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b u(t) FoR RSN, * FORBOE, r FORINIE, ¢ RRZH) (Doppler) HiF. LI ELA FE X
TR, ZREILGURE RKT “Resolution” (73HFF) KIRGIRIR. )5 I H KR 5T 108 o 45
AR K53 HEIBIE T, B G — B B R0 341 R, RO ek o — KAl BE: s H AR R
VCFCIE AR B AN To e 7 A 8L, 5 B0 R 80E SCIK “or 707 55 B TE SEBRIRIN T (1) < HERCR A74E
A—EL

BEE T IAAE WU 2 N, AR SR HaE A, BEL Hir/ 2 80 N & K@k aa ).
ST, <A M o BRRCRT WP B H ot 5, RO e B0 R BRVERE 2 B, B8 B R0 H AR R
WRESTHE, PR EANRT R HARLE — € S AT T AW 3 HE. 9 TG <o AT AR #IP e, Eik
TR RWA WL, 2 T — RIVRBIGH] (Rayleigh) 73 FFHRER I 3 HE LS. #iltn, HET 2
AR BAR (0 bk b B, AT TARAT A FARERER, SKBLE — R A B infE 5 5 22 5
05k B8l BT A (A A AR AR HE (Y MUSIC, ESPRIT 5578 A3 771k, W] 58 % 4R 2 H AR S ks
ST 0 10) BT R B R B3R ) AR A IR TV, W] RS FLAR TR IR B A T 7 3, SEBILER 70 7 AR
g W] SR5E BT HETTERE T W I U A A T IR, 29 AR AR, B — e R,
BN HAREOR A RS b, &R IR, B R TR I R EE S E L

7 HE AR K 2 M2 LR B R TG 2 (1, LA 70 3 ZEER TR e g, e 2 M i, AEAR
I 2B N . AR, AL Ik A IR, 480k 80 RAFEMIARE, BHTIE AL 1 58 BRI BRI EL
ARAEEZR, BN, BESHACEIE . ACIEREOR . AR B M EEOR S, £ G RLRE L . KA IA
AR HILFERG DA IR 15~18 fER A R b, SRR R MBS AR E
R, FHAR E bR BRI ZE AR OK, i, 25 R T AR = A A A 5, 16 45° Bl FAUETE
=AML, FE R AR A T A AE T A I N, AT BT AR TR A, SR TR IE AT AR R B, IRAS
H2HE B, A S IR, 2RI AL, SRR 51N TT DA TR s 2 R g 10~2, o
FRAC 5 70 HEI R R A A ESfE.

AR SR WA T 3 BRI S5 3 1 A, AR T 0 R LR b A, DR WAL T 2 R Bl A A A P e
PR 7> H IR B, BE T3 2 B AR 5 73 ik, SEILER IA 70 H DA AR T, SR 5 2
T ] EA TR IE PR G B 3 AN A AR A PG B 4 R A AR R 2 H AR S )
T B 5 e MAUTESRIS S A R B 6 R AT TR A IR AT R ISR AR RO HEAT R .

2 FBIAOYREMIER

2.1 1EMIRE
HIERGWIRS — S He 1R T 3 MR EREL . 5 5B AE S 5. H bR 7% i)
PIREREATER 2 B AR OB R, & 7 mfE e b k. 54k, (55 A3 &R 40 5 ) B VT RS e 52
P AR, eI B 3K 0 43 3 I AR T B 1A AE 5 A S5, 1) 08 2 0] ORI R B IR . 1508 e 3
(158 SCIET- PR H bR o] 43 B2, A8 R B /0N, B AR B aT 2y Bl ey, 8 R T2 9
A ART ) H AR 1 A H br 2, BARRE LR, HEREE 2 9RR~A
21 () = Ayl u(t — tgy)e2 ot fan)li=ta), (2)

zo(t) = Age¥2u(t — tdz)eJ’?ﬂ(foJrfﬁ)(t*tdz)’ (3)
Horb w(t) NEBETY, fo NFODIE, A, ta, o M fa 73 B0 EARIIERE . HIAL IR GE R 223 95
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Figure 1 Resolution results of two targets. (a) Two targets with equal amplitude; (b) one strong target accompanied
with one weak target

i (i=1,2) FoR BT, KRR ZE B T7 I NENAE 9 e 20 HRE I, D)4

e = /Oo |21 () — @2 (8)]* dt
- (4)

