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AHHOTALUA

Bgenenmne. [IpencTaBneHsl pe3ynsTaTel HCCIESIOBAHUS OTPEITHOCTH METOAA TOMOJUHHOM 1eMOYISIIUHE Ha OCHOBE
pemenuii Gpynkiun apkranrenca (PGC-ATAN). Meroz cBsi3aH ¢ HCIOIB30BaHNEM (PUIIBTPAa HU3KUX YACTOT B JAHHOM
anroputMe JeMony siuu ¢aser curnana. Meron. MccenenoBan MeTon 1eMOAYISIMN HHTEP(HEPSHIIMOHHOTO CUTHAJIA
metonoM PGC-ATAN. OGHapyKeHbI 1 PACCMOTPEHBI ITOTPEIIHOCTH Ha dTare (UIBTPALMHA METOIOM CKOJIB3SIIErO
CpenHero. AHaJMTHYECKHU PACCYMTAHBI ITONPABKU K CUTHAIY C yYETOM IOTPEIIHOCTH, BHOCHMON (DMIIBTPOM HHU3KHX
4yacToT. OCHOBHBIE pe3yJbTaThl. BoiBeneHbl GpopMyiibl Ul pacyeTa nonpaBok K curHanam Si(?), S»(2), S3(¢), S4(t)
TIOJTyYEHHBIM C TIOMOIIBIO (DHIBTPALMK NCXOIHOTO CHTHAJIA, YMHOKEHHOTO Ha CHTHAJT OIIOPHOTO TreHepaTopa. BeimonHeHo
CpaBHEHME PE3yNbTaTOB PACcYETOB C JAHHBIMU MATEMaTHYECKOTO MOJEIHPOBAHUS 00pabOTKH HHTEP(EPESHIHOHHOTO
curHana metogoM PGC-ATAN. Jlemomynsmus cUrHaia ¢ y4€TOM IOMPAaBOK MOKAa3alia, YTo BIUSHEE Ha (a3y CHIHaIa
OKa3bIBaeTCSI HEOOIBIINM IIPU HEBBICOKOH CKOPOCTH HarpeBa. 3aMe4eHO, YTO JJISI BBICOKOCKOPOCTHBIX IIPOIIECCOB
MOTPEITHOCTh MOXKET IPUBOANTH K CEPHE3HBIM HCKAKEHHSIM MCKOMOH (a3l curnana. O6cy:kaenne. Paccunranusie
HOIpPaBKH K 00pabaTbiBaeMOMy HHTEP()EPEHLIMOHHOMY CUTHAILY ITO3BOJIT YIIYUIIUTh METO/ AEMOIYJSIIUKE Ha OCHOBE
BBIYMCIICHUH (DYHKLMM apKTAaHICHCA ¥ TOYHEEe PACCYUTHIBATH HCKOMYIO (ha3y CHrHaJa.
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Abstract
In this paper, we study the errors of the homodyne demodulation method based on arctangent function solutions (PGC-
ATAN) which are associated with the use of a low-pass filter (LPF) in this signal phase demodulation algorithm. The
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method of demodulation of an interference signal by PGC-ATAN method is investigated in order to detect and consider
in more detail the errors at the filtering stage (the article considers the moving average method), and corrections to the
signal are analytically calculated, taking into account the error introduced by the low-pass filter. We obtained formulas
for calculating corrections to the signals S|(7), Sy(¢), S3(¢), S4(#) which received by filtering the original signal multiplied
by the reference oscillator signal, the calculations were compared with the results of mathematical modeling of the
interference signal processing by the PGC-ATAN method. The demodulation of the signal, taking into account the
corrections, showed that, in general, the effect on the signal phase is small at a low heating rate, however, for high-speed
processes, the error can lead to serious distortions of the desired signal phase. These calculated corrections for processed
interference signal will improve the demodulation method based on the calculations of the arc tangent function and more
accurately calculate the desired phase of the signal.
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BBenenune

Bo0JIOKOHHO-ONITHYECKUE UHTEPPEPOMETPUUCCKHUE JaT-
YHKH 00JIQIAI0T PSIIOM TIPESUMYIIECTB OJiarofapsi BEICOKOMH
YyBCTBUTEIBHOCTH, HU3KOH CTOMMOCTH U HEBOCIPUUMYH-
BOCTHU K 3JIEKTPOMATHUTHBIM MoMexaMm. JlaHHbIe JaTuuKu
YCIIEIIHO [IPUMEHSIOTCS BO MHOTUX OONACTSX, TAKUX KaK
BUOPOMOHUTOPHUHT PA3THYHBIX OOBEKTOB, MOJIBOIHOE aKy-
CTHUYECKOE 30HUPOBAHHIE, Ae(HOPMAITHOHHBI MOHUTOPHHT
00BEKTOB, U3MEPEHUE CKOPOCTH MPEIECCUH THUPOCKOIIOB,
HEKOTOPBIC XUMHUCCKHE HJIH OHOMEIUIIMHCKUE, a TAKIKE
TEeMIIepaTypHbIC U3MepeHus. JIJIs1 BOCCTAaHOBIICHHUS aKyCTH-
YECKOTO CUTHAJIA C BBIXO/a HHTEP(EPEHIIMOHHOTO JaTYnKa
HCIIONB3YIOT aJITOPUTM JIEMOAYJISIIIUU C TCHEPUPYESMOM
¢azoit Hecymier (PGC). DTOT anropuT™ akKTHBHO HCIIOJb-
3yeTCs M3-3a €ro MIUPOKOr0 JUHAMUYECKOTO TUara3oHa,
XOpotiei THHEHHOCTH (Ha30BON XapaKTEPUCTUKHU U BBICO-
KO 4yBCTBHUTEILHOCTH.

3anumem curxai ¢ Goronguona S;,(f), HocTynaromui Ha
CXeMy FOMOJIMHHOTO JICTEKTUPOBAHHS B BH/IC:

Sin(®) = Lo(1 + nf0))(1 + Veos(Ceos(w.t) + ¢(f) + n,(1)) +
+ n(,'(t)a

e n p(t) — (ha30BBIi IITyM, BOHUKAIOIHN H3-32 YACTOTHO-
TO IIIyMa JIA3EPHOTO UCTOYHUKA; 71,(f) — LIyM JIEKTPOHHOMN
cxeMblI ((OTOIEKTPUIECKHUE MPeoOpa30BaHUs, YCHINTEIN
U CXEMBI JUCKPETHU3aIUH), KOTOPBIH MOXKHO CMOJIEIINPO-
BaTh KaK aJAUTUBHBIA O€Nblil rayCCOBCKUN HIyM; 1 (f) —
LIYM MHTEHCHBHOCTHU CBETa, UCXOJSIIMHA OT JIa3€pHOTO
UCTOYHHKA, MOIYISITOPA, ONTUYECKUX yCUIUTenen; [, —
CpEeIHsS MHTEHCUBHOCTDh MHTEP(EPEHINOHHOTO CUTHA-
na; V' — napametp BugHOCTH; C — TiryOMHA MOIYIISILIAN
(ammuTyna Hecyueit); ©, = 21y, — 4acToTa MOLYISLIUM;
v, — 4acToTa KojebaHuii; ¢(f) — dasa, 3aBucsas ot
N3y4aeMOro CUTHaja.

