BABE 1M & B X #it # &R Vol. 4 No. 1
2025 4F 1 H Information Countermeasure Technology Jan. 2025

ElNGE- B

JEAEE X e, RS, % G REA R B R &4 B MIMO 5 3k DUk 7 A 58 R R 0 [T, 5% BT HiH R, 2025, 4(1):61-71.
[ZHOU Zhe, LIU Weijian, WU Yuntao, et al. Bayesian adaptive detection for w1dely distributed MIMO radar with limited training
data[J]. Information Countermeasure Technology, 2025, 4(1):61-71. (in Chinese) ]

WEHFEARAR BB XL E MIMO & i I8 B 1& M 46 il

i

BB AT X ERT AN IR

(1. R TRERFATFENR 5 TR, AR 4302055 2. TR KA GEVLE AL &
&S S, Wb akIL 4302055 3. ZS ZEFREE AR, WAL 430019)

B OARFEEARRT AFARFHBAFLMNER, BFERZRZRIES>HHFLR, A

WA EE T Rk T 2K, BEEFRIET X T, x%ﬂ’-@iaéy BB FE R A
TORBREBHKENBRIRA S NEERBALREK, ATHRERES>E SZHAN S HE (multi-
ple-input multiple-output, MIMO) & ik £ )| % 2 4% & 2 0t &9 B AR A Xfif‘@ﬂ]:}ﬂ B gl 2 g
N 7 N B RC: WL R N o S I R WD B < o bl (generallzed likelihood ratio
test, GLRT) £ ] \Rao /& M #= Wald /£ M &3H/33] 7 3 A N et item 2, 2R AW, 3t Eh e
A B EINEINAEARAR LN R 4RGN, £ 3 A N et Ardan B P, 5T GLRT # 0 47

B eyt Bag e m it A, AN EBF R T e kake) A HE T,

KW B AFARR N et Al 5 MIMO § &

RES%ES TN 951 XERS 2097-163X(2025)01-0061-11
XEktRER A DOI 10.12399/j. issn. 2097-163x. 2025. 01. 005

Bayesian adaptive detection for widely distributed MIMO
radar with limited training data

ZHOU Zhe'?, LIU Weijian®" » WU Yuntao'”*, ZHENG Daikun’, GONG Pengcheng'*

(1. School of Computer Science and Engineering, Wuhan Institute of Technology. Wuhan 430205, China;
2. Hubei Key Laboratory of Intelligent Robot, Wuhan Institute of Technology, Wuhan 430205, China;
3. Air Force Early Warning Academy, Wuhan 430019, China)

Abstract In an unknown clutter environment, in order to achieve satisfactory target detec-
tion performance, a large number of independent identically distributed (1ID) samples are
usually required to accurately estimate the covariance matrix of the unknown clutter.
However, in actual working scenarios, it is quite challenging for radar systems equipped with
multiple channels to obtain a sufficient number of IID training samples. In order to solve the
problem of target detection in widely distribubed multiple-input multiple-output (MIMO)
radar with insufficient training data, Bayesian theory was adopted and clutter covariance
matrix was modeled as an inverse Wishart distribution. Three Bayesian detectors were
designed using the generalized likelihood ratio test (GLRT) criterion. Rao criterion, and

Wald criterion. The results show that the proposed detectors can all achieve effective target
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detection with limited training samples, among which, the detector based on the GLRT

criterion performs the best. In addition, the key physical quantities that affect the detection

performance have also been given.

Keywords

i1

0 35

Bifi 25 T F B R R 5 b BELIS 1 K L TR A
P LA W7 A e, R AR SR 0 2 A 2 i
Ik,
MIMO 75 ik i Rl F 2 4> K4k 514 A A8 ¢
B IEA WY IF 38 o 24> 08 U A5  0E
ATy B N P a4 BT T RS A H
B, MIMO s 2 Mt Ap R, REnmH
MIMO i MR LI E MIMO Fik™, K&
538 MIMO 53k By K 2 A0 B AR 32 - AN 7] £ B2 0
W H FR s BEAR T B A5 IR R 0 R FI) 52 M 5 K 26
8 MIMO 5k 1R 25 MR R A AH L, R 2
2 B 35 AH B O R R T B A B o S R AT
PEAL TR0 B Ay BE L H AR RN AR R ). LR
T, AR INREER UL BH L J5 SCEE B 1 MIMO 5 ik
g K& B MIMO ik,

(multiple-input multiple-output, MIMO

=

AN TR IR AT e R, b A I 4 2% R
IESEAM I AEZ —T . A% MIMO ik iy H

oG 00 1) B, SCHR (8 148 3, 76 /& W (MR 7S 5 St R
S ARSI 28 HAT AR A T A R A8 2L, 9 H LR
P BB TR FH AR T &b 2 A9 A 4% B 5 ik B n ke
W . SCTERLO JWRSE 1 B4 A S IR R 2 Xt 34 B
A AR RN ZRAE A BT A R il ) 0, Jf 42 ik 7 X
21 4% Lt % I ( generalized likelihood ratio test,
GLRT) . Z5 1R W] AR BB T . MIMO 75 i 50
P P v 3k HA T R U e . SCER[10-11 i
FHARXHE >k B 5% 31 8 B A 04 S5 D0 4 D0 25 1) A 1
e, 5T & B, £ K {5 Mt (signal-to-noise
ratio, SNR) X3 , MIMO 75 35 XF T K 3% #r H 5
()P 8 A8 DR T 4 40 4 25 L %0 a5 S LK
A OC; TE R SNR DX, 74 68 ok 8 B T 05 4R 1
i M 1 5 E WOUL B i RN S AL R Y e R

