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Low Frequency Absolute Vibration Measurement
and Time-limited Signal Recovery

ABSTRACT

In this thesis, some problems for low frequency transient vibration measure-
ment with seismic transducer is discussed, and a new method based on signal
recovery technique is put forword. '

First, the constraint for extension of the low frequency response of DP type
seismic transducer by means of analogue circuits is discussed , and the signal
distortion problem for low frequency transient vibration picked up with DP type
transducers (with a natural frequency of 0.5Hz) is also studied.Then a new method
for low frequency vibration measurement based on signal recovery technique is put
forward. For DP type transducers, zero problem and ill-posed problem of signal
recovery technique are studied systematically. In order to recover signal disturbed by
noise, constrained least square error recovery technique, low frequency spectrum
reconstruction technique for time-limited signal, and signal reconstruction technique
with constrained information are developed. Based on the research results, the
method for low frequency vibration measurement utilizing signal recovery technique
becomes practical,which provides a new way for the measurement of transient signal.

As an important application, the test for the characteristics of self-vibration of
bridges and the measurement of bridges spatial vibration excited by train passing by
are discussed. Actual spatial vibration of bridge picked up with DP type transducers
when a train passes by in high speed is studied.The problem for recovery of bridge
dynamic deflection signal is studied, constarined signal reconstruction technique with
part known characteristics of bridge dynamic deflection is put forward. Based on the
technique discussed above,dynamic deflection signal is recovered efficiently,which
lays the foundation for the measurement of bridge spatial vibration excited by train
passing by with seismic transducer.

Xie Yi (Precision Instruments and Machinery)
Directed by Prof. Yan Pu-qiang

Keywords: Seismic Vibration Transducer, Measurement of Dynamic Deflection
of Railway Bridge, Low Frequency Transient Vibration Measure-
ment, Dynamic Characteristics Correction, Signal Recovery
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K H H(jif‘—>, k0.1, (NI2-1), B B S K, X ()

R IE 5155 MK R L.
(3). 34 N/2 BB FHIX, (VE s s iz, A:
| ,(n) = IDFT(X, (k)} ,n=0, 1, (N-1),
| < (VB AMELUR | S B A IS, Xy (0 R () HITIE.
| ﬁﬁ%%%%i%iﬁﬁ?ﬁ%%%ﬁ%ﬁ&ZE,ﬁﬁT~¢ﬁ$mﬁ

s Nemll |

H(jw)
MR & REE.

Ik F1 R AL 4L I — R 2 N S+ LB/ o PLA R 3015 5 B IRBEs |
%ﬁ@,ﬁ%ﬁﬁm&W5mzﬁoﬁ%@ﬁﬁ%ﬁmmmﬂmﬁm%ﬁﬁﬁ
ﬁ@%@%%%ﬂﬁ%ﬂ(ﬂh%ﬁ%ﬁ%&%,ﬁﬁﬁﬁ~%%%ﬁ,m
ﬁ%%ﬁﬁﬁﬁi,m%%&%%&@@%%+%i%m,E%L$%W§ﬁ
ﬁﬁ%,ﬁ%@%aﬁﬁ%mﬁﬁﬁﬁ,ﬁﬁﬂ%ﬁﬁﬁﬁ%vﬁ%%%@%
FAL.

| LML, TR I B L. LA SR AR AR

2. RS Si0 A AL

FRAME R, RETREM AL SRR LN, KEREAG SRR
E%%eﬁ?ﬁMN&%ﬁAﬁv,ﬁﬂ%ﬁﬂ%i%%m%,Wﬂﬁﬁ%% |
o = gz B ) L E SR B TERR. (RSChRE, i TWRREREGEN, RATA
Ll Ch 2t e K, ATRETEE BAEE IR, XAF, ORI KoM R A,

BT A TR K RAE A B, R RESIRLUR, AEES L-REHR F
. MRGOKEE E— W, SRR RERGE - RER A% )
i FR B R A I, TRATEL AT DAL 85 (OB B S A A R AR A i
SHRESRALE, 23 ACHRY <ML AbEE, ATRUE RGN AR A AR b
R VR B S S — A . B4 URESA T BRI A B AR ;

AN, LS SRAT KRB, FTUE A AR SR USIR i

W, EAERREE RS H AT, T RASIERE. X, AR
I OB A LS B R T IR M A S, R aT DUBRTE e W7 f
VAT SR AR A IR 2, A
DA Efitigeh, ShR bR T RANL U ER: ¥
(1) % o0 S 5 F) 42 TR RS 57 A5 T ST

