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KomnnekcHble nonocoBble pUnbTpbl HA 6a3e KOMNMEKCHbIX 3afepXKeK,
peanun3yemMbix Ha NepekrYaeMbiX KOHAeHcaTopax
M ABYX OnepauuoHHbIX YCUITUTENAX

1O.A. I'pebenxo, Aynr Ko Mun

Pabora mocasmena pa3paboTke METOOB pacueTa KOMIUICKCHBIX (DHIBTPOB HAa MEPEKITIOuaeMbIX KOHACHCATOpaX. AHAIOTOBBIE U IU(pO-
BBIE KOMIUICKCHBIE (DHIIBTPHI ONMCAHBI B TEXHUUECKON JINTEpaType JO0CTaTOYHO MopoOHO. B mocnennue roasl NOSIBIIINCH UCCIIEIOBAHNS,
MOCBAIICHHBIC PacueTy U pealn3alii KOMIUICKCHBIX (DHIBTPOB Ha MEPEKIIOYaeMbIX KOHJeHcaTopax. B psaae myOnukaiumit Juis nocrpoe-
HUSI KOMIUIEKCHBIX (PUIIBTPOB MCIIONB30BAaHBI 0A30BBIE 3BEHBsI CIIEIMANBHOTO BHA, Ha3BAaHHBIE KOMIUIEKCHON 3ajepikkoil. [Ipumenenue
KOMIDIEKCHBIX 33/IePKEK IT03BOJISIET YIPOCTHTh PacueT CTPYKTYPHOU CXeMbI (QMIIBTPa B 00eCHEeUNTh epecTPONKY IIEeHTPaIbHON YacTOTEI
TI0JIOCOBOTO KOMIUIEKCHOTO (pUIIbTpa IyTeM CHHXPOHHOTO U3MEHEHHS 11apaMeTPOB KOMILUICKCHBIX 3aJePXkKeK.

Omnmcana HOBasi cxeMa KOMIUIEKCHOM 3aJ€piKKH, BBINOTHAEMAs! HA JBYX OMEPAIOHHBIX yCHIHMTENIsIX. PaccMoTpena MeTonnka pacuera
KOMIDIEKCHBIX TTOJIOCOBBIX (pruIbTpoB Ha 0a3e KOMILIEKCHBIX 3aJIepiKeK, peaM3yeMbIX C MCIOJIB30BaHUEM MEPEeKITI0YaeMbIX KOHIEHCATO-
poB. B kadectBe npuMepa pazpaboTaHa IPHHIMIHAIBHAS CXeMa KOMIUIEKCHOro mosocoBoro ¢uisrpa ¢ HU-npororunom barrepBopra
3-ro mopsiaka. Pacuyer npoBoanmu B Z-o6mactu. [lomydennas nepenaTodnas GyHKIUS pealn3oBaHa B Buje AByX Moxeneil. [lepsas moxens
BEITIOJTHEHA Ha 0a3e aHaJIOrOBBIX KOMIDIEKCHBIX 3aIepXKeK U CyMMaTopoB. Bropas Moznens cieslana Ha 6a3e CyMMaTOpPOB M KOMITIEKCHBIX
3a7IepKeK, COIEPIKAIUX OMEPALMOHHBIE YCHIUTENIHN U NepeKItodaeMble KOHAEHCAaTOPpbl. CXEMOTEXHHUECKOE MOJIETUPOBAHUE KOMILIEKC-
HBIX (HIBTPOB HpoBoamIH B cpene MicroCap. HacToTHast XapaKTepHCTHKA KOMIUIEKCHOTO (hHIBTPa pacCUMTaHA C UCTIONb30BaHUEM IIep-
BOi Mozenmu. Bo BpeMeHHO# o0nacTu cMOEIMpPOBAHO NPeoOpa30oBaHHE MMITYJILCHOTO CUTHANA, KaK IEPBOH, TaK M BTOPOH MOJIEINBIO.
Brixonnble curHanbl 000MX (GUIBTPOB COBMANU. Pe3yabTaTsl MOACIUPOBAHUS MOATBEPAUIN PAOOTOCTIOCOOHOCTD MPEAT0KEHHOTO METOA
pacdeTa KOMIUICKCHBIX (DMIIBTPOB Ha MEPEKITI0YaeMbIX KOHICHCATOPaXx.

