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Development of a Palpable Carotid Pulse Pressure Sensor Using Electromagnetic Induction
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This paper proposes a novel non-invasive and palpable measurement sensor for carotid pulse pressure. The unit

consists of a pair of coil printed circuit boards, a pair of springs and a sensing plastic chip, with each spring attached

between the circuit board and the chip. The distance between the boards is monitored from the displacement of the

springs, and the information is converted into a voltage signal based on electromagnetic induction. First, the optimal

forces externally applied to the proposed sensor were examined to allow accurate measurement of carotid pulse wave

amplitude variations. It was found that the force applied when the measured maximum amplitudes of the sensor were

obtained yielded the best performance. Next, carotid pulse waves were measured using the sensor with these optimal

forces, and the results were compared with carotid pulse pressure values measured using a commercialized pulse wave

transducer. The resulting coefficient of correlation between the two carotid waves was 0.9 or more. It was therefore

concluded that the proposed sensor enables non-invasive measurement of carotid pulse waves.
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Fig. 1.

Overview of the proposed system
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Fig.2. Proposed sensor
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Fig.3. Equilibrium of forces between biological tissues
and a proposed sensor
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7oo WG LAT ) Fp OFHEiE LT, LEMORIESY
43IV 7 T—FEIZY Y L7220 v RO KME &
RAMEDESTh B2 8w (DT, #2512 2 FIRERE)
T R & BUIRIME O 30 #1512 B 1) % IR OFHEI 7%
Boasm L7z,

WIS, g L7 LA E 2328581 o IZEmn L CERHA
L 72 BRI IEDSHENARIR OB & $E 2 H LT 5 9 % HERR
T, KL UYLy HEORS S DR
WO SHBNARFHEAVF AR - 5~ (TK-701T, HAL
B oSN RgEE B LA, 22T, #EL
A ENREE - OE T R FEEFTCREEERIZ T 2 &k
LY OREZIOHAE LATRTH L, TD720, FHll T
O bavid, FIREY CIIEE L2 LA E E EN
L CERSHBIIRO - IR AZFHI L, R ICARERT
=¥ R HCCLERZFHIILZ, 2ok, FHllshiztr
PIRE, OERIZY > 7)) » 7R 1000 [Hz] T AD %
B x2Sy a VISR S N7z WIS, ARSHEDR I ERAL
HIRYE - &2 2 I 17, IRMEGES (LT, OEt
YR LOEREFEREHI L. IR - OFER YT
FHllE Nz, OB LE S 77 (AK-650H, HAR
FEITE) CHIESNRBIOERKE T 7Y v 7
1000 [Hz] T AD Z#ip¥ % /v L3y a2 VICRAF Sz £
D%, PR EINIR—EL CVIRME, B L OWE v TR
% ZFN IR B 2 ¥k Band pass filter: 0.3-10 [Hz] (2%
X7z, 22T, LEXORWS A I V7 THHEICTY
L7280, 18R Y IR & LE -t 2 IRIE O — #1452
B A EEHOMBREEBL T 57012, 810 L7243
FX UHIREDSLE L Y HIREO—E T 5 5L % b
VT T L F2, T4V E @A RO
W EEHNTIREL SO SNIEEH L2, B, A
FRREANNL Y X EFICANY, FATICHEBRENA > 7 4 —
AR -arvky NEETHS72,

R

HEe o HBLORF Y aA—FEHNTE Yy FHNED
ERZEMRS 5 B ITEE % 5HEl L 7243 % Fig. 6 (a) 127~
Fo WRIVREL VI THCTRIZ L A7) ¥ 2R

4. #%

|IEEJ Trans. EIS, Vol.132, No.12, 2012



I

HASEBIR MEIRIE £ >4 CPEB, )

2 800
600

3 400

200

0 05 15
Displacement rh spring [mm]

(a) Measured output voltages when the
displacement of the internal spring is

changed

1800

600

)
200

0 05 1 15 2
Displacement of the spring [mm]

