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A Reconfigurable Coil Grid for Receiver
Localization in Wireless Power Transfer
and Magnetic Field Steering

Jaafar Al Sinayyid, Hakim Takhedmit

, Patrick Poulichet, Marjorie Grzeskowiak, Antoine Diet ",

and Gaélle Lissorgues

Abstract—The main purpose of Inductive Power
Transmission (IPT) is efficient power transfer. Yet the ability to
localize the receiver is itself an interesting goal. In Qi standards
for wireless power transfer, the localization is performed by
using a coils array. The resolution of localization is equal to
the diameter of the coils in the transmitter array. Decreasing
the diameter of coils in transmitters increases the resolution of
localization but also reduces the range of power transfer. IPT is
used in inductive RFID (Radio Frequency Identification) where
a trade-off between resolution of localization and range of tag
detection arises. This article proposes an original system making
it possible to modify the resolution and the distance of operation
independently. Calculations and simulations are implemented in
MATLAB software. Experiments in low frequency validate the
method and show the system capability to localize the receiver
with good accuracy, with mean absolute error of 4 mm for
localizing a receiver coil of 1 cm radius positioned in a box
with dimensions 20%20*%10 cm. Transmitter is a grid of 9 coils
of 3.3 cm radius. After localization, the magnetic field is steered
in the direction of the receiver to obtain a more efficient power
transfer.

Index Terms—Reconfigurable transmitter antenna, inductive
beamforming, magnetic coupling, near field localization.

I. INTRODUCTION

NE OF the most promising WPT (Wireless Power
Transfer) method in the near field is inductive power
transfer (IPT). Regarding IPT, in this work two problems are
addressed.
The first problem is the low mutual inductance due to
misalignment and non-optimized orientation which impacts
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directly the power-transfer efficiency. The second problem is
the localization ability.

When the receiver coil is in a random position or orien-
tation in respect to the transmitter coil, the mutual induc-
tance between them is calculated using Neumann formula,

Eq. (1) [1].
M:M—O¢ % dly .dlp 0
4 cl Je2 Ri2

where M is the mutual inductance between the two loops,
dl; is the differential length along the electrical path for the
current I in first coil and dl; is the differential length along
the electrical path for the current I in second coil. C; and C,
represent the first coil and the second coil, respectively. Rj»
is the distance between each differential length dl; and dl,.

According to this formula the mutual inductance depends
strongly on the relative position and the orientation between
the transmitter and the receiver. For certain positions and ori-
entations there can be essentially zero coupling. Those are
called null areas. If the receiver is in a null area, due to
very low mutual inductance, there would be not enough power
transfer between the transmitter and the receiver. For example,
in RFID (Radio Frequency Identification) systems based on
induction, the tag will not be detected because the minimum
required power is not reached. This is the first problem. Some
solutions based on reducing the probability that a receiver is
in such null areas are proposed in the literature [2]-[5].

The second problem is the localization of the receiver which
is useful in many applications. It has recently gained interests
because of the wide range of possible needs for IoT (Internet
of Things). Different technologies and algorithms that have
been used in general to accomplish the localization task are in
far field. The most used are: Received Signal Strength (RSS),
Angle of Arrival (AoA), Return Time of Flight (RToF) and
Time of Flight (ToF) [6]-[12] but they are not applicable
directly in near field region.

Recently, a broad variety of methods has been studied for
localization techniques applicable in near field. These solu-
tions in general are based on a coils grid as a transmitter.
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
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Fig. 1. Qi wireless charging standards propose three models of wireless
charging system. Guided positioning by magnetic attraction (left), free posi-
tioning by moving Coil (middle) and free positioning by coil array (right).
Localization is performed in the Coil Array model. The figure is reproduced
from [13].

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. These
methods are in accordance with Qi standards which propose
several models of wireless charging system [13].

One of the models explained by Qi standard is Free-
positioning model in which localization is done based on
reflected impedance as mentioned above, Fig. 1. In Qi stan-
dards for wireless power transfer, localization is performed
implicitly by an array of coils. The device to be charged
is freely positioned above this coils array and it changes
only the reflected impedance of a coil right below it. Then
power transfer is performed by exciting the coil underneath
the device.

