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Summary

In this paper, the sensing based on electromagnetic resonant coupling and its applica-
tions are discussed.

Electromagnetic resonant coupling has been traditionally applied in the research field of
band pass filter. Moreover, it has started to attract lots of attention in recent years since
the usefulness for wireless power transmission became apparent. The basic principle is
that the electromagnetic energy is transferred between two objects resonating with same
frequency. This is the same analogy of vibration energy transferred between two tuning
forks resonating with frequency. Since the transferred electromagnetic energy is amplified
in this specific condition of double resonance, it can be applied to band pass filter in the
case of two microstriplines and can be applied to wireless power transmission in the case
of two resonant antennas.

However, there was no research on applying it to sensing. To be exact, the only case
applying it as a position sensor was also not focusing on the amplification of the elec-
tromagnetic energy which is the specific phenomenon for double resonance and just a
extension of the existing technology based on electromagnetic induction. Therefore, in
this paper, sensing based on electromagnetic resonant coupling is discussed focusing on
the electromagnetic energy.

Since such a research field is unexploited and the proper discussion has not been done,
this thesis started from systematizing a sensing method based on the definition of elec-
tromagnetic resonant coupling. Here, an electromagnetic resonant coupling is defined as
the composite phenomenon of electromagnetic coupling and double resonance. Here, two
objects which induce the electromagnetic resonanct coupling are called transmitter and
receiver respectively and it is assumed that the electromagnetic energy is flowing into the
transmitter continually.

Next, the systematization of a sensing method is performed. Here, since two state
quantities strength of electromagnetic coupling and double resonance are related to the
transferred electromagnetic energy between transmitter and receiver, this thesis considered
it possible that the state quantities can be estimated by measuring the electromagnetic
energy. Since the electromagnetic resonant coupling takes a configuration which restricts
the radiation loss, the electromagnetic energy is stored within the system. Therefore,
the energy flow of the total system is derived by only measuring the electromagnetic
energy of single point. Therefore, this thesis propose a method to estimate the two state
quantities strength of electromagnetic coupling and double resonance by measuring the
reflection coefficient which is equivalent to the ratio of traveling wave to reflected wave.
The method to estimate the strength of electromagnetic coupling is called coupling sensing

and the method to estimate the strength of double resonance is called double resonance
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sensing, respectively. The reason why measurement is done in transmitter is that the
additional device for receiver is not required which is the large advantage in application.
In this paper, a battery-less position sensor and a tag-less human detection sensor are
shown as application examples.

As for coupling sensing, a position sensor based on magnetic resonant coupling is pro-
posed as the application. For the transmitter and receiver antennas of the position sen-
sor, the combination of helical antenna and compensation capacitor is used to generate
magnetic resonant coupling. A compensation capacitor is used to adjust the resonance
frequency of both of the antennas into same frequency. In the proposed position sensing
method, Neumann formula is used to link the relative position of the antennas to the
coupling coefficient derived by the coupling sensing. Since the position can be calculated
by numerical calculation on the computer, it is convenient than such a method as manual
calibration. Next, the constraint condition of design is considered. Since the Neumann
formula used in the proposed method is assuming the model that the current is constant
through the circuit, it becomes useless in case the electric length is long. At last, the
relation between () factor and the sensing range is considered. From the result, it showed
that the high Q factor enables the sensing in longer distance, but increases the error in
the near-field region. Since this knowledge can be used in the design and implementation
of position sensor, the academic significance is thought to be big.

Moreover, two systems are proposed as the application of the position sensor. One is the
efficient wireless power transmission system based on position sensing. The proposed sys-
tem utilizes a position sensing to optimize the relative position between antennas to realize
efficient wireless power transmission. Since the position sensing and power transmission
can be done by almost the same hardware configuration, the system is compact. Another
is the position sensor system using the relay antenna. Since the transmission range of
the electromagnetic field can be extended, it leads to simplifying the wiring. Moreover,
by combining the efficient wireless power transmission system and position sensor system
using the relay antenna, an efficient wireless power transmission system based on relay
antenna can be realized. As for double resonance sensing, a human detection system is
proposed as its application. Here, the resonance frequency of the human is used as the
specific attribute information to selectively detect the human. However, since the cou-
pling sensing and its applications are mainly discussed in this thesis, this is described in
the appendix.