Ko SCERL12IWE5E T Kk S K&k 5 3R L A7 7E 7]
R ZEET ) MIMO B35 B AR, IF0 20 22 g
PR o K FEWT 434 (Von Mises distribution) ,
FI B EH & K (expectation-maximization, EM) 1
X R 28 BEAT A T AMEE L IF B M T AR BY GLRT &

target detection; Bayesian detector; MIMO radar

Mg 427 TR PERE . SCERC13IWFR T MIMO
F Ik Xt iz s B bR A9 AL I (8] &, 3 F 5 2 GLRT
(2S-GLRT)#E ], B2 1 T 78 2 09 A% 00 245 5 36 3F T
MIMO 75 I5 A8 AR 42 B B 3k, 78 #0838 H A5
TR, SCERC 14 I0F 58 T B br i 5 5545 BOoR A
B MIMO ik H br kil g 45 R & x5+
SSEARAE I MIMO 75 35 B 5 M 5 B 5 LAY
) G 000 B L (ELEE X R B A A R I ) B, MIMLO
Tk B WA R PERE . SCERC15 898 TR
SIS TR MIMO B35 B bnAe il [a) B85, 8 44 I 4
ok B Bl Cauto-regressive, AR AL, FEIRH T
AR S50k GLRT R0 2% . SCHk[16 1K 2%
L RAE 2238 8 0 R A I ) 3 G L 3l 2 2 B T
AW T 25 B AT AR T SR 5 PR L, R 215
FTHEHT MIMO Fikf) GLRT &4 .

EA36 0 02, Bl B Bk oh 22 35 8 3R A 45
W AR B B2 s DA BB ol i T2 B, ROk
F14) 308 8 50 T 8 5 33X Sk B IR VS R M B AR O L
THRASE . SR, Z 5038 38 B0 in (4 15 75 15 )
YINERAE A B 19 T R AR A B B8 55 . X6 R R 4y
B MIMO 5 35 2 Ui 2 — T ™ 8f 1 oK X & i T
K4 B MIMO &3k AN TE] i BE 4RI H A, 21 5
() A 359 5 5 1 T 25 5 18 B I kB AR S JE 9 1 L
EEXT U ZRREAS R I B 1% B bR A, H AT 2 8
e G T IR DO e | E- B N 37 SN 2
BRIk T 5 45 0 B A Dk P O 25 O R 4
P A T AR Sk, DL ST RS T A A T 5
AE] MIMO 35 89 H A5 A 0 ef, A= 40 DU it 37 2
W, M P 7 25 00 MR R A E M gt A, S
BOnl DLoE ok 75 Gk Dy b R HE BT S R & A
AR,

SCHRL 31T T & 98 3E 1IE 38 % T8 19 K 2k 4y
B MIMO 535 0% B brde DU 7] B, 8 2= % b 22 5
P A Ry 30 Jg VD R A AL JF 2 T 2S-GLRT 48 i
T AR DM MIMO 53548 2% . SCiHk[32]
WF5E T & 4 e s vh R 4R 3k B MIMO s i
DL I S ARG DU ], 4 1 T 3 F DL EE 8 9 Rao
K #% . SCBR[33 A5 T K&k & MIMO 55



513 JE A N GRS I RSy B MIMO 78 ik DU 307 19 38 Rz A 1) 63

FETC YN ZRAEAS Bof 118 A 00 ) 0, e 3o 8 % U8 P O 25
R W A A Sy 30 SR U0 R A3 A AR D T A R DL
Kol #% . CBk[34 WP T E A& W2 T i
MIMO ik H AR A8 ] 851, 38 o K 52 A e 307 4% i
rh I HICBE 43 1 R Ol 3 R VD R o A L R R T 2S
GLRT W], £ 7 A7 &0y ULk B A I 2% . SOk
L6 F5E T & & W 2% i iy MIMO 53k H AR
T 1) AL, 4 52 v S0 A B0 B 0 g A O B L R
VAR B B RO 4 el AR A RO 3 D R 43 AT Y
BEMLAS &5 (HIZ Bl B 23 1 00 A o 9 40 > 4 oK
i | 2 e N T 7ol A AR & L S I Y £
DUmHr GLRT il 2% . SCHRL35 I0F 5% 1 00 % 4
2 [F (frequency diverse array, FDA) K ¢ It &
MIMO 5 5 78 TG I G5B A B 3 Gz I [R] A8E, 25 5 D
W 0T 7 D 1R AR B T A AR A 2

IR SR B AR DI R AR T AR
FENTEAEWGRAEAS . SR, 56 bR 28 58 vh 515 UL Y
T & A7 78 U 2R AR A, B I 2k AR 2 1Y 1
ViR B AR NG 1 o 2% = N N e O
(], I 3% F UL op B B8, 1 i A R A I £
TEIE AR, BT GLRT #EN, 5 2 Fhd Y
K0 2% 146 3 7E W Ry Rao v A1 Wald i 0j =5,
PRI A SCHE T R 3 B, £ 1 1 38 H T I 25
FEARN B R 24 B MIMO 5 1k 9 DL i 3 )
fir . SEARIRWI, 3 Fh DL TG DU 2% X B TAETE I
SRR AN JE I () PR B B I 2R A 7S R LA
I #% 2 (probability of detection, PD) 75 T E A
Kol 2% . 75 3 Fh DLt Sr kG I 2% o, 3T GLRT
DU 0 R 0 7 R T R R AR

1 s

i R4y B MIMO TRl & M A K5 K
&N DEEWCR L, A KO R — M T 4b
J# 6] f& (coherent processing interval, CPD) N %k 5§t
K ANAE T Jkoof s HOAS 6] R 26 % 58 09 T 34 1F 22,
WU 22 3 DG E 9 9 5 K 2k 0 B MIMO ik iz 3 H
o A 1) AT e O

H):x,,=n,,
J m=1,2,M,n=1,2,-+,N
H :x,, =«,u8um +1,,,
\ m=1,2,+M,n=1,2,--,N
KPox,, B m ARG RE KRS HHE n A
WOR AW RN B KA ok o 5135 Bl s m 0 A AH R

(D

%) 2% 1 fin W 7 3 s, S RUR J7 A L JE B 8 FR O I
Ay BT R T M sk, O H bR B IR
55, 0 HARAH N /Y 22 3% 8 0] % & H R GA
KN
Som =1 e e eijh(Kil)f’””T'] @
A, T, N Bk p & & B3 R (pulse repetition fre-
quency,PRF), £, A H 5 1y £ & K, 775
CoOV Tl ZIR g AER N £, RSB
R0
fov.
c
Sovy
c

