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Abstract

River flow measurement is an important content of hydrological monitoring, which is of great significance
to water resources dispatching and distribution, flood prevention and disaster reduction. Traditional con-
tact flow measurements, as the most commonly used flow measurement methods, have lots of problems
such as low efficiency, poor timeliness, and difficulty in measuring during flood periods. Flow measure-
ment of radar is a non-contact flow measurement method. Because it has good flow measurement accuracy
and is not affected by weather conditions, river fluctuations, river floats, etc., it makes up for the short-
comings of traditional flow measurement methods and has been widely used in hydrological measurement.
This paper clarifies the principle of radar flow measurement in detail, systematically summarizes the de-
velopment history of radar technology in flow measurement and its signal processing methods, and points
out the main problems and prospects in radar in flow measurement research, which is helpful to promote
the application and popularization of radar technology in river flow monitoring, improve the efficiency and
safety of hydrometric and promote the construction and development of smart hydrology.
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1. 51§

I EAE TR B K SCRFAEAE, /K SOK SRR B KR TR M B TR S AT 7K 3L
W, A AT TR EEE K F B AR A N R P45k (1] [2]. BEE R AR 2 2 B SR R e, AKRIAT R
Xof 7K SC AR IS JE P IR M R AT v 75 SROBRSRERE ) . SR, 384 K2 B IR AT R F DAz i =X 3= 1A A% G 7K Sl
W, T RO FEARVEEE[3]e X RTVR AR MRS B L R R, RN TR TR, MY
TRBEZ, ICAERBEEIL, BRI, IR, BRI ZESRE[4]. B4R, B RWIFas 518 E A —L s ik
BRI A, Herb DR 2 22 3 80351 T Y7 31X (Acoustic Doppler Current Profile, ADCP) N FH %522 . I J7v2: Bk FE
AR BRI, FE—ERE., W ADCP 223 T/KF, 552 BI/KA & Vb Bk rh iy
IR, 5 KB KA AR, B AR R ST AR B2 PR, AP st XU ek i 4,
TR 75 I 5 X TE 720 5 7K TR 55 3 9] JE It 2 ) S [ 2] A% Gt A Qi 97 72 L 468 B Rl e LA S36 2 39 P 9 35
A FEAUANE B BT SR, WRECRUE I FORE FE R A, B4 |3, dEff. SERbIlE, A7 OF
B H A IR T AR QU v

] P~ B T 30 6 B A 9 5 2 32 B AL S U AR T IA U . AEAARI A I R v, A MR AR o
2B B KRR A TR . 1R RN 78181 3R BH 6 B /K T 46 S5 35 52 e K T D6 HE B8 BE A B 2% 2F T
IIAHTR MG 0 AT K M LRAE KT NRHAE, T kMR I AA T R 45 R SRR MR ZE, ToikHE
RECGRTAUES]. BIABAREE SR FRRME R, 518 7 B N AMEF T 5518 B B 7 F AR K
. TR AR AR BRI GEIRINTEE B E s, BARSE . aMWESREMHEY, BA SRR, 4
T s . SEE BT A R (U.S. Geological Survey, USGS) % 1T T /KC —+—ZF& 4, e T HiAHEARR
A AER T KR KA KHFGE R T IR RS ADCP K460, th& — iRl i 2 38 ) 5 B 1)
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DA, BIVAR S [0 A A6 H AR AR FEEAT T 55, (ELIXAIAE T ADCP J& 1 i A AR K P ) A% 4
FEVETTIE, R — e 2500 T 2% T8 A BAE 2 PR RN SRR, AN RE N T Bz
SE B (VI A, T TR IR A A F R, AR A 10 GHz VA I, AT DUREF MR 2 PR RE, RN Rl
PR IR SO M SR R, A AL K A, R AT B SIS K T, e AR e s, HLAS 320 36T i
ML) RATER, RIS & SEBUKSCIN S B 3046, 3R Rk SCHURHI I AT SE L [6] [7]

2. BWIEMAIRTE

1842 4F, BRI FE 2 5% %A 8y (Christian Andreas Doppler) &K HH, 44l H ARFINL 8L 2 6] & AEAB RS Bh I,
(5] 15 5 AR 5 IR A6 R H AR S ARG T AR . 45 Bk SE8MIRE3), Bapisdgs, KA,
RGN [k, #7 HARPIR SRS I8, KA, SRR, At s el AR B E IR 2 35 A% 8] .

