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Fig. 1. Geometry of cylindrical surface.
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Fig. 2. Schematic diagram of atom-to-radar vector decom-
position on cylindrical surface.
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Fig. 3. The QRCS of closed-form expression and numerical

calculation for cylindrical surface.
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3.3 ARBR-THEFELN QRCS

Sy T EOWLHE T A T FEXT QRCS B 5
TE 3.1 5 ELAY AR B, B B AR r 23
A, 10X, 50N, Z55RA0E 6 s,

20
10}
O.

£ -lof

@ —20}

@ —30f

O

P

&}

—40 }
—50F ff

—60 F

—_70 S I T R SR S
—100—80 —60 —40 —20 0 20 40 60 80 100
0/()
F6 ANTA] R RSE B T R A2 1 QRCS
Fig. 6. The QRCS of cylindrical surfaces with the curvature

radii of different electrical sizes.

fifdr= (12) FIE 6 FB QRCS ik %)
RHARLM IR, B o P RYZME r UL, 7307
iR P I RZ e, Qi 7 Fis. AT LA
iR X T QROS BISEM, bR TR ERRZ AP,
W24 QRCS 238 i s 2 403 i I 20, X 2
R RSHHPR QRCS e, oI, Sl ag
RSFHSE R 1 (0, 7/ N) T QRCS L2454 /N H
X} B AR B T LTV A s ). B il v 8 il
X QRCS ByRZMm, i i< B AR KRS B 7
SRR TR AR P A R R T SRR AR AR TR
SH1E QRCS B RAR . 31X k-4 W0 52 4 g 1T
PRI T E AR

10

0F

—10 +

—20F

Envelope/dB

—30+

—40 +

ol
~100—80 —60 —40 —20 O 20 40 60 80 100
0/(%)

P 7 AT e RS B A T A R AR 1Y QRCS L4 26
Fig. 7. Envelope curves of the QRCS of cylindrical surfaces

with the curvature radii of different electrical sizes.

3.4 5 CRCS tb#&

RISk, MR CRCS Y
oe = kri?cos® (0) sinc? (ki sin (6)) . (13)

7E 3.1 W E AR, A (12) 080 (13) X
53[5 A il 17 A9 QRCS A1 CRCS A&l 8 fiz. M
8 AT LLE H, 4B A2 H AR AT e AEAE I 55 IR
FAE AR AR b A, XL (12) 2R (13)
2, X A0 55 A 300 Rl i OC R AR R T cos (0) X
cos? (0) AP 1. XA EOEFHN T S5 IL A
AT & HERpoaRM . QRCS #1 CRCS BYA A
7], QRCS VTt BE3R I sR g5 S A AN 2 1
ERET . 7 RAFADET 5EFHE/ER,
AL E bR A [ 08 J - 5 4 7™ A AN [ (4 e iz 1T
CRCS Ji-F Hbre sk B M . 2144
B R F—E g, QRCS 5 CRCS #T—3L.
I, R X 28 SR ) e B B AR R 2 - R

10
ol —— QRCS
—— CRCS

—10}
—20}

[
s w
o o

—50 F

QRCS, CRCS/(dB-m2)

o
® N D
S o o

—90

—100 . . . . . . . . .
—100 —80 —60 —40 —20 0 20 40 60 80 100

0/()

B 8 M i QRCS 5 CRCS BYXT Lk
Fig. 8. Comparison between the QRCS and the CRCS of

cylindrical surfaces.

034204-4


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

¥ 12 Z R Acta Phys. Sin. Vol.

71, No. 3 (2022) 034204

I AR, TR HA RIS H s
T 7).

4 % #

AIHRAR 2, HESP T BASEHT A A i
JeF QRCS EFHIFRIA, v Ot ER I F AR
RS . WA [a] R RSE B BE il TR B2 T
FPREHEAT T, K BRIGIAL: i 1A I RE A k2e A
SEAIEE N 0 B QRCS P2 A2, X Hofl £ 1Y
QRCS BATFZM, iR PAR M A 2 QRCS
REPRSIR L UL . XX B B FUAR BB S L. %)
FE IR il T QRCS 5 CRCS, UESE B 7450
BIAE: i T oA RSSO S, 7Rk AT LS e R
L A RS VA BRI, BAT sy H
PRESTEST. FTAT B AT R 22 1 AT S AR A P P 1Y
SO, X TT AT Rt — 2L IF g, TR SEPR
2 [] RN S S A AR 1Y B 2

S 30k

[1] Jiang K, Lee H, Gerry C C, Dowling J P 2013 J. Appl. Phys.
114 2733

(11]

[12

(13]

14
[15]

