EHE S G w OB Vol. 9No. 5
202010 H Journal of Radars Oct. 2020

ETIRIERZ LA ERTMA IR AR S A W HEENS AR

R RE4Y HEPY gD k%Y
VR IRXFHEAFH% B4 T10051)
DzEMEEE KRR 430019)

O(d BARMAFCCIZ5E LT 100041)

OB KEHEXAARENRES R, 225 (MIMO) & & KB 78 B A & B b R,
MIMO TR AR A S H Al T+ 4577 R A 2, HOREMIMO®RIEZ B 20 F. 1Ml Eo K EMIMO R ik
BB — o EERRBEMIMOTE X0 1), e KRR 2 A5 5 43 280713/ K I MIMO 51 8 3
FTVEAT A RS, IR RO, TR LR . 12O — AR T P IE A2 TURCIE BR (BOMP) TR AL L)
KBRS R . 3 X MIMORE I B SCHAR R B AL HE, AR 5 IR B e AR T 208 & T BOMP RV
fES, SRR RS A 2 M B A T R AT aRE Pty IOMIMO T A POR 58 AR A R Tu . 172
SRR YL R A BRI R R S FER T &

KR KEEZMAZHHEL: We; JUERILAGEE:: BRI | X2 EETHE

FESES: TNI53 EkARIRAD: A YERS: 2095-283X(2020)05-0908-08
DOIL: 10.12000/JR20042

SIS KRERLR, REM, WHEF, &5, FETHOIEAZ UGG B A Ab 35 ) K08 22 N\ 22 th o ik U vy 7 kA 92 [J). R
IE24), 2020, 9(5): 908-915. doi: 10.12000/JR20042

Reference format: ZHENG Guimei, SONG Yuwei, HU Guoping, et al. Height measurement for meter-wave
MIMO radar based on block orthogonal matching pursuit preprocessing[J]. Journal of Radars, 2020, 9(5):
908-915. doi: 10.12000/JR20042.

Height Measurement for Meter-wave MIMO Radar Based on Block
Orthogonal Matching Pursuit Preprocessing

uimei* uwel uopin, inbin® ong®
ZHENG Guimei*®  SONG Yuwei®  HU Guoping® LI Binbin®  ZHANG Dong®
®(Az'r and Missile Defense College, Air Force Engineering University, Xi'an 710051, China)

®(Air Force Early Warning Academy, Wuhan 430019, China)

®(PLA 66135, Beijing 100041, China)

Abstract: Meter-wave radar has good anti-stealth performance. The waveform diversity of Multiple-Input
Multiple-Output (MIMO) radar can result in a higher degree of freedom, which makes MIMO radar more
advantageous in detection and parameter estimation. Therefore, meter-wave MIMO radar has been widely
studied. The radar height measurement is one of the most important research problems of the meter-wave
MIMO radar. The maximum likelihood and generalized multiple signal classification algorithms are effective for
measuring the radar height. However, they feature heavy computation complexity. In this paper, a

preprocessing method based on Block Orthogonal Matching Pursuit (BOMP) is proposed to reduce the
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computation. First, the received data of MIMO array are sparse-processed, and then, using a mathematical

operation, they are transformed into a signal model suitable for the BOMP algorithm; then coarse angle

estimation is obtained using a large search grid. The coarse angle estimation is taken as the initial value, and

the MIMO radar beam width as the search range. The simulation results show that the proposed algorithm can

effectively reduce the computation of the search-type height measurement algorithm.

Key words: Meter wave Multiple-Input Multiple-Output (MIMO) radar; Height measurement; Block
Orthogonal Matching Pursuit (BOMP); Maximum likelihood; Generalized MUltiple SIgnal Classification
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Fig. 1 Schematic diagram of height measurement of low

