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Fig. 1. Schematic diagram of the precise ranging for the multi regions of two complex-shape targets by using two chaotic polariza-
tion radars in the optically pumped spin-VCSEL with optical injection. Here, DFB, distributed feedback laser; OI, optical isolator;
NDF, neutral density filter; PCOC, polarization control optical circuit; FP, fiber polarizer; FPCO, fiber polarization controller; FD,
fiber depolarizer; FPC, fiber polarization coupler; PD, photodetector; AM, amplitude modulator; Spin-VCSEL, spin vertical cavity
surface emitting laser; FPBS, fiber polarization beam splitter; FBS, fiber beam splitter; EA, electric amplifier; TA, transmitting an-
tenna; RA, receiving antenna; T; and T, two targets to be measured; CFCM, correlation function calculation module; TRCM, tar-

get ranging calculation module; 2-PC, x polarization component; y-PC, y polarization component; 7, total normalized pump power.
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Fig. 2. Geometry diagram of the ranging for arbitrary small
area of the target T;. Here, 74, the actual position vector
of the point-A; 71 1-71 N, the position vectors for the
transmitting antennas TA; ;~TA; y; Red dotted lines, the
direction of the radar probe signals transmitted by the an-
tennas toward the point-A, as well as the direction of the
radar probe signals reflected or scattered by the point-A to-

ward the receiving antenna RA;.
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WIT, R 0.1 ns, XN AYFIAE S50 N 100, XU PR
sinc ¢ 12 A FhAE S5 391 4 Ko = L/Ng = 1000. T 4%,
55 WG T R U Y Rk sine (1), BIHL
FRIBAN

Ko
y(k)=Y sinc{h[(k — 1)N, + 1] : hkNs}sgnc; (k)],
k=1

(19)
Hr,
sinc(kh) = sin(2nkh/Ty)/(2nkh/Ty),
k=1,23, -, L, (20)
JFH.
{ +1, fBUcj(k)=0
sgn = , (21)
-1, R c;k)=1

L ¢ (k) HEE 0 F1 1 REALS i 51, 24 5 3
AT B AR, (k) B ASRIBENL > 6 750, I

®1 THRNRGESHIE

Table 1. Parameter values of the system for calcu-
lations.
=2 28 {H

a Ly R T 4

n SR 9

K Grsemis 300

P R AR R 1

8 H AT 109

Y LT T R 1ns~ !

Ya E L REER 3 10ns~?t

o LRI BN 60 ns~!

Y SY e 120 ns ™1
King > PCIGHEARREE 10 ns~!
ying y-PCRIEIE AR Y 10 ns~t

Aw LRSS 30 x 10° rad/s

RIGARIRY sinc IWIE. 41 3(a) FEL 3(b) FiR, 4
§ = 1F01 3"}, sinc(t), Fl sinc(t), (1) B} R B & AN ]
1, BT E AR A RS T-1 F 1 Z ).
&l 3(c) FIIE 3(d) ZaH T2k A Spin-VCSEL Hi iy
55 1 HURNSE 3 o o ARARIRINAG S i . w7 LA
F i, o PRI 5 i a0k 2 IR R, X
W o I IRIRIAE S  XUR A sine P 18 il 5 A4 A
[ (Sia, (8) R S1ay () 43 ANEL 3(e) AL 3(f)
B AT L& B, B AT B )0t 22 VR
AR P SR, RN KL K S
1) B TR 5 R B B SR VR Y, LA Rk 3
RRE, DLl R B Ta) A2 R b AN AR e (UL
& (12) MR (13)). AT RS, ik NR 2
P T IR IRMNE S B AE — KP4 b X LSS
5 Wz fmARIR I BOCERIE 5 6, THE T AT A
) F ARG (Tpe ) LA 25 BI B AH G (Rpe ), TS
WME 4 s, ATRVE Y, Toe R KMEHBAEL = 0
b, Bt = 04k, To, 76 HATE] LA EIL-T-#B4 0.
Rp, A R AE § = 540, FEFR 5 Z 4h HiAb
J M EARAET 0. ARIE AR (12) AR (13), & 5(a)
AT 10 3R o mR TR IAHEINE 5 B OC B AR Cre,
HIBTZS A . AT DA ) EP0EE N R o R B a8 45
WAES, Crr, IR KMERLEFE t = 0f j = Nib
(N=1,2,3, -, 10, I'FHIF). & 5(b) #E—L4
T 10 R o IR ARG S5 10 K o Wik
HA5 5 WA 5 PR AL Crer, OB 25 A5 MAIET 5(b) AT
LRI, 55 NH ok 5 XRS5 A N
o w35 2 %15 5 B A &V Cre, 19 B KAE H BLAE
t=0Rj= NAb. & 5Frnmas LN, 7£40d
PRI N Rz m e T SR S, PR (e
A IS B R 28 (RS HH DG B Rk TRD B, 28 R 41 1
N e FRHENAE S 5 HAN NS %550
AT 28 AH AR, R i, R B AT 25 A A
etk LA 2R HAR Ty 12 A~/ X 8 H bs by
B, THeXTEAN TR,