YRR R S B B B ARk L, RSN £, HERN u, PIRRESEE N v, . BRI, IE SR AT
F 52 B () RGN

f1 = u ;OVO fo (1)
ZJE, G B BRI BE SRR, 5 SIRFTRR RN .
=y, @
u+v,

PRI, [T R 5 AR R R AR R -

fr_ Vo UV fozu—vo 3 3
u+v, v, U+V,
MR IR, B v, IRF S AR, RILREIEAS 54K 5 AR A 56 R AT AR R W R
r_ u $v0
= u+v, fo “)
REHE S 5 A5 AR ZEAR A2 E8HR £, R RFR:
fd=f0—f'z2ifO ®)
u
W 1 s, ERENRT, Fia—BSKEE—ERMm 0, NARIER(S) w15 /K KA
u
Vo —m fy (6)
\
s 7 i

Figure 1. Flow measurement of radar
B 1. FEUNRREE
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3. BIEMRA R SE
3.1 B/EM~E

1819 4, Oersted H# K I BT 1L B A TR R A, PR Z A . 2 )5, ZidRHX Ml 5
FIRWIIEIC, ER R TR WAL, i e 7 IS, FRHERT R DO AL IR [9]. AITTEH AN
THIAFARIET 5 R KA, sebr BEIAJRFERAE 1897 SEatilt i T LA, 4 Alexander Popov A i
B — RG22 N R T LRAE B AR & e 7 TP, 3 1904 4, fE[E A Christian Hillsmeyer i 7 55— &%
B ERIA R, TAEMIER )y 650 MHz, RefS7EMR S A 2 95 B3 Bl P (0 1Al R AR AE[10]

3.2. fRMEE

W& A ROR AW R G, TIATHEN T 2847 &k, KR TR, A HOR R 7N M T s iR, &
B A O ORI v o R, A2 HLAON G [11] . £ R IR SCA 5 1 Davis 55 N HIWT SR W],
AT KA S I 5 DR X B S T AASE PR R T S A A Gl 7 92 ARG AL /K RS THEL[12] - Spicer 4
NAE AR 8 R 0 ) DY AT BEEAT P03 A W i ik, R R T A R R A KT T MR R R E b, BL
WCARTH PR IS H T 18], &5 SRR W], PRI TR IXREVE AR L HET Il BT IE Wiy, O HLIUAA g Il =i RS 2,
[ R 38 i K SRR TR AE 7K PR AH 5% A ) AU U2 [13] O I i DR R F A8 SRR A5 5 SR 2 XEAR B ) &, 2014 4 Chen
S5 Hilbert-Huang 224 5| AR TR 1A (5 S A B b, 57 1 — bl ik o Qom & W T 00 B 7525, E M METf Dok St
AT, SRGTEMLL, FrniE e DUOCKFERRR, S B AN [14]. 315, PRt EERIIREH
FERERE &, W T RIETCRRY /AT [15]. RIS I MI[16]. Byt [17)56, Mo BUK U R AN T B T
H

