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Ha M3BECTHBIX KAHOHNYECKHUX SKCIEPUMEHTAX, a 3aTeM
MPOBOAWTE anpoOaIio Ha KOHKPETHBIX (CHeIrallb-
HBIX) BUXPEBBIX YCTPOHCTBAX.
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PA3PABOTKA AHAAMTHUYECKOM MOJEAWU MYABTHUITAEKCUPOBAHUA
KAHAAOB PAZHNOCBA3H

Basunosa Buxkmopus Cepzeeena

Acnupaum, Yumckuii 2ocy0apcmeeHHblil a8UAYUOHHbI MeXHuYyecKull yrusepcumem, 2. Ypa

AHHOTAIIUA

QHCKTpOMaFHI/ITHOG H3JIYy4YCHUC ICPCHOCUT SHCPIUIO U UMITYJIBC. OOBIYHO r[epez[aBaeMLIﬁ HUMITYJIbC CBA3aH C

JMHEHHBIM UMIYJIbCOM. TeM He MeHee, CYIIECTBYET €IIe OJHA COCTAaBIIIONAsi — MOMEHT KOJIMYECTBA JBIDKCHNS,
OH CBSI3aH C JEHCTBHEM KpPYTAIIEro MOMEHTA W, IPH OIPEACICHHBIX YCIOBHUAX, MOXKET OBITH MPHUOJIMKEH K BEK-
TOPHON CyMMe CIIMHOBOIO MOMEHTa U opOuTanbsHoro yriosoro MomeHTa (OAM). CiMHOBBII MOMEHT SIBIIETCS
HanOoJiee N3BECTHBIM KOMIIOHEHTOM YIJIOBOT'O MOMEHTA, U CBSI3aH C IOHATHEM CMELICHHUS.

OCHOBHOM LIeJIbI0 Pa0OTHI SABISETCS, aHAJIUTHYECKAs Iepe/iaya HECKOJIIbKUX KaHaIOB PaJMOBOJIH Ha OJHOW
4acTOTe, YTO B CBOIO OYepe/b MOATBEPKIACT, YTO CBET MOXKET UMETh Iopa3/io 0oJiee CIOKHYIO CTPYKTYpPY, YeM
OOBIYHO TIOJIaraeTcs, , CeJOBaTeNIbHO, OH MOXKET HECTH ropasfo Oomblre nHpopManuu. s TOCTHKEHUS 110-
CTaBJICHHO LIeJIM IPOU3BEIEHO PA3NIOKEHHE AIICKTPOMATrHUTHBIX TOJIEH 110 MYJIbTUIIONSM.

ABSTRACT

Electromagnetic radiation transfers energy and momentum. Usually the transmitted impulse is associated with
a linear pulse. Nevertheless, there is another component - the moment of momentum, it is associated with the
action of torque and, under certain conditions, can be approximated to the vector sum of the spin moment and the
orbital angular momentum (OAM). The spin moment is the most known component of the angular momentum,
and is related to the concept of displacement.

The main goal of the work is the analytical transmission of several radio wave channels on one frequency,
which in turn confirms that light can have a much more complex structure than is normally assumed, and therefore
it can carry much more information. To achieve this goal, the electromagnetic fields are decomposed into
multipoles.

KiroueBble cioBa: 0p6I/ITaJ'IBHI>II71 yFJ‘IOBOﬁ MOMCHT, MYJIbTHUIIOJISI, KBAHTOBOC YHCJIO, OPTOIrOHAJIbHOCTD.
Keywords: orbital angular momentum, multipole, quantum number, orthogonality.