(b) Measured spring constants depend-
ing on the displacement of the inter-

nal spring

1800
= 1600
£ 1400
=120
21000
R
2 600
3 400

200

02 04 06 08 1
Applied force [N]

(c) Measured output voltages when the
forces were applied to the sensing
plastic chip

0 10 20 30 40 50 60
Pressure P [mmHg]

(d) Measured output voltages depending
on the pressures applied to the sens-
ing plastic chip

Fig.6. Measurement results of the output voltages and
the spring constants depending on the displacements of
the spring and the applied forces or pressures to the sens-
ing plastic chip

1800
1600
400
200
000
800
600
400
200 . . . |

0 2 4 6 8

Applied force [N]

—_—

diastlic pressure ¥, [ V]

Output correspoding ot

Fig.7. Change of the output voltage |V,| with the ap-
plied force to the proposed sensor F ¢

ZHLTWAHZ Db b, Fig.6(b) 2t FWNE DI
AT B IR RER k ZFHI L7 R 2 Rm T MR ED,

ERDZENIA 0.5 [mm] & T 5 HETIE, (SR8 oL
BEEHE L CWwh EEZONL 0, IR E R
LTwh, 72 1.5[mm] % k2SI 12X 58
MAELTWD, LALARDS, SHBIIRIMEIRYE 2 515 %
BRI T % 0.5-1.0 [mm] O CIXIZITHEBEE R LT
BY, 1ZREH k1L 38591 [N/m] TH-7:. Fig.6(c) |2
REL Ly U FEICEE L7278 v X - CTHIN
ENINxT B MITEE V| & FHI L 72454, Fig. 6(d)
12t 2y ZERICEIIN S N EINAT$ B O EE (Vo &1
HRERZ7RT . Fig. 6(d) 77 7H#IZ (6) #HwTx
YU TTIAF Yy EIC P AIET) PACERLETH

bo MR LY, Fig.6(d) Mk, A7) ¥ AHEEEZH LT
W5 ZEDTERRTE 72,

Fig. 7 (235t > % SHBYIR -0 K2 12 il B iEf%, 47
LEHTT) Fp %t 2 HICEIN L 72BR 0 I EIE |Vo| %, Fig. 8
(CSHBIR OIREL > RIS L OREFHA L 72 B2 Bk i
FEWFO—BlE LT Subject A DFFERZRT . K OARMEIZ
RFEX V& A CHEBIIRE Z 50 L 72 B, H%
ZAARIERE = 4 & CEHI L 72 B g B IR I i 2 7R L
TWao (@(g) EENENE Y ~OMF LT Fr 2%

1938

Radial artery pressure = Pulse pressure of propose sensor

_150 .
= 1
z 120
£ 90
5
g 09
3 30
0 0.8
2

[A] 88e7108 ndng

lood pressure [mmllg]
W e B O
o2 288 2
S 5 & &
[A] Beoa ;Mdingy
Blood pressure |

0 4 6 g 10
Time [s] Time [s]
(@) Vz=14[V], Fy=3.00[N] (&) Va=0.9[V], F;=199[N]
_ 150 14 _ 150 T
120 £ 120 £
£ 1B Ea vk
E 128 g € 08
8 30 % g 30 %
g 0 11 g 0 077
= 0 2 4 6 g 10 = 0 2 4 6 g 10
Time [s] Time [s]
® Vy=12[V], F;=2.49[N] (D Va=08[V], Fy=1.79[N]

150

120
90 -
F) 3
2 60 =
H .7 63

30

ood pressure [mmig)
woa v B G
83883
- %
" S
[A] 98108 Mchiney
Blood pressure [mmig]
o
s o o o
2 S &8 8
[A] 888108 NGy

°
IS
=N
o
S

Time [s]

1.1 [V]. F;=2.30 [N]

Time [s]

© V= (8 Vy=0.7[V], F;=162[N]

150

mmmm

2 30
0

ood pressure [mmig)
w oo w B o
888823
b %
e = = R
o S
[A] 9808 nching
Blood pressure [mmig]
s o o o
5 & 8 %
] o808 O

0 2 4 6 8 10
Time [s]