The resolution of localization therefore is equal to the diam-
eter of the coils in the array. Decreasing the diameter of each
coil increases the resolution of localization but also reduces the
range of power transfer. IPT also is used in inductive RFID
(Radio Frequency Identification) where a trade-off between
resolution of localization and range of tag detection arises.

In recent years different methods in the frame work of coils
grid and reflected impedance have been proposed to enhance
the accuracy of localization.

For example, in [14] 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 covers a signal antenna, the receiving
antenna will return a signal that is determined by the relative
position between the RX and TX coils. This method is not
suitable for small size RX.

In [15] another method for localization in near field suit-
able for movable transmitter is proposed. 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 [9] 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 [16]-[22].

Most of these mentioned methods have two properties in
common:

e c I

Fig. 2. 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.

1) The resolution of these methods is equal to the diameter
of coils constituting the array transmitter. So, it is possible to
increase the accuracy of localization by reducing the diame-
ter of the transmitter coils. However, it is known [23]-[24]
that the effective power transfer takes place within the sep-
aration between transmitter and receiver which is not larger
than the diameter of the transmitter coil. Therefore, decreas-
ing 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 localiza-
tion and maximum permitted distance between transmitter and
receiver. In RFID applications for localization, this problem
shows up as a trade-off between resolution of localization and
range of tag detection.

To give an example, consider using this method with induc-
tive RFID for indoor tracking of small animals [25]. In such
cases, a grid of transmitter antenna is placed directly under-
neath the cage of the small animal to be studied. However,
if one wants to apply this setup 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. 2 illustrates an example of this problem. Assume
the practical constraints do not allow us to place a transmitter
coil directly underneath the animal carrying a tag and the trans-
mitter is positioned at a certain distance underneath the animal.
In Fig. 2 the line segment CD shows this 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, repre-
sented by the line segment AB in Fig. 2, 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.

2) The earlier proposed solutions for overcoming this
trade-off and increasing the accuracy involve additional com-
plementary 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 [15], to



TABLE I

COMPARATIVE STUDY OF DIFFERENT LOCALIZATION TECHNIQUES IN NEAR FIELD RFID AND WPT

FREQUENCY PARAMETERS OF ERROR*
METHOD / WORK ADVANTAGE DISADAVANTAGE BAND TX AND RX
Magnetic attraction Low cost Unable to localize _ _ _
(Qi standard)
Movable primary coil Efficient power Mechanically moving parts _ _ _
(Qi standard) transfer high cost
Jianchao Li [14] No need for Range of detection HF TX=7 turns spiral coils
reference tags decrease by increasing the Inner radius of TX = 10 mm, 122 cm
accuracy of localization, Outer radius of TX = 50 mm
not suitable for small size RX= 7 turns spiral coils
RX Inner radius of RX = 80 mm,
Outer radius of RX = 120 mm
M.Y. Ahmad [15] Suitable for tracking Need for reference tags. HF TX= triangular-loop-bridge reader
movable reader Increasing accuracy of using multiple triangular loops 4.05 cm
detection needs more tag RX= standard commercially
available passive tags
D. Fortin-Simard [16] No need for Without modification HF TX= commercially available reader
reference tags could not address of three- A-PATCH-0025 14.1 cm
dimensional localization. RX= standard commercially
available passive tags
Lei Yang [17] Suitable for tracking Need for reference tags HF TX= commercially available reader
movable reader RX= standard commercially 18.6 cm
available passive tags
Proposed solution Range of detection Needs higher memory LF TX= 6 turns coil of radius 3.3 cm.
is independent of RX=1 turn coil of radius 1 cm 4 mm

accuracy of

localization.

no need for
reference tags.

* ERROR is the maximum difference between the actual position of RX and the determined position of RX

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 work a new solution is proposed to address these
two properties and associated issues.

Namely first we propose a method that makes it possi-
ble to modify the resolution and the distance of operation
independently and achieve better localization accuracy.

Secondly, we offer to do so not by adding additional com-
plementary devices (for example by increasing the required
coils or reference tags) but rather by proposing a new algo-
rithm based on a data base stored in the memory of the control
module of the transmitter.

Table 1 shows a brief comparison between the method
proposed in this work and other methods proposed by Qi stan-
dards and solutions that try to enhance the localization in the
framework of Qi standards.

