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Denoising method of chip ultrasonic detection signals based on the improved
multipath matching pursuit
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(1. School of Mechanical Engineering, Jiangnan University ,Wuxi 214122, China; 2. The 58th Research
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Abstract: To reduce the influence of noise on the high frequency ultrasonic detection of flip chip defects, a sparse denoising method of
high-frequency ultrasound signals based on the multipath matching pursuit (MMP) is proposed. The MMP algorithm is used to obtain
the atoms which are globally optimal. Aiming at the excessive calculation of MMP, the setting thresholds and the introducing pruning
operations during iteration are introduced. To avoid the excessive calculation amount caused by the increase of the dictionary dimension,
the contiguous atom dictionary is established to adjust the reconstructed signals and realize the noise suppression. Proved by simulation
and experiment, the proposed method can effectively remove the noise in high-frequency ulirasonic detection signals of flip chip.
Compared with MMP, the proposed method can improve the signal reconstruction accuracy and the clarity of B-scan by adding a small
amount of computation.
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Fig. 1  Inner product of atoms in signal and dictionary

A0 MMP X5 5 247 50 I, R 0 R R R R
KRR G 5%, i 5E s F I KN NxM 155 3%
FRINEAC R B T NxM G2 5, MMP 13T
ZLBER O(MNGY) . T IMMP 7£ 3540 3 7 v i i B B R
SRR 0 R ER/NNBE (n<G) TR ERE R
O(MNKn) , R W3 ik BYARRAE T LA B2 AR S 12 19 1
SR [R) A IR I (R 4R ] D 9 R AT DLk — 2P R s
B,

2.2 EFEH MMP KRR FRIHE %

B ) ] PO N - A [/ SR ==y i1 |
Ji - 22 [ g [R] B o /DN, 25 R ORH m Ay 1) 353 5[] i
WHEAR T Fi Bt ., 2% Ekanadham %5 76 356 Br 50k
(basis pursuit, BP) [0 3& i I $2 H 19 # 22 3% 38 BR
(continuous basis pursuit, CBP) , i FA% Al b e (B 72 3R £
EFReREL, TE5YAL MMP (8Bl 1 AR A6 Ar i (B 75 ok
P B2 [ TR S AR R e s F S LR
PTG MR

i MMP X P (RS P TE AN f5 |, AW I AR
Sy AR EME SR T d,(n=1,2,---,p) . TEJRT
AR 2 HR O Al A 3 SR R R f, R E AR Y
5 n MRS IR S ARG IR/ A R IXCTR] P )

TIieI N [ﬁ,—ﬁ,fn+ﬂ, & 4T

s Sy |l - 3) -av) e
BT d() = d(f,) , 3 MR LR
A .
alr. + 5) =at @)

FA(2) 89 3 DT RET, Horbe(f,) KL
i 3 G R IR O u (f,) AGRHBLGAR T d(f,) 1Y
Bz v (f,) ARTERICEE EEET w(f,) 8950
e, r ARR A A2, 0 s i 55~ 0 46 it 2 1)
By Ak 2 Bs

A
d(f +=
{7, +2)

[ d,(f)

o, —%)

K2 Mg T

Fig.2 Build the continuous atomic library
N A A N )
(00 |1, = 5+ 5 | 2T
A L, R 1, = 5 S+ |
BN f, B i I A sl

2(f -
da(f;) =c(f,) +rCOS( (fLAf")G) “u(f,) +
rsin(z(fi = /)
A

(3)

o) -5
IR IR T AR N

2(f —
d(f,)=c(f,) +rcos( Vit

A
rsin(2(ﬂ -f)
A

9) Culf,) +

e) () ()
5,

a-d(f)=a-c(f) +B-ulf) +y -v() (5)
IR S T A

a, =0

2 2 2, 2

Bty sai- (6)
a,*r,~cos =B, <a,- r

BAAF SR AT LIRR A
Minimize: ||y - g(ai ce(fy) + B, s u(f,) +
Yo v(f)) |l



96 RO O

a4t

a, =0, i=1,2,3,p
staBl+y <a’ 1, i=1,2,3,p (7)
a, *r,ccosb <B, <a,-r, i=1,23,p
= N B.ar, Yy.er o
e Je BT B, = Y = R

