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PE3UME

OOpana aHAJIOTHUX CUTHAJAa MOXKE C€ M3BOJUTH Y TEXHUIM HATIOHCKOT WJIM CTPYjHOT
nporecupama. Mako je HamoHCKO HpoIlecHpame MMajao AOMHUHAHTHHU]Y yJory y obpaau
CUTHaJIa JYTH HU3 TOJMHA, TI0JaBOM CTPYJHUX IMPEHOCHHUKA, CTPYJHO MpoIlecupame J00uja Ha
3HA4ajy y NOCIEABUX BaJIeCeTaK roJiHa 300T BUIIIE CBOjUX MPEIHOCTH KOje Cy J0Ka3aHe Ha
IpUMepHMa IMPEU3HUX ABOCTPAHUX ycMepaya 3a MaJie curHaie oopalenux u y oBoj resu. [1pe
cBera MpenHoCT ce orynena y nosehawmy mmupuHe mporycHor omcera 300r ymorpe0e
onrtepehewa Masie UMIEAaHCE.

[Tpeamer aucepranyje je peanusanuja NpelM3HUX ABOCTPAHUX yCMepaya 3a CUTHAJIe
MaJlMX aMIUTUTYZa Yy TEXHHIM CTPYjHOT mHpouecupama. [IpenusHo ycmepaBame je BaKHa
¢dbyHKIHja 00pajae CUrHaIa Koja uMa N3y3eTHY BaKHOCT KOJI MHOTHX MEPHHUX ypehaja Kao mTo
Cy BOJTMECTPU U aMIICPMCTPHU 3a HAUZMCHUYHC CUTHAJIC, NCTCKTOPHU IIOJIApUTCTA CHUI'HAJIA,
JIETEeKTOPU BPIIHE BPETHOCTH, JIETEKTOPH aMIUIMTYJHO-MOIYJIMCAHHX CUTHAJA, KoJia 3a
yCpemhaBamke CUTHAIA UTL..

HakoHn omnuca TexHuKe CTpYyjHOT IIpoLecupama U MpUKas3a TpaHCIMHEApHOT TPUHIINIIA,
Kao MoJa3He OCHOBE 3a peanu3aliijy OpojHUX HEIMHEapHUX Koja y OUIoJapHOj TEXHOJIOTH]H,
pa3MmatrpaH je KOHIIENT CTPYJHOT IPEHOCHHUKA ca TOCEOHUM OCBPTOM Ha CTPYjJHOM IMPEHOCHUKY
Apyre BpcTe ca OumojapHUM TpaH3ucTopuMa. ONHCaH je M KOHILENT OIeparoHor
MIPEHOCHUKA, a ca MOCEOHOM NaXkoM oOpaljeH je omepalmoHu MPEHOCHHUK JIpyre BpCTe ca
CTPYjHUM KopMHIapemeM. [laT je W mpukas ymopeaHe aHalu3e NpPerU3HUX IBOCTPAaHUX
ycMepaya peaqu30BaHMX Yy TEXHMIM HAlOHCKOI IMpOLEecCHpama Kao U y TEXHHUIM CTPYjHOT
npolecupama, ca NPeJHOCTUMA U MaHaMa JeTHUX Y OJJHOCY Ha JIpyTe.

VY nmcepTanuju cy NpencTaB/beHa JIBa MOJIENa MPEIU3HOT JABOCTPAHOT ycMepada 3a
Majle CHUTHaje, OJf KOjUX MpPBU MOjJeJd KOPHUCTU OMNEPalMOHU IMPEHOCHUK, YETHPU CTpYjHA
oryiefiana M JiBa CTpyjHa M3BOpa, JOK je JAPYrM MOJE] peau30BaH ca JiBa OIEpalloHa
NIPEHOCHUKA M JIB€ IMOJe ca mpeanonapuzanujoM. OcoOuHE pealn3oBaHMX ycMepaya Ccy
3HaTHO 00JbE Y OIHOCY Ha ycMepade pealli30BaHe ca UCTUM EJICKTPOHCKHM KOMITOHEHTaM y
TEXHUIM HAIMOHCKOT TMpolecupama. Kpo3 cHUMyTalMoHy W €KCIEpUMEHTAJIHY HPOBEPY
JI0Ka3aHo je Ja je Moryhe peann3oBaTH NMPENM3HU ABOCTPAHU yCMepad y TEXHUIU CTPYjHOT
nporecupama KOju pagd y IMIMPOKOM (PPEKBEHTHOM OIICETyY, 3a CHUTHAJEC Majie aMIUIUTYE,

ynoTpeOoM ABE AMOJIE YMECTO YeTHPH, KaKo je To 1o cada yriaBHOM paheno. Takohe je
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MOKa3aHoO Ja OBakaB ycMepady MMa cBe OWTHE ocoOMHe 00Jbe 0] 0coOMHA ycMmepada
peaT30BaHOT y TEXHUIM HAITOHCKOT Tpoliecupama. [1og OMTHUM ocoOMHaMa MHCIH ce Ha:

- Behy mMpHHY IPONYCHOT OIICera,

- Behy TemmeparypHya CTaOHIIHOCT,

- Mamy MPTBY 30HY IIPH MIPOJIACKY YJIA3HOT CHUTHAJIA KPO3 HYIY,

- OJIHOC CPEIbUX BPEIHOCTH - PayRr YCMEPEHOT CUTHAJIA U CHHYCHOT CUTHAJIa Ha yJa3y
je CKOpoO jeiaH, a KBagpaTHH KOPEH OJHOCA CPElbe BPEIHOCTH KBajpaTa pa3jiuKe
u3Mel)y yCMEpEeHOT, Vrect, M YJIA3HOT CHTHANIA Videal, ¥ CPEIIHE BPEAHOCTH KBajJpaTa
yJIa3HOT CUTHAJA PrysE J€ TPUOIMIKHO HYIIA.

[Ton ycoBoM aa ce He MpeKopay CTPYjHO OTpaHUYCH-E, H3J1a3 yCMepada ce He Mopa
Oadeposati jep je onTepeheme Ha U31a3y OBaKBOT ycMepaya Majo, pe/ia BEIMYMHE HEKOJIHKO

MUJIMaMIIepa.
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SUMMARY

The processing of analog signals can be performed in the voltage or current processing
technique. Although the voltage processing has had a more dominant role in signal processing
for many years, with the adventages of current conveyors, current processing has become more
important over the past twenty years due to its manifold advantages, which have been proved
by examples of precision full wave rectifiers for small signals dealt with in this thesis. The first
advantage is the in increase of the bandwidth due to the use of a small impedance load.

The subject of the doctoral thesis is the realization of full-wave rectifier for small
amplitude signals in a current mode processing techniques. Precise rectification is an important
function of signal processing and it is highly significant in many measuring devices, such as
voltmeters, ammeters for alternating signals, detectors, signal polarity detectors, peak
detectors, amplitude-modulated signal detectors, averaging circuits, etc...

The dissertation presents the description of a current processing technique and
translinear principle as an initial point for the realization of numerous nonlinear circuits in
bipolar technology. This is followed by a speculation on a concept of current conveyor, where
a special focus is placed on a different type of current conveyor with bipolar transistors. In
addition, the concept of operational conveyor is given with an emphasis on a different type of
operational conveyor with current steering output stage. The thesis also presents a comparative
analysis of full-wave rectifiers, which are realized in both, voltage and current processing
techniques, as well as their advantages and disadvantages compared to each other.

The dissertation presents two models of precision full-wave rectifier for low-level
signals, as well as the realization of the rectifiers out of which one uses an operational conveyor
and four current mirrors and two direct current sources, while another one has two operational
conveyors and two diodes with polarization before of them. The characteristics of such
rectifiers are significantly better compared to the rectifiers with the same electronic
components in voltage processing technique. Through simulation and experimental verification
it has been proved that the full-wave rectifier in a current processing technique can be realized
for wide frequency range, for low amplitude signals, by using two diodes instead of four, as it
has been mostly done so far. It was also shown that such rectifiers have better characteristics
than the rectifiers realized in voltage processing mode. This better characteristic are:

- higher bandwidth,

- low temperature sensitivity,
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- asmaller dead zone when the input signal passing through zero,

- the ratio of the mean values of directional signals and sinusoidal input signal - payr IS
almost one, and the square root of the relationship of the mean square differences
between the directional signal, vrect, and the input signal, videa, and mean square of the
input signal pgrmsg IS approximately zero.

Provided that the output of rectifier does not exceed the current limit, it does not have

to be buffered because the load on the output of such rectifier is small (rang of few miliampers).
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JIMCTA CKPAREHHLIA

AC - Alternating current - Hausmennuna ctpyja
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BJT - Bipolar Junction Transistor - bunoiapau Tpansuctop

BiCMOS - Bipolar and CMOS - Bipolar Complementary Metal-Oxide Semiconductor
logic - bunonapHa KOMIIEeMEHTapHa METaIHU-OKCH/I IOJTYIIPOBOIHUK JIOTUKA

CC - Current Conveyor - CTpyjHH IPEHOCHUK

CCCC - Current Controlled Current Conveyor - CTpyjoM KOHTpOJHCaH CTpPYjHHU
MPEHOCHHK

CCCS - Current Controlled Current Source - Ctpyjau u3BOp ylpaBibaH CTPYjoM

CCI - First generation Current Conveyor - CTpyjHH MPEHOCHHK ITPBE T'eHepariuje

CCII - Second generation Current Conveyor - CtpyjH# IPEHOCHUK Apyre TeHEepaliuje

CCIII - Third generation Current Conveyor - Ctpyjuu npeHOCHHK Tpehe reneparuje

CCVS - Current Controlled Voltage Source - Harorcku H3BOp yIipaBibaH CTPYjOM

CCW - Contra Clock Wise - ¥ cynpoTHOM cMepy Ka3aJbKe Ha cary

CM - Current Mirror - cTpyjHO orjieaaio

CMOS - Complementary Metal-Oxide-Semiconductor - komIieMeHTapHU MeTall-
OKCH/I-TIOJTYTIPOBOTHHK

CMRR - Common-mode rejection ratio - ®akTop MOTUCKHBaba CPEhe BPEAHOCTH
cUrHaja

CW - Clock Wise - YV cMepy ka3ajbKe Ha caTy

DC - Direct current - JenrnocMepHa cTpyja

FET - Field-Efect Transistor - Tpausucrop ca edexkrom mosba

GaAs - Galijum Arsenid

GFR - Generalized frequency response - KonienTt reHepain3oBaHOT (PEKBEHTHOT
0/13UBa

GBW — Gain-BandWidth product - ITpou3Box nojauarma 1 MpOIyCHOT OIicera

IC - Integrated Circuit - UaTerpucano kom0

MCCII - Modified second type current conveyor - MoaudukoBaHu CTPYjHU IPEHOCHHK
JpyTe TeHepalyje

OA - Operational Amplifier - Oneparronu nojayaBay

OC - Operational Conveyor - OnepainroHu IPeHOCHUK

PSPICE - PC Simulation Program for Integrated Circuit Emphasis
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RMSE - Root mean square error - Kopen cpenme KBajpaTHE TPEIIKe

SMD - Surface-Mount Device - KommoneHTe ca MoBpIUIHHCKOM MOHTaKOM

SR - Slew-Rate - Cnypejt - bp3uHa o131Ba ornepaoHoOr ojayaBaya
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VCCC - Voltage Controlled Current Conveyor - HanmoHOM KOHTPOJIMCAH CTPYjHH

MIPEHOCHUK
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1. YBOJ

EnexTpoHCKa KOJa 3a TNPENH3HO ycCMepaBamkbe Malux CHUrHana (HUCKOr HHBOA
amrutyae peaa ucrnox 50 MV) urpajy BakHy yIIOTy y aHaJIOrHOj 0Opaju CHUrHajga 300T
IIMPOKOT CIIEKTpa MpUMEHe. YcMepaBame je BakHa (pyHKIMja oOpaje CUrHajla Koja hMa
W3y3€TaH 3Hayaj KOJl MHOTMX MEpHHUX ypehaja kao mTO Cy BOJTMETPU U aMIIEPMETPH 3a
HaM3MEHUYHE CHUTHAJe, Y KOJIMMa 3a JETEKIHjy MOoJapuTeTa CUTHaNa, NETEKTLH]y BpIIHE
BPEIIHOCTH, JIETEKIH]y aMIUTUTYIHO-MOIYJIUCAHUX CHUTHAJA, KOJIa 33 yCpelmhaBame CUTHAIA
UT]I..

WNudopmanrje 0 HEKOM BPEMEHCKH ITPOMEHIBHBOM (PHU3UYKOM TIPOIIECY IO KOPUCHUKA
ce MPEeHOCe eJIEKTPUYHUM BeJTMUMHaMa Koje ce Ha3MBajy CUTHAIH.

[IperBapawem nH(poOpManMja y elIeKTpUYHE CUTHANE, Kao U 00pajioM U NPEHOCOM
curHasia 6aBu ce enekTponuka [1].

Behuna curnana je no npupoau aHajJorHa, ¥ Kao TaKBU OHU OMBAjy M MPOLIECUPAHU O]
CTpaHe JbyJCKor opraHu3ma. Koma koja pajge ca aHaJOTHUM €JIEKTPOHCKUM CHTHalUMa Cy
MojayaBayyl, CHHYCOUIATHH OCIHJIATOPH, aKTUBHU (WITPH, yCMEpauH, UTI., U Ha3UBajy ce
aHAJIOTHUM KOJIMMa.

JlurutanHa koja 00aBibajy (pyHKIMje MaHUMYIUIIYhU AUCKPETHUM BelIMYMHaMa. 3a
pa3MKy OJ1 aHAJIOTHUX KOJIa KOja ce 4ecTo u3pal)yjy y JUCKPETHO] TEXHOJIOTUjU, TUTUTaTHA
KOJIa Ce JTaHAC CKOPO MCKJbYYHMBO MPaBe Y HHTETPUCAHOj TeXHOIOoTHju [1-4].

Wurerpucana xoma, (Integrated Circuit - IC), mory OuTH aHajOrHa, AUTUTAIHA WA
KOMOHMHOBaHa.

Hururanaa IC mMory ga caape ¥ 10 MWIMOH JIOTHYKUX Kamuja, (mun ¢omosa,
MYJTHITIEKCEepa WK APYTUX eJIeMeHaTa Ha IIOBPIIUHH O]1 HEKOJIMKO KBaIPATHUX MIIIUMETapa
mTo oMoryhasa Op3 paji ¥ Majy JUCHIIAINA]Y CHAre.

Amnanorna IC mpencraBibajy BakKHY KOMIIOHEHTY KOJ peaiu3alje pasIuuuTHX

CJIEKTPOHCKUX CKJIONOBAa Kao IITO Cy M3BOPH 3a Hamajame, OIepaloHH IojadaBayH,
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ycMmepauu, uth.. OBa koia oOpal)yjy KOHTHMHyaJlHE CHUTHajle, BpIIE€ HHXOBO II0jadyambse,
bunTpupame, AeMOAyIaIH]y, ycMepaBamke, MUKCOBAbEe, CMabyjy IIYM y KOJUMAa.

Kako y oOpamgu curnama, Tako M y cCaMOM IPOjEKTOBaWmY, AWTUTAIHA KOJIA UMajy
HECYMIbHBY MPETHOCT HAJl aHAJIOTHUM KOJIMMA U3 pa3jiora Mmoy3JaHOCTH, LIEHe, MOJIEIOBamba,
cumynanuje. Ha npumep, jeTHOM MPOjJEeKTOBAH aHAIOTHU CHCTEM TEIIKO CE€ MEHa, JI0K Ce KO
JIWTHTAIHUX CHCTEMa JaKO BPIIM HUXOBO MHpenporpamMHmpame M MojenoBame. M mopen
BUIIECTPYKUX NPEAHOCTH JWTHTAIHUX KOJIAa Yy OJHOCY Ha aHaJOTHA, O]l peaiau3alyje
aHAJIOTHUX KOJIa ce€ He oaycTaje. Pa3iore 3a To Tpeba TpaxuTH y OpojHUM MpUMEHaMa TIe je
noTpeOHO J1a Ha npujeMy uHpopmanuje Oyay y aHaJorHoj GpopMu, jep Cy CUrHalld KOju HOCe

undopmanmje ox u3Bopa takohe aHanoruu (cauka 1.1).

H3Bop curnanaa

JiururajiHa
KOHTPOJIa

[Ipunpma curuang
32 aHAJIOTHY
odpany

AHaJIOTHA
o6pana
CHTHaJIa

®uaTpupame H J0AaTHA 00paja Jpajsepu u
CHTHAaJIa b6adepn

AHajlorHa
obpaza Kopucnux
CHrHAA CHrHAJIA

Jururanna Mururanna Jlpajeepu u

obpana D /A KongepTop
CHrHajIa

KOHTpOJ1a 0adepu

Cnuxka 1.1. bnok-wema cucitiema 3a obpagy cuinana [1].

