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Angular estimation of group targets using adaptive

multi-null monopulse for array radar
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Abstract; The adaptive multi-null monopulse principle of phased array radar, derived from the maximum likelihood estimation, was

introduced. It was found that the failure of double-null monopulse technique in multiple group targets was caused by a large iteration step. In order

to optimize the iteration in angular estimation, a method of weighted step was proposed. By the proposed method, an accurate angular estimation of

multiple group targets was achieved with a few computations. Several simulation results demonstrate that the angular estimation error of three targets

is about 0. 15 beamwidth in medium signal to noise ratio. However, the performance will get worse when there are a large number of group targets

or the phase offset of echoes is closed to 0.

Keywords: angular estimation of group targets; maximum likelihood estimation; adaptive multi-null monopulse; weighted step

(2[Rl — B 50T A B T 25 8 B0
W TEAE AT —H4EE , F AL A P15 TE R e L
SHZ A BRSO REEBR T, R R R
AT FbR o A5 T I RN 0, JE A A
BUE B AR AT . FERT TSR, S
BARHL AT # R RE FA s FERS A 3/ 5, RALAN
i R B M A F AR s 7E S 5 3
SIS R 4 A IR EOC R L AR A Ly
B IR TR A IR SN R R AR A FAR
RS 2%, 7 FE R A IR IR o RS o 00 A A
LI B U H PRI AT o

F RO BA AR RE v AR 5 S B AR
DU BAERE HARZRAE T 38 i A B 54T — H AR
PYANKS R, FF BB A 18] AR XS W B R A2 R 24
CREBET B R K R X R R 22

« WFEHEHA 2018 -03 - 14

ATHE P BB B K F X ik 1] A8, Sherman
45120 Lee 25U D RE FUAR S ol H AV B2 i, 2
EE R A ik o R 2245 5 SR U bR A1 B 1Y
Ji i, AB I U7 ¥ i B A ok ST Y Bk vh . Zheng
S EIEIE R b AR R R T DU 2 R ok i 4 R
WRLHE AR T2, R4 T AR [0 09 X H s 1 2
PSR . Blair 2555 5 H A5 B ik o G AT Ay B
P, s T GE TR, S0 PSSR H AR
ENEE S 3G N T 2 R Rz (N e Y i
I, Sinha 25 35T Swerling 1 %51 Swerling Tl
B EBRAOUIR R 0, P 48 2R A5 3 £ B2 A Al R
IR, (B E K, 0, Glass 251 $2 1
I PR QB EE B R AL B2 w5 70 Mk B2 o AR T, S ik o
TIRAL R E R, R 2 BT i 2 A kb g
st i) AR BRAE BE  XE AR R 2 2 ARG L,

EE&TE : ER QAR IIIUH (61471372) ; K255tk BOAR B 5K 8 5250 28 54 ¥E B30T H (61424020301162402005 )
EHB N X Mot (1992—) , 5B 7L H 2N, 1H+6158 42 , E-mail : wangluoshenghin@ 163. com;
TRIRIE GEASEE) 90 B 5, 1 e, 1 kA2 0, E-mail : dixzh930@ sina. com



2 RPN %41 %
U R THE F BRI A PERE fy e dyy 0 0clx—salt (5
53— R BB A VSR ik A e blu.&)J@EﬁQ-x—“ (5)

5T AL B VA SC B H AR A . ARZ ik S
Bkt (BORUBR A 31) PR o B A o i 0 45 e
MR 2 o FAE 20 42 70 4E AR, White!" 4
XTI A At BB TR 5 S5 P e DL B B 1 ]
B T AR AR Al T TR B 4 1 T B 9 L
fkE A 25 T AR 25 16 £ H AR
TR 5 1 FAE SR (HBA HE— ST SE RS . 3
BRO12 DR XUE S ik npBOR #1758 38, R
5 i S A A F AR B . STk [ 13 145
I AR N 223 (8] W B ARAE O, 3845 1T R 471 43

1 FESEES5HITAE

1.1 EBREREE

N Je¥ SRR & G 5 T 08 B NAFAE M
A BAR, AE S 0 24 AR R LB
Z R T ORI RFEAEAL R, B H A 8] A5
BRI RN N -

x = iAis(u£)+n (1)

