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AHHOTAIUS

dazoBast MOIYIALMS Ja3€PHOTO U3TYyUESHHUSI C UCTIOIb30BaHUEM BCIIOMOTATEIBHOTO TEHEPATOpPa TO3BOJISET YIIyUIIHTh
TOYHOCTHBIE XapPAKTEPUCTUKH BOJTOKOHHO-ONTHYECKUX THPOCKONOB. B paboTe mpeanoixkeH METO reHepaliy CUrHana
(hazoBoil MOAYIAINY, PeaTn30BaHHbBIN Ha 0a3e MapaIeNnbHON apXUTEKTYPHI ¢ BO3MOKHOCTBIO JUHAMHUYIECKOTO
M3MEHEHNs TapaMeTpoB curaana. [IpeacraBieH mpoToTHIT KOMIIAKTHOTO BCTPAaHBaEMOT0 T'eHepaTopa Juis ()OpMUPOBAHHS
CUTHaJIOB yacToToil 1o 2,5 I'Tn. I'eneparop peann3zoBaH Ha IPOrpaMMUPYEMOH JIOTHYECKOH HHTErpaabHOU cXxeMme,
YTO 00€CHEeYHII0 KOMIIAKTHOCTh KOHCTPYKIUY, M CIEIAI0 BOBMOXKHBIM BKJIIOUNTH €0 B KOHCTPYKINIO BOJOKOHHO-
ONTHYECKOI'0 rMpockona. JluHaMmudyeckoe U3MEHEHUE TEHEPUPYEMOT0 CUTHajla OCYIIECTBICHO C NPUMEHEHUEM
HEePCOHAJIBHOTO KOMITbIoTepa. Pa3paboraHo crenuaan3upoBaHHOe MporpaMMHOe obecreueHne sl TeHepUPOBaHUS
CHTHAJIOB ITPOU3BOIBHON (GopMbl. [ pa3paboTaHHOTO reHepaTopa MPHUBEIEHbI CIIEKTPbl CHHYCOUIAIbHOTO CUTHANlA
u 6enoro myma.
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Abstract
Phase modulation of laser radiation using an auxiliary generator makes it possible to improve the accuracy characteristics
of fiber-optic gyroscopes. The authors propose a method for generating a phase modulation signal implemented on
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B.H. Ky3sHeuos, E.B. JlutBnHos, E.B. BocTtpukos, W.I. denHeka

the basis of a parallel architecture with the possibility of dynamically changing the signal parameters. A prototype of
a compact embedded generator for generating signals with frequencies up to 2.5 GHz is presented. The generator is
implemented on a field-programmable gate array, which ensured a compact design and made it possible to include it
in the design of a fiber-optic gyroscope. The dynamic change of the generated signal is carried out using a personal
computer using the developed specialized software that allows generating arbitrary waveforms. For the developed
generator, the spectra of a sinusoidal signal and white noise are presented.
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BBenenune

PesynbraTsl Hccie0BaHUi, TIPOBOAMMBIX B 00JIaCTH
pa3pabOTKH BOJOKOHHO-ONTHYECKUX I'MPOCKOIOB, T10-
Ka3bIBAIOT, YTO OJarojapsi MPUMEHEHHUIO BCIIOMOTaTElNb-
HOI (a30BOI MOIYJSLIUN JIA3EPHOTO M3ITYUEHHUST MOXK-
HO JOOUTBCS CYIIECTBEHHOTO YIYUYIICHUS TOYHOCTHBIX
XapaKTEepUCTUK JaHHOTO Tuma ycTpoucTs [1]. TouHocTh
BOJIOKOHHO-OTITHYECKNX THPOCKOIIOB MOKHO ITOBBICHTH C
TTOMOIIIBI0 BCTIOMOTATEeNBHOHN (pa3oBoil Momymsmun [2, 3].
WccnenoBanms B naHHOH o0iacTu mpoxoimkarores. OgHo
13 HaIpPaBJIEHUH peleHus MpooaeMbl TOUHOCTH — IIPHU-
MEHEHHE TeHepaTopa MPOU3BOILHON (OPMBI C HIMPOKOI
MOJIOCOH YacTOT /I 00EeCIIeYeHUs] BO3MOKHOCTH THOKO
MEHSITh CHTHaJl BCIIOMOTaTeIbHOH (pa30BOW MOJIYIISLINY.
[Ipu 3TOM HEOOXOUMO, YTOOBI TEHEPATOP TAKOTO CHUTHAJIA
OBUT COCTAaBHOW KOHCTPYKTHBHOW YacThIO BOJIOKOHHO-OII-
TUYECKOTO THUpOCKoma. JJaHHOE yclloBUE BO3MOXKHO MIpU
HCIIONIb30BAaHUN COBPEMEHHOM 3JIEKTPOHHON JIEMEHTHOM
6a3b1. B HacTosmielt paboTe IpUBEACH OIMH U3 BApUAHTOB
pean3anuy Takoro reHeparopa.