Anroput™ PGC akTHBHO H3ydaeTcsi, HCCIEAYIOTCS Ipa-
HUIIBI €70 IPIMEHUMOCTH, PACCUMTBIBAIOTCS ITOTPEITHOCTH
U TIONPABKH K METOJY JUIsl TOr0, 4TOOBI Ka4eCTBEHHEE U
s deKkTUBHEE BBIIEISATh UCKOMYIO (ha3y CUTHAIA.

L{eab paboThl — MOWCK MOI'PELUIHOCTEH, BHOCUMBIX
¢unsrpom Huzkux yactor (PHY) B curnan, npeacrasis-
1omuit co0oif yMHOKEHHE HHTEP(EPEHIIMOHHOTO CUTHAalIa
1 CUTHAJIA C OIIOPHOTO TeHeparopa.

00630p mpeabITyIINX HCCTeT0BAHUI

CymiecTByeT HECKOJIbKO BapuaHToB anroputma PGC.
Bce anropuTMbl HaUMHAIOTCS C MIpOLEcca TOMOAMHHOMN
JEMOIYIIALNY, OCHOBAaHHON HAa yMHOXEHHUU CUTHaNa S;,(7)
Ha CHT'HAJI OIIOPHOTO TeHeparopa, KOTOPBIH MOXKET UMETh
TapMOHMKH YaCTOTHI MOJYJISILIAHU OT TIEPBOIL JI0 YeTBEPTOM
B 3aBHCHUMOCTH OT CXEMBI, U MOCIEAYIOMmEH (QHIbTpalun
pe3ynbTara ¢ MOMOIIBI0 (PIITETpa HU3KOW 9acToTHI. [locite
(ubTpanyy MoayvyaroT HU3KOYaCTOTHBIE CHUTHAJIBL, 000-
3HauaeMsle Sy(f), e k=1, 2, 3, 4 — HOMEp yMHOXKaeMOi
rapMoHHKH. CUrHaBI S(f) 3aBHCAT OT U3MepeMOoi (a3bl
¢(?), KOTOPYIO HEOOXOAMMO M3BJIEYb C TOMOIIIBIO TOCIEY-
IOIICH 00pabOTKH.

OTMETHM OCHOBHBIC AJTOPUTMBI 00PabOTKH CHT-
HanoB. B pabGorax [1-5] mpenmoxen meron nud-
(hepeHIUPOBAHHOTO IEPEKPECTHOTO YMHOXKCHUS
(differentiate-cross-multiply, PGC-DCM), ocHOBaHHBIH
Ha quddepenunpoBanun curHaioB S (f) u S,(¢), ux nepe-
KPECTHOM NEPEMHOXXEHUN U MHTETPUPOBaHUH. B pesyrnbra-
Te MOJYYCH CUT'HAJIL, IPOTIOPIIHOHATBHBIN N3ydaeMoit (aze
¢(f). DTa cxema MO3BOIAET BOCCTAHABINBATH N3MEPEHHBIE
(ha3oBbIC CUTHANIBI U3 CUTHAJIA IIOMEXU HE3aBHCHMO OT
paboueii Toukn MHTEphepoMeTpa, OJHAKO Ha Hee BIIU-
sieT 3¢ et Bo3mylieHuss nHTeHCUBHOCTH cBeta (Light
Intensity Disturbance, LID). B paborax [6—8] npemioxeH
METOJI IeMOAYIAIMH, ucnonb3ytomuil meroq PGC-ATAN,
KOTOpBIN ycTpanser BaustHue LID, ogHako pesynbrar ne-
MOJYIISIIUM CTPOTO 3aBUCUT OT NIyOmHBI Moxyisiunu C.
Ecnu myonna nemonynsituu C oTKIIoHseTcs ot 2,63 parn,
Ppe3yabTaThl IeMOAY/ISIIH OyyT UMETh CEpbE3HBIE FapMO-
HUYECKHe HcKaxeHus. B padorax [7-14] chopmynmupoBan
yayumeHHbIi anroput™ PGC, 0CHOBaHHBIN Ha BBIYHCIIC-
HUU QYHKIIMU apKTaHTeHca U nuddepeHnnanbHOM yM-
HoxkeHu#u (DSM). g cXeMbl AeMOAYNIAINHA anropuTMa
PGC na ocnose nonxonos PGC-DCM [9] u PGC-ATAN
pa3paboraHbl rHOpUIHBIE ANropuTMBI [15-26], Takue Kak
PGC-RCM [19], ynyumennsiit PGC [20], PGC-DCM-
ATAN [21], PGC-ARCCOT-DSM [22], PGC-ATAN-DSM
[23], PGC-DSMI [24], PGC-Elim-B [25], PGC-Elim-BC
[26]. B paGote [12] ucciemoBaH anropuT™, OCHOBAHHBIH
Ha BBIYHMCIICHUH YETBIPeX CUTHAIOB S1(£), S5(1), S3(1), S4(?),
MIOJIyYaeMBIX C MOMOIIBIO YETHIPEX FapMOHHUK YaCTOTHI
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MOJYJISIIUKA. DTOT aJTOPUTM YCTOHYMB K (IIyKTyarusim
WHTCHCUBHOCTH Jla3epa, NIyOUHBI MOIYJISIIUH, ITOJIOKE-
HUsI paboyei TOYKH U UMEET OOJBIION TUHAMUYCCKUN
JrarnazoH. B mepeuncieHHpIX paboTax MCCIeIOBaHbI ITy-
MOBBIE XapaKTEPUCTUKU JIEMOIYIHpOoBaHHOU (a3bl ¢(f) 1
otmedeHo, uto ®HY BHOCHUT OTPENTHOCTH B H3MEPSIEMYIO
¢azy. [eranpHOe mccnenoBanne norpemHoct ot @HY
nccienoBano B pabore [6]. Tem He MeHee, B yKa3aHHBIX
paboTax He ucciaeoBaHbl MOrpenTHoCTH, BHOCHMbIe DHY
B JIEMOJLYJIUPOBAHHbIE CUTHAIBI S;(7), ..., S4(7).

B nacrosiieit padore ucrionbzoan metox PGC-ATAN.
[IpenebpekeM MIYMOBBIMU XapaKTEPUCTUKAMH B CHUTHAJIE
S;,(%), KOTOPBIH 3aMUILIEM B BUJIE:

S;,(t) = A + Becos(Ccos(m,f) + 9(1)), (1)

rae A 1 B — KOHCTaHTBI, OIIpe/ieIsieMble HHTEHCUBHOCTBIO
1 BUAHOCTBIO ONITUYCCKOI'O U3ITYUYCHUA.

Hccnenyem nmonmpaBku K MOJYYEHHBIM CUTHajaM
S1(9), ..., S4(t) mocne ux odpadorku GHY.