As a future plan, implementation in society is also taken into account. These days, sym-
biotic robots which provide various services to human has been expected to be the future
technologies to support the human life. These robots are required to achieve certain task
by moving autonomously. Autonomous navigation is performed based on self localization
by environmental map and sensor information. Also, various manipulators are used to
achieve some tasks. The power source of these sensors, manipulators and drive systems is
generally provided from the mounted secondary batteries. These are required to achieve
some functions of service robots. Here, the self localization and power supply could be
substituted by the technologies proposed in this thesis. In particular, by implementing
the system realizing both position estimation and wireless power transmission under the

floor, position information and power can be provided to the service robot. This enables
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service robots to become compact and lightweight due to the reduction of battery capacity
and computational complexity of self localization could be omitted. The technologies to
realize intelligence and fuctionality based on sensors and actuators distributed in the space
is called "Intelligent Space”. Any additional value can be produced by cooperation of the
functions proposed in this thesis, and other sensors.
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Parameter Value Dimension

Resonant Frequency of Antenna fy 10.0 MHz

Coil Turn of Antenna N 4 turn
Radius of Antenna r 0.0375 m
Antenna Distance of Array Antenna d  0.110 m
Height of Antenna h, 0.015 m
Floor Height from Array Antenna hy  0.018 m
Target Height from Floor hg 0.040 m
Target Height from Array Antenna b 0.073 m

goooboobobobobobobobooboouoboboobno s400bo0obDO0noRyO
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Vector Network Analyzer (VNA)

Compensation
Capacitor

Switch Compensation Capacitor
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O 34: 00000000000
Parameter Value Dimension
Transmitter Antenna Resistance R, 1.706 Q

Transmitter Antenna Resistance Rz, 1.571 Q
Transmitter Antenna Resistance R;3 1.607 Q
Transmitter Antenna Resistance R, 1.607 Q
Target Antenna Resistance R, 1.347 Q
Characteristic Impedance Zj 50.0 Q

Quality Factor Q4 87.59

Quality Factor (s 91.28

Quality Factor (043 90.25

Quality Factor (4 90.25

Target Antenna
—
Planar Array Antenna hs

Wooden Plate / \ i H
/ \ h2

A

Coaxial Cable

g 336: 0uobooug

B Actual Position
® Estimated Position

z axis [m]
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U35 000000o0oodad

Actual Position [m] Estimated Position [m] Error [m]
(-0.050,-0.040,0.073)  (-0.039,-0.037,0.062) 0.0158
(-0.040,-0.030,0.073)  (-0.036,-0.029,0.063) 0.0108
(-0.030,-0.020,0.073)  (-0.030,-0.023,0.065) 0.0085
(-0.020,-0.010,0.073)  (-0.023,-0.015,0.068) 0.0077
(-0.010,0.000,0.073) (-0.012,-0.005,0.072) 0.0055
(0.000,0.010,0.073) (0.003,0.010,0.072) 0.0032
(0.010,0.020,0.073) (0.015,0.022,0.069) 0.0067
(0.020,0.030,0.073) (0.024,0.030,0.065) 0.0089
(0.030,0.040,0.073) (0.031,0.036,0.062) 0.0117
(0.040,0.050,0.073) (0.039,0.039,0.061) 0.0163
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e IO
K = Ly /(LiLy)"/?

e QO
Qi =woLi/Ri(i=1,2), Q = (Q:1Q:)"?

e OO OOONO
Yi = Zo/Ri(i = 1,2)
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0000000000000000000000000000000000000000
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00000000000 CO000000000000000000000000 L, 0
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0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000004100000000000000000
0 IE3D(Zeland Software, Inc) 0 0000 00000000000000 (3.10),(4.2),(4.4)
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041: 000000000000000000000

Parameter Value Dimension
Radius r 150 mm
Antenna Pitch p 5 mm
Cross-sectional Radius a 1.0 mm
Conductivity o 5.8 x 107 S/m
Resonant Frequency f 13.56 x 106 Hz
Resonant Angular Frequency wq 27 fo rad/s

OO00000 N=1,2000000000000 Zy,=50,100000000000O
gbobooobooooboobobboboobobbob 480b000b00DOO
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P * I
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antenna
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oboobooobooboooboooorooboobooboobo0 z.OboobOoo
00000000000000B3.36)0000000000000000000000O0
gbobogboboodbobuoobobooobbuoobobooobbuoobobooobo
gboboboogogn

O47000000000000DOOO0ODODOODLDOOOD Z.OOODDOODDO
L,00000000000000D (42)00000O0oooo

2L2
Zo=K*Q*— 2Ry + Ry = 0m
Q71(1+72) 2 ' Zo+ Ry

gboboooboboooobuo L, 0boobobouoobuooboboobuoobobo
oooooc.bc,0ooboooooooo L, Obb00bOo0ooo0oooboooooDo

+ Ry (4.2)
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%:&//d”% (4.3)
47T C1J Cy 12

D000 bO0000b000dh000d,00000000000rm0dL0dL,00
gbbogbogbobogbogoboboobbuooobooobbuoooboogbn
0000000000 (4.3)000 4110000000000000O0O0O00O0O0OOO
ooooooooooOoooooooooooooooo L,0 44)000000oo0o
gbbbooogbbboooobbbooodon

(4.4)

N2 o /27r 2 r 008(01 — 62)d91d02
0 \/2—2cos(0; — 0y) —2(g/r) cos p(cos By — cosby) + (g/r)?

