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IMITAIIMHA MOJEJIb AJAIITUBHOI'O ®LIbTPY HA OCHOBI
METOIY HAUMEHIIHUX KBAJIPATIB

YV 0aniti 0ocrionuywkivi pobomi 6yno euxonano ananiz mooeni adanmushoo pinempy (AD), sxa
bazyemvcs Ha aneopummi 3a memooom navimernwux keaopamie (MHK) i 6yna peanizosana y cepedosuuyi
Simulink. Memoto cmeopenns imimayiinoi mooeni AD 6yna sepugpixayis il 3 nOOAILULOIO Peanizayicio
HA eIeKMPOHHUX YUDPOBUX NPUCMPOIX, A came, 8 OA3UCT NPOSPAMOBAHTN JOSTUHIL IHMeSPANbHIlL cXemi
(TIJTIC). B npoyeci ompumanus pe3yiomamie iMimayiino2o MoOemosanHs 3anponorosanoi mooeni A®
0y10 nposedero sepuixayito 6 Xo0i AKOL, BUKOHYBANOCA NOPIGHAHHS pe3yibmamie pobomu 60Y008aHOl
ma 3anponoHO8aHO MoOeli adanmueHo20 Qinbmpy, wjo niomeepoulo eeKkmueHicms ma NPAsUIbHICHb
po3pobaenoi modeni. 11i0 uac eepuixayii pospobaenoi modeni AD byno npoananizoeano eghexmus-
Hicmb ma 30ixcHicme aneopummy MHK na npuxnadi ginempayii 3auiymieHux cueHauis, a came, 0o-
HOMOHAIBHUX Ma 6a2amomonanvhux cuenanie. Ompumani pesyriomamu iMIMayitiHo2o MOOen08anHs
MO2ACYMb OYMU 3CMOCO8AHT Npu po3podyi adanmunux inbmpis, ki 6a3yIOMvCs Ha YUpposux oouuc-
JHOBATLHUX NPUCPOSX, WO NIOMPUMYIOMb KOHBEEPHY APXIMEKMYPY 00POOKY OaHUX.

Knrwowuosi cnosa: aoanmusua yupposa girempayis; memoo HAUMEHWUX K8AOpamis; imima-
yiune mooenosanns Simulink; npoepamosana nozika.

In this research paper, the analysis of the adaptive filter (AF) model has been performed, that
is based on the least squares algorithm (LSM) and has been implemented in the Simulink environment.
The purpose of designing a simulation model of the AF has been to verify it with further
implementation on electronic digital devices, namely, on the basis of the field programmable gate ar-
ray (FPGA). In the process of obtaining the results of simulation modeling of the proposed AF model,
a verification has been carried out, during which a comparison of the performance results of the em-
bedded and the proposed model of the adaptive filter has been performed, that has confirmed the
effectiveness and correctness of the developed model. During the verification of the developed AF
model, the effectiveness and convergence of the LSM algorithm has been analyzed using the example
of filtering noisy signals, namely, single-tone and multi-tone signals. The obtained results of
simulation modeling can be applied in the development of adaptive filters based on digital computing
devices that support the pipeline architecture of data processing.

Keywords: adaptive digital filtering; method of least squares; Simulink; programmable logic.

IHocTanoBka mpo0JemMn
Ludposa odpodka curnani (LIOC) cboroaHi IUPOKO BUKOPUCTOBYETHCS B PATIONOKALIHAX
Ta pajioHaBIralifHUX CUCTEMax, ONTUYHOMY Ta padio3B’sI3Ky, B 0OUMCIIIOBaJIbHINA Ta MOOYTOBIN TeX-
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Himi [1—3]. Lle 3yMOBICHO BENMYE3HUMH HANPALIOBAHHSAMH 3a OCTaHHI JECATHIITTSA y Teopil Ta
npaktumi [{OC, a Takok TEXHOJOTTYHUMH JTOCATHCHHSIMU B HAIIBIPOBITHUKOBIM TEXHIIli, 10 J03BO-
JIWJIO CTBOPIOBAaTH BHCOKOIPOAYKTHBHI T4 OJHOYACHO KOMMIAKTHI HM(POBI MpHCTpoi st peanizamii
anroputMiB LHOC B peanbHOMY 4aci. B cBoro 4epry, 30ibiIeHHs] 004nCIIIOBaIbHOI MOTYKHOCT1 ana-
pataux 3aco6iB LIOC npu3BiB A0 SIKiCHOT0 cTpuOKa, AKHi 3a0€3MeYrB PO3ZBUTOK B 0araTb0xX HayKOBO-
TEXHIYHUX HANpPsSMKaX, OAHUM 3 SIKHX € aJlalTHBHA 00pOOKa CUTHAJIIB.

