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AHHoTtauus. B pa6ote paccMaTpuBaeTcsl MaTeMaTHyecKas MOJesb cTPoOOCKO-
NMYeCcKoro npeodpas3oBate/isi LIKPOKOMOJIOCHBIX HMITY/IbCHBIX CUTHAJIOB, 103BOJSIO-
I11er0 PerucTPUPOBaTh LIMPOKOMNONOCHBIE CUTHAMbl U COCTOSIILAs U3 MepeMHOXKUTe-
JI1 1 HU3KO4aCTOTHOrO (pusbTpa. MeTogaMu 4YMCIeHHOrO MOAENHPOBAHHUS IPOU3Be-
JeHbl pacyeTbl MOTPELIHOCTH BOCIPOU3BeJeHUs] UMIY/JIbCHOIO CUTHa/Ma CTPOOOCKO-
UYeCKUM NpeoOpasoBaTesieM NPU AeHCTBUHU aiJAUTHBHBIX U MYJbTUIJIMKATUBHBIX
nomex. HuskovyacToTHas ¢puabTpauus CTPOOOCKONUYECKHX BBIOOPOK OCYIIECTBJIS-
Jack ¢ ucnosnb3oBaHueM agnroputma BIID. TlpuBomsTcss pesysnbraTbl YMC/JIEHHOrO
MOJIeIMPOBaHUs, 103BOJSIOLINE OLEHUTb IPAHULBl JONYCTUMOIO YPOBHS [IOMeX MpH
00pab0TKe MMIYJbCHBIX CHUIHAJIOB.

KaroueBbie cioBa: cTpPOOOCKOMHUYECKOe MPeobpa3oBaHUe, LIMPOKONOJIOCHbIE
CHTHaJIbl, TIOTEHLIHAJbHAaA HOMeXOYCTOIjILII/IBOCTb, YHUCJEHHOE MOAeJIMpOBaHHE, T10-
I'PEIHOCTb BOCIIPOM3BENECHUS.
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BBenenue

Crpobockonuyeckoe npeobpazoBaHue siBasieTcsi 3O(HEKTUBHBIM MeTOIOM 00pabOTKH Tie-
pPHUONMUECKHUX CUTHAJO0B, MO3BOJAIOUIMM CPaBHUTENbHO MPOCTBHIMH TeXHHYECKMMH CpelcTBa-
MM COIJIacoBaTb YACTOTHBIH [IMaNasoH LIMPOKOMOJOCHBIX MMIY/JbCHBIX CUTHAJ0B C BO3MOX-
HOCTSIMH HHU3Ko4acToTHOH ammapatypbl [10; 11]. OCHOBHBIM OrpaHHYEHHEM HCIOJIb30BAHHS
3TOro MeToja siBjsieTcsl TpebGoBaHHEe K MEPUOAMYHOCTH HCCJedyeMblX CHIHaJOB Ha HHTepBa-
Jie HaOJIIo[eHHs, ONHAKO B OOJIbIIMHCTBE NMPAaKTHYECKHUX 3alay BBIOJIHEHUE 3TOrO YCJIOBUSA
He TpeACTaB/sgeT CJI0XKHOCTH. BpeMeHHOe KBaHTOBaHMe, NpHUCYyLlee 3TOMY MeTOHLY, XOPOLIO
coyeTaeTcsl ¢ MPUHLHIOM UU(GPOBOH (PUABTPALMH, YTO CTUMYJIUPYET HUCIO/b30BAHHE CTPOOO-
CKONIMYeCKHUX MEeTON0B B CUCTeMaX LU(pPOBOH 00pabOTKH CUTHAJIOB HAHOCEKYHIHOH NJIUTE/b-
HoctH [1;6].

[Ipeo6pa3oBaHue BpeMeHHOro MmacuiTaba LIHPOKOMOJOCHBIX PaJHOCUTHAJNOB MpPeCTaB-
JisleT 3HAYMTeJbHBIH HHTepec B pslle 3ajgad JokKaluuu u cBs3u [4;5]. B Hacrosimee Bpemsi
NOTeHIaJ/bHble BO3MOXKHOCTH CTPOOOCKONMUYECKOH TpaHC(opMaluu HauboJsee MOJNHO peasiu-
3yI0TCSl B OcCLMJIOrpauyeckoi TexHHKe. Tak, Hanpumep, Npou3BeJeHHe UyBCTBUTENbHOCTH
Ha paboyylo MOJOCY YacTOT y CTPOOOCKOMUYECKHX MPUOOPOB Ha 2-3 mopsijKa BbIle, YyeM y
OOBIUHBIX aHaJMOTOBBEIX [3]. B peasbHBIX YC/IOBHSX paauvo3/eKTPOHHAs anmnaparypa paboTaer
NpU AEHCTBUU Pa3JHMYHOTO BHJAA MOMEX, UTO CKa3blBAeTCsl Ha KauecTBe ee padoThl. B aTo
CBSI3U NpeJCTaB/sieT HHTePeC OLleHKa JOMYCTUMOrO yPOBHSI BHEIHUX MOMeX, He CHHIKAIOLIUX
3alaHHOM MOTPELIHOCTH PabOThl CTPOOOCKOMMUYECKOro Mpeobpa3oBareds.

