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Abstract

In this paper, we proposed a simultaneous estimation method of relative permittivity
and pipe radius by GPR. This method uses the information of propagation time and ob-
served intensity from buried pipes. However, formulating the observed intensity is difficult
due to various unknown factors; the observed intensity depends on the scattering-cross
section that is defined such as the pipe’s radius and material. formulating the observed
intensity is difficult due to various unknown factors; the observed intensity depends on the
scattering-cross section that is defined a radius and a material of a buried pipe. There-
fore, we proposed a technique to avoid the ill-effects of the various unknown factors by
introducing the relative values of the observed intensities. They are normalized by the
maximum intensity, that is assumed to be observed directly above the buried pipe. Ex-
perimental results demonstrated the effectiveness of the proposed algorithm. Then the

estimation accuracy was examined for the proposed method.

Keywords ground penetrating radar, propagation time, observed intensity, pipe radius

estimation, relative permittivity estimation, error analysis

SRR KR T B R



bl
foi

F4E
4.1
4.2
4.3
4.4
4.5

®HE
5.1
5.2

SE X
HEE

8% A

e L—
e L—

RBREFE
B
B

FOHE
FORE .

EORBERIT . . . .
ERFEEOBEMT . . .

HBMOBAERER . ...

(S NO)

HeEFIE

oo

.....................................

AFRILOMEE . .
SBORBE . .

BREN

S A =2 DREDKRE

[ O N N R B i

18
18
19
23
24
31

34
34
34

36

39

40



V]

2.1
2.2

3.1
3.2
3.3

3.4

3.5
3.6
3.7
3.8
3.9
3.10

3.11

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10

H X

Ground penetrating radar (GPR) system. . . .. ... ..........

The characteristics model for the electromagnetic wave emission.

Condition of buried pipe. . . . . . . . . . ...
Transmitting wave and the reflected wave from buried object. . . . . ..
Pseudo-hyperbolic pattern extracted from the propagation time of elec-
tromagnetic wave. . . . . . . .. L. L e e e e
Errors propagated from the measurement error of propagation time and
the setting error of relative permittivity. . . . . . .. ... ... .. ...
Experimental setup. . . . . . .. . ... o
Underground cross-section drawing of experimental field. . . . . . . . ..
Scanned image by GPR. . . .. .. ... ... oo
Peak extraction from GPR scanned image. . . . . . . ... ... .. ...
Pseudo-hyperbolic fitting by nonlinear least-squares method. . . . . . . .
Comparison of approximate solutions and experimental values for multiple
buried pipes. . . . . . . . L e
Comparison of approximate solutions and experimental values for wide

rangeof B,. . . . ..

Scattered wave from buried pipe. . . . .. .. ... ... ...
Observed value of propagation time and refleceted intensity. . . . . . . .
Distribution of evaluated value of propagation time and relative intensity.
Contour map of evaluated value with propagation time. . . . . . . . . ..
Distribution of evaluation value S(x) to pipe radius and relative permittivity.
Experimental setup to calibrate directional characteristics of the GPR. .
Experimental result of directional characteristics of the GPR. . . . . ..
Experimental setup to calibrate attenuation by propagation distance. . .
Experimental result of attenuation by propagation distance. . . . . . ..

Experimental setup. . . . . . .. ... L o

12
14
14
14
15
15

16

16



4.11

4.12
4.13
4.14
4.15

4.16
4.17
4.18
4.19
4.20
4.21

Al

EBX

Comparison of relative observed intensities for the various buried pipe
lengths. . . . . . . . . ..
Underground cross-sectional drawing of experimental field. . . . . . . . .
Scanned image by GPR. . . . . . .. ... . o oo
Elimination of direct wave. . . . . . . . . . .. ... ... L.
Underground cross-sectional drawing of two-layer medium experimental
field. . . . . .
Scanned image for the two-layer medium. . . . . . ... ... ... .
Elimination of direct wave. . . . . . . . . . ... ... ...
Observed value and fitted curve of propagation time. . . . .. ... ...
Observed value and fitted curve of reflected intensity. . . . . . . . . . ..
Observed value and fitted curve of propagation time. . . . . . ... ...

Observed value and fitted curve of reflected intensity. . . . . . . .. . ..

