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Abstract; To address the problem that conventional borehole radar has difficulties in performing direc-
tional detection of surrounding targets due to the effects of radar wave propagation characteristics and
complex geological conditions in mines, research on directional borehole radar antenna technology and
directional detection methods has been conducted. First, through the simulation design of the radiation
surface and shielding structure, the antenna structure was optimized to improve its focusing radiation a-
bility and effectively reduce signal interference in the mine environment. Next, impedance matching
was achieved through resistance loading simulation analysis to improve the antenna’s radiation efficiency
and optimize its structural parameters. Finally, the radiation surface aperture angle was selected to be
60°, and the shielding shell height was set to 40 mm. A borehole radar directional recognition model
was then constructed, and a detection method based on the amplitude spectrum ratio method was pro-
posed to determine the anomalous azimuth angle within the mine borehole. Experimental results in the

mine show that this directional borehole radar can accurately detect and identify the radial detection
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depth, distance from the borehole opening, and relative azimuth of coal-rock interfaces and small fault

structures. The detection depth error is less than 0. 01 m, and the deviation between the detected and

actual target azimuth is less than 1°.

Key words : borehole radar;directional detection ;focused radiation ; PID algorithm; directional identifi-

cation model

I, 3R e B8 JR AT SR = B 28 0% T HE R —
UCREVR' Y, SR, o T2 TR PH I | s % Al 24
B 1B K AR TR IR R 2 A O &, e T b
Wbk kD BRERLRE T R
B A S I AT A R &
T2 N b  FE B R R rp  (E R AR A
23 (AR /N ARl 145 32 B 0 7 i R
BAE PRI IR e Z R, L an, H R
55 R RS A A 4R BB it TR Lk L
PRFRRLNE , 0 ARG 5 AP A3 PR 1, 5 38 FR AR AT LAY
TGRS (BT ze b B AR GRS FEAT SR A
FRAE, ITSAE R Rk A LI R R 1k, & —FhiE
et L A PRI LR R — 3 L P B 45 ) 1 )
RO7 L L 3L 55 b T 5 FH ) b o 7 3k AR ], 1)
— AN KRR RS R AT B REE , o — A ROk
FHE R A R B B B AL A AE L AT
Bl R AE A2 B TN, R By SR & 43 B
RGO FEn I 2 1) U R A /DN s
¢ T BB RS BRI Hh ELA R R B Y T

EifL T IR ER LG T 20 tH42 70 4EACHYIRRSE  H
AZEHL X, 1972 4F, HOLSER 25" | COOK''™ i
il 1 T A SEBR R FH AL FL TR A R 4, 35
DN H R 35 100 fe TR SR, 56U L R I8 A S
R LG T ATE . 1983 4F, NICKEL 251 3 5o
Pk LR IR B A, X T 3 000 m PRA Ak etk
T HFLERI BT B2 R G AT S FLAEI , 56
UE AL LR IA 78 SRR AT ) mT k. 20 42 90
AEAR, HAR R AL K241 SATO 250 BF 58 31 I R W
EBFL TR IR R GE, 0 B 0t b T 2544 1) A& g
For R Sy T 4 A BE AR5 LA B b ot ¢
MRt E R BOR SRR, A 21 225, 5 xiE
S AL IR AE U E AR T 50 A 7 TH AR A2 E 1]
BEFLTR AR R H ARG B P & e, SATO %1 #
R AT 4 RERRCR RIS S iU INE S A
E WG 0 B 38 T 60 fA . B JS, EBIHARA
GO AR R R 2 R i 2 ) il Pl S R AT R R
H ARG 4 MRAZWCR LA IR A M e | i 35 42 T
SCHIME, AERT A BFSE A SE RS b X0 g S0 Ay
HT 1 EWM 1 RE S KL 4 415 JE 151350k