0000ONDOOOO0OO0O0O0O0O0-,00000000¢000000000e0000000

0000000000000 (21,51,2) 000 (22,12,2)00000000000000
00000000 (450000 (46)00000000000000000000 L,O
0D0000000000000000 (44)0(4.50(4.6) 0000000000

g=(x2—21)2+ (2 — 1)> + (22 — 21)? (4.5)

o=t <\/(a:2 — 212+ (g — y1)2> (46)

Z.0 L,00000000000L,00000000000000000000000
Z,000000000000000000000000000Z 0000000000
00000000000000000000000000000 20000000000
0000000000000000000000000000000000000000
000000L,0000000000000000000000Z 000000000
0000000000000000000

N00000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
000000000000000000000000

000000 (0000000000000000000)00000000000 &
0 (42)0 (44)0(45)0(4.6)00000000000000000000000 Z, =
(28 sy 20 zy) (1=1,2,.,M)000000000000000000NOOOO0
0000000000000000000000000MO0000000000000
00000000000000i00000ID00000000000000000 RO
ROZ,000 w,00000000000000000000000000000

00000000 @7)00000000000000000000000000000
000000000000000000000000000000024" =(27,...,27)

O000000000000000000000000 2 0000000000000
00D0000000000000 Z; 0000012 -Z. 0000000000

N
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Target Antenna Position : (x2,y2,z2)

Transmitter Antenna Position : (x1,y1,z1)
0411: 0000000000000 0ODOODOODOODO0O

ooooooooooooooooo0oooobooooboso0oobDbOOoOoOoDOn
Ozm0000

= nc

A={alz =|Z2." — Zozy] (1=1,2,... M)}
B={zlz=27; (i=12,...M)}
f:A—B
(f is an injective mapping from |Zem — Ze?§2)| to ;)

442 0000000000 0ODOODO (Efficient Transmitter Selector;
ETS)

0000000000000 (ETS) 000000 4120000ETSOO0O000OO0O
oooobooboobobooooooobooogoosmo0ob0bbOObDOobOoboboo
gbbboooobbbuoodobobbboooon

gErsoboogbofooooobooboobooooo0obooobooobooobooboo
gbbodgbbuoobbooobboobbooboobboobbooobboodabn
OO00oOobDOoETSODODOO0ODOOOOO0OOnDO

000070048 0000000
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Ay K

= 5 >
Q [,{2_1_ (1+71)(21+72)}

_ { 2WOLmZO (4 8)

2
(ZO —+ Rl) (Z(] + Rg) + ngfn}

000000 (0000000000)0000000000 #00000 (4.4)0(4.5)0
(4.6)0(4.8)00000000000000000, ;00000000 9 (i=1,2,..,M;j=
1,2,.,N)000000000000000000MO000000000000000
00000000000;00000ID00000000NOOO0O0O000000000
0000000000000;0000000001ID0000000000000000O
0 ROROZO000wO00000000000000000000000000000

ETSO (49)000000000000000000000000000000000
000000000 7Z"00000000000000000000000000000
00000000000000000000000000 2000000000000
000000;00000000 g (i=1,2,..,M;j=1,2,.,N)00O000000DO
0000 e, (j=1,2,..,N)00000000000000000000000000
00000000000000000000000000000000000

A={zlz =" -2 (i=1,2,...M)}
B={zlz=%; (1=1,2,...,M)}
f:A—B
(f is an injective mapping from |Z™ — &;| to ;)

TP = fonina)
C={zlzr =nj@ny (=12..,N)}
D={xlzr=5 (j=12,..,N)}
g:C—D

(g is an injective mapping from njz» to j)

SelectedI D = g(mazc) (4.9)
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Not Efficient

Transmitter

iﬁgﬁ%‘%

04122 0000000000000 (ETS)ooOO

443 0000000OO00ODO0OO (Target Navigation Assistant; TNA)

000000000000 (TNA)OOO0O000 4130000TNADDDODOOOOO
0000000000000 000000000000000000000000000
0000 (0000)0000000000000000000000000000000
00000000 TNAOOOODOOOOOOOOOOOOO0DO0O0OOO00DO0O0ooono
00000000000 000000000000

