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High-resolution DOA estimation method based on Khatri—Rao product
in presence of element failure

TAN Weijie, FENG Xi’an, ZHANG Yangmei
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Abstract: An array freedom recovery method based on Khatri—Rao(KR) product and a high resolution
estimation method based on Toeplitz matrix data reconstruction is proposed in order to resolve the array
element failure of uniform linear array in DOA estimation. Firstly, the damaged sample covariance matrix
is processed by KR product. The difference co-array conception is used to recover the degrees of freedom
of array failure and double the array aperture. The processed model is equivalent to a coherent sources
estimation problem of single snapshot under determined noise. Then, the Toeplitz matrix data
reconstruction is used for the de-coherence of the sources. Finally, the DOA is estimated by traditional
MUSIC method. Due to the exploitation of the reconstructed and extended virtual array aperture, the
proposed method can estimate the DOA effectively in the failure of array element case. Numerical
simulations demonstrate the effectiveness and low computational complexity of the proposed method.

Keywords: array element failure; degree of freedom recovery; Toeplitz matrix data reconstruction;

high resolution DOA

P55 5 Ab 02 B AR . U0 58 A0 B SRR, AE — i SCHR BB S B TR S AF Y o SR, AE SE BRI
FA, T REREE . AR T LR BT Al . W TT A B AR S B 22 S, T 4% A IR R A A
JCHAEK T 4, AEETIME 2 5%, B ICHIR MR T K, BE T 28 28023 B VR 4 5 2 91 g %) T A Xof k1
B STHE, BB A S R L, BB K B, PR LT R ST MR, e s A | S
PEEOR M EBUE T8 B SRR IR 6, QAR 7E B 0 2R S80I B0 1 52 [ 51 1 P BB U T S R ABIE SR 1Y ()

BEXTBE TR L, | R 2% 3 43 5 DB ST S 300 T B B Pk R AR S ), o ST R 0BT Al O B 55 MR T e IR A, DA
T A8 T A SR B 6 ) R T T T BB SE o Bl B O Sk T B P RE RS L BFSE A AT T )
Wi AHA: 2015-07-02; fEEIEHE: 2016-01-11
E&UH: HEARPHFESTEITIH61271414)




48 AHZBEERFERFER 515 %

SRR A IR RS R TR e R AR T A S T B R ) O P A R B ) P R S . (ELE AT 4 Hh R
TOR B OLT B TT R S B 15 5 AR BT vk o B X B 0 Ak Ak A B e RO Y 55 2 T s TR R, SCHR [5- 6138 ai X
R R TT ) i AT 0N | ANCEE O Al B O R AW S5 M, e v BE RS ] P L B R AR T B AT SRR A2 TR, SC
FIK [ 7817301 368 i ¥ 20 S0 00 T L L P T A ) 75 3 R A AR B DT A5 5 o AR B A AR AR A R e ) £ S B
A7 1B S ARG B RE AR, 30 A I O R SRR SRR T i e, R S e Y A B ST G RO B el A AU R
BEGIAE S, BEAT o B0 7 LA T AR O B A A5 S A B eh ) RSN A . Yerriswamy 45 UUFE BT
B A 19 1L s P B AIL 23 A 9 TR T, 4R R e R R R SR TS 1) T 9 SR A ) A s i R R L AR AR R
S L SR P R SR 732 R AT FURR D7 2 AG T o A S B oy AR B9 28 I 308 45 ) B AIL 2 A1 4% 7 1 A B[] s ik A2
B T IR 22 5 8Os A 5 — (07 18 0 2 B BT g B, AT B A392007 TR R 8. B AR S5 1125 I T 28 IRDSR A vh B — 14 51
S8 A PR BE R SR AR B0 T A9 R AST, 5 HR R 25 B 2 0 1 ) 45 LR, e R BE — R SRR L Y B
(o A5 0 H0 0 K ML 23 A1 2% 1, 3 T (7 850 25 28 O — AP R R P SR SR () R 32 7 1 B R A D 17— P SC A IR 3 R
PRI 25 I R AR B ML A, (HAFAE 2 D E S IE, B, B E ARG RO PR T R A PR AR AL P, SRR AR R
ZAF, ORISR T FESU Y A B . 5340, A DRAA BEAT B 5T T o 0 T SRR R, AL PR I TR R B