Kb, 0, #0;, 5350 0 B AR AHXT 55 m A KSR
A n DHEEBRLWAIE v, Ao, 505 0 H R
T 4EF- T R BE (R, £ A R SHE 5 80, ¢ A

X2 (L) A i A I () B, 7 52 BR B B b A
HAE AR RE G2 M RMEIRN., £
n,, WZRPINMGEF P J5 25 AR, . N TR R,
HEAT A TR DLUSES 28 T R 5 A% B 00 52 e AR
Pk & s x,,,  AFTE L, DA E RS S
AR T8 £, AW ZRER N y, (L, =
1,2,0+,L,,0, Hiki y, SEekEdEx,, BA
HRTE P T 25 R,

FT ik oA, 20 (D) FoR 0y & I ) &1 T &
ER

S = Ccos 0,, + cos 0,)

-+ (sin 0,, + sin 0.) (3

m :1’27"'3M97’l :1’27""]\75

Hiix, =S T 0,y =w,

m=1,2,M.,n=1,2,-,N,
Lyw =152, L,
Rt w, R y, o HG e A 4
Z

HRAE b R B 9 GE TH A RS, R LA 3 1 A
B AU ZRAE A 9 K B AL 3 95 B eR L (probability
density function,PDF) >} :

rrrrr

M N
=[I [l exp[—A"R,)A — tr(S,,R,})]

m=1 n=1

) (5)



64 i B

PO/ s N

2025 4

KA, f1(x,, | R, FRFENEE x,, £/
¥¥ H, T R,, QA%Hﬂ“E’J <A ABE R R PR R

,,,,,

A :xmn _

mn mn ? ‘S mn
,,,,,
L, =1
nn

R n A B2 UK 28X I 1Y SR B Bl 7 25 06 [
(sample covariance matrix, SCM) , 5 tr( « )3
IRARFEE, | o | FORE AT A
HEHREME. KGR FFA R, B
SRAE T (maximum likelihood estimate, MLE) 34
FEMFTHEZE min(L,, )" =K, X — & 08 R
Wz, 1 H . R ¥E Reed-Mallett-Brennan (RMB)
EDN O B R BE AR R R I AE 3 dB LAWY T

TSGR ZED N ARG HHEKN 2 45, B FAT
BEom Mo, BFEHLE L,, =2K, X —ZREL

B Hp B LA AL

R T DI SRR AR R B A I X R
L, <<K) A SCHEF DUk 37 AR 3038 I 25
FEANS LB R B MIMO 335 A 1 W

:::::

., BkH, B R, RN A HE
freedom,DOF) K p,,, AS B HFEN 1,2, W
BUD R A A Y e

(degree of

R, ~ Wi Gt st X ) (6)
R 398 B v A A R AT
E[R,, = [,u,m, /(/u,,,“ —K)]x,.

E[|R,, — %, )1~ t*(Z,.)/pp (D
K55 EL - JERGHHNE, N TUAE
WA A B e, BORGR,, AR VRS AR

— SR BT AE B

2 DUDtHrdd 2% it

AR R Al RS DU R T E R 3 A o U 4R
T UNGFEAN BB R B MIMO i A
T A W 2% 5 3 A HE W 43 5 R - GLRT #E W Rao
YU FT Wald i),
2.1 MHT GLRT #& 0 2§

BT UM S A GLRT #EN AT 28 W .

t B*GLRT lllllllll ( 8 )
maX H H ij()(xnm an)f(ylmn | Rmn)f(an)anm
n=1 n=11, =1
K. f(R,,)H R, I PDF.ILRIEX AR D, T RO TGy
| 21111 |’“ 77777 ] M Al
‘f(Rmn) :7ﬂetr( IunmzmnR nm) H Hgmn.o
¢ | R | LBGLRT = i :\]«”:1 = (12)
(9) H H min & omn.1 (/Cmn )
m=1 n=1 "mn
K, c =xF% ”)HF(,M ,,,,, — K+ HHEHetr o,
%ZT—\‘ e”( ; ° & mn.0 :‘ xmux;lz—llu + Qmu o (13)
HRAR R (5) AR (9) AT 7551 ) o
gmn-,l (Kmn ) :‘ xmn-,lxmn-,l + Qnm (14)
H f (x ””’ )f(y[ zzzzz | R'"” )f(Rm”) an :Snm +#71171211171 (15)
Lo =1
— (| R |/z,,,,,<K>L ,,,,, My x| A E.c Fd FYEEE & 0058 [FE ol ) &, WA
mn mn . 167
* etr[*R;}z(xmqui{mJ +S.. +#nmzmn)] %:ch :

tr( » )

:T:t EF' s X1 T Xon ~ Ko mn s etr %%ﬁ €
X0 R KEF R, WL 1

N -
J H f‘l (x mn ‘ Rmu )f-(y!m” ‘ an >f‘(Rmu )an'm

Enn =1
—K o
AT X
H
‘ Xm0 X a1 + Snm + /u mnznm

—C

P, AT (1) R (1) 23 R

P L 1 H —1 P Ly 1

& mn.0 :| ®mn ‘ (1 + xan/rmxmn )
an
P L 1
Eomn.1 (K:/mz ) :| @mn ‘
H —1 o Ly T
c (14 x,0, 1 DX 1) (18)
U N S z
RAAD KT «,, BIFH1F



513 JE A N GRS I RSy B MIMO 78 ik DU 307 19 38 Rz A 1) 65

dgnm,l <K:mn ) e
:‘ an |
dlcnm
Hgy—1 ey L, D
* [1 + (xmn Ko ) Qnmsmn:l
19
. i S
AAXADET 0, MBH «,, BT A:
H 1
~ snm@mnxmn
Kopn — “H a1 ( 20 )
8 0D S

B COMARK8) .15

§ - _ Howy Tl H g1
& omn.1 (Knm ) 7| ¢mn | " " ( 1 + x11111¢/)171x711n

s, [P e

— —s”(l)ﬂs ) @D
R TR R T R THE Y A s, =

xo®@ 'x, ult=s® 'x ul,=s.D.'s,. .