YacTo Ha MpakTUIli BUMOTH JI0 4acTOTHOI Xapakrepuctuku (UX) GpiapTpy HEMOKIUBO chop-
MYJIIOBATH JI0 MTOYATKy Horo 0e3nmocepenHboi poOOTH, OCKIIBKH aHi BUMOTH MOXKYTh 3MIiHIOBAaTHCS B
npoueci podotu rudposoro ¢puteTpy (D), Tomi 3amicte GinbTpy 3 (iKCOBAaHHMMH apaMerpaMu He-
00xisHO BUKOpHcTaTh aganTuBHuA (GutbTp (AD). Sk Bimomo [1—5], AD® — ue QinbTp, sKHid camoc-
TiliHO 3MiHIOE cBOrO UX BiAmoBimHO A0 anroputMy ontumizauii. HamamryBanus ganoro GiasTpy BH-
KOHYETBHCS 3 ypaxyBaHH;IM BXimHoro curHaiy. Taki ¢piibTpu 00’ €AHYIOTH OOUMCIIEHHS, SKi JO3BOJIS-
I0Th Koe(illieHTaM JUCKPETHOI iMITynbcHOI XapakTepuctuku (JI1X) ¢inpTpiB migmamroByBaTuch min
CTaTUCTHYHI apaMeTpH CUTHAIY.

3a3Buuaii AQ MarTh By3bKYy Clielianizalilo Ta QyHKIIOHaIbHO MpU3HAYEeH] MiJ MEeBHi THIH
curHaiiB. BHyTpimHa cTpykTypa AD Ta anropuT™ agantaiii IpakTHYHO HOBHICTIO BU3HAYA€EThCA (y-
HKLIOHAIBHUM MPU3HAYCHHSAM Ta IEBHUM MiHIMAJIBHUM OOCSTOM MOYaTKOBOI iH(opMaii mpo craTuc-
TUYHI Ta iHQOpMaIiifHi mMapaMeTpy BXIAHUX CHTHAJIB, IO MOPOIKYE PI3HOMAHITHICTh MiAXOIIB PO3-
poOKM aZanTUBHUX CHUCTEM Ta 3HAYHO YCKIAAHIOE iX Kiachdikamio Ta (HOpMYIIOBaHHS 3arajbHUX
TEOPETUYHUX MOJOKEHB.

VY naniii po0OOTi 3aMpOIOHOBaHa Ta JOCIIPKEHA iMiTalliiiHa MOJIeTh aIalTUBHOI QinbTpairii Ha
OCHOB1 METOAY HallMEHIIMX KBaJpaTiB, sika MOXke OyTH 3acTOCOBaHa JJIsl anapaTHOI peajizalii Ha Oa3i
nporpamoBaHoi Jioriguoi inTerpansHoi cxemu (ITJIIC).

AHaJIi3 0CTaHHIX JOCTIIKeHb Ta MyOJaikanii

Peanizaris agantuBHOI (inbTparii, sk ogHoro 3 uais anroputmie L{OC € ckiagHOO TexHIY-
HOIO 3aJ1a4elo 3 TOYKY 30py BUKOPHCTAaHHS OOUYHMCIIOBAIILHUX PECYPCIB MPH MPOrpaMHiid Ta anapaTHii
peaiizanii. AnmapatHa peanizallisi BAKOHYEThCS Ha CIeliani3oBaHuX IH(POBUX MPUCTPOsIX (LUPpOBUX
npouecopax 00pooku curnaii abo [IJIIC) i Tomy Mae HU3KY mepeBar (KOMIIaKTHICTh, eHEproedeKTH-
BHICTh Ta IIBHIKOMISA) IEpe] MPOrpaMHOI0 peaiizalico, sika NmoTpedye 3acTOCYBaHHS IMOTYKHUX
KOMII FOTEpiB 3arajibHOr0 Mpu3HaveHHs [4, 6].

