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Abstract

Stepped-frequency continuous wave ground penetrating radar (SFCW GPR) is a kind of frequen-
cy-domain GPR. It has controllable signal frequency, bigger average transmitting power, deeper
penetration and higher resolution compared to pulsed GPR. At present, stepped frequency ground
penetrating radar contains different frequencies of transmit signal, so the amount of calculation in
the numerical simulation has doubled, and the signal fusion method is not yet mature. This paper
conducts forward simulation research of SFCW GPR, the open source program gprMax has been
used combined with the impulse response of linear time-invariant system to improve simulation
efficiency and avoid repeated forward calculation. The reflected signal obtained by simulation is
mixed with transmitted signal and goes through low-pass filter to extract the phase information
related to the distance of target, then the result is converted to time domain through inverse
Fourier transform for signal fusion. We have compared the anti-noise performance of pulsed GPR
and SFCW GPR by adding noise to the simulation. The results show that SFCW GPR has a higher
signal-to-noise ratio for target detection under noisy condition.
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PRI TEAE N —Fho FH 0O sb BRI A I 73, B TEH . POl S IR, TN T &
TR 1] H AT 248 F B4R Hh A # s T bk b A ), RIER IR A — A im0 T B ISk o, i
U R RS T IR WREE . AALSE(E ST T A S5 . X PR R PR I B Ak 1 4 R B B 4 HE
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5 34 23 1 1) 3% 823 (Stepped-frequency Continuous. SFCW )< il 47 s F 1A 1 AT 38 3 B 75 1 —Fbr,
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G BT IR YEY, 4 SIS HEEE Ay HREA R S om AT 15 em, ERH SFCW #RHbER 34 7] DLid i i B
ANF () 28 AR s BRI BIAN R 73 A . VARG S (41 =4k SFCW R M 75 8 B FH 118 2% 30 75 J5- P Aar
BB (R E /3 PE% . Tronca %[5112 i % VG I 7E 0.2~4 GHz [¥) SFCW #RHLTE IAF1 GSSI 22 A 1yl
BEE R 2.7 Hz WK IR 0 T A AE = S50 25 A1 N EAT 7 SRR T B, 25 R W] SFCW £/ Hh 75 A 7E I 3
ELORIR MR P 1) A B RAUE AR = 0 70 5% . Hamran S5[6]%F EURFFT 7 HAULAIWE K I SFCW HRH0 B 1A FI R
FA KR I 7 T8 ) Zh A Y, UEB R 1) SFCW RS2 Ta [ LL ikt R 405 40 dB, SEPRahESTu
T 200 dB, TMEhASTEFE NG 3] GPR K KAEFIEE 2. Pieraccini Z5[7]7F Hamran 2513560 F, #HAE
XT bt 22 48 2 A5 V0 Rl I AR O SR A T B A B BLIE %, 7 15 eI 25 14 1 T 79 b s o Rt 75 2 14T S22
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FXFEL, SFCW $7Hh 75 1A 1 45 SR L kb B IR RESR AL BE Z IR B 55, 2R SE A BE /N

X SFCW #RHh B8 A AT BUB AL 78, 5 AL PRAE F R EERIB MR R 18 S 8 . H ATt
SFCW #R 1 7 i BB AU RCR S TH IR 78 TAEE T8 . Kafedziski S5[8]%F 450 U [l 7E 1.01~2 GHz 1)
100 /MR ) SFCW BRHE T IR EAT IR, SEBIRTIY 50423 18] F o — S i AR iAo, (R R e A AN A
PR VGHAT BT, BEAAMERI G E RN, (HAERIRE K . SFCW M0 TR 15 B LT3 B F A A B 15
BN, R HEAT LI E AL 1 S B 0 ), R AR ik, WA IR 2 E(FDTD) B A
B O ERTEMT . SRR B AR, R TR R R AT I A9, FDTD AL, k3o
FE IS [ 25 18] b A8 5 AT 5 0 R B RE [ 101, [ KB R R FDTD 5y AT HU A 7 1) 1 v
TR AT 1R P I 0E F BR M ER A 1 IE A R [ 1], 55T FDTD BiR, AHIGS3E SRR L
RIS IR 0 S T TR RS [12], JRAH T RTE IR . o IFRRR T gprMax REfS AT HRAT IR K
FIF] CUDA %} FDTD 5Lk Tk, RBmE[13], £ THEE FDTD BUs B R EFEE . M
K gprMax B S B i BUEEAT PR ML TR O IE OB, JEEUE 7RI RUR[14].