Relationship between theoretical variance of each parameters and semi-

synthetic aperture angle 8,. . . . . . . .. ... ... L.

B O NI N S B R

26
27
27
27

30
30
30
31
31
32
33



&HER

3.1
3.2

4.1
4.2

parameter values for simulation. . . . . . . .. ... ... .. ... .. .. 10
Estimated results by proposed method. . . . . . . . ... ... ... ... 15
Estimated results by proposed method. . . . . . . . . ... ... ... .. 28

Unknown parameter estimation-errors propagated from measurement errors. 29

SRR RCERE LR R



ATE O T, KEE, , WIET— T NVFEORMN, EHEICAVINTHEREINT
Wh. Zhb ek ﬁ@ﬁIlE#TEﬁT%otb,@bﬁbﬁﬂ@%ﬁ%ﬁfhé%ﬁ%
%<, WTHBCRIELT L O ERICIEBETE T2V [1]. 2wz, EETHES CHRAIL
flcb&, HRERT—TINEOIATITA 2 EOFTLEY, TROEBICERZEEL S
t%Tﬁ@&ﬁ%épy

, AN B THEELRMD 2 LY, BEMEROSNOLLEELRFRETHD. £
ZC, HERY) - Bl EOBME TS Y, FERE - FEBHICA AL /T A LR TE
Lt L — % (Ground Penetrating Radar:GPR) 2M@/L<{EH S TWS [3]. LAaL, Hid

L—F OBRIESIT, HEOCRERIDENLOEENKRE VLRI, HTHEDOTRIHME

AEBEMIZETLOTIZRVOT, BEMNEZ RO B ICITBEE ORBRRLAEICHE S 2
o7, FO L) BRERBRMRIKE T A Z L2, i L — 2 OBHIE A D T R
MEERTHIIIRELSSTT

(1) BRIEBRICEEND /A ARESLEMAFEREOR LIZ X 2 BB O R

(2) BLAIEE D D ORI DT

D2ONUELRD 4. (1) ZEML LEFEL LT, flE, HBMORMALY Lk
HOWHAENLEY, WHiA A=V T ®ITH NET T 7 4 —ik%, BT R L — 3
WCHEATAFENMEREIN TS 5, 6] £/, BE - MIEBH2SICBERI TV S EKEN
MERe, RGOS E CHOOLNTWS~ A FL—va VikEif L — @A L
R, TOEPERBRES TS [T, 8]

(2) AL LEFEL LT #lxiE, AFLIZ L > CHEMBOBHRENRREINL TS
ZOFEL, EROLREUTER BB SN ERAEREEO—BE L L TRAETERIND
T VIEIGEE D, E)’z“”éiT“O){ZE%QH#F?H#KU‘C“TE&%X%%LE)iﬂl%fﬁ%%iﬁt IhDHIEEFMAT
5. FRUCRY, HEREE COEMRRGIHFRAZRD 5 Z & T, HRNME, HFEROHER,
Hmttﬁ%ﬂﬁ#%@ﬂ XM OMEFRHEEBRL T D plm

KX TiE, (2) OHEICHT- 2BLRIEGE O OXMNFEHORFEEZ B L T4, BRIEZR»S,
@%%@A#&%Mg,ﬁuu%%#ﬂﬂn X, MRLELHIERELIEET 2OIZENTHS
EEZEZLND. UTIEEICHITT, KiaXOHERER 5.

SEANERFER OLEUOERER



H$2E HoL—4OMETII, P L —FOFERICHOVWTHBLEZOL, EBANRERIK
O+ OEPEEFEIC DN TR S,

F3E hhL—FIkIBAEGI SOERELBOMTE &L TOBREMITTIL, (ZHREFH
DIERPOE LR EMRMBLITNHET 2 FELZRET D, S OIERRFR OFHERR
CUBERORERELEVEWEMICG T 2BEER & LTI A, KFEICHOIBREREL
BOMNTT 5.

E4E EHREBERNERITAEDOERZAALLEEBLUFEZDRBHE CIL, MR-
iR, ERENOORFRELET VL, FIRT5Z LT, SETRETH B
BLEUFERORMFHEFELRET 5.