After localization is done then, it’s 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 mag-
netic field which can guarantee that the receiver is not in
the null detection area. So, the proposed system is a recon-
figurable transmitter antenna that localizes the receiver and
then enhances the power transfer performance by beamforming
according to the detected position of the receiver.

This method could be useful for example in applications
such as charging table or the detection and data exchange with
medical implants (in-body).

All the calculations, simulations and the algorithm in this
work were performed in MATLAB software. Furthermore,
experimentations are presented to validate the proposed
method.

II. RECONFIGURABLE TRANSMITTER MULTI-COILS
ANTENNA

The transmitter antenna is a 2D planar grid of circular coils.
This grid is used for both localization and power transfer. It
is reconfigurable because all coils are connected by switches
and these switches make it possible to either connect or dis-
connect each coil from the whole structure of the transmitter,
or inverting the current direction in each coil. The number of
circular coils and their diameter depend on the target volume
where the receiver to localize is.

The volume in which the receiver coil is to be localized
is referred to as the volume of interest. It is assumed that
the volume of interest is pre-given. The method of detection
explained here is based on measuring the coupling between the
receiver and the transmitter. To ensure that the coupling coeffi-
cient “k” is not too small, the number and the diameter of each
coil should be chosen in a way that regardless of the position



0.12

0.1

0.08

0.06

Z, meter

0.04

0.02

0 B
02>\
A\
015 ™\

04 N\ =
0.05 \/—v——ﬂf;ﬂ

0.1 0.15

0
Y, meter 0 0.05
X, meter

Fig. 3. The transmitter antenna consists of a grid of 9 circular coils con-
nected through switches. The volume of interest in which the transmitter could
localize the receiver is a green box above the transmitter (20 x 20 x 10 cm3).
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Fig. 4. One possible configuration in which 8 of the coils are disconnected
from the sender antenna (black-color coils) and the antenna consists of only
one coil (red-color coil).

of the receiver in the volume of interest, there is always a num-
ber of transmitter coils that are close enough to the receiver
to have mutual inductance strong enough to be measured. For
this study, the volume to be covered is a box of the dimen-
sions: X = 20 cm, y = 20 cm and z = 10 cm. To make sure
that regardless of the position of the receiver there is a number
of transmitter coils close to it, a reconfigurable structure con-
sisting of 9 coils of radius 3.3 cm arranged in a way shown in
Fig. 3 is chosen. The volume of interest in this study is chosen
arbitrary just to validate the idea. The switches between coils
allow connecting and disconnecting each coil of the transmit-
ter leading to different substructures. Fig. 4 shows one possible
substructure which consists only of one coil and all other
coils are turned off. Different substructures are considered as
different configurations of the transmitter.

III. LOCALIZATION METHOD IN NEAR FIELD

The method proposed in this article starts with the observa-
tion that the coupling between the transmitter and the receiver

®»
»

L FL
T $-sender S receiver
L=L1 L=L2
R= R=
MUTIND
¥~ N
Mutual

Fig. 5. The circuit model of the transmitter-receiver as a two-port network.

is a result of the geometries, and also relative orientation and
position of receiver and transmitter. For many applications it
is reasonable to assume that the shapes and self-inductances of
receiver and transmitter do not change, therefore the coupling
coefficient only depends on their relative orientation and posi-
tions. This suggests that by measuring the coupling between
them, it is possible to deduce their relative orientation and
position. It is assumed that the receiver is a small circular coil
and its position means the coordinate of its center. When the
coupling coefficient is obtained, the mutual inductance could
be determined according to Eq. (2):

M=k L1 L2 2)

In which L1 is the self-inductance of the transmitter, L2 is
the self-inductance of the receiver, k the coupling coeffi-
cient between them and M is the mutual inductance between
transmitter and the receiver, Fig. 5.

It is this obtained value of mutual inductance between trans-
mitter and the receiver that will be used for localization.
However, it should be noticed that as the shape of the trans-
mitter is circular symmetric, the value of mutual inductance
between the transmitter and receiver coils could not be mapped
in one step to a unique position of the receiver. Indeed, it
could be mapped to a set of positions of the receiver that all
could yield the same mutual inductance value if the receiver
was at any of those positions (Fig. 6). Though the value of
mutual inductance does not lead to a unique position, it leads
to a smaller subset 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 cou-
pling. Indeed, instead of directly finding the right position of
the receiver, the positions of the receiver that are not consistent
with the obtained value of mutual inductance are eliminated.