= (A2 4 A2) / lu(t)|? dt — 2¢/A; AgRe{elA9 ot fa2)Atay (A, Af,)},
K, Ap = @y — o1 RRMBLE, Aty = tay — tay FARNIEE, Afa = for — far FARLEPIFEE,
x(Aty, Afy) BEE R

x(Atg, Afy) = /OO u(t)u*(t + Atg)e?™atde, (5)

X(Ata, Afa), BIEBA R A BAR, &2 WK, HFRIRRR N 22 B W] i, BT A0, 3 (4) e — Ik
AETREE, (U T A BRI DhAR AN H AR O B A, H AR R B S A e, it
AT, SR oA B RE S WA S T I A 0 9 70, SEBR 73 R RCRIE S HARIIIEEE . A4 25 8
L N HESE 2 MR 2R A Ok 22

FEZE TR IR 7 BB R, RSN R KT 7 H B 20 R 1), 2 1 s JEE MR 2 R ST, 3 S50 A A
BRHICE LI X3 FFEANREZI I R T A0 LS OU R ARIL HARI) B8R, Wi 1(a) Brs, =
bR FEAR R ELIRIRG IR 4708 1 A5 I8 R, <o O SRR FEAL bR sl 1(b) R, 4
FI b 52 22 R AR KN, BIAETRIRE 2 1% F s 70 e, P9 st DLIX 7).

2.2 TESPWHSHR

B F o HR TN X H ARG L, B AR AE 5 00 % HARIIERAIE BN, AW AR IY ek
PERBUE S, N B, WA Atq < 1/B. fEREBRZMAT, 2 ILRIER)S, 553N

z(t) = AL eisine[nB(t — Atq/2)] + Ayel?2sine[nB(t + Aty/2)], (6)
Hp, sinc(z) = sinz/x N “ETE BB, AL R @) SR R UCECEED: i H s FEE AR AL, AR5 R E
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NI, G N

y(t) = |2(1)]
= | A} Psinc? (t1) + | Ab|2sinc? (to) + 2Re{ A} AL"} cos Ay'sinc(t )sinc(t),

Hh ¢ = nB(t — Atg/2), ty = TB(t + Atg/2), A’ = ¢ — b 1T RN PR B8 I 28 R i % &R
3 (7) FRIBTIRBEIE IR “BRE A

B 3 T AT AE AT ) 2 N, H5 % H AR —— XS R, 2 HARRITER IR0 8. e 10
B s AT iE I A — i SO B S EAS B, S T T, RIHZEE) (Taylor) B “Fw” REun
PV SERE

(7)

2
sinc(z) &1 — = (8)

6
B (8) TR (7) . 360 y(t) RS, Wi

2 1 2 1 2
Y (t) = gA’ftl (6{;’ — 1) + 5A’gtz <6t§ - 1) + §A’1A’2 cos A/ (13 — At3t — 6t). (9)
BE—2, X y(t) ZBrk S, W
2 1 2 1 2
y'(t) = gA’f <2t§ - 1) + gA’ﬁ (2153 - 1) + §A’1A’2 cos A’ (3t* — At? —6). (10)

M o/ (¢) PO S AT R S R AR A AL B, T o (¢) (R IE A7 AT A e AR A B I (DRI B IR AR ).

AR, BN H bR ZE KK, 55 H AR 5 5 H AR, AH L TSR H A5 5 5 0 . Bk A =
Ab, B 5152 4/ (0) = 0, t = 0 BFZI AT BE LIRS BRI, 24 v (0) > 0 B, y(0) A, WHRAT
rHE IR, JERI AR AR RIS IR X H AR AT ) SR, BUARE N

6+ 6cos Ay’ det
Maz |G ny 9, (1

AHEUEH, BEPRFEIFR (A¢’ = 0), g(Ay’) BUREKME v6; WHIRRME (A’ = £n), g(Ay") BT
B/MA 0. LTS, SRR EAR XH Aot o HF, <SR SO XE bR 2 o3 k.

