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AHHOTaums

B cratbe onucaHa VMMWUTAUMOHHas Mojelb  LMPPOBOro npeobpasosatens  4acToThl,
npegHasHavyeHHas Ana YnydlleHWs KadectBa 00pa3oBaTeNlbHOro npouecca. [aHHas MOfeNb
paspaboTaHa B cpefe KOMMNbHOTEPHOro mogenvposaHus LabVIEW®. [MokaszaHa Bu3yanusaums
npouecca LMPPOBOro npeobpasoBaHUs YaCTOTbl OCHOBAHHOMO Ha pPa3MHOXEHUWU CrekTpa
CUrHasa Npu ero AuUCKpeTM3aummn, Ha rnprumepe npeobpasoBaHNs YacTOTbl MOMIOCOBOIO CUrHasma
BBEPX W BHW3. [lpeacTaBiieHbl OCHOBHbIE  3KCMjlyaTalMOHHbIE  BO3MOXHOCTM  MOAENw,
BO3MOXHOCTb HAaCTPOVKM NOM0COBOr0 (hunbTpa AN BblAeNeHnUs TpebyemMor Konum MCXOAHOT0
CUrHana B pPasMHOXXEHHOM CMEKTpe AUCKPETU3MPOBAHHOIO CUrHana Ha rapMOHMKax 4acToThbl
LMCKpPEeTM3aLmn.

Kntouyesble cnoBa: UMpoBOe MNpeobpasoBaHMe 4YacTOTbl; AUCKPETU3auMs; UMUTaLMOHHOe
MOZeNMpoBaHNe; KOMMbIOTEPHAA MOESb; CNEKTP CUrHaa.
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Abstract

The article describes a simulation model of a digital frequency converter, designed to improve the
guality of the educational process. This model was developed in the environment of computer
simulation LabVIEW®. The study demonstrates the visualization of digital frequency conversion
based on the reproduction signal spectrum during a sampling signal, the example of the frequency
conversion bandpass signal up and down. The authors describe the basic operational capabilities
of the model, the possibility of the bandpass filter settings to select the desired copy of the
original signal in the reproduction spectrum of the sampled signal at harmonics of the sampling

frequency.
Keywords: frequency conversion; sampling; simulation modeling; a computer model; signal

spectrum.
BeepgeHue OT/INYAKOTCH OT U3BECTHbIX aHA/IOrOBbIX TEXHO/OTMUIA,
B  HacTodwee  Bpems, npu  06y4YeHWU 4YTO 3aTpyAHsSeT WX MOHUMaHWe W BOCMpUATHE.
CreunanmcToB B obnactu pasmnocBs3u, Hannyywmm cnocoboM YCBOWUTb CYTb  CNOXHbIX
paccMaTpuBatoTCsi COBPEMEHHbIE PaAVONpPUEMHble U npoLeccoB ABNAeTCA VNMUTaLMOHHOE
paguonepejarole  ycTponctea € LU(POBbIMU MOJEeNVMpoBaHue,  Jenatoliee  3TW  NpOLECChI
MeTofamu thopmMupoBaHus " 06paboTKu HarnggHbIMK, Cnoco6eTByd (POpPMUPOBaHMIO Gonee
paguMocurHanoB. [laHHble MeToAbl  CYLLEeCTBEHHO rny6oKMX 3HaHuin y obydvarowmxca. OpHUM 13
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OCHOBHbIX ~ MpOLECCOB  LW(poBOM  06paboTKM
CUrHafIoOB B PaguOTEXHMKE, SABASETCA LM(POBOe
npeobpasoBaHve  4yactotel. B otamumm ot
aHasIoroBbIX  TEXHOMOTWMIA  ANns  npeobpa3oBaHus
4acTOTbl  paguMocuUrHasa BMECTO CMecuTens W
reTepofvHa  MNPUMEHSIETCA  aHaIoro-uuppoBoe
npeobpasoBaHne, a TOYHEe €ero nepsbli 3Tan -
JAMcKpeTn3aums curHana. M3sectHo [4, 5], 4to npw
AVcKpeTUsaumm aHasioroBoro HernpepbIBHOTO
CUrHaia MpouCXOAMT PasMHOXEHWE ero Crnekrtpa -
(hOpMUpOBaHME ero KOMnuii Ha rapMOHMKax 4acToTbl
anckpeTusaummn.  icnonb3yst MOMOCOBOW  mnbTP,
TEOPETUYECKN MOXHO BbILENTL  NIHOOYH  KOMNUKO
CMeKTpa, YTo, (haKTUYECKM, U eCTb NEPEHOC CrekTpa
B Apyrylo 06nacTb  4acToT.  AHa/lOrMyHO,
ONCKPETU3NpYA NosI0COBOA PafnMoYacTOTHbIN
CUTrHaJ1, MOXHO OCYLLIECTBMTb MEPEHOC ero criekTpa B
06/1aCTb  HU3KUX 4acTOT. VIMEHHO 3TW npouecchl
LM(POBOro NpeobpasoBaHUA YaCTOTbl U HYXAakoTcA
B o06ecrieyeHWM HarnsgHoOCTU  MpU U3y4YeHWK
LUMPOBLIX PaNOTEXHUYECKUX YCTPOICTB. Hanbonee
YAO6HbIM W ecTecTBeHHbIM B HacTosLlee Bpems
CNnocoboM  pelleHMe  3TOW  3adayun  sIBASIETCA
UMWUTALMOHHOE  KOMMbIOTEPHOE  MOZENMPOBaHME.
CneposatenbHO, 3aa4a NOCTPOEHUS KOMIMbIOTEPHOIA
mMoZenu  LM(poBOro npeobpasosaresis  YacToThl
AB/ISETCA aKTya/IbHOIA.