B papnoTexHMKe NoJ NOTEHLHAIbHOH IOMEXOYCTOMYMBOCTBIO CUCTEM OOBIYHO MOHHUMA-
eTCs 3aBUCHMOCTb MOTPELIHOCTH 00paboTKM CHMrHaja OT OTHOLUeHHs CHrHa/a K LIyMy Ha ee
Bxofe. B 3Toll cBf3M mpencTas/sieT UHTepec OLEHKa JONYCTHMMOIO YPOBHS MOMEX Ha BXO-
ne cTpoOoCKONMYecKoro rnpeobpasoBaTesisl, He CHHXKAIOIKX 3(PPEeKTUBHOCTb ero padoTel. B
npefsaraeMol paboTe NMPOU3BOAUTCA pacyeT MOTEHLHUAIbHOH MOMeXOyCTOMUHMBOCTH CTPOOO-
CKONIMYeCKOH 00paboTKH HEKOTOPBIX MoOJeJ/ed MepUoJHYeCKHUX BHUIEO- U PAaJHOCHUTHAJIOB IPH
IEHUCTBHUH Ha BXOJe NMpeoOpa3oBaTesiss HOPMaJbHOrO IIyMa (aAAMTHBHAS TIOMeXa) U TIPU Hapy-
IIEHWH CHHXPOHM3ALMUU BXOAHBIX CHUTHAJIOB U CTPOOUPYIOLIUX UMIYJIbCOB (MYJbTHIIMKATHB-
Hasi omexa).

1. JIuHeiiHag Mojae/b CTPOOOCKONUYECKOI0 Npeodpa3oBaTeis

[Ipy TeopeTHueckoM aHaju3e B paboTe HCIOJb3YeTCsl YNPOIIeHHast JHHEeHHash MOAE/b
cTpobocKkonudeckoro npeodpasosatess (puc. 1), BBemennass A.M. Haiinenossim [10] u cocto-
slas U3 MYJbTUILIMKATUBHOTO 3JjeMeHTa (CM), OCYLIECTBJISIOUIETO MePEMHOXKEHHE BXOIHOTO
M CTPOOMPYIOILEr0 CHUTHAJIOB M y3KOMOJOCHOTO (usbTpa (P), BbIAEJSIONIETO OAHY H3 CIIEK-
TPaJibHBIX COCTABJISIIOIIMX MPOAYKTOB MPeoOpa3oBaHusl.

B kauecTBe BXONHBIX MEPHOTUUECKHUX UMITYJIbCHBIX CHUTHAJIOB HUCIOJb30BAHBl MOIENH BU-
JIEOCUTHAJIOB, MPENCTABJEHHBIX Ha PUCYHKe 2 U OMUChIBaeMbIX cooTHomeHueM (1) [7]:

WE

2(t) = 37 Xo(t - kT) (1)

k=1

rne T — nepuon nosropenust; Xo(t) — ¢opma curHana B ogHom nepuome; N — YHCJIO
nepuopos. [Tapamerpsl mogenei: T' = 64 ms; A, = max(Xy(t)) = 10; N = 65.
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Puc. 2. MognenbHble BUAEOCUTHAJBL: TIPSIMOYTOJBHOH (@), GunoJsipHoil (6)
U TpeyroJbHOH (8) GopMbl Ha BXOMe CTPOGOCKOMHUECKOTrO MMpeodpasoBaTess

CrpoGupytotuid curian a(t) WMeeT BHI MPSMOYTOJbHOrO BHaeoummyabca Ag(t) mau-
TeJIbHOCTBIO T,, = 3MS ¢ NepruofoM caefoBanus 11 = 65 ms. Takum o6pasoM, 1Iar CUUTHIBA-
uust cocrapaser AT = T)—T = 1ms. @unbTpaiiust BBIXOAHOTO CUTHAJA CTPOOOCKOMHUYECKOT0
cmecuresisi B(t) ocyliecTBasIach ¢ UCIOJIb30BAHHEM aJTOPUTMOB OBICTPOrO MPeoOpa3oBaHHUs
®ypoe (BIID):

y(t) = FH{k(jw)F[B(®)]}, (2)

rae k(jw) — uacrotHas xapaktepucTuka uabTpa npeodpasosaress (PHY).

