the amplitude and the phase of the applied current
to the transmitter in a way that effectively is suitable for the position of the receiver without
knowing its position.

If this localization was explicit, it could increase the applicability of wireless power transfer
to other application in which the explicit position of the receiver is a useful information,
like internet of the things or animal tracking,[53],[43], [1], [2].

To summarize, in inductive wireless power transfer one way of improving the efficiency
of the system is to improve the coupling between the receiver and the transmitter. One
active field of this research is magnetic beam forming.

Magnetic beam forming is closely related to the localization. Though what we mentioned
here did not included the explicit localization, later in chapter 3, before we explain our
method for localization, we will mention works done in explicit localization in inductive
power transfer to be in the right context.

To conclude this survey we say that in inductive wireless power transfer, a system can be
investigated from different points of view. In this study we will be concerned with following
features:

e Unidirectional or omnidirectional wireless power transfer. Here one can differentiate be-
tween WPT systems where the power is transferred to a fixed receiver where a load is
connected. This is a uni-directional WPT. Alternatively, there are omnidirectional systems
where the load does not need to be in a fixed position.

e Number of transmitters. The simplest topology for a WPT system consisting from one
transmitter coil and one receiver coil is not the case all the time. In order to extend the
WPT operability, several transmitters can be deployed in a region in order to transfer power
to a load [7]-[31].

e Stationary/Mobile receiver. In some applications, WPT must be able to handle the
receiver being placed in a random position before the charge starts. This is the case for
dynamic EV (Electrical Vehicle) wireless charging.[36], [58], [70].

e Localization of the receiver.
Those are the main criteria we will consider in our work. There are other criteria like
sensitivity of power transfer to the medium (being air, water,...) or the amount of power

being transmitted and so on, which will not be considered here.
Fig.1.9 shows the main features of WPT systems including what we will consider in this
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work.[52].

1.4 APPLICATIONS OF WPT IN MOBILE IPT

The methods of power transfer for various sources and loads have evolved largely recently.
There are many applications for inductive power transfer (IPT) and for WPT in general.
However in this study we are interested in movable targets to be powered. Today more and
more loads are movable and it is important to provide wireless power to moving things such
as electric transportation, robots, and electric drones, Fig.1.10 shows IPT for flying drone.
[60].

Currently, we mainly depend on electric wires and batteries to provide power to movables.
As one can notice, some robots, smart phones, tablets, and desktop computers etc. should
operate continuously even when they are not connected electrically to the power sources. It
is not convenient to connect some movable devices always to the fixed power source. Batter-
ies also has a limited time of powering and should be recharged. It is important to overcome
these limitations for movable things. This is the motivation for mobile power electronics.
The point is to supply electric energy to all movable things freely [60]-[35].

From this point of view power transfer can be classified as stationary and mobile based on
the movement of power receiving device, this classification is shown in Fig.1.11.

Most application in WPT have been using SPT (Stationary Power Transfer), which in-
cludes fixed SPT of an unchanged configuration such as high-voltage power lines, street
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Figure 1.10: flying drone powered by IPT. The black circles indicate the position of receiver
and the transmitter coils.[25].
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means of powering[60].
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lights, and home appliances like electric vehicles (EVs) and electric shavers etc...

To address the demand of mobility of receiver loads, various mobile power transfer (MPT)
technologies have been studied [62]; they can be classified as close MPT and remote MPT.
This depends on the range between the power transmitting source and the receiver loads. For
the close MPT, the WPT range is from a few c¢m to a few m. Among the close MPTs, induc-
tive power transfer (IPT) has been used largely because of its high power transfer capability
at relatively low frequency, whereas capacitive power transfer (CPT) is not as commonly
used because of its high operating frequency and small power transfer distance[42]-[13].

In 2008, the Wireless Power Consortium (WPC) was formed and in 2010 the first version
of the wireless charging standard (Qi) was released [72]. By 2018, Qi standard has been
supported by more than 600 companies and incorporated into more than 3000 products [66].
Adopting the principle of magnetic resonance coupling, Qi standard is based on a planar
wireless charging technology with the free positioning and localized charging features [72]-
[50].

As we said earlier free positioning means that the receiver coil can be positioned anywhere
on the pad to receive energy. Fig. 1.12 shows the standard adopted by Qi and one commer-
cial devices according to this standard. Later we will have more to say about these methods
and their advantages and their disadvantages.

In This work we will concentrate on the free positioning inductive power transfer. According
to Fig.1.11 this is the close mobile inductive power transfer system.

At the end it should be mentioned that one very important application of WPT is Radio
Frequency Identifications (RFID). As WPT, RFID could operate in near field or far field.
One category of RFID in near field uses the same mechanism which is used in IPT. Those are
called RFID in low frequency (125 kHz-150 kHz) or high frequency (13.56 MHz) [18]-[17].
Having RFID with free positioning feature also is useful for some applications, like internet
of things (IoT) etc. Because this kind of RFID uses the same mechanism which is used by
IPT, whatever we are going to say on IPT also applies equally to this group of RFID.
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Chapter 2

A RECONFIGURABLE
ANTENNA FOR
ENHANCING THE
MAGNETIC COUPLING IN
IPT AND RFID

2.1 INTRODUCTION

In this chapter we will have a more detailed look in the mechanism of magnetically coupled
coils which is the main mechanism for Wireless Power Transfer (WPT) and the Radio
Frequency Identification (RFID) in low and high frequency range. We will point out the
problem of having null area which reduces the efficiency of WPT or failure of RFID systems.
We will discus the reason of the problem of null area and at the end we will propose a solution
for this problem. We will start by explaining our method, then we check it by simulating the
method in Matlab and finally we check it experimentally to see if theoretical results are in
accordance with the theoretical and the simulated results. When we have the experimental
results that show the applicability of the method our task is completed.
The magnetic coupling between reader and tag in LF RFID and HF RFID or in IPT is
described in terms of Faraday’s law of magnetic induction. According to this law which
reads: -

0B .
ETi VxE (2.1)
any time-varying magnetic field, denoted by B, will give rise to an electric field, denoted by
E, whose curl is equal to the rate of change in the magnetic field in respect to time. If it
happens that in the location of created electric field E there is a conductor, this E will give
rise to a voltage across this conductor according to:

V:f/ﬁ.df (2.2)
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Normal

Figure 2.1: When we have a surface S in a magnetic field, it could be divided in a number
of infinitesimal surfaces. What is important here is the angle a; between the norm vector
of the surface and the direction of the magnetic field at the infinitesimal surfaces AS;. [59]

This induced voltage will create an electrical current in the conductor. Because in most
practical situations in electronic we are working with closed circuits, it is more convenient
to transform the equation 2.1 in its integral form which reads:

L. 9%
%E-dl——a (2.3)

Here ® represents the magnetic flux passing through the closed conductor. From equations
2.2 and 2.3, we get:

V=- (2.4)

This telling us that the induced voltage in a closed conductor is equal to the rate of change
of the magmatic flux passing through it in respect to time.
To understand the magnetic flux ® consider a surface S which is in a location where there
is a magnetic field, as shown in Fig.2.1[59].

The magnetic flux passing through the surface S is found by dividing this surface in a
number of infinitesimal parts, AS ; , represented by a vector normal to the AS; . For each
of these AS;, we calculate its contribution to the total magnetic flux by:

d® = B - AS; (2.5)

Applying the obtained result for each infinitesimal surface, and adding up the contributions
of all these infinitesimal surfaces one get the total magnetic flux passing through the surface

S.
The dot product in the equation 2.5, is given according to:

é . A_SJ = BASJ COS ¢y (26)

The angle «, is the angle between the magnetic field and the vector normal to the AS; as
shown in the Fig.2.1.
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dB into the page

dl < ]

Figure 2.2: Biot—Savart law [57]

As one can see from the equation 2.6, the results of this product depends strongly on the
direction of the magnetic field and the direction of the vector normal to the surface enclosed
by the conductor or the orientation of the closed conductor in the magnetic field. For these
reasons, we turn our attention more closely to the generated magnetic field and its property
and the orientation of the closed conductor in which we will have induced voltage.

2.2 MAGNETIC FIELD AND BIOT-SAVART LAW

The fundamental law for the computation of the magnetic field is the Biot—Savart law. This
law tells how a magnetic field is generated by electric current:

2 pol =
dB =
4 R2

dl X a R (27)

Figure 2.2 shows the geometry associated with the variable of this law. Here it is assumed
that the element carrying current is a filamentary element and the differential length vector
dl is in the direction of current. R is the distance between differential length dl and the
point where we want to calculate the magnetic ﬁeld The magnetic field depends on the cross
product dla} R, where aap is the unit vector from dl to the point where we want to calculate
the magnetic field. It is this cross product that gives us the direction of the magnetic field.
I is the DC current passing through the differential length dl.

It should be mentioned here that this field is due to a DC current. Earlier we said that it
is a time varying magnetic field that induces a voltage across a conductor. However, if we
are working in regime in which the wavelength of the frequency of operation is very large
in comparison to the sizes and distances we are interested in, we could assume that the
results based on DC calculation are still very good approximation. This is the quasi-static
approximation that is widely used and we are going to use here also. In terms of the angle
# in Fig. 2.2, we can rewrite the Biot—Savart law as:

dl
0"" sin fd;, (2.8)

B = 47 R?
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vertices =7 vertices = 15 vertices = 50

Figure 2.3: The circle in the left is approximated by a polygon of 7 vertices, which is not a
very good approximation. As we increase the number of vertices to 15 (in the middle) and
50 (on the right) for example, the polygon becomes better and better approximation of a
circle. The polygon on the right is a good approximation and almost completely covers the
circle underneath it.

where a,, is a unit vector normal to the plane containing dl and aR.
After determining the magnetic field due to a differential length vector JZ, one actually can
determine the magnetic field due to any configuration of electric current, no important how
complicated they are.
This is done in three steps:
1. Divide any structure into infinite number of infinitesimal differential lengths. This step
is very common in calculus.
2. Use the Biot-Savart law ( in equation 2.7 or 2.8 ) to calculate the magnetic field due to
each infinitesimal differential length.
3. Add the magnetic field due to each infinitesimal differential length together to get the
final magnetic field. This step which is summation over infinite elements in fact is taking
the integral.
If this program could be carried out completely, one will end up with an analytical solution
for a static magnetic field due to the DC current. But it turned out that it is a very
complicated task and most of the time we could not solve it analytically even for very
simple electric current carrying structure like a circular or rectangular coil. However these
problem could be solved numerically. Here, we developed a Matlab code that approximates
any electric current carrying structure into many elements (but not infinite number as
demanded in step 1) and these elements are not of infinitesimal length (as demanded in step
1). However if these elements are small enough in comparison to the size of the structure
that we study, the results are very good approximation of the analytical results. Further
more these approximated results could be made, more accurate by decreasing the length of
these elements (and at the same time increasing the number of these elements). This will
increase the time of simulation and the required memory. At the end we have an optimization
between required accuracy and the available memory and preferable calculation time.
Fig 2.3 shows these concepts for a circle.

Figure 2.4 shows the calculated magnetic field as vectors due to small straight line of
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Figure 2.4: Calculated magnetic field as vectors due to small straight line (shown in red) of
electric current.

electric current. Figure 2.5 shows the same results but instead of vector we are using field
line to show the magnetic field.

Also there is another way for calculating magnetic field which could make it easer to
calculate the magnetic field of a certain current distribution. It starts by noticing that:

V-B=0 (2.9)

the divergence of the magnetic field is always zero. From vector calculus we know that the
divergence of the curl of a vector field is always zero. This means that the magnetic field
could be defined as a curl of another vector field, lets call this new vector field: A that is
called the vector magnetic potential

B=VxA (2.10)
If we put this definition in the Amper law !
V x B =pod (2.11)
where 7 is the current density, we get:
V x (V x A) = poJ (2.12)

The equation 2.12 could be solved for JL a differential length of the line in the direction of
the current of I, at a distance R from this differential current element[inductance book]:

> po 1
=—— [ =dl 2.13
a-te (213)

n equation 2.11 we ignore the second term, namely time derivative of the electric field because we assume
that we are working in quasi static regime. However it is shown in most text book about electromagnetism
that even in general case this definition of A, vector magnetic potential is still valid.
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Figure 2.5: Calculated magnetic field as line of field due to small straight line (shown in
red) of electric current.

When A is calculated in this way, we could take its curl, according to the equation 2.10 to
arrive at the magnetic field.

This method is more suitable for calculating the magnetic field of a current distribution
which is more complicated than simple straight line. For example in the case of a current
loop. Fig. 2.6 shows such a current loop lying in the xy plane and of the radius a in
cylindrical coordinate system. In [57],[16], [34] it is shown that the vector magnetic potential
A of this current loop in a cylindrical coordinate system is calculated according to:

pol [O77 acos ¢
¢~ or 2. 2. .2 -
T Jo=0 \/a + p? + 22 — 2apcos ¢

do (2.14)

Here Ay is a component of A which is in the ¢ direction, as shown in Fig. 2.6. Because the
current is just in ¢ direction, according to equation 2.13, the only none zero component of
A'is in ¢ direction, and other components are zero so we don’t need to calculate them. p is
the distance between the projection of the point at which we calculating A on the xy plane
and the origin of the current loop. z is the z component of the point at which we calculating
A if we assume the current loop center is at z =0.

Exact solution for the integral in equation 2.14 could be found in terms of the complete
elliptic integrals [57],[16], [34] as follows:

wol [a k2
where k? is defined to be: A
2 _ ap
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ado

Figure 2.6: Current loop in a cylindrical coordinate system [57].

where K and E are the complete elliptic integrals of the first and second kind. If we take
the curl of equation 2.15, we will have the following component for the B in cylindrical
coordinate:

ol z a? + p? + 22
=t VT K+ E (a_ppw] (2.17)
By =0 (2.18)
el 1 @y (2.19)

T latp)? R (a—p)?+22

These expressions for the magnetic field still are not in very clear and easy form but to our
best knowledge, this is as far as one can go in getting analytical expressions.

However it is possible to evaluate these expressions numerically. We developed a Matlab
code that evaluates these field components in a convenient and fast way.

Fig.2.7 show the magnetic field of a filamentary loop of one turn (that is a loop which is
made of a wire of a thickness too small in respect to other physical sizes we are interested
in, so we neglect it). The radius of this loop is 3 cm and each vector shows the magnitude
and the direction of the magnetic field at certain point in space (field point). For getting
better understanding of the shape of the magnetic field of a filamentary loop, it is more
convenient to plot the magnetic field line instead of vectors.

In Fig.2.8, we clearly see that the loop carrying current creates magnetic field lines that form
circles around the current carrying loop. The magnetic field lines are function of space, that
is they change their value and direction from point to point in space. It is easier for us for
the sake of future calculations and visualizations to work in Cartesian coordinate system.
Transferring Ain cylindrical coordinate into A in Cartesian coordinate system is a straight
forward task. Later we will see that it is more important (due to the mechanism of mu-
tual inductance) to pay attention to the different component of the magnetics field, namely
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Figure 2.7: The magnetic field of a filamentary loop of one turn as vectors.
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Figure 2.8: The magnetic field of a filamentary loop of one turn as field lines.
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Bx component for a loop carrying 1 A current ><510'5
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Figure 2.9: B, component of the magnetic field of a loop carrying 1 A current. The magnetic
field is in Tesla and the X,Y and Z axes in Meter.

B,,B,, B, at each point in space rather than to the whole magnetic field line. B, B, B,
are the magnetic field component along X, Y, Z axes. Figure 9-11 show those components
for a loop carrying current.

Because these values are volume data (there is a certain value at each point) it is more con-
venient and easier to see if we plot them just in certain locations. Here we chose multiple
plane cutting the loop to show the value of the magnetic field on these planes. The black
lines on the planes are contours of equal values of the magnetic field components.

What we have being doing is this: we assume a certain current distribution is given, then
from Biot-Savart law we calculates the magnetic field component due to this current distri-
bution.

2.3 MAGNETIC FIELD BEAM STEERING

As we saw in equation 2.8, the Biot—Savart law is linear law in respect to current I. That
makes it possible to use the principle of superposition with this law. The principle of super-
position states that the final magnetic field of any configuration of electric current is simply
the addition of the magnetic field due to each part of the electric current configuration. The
magnetic field is a vector field, so the addition here means vectors addition.

In previous section we talked about the magnetic field of a current loop. By using the
principle of superposition we could simply generalize the result we get in calculating the
magnetic field of a single loop current, to any combination and configuration of a multiple
loop current.
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Figure 2.10: B, component of the magnetic field of a loop carrying 1 A current. The
magnetic field is in Tesla and the XY and Z axes in Meter.
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Figure 2.11: B, component of the magnetic field of a loop carrying 1 A current. The
magnetic field is in Tesla and the XY and Z axes in Meter.
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Bx component for a loop carrying 10 m A current

Figure 2.12: B, component of the magnetic field of a circular loop current of diameter of
10 cm carrying 10 mA current. The field is at at a distances of 4 cm above the loop. The
loop is shown in white. The magnetic field is in Tesla.

The final magnetic field will be just the vector addition of the magnetic field due to each
loop current.

Consider one loop current of diameter of 10 c¢m, carrying 10 mA of current in clockwise
direction. As we said earlier talking about the components of the field is more useful than
talking about the whole magnetic field line.

Fig 2.12 shows the B, of this loop current at plane parallel to the plane of the loop current
and at a distances of 4 cm above the loop. The loop current is in the X-Y plane and Z axis
represents the distance above the loop current.

One can see that the value of B, component in the center of the loop is zero in Fig.
2.12. To see it more clearly the absolute value of B, is plotted in the Fig 2.13. The Fig.2.14
shows the B, component of the magnetic field. We can see here that the B, of the field in
contrast to the B, of the field, has its maximum in the center of the loop.

Now if for some reasons one is interested in having B, component in a location, let say
close to the center of the loop current, one could modify the magnetic field in that location
by moving, for example, a second loop current next to the first loop current. As we said
earlier the resultant magnetic field will be the superposition (vectorial addition) of these
two magnetic fields due to the first and second loop.

Generating a magnetic field which is specially suitable for certain location of the receiver
is the main objective of Localized WPT. There are different approaches for doing so which
has been proposed in literature and find their way to industry. Here we mention some of
them adopted by ”Qi” standard[32]

Those include three WPT methods and include both guided and free positioning scenario.
1. Guided positioning. This is not a free positioning system. The receiver is forced to
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Bx component for a loop carrying 10 m A current

Figure 2.13: Absolute value of B, component of the magnetic field of a circular loop current
of diameter of 10 cm carrying 10 mA current. The field is at at a distances of 4 cm above
the loop. The loop is underneath the surface and could not be seen here. The magnetic
field is in Tesla.
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Bz component for a loop carrying 10 mA current

Figure 2.14: B, component of the magnetic field of a circular loop current of diameter of
10 cm carrying 10 mA current. The field is at at a distances of 4 cm above the loop. The
loop is underneath the surface and could not be seen here. The magnetic field is in Tesla.

be in a certain location either by a frame that houses the receiver or any other attraction
mechanism that force the receiver to certain location. This method is used in example for
wireless charging of devices that could be positioned in a more or less precise location by the
users, like mobile phone wireless charging, toothbrush wireless charging and so on. Fig.2.15
shows this guided positioning method which is currently one of the most used method in
industry.

2. free-positioning charging by using a movable transmitter coil located under the charging

surface. This method follows the logic we just mentioned, namely to enhance the magnetic
field in the location of the receiver, the transmitter is moved to a position that generates
suitable magnetic field for the receiver. This method needs some kind of localization, so the
transmitter knows where to move.
3. free position for wireless power transfer using coils array without movable mechanical
parts. In this method the receiver could have any location (in the certain range) and only
transmitters close to the receiver will be energized. Fig.2.16 shows the principle of methods
2 and 3.

In this chapter the method that we want to explain does not fall clearly in any of these
category but it has more in common with method 3.

In practice instead of moving the loop current around, it is much more convenient to have
a circuit with capability to turn on or off the currents in its different parts. By controlling
the value and the phase of current in different parts of the circuit, one controls the mag-
netic field generated by that part of the circuit. This give us a mean to control the total
magnetic field of the circuit and enable us to generate ( in certain realistic practical limits)
any desired magnitude or rotate it to any desired direction. The structure of the electric

25



CHAPTER 2. A RECONFIGURABLE ANTENNA FOR ENHANCING THE
MAGNETIC COUPLING IN IPT AND RFID

Figure 2.15: Commercial application of guided positioning. This is not a free positioning
system. The receiver should be positioned by the user above the coil (shown on the left),
otherwise the system will not work.[29]

Free Positioning (Coil Array)
Free Positioning

(Moving Coil)

Figure 2.16: a. The free positioning method based on a mechanically moveable primary coil
is illustrated. The white circle is the receiver that could be anywhere in certain range. The
transmitter, the blue circle, moves underneath to locate itself in better position. b. The
method based on a selective excitation of a coil array is illustrated. [32]
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Figure 2.17: When there is no phase difference between applied current to (for example)
two coils, the resultant magnetic field (the black arrow)don’t change the direction because
the components always change in proportion (left panel) so the resultant vector remains in
the same direction. When there is phase difference between applied current to two coils, the
resultant magnetic field (the black arrow) changes the direction because the components are
not any more changing in same proportion (right panel). blue arrows represent the magnetic
field due to blue current in one coil in three instances of time, red arrows represent the
magnetic field due to red current in second coil in three instances of time, and the black
arrow is the final magnetic field.

circuit that generates the magnetic field could be of any shape, it could be 3 dimensional or
2 dimensional (planar). One could control the magnitude of the current or its phase.

If the current in different parts of the structure of the electric circuit are not in phase, the
magnetic field will change its direction while it oscillates, as shown in Fig. 2.17.

In this work we will not consider changing the phase , expect by 180 degree which is equiv-
alent to changing the direction of the current. Fig. 2.18 shows the main idea behind using
the magnitude of the current in one part of the structure of the electric circuit to rotate the
magnetic field in certain direction.

Assume that in a certain point in the space surrounding the structure of the electric circuit
we have a total magnetic field shown by red vector. This total magnetic field is the result
of vector addition of the magnetic field due to two different parts of the structure of the
electric circuit, shown in dashed blue.

By modifying the magnitude of magnetic field due to these two different parts of the struc-
ture shown in blue vectors, one can have control on the direction of the total magnetic
field. As we saw in equation 2.8 the magnitude of the field (hence each of its component)
has linear relation to the electric current that generates them. So by increasing the electric
current in one part of the circuit responsible for magnetic field of one of the dashed blue
vector by a factor (n) one also increase the value of that field also by the factor of n.
Those current used should be alternating current, according to equation 2.4 otherwise DC
current will not induce any voltage necessary for mechanism of magnetic induction. If cur-
rent in different parts of the structure of the electric circuit are in phase, the magnetic field
will oscillate while keeping its direction.
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Figure 2.18: Modifying the magnitude of magnetic field due to two different parts of the
structure shown in blue vectors, enables us to control the direction of the total magnetic
field in any direction. Two black lines in the right of the figure show the direction of the
total magnetic field before and after of the rotation of the field. If the currents that generate
B1 and B2 are in phase, the total magnetic field will always oscillate in the same direction.

This is the foundation of magnetic beam steering.

To achieve magnetic field steering, different structures of the electric circuit have been
proposed. Most such structures proposed for beam steering are 3D structures, composed of
two (or three or even more) orthogonal coils. Fig.2.19 shows one of such structure composed
of two orthogonal coils. It is true that having a 3D structure gives us more control, but
having a 2D structure is more convenient for certain applications. 2D structures are plane
structures that their physical size in one dimension is small and negligible to its size in other
dimensions, hence we are going to call them two dimensional structures, or just 2D.

For this reason we chose a twisted loop antenna (TLA). In[23],[21] it was shown that a
twisted loop antenna in general creates a magnetic field which is more suitable for the kind
of magnetic field distribution required for the magnetic induction to work (we will explain
the mechanism of magnetic field induction later and we will see why this is the case).

A twisted loop antenna is shown in Fig.2.20. It is composed of two coplanar coils next to
each other. This is the simplest possible configuration of a twisted loop antenna. We could
modify it by adding any number of coils to each side of it, Fig.2.21. We could change the
diameters of these coils as we want and we could make two (or any number) of such twisted
loop antenna and rotate them in respect to each other in any angle, Fig. 2.22.

As long as the structure is a 2D planar structure, we will call it a twisted loop antenna.

In fact we consider the twisted loop antenna as a set of coils that we could arrange in any
way that is desirable for our work. It is a mat of coplanar coils.

The reason of using a twisted loop antenna instead of separated coils in this work is the
simplicity of applying the signal to the structure. If we connect different loops via certain
controlling mechanism, for example relay switch, one will need just one signal source for all
the structure instead of a separate signal source for each coil.

Earlier we said the control of the magnetic field could be done by controlling the electric
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Figure 2.19: 3-D magnetic beam steering WPT system with a loaded receiver coil res-
onator[48].
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Figure 2.20: A twisted loop antenna in its simplest possible configuration. It is composed
of two coplanar coils next to each other. Both coils are made of one turn, so the current
is the same in both of them. The electric current in one loop is in clockwise direction and
in the other loop in anti clockwise direction (shown by blue arrows). The diameter of each
loop is 4 cm. The black lines are the magnetic field lines due to this configuration in space
around the antenna.
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Figure 2.21: A twisted loop antenna in a configuration consisting of four coils. The diameter
of small coils are 4 cm and the diameter of larger coils are 8 cm. Coils are coplanar and
each coil has one turn, so they have the same electric current. The electric current in one
small and big loop is in clockwise direction, and in the other small and big loop in anti
clockwise direction (shown by blue arrows). The black lines are the magnetic field due to
this configuration in space around the antenna.
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Figure 2.22: A twisted loop antenna in a more complicated configuration consisting of eight
coils. This configuration is two copy of the configuration shown in Fig.2.21 with one of them
rotated in respect to the other by 90 degree. The all structure is coplanar. The black lines
are the magnetic field due to this configuration in space around the antenna.
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current in coils. In a twisted loop antenna this task is done by keeping the same current
flowing in the circuit, but by changing the number of turns in each coil, equivalently we are
modifying the magnetic fields.

Again controlling of the number of turns in each coil is achieved by connecting them through
for example relay switch, which enables us to connect or disconnect certain number of turn.
This structure offers only 180 degree of phase change. Again its possible that through relay
switch, one control the direction of current flow in each coil in two ways. One direction of
the current circulating in the coil we call clockwise and the other we call anti clockwise.
The parameters that hard-wired in the structure and defined the structure of a twisted loop
antenna and could not be controlled after fabrication of a twisted loop antenna are:

1. The number of coils and their relative position to each other.

2. Diameter of each coil

The parameters that could be changed and we have control on, are:

1. the number of turns in each coil. This number will effectively control the amount of elec-
tric current in the coil. Though in fact we are not changing the current, but increasing the
number of turns will have the same effect on the magnetic field that increasing the current.
For example, if we double the number of turns in a coil we also doubled the magnitude of
the magnetic field due to that coil. Here we don’t have continuous control and we can in-
crease the number of turns (and eventually the magnitude of the magnetic field) by discrete
number.