K645 TEEAR B RS T, 12 A~/ X
FINEE JLAT L. S T 7 e, Ty b 12 A4S/ Xk
B SR Av—Ars, FERES/NRIE, W 34 4
bR 0 6 R, AY—AY (0 =1, 2, 35K
1,2, 3, 4) B E R EBHKBE A T a0, — Tal,.
RHERLE (TA, ;—TA, ) BHEF K — K B, 1
BRBERREE N ri—ri10, BRI 2 Fra.
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’ (a) ’ b)

O A i_l_t"""..'e\' ‘H I }'\‘ l":'"'l"
"~ a0 41 42 e 43 44 45 "0 41 42 o 43 44 45
15 5 15 @

;: F-"-W\F\'*l'w‘*f AT mw :Z iy W ATl i m.ui(r

40 41 42 n 43 44 45 40 41 42 » 43 44 45

RN TENTE I TESYENN N (ORI
‘”_1_IHL.:' o I G e

40 41 42 n 43 11 45 40 a1 12 » 43 11 45

K3 (a) FIT M 1 o 3RS 19 sine BB RIS TR BLIE; (b ) JHT VRIS 3 W o i IR 2RI AF 5 19 sinc P 1 I 1) 10328
() 25 1R o M ERIME 5 (s12,) BT RIBUE; (d) 55 3 R o R IRIRIMAE 5 (s125) BINT B (o) TS AIEE 10N = i I 57 3K 2R
S I TR BIE s (f) JAHIE B9 58 3 0 o i ik 78 S R0 15 5 0 bk i) 0 328

Fig. 3. (a) Temporal traces of the sinc waveform which are used to modulate the first beam of the z-polarization probe signal; (b)
temporal traces of the sinc waveform which are used to the third beam of the z-polarization probe signal; (¢) temporal traces of the
first beam of the a-polarization probe signal (s1z,); (d) temporal traces of the third beam of the a-polarization probe signal
(s1z5); (e) temporal traces of the modulated first beam of the z-polarization probe signal; (f) temporal traces of the modulated
third beam of the a-polarization probe signal.

1.0

(a)

50.5-

0 e il it ik b

-5 -4 -3 -2 -1 0 1 2 3 4 5
t/ns j

Bl 4 (a) 555 o WMIRTE BG5S BT B AHOC (The); (b) 28 5 R o HR T A BG5S AR 10 SRIY o W IR & B NG S
M2 [ B AN (Rpy ), 288 jRRE R ok TSN A5 5

Fig. 4. (a) Time autocorrelation (Tps) of the fifth beam of the a-polarization radar probe signal; (b) space autocorrelation ( Rpg )
between the fifth beam of the a-polarization radar probe signal and ten beams of ones. Variable j denotes the jth z-polarization

radar probe signal.