Ha puc. 1 n3obpakena cxema roMOJJHHHOM J1€MOJTYJIsi-
LMY Ha OCHOBE pelIeHni (QyHKIMHU apKTaHreHca (MeToj
PGC-ATAN) [10].

®HY - ckoJib3silee cpeHee

HcyeprbIBatoIMMuU XapaKTepUCTHKAMH JIF000TO JIMHEH-
HOT'O (hMIIBTPA SIBIISIIOTCS B OIIEPATOPHOM IIPOCTPAHCTBE —
niepenarovyHasi pyHKIHUs, BO BpEMEHHOM IPOCTPAHCTBE —
HMMITyJIbCHAsI XapakTepucTuka. Mcnonb3yeM B kauecTBe
®HY HepekypCUBHBIN JTUHEHHBIH TUCKPETHBIA (QHUIBTP.
3anuiieM ypaBHeHHE (QHIBTPALIIH, UMEIOIIEE BH] CBEPTKH
CHTHAJIa C UMITYJIbCHON XapaKTEePUCTHUKOM:

P-1

Vi= 2 X by ()
J=0

Miltiplier

X/Y

rae y; — k-0e 3HaueHUE BBIXOJJHOIO CHTHANA; X; — j-0€
3HAQYCHUE BXOJHOIO CHUTHAIA; b; — OTCUCTHl HUMIIYIlb-
CHOH XapaKTepUCTHKH QHUIBTPa; P — MOPSI0K QUIBTPA.
Hccnemyem npocToii GMIIbTp CKOJNB3SIIETO CPEHET0, IS
KOTOPOTO HMITYJTbCHAS XapaKTePUCTHKA paBHA

1
b.=—j=0,1,...,P—1.
J PJ

[Tocne mpeoOpazoBaHus 3aUIIEM ypaBHEHHE (PHIBTpa-
U U1 QUIBTPA CKOJIB3SIIEr0 CPEHEr0

1 &
e I_Jj:kszﬂxj.
Mpuk=n+P-1
1n+P-1
=5 FZn X (€)

rie P — uHTepBan ycpenHeHus (MOpsioK GUIbTpa); oy
— 9acTOTa JUCKPETH3AINH; (), — YaCTOTa MOJYJISIIHH:

(O]
p=—"1 )
O,

HaiineM aMIInTyIHO-4YaCTOTHYIO XapaKTEPUCTUKY
K(o) ¢punptpa (3)
. ®
sin (TE —)
(‘OC

=5

b

. ®

sin|m—

Q¥

rae 7; — nepuoj JUCKpPETHU3aINH.

Jetextupyemsiit curaan aaroputma PGC (1) mpu mo-
CTOSIHHOM (1)336 HU3MCHACTCA BO BPEMCHHU Ha YacToTax,
KPAaTHBIX YaCTOTE MOLYIISILIUH ©,.. JIJIsl TPaBUIILHON paboThI

1n+P-1
K)=|= X exp(-ioTi)
P i=n

Phase ~p(0)

Unwrapping

ATAN >

Miltiplier
ADC
—_
3 C evaluation and
* cos(3of) correction scheme
< ':‘ v Miltiplier
Miltiplier © C| Emor |g, i A,
* cos(4mot) evaluation =l evaluation i 1'
(X LPF block block ety to DAC
Miltiplier ’ C cos(mof)
0

Puc. 1. Cxema romopuaHOI nemonyisiiun Metona PGC-ATAN: ADC — ananoro-mudpoBoit mpeodpaszosarenb; RO — onopHsIi
reHeparop; LPF — ¢unsTp Huskux gactor; X/Y — onepanust genennsi; ATAN — omepariysi BRIYMCICHHS 3HAUCHUH (QYyHKIINH
apkranrenca; Phase unwrapping — 6ok noBopaunBanus dassl; HPF — duisrp Beicokux gactot; C evaluation block — 610k

BBIUMCIICHUS TTyOuHBI Monystsiun; Error evaluation block — 6ok pacuera omubok; Pl-regulator — cxema oOpatHO# cBs3U
¢ unrerparopom; DAC — nndpo-aHanorosslii mpeodpasoBarens
Fig. 2. PGC-ATAN demodulation scheme: ADC — analog-to-digital converter; RO — reference oscillator; LPF — low pass filter;
X/Y — division block; ATAN — arctangent function block; Phase unwrapping block; HPF — high pass filter; C — evaluation block
and Error evaluation block; PI-regulator — integrator feedback scheme; DAC— digital-to-analog converter
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aIropuTMa HEOOXOMMO, YTOOBI ITH YaCTOTHI SBISUIHCH
Hyasimu K(o). IMeHHO 3THM CBOMCTBOM 00Nanaer am-
IIUTYAHO-4acTOTHas Xapakrepuctuka ®HY-ckonb3siee
cpennee (5). HegocrarkoM 3Toro GuiasTpa, Kak U APYrux
JIMCKPETHBIX (DHIIBTPOB, SIBISIETCS OTpaHUYEHHE JIaa30Ha
(UIBTpanUY 110 YaCTOTE: YacTOTa CHI'HAJIA HE JI0JKHA ITpe-
BOCXOAMTH 4acToTy KoTenbHNKOBa, paBHOM MOJIOBUHE O
Wuaue rosops,
o P
—< (6)
w., 2
OOnacTh U3MEHEHHUs1 4acToT B curHaie (1) 3aBUCUT OT
napameTpa r1yonHsl Monynsiuuu C. OOBIYHO BBIOUPAIOT
OIITHMAJIbHYIO TIIYOMHY MOJTYJISILIMH:

C=2,6.

Torna B curnane (1) MOKHO OrpaHUYHUTHLCSI IEPBBIMHU
TISTBIO TADMOHMKAaMH, U, KaK CIIC/ICTBUE, BEIOPATh IITyOUHY
¢unpTparum P > 20. 3amumem Gopmyry (3) B HEmpephIB-
HOM (hopme:

T, , (7)
(@) =— [ x(¢)dr
T c t
rae T, — nepuoj MOLYIISINY.

B aTOM cityyae aMIUTUTYTHO-4aCTOTHAS XapaKTePUCTH-

Ka (UIBTpa IPUMET BU]L

o)
| T, sin (n —)
- | exp(—iwt')dl‘——mc )

c t

K(w) = ®)

T—
(O]
XapakTrepucTuku (5) u (8) COBIAaTaIOT, MPH yCIOBUU
(6). s pacueroB ypaBHeHHE prbTpa (7) B HEMPEPBIBHOM
(bopme ynobHee, ueM TUCKpeTHOe ypaBHEHHE (3).