BonbIIMHCTBO CyIIECTBYIOIINX T€HEPATOPOB CUTHA-
JIOB ¢ HEOOXOIMMOH TTOJIOCON YaCTOT SIBISIOTCS CHHYCO-
HUJATBHBIMU. [ €HepaTopsl CUTHAJIOB MPOU3BOJILHON (op-
MBI TPAJAULIHOHHO BBIMOJHIIOTCS B BHJIE JIaOOPAaTOPHBIX
YCTPOICTB, N3-3a YETO UX BCTPAUBAHHE B KOHCTPYKIHIO
BOJIOKOHHO-ONTHYECKOTO THPOCKOINA MPAKTHYECKH He-
BO3MOXKHO. B kadecTBe NOCTyNMHON yHUBEpCAIbHOM MIaT-
(opMBI TSI IPOSKTUPOBAHUSI HOBBIX CXEM T'€HEPaTOPOB
npssimoro nugposoro cunresa (Direct Digital Synthesizer,
DDS) moxeT ObITh HCIIOIB30BaHA POrpaMMHupyemast Jo-
rudeckas maTerpansHast cxema (IIJINC) [4].

B pabote [5] mpumenena ITIJIMC Cyclone II, Ha xoTO-
poii peann3oBaHa cxeMa IreHeparopa ¢ YaCTHYHBIM pac-
mapaiienuBanueM (QpyHKIUN (a30BOTO aKKyMyISITOpa.
Takxum 00pa3oM, ynanoch HOBBICUTH MAKCUMAIILHO TTOJJIEP-
JKUBAEMYIO TAKTOBYIO YacCTOTY U YacCTOTY T€HEPHUPYEMBIX
CHUTHAJIOB.

OTmeTuMm, 4TO JUIsl pealu3allii reHepaTopa CUrHaJIoB
B MI0JIOCE HECKOJIBKUX TUTarepll NOITy4eHHOIO YBEIUYECHUS
HejocTarouHo. B [6] paccmoTpena peanusanus reHepa-
TOpPa, B KOTOPOM JJIsl YMEHBIIEHUs] KOTHUYECTBA PECYP-
COB HCTIOJIb30BaHO CBOWCTBO CHMMETPHHU TapMOHUYECCKOH
(GyHKIMH, a JUIT yMEHBUICHUS TUHAMAYECKOTO 3HEPTO-
MoTpebsIeHNsT MPUMEHEH METOJ OTKJIIOUEHHSI TAKTOBOH

yactoTh! (clock gating). [TogoOHBIE TOX0IBI MOTYT OBITH
AKTyaJIbHbI B yCTPOMCTBAaX C BHICOKMMH TPEOOBAHUSIMU K
SHEPronoTpeOIeHNI0, HO MPUMEHEHHE X JUIs TeHepalnu
CHUTHaJIa TPOMU3BOJILHON (hOPMBI HElesIecoo0pasHo.

