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Beam Performance and Optimization Method for Meter-wave Frequency

Diverse MIMO Radar in Multipath Scenario
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Abstract: Traditional meter-wave radar usually suffers from the problem of Beam Split (BS) and Radar Blind
Area (RBA) in the situation of low-grazing angle. To alleviate this difficulty, a Frequency Diverse
Subaperturing Multiple-Input Multiple-Output (FDS-MIMO) radar is proposed and a theoretical framework for
the analytical investigation of multipath characteristics is presented. The specular and perturbational multipath
model is built, along with closed-form expression of the joint transmit-receive beampattern gain. Moreover, a
notional concept of Multipath Mitigation Area (MMA) is defined together with the corresponding boundary
conditions, and the Low Observability Rate (LOR) is defined as a performance benchmarkan to evaluate the
FDS-MIMO radar beam overage capability. Next, the FDS-MIMO radar low-altitude beam coverage
performance is optimized according to the soutions of the boundary conditions. Both theoretical analysis and
numerical results demonstrate the advantages of FDS-MIMO radar over the conventional phased-MIMO radar
in terms of low altitude beam coverage performance, and the BS and RBA of meter-wave radar is decreased by

ultilizing the range-dependent beampattern.

Key words: Frequency diverse MIMO radar; Range-dependent beampattern; Multipath characteristcs; Low-

altitude beam performance

5 R L, SRR T B AR e ApE
AR BT B A R A G B b Bk L 3I% (1) Ak Ty v SRR E AR

PERIRERE, 270 T EAREA S Bty (PN ATTRAREIORI KA, R,
PRI 5, AT AT S B0 5% (Beam
Split, BS) & & H I IAE [X (Radar Blind Area,
RBA), M7 B T 10625 X G AR 2418 P B

PR H M 2017-11-01: SelEl HI: 2018-04-26; M4 HIRR: 2018-06-07
MEEEE: FEE i x xing@163.com

FEEWH: FHEEAR S (61179015)

Foundation Item: The National Natural Science Foundation of
China (61179015)

T AR RS T s (2Bl i
& 2 #5555 (MUIltiple Slgnal Classification,
MUSIC) 1 Jie % A48 77 i (Estimation of Signal
Parameters via Rotational Invariance Techniques,
ESPRIT)E 4, Z KA1 A5 e b N PERRAL 5=
B3 DAE AR U85 =, RE el i P i R Ak
L, OH AR B AL AR (3) ZEAL Al
WA w KA TH(Maximum Likelihood,
ML) — MR (S H il Th 77, R ELER AL 3


http://radars.ie.ac.cn/CN/10.11999/JEIT171030

1788 B 7 5

& B

IS 40 %

T, HIEERER . B H AR R
IR —NH AR . T4k, FDA(Frequency
Diversity Array) gy iz DA H 477k B B 59 4080 R M
SRR RVES 25 T ER R OB R, FDARIA
BAL G AR FEAMIMO (Multiple Input Multiple
Output) HIAEWRLEE TS, o Piig”, Bir
SEALI 1L, R B AR P a2 SIS T T R SEAR
IvERE, SR H FTOCT PR B AR R SR T 2480
PR E BT A HRIE. FDAT AR LI IE 5
MR oA, ALGATD A1 DU B [ 3p% mh 2425 5 R P
HA U 00 R B R M, R R B - T - AR
3RS [ AL AFAE M 73 28, 7T DASOAR 24 i K e
KPR 22 ARAE 5 I 23 2R T7 - IR AV 1 248 7 A1 1 [ A7
BRBE,  PRRSAE R B A R8N K AR
AT PRI 7 2P R B RBATR 7 AT RE.

T ERR, N TIRTF IR SR R IS A
RMPERE I FAR AT, AR T — MR LT
FLAEMIMO (Frequency Diverse Subaperturing
MIMO, FDS-MIMO) & IiAFEFI 546, % T BT
SRR Z A, G AR R - RO S
BOARIE ZR W 5 RIA 0, 1R T 24846 X (Mul-
tipath Mitigation Area, MMA ) IS LA S AH B [
WFFAE, & TR 2 (Low Observability
Rate, LOR)/E N TEM 4845, JELLMONEEREIR T
FDS-MIMO & AR E PR R AL T 1%, A Rt
] AR B 7 AN IS BRI E X
2 FDS-MIMOE:ZRZIESIHE