2. the direction of current in each coil in two discrete ways: clockwise and anti clockwise,
which is equivalent to having current in 180 degree of phase difference.

When these parameters are chosen for a twisted loop antenna, we will say that twisted loop
antenna is in a certain ” configuration ”, specified by the number of turn and the direction
of current.

As we increase the range of discrete possibility the controlling system (the number of relay
switches for example) became more and more complex and the justification we offered earlier
for using a twisted loop antenna (which was essentially the ease of controlling its different
parameters) is not truth any more.

However even within a limited number of parameters that could be changed, one could
achieve sufficient number of configurations for dealing with practical situations.

Fig. 2.23 shows the generated magnetic field of one possible configuration of a twisted loop
antenna shown in Fig. 2.22. The surface shows the value of B, component of the field in
a plane parallel to the plane on which the twisted loop antenna is placed (that is X-Y) and
at 4 cm above the twisted loop antenna. The perpendicular axis here is not the vertical
distance above the twisted loop antenna but the value of B, component for different points
with range of X and Y, but fixed Z, namely for Z=4 cm above the twisted loop antenna.
The white circle is our target point where we want to increase the value of B,.

Assume that first we have a certain configuration (certain number of turns for each coil and
certain directions for current as explained earlier) of the twisted loop antenna shown in the
Fig. 2.22 that creates the magnetic field component shown in the Fig. 2.23. Now assume
that for some reason we want to create a magnetic field B, component at the point shown
by white circle.

By changing the configuration of the twisted loop antenna, one creates a magnetic field
shown in the Fig. 2.24. Here as we can see, we increased the value of the magnetic field B,
component at that point (white circle) .

In doing so, we steered the magnetic field toward certain direction.

Later we will explain how to chose a suitable configuration for creating desired magnetic
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Bx component of a configuration of a twisted loop antenna shown in Fig. 22

Figure 2.23: The surface shows the value of B, component of the field in a plane parallel
to the plane on which the twisted loop antenna is placed (that is X-Y) and at 4 cm above
the twisted loop antenna, for one possible configuration of a twisted loop antenna shown in
Fig. 2.22. The white circle is our target point where we want to increase the value of B,.

field component at any point. It also should be mentioned that it is not always possible to
create a local maxima in targeted point. However, we will later see that it is more important
to create a local maxima in a vicinity of the targeted point, it is not necessary to create a
local maxima exactly at the targeted point.

In this chapter, we will use different configurations of the twisted loop antenna as a mean
to perform the magnetic beam steering.

Now that we know how to calculate the magnetic field and how to steer it, we should inves-
tigate the mechanism of magnetic induction more closely and see how it is affected by the
distribution of the magnetic field lines.

24 MUTUAL INDUCTANCE

Faraday’s law of induction is the fundamental mechanism of inductance. Assume we have
a circular loop shown in Fig. 2.25. If we excite an electric current I in it so that the
electric current flows in the counter-clockwise direction, this current will, by the Bio-Savart
law, creates a magnetic field B which is passing through the surface that the current loop
enclosed. We are assuming here that this surface is flat for simplicity, but any surface shape
in fact gives the same results. For the counter-clockwise direction electric current as shown
in Fig. 2.25 the magnetic field B, is upward passing through the surface enclosed by the
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Bx component of a configuration of a twisted loop antenna shown in Fig. 22

Figure 2.24: The surface shows the value of B, component of the field in a plane parallel
to the plane on which the twisted loop antenna is placed (that is X-Y) and at 4 cm above
the twisted loop antenna, for one possible configuration of a twisted loop antenna shown in
Fig. 2.22. In comparison to Fig. 2.23, this configuration enhance the value B, component
of the field in the targeted point shown in white circle.

dt

Figure 2.25: Self Inductance of a current loop [57].
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loop. The total magnetic flux passing through the loop is shown by ¥ and is given by:
U= /E-d@ (2.20)

ds is a differential part of the surface S which is the surface that the current loop encloses.
If the electric current I, and its magnetic field B, is time dependent (that means we are
applying an AC current and generating an alternating magnetic field), Faraday’s law tells
us this will induce a voltage around the current loop as in equation 2.21.

o
V=" (2.21)

This voltage is not the voltage that we apply to the loop in order to excite the electric
current I, this is a new voltage that rises across the loop as a consequence of applying an
AC current to it and the total voltage across the loop is the externally applied voltage plus
this induced voltage.

To quantify this voltage, we notice that according to equation 2.21, this voltage is equal to
the rate of change of the magnetic flux. The magnetic flux has a linear relation to the mag-
netic field (magnetic flux is just summation through the value of magnetic field as indicated
in the equation 2.20. It means that if we increase the value of the field by factor of 2 for
example, the magnetic flux passing through a given area also will increase by the factor of
2. The magnetic field itself, as indicated in the equation 2.7, is proportional to the electric
current I that generates it. It means that if we increase the value of the electric current I
by factor of 2, the magnetic field also will increase by the factor of 2.

Now because the magnetic field and the magnetic flux are proportional to the electric cur-
rent I, if we divide them by the electric current I, we will have a quantity, say L, which is
independent of the electric current I, and connect the time varying current in the loop to
the voltage induced across it as given in equation 2.22.

01

V=L N (2.22)
This quantity L, is called self inductance and is a quantity that counts for the effect of
Faraday’s law in electric circuit. It is given in the unit of Henry in SI system.
The value of L is a function of geometry of the circuit elements and very often it is very
difficult to calculate it analytically.
This procedure of calculating the inductance is called the method of Flux Linkages, because
one calculates the magnetic flux that in a way “links” different part of a (in our case here)
current loop together.
This is not the only possible way. There is another way for obtaining L by using the vector
magnetic potential A instead of using B. For doing so we start by the equation 2.23,

B=VxA (2.23)

from equation 2.20 we know that:
U= /E-d% (2.24)

If we substitute equation 2.23 in equation 2.24 we get:

W:/E.&:/(VX,@@E (2.25)
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If we now use the Stokes’s theorem, equation 2.25 becomes
U= 7{ A-di (2.26)

¢ in equation 2.26 is the closed contour that enclosed the surface s.
The self inductance again is obtained by dividing the equation 2.26 by the current I

i
L hA

; (2.27)

Depending on the situation, sometimes it is more suitable and easier to use equation 2.27
for calculating L. However because in this work we ultimately interested in calculating the
mutual inductance (to be defined later) and it is also easier to extend the method of Flux
Linkages for calculating the mutual inductance, here we use the method of Flux Linkages
for the rest of work.

It could be divided in four steps:

1. Excite an electric current I in the closed loop.

2. Calculate the magnetic field B at the surface enclosed by the loop.

3. Calculate the total magnetic flux passing through the surface enclosed by the loop.
4. Divide this flux by the electric current I.

Those physical principles are general principles. That means that if the time varying mag-
netic flux linkage is going to induce a voltage, it is going to induce voltage in any (for
example) loop, in the loop that caries the electric current that give rise to the magnetic field
in the first place call it loop 1), but as well to any other loops (call it loop 2,3,..) which have
no connection to the excited loop, but the magnetic field of the first loop will pass through
them.

In Fig. 2.26 the loop 1 is the primary loop to which we applied the time varying electric
current I.
It creates the magnetic field B. This magnetic field B, penetrates the surface S; (enclosed
by the loop 1) and will result in induced voltage determinable by the self inductance (L) of
the loop 1.
However the magnetic field B is not confined to where just loop 1 is. It extends and dis-
tributes in all space around the loop 1. If we have loop 2 in vicinity of the loop 1, the
magnetic field B will penetrate as well the surface 2, Sy , enclosed by the loop 2.
So the magnetic flux in loop 2 due to the loop 1 will be:

Ty = ]f B - dsy (2.28)
52
in which B; is the magnetic field due to loop 1 in the infinitesimal surface area dss, which

is part of Ss.
Similarity the magnetic flux in loop 1 due to the loop 2 will be:

Tpo = f{ By - ds; (2.29)
sl

in which B is the magnetic field due to loop 2 in the infinitesimal surface area dsi, which
is part of 5.
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loop 1

loop 2

Figure 2.26: Mutual inductance between two loops. ¥ = Uy [57].

This magnetic flux shown by W2 in Fig. 26 will induce the voltage V across the loop 2.

As we did earlier in quantifying self inductance, here also we essentially because of linear-
ity, could introduce a quantity that we call mutual inductance, or M, that quantifies this
phenomena.

For doing so, we just have to divide the equation 2.28 and 2.29 by the current that generate
them, I1 in loop 1 for equation 2.28, and 12 for loop 2 for equation 2.29:

Way
My = — 2.30
2= (2.30)
P
My = — 2.31
_—_ (231)

Because of the symmetry , Wo; = W15 and by consequence M12 = M21 = M. As for self
inductance (L) the mutual inductance (M) is independent of the value of the electric current
in the loop 1. On the other hand unlike the self inductance of a loop which is fixed and
only a function of its geometry (here we assume that circuits elements do not change their
shape during their operation) the mutual inductance is a function of relative orientation
and separation between different circuit elements.

In our example, in Fig. 2.26, it means that if we change the position or orientation of loop
1 or loop 2, their self inductance (L) will not change, but their mutual inductance (M) will
change.

To avoid confusion from now, we will call the loop 1 in Fig. 2.26, that is the loop which
we excite by applying the alternative electric current:the transmitter or reader or sender (in
RFID and WPT literature these terms are used interchangeably). And the loop 2 in Fig.
2.26, that is the loop that does not have an independent source of energy and in which we
induce a voltage, the receiver or the tag (in RFID and WPT literature these terms are used
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Figure 2.27: a. A receiver (tag) with multi turns coil(loop 1) b. A transmitter (reader) with
multi turn coil (loop 2) [28].

interchangeably).

However one can increase the value of magnetic field by increasing the length of structure
that carry electric current, for example in the case of a coil transmitter by increasing its
diameter or by increasing the number of its turns. That is why in practice the transmitter
coil used in RFID and WPT are multi turn coils transmitter, Fig. 2.27.

For the receiver, on the other hand for increasing the mutual inductance one could increase
the size of the receiver coil for increasing the effective surface of the receiver. However
a more practical solution is to increase the effective size of the receiver by increasing the
number of turns of the receiver coil. That is why in practice the receiver coil used in RFID
and WPT are multi turns coil receivers.

Because mutual inductance (M) is a result of a summation of magnetic flux over the sur-
face enclosed by the receiver coil, it depends on number of variables, among which are the
following:

1. The value of magnetic field generated by the transmitter coil in the position of receiver
coil.

It is true that according to Bio-Savart law one can increase the value of magnetic field by
increasing the current (for example by increasing the value of electric current by factor of
2, one will increase the value of magnetic field also by factor of 2), however we should also
remember that the mutual inductance M, is a result of dividing the magnetic field by the
current, so it is finally independent of the current.

What is important to notice also is the fact that the value of magnetic field for a given fixed
current itself is a function of location and change from point to point in space. This means
that if it happens that the receiver is placed in a position in which the magnetic field value
is high, it will have large magnetic flux passing through it and if it happens that the receiver
is placed in a position in which the magnetic field value is low it will have small magnetic
flux passing through it.

2. The direction of magnetic field generated by the transmitter coil in the position of re-
ceiver coil.

The magnetic flux is a result of dot product of the magnetic field (which is a vector having
both magnitude and direction) and the infinitesimal surface element vector (perpendicular
to the surface of the receiver coil).
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The result of this dot product depends strongly on the direction of these two vectors. It
depends on the cosine of the angle between them. If the surface is perpendicular to the field
the result of dot production is maximum (cos (0)=1), and if the surface is parallel to the
field the result of dot product is minimum (cos (90)=0), even if the value of the magnetic
field is high.

This will lead to dependency of the magnetic flux on 6 variables. The three components of
the magnetic field (B,,By,B.) and the three components of the s vector: s;,s, and s..

B 5= Bys; + Bys, + B.s, (2.32)

Because the final result is addition of these three terms in equation 32, for calculating final
magnetic flux for any arbitrary direction of receiver coil, it is easier to divide it into three
steps.

In first step, we assume the receiver is perpendicular to say X axis. Then we scale the size
of the coil by the cosine of the angle between the real direction of the receiver loop and
the X axis. The same thing will be done for Y and Z axes. In doing so we project the
receiver coil in three components along XY and Z axes. In second step, we just multiply
the projected surface along X axis with the X component of the field, the projected surface
along Y axis with the Y component of the field and the projected surface along Z axis with
the Z component of the field. In third step, we add these results to get the final magnetic
flux.

That is why we are more interested in the value of each component of the magnetic field in
the location of the receiver more than actual direction of the magnetic field at that location.

To demonstrate this, consider the following situation shown in Fig. 2.28.

We have a transmitter of 1 turn coil with 5 cm radius carrying 1 mA current, shown in
blue color in Fig. 2.28. We chose our coordinate system in a way that its origin is in the
center of transmitter coil, and the transmitter coil is in the XY plane of our coordinate
system.

The receiver is a 1 turn coil with 1 cm radius shown in black color in Fig. 2.28. In all this
work when we talk about receiver loop we talk about circular loop. By doing so we do not
lose any generality and the result could be applied to any shape of receiver. Further more
by position of the receiver coil we mean the position of its center. Let assume the receiver
coil position is at the beginning (x,y,z)=(0 cm, 0 cm, 5 cm). To specify the direction of a
coil, we need to specify the vector perpendicular to its surface. In this work we will call a
vector perpendicular to the surface of a loop, the normal vector of that loop denoted by n.
Let this vector in our example be (n = 0i — 1j 4+ 0k), where 7, j and k are unit vectors along
X, Y and Z axes.

Magnetic field is a 3D vector field. That means it has three out puts for each X,Y and Z in
space. To be able to plot it in readable way here we fixed the Y and Z coordinate and sweep
along X axis. Any value of Z and Y could be chosen, and we arbitrary chose Y=0, and Z=
5 cm, just for the sake of demonstration. In Fig. 2.29, the magnitude of each component
of the magnetic field due to the transmitter are shown as we sweep along the X axis from
x=-20 cm to x=20 cm.

Now we sweep the receiver coil in the same way we did in Fig. 2.29 but this time for
mutual inductance. The result is shown in Fig. 2.30. The results are zero every where
along X axis for this particular orientation. After all these results are not very surprising.
The orientation of the receiver loop that we choose (or in other words the normal vector
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Figure 2.28: A transmitter of 1 turn coil with 5 cm radius carrying 1 mA current placed in
the origin of the coordinate system. A receiver of a 1 turn coil with 1 cm radius shown in
black color placed at (x,y,2)=(0 c¢cm,0 cm,5 cm). The receiver normal vector is (n = —17).
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Figure 2.29: The magnitude of each component of the magnetic field due to the transmitter
are shown as we sweep along the X axis from x=-20 cm to x=20 cm, for fixed z=5 cm and
fixed y=0 cm. The two black dashes show the border of region shown in Fig. 2.28, which
expands from -10 to 10 cm. B, is zero everywhere.
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Figure 2.30: The mutual inductance between transmitter and receiver is shown as we sweep
along the X axis from x=-20 cm to x=20 cm, for fixed z=5 cm and fixed y=0 cm. It is zero
everywhere.

n) happens to be perpendicular to both X and Z axes. As we said earlier, this means that
the projection of the surface of the loop is zero in YZ and XY plane. The surface of the
loop just has projection on the ZX plane and the magnetic field component that result in
magnetic flux for a surface in ZX plane is only the Y component of the field. We can see
from Fig. 2.29 that the Y component of the field along the path that we swept along is zero
everywhere, that is why the mutual inductance is also zero everywhere along that line.
Dividing the magnetic field to its component and the surface of the loop receiver in its pro-
jection on XY, ZX and YZ plane, makes the variation of the mutual inductance completely
identical to the variation of the relevant component of the magnetic field (the component
which is perpendicular to that particular plane). We can see that they are identical by com-
paring the mutual inductance in Fig. 2.30 to the B, component in the Fig 2.29. To check
this further more, we change the line along which we sweep the receiver coil and sweep along
X axis from X=-20 cm to X= 20 cm, but this time for fixed y =5 cm, and the z=5 cm ,we
get the magnetic field shown in the Fig. 2.31. Then we sweep the mutual inductance along
the same line. If our logic is correct, we should see the identical variation as the variation
of the B, component. The result of this sweep for mutual inductance along the X axis from
X=-20 cm to X= 20 cm, with fixed y =5 cm, and the z=5 cm is shown in Fig. 2.32. As we
can see the variation of the mutual inductance has similar shape as the variation of the B,
component and our method is verified.

It should be mentioned that the mutual inductance shows the same variation of the relevant
magnetic field because the diameter of the receiver coil is small in respect to the scale of
variation of the field. If the diameter of the receiver coil is bigger, the mutual inductance
will be effected not just by the value of the magnetic field at the position of the receiver coil
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Figure 2.31: The magnitude of each component of the magnetic field due to the transmitter
are shown as we sweep along the X axis from x=-20 cm to x=20 cm, for fixed z=5 cm and
fixed y=>5 cm.
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Figure 2.32: The mutual inductance between transmitter and receiver is shown as we sweep
along the X axis from x=-20 c¢cm to x=20 cm, for fixed z=5 cm and fixed y=5 cm.
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Figure 2.33: The mutual inductance between transmitter and receiver is shown for the same
condition of Fig. 2.29 but this time increasing the diameter of the receiver loop by the factor
of 4. This flatten the mutual inductance.

and its vicinity, but also by the value of relevant component of the magnetic field over a
bigger area, namely the surface of the receiver coil. The effect of this is averaging over the
variation of relevant component of the magnetic field.

If we do the same sweep whose result is shown in Fig. 2.32, for a receiver loop of radius 4 cm
(increasing the diameter of receiver loop by factor of 4 in comparison to the first sweep), we
will get the result shown in Fig. 2.33, which is a flattened version of the variation of the B,
component in Fig. 2.31. What should be noticed here, is that the mutual inductance for a
certain fixed orientation of the receiver depends strongly on the position of the receiver coil
in respect to the transmitter coil. There are certain positions where the mutual inductance
between transmitter and receiver will be very small and practically zero.

The same thing happens if we fix the position and change the orientation of the receiver coil.
When we change the orientation coil, we are changing the projection of the receiver loop
onto the XY,YZ and ZX planes and consequently the relevant magnetic field component.
The area of loop is weighted by the cosine of the angle between the receiver loop and each
plane and that will give us the projected loop area on each plane. The magnetic flux will
sum over all the three component of the magnetic field multiplied by the relevant projected
area.

U =(projection onXY plane) B, + (projection onZY plane) B, (2.33)

+ (projection onX Zplane) B, ’
Fig. 2.34shows the variables that we use to rotate the receiver loop (spherical coordinate).
We rotate the loop by rotating the vector perpendicular to it (the normal vector). The
direction of the vector is completely determined by two angles # which runs in the range
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Figure 2.34: The variable that we use to rotate the receiver loop.

[0, 27] and ® which runs in the range [—7/2, 7/2]. 7 is a unit vector (with its magnitude
equal to one).

Fig.2.35shows variation of the mutual inductance of our example when we fix the position
to the (x=0 cm, y= 0 cm, z= 5 cm). This is an arbitrary position and the same figure could
be plotted for any point.

To see this effect of variation of the mutual inductance as a function of orientation of the
receiver coil in practical cases, consider an RFID receiver (tag) which operates in 13.56 MHz
frequency. We fix the position of the tag in respect to the transmitter, then we start to
rotate it in different directions. Here we could not measure the mutual inductance directly,
but what we could measure is the voltage (V) induced in the receiver coil. The voltage
induced in the receiver is related to the mutual inductance (M) and the AC current (I) in
the transmitter coil as:

V=jwMI (2.34)

For an AC current source (fixed AC current), which is what drive the transmitter coil in
practice, the induced voltage depends only on the mutual inductance between the receiver
and the transmitter. Therefore, measuring the induced voltage in receiver coil is an indirect
method for measuring the mutual inductance between the receiver and transmitter coils.
Fig. 2.36 to Fig. 2.39 shows this effect.

In fact the final goal in WPT and a necessary step in RFID is this induced voltage in
the receiver loop. It is this voltage (and the current it creates) that is the main mechanism
of power transfer in WPT and RFID. What we saw is telling us that induced voltage is
strongly depending on the mutual inductance, which in its turn depends strongly on the
position and the orientation of the receiver in respect to the transmitter. That means the
efficiency of the power transfer strongly depends on both the position and the orientation
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Figure 2.35: The variation of the mutual inductance of our example when we fix the position
of the center of the coil to the (x=0 cm, y= 0 cm, z= 5 cm). This is an arbitrary position
and the same figure could be plotted for any point.
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Figure 2.36: The variation of the induced voltage in the receiver coil when we fix the position
but change the orientation of the receiver coil. The receiver is in the plane parallel to the
transmitter.
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Figure 2.37: The variation of the induced voltage in the receiver coil when we fix the position
but change the orientation of the receiver coil. The receiver has 30 degree angle with the
plane parallel to the transmitter.
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Figure 2.38: The variation of the induced voltage in the receiver coil when we fix the position
but change the orientation of the receiver coil. The receiver has 65 degree angle with the
plane parallel to the transmitter.
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Figure 2.39: The variation of the induced voltage in the receiver coil when we fix the position
but change the orientation of the receiver coil. The receiver has 90 degree angle with the
plane parallel to the transmitter.
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of the receiver in respect to the transmitter. If it happens that the receiver is in a position
and an orientation that have large mutual inductance, the efficiency of the system will be
high. If it happens that the receiver is in a position and an orientation that have low (or
zero) mutual inductance the efficiency of the system will be low (or zero).

These positions where the mutual inductances are too low or fall practically to zero, are
called null areas. Null areas are different for different orientations of receiver in respect to
transmitter. These null areas are unavoidable due to vectorial nature of the magnetic field.
They are unavoidable because it is always possible in a certain position to put that the
receiver in a orientation parallel to the magnetic field. These null areas are dependant on
both relative position and relative orientation of the receiver in respect to the transmitter.
That means what is a null area for certain orientation of the receiver is not necessarily a null
area to other possible orientations. Here our interest is related to small receiver coil relative
to the size of the transmitter. When this is the case, the spatial variation of the magnetic
field in general is smooth in comparison to the size of receiver . That is why the mutual
inductance is largely the result of the magnetic field (both its magnitude and orientation)
in region close to the center of receiver coil. Having small size receiver coil is more conve-
nient in practice and in general for this reason it is more investigated in literature related
to this subject (If we consider large receiver coil, it is possible to not have null area, but
here we concern ourself with small receiver coil). As we said earlier the null area depends
on both the orientation and position of the receiver in respect to the transmitter. To be
more concrete we define the volume of interest. This is a volume inside which we want to
investigate the behaviour of magnetic coupling. Instead of talking about the position of
transmitter and receiver to each other, we will talk about absolute position of the receiver
and transmitter in this volume of interest. We assign an origin of a Cartesian coordinate
system inside this volume of interest then we define the position of receiver and transmitter
in this coordinate system. In practice, because the magnetic field due to the current in the
transmitter falls rapidly as we move away from transmitter, the dimensions of this volume
of interest is roughly equal to the diameter of the transmitter size. It means that if we want
to cover a larger volume of interest we need to use a larger transmitter. We also assume (for
practical reason it is more convenient) that we do not have any control on the behaviour
of the receiver coil. As long as it is in the volume of interest, it can have any position and
orientation. Another practical assumption is that the size and the shape of the receiver coil
is fixed and does not change. Here we are assuming it to be a circular loop of 1 cm radius.
If the volume of interest is fixed, and the shape and the size of the receiver coil is fixed, and
the position and the orientation of the receiver in the volume of interest is not controlled,
the only thing that we have control on is the shape and the position of the transmitter
in the volume of interest. The transmitter could have any shape but as we said earlier in
practice it is much more convenient to have a 2 dimensional transmitter, it takes less space
and could be embedded in the working environment easily. By changing the shape and the
position of this 2D transmitter in the volume of interest, one could create different patterns
of mutual inductance between the transmitter and the receiver in the volume of interest
with maximum mutual inductance (desired) and minimal mutual inductance (not desired
or null area) in different locations of the volume of interest (for certain orientation of the
receiver). By changing the shape of the transmitter, we mean that we could chose a simple
circular coil as a transmitter, or a TLA, or any other shapes. By changing its position we
mean we could put it in different location in the volume of interest.

To give an example, assume the volume of interest is a rectangular cuboid extend:

e from X=-15 cm to X=15 cm
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Figure 2.40: The volume of interest is a black rectangular cuboid extending 30 cm along X
axis, 30 cm along Y axis and 20 cm along Z axis. The receiver is a loop of 1 cm radius in
XZ plane. The transmitter is a circular coil of radius 10 cm placed on the XY plane with its
center at the origin, carrying 1mA current. The planes show the value of mutual inductance
with contours of equal values of mutual inductance.

e from Y=-15 cm to Y=15 cm

e from Z=0 cm to Z=20 cm.

The receiver coil could be at any location in this volume with an arbitrary orientation but
it is a circular loop of 1 c¢m radius. For this example it is in XZ plane. If the transmitter
was a circular coil of radius 10 cm placed on the XY plane with its center at the origin, it
will create mutual inductance pattern shown in Fig. 2.40.

Now we change the shape of the transmitter. This time the transmitter is a TLA of radius
10 cm which is placed in symmetrical way around the origin in the XY plane. The magnetic
mutual inductance of this configuration is shown in Fig. 2.41.

We plot the mutual inductance in 3D to show its volumetric nature. This means that it
assigns a value to each point in space (specified by X,Y, and Z coordinate). However be-
cause there is a lot of information in the volumetric data, to get a better understanding of
variation of the mutual inductance in the volume of interest, it is better to show just a part
of the data. For doing so, we will fix one or more of the coordinates (X, Y or Z) and then
sweep along the other coordinates. This way even if we don’t show all the information but
we present some of the information in the more readable way. Fig. 2.42 and Fig. 2.43 show
the mutual inductance we already showed in Fig. 2.40 and Fig. 2.41 but in 2 dimensional
way. Here we fix X and Z coordinate, then we sweep along the Y axis. For the rest of this
work, we will use 2D plotting and keeping in mind that we have fixed some coordinates.
Otherwise it will be mentioned.

The main point here is that for a certain volume of interest, the nulls depend on the
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Figure 2.41: The volume of interest is a black rectangular cuboid extending 30 cm along
X axis, 30 cm along Y axis and 20 cm along Z axis. The receiver is a loop of 1 cm radius
in XZ plane. The transmitter is a TLA of radius 10 cm which is placed in symmetrical
way around the origin in the XY plane. Each loop of the TLA carry a current in 1 mA in
opposite direction (one in clockwise other in anti clockwise). The planes show the value of
mutual inductance with contours of equal values of mutual inductance.

configuration of the transmitter. Having different transmitters configurations will lead to
different distributions of null areas in the volume of interest. What is a null area in the
the Fig. 2.42 (where we have shown the receiver coil at X=0, Y=0 and Z=10 cm) is not a
null area in the Fig. 2.43 (where we have shown the receiver coil at X=0, Y=0 and Z=10
cm). In fact depending on the transmitter configuration, any point in the volume of interest
could be in a range of maximum mutual inductance or practically zero mutual inductance
(null area).