Knrouegvle c106a.: KOMIUIEKCHBIN TTOJIOCOBOM q)HHLTp, nepeKﬂ}oqaeMmﬁ KOHACHCATOP, KOMILJICKCHAs 3a/1CPIKKa.
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MePEKITF0YaeMBbIX KOH/ICHCATOPAX U JIBYX OlepaloHHbIX yemnutensix / Becrank MOU. 2018. Ne 6. C. 147—152. DOI: 10.24160/1993-6982-
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Complex Bandpass Filters Involving Complex Delays Constructed
on the Basis of Switched Capacitors and Two Operational Amplifiers

Yu.A. Grebenko, Aung Ko Min

The article deals with development of methods for designing complex filters on the basis of switched capacitors. Analog and digital complex
filters are described in the technical literature in sufficient detail. In recent years, investigations devoted to designing and implementing complex
filters on the basis of switched capacitors have emerged. In a number of articles, basic sections of a special type, called a complex delay, were
used to construct complex filters. The use of complex delays makes it possible to simplify the design calculation of the filter structural diagram. In
addition, it opens the possibility of tuning the bandpass complex filter band center by simultaneously changing the parameters of complex delays.
A new complex delay scheme implemented on two operational amplifiers is described. A procedure for designing complex bandpass filters on the
basis of complex delays implemented with the use of switched capacitors is considered. As an example, the basic circuit of a complex bandpass
filter with a 3rd order Butterworth low-pass prototype has been developed. The calculation was carried out in the Z domain. The resulting transfer
function was implemented in the form of two models. The first model is implemented on the basis of analog complex delays and adders. The
second model is constructed on the basis of adders and complex delays containing operational amplifiers and switched capacitors. The schematic
modeling of complex filters was carried out in the MicroCap software environment. The complex filter’s frequency response was calculated using
the first model. The transformation of an impulse signal in the time domain was simulated using both the first and the second models. The output
signals of both filters were identical with each other. The simulation results have confirmed the efficiency of the proposed method for designing
complex filters on the basis of switched capacitors.
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BBenenue

OuibTphl Ha MEPEKITIOYACMBIX KOHACHCATOPAX U3BECT-
HbI y’K€ HECKOJIBKO JIECATHIIETHI, U UHTEpEC K UX pa3pa-
0oTKke He ocirabeBaeT. EjxeromHo mosiBISIOTCS HOBBIE Ha-
y4dHbIC HccaenoBanus [ — 4].

Pacuer hpuiibTPOB Ha MEPEKITIOYAEMbIX KOHJIEHCATOpaX
11eecoo0pa3Ho MPOBOANTE B Z-00IaCTH € TIOMOIIBIO Me-
TOIUK pacdeTa MUPpoBIX GuiasTpoB [5]. MeTtox pacuera
KOMILIEKCHBIX [IU(POBBIX (pUiIbTpoB onucan B [6] u npen-
IoJlaracT WCIOJIB30BaHUE IUPPOBBIX MOMYIICH, Ha3BaH-
HBIX aBTOPAMH KOMIUICKCHBIMHE 33ICPKKAMH.

KommiekcHast 3aiep)kka 00ecrieuBaeT yMHOXKEHHUE OT-
cueTa KOMIUIEKCHOTO CHTHAa Ha Kodddurment e/% u 3a-
JEPKKY Ha TAaKTOBBIA UHTEpBAJ, rae @ — CMelIeHUe 110
ocu 1IM(POBBIX YACTOT B paiaHax.

KomriekcHast 3a/iepKa MOXKeT ObITh peajn3oBaHa C
HCIIONIb30BAaHUEM DJIEMEHTOB 3aJIEPXKKH Ha IEepeKIovac-
MBIX KOHJeHcaropax. CxeMa KOMIUICKCHOM 3a/iepKKH Ha
MEPEKITIOYaeMbIX KOHJICHCATOpax, peaju3yemas Ha ue-
THIpEX omepanuoHHbIX ycmmutensx (OY), mpemioxkeHa B
[7—09].

[IpencraBnena HoBasi cXxema KOMIUICKCHOW 3aJiepik-
KM Ha NEepeKiIIovYacMbIX KOHJICHCATOpax, peajusyemMasl Ha
nByx OV (puc. 1). Ha He#t HOMHHAIBI KOHAEHCATOPOB BhI-
OpaHbl TaKUM 00pPa30M, YTOOBI 00OCCIICUNBAIUCEH CIICIYFO-
1€ COOTHOLICHHUSI:
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Puc. 1. KommiekcHas 3aiepiKka Ha MEPeKI04aeMbIX KOHJIEHCA-
TOpax
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MeToanka pacyera noJocoBOro KOMIIEKCHOTO
(uabTpa Ha MepeKTI0YaeMbIX KOHIEHCATOPaX

[pennaraercs crnemyromias HOCIeIOBATEIBHOCTD PacyeTa.