AR SO X 1 50 4R 5 [ DA I 0 2R 38 2 A T RO R S TR R, A A e B T 4 s S BE AL 3 A, T 2R 8 B0 i i
—PRYHEOLT, PR T KR B B RE S A iy B2 KA D5 1k DL K Toeplitz i B £ dis A Y DOA it J5 1% .
207 118 0 25 G A AR O 5 — RE AR L B A L B TR A 2, E TR ] Toeplitz P KR A R M ke
KR B4k B )i AR T 1008, 15 SR AL S8 MUSIC 5 i BEAT H bR 89 05 LAk T o BUE O B3R T %07 IR B9 A 3L
PEAISE I

1 &I FEER

B L AL S RIS, A K AT E A4 HAR (550 DGS9y 7 B IS B 51 L R
R I 25 8,(8) . t=12T o k=12 K o J & 5% B9 L 0 5 2 6 B AT L 427
K
x(t)= Za((pk )Sk (t)+n(t) = As(t) + n(t) (1)

k=1
T

. '2ld15in( ) 'ﬂdL—l sin(gy ) — — .
K a(p)=|Le 7 e AT eC ol g MBI R K, d, BRMEICRE, di=d(-1), i=12,,L.

N%ﬁﬁmem,é@=mMmmwd4MM%M@FDmewWHWTdyﬂﬁwﬁm%ﬁ%%ﬁ&;
A:[a((pl),a(%),m,a((p,( )]ﬁﬂ[yﬁﬂﬁf&;ﬁfﬁ s () IR 7 22K of Wk S7 00 A, 2eom N s(t) =[s, (1), S, (1), 8, (D] 5
WEFE n(t) M 5 50404 NC(0,02) B9 2 7 IR 4 A5 BEALAE B, B9800, 728 of o IRALE S x(OI W7 22 M
[ LR N -

2
O,
; K
R, =E[x(t)x"(t)]=4 <P AY + o= AR A" + 5 1 = Zo,fa(¢k " (p,)+ o1 @
k=1
ok
L Ry =E[st)s" (V)] =diag([o7,05,,0p]) € R MG IR I 225005 5 o NEE K MG TR TR 5 T 8RB A B4
. Ix )
Oy =?Zsk(t)sk(t) k=12-,K -
t=1

SEBRv, BT 2SR SRR R, AT A SR I 8] JE RS A1 B0 T A BE RS W A4S T o — e O 28 0 T L e
1 AT SRR T 0 25 B R AR AT

R 1< "
&f;;wmm (4)
U7 31 50 2 I P 7 2 R, T LA
R, —ol=AR A" + E (5)

E M55 (p, ) BRI TCE N



%1 EFEARE: BFELk TETF Khatri-Rao FREIF 4 #8i [8 77 7% 49

1 T K . . 1 K K . 1 T K . .
Epq :;ZJZJ ALAS, (t)s,-<t>+;;; Ags (t)n (t)+;;;np<t>si (A, +

o (6)
?an(t)g;(t)—azlpq 1<pg<L
t=1

2 ETESEENEIMENA X
2.1 & F Khatri-Rao TREYZ & 1EFE I DOA it 5%

TEA K B 7S 5 0 R, ] AR P T M B Ry, W LA SRR RS B e Y, BRI
g 0 2 ] o

K
z=Vec(R,,) =vec{20§a(¢k)a}‘(¢k )}o-zln :[A* A4 ] p+o’l,=B-p+o’l, (7)

k=1
Kif: A'04=[a"(p)®a(p),.a"(p)®alp)]; p=[07,05,0" 5 1,=[e] ey, eyl &FmbBRTH A 1,
HAeWA T 0 WiE; oF R KR ; ® %R Kronecker B () FRLAT; O"FRMLGiEE, LB )
M), 2 HEFHEIREN 4”0 A4 WRPRINEIIRES, WA —E kR E o', .