TNAOOOOODOOOOOOOOODOOO0O0O0000000000000000000
0000000000000 000000000000000000000000000
00000 TNADOOODOOODOOODOOOO

000000 (QO000000000)0 9@ = e (6=1,2,..,M;j=1,2,..,N)0O
00000000000 #000000000000000000000000 OO
00000000nE (i=1,2,...,M;5=1,2,.,N)00O0D0OD0D0O0000 0000
00000 ;0000 (4.4)0(4.50(4.6)0(48)000000000000000000
0000000000000000000000000000000000000000
00000000000 00MOOO0O0OO000000000000000000000;4
00000 IDOO0O0O0DO0O0O0OONOOOOOODOOOOODOONOOODO;00000
0000IDO0000000000000000 RIOR0Z,000 w,0000000
00000000000 00000000000

TNAODOOOOODOOOOOO00000000000000000000000000
0000 #"0000000000000000000000000000000000
00 2¢00000000(4.10)00000000000000000TNAOOOOOO
000000 Z70000000 #¢0000000000 (00000000)0000
0000000000000000000(MO00PCOO0)0000000000000O
00000000000 00000000000

A={zlz =" =27 (i=1,2,...M)}
B=A{zlz =2 (i=1,2,..,M)}
f:A—B

(f is an injective mapping from |Z™ — Z7| to T}
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Destination Position

0 413: 000000000000 (TNA)ODOOO

(i=1,2,.., M))

= fmina) (4.10)

444 O00O0O0OOOOOODOOOOOO

gbogobooobooobooobooobooobbooobb 41400000
gobobooooboboooobbboooon
O0000O0000O00bOO00oDOo00oDOoOoOVvVNAODODOODOOODOOOD
gbobobooogobbooooboboooon ZemDDDDD
gbhuooboboobodgbogbuogbuogboobooboobobobboboboon
OOo0Oob0obOoboOoooooooobOoboboooogo 2mobboOonboO
OoooETSODOO0O0DOOO0bOOo0oo0ooooooooooDooooboDooobooOooD
0000000000000 bO0bO0obO0obOoDbDObDOOTNADODODODODODO
gbbodgbbuoobbuoooboogbbooboobbuoobbooobooobn
Fi0000000000000000000000O000D0O00O0O000O0O0O0OO00
gbobboooobboobuoooobon
OOoO00oOobOO0bOOo0obDOoETSOO0OO0OOO0bOOO0bOOoO0obOOoOoooDoOooooo
Oo000oOOo0o00ooo0oOoOoooTNAOOOODOODODOOODOOOODDbOOODOD

4.5 OOO0O0OO0OOO

4.5.1 O0O0OOOOOO

gbobobobooboboboooobobobooboboboboobobo
gbooboobobobooobobob 41100000Db0ObLObLO0O0gbODOD ¢
gboboboobobobobodoboboobobuooboboboboboobobon
gboboboboobobobooobobobooboboboobobobobobLon
gboobobooboboboobobobooboboboobooboboobobobon
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Target Antenna

Arrayed
Transmitter
Antenna

|TNA|
‘ T

g Autonomous 1 - 1 Non-autonomous | i

EEEN ’ EC'm
| u E
Computer =
B i 4 Vector Network Analyzer | |_|;Pu| xd
e —ETs | i
o =15 Efficient Transmitter || —m_| _ Destination Position
= V" B Selected ID < Calculation A Calculation
= . | V| | .
: : Transmission Efficiency Database : : Optimal Position Database
u R (Calc Beforehand) _ ___ _ . 1 (Calc Beforehand) |
. I ___________________
—| Position Sensin
: 9] | Target Position Calculation |
o I
lopunsp Equivalent Impedance Vector : Equivalent Impedance Vector Database _:
=(ZM...Z0) : (Calc Beforehand) !

U414 0000000000DO0O00000

0000000000000 000000000000000000 ¢=7/2[rad|000
gobooobooooooobooooboboobboob  poobOoobOoobOooDboo
gboooboooon

4.5.2 O00O0OOOOOOOOOOO

gbbogboboodbbuoobobboobbooobbuoobbobobooboon
gbbogboogobbogbbogobbuoobbooobbuoobuooobooobn
ob-0000000NOODUOODOO0 «abO000O0000 «0b000000 wob 00
obooobdob Z,boobuoobuooboooobooobooooo