B paGore [7] mpencraBieH BapHaHT OpraHU3alyu Ia-
pamtensHON paboTs! aByx IIJIVC u geTsipex mudpo-ana-
soroBsIX ipeodpazosareneii (LIAIT). B xauecTBe nctounu-
ka orcuetoB it LIAIT npumeHen HabOp sSUEEK MaMATH U
MEHEKEp, arperupyroInid X BbIXOJHbIC 3HaUeHUs. Takon
TIO/IX0J] OTPaHMYMBAET BO3MOYKHOCTH OCYIIECTBICHUS (ha-
30BOM U aMIIUTYAHOM Moynsanuil curnana. B [8, 9] mpu-
MEHEH METOJ1 FeHepaluy CUrHaja Ha 0ase mapasuiesbHOM
apxuTeKkTypbl. OObeIMHEHHBIE TS pabOoThl B TTapaslIeIib-
HOM peKHMe IH(POBbIE BHIYNCINUTEIbHBIE CHHTE3aTOPBI
WCTIOJIb30BaHbI [T TEHEpallMy CUTHAJIA U €T0 Mepeadn
Ha I{AIl. Hegocrarok Takoro pemenns — HEBO3MOKHOCTD
JMHAMWYECKH U3MEHSTh TeHEPUPYEMBIH CUTHAIL.

W3 paccMOTpeHHBIX paboT CIOKHO BBHIOPATh M3BECT-
HOE pEIIeHHUE I BHIMOIHEHNS TOCTABICHHON 3aauu.
HeobxomumocTh BEIOOpa pEIIeHHsI TTOCTYKHIIIa TPHIUHOM
MIPOBEICHHS HACTOSIIEH padOoTHI.

Hpeanomennoe pemeHue

ABTOpaMHM MPEIIIOKEH U Peasn30BaH METOA T'eHepa-
IIUY CUTHAJIA HAa OCHOBE MapajuIeIbHON apXHUTEKTYPHI C
BO3MOKHOCTBIO TMHAMHUYECKOTO U3MEHEHHs CUTHAJA C
MTOMOIIBIO TPOTPAMMHOTO oOecriedeHust Ha 0a3e makera
npukiaagaeix mporpamm MATLAB. J{ng skcniepuMeHTanb-
HOTO TIOJITBEPIKACHHS MPEIaraeMoro petieH s peain3o-
BaH IPOTOTHUII TeHEepaTopa Ha OCHOBE OTJIAI0YHBIX I1J1aT Ha
6aze [IJINC Arria 10 u BeicokockopoctHoro [TAIT AD9164.
PeanmzoBanHas apXUTEKTypa TeHepaTopa CUTHAJIOB MIPE/I-
craByieHa Ha puc. |. CHHIM IIBETOM BBIJIEIEHBI OJIOKH KOJ1a,
MIPE/UIOXKEHHBIE B TAHHON paboTe, OpaHKEBbIM — ITOCTaAB-
nsiemble ipousBogutenem [IJINC.

YrpasiieHre TeHeparueii Mpou3BoIbHOM (HOpMEL, HE0O-
XOIUMBIe OJIOKHM 3arpy3ku u 00padoTku manHbX Ha [IJIMC
obecmneunBaet nepconanbubrii komnsiorep (1K) ¢ mpo-
rpaMMHBIM oOecriedeHreM Ha 6aze MATLAB. Iludpossie
OTCUETHI CHTHalla TPOU3BOJIBHON (HOPMBI TepealoTCs
B [IJINC uepe3 JTAG-untepdeiic na DDS. biok-cxema
sanpa reaeparopa DDS npusenena Ha puc. 2, rnie RAM
(Random Access Memory) — namsTh ¢ IPOU3BOJIbHBIM
JIOCTYIIOM.
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Puc. 1. Biok-cxema apxuTeKTypbl rereparopa. Haspanust GJI0KOB IporpaMMHUPYEMOU JIOTHYECKOW HHTErPAJIbHON CXeMe IIPUBEIEHBI B
co0TBeTCTBUH ¢ TexHuueckoi nokymentanueii (Intel FPGA. JESD204B IP Core User Guide. 2017)

