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ABSTRACT A magnetically coupled three-coil system to have one transmitting and two receiving coils is
considered. We show that the position of the transmitting coil can be estimated from the ratio of received
wave amplitudes and its angular derivative when the two receiving coils are strongly coupled to each other
and each of the receiving coils is weakly coupled to the transmitting coil, i.e., a Fano resonance phenomenon.
A coupled mode theory is developed to elucidate the midrange position sensing mechanism, where the ratio
of received wave amplitudes is inversely proportional to the ratio of the coupling strengths of each receiving
coil to the transmitting coil at the intrinsic resonance frequency of the receiving coils.

INDEX TERMS Electromagnetics, electromagnetic coupling, magnetic resonance, coils, coupled mode

analysis.

I. INTRODUCTION

Midrange coupling via magnetic fields in the kilohertz-
megahertz range has been extensively explored in wireless
power transfer [1]-[16], and found various application
scenarios in consumer electronics [17], [18], electric
vehicles [19]-[22], and medical implants [23]-[25]. Esti-
mating the position of a magnetic coil in the midrange
is of great importance in wireless power transfer systems
for improving system performances [26]. In electromagnetic
compatibility, magnetic noise sources need to be found and
suppressed [27], [28]. Particularly, in the development of
electric vehicles, a dominant noise source, such as common
mode noise generated from a power converter during switch-
ing operation, must be identified [29].

Fano resonance occurs from the interference between
direct and resonance-assisted indirect pathways, and
exhibits an asymmetric line shape in the frequency
response [30]-[33]. Recently, in the far-field regime, an angle
estimation technique of an incoming wave in a subwave-
length size has been studied in optics [34] and acoustics [35],
where two waveguides or resonators are strongly coupled in
the receiver, and the ratio of the two received wave amplitudes
estimates an angle of the incoming wave.
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Inspired by the far-field angle sensing technique, here
we extend the analogy to the kilohertz-megahertz range
where no phase rotation occurs between a transmitter and
a receiver. We show that in a magnetically-coupled system
consisting of one transmitting and two receiving coils, both
the angle and the distance of the transmitting coil can be
estimated from the ratio of received wave amplitudes and its
angular derivative when the two receiving coils are strongly
coupled to each other and each of the receiving coils is
weakly coupled to the transmitting coil. Our result indicates
the possibility to estimate the position of a noise source with
a pair of coils, assuming the transmitting coil as a noise
source. A coupled mode theory is developed to elucidate the
midrange position sensing mechanism.

In [26], a receiving coil was moved parallel above an
array of transmitting coils with each having a switch, and the
position of the receiving coil was estimated from the com-
parison of a measured input impedance at each transmitter
to numerical data sets. In that system, the distance between
the receiving coil and the array of transmitting coils was
fixed and a known parameter. Whereas our system is able
to estimate both the distance and the angle of a transmit-
ting coil. In [36]-[38], wireless power transfer systems hav-
ing multiple-receivers have been reported, but angle sensing
capability in the midrange magnetic coupling scheme has not
been reported.
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FIGURE 1. (a) Geometry of a three-coil system consisting of one transmitting coil (coil 1) and two receiving coils (coils 2 and 3). (coil radii:

r; =20 cm, ry=>5 cm, r3= 8 cm, coil length: L= 15 cm, gap size: g = 10 cm, number of wire turns: N; = 8.42, N, = 46, Ny = 24.9) These values are
used throughout the paper unless mentioned, and the position (R, 6) of coil 1 is varied. The inset shows the magnetic field distribution of coils 2 and
3 at a frequency of 10 MHz when coil 1 is placed at R =2 m and ¢ = 30°. (b) Semi-analytic model of Fig. 1(a).