E5E BRTIE BEFEOEPHIZONVTELDEDD, IEHEREORIELFR~DR
Bz oW TR,

B (N VNS ol R W T



h-h-2.:l:

=1

hep L— S DEE

21 hpL—FDRE

Fig.2.1 {2, AR THEATIHMPL—F (T4 bR 13—2, AL v 7HE (%K) #
AL 2L AR OEIEE OOV AL Insec, BRI ODLEREEIX TOOMHz ThH 5.
Fig2.1(a) G RTTor7+ta=y MF, BETUFTHEZET T HAMESA TS, #
P L—AOEERBIT, 7rTrhazy MNESORET 7 bRz TERE &
T5. B ShEEpEEth2EHRL, FERLRRLRIVEOERCRHTS. ORI
RRETUTITRETSILICLY, EHESEZRM»ORE TS £ TOGREFRN yr 23K
HHZERTEDH. BB OGIHRERER yp 1T,

cyr CoYyT
l=—=—= 2.1
5 NG (2.1)

ZHWT, Tr7ta=y bhollEME TOFERE] ICEBRTE S, ZZTelZEMEOM
PR, ¢ HREZEFIZBIT DN (o = 3.0 x 10® m/s), ¢ IFHTOLFELETHS.
Fig.2.1(b) IZRTFEEIC L » T, @BAEICHLAZBIEEEZIE~, REEOKEXZ
AT U B bR el T — oz £, HiTlrE o BEigRs Fr S h D, BRlEE ISV
T, BT 7 o=y FOEENE, METEMEOBREM L. T T b
ENT-EBHEE, H5EMEEERLRBLEAEIIHENENS. LB~ T, BRI EOH

(a) Antenna unit (b) Processing unit

Fig.2.1. Ground penetrating radar (GPR) system.
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Propagation time

Fig.3.2. Transmitting wave and the reflected wave from buried object.

{(a) Original image (b) Peak extraction

Fig.3.3. Pseudo-hyperbolic pattern extracted from the propagation time of electromag-

netic wave.
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Table.3.1. parameter values for simulation.
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ERT. T THEAITHIRDE, BERUE o (O T 2MER TH D, u 2 EmE L 272 L, 1B
HTHHZLZEELT, RAMEREZESTELT 2 L

n—1 2 u:l 2
B oyi\~ _ 2 v [ Oy(u)
‘hl_§:<8r>’VAu/‘o (e% du

1=0 u=
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Variance of estimated pipe radius
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Fig.3.4. Errors propagated from the measurement error of propagation time and the
setting error of relative permittivity.

- Alu (%5)2/01 {—1+ (u_]l;j)ngL%}Qdu (3.17)

7B, TIT, Lyl 3BREOFLETOWREITHD. u=Lagtanf XV, urb 012K
EH+n L, R (3.13), (3.16), (3.17) kv

Au ¢ [
2 0 n 2
s - —__ . . . .1
7 = 3L, (2\/2) det(H"TH") TvT (3.18)
Au %>2-%+%mG§%%) , (5.19)
- . . o .
g 2Ld 2\/g det(H"TH") y, T
in 6,
e A (e 2' 0n+tan0n—ln(}t:in9n) o2 (3.20)
lq 2Ld 2\/5 det(HllTHll) y, T :
LB, T
T 1. 5(1+sinf,
det(H" H") =40,tané, — Z In m (321)

ThHD. RGO ME 0, AL TERETT A7 —lT 2 &, EMIFROFHRRZEIC R
N+ 2EEERO5E o2 1%, X (3.19) LY

N2 2 2

g ()'(2)
ERTIENTED., Ty IHEEEEOLOGIRIEHRTH D, KX (3.22) LY, &P
OoyEIE, TRARBOAD S RICKIBIT S LD, EERRFENHAL NI LoT2, iz,
BEIV T U MR Au BT A Z bbb D, BEGHOKT* Figl34 1Ry, =
IThH, Table3.1 1T d&Ma vz, KMEy, K (3.22) TR LIAalFFH OFHRIFAZEIC &
R4 2 &8 LRMEEEZEOTEIRE (S8 1%, X (3.19) ITRTRER (FR) L —BKLTE
D, TNHRRBTHHZ ENb,E. T, FRABKBEOARRKEL LDIFY, AMICEERE
DWEBRENNSL DI E LR TE 5.
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342 HFEBEORTREICEATIEFEDHERE