RAIRLIE M B LT B OR R G, KRG 4
AMEWCR L E 5 22 5, P ROE D | oot % 2%
2 & BS-MUSIC SFH AR THA BRI, 8353
BRI R R A R A A A AR
A v e BEUIN 2 s /N, LTI D 1) )
] K2k, S BN 5 57 A ) 0 0

BEXF IR A2 1 B T R, IR R I ) AL
IR RERFEAR B 1 BRI T ¥ 1) MO A 5T, el itk
IR KLLLE MR R R LR AR, R PID &
P ) L IR 5t [ b LA e R 4 B ) 1 %%
E 7 T, R ARl L B TR A ) TR A R A e S
7 A SEBAL R A I A 5 R R BT R B
A AT PR S i A 3 A R R AT R 4R 0 B AR
Bz

1 $HFLEEE BRI R BRI B B

L E B R GAIRL R R EE HEAT R
FRGE A FSy, MR AT S R R
TREFLPY a1 HE S HERT O R LRt , Ayt A
TS IR Y R ST A S P D, 18 )
OO AR S 17 B R AR i I, PRI R A R Ol
W R AT, R N B A 155 2 W PR AR, IR o
ISEITE P, F R AN R B8 23 VR, S 55 F
B R VEARAN R AR A S R 0 i P T 2L 23 e Jo
PR SRR TR (A2 [ I, ARG P 150 mT L3S
SRR B AL B ARG B (AR A RS ) RN A
L, XL 2k PG X Rt S S, K 2R PR 5O i
LRI Z T, B BORT I T FLr i 4,
| P K 22 5% TR S s A i B 1) 07 3K, 3 T [l e Al
BUBALIE T

R B L 7R 200 07 30 B fL | i L OO
(FL) — TR 4 3 A= L S Gk
BIVEALAL S SN 5L 0 B ) e i S ik AT 2
B AR, UL T S S it B AR R A 1 PR A7 A L™
AR I (L) — H 0 6 (87 P 325 A4 ok ) i 2 1 3K )
T, ARIBGHEE JZ AT AR 2 B 1 S L S
AR,

R E T RN T B LR R H AR A, e an i 2
SIS BT R AL B A R BRI AR B, A F



16 o B

¥ ¥ R

$10 %

\
ETAR %H%E’Lﬁﬁﬂi%

1 BRI RSHENREE
Fig.1 Schematic diagram of the single-hole reflection probe
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Fig.2 Roadmap of directional detection

technology of mine borehole radar
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Table 1 Simulation parameters of vertical polarization

radiation pattern for shielding shell height

H/mm TR/ dB EIIERE/(°)  RIHE/dB
30 5.51 96. 80 -6. 40
35 5.56 98. 10 -5.90
40 5.53 99. 50 -5.40
45 5. 46 100. 80 -7.60
50 4. 64 104. 60 -8.10
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Fig. 7 Diagram of directional logic structure

I, e e M TR Y AT LR A R R

R I X, TSP AR R 2E X, X, K B

AR, 2% 2 SR KPR S ELAR S A O 22 5
K2 KFRENMEEERSHEREZSHEE
Table 2 Angular deviation and frequency of

horizontal and vertical states

AFARZS X=X,/ (%) LIk RV
0 70
IR
1 2
0 68
i FURAS
1 4

1 2 Al A, KRS TR ERRAS T, P A
JEE 1) 2R 4R D 22 HF AR 1038 BN, o o B ik 2
97.2% . XS B AL A IR AR IR AR T B
ARG ARG E PEAERA T | S S BRERIN p Bl L 7R I
TR R S TR R VA ) 1) L A EE A E M T S
TR AR SR A



CRR

VPRRAER A 07 IRl AL A 34 [ R I BRI 5T 19

3 $HFLEEEEIRAEE

8 AL E ik a2 [ R AR Y | F 900 MHz 2E
MG FLEE A KRR BIA% 3.3 em IS AR, 258

IR~ .

