55 43 %5 6 ) BOfE ¥ W Vol.43 No.6
2022 4E 6 H Journal on Communications June 2022

ICIRIER MR B AT E M4 R

RAZ, EUAH
GIHERERRMEF BT T REERE, JE5 100084)

H E: YUbEfAshE (OAM) RHEERNEGYHE, SHIRENHEENEMIETIE, WL ER T %
B MBI SRR AR R IS tH o, 00T T BRI ENIE A B R EIREAE, B T R R R A N B
OAM 1R e FRRLI AR 4 R A 1T LL3RAF MIMO 4 LAAMI TCLR R R 4EE s Gt OAM IR B AR (1) LR gt
TN OAM S i 4E FEARRN G, TCVEMIE MIMO B4 LAAMGFT4ERE, BAEE S (LoS) fFIER n 3k
AN A REABURME RS . KIREERRENAR, HRARIE BRI OAM LRGN N 4 MRS, J&
HIFHETE OAM IR HE FRTEIALHITT LK AB AL S MIMO A KIS A OAM 4EE I MIMO &5t .
KPR HUEMBIE; LLEE; RIEMOE T IR NEPUEASIE; SN ASIR
FESES: TN92

WHERRERD: A

DOI: 10.11959/j.issn.1000—436x.2022087

New dimension in vortex electro-magnetic wave
transmission with orbital angular momentum
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Abstract: Orbital angular momentum (OAM) is a physical quantity in the electro-magnetic (EM) wave which has the
physical dimension linearly independent with that of the electric field strength, so that the OAM can constitute the new
dimension in the wireless transmission. With tracing back to the history of EM wave utilization and development, the
physical characteristics of OAM were analyzed, and the fact that only the vortex wave transmission system with EM
wave photon carrying intrinsic OAM could obtain the new dimension besides MIMO transmission was clarified. Com-
pared with the MIMO transmission, the extrinsic OAM formed by the plane microwaves in the statistical OAM beam was
coupled with the space domain and could not provide the additional new dimension. However, in the line of sight (LoS)
channel, the additional degrees of freedom and lower complexity could be achieved compared with MIMO transmission.
Moreover, the typical vortex EM wave OAM transmission systems could be divided into four different regions based on
the different channel capacities. Taking the microwave band as an example, it is pointed out that the quantum OAM
transmission based on vortex microwave photon can form the new MIMO bound with the OAM dimension, which is
beyond the traditional MIMO bound.
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Yrse. 2016 FH1 2018 4, JHHEK AT HL S0 2 73 )1
SERLT 27.5 km AL IR 172 km HLEAEHRDPSY,
B2 [X 45 S 1) LR ER

XEFERIE, BARGISRER R S5%5
Z KL MIMO KRG LG, A 51 N84 B AL
REASHBESZ KL MIMO &R, HE
LoS 5l HARHMA, KRBT Git 2590 ie
N AN EFTTE 5545 18 0 B 7™ 5 B FR A% G4
PE MIMO R4, 7EX3 B 1 OAM L H K4k
A FE AT THI A% 4 2R B0 Wk 2 A 18 1 28 M RN 8 40 B 11
R, SRIEHERTE: X C 1 OAM [ R 2k
MM ERMAZEAERNREERE; £X
B D AR5 A A 1AL i FR 4 AT DR K B
OAM f&HiRE 77 .

5 WieSRE

B N —REEBNEAE, Gt OAM IRHEH R
FETE OAM nliE LB TR EIN 5, A
AEREHE RS OAM B H &4 . OAM 2k,
AR, OAM #E# 7 (UNB, ultra narrow band) &%+
B fEBE I ANIT 8 Z (NFC, near field communica-
tion) ZEAIH. XFXIK A S, ETE OAM f£
HE B 2 S IR e B TR T A L s E
Z ok, BASZRAROREGEW, et 2T
BahiEEg st Foh e AP ERR I N 2 —
TETA OAM M A &4 R4 & T4 0AM
R RIHE 5 LRI E T OAM Bigs, [FIN
SR LI 98 B I Sl AT e S TR 540%, AR
AT TR AR N SE I T B AR, A SR TR
ik . MFXEB M CME, 4ilds OAM
RGN T LoS {518 N KA &AL , L Hlf& 5k
ARG BEESBE— e, AT WY
K, AR B R D . N T R RIXAS
i), AT LUK SR 5 B A A (el Nl .
FEUEDNFOR, BaaEE), 1A RS N TN
VBRI KE CRAEE) LufEAN, st Ffg 4
PR R [P A% 22 2 Bt Ab B, G T DL G e 4F (Bl
FEay R R 2 A . [RIARBE % 2 [ 52 1) LoS
518, HXERESEERR, ETEHRE&NST