1. Pa3zpabarbiBaeTcsi CTPYKTypHast cxeMa (uiIbTpa
HkHUX acTtoT (PHY) Ha ameMeHTax 3allep>KKH ¢ C rpa-
HUYHOM 4aCTOTOM MOJIOCHI IPOITYCKAHUSI, PABHOM MOJIOBU-
HE TOJIOCHI TTPOITYCKAHUS MOIOCOBOTO (hritbTpa.

2. B cOOTBETCTBUM C OMHMCAHHON B [6] METOAMKOI OHA
npeodpa3yercsi B CTPYKTYPHYIO CXeMy KOMIUIEKCHOTO I10-
JIOCOBOTO (PMIIBTPA HA KOMIUICKCHBIX 33JIepKKaXx.

3. Cocrapnsiercsi PUHIMITHAIBHAS cXeMa (UIIBTpa C
peanu3anueil KOMIUIEKCHBIX 3a/IepKEK Ha IepeKirodae-
MBIX KOHJIEHCATOpax B COOTBETCTBUU CO CXeMOi puc. 1.

IIpuBenem npumep pacyera.

Beibepem HU-nporotun ¢uibrpa u 3aaaum napame-
TPBI KOMITIEKCHOTO GuibTpa. lomyctum, uto Beiopan HU-
IPOTOTHUI barTepBopTa TPEThEro nopsiaKa:

T ( s) = L%
s+1ls”+5+1

3agaguM  TapaMeTphl  KOMITJIEKCHOTO — IOJIOCOBOTO
¢unerpa. [lycts kOadduIeHT nepenayn Ha HEeHTPaTbHON
yacrore 7, paBeH 1, HOpMHpPOBaHHbIE HU(POBAs EHTPalb-
Has yactota w, = 0,2, nonoca npomyckanus Aw = 0,2.

[TpoBenem pacyeT B COOTBETCTBUHU C MPEIIOKCHHOMN
METOJIUKOM.

Onpenenum napamerpsl ®HY. Kosddumument mepe-
JIagy Ha HYJIEBOW YacTOTE IOJDKEH OBITh PaBEH 3HAUCHHUIO
T, =1, a rpaHMYHas 9acTOTA MOJOCH MPOTYCKAHUS W, =
=Aw/2 =0,1. PaccunTaem nepenaTouHyro QpyHKIHIO IU(-
poBoro ®HY, ncnonb3yst MeTox 0000IICHHOTO OHMIHHEH-
HOrO mpeoOpasoBanms. B ciaydae pacuera ®HY 3amena
MepEeMEHHBIX HMEET BHU]T
1

1=z
1+27
e y = ctg(nw,) = 3,0777.
1 1
T(z)=
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1+z I+z 1+z

~0,07380172+0,14760344z"" +0,073801722 5
1-1,25051643z"" +0,545723322 2
0,24523728+0, 24523728z

1-0,50952545z""
A4+ Azz_l + A3z_2 Ay + ASZ_I

1+15’3z_l

1+ Blz_] + Bzz_2

JlaHHO¥ riepeaToHON (DYHKIIMH MOKHO TIOCTaBUTH B CO-
OTBETCTBHUE CTPYKTYPHYIO CXeMY, H300paKEHHYIO Ha pHC. 2.

[TyTteM CXeMOTEXHHYECKOTO MOJAECIHMPOBAHUS B Cpelie
Micro-Cap nomyyena AUX ®HY npu Benmuuune 3a1epx-
ku, paBHoH 0,1 Mkc. OHa mpuBeeHA Ha PUC. 3 U HJIEHTHY-
Ha MCcXOAHbIM napaMerpam OHY.
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Puc. 2. IlocnenoBarenbHas cTpykTypHas cxema @HY

B cooTBeTcTBUU ¢ METOAMKOM, OnMCaHHOM B [6], mpe-
obpasyem CTpyKTypHYyIo cxemy upposoro ®HY (puc. 2)
B CTPYKTYPHYIO CXeMY HH(POBOrO KOMILIEKCHOTO (HJIIb-
Tpa Ha 0a3e KOMIUIEKCHBIX 3ajiepikek. [lonyueHHas cxema
MOJIOCOBOTO KOMILIEKCHOTO (DMIIbTpa JaHa Ha puc.4.

Mozeib 1uppOBOro KOMIJICKCHOTO TIOJIOCOBOTO (hHITb-
Tpa, COCTaBJICHHAs! B COOTBETCTBUHU CO CTPYKTYpPHOIH cXe-
Moii puc. 4, m3o0pakeHa Ha puc. 5.

B pesynsrare momenupoBanus ompenenera AUX, mo-
Ka3zaHHAs Ha pHC. 6 U COOTBETCTBYIOIIAs 3a/laHHBIM Tapa-
METpaM KOMIUIEKCHOTO (pHIIBTpa.

