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Decisions, decisions, decisions! With all these filters to choose from, how do you know which to
use? This chapter is a head-to-head competition between filters; we'll select champions from
each side and let them fight it out. In the first match, digital filters are pitted against analog fil-
ters to see which technology is best. In the second round, the windowed-sinc is matched against
the Chebyshev to find the king of the frequency domain filters. In the final battle, the moving
average fights the single pole filter for the time domain championship. Enough talk; let the com-
petition begin!

Pemenus, pemenus, pemennsi! Beiopats u3 Bcex 3TuX GUIBTPOB, KaK Y3HaTh, KOTOPHIN UCIIOJIb-
30BaTh? JTa IJlaBa - COPEBHOBAHUE MEXAYy (QHIbTpaMH J00 B J100; MBI BHIOEpEM UYEMITUOHOB OT
KaXJIOM CTOPOHBI M 3aCTaBUM WX OOpoThcs. B mepBoM comoctaBneHuH, yugposvie GUIbTPHI
U3BEACHBI(0O HUX MHOTO CKa3aHO B MPOTHBOBEC aHAJIOTOBHIM (PHIBTpPaM) MPOTUB aHAIOTOBBIX
¢GbuIbTPOB, YTOOBI BUIIETH, KOTOpPas M3 TEXHOJOTWUM sIBIseTCs ayunieil. Bo BTopoM payHnue,
windowed-sinc mpotuBocTouT YeObIlieBy, YTOOBI HANTH KOPOJIS U3 PUIBTPOB YACHMOMHO20 O0-
MeHa. B 3aKITIOUNTENIEHOM CPasKeHUH, (PUIIBTP CKOJIB3AIIETO CPETHEr0 OOPETCst MPOTHB OTHOIIO-
JIOCHOTO (PUIIBTPA 3a MEPBEHCTBO B OOMeHe gpemeHu. JIocTaTouHO pa3roBOPOB; MO3BOJBTE Ha-
yaTh COPEBHOBaHUE!

Match #1: Analog vs. Digital Filters
Conocrasiaenue(IlporuBocrosinue) #1: Anasnorospie GuiabTpbl npoTuB Lndg-
POBBIX

Most digital signals originate in analog electronics. If the signal needs to be filtered, is it better to
use an analog filter before digitization, or a digital filter after? We will answer this question by
letting two of the best contenders deliver their blows.

Bonbiie Bcero mugpoBhIX CUTHAIOB MPOMCXOAAT W3 aHAJIOTOBOW AJIEKTPOHHMKHU. Ecim curnan
JOJKEeH OBITh PUIBTPOBaH, uTo Jyulne? Mcnonp30BaTh aHATOTOBBIN QUILTp miepen mpeodpa3zo-
BaHMEM B ITUGPOBYIO GopMy, niau nudpoBoit GrIbTp mocie npeodpa3oBaHUs aHATIOTOBOT'O CHT-
Hana B mupoByro ¢popmy? OTBETUTH HA STOT BOIIPOC, MBI ITO3BOJIMM JIBYM U3 JTYUIIUX KaHIUIa-
TOB, 3aCTaBUB UX MOIBIXTETh.
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The goal will be to provide a low-pass filter at 1 kHz. Fighting for the analog side is a six pole
Chebyshev filter with 0.5 dB (6%) ripple. As described in Chapter 3, this can be constructed with
3 op amps, 12 resistors, and 6 capacitors. In the digital corner, the windowed-sinc is warming up
and ready to fight. The analog signal is digitized at a 10 kHz sampling rate, making the cutoff
frequency 0.1 on the digital frequency scale. The length of the windowed-sinc will be chosen to
be 129 points, providing the same 90% to 10% roll-off as the analog filter. Fair is fair. Figure 21-
1 shows the frequency and step responses for these two filters.

Lenb Oyner cocTosITh B TOM, 4TOOBI 0becneunTsh GuiabTp HIKHUX YacToT B 1 k[, B 60ppde 3a
aHAJIOTOBYIO CTOpOHY — 6 mountocHbI puneTp Yebbimena ¢ mynascamusimu 0.5 dB (6 %). Kax
OIMCaHO B IJIaBe 3, 3TO MOXET OBITh CO3/1aHO 3 Op amps(ONEepPalMOHHBIMU YCHIUTEIAMH), 12
pe3ucTOpoB, U 6 KoHAEHcaTopoB. B mudpoBom yriry, windowed-sinc HarpeBaeTcsi U TOTOB 00-
POThCS. AHANIOTOBBIM CUTHAN OIU(POBaH ¢ 4acToToi BeIOOpKU 10 kI'I, Aemast 4acToTy OTCEUKH
0.1 ma mudposoii yactotHoi mkane. [nuHa windowed-sinc BeiOpana, 129 Touek, obecnieunBas
teM cambiM criag ¢ 90 % no 10 % xak ananoroBeiii ¢puibTp. Topr crpaBennmus. Pucynok 21-1
MOKa3bIBAET YACTOTY U OTKJIMK HA CKAYOK(IIEPEXOAHYIO XapaKTEPUCTUKY) Ul 3THX ABYX (QHIbT-
pOB.

Let's compare the two filters blow-by-blow. As shown in (a) and (b), the analog filter has a 6%
ripple in the passband, while the digital filter is perfectly flat (within 0.02%). The analog de-
signer might argue that the ripple can be selected in the design; however, this misses the point.
The flatness achievable with analog filters is limited by the accuracy of their resistors and ca-
pacitors. Even if a Butterworth response is designed (i.e., 0% ripple), filters of this complexity
will have a residue ripple of, perhaps, 1%. On the other hand, the flatness of digital filters is pri-
marily limited by round-off error, making them hundreds of times flatter than their analog coun-
terparts. Score one point for the digital filter.

