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npocnexm I'acapuna 23, Huscnuii Hogeopoo 603950, Poccus

Hccnemyercst TOYHOCTH LU(POBOI OLEHKU CIEKTPA CHIHAJA. Y YUTHIBAIOTCS LIyMBI
KBaHTOBaHHs, BHOCHMBIC aHAJIOTO-LIM(POBBIM MpeoOpasoBaTesieM U OBICTPHIM MPEod-
pazoBanueM Dypse. OCHOBHOIN aHAIM3 BBIOIHEH HAa IIPUMEPE TECTOBOIO FaApMOHHYE-
CKOTO CHTHala. BBeneHa XapaKTepHMCTHKA OTHOLICHHs CHUTHAN/IIYM - 3((eKTHBHAs
JBOWYHAs Pa3psIHOCTh TapMOHMYECKOro curHaia. OOCYyXIaeTcst ONTHMAIBHOE COYe-
TaHue Mexay paspsaHocTsio AL u Tumom ucnons3yemoro npeodpaszoBanus Dypse;
JAI0TCSl HEKOTOPBIE MOJIE3HBIC PEKOMEHIALINH.

1. Bgeoenue

B Hacrosimiee Bpemst Uit 00pabOTKM CUTHAJIOB LIMPOKO MCIONB3YIOTCA LU(POBBIC
MeTobl. OCHOBY MHOTHX METO/IOB COCTaBIIsIeT ObIcTpoe mpeobdpazoBanue Pypoe (BIID) —
AJITOPUTM BBIYHCIIEHUS TUCKPETHOrO mpeobpaszosanus Dypbe, UCTIOIb3YyEeMbIH, Kak Ipa-
BUJIO, ISl BBIYMCIIEHHS CHEKTPAIBHBIX XapaKTEPHCTHK curHana. KoandecTBo BhIUHCIIE-
HUH, UCTIONB3YyeMbIX 711 BluucieHus bI1®, 3HaunTensHO MEHbILE YKcia onepauui auc-
KpeTHOro mpeodpa3oBanus Dypre, uro obecreunBaeT 00jiee BHICOKYIO CKOPOCTh BBIYHC-
nenus [1].

B mudposom cnexrpe Bcerna MpHCYTCTBYET CIEKTP LIyMa KBAHTOBAHMS CHUTHANA,
BHOCHUMBI aHaJIoro-uupoBsM npeobdpazoBateneM (ALID). Illym kBaHTOBaHUS Mpen-
CTaBJIsIET COOOM pa3HUIY MEXKAY 3HAUEHHAMH OLU(PPOBAHHOTO U UCXOIHOTO aHAJIOTOBOTO
curHanos. Yem MeHbIe pa3psAAoB HCIOIb3yeTcs ANA HpeoOpa3oBaHMS CUTHANA, TEM
6ouTbIIIE IIyM KBAaHTOBAHMSI.

ITpu 1MdpoBoii OLEHKE CIIEKTpa CHrHajla OOBIYHO YYMTBHIBAETCS TOJIBKO LIYM KBaH-
ToBaHus, BHOcuMBIA ALIIL, cMm., Hampumep, [1,2]. Cnexyer, o1HAaKO, 3aMETUTh, YTO BECO-
Bble K03 duuueHTs npeodpaszosanus Pypee npencrasieHsl B IBM uncnoBsiMu 3Haue-
HHUSAMH U, CIIEJOBAaTENIbHO, UMEIOT COOCTBEHHBIN IIyM KBAaHTOBaHUs. YHCIOBBIE ONepanuy
B OBM compoBoXJatoTcs OMMOKaMHU OKPYTJIEHHUsI, KOTOpPBIE Takke MOXKHO paccMaTpu-
BaTh KaK IIIyM, OJHAKO 37IeCh B TEOPETHUECKUX pacueTax OH He MPUHUMAETCSl BO BHUMA-
Hue. OueBUIIHO, IIyMbl KBaHTOBaHHSA KO3((GHIHMeHTOB Pypbe BHOCAT IONOJIHUTEIbHbIC
HCKa)XEHHMS B OIIEHKY CIIEKTpa CHTHana. AHAIN3 yKa3aHHBIX JOMOTHUTEIbHBIX HCKAKEHUH
U ABJIAETCS LIENIBIO HACTOSIIEH CTaThH.

VuuTeiBaeTCA, 4TO IJIsI OMpEAeTeHHs TOYHOCTH OLEHKU CIEKTpa OLU(PPOBAHHOTO
CHTHaJIa MOXeT ObITh MCIIOJIb30BAaHO OTHOLIEHNE CHrHAJ/IyM. Ha 3Toii ocHOBe BBOAMTCS
noHsTHe 3(GEKTUBHON pa3psITHOCTH (TApMOHUYECKOTO) CHTHAJIA, YYUTHIBAOLICH COBMe-
CTHOE BIHMSHHE IIyMOB KBaHTOBaHMsS, BHOCHMBbIX ALl n BecoBsiMu ko3 dunmeHTaMH
dypbe.