« 220 ﬁ {

palll3

i 43 %

A& OAM PR EA T UUIMAT. HAME B s
(R B R 2R i v DAE— P A A I 5 OAM AR5t
SO AR, Bz Ah, UEIEAE AR SR A R
el AR T A R P X D R,
AL AR A R G n] DL G B R4k (VRA,
virtual rotational antenna) F1Z 5| I 1%, SLHL
KEEE OAM kAL 4P+,

TR 1) OAM B4 vl LRI FH A [ 45
AAEAE BB TE A2 B REVE SRR i HT AR I (S AT
Pt fE, DLAFIH OAM & HAS 18 1% %
AIEAE, PRIE TSR BT IR BT R 8 A4S HHE 1 nr
FEVEIL AN, OAM I e F s 7T N T
PRSI, B 7 ) W g i R 3R A5 5 6 1) A4 g
F146, D HEB G S E TS OAM iR e R
B, ATSEE S gE M B B UM RS 5, SR RIS
N LU R MR 2R, A e o R 0 ) 700,

6 ZERIB

Rt AR T B A OAM [ e UG 5N
TG AL R AU FE U, ARSI HL I )
R DA, o3 8 T B OAM A& Hii L3 Ay
1E, FF9E HE I N L OAM B 24N OAM, # A&
HLRG U T AR ) OAM Wi, (H G RT N
OAM META OAM e &1 & fim] LAETS
LB e e MIMO AR5 LAAMPHT e 5240
b, FEF4MEE OAM HIZEiT4AS OAM i JiE i HR U T8
TER R MIMO FE5 LSNP 4E RS, R R EAE 2 R4
MIMO FGuH54 .

OAM H4EFEM SN NPT LU IR E A, BI%E
BUH TRARYREESERNEE, HEST
OAM fE5EMIMAR. FILAY AT LB L 5 2
R MIMO H=&EF, HMASE OAM 41 ¥
MIMO &5, 1M H o] AE— e f R ke g
AT TE 2 = A FR RN

AT HHETES OAM HELEASTE OAM
FEL T 1) IS F S BB AR BT R ) R AR 2, A ST
FIEA RN A OAM il R G425 E 2 & 5 2
RIFEAT 4 AR . b, KA BT RATL
LA E S B T4 OAM fE5 R 48, K iRie
Mk E T EREER, HEERMELTHERZ RE
MIMO ZA &R F; Xk B. C A D J& T 41t
A OAM WS I, EIRA B4 MIMO &4 LM
BAERE, BAE LoS (Bl A R ERI. StE40H

MIMO &5t LL, XI5 B & OAM % Fl K 2%k %
4t, WIREEEIEASERGEIEEMERRL, KEAE
Tk, RREESGITE OAM R A AE FH 1 & JE
#y XK C NI R & AT RS, RAE
JLPEAS, EAEA R OAM HARMRE, MEERE:
X3, D o A AL T AR R G, AT EBICGE M
(AT g 22 B R RO )85 IS R LT

S 30K :

[1] IMT-2030(6G)HEHEA. 6G A Jd 5t 5 AE JCHEBIRR]. 2021.
IMT-2030(6G) Promotion Group. 6G overall vision and potential key
technologies[R]. 2021.

[2] WHRZR, FTRET, OB paiE R PE M B B EOR ). BEA
BitHAR, 2021(12): 6-13.

XIE X D, HE Y Y, ZHANG C. Vortex electromagnetic waves trans-
mission with orbital angular momentum[J]. Designing Techniques of
Posts and Telecommunications, 2021(12): 6-13.

[3] JIANG Z, WERNER D H. Electromagnetic vortices: wave phenomena
and engineering applications[M]. New Jersey: Wiley-IEEE Press,
2021.

[4] CHEN R, ZHOU H, LONG W X, et al. Spectral and energy efficiency
of line-of-sight OAM-MIMO communication systems[J]. China
Communications, 2020, 17(9): 119-127.

[5] EDFORS O, JOHANSSON A J. Is orbital angular momentum (OAM)
based radio communication an unexploited area?[J]. IEEE Transac-
tions on Antennas and Propagation, 2012, 60(2): 1126-1131.

[6] RUFFATO G, MASSARI M, ROMANATO F. Generation of
high-order Laguerre-Gaussian modes by means of spiral phase
plates[J]. Optics Letters, 2014, 39(17): 5094-5097.

[77 MAHMOULI F E, WALKER S D. 4-Gbit/s uncompressed video
transmission over a 60-GHz orbital angular momentum wireless
channel[J]. IEEE Wireless Communications Letters, 2013, 2(2):
223-226.

[8] MAXWELL J C. A dynamical theory of the electromagnetic field[J].
Philosophical Transactions of the Royal Society of London, 1865, 155:
459-512.

