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THz pulse signal sampling and recovery based on the finite rate of innovation

WANG Min, QIU Yubao
(National Laboratory of Radar Signal Processing, Xidian University, Xi'an Shaanxi 710071, China)

Abstract: In the traditional signal sampling based on Nyquist sampling theorem, the sampling rate
must be at least two times of signal bandwidth in order to guarantee the non distortion in recovering the
original signal; but for terahertz pulse signal, its pulse width is extremely narrow, up to picosecond level,
therefore, its bandwidth is up to hundreds of GHz, that will bring great pressure to the hardware if we
follow the traditional Nyquist sampling frequency, and sometimes cannot be achieved. A new sampling
theory—Finite Rate of Innovation(FRI) theory is introduced. By choosing suitable sampling kernel function,
sampling can be performed at the rate higher than the signal rate of innovation. The free parameters can be
estimated through subspace algorithm, and the original signal can be reconstructed. The sampling
accuracy of FRI sampling theory and the effectiveness of subspace algorithm for signal reconstruction are
verified through the time delay estimation error of the THz pulse signal.

Key words: Finite Rate of Innovation; sampling rate; THz pulse signal; subspace algorithm

AR, KbF2% (Terahertz, fiiFK THz)H ARG 0 FH 05 BRFArb, KBR%E Bk b V8 S Kbk 2% Ho R & e i 2
Jrial, )T KA E N ANRHIE TAE# BT E AL, LIE.jﬂi(ﬁ?ﬁﬂﬂ({qjﬁ—ﬁﬁ/hﬁ’]ﬂﬂ({q‘fg, DL I K 2% Tk o A7 5 B
RE R EEE BT . T KB ZE Mk ol 03X —Fe o, ETEY A . AW BEY . Rk . IR . Tl g .

ZEEEAE . MR R AR L A Tl f%%%%u&ﬂ‘g‘ff i 35K 14 157 FH A SR AR AR AR W i, — TR B g R
21 P A 2% ok i B B Rz 1k S B0 S M A% iR (Deoxyribonucleic Acid, DNA) 473 A9 [R] Bt 7T DUARE ¥E 25 P o 9 A R,
BB B R X B A, PR G R e 3 A T DL FH KR 22 Bk v AT IR YT o ARG S SRR R A 48 W R R B
% PRAE R AR R D BAF S W0 2 A5 A BRI IE O R EH R & R IR AR o (X TR Kb 5 S, BT
BBk AE, nlil R gn), R E R Sl IS8 E GHz, WSR2 L 5 09 2 B3R R BE A0 R AT RS 4
A RIR KW R T7, BB EE R IO SE B o UG 1 R IR (o T A e B, 7 22 B R — T 10 SR e L3 X o 2%
ik 115 S AT REE VAP R L R, 2002 = Vetterli %8 A 42 1 194 B #7 B 2R (Finite Rate of Innovation, FRI)Hif
A5 HRAE L RE AR T —FB i kP70, PRI BE 5 X TR S 505 5 ik oh B (5 5 r B 25 5,
EATER AT LA A BRECH 1 A R SRk R, B BT[] V‘] H S8R NG S B R Wik e T
FEFRARMES, G FRIMES . X T FRIfFS, @854S MR KA, #nl LLE TS5 B %R
isBHHEE: 2014-04-24; fEEHHEE: 2014-08-12

EEWAH: EEARFFES R (61271290,61172137,61072108,61372136); e i B HEARIF I 45 2% % 08¢ 4 % I3 H (7214497002) 5
B e AT FE 42 B0 H (NCET-10-0668)




45 3 4] I #HE - ETERFTESERN THz Bk ES REFMRE 379

FR B RO AT R BT HEm R — ARSI A S R, —BRE SR EREZEM THESHERA, X
BERE R R BEAR TR FESE % . FRI BISHFIT 1915 5 35 B A0 5 — 26 Ry AS [R] sf 228 10 B8 2R Mk 4L R i ik o B 555 L rBE 2
T DL K AR SRS A T o X TF FRIAS S, H I BCRAEAZ R 222 sine RAFERE, B SEFr & — B (R E

VLA, HALH FE Y sine REEEE X
sin (mt)
g (1)
FRI CRAE IS 2 AN SC B ) B 2 15 5 A8 e 3 A5 B M AR I S Al Bk o A5 5 28 3 45 8 1 3R U DL

0 7 2 3k L R, T S A R R I T AL I A O i DL K A Al O ik

sinc (t) =

1 BRIFEE

VLI B c, (4.t ) e o 5 x(t) ZE I D [t ] 70 1 i A, OO ) 04 0355 1 95 2

pr(t):lcx(t—%,t+§) (2)
TS LTS 22 0 ok o B8 45 502 — bR UL FRIAS S, B B W FIEA".
x(t):Zakh(t—tk),te[o,r) 3)
k=0

A hORC MBS s {a ), o Bt ) oF SRR 5 3 AE I, B 5 T i 2Rk T DL A A
S WK, IS SAERE ¢ RS A RS RAEOR 2K, I IHE SRR p=2K/7 .