* Ten.: +7-8312-656153; Fax: +7-8312-656416; E-mail: yakimov@rf.unn.runnet.ru
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Omnpenemnsiercst ontuMmanbHbli Tun BII® (integer — memouncnennsli, float — ¢ mia-
BalOIICH 3amaToi oanHApHON TOYHOCTH U double — ¢ maBaromeil 3ansToil 1BOHOW TOY-
HOCTH) B 3aBUCHMOCTH OT paspsgHocti AlIIl, mucmons3dyemoro uis onudpoBKH HCCIe-
JIyeMOT0 CHUT'HaJIa.

2. Ouyenka cnekmpa oyughpoeannozo cuznana

B nHacrosmeit paboTe A OLEHKH CIIEKTpa CHTHala MPUMEHEH IEepPHOAOTPaMMHbIHA
Metoa [3]. B ocHOBe MeTO/a JIEKUT UCIIONIB30BAHUE IUCKPETHOTO Mpeodpa3oBaHus Dy-
pbe, BBIUUCICHHE KOTOPOTrO peann3oBaHo mpu nomomu bIIdD ¢ ocHoBaHueM 2, cM., Ha-
npumep, [1].

CunTaeMm, UYTO aHANIM3UPYEMBIH CHIHANl SBIAETCS CTAI[HOHAPHBIM 3PrOAUYECKUM
MPOLECCOM.

Juckpernoe mpeoOpazoBanne Dypbe MOXKET OBITH MPEACTABIEHO B CIEAYIOLICH

¢dopme:
N-1 N-1
X(k)=T Y x (mw,(kn) = jT Y x,(n)wy(kn) . (1)
n=0 n=0

3nech j — MHUMast efuHuI, N — KOJIMYECTBO OTCUETOB Ha reproje T npeobpa3osa-
uust Oypre. JluckperHast yactoTta k CBs3aHA C YACTOTOM aHAIIOTOBOTO CHTHANA f M 4acTo-
TOM BBIOOPKH f; = 1/T cinenyromum cooTHomenueM: k/N = f/f; .

Kaxnplii orcuer xq(n) MOXKET OBITH MMPEICTABICH B BUJE CyMMbl HEKBAHTOBAHHOTO
3HAYCHUs] CHTHANA X(n), B3ATOr0 B MOMEHT BpemeHHU f, = nll/N, u myma KBaHTOBaHUS
e(n), BHOCUMoro ALIIT:

Xq(n) = x(n) + e(n). @)
KocunycHbIN W, U CHHYCHBII W, BECOBbIE KO3 (HIIHEHTHI TAKKE SBISIOTCS CyMMOIt
TOYHOTO 3HAYEHMS U IIyMa KBAHTOBAHUSL:

wo(kn) = cos(2Ttkn/N) + e (kn) ,

wy(kn) = sin(2Tkn/N) + ey(kn) . 3)
[lpuHrMas BO BHUMaHHE OIpe[elieHHe IIymMa KBaHTOBaHHS [1], HaxoouM cpenHue

3HA4YCHUA U JUCTIEPCUU IITYMOB KBAHTOBaHUS CUT'HaJIa U BECOBBIX KOS(I)(I)I/IL[I/ICHTOBI

<el(n)> = <e/n)>=<eyn)>=0, “4)

o =h*12, 0,2=0,2=h212. (5)
3nech h, —Iar KBAaHTOBAHMS CHTHANA, IPEICTaBILIOMINI COO0H pa3sHUIy MEXIy CO-
ceqanmu ypoBHsMH ALIIT; A, = hg —Imar KBaHTOBaHUS BECOBHIX KO (HIMEHTOB Ipeos-
pazoBanus Oypbe, onpenenseMblii pa3psAAHOCTHIO YHCeN, UCIONB30BaHHBIX I 3alaHUS
YKa3aHHBIX KO3 UIHEHTOB.
OTcYeThl IyMOB KBAHTOBAHHS 00JIaal0T HYJICBOH KOppeIsIIueH:

<e(n) em)> = <e,(n) e m)> =
=<ey(n) e(m)>=0npunzm, (6)
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OL[eHKa CHeKTpa MOIIIHOCTH CHUT'HaAJIa OHpeﬂeﬂﬂeTCﬂ Cﬂel[yIOH_H/IM 06pa30M:
s (k>=i<\X(k>\2> %)
* NT ’

Tloncrasnsas coorHomenns (2) u (3) B (1), HaiineM BeIpa)keHHUS JUIS AEHCTBUTEIBHOM
U MHHMOI1 gactell nmpeobpa3oBanust Dypre. 3arem, yunutsiBas (4)—(6), MOIydHM Cciexyro-
IIee BBIpaKEeHNE TSI CIIEKTPa MOITHOCTH MTPOU3BOJIBHOIO CUTHAJA!

Sk) =S./(k) + See) + Seclh). ®)

TlepBoe ciaraemoe B 3TOM BBIPaKEHHU SIBISICTCSI OLICHKOH CIIEKTpa MCXOIHOTO aHa-
JIOTOBOTO CHTHAJIa 0e3 yJeTa IIyMOB KBAaHTOBAHHMS CUTHAJIA M BECOBBIX KO PUIMEHTOB.