Biz + 7:‘2 Biz + 712

M ERIE 5T AFRIR N .
Z(ai.c(f[) +[3i-u(f,,) +')’,~'V(ﬁ)) (8)

w
ho

L

X B R KRR B 5 A LB A = 47
AL BE CHEASCHY A BT R RN e (EMD 1 OMP
MMP FI7E OMP 5 #4) Ji - B 3 A4) 2 3% 2 il P () 5 1
(IOMP) #E47 HEA, i 7 L B Al A 71k
3.1 it

19 A5 g Lt ( signal to noise ratio, SNR) 35 #R %
2% (root mean square error, RMSE) FlfE S GE &t E 1E
Ty S R ERE R PEAN SR AR . SNR PRH BT 1k Jo IR
BT RMSE T4 0] 3 B A 1R 22 5 B T FI MR R 15
o,
3.2 SRAEBEGESIKIE

AT ST R R BR B 7 LRI AL 7 RSk &
) e AR 75 A, ARAS AN [ 288 R4 475 Ay g 00 75 T 8 £
S TEAE S IS TR] 91 1 e 30T P R P L S o e
5™ TR R BB A 3 R,

) ) (™M) () ()

K3 AR ek B
Fig. 3  Simulation model of chip solder ball

B FHRES AR L AL 75 {55 1 Gabor {5 5 B181
P S 4 T IR S AT A b A T SOR

g =%exp(_ T,((t - u)z) ) x cos(2mf(t —u) +¢)

52
(9)
A g RRBANET A TR T IR ;S FoRIET /1
SR u FoRIET WP B SRS, FRRS o &
RIS E, X TYEE S N A Sy e R H#H

WA A I 3 5E 4 T, Hop > N BUES
HSRAEAC BE 551 ASRAE L, /N BRI/ N L Ry dbs 43
R IZBCR 5 )2 EMD BI{ERER kA IX ] E ", OMP |
IOMP \MMP #I IMMP 4B fifi H] A [7] == 82 D, H OMP
IOMP \MMP FI IMMP 12 52 F2 Ho s i 5 A TR]

R RN 05 AR S N 22 MR 45 AN R 4 R,
B 4(a) &ith i EUE BB 15 BRI S5, B 4(b)
JEMA R AR S M5 5T AS TR 2 MO Ik I B
RANE R, Mg OMP IOMP MMP Hl IMMP AH%%¢
TN A WA EMD M gt b 25 bR M5 S rh i g s, B
ST T %o L b 2 My 2 U T AR T i e 4, A
MR | R A5 L de I, 28907 AR R 25 I HoAth
EMET5E, AR P KOS5 T, 45 b 1 2 g
J& ,SNR 1 RMSE f45 R WKl 5 s, 550N, /NEFE
P AR R DL T, A R AP MR, 2 i 4 TR 75 114
BN, 2 MR AR R M A It EMID 7 M S R A A5
T, B R e 2 | i o T P BN, 2 Rl SR A 31 el
e, EMERRRMEO T, I ks T o ks
RAFBinEae 7,

FEWE 75 B ARG G BB, {8 OMP | 1OMP , MMP F1
IMMP AMe5 4 Fh7 k34 R MR i (02 b %
MRS A, OMP MRS R R o B S, [l il DL &
B, TEMH TOMP M5 | H RS ARAIE T IMMP , i
BX — IR IR 2 — 25 5 5 B HL Gabor 7312 [H] 47
TEiR 2% TEMR S T4 T OMP 7RIS Rk 4% 1 ) i
DR, FL%E 22 J5 7 o 1) 7 v B A B, e p i 4 JR 1
e, Toifs Jeyi e U R R 4 SR e R, s
2 — Rl A B T (R B R T B R LR T
ASHINE 2R a L, MR TR T FIYE R BTty
DA HE S AR TR T A e LR T A ik
By 2285/, W26 e P (38 0, B B B9 BT AR
T TR Rt 2 AR S R e A 26 SRS KL £
MR