B ADAMCDAAKX QD1 A/ 5 XK
2y H MIMO 3 35 19 DL it GLRT (Bayesian
GLRT for widely distributed MIMO radar,
B-GLRT-WDM) .

m=1 n=1

tB*(}LRT*WDM - ‘ sx ‘Z po+L 41

M N
1 + . u,,, |\
u,, s

m=1 n=1 mn

(22)

EAS 35 Y g2, 24 20 C6) H gl Jg Vb 4 43 A 1Y

B LA I R AR B AR R B ey = s

=Ly AL,

(22) 9 (p + L + 1) W, 4 38 f1k J5 /Y
B-GLRT-WDM K5 il #5 A

M N 1 +u,,
B GLRT-WDM — H H (1 bur | us, |Z) (23)

=T UMN é/l s Ly =L, =

m=1 n=1 .

U,
2.2 DM HF Rao ¥ 25
J 171538 Rao Kl 2%, %6 XS4 O

0=[0!.0']" (24)
AH,0, =k iy ] €CM O, =
[vec(R, DTy vec (R,)DT, »oys vee (Ryy )" T €
CVVE 5 vee (+ ) 3677 [ AL 3R AF O™ 4% 4
Wi AR L5 ) Rao A1 Wald 6 I #5 1 35 A5 1 1Y

Rao Fl Wald # Wl %% , 3X 5 P Ry W6 7 22 6 [ il DA
95 % I A B A A, T OE SR MU 2 ' A H R
&R .

*XF @ 2% & /R {5 4 B (Fisher informa-
tion matrix, FIM) " ¥ X W .

al X) dl X
F(@) — |/ X0 s )} (25)
J0 el 0]
BT 53] Rao #EN , FIM %0 B4 & 8 43 B
FQ.‘@A(@) F@r,(n)‘(@)
F(®) = k (26)
Fo 6 (@) Fo o (0)
FH R B Rao #6085 17
al (x)|* .
tRao_n;(;r oo, [F 1((")0)] 0.0,
al
o/ x) 27y
10, 0-6

0

L 1 OFTR x11 0 X1 s xun TR H,
FH PDF, [F '(0,)]o.0 H:
[(F (@) Jo.0 =
[Fo .0 (@) —Fg 6 (@Fy o (@)Fq o (@] '
(28)
e O, FHME. 1M 6, Fm 0 fEHIEER H, FHY
it

s (5 15 2] .
i (x 1 7K11sll)HRTllsll
3lnf|(x)7 (x12*/512512)HR1721512
0,
_(x MN T KMnS pn ) "R xﬂl\s MN
29
siR?ll(xll —KnSi)
alnflfx): STIZRliZl(xIZ_KlZle) (30)
10,
LS A]\—I/INRI/JI‘\« (Xmy — KunSmn )
B COAMGORAR 2,15
F@’,@l (@) —
SlHlRulsu 0% 0%
0 SI;!zRTzlslz 3D
0% 0% ) PVIINRQIVS MN

WA B RAE Fo o (@)W 0 HiFE, L,
ERCETR



66 5 B X b o R

2025 4

[F71 (@)] 0,.0, —

(SHRGIS“ )71 OK b OK
OK (si’éRlzlslz) L. OK
OK OK (S R\/[\Sw\ )7

(32)

¥R .o M2 AKX Q). HEIR,,
B A Rao K6 25

TIPS

N EEb e ﬂJrE;Fr Rao *ﬁ{ﬂ!ﬂ%%,?%%éﬁ

WKL H, F R, US4, 42000

XF R, WSEET 0. SEEEAER H, TR,

B K5 % (maximum a posteriori, MAP) it :

A

1
Rmu.O - 7(x/)171xlli—1171 + @/1171 ) (34)

mn

Ase,, =p K+L,, +1,
XFE (34K 3, 75
. D, x,.x0D,
,1 1 mn mn N mn 3 mn
Rmu 0 = Con (an ) (35)
1 + X anmenm
B WAL TR 2 AT oL
H 1 1 sx umuumn o 71 u:‘rjz(n
smuR mnX . = Copn \ Wy — — Comn
1 + unm 1 + umn
(36)
2 1
H -1 1 ‘ umn |
IR0 = (10— 37
L+u,

PR 4 20 (36) (3T AR A (33) , I W
B, 5 B B A0 B X R 24 B MIMO Bk
Il Rao(Bayesian Rao for widely distributed
MIMO radar,B—Rao—WDM) :

ZZ

ol R T

1+ u;, ) (1 +u,

L B Rao-WDM — P
—luy, [

(38)
2.3 DU HT Wald 6l 2§
Wald #iE W i 2 16 5005 1700
Ly = (O, — 0@, )"

* { [Fﬂ (@1 )] 0.0, }71
1.0, K0, fEMRKRK H, Frfit.e, X
0. B H, P A,

Bt 20 =t (32) L AR (39),
ST DL -3 Wald #6028 .
‘Z

M N H
RS | W,
Lwad.Rr,, = (40)

(u3,)?