>Xo

3.3. RAFAREM

FED T, T A AR S T 1990 £E 4l 55 1 243 Plant 5 FH T 2N [18], b5 AH 4k o H ASHIF 5t % Takayuki
2t \FI2E [l b o 4 25 =5 (USGS) 51 T T8 6 T s L [19] . 317 i 22 DL U RN, — B N FRE
o MR, diiE A & 4 Fh. 2000 4, Costa %5 A\ 2238 2 5 3 7 18 W3 00 ORI AR e U 18 &
GURL I INAS TR R T I, R B B E[20]. 2002 4, Lee KA X BBk phE A T I B
T T B2 (R (m) o0 AT, FF AR 2 L FE 23 A I T A O A 0 s, MERRAS T TR . A4, AR IER
FA T — sy s e i Ak D TR O S R ) S g v, BRI A AR R R 5 S Darcy-Weisbach R R 5L, DA
IRIFHOARE A TE B, JRk X Bk 8 I8 5 IR A R R Z 3 7 3% AN [21] [22]. 2002 4, Robert 15X
VPR A 5 R B A A G &, RS FH BT PRI 2 (A3 AT 78 DA ST o el AR 7 b X, 58 B T 38
MAGAHHRE TG ik G, ol Fre b s s e T LR SER AR B 4e[23]. 2017 4, Hong tHRK
T B R AN B A A A A 1007, 3R TR PRIRTE WA A S Al S5, AL T KT B 5 S 403 B 11
KANFRBIH KGR, SREUEEALL, Prig b ionE A B PERe[24]. 2019 4, Yang SR 4
GRAT TR 5] N B S A W R A T, K R T B R o BT ) TR, T SR A
AT T A R BE R TE I F [25] . 2020 4F, Chen S5 43 M XS b 1 FF IALEAL . ADCP Al Yt s St il 18 A 1)
EHME, HHESAEHEISEREN R A, BRIHIESE 2 KRR R, Bk R ) JEE2 il 7
Ji T SR i A 3E MR T 10, FLRESE IR/ S B, R CRAEI R Y RS FE[26] . [FI4E, Fulton SR 75 1AM
WAXTESE B 10 MASEIZK SRR JJRHAE R B, A3 A ISR 0 A TSR3 B R A &, 5 8 M AT
P, S5 RRM, HENMEMFATH MR SES 7 mEAT, T TSR R PR
[27]. fEEP, sERREACI N 2 DGR 3, F CAE H/INATRZK S8 R S 1 45 LA o
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WEICAR[28] ZFARIE[29]. FKA[30]. ZEPP[3L]5R N B0 23 W A i iiud SO A% S it B 5 VA S AR
HBE RIS BRI .

3.4. MHEAXWAREFE

IAESR, MR EBIFRAEMEAE AT R E. 5 AERRECHE, 4 5 A A SR i B0 )
LB T7 ), SR PR [32], B TT DABISRIEE 5 103 2, m k2 s (] 1Rk A5 5 07 1 [33]. M4
S 5 A e ) A2 R R DU TR TR 0 AT, 2 S5 AR T T SR T i3 (56, — AR AR 5210, 2R UHF
BB, SREUIE 2 BOE 25 A (P 3030, i AR SR e, DR T S 8 [ ) e RT3 ) SR T [34] . 2005 4F,
Ma &5 5 S 3 T I PRSI R Tk R IR I T UHF RIS RS H8T71%[35] [36]. [F4E, Wang %
4 UHF DI 18 RGEAE = NE I EAT 18, 45 36 B UHF 81k -5 5 7 s A 3 45 SR AR [37]. 2007
, Wen 88X UHF AR RGHEAT T oudk, KR ThZEHrE s W BLF, SRS EESE—A R, J+H
WRIGIGAE T RS AT FEVE[38]. 2013 4F, 25 20K UHF FiA IR RS T RIT R, Mg T Rk 5 iy
TR A AR ) e AR, FEvEm A S T W [39]. 2014 4F, SCAAVELERRN T — bR FIT I [l S S R HERE
BEIE L, KB 715 5 MM ERPE[40]. 2019 48, Yang 25K RANS J7fEfaib y —4kiika ke, Jf
15 F VA B 120 7 SR A SR AR T TSR BE A, 285 SRR B P th AR BT AR T R AR IO Y, VR T B TR IR
B 5K ST R A R B B IR R — Bk . 2020 4E, Yang ZE7E AL AL Bk AU AS R R R 1k, SR
TRy T TP . A 3 H & 7 H MR E B A AR AR bR g B CP R T T B L B KRR .
AL FRAR LR, fhTE 6 H B 7 H T IR I AT R, 45 RS A AR K SOt AR A ) 2 R R
ZEAE 5% LA [41]. HET, MR TSR T B TS IER B, e SR
4. BIEMRIESLIE