==
) |

=

0.3m \

A B~

o
m3
(s e

(a) B FLTRIB RS B B2 R 2

FERLMKFEBER N 0.5 m, B [E) & &% &N
20 ns, KREEHIHE N 40 kHz, R O TR
PG 20°77 6], 1AL T 16 BRI #1200, MR £ 5

I £ BE 4

(b) BRI TH)

8 SHFLEXREEIRAIEE

Fig. 8 Directional identification model of borehole radar

i 1 LA LB RE T 7 S 2000, 4t L ik
TREERERL O AE SR AT Rl — KPR
I8 PG A S 2 SRR

0
£ 02F BRI
= ﬂl’rﬂm\
= 0.50/- :
%
E
W 75
100k
20° 110° 200° 290°
(a) AR J5 1) BT 6

9

55i% 77 [aAHER 90° K 180°77 [a] b AR [FIR E Ab,
EHIEEMG IS E N, B 9 AAE 7 A L& ik
BRI G5

FHEEE /m
0 025 050 075 0 025 050 075 0 025 050 0750 025 0.50 0.75
r T r T T 1 I T T 1T T T 1

.
[*)
U

1 I HRI i B /m

<
~
G

1.00

200°
(b) A [/ 75 T 2k PR

110°

AEF EEFLEEHRMER

Fig.9 Detection results in different directions by borehok radar

F L RN 45 5 A, 22 R ZR R[] I X 5
B H bR A B TE b SR e X IR iR A
Ko TS BRERI B, S8 1A TE X 5 1] 7] Bg oK &k T
WEGEM W, A, B E 8 AR Uy [ (0° ~
360°,45° 4 a1 ) YR IEXHERE o B, K

10 AR IR 35 Lk g5 28, 4 LA AL E 180°, &
LEERTHEERL P ONESEEN TR —K

SR, BATE R A O I SR IR N, A0 10
(a) iR,

AT MR IRE S 0007 M IR =t , 75 5
RATEIRIERE e, R 3 R B AL S IH(E 8 7 4%
DX [ AT 4R L, (47 (5 AR 20 £ BE AR AR (AR R 1°,
133 3 R B ARSI (A JE IR R LE, aniEl 10 (b)
BN o



20 W N 5 5 R 510 %
20000 — [ggo .
15000 (180,2.061)
SR LI %0
10 000 - n P 18
5000 |
16
= 0 AA/\A M M‘\:‘ MA ,):5
® v u V VT z 14
-5000 | B,
-10 000 | 15 988.964 10
' —m— SR {E I i e 1% Ee
-15000 F 08t —o— ZIRBHAARIE SRR L
_20 000 1 1 1 1 1 1 I 06 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
3% /MHz HA/MHz
(a) 180° L 18 AR FL (b) HriEE
10 #RIBIGEEELER
Fig. 10 Results by amplitude spectrum ratio method
H & 10(b) AT, 3 IR B A SR AH(E G PR bR L AL 1 B/m

e KA AR A TR £ B2 R 201°, 552 BR H AR iR D5
P2 1°, RIFEET, B AR AR EXT 5 1 352 505
2575, 56% ;3 K B MR )G, H AR AR IE X J5 n]
PUINR2E{H 0. 28%

4 HWIEKE

Ry itk — 2 B UE BT ) B AL T I8 SRR BE 1]
PRI 7 AE 0 2 P R I RRCSR, 1L vy S
2313 TAEMIH BhERFLIEA T BEA o A ST J2 /v
TR
4.1 BEEEERIEKE

K H1 900 MHz &L 7R 18 REWT L 1 7 [l dk A7
FTHEGE 4800 T 18] oK R (180°) , Il 11 Ky
PR R PRSI W 11 (a) BiR, K I— 200
LR BT HE A S S i A T
wA, RO e A St & il 11
(b) Fi7s,