JlaBaiite cpaBHUBaTh 1Ba (prstbTpa MeToanuHo. Kak mokaszano B (a) u (b), aHaIOTOBBIN GUIBTP
MMEET T0JIOCY MPOIYCKaHUs C MyJIbcauusiMu B 6 %, B TO Bpemst Kak u(ppoBoil PUILTP - coBEp-
mieHHo miockyto (B npenenax 0.02 %). AHaaoroBbli MPOSKTUPOBIIMK MOT OBl 10Ka3bIBaTh, YTO
MyJICAIlUU MOTYT OBITh 0mobOpansi(ycmpanensi?) B pa3paboTKe; 0JHAKO, ITO MPOMYCKAET OYKO.
[TosorocTs, AOCTHKKUMAs C aHAJIOTOBBIMU (PMIIBTPaAMH OTpaHUYEHA TOYHOCTHIO UX PE3UCTOPOB U
KoHzeHcaTopoB. Jlaxe ecnu paspaboran oTkiuk byrrepBopra (To ecth, mynscammu 0 %),
(GUIBTPHI ATOU CIIOXKHOCTH OYIIyT MMETh OCTaTOYHBIE IMyJbcallud, BO3MOXKHO, 1 %. C mpyroit
CTOPOHBI, IOJIOTOCTh U(PPOBBIX (PUIBTPOB, MPEXKIE BCETr0, OTPAHNUYCHA OUIMOKON OKPYTJICHHS,
Jienasi X B comuu pa3 MpUBJICKaTeIbHES(JIyIle), YeM UX aHAJIOTOBbIE aHANOTH(IBOWHUKH). OT-
METBHTE OJTHO OYKO B TOJIB3Y UGPOBOTO GUIBTPA.

Next, look at the frequency response on a log scale, as shown in (c) and (d). Again, the digital
filter is clearly the victor in both roll-off and stopband attenuation. Even if the analog perform-
ance is improved by adding additional stages, it still can't compare to the digital filter. For in-
stance, imagine that you need to improve these two parameters by a factor of 100. This can be
done with simple modifications to the windowed-sinc, but is virtually impossible for the analog
circuit. Score two more for the digital filter.

3areM, MOCMOTPUTE HA YACTOTHYIO XapaKTEPUCTUKY B JorapudMuyeckomM Macmrade, Kak Mmoka-
3aHo B (¢) u (d). CHoBa, nudpoBoii GUILTp - SICHO MOOETUTENb, U B OCTA0JICHUH TOJIOCH 3a]1ep-
KUBaHUS U B crnaze. Jlaxe ecnu aHanorosas 3¢p(GEeKTUBHOCTh yiIydllleHa, NpUOaBisis TOMOIHH-
TEJIbHBIE CTAJMH, OHA BCE e HE MOXKET CPaBHUTHCA C IUPPOBBIM puibTpom. [lnsg obpasua, Bo-
obOpasute, yTo BBl MOIDKHBI yaydmuTh 3TH aBa mapamerpa (akrtopom 100. 310 MoxkeT OBITh
CAeNaHo MpoCcThIMU MoauduKarusamMu K windowed-sinc, HO aKTHUYECKH HEBO3MOXKHO ISl aHa-
JIOTOBOM cXeMbl. BBIurpaHo ere 1Ba o4yka B 1Mojb3y HudpoBoro GuibTpa.
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The step response of the two filters is shown in (e) and (f). The digital filter's step response is
symmetrical between the lower and upper portions of the step, i.e., it has a linear phase. The ana-
log filter's step response is not symmetrical, i.e., it has a nonlinear phase. One more point for the
digital filter. Lastly, the analog filter overshoots about 20% on one side of the step. The digital
filter overshoots about 10%, but on both sides of the step. Since both are bad, no points are
awarded.

OTkIMK Ha CKa4yoK JBYX (GUIbTpoB MokasbiBaeTcs B (€) u (f). OTKIMK Ha cka4ok IUGPOBOTO
¢unbpTpa CUMMETPUYEH MeXay Oosiee HU3KMMH U BEPXHUMHU YacTSAMU CTYNEHU, TO €CTh, UMEET
nuHelHyo (azy. Peakiys Ha CKa4yoK aHAJIOroBOro (GUIBTPa He CHMMETPHUYECKas, TO €CTh, HMEET
HenuHenHyo ¢a3zy. Eme ogHo ouko mudpoBomy ¢unsTpy. HakoHer, aHaaoroBeiii GuibTp uMe-
eT BeIOpoc mpubmmsutensHo 20 % Ha omHOUM cTopoHe cryneHu. Ludposoit punsTp npubdbauzu-
TenbHO 10 %, HO ¢ 06enx CTOPOH cTyneHu. Tak kak 00a MI0XH, HUKAKMUX OYKOB HE MPUCYKIEHO.

In spite of this beating, there are still many applications where analog filters should, or must, be
used. This is not related to the actual performance of the filter (i.e., what goes in and what comes
out), but to the general advantages that analog circuits have over digital techniques. The first ad-
vantage is speed: digital is slow; analog is fast. For example, a personal computer can only filter
data at about 10,000 samples per second, using FFT convolution. Even simple op amps can op-
erate at 100 kHz to 1 MHz, 10 to 100 times as fast as the digital system!

