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Validity of Machine Learning in Magnetic-Field-Based Positioning
Ai-ichiro SASAKI and Eisuke OHTA

Faculty of Engineering, Kindai University 1 Takaya-Umenobe, Higashi-Hiroshima, Hiroshima, 739-2116 Japan
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Abstract Magnetic fields are suitable for high-precision position sensing of devices because their field patterns are not
distorted so much compared with that of radio waves. To obtain a position of the device, which generates magnetic fields, we
must calculate it from signals received by multiple antennas located around a target area. Since this calculation process is a
nonlinear inverse problem, it requires certain techniques and obtaining proper solutions is not always easy. Furthermore, quite
large computational cost is required. Therefore, real-time tracking of moving objects is difficult with conventional approaches.
In this study, we applied machine learning to solving the inverse problem and investigated its validity in magnetic-field-based
positioning. Our approach showed better performances both in estimation accuracy and in computational speed.
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RTHDHAN— )T ORI &I odDHIFIZOW
THWFIENED 5T 5[20], [21].
—iC, RWMHERZFA LEAALERME AT A0,

1. F5EE &
ToT Al 0 AT PEV, AW OLE 2 BT 5 8
H~D=—XNEEHLETRIND. Z0OL 5 KN

R L, ALE BB O IEILBRIEICE VT H kA
T —F THEBIZITDLOALTWA[1]-[5]. £DOH T
LEMEEZONDIOTXEMAEZFAHLEZ2 20T 7
o—J5Thd.

TorXonTFu—Fo 100, BEREZMBALEN
AXTHY, WU T2 AN—FTH50IC@ELTWVWSD
[3]1-[6]. L L7ens, EHEEBITIKSBEZ T T2<
xR EMORBELBRZT D0, BOALERFE
EERLIOIEIARENICHETH D.

2 DHOT7 Fu—Fi%, BMAREFALEZLOTHD
[2], [7]-[19]. &5 1%, BE O L SIS £ TEMRT 2
ZEIEFTERVWE, BEYOEELZITIZNEWND
MEEZAELTWD., TOEDBRIE, BEO LS ICA
WU T NRN—=FT BIZIEREETH DN, BRI
ST YT THOHNTENWRKETE =7y MLE LR
THDOIZHE LTS, £72, A LEE > 7 D5

B HMICRE SN EBROBRE Db S.
U VIEE =Ty MRRNLREE SN ZHER A B
L, ZoE#®zmicmAMEzitEss. Lol y
TRBRHLEBROBHR LM RMNEEZRD S Tt
ZFERMEYMECHY, BMAMES XIS xR0
[22], [23]. ZOWRMEIIHLT DD FTiEE LT,
INETEH 20907 e —FRE LTV
F1OFEZX, BV L 2B RE O R
LR ELZEEHET 200X EZTORDTEH
X, FORAREMF-THE LU FMBEBLZHET L LWV
IBDOTHBHI]-[11]. KFEOH FIFHERD D 7 &
ThHhY, RFEPEHAETHNIXZY —F v FHED
UTNAEALN TRV ITERESTHD. LrL ki
DARBELND DX, B oM@ - E k- fEx
ERFER G EICRonN s, @HFMRERY AT A
BRI CIREMTH Y, EAMEITZSOE .



B2 0FEE, ik o RE & i B R S
¥, TOoREACMELZMES LWV LD TH D[2],
[12]-[14]. AFETIE, B2 BE LA RE S
WRIA—FZ L LILENMEELZHEUICERZL, Z0OEM
BMEAR/IMET D EIC L > THMRMEELHETT 5.
KRKEEIHE LR AT AERIC L THEARRETH D
e, VAT LARFOFZHMEICTIE W TIEHE 1 OFIEIL
SLUTEMTHD. L LR EEZ < STk
BMRERFHE XA IRRDOND D, ¥—F v M

KOV TNVEA LT vF 7 RECEFIAMETHD.

FlokBEMBEZ BT —EDAF LN LE
ThoHD, TABRFHHTESZHFEEEFT AR,
AT, 2R EBERNICEBEEE SRS TV
T & X, [24]-[26]. HEMTEE DB ERICHET DA
OMEDO 1 2 EFMETH 525, B XA E I
BUWHEEIEREEE 2T B TES. L
LARWMERZF A L@ HmEE @A L
EWVWIHHFZEIE, ThETHEINLTWARLaT. 20D
XOMRMEEEL, BAIBERFEEEZFALLBR
KA EHEE ORI D A, (TEBE L FEREED
WIFZBWTRAREREHTWDH[27]-[30]. AfET
X, MAXMEH#EICEREEE2ER T2 HFiEico0n
THoHT 2 &, ToFhtERT.

2. BERMETEZFA LB R O R

M1 IWCRT LIS, BRELH(S1I~SHREHRE DM
BIcRBESN, =7 v MERTX)DBERAZHAELT
WHRMEEZEZD. BUHIEBASRZ VB 3 SO0
%57 (By, By, B)) I CTE 2 b D &3 5. Fi TX IL#
REERTHEDIC1I DDA LEREHELTWVWDEE O
LT 5.

U RBRIET AT TX OME & A EICEAT
50T, TX OfLE % x® = (x©,y®,20), TX 24 10
MR 7 b Lo J5 i & Bk FERE (00, W) TR Z L L
T5. TAHLEEHOELV Y RBETIHMANY b L
X, BRI ToXkricEans.

k
/BJE )(X(t); g(t)! (p(t))\
k
B(k) = \BJ(' )(X(t), g(t)'(p(t))
k
BZ( )(X(t), B(t), (p(t))

€y

U ABETARRIT, TX ORELZERT 5 >DOF

$(x©0,00,00) K ET 52 LICHETHLERS .