FH L 11 AT A TR EETE 1.54~1.97 m,
PRIVGR B iR 22 AT 0. 01 m, £ /)N
BABGUE , B TR H I 45 SR (0 v P 2 o
4.2 TIEEM/MIIERNEE

Bl 12 AANE 7 1o B2 A5 . 78 3 S
FARE(180°,225° Fl1 270°) ¥4 ¢ Bl — Ak W b 1) = %
Wil 4 E, BE B AL AL O 38.2 m, BEE K 0.10 ~
0.52 m,

G54 I S BRG Ol A O R) I A A B
2o RAIRIEE Lk W)= 6n, 1B 13 S
MRS LTI 5 S I 45 2R, B HUAS T ) B IS A
b FEESELFLE 38,2 m, IRBEE N 0. 10~0. 52 m
[14) AT I8t S AR 07 X MR IRAEL . A O° 7 [ Sy ki

(a) ALK AL PREG R

20r

19+
£
1.8
SN
1=
ES
g 1.7
=®

1.6}

1.5 ! 1 L 1 L 1 1

0 5 10 15 20 25 30 35
BRI T5 171 /m
(b) BEA R BE

11 BERERUNER
Fig. 11 Detection results of coal rock interfaces

B AL iH/m
372 378 384 372 378 384372 378 384372 378 384
I T 1 1 r T 1

I T 1 I T

1350 180° 225° 270°
B 12 AE7EEEFRNER

Fig. 12 Detection results of faults in different directions



514

VRRRERSF B L 7 8 1) PRI BRI 7T 21

Jr i) R DT M IRIRE S 0007 MIRIR(EZ T, 7+
FIRIE IS L, WSS, R 3 UK B FE 44 {8 3807k %t

135° 180° 225° 270°

() 7% [F) 5T B4 3 S5 WD 2 X 3

THEDR V- T AT 4 ELAL BE, S5 R AN 13 (b)
Bios

221
2.0
1.8+
1.6
2
= 4
E Ll
1.0F
- —s— RAFEIHRR
—o— ZKBREA I 5 R HE
0'60 50 100 150 200 250 300 350 400
/()
(b) Hihi i e

B 13 RIEELLZEE A A RNER

Fig. 13 Results of amplitude spectrum ratio method for faults

M 13(b) AT LA 3 R B AR ARG IR IE
Tl LA AR At R R 2120 BIAEFE B L1 38.2 m
Ab 5 FE 7 e £ R 212077 ] AEAE B A
W

P 14 hy 5 1) AL TR 1 = A 5 B 280 R el o A

(a) BHFLEEIS S e AR R
B 14 TEEHFLEIZ = EHIRE R i AR R

Fig. 14 3D data model and geological model of directional borehole radar

5 & it

W22 AN L A RSB T K R R S
JERM P R AR Z —, & —Fh 5 TR
T K £ R PID B3k () 22 ) 4l L 7R s 800
%, P G AR LR TS AN H AR R R AT S
[, EELELUR .

(1) BB —Fh P T AR R 900 MHz
()R8 M B FLTE I . A R 454, R 75 1 B i s
B R R R AR ATRE Sy, S B R A i BB DT
fic, T & PID Bk b1 ALIK =, #f £
I A 1 B BE

(2) AE L FL R 38 R 1) PRI R A 5 TR

B, R Z B TR R K0 5 32 W A T e oA R A
R, RIVRT S B P T R A 3l 25 SR, A
PR RN RE o 35 1] T A I S O 5 2 i 3 e A5
FOF AT AL AT TN R R B TORRAE | S R e TAF:
T2 A ) 3 SR

(b) Wi 2 = Y G A

T HCIER R S T A, BAR DT RN S S PR 5 Ao
A ZE7E 10 LA BB 07 i B SUE

(3) VLAY 5E 1] 4l £L 8 3K RE A% HE B R I I
Gt K W 2=/ Nk 3 O e A e TR R B AL
PRI X Al LT 1o 500 R R R 22 Y 1L AN b it
0.01 m, B FTFLEG USRI 45 R B s

S 30k

[1] BRI, b RILAIE 2022 48 FH R S5 At
SRS AR, P ES,2023(3) : 12-29.
National Bureau of Statistics of China. Statistical

communiqué on national economic and social develop-



22 R 2 F R 510 %
ment of the People’ s Republic of China (PRC) in 2022 BRWFIRZGER[T]. 72 Eshik, 2014,19(S1) .
[J]. China Statistics, 2023 (3): 12-29. 134-139.