[Tpu po3podui nuppoBrX NpUCTPOiB 0OPOOKH CUTHAJIB OAHUM 3 TOJIOBHUX MUTAHb € 3MEH-
LIEHHS KUTBKOCTI MOMUJIOK Ha alapaTHOMY PiBHi, sIKi MOXKYTb 3 SIBIISITHCS 1Ll Ha €Talli CTBOPEHHS Ma-
TeMaTHYHOI Mojeni [4, 6]. 3 MeTOI 3MEHIICHHS TaKUX NOMHJIOK OKpiM BepuQikaiii TpOSKTOBaHUX
MPUCTPOIB 3a JOIMOMOTOI0 BOYAOBAaHHX CHUMYIATOPIB €IEKTPOHHHX CXEM B CEPENOBHIIAX PO3POOKH
[JIIC (ISIM, Quartus), Takox 3aCTOCOBYETHCS IMiTalliiiHE MOJICIIOBaHHS PO3POOIIOBAHOIO TOTO YU
inmoro anroput™my LIOC B cydacHux MatemaTndHux cepepopuiax (MathLab, Simulinki T.x) [7—10].

B poGorti [8] mpeacraBiieHi pe3yibTaTH MOJACITIOBAaHHS aJalTUBHUX IMAPOBHX (QLIBTpIB i3
CKIHYEHHOIO IMIyNbCHOIO xapakTepuctukorw (CIX). MonentoBaHHS pi3HOMaHITHHX CTPYKTYp ajan-
TUBHHUX TUQPPOBUX (UIBTPIB 3 HOAAIBIIOK0 iX peali3aliclo Ha amapaTHOMY PiBHI PO3TISIIAETHCS B PO-
oori [7]. OcobnuBocti anapathoi peanizauii [{® na [TJIIC npencrasieni B podoti [9].

TakuM 4rHOM, IMiTaIliiTHE MOJICITIOBAHHS Ta JOCI/DKCHHSI TPOTOTUIIIB aallTUBHUX (DUIBTPIB 3
KOBO-TIPAKTHYHOIO 334a4€lO0.

@DopMyTHOBAHHS METH J10CIIIKEHHS

Meroto 1aHOi poOOTH € CTBOPEHHS Ta IOCITIHKEHHS iMiTalliiHOl Mofemi AD 1S mpuayIeHHS
3aBaj] Ha MPUKJIal K TOHAIBHOIO TaK 1 0araTOTOHaJIBHOrO cUrHamis. B miil po6oTi, B mporpaMHOMY
cepenoBuny Simulink, 3amponoHoBaHo amapaTtHO-opieHTOBaHY Moaeiab AD Ha OCHOBI MeTOIy Ha-
imenpmmx kBanpatie (MHK), sika Oyze 3acrocoBana mpu peanizanii Ha ocHoBi [IJIIC B sikocTi mpoTo-
tuny AD.

Bukian ocHoBHOrO Martepiaiay

Aoanmuenuit inemp (AD) na ocnosi MHK. Po3risHyTHI alrOpPUTM ONWH 3 afanTHBHUX
QITOPUTMIB, SIKMU 0a3yeThCsi Ha MOIIYKY MiHIMyMy 1i1p0BOi QyHkii (L[id) meromoM HaliMeHIIOro
crycky [7]:
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J(w) =e’(k) =d?(k) - 2d (k)u" (K)w+w"u(k)u" (K)w. (1)
[Ipu BHKOpPHCTaHHI AaHOro croco0y ontumizauii Bekrop koediuientis ¢pinstpy W(K) mosu-

HCH OHOBJIIOBATUCA PCKYPCUBHUM YHMHOM:
w(k +1) =w(k) —% gradJ (w(k)) =w(k) + up —uRw(k) , 2

ne y — JOoAaTHIA KoeilieHT, SKUH HA3UBAETHCS po3MipoM mary. JlaHuil anroput™ € 301KHUH, K0
O<u<2/ A, me A, — MakCHMalbHE BIIaCHE YMCIO KopensuiiHoi Matpuui R. IlIBuakicTs 301k-
HOCTI IPU IbOMY 3QJISKUTH Bill PO3KUY BIaCHUX YHCEN KOpEsiiHOl MaTpuli R — yum MeHme Bin-
HomieHHst A, /A, , TAM Olnblie 30iraeThes iTepaniifHuil mporec.