(x®,00,pO) 2R EE Sy FEMEZ L LTS,

TX a4 vt eOMEBRRPOETEOVEEN
X, B R BT AMARE IS WVWKE CHETE
HI NN TWA[3]. HicE21E, B LW
REREND TX OME(EAE)EREWKBETRD S Z
ENFHMIZAIRE L 2 B

Ysz SPY
MR

L.
%TX

Yss sﬁY

1 BMREVHSI~S4)PRESNEEIUVTELENGR
EE O mEEICEESA -t ETXARL-EAZREEL,
ZTOE/RETICTXDOUNBEZHET 5.

BEM - A R L AL EHEE &2 AT O ISR, TX Ok %
RIREEEE Y M LTCUTOIMT —4% 2152 4
LRHD.

(BW,B@,B®), B®) - x© 2

ZIZTQOEBRIIANS, HRIXEMRE I EERET. xO
EfFESCFOIF, xON TX M BOEMRETHS Z L %
BEWRLTWD., B3R LE#EA»DL TX L& %
HET20RBBECHIZORELN, TX OB
(L HEYR O ERRENE, BB+ 38R
EFHETLAEFIEMETHIT-ORSTHD. oF
DRQYDEDNSEDERODIFREIRS THDH DT,
COXIREHEE TX OARREOTVMEL A
ENCxE L TIT 2, REOINHET —F 2 IcH 5 2
EnTcE L. BRMREHAEFIEAZUTICHATS.

A NVEICHAAT SN Rx=(y2)IlBIT D
BERAZHBETZHAICIE, aAVEBRIEETF L R
o7, RABREHTH 5[2], [10], [12].

o 3(m - x)x — [x[*m

BO) = o s ®

STt HZEDOHWH, mixERATND =24 1D
WRRBrRRELRT. aM VEHICEERBEM~S b
NEendT5HL&,

m = me,, = NISe,, “4)

LRTZIEBTED. LELSENTENRER A LD
MEEEEXH, 1TaAVICENDERERT. D%
GIURAL, KAXER/D.
B() = 2= [3(x- em)x — [xIZen] ®)
T

x|>

AL NVDERERTHRMER MV ERGEFRT D L,



sin 8 cos p®
em =| sin8® sin ® (6)
cos 8®

ERDDOT, TNEGIRALKXEZED.

B, (X, oM, (p(t))
B, (X, oW, (p(t))
B, (X, om, (p(t))

y m 3xz
0
=——— X |cos H(t) 3yZ

41 (x2 + y2 + z2)5/2 272 — x2 — y?

3xy sin ® + (2x2 — y2 — z2) cos p®
+5in 8@ [ 3xy cos ® + (2y2 — x2 — 2z2) sinp® @)
3z(x cos p® + y sin p®)

(MITFEEITH D TX(2 A W)BPEFE DOALEX = (x,v,2)IC
SV HTERERL TS, T —2%23ET 5
DIZHEBEROIX()DEENRRATH D, (D EA
EFRHWAE, (VNI TOEIICRTZIENTED.

B,(x¥ — x®, 00, )
BX) (x®,00,p®) = [ B,(x( —x®,60,(©) (8)
B,(x® — x®,60, ®)

22 Tx® = (x®,y® z0) I kF B O Y O ET
5. IBIZNHOFDEFHL TO®OAHEZBEEIZ
EXTHE, EEOREKD,00,0)icdH 5 TX 23 kE
BEOovrHICHEx 2R EHETIAXRE LN S.
TORRERMLT TX Offx R REEE v b
HLTBRZHET D L, QOIT —% 2 E5 I/t
JRTED., ZHLTHLNESZROINHT — & 2o
THMFEE 2175 &, BOOEN S TX OHEEME % W
NTH8¥PEHLIZENTED.

x® = P(BW, B, B®), @) 9)

ZZTxO B EXFEOE, xXPRAHEETHDH LB
BHRLTWS., B THRELEBADOBEZPIZA
i, TX OMEBEIEHREMD Z LN TED.

(HR@)MBbD &5z, BR2R(D,00,,0)0 R
MThdrZLaBET DL, xPi(xD,00,00)0 B
EHDHIEHLTED.

x® = p (B(l)(x(t), 60, ), ...‘B(4)(x(t)’9(t)‘(p(t)))
= P(x®,00,9®) (10)

BB THELNEEEPRL LER2RLBOT
bhiE, xP=xORHEHr>53FZFTHhH 5, L L ERE
ik, x®ExORELIC KT 52 LiERy.
HFo/EonzPoMiER, KX TERSh A EHE
MEITHMT 2008 THD.

de(x®,00, ) 2 [|x® — P(x®, 00, )| (11)

3. M FEE 2RI U 7oL B HEE O R Rl
AT, BREEIC LS THLNEBERPOHEE
WEZHERY 2L —va v THfiTS. ELOE
MM RET CHONSMEZIFM L%, HEC
Ty OMBEBTRAEECRETEELRET D,