[2]  T/h5E.2013—2018 4F 4 [E A5 S5 SO AL o B Bt PENG Suping, YANG Feng, XU Xianlei. Review of GPR
KWIE[T]. T H3hik,2020,46(7) . 34-41. urban road disease detection application technology[ J].
NING Xiaoliang. Law analysis and counter measures re- Office Informatization,2014,19(S1) : 134-139.
search of coal mine accidents in China from 2013 to [10] RE,EFRL, s . gL IA TR R &
2018[ J]. Industry and Mine Automation,2020,46(7) . MALT]. WR 5148 ,1999 ,23(6) ; 454-458.
34-41. SONG Lei, HUANG Jiahui, YANG Weihao. The princi-

(3] FEH NE, 2N, % ZHEETHAERBEEER ple and application of geological drillhole radar[]].
BRI 5T K i FH [ 7. 22, 2021, 46 (S1) . Geophysical and Geochemical Exploration, 1999, 23
396-405. (6) : 454-458.

WANG Min, LIU Yu,MU Yi,et al. Research and appli- [11] HOLSER W T,BROWN R,ROBERTS F A, et al. Ra-
cation of multi-array mine DC electrical method for road- dar logging of a salt domeGeophysics, 1972, 37(6) .
way advanced detection[ J]. Journal of China Coal Soci- 1082-1092

ety,2021,46(S1) : 396-405. [12] COOK J C.Borehole - radar exploration in a coal

(4] BT %5 % 7 a ik s 5k seam[ J]. Geophysics,1977,42(6) ; 1254-1257.

R SOBATERM N [ J]. BB #4 AR, 2020, 48 [13] NICKEL H, SENDER F, THIERBACH R, et al. Ex-
(6): 184-190. ploring the interior of salt domes from boreholes[ J ] .
MU Yi, LI Jianghua, XU Hui, et al. Parameters optimi- Geophysical Prospecting, 1983,31(1) :131-148.

zation test of mine transient electromagnetic method and [14] SATO M, OHKUBO T, NIITSUMA H. Cross-polariza-
application of advanced detection[ J]. Coal Science and tion borehole radar measurements with a slot antenna
Technology,2020,48(6) ; 184-190. [J]. Journal of Applied Geophysics, 1995, 33 (1-

(5] WAMER, IRIR, 00, 5% . 2R A Bk 3):53-61.

AR AR F AR B A MR [ T ] R 24,2021 ,46 [15] SATO M, TANIMOTO T, et al. A shielded loop array
(5): 1576-1586. antenna for a directional borehole radar[ J ]. Geoplysics
HU Xiongwu, XU Hu, PENG Suping, et al. Dynamic Journal International, 1992. DOI; 10. 3997/2214-4609—
monitoring of water abundance of overlying strata in coal pdb. 303. 40.

seam by transient electromagnetic method[ J]. Journal of [16] EBIHARA S. Directional borehole radar with dipole an-
China Coal Society,2021,46(5) ; 1576-1586. tenna array using optical modulators[ J]. I[EEE Trans-

[6] L, w2, ZmeE, % . M2 ikEEm actions on Geoscience and Remote Sensing, 2004, 42
W R R LI SCE T X[ )], HuBk) 3R (1) 45-58.