Bropoe cnaraemoe S, (k) —criekTp (aZaMTHBHOTO) IIyMa KBAaHTOBAaHMs CHTHasa Oe3
ydera mymoB npeobpasoBanust Dypee. [llar kBaHTOBaHMS BECOBBIX KO (HUIMEHTOB BCeE-
I7la 3HAUUTENHHO MEHbINe eAWHHIBL. [103TOMy B NMpUBEIEHHOM HW)KE BBIPAKEHHHU IS
CIIEKTpa ITyMa KBaHTOBAHMS CHUTHaJa MOXHO IIpeHeOpedb cllaraeMbIM, KOTOPOE COJiep-
KUT h:

mhi B, he Ho g
12 6H 12°

Sex (k) = )

[Nocnennee ciaaraemoe B (8) ABIAETCS CHEKTPOM (MYJIbTUILIMKATUBHOTO) IIIyMa KBaH-
TOBaHHMs BECOBBIX KOA(PPHUIIMEHTOB:

hzTN_l 2 /’lz
S,.(k)=-=¢ =—C<E. 10
ec (k) 3, ’Zox (n) N OF (10)

3nech E, —Heprus 00pabdaTeiBaeMoil peann3aliy CUrHaia.
Taxum o0pa3oM, mociegHHE [Ba CIAracMbIX B BRIpaXeHUH (8) 0Opa3yroT MOJIHBIN
CIIEKTP IlIyMa KBaHTOBAHUs, KOTOPbIH PABHOMEPHO PacIpeelieH 0 YacToTe.

3. Cnexmp 2apmonu4ecko2o cuzHana

PaccmoTpuM rapMOHUYECKUH CHUTHAI C aMIUIUTYJOH A, IUCKPETHOM 4acTOTOH
ko=Nfy/f; 1 HauanbHOH (ha3oii ¢, paBHOMEPHO pacmpe/ieeHHOM Ha nHTepBae [0;277):

(n) = AGos PO 4 g Br () (11)
o N 0

Be3 yuera myMoB KBaHTOBaHHs crieKTp curHana S, (k), 0SASN-1, cOCTOMT M3 ABYX
KOMIIOHEHT C aMIUIUTyJaMu NTA?/4. OcHOBHast KOMIIOHEHTA HAXOLUTCS Ha 4acToTe k=Fko;
“3epKajbHas’”’ KOMIIOHEHTA, BO3HUKAIOIAS U3-3a TIEPHOANIECKOTO MPOIOIDKEHHS CIIEKTpa
onn(pOBaHHOTO CHTHAJIA, PACIIONIOKEHA Ha 4acToTe k=N—ky.

CrexTp MOJHOrO IIyMa KBaHTOBAHMS MAPMOHMYECKOTO CHTHAJIA MOXET OBITH Ipej-
CTaBJICH B CJIEYIOIIEM BUJIE:

S,(k) = S(k) + Sp(k) = Th*/12 + Th,24%/12 . (12)
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MOI_IIHOCTI) curHaja 6e3 ydye€Ta myMOB KBaAaHTOBaHUSA ONPEACIIACTCA CYMMHUPOBAaHUEM
WHTEHCHUBHOCTEH €T0 CIICKTPAJIbHBIX KOMIIOHEHT:

S, = 8M(ko) + S, (N—ky) = NTA*/2 . (13)

W3 (12) HaxoauM MOILTHOCTD HOJHOTO IIyMa KBAaHTOBAHUS TAPMOHHYECKOTO CUTHAJIA:

N-l h2 +A4%h?

S 2 WM, 19

CootHomenus (13) u (14) Hy>XHBI A7 OIIPENIENICHNST OTHOIIEHUS CUTHAJI/IITYM.

4. Ippexmuenan papaonocms 2apMOHUYECKO20 CUZHANA

W3 (12) u (14) cnemyer, 4TO MONIHOCTH IIyMa KBaHTOBAHUS TAPMOHHIECCKOTO CUTHA-
ma (11) ects

S..=NTh7/12 . (15)
VYuauteiBas (13), HaliieM OTHOIICHHE CUTHA/IIYM ISt CUTHANIA Ha Beixoae ALIIL:
8,180 = 647N, (16)

CBshKeM JTaHHOE OTHOIICHHE C JBOMYHOW Pa3psTHOCTHIO CHT'HANA, KOTOPYI0 0003Ha-
quM uepe3 Np.

