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AHOTALIS

T'ymentox P.C. Meroau Ta 3aco0u ONMEPaTUBHOIO OIIHIOBAHHS BIJXWJICHb Bar
po3psaiB ALl mocnioBHOro HAaOMMKEHHS 3 BaroBOIO HAJJIMIIKOBICTIO. —
KranidikamiitHa HaykoBa mpaiisi Ha IpaBax PyKOMUCY.

HNucepTarnis Ha 3100yTTs cTyneHs JokTopa ¢itocodii 3a cnemianpHicTio 123
«Komm’rorepaa imkenepis» (12 «Iudopmariitai TexHosorii»). — BiHHHLBKHI
HaI[IOHAJIbHUM TeXHIYHUI yHiBepcuteT, Binnung, 2021.

B aucepraniiiniii po6oTi po3B’si3aHa HayKoBa 3ajada 3 po3poOKH METOMAIB Ta
3aco0iB OINEpPaTHUBHOTO OIIHIOBaHHS BinxuieHb Bar pospsaiB ALl mociigoBHOTO
HAOJIMKEHHS 3 BaroBOI0 HAJIMIIKOBICTIO. AHAJIOTO-IIU(PPOBI MPUCTPOT MOCTIAOBHOTO
HAOJIMKEHHS IIUPOKO 3aCTOCOBYIOTHCS B 1H(GOPMAIIMHO-BUMIPIOBAILHUX CHUCTEMAX,
cucrteMax 300py 1 OOpOOJSHHS JaHUX, B CHCTEMax OIpAIFOBaHHS T'OJIOCY 1 BIJIEO.
CyuacHi rany3si 3actocyBanHs AlIIl BucyBaroTh BUCOKI BUMOTH BIAHOCHO TOYHOCTI 1
mBUAKOAIl. TpaguiiifHi METOAWM TIABUINCHHS TOYHOCTI MAalOTh MPUHIIUIIOBI
oOMe>KeHHs, 00YMOBJICH1 3aCTOCYBaHHS JBIMKOBOI CHCTEMH YHUCIEHHS. 3aCTOCYBaHHSA
BaroBOi Ha/UTMIITKOBOCTI Y BUTJISI HAMJIUIITKOBUX MO3UILIMHUX CHCTEM YHCIICHHS Ja€
JIOJIATKOBI ~ MOXKJIMBOCTI  MOKpamieHHs  xapaktepuctuk  AIlIl  mocaigoBHOTO
HaOmwkeHHs. lled miaxim m03BOJIsSE BUKOHYBAaTH KOPWUT'YBaHHS MOXHOOK pPO3psi
BUKIIFOYHO B IM(poBii ¢opMi 0e3 3acTocyBaHHS JOJATKOBHX NPEHHU3IAHUX
aHAJIOTOBHX BY3MiB. B TOW ke dYac 3aluImaloTbCs aKTyalbHUMH 3aJadi TOYHOTO
BU3HAYCHHS MOMEHTY 4acy, KOJM HEOOXIIHO TPOBOAUTUA KaJiOpyBaHHS Ta
MPOBENICHHS KaniOpyBaHHs 0€3 IepepruBaHHS MPOIIECY OCHOBHOTO MEPETBOPEHHS, 110
€ BKpail BaXJIMBUM JIJIs1 OUTBIIOCTI 3aCTOCYBaHb, OCOOJIMBO B CUCTEMAaX KPUTUYHOTO
MpU3HAYCHHS.

B nucepramiitHiii  po6OTI TPOBEACHO aHATITHYHHA OTJISAJ OCOOIHMBOCTEH
noOyaoBu Ta ¢yHkuionyBaHHs ALl mocaigoBHOro HaOMMKEHHS, MPOAHATI30BAHO
OCHOBHI THUNH IMOXUOOK, 10 BUHUKAIOTH B MpOlleCi MEPETBOPEHHS Ta LUISAXU iX

3meHmeHHs. [TokazaHo, 1m0 70 KaTeropii moxuOOK, skl HAMCKIIAAHIIIE KOPETYIOThCS,
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HaJeXaTh MOXUOKU JIIHIKHOCTI, 30KpeMa AU(EpeHIIiiiHa Ta IHTerpajbHa HEMIHIAHICTb.
[TokazaHno, mo cyuyacHi ALl 3 po3iIbHOO 3aTHICTIO OLIbIIE ABAHAIUATH JBIHKOBUX
PO3psiAiB MOTPEOYIOTH MEPIOANYHOTO MPOBEAEHHS MPOIEAYPH KOPETYBaHHS MOXUOOK
niniHOCTI. [ToKa3aHo, IO OCHOBHUM CIIOCOOOM KOpPETYyBaHHS MOXUOOK JIHIMHOCTI €
nporeaypa KaaiOpyBaHHsI MEpETBOpIOBaya, sika HaWYacTillle 3apa3 peani3yeTbes y
BUTJISIII caMoKaniOpyBaHHs. [IpoaHanizoBaHO 6a30Bi aITOPUTMU CaMOKaTiOpyBaHHS,
30KpeMa aJrOPUTMIYHI CTPATET1l «3HU3Y-T0TOPH», «3rOpU-AOHHU3Y» Ta KOMOTHOBaHUH
BapiaHT, BA3HAYCHO MEePEeBary Ta HEJAOIIKA KOKHOT 3 HUX.

[ToxazaHo, 10 TMpPU 3aCTOCYBaHHI  JIBIMKOBOT CHUCTEMH  YHCIICHHS
caMOKaJIIOpyBaHHSI € MOKJIMBUM BUKITFOUHO B U poaHaIoroBii hopmi, sika motpedye
BUKOPUCTAHHS JIOJATKOBUX KOPHUTYIOYMX AHAJOTOBUX KOMIIOHEHTIB, IO CYTTEBO
YCKIIAJHIOE CTPYKTYPY HPHUCTPOIO Ta HOTro IHTETpaNbHY peaiizallito. 3acToCyBaHHS
BaroBOi HAJITMIIKOBOCTI Ja€ MOMJIMBICTh 3a7ady KOPETYBaHHS Bar pO3PsIiB
NEPEHECTH BUKIIOYHO B IMGPOBY IUIOMIMHY 1 peai3yBaTH IUIIXOM PO3PAXyHKY
KOPUT'YIOUHUX MOMPABOK, 5Kl OyAyTh BIUTMBATHA HA BUXITHUHN KOJ.