@, —0,) 39

HER,,

NGB B 2 Wald K I 8%, 5 245 R
% H, F R, 890, 400 kT
R, BSBAET 0 AR R RS H, T R,

MAP i3t h
| p—
L,,+1
o (X — K8 ) (X s — K8 )+ @]
41D

X COMRARXUD 15

. 1
R

mn 1
mn

sx H
S pnll yun S nl yun )
X — s +@,,

mn mn

o 1/2 1 7 1/2
- an (P xmnxmuP +IK ) ¢mn

L,, —|— 17 7 Sw T S
(42)
> 1 o TH
:T:EI:P’PV 7IK_PS\’ ;P; — S mn/<smn mu)’
_ 1/ 7 S 1/2
S =D S 53X =Dy "X o
X (42) 3k 0, 15
R, =L, +Dao,"
P, x,x,P;
Ik —H—Lv Qmi% (43)
1+x,.,P s X
A (43) 14 .
sI)IIIR mmn s 1s/)171 (L/)HI + 1)u;‘;l7l (44)

He 20 A0 R (44) I 20w BT, 15 3]
&M ERXT K B MIMO 53k 0L -3 Wald
(Bayesian Rao for widely distributed MIMO
radar,B-Wald-WDM) .

t B waewpMm — Z E [ om | (45)

m=1 n=1 mn

3 HWNERERE T

AT B T BECHE DE AN T B DL R T 2%
B-GLRT-WDM, B-Rao-WDM, B-Wald-WDM fJ
Kt ge. b TR S AR, /\FE"EHEJEK
(probability of false alarm,PFA)H 10 °, N5
FNRGITTRR R 107 URELHEAT7 F 5 o 15 310 K I 48R
R 100 B s L. D AR R B X,
B Cky sk )N ITCRBEE R

Elllll(kl ’kZ) :p/‘:nl
ﬁq:] 9]'1’1 9/32:1929'"9K0
17 M LESE SCH

7"’2‘2

(46)



513 JE A N GRS I RSy B MIMO 78 ik DU 307 19 38 Rz A 1) 67

M N
2 H 1
S SNR — E E | K yn ‘ N mnzmns mn (47 )

ST 5 BT 4 DL MIMO 35 A6 T 2% 19
AR AT TS 1T SCHERC 48 v BT 82 1 1Y & %t
KR8 MIMO FiAH GLRT(GLRT for wide-
ly distributed MIMO radar, GLRT-WDM) , H: 4
R I

t GLRT-WDM

i

H —1
m=1 n=1 1 + X mnsmuxmn -

H 1 L +1

1 + leNSH”IxWHI ’’’’’
H —1 2

LS S yn X o |

H —1
S 1S S yun

(48)
B g5 7 YRR A RIOR T % 4t 18 250 L
I 7 G 0 45 R RIAGE N 2% 1 M R He g, o, &
MR&HE M=2, R KR&HE N=2, -1
CPI N ik vh 0 K = 8., %} T A 6] (1 & i R 2k 4%
WOR Xt DU H l R B e, = (9,10, 11,
120 (i m=1.25n=1.2), % T A [&] #4338 g 0
AT R AR AR L 4 e, = {0.80,0. 86,0. 92,
0.98) (Hhm=1,2;n=1.2), HbppyH—1L £
WA BN f,,={—0.26,—0.24,—0. 13,
0.15) (i m=1.2;n=1,2) . WA LK E
K L,,={8,9,10,11} (Hrf m=1.2;n=1,2),
R TATSCHEIC RS ERE N 1 S
Wik s, MWE 1 Ay Es Rl LA 0D
MIMO 35K I 25 (14 46 0 1 B 22 0 = T 3 LA
ME$ GLRT-WDM, 7£ 3 /> DL -3 46 90 %8 v, B-
GLRT-WDM H75 f i R AR 6, 24 48 ) A48 >R
0. 8 B, AH H R BLAS I 2% GLRT-WDM, B-
GLRT-WDM JiF T (9 15 W LU BE R 29 12 dB, HIAH

1.0 ,
—+—B-GLRT-WDM
0.9 |- |—s—B-Rao-WDM
—#— B-Wald-WDM
0.8 GLRT-WDM
0.7
3 0.6
=
2=
= 05
£ o4
0.3
0.2
0.1
0o 5 0 15 20 25

{5 EL /dB
B1 %1ASHREN, FREREETESRNEFN0NEEE
Fig.1 Detection performance of the detectors under

different SNRs for parameter setting of Group 1

M LR T2 12 dB.

B2 R S50 T 3R U R A B
Foft B B R 1 AR 300 VD R 43 A 0 E
o =115,16,17,18} (Hp m=1,2;n=1,2),3F
WCESE 2 S 80 E ., B K 1 fE 2, 0]
DL Y30 g Vb e 43 A 1 A ER BE 3G B, 4% DL
Wk W% A R A% ME R 4R T, BRI 2%
B-GLRT-WDM (146 A 28475 08 e v o X 2 2245
i T e U AR B e .

1.0

—+—B-GLRT-WDM
0.9 | |—¢—B-Rao-WDM

—#—B-Wald-WDM
0.8 1 GLRT-WDM
0.7

M 0.6
ij 0.5+
Z 04t
03}
0.2}
0.1F

0 5 0 15 20 25

fEMEEL /dB
B2 %2488 LEM, FEFERILT KRR QN
Fig. 2 Detection performance of the detectors under

different SNRs for parameter setting of Group 2

B3 S5, B T IR RE AR B kg, 3
S HHRE 1 AR, EENGFEALL,, =
{15,16,17,18} (Hh m=1.2;n=1,2). IFiCfE
WIHBHLE. SEA 1B RMIL. T UE
HE A5 A T 2 B RGP BB Y AR v R R T R
GLRT-WDM 5 I HE 8 B 25 Il 25 A A 500 3
77 TH S 1 o AELATS SR L DL Pt S 00 25 ) 6 3000 A 236 22
ik, H B-GLRT-WDM SR B A f5z i O A I AE 3%

1.0 i T T—s— -2
=—+t+— B-GLRT-WDM
0.9 | —s— B-Rao-WDM
~—#— B-Wald-WDM
0.8F GLRT-WDM
0.7
5 0.6r
=
= 05;
=
& 04f
0.3F
0.2
0.11
0o 5 10 15 20 25

G /dB
B3 ¥E3ASHEEMN, FREBRILT SRR SN e
Fig. 3 Detection performance of the detectors under

different SNRs for parameter setting of Group 3



68 5§ B X bt # R

2025 4

B4 TR iS50 B8 T 3 gD R 43 A 1 Rl R
AR EEn HoAh 2 B BRI 3 AR TR] L35 R v
oy A A E g, ={15,16,17.18) (Hih m =1,2;
n=1,2) JFeEE 1 ASHE ., 5K 3 T g
SRR L o DL i S ARG 000 1 00 ARE R X A T 8
H B-GLRT-WDM 4 6 I 4 % 5% 55