MaxkcuMalbHBIH pa3Max OIU(POBaHHOTO CHTHAIa COOTBETCTBYET YABOCHHOMY 3Ha-
YEHHIO ero aMIUUTyAbl. C qpyroil CTOPOHBI, 3Ta BEMYHUHA OMPEACISICTCS MPON3BEICHU-
eM 1ara kBantoBanus B AL 1 KoIMuecTBa BO3MOXKHbBIX 3HauYeHHil curnana: 24 = h,2.
CremoBaTeIbHO, JBOMYHAS pa3psiiHOCTh curHana Ha Beixozae AL ecth

N, = log,(24/h) . (17)

Ha ocnoBanuu (16) u (17) mosyduM cBSI3b JBOMYHON Pa3psSAHOCTH TAPMOHUYIECKOTO
CHTHaJIa ¢ OTHOILICHHEM CHUTHAJI/IITyM:

N, = 0,5[bg,(25,/3S..) . (18)

OmnpenerneHHast TakuM 00pa3oM ABOWYHAsI PAa3psITHOCTE N, XapaKTepu3yeT OTHOIIe-
HHE CUTHAJI/IIIyM, TJie YITEH TOJIBKO IIyM KBAaHTOBAHHUS CHTHAIA.

IIpnHnrMas Bo BHUMaHHE BCE YUUTHIBAEMBIE IIYMbI, HMEFOINE MOJTHYI0 MOITHOCTD S,
cM. (14), BBeneMm noHsTHe 3 (GEKTUBHOTO YHCIIAa ABONYHBIX Pa3psioB Win d(dexTnBHOMI
Pa3psITHOCTH FapPMOHMYECKOT0 CUTHAJA!

Sy H IOEI]g(Si /S, )—1761
Ny =0,50o 25y el o 19
eff gZB3Se B 6,02 ( )

TakuMm 00pasoM, 3ddeKTHBHAS pa3psIHOCTh FAPMOHHYECKOTO CHI'HAlld XapaKTepH-
3yeT OTHOIICHHUE CUTHAJI/LITYM.

31ech YUUTHIBAIUCH TOJIBKO LIYMbl KBAHTOBAHMS CHTHAjla M BECOBBIX KO3(HIMEH-
ToB. OHaKO B cooTHOIIEHNH (19) MOXKeT yuUTHIBaTHCS 000K TOTIOIHUTENBHBII LTyM.
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Beipaenue 10-1g(S,/S,) B (19) ecTb OTHOIICHHE CUrHAI/IIYM, BHIPAXKEHHOE B JCIH-
6emax. CnenoBarenbHO, OAUH 3P QEKTHBHBIA pa3ps] rapMOHNYECKOTO CHTHAlIa COOTBET-
CTBYET, IPHOIM3HUTEIHHO, IIECTH JIenrbeaM OTHOIIEHHST CUTHAJ/IITyM.

VYuuteiBas B (19) MomHocTs currana (13) n cyMMapHYI0 MOITHOCTH ITyMOB KBaHTO-
BaHus (14), moxyunM ciegyroniee BeIpakeHue s 3G (HEeKTUBHON pa3psITHOCTH TapMOHH-
YEeCKOT'0 CUTHaJA:

H 24 H
Ne;;“f :lng 3 ) (20)
ﬁ)hx +A4%0 ﬁ

Anammupys cootHoureHue (20), MOKHO BBECTH MOPOTOBOE 3HAUEHHE AMIUIUTY/BI
curnana Ao=h,/h., COOTBETCTBYyIOIIEe TOUKe Mepernda Gpynkimu N, (A4). I'paduk 3aBucH-
Moctu 3ddexTuBHOI paszpsaHocti curHana (20) oT ucxomHoit paspsaHocTH N,, npen-
CTaBJIeHHOH BbIpakeHHeM (18), npuBenen Ha puc. 1.

Ilpn ManbIX aMIUIUTYZAaX,

A<<Ay, >ddexruBHas pa3psia- N eﬂ(Nb)

HOCTb COBIAJAaeT C HCXOAHOMN

Pa3psIHOCTBIO CHTHAlla Ha BBI-

xone ALIT:
Ny=logy(2A4/h)=Np. (21)

B sTOoM ciydae oTHOmeHUE
CHT'HAJI/IIYM OTIpENIeIIEeTCS
MOIIHOCTBIO (amIUTHBHOTO)
mryma kBaHToBaHMs B AIIL
[IlymoM KBaHTOBAaHHS BECOBBIX
KO03(GUIIHEHTOB MOXXHO TIpe-
HeOpeub.

Tlpu Gonpioit ammuTyzAe,
A>>4,, >ddexTuBHas pa3psn-
HOCTB CTPEMHTCS K IOCTOSH-
HOMY 3HAQ4YeHWIO, pPaBHOMY Puc. 1
JIBOMYHOM pPa3psITHOCTH BECO-

BBIX K0od(duimenToB npeobpaszosanns Pypre:

Noy=logy(2/h) = N, . (22)