1) 000000 Nmae
2) 0000000000000 00 Dpas
3) 0000000000000 00UOoOOooODOO 0Z./0k

4) 0000000000000 0D0D0OOOODOOO

1)0002)000000000000000000DODO000D0DoOoDOooOOooOooOn
0000000000000 00000000000000O0O00OO0O0O0O0oOO3)0
gbbodgbbuoobobooobbuoobbuoobbobboobboooboogbon
000000000000 0000O00000O0O0000ODO4) 000000000000
gbobodgbbubbuoobbuogoboooobboobboobbooobooobn
gboboboboboboobobobooboobobooobooboboobobon
gooooog

00000000 1)04)0000000000000000000DOO000ODOO0O0
gbobobuoooobbbooobboboooobbbuoobbobooooboo
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4.5.3 U0O0OO0OOOUOOOOOODOOOO

00000000000 00000000000000000000000000000
0000000 (48)000000000000000000000000000000
00000000 kpeee 00(4.11) 0000000

00000000 10000000000000000 9me 000000000 Kmas
00000 (412)0000 (4.13)0000000000000000000000000
0000000000000 000000000000000000000000000
L=0L,=1,000 R=R, =R, 000000

VI +7) (1 +7) _Zo+ R

ok = 4.11
"{P k Q C(JOL ( )
( 1
(1+'71 11)(1+'72 1)
= @ ('%peak < 1)
4
Nmax = 2 (412)
|2+ 2 ) 1)
4
= . 12 (K'peak 2 1)
| e
K _ /{peak (/{peak < ]-) (413)
e 1 ("ipeak Z 1)

0000000 pDOOOOOOO 0000000 k000D (41490000000
Imoooooooooooooooooo-00000NOODOO fh OOO0OO00 &
00000000000000 [40,[5200000r=150mmO00 N=10000 fu
oooooboobboob 4100bo0bbooboooboobobuooobooon
Ooboobooboobooooboobr=1550mmO00 N=10000000000
gbobboooobbbuooobbbooobbbuoooobboboo

D

0000M4.13)00 (414 0000000000000 000D0OOO0O00ODOOOO
D,.., 00000000000

Dmaz - Tf(nmm) (415)

(42)0000000000O0OO00 ZOOUOODO kO0OD0OO0OOCDOOODOOODOOO
ggd
%:Fd 5 27 R2:K2w(2)L2
Ok Y11 +72) Zo+ R
000000000 LO0O0000O ROODODDOOOOODOOOOD 4170000 (4.18)
00DO000000000000 [47],[54)0

(4.16)

L:M@%[m(ﬁ)—ﬁ (4.17)

a
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2.5 —— D/r="f(x)
2 (r=190 mm, N=1 turm)

0 4.15: 0000000000000 0O0 vs. OODO

2
o | T 2(wr>4 2 [(wh pow N7
R= /— [N (— — | — —_—
€0 [12 c +37T3 c + 20 a

O00wp 0000000000000 cO000O;A0DO0D0O00D0O00DOOO

(4.18)

454 0O00O0OOOOOOOOOO

000000000000 O00O00ODOODDODODODODODOOOOO0OOOOOOoOoOoOY)
03)00000000000000000000000000000O0O0O0O0OO 400
gbobbooogobboooobbobooogooooo

0000 1H03)00000000000o0 4.11)-418) 0000000000000 0
gbbogbogbobobbooobboobbuoobooobbuooboboogobn
gobodgbobooobooobboobbooobboobbuoobuooobbooobo
gbbogbbuoogbboobbuooobooobbuoobbooooooboobn
gbobodbbooobooobboobbuoobobooobboobooobboobon
OO0o00o000o0ooooiooiDO0Onl ke <1UOOOOOOOO00OO0O00O00OO0
UO0kpeqr <10000000000000O000O000O000O000O000000004
gbbogougbbodgboboodgbbuoobobbooobbooobbobboogobn
gobobooggn

0000000000000 0O0O00oooooooo 2)00oo3)Dogooooo
000 rN,e,w 0000000000000 000O00000O0O0O00O0ODO 20000
gbb-oogobbbuoogbbbbooobbboooobbboood

ODmaz  Dmaz . ODmaz [ OKimaz OL | Oimae OR

B * < oL or ' R W)

8L/87“D 8R/87"DDDDDDDDDDD@/ﬁmw/ﬁLD 8ﬁmax/8RDDDDDDDDDD
gododoooooooooooooo

(4.19)

or r OKmaz
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0000 1)03)000 ROODOD0O0O0O000000000000000 ROOOODO
00000000000 LO0000000000000000000 000000
0000000000 0000000000000000 ROODOOOOO0O000O
0000000000000000000000 000000 ROOOOOOOOO
0000000000000000000000 ROOOOO0OO0O0O000000000
00000000 ROOODOOO0O00000000000000 LO00000000
00000000000000«0000000000000000000000000
000e¢0e00000000000418)00000000000000000000O
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
000000000000000000000000000 4200000000000
0(00)0000000000000000000000140Q00000000000
00 0.00032Q000000000000000000000000000000000
0000000060000 00000000000000000 ROOOOOOOO
0000000000000000000000000000000000000000
000 ROODODOO0O0O0O0O0O000000000000000000000000000
000MHz0000000000000000000000000000000000
0000000000000000 [19],)20],[49],[51],/5500 0000000000000
D0000e=1.0000 (0=58x10"$/m)0 0000000000