[IpoananizoBaHo O0COOJMBOCTI 3aCTOCYBaHHS BaroBOi HAJUIMIIKOBOCTI B
CydacHHMX IepeTBoproBavax ¢opmu iHpopmariii, MaTeMaTHUHI OCHOBH HA JITMIIIKOBUX
MO3UIIIMHUX CHUCTEM YHUCJICHHS, TEXHOJOTII0 3acTOCyBaHHS iH(opMariiHOi
HAJUTUIIIKOBOCTI B TEXHIIl TIepeTBOpeHHs Gopmu iHGopmMarlii. Po3rissHyTo po3psany
ciTky camokaniopoBanoro ALIII, mo ckiragaeTbcsi 3 yMOBHO «TOYHHMX) MOJIOAIINX Ta
CHETOYHHUX)» CTapIIuX po3psAiB. Jlo KaTeropii «HETOUHUX»BITHECEHO PO3PSIIH, Baru
SAKUX T BIUTMBOM PI3HOMaHITHUX YUHHUKIB MOXYTh CYyTTE€BO 3MIHIOBATHUCH 1 TOMY
noTpeOyroTh mepioandHoro KamiOpyBanHsa. Ilim kaTeropito HETOYHHUX PO3PSAIB
MOTPAIUISIOTh PO3PANIN, BaTW KX MOXYTh 3MIHIOBATHCH OUTBINE HIX Ha OJUHUIIIO
MOJIOJILIIOTO PO3PALIY.

[Tokazano, mo Bci cyudacHi camokamiopoBani AL[Il mepenbavaroTe 3ynuHKY
MPOLIECY OCHOBHOI'O MEPETBOPEHHS Ha Nepioj kaniOpyBanHs. KpiM TOro 3aiumaeTses
aKTyaJIbHUM MTUTAHHS BU3HAYEHHS MEPIOIUIHOCTI Mi€i mporeaypu. KinacuuHi ABIHKOB1
AIII mocnigoBHOro HAOMMKEHHSI MPUHIMIIOBO HE 3/1aTHI C()OPMYyBaTU SIBHI O3HAKHU

HEO0OX1IHOCTI KaniOpyBaHHs Bar po3psaiB. OCHOBHUMH MIAXOJaMH 10 TAUMIHTY
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nporeaypyu KainiOpyBaHHS € 3acTOCyBaHHS (DIKCOBAHOTO TMPOMDKKY Yacy Mix
YeproBUMHU KaJdiOpyBaHHSAMH Ta BUKOPHCTAHHS HESBHUX O3HAK /IS BH3HAYCHHS
HEOOX1THOCT1 MPOBEJICHHS KaniOpyBaHHA. [0 HESIBHUX O3HAK SIK MPABUJIO BIIHOCATH
3MiHY 30BHIIIHIX YUHHUKIB, TAKUX K TeMIlepaTypa, TUCK Touio. Ciija 3BepHyTH yBary,
110 Hl MEepIIMi HI APYrud MiAXiJ HE FapaHTylOTh, IO KaniOpyBaHHS 31HCHIOETHCS
BYACHO, MIPUYOMY MOXUIMBI SIK BUTIAJKW TPOBEICHHS KadiOpyBaHHS, KOJIH B IbOMY
HEMae NoTpedu, Tak 1 BUMAJAKU MPOIYCKIB KaliOpyBaHHs, X04a BiAOyIach KpUTUUKHA
3MiHa Bar po3psaiB.

JIns  mochipKeHHST MOXJIMBOCTI OTPUMAaHHSI SIBHUX O3HAK HEOOXITHOCTI
KaJiOpyBaHHS PO3POOJICHO MaTeMaTHYHY MOJICIb XapaKTCPHUCTUKHU IEePETBOPCHHS
AIIT mocnigoBHoro HabMMKeHHs. [TokazaHo, 0 TPY BUKOPUCTAHHI OCHOBU CUCTEMHU
YHUCJIEHHS MEHIIe 2, He BcCl ABIMKOBI KoMOiHAIli 3 ABISIOTHCS Ha BHUXOII
neperBoproBaua. KomOiHamii, 1mo 3a HOPMaJbHHUX YMOB BIJCYTHI Ha BHUXOAl
NepeTBOPIOBaYa, OTpPUMaIM Ha3By  “‘HeBUKopuctanux’ . Otpumano 0a30Bi
MaTEMaTU4H1  CIIIBBIIHOIICHHS, [0  JO3BOJSIOTH  BHU3HAYUTH  TEPENiK
“HEeBUKOpPUCTAaHUX  KOMOIHAIIM 3aJleKHO BiJ OCHOBM CHUCTEMH YHCICHHS Ta
PO3PSITHOCTI MEPETBOPIOBAYA.

[TokazaHo, 0 «HEBUKOPHUCTaHI» KOMOIHAIi yTBOPIOIOTH TIE€BHI I'PYyIH, Tak
3BaHI 30HU ‘“‘HEBUKOPUCTAHUX KOMOIHAIlIM, pO3TallyBaHHS SKHX € (PIKCOBaHUM.
IlenTpanpHa 30Ha, abo 30Ha (N-1)-ro piBHA, CKIAga€Tbes 3 Oe3mepepBHOT
MOCJIITOBHOCTI KOJAOBUX KOMOIHAI, po3TamoBaHUX NPUOIM3HO B CepeAuHi
XapaKTEPUCTUKH TepeTBOpeHHs. 30Ha (N-2)-ro piBHA MICTUTh JIBi ITiI30HH,
PO3TaIIOBaHI CHMETPUYHO BiTHOCHO 30HU (n-1)-ro piBHs Tomo. KokHa 30Ha MiCTUTH
onHy ab0 OuTbIlle TMOCTIMOBHUX KOJOBUX KOMOIHAIIM, MPUYOMY HOMEDP KparHBOT
BEPXHBOI 3 HUX (BEpXHIN KOP/IOH) € (DIKCOBAaHUM 1 HE 3aJI€KATh BiJl CHCTEMHU YHCIICHHS.
JloBeneHo, 110 KOXKHA IiJI30Ha OJIHI€E] 30HU MICTUTh OJHAKOBY KUIBKICTb
“HEBUKOPUCTAaHUX KOMOIHAIIM.