HIE T B AN S5 K, W LS, Hof Ay
RRTEIBBIFR, Ocyz HHRLIRR . NRE—K
Ve, B 1A T B B e o AR bR IR A2 [ T .
FEZ M x NS REFE TR, Hh MAMNERE
o A 2 Hh 5 1) PR R T A B, AR S B R T 8] B 2 31
Nd,Md,, ZHFER AP x QM FEBH K
TR, M PAIQFR iy o b AN 2/ ik 7 17 1) 1
WA K, TR R AN 1 B S o il AT e )

K,=M/PMK,=N/QMRE&IIC. HI&LIRIG
o, B BEFIR A NG, 1R H AR AR R, 3R
KPS ZSE B AZ MK EESE, BirdZS%
B TG 11 7K S B B8 RH R R 43 3 FH R, R 43[Rl
BN RO ARHE LT R AT 15
0; = — arctan(tan @ + 2h,/R) (1)
HTh, < RFh; < R, BELIRPFNRG 2642 10 R
AR = |TA'| — | TA| =~ 2h,tan 0 + 2h2/R  (2)
H AR AR R BETC (m, n) BN B RE AT, =
(T, 0, 2,) T, m=1,2, M,n=1,2,--\N, i
M2 J5 M R B N a,= (cosfcosp, cosfsin p,

sin@)", ARG R O RABAR SR, BT
(m,n) 5% ARBAEEN
dmn(0, 9) =z, cos 0 cos p — z,sin 3
-cos fsin ¢ + z, cos Bsin (3)
T TR (p, ) IS T 56 BT L5
ap(0, p) = [ay(0,0) 0 ay8, )] Apy(0, ¢) (4)

Hrf, oRpmmEINBIZEF, a)f,0) =11,
exp (j2f peda1 (0, 0)/c), -+, exp(i2nf (K, — 1)
a1 (0,9)/ ), ay(8, ) = [L, exp (127 pedia(6, )/ ©) ,
woy exp (j2nf p( K, —1) di2(0, ‘P)/C)]Taqu:fc+pAfr+
gAf,p=0,1,--,P—1,4=0,1,---, Q — 13RI" T [~
(p, q) VRS EA, Af, FIAL, 53 B R 7R Wi’ A
N, FREBIpAS, + gAf. < foo R
ATRAE B fy=fe+ (P—1)Af/2+ (@ — 1)Af./2.
Apy(0, ) ~ exp (i2nfy[(p — 1) Kudn (0, ) + (¢—1)
K dia(0, )] ] ¢ F 5 5 e 1) T T SEL B A6, ) I
Filp, NG NIHEGHT, S ANHIRE F (v, C)
= [Lexp(jy), - exp (J(C— )]s MITH
A0, p) = F2rfyK  dn(0,0)/c, P)

OF(?ﬂfszdlg(e, gO)/C, Q) (5)
H(p, @ THERBHME S T LLRRA
Spg(t) = rect (t/ T') ¢py(t) exp (J27f pqt) (6)

Hrr, TRIRWKMTEE, 5T (0) HEIER . |
BEHARLT (60, o, 70) » WIFEF A GHE 5 W KR A
P Q

s(t) = 3 > w! a,(60,20) Apy00, 20)$p(t)  (7)

p=1 ¢=1
& BT A 1B R TR 71 (0o, o) i KU AT RO
M & " LXK R A Wye = aye(0o, 00)/ ||@yy(bo,
©o)llos FEH|- || A EE2VEHL . X TP s S T A



8 1

BRES. D% T ARBIH MIMO R IE BRI R ATk 1789

T ECHIE, AT LUK Be I S S B2 s R RS e S T
WIFH RERUR RS, FTLCR A EhZ AR,
A HETFDS-MIMO ‘5 ik {4 fil] 43 Joll 4 5 P P A 2
T T 1) R %5 A .
2.1 $EEREHESR

WELFTR, FIEBRRENE S Q& 4508
B HIK-BHIZW(ATA), Hik-REW(ATBA),
- BIE W (ABTA) LA S - I ST (ABTBA) P,
B Z A5 T BAR M E SRR

si(t) = sa(t) + s:(t)
P Q

= > ApylBo, 00) syt — 10/ )

=1

=

"
Z Z Apy(0o, o) spq(t — 10/ ) (8)

Ho, (ol < UNBTRS R b, o= ol

a0, 00) aaluzm%mzﬁ(mf ) B L
Imn UZZqu 907 900 Spq (t—27”0/ - m n
p=1 ¢=1
P Q
+p Z Z qu (6o, ©0)
p=1 ¢=1