[Ipore ms po3paxyHKy rpaieHTy HE0OXiTHO MaTH 3HAYCHHS €IeMEHTIB MaTpuili R Ta BekTo-
py p. Ha npaktumi MoxyTb OyTH JOCTYIHI JIUIIE OLIHKHA JAHUX 3HaYeHb, OTPUMYBAHUX 32 BXiIHUMHU
nanuMH. [IpocTUMH OL[IHKaMM JaHOTO THUIY € MUTTEBI 3HAUCHHS KOPENALIAHOI MaTpHUIll Ta BEKTOPY
B3a€MHHX KOPEJSILiH, OTpUMYBaHHX 0e3 OyIb-IKOTr0o ycepe HeHHS:

R(k)=u(k)u' (k),
p(k) =d(k)u(k).

V pa3i BUKOPHUCTaHHS JaHUX OLIHOK (opMyia (2) mpuiitMae HACTYITHUH BUTJISL;
w(k +1) = w(k) + ud (k)u(k) - puk)u’ (kK)w(k) = w(k) + pu(k)(d (k) -u" K)wk)) . (4)

YacTuHa BUpasy, 0 CToiTh y ayxkkax (4), a came d(k)—u' (k)w(k) mpencrasnse coboro piz-

3)

HUII0O MDK 3pa3KOBHM 1 BHXITHHM CHUTHaJIOM (QiIbTpy Ha K-My Kpori, TOOTO € MOXHOKOI (iIbTpy

e(k). 3 ypaxyBaHHsM JaHOTO BHpa3y Ml PEKYPCHBHOIO (UIBTPY OHOBIEHHS KOeQilieHTIB (GinbTpy
BUSIBIISIETHCSI TPOCTUM:

e(k) =d(k) - y(k) =d (k) -u" (k)w; (®)

w(k +1) =w(k) + e(k)u(k). (6)

AnropuT™ amantuBHOI (inkTparii, moOygoBaHuil Ha OCHOBI (6), OTpHMMaB Ha3BY METOJ Haii-

menmmx kBaapartiB (MHK) ado LMS (Least Mean Square). Otpumaru (6) MOKJIMBO IHIIMM CITOCO-

60OM: BUKOPHMCTOBYIOUH 3aMiCTh I'DAJiEHTy CTATHCTHUYHE ycepeaHeHHs KBaapaTy noxuoku e’ (k) rpa-
nienT fforo MuTTeBOro 3Havenus e’ (k).

2 2 2
%ﬂk ~trace(R) (N +1)o?’

Hrnax U (7)

Jie A, — BJIACHi 4mMClia KopensiiiiHoi MaTpuli R, a o> — cepenHiil kBapat BXiTHOTO curHaiy (GiisTpy.

Ha ocnosi 30ixHOCTI MHK-anroputMy MOKJIMBO CTBEPIDKYBATH, 110 BEPXHSI TPAHULIS IS PO-
3Mipy KpOKY [/ € MEHIIO0 HIK JUIS PeabHOro IpajlieHTy Ta JopiBHIOE (8).

OcHoBHoto nepeBaroro MHK-anroputmy [7] € rpaHndHa o04YHCIIOBaJIbHA MPOCTOTA — JUIS
HanamrtyBaHHS KoediumieHTIB AD Ha KOXHOMY Kpoui HeoOxigHo BukoHath N +1 map omepamiit
«MHOXXEHHS-ToJaBaHHs». [1maToro 3a MpocToTy € MoBUIbHA 30DKHICTD Ta MiABHILIEHA AUCIEPCiS MOXH-
OKHM B peXxuMi, U0 BCTAHOBUBCH — Koe(ilieHTH (QimbTpy MaloTh TEHACHLIIO (IYKTYBaTH HABKOJIO
ONTHUMAaJIBLHUX 3HAYEHB, 110, B CBOIO YEPTy, 1 30LIbLIYyE piBEHb LIyMY Ha BUXOIi QiIbTpY.