[To mroram MomenMpoBaHUS BO BPEMEHHOH o0macTh
MOCTPOCHBI COCTABIISIIONINE BBIXOJHOTO CHTHajla KOM-
IUIEKCHOTO (pMIIBTpA TPH MOjade Ha OJUH M3 BXOJIOB MM-
MyJIbCa JUINTEIBHOCTHIO, PAaBHO ITOJIOBUHE MEPHO/IA KOM-
MyTanuu u amrutynoit 1 B (puc. 7).
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Puc. 4. CtpykrypHas cxema 1ojJ0coBOro KOMIUIEKCHOTO (huibTpa Ha 0a3e KOMIUICKCHBIX 3aJIePKEK

BectHk M3W. Ne 6. 2018



150

PAOVNOTEXHUNKA U CBA3b

-0.54572332

< 125

0,07380172

Y

61643 0,14760344

1

b Eat
0,07380172
0,07380172
&) TS
< 125051643 0,14760344
0,07380172 ™
_~1-0,54572332 L~
™~
_10,50952545
0,24523728
0,24523728
0,24523728
‘ 0,24523728
<Imsm
Puc. 5. Mozenbs KOMITIIEKCHOTO MTOJI0COBOTO (pritbTpa
1
0 _—

1000 2000 4000 6000 8000 F.m

Puc. 6. AUX KOMILIEKCHOTO MOJIOCOBOTO (hMIIbTpa

BectHuk MOW. Ne 6. 2018




PAOVNOTEXHUNKA U CBA3b 151

0,000 0,600 1,200

1,800 2,400 T

0,000 0,600 1,200

1,800 2,400 T

Puc. 7. Cocrapisiomnne KOMIUIEKCHOTO CUTHAJIA Ha BBIXO/IaX KOMILJIEKCHOTO ITOJIOCOBOTO (pHIIbTpa

B coorBeTcTBUM CO CTPYKTYpPHOH CXEMOH, MOKa3aH-
HOW Ha puc. 4, ObUIa COCTaBIEHA MOJIENb KOMIUIEKCHOTO
0JIOCOBOTO (DMIIBTPA, B KOTOPOH KOMILJIEKCHBIE 3a/1ePiK-
KM peajn30BaHbl Ha MEPEKII0YaeMbIX KOHAEHCATOpax Mo
MIPEJUIOKCHHOM cxeme (puc. 1).

[Ipu nomade Ha OAMH M3 BXOMOB KOMIUIEKCHOTO ITOJIO-
COBOTO (DMIIBTPA UMITYJIbCA UTUTEIBHOCTBIO, PABHOW I10-
JIOBUHE TIepHo/ia KOMMYTalMu U amruutynoi 1 B, Obim
MOJYYCHBI CHUI'HAJIbI Ha €ro BbIXOAaX, COBIAJaromniue C
CUTHAJIaMH, IPUBEICHHBIMHU Ha pHC. 7. DTO MO3BOJISET T0-
BOPHTH O COBITQJICHUHM BPEMEHHBIX U YAaCTOTHBIX XapaKTe-
PHUCTHK MOJIENN KOMILIEKCHOTO TTOJIOCOBOTO (pHIIBTpa, 10-
Ka3aHHOW Ha puc. 5, U MOJENIHU, B KOTOPOW KOMILJIEKCHBIE
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3aePXKKH pea30BaHbl Ha EPEKII0YAEMBIX KOHJEHCATO-
pax M JByX ONEPALMOHHBIX YCHIUTENSX.

Takum 00pa3om, IpeaIoKeHa HOBasi cXeMa KOMIUIEKC-
HOH 3afepXKKM Ha IEpeKIoYaeMbIX KOHAEHCATOpax M
MOKa3aHO, YTO HAa €€ OCHOBE MOXXKHO pa3padaThiBaTh KOM-
TUIEKCHBIE TI0JIOCOBBIE (DMIIBTPBI.

IIpumep pacuera, pacCMOTPEHHBIN B CTaThe, U MOIY-
YEeHHbIC PEe3yNIbTaThl MOICIMPOBAHMS HOITBEPAWIN pa-
00TOCIIOCOOHOCTh TPEIJIOKEHHON CXEMbI KOMILJICKCHOM
3a7epXKKH Ha NEePeKIIouaeMbIX KOHIGHCATOPaX U BO3MOXK-
HOCTB €€ HCIOJIb30BaHUs ISl pean3anii KOMIUICKCHBIX
MOJIOCOBBIX (PUITBTPOB BBICOKOTO MOPSIIKA HA TEPEKITIOYa-
€MBIX KOHJICHCATOpaXx.
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