T30k, PIRHAB I A S KL Z MRS 0.5 m. iX Hij=1,2,3, 12
BB OGS RE I 10 TR 2 (i Hk 7 IR AR5 S

2 RHIRE (TA, | —TA, ) B ERE
FIF 0 FLA AV — AL BOBE RS 9 T Wi X ik L2 RHRE (T Thiyo) MUERE
able 2. Position vectors of the transmitting an-
FURRIBE 9 T A5, AR AL — AL 52 tonnas (TA, ;—TA, o).
5 BB E N dAgb) A( 95 HikFRE sk 3 pr T, A3 T fERE
B, T A F AR (AL —AL) e T —bea—3e, || Tie  —25e —3e,
WHEE, 51 HFAXRZE (relative error, RE) 41°F: T2 —4be; —3ey 17 —2e; — 3ey
T, —4e, — 3 71, —1.5e; — 3
(1) |dA(,L) - ?A,(f) o ¢ “ e © v
REj =—2 7 %x100%, (22) 1,4 —3.5e; — 3ey 71,9 —ley — 3ey
|d ,-L 71,5 —3e; — 3ey 71,10 —0.5e; — 3ey
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Bl 5 (a) 7E 10 3 x fi 4R & R 3R IAE 5 b, B0 2Z 8] B9 1 25 4 56 (Crry); (b)10 3 x MR AR B A BRIAE 5 5 10 3R x MRS HF
ST s e (Crry); XHL, A58 § R4 o x I PR SRR ME 5 88 j R o iR FL S HH Y

Fig. 5. (a) Time-space correlation Cry, among ten beams of the x-polarization radar probe signals; (b) Time-space correlation

CRrr, of ten beams of the x-polarization radar probe signals with ten beams of the z-polarization radar reference signal. Here, the

variable j denotes the jth x-polarization radar probe signal or the jth x-polarization radar reference signal.

A
Y

St

i
P11

TA1,1 TA1,10

Bl 6 AR E R T, o 124/ X 8k B bR i e LA
Bl A—Ap: 12 DN HBR; TA; ) —TA, 400 10 RS K
2 ri1—r1100 KO RE (TA ,—TA, 10) B AL B K &t
RA;: HERE; S1e,—S1010: 10 W o IR & X HEME 5
R W A IR BN AE

Fig. 6. Geometry diagram of the ranging for twelve small
areas in the complex-shape target T;. A;—A,, twelve small
area targets; TA;;—TA; ), ten transmitting antennas;
71,1—71,10, position vectors for the transmitting antennas
(TA; ;—TA, 19); RA, receiving antenna; S14;—S144,, ten
beams of the a-polarization radar probe signals; R,, re-
ceived radar probe signals.

TR (16) 25 H BIFHICRREL CO) IR
EAE, 7] DA B — B IR B[] (71— 7100 ). FEUE
et b, R (17) F AR (18), R LAKAE H
Fr Ty HAEE 1A B bR S I A7 B % & 1 °F- 3%
(. TR E AT AL B, e, 2ok

HRZ RA UM R X BEIE S (R A
TA; ;—TA; 1o &KIFREMN 10 2 i 75 B0 5
B TR E bR ASVRE, TRk R4 RA, Bl
AITEIARING 55 10 3R o RS {5 St as ARG
(CC11—CCh ), G5FANE 7(b) Fros. AT
H ARG BB KB AR AL T 10 SIS [R] A9 SE R B
i) b WLEE I 7(c) T LA E] 10 AN A ) 4
71 = 34.149 ns; 2 = 32.770 ns; 73 = 31.443 ns;
74 = 30.182 ns; 75 = 29.004 ns; 76 = 27.932 ns;
T = 26.994 ns; 73 = 26.222 ns; 79 = 25.652 ns;
Ti0 = 25.316 ns. 3T 3X 10 WA FE R, 46 7
B (17) TR (18), HEA I A B b A AL
(P B RN Ty = —0.0999€, + 0.15¢,,. J1]
IR 2, TSR] B AR T, o HAh B bR
(S35 0 B, S5 IRA T35 3 . R, MRS Y
T (22), MM EAR T, b EBR S AL — AL i s
XTI, g Range 3 gl Nk 3 aTLIEH, H
B AV — A o EAR X R 257 0% 1 0.94%
], X SeZE R, £ X AR B AR 2 X IR
TR, A SCRTBEHERY I 58 5 /MO AR 22 (/)
T 0.94%).

