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Table 1.  Comparison table of signal transmission-related work at home and abroad.
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Fig. 2. Numerical simulation of chaotic systems: (a) Three-dimensional images; (b) z, y, and z three-dimensional time-domain sig-

nals.
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Fig. 3. Diagram of the caesium atomic spectroscopy experimental apparatus, where A\/2 is a half-wave plate; PBS is a polarising

beamsplitter prism; L is a lens; DM1 and DM4 are dichroic mirrors with high reflectivity (HR) at 852 nm and high transmittance
(HT) at 509 nm, respectively; DM2 and DM3 are dichroic mirrors with high transmittance (HT) at 852 nm and high reflectivity

(HR) at 509 nm, respectively; PD is a photodetector; SAS is the saturation absorption spectrum; D is the laser collector.
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Fig. 5. Reference waveform and measured waveforms: (a) a-direction; (b) y-direction; (¢) zdirection.
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Fig. 6. (a) Reference waveform three-dimensional image; (b) identified waveform three-dimensional image.
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Fig. 7. Heat map of the correlation between the signal and the reference signal: (a) a-direction; (b) y-direction; (c) zdirection.
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Fig. 8. Reference waveform and measurement waveform: (a) z direction; (b) y direction; (c) z direction.

- nits

& 9

AR e N
) T ) [
0 e :
1.0
0 > 0.8
. XD
Si, 0.2 O:Z\\ 0 40‘6 \)‘\\
8ngy > 0.6 0.2 ‘aﬂ‘o.
Varp, 0875 o 92 Ll

A
o
=
=) =} o I
= & ®» ©

Signal z/arb. units

o
o

0= 1.0
0 0.8
. x®
S 0.2 0.4 5 40.6 oo
8n 0.6 . AN
al : 0.2 of
oy, 08 75 2 vl

(a) ZHUPIE =R (b) PUNBEIE =4E R

Fig. 9. (a) Three-dimensional image of the reference waveform; (b) three-dimensional image of the identified waveform.

BAE S HIRM R, Ehh Lo er s s b fg s i
w55, THROGESISEES, 25 ES 5N
T ER B REMYI G, F ot
R =

FATTH i J 1) = B UNE 5 B B) R 20 5 A
B, GnE 9 B, A EIRTE S 5 =S H 551
BRI P, HAE 2y, vz, yz =il L ZPE

R G SARUER L. =55 I & &

J& A5 BBAE & B IR 2 IR IS 5 R, 47
TERTESR B (5 SRR | A R 2655 7 T
BUETEAH.

IR EE R TS U T AR ST TR Y =
AEIRVEAS T4 7  HA RIAFBYTTEEE:, S AH e
Sl SR B T S ) S AR R

5 & #®

ARTCT M LA TR, R SRIE T2 5%
HO I Z I TS SER A 852 nm O
1509 nm OGS AT BAEASHOR, P Z2E
PR ATEBRIBOCIHARE S RAF R R EIT

JEi. RS IR 5 0 = e (R T,
I3 N = A 5 FR N T 23 A% i A2 o B O
Frtlhm. SHEmIE 5 5% SHRIES B E &
MR, ST R T RE T ISR 25 /Y
BIEHA.

ARSCHE T AR T M I TR, BRI I
IR AR5 A I I 2 B A2 il R A8 00 o 8 47 e,
R T IR Z AR I AT AT . S — 4R
A5 5 70 i J5 N3 KHz 0 647 7% i
R ARG — PR ) R, HAT WA ]
FUBE 1 2 B H 13 B2 A9 AS A T30 1 AR %o 0] i 2% 7 )
A AR 9L, KRR R AR AR o
W 2 U A LGB AR R S5 T7 R A T 1 L
1, AR A Al AR RIS S 2E A7, DL e
H A 2 e RIS A B AR S AR
=, MBUE T R b, LR AR R R —
o B 5 O il SR R Sl AR
Hh, RGREBTTENETREH], BUN PRI S al
TR IE AR ] BE S B ) = BRI TR
RO FET Bt —LAAS o0 | A AN E A
PR, R S5 AR B RAZE 1, JE0 kA% %

150501-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 15 (2025)

150501

BRI, HES AL TE Z Uk iz . B2k
F I TR R B T BAER R R AT ) 5
FRET. BLEEAA IR R BA 501 HLRE S I 1R
MaES, I B A ST LB ET R, Ve
5 i i 2 AN T AT B A O AT A i L S B 22
T YHETE, TR N R S
FeE P e Bl £, SR R AR i, nl
PASEMSRIAR S 22 M s (8 A T 3AL Rl 55, %t
AT LIRS {5 5 D) AR5 4 2 [ 2 I 7 /K LA
T, BEARAGS BERMER, 5 g efhmie it

ARigte.