OcHoBHas YacTb

Lienbto cTaTbu SABNSETCA OnuUcaHue cnocoba
noBbIWeHNs  3(h(peKTUBHOCTM  06pa3oBaTe/IbHOro
npouecca Mpyv  M3YYeHUU Teopun  LUPOBOro
npeobpa3oBaHNs 4acTOTbl Ha OCHOBE MOCTPOEHUS
KOMMNbIOTEPHON MMUTALIMOHHOR MOZENN.

MocTaHOBKa 3a4a4u

Ona  [OCTMXKEHUS  MOCTaB/IEHHOW  Leu
HeobX0AMMO BbIOpaTb Cpedy MOAENMPOBaHUA U
paspabotaTb MMUTaUMOHHYKD MOZeNb npouecca
Lnhposoro npeobpasoBaHua 4acToTbl.
VMmnTaumoHHas Mogesb Lnhposoro
npeobpasoBaTens 4acToOTbl AO/KHA 0becrneumsarb
cnegytowime yHKUNN:

- Peanin3oBbiBaTh  LM(POBOE  MpeobpasosBaHme
4acTOTbl CUTHa/1a BBEPX U BHU3;

- OTobpaxaTb  CMEKTPbl NCXOLHOr0 7
OMCKPETU3MPOBAHHOTO  CUFHA/IOB,  CMEKTP  KOnuu
MCXOLHOTO0  CUrHasna, BblLEIEHHOr0  MOJIOCOBLIM
(hMNbTPOM Ha 3a[]JaHHO YacToTe;

- MpefocTasnaTb BO3MOXHOCTb BblbOpa
4acTOTbl AUCKPeTM3auMn 1 HacTPOKM MapameTpoB
MosI0COBOro (hnbTpa.

-Bce onepauum [JO/mKHbI  OTOGpaXKaTbCAd B
peasibHOM MacLUTabe BpeMeHM.
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BaxHoli  0COBEHHOCTbIO MOZENnpyeMoro
npovecca ABNAeTCA HEBO3MOXHOCTb
HEMocpeACTBEHHON  AWCKpeTU3auMM  aHa/loroBoro
CMrHana, Tak kak B 1t060M cyyae B KOMMbIOTEPE OH
yxe OydeT npeAcTaBneH CBOMMM — OTCYETaMW.
CnegoBaTtenbHO, B MpoLecce MOAenvpoBaHus Gyaet
(haKTMYECKN OCYLLECTBNATLCS MepeavcKpeTM3aLms
Y)XXe AVCKPETHOr0 CUrHasa.