3.1. BENRE S
YIialb—variHicHWEEGEEXK 2 2T,
AFMIZBNCIE, ¥—F7 >y b U T % 2X2X2m? @
SR ZEMEL, FOPEHBIZE TX OO E % #H
ETDHDHDOETDH. BHEAXZ LD 3 DO K
(B, By, B,) % 5 i AT BE 72 il & o B (S1~S4) 78 x-y
FEROMBICERESN TS, SI~S4i1ck v, BO~
B ENS. fik L7k 51z, BO~B®W TX @
MELAEONGICKEET D
AT — 2 ()& H 511, TX Ok % 220k
(x(t),y(t),z(t),B(t),go(t))bz L CBOZHET I HLER S
L. T =2 0OFHBITH N TX OEEZ K 3 O
T R(@THRT. T 72bb, MHFRERAEZHD R T
97k T R(e)% 10cm MFE (8x =8y =8z = 10cm)|Z
BREL, BB TAICTX NEETLIHA50BOEHE L,
Mg — 2 2R Lz, £23lT — 21, TX Ok 4
RAFEICK L THERTHILERD DD T, KK 1A
IZD &80 =80 =11.25°D 53 fEET TX ODAEEER R
BDHEBOEZHK L., 20X RFIETIHT —2 %
BT DL, 20T T BT 3,300,000 &7 5.
BB 8 O EATITIE, Bx B BN /I
H#{k &7 TV % Wolfram Mathematica 12 Z F|H L 7=.
Mathematica T, EEOWBFEE T LIV XL D
WY RFEEZRNTDIZENARETH S, 4 EITHEMK
BT LTY XA L LT, EOEE RN TR
BERERENEBOLNDE ZERHERMMBIT Thro 2
Nearest Neighbor % £ /] L 72[24], [32]. Nearest Neighbor
T 3,300,000 {HOFNBT — % %852 OICEL -
Mix, UMW ) — ~ 8y 3 (Core i7-7500U, 16-GB
RAMYZMEH L7256, DI 154 Th oI
MBI LM EREZFMIT 2720, (DR
L7z de(xW,00, )0 M 3 ik K4l 7wy b LT,
2L TX OREEED S B (20,00,p0)% T 2 —
sl l, (x®WyOoEE L Cda il L. M
BoOPAMREZRIET 720, ZhooEFWTIND
KEFBOREEH Yy Mgt L THBEZLOTHD. &
VYMETHEEBENMET T2 b00, i 10cm
UTORETTXNMNEAHETEDLZ LR DLND.
MEHEREZ EEMICHEMT 272012, 2HOK
HEED TX RIS L Td 235 L, b DA
RO EIToT-. dEFRTIEICIE, REHO TX
NMELELTHK 3 OXHIOSZHMALE. XEIO&IX
17cm BB (Ax =Ax =Ax =17cm) CRLE SN TEB Y, %



»

M2 Ysalb—YavF@cAVWVEE®. 2—7y bV
TlE2x2x2m* DI AR EL x-y FTHONBICZ#H#ER = >
HEI~SHOAHFE SN TVEIIDETSH. &Y, Tx
ICEOTERENEHAANI FILDOERD (B:,B),B:) &R
5 BEUYTHRHEEINE-EBAOFERZTIC, Tx OEE
EHETD.

BIZAOWEE T RO —FT 52 Lixnw. £
(6@, M)z 2\ TiL30°Z & (A8 = Ap = 30°) I ZEfL &
BN BdEFRE L, AF 8500080 0 TX RELEH ¥
v MK L Td DRI & 8~ 7.

FERAER 5IZRT. HERZED 10ecm INICILE 5
WRITB%THDLZ ENbND., =7 b U T0O
1R 2m ThDHIEE2BETH L, HEEBRED 5%L
WICIL E % R1T 73%, 10%LLNICIL £ 5 =R 1% 87%,
EEOILENED. INLORRIE, MNMEHTIZET
L2BMTEEO—EOAIMEERTHLOTHDL. TD—
57T, de>50emé HEERAENIEHICKEL B —2R
LOTNMERIINTHINERSINZ. 4050
brsdlkoic, TX DNV iEEBICHEET DI HAICH
ERENRELIRAIERDLND. BV EHFITBT
LZWEREL2RETLEODOFRENRE SN TVDEN
[29],[30], AR TITRIET 5.

SZETEHBIELTILN 2m O HFIRZEM E X —
Ty b= 7 ELTEREN, =V TV A X233 54
KW HEENRE L, = U 7 A XITRAE L 2RV [27].
DFEYD, KB/ LN THEBRZED SBUNICILE D
MERIL 73%) VI FERIFIZ ) 7H A4 XL S 20D
T, B IE 1 4m O HFEREMICR LT, THEE
RN 20em DAWITIL E D ERIT 73%) & WD Z &N
=Bz ha b [27].

32. HEEFEERBLIZE S

ORI N D L5, BERORE XI5 o B X

DI3IFIZKWHT 5. BHEORBAEEED 1 FIZKH

& + Sx=01 Ax=017
S L 1] s H g S
1 :L ® o 0o 0o 0o 0 0 o o e 6 0 0 0 0 - -1. E
>\I: 7”;)( . .>< . X. . x. e o . x. 'x ) .x ) x. .x. :
< 10,0 & 0 9 0.0 o 0 e 0 g 00 00
— | ® o e e 0 0 0 o e e e 0o 0 0 0 0 0 o |
o‘ : eXe e @ % o Xe o @ e X oXe & @ X oXe :
Il l: e o 0 0 0 0 0 o o e o0 00 06 0 0 0 |
| x x x x x x 1
STie e ¢ e s s’e o o e e 0 e 0 00 o e !
OOT,:,,,,.X. oo 9 0 0 o0 e 0 0 0 0 0 0 0 0 :
I ®© o e 0 0 0 0 o o e e 0o 0 0 0 0 0 o |
1 1
> x
_1: e 0o 0 0 0 0 0 o o e e 0o 0 0 0 0 0 o 51
I e¥e & o % e% e § oo o0 & o o%e !
I e o e © o 0 0 o o e o 0 06 0 0 0 0 o !
1 x x x x x x |
! o0 0 00 00 00 ¢ o 0 0 0 00 0 0 !
| exe o0 8 00 o @ 0 o0 & 00 o0 |
1 e o e e 0 0 0 o0 e o o 0 0 0 0 0 o ;|
1 e%e e % 0Xe &0 e %% o0 & o 0¥ |
1 o o e 0 0 0 0 0 0 e e 0o 00 0 0 0 o |
H x x x x x x '
L, ® o 6 o o 0 0 o o e o 0 0 0 0 0 0 o
| |
-1

B3 4=y brTYTRHRIZETINET—2ICHWA
B(o) M FEORNMERIEICAVEHMEXDOERK.