FRAJE SCHR [34], FH OG0 19 2 A K A 42 B (full
width at half maximum, FWHM) i % H T4 i
W #5733 %K (ranging resolution, RR). Ml 7(d)
AT LLE H, AHOC R E CCLL ) FWHM S 8/3 ps.
Y& RR = (¢ x FWHM)/2, 43%] RR 4 0.4 mm,
Horb ) e oy EZs e, R 7(c) AT AILEE S
CCy1— CCh 10l FWHM #4°4 8/3 ps. X # M 10
T o IR T SR A 5 b ALY B 43
REIHEIAF] 0.4 mm. Fﬁlﬁjﬁﬂgﬁ‘%‘ﬁ/j&, CIRYEES
) H b Ty rH Al B bR S0 008 2 3R
0.4 mm. K T UEE—LL SR (WNEASREE . A
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# 3 BAbs T AN 3—4 A BAR SR SEBRAL R (dAgn) QUIEGHENA &S (FA;U) LEATHIAR R 22

Table 3. Actual position vectors (d A4(1)) of 3-4 target points in each small area of target T, and the measured position
J

vectors (T 4(»)), as well as their relative errors.
J

/N A FtRs AL 4,40 S RE"
AWM Oes +0.2ey ~0.0001 e + 0.2ey 0.04%
A ne ~0.05e, + 0.17ey ~0.0498e, + 0.17ey 0.14%
AP Oex + 0.15¢e, -0.0002e; + 0.15¢e, 0.13%
AM ~0.1e; + 0.15ey -0.0999 e, + 0.15€, 0.07%
AP ~0.12e; + 0.1ley ~0.1199e, + 0.1ey 0.05%
A

2 A —0.05e; + 0.1ey -0.0499 e, + 0.1001 ey 0.09%
ALY “0.le, + 0.03ey ~0.1002e; + 0.03 e, 0.19%
A 0.05ex + 0.1ey 0.0501 e, + 0.1ey 0.06%
As AP 0.02e; + 0.03ey 0.0197e, + 0.03 ey 0.88%
AP 0.06e, + 0.02ey 0.0597 e; + 0.02e, 0.49%
A 0.16e; — 0.01ey 0.1599 e, — 0.01 ey 0.08%
Ay AP —0.12e,; —0.05ey —0.1197e; — 0.05ey 0.21%
AP 0.16e; — 0.1ey -0.1602e, — 0.1ey 0.11%
A 0.02e; + Oey 0.0198e, + Oey 0.94%

As AP -0.05e; —0.05ey -0.05e; —0.05ey 0
AP Oex — 0.05e, 0.0001e, — 0.05e, 0.19%
AL 0.le; + Oey 0.1003e; + Oey 0.31%
Ag Ag@ 0.08e; — 0.05ey 0.0796 e, — 0.05ey 0.4%
AP 0.13ex — 0.05e, 0.1301e, — 0.0e, 0.05%
AL -0.08e; — 0.1e, -0.0803e; — 0.1e, 0.4%
As Ag@ 0.07e,; —0.12ey ~0.0705 e, — 0.12 ey 0.38%
AP “0.12e, — 0.15e, ~0.1204e, ~ 0.15e, 0.21%
A ~0.03e; — 0.15 e, -0.0299e; — 0.15e, 0.05%