“Spg (t —(2ro+ AR)/C - Tfn“,n/)
P Q
+p Z Z qu (6o, ©0)

p=1 ¢=1

“Spq (t - (2r0+ AR)/C— 790 )

P Q
+p’ Z Z SpaApq (00, ¢0)

p=1 ¢=1

su(t=200+AR) fe=rli) ()

EE}:‘ ’ U?"j E *f—ﬁgﬁﬁﬁj‘%ﬁ’ ’7',,210/”/ *DTf,;/n/ﬁ%[Jj"j%}
FEO NG, 7 171 275 s BIFETT (m, ') 22 18] (A% R i
FE, FH ¢py(t) exp (G270 f pot) X (t) 3 AT IE ZZ UL
BCIEVE, PR FETT (m!, n') B EE (p, q) JETE 0 HE AT
AR
Lm'n'pg = bfg’n’qu(QO) ©0) Ryq(r0)

LB, Apg(80, 00) Ryyro + AR /2)

+pLY oAy B0, 90) Rygl(10 + AR/2)

028 5pA (00, 00) Rypglmo + AR) (10
Hrr, WHAALDlexp (—j2nf. - 210/ )*ﬂaxg‘fﬂlﬁf:
ST, NEEENLCE . by ~ exp (127 ((m/

1) da1 (0o, o) + (0’ — 1) d12(00, o)) /N) N 2 WS FE 51
T 56 B B, ) B0 S (m!, ) N T, Ryg(r) =
exp (—jdrr((p— DAF, + (q— 1)AL) /o) W% 5
EWMILHEFER(r) (p, 9 NI E, WM = exp (—j
27f. AR/ c) o MRIEFENZE F(y, C) & L n 15
B(97 QD) = F(Qﬂfbdﬂ(g()? <p0)/c, M)
oF (27 fd12(6o, o)/ ¢, N) (11)
R(r) = F(—4wrAf;/c, P) o F(—4nrAf./c, Q) (12)
U, K-S SRR ER LRI A
U(e()v ©0, T‘) = [A(007 900) © R(T)] ® B(007 900) (13)
Hr, @F/RKroneckerdefH, ©FK/~Hadamardife
N, AR TR O R AR AN R A s Y, [
IRt PR B A Y . AR AR X (10), HEAFES A
(p, q) JEIERTH Dy
Xy = B(00, v0) Apy(0o, o) Rpy(70)
+p€B(95, SOU)AI)q(eOa SOO)qu(TO + AR/2)
+plB (00, £0)spq Apg(0s, 00) Rpg(ro + AR /2)
+0* 2B, 00)spg Apgs: 00 Rpgro+AR) (14)
XT 5B (p, q) 3BT A SO O T 4%
Ypg = Apg(00, 90) Rp(10) + plEA (6o, ©0)
“Rpg (1o + AR/2) + plcygApy (05, o) Byg
(ro+ AR/2) + ,0252&7),114]”1
(05, 00) Ry (10 + AR) (15)

A, € = vee [ B0y, o)™ - vee[B(0,, o)), vecFE R
I HERARAE o Ky, BB SR T 3
Y = A (0o, p0) © R (r0) + pl&peA (6o, ©0)
OR (19 + AR/2) plsy,A (05, o)
+© R (1 + AR/2)
+0 066 (05, 00) © R (ro+ AR)  (16)

NIFEGHT, Bed, = d. = N\y/2, HAN = ¢/fy,
Af,= Af,= Af, Ha?%ﬂil%ﬁiﬁﬁﬁﬁﬁ
AR LA, W 1Fq, ~ ¢, HEAT S UK SR RO ik
J&, AIFFDS-MIMO T IELE (0, o, ro) L KI5 17 1A
1250
Grp (00, ©o, 70, Af) =14 G4+ Grg+ Gy

=1+pt§ - f (—Pz) f (—Qz)
+pls- f(P(K;x — 1))
F(QUK.m — )
+pP 06 f(P(K,x — 21))
f(Q(K.n—21)) (17)
K, Gory, GG, MR REEILATBA, ABTA
FIABTBARIEZE, » = AfAR/c, &=f(Mx)f(Nn),