BT D LT 2E, ML RMITHWESTD.
Z0ED TX-E VORI ELS D &, +okE
B %f Mt % Lt (Signal-to-Noise Ratio: SNR)#% {4 % @
BUIELERECR 2720, HETOREZEET L Z
EWTERY. AT, HESMNEHEEEICS X
HEBIHONWTEZ S,
HMEORBEZERNICEERET 0, KATEES
NOREMREZEANT D,
Bmfézg(i%,ig,aop) (12)
ZIZTBIE(MERUTHD. DF U Begld, zJF5 M % A
W TX BNEEICE LN RIS RO > @B
WHHTHRERLTCVD. &5, BRI Y AT A
D SNR # IR TEHKRT D.

ref

B
SNR [dB] £ 20log,, B
EIN

(13)

TR UBgniTE vV OATBEMS 2 LT, B0
ZETHEFO SNRIZEUAR TX ORREICL > TEILL
TLES D, zHHZMWE TX A FAICE N T
HIREE LS TV AT LD SNR ZEFE L.
UEDEZEDT, SNRE/RNT A —F L L Td% A
L7 fREZR6ICRT. 25 DOKMN 5L, SNR 28 30dB
UETHNITHTHEICIEE A EREIT2 <, 20dB BL
TlLR b LHERERKR T T2 8b»5.
FMEORBELETRENICR AT, de® i
AR EEEIMEE AR AR AR T X O8ICRT.
XK 6ICR5NDD LRI, SNR 2% 20dB LL FiZ7 %
EHOMNICHEERENRT T2 2 L2 MR TED.



(2,0, 9) = (68 cm, 0°,0°)

[m]
0.9
038
07
06
05

04

03

02

01
10| S . X

-1.0 -0.5 0.0 05 1.0
x [m]

(z,6,9) = (34 cm, 0°,0°)

[m]

09
058 08

2 07
06
05
04
03
02

01

-1.0 -05 0.0 0.5 1.0
x [m]

(2,6,9) = (0cm,0°0°)

Ml
0.9
038
' 07
06
§ 05
’ 04
03
02
0.1
-1.04 ] .

-1.0 -05 0.0 05 1.0
x [m]

(z,6,¢) = (68 cm, 30°,30°)

1.0 Flg

0.5+

=10 = n n 1 f
-1.0 -05 0.0 05 1.0
x [m]
(2,0, ¢) = (34 cm, 30°,30°)
1.0F —— -

05+

=10 n L n
-1.0 -05 0.0 05 1.0

x [m]

(z,6,¢9) = (0.cm,30°,30°)

-1.0F

-1.0 -05 0.0 05 1.0
x [m]

0.9
0.8
0.7
06
05
04
03
0.2
0.1
im
im

[m]

09
08
07
06
05
04
03
02

0.9
0.8
07
06
05
04
03
02

0.1

(2,6, ¢) = (68 cm, 60°,60°)

o3 18]
i

0.5+

-1.0 -05 0.0 05 1.0
x [m]

(2,0, 9) = (34 cm, 60°,60°)

-1.0 -05 0.0 05 1.0
x [m]

(z,6,9) = (0 cm, 60°,60°)

=10

-1.0 -05 0.0 05 1.0
x [m]

B4 BBEZECIIMNERTREIDNDKTEARNIH. LoV AETHERENETISERANAEBHLND.

80
72.7%
70

60

50

40

B [%]

30

20

14.0%

10 5.3%
0 [ |

de <10 10~20 20~30 30~40
FIEBEHERE [cm]

3.3%

1.4% 3.3%

40~50  de>50

B5 BHPEICLINERETREDHIT M.

[m]
0.9
0.8
07
06
05
04
03
0.2

0.1

[m]
0.9
0.8
0.7
0.6
05
04
03
0.2

0.1

[m]
0.9
0.8
0.7
06
05
04
03
0.2

0.1



SNR=40dB SNR=30dB

(m] [m)

v [m]
v [m]

-1.0 -05 00 05 1.0 -10 -05 0.0 05 10
x [m] x [m]

SNR=20dB SNR=10dB

(m]

v [m]
v [m]

-10 -05 00 05 10 -10 -05 0.0 05 10
x [m] x [m]

K6 HEEZ2EELEBEIC, BBFEEICL>TBLOAENM
BHEETRE=IADKFEARNSDH. SNRA 20dB LI TFIZH B &,
HEREODHLMAGETARLND.

80

| =Noiseless m40dB =30dB ~20dB =10dB

70

60

50

40

EE [%]

30

20

10

0
de <10 10~20 20~30 30~40  40~50  d¢>50

L EHEFIRE [om]
H7 HEEEBELEBAIC BHEEICL-TRHRONEM
BEHEREI DM 2. SNRHMN 20dB LTI S L#EFER
ENKRELLGBZENDLD.
25

2247 cm

N
o

12.86 cm
11.04 cm 11.06 cm 11.26 cm

I

mNoiseless ®m40dB m=30dB 20dB ®=10dB

REDFHE [cm]
&

A:
=
o

fEHETE

M8 MEHEBREIOTHESE SNR OERE.

33. BV DOMNBITNEZBRLEZSG S

ERWBRBE»SIE, 4 DoV &R —E EICE
BT ANERGAEVEEIND LD, BP0
MERDICERINIBEEZAONICT L LEE
ThHDH. T TEUVVOMNMBITNUNEEREEICH XD
WEBERHNDLZ0, S2~S4 NEE SN TV 5D (x-y F
)2 S S OLDBEENT- S B Dd A FHHR Lic. deD%E
Mo aEX oW Rd. =77 L S1 OEEE(1,1,82z)& L,
82, =0,01,02, LCHELZ. MIZERD L, S1 DO
BPN6 N KELRDITHONT S AT T o HEE R E
PDETLTL AT ERDLNS.

9138z, =0L L CHEHLELEEDDEZ T2y P L
b THBHEZD, 82 #0DFEITd N RKEL 2> T
LEIDOIIYUARTHD. FIZIFFEREOEEDL S
ST S1 2ot LFE—mEICEETERNWES
Wi, FEBRIZ S1 AELE S D ALE & R LT
BEIT2ZEIV. ZokrkcREH LGS Gz
de#X 10127y bT5. 7 MLV OMEN
FHEICELIEBERNTWARIE, sz K& - ThH
MEHEEEEITERFLAN ENbND.