00002)0003)00000000»0NDw0Z000000000000000
00000000000 ROODOOOOO0O0D000000000000000R~0Q0
00000000000000000000000 (g ~1)00000001)000
000000000

al)mcwc al)ma;r aDmax >0 al)mcwc
or ’ ON ’ 6&)0 ’ 0Z0

<0 (4.20)

0(0Z./0r) 0(02./9%) 9(02.)0r) . 0(0Z/0r) _
or ' ON ’ 8&)0 = 8Zo <

(4.21)

gbogbooobooobogbr, Ny UDODOOOOOoZ00OOoooooooDo
gbobogbobooobboobbobbobbooobooobbooobooobon
gbbuogbboodbbuoobbuooobbuoobooobobobboobbooobn
gobooo

gbbobbuogbbuooobbuoobobobbooobbuoobobuooobboon
O0O00b00o0boboobOoobooboobodbrx NxwODOOOOOooOoOZ,
gbobbooogbobbbooobbbob

0000 4)0000000000000000C0C0O0"ONOwOOOODODOOOO
Ooboobobobooooboboboooooboobooouobobooboiooobo abO
gbbogoboodboodbogbbuooobboobobooobuoonobooobon
oboooobdob L, boobooboboobooboobooobobboboobon
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46000 bbuoooobbboooooboobo

00(4.22)0 0000000000000/ 000 AO000O0DODODOOOOODOOOOO
gboboobooobboobbogobbooboboooboboogbbooooboon
00 (3.16)00000000000000000O00ODOOO00OOOO0

ng

) 2mrN r
- <L 1= <L1l=

A 2mc/wo

0000000000000 N,wO0000O0000r000w,0000000000
000000000000000000000NOOOOOOOOO0O0O000000000
00000000000000000000000000000000000000000
00r=150mmO000000000ISMOOOOO0O 13.56 MHz (wy = 85.2 x 105 rad/s)
000000000000000100 (rNwy/c=0.043)000 200 (rNwg/c = 0.085)
00000000000000000000000000 416000000000200
0000000000000000000000000000000000000000
0000100 (N=1)0000000000000000000000rNwy/c000
000000000000000000000

Z,0000000000000000000000000000000000000
Z,00000000000 4170000000000000000000000000
0D00000000R/Z 00000000000 4 0000000000000000
O nme 10000000000000000000000000000000 ROOO
0000000000004 000000000000000000000000000
0000000000000 500000000 ,0000000000000 (4.23)
00000 Z 00000000000

<1 (4.22)

nmm:%>nt:>20> JR (4.23)
(1+Z%) U

O000o00oooooo T 70%00000000 Z, 000000000000, =
0700000 R=10.65Q0 (4.23)0000000000%,>333Q000000000%,
00000 Z,>333Q0000000000000000 ROODOOD (418)0000
0000000000 o0u4Q0000000000000 o060 0000O000000OO0
O0oo0ooooooooooooooooooooooooooooooooonooo
0000%,>333Q000000000000 Zo=5.0Q0000002, 000000
00000000 000000s0000b50Q0000000000LOO0OO0OOO

gboboboooggn

4.6 UUO0OOOOOOOOOOOOOOOOOO

Oohoobboobodbboobbooob LoboobbuoobboooDboon Zy
gboboboobooobobgoboboobobuooboboboobobobobon
gbobobgobooboboobobuoobobooboboboobboobobob oo
gboboboooboboobobobobooboboobobooboboobobo
OO0 ETSOD0OO TNAOODOODOODOOODOOODOOODOOOOOOOOOooooo
Oo0o0oOo0o0oboo0o0oDoo0o0oDbOoOoooOoOoOoboboOoooboboOovVvVNAOODOODOOO
OoboobooooozZ,obogbosoQoboooboooobboboobooooboo
47000000000 Z,=500Q000000000000O000D0O0O0ODOOODO
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500 ——=
— 450
E‘ 400
o
E 350 A
< 300 “' ==t=1turn Experiment
1]
Ti 250 \ =E=Tturn Sirulation
= 200 i Zturn Experiment
E 150 X = =2turn Sirmulation
2 100 \}\X-._
=
L 50 - -
0 | P e,
0 50 100 180 200 250
Distance [rorm]