1790 B 7 5 F

2 %

40 %

s =f(Ex)f(Kan)
(cos Oy — cos B;) (sin Bsin 900)]/2, X = cos p(cos Os—
cosy) /2. XARES () LR
f(Cz) = [exp(jCrz) sin(w Cr)]
/ lexp(jmz) Csin(nz)] (18)

Gk f(Cx) BA W N (1) B A & 5 Rp
f(Cx)| = [f (Clz +1)|; (2)If(Cx)| K Fz=0%X
B, Iz PRI T o = 0.5 X RR, Hm K
fEHA21; (3)1C> 20, fEE XIH[—0.5,0.5] X [A]
f(Cr) ~ sinc(Cx) « MR EE 2. 195 o 1 B 51 25 4
Af = 0XF B FI R AL GEMIMO AR FE S 18, HZ
TS 7 1) 3 2 m] e 0ol

Gi(0o, o, 1o) = Grp(bo, @0, 10,0)
~ (14p8) (14 pl&s) (19)

FE 73 BT A% S8 FIMIM OAH 2 B 5 S8 AR AM £ 75 17 &
i, AR BB AMAE Y BE AR, ELIR B AR
SHAAE ML, Méxcx1, 2p=—1711F

| Gaur(Bo, o, 70)| = (1 =€)
= [1 — exp( —jQ'rrfCAR/cﬂ2

~ ‘2 sin[ (21/A.) (hytan 90)} ‘2 (20)

n = [(sin 65 — sin ) (cos B)+

X (20) 5 Cwk[17) 2 — 8, Ho-rradm T
KR T WREALSE, 2 (h,tan o) IR BIMEH, KLk
W55 2 FAME LR 0N, IR K I AR s
SERMERE XA RERE. R (17)
(19) "] &1, FEFDS-MIMO T ik AL AT LS A% St
MIMOAH % [ T8 35 1) 7 8] #5315 1t 2 B ke Al
AR, IC T DU I R S A0 oy B I R B AR A
PERRELS (Co) KA, WEHAFDS-MIMOH 154
P T BN 2 A2 A0 e
2.2 MANLERE

R SISk 2 b A S R0 e S T ) 2 AR R
ARATESL TFDS-MIMOF A sh 2 A8,
SRS RBOEREp = [pun]» L (p, o) T FE
IR U R BN P, WA (8) T AL
5H

P Q
si(t) = Z Z Apg(0o, 00)Ppg(t — 10/ C)

p=1 ¢=1
P Q

+ Z Z g 00, 90)py(t — 10/ ) (21)
p=1 ¢=1

o, §/pq: w?{] : [ﬁqu a'pq(957 SOO)} ’ Mﬁﬁﬂ(lo)
AR

Tt pg = bfn’n’AM(efb ©0) Ryg(T0)
+€Pm’n’bfi;’n’f4pq(907 ©0) Rpo(ro + AR/2)
+£bfn’n’§lqu4pq(9s, ©0) Rpg(ro + AR/2)
6 Pt bfrsﬂn’glqupq(gm ©0) Rpgro+AR) (22)

JE R A BE S BT T O — B, Rk BT
MRS IBUR 2B, Bic=d,,, NFEERZILE
Feefy BB AT (17 [n) I8 25

Gip (00, w0, 0, Af) = 1+Lp - f(—Pa) f(— Q)
+0<- f(P(Kyx — 7))
f(P(K.m— z))
+ul%3 - f(P(K,x — 21))
f(P(K.n — 2x)) (23)
Hr,

M N
o= Z menejQﬂ(mfl)xejQﬂ(nfl)n/ (MN)

m=1 n=1

P 22 A B B R ) sk A T R R L R
pmn = p» W(23)5(17)ZHEN.
3 RIMAKRMRESHT
A A R BRI AN B AR 2k R AR 2 5

HEgE AR, ART BRI AR . X TFDS-
MIMOTEIE, BEF LT A IE K S HOR B %S 5
T, T A 9 TR RS T 7 o RO R 5 X el e —
ANMMEFIERNE S R (7)) AT, K
00 — 0] — 0°BF A RAR — 0, M Z&THEE
TN EIA-EIA P I E IR, Gy, Gl
G, W BT pl » THRF W2 KM BEE
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eI, X EIRSE R S BRI L, AR
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TR AR L, BB 9 (Cx) B S LRI KB
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FHRL I ol Fleyt e anis > PIBRE| A gR4;
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(29)H B 280 7 R SRR B 1 — X R L B . FR
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5 fiESHh

NS UEFR R 73 A B IR A A S E OO TR
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