Pacuer nmonpaBokK K CUTHaJIaM

B Giioke roMOAMHHON JEMOIYJISIIUN BBITIOJIHSIETCS
yMHOXkeHue curnana S;,(¢) (1) Ha rapMOHUKH 4acTOTHI
0, 3a7al0lIero reuepaTopa ¢ Homepamu » = 1, 2, 3, 4.
[Tonyuennoe npousseneHue npomyckaercs yepes ®HY, B
KadecTBE KOTOPOTO OyZIeM NCIOTB30BaTh (DHIIBTP CKOIB3SI-
IIETO CpeHero, GyHKIHMOHUPYIOMINH, COITTACHO COOTHO-
mennio (7). B pe3ynprare BBIACTAIOTCS HCKOMBIE HU3KO-
YaCTOTHBIE CUTHAIBI S,(7)

T,

S0 =" [S,,(#)cos(rot)dt.
c t

[Toncrasum (1), momydnm
5.0=50+570),

rae
1 z+TE
S,(C)(t) :BF | cos(Ccos(w, 2'))cos(o(t"))cos(rw,t')dt’
c t
1 Z+TC .
S,(S)(t):fBF [ sin(Ccos(o, ))sin(e(t'))cos(ro)dt

c t

B dopmyie (1) mapamerpor 4 u B HTOJ'IaFa}OTCH HE 3aBU-
t+T,
CAMMU OT BpeMeHH, unterpan A— | cos(rw t')dt’ paBen

t
HyIt0 (cBOMCTBO (8) dhmibrpa CKom:351u1ero CpEJIHEero).
[Mepenwuinem curHasbi S,C)(t) u S,(S)(t) ¢ moMoIsio (op-
Myibl Slkoou—Amrepa [27].

cos(Ceos(@,)) = Jo(C) + 2 g 1)k (C)cos(2ka,t),
sin(Ceos(,t")) = 2 50(—1)kJ2kﬂ(Qcos((zk + Do t).
Torna 7
5\ = B(Jy(O)A4 (1) + 251(*1)”21((@1421{,&0),
s =28 é()(—l)kJM(C)szH,(r),

rac

+T,
Ay (D) = F [ cos(2km, t')cos(o(t))cos(rm t')dt';

c t

1 T ©)
Bopy (1) = F [ cos((2k + Do £")sin((t'))cos(ro)dt'.
et
[osicHuM, 1O KaKo# IPUYMHE JUIS aHAM3a TOTPELIHO-
ctei grsrpanmu 001 BeIOpaH @HY ckomb3siero cpen-
Hero, obmamatormuii cBoiicTBoM (8). PaccMoTpum mHTETpan
Byjt1 ,(f) IpH yCIIOBMY HE3aBUCUMOCTH UCKOMOH (asbl ¢(7)
oT BpemeHu. MimeeM

t+T,
By t) = sin(g) - [ cos((2k + D, t')cos(rw ')t .
ct
U3 popmymer (8) cremyert, uro mpu yciaoBuu » = 2k + 1
1.
HONYy4YUM By () = —sin(@), B IPOTUBHOM CIIy4ae 3TOT
’ 2

HUHTErpan paseH Hynto. Jpyrumu cnoBamu, ®HY ckonb-
3SIIET0 CPEIHEro MAEaTbHO OT(GHILTPOBEIBAET BCE Tap-
MOHHKH 33JIafOIIETO TeHEPaToOpa W MPaBHIBHO BBIJICIACT
HU3KOYAaCTOTHYIO YacTh CUTHANA (IIPH YCIOBHH, UTO (a3a
HE 3aBHCHUT OT BpeMeHn). Eciu (ha3a MeHsieTes: Bo BpeMeHH,
TO (punbTpanyst BHOCUT HMOTPELIHOCTh B HCKOMBIH HU3KO-
yacToTHBIN curHai. [lonpaBku x S(?), ..., S4(¢) Haiinem
IIPU YCIIOBUU
. r
g:m« Lt<t<t+T,
.
rae & — mapamerp MajloCTH.
IIpu 3TOM YCIOBUU MOXKHO Pa3iIOXUTh @(t') B psiA
Teiinopa B uaTerpanax (9):

o) = o) + o()(t' - 1).

OrpaHu4uMcsi BEIYUCIEHUEM TTOTPABOK TIEPBOTO TO-
psaKa mo mapamerpy &:
0
5,(0) = 5.(1) + EAS (0. (10)

Haiinem unrerpanst Ay, (1), Byjy ,(f) € TOYHOCTBIO
JI0 TIEPBOTO TIOPSAAKA MO MapameTpy &.
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st Ay ,(2) nomyunm

0 1
A () = Sy A5, (1) + EAS (1),

t
Ag;c)Zk( 1= COS(;)( )),
1)) sin(4ko .t
Ag}c)2k( = sm(2(p( ) s1n(4kco ),
4D sm((p(t)) sin((2k + o)  sin((2k — r)o.f)
Ao (1) = + )
2 2k+r 2k—r

NIpU YCIOBUH, UTO 7 # 2k.
Host Appiy ,(2) mOyanm

1
Boj1 A0 = 8241y rBZk+1 AD+ §B(Zk)+1,r(f),

0 sin(¢(?))
ng)+l,2k+1(t) ==,
0] _ cos(p(?)) sin((4k + 2)w 1)
24+1,25+1(0) 5 P
B0 )= cos(o(?)) (sin((2k + 1 — r)o.t) .
Biier1 ) Y
N sin((2k+ 1+ I”)ODJ))
2k+1+r

IpH yCIOBHH, 4TO 7 # 2k + 1, e 6, ,,
Kepa.
Paccunraem HyneBoil nopsnox st S,(f):

51%) = 2B1,(0)B) (1) =~ BJ(Csin(o(1)),
552t = ~2BI,(O)AS)(1) = BI(C)cos(o(1)),
$(t) = 2BI,(C)BN() = BI(O)sin((1),
83t) = 2BI(C)A40) = BI(C)eos(().

— cumBon Kpone-

rae Jy, Jy, J3, J, — dynkuuu beccens nepsoro poxa 1,2,3
U 4 TIOPSIIKOB COOTBETCTBEHHO.
INompaska nepsoro nopsinka i S,(f) (10) nmeer Bug

AS,(t) = BUL(O)A)(0) +2 PG DIy (C)ASy (1) —
-2% (_l)kJ2k+l(C)B2k+l,r(t))'
=0

rae J, — ¢ynkuus Beccens HyneBoro mopsuaka; J,, u

Jrir1 — ynxuum beccenst 2k u 2k + 1 mopsiaxos.

IMpumenenue merona PGC-ATAN
IJIs BhIumncyennst gpaspl Q(7)

Kparko onumem nporokon aeiicrsus merona PGC-
ATAN, ucnonb3yeMblil JUisl YUCIEHHOTO MOJIETUPOBAHUSL:

1. 3aganmum curHan ¢ gerexropa (1), ¢ 3aBucsImEi oT
BpeMenu (aszoit () 1 yactotoit Momysimn v, = 2-104 I
PaccmoTpuM 1Ba ciydasi: MeAJICHHOE H3MEHEHHE (a3bl

(1) = mcos(0,05v,1), & ax = 0,025 (11)
U OBICTpOE M3MEHeHHE (Ba3bl

0(f) = 161c0s(0,05v,8), &, = 0,4, (12)

2. YmuoxuM curHai (1) Ha cos(ro t), r=1,2,3,4 u
JUCKPETU3UPYEM Pe3yabTaT C YaCTOTON JAUCKPETU3alun
vy =2-100Tm.

3. IlponycTum nonydeHHbIEe BekTOphl uepe3 OHU-
cKoub3smee cpenHee (2) ¢ mopsinkoM dunbrparmu P = 100
(4). Honyunm yeTbIpe AUCKPETU3MPOBAHHBIX CUTHAIA
S1(0), ..., S4(0).