0.6 [V], Fy=1.42 [N]

Time [s]

(d) V,=10[V], ;=226 N] b 7=

Fig.8. Amplitude variation of output waves when the
pressure applied to the proposed sensor was changed

b3, #EL 2 FIREDOILRMIMTE (AL T 5 EE (L
%Vy) $30.6-14[V]IZabLHFHIL7ERTH L, FiR
L0, RELUHIREIENR L CTEREEIREIEEHI S
TWBZEPHERTE D, ZOEMIL, L&D S RSHBIR
DHHEDS, D S EEEIIR £ “C@EE%E& R ARYAT S I3
WL D EEEE Tl T 570 TH 5, 72, MERL DM
AT Fr OB X D I-E L 2 OE S X ORIEAS
AL B 2 L 2R L7z LERORWESY A IV 7 2FH
L C Fig. 8 NI 22— T & 128 1 L%, 30%H
WO U7 AEBARE L BEERERE % Fig.9(a) 12, BV,
Wb g B E - v IREOIRIFMEZ L% Fig. 9 (b) I27R 3,
Fig.9(a) &1, EE V;2309-14[V] &% b LH L%
LA R E L VIR L BEEBIRETESETE D,

0.8 (p <0.01) PLEOHBERENBOND Z & 2 MHRAL 72,

—7J5, Fig.9(b) £V, oL FpiokoTH
Lt VY IREIRIEDZIL L TW5E 2 EPHIETX L, 22

T, RIERAL 2 LHEE V, 255158, Fig.9(a) ®
FRADSIRK & 72 B & & R MERR L 720 MOBEERE T b [AIARIC

PR Y VY IREIRIES RN L 2 5L Vy 56N L9 Jc
Y OIUANTT) Fp 25 2 7205, 32581 2 IR & #58)
REFEOMBED IR L o7z F/22DEE, ETOWER
BB T, REX VT O LS/ THEHBIRE MZTE S
CLEMERR LTz EX D, BWEREANORB LI O
T Fp i3, RFEY P FIRESRIED R AR % 5 ) L g LTz,

Fig. 10 I2&WEREZ 2B i@ M L2OT ) Fp il v %
WERM OB IEE Vy R d o ZORE, EthERE O FIgEE

Va 130.946 £0.009[V], #L2F7) Fy132.46+0.01[N]
(I_'. fa:")f:o

|IEEJ Trans. EIS, Vol.132, No.12, 2012



i)

4
:i 0.8 o"‘ b
2 -
g 06 e
£ 04
=
£ 02 *
i=}
@]
O 1 1 1 1 1
0 0.3 0.6 0.9 12 15

Voltage of diastolic pressure Vi V]
(a) Correlation coeflicients between pulse waves measured by the

proposed sensor and the tonometry sphygmomanometer

z

Z 016

o

£ 0.08 i{}

2 on2 i

50 t i

=}

2 oo i

2

= O " & " s s
£ 0 03 06 09 12 15

Voltage of diastolic pressure Vo[ V]

(b) Amplitude voltage per one beat measured by the proposed
sensor

Fig.9. Variation of parameters when the diastolic volt-
age V,; was changed
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Fig. 10. Measured output voltages V, of diastolic blood
pressures when the optimal external force F; was applied
to the proposed sensor
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Fig.11. Output voltage and estimated displacement of

the sensing plastic chip
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Fig.12. Examples of filtered pulse wave of carotid

artery (Subject B)
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(a) Comparison of output voltages of the proposed sensor and the

pulse wave transducer
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(b) Lissajous waves based on output voltages between proposed
sensor and the pulse wave transducer
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(c) Correlation coefficients between waves measured by the pro-
posed sensor and the pulse wave transducer

Fig. 13. Measurement results of the proposed sensor
and the pulse wave transducer