Icnye mmpoxuii criektp Moxudikaniit MHK-anroputmy, cnpsMoBaHuX Ha mojerimieHHs 301K-
HOCT1 200 3MEHILIEHHS O0YUCITIOBAIBHOrO 3aBaHTaxeHHs. [lokpamenns 301bKHOCTI MOXke OyTH JOCsT-
HYTO 32 JIOIOMOTOI0 YIOCKOHAJICHHS OLIHKH TPaJi€eHTy Ta NEPETBOPEHHS BXiTHOIO CUTHAIY IS PO-
00TH 3 HEKOPENbOBAaHMMH BiUTiIKAMHU. 3MEHILIEHHS 00UHCIIOBAIBHOI CKIIAZIHOCTI MOXKE OyTH JOCATHY-
TO 0OOMEKEHHAM BUKOPHCTAHHS OIepallii MHOXEHHS J0 CUTHATY MOXUOKM Ta BMICTY JiHII 3aTpUMKH
¢inbTpy. BukopucroByroun nuiie ix 3HaKd, MOKHA TOBHICTIO YHUKHYTH MHOXKEHHS IIPH OHOBJICHHI
Koe(iLi€HTIB aAanTHBHOTO QiIbTpA.

Imimayinana mooenv adanmusnozo ¢ginempy ¢ Simulink. Ha ocHoOBi BHIIEpO3MIISHYTOT Ma-
temaTraHOi Mosienmi A®D Ha ocHoBi MHK Oyro 3amporoHoBaHO imiTalliiiHi Mojiei Ha OCHOBI Iudpo-
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BUX OJIOKIB, SIKi JI03BOJIATH amapaTHO peanizyBaté agantuBHuil GpineTp Ha [UJIIC (FPGA). 3 meroro
OL[IHKK POOOTOCIPOMOKHOCTI 3alIpONOHOBAHOI iMiTaniiHOoi Moaeni AD Oyno mpoBeneHo Bepudika-
wito il Ha OCHOBI MOPIBHAHHS Pe3yJbTaTiB poOOTH 3ampONOHOBAaHOI MOAETI 3 BOyZOBaHMM OJOKOM
LMS Filter (MHK-¢instp) B Simulink [11].

3arajgpHa cXxeMa TeCTyBaHHs alrOPUTMIB alanTUBHOI (QinbTpanii (puc. 1) ckiamaerbes i3 Ha-
CTymHUX OJOKIB: (popmyBaua mrymoBoro cursany (Random Number), 3MinryBaya myMoBOro Ta KOpH-
cHoro curHany (Addl), 6moky ¢opmyBanHs kKopucHoro curHany (Sine Wave), 610ky BOyIZOBaHOTO
LMS o¢inerpy (LMS Filter), 6moky LMS ¢ineTpy 3i0panoro 3 enementapuux onokis (LMS4), neox
OJIOKIB TepeTBOPEHHS TUITYy aHuX y popmar oxunapuoi Tounocti (Data Type Conversionl), ocumo-
rpadiB Ui CIIOCTEPEKCHHS CUTHANIB (JUI OPIBHSHHS €KBIBaJICHTHUX CHHTAJIB BOYIOBAaHOTO Ta 3i0-
panoro OnokiB ¢ureTpiB LMS). Biok SCOpe BHKOPHCTOBYETHCS JUIS CKBIBAJICHTHHX CHTHAJIB Y Ta
output; 6mok Scopel BUKOPUCTOBYETHCA IS CIIOCTEPEKEHHS BXiTHUX EKBIBAJICHTHUX Map CUTHATIB X
ta Input (curnan mymy), d Ta Desired (cymim curHaizy mymy Ta KOPHCHOTO CUTHAIy), err ta Error
(curnas moxuOKH, B JaHOMY BHIAJKY BUXITHUHN BiI(ITbTPOBAaHHUN CUTHAI); OJIOK SCOPE 2 BUKOPUCTO-
BYIOTBCS TSI CIIOCTEPEKEHHSA 32 aJanTalieio koedinieHTiB 310paHoro GineTpy.