(2). % FobRAH5E A0 A USSR, 285 ST ISR & 1
TESThR TARMR h, XN AU TR AR A R T LASE AR 1R 2. ;
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WIUE RS ST BARR IE DPRY it A SR SR sh 1% B AR sh AT 1

T4 ARG BEAUIRS), RESATIREARAEBRRK, BaTURA
FRROTHE, X AGeH A LUR 8 MR AR AR, BB THMREIES TS,
5 R R BB, | TR B B RAE AV R (RRAE B,
XY, FaAME S T k158 A T REALE S RYAL L.

x(1) L RR) Sl TN
0 K TRAT RO AR I B
y(t) o
A A ,
VAN VA A VAN
0o \/ \Vi \ViS \VA -

B4 R S A TR
§4.3 SBARGHHRELE

ﬁﬁ42ﬁﬂﬁ%TﬁﬁﬁEﬁ%,#@%%ﬁxﬁiﬁ,%&Tmﬁm—
1)K E H I,
m%%%ﬁﬁiﬁ,me@Jw,%%ﬁ@%%m,%%mmﬁﬂmm

ROVE, B IOMAT, A BRNNE, By HREE. M FDPY

ﬂ%ﬁﬁﬁ%ﬂ%@%,Wﬂwiﬁﬁﬁ%ﬁm:miﬁ,ﬁ%ﬁM%WW
Wﬁﬂﬂ,E?ﬁ%%ﬁﬂ%%?ﬁ%@ﬁ,W%%&ﬁﬂﬂ@ﬁiﬁ%#ﬂ
RIEMB O 51 T M4 A 8. ﬁ%iﬁﬂﬁ\ﬁ*I‘ﬂ%ﬁﬂ%fﬂﬁ(ﬂﬂh(n))%%
3% (no spectral inverse) () 2 T g V] K551 - 1621,

REAFEE AN, 5 EWRE NG R RE— B, AR (4-10)40 3
EHN,E%%iﬁ&%%%K%%@ﬁ,i%i%&?%ﬁ%%ﬁ&ﬁﬁﬁ
%%%oNﬁﬁﬁﬂﬂﬁﬁﬁ%%?ﬁ%%%%%K%%@@,@Nﬁ%ﬁﬁ
ﬂ%ﬂTﬂﬁ%EW@ﬁﬁ*ﬁﬁIﬁ,ﬁﬁ%ﬁ%%mcfX%ﬁ%EWﬁ

BB S M e, ﬁﬁ#%ﬁﬂ%fﬁ%&&&@$ﬁi,Mﬁﬁ%%@%
Ko, WS AT SR A B B R BTY. %07 Bk AT AR ARG




WIS SR E H AR R IEDPRM B SR sh 5 AR sh St

A T BFFT, RES NEEEREREFRFFTTRZE, ®TEXNFIWER
W, WWHBRFFTK., Wi, S8l EFEEKERAHMe, RARE
TR S0 AT B 4R 1 T AR B 6 R T A SR R A SR Y AL ST A
e, At A LA A T BRI AR (- 10K, Tl b NG R = 3K
BREER, YAKELESHEAN, ZHEFEESHRS, —THEIHHEE
X, H—HHESZRETH.

DPRI 52 AR SR S0 Bias, REMFTAXTEH, HX AT H#S
B HSBERY RESHEARTE, FREMESEENER, RERF

ST —RINED L TRRRMETIAS T, [T, SDPRbRER

(AR S G S R AT (R, TRATAT AT S AR, % i £ 77

WE, FEHE RS E SR AR, R ANE AR S AT T I ] Y

{1, HIMEERAEANME, RTDURAEZHEEE RN ERE .
BRI T R0

_Y(k) 12Ny
A:(k)__]](k) k=12, ) L (4-1D)
X,(0)=0

x,(n) = IFFT{X, (k)}
L0 MR IOE, Mx @) =c, i[O, N-1]. ®A=x()-c, WA:
x,(n)=x,(M-A ,n=0]1,-- N-1 (4-12)
fFEECENST, BAOTME, XFORC-DH R &EERTHS), F
SR TFAARE S, U/ H)RERARRERY, WH RS, @474
M SChE ESCTL T AIEARAMER 41/ H(s) R IEfF AR, AT T BN
IEFIEfR B R BUE B