VY mpojexToBamy aHAJOTHUX KOJia, orpaHn4aBajyhu gakTop nmpeacraBiba TEXHOJIOTH]aA
u3pajie MHTETPUCAHUX KOJIA, KOja je pa3NuuMTa 3a pa3iuyure (PpeKBEHTHE OICere Kao H

obmactu nmpumene (ciuka 1.2). [IpojekToBame aHAJIOTHUX KOJIa 3HATHO j& OJIAKIIIAHO pa3BOjeM
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coTBepa 3a cuMyalujy, Kao U pa3BojeM Mojelia KOjU y3 HamnpelaK y TeXHOJIOTHJH U3paje
omoryhaBajy 6p30 IPOjEeKTOBaE U peain3alujy Koja y HHTerpUCaHOj TEXHHULIH.
Y npou3Bo/bM HHTETPUCAHKUX KOJIA JJaHAC MpeoBiaaaBajy ounonapaa (BJT), CMOS,

GaAs u BICMOS rtexnonoruja 3a pa3nuuute GpeKBEeHTHE OICere.

TpeTexio zu/nlma a mp MeHa, | | TIpeTEKHO aHANTQrHa

< 4 11O A "4 ”4 H‘l PCTHHO A >

| | |B i CM 0S | | | | |
! ! ! ! L1 [ [

: : |BHH?HapH%aHa@0rha$ona | : :

| | ——

| | | | | |

I I I<Bnn<}napn§i1 Z[I/IFl/iTa.IIII% KOJIa I I

I I I I I | | [oBpiunuckn

I MOS putuTanha xora I, Iy I
AR Koty || gdgrudangapac |

| MOS guturarhakoda | || I Onruuka
—— o

| | | | | | | [aAS | |

0 1 T T

1 10 100 1k 10k 100k 1M 10M100M1G 10G 100G

[IpomnycHu oncer curHasa [Hz]

Cnuka 1.2. Ilpoiiychu otice3u cuinana 3a oopagy o UpumereHoj hexHON0TUju.

300r ycTaJbeHWX HaBUKAa W MCTOPHUJCKOT Pa3BOja €JIEKTPOHMKE, JOMHHAHTAaH HA4YWH
oOpasie curHana y aHaJIoTHHM KOJIMMa je 3aCHOBaH Ha HAaIlOHCKOM ITpoliecupamy. Yak ce 1 KoJ
aHAJIOTHUX KOJIa KOja Ha CBOM H3JIa3y MMajy CTpPYjy, OHa Cc€ CBECHO NPEBOJE y HAMOHCKU
€KBUBAJICHT, yOallMBamkbeM OTIIOPHHUKA Y KOJIO KOJIEKTOpa OJHOCHO JIPEjHA, 1a ce 3aTHM TaKO
(dbopMHpaH HAIOHCKHM CUTHAJ Aajbe oOpahyje (cmuka 1.3), yrpkoc YHHEHHUIM Ja ¢e IPU TOME
UCTOBpeMeHO nmoBehaBa U BpeMEHCKa KOHCTaHTa Ha M3J1a3y, IITO JOBOJH JI0 CMambEmha rOpHe

T'paHUYHC YUCCTAHOCTH Y IPOITYCHOM OIICCTY.

Jurutanna
obpaja
CHIHAla

Hanoncka
obpajga
CHTHAJIA

Vil
KOHBEPTOP

Yo)
KOHBEPTOP

I
KOHBEPTOp

Jlururaana

o0paxa
CHTHAJIA

D/IA Y
KOHBEPTOP KOHBEPTOP

Hanoncka
obpajga
CHTHAla

Vi A
KOHBEPTOP Apajsep

Cnuxka 1.3. [Ipunyuiicka wema naiioncke oopage cuinana [1].
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YnpaBo 4YHMIEHHUIIA OrpaHUYCHAa TOPHE TPAaHUYHE YYECTAaHOCTH, Y3 Hampeaak
TEXHOJIOTHj€ U3pajie UHTErpPUCAaHUX KOJia, JOBeJa je A0 Harjor pa3Boja aHAJIOTHMX Koja ca
CTpYjHHM TnpouecupameM (cimka 1.4), Koja eJeraHTHO pelaBajy IOjeJMHE CHCTEMCKE

mpo0JieMe KOju Ce jaBjbajy KOJ aHAJOTHUX KOJIa ¢a HAIOHCKUM IPOIIECHPAHEM.

Crpyjna | N Ilvzl;sn;a?a
obpana KOHBEpTOp pax
CHrHAJIA CHI'HAJIa

Jlurnranna DIA CTﬁPYJ'ml N .
obpana KOHBepTOp oopaaa > Jpajsep
curnana cHrHama

Cnuxka 1.4. [lpunyuiicka wema ciapyjue oopage cuinana [1].

HamoHcku curHanm cy Mame OTIOPHHU Ha CBENIPHCYTHH IIYM OJ1 CTPYjHHUX, I1a Cy Kao
TaKBHU TMOJIOKHU]H 32 MPOCTHpame rpemke. CTpyjHU CUTHAIH Cy Takopehu peJaTuBHO UMYHHU
Ha IIyM. JeIMHU U3Y3EeTaK je eICKTPOMArHeTHO MHAYKOBaHH IIyM, KOjU C€ MOXKE CITMMUHHUCATH
MPaBUIIHOM YIOTpeOOM 3amTHheHnX U yrpeaeHuX napHiia IpoBOIHHKA.

[IpenHocTH KOJa ca CTPYjHHMM MpOLECHpAameM JONUIe Cy J0 H3paxaja pa3BojeM
TEXHOJIOTHje Koja je oMoryhuia jaa ce mpoOiieMu KOjU Cy Ce jaBJball KO KOJIa Y HAalIOHCKOM
MPOIECHPay jeTHOCTABHO PEIIaBajy.

CBakM €JEeKTPOHCKM CHUCTEM C€ CacTOju OJl BHUIIE IMOJCUCTEMA OJHOCHO
(GyHKIIMOHATHUX OJIOKOBAa KOjU C€ MOTY IOCMaTpaTH Kao 3aceOHe 1menuHe. Ha ocHOBY
¢byHkuuje Kojy o0aBipajy (YHKIMOHATHH OJOKOBH MOTY ce KiIacH(hUKOBaTH y BHIIE
eNIeKTPOHCKUX KOJIa Kao IITO Cy Ha IMpUMEp IojadaBaqd, (GUITPH, U3BOPH CHTHAJa, Koja 3a
00JIMKOBamke M 00pajly CHUrHajia, KOHBEPTOPH, KOJIa 3a Hamajame, UT]. CBaku (pyHKIMOHATHU
OJIOK ce y OCHOBM CacToju OJl eNeKTPUYHHUX KOJa CacCTaB/bEHUX O] OTIOPHHKA,
KamaluTHBHOCTH, WHIYKTUBHOCTH, IWOJA, TPAH3MCTOPA, MHTETPUCAHMX KOJa W JPYTHX
KOMITOHEHTH.

[{uss oBe aucepranyje je a ce Ha OCHOBY yHampena Je(UHUCAHUX KapaKTepUCTHKA
ycMmepaua, Tu3ajHApa IPaKTHYHO eNEKTPOHCKO KOJIo Koje he peann3oBary xesbeHy QyHKIU)Y
ycMepaBama MaluX CUTHAJIA Y TEXHHUIM CTPYjHOT Iponecupama. IIpu Tome koo Tpeda 1a nma
cnenehe KapakTepUCTUKE:

- Tocenyje MITO Mamy OTIOPHOCT Ha W3nazy (ma je moryhe HM3BPIIMTH TUPEKTHO

cripe3ame),
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- mro Mamu Offset HaroH Ha cBOM M311a3y

- Tocelyje BeJIMKY TeMIIepaTypHY CTa0MIIHOCT,

- moceayje HUCKY LIEHY peanu3alyje u

- Oyze MoroHoO 3a U3pajly y MUHTEIPUCAHO] TEXHUIIH.

VY o0panu curHajga Mperu3HO ycMepaBame o0aBjhba 3HAYajHY (PYHKIH]y Kao €0
CIIOKECHUJUX EJICKTPOHCKMX KOJIa KOja MMajy IMUPOK CHEKTap MpUMeHe (MHCTpyMEHTaluja u
Mepeme, KoJia 3a yCpelmaBambe M JCTEKIHjy CHrHaja, WTA.). 300r Tora moctoje OpojHe
pealM3anmje ycMepada Kako y HallOHCKOj 00pajii CUTHAJIA TaKO U 'y CTPYJHO].

KnacuuHu ycMepaun peaqu3oBaHM CaMO Ca JuoJlaMa y TEXHHUIM HAIlOHCKOT
npolecupama UMajy BEIIMKH HEJOoCTaTak 300r mpara npoBohema Koju 3a TepMaHHUjyMCKe
mrozae n3nocu 0.2 V, nok 3a cunumujymcke u3Hocu 0.6 V, a To 3HaYM 1a cy TakKBH yCMepadn
NPaKTUYHO HEYNOTPEOJbUBH Kajia Cy Y MUTAlky CUTHAIN MAIHUX aMILTUTY/IA.

ITocToje kona Koja mpeBa3uiia3e OBaj MPoOJIEeM HaKo MOcedyjy AuoAe. YcMepadu
peaT30BaHuU ca ONEPAIMOHUM I0jayaBauMMa KOju y KOJIy TOBPATHE CIIPEre UMajy JHOJIC 1ajy
0oJbe pesynTare. MelhyTum, oBJie HacTajy mpoOJIeMH IPH TPOJIACKY CUTHAJIA KPO3 HYITY, Kajaa
KOJIO MOBpAaTHE CIIpere MocTaje OTBOPCHO, a TO IMPECTaBba Y3POK 3HAYAJHUX H300JIMUCH:A
curraia. OBaj mpobJeM ce IeIMMHYHO MOKE PEIaBaTH yIoTpeOOM OIepaluoHor MojayaBayda
ca mro BehoM MakcMManHOM Op3MHOM MPOMEHE HM3JIa3HOT HAllOHAa Y BPEMEHY - CIYPEjTOM
(Slew-Rate -SR) - OpsunHOM mpebanmBama [4], amu ce H300IMUYCHE WIAK HE MOXKE Y
MOTIYHOCTH YKJIOHHUTH jep SR orpaHnuaBa pearoBame ornepanuoHor mnojayasada (Operational
Amplifier — OA) npu oTBapamy nuoja.

VYnorpeba cTpyjHUX NPEHOCHUWKA KOJ| pealn3alyje MpEelHM3HUX ycMmepada Mallux
CUTHAJIa J1aje 3Ha4yajHO 00Jbe pe3yliTare, U y MOCIeAm0] ACICHUJU HACTAJIO j€ BUILIe HAYYHUX
pamoBa Ha Ty Temy [5]. Ymorpe6om omnepanuonor nmpenocuuka (OC — Operational Conveyor)
3HAYajHO Cy CMameHa M300/MYera KOJ YCMEpeHOI CHTHala Koja HacTajy KOJX ycMepada
peaTM30BaHUX Ca CTPYJHUM TpeHOCHUIMMA. [locienmux ToJWHA NMpHKa3zaHa Cy 3HauvajHa
UCTpaXKMBama Koja ce OJIHOCE Ha yCMepaue pean30BaHe y 0BOj TexHuUIm [6-9].

Hucepranuja ce cacToju OJ JeBeT rjaBa. Y NPBOj YBOJAHOj IJIaBU, Cy HaBEJICHU
OCHOBHM MOTHBH 3a paJ] M OpraHu3anuja came aucepranuje. [ledunucan je b qucepranuje
Jla ce Ha OCHOBY yHampe[ Je(DMHUCAHUX KapaKTEPUCTHKA ycMepaya, Au3ajHUpa MPaKTHIHO
€JIEKTPOHCKO KOJIO Koje he peanmu3oBatw kesjbeHy QYHKIH]Y YCMepaBamka MaJINX CHTHAIa y

TEXHHIIM CTPYJHOT MPOLIECUPAA.
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Y JApyroj riaBH JaT je ONUC TEXHUKE CTPYJHOT TIPOIECHUpPama, MpHKa3
TPaHCIIMHEAPHOT TIPUHIIKIIA Ka0 oJIa3HEe OCHOBE 3a pealin3alinjy OpOjHUX HETMHEAPHHUX KOoJia
y OumnosapHOj TeXHOJOrHju. Pa3marpaH je KOHIIENT CTPYjHOT NPEHOCHHKA ca MOCEOHUM
OCBPTOM Ha CTPYjHH MPEHOCHUK Jpyre BpPCTe ca OUMoNapHUM TpaH3uctopuma. Onucad je u
KOHIICTIT OTIEpAIlMOHOT MPEHOCHUKA, a MOCeOHO je oOpaljeH omnepanMoHu MPEHOCHUK JPYre
BPCTE Ca CTPYJHHM MPOICCUPAEM.

VY Tpehoj riiaBu je u3BplICHA yIOpEaHA aHAIHM3a MPEIHU3HUX BOCTPAHUX ycMepada
pean30BaHUX Y TEXHUIM HAIIOHCKOT MPOIIECUPaba Kao M 'y TEXHUIM CTPYJHOT IPOIIECUPabha,
ca MpeIHOCTUMA U MaHaMma jeTHUX y OJTHOCY Ha JIpyTe.

YeTBpTa r1JIaBa je KJbYYHH JCO JOKTOpCKe nucepramnuje. [Ipukasyje TeopeTcKu
NPUHIUI paja TMPEeNu3HHX JBOCTPAHMX yCMepaya pealu30BaHUX Ca HMHOBHUPAHUM
OIEPAIlMOHUM TPEHOCHUKOM M CTPYjHHM orienanuma (00M4YHa M MOOOJbIIAHA Oriienana —
Busiconosa (Wilson) ornenana), kao U peajqn3aiidjy HOBOT JBOCTPAHOT MPEIM3HOT ycMepaya
OCTBApEHOT Ca ONEepaMOHNM ITPEHOCHUIIUMA U JIBE JHOJEC Ca MPEIIOoIapru3aIlijoM.

Pesynraru PSPICE cumynanuja omepanMoHMX TNPEHOCHHKAa Kao W CHUMYJamuja
ypal)eHuX Ha MPENU3HUM JIBOCTPAHUM yCMepaunMa MalliX CHTHAJIa TEOPETCKH Pa3MOTPEHHUX
y 4ETBPTOj TJIaBH JIATH Cy Y METOM MOTIJIABJbY.

Ilecta raaBa mpukazyje pe3yiTare EKCHEpPUMEHTATHHX Mepema OO0aBJbEHUX Y
71a00paTOPUjCKUM yCIIOBUMA Ha (PU3HUYKHU peaTU30BaHUM MOJCIIUMA MPEIU3HUX JBOCTPAHUX
ycMepava MajJuX CUTHaJIa ca ONepalMOHIM IIPEHOCHUKOM U CTPYjHUM oriefanuMa (00u4YHa 1
no0oJpIllaHa) O KOMEPIMjalHO JOCTYIHUX KOMIOHeHata. Takohe cy mgatu
eKCIIEPUMEHTATHU pe3yaTaTu ypal)eHu Ha omepalMoOHNM MPEeHOCHUIIMMA u3paleHnuM Ha 6a3u
M3J1a3HOT CTEIEeHa ca CTPYjHUM MpoliecuparmkeM y e Bapujante (kiaacuyna TH-Through Hole
1 KOMITOHEHTE ca MOBpIIHHCKOM MoHTaxkoM SMD — Surface-Mount Device texHooruja).

Y cenmoj riaBM je TpUKa3zaHa aHanu3a JO0MjeHHX pe3yaTara Kako W3
eKCIIEpUMEHTAIHUX MEpEema Tako U OHUX A00HjeHux Ha ocHOBY PSPICE cumynanyja.

VY ocMoj riaBm Cy JaTta 3aKJby4Ha pa3Marpama W OMHCaH je JIOTNPUHOC ayTopa y
aHAJM3U W peaH3alHjy TMPEIU3HIX JBOCTPAHUX yCcMepada MalliX CHUTHAIa PEean30BaHUX y
TEXHUIIA CTPYJHOT MPOILIECHPama, Ka0 U MOTYRHOCTH M CMEpHHUIIE 3a Jajba UCTPAKHUBAA Y
OBOj 00JIacTH.

VY neBeToj IJ1aBH J1aT je Tperiie]] KopuiheHe JIUTepaType y U3paau AucepTainje.
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2. CTPYJHO ITPOLNECHUPAIBE

2.1 TexHuka CTpPYjHOT MpoLeCHPAHA

EnekTpruHM HamoH W eJNEeKTpHYHA CTpyja cy MOryhM CHTHalu y eIEeKTPOHCKUM
KoiuMa. YcrmocraBibajyhu Be3y u3mel)y elleKTpuuHEe BeJMYMHE M HH(pOpMaluje Koja ce
npeHocH, uH(OopMalje ce MOTYy MpPEACTaBUTH OMIIO TPEKO BPEJAHOCTH HANOHA MIIH IPEKO
BPEIIHOCTH EIEKTPUIHE CTPYje.