WIZ, RFEOBELRWETITHD, FRBRBIZOVTEZ S, AFETIIAE S SER 2
[ZOWT, TOWFEELRE—EEL, LOLZFOMEEZERICKELRTNERL2VR, 20
REMBOLBREL AN, WFEERORERZET, FHMIIL, BRROMEIZBELT—ED
NAT A, DFEVFHRBREF LT, AFETIE, ZOFEROREREZ, 7770
MBEIZLOT—ETHDIEVIBETTLEEZ, FHEICEL TE, WHEBEROREBRED
o2 ZAV5. 758, BREOESHITINIZ

_ Oy 2 Oy\~ .0y (0Oy

>y de 7 (8&) =05 Oe <8€> (3:23)
6'.'/ Syr Ayr.1 OYyr.n-1 T
5% = [ . N ] (3.24)
LB, ZOEEDORMANT A—FZOIGEBITHIL
dy (dy\"

_ 2 T

Efit - C(T,ld)ae Oe (a€> C(r,ld) (3.25)

ERTIEMNTX S, FEE RS, BEBE o o/ T2 MEEL, v 28kE & &7 LES
THRT., TLTOREAKERT DL, AFEREOXRTAERET S, BIRONHIL

2

o7\ 2 1 N L4(6y, cos by, — 2sin6y,)In (}t:ﬁizn ) L4606, tan@, (os )2
(?> ) 2 87 cos O, det(H"TH™") 4r cos O, det(H"TH™") €
(3.26)

ERTIENTED. D Fig341d, EFERORTEREICER T LB FEHTRELE
bETORLTHD. ORI, KFBERORERZEL, AREGHKEODARELTYH, B
BROHEBOSEIL, 1FE—EEWV), INLELEERFERNDMNS. £, ZTTITRLE
HEGITIE, BRAMAKENA 20 EE2EIC LT, XEROLERIMEMEFEOFHHRRZEND,
HFEROBRTEEREZICEB L TNDZEnbND. IN6OMAE, BREFEZERLCEE
BREHET S, HEBEICTENLIRELZTUT LV 28RN L, BEETHD. B, £
OB, AETRELZLDICHETIR2L, BENES CHFERII—ETRV. B
BOIBIZ LD NA T AL LT, KBFBEBFROTHHELTWEDOTHNIE, ZIUIRSIZET L
T LI TERV. UL, BRNEBEZ L ICHBERN T VA LIEBMLTONHDOTHN
X, TR BRI OHAREEICEZ R D2 LIcL Y, BERICETMET 52 L
TX 5.

35 HEMOZFERER

REFEOAIELZHRT 520, BROEREOREERLZTo7/. Fig3.5 1IR3 L)
(2 W1200 x D450 x H450 mm DOKEOFIZER S - 27 Lz, Zofis, #4303,
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Fig.3.5. Experimental setup.
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Fig.3.6. Underground cross-section drawing of experimental field.

Fig.3.7. Scanned image by GPR.
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DOEFEFRL RO DL, TS, ES 300.0 mm OFLEIZEREEZH L, HPLr—Fiz k-
THEBRMARE L. ZOHER, SROES L EREOERIEMEI Y, EHLELOLFESE
%, e =363 LR, HEREOBRESG % Figd.7, SHENLORFHEOE - —7
B L7 Eife % Fig3.8, FEMIGE /" FiEIC L 0 BEEIHEIC S T bR % Fig3.9

T BTALEE L LT, EICMORHEZ Y TS, RMATZA—FE2fIZRDDH. LT, £

fab e
OEEROCTEARICHFRERRafAEZ LY, Y THboflEEREL. —ok s, £,
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Fig.3.8. Peak extraction from GPR scanned image.

Fig.3.9. Pseudo-hyperbolic fitting by nonlinear least-squares method.

DO EREE KD, ThThiiE50, O, ALY Figld.10 2R3, Fh, RO
HARAEIZ BT A MEGIR OB (3.22) X R ELgLENRFR, ER, — S8R,
il # T Fig.:a.m lZRT. DI, GRS (o), /ya)’ 1T MH LS -2 LRl
Wil 2 Y Tz & & OElEEZE, H RO 1.