4. ITpuMeHNM TpOUEAYPY apKTAaHTCHCA M BBIYUCIUM
HCKOMYIO (ha3zy:

. 3 Sy(0)(Sx(0) — sl(r»)
= arct _ . 13
ol) = are an(J 2 S5(O(S:0) — Su0) =

PasenctBo (13) cnpaBeanuBo Omaronapst H3BECTHBIM
cBoiictBaM (yHKIMHI Beccens nemoro mopsaka.

Haiinennas takum oOpazom (asa ¢(f) OyaeT oTImyarbes
OT UCTHHHOH (ha3bl ((f) M3-3a HATUYHUS MOMIPABOK (QHIIBTPa-
nuu. Hafimem mompaBku mepBoro mopsiaka K (ase gepes
morpaBKy A(f) K BEIpa)KEHUIO

3 55050 — $i1(1)

0= S0 - 540)
Sm(q’(t))) 1+ EA(f 14
(COS(W)) (1+ EA(). (14)

[Ipeobpaszyem Boipaxkenue (14) ¢ moMorso HopMyIibl

(10)

A = AS3 (1)  AS; (1) —ASI(1)  ASy (1)  ASy) (1) — ASy(D)

SO0 SO0 -5 SO0 S0 - s

[omyunm popmyny 1 UCKa)KEHHOH (a3bl ¢ TOUHO-
CTBIO [IEPBOTO MOPsIIKA

§(7) = arctan (VF(7)) =

i (15)
= arctan (M ( 1+ l—éA(t)) ) .
cos(o())\ 2

Brrancnenue apkranrenca (15) gact uckomyto ¢asy ¢
[IOIPABKOM:

¢(0) = 9(0) + &) (16)

B wurore 3anumem

1
<P(1)(f):5005(®(f)) ASy( )— ASl(t))+

+
J3(C)  4J,(0) 4J,(0)

AS4(r>) (17)

1. C
Rl e 6J3(0) Ao

PesyabTarsl

Pesymnbrarel 4MCICHHOTO MOJSIHPOBAHHS IO Me-
tony PGC-ATAN mnpencTaBieHsl Ha puc. 2 U puc. 3.
[Momyuennsie TpaduKu MOTPEITHOCTEH TEMOTYIIAINH (a3bl,
PACCYUTAHBI C TIOMOLIBI0 MAaTEMATHYECKOTO MOEIHPOBa-
HUSL (9KCTICPUMEHTAIIbHASL IIOTPELIHOCTD ¢y (1) = o0 —
—¢(?)) u o ¢popmyinam (16) u (17) (TeopeTrueckas mo-
rpemHOCT 8,,(f) = E(HN@(D(F)). Ha puc. 2 npuseeHo cpas-
HCHHE [OIPELIHOCTEH B¢y (1) U Oy,(f) AUIsL MEIJICHHOTO U3~
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Puc. 2. PaccunraHHasi aHAJIUTHYECKUM METOZIOM HIOTPELIHOCTh
Sexp(?) (CHHUIT LIBET) M UMCICHHBLI SKCTIEpUMEHT O ()
(xpacHbIiT 11BeT) 111 HeOOMBIIOH cropocTn Harpesa (11)

Fig. 2. Analytical calculated error 3,,,(7) (in blue) and numerical
experiment §,,(f) (in red) for a low heating rate (11)

MeHeHust passl o popmyse (11), Ha puc. 3 — 8., (¢) 1
d,,(¢) nnst GpIcTpOTO M3MeHeHus (a3l o Gopmyne (12).
s mepumoanygeckoro u3MeHeHns Ga3bl U omudKa u3-
MEHSIOTCS nepuoandecku. Ha pucyHkax mpencTaBiIeHO
HECKOJIbKO TieproioB. Omubka Benuka B 00JacTH MaKCH-
MaJIbHOW CKOPOCTH M3MEHEHHs (a3bl U Mana B 00JacTu
MHUHUMAaIbHON CKOPOCTH.

3akarouenne

HcenenoBaHbl HOTPEIIHOCTH B CUTHAJIE, CO3JaBacMbIe
(UIBTPOM HU3KHX YaCTOT CKOJIB3SILEro cpeHero. B pam-
Kax IpeAbLIYyIIUX UCCIIeA0BaHUN OIIOKY B cUrHanax Sy(f),
S,(1), S3(1), S4(f) u3-3a GuIbTpa HU3KUX YACTOT UCCIIE-
JIOBaHbl HE ObUTM. PUIBTP HU3KUX YACTOT CKOJIB3SILETO
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cpenHero ObLT BEIOpaH HeCTy4altHO, OH IPOIIE U UICalTbHO
OT(UIBTPOBBIBACT BCE TAPMOHHKH 3a/IafOIIEr0 TeHepaTopa
U NPaBUJIBHO BBLIENSIET HU3KOYACTOTHYIO YacTh CUTHAJIA
(ipn ycioBum, uTo (ha3a He 3aBUCUT OT BpeMeHn). Kak cire-
JyeT U3 NPUBEIECHHOTO HCCIIEI0BAHH)S, BEIMYNHA ITONPABKA
K CUTHaJIbHOHU (Daze 3aBHCHUT OT CKOPOCTH €€ M3MEHEHHSI.
Takum oOpa3om, TUHAMHUYECKUH nuana3on metoaa PGC-
ATAN ormpenensiercsi He TOJIBKO BEIMYMHON (ha30BBIX U
AMIUTUTYIHBIX IIYMOB, HO M CKOPOCTBIO M3MEHEHHUS CHT-
HaJIbHOH (a3bl. [TomydeHHbIe pe3ysIbTaThl O3BOJISIIOT YITyd-
muTh kauecTBo Metosia PGC-ATAN u TouHee onpeneinuThb
€ro JMHaMUYECKHUH AHana3oH.