Fig. 2.42 and Fig. 2.43 show the nulls are due to different transmitters in the same volume
of interest.

There are certain applications in which the null area are not a problem. For example if one
uses magnetically coupled near field communication card, it is assumed that the user puts
the cart in a certain well defined position (and with certain orientation) that is designed
by the designer of the system to avoid null area, so the system will operate in the intended
way. Those are constrained orientation and position situations, and they imply a-priori
knowledge about orientation and the position of the receiver (or Tag in the RFID case).
But there are other many possible applications in which we don’t know a-priori the position
(as long as it in the volume of interest) and the orientation of the receiver.

Consider the following scenario for RFID application of the magnetic coupling. In a shop-
ping center we could tag the objects by attaching a RFID tag to them. Then we could
implement a RFID reader underneath the cart available in the shopping center. Then this
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Figure 2.42: The volume of interest is a black rectangular cuboid extending 30 cm along
X axis, 30 cm along Y axis and 20 cm along Z axis. The receiver is a loop of 1 cm radius
in XZ plane. The transmitter is a circular coil of radius 10 cm placed on the XY plane
with its center at the origin, carrying ImA current. Here we fix X coordinate to X=0, fix Z
coordinate to Z=10 cm, then we sweep along Y axis. The blue curve shows the variation of
the mutual inductance as we move along Y axis.

0.2

0.15

0.05

Tragsmitter TLA

0.15

Figure 2.43: The volume of interest is a black rectangular cuboid extending 30 cm along
X axis, 30 cm along Y axis and 20 cm along Z axis. The receiver is a loop of 1 cm radius
in XZ plane. The transmitter is a TLA of radius 10 cm which is placed in symmetrical
way around the origin in the XY plane. Each loop of the TLA carry a current in 1 mA in
opposite direction (one in clockwise other in anti clockwise). Here we fix X coordinate to
X=0, fix Z coordinate to Z=10 cm, then we sweep along Y axis. The blue curve shows the
variation of the mutual inductance as we move along Y axis.
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reader could read all the items and calculate the price automatically in the exit without the
customer having to scan all of them one by one (by customer himself or the cashier). This
could be easier and fasting way of shopping.

Fig. 2.44 shows a demonstration of this scenario.

The positions of the objects (as long as they are in the volume of interest) is random. The
orientation of the objects, and hence the orientation of the receiver coils, are also random.
The problem with this scenario is this: if it happened that some objects are in null area,
the chip on the tag will not have sufficiently high levels of power and voltage to operate
the electronics implementing the given protocol and the tag (and the object) will not be
detected.

To have more reliable systems that guaranty the detection of the receivers (tags) regardless
of their positions and orientation, we want to address this problem. Currently this prob-
lem is addressed either by finding the most probable orientation of the receiver (tag) then
designing a transmitter antenna in a way suitable for that particular orientation. Other
methods of addressing this problem is include attaching more than one receiver to the ob-
jects (multitaging) in different orientation (for example to different side of a box) so reducing
the probability of not detecting the object. Other possible solution is having a 3D antenna

(antenna which is not a planar), however those antenna are bulky and not suitable for all
applications. Other applications in which this problem arises include Supply Chain and
Inventory Control, keeping track of the identity of cattle and pets, Airline Luggage and so
on. In all these applications though it is reasonable that the receiver tags are more likely to
be in a certain orientation, one could not be sure about that in a-prior. Those are examples
of use of magnetic coupling in RFID applications. Because RFID is essentially using the
same mechanism as Wireless Power Transfer (WPT), the same problem arises in some WPT
application in which it is hard to precisely control the position and the orientation of the
receiver. This occurs more in movable WPT receiver (for example charging of robots and
drone powered by WPT). It is possible to increase the complexity of these robots and drones
so they will be positioned and orientated in desirable orientation, but that increase the cost
of these systems.

Here we will introduce another kind of solution which does not need much of complicity
to be added to the system and be easier to implement. This is a reconfigurable antenna
which aimed to deal with null areas and eliminate them. This method is based on the con-
cepts of magnetic field steering that we mentioned earlier, and will be described in next part.

2.5 A Reconfigurable Antenna for Enhancing the Mag-
netic Coupling

Before we proceed, we have to mention that what we are saying here holds truth for small
receiver coil relative to the size of the transmitter. This is the case in many applications
(for example in RFID applications of the magnetic coupling, it is more convenient to have
small tags).

In the previous section we talked about null areas. To address this problem here we follow
a step by step reasoning(from step 1 to step 4):

1. Any transmitter will have some null areas.

It is impossible to have a transmitter structure with no nulls for all possible orientations
of the receiver. This happens because of the vectorial nature of the magnetic field. What-
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Figure 2.44: A scenario for RFID application of the magnetic coupling for the shopping. A
cart with a RFID reader implanted underneath it. This reader can read all the items and
calculate the price automatically in the exit without the customer having to scan all of them
one by one. Black circles show the receiver coils attached to each object. The cart is shown
in blue and the volume of interest is a black box.
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ever the magnetic field distribution of a certain transmitter is, it is possible that we have
a receiver which is parallel to the direction of the magnetic field. In this case the mutual
inductance will be zero and that will be a null area. In other word eliminating all null area is
not possible for any transmitter structure regardless of how its shape or how much complex
it is. It should be mentioned that it is true as long as the phase of current is the same in
all parts of the transmitter antenna. If it is not the case and each part of the transmitter
is exited by its own current source, the direction of the field will rotate and what we said
about null area is not correct any more. However here we are not taking this approach and
we are considering a system which is exited and energized by a single current source.

2. Those null areas are unique to each transmitter structure in a given volume of interest.
For example, if we are using a circular coil as a transmitter centered in the origin of the
volume of interest, and the receiver coil has perpendicular orientation and is placed above
the origin, as in Fig. 2.42 , the receiver is in null area. Now if we replace the transmitter
coil with a TLA, as in Fig. 2.43, the receiver coil is not any more in a null area for the same
position of the tag.

3. Having more than one transmitter structure, energized at the same time is not a solution
to eliminate these null areas, because the whole set of transmitters could be regarded as one
more complicated structure with its own null area and it will bring us back to the point one.
Now the point is to recognize that any transmitter structure which is fixed in time will have
this problem. By fixed in time we mean that its structure (the shape of antenna, its position
in respect to the volume of interest, etc..) does not change during the operation.

4. However if we change the structure of the transmitter antenna during its operation, each
configuration will have its own null areas pattern. (from Fig. 2.42 and Fig. 2.43 we can see
that different transmitters have a different null area pattern). That means if it happened,
that the receiver coil is in null area for one transmitting antenna structure, it is possible
that for another transmitter structure, it is not any more in a null area. Based on this, if
we sweep through a set of different transmitter structures, one by one, at each time step,
we could eliminate the null areas completely if this set of transmitter structures are chosen
correctly. This is what we mean by a reconfigurable structure antenna. This idea will be
used to optimize the magnetic coupling with switching between different transmitter struc-
ture as will be described in the next steps.

5. To change the structure it is practically inconvenient to physically remove on transmitter
of certain shape and replace it by another transmitter of another shape. What is more
convenient is to control it electronically by switching on or off certain parts of it, and it is
effectively equivalent to changing the structure of the transmitter antenna.

6. In the section of the Magnetic field beam steering, we talked about Twisted loop antenna
(TLA). There we said that a TLA is a 2D (planar) structure which could be regarded as a
set of circular loops, arranged in a certain way. TLA provides us with a good candidate for
constructing a reconfigurable transmitter antenna, which enables us to change its structure
electronically.

7. Indeed in Fig. 2.21 and Fig. 2.22 we showed two possible examples of TLA. There are
some variables that can be controlled :

A: Mechanical parameters: the positions of coils and their radius, which is not convenient
and not considered in this study.

B-1: Electronic parameters: Disconnecting or connecting back each circular coil, or the
number of turns in each coil. This could be done electronically easily by connecting each
turn through switches (like relay switches) that could be controlled electronically. This is
shown in Fig. 2.45.
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Figure 2.45: Each loop of the TLA is connected to next loop through a switch that connects
pin C, to either pin A or B. Here we show 3 loops. The vertical distance between loops
is exaggerated to make it easier to show the concept. These switches are controlled by a
circuitry attached to the TLA.

Each loop of the TLA is connected to next loop through a switch that connects pin C, to
either pin A or B. These switches are controlled by a circuitry attached to the TLA. In Fig.
2.46 we have an example in which the switches are connected in a way that all the loop are
in series and the current passes through all the three loops.

The loops that are connected and conduct currents are shown in red. Now assume that
we want to disconnect the loop in the middle. Fig. 2.47 shows the required switching that
disconnect the middle loop and keep just two other loops connected.

The connected loop which conducts the current is shown here in red and the disconnected
loop is shown in green. This way, we could connect or disconnect any loop and in doing
so effectively change the structure of the TLA. We refer to each of these structures as one
configuration and we will use this method to change the configuration of the TLA.

B-2: Electronic parameters: Connecting each loop to other through switches also enable us
to change the direction of the current in each loop. By direction of the current we mean
either it is clock-wise or anti clock-wise current.

Fig. 2.48 shows an example.

Assume that an electric current I enters the loop on the right side from its lower end
and resulting in a circulation of the current which is anti clock wise. Now if this loop is
connected to the other loop through a switch that could be in two state (connecting the C
pin to either A or B pin), by controlling the state of the switch through controlling circuitry
connected to the TLA we can control the direction of the current in the left side loop. If
the switch is in state shown in blue, the current in left side loop will be in anti clock wise
direction, shown by a blue circuit. If the switch is in state shown in purple, the current in
left side loop will be in clock wise direction, shown by a purple circuit.

The idea described here could be done by any structure that has different parts. However
one nice feature of the TLA is that it is relatively easy to control the structure collectively.

53



CHAPTER 2. A RECONFIGURABLE ANTENNA FOR ENHANCING THE
MAGNETIC COUPLING IN IPT AND RFID

To controlling circuits

Figure 2.46: Those are the three loops shown in Fig. 2.45. Here the switches state are
chosen by controlling mechanism in a way that all three loops are connected and are part
of the TLA. The loops that carry the electric current are shown in red.

To controlling circuits
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Figure 2.47: Those are the three loops shown in Fig. 2.45. Here the switches state are
chosen by controlling mechanism in a way that we disconnect the middle loop and it is not
part of the TLA. The loops that are part of the TLA and conduct current are shown in red,
and the loop that is excluded from TLA and does not conduct current is shown in green.
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Figure 2.48: Connecting each loop to other through switches also enables us to change the
direction of the current in each loop. If the current I enters the loop on the right in a anti
clock wise direction by switching the switch connecting it to the loop on the left side we can
control the direction of the current in the left side loop. There are two possible directions
for current, clock wise and anti clock wise directions.

If it was not a TLA (for example a grid of disconnected coils), one have to control them one
by one. But in the TLA case because different loops are already connected in a series, we
don’t need to instruct them to be connected to each other. We just need to tell which coil is
disconnected (or in reverse direction for changing the direction of current), and the others
are connected by default.

This simplifies the controlling circuits and uses less switches. This is another reason for
using TLA in this chapter.

At the end we should mention that though these switches enable use to have large number
of possible configurations, it does not give us complete controlling over TLA. Sometimes it
is not possible to control the direction of current and disconnecting or connecting of each
loop at the same time. However, the set of all possible configurations is huge and in practice
it is often more than what we need.

8. The controlling mechanism stores the table information about the switching steps. The
controlling mechanism goes through these switching steps one by one and each one of these
steps are corresponding to one configuration. So the number of required TLA structures, is
also the number of required steps.

9. We earlier mentioned that the region that we want to cover should be given in a prior.
This volume of interest depends on particular application and could be determined easily
depending on the specific application requirement. To proceed more systematically this
volume of interest is divided into cells, say cell-1, cell-2, etc. Those cells are sub volumes
of the volume of interest that together combine all the volume of interest. The number of
cells depends on the volume to be covered, the size of transmitter, the minimum required
mutual inductance between the transmitter and the receiver, etc.

10. Now our task is to make sure that if the receiver coil is in any position in any cells,
having any random orientations, will have enough mutual inductance. To do so, we have to
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Figure 2.49: Here the cell-1 is a rectangular cuboid extending 4 cm along X axis, 8 cm along
Y axis and 8 cm along Z axis. The cell-1 is shown in blue. The goal is to create a field
which is suitable for the orientation of the receiver if it was parallel to the XY plane (shown
by blue circle). On the left we see such configuration. The arrows show the direction of
current in each loop. On the right, we see the Z component of the configuration. We can
see it covers all the cell.

make sure that it is the case for any cell. So we consider each cell individually. When we
are sure that for each individual cell all possible positions and orientations of the receiver
are covered, we are sure that all the volume of interest is covered for any position in it with
any possible orientation of the receiver.

11. To realize this in practice we first chose a configuration of the TLA in a way that
creates suitable mutual inductance for the first cell. To cover all possible orientations of
the receiver we do it in three steps. Earlier we said that any random orientation of the
receiver coil could be resolved in three perpendicular orientations. In the first step, we
chose a TLA configuration that creates a magnetic field which would give an acceptable
mutual inductance if the receiver coil was in cell-1 and in XY plane. In the second step,
we chose a TLA configuration that creates a magnetic field which would give an acceptable
mutual inductance if the receiver coil was in cell-1 and in XZ plane. And in the third step
we chose a TLA configuration that creates a magnetic field which would give an acceptable
mutual inductance if the receiver coil was in cell-1 and in YZ plane. Hence, we insure that
regardless of the orientation of receiver coil if it is in the cell-1, it will have good mutual
inductance at least in one step.
The previous steps from 1 to 11, explain our approach, now we give an example.

Consider the Fig. 2.49.
Here the cell-1 is a rectangular cuboid extending 4 cm along X axis, 8 cm along Y axis and
8 cm along Z axis. The cell-1 is shown in blue. We are using 3 TLA next to each other
(shown on the left side of the Fig. 2.49). In first step, we want to create a field which is
suitable for the orientation of the receiver if it was parallel to the XY plane. This means we
are interested in the Z component of the field, as we said earlier. To create such field in the
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Figure 2.50: Here we still considering cell-1 which is shown in blue. The goal is to create a
field which is suitable for the orientation of the receiver if it was parallel to the XZ plane
(shown by blue circle). On the left we see such configuration. The arrows show the direction
of current in each loop. The red loop are disconnected and are not part of the configuration.
On the right we see the Y component of the configuration. We can see it cover all the cell.

cell-1 we set our switches in a way that all the loops carry current in the same direction.
The resulted mutual inductance for such orientation of receiver coil is shown on the right
side of the Fig. 2.49. If the receiver was at any point in this cell, it will have a mutual
inductance above the minimum mutual inductance required by the specific application we
are dealing with.

Now we assume that the receiver is in XZ plane. This time we are interested in the Y
component of the field. We switch the configuration in a way shown in left side of the Fig.
2.50. This configuration results in mutual inductance shown on the right side of the Fig.
2.50.

Third step is concerning the case in which the receiver loop was to be in the YZ plane.
This time we are interested in X component of the field. We switch the configuration in
a way shown in left side of the Fig. 2.51. This configuration results in mutual inductance
shown on the right side of the Fig. 2.51 as explained previously.

From Fig. 2.49 to Fig. 2.51, the unit of the volume of interest is length, but the unit of
magnetic field component is Tesla. It is not very correct to show them on the same axis, but
here we just want to show that there is no null area in the cell due to certain component of
the magnetic field, rather than giving precise value of the field at each point in the volume
of interest.

This well finish our steps for cell-1, and we move to next cell; cell-2, and then cell-3, and so
on. When we are done we return to the cell-1, and continue in a loop.

The next logical step is to ask how we should choose the suitable configuration in each steps.
This task is done based on the magnetic field steering that we mentioned earlier.

To see how this task is done in a real example consider the following situation. Assume we
have a TLA structure, consisting of number of loops. We start by considering the magnetic
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Figure 2.51: Here we are still considering cell-1 which is shown in blue. The goal is to create
a field which is suitable for the orientation of the receiver if it was parallel to the YZ plane
(shown by blue circle). On the left we see such configuration. The arrows show the direction
of current in each loop. On the right we see the X component of the configuration. We can
see it covers all the cell.

field created by each loop at a point of interest individually. Let say the point of interest is
a center of a certain cell. This is shown in Fig. 2.52. The total magnetic field will be the
vectorial addition of the contribution of each of this individual magnetic field.

Now if one is interested in having magnetic field which points mostly in say Y direction
(suitable for a case in which the receiver coil is in XZ plane), one should manipulate the
individual component in a way that their vector sum adds in Y direction and create a large
magnetic field in Y direction. One could control the strength of the magnetic field due to
a certain loop in the TLA by increasing the number of turns of that loop. The strength of
the magnetic field is proportional to the number of turns in each loop.

If we want to multiply the strength of the magnetic field by say 3, we also increase the
number of turns by the number of 3. Of course there is an upper limits for this which is
the number of available turns. When we connect all available turns there is no more that
we can do. However we choose the number of available turns with a priori knowledge about
the volume of interest and the number of cells, so running short of the required number of
turns is not a problem.

The direction of the magnetic field at the point of interest could be reversed by changing
the direction of the current in the corresponding loop. Those two parameters are used (and
often they are enough) to create total magnetic field with large component in the desired
direction (as we already have seen in the Fig. 2.49 to Fig. 2.51).

So finding out the structure of TLAs that will give a suitable magnetic field for each step,
is to find out the number of turns in each loop of the TLAs and the direction of the current
in them. Then by switching on and off some turns of the TLAs, we will have different
structures in each step, which in its turn give rise to different magnetic field orientations in
each step.
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Figure 2.52: On the right we have the total magnetic field (in red) in a certain point due
to the magnetic fields (dashed blue) of two different coils. If we want to rotate the field for
example in the Y direction, we realize one possible way is to reverse the direction of the
magnetic field due to coil 2, by changing the direction of current in it, and at the same time
by increasing its strength, by increasing its turns. The results is shown on the left side of
the figure with the total magnetic field in Y direction, which was our goal.

Before we move on, one should mention that it happens some times that the TLA structure
suitable for one step is also suitable for another step. That means we don’t need 3N steps
for sweeping along all the necessary steps. In practice this is very help full and reduce the
complexity of the controlling circuitry and the number of required steps.

This information about the required structure for each step and how to change the number
of turns and the direction of current in them, can be stored in a micro controller to repeat-
edly run through them one by one. In doing so, we cover the whole volume of interest for
all the possible orientations.

Before we go to experimental verification of this idea, it should be mentioned that in our
calculation of the magnetic field (in order to choose which configuration is suitable for each
step) we calculated magneto static fields due to constant current. Clearly as we mentioned
earlier the induction of voltage due to mutual inductance needs an AC current and it could
not be produced due to a DC current. However if the signal wavelength that drives the
TLA is large in respect to the TLA antenna length, we could assume we have a quasi-static
magnetic field which is approximated very well by the calculated static field. For this reason,
the measurement will be done at low frequencies (from 100 kHz and 125 kHz).

For experimental verification, we assume that the given volume of interest spans for 20 cm
in the Y direction, centred at the origin, 12 cm in the Z direction, and 12 cm along X axis.
These might seen small ranges, but the point here is that the range that one could cover
in magnetic coupling is roughly equal to the size of the transmitter. This means that the
system is easily scalable and for covering larger volume of interest one should just increases
the size of transmitters (according to the application on hand).

The goal here is this: We want our system guarantees that inside the volume of interest
there is no null area, and furthermore regardless of the position of receiver coil, the mutual
inductance of sender and receiver is at least 3 nH. Here we choose this value depending on
the minimum requirement of our experimental tools, for other systems this value is calcu-
lated depending on the minimum power required to be transferred to the receiver [6].
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Figure 2.53: The volume of interest is a box extending in Y axis from -10 cm to 10 cm. In
X extending from -6 cm to 6 cm. In Z from -6 cm to 6 cm. This volume is divided into
three cells, shown here in three different colors. cell-1 in red, cell-2 in blue and cell-3 in
black. The receiver coils could be anywhere in this volume of interest and it could have any
orientation.

The number of cells depends mainly on the volume to be covered and the minimum mutual
inductance required, as we mentioned earlier.

For our example we divide the volume of interest into three cells:

1. cell-1 from -10 c¢m to -2 cm along Y axis, from -6 cm to 6 cm along X axis, from -6 cm
to 6 cm along 7 axis.

2. cell-2 from -2 c¢m to 4 cm along Y axis, from -6 cm to 6 cm along X axis, from -6 cm to
6 cm along Z axis.

3. cell-3 from 4 cm to 10 cm along Y axis,from -6 cm to 6 cm along X axis, from -6 cm to
6 cm along Z axis.

This is shown in Fig. 53.

However as we mentioned earlier, sometimes it’s possible to cover more than one cell by
just one excitation, though this might result in having little area with mutual inductance
less than required mutual inductance, which is in our case 3 nH.

We start by covering the case in which the receiver loop is in XZ plane. That means we
are interested in the Y component of the field. From desired field for each step, we deduce
the required structure that will produce that desired field. For doing so, we chose one of
the easiest possible of TLA structure. Though this is an arbitrary choose, certain criteria
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Figure 2.54: The structure of a TLA chosen for experimental verification of our method.
The TLA is consisting of four loops. The two larger loops have diameter of 8 cm, one of
the small loops has diameter of 6 cm and another small loop has the diameter of 5 cm. It is
placed in the XY plane centered in the origin of the coordinate system, which is the center
of the volume of interest.

should be taken in our consideration. Among them, the size of the TLA should be more
or less the same size of volume of interest. Another thing is that for controlling the field
component say Y component of the magnetic field, it is a good idea to have a structure
which extends along Y axis. This makes the controlling easier. We start by choosing an
arbitrary structure of a TLA (that means the size, the number of turns,...) but we check it
if it fulfils the requirement and see if different configurations the chosen TLA could generate
required magnetic field component. If the chosen TLA configuration could not do the job,
we change it and check it again, till we have suitable TLA structure. Here we chose a TLA
structure that is consisting of four loops. It is shown in Fig. 2.54.

The two larger loops have diameter of 8 cm, one of the small loops have diameter of 6 cm

and another small loop has the diameter of 5 cm. It is placed in the XY plane centered in
the origin of the coordinate system.
To find out what is the suitable configuration in this example, we start by last cell, cell-3,
when the receiver loop is in the XZ plane. We should consider the Y component of the
magnetic field in cell-3. We chose the center of the cell-3 and see what is the direction of
the magnetic field in the centre of cell-3.
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Loop Number of turns Direction of current
The loop number 1 11 turns clock wise current
in Fig. 2.53
The loop number 2 2 turns anti clock wise
in Fig. 2.53
The loop number 1 turns anti clock wise
three in Fig. 2.53
The loop number 9 turns clock wise
four

Table 2.1: A configuration which creates the desired magnetic field in Y direction in both
cell 3 and cell 1 at the same time

It is sufficient that in the beginning we just consider the center because in general the spatial
variation of the field are not so fast if we chose the small size for the cell. Any way after
we fixed the required configuration of the TLA to have suitable field in the center of the
cell, we could check to see if it is the case for all cells. If the configuration is generating a
desired magnetic field direction in whole the cell, the task is done, if not we have to change
the configuration.

First, we check the direction of the magnetic field due to each individual loop in the cen-
ter of the cell-3 (in each loop having a 1 turn and clock wise current). The vector sum
of these will be the final magnetic field which in general is not in the desired direction to
create acceptable mutual inductance. To rotate the field in Y direction (creating large Y
component is desirable because we assumed the receiver loop is in XZ plane) we see which
magnetic field should change its direction (we do so by changing the direction of the current
in corresponding loop) and which magnetic field should become stronger by increasing the
number of turns (or weaker by reducing the number of turns); so their vector sum will have
larger component in Y direction. Though the configuration of the TLA that do the job is
not unique, it is a good idea to chose one (if it is possible) that creates a suitable magnetic
field for more than one cell. This will reduces the number of required steps. One could go
through the all possible configurations of TLA one by one and pick the best result. This
task maybe time consuming, but it is one time mission and don’t need to be repeated. The
configuration then will be stored in the memory of the controlling mechanism of the system.
Here we chose a configuration which creates the desired magnetic field in Y direction in
both cell 3 and cell 1 at the same time .

This configuration suitable for Y component of the magnetic field in cells 1 and 3 is shown
in Table 77.

Fig.2.55 shows the result (the Y component of the Magnetic field) across XY plane of the
volume of interest for a fixed Z. In this figure, we fixed z to be 6 cm above the TLA.

Cell 1 and cell 3 are shown also, to emphasize the fact that TLA indeed creates a Y com-
ponent of the field that increases in the position of cell 1 and cell 3.

Now in next step, we have to chose a configuration of the remaining cell, which is cell 2.
The configuration suitable for Y component of the magnetic field in cells 2 is shown in Table
2.5.

Notice the only thing we have changed is the number of turns and the direction of current
(electrically changeable parameter), and the radius and position of TLA has not changed
(those are not electrically changeable parameter).
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Figure 2.55: The Y component of the Magnetic field across XY plane of the volume of
interest for a fixed Z (Z= 6cm). Cell 1 and cell 3 are shown also, to emphasize the fact that
TLA indeed creates a Y component of the field that increases in the position of cell 1 and
cell 3.

Loop Number of turns Direction of current
The loop number 1 2 turns clock wise current
in Fig. 2.53
The loop number 2 4 turns clock wise
in Fig. 2.53
The loop number 4 turns anti clock wise
three in Fig. 2.53
The loop number 7 turns anti clock wise
four

Table 2.2: A configuration which creates the desired magnetic field in Y direction in cell 2.
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Figure 2.56: The Y component of the Magnetic field across XY plane of the volume of
interest for a fixed Z (Z= 6cm). Cell 2 is shown also, to emphasize the fact that TLA indeed
create a Y component of the field that increases in the position of cell 2.

Fig.2.56shows the result (the Y component of the magnetic field) across X and Y extension
of the volume of interest for a fixed Z. In this figure, we fixed Z to be 6 cm above the TLA.
Cell 2 is shown in gray, to emphasize the fact that TLA indeed creates a Y component of
the field that increases in the position of cell 2.

Those were the Y component of the magnetic field. At the end we are interested in the

mutual inductance.
In Fig.2.57 we put every thing together. To see better the mutual inductance we fix Z and
X component of receiver location and we move it along the Y axis. The receiver is in XZ
plane as we said and it is a circular loop of 2 cm diameter with one turn. The TLA is shown
in black. The arrows and the number next to each loop indicates the number of turn and
the direction of current in each loop. The colour of these arrows corresponds to the same
colour of mutual inductance curve, configuration one in blue and configuration 2 in read.
Each configuration is suitable for a cell with the same colour.

The same idea and same procedure will be done for the case in which we assume the
receiver is in YZ plane (here we will be interested in magnetic field in X direction) and
when we assume the receiver is in the XY plane (here we will be interested in magnetic field
in Z direction). For directing field in X direction from symmetry one could deduce that
what is needed is a another TLA which is in the same plane like the first one but rotated
by 90 degrees, so what was true for Y in the first TLA structure will be true for the X in
second structure. These two TLA along X and Y axes are shown in Fig.2.22. If we assume
the receiver coil is in XY plane, this means we are interested in Z component of the field.
This could easily be done if we choose all directions of currents in all loops to be in same
direction.