Hecmotps Ha 3TO M30MeHHe, TaM - BCE K€ MMEETCSl MHOTO NPUIIOKEHUH, I/Ie aHaJOrOBbIC
GUIBTPHI JOJDKHBI, HJIM 00sI3aHBI UCIIOJIB30BATHCA. DTO HE CBS3aHO ¢ (hakTudeckoil A HEeKTHB-
HOCTBIO (PMIIBTPaA (TO €CTh, YTO BXOJIUT M UTO BBIXOJAHUT), HO C OOIIMMH MPEUMYIIECTBAMH, KOTO-
pBle aHAJIOTOBBIE IIETT MUMEIOT nepen udpoBeiMu MeTonamu. [lepBoe mpenmMymiecTBo - Gvicm-
podeticmaue: 1N(HPOBOE MEIUICHHO; aHaJoroBoe ObIcTpo. Hampumep, mepcoHalbHBIA KOMIIBIO-
Tep, UCTIONb3yst cBepTKy BIID, MoxeT GUIbTPOBATH AAaHHBIE CO CKOPOCTHIO MPHOIN3UTEIHHO
10000 BbIOOpOK B cekyHAay. Jlaxke mpocToit op amps(onepaloHHbIN YCHINTENb) MOXKET pado-
tath B mosoce oT 100 k['m 1o 1 mI'm, B 10 - 100 pa3 GeicTpee, yem 1udpoBasi cuctemal

The second inherent advantage of analog over digital is dynamic range. This comes in two fla-
vors. Amplitude dynamic range is the ratio between the largest signal that can be passed
through a system, and the inherent noise of the system. For instance, a 12 bit ADC has a satura-
tion level of 4095, and an rms quantization noise of 0.29 digital numbers, for a dynamic range of
about 14000. In comparison, a standard op amp has a saturation voltage of about 20 volts and an
internal noise of about 2 microvolts, for a dynamic range of about ten million. Just as before, a
simple op amp devastates the digital system.

Btopoe cBOWMCTBEHHOE MPEMMYIIECTBO aHAJIOTOBOTO (prutbTpa mepes MUuGPOBBIM - OuHAMUYe-
ckutl ouanazon. CioJa BXOJUT B IBE pa3HOBUAHOCTH. O/IHA U3 HUX AMILUIMTY/AHbII THHAMUYe-
CKMii INaNa30H - OTHOUICHHE MEXIY CaMbIM OOJIBLINM CUTHAJIOM, KOTOPBIH MOKHO MPOITYCKaTh
4yepe3 CUCTEMY, U CBOMCTBEHHBIM cucteme mymoM. Hanpumep, 12 paspsaansiii ALIT nmeet ypo-
BeHb Hachlmenus 4095, u cpenqnekBaapaTuuHbIi mymM kBaHToBaHus 0.29 nudpoBbIx vucen, ajs
QUHAMHUYECKOro nuana3oHa mnpuommsurensHo 14000. [lns cpaBHeHUs, CTaHAApPTHBIA Op
amp(ornepanoHHbIi yCHUIINTENb) UMEET HANpPSKEHHE HACBILEHUS Npuonu3utensHo 20 BONBT U
BHYTPEHHUH IIIyM MPUOTU3ZUTEINHHO 2 MUKPOBOJIBTA, IS AMHAMUYECKOTO JHAra30Ha MPUOIU3H-
TENbHO Oecamsb Muiiuonos. Tak ke, Kak mpexse, MpocToi op amp(onepauoOHHbIN yCUIIUTENb)
pazopsieT uppPOBYIO CUCTEMY.

The other flavor is frequency dynamic range. For example, it is easy to design an op amp cir-
cuit to simultaneously handle frequencies between 0.01 Hz and 100 kHz (seven decades). When
(c) ABTOKC, Cankr-IletepOypr, http:/www.autex.spb.ru, e-mail: info@autex.spb.ru
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this is tried with a digital system, the computer becomes swamped with data. For instance, sam-
pling at 200 kHz, it takes 20 million points to capture one complete cycle at 0.01 Hz. You may
have noticed that the frequency response of digital filters is almost always plotted on a linear
frequency scale, while analog filters are usually displayed with a logarithmic frequency. This is
because digital filters need a linear scale to show their exceptional filter performance, while ana-
log filters need the logarithmic scale to show their huge dynamic range.

Jlpyrasi pa3HOBUIHOCTh - YACTOTHBIN JMHAMHUYecKHid auama3oH. Hampumep, mpocTo(erko)
MIPOEKTUPOBATH CXEMY Op amp (OMEePAMOHHOTO YCHIIUTENS ), YTOOBI OJJHOBPEMEHHO 00paboTaTh
gactoThl OT 0.01 't mo 100 k' (cemp mexan). Korma aTo mcnbiTano(TipoBepeHo) ¢ MUGPOBOMA
CHCTEMOM, KOMIIBIOTEp yTomaeT B AaHHbIX. Hampumep, mis BeiOopku 200 k1, tpebyetcs 20
MUJIUTHOHOB TOYEK, 4TOOBI 3a()MKCUPOBATh OJWH TOJHBIN nepuoa yactotoi 0.01 I'm. Bel, BO3-
MO>KHO, 3aMETHJIH, YTO IpaduK YaCTOTHOW XapaKTEPUCTUKU HU(POBBIX GUIHTPOB OUYTH BCETIa
COCTaBJIEH B JIUHEUHOM 4YaCTOTHOM MacIiiTade, B TO BpeMsl KaK aHajoroBble (GUIBTPHI OOBIYHO
0TOOpaXKaIOTCs C 102apughmuyeckoll 9acTOToi. ITO MOTOMY - YTO HU(PPOBBIE PUIBTPHI HYKAa-
IOTCSl B IMHEHHOM MaciiTabe, 4To0bl MTOKa3aTh UX UCKIIOUYUTEIbHYIO 3(()EKTUBHOCTh QUIBTPA,
B TO BpeMs KaK aHaJOroBble (PMIBTPHI HYKIAIOTCS B JOTapu(pMHUUECKOM MacuTade, YToObl 1o-
Ka3aTh UX OTPOMHBIN JUHAMHYECKUN THANa30H.