S 30k

[1] He J, Liu Q, Yang Z, Niu Q Q, Ban X J, Wang J M 2021
Phys. Rev. A 104 063120

[2] Meyer D H, Kunz P D, Cox K C 2021 Phys. Rev. Appl. 15
014053

[3] Wu P, Wu F, 2022 Electron. Inf. Warfare Technol. 37 5 (in
Chinese) [fEfil, i 2022 HLF(5 B A 37 5]

[4] FuY Q, Lin Y, Wu B, An Q, Liu Y 2022 Chin. J. Radio. Sci.
37 279 (in Chinse) [ff =g, M, R, 2258, X4k 2022 Lk
Blegsfdl 37 279]

[6] Liu H F 2014 M. S. Thesis (Taiyuan: Shanxi University) (in
Chinese) [XIE =+ 2014 B-E2=A0E3C ORI IHPERE))]

[6] Wang X F, Liu C T, Lu X D, Li J J, Deng Y C, Xu Q F 2025
Laser Optoelectron. Prog. 62 0100010 (in Chinese) [T 2%,
XNGR, AR, 2R, ARREAL, TRomEE 2025 BOL St ¥
R 62 0100010

[7] Zhang L H 2024 Ph. D. Dissertation (Hefei: University of
Science and Technology of China) (in Chinese) [k f1%& 2024
AR SC (AR ERRF A K]

[8] Sedlacek J A, Schwettmann A, Kiibler H, Low R, Pfau T,
Shaffer J P 2012 Nat. Phys. 8 819

[9] Kumar S, Fan H Q, Kiibler H, Sheng J T, Shaffer J P 2017
Sci. Rep. 7 42981

[10]
[11]
2]
[13]
[14]

[15]

(16]

(17]
(18]

(19]
20]
[21]
22]

23]

(24]
[25]

[26]

27]

150501-7

Jing MY, Hu'Y, Ma J, Zhang H, Zhang L J, Xiao L T, Jia S
T 2020 Nat. Phys. 16 911

Ding D S, Liu Z K, Shi B S, Guo G C, Mglmer K, Adams C
S 2022 Nat. Phys. 18 1447

Simons M T, Haddab A H, Gordon J A, Holloway C L 2019
Appl. Phys. Lett. 114 114101

Holloway C L, Simons M T, Gordon J A, Novotny D 2019
IEEE Antennas Wirel. Propag. Lett. 18 1853

Anderson D A, Sapiro R E, Raithel G 2021 IEEE Trans.
Antennas Propag. 69 2455

Wang Q X 2023 Ph. D. Dissertation (Taiyuan: Shanxi
University) (in Chinese) [F8/# 2023 #2830 (KRJE: 1
PER)]

Jia CY, Chen X H, Cong N, Luo W H, Zhang X N, Yang R
F 2024 Inf. Commun. Technol. Policy 50 85 (in Chinese) [5¥
BRI, BREAE, M, B3k, Sk, B8 2024 (5 BB IEH
REHK 50 85)

Deb A B, Kjeergaard N 2018 Appl. Phys. Lett. 112 211106
Meyer D H, Cox K C, Fatemi F K, Kunz P D 2018 Appl.
Phys. Lett. 112 211108

Jiao Y C, Han X X, Fan J B, Raithel G, Zhao J M, Jia S T
2019 Appl. Phys. Express 12 126002

Song Z F, Liu H P, Liu X C, Zhang W F, Zou H Y, Zhang J,
Qu J F 2019 Opt. Express 27 8848

Robinson A K, Prajapati N, Senic D, Simons M T, Holloway
C L 2021 Appl. Phys. Lett. 118 114001

Du Y J, Cong N, Wei X G, Zhang X N, Luo W H, He J,
Yang R F 2022 AIP Adv. 12 065118

Gao Y S, Wen W, Pang X Y, et al. 2025 CN202411680275.4
(in Chinese) [f57k lE, X, EHER, % 2025 CN20241168
0275.4]

Otto J S, Hunter M K, Kjergaard N, Deb A B 2021 Appl.
Phys. Lett. 129 154503

Chen Y 2019 M. S. Thesis (Zhenjiang: Jiangsu University) (in
Chinese) [P 2019 BU-H-2# 07630 (BT TLI5FK2F))]