1.0 T T =z = = - = =
—+—B-GLRT-WDM
0.9+ =—¥—B-Rao-WDM
—#—B-Wald-WDM
0.8 GLRT-WDM
0.7
ﬁ 0.6
=05
& 0.4
0.3
0.2
0.1
o s 10 15 20 25

fEMELL /dB
4 F4BEBSHGER, REIEERE T &R N2 0 45
Fig. 4 Detection performance of the detectors under

different SNRs for parameter setting of Group 4

Bl 5 aSE B T B s I — 1k 238 i i %
PLAh, Hfh =4 5K 1 MR, ®E £ =
{—0.36,—0.34,—0.23,0. 25y (Hrfm=1,2;
n=1,2),IFIC/E%H 5 ASHRE. XK 1 FE
5. 81 5 25 A0 2 1 e T ARE AR B v TR 1 A A
U B A 00 ABE R, 3K bl T AR IR X (46) s 1y
ZRUE W T 22 S5 M L 2% i ) 228 iy oy i R AR
R SR RO, Y H A 2 A R R R A R
BF, B AR R 25 S B 2% U T, DT B2 ) R
1] 1 s ARG 000 i P A 000 ABE 5 40, B 0y

1.0 T
—+—B-GLRT-WDM
0.9 | |—s¢—B-Rao-WDM
—#—B-Wald-WDM
0.8 GLRT-WDM
0.7F
M 0.6
=
=05
£ 04
0.3
0.2F
0.1
-0~ - o-0-0-0- : .
0 5 10 15 20 25

514 EL /dB
5 F5SASHIGERM, FREEBRLILT &N E 8N e
Fig. 5 Detection performance of the detectors under

different SNRs for parameter setting of Group 5

Bl 6 25 T YINZRAEAAS JE B 45 DU i 3 46 0 2%
G PR B L S5 TR 1 B S 8 A L AR I
FEARBOANE L BEE L, =1{6.6,7,7) (Hd m=1,
2sn=1,2), IFiC/E% 6 HS L E ., ot T
SRAE PRI 22 50 BE A1 55 F LKL I 4% GLRT-WDM
RAGCHIEREGEE DS H., aTUEH, &I
M R W g Xy BB A A A W B H bR, H
B-GLRT-WDM & I M e i 4. S5 & 1 H L,
AR gE R M RE A T MR X EE SRR T
YIZRFEA BT [ 3 iR .

1.0

—+—B-GLRT-WDM
0.9 | |—¢—B-Rao-wDM
—%—B-Wald-WDM

0 5 10 15 20 25
{5 H /dB
Bl 6 £%6EASELEN, FEERILT &K INZRHE N
Fig. 6 Detection performance of the detectors under

different SNRs for parameter setting of Group 6

P 7 g5 T 0O 8 5 8 % G T % 1
R pEgE , Hod, & S R BE M =2, 3l K&
B N=3,—4 CPL Nk b % K =8 . X TR
] ) & S5 R 2k e R e %t DUE 3T A PR B e, =
{9,10,11,12,13, 14} (Hh m=1.2.35n=1.2,
3) X T B U R AR AR L 2 ., = {0,800,

1.0

—+—B-GLRT-WDM
0.9 | |—s—B-Rao-WDM

—#—B-Wald-WDM
0.8 GLRT-WDM

0.7
0.6
0.5F
0.4F
0.3F
0.2}

0.1

T R A

Ko

0 5 10 15 20 25
{E5E L /dB

B 7 %7HSHIRERN, FRERKE T X080 1% ee

Fig.7 Detection performance of the detectors under

different SNRs for parameter setting of Group 7



513 JH

Al A SRR AN R R 408 MIMO ik DUt 37 B 58 57 A 69

0.836,0.872,0.908,0. 944,0. 980} (H:H m =1,
2,3;n=1,2,3), Hbr A IH—fb Z E AR £, =
{—0.26,—0.24,—0.13,0.15,0.21,0. 43} (Hr
m=1.2.3;n=1,2.3) A L,, =(8.9,
10,11,12,13) (Hp m=1,2.3;n=1,2,3),IFiC
TES 7T AS s, X 1 AR 7 hp g5 T
LA B2 MIMO ‘8538 K 2 200 38 hn A6 0 45 9
PR RE AL AH N 2 T o (H IR BT 5 A B A e B

4 LERIF

AW T UG AR 2B R &g B
MIMO 53K /Y B & I m) 8, 5 D1 o 37 o )
W S U WD 7 25 L B S ARy 0t B U R A3 A, o T 4
HOT A A I 28 B-GLRT-WDM, B-Rao-
WDM F1 B-Wald-WDM, #F5 45 R %M, Lk 3
Fofo A 0 4% 3 i A R 42 T MIMO B 3k 78 Yl Zh BE AR
AR BRI PERE . B BGLRT-WDM H A & &
F R DU RE . ot A R 0 25 A A DU BB E R R
B0 Y4 T2 3 VD R S AT R B 0 I i
AELIE N H bR 0 — fk 2 38 ) 0 R 58 R A
B,

2 % X B

[1] LIJ, STOICA P. MIMO radar signal processing[ M ].
New York: John Wiley&.Sons Inc, 2008.

[2] HAIMOVICH A M, BLUM R S, CIMINI L ]J.
MIMO radar with widely separated antennas[]]. IEEE
Signal Processing Magazine,2008,25(1) :116-129.

[3] LIJ, STOICA P. MIMO radar with colocated anten-
nas[ J]. IEEE Signal Processing Magazine, 2007, 24
(5):106-114.

(4] skJisC, W1, sk K, S5 W2 SR B Ak T
Ik L AR OC R B AR [T ). Rk IR
2023, 12(2) :356-375.

