OVNHAMMUKA NMPOLIECCOB NEPECTPOMKU LM®POBbLIX U3BUPATEJIbHbLIX CACTEM
Tenuu B.I.
TaraHporckuim rocygapcTBEHHbIN paguoTEXHNYECKNA YHUBEPCUTET

MepectpamBaemble wusbupatensHole cuctemsl (MC) HaxogsT LWIMPOKOe MpUMEHeHne B
COBPEMEHHOW pPafMO3MEKTPOHMKE MPU pPelleHUn  MHOXeCTBa 3adad, CBA3aHHbIX C (POPMUPOBaAHUEM,
obGHapyxeHneMm, pacrnosHaBaHMeM, ONTUManNbLHOM U afanTUBHOW O0BpPaboTKOM CUrHamNoB, CrEXEHUEM 3a UX
napametpamu u T.0. OHM nexaT B OCHOBe MOCNedoBaTeNbHbIX CheKTpoaHanusaTopoB, wavelet-
aHanu3aTtopoB, NaHOpPaMHbIX W CReasmnX MNPUEMHUKOB, AMHAMUYECKUX (UNLTPOB ANA BOKOAEPHbIX
CUCTEM, CUCTEM LUYMOMOAABMEHUSA N KOH(PUAEHLMANBLHOW CBA3N.

HecmoTpss Ha obunue nybnvkauum no npobnemamM MPOEKTUPOBAHUSA Pa3fUYHbLIX KaccoB
nepectpamBaembix WC, OuMHamMyvka npoLEcCOB MepecTponkM u3ydeHa HepgocTtatodHo. OcraroTes
HepeLUeHHbIMX 3adauu:

* OUEHKM BIUSHMSA Buga W MapaMeTpoB 3akoHa MNEePecTPONKM Ha BENUYUHY AUHAMUYECKOW

NOrpeLUHOCTN Npu 3agaHHbIX napameTpax UC,

e @aHanu3a BnUAHWSA Buaa, nNopsaka W napamMeTpoB  annpoKCUMUPYOLLEH YHKUMKM  Ha

ONHaMNYEeCKylo NOrpeLlHOCTb pasnuyHbiX knaccoB Takux NC (®HY, ®BY, nonocoBble chunbTpsbl u

Ap.) Npu 3agaHHOM 3aKOHE NepecTPOViKu,

« cuHTe3a WC, nepectpavMBaemon Mo 3adaHHOMY 3aKOHy W obecneuyuBawowen Tpedyemyro

AVHaMUYECKY TOYHOCTb,

e ONTUMU3ALUWN 3aKOHA NEPECTPONKM C y4eToM TpeboBaHUN K AMHAMMUYECKOW TOYHOCTM a Takke

PS4 APYTUX MPaKTUYECKN BaXKHbIX 3a4au.

Ob6bekToM nccnefoBaHns B HacTosiwen paboTe ssnsatoTcsa undposble VIC npoMsBonbHOro Knacca
1 nopsaka, nepecTpoika KoTopbix obecnevmBaeTcsa nyTeM uamMeHeHus nepuoda ouckpemusayuu (puc. 1).

&n) y(n)
—Pp| [lepecmpausaeman UC >
AT
Puc. 1

Takne VIC onucbIBaKOTCS HECTALMOHAPHBIMU PA3HOCTHBLIMW YPaBHEHWSIMM SUHAMVKNA BUAA

X(n+2) = A x(n) +B,e(n)

V() =Cx(n) +de(n) . &

() =T/g(n)
roe €(n), y(n) n X(N) - BXxoaHasi, BbIXOAHAs NEPEMEHHBIE U BEKTOP NepemeHHbIx cocTosiHmus, A, B,
C n d - napametpel UC, T(N)- ynpaensiemass AfUTENbHOCTL BPEMEHHOTO MHTEpBana Mexay
cocegHumm otcuetamu, g(N) - sakoH nepectporiku ( g(N) = 0).