RTINS ) 54, 48
FAP BT A IMMP WS 5 S i s R REOR
Hop A i, T T 1, i AR AR RS
JRAE 5 B 1 LR P Wr B M2 Bk . M5 S RE R L
PR F 1 B, MR AR T, BB B 0K B 2 11 I 7S 2o B
HABEGES ARG E, MESREL KT 1
B, BEES A MR LR LRR, 45BN, FEWR S
RRRE BT, JLFR 7 15 M5 5 A8 & L AR HE 3L F 1, oAk
55 T R 3 M 75 e R HLJ2 BB MR 7S I 3G o, /1
B EMD 15 5 66 i He K A i | Je sl SR sk
R, MRS L) 55 B A b A B L B M S L
T RBR IS, r 4 5 vk A6 M s 35 R B A B AT
=82



A A AR T O 2 AR VERCIB B 0 B A S R MR 1

97

& 200( " ”‘
g e
= U

0 100 200 300 400 500 6(‘)0
I [ /ns
(a) S HRIE S

(a) The detection signal of the chip

0 100 200 300 400 500 600
I} 1) /ns
() /NI FMESNR=9.083, RMSE=10.928 7
(¢) Wavelet denoising signal, SNR=9.083, RMSE=10.928 7

200
g 100 I
§ 100 O \‘v H\‘ —
0 100 200 300 400 500 600
I &) /ns

(e) OMPZ: ¥, SNR=12.558, RMSE=8.096
(e) OMP denoising signal, SNR=12.558, RMSE=8.096

& 200
ZE 100 i ﬁ "
2 bt fsaforniy
0 100 200 300 400 500 600
i [A)/ns

(b) INWRAE 5, SNR=2.058
(b) The noise signal of the chip, SNR=2.058

& 200 ,
= ( Ma AN &
.F(, 0 " e — ~\| 1A% V\s
2 200 i )
0 100 200 300 400 500 600
i 18] /ns
(d) EMDZ: 8t SNR=11.258 9, RMSE=8.921 0
(d) EMD denoising signal, SNR=11.258 9, RMSE=8.921 0
200 I
§ 100 I, v
& 100 Vit Nf—A—
= ) ,
0 100 200 300 400 500 600
i 18] /ns
(f) IOMPZ: 8, SNR=13.472 5, RMSE=7.861 0
(f) IOMP denoising signal, SNR=13.472 5, RMSE=7.861 0
& 200 .
A AN
0 p——p——
Z 200 = - g
0 100 200 300 400 500 600

i 18] /ns
(h) IMMPZ: 8, SNR=15.092, RMSE=5.670 9
(h) IMMP denoising signal, SNR=15.092, RMSE=5.670 9

SN Vel el F TR RS PR L EE S

Fig.4 Simulation signal of chip ultrasound and denoising results

16
v
A Vv
e ~
15 ‘\,\.\\‘»\1‘ ~v—
T R v —
14 F \'\\ \\ v v
- ~ _ v
NN ~
g : .
) G “a
K2
i RN
F e OMPHB: Sl N\
o [OMPZ B I NN
100 —a- MMP 3 [
v IMMP N
9t
1 1 1 1 1 J
20 40 60 80 100
e 75 4 /%
(b) 7N [F] 25 M 7 1 15 W b B A2
(b) Comparison of SNR of different denoising methods
12
—=— OMPEM
11+ —e— [OMPZEME:
A~ MMP %
ok 7 IMMPZ: B

o} d
il

//./
. —A" v
Ul e ,A(: —
— v

/RMSE

=)
T

// .
o~
~

-
T

200 1
g 100 I
= 0 VI o
g—loo _ d ‘
0 100 200 300 400 500 600
I} &) /ns
(2) MMP 82, SNR=14.163 9, RMSE=6.646 0
(g) MMP denoising signal, SNR=14.163 9, RMSE=6.646 0
A &3
16 P e EMDZM
™~ A IMMP# B
A A
14 + —a_
Ta
g \
ﬂ\ﬂ 12 F e, )
- Sl S
10 | e el
. e
I
8k
o
6 1 1 1 1 1 J
20 40 60 80 100
75 43 EL /%
(a) ANTF) 22 1 77 ¥ FR) £ W B HH e
(a) Comparison of SNR of different denoising methods
2r
20F L] = N
\ ®— EMDZ B
T —A— IMMP%:
16 \
D4t |
= \
Sbl \ /././/'
\ e
10F \ e
\ e
8r \ -
t—:/{ /./_-A»)«,A— Af"/‘
6F o—2 & —4
4 1 1 1 1 1
20 40 60 80 100
75 H 43 E /%
(c) ANTR) 22 1 77 ¥ ¥ 239 7 AR 22 ELABE