VY nanaime Bpeme ynorpeba Ounonapuux tpansucrtopa (Bipolar Junction Transistor -
BJT) motrcHyTa je y KOPUCT TEXHOJIOTHje KOMIUIEMEHTAPHOT METaNI-OKCH/I-ITOJIYIIPOBOAHUKA
(Complementary Metal-Oxide—Semiconductor - CMOS) y au3ajay uHTerprcanux kosna. Mmak
OWITONIAPHU TPAH3UCTOPH OCTAjy €JIEMEHTH KOjH Cy TIOTOIHU]U 32 H3PaAy HEKUX EIIEKTPOHCKUX
KoJia (HIp. AMCKpETHA KOJIa, aHAIOTHA KOJ1a 33 TPUMEHE Ha BUCOKUM yuecTaHocThMa). Pasiore
3a TO Tpeba TPaXXUTH y TOME J1a 3a UCTe AUMEH3H1je OUToJapHU TPaH3UCTOPU UMA]y:

- Behu nmpousBo nojauama u orcera ppexsernuja (Gain—-BandWidth product - GBW),

- Jajy jady cTpyjy on TpaH3ucTopa ca edexrom mosba (Field-Efect Transistor - FET),
nako FET-oBuM kao riaBHy MNpeIHOCT MMajy BEIMKM YyJIa3HH OTIOP Kao W HEraTWBHU
TeMIIepaTypHU Koe(UIIUjeHT, Te Cy MOTOHHU]H 3a KOHCTPYKIIM]Y I10jauaBaya cHare.

BJT npumapHO cMaTpamMo akTUBHUM CTPYJHUM U3BOPOM, T'JIe CTPYja KOJIEKTOpa 3aBUCH
ol 0a3He cTpyje Te je Kao TakaB IMOroJjaH Kao eJIeMEHT 3a KoJla ca CTPYJHUM IPOLECHUPAHEM.
[Topen Tora moOpo je MO3HATO Jia MMOCTOJH 3aBHCHOCT CTpyje KosiekTopa lc oa mpuMemeHor

HarnoHa u3mel)y 6asze u emurepa, Vee!

sml € 1 ;IS(T)eVT (2.1.1)
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rae je Vy remneparypau Hanon (Vo = %T = 26 mV npu cobHoj temneparypu T=300° K), a I¢

je mHBep3Ha cTpyja 3acuhema. OBaj u3pas 3a CTPYjy KOJIEKTOpa BaXXH Y CBUM yCIIOBHUMa ajk Ce
yrad " — 1" MoXe y mIpakcu HM30CTaBUTH, CE€M MpHU oOJpehuBamy CTpyje NPH BHUCOKHM

TeMIlepaTypama, TaKko Jia je CTpyja KOJeKTopa NpUOIMKHO J1aTa U3Pa30M:

s (2.1.2)
OBa penaunja MOKC CC IIPUKAa3aTH MIEMOM KaO Ha CIIMIU 2.1a.

Ilojasa: ¢ Y3pok:

Vge / VT

o

VY3pok: \ ITojaBa:

a) 0)

Cnuka 2.1. /[éa nauuna iocmaiuparea nonapuzayuje OUoiaprHux pan3uciiopa.

Kako To ACMOHCTpHpa CJIUKa 216, HanoH VBE Kao nocjacauna aACjioBamba KOJICKTOPCKE

ctpyje lc moxe ce nedunncaru:

I
Vge =V, In I—C (2.1.3)
S

Nudepennupamem uspasa (1.1.2) nobwuja ce:

| Vee
e Tsm v |

~—==(, (2.1.4)
aVbe VT VT
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TPAHCKOHYKTAaHCA g, Tj. IPEHOCHA MPOBOJTHOCT.

Moxe ce YOUuuTH TPUOIKHO JIMHEapHa 3aBUCHOCT TPAHCKOHIYKTAHCE O]
KOJIEKTOPCKE CTpyje ;.
OBa uyumeHHUIIA je TOJa3Ha OCHOBA 3a TpaHCAuWHeapHo mocMmatpame BJT u yBoheme

TPaHCIMHEAPHOT IIPUHIIMIIA.

2.2 TpaHCJIMHeapHU NPUHIUI

Hctopuja tpanciuHeapHux Koisa 3amouumbe 1975. romune kaaa je bapu ['mnbGepr
(Barrie Gilbert) yBeo HoOBy kiacy ananoraux kojia [10]. Ha3uB moTuye on mpBor jena pedu
TPAHCxkonaykrance (Transconductance) GumnosapHor tpansuctopa koja je JINHEAPHO
MPOTOPIMOHATHA CTPYjH KosiekTopa (2.1.4).

Ha ocnoBy apyror KupxodoBor 3akoHa, y 3aTBOpeHO] MeTpbU Koja caapxu N PN
criojeBa (cimka 2.2) anredapcku 30Mp HallOHA y CBAKOj 3aTBOPEHO] KOHTYPU MOpa OMTH jeTHAK
Hymu. CriojeBu MOTy OUTH OpHjeHTHCaHH y cMepy ka3aibke Ha cary (Clock Wise - CW) win y

cynpotHoM cmepy (Contra Clock Wise - CCW).

N e

Acw\/
— \/ cw

ACWSZ

] ™~
NN L1
cw T ACW

Cnuka 2.2. 3amieopena niettizoa ca N PN ciiojesa.

DV, =0 (2.2.1)

Axo ce caga u3pas (2.1.3) yBpcTH y PETXOAHY jeIHAUNHY, 100H]a ce:
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k=n |
DV, Inlﬂzo (2.2.2)
k=1 Sk

[Tomro PN crnojeBu mMory na mmajy pa3iuduTe MOBPIIMHE WK Ja Oyay pa3iuduTor
tuna (Ha npumep komOunarja PNP u NPN BJT) crpyja Isk ce y3uma 3a cBakwu cI1oj moceOHo.
Ha cBuM crmojeBuMa ce mojapa3yMmeBa Ja je TemIlepaTypa WCTa, Ia Ce HamoH VT MOXe

M30CTAaBUTH jep Ce 10jaBJbyje Y CBUM WIaHOBHMA CyMe, Tako ja ce u3pa3s (2.2.2) CBoau Ha:

k=n |
Ck _
|n|——0 (2.2.3)
1 sk

=

k

Kopucrehun npasuiio 3a yorapuram KoiduuHHKa u3pa3 (2.2.3) ce MOXe MpeCcTaBUTH

Kao:

—=1 (1.2.4)

W3 jennaumbe (2.2.4) npowswuiasud jJa Mopajy OWTH HCIy-€Ha JBa ycjaoBa jJa Ou
jeaHaynHa Ouiia 3a/10BOJbEHA, a TO CY:
1. V¥ tpaHcnuHeapHO] neT/bH MOpa OMTH napaH Opoj crojeBa (HajMame 1Ba) U
2. Y TpaHCIMHEapHO] MET/bM Mopa OWTH UCTH OpOj CIl0jeBa OPUjEHTHUCAHHUX y CMEpy
kazasbke Ha caty (CW) kao u oHuX opujeHTHCaHHX y cynpoTHOM cMmepy (CCW)
ITon mpeTnocTaBKOM J1a Cy CBU CIIOjJ€BU UCTOT THIA U J1a je Moryha pa3jiuka jeluHO y

HOBPLIMHA €MUTEPCKOT croja jenHaunHa (2.2.4) ce MOKe HAMUCATH y OOJIHKY:

I I
HlLk: Hﬁk (2.2.5)
CW FTsk

CCW Fsk

W3 yumeHuIle 1a je cTpyja 3acuherma nporopyuoHalHa MOBPIIMHY CII0ja eMUTep-0a3a

cienu.

lg = A g (2.2.6)
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riae je Ak MoBpIIMHA EMUTEPCKOT CII0ja, a Jsk MOBPIIMHCKA TYCTHHA CTpyje 3acuhema Koja He
3aBUCH OJI FTEOMETPH]€ CII0jeBa.

Axo jennaunny (2.2.6) yBpctumo y jenHauuny (2.2.5) nobwuja ce:

I I
Ck  _ H Ck
| | = (2.2.7)
ow Ay Jg cow Ay Jg
I )
Ha ocHoBy TOra na KOJIW4YHUK " C]k Mpe/CTaB/ba T'YCTUHY CTpyje J emuTepa, na ce
kJSk

jennaunHa (2.2.7) MOXKe HaNKCATH y OOJIUKY:

l;v[‘] - H J (2.2.8)

CCw

Ha ocnoBy penanuje (2.2.8) Moxe ce ucka3aTu TpaHCIMHEAPHH MPUHIIAT.

Kana je bapu I'mnbept ommcao OBy kiacy Kojia Takohe je Omucao U MPUHIUI
tpancinuneaproctu (TLP):

“V 3aiisopenoj iiewivu koja cagpacu uapan 6poj ionapucanux PN ciiojesa, ige uma
uciiu 6poj ciiojesa opujeniiucanux y cmepy kazasmke na uyacosnuky (Clock Wise - CW) u y
cyipoiinom cmepy (Contra Clock Wise - CCW), ipouseog iyciiuna ciupyja y CW cmepy jegnak
Jje upouseoqy tyctuuna ciipyja y CCW cuepy.”

VY TpaHCcIMHEapHO] NETJbH BaXKaH j€ OJIHOC MOBpIIMHA U3Mel)y mapoBa eMHTEpPCKUX
crniojeBa. Taj ofHOC ce pa3MaTpa Ha HpPUMEpPY CTPYJHOT Orjejaana Kao HajjeJHOCTaBHH]E

TpaHCIuHeapHe netibe (cauka 2.3).

lin & lout

Qz_:eb ok

VBE2 VBE1

Cnuka 2.3. CitipyjHo oinegano Kao HajjegHOCHIABHUU Upumep UpanciuHeapHe
ueiusmwe.
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Heka je moBpmmHa emutepa tpansuctopa Q2, A myra Beha o MoBpIIMHA eMHTEpa

tpansucropa Q1. Ha ocHOBY oBe mpermocraBke jeaHaunHa (2.2.7) MOKe ce HalUCTH y OOJIUKY:

% e =TT e (2.2.9)

k Ccw CCW k CCW

Jebunumyhu ogHoc noBpiirHa eMutepa GakTopoM A (KOJIMYHUK MOBPUIMHA EMHTEPA

y CW u CCW cmepy):

1A,
h=25 2.2.10)
[TA @2

CCw

jennauunna (2.2.9) ce Moxe HanmucaT y O0JIHKY:

HJ A3 (2.2.11)

CCcw

300r pasnuke y JOMHUpamy CIojeBa Kao U 300T MPOMEHE TOIUIOTHOT T'pajvjeHTa Ha
v .
camoMm uniy (Ve Bapupa ca MpUOIMKHO 2 T—C, IITO A0BO M 70 Tora aa je A=1.0799) uecto y

MpakCH OJHOC €MHUTEPCKUX MOBpIIMHA HUjE jeaHak Opojy jemaH. OBoO M0BOAM 10 TOjaBe
3HAYajHUX TpeliaKka y TPAHCIMHEAPHUM KOJIHMMa jep M Maja TOIUIOTHA pa3linKa MOXeE Ja
MPOY3pOKyje BEIUKY pa3nuky HamoHa Vpe. [lojaBa OBe Tpelike MO3HATa je MOJl MMEHOM
"Vgg HejeaHakocT" (VBe mismatching). Ymeramem moceOHOT HammoOHCKOT TeHepatopa Vi y
TpaHCJIMHEapHy TeTJby Moryhe je eTMMHHHCATH OBY Ipeliky. EjxekTpoMoTOpHa cuiia OBOT

reHeparopa Jiata je MoaudukoBameM penaiuje (2.2.2) y o0nuky:
S loy
DV In—g =y, (2.2.12)
k= Sk

MonudukoBanu pakTop ogHOCAa EMUTEPCKUX MOBPIIMHA A J1aT je ca:

Vi

) =he" (2.2.13)
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Pazauxa Y OJHOCY CEMHUTCPCKHX IIOBpIIHMHA cr[ojeBa MOXE C€ HCKOMIICH30BaTH

JI0/laBalkb-eM HaIoOHCKOT reHepaTtopa V;, uuja ce BpeaHoct oapelhyje u3 jennaunne (2.2.13) kao:

A
V. =V7n o (2.2.14)

TpchnI/IHeapHe IIE€TJBE MOT'Y OUTH HaAU3MEHUYHOT WU YPaBHOTECKEHOI' TUIIA KAaO LITO

j€ nmpuka3aHo Ha ciunu 2.4.

Vbe2

a)

Cnuxka 2.4. Tuiiosu tupanciuneapre teliibe: a) HausmeHuyan, 6) ypasuoiescen [11].

2.3 KoHuenr cTpyjHOr NpeHOCHUKA NpBe BpcTe

Pa3Boj Texnonoruje omoryhuo je Aa OCHOBHHM (DYHKIIMOHAJIHU €JIEMEHT aHaJorHe
enekTpoHuke nocraHe OA, Koju je oMoryhno peannsaiujy aHaJOTHMX Koja y HAlOHCKOM
Ipolecupamy 3a MIUPOK CIIeKTap MpuMeHe. 300T OrpaHUUEeHOT IPOIYCHOT OIICera, Kao U yciesn
orpaHUYeHa 300T MaKCUMalTHe Op3MHE IPOMEHE M3JIa3HOT HAIlOHA KOjU yTHUYe Ha paJl KoJa ca
BEIMKMM CHUTHaJIMMa M Ha BUCOKMM (pekBeHnujama, koma ca OA He MOry na aaeKkBaTHO
oJroBope Ha cBe Te 3axTeBe [2, 6]. 30or moTpede 3a peanu3anujoM Koja Koja OM pamuia y
IIMPOKOM IPOMYCHOM OIICEeTy, Ca MajoM IOTPOIIKOM CHAare, U ca MajlM CHTHaJIuMa,
pa3BHUjeHa Cy KOJIa ca CTPYJHHM TPOIECHPAHEM.

Konment cTpyjHHX IpeHOCHHKA HAacTao je TokoM pana Ceape Ha IU3ajHUpamy A00POT,

TEeMIIEPaTYpHO CTa0HMIIHOT, M3BOpa KOHCTaHTHE cTpyje [5].
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VY xoH(uUTrypanuju TpaH3UCTOPA Cca 3ajeTHMYKOM 0a30M KOJI OBOT M3BOPa, YOUCHO je J1a

ce cTpyja nmpenocu u3mely aBa MpUKJbydKa ca pa3iMduTUM uMIienancama (ciauka 2.5).

Q1
ll V-VesL
o=————

1)

Cnuxka 2.5. Esonyyuja iipse ienepayuje ciupyjnoi upenochuxa CCIl: a) uzeop
KOHCIaHiiHe ciupyje, 0) upunyuil wemilepaiypHe KoMiueH3ayuje, 8) emMiuepamiypHo
KOMIEeH306aH U360p KOHCHLAHIIHE Clipyje, 8) ClpyjHU UpeHOCHUK dpee ienepayuje [5],

g) cltipyjHu ipenochuk ipese ienepayuje pearusosan y kaacu AB [13].
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OBakaB KOHIIETIT IIPEHOCA j€ Ha3BaH CTPYJHUM, a KOJIO KOj€ TO pealin3yje je Ha3BaHO
crpyjuu npenocuuk (Current Conveyor - CC). Ono je o kpaja mecaecerux (1968. rox.) [12,
13], mocramo OCHOBHHM TpagvBHMU OJIOK 3a pealu3aljy y pasIuuyuTHUM MEPHUM U
KOMYHHUKAIIMOHUM cucTeMuMa. Pasiore 3a taj mmpok cnektap npumene CC tpeba TpaxuTH y
MoryhHOoCTH 1a Ko0JI0O 00aBjba BEJIWMKH OpOj pasauyuTHX (PYHKIMja y aHajJoTHOj oOpaau
curHaia. OHO je oMOryhwiIo jeHOCTAaBHM]Y peaju3alujy Kosa, Behe mojadyame y HIHpeM
(pEKBEHTHOM OTICETY KaKO BEJTMKUX TaKO U MaJlUX CUTHAJIA.

CtpyjHr pEeHOCHHUK TpBE BpCTe 0JHOCHO mpBe renepanuje (First generation Current
Conveyor — CCl) je koo ca Tpu MpUKJbyUKa Kao IITO je TO MpuKa3aHo Ha ciuiwm 2.51). Ceapa
u Cwmur [9] cy no CCI (ciuka 2.5.r)) gonuim Tako mTo Cy KOHIENTyann3yjyhin Koo ca ciuke
2.58), emutep Tpanzucropa Q2 OICHOjHIIM ca Mace M HA3BAIM ra yJIa3HUM MPHKBYYKOM Y.
Takohe ykiamameM oTIOpHUKA Ro 13 rpane kosiekropa Q1 100w cy yna3Hu NpuKbydak X.
W3na3 crpyjHOr M3BOpa MOCTA0 j€ HM3JIa3HM MPUKIbYYaK Z, YyUME ce JOOHIO CBECTPaHO
TPOIPUCTYITHO aKTUBHO KOJIO KOJI KOTa, OMJIO KOja CTpyja Ja yia3u y NpUKJby4ak X, Ta UcTa
CTpyja uje u Kpo3 npukibydak Y. Takohe, OMI0 Koju HAMOH J1a ce MM0jaBU Ha MPUKIBYIKY Y,
Taj UCTU HAIIOH Ce T0jaBJbyje M Ha NMpHKIbYdKy X. KonauHo Ouiio xoja cTpyja na ynasu y
npuk/bydak X (MpUKJbyYaK HHCKE MUMIIEAHCE), Ta UCTa CTPYja Ce MPEHOCH Ha MPHUKIbYYaK Z
(mpuKIbyYaK BUCOKE UMIICIAHCE).