[uckpeTHas nepepatodHas dyHkuma WC  npy NOCTOAHHOM  yNpasrsioleM BO34eNCTBUM
g(t) = const = g umeert Bua

-1

H,y(z.0) =C(2°1 - A, ) "B, +d = H, (29 2), @
rane H,(z1) - Bbipaxenue atonn doyHkumm npu g =1, z=exp(pT). OueBugHo, 4to BennunHa @
onpenensieT Maclwtab 4YacTOTHbIX XapakTepUCTMK MO OCM  4acToT, T.e. 4acToTy Hactponku WC
w,(9) = gw,_ (1) . Takoit BUA NEPECTPOIKM M3BECTEH KaK "4acTOTHOE MacLuTabupoBaHue".

MockorbKy cucTeMa ypaBHeHWi (1), NMo-BUAMMOMY, HEe MOXeT ObiTb pelleHa MeTogamu Teopun
AVICKPETHBIX CUCTEM, 3aMEHMM peLueTyaTble PYHKUUM HeNpepbIBHbIMU

e(n) - gt), y(n) - y(t). g(n) - g(t), x(n) - x(t), x(n+1) - x(t)+T X(t)/ a(t)
M nepengeM K OSKBMBANIEHTHOW HeMNpepbiBHOM cuUcTemMe, onucbiBaemMon auddepeHumansHbIMn
YypaBHEHNSIMM

@2002, anekTpoHHas Bepcus nogrotossieHa 3A0 ABTIKC Cankr-lMeTtepbypr, http://www.autex.spb.ru
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(0 = gOIAX(D) +Be(t)] .
(1) = Cx(t) + de(t)
me A=T?A, -1, B=TB,.

ApekBaTHbIM WHCTPYMEHTOM [N MCCNeaoBaHMsl MNPOLLECCOB NEPEeCcTPOVKU MOXET CNYyXUTb
OnHammnyeckasa yactoTHas xapaktepuctuka (O4YX) [1]. Mo cBoemy dhmsmyeckomy cmbicrly oHa 6nuska K
KOMMMEKCHOMY KO3(hULMEHTY nepefadn CTauUMoOHAPHOM CUCTEMBbI, T.K. CRYXUT KO3(pPULMEHTOM
NPONopLUUOHANbHOCTU MeXAY rapMOHUYECKMM BXOAHbIM BO3LENCTBUMEM U MPUHYXKOEHHOW COCTaBMsoLLen
peakumm NC. OnHamnyeckaa AYX otobpaxaeT npoLecc U3MEHEHNS BO BpEMEHU MOAynst KoaddpuumeHTa
nepedayn Ha YyacToTe BO34ENCTBMSA, a AnHammnyeckas PYX - BHocmoro ¢a3oBoro caeura.

B kavectBe MCXOOHbBIX AAHHBIX WCMOMb3YOTCA 3aKOH MEpecTpovkuM M mMaTeMaTmyeckas Mogerb

9KBMBAsEHTHON HenpepbiBHOM cTaumoHapHoit WC B dopme umnynbcHon dyHkum  W(t)  nubo
nepegatouHoin dyHkuun H(p) .
Monaras, 4TO 3aKOHOM MEPECTPOMKN CIYXWUT HeoTpuuaTteribHas uHTerpupyemast dyHkuus g(t),

Hangem obuwiee BbipaxeHne OYX memodom t-npeobpasosaHuli. Vigpea 3Toro MeTtoda, SBNSANLWErocs
pa3BMTMEM MeToda NpuBedeHHbIX cuctem otcdeTa A.C.BuHuukoro [2], 6a3npyeTcst Ha nepexone K HOBOW
t

(NpBedeHHOI) LKane BPEMEHU, CBSA3aHHOM C abCOoMTHOM COOTHOLIEHUSIMM T=¢(t)=J'g(t)dt,
0

t=y(r), B koTOpON ypaBHeHus (3), paccMaTpuMBaeMble OTHOCUTENBHO T-M30BPAKEHUNA MNEPEMEHHBIX