B9 L1100 — A ST DdDHEF 041 & £
ZNH 1 EK 12T K11 E2RDE, REDSz,D
B EFHICKBMSERVEAICE, 28325128
WERBENMETT2ZER8b0d. TICHLTH 12
ERD L, Sz O WM AW EH IS, H
ERERETFTLARANWZ EXALD CHRIBTE S,

de D VF¥EE 2,0 ELTTry LT O %
M1B3IErRT. EordofMEiFmaeEL < EEICKME
FE, e LAR—FRE EICE S E2EE LR WVWER,
HERBENM ET D EETRBLTNS.

4. TERFIE L BHRFEE OB HE
F1IETHRRZ LD, WA E R Wk N & H
EVATAICE NI, mEfbtMEEHE ZLITLo
TTXMEBA#HEEL TS, KETIE, Z0k5 Rk
WkICE 27 e —F &, FxBRRET HHEBEEIC
X7 Fa—FOMERELEEIT)

PERFHETE, TTRINCTERZINDIHNBELEZE
5.

4
®(x®,60,p®) & Z ||Br(rlfgas - B(k)(x(t)‘g(t)’(p(t))nz (14)
k=1

2z eBR it kEEOR L ICBIT AR RS b
OREMERT. ELHLE _HITQ®)THY, TX Bk
BHORBYVIZHEZ DA "VOHEMTH D,

Bl Z X T 2 TX R0 % (x0,00,00) & 4 5

L, AT



v [m]
v [m]

05

-05 05

cm

10 -05 0.0

x [m] x [m]

v [m]
v [m]

=05 05 05

v [m]

05

v [m]

-0.5

-1.0
=10

-1.0
10 -1.0

8z; =20 cm

0.5

-05 0.0

x [m] ¥ [m]
(z,6,¢) = (0.cm,0°,0°) (2,0, ¢) = (34 cm, 30°,30°)
9 S1HAx-yFEMIMDzAMIZSHEITL T FLEZHEID,
BHEEICLE > THON-NEREREIDKFERNS .
VIPESZEFEFTIIRBIETCOLEWVWESICE, YT RL
S1TEBIIETIHERENBETISH LB bMS.

05 =05 00

80
m 8z =0cm m6z; =10 cm 6z, =20 cm
70 3
6z =30cm ®m6z; =40cm =8z =50 cm
60
50
=
4 40
i
30 H
20 Iy
10
0
de <10 10~20 20~30  30~40 40~50  de>50
I EH#ERE [cm]
11 S1Ax-yFEMSzAMIZSZ TP T FLEBEIC,

BHFE LS THEONNEREREL DRI N, 7
FPEZFBICRBRSETVWEVED, VI FEFAKRECHD
FEHEFRENKRECLS.

05

-1.0 =05 0.0 05 10 -1.0 =05 00 10
x[m] 8z; =0cm x [m]
(m]
09
08
07
06
05
04
03
02
01
-1.0 =05 0.0 05 10 -1.0 =05 0.0 05 10
¥ [m] 8z, =10 cm x [m]

10188
10 =10

8z; =20 cm

-1.0

-05 0.0

¥ [m] ¥ [m]
(z,6,¢) = (0.cm,0°,0°) (2,6, ¢) = (34 cm, 30°,30°)
10 SI1Ax-yFEMNSzAMIZSzZ1FL T FLEBEIC,
BHEE L > TR NEHREREIDKTENS .
FELY T FEOSLEMEKL TREBEEEEETLE. Uy
MEBEASTIRLEBETH>TH, VI LEEFEHICRBRS
EThIEHEEREFETLAEL.

05 =05 00

=8z =0cm =6z =10 cm 8z =20 cm

6z, =30cm ®8z; =40cm =8z =50cm

IIII

10~20  20~30  30~40  40~50  dc>50
I EHERE [cm]

de <10

B12 SItHxyFEAD zHAICSLEFL T FLEBEIC,
BEEEICE > TBONENEBREREIDRI . 1
LYy hEoz 12MKLTRBEBTEETLE. €U
BENCIRLEBATHTH, VI FBEETICRBREE
NIZHEBEZET LA,



25

82 EFBICRMSELGAN 5G4
20

15

PRE DB [om]

<
10

82 R EBITRMSE B A

B HEE

0 10 20 30 40 50
S1DHIET N(52,) [em]

13 MEBEHERENDTEHNELSIOMEThESZOBEE.
SZAFEBICERBENTLAR, HMETIhENEX THHTE
FBEITETLAELW.

o (x2,60,¢) =0 (15)

ERBIEITTHDH. LN o TAUS%E G-I

(x0,60,00) ik E o n, =9 LTHExPE TX

OHEEME & L THEATIE I V.

L LBEECR VAT AOREEERHE ST 0L
N DB, (15)% &2 RIT—KICHEEL AR
W, ZZTUNEMLS MR VI, OBK/NTRD XD

@wam w)%ﬁw,TX®%ﬁm%kbfﬁﬂ%ﬁ

min’ Ymin’ Pmin min

M5,

(XE:])in, Hr(rfi)n, (pfgn) = arg min dJ(X(t), G(t),(p(t)) (16)
DFEVNRT T r—FIC LA MNEHEHEET, oD
MERITEIC 2 B2, KT Z o L) FiEE,
HOOBE KR /MBS &35,

Bem 7 & H BB /Mo % ik 5 7
W, (1K SEMNBHRHEOHAK Y I 21— a v
EATo . TORBRIC, WBEE EAT o oW & RO &
HCNEHEZITIRED, (1)DMEERTHEICEH
Mathematica %z FIJ i L 7=.

HABEE R /MeE Tl oN-d 0= oM%K 14
Wt . 2ERMICd, <01mé > TWDHEEMAZE L,
B/MEBS BIFICHEE LGS ICITAmWHEERERSES
NTWBZERDLNS. LLAERS, /MR B
WCHERE L TR Wb Z 2« Ao, £0 X5 72 ik
Tldde >1me 72578 8, RRENEFIZRKELS Ao TL
FHTENLNDL. ZOFFEIE, MISITTALIEdDH
FofmicbqE N TND.