B oGnactu, rie ICTOYHUKH OTCYTCTBYIOT, YpaBHE- rotB =—ikE, 2
Hust MakcBesuia umerot Bug [ 1, ¢.591] divE =0,
rotE =—18, divB =0.
c ot Wckirouas u3 nepBbIX ABYX ypaBHeHui E, npuxo-
rotB = l$1 (1) 1uM K caexyomKM ypaBHEHHAM I BeKTopa B 1 1 co-
. C ot OTHOIIEHHUIO, onpeenstomemMy E:
divE =0, (V2+k2)B=0
divB =0. : ’ ®)
IIpu rapMOHMUYECKON 3aBUCUMOCTH BEIUYHUH OT E= L rotB.
BPEMEHH 3TH YpaBHEHHS 3aIMCBHIBAIOTCS B (hopme k

rotE =ikB,
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Ecnu e mbl uckimtounM BekTop B, TO momyuum
ypaBHeHHS UII BekTopa E m mobaBownHoe cooTHOIIE-
HUe, OTpeieNsitolee BeKTop B:

(V2+k2)E=0,divE =0

| (4)
B= T rotE.

CoBokymnHOCTb Tpex dopmyi (3) wu (4)-3kBHBa-
JICHTHa ypaBHeHUsIM MakcBena (2).

OmnpenenuM Teneps MyJIbTHIONBHBIE TT0Js E 1 B.
W3 (3) oueBnaHO, 4TO Kaxaas IEKapTOBA COCTABIIIO-
mas B ynosnerBopser ypasHenuto I'enpmronsua. Io-
3TOMY 00IIiee pemeHne Uil Kax a0l cocTapistomeii B
MOXHO HPEACTABUTH B BUJE, OOBEINHSIS BBIPaKCHNUS,
MPUXOJUM K BEKTOPHOMY PEIICHUIO:

8= AR () DR (k) Y, 0.). ©

rne Ajm — IPOU3BOJIBHBIE TIOCTOSHHBIE BEKTOPBI.

BekropHabie k03¢ dunnentsr Ain B (5) He BHoHE
MPOU3BOJILHBI, TOCKOJBKY JIOJDKHO — BBIIOJHSTHCS
ycoBue oOpalieHus B Hyab quBeprexnuu divB=0. Tax
Kak paguaibHble (PYHKINH JMHEHHO HE3aBUCHMBI, TO
yenopre divB=0 I0IKHO HOPO3HB BBITOJIHATHCS IS
obeux cymm B (5). Takum oOpazom, k03¢pPUITHCHTEI
Aim IOIDKHBI YAOBIETBOPSATH COOTHOIICHHIO

divs[ by (k1) Ay Y (0,0)=0] ©
I,m

OmepaTop OUBEPreHIMH MOXET OBITh 3aMEHEH
OIIEPaTOPHBIM MHOKUTEIEM

ro_ .. )

rae L — omepatop. [Toacrasmnss (7) B (6), mpuxo-
JIIM K YCIIOBHIO
oh ih
FY Y A= LY A Yy [=0. ©)
| r m r m

U3 pexyppeHTHbIX (OpMYIT OYEBHUAHO, YTO B 00-
1eM cirydae Kod(hGuuuenTsl Ajm ¢ 1aHHbIM | CBA3aHBI
¢ kooppuuuenTamu A -m, tae | =l£1. Dra cBa3p or-
CYTCTBYET JIMIIb B TOM citydae, koraa (21+1) Bekrop-
HBIX KO3(duImeHTa I Kaxmoro 3Hadenus | momo-
OpaHbI Tak, 4TO

3] AnYin |=0. (9)

B 3TOM 4acTHOM cily4ae OKOHYATeIbHOE YCIOBHE
Ha KOA(QQUIMEHTH HAKIJIAbIBAETCS BTOPBIM UJICHOM
ypaBHeHHs (8):

| LxS] AgYin ||=0.