ZHANG Liwen,PAN Jian,ZHANG Youcheng, et al.
radar echo for

Capturing temporal-dependence in

spatial-temporal sparse target detection]J]. Journal of
Radars,2023, 12(2):356-375. (in Chinese)

(5] mts, AES, RN, 5. 28 81E R BN % L
FIERG KT, Fiks4, 2023, 12(3):500-515.
GAO Chang, GU Fengdeng, YAN Junkun, et al.
Fusion detection for networked radar aided by Doppler
information[J]. Journal of Radars, 2023, 12(3):500-
515. (in Chinese)

(6] BRE &, VA, FhEM, & ERTRgTIEL
2w B RN PR PR R R,

7]

[8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

(16]

[17]

2020, 47(3):23-31.

ZHANG Yanfei, SUN Wenjie, SUN Yumei, et al.
Detection of the airborne MIMO radar moving target
in the non-Gaussian clutter[ J|. Journal of Xidian Uni-
versity, 2020, 47(3):23-31. (in Chinese)

LIU W J, LIU J, HAO C P, et al. Multichannel
adaptive signal detection: basic theory and literature
review[ J |. Science China Information Sciences, 2022,
65(2):121301.

FISHLER E, HAIMOVICH A, BLUM R S, et al.
Spatial diversity in radars: models and detection per-
formance[ ] ]. IEEE Transactions on Signal Processing,
2006, 54(3):823-838.

SHEIKHI A, ZAMANI A. Temporal coherent adap-
tive target detection for multi-input multi-output
radars in clutter[J]. IET Radar, Sonar and Naviga-
tion, 2008, 2(2):86-96.

TANG J, WU Y, PENG Y N, et al. On detection
performance of MIMO radar for Rician target[]].
Science in China Series F:Information Sciences, 2009,
52(8):1456-1465.

TANG J, LI N, WU Y, et al. On detection perfor-
mance of MIMO radar: a relative entropy-based study
[J]. IEEE Signal Processing Letters, 2009, 16(3):
184-187.

AKCAKAYA M, NEHORAI A. MIMO radar detec-
tion and adaptive design under a phase synchronization
mismatch[J]. IEEE Transactions on Signal Processing,
2010, 58(10):4994-5005.

HE Q. LEHMANN N H, BLUM R S, et al. MIMO
radar moving target detection in homogeneous clutter
[J]. IEEE Transactions on Aerospace and Electronic
Systems, 2010, 46(3):1290-1301.

TAJER A, JAJAMOVICH G H, WANG X D, et al.
Optimal joint target detection and parameter esti-
mation by MIMO radar[]J]. IEEE Journal of Selected
Topics in Signal Processing, 2010, 4(1):127-145.
WANG P, LI H B, HIMED B. A parametric moving
target detector for distributed MIMO radar in non-
homogeneous environment[ J]. IEEE Transactions on
Signal Processing, 2013, 61(9):2282-2294.
HASSANIEN A, HIMED B, RIGLING B D. Robust
moving target detection for distributed MIMO radar in
non-homogeneous clutter [ C ]//Proceedings of 2019
International Radar Conference. [S. L. :s. n. |, 2019:
1-6.

TLRER . EWRE, far 2, 5. BT XA 0k il 4
MIMO 3k FI 18 B UC BE g 3 o P & [T 0. 5 A0 2 4
2009, 30(5):1979-1984.



70

f& B X ot £ R

2025 4

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

JIANG Shengli, WANG Juting, HE Jin,et al. Adaptive
matched filter detectors with diagonal loading for
MIMO radars[ ]J]. Journal of Astronautics, 2009, 30
(5):1979-1984. (in Chinese)

FHRRE, TLHER], My 2, S BT XAl
MIMO ik GLRT #2457 [J 1. L7244, 2009, 37
(12):2614-2619.

WANG Juting, JIANG Shengli, HE Jin,et al. GLRT-
detector with diagonal loading for MIMO radars[]J].
Acta Electronica Sinica, 2009,37(12):2614-2619. (in
Chinese)

JARE, SRORY . WAL, AR Bh B TOR A 4 B
A ZHAE UL T L [T ], (55 A F, 2010, 26
(5):783-788.

ZHOU Zhu, ZHANG Eryang, LU Shujun, et al. A
kind of multistage wiener filter realization based on
diagonal loading [ ] ]. Journal of Signal Processing,
2010, 26(5):783-788. (in Chinese)

LIUD H, ZHAO Y B, CAO C H, et al. A novel
reduced-dimensional beamspace unitary ESPRIT algo-
rithm for monostatic MIMO radar[ J]. Digital Signal
Processing, 2021, 40:2950-2966.

LIU W J, LIU J, HUANG L, et al. Performance
analysis of reduced-dimension subspace signal filtering
and detection in sample-starved environment[]]. Jour-
nal of the Franklin Institute, 2019, 356(1) :629-653.

WANG Z Z, ZHAO Z Q, REN C H, et al. Adaptive
detection of point-like targets based on a reduced-
dimensional data model[ J]. Signal Processing, 2019,
158:36-47.

GAU Y-L, REED I S. An improved reduced-rank
CFAR space-time adaptive radar detection algorithm
[J]. IEEE Transactions on Signal Processing, 1998,
46(8):2139-2146.

WANG Y L, LIU W J, XIE W C, et al. Reduced-
rank space-time adaptive detection for airborne radar
[J]. Science China Information Sciences, 2014, 57
(8):1-11.

YANG H F, WANG Y L, XIE W C, et al. Persym-
metric adaptive target detection without training data
in collocated MIMO radar [ C]//Proceedings of 2016
CIE International Conference on Radar. [S. 1. :s. n. |,
2016:1-4.

LIU J, ORLANDO D, HAO C P, et al. Adaptive
detection of multichannel signals exploiting persymme-
try[M]. Boca Raton: CRC Press, 2022.

VPR SC, EESHE. KNG, R R T HEL BRI
MR I R T ], U TR R R, 2021, 48
(2):15-26.