FID, HHTEE L BB B R/ IMEIEN R Lo ERE
EE LD HEERERL T CRHERBIZBWNTYH,
Bk OMREN ER > TWDZ ERbNnd. RiZ,
HEEICET 2K R 2 1/30 I CHEM T 580, MR
FERORZRARTHY, HEERKFMD 5.7ms ThHh L
TXDUVTNVEZALRNT yH U THARBICRD.

5.%¢®

AfaCTlE, BERZRH LALEHEE ISR T DM
BORYMEICHOWTHRFT Lz, MR EZFA L AL E H
EOIERN B 2 J7 1%, SR FE U T & 85 E Py
WCHEE LAt TREL, MEEADOE®R?S
WMAMEEZHET DL VNIHDOTHD.

—RICHE T E AR T 2 BRICIE, 2RO T —
2 EROICHAERIERLRVEENEZ VN, MR
MEHEICBOWTIEIREOIMT — X 23 HTHELI
ERTEDLRD, BMEE XML ERETICHICHE L
TWbEE25. AETIE, T —2%24LK+ 572
HOREKWR B EFER L.

BHEE LM EHEDOREE ZFMT 5D,
2X2X2-m* D= U T NIZTELET 2 4 oK O N & HEE O Ff
By I aL—varvaiTol. TOME, #iEia=
2 10cm DA & 72 B HERIT 73%, HEERRZE 0 FHEIT
llem Tho7o. —FH, R FECLDI VI ab—Ta
VRERIZEN TN 67%E S4cm TH Y, HMFEEIC L
LHALEWEOREITNERFIEE ERDZ E 2R L.

FIHEE T YL E O NLE HEE R E IS
ZALHEBIONTHLYIal—Ya THFELE. M
T2V T, SNR 2% 30dB LL LT & id ek E
FEAEREBIIEON, 20dBU TIZ2 D L BEENET
LT BT ERDbMhoTZ. B OMiETHIZOWT
1, 2X2X2-m3 D= U 7 DAL, 10cm LLETH S
EHERENBEEZEICKTFT2ZER¥bholz. L L
vV OMNMEBETNENEMTHNE, TOEEZMKEL
THBPEE T2 281280, EREODKTEZN T2
ZEERLT.

S DAL & HEE IS T D F R A BT &
KFETHEBELEZEZA, FREN 5.7ms £ 162.1ms
ThV, EHMTEER VD& T, HERMEZERD
1B0BREICETHEMTEDII L EEIELE, BEE
ERALEMEHTIT, ASHOVTLVEALNT
XU TR EEmEEREREINDIT TV =3 B
WT, BIZEHTHS.

AR CTHALLEFELZEILUETITAT 47 b
MEINTEBY, BHFEE R L 7oA E i o
S b7 b RPN DH[29], [30].



(2,0, 9) = (68 cm,0°0°) (2,0, 9) = (68 cm,30°30°) (2,0, 9) = (68 cm, 60°,60°)

i 5 F 5 A il
‘ 0.9
08
| | 07
06
& oof E oo 05
) ’ 04
' 03
| _ S 02
0.1
-1.0H - - | -10h )

-1.0 -05 0.0 0.5 1.0 -1.0 -05 0.0 05 1.0 -1.0 -05 0.0 05 1.0

1 miml
09
08
B 07
06
05
04
03
02
01
\

x [m] x [m] x [m]
(2,0,9) = (34 cm, 0°,0°) (z,6,9) = (34 cm, 30°,30°) (2,0,9) = (34 cm, 60°,60°)
1.0F . < :

05+

-1.04 : N . " -1.04 r . r ! -1.0¢ . > .
-1.0 -0.5 0.0 05 1.0 -1.0 -05 0.0 05 1.0 -1.0 -0.5 0.0 05 10
x [m] x [m] x [m]
(z,0,9) = (0cm,0°0°) (z,6,¢) = (0.cm,30°,30°) (z,6,¢) = (0.cm, 60°,60°)
10F o [m] 1.0 - T F o m]
> r . g
-
09 09
08 : 08
0.5H 05} t
07 07
06 AL 06
& o0 05 & 00r ot 05
04 04
03 03
-0.5 -0.5H F
02 02
0.1 - . '\ 0.1
-1.0H r n r : -1.0H A r n I 1.0 . A L r t
-1.0 -05 00 05 1.0 -1.0 -05 0.0 05 1.0 -1.0 -05 0.0 05 1.0
x [m] x [m] x [m]

14 BMEBRMECLIINELEREIDKFARNSF. RMIARFICHELEZSESICEEVNERENSATELN
2N, EITHVBAICREERENFREICKELLS.

jz 727 | S (RETH) = BWERE/MEE (RETH) | 1 BHEPTLEMNBEHRSNMEEOMRELE.

50 HERZE<IOCMDEIE  72.7% 67.1%
£ HERZOFHE  1om 54 cm
® o 1 HEICES DM 5.7 ms 162.1 ms

20 o FEIZEY H8M 154 s n.a.

10 .

0

de <10 10~20 20~30 30~40 40~50 de> 50
RIEHEEIRE [cm)

15 HHFE L AMBERKNMMETE O NERER
EOMIA A MLR.



X W

[1] R. Mautz, “Indoor positioning technologies,”
Habilitation thesis, ETH-Ziirich, Ziirich, Switzerland,
2012, doi: 10.3929/ethz-a-007313554.

[2] V. Pasku et al., “Magnetic field-based positioning
system,” IEEE Commun. Surveys Tuts., vol.19, no.3,
pp-2003-2017, 3rd Quart., 2017.

[3] P. Davidson and R. Piché, “A survey of selected
indoor positioning methods for smartphones,” IEEE
Commun. Surveys Tuts., vol.19, no.2, pp.1347-1370,
2nd Quart., 2017.