2. MopenupoBaHue paboTbl CTPOOOCKONUYECKOT0 Mpeodpa3oBaTess BUIEOCUTHAJIOB
Ha (poHe aJAUTUBHBIX M MYJbTHILNIMKAaTUBHBIX IOMeX

JIn1s OLleHKH MOTeHLHabHON TOMEXOYCTOHUMBOCTH K MOC/1€J0BAaTENbHOCTH HCCIENYeMbIX
curnanos (1) noGasusiics Gedbiit rayccos wym &(t) ¢ pacnpenenennem W(E) = N(0, 07).
Yposenb myma (07) uamensiics B npegenax (0,05 — 1,0)A,,. Ha pucynke 3 npusenensi
pe3yJIbTaThl YHCJAEHHOrO MOJENUPOBAHUS [J1si BUIEOCHTHAJIOB ¢ ycpenHeHHeM 1o 10 3HaueHH-
siM. Ha HuX mprBeneHa OTHOCHTE/IbHASI MOTPELIHOCTh BOCIPOU3BEIEHHST (hOPMbI MOAENBHBIX
currasnoB (1) B 3aBUCHMOCTH OT OTHOLUEHHsI CHTHA/MA K WyMy A,,/0s:

1 - H H 1 U k=1
e =—3 = =—> |= 3
(e) M = |[AY,|| M = ®)

1=
\ &

rie M = 10 — KOJIMYeCTBO yCPeIHEHHH.
X
S
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Puc. 3. 3aBHCHMOCTb OTHOCHTEJIbHOH OILIMOKKM BOCIPOHU3BENEHHUS] OT OTHOLIEHHS CHTHAJ/IIyM 715
npsimoyrosibHoro (1), 6unossipuoro (2) u TpeyroJbHoro (3) BUAEOCHTHAJIOB

Kak cnenyer us rpaduka, nis obecrneyeHus NorpeliHOCTH, HapUMep, AJS TPEYTroNbHOTO
BHIeOCHrHasa He Gosee 18 %, HeoOXxomMMO, YTOOb yPOBEHb liyMa He mpesbiiana 6 1b. Moze-
JIUPOBAHHE MYJbTHUIJMKATUBHON TMOMEXH MIJs BHUAEO- U PaJHOCHUTHAJOB MPOUCXOIUJIO MyTeM
BOOYJISILIMK TOJIOXKEHHsI CTPOOUPYIOIIEro CUrHasa 10 PaBHOBEPOSTHOMY 3aKOHY pacripefesie-
HUsl B npefesax oT 2 o 8 ms [9]. Uuc/ieHHble 3HAYeHHs] TapaMeTPOB MOIENH OblJIH BbIOPaHBI
B COOTBETCTBHM C pUCYHKOM 2. CpelHeKkBagpaTHUUHOe OTKJOHeHHe cTpoba Oonpenessijoch 1o

dopmyue:

EN:[Pt[k]_ < B>

o=\ @)

roe {P,} — MaccHB 3HaueHHH MyJbTUIJIMKATHBHOTO LIyMa C PABHOBEPOSITHHIM 3aKOHOM pac-
npeneneHusi; < P, > — cpelHee 3HaueHHe MacCHBa.

Ha pucynke 4 npencraB/ieHa 3aBUCHMOCTb OTHOCHUTEJbHOW OLIMOKH BOCIPOW3BENEHUS
BH/IEOCHTHAJIOB OT BPEMEHHOH HeCTaOUIBbHOCTH (0;) CTPOGHPYIOLIHX UMITY/IbCOB. Tak, HAMpH-
Mep, 1l obecriedeHus TorpelHocT He Gosiee 35 %, HEOOXONUMO 06eCreurTh yPOBeHb Bpe-
MeHHOH HecTabWUJbHOCTH CTPOOUPYIOLIMX UMIMYJAbCOB [Jis OWUIMOJSPHOrO CHUTHazka He
6osee ~ 0,5 ms.