References

1. Dandridge A., Tveten A.B., Giallorenzi T.G. Homodyne demodulation
scheme for fiber optic sensors using phase generated carrier. /[EEE
Journal of Quantum Electronics, 1982, vol. 18, no. 10, pp. 1647—
1653. https://doi.org/10.1109/jqe.1982.1071416

2. McGarrity C., Jackson D. Improvement on phase generated carrier
technique for passive demodulation of miniature interferometric
sensors. Optics Communications, 1994, vol. 109, no. 3-4, pp. 246—
248. https://doi.org/10.1016/0030-4018(94)90687-4

3. Kersey A.D. A Review of recent developments in fiber optic sensor
technology. Optical Fiber Technology, 1996, vol. 2, no. 3, pp. 291—
317. https://doi.org/10.1006/0fte.1996.0036

4. Wu K., Min Z., Liao Y. Signal dependence of the phase-generated
carrier method. Optical Engineering, 2007, vol. 46, no. 10,
pp. 105602. https://doi.org/10.1117/1.2799518

5. Lin W.-W,, Huang S.-C., Chen M.-H. Fiber optic microampere dc
current sensor. Optical Engineering, 2003, vol. 42, no. 9, pp. 2551—
2557. https://doi.org/10.1117/1.1597675

6. FengL.,HeJ., DuanJ.-Y,, Li F.,, Liu Y.-L. Implementation of phase
generated carrier technique for FBG laser sensor multiplexed system
based on compact RIO. Proc. 15 Asia-Pacific Optical Fiber Sensors
Conference, APOS, 2008. https://doi.org/10.1109/
APOS.2008.5226295

7. LiuY., Wang L., Tian C., Zhang M., LiaoY. Analysis and optimization
of the PGC method in all digital demodulation systems. Journal of
Lightwave Technology, 2008, vol. 26, no. 18, pp. 3225-3233. https://
doi.org/10.1109/j1t.2008.928926

8. Hel., Wang L., Li F,, Liu Y. An ameliorated phase generated carrier
demodulation algorithm with low harmonic distortion and high
stability. Journal of Lightwave Technology, 2010, vol. 28, no. 22,
pp- 3258-3265. https://doi.org/10.1109/j1t.2010.2081347

9. Azmi AL, Leung L., Chen X., Zhou S., Zhu Q., Gao K., Childs P.,
Peng G. Fiber laser based hydrophone systems. Photonic Sensors,

800

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MeXaHKn 1 ontukn, 2023, Tom 23, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 4


https://doi.org/10.1109/jqe.1982.1071416
https://doi.org/10.1016/0030-4018(94)90687-4
https://doi.org/10.1006/ofte.1996.0036
https://doi.org/10.1117/1.2799518
https://doi.org/10.1117/1.1597675
https://doi.org/10.1109/APOS.2008.5226295
https://doi.org/10.1109/APOS.2008.5226295
https://doi.org/10.1109/jlt.2008.928926
https://doi.org/10.1109/jlt.2008.928926
https://doi.org/10.1109/jlt.2010.2081347
https://doi.org/10.1109/jqe.1982.1071416
https://doi.org/10.1016/0030-4018(94)90687-4
https://doi.org/10.1006/ofte.1996.0036
https://doi.org/10.1117/1.2799518
https://doi.org/10.1117/1.1597675
https://doi.org/10.1109/APOS.2008.5226295
https://doi.org/10.1109/APOS.2008.5226295
https://doi.org/10.1109/jlt.2008.928926
https://doi.org/10.1109/jlt.2008.928926
https://doi.org/10.1109/jlt.2010.2081347

.M. MupowHnyeHko, A.H. ApxaHeHkosa, M.1O. MNnoTHMKoB

11.

15.

18.

19.

20.

21.

22.

23.

24.

25.

26.

2011. V. 1. N 3. P. 210-221. https://doi.org/10.1007/s13320-011-
0018-3

. Plotnikov M.J., Kulikov A.V., Strigalev V.E., Meshkovsky I.K.

Dynamic range analysis of the phase generated carrier demodulation
technique // Advances in Optical Technologies. 2014. V. 2014.
P. 815108. https://doi.org/10.1155/2014/815108

Zhang A., Zhang S. High stability fiber-optics sensors with an
improved PGC demodulation algorithm // IEEE Sensors Journal.
2016. V. 16. N 21. P. 7681-7684. https://doi.org/10.1109/
jsen.2016.2604348

. benukun M.H., [Tnotauko M.IO., Crpuranes B.E., Kyiukos A.B.,

KupeenkoB A.}O. DkCriepuMeHTaIbHOE CPAaBHEHHE AITOPUTMOB TO-
MOJIMHHOM JIeMOJTYJISILIMU CUI'HAJIOB 1151 pa30BOT0 BOJIOKOHHO-OIITH-
yeckoro aaryuka / HayuHo-TeXHMYeCKHit BECTHUK MH(OPMAIMOH-
HBIX TEXHOJOTHH, MexaHuku u onTuku. 2015. T. 15. Ne 6.
C. 1008-1014. https://doi.org/10.17586/2226-1494-2015-15-6-1008-
1014

. Volkov A.V,, Plotnikov M.Y., Mekhrengin M. V., Miroshnichenko G.P.,

Aleynik A.S. Phase modulation depth evaluation and correction
technique for the PGC demodulation scheme in fiber-optic
interferometric sensors // IEEE Sensors Journal. 2017. V. 17. N 13.
P. 4143-4150. https://doi.org/10.1109/jsen.2017.2704287

. Zhang Z., Zhang Z., Cheng J., Kong Y., Zhang L., Zhang D.,

Zhuang S., Peng W., Wu F., Zhu Y., Cui X. An improved phase
generated carrier demodulation algorithm with high stability and low
harmonic distortion // Optics Communications. 2022. V. 524.
P. 128800. https://doi.org/10.1016/j.optcom.2022.128800

Zhang S., Chen Y., Chen B., Yan L., Xie J., Lou Y. A PGC-DCDM
demodulation scheme insensitive to phase modulation depth and
carrier phase delay in an EOM-based SPM interferometer // Optics
Communications. 2020. V. 474. P. 126183. https://doi.org/10.1016/j.
optcom.2020.126183

. LiQ., Huang H., Lin F., Wu X. Optical micro-particle size detection

by phase-generated carrier demodulation // Optics Express. 2016.
V.24.N 11. P. 11458-11465. https://doi.org/10.1364/OE.24.011458

. Yu Z., Dai H., Zhang M., Zhang J., Liu L., Jin X., Luo Y. High

stability and low harmonic distortion PGC demodulation technique
for interferometric optical fiber sensors // Optics & Laser Technology.
2019. V. 109. P. 8-13. https://doi.org/10.1016/j.optlastec.2018.07.055
Christian T.R., Frank P.A., Houston B.H. Real-time analog and digital
demodulator for interferometric fiber optic sensors // Proceedings of
SPIE. 1994. V. 2191. P. 324-336. https://doi.org/10.1117/12.173962
Zhang S., Zhang A., Pan H. Eliminating light intensity disturbance
with reference compensation in interferometers // IEEE Photonics
Technology Letters. 2015. V. 27. N 17. P. 1888-1891. https://doi.
org/10.1109/1pt.2015.2444421

Tong Y., Zeng H., Li L., Zhou Y. Improved phase generated carrier
demodulation algorithm for eliminating light intensity disturbance
and phase modulation amplitude variation // Applied Optics. 2012.
V. 51. N 29. P. 6962—-6967. https://doi.org/10.1364/A0.51.006962
Yang X., Chen Z., Ng J.H., Pallayil V., Unnikrishnan C.K.C. A PGC
demodulation based on differential-cross-multiplying (DCM) and
arctangent (ATAN) algorithm with low harmonic distortion and high
stability // Proceedings of SPIE. 2012. V. 8421. P. 84215]. https://doi.
org/10.1117/12.974939