PHRIIME A Z SN TWD Z EHHERTE 72, Fig. 12(a)
FHOWTIREYL Y FPRED SN b E Ko 7258, SN i
12.71 + 1.14[dB] T& - 7z, Fig. 13 (a) = Subject B 2B L
T Fig. 12(b) D2 ZNEIVLERIOR ¥4 I v 7% [

|IEEJ Trans. EIS, Vol.132, No.12, 2012



SIS IRMEIRY: € > CPERE, i)

WT—HTOU D LR, LEE TR EYF T v
7 L7k R % 77T, Fig. 13 (b) |2 Fig. 12 225 15 1k %
W7 OFHBERI LR & MR EAR 2 7R . Fig. 13 (a), (b) &
D, BEXCHRBEE LT CFIREZECBTBY,
ERRFLR? = 091 (p < 0.01) 25572, Fig. 13 (c) IZH%
L UHIRMEL L OV EE Y IRED 15 HAEEE W TH
L 7o bR e B OMBIR A R, @WERET 0.9 DLk
O MR L7z, F72, HbE & E OMBRECEYHIX
0.922 +0.018 TH > 72,

5. &

Fig.8, Fig.9 &1, FHlE N2 HNEE |V, ORIKEE
MV, =12[VIEEE %5 X5 LITEZIE L2,
FF Y VIR & B BIIRO WM Tt b &\ IEA B A
LB ZE, ZOL EMNEIE |V, OIRIEDRKIZR S 2
EDHERE T E 5 WER |Vo| ORIKEEL V,y > 1.2[V]
DI THEB L OHIDEIE |V, IRIEET L 7B,
MENT LY RELMUMTEE S 25 L MBI LD
RENTZIREBIZ 2D, 2 OIREETIEWNEOIHE) % 5HE L
TV DI FEL VY REDEN 2D EEZ BN D,
W2V, < 1.2[V] O CHEB L D ERE |V, RiELS
CF L2, mENEL ) NERMLNFIEEZS 25
& M%) Fig. 3 Ok R TFIREEIZ 2 59, MENERD %
THICEHIITE e EEZ b b, 5T, KIE%Et
R CHBIIREIE 2 SRl 2 B0, IEE (Vo ©
RIED IR L 2 2 LATTEZ 52 UERWZ L5 2
IZ%o7ze 5B, Fig. 10 &0 Fp, Vo \IEEAEDS AT
LI ENbhb, TOMAEL WEEOMEMOENS
SHENIR OB B2 5 O IR L Tnwb e EZ 5 b,
Stk SRR 21T FETH 5o

Rt o TEHBIRBE AT L+ 7% SN s
RENE, BEE Y THOW S EEE T LA TH S
728, EHAFRICE Y OEBICRT AT AR E T, F
L))oz R R e SN Y AR NSV ATAT oY AR 3 M ¥ (438
Fig. 13 CTl, @HEE COE & v IR & 51 » IR
MCTEWIEMEMES N0, RERE VT2V 2
& THEERE ICBIR Z:  SHBIIRIEATEE L CFHIlTETWwW 5
T EHWERR T & oo $RE L I SHBD IR I AR 12 B
WOIERIEE, BL O AT ) ¥ ARELFEET S (Fig. 6
ZH) OO, MIELE O & AR Z X5 3
IEH# (Fig.6(d) ICHWAEZ EI2X ) HMOBEEICH LT
HEN%—EICRD DL ENTEDL, EHEERPe AT &
AREHEDSSHBIIR ML AR B EHENC 5 2 2 R BIC DWW TIE, 4
BXVFENCHE L2weEEZT0WD, 2B, Fig. 1301
=V 2 WIESERE S o 2HEHIE, THROOE
YA P OEREEZEHIIL TWA 2D, EROERE
TALDO B2 Z\ T CRHAHENZE L2720 ELZ LN D,
REL VY TIREZ LR ERWIGGHIIL Cnb 720, 20
£ GVAHBNIEE L2V TH S,