Fig. 1. Block diagram of the generator scheme. The names of FPGA blocks are given in accordance with the technical documentation
(Intel FPGA. JESD204B IP Core User Guide. 2017)

Cunxponuszanus (DDS) obecriedena ¢ momMoIpio cur-
HaJIOB cOpoca 1 pasperieHus. [IpuMenenne mecTHaanaTin
T€HEpPaTOpPOB CHUTHaJa 00yCIOBICHO PEXMMOM PabOTHI
HAIL uMmeromux MakCUMaJIbHYI0 YaCTOTY AUCKPETH3ALMU
5 I'T. brox Beraucienus $Ha30BOro MHKPEMEHTa BBITOJ-
HSET MOJICYET CJIOB HacTpoiiku st DDS, paborarommx B
napajuieIbHOM pexumMe. Ilocuer BHITOTHEH My TeM mepe-
HOCa MJIQIIMX OUT CIIOBAa HACTPOMKK Ha 4 OUTa B CTOPOHY
CTapIIuX, T. €. yMHOKeH Ha 16. Hactpotika ha3sr ocyriect-
BJIEHA MCXOJISl U3 PACCUMTAHHOIO CJIOBA HACTPOWKH, U IS
Ka)KZ0T0 I'eHepaTopa BHIYUCIICHA ITyTEM €Tr0 YMHOXEHHS Ha
TIOPSIJIKOBBIM HOMEp reHepaTopa. BBIXOHbIM CHTHAIIOM re-
Heparopa sSBJIeTCs MapajuienbHas IIHHA, KOTOpas COCTOUT
13 KOHKAaTeHUpOBaHHbIX BbIX00B DDS. Curnan Ha BbIxoze
reHeparopa IapajjiesIbHON apXUTEKTyPbl TOCTYHaeT Ha
BXOJ] BHICOKOCKOPOCTHOTO HHTEep(eiica mepenadn TaHHbIX
JESD204B u nepenaetcs na L{AIL

IIpennoxeHHbIN METO/I TeHEPALIMU CUTHAJIOB Pean3o-
BaH Ha s13blke onucanus annaparypsl VHDL.

N, o N

®azoBoe | Hacrpoiika DDS0
CMelleHne hassr DDSI1
Cropo | BBIIHCIICHHE qE DDS2
HACTpOHKH ¢azosoro £ DDS3
MHKPEMEHTa g
s DDS4
Biok 3amicu = .
Anpecnas muHa dopmbI a >
Tepe/ian JaHHbIX curnana | | .
BRAM ) | ,_‘{ DDS15 I'J

KoncTpyknus reneparopa

JI71st sKCTIepUMEHTATLHOTO TIOATBEPKICHUS METOA CO-
OpaH MPOTOTHUI TeHepaTopa Ha oTaaI0uHbIX Tuiatax [1IJINC
Reflex Attila Instant-DevKit Arria 10 FPGA FMC IDK
n HAIT EVAL-AD9164 (puc. 3). Beibop KOHCTpYKITHi
OTJIaJIOYHBIX IJIAT OCHOBAH Ha CJIEAYIOIINX YCIOBUSX: IS
IJAIT — BrIcOKast wactora puckperusanuu (5 ['T), mms
[IJINC — nannuue HEOOXOAMMBIX OJIOKOB TPAHCHUBEPOB
1 Pa3beMOB JJIsl NOAKIIOUEHUs oTnaouHon marel LATL.