Koraa aMIuuTyzna CymecTBeHHO HPEBBIIIAET TOPOTrOBOE 3HAUCHHE, OTHOILICHHE CHUT-
HaJI/IIYM ONpENeNsieTcs, B OCHOBHOM, MYJIbTHIUIMKATUBHBIM IIyMOM KBaHTOBAHHS BECO-
BBIX K03 uuneHToB. MOLIHOCT JAHHOTO LlyMa IPONOPLHOHAIbHA MOLTHOCTH CHI'HAJIA.
CreoBaTenbHO, OTHOIICHUE CUTHA/IIYM HE 3aBUCHUT OT aMIUIMTY/bI CUTHANA U NPHHH-
MaeT MOCTOSHHOE 3HA4Y€HHE, KOTOPOEe ONPENENsAeTCS LIaroM KBAHTOBAHHSA BECOBBIX KO-
a¢duireHToB. B 3TOM ciyuae 3¢ dekTuBHAs pa3psIHOCTh CHUTHANA MOCie mpeodpa3oBa-
Hus Dypbe He 3aBUCHT OT aMIUIMTY/IbI U ONPEAeIIsieTCs Pa3psIHOCTBIO BECOBBIX K03 hu-
[IUCHTOB.
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5. Dxcnepumenmanshule pe3ybmanvl

5.1. DddekTrBHAsS Pa3PAIHOCTS TAPMOHUYECKOTO CHrHAIIA

O1eHKa CleKTpa KBaHTOBAHHOI'O TapMOHUYECKOrO CHTHAja BBIYHMCIAIACH NPH IO-
Moty BI1®. 3arem onpenemnsinack 3 dekTrBHAs pa3psIHOCT CHTHATA.

Ha puc.2 npuBeneHsl 3aBHCHMOCTH 3¢-
(eKTHBHOM pa3pAIHOCTH N, FADMOHHYECKOTO N
CUrHajia OT ero UCXoJHoi paspsnHoctu N,. Io 37
BEPTHKAUIPHOH OCH OTJIOKCHBI 3HAUCHHS 3(- 24
(heKTUBHOH pa3psAAHOCTH, MO TOPU3OHTAIBHOMN
— UCXOJHAs pa3psIHOCTb. 22

Bepxusas kpuBas IoigyueHa Ha OCHOBE
YHUCICHHON OLIEHKH CIIEKTpa, KOIrJa I'apMOHHU-

YECKHI CHTHal KBAaHTOBAH LEJION NEpeMEHHOMN 20 ‘ ‘ ‘ ‘ ‘
tumna long, u ,=1, a BecoBble K03 HUINEHTHI I B R
nmetor tun float. [Ins yMeHbIIEHUs JOIOJIHH- 20 22 24 26 28
TENBHBIX OIIMOOK OKPYIJIEHHS IPHMEHEHO N
BI1® tuma double.

W3 puc. 2 BUAHO, YTO IpU MaJOd aMILIU- Puc. 2
Tyzne curHana 4 (To ecTh NP HU3KOH pa3psii-

HOCTH oIM(poBaHHOTO curHaina) 3G(GeKTUBHAS Pa3pSIIHOCTD NMPAKTHIECKH COBIAAET C
UCXOJHOM. J[aHHas 9acTh 3aBUCUMOCTH N,;(N}) ONpeenseTcs MyMOM KBaHTOBAHHS CHI-
Haja.

IIpn GonbIIoM 3HAUEHNH MCXOIHOU Pa3psSIHOCTH (TO €CTh IPH OOJIBIION aMILIHTYIE
cursana) >QQexkTuBHas pa3psIHOCTh NPHHUMAET MOCTOSIHHOE 3HA4YeHHE, OIpeersieMoe
Pa3spsAIHOCTBIO BECOBBIX KOI(Q(MUINEHTOB: N,;= N.. 3aBUCHMOCTE OT aMILIUTY/Ibl HCYE3a-
€T, YTO 00YCIIOBJIEHO MYJbTHIUIMKAaTUBHOCTHIO ITyMa KBAaHTOBAHUS yKa3aHHBIX Kodddu-
reHToB. OTCI0la MOXKHO SKCIIEPHMEHTAIBHO OLEHHTH Pa3psAHOCTH BECOBHIX K0dddu-
LUEHTOB.

3 npoBeneHHOro YHCIEHHOrO SKCIIEpUMEHTa CIeAyeT, 9To d(QQeKTHBHas pa3psii-
HOCTB BECOBBIX KOA((HUIMEHTOB, KBAaHTOBaHHBIX IlepeMeHHo Tuma float, paBHa mpumep-
HO 24,5. B ¢dopmare mepeMeHHON naHHOTO THIa 24 OWUTa OTBENEHO JUII MAaHTHCCHI CO
3HAKOM M 8 OHT OTBEIEHO JUIs ABOMYHOTO IOPSIIKa CO 3HAKOM. 3HadeHue 24 onpenensier-
sl KOJIMIECTBOM OMT MaHTHCCHI co 3HaKoM. [lonoBuHa pa3psina mobGaBmiack, 1o Beei BU-
JUMOCTH, U3-3a YCEUECHUs! JBOUYHOIO MOPSIIKA YUCIIA.

HmxHss kpuBas Ha puC. 2 COOTBETCTBYET TEOPETHYECKOi 3aBucumocTH (20) s
h,=1 n3 pacdera, 94TO IIAr KBAHTOBAHMS BECOBBIX KO3()(HIUEHTOB ONPEeIseTCs] TOIBKO
MaHTHCCOM 4Hcha, hC:2'23, TO ecTb N, =24.