16

034204-5

Lloyd S 2008 Science 321 1463

Lanzagorta M 2010 SPIE Photonics Europe, Brussels, April
12-16, 2010 p77270

Brandsema M J, Narayanan R M, Lanzagorta M 2017
Quantum Inf. Process. 16 32

Brandsema M J, Lanzagorta M, Narayanan R M 2020 IEEE
Aero. El. Sys. Mag. 35 58

Kang L, Xiao H T, Fan H Q 2014 Chin. Phys. Lett. 31
034202

XuSL,HuY H, Zhao N X, Wang Y Y, Li L, Guo L R 2015
Acta Phys. Sin. 64 154203 (in Chinese) [#1ttJg, BILI%E, #X i
H, EPHH, 255%, 8717 2015 PyHI4AR 64 154203]

Fang C 2019 IEEE Sensors J. 20 2348

Fang C, Hui T, Liu Q F, Li T, Long X, Chen Y J, Liang H
2018 IEEFE Photon. J. 10 1

Xu Z H, Li W, Xu Q, Zheng J Y 2018 Acta Photon. Sin. 47
141 (in Chinese) [fREEAE, 2546, VPR, HZEFL 2018 JL 1274
47 141]

Liu K, Xiao H, Fan Q 2014 IEEE Photonics Technol. Lett. 26
1146

Chen K, Chen S X, Wu D W, Wang X, Shi M 2016 Acta Opt.
Sin. 36 1227002 (in Chinese) [MEd, BiMEHr, RMEM4, T4, &
% 2016 YAl 36 1227002
Fang C 2018 IEEE
Computational Electromagnetics Chengdu,
26-28, 2018 pl

Fang C 2017 IEEE Photon. J. 10 1

Fang C 2018 [EEE International  Symposium  on
Electromagnetic Compatibility and 2018 IEEE Asia-Pacific
Symposium on Electromagnetic Compatibility Suntec City,
Singapore, May 14-18, 2018 p248