[9] BELROSE J S. Fessenden and Marconi: their differing technologies
and transatlantic experiments during the first decade of this cen-
tury[C]//Proceedings of the 1995 International Conference on 100
Years of Radio. London: IET, 1995: 32-43.

[10] LARSSON E G, EDFORS O, TUFVESSON F, et al. Massive MIMO
for next generation wireless systems[J]. IEEE Communications Maga-
zine, 2014, 52(2): 186-195.

[11] MESLEH R Y, HAAS H, SINANOVIC S, et al. Spatial modulation[J].
IEEE Transactions on Vehicular Technology, 2008, 57(4): 2228-2241.

[12] O’NEIL A T, MACVICAR I, ALLEN L, et al. Intrinsic and extrinsic

nature of the orbital angular momentum of a light beam[J]. Physical



%56 W

K

I R P i B AR R e

° 221 -

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

(22]

(23]

(24]

(23]

(26]

(27]

(28]

[29]

Review Letters, 2002, 88(5): 053601.

HARRIS J, GRILLO V, MAFAKHERI E, et al. Structured quantum
waves[J]. Nature Physics, 2015, 11(8): 629-634.

GRIFFITHS D J, SCHROETER D F. Introduction to quantum me-
chanics[M]. Cambridge: Cambridge University Press, 2018.
JACKSON J D. Classical electrodynamics 3rd edition[M]. New York:
Wiley, 1998.

FEYNMAN R P. Quantum electrodynamics[M]. [S.L.]: Avalon Pub-
lishing, 1998.

(236, TR T B IM]. dbst: BRI, 1980.

RENG Z G.  Microwave quantum physics[M]. Beijing: Science Press,
1980.

ALLEN L, BEIJERSBERGEN M W, SPREEUW R J, et al. Orbital
angular momentum of light and the transformation of Laguerre- Gaus-
sian laser modes[J]. Physical Review A, Atomic, Molecular, and Opti-
cal Physics, 1992, 45(11): 8185-8189.

ANDREWS D L, BABIKER M. The Angular momentum of light{fM].
Cambridge: Cambridge University Press, 2009.

THIDE B, THEN H, SJOHOLM J, et al. Utilization of photon orbital
angular momentum in the low-frequency radio domain[J]. Physical

Review Letters, 2007, 99(8): 087701.

%, 2020, 44(6): 17-21.

WEI K J, ZHAO Y, XU X Y. Analysis of 6G vision and potential key
technology[J]. Mobile Communications, 2020, 44(6): 17-21.

RIS R E B R R T AP AD]. dbat: EHERE, 2020.
XU P F. Research on orbital angular momentum quantum state[D].
Beijing: Tsinghua University, 2020.

ZHANG C, XU P F, JIANG X F. Vortex electron generated by micro-
wave photon with orbital angular momentum in a magnetic field[J].
AIP Advances, 2020, 10(10): 105230.

ZHANG C, XU P F, JIANG X F. Detecting superposed orbital angular
momentum states in the magnetic field by the crystal diffraction[J].
The European Physical Journal Plus, 2021, 136(1): 1-13.

GRILLO V, TAVABI A H, VENTURI F, et al. Measuring the orbital
angular momentum spectrum of an electron beam[J]. Nature Commu-
nications, 2017, 8: 15536.

TAVABI A H, ROSI P, ROTUNNO E, et al. Experimental demonstra-
tion of an electrostatic orbital angular momentum sorter for electron
beams[J]. Physical Review Letters, 2021, 126(9): 094802.
MCMORRAN B J, HARVEY T R, LAVERY M P J. Efficient sorting
of free electron orbital angular momentum[J]. New Journal of Physics,
2017, 19(2): 023053.

MOHAMMADI S M, DALDORFF L K S, FOROZESH K, et al.
Orbital angular momentum in radio: measurement methods[J]. Radio
Science, 2010, 45(4): 1-14.

WU Q L, JIANG X F, ZHANG C. Attenuation of orbital angular

momentum beam transmission with a parabolic antenna[J]. IEEE An-

[30]

B1]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

tennas and Wireless Propagation Letters, 2021, 20(10): 1849-1853.
YAGI Y, SASAKI H, YAMADA T, et al. 200 Gb/s wireless transmis-
sion using dual-polarized OAM-MIMO multiplexing with uniform
circular array on 28 GHz band[J]. IEEE Antennas and Wireless Prop-
agation Letters, 2021, 20(5): 833-837.

ZHANG W T, ZHENG S L, CHEN Y L, et al. Orbital angular mo-
mentum-based communications with partial arc sampling receiving[J].
IEEE Communications Letters, 2016, 20(7): 1381-1384.

WANG Y H, ZHANG C. Enhanced Shannon capacity with orbital
angular momentum dimension[C]//Proceeding of 2022 IEEE Interna-
tional Conference on Communications Workshops (ICC Workshops).
Piscataway: IEEE Press, 2022: 1-6.