PaspaboTka mogenu

Ana  pa3paboTKM  KOMMbIOTEPHOR  MoOLenu
LUnhpoBOro  npeobpasoBatenss  YaCTOTbl  Obina
BblbpaHa cpega  mogenupoBaHus — LabVIEW®
(Bepcua 2011), Tak Kak [aHHas cpega MMeeT
06LUMPHBIE BO3MOXHOCTM /1A CO3LaHUsA UHTepdelica
nporpammbl, CnocobHa efUHOBPEMEHHO MNPOBOAUTH
n3vepeHns, 06paboTKy [AaHHbIX Y BU3yan3auuio
npoueccos. Tak e LabVIEW® npocTa B 0cBOEHUU
N MeeT OBLLIMPHYHO PECYPCHYHO 6Gasy.

Pa3paboTka Mofenun npoBefeHa B Ba OCHOBHbIX
aTana:

1) co3gaHne cermeHTa MOAEeNM, OTBeYaroLLEro 3a
reHepaumio CUrHana;

2) co3fjaHve anropuvTma, OCYLLECTB/IAIOLLErO
OMCKPETU3ALMIO CUrHaa.

[na  MogenupoBaHus mpouecca  LMgpoBoro
npeobpa3oBaHNA 4acTOTbl CUTHana BHU3 U BBEPX
reHepupyeTcs MOMIOCOBOM  CWUTHa/l, B KOTOPOM
HacTpamBaeTCs  3HayeHWe  Hecylleld  4acToTbl
(cpegHero 3HaveHMsi cnekTpa curHana, Fcp Iw).
LUunpnHa cnektpa ukcuposaHa M paBHa 10% oT
CpefHero 3HayeHus CrekTpa CUrHasa.

B cpege LabVIEW® pfgaHHbIli  curHan
peann3oBaH CymMmoii 11 CUMHycouf, C LIEHTpasbHOM
CUHYyCcOMAOl, 4acToTa KoTopoi paBHa Fcp, L.
OctanbHble 10 cuHycomg OTCTOAT APYr OT Apyra Ha
BeNMYMHY paBHyto 1% ot Fcp 'y, nepsebie 5 BBEpX
Mo 4YacTOTHOMY [Amana3oHy, MocnefHWe BHU3 MO
4acTOTHOMY Amana3oHy. AMMANUTYAa HauBbICLUEN MO
YyacToTe CUHYycOoMabl (PrKcupoBaHa U paBHa 10 B,
amnanTyfbl OCTa/IbHbIX CUHYCOMZ, NOC/ef0BaTEIbHO
CHMXAKTCA Ha 3% OT npeablayLLei.

ANropuTM,  peav3ylolmniA  AUCKPeTU3aLmMIo
nccneflyemoro CurHaia, ocHoeaH Ha 6ase uwukna for.
[aHHbIli anropuTm npeobpasyeT BXOAHON MaccuB
[aHHbIX, COOTBETCTBYHOLLI reHepupyemomy
cuUrHasy, 06Hy/Ifs BCE 3HAYEHMS MaccKBa, Kpome Tex
3HaYeHWiA, MHAOEKC KoTopbiXx paBeH k*Ns (Ns -
nepuoj OMCKpPeTM3auum B OTCYeTax CurHana, K -
Liesioe MOMOXWTeNbHOE Ymncno, pasHoe oT 1 go Fs*t
(Fs - vactota guckpetmsaumu, t - [A/IMTENbHOCTb
curHana pasHas 1 c)). [pyrumu cnosamu, aniroputm
OCTaB/seT Nno 1 OTCYeTy WCXOAHOr0 CUrHana ¢
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MepuosoM  paBHbIM  Mepuody  AWUCKPeTU3aLMu.
UacToTa AnMcKpeTusaumm 3aaeTcs nosb3oBaTesiem.

Mocne AWCKpeTM3auuyM CWUrHan MocTynaeT Ha
BX0O4, nonocosoro  ¢wibTpa  batTepBopTa C
M3MEHAEMON MOOCOM NPONYCKaHUA NS BblAeNeHns
Heo6X0oAMMON CABUHYTOM KOMWK CNEeKTPa MCXOAHOro
CUrHana.