WYL ENES R 4 Mk, A o4 &2 0FEoEmn— KR ERES, Ko TES
D:{di—dj,léi,jéL} (dy BTG E) . TR ENZAE N BT, HEX SRR T E T
I T 2R R0 O 3 B T A 6, IR 4 O R4 B T AR A8k T RE

Z M R, KR APE, 20k m g b (5)15 BBy .

z=Vec(R,)=[ 4" ©A |p+o’l,+7n (8)

K p=vec(E) . X FTHAGMB LT T, ZERFEI A ATRERAELN, Lo ol 3%t H v i % 22 8 15
J6, K@) T WEEATIMECEY, #RGESER AT EHE, W LA )

i=B-p+cid+é 9)

BEHipEfRRIKEe, e A | DmEBEXMNNMKH EXNXNATE, o 2P OMNENTERRE N 1, RN
0 My —A> )i KR 7 R W g —id e, WISK(9)ATLAE R

i=B-p+e (10)

AR Ry — B R TR BLHEAT A T AT AR A T AR B, B 2 o — O Tt A SRR Y R
AE R

K% 2% Hermitian xtFk, B[] =[z]S, . PILAT LRSI 6050 R 19 J7 2001 1 A Teoplitz I -
[z, [z, -[E]

[zl [gl [z,

R= (11)

[Z]ZL—l [5]2L-2 "'[Z]L
Rofrs L=(z+1)/2, |5 30 2 PIRRAIGNEC HARAG R0 H 0T LU o 320 0 A 3

22 BETERANE R T E & 1E BB 4 47
LT MR OO AR R TT R 1S 0, SR AR HLI MR SR R 1 Nk B T T AR 22

55 oA 3P T S AR W TE 5 A B B R S (o 0 A B 135 8, U 3 35 4 A M T B AT T A R

2—“ . sind .

SO e B 0 BRI, FR W a () o TE B SR

J

(R B RS I AT, AT Mm% a(p)diil e 2
PEEAT 22 A AERR AL B LG, 3 B A5 A0 B B T o7 K O

Dipaie = {0~} ={d } (12)
Ao dy o d, 43 R B G P R TE B AL s Dy 9 2 A AL BT A HE AR T BB . Ymn=1,2,,L
VK=-M+1L-M +2,:,0,- M 1 i1 225 AE R0 HE, 50473 A B 1) 3 8 T L) 2o Dy s (13)1),



50 AHZBEERFERFER 515 %

Appais O Aipair =[VeC(ac(9))ag (), vec(a (¢ )a,' (¢.))] (13)

b Ay, FR A SR TC 45 A3 B 41 L 20 P (S B 2R AR T L B AL 0 TR AR .

25 G R B 0 R R

1) %4d, =d.vmn=12-MH#f, d =d, —d =0;

2) Mm=n, dfED,,, BEEZWK, MF=ETTAR;

3) AT EAEBHAILE, @it KR AU FRAT S0 0 B 000 T, 300K M 7 6 By 4 07 AT BB 4 E T AR, A
{14 B T 2 A1 5 i) 2 B TR 8RR

AR AR Dy A RVFE L BB TR T | DR TCI L E . 2y RN Dy T AT BLIX
ﬁ%&ﬁ%%%,#ﬁﬁﬁﬁ,%z%jﬁﬁ%DmWLﬁ&%@M%ﬁﬁeMﬂmoﬁiﬁ@?@%:%ﬁ
B ST A 3 5 BB ATL 43 A1 4 35405 S BB (L—-2) /2