[IpoBeneHo AOCHIIKEHHSI BIUIMBY MOOAWHOKHUX BIAXWIICEHb Bar po3psiAiB Ha
KUIbKICTh ‘‘HEBUKOpUCTAaHUX~ KOMOiHaliil B okpemux 3o0Hax. I[lokazaHo, 110

BiIXWJICHHS Baru K-ro po3psay Moxke BIUIMHYTH Ha KUIBKICTh ‘‘HEBUKOPHUCTaHUX
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KOMOIHALIHA TUTBKM B 30HI k-TO piBHA Ta B yCiX 30Hax 3 HOMepaMu OUTbIIMMHM 3a K.
Takox AoBeAeHO, 1110 HAUOLIBIN YYTIMBOIO A0 BiaxuieHb k-Tro po3psaay € came k-ta
30Ha ‘“‘HEBUKOpUCTaHUX KoMOiHauii. OTpuMaHO MaTeMaTU4H1 CIIBBIIHOIICHHS, 110
BHU3HAYAIOTh  B3a€MO3B’S30K MDK  BIIXWIeHHSIM  K-po3psay 1 KUIBKICTIO
“HeBUKOpUCTAHMX KOMOIHAI[ii B 30HI JOBUIbHOrO j-ro piBHA.IIpoBemeHO
JNOCHIDKEHHS]  BIUIMBY  BIAXWIECHHS  KUIBKOX Bar po3psiiiB  HAa  KUIBKICTh
“HeBUKOpUCTAaHUX KOMOIHami# B pi3HUX 30Hax. OTpuUMaHO MaTeMaTHUYHI
CHIBBIIHOUIEHHS Ta TpadiuHi iHTepnpeTauii A BU3HAYEHHS B3a€EMO3B’SI3KY MIK
BIIXWJIEHHSMM Bar KUIbKOX pO3pA/IB Ta 3MIHAMH B PI3HUX 30HAX ‘“‘HEBUKOPUCTAHUX
KOMOIHAIII}.

Po3poOneno meron omepaTtuBHOI (ikcaiii BiaxuieHb Bar po3psaais ALII
MOCIIJOBHOTO  HAOJNMKEHHS 3 BAaroBOI  HAJJIMIIKOBICTIO, SKUH  JTO3BOJISIE
dopmamizyBaTi MpoIeC BUABJICHHS BIAXWICHb Bar po3psiB 3a aHaJII30M
XapaKTepUCTUKH MEePETBOPEHHA. BUsBIEHO XapaKTepHi PHUCH, 110 MAIOTh BCI
«HEBUKOPUCTaH1» KOMOIHAIIT B MEKax MEBHOI 30HU Ta MIJ30HU. TaKoX PO3TISHYTO
NUTaHHS TEPEKPUTTS Ta MOTIMHAHHS 30HAMU «HEBUKOPUCTAHUX» KOMOIHAIIIN BUIITUX
PIBHIB 30H HIKUMX PiBHIB.

[IpoBeneHo MOCTITKEHHS MOJKJIMBOCTI OIlIHIOBaHHS 3HAYCHb BIAXWICHb Bar
PO3pPSAIIB 32 KUIBKICTIO “HEBHKOPUCTAaHUX KOMOiHAIlI B MEeBHUX 30HaX. /[oBeneHo,
0 MOXWOKa OIIHIOBaHHS 3HAYEHHS Bard OKPEeMOro po3psay He nepebinpmrye 0,5
OJIMHUII MOJIOAIIOTO PO3psAly. 3anpoONOHOBAHO MOCTIIOBHUIN alTOPUTM BHU3HAUYEHHS
BIIXWJICHb Bar pPO3pPsAiB 32 aHai30M XapaKTepUCTUKU TepeTBopeHHs. [IpoBeaeHo
TECTYBaHHS aJTOPUTMY Ha OKpEMOMY NpPHKIAAi, MO0 MiATBEPAUIO BIPHICTH
3aIPONOHOBAHOIO METOAY.

3anpornoHOBaHO HH3KY CTPYKTYpHUX peanizauiii MeroAiB (ikcarii Ta
OIiHIOBaHHA BimxwmiieHb Bar po3psaaiB ALl mociimoBHOro HaOIMKEHHS 3 BaroBOIO
HaJTUIITKOBICTIO. OCOOIMBICTIO OCTaHHIX € T€, III0 BOHU HE Tepea0adyaroTh BHECCHHS
MPUHIMIIOBUX 3MIH B KjacuuHy cTpykTypy ALIl mocnimoBHOro HaOMWMKEHHS 3
BaroBOI0 HAJJIMIIKOBICTIO. B 0a30By CTpPYKTypHY CXeMy J0AaHO OKpeMHil OJoK

KOHTPOJIKO XapaKTepPUCTUKHU IMEPETBOPEHHS, HAa BXiJ SKOTO MOJAETHCS MPOMIKHUM
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HAJUIMILIKOBUMA KOJI, AKUH (DOPMYETHCS B MPOLECI aHATOrO-IIU(PPOBOro NEPETBOPEHHS.
3anpornoHoBaHo MoAudikaiii anroputMmiB poOoTu camokaniOpoBanoro AIIIl 3
BaroBOI0 HAJJIUIIKOBICTIO, 110 PEA3yIOTh MOMJIMBOCTI KOHTPOJIO BIJIXWUJIEHb Bar
pO3psIiB Ta OI[IHIOBaHHS 3HAYE€Hb I[MX BIAXWIECHb. 3alpONOHOBAHO CTPYKTYpHI
peamizanii OJOKYy KOHTPOJIO XapaKTepUCTUKU TIEPETBOPEHHS SIK ISl METOLY
KOHTPOJIIO BIIXWICHb Bar po3psiB, Tak 1 JJIS METOJY OLIHIOBAHHS 3HAYEHb ILHUX
BigxuieHb. [lokazaHo, 1Mo OJIOK KOHTPOJIIO XapaKTEPUCTHKH IEPETBOPEHHS Mae
PETYISIPHY CTPYKTYPY i€ KUIbKICTh MOJYJIB BU3HAYA€THCA KUIBKICTIO 30H
«HEBUKOpHCTaHUX» KoMOiHatliil. Llei pakT cyTTeBO cripolrye peasnizallito OCTAHHBOT'O
Ha OCHOBI PETYJISPHHUX ITU(PPOBUX CTPYKTYP.