2500
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oTobOpaXkaeT  OCUMNIOTPaMMbl  MCXOLHOIO U
OMCKPETU3MPOBAHHOIO CUIHa/Ma, CMEeKTP UCXOLHOro
CWUrHana, CrnekTp AUCKPETU3MPOBAHHOIO CWrHana, U
CMeKTP, BblAeNEeHHbI M0M0COBbIM (PUALTPOM. [pu
noMowy MHTepdielica, MoNb30BaTe/lb 334aeT Takue
napaMeTpbl Kak: CpefHAs 4actoTa reHepupyemoro
CUrHanma; 4acToTa AWMCKPeTU3auuun; BepXHAs U
HVDKHSS rpaHuLa noaockl NPOonycKaHMs Moa0coBOro
(unbTpa.

VCXOAHbI cnekTp  CNekTp GUALTPOBAHHOTO CHrHana

Puc. 1 Monb3oBaTenbCKUii MHTEPENC NporpaMmsl
Fig. 1. The user interface

PaspaboTaH MNOMb30BaTeNbCKUA  MHTEPdIelic
nporpamMmbl  (puc. 1). WHTepdpelic  nporpammbl
Ocumnnorpamma MCXOAHOTO CUTHANA Ocyunnorpamma AMCKPETM3INPOBANHOTO CHIHANA |

250 500 750 1000 1250 1500 1750 2000
Time (Samples)
rep. nz
vi 500000 W npua cnekTpa pasHa 10% YccToTa AMCKpeTH3ayum:
OT CPeAHEro 3HaueH ra, Hz
BepxHSf M HUXKHAS rPpaHuLbl CnekTpa Vo=
M pameTps NONOCOBOTO GUALTP
Fiin.0nFrn Mo, rZ reg, re
FH=fl.<H*Frn yiee
PesynbTaThl
[ns  femoHcTpaumm paboTbl  UMUTaLMOHHOM
MOZeNn  MpuvBefeHbl  pe3ynbTaTtbl  LMQPOBOro
npeobpa3oBaHns YacTOTbl CUTHaNA BBEPX 1 BHU3.
Mpeobpa3oBaHMe 4acTOTbl CUrHajla  BBEPX

OCYLLECTB/IEHO HA MPMMEPE MOOCOBOrO CUrHana ¢
HaMBbICLLIE YacTOTOW CMeKTpa CUrHana paBHONA

4200 Tu, wwupuHoii criektpa 400 Tu. YacToTa
AVCKpeTu3auMmM B COOTBETCTBUM C  TEOPEMOM
KoTtenbHukoBa pasHa 9000 My, Monoca nponyckaHms
MOJIOCOBOr0 (MNIbTPa HACTPOEHA Ha Mara3oH YacToT
paBHbIi 30500 Iy - 31500 Iw.

Ha pucyHke 2 npefctasfieHbl OCUM/NOrPaMMbl
NCXOAHOI0 M AUCKPETU3NPOBAHHOIO CUrHasa.
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6)

Puc. 2. Ocuunnorpammsl: a) UCXOLHOrO CUMrHana; 6) AUCKPEeTU3MPOBAHHOMO CUIHana
Fig. 2. Oscillograms of: a) the original signal; b) the sampled signal

Ha pucyHke 3 npeAacTaBfieHbl CMeKTPorpaMmbl
MCXOAHOTO W [AWCKPETU3MPOBAHHOIrO CUrHama, a

TaKKe  KOMWUM  CreKTpa  WUCXOAHOro
BblINEHHOT0 MOI0COBbIM (PUILTPOM.

CUrHana,

Puc. 3. CnekTporpamMmmbl CUFHAIOB, MAMOCTPUPYHOLLME MPOLece Npeobpa3oBaHns YacTOThbl BBEPX:
a) UCXO[HOr0 curHana; 6) NpeobpasoBaHHOr0 CUrHana; B) AMCKPETU3MPOBAHHOIO CUTHana
Fig. 3. Signal spectrogram illustrating the process of frequency up-conversion: a) the original signal
; b) the converted signal; c) the sampled signal

ans OCYLLECTB/EHNS LM poBOro
npeobpa3oBaHNA BHW3, HEOOXOAMMO MCMOJb30BaTh
AVCKpeTU3auuio, Ha3blBaeMYt0 N0/0COBOA

OMCKpeTU3aLUmen. 3aecb 4vacToTa  AMCKpeTusauum
BblIGMpaeTca cornacHo dopmyne (1):