elevation target with meter wave MIMO radar under
specular reflection model

ai(0) = [1,exp(—j2ndsin(0)/A), -,
exp(—j2r(M — 1)dsin(6)/N)]"  (2)
dNBETGIAIRG « 6N BLIA U AN R SR AR 22 B 5 | S 1
M2, ST 6 = T, Heph, R,
he NEFREEE, NRASEK, RAHGEBH®RE
FIHE A S BB A AR R . B R AR RN
T— MRS HRIT, MAEER EX oA T HikM
FW o o AR I i R A, HAES T
sin 03 — Ve — cos26y
= sin 04 + Ve — cos264 ®)
e AR A HUF L, 85 AT A A H S B, A
KV GHo Fre = e, — j60Mo.. AN, B(1) =
aexp(j2n far) AHA B AR A B ik 2 18] 9 &2 5 5
B, _—DRIEEFE, BRERMNSwelling
2R3 A o W EEm AN R T B R
Z2m(t,7) = [ar7m(9d)+ej5phar7m(98)] B(T)z(t)+nm (¢, 7)
= [ar,mwd) + ej(Sphar,m (05)] B(7)[a(0a)
+ ¢ puay (6:)] @ (t) + nan (t, 7) (4)
gkt E, BIGRRES K FRRE
A, ARPE B, TS BRI 2 SR s T S Rk
z(t,7) = [ac(0a) + e’ pna:(0)] B(T)
[ (6, 00) + & pran(6.6)] (1)
+n(t,T) e CMx1 (5)
NS K =R s o Y758 R
Z = / 2(t, 7))
= [ar(ed) + ejéphar(as)} B(r)
[ac(8a) + P puan(6:)] + N(r) € CMM ()
X EIRE AT R B AR E TS
vec(Z) = [ay(a) + ej‘sphat(Gs)]
@ [a:(0a) + ej‘sphar(ﬁs)] B(T)
+vec [N(r)] € CMx1 (7)

SRR an e S A F ME e AL R,
H E[n(ty, 7)n(ts, )] = 02 Iyw(ty —t2), Hw R
MR o2 MR TIE . U DLRCHER 5 s 45T

TP
N = [t re) 0
0

RIESCER[13] I 4518, AT 15 2 25 DL ACHE I
RKEMBIEZ )G, MR A
3 EAMARI XMUSICHIHEMIMOE

B =

WL AR S R “HT RS 5
“ZRAETT MRRIEATTLER, Praxm+1E
TSR R FIERI RN T 2 ARE T, WA
2 R P I AR AR TSR . (HMIMOTEIAH “AH T3
575 “ZRETT MRAAER, FOAMIMOHE
BB SHEZBENIER, SBEETAFEL
EAAL, BRI S B Gk T A A 42 L ) A
1R AR ¥ 2% A 5% (Estimation of Signal Para-
meter via Rotational Invariance, ESPRIT) I MU-
SICTCIE ELEA T o #0TC 75 AR TS A8 73 9 SR
i RBMRSER T XUMUSICHVEEMIMO ik
MR 78, RPIMAT A RN e % .
I T ] ]I A B
3.1 mALIA

RNIRAG TR FESIME 5 Ab B b 5 I A i
M ZEAE T TR — o WS HEBUEN ] Lo
i, HEPIFARZE SRR AR
SIEVE NS SCR[16] 1551481 (5) X (2)F1X(10).
B RAARAG THHE I AT 7R o

6 = — arg max tr |:PA(0)R] (9)
0

o, ONOME KRN, A0)N S 14,
RS (55 M 7 R E, Paoy N
PS5 15 2% B A(0) 9 B B Al 2 D P
B, FLESET

Pao) = A(0)[A"(6)A(6)] " A%(6)  (10)

4 28 (7) FMIMO T 35 B 5l o i 45 5 U0
SR R BRI S B R (1) R R
[a:(0) + & prac(6.)] @ {a.(6a) + €’ prar(65) } B(r)

ai(04) ® a:(0q) ai(ba) ® a.(6s)
at(es) & ar(ed) at(es) 0 ar(es)

(11)



5 1

HEORAR . JE T HIESC VL BCIE Br AL BRI K 2 S\ 22 it 3 I 7 ikt gt 911

W p R 2 (7) AR S R 2K (12) i X
r=Ay+e (12)
Hrp

at(ed) ® ar(ed) at(9d> ® a,(0)
r=vec(Z), A=

ac(0,) ® ax(6a) a:(0s) @ ax(6y) |
e=vec [N (7)] e(CMzXl, yz[l %y, %y ej25p121]T,6(7) o
I FRE X TR HE(9) i KARO = [04 6]
NEHENBEBEMR I, A0)=A, HAR=
E {TTH}O

3 (10) F RS RAIR At SR g R 0 S s 4 R
MR, HIFEERK. "R BRI
IR R AR R R, HCRXA

0 = — arctan(tan 6q + 2h,/R) (13)