Po3pob6neno crmemianizoBaHe mporpamMHe 3a0€3MeUeHHs] JJii MOJEIIOBAHHS
po3pobneHnx meroxaiB. [Iporpamue 3abe3meueHHsT CKIAMAETHCS 3 TBOX HE3AICKHUX
KOMMOHEHTIB. llepmuii KOMIIOHEHT J03BOJII€E MOJEIIOBATH TMpolec (OpMyBaHHS
xapaktepuctuku nepetBopeHHs AIlIl mocnigoBHOro HaOMMXKEHHS 32 HASBHOCTI Ta
BIJICYTHOCTI BIIXWJICHh Bar po3ps/iB Ta BU3HAYATH IMEpeiK ‘‘HEBHKOPUCTAHUX
KoMOiHaIii. J[pyruii KOMIIOHEHT MOJENIOE 3BOPOTHY MPOIEAYPY - OIIHIOBAHHS
BIIXWJICHD Bar PoO3psiB 3a KUIBKICTIO “HEBUKOPUCTAHMX KOMOIHAIlIM B IMEBHIM 30HI.
Hesanexxna peamizaiisi OKpeMHX KOMIIOHEHTIB J03BOJISIE TEPEBIPUTH KOPEKTHICTH
POOOTH 3aMPOITOHOBAHOTO METOTY KOHTPOJTIO Ta OI[IHIOBAHHS BIAXWJICHB Bar pO3pPs/IiB.
HaBeneHo pe3yibpTaTi TECTYBaHHSI 3alIPOTIOHOBAHOTO MTPOTPAMHOTO MPOAYKTY.

Knwuosi  cnosa: Al mocmimoBHOTO  HAaOMMKEHHS, XapaKTePUCTUKA
MEPETBOPEHHS,  BIAXWJICHHS  Bar  pO3psANiB, CaMOKaliOpyBaHHS,  BaroBa
HAUINIIKOBICT.

ABSTRACT

Humeniuk R. S. Methods and instruments for operative estimation of weight
deviations of the ADC digits of consecutive approximation with weight redundancy. -
Qualifying scientific work on the rights of the manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 123 "Computer
Engineering” (12 "Information Technology"). - Vinnytsia National Technical

University, Vinnytsia, 2021.
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The scientific problem on the development of methods and instruments of
operative estimation of weight deviations of the ADC digits of consecutive
approximation with weight redundancy is solved in the dissertation work. Analog-
digital serial approximation devices are widely used in information and measurement
systems, in data acquisition and processing systems, in voice and video processing
systems. Modern ADC applications place a high priority on accuracy and speed.
Traditional methods of improving accuracy have fundamental limitations due to the
usage of the binary system. The usage of weight redundancy in the form of redundant
positional number systems provides additional opportunities to improve the
characteristics of the ADC sequential approximation. This approach allows us to
correct the discharge errors only in digital form without the usage of additional
precision analog nodes. At the same time, we still need to focus on the tasks of accurate
determination of the time, especially when it is necessary to perform calibration
without interrupting the process of the main transformation, which is extremely
important in critical systems, remain relevant.

the analytical review of features of construction and functioning of ADC of
consecutive approximation In the dissertation work was done, the basic types of the
errors arising in the course of transformation and ways of their reduction are analyzed.
It is shown that the category of errors that are most difficult to correct includes linearity
errors, in particular differential and integral nonlinearity. It is shown that modern ADCs
with a resolution of more than 12 binary digits require a periodic procedure for
correcting linearity errors. It is shown that the main way to correct linearity errors in
the calibration procedure of the converter, which is often implemented in the form of
self-calibration. The basic algorithms of thermal calibration, in particular, algorithmic
strategies "bottom-up" and "top-down" are analyzed, the advantages and disadvantages
of each of them are determined.

It is shown that self-calibration is possible only in digital-analog form when we
are using a binary number system, which requires the use of additional corrective

analog components, which significantly complicates the structure of the device and its
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integrated implementation. The use of weight redundancy makes it possible to transfer
the task of adjusting the weights of the digits exclusively in the digital plane.

Peculiarities of application of weight redundancy in modern converters of the
form of information, mathematical bases of redundant positional number systems, the
technology of usage the information redundancy in the technique of transformation of
the form of information are analyzed. A bit grid of a self-calibrated ADC consisting of
conditionally "accurate™ junior and "inaccurate” senior bits is considered. The category
of "inaccurate" includes discharges, the weights of which under the influence of various
factors can change significantly and therefore require periodic calibration.

It is shown that all modern self-calibrated ADCs require the procedure of
stopping the process of basic conversion for the calibration period. In addition, the
question of determining the frequency of this procedure remains relevant. Classical
binary ADCs of sequential approximation are not able to form clear signs of the need
to calibrate the weights of the digits. The main approaches for the timing of the
calibration procedure are next - the use of a fixed period of time between successive
calibrations and the use of implicit features to determine the need for calibration.
Implicit signs usually include changes in external factors, such as temperature,
pressure, and so on. It should be noted that neither the first nor the second approach
guarantees that the calibration is carried out in time.

A mathematical model of the ADC transformation characteristic of sequential
approximation was developed to research the possibility of obtaining clear signs of the
need for calibration. It is shown that not all binary combinations appear at the output
of the converter when we use the basis of the number system which is less than 2.
Combinations that are normally absent at the output of the converter are called
"unused". The basic mathematical relations are obtained, which allow determining the
list of "unused" combinations.

It is shown that "unused" combinations form certain groups, the so-called zones
of "unused" combinations, the location of which is fixed. The central zone, or zone (n-
1) -th level, consists of a continuous sequence of code combinations located

approximately in the middle of the transformation characteristic. The (n-2) level zone
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contains two subzones located symmetrically to the (n-1) level zone. Each zone
contains one or more consecutive code combinations, and the number of the uppermost
of them (upper border) is fixed and does not depend on the number system. It is proved
that each subzone of one zone contains the same number of unused combinations.