In this section we presented a method for avoiding null area. In this method we divide the
volume of interest in different cells then we use the beam forming to make sure that there
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Figure 2.57: Representation of the mutual inductance. We fix Z and X component of receiver
location and we move it along the Y axis. The receiver is in XZ plane. The TLA is shown
in black. The arrows and the number next to each loop indicates the number of turns and
the direction of current in each loop. The colour of these arrows corresponds to the same
colour of mutual inductance curve, configuration 1 in blue and configuration two in red.
Each configuration is suitable for a cell with the same colour. Here the Z axis is used to
show two quantities at the same time: The vertical distance from the TLA, this is shown in
meter. But also it is used to show the mutual inductance. The value of mutual inductance
is not given here, what we want to show is the relative variation of mutual inductance in a
way that it increases in the targeted cells as expected.
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is no such nulls area in any cells for all possible orientation of the receiver.

2.6 Measurement

Till now we were trying to control the magnetic field created by the transmitter to overcome
the null areas between transmitter and the receiver. Measuring the magnetic field directly
is not an easy task , but measuring the consequence of this field, namely the mutual induc-
tance between the transmitter and the receiver is a much more easier and more practical
task.

It also should be mentioned that the same mechanism that gives rise to the mutual induc-
tance between two electric circuits (say two loops) gives rise to other property of the circuit,
namely self inductance. The raison is that, as any change in magnetic field induces an
electric field, the change in magnetic field due to different parts of a transmitter will induce
an electric field in other parts of transmitter itself. This is self inductance of any electric
circuit. The self inductance of any electric circuits is constant as long as the shape and the
structure of the circuits is constant. It will not change if we move the transmitter from one
place to another, or if we rotate the transmitter. The same concepts apply to the receiver
circuit also.

Another point that should be mentioned is that the transmitter and the receiver have their
own resistivity (they are made of conductor with finite conductivity) and their own capaci-
tance (they are made of conductors separated by insulators and that create a capacitor).
To measure the mutual inductance between receiver coil and the transmitter coil, we need
to model the TLA (transmitter) and the receiver. We will do this by the following steps:
1. Transmitter could be modelled by an electrical circuit with self inductance L1. The
resistivity is neglected due to its small value and the capacitance is neglected because we
are working in relatively low frequency.

2. The receiver could be modelled by an electrical circuit with self inductance L2. The
resistivity and the capacitance are neglected for the same reason as sender. However if we
are going to work in high frequency we should keep in mind that these assumptions become
inappropriate.

3. Both transmitter and receiver are inductors and both are two-terminal elements. 4. The
mutual inductance between the transmitter and the receiver M1 and the mutual inductance
between the receiver and the transmitter M2 are equal; we will simply call it M.

5. The induced voltage M di/dt, however, appears as a positive or a negative, based on the
increasing current or decreasing current at a certain instant in time. We determine the sign
of the induced voltage by using “dot convention”, see Fig.2.58

6. We use transfer model, for modelling two magnetically coupled inductors (transmitter
and receiver).

When we put all these steps together we get the model shown in the Fig.2.58. This is a
two-ports network that can be fully characterize by different parameters, like S parameters,
Z parameters and so on. We are going to use a VNA (Vector Network Analyser) for study-
ing this two-ports network by measuring its S parameters. This could be done easily by
using available VNA in the lab. The S matrix for a two port network has four components
: S11, 512, S91andSs3. What we need is to find the relation between these components and
the parameters of the network shown in the Fig. 58, namely L1, L2 and M.

For doing this first, we measure the S parameters matrix. Then we convert this S matrix to
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Figure 2.58: Circuit model of two magnetically coupled inductors (transmitter and receiver)
in low frequency. L1 is the self inductance of the transmitter (TLA), L2 is the self inductance
of the receiver and M represents the mutual inductance between transmitter and receiver.

the impedance matrix (Z matrix). Z matrix for two port network also has four components
and is connected to S matrix components by:

(14 511)(1 — Sa22) + S12521

11 = Z, 2.35

1 (14 S11)(1 — Sa2) — S1252 (235)
2512

L9 = Z, 2.36

2 0 (14 511)(1 — S22) — S12521 (2:36)
2591

Lol = Z, 2.37

2 O(1+S11)(1 — S22) — S12521 (2:37)

1-— 1
Ty = Zo( S11)(1 4 Sa2) + S12521 (2.38)

(14 511)(1 — S22) — S12521

In our measurement the Zy(characteristic impedance) is 50 Ohm.

Now we have the Z matrix representation of our network. In fact we chose to convert S
matrix to Z matrix, because it enables us to connect it to the parameters of our network.
To do so we refer to Fig.2.59. The impedance matrix relates the voltage and current in port
1 (let say it is the transmitter), V1 and I1, to the voltage and current in port 2 ( let say it is
the receiver), V2 and I2. In our case of two port network the Z matrix has four components.
These components relate the voltages and currents in each port as follows:

=12 2l )

Now we develop the circuit equation in frequency domain of the circuit in Fig. 2.59 and we
get:
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Figure 2.59: Two-port network model of the transmitter (TLA) and the receiver.

‘/1 = jWLlll + jwMIQ (240)
Vo = jwMI + jwLoIs (2.41)

Now we put equation 2.40 and 2.41 in matrix form and we get:

Vl _ ijl ]OJM Il
) = B ] L) 242

If we compare the equation 42 to equation 39 we conclude:

S Jen) = 7 2
Or in components form:
Zy1 = jwly (2.44)
Z1g = jwM (2.45)
Zo = jwM (2.46)
Zag = jwls (2.47)

This means by measuring the Z;5 and Zs1, and from given frequency we could deduce
the mutual inductance. It also should be mentioned that our calculation was based on the
Biot-Savart law which is a magneto static law. However working in low frequency should not
bring a big change from magneto static. For this reason we are performing our measurement
at 100 kHZ frequency.

In short we measure the S parameters, convert them to Z parameters, and from 7 parameter
deduce the mutual inductances according to equations 45 and 46.
To do the measurement, we want to check the scenario for which we did the simulation, the
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scenario whose final result are shown in Fig.2.59.

It was a case in which we have a volume of interest as a box extending in Y axis from -10
cm to 10 cm, in X extending from -6 cm to 6 cm and in Z from -6 cm to 6 cm.

The receiver coils could be anywhere in this volume of interest and it could have any orien-
tation and our objective is to guarantee that the mutual inductance between the transmitter
and the receiver is at minimum 3 nH whatever the position (within the volume of interest)
and whatever the orientation of the receiver is. Here we choose this value of minimum
mutual inductance arbitrary for the sake of demonstration, in practice this value should be
calculated depending on the minimum power required to be transferred to the receiver [6].
We said that we divide the volume of interest into three cells then cover these cells for the
three possibility of the receiver being in XY or XZ or YZ plane. Then we detailed simulation
just for the case where the receiver was in the XZ plane, and we said that the other steps
will follow the exactly same logic. This case will be tested in experiment to see whether
or not the measurement confirm the simulations and the results obtained earlier. The final
result of this simulation is shown in Fig.2.57.

In fact there is a small area (for Y from 0.03 to 0.06m) with mutual inductance less than
aimed 3 nH in cell-3 but it’s just a result of covering three cells by two structures, and could
be easily solved by increasing the number of cells. Here we are interested in demonstrating
the applicability of the idea of reconfigurable antenna in general and we will neglect this
small null area and as we said it could be solved easily in any practical system.

For measuring the mutual inductances between the transmitter and the receiver, we recreate
the conditions for which we did the simulation shown in Fig. 2.57.

1. We have the same volume of interest as in Fig.2.54.

2. We divide the volume of interest into three cells as in Fig. 2.54.

3. We fix the receiver orientation in the XZ plane, as in the simulation in Fig.2.57.

4. We fix the X and Z coordinate of the receiver to X=0, and Z=6 cm as in the simulation
in Fig. 2.57. The X coordinate is arbitrary and any value for it could be chosen but we
chose the Z = 6cm for the following reason: Z = 6cm is the upper boundary of the volume
of interest. For the lower boundary at Z=-6 cm, because of symmetry we will have the same
results. We do the measurement in the boundary of the cell, because the mutual inductance
becomes smaller as the distance from sender increases, so the lowest value of mutual induc-
tance in a cell is at its boundary. If we guarantee the mutual inductance in the boundary
of the cell is more than 3nH, we could be sure it is also higher than 3nH everywhere in that
cell.

5. We set the Y coordinate of the receiver at the edge of the volume of interest, then we
move the receiver along the Y axis step by step, from the beginning of the volume of in-
terest till its end and at each different position, we measure the S parameters, and from S
parameters we deduce the mutual inductance as explained earlier.

The Fig. 2.57 shows the result of the simulation for this set up and now we want to compare
the experimental results with the results of the simulation.

6. For measuring the S parameters we use a ROHDE and SCHWARZ ZNB 8 Vector Net-
work Analyser.

7. We do the measurement at 100 kHz for the raison mentioned earlier, simply for the quasi
- static assumptions to be valid.

8. We fabricate TLA with the same property that we earlier calculated its property (radius
of loops and number of turns) and did the simulation for.

9. The receiver is a circular coil of radius of 1 cm.

The set up and the procedure are shown in Fig.2.60 to Fig.2.63. Fig2.64 shows the results.
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Figure 2.60: The fabricated TLA for the experiment. This TLA has the same property (size
of each loop, number of turns,...) for which we did the simulation.
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Figure 2.61: The setup for the measurement. XY and Z axis are shown in black. The
volume of interest is the blue box. The TLA is in the XY plane and is connected to port 1
of the VNA. The receiver is in XZ plane and connected to port 2.
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Figure 2.62: The geometry of the setup shown in Fig. 2.61 is given here in schematics to
make it easier to see the different components of the set up measurement.
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Figure 2.63: Sweeping the receiver along Y axis, we move the receiver while keeping its
orientation and X and Z coordinates fixed, step by step along the Y axis. In each step the
new measurement is done and the value of mutual inductance between the transmitter and
the receiver being at that particular position is measured. a) y=8 cm. b) y=0 cm. ¢)=-8
cm.
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The red curve shows the mutual inductance due to the first structure of the TLAs, which
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Figure 2.64: The results of sweeping the receiver along Y axis, while keeping the orientation
and X and Z coordinates of the receiver center fixed. The red curve shows the mutual
inductance due to the first structure of the TLAs, which covers the cell 1 and cell 3, and the
blue curve is the mutual inductance due to the second structure of the TLAs, which covers
the cell 2.

covers the cell 1 and cell 3, and the blue curve is the mutual inductance due to the second
structure of the TLAs, which covers the cell 2.

For the first case, we have an average difference between calculated and measured values of
13%, and for the second case, it is 1%. The better agreement between measured results and
calculated values for second structure in comparison to the first structure are probably due
to second structure being better fabricated in term of better resemblance with the simulated
structure.

Though the self inductance of the TLA in its different configurations is not very relevant to
our mechanism, for the sake of completeness we are including them in the Table 2.6.

We said earlier that the mutual inductance profile between the receiver and any transmitter
has an acceptable value in some points and very low value in other points. The points in
which we do not have sufficient mutual inductance reduce the efficiency of the system.

On other hand when the parameters of our transmitter structure do not change, the mutual
inductance profile of that structure also does not change. For changing the mutual induc-
tance profile we should change the parameters of our structure. Changing these parameters
will change the magnetic field produced by the TLA, and it is this changed magnetic field
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Structure (covering cell) Self-inductances
First structure (1, 3) 24.0 uH
Second structure (2) 15.0 uH

Table 2.3: The self inductance of the TLA in its different configurations.
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Figure 2.65: The mutual inductance at the point y=-0.045 for the first configuration of the
TLA is too low, it means if happened that the receiver was in this point and its orientation
lays in XZ plane it would not receive any energy.

that will change the mutual inductances. To enhance the performance of the system, the
idea here was to change the parameter of our TLA in a way to change its mutual inductance
profile in certain steps to ensure that all the points with low mutual inductance in certain
configuration of TLA will have a good mutual inductance in the other configuration.

To see this in our simulation and measurement, consider the mutual inductance at the point
Y=-0.045 is too low, it means if happened that the receiver was in this point and its ori-
entation lays in XZ plane it would not receive any energy. It is shown in Fig2.65. At this
point the mutual inductance is 0.1 nH.

We will change the parameters of our TLA structure in a way to increase the mutual induc-
tance at the mentioned point. It is shown in Fig2.66. At this point the mutual inductance
is 4 nH.

We can see the mutual inductance at the point y=-0.045 (just an arbitrary point chosen for
sake of demonstration) got increased considerably (by the factor of 30), it means if happened
that the receiver was in this point it would receive reasonable energy.

This process should be done quickly for the receiver to receive stable power. Hence for
being practical these parameters should be parameters that are changeable electronically.
The parameters of TLA that we could change by using electronics circuits are the current in
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Figure 2.66: The mutual inductance at the point y=-0.045 for the second configuration of
the TLA is 4 nH. We can see the mutual inductance at this point got increased considerably,
it means if now it happened that the receiver was in this point it would receive sufficient
energy.

each loop (could be done by changing the number of turns in each loop using switches) and
the direction of the current in the loops (which again could be done using switches) other
parameters (like the radius of each TLA, and their physical positions are not changeable
electronically).

To summarize, the TLAs could be considered as an array of coils and different combinations
of these coils create different structures which in its turn create different magnetic field
patterns around the TLA. When a magnetic field of certain strength in certain direction
is required, this could be done by choosing correct configuration of the TLA. This works
essentially because field due to each coils add to the fields of other coils in a liner way. In
some locations in the space around the TLA, they cancel each other and in other location
they enhance each other. Manipulating fields by having more than one antenna (in our
case transmitter) is very well known method for far-field system (like array of antenna).
However, in far field most of the time the interest is in electric field rather than magnetic
field. Here we applied this method to near-fields and magnetic fields. The same method
could be used to increase the range of wireless power transfer. We followed a new approach
and proposed an application of this principle, namely a system which guarantees power
transfer regardless of misalignment between sender and receiver. The measurement showed
agreement between calculation and the measured values for the mutual inductances, which
confirms the feasibility of the method. This system could be more developed to obtain the
ability to localize the position of the receiver coil by monitoring how the input impedance
of the sender changes in each step.
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Chapter 3

A RECONFIGURABLE COIL
GRID FOR RECEIVER
LOCALIZATION IN
INDUCTIVE POWER
TRANSFER

3.1 INTRODUCTION

The main subject which was discussed in the previous chapter was the realization of free
positioning inductive power transfer system. We talked about a system which does not have
any requirement on the receiver position and orientation, as long as the receiver is in a
pre-given well defined volume, which we called volume of interest.

There we saw that one possible solution is to sweep along a set of configurations of a
reconfigurable transmitting coil that will eliminate the null areas in the volume of interest.
This solution is relevant when there is possibility of several receivers, in IPT - WPT or tags
in RFID at the same time in the volume of interest. However if there are few of them or even
just one of them (for example for wireless charging of robots, cars, drones,...) though the
method still should work, but it does not seem to be a very efficient approach. The reason
is that the effective mutual inductance the receiver coil has in the method of chapter two is
the average of mutual inductances the receiver coil have in each step. This happens because
if in one step we have a magnetic field which creates suitable mutual inductance for the
receiver, that magnetic field will change in the next step and in this new step the magnetic
field is not necessarily suitable any more and the receiver should wait till the repetition of
the configuration that generates suitable magnetic field. If there is a few receivers or just
even one receiver, it is not any more an efficient way.

One better possible solution is to have some kind of localization.

When the localization is done, the magnetic field could be steered in a way which is optimal
for the particular position and the orientation of the receiver.

Though we here mentioned localization as a method for enhancing magnetic coupling, the
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Figure 3.1: Multiple transmitter coils over which a device or devices can be placed
freely as long as the device or devices are in the volume of interest (Image via
https://makezens.com/liberty-series/)

ability of localization by itself is an interesting subject to be considered.

In Qi standards for wireless power transfer that we mentioned earlier the localization is
performed by using a coil array. In the Qi standard the basic mechanism of localization is
based on the coil array structure. A commercially available example is shown in Fig. 3.1.
The system shown allows the users to place one or more portable electronic devices on the
charging surface regardless of their positions. This freedom of positioning (as long as it is
in the volume of interest) is achieved by having multiple transmitter coils over each other
and any of them could be energized independently from others. The controlling circuitry of
this wireless power transfer charging system then detects which coil (or coils) is best suited
for the power transfer and then apply electric current only to it. It is also possible to apply
electric current to multiple coils at the same time if there is more than one receiver.

The localization is performed by detecting which single coil or coils are more affected by
the presence of the receiver due to the reflected impedance. In general, the receiver (or the
tag in RFID case) causes higher reflected impedances in the transmitter coil which is closer
to it than other coils of transmitter. Then the location of the coil with higher reflected
impedance is used to estimate the location of receiver. Then power transfer is performed
by exciting the coil or coils close to the receiver.

To understand this mechanism better and to see its advantages and drawbacks it is necessary
to investigate reflected impedance concept.
We start by modelling the receiver-transmitter system as shown in Fig. 3.2. Again we
assume here that we are working in low-frequency regime so the Quasi-static approximation
is valid.
When we measure the impedance of the uncoupled transmitter, we will have (in frequency
domain):

Vs =Ry +jwli 14 (31)

That means the impedance seen from voltage source is:

Vs ‘
Z11 = T = R1 +jWL1 (32)
1
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Figure 3.2: Electric circuit model of a receiver-transmitter system. L; and Lo are the self
inductances of the transmitter and the receiver. R; and R are the internal resistances of the
transmitter and the receiver. Zp, is the load connected to the receiver and Vj is the voltage
source and V7, is the voltage across the load Zy. M is the mutual inductance between the
transmitter and receiver.

Z11 is the impedance of uncoupled transmitter.
Now if we take the mutual magnetic coupling in the Fig. 3.2 we will have:

‘/s = IlRl + Ilijl - IQjOJM (33)

0= —jwMIi + (R + jwLs + Z1) 1> (3.4)
If we now simplify by substituting for Z1; and defining Z55 to be:

Zoo = Ry + jwlo + Z1, (3.5)
we get:
Vs = Zuli — jwMIy (3.6)
0= —jwMIl + ZQQIQ (37)
The input impedance of the transmitter is the ratio of the voltage applied to it to the current
it drives from voltage source, Z;, = ‘I/—f, if we solve equations 3.6 and 3.7 for getting this
ratio we get:
Vs (jw)?M?
Tin = — = Zqq — L 3.8
L H Zao (3:8)

We note in equation 3.8 that the input impedance Z;, is simply Z1; (as we expect) if the
M is zero, which is the case for uncoupled transmitter-receiver. As the coupling is increased
from zero to another value, the input impedance differs from Z1; proportional to the squared
of M. The constant of proportionality as we can see from equation 3.8 is Ge)®

Zaa
. 2 2
It is this term (]“’Zﬂ, the difference in input impedance between uncoupled transmitter

and coupled transmitter that we call reflected impedance.

To make connection between the reflected impedance and the localization one just should
remember that mutual inductance itself is a consequence of relative position between trans-
mitter and receiver. This means if we have two transmitters and the receiver happened to be
closer to one of them, the mutual inductance between the receiver and the closer transmitter
will be bigger than the inductance between the receiver and the other transmitter.
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Figure 3.3: When there is two transmitters for example, and the receiver is closer to one of
them, the reflected impedance will be higher in the transmitter closer to the receiver. By
measuring the input impedance of each transmitter it is possible to deduce which transmitter
is closer to the receiver. Then one conclude if the receiver is in area 1 or area 2, shown here
by block boxes.

This means the closer transmitter will undergo higher deviation in its input impedance due
to the its reflected impedance.

By turning this logic in reverse, if we have two transmitters and a receiver, if the input
impedance of one transmitter changes more than the other, we could conclude that the
receiver is closer to the transmitter with higher reflected impedance.

As one can see from Fig.3.3 this method essentially divides the volume of interest in num-
bers of areas, each area is corresponding to one transmitter coil. Then from known location
of each transmitter coil the location of the receiver coil is deduced.

This method of localization in which instead of precise location of receiver, its approximate
to a reference transmitter is evaluated, are called pseudo-localization method. Though
we here just mentioned the Qi standard of industry and its mechanism based on reflected
impedances, in recent years different methods in the same frame work of coils grid and
reflected impedance have been proposed to enhance the accuracy of localization.

For example, in [45] the proposed system will choose a coil from the TX coil matrix as
the signal emitting antenna and it will choose another coil beside as the receiving antenna.
Whenever the RX coil is closed to a signal antenna, the receiving antenna will return a
signal that is determined by the relative position between the RX and TX coils.

In [4] another method for localization in near field suitable for movable transmitter is pro-
posed. This method depends on fixed reference receivers placed in known positions (or
reference tags in RFID case). In RFID application of this method the transmitter reads the
closest tags and from the data base containing the position of each tag, the position of the
transmitter is deduced.

In [5] for increasing the accuracy of localization of a movable reader, it proposes a new
design of transmitter antenna that divides the reading area of the transmitter into several
parts. Other enhancement techniques for localization were proposed in [19], [61].

All these approaches (if we exclude the reference tags with known position) could be under-
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Figure 3.4: A situation which will lead to wrong localization if we follows the Qi standard
naively. Due to the orientation of the receiver, though the receiver is closer to the TxI,
it will have higher mutual inductance with Tx2 (we discussed the raison in the previous
chapter). In this case the Qi standard will conclude that the receiver is in area 2.

stood as some sort of variations on main method of Qi standard we explained earlier, and
all of them have the same drawbacks. Here we mention three of such disadvantages.

1. It is true that in general the mutual inductance between a receiver and two (or more)
transmitters is higher between a receiver and the closest transmitter to it, but it is not
always the case.

To see this we should remember that the mutual inductance is not only a result of rela-
tive positions of transmitter and receiver, but it is also effected by the relative orientation
between transmitter and receiver. Fig. 3.4 shows a situation which will lead to wrong
localization if we follow the Qi standard naively. However Qi standard is aware of this dis-
advantage, and that is why Qi standard (like the charging panel in Fig. 3.1) requires also
that the receiver should always be placed (by the users) in horizontal orientation to avoid
this problem.

The conclusion is that though there is no constrain on the position of the receiver as long
as it is in the volume of interest, there is a constrain on the orientation of the receiver.
This is not a problem for charging pad (because the user could make sure that this is the
case by placing the receiver in a correct way) but this constrain make this method not very
suitable for other applications in which one doesn’t have complete control on the orientation
of the receiver.

2. The resolution of these methods is equal to the diameter of coils constituting the array
of transmitters. So, it is possible to increase the accuracy of localization by reducing the di-
ameter of the transmitter coils. However, it is known that the effective power transfer takes
place within the separation between transmitter and receiver which is not larger than the
diameter of the transmitter coil. Therefore, decreasing the diameter of each coil although
increases the resolution of localization but also reduces the range of effective power transfer.
So, there is a trade-off between resolution of localization and maximum permitted distance
between transmitter and receiver. In RFID applications for localization, this problem shows
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Figure 3.5: Range of detection is approximately equal to the inaccuracy in location. If the
current method is applied in natural habitat of animals, one should increase the diameter of
transmitter coil and that will increase the inaccuracy in the detection of the animal position.

up as a trade-off between resolution of localization and read range.
To give an example, consider using this method with inductive RFID for indoor tracking of
small animals [10]. In such cases, a grid of transmitter antenna is placed directly underneath
the cage of the small animal to be studied. However, if one wants to apply this set-up to free
living animals, it is not always possible to place the transmitter coils close enough below the
animals. It is then desirable to increase the range of detection above the transmitter coil.
One option is to increase the diameter of the transmitter coil. But the above-mentioned
trade-off between accuracy and range of detection will show up again.
Fig. 3.5 illustrates an example of this problem. The line segment CD shows the distance
between the transmitter coil and the tag carried by the animal. As it was mentioned earlier,
increasing the range of detection in RFID requires increasing the diameter of the transmitter
coil, represented by the line segment AB in Fig. 3.5, to be equal to the line segment CD. In
this example when the tag is detected by the transmitter, it can be anywhere along AB line
segment and it is not possible to determine the location of the tag with a higher accuracy.
3. The third problem is not a problem but more a property of the earlier proposed solutions
for overcoming what we mentioned in point 1 and point 2. The earlier proposed solutions
involve additional complementary devices to be added to the system which increases the
complexity and cost of the transmitter or the reader in RFID case. For example, for the
method used in [4], to increase the accuracy of localization of movable reader it is necessary
to increase the number of reference tags and use a denser grid of reference tags.
In this chapter a new solution is proposed to address these problems and associated issues.
Namely we propose a method that:
1. Eliminates the false localization we mentioned earlier (the problem illustrated in Fig.
3.4). In other word we do not have as a requirement that the receiver should be in horizon-
tal orientation in respect to the transmitter coils.
2. Makes it possible to modify the resolution and the distance of operation independently
and achieve better localization accuracy (the problem shown in Fig. 3.5).
3. We offer to do so not by adding additional complementary devices (for example by in-
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creasing the required coils or reference tags) but rather by proposing a new algorithm based
on a data base stored in the memory of the control module of the transmitter. In other word
instead of increasing the hardware complexity we increase the software complexity, which
in most cases is more convenient and flexible.

Table 3.1 shows a brief comparison between the method proposed in this work and other
methods proposed in the state of the art that try to enhance the localization in the frame-
work of Qi standards.

After localization is done then, it is possible to use the obtained information about the
location of the receiver to solve the classic problem of coils misalignment.

Indeed, the transmitter antenna is excited in a way that generates a magnetic field which
can guarantee that the receiver is not in the null detection area. So, the proposed system is
a reconfigurable transmitter antenna that localizes the receiver and then enhances the power
transfer performance by beam steering according to the detected position and orientation
of the receiver.

This method could be useful for example in applications such as charging table or the detec-
tion and data exchange with medical implants (in-body). All the calculations, simulations
and the algorithm in this work were performed in MATLAB software. Furthermore, exper-
imentations are presented to validate the proposed method.

In the next sections we will discuss a multi coils antenna as a tool for localization, after
showing the experimental validation of the developed method, we end by using the results
of localization in beam forming for WPT enhancement.
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3.2 RECONFIGURABLE TRANSMITTER MULTI-COILS
ANTENNA

Before we explain our method we should talk about the antenna structure and the hardware
that makes the implementation of our method possible.