The localization procedure starts by switching on the first
coil in the transmitter grid while other coils are switched off
and the mutual inductance between the first coil of transmitter
grid and the receiver is measured. From this measured mutual
inductance, by a method explained later, all possible positions
of the receiver are calculated. To reduce this set of all possible
positions of the receiver to its real position, the first coil is
switched off and a second coil is activated, by measuring the
coupling between the second coil transmitter and the receiver
and following the same principle described above, it is possible
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Fig. 6. Due of the symmetry of the transmitter coils, a certain value of
mutual inductance or its corresponding coupling factor could be a result of
large different number of positions of receiver. In this figure the green box
is the volume of interest. The transmitter coil of diameter 3.3 cm is placed
at (x = 0.1, y = 0.03), and the receiver coil is of diameter 2 cm. All the
yellow points show the positions of the receiver which yield in same coupling
(coupling factor K = 5% is arbitrary chosen for the sake of demonstration).

to find another subset of positions which fits the obtained value
of mutual inductance between the second transmitter and the
receiver.

Because the real position of the receiver should at the
same time belong to both subsets of possible positions, the
intersection of these two subsets should be taken as a new
and more reduced subset of possible positions of the receiver.
Therefore, the positions that do not match the two measured
values of coupling at the same time, are ruled out. Then an
iterative approach is launched for third coil, fourth coil ... and
so on. At the end of this iteration a position or a small set of
very concentrated points for the position of the center of the
receiver are obtained and the localization is finished. Chart I
summarize this procedure.

To demonstrate this method in practice all that should be
done is:

1) Having a grid of transmitter coils that could be activated

and deactivated separately.

2) Being able to measure the coupling between the acti-
vated coil and the receiver.

3) Having a tool to map the measured coupling to all
possible positions of the receiver corresponding to the
obtained mutual inductance.

This approach consists of a measurement of mutual induc-
tance between the transmitter coil and the receiver coil, then
this measured value is imported to a MATLAB code for
processing it and calculating the location of the receiver.

Below this approach is explained in more detailed steps.
For the sake of simplicity, the receiver antenna is chosen to
be a simple circular coil of 1 cm radius with one turn. The
goal is to find the location of the receiver coil center.

The circuit shown in Fig. 7 is used to model the system. It
consists of a transmitter with its self-inductance L1, a receiver
with its self-inductance L2 and a load ZL connected to the
receiver. All these parameters which are independent from the

L L R

y $ sender Y receiver load
IE:> L=L1 L=L2 R=ZL
R:
MUTIND
¥~ O\

Fig. 7. The circuit model of the transmitter-receiver as a one-port network.
By measuring Zin, it is possible to deduce the mutual inductance between the

transmitter and the receiver.
Start

Activate a coil

Determine the mutual inductance between the
transmitter and the receiver

|

Deduce all the possible positions
of the receiver

|

Take the intersection between all the
possible positions of the currently
active transmitter coil with
previously active transmitter coil

|

Repeat the process with other coils

1 §

)

Chart I procedure of localization

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 posi-
tion of the receiver. By measuring the input impedance of
the transmitter shown in Fig. 7 and according to the relation,
Eq (3), the mutual inductance is deduced. In Eq (3), Zin is
the measured input impedance of the transmitter and w the
angular frequency of operation. In practice the circuit would
have more elements like compensation capacitors and internal
resistance of coils, but they are neglected in this schematic.
The main point here is to show that by measuring the input
impedance one can deduce the mutual inductance value M
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Fig. 8. The mutual inductance between the transmitter and the receiver as
a function of locations 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.

between the receiver and the transmitter by.