WA 2 fioR, “SiEEA R, BARRIE R 2B R 1.33 5090 A 0403, <SSR Al 1
SUF, BEsERE R ER KT 0 BIRTrgE 5340, & 1 AT <SERRA MRS SR, BEE H AR
B UR/), ERAR UG ARG 55 SRR/, (E UG A 55 I L AR /N, BUUEE [ B T P AR . i i, X H ARTE 5%
R RAR” 2~ B MR AT 4 BRI

g5 BRI, AR B MR AR R 3 3 R4 R R AR R, AFROR ek U 2% BRI T2 I <S5 R AR 15
O, FPEUEGR 5 R SR )2 TE Ay R VERE R <R A, <SR SO T SRR I — IR, SRORHR TR 4y
H 77, BB HE AR

3 RUEEEERE S Y RIE

3.1 MUFXESRE
RGN — P R B, BRI S S . ML WAl 4 PR A 28 3R AR, (A2 3073 R H HL R
1) MRAEHET, (MR ZHAE] 1.56 0P, EHAESHEREFRMILO, FEMGIRE, 1.33 H0HF N0 HELR
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Figure 2 Resolution results of two equal-amplitude targets. (a) Phase offset is 0, (b) phase offset is 7

x1 FRREANERELSE

Table 1 Waveform parameters of two equal-amplitude and opposite-phase targets

Distance interval /At
0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1
Peak amplitude 1.05 0.90 0.74 0.58 0.42 0.28 0.16 0.07 0.02 Reduce sharply

Trend

PSLR (dB) 9.63 9.31 9.05 8.84 8.66 8.52 8.42 8.34 8.30 Reduce slowly
Peaks interval/Ar  1.366  1.357 1.350 1.344 1.338 1.334 1.331 1.328 1.325  Almost no change

P bR BRI AN, AR TS &, BRI R ERE, X (6) BN
x(t) = flle@lhﬁslhTsinc(tl) + A26¢2h£SQhTSiHC(t2), (12)

Hop, Aje? WSy = Ale?s, hy Rl hp RS AIEORA R, S; Ay H AR IR AL U 6 R
K Jones RERAMAL, WIRERES N

cos¢cosT —jsin¢gsinT
pesT e ] (13

h(¢,7) = [

singcosT —jcos¢sinT

Hrdr (¢, 7) NBALIER JLA A T, FFHAE ¢ € (—n/2,7/2], 7 € (—mr/4,7/4]. BB S UL 1)
WA LI HGR 7530008 (b7, 70) B (R, 7r), WIH hr = h(¢r,77), hr = h(ér,Tr). S; N 2 x 2

B, FR
5 = [() E)] . (14)
FE SIS, BACBUERE AT LB PE, B ) = o).
B i B B R R L (3 LR R0, PT IS R R M O DA R S . SRR T, BILTR
PETTSRAMER AR RS R, E0 RCR BALIRAS, WTIE B R P I35 A el
BERTHIRL, 5GBSR T & 2, BILTE i R4 AN HOI8 1,
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Figure 3 Range profile with different receive polarization states

3.2 HRkimTE

EIRR P ARAG 42 (1475 2 AT LUK 9 B T K 70 RE 0, (EAE SERRER I AR T, H AR AR AL B
FEREAR RN, JF BTSRRI A4 RGER 2, A S UG B TOVE LR s IR 0 9, 7 B K kAL
BORFHEIL “SEME SN WSS B ARG, — RSO AL & AR A B3 B — A as, Xt
LS HUR S5 B A s e, X 59 A — S M B A R R, Wl 3 Bs, SR 45° ZelAb A
BRI « T A + =T XEFR, I RSO ARSI, 8 FARE 80T i 8 (AT A I, &
TR IR FEFUSE HARMHIOR BB AE, AR S A