Ding C, Hu S S, Deng S, Song H T, Zhang Y, Wang B S,
Yan S, Xiao D P, Zhang H Q 2025 Acta Phys. Sin. 74 043201
(in Chinese) [T, SN, A48, REFR, k3, E4E0, @5,
AP, SKIERE 2025 WIBESAAR T4 043201)

Li W, Zhang C G, Zhang H, Jing M Y, Zhang L J 2021 Laser
Optoelectron. Prog. 58 144 (in Chinese) [Z=fF, TRIENI, Jkif,
SE, JRIEA 2021 BOG SR T2 58 144)


https://doi.org/10.1103/PhysRevA.104.063120
https://doi.org/10.1103/PhysRevA.104.063120
https://doi.org/10.1103/PhysRevA.104.063120
https://doi.org/10.1103/PhysRevA.104.063120
https://doi.org/10.1103/PhysRevA.104.063120
https://doi.org/10.1103/PhysRevA.104.063120
https://doi.org/10.1103/PhysRevApplied.15.014053
https://doi.org/10.1103/PhysRevApplied.15.014053
https://doi.org/10.1103/PhysRevApplied.15.014053
https://doi.org/10.1103/PhysRevApplied.15.014053
https://doi.org/10.1103/PhysRevApplied.15.014053
https://doi.org/10.1103/PhysRevApplied.15.014053
https://doi.org/10.3969/j.issn.1674-2230.2022.04.002
https://doi.org/10.3969/j.issn.1674-2230.2022.04.002
https://doi.org/10.3969/j.issn.1674-2230.2022.04.002
https://doi.org/10.3969/j.issn.1674-2230.2022.04.002
https://doi.org/10.3969/j.issn.1674-2230.2022.04.002
https://doi.org/10.3969/j.issn.1674-2230.2022.04.002
https://doi.org/10.3969/j.issn.1674-2230.2022.04.002
https://doi.org/10.3969/j.issn.1674-2230.2022.04.002
https://doi.org/10.3969/j.issn.1674-2230.2022.04.002
https://doi.org/10.3969/j.issn.1674-2230.2022.04.002
https://doi.org/10.3969/j.issn.1674-2230.2022.04.002
https://doi.org/10.3969/j.issn.1674-2230.2022.04.002
https://doi.org/10.3969/j.issn.1674-2230.2022.04.002
https://doi.org/10.3969/j.issn.1674-2230.2022.04.002
https://doi.org/10.3969/j.issn.1674-2230.2022.04.002
https://doi.org/10.12265/j.cjors.2021051
https://doi.org/10.12265/j.cjors.2021051
https://doi.org/10.12265/j.cjors.2021051
https://doi.org/10.12265/j.cjors.2021051
https://doi.org/10.12265/j.cjors.2021051
https://doi.org/10.12265/j.cjors.2021051
https://doi.org/10.12265/j.cjors.2021051
https://doi.org/10.12265/j.cjors.2021051
https://doi.org/10.12265/j.cjors.2021051
https://doi.org/10.12265/j.cjors.2021051
https://doi.org/10.12265/j.cjors.2021051
https://doi.org/10.12265/j.cjors.2021051
https://doi.org/10.12265/j.cjors.2021051
https://doi.org/10.12265/j.cjors.2021051
https://doi.org/10.12265/j.cjors.2021051
https://doi.org/10.12265/j.cjors.2021051
https://doi.org/10.3788/LOP240673
https://doi.org/10.3788/LOP240673
https://doi.org/10.3788/LOP240673
https://doi.org/10.3788/LOP240673
https://doi.org/10.3788/LOP240673
https://doi.org/10.3788/LOP240673
https://doi.org/10.3788/LOP240673
https://doi.org/10.3788/LOP240673
https://doi.org/10.3788/LOP240673
https://doi.org/10.3788/LOP240673
https://doi.org/10.3788/LOP240673
https://doi.org/10.3788/LOP240673
https://doi.org/10.3788/LOP240673
https://doi.org/10.3788/LOP240673
https://doi.org/10.3788/LOP240673
https://doi.org/10.1038/nphys2423
https://doi.org/10.1038/nphys2423
https://doi.org/10.1038/nphys2423
https://doi.org/10.1038/nphys2423
https://doi.org/10.1038/nphys2423
https://doi.org/10.1038/nphys2423
https://doi.org/10.1038/nphys2423
https://doi.org/10.1038/srep42981
https://doi.org/10.1038/srep42981
https://doi.org/10.1038/srep42981
https://doi.org/10.1038/srep42981
https://doi.org/10.1038/srep42981
https://doi.org/10.1038/srep42981
https://doi.org/10.1038/s41567-020-0918-5
https://doi.org/10.1038/s41567-020-0918-5
https://doi.org/10.1038/s41567-020-0918-5
https://doi.org/10.1038/s41567-020-0918-5
https://doi.org/10.1038/s41567-020-0918-5
https://doi.org/10.1038/s41567-020-0918-5
https://doi.org/10.1038/s41567-020-0918-5
https://doi.org/10.1038/s41567-022-01777-8
https://doi.org/10.1038/s41567-022-01777-8
https://doi.org/10.1038/s41567-022-01777-8
https://doi.org/10.1038/s41567-022-01777-8
https://doi.org/10.1038/s41567-022-01777-8
https://doi.org/10.1038/s41567-022-01777-8
https://doi.org/10.1038/s41567-022-01777-8
https://doi.org/10.1063/1.5088821
https://doi.org/10.1063/1.5088821
https://doi.org/10.1063/1.5088821
https://doi.org/10.1063/1.5088821
https://doi.org/10.1063/1.5088821
https://doi.org/10.1063/1.5088821
https://doi.org/10.1109/LAWP.2019.2931450
https://doi.org/10.1109/LAWP.2019.2931450
https://doi.org/10.1109/LAWP.2019.2931450
https://doi.org/10.1109/LAWP.2019.2931450
https://doi.org/10.1109/LAWP.2019.2931450
https://doi.org/10.1109/LAWP.2019.2931450