Wang G.-Q., Xu T.-W., Li F. PGC demodulation technique with high
stability and low harmonic distortion // IEEE Photonics Technology
Letters. 2012. V. 24. N 23. P. 2093-2096. https://doi.org/10.1109/
1pt.2012.2220129

He J., Li F., Zhang W., Wang L., Xu T., Liu Y. High performance
wavelength demodulator for DFB fiber laser sensor using novel PGC
algorithm and reference compensation method // Proceedings of SPIE.
2011. V. 7753. P. 775333. https://doi.org/10.1117/12.885823

Zhang W., Xia H., Pan C., Huang W., Li F. Differential self-
multiplying-integrate phase generated carrier method for fiber optic
sensors // Proceedings of SPIE. 2014. V. 9233. P. 92331U. https://doi.
org/10.1117/12.2069764

Peng F., Hou L., Yang J., Yuan Y., Li C., Yan D., Yuan L., Zheng H.,
Chang Z., Ma K., Yang J. An improved fixed phased demodulation
method combined with phase generated carrier (PGC) and ellipse
fitting algorithm // Proceedings of SPIE. 2015. V. 9620. P. 96200S.
https://doi.org/10.1117/12.2190842

Wu B., Yuan Y., Yang J., Liang S., Yuan L. Optimized phase generated
carrier (PGC) demodulation algorithm insensitive to C value //
Proceedings of SPIE. 2015. V. 9655. P. 96550C. https://doi.
org/10.1117/12.2184268

10.

12.

13.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

2011, vol. 1, no. 3, pp. 210-221. https://doi.org/10.1007/s13320-011-
0018-3

Plotnikov M.J., Kulikov A.V., Strigalev V.E., Meshkovsky I.K.
Dynamic range analysis of the phase generated carrier demodulation
technique. Advances in Optical Technologies, 2014, vol. 2014,
pp. 815108. https://doi.org/10.1155/2014/815108

. Zhang A., Zhang S. High stability fiber-optics sensors with an

improved PGC demodulation algorithm. /EEE Sensors Journal, 2016,
vol. 16, no. 21, pp. 7681-7684. https://doi.org/10.1109/
jsen.2016.2604348

Belikin M.N., Plotnikov M.Yu., Strigalev V.E., Kulikov A.V.,
Kireenkov A.Yu. Experimental comparison of homodyne
demodulation algorithms for phase fiber-optic sensor. Scientific and
Technical Journal of Information Technologies, Mechanics and
Optics, 2015, vol. 15, no. 6, pp. 1008-1014. (in Russian). https://doi.
org/10.17586/2226-1494-2015-15-6-1008-1014

Volkov A.V., Plotnikov M. Y., Mekhrengin M.V., Miroshnichenko G.P.,
Aleynik A.S. Phase modulation depth evaluation and correction
technique for the PGC demodulation scheme in fiber-optic
interferometric sensors. IEEE Sensors Journal, 2017, vol. 17, no. 13,
pp. 4143-4150. https://doi.org/10.1109/jsen.2017.2704287

. Zhang Z., Zhang Z., Cheng J., Kong Y., Zhang L., Zhang D.,

Zhuang S., Peng W., Wu F., Zhu Y., Cui X. An improved phase
generated carrier demodulation algorithm with high stability and low
harmonic distortion. Optics Communications, 2022, vol. 524,
pp- 128800. https://doi.org/10.1016/j.optcom.2022.128800

Zhang S., Chen Y., Chen B., Yan L., Xie J., Lou Y. A PGC-DCDM
demodulation scheme insensitive to phase modulation depth and
carrier phase delay in an EOM-based SPM interferometer. Optics
Communications, 2020, vol. 474, pp. 126183. https://doi.
org/10.1016/j.0ptcom.2020.126183

Li Q., Huang H., Lin F., Wu X. Optical micro-particle size detection
by phase-generated carrier demodulation. Optics Express, 2016,
vol. 24, no. 11, pp. 11458-11465. https://doi.org/10.1364/
OE.24.011458

Yu Z., Dai H., Zhang M., Zhang J., Liu L., Jin X., Luo Y. High
stability and low harmonic distortion PGC demodulation technique
for interferometric optical fiber sensors. Optics & Laser Technology,
2019, vol. 109, pp. 8-13. https://doi.org/10.1016/j.
optlastec.2018.07.055

. Christian T.R., Frank P.A., Houston B.H. Real-time analog and digital

demodulator for interferometric fiber optic sensors. Proceedings of
SPIE, 1994, vol. 2191, pp. 324-336. https://doi.
org/10.1117/12.173962

Zhang S., Zhang A., Pan H. Eliminating light intensity disturbance
with reference compensation in interferometers. /EEE Photonics
Technology Letters, 2015, vol. 27, no. 17, pp. 1888—1891. https://doi.
org/10.1109/1pt.2015.2444421

Tong Y., Zeng H., Li L., Zhou Y. Improved phase generated carrier
demodulation algorithm for eliminating light intensity disturbance
and phase modulation amplitude variation. Applied Optics, 2012,
vol. 51, no. 29, pp. 6962-6967. https://doi.org/10.1364/A0.51.006962
Yang X., Chen Z., Ng J.H., Pallayil V., Unnikrishnan C.K.C. A PGC
demodulation based on differential-cross-multiplying (DCM) and
arctangent (ATAN) algorithm with low harmonic distortion and high
stability. Proceedings of SPIE, 2012, vol. 8421, pp. 84215]. https://
doi.org/10.1117/12.974939

Wang G.-Q., Xu T.-W., Li F. PGC demodulation technique with high
stability and low harmonic distortion. /EEE Photonics Technology
Letters, 2012, vol. 24, no. 23, pp. 2093-2096. https://doi.org/10.1109/
1pt.2012.2220129

He J., Li F., Zhang W., Wang L., Xu T., Liu Y. High performance
wavelength demodulator for DFB fiber laser sensor using novel PGC
algorithm and reference compensation method. Proceedings of SPIE,
2011, vol. 7753, pp. 775333. https://doi.org/10.1117/12.885823
Zhang W., Xia H., Pan C., Huang W., Li F. Differential self-
multiplying-integrate phase generated carrier method for fiber optic
sensors. Proceedings of SPIE, 2014, vol. 9233, pp. 92331U. https://
doi.org/10.1117/12.2069764

Peng F., Hou L., Yang J., Yuan Y., Li C., Yan D., Yuan L., Zheng H.,
Chang Z., Ma K., Yang J. An improved fixed phased demodulation
method combined with phase generated carrier (PGC) and ellipse
fitting algorithm. Proceedings of SPIE, 2015, vol. 9620, pp. 96200S.
https://doi.org/10.1117/12.2190842

. WuB,, Yuan Y, Yang J., Liang S., Yuan L. Optimized phase generated

carrier (PGC) demodulation algorithm insensitive to C value.