(c) ABTOKC, Cankr-IletepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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Analog Filter
(6 pole 0.5dB Chebyshev)

FIGURE 21-1. Comparison of analog and digital filters.
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Digital filters have better performance in many areas, such as: passband ripple, (a) vs. (b), roll-off and stopband at-
tenuation, (c) vs. (d), and step response symmetry, (e) vs. (f). The digital filter in this example has a cutoff frequency
of 0.1 of the 10 kHz sampling rate. This provides a fair comparison to the 1 kHz cutoff frequency of the analog fil-

ter.

PUCYHOK 21-1. CpaBHeHHe aHAIOrOBOTO U U(GPOBOro (GUIBTPOB.
Ludpossie GuibTpel UMEIOT Jyulnyio 3((EeKTHBHOCT, BO MHOTHX OOJACTSIX, THIIA: HEPAaBHOMEPHOCTh B I10JIOCE
nporyckanus, (a) nporus (b), 3aBana(cnana) n ocnabneHus MOJIOCH 3aepxuBanus, (c) npotus (d), u cumMmmeTpun
peakuny Ha ckadok(mepexoaHoW xapakrepucruka), (e) mporus (f). Lludposoii ¢unsTp B 3TOM mpuMepe nmeer
yactoty orceuku 0.1 m3 uacrorsl BbiOOpkM 10 k['m. DTo obecrieumBaeT crpaBeyIMBOE CPaBHEHHE C YacTOTON
orceuku 1 k['11 aHAIOTOBOTO (DHITBTPA.

(c) ABTOKC, Canxr-IlerepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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Match #2: Windowed-Sinc vs. Chebyshev
Conocrasienue #2: Windowed-Sinc nporuB YeObimeBa

Both the windowed-sinc and the Chebysheyv filters are designed to separate one band of frequen-
cies from another. The windowed-sinc is an FIR filter implemented by convolution, while the
Chebyshev is an IIR filter carried out by recursion. Which is the best digital filter in the fre-
quency domain? We'll let them fight it out.

N windowed-sinc u YeOsbieBckre (UIBTPHI MperHa3HauYeHbl, YTOOBl OTACIUTH OJHY MOJIOCY
gactot oT npyroi. Windowed-sinc - KUX-bunbTp, OCyIIECTBICH c8epmKoll, B TO BPEMs Kak
¢wibTp Yebbimena - BUX-¢punbtp, BoinonHeH pexypcuei. KoTopslit n3 1mu@poBbIX (GHUIBTPOB
SBJIIETCS JTy4IIMM B YaCTOTHOM JIoMeHe? MBI ITO3BOJIMM MM TTOCOCTS3aThCSI B 3TOM.

The recursive filter contender will be a 0.5% ripple, 6 pole Chebyshev low-pass filter. A fair
comparison is complicated by the fact that the Chebyshev's frequency response changes with the
cutoff frequency. We will use a cutoff frequency of 0.2, and select the windowed-sinc's filter
kernel to be 51 points. This makes both filters have the same 90% to 10% roll-off, as shown in
Fig. 21-2(a).

CornepHuK peKypcUBHOTO GUIbTpa OyaeT 6 MONIOCHBIM (PUIBTP HIKHHX YacToT YeOwimeBa ¢
nynscanusamu 0.5 %. CrpaBeyiMBOe CpaBHEHHE YCIOXKHEHO (PaKTOM, YTO YaCTOTHAS XapaKTepH-
cTuka YeObllieBa U3MEHSETCS C YaCTOTON OTCeUKU. MBI OyJIeM HCII0JIb30BAaTh YaCTOTY OTCEUKHU
0.2, u BeIOepem simpo ¢unbTpa windowed-sinc's, 51 Touky. DTo 3acTaBUT 00a (UIBTPAa UMETh
TOT oanHakoBbIi ciar 90 % x 10 %, kak moka3aHo B puc. 21-2 (a).

Now the pushing and shoving begins. The recursive filter has a 0.5% ripple in the passband,
while the windowed-sinc is flat. However, we could easily set the recursive filter ripple to 0% if
needed. No points. Figure 21-2b shows that the windowed-sinc has a much better stopband at-
tenuation than the Chebyshev. One point for the windowed-sinc.

Teneps HauMHAETCS TOJMKAaHHE M MHUXaHHE. PeKypcHUBHBIA (PUIBTP MMEET MyNbCalld B MOJIOCE
npomyckanus 0.5 %, B To Bpemsi kak windowed-sinc miaockuif. OgHaKo, Mbl MOIJIM JIETKO yCTa-
HOBHTH NyJIbCalluu peKypcuBHOro ¢puibtpa B 0 % eciau B 3TOM ecTh HeoOxonumocTs. Her ou-
koB. Pucynok 21-2b moka3sbiBaet, uro windowed-sinc uMeeT HaMHOTO JIydiiiee ociabieHue mo-
J0CHI 3ajiepkuBanus, yeM YeObimeB. OgHO 04ko B nonb3y windowed-sinc.

Figure 21-3 shows the step response of the two filters. Both are bad, as you should expect for
frequency domain filters. The recursive filter has a nonlinear phase, but this can be corrected
with bidirectional filtering. Since both filters are so ugly in this parameter, we will call this a
draw.

Pucynok 21-3 moka3pIBaeT OTKIMK Ha CKa4dok JABYX (unbTpoB. Kak Bel m0omKHBI 0kHaaTh, 00a
TUIOXHU JUTSL GHIIBTPOB YAaCTOTHOTO AOMEHA. PeKypcuBHBIN QUIBTp MMEET HEJMMHEHHYI0 (a3y, HO
3TO MOXKET OBITh UCIIPABIICHO JABYHaIpaBieHHOW pumbTparmeid. Tak kak 06a GuIbTpa HACTONb-
KO YPOIJIUBEI IO 3TOMY MapaMCTPy, Mbl HA30BEM 3TO HUYbS.