@F.- B). F >2FtB) )
" o+l

s

roe Fc - cpegHas dacToTa CnekTpa MNO0COBOro
curHana, Iy,
B - WKMpKnHa cnekTpa nonocoBoro curHana, I,
M - NPOW3BO/ILHOE MOJIOKUTESILHOE LEN0e YMCho,
BbIGVpaemoe Tak,  4TOGbI BbINOJHANOCH
COOTHOLLeHne Fs$>2B. [2]

B Kauectse npumepa CreHepmposaH CUrHan co
cpeaHeit yactoToii FG=500 KI'W, LIMpMHOIA cnekTpa
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B=50 kly. B cooteetcTBUM C opmynon (1) OMCKPETU3NPOBAHHOIO CUrHana M KOMust ChekTpa,
paccuMTaHa 4actoTa [AMCKpeTu3aumu npu m = 6, BblZle/IeHHas NO/I0COBbLIM (PUILTPOM, BbIMOHSAOLLM
158,3 kI'y, > Fs< 150 kl'y. YactoTa AMCKpeTUsaumm B [JaHHbIi MOMEHT (YHKUMIO (UIbTPa HUXHUX
npuHATa paBHOW Fs=155 «kI'y. Ha pucyHke 4 YacToT, TaK KaK HacTpoeH Ha auanasoH ot 11 go 61
MpeAcTaB/ieHbl CMEKTP WCXOAHOr0 CUrHana, CrekTp Ky,
a) 6)
B)

Puc. 4. CneKTporpaMmmbl CUTHaMO0B, UAOCTPUPYHOLLME NPOoLecc Npeobpa3oBaHMs YacTOThl BHUS:
a) UCXOJHOro cMrHana; 6) npeobpa3oBaHHOrO CUrHana; B) ANCKPETU3MPOBAHHOIO CUrHana
Fig. 4. Signal spectrogram illustrating the process of frequency down-conversion: a) the original signal;
b) the converted signal; c) the sampled signal

Takke mofenb No3sosiseT Habnopate ahekT YBEIMYEHUN 3HAYEHUAYACTOTLIAUCKPETU3aLMN [0
HaNoXeHnst  KOMui CneKkTpa CurHana npu Fs=165 KIW, 4TO HeyAOBNETBOPSAET  YC/OBUIO
HEKOPPEKTHOM BblOOpe 4acTOTbl  AMCKPETU3ALMMN. topmyrnbl (1) (puc. 5).

Hanpumvep, [faHHbIA  3(dekT Habnogaetcs npu

Puc. 5. CnekTp AUCKPeTU3MPOBaHHOI0 curHana npu Fs=165 kIy,
Fig. 5. Spectrum of sampled signal at Fs= 165 kHz
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3ak/oyeHmne

PaspaboTaHHas VMUTALMOHHASA Mozesb
LUM(poBOro npeobpas3oBaTens 4acToTbl MO3BOMAET
rnybxe ycBOWUTb CYyTb LM(POBOro npeobpazoBaHms
4acTOTbl, HarfsiAHO BU3YanM3nMpys BCE OCHOBHblE
aTarnbl aToro npotiecca: oTob6paxaroTca
OCLMNIorpaMmbl NCXOLHOr0 n
AVCKPETU3MPOBAHHOTO  CUrHanMa;  CrekTporpaMma
MCXOQHOrO  CuUrHana, Buayanusmpyetca  ahdekT
Pa3MHOXEHMS CreKTpa Npu AMCKPeTMU3aLmumn cUrHana;
Peann3yeTca BO3MOXHOCTb BblAeNieHns Tpebyemoli
KOMWU CNeKTpa CUrHana noaocoBbIM (UIbTPOM.

[daHHad Mogenb, 6ydeT wucnonb3oBaHa B
06pasoBaTe/ibHOM npovecce Kaepbl
NHopMaLMOHHO-TeNEKOMMYHUKALMOHHBIX  CUCTEM
n TexHonormn HWY «benlY» npu un3yyYeHUM
MPUHUMNOB  MOCTPOEHWUA  LM(POBLIX  CUCTEM
nepegayv NH(opMaumm B crneumanbHbIX
AUCUMNINHAX.
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