Fig. 6 OfER B L OFdsf LA ETRAll S 7z it Rt

2=

as

1940

YA IRUEAE R Fig. 8 (b) £V, $EERWIME A4 3 2 K2 J§
JEJJ P % 17 [mmHg] #25, WURERT I (2HH 24 3 % K2 8 1T
73 P13 25 [mmHg] R & % o720 —J5, B TRIEERE
HL T2 EEEIROIRIINE, DGEHIIE2Zh2Eh
60 [mmHg], 120 [mmHg] F2ETdh -7z, #Hlz1E, Fig3 12
R LCMAENERS F) L SCRFRPMENGT) Fr 0%y
BO%K4A0[deg) & T5E, X Q) IKEENLETA Y a
EBEZE4L%), L THEEN TV A IMENEIZE
DMENTEOR L BEEL % B 720, R—FEL ¥ HIRED S H
IE S NP ME, UG IME (X2 71271 68 [mmHg],
100 [mmHg] #2750 Ll 535 S0 B I2ON T
MFAEIZZE D & FTIEAREIRIEO AR L CIRIEMED S < %
528, BIXUZoEMIIEFEEE CHEIIHNL L
PG SN TV 5 720, RERRIZBCIEBUNL TR
Wl S N7 SHENIR MEAR AT G 2 il % 7R LTV 2 TTREMED D
LT EDbnb, EL VT OAEHWTIERETH (2) D
R o ZREICRET S 2 L 3BIRTIIREETH Y, =
NLLEOREEMRRIZEE L v o OPEBRICEHLTIE, 9,
FOLL OWEFHEENRE L TCID a 2 fEL, FAED
BRI 5 & &bz, WO N2 A MY EEIE
e FEREIC ERIMTELY ) 77 Ly A& LTHIIERITH 2 &
WEZOENDH, SHED L) ICFHINEE 2 BEES % 25F
LAMRETHTFETH b,

Eild

6. #& §

RESCTIE, BEBEOBGTH W REZ SHBHIR T+
YOO, (1) sHlEA L v %8 U CHEIRE
PHENRETHLZE, () NEITHESHETHSL Z L,
() FHUERE & VP EBEPLELTWLE I &, (IV) B
SN L CHFHAIT R TH B 2 L L) 4 DDOEM %7
TEMFERRE Y o 2R Lz, FME LAY
VD 2L THE L CEEBIRER S 2SFHITETH 5 2
EER LI, TRBAB LA Y2 HWE I ETHE LS
SHEI AR 0S5t e CH A Z LB R LTz BV Y %
HWaZei2ky, sHE TSRO E MO A7 5§ HB)
WRIME OES  TZTEETH 57%, O HAZ ERMITR
T LRBOTHETH S, 4%IE, BEREZR & OEEE
FHEIRE Y e Tl ReE 2 iE 3% & & 1S,
FHNL Y DR E &9 IR R ORBEET, X DREED
LT WEHERYE & o ORREGET, R B EED
O SHBP IR MUE A~ 24, SHBIIR I 5 TS BE O MRiE
FIgs L7zt oy &R L2 REHIRIEEHI > A 7 2 0RkE
BEERTIZEEFELTC D,

X

(1) BAEPHREYS D ICU - CCU FEHAR, B (1994)
(2) EFF—  RREREE N— v s EEERE DY — X 14, (LR
A (2008)

S. Sugano, H. Hirose, and H Sawazaki: “An Improved Indirect Measuring
Method for Arterial Blood Pressure in Unanesthetized Rats”, The Japanese
journal of veterinary science, Vol.44, No.1, pp.133-135 (1982)

H. Koyama, R. Fukushima, H. Yoshii, H. Kobayashi, Y. Nakada, T. Uchino,

(3)

(4)

|IEEJ Trans. EIS, Vol.132, No.12, 2012



TR

RISHBIIR ML ARDE £ > CPE B &, 1)

(5)

(6)

(7)

(8)

(9)

(10)

(11)
(12)

(13)

(14)

(15)
(16)

S'Z

1% -

L]

and H. Hirose: “Measurement of Blood Pressure Using a New Automatic-
system of Sphygmomanometer in Dogs”, Advances in Animal Cardiology,
Vol.35, No.1 pp.41-47 (2002) (in Japanese)