This article is organized as follows. In Section II, the geom-
etry of a three-coil system is presented and a coupled mode
theory is developed to elucidate how the three coils are cou-
pled. In Section III, numerical results of the system perfor-
mance are presented, revealing that both the angle and the
distance of a transmitting coil are uniquely determined in
a Fano resonance phenomenon. In addition, the effects of
conductor loss of coils and the presence of a ground plane
near the receiving coils are investigated, verifying that our
system performance is robust due to the use of the ratio
of received wave amplitudes. This article is concluded in
Section IV.

Il. GEOMETRY AND THEORY

A. GEOMETRY

A three-coil system to have one transmitting coil (coil 1) and
two receiving coils (coils 2 and 3) is considered, as shown
in Fig. 1(a). Coils 1, 2, and 3 have different radii r; =
20 cm, rp = 5 cm, and r3 = 8 cm while having the
same resonance frequency of 10 MHz, which are obtained by
different numbers of wire turns Ny = 8.42, N, = 46, and
N3 = 24.9, respectively, in a common coil length L = 15 cm.
The three coils have the same winding direction and a wire
radius of 0.5 mm with their axes being parallel to the zx
plane. Coils 2 and 3 are placed with a small gap distance of
g = 10 c¢m and thus they are strongly coupled to each other by
magnetic fields. Coil 1 is placed at position (R, 8) far away
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from the pair of coils 2 and 3, and is weakly coupled to each of
coils 2 and 3 by magnetic fields, where R is the distance from
the coil pair and 6 is the angle from the z axis in the zx plane
[6 and x have the same sign]. The origin of the coordinate
system lies at the middle of the gap between coils 2 and 3
with the top end of each coil on the x axis. The axis of
coil 1 directs to the origin of the coordinate system. This is a
Fano resonance phenomenon that can provide a unique ratio
of received wave amplitudes in the receiving coils, enabling
position sensing of coil 1. Below we will refer to scattering
parameters Sj; (coils i to j) or voltages V; (coil j) for evaluating
characteristics of the system of Fig. 1.

B. THEORY

To elucidate the Fano resonance phenomenon, a coupled
mode theory is developed, where a semi-analytic model con-
sists of three coupled resonators, as shown in Fig. 1(b). It is
assumed that the system is reciprocal, and far-field radiation
leakage from each coil is negligibly small. The ¢/’ conven-
tion is used. Referring [39], [40], with an incident wave at
port 1, the system dynamics is given by:

day i )
— = (w1 — — a
o 1 — Y10 — Y1) ai
+iky1az + ik31a3 + /271514, (1a)
day .
e (i — y20 — Y2) a2
+ikprar + ik3pas, (1b)
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das .
e (iw3 — y30 — v3) a3

+ik31a) + ik3az, (Ic)
S1- = =814+ +V2nai, (1d)
S$2— = /2pya2, (le)
S$3— = /2y3a3, (1f)

where a; is the mode amplitude of resonator j and is nor-
malized so that ‘aj|2 represents the mode energy. w; and yjo
are the resonance frequency and the intrinsic loss rate of
resonator j. j; is the coupling rate between resonators i and
J. Sj+ and S;_ are the input and output wave amplitudes at
port j. y; is the coupling rate between resonator j and port j.
t is time. In the frequency domain, Egs. (1a)-(1c) are written

as:
A1l —iko1 —ik3) ai V21814
—iko1  Ap  —ik3 a | = 0 . 2
—ik31 —ik32  A3zs as 0

where Aj = i(w—wj) + yjo + ¥. From Egs. (2) and
(1d)-(1f), the output wave amplitudes at ports 2 and 3 with
respect to the incident wave are given by:

So_

S = —

Si+
_2yvivalika i (@ — w3)+ y30 + v3] — k31k32} )

det (Z)

S3_

S31 = ——

Si+
_ 2yvysliksi li(@ — o)+ yo0 + v2] — k21k32} (3b)

det (X)
where det Z) is the determinant of the matrix in the

left-hand side of Eq. (2). From Egs. (3a) and (3b), the ratio of
the output amplitudes of ports 2 to 3 is led:

Su _ S
S31 S3_
_ \/Eilm [i (@ — w3) + y30 + 3] — k31432

y3 iKs1 [i (@ — w2) + y20 + v2l — k21632
Egs. (3a), (3b), and (4) are used for obtaining semi-analytical
results throughout the paper. When two resonators 2 and 3 are
strongly coupled «33 > (k21, k31, ¥2, ¥3), and have the same
resonance frequencies w» = w3 = wy in the lossless case
20 = Y30 = 0, Eq. (4) at o = wy is approximately written
as:

“

Su [

S31 V3 kar
Eq. (5) reveals that the ratio of the wave amplitudes S»;1 /531
at the frequency w = wy is inversely proportional to the ratio
of the coupling strengths of each of resonators 2 and 3 to
resonator 1, i.e., one receiving coil (coil 2 or 3) having weaker
coupling to coil 1 has larger wave amplitude comparing with
the other receiving coil. The coupling rates are dependent on

&)
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the position of coil 1, 1i.e., k21 = k21 (R, 0) , k31 = k31 (R, 6),
while y», y3 are independent of the coil 1 position. Below
we will show that the position of coil 1 can be uniquely
determined by the ratio S71/S31 and the derivative to angle

A (S21/S31).

IIl. RESULTS

A. SYSTEM PERFORMANCE

The system of Fig. 1(a) is numerically investigated by
the method of moment simulator, Altair FEKO [41] since
Altair FEKO showed good agreement between numerical and
experimental results in magnetic resonance coupling between
coils around 10 MHz [14]. In the system of Fig. 1(a), a volt-
age of 1V is applied at the port of coil 1, and voltages are
numerically obtained at each port of coils 2 and 3 by Altair
FEKO. The lossless case is assumed for the sake of simplicity
unless mentioned. Fig. 2(a) shows the frequency responses
of [S21| (blue line and symbols) and |S31| (pink line and
symbols) in the system of Fig. 1(a) when coil 1 is placed
atR = 2mand 6 = 30°. Figure 2(b)-(d) show the spectra
of transmission coefficients between two coils when one of
the three coils is taken out, e.g., coil 3 is taken out in the
system for Fig. 2(b). It is noted that ‘Sﬁ and |Sj,-| repre-
sent scattering parameters in the two-coil and the three-coil
systems, respectively. In each of two-coil systems consisting
of coils 1 and 2 [Fig. 2(b)], and consisting of coils 1 and 3
[Fig. 2(c)], a single resonance peak is observed at 10 MHz,
and the coupling between coils 1 and 2 is weaker than the
coupling between coil 1 and coil 3 (’SSJ < ]Sgly for the
peaks) when R = 2 m and 6 = 30° for coil 1. On the other
hand, in Fig. 2(d), coils 2 and 3 are strongly coupled and thus
the frequency split occurs with two peaks at 10 £+ 0.3 MHz.
In the three-coil system, the spectra of |S>1| (blue line) and
|S31] (pink line) have the first and the second peaks around
10 £+ 0.3 MHz[Fig. 2(a)]. An important observation is that
coil 2 has larger wave amplitude than coil 3 (pink line) at
10 MHz, as the coupled mode theory revealed [Eq. (5)]. This
is seen in the magnetic field distribution [inset of Fig. 1(a)],
where coil 2 has stronger magnetic fields comparing with
coil 3. The parameters for the coupled mode theory have
been retrieved from the numerical results of Sgl , \Sgl| and
|S§2| in the two-coil systems [Fig. 2(b)—(d)], and presented
in the caption of Fig. 2. The coupled mode theory (symbols)
with the retrieved parameters excellently captures the Fano
resonance spectra of the three-coil system observed in the
numerical results [solid lines in Fig. 2(a)].