TR FOREE A FAR A, FOR BRI IREE 35 (w,)
FRFES T R
1 m(N-=1) m(N-3) —jm(N-1
s(u,) = T et

[e T I
JN

(2)
J FRAREREE u, = sing, Sy H AR RE I IE 52 45 8] A
B, 0, 2 EAR S e 23 0 AR u e [ - wy /2,
Uy 5/2] Uy o N B IE FIRPORTEE ;n e CV FR
WS ORI B 7 R IR 5 X {1 o S0 20, A
BRI oo MM =1 B {5 SRR S
HARTE O
1.2 tRAMSAMMIT
0 B ] DS R 28

x=8Sa+n (3)
Four, S = [s(u) s(w) -~ s(uy) ], a =
A, e Ay FRAETHA AN S50 B H bR A
JEEBR A (A AR w, RS WREE A, , MR AR AR 5t
PSR eR A -

p(x‘ul sty Ay Ay

i (x -Sa)"(x - Sa)
:(21'r0'2) o [_ : a2a'2x ’ (4)

2 [ R -5 AR Y 22 W] 4 24 7 R 2 e/
IHBLR R K, T IR R AR A T ] 37 O -

SNRIE a BIRASR A 52 br LR fe /s —5fe
R AlHE

a=(s"S)"'s"x=[4, A, - A,]" (6)
Horp A, R R A T HE
FIARBREL O KT wy, -y uy J3 RS, 15
S5 R4
Refd"(u)[x = 3% As(u)]}=0 i =12:M
(7)

Apd® (w) =ds(u,) /du; BES R T MAE
(¥ FH, 5T R RS, B d (u) s (w,) =0,

(7)) A ARZ M TT R 2H , 3E LA B R i , e 20
AR R —oR A S R A R
PRI R AR HAR R Q M/ AR5 15
e ZOR MBI TR B, I HLIR AU AR
il 5 57— b L ) P 2 2 Lk o A3
PRAABE  IXFh 505 T2 [ 51 Rk i ik P Y — o 22 4
PR RN . ARSORRICE Rl 8 B% , S
HARE A AT o

2 BEBHAEMITAE

2.1 HENZZESBpHNE
B () TE R

Re{dn(ui) [x - E Ans(un,)]}

= Re{d"(u,)[x - EA,Ls(u") +As(u)]}=0

(8)
T d" (u)s(u) =0,50(7) ol LUk — 25
HH:
Re{d"(u;)[x-8d]} =0 (9)
¥ (6) FRAK(9) AT 15
Re{d"(u,)[I-S(S"S) 'S"]x}
=Re{d"(u,)P;. x| =0 (10)
A, Py = [1-S(S"S) " S" ], T Jy s 4E %
HHE Nickel £ESCHR[ 16 ] poxk B 51 ) SCHL ki i)
SRR A, A A" (u) Po.x S2BR 102 B 5 ik
i A 2245 T, AT DU T A B
F PR P AR AR A L M B B ik v 5
48, 5 4R m) UppsUpy s ** " s Upyro %
3 :w;,-x (11)
A =wix (12)
Forpr, 3 A, 2050 D95 @ 8 Uk ol 2R G s )



3 )

FB M, 2« M5 TR I8 A O I 2 A 5 B K R H R A Sk "3

55 G2 wa A wi S R A 2B .

wy,

{ Col=(S)'s,)'s) (13)
Wy

wil [d"(u,)
{ : { : }PSL (14)
wy, . Ld"(u,)

/ﬂ\:;:fj,sb = [S(um) s(up) oo s(uyy) 1o
R K vl R G0N 25 WO R Y T ) [ G
R
Fy(u) =wis(u) (15)
Fy(u) =wis(u) (16)
R (13) ~ (16) A DAfEd
3(uy) =0 j#Eizj=1,2,--,M  (17)
A(uy) =0 j=12,- M (18)
X (17) Z(18) UL B E Lk v R GE 210 H:
b R GE A AR 1) A B 38 T B A, DR IE R I
SR L R R, T A B AR E S AR, SOk
IS BRI SR Sy 1 2 LDk i
2.2 EREUE—TKmME
HR A B 38 0 22 2 i B o 0 R 45 R TE ik A
TR HAR AR, DU — Bk h R0, i
tHOHE B AR K b Ly
A ;A[FA](LLQ ;A[le(ui)l{lui