Fang C 2019 IEEE Access T 141055

International ~ Conference  on

China, March


http://doi.org/10.1063/1.4829016
http://doi.org/10.1063/1.4829016
http://doi.org/10.1063/1.4829016
http://doi.org/10.1063/1.4829016
http://doi.org/10.1126/science.1160627
http://doi.org/10.1126/science.1160627
http://doi.org/10.1126/science.1160627
http://doi.org/10.1126/science.1160627
http://doi.org/10.1126/science.1160627
https://www.doi.org/10.1117/12.854935
https://www.doi.org/10.1117/12.854935
https://www.doi.org/10.1117/12.854935
https://www.doi.org/10.1117/12.854935
https://www.doi.org/10.1117/12.854935
http://doi.org/10.1007/s11128-016-1494-6
http://doi.org/10.1007/s11128-016-1494-6
http://doi.org/10.1007/s11128-016-1494-6
http://doi.org/10.1007/s11128-016-1494-6
http://doi.org/10.1109/MAES.2020.2970264
http://doi.org/10.1109/MAES.2020.2970264
http://doi.org/10.1109/MAES.2020.2970264
http://doi.org/10.1109/MAES.2020.2970264
http://doi.org/10.1109/MAES.2020.2970264
http://doi.org/ 10.1088/0256-307X/31/3/034202
http://doi.org/ 10.1088/0256-307X/31/3/034202
http://doi.org/ 10.1088/0256-307X/31/3/034202
http://doi.org/ 10.1088/0256-307X/31/3/034202
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.1109/JSEN.2019.2951718
http://doi.org/10.1109/JSEN.2019.2951718
http://doi.org/10.1109/JSEN.2019.2951718
http://doi.org/10.1109/JSEN.2019.2951718
http://doi.org/10.1109/JSEN.2019.2951718
http://doi.org/10.1109/JPHOT.2018.2818819
http://doi.org/10.1109/JPHOT.2018.2818819
http://doi.org/10.1109/JPHOT.2018.2818819
http://doi.org/10.1109/JPHOT.2018.2818819
http://doi.org/10.1109/JPHOT.2018.2818819
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.1109/LPT.2014.2317759
http://doi.org/10.1109/LPT.2014.2317759
http://doi.org/10.1109/LPT.2014.2317759
http://doi.org/10.1109/LPT.2014.2317759
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
https://ieeexplore.80599.net/abstract/document/8496706
https://ieeexplore.80599.net/abstract/document/8496706
https://ieeexplore.80599.net/abstract/document/8496706
https://ieeexplore.80599.net/abstract/document/8496706
https://ieeexplore.80599.net/abstract/document/8496706
http://doi.org/10.1109/JPHOT.2017.2780981
http://doi.org/10.1109/JPHOT.2017.2780981
http://doi.org/10.1109/JPHOT.2017.2780981
http://doi.org/10.1109/JPHOT.2017.2780981
http://doi.org/10.1109/JPHOT.2017.2780981
https://ieeexplore.80599.net/abstract/document/8393775
https://ieeexplore.80599.net/abstract/document/8393775
https://ieeexplore.80599.net/abstract/document/8393775
https://ieeexplore.80599.net/abstract/document/8393775
https://ieeexplore.80599.net/abstract/document/8393775
https://ieeexplore.80599.net/abstract/document/8393775
http://doi.org/10.1109/ACCESS.2019.2944278
http://doi.org/10.1109/ACCESS.2019.2944278
http://doi.org/10.1109/ACCESS.2019.2944278
http://doi.org/10.1109/ACCESS.2019.2944278
http://doi.org/10.1109/ACCESS.2019.2944278
http://doi.org/10.1063/1.4829016
http://doi.org/10.1063/1.4829016
http://doi.org/10.1063/1.4829016
http://doi.org/10.1063/1.4829016
http://doi.org/10.1126/science.1160627
http://doi.org/10.1126/science.1160627
http://doi.org/10.1126/science.1160627
http://doi.org/10.1126/science.1160627
http://doi.org/10.1126/science.1160627
https://www.doi.org/10.1117/12.854935
https://www.doi.org/10.1117/12.854935
https://www.doi.org/10.1117/12.854935
https://www.doi.org/10.1117/12.854935
https://www.doi.org/10.1117/12.854935
http://doi.org/10.1007/s11128-016-1494-6
http://doi.org/10.1007/s11128-016-1494-6
http://doi.org/10.1007/s11128-016-1494-6
http://doi.org/10.1007/s11128-016-1494-6
http://doi.org/10.1109/MAES.2020.2970264
http://doi.org/10.1109/MAES.2020.2970264
http://doi.org/10.1109/MAES.2020.2970264
http://doi.org/10.1109/MAES.2020.2970264
http://doi.org/10.1109/MAES.2020.2970264
http://doi.org/ 10.1088/0256-307X/31/3/034202
http://doi.org/ 10.1088/0256-307X/31/3/034202
http://doi.org/ 10.1088/0256-307X/31/3/034202
http://doi.org/ 10.1088/0256-307X/31/3/034202
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.1109/JSEN.2019.2951718
http://doi.org/10.1109/JSEN.2019.2951718
http://doi.org/10.1109/JSEN.2019.2951718
http://doi.org/10.1109/JSEN.2019.2951718
http://doi.org/10.1109/JSEN.2019.2951718
http://doi.org/10.1109/JPHOT.2018.2818819
http://doi.org/10.1109/JPHOT.2018.2818819
http://doi.org/10.1109/JPHOT.2018.2818819
http://doi.org/10.1109/JPHOT.2018.2818819
http://doi.org/10.1109/JPHOT.2018.2818819
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.1109/LPT.2014.2317759
http://doi.org/10.1109/LPT.2014.2317759
http://doi.org/10.1109/LPT.2014.2317759
http://doi.org/10.1109/LPT.2014.2317759
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
https://ieeexplore.80599.net/abstract/document/8496706
https://ieeexplore.80599.net/abstract/document/8496706
https://ieeexplore.80599.net/abstract/document/8496706
https://ieeexplore.80599.net/abstract/document/8496706
https://ieeexplore.80599.net/abstract/document/8496706
http://doi.org/10.1109/JPHOT.2017.2780981
http://doi.org/10.1109/JPHOT.2017.2780981
http://doi.org/10.1109/JPHOT.2017.2780981
http://doi.org/10.1109/JPHOT.2017.2780981
http://doi.org/10.1109/JPHOT.2017.2780981