[4] X. Guo, N. Ansari, F. Hu, Y. Shao, N. R. Elikplim,
and L. Li, “A survey on fusion-based indoor
positioning,” IEEE Commun. Surveys Tuts., vol.22,
no.l, pp.566-594, 1st Quart., 2020.

[5] A. Nessa, B. Adhikari, F. Hussain, and X. N.
Fernando, “A survey of machine learning for indoor
positioning,” IEEE Access, vol.8, pp.214945-214965,
Dec. 2020.

[6] H. Zou, B. Huang, X. Lu, H. Jiang, and L. Xie, “A
robust indoor positioning system based on the
procrustes analysis and weighted extreme learning
machine,” IEEE Trans. Wireless Commun., vol.15,
no.2, pp.1252-1266, Feb. 2016.

[7] F. H. Raab, E. B. Blood, T. O. Steiner, and H. R.
Jones, “Magnetic position and orientation tracking
system,” IEEE Trans. Aerosp. Electron. Syst., vol.
AES-15, no.5, pp.709-718, Sept. 1979.

[8] F. H. Raab, “Quasi-static magnetic-field technique
for determining position and orientation,” IEEE
Trans. Geosci. Remote Sens., vol.GE-19, no.4, pp.
235-243, Oct. 1981.

[9] J. Blankenbach and A. Norrdine, “Position estimation
using artificial generated magnetic fields,” Proc.
2010 Int. Conf. Indoor Positioning Indoor Navigat.,
Zurich, Switzerland, Sep. 2010, pp.1-5.

[10]A. Sheinker, B. Ginzburg, N. Salomonski, L. Frumkis,
and B.-Z. Kaplan, “Localization in 3-D using
beacons of low frequency magnetic field,” IEEE
Trans. Instrum. Meas., vol.62, no.12, pp.3194-3201,
Dec. 2013.

[11]A. Sheinker, B. Ginzburg, N. Salomonski, and A.
Engel, “Localization of a mobile platform equipped
with a rotating magnetic dipole source,” IEEE Trans.
Instrum. Meas., vol.68, no.1, pp.116—128, Jan. 2019.

[12]1D. D. Arumugam, J. D. Griffin, D. D. Stancil, and D.
S. Ricketts, “Three-dimensional position and orienta-
tion measurements using magnetoquasistatic fields
and complex image theory,” IEEE Antennas Propag.
Mag., vol.56, no.1, pp.160—173, Feb. 2014.

[13]G. D. Angelis et al., “An indoor ac magnetic
positioning system,” IEEE Trans. Instrum. Meas., vol.
64, no.5, pp.1275-1283, May 2015.

[14]V. Pasku, A. D. Angelis, M. Dionigi, G. D. Angelis,
A. Moschitta, and P. Carbone, “A positioning system
based on low-frequency magnetic fields,” IEEE Trans.
Ind. Electron., vol.63, no.4, pp.2457-2468, Apr.
2016.

[15]N. Ayuso, J. A. Cuchi, F. Lera, and J. L. Villarroel,
“Accurately locating a vertical magnetic dipole
buried in a conducting earth,” IEEE Trans. Geosci.
Remote Sens., vol.48, no.10, pp.3676-3685, Oct.
2010.

[16]T. E. Abrudan, Z. Xiao, A. Markham, and N. Trigoni,
“Underground incrementally deployed magneto-
inductive 3-D positioning network,” IEEE Trans.
Geosci. Remote Sens., vol.54, no.8, pp.4376—4391,
Aug. 2016.

[17]M. Ralchenko and M. Roper, “VLF magnetic
positioning in multistory parking garages,” Proc. 9th
Int. Conf. Indoor Posit. Indoor Navigat. (IPIN 2018),
Nantes, France, Sep. 24-217, 2018, doi:
10.1109/TPIN.2018.8533786.

[18]0. J. M. Scholle, E. A. Lomonova, and N. H. Vrijsen,
“Analysis of the accuracy of a magnetic field-based
positioning system including the environment of a
parking vehicle,” Proc. 2020 15th Int. Conf. Ecolog.
Veh. Renew. Energ. (EVER), Monte-Carlo, Monaco,
Sep. 10-12, 2020, doi:
10.1109/EVER48776.2020.9243121.

[19]Y. Zheng, Q. Li, X. Wang, L. Wu, and X. Li,
“Advanced positioning system for harsh
environments using time-varying magnetic field,”
IEEE Trans. Magn., early access, Nov. 2020, doi:
10.1109/TMAG.2020.3041389.

[20] A. Sasaki, O. Ouellette, M. B.-Marchand, A. Hirata,
and H. Morimura, “Analysis and experimental study
of magnetic-field amplification by a double coil,”
IEEE Trans. Ind. Electron., vol.64, no.4, pp.3216—
3226, Apr. 2017.

[21TA. Sasaki, “Double-solenoid ferrite coils for
magnetic-field amplification in LF and MF bands,”
IEEE Trans. Magn., vol.55, no.12, Art. n0.4004209,
Dec. 2019.

[22]A. Tarantola, Inverse Problem Theory: Methods for
Data Fitting and Model Parameter Estimation, SIAM,
Philadelphia, PA, USA, 2005.

[23]R. C. Aster, B. Borchers, and C. H. Thurber,
Parameter Estimation and Inverse Problems, 3rd ed.,
Elsevier, Amsterdam The Netherlands, 2019.

[24]C. M. B> a3 v, RN¥— Uik HMBEE (b
(F), FLEHR, BT, 2012.

[25]E. Alpaydin, Introduction to Machine Learning, MIT
Press, Cambridge, MA, USA, 2010.

[26]M. Mohri, A. Rostamizadeh, and A. Talwalker,
Foundations of Machine Learning, MIT Press,
Cambridge, MA, USA, 2012.

[27]A. Sasaki and E. Ohta, “Magnetic-field-based
position sensing using machine learning,” IEEE
Sensors J. vol.20, no.13, pp.7292-7302, Jul. 2020.