3

i M
;AiFE]<ui) ;Ain](ui>

(19)
XK, T —E kb RGN SEM R 0]
VAT, 2248 5 bk b 22 i Hh A s 2 S P B A
BRI E AR R A R REAR AL Go B ik o — A —
A7 I A, R e SO 2 A AR 1) A W
FBRAAEE L BT LA R — R AR Al
AN 2 i AR Bk b AR G 1 A
JE,SCHRT 12 - 13 ] 42 i an X (20) fr s A 2 A A
Jre

, wIA{[( Wy Uy ) X

1
uy, =, + ERe (20)

wgl( Wy 5 Uy ) X
Hop K Mug a3 RR 3 i (i =1,2) ERGH %
FARERFN B AR TR 1] .
MEBRFATT , 878 1 B B BOR TR
6] REAS T IS ST H AR A1 BE , SR N % T2
—ERKP RS, L ZE BRI EEREROR A
F—AHAw, B B2 il 175 A BARK T

P, BT A B A 1) SRR T — AN H A (15
FRUCE R A H AR R RO R S5 o SR T, X
ZA-B bR, FOBE W IEARE 1 T B R — H AR,
FECEAAEL

MO A B R AP Kt R EONE
SN TCE BEY R 224 B, 2200 B 38 N
AP . PRS2 H AR, & 5k
RGO BN S AL 25 H bR, 02 240 i R
B, OB SO BN s M4 42 B A
BF, ) 5 SR B A, A2 46 O R R e 0 LA, LR R
E AL N

W DA E A, 46— A 77 ek
R, B B AR R A Q S i ol
6 ) Qi 25 H AR 0 R BE , DT A 8 AUE w R/
AL, 2 TEE R AUE w 5 H s pR 555
lgQ BUIE LL AR, BY H A5 sR R T B — R 21,
AR AN AE AH R b 2 PR3 . 2B K AUE B £
WP

lgQ, —1g0Q

w(Q) = lgQ, —lge
A, Qo Fom IS M WE T AT 200 H bR e
BORE , & WUISR2E 0, HEUEWILG 5o AUE w
FERT Q BYRREL, Q MR/, B AR 1 R B bR
wo SIEME A O, (E MR LB, w, R,

FIATINAL ) 7 X AE K (20 ) By FE iy b elo ik
SRR ) BT

(1 —wy) +w, (21)

w

w:(ubl S Uy ) X
KiRe w;(ubl )t ’ubM)x
2.3 HEFAERITEERRE

HRAE L b X B 3 R 222 e Sk b A SR
[ EACSE BT B 0 A, 32 1 A 3 22 R B IK e
FFRIN A 5805 LA AN 1 B

(22)

! —
Uy = Uy +

@Jﬁ: Bt 5, m@;taﬁ@ubl,uwm,u@

Loy 1y - 1]
[”1';1 Uy~ uZ';M]

* [d PR AT

a= [u, wy o oy, ]

AR,
TR, - Re( 5

E3 R P
Fig. 1  Flowchart of algorithm



s e AN o 4

41

B2 25 1 T A I8 N 2% 5 ik ok I A
W SRR ET R L =Ry R A
SAEBEMT (uy = =0 2u; 5,0, =0. Tug 4,
us =0. 45u3d3)m1%1jﬁk*£o HEIIET%H ﬁ?, \$
ok il £ Bk RO 300 IR ZE A AR RE S 3
K BE () A BEAR T, T S8 B 8 15 2 4000 IR A2 Ay
A, 20K Ml AR RE TG A B, B A THE S
HEAENEmE. HEZ T, BN 2E 85
ol £ 2 AU > 5 H R S S bk eh T,
THE /N TR BE IR R, 2000 o Ak T
oy T TR,