(c) ABTOKC, Cankr-IletepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru
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FIGURE 21-2. Windowed-sinc and Chebyshev frequency responses.

Frequency responses are shown for a 51 point windowed-sinc filter and a 6 pole, 0.5% ripple Chebyshev recursive
filter. The windowed-sinc has better stopband attenuation, but either will work in moderate performance applica-
tions. The cutoff frequency of both filters is 0.2, measured at an amplitude of 0.5 for the windowed-sinc, and 0.707
for the recursive.

PUCYHOK 21-2. YacrotHsle xapakrepuctuku Guibrpa Windowed-sinc 1 UeObineBckoro GpuibTpa.

YacTOTHBIC XapaKTEPUCTUKU MOKa3bIBatOTCs i 51 Touku windowed-sinc GpuisTpa U 6 MOJOCHOTO PEKYPCUBHOTO
¢unbTpa Yeodbimena ¢ 0.5 % mynbscanuii. Windowed-sinc umeer nydiiee ocnabieHUe MOJOCH 3a/lepKUBaHUs, HO
mo00¥ u3 HUX OyzneT paboTaTh B MPUIIOKEHHUSX, TPEOYIOIINX yMEPEHHOH 3 dekTnBHOCTH. YacToTa 0TCEUKH 000MX
¢uneTpos 0.2, m3mepena B ammututyae 0.5 mis windowed-sinc, u 0.707 mist pekypcuBHOTO (priibTpa.
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FIGURE 21-3. Windowed--sinc and Chebyshev step responses.
The step responses are shown for a 51 point windowed-sinc filter and a 6 pole, 0.5% ripple Chebyshev recursive

filter. Each of these filters has a cutoff frequency of 0.2. The windowed-sinc has a slightly better step response be-
cause it has less overshoot and a zero phase.

<. 5

PUCYHOK 21-3. Windowed - sinc 1 UeObInieBckue peakyy Ha CKauoK(IIepexoaHas XapaKTepPUCTHKA).

OTKIHK Ha CKa9OK(CTYICHB)) MoKa3bBaroTes s 51 Toukn windowed-sinc GmiibTpa u 6 MOIOCHOTO PEKYPCUBHOTO
¢unpTpa Yebdpimes ¢ mynscausmu 0.5 %. Kaxaprid n3 3tux ¢unsTpoB umeet yactoty orceuku 0.2. Windowed-sinc
UMeeT cJIerka Jy4lnii OTKJIMK Ha CKa4yoK, IOTOMY YTO OH UMEET MEHbIINE IIepeperyInpoBaHue U HyJIEeBYIO (azy.

So far, there isn't much difference between these two filters; either will work when moderate per-
formance is needed. The heavy hitting comes over two critical issues: maximum performance
and speed. The windowed-sinc is a powerhouse, while the Chebyshev is quick and agile. Sup-
pose you have a really tough frequency separation problem, say, needing to isolate a 100 mil-
livolt signal at 61 hertz that is riding on a 120 volt power line at 60 hertz. Figure 21-4 shows how
these two filters compare when you need maximum performance. The recursive filter is a 6 pole
Chebyshev with 0.5% ripple. This is the maximum number of poles that can be used at a 0.05
cutoff frequency with single precision. The windowed-sinc uses a 1001 point filter kernel,
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formed by convolving a 501 point windowed-sinc filter kernel with itself. As shown in Chapter
16, this provides greater stopband attenuation.

[Toka, He nMeeTcst OONBIION Pa3HUIIBI MEXKTY STUMU ABYyMs (GUIbTpaMu; 0001 OyaeT paboTarh,
B Cllyyae Korja HeoOxoauma ymepeHHast 3(p(eKTUBHOCTD. TspKenblil rpy3(aBieHue) AByX KpH-
TUYECKUX TPOTUBOPECUUN: MaAKCUMATbHAS 3P Gekmusnocms U ovicmpoodeticmsue. Windowed-
sinc — ANEeKTpOCTaHLUsA(PHEPTUYEH), B TO BpeMs kKak UeOrbieB ObicTp U npoBopeH. IIpeamorno-
XKUTe, 4TO BBl umeeTe NEHCTBUTENBHO JKECTKYIO MpoOIeMy pa3feNieHHs MO YacToTe, CKa)XeM,
Hy>XJasch u3zonnposars curan 100 muumBoasT 61 repi, KOTOpBI CUAUT HA JIMHUU AIIEKTPO-
nepenaun 120 BonbsT 60 repi. Pucynok 21-4 mokaspiBaeT, Kak 3TH JBa (DUIbTpa CPaBHUBAIOTCS,
Korga Bel Hykaaerech B MakCUMaibHOH 3(peKkTrBHOCTU. PeKypcHBHBIN 6 MOTIOCHBIN (UIBTP
YeObimeBa ¢ mynbcanusamMu 0.5 %. 3To - MakCUMallbHOE YMCIIO MOJIOCOB, KOTOPHIE MOTYT HC-
MOJIb30BaThes ¢ vacTtoToi orceuku (.05 ¢ ommHapHOW mpenu3noHHOCcThI0. Windowed-sinc wc-
nonb3yeT 1001 Touky siapa ¢punsTpa, chopMupoBaHHOTO, cBepThIBas 501 Touky simpa windowed-
sinc ¢puibTpa ¢ coboil. Kak nokasano B rimase 16, 3o obecneunBaeT Oojblee ociabiieHue Mmo-
JIOCHI 3a/1eP )KUBAHMUSL.