To do the localization and the power transfer we propose a 2D grid of coils. Where we say
it is a 2D structure we mean that the height of the antenna structure is negligible to its
other dimensions. This will be something like the mat shown in the Fig. 3.1. Though the
method we are going to explain is general and the antenna structure really does not need
to be a 2D structure, a 2D structure is much more convenient in practice, at least in many
applications. It is not bulky and it could be regarded as a thin sheet which could be easily
placed where ever it is required to be placed (underneath a table, behind the walls,...).
This 2D structure is in fact a grid of a coils all of them laying in the same plane. We call
it a reconfigurable antenna because all coils have switches connected to them and these
switches make it possible to either connect or disconnect each coil from the whole structure
of the transmitter, or inverting the current direction in each coil. It means in one instance
of time one could by turning off all the switches except one switch, turn off all the coils
expect one and thus transform the whole structure in just one coil. We could do this for
any coil separately. Of course we could have two or any other number of coils as we wish
at the same time. When just one coil (or any number of desired coils) is turned on, other
coils are just sitting there as open circuits and they don’t play any role (which means there
is no coupling between them and other transmitter coils or receiver coil)

Though the transmitter coils could be of any shape, we here chose our transmitter to be
a grid of circular coils. The number of circular coils and their diameter and the number
of turns of each coil depend on the volume of interest. As we said earlier the volume of
interest is the region of space that we assume that the receiver is located somewhere in it
and the power transfer (in WPT) or the detection (in the RFID) case, takes place inside
this volume of interest. The volume of interest is depending on the particular application
and varies from one application to another. What is important for us is this: the volume of
interest should be pre given, and it should be guaranteed that the receiver is indeed inside
this volume of interest. Determining the volume of interest should not be a problem, when
we have a practical application on our hands.

The number of circular coils and their diameter and the number of turns of each coil beside
its dependency on volume of interest, also depends on the sensitivity of devices we use for
measuring Z parameters of the transmitter-receiver system. In fact as we explain later it
is these measured Z parameters that will be used to deduce the coupling coefficient (k)
between receiver and transmitter.

This (k) will then be used for localization. To ensure that the coupling coefficient (k) is not
too small to be measured, the number and the diameter of each coil should be chosen in a
way that regardless of the position of the receiver in the volume of interest, there is always a
number of transmitter coils that are close enough to the receiver to have mutual inductance
strong enough to be measured.

In this chapter we chose the volume of interest to be a box of the dimensions: x = 20 cm,
y = 20 cm and z = 10 cm. The volume of interest in this study is chosen arbitrary just to
validate the idea. The transmitter antenna which we said is a grid of circular coils is placed
underneath the volume on interest.

To make sure that regardless of the position of the receiver in the volume of interest, there
is a number of transmitter coils close to it, a grid of coils consisting of 9 coils of radius 3.3
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Z, meter

Figure 3.6: A diagram of the grid of coils that we use as a transmitter underneath the
volume of interest (or the transmitter is placed at Z < 0). The green box is the volume of
interest. The black circles are the coils of the transmitter. The switches between coils allow
connecting or disconnecting each coil of the transmitter.

cm and each one of 6 turns, is chosen as transmitter antenna.

Fig. 3.6 shows a diagram of this grid of coils that we use as a transmitter underneath the
volume of interest (the real transmitter is shown in the Fig. 3.17).

The green box is the volume of interest. It means that the receiver (if there is any receiver)
is somewhere inside this box and its position has to be determined.

The black circles are the coils of the transmitter. The switches between coils (are not shown
in the Fig. 3.6) allow connecting or disconnecting each coil of the transmitter, in a very sim-
ilar way to what we explained in previous chapter for changing the configuration of TLAs.
When these switches are selected in a way that particular coils are turned on and other
coils are turned off, we say that we have chosen a certain configuration. By saying the
coil is turned on we mean that it is connected to the power source and there is a current
passing through it. In contrast when a coil is off it is not connected to the power source.
Each possible combination of on and off coils, we will refer to as one configuration (or one
structure).

Fig. 3.7 shows one possible configuration which is made of only one coil. In this config-
uration the switches are selected in a way that disconnect all the coils (shown in black
colour)except for one coil, shown in red colour.

Of course the configuration of the transmitter does not have to consist of one coil, the
Fig. 3.8 shows a configuration consisting of three active coils (shown in red) and others are
turned off. However in our method we will use configurations made of one active coil for
localization and configurations made of more than one active coil for field steering.

The switching is done by a circuitry connected to the transmitter. This is why we call the
transmitter a reconfigurable transmitter.

At the end, one should mention that the size of the volume of interest we chose might
look small, but it is in fact completely rescale-able. If one is interested in bigger volume
of interest suitable for specific application, one just has to increase the dimension of all
the components by the same scale. This is so because we are working in near field and in
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Z, meter

Y, meter

Figure 3.7: One possible configuration which is made of only one coil. In this configuration
the switches are selected in a way that disconnect all the coils (shown in black color) except
for one coil, shown in red color. In our method we will use configurations like this which

are made of one active coil for localization.

Figure 3.8: Another possible configuration which is consisting of three active coils (shown in
red) and other coils are turned of (shown in black). In our method we will use configurations
like this which are made of more than one active coil for field steering.
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quasi-static approximation, in which the wavelength of the signal does not play any role.

3.3 LOCALIZATION METHOD IN NEAR FIELD

To do localization one should search for parameters that are affected by the relative posi-
tion and the relative orientation between the transmitter and the receiver. When we have
such parameters it might be possible by measuring them, working out in a reverse way the
relative locations and the orientation of the transmitter and the receiver.

Another important feature that we would like is that these parameters should be accessible
from inside the system. This means that these parameters should be a part of the mecha-
nism of wireless power transfer (or RFID), and not some other added features to the system.
For example it is possible to put a camera which detects the position of the receiver. We
are not interested in this kind of solutions (that are in principle possible but which increase
the complexity, size and the price of the system) instead we are interested in solutions that
take benefit of the mechanism of the wireless power transfer (or RFID) itself.

The main parameter that plays a very important role in the wireless power transfer is the
mutual inductance. It is this parameter that determine the efficiency of the system. In the
previous chapter we saw that one property of this mutual inductance is to be a function of
the relative position and the relative orientation between the transmitter and the receiver.
We also recognized this property as a problem that could give rise to what we called null
areas. However this property of mutual inductance provides us with what we are searching
for. Namely a parameter that depends on the the relative position of transmitter and the
receiver (so we could use it as an equivalent sensor for localization) and at the same time
being a part of the main mechanism of the wireless power transfer (so we could perform
localization without adding much to the complexity and the cost of the system).

We start by the observation that the mutual inductance between the transmitter and the
receiver is a function of:

1. The geometry and size of transmitter.

2. The geometry and size of receiver.

3. The relative position and the relative orientation of transmitter and the receiver.

If we assume that the geometry and the size of the transmitter and the receiver are fixed
and don’t change (which is for many applications, a reasonable assumption) the mutual in-
ductance is just a function of the relative position and the relative orientation of transmitter
and the receiver. This suggests that if we could, somehow, measure the mutual inductance
between the transmitter and the receiver (M), we should be able to deduce the location and
the orientation of the receiver in respect to transmitter.

From now on, when we talk about the receiver, we have in our mind a circular planar re-
ceiver (which is very common in the industry).

By the location of the receiver we mean the location of the center of this circular coil.
When we talk about the orientation of the receiver we talk about the angle between the
vector perpendicular to the transmitter and the vector perpendicular to the receiver. We
will chose to put our transmitter on the XY plane and this means the vector perpendicular
to the transmitter will be in the direction of the Z axis. This choice, will make the orien-
tation of the receiver, the orientation of the vector perpendicular to the receiver with the Z
axis. This is the well known spherical coordinates that we use to specify the orientation of
the receiver. Fig.3.9 shows these parameters.
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Figure 3.9: The location of the receiver (the purple coil) is the location of the center of
the circular receiver coil, shown in black dot and specified by (x, y ,z) coordinates. The
orientation of the circular receiver coil is the orientation of a vector perpendicular to the
circular receiver coil (the blue arrow) and specified by (6, ¢) coordinates. This means the
complete localization is finding out these five variables.
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Our first step will be this: we calculate the mutual inductance between the transmitter
and the receiver, for any possible location of the receiver (as long as it is in the volume of
interest) and for any possible orientation of the receiver.

We will call this the pre-calculated matrix. It assigns to any of possible combinations of the
locations and the orientations of the receiver, a certain value of mutual inductance. Then
when the mutual inductance between receiver and the transmitter is measured, one could
compare this measured value of mutual inductance to the pre-calculated matrix of mutual
inductances to determine which location(s) and orientation(s) of the receiver could possibly
lead to the measured value of the mutual inductance.

Calculating and visualizing this pre-calculated matrix pose two problem.

1. To show this pre-calculated matrix in its complete form, one should imagine a five dimen-
sion space. Each axes of this five dimensions space will represent one of the five variables
that specify the position and the orientation of the receiver (the variable shown in the Fig.
3.9).

To each point in this five dimensional space, a value will be assigned that represents the
mutual inductance if the receiver had the position and the orientation specified by that
point in the five dimensional space.

For example the point (X1, Y1, Z1, 01, ¢1) in this five dimensional space, will have the value
M1 which means if the receiver is located in point with coordinate X1, Y1 and Z1 , and if
the receiver has the orientation specified by 1 and ¢1, the mutual inductance between the
receiver and the transmitter is M1. The same thing for the point (X2, Y2, Z2, 62, ¢2) will
have the value M2 and so on.

Though it is easy to realize the mutual inductance being as a function of five variables, it is
not easy to visualize this dependency on five variables, because it needs a five dimensional
space. In Fig. 3.10 we attempt to do so.
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In Fig.3.10 we have showed the value of mutual inductance in six different points. The
Transmitter is a circular coil of radius of 3.3 cm consisting of one turn, and the receiver is a
circular coil of radius of 1 cm consisting of one turn. The exact values of mutual inductance
here are not important for us, we just want to show how it is a function of five variables.
Each of these six points shown in Fig. 3.10 have certain X, Y and Z components which refer
to the coordinates of the center of the receiver (the variable shown in the Fig. 3.9). The
mutual inductance when the receiver is in a certain X, Y and Z coordinates also depends
on the receiver orientation. This is shown in the Fig.3.10 by a spherical plot. The radial
magnitude of this spherical plot (that is the length of a segment line connecting the center
of the spherical plot to its surface) is the value of mutual inductance as a function of the
orientation of the receiver when its center has the coordinates X, Y and Z. The orientation
of the receiver is specified by the two angles ¢ and € as shown in Fig. 3.9.

This difficulty of dealing with five dimensions function going to make the visualization of
our method a little bit hard. To get around this problem we will assume that the receiver is
always in a plane parallel to the transmitter and this orientation is not going to change. It
makes the whole visualization possible and the whole process easier to preform. However it
is not really a constraint and the algorithm that we are going to explain could be repeated
easily without this constraint.

When we assume the orientation is fixed and there is no need to find it out (we don’t have
and ¢ as variables any more) our five dimensional space becomes a three dimensional space
consisted only of X, Y and Z variables, each one denoted by one axis. Now each point in
this three dimensional space corresponds directly to a point in the physical space.

2. The mutual inductance is a function of continuous variables (namely the X, Y and Z
coordinates) which specify the location of the receiver. It means there are infinite points
in the volume of interest for which the mutual inductance should be calculated. Instead
we will divide the volume of interest in a set of discrete points distributed evenly in the
volume of interest. We will calculate the mutual inductance between the receiver and the
transmitter only for the cases in which the receiver is located at these points.

Going from continues three dimensional volume of interest to a discrete three dimensional
volume of interest is justified by noticing that, the mutual inductance is a smooth function
and it does not change very rapidly from point to point. This means that the value of
mutual inductance in a certain point is more or less close to the values of mutual inductance
in neighbouring points. This justify replacing the continues three dimensional volume of
interest with a set of discrete points distributed in a three dimensional volume of interest.
From now we will call this set of discrete points distributed evenly in a three dimensional
volume of interest as 3D grid of points.

The distance between the points of this 3D grid will be the limit of accuracy of the localiza-
tion method. If we divide the volume of interest in a 3D grid consisting of points closer to
each other the accuracy of localization will be higher. For this work as we said earlier the
volume of interest is a box of the dimensions: X = 20 cm, Y = 20 cm and Z = 10 cm. Then
we chose the spacing between the points of the 3D grid to be 1 mm along each axis, that
means that we divide the volume of interest along X axis into 200 points, along Y axis into
200 point and along Z axis into 100 points. This will result in a 3D grid of (200*200*100)
points, at any of which we will calculate the value of the mutual inductance. This will lead
to the pre-calculated matrix of mutual inductance values that we talked about before.
Before we move on it should be mentioned that here we chose the distance between each
point of the 3D grid of the pre-calculated mutual inductance matrix to be 1 mm just for
the sake of demonstration. In practice this value should be chosen based on the required
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pre-calculated mutual inductance matrix in Henry

0.06 .

0.1

X, meter NS 0.15

Y, Meter

Figure 3.11: A visualization of a pre-calculated mutual inductance matrix in which the
transmitter is a circular coil of 3.3 cm radius with 6 turns and the receiver is a circular coil
of 1 cm radius with 1 turn. The transmitter coil is centred at X=10 cm, Y=10 cm and Z=0
cm. This is one of the coils of our grid of coils shown in Fig.3.6. The pre-calculated mutual
inductance matrix shows the mutual inductance between the transmitter and the receiver
as a function of location in the volume of interest. These locations are distinct points. Each
point represents one location at which the center of the receiver could be. The color of that
point shows the value of mutual inductance. The positive and negative values refer to the
direction of magnetic field passing through the receiver coil.

accuracy of localization and the availability of memory of the electronic circuits which will
control the grid of antenna which we mentioned in the previous section. Because as we
will see later this pre-calculated mutual inductance matrix should be stored in the memory.
Reducing the spacing between each points of pre-calculated mutual inductance matrix will
increase its size, and we will need more memory in the controlling mechanism. The size
of memory required for storing this pre-calculated mutual inductance matrix will be pro-
portional to the cube of the number of points in it. An optimization should be performed
between available memory and the required accuracy. The required precision of localiza-
tion and available data storage capability will determine the maximum spacing between the
points of the pre-calculated mutual inductance matrix.

Fig. 3.11 shows a visualization of such pre-calculated mutual inductance matrix.

In this figure the mutual inductance between the transmitter and the receiver as a function
of location in the volume of interest is shown. These locations are distinct points of our
3D grids. Each point represents one location at which the center of the receiver could be.
A numerical version of this pre-calculated mutual inductance matrix will be stored in the

92



CHAPTER 3. A RECONFIGURABLE COIL GRID FOR RECEIVER LOCALIZATION
IN INDUCTIVE POWER TRANSFER

memory .
Now with this pre-calculated mutual inductance matrix at hand we return to the process of
the localization.

The idea is this: when we measure the mutual inductance between the receiver and the
transmitter, for example we get the value M1, we compare this measured mutual induc-
tance to the pre-calculated mutual inductance matrix. In doing so, we could find which
position of the receiver could result in the measured mutual inductance M1.

The problem that arises is this: the mutual inductance (M) between the transmitter and
the receiver could not be mapped to a unique position of the receiver. Indeed, it could be
mapped to a set of positions of the receiver. If the receiver was at any of these positions, it
will yield the same mutual inductance value.

This is shown in Fig. 3.12. Assume a certain value of mutual inductance between receiver
and the transmitter is measured. Of course we already know the position of the transmitter
in the volume of interest because we put it there. What we does not know is the position of
the receiver. We compare this measured mutual inductance with the pre-calculated mutual
inductance matrix to find out the possible position(s) of receiver that could result in the
measured mutual inductance. We find out that the measured mutual inductance in fact
could be a result of large different numbers of positions of receiver. The surface shown in
Fig. 3.12 shows the set of all possible positions of the receiver in the volume of interest
where all of them will have the same mutual inductance (we should remember that we fixed
the orientation of the receiver to be parallel to the plane in which the transmitter is).

The surface shows all the positions of the receiver which yield in same mutual inductance
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Figure 3.12: A certain value of mutual inductance could be a result of large different numbers
of positions of receiver determined by simulation. In this figure the grid box is the volume
of interest. The transmitter coil (the white circle) of radius 3.3 cm is placed at (x = 3.3
cm, y = 10 cm, z= 0 c¢m), and the receiver coil is of radius 1 cm. The surface shows the
positions of the receiver which yield in same mutual inductance. The value of 5 pH for
mutual inductance is arbitrary chosen for the sake of demonstration.
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Though the value of measured mutual inductance does not lead to a unique position, it
leads to a set of positions in the volume of interest which fits the obtained value of mutual
inductance and eliminating other positions which do not fit the measured value of mutual
inductance. Now the set of all possible positions of the receiver is smaller than the set of
all possible positions of the receiver before this comparison was performed.

Indeed, instead of directly finding the right position of the receiver, the possible positions
of the receiver in the volume of interest that are not consistent with the measured value of
mutual inductance are eliminated.

What we need next is to keep eliminating more possible positions of the receiver and reduce
the size of the set of all possible positions of the receiver in the volume of interest further
more. But we could not proceed more by having just one transmitter coil.

But if we have another transmitter coil with known position in the volume of interest with its
pre-calculated mutual inductance matrix calculated, we could proceed further more. That
is why we chose our transmitter to be consisted of grids of coils instead of one coil.

Now we neglect the transmitter coil that we have been working with until now and assume
that there is another transmitter coil with known position and with its pre-calculated mu-
tual inductance matrix for the same volume of interest. The position of this second coil is
not the same position of the first coil but the position of the receiver coil is still the same.
We again measure the mutual inductance between the second coil and the receiver.

The surface shows all the positions of the receiver which yield in same mutual inductance
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Figure 3.13: A certain value of mutual inductance could be a result of large different numbers
of positions of receiver determined by simulation. In this figure the grid box is the volume
of interest. The transmitter coil ( the white circle) of radius 3.3 cm is placed at (x = 3.3
cm, y = 165 cm, z= 0 cm), and the receiver coil is of radius 1 cm. The surface shows the
positions of the receiver which yield in same mutual inductance. The value of 0.16 nH for
mutual inductance is arbitrary chosen for the sake of demonstration.
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This second mutual inductance (between the second transmitter coil and the receiver) is
not the same as the first measured mutual inductance (which was between the first trans-
mitter coil and the receiver). But in both cases the position of the receiver coil is the same.
Here we assume that in the time between first and second measurement the receiver coil does
not change its position. Even if the receiver coil is moving, the time interval between these
two measurements is so short that for any practical and realistic velocity of the receiver one
could safely assume that the receiver occupies the same position during both measurements.
When the second measurement is done we could use its pre-calculated mutual inductance
matrix to find out all the possible position(s) that could lead to the second measured mutual
inductance between the receiver and the (second) transmitter coil.

Fig. 3.13 shows the result of localization according to the second coil.

Now one should understand that because the position of the receiver did not changed in
both measurements, it should at the same time belong to both subsets of possible positions
according to pre-calculated mutual inductance matrix of first coil and the pre-calculated
mutual inductance matrix of the second coil (shown in Fig.3.12 and Fig.3.13). To find the
set of possible positions which is in the first set of possible positions and in the second set
of possible positions, one should take the intersection of these two sets. Therefore, the posi-
tions that do not match the two measured values of coupling at the same time, are ruled out.

The two set of all the possible positions of the receiver and their intersection

=
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Figure 3.14: The two surfaces show all the positions of the receiver according to each coil
(shown in Fig.3.12 and Fig.3.13 determined by simulation. The real position of the receiver
should belong to their intersection.

Thus we further more reduced the set of possible positions to yet smaller subset. Now
the new set is smaller because unlike the first two sets which each of them has to satisfy
one condition (namely fitting the pre-calculated mutual inductance matrix for each of them
separately), this new set has to satisfy two conditions at the same time (fitting both pre-
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calculated mutual inductance matrix at the same time).

When there are more conditions to satisfy, there are fewer solutions that could do that.
That is why the new set of possible positions is a subset and smaller set of the two set of
possible positions that we started with.

Fig. 3.14 shows this operation.

To summarize:

e The localization procedure starts by choosing a configuration of the transmitter grid in
which only one coil is connected to the power source (say coil number one) and other
coils are disconnected (this means the transmitter is consisted only of coil number one).

e The mutual inductance between the coil number 1 of transmitter grid and the receiver
is measured.

e From this measured mutual inductance, by a method explained earlier, all possible
positions of the receiver according to the pre-calculated mutual inductance matrix of
coil number 1 are calculated.

e To reduce this set of all possible positions of the receiver to its real position, we
change the configuration of the transmitter grid to another configuration in which
the coil number 2 is connected and all other coils are disconnected (this means the
transmitter is consisted only of coil 2).

e By measuring the mutual inductance between the coil number 2 and the receiver and
following the same principle described earlier, it is possible to find another subset of
possible positions which fits the obtained value of mutual inductance between the coil
2 and the receiver.

e Because the real position of the receiver should at the same time belong to both sub-
sets of possible positions (according to coil 1 and coil 2), the intersection of these two
subsets is taken as a new and more reduced subset of possible positions of the receiver.

e Then an iterative approach is launched for coil number three, fourth,... and so on.

e This iteration is continued till a position or a small set of very closed points for the
position of the receiver are obtained and the localization is finished.

Here we chose a grid of coils as a transmitter to demonstrate the applicability of this idea,
but it really does not have to be a grid of coils. Any system that has the following feature
could implement this method:

1. Having a reconfigurable transmitter (that means transmitter with more than one possible
configuration). One could chose the desired configuration if it is needed.
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2. Being able to measure the mutual inductance between the selected configuration of the
transmitter and the receiver.

3. Having a tool to obtain all possible positions of the receiver based on the measured
mutual inductance between the transmitter and the receiver.

It is to full fill the point number one that we have chosen a grid of coils with the ability to
connect and disconnect any of them as a transmitter.

If this method was to be implemented in a stand alone device, it should be supplied by a
mechanism of measuring the mutual inductance between the transmitter and the receiver.
In our experimental verification we will use a VNA (Vector Network Analyzer) to deduce
the mutual inductance between the transmitter and the receiver. We will talk more about
this point later and distinguish between two ports and one port network in experimental
verification and the practical scenario.

It is to full fill the point number three that we have chosen the approach of creating the
pre-calculated mutual inductance matrix to map the measured mutual inductance between
the transmitter and the receiver to all the possible position(s). The approach of creating the
pre-calculated mutual inductance matrix to map the measured mutual inductance to the
possible position(s), of course is not the only possible approach and we will talk more about
other possible approaches later, namely developing an analytical solution for the mutual in-
ductance as a function of the parameters describing the position of the receiver (parameter
shown in the Fig. 3.9).

Fig. 3.15 summarizes our method.
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N=1

[ Set of possible positions of the receiver = all volume of interest ]
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{ Connect the coil # N, and disconnect all other coils from Transmitter }
[ Measure the mutual inductance between the transmitter and the receiver }

v

Deduce all the possible positions of the receiver using the pre-
calculated matrix of coil # N

¥

Set of possible position of the receiver = the intersection between set
of possible positions of the receiver according to pre-calculated

matrix of coil # N and the Set of possible positions of the receiver
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Set of possible positions of the
receiver is a unique position?

Localization is performed succsessfully ]

END

Figure 3.15: Procedure of localization.
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3.4 SIMULATION AND EXPERIMENTAL RESULT
FOR LOCALIZATION

By simulation in the title of this section we actually mean performing the algorithm for
localization in near field. As we explained earlier the method is composed of measurement
of mutual inductance then running an algorithm for deducing the location of the receiver.
The algorithm is performed in conjunction with the measurement. The algorithm moves
from one step to the next one, based on the measurement. Because of this we could not do
a simulation first then compare the results with the experimental results as in conventional
approach we did in the previous chapter.

It is for this reason that we do the simulation (performing the algorithm) and the measure-
ment at the same time.

The algorithm is performed in a MATLAB code. No special function of MATLAB is used,
we just used simple command like ”for” loop or simple matrix creation and matrix compar-
isons. So the code could be implemented in a straight way in any other programming code
or any micro-controller, provided enough memory. MATLAB is not necessary, we just use
it for its convenience.

The measured data are imported to the MATLAB code, then MATLAB process these data
for getting the desired answer.

As we said the volume of interest is the space where the receiver is somewhere in it. The
objective is to find the location of the receiver in the volume of interest. The volume of
interest is application-specific.

Here for the sake of demonstration (as we said earlier) we chose the volume of interest to
be a cuboid of the dimensions : AX = 20 cm, AY = 20 cm, AZ = 10 cm.

The receiver is a circular coil with 10 mm radius and 1 turn. The transmitter consists of
9 circular coils. Each coil is of 3.3 cm radius and 6 turns. We chose these properties of
transmitter (the number of coils and the number of turns in each coil) depending on the
volume of interest to be covered. Because the method depends on the measured mutual
inductance between the transmitter coils and the receiver, it is important to make sure
that the mutual inductance between the transmitter and the receiver is high enough to be
measured even if the receiver is placed at the frontier of the volume of interest and it has
the smallest mutual inductance (as the receiver is farther from the transmitter the mutual
inductance reduced). By increasing the number of turns, one actually increases the value of
the mutual inductance leading to it being more easily measurable within the sensitivity of
the measuring equipment.

It is for these reasons that we chose the transmitter that we have already mentioned. How-
ever the algorithm does not require this specific transmitter and any other transmitter with
the previously mentioned features (being reconfigurable,...et.) does the job.

To quantify the position of the receiver, we will assign the origin of a Cartesian coordinate
system to one of the volume of interest lower corner. The coordinate of the receiver (more
precisely: the coordinates of the receiver center) will be measured in respect to this origin.
For example if we say the receiver is in the X=12 cm, Y=12 cm and Z=4 cm, we mean that
the center of the receiver is 12 cm away from the origin in the X direction, 12 cm away from
the origin in the Y direction and 4 cm away from the origin in the Z direction.

The transmitter is placed underneath of the volume of interest. Each transmitter coil center
has the coordinates given in Table 3.4.
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Coil X coordinate Y coordinate

The coil number 1 in 3.3 cm 3.3 cm
Fig. 3.16

The coil number 2 in 9.9 cm 3.3 cm
Fig. 3.16

The coil number 3 in 16.5 cm 3.3 cm
Fig. 3.16

The coil number 4 in 3.3 cm 9.9 cm
Fig. 3.16

The coil number 5 in 9.9 cm 9.9 cm
Fig. 3.16

The coil number 6 in 16.5 cm 9.9 cm
Fig. 3.16

The coil number 7 in 3.3 cm 16.5 cm
Fig. 3.16

The coil number 8 in 9.9 cm 16.5 cm
Fig. 3.16

The coil number 9 in 16.5 cm 16.5 cm
Fig. 3.16

Table 3.2: Coordinates of each coil of the transmitter. Z coordinates for all coils are zero,
(Z coordinate=0)

0.06

Z, meter

0.04

0.02

coordinate

0.1

Y, meter 0 0.05
X, meter

Origin of the coordinate system
Figure 3.16: The origin of the coordinate system, the position of each transmitter coil by

its number (as in table 3.4), and how we assign a number to the position of the receiver.
The green cuboid is the volume of interest. 100
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Symbol Quantity Value in SI
Ly Self-Inductance of 6 4.58 uH
turns coil of radius
3.3 cm (TX)
Q1 Unloaded Quality 29.39
factor of TX at 100
kHz
L2 Self-Inductance of 1 59.65 nH
turn coil of radius 1
cm (RX)

Q2 Unloaded Quality 3.75
factor of RX at 100
kHz

Table 3.3: The self-inductances and quality factors of the transmitter coil(s) and the receiver
coil, measured at a frequency of 100 kHz

All these geometric parameters, the origin of the coordinate system, the position of the
transmitter coil and how we assign a number to the position of the receiver, are shown in
Fig. 3.16.