0.5u3 il B
P H#53
____________________ H#52

o ool
&
H 451

. [— it - - - A

0 100 200 300 400 500
BRIRE

(a) A IENL 22 bk il f 0%

(a) Angular estimation of adaptive multi-null monopulse

-0.5%

3 dB

0.5u, 5 K B3

g

[—fir ol - -l

-0.5u, .
0 200 400 600 800 1000
BRIRE
(b) R
(b) Alternating projection method
0.5u,
i H 43
H #52
i
&

H #rl

. [— it A - - -]
0 1000 2000 3000 4000 5000
BRRE
(¢) Kl
(¢) Step backtracking method

K2 Alcsod i

Fig.2 lterative convergence process

3 (HESH

B AP I, TR N = 16, R
FEJE 0 45 =6.35°, uy gy = sinb; 4y =0. 11, REHE
WAETE = HAR, #1523 R AR AR 3 51w,
wy sy AR WERE 7300 A, A,y Ay, fFWR I E X
HER—A AR Bl 2 5 [ oM 5 22 22 L, B
SNR = |A,[*/a”, & W AR 10 W1 (6 R u, =
=0.5u; 5,1, =0,u,; =0.5u, yo B3 A H TR

AT RN 22 3 7 1o 1 LA RO 7 18 S il 2
TU\ﬁﬂj,%ﬁgﬂﬂ({ﬁi‘%?ﬁﬁ@ﬂ\%ﬁﬁf,\@{ﬂiﬁﬁ
TRmAEEIE R T E, 5 2.1 R p i —E

B KB AR 1000, P8R 2% & =
1077 & 4 45 T Z R E 0 T A [ H bR R E0
J7 A A A A

EXAEAG IR 1R 22 (Root Mean Square
Error, RMSE) .

RMSE = JE i a, —u)?]  (23)
XL EL - I FRBUSE,
#EAT 1000 ¥X Mont Carlo {jj F., /3T A5 M

TEARBEC FIERA Y H AR 2608 T 4 A 305 ik

55 I A3 18] 19 2 B 45 573 2834 (Front Back

2.5
ok

£

Bt

= .

E

;E‘ 0.5
0_

(a) FOPA 5 1 4]
(a) Sum beampattern

2

E

=)

ki)

=

E

jat

E

=

N

(b) ZE YA T7 i K

(b) Difference beampattern



3 )

EB M, % M5 TR I8 A&

2 U H R A A 5

=
=
=
ﬂ- A
A
05[ B L
pass® ——PORAR O
& )
. i o BAARIT0.5u, 4,
-luy 0.5u, 5 0 0.5u, 45 luy 4

(c) FA bk i L 4y h 28

(¢) Monopulse ratio curve

[ IRINE BV IVE 22 SR8 U I~y
LB Bk e L % A it 2k
Fig.3  Sum/difference beampattern and monopulse

ratio curve of adaptive multi-null

10°

SNR=0 dB
—A—SNR=10 dB
—+—SNR=20 dB .

101 [=sR=0 B, i ‘ i ; .
1010 107 10 107 106 10° 10+ 103 102
Q

K4 BRAUEIZ
Fig.4 Weighted step

Spatial Smoothing MUItiple Slgnal Classfication,
FBSS-MUSIC) "™ ( 25 ] 5 ¥ i 4b B () MUSIC 44
1) VA B SSEBO IR TR LS
3.1 NABESRERILHXE

TE LR A, BE = A H s B A1 23 50 R
uy = = 0. 2uy gy 1y =0. luy gy ouy =0.45u; 5, ZIE
FESIR A, =1 A, =0.96™ A, =2 &5 45
T =FEE I RMSE 5 SNR KA IHE

AT RLE B (S LU R B R, = FhBak sl
PR RE B o, IR o A s TE [ MR L 2R T
ARSI I A PR BE 5 SR B A AR, T A iR
ZELIN 0. 15wy g s TEARAEIR HLARAE T A ST A
FTERE AL, I HURG B2 I 5 T FBSS-MUSIC, §i ]
ARICTT 5 W & W 1R B 53 5 FBSS-MUSIC 1 IR A5 M