§4.4 DPRIERBIMESHKREXE

(55 RIS, FADPRIIRS(E B MR R(R S, DPHih B
SRS R A A, AR AR (- DRRE Ik, XTDPE By 22 1 Hir
YERE A, RBFFRREESHEIES, BiRshE Gk,

phich, B BAAM A ENE, HRU-1DKREE, RECHME
SEESE—MEANEL I, RSEEERIMEAE, WA LHEA-12),
B I SR 4R B &

ST 2. 1350 PRI R (6 A8 A U LR IR 15 5, 48 iRk R 403,
BELEREMEY. 2R, MELRERSALENESEAYE, BIFE—&E
MRE., XREHTREESATERBEME, FRILE, KELHEBRFS
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SBIE N RESIKE S ARBIEDPR R ARSIk 50 1% 88 sh 45t

I, BREREIARE, ERSEET, IOTARALRN WA 7E 9 403

A RN R 7S R,

HARENE, AEHEMKEAAE, BT —BRESHHIERIE, M
HINAIRIEMINREE. Hit, A ARSKIR, &B—FhEgksnl)E s
Fi.

0.00 ] (mm) — o4 1% (mm)
0,02 o
-0.04 0.0
-0.06 - '
] 0.1 -
-0.08 |
"0.10 ] T T T T 1 _0'2 M T T T M T T 1
0 1 2 3 4 0 1 2 3 4
(a). WA /s (b). BHE /s
0.00 {1# (mm) |432#% (mm)
J 00
-0.05 -
-0.10 - 014
015 -
] T T v T ¥ 1 -0.2' v T v T T T T 1
0 1 2 3 4 0 1 2 3 4
(e). &t /s @). WA /s |
0.051fi % () i

(a)fIEszhker  (B)IEFERM (O =flkr (DFtRZRRERK (M RehEEE

—0.15

|
0.00 — ‘
0.05.
0.10

§4.5 ZEE/NG

AT TG SR E B — B R IEDPE AR Sh SR M A E m)
AL, T BRI, AR NG KL AT R W

(e). HFE]  ¢/s
F4.2 B2 13 LA E S K E
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SIUE RS S E B ARRIEDPR R SRR S L B2 s Bt

D). FIFfE SRR R E HEBAENML, c2EATRSES.
WFRAED, St AR AHE, WTSIERRALEE, JIRT LUKYE e
(MR RS VRS BT, SCRRUER] T ELE A9 IEHE.

9) . Tk FiL 5 M 7 K D 3% 0 15 8 R H() B Z B B AR, THOAHE
S HERRAMETR H(s) RIER ARGERT, P LKL, AFETA
EEAGRE TR, REF L - TR, B anE Ber MR
SCELR 1/ H(s) BRI AL IS sh AR 22, ATARAR T 4 R Bte oy 1 9 AR HY
SRR, SEBRE S AR 45 R R I BT IR VI AT AT.

)W FURE B E AL, FIRDPIERMSRENERERAES. WA
EFE S S, REESHEMR IR 64T, DB B MAY (&R 1 S
H X O WA BG4S S AT REIE, BT DA SE IS R TR DP A% R Bl A7 SUR AR
T15 S LR /2580 BOK.

_52_

==




BRE ARBNMNTERREEARNTR

$HE WRBNEFERRREANHR

HIUERAHE T RESRE BEARKIEDPRME Bk sh SR i R 8 5 07
Y. SCREEW, hDPHIBEMELAHE, RWERW, KESRNMRGE—E
RIKE., ATHHMNARETRNRESHKERBRENE, e SHRER
REENE. BAMRARBE/NFHERRFEEAR, HEATERESHKE
Ab .

§5.1 FARETRLKRELERAIEE Q)R

 EESREME, ARENELSCHNREFE RERENEA, RE
RRlaE, hREMNEASHEBERRENRE. ENRETESL4HERW 0
55 (Inverse problem), TEANIHNAE BT 2%, AAMEY, BHEABIAR
18 XE [A] FRL3),

REER MRS, ORERSEE, thin, ZErRan K,
REERERN AT R, X0, REERFEDEBMBH/MRE, #HERBORE
(iR &R KA L, ZiRERMAET KFE R H 23k,

SERE ) Bt 2 — BT E MR, XTRG RN ANRER A RER
BIME GRS LHFRMAREER, RAEKELERRSESE., BSNENLE
i, X TFRHFENBEEEKNES, BDPRMEBERELAMLG, X T bRk
MESMAERLE, XL EREREAERSRBHRL, AT IHES &
AT ORIE R [ BUR TS, BRI,