FIGURE 21-4. Maximum performance of FIR and IIR 20
filters. The frequency response of the windowed-sinc
can be virtually any shape needed, while the Chebyshev ] '\

recursive filter is very limited. This graph compares the
frequency response of a six pole Chebyshev recursive
filter with a 1001 point windowed-sinc filter.
PUCYHOK 21-4. MaxkcumanbHasgs 3PPEKTHBHOCTD
KHUX n BUX-OUJIBTPOB.

YacrorHas xapakrepuctuka windowed-sinc MokeT

N :
N 9 | Windowed-sine (FIR)
ObITh (haKTHYECKH JTH000# HeoOX0omumMoi (GOopMBbl, B TO X

Y | Chebyshev (IIR) |
I

Amplitude (dB)
]

BpeMsi Kak YeObIeBCKUil peKypCUBHBIN (GUIBTP OYEHBb 80
orpanuyeH. Jta nuarpamma(rpadyk) cpaBHHUBaeT 4ac- &7
TOTHYIO XapaKTepUCTHKY 6 IONIOCHOTO PEKYPCUBHOTO 100 19
¢unpTpa Yebpmea ¢ 1001 Toukoit windowed-sinc 0 0.1 0.2 0.3 0.4 0.5
¢ubTpa. Frequency

How do these two filters compare when maximum performance is needed? The windowed-sinc
crushes the Chebyshev! Even if the recursive filter were improved (more poles, multistage im-
plementation, double precision, etc.), it is still no match for the FIR performance. This is espe-
cially impressive when you consider that the windowed-sinc has only begun to fight. There are
strong limits on the maximum performance that recursive filters can provide. The windowed-
sinc, in contrast, can be pushed to incredible levels. This is, of course, provided you are willing
to wait for the result. Which brings up the second critical issue: speed.

Kak st nBa ¢unbTrpa cpaBHHMBAIOTCS, KOTZa HEOOXOIMMa MakcHMasibHas 3((eKTHBHOCTH?
Windowed-sinc cokpymaer YeOwimena! Jlaxke ecnu peKypCUBHBIH (GHIBTp ObLT yIIydlleH
(OONBIIMM KOJIMYECTBOM ITOJIFOCOB, MHOTOCTYTICHYATHIM BBITOJTHEHUEM, IBOMHOHN TPEIM3UOHHO-
CTBIO,  T.II.), 3TO BCe elie He cooTBeTcTBHE A dppexTuBHOCTH KUX. DT0 0c0OEHHO BHYIIH-
TeIbHO, Korna Bel momaraere, uro windowed-sinc Toiapko Hadan 6opoThesi. IMeroTcst ctporue
MIpeaeIbl sl MaKCUMaIbHOH 3 PEKTUBHOCTH, KOTOPYIO PEKYpCUBHBIE (PMIIBTPHI MOTYT obecre-
quTh. Windowed-sinc, HampoOTHB, MOKET OBITh TIOMEIIICH B HEBEPOATHBIC YPOBHH. DTO, KOHEUHO,
ecTecTBEeHHO a7 Bac xmath pesynbrar. KoTopelii M3 HUX pemiaeT BTOPYIO KPUTHUECKYIO MPO-
osemy: 6vicmpooeticmeue.

Comparing these filters for speed is like racing a Ferrari against a go-cart. Figure 21-5 shows
how much longer the windowed-sinc takes to execute, compared to a six pole recursive filter.
Since the recursive filter has a faster roll-off at low and high frequencies, the length of the win-
dowed-sinc kernel must be made /onger to match the performance (i.e., to keep the comparison
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fair). This accounts for the increased execution time for the windowed-sinc near frequencies 0
and 0.5. The important point is that FIR filters can be expected to be about an order of magnitude
slower than comparable IIR filters (go-cart: 15 mph, Ferrari: 150 mph).

CpaBHeHUE OBICTPOJCHCTBHS ATHX (QUIBTPOB — MOJOOHO CPaBHEHHIO CKOpocTH Deppapu co
CKOpOCThIO Tesern. PucyHok 21-5 mokassiBaeT, CKObKO Aoibine windowed-sinc 6epet Bpeme-
HU, YTOOBI BBITIOJHUTH, CPABHUMO C HIECTHIO MOJIFOCAMU peKypcuBHOTO QuibTpa. Tak kak pe-
KypCUBHBIH (GUiIbTp uMeeT OoJiee OBICTPBIN CHaj B HU3KUX M BBICOKHX YacTOTax, JJIMHA SIpa
windowed-sinc 1oypKHA OBITH CeNaHa JUIMHHEE, YTOOBI COOTBETCTBOBATH A(P(EKTUBHOCTH (TO
€CTh, COXPaHATh TOPT CPaBHEHUIT). ITO OOBICHSET YBETHMUECHHOE BPEMs BBITOJHEHHS U Win-
dowed-sinc okono yactot 0 u 0.5. Baxuslit myHKT - T0, 94T0 KUX-QUIBTPEI MOTYT 0XKHIATHCH,
yTOOBI OBITH Ha TIOPSIOK MEJICHHEE, ueM corocTtaBuMmble BUX-unbThl (1w1a - Tenera: 15 Muib
B yac, Ferrari: 150 Muiib B yac).

FIGURE 21-5. Comparing FIR and IIR execution speeds. Rl
These curves shows the relative execution times for a windowed-

sinc filter compared with an equivalent six pole Chebyshev recur-

sive filter. Curves are shown for implementing the FIR filter by . éi;*"”»dgﬂﬂl -
both the standard and the FFT convolution algorithms. The win-

dowed-sinc execution time rises at low and high frequencies be-
cause the filter kernel must be made longer to keep up with the
greater performance of the recursive filter at these frequencies. In
general, IIR filters are an order of magnitude faster than FIR filters
of comparable performance.