ANIFE— - REREG - B A AR - SR - NEFETR -
WA H L CEBIIENE S AT A2 54 XOMERE] B
W ONEBREE, Vol.35, No.1 pp.41-47 (2002)

B.W. Beulen, N. Bijnens, G.G. Koutsouridis, P.J. Brands, M.C. Rutten, and
FEN. van de Vosse: “Toward noninvasive blood pressure assessment in arter-
ies by using ultrasound”, Ultrasound in Medicine and Biology, Vol.37, No.5,
pp.788-797 (2011)

Y. Ishii, K.Hirano, T. Kawai, D.Saito, and S. Haraoka: “Electrostatic trans-
ducer of apexcardiogram”, Journal of Okayama Medical Association, Vol.89,
No.5-6, pp.713-720 (1977) (in Japanese)

AFRFA - CTEAIEE - SEIRSL - AR - R  [EERLL
B L7 Y AT 2= —0FEB L O ZOFAM], BIIESRH
78, Vol.89, No.5-6, pp.713-720 (1977)

Y. Matsui, J. Ishikawa, K. Eguchi, S. Hoshide, H. Miyashita, K. Shimada,
and K. Kario: “The influence of wave reflection on left ventricular hypertro-
phy in hypertensive patients is modified by age and gender”, Hypertension
Research, Vol.31, No.4, pp.649-656 (2008)

P. Salvi, G. Lio, C. Labat, E. Ricci, B. Pannier, and A. Benetos: “Validation
of a new non-invasive portable tonometer for determining arterial pressure
wave and pulse wave velocity: the PulsePen device”, Journal of Hyperten-
sion, Vol.22, No.12, pp.2285-2293 (2004)

S. Laurent, J. Cockcroft, L. V. Bortel, P. Boutouyrie, C. Giannattasio, D.
Hayoz, B. Pannier, C. Vlachopoulos, I. Wilkinson, and H. Struijker-Boudie:
“Expert consensus document on arterial stiffness: methodological issues
and clinical applications”, European Heart Journal, Vol.27, No.21, pp.2588—
2605 (2006)

K. Marume: “Position Sensor”, Journal of the Japan Society of Precision
Engineering, Vol.67, No.2, pp.193-197 (2001) (in Japanese)
HETE  [RERO AR >4 ], W% LY REE,
pp-193-197 (2001)

R. Asmar: Arterial Stiffness and Pulse Wave Velocity, Elsevier (1999)

G.L. Pressman and PM. Newgard: “A Transducer for the Continuous Ex-
ternal Measurement of Arterial Blood Pressure”, IEEE Transactions on
Biomedical Engineering, Vol.10, pp.73-81 (1963)

T. Sato, M. Nishinaga, A. Kawamoto, T. Ozawa, and H. Takatsuji: “Accu-
racy of a continuous blood pressure monitor based on arterial tonometry”,
Hypertension, Vol.21, pp.866-874 (1993)

FEdE 2 [ F 7 A PVERICE D &) BEIRETED AL lIE-A 210
¥ MEARBAR A S E HEM - 9000AI-], Arterial Stiffness B)JJREE D
1t & #fk, No.9, pp.42-46 (2006)

J.C. Bramwell and A.V. Hill: “Velocity of transmission of the pulse wave
and elasticity of arteries”, Lancet, Vol.1. pp.891-892 (1922)

E. Agabiti-Rosei, G. Mancia, M.F. O’ Rourke, M.J. Roman, M.E. Safar, H.
Smulyan, J-G. Wang, Ian B. Wilkinson, B. Williams, and C. Vlachopoulos:
“Central Blood Pressure Measurements and Antihypertensive Therapy: A
Consensus Document”, Hypertension, Vol.50, No.1, pp.154-160 (2007)

Vol.67, No.2,

==

B £ (F4H) 1985 4F4. 2008 4E 3 LB k%I
W (ER BT VAT L - HRR) ¥,
2010 4F 3 H FIARFERFEBE TEMFERHE 3R v
WIBME Y A7 A THEBE T, BAE, FIRFASE
Bt LA SERHE AR AR o A 7 2 A N T 1
7 ABYHES A, ERAERTFOMEIHEE,