gi b, HATE T SFCW R B ik AR 78 25 ZEAEGE(F S 8L J51HT, 78 B0, 75 THT v 2R R sl o 280110
JiiFe AT SFCW M T ik IE 0L S B8 A FR A VELN 7%, 1E gprMax FEFMISERN L, 4544
BRI B, SRR SFCW IE TSI TH R i 1k KA I, 78 BB AL e Aty gk 47 5 Bk b R M 5 0k
Pmg b RE AR LA 7T

2. [R3E
2.1. SFCW #Ri EEIAE A FIE
UK R M Ok R B AR B A e A T s R KPS S, 1 SFCW R M B Ik BRIV R B IR (S 5
NSRRI ELLR S, EPRTRRA:
fn=f0+(n—1)Af @)
Horf, fo IR, £ AR, AR, R B = (N-1)Af
RHHE S TR (ELLIESZ ) MR IR N :
Tx(n):sin21t(f0 +(n—1)Af)t (2)
Hebn N n NS
BEAE SEW AN TP ERRREE N v, — NMEEN d B RS S 0 RZoRN:

Rx(n) = 4, sin2n(f; +(n—l)Af)[t—%j [15] 3)
S, 4, BB, 25 AR
Hrr, 55 n MR Y :
é, =2n(f, +(n—1)Af)% 4)
DRSS 1 5 33 [T A 5 AT R
Rx(n)= 4, sin(2nf,t— ¢,) (5)

ORE A B BB B AL R R USSR B HOARRS 30 TR £, ey £ B dyodhe ol »
WRTE Ay, Aoe d, o KETFEB A%, m= 0,1 en, AL A I B 347 2 L
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2.2. gprMax IEJBE R LTI HSeaY A0 K2

gprMax 7 python 15 & %S (ERHL TR 7& FDTD IEGEEAF, T FH SR IEAT 22 Fh e il 1) 85 1) 5 (i 4S540,
HEAER M AT 8 OB, 7 B0 5 HUE R SRR SO Cin STF),  FERERSCA o S I 11 2 1]
DATAEIES AR A R B e, SR o, MSHLSR 1, BIRFE 0,), 45 MR SERAG B S
K, BRI PE RN B gprMax 24T O, BURTAFRR P AT VRS, e SO s T TR IR R
K (out ). M gprMax BEAT IETAEIDUNS , ¥ 56 B IR TR AR AT 2 W) 12 HORTT AN ) 25 o
WS DK T 2N AR R A T B Ny 22—, Bl
1

X —
£ 10

max max

dx/dy] dz < 6)

Hh, dxs dys dz A AARERY xo yy oz AT BRSPS, frw NURE SRR, o AR
R R B A A HL

Xk 5 (40 Ricker TU%), 155 IS EIER fra Q915 5 HOIIER] 2 B 3 £5,

XFLHINENE T foax =for So WP HLE ISR,

BT MRS, N TR A R ZE USSR, IR R DL SR

1
dtgc\]1+1+1 (7
() (dv) (dz)

R AR A PML (S84 VLR Z)Rfici 5, e R el e, BT ise NBE RSSO J A7 IR, 1R
2k AR 18 Ascan, H] & K Bscan 2\ Matlab #ETAH IS4 FE .

T8 7R A RO AR (TR A, PR DK HER RN, SRR KRN, SIREE
Ascan ERHTH Z UGENIHE, WIXFERL S B AL E AL G N AR . JCH R T8 IR AE S
T0H n MERME S, B T BT n ORI, 0K S EOEE TR A 1R G n . R 8 gprMax
AR CUDA @47, At 5 & i rsgm, =52 MNEVETT I A se BRI,

B T TE 8 SR FH () BT 3 PR 22 2330 2 B I A8 RGU(LTD IARPE, T Ze VR AR RGO RE — M
NAG T (R0 2 351 AT AR R G n AL Ik (e Sk e 7, BV i) ANAR 28 458 11 B Bk e i 92 5 42 0 ) 3R
GiVIRFAE[16]0 LR B ILE 1

HA K E S BT ik v N2
5 [n] LTIR% h[n]
N S

x[n] LTIR%: x[n]*h[n]

Figure 1. Impulse response theory of LTI system
B 1. LTI ZR&G0misie i R 3R

RIEE 1, LTI RGAMEE NG S x[n]f0HHE y[n] o] LTS 5 5 87 kb i 52 A[n] 3580k %
7Nz
y[n]=x[n]*h[n]=3" x[k]h[n—k] [16] (8)