Fig. 3.17 shows the real transmitter fabrication and the set-up of the measurement, the
volume of interest in augmented manner, and the receiver coil placed in some arbitrary
points in the volume of interest.

Table 3.4 shows the self-inductances and quality factors of the transmitter coil(s) and the
receiver coil, measured at 100 kHz (to avoid inter-turns capacitance influence at this step of
the work). The Unloaded Quality factor is defined as in Eq. 3.9 :

wlL
Q= (3.9)
Where Q is Unloaded Quality factor of coil, L is its self-inductance, R is its resistance and
w is the angular frequency of operation.

The input power level of the VNA is fixed to 10 dBm. For experiments, a ROHDE &
SCHWARZ ZNB 8 Vector Network Analyser (VINA) is used to measure the scattering pa-
rameters. The measurement was always done at 100 kHz to avoid considering parasitic
capacitance. The measured data were transferred to a computer running the MATLAB
algorithm, then the deduced locations based on our algorithm will be compared to the real
positions of the receiver to validate the proposed technique of localization.

With this set up we start the localization process. The receiver is placed in a known arbi-
trary position in the volume of interest. We will pretend that we don’t know the position
of the receiver, then the goal is to deduce this position of the receiver by only using our
knowledge about the mutual inductance between the transmitter and the receiver. If the
method works as it is expected, this deduced position of the receiver should be the correct
position of the receiver which is known for us. The difference between the real position of
the receiver and the deduced position of the receiver is regarded as error in localization.
To be more clear we will proceed in steps.

1. The volume of interest is divided into a 3D grid of points, each point represents one
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Figure 3.18: The pre-calculated mutual inductance matrix is a transmitter-coil specific 3D
matrix of numbers which will be stored in the controlling circuitry of the transmitter.

possible location of the receiver. The distance between the points will be the limit of accu-
racy of the localization method.

The mutual inductance between each coil of the transmitter (each coil of the transmitter has
a known position in the volume of interest mentioned in the table 3.4) and the receiver coil
is calculated as if the receiver center was to be at any of the points of the 3D grid mentioned
above. This is the pre-calculated mutual inductance matrix mentioned earlier. Each coil of
the transmitter has its own pre-calculated mutual inductance matrix, because each coil of
the transmitter is in a different locations in the volume of interest. So the relative position
of the receiver coil (when it is in a certain position) and each coil of the transmitter will
be different. The pre-calculated mutual inductance matrix is a transmitter-coil specific 3D
matrix. In Fig. 3.11 we see a visual representation of one such matrix. In reality it is a 3D
matrix of numbers. Fig. 3.18 shows part of one such matrix as it is seen in MATLAB. These
matrices will be stored in the controlling circuitry of the transmitter. The size of storage
required for storing each of these matrices will be proportional to the cube of number of
points in the 3D grid by which we mapped the continuous volume of interest into a set of
discrete points. In this study the spacing between the points of the 3D grid is 1 mm along
each axis. In a real practical system, the required precision of localization and available
data storage capability will determine the maximum spacing between the points of the grid.
With nine such pre-calculated mutual inductance matrix for each coil of the transmitter cal-
culated and stored in our algorithm we move to next step. Calculating this pre-calculated
mutual inductance matrix takes time. In our case each pre-calculated mutual inductance
matrix has (200¥200*100) entries which equals 4 millions entries. In our work calculating
each of these pre-calculated mutual inductance matrix took several hours. However it is not
important, because we calculate pre-calculated mutual inductance matrix just one time then
it is stored. It will not be calculated again. It is a calculation that is performed just one time.

2. We put the receiver center in the known location of X=5 c¢m, Y=5 cm and Z=2 cm,
in the volume of interest. Our goal is to deduce this position by running our algorithm.
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Figure 3.19: The schematic that is used to model the measurement process in this chapter.
It is a two port network. Later we will make our model more realistic, by moving from two
port network to one port network, but not in this chapter.

3. The circuit shown in the Fig. 3.19 is used to model the measurement process. It consists
of a transmitter coil with its self-inductance L1, a receiver coil with its self-inductance L2.
These parameters (L1 and L2) which are independent from the relative positions between
the transmitter and the receiver, are known. What is unknown is the mutual inductance
between the receiver and the transmitter, which depends on the position of the receiver.
In this set up we treat the (Transmitter coil-Receiver coil) system as a two-port network.
This means that for doing this measurement we assumed we have access to the transmitter
and the receiver as well. This is clearly not a practical scenario. In reality we have access
to the transmitter but we do not have any access to the receiver. In WPT and RFID we
don’t have any control on the receiver. The realistic model of this situation in the WPT
and RFID is a one port network with the realistic assumption of not having access to the
receiver. However this is not a problem for us at the moment. We will proceed with the
unrealistic assumption of having two-port network for the sake of measurement and we later
will face this problem and find solution for it in the next chapter. The main point here is
to show that by measuring the mutual inductance between the receiver and the transmitter
one can deduce the position of the receiver.

When we accept the circuit model in Fig. 3.19 the measurement is done in a same way as
it was mentioned in the previous chapter:

e VNA measures the S parameters of the (Transmitter coil-Receiver coil) network

(S11, Si2, Sa21, Sa2).

e S parameters are converted to Z parameters according to the Eq. 35-38.

e Mutual inductance is deduced from Z parameters according to Eq. 44-47.

4. The localization process is initiated by choosing a configuration of the transmitter in
which all the coils are disconnected except coil number 1. This means in this configuration
the transmitter is consisted only of coil number 1. Lets call it configuration 1.

5. We measure the mutual inductance between the transmitter in configuration 1 and
the receiver coil (as mentioned in the step 3) and we find the mutual inductance between
the transmitter in configuration 1 and the receiver coil to be:

M=12.72 nH

6. This value of the mutual inductance is compared with the pre-calculated mutual in-
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The surface shows all the positions of the receiver which yield in mutual inductance =12.72 nH
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Figure 3.20: The measured value of mutual inductance (12.72 nH) could be a result of
any positions of receiver belonging to the surface shown here. Till this step there are 7325
possible positions of the receiver which match the measured mutual inductance. The position
is not unique and the localization process should continue.

ductance matrix of the coil 1 (corresponding to the configuration 1 of the transmitter) and
all the possible positions of the receiver that would lead to the same measured mutual in-
ductance in the volume of interest are determined. There are 4317 such possible positions.
Fig. 3.20 shows the results.

7. The Fig. 3.20 is a visual representation of the results. MATLAB provides the re-
sult as a large set of points part of which is shown in Fig. 3.21. From now we just show
the visual representation and keep in mind that each such surface (like the one shown in
the Fig. 3.20) is just a large set of numerical values indicating the possible position of the
receiver stored in MATLAB as a numerical matrix.

8. To reduce further more the number of possible positions and find the real position of
the receiver, the configuration of the transmitter is changed. We disconnect the coil number
1 and connect only coil number 2. Now we are in a configuration in which the transmit-
ter is consisting of only coil number two. Lets call it the configuration (2) of the transmitter.

9. We measure the mutual inductance between the transmitter in configuration 2 and
the receiver coil (as mentioned in the step 3) and we find the mutual inductance between
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£ 2525%x3 double

1 2 3 P
1 0.0250/ 1.0000e-07
2 1.0000e-07 0.0283 1.0000e-07
5 1.0000e-07 0.0350 1.0000e-07
4 | 1.0000e-07 0.0417 1.0000e-07
s 1.0000e-07 0.0283 0.0017
6 | 1.0000e-07 0.0383 0.0017
7 1.0000e-07 0.0283 0.0033
8 | 1.0000e-07 0.0383 0.0033
| o 0.0033 0.0050 1.0000e-07
| 10 0.0033 0.0083 1.0000e-07
| 11 0.0033 0.0117 1.0000e-07
== 0.0033 0.0150 1.0000e-07
| 1= 0.0033 0.0182  1.0000e-07

Figure 3.21: The set of all possible positions of the receiver stored in MATLAB as a nu-
merical matrix. First column indicates the X coordinate, the second column indicates the
Y coordinate and the third column indicates the Z coordinate. In this step there are 2525
possible positions of the receiver which match the measured mutual inductance.

the transmitter in configuration 1 and the receiver coil to be:
M=0.997 nH

The surface shows all the positions of the receiver which yield in mutual inductance = 0.997 nH
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Figure 3.22: The measured value of mutual inductance (0.997 nH) could be a result of any
positions of receiver belonging to the surface shown here. This is configuration (2).
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10. This value of the mutual inductance is compared with the pre-calculated mutual
inductance matrix of the coil 2 (corresponding to the configuration 2 of the transmitter)
and all the possible positions of the receiver that would lead to the same measured mutual
inductance in the volume of interest are determined. Fig. 3.22 shows the results.

11. We did not say it before but it should be mentioned that in order for taking the
intersection between two possible set of positions of the receiver (that is what we got in
steps 6 and 10) to be meaningful, the receiver coil should be at the same place in both of
them. After we did the first measurement (in step 5) we switch off the coil number 1, then
we switch on the coil number 2. This takes some time. We assume that the receiver coil
does not change its position during this time. In fact we assume that receiver coil does not
change its position during the whole process of the localization. However electronic switches
are very fast in respect to possible movement of the receiver coil in real application and the
assumption that the receiver coil dose not change its position during the localization process
is justified. In our case the time required for measuring the mutual inductance and deducing
its corresponding possible positions take few milliseconds. In real life scenarios the receivers
(if moving), moving with much smaller speed that they could be assumed to be stationary
if we consider their position during just few milliseconds.

w
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] 0.08
0

Y in Meter Xin Meter Y in Meter

Figure 3.23: Left panel shows possible positions of the receiver due to the configuration 1
and configuration 2. Right panel shows their intersection. Intersection between surfaces
belong to configuration 1 and configuration 2, reduces the set of possible positions of the
receiver. The answer is still not unique. One should notice that the X, Y and Z axes in
Right panel cover a small part of what is shown in Left panel. It means that the answer is
converging toward small possible set of positions.
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The surface shows all the positions of the receiver which yield in mutual inductance = 0.307 nH
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Figure 3.24: The measured value of mutual inductance (0.307 nH) could be a result of any
positions of receiver belonging to the surface shown here.

12. Based on the possible positions of the receiver due to the configuration 1 and con-
figuration 2, the answer which belongs to both should be retained. It represents their
intersections. With such intersections the number of possible positions of the receiver is
reduced further more. Fig. 3.23 shows the results.

13. The intersection derived in last stage contains 813 different locations .The answer
is still not be unique. We again change the configuration of the transmitter. We disconnect
the coil number 2 and connect only coil number 3. Now we are in a configuration in which
the transmitter is consisting of only coil number three. Lets call it the configuration (3) of
the transmitter.

14. We measure the mutual inductance between the transmitter in configuration 3 and
the receiver coil. We find the mutual inductance between the transmitter in configuration
3 and the receiver coil to be:

M=0.307 nH

15. This value of the mutual inductance is compared with the pre-calculated mutual induc-
tance matrix of the coil 3 (corresponding to the configuration 3 of the transmitter) and all
the possible positions of the receiver that would lead to the same measured mutual induc-
tance in the volume of interest are determined. Fig. 3.24 shows the results.

16. We again take the intersection between what we get in step 12 (the possible positions

according to configurations 1 and 2) and the possible positions according to configuration
3. Intersection between them reduces the set of possible positions of the receiver. Fig. 3.25
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Figure 3.25: Right panel shows possible positions of the receiver due to the configuration
3 and the possible positions of the receiver from previous steps. Left panel shows their
intersections. Intersection between them reduces the set of possible positions of the receiver.
The answer still is not unique.

shows the results.

17. The intersection derived in last stage contains 107 different positions. Here we see the
reduction! Before we had 813 different positions. The answer still is not unique. We again
change the configuration of the transmitter. We disconnect the coil number 3 and connect
only coil number 4. Now we are in a configuration in which the transmitter is consisting of
only coil number four. Lets call it the configuration (4) of the transmitter.

18. We measure the mutual inductance between the transmitter in configuration 4 and
the receiver coil. We find the mutual inductance between the transmitter in configuration
4 and the receiver coil to be:

M=0.997 nH

19. This value of the mutual inductance is compared with the pre-calculated mutual induc-
tance matrix of the coil 4 (corresponding to the configuration 4 of the transmitter) and all
the possible positions of the receiver that would lead to the same measured mutual induc-
tance in the volume of interest are determined. Fig. 3.26 shows the results.
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The surface shows all the positions of the receiver which yield in mutual inductance = 0.997 nH
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Figure 3.26: The measured value of mutual inductance (0.997 nH) could be a result of any
positions of receiver belonging to the surface shown here. This is for configuration 4.

20. We again take the intersection between what we get in step 16 (the possible positions
according to configuration 1, 2 and 3) and the possible positions according to configuration
4. Intersection between them reduces the set of possible positions of the receiver to 51
possible positions. Fig. 3.27 shows the results.

21. The intersection derived in last stage contains many possible positions and the answer
still is not unique. We again change the configuration of the transmitter. We disconnect
the coil number 4 and connect only coil number 5. Now we are in a configuration in which
the transmitter is consisting of only coil number five. Lets call it the configuration (5) of
the transmitter.

22. We measure the mutual inductance between the transmitter in configuration 5 and
the receiver coil. We find the mutual inductance between the transmitter in configuration
5 and the receiver coil to be:

M=0.920 nH

23. This value of the mutual inductance is compared with the pre-calculated mutual induc-
tance matrix of the coil 5 (corresponding to the configuration 5 of the transmitter) and all
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Figure 3.27: Right panel shows possible positions of the receiver due to the configuration
4 and the possible positions of the receiver from previous steps. Left panel shows their
intersection. Intersection between them reduces the set of possible positions of the receiver.
The answer still is not unique.

the possible positions of the receiver that would lead to the same measured mutual induc-
tance in the volume of interest are determined. Fig. 3.28 shows the results.

24. We take the intersection between what we get in step 16 (the possible positions
according to configuration 1, 2 , 3 and 4) and the possible positions according to configura-
tion 5. Intersection between them reduces the set of possible positions of the receiver.

25. We will not show here the results because the resultant number of possible positions
are too small to be seen. The intersection result just contain six possible positions shown
in the Fig. 3.29.

26. When we check these result we realize that they are very close to each other, that means
the set of possible positions converged to a unique position. At this point the localization
is done and there is no more need to chose next configuration for the transmitter.

27. The average of these six points is X=0.0514, Y=0.0506, Z=0.0199. When we compare
this result to the real position of the receiver (mentioned in the step 2) we find them to
match very well. We take it as approval for the feasibility of our proposed method.

28. Fig. 3.30 shows all the pre-calculated surfaces (due to the measurements of the mutual
inductance) whose intersection leads to the localization of the receiver coil.

In our example it just happened that we needed five configurations of the transmitter
to have the set of all possible positions of the receiver to converge to a single position. Some
time it takes more, some other time it takes less.

To make sure that we were not just lucky in getting results and the algorithm is reliable, we
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The surface shows all the positions of the receiver which yield in mutual inductance = 0.920 nH
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Figure 3.28: The measured value of mutual inductance (0.920 nH) could be a result of any
positions of receiver belonging to the surface shown here. This is configuration 5.

locatione

o 6x3 double
1 2 3

1 0.0500 0.0208
2 0.0500 0.0517 0.0200
3 0.0500 0.0533 0.0192
4 0.0517 0.0500 0.0200
5 0.0533 0.0483 0.0200
6 0.0533 0.0500 0.0192
7
8

Figure 3.29: The intersection result now just contain six possible positions.
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Figure 3.30: All the pre-calculated surfaces (due to the measurements of the mutual induc-
tance) whose intersection leads to the localization of the receiver coil
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Experiment The real The deduced MAE
position of the | position of the
receiver receiver
Experiment 1 X=5 cm, Y=5 X=5.14 cm, 1 mm
cm, Z= 2 cm Y=5.06 cm,
7Z=1.99 cm
Experiment 2 X=12 cm, X=11.97 cm, 4 mm
Y=12 cm, Z= Y=12.06 cm,
4 cm 7= 3.97 cm
Experiment 3 X=6 cm, Y=5 X=5.9 cm, 3 mm
cm, Z= 5 cm Y=5.07 cm,
Z=5cm
Experiment 4 X=3cm, Y X=29cm, Y 1 mm
=14 cm,Z=9 | =139cm, Z =
cm 8.9 cm

Table 3.4: Experimental results for localization.

repeated the process for other arbitrary positions in the volume of interest. By repeating the
process for each position we want to see if we are able to localize the receiver coil position
successfully.
Table 3.4 shows the results.

As one can see, the results are very close to the real positions. For estimating the error,
the Mean Absolute Error (MAE) is used according to Eq.4.29

Z?:l |yz - xz’
n

MAE = (3.10)

where::

e the y; is the deduced values of position (that is the deduced X, Y and Z coordinates in
each experiment)

e xz; the real values of position (that is the actual X, Y and Z coordinates in each experi-
ment)

e n is the number of coordinates for each position which in our case is three.

What is the source of this error?

One could think of following reasons:

1. The pre-calculated matrix for each configuration (that is the mutual inductance between
the transmitter and the receiver when receiver is in different positions) was calculated using
a MATLAB code that we developed using the quasi-static approximations. This calculation
(though for practical raison is good enough) it is not completely accurate. We could use the
commercially available software (like Maxwell Ansys) to enhance the pre-calculated matrix
for each configuration and reduce the errors.

2. Dividing the volume of interest into grid of discrete points. As the volume of interest
is divided into grid of denser points, the accuracy of localization will increase. However
increasing the size of 3D grid of points will increase the size of required memory and it
makes the algorithm to take more time to be performed.

3. The pre-calculated matrix for each configuration is calculated for idealized circular coil
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as receiver and as transmitter. For doing the measurement, we fabricate such circular coil
for the receiver and the transmitter. However this fabrication is not ideal. This means (in
mapping) we compare the non ideal circular coils to ideal circular coils. This creates an
error.

4. In any measurement there is certain inaccuracy (due to noise, inaccuracy of our measur-
ing devices like VNA,...).

It should be mentioned that the accuracy of the measured mutual inductance plays an im-
portant role in the precision of the localization; the more accurate one could measure the
mutual inductance the more precise one could localize.

Those are the source of errors.

As we said we performed this code in MATLAB. However we did not use any special func-
tion of MATLAB and the code could be performed in any micro controller for realistic
application. But here we report some of the feature of the algorithm performance in MAT-
LAB. Depending on the precision of the grid in which the volume of interest is divided,
the algorithm will take different time to accomplish it. In the experiments, the algorithm
took between 2 and 6 seconds to accomplish all computations, which can be considered as
real time system. A computer with 64 GB RAM and a CPU of 3.2 GHz was used. With a
micro controller with less memory and computational power this time should be more and
like always an optimization between required minimum accuracy and time of performing
the algorithm is required.

In addition, this method needs data storing capability. The data to be stored (which de-
pends on the size of the volume of interest and the choice of spacing of points in 3D grid)
for the practical system need not to be very large. In this study it was only 9 MB. The time
necessary to localize the receiver coil as we said also depends on the above parameters and
for a practical system it could be short time. In this study it was a few seconds.

The algorithm cannot predict how many coils are necessary to determine uniquely the po-
sition of the receiver. However, it starts by taking the intersection between 2 coils, if the
algorithm finds more than one position, it takes the intersection between 3 coils, and contin-
uing until the detected position is unique. In present experimental work, if the intersection
between all of the 9 coils is performed and the position is still not unique, the algorithm
cannot localize the receiver. However, in the experiments, we never faced such situation,
and 4 or 5 coils were always enough for tag localization.
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3.5 REDIRECTING THE MAGNETIC FIELD BY CHANG-
ING THE CONFIGURATION OF THE TRANS-
MITTER BASED ON THE LOCALIZED RECEIVER
AND EXPERIMENTAL RESULTS

After performing localization, the obtained information about the position of the receiver
could be used to enhance the performances of IPT systems by beamforming.

Each coil of the grid of the transmitter could be excited individually by:

(1) applying current into it in clockwise direction.

(2) applying current into it in anticlockwise direction.

(3) it could be simply disconnected.

Those are the three possible excitations of each coil and if the grid of transmitter has N coils,
the grid could be excited in 3%V different ways and each of these 3%V different excitations will
create a different magnetic field pattern in the volume of interest. Lets call each of these
possible excitation of the transmitter one of its configuration (in transmitting mode). The
magnetic field corresponding to one configuration of the transmitter is different from the
magnetic field corresponding to another configuration of the transmitter. Consequently cer-
tain configurations of the transmitter are more suitable for certain positions of the receiver.
Fig. 3.31 shows this.

To choose one configuration among these 3V possibilities in a systematic way, one could
divide the volume of interest into a set of sub volumes as shown in Fig. 3.32. The localiza-
tion of the receiver performed previously helps to choose the configuration maximizing the
magnetic flux in a sub volume in which the receiver is localized. The proper excitation of
the grid of transmitters that gives rise to an optimal magnetic field for each sub volume is
predetermined and stored in a table in the controlling system of the transmitter. This will
increase the required memory of controlling system of the transmitter but not by too much.
The size of this table depends on the number of sub volumes of the volume of interest and
the number of coils in the transmitter. In our work we have 36 sub volumes. That means
we have a table that assigns to each one of these 36 sub volumes a certain Transmitter’s
coils configuration.

Part of this table is shown in Fig. 3.33.

The way by which we determine which excitation of the transmitter (that is which coils are
connected with certain direction of current, and which coils are disconnected) is determined
by the method of magnetic beamforming explained in the previous chapter.

To summarize; the process appears in 6 steps:

1. The transmitter starts by being in localization mode.

2. It performs the localization algorithm as explained earlier.

3. The receiver location in the volume of interest is determined.

3. Based on this result now the transmitter knows in which sub volume the receiver is.

4. From the stored table, it can choose the configuration that creates the most suitable
magnetic field for the sub volume in which the receiver was localized. This is the power
transferring mode.

5. The transmitter stays in the power transferring mode for a while, then transmitter re-
turns to the localization mode again to count for the possibility of the receiver moving and
changing its position in the volume of interest.

6. The process continue in a cyclic way.

116



CHAPTER 3. A RECONFIGURABLE COIL GRID FOR RECEIVER LOCALIZATION
IN INDUCTIVE POWER TRANSFER

By component of one possible configuration of the transmitter

By component of one possible configuration of the transmitter

T m— i
-

Figure 3.31: Two different configurations of transmitter lead to a magnetic field with differ-
ent distributions in volume of interest.The upper part shows the magnetic field distribution
of a configuration suitable for case in which the receiver is in the position shown by yellow
circle and not suitable for case in which the receiver is in the position shown by white cir-
cle. The lower part shows the opposite (suitable for position shown by white circle and not
yellow circle). Here the precise positions of the circles are not important and we just want
to show the dependency of the magnetic field distribution in the volume of interest on the
transmitter configuration.
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Figure 3.32: The volume of interest is divided into sub volumes (green voxels). Depend-
ing on the result of localization of the receiver, a configuration of transmitter is selected
corresponding to the magnetic fields that add constructively in a sub volume in which the

receiver was found.

the configuration that creates Coil | Coil | Coil | Coil | Coil | Coil | Coil | Coil | Coil
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Figure 3.33: Part of the configuration table which is stored in the controlling system of the
transmitter. ”C” means connected, and "D” means disconnected.
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START

_ ‘ The transmitter is in the localization mode ’

¥

[ The transmitter performs the localization algorithm ]

v

The receiver location in the volume of interest is determined

v

[ From the table of transmitter's configurations, the transmitter chooses the suitable configuration ]

v

‘ The transmitter is in the power transfer mode ’

¥

| Wait for a for a while ]

\

Figure 3.34: The chart for the process of localization and power transfer.

Fig. 3.34 shows the flowchart of this process.

For the experimental demonstration, the receiver was placed at different arbitrary posi-
tions. The goal is to control the direction of the magnetic field generated by the transmitter
to add constructively in the position of the receiver. In two instance of previous section
tests for localization, the receiver was at the positions and localized positions shown in the
table 3.5

Experiment The real position of The deduced
the receiver position of the
receiver
Experiment 2 X=12 cm, Y=12 cm, X=11.97 cm,
Z= 4 cm Y=12.06 cm,
7= 3.97 cm
Experiment 3 X=6 cm, Y=5 cm, X=5.9 cm,
Z= 5 cm Y=5.07 cm,
Z=5 cm

Table 3.5: Experimental results for localization that we will use for magnetic beam steering.
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Figure 3.35: Calculation for z component of the magnetic for two different configurations
of the transmitter suitable for (A panel) when the receiver is at the position X = 12 cm,Y
= 12 ¢cm,Z = 4 cm and (B panel) when the receiver is at the position X = 6 cm and Y =
5 cm, Z = 4 cm. The maximum of the generated field (z component) takes place at the
position of the receiver. The black line in (B panel) is used to indicate the path along which
measurement will be performed (shown in Fig.3.36) to compare the experimental results to
the calculated results shown here. 120
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Figure 3.36: Mutual inductance along the black line shown in Fig. 3.35. This line extends
from point (X=6 cm, Y=-1 ¢cm, Z=4 cm ) to point (X=6 cm, Y=30 cm, Z=4 cm). The mu-
tual inductance increases where the receiver is positioned and falls down in other locations.

For testing the beam forming performance of the system, these two points are chosen as
the position of the receiver and the goal is to produce a magnetic field which is suitable for
them by choosing certain configuration for the transmitter.

For the moment the interest is just in the Z component of the field because of the assump-
tion that the receiver is in XY horizontal plane and only the Z component contributes to
the mutual inductance.

Fig. 3.35 shows the calculation of the perpendicular z-component of magnetic field, for two
different configurations, each one is suitable to one of the locations of the receiver, explained
above. The configuration of the transmitter is different depending on the location of the
receiver, in a way that it guarantees there is a sufficient mutual inductance between the
transmitter and the receiver. It shows that for two different positions of the receiver the
peak of the field tracks the position of the receiver.

Fig. 3.36 shows the measured values for the mutual inductance for a configuration of trans-
mitter which is suitable for the case where the receiver is in the position X =6 cm, Y =5
cm, Z = 4 c¢cm (for which the calculation of the magnetic field is shown in B panel of the
Fig.3.35). As one can see, the calculated and the measured values are close enough (the
errors vary from 10% at its maximum to a negligible value at its minimum) to show the
applicability of the algorithm for positioning and subsequently redirecting the magnetic field
towered the position of the receiver(beam forming).

121



CHAPTER 3. A RECONFIGURABLE COIL GRID FOR RECEIVER LOCALIZATION
IN INDUCTIVE POWER TRANSFER

3.6 CONCLUSION

In this chapter a new algorithm, to the best knowledge of the authors, was investigated for
localization in near field suitable for inductive power transfer or other applications which
are using IPT (like LF and HF RFID and NFC).

Simulations were done by using a specific MATLAB code and its applicability was demon-
strated by running a set of experiments.

The experimental results show that the algorithm operates as expected and it is possible
to localize the receiver depending on its magnetic mutual coupling with the transmitter. If
the same procedure is performed continuously, one could track dynamically the movement
of the receiver.

It was assumed that the receiver is in an unknown position but always parallel to the
transmitter. This assumption was made for the sake of simplicity and does not affect the
algorithm principle and utility.