IIpu ncnonb30BaHUU NAPAIIIETILHON apXUTEKTYPhI yAa-
JIOCh TOCTUYB TCHEPAIIH CUTHAJIOB MTPOM3BOIBHOMN (hOpMBI
B mostoce ot 500 k' 1o 2,5 I'T'm mpu TakTOBOW YacToTe
312,5 MI'u. Ilpumenennsriii [IAIT nmeeT yacToTy TucKpe-
Ttu3anuu 710 5 I'To B peskxume paboThl ¢ BEIIECTBEHHBIMU
YHUCIIaMH Pa3psIHOCTBIO 16 OUT M BCTPOCHHBIN HHTEPIIO-
JSITOP ¢ Kod(dunneHTaMmu uateprosiiuu ot 1 1o 3. IIAIT
TaKKe MMOJICPIKUBACT BEICOKOCKOPOCTHON UHTEPdEHC TIe-
penaun nanusix JESD204B, npenna3nadeHHbI 171 iepe-
naun orcyetoB ¢ [IJIMC na [TAIL.
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Puc. 2. bnok-cxema sijpa reHepaTropa IpsIMOro CHHTE3a Ha IIPOrpaMMUPYeMO JIOTHYECKOH HHTErpallbHON cxeMe
Fig. 2. FPGA-based parallel DDS generator core
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Fig. 3. Picture of the generator implemented on development boards
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Fig. 5. The spectrum of white noise in the frequency band from 500 kHz to 2.5 GHz
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WmnnemeHTanyst moaypoBHs (U3MYECKOr0 KOIUpPOBa-
HUsl Ha Oa3e YHUBEPCAJIbHOW JIOTMKU MIPU padoTe ¢ TpaH-
cuepamu B [IJIMC 10AX115N4 no3ponuia nepeaaTrsb
nannbie Ha LIATT co ckopoctsio o 12,5 T'out/c. [Tpu npu-
MEHCHHH PEeKHMa PabOTHI C BEMICCTBEHHBIMHU YHCIaAMHU
1 K03 PUITMESHTOM HHTEPIIONSIINI BBIXOIHOTO CHTHAalA
paBHBIM | "9acToTa AMCKpEeTH3anuyu ucmonb3yemoro LIAT]
coctasisteT 5 [Tu. Takum oOGpa3zom, BepXHssA TpaHUIlA
TepeiaBaeMbIX 9acToT paBHseTcs 2,5 [T Pesymbsrarsr pa-
0OTBI TeHepaTopa MpecTaBleHbl Ha puc. 4 u 5. I3Mepenus
CIEKTPOB BBINOIHEHBI C UCIIONB30BAaHUEM aHAIN3aTOPa
Rohde & Schwarz FSW26.
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3akJ/ioueHnne

B paGore npennoxeH MeTo]| reHepaliy CUTHaIa Ha
0a3e mapaienbHONH apXUTEKTYpPhl C BO3MOKHOCTBIO JIU-
HAMHYECKOr0 H3MEHEHHS TapaMeTpoB curHana. Pesynbrar
NPAKTHYECCKOW peanu3anui paccMaTpUBaeMON apXHUTEK-
TYpBI IIPEACTABICH MaKeTOM T'€HepaTopa CUrHaja Ipou3-
BOJIBHOH (POPMBI C YaCTOTHBIM Auama3zoHoM oT 500 kI'1g
1o 2,5 I'T' ¢ rakroBoii yactoroit 312,5 MI'11 1 BO3MOX-
HOCTBIO JUHAMHYECKOTO M3MEHEHHUs (OpMbl CUTHAJA.
[IpennoxkeHHas apXUTEKTypa MOXKET OBITh HCIOIb30BaHA
JUISL IOCTPOCHUST MajiorabapuTHBIX TeHEPaToOpOB CUTHA-
JIOB, BXOAAIIHUX B COCTAaB KOMIIAKTHBIX MU3MCPUTEIbHBIX
pudOpoB.

Pa3paboTanHbIli MakeT reHeparopa MPUMEHEH B CO-
CTaBe BOJOKOHHO-ONTHYECKOIO I'MPOCKOIIA JUIsl MOIYJIH-
POBaHUsI ONTHYECKOTO U3ITYUCHHS C LENbI0 YIyYLICHUS
TOYHOCTHBIX XapaKTEPUCTHUK.
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