#4%,2012,55(3) ; 1054-1062. [17] EBIHARA S,YAMAMOTO T. Resonance analysis of a
WANG Wei, GAO Xing, LI Songying, et al. Channel circular dipole array antenna in cylindrically layered
wave tomography method and its application in coal mine media for directional horehole radar[ J]. IEEE Transac-
exploration; an example from Henan Yima mining area tions on Geoscience and Remote Sensing, 2006, 44
[J] . Chinese Journal of Geophysics, 2012, 55 (3): (1).22-31.

1054-1062. (18] XUPWHT, £3CK, BEHE, 4F . 3T ROEVIE 19 5E ) B

(7] RFE, W, TR . 204 B YTBE BAR L LB =4GR AL 1] MRS, 2018, 42
A SR i BRI T R ST (0] MR R 2021, 40 (2): 358-362.

(7): 71-74. LIU Sixin, WANG Wentian,LU Qi,et al. A directional
WEN Hengcong, YANG Haitao,ZHANG Huihui. Appli- borehole radar 3D imaging algorithm based on arctan-
cation of multi-frequency radio wave perspective technol- gent method[ J ]. Geophysical and Geochemical Explo-
ogy in geological structure exploration of coal mine[ J]. ration, 2018 ,42(2) . 358-362.

Coal Technology,2021,40(7) : 71-74. [19]  ESCR, XIPUH, B, 45 . BT ek sk 22k g m)

(8] VFika:, AU, ZI50E, 55 . 0 A i 35 s BALERIE =R R )], HAROR A, Bk
THIRPGE SN R G S ST [ )], R, B0, 2018 ,48(2) ; 402-410.

2024,49(4) . 1964-1975. WANG Wentian, LIU Sixin, LU Qi, et al. 3D imaging
XU Xianlei, CHEN Lingzhou, PENG Suping, et al. Min- algorithm of directional borehole radar based on im-
ing coal-rock interface nodal GPR rapid dynamic detec- proved residual method[ J]. Journal of Jilin University:
tion system and experimental research [ J ] . Journal of Earth Science Edition,2018,48(2) : 402-410.

China Coal Society,2024,49(4) : 1964-1975. [20] XUPUHT, E3CK, &, % . FT BS-MUSIC [Y7E Il

(9]

WO AV VRRRAS . GPR 3T I s R g

BHALTR IR HEUR S (V] HUER B~ 4, 2017,



VRRRERSF B L 7 8 1) PRI BRI 7T 23

[21]

(22]

(23]

[24]

[25]

[26]

[27]

(28]

60(12) . 4928-4937.
LIU Sixin, WANG Wentian,FU Lei,et al. 3D borehole
radar imaging method based on BS-MUSIC[J]. Chi-
nese Journal of Geophysics, 2017, 60 ( 12) . 4928 —
4937.

T KBRETT B 240 45 . B FL TR AR I R4l B
SEAT[T]. HFRHERYR ,2014,43(5) - 691-
695,716.
ZHAO Qing, DENG Xiangkai, CHANG Xinghao, et al.
Simulation and design of directional antenna in bore-
hole radar[ J]. Journal of University of Electronic Sci-
ence and Technology of China, 2014,43 (5). 691 -
695,716.
2RI . — R TN AR TR 2 AL DU R
WILT]. A HLE ,2021,42(4) . 71-75,79.
LI Yuan. Development of a hand-held borehole incli-
nometer for small aperture[ J]. Colliery Mechanical &
Electrical Technology,2021,42(4) . 71-75,79.
SR BH L SRARIR AR S AR A RN v 2 L R
PERE CT YRR F R b 5 h B IBc5 E FHITFE[ ) ]
JUINEESR,2021,49(1) ; 3-7
ZHANG Wuyang,GUO Ducheng, YE Dongchang, et al.
Combined application research of tube wave detecting
method and cross hole elastic wave CT method in Karst
site investigation [ J ]. Guangzhou Architecture, 2021,
49(1) . 3-7.