U416 00D000O00oooboooobobuoogobobbuooooon

250

200
150 \ =+=E0[ ] Experiment
=E=E0[ 0] Sirmulation
B[ 2] Experiment

100
\( ===e[ 0] Sirnulation
50
o M

8] =] 100 150 200 250
Distance [rml

Equivalent Impedance Ze [$2]

0417 00000o0boboobobooboboobobooboboobobon
gooo

000000000000 00000000000000000 418000000000
000000000000000000000000

0 41800000 Liy,Ciy0 Lin.Ciy 0000 000000000000000000
0000 LODO00000000000000000000000000000000Z,,,
000000000000000VNAOOOOOOODODOODOOOOOOO000000
0D000000000000000000000 2,=5000000000000000
00000000000 Z0000000000000000000000
000000000000000000000000000000000000000
000000000 (FOO)O0OO0O00O0000000000000000000000
000000000000000 (4240000 (425 000000000000000
000000000 (4260)0000000000000000000000000 4.190
0000000000000000000000000000000000000000
0000000000000000 427)00000000000A0DOOOOOO0O
000000000000000Tr0000000 00000 (4.28)0000 (4.31)0
00000000000000000000 Z,,0 (42900000000000000
000000 Z 00000 (4.30)0000000
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1 jWOLicl
Fon = | . 4.24
' jwoCicr 1 = wiLierCiea (4.24)
[ 1-— (UQL‘ QC' 2 jCL)OL 2
Fo = 0Lvic2Vic ic 4.95
W G 1 (4.25)
R R R .
P@:P@mwM;W@ﬂ (4.26)
jwoLm jwoLm
A B
Fov'r = Fip - Fcpl ’ Egt - C D (427)
L _A+BY,—CZ-D (4.28)
A+BYy+CZy+ D )
14T
Zovr = Z 4.29
1-17" (4.29)
1 :
Ze = 1 jWOLicl (430)
Zoor " jwoCic1
2 2
1 (4.31)

A+ BY,+CZ+ D

000o0o0oo0o0o000o00o0oon0o0 Z2O0OVNAOOOOODDODOOOOOOO Z, 0
oooooooooooooooooooobooooboon z,Ooooooooooooo
HRE ZOWD(4.30)DDDDDDDDDDDDDDDDDDDDZEDDD nOO0oogg
O0000Lin,Cin 000 Liw,CireOODODODODO Z,=50Q0000000000000
00(4.2)000 (48) 000000000 (424)-(4.31)00000000000 Liy,Cia
000 Liw,Ciey 00O0DODOD0DDDODO0OO0OD0DO0OO00OODODDOOO0OOOODOOODOO
oooo R, 000 R2DDDDDDDDDD(4.18)DDDDDDDDDDDDDDDDD
Oo0o0ooogooogon

4.7 OO
4.7.1 DOOOO

gooobboboobobbb 4200000000000 000000000000000
gbbuogbboodbbuoobbuooobuoobbobbooobbuooboogobn
gb 420000000000 b0o00bboodbobooboboboooboboooooon
OOobodbbobb00bO0ObsODOOOODODOOOODODOODOODODObODOO
gbobogbobooodgbbuogobuooobbuoobbooobbboobobooobon
gbbodgbbuooobboobbubboobbooobboobuoooboogbn
gbobogbobogobboobbuooobboobooboobbuooobooobon
gbobbuoooobbbooobbbooooboo
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T, it s !
d Lic 'fR1 C1 C2 g, Lic2

~~dLotav— ] — F~w o~
5

—— Cic1 L1 § g L2 Cicz ——
Q

Vsre " -
LG \. J T S \ /T Y,
transmitter impedance transmitter target target impedance
converting circuit antenna antenna converting circuit
Zovr 20 Ze
— +——T——>

Lic1 @ C1 |41—Lm L2—Lm ©2 Rz\' Lic2

—— Cic1 é Lm Cicz ——

Q)

Vsre - -
N e SN
transmitter impedance magnetic_resonance target impedance
converting circuit coupling part converting circuit

0418: 00000000000000O0ODOO0OOOOO (DODOOODODOOOO)O

TOOOOO
4 B A B\,
1, C D)1,
F matrix
—IJ- . 2 I R, C1 C2 g, 12 I _|E_
ic1 - —-» - - ic.
0 0—’W\/—||—“""——""""‘—||—WV\—O o e o
Li—Lm|L2—Lm
V1[ ——Cict V2| V1 éLm V| V1 CicZZ V2
o—l— 0o o a o el
transmitter impedance magnetic resonance target impedance
converting circuit coupling part converting circuit
Fg‘rn Fcpl thr