5.2. Pa3psiagHocTh BECOBEIX KOd(duimenTos BI1D

3HaueHMe LIENOYMCICHHON IEepEeMEHHOM THIA integer NEXMT B uamasone: [—2'°;
+2'5-1] u, cnenoBaTeNBHO, AT KBAHTOBAHHS BECOBBIX KOI((HIMCHTOB 3TOTO THITA Pa-
-16
BeH 2.
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B anropurme nenounciennoro BII® s ycrpanenus sddekra nepenosHeHus pe-
3yJIbTaTa MPOMEXYTOUHBIX BBIUHCICHUH IPHMEHSICTCS MpoLenypa ycedeHus. YcedeHne
OCYIIECTBIISICTCS] CIBUTOM JABOMYHBIX Pa3psoB UYHMCIa M OTOpachIBAaHHEM MIIAJIINX pas-
PAIOB, TaK YTOOBI MOTyYEHHOE YHCIIO YKJIAJBIBATIOCH B AUANA30H JOMYCTUMBIX 3HAUCHHH
HEPEMEHHOM.

TloTepro TOYHOCTH IPH NMPOMEXYTOUHBIX BBIYHCICHUSIX MOYKHO HMHTEPIPETHPOBATH
KaK YMEHBIIIEHHE Pa3psTHOCTH BECOBBIX KOA()(UINEHTOB, TO €CTh YBEIMUYECHHE IIara ux
KBaHTOBaHUS. M3 UHCIEHHOrO JKCIEepUMEHTa ClefyeT, 4To 3G QeKTHBHas Pa3psIHOCTDH
BecoBbIX Kod(¢punmentoB BII®D Tuma integer okasbIBaeTCsi MeHbIIE HOMHHAJIBHON H CO-
crasiser N.=11.

PaspsimHOCTS BECOBBIX KOA()(HIMEHTOB, NPEACTAaBICHHBIX INEPEMEHHBIMH C IUIa-
Barolleil 3aIsToOH, ONMpeneNsieTcsl KOJMIeCTBOM OMT MaHTHCCHI [5]. MaHTHCCHI 4ncen c
IUTaBaroIel 3amsaToi oxunHapHoii (float) m xBolHOI (double) TouHOCTH COCTAaBIAIOT 24 U
53 6uTa COOTBETCTBEHHO.

IIpn onmepanusix Ham YHCIAMH C IUIABAIONIEH 3aIATON IPH NMEPETIOTHEHNH MAaHTHCCH
PE3yIBTUPYIOIIETO YHCIIa TIPUMEHSETCS TIpolielypa ycedueHns. butsl, He youpatomuecs B
¢opmaT MaHTHCCHI, oTOpackBaroTcs. IIpu 3ToM 0Opasyercst ommbKa B HOCIEIHEM OHTE
MAaHTHCCHI, KOTOpasi HaKaIIMBaeTCs IpH peKyppeHTHbIX oneparwmsix bII®. [Tosromy, Tou-
HOCTh BbluMcieHuid BII® ¢ yucnamu ¢ miaBaromiedl 3amsTOd OKa3bIBAECTCS HECKOJBKO
MEHbIIIe MaHTHCCHI uncia. CleqoBaTeNbHO, (akTHIecKas pa3psIHOCTh BECOBBIX KO3(¢-
(UIMEHTOB ¢ IUTaBarolIei 31 TOH OKa3bIBACTCSl MEHbIIIE KOJIMYeCTBa OUT MaHTUCCHL.

B Tabnmme 1 nmpuBeneHH! SKCIepUMEHTANBHBIE JaHHBIE IS ABOMYHON Pa3psiTHOCTH
ko3¢ urrenToB BI1® pa3HEIX THIOB: HenodyncieHHoro (integer), ¢ IUIaBaroIieil 3amsIToi
onuHapHoii (float) u mBoiiHOIT (double) TouHOCTH. Pasymeercs, nBom4Has pa3psaHOCTD
MEePEMEHHBIX, HCIIOJIb3YEMBIX B IIPOMEKYTOUHBIX BeruncieHusx BIID, ne momxna OBITH
MEHBIIIE Pa3pIJHOCTH BECOBEIX KO PHITIEHTOB.

B nmaHHOM YHCIIEHHOM SKCIIEpUMEHTE THIT IIPOMEXKYTOYHBIX IepeMeHHbIX bIId u tnn
COOTBETCTBYIOIIUX BECOBBIX KOA()(HUIINEHTOB BEIOPAHEI OJIMHAKOBEIMHL.