(¢) Comparison of RMSE of different denoising methods

’ 2'0 4'0 610 8I0 1(')0
1 75 4 /%
(d) AN 7 2 e 2 B 33 D AR 22 Eh AR

(d) Comparison of RMSE of different denoising methods

5 SNR Il RMSE P4 bRil e
Fig.5 Summary of SNR and RMSE evaluation indicators



98

e M & 2 444

x1 ARAERAE

= O ob &5

RS REE

tt

Table 1 Signal energy ratio values of different

denoising methods

%

e

il /N EMD OMP IOMP MMP IMMP
20 1.0087 0.8845 0.9726 0.9716 0.9705 0.9807
30 1.0380 0.9829 0.9728 0.9699 0.9625 0.9746
40 1.0393 0.9888 0.9673 0.9604 0.9501 0.9729
50 1.0492 1.0562 0.9461 0.9401 0.9377 0.9632
60 1.0680 1.0571 0.9356 0.9345 0.9369 0.9599
70 1.0844 1.0632 0.9493 0.9478 0.9409 0.958 6
80 1.1394 1.0611 1.0419 1.0284 1.0256 0.9782
90 1.1637 1.0724 1.1004 1.0488 1.0772 1.0251
100 1.1734 1.0852 1.1105 1.0607 1.0754 1.0410

(a) BBA A EHESAM 300E
(a) Scanning acoustic microscopy SAM 300E

Pl 6 AR £ A1 FA10-200%200 At
Fig. 6  Ultrasonic testing platform and FA10-200x200 chip

200 |
g Jh “ f’ i mh
= 0 w.xww “ I‘”An*-b‘"" L'mw,.‘l‘ 4\M}MYMI-,.f.m\\v,ww,.a,
z ' |
200 )
0 200 400 600
(@ BHBERFS
(a) The actual signal
100
b ‘ il '
% 0 .'l Wl “ A ‘ B "MI' ‘|“
= (17 1 i
-100 4
200 400 600
(c) EMD% B

(¢) EMD denoising signal

HHX A

FAXF AR

3.3 BIEBERNSKELLE

R T Ak SRR AR SC O R A Rl B O B
(8 6) K £L 528 ( FA10-200 x 200 ) , 6 1 45 %
110 MHz , RAEEA B Ry 551 SR AR & 45 a1 7 iR, H
& 7(a) ATLAFE i, 75 0 — 5B 43 Il {5 5 1 e 75 e
SIS REER 0 [ 3 15 5 19 20 B, DR 0 23 X6 [l 38 15
S TREEAL I . OMP \MMP . IOMP F1 IMMP #5144 FH 48
78 (D e D) | HA LRk TP AR i B A
[F], AL SRS ES 58—,

FEXT SBR[ A 5 AL B 5 AT LR I, /N
WA IRAFAE— RE (MR 7 EMD 22 8 5 il 235 35 1 3 1 ™
LR IR AR AR AR £k, T OMP 212 th
TGS AR, BfE S ARSI, T
W EL BN, ARSI IMMP 25085 7 RENS (7 7
TR0/ 2 S0 P T B 25 o DRGS0 g W 7 R e MR A SR A
FHABREME T RERE A AU R R S 1R R

L - J
(b) FA10-200<200:85 At
(b) FA10-200%200 chip

200 ||
| ' | |
0 MMl “”r VA
| WL v
-200
0 200 400 600
(b) /N R e
(b) Wavelet denoising signal
200
Al
0 A —
I ||‘ |
-200 1
0 200 400 600
(d) OMPZ: g