#

(FE&B) 1989 44, 2012 4F 3 HIKB ARSI
W (BR BT - VAT L - BHRR) K
HAE, FRFRFBE TR Y AT 2 A N %
T4 7 ARSI AR AT, AR T
FEOWFEIZHER,

# =

;-ED

1941

® B #

TRy bR,

L

B8

GELE) 1977 4R, 2004 4E 12 A% BeomE
o S TN o3 NG I 1 e o e o L o 1 o T
To Mt (T5). KB RFKFERE LF IR
L8R, £ RIHBHEEHEAT R F PR S R 22
FERHIhE R T 2011 4F X ) IR B RS RF R LA
WFsEbe S 2011 4F & 0 BHEHAT IR IR <
MR EH#MT, ba—~<rET) VT, R
W BTN R 7 E ORI HES, IEEE, HA

VR &% & D4 B,

W

= %

oA R

£ 18

L
=

(GE&E) 1990 4F RS TSR 78 FHE LR
FERTR T, (Bk) B ZBEITh UL BF g AT %
FEC, 2006 4F & 1) H LR ERT AT IR IC ),
2011 4E 0 73R gL se i N8R . Tl
it (%), SQUID B ETOWIZER%S, (Migat
iRl A =8

(FE=H) 2005 HB RS TR M L
B3, 2007 ISR FRFRIEHHE LR
WFZERHMBERE IS R 2 23 L, H LU ERT
FEBEWTFERT I AT 2011 4RI P LRFZERT I fm)E o
WEICED,

GE£BR) 1973 425, 1999 4E 3 HIK B KFES:
R RS, 2010 4F RS E SR ge FHE L
ARG T o [RI4E R RS BE IR B SR AR A
R B, BAEICES, Bt (B, B
RO E =5 1) ¥ ¥ ST AW HEH,
HARERAERESS, HARLRIE RIS, H
ENR R Y R R =

GE&BR) 1965 4E2E, 1990 4F 3 HIA B KFES
TSRS, 2000 4EFKFE S RIIZERHE 31
RHEINE T o AR KSR bR RS # A e R
B, 2002 4ERIRFEIREFATEEIE, 2011 4
KRBT athl, FECED, Ht (B,
M AR - T B, ISR & M N
MO ENE, BREE=5) v 7 LT
BIFFEIHEH . HAMEES 4 JSA) £ H. HAE

R - SRR T 7 0 Y — SRRk E

IEEJ Trans. EIS, Vol.132, No.12, 2012



EREA SR SHB IR MEIRWE & > 4 CPEFR &,

i)

(FE&BR) 1953 44k, 1979 48 3 BILIRSAE LR
RS, 4RI BRSIR S T 1992 4E[F]
KFRFBEE AR AT R I EIZ 2 %6C, 2007
EREIR, RAEICEDL, EEmt, FEEE B
FERERRIC B AT PEH . HARAES S, HAR
RIS, CRERER RS E D& H,

GEEB) 1956 4F4E. 1981 SEFRUREEE A ERIE
FREZE, 1996 FRKAEE FEEARHFBF -
REERT, 2002 4 & ) LB RKFERFIRE RIS
WA TR GERE ORI A A B 2300, BAEICE D,
it (E5), A4S - BT, R
BAERS 2 L OIS HAERRSS, H
REPRFEALF S, HOARBIMES S, HARBERES
&, HEANHZS R E0RE,

T

B

*

(IEB) 1959 445, 1985 4R B KRR T4
WEIFERHE LR RTIE T . MRS B R TEE
Fo 1994 FRPHFIZEFET, 2002 [ KFKFE
bt TEMFsefb %, BEICE D, T8+, AM
LoRy OERHIE, —2—-F kv b, w2
XYY VAT Al EOWFEIE S, IBEE, HAN
MIT8E, NAF A D = A LS, RS E,
SRl EBEHEES R 0% E,

1942

IEEJ Trans. EIS, Vol.132, No.12, 2012