EEWEEE, AR THHNERZNES. IR, WERSE
H(jo)BHWH (jo)5 H,(jo) BRI, H:

H(jo)=H,(jo) H,(jo) (5-D
x (1) | v
X(o) , | hy (1) hy (5 §+ Y ()
} " H, () H, (o) |
e (1) e, (1)
E (o) E, (jo) E, (Jw)

B5.1 AR THARK RS
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FHE KRBT ERREEANR

ot e (O NMAMTS, e NMT RGH MR, o) MR
T IOl

WE, REMHE. WAZREER

Y(jw) = H(jo)-{X(jo)+E, (jo)} + H,(jo)-E,(jo)+E,(jo) (5-2)

T EEREIZE, A

X(jo)={¥(jo)- E,(jo) - H,(jo)-E,(jo)}/ H(jo) - E,(jo) (5-3)

EREZEWE, HGo)[RA, BEFE, [y(o)|tEETE R(5-3)

WA
X(jo)={-E,(jo)- H,(jo)-E,(jo)}| Hjo) - E,(jo)  (5-4)

BN, |HGo)BTFE. BFWRA R0 (MM 5 e o [ 36
HIRE ) | RGBT FARNE, MG LARE, BE%—HET
T, T AR 2 e 4 Ik T WA, SR W AL B RSB S A,

WA A T R AR I A B IO, HE MR 7 th LRI RE O A SO K, 72 St
. ARG HEMRE, TRE MM EEOURE, WA E, S
7 LI AR B TR, R MR P A SR T, 2 5
R, HETREA |

FRAATE, RAEATE, RE, ERIERHE, RIRY &K
VAR, SRS, SEREAEEEILRE RS,

X (5D EY], MIEHATERA, BRELATE — H— iR 4
R A MR A DB B AR AL, T A R MR S L R e
R ER OMERE, AR AN S ERSROK, BWMKE SR, BT RN
WA ERS. X TIEF R THME, H (jo)8BT H(jo), RIS BEIT
T AG, R R AN, H, (o) BT 1,
P A T AR, XS A T S gk

g N BT E (o) IR R 2 B A TSR A A, (R e A
T AR (0, CR A RETHALS 2, L.

AT, O T IRIERCE AN B, TR R AT R 1
(EMH, R RS S MO B Ay, SRS EIR R 3R, i
B RS 4 5 o T A A B R M,

5 FDPRI MR R AL SR ANE S, RATA MM, HOR AT
NOWAT 25 5L, 5 S0 155 7 S I B IF R 0 A S RS 5 G S 7 .
00, SEARARERS, AN/ HE AR TR B M SR BB A T, B LB
BEHLEL IR LCSE, HEAh, ST SCBRUINA R Gt B 3 U0 B e LR 46 1 W0
WMERS . LA, (5 S0 AL TR SR b AL B B AT AN I A
FHARCFE B AR, T AN TR R IF XS B B B AL SRRE, kg b e
SECR (ARG ) AR MOV, AT LB R 0 SR AR
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EHE ARE/NFIEEREEANR

BE(E S, b Ik RAA BT AR AR BRI B B X, AR Ab A,
TEA/D¥EH 2 i, BRI T DR AR 5 AR AL, AT A 280t By Lk 5 S
BERRRERN. RIRLL B, #54 # T DPR! R KAR SR 3h 1% Ak i
H RS

§5.2 MRWEREAEEBEHIRIIMEEAR

EEwE s RS TANE REM B 25, RK—MRIEHRT, &
AW R - RIS, 46 S IRE A SR K W R FAL E anE
5.2/ 7K.

X (o) Y(jw) X\ Jo)
— P H(ja)) L -C(jw) e

5.2 A ESWE 4K EENMILARSER

Hi, X(jo). Y(jo). HGo)/ SR IEREE KA A Y
T, Clo) BB ERY (BME SR AIIRYT ) 453 15 bR .
Mo B e B R EREM AR Co). REEMAEKZNE, B
Cljw)=1/H(jo) ( REEATH S 4.3NBHIMEERELE) . X (o)
=B MRS R, ERMERE, X (o)R%ET X(j).