Asg Agf) —0.07e; —0.2¢ey —0.07e; —0.2¢ey 0
AP Oes —0.2ey 0.0001e; —0.2ey 0.04%
A 0.06e; —0.1e, 0.0599 e, — 0.1ey 0.08%
Ao A 0.02e; —0.12e, 0.0203e, — 0.12e, 0.24%
A 0.04e; —0.15€, 0.0401e; —0.15€, 0.02%
A 0.18€ex — 0.07ey 0.18 ez — 0.0701 ey 0.02%
Ao AR 0.13e; —0.12¢ey 0.1297e, — 0.12 ¢, 0.18%
AP 0.15ex — 0.15ey 0.1501 e, — 0.15e, 0.07%
AL 0.0 e —0.15€, 0.0898e, ~ 0.15¢, 0.12%
Ay AP 0.06e; —0.2¢ey 0.0598 e, — 0.25¢e 0.07%
AP 0.13e; — 0.19€, 0.1302e, — 0.19e, 0.09%
AW 0.02e; —0.2e, 0.0197e; — 0.2ey 0.15%
Ao AP 0.03e; — 0.22¢ey 0.0297 e, — 0.22 ¢y 0.16%
AP 0.05e; —0.22e, 0.0501 e, — 0.22e, 0.02%
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—45 —35 —25 —15 =5 5 15 25 35 45
t/ns
0.20 n 7
s A TATA AR TA AT, TAL () 0-15 s (d)
G oasp | vy v [l o
&) = 0.10r i
7 0.10 ) i
= © .05 .
O 0.05 : i
O I 4 | | " TR I Y “
0 0 k= PN Ay Mg PR I
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t/ns t/ns

B 7 () $F0F AR ASY R LR RA BECH B35 R A5 55 10 38 o 0RHR S % 15 2 (9 I 1) 540 56 (b) 434 B AR ASY | MBI
K4 RA O TR B0 (5 515 10 0 o R 5 % 15 5 (028 TR 5 () 81 () MR BB PR () 6 LB A5 ASY, R 2%
RA, W F RG-S 55 1R o MRS HF 5 WA

Fig. 7. (a) For the target point- Aél), the time autocorrelations of the radar probe signals received by the antenna RA; with ten
beams of the z-polarization radar probe signals; (b) for the target point- Ag), the space autocorrelations of the radar probe signals
received by the antenna RA; with ten beams of the z-polarization radar probe signals; (c) local enlarged plot of panel (a); (d) for

the target point- Agl), the time autocorrelation of the radar probe signals received by the antenna RA; with the first beam of the 2

polarization radar probe signal.

N (b) (©)
a c
2 04 £ 02} £ 10}
= 02l = = sl
= o o
0 e ol . . . oLy
5 10 15 20 25 30 2 4 6 8 10 10 50 100 150 200 250 300
wing/ns ™! di/m Af/GHz
0.8
E 0.6 -(d) E 0.6 _(e)
§ 0.4 § 0.4
xr 0.2F xr 0.2F
0 . . 0 . . .
0.5 1.0 1.5 2.0 10 15 20 25 30
A 8/10°
B8 Fdrs ASD BB 4 9% (RR) X — S XM RGBSR RBR R () RR 5 AMREE ki, FRBOE R (b) RR 55—

SR 35 T 3K TR 07555 0 LB A ASD 2 ) OB B dy B9 IRBOG R ¢ (<) RR SO HL 4RI 3% (PDy, 1 PDyy) 4 58 A f1 f4KHE R
(d) RR 5 sinc B MIRIR Am FEIE R ; () RR 5 H R MR B A R BE BRI R . WAL, kaing = kying, IR ERITIRSHZ
S AL S B I 1

Fig. 8. Dependences of the range resolutions (RR) for the target point- Aél) on some key system parameters: (a) Dependence of the
RR on the injection strength kzinj; (b) dependence of the RR on the distance between the first beam of the x-polarization radar
probe signal and the target point- A( ), ; (¢) dependence of the RR on the bandwidths Af; of the photo detectors (PDy; and PDy;);
(d) dependence of the RR on the amplitude of sinc waveform; (e) dependence of the RR on the spontaneous emission noise inten-

sity 8. Moreover, kgzinj = kyinj, values of other parameters are shown in Tab. 1.