V(Zin — joL1)(ZL + jwL2)

w

M = Imaginary part (3)

The volume of interest is divided into a 3D grid of points,
each point represents one possible location of the receiver. The
distance between the points will be the limit of accuracy of the
localization method. This 3D grid will be stored in the control-
ling circuitry of the transmitter. The size of storage required
for restoring this grid will be proportional to the cube number
of points. In this study the volume of interest is a box of the
dimensions: X = 20 cm, y = 20 cm and z = 10 cm and the
spacing between the points of the 3D grid is 1 mm along each
axis. In a real practical system, the required precision of local-
ization and available data storage capability will determine the
maximum spacing between the points of the grid

Prior to starting localization process, the mutual inductance
between the transmitter and the receiver is precalculated as
if the receiver center was to be at any of the points of the
3D grid mentioned above. This yields into a 3D matrix. This
3D matrix assigns to each point of the 3D volume of interest
a mutual inductance value between the transmitter and the
receiver (if the center of the receiver coil was at that point).
For each different configurations of the transmitter there is one
such pre-computed matrix. Fig. (8) illustrates graphically such
a matrix for the configuration shown in the Fig. 4.

It is assumed in a first approach that the receiver coil is
included in a plane parallel to the transmitter. If one would like
to localize a receiver with an arbitrary orientation, the same
logic still holds but one will have to count for two possible
orthogonal angles of the receiver that specify its orientation at
each point of the volume of interest and that will lead to a 5D
matrix.

Z, meter

Fig. 9. First step of localization. A configuration in which only one coil
(red coil) is chosen and connected to the excitation input. The other coils at
this step are disconnected from transmitter and are turned off (black coils).
In next steps to follow this coil will be turned off and another coil will turn
on. In total there will be 9 steps, in each of them only one coil is turned on
and others are turned off.

The localization process is initiated by choosing a con-
figuration of the transmitter in a way that all the coils are
disconnected and only one coil is connected, Fig. 9.

The input impedance of the transmitter antenna is measured
at the frequency of operation and then the mutual induc-
tance between the receiver and the transmitter is determined
according to Eq. (3).

The value of this mutual inductance is compared with
the precomputed mutual inductance matrix of the considered
configuration.

This comparison gives all possible positions of the receiver
that would lead to the same measured mutual inductance in
the volume of interest (Fig. 10).

As there are huge numbers of possible positions that will
create the same mutual inductance between the receiver and
the transmitter, to reduce the number of possible positions and
find the real position of the receiver, the configuration of the
transmitter is changed by switching off coil 1 and switching
on coil 2.

The steps (6-9) are repeated for coil 2 to find all possi-
ble positions of receiver according to the measured mutual
inductance between this coil, namely coil 2, and the receiver,
(Fig. 11-a).

Based on the possible positions of the receiver due to the
first and the second coil the answer which fulfills both con-
straints is retained. It represents their intersections. With such
intersections the number of possible positions of the receiver
is reduced as shown in Fig. 11-b.

For furthermore reducing the set of possible positions of
the receiver, the configuration of antenna is changed again by
switching on the third coil.

Following the same procedure, the number of possible solu-
tions in each step is reduced again. Switching on/off all other
coils is continued in sequence until a unique position is found.
At this point the localization is performed with a defined
accuracy depending on the volume grid.
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Fig. 10. The surface is the set of all possible locations of the center of the
receiver which produces the measured mutual inductance between the receiver
and the transmitter (for the sake of demonstration M = 1 nH is chosen) when
the transmitter is consisting of coil number 1. There is an infinite number of
positions (all points on the yellow-brown surface) which result in the same
mutual inductance.

IV. EXPERIMENTAL RESULTS FOR LOCALIZATION

The volume of interest (x = 20 cm, y = 20 cm, z = 10 cm)
is divided in a grid of points which are spaced by 1 mm
each from other (1 mm?3 precision in a volume of 4106 mm?).
The mutual inductance between each transmitter coil and the
receiver is predetermined if the receiver center was to be
placed at any of these points. The receiver is a circular coil
with 10 mm radius and 1 turn. The whole transmitter con-
sists of 9 circular coils. Each coil is of 33 mm radius and
6 turns. The number of coils and the number of turns in each
coil depend on the volume of interest to be covered and the
expected accuracy to measure the input impedance of the trans-
mitter. For example, it is necessary to make sure that the
mutual inductance is high enough to be measured even if
the receiver is situated at the frontier of the volume of interest.
By increasing the number of turns, one actually increases the
value of the mutual inductance leading to measurable values
within the sensitivity of the measuring equipment. The coils
are interconnected through switches. These experiments are
a proof of concept showing the feasibility of the system rather
than building a complete real system. Therefore, the choice
was made to connect or disconnect the coils manually for each
desired configuration. Table II shows the self-inductances and
quality factors of the transmitter and the receiver, measured
at 100 kHz (to avoid inter-turns capacitance influence at this
step of the work).