3.2 J"XMUSIC

fE G MUSICH 2R MG 5+ 25 [ A 7 ¢
2 IEAS T S . HEMIMOE XY, ZMHT
BFarwm, FHFMREEMES 20 IEAE
Lo BMFRAEMTIEEMET, HbFRARERFS
MHBE, Ma(0)) ® a(bs), NTFBFRKES
W 75 - H) FEANIEAS, Wi EMUSICH L TLEE
BRI . T X MUSICHR AR5 5 7 25 (8] Fl g
FA A ERC A Lo HIFEA RIS 7 R & 2
H S MR SR 72 [ IEAS W R BE . 3 BT 75 2
EECSHREY . CSRMERET . MRS
7 Z AP RR, SEWERIFTR.

1 BHEEREFEEMSRRE. SEEFMERE
Tab. 1 Orthogonality of noise subspace of array radar and

steering vector, manifold matrix

W 75 7% 7] 5] R T ) HEBE (55125 H])
RS T IA 1E28(MUSIC) 1E3Z () XMUSIC)
MIMOPFEF L A IEZE(MUSIC) IEXZ (] XMUSIC)

MFE LR AEMA H, X TFMIMORE 3 & ik,
fEGMUSICA R H, 17 XMUSICH A . Xf
MIMO P 51) g 12 UG P 308 5 i H2 WSO B0 a o 7 22 6 b
R = E {rr" JETHRIE S R, 13 B0 75 7258 [F] B, A1
F5 T2 HE,, WMIFECER[16]HHES, T~ X MU-
SICHE Ky

det [AT(0)A(8)]
( ”:dapvme%EgAwﬂ

Horr, det [JRARIATHIA,  EFEIFE Kby 4

Z, TR R T AT B e R
fititto

(14)

4 HETFBOMPHIAHKFEMIMOE &N =4
&t
3(9) 1 (14) By R AASR A UM USICHL 2%
TSR, WREERK. THrA—Mgik
A5 AT T BI AT 45 2400 RS T K 77 V2K 4 /N8 R T
H, DAkt B4 (12) e =1, W
AR, 0T R EAEUE SUER R R R .
M IERR B TE A B A(Y), ¥ = (04,065), Wik
W& 58 A R, )RR SR PR YER R, Hot e
ARIR, 1 BL IRV ] 1) P B R S S 0 2 T 56 R
A (13) KPR 7 A 4ER, By = (60), LR
N, R L KT HEAN L, X BEH
PRANECN K (FE5E B E AR, HAR1). W)
2 (12) 7T LS B
r=A(p)z+e (15)
HepzRoR KR E. HPRKES T4,
X (15) TR FHHBOMPHE % F AN E, i
. T RS H BOMPREE S 2 (15) FT
IV
Bt (Oap) I RIS LT L > Ko XHE
(Ba.) MBLRIBRR B 2z 2 [(211) -, (21) ", -,
@uWTTGCMX% ol — 0 LT
Clo X BRI BARE A R M (2T iR
PG B RGO, BT AT, A
RALER), WA
Vi<k<K3I1<I<L, 2l =¢yF  (16)
FrUAXEFVL <1 < L, 201G R EUE
A —o01<i<a
J]¢a1<i<4}
bR U Al 6 M 8 % 2 v H bR 1 AN S 4%
frE, SCHEALERE AR BORE G - S o f AL
PR AL 1] R Ay
argmin |||/ 5 5, Aa(P)z=7—¢ (18)

(17)

Hi|lzllp 2 # {1z £0,1 <1< L}, éelifliih
{8, WU ZAE R S AR B A A A :0(18)
AR AL B b bk S 34K — AN SRR R i (IO 13
Ho) s 3(18) Y L TR 5% A 2 2 SR AN s i Al 75 e A2
R A (B 5 R BRI &) 4B CERE ) PR
HONLIS, Beiy,  =(18)#t s — bRtk ) KL 5 7]
L, HS AT E AT BOMPEEK I, 45890 A
A k=12 K, REHEGHIHHEHERBAE
gsomse . T AR TR L, X HLgh SN E
W&, R BbEmm T AR R E, AR
SCHEDR HARMALE, B



912 H O

¥k

ERE

ézoarsczv.(ﬁ[k] _1)/4’ k=12 K (19)