RGBT | AR A T RS S U B
B G HL PRI 0 58 | sine POIE RO FRIR ) X B
SYRSRIE, R LA bR ASY S 15K A T
KM F. B8 G T 13RS H AR AL
RO HER I IRIOC . DO, B8dy 255 1 3 o R

YT E TR B8 5 F bR AL 2 BB, T
B AR SRS ZE K P4 |, BARE

[ FH B A 2 A O, PRI, Y 7 31 Rl N 2
e, HABRY o R RIS SR 5 B s AL
2 I F B B At A A (7 A @m]zrmmﬁ%*
AR, AfUE GRS PDyy Al PDy 1Y
M. ML S T LA Y, FAR A ALY [l BE 43 %
BUST TR AGREE | [ RARSIR AR EE | AR A S
M5 S EE RS | sine BT IOPRIR, ik se S50 —
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Fig. 9. Dependence of the ranging relative error RE on the
distance d between the arbitrary target point and the first

beam of the a-polarization radar probe signal source.
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Precise ranging for the multi regions of two complex-shape

targets by using two chaotic polarization components

in the optically pumped spin vertical cavity surface
emitting laser with optical injection”
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Abstract

The ranging based on the chaotic lidar (CLR) generated by using the nonlinear dynamic of semiconductor

with optical feedback or optical injection exhibits many advantages over the ranging using pulse lasers and CW

lasers, such as low probability of intercept, strong anti-interference ability and low cost. Moreover, it has high

resolution, benefiting from the broad bandwidth of the optical chaos. Finally, it is easily be generated and

controlled due to the sensitivity of chaotic radar to laser parameters.

The resolution of the correlated chaotic lidar (CLR) ranging which has been reported in many literatures is

largely limited by the bandwidth of the chaotic laser. An ultra-fast chaotic laser with large modulation

bandwidth is required to further improve the ranging resolution. The recently proposed optically pumped spin-

VCSEL has attractive features such as flexible spin control of lasing output, fast dynamics with femtosecond
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magnitude and large modulation bandwidth. The ultra-fast chaos radar wave emitted from the optically
pumped spin-VCSEL with optical injection or optical feedback is expected to be used for improving the
resolution and accuracy of target ranging. In addition, since the multi beams of CLRs were utilized in the
previous works, the number of ranging targets is limited to a small number of targets. The reported CLR
ranging technology cannot completely detect the distance of different regions in the target, and it is not suitable
for the accurate ranging of the whole area in the complex shape target. The detection waveform based on the
correlation CLR has not been designed before the target ranging, which affects the further improvement of the
resolution and accuracy of the target ranging. To overcome these problems, it is necessary to further explore the
theoretical and physical mechanism of the CLR ranging for the multi-region in complex shape target, and
explore the new scheme and method for its realization. Motivated by these, in this paper, based on the optically
pumped spin vertical cavity surface emitting laser with optical injection, we present a novel scheme for the
accurate ranging of the multi regions in two complex shape targets, using two chaotic polarization components
modulated by the bipolar sinc waveform. Here, these two modulated chaotic polarization probe waveforms
possess the attractive features of the uncorrelation in time and space, fast dynamic with femtosecond
magnitude. Utilizing these features, the accurate ranging to the position vectors of the multi regions of two
complex-shape targets can be achieved by correlating the multi beams of the time-delay reflected chaotic
polarization probe waveforms with their corresponding reference waveforms. The further investigations show
that the ranging to the multi-region small targets possesses the very low relative error that is less than 0.94%. If
the bandwidths of the photodetectors are large enough, their range resolutions are achieved as high as 0.4 mm,
and exhibit excellent strong anti-noise performance and strong stability. The multi area target ranging proposed
in our scheme has the following attractive advantages: stable and high range resolution, strong anti-noise ability
and very low relative error. These characteristics can meet the needs of the position vector ranging of the multi

regions in complex shape targets.

Keywords: optically pumped spin vertical cavity surface emitting laser, chaotic polarization radar, ranging to
multi-region
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