The Unloaded Quality factor is defined as Eq. (4):

0="> 4)

where Q is Unloaded Quality factor of coil, L is its self-
inductance, R is its resistance and o is the angular frequency
of operation.
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Fig. 11. (a) Two surfaces show all possible positions of receiver according to
coil 1 and all possible positions of receiver according to coil 2. The real posi-
tion of the receiver should belong to both these surfaces or their intersection.
(b). Intersection between surfaces in (a). this new surface reduces highly the
set of available positions in which the receiver really locates, but the answer
still may not be unique.

TABLE II
SELF-INDUCTANCES AND QUALITY FACTORS OF THE TRANSMITTER AND
THE RECEIVER

Symbol Quantity Value in SI

L1 Self-Inductance of 6 turns 4.58 uH
coil of radius 3.3 cm (TX)

Q1 Unloaded Quality factor of TX at 29.39
100 kHz

L2 Self-Inductance of 1 turn coil of 59.65 nH
radius 1 cm (RX)

Q2 Unloaded Quality factor of RX at 3.75

100 kHz

The input power level is fixed to 10 dBm. It is assumed
that the time scale required to measure the input impedance
of the transmitter in each configuration is much shorter than
the time scale of the movement of the transmitter. The switch-
ing between different configurations and the measurement of
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Fig. 12. The experimental setup for measurements. The imaginary blue box
indicates the volume of interest.

input impedance in final design will be done electronically on
a milliseconds scale which is much higher than general speed
of the receiver in most application, like tags in RFID.

The receiver is placed in different positions into the volume
of interest. Then the goal is to deduce its location depending on
the measurement of the input impedance of the different coils
of the transmitter. For experiments, a ROHDE & SCHWARZ
ZNB 8 Vector Network Analyzer (VNA) is used to measure
the scattering parameters. 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 described earlier, then the deduced loca-
tions based on measured input impedances of the transmitter
were compared to the real positions of the receiver to vali-
date the proposed technique of localization. Fig. 12 shows the
experimental setup used for measurements. The blue box in
Fig. 12, indicates the volume of interest.

Table III shows the experimental results for three different
locations of the receiver in the volume of interest. The origin
(x=0,y=0,z=0) is assigned to the lower left corner of the
volume of interest. As one can see the results are very close to
the real positions. For estimating the error, the mean absolute
error (MAE) is used [26] according to equation (5):

Z?:] lyi — xil
n

MAE = (5)
where the y; is the measured value for position, X; the real
value for position and n is the number of samples. Depending
on the precision of the grid in which the volume of interest
is divided, the algorithm will take different time to accom-
plish it. In the experiments, the algorithm took between 2 and
6 seconds to accomplish all computations, which can be con-
sidered as real time system. A computer with 64 GB RAM
and a CPU of 3.2 GHz was used. It should be mentioned that
the accuracy of the measured input impedance plays an impor-
tant role in the precision of the localization; the more accurate
one could measure the input impedance the more precise one
could localize. In addition, this method needs little data storing

TABLE III
EXPERIMENTAL RESULTS FOR THREE DIFFERENT LOCATIONS OF THE
RECEIVERS IN THE VOLUME OF INTEREST

The real The deduced

position of position of MAE
the receiver the receiver

Expriment 1 X=12 cm, X=11.97 cm, 4 mm
Y=12 cm, Y=12.06 cm,
Z=4cm 7Z=3.97 cm

Expriment 2 X=6 cm, X=5.9 cm, 3mm
Y=5cm, Y=5.07 cm,
Z=5cm Z=5cm

Expriment 3 X =3cm, X=29cm, 1mm
Y =14 cm, Y =13.9cm,
Z=9cm Z=8.9cm

Fig. 13.  The volume of interest is divided into sub volumes (green voxels).
Depending on the result of localization of the receiver, a configuration of trans-
mitter is selected corresponding to the magnetic fields that add constructively
in a sub volume in which the receiver was found.

capability, because the data to be stored (which depends on
the size of the volume of interest and the choice of spacing
of points in 3D pre-computed matrix) 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 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 position of the receiver. However, it
starts by taking the intersection between 2 coils, if the algo-
rithm finds more than one position, it takes the intersection
between 3 coils, and continuing 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.