https://ieeexplore.80599.net/abstract/document/8393775
https://ieeexplore.80599.net/abstract/document/8393775
https://ieeexplore.80599.net/abstract/document/8393775
https://ieeexplore.80599.net/abstract/document/8393775
https://ieeexplore.80599.net/abstract/document/8393775
https://ieeexplore.80599.net/abstract/document/8393775
http://doi.org/10.1109/ACCESS.2019.2944278
http://doi.org/10.1109/ACCESS.2019.2944278
http://doi.org/10.1109/ACCESS.2019.2944278
http://doi.org/10.1109/ACCESS.2019.2944278
http://doi.org/10.1109/ACCESS.2019.2944278
http://doi.org/10.1063/1.4829016
http://doi.org/10.1063/1.4829016
http://doi.org/10.1063/1.4829016
http://doi.org/10.1063/1.4829016
http://doi.org/10.1126/science.1160627
http://doi.org/10.1126/science.1160627
http://doi.org/10.1126/science.1160627
http://doi.org/10.1126/science.1160627
http://doi.org/10.1126/science.1160627
https://www.doi.org/10.1117/12.854935
https://www.doi.org/10.1117/12.854935
https://www.doi.org/10.1117/12.854935
https://www.doi.org/10.1117/12.854935
https://www.doi.org/10.1117/12.854935
http://doi.org/10.1007/s11128-016-1494-6
http://doi.org/10.1007/s11128-016-1494-6
http://doi.org/10.1007/s11128-016-1494-6
http://doi.org/10.1007/s11128-016-1494-6
http://doi.org/10.1109/MAES.2020.2970264
http://doi.org/10.1109/MAES.2020.2970264
http://doi.org/10.1109/MAES.2020.2970264
http://doi.org/10.1109/MAES.2020.2970264
http://doi.org/10.1109/MAES.2020.2970264
http://doi.org/ 10.1088/0256-307X/31/3/034202
http://doi.org/ 10.1088/0256-307X/31/3/034202
http://doi.org/ 10.1088/0256-307X/31/3/034202
http://doi.org/ 10.1088/0256-307X/31/3/034202
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.7498/aps.64.154203
http://doi.org/10.1109/JSEN.2019.2951718
http://doi.org/10.1109/JSEN.2019.2951718
http://doi.org/10.1109/JSEN.2019.2951718
http://doi.org/10.1109/JSEN.2019.2951718
http://doi.org/10.1109/JSEN.2019.2951718
http://doi.org/10.1109/JPHOT.2018.2818819
http://doi.org/10.1109/JPHOT.2018.2818819
http://doi.org/10.1109/JPHOT.2018.2818819
http://doi.org/10.1109/JPHOT.2018.2818819
http://doi.org/10.1109/JPHOT.2018.2818819
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.3788/gzxb20184704.0429001
http://doi.org/10.1109/LPT.2014.2317759
http://doi.org/10.1109/LPT.2014.2317759
http://doi.org/10.1109/LPT.2014.2317759
http://doi.org/10.1109/LPT.2014.2317759
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
http://doi.org/10.3788/AOS201636.1227002
https://ieeexplore.80599.net/abstract/document/8496706
https://ieeexplore.80599.net/abstract/document/8496706
https://ieeexplore.80599.net/abstract/document/8496706
https://ieeexplore.80599.net/abstract/document/8496706
https://ieeexplore.80599.net/abstract/document/8496706
http://doi.org/10.1109/JPHOT.2017.2780981
http://doi.org/10.1109/JPHOT.2017.2780981
http://doi.org/10.1109/JPHOT.2017.2780981
http://doi.org/10.1109/JPHOT.2017.2780981
http://doi.org/10.1109/JPHOT.2017.2780981
https://ieeexplore.80599.net/abstract/document/8393775
https://ieeexplore.80599.net/abstract/document/8393775
https://ieeexplore.80599.net/abstract/document/8393775
https://ieeexplore.80599.net/abstract/document/8393775
https://ieeexplore.80599.net/abstract/document/8393775
https://ieeexplore.80599.net/abstract/document/8393775
http://doi.org/10.1109/ACCESS.2019.2944278
http://doi.org/10.1109/ACCESS.2019.2944278
http://doi.org/10.1109/ACCESS.2019.2944278
http://doi.org/10.1109/ACCESS.2019.2944278
http://doi.org/10.1109/ACCESS.2019.2944278
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. 71, No. 3 (2022) 034204

Theoretical study of single-photon quantum radar cross-
section of cylindrical curved surface’
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Abstract

To examine the single-photon quantum radar cross-section of cylindrical surface and its specific advantages
over the classical radar cross-section, a photon wave function in which the distance vectors causing interference
are decomposed is introduced in this study. A closed-form expression of the single-photon quantum radar cross-
section of cylindrical surface is derived. The influences of the length and curvature radius of cylindrical surfaces
with different electrical sizes are analyzed, and the closed-form expressions of the quantum and classical radar
cross-sections of cylindrical surface are compared with each other. The analyses of the closed-form expression
and simulation results show that the electrical length of the cylindrical surface determines the number of side
lobes of the quantum radar cross-section; meanwhile, the curvature radius has a linear relation with the overall
strength of the quantum radar cross-section, and the electrical size of the curvature radius determines the
envelope of the quantum radar cross-section curve. Compared with the classical radar cross-section, the
quantum radar cross-section of a cylindrical surface has the advantage of side-lobe enhancement, which is

beneficial for detecting stealth targets.

Keywords: quantum radar, cylindrical surface, quantum radar cross section, quantum detection
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