The algorithm could be modified for localizing a receiver in a more general situation in
which the receiver could have any arbitrary orientation.

After localization also it was shown how the knowledge about the receiver location could be
used to enhance the magnetic coupling between the transmitter and the receiver: by means
of a switch-able grid of coils to steer the magnetic field properly towards the receiver.

This beam forming approach allows to increase the mutual inductance between the transmit-
ter and the receiver and to increase the efficiency of such inductive power transfer systems.
The algorithm in its current state is capable of localizing one receiver in the volume of
interest and could be improved to localize more than one receiver as a perspective of this
work.

At the end, it should be mentioned that the aim of this chapter was to show the feasibility
of the idea of using different mutual inductances between the receiver and different coils of
transmitter for localization of the receiver. Measurements of the mutual inductance between
the receiver and the transmitter were completed by using a VNA, having access to both the
transmitter and the receiver as a two-port network.

However, this is not a realistic scenario. In real world applications there is no access or
control upon the receiver. The next step of our work is to adapt the current algorithm to
measure the mutual inductance between the transmitter and the receiver only by having
access to the transmitter, which is the case in practice.

The main difference here will be how to measure the mutual inductance between the trans-
mitter and the receiver by just having access to the transmitter.

Is it possible to measure the mutual inductance in this way accurately enough to perform
the algorithm? Or the measured mutual inductance by just having access to the transmitter
could not be precise enough for the algorithm to be performed?

So now our next question is how to move from two-port network in measuring the mutual
inductance, to one-port network for measuring the mutual inductance.

In next chapter we will see that this transition towards a more realistic system is possible
indeed and we just need to add another elements to our transmitter to be able to deduce
the mutual inductance from only the input impedance of the transmitter without need to
have any access to the receiver.
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Chapter 4

ONE PORT
RECONFIGURABLE COIL
GRID FOR RECEIVER
LOCALIZATION IN
INDUCTIVE POWER
TRANSFER

4.1 INTRODUCTION

The main subject which was discussed in the previous chapter was the realization of a trans-
mitter antenna (a grid of coils) supplied by an algorithm which enables the transmitter to
localize receiver and sequentially steering the magnetic field toward the receiver.

The algorithm depends on the measuring of the mutual inductance between the transmitter
and the receiver.

However in that chapter, we being more interested in showing that the method could localize
the receiver in principle. We assumed that we have access to both receiver and transmitter.
Hence the measurement of the mutual inductance was performed by connecting both trans-
mitter and the receiver to a VNA.

This is clearly not practical. In this chapter we will try to address this problem.

The goal of this chapter is to arrive at a more practical system in which we could localize
the receiver by having no access or control on it at all. The only thing that we have access
to is the transmitter. This is completely a practical scenario.

In this case our circuit will be modelled by one port network, unlike the model in the pre-
vious chapter in which we model the circuit by a two ports network. In this chapter we
will see that changing from two ports to one port network requires transmitter resonance
in the frequency range of operation, using magnetically coupled resonator structures. This
will take us to the magnetically coupled resonator which is widely used in today’s state of
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Figure 4.1: The L1 and R1 are respectively the inductance of the transmitter and the
resistance of the transmitter, the L2 is the inductance of the receiver, the R2 is the resistance
of the receiver, R3 is Roap which is the load connected to the receiver and the Mutuall
is M, the mutual inductance between the transmitter and the receiver. I; and Iy are the
currents in loop 1 and loop 2, and V; is the voltage applied to the port 1, shown by Terml.

art in WPT.

So we will replace the simple magnetically coupled transmitter-receiver system to a mag-
netically coupled system which will allow us to move from two ports network to a one port
network.

In one port network we will find it sufficient to deduce the mutual inductance only from
measuring the input impedance of the transmitter antenna circuitry.

We also will show that, this algorithm is consistent with the presently in-use systems in
RFID and WPT and the capability of localization could be added to the presently in-use
systems by adding simple modification to them.

We will start by explaining some modifications we have to perform on the algorithm ex-
plained in the previous chapter. After that we will continue by simulation and finally we
will perform the required experiments to validate the algorithm and our method in new one
port network set up.

4.2 MAGNETICALLY COUPLED RESONATOR

Consider the schematic in Fig. 4.1. It represents the simplest model of two magnetically
coupled inductors (say two coils) as one port network. In this one port network configura-
tion, we only have access to the transmitter port, meaning that we can measure the current
through it, the voltage across it or equivalently its impedance.
In Fig. 4.1 the L1 and R1 are respectively the inductance of the transmitter and the resis-
tance of the transmitter,, the Lo is the inductance of the receiver, the Ry is the resistance
of the receiver, Rroap is the load connected to the receiver and the M is the mutual in-
ductance between the transmitter and the receiver.

L1, Ry, Ly, Ry and Rppoap are not variable, and that means they are not affected by the
relative positioning between the receiver and the transmitter. We already know their values.
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What we don’t know is the M, the mutual inductance between transmitter and the receiver
which is a variable that changes based on the relative positioning between the receiver and
the transmitter. We could measure the voltage and the current in the transmitter side but
not on the receiver side. Our point is to drive from what we already know (L, Rp1, Lo,
Rpo and Rroap) and what we could measure (the current and the voltage in transmitter
side), the value of the mutual inductance M.

We start by writing the equation for each loop. For loop 1 in Fig. 4.1, we have:

‘/s = 11R1 + Ilijl - IQj(.UM (41)
For loop 2 we have:
0=—jwMI; + (R2 + jwlo + RLOAD)IQ (4.2)
If we now simplify by defining Z1; and Zss to be:
Vs ‘
Z11 == T = Rl +]wL1 (43)
1
Zs = Ry + jwLas + Rroap (4.4)
we get:
V:g = lell —jwMIQ (45)
0 = —jwMIl + ZQQIQ (46)

The input impedance of the transmitter is the ratio of the voltage applied to it to the current

it drives from voltage source, Z;, = ‘I/—f, if we solve equations 4.5 and 4.6 for getting this

ratio we get:

v, (jw)>M?
Zin= > =21 — o 4.
LN 7y 4.7

We are interested in deducing the value of M from the equation 4.7. We note in equation
4.7, that the input impedance is simply Z11 if the coupling is reduced to zero. Z11 is inde-
pendent of M and it is constant and not of much of use for us.

As the coupling increases from zero (increase in M), the input impedance differs from Z11
by an amount “JZV; ®. Tt is this part which depends on M and could be useful for us.

So we are going to neglect Z1; for the moment and concentrate on the second term in equa-
tion 4.7 which is relevant to our work: Lets call it AZ.

If we substitute for Zss in equation 4.7 and rationalize it we get (we are assuming that

R a4 18 resistive):

AZ — szQ(RQ + RLoad) — UJ3M2L2 (48)
(RQ + RLoad)2 + WQLg (R2 + RLoad)2 + W2L§
Indeed, we have the following values for the components:
Ry=120m Q)
Lo=1pu H
Ih=1pH
Rroaa= 100 Q
and chose the frequency of operation to be 125 kHz, to see the behaviour of the real part
and imaginary part of the AZ as a function of M. These are shown in Fig. 4.2 and 4.3.
From figures 4.2 and 4.3 one can see that the change in input impedance is very small to
be measured.
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Figure 4.2: Simulation of real part of input impedance of a transmitter as a function of
mutual inductance. The mutual inductance runs from zero to its maximum value of 1 pH.
One can see that the change in input impedance is very small to be measured.

Paying more intention to the equation 4.8, suggests how the change in input impedance
could be improved. The first term in equation 4.8:

w?M? (RQ + RLoad)
(R2 + RLoad)2 + UJ2L%

(4.9)

must be positive. When we express the impedance as a complex number, it is understood
from circuit theory that the real part of the impedance is related to the energy which will be
consumed (by whatever device that we are assigning the impedance to) and the imaginary
part is related to the energy which will be stored (by whatever device that we are assigning
the impedance to).

From the vantage point of the source of energy connected to the transmitter, this increase
in the real part of impedance is equivalent to the increase of energy consumption of the
transmitter .

But the transmitter has not changed (with or without coupling it is the same transmitter).
So where this increased consumed energy goes? The only place for this energy to go is the
receiver. This means if we increase the transmitted energy to the receiver, we will increase
the change of impedance of the transmitter as it is seen by the source of energy. We want
to increase the change of impedance so it became measurable in the limits of the sensitivity
of our measuring devices (later we will see it is a VNA).

How to increase this transmitted energy? It is a well known fact in physics that the energy
transmitted the best between two systems (here the transmitter and the receiver) when
these two systems resonate.
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Imaginary part of input impedance of a transmitter
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Figure 4.3: Simulation of imaginary part of input impedance of a transmitter as a function
of mutual inductance. The mutual inductance runs from zero to its maximum value of 1pH.
One can see that the change in input impedance is very small to be measured.
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This fact give rise to the concept of magnetic resonance coupling in WPT. The transmitter
and the receiver could be considered as two coupled oscillators. The coupling is due to
mutual inductance between them.

Magnetic resonance coupling is a method of wireless power transfer by making the trans-
mitter resonance frequency and receiver resonance frequency the same (tuning them).

The magnetic resonance is chosen in WPT system because of its efficiency of power trans-
ferring. When power is transmitted from the transmitter to the receiver, it is seen from the
transmitter point of view as a change in its input impedance. To see this, we replace the
schematic shown in the Fig.4.1, with the schematic shown in the Fig.4.4.

In the Fig.4.4 L1 is the transmitter’s coil self inductance, L2 is the receiver’s coil self in-
ductance. C1 is the capacitor in the transmitter side and the C2 is the capacitor in the
receiver side. R1 is the stray resistance of the transmitter and RL is the load connected to
the receiver and it includes the stray resistance of the receiver coil.

It should be mentioned that this is one of four general possible approaches to make the
transmitter-receiver system resonates. These four topologies are:

1. Series — Series transmitter-receiver magnetic resonance coupling.

In which the transmitter coil is brought to resonance by adding a capacitor in series to it,
and the same thing for the receiver coil.

2. Series — Parallel transmitter-receiver magnetic resonance coupling.
In which the transmitter coil is brought to resonance by adding a capacitor in series to it,
and the receiver coil is brought to resonance by adding a parallel capacitor to it.

3. Parallel — Series transmitter-receiver magnetic resonance coupling.
In which the transmitter coil is brought to resonance by adding a capacitor in parallel to it,
and the receiver coil is brought to resonance by adding a series capacitor to it.

4. Parallel — Parallel transmitter-receiver magnetic resonance coupling.

In which the transmitter coil is brought to resonance by adding a capacitor in parallel to it,
and the receiver coil is brought to resonance by adding a parallel capacitor to it.

For the sake of demonstration we are going to chose the fourth topology in which the trans-
mitter is a parallel resonance circuit and the receiver also is also a parallel resonance circuit.
Though these topologies sometimes show different behaviour in different situation for our
work, These differences are not important and they are the same.

To analyse the input impedances of the circuit shown in Fig.4.4, we start by applying the
Kirchhoff voltage law to each loop, from the fifth loop on the right (the loop with RL) back
to the first loop on the left (the loop with voltage source).

For the fifth loop we have equation 4.10. Solving this equation for I5, and substitute it in the
equation for loop four gives equation 4.11. Solving this equation for 14, and substitute it in
the equation for loop three gives equation 4.12. Solving this equation for I3, and substitute
it in the equation for loop two gives equation 4.13. Now we have to substitute 12 from this
equation in the equation for first loop than divide it by I1 to get the input impedance.
This gives us the equation 4.14 and equation 4.15 for the input impedance. This is the
impedance seen by the voltage source.

This input impedance is a function of all parameters of the schematic shown in Fig.4.4: R1,
C1,L1, M, L2, C2, RL and the frequency of operation.

To see the behaviour of this function we fix the value of each component as follows:
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Figure 4.4: Parallel — Parallel transmitter-receiver magnetic resonance coupling schematic.
Vs is the applied voltage and I1, 12, I3, 14 and I5 are the currents in each loop.

R1=5 Ohm
Cl=1.62 uF
Li=1 pH
C2=1.62 pF
L2=1 uH
R1=100 Ohm

Then we plot the input impedance as a function of the two other parameters, namely
mutual inductance (M) and the frequency.

Because we chose the self inductance of the transmitter and receiver coils to be 1 yH, the
mutual inductance between them could not be more than 1 pH. So we change the mutual
inductance in its possible range between 0 H and 1 pH. For frequency we sweep between 1
kHz and 400 kHz.

Input impedance is a complex number and have two parts, real part and imaginary part.
The result for real part is shown in Fig.4.5 and the result for imaginary part is shown in
Fig.4.6.

Here we can see the phenomena of frequency splitting.

When the mutual inductance is zero, the transmitter and the receiver are uncoupled oscilla-
tor. The transmitter acts as a single oscillator with resonance frequency determined by the
values of L1 and C1. But when the mutual inductance is not zero, the transmitter-receiver
acts like two coupled oscillators with two degrees of freedom.

From the theory of wave and oscillation (mention book) we know that having two degrees
of freedom is equivalent of having two normal modes of oscillation.

The frequency of oscillation of these two normal modes is depending on the coupling factor
(here mutual inductance).

When the transmitter-receiver oscillates in the frequency of one of the normal modes, it
resonates.

In this case the reactive parts of input impedance due to the inductor and the capacitor
cancel each other and we see a rise in real part of the input impedance and vanishing to
zero of the imaginary part of the input impedance of the transmitter-receiver system (for
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Figure 4.5: The real part of the input impedances of the circuit in Fig.4.4 as a function of
the mutual inductance(M) and the frequency. This result shows what is known as frequency
splitting.

parallel topology).

That is why we have a pick in the resonance frequency in Fig.4.5 and a zero in the resonance
frequency in Fig.4.6.

To see this better, we fix the value of mutual inductance to four different values from min-
imum possible (M=0) to maximum possible (M=1 pH) and sweep along frequency. This
is equivalent to see the variation of input impedance along a line parallel to frequency axis
with fixed value of M.

Fig.4.7 to Fig.4.10 show this result. !

IThis phenomena of change in resonance frequency as a function of coupling between the transmitter
and receiver, itself could be used as a method of deducing the mutual inductance between the transmitter
and receiver. This will need an ability to sweep along a range of frequencies, then by calculating the shift of
resonance frequency one can deduce M. However sweeping frequency needs more complicated circuitry and
what we are going to propose is an easier method for deducing mutual inductance.
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Figure 4.6: The imaginary part of the input impedances of the circuit in Fig.4.4 as a
function of the mutual inductance(M) and the frequency. This result shows what is known
as frequency splitting.
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Simulation of input impedance vs. frequency for M=0 uH
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Figure 4.7: The input impedances of the circuit in Fig.4.4 as a function of frequency with
M=0 pH.

The frequency splitting in general should be avoided in WPT. When it happens it means
that the system does not resonate at the frequency of operation and it will resonate at an-
other frequency and the system which does not work at resonant frequency is not very
efficient in power transfer as we mentioned earlier.

However, in reality it always happen but if it does not shift the resonant frequency from the
frequency of operation too much, it could be neglected.

When the peak (or zero) of the input impedance changes its position as frequency changes,
it means if we fix the frequency of operation we will have variation of input impedance as
variation of the mutual inductance only. To see this variation, we take the derivative of
equations 4.14 in respect to mutual inductance (M) and fixing all other parameters and we
get equation 4.16 for real part and equation 4.17 for imaginary part of variation of input
impedance.

Fig. 4.11 shows these results. As one can see the change in input impedance as mutual in-
ductance change is large and it should be measurable. Another important thing to notice is
that, the change in input impedance is higher when the mutual inductance is small (namely
when the transmitter and the receiver are weakly coupled) and when coupling is strong, the
input impedance change is small. This is a good feature. It means that the transmitter and
the receiver don’t have to be too close to each other and that is good because if we assume
that the transmitter and the receiver have to be very close to each other, there will no be
no point in localization!

However what we have in Fig. 4.11 is the variation of the input impedance not its actual
value that we are going to measure. The large variation necessary does not mean measurable
change in input impedance. The effect of large variation could be cancelled by very small
value of input impedance to start with. Fig. 4.12 shows the real part and the imaginary
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Simulation of input impedance vs. frequency for M=0.25uH
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Figure 4.8: The input impedances of the circuit in Fig.4.4 as a function of frequency with
M=0.25 pH.

Simulation of input impedance vs. frequency for M=0.5 uH
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Figure 4.9: The input impedances of the circuit in Fig.4.4 as a function of frequency with
M=0.5 pH.
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Simulation of input impedance vs. frequency for M=0.85 uH
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Figure 4.10: The input impedances of the circuit in Fig.4.4 as a function of frequency with
M=0.85 pH.

part of the input impedance as a function of M.

The Fig. 4.12 and Fig. 4.13 should be compared to the the Fig. 4.2 and Fig. 4.3. Here one
can see clearly that having resonating circuits changes the input impedances largely.

In the case of non-resonant circuit this variation was not easily measurable (given the sen-
sitivity of available impedance meter and noise floor) but in the case of resonant circuit it
is easily measurable.

Now that we know it is possible to measure the variation of input impedance as a result of
change in mutual inductance we want to make sure that our algorithm is compatible and
integrable with the existing protocol and standards. Though there are different standards
and protocols, in near field wireless magnetic coupling, all these protocols and standards
share the same principles. For that matter we should have a closer look at a realistic system
(WPT or RFID) which employs the magnetic coupling in its operation. This is the content
of the newt section.
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4.3 Integrability of the localization algorithm in in-use
standards

Though there are different protocols and standards regarding the operation of near field
wireless power transfer and near field RFID, like frequency of operation, required data
bandwidth and so on, the underlying physical principle are the same. In following discus-
sion in this section in order to make the main idea clear, we talk specifically about HF RFID
ISO 14443-Type A standard as a concrete example, but the same idea holds truth for other
HF RFID, LF RFID and near field magmatic resonance wireless power transfer.
This system is composed of a transmitter and a passive receiver. In the context of RFID
the receiver sometimes is called tag. Passive means there is no any source of energy in the
tag and all the energy required for its operation is carried to it by the mechanism of power
transfer.
The schematic in Fig.4.14 shows a generic antenna circuitry of a transmitter used in the
near field magnetic coupling. In an specific applications there may be other elements that
should be added to full fill the requirements demanded by certain standard, like:
e Adding an external resistor to reduce the quality factor of the antenna in order to achieve
the required band- width for data communication in RFID.
e Having a bandpass filter (instead of the low pass filter shown in the schematic) for the
electromagnetic compatibility. and some other requirement.
But the generic antenna circuitry remains as it is shown in the schematic. The schematic
could be divided in four parts shown in Fig.4.15.

Those 4 parts are:

1. The inductor antenna, responsible of generating the magnetic field for magnetic coupling.
In general the Q factor of this coil is high, so depending on the required bandwidth for data
communication due to different protocols and standards probably one needs to add external
resistor (not shown in the schematic).
2. The matching and resonance circuitry provides a maximum (or at least an acceptable
level) of power transfer from the energy source or TX (IC pin which drives the antenna coil)
to the antenna at the frequency of operation. When both transmitter (shown in Fig.4.15)
and the receiver (not shown here) resonate at the same frequency, the efficiency of the sys-
tem enhances significantly. That’s why matching and resonance circuitry is an important
part of the antenna circuitry.
3. The electromagnetic compatibility filter. Though EMC filter in not an essential part for
us, it is required by most of the protocols and standards.
4. The receive circuit. The antenna coil is used for both transmitting and receiving data
in half duplex mode. The RX pin of the IC is connected to the antenna coil, so a voltage
is coupled back into the Rx input, this receive circuitry assures that this voltage does not
exceed the maximum voltage accepted by the RX pin.
The receiver in wireless power transfer (or the tag in RFID application) is a passive device
with no on-board battery or any other source of energy. The power is transmitted by mu-
tual induction, where the time varying magnetic field created by the transmitter antenna
induces an electromotive force into the receiver antenna and in doing so supplying the re-
ceiver chip with energy. In applications like RFID the transmitter is often referred to as
reader, in wireless power transfer some times it is referred to as sender. Here the terms
transmitter, sender and reader are used interchangeably, the term receiver or tag also are
used interchangeably).
The schematic in Fig.4.16 shows a generic circuitry of a receiver used in the near field mag-
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Figure 4.11: Variation of input impedance, real part and imaginary part, as a function
of the mutual inductance (M). These values becomes negative because the value of input
impedance reduces. Weak coupling is when the M is small, and the strong coupling is when
M is high.
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Figure 4.12: Real part of the input impedance of the circuit shown in Fig.4.4, as a function
of M. Here the frequency is fixed at 125 kHz.
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Figure 4.13: The imaginary part of the impedance of the circuit shown in Fig.4.4, as a
function of M. Here the frequency is fixed at 125 kHz..

i —AM — |
R C
R1 c4
O] o
2
p \ |
g 4*—[2“_”_‘ C ) | C L1
ca C ci o
GND

Figure 4.14: A generic antenna circuitry used in the near field magnetic coupling.
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Figure 4.15: A generic antenna circuitry used in the near field magnetic coupling divided
into four parts.

netic coupling. The schematic could be divided in three parts (Fig.4.16):

1. The inductor antenna which acts as a receiver antenna. The magnetic field generated by
the transmitter antenna induces a voltage in this receiver antenna.

2. The resonance capacitor makes the receiver to resonate at the same frequency as the
transmitter and as it was mentioned before, this significantly enhances the efficiency of the
power transfer and data communication.

3. The load, which contains a circuitry for rectifying the signal and to convert it into DC
signals. In magnetically coupled RFID communication, this DC signal provides necessary
energy for the receiver IC to switch between two lodes according to data stored in it (load
modulation). From circuit point of view it could be regarded as a variable resistor which
alter between tow different values. For wireless power transfer when the emphasize is on the
transmitted power more than data communication, the load could be regarded as a single
resistor.

In HF RFID ISO 14443-Type A standard (which we are going to take as our example) the
frequency of operation is 13.56 MHz. To show the main steps included in the process of
power and data transfer, we explain the process in steps:

1. The IC that drives the transmitter is a current source which apply an alternative current
of 13.56 MHz to the transmitter coil. Fig.4.17 shows the voltage that this current creates
across the transmitter coil.

2. This alternative current creates an alternative magnetic field which induces an alterna-

tive voltage in the tag’s coil.
3. This voltage is rectified and the tag IC is activated when the operating voltage is reached.
4. To transfer data between the transmitter and the receiver, a half-duplex communication
scheme is used. The transmitter starts the communication. The data transmission from the
transmitter to the receiver uses a 100% ASK modulation. Fig.4.18 shows such signal.

5. The data transmission from the tag back to the transmitter uses the principle of load
modulation. The tag is designed as a resonance circuitry and consumes energy generated
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Figure 4.16: A generic receiver circuitry used in the near field magnetic coupling.

by the transmitter. This energy consumption has a feedback effect as a voltage drop on
transmitter side. This effect is used to transfer data from the tag back to the transmitter
by changing the load in the tag card IC. This is an On—off keying.

Fig.4.19 shows the feedback effect of this On—off keying as a voltage drop on transmitter
side.

Here we just mentioned the main parts of energy and data transfer between the transmit-
ter and the receiver. There are much more details which are irrelevant to our work such
as specific data coding used by the transmitter and so on that we neglect because they are
irrelevant to our work.

The data sent by the tag is extracted in transmitter side by noticing the variation of the volt-
age across the transmitter coil between two values, as a result of On—off keying performed
by the tag. This is all what is important for the transmitter IC and not these two values
themselves. The point is: These values between which the voltage varies are determined by
how strong is the magnetic coupling between the transmitter and the receiver. To our best
knowledge all the systems in use today just track this variation and they neglect the values
between which the voltage varies.

What we propose is this: Beside tracing their alternation (which is useful for communica-
tion) if we track these values themselves, they could be used for localization.

These values could be used for determining the mutual inductance between the transmitter
and tag, and after that, the mutual inductance between the transmitter and tag could be
used for localization as we explained in the previous chapter.
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10.0:1

Figure 4.17: The Tx pin in Fig.4.15 is a current source. This current drives the transmitter.
In these images the transmitter is in energy transmitting step. The voltage across the
transmitter coil depends on the mutual inductance between transmitter and receiver. As the
mutual inductance increases, for the same applied current, the voltage across the transmitter
drops. The different voltages across the transmitter coil for different mutual inductances
are what in-use protocols neglect and is what we use for deducing the mutual inductance.
This measurement is performed on a HF RFID reader compatible with ISo 14443 Typ A
standard using Agilent DSO-X 2002A oscilloscope.
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Figure 4.18: The transmitter starts the communication. The data transmission from the
transmitter to the receiver uses a 100% ASK modulation. Here we show the signal for just
one value of M. If the value of M changes, the signal keeps it’s shape, but the peak to peak
values will change. This measurement is performed on a HF RFID reader compatible with
ISo 14443 Typ A standard using Agilent DSO-X 2002A oscilloscope.
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Figure 4.19: The data transmission from the tag back to the transmitter uses the principle
of load modulation. This has a feedback effect as a voltage drop on transmitter side. For
different coupling (different M) the signal keeps it’s shape, but the peak to peak values
will change. The in-use protocols only pay attention to the variation of this voltage to
translate it into Os or 1s (depending on certain coding)and the peak to peak value itself is
neglected. It is this peak to peak value that we are going to use for localization method.
This measurement is performed on a HF RFID reader compatible with ISo 14443 Typ A
standard using Agilent DSO-X 2002A oscilloscope.

144



CHAPTER 4. ONE PORT RECONFIGURABLE COIL GRID FOR RECEIVER
LOCALIZATION IN INDUCTIVE POWER TRANSFER

al | . :
2 A% o
c R c2 L1 L2
! yR= HES R6
Driving IC ' ' ' ' ' ' ' §
. | . . . R2 R3 .1 R4 R& .
The matching and
resonance circuitry
T RX The matching and|

resonance circuitry. Load

Figure 4.20: Transmitter antenna circuitry and receiver antenna circuitry that we are going
to use has the main part of Fig.4.15 which is the matching and resonance circuitry part
without getting us into unnecessary complication (like EMC) which are irrelevant to our
work.

4.4 LOCALIZATION BY MEASURING THE INPUT
IMPEDANCE

What we learned in the previous section is that the method that we proposed in chapter
three, could be integrated in the in-use system just by measuring the voltage across the
transmitter coil. That is the voltage at the Rx pin in Fig.4.15. For localization beside moni-
toring the variation of the voltage at the Rx pin (which is what is done by in-use protocols),
the value of this voltage itself, should also be measured.

When we measure this voltage (the current provided by the current source in TX pin in
Fig.4.15 is known) we are effectively measuring the input impedance of the transmitter an-
tenna circuitry (shown in Fig.4.15).

When the input impedance is measured (by measuring the voltage at Rx pin in Fig.4.15
and dividing it by known current that we applied to the circuit), and the values of all other
components of the transmitter antenna circuitry are known we should be able to deduce the
mutual inductance between the transmitter and the receiver coils.

For doing it in practice, we will use somehow more simple transmitter antenna circuitry
that have the main part of Fig.4.15 which is the matching and resonance circuitry part. In
doing so we are not losing any generality and what we will do next, could be done as well
for the schematic in Fig.4.15 or for any other schematic. However for the sake of simplicity
and convenience we use the schematic in Fig.4.20 as our transmitter antenna circuitry and
the receiver circuitry.