FEAR A T PEREAR 22, L 2 2R MUSIC 45128

()5 3R AN T AR U8, A R 26 1 T 7 22
23 )P AL BE, {ER R AR BB R T 25 6] 2 B
MELURS B il 055 D 7 22
3.2 NAaRESAERRMXE

FEIZSR T, B =AY AR T FE81 3% ) %

2.5
e —— 3k
o —4—FBSS-MUSIC
s —— BB

1.5u, o}
8

5 Lug gl
0.5u,

—3

0 L . | 1 1
10 15 20 25 30 35 40
SNR/dB

5 AR HE 5 L 26 5
Fig.5 Performance of angular estimation versus SNR
FROYA  AE R uy = - Awu, =0 0y = Au, i
TR R A, =14, =0.96™ A, = "™ {51
H. SNR =30 dB. [K1 6 4 T =F5 ik RMSE 5

Au R FR ML

ATLAE - Bl bR A R ) B e a2l I A A
FE TR R, R H BRI A R R s 2 H b A
I AT 0. 25wy g i, =Rl 7 B8 ICHRE B0 I 11 5
By b HAR A BERIBE AR /N BE B AR AR

S HARAEEE,
2u3
® —— KX
—4&—FBSS-MUSIC
—— S

0.3u, 45 0.4u
Ay

0.5u

3 dB 3dB

Bl6 DA S A Tl i Y 5 AR

Fig.6 Performance of angular estimation versus Au

33 NABEESHEMERENXR

TEZIR T RN AFE— D R E AR S P
ANABR, WE =D HARAED BN w =
=0.2uy gty = 0. Ty g1y = 0.45u, 55 [E 12
SNR =30 dB; = HARAARXS BR300 A, =1,
A, =pe® A, =pe' %, 4 p=pe, HF¥ & FBSS-
MUSIC 5A )5 vk, B 7 45 5 1 M Fp 3k RMSE
Hp BRF . WTLUE ) : A H ARG B 22 5 10 1
K, FBSS-MUSIC 130 £ K5 B2 REAR, AE X H A5 A AR
X FHRLFE WA AN R 5 T A S5 46 Al i, 78 H Al
XEARL g O BHIN A% B B AR, 7 H b i 5 25 57 55
RISATSRE ORI 48 o0 B I AR o

XF T ELUCHRAA , d 45 ) J7 vk 2 i 2



"6 e AN o 4

41

s 1] VA5 200 Bk (1 P 5 25 00 1, 3 Fof i Ak 2
B T AR Z A A AL 5 S, D Aok B RS H b
WA OG0 25 H b e 3 22 S BRI, /) F AR
WO FAR HEHE™ , 728 (6] 3% b 3fE Loy B, 5
WA ARG IE o T is 2 RGE I, A 2504 th
RALIRAT AT 2, K H AR /N H ARG e 5
MaAF R B BT L, 25 AR AR 22 80K
I, ZH0L BA LTS 07 1k A A A PERE

RMSE
0.25u,

0.2u

—_

0.24u,
0.23u; 45
0.22u,
- 0.21u; 4
0.2u, o
0.19; ;5
0.15u; 4 | 0.18x,
\0\('/1 0.17x, ,,
0.5
Im o 17, 05 0
Rep

(a) X HCE M

(a) Algorithm for comparison

0.25u,
0.2u; o
8 0.15u, 4
5 0.12 4
0.05u, .
1
0
Im p ; 0
1 Re p
(b) A3

(b) Proposed algorithm

BT 0 AR 5 AR SR R 5 R
Fig.7 Performance of angular estimation versus

relative complex amplitude

3.4 NABESEHFREMNXER

TRz, B AN 1R S5, &E
2 BAR KT BES) 3 X FR A5, 1813 Dy R A/ H]
W LL 348 SNR =30 dB, #H4E H bR i) f EE [H] e 2
A Au=0.25u, MV EE R Ap =n/6, F 8 %4
Y TASCI T RMSE 5 HFREH) K AR < .