FESC 2T, WA B S 6 R — e = 4R N, L SR GRS B, IR R — R T,

MG 5 AR BR IR i P O, XA S RO SORYE I B — MR PR EcAs, ot <A SISO
MARZSAERCR AR AR, B S BURBRE IR, Bt iR “ARA AR £ Ao, BlEE ek
AR IRACRZS W% H AR A, AR T BN RCR, 9 H AR (23R RE

MRIE (12) HHE SR, UERES B EETERRN

v = A%|gl|zsin(:2(t1) + fl§|gg|2sin02 (ta) + 2A1 Ay cos AgRe{ g1 g3 }sinc(t )sinc(ts), (15)

K, g1 = KESihy, go = K Sohy. WA FR JE B A, B4R 5% T I TRI AR AL AR 158 J L] 41 38
THIZICREL, NRRNA v (R, 7,77, R, TR)- I (15) FIRAE AT BARAGEE H AR I8 %, a8 T
SHTPHE R SRR MK, SREACBIPTA 45 R, AU H AR AT RS T ERK.

3.3 Z=HRHEEESG

R 58 IO AR AL 5 X AN R (T BICR HLER BAT HE 5 s A0 FR Y, Xt B ) B A5G i H i 2
B A, R PTA B B R LA B, TR R T 2 B4 A R B RGT, AT TR 2 H AR A AE
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PE. 1Z B E SO WIS, BAAE R

:/ / / / ’y(t)d¢TdTTd¢RdTR. (16)
TaYT2YTa YT

ML (15), SRR LITHER T4 RITBUA 911, |g21* BAK Re{grgs}, I H [g1|* A |go]? E3NHH
A, FrASKAE S (16) IXF 5L |g:]* A1 Re{gags} HIPYER
RS (FEILBR SR A), WRAIsRE B R TS5

' =15 (l (2 2B+ 1s017) A1) + T (1892 4 2152 + 52 2) Adsine?(r) an
—|— Re{sl1 5121)* + 2sgl2)s§22) + 8(12)8(22)*}A1A2 cos Agsine(ty )sinc(ta).
LT —4ERE SR, RAERBE RS TR EUN FERE R &4 o 5. B H AR kA TR B R 2
“FrRAEfdr TR S EIAER B PR ], IO E SR 1) H AR, ABBCA IR ECE. B2 H AR R A
Bt & HbR bl RS, TR e, JF B AL E BRI AE B b BRI 20k sh. dnf&l 4(a) A
(b) Fuw, BERFATT, H—4Ern B AR A S B AR BT — 30, 290y “hrilE Y £ HbRac
T, AR B AR T R R T “hRERY W T AR HAREE (B H AR B <2 HAR), SEI
% H s,
B Cm e R CRPE KRB NI, R AP AR I WA, R AR —
AN, AR BB RT3 il
I(t) = Tap(t) + Tap(t), (18)

ﬁEP, Dy (t) NERERANIREEBR, —FTE “RHE IR, Top(t) NRUERAIIEE EAR, 2 “A]
SHE BN, AR <SR B R DARRORIG 5E B AR AT o3 vk, B BB RN AAERE S, B Doy (0)
FRI R AL T X H AR BT RN, R BEEER TR 17 HAR; 55— J7 1, Ty, () HIWEEAE AL T XUH BR 2 18], Z56HH]
Dyp(t) A1 Top(t) ATLAFE /S HARESEAL B W 4(c) FTos, Tip(t) IR mUFT oy (¢) FA 20 0GR A0 RT
€ BAR 1 FTAEIX[A], Ty, () FOUEAR RURT Toyp (8) G MU AR S PT 85 H AR 2 BT LEIX (8.
ZE EPTR, RAIRAR SR AL B AT H bR R SR I RCR, I 2 AU, AR EEAN R B AR AR AL
JE P S I IR BT AR (radar cross section, RCS) AS[RJFE B 138 5 s cH i, AR 40 R 2545 0 =6 9 e 5
1B MIEE BRI 73 A, SKELZ B AR BRI 58 70t