CumO07 cTpyjHOT IPEHOCHHKA MpBE TeHepanuje (BpcTe) mpukasaH je Ha ciaunu 2.6.

OBo k0110 ce Moe onucartu cieaehom penarujom u3mely npukspyyaka:

y — o vy :Vy’ , =1y (2.3.1)

Matemarnuku onc CCl Moxe ce M3pasuTh MPeKo XUOPUIHE MATPHIIC:

iy 010 v,
Vi | = 1 0 0} ix (2.3.2)
[ 0 a 0] |v

z z

[Tapamerap a y matpuuHoj jemHaunau (2.3.2) MOke MMaTH BpeaHocT a = +1 y
3aBHCHOCTH O] CMEpPOBaA CTpYyja iy U I,. AKO CTpYj€ UMajy UCTU CMEP Tj. yiIa3e y MPEHOCHUK

OHJIa je BpedHocT a = +1 Tako Ja ce TakaB CTPYJHM NPEHOCHHK Ha3MBa MO3UTHBHUM U
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obenexasa ca CCI". V cynpoTHOM ped je O HEraTMBHOM CTPYjHOM IIPEHOCHHKY KOjU C€

oOenexana ca CCI",

Vy I—> Y 17
Vy X % CCl 7 v,

I

Cnuka 2.6. Cumbon ciipyjHol UpeHOCHUKA pee leHepayuje.

[Tpunukom peanuzanuje CCl ca GunonapHuM TpaH3UCTOpUMA Y JUCKPETHO) TEXHULIH,
Tpeba BOAUTH pauyHa O TOME Jia TPAH3UCTOPH Tpeda Jla UMajy UIICHTUYHE KapaKTepUCTUKE (1a
MUMajy UCTO CTPYJHO IOjadare, UCTYy MOBPIIMHY €MUTEPCKOT CII0ja, UCTE WHBEP3HE CTpYje,
UTIL.).

Ocnosno koo CCl panu camo ca jeqHOCTpaHUM CHUTHAIIMMA, a TEK JI0/1aBalkbeM jOII
jeIHOT KOMILJIEMEHTapHOT Kouia (kao mro je npukazano Ha ciaunu 1.9x1) [13]) nobuja ce CCl
KOjU MO>KE J1a PaJyl ca JIBOCTPAHUM CUTHAIMMA.

V pany [12], noka3ano je aa je CCl cBecTpaHO akTHBHO KOJIO MOTO/IHO 32 peain3alijy
BEJIMKOI Opoja pa3nuuuTUX (YyHKIH]ja, ca HajMambUM MOryhum OpojeM CIOoJbHHUX HMacHBHUX
KOMIIOHEHTH.

300r srakohe u3paae komiuieMeHTapaux Tpansucropa y CMOS texnonoruju, moryha

je jennocrasHa ¢adbpukanuja CCl ca CMOS tpansucropuma, ciuka 2.7.

iy § ’vy Vx.¢ix
iAo

V, [ iz
I

s
]

Cnuka 2.7. Ciupyjuu upenocnux upge ienepayuje peanuzosar y CMOS

wexnonoiuju [14].
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2.4 CTpyjHHU NPEHOCHHUK ApYyre reHepanuje

Jlpyra renepanuja ctpyjuux nperocuuka - CCIl (Second generation Current Conveyor
- CCIl) yBenena je 1970. rox. [15], nok je Tpeha reneparuja crpyjuux npeHocHuka CCIII
(Third generation Current Conveyor - CCIIl) npeacrasbena 1995. rox. [16]. OBa koma ce
JlaHAaC MPBEHCTBEHO KOPUCTE Y CUCTEMUMa KOjHU 3aXTEBajy IUPOK MPOITYCHU OTICET, KOJ| KOJUX
je u3nas crpyja. CTpyjHU IPEHOCHUK CIMYaH je olepalmoHOM IojayaBady, KOju ce Kajaa je y
MOBE3aH ca JIPYrM KOMIIOHEHTaMa Kao IITO Cy OTIOPHUIIM, KOHJE3aTOPH, IUO0IE, UTH., MOXKE
WCKOPUCTHTH 3a pealu3aliijy Ii0jadyaBaya, WHTETparopa, HcmpaBibada, UTA.. CTpyjHH
MPEHOCHUK JIpyre BPCTE IMOTOJIaH je 3a peayin3alldjy CBE YETUPH BPCTE 3aBUCHHUX H3BOpa
(KOHTpOJIMCAHUX TeHepaTopa):

- Hamoncku u3Bop ynpasssan HarioHoM (VCVS, Voltage Controlled Voltage Source),

- Hamoncku u3Bop ynpasssat crpyjoMm (CCVS, Current Controlled Voltage Source),

- Crpyjuu u3Bop ynpasiban ctpyjoM (CCCS, Current Controlled Current Source),

- Crpyjuu u3Bop ynpasiban HartoHoM (VCCS, Voltage Controlled Current Source).
Taxohe CCIl ce moxe ymorpebetu 3a peanu3anujy HETAaTHBHOT MMIIEJAHCHOT KOHBEPTOPA,
HETaTUBHOT HMMIICJJAHCHOT HWHBEPTOpAa, a Yy KOMOWHAIMjH Ca CIHOJbAlIbUM IAaCHBHUM
KOMIIOHEHTaMa MOXe pealn30BaTH OpojHa IMHEeapHa U HeJlMHeapHa KoJla ca MUHUHUMAIHUM
OpojeM enemeHnara. IIpu Tome, TakBa peanuzainyja je jeHOCTaBHHja HEro Ja Cy Ta KoJja
peanmuzoBana ca OA. Ilokasano ce ga je CCIl o6ehaBajyhe xono. Ca MuHMMamHUM OpojemM
MacCUBHUX KOMITOHEHTH, TOTOJHO j€ 3a peaju3alijy OCHOBHHX (YHKIIMja HEOMXOIHHX 3a
aHAJIOTHO padyyHamwe, Kao ILITO Cy. CTPYJHU I0jadyaBay, CTPyjHH AuEepeHlHjaTop, CTPYJHU
UHTETpaTop, CTPyjHH cabupad W TeHepaTop HenmHeapHuX ¢yHkimja. Takohe je y [17]
nokasano j1a je CCll moroaHo koo 3a peanuzanujy OpojHUX HOBUX HETMHEAPHUX eJIeMeHaTa:
MyTaTopa, CKauopa, pedIiekTopa U poTaTopa.

Marematruku oruc CCIll moke ce natu y XuOpuaHOj MaTprIHOj HOpMHU:

X (2.4.1)

WJIU pelaliijoM u3Mel)y mpHuKJbyJaKa:
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i,=0, v =v, i =xi (2.4.2)

Y 3aBHCHOCTH O] BPETHOCTH TIapamMeTpa @ KOju MOYKe UMaTH BpenHocT a = +1, umamo
u nse Bapujante CCIl. Ykonuko je a mo3utuBHO, Taja je i, = +i, ¥ OHJA CE TaKaB CTPYjHU
NPEHOCHUK Ha3MBa MO3UTUBHUM U obenexasa ca CCII*. Y cynporHoM je ped o HeraTuBHOM
CTPYjHOM MPEHOCHUKY Koju ce obernexana ca CCII". CumOonu cTpyjHHX NMPEHOCHHUKA JIPyTe

reHepalyje npruKa3aHu ¢y Ha ciaumm 2.8.

‘+V ‘+V
=S S |
Wi 1Y T Wi Y ccin :

X CCll Z vV I Z V
Ve X SRV X :
N N
a) 0)

Cnuxka 2.8. Cumbonu citipyjnux upeHocHuka gpye ienepayuje

@) dosuitiusarn 0) Helatuean.

Ha mopry Y crpyja i, je yBek jennaka Hyju, JOK Ha nopTy Z CTpyja i, UCKIbYYMBO
3aBUCH OJ] CTpyje I,. AKO ce cTpyja i, TUPEKTHO JOBOAM Ha mopT X go0Hja ce CTpyjoM
KoHTposucan crpyjau npenocHuk (Current Controlled Current Conveyor - CCCC), a axo ce
cTpyja [, 100Mja KONMpameM yJlasHOr HamoHa Vj, ca mopra Y, OHIA jeé ped O HANOHOM

KOHTposmcanoM ctpyjHom npenocuuky (Voltage Controlled Current Conveyor - VCCC).

2.4.1 CTpyjHM NmpeHOCHMUHM ApYyre reHepamuje Ha 6a3u npahema crpyje y HamojHum
BO/IOBHMA

Ha cnmumm 2.9a) npukaszan je cum0071, a Ha ciuii 2.90) mpakTH4YHA peann3aiija
BusiconoBor (Wilson) crpyjuor ornemana (Current Mirror - CM) ca yetupu ymapeHa

tpanzuctopa NPN Tuma.
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Ip Ic

Q1 Q2

Q _':Q4
|

a) 0)

Cnuxka 2.9. Bunconoso ciipyjuoi oineganra NPN wuiia a) Cumbon, 6) upaxiiuuna

peanuzayuja.

VYnazna crpana CM Ha3uBa ce MOrOHCKOM, a u3ia3Ha Konupajyhow.

Cruka 2.10 mpukasyje peanusanujy oBor CM mpeko Tpansucropa PNP tuma [23, 24].

QSJ Qs
Qlj K Q2
CM
Ip lc Ip Ic
a) 0)

Cnuxa 2.10. Buncornosoi ciupyjnoi oinegana PNP wuiia a) Cumbon, 6) upaxiiuuna
peanuzayuja.
Peanuzanuja cTpyjHUX NPEHOCHHMKA JaKO CE€ OCTBapyje ca jelHUM OINepallOHUM

nojagaBadeM (OA) 1 CTpyjHUM OrJieaaarMa Kao IITO je MpeacTaBbeno Ha ciuim 2.11 [22].
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+V

I
/

lout iz
v OA >— —<—.7
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<
N

Cnuka 2.11. [osuttiuenu ciupyjuu upeHocHux gpye ienepayuje peaiuszosar ca OA u

gea cupyjHa oliegaia.

Komno ca ciauke 2.11 mpencrasma CCIIY, jep 3amoBosbaBa ycioBe nepuHucaHe
jennaunHom (2.4.2). Ctpyja i, Ha yiaa3HoM mopty X y MOTIIYHOCTH C€ TI0jaBJbYje Y jeTHOM OJ1
JIBa HaIrojHa BoJa y koja cy noctaBjbeHa CM, Tako 1a ce cTpyja i, nmojaBibyje 1 Ha konupajyhoj
crpanu CM, a yjenHo u Ha u3ma3HoM nopty Z. OBaKkBH CTPYjHH MPEHOCHHUIIN Cy KOHIIMIIPAHU
Ha KOMUpamwy cTpyje y HarnojHoM Boxy OA, moja mpeTnocTaBKOM Ja je yia3zHa CTpyja i, Io
CB0jOj BPEIHOCTH MPUOIIIKHO jeTHAKA MAaKCHUMAITHO J03BOJHEHO] CTPY)H [,y Ha U3na3zy OA.
VY cynpoTHOM, ako je cTpyja i, Maja, Moxe JohM 10 TOjaBe Tpeuike y pajay CTPYjHOT

npenocuuka [21]. Buncornosa peanuzanuja CCIlI™ nara je na ciunm 2.12.
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1
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Cnuxka 2.12. Bunconosa ipaxinuuna peanuzayuja CCI™ ca OA u ciupyjuum

oineganuma [21].

HonaBameM jorn nBa crpyjaa orienana CM3 u CM4 o6e3beheHa je cTpyjHa HHBEp3Uja
na u3na3z CCII*. Ha Taj naunH 100MjeH je HEraTUBHY CTPYjHH MPEHOCHUK JPYre TeHepaluje

CCII', cnuka 2.13, nok je Ha cnuiy 2.14 mpuka3aHa \beroBa MpakTUYHA peanu3aliyja.

+V +V

-V -V
Cnuka 2.13. Heiaitiusnu cidpyjuu upeHocHux gpye ienepayuje pearuzosan ca OA u

yelupu clpyjHa oinegana.
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Cnuxka 2.14. [lpaxinuuna peanuzayuja CCIl - ca OA u ciupyjnum oineganuma.

2.4.2 Fabre - Normand - oB Tpanciuaepanu CCII*

VY nuckpernoj texuuiu Moryhe je peanuzosatu CCII ca Ounonapuum xao u ca CMOS
tpan3uctopuma. Fabre [23] u Normand [24] cy ne3aBucHo jenan oz apyror npempioxuin CClI
KOJH je 3aCHOBaH Ha [ MinbepToBOj TpaHCIMHEAPHO] MET/bU Kao IITO j€ MPUKAa3aHO Ha CIUIU
2.15.

TpancnuneapHy netsby o6pasyjy tpanzucrtopu Qi, Qz, Q3 u Qs 1 3a By Ha OCHOBY

TPAHCIIMHCAPHOT IPUHIHUITIABAXKU ;[aje:

leiles = leoles (2.4.3)

'opwma jeqHakoCT BaXH IOJ] MPETHOCTaBKOM Ja Cy CBU TPAaH3UCTOPH AUPEKTHO
MOJIAPHCaHM, YIIAPEHU M Ha UCTOj PaJHOj TEMIEPAaTypH TaKO Jia je CBaKH HAIOH Vi > Vr
[24]. Tpamsucrop Q2 cIyXu 3a HAIIOHCKO pa3zBajame ymaza CM2 o1 KoTeKTopa TpaH3|uCTopa
Q2. Tpansucrop Q1 cmyxu 1a nedunmme n3nasau Hanon CM1 u 1a 06e36eu HCTH HATlOH Ha
KoJekTopuma Tpansucropa Q1 u Q2 paau HeyTpanucama eeKTa peakije CTpyje KoJeKTopa
jemHor Ha cTpyjy Konektopa apyror. Tpansuctopu Qs u Qs umajy ucte pynkiuje kao u Q1 u
Q2 caMo 3a 10y MOJOBHHY CHMETPUYHOT CTPYjHOT MpeHOCHNKa [22].
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l +V +V

Y CM1 CM?2

C Ll J
L _

Cnuxka 2.15. Fabre-Normand-oes wpancrunepanu CCII™.

CTpyjHM IPEHOCHUK je moJjapHucaH ca Iy, a ctpyjHuM orseganuma CM1 u CM3 ce

00e36ehyje na je:

Iel = Ie3 = Ibias = COﬂSt. (2-4-4)

Iox yenosom fa Tpansuctopu Q1, Q2, Qs, Qs, Q1, Q2, Q3 u Q4 MMajy Beoma BenuKo

CTPYjHO Tojauamse 3 [24], UCTybEH je U MPBH yCIOB CTPYJHOT IIPEHOCHUKA J1a je:

iy =0 (2.4.5)
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VY ciydajy orpaHndeHe BpeAHOCTH CTPYJHOT Mojadama B, yciaosu (2.4.4) u (2.4.5) nucy
UCITYH-CHHU, I MOTY OWTH 3aJI0BOJbEHH YBOhemeM noiaTHuX Tpansucropa Qs u Qe (cimka
2.16), xoju ciyxke 3a Hamajame 0Oa3a Tpamsucropa Qi, Qz2, Qs u Qs4. OBuM ce no6mja

noOoJpinana Bepsuja Fabre-Normand-oBor crpyjHor npenocHuka [25].

l +V s +V &/

Y CM1 CM2

Qs
Q2

il

| bias Q

Q
N :

Voer Vbe2 . S— X . S— 7

Vhe3 Vhbes
R bias § Vy Q Q4 Vy

—Q,

Qs

Cnuxka 2.16. ITobomwana éepsuja Fabre-Normand-osoi wpancaunepanoi CCI™,

5

Tt

Iy

Crpyjua ornenana CM2 u CM4 komupajy ctpyje i, | i, HCITyHaBajyhu Apyru yciaos

CTPYjHOT IPEHOCHHKA /1A je:

I, =1, (2.4.6)

Tpeha kapakTepucTuka CTpyjHOT IPEHOCHUKA!
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v, =V, (2.4.7)

je ucrymeHa MpHOJIMKHO, TIOJ] YCIIOBOM 1A je i, K Ipiqs , jep Cy TaJa HallOHU Vp,, TPAH3UCTOPA
Q1, Q2, Q3 1 Q4 PHUOIMIKHO jeAHAKH.