(e (1), v.(1), X, (1) n X (T)), npeobpasytoTcs B CTaLMOHAPHBIE 1 MPUHUMAIOT BUL,

(1) = Ax, (1) +Be, (1) @
5, (1) =Cx, (1) +de, (1)

Torpa, npeactaenss T-npeobpasosaHne BxogHoro sosgeicteus €(t) =exp(pt) (p=jw) B

Buge € (T) :exp[pl,U(T)] N UCMNOMb3ys MeToAbl TEOPUWN CTaUMOHAPHbLIX FUHEWHBLIX CUCTEM, MOXHO
nonyynTb cneayloLyto dpopmyny t-usobpaxenHuns JUX

W(p,T) =IW(X)ePI¢'(T—X)—w(T)]dX_ (5)
0

Mocne obpaTtHoro t-npeobpasoBaHus nonyyaetcs nckomasi popmyna 44X B Buge

W(p,t) = Iw(x) exp[— PR(t, x)]dx, (6)
0

rae R(t,X) =t—-y[o(t) —X].

HanpeHHaa obwaa dopmyna npumMeHuMMa Kak npyv MNNaBHOM, Tak M NpU  CTyNeH4YaToM,
NepuvoaMYECKOM UMW HEMEPUOOUYECKOM 3aKOHaX MepecTpomnku. 3amMeTum, YTo NOonyYuTb B SIBHOM BuAe
obuee aHanuMTu4eckoe BbipaxkeHne [YX BO3MOXHO N1LLb B YACTHbIX Cry4asx.

B npaktnyeckum BaKHOM criyyae repekrovyeHuss 4yacmomsl Hacmpolku MC 3akoH nepecTponku
SABMSETCA CTyneH4yaTon oyHKumen

01 npu t<O0
git) =0 ,
B mnpu t20
a 3aKOHb! T-NPeoBpasoBaHNil ONPEAENSIOTCS COOTHOLLIEHNSIMM
Ot (t<0) Or 1<0
o) =0 W(T)=0Q

B (20 /B T20

Monb3yscb 3TUMM COOTHOLUEHMAMM U chopMyron (6), MOXHO NpeAacTaBuTb BbipaxeHne [OYX ans
paccmaTpvMBaeMoro crnyyasi B Buge

_O0  H(p) (t<0)
W(p,t) = %_'(p/lg)+AW(p,t) (t=0)

rae AW(p,t) - auHammyeckas norpeLHoCTb

()
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_ N
w(p= PLB) & AR)  ep(@mD
exp(=pt) & g(p) (P~ P)(P—BR)
N - nopsigok UIC, p, - nonockl nepepatouron oyrkumn H (p) = A(p)/B(p).

AHanunsupys nonyyeHHyto dopmyny (7), 3ameTnm criegyrolee:
e [O4YX anckpetHo nepecTtpamBaemMbix C gaBnsetca yHKUMEN Tpex MEePEeMEHHbIX - 4acToThl,
BPEMEHM 1 rMyBuHbI NepecTpoikn B ;

*  acMMNTOTaMu 3TOM XapaKTEPUCTUKU CryXaT HayanbHOe U KOHEYHOE BblPaXKEeHUSA CTaTUyeCcKoun
nepeaaTtoyHoOn YHKLUUM

CH(P)  mpu t<O
WPO=L /By mpu t - oo

e [O4YX gaBnseTca HenpepbIBHON QYHKLMEN BpPEMEHUM - B MOMEHT MNEpPEKMoYeHNss OHa He

N3MEHAET CBOEro 3Ha4yeHus
W(p.,0,) =W(p,0.) =H(p);
. OVMHaMUKKa npolecca I'IepeCTpOVlKM NOJNTHOCTbIO onpeaenaeTcd OVNHaMUYEeCKON NOrpeLwHoCTbO

AW(p,t);

e Ha4vanbHOe 3Ha4yeHMe 3TOW MOrpeLlHOCTM PaBHO MNPUPALLEHWNIO CTaTUYECKOW nepenaTodHOn

dyHKLMM

AW(p,0) =H (p)~H(p/B);
e npu Manon BenuuuHe wara nepectpoiikn AL =1- [ <<1 amnnuTyga norpewHocTu
nponopLmMoHanbHa BENMYMHE 3TOro Lwara.