VYcaosue (9), o3Hayaroniee MOMEPEYHOCTH MOJIS
OTHOCHTEJILHO Pajinyca-BeKTopa, B COUETAHUH C ypaB-
HerreM (10) mo3BoIseT OJHO3HAYHO ONPERETUTH CH-
CTEMBI BEKTOPHBIX YIIIOBBIX (YHKIMH mopsaka | ms
KaXXJIOT0 33JaHHOTO 3HAYCHHS M. DTH GYHKIIUU MOTYT
OBITh HalieHbl HenocpeacTBeHHO u3 (9) u (10) ¢ yue-

(10)

TOM 00mMX CBOMCTB (yHKIMI Ylm' Opnako He-

TPYJAHO 3aMETUTh, YTO YIJIOBOE PELIECHUE UMEET BUJ

> Am'YIm' =>.an I—Ylm' 11)
m m

W3 cooTHOIIEHHs] BUJHO, YTO yCJIOBHE IOMEeped-
Hoctu mond (9) ynosiaeTBopsieTcs. AHAJIOTMYHO, MC-
MIOJIb3YS BTOPOE U3 KOMMYTAIIHOHHBIX COOTHOIICHU 1
(opMyITy, MOXKHO MOKa3aTh, YTO BBINOJIHIETCS U BTO-
poe ycroue (10). A to, uro ¢pyrkmuu fi(r)LYm ymxo-
BJIETBOPSIIOT BOJTHOBOMY YPAaBHEHHMIO, CIEIyeT M3 IO-
clieTHeTo COOTHOMIECHUS (9).

Wrak, npunumas yciosue (9), Mbl IPUXOAUM K
CJIeAYIOIIEeH CUCTEME YaCTHBIX PEIIeHHH, WIIH AIEKTPO-
MarHUTHBIX MYJIBTHIIOJIBHBIX MOJIEH:

B, = f, (kN)LY, (6,¢), (12)

E, = rotB, .
k

rac
£ (kr) = AOR® (kr) + A@h® (kr). (13)

Jro6as nuHeitHas KoMOWHAIUS STUX TOJIEH C pas-
JIMYHBIME HHACKCaMH | U m ymoBieTBopsieT cucteme
ypaBHeHuil (3). XapakTepHOW OCOOEHHOCTBHIO IOJTY-
YEHHBIX PEIICHUH SIBJIAETCS OPTOTOHAIBHOCTH BEKTOPA
MarHUTHOH WHAYKIUH paguycy-BekTopy (Bim=0). ITo-
3TOMY HOZOOHBIC BOJHBI HE MIPEACTABISIOT OOIIETO pe-
mieHus1 ypaBHeHUH (3). D10 cepudeckuii aHAIOT TMo-
niepeuHbIx MarHUTHBIX (TM), witi, nHavYe roBopsi, 31eK-
TPUUECKUX LIMHAPUYECKUX BOJH [2, ¢.19].

Ecnmu GBI MBI HCXOAMIM W3 CHUCTEMbI YpaBHEHHUH
(4), a ve (3), MBI IPUILIH OBI K APYTOM CUCTEME MYJIb-
THUIIOJIBHBIX II0JIEH, B KOTOPOHl paAnyCy-BEKTOPY OpTO-
roHayieH BekTop E:

E, = f,(kILY, (6,9),

| (14)

B, = II< rotk, .

Ot chepuueckre BOJHBI SIBISIOTCS aHAJIOTOM
noniepeyHbIx ekTpuueckux (TE), mim MarHUTHBIX,
LHUINHAPUYECKUX BOJH.

TouyHO Tak ke, Kak B ciydae IIIHHIPHYECKUX
BOJTHOBOJIOB, MO’KHO II0Ka3aTh, YTO IIOJIyUYEHHbIE JIBE
CHCTEMBI MYJIbTHIIONBHBIX ToJIeH (12) u (14) o6pazyroT
NOJIHYI0 CHUCTEMY BEKTOPHBIX PELICHUN YypaBHEHUI
Makcgemnna [3, ¢.6]. Mb1 OynieM Ha3bIBaTh 3TH MYJIbTH-
HOJIBHBIE TIONS COOTBETCTBEHHO 3JIEKTPHUECKUMH H
MarHUTHBIMH (2 HE TONEPEYHO MAarHUTHBIMH U T. II.),
TaK KaK OHH ONPENEISIOTCS, KaK MBI yBHIUM, COOTBET-
CTBEHHO IUIOTHOCTBIO DJIEKTPHUYECKOTO 3apsiia U pac-
IpeJesieHNeM MarHUTHOTO MOMEHTa. BBumy BakHOU
POJIM BEKTOPHBIX CHEPUUECKUX TAPMOHHK yJJOOHO BBE-
CTH HOPMHPOBAaHHBIE QYHKIINU