Peanan crpyjuu npenocHuk japyre renepanuje CCIIY, npukasan na couu 2.16 [25],
npubmokuhe ce mWTO je Buie Moryhe TEOpPHjCKOM MOAENy, TOJl YCIOBOM Ja ce ymorpebe
yIapeHd TPAH3UCTOPH Ca BEIMKHAM CTPYjHUM TIOjadareM [, BenukuM fr (TpaH3uTHa
bpekBeHnrja je (QpeKkBeHIMja MPHU KO0jOj I0jadarke TPaH3UCTOpa MmagHe Ha 1), uaeanHum
CTPYJHHUM OTJIeJaJINMa U CTPYjoM ToJiapu3anuje Ip;,s TAKBOM 1@ BaXH I, K Ipigs-

MaxkcuManan IpomyCcHU OIICer ce A00Hja y cllydajy Kaja je M3Ja3Hu MpHUKIbydak Z
y3eMJbCH. YKOJHMKO CE€ Ha M3JIa3HU NpHKJbydak Z nona onrepeheme R;,, moBehaBameM R;,
IIPOITYCHU OIICET Ce CMambyje. Yia3Ha OTHOPHOCT Ha NPUKJbYUKY X je BeoMa Maja
(R, < 0.5Q). Ha mpuxibyuky X ce mojaBibyje Mainu HarmoHckd odcer ox 0.12 pV. Ha
NPUKIBYUKY Z 10jaBIbyje ce cTpyjHu odeet o1 4.4 pA.

Ha ocHoBy [26], TecT cTaOMIHOCTH MMOKa3yje [1a je CTPYjHH MPESHOCHUK CTa0MIIaH | J1a
HeMa OoclIMJIaltja Ha U3J1a3HOM NPUKIbYUKY Z.

PenatuBHO HHUCKa MMIIEaHCa HA YJIAa3HOM MPHUKJbYYKYy Y OCHOBHA je MaHa OBOT
CTPYJHOT TPEHOCHHKA, MOTOTOBO IITO 3aBUCH O] YMApEHOCTH TPAaH3UCTOpPA M TAaYHOCTH
CTpyjHUX orjiefania. Many mnpencraBiba u ynotpeda PNP Tpan3ucropa koju cy hpekBeHTHO
JomMjux Kapaktepuctuka y ogHocy Ha NPN tpansucrope. Peanusanuja y MHTErpucasoj
TEXHHUIM MPeICTaBJba MPEIHOCT OBAKBE KOH(PUTypaluje.

Surakampontorn wu Thitimajshima [27], mocturim cy 3HaTHa TOOOJBIIAKA Y3
orpaHuueme usnazue crpyje 10 1 mA, xopucrehu camo NPN Tpansucrope y peanusanuju
Gilbert-ose henuje u cTpyjHHX orienana.

VY pedepennn [29] mokaszana je peanuzanmja Fabre-Normand-oBor tpancimuaeapHor
CCII* y cranmapanoj 1.5-u-CMOS unTerpucanoj texuonoruju (ciavka 2.17).

Tpansucropu M1-M2, M3-M4, M8-M9, M10-M11, M12-M13 u M15-M16 o6pa3yjy
CTpyjHa orjenana, 1ok Tpanzuctopu M6, M7, M17 u M18 popmupajy TpanciuHeapHy neTiby.
OBako peaan30BaHO KOJO MMa MajJM HAllOH Hamajama, Majy HNOTPOIIKkY, BEIHUKH MPOIYCHU
oncer u npeacrasba CCIIT [29]. V muby cMamema HamoHa Hamajama MOTY € KOPUCTUTH
oomana CM ymecto nobospmane Bep3uje CM. 3a onpehuBame cTpyje mojapusaiyje yMmecTo

My ;as MOTY CE€ YIOTPEOUTH J[BA MICTA OTIIOPHHKA Ca Y3EMIEHUM CpeImBbUM KpajeM. Ha ocHOBY
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[26], TecT crabunnoctu tako npemnoxkeHor CCII je obasmen y [30], u mokasaHo je 1a TakaB

CTPYJHH NMPEHOCHUK IMOCEYj€ 3a70BOJbaBajyhy CTAaOMITHOCT.

2.4.3 Peasmm3anmja CCll kopumhemem komepuujaano pocrynuux ejaemenara (off-the

shelf)

Black, Friedmann u Sedra cy npemnoxunu jequocrasny peanmusauujy CCII* u CCII,

ciuka 2.17 [24].

I Vad

N A
M4 - = M3 |\/|2_| = M1
CM2 CcM1
— —
M15 45 M16
— —
— —
M17 > <5 M18
— —
Mbias:
_|
SN
M7 - = M6 —
e
M9 i M8
CcM4 CM3
— — —
M13 _H}i'_L‘_ M12 M11 }'-—L‘— M10
— — ’:: —

!

- VSS

Cruxa 2.17. CMOS Fabre-Normand-os wpancaunepanu CCII* [22].

OBaxko peaM30BaH CTPYjHU MPEHOCHUK (ciuka 2.180)) mocenyje HaMOHCKO Mojayarme

on 0.9997 m3mehy mpuxspyuaka X uY, ymazHy umnenancy oa 130 MQ Ha BHCOKOOMCKOM

npukibyuky Y, ormopHocT o 0.45 Q Ha npukibyuky X (HHCKOOMCKH MPHKJbYYaK) U odcer

40



Munan JI. Beckosuh Joxkimopcka gucepiuayuja

HarioH ox 0.5 mV wum3mely mpukibydaka X u Y. M3na3zHa umnenaHca Ha NPUKIBYUKY Z
(BucokooMckHu mpukibydak) je 80 MQ, a moxe ce u moeharn ymorpebom BuicoHoBHX

CTPYJHHUX OTJie/Ialia Ha U3Jiasy.
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Cnuxka 2.18. Jegnociuasna peanuszayuja a) CCII*, 6) CCII".
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2.4.4 Moan(pukoBaHH CTPYjHU NPEHOCHULIM ApPyTre reHepamuje

CTpyjHM TPEHOCHUK KOJ KOra H3JIa3Ha CTpyja I, TpaTu yiaazHy CTPYjy i, IO
arcoJIyTHO] BPETHOCTH Ha3WBa ce MOAMGUKOBAHU CTPYJHH IMPEHOCHUK Apyre TeHEpaIuje

(MCCII) u cumbonn4HoO je npencraBibe Ha ciuiy 2.19 [31].

+V
Ix
Vyx— X 17
iy MCCll  zl=> v,
Vy Y
v

Cnuxka 2.19. Cumbon mogughuxosanoi ctupyjHol UpeHoCHUKA.

CrpyjHo HanoHcke penanyje u3mely npukipyyaka MCCII cy oGnuka:

iy =0, Vy :Vy’ |Ix| = iz (2.4.8)

MonudukoBanu ctpyjuu nperocHuk apyre reaeparmje (MCCII) [38] peanusyje ce ca
jeIMHUM OTepallMOHMM I0jauyaBayeM U TPH CTPYjHA Orje/ajia, Kako je TO U MPeICTaB/beHO Ha

cimu 2.20.

360r ynoTtpebde uaearTHor ONepaMoHOT MojayaBaya 3aJI0BOJbEHE Cy penaiuje:

i,=0, v, =V, (2.4.9)

Jla je 3amoBoJbeHa 1 Tpeha penaruja |ix|=iz, cieau u3 Tora na kanga je crpyja ix < 0, \eH
ToK je ox m3maza OA m oHa ce Hanmasu y moronckoj crpanu CM1. M3 tor pasnora ce oHa
nojasJbyje U Ha konupajyhoj crpanu CM1 koja je yjeano u konupajyha crpana CM3, koja Ha
MOTOHCKOj CTpaHU uMMa (UKCHY BPETHOCT CTpyje, T€ ce CTpyja Ix Mopa IOjaBUTH U Ha

MPUKIBYUKY Z.
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1tV
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Cnuxka 2.20. Peanuzayuja MCCII ca jegnum OA u wipu CM.

[TpomeHsbHBH OTIIOPHHK R MMa yIiory Jja U3BpIIH MOYETHO MO/ICIIABALE HYIITE CTPYje
1j. Iz = 0 3a ix=0.

Crpyjau npeHocHUK Koju je Bpisio cianuad CCl, anu xox xora cy cTpyje Ha yiaa3HUM
NPUKJbYYIIMMA CYNIPOTHUX CMEPOBA [, = — [y, HAa3WBa CE€ CTPYJHUM MNPEHOCHUKOM Tpehe
renepanmje (CCII) u cumbonmmuHo ce mpencTaBiba Kao Ha caunu 2.21 [16]. Maremarnuku

ornuc oBor CC nar je cnenehoM XuOpUAHOM MaTPULIOM:

I, 0 -1 0]y,
Vel =11 0 01| (2.4.10)
I, 0 =1 0] |y,
KOja ce MOKe TpeJICTaBUTH cieichuM penarujama:
I, =—1L,V, =V, ==£I,. (2.4.12)

CCIIl ce moxe mocMmaTpaTd Kao CTPYJOM KOHTPOJHUCAH CTPYjHHU WU3BOP jEAMHUIHOT

nojayarsa. 300T pa3IMuUTUX CMEpOBa CTpyje Ha ynazHuM npukibydnuma, CClI nma Benuky
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ynazny umnenancy. Kao rpamuBam Onok CCIIl ce HajBume kopuctu 3a CUMYJIALN]y

WHIYKTUBHOCTH, Y MEPEbUMA, 32 U3rPaiiby aKTUBHUX (UiITepa UTHI..

Iy .
v ccin - ==
Wy X Vz
A
Vx

Cnuka 2.21. Cumbon CCIIN.

Ha ocHOBYy 10 cajma W3J0XKEHOT, MOXe ce 3ak/byduTd jga ce cBaku CC moxe

MaTeMaTHYKH U3PA3UTH MIPEKO YHUBEP3aTHE XHOpHIHE MaTpULIE:

I, 0 a 0]y,
Vi | =11 0 01 (2.4.12)
I, 0 b 0|y,
KOja ce MOXe MPeJICTaBUTHU cieehum penanujama:
i, =ai,v, =v,i =bi. (24.13)
r7ie mapaMmerap a Moxke umaTu BpenHoct a = 1, a = 0 wim a = —1. Ha ocHOBY merose

BpenHocTH nedpunume ce Bpcta npeHocHuka, Tj. CCl, CCIl umu CCIIl pecnekruHoO.

[MTapamerap b oxpelyyje na nu je peu o mozutuBHOM (b = 1) nnm HerarusHoMm (b = —1) CC.

2.5 OnepanuoHyu NPeHOCHUK

Y MHOTHM HHXEHEPCKUM MPUMEHAMa 3aXTeBa Ce JOTOK Ta4yHO JNedUHUCAHE CTPYje Y

norpomay (oOpajga cMTHaNA, MPEHOC CUTHAJIA, TECTUPAE, UT/.). TakBH CKIONOBU MOTY ce
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peanu3oBatu momMohy auckpeTaux enemenara [33-36]. Mehyrum, denrhe ce kopucTe Kojia Koja
Cy peain30BaHa ca ornepannoHuM mojadaBaunma [37, 38] jep 00e36el)yjy Behy mperusHoCT.
Ocnoue pynkiuje [39] oBako pean3oBaHHUX KoJia Cy Beoma 100pe, ald UMajy U jeTHO BETMKO
OrpaHUYCHE Yy NMPHUMEHHU jep 3axTeBajy HeyzemJbeHOo omnrtepeheme. Koma peanmsoBana ca
CTPYJHHM TPEHOCHHUIIMMA OTKJIamajy OBaj HEAOCTaTaK W oMoryhamajy aedHHHUCAH MPOTOK
CTpyje Yy y3eMJbeH moTpomad. Ha »aioct, Koyia peaiu3oBaHa ca CTPYjHUM IPEHOCHUIMMA
HUCY TOJIMKO TpeIr3Ha Kao koja peanu3onana ca OA.

buno 6u no06po kamga OW CTPYjHU NPEHOCHUIM OWIM HJeallHd, OJHOCHO Kajga Ou
OTIOPHOCT Ha X MPUKIJbYYKY CTPYJHOT MIPEHOCHUKA OWJIa Hylla, aJId TO Y IPAKCH HUje CIy4a).
[Ipo6Gnem je moctao join Behu kajga ce ypTBpAMIO J1a j€ Ta OTIOPHOCT 3aBUCHA O] CTpyje Ha X
MPUKJBYYKY CTPYjHOT TIPEHOCHUKA.

W nopen eBUISHTHUX MPETHOCTH KOJIa ca CTPYjHUM IPEHOCHUIIMMA y OJTHOCY Ha KOJia
ca OIlepalMoOHUM T0jayaBayrMa, OHa y IPAKCH HUCY 3a)KUBEIIA KAKO Ce TO OYSKUBaIIO0. Moxia
jeIaH o]l IJIaBHUX Pa3Jiora 3a TO JIS)KH Y YMECHHMIIU, J1a KOJ PEaTHUX CTPYJHHX NMPECHOCHHUKA
CCII" u CCII* (cnuka 2.22) usmely nmoprosa X u Y IOCTOju Iapa3suTHA OTIIOPHOCT R, Koja je
pasnuuuTa O] HyJe U KOja 3HauajHO yTHUY€ Ha TaYHOCT MPEHOCHE (DyHKIMje KOoJia jep je Kao
TaKkBa KOMIIOHEHTa Maiie Tojepaniuje. Koio ca cimke 2.22a) mpencraBiba jeAWHUYHH
uHBepTYjyhu cTpyjHH mojauaBay [39].

Matematuuku ce mojen oBor koia CCII" moxe nedpunucaru ca:

i, =0, V, =V, + R, i,=—i (2.5.0)

XX X z

[TpenocHa GyHKIHMja Kosla ca ciauke 2.22a) je aara ca:

p— 25.2

° R+R« ’ ( o )
OJTHOCHO 3a KOJIO ca cimke 2.220) je nara Kao:

= 2.5.3

° R+ R« ' ( o )

OTtnopHoct Rx Ha ynasHOM IPUKJBYUYKY YTHUE Ha TAYHOCT MIPEHOCHUX (DYHKIIM]a TaTUX

y (2.5.2) u (2.5.3), HapouuTo ako cy R u Ry uctor pena BeauuuHe.
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Cnuka 2.22. Jegunuunu ciupyjnu iojavaeéaqu a) CCII"u 6) CCII* [39].

VY umiby npeBasuiakema oBor npodiiema, ['udr [39] je npeanoxkno HOBO KOO, KOje
kopuctu npenHoctu kona ca OA, kao u xona ca CC, u MUHUMH3Yje HHXOBE HEIOCTATKE,
naszsapiu ra OITEPALIMOHU ITPEHOCHHUK (OC — Operational Conveyor). OBo xubpuaHo
Koo (popMHpaHO O/ OINEPaMOHOT T0jayaBada KOjU paad Cca CTPYjHHM TNPEHOCHUKOM Yy
MMOBPATHO] CIPEe3H, MPHUKA3aHO je Ha ciauiy 2.23. YKIbYYHBAkHEM CTPYJHOT NMPEHOCHHKA Y

nospaTHy cripery OA noOosbmana je Taunoct CCIIY, uctoBpemMeHo enMMUHUITYhH OTHOPHOCT
Ry y npeHocHoj GyHKIIMjU Koa.

L e7

Rx

Rx
Xe

Cnuka 2.23. Tpanucgopmayuja ciupyjHol UpeHOCHUKA y ollepayuoHu UpeHOCHUK.
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Benuko nojauame 0OTBOpeHE METJhE OMEPALMOHOT [T0jayaBaya OCUTypaBa Jia OPTOBU
X u Y HanoHckH mpate jeaan npyror. OnepanmoHd IPEHOCHUK MOXKE C€ MPEICTaBUTH Kao

KOJIO Ca TP MPUKJbYYKA, a BerOB CUMOOJT IPHUKa3aH je Ha ciauiu 2.24.

Vy
Ve oc %

— |2
Ix

Cnuka 2.24. Cumbon otiepayuonol UpeHoCHUKaA.

OHepaHI/IOHI/I IIPCHOCHHUK CC MATCMATHUUYKHU MOXKC OIIUCATHU CJ'ICI[ehOM MaTpHUILIOM.

Lo o gy,
=1 0 Ol
X 1, (2.5.4)
Ll o 1 o v,
OIHOCHO TIOMONY TpH JINHEApHE jeHAYNHE KAO:
|y=0, Vy :Vx’ Ix:ilz (2.5.5)

3Hak ctpyje I, y jenHaumnu (2.5.2) nedunmuiie na nu ce paau o nosutusHoM (OP+)
win HeratuBHOM (OP-) omepalimoHOM MPEHOCHUKY.

Kpo3 peanmzanmjy HewHBepTyjyher TpaHCKOHAYKTaHCHOT T1ojadaBaya ca OP,
npukaszaHor Ha ciaunu 2.25 [36], mocTHrHyTa je mpakTH4YHA eNMMHHAIMja yTUIlaja R, Ha

TA4HOCT MPEeHOCHE (DyHKIIH]e.
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Vi \
— 1+
OA +

RX RL

Cnuka 2.25. Heunsepiyjyhu wipanckongykiianchu iojavasay ca OP.

2.6 OnepannoHn NPEeHOCHNUK JPYre BPCTe ¢a CTPYjHUM KOPMUJIapemheM Ha n3Jiazy

Ha cnimm 2.26 npukasas je KOHIET ONeparioHOT PEHOCHUKA, TIPH YeMY j& CTPYjHU
IPEHOCHHUK y IIOBPATHOj METJbH OIEPAIMOHOT TI0jayaBaya pealn30BaH y BHUIY CTENCHA ca

cTpyjHHM KopMmuIapermeM [40].