(d) OMP denoising signal



1 2 A AR Rl 2 B AR VL OB 0 R R R M ik 99
200 200
g 0 v‘llql" g 0 'A‘\'A'.
® '
Z 00 Z 200
0 200 400 600 0 200 400 600
(e) MMP 2 (f) IMMP 2

(e) MMP denoising signal

(f) IMMP denoising signal

B 7B S R P [ 5 2R R

Fig. 7 Denoising effect of the actual high-frequency ultrasonic echo signal of the chip

N TR SO M 7 VR BT AT, B e SRR
PEAT AR Gl FAY B R AT SR, AN AT 8 s, M
Kl 8(a) ATLAE th, i T IR A5 e R FEIRY B R
G Z [ A X 73 I AN o TR, 2% 7f R 15352 g 9 T )
W7, 3 SR BIMERE . AP 8 (b) AT LA Y, £ T AL
T MRS B B 451 R AT AR 551 251> St T 47>

1.0
50 0.8
100 : 0.6
150 = 0.4
200 F
" 0.2
£ 250
= 0
= 300
-0.2
350
400 -0.4
450 06
500 -0.8
550 > -1.0
500 1000 1500 2000
ALE /um
(a) RERERKIBHEREZ
(a) B-scan imaging without denoising
1.0
0.8
0.6
0.4
" ! 0.2
£ 250
= N 0
= 300
-0.2
-0.4
-0.6
-0.8
-1.0
500 1000 1500 2000
A B /um
(b) BERRJE KIBHIRAR

(b) B-scan imaging after denoising

B8 OREFEMERY B 31 BURANFEIE S 1 B S %

Fig. 8 B scan imaging without denoising and B scan imaging

after denoising

A5 8 ARSI B X - RO [, by e 7
o T P A AR ) LSS AN Bl DN BRI B8 B SR e
BRI, (A5 B RGNS

4 & &

A e AT P ARG AR AR R TR B [T 904 £ 32 W
PSSR R) R SR TR T MMP S (E S KRy
15 B B R I BT R A A A S T S
T RS LB, 7 EMII LR RN, 1E L1
AE b B3y 1 MR B R L B ey, 38 5 R 22 BRI 1
T/ [EMD ,OMP . IOMP 1 MMP , RERSTE (R F 15 5 A4
fHE BRI E RS AT REH L BRI, 7ETHE E A0 | IMMP
0 3t DA B R R AR Bk i S A, R it 5
%, IMMP Gl 3 75 2 5 09 J5L 7 B O A 2 3 28 5T
JE | LA B G I+ B B2 TH 55 B ARG B2 AR LE R
PRI o8 4 T IR AR JE AR SCR A I B AT (3
SZ 3k
(1] fads. BRGSO S I2W B D] 3.

PR, 2015,

SU L. Research on high frequency ultrasonic diagnosis of
flip chip flaws [ D]. Wuhan: Huazhong University of
Science and Technology, 2015.

[ 2] BRAND S, CZURRATIS P, HOFFROGGE P, et al.
Extending acoustic microscopy for comprehensive failure
analysis applications [ J]. Journal of Materials Science:
Materials in Electronics, 2011, 22(10) . 1580-1593.

[ 3] MALLAT S G, ZHANG Z F. Matching pursuits with
time-frequency dictionaries [ J ]. IEEE Transactions on
Signal Processing, 1993, 41(12) . 3397-3415.

[4] LIANG W, QUE P W, LEI H M, et al. Matching
pursuit for decomposition and approximation of ultrasonic
pulse-echo wavelet and its application in ultrasonic
nondestructive evaluation[ J]. Review of Scientific Instru-
ments, 2008, 79(7) . 075105.

(5] MU, SKEH, RER. —Fh TS (55 R
AR AR b T A AL TR ()] AR AR,



100

O % 2 i

a4t

(6]

(7]

[8]

(9]

[10]

(11]

[12]

[13]

2022, 43(4) . 234-245.

JIAO J P, ZHANG J W, CHEN CH H. An ultrasonic
signal denoising method using overlapping group sparse
variational processing based on non-convex penalty
function[ J ]. Chinese Journal of Scientific Instrument,
2022, 43(4) . 234-245.