1
x|‘m (6! (0) = T LY|m(0’ gp) (15)

Ja+1)

C YCIIOBHEM OPTOTOHAILHOCTH
*
IXI ‘m 'le dQ:é]l Opm'- (16)

KomOunmupyst 00a THIa mosieid, MOXXHO HaIUCaTh
obmiee pernieHue ypaBHeHnin Makcseinia (2) B BUze
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B= z[aE(l,m) f, (k1) X, ~La, (L, m)rot(g, (kr)x,m)}

I,m

E:IZmHaE(I,m) rot(f, (kr)X,)+a, (1,m)g, (kr)X,m}

rae ko3 unuentst ag(l, m) uam(l, m) onpexe-
JISTFOT aMIUTATY Bl SJIEKTPUYECKUX M MATHUTHBIX MYJTb-
THITOJIBHBIX TOJIeH, cooTBeTcTByIommMX uHIekcam (I,

m). PanuanbHele QyHKUMH fl (kr) " gl(kr)

umeroT Buf (13). 3nauenus kodpdunuentos ag(l, m)
u am(l, m), Tak xe xak u amrututy sl B (13), onpene-
JSFOTCS KICTOYHUKAMU U TPAHUYHBIMHU YCIOBHUSIMH.
[TpuBeneHHBIC BEIPaXKSHHS IJIS Pa3JI0KSHUS SJICK-
TPOMarHUTHBIX MOJIEH 110 MYJIBTHIIONAM HUMEIOT IIPaK-
THYECKYIO 3HAUUMOCTb IIPH IPOSKTUPOBAHHH U pa3pa-

(17

Cnmcok JuTepaTyphbl:

1. JIxekcon JIx. Kimaccuyeckasi 3JeKTpOaHHA-
muka: yae0. [Tocobue. M.: Mup, 1962.- c. 591.

2. Bennis A., Niemiec R., Brousseau C. Flat
plate for oam generation in the millimeter band, in An-
tennas and Propagation (EUCAP): 7th European Con-
ference on, 2013. — 19 c.

3. Nguyen D. Discussion about the link budget
for electromagnetic wave with orbital angular momen-
tum, in Antennas and Propagation (EuCAP): 8th Euro-
pean Conference on, 2014. — 6 c.

060TKE MHOTOKaHAJIbHBIX CHCTEM DPaJHOCBA3HM Ha OC-
HOBE MYJIBTHUIICKCUPOBAHUS TI0 OpPOUTAIBHOMY
YTJIIOBOMY MOMEHTY.

[NEPCTIEKTHUBBI UCTTIOAB30OBAHKS OPEUTAABHOI'O YTAOBOI'O
MOMEHTA B CUMCTEMAX PAJHUOCBA3H

Basunosa Buxkmopus Cepzeesna
Acnupaum, Yumckuii 2ocyoapcmeeHHblil a8UayUOHHbI MeXHuYyecKull yrusepcumen, 2. Ypa

AHHOTALUSA

TGHGKOMMYHI/IKaLII/IOHHaﬂ OTpaciyib B IOCJICAHCE BPEMA PA3BUBACTCA OYCHb JUHAMUYHO. MI/Ip npoaoJrKacT
CTPEMUTCIIBHO aAalITUPOBATLCS B DIIOXY LlI/I(i)pOBBIX TeXHOHOFHi/'I, YTO ONPHUBOAUT K YMCHBIICHHUIO KOJIHNYCCTBA I10-
JIOC paaAuOvYacTOT AOCTYIIHBIX UL Iepeaavn I/IH(I)OpMaI_lI/II/I.