I EB RSN, ERRGATSE, REEEEWIT, REHFRR &
KRR/, X0, SRERitRERTHCJo)=1/H(jo), ¥HES F
MR ERSHEEY, FMNEAENREERSR. Wi, ROTTEEFL |
A IGEE, HEEE R E T M RERIMEF T C(jo), LBAENLE 1
ST X B A A K R AR T |

|
K

BALAMETRY C(jo) AWML, —FREfMESRSALH AR
SR ERE/N, XERGENL, E5S. 3R, B R EnE Rgx kb
pgE BRI Y 5 RESIRRE B 2 E AT 25, (DT 2R, X BAROVHEN2.
wWnEs. AR

X(jw) + o YUe) | Cley | X U)
H(jw) »? — - ——
4 /['
E,(jo)
E(jo)
- +

/5.3 BRAMERT C(jw) RitHERI
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FhE ARB/NTHEBRREEARNPG

. EARAMEER TR HEN ]

S.M.Riad% A$2H 7 — FpAE BT HE N 1 B9 AMEFR T 7168, X(k),
Y S5HK T B AMER BN A, WG ABRENEE, ’XLERYKHECK)
MEMER, BIXXORMAET, AX0=YEk) - Ck).
2R
E=E+AE, ,A20, X&/h (5-5)

N-1
He: B, = |X (k) - X BRiBERER
k=0

E = Z|X(k) CUO[  RARFMETR AT W7 A TRR Al —
w%l\f*’lﬂ% BRI AMERR L.

TR E i i/ ME AT 13
Ck)=H" (k)| (H(K)]" +A) (5-6)
X, (k) =Y(k)H" (k) (HK)|" + ) (5-7)

M G-0TAFER, SM.RiadiyEILAMZESL T A9 R0 AR, 24
PNUE B AMEIRTT, AR Y R BOR:

H" (k)
\H(E) +1p, (k) / p, (k)]

Het, p (k). p,(k)ABINEE SRMA IR E, B ML+
BRORE — NG LM R, SRR IZRE, =0, Wi, S0AMLE
BT RME R B C(RHRE 1/ H(K),

T B R G — b B 0 AR R B, R L SR v B R 5@
Wy 7L REE AR H/NEEMASEN, SMMAEERS, EITE SNER
G 1 L, SRR R 66 B 05 1 2 1 A 431 B 0 Y R 4 1ot Y4

EME RGN IS, BRIHGEETE, WG —E0E, L6614
BEAR ST, AT 7 1E e ToRRBOK 9 0, b0 T Mers . e
,’%éﬁﬁ@i@%, |H()|=1, —BA<1, Sl ASHEREW, ELEH, A5|HK)
BN, W SR SR SRANY. B, %7 R
FAENSHA, WIRKERSEWNERSS, LERFHNHEE, mEo
HUEE M FRAEHE, HOABRA S S A LIS Z N E, R, SEa] DL
BWA, Y AR RN B

(5-8)

C(k) =
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N@E M

of (0 & = @ &

BRE ARR/NEHERR AT

KL EATATAE R, SBAREERA —EmlmdE. s, AR EE
B M R 8 C k) P R S50 SR 40D 1 R 75 AR i, R P AR 2 B S i S A 14 2
o, FMERCRIFRINE.
2. BARFMEERIT I HEN2

B AR AMEER T BT E 200 SR B AN 5 . AT 7.

tY et

x(n) toYm | e x (M) i
—  h(n) — D vy ™ h (n)

1
ey (")

B5.4 BRAMERY C(jo) BitHEN2

B, x(n), y(n). A4 500 E RER M. -5 Bk R ef £,
e, (m) g JNAE B 2R 400 4 1 o () R 75 c(n) JRME IR T Bk b e B e& B, xq () 9%
W& REHANET, ylxERTHEREN G ERHL, <@ hlE R
G ST EA 2 MMIRE, WRemBETE, HEHRT, emFT

M ARG AL S bk B g B AR BT R

y(n) = x(n)*h(n) +e,(n) (5-9

e, ¥ RprBHER.

P T2V 3 /N T O B B B Bk esnoms), gk 2 e ) Ny (m) R A(n) B E
x(m) i1 B AR (X (n), (EAGTHIR Ze(n)il L

L= lem) =3 |y(n)-x,(nyxh(n) (5-10)

g/, B, x KB RiaH,

He e 2T (0 BN B BURE, IRy, () FEa Ly (), WA o (n)
EEMNRAGSx(r), XHHRE, WRREXFARRE S KA,
FHERARX S EWNMES, ZRAEMEN2E B/ F 7 & BRI FIA T AF
TERIIE AR, T — PR X HE 2B B T IR AR TR A ThE.