Hordr, VRRWER BT8P R R4
W wr, "R LR ERAR R4 Rk, sk
X B g BAUE AT R, R E T
R RAPUIBOMPE
5 KEMIMOFLNESAEHA T

RS, KPFEMIMO R A ARG THE D4
B3, FEERRLRAT XMUSICH L L A
o R e FE R VO . N T2 H 4 R L R AR
M, B SHHRTEE: 0 = (9e0mse + 9y, geomse — gy),
F 0 R 5 0 BRI B 1) D) 5 Dy 2 3 R W
PR 2RI ST — MR TE B . W H AR Th R %
RV ARG 2 AN R IASE] B AR, SE SR
FENE R RSN . MIMOE & I 55 B A

d

AR R o8, X T IOR B MIMO &,
ARAAERE TN = oM — 1, AT AR5 IR 4 B IR
BHRAR], FEARZE. WEr LR T

%1 FHBOMPA RV, FEf e
R X EFH— AR 4 i BOMPRIERTHE
AR, RN,

P2 MHADBIRVHE, 3T iR
KALSRFAT XMUSIC, 15324 M B THE, 2
JE AR H bR R B A i H AR s A .

AEFTREERWNA : T RBEMIMOM: S
A, L HARRAN AN T BRGNS, Rank (A) =
4, Rank (y) = 1, HHRank ()RR, wRiEE
FESIE SRR A RS, PN 244 B,
HAHEA T AHRAF AN EE 2 R I 5 [ B Hh A7
oM EBERIER, L BRI R
FENSSBIRES, NSEAG M EERE R, ATAA
Fe2ME YR, W T TR B A R BR SRR
MMUSICH &, HWRBIWAEMR. FEZEN
M EZE R R S 8UE 9 [P, 3

emb =

#* 2 BOMPEEMITERIE
Tab. 2 Calculation process of BOMP algorithm

Hn: DURLIESOR 02 RALBR . RRERIIREL. F AL
VIt FIBECHR VIS . R R RS BRI AL 7, )
BAAL SR

R (1) FIBR A7 I B

(2) HRARHR FHRHRR MU ASBR I, AL (AT RN e
S

(3) IS BB o8 R 2

(4) AR (1)E(3), BACYHLL S HAREE I

o PR B

=
EE

S8 AP AT EEATTH . BEARAR&S
[P AR, A% GE 7 VA ESPRIT IR AN 7]
o 5T 4885 #EEMUSICIRANA] BN H
VEF S 1E 53— SO 308 T 75 A T (1 2 318 43 %
BEMUSICE K EMIMOF A & N H . 5
— 7T, A SCEG RN AE TP Y %)
TR SO R T . MO AR R AR 25 A T 1K
BEMIMO R IAMN &, ACEEAREENH. KT
KIEMIMO T IE R =B FRIWF T, ©F 1K
O M S R BRI AR B EMUSICH
i IR = B AR 0 FH 22 A2 R S 2644 R FH 4
T R JE B TR LR IE TR RS R 4
AR A B AR S RS S . X e B R R S A
PR 2 35 TR R R s ) . e 8E
W rE ML EEAE b, WSS R B O AN ) S 5 et v
R [7) — B 51 5 A s S s A AR N s A 1 1) A, It
e S BN R A= 0 B —

6 ItEHFE

&1 BOMPHUC B LN EMRERFTR. %
FEZOK P MIM O FE #1518 1) & 53 BE e $ M = 10,
FETCIE PR AR KA E . NS N300 MHz, A
SR =1 m, HFREEKRMAE NG, &M
FERRYE 2 (14) 11 HAFH]. ([EMESNR =0 dB. H A
REEEh, =5 m, HirEEh = 7000 m, #&EK
KYpse, W] ¥ B 5 R B A U $e, = 80
REMFAEFFo, =02, H[:ne )RR FE
n° B — AN EER W ER R F I, XEEn=1,
WMERERMAEMFEINLEMLE N
5x4+1=21. E2g5H T H A — IR 7S5 1 3
AL BAGTHEE R . AT A HiZBOMPHERERS RS
THH B AR A1