ATLAE - BEE BARERIS 2, I AR RS 2 S
REATS s 2 HARECA 1, B3 I 22 A ik R £k
Shy [ A i B R 2 B Dk ol I FRORS BRI R 2
PR I 4 I, Al TR 28 e TR AN R B
OEH T HIREUYE 2 Wit S 8cE £ it
FEEER B, M BAnE B 2, A TEE R = )
E MR L 251 T A BE S B A 0 £

0.5u

3dB

0.4u

3dB[

0.3u;

RMSE

0.2u; ot

0.1z

3dB[

1 2 3 ¥ 5
Hin gk
B8 DA S HARRU R
Fig.8 Performance of angular estimation versus

unresolved target number

4 #hig

D7 LA RER W] ARG (VR LA F T A ST
PEFL T LORT A I 2 =4~ F AR A BE, D AR 24
0. 15 R GERE (5 24 1 H AR B 2 8 A AR
MG T 0 i, Bk e ™ H FRE. fEH AR
R BEAHZERCR M A5, AT A R A 25
T AT I F PR RE o

Tt A A I L IR RS ATk, B 2
FARECH B SE5 A5 8, 24 B ARECH Al A ERS, I
FAPERER: SRR o 7RI HAR B E A T, =
B0 LA B AR S 50BR T By 3k M4
&l AT B S BB IEAG T B R L3R
PRI HARBL T RE

2 % 3k ( References)

(1] JU7sR. (it AR AI AL B [ M]. Jbat: L
Al Hi L, 2013.

ZHOU Wanxing. Capture and processing of spatial missile[ M ].
Beijing: Electronic Industry Press, 2013. (in Chinese)

[2]  Sherman S M, Barton D K. Monopulse principles and
techniques[ M]. 2nd ed. USA. Artech House, 2011 187 —
223.

[3] Lee S P, Cho B L, Lee S M, et al. Unambiguous angle
estimation of unresolved targets in monopulse radar [ J].
TIEEE Transaction on Aerospace and Electronic System, 2015,
51(2): 1170 - 1177.

[4]  Zheng Y B, Tseng S M, Yu K B. Closed-form four-channel
monopulse two-target resolution [ J]. IEEE Transaction on
Aerospace and Electronic System, 2003, 39 (3): 1083 -
1089.

[5] Blair W D, Brandt-Pearce M. Statistical description of
monopulse parameters for tracking Rayleigh targets [ J]. TEEE
Transaction on Aerospace and Electronic System, 1998,

33(4) . 597 -611.

(F#% 158 )



- 158 -

e AN o 4

41

2 % 3Lk ( References )

(1]

(2]

Munk B A. Frequency selective surfaces; theory and
design [M]. USA: John Wiley & Sons, 2005 1 —46.
Joozdani M Z, Amirhosseini M K, Abdolali A. Wideband
radar cross-section reduction of patch array antenna with
miniaturised hexagonal loop frequency selective surface[ J].
Electronics Letters, 2016, 52(9) : 767 - 768.

Ruvio G, Leone G, Mattiello F. Analysis and characterization
of finite-size curved frequency selective surfaces[ J]. Studies
in Engineering & Technology, 2015, 2(1) .9 -21.

Costa F, Monorchio A, Manara G. Analysis and design of
ultra thin electromagnetic absorbers comprising resistively
loaded high impedance surfaces [ J]. IEEE Transactions on
Antennas & Propagation, 2010, 58(5) : 1551 - 1558.
Langley R J, Parker E A. Double-square frequency-selective
surfaces and their equivalent circuit[ J]. Electronics Letters,
1983, 19(17) : 675 -6717.

Mittra R, Pelletti C, Tsitsas N L, et al. A new technique for
of FSSs, EBGs and

Microwave & Optical Technology Letters,

efficient and accurate analysis
metamaterials [ J].
2012, 54(4) . 1108 - 1116.

Silva M W B, Kretly L C. An efficient method based on
equivalent-circuit modeling for analysis of frequency selective
[ C ]//Proceedings of the
Optoelectronics Conference, 2013.
EFY, B, REE. A RCR R PG
BRSO B R R m ()], W B E R,
2013, 62(20) : 421 -425.

surfaces Microwave &

[10]

[11]

[12]

(E#EF 6 M)

Blair W D, Brandt-Pearce M. Monopulse DOA estimation of
two unresolved Rayleigh targets [ J]. IEEE Transaction on
Aerospace and Electronic System, 2011, 37(4) . 452 —469.
Blair W D. Monopulse processing for tracking unresolved
targets [ M ].
Center, 1997.
Glass J] D, Blair W D. Detection of unresolved Rayleigh

Dahlgren Division Naval Surface Warfare

targets using adjacent bins [ C ]//Proceedings of IEEE
Aerospace Conference, 2016.