7 k FFT
PUCYHOK 21-5. L convolutio

]
Cpasuenue ckopocteid Boinonnenns: KUX u BUX ¢uibTpos. -
OTH KpUBBIE MMOKA3bIBAIOT OTHOCHTENIBLHBIE BPEMEHA BBIIIOJIHEHUS /
it ¢puwieTpa windowed-sinc 1o CpaBHEHHIO C AKBHBAJIEHTHBIM 0 Vi
peKypcuBHBIM 6 moirocHbIM (uitbTpoM UeOsiieBa. Kpusble noka- o L
3pIBafoTcsl i ocymiectBieHus KUX-¢unsrpa oboumu, u
cranaapTHeiM U BII® anroputmoM cBepTkU. BpeMs BBIIOIHEHMS Recursive
Windowed-sinc ¢uinpTpa mOBBIIIaeTCS B HU3KUX U BEICOKHUX YacTO- 1] !
TaX, TaK Kak sSApo GUiIbTpa MOIDKHO OBITH CHENAaHO [UIMHHEE, YTOOBI 0 0.1 0.2 0.3 0.4 0.5
HE OTCTaBaTh OT OOJIBIION 3((HEKTUBHOCTH PEKYPCHBHOTO (MIBTPA Frequency

B 3THX dYacTtoTax. BooOme, BUX-punsTpel Ha mopsmok OwbicTpee
yem KU X-puibTpbl conocraBuMoii 3ppeKTHBHOCTH.

Relative execulion bime

Match #3: Moving Average vs. Single Pole
Conocrasienue #3: CkoJb3sinee cpeanee npoTuB OQHOMOIIOCHOTO

Our third competition will be a battle of the time domain filters. The first fighter will be a nine
point moving average filter. Its opponent for today's match will be a single pole recursive filter
using the bidirectional technique. To achieve a comparable frequency response, the single pole
filter will use a sample-to-sample decay of x = 0.70. The battle begins in Fig. 21-6 where the
frequency response of each filter is shown. Neither one is very impressive, but of course, fre-
quency separation isn't what these filters are used for. No points for either side.

Hamum TpeTsuM copeBHOBaHMEM OyIeT cpakeHue (pUIbTpoB JoMeHa BpeMmeHu. IlepBeiM Gop-
OM OyJeT JNEBATU TOYEUHBIM (PUIBTP CKOJB3SILEr0 CPEJHEro 3HaueHus. Ero mpoTUBHUK Ams
CETOJIHSIIHEr0 COOTBETCTBHS Oy/IeT OAHOMOIIOCHBIM PEeKYpPCUBHBIN (PUIBTP, UCIOIB3Ys JBYyHA-
NPaBJICHHYI0 METOAUKY. UTOOBI JOCTHYL COIMOCTaBUMOW YaCTOTHOM XapaKTEPHCTUKHU, OHOIO-
TOCHBIN (UIALTp OyACT MCIOIB30BaTh pacmnaj(3aTtyxanue) " BeiOOpka kK obpasmy " u3 x = 0.70.
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Cpaxenne HaumHaeTcsi B puc. 21-6, re moka3aHa 4acTOTHAs XapaKTEPUCTHKA KaXI0TO (PUiIbT-
pa. Hu ogHa u3 HUX He O4YeHb BHYLIMTENIbHA, HO KOHEYHO, pa3zeiieHue 0 4acToTe, 3TO He TO,
JUISL 4eT0 ATU (QUIBTPHI UCTIONB3YIOTCA. HUKaKuX 04KOB ISt TF000I CTOPOHBI.

Figure 21-7 shows the step responses of the filters. In (a), the moving average step response is a
straight line, the most rapid way of moving from one level to another. In (b), the recursive filter's
step response is smoother, which may be better for some applications. One point for each side.

Pucynok 21-7 moka3biBaeT OTKJIMK (DUIBTPOB HA CKAa4OK(CTyNeHb). B (a), peakmusi Ha CKadyoK
CKOJIB3AIIET0 CPETHETO 3HAYCHMS - MpsAMas JTUHM, HauOosee ObICTPBIM MyTh NMEpEeMEIIEeHUs OT
OJTHOTO YpoBHS A0 apyroro. B (b), peakuus Ha cCka4yoK peKypCcUBHOTO (puibTpa 6osee CriiaxeH-
Hasi, KOTOpasi MOXKET OBITh JIy4dlle AJIsl HEKOTOPbIX NpHiIokKeHUH. [1o ofHOMY OUKy KaXkJ10# cTo-
pOHE.

These filters are quite equally matched in terms of performance and often the choice between the
two is made on personal preference. However, there are two cases where one filter has a slight
edge over the other. These are based on the trade-off between development time and execution
time. In the first instance, you want to reduce development time and are willing to accept a
slower filter. For example, you might have a one time need to filter a few thousand points. Since
the entire program runs in only a few seconds, it is pointless to spend time optimizing the algo-
rithm. Floating point will almost certainly be used. The choice is to use the moving average filter
carried out by convolution, or a single pole recursive filter. The winner here is the recursive fil-
ter. It will be slightly easier to program and modify, and will execute much faster.