TROPP J A, GILBERT A C. Signal recovery from
random  measurements  via  orthogonal  matching
pursuit[ J]. TEEE Transactions on Information Theory,
2007, 53(12) ; 4655-4666.

MIEFS, sk, £ x#. 2T BCC-OMP AL 5T
OrRE ML ()], IR, 2016, 37(9):
2044-2052.

QU ZH W, ZHANG K, WANG Y J. A signal de-noising
algorithm based on the BCC-OMP optimized atomic
decomposition [ J ]. Chinese Journal of Scientific
Instrument, 2016, 37(9) :2044-2052.

YU X, HUANG H, XIE W, et al. Simulation research
on sparse reconstruction for defect signals of flip chip
based on high-frequency ultrasound [ J]. Applied Sci-
ences, 2020, DOI:; 10.3390/app10041292.

KWON S, WANG J, SHIM B. Multipath matching
pursuit[ J]. TEEE Transactions on Information Theory,
2014, 60(5) : 2986-3001.

PATI Y C, REZAIIFAR R, KRISHNAPRASAD P S.
Orthogonal matching pursuit: Recursive function approxi-
mation with applications to wavelet decomposition[ C ].
of 27th Asilomar
Conference on Signals, Systems and Computers, 1993.
TIBSHIRANI R. Regression shrinkage and selection via

the lasso: A retrospective [ J ]. Journal of the Royal

Proceedings of the Proceedings

Statistical Society Series B-Statistical Methodology,
2011, 73, 273-282.
GORODNITSKY I F, RAO B D. Sparse signal

reconstruction from limited data using FOCUSS: A re-
weighted minimum norm algorithm[ J]. TEEE Transactions
on Signal Processing, 1997, 45(3): 600-616.

EKANADHAM C, TRANCHINA D, SIMONCELLI E.
Recovery of sparse translation-invariant signals with
continuous basis pursuit [ J ]. IEEE Transactions on

Signal Processing, 2011, 59(10) ; 4735-4744.

[14] LU Y, MICHAELS J E. Numerical implementation of
matching pursuit for the analysis of complex ultrasonic
signals[ J]. IEEE Transactions on Ultrasonics Ferroelect-
rics and Frequency Control, 2008, 55(1); 173-182.

[15] ZHANG G M, ZHANG C Z, HARVEY D M. Sparse

signal representation and its applications in ultrasonic
NDE[J]. Ultrasonics, 2012, 52(3) : 351-363.

[16] KOPSINIS Y, MCLAUGHLIN S.

Development  of
EMD-based denoising methods inspired by wavelet thres-
holding [ J]. IEEE Transactions on Signal Processing,
2009, 57(4) . 1351-1362.

[17] WU B, HUANG Y, KRISHNASWAMY S. A Bayesian

approach for sparse flaw detection from noisy signals for
ultrasonic NDT[J]. NDT & E International, 2017, 85
76-85.

fEEE N

A, 2012 AFFRAG HA = H 2P T
[y R DA WS R e = S B ves ] T R K
MU TR # B 4%, FEWF 5 T7 10 R 5 5 ik
PH BRI W RS R R
E-mail ; like_jiangnan@ 163. com

Li Ke received his Ph. D. degree in mechatronic engineering
from Mie University in 2012. He is currently the dean of Junyuan
College and a professor in School of Mechanical Engineering at
Jiangnan University. His main research interests include signal
processing, fault diagnosis and structural health monitoring.
BEGEEER) 2009 4T 7 & K4
PAF A EAL, 2015 AR TAE R A 3RS
L e VA D PN PN Y B € s 2 0
LWL GRS S R B & NN A= (S N B0
BRI FRA2 0T
E-mail ; lei_su2015@ jiangnan. edu. cn

Su Lei ( Corresponding author) received his B. Sc. degree
from Qingdao University in 2009, and Ph.D. degree from
Huazhong University of Science and Technology in 2015. He is
currently an associate professor at Jiangnan University. His main
research interests include microelectronics packaging and testing,

signal processing, image processing and fault diagnosis.