Sinha A, Kirubarajan T, Bar-Shalom Y. Maximum likelihood
angle extractor for two closely spaced targets [ J]. IEEE
Transaction on Aerospace and Electronic System, 2002,
38(1): 183 -203.

Stoica P, Nehorai A. Performance study of conditional and
unconditional direction of arrival estimation [ J |. IEEE
Transaction on Acoustics Speech and Signal Processing,
1990, 38(10) : 1783 -1795.
White W D. Double null
tracking [ J]. Microwave Journal, 1976(19) . 35 -38.
TRIRHE, RETUR, R, 4. FES KL AL kiR A
BRER SR [T By BHE K = 2 i, 2015, 37 (1)
130 - 135.

XU Zhenhai, XIONG Ziyuan, SONG Dan, et al. Double-null

monopulse low-angle tracking algorithm with array radar[ J].

technique for low angle

Journal of National University of Defense Technology, 2015,

(9]

[10]

[11]

[12]

[13]

[14]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

WANG Xiuzhi, GAO Jinsong, XU Nianxi. Quick analysis of
miniaturized-element frequency selective surface that loaded
with  lumped circuit
model[ J]. Acta Physica Sinica, 2013, 62(20) ; 421 -425.
(in Chinese)

Han Y, Che W Q, Christopoulos C, et al. A fast and efficient

design method for circuit analog absorbers consisting of

elements by using an equivalent

resistive square-loop arrays [ J]. IEEE Transactions on
Electromagnetic Compatibility, 2016, 58(3) ; 747 - 757.
Costa F, Monorchio A, Manara G. Efficient analysis of
frequency-selective surfaces by a simple equivalent-circuit
model [ J].
2012, 54(4) . 35 -48.

Yang J, Shen Z X. A thin and broadband absorber using
double-square loops [ J]. IEEE Antennas and Wireless
Propagation Letters, 2007, 6(11) : 388 —=391.

Luo X F, Teo P T, Qing A, et al. Design of double-square-

IEEE Antennas and Propagation Magazine,

loop frequency-selective surfaces using differential evolution
LI
Microwave & Optical Technology Letters, 2005, 44 (2) .
159 - 162.

Shang Y P, Shen Z X, Xiao S Q. On the design of single-

layer

strategy coupled with equivalent-circuit model

circuit analog absorber using double-square-loop

array[ J]. IEEE Transactions on Antennas & Propagation,
2013, 61(12) : 6022 -6029.

Sudhendra C, Ramkumar M A, Rao K A R K. Design,
analysis, and implementation of space cloth based on
hexagonal resistor grid network of planar resistors [ J]. TEEE
Microwave & Wireless Components Letters, 2017, 27(11) .

986 —988.

37(1): 130 —=135. (in Chinese)

Wu J N, XuZ H, Xiong Z Y, et al. Resolution of multiple
unresolved targets via dual monopulse with array radar [ C]//
Proceedings of European Radar Conference, 2014.

Haykin S S, Litva J, Shepherd T J. Radar array processing[ M].
Germany : Springer-Verlag, 1993 73 —74.

Nickel U. Application of superresolution for radar: example,
problems and solutions [ C ]//Proceedings of 21st European
Signal Processing Conference, 2015.

Nickel U. Overview of generalized monopulse estimation [ J].
IEEE Transaction on Aerospace and Electronic System, 2006,
21(6): 27 -56.

Nickel U. Superresolution using an active antenna array [ C]//
Proceedings of the International Conference, 1982 87 —91.
TR, WM, T, A SRS 55 M.
oo WHERF AL, 2004 159 —161.

WANG Yongliang, CHEN Hui, PENG Yingning, et al.
Theory and algorithm of spatial spectrum estimation [ M ].
Beijing: Tsinghua University Press, 2004 159 — 161. (in
Chinese)

SEIE . AT R E B S AR R BT M.
BRI A, 2003 : 55 - 59.

SU Tashan.
optimization calculation[ M ]. Changsha; National University

of Defense Technology Press, 2003 : 55 —59. (in Chinese)

Kb

Principle and algorithm program design of