Next the dependency of the ratio |S21/S531| on the position
(R, 0) of coil 1 is investigated. Figure 3(a) shows the ratio
|S21/531] as a function of angle 6 for R = 0.5 m (brown
curve), R = 1 m (blue curve), R = 2 m (pink curve), and
R = 3 m (green curve) at 10 MHz. It is seen that the ratio
|S21/S31| monotonically increases as angle 6 increases in a
range of +80°. In addition, the slope of the ratio, which is the
derivative to angle % |S21/531], becomes steep as coil 1 gets
closer to the pair of coils 2 and 3. Therefore, the position
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FIGURE 2. (a) Spectra of |Sy; | (blue line and symbols) and |Ss; | (pink
line and symbols) in the system of Fig. 1(a) when coil 1 is placed at

R =2 m and 6 = 30°. The solid lines and symbols represent the numerical
results obtained by Altair FEKO and the semi-analytical results obtained
by the coupled mode theory [Egs. (3a) and (3b)].

(137 = 1.07 kHz,, k3= 1.93 kHz, i35 = 308 kHz, y; = 198 kHz, y, =

60 kHz, y3 = 94 kHz, @1 = w3 = w3 = 10 MHZ, y19 = y20 = ¥30 = 0)
(b)-(d) Spectra of |S!’! Lin the system of Fig. 1(a) where coil k of the three
coils (i, j, and k) is taken out. [k = 3 for (b), k = 2 for (c), k = 1 for (d)].

of coil 1 is determined by the ratio of the received wave
amplitudes |S>1/S31| and its derivative % |S21/831], unlike
the far-field sensing [35] where the angle of an incident wave
was determined without distance information. Practically, for
example, the mechanical rotation of the pair of coils 2 and 3
by a few tens of degrees may provide % |S21/S31]. The
semi-analytical results (symbols) obtained from Eq. (4) agree
well with the numerical results (curves) obtained by using
Altair FEKO. The discrepancy comes from the assumption of
the coupled mode theory having the first derivative in time.
For example, in the two-coil system of Fig. 2(d), the coupled
mode theory shows the frequency split of w3 k33 (symbols),
and a good approximation with the numerical result (curve)
in this coupling regime. On the other hand, the frequency
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FIGURE 3. (a) Ratio |S,;/S3;| of received wave amplitudes as a function
of the position (R, 6) of coil 1 at 10 MHz. The solid lines and symbols
represent the numerical results obtained by Altair FEKO and the
semi-analytical results obtained by the coupled mode theory [Eq. (4)].
(brown line and diamonds: R = 0.5 m, blue line and circles: R = 1 m, pink
line and squares: R = 2 m, green line and triangles: R = 3 m) (b)-(d)
Coupling rates «»; (open symbols) and «3; (filled symbols) as a function
of angle ¢ at R = 0.5 m for (b), R = 1 m for (c), R = 2 m for (d), and

R =3 m for (e).

split in the numerical result is not exactly symmetric, and the
asymmetricity is observed for much stronger coupling with
narrower gap distance between the coils.

The dependency of [S21/S31| on distance R can be under-
stood from coupling rates between coils 1 and 2 and between
coils 1 and 3. In the absence of either coil 2 or 3, cou-
pling rates k21 (R, 0), k31 (R, 0) have the form of kj; =

2
v 1-41- )S].Ol‘ / ’s]@l ( from Egs. (3a),(3b), and are

plotted in Fig. 3(b)-(e), where ‘SJQI is numerically obtained
in the two-coil system between coils 1 and j, i.e., «j1 is the
retrieved parameters. Note that «j; ~ /y1Y; ‘S]Ql‘ /2 when