ZHANG C, JIANG J, ZHAO Y F, et al. New degrees of freedom for
beamforming manipulation in MIMO transmission with OAM[C]//
Proceedings of 2019 IEEE Globecom Workshops. Piscataway: IEEE
Press, 2019: 1-6.

ik, HELPIE A E) B KPR R AR T BT A D). JEa: R
%, 2017.

MA L. Research on the method of long-distance transmission of elec-
tro-magnetic waves with orbital angular momentum[D]. Beijing:
Tsinghua University, 2017.

. BT AR A IR K BE B BUE Ay 3l AR B B JE[D].
JE5T: IR, 2020.

LI J. Research on long distance orbital angular momentum transmis-
sion technology based on intelligent compressive sensing[D]. Beijing:
Tsinghua University, 2020.

AT R W P AU K A AR T VAR D). dest:
K2, 2020.

ZHAO Y F. Research on long distance and high capacity transmission
with orbital angular momentum wave[D]. Beijing: Tsinghua University,
2020.

ZHANG C, ZHAO Y F. Orbital angular momentum nondegenerate
index mapping for long distance transmission[J]. IEEE Transactions
on Wireless Communications, 2019, 18(11): 5027-5036.

ZHAO Y F, ZHANG C. Distributed antennas scheme for orbital angu-
lar momentum long-distance transmission[J]. IEEE Antennas and
Wireless Propagation Letters, 2020, 19(2): 332-336.

WU Q L, ZHANG C. Ultra narrow band transmission system with
orbital angular momentum[C]//Proceedings of 2021 IEEE Internation-
al Conference on Communications Workshops. Piscataway: IEEE

Press, 2021: 1-5.

[40] ¥ <. WATEHIRLIE OAM #8243 i) A iR 778 78 (D). b

[41]

THHEREE, 2021,

JIANG J. Research on OAM dimensional space and beamforming
transmission method of vortex electromagnetic wave[D]. Beijing:
Tsinghua University, 2021.

LYU R Y, CHENG W C, ZHANG W. Modeling and performance

analysis of OAM-NFC systems[J]. IEEE Transactions on Communica-



©222 - wofE % 43 %
tions, 2021, 69(12): 7986-8001. angular momentum based radar[D]. Beijing: Tsinghua University,
[42] ZHANG C, MA L. Millimetre wave with rotational orbital angular 2019.
momentum[J]. Scientific Reports, 2016, 6(1): 31921. [49] ZHANG C, CHEN D, JIANG X F. RCS diversity of electromagnetic
[43] ki, S0 PR REDR P M) EERUE R CN108540256A[P]. wave carrying orbital angular momentum[J]. Scientific Reports, 2017,
2018-09-14. 7(1): 15412.
EIVE ] T A T Aty EL 7 5 e 2%
ZHANG C, JIANG X F. Hidden transmission system based on OAM (S0 Sk, EICHE, . AR AN, kL 2021,
10(5): 749-759.
of electromagnetic wave: CN108540256A[P]. 2018-09-14. . X
ZHANG C, WANG Y H, JIANG X F. Quantum radar with vortex mi-
44] ZHANG C, JIANG X F. S high-speed d trum t is-
[44] : eeure lugh-speed spread spectrum transms crowave photons[J]. Journal of Radars, 2021, 10(5): 749-759.
sion system with orbital angular momentum[J]. IET Communications,
2020, 14(11): 1709-1717.
M=

[45]

[46]

[47]

(48]

JIANG X F, ZHANG C. Secure transmission aided by orbital angular
momentum jamming with imperfect CSI[C]//Proceedings of 2019
IEEE International Conference on Communications (ICC). Piscataway:
IEEE Press, 2019: 1-6.

LIANG L P, CHENG W C, ZHANG W, et al. Mode hopping for an-
ti-jamming in radio vortex wireless communications[J]. IEEE Transac-
tions on Vehicular Technology, 2018, 67(8): 7018-7032.

SRR, BIEAR, FLNE. HETEBLRIE N IS HARBUR ). EB
BHE K2R, 2013, 35(6): 71-76.

GUO G R, HU W D, DU X Y. Electromagnetic vortex based radar
target imaging[J]. Journal of National University of Defense Technol-
ogy, 2013, 35(6): 71-76.

WRZR. A0l A 3 B S BRI S5 Bg 5 BT SL D). Jest: 3
HRE, 2019,

CHEN D. Research on detection and imaging methodology for orbital

SKEB (1978— ) , B, BRUGHREIA, 11,
EHEREHAR . BEAESIN, TEHR)
) Ay e e FEL R YR AR SR, DA R =S
T R4

EHF (1997- O, B, LIFREKN, &
R A, BT W R
MRS R



	18-211012- –.pdf