[pumep 1. lMpoBegeHo wvccnegoBaHWe AWMHAMUKWM Mnpouecca MNepecTponkn MO 3aKOHY
g(n) =aexp(bnT) nonocosoro umdgposoro dunsTpa BaTTepopta 4-ro nopsaka C LEHTParnbHON

yactotoit W., =1c™ u nonocoit nponyckanns Aw, =0.23w,,. Mocne nepexoaa k 3KBMBANEHTHOMY
HenpepbiBHOMY dunbTpy ¢ 3akoHom nepectpoiikun g (t) = aexp(bt) HaigeHbl BbipaxeHUs 3aKoHOB T-
npeobpasosamnin P (t) = [exp(bt) —]]a/b, Y(r)= In(1+ bT/a)/b W NOCTPOeHbl AuHamudeckme AYX
YMCTEHHBIM MHTErPUPOBaHWEM BbipaxeHus (6) Mpn W = W, , a=0.25 1 pasnuyHbIX 3HAYEHUsIX NokasaTesns

b, onpenensiowero ckopoctb nepecTponku. PesynbTaTbl NpeacTasneHbl Ha puc. 2 u 3.
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padukn 1-3 Ha atmx pucyHkax cootsetcTBytoT b=0.008, 0.002 m 0.0005 c’. CnnowHbIMM
FIMHUAMUW Ha pyC. 2 NoKasaHbl AnHamudeckme AUX (’\N( p,t)

), MYHKTMPOM - 3akoH nepectponku ( g(t)/2).
Bornbluei HarmsaHOCTLIO OTMMYAlTCA aHarnorvuyHble rpaduki, Ha KOTOPbIX MO Ocu abCumucc BMECTO
BPEMEHM OTMOoXeHbl cooTBeTcTBYIOWME 3HadeHns ((t) (puc. 3). MyHKTUPOM 34ech NokasaHa acuMNToTa, K

koTopoin cTpemutca AYX npu b — 0. OdyesmaHo, 4TO B mMpouecce MNepecTporkn HabroaaeTcs
cywectBeHHas pgedopmaumsi AYX, Bo3pacTawowas Mo Mepe MNoBbilWEeHMs CcKopocTu. [logobHble
3aKOHOMEpPHOCTM Habrntoganucek paHee B hunbTpax ¢ npeobpasoBaHMeM YacToThl [3].

[Mpumep 2. Ha puc. 4 nokasaHbl pe3ynbTaTbl UCCMEeOOBaHUS AUCKPETHO nepectpavBaemoro ®HY
BaTtTepBopTa 6-ro nopsgaka ¢ HadanbHbIM 3HadeHwem 4vacToTbl cpe3a 1 kl'y. padukn, NoCcTpoeHHbIe No
dopmyrne (7), COOTBETCTBYIOT Habnogaemon B pasfnnyHble MOMEHTbI BPEMEHM AMHamuyeckon AYX nipu
OBYKpaTHOM CKa4ykooOpa3HOM MOBbILLEHUN YacTOThl cpesa.
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B npouecce nepecTporiku HabnogaeTca peskoe yXydlleHWe CenekTMBHOCTU unbTpa Aaxe no
OTHOLLEHUIO K BecCbMa YydaneHHbIM OT MOMnochl MponyckaHusi curHanam. Cpasy Xe nocre MOMeHTa
NnepeknioYeHns pa3BMBaeTCa BOSHA MHTEHCMBHOro nogbema AYX BO Bcel Mmoroce 3agepXkvmBaHus (MUK
KOTOpPOMN B AECATKM-COTHU pa3 MpeBbIlIaeT aCUMNTOTUYECKOE 3HaYeHMe), MIaBHO 3aTyxawllas ¢ TeYeHeM
BpemeHu. [lpouecc nepecTporKkM COMpoBOXAAeTCA Takke 3aMeTHbiMM Benneckamu AYX B nonoce
nponyckaHus. AHanornyHble sBMeHMs OOHapyxeHbl Takke M B QunbTpax Agpyrux knaccos (OB,
MOMOCOBBIX N PEXEKTOPHbIX). OTN SABMEHWS CMOCOOHbI OKasblBaTb pellalllee BhMsSHWE Ha TOYHOCTb
OUCKPEeTHO nepecTpaMBaeMbIX afanTUBHbIX, CaMOHACTpamMBalLWMXCSA, Cneadwimx wu  Opyrux TUNOB
ONHaMUYeCKUX OUnNbTPOB.
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THE DYNAMICS OF TUNING PROCESSES IN DIGITAL SELECTIVE SYSTEMS