’Sﬁ ‘ <& 1. As coil 1 gets closer to the pair of coils 2 and 3,
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FIGURE 4. (a) Ratio |S,;/S3; | of received wave amplitudes as a function
of the position (R, 6) of coil 1 for frequencies around the resonance at
(a) R = 0.5 m and (b) R = 2 m, respectively. The solid lines and symbols
represent the numerical results obtained by Altair FEKO and the
semi-analytical results obtained by the coupled mode theory [Eq. (4)].
(red lines and crosses: 9.8 MHz, brown lines and squares: 9.9 MHz, black
lines and circles: 10 MHz, purple lines and diamonds: 10.1 MHz, cyan
lines and triangles: 10.2 MHz).

the difference between x2; (open symbols) and «3; (filled
symbols) is pronounced, resulting in large é% [S21/831-

Other frequencies around the resonance can be used for
the position sensing mechanism. Figure 4(a) and 4(b) show
the ratio |S21/S31| as a function of angle 6 for frequencies
of 9.8 MHz to 10.2 MHz at distances of R = 0.5 m and
R = 2 m, respectively. For example, selecting a frequency of
9.9 MHz (brown line and squares) provides higher sensitivity
(steeper slope of |S21/S31]) at R = 2 m [Fig. 4(b)] but
a non-monotonic characteristic of |S>1/S31| with respect to
angle 6 at R = 0.5 m [Fig. 4(a)] while the resonance fre-
quency of 10 MHz exhibits a monotonic increase of |S>1 /531
to angle 6 for both distances of R = 0.5 m and 2 m (black
lines and circles). Practically, frequencies may be selected
to adjust slopes in the angular sensitivity and satisfy require-
ments of distance R and angle 6 ranges for a concrete appli-
cation scenario. It is noted that the result of Fig. 4 implies
fabrication tolerance of coils on the position sensing
performance.

Different radii for the two receiving coils have been used
to enhance the asymmetry in coupling rates, which is not
necessary for the position sensing mechanism. The pair of
identical receiving coils still allows the position sensing capa-
bility, as shown in Fig. 5. The pair of identical receiving
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FIGURE 5. (a) Ratio |S,;/S3;| of received wave amplitudes in the system
of Fig. 1(a), where coils 2 and 3 are identical (coil radius: r, = r;=>5 cm,
number of wire turns: N, = N3 = 46), as a function of the position (R, )
of coil 1 at 10 MHz. Other geometrical parameters are the same as those
in the caption of Fig. 1. The solid lines and symbols represent the
numerical results obtained by Altair FEKO and the semi-analytical results
obtained by the coupled mode theory [Eq. (4)]. (brown line and diamonds:
R = 0.5 m, blue line and circles: R = 1 m, pink line and squares: R =2 m,
green line and triangles: R = 3 m) (b) Magnetic field distribution of coils
2 and 3 at 10 MHz when coil 1 is placed at R =2 m and ¢ = 30°.

coils exhibits less sensitivity of the ratio |S21/531| to angle 6
[Fig. 5(a)], comparing with the different radii case [Fig. 3(a)].
The less sensitivity is observed in Fig. 5(b) that coils 2 and
3 have less asymmetry in the magnetic field distribution,
comparing with the inset of Fig. 1.

B. INCLINED TRANSMITTING COIL

The axis of coil 1 has been directed to the origin of the coor-
dinate system in Fig. 1. The position sensing performance is
investigated when the axis of coil 1 is inclined by angle ¢ in
the zx plane, as shown in Fig. 6(a). The received wave ampli-
tudes |S21| and |S31| are numerically obtained and shown
in Fig. 6(b)-(i). As the angle of the coil 1 axis is varied as
¢ = 15° [Fig. 6(b),(c)], 30° [Fig. 6(d).(e)], 45° [Fig. 6(f).()].
and 60° [Fig. 6(h),(1)], both wave amplitudes |S>1| (thick pur-
ple dashed-dotted lines) and |S31| (thick cyan dashed-dotted
lines) are similarly deviated in Fig. 6(c),(e),(g),(1), as a typical
behavior at a distance R = 2 m. Utilizing the ratio |S>1 /531
allows us to maintain the position sensing capability [thick
dashed-dotted lines in Fig. 6(b),(d),(f),(h)], where various
curves are observed in the ratio |S21/S31| as a function of the
position (R, 6). It would be interesting to explore the possibil-
ity to estimate (R, 6, ¢) of coil 1 by introducing sophisticated
algorithms.
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FIGURE 6. (a) Geometry of the system of Fig. 1(a), where the axis of coil 1 is inclined by angle ¢ = 15° (b),(c), 30° (d).(e), 45° (f).(g).
and 60° (h),(i). (b)-(i) Position sensing performance (b),(d),(f).(h) at 10 MHz. (brown lines: R = 0.5 m, blue lines: R = 1 m, pink lines