[28] X H BEA, f@ ki, fex KR —M5, “#R %2
72 B R AL HEE 2 B D AR E O A BRGE, 7
2020 {5 ¥4 K, B-15-34, Mar. 2020.

(2914 S, KMBEA, o KR8, “BARZH
7o S AR B HEE T L el B0 RE, T 2020
{8 %4 K, B-15-35, Mar. 2020.

[30]K HIBEAG, 14 2 A% —RE, B 2 R AL & E
BT 2=a2a—F Ry MU =2 OHF MAMEKGE,”
2020 13 %V K, B-15-15, Sept. 2020.

[31]A. Sasaki and J. Kodate, “Analysis and measurement
of rapidly attenuating fields around magnetic
multipoles in low-frequency band,” Proc. IEEE Conf.
Antenna Meas. Appl. (CAMA), Tsukuba, Japan, Dec.
2017.

[32]N. S. Altman, “An introduction to kernel and nearest
neighbor nonparametric regression,” Amer.
Statistician, vol.46, no.3, pp.175-185, Aug. 1992.



—MAEEEN B HEREE S (225
THE INSTITUTE OF ELECTRONICS, IEICE Technical Report
INFORMATION AND COMMUNICATION ENGINEERS PEM2020-11 (2021-01)

Vg — AT MLE W EO & Y OMEE RN
BEAKRRAT  RUEDWT FJIEET BRIl AR

TIEERF R BB T2 TR R T 184-8584  HURUHER /NG HE AR BFHT 3-7-2
IR B R S~ — T A VTR A ) R_R— 3 v X — B3

T 180-8750 HUAUHP ER B i T 2-9-32
E-mail: T mai.tominaga.4b@stu.hosei.ac.jp, I Jun.Katsuyama@yokogawa.com

HOFE L WERIIEICENTEO ¥ A7 AOMEFARI 15 & U CRFHOMES ZAKHB L, Wil 015 5 & HEiE 4
2 EBBRHEDNRE STV, KR TIEY a — AT hrE @il 7 — U B H(FFT) % H O CREOEH(EO)
VY UAT MIRET D L —PRREMES L L — PR OB LTS 5. P SEROMHEL Y I 2 L—
ar Ll ZART TAFiEBEO LV—FREME & L—PREMEST IIFHETH L Z L2 eNIC Lz, LR
S TRT T A Fi@iE%E D L —PmEHES 13 L — VRS & RIS BRI TR TH D Z 2R L.

F—U—F MFERK Ya—r A7 by, L—PHETE, BEO BV AT A, EERH, 7—U o4

Noise Analysis of Electro-optic Sensor System using Jones Vector
Mai TOMINAGAT  Mei OKAJIMA®  Mitsuru SHINAGAWA *
Jun KATSUYAMA* and Yoshinori MATSUMOTO®

T Faculty of Science and Engineering, HOSEI University, 3-7-2, Kajino-cho, Koganei-shi,
Tokyo, 184-8584, Japan,
I Innovation Center Marketing Headquarters, Yokogawa Electric Corporation  2-9-32,

Nakacho, Musashino-shi, Tokyo, 180-8750

E-mail: T mai.tominaga.4b@stu.hosei.ac.jp, I Jun.Katsuyama@yokogawa.com

Abstract In previous work, a differential detection that reduces in-phase noise and amplifies signals is reported as a noise
reduction method for EO sensor systems. This paper described analyzing a characteristics of a laser polarization noise and a laser
intensity noise generated in the EO probe system using Jones vector and Fast Fourier Transform(FFT). The laser intensity noise
and the laser polarization noise after a polarizer are in phase. They can be reduced by the differential detection.
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Interference Voltage Measurement Using an Electro-Optic Converter

for Estimation of Implantable Cardiac Pacemaker EMI for 5G/Sub-6 GHz
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Abstract In order to estimate electromagnetic interference (EMI) characteristics on active implantable medical device
( AIMD: implantable cardiac pacemaker / implantable cardioverter-defibrillator), we developed a novel measurement set-up
for interference voltage of AIMD using a direct modulated Electrical to Optical (EO) converter embedded in a pacemaker
mock-up that had connected actual pacemaker leads. Then interference voltage measurements at 5G/Sub-6 GHz frequency
band were conducted using the measurement set-up.

Keyword Active Implantable Medical Device EMI, Interference voltage, Electro to Optic conversion
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Evaluation of Frequency-Modulated Continuous Wave Signal Phase Noise
Characteristics on Performance of Optically-Connected 96 GHz Wideband
Millimeter-Wave Radar

Shunichi FUTATSUMORI Norihiko MIYAZAKI

*National Institute of Maritime, Port and Aviation Technology, Electronic Navigation Research Institute
7-42-23 Jindaiji-higashimachi, Chofu, Tokyo, 182-0012 Japan
E-mail: {futatsumori, n-miyazaki}@mpat.go.jp

Abstract This report discusses the evaluation of frequency-modulated continuous wave (FMCW) signal phase noise
characteristics on performance of optically-connected 96 GHz wideband millimeter-wave radar. The purpose of the developed
radar system is to detect the small debris on the airport runways, which may affect the safety of the aircrafts and the efficient
operation of the runways. We have proposed the optically-connected distributed-type millimeter-wave radar to achieve both a
high-detection performance and a low construction cost. Firstly, the system construction architecture and the specification of the
developed 96 GHz wideband FMCW millimeter-wave radar system are discussed. To achieve the long distance Radio-over-
Fiber (RoF) signal transmission, the optical carrier-suppressed modulation and the optical amplifier is applied. Secondly, the
radar receiving beat spectrum, which are obtained by two-type FMCW signal generator, are measured in an anechoic chamber.
By using the low-phase-noise FMCW signal generator, the radar receiving beat spectrum is reduced by 10 dB. These
measurement results confirm the effectiveness of the low-phase-noise signal generator.

Keyword Frequency-modulated continuous-wave radar, Millimeter-wave radar, Obstacle detection, Phase noise, Radio-

over-Fiber
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