4 RUBTEES BN S 57

SRR AR AL IS R SR B DA R PR AR AL T RS, SR KT A AT 3 B AL SO IE $21, ES
HIHEIR AL R 25009 [1 017 A1 [o 1]7, KM Eg(E S AT AL, AT RIS AE B IR . BARTE
AR A B AR, B AT 38 I S (R AR A AR R R 1l 2 A st B AR, 2 AR B A5 A A
WIFE BB — A>T 4, [RIFERT T 2 H AR K8 7 9%

R AR BT — ORI, RBERA by, BIRRAARES RS, PAIE B AL RISl A A,
FAERCEIBIE L L MR CIRAS. BREE 1 (1= 1,..., L) PSRN hig,, AR (15) AI1ARAL
WORAET (R, hr,) FIBEESAR 5 (1), W2 AL IRER B8 KRN

L(t) =Y (). (19)
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Figure 4 Full polarization range profile. (a) Single-target case; (b) multitarget case; (c) single-peak and double-peak
decomposition
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Figure 5 Processing flowchart of time-domain resolution via polarimetric zoom
2 MR ARIEE B AR TR 7T 73 A R BRI XU PR R L, ‘58

L(t) = T1p(t) + Top(t). (20)

B 5 45 T AR R I 2y A AL BERRE, BT
AT EL BRI, B T M7k A —F 0T ¢ A tg, WA AR B 4R 10 30 98 12
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N tg —tr, HIEHIPEE bR JE M
Hy:tp—tr <B- 3, (1)
HlitR—tL>ﬁ'%,
Hrh, Hy ZoRB BRI, Hy Fn2 Binik, g ATTIRET, AIARYEL I %, W KT 1.
WA E S BARa#E. Ty, MWIEE A BN thy, Top BIPINEE SALE 73 0EN topr, T top R,
M [top-1, t1p) NEAR 1 FTEEXA], [t1p, topr) N EHIR 2 FIEXE. WA X EFIERSEE] Ty, 5 Ty 4
i){—i 2?1 *D £2. El jﬁj/@ flp(fl) = f2p(£1), £1 S [tgp_L,hp]; £2 YV%E f‘lp(fg) = f‘gp(fg), 'EQ € [tlp,tgp_R]. H
Fr 1 ATEbR 2 BIEEE G

R, = % (22)
Horh o Rk
5 {AESE
G MR TR IE R GE, UL 45° ZRALR Y, RSBV NS, K9 T, = 10 us, #% B =
10 MHz, WIFEES 3 #4015 m; S VTECUEWRAL TR, 15 578 WIS 5 BIF 8, (S0 L T 527+

T,B = 20 dB, ¥ VLR IS G {51 HEId 9 SNR. BAKSPFIEE B R A FRIR, SRAEI2E N 300 MHz, B
Ji% L = 400 M RACEOEE . 25 58 R — B8 B0 N RO E BR izt R E AR BUR BN = A
T AR ERAR T, A PRI AR AL B R R 43 5 A

10 ’ 10 o 1 0.15 '
01 0 -1 0.15 0.9¢1°-27

B2, 58 SCUHARIIEAALLA p = 426029 B H AR 1 (9{EHELLY 10 dB, HARIIRE 15 m (1 %55
PR, BRI R, W RS S B R 2 A RER B 15, A 6 . B4R, R H AR 2 ik
HERESE Oy PrAER, TIMVEEN 2 FEE R, SHESHITE; W H AR 2 A B0y “ARbr
R 5 JARKIR AL RO R VE - DS IEAR SR R AT %, P H BRI Rm KT 2 (R #8 %, Frilfl
PRI 98 Bk H AR SR PR A R BRI 4%, AR R, 2 I AR RS Sk H AR RS 48
J3R, BRI EIIREE B AR AR AL UM R 24k, (H IR TE AR, S HAREREA 5. 5i4h, 2XH
PREIBRAC U Rt AR RIS, AR A A £ e R AR A, 2 9 58 A I e TR R AR EL, 2 B AR 7T g
A EEBE.