ELBHENI I SN2, FHATER, WM ERAMEE R S LSy E S 007
%, R\EREMFEEF, AhTHUESERRITTENM, AR,
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BhHE AR/ ERREEA KR

ke, MM SIHL, WER— LD AER. W, BRI S SWRARIE
G DS B EARHE, WE SR, %%, B, BOFRIEAHEE
X0 e T2 ) R 5 4 S R 5 R 4 % LS A O w2 7] 0 77
g RN, EEA S, BAELIE R S R AR 4 R T !
W B 2RI E B, 1

§5.3 ARFNEFERRBEREA

FAERRATIE T 15 SUE BACAMER R BIRN BTN, e BRI,
U RS TG RTINS B RO EBAMARAE, 3 6 80 S iR A S T B e L A
.t OB R AR, AR B ARHE S R E B AR
V2o A, B ITEISR SRR b, oRU e 24 S A M I B
WAV, AR BRAE B IHE AR R/ NT T BRUL BRI, 1

T pRAS (5 BRI, o TR RS RRAE R, R AR A B
A Bx()BUI T, 2t RS KINE, TRUANRGEEE. Hil RGN : |
4 By ()-S5 s 32 B ) 1, BT L LS 85 S JEE A K R AT FR A . ().
y)FIh(m) I BE 4 SIAM, . MM, B M =M -M+1

NN = M,) R AR, HeFETIx(n). yn), h(nyRe,(naEd h FIFFS], 2
i, 2 (5-9) AT DAEAR o R RRE A, R R 6 e B K Parseval g B, IEES

Y(k)= X (k) -H(k)+E, (k) (5-11)

B, B/NT TR RS E B, R

L:%EE(I‘)F :%pr’(")—Xl(k)-H(k)j2 (5-12)
B/,
St F B A BB R (S Sx(n), Yn=M, ~N-18, Fx@)=0, FIL, x(n)
3511 X () B A VHEX (R BL G R 10 T LS4
n )= S X =0, 5 =M~ N1 (5-13)

}itp, pV&nk::e_jE%i
SR LA T R A2, 51 ALagrangeFe¥A(n), A(n)WE:

0 n=0~M_ -1 Ay
/l(n):_{a(n) n=M, ~N-1 (514

Heh, amfFxe.
X, SRXCk) Y B A A ) S 5 4 o (o T ) 5 10 eR LR /ML
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BEE AR SRR AN

Z|Y(k) X, (k)-H)|' +Z/1(n) —L%X(k)W " (5-15)

ECP Wnk _"z’:‘;_k

17 o IEIEEETf@ 1DX XK AR, PLRAm B E = (6-
14), RG-15KHE ME%STE, Bk, RG-15)5KG-12) BT 2%EMN
1.

Loy =2(n), X FREIHL;

®(k) = DFT{p(n)}, DFT#/NESHAE R,

A (5-15) 58 ZIn] LS 28

—I—Ai)((k)d)(k) 0 (5-16)
X R, Xl(k)%Q(k)E’J’EﬂEJEmIEBtH’J X — KR T HRRERHER

HoRE & AT EL
He TR (5-15) B/MEKRAF T %, 7 PRIEIZITIE.

(D). REFRBRLE

MW, H(k)=0, ¥tFk=0,1,- N-1.
X (5-15) T LUR I A:

:%If{l)’(k)r _‘Y(k)—(b(k)/H*(k)‘Z +|Y(k)—Xl(k)-H(k)—(D(k)/H*(k)[z}

(5-17)
BFRG-1DE5RG-12D%4, BEm, LieX,WBfME, #FL=0. B
R, URO-IDIHE _TCONER, LEREBH/ME, H:
WX (KW AR A X (K), T2
Y(k)= X, (k)-H(k)+®k)/ H" (k)  ,k=0,1--,N-1 (5-18)
i, LEGD, A
:iﬁY(k)—X (k)-H(k) (5-19
A (5- 9>ET H K, BERIwXytkBqe, OG-1TDEEM T2 (6
12), Ak, Xj(oBEREEX 0, FREEHERK(G-12), EM%%W(:» 19).