i ok 25 A VR AL B, R BT 25 1) e A T AR BRI RE UL B T X L T AR T, SRR R R T R T R R SE A
JIT AR (88 P A% e 40040 W o 9 B B R0 (1), i R P 22 6 I b 3RS 19 B B0 ABE A8 (10, 3R AT LA B3R 2 280 4 I 11
S, E S DR AU 5 S IR AT DOA it B AL Sy — A BRI AR T AN TR, R O
FARR AT AN T A, B R, AR SCHE R F 36 T Toeplitz 41 M 40 544 19 7 15 25 M1 TSR i 4T DOA 1t
23 Eikiniz

fEE < 40005 M T o BEAIL A3 A, 4000054 A R o B e A B — 2k o

BT RN ITTEIERE x(1) 5

AR 2 T P O R I R A T T AR L

If equal
K ML G2+ 25 (8] 26 5 ¥ #6417 DOA fhiit .
end

else

H 4l x (t) 38 RS 4R e I B S, B ES, RIELMEES
XTECHE x(t) SKRAE U 7 2256 B, % I 1) Ak
Mz R X R Y 25 R B TR XN, RO, ACEE, HEF AR R 1 i 7
T Teoplitz H M IE AT 5045 EAI A5 R ©
% MUSIC 5k #5647 07 A1t .

end

T 7 45

3 FESSH

AT T KR FRFES [ ih BEAK 2 J7 %k UL K Toeplitz KR I 5040 04 09 w55 23 B4 11 07 W6 047 0 B 00 Fr, DUSRIE
SEE A R

SEH Ve 225 VR MY HE LR ST 23 B

TE T BT AT 7 B B S R R ST A B 0 10 A, ELBCE ME o058 H A G B oo H A — 2 o S e e 4
Wroo o B REAL T BURS , R KR BUAR B1 5 (9 22 & V8 MR A2 40 0 B DT mT R o 4R U3 B e A B RE LR BL, 40 B T
AN BUAE BRI P , XA O R 22 A VR RE AT LSS KA SE A BT B R ILOL B, MRS H N MR & E
2(M-1), EFETTME 1R o ERGFECA 1A BRI —5, MR CE 1(b)FrR . 7e Moo i
BENLHBLATE o0 T, dad KR BRUAR BHUS 7™ A 09 25 6 10 B 400 RE A AR G s R S BB 1) 11 ol B2 o SCRR[ 1T AR IR B =S
I R0 BE AL 0 A 8 D0 T, 3 aeh R B B 14 0 Ok B A P 3 1 o R fE X R BB — U O T R AN BE B 58 4
SERY o T3 A SCHR[ 1275 58 2o 72 A I ) S R UM 5 B A b BEOR AR S B e et , S ARRAR M9 A iy BE RS2 Ay, Rt
5 IT A, TR S B A AR D, S AR A LI R ] P [ R O R AR M T, FEAEAL B 1 A BEL S A Y
FEFE AR I A PRAA L 2 B e R K A R, — T T 5 ik SRR A R, 55— T T2 A B[R] A SO
HHRERSRK.

S 2. FEITRACT (9 DOA it RE 7Bt

SRR BOERES N LRI, BT RO 10 4>, BETTRERE R, Hbs s AR T2 Hax,



%1 BERE . FEILRMTET Khatri-Rao PRI B 4 820l [3) 7 7% 51

HARAECH 74 WA 30 0, J52h 1 BB IR, SAGEMR L 10 dB. AT 2 A48T i it Ik
A5 S TR A2 10 JoHI SR BB, FE oG] B~

o f e L f
[m}
£ sF i ‘ i intact array | g 8F ‘ T i mtact array |
2, impairing array &
g | ‘ T / s impairing array ‘ ‘ T
= =)
g u 5 ¢k
g 6 ¥ i £ ¥
s 3
b (5]
i NI NE
g 4 " 7 Z
2 5
8 ) S
: | T : \ :
g 2F ®© oo z 2r
=
1it] 111 :
-10 -6 -2 2 6 10 -10 10
virtual element position in difference co-array V1rtual element posltlon in dlfference co-array