Next research was made - the effect of single weight deviations of the discharges
on the number of "unused" combinations in some areas. It is shown that the deviation
of the weight of the k-th digit can affect the number of unused combinations only in
the zone of the k-th level and in all zones with numbers greater than k. It is also proved
that the k-th zone of "unused" combinations is the most sensitive to deviations of the
k-th category. Mathematical relations are obtained to determine the relationship
between the deviation of the k-digit and the number of unused combinations in the zone
of arbitrary j-th level. Research was made about the effect of the deviation of several
weights of discharges on the number of "unused" combinations in different zones.
Mathematical relations and graphical interpretations are obtained to determine the
relationship between the deviations of the weights of several digits and changes in
different areas of "unused"” combinations.

The method of operative fix of weight deviations of ADC digits of consecutive
approximation with weight redundancy which allows formalizing the process of
detection of weight deviations of digits on the analysis of characteristic of
transformation is developed. Characteristic features having all unused combinations
within a certain zone and subzone are revealed. The issues of overlapping and
absorption by zones of higher levels and zones of lower levels are also considered.

The research was made about the possibility of estimating the values of weight
deviations of the discharges by the number of unused combinations in certain areas. It
Is proved that the error of estimating the weight value of a single category does not
exceed 0.5 units of the lower category. A sequential algorithm for determination of the
deviations of bit weights by analyzing the transformation characteristics is proposed.
The algorithm was tested on a separate example, which confirmed the accuracy of the

proposed method.
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A number of structural implementations of methods to fix and estimate the ADC
bits deviation of sequential approximation with weight redundancy are proposed. The
peculiarity of the last is that they do not involve fundamental changes in the classical
structure of the ADC sequential approximation with weight deviation. A separate
control unit of the conversion characteristic is added to the basic block diagram, to the
input of which an intermediate redundant code is fed, which is formed in the process
of analog-to-digital conversion. Modifications of operation algorithms of self-
calibrated ADC with weight redundancy are offered, which realize possibilities of
control of digits weight deviations and realize also an estimation of values of these
deviations. Structural implementations of the control unit of the transformation
characteristic are proposed both for the method of control of weight deviations of digits
and for a method of estimation of values of these deviations.

Specialized software was developed for modeling the developed methods. The
software consists of two independent components. The first component allows to
model the process of forming the ADC conversion characteristic of sequential
approximation in the presence and absence of deviations of the weights of the digits
and to determine the list of "unused™ combinations. The second component simulates
the inverse procedure - estimating the deviations of the weights of the discharges by
the number of "unused"” combinations in a given area. Independent implementation of
individual components allows you to check the correctness of the proposed method of
control and evaluation of weight deviations of the discharges. The results of testing the
proposed software product are provided.

Keywords: ADC sequential approximation, transformation characteristics,

deviation of discharge weights, self-calibration, weight redundancy.
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BCTYII

OO0rpynryBanHsi BuUOOpPY TeMH JaochaigxkeHnHsi. OIHUM 13 PIZHOBUJIB
nepetBoproBadiB  popmu iHpopmarii € ALl mocnimoBHOTO HAOIMKEHHS, SIKi
3aiimatoTh Omm3bko 40 % cywyacHoro punky AL [1]. i mpuctpoi, 3 ogHoro 60Ky,
MaloTh JOCUTb BUCOKY PO3AUIbHY 3JaTHICTh Ha piBHI 14—18 nBiiikOBUX po3psAiB, a 3
1HIIOr0 60KY — JJOCUTh BUCOKY YacTOTy AucKpeTu3allii B aiana3zoni Bix 50 kI’ 1o 50
MTI'1, mo nosicHioe iHTepec (axiBIIB 10 IUX OPUCTPOiB. OHAK, SIKIIO PO3PSAHICTD
nepeTBoproBava nepeOutbiye  12-14  po3psiAiB - BIJIMB  30BHINIHIX YHMHHUKIB
NPU3BOJUTE JIO0 TOSBU BiAXWIEHb Bar pospsaaiB [2], [3], mpu YoMy MakcuMaibHi
a0COMIOTHI BIIXUJICHHSI CIIOCTEPIratoThCs B 30HI crapimmx po3psaiB [4]. Hacmigkom
I[OTO € MOsiBa qU(pEePEHIIHHOT Ta IHTerpaNbHOI HEeMlHIHHOCTEH[S].

[IInsxu momonaHHs 1€l TPOOJEMU MOKHA TMOJUTUTH HA TEXHOJOTIYHI 1
anropuTMiuHi. TEeXHOJOT14HI METOAU € JIOCUTh TPYAOMICBKUMH Ta JO3BOJISIOTH
HOKpAIMTH JIHIHHICTh Ha Kigbka po3psmiB [4], [5], [6]. bimbmn yHiBepcaibHHM
METOJIOM MOJI0JIaHHA 3raJlaHO] MPOOJIeMU € BUKOPUCTAHHS METO/[IB CAMOKOPHUTYBaHHS
[7], [8], [9], [10] 1 camoxkamiOpyBauns [11], [12], [13], [14], [15] Bar po3psaiB i
XapaKTEePUCTUKHU TEepeTBOpEeHHs B 1mitoMy. [Iporenypa kamiOpyBaHHS BHUKOHYETHCS
IICJIS BKITIOUEHHS MPHUCTPOIO Ta MIEPIOAMYHO B mporieci podotu, npuaomy AL moxe
dbyHKITIOHYBaTH a00 B pPEXKUMI OCHOBHOTO TIEPETBOPEHHS, abo0 KajaiOpyBaHHS.
['oTOBHUM HEIOMIKOM TaKOro IMAXOoAy € Te, M0 KamOpyBaHHS 3IIHCHIOETHCS B
udpoananorosiit popmi nuIgxoM GopMyBaHHS KOPUTYIOUOTO CHUTHATY JUISI PEKUMY
OCHOBHOTO TIEPETBOPEHHSI.

[Tpu moexHAHHS METOAIB CaMOKaIOpyBaHHs Ta 1HGOPMAIIHHOT HAJIUIITKOBOCTI
y BHTJISII1 HAQJUIMIIKOBUX TO3UIIHHAX CUCTEM YHCIICHHS MOXKHA OTPUMATH 1€ Kpari
pesyabsTatu. Kpim Toro, mooymosa ALIIT Ha ocHoBi HIICY € ogHUM 13 TepCIIEKTUBHUX
NUISX1B KOMIUICKCHOTO BHPIIICHHS MPOOJEMHM ITIBUINCHHS TOYHOCTI Ta MIBHIKOIi
ALIT nocinosHoro Habmmwkenns [16], [17], [18], [19].