2 (515 I R (5- 1T BIE W] WM %A,
AR R (5-18) 5RG-1DAT R, Ok KM ARANEZSH.
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BhE ARE/NFHEBREEAKNIIR

A 20 (5-18) AT RAFF BI.X, (k) B S A ELX, (k)6 A2 -
Y(k)/ H(k) = X, (k) +O(k)/|H (k)] (5-20) a

PLIDFTR /R e i AR 4, QU

«.(n) = IDFT{Y (k)| HK)}  r(m) = IDFT{1/|H (k)] }

x(n)gh 2 B HEN IR 4 2R,
xR G-20WimfE R Brtdizs, hEHEH, HEER:
p(n)= A (n)=0, 4n=0~My-1, AJ{5:

x,(m) = x,(n)+ > p(m)-r, (n—m)
" (5-21)
=x,(n)+ 3, p(m)-ri(n-m)

Sorb, x ()AL BOREE (T, X060 x,(n) BSOS B AS 4,
i R 4 dix (n)=07] 15 (N-My) B Toeplitz J5 §2:

S p(m)r(n-my=x,(n)  n=M.~N-1 (5-22)
B TR
1 (0) R o n(V =MD e(M) ] [ x (M)
R () RO (V=M -2)| | oM, )| | % (M, +])
RN-M,-1) n(N-M,-2) =  £(0) o(N-1) | | m@v-1)
(5-23)

7 LA 1) 2R A e LA OB B B B, MW ) Toeplitz®ile, Toeplitz
TR SRAFAT — Bo- 14t B3 7 158, LB B
%%%m%ﬁ%%%*ﬁﬁﬁ,%ﬁW&W\HWM@%%EWﬁEmﬁ
() Rllx, (), 7 Toeplitz3ib e BTk e 7 FR4L (5-23), sk Mt 50 R A 35 19 /51
o(n). B o(n)H)E BB OK)RARG-18)IKEXT HLH A G S HiE N &/
T AV X(k), HMBRx.(n), HITREEBERLG-1DMAER TR /D,
12 (5-19) it 2.
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FAE ARE/NFITERREEAMYIR

(2). FEZANRE
Wk R RGMEM, AHk)=0 XB, HRO-15HHirBBESn:

Z|Y(k) X, (k)- H(k)| +z/1(n) —ZX(k)W +— £|X k)

1N1

=;ZIY(k)—X1(k)-H(k)I ZX(k) @ (k)+—ZX (k)- (D(k)+—5|X ko)’
‘ (5-24)

g, W me N, w0 R,
VLTS, W0 Lo il,, LR SN A 5 1 F iR 2
S, LM REASENTIRE, GEAG-IDIRS, A

L= ;,Z{IYUOI ~|¥(ky - @ky 1 B ()| + [P () - X, () H(k) - @(k)/H(k)[}

(5-25)

:iﬂﬂ%f<&m>waHwonﬁw»nhyﬁwo

X, () (ko) + X7 (ko) DCky) + X, (ko) - HOky)[ + 61X1(ko)!2}

1 2
= ¥k, ——Y(k VH" (k,)~ D(k,)
N{| | +|H k)] | (k-0
1 5 2
+W — 8+|H(k0)l ] 1 (& }
(5-26)
A, :

Y(k)= X, (k)-H(k)+®(k)/H (k) k=01 N—1(k # k;)(5-2Ta)
H: ‘
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V(ky)- H' (ky) = X, (k)| e+ HOk)] [+ @ ko) (5-276)

L B3 f/IME.
FE, 4RGSR EAN, AERRG-1OF W/ |H (k). Y(k)/! H(k,)

5}51]’%&}?&%]1/[5+|H(k0)|2]‘ Y(.ko)-H"(ko)/[e+|H(k0)|2]E|]ﬂ%éﬁiﬂﬁﬁ@—l@
Hk 4T, B, e OHF, L B e/ ME R T L B/ ME. X IR 5K B

| i A X ()t R ARG,
| S FDPEME RN BE, RANTAMMET HRSE, Mk=0
I B, H(k)=0. N, SER-MERE/MIe HATUXDPRRFFSN A
i L1 B 0 PR LB/ NP T B LR
k Fhxt S50 B B0 HOR) B DPTRUMS 7 2% AR SR 545 TS, ol 4 th SR AL
u SR 5 BRI A T
! R R A TR K, RR:

(). BYERXR), KEEBIENESRY,®), BEFF

x,(n)=IDFT{X;(k)}, A

X,(k) = {Y OH ©/[e+HOF| k=0 (5-28)
; Y(k)/ H(k) k=12, N-1
lﬂ (2). BHEWEFSr (), B
] Rk :{1/[5+|H(0)|2]=1/5 k=0, 529)
VHE|]  k=12-,N-1
r(my=IDFTR (k)] (5-30)
(3). th (N-M)W Toeplitz JT #2 b
S 1(p(m)-rl(n—m):x](n) n=M_~N-1 (5-31)

| B 5E p(n) n= M, ~N-1
(4). BEX(k)RBAEMGEX (), F:

0 X.()= ~®(0)/ & 12c =0;
Y(k)/ H(k)-®k)/|H(K) ,k=1,2,---,N
x (n)=IDF T X (k)] (5-33) 5

VR T RGN TR ERE R, A |

(532

_62__




FhiE ARBE/NFITEBRRBEEARGPR

- %NZ|Y(k) - X,(k)-HEK)| (5-34)

§5.4 MRAARS/NFEFERRERARKIEDPHEZE R H

AAS AR/ T BRI ER AR EEM A, B8 §2.3 MRS
i, Mmuﬁﬁﬁﬁﬁﬂﬁﬁf% WihfraERZ, AHENE, MOl
mwkﬁvﬁﬁﬁﬁﬁ R E— E%%E B2 A TS R 200K
B/ F T B EEAR, ﬁﬂ%ﬁ%@ﬁﬁﬁ@ZF%E@?ﬁﬁﬁ? il
MR, AN HE SR EILMTT. AEERBNCASE ZFEE2. 15745
H. St xRS AR IME, KEERSALESE YA . RUAEIEIE
Ha, ANHRSEREWREN. AIWEEXDPRINIR LRSI R RERESHW
WA [ AR 18, RS ESIRE SR, N, RiIERFINERIE

Wi, BER/NFITIRERCTHKERR.

KEES AR BANSSELSE, NREGS. K% L, 24
BADSIEE, IREFSRENT, KEDHE—ENNE, RIFNIHISE
THNREEE, A, SIREGESE-MARNKERSGES. Wik, itk
BIERBIT — KA R ER B AE M, B—-MEEMNES, 8F+FE
MRS . FADPRIMI AL BB WA RERE S, HimhoRwmE, A5t
16 B 29 R B/ 7 B R IEDPHi .

199349 A, AERAKITH ARG, WK B N0 K7 ZRE+
SR, WRAENANEK. R AN XA T HDPE & S AR
ERBUANEEFS. MBI R —FEER OV Em A e e, R
BIE SRR AR EE, AT LB R B AR 5. ALR8 3 i Wil g R
5.5(FEH N6T. 4km/h), HA EIEHHR B TR I Sh B AT,

o JEE, mm)
-5
-10
-15
0 4 " 8
(@) BHE  t/s
% (mm)
6
4
2 >
Ol v | v T v 1 M T M 1 M 1 ML v T v 1 M 1
0.0 0.5 1.0 156 20 25 30 35 40 45 50
() W%k Mz

B5.5 ANEXUBIHMERERS
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KAER, ZR—AEUTRERNMGERRGS. EHARERYDPE
BRI ERESHIEES, ERERSRAEGMROEAHE, GRS
RO FEER B R LR SR SR IBS R B R B K, XA LR E
¥R B IE S, E5. 64 TN REEASE, RANKE. FIrEH
RS, DPRUMR RSO (4 s Xt E5. 515 SRR {5 B,

83t (mm)
0
-4
-8
-12 | v ¥ ' 1 M 1 ’ 1
0 2 4 6 8
B8] /s
. (a)
471/ (mm)
0
-4W
-8 .
12
-16 I ’ | v 1 ’ T M 1
0 2 4 6 8
BtE]  t/s
(b) _
0
-3
0 2 4 6 8
BfE t/s
(¢)

B5.6 ANREEASE, BESHSEEREDPRAKTXIES. 615 5 KL
(o) EASHE0.05Hz, REBEL. FEIFTHE H BOEw
(6) BEASEHE0.01Hz, AREBBUr. B E IR R % BoE
() EAHHE0.50z, FAMEHEO0.51s. REFTHEIHEL.2s

(G AR B A SR AR 0. 011z, HRH BB 5 58 EI (8] Bo i,
DP #t & RARSALRS 1% ean 80 07 Ho 4 H S5 EI5 . S5 S B A — 3L

Schr L, DPHY R ARSI RS 4% 2 Xk DUABCEY R A st A (51 4 330 2% 1 50
FHE. B RN DPRELM R RSO o 15 By, BABEN0.50z, R
0.5mV/um, FAMEFEF B HR0.51s, FRAEREFEHEHN2.2s. XY TES. 5K
[RIWIK, DPEY MR AR A4 Bk 15 BUAO /5 S 5. 7.

KAMFEER, DPRM RPN E B LWL RS ES. THHRS N
ESGRT4YE. XXV, DPEMERIRMAIR G B L, M T4
WEFEAR, MH, REMBFENET LRSS FIE .
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