(@ (b)
Fig.1 Virtual element position in difference co-array
K1 22 A VR e PR o B

1) /N B AE LA

Hrb A 4 AT ABEPL A I AR, I BAE B o0 e 9 e v o OF H bR B TR BR 2 Dy 40, (R L
A 10 dB, PAAECH 100 ¥k, RIS MUSIC #1 Teoplitz 0 544 75 % 4391 %F [-90°,90°1 % 38 h L 10 [7] B
PEATAAA , S UEIZ 7 VR 0 D )RS B R LA K B Ny BRPERE  AnIAT 2 o o FEREHLI L 4 BT AT, R
F-# MUSIC Fl Teoplitz ¥045 B A4 J7 ¥4 1) DOA 177 ik, B REIE B A5 1 10 H A 49 75 (4, 101 6 =22 i A9 £ %, MUSIC
T5 i E A TIEERAG T B bR 87 6L

2) I re i 22 5 A RE o B RGO R

2 H AR AR 30~12°48 4L, HEAT 200 RS2 RI% 28, 20 A 2 A HARAY-F 100 ) g 22, anl&l 3 Fios .
2 5 5 1] B 8 T 4% I, 3T Teoplitz 4 544 77 12 19 DOA Al 1177 12 (4 I 1w i 22 72 I a0, A1 2 [ B R T 9°
R N 1o i 22 3T DL A, WAV R — b I D A I 1 5 %

bias/(°)

source 2

normalized power spectrum/dB

. <+— true DOA
1 . 1 . 1

T30 0 30 a 6 9 12
angle/(°)

angle separation/(°)

Fig.2 Resolution performance comparison Fig.3 Bias versus angle separation

B2 BohsrBHERBLLR Pl 3 S 22 B 5 A IR A 2
3) fe/NE TR 22 AR
B 2 A SFDRME S MR 50, PRIBCh 200 &, Hr 4 ANFETREPL R, 2M{EME N -10 dB #
20 dB b Af, #EFT 200 IRSEEERIE LK, R MUSIC(GE A KR-SS-MUSIC)#ll KR-Toeplitz-MUSIC {5 B
SR ) 2 7 MR AR 22 o E LHITTARIR 22 (RMSE) A -
M K

1 nm m
RMSE:\/WZZ(Hk —oMy (14)

m=1 k=1
e MR EG R T ISR RS0 BLUEG KW ASHE S AE0G 60 R of 4351055 m UGk 5 sl k A5 5 07 1)
F18) L S AR AR TR




52 AHZBEERFERFER 515 %

& 4 alAE, 2 MOr R AEERILR T S dB, BAMRIR2E AR 10, BEEEME LA, 35 iR 22 ok
/N, {HJE KR-Toeplitz-MUSIC 9315 & 7% & 2 /N F KR-SS-MUSIC .

MAIE R EE N 4°, HFMHRLEZEN S dB, PFFM 50 2 500 MAE, 200 WSLKESFH4 M 3 iR 2. h K
S AlAEL, TEPIAECH 150 Yk, S 8RR 2E AR F] 10, X A 51445 MUSIC i, BN BE T
BUR X800 18] 34 7 MR 25 AR A, O Ui A BEANIE T Toeplitz A1 W4 B0 A 19 77 25 RE W6 76 3G 1 B AT AH ) M BE
FER N MR AR SR U Ty B, AR mACE B, 5 B R iR E R

, 107
10 ' ' ' ' ' —« KR-Toeplitz-MUSIC
—«— KR-Toeplitz-MUSIC —%— KR-SS-MUSIC
—— KR-SS-MUSIC .
10
10! m
> =
3 z I
= o
o
0
10 10"
-1 L | 107 1 I
10 n - 0 - 0 - 20 50 200 350 500
Rew/dB snapshot number
Fig.4 RMSE vs. SNR Fig.5 RMSE vs. snapshot
4 FEFARME 3 AR IR 22 I & 5 B Hennn By iRz h 2