NSRRI R E, a2 HE ST it E. B2 W8S S KB IET 0 =R/, IR
ST SR TR R AR A BT iE . H, B3O M R B I R AR I, X R T VE AR 2
M MEERAFEATRENE, WERK. HALDEA NER T BT RS, KPR 5 B AL
PR R 2SR, A& ST IER LR [8]. H Al A 5 A B ) 375 PR AT,
LR BB T FIBLARTE A 1T
4.1. ZHIEEE

28 B T2 DMl AR S A R B i, B AT B TR A RS T A B R IR R A T
W, B EEREA A [42]

EREAURAGHENLE S x(n) (9 N AN BSHUSIEA—ANFS X (n), REEGEAT I EIAS, R X, (), Z
EW@E%%ﬁ@uNwﬁﬁE§%$%P@ﬂ,#%w&ﬁ@ﬁi%@%ﬁﬁ%ﬁ%ﬁ%%%@mwyE&

SZ:X(“)E

AT DA H S B 2 5 AT n® YRR n® it B, R A A Bk R Rk R F R
TR A RSP AT, DRI AE SEBRTH B, 22 2R F PRk {8 B A8 4 FFT (Fast Fourier transform)Kii 1118 5.
Alimenti Z5[431RH FFT 8%, WiE T —FMERBCAR B TR B GUEAC,  FLI S RORAER, A BT 55 F S Ik it A

,jﬂnk

FHURSE . FET BOEEIIRIRI A e N (s RRMEAE MM B BUE 5 x(n) AW 2, #4050 B> 3 (n/2)logsn
RIEIEAN nlogon Ui, (LI T 3D BRI R I GRAUE 45 SRR FE

2 1
Prer (k) :W

.21
—j—nk
JN

()
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)L 2 et S5 x(n) (0 EAHDGBRAL P (), 255 LA DG R O34T 8 B AR e, 753 390 (0 Th S A o
If’BT (@) :

F(m)= 3 x(n+K)X (1), k=0,12.3, M ®)
B (@)= 3 F(m)e ™ [M|<N -1 ©)

4.2, MREHTE

EL ML T, ol B R M EEMAAE T R, T EMZERR . PR B S SE 5T
WS PR SHAR TR L, HURd R KA, HaPeie, Kz WHERIK[44]. (EAE TR B RE 1 SE
BRI A, EdE 2 R HE R I, vk RV I EER KT . Oy I R ZE R R A Bl v e SR Y
EARPRIZ S, et R e, Rk, BT IUAREAL v 0 7 1A WAL (5 5 Ab B0 7 V2 s 1 A

PUARTE AL T 11 £ 2 A SERAEMAES B L. S5V AR (Autoregressive)fiZd . MA (Moving
average) % 1 ARMA (Autoregressive moving average)i 45, SRR LA /N 7 2295 /12 4y &I MUSIC
(Multiple signal classification)i%[44].

SHRFEANEN B R BEES x(n), Z—MRANFFIu(n) B — MRS H (2) i . BG5S
x(n) BEATOREREL P (m) KAl H (2), R H (z) 28T x(n) 3. Hd, e u(n) 29EANE,
TN AR FH, 35 x(n) MR LARR A :

x(n) =3 ax(n—k)+> bu(n—k) (10)
AN R G R R EON -
q
>z
H(Z)Z B(Z): k;o (11)
Al2) daz™

-
AIE H (2) AFaE B/ NOMIAL RS0, A(z) 1B (2) IS SRS AE A Y, x(n) IZh RGN T
o'B(e )8 (e”) lB(e")f
AR (") 7 [a(e")

WX o Fla, o b FRME, BEATLARThEE . Kb #b A%, RMECH p M EEEEA, #RKAR
R e AN, RN q PR aRAL, @Fk MABRL, #a . b RERE, MDNEEIH - FsE)
R, fAIFR ARMA Y