Buxopucrannas HIICY y texaimi AL Ta IIAIT mouanocs B Ykpaini 3 ki 70-
X POKIB 1 IPOJOBXKYETHCS ChOIOJIHI B HayKOBIH 1ikouti mpodecopa O. JI. Azaposa [20],

[21], [6], [22], [23], [24], [16], [17]. Kpim TOrO, MUTAaHHSAM MOKpAIICHHS
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xapaktepuctuk ALII 3aliManuce HayKOB1 IIKOJIHM YKpaiHU, 30KpeMa, HAyKOB1 IIKOJIH
mig kepiBaunrBoMm 3.P. Muuymnu [25], [26], [27], [28], [29], [30], [31], [32], [33],
A. 1. Konnanesa, B. O. PomanoBa, B. O. Baranpkoro, ®a6puuesa B.A. [34], [35],
[36], [37], [38], [39], [40], [41], [42], [43], [44], [45], [46], [47], I1. I1. OpHaTchKOTO
[48], [49], [50], [51], [52], [53], M. B. Amninosa [54], [55], b. 1. llIsenskoro [56],J1.B.
[Merpumuna [57] , [58].3aranbHi npuHIKIT TOOYIOBH Ta TIOKPAIIECHHS XapaKTePUCTHK
ANII pocnimxyBanucs Ta po3po0JIsiucs HaAyKOBUMHU 1Kojdamu kKonumnaboro CPCP,
cepen skux moxsa BuaiiutH, B. b. Cmomnosa [59], [60], [61], [62], [63], [64], [65],
[66], [67], E. L. T'itica [68], [69], [70], [71].

[Mutanusm nokpamenHs xapaktepuctuk ALl 3aiimanucst Bimomi HayKoBIIi
3apyoixoks, 30kpema: X. 3ymoaxnen [72], C. X. Jii [73], [74], [75], [76], [77] 3
kopnopairii Analog Device, K. Harapamxk [78], [79] 3 xopniopartii Texas Instruments,
M. K. Maiiec ta C.B. Uin [80], [81], [82] 3 xopmopartii National Semiconductor, a
TAaKOXX CHIBPOOITHUKM HAYKOBO-IOCTIAHUX IMIAPO3JAUIIB  IHIIUX  KOPIIOpPAIliH.
TexHosorii BUKOPUCTaHHS BaroBOi HA/JIMINKOBOCTI JIJIi KOMIIEHCAIll AUHAMIYHHUX
noxubok posristayTo B [83], [84], [85], [86].

Bukopucranns Barooi HajiauiikoBocTi npu mnoOyaosi ALl mocmigoBHOTO
HAOMMDKCHHST J03BOJIMJIO BHUKOHYBAaTH NPOIEAYPYy KamiOpyBaHHS BHUKIIOYHO Y
¢ poBiii popmi 0e3 Hi3HIHOro ad0 CIEKTPUIHOIO BILIMBY Ha Baru po3psaais[21], [6],
[22], [87], [23], [24]. 3actocyBaHHS METOHIB CaMOKamiOpyBaHHsS Mepeadayae
BUPIIICHHS TAaKUX 3a/ad, sK (ikcamis MOMEHTY 4acy, KOJM HEOOXiTHO MPOBECTH
yeproBe KajmiOpyBaHHsS Ta opraHizailii (oHOBOro KamiOpyBaHHsS (0e€3 mepepuBaHHS
IPOIIECY OCHOBHOT'O IepeTBopeHHs). OMHUM 13 pillleHb, MO JIO3BOJIIE B KOMILICKCI
BUPIMUTH OOWJIBI 3a7a4i € 3aCTOCYBaHHS TaK 3BaHOI CIUIIT apXiTekTypu [88] mpwu
nobynosi AIIIl. Omrak B maHOMY BUTNAAKY Mepen0av4acTbCcsi BUKOPHCTAHHS JIBOX
onnaxkoBux AIIIL, 1o stk MiHIMYM BJBI41 30UTBITYy€ anapaTHi BUTpaTH. BukopucTanus
BaroBOi HAJIMIIKOBOCTI JJa€ MOXJIMBICTH 3IHCHEHHS (DOHOBOTO KamiOpyBaHHS Oe3
CYTTEBOTO 30UIbIIICHHS anapaTHUX BUTpAT.

TakuM 9MHOM aKTyaJbHUM € JOCITIPKEHHS IUIAXIB BU3HAYEHHS 1 KOPETYBaHHS

BiaxmwieHb Bar po3psaaiB ALl mociigoBHOTo HaOIMKEHHST O€3MOCEPEIHBO B PEKUMI
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OCHOBHOTO MEPETBOPEHHS 0€3 BUKOPUCTAHHS TOAATKOBUX pPexXuMiB. Po3B’si3aHHS 1€
3a/a4ul JA03BOJIUTH 3a0e3neuuTu OesnepepBHy poOoty ALIIl Ta mpucTpoiB Ha Horo
OCHOBI.

3B’A30K po0OTH 3 HAYKOBMMH NPOrpaMaMu, IVIAHAMH, TEMAMH.

OcHoBHUH 3MICT poOOTH CKIAAAIOTh PE3YIbTATH AOCIIIKEHb SIK1 POBOIUIUCH
BIJIMOBIJHO /10 HAYKOBOIO HAampsMKy Kadeapu OOYMCIIOBAIIBHOI — TEXHIKU
Binauipkoro HarioHanibHOro TtexHiuHoro yHisepcutery (BHTY). [luceprariiina
poboTa BUKOHYBaJacs BiIMOBIAHO A0 JepKOromkeTHUX TeM «KommoHeHTH Ta
OPUCTPOI CUCTEMHHUX OaraTopo3psHUX IepeTBoproBaviB ¢Gopmu iHbopmMarii 3
BaroBOI0 HaJIUIIKOBICTIO» Ne nepxkaBHoi peectpariii 0113U003137 Ta
«BucokonpoayKkTUBHI O6araTokaHajibHI aHAJIOTO-IM(POBI camMoKaTiOpOBaHI CUCTEMHU
MOHITOPUHTY ¥ CHHXPOHHOTO OTPAI[OBAaHHS HU3bKOYACTOTHUX curHaiiBy (58-/1-398)
2020-2022p. ABTOp OpaB yuyacTh Y BHKOHAaHHI HAyKOBO-JOCHITHOI pPOOOTH SK
BUKOHABEIIb.