, ;
| Tk
M single t e; I Scope
Random Data Type Conversion [EDATool E? N :::F [ 1]
Number ————Pp{d k2
| ka | L1
single » . e Scope?
? g Addl Data Type Conversion1 Ly
Sine Wave Digital ' Input Cutput - M oy
Filter Design
LMS  Errorf——m
. Scope
—m Desired Wis fp—
LMS Filter Terminator

Puc. 1. 3aranbHa cxema TecTyBaHHS ajJrOpuUTMY aganTHBHOI (insTpanii Ha ocHoBi MHK

3anpornoHoBaHa MOJIEIb aIANTUBHOIO PLIBTP po3riisHyTa Ha npukian A 4-ro mopsuaky (puc.
2), sika cxinanaerbes 3 KIX Ginbtpy 4-ro mopsaky, 4OTHpbOX ONOKIB ajanTallii (OHOBJICHHS) KoedirieH-
tiB JIX, Onoky momHoKeHHs Ha Koedirient mu (Gainl), 6moky BimHiManHs curHaniB d Ta y (Add4);
BxoxiB(X Ta d) Ta BuxoxiB (y Ta err). B cor uepry, KIX ¢pinbTp 4-ro mopsaky CKIaiaeTbesi 3 TPhOX
onokis 3atpumku (Delay, Delayl, Delay2), votupbox nmoMHOXyBa4iB Ha Koe(illieHT 3 OJIOKY aganTarii
(Product3, Product, Productl,Product2), cymaTopiB it OTpUMaHHS BUXiTHUX BiA(DUTBTPOBAaHHUX BiUTIKIB
curnaiy (Addl,Add2,Add3), 6moky BximHOro cursainy (X) Ta GJI0Ky BUXiqHOTO cHrHAIy (Y).

brok amantanii koegiienta kO ckmamaetbes 3 Gmoky mHoxenus (Product9) simmosigHoro
BXIJJHOT'O BIJUTIKYy CUTHAJIy Ha CHTHaJ MOXHOKH 3 KoedirieHToM MU, 6mokiB noxaBanus (AddS) Ta 3a-
tpumku (Delay3), mo oxoBmotoTh koedirienT KO, Buxomy kO ms mepernsany xoediumieHra. AHanoriy-
HO moOyoBaHi pemra 010kiB afanTainii koedinienTis (k1,k2,k3) 3a MHK. brnok amantamii (BA) k1
ckmanaetses 3 Productl0, Add6, Delay5, suxoay k1, BA k2 — Product5, Add7, Delay6, suxoay k2,
BA k3 cknamaetses 3 Product6, Add8, Delay7, suxomxy k3.

B 6a3oBiit Mozerni (puc. 2) BUKOpUCTOBY€EThCs dpoBuit GpunbTp HIbKHIX YactoT 3 KIX mwis mo-
JemoBaHHs KaHay 3B°s3Ky (Ook Digital Filter Design). Ockinbku B JaHili po0OOTi 3aCTOCOBYIOTBCS B
SKOCTI TECTOBHX CHI'HAJIM 3BYKOBOTO Jialia30Hy XBWJIb, TO JaHUH QinbTp Oyae MaTé HACTYINHI Mapamer-
pu: yacoBe BikHO Triangular; yacrora muckperusartii 48 k11, yacrora 3pizy 5kl i mopsiiok GpinbTpy 4.
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Puc. 2. Mopens ¢ineTpy 4-ro nopsaky 3a MHK

Pesynomamu imimayiiinozo modentosannsa adanmuenozo ginempy. O6’€KTOM AOCIiKECHHS
B JaHii poOoTi € mporec QinpTpalii 3aryMIeHHOT0 OAHOTOHATIBHOTO CUTHATY TICEBOIIYMOBUM CHI-
HaJIOM, 3 METOK OTpUMaHHs “gucroro” curHany. JlocmimkeHHs: e)eKTUBHOCTI Ta IIBUIKOCTI a1alTH-
BHOI QiybTpauii B 3aJeXHOCTI BiJl 3HaYeHHS KOe(illieHTy | MpeacTaBiIeHO Ha puC. 3. Mepmni rpadik
3BepXy — LIYMOBHUI CHTHaJI, OTIM KOPUCHHUN CUTHAI 4 LIyM, HWXX4Ye — MOXHOka BOynoBaHOro 0110-
Ky, 1 ocTaHHi# 1e moxuoOka (Bux.) 3i0paHoOro OJIOKy.