R =2 m, green lines: R = 3 m) Received amplitudes |S,; | (purple lines) and |S3; | (cyan lines) in (c),(e).(g).(i) at R = 2 m. Thick
dashed-dotted lines and thin solid lines correspond to the coil 1 inclined case and no inclined case as the reference in (b)-(i).

C. ROBUSTNESS

Our system has a feature of the robustness, which comes
from the ratio of the two received wave amplitudes, i.e., even

when each received wave amplitude is similarly deviated,
the ratio of the wave amplitudes provides relatively stable
performance. Below, we discuss the effects of conductor loss
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FIGURE 7. Effect of conductor loss of coil wires on the position sensing
performance in the system of Fig. 1(a). (a) Received wave amplitudes
[S21] (thick blue line), |S3; | (thick pink line), and (b) the ratio |S; /S5 |
at 10 MHz as a function of the conductivity ¢ of coil wires when coil 1 is
positioned at R = 2 m and 6 = 30°. The squares and the circles represent
values at oc = 5.8 x 107 S/m for copper conductivity and

o =1 x 10% §/m for a heavily lossy material (o = o /58), respectively.
(c).(d) Position sensing performance for o = 5.8 x 107 S/m in (c) and

o =1 x 10% §/m in (d) at 10 MHz. (brown lines: R = 0.5 m, blue lines:

R =1 m, pink lines: R = 2 m, green lines: R = 3 m) Thin lines correspond
to the lossless case [Fig. 3(a)].

of wires and the placement of a ground plane near the coils
on the system performance, respectively, as an internal and
external deviation factors.

A typical case with a coil 1 position of R =2 m and 6 =
30° and a frequency of 10 MHz is considered to investigate the
effect of conductor loss of coil wires. As shown in Fig. 7(a),
both received wave amplitudes |S>1| (thick blue line) and |S31 |
(thick pink line) decrease as wires become lossy (decrease of
the conductivity o). Thus, the ratio |S»1 /53] has a relatively
small change, as shown in Fig. 7(b). Then, the ratio |S21/531|

VOLUME 9, 2021

is obtained at 10 MHz as a function of angle 6 for R = 0.5 m
(brown lines), 1 m (blue lines), 2 m (pink lines), and 3 m
(green lines) with two conductivity values, i.e., assuming cop-
per with a conductivity of 0. = 5.8 x 107 S/ m for Fig. 7(c)
and a heavily lossy material with o = 1x10° S/m (= 0./58)
for Fig. 7(d), respectively. Thick dashed-dotted lines corre-
spond to the loss-included results and thin solid lines cor-
respond to the lossless results for comparison, which were
shown in Fig. 3(a). Although both of |S>1| and |S31| are
reduced due to the conductivity loss, the ratio |S21/S531| per-
sists the position sensing capability for the two cases. This
is understood from Eq. (4) that the loss rates y»o and y3o,
which correspond to the conductor loss of coils 2 and 3, are
included in the denominator and the numerator, respectively,
in the ratio of the received wave amplitudes.