FE2 BETCEEENERMEIE. %K
HFEMIMO IS RS FETTH M = 10, ANGHZER

1.0

0.9 . X: 21
0.8 la Y:0.9702

0.7
0 0.6
= 0.5
0.4
0.3
0.2
0.1

0 100 200 300 400 500 600 700 800
I
2 H T BOMPH B K 52 H SCHEAT B A 45 2R
Fig. 2 Support position estimation results based on BOMP

sparse recovery algorithm



5 1

HEORAR . JE T HIESC VL BCIE Br AL BRI K 2 S\ 22 it 3 I 7 ikt gt 913

300 MHz, ASHEN=1m, FEEEENFEEK
. BAREIRB AT NG, oA ERIER(14)
THEAER, [EEESNR =5 dB, %104, K
LEEh, =5m, HFEER =7000 m, &EKK
Yy, W5 8 SO R E0H A B e, = SOfIIER
WYL S Fe, =02, B34 H & KR X
MUSICH) 4 2 R — kAt &5 5. K44 H
1OVR A ST S8 9 3 F BOMP AL /5 5% K ALLSR [ 4
RIGELE R . B4 1077 525 1 3 T BOMP
AL H J5 7 UMUSICH Ry H 45 R . NEH ]
PLA A SV RERS IE WA 45 /ME RV, MM %
KitEE.

HE3 AR XMUSICE A MAFNS
BAER. B2 KRIEMIMOE & 1 & ST T4k
M =10, ANSHZ 4300 MHz, ASEEKN =1 m.
FETCIEEE AR KA E . HAREIA A N, &
SRR (14) AR, FretBk, P
1040, REEER, =5m, HIREEh = 7000 m,
WERKI S, W& E &SRB A HE 5

0
-5 — A
-10 = ] Y MSUIC
-15
-20
-25
-30
-35
-40
—45

H— il (3 N)

0 10 20 30 40 50 60 70 80 90
WRAE (°)
3 FRBRRIT UMUSICH 425 A8 2l v+ 45 R
Fig. 3 Estimation results of maximum likelihood and generalized
MUSIC under whole airspace searching

0
-2
= 4

é}q/ /

= -6
T -8
L0
-12
-14

0 2 4 6 8 10

HWRAE (°)
4 10VR IS 25 H) 3T BOMP b B 5 B K ABAR )
MEFELE R

Fig. 4 10 independent experiments results based on maximum

likelihood after BOMP preprocessing

e, = SOFIR WAL T %o, = 0.2, FERLL000IK 5
Fe & segn, JFE T & Al v PR R I 38 O R 22
(Root Mean Squared Error, RMSE);: RMSE =

P
% S El(éy — ap)?)s Hth, 6 = 0y EEYE AR
=1

HE, a=0, NEWAEERME. Ha=hHismE
FEAGTHE, o=hNEREEESE. EefET7H
25 2 T BOMP HUL B 1 S RALSA A X MUSIC
BRI A AL T RMSEA = EIERMSE, A ULE
o 33X P o BV RE 0% 1E A S FHTEMIMO TR A% H bR 1
D A

FE4 MAEBEAIEMAIBE L EER A AL
BRo FHREIZAKBEMIMOE IE IR SR o 10421k
)20, AHHH#E N300 MHz, AHEKI=1 m,
FETGIE PR N K AT E . HAREIEMAE N5, R
S AR (14) 11 A5 8. [5MELESNR = 5 dB,
W10, RELFEEh, =5 m, HIEEh =
7000 m, WEIRKSR, WAk E RS RN
HLH e, = SOMBR MM AL F %o, = 0.2, EI’ZH

0
-5
=
&K -10
=
a0 15
~
I -20
m
-25
-30
0 2 4 6 8 10
HEME (°)
B 5 100357 5256 13 FBOMPHiAL B 5 7~ X MUSIC

HIHE R VG S5 R
Fig. 5 10 independent experiments results based on generalized
MUSIC after BOMP preprocessing

10!
-=- BOMPTAL )™ UMUSIC
~o- BOMPTRAL £ e K AUSR
i
Ju —9
% 102
=
ﬁ
10

4 6 8 10 12 14 16 18 20
{EWELL (40 )
6 TR UMUSICH % K148 5 4t 7+ RMSE
Fig. 6 RMSE of angle estimation with maximum likelihood and
generalized MUSIC algorithms



914 %Ok

Ej 4 FEoL

55
50 -=- BOMPTiALEE™ XU MUSIC
45 -o- BOMPTiAb# % KSR

40
4 35
K 30
25
20
15
10
5

(m)