C TCUCHUCM BPEMCHH, MNPOU3BOAUTCIIN TCJICKOMMYHUKAIITUOHHOTO O60py,£[OBaHI/I$I Ha4YHYT OolIyIIaTb HC-
XBaTKy YaCTOTHOIO CIICKTpa. BO3HHUKIIYIO B TIEPCIEKTHUBE MPOOJIEMY, MOXKHO PEIIUTh IyTEM Iepexoia Ha abco-
JIFOTHO HOBBIN MCXaHU3M, HO3BOJ’I$[IOH1PII7[ YBCJIMYNUTH B HCCKOJIBKO pa3 YUCJI0 HE3aBUCUMBIX paIMOKaHAJIOB B O11-
HOM U TOM K€ Y3KOM YaCTOTHOM AHaIla3oHeE. HHHOBaHI/IOHHa}I TCXHOJIOT'H MMO3BOJIMT YBCJIUYNUTDH I/IH(I)OpMaIlI/IOH-
HYIO €MKOCTb PaauoOBOJIH 3a CYET UCIIOJIb30BaHUSA Op6I/ITaJH>HOFO YIJ10BOIro MOMEHTA BpallarominuXcs BOJH.

HCCJ’IG}IOB&HHH, HalpaBJICHHBIC HA U3YYCHUEC U MPUMCHCHUEC XapaKTCPUCTUKHU 3H€KTpOMaFHHTHOﬁ BOJIHbI —
0p6I/ITaJ'ILHOFO YIJI0OBOT'O MOMEHTA, B TCJICKOMMYHUKAIUAX OIrpaHUYCHBI U IMPCACTABIIAIOT coboii paBpOBHeHHBIfI
MaTtepual, OTpa)KeHHLIﬁ TOJIBKO B Hy6J‘II/IKa]_II/I$IX u pa60Tax HWHOCTPAaHHBIX YUCHBIX, B OTEYECTBECHHOMN JiaTeparype
pa6OTBI Io Z[aHHOP'I TEMATHUKE OTCYTCTBYIOT. B cBs131 ¢ THM H€06XOJ_'[I/IMO PacCMOTPEThL CTCIICHDb paSpa6OTaHHOCTI/I
paCCManPIBaeMOﬁ TEMATUKU W OCHOBHBIC TCHACHUHU PA3BUTHUSL ,Z[aHHOﬁ TCXHOJIOTUU YIIJIOTHCHUSI KaHAJIOB B
CHUCTEMAX panOCBA3U.

ABSTRACT

The telecommunications industry has been developing very dynamically lately. The world continues to
rapidly adapt in the digital age, which leads to a reduction in the number of radio frequency bands available for
transmission of information. Over time, telecom equipment manufacturers will begin to feel the lack of a frequency
spectrum. The problem that arose in the future can be solved by switching to a completely new mechanism that
allows several times to increase the number of independent radio channels in the same narrow frequency range.
Innovative technology will increase the information capacity of radio waves by using the orbital angular
momentum of rotating waves.

Studies aimed at studying and applying the characteristics of the electromagnetic wave - the orbital angular
momentum, in telecommunications are limited and represent a disparate material, presented only in publications
and works of foreign scientists, in the domestic literature there is no work on this topic. In this regard, it is necessary
to consider the degree of development of the subject matter under consideration and the main trends in the
development of this technology for channel compaction in radio communication systems.

KiroueBble cj0Ba: OpOHWTaNbHBIM YIJIOBOM MOMEHT,
a3UMyTaJIbHOE KBAHTOBOE YHUCIIO.

KpyroBasi IOJSApH3alMs, Hecymas dYacrorTa,

Keywords: orbital angular momentum, circular polarization, carrier frequency, azimuthal quantum number.

COXpaHCHHUSA, CUMMETPHUU DJIICKTPOMATHUTHOTO IOJIA,
TCOPECTUICCKOC MpeaACTaBJICHUC camoit (1)I/I3I/IKI/I,

B pabGote [1, c.3] mnst npexacTaBiIeHUs TEOPUH
YIJIOBOTO MOMEHTAa  paccMaTpHBaeTcsi CBOMCTBa