U419 000bbobuoobobboooobbbooooboobog

1) J0000o0O0o0oooooooooooo
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000000000000000000000000 4110 ¢00000000000
0000000000000 000000000000000000o0ooooooon
Dpe 00000000004/2a248*<D,,,,0000000000000000000
0000000000000 00000000000000o0o0o0ooooooon
O000D000000 D00 (00000D0D)00000D0D0000000DO000
000000000000 000000000000000 Dy < V2a2+020000
000000000000000000000000000000000000 Dypee O
0000000000000 0000000000000000o0ooooooooon
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JooooO0oooooooooo b,,00000D00D000D0D0O0O00O0OOOOOO

000000000000000000000000O00000D0O 432) 0000000

0oo
5
\/ 39+ 0 < Do < V202 + 2 (4.32)

000000000000000000000000000000000000000
00000000000000000000b=50mmO000000000 42000
00000000000 b=50mmO0000000000000000 Dy0000
170mm000000000000000000000000000000000000
000000000000000000000000«000000000000000
0000000000(432)000000000000000000000000000
00 a=150mmO00 b=50mmO 00000
0000000000000004210000000000000000000000
00000000000000000000000VNAOOOOOOOODODOOOOOO
00000000000000000000000000000000000000 27,
Zzm zm ZzmOOODODOOODOOOODOODOOOOOOOOOOOOOOO0O0OO
000000000 2" =(Zm,z%, Zzn,Zzm)0000000000000000000
000000000000000000000 4210000000000000000
00000000000000
000000000000000000000000000000000000000
00000000000LO000000000000000000000000000
000000000000000000000000 430000000000
000000000000000000000000000000000000000
00000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
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b=50mmO00 ¢=300mm, b=5000000000000000000000000
04230000 422000000000000000000000000000 a= 150
mm, b=50 mm 0000000000000 10mmO0000000000000000
0000000000000000000000000000000000000000
000000000000000000000000000000

- 83 -



4.700

O 4.2: Design parameters of the system

Parameter Value Dimension
Radius r 150 mm
Coil Turn N 1
Cross-sectional Radius a 1.0 mm
Conductivity o 5.8 x 107 S/m
Resonant Frequency fy 13.56 x 106 Hz
Resonant Angular Frequency wy 27 fo rad/s
Load Impedance Z, 5.0 Q

O 4.3: Measured circuit element values of the system

Parameter Value Dimension
Inductance of converting circuit (Transmitter) 185.6 nH
Capacitance of converting circuit (Transmitter) 714.5 pF
Inductance of converting circuit (Target) 182.2 nH
Capacitance of converting circuit (Target) 715.2 pF
Internal Resistance (Transmitter) R; 0.677 Q
Internal Resistance (Target) R 0.652 Q

fTarget
Radius:150[mm]
Turns : 1turn

. Position: (x,y,b) J

\‘

[Transmitter
Radius:150[mm]
Turns : 1turn

\___ Distance : a[mm]

0 4.20: O0ODOO

4.7.2 0000

000000000000000000000000000000000000000
000000000000000044000000000000000000 (0000
0000000000000000000000000)000000000000000
000000000000 lmmO0000000000000000000000000
0000000000000000000000000000000000000000
000000000000000 (z;,%)=(0,10)[mm|000000000000000
007 =04500000000000000000 gy, =07000000000000 50
000000, 00000000000 424000000000000000 4500
000000000000 (%, ym) =(0,12) [mm]|000000000 (z4,y4) = (20,34)
mm]00000000000000000000000000000000000000
0000000 TNAOOOOOOOOOOOOOOO0000000000000000
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Vector Network Analyzer (VNA)

Coaxial Cable
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0 423: 0000000000 (a= 150 mm, b =50 mm)

0 4.4: Experimental condition

Parameter Value Dimension
Initial Position (z;,y;) (0,10) mm
Threshold Efficiency n,,- 0.700
Initial Efficiency »; 0.450
Numerical Calculation Area 150 mm
Numerical Calculation Resolution 1 mm

0 4.5: Experimental result

Parameter Value Dimension
Estimated Position (2, ym)  (0,12) mm
Destination Position (z4,y4) (20,34) mm

Final Position (z¢,yy) (20,32) mm
Final Efficiency 7y 0.624
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Us1l:0000000000000000000000O000000000000

Parameter Value Dimension
Resonance Frequency fj 10.0 MHz
Coil Turn N 4 turn
Diameter d 0.075 m
Characteristic Impedance Z 50 Q
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