OTH QUIBTPHI OJMHAKOBO COOTBETCTBYIOT APYT JPYTy, B TepMUHaX 3(PPEKTUBHOCTH U YACTO
BBIOOp MEX]ly 3TUMU ABYMS JENaeTcs Ha MEePCOHATIBHOM IpeanodyreHu. OJHaKo, UMEIOTCS /1Ba
cilyyasi, I/ie OAMH (UIBTP UMEET He3HAUUTEIbHOE MPEUMYIIECTBO nepen apyruM. OHO OCHOBa-
HO Ha OOMEHe MEeX1y BPEMEHEM Ha pa3paldOTKy M BpPEMEHEM BBHINOJNHEHUs. B mepBom ciydae,
Bb1 XoTHTE pUBECTH BpeMsl Ha pa3paldOTKy M KelaeTe MPUHUMATh 0ojiee MEAJICHHBIH (QUIbTP.
Hanpumep, Bbl Morim Obl UMETh OHO BpeMsl, JOJKHBI (PMIIBTPOBATh HECKOJBKO THICSY TOYEK.
Tak xak mojHas MporpamMma BBIIOJIHIETCS TOJIBKO HECKOJIBKO CEKYyHH, OECCMBICICHHO TPATUTh
BpeMsl, ONTUMU3UpPYs anroputM. [lnaBaromas 3ansTas MO4YTH KOHEUHO OyJEeT MCIIOJIb30BaThCS.
Br160op gomKkeH OBITH B TOJIB3Y UCHOIB30BAHUS (PUIIBTPA CKOJB3SIIIETO CPEIHET0, BHITOTHEHHBIN
CBEPTKOM, WJIM OJHONONIOCHBIM PEKypcUBHBIM ¢GumiibTpoM. [loGenutens 3aech - peKypCUBHBIN
¢ubTp. Byner cnerka nmpoiie nporpaMMupoOBaTh U U3MEHSTh, M BBITIOIHATCS HAMHOTO OBICTpEe.

FIGURE 21-6. Moving average and single pole fre-
quency responses. 1.0
Both of these filters have a poor frequency response, as

you should expect for time domain filters. ‘;‘\

0.8

& )
PUCYHOK 21-6. = el X
YacTOTHBIE XapaKTEPUCTUKU CKOJB3SALIET0 CPEOHETO U % ‘\ =
= Single pole

OJTHOTIONIIOCHOTO peKypcuBHOro (puiprpa. Oba m3 3THX
(GUIBTPOB MMEIOT IUIOXYH0 YACTOTHYIO XapaKTepHCTHKY
Ui GUIBTPOB JOMEHA BPEMEHH, KaK BbI OKHBI 0XKU-
JaTh.

recursive

| Moving average |

0 0.l 0.2 .3 0.4 .5

Frequency

(c) ABTOKC, Cankr-IletepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru




HAYYHO-TEXHUYECKOE PYKOBOJICTBO 110 IM®POBOW OBPABOTKE CUTHAJIOB

The second case is just the opposite; your filter must operate as fast as possible and you are will-
ing to spend the extra development time to get it. For instance, this filter might be a part of a
commercial product, with the potential to be run millions of times. You will probably use inte-
gers for the highest possible speed. Your choice of filters will be the moving average carried out
by recursion, or the single pole recursive filter implemented with look-up tables or integer math.
The winner is the moving average filter. It will execute faster and not be susceptible to the de-
velopment and execution problems of integer arithmetic.

BTtopoii ciydaii - TOJIbKO MPOTUBOTOI0KHOCTD MTEPBOMY; Balll GUIBTP MOJDKEH paboTaTh ¢ TaKOH
CKOpOCTBIO KaK BO3MOXHO, U BbI He jkaneeTe TpaTUTh JOMOJHUTEIHHOE BpeMsl Ha pa3paboTKy,
9TOOBI IOJYYHUTh 3TO(CKOpPOCTh). Harmpumep, 3TOT GuimbTp Mor O OBITh YaCThI0O KOMMEPUYECKOTO
U3JIeNUs, ¢ TIOTEHIIMAIOM, KOTOPBIH OyJeT BBINOIHEH MuLiuoHsl pa3. Bel Oynere BEposSTHO HC-
MOJIb30BaTh LEJIble YHCIIa JJI CAaMOT0 BBICOKOTO BO3MOKHOTO ObICTpoAeiicTBUA. Baiiu BeiOopoM
Oyzner GUIbTp CKOJB3AMIETO CPETHEr0 3HAUCHHS, BBIIIOJIHEHHOTO peKypcuell, UIH OIHOIOIIOC-
HBIM PEKypPCUBHBIN (DUIBTP, OCYIIECTBICHHBIN ¢ TaOJIUIIAMH TTOMCKA(CITPAaBOYHBIMU TAOJIUIIAMM )
WIN 1eTOYUCIeHHON MatemaTtukoil. [ToGeautens - GUIBTP CKONB3SIIErO CPEIHEro 3HAYCHHS.
OHn BbInoNHSAETCS ObICTpEE W HE BOCIPUUMYMB K Pa3BUTHIO U MPOOJIEeMaM BBIIOJHEHUS LIEJI0-
YHCIICHHOHN apu(MeTHKH.

| a. Moving average | | b. Bidirectional recursive |

I
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=
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FIGURE 21-7 Step responses of the moving average and the bidirectional single pole filter.
The moving average step response occurs over a smaller number of samples, while the single pole filter's step re-
sponse is smoother.

Pucynoxk 21-7. Peakuusi Ha cka4oK(CTyNEHb) (GHIbTPA CKOJIB3SIIET0 CPEIHEr0 3HAUCHUS U JIBYHAIPABICHHOI'O OJ1-
HOTIOJIFOCHOTO (hHITBTPA.

OTKIIMK Ha CKa4OK(CTYyIeHb) (HIbTpa CKOJIB3SIIEro CPEAHEro 3Ha4eHHUs MPOUCXOIUT 0 MEHbIIEMY YHCITy BbIOO-
POK, B TO BpeMsl KaK OTKJIMK(peakIys) Ha CKa4OK(CTYIIeHb) OHOMOIIOCHOTO (GriibTpa 0oJiee CriiakeHHbIMN.

(c) ABTOKC, Canxr-IlerepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru




HAYYHO-TEXHUYECKOE PYKOBOJICTBO 110 IM®POBOW OBPABOTKE CUTHAJIOB

(c) ABTOKC, Cankr-IletepOypr, http://www.autex.spb.ru, e-mail: info@autex.spb.ru