Fig.3.10 £ 0, &FEHEEMEOSHOERE L, CEFFHEOFHIRREICERT 58 LR OH
ERZOHERN () 13, L —BLTWAZ Liibhhd. E, ERHNST A—FOH
i, Figl3.10imand ’u‘#?: DEL2ZOHEBANT, BEEIC—HLTWS. —Fl1LT,
MERKMO A 20 EoECHITA28HT— 2 U Tt L 2 OMER R % Table.3.2 (2
9. Table.3.2 L1, ?Qf 137 A — 2 OHEEREOYEENL, THEh, B¥FEIL20.6%, &
AL 2.4%, HERAIX 9% UTORETHEINTVS. 0L, AFBEITEK
DR E /’J*L,yx/)iiiﬁ‘ﬁ‘FE:f B H-7 R T, +ORBECHRRNEZEE TS Z L 47
LT

T
Aol

Table.3.2. Estimated results by proposed method.

pipe 4 L L

radius | [mm]| error | [mm] error | [mm] error

30.0 21.1  29.6% | 107.0 1.9% | 106.3 5.9%

56.5 52.6 6.9% | 392.0 1.5% | 207.7 3.7%
82.0 5.7  T.0% | 772.0 2.4% | 270.0 1.5%
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Wiz, L IREEFAZ AR AL L), CEEHOFHRRZEICER T 2 5 LR OHEER
ZOBEBROZEEEF-. ZOERTIE, UGB AZR@EHEICEND X HIE, ¥
£ 56.5 mm OEEZEX [;=200.0 mm [ZHEF LR T, L—FHEAEL 30 E#EVIRLIT-
7o LB — 7 SRR E S T & & OG- ZO SR R IR,
(0ye/va)? =243 X 1075 Tl 7. ELREEEMO 5K 02 DERIE L, Hip (3.22) LY
RO IZREGEXOELRD 77 7 % Figd 1L IrRT. KLY, ERPLRD 02 &, R
(3.22) OIEIRIZ, £EIChEZD LB LTWAIENbNE. TRHORRLD, BFHE
OWTMDOBEN TR TED T LBbhote.

1 T

A~ Approximate solution of r=30.0 mm =——
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= i H H
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Soq
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Fig.3.10. Comparison of approximate solutions and experimental values for multiple
buried pipes.
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Fig.3.11. Comparison of approximate solutions and experimental values for wide range
of 6,,.
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AL TIE, M L—F CTHEI SN 2 ZE T OBLURERD, EPREX L TS &
IIZHERL, BPR, HRMEXFRICHEET 2 FHEERE L. 018, ElFEOFH
AELFEROBEHEED, BYROWEM G2 2HEBEMIT L. T LT, KEIDOR
ROBEROBRELRNZEROER, REFEOAIMEHIDDHZ LN TE, BHELRMT
HERRPUIZB W THO A THD Z &R LT, F, P L—FBEIZBNT, KREhPE:
52 HRFMOFRRBE L LFELRORTEEEN G X 2 B2 EEMNICHM T2 2 &0k
V, EBOBRBIZENT, #HEFBRIIEENDBELZTHTLLNTED. £O/RER, KLY
BEORVHTREESZ I LT, MTFLHEICHEIGBEL FTIF5Z EMNHETE5.
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ARETIE, #HiF L —F 2L 2BHEE» L OHBER L ERE LEORIKHEEIC OV TER
T5. tHOFERIT, TERCEKFIRELSEELZZTEYD, —BAUCBRTE 2L
L LRTE TRz & 912, (GIREFRNC ST L TR R L EFERITRVERBERICH 57120,
FIFFHEE XN TH D, £ 2 TRITIEOEHREHE L BRBRE O™ F2ERT2 2L T, #FE
REBELEORBHHEE LR TOAMERH S, BHLIE, 85 0OTF R & HFil
T —F_XR—=2 L LTIRELTEBE, BIERLDT VT L— b~y F 7 %2ITHET, 2
Y7 )— bROLFEEROKRFOREHET 2FELREL TV (15, 16]. ZOFEE,
TUTL—hwyF T ERITHZET, BRI, REEDOEHRER & BLAITREE O 5 215
THZEILRY, FEREBOREHELFREICLTWS. LnL, ZTOFED, FHx
BOETNVEREZKEICHEIL TR b2V EWVI A TEMBI»2E2E, 2L T,
EAOERPHE, BEORS, HERETHIZ LAY, EARTORES A2 TS, =
NOORMBEITEBCLI2BREELZEE L T d, BllllmEDET VERA+oTho 72
ZEb, TUTU— ey TF U EWIRYUTVREEFIEERW T I LICERT 5.