Merta i 3aBaaHHs a0c/iaKeHHs1. MeToo poOOTH € 3MEHIIIEHHS TEXHOJIOTTYHUX
BUTpAT yacy Ha mpouec kamiopyBaHHs ALl mocninoBHOro HaOIMKEHHS 3 BaroBOIO
HAJUTHUIIIKOBICTIO

JIns nocsATHEHHS TIOCTAaBJICHOI METH B JUCEpTaIliiHi poOOTI IMOCTaBIICHI 1
PO3B’sI3aHi TaKi HAYKOBI 3aBIaHHS:

- IPOAHAII3YBaTU CTPYKTYPY XapakTepucTuku reperBopenHs ALl
IIOC/I1IOBHOTO HAOJIMYKEHHS 3 BaroBOIO HAJIHIIKOBICTIO;

- BU3HAYUTH TpaBwia (QOpPMYBaHHS IMEpENiKy ‘HEeBUKOPUCTAHUX
KOMOIHAIIIH B XapaKTEPUCTHIII TIEPETBOPEHHS,

- BU3HAYNTH 3aJIKHOCTI MK BIIXWJICHHSIMHU Bar okpemux po3psais ALIIT
Ta TIEPEIIIKOM “HEBHKOPUCTAHUX  KOMOIHAIINA B XapaKTEPUCTHII IEPETBOPEHHS;

- JOCIITUTH MOJKIIMBOCTI OIIHIOBaHHS 3HAY€Hb BIIXWJICHH Bar pO3psIiB
AIIIl mocmimoBHOr0 HAOMMIKEHHS 3 BaroBOIO HAJJIMIIKOBICTIO 0€3 mepepuBaHHS
OCHOBHOTI'O [IEPETBOPEHHS;

- pPO3pOOHUTH CrielianizoBaHe MporpaMHe 3a0e3neUeHHs I MOICTIOBaHHS

xapaktepuctuku nepetsopeHHss ALl mociaigoBHOro HaOIMKEHHS,
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- 3alpOIOHYBATH MPAKTUYHY peali3alliio OI[IHIOBaHHS 3HAYEHb BIIXWICHb
Bar po3psaiB ALl mocnimoBHOro HaOJMKEHHS 3 BaroBOKO HAJJIMILKOBICTIO 0Oe€3
nepepuBaHHs OCHOBHOTO MEPETBOPECHHS.

O0’ekTOM JOCHITAKEHHSI € TPOLEC IMEPETBOPEHHS BXIJHOTO aHAJIOTOBOTO
CUTHANly Y BUXIAHUM ABiMKoBHUM kox B ALIIl mociigoBHOro HaOIMKEHHS 3 BaroBOIO
HaJJTMILIKOBICTIO.

IIpeameTrom pmociimzkeHHst €  xapakTepucTuka nepetBopeHHs AL
MOCIIJOBHOTO HAOIMKEHHS 3 BArOBOIO HAJIMILIKOBICTIO.

MeTtonm aociigkeHHs. B npoiieci BUKOHaHHS poOOTH OyJI0 BUKOPUCTAHO TaKi
METOJIA JOCTIIPKEHb: METOJIM MaTeMaTUYHOIO aHai3y Ta Teopii aHaIoro-IU¢pPOBOro
NIEPETBOPEHHS ISl CTBOPEHHS MareMaTH4HOi Moxeni pobdoru ALl mocnizoBHOTO
HAOJIMKEHHS; METOAM IMITAlIHOTO MOJENIOBAHHS MPOIECY aHaIoro-IuppoBOro
NEPETBOPEHHS; €IEMEHTH Teopii MOXUOOK JJIsl BCTAHOBJICHHS TOYHOCT1 PO3POOIEHOTr0
METO.TY.

HaykoBa HOBH3HA OTPMMAaHUX Pe3yJbTaTiB 1 MMOJOKEHb, 1110 BUHOCATHCS Ha
3aXUCT, MOJISITa€ Yy BJIOCKOHAJEHHI mpoiecy kaniopyBanHa ALl mocmigoBHOTO
HAOJIMKEHHS 3 BarOBOIO HAUIUIIIKOBICTIO.

B po6oti oTpuMaHo Taki HAyKOB1 pe3yJIbTaTH:

- BIIepIIIe 3aPONOHOBAHO METO/I ONIEPATUBHOTO KOHTPOJIIO BIIXUJICHb Bar
po3psaiB AL mocmimoBHOTO HAOIMKEHHS 3 BaroBOKO HAJIMIIKOBICTIO 32 aHAII30M
BHUXIJTHOTO KOJY, OCOOJIMBICTH SIKOTO IIOJIATA€ Y BHKOPHCTaHHI SBHUX O3HAK IS
BU3HAYCHHS HEOOXITHOCTI MPOBEACHHS KaliOpyBaHHS, IO MIHIMI3y€ TEXHOJOTIUHI
BUTpATH Yacy Ha mponeaypy kamiopysanus AL

- BIepIIe 3allpPOIIOHOBAHO METOJ OLIHIOBAHHS BIIXWJICHb Bar poO3psiB
AILII mocmitoBHOTO HAOMMKEHHS, KU TOJISITaE Y BUSHAUYNUTH BIIXWJICHHS OKPEMHX
pO3pAiB MEepeTBOpIoBadya 0e3 MmepepruBaHHs MPOLECY OCHOBHOTO MEPETBOPEHHS, IO
JI03BOJIJIO BHUKJIIOUUTH PEKUM JI0AATKOBOTO KajaiOpyBaHHS,

- NoJaJbIIOr0  PO3BUTKY  OTpUMAaJa MaTeMaTUYHa  MOJIEITh
neperBopenHs AIIIl mocmimoBHOTO HAOMMKEHHS 3 BaroBOIO HAJIMIIKOBICTIO, sKa

BIAPI3HATHCS B BIJOMUX BHAUICHHSAM 30H HEBUKOPUCTAHUX KOMOIHAIIN, IO
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JO03BOJIMJIO BCTAHOBUTHU 3aJICKHICTh MDK BIOXWJICHHSAMM Bar OKpPEeMHUX pO3psSIIB Ta
CTPYKTYPOIO XapaKTePUCTUKN EPETBOPEHHS.