Tepin V.
Taganrog State University of Radio Engineering

Tunable selective systems (SS) are extensively used in modern radioelectronics for the solution of
variety of tasks aimed to shaping, detection, recognition, optimal and adaptive processing of signals,
tracking signal parameters etc. Despite of an abundance of publications on different classes of tunable SS
designing problems, the dynamics of tuning processes remains investigated insufficiently.

The object of present research is an arbitrary class and order digital SS tunable by changing the
sampling period (fig. 1). Such tuning mode causes " frequency scaling " of resulting transfer function. This
SS is described by non-stationary difference equations (1) which are replaced by equivalent non-stationary
differential equations (3). The dynamics of equivalent continuous tunable system is investigated using the
original " T -conversions" method. The idea of this method is based on converting non-stationary equations
(3) to stationary ones by means of transforming all its variables to new (reduced) time domain related to

t

absolute one by following expressions T = ¢(t) = Ig(t)dt and t =(/(1) where g(t) is the tuning law.
0

As the adequate tool for the investigation of tuning processes a dynamic frequency response
(DFR) is used. Its physical sense is close to complex transfer function of stationary system since it is the
proportionality factor between harmonic input signal and forced SS response.

General DFR formula (6) is presented. It can be used both for smoothly varying and stepped,
periodic or acyclic tuning laws.

One more DFR formula (7) refers to a practically important case of switching SS adjustment
frequency and a number of remarks concerning its basic properties are given.

First example relates to investigation of tuning process in digital Butterworth 4-th order bandpass

filter with center frequency @,, =1s™ and bandwidth Aw, = 0.23w,,. The tuning law was
g(n) = aexp(bnT). The dynamic amplitude-frequency responses (DAFR) of this filter obtained at

W = W,,, a=0.25 and different values of the coefficient b which defines tuning velocity are represented at

fig. 2 and 3. Curves 1-3 in these figures correspond b=0.008, 0.002 and 0.0005 s™. The DAFR is exhibited
at fig. 2 by solid line and tuning law - by dashed one. For better observation similar curves are introduced

at fig. 3 on which instead of time appropriate values of g(t) are placed on abscissa axis. Dotted line

exhibits here the asymptote, to which DAFR tends at b — 0. Obviously tuning processes are
accompanied by essential DAFR deformations that increase in accordance to tuning velocity. Similar fact
has been discovered earlier in frequency-converted filters by A.A.Kharkevich.

Second example exhibits the dynamics of cutoff frequency switching process in the Butterworth 6-
th order low-pass filter with 1 kHz initial value of this frequency. Curves at fig. 4 represent the DAFR shape
observed at different time instants while the filter cutoff frequency was switched to double value.

It was discovered that significant degradation of filter selectivity even respecting to rather remote
from cutoff signal's spectral components during the tuning process take place. The intensive DAFR rising
wave in the whole filter bandstop evolves just after the moment of switching (which peak exceeds
asymptotic value at one - two orders) smoothly damping with the time. Tuning process is also accompanied
by noticeable DAFR bandpass surges.

Similar appearances were discovered also in other filter classes (high-pass, bandpass and band-
rejection ones). These appearances are capable to render the decisive influence to the accuracy of
discretely tunable adaptive, self-tunable, tracking and other types of dynamic filters.