T LAE R, Ay AR A Bk S S AT — R T SR AT Y B B L b S, AR IS %A
WA T AL R i S ASCE AR, AT RSN URAE SR MR A T RS TR T T —
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3.1, 4t AR A K2

B R R e AR LI 2, BRI K/ 10 m x 42 m, PIKSEK N 0.005 m. i — 2 NN
Bil, BE2m, NEHENNE2, BEE2m, EEMFEMES —FLEN03 mMEESR, &40
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Figure 2. 2D geological model
2. ZHEMRIEE

Table 1. Electrical parameters of media in model

=1 BENFREMSHR

A5 iR PAMEENC S H 3% S/m biRaRAS
Vivsig! 7 5e-3 1
oI 2 12 2e-3 1

bl 1 0 1

3.2. XSHMESERERSHESHE

B RN 100 MHZz~300 MHz, 5K 1 MHz, —3E4 201 M.,
RGHE 5 E Matlab H2E R, B BRI HIE SIS 3 (B 100 MHz 3% 945
Wil 3 piaR, 9T BERIEIEA R oI N m i, S SR AR, BURSHME S
W FRN:
(1)~ {Wsm(znﬁ,t) 'if Kt <1 o)
sin (2nf,1) if kf,t>1

Hrb kBUNT 1 ROEEL kU, 55 IR S .
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Figure 3. Transmit signal of 100 MHz
B 3. $iZFR 100 MHz A 5HES

N T SASE I AL Ky R, B0 BL R BB E S
5(0:{; if ¢ < dt (10)

if t>dt

Horb, dr AT R R

R UL ST A5 S A N AR S HEAT IR, 133 194 AMALE R ALK R, 28 e FH AR R i A
BRI RS T 5 ALK R NSRBI RIREAS R L S 5

N T RIEZIRERRES L, A 3 RESESAE SR SHE Sl KA BT I3, 53] —1E
B ES LA 4), Rz E S Mt 3 K1E 55 R ALK SAE BRE 2 1 E S LK S)fctte, 73
DURZE WIS 6.0 AR ZEXS FURT AT HY 5 ool 2 45 21 ) B S 455 AN IR 38 45 2 1K) BSH 45 5 R IR Z24E-200 dB
PAR, AR ZVEE 2 T ARSI o B AT AT R 5 345 BB MR K RS 5, IEERCR A 252 7T
JEHARER BN, PR, HERIETHEW]
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Figure 4. Reflected signal from simulation of Figure 3
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Figure 5. Signal from convolution of Figure 3 and impulse response
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Figure 6. dB error of Figure 4 and Figure 5
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Figure 7. Flow of SFCW GPR modeling
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I, =4, sin(2nf,t - ¢, )*sin(2nf,t) = Azn (cos(4nf,t—g,)—cos(4,))

0, = 4, sin(2nf,t — ¢, ) *cos(2nf,t) = %(sin(4nfnt—¢n)—sin(¢n ) (12)

XF 1 ERASE 5 Q B4A5 5 43 i A AR f I R 25 AT A B, 19 3 WA H A (5
I, :—1;" cos(d,) (13)
(14)

0, =-“sin(4,)

MW 5 AN T R A -
Rx(n)=1,+ O, (15)

XEF n AR AR RIS 31 Roc(n), e T8 BEL P8 80 B[ IR PA) 5 B I B
55 1 EALE G R EE I 8, HAR BN A 5, RS RO S U BLAEZ) 36 ns (AL E, XM

TRIEEDN 2.0394 m, X5 BLE R FHHAE 2 m PR EEAL AT A

JEAL S

Amplitude

-5 L | I
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Times(ns)
Figure 8. The first synthetic signal
8. EHME—EBES
4. SFCW FRK A AFI TR B R EBEXTLL
Eo VLIS T iR Ny

¥ SECW K15 570 79 FH T 1E38, R in A8 A 50 b L H e ik

200 MHz HJ Ricker F}.
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Figure 9. The simulation result of Ricker wave signal (a) Result without noise; (b) Result with noise
9. Ricker FRIESIERER. (a) KRELER; (b) BRELER
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Figure 10. The simulation result of SFCW signal (a) Result without noise; (b) Result with noise
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55 I 25 A e LU B S8 R BRI 9(b)), 207 S0 A 250 1 S S5 5 T LT e s i 25, 7 0 15 S M DA
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ASCHEIE X SFCW #R T A AT HUE BRI 72, S RIL5 00T
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