Tabmuma 1
Tun BITD N,
Integer 11
Float 23
Double 44

5.3. Beibop onTumansHoro tuma bI1d

Bpemst Bbruncnenus BII® nponopuMoHaJIbHO KOJIMYECTBY OTCYETOB, PABHOMY 2M,
rae M — nopanok BII®. Brictpora Beruncienus BII® BriOpanHOrO THIIA ONpEaEsIeTcs
pa3MepoM MEPEeMEeHHOM, KOTopasi MpUMEHsIeTcs B IpeoOpa3oBaHuu. YeM MeHbIE IBOUY-
HBIA pa3Mep MepeMeHHOH, TeM ObICTpee MOTYT ObITh BBINOJIHEHbI MaTeMaTHYECKHE IIpe-
o0pa3oBaHus, TeM MEHEe TOUHBIM OyIeT pe3yibTaT.

W3 uyucnenHoro skcmepuMeHTta, ocyuiecTBieHHoro Ha [IK “Pentium” ¢ wactoTtoit
HeHTpaibHOro mpoueccopa 100MI ', momyyeno, uto npu M=12 Bpems Bruncienus bI1®
tuna double (112mcek) npuOIN3NTEIBHO B TP pa3a OoJiblle, YeM JUIA LET0YUCIEHHOTO
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BII® tuma integer (41mcex). Bpems Berancnennst BII® tuma float (85Mcex) nmpumepHo B
IBa pa3a OouibIle, YeM Ui integer.

IIpuanMas Bo BHHMaHHE NOJydYeHHBIE PE3YJIbTAaThl MOXKHO OIPENETHTh ONTHMAlb-
HBIHA THI BecoBBIX Ko ¢unuentoB BIID B 3aBucumocth ot paspsanoctu AL, koTopsiM
omudposan curaan (cM. Tadn.2). Pazymeercs, IBoMYHAS pa3psAHOCTh IIEPEMEHHBIX, HC-
MOJIE3yeMBIX B IPOMEXYTOUHBIX BEMMHCICHUIX BI1®D,He nomkHa OBITH MEHBIIE pa3psiIHO-
CTH BECOBBIX K03()(DUIHEHTOB.

Tabnuma 2
ALINBIID Integer float double
<11 + - -
11-23 x + -
24-44 X X +

311ech UCTIONIF30BAHBI CIICAYIONINE 0003HAUEHHS: “IUIIOC” — peKOMEHIyeTcs, “MUHYC”
— He 3¢ PEeKTHBHO, “KOCOU KpecT” — He TOMYCTUMO.

Hanpumep, npu oreHke crnekTpa curHana, mpeoOpa3oBaHHOTO 16-Tu pa3psIHBIM
AL, caenyer ucnonb3oBath BII® ¢ BecoBrIMU KO3 GHULIMEHTAMH OAUHAPHON TOYHOCTH
(float), koTopoe maet 23 3¢ GeKTUBHBIX pa3psiaa B CIEKTPE.

B cucremax mudpoBoit 06paboTk cHrHamoB 4acto npu 16-tu paspsaaom AIIIT
npumenseTcs nenouynciaenHoe bI1® tuma integer, 4To NPUBOINUT K MOTEPE MATH Pa3psIoB
CHTHAJa ¥ YXYJUIEHUIO OTHOIIECHHS CHTHAJ/IIYM B CIEKTpe. [I[pUMeHeHHe B TaHHOM CITy-
Yae BECOBBIX K03((UIMEHTOB C IUIAaBaIOLIel 3amsaTol JBOKHHON ToyHocTH THma double,
KOTOpbIe UMEIOT He MeHee 44 3 PeKTHBHBIX pa3psI0B, HEIPAKTUYHO, TOCKONIBKY, 3aiiMeT
6oJTbIlIE BPEMEHH M HE YITyJIIHUT OLEHKY CIIEKTpa.

6. Bovréoosl

— KBanToBaHue BecoBbIX KO3 HUUEHTOB MpeoOpazoBanus Dypbe BHOCUT IOIOIHHU-
TENbHBI MYNBTUIIMKATUBHBIA ITyM B OLEHKY CHEKTpa OLU(POBAHHOTO CHIHAIA.
CriexTp LyMa KBaHTOBAHHUs BECOBBIX KOI((UIHEHTOB OnpeaessieTcs: MpOonu3BeACHUEM
SHEPTUM CUTHAlIA ¥ AUCHEPCHH IIyMa KBAaHTOBAHHS BECOBBIX KO3 (GUIINEHTOB.

— Bsezneno nonstre 3 (heKTUBHON pa3psIHOCTH Ha IIPUMEpe TapMOHHYECKOTO CHI'HA-
J1a, TIO3BOJIIONIEE OLEHUTHh OTHOIIEHHWE CUTHAJ/IIyM. A MMeHHO, 61b oTHOIIeHHs
CHTHAJI/ITYM COOTBETCTBYET OJHOMY 3()(heKTHBHOMY ABOMYHOMY pa3psily CHTHaIA.

—  DddexTrBHAs pa3psIHOCTh CHTHANA, HE MOXKET OBITh OOJIBIIE Pa3PsTHOCTH BECOBBIX
ko3 Purenton bI1D.