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

XU Shuwen, WANG Zhexiang, SHUI Penglang.
Knowledge-based adaptive detection of radar targets in
sea clutter background[J]. Journal of Xidian University,
2021, 48(2):15-26. (in Chinese)

Eldh, Xded, RatE. % TS B Il g
A JE I Y DM A A &R L], 5 B Hrd R,
2024, 3(2):38-45.

ZHOU Zhe,LIU Weijian, WU Yuntao,et al. Bayesian
subspace detector with limited training data in partially
homogeneous environments[ J]. Information Counter-
measure Technology, 2024, 3(2):38-45. (in Chinese)
BESSON O, TOURNERET J-Y, BIDON S. Know-
ledge-aided Bayesian detection in heterogeneous envi-
ronments[ J]. IEEE Signal Processing Letters, 2007,
14(5) :355-358.

BIDON S, BESSON O, TOURNERET J-Y. A
Bayesian approach to adaptive detection in nonhomo-
geneous environments [ J]. IEEE Transactions on
Signal Processing, 2008, 56(1):205-217.

ZHANG T X, CUI G L, KONG L J,et al. Adaptive
Bayesian detection using MIMO radar in spatially hete-
rogeneous clutter[ J]. IEEE Signal Processing Letters,
2013, 20(6) :547-550.

rK I, BIEEA, REBL. B A R R AR B
B DU S Rao A6l 77 2 [T, 79 % L 3 RH R E 4R
CHARBIERD . 2013, 40(6) :46-51.

GAO Yongchan, LIAO Guisheng, ZHU Shengqi.
Knowledge-aided Bayesian Rao detection approach in
compound Gaussian noise[ J]. Journal of Xidian Uni-
versity, 2013, 40(6) :46-51. (in Chinese)
LIU J, HAN J W, ZHANG Z ], et al

detection for MIMO radar in Gaussian clutter [ ] ].

Bayesian

IEEE Transactions on Signal Processing, 2018, 66
(24) :6549-6559.

LI N, YANG H N, CUI G L, et al. Adaptive two-
step Bayesian MIMO detectors in compound-Gaussian
clutter[J]. Signal Processing, 2019, 161:1-13.
HUANG B, WANG W Q, ORLANDO D, et al.
Bayesian detection of distributed targets for FDA-
MIMO radar in Gaussian interference[J]. IEEE Signal
Processing Letters, 2022, 29:2168-2172.

LI H B, WANG Z, LIU ], et al. Moving target detec-
tion in distributed MIMO radar on moving platforms
[J]. IEEE Journal of Selected Topics in Signal Pro-
cessing, 2015, 9(8):1524-1535.

LIU J, LT H B, HIMED B. Persymmetric adaptive
target detection with distributed MIMO radar [ J].
IEEE Transactions
Systems, 2015, 51(1):372-382.

on Aerospace and Electronic



iG] A N GRREACR R R 2 B MIMO 8 3% DU 307 8 3 A A 71

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

LIU W J, WANG Y L, XIE W C. Fisher information
matrix, Rao test, and Wald test for complex-valued
signals and their applications[J]. Signal Processing,
2014, 94(1) .1-5.

SUN M R, LIU W J, LIU J, et al. Rao and Wald
tests for target detection in coherent interference[ J].
IEEE Transactions on Aerospace and Electronic
Systems, 2022, 58(3):1906-1921.

REED IS, MALLETT J D, BRENNAN L E. Rapid
convergence rate in adaptive arrays[]J]. IEEE Tran-
sactions on Aerospace and Electronic Systems, 1974
(6):853-863.

DE MAIO A, FARINA A, FOGLIA G. Knowledge-
aided Bayesian radar detectors & their application to
live data[J]. IEEE Transactions on Aerospace and
Electronic Systems, 2010, 46(1):170-183.

WANG P, LI H B, HIMED B. A Bayesian parametric
test for multichannel adaptive signal detection in non-
homogeneous environments [ J]. IEEE Signal Proce-
ssing Letters, 2010, 17(4):351-354.

BANDIERA F, BESSON O, RICCI G. Knowledge-
aided covariance matrix estimation and adaptive detec-
tion in compound-Gaussian noise [ J ]. IEEE Tran-
sactions on Signal Processing. 2010, 58 (10): 5390-
5396.

HONG L, DAI F Z, ZHANG B. Bayesian detectors
for wideband radar target with range walking in com-
pound Gaussian clutter [ J]. IEEE Transactions on
Aerospace and Electronic Systems, 2023, 59 (3):
3038-3054.

TAGUE J A, CALDWELL C 1. Expectations of
useful complex wishart forms[]J]. Multidimensional
Systems and Signal Processing, 1994, 5(3):263-279.
LIUW J, XIE W C, LIU J,et al. Adaptive double
subspace signal detection in Gaussian background: part
| : homogeneous environments [ J]. IEEE Transac-
tions on Signal Processing, 2014, 62(9):2345-2357.
SUN M R, LIU W J, LIU J, et al. Complex parame-
ter Rao, Wald, Gradient, and Durbin tests for multi-
channel signal detection[ J]. IEEE Transactions on
Signal Processing, 2022, 70:117-131.

[48] LIU J, ZHANG ZJ, CAO Y H, et al. A closed-form

expression for false alarm rate of adaptive MIMO-
GLRT detector with distributed MIMO radar [ ] ].
Signal Processing, 2013, 93(9):2771-2776.

& & v

B &

10,1984 A B L AT S AR BT S 1n)
R IR AE T AL A B by

E-mail : maggiezhouzhe@163. com

X| &

B,1982 A4 L Bl B AR
AERHE S A, WS 1] O FR ik AR AR
HBES) 55 b 38

E-mail: liuvjian@163. com

K=

B 1973 A T A BUR L RS R
SRV S LR AN R
4ib 2R

E-mail ; ytwu@sina. com

iigngeud

B,1986 AF AL W PRI BF S5 A
HIRFT AL B ER Ik B R A 5 R
E-mail: zheng_afl@163. com

T BB A

J 1982 4R A, P, B Bdz . B 50 Oy 6
BB 45 5 b B MIMO 8 35 RV AR
1L H i

E-mail: gpcheng03@163. com

REHmE &