Our task now is to have a relation between the impedance seen by the driving IC that runs
the circuit (that is the input impedance) and the mutual inductance between the transmitter
coil and the receiver coil. When we have such relation, by measuring the input impedance
we can deduce the value of M, assuming that we know the values of other components.

We start by the schematic in Fig.4.21 which has 4 loops with current I1, 12, I3 and 14 in
each loop:

For the forth loop we have:

1j
ILRL— (I3 -1 — = 4.1
4R (Is — 1) (Rs 03W> 0 (4.18)
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Figure 4.21: Transmitter antenna circuitry and receiver antenna circuitry that we are going
to use. We want the relation between M and the input impedance of this circuit.

or )
Is (Rs = oty
L= or (4.19)
Rs + RL — W

We continue in this manner for each loop, each time we substitute equation for current
from previous loop in the equation of next loop to eliminate it and we get equation 4.20 to
equation 4.25. As we expect in last equation for Z;,, we get read of all currents and voltages
and it is just a function of different components of the circuit.
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To test the algorithm of localization in the case of one port network (having only access
to the transmitter) we start by fabricating a transmitter and a receiver according to the
schematic given in the Fig.4.20.

The following values for each component are chosen. These values for capacitors are chosen
to have a resonance at 125 kHz and a matching to 50 Ohm output impedance of the output
from VNA that we are using for measurement (the stray resistances : R1, R2 and R3 of
each capacitor are unavoidable). The values of transmitter coil inductance and the receiver
coil inductance are chosen to be realistic values (the stray resistances : L1R and L2R of
each coil are unavoidable). These values are:

C1=10.07 nF

R1=124 m-Q

C2=109.82 nF

R2=14.19 m-)

L1=13.68 uH

L1R=2173 m-Q

L2=5.16 uH
L2R=124 m-Q
C3=300 nF
R3=5.7 m-Q
RL=680 Q

(We started by commercially available capacitors, then we calculated what value of induc-
tance is needed so we will have a resonator at 125 kHz, then we used simulation to find the
diameter and number of turns in each coil to have desired inductance)

When we put these values of component in the equation 4.25 we get:

130.0 (1.6e + 12 M? +0.23)

ZinReal = 5 5
(1.6e + 12 M2 +0.23)° + (1.9¢ + 12 M2 — 0.85) (4.26)
0.33 (1.9¢ + 12 M? — 0.85) o4 '
(1.6e 4+ 12 M2 + 0.23)% + (1.9¢ + 12 M2 — 0.85)>
0.33 (1.6e + 12 M? +0.23)
ZinImag = 5 5
(1.6e + 12 M2 +0.23)° + (1.9¢ + 12 M2 — 0.85) (4.27)

130.0 (1.9e + 12 M? — 0.85) 140.0
(1.6e +12 M2 +0.23)* + (1.9¢ + 12 M2 — 0.85)° '

With equations 4.26 and 4.27 at hand we have three unknown, Z;, Real, Z;,Imag and M,
two of them are easily measurable: Z;,Real, Z;,Imag. That give us two equations with
one unknown: M. This is more than enough for deducing M.
It is very important that one knows the correct values of the parameters making the circuit.
If these components values are not measured accurately before running the algorithm and
have real values rather than values that we used to get equations 4.26 and 4.27 (or any equa-
tion like equations 4.26 and 4.27), these error will show themselves as error in determining
M and that will lead to wrong localization.
To determine how the accuracy of localization is effected by the inaccuracy of measuring
the values of these component, we can take the derivative of the equation 4.25 in respect to
each parameter and see the variation of each of these parameters on the input impedance.
Because we think we measured these values accurately enough this step is not necessary
here.
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Figure 4.22: To design an inductor coils for the transmitter and the receiver that matches
the capacitance of these commercially available capacitors and resonates at 125 kHz and be
matched to 50 © we used software like FEEM (below) and Q3D Ansys (above)[26] [27].

The capacitors (as their values show) are standard commercially available capacitors. To
design an inductor coils for the transmitter and the receiver that matches the capacitance
of these commercially available capacitors and resonates at 125 kHz and be matched to 50
Q we used software like FEEM and Q3D Ansys. Some simulation are shown in Fig.4.22.
We ended up with transmitter and the receiver coils having property shown in table 4.4 at
the frequency of operation (which is 125 kHz)

When we put these values in the schematic in Fig.4.22, we end up with the complete cir-
cuitry for the transmitter-receiver schematic shown in Fig.4.23.

Fig.4.24 shows the fabrication of a transmitter antenna and the fabrication of a receiver
antenna.

The volume of interest for testing the algorithm of localization in one port condition is
consisting of a cuboid of the following dimensions:

Az = 25¢m
Ay = 19c¢m
Az = 15cm

We use a grid of six identical transmitter coils placed underneath the volume of interest.
We assign the origin of the coordinate system in a way that the center of each transmitter
coil have the coordinates shown in table 4.4.
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Coil Radius number of Resistance
turns
Transmitter 63.42 mm 7 turns 217.3 m-Q)
Receiver 49.4 mm 5 turns 124 m-Q)

Table 4.1: Properties of the transmitter(s) and the receiver.
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Figure 4.23: The complete circuitry for the transmitter-receiver schematic .

Figure 4.24: The fabrication of the transmitter antenna (right) and the fabrication of a
receiver antenna (left). As we can see in the background of the picture both of them are
tuned to resonate at 125 kHz. Measurements made by HP 4195.
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Coil X coordinate Y coordinate

The coil number 1 in 0 cm 0 cm
Fig. 4.25

The coil number 2 in 63 cm 0 cm
Fig. 4.25

The coil number 3 in 0 cm 63 cm
Fig. 4.25

The coil number 4 in 63 cm 63 cm
Fig. 4.25

The coil number 5 in 126 cm 0 cm
Fig. 4.25

The coil number 6 in 126 cm 63 cm
Fig. 4.25

Table 4.2: Coordinates of each coil of the transmitter. Z coordinates for all coils could not
be the same because they will intersect. However they are placed as close as possible to
Z=0, in a range of (-2.5 cm, 2.5 cm).

Fig. 4.24 shows the positions of the transmitter coils and the volume of interest.
What we are going to do is to put the receiver in a known position of the volume of
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The position of each coil in the transmitter grid. The volume of interest is the green cuboid.
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Figure 4.25: The position of each transmitter coil in the volume of interest. The position
of these coils depends on the The volume of interest. The choice of position of each coil is
made in a way that guarantee that they cover all the volume of interest. The volume of
interest is a cuboid shown in brown.

interest, then we want to recover this position just by measuring the input impedance of
the transmitter antenna. This is the first step in which the transmitter antenna localize the
receiver.

Based on the location of the receiver (found in the first step) the transmitter performs the
beam steering to increase the efficiency of the system. We explained this process (localiza-
tion and beam steering) in the previous chapter in detail.

The only difference is that we moved from non realistic two ports set up (in which we should
have access to both transmitter and the receiver) to realistic one port set up (in which we
only need to have access to transmitter).

The beam steering will not be effected in this new case and it will be performed exactly in
the same way it was described in the previous chapter, so we will not repeat it here. Most
steps in localization also will be similar so we will explain them briefly in some steps and
not in details.

1. The volume of interest is divided into 3D grid of points as following:
e 53 points along X axis with 4.7 mm spacing between each.
e 40 points along Y axis with 4.7 mm spacing between each.

e 48 points along X axis with 3.1 mm spacing between each.

The number of points and the spacing between them is chosen arbitrary in our case but in
practice they are chosen based on required accuracy of localization and the memory and
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computational power available of controlling mechanism which drives the transmitter and
perform the localization algorithm.

2. The mutual inductance between each coil of the transmitter (each coil of the trans-
mitter has a known position in the volume of interest mentioned in the table 4.4) and the
receiver coil is calculated as if the receiver center was to be at any of the points of the 3D
grid mentioned above. This is the pre-calculated mutual inductance matrix which was men-
tioned in previous chapter. Each coil of the transmitter has its own pre-calculated mutual
inductance matrix.

3. We put the receiver center in the known location of X=73 mm, Y=24 mm and Z=78 mm
in the volume of interest (according to the coordinate given in table 4.4).
Our goal is to deduce this position by running our algorithm.

4. The localization process is initiated by choosing a configuration of the transmitter in
which all the coils are disconnected except coil number 1. This means in this configuration
the transmitter is consisted only of coil number 1. Lets call it configuration 1.

5. We measure the input impedance of the antenna circuitry. This is the input impedance
seen by the driving IC shown in Fig.4.23. For doing so the IC just needs to measure the
voltage and from its known current (because it is basically a current source) the input
impedance is deduced.

6. We find the input impedance in this specific example to be:
7=43.9-17.6]

7. We put this input impedance in the equation 4.25. All the values in equation 4.25
are known, except M, we solve it for M and we get, M=0.205 pH. It should be mentioned
that we actually getting two answers from solving equation 4.25. It is reasonable because
in this equation what appears in square of M not M itself. The two answers are complex
conjugate of each other. We just take the positive imaginary part as M.

8. This value of the mutual inductance is compared with the pre-calculated mutual in-
ductance matrix of the coil 1 (corresponding to the configuration 1 of the transmitter) and
all the possible positions of the receiver that would lead to the same measured mutual in-
ductance in the volume of interest are determined. There are 4507 such possible positions.
Fig.4.26 shows the results.

9. The answer is not unique (localization is not performed). To reduce further more the
number of possible positions and find the real position of the receiver, the configuration of
the transmitter is changed. We disconnect the coil number 1 and connect only coil number
2. Now we are in a configuration in which the transmitter is consisting of only coil number
two. Lets call it the configuration (2) of the transmitter.

10. We measure the input impedance of the antenna circuitry when the antenna is in
the configuration 2.

11. We find the input impedance to be:
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The surface shows all the positions of the receiver which yield in mutual inductance = 0.205 uH
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Figure 4.26: The measured value of mutual inductance (M=0.205 pH) could be a result of
any position of receiver belonging to the surface shown here. The color just shows the Z
component of the possible locations.

7=41.1-66.13j

12.  We put this input impedance in the equation 4.25 and we solve it for M and we
get, M=0.417 pH.

13. This value of the mutual inductance is compared with the pre-calculated mutual in-
ductance matrix of the coil 2 (corresponding to the configuration 2 of the transmitter) and
all the possible positions of the receiver that would lead to the same measured mutual in-
ductance in the volume of interest are determined. There are 3617 such possible positions.
Fig.4.27 shows the results.

14. The real position of the receiver should belong to both surfaces shown in Fig.4.26 and
Fig.4.27, so we take their intersection. There are 118 points that belong to both surfaces,
shown in Fig.4.28.

15. The last step hugely reduced the number of possible positions of the receiver but it is
still a large set of number (containing 118 different positions). To reduce it more we again
change the configuration of the transmitter. We disconnect the coil number 2 and connect
only coil number 3. Now we are in a configuration in which the transmitter is consisting of
only coil number 3. Lets call it the configuration (3) of the transmitter.

16. We measure the input impedance of the antenna circuitry when the antenna is in
the configuration 3.
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The surface shows all the positions of the receiver which yield in mutual inductance = 0.417 uH
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Figure 4.27: The measured value of mutual inductance (M=0.417 pH) could be a result of
any positions of receiver belonging to the surface shown here.

The surface shows intersection of possible positions according to coil 1 and coil 2

Z in Meter

Y in Meter Xin Meter

Figure 4.28: The surface shows the intersection of possible positions according to coil 1 and
coil 2.
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The surface shows all the positions of the receiver which yield in mutual inductance = 0.185 uH
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Figure 4.29: The measured value of mutual inductance (M=0.185 pH) could be a result of
any positions of receiver belonging to the surface shown here.

17. We find the input impedance to be:
7=43.3-13.14;j

18. We put this input impedance in the equation 4.25 and we solve it for M and we
get, M=0.185 pH.

19. This value of the mutual inductance is compared with the pre-calculated mutual induc-
tance matrix of the coil 3 (corresponding to the configuration 3 of the transmitter). There
are 4222 such possible positions. Fig.4.29 shows the results.

20. The real position of the receiver should belong to both surfaces shown in Fig.4.28 and
Fig.4.29, so we take their intersections. There are just 3 possible positions that belong to
both surfaces. They are:

e X=0.0740 Y=0.0339 Z= 0

e X=0.0760 Y=0.0362 Z= 0

e X=0.0693 Y=0.0268 Z= 0.0866

21. Though last steps reduced the number of possible positions to just 3, and the X and Y
component in all three possible positions are close but there is a big difference in Z compo-
nent. One possible position is in Z= 8 cm and two others in Z=0 cm. To decide which one
is the answer we disconnect the coil number 3 and connect only coil number 4. Now we are
in a configuration in which the transmitter is consisting of only coil number 4. Lets call it
the configuration (4) of the transmitter.
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The surface shows all the positions of the receiver which yield in mutual inductance = 0.383 uH
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Figure 4.30: The measured value of mutual inductance (M=0.383 pH) could be a result of
any positions of receiver belonging to the surface shown here.

22. We measure the input impedance of the antenna circuitry when the antenna is in
the configuration 4.

23. We find the input impedance to be:
7=42.45-59.13]

24. We put this input impedance in the equation 4.25 and we solve it for M and we
get, M=0.383 pH.

25. This value of the mutual inductance is compared with the pre-calculated mutual induc-
tance matrix of the coil 4 (corresponding to the configuration 4 of the transmitter). There
are 3508 such possible positions. Fig.4.30 shows the results.

26. The real position of the receiver should belong to the surfaces shown in Fig.4.30 and the
three positions we get in step 20. So we take their intersection. There are just 1 possible
positions that belong to both and it is:

e X=0.0693 Y=0.0268 Z= 0.0866 (meter)

27. This is a unique answer and could not be reduced more. The localization is com-
pleted.

If we compare this position that we found through our algorithm to the real position of

the receiver, we find them to be close. However there are some errors. To estimating the
error, the mean absolute error (MAE) is used according to:
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Experiment The real The MAE MAE
position of deduced normalized
the receiver | position of to the

the receiver receiver
diameter

Experiment | X=73 mm, | X= 69 mm, 5 mm 5%

1 Y=24 mm, | Y=26 mm,
Z= 78 mm | Z= 87 mm
Experiment | X=40 mm, | X= 41 mm, 3.6 mm 3.6%
2 Y=30 mm, | Y=29 mm,
Z=67 mm Z=T76 mm
Experiment | X=0 mm, | X=-7 mm , 5.6 mm 5.6%
3 Y=40 mm, | Y=41 mm,
Z=50 mm | Z= 59 mm
Experiment | X =92 mm, | X =82 mm, 9.6 mm 9.6%
4 Y =21 mm, | Y =30 mm,
Z = 99 mm Z =109
mm

Table 4.3: Experimental results for localization.

Z?:l |yz - xz’
n

MAE = (4.28)

Where::

e the y; is the deduced values of position (that is the deduced X, Y and Z coordinates in
each experiment)

e xz; the real values of position (that is the actual X, Y and Z coordinates in each experi-
ment)

e n is the number of coordinates for each position which in our case is three.

We put the receiver in the location (X=73 mm, Y=24 mm and Z=78 mm), and the al-
gorithm we performed localized the receiver to be at (X=69.3 mm, Y=26.8 mm and Z=
86.6 mm). The mean absolute error (MAE) is:

Yoy |y — i (73 —169.3) + [(24 — 26.8)| + | (78 — 86.6)]
n N 3

To put this error in perspective we normalize it in respect to the diameter of the receiver
which is 100 mm, and we get normalized MAE to be 5%.

To make sure that we were not just lucky in getting results and the algorithm is reliable, we
repeated the process for other arbitrary positions in the volume of interest. By repeating
the process for each position we want to to see if we are able to localize the receiver coil
position successfully. Table 4.4 shows the results.

=5mm

MAE = (4.29)

What is the source of the error in the localization?
In the previous chapter in localization in two ports network we mentioned some of the
sources of this error. Here in localization in one port network those previously mentioned
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sources of errors are also again sources of errors and we will not repeat them here again.
The new source of error (which increases the error) is the inaccuracy in the numeric val-
ues of components constituting the transmitter antenna circuitry and the receiver circuitry.
Though these component are measured carefully before fabricating the circuits, this mea-
surement is not perfect (like all other measurements) and has some inaccuracy. When these
inaccurate values are substituted in equation 4.25 they affect the calculated M as a function
of input impedance. Beside this, during the fabrication and connecting different elements
we create stray capacitors which in turn affect the deduced M. The error in deduced M
translates itself in error in localization.

However, even with these errors still the localization could be performed with acceptable
accuracy as we can see from table 4.4.

We also should mention the time that the algorithm takes to be performed. In our case we
used MATLAB software to perform the algorithm, but we did not used any specific MAT-
LAB function. So it could be implemented and programmed easily in any micro controller.
Calculating the pre-calculated mutual inductance is time consuming. But it is a task which
should be performed just once before starting the algorithm, So the time it takes is not
important.

The memory required to store each of these pre-calculated mutual inductance of course
depends on the size of volume of interest and the 3D grid that we are using, for each point
in the volume of interest the pre-calculated mutual inductance will have one entry. In this
example the required memory for each pre-calculated mutual inductance was 500 kB. The
time of performing the algorithm itself also depends on the size of volume of interest and
the 3D grid and the speed of the computer or the micro controller that run the code. In
this example, we used a computer with processor of 2.30 GHz speed and 8 GB memory.
The average execution time was two seconds. When a certain micro controller is given one
should reduce the size of the 3D grid to keep the algorithm an algorithm which executes in
real time. This of course will reduce the resolution of localization. This is an inescapable
trade off.
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4.5 CONCLUSION

In this chapter we extended and completed the algorithm that we introduced in the pre-
vious chapter. In previous chapter we implement our algorithm to a two ports network.
That is same thing as saying we have access to both transmitter and the receiver. Having
access to the transmitter is simple but having access to the receiver is not practical in most
realistic situations. In this chapter, we showed that if we add resonance and matching parts
to the transmitter antenna and the receiver antenna, it becomes possible to deduce the
value of mutual inductance between the transmitter and the receiver from measuring the
input impedance of the transmitter without any need to access the receiver. The deduced
value of mutual inductance could be used for performing the localization algorithm as it was
explained in previous chapter. Simulations were done by using a MATLAB code and its
applicability was demonstrated by running a set of experiments. The experimental results
show that the algorithm operates as expected.

If the same procedure is performed continuously, one could track dynamically the movement
of the receiver.

We assumed that there is just one receiver in the volume of interest. If we want to extend
it to the case in which we have more than one receiver in the volume of interest (say two
receivers) one should change the pre-calculated mutual inductance matrix for each transmit-
ter coil to contain all combination of all possible positions of two receivers in the volume of
interest. This will require some modification of the algorithm (and more required memory
for the controlling part of the transmitter). But we could not say it for sure. It could be
one of the prospective at this point.

It was assumed that the receiver is in an unknown position but always parallel to the trans-
mitter. This assumption was made for the sake of simplicity. The algorithm could be
modified for localizing a receiver in a more general situation in which the receiver could
have any arbitrary orientation.

We should mention that the algorithm could be easily integrated in presently in-use system
to add to them (if it is required) the ability of localization.

At the end it should be mentioned that we performed simulations and experiments for cer-
tain arbitrary size of volume of interest for the sake of demonstrations. In real life scenario,
the volume of interest depends on the application on hands and it should be given to us in
prior.

However the algorithm could be adapted to any required size of volume of interest if the size
of the transmitter coils and the number of such transmitter coils which makes the trans-
mitter grids, are chosen in appropriate way. The algorithm is easily scalable and it could
be applied to much larger volume of interest which we examined here, because the small
volume of interest makes fabrication and simulation more convenient.

Extending the volume of interest to larger scale and examining the algorithm in larger scale
could be another perspective of this work and the next step.
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CONCLUSION

In This work we tried to adders the problem of IPT deficiency due to mutual inductance
deficiency between the receiver and the transmitter.

The first method we proposed, was based on the TLAs (Twisted Loop Antenna) that could
be considered as an array of coils. Different structures of TLA indeed create different pat-
tern of electric current. In its turn different patterns of electric current, create different
patterns of magnetic fields. Therefore it gives us a way for controlling the magnetic field by
controlling which TLA is excited and which TLA is not excited.

This method is very well known for far-field radiation, and we applied it to near-fields.
The same method could be used to increase the range of wireless power transfer. The
idea of using array-like structure to increase the efficiency of power transfer was proposed
earlier, however, we here followed a new approach and proposed an application of this prin-
ciple, namely a system which guarantees power transfer regardless of misalignment between
sender and receiver. The simulation was performed followed by measurements. Measure-
ments showed good agreement between calculation and the measured values for the mutual
inductances, which confirms the feasibility of the method. However if there are a few re-
ceivers or even just one of them (for example for wireless charging of robots, cars, drones,...)
though the method still should work, but it does not seem to be a very efficient approach.
The raison is that the effective mutual inductance the receiver coil will have in this method
is the average of mutual inductances the receiver coil have in each step.

This happens because if in one step we have a magnetic field which creates suitable mutual
inductance for the receiver, that magnetic field will change in the next step and in this new
step the magnetic field is not necessarily suitable any more and the receiver should wait till
the repetition of the configuration that generates suitable magnetic field.

If there is a few receivers or just even one receiver, it is not any more an efficient way.

A better possible solution is to have some kind of localization. When the localization is
done, the magnetic field could be steered in a way which is optimal for the particular posi-
tion and the orientation of the receiver.

It should be mentioned that though we here mentioned localization as a method for en-
hancing magnetic coupling, the ability of localization by itself is an interesting subject to
be considered.

For doing so we proposed an algorithm based on measuring the mutual inductance between
the transmitter and the receiver. In this case the transmitter is a grid of circular coils. But
the idea is general and could be applied to other kind of transmitter grid as well. The mea-
sured mutual inductance between the transmitter and receiver could be used for localization
of the receiver. This method needs a priori knowledge about the volume of interest. This is
a regain around the transmitter in which the receiver could be localized. We also need to
calculate what we called the pre-calculated matrix of mutual inductance.
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Simulations were done by using a specific MATLAB code and its applicability was demon-
strated by running a set of experiments.

The experimental results show that the algorithm operates as expected and it is possible to
localize the receiver depending on its magnetic mutual coupling with the transmitter. If the
same procedure is performed continuously, one could track dynamically the movement of
the receiver. It was assumed that the receiver is in an unknown position but always parallel
to the transmitter. This assumption was made for the sake of simplicity and does not affect
the algorithm principle and utility. The algorithm could be modified for localizing a receiver
in a more general situation in which the receiver could have any arbitrary orientation, and
this modification will be one of the perspective of this work. However this assumption is
not a real limitation.

The real limitation comes from considering more than one receiver. The algorithm in its
current state is capable of localizing one receiver in the volume of interest. If we want to
localize more than one receiver, we should calculate the pre-calculated mutual inductance
matrix for each coil of the transmitter and all combination of the receiver in their different
possible position. As the number of receivers is few the code could be generalized to deal
with these situations. But increasing the number of receivers will increase the required
memory and computational power of the system and it will stop to be applicable (or at
least not in the real time). This is a real limitation and overcoming it is another one of
the perspective of this work. But one should remember that in case of having a number of
distributed receivers in the volume of interest, the proposed method in chapter 2 becomes
more relevant and in this case the localization probably is not necessary.

After localization also it was shown how the knowledge about the receiver location could be
used to enhance the magnetic coupling between the transmitter and the receiver: by means
of a switchable grid of coils to steer the magnetic field properly towards the receiver. This
beam forming approach allows to increase the mutual inductance between the transmitter
and the receiver and to increase the efficiency of such inductive power transfer systems.
Until this point we were working with a two ports network. That is same thing as saying we
have access to both transmitter and the receiver. Having access to the transmitter is simple
but having access to the receiver is not practical in most realistic situations. In our next
step we showed that if we add resonance and matching parts to the transmitter antenna and
the receiver antenna, it becomes possible to deduce the value of mutual inductance between
the transmitter and the receiver from measuring the input impedance of the transmitter
without any need to access the receiver. The deduced value of mutual inductance could be
used for performing the localization algorithm as it was explained earlier. In this case also,
simulations were done by using a MATLAB code and its applicability was demonstrated by
running a set of experiments. The experimental results show that the algorithm operates
as expected.

In both cases we have some error in localization. As one expect the error in the one port
network to be more than error in two port networks. However even with this error the
method seems to localize the receiver in more or less acceptable accuracy. This accuracy
could be controlled to match the required accuracy for concrete applications.
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ABSTRACT

Inductive Power Transfer) is an approach based on magnetic coupling to realize a WPT
(Wireless Power Transfer) system. In applications using IPT as a mean for transferring
power, like RFID, it is of great interest to have a free positioning system, meaning with-
out or at least fewer constraints on relative positioning and orientation between the sender
and the receiver.One of the problems which face the free positioning WPT by using IPT
is the great sensitivity of the system to lateral and orientational misalignment between
the sender and the receiver of power.This could hugely reduce the efficiency of the whole
system for certain lateral and orientational misalignments, resulting in null points for the
coupling coefficient, therefore no power transfer in general or no detection in case of RFID
(Radio Frequency Identification).Another subject related to IPT is the ability to localize
the receiver. The ability of the transmitter to localize the receiver could be interesting for
applications such as IoT (Internet of Things).

In Qi standards for wireless power transfer, the localization is performed by using a coils
array.Here the resolution of localization is equal to the diameter of the coils in the trans-
mitter array. Decreasing the diameter of coils in transmitters increases the resolution of
localization but also reduces the range of power transfer. This in an inevitable trade-off. In
this work we tried to address these problems.

RESUME

L’IPT (Inductive Power Transfer) est une approche basée sur le couplage magnétique pour
réaliser un systétme WPT (Wireless Power Transfer). Dans les applications utilisant I'TPT
comme moyen de transfert de puissance, comme la RFID, il est trés intéressant d’avoir un
systéme de positionnement libre, c’est-a-dire sans ou au moins avec moins de contraintes
sur le positionnement et orientation relatifs entre I'émetteur et le récepteur. Ces con-
traintes sont la pour garantir une inductance mutuelle non nulle (ou un déficit d’inductance
mutuelle).L’un des problémes auxquels est confronté le WPT & positionnement libre en util-
isant I'IPT est la grande sensibilité du systéme au désalignement latéral et d’orientation
entre I’émetteur et le récepteur de puissance.Dans ce travail, nous essayons de résoudre le
probléme du transfert de puissance inductif (TPI) dii au manque d’inductance mutuelle
entre le récepteur et I’émetteur.

La premiére méthode que nous proposons est basée sur les TLA (Twisted Loop Antenna)
qui peuvent étre considérées comme un réseau de bobines.La deuxiéme méthodeUne que
nous proposons est d’avoir une sorte de localisation. Lorsque la localisation est effectuée,
le champ magnétique peut étre dirigé de maniére optimale pour la position et I’orientation
particuliéres du récepteur.Il convient de préciser que, bien que nous ayons mentionné ici la
localisation comme méthode d’amélioration du couplage magnétique, la capacité de locali-
sation en elle-méme est un sujet intéressant a considérer.
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