2 ESXREMRE

FIRWMT —A W ¢ WA

x(t)=> ah(t-t)te[0.7) 4
IO L 50 T -
K(O)= 3 X[m]e’ ™ t[o,r) (5)
S of {8 L KR "
x[m]=%j;xa)e“%“dt (6)
KR @@IRAK (), 15
T e

—4@%|gﬂ¢%&%—¢m%m%EH@mﬁﬁo,Lﬂ% A B S L 1 B
%ﬂgl:{—K,—K+l,---,K}’ MEMKERN=2K+1, FHILx6)TE K.

x = HFA (®)
FRv L
x=[ X[-K],X[-K+1],-- X [K]]' (9)
H:diag{lH [_%j’l"' [_ZW(K—D}M,lH (%H (10)
T T T T T T
I ZnK leKtl =K, 1
e’ e’ ¢
(S (1 PEK-1)ty
Fler e .oeT (11)
*JziKlo *jziKtl —i— Kty
L T T e ]




380 AMERZS5BEFEREFER %13 %
A=[ay,8, a8 ,] (12)
XA Hal, & y=H"x, .
y=FA (13)

Rt #R4E = (6)if E 1 B G R E LU, T LA 2 (03) R 3% A 11 J7 12 R Al Tt ek S 0 S
A Z PR TE Tk Ay SRR AR 1 R R TR A A () A T 1, S R R R A e e A I PR AT 9 A

ﬁ_[lo—n]o
) 15 R I

x[o]  X[1] - X[N-1]

X[]  X[2] - X[N]

X[M-1] X[M] - X[M+N-=2]
FEFEMEFE I, X ] LT iR
X = USASV;H + UﬂAﬂVHH

(14)

(15)

X Us B Un 53 500 A5 5 RGPS B 20 35 S R0 5 A R AL 53 530 DR £ 5 RIS 09 X A L B 5 W R W 43 ) S A 5

MR A AT AE S L DU B0 R B Z R T LA B £ B g = e P
zZ=U;-U,

o #
zZ=vV,v}

A () FORBEER D () A () 5B FR B AR 1 AT RIS 14T

3 (FE4ZR

DAL A IR AUV 475 5 A 491) 2 A i 0 S R B A 5 SR AR RN AP B . R MR IR BTk o {5 5 B8 3 ik 50K

! t j2n[fnt+§t2)
h(t)—Frect(?je
A TRk SEE s p=B/T BRI, B NS pREL rect(-) WAL A

(t) L, [t|<T/2
rect| — |=
T) |0, |t|>T/2

Y BT >> 10}

(16)

(17)

(18)

(19)

1 B
H(f) = fl<— 20
H Ol 51 f1=3 (20) 0
S5 o o SRR 758 5 1) e L O 20 80 R R A LS 0 = yryeraE]
CLI S €S CIE ST P G Vi I | stz

Feon R OB R B i, n RR BT RS ) i )

10"

] —&-121GHz|]

—#-1.61 GHz

B0 W PR AR IR L R A LN

<,

Ry =20 log—= 21)
. T
B 9iE 4 1 A0 XF 5 5 1% 24 (Mean Squared Error,
MSE)ZE LN :
2 % 107
1 1 ~
MSE=| — ) [—(z-¢ 22
[sz( LJ (22)
A ¢ FOR AR Ry ¢ FOR AT AR 5 R o S SEaY S N =T
e e 0 2 4 6 8 10 12 14 16 18 20
r R R T M N SRR SR IE . Rew/dB
15 BT L= S A iR N f,=220 GHz, Fig.1 Terahertz pulse signal time delay estimation error

2 1 N 3y N S Sl 2% ik (S B i A TR
{5947 98} B=10 GHz, BkwhSEHEH T=10 ns. JH= AR S T



%331 I #HE - ETERFTESERN THz Bk ES REFMRE 381

)T 7 1 i ok o 53 R AT SR A, Wk o B DAL AR 10 AN phB K e, Bk o R S O Ts=100 ns.

e AR (10) 75 20 09 8 B i U8 R BUR AR IR 2200, B0y S AT AR B AR AR A 25 R, (ER TS
(5L, SEFR 75 20 22 0 00 B 980 R BOR AR T AE o MR ET SC A BB BRSNS A R AR bk o R A
HZ o 20 4, KL 2 /D F 2 21 A8 30 8 XHE 5 3047 R AL o B T PR RS IK oh 45 5 19 vh oo B S 7E 220 GHz,
DAL I B0 B 118 396 56 13 1% DA Tsx220 GHz=22 000 & Hrots , G SR A AT 21 A 90 il a1 , W0 C4R 1={21 990,21 991,---,22 010},
R T WAF A OR i [41,81,121,161 1@ 1B R AL, BISVA R EE 32539122 [0.41,0.81,1.21,1.61] GHz, AT
FE AR T 5 22 B £ W L AR AL il 26 LI 1.