S 6)
Puc. 3. Pesynbrat MmonentoBanust A® LMS: a —p =0.01; 6 — p =0.025

Q) )
Puc. 4. Tlpouec 30bxHOCTI KoedimienTtiB AIX 3anexxHo Bif 3HAUEHHS KPOKY iTepauii st Qinb-
Tpy 4-ro mopsiaky: a — | = 0.01; 6 — = 0.05
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a)

001 0.015

5

Puc. 5. Ananrauis X A® no Heinomoi cuctemu (a) 1 BiAMOBITHUN BiN(iTBTPOBaHHI CUT-

Has Ha Buxoi (0)

st Toro mo0 nosectH, mo koedinientu JIX agantuBHOro QinbTpy NpartyTh aganTyBaTHCS
JI0 HEBIJOMOI CHCTEMH, B HAIIOMY BUMAAKY MOBTOPIOIOTH KOE(illiEeHTH BUKOPHCTOBYBaHUX (iIbTPiB
(puc. 4). Koediuientn AIX npyroro dpinerpy (puc. 4): 0; 0,5;0,5; 0. Binnopinna ¢inbTparis cursany y
Bianosiguocri 3 JIX (puc. 5, a) npeacraeneno ua (puc. 5, 6).

3 MeTOI0 KiNbKicHOI OmiHKM poboTH 05okiB AP Oyno BUMIpSAHHI HENiHIHHI CIIOTBOPEHHS Ha
BUX0Il (iNbTpiB pi3HOro mopsiaky (tadn. 1), a TakoX OTpUMaHO 4YacoBi mapamerpu curHaiiB AD
(puc. 6, 7). PiBeHp cioTBOpeHb BUMipIOBaBcs BOynoBaHUM OyiokoM THD B pexuMi 0THOTOHAIBHOTO

cuUTHaIy, a came Ha JactoTi 1kl .

Tabnuya 1. 3anexuicts koedinienty THD Bin nopanxy ¢ineTpy

Iopsinok dinbTpy Koeoiuient Heniniitaux cnorsopens (THD, %)
24 2,38
28 1,05
32 0,09

| lm AT g " [‘:}l‘:'un

a)

o)

Puc. 6. Curnanm B 4acoBiii o0macTi: a — curHain 3 mymom; 6 — BifdinmsTpoBanuii curdain AD 24-ro nopsaaky

2

Puc. 7. BindpinerpoBanuii curaan A® 26-ro nopsiaky (a) i 28-ro nmopsiuky (6)
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Pesynomamu 0ocniodrcennn adoanmueHoi inempauyii 6azamomonaibHo20 CUZHATLY.

3 MeTol0 BU3HAuUCHHs eeKTUBHOCTI po3pobieHoi moxeni AP Oyno BUKOHAHO 3piBHSUIbHHUMA
KUTBKICHHW Ta sIKICHUH aHami3 3 BOynmoBaHoro moxpemwtro MHK-dinerpa B Simulink. Ha Binminy Bin
MOIepeAHFOr0 CUTHaTYy Oyia0 oOpaHO OIMH 3 HaWMOMIMPEHIIINX CUTHANTIB, a caMe 0araToTOHaJIbHUI
curtai. Yacrora quckperusauii B moaeni Simulink 6yna obpana 48 xI'i. YacoBi mapaMeTpu CHTHAIB
nanoi momeni Simulink mpencrasieno Ha puc. 8—10, a BiAMOBIAHI 1M YaCTOTHI XapaKTEPUCTHKH Ha
puc. 11—13.

3miny koedinientis AIX agmantuBnoro MHK-¢ineTpy B mpomeci MOIeNIOBaHHS TAKOX MOXK-
JIMBO CIIOCTEPIraTH BUKOPUCTOBYIOUH OJIOK ociuiiorpady Scope (puc. 14).

Input [Neise) D sined(Info+ Hoise)

[

=
3
s
3
a2
3
:
]
]
-l
2
B
]
3
3
T
=
=

o 0.002 0.004

o 0.002 0.006 .00 0.01

Wi WD

Puc. 8. Bxigauii ryMoBHi CUTHAI Puc. 9. Cymim KOpHCHOTO CUTHAITy Ta UIyMy

Errzriinling bleck)

[=]
(3,1

Puc. 10. Curnanu noxuOku: BOyg0BaHOTrO ONOKY (a) i 3ampornoHoBaHoro 6;0ky(6)

:;‘w" I%;.lr‘l;l...,.:
m] ‘ W Mm‘“! q | | % JHWH\‘J”(IHWW My Lv “'