4 it

R BRI 2B B A5 b B b B L W 5T N 45 o BT R S SR 5 [ b i B ST R 2 m) AL, 42 11 BE T Khatri-Rao
FRAL PR R 5 1)y B2 T5 i, RIVP 7 28 R AU R A i A B I AR 5 e i, R IR B A2 4000 [ 51 11 o )
FLEge T T 228 M M RO 4 v T U0 B 9 A 1 bl B2, 20 3SR T F- 3 BOR R Toeplitz i P4 K418 #0449 ok Xof 26 4%
AR T RS BB AT AL 3] 0 AR LR 5, SR Toeplitz AH P 448 A L AH T AL BTSN AR (HOR, 3X 2 PO ik AR %
A A E] KR BUAL B B FES A th B, Ay it — 25 FH & 1 B A B SR 1 B il R T — P E AT N A
T3S TTH O R AR BERLIE , e BRARIZ DT R TR RE , R ZE— P BT A

£ % 30k
(1] RUER A 2 2] 2 W B T sl 450 %0 9l R T 16 161 82 0 (9 23 Mr (D] BAC L R, 2009,32(8):106-108. (ZHU Dezhi,

YAN Fengjun. Analysis about impact of uniform linear array defect on beam pattern[J]. Modern Electronics Technique,
2009,32(8):106-108.)

(2] ARUERED % 3 5) LR M O et X 1 A A 00 A 52 WA 23 B (D], R 26 B 27 5 e 7 {5 2o 4l 2009,7(5):398-403.
(ZHU Dezhi,YAN Fengjun. Influence of damaged sources of ULA on detection[]J]. Journal of Terahertz Science and
Electronic Information Technology, 2009,7(5):398-403.)

(31 Zer akBg. 3550 B B B 0 s 45008 9 91 Oy 1) P52 o 1 23 A (0], A S Ak B R 5 0, 2010,29(9):31-39. (LI Zheng,
ZHANG Shu. Analysis of the array pattern with defect array element in the uniform circle array[J]. Techniques of
Automation and Applications, 2010,29(9):31-39.)

(41 & BRI S A8 BEICR AL B0 T B9 STAP PERENTFE(T]. L7742, 2009.37(9):2096-2101. (GAO Fei,CHEN Hui,
XIE Wenchong,et al. STAP performance research on element failure[J]. Acta Electronica Sinica, 2009,37(9):2096-2101.)

[5] CUI Lin,LLI Ya’an. The method research of beamforming with array-element failure[C]// International Conference on
Computer,Mechatronics,Control and Electronic Engineering(CMCE). Changchun, China:[s.n.], 2010:111-114.

[6] TR FBAE 8RR FEOCR B N 4B DA R A 7 iR 0], R G 07 5, 2009,21(19):6017-6019.
(XU Zhaoyang,ZHANG Xinhua,HAN Dong.et al. Optimized method of beamforming for towed linear arrays in presence of
element failure[J]. Journal of System Simulation, 2009,21(19): 6017-6019.)

[7] BvE 2808 C Ak G N BE 50 TE X W T 2R 800 e it R 3 37 75 4 B FE A 45 2R A SE R A3 BT (). 75 22 R, 2014,33(4):
352-358. (YANG Yang,CAI Pengfei,CHU Zhigang. The influence of array geometry and element failure on SONAH
reconstruction results[J]. Technical Acoustics, 2014,33(4):352-358.)

[81 FKECIE, R =30, A B I 2 F MR & L FLAR A5 R BR [1]. 7 H0R, 2015,23(4):280-285. (ZHANG Yuanbiao,
ZHU Sanwen. Imaging of multi-receiver SAS with Faulty Array Element[]J]. Torpedo Technology, 2015,23(4):280-285.)



R BHEAE: Bk TE T Khatri-Rao FREIH 5 3l @ 7 53

[9] TRWIMH.HEHLEEE. & TF5EMWFES KR ME T 201, THEPL TR, 2009,35(1):255-256. (XU Zhaoyang,
ZHANG Xinhua,KANG Chunyu. Array failure correction method based on signal-reconstruction[J]. Computer Engineering.
2009,35(1):255-256.)