https://doi.org/10.1109/TAP.2020.2987112.
https://doi.org/10.1109/TAP.2020.2987112.
https://doi.org/10.1109/TAP.2020.2987112.
https://doi.org/10.1109/TAP.2020.2987112.
https://doi.org/10.1109/TAP.2020.2987112.
https://doi.org/10.1109/TAP.2020.2987112.
https://doi.org/10.1109/TAP.2020.2987112.
https://doi.org/10.1109/TAP.2020.2987112.
https://doi.org/10.12267/j.issn.2096-5931.2024.09.015
https://doi.org/10.12267/j.issn.2096-5931.2024.09.015
https://doi.org/10.12267/j.issn.2096-5931.2024.09.015
https://doi.org/10.12267/j.issn.2096-5931.2024.09.015
https://doi.org/10.12267/j.issn.2096-5931.2024.09.015
https://doi.org/10.12267/j.issn.2096-5931.2024.09.015
https://doi.org/10.12267/j.issn.2096-5931.2024.09.015
https://doi.org/10.12267/j.issn.2096-5931.2024.09.015
https://doi.org/10.12267/j.issn.2096-5931.2024.09.015
https://doi.org/10.12267/j.issn.2096-5931.2024.09.015
https://doi.org/10.12267/j.issn.2096-5931.2024.09.015
https://doi.org/10.12267/j.issn.2096-5931.2024.09.015
https://doi.org/10.12267/j.issn.2096-5931.2024.09.015
https://doi.org/10.12267/j.issn.2096-5931.2024.09.015
https://doi.org/10.12267/j.issn.2096-5931.2024.09.015
https://doi.org/10.12267/j.issn.2096-5931.2024.09.015
https://doi.org/10.1063/1.5031033
https://doi.org/10.1063/1.5031033
https://doi.org/10.1063/1.5031033
https://doi.org/10.1063/1.5031033
https://doi.org/10.1063/1.5031033
https://doi.org/10.1063/1.5031033
https://doi.org/10.1063/1.5031033
https://doi.org/10.1063/1.5028357
https://doi.org/10.1063/1.5028357
https://doi.org/10.1063/1.5028357
https://doi.org/10.1063/1.5028357
https://doi.org/10.1063/1.5028357
https://doi.org/10.1063/1.5028357
https://doi.org/10.1063/1.5028357
https://doi.org/10.1063/1.5028357
https://doi.org/10.7567/1882-0786/ab5463
https://doi.org/10.7567/1882-0786/ab5463
https://doi.org/10.7567/1882-0786/ab5463
https://doi.org/10.7567/1882-0786/ab5463
https://doi.org/10.7567/1882-0786/ab5463
https://doi.org/10.7567/1882-0786/ab5463
https://doi.org/10.7567/1882-0786/ab5463
https://doi.org/10.1364/OE.27.008848
https://doi.org/10.1364/OE.27.008848
https://doi.org/10.1364/OE.27.008848
https://doi.org/10.1364/OE.27.008848
https://doi.org/10.1364/OE.27.008848
https://doi.org/10.1364/OE.27.008848
https://doi.org/10.1364/OE.27.008848
https://doi.org/10.1063/5.0045601
https://doi.org/10.1063/5.0045601
https://doi.org/10.1063/5.0045601
https://doi.org/10.1063/5.0045601
https://doi.org/10.1063/5.0045601
https://doi.org/10.1063/5.0045601
https://doi.org/10.1063/5.0045601
https://doi.org/10.1063/5.0095780
https://doi.org/10.1063/5.0095780
https://doi.org/10.1063/5.0095780
https://doi.org/10.1063/5.0095780
https://doi.org/10.1063/5.0095780
https://doi.org/10.1063/5.0095780
https://doi.org/10.1063/5.0095780
https://doi.org/10.1063/5.0048415
https://doi.org/10.1063/5.0048415
https://doi.org/10.1063/5.0048415
https://doi.org/10.1063/5.0048415
https://doi.org/10.1063/5.0048415
https://doi.org/10.1063/5.0048415
https://doi.org/10.1063/5.0048415
https://doi.org/10.1063/5.0048415
https://doi.org/10.7498/aps.74.20241362
https://doi.org/10.7498/aps.74.20241362
https://doi.org/10.7498/aps.74.20241362
https://doi.org/10.7498/aps.74.20241362
https://doi.org/10.7498/aps.74.20241362
https://doi.org/10.7498/aps.74.20241362
https://doi.org/10.7498/aps.74.20241362
https://doi.org/10.7498/aps.74.20241362
https://doi.org/10.7498/aps.74.20241362
https://doi.org/10.7498/aps.74.20241362
https://doi.org/10.7498/aps.74.20241362
https://doi.org/10.7498/aps.74.20241362
https://doi.org/10.7498/aps.74.20241362
https://doi.org/10.7498/aps.74.20241362
https://doi.org/10. 3788/LOP202158. 1702002
https://doi.org/10. 3788/LOP202158. 1702002
https://doi.org/10. 3788/LOP202158. 1702002
https://doi.org/10. 3788/LOP202158. 1702002
https://doi.org/10. 3788/LOP202158. 1702002
https://doi.org/10. 3788/LOP202158. 1702002
https://doi.org/10. 3788/LOP202158. 1702002
https://doi.org/10. 3788/LOP202158. 1702002
https://doi.org/10. 3788/LOP202158. 1702002
https://doi.org/10. 3788/LOP202158. 1702002
https://doi.org/10. 3788/LOP202158. 1702002
https://doi.org/10. 3788/LOP202158. 1702002
https://doi.org/10. 3788/LOP202158. 1702002
https://doi.org/10. 3788/LOP202158. 1702002
https://doi.org/10. 3788/LOP202158. 1702002
https://doi.org/10. 3788/LOP202158. 1702002
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 15 (2025) 150501