IIpakTuyHe 3HAYEHHS] OTPUMAHMUX Pe3yJIbTATIB TOJIATAE B

- po3po0Il METOAMKM BHU3HAYEHHS BLAXWIEHb Bar po3psaais ALl
MOCIOBHOTO HAONMIKEHHsI 3 BaroBOK HAJIMIIKOBICTIO Ha OCHOBI aHami3y
XapaKTePUCTHUKH ITIEPETBOPEHHS;

- pO3pOOIl CTPYKTYpHUX CXeM Ta anroput™miB (yHkuionyBaHHs ALII
MOCTiZIOBHOTO HAOMM)KEHHS 3 BaroBOIO HAJUIMIITKOBICTIO 3 MOXJIMBICTIO KOHTPOITIO
BIIXWJIEHb Bar po3psiiiB;

- pO3po0Ili  CTPYKTYpHUX CXeM OJIOKY KOHTPOJII XapaKTEePUCTUKH
NIEPETBOPEHHS,

- po3po0I1i  CHemiagi3oBaHOTO  MPOTPAMHOTO  3a0€3MEUeHHs] IS
JOCIIHDKCHHST XapaKTepUCTHKU TepeTBopeHHs ALl mociiyaoBHOTO HaOJMKECHHS 3
BaroBOIO HAJTUIIKOBICTIO;

- po3po0IIi  CHemiagi3oBaHOTO  MPOTPAMHOTO  3a0€3MeuUeHHs] I
MOJIEJTIOBaHHS TPOIleCy BU3HAUCHHS BiaxwieHb Bar po3psaiB ALl mocminoBHOro
HAOMMKCHHST 3 BaroBOIO HAJUIMIIKOBICTIO Ha OCHOBI aHai3y XapaKTePUCTHUKHU
EPETBOPEHHS.

OTpuMaHi pe3yibTaTH AOCHiIKeHHs Oyno BripoBamkeHo B TOB MAWTEK
IUIKOC Ta B HaBYajdbHUM TMpollec BIHHUIIBKOTO HAIIOHAJBHOTO TEXHIYHOTO
YHIBEPCUTETY.

OcoOuctuii BHecOK 3100yBaya. Yci HAyKOBI TIOJIOKEHHS Ta pe3yJbTaTd
JIUCEpTalifHOI pPOOOTH, IO BUHOCIATHCA Ha 3aXUCT, OTpUMaHi 3700yBademM
camocTiitHo. OcoOucTHii BHECOK 3/100yBadua B pobOoTax, OIMyOJiKOBaHUX B
CHiBaBTOPCTBI Takui: B pobOoTi [89] — pospobieHo amroput™m ikcarii 30H
HEBUKOPUCTAHUX KOMOIHAII Ha XapaKTEPUCTHIll MEepeTBOpPeHHsS; B poboti [90] —
BCTAHOBJICHO 3aJIE)KHOCTI MDK 3HAYCHHSM BIIXWICHHS Barm OKPEMOTO pO3psay 1
KUTBbKICTIO «<HCBUKOPHUCTAaHUX» KOMOIHAIIIN B pi3HUX 30HaX; B poOoTi [91] — BuKOHAHO
TOCTIIKEHHS XapakTepucTuku nepetBopeHHs AIIIl mocmigoBHOro HAOIMKEHHS 3a

HAsBHOCTI BaroBOi HAJTUIITKOBOCTI; B po00Ti [92] — mpoBeIcHO MOICITIOBAHHS B TTAKETI
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MathCAD BrumBy BigxwieHb Bar Kutbkox pospsgiB ALl wHa mnepenik
«HeBUKOpUCTaHUX» KoMOiHanii B XII; B pobori [93] — 3amponoHoBaHO aKTUBHY
HIIIaTi3a1lil0 30H «HEBUKOPUCTAHMX» KOMOIHAILIl Ha MOYaTKy MEPETBOPEHHS; B
po6oti [94] — orpumano rpadiuny iHTepnperamito XII 3 BHIUICHUMH 30HAMH
«HEBUKOPUCTAHUX» KOMOiHalid; B poboti [95] — po3pobaeHo chemianizoBaHi
mporpamMHi 3acoou a1t mojaentoBanns XII.

AmnpoOauniss marepiajgiB aucepramii. BukianeHni B auceprauii pe3ynbTaTH
JIoCHipkeHb Oynu  anmpoOoBaHI Ha Takux HaykoBux KoH@epenuisx: [llocra
MixHaponHa HAayKOBO-TIpaKTUYHA KOHQepeHiis "Meronu Ta 3acobu KOMYyBaHHS,
3axXUCTy ¥ ymubHeHHs iH(opmanii”, Binauis, 2017; V International Scientific and
Practical Conference “Priority directions of science and technology development”,
Kyiv, 2021; XLVII naykoBo-texHiuHii koH(pepeniii nigpo3auiise BHTY, Binauis,
2018.

IMy6aikanii. PesynpraTtn auceptariii ony0J1ikoBaHO B 7 HAyKOBHUX IpalsiX, B
TOMY YHCIi 3 CTaTTi B HAYKOBUX (paXOBHUX BUJAHHAX YKpaiHu, | — y mepiogudyHOMy
HAyKOBOMY BHJIaHHI 1HIIIOT IepKaBH, 3 — y MaTepiajax KoH(EpeHIliii Ta ceMiHapiB.

CtpykTypa Ta o0csr aucepramii. J[ucepramiiiHa poOoTa CKIamaeTbes 13
BCTymy, 4 pO3AUIB, COUCKY BUKOPHUCTAHHMX JKEpeN, MOMATKiB. 3aralibHUW 00cCsT
nucepTailii cTaHoBUTh 160 CTOPIHOK, 3 SIKUX OCHOBHUM 3MICT BUKIaaeHW Ha 117
CTOpPIHKAaX JPYKOBAHOTO TEKCTy, MICTUTh 54 pucynku, 9 tabnuip. Coucok
BUKOPHCTAaHUX JDKEpeN CKIIamaeTrhes 31 132 HaiimeHyBaHb. Jl0JaTKU MICTSATH aKTH
BIIPOBADKCHHSI PE3YJIbTATIB POOOTH, JICTUHT MPOTPAMHOTO MPOAYKTY Ta CIHUCOK

myOJIiKaIiil 3a TEMOIO TUCepTaIlii.
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