[10] 25 S 0l o, 00 00 4 T 2 gk 8 1) S 7 DOA G THBE0E (I, ROBF 22 Bk 5 L 115 B4, 2013,11(5):765-769.
(SU Zhigang, WEN Zhou,LIU Haitao,et al. DOA estimation of wideband signal based on keystone transform[J]. Journal of
Terahertz Science and Electronic Information Technology, 2013,11(5):765-769.)

[11] YERRISWAMY T,JAGADEESHA S N. Fault tolerant matrix pencil method for direction of arrival estimation[]J]. Signal &
Image Processing, 2011,2(3):55-67.

[12] WA B R AR A BRA (5 B R PR AR B O R A2 T 2 (1. P& L T R RS 24 41, 2014,41(5):30-35. (YANG
Dong,LIAO Guisheng,ZHU Shengqi,et al. Improved low-rank recovery method for sparsely sampled data in array signal
processing[J]. Journal of Xidian University, 2014,41(5):30-35.)

[13] MA W K,HSIEH T H,CHI C Y. DOA estimation of quasi-stationary signals VIA Khatri—Rao subspace[C]// IEEE International
Conference on Acoustics,Speech and Signal Processing(ICASSP). Taipei,China:[s.n.], 2009:2165-2168.

[14] MA W K,HSIEH T H,CHI C Y. DOA estimation of quasi-stationary signals with less sensors than sources and unknown
spatial noise covariance: a Khatri—-Rao subspace approach[J]. IEEE Transactions on Signal Processing, 2010,58(4):2168—-
2180.

[15] ZHU C,WANG W,CHEN H,et al. Impaired sensor diagnosis, beamforming and DOA estimation with difference co-array
processing[J]. IEEE Sensors Journal, 2015,15(7):773-780.

1EE=I:
BEARO0981-), H, A SHAE N, TEEE BER(1962-), B, BITH PR A, 2T,
Mg, EEOFFE I m N EESES AR A4S0, FEME TN AESSESAH.

75 PRE A 5 1% .email:tanweijie@hotmail.com.

WA (1982-), &, PHLm A, TR AT
Feds, FEEHIETT KT HAREI S5

(B85 28 TD)

[7] WANG Y,MINAMIDE H,TANG M,et al. Study of water concentration measurement in thin tissues with terahertz-wave parametric
source[J]. Optics Express, 2013,18(15):15504-15512.

[8] WANGY Y,NOTAKE T,TANG M,et al. Terahertz-wave water concentration and distribution measurement in thin biotissue
based on a novel sample preparation[J]. Physics in Medicine and Biology, 2011,56(14):4517-4518.

(9] MM B T sk d A5 AR A e SUBE K G B2 i K 2% I O[], 20805 =K P2 3z, 2014,33(3):263-267. (YANG
Hang,ZHAO Hongwei,ZHANG Jianbing,et al. The dehydration processes of biological tissues investigated by terahertz time-
domain spectroscopy[J]. Journal of Infrared and Millimeter Waves, 2014,33(3):263-267.)

[10] YANG Yuping,LEI Xiangyun,YUE Ai,et al. Temperature-dependent THz vibrational spectra of clenbuterol hydrochloride[J].
Science China:Physics, Mechanics & Astronomy, 2013,56(4):713-717.

[11] CECILIE Ronne,LARS Thrane,PER-OLOF Astrand,et al. Investigation of the temperature dependence of dielectric relaxation
in liquid water by THz reflection spectroscopy and molecular dynamics simulation[J]. Journal of Chemical Physics,

1997,107(14):5319-5331.

EE®IT:

g m(1991-), Z, WMAbERED A, 1 BEF1976-), &, WREEMIA,
i R e e X AN LS N B APz, ML AERIW, BV Kb 2% Otk
fif .email: 1511676741 @qq.com. 5 {14 .email:ypyang_cun@126.com.