Ve

i) T

OV Ql B >>1 Q2 Vbias

IX X IZ

.7
<b 11/2 d) 11/2

“Vee

Cnuka 2.26. [lpunyuiicka wema oiepayuorol UpeHOCHUKA.

Jlobpa HamoHcka mpeHocHa (yHKuuja uzmel)y mpuxspydaka Y u X obe30ehena je
ynoTpeOOM HEraTHBHE IMOBpaTHE CIpere ca omeparuoHUM TojadaBadyeMm. J[a Ou rpemka y

HaIlOHCKO] TPEHOCHO] (YHKIMjU OWjIa IMTO Mama, MOTpeOHo je na crpyja It Oyae mTo Beha,
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Kako OM eMUTepCcKa OTHOPHOCT TpaH3ucropa Qi Owia mro Mama y nopehemy ca nznazHom
ornopHotrhy crpyjaux u3Bopa. [lopehame crpyje Ix Ha npuksbyuky X 3a HEKM U3HOC M3a3HMBa
CMameme CTpyje Tpanzuctopa Q1 3a UCTH Taj U3HOC, a TO JOBOAM 0 nosehama cTpyje Kpo3
Tpanzuctop Q2, mTO Ha Kpajy u3asuBa nosehame crpyje |z 3a uctu nuznoc. Mcro ce moxe
3aKJBYYHTH H Y CIIy4a]y CMambera cTpyje Ix. Moke ce n3BeCTH 3aKkJbydak J1a BaKU penanuja lx
= -1,. Tpansucropu Q1 u Q2 Tpeda ga ©Majy BEIMKO CTPYjHO T0jadame, Kako Ou ce o0e30emua
JaIHAKOCT FHHXOBHX EMHUTOPCKUX M KOJEKTOpCKHX cTpyja. Takohe, Tpausuctop Q2 mma
3alITUTHY YJIOTY 3a TpaH3uctop Qi, mrutehu ra ol MHBEp3HOT HAMOHA Vii,s. Y OBOM HOBOM
MPUCTYITY, HA TAYHOCT IIPEHOCHE CTPYjHE KapaKTEPUCTHKE OMEpalMoHor npeHocHuka oxa (X
10 Z), BUIIIE HE yTHYE YIAPCHOCT TPAH3MCTOPa YHYTap CTPYjHHUX orienana. BaxHo je youutu
Jla je HeOMmXOJHO 00e30eUTH TauHy Mojeny crpyje It Ha ABa jenHaka Jena, IITO HHje TaKo
nmako o0e30emuTH y mpakcw, mMajyhm y BUAY YMEEHUIM Oa cTpyja It Tpeba ma Oyme
npoMensbuBa. Cnmka 2.26 mokasyje Ja ce y MOBPAaTHO] METJbH OIEPaIoOHOT TojadaBada
HaJIa3u CTPYjHU MPEHOCHUK. [10CTaBIba ce MUTAE 1A JIM j& OBAKO PEalTM30BaH CTPYjHU CTEIICH
yCTBapH CTPYjHH MPEHOCHUK? OAroBOp je MOTBpJIaH u To U3 cieachux pasiora:

a) HaroHu Vx U Vy Cy NpHOJIMKHO jeTHAKU

0) BpeaHoCT cTpyje ly jecTe mpuOIMKHO HyIIa 3aTO MITO je TpaH3ucTop Q1 ca BEMUKUM
CTPYJHUM TOjayarmeM,

B) Beh je mokasano naa je Ix = -1z

KomruieTHa 1iema HOBOT OIEpaIlMOHOT MPEHOCHUKA MpHKa3aHa je Ha ciuiu 2.27 [7,
41]. YV onnocy Ha [40], u3BpieHo je moboJblame Y CMUCITY TadHe mojee cTpyje It Ha 1Ba
jenHaka paena. TauHy mnozeny cTpyje o0e30elyjy 1Ba cTpyjHa oriefana: jeIHO ca
Tpan3zucropuma Qs u Q1e, ¥ Apyro ca Tpanzuctopuma Q13, Qs u Q17. 3a mopemaname crpyje It
KOPUCTH Ce NMPOMEHJbMBH OTHOPHHUK R,, a 3a eJMMHUHaNM]y odceT HarmoHa Ha H3JIa3HOM
NPUKIBYIKY KOPUCTH C€ IPOMEHJBMBH OTIIOPHUK R3. Y omHOCy Ha K0J10 onrcano y [40], oBne
IIpeJUIoKEHa peau3alja 3axTeBa jeZlaH OTIIOPHUK Mambe.

Jlako ce peanu3yje kako ca BJT tako u y CMOS texuurm.
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Cnuka 2.27. Peanuszayuja oilepayuorol UpeHocHuka y guckpeitinoj wexnuyu [7, 41].

2.6.1 Tlo6o/p1IaHA Bep3Hja ONMEPANMOHOT MPEHOCHUKA ca CTPYjHHM KOPMHJIApemeM Ha
u3Jasy

VY oHOCY Ha IPETXOJIHY BEP3Hjy ONEPAIIMOHOT MPEHOCHUKA TPUKa3aHy Ha cyunu 2.27,
mo0oJbIIalke Ce OrJiefla y TOME IIITO je 3aXTeBaHa Mpelu3Ha 1e00a cTpyja Ha JBa jeTHaKa Jerna
u3BpieHa nmomohy BuscoHoBux cTpyjHuX orjienana. Tako goOHjeH onepalioHN MPEHOCHUK
“Ma BeoMa JIOOpY CTPYjHY U HAIIOHCKY MMPEHOCHY KapaKTePUCTHKY U MOXE Jla BPIIH 10jadarbhe
curHasia 0e3 cMamema MPOMyCHOT orcera. Takole, He 3axTeBajy ce TPaH3UCTOPH ca T00po
yImapeHuM Kapaktepuctukama. Onepanony MPEeHOCHUK KOPUCTH CTaHIapIHE KOMIIOHEHTE U

MOTOJIaH j€ 3a pealn3alnjy Y UHTETPUCAHO] TEXHHULIH.
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KommieTHa miema omnepamyoHOr MPEHOCHUKA MpHUKa3aHa je Ha ciauiu 2.28. YMecto
BuJICOHOBHX CTpYyjHUX OrJiefaiga MOXKE €€ KOPHCTUTH M CTPYjHO OIJIEAao jeJMHHUYHOT
npeHocHor oaHoca [43]. 3a noxemasame cTpyje Iy KOPUCTH Ce MPOMEHBHUBH OTIIOPHHUK R,
a 3a enuMUHAINM]y o(ceT HamoHAa Ha H3JIA3HOM NPUKIBYYKY KOPUCTH C€ MPOMEHIHBHUBU

OTHOPHUK Rj;.

L Jo, Jo
ng % Qllﬁ > EQ
ll 1) "

e

Qa_L
2] Vo
Vi Ry
éL\Tl - Qe o o, Qlk' Qi o | o
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Cnuka 2.28. Peanuzayuja tio60.6manol ouepayuorol upeHoCHUKa y guCKpemHoj

wexnuyu [43].

Jlaxo ce peanu3yje kako ca BJT TpaH3ucropuma, Tako U 'y HHTEIPUCAHO] TEXHMIIM.
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3. AHAJIN3A ITPEIIN3HUX IBOCTPAHUX YCMEPAYA

Hakon yBohema KOHIENTa CTYJHOT MpoIlecHpama, 00paja CUrHajla 3acHOBaHa Ha
npahemy cTpyje 100uja Ha 3HA4a]y IPUMEHOM CTPYJHOT PEHOCHUKA Ka0 OCHOBHOT TPaTUBHOT
0J10Ka 3a U3pay aHAJIOTHUX KOJIa Ca CTPYJHUM IpoliecuparmbeM [44].

Hajsehu 6poj pagoBa u3 0651acTu CTpYjHOT HpOIeCHPH-a OaBU ce MPUMEHOM CTPYJHUX
MIPEHOCHUKA Yy peau3alfjy JIMHEAPHUX EJICKTPOHCKHMX Koja Kao mTo cy ¢unrpu [45, 46],
ociiiaropu [47-49] u cumynatopu umnenance. Mmak, 300r CBOjUX MPEIHOCTH CTPYjHU
MIPEHOCHHUIY HAIILIK Cy CBOj€ MECTO MPHUMEHE U Yy peai3aliji HEITMHEAPHUX EIEKTPOHCKUX
KOJIa Kao LITO Cy, MHOXauH, nenuresbu [50], ananorau npexugaun [51], npenusuu ycmepaun,
JIETEKTOPHU BpIIHE BpeaHOCTH [52] ut/..

Kona xoja umajy crocoGHOCT J1a 01 HAU3MEHUYHOT CUTHAJla HalpaBe jeIHOCMEPHHU,
Ha3MBajy ce ycMmepaun (ucnpassbaun). JJa O ce M3BPIIUIIO yCMepaBambe HEOMXOIHO j€ Y KOJIO
CTaBUTH €JIEMEHTE KOjU MMajy OCOOMHY Jia MPOIYIITajy CUTHAJI caMo Y jeTHOM cMepy. 300r
ocoOuHe AM0/1a 1a IPOBOJIE CTPYjY CaMoO Y JeIHOM CMepy, YCMepauu Cy 4eCTO 3aCHOBaHM Ha
MIPUMEHH OBUX MOJYIPOBOIHUX €IeMeHaTa.

Kona 3a ycmepaBame koja y ceOu cajpe jeJHy WJIM BHIIIE TUOAa paje J00po caMo
KaJa je cUrHayl koju TpeGa ycMepuTu MHOro Behum on HamoHa mpara mpoBohema nuoja.
[Torpeba 3a ycMepaukiM KOJIMMa BUCOKE MPEIU3HOCTHU U jKeJbeHE MPEHOCHE KapaKTepUCTHUKE
jaBJba ce M y MpUMEeHaMa TJIe je CUTHAN Koju Tpeba ycMeputu Mai, (Mambu o 100 mV), koju
Jj€ HeIOBOJhaH 3a yKJbyuewe auoaa. [1o3Harto je na 300r nmocrojama HamoHa mpara mpoBolema
IMOJIe, jeTHOCTaBHA TTaCHBHA ycMepadKa Kojla y pajy ca MajJiuM HallOHCKHM CHUTHAJIMMa He
najy pesyaTare 3anoBoJbaBajyhe Taunoctu. Ctora, 3a peaimsanujy MpELU3HUX ycMepaya
Tpeba KOPHCTUTH KoJla KOja CaJip>ke aKTUBHE eneMeHTe. lIpenusHu ycmepaun ce OOMYHO
KOPHCTE Y MOAYJIMCakY, Y aHAOTHO] 00pa/ i CUTHAJIA, 32 HHCTPYMEHTAIN]y B Mepema, y AC
/ DC kouBep3uju, KO AeTeKTopa Bpxa curaaia, uta. [53]. Moryhe je peanusoBaru mperusne

ycMepaue u y TeXHHIU HanoHCKor [53-56] u y TeXHuIM CTpyjHOT Ipoliecuparma curuaia [57-

96].
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3.1 IBocTpaHu ycMepay y TeXHHIM HANIOHCKOT MPOleCHPaha

V TeXHHIM HAMOHCKOT MPOIECHParha, KIACHYHA pealli3allija IPEeU3HOr ycMepada
M3BOJIU CE Ca AMO0JlamMa U OIlepallMoHuM MojadaBaunMa (cimka 3.1) [53-55]. 36or orpanuuema
MakcUMajHe Op3MHE MPOMEHE M3Ja3HOI HAlloHA Y BPEMEHY, LIMPUHA MPOIMYCHOI OIlcera
OBaKkBMX ycMmepauya je ojpeheHa (PEKBEHTHUM KapaKTepHCTHKaMa yImoTPeOJbEHUX

OIICPAIOHHX nojaanaqa.

Vi L AN — AN AN AN

Cnuka. 3.1. [Ipeyusnu geocitipanu ycmepay Ha 6a3u HAlloHCKoI ipoyecuparsa [52].

Cmuka 3.1 mnpukasyje yoOWYajHy peaim3anujy Koja JJABOCTPHOT ycMmepada
peai30BaHOT ca JIBa OomnepalroHa nojayaBava. [loa ycioBoM Ja OTIMOPHUIM 33/I0BOJHABA]Y

crnenehe ycnose:

A
[
o)
[
el
[
Pyl
[
M

N
o
of

(3.1.1)

Py
Il
N | JO

HaroH Ha u3nasy V;, Ouhe jemHak TBOCTpPAaHO MCIPAB/FEHOM YiIa3HOM Hamony V,,;, 10K ce Ha
yBopy X 100Mja MOJIyTaJacHO UCIIPaBJbEH HAIIOH ca ylasa.

Kono nma n1Ba HeocTaTka: MpBH HEJOCTATAK je TO ILITO MPHIOKOM MPOJIacka yaa3HOT
HaIMoHAa KpO3 HYJY Tj. IPUIUKOM MeHamba MoJIapuTeTa CUrHalla, IPBU ONepallioOHH 10jayaBay
W3J1a3¥ U3 JIMHEApHOT peknMa pana. Taia paau ca OTBOPEHOM NETJHOM MOBPATHE CIpere, ITo

M3a31Ba HeXeJbeHa N300JIMueha CUTHANIA YaK U NMpU MaiuM (pekBeHnujama. Jpyra mana ce
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orjena y 3axTeBy Ja je 3a ocTBapeme (yHKIMje BOCTPAHOT yCMepaBama ca jeIMHUYHUM
MIPEHOCHUM OJTHOCOM, HEOIIXOAHO KOPUCTUTH MPELU3HO yIapeHe OTIOPHOCTH.
Ha cnunm 3.2 mpukasaHo je KoJ0 Koje UMa HeKe MPETHOCTH y OAHOCY Ha KOJIO Ca CIIMKE

3.1. Y penuzanuju ce KOPUCTE jeTHAKE OTIIOPHOCTH.

R=R,=R=R,=R =R, (3.1.2)

Rs

A",

Cnuxa 3.2. [lpeyusnu geocitipanu ycmepay na 6asu jeguaxux oumioprociiu [53].

VY cayuajy nma je ynasau HamoH nosutuBaH (V; > 0), u3ga3Hu HAIOH Ce JBa IyTa

MHBEpTYyje Na je:

Rl-R oy [“RYZR)C
AN EARYE E o1

Kana je ma ynasy meratmBan uHamoH (V,; < 0), auoma D, Boau, u cTpyja jaunHe

2

I:Vulﬁ

tede u3 OAL kpo3 otTiopHOCT R3 y oTniopHocT R;. 13 oBOT ciieqiu 11a je mOTeHIrjal

Ha HeuHBepTyjyheMm yna3y OA2 jennak Vy = — g V.- Hanon Ha uznasy je oapelhen kao:

R, 2 R j
V. =V, |1+ =—=V, |1+ ==V 3.1.4
iz X ( R3 N R4 3 ul R+ R ul ( )

OBO KOJI0 UMa BHIIY yJIa3HY UMIIEAAHCY O] MMPETXOIHOT KoJia ca ciuke 3.1, anu je To

JOII yBEK pelaTUBHO Majia yjla3Ha UMIIe/laHca.
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Cnuka 3.3 mpuKkasyje peaiu3aiujy Iperu3HOr JBOCTPAHOT ycMepada KOjU OTKJamba
HEJIOCTAaTKe MPETXOJHE JBE pealn3aluje y IMOTJeNy PETaTUBHO Maje YIa3He HMMIIEIaHCe.
Vna3Hu cUTHalI ce KOJA OBOI ycMepada JOBOAM Ha HEHHBepTyjyhe ymaze omepanuoHux
nojayaBava, ynMme ce nosehasa BpeJHOCT ya3He umrnenance. Takole, 0BO K0JI0 y peanu3aiuju
MMa jeIHy OTIIOPHOCT Mame HEro MPeTXO/Ha KOJa, IPHU YeMy Cy OTIIOPHOCTH H3a0paHe Tako

na je:

R=R=R=R, R,=2R (3.1.5)

D,
<
+V S
A
rd

-V -V

Vul

Cnuxka 3.3. [Ipeyusnu geocilipanu ycmepay Koju uma 6ucoky yiasHy umiiegancy [53].

3a nmo3utuBaH ynasuu HanoH (V, > 0), Hema ctpyje y kony, OA2 paau kao cieauresb
nanona (follower), Tako na ce Ha uznasy noéwuja aa je Vi, = V.

Kana je na ynasy nerarusaun HaroH (V; < 0), nuoaa D, He Boau, u cTpyja jaunne | =

Vul . .
—  Teue Kpo3 OTMOPHOCT R, y ornopHoct R, kpo3 nuoxy D, koja Boau. Crnenu na je
MOTEHIINjall Ha CTI0jy OTIIOPHOCTH R, u R jennak Vy = —2V,,, mpoy3pokyjyhu ia je HaroH Ha
n3nazy Vi, = =V

Kao u xonm mpeTxomHux peanusaiija, ¥ OBO KOJO YHOCH H300JIMYEHE CHTHAja Ha
BUIIUM (peKBEHIMjama.