— JlaHBI peKOMEH/JAINN [0 BEIOOPY ONTHUMAIIBHOTO THIIA BECOBBIX KOA()(HUIMEHTOB IS
BI1®. IIpumeneHne BeCOBBIX KOG (UIMEHTOB TUIIA integer JOMyCTHMO TOJBKO JUIS
CUTHAJIOB, 00paboTaHHbIX ¢ moMorkio AL, mveromero He 6onee 11 paspsinos. [Ipn
ucrnonb3oBannn 12-23 paspsguasix ALIl HeoOxoaumo npumeHeHHe KoddduirenTon
tumna float. [Ipu onenke crekTpa curaainos, omudposanHex ALl ¢ GosbmM KO-
4eCcTBOM Pa3psanoB (10 44), TpebyeTcs BecoBble ko3¢ durreHTs! TrIa double.

Pabora BrimonHeHa npu noanepxke rpantoB PODU Ne 00-15-96620, 01-02-16666

n Ornenenust Hayxku HATO, nporpamma “Hayka st Mupa”, rpant SfP-973799 Semi-

conductors.
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The accuracy of the digital spectrum estimation "
S.Yu.Medvedev, M.Yu.Perov, A.V.Yakimov”

Nizhni Novgorod State University, Gagarin Avenue 23,
Nizhni Novgorod 603950, Russia

Digital methods are widely used now for the treatment of signals and noise. Many
methods are based on the fast Fourier transform (FFT) — fast algorithm for the calculation
of discrete Fourier transform. This algorithm is used, as a rule, for the estimation of the
spectrum of a signal. The spectral characteristics such as the spectral power density (spec-
trum), bispectrum, and spectra of higher order are used for the investigation of noise, sto-
chastic processes, and 1/f fluctuations.

Only the quantization noise, that is added to the signal by the analog-to-digital con-
verter (ADC), is usually taken into account in the spectrum estimate. However, it is neces-
sary to note that the weighting factors of FFT are presented in the computer by numerical
values and, therefore, have own quantization noise. Numerical operations in the computer
are accompanied by truncation errors, which also can be considered as the quantization
noise. Obviously, the quantization noise adds distortions to the spectral estimate of the
signal (or noise). The analysis of these additional distortions is the purpose of the present
report.

We consider that the treated (noise) signal is the stationary ergodic process. The dis-
crete Fourier transform can be presented in the following form:

N-1 N-1
Xk)=T Zoxq (myw,(kn)— jT zoxq (m)wy (kn) . (1)
n= n=

Here j is the imaginary unit, N — the number of signal readouts taken with period T.

Each readout x, () in (1) is the sum of x(n), the magnitude of the continuous signal
taken at the moment #,=nT/N, and the quantization error e,(n), that is added to the signal
in the ADC, see eq.(2): x,(n) = x(n) + e\(n). The signal quantization error has the uniform

) Proc. NATO Project SfP-973799 Semiconductors 1st Workshop. Nizhni Novgorod, 2001
) Phone: +7-8312-656153, Fax: +7-8312-656416, E-mail: yakimov@rf.unn.runnet.ru
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distribution over the signal quantization step /4,. The sequence of quantization errors is
considered as the quantization noise.

Cosine w, and sine w, weighting factors evaluated in the computer are also the sum
of the exact value and the quantization noise, formulas (3): w.(kn) = cos(27%&n/N) +
e (kn), wy(kn) = sin(21kn/N) + ey(kn).

The spectrum estimate is determined as follows: S,(k)=<[X(k)*>/NT. Here <...>
means the statistical average. We take into account that the quantization errors are not
mutually correlated. The average and variance of these errors are well determined. Thus,
the expression for the spectrum estimate of any sampled signal (noise) is as follows:

Suk) = (k) + Seell) + Seclh) - ®)

The first item in the right hand part of this relation is the spectrum estimate of the ini-
tial analog signal without the quantization noise of signal and weighting factors. The sec-
ond one is the spectrum of the (additive) quantization noise of the signal without the noise
of Fourier transform:

S.(k)=Th/12 . )]

The last item in (2) is the spectrum of the (multiplicative) quantization noise of
weighting factors:

K27 N-1 >
SeeB) =50 3 xz(n)sﬁEx. (10)
n=0

The ergodic harmonic signal was chosen for the theoretical analysis of the spectrum
estimation. The parameter of the spectral signal-to-noise ratio, “the effective number of
bits of the harmonic signal” was introduced. It was obtained that this effective number of
bits cannot be more than the number of bits of FFT weighting factors. This result allows
us to estimate experimentally the number of bits for weighting factors having different
numerical types (integer, float, double), and to suggest the optimum type of FFT depend-
ing on the bit resolution of the ADC.

Errors in intermediate FFT calculations may be interpreted as the increase of the
quantization noise of weighting factors. Therefore, the experimentally found number of
bits of weighting factors appears to be somewhat less than the nominal value.

On the basis of the theoretical analysis and results of numerical experiments the op-
timum combinations for ADC and FFT of different types were suggested. For example, it
is suggested to use FFT of the float type if ADC has the resolution not more than 23 bits.

This work was supported by grants of RFBR No. 00-15-96620, 01-02-16666, and
NATO SfP-973799 Semiconductors.
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