Next, a 1 mx1 m ground plane is placed at a distance D
away from the bottom of the receiving coils in the system of
Fig. 1(a) [Fig. 8(a)]. Likewise, the typical case with a coil 1
position of R = 2m and 8 = 30°, and a frequency of 10 MHz
is considered. It is observed in Fig. 8(b) that both received
wave amplitudes |S71]| (thick blue line) and |S31] (thick pink
line) are similarly deviated, i.e., as the ground plane gets
closer to the receiving coils from D = 2 m to 5 cm, |S21|
and |S31| have smaller values with respect to the case without
the ground plane (horizontal blue and pink lines), and then
steeply go up when D < 20 c¢m for |S21| and D < 25 cm
for |S31]. Due to the similar deviation, the ratio |S>1/S31]
exhibits a relatively small change [Fig. 8(c)] as a function
of D comparing with each change of |S>1| and |S31|. The
similar deviation is seen in the spectra of |Sy;| (thick blue
dashed-dotted line) and |S3;| (thick pink dashed-dotted line)
in Fig. 8(d) for D = 10 cm and in Fig. 8(e) for D = 5 cm, i.e.,
the frequencies at the peaks are shifted-down for both |S;|
and |S31|. As expected from the observations, the position
sensing capability still exists (thick dashed-dotted lines) when
the ground plane is placed at D = 10 cm [Fig. 8(f)] and
D = 5 cm [Fig. 8(g)] although the sensitivity is degraded.
The ratio |S21/531] has almost flat lines when the ground
plane is placed at D = 2 cm, where the Fano resonance
phenomenon disappears, and each of |S»1 | and |S31| has a sin-
gle resonance peak around the intrinsic resonance frequency
of 10 MHz.

We discuss possible application scenarios of our position
sensing scheme. For noise sensing applications, our sensing
scheme is applicable when the frequency of a dominant noise
source is known such as switching noise of power convert-
ers [42]. Tunable impedance-matching techniques were well
established for magnetic coils [13]-[15], which may allow the
adjustment of resonance frequencies of the coils by a few tens
of percentage. In addition, our position sensing scheme may
be used as an add-on for a wireless power transfer system,
i.e., power is wirelessly transferred from coil 1 to coil 4, and
the pair of coils 2 and 3 is implemented off the side for sensing
the position of coil 1. The pair of coils 2 and 3, or coil 4 is
switched on when sensing the position of coil 1 or receiving
power from coil 1.
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FIGURE 8. (a) Geometry of the system of Fig. 1(a), where a square ground plane with a = 1 m is placed at z = —D — L. (b) Received wave amplitudes
|S21] (thick blue line), |S3; | (thick pink line), and (c) the ratio |S,; /S3; | at 10 MHz as a function of the distance D when coil 1 is positioned at

R =2 m and ¢ = 30°. The circles and the squares represent values at D = 5 cm and D = 10 cm in (b) and (c). (d).(e) Spectra of |S,; | (thick blue
dashed-dotted lines) and |S3; | (thick pink dashed-dotted lines) for D = 10 cm in (d) and D = 5 cm in (e). (f),(g) Position sensing performance for

D =10 cmin (f) and D = 5 cm in (g) at 10 MHz. (brown lines: R = 0.5 m, blue lines: R = 1 m, pink lines: R = 2 m, green lines: R = 3 m) Thin lines
correspond to the case without the ground plane in (b)-(g).

IV. CONCLUSION receiving coils and its angular derivative in a Fano resonance
We have shown that the position sensing of a transmitting coil phenomenon. A coupled mode theory has been developed to
is possible by comparing wave amplitudes in a pair of two elucidate how coupling strengths among coils are linked to
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the ratio of the received wave amplitudes. Our results point
to a midrange position sensing mechanism in the kilohertz-
megahertz range.

The angular derivative of the ratio of received wave ampli-
tudes is obtained by mechanical rotation of the pair of receiv-
ing coils, which allows position sensing in static systems. Our
challenge is to tackle position sensing in dynamic systems
without such mechanical rotation.
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