Peanu3anuja nmojayaBaya ancoyryTHe BpeTHOCTH NpuKa3aHa je Ha ciuim 3.4 [56]. OBaj
rojayaBay Jjaje NO3UTUBAH W3J1a3HU HAMOH 6e3 003upa J1a JIM je yiaa3HU HarloH NO3UTUBHOT WIH

HETaTUBHOT ITOJIAPUTETA.
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R> Rs

FAN—t—ANN—

Rl XZ Dl +V
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Cnuka 3.4. [lojauasau aiiconyiune spegrociiu [56].

V peanuzanuju Tpeda kopuctut OA KOju nMajy Maiu HaroH pazaemienoctu (offset),
Masio kiu3ame (drift) u Benuko motuckuBame 3ajeanuukor curHaga (CMRR ). 3a 3amato
nojayame A, BPEIHOCTH IOjeJUHUX OTHOPHOCTH Cy Aeduuucane penanujama (3.1.6) mo

(3.1.8), mox mpeTImoCTaBKOM J1a ce yHarpe/ ojadepe Heka BPeJHOCT 3a OTIIOPHOCT R, .

R;=AR, (3.1.6)

_RR, AR} AR, 417

' R+R, R,(1+A) (1+A) (3.1.7)
A+1

Rl = m Rz (318)

3a HeraTMBHE BpeAHOCTH yna3Hor HamoHa, OAl panu kao HemHBepTyjyhu mojadyaBau

. . . . . R
ca JeJMHauYHUM MojadameM, 10k OA2 panu kao nHBepTYjyhu 1nojauaBau ca nmojayamem A = R—3,
2

ITO j€ yjeTHO ¥ YKYITHO I10jadarse 1ojayaBaya ca ciuke 3.4.
3a Mo3UTUBHE BPEAHOCTH YJIa3HOT HaloHa, o0a rojayaBaya pajie Kao HEMHBEpTYjyhu
1ojayaBadd. YKOJHMKO C€ JKeNMW Jia KOJIO Paad Kao MPEHU3HH ABOCTPAHU ycMepad, Tj. Kao

nojaanaq aIlICOJIYTHC BPCAHOCTU CajCI[I/IHaLIHI/IM HOja‘-IaH:eM, KOJIO C€ 3HAaTHO ynpomhaBajep

. . R
J€ Taja BpeAHOCT OTHOPHOCTH Ry = o0, ok je R3 = R, u R, = 72
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3.2 IBocTpaHu yCMepayuM Y TeXHUIH CTPYjHOT NpoLecHpamba

Moryhnoct npumene CCII y peanu3zanujy Nperyu3HUX IBOCTPAHUX ycMepada 3a Majie
CHTHaJIC OIkcaHa je y OpojHuM pajgosuma [6, 41, 57-98].

AHanu3a npenu3HuX JBOCTPAHUX ycMepaya y TeXHHUIM CTPYJHOT Mpoluecupama ouhe
pa3marpaHa Ha MpUHIMITY paherma CTpyje y HalojHUM BOJIOBHMa MojayaBaya. [IpernocraBka
j€ na cy ynotpeOJbeHH OlepaliioHy ojayaBavyy UACATHH U J1a CE yJa3Ha CTpyja MojaBibyje y
jenHom on nBa HamojHa Boga OA. Jeman Tako peaan30BaH MPELUU3HU JBOCTPAHU ycMepad, ca
JIBa OllepaIrroHa MojayaBava U TPU CTPYyjHA OrJIe[ana MPUKa3aH je Ha ciuiy 3.5.

Crtpyjuu curHan ce pao0uja TpaHchopmalnMjoM ylIa3HOI CHUTHAla Ha YJIa3HOM
ornepaunoHoM mnojauaBady OAl. HanmoHcku curHan Ha u3znasy ce qo6uja TpaHchopMaiyjoM
CTPYJHOT CHTHAJIa Ha U3JIa3HOM OINepanoHOM TojadaBaqy OA2.

Kanma je Vy; = 0, mpomMensbMBEM OTIOPHUKOM R, monemasa ce na crpyja Iy xpos
oTIOpHMK R’ Oyze jeqHaka HyiM, a caMUM THM je M M31a3Hu HanoH Vi, = 0. Cumerpujy Ha
yBopy X 00e30el)yjy cTpyjHa orienana HISHTHYHUX KapaKTePUCTHKA.

Crpyja y nozutuBHOM HarojaoM Bogy OA1 ce nosehasa 3a mpubmmxHo Vy, /R kana je
Va > 0. Tlomwto cy xomupajyhe crpane CM1 u CM2 aupekTHO crojeHe, 3a TOJIUKO ce
nosehasa u crpyja Iy, a To IPOy3poKyje 1a moTeHujan Ha uBopy X usnocu VyR'/R, omHOCHO
Ja ce Taj MCTU HAmOH MojaBu M Ha u3nazy OA2. Vkomuko je R’ = R, U yKOIHMKO CTpYyjHA
orjefaiia MMajy jeUHUYHU TPEHOCHU OJHOC, Tajaa je 00e30eheHO jeMHUYHO HATOHCKO
rojayame oJ] yjasza J1o u3jasa.

Kana je V;; < 0, ctpyjuo ornexano CM3 nipatu cTpyjy y HETaTHBHOM HAIlOJHOM BOJTY.
Kako je xonupajyha crpana CM3 yjeano u noroncka 3a CM1 nobuja ce cabupame cTpyje
Vu1/R xoja ce jaBiba 3a BpeMe 10K je V,; < 0. 3a Tonmmko ce moBehasa u cTpyja Iy, a MomTo ¢y
konmpajyhe ctpane CM1 u CM2 nupekTHO criojeHe, TO MpOoy3poKyje Ja HaloH Ha 4Bopy X
usHocu VR’ /R o1HOCHO 1a ce Taj HCTH HaIOH nojaBibyje U Ha u3nasy OA2. OBuM ce 1o0uja
7a je W3ia3Hu curHan Vi, MpomopIMoHaNaH arcolyTHO] BPEIHOCTH yia3HOT curHama Vi,

OJTHOCHO J1a KOJIO 00aBJba (DYHKIIM]Y IBOCTPAHOT yCMEPaBaba.
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.

1LY CM1
Vna3 N3naz
X
R OAl
Vul + Ix

Ynas | CM3 Usnas

- Viasy  cM2

Cnuxka 3.5. Ilpeyusnu geoctupanu ycmepay ca wipu CM na 6asu upahersa ciupyje y
Haiiojuom 6ogy OA.

OBakBO KOJIO UMa jeJjaH 030MJbaH HEAOCTAaTaK KOjH Ce Orjie[ia y TOME Jia IJIeJaHo ca
CTpaHe M3Ja3a, MOCTOjH pa3iivKa y Opojy akTUBHUX CTPYJHUX Orjiefiana y OHII0O KOM TPEHYTKY
yaazHor curHaia. 36or tora crpyjHa ornenana CM1 u CM3 mopajy umartu uJIeHTUYHE
KapaKTepUCTHUKE CTPYjJHOT MIPEHOCA.

3amenom crpyjHor oritenaiia CM3 ca oneparnmonnm mojauaBadeM OA3, oBaj mpobiem
MehycoOHe 3aBuCHOCTH ocoOuHa cTpyjHuX oriefgana CM1 u CM3 ce npeBa3uiazu Ha HAYMH

KaKo je TO NMpHKa3aHo Ha ciauuu 3.6.

LY CM1L

Va3 Nsnaz

OAl X

Vul + Ix
RY, 12 R’
=
Vias{ CMZ?
I/I3nas% v

OA3 -V Rep

L7

Cnuka 3.6. Ilpeyusnu geociipanu ycmepau ca wipu OA na basu ipahersa ciipyje y
HAUOJHUM 80gOBUMA.
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Ha yna3znoj crpanu, nudepeHnMjaHu HAMOHCKO-CTPYJHH KOHBEPTOpP CavyHMbaBajy
onepannony nojayapadn OA1 u OA3. OTnopHuK R,, CIly’KH 3a OJICIIaBak-€ CTPYjHOT ofceTa.

Crpyja y nosutuBHoM HamojHoMm Boay OAl ce mosehaBa 3a mpubmmwkuo Vy /R, a
caMHM THM Ta KCTa CTPYja ce mojaBbyje U Ha ynaznoj crpanu CM1, kana je V; > 0. [Tomro
je xornmpajyha crpane CMI1 mupektHo crnojena Ha CM2 u Ha ormopauk R’, 3a TONUKO ce
nosehapa u crpyja I, a To mpoy3pokyje aa HarmoH usopa X usHocu Vy R'/R, ogHocHO na ce
WCTH TaKaB HAIOH I0jaBH U Ha u3nazy OA2.

Kana je V1 < 0, ctpyja on mpubnuxHo Vy,; /R, ce jaBba y MO3UTUBHOM HAIIOjHOM BOJTY
OA3, a camuM TUM Ta HCTa CTpyja ce MojaBibyje M Ha yna3zHoj ctpanu CMI1, ma mpeko
kornupajyhe crpane CM1 koja je qupextHo criojena Ha CM2 u Ha otniopauk R'. 3a Tonmko ce
nosehasa u ctpyja I, a To Ipoy3pokKyje aa HanoH usopa X uznocu VR’ /R, oqHOCHO 1a ce Taj
WCTH HAIOH NOjaBu U Ha u3nazy OA2.

OBakBa peanun3zalyja Ipenru3HoOr IBOCTPAHOT ycMepada uMa J1I00py 0coOuHY J1a cTpyja
Iy, IpoJa3u Kpo3 caMo jeIHO CTPYjHO OTJIeNaI0 Y TOKY Tpajama M MO3UTBHE U HETaTHBHE
HoJIynepuoie yiaasHor curnaia. OaHocom ornopuuka R'/R Moxke ce perysiaucaru BeauYnHa
CTPYJHOT MPEHOCHOT OJHOCA.

Takohe, He3aBHUCHO O] TOJAapUTETa YIa3HOT CHUTHalla, KOJO TOBpATHE CIpere
OIEPALMOHOT T10jayaBaya je yBeK 3aTBOPEHO, Ma Ce MPEIM3HO YCMEpaBambe MPAKTUYHO MOKeE
BPILUTH 10 TPaHUYHUX (PEKBEHIMja YIOTPEeO/bEHUX ONEepa[MOHUX TI0jayaBaya.

Crtpyja ce y jeqHoM oJ JBa HalojHa BOJa MOjaBJbyj€ CaMO IO YCIOBOM Ja je CTpyja
Iy MHOTO Beha off cTpyje CONCTBEHE MOTPOIkE ONepaloHor nojadyasava lg. Kana to Huje
Cllyuaj, M3J1a3Ha CTpyja ONEepalMoHOr NojayaBaya lj, ¥ cTpyja y HallojHOM BOJY C€ pa3iMKYyjy.
Jla Ou ce MOrao 3aHEMapUTH YTHIA] CTPYje CONCTBEHE MOTPOLIkE Ig, MOTPEOHO je J1a CTpyja
Iy 6yne mto Beha, anu omeT ca Apyre cTpaHe U Aa Oyje Mama 0J] MaKCUMaJIHe CTpyje h3ias3a

OIEPaIMOHOT TojayaBaya li;max, TAKO Ja Oy/e 3a10BOJbeHA HejeaHakocT [16]:

VuI
I > ry > | (3.21)

OmnepanroHu mojadaBadd Koju uMajy mro Behu omHOC Iizmax/ls, TTOTOMHUJU Cy 3a

peanu3ainujy Iperu3HuX JBOCTPAHUX ycMepaya.
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4. HOBE PEA/IMBAIINJE JABOCTPAHUX YCMEPAYA VY
TEXHHUIU CTPYJHOI ITIPOHECHUPAIbA

Ycemepauu peanuzoBanu ca OA u 1MoaMa 1 ope jeIHOCTABHOCTH Y U3PaIu UMajy U
HU3 OTpaHUYCHA Y IPUMEHHU. Y CMEpaBame HE MOXKE J1a Ce peajn3yje 3a CUTHAJIE KOjU UMajy
aMIUTUTYly Mamy OJ mpara npoBohemwa auone Tj. ucnoa 0.3 V ognocuo 0.6 V (y 3aBUCHOCTH
Jla JIA Cy ynoTpeOJbeHe repMaHtjYMCKE HIT CHIIHIIN]YMCKE JTHO0JIe). 3a MPEBa3MIIaXKEeHE OBOT
npobiemMa u oMoryhaBame ycMepaBama HAINOHCKOT CHTHajla Malieé aMIUIUTYIE MOTY ce
kopuctut OA ca BeJIMKHM MojadameM y oTBopenoj nersp [20]. Kox oBakBux ycMepaua
MojaBJbyjy ce 030M/bHa H300JIMYEHa YCMEpPEHOr curHala Beh mnpu ydecTaHOCTHMa Of
HeKonuKo necetuHa kHz, Tako 5a MxX je mpakTH4YHO Hemoryhe KOpUCTHTH 3a yCMepaBambe
curHana pena BennunHe 100 kHz, a npu yuecranoctuma n3Haa HacTajy 030MIbHA M300IMUEHa
y yemepenoM curnaiy [32]. M3o6muuera HacTajy 300T Tora IITO MPH MTPOJIACKY CUTHAIA KPO3
HYJIy TMOJie HE TIPOBO/IE, a Tana je OA mpumopaH Ja paau y OTBOpeHoj netsbu. Ca mopactom
YYECTaHOCTH CUTHAJa, MAaKCUMaliHa Op3ruHa MPOMEHE M3J1a3HOT HAallOHA y BpEMEHY OrpaHuYaBa
OA na pearyje Op30 mpu OTBapamwy AHOJA, IITO MPOY3POKYje n3obnnyeme. Ynorpedbom OA ca
mro BehoM MakcMMamHOM Op3WHOM MPOMEHE HW3Ja3HOT HAloOHa y BPEMEHY, MOXE ce
MPOIIMPUTH MPOIMYCHH omcer 3a ¢ppekBeHuuje no npubdamxkHo 100 kHz. Takohe ycmepaBame
Ha BUCOKUM (hpeKBEHIIMjaMa YHOCH U300ndema 300r orpaHndyeHe Op3uHe npedamuBama OA
[4].

Orpanuyema y peaau3alyju IpeHu3HUX IBOCTPAHUX ycMepada y TEXHUIU HAlTOHCKOT
IpolecHpama YCIEUIHO e MPeBa3uiia3e pealn3alnjoM y TeXHULU CTPYJHOT MpOLECHpamba.
[Ipenm3Hn JBOCTpaHU yCMepayW pEANTW30BaHM Yy TEXHUIM CTPYJHOT MpOIeCHpama
KopumhemeM CTPYjHUX MPEHOCHHUKA Ka0 KOHBEPTOpPa HAIMlOHA Y CTPY]jy MOOYIMIN Cy BEIUKY
M)XKy Y HAYYHUM KPYTrOBHMA.

I'ope HaBeneHu npobieMu y peanuzanuju ycmepada ca OA Mory JenmuMHUYHO Jia ce

npeBazul)y ynmorpebom crpyjHux mpeHocHuka apyre Bpcre (CCII) [60]. ¥V oBom ciyyajy
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ycMmepad KOPHUCTH JIBa CTPYyjHA MPEHOCHUKA APYTe BPCTE KOJU UMa]jy YIIOTY HallOHCKO-CTPYJHOT

npeTBapaya, Ba OTIOPHHUKA (0] KOjUX j€ jeaH Y3eMJbEH), U YeTUPH AUoje cimka 4.1a).

Vin
o— Y A
ccn 2
X
o3
X B
CCll+ z .
v 1
a)
A A A
o— o— o
+
Vg | R
0) B) r)

Cnuxka 4.1. Peanusayuja geociipanol ycmepaua ca yeiiupu guoge y wexHuyu
clupyjHol Upoyecuparea. a) UpuHyuiiujenHa wema, 6) oouyHa, 8) ca HalloOHCKUM

Hoboswarbem, 1) ca ClupyjHUM H000LULAFEM.

Benuka wu3ma3Ha OTHOPHOCT CTPYJHHX IPEHOCHHWKA EIMMMHHUIIE JUHAMUYKY
OTIOPHOCT JAMO/a IPU YKIJbYyUHBamY, TAKO Jla OBAaKBH yCMepauu Aajy A00pe pe3ynraTte U npu
yuectaHoctuMa u3Han 100 kHz [6]. V [69, 78, 79] mpukazaHo je HpOLIUpEHE OICera
y4ecTaHOCTH moMohy HamoHcke (ciuka 4.10)) uin cTpyjHe Ipearnonapu3anmje auoaa (CianKa
4.1B). Kox ymotpebe CCII u crpyjaux ornenana (CM) y mpoliecy ycMmepaBama, mpoosieM
HacTaje 300r TpelIke y HalOHCKO] MPEHOCHO] KapaKTepUCTHIM CTPYJHOT IPEHOCHHKA,
OJIHOCHO 300T" TOCTOjamka OTHOPHOCTU R, Ha X MOPTy CTPYJHOT MPEHOCHHUKA KOja UMa Mally,
anu HectaObWiHy BpeaHocT (5065 Q) [86]. OBaj mpobiieM ce yCrHemHo pemniaBa yrnotpeooM
ornepauuoHor npeHocHuka (OP), kako je To npukazano y [39, 65]. Ipyru npo0iem ko1 OBaKkBe
peanu3anmje JBOCTPAHOT ycMepada HacTaje 300T TpemKe Yy CTPYjHO] TIPEHOCHO]

KapaKTePUCTHIIN CTPYjHUX ortenana [89].
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4.1 Ycemepau ca cTPYjHEM NPEHOCHUKOM H CTPYjHHMM OIJIeaJIuMa

VY pany [86] MoHmanacopH 1 0CTaIu MPUKA3aJId Cy peain3allijy ABOCTPAHOT ycMepaya
ca CTPYjHHM IPEHOCHUKOM, /IBa y3eMJbEeHA OTIIOPHUKA U YETUPH CTpyjHA orienana. OBo KOJIO

j€ TIOTOJ/THO 32 U3pajly Y HHTETPUCAHO] TEXHUIH, cliuka 4.2.