HAr, B ANE Rt 7 s AR T HE I SE bR D, ATET B . e SREE[45] 5 T AR BEAY,
X KRR F IR ST T AR, 255K AR BAVE B TR m RS %, (HIERE/NT 0.4 m/s (EHLT,
155 LM AEME 7 o DLER IR

DA b Ak T2 35 REXHAT I 28 T AL SR AT 0 A b B, (RS2 RTS8 AR By R AL, Vbl i 7 [l A AT Aot
BETT TCVE AR £ i B . SR ) MUSIC 5032, RIS B0, H s TR iR
J7 e Ak TH[46] [47] [48], JEAERAZTTIEA IZE A N FH T A 77 el v H [40]

HFHRN: BBH p AN EESR B AR 76 6 HAH AT NS 2IFES L.

o

P.(e")= (12)
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s(t)=[s(8)..5(6,)] (13)
JUBR i SR
X (t)z AS (t)+ N (t) (14)
o, A=[a(6).a(6,)], ATFREERE, N (1) A5RS.
S
J.erdsinﬁ
e A
a(0)=| . (15)
.2ndnsin @
e A
BRI, BEFIE 5 (R 7 2 A
R = E[XX" ] (16)
FEIEAE 7 A -
Ryx =Uuzu” =USZSUSH +UN2NUI|\I-| a7
Horp, T=diag(A, -, Ay ) ARHEERRE, Us RES 25 A Uy s 72500, Hil e
1

= 18
" o5 “9

JEE MUSIC A THES—RTE 1 8 1 U AR R A BE R 20 %, DRIl 3R R b 1 Bk 1 nl Rg. 1
R VRTA A 1 A A U AT DA R S A 3, A RERTVAT VR 3 1 B s AT U, AR T VR M BT UE S 7R
HH/NYRT AL AN SR PR I A M R T T O R AR TR R T A TR, (R A T S A LE R B, HL
BB R S ) T Mo 7 3EAE RNLT, A AT R S 7= A — LS BRI

5. REERE

HIEBARME AR 2R ISR, K SCHEIAT ML K T8 dr, R AR I Z MR DT 171 [49].
S 2 TR A BORAETT AR M _E O BT 1B B RR, (HAESEPR N ] P AR AE — BEHOR PR, AR
VO A BT

H T SRR TR I A A RE AT I 25— L i RS — VA I, TR 98, MR AT B2 e, A7
FEBIN AL 5 223 A R A HOE (R A T SR S5 R[50 o Behh, i sURRIAXS T 223 i BAUR S F L BN
PR, WA TT R AR S R SRR N R ) S A, Rk AT i 0 00 5 e A X
Fasg, MBI 58K, HAMRR . S0 sce B i /K SO [51]. M A A ERsE i, w] I 7 BLh
P IR RERS XHRTRUR AL AT TR M BT Al i, R R Eipab 1 iR B MR A A 2 . (H T
ML 2 R HF~UHF 3B S2HABONHE 98 (PR, 2 W SRS BEAR, ARMEAE I K i s s L 3%
P XA BIRRE AT AR, HZi BOnT RE s B 8 5 [52] . AEHBAE 5B, BO TR M-I
Bridi b 2 gl A, RISR AT A BLH AR e g SR R 7 2060 (55 BB AT US4, F X A 8 AL PR RN HEAT
FOE T HRZ RGP GESE . A X2 HUN AR R RS, [BE 5 %%, HlfE 542 2R
X B SRS R 2 R B i, S E R BT, 2 WS T BOVRIEE, X E S AR
i AR, AT XE DL SE LA P v g L DI At 14531
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PRI, Aok R TR A AR AR T R I 7 T AR A R A, T DL KR B e A 2 KR IR 5 NUAL

ARG MRZWMAZHNEERNTT R, KPERTZ G, Fr, e 28k o i,
RIESZIE 2 H R ILE R, SRTHINRRE B S FIRE B, DSBS 2 8T I STl R sh A0 . RS am AL A 24k
LR .
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