BIR

4 6 g8 10 12 14 16 18 20
fEMELE (23 1)
B 7 SRR AN SUMUSICHE [ 72 B U RMSE
Fig. 7 RMSE of height measurement with maximum likelihood
and generalized MUSIC algorithms

120

— J7 XMUSIC
100 | — FRfsR

BOMPTiAb# ™ X MUSIC
80 I BOMPHikh¥ i K MI4A

60

B TE] (s)

40
20

0 ~—m/r/////

10 12 14 16 18 20
a4

8 TRAL RNl T A HL AT 38 B () L 0 45 R

Fig. 8 Comparison results of run time of preprocessing and

non-preprocessing algorithms

B KASRANT UM USIC B 4 25 3848 2% 35 SN )
LT BOMP il 3 J5 £ KALSAF L MUSICH
BEE R KSR LR H, AR CHILREW
BRI E R, PRz, ARCEIERIL S
3T

7T e

ASCH AT T HETBOMP AL HE K R MIMO &
IE BARAT A W . e AR S s AR RN
MMUSTCHE LRI F . 1255 32 H R R AR T 1)
B R 2 FEBOMPRALI H bR I FE, AR5 46 /ME
GEIERIAEZRIEE, MR T It R, F
b, FAEEIEE, BOMPINTH.

2 % W

[1] KUSCHEL H. VHF/UHF radar. 1. Characteristics[J].
Electronics & Communication Engineering Journal, 2002,
14(2): 61-72.

[2] KUSCHEL H. VHF/UHF radar Part 2: Operational aspects
and applications[J]. Electronics & Communication

Engineering Journal, 2002, 14(3): 101-111.

[10]

[11]

LIU Yuan, LIU Hongwei, XIA Xianggen, et al. Projection
techniques for altitude estimation over complex multipath
condition-based VHF radar[J]. IEEE Journal of Selected
Topics in Applied FEarth Observations and Remote Sensing,
2018, 11(7): 2362-2374. doi: 10.1109/JSTARS.2018.2835448.
TRk, TR A H AN 5 W & R B EARU D], [+
W], TR RS, 2019.

WANG Shenghua. Research on key technology of low angle
radar target detection and elevation measurement[D]. [Ph.
D. dissertation], Xidian University, 2019.

BRI TSR I AR o 22 AR RS R M ) B SR B AR AT
FE[D]. (ML, HTRHECR, 2019.

TAN Jun. Research on multipath effect suppression and key
technologies in low-angle measurement of meter wave
radar[D]. [Ph. D. dissertation], University of Electronic
Science and Technology of China, 2019.

XIANG Houhong, CHEN Baixiao, YANG Minglei, et al.
Altitude measurement based on characteristics reversal by
deep neural network for VHF radar[J]. IET Radar, Sonar &
Navigation, 2019, 13(1): 98-103.

RS, ROV, KBEMIMOEHIE RGBT LTSI &
R SRR, 2017, 15(3): 236-240, 246.

LU Pengcheng and WU Jianqgi. Some issues on VHF MIMO
radar system design[J]. Radar Science and Technology,
2017, 15(3): 236-240, 246.

XIR, g, BoR, S, H TR A (A K IR MIMO B 34 f LA
THRE]. P24k, 2011, 39(9): 1961-1966.

LIU Jun, LIU Zheng, XIE Rong, et al. Beam-space domain
angle estimation algorithm in VHF MIMO radar[J]. Acta
Electronica Sinica, 2011, 39(9): 1961-1966.

IR, R, XIR. FE T HERE A A MIMO f 2 AR AT A PR i 1
Fik[J]. BT 55 8%, 2011, 33(8): 1833-1838. doi:
10.3724/SP.J.1146.2010.01242.

XIE Rong, LIU Zheng, and LIU Jun. Fast algorithm for low
elevation estimation based on matrix pencil in MIMO
radar[J]. Journal of Electronics & Information Technology,
2011, 33(8): 1833-1838. doi: 10.3724/SP.J.1146.2010.01242.
X, Fkse, A, % RIEMIMOTE A% B bRk 77 m
T[], P55 B4, 2016, 38(3): 622-628. doi:
10.11999/JEIT150555.

LIU Yuan, WANG Hongxian, JIU Bo, et al. A new method
for DOA estimation for VHF MIMO radar in low-angle
tracking environment[J]. Journal of Electronics &
Information Technology, 2016, 38(3): 622-628. doi:
10.11999/JEIT150555.