V. REDIRECTING THE MAGNETIC FIELD BY CHANGING
THE CONFIGURATION OF THE TRANSMITTER 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:
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Fig. 14. Calculation for z component of the magnetic for two different
configuration of the transmitter suitable for (a) when the receiver is at the
position X = 12cm, Y = 12cm, Z = 4cm and (b) when the receiver is at the
position X = 6cm and Y = 5cm, Z = 4cm. The maximum of the generated
field (z component) takes place at the position of the receiver. The black line
in (b) is used to indicate the path along which later measurement will be
performed to compare the experimental results to the calculated results are
performed.

(1) applying current into them in clockwise direction.

(2) applying current into them in anticlockwise direction.

(3) they 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" different ways and each of these 3" different excitations
will create a different magnetic field pattern in the volume of
interest. To choose one configuration amongst these 3" possi-
bilities, one easy way is to divide the volume of interest into
a set of sub volumes as shown in Fig. 13.

The localization of the receiver performed previously helps
to choose the configuration maximizing the magnetic flux in
a sub volume in which the receiver is identified to be.

The proper excitation of the grid of transmitters that gives
rise to an optimal magnetic field for each sub volume is pre-
determined and stored in a table in the controlling system of
the transmitter. Based on the result of the localization, now
the transmitter knows in which sub volume the receiver is,
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Fig. 15. Mutual inductance along the black line shown in Fig. (12-b). The

mutual inductance increases where the receiver is positioned and falls down
in other locations.

and from the stored table it can choose the configuration that
creates the most suitable magnetic field.

Thus, the complete process for enhancing the magnetic cou-
pling starts by the receiver being in localization mode. After
the receiver is localized as explained in Section III, a con-
figuration for exciting the transmitter grid is chosen which is
suitable for the sub volume in which the receiver is found.
Then the transmitter goes to power transferring mode.

For the experimental demonstration, the receiver was placed
at different arbitrary positions. The goal is to control the direc-
tion of the magnetic field generated by the transmitter to add
constructively in the position of the receiver. In one instance
of previous section tests for localization, the receiver was at
the position (X = 12 cm, Y = 12 cm, Z = 4 cm), with the
system localizing it to be at the position (X = 11.97 cm,
Y = 12.06 cm, Z = 3.97 cm), and in another instance, the
receiver was at (X = 6 cm, Y = 5 cm, Z = 5 cm), with
the system localizing it to be at the location (X = 5.9 cm,
Y =5.07cm, Z =5 cm).

For testing the beamforming 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 disconnecting the coils which are far away from
the receiver and it just activates the coils close to the receiver
with a current direction adapted to generate the appropriate
magnetic field. For the moment the interest is just in the z
component of the field because of the assumption that the
receiver is in xy horizontal plane and only the z component
contributes to the mutual inductance. Fig. 14 shows the calcu-
lation 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. 15 shows the measured values for the mutual induc-
tance for a configuration of transmitter compatible with the
receiver located in (X = 6 cm, Y = 5 cm, Z = 4 cm).
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 applica-
bility of the methodology for positioning and redirecting the
magnetic field.

VI. CONCLUSION

In this work 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 demonstrated by running a set of experiments.

The experimental results show that the algorithm operates
as expected and it is possible to localize the receiver depend-
ing 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 sim-
plicity 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 addressed
in the continuation of this work. After localization also it was
shown how the knowledge about the receiver location could
be used to enhance the magnetic coupling between the trans-
mitter and the receiver: by means of a switchable grid of coils
to steer the magnetic field properly towards the receiver. This
beamforming approach allows to increase the mutual induc-
tance between the transmitter 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 another perspective of
this work.

At the end, it should be mentioned that the aim of this
work is to show the feasibility of the idea of using different
mutual inductance between the receiver and different coils of
transmitter for localization of the receiver. Measurements of
the input impedances were completed by using an external
VNA, having access to both the transmitter and the receiver
as a two-port network. However, this is not a realistic scenario
and in real world applications there is no access to 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. In such one port- network configuration the
resistance of the transmitter coil cannot be neglected as it was
in the current two-port network study and it is currently being
considered and tested again in this new configuration.
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