B I 6, X DT, b EL, A5 R R K B
[M]. dbst: 7Tk di ik, 2010.
ZENG Zhaofa, LIU Sixin, FENG Xuan. Principle and
application of ground penetrating radar[ M ]. Beijing:
Publishing House of Electronics Industry,2010.
BET o . 3R E B I T KO 1) Al R R Y &
JELT]. I S5 45, 2008,36(4) : 78-80
YAO Ningping. Development trend of nearly horizontal di-
rectional drilling technology in coal mines of Chinal[J].
Coal Geology & Exploration,2008,36(4) : 78-80.
R . IR B £ G AR TS HR B ]
WE5E1T]. WPE4kT.,2023,43(11) : 144-146
JING Liicai. Research on the application of compre-
hensive gas extraction technology in coal mines|[J].
Shanxi Chemical Industry, 2023, 43(11) . 144-146.
PR X, R AE . b TR R S T I R R
KBTS LH[T]. RBRE R, 2010,25(2) -
221-226.
GUO Chen, LIU Ce, ZHANG Anxue. Design and im-
plementation of an UWB bow-tie antenna with back-
cavity for ground penetrating radar[ J]. Chinese Jour-
nal of Radio Science, 2010, 25(2) . 221-226.
LIU H,XUE J,LAN T,et al. Comparison among three
bowtie antennas for subsurface imaging using ground

penetrating radar[ C]//. 2016 Progress in Electromag-

[29]

[30]

[31]

(32]

[33]

[34]

[35]

[36]

[37]

netic Research Symposium ( PIERS) . August 8-11,
2016. Shanghai, China. IEEE,2016:2124-2128.

CHEN G,LIU R C. A 900MHz shielded bow-Tie anten-
na system for ground penetrating radar [ C]//. Pro-
ceedings of the XIII Internarional Conference on
Ground Penetrating Radar. June 21-25,2010. Lecce.
IEEE,2010.1-5.

WU B H,JT Y C,FANG G Y. Analysis of GPR UWB
half-ellipse antennas with different heights of backed
cavity above ground[ J]. TEEE Antennas and Wireless
Propagation Letters,2010,9: 130-133.
FRAL, EAEHE kS, A . R R B R R
L =AERERA )], TR R B2 4, 2015, 12
(3): 406-413.

GUO Shili, WANG Wenlu, FAN Yongliang, et al. Three
dimensional numerical simulation of commercial ground
penetrating radar bow-ties antenna[ J]. Chinese Journal
of Engineering Geophysics,2015,12(3) ; 406—413.
REAT, XNDUHT . — b T 0 P bk B 40 25 K
LB SRHT]. R4, 2018,33(2) .
132-137.

WU Yangi, LIU Sixin. A shielded bow Tie antenna
based on absorhing material [ J ]. Chinese Journal of
Radio Science,2018,33(2): 132-137.

REN . IR R R R [ D], K
U R, 2014,

SONG Jin. Research on key technologies of mine explo-
sion-proof geological radar [ D]. Changsha; Central
South University ,2014.

XU X L,MA Z,11 J P,et al. Research on the geolog-
ical radar antenna for application in full space of mine
roadway[ C]//. 2018 17th International Conference on
Ground Penetrating Radar ( GPR) . June 18 - 21,
2018. Rapperswil. [EEE,2018:1-6.

R R TESNHIM]. deat. Hs
Rt 1994.

LI Daxin. Method and application of ground penetrating
radar[ M ]. Beijing: Geological Publishing House,1994.
TR . AT PLC 13 FH K ol P 4% R e
[D]. MEIRIE. M /RIESE T RS2 ,2024.

ZHANG Tianhe. Design of measurement and control
system for oilfield water injection station based on PLC
[D]. Harbin;Harbin University of Science and Tech-
nology ,2024.

Aedit . BETBOWI PID (1 = 28 /KB A 78 1l 2 48 0
FABFFEL D], R KIEH TR, 2024

ZHU Jing. Study on application of liquid level control
system of three water tank based on fuzzy PID [ D].
Dalian ; Dalian University of Technology,2024.

(FTAESR R 304)