LIU Yuan, JIU Bo, XIA Xianggen, et al. Height
measurement of low-angle target using MIMO radar under
multipath interferencelJ]. IEEE Transactions on Aerospace
and Electronic Systems, 2018, 54(2): 808-818. doi:
10.1109/TAES.2017.2767919.


https://doi.org/10.1109/JSTARS.2018.2835448
https://doi.org/10.1109/JSTARS.2018.2835448
https://doi.org/10.3724/SP.J.1146.2010.01242
https://doi.org/10.3724/SP.J.1146.2010.01242
https://doi.org/10.3724/SP.J.1146.2010.01242
https://doi.org/10.11999/JEIT150555
https://doi.org/10.11999/JEIT150555
https://doi.org/10.1109/TAES.2017.2767919
https://doi.org/10.1109/JSTARS.2018.2835448
https://doi.org/10.1109/JSTARS.2018.2835448
https://doi.org/10.3724/SP.J.1146.2010.01242
https://doi.org/10.3724/SP.J.1146.2010.01242
https://doi.org/10.3724/SP.J.1146.2010.01242
https://doi.org/10.11999/JEIT150555
https://doi.org/10.11999/JEIT150555
https://doi.org/10.1109/TAES.2017.2767919

5 1

HEORAR . JE T HIESC VL BCIE Br AL BRI K 2 S\ 22 it 3 I 7 ikt gt 915

(12]

(13]

(14]

RIER, BKBE, K%, & —FIMIMO B L A ERER T T
R IE T A TR (). P LT REEOR 2 2 4 B RRL
fiiX, 2008, 35(5): 793798

WU Xiangdong, ZHAO Yongbo, ZHANG Shouhong, et al.
New method for DOA estimation for the MIMO radar in
low-angle tracking environment[J]. Journal of Xidian
University: Natural Science, 2008, 35(5): 793-798.

LIU J, LIU Z, and XIE R. Low angle estimation in MIMO
radar[J]. Electronics Letters, 2010, 46(23): 1565-1566. doi:
10.1049/€1.2010.2579.

TAN Jun and NIE Zaiping. Polarisation smoothing
generalised MUSIC algorithm with PSA monostatic MIMO
radar for low angle estimation[J]. Electronics Letters, 2018,

54(8): 527-529. doi: 10.1049/el.2017.4378.

£ & & 1
FRAEGR(1987-), B, tWEMEMA, B
B, WFFTT RS 2 Sl T Sk

REM(1986-), Zo, LTREN, HL
WHFEA, BT T AMIMO T A G it

A (1964-), B, ILHEEE AN, #
B, WHF T RSG5 A

[15]

[16]

[17]

ELDAR Y C, KUPPINGER P, and BOLCSKEI H. Block-
sparse signals: Uncertainty relations and efficient
recovery[J]. IEEE Transactions on Signal Processing, 2010,
58(6): 3042-3054. doi: 10.1109/TSP.2010.2044837.

FKR, BREE, ZRT, & 2 EE A RS S R M) bR
TR A, 2004,

WANG Yongliang, CHEN Hui, PENG Yingning, et al.
Theory and Methods of Spatial Spectrum Estimation[M].

Beijing: Tsinghua University Press, 2004.

KPR, KB HFFEF o I ARAM A I Tk A L D). [ d-ig ],
P42 LT R R A, 2018,

LIU Yuan. Study on low-angle altitude measurement in
VHF radar[D]. [Ph. D. dissertation|, Xidian University,
2018.

ZERERE(1990-), 5B, LvE BN,
Jilt, WFFETT ) R B A A R Al

ik #R(1990-), B, WALELAN, THE
I S o e v T R [ L i


https://doi.org/10.1049/el.2010.2579
https://doi.org/10.1049/el.2017.4378
https://doi.org/10.1049/el.2017.4378
https://doi.org/10.1109/TSP.2010.2044837
https://doi.org/10.1109/TSP.2010.2044837
https://doi.org/10.1049/el.2010.2579
https://doi.org/10.1049/el.2017.4378
https://doi.org/10.1049/el.2017.4378
https://doi.org/10.1109/TSP.2010.2044837
https://doi.org/10.1109/TSP.2010.2044837