3. MopenaupoBaHue o0pabOTKH pPaJIMOCUTHAJIOB
B CXeMe PaJHOUMITYJIbCHOTO CTPOOUPOBaHUS

Crpobockonnyeckass 06paboTKa MepHOIHYeCKOH I0C/el0BaTeJbHOCTH PaJHOCUTHAJOB
NpejrnoJaraeT KorepeHTHOCTb HccenyeMbiX x(t) u cTpobupywuux a(t) paiHOHMIYIbCOB Ha
vHTepBase HaGumonenus ¢t € [0, NT:
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=
=

x(t) = Z Xo(t — kT') cos(wot); a(t) Z Ap(t — kTY) cos(wit). (5)

k=1 k=1

[Tpu cTpobockonuueckoit 06paboTKe pagHoCUTHAJIOB B MOJIesH TpeoOpasoBatesis (puc. 1)
¢unbtp HuKHUX 4actorT (PHY) 3ameHsieTcss Ha MOJOCOBOH (PUJIBTD, BHIIEJSIOUIMH CIeK-
TpaJsibHble KOMIIOHEHTBI Ha BbIXOfle CMeCHTe/s1 B OKPECTHOCTH Pa3HOCTHOH YaCTOThI HECYLIHX
Q= Wo — Wy [8]
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Puc. 4. 3aBUCHMOCTb OTHOCHTEJBLHOH OLIMOKU BOCIIPOU3BeNEHNA BUAEOCUTHAJIOB

OT BPEMEHHOH HeCTabUJIBHOCTH (0}) CTPOOUPYIOLIMX MMITYJIbCOB MJISK:
npsimoyroJibHoro (1), Gumossiproro (2) u TpeyrospHoro (3) CUrHaJoB

st pacueta MoMexOoyCTOHUHMBOCTH HMCIOJNb30BAMUCh MOMEN PAAMOCUTHAJIOB C MPSIMO-
YTOJIBHOH U rayccoBOH OTHOalollel, MpelCcTaBIeHHble Ha PUCYHKE D M OMHCbIBaeMble COOTHO-
meHusiMU (6) 1 (7) COOTBETCTBEHHO:

a) Xo(t) = X, mput € [0,71], O mput ¢ [0,1]; (6)

b) Xo(t) = X exp [— < 0)1 npu t € [0,2t0], O nput ¢ [0,2t). (7)

T2

[lapamerper momenedt: X,,, = 10; Ty = 25 ms; 19 = dms; tg = 12,5 ms; wy =
= 27Tf0; fo = 1, 0 kHZ; w1 = 27Tf1; f1 = O,g kHz.

CrpoGupytoluid pagrocurual a(t) MogesaupoBascs KOPOTKUM PAJHOMMITYIbCOM MPSIMO-
YroJIbHOH (OPMBbI C Hecyllled 4acTOTOH fi, NJMUTEJBbHOCTBIO 5 MsS U MEPHOIOM MOBTOPEHHS
Ty =T+ AT, rne AT = 0,1 ms — war cuuteiBaHus. ['paguk 3aBUCUMOCTH OTHOCHTEJNbHOM

OIIMOKK OT OTHOLIEHUs CHUTHAJ/IIyM TPHUBEeH Ha PUCYHKe 6. X,
$
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Puc. 5. PapuocurHansl ¢ npsMoyro/ibHol (a) U rayccoBoil (6) orubaroiieit Ha BXOiE CXeMbl
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Puc. 6. 3aBUCHUMOCTb OTHOCHTEJbHON OLIMOKHU BOCIPOHU3BENEHHS OT OTHOLIEHHSs CUTHAJ/IIyM AJIs
paaroCUrHaMoB ¢ npsimoyrosibHoi (1) u rayccoBoit (2) orubatoreit

HccnenoBanre noMexoycTOHUHBOCTH MOJEIH CTPOOOCKOMHUUECKOro npeobpasoBarelisi Mpu
paboTe C KOTepeHTHOH MOCJIeN0BATENbHOCTbIO CJ0XKHBIX CHTHAJNOB MPOBOAUJIOCH HA MPUMEpe
pagvocurHaza ¢ JuHedHoU dyactoTHoU momyasiuued (JIYM-curnana). Bun curnana npuseneH
Ha PUCYHKe 7.

10
<o ||

-10

0 2 4 6 8 10 12
t, ms

Puc. 7. JIUM-panuouMmnynbc Ha BXole CTPOOOCKONHYECKOro rpeobpasoBaTeis

B nanno#t paborte maremarudeckas mMonesnb JIYM-paguocuruana u cTpoOUpyIOLLEro UM-
myJbca OnuchiBaeTcsi cooTHouleHueM (8). Mccmenyemblii ¥ CTPOOHPYIOIKE CHrHAJMBl ObLIH
BbIOPaHbl OJMHAKOBBIMH, UTO UMHUTHPYeT paboTy KoppesasinuoHHoro npuemuuka PJIC [2]:

22 B./l. 3axapuenkxo, A.A. ucarnko. OueHKa MOTEHIMAJbHON TOMEX0YCTOHYHBOCTH (ZJ'Q&



I MO IEJUPOBAHUE UH®POPMATHUKA U YIIPABJIE HH E

Aw
x(t) = A(t) cos <w0t + t? (8)
u
rae A(t) — npsimoyroJibHasi orubatouiast JJIUM-pagnonMIysibca QJIUTENbHOCTBIO T,,.
MopenupoBanye MPOU3BOAMJIOCH Ha BpemeHHOM uHTepBase t € [0, NT|, nepuauus ua-
croThl coctaBasiia AF = 1,63 kHz, a 6asa curnana ~ 10,5. Pe3ysbTaTsl MOIeJHPOBAHHS
Ha (oHe afAuTHBHOU momexu s JIYM-umnynbca npeacTaB/eHbl HA pUCYHKe 8.

<E> 04 \‘
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26
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Puc. 8. 3aBUCHMOCTb OTHOCHUTEJBHOH OIIKOKK BocnpousseneHus JIYM-pagnoummnyabca oT
OTHOILIEHHs] CHTHAJ/IIYM

3akaoueHve

B pa6ore ucno/sb3oBaHa MateMaThyecKasi MOJiesib CTPOOOCKONUYECKOTO MpeoOpasoBare-
JIsd HepI/IOL[I/ILIECKI/IX CHUT'HaJIOB, BKJ/IIOUAKOIIAA B C€6H HQPEMHO)KI/ITG.HI: U y3KOHOJ]OCHbII>’I QDI/I.Hpr.
MeTOILOM YUCJIEHHOT' O MOILeJ'[I/IpOBaHI/IH HpOI/ISBeJIeH pacqu HOI‘peLHHOCTI/I BOCl’IpOI/ISBeILEHI/IH
BHJI€0- U PaJMOMMITYJbCHBIX CUTHAJIOB Ha (hoHe GeJsIoro I'yCcCOBOTO LIyMa.

B pesysbrare nmpoBeneHHbIX UUCJAEHHBIX SKCIIEPUMEHTOB T0Ka3aHO, YTO HapylleHWe CHH-
XpOHI/ISaLLI/II/I HCCJaefyeMOoro 1 CTpO6HPYIOHl€FO CHUTrHaAJIOB B 60JIbLH€ﬁ CTelleHHU BJHUFGEeT Ha TOU-
HOCTb BOCHpOI/ISBe,ZLeHI/IH BXOOHBIX CHUT'HaAJIOB I10 CpaBHeHI/I}O C aflAUTUBHBIM LIYMOM.

HOJ’Iy‘{GHHbIe B II0llecce MOIIEJII/IpOBaHI/IH pe3yanaTb1 IMO3BOJIAIOT OLEHUTHb ILOHyCTI/IMbII';I
YPOBEHb MOMeX MPHU CTPOOOCKONMHUYECKOH 00paboTKe IIMPOKOMOJOCHBIX UMMYJbCHBIX PaaHO-
CUTHAJIOB HaA 3Tarie HpOGKTI/IpOBaHI/IH pa,U,I/IOTQXHI/ILIGCKI/IX CHUCTEM.
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Abstract. The paper considers a simplified linear mathematical model of a
stroboscopic converter , which allows recording broadband signals and consists
of a multiplicative element multiplying the input and strobing signals and a
low-frequency filter that highlights one of the products of spectral conversion.
Statistical calculations of the error in reproducing a pulse signal by stroboscopic
converter under the action of normal noise (additive interference) and a violation
synchronization of strobing pulses (multiplicative interference) were performed
using numerical modeling methods. Rectangular, triangular and bipolar signals,
as well as radio signals with rectangular and Gaussian envelopes, were selected
as input signals. Low-frequency filtering of stroboscopic samples was carried
out using the FFT algorithm. During stroboscopic processing of radio signals in
the converter model, the low-pass filter (LPF) was replaced by a bandpass filter
that highlights spectral components at the mixer output in the vicinity of the
carrier frequency difference. As a result of numerical experiments conducted
under conditions of additive and multiplicative interference, it is shown that
a violation of synchronization of the studied and gating signals has a greater
effect on the accuracy of reproduction of input signals compared with additive
noise. Analysis of the effect of additive interference on video signals has shown
that the error value weakly depends on their shape. The results obtained in
the simulation process allow us to estimate the permissible level of interference
during stroboscopic processing of broadband pulsed radio signals at the design
stage of radio engineering systems.

Key words: stroboscopic conversion, broadband signals, potential noise
immunity, numerical modeling, reproduction error.
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