Puc. 11. CriexTp 1IyMOBOr0 CUTHATY Puc. 12. Cnektp cymimi curHamis
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Noise+Signal Filtert_Inline Noise+Signal Filter!
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Puc. 13. Cnexrp noxudku AP 28-ro nopsaky: BOygoBaHoro OJIOKy (a) i 3aIpOIOHOBaHOTO
6110Ky(0)

:;) 007 008 008 o 0.0 0.02 .03 6:)_

Puc. 14. 3mina xoediuieHTiB BOyaoBaHoro (a) Ta 3anpornonoBaHoro 6aoky A® B mporeci
MojentoBanHs (0)

BucHoBkn

B nawiii poborti posrisinanocs crBopeHHs A® Ha ocHoBi MHK B cepemoumii Simulink. 3a-
MPOMOHOBaHa iMiTaliiHa Monens Oyina anapaTHo-opieHToBana Ha [1JIIC ta 3i0pana 3 exeMeHTapHHX
nu¢posux O10kiB. OnMcaHo METOANKY NOCTIDKEHHS aganTtuBHoi ¢inbrpanii 3a MHK.

B xozi gochimxenns 0yno o0paHO ONTUMAaTBHHUNA MOPSIOK GiTBTPY Ha OCHOBI aHaNi3y Koedi-
HieHTY HeniHiiHuX cnotBopeHb (THD), yacoBuX Ta 4acTOTHUX XapaKTEPUCTHK BiA(IIbTPOBAaHUX CHUT-
HaniB. [IpoananizoBano 3MiHy KoedilieHTIB GiNBTPY B mporeci iMiTalifHOro MOIEIOBAaHHS Y BUTJISIIL
gacoBoro rpadiky. [lopiBHsHO poOoTy BOymoBaHoro Ta 3ampornoHoBaHoro onokie MHK-¢inetpiB y
Simulink.

VY pe3ynbTaTi 1OCHIHKEHHS! MOXIINBO 3pOOUTH HACTYIHI BUCHOBKH: sIKiCHa (DINbTpaLlis MOYH-
HaeThes 3 28 nopsanky ¢GinbTpy; 30UTbIIeHHS MOpsAAKY QinbTpy Oinbuie 28 He Aae 3HAYHOTO SKICHOTO
MOKpalleHHs pe3ynbTaTiB QineTpanii; AP npaiioe KOpeKTHO, U0 MiATBEPKYIOTh PE3yIbTaTH OYH-
LICHHS CUTHATy 0araToTOHAILHOIO CUTHATY.
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o

SIMULATION MODEL OF AN ADARTIVE DIGITAL FILTER BASED ON THE
LEAST SQUARES METHOD

Abstract

In accordance with contemporary requirements in the fields of mobile and embedded
telecommunications and electronics, there is a growing need for faster, smaller, and energy-efficient
digital electronic devices (DEDs). These devices include microcontrollers, digital signal processors,
and programmable logic integrated circuits (FPGAS).

Utilizing DEDs involves the hardware execution of advanced digital signal processing (DSP)
algorithms tailored to the specific architecture of the electronic device. To expedite the design process
when directly implementing DSP algorithms in hardware, simulation models are generated to facilitate
optimizing the design during the creation of the programming component for FPGAs.

The paper discusses the outcomes of an investigation into an adaptive filter (AF) model that
relies on the recursive least squares method (RLS). During the simulation, an analysis of the time and
frequency parameters of the AF model was conducted. It was determined that the quality of the
filtering process reaches a plateau at the 28th order, and further increasing the AF order does not lead
to a significant improvement in signal filtering. Instead, it results in an increased demand for hardware
resources. Furthermore, during the verification of the proposed simulation model, an AF-based noise
reduction system was simulated. The total harmonic distortion (THD) level for the built-in AF unit
was found to be 1.05 % that serves as confirmation of the effectiveness of the developed AF unit.

Therefore, through this investigation, the most suitable order for the AF has been identified.
This choice will enable a more effective utilization of FPGA resources when implementing the AF in
hardware. The study results validate the accuracy and effectiveness of the hardware-centric simulation
model developed, while also demonstrating the hardware-oriented architecture of the adaptive RLS
filter for its forthcoming implementation on FPGA.
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