Hay4HO-TexXHU4eCcKnii BECTHUK MHDOPMALIMOHHbLIX TEXHONOM M, MeXaHUkn 1 ontukun, 2023, Tom 23, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 4

801


https://doi.org/10.1007/s13320-011-0018-3
https://doi.org/10.1007/s13320-011-0018-3
https://doi.org/10.1155/2014/815108
https://doi.org/10.1109/jsen.2016.2604348
https://doi.org/10.1109/jsen.2016.2604348
https://doi.org/10.17586/2226-1494-2015-15-6-1008-1014
https://doi.org/10.17586/2226-1494-2015-15-6-1008-1014
https://doi.org/10.1109/jsen.2017.2704287
https://doi.org/10.1016/j.optcom.2022.128800
https://doi.org/10.1016/j.optcom.2020.126183
https://doi.org/10.1016/j.optcom.2020.126183
https://doi.org/10.1364/OE.24.011458
https://doi.org/10.1016/j.optlastec.2018.07.055
https://doi.org/10.1117/12.173962
https://doi.org/10.1109/lpt.2015.2444421
https://doi.org/10.1109/lpt.2015.2444421
https://doi.org/10.1364/AO.51.006962
https://doi.org/10.1117/12.974939
https://doi.org/10.1117/12.974939
https://doi.org/10.1109/lpt.2012.2220129
https://doi.org/10.1109/lpt.2012.2220129
https://doi.org/10.1117/12.885823
https://doi.org/10.1117/12.2069764
https://doi.org/10.1117/12.2069764
https://doi.org/10.1117/12.2190842
https://doi.org/10.1117/12.2184268
https://doi.org/10.1117/12.2184268
https://doi.org/10.1007/s13320-011-0018-3
https://doi.org/10.1007/s13320-011-0018-3
https://doi.org/10.1155/2014/815108
https://doi.org/10.1109/jsen.2016.2604348
https://doi.org/10.1109/jsen.2016.2604348
http://M.Yu
http://A.Yu
https://doi.org/10.17586/2226-1494-2015-15-6-1008-1014
https://doi.org/10.17586/2226-1494-2015-15-6-1008-1014
https://doi.org/10.1109/jsen.2017.2704287
https://doi.org/10.1016/j.optcom.2022.128800
https://doi.org/10.1016/j.optcom.2020.126183
https://doi.org/10.1016/j.optcom.2020.126183
https://doi.org/10.1364/OE.24.011458
https://doi.org/10.1364/OE.24.011458
https://doi.org/10.1016/j.optlastec.2018.07.055
https://doi.org/10.1016/j.optlastec.2018.07.055
https://doi.org/10.1117/12.173962
https://doi.org/10.1117/12.173962
https://doi.org/10.1109/lpt.2015.2444421
https://doi.org/10.1109/lpt.2015.2444421
https://doi.org/10.1364/AO.51.006962
https://doi.org/10.1117/12.974939
https://doi.org/10.1117/12.974939
https://doi.org/10.1109/lpt.2012.2220129
https://doi.org/10.1109/lpt.2012.2220129
https://doi.org/10.1117/12.885823
https://doi.org/10.1117/12.2069764
https://doi.org/10.1117/12.2069764
https://doi.org/10.1117/12.2190842

[TorpewHoOCTM anropMTtMa 4eMOAYNALUNY C reHeEPUpyemMon @asor HECYLLEN. ..

27. beiirmen I, Dpaeiin A. Beicime tpancienaeHTabie GyHkimm. T. 2.
Oynxuun beccens, GpyHKimun napaboanyeckoro NUIMHAPa, OPTOro-
HaJIbHBIC MHOTOYJICHBI / 2-¢ U3[L., 1iep. ¢ aHr1. H. S1. Bunenkuna, M.
Hayxka, 1974. C. 15.

ABTOpBI

Mupomnuyenko I'eopruii IlerpoBud — 10KTOp GHU3MKO-MaTeMaTH-
YeCKUX Hayk, mpodeccop, npodeccop, Yuusepcurer UTMO, CaHkT-
IerepOypr, 197101, Poccuiickas deneparus, s¢ 55401299600, https:/
orcid.org/0000-0002-4265-8818, gpmirosh@gmail.com

Ap:xanenkoBa Anuna HukomaeBna — acriupant, Yausepcurer U'TMO,
Cankr-IlerepOypr, 197101, Poccuiickas ®enepanus, s¢ 57674300400,
https://orcid.org/0000-0003-4869-2838, 11arzh11@gmail.com
InorHnkoB Muxana FOpbeBHY — KaHIUIAT TEXHUYECKHUX HayK, CTap-
K HayuHbli cotpynnuk, Yuusepcurer UTMO, Cankr-IletepOypr,
197101, Poccuiickas deneparms, s¢ 57193069973, https://orcid.org/0000-
0003-2506-0379, plotnikov-michael@yandex.ru

Cmamws nocmynuna 6 pedakyuio 13.03.2023
Ooobpena nocne peyenzuposanus 05.05.2023
Ilpunama x newamu 18.07.2023

©Noe

Proceedings of SPIE, 2015, vol. 9655, pp. 96550C. https://doi.
org/10.1117/12.2184268

27. Bateman H., Erdélyi A. Higher Transcendental Functions. Vol. 2.
McGraw-Hill, 1954.

Authors

George P. Miroshnichenko — D.Sc. (Physics & Mathematics),
Full Professor, ITMO University, Saint Petersburg, 197101, Russian
Federation, s¢ 55401299600, https://orcid.org/0000-0002-4265-8818,
gpmirosh@gmail.com

Alina N. Arzhanenkova — PhD Student, ITMO University, Saint
Petersburg, 197101, Russian Federation, s¢ 57674300400, https://orcid.
org/0000-0003-4869-2838, 11arzhl1@gmail.com

Michael Yu. Plotnikov — PhD, Senior Researcher, ITMO University,
Saint Petersburg, 197101, Russian Federation, s¢ 57193069973, https://
orcid.org/0000-0003-2506-0379, plotnikov-michael@yandex.ru

Received 13.03.2023
Approved after reviewing 05.05.2023
Accepted 18.07.2023

Pa6oTta nocTynHa no nuueH3um
Creative Commons
«Attribution-NonCommercial»

802

Hay4yHO-TexHn4eckuii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MeXaHKn 1 ontukn, 2023, Tom 23, N2 4
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2023, vol. 23, no 4


https://orcid.org/0000-0002-4265-8818
https://orcid.org/0000-0002-4265-8818
mailto:gpmirosh@gmail.com
https://orcid.org/0000-0003-4869-2838
mailto:11arzh11@gmail.com
https://orcid.org/0000-0003-2506-0379
https://orcid.org/0000-0003-2506-0379
mailto:plotnikov-michael@yandex.ru
https://doi.org/10.1117/12.2184268
https://doi.org/10.1117/12.2184268
http://D.Sc
https://orcid.org/0000-0002-4265-8818
mailto:gpmirosh@gmail.com
https://orcid.org/0000-0003-4869-2838
https://orcid.org/0000-0003-4869-2838
mailto:11arzh11@gmail.com
https://orcid.org/0000-0003-2506-0379
https://orcid.org/0000-0003-2506-0379
mailto:plotnikov-michael@yandex.ru