Chaos signal transmission based on atomic antennas
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Abstract

To achieve multi-channel parallel transmission of complex signals and enhance spectral efficiency, this
study presents a Rydberg atomic antenna system that can demonstrate multiplexed communication schemes.
852-nm and 509-nm lasers are used to excite cesium atoms into Rydberg states in a vapor cell, while employing
differential detection techniques to suppress common-mode noise in order to obtain high signal-to-noise ratio
electromagnetically induced transparency (EIT) spectra. Under weak electric field conditions, microwave field
coupling causes atomic energy level shifts, resulting in two-photon detuning and rendering the EIT transmission
intensity almost linearly dependent on the microwave electric field strength. Based on this effect, the integrated
electrode configuration in the atomic cell generates a time-varying electric field, which can measure the
waveforms, amplitudes, and frequencies of microwave and low-frequency electric fields. According to this
principle, we decompose complex chaotic signals into three-dimensional orthogonal electric field components in
order to demonstrate time-division multiplexing (TDM) of three-channel signals. Meanwhile, frequency-division
multiplexing (FDM) is realized by modulating the z~ y- 2z- channels with 3 kHz, 5 kHz, and 4 kHz carriers,
respectively. The quantitative analysis of the parameters related to the transmition signal and the reference
signal reveals high-fidelity reconstruction, with the fidelity levels reaching 95% for TDM and 90% for FDM.
These results validate the feasibility of using optical atomic antennas to reconstruct complex signal waveforms
and emphasize the potential of Rydberg-based systems in high-performance electromagnetic field sensing and

communication applications.

Keywords: Rydberg atomic antenna, electromagnetically induced transparency, three-dimensional chaotic

signals, signal transmission
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