4 it

M 1T AT EAE G IER T 4 dB Jm I AE A IR 22804 1% LT, P2 T4 BB B R B0 15 5 R AR A E A
MR TR R, R IR R R A E B EAT R AR, RAESIR R/ IAF] 10 GHz, PG A FRBTE R
REAR 1 SRAEIT A 1 [R] A O T 615 5 o OF HLREE {5 W LA $ i, b S e 22 ) M R A o o 2R 3k — 20 3
TN SRAE S0 T K, O P S A 3R 2 T — 2B WA, T 8 B AR S, T LA A S AR A S B AR 0 % TR

SE

(1] e 2 S R . R 2% I A0 ) B BT 5 9 BIR 5 2R R [0). RObh 2% B4 2 5 e 77 {7 B 774k, 2013,11(6):827-835.
(FENG Hua,LI Fei,CHEN Tunan. Current situation and future trends for THz-biomedicine[J]. Journal of Terahertz
Science and Electronic Information Technology, 2013,11(6):827-835.)

[2] Baechler G,Freris N,Quick R,et al. Finite rate of innovation based modeling and compression of ECG signals[C]// 2013 IEEE
International Conference on Acoustics,Speech and Signal Processing(ICASSP). Vancouver,BC:[s.n], 2013:1252-1256.

[3] Olkkonen H,Ahtiainen S,Jarvinen K,et al. Reconstruction of UWB impulse train by parallel sampling of cascaded identical
RC filters[]J]. Wireless Engineering and Technology, 2013(4):71-76.

[4] Michaeli T,Eldar Y C. Sampling at the rate of innovation[J]. IEEE Transactions on Signal Processing, 2012,60(3):1121-1133.

[ 5] Hayuningtyas P J,Marziliano P. Finite rate of innovation method for DOA estimation of multiple sinusoidal signals with
unknown frequency components[C]// 9th European Radar Conference. Amsterdam:[s.n.], 2012:115-118.

[6] FEWA AU 5220k 5947 BB S AR I k(] i 515 B A4, 2013,35(7):1606-1611. (WANG Yajun,
LI Ming,LIU Gaofeng. Sampling complex pulse streams with finite rate of innovation methods[J]. Journal of Electronics &
Information Technology, 2013,35(7):1606-1611.)

(7] FEWZ AN X T U 55 SO AR R EE R A BRT B AR EE R SE)]. i 515 B 2441z, 2013,35(9):2088-2093.
(WANG Yajun,LI Ming,LIU Gaofeng. Finite rate of innovation sampling system based on modified exponential
reproducing sampling kernel[J]. Journal of Electronics & Information Technology, 2013,35(9):2088-2093.)

[ 8] Erdozain A,Crespo P. Reconstruction of aperiodic FRI signals and estimation of the rate of innovation based on the state
space method[J]. Signal Processing, 2011,91:1709-1718.

[9] Hormati A,Vetterli M. Compressive sampling of multiple sparse signals having common support using finite rate of innovation
principles[J]. IEEE Signal Processing Letters, 2011,18(3):331-334.

[10] Bajwa W U,Gedalyahu K,Eldar Y C. Identification of parametric underspread linear systems and super-resolution radar[J].
IEEE Transactions on Signal Processing, 2011,59(6):2548-2561.

[11] PMECZ 58 R 5t i e 5 35 14 FRUOB B 3 R R 6 1 8 92 (5 A 31 0]. BAR s PR, 2009,32(17):9-12. (SUN
Zhengwei,GE Lijia,XUE Feng,et al. Channel estimation for UWB system based on sampling with finite rate of innovation[J].
Modern Electronics Technique, 2009,32(17):9-12.)

EE® I

T 81977-), B, WdbE @A, BB F 4R (1986-), B, VIHEATFLH A, 7L
M, Az, EENF A AE TN LA TR, FEEMNF RHZEE SRS T .
M 545 5 AL B K 45 R RE B IS 45 O I Y B

%% .email:wangmin@xidian.edu.cn.