R L OIS S, KFEOEHRER EBRBEOR F2IEAT2 2L T, BLRLUFE
ROFEHEEZFREETLILOTH S, BREDPLORFROBRMEX, BEREOME, T
BOLREFRERICKREEET DD, EELIX, TOEELRY R 2D, RKEEOBHIE
FEZOWT, HEREE RSB 2 RKIRE CTESRL LML 8iiliisE s Ava 2 & 2%
T5. HMBREICERTHZEICLY, EREOMEICEDLLT, &6, KOEEZEOEN
SRR L R A5G0 F CIIEBERICLBGRRL, BYROBREBL LN TE
5. ek, RREAME LT, LHIFHE TERELOGEARNEO L LTWS. Fi, i
b7z, 77 FIIREREICH L TRERFFAIZERETILDOEREL, 77 FORIK
%, EZETUTIRA-ARHDETEIE/ AZT Ay /BB R LTERLTS. 7=
2L, EREICEELEETML, BEREELMETT 7 EEE RS EIUE, KEEEORK
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MERRRICIRDEEDHMELTHELIENTE, FEE/AYT 4 v 7 TROVESY, %0
PR EE 2, A ESETE 3.

RImXTIE, REIC, REFEORDIMELZHRT -0, LRI 2 EREOBRELHRZ
ﬁ&m,%*@&w$%¢mmﬁ%mf%5_k%mf.

42 BEFH
421 REIROBABEDETIE

, it L — I XD HBRE NS O IEOBHITRE IOV TRETT 5. Fig4d.l IC#E%
%ﬁ)EOD%@uﬁﬂ)xfa/f%——/%mT oL E, BEHS v BOTERA SN SEERENS
DOREEE I; X

—al;
li
SEBTDHZENTES. 22T, SIEOHEAWERE, D, IXEROBMREELRDT.
zoEx, N(4.1)ic(22) #RATHZ LT,

e

(4.1)

2
L_:EyS-DJm-DA@-(%) e 2ok (4.2)

PHEENNGS. T T, WELKTER S 13, EREOREIMELRLIKFL, BHICITRkDLH
RV Z T, RRmLTE, SRR u; (BT 2BURIHEE [, 23EREE Ik 5D
BNRE [) TEFIET 22810k~ T, ZOMBEEHRT L. T72bb, ERMLL BRI
EoEFAK yr () 13,

I; 12\ 2 el —
yr4(a) = 7+ = D(6)- Di(6): ({i) =200l (43)

LY, EREAS TSN, REEOBRME 2 BT F L TES T ENTHEE 2D,
BLEO X 512K b AT G & B E O E F AR (3.3), (4.3) 15, & bIB/hRIEC
B L COmERBIRAE RS,

U; '

L

Fig.4.1. Scattered wave from buried pipe.
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Theoretical value of propagation time to buried pipe e
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Fig.4.2. Observed value of propagation time and refleceted intensity.

EHREFRENC DV T (3.3) KV, BEERE OKFALE & ERIR 31X, SRR O TH RIS
LTN3EEZDIENTES. FFERIT, REREROMRICFEL 52 5. BHE
b FRRIZ B AR Dt R BT 505, BRIHRASERE OKENAEN GBS 1> T,
ZORBIIFERICHAA TN RS,

ZD—%, BERRIBETESR L ZOBARREE, il BRMPSWVEEZxI5E
Lol &, MxBELAVDZLICI2MROPRLD Y, HEICLIBEHRIIEHET I L
WTED. ZOLEEREREET X (4.3) Lo, BPREERMEIITRET 52,
HWFEROREBIZ T2V, Lo T, EIRFH L BRABEORKRE L HICHWDZET, B¥
BRLUFBERORMHEELITI LA TEELEZLND.