Nt D IIER A IS AR AL BRI 22 H AR PR RE, (B H AR AL Z IR (=7, ) (0320 20 A,
AL 2 R ST R 2 2 H BRI IERR A SR R H AR AR AR, T B aE Rk 7 pros. B, 15
LA TN S RN E TN ) G e RS 2 i ey TR A S NI T PRIPR R S S T M N B R
AR AR, AEMRES T 10 dB H HAREIFG KT 0.5 fE8E & 0 MR, FTd J5 ¥ il A3 280H v H AR
JETE, 2 HARIERGHI MR EE 90%, B HARIRABERITF O 0. BALIAR ER AL BT H ARBR AL B A5
FEAUR, BIME B AR B AL BICR R PEAR R TR ol IR R A D, Sy 4b, Mot v ok ] R nT A3 i/ B H A
ORISR, (EL R X H AR I3 A R th 2 N B /5 2RI, AR Rl TR v 22 304, JF
AR b LM GE v Al 3, 2 H bR A IE AR B A 75 B D IRAWT I

FERSIN 2 22 H ARG _E R 2 A A Sk B AR AT R XU I3 i, 25 RE 2 Rz it LU RO pl AL
SER BRI E] 8 PR, LA H, B/ XA ISR B AR 5 F AR BN AG SO RS TRTRG S AR IR A 2
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Figure 6 Mainlobe width of multi-polarization range profile
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Figure 7 Performance of the multitarget detection via polarimetric zoom
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Figure 8 One-peak and double-peak decomposition of multiple polarization range profile
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Table 2 Two-target superresolution probability (%)

Distance interval/Range resolution

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
SNR = 10 dB 18 29 35 47 63 7 79 82 100 100
SNR = 15 dB 27 35 41 53 69 79 89 96 100 100
SNR = 20 dB 37 42 52 60 78 83 94 100 100 100
SNR = 25 dB 41 45 62 69 80 85 98 100 100 100
SNR = 30 dB 47 51 68 75 83 89 100 100 100 100
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Table 3 Detection probability and range estimation error versus cross polarization ratio

Cross isolation (dB)

-5 —10 —15 —20 —25 —30

Dihedral+Trihedral 97%/1.84m 97%/1.63 m 100%/1.49 m 100%/1.43 m 100%/1.45 m 100%/1.32 m
Trihedral+Non-trihedral 81%/1.94m 95%/1.63 m  96%/1.45m 100%/1.53 m 100%/1.40 m 100%/1.49 m
Dihedral+Non-trihedral  86%/2.13 m 97%/1.58 m 100%/1.65 m 100%/1.64 m 100%/1.45 m 100%/1.27 m
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Principle and approach to polarization modulation for radar
super-resolution
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Abstract As a classical topic in the radar field, radar resolution theory has been developing for decades.
However, the fact that the radar fails to resolve multiple closely spaced targets is increasingly prominent in
various applications. The theory of ambiguity function occupies a very important place in the research on radar
resolution. Meanwhile, many super-resolution theories trying to break through the Rayleigh resolution limit are
being proposed. Though these super-resolution approaches are partially effective, their practical use is limited
because of the presupposition. The traditional resolution theory ignores the polarization of the electromagnetic
field. Polarization enables radars to have super-resolution capacity. The research on the relationship between
polarization and resolution has major theoretical significance. In this paper, we analyze the effect of amplitude
and phase on resolution. It is known that optimal resolution can be achieved with equal amplitude and opposed
phase. On this basis, we present an innovative polarimetric zoom theory for radar super-resolution. Based on
radar polarization modulation, the principle of super-resolution is presented by introducing the concept of a full-
polarization domain range profile. Additionally, we design an algorithm for multitarget detection and estimation
using polarimetric zoom. Each target can be successfully detected and precisely measured. Finally, the simulation
results demonstrate that the proposed approach is not sensitive to cross-polarization, and the resolution power
can be improved by 20 times at high SNR.

Keywords polarization modulation, radar superresolution, ambiguity function, polarimetric zoom theory, full-
polarization domain range profile
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