422 EFFLUFERORKEEICET KRG

LT T, FRFEED AR DWW THRETT 5. Figd2(a) ity iab—va il koTR
DT ARHREEE yr A RO T LR Z, Fig.d.2(b) IR AIRIE CERL LERENOOK
FHEOBRME yr ONfiETRT. T0OLE, YIalb—varORESRMHIT » = 57.2mm,
l, = 500.0mm, l; = 200.0mm, € =4.0 & L7. Fig.4.2(a) TiZEEDREBROTESONLE &
MEE, £ LU TTHTRO AR, Figd.2(b) TIXIEROKFEALE & H#ROEN Y A, REOEHHE
EOFHMP) &7 5.

ZIT, BAE g LR y(x) & -REFHEE S(x) &

. 2 N 2
Yri — yr,i(T) 1,i — yri(x)
_ i yT, yri — yri(®@) 4.
3() ; < Tyr.i ) - ‘L; ( Oyri “4)
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Fig.4.3. Distribution of evaluated value of propagation time and relative intensity.

LEBETD. I0LE, ol Lol 1E, TRENGREEICE T 2 BRI OBRED I,
B R EE 2 B8 % LA @&%@ ﬁf%é ERICER LTI, BAE L HREL DED
SBEHWE. UEOFHEDOT, B¥RLHFEE 1%%%%%7‘ = 20.0mm ~ 120.0mm,
e = 3.0~ 6.0 DFEIFANTELE T & & OERIEH L BRRE, FhFho—BEFmED
DFEEBNI A LT b D% Figd 3 1Zmnd. 22T, KELEL, MoXTA—2 LAY
FABEA e <N LTWA DT, BlicHhz 5. HEREEE, HERLERETE LICRIT 260
BEIC L - TROBND., 22T, HREE LCBIT A EHMEEE L, oF 2 —F LigsA
CHABEIN 2K N LB THETE S, LEN-T, NEHMEOB A TIIBEER L EFERNE
BEThoreERbND., ZZTUTTHE, —BEHMMESE R FERIC U CHEN
ATZEEHALMNIL, BERELUFBERSHEETEH L E2HHATH. LLORESRMFICE
WTC, BEREHFEROEME Y, 0 2FAE L, BEEFEROTHNE &, fMtdha 8 L3
OFRHEF & L= & & DGR O—HREFMEDMEHEL, TAEFERERLIZLO%
Fig.4.4 127”7, Figdd » o, EHREFMO—HEFMER, BEE 0 0 @0, HhEeg
DFMEFRNTVDERICK L THRIAFROE TEEELTWD I EB3005. ZOREIZOW
HmACBERT 5. r=r4+ Ar, ="+ Ac %, BEER (Aa,¢) TERbT &,
# =71%+ Aasin ¢ (4.5)
¢ =¢e"+ Aacos¢ (4.6)

LB, ZoLE, [GEREHMOBHREICKIT 2 THIE L ZE L 0EZ, 0N

fi(Aa) = yr(Aa) — yr,:(0) (4.7)
gi(Aa) = yr.i(Aa) — yr,:(0) (4.8)
LERPTIENTES. K (A7), (4.8) % Ao TRENT S &,
afi(Aa) | . . 28(F +1a— L)\ cos(¢— 1)
9Aa ‘J(L_”2+( i ) cVE (49)
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Fig.4.4. Contour map of evaluated value with propagation time.
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Fig.4.5. Distribution of evaluation value S(x) to pipe radius and relative permittivity.

= i 4.10
0Aa L(L — )3 (4.10)
L72%. ZIT, R
b = arctan(%ﬂ) (4.11)
L= /(= 1)+ (7 + 1q)? (4.12)

Ths. K (4.9) Ly, B p Aq ORESICHEDLT, ¢ = +90°, ¥+270° LSO R
TO ISR L THICIEE /3 AROT, fi(Ad) IZEFEM ) +5. koTo=1y490°,
W+ 270° UAOETD ¢ 125 LT, Aa OBINTLE-T f(Aa)2 IEBAT B8, Flofhe
7. AL, gi(Aa)? HE(4.10) L9, ¢ =0° 180° LIADOLETO ¢ lZxt LT, Fiohe
7%, FoT BIEMMIE f;(Aa)® 4 gi(Aa)? 13, £TO ¢ IZX LT, Tl et s 222
ZEBbnd. EEAEIOLEETE, R (4.11) X0, G oO—SETE IS 1, HEE
KO L TELE ¢ = 80.5° DI E 28> THMIT 5 2 L2 ninsd. —Ji, BllsmED
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B A R AT 1, m%gxmm 2R LTKRTFEZDH LTS, 26D &0 Gl &
BUHRE O—BE B SIL, EIEZNETNREWVCERTLZENbr5. Lo T, B
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43 MHEFE

SoERFER (3.3), (4.3) % &gﬁﬁm%ift@@*ﬁxu,:n’%ﬁ%%m
TREZBEHUTCRAAT A—F ¢ ZHET 2 FEIIOVWTR~D. BTS2 H, BAHE
DIERNBATINE By T DL, BE FMERNETIRMATA =L & Ok ROEE~NY
Ve

A" = arg min S( 25+ Az®))
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= (HWPTs, THW) T HO TS, T Ay® (4.13)

Lo, WETHZ AL, o7, AyR, HF 13, 2hzh

Ay =g - y(@")

T g0 17 yT,()(ﬁ?(k)) 1
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- &®)
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or Ol Olg Oe
ayl,nfl 8yI,nvl 3y1,n—~l 8'!-/I,'n.—l
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LE, ABMADLICHEARS, BLOLOLTEE, ZRTR oL, o2 TRTILNRT
5. THL, WAEOENHITI By 13,

Yy =

2
Oyrdn 0 ] (4.16)

0 Untn
Lipd. 22T, Inix, nxn OBAFHEEDT. R (4.13) Lok Az® 2, & (4.17)
AT B Ltk Y, FlirEH~s b a®t) 285 2 Licr 3.

gD — 3R L Ak (4.17)

INERETDHZEICED, REANRNTA—F & OBRLHEBELHFL LB RELRD.

4.4 EBR
441 HAIEER

i L — FNZ K B EBE OB ETARD 120, T U7 ORI L BRI X 5EED
HELMANDLFANERLTIT o7, AUFETIL, FOHEEE T00MHz, EUNEED SV 2R
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Fig.4.8. Experimental setup to calibrate attenuation by propagation distance.
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Fig.4.9. Experimental result of attenuation by propagation distance.
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T

Fig.4.10. Experimental setup.
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Fig.4.11. Comparison of relative observed intensities for the various buried pipe lengths.
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Fig.4.12. Underground cross-sectional drawing of experimental field.

Fig.4.14. Elimination of direct wave.
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Table.4.1. Estimated results by proposed method.

pipe
radius

,,ﬁ

~

Ly

la

€

[mm] error

[mm] error

[mm] error

error

24.3
30.3
97.2
82.5

19.8 18.5%
36.0 18.9%
50.1 12.4%
79.3 3.9%

530.8 0.6%
519.3 0.7%
537.5 1.2%
523.7 1.2%

210.1 5.1%
205.9 3.0%
212.1 6.0%
210.3 5.2%

3.28 0.1%
3.31 0.6%
3.13 4.7%
3.23 1.7%
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Table.4.2. Unknown parameter estimation-errors propagated from measurement errors.

pipe condition estimation errors
: 2 2 2 2 2 2
radius Oyr %4 | %% 9F Of O

24.3 {0.0008 0.0019(11.05 0.049 1.63 0.0015
30.3 {0.0014 0.0023{11.35 0.075 1.64 0.0015
57.2 {0.0025 0.0034(17.83 0.140 2.49 0.0019
82.5 (0.0022 0.0025|28.66 0.125 3.00 0.0033
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Fig.4.15. Underground cross-sectional drawing of two-layer medium experimental field.

Fig.4.16. Scanned image for the two-layer medium.
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Fig.4.18. Observed value and fitted curve of propagation time.
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Fig.A.1. Relationship between theoretical variance of each parameters and semi-synthetic

aperture angle 6,,.
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