+Vee
QSI Q33
L=1Q) CM3
Qq Qqp
Vout
0

cCli+ 7|

'VEE

Cnuka. 4.2. [llema geocitipanol ycmepaya ca CiapyjHum UpeHoCHUKOM U CUUpyjHUM

oineganuma [86].

[IpemtosxkeHn ycMepad je TeMIepaTypHO CTa0uIIaH, IMa Majly TPEelIKy ycMepaBamba
norojaH je 3a uzpany y IC rexuunu. Ca npyre cTpaHe 0BO KOJIO UMa U HEKOJIMKO HeJJ0CcTaTaka.
IIpBu je na CC mma Hempenu3Hy HAMOHCKY NPEHOCHY KapaKTEepPUCTHKY 300T MOCTOjama
oTropHOCTH Ry. [Ipyru mpoOiem ce jaBiba MPHUIKOM IMPOJIAcKa yIa3HOT CHTHAJA KPO3 HYITY
300r MpeKkuIaukor paga Tpansucropa nocraBibeHux u3mehy CC u CM. Tpehu HenocraTtak
HacTaje 300r BeJIMKOT Opoja CTpYjHUX OrJiefiana Koja orpaHn4aBajy ppekBeHTHe MOryhHOCTH
koja. Ha kpajy, MOMEHyTH TpaH3UCTOPH OTpaHWYaBajy M HajMamy aMIUMTYAYy YJa3HOT

CHTHaJIa KOja C€ MOXKE YCMEPUTH.
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4.2 YcMepau ca onepaniMoHUM MPEHOCHUKOM H CTPYjHUM OrJleJainmMa

Panu npeBazunaxema nmpodiiema koina ca ciauke 4.2, Ha cnuny 4.3 npuka3aHa je mema
JIBOCTPAHOI ycMepaya ca OICpAalMOHUM IPEHOCHHUKOM M CTpyjHHUM orieaanuma [7]. Ha
OCHOBY penanuja (2.5.5) 3a omepanlMoHU TPEHOCHHK, CTpyja i, Ha HW3JIa3y OMNEPAIMOHOT

IMPCHOCHHUKA MOXKC Jia CC U3pa3u Kao:

=0 (4.2.1)
R
+Vee
Q Qs
L=1Q) cM3
Qo Qo y

OP Z
X

'VEE

Cnuxka 4.3. [llema geociuparnol ycmepaua ca ouepayuoHum UpeHOCHUKOM U CIUpYJHUM

olneganuma.

OBa ctpyja mobOyhyje CTpyjHH ABOCTpaHH ycMepad Kora YWHe 4YeTHpu BuiicoHoBa
ctpyjHa orneaana CM1, CM2, CM3 u CM4, nBa nuoano cnojeHa NPN tpansuctopa Q,¢ 1 Q,q,
U TpH CTpyjHA u3Bopa I, I, u 5.

Crpyjan u3Bopu I; u I, umajy ucry BpeaHoct I; =1, =1 u 06e36ehyjy cramHO

MPOBOJIHO CTamke TpPaH3UCTOpa y CTpyjHuM oriaeganmuma CM1,CM2,CM3 u CM4, amm
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HCTOBPEMEHO CTBapajy u odeet cTpyjy 21 y otnopHuky R,. [la 6u ce oTkionumia oBa odcer
CTpyja yBoau ce Tpehu cTpyjHU u3Bop I3 = 2] Ha HAYMH KAKO je TO MpHKa3aHo Ha ciunu 4.3.
JuogHo cmojeHu TpaH3uctopu Qo U @, CIOyke Jda crpede KpaTKy Besy uzmehy
CTpyjHUX U3Bopa I, u I,.
[Tpukazanu qBOCTpaHu ycMmepad paau Ha cienachu naunn: Kana je crpyja i, > 0, onna
ce OHa MpeKo TpaH3ucTopa Q¢ u crpyjHor ornenana CM1 mojaBibyje y EIOCTH Y KOJIEKTOPY

Tpan3ucrtopa Q,s, a 3aTum npeko CM3, y konekropy Qz, Kao:

21 +i, =gy, (4.2.2)

Kana je ctpyja i, < 0, orzna ce oHa mpeko Tpan3ucropa Q,; u crpyjHor orienaina CM2
y LEJIOCTH TI0jaBJbyje y KOJEKTOPY TpaH3ucTopa Qss, ma mpeko crpjHor oriemana CM3 y

KOJICKTOpY TpaH3uctopa Q;, kao —i,, Tako Ja ce noobuja:

21 —i, =gy (4.2.3)

Kako je Beh Hampen pedeno odcer crpyja 21 enuMuHMIIE ce CTPYJHUM U3BOpOM I3, Ia

Cce 3a BPeJIHOCT CTpYje y OTIOPHUKY R, Mory HanucaTu cienehe penamyje:

I, >0}0g =+1, (4.2.4)

i, <03y =—1, (4.2.5)

Beh je panuje HarnameHo na oTIOpHUK R, CIyXKH 32 KOHBEPTOBAHE CTPYjE€ Y HAIIOH.
Kana je v>0, Tana je uznasHu HaMmoH V,y; = +(Ry/R1)Vin, 0OAHOCHO 3a v<0, U3J1a3HU HAIIOH
j€ Vout = —(Ro/R1)Vin.

Ako ce y3me na otnopHuid R; u R, uMmajy HCTy BpPEIHOCT, OHJa C€ Ha OCHOBY

IIPETXOJHUX pellalyja 3a U3Ja3Hu HAaIllOH MOTy HanucaTu cienehe penanyje:

Vin >0 ; Vout = +Vin (426)
Vin < 0; ot = Vin (427)
Penanuje (4.2.6) u (4.2.7) MoTy ce CakeTH y jeJHy KOja MAaTeMaTHYKH JePUHUIIIEC

JIBOCTPaHU yCMepad:
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Vo = Vi (4.2.8)

out

YHUMC je JOKa3aHOo Ja IIpHUKa3aHO KOJIO 3aucCTa paar Kao ABOCTpaHU yCMEpay.

4.3 Ycmepau ca onmepaliMOHUM NPEHOCHMKOM M CTPYjHUM OrJeJajuMa jeJUuHHUYHOT

nojayama

JIBocTpaHnu ycMmepau 3a maiie curnaie (ciuka 4.5), peann3oBaH je ca oneparoHuM
MPEHOCHUKOM M YETHUPU CTPYjHA Orjieaia jeMHUYHOr Tojadama (ciauka 4.4). Hamoncku
yJIa3HU CUTHAJ CE€ MIPETBapa y CTPYjHU CUTHAI IOMOhyY OneparMoHor MPeHOCHHKa. J{BocTpanu
ycMepad y TEeXHHUIM CTPYJHOT MpOIecCHpama, pPeajr30BaH ca YETHPH CTpYjHA orjienana
JEIMHUYHOT MPEHOCHOT OJIHOCA, HA CBOM HM3Ja3y Jiaje JBOCTPAHO YCMEPEH CTPYjHU CUTHAI
KOjH Ce Ha U3Jla3y KOHBEPTYje y HAIIOHCKU CHTHAJI ITOMONY jeTHOT y3eMJbEHOT OTIIOPHHUKA.

CtpyjHO OIIeaJIo jeAMHWYHOT MPEHOCHOT OJHOca Tpeba Ja WCIymaBa JBa OWTHA
3axTeBa: Ja je CTpyja Ha Komupajyhoj CTpaHW IITO TayHUje jeIHAKa CTPYjU HA MOTOHCKO]
CTpaHM y IITO IIKUPEM CTPYJHOM OIICEry Kao M Ja uMa ITo Behy M3nazHy oTrnopHocT. Yecto
KopuuiheHa peanuzaiyja CTpyjHOT orJiefajia ca YeTHpHU ylapeHa TPaH3UCTOpa Mo3HaTa Kao
BunconoBo (Wilsonovo) ornenano, nocra 100po MCIywaBa IPBH YCJIOB ald HE U JIPYTH.
[IpennoxeHno pemewme [42] cTpyjHOr orjieaana jeJUHUYHOT NMPEHOCHOT OJHOCA UMa JAleKO
Behy H37a3Hy OTHOPHOCT KOja je, HaXaJloCT, 3aBHCHA OOPHYTO IPOMOPIHOHAIHO O]
jeIHOCMEpHE CTpyje moapu3alyje.

Ha cnunm 4.4a) npukasaHna je peanusaiiija ctpyjHor oriefana ca NPN tpansucropuma
JeMHUYHOT TM0jadarka, 0K je Ha ciauim 4.40) mpukasaH yoOWuajeHH CHUMOOJI 3a TaKBO
ornenano. Ha cmumm 4.4B) mpukasaHa je peanusanuja cTpyjHor oriegama ca PNP
TPaH3UCTOPHMA jeTUYHOT Tojavyama, a Ha ciaunu 4.4r) onroBapajyhu cumboi. JemHocmepHa
CTpyja Honapusanuje CTPyjHUX Oriiefana Imocrasibena je Ha Igp = 0.5 mA, mro npezncrasiba
BCHY MaKCHMAJIHY BPEIHOCT 3a paj ycMepada y kiacu A (CTpyja W3Ja3HOT CUTHANA Teue Y
TOKY LIEJIOT IIMKJIyca Tpajama yJlIa3HOI cHrHaia (yrao rnpoBohema je 2m), Tako /a je M3J1a3Hu
CHTHAJI IMHEapPHO NMPONOPLIUOHANAH YiIa3HoM). M31ma3Ha uMneianca CTpyjHUX OrJieiana MHOTO
3aBucH o1 ¢pexBeHuyuje. OHa je pena BeJIMYMHE HEKOJIMKO MCQ, anu ApacTHYHO omajaa 3a
yuectanoctu u3Han 100 kHz. JleraspHO ofjammmeme pajga OBUX CTPYJHHX HM3BOpA JIaTo j& Y

[51].
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Cnuka 4.4. Peanusayuja ciupyjHol oinegana jeguHuyHol nojavarsa:

a) NPN, 6)cumbon NPN, ) PNP, i) cumbon PNP.

Ha caumu 4.5 npukasana je memMa JBOCTPAaHOT yecMepada ca CTPYjHUM NMPEHOCHUKOM 1
CTPYJHUM OIJIe[lajliMa jeJUHUYHOT Tojayama. Ha OCHOBy penamuja 3a omneparuoHu
MIPEHOCHUK, CTpYyja i, Ha W3J1a3y ONEpaoOHOT TPEHOCHUKA MOXeE Jla C€ U3Pa3H Kao:

66



Munan /. Beckosuh

Joxkimopcka gucepiuayuja

(4.3.1)

OBa ctpyja moOyhyje cTpyjHH IBOCTpaHU ycMepad KOora 4YWHE YETHUPH CTpYjHA

orjaefana jeadHuyHOr Tmojadama CM1,CM2,CM3 u CM4, nBa nuoaHo crmojeHa NPN

Tpan3uctopa Q@ u Q,, u Tpu cTpyjHa uzBopa I, I, u I5.

OP 7z

i >0f

i, <<m

u:(

’VEE

Cnuxka 4.5. lllema geociupanoi ycmepaya ca ouepayuonum UpeHoCHUKOM U CIpyjHUM

olneganuma jegquHu4Hol HAUOHCKOI Hojauarea.

OBO je KOHIEMNIM]CKU UCTO KOJIO Kao Ha ciuiy 4.3, ca TUMeE /1a Cy OBJIe Y peau3aluju

ycMepaya ynoTpebJbeHa CTpyjHa Orjiefaja jeAMHUYHOT mojadama. CBe penamyje Koje cy

Ba)KHJIE 32 IPETXOJHO KOJIO BayKe ¥ 33 OBO TAKO Ja OH IPEICTaBIba ABOCTPAaHH yemepad [7].

4.4 Ycmepad ca 1Ba onepanioHa NPeHOCHUKA M JIBe THO/Ie ca MPeanoJapu3aiujom

Jlo cama je y nureparypu [59, 67, 68] omucaHo BuIlle BapujaHTH MPCIHU3HUX

JBOCTPAaHUX ycMmepaua Koju cy peanuszoBaHu ca asa CCII u wernpu amone. Ha cnunm 4.6

MPEACTABLEHO j€ HOBO JETHOCTaBHO pemierwne 3a yemepau ca asa CCII, ase auone, nBa u3Bopa
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JEITHOCMEPHOT HAMOHA, JeITHUM U3BOPOM jeTHOCMEpHE CTPYje U 0€3 OTIIOPHHUKA B O3 CTPYJHUX

orjiecaala. Hpe,Z[J'IO)KCHI/I yCMepaqje ImoroaaH 3a YyCMEpaBalkb<C CUTHaJIa MAJIUMX aMINNIMTyda 3aTo

IITO C€ KOPHUCTH IMPEHOCHA KapaKTEePUCTHKA TUOAE y O0JacTH mpara mpoBohema Juoe.

OrmepaoHy MPEHOCHUK Oa3upaH Ha M3JIA3HOM CTEICHY Ca CTPYJHHM MHpOILIECHpameM, ca

JT00pOM HAaIIOHCKOM U CTPYjHOM MPEHOCHOM KapaKTEPHCTUKOM U 06€3 OTIIOpHOCTH R, (Koja je

eMMHUHUCaHA YITOTpeOOM OIeparioHOT MPEHOCHUKA), j€ YIOTPeOJhEH 3a peaanu3alnjy Koa.

Jlnone Koje ce KOPHUCTE Yy peau3alliju KoJia UMajy 1I00py CTPYjHO-HAMIOHCKY KapaKTEPUCTHKY

naty Ha cnuii 4.7, v 3a70BajbaBajy cienehy jeTHauunHy:

ool

Ca cnuke 4.7 yoyaBa ce Jia je mpar npoBohema J1uojie V, = 0.5V, a na uzmely

(4.4.1)

V, < vp < Vf uMa HenMHeapHy 3aBUCHOCT CTpyje o/ HanoHa. Takole ce Buau 1 1a 3a

vp > Vi BaXu JIMHEApHA 3aBUCHOCT CTPYje ca pelUIpoYHOM BpenHomhy ornopaoctu Ry Ha

OCHOBY IPEHOCHE KapaKTEpUCTUKE AMOJE MOXKE C€ 3a JHUPEKTHY MOJIapU3alijy U3BPILIUTH

arpoKCcHMalyja HalloHa JHOJE ca jeTHOCMEpHHM H3BOPOM HAamoHa Vi M pefHO Be3aHe

ornopHocTH R¢. Kako Ou ce goBena quona Ha UBHILY MpoBohema Mopa OUTH UCTTYH-EH YCIIOB:

V<V <V,
- ---"-"-""~"~"~*">"~*"""~"~"~*~"~*~"~“~"~>"*>"@"@”"@™”"@/”=¥”"~"~"—=— a
— X :
Ix2 (OP-) 7z -— |
D2 2 22 |
r Y |
Ve | :

2 | You

= R

|+

B
|||—

N

o

|

|

|

|

D1 :
Bl |
|| -]
X |
v | ory z |
Y1 I

|

(4.4.2)

Cnuxka 4.6. [llema tipegnodicenol geoctupanol ycmepaia ca onepayuoHum

ipeHoCHUYUMa U gee guoge.
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Cnuxka 4.7. Ciupyjrno-naiioncka Kapaxkimepuciiuka guoge

peanna u aupokcumMaliusHa.

[TpuHIMO pajia mpeIoKeHOT ycMepaya je cienehu:

3aV,, = 0V, jennocmepHa ctpyja I Tede kpo3 nuoae D; u D, u oHa je 006e30ehena u3
jeaHocMepHor crpyjHOr m3Bopa 2l,. HamoHu Ha mpukibydnuMma CTPYjHUX NMPEHOCHHKA Cy
Ve =0V, Vy, = Vg, Voue =0V,

3aV;, > 0V, nogatHa cTpyja i, Teue kpo3 quony D; u Tama Baxu ciencha penamnmja:

Vin Vi =Ry iy +Vg =0=y :R_m (VB =V ) (4.4.3)
f
OH,[[aje H3JIa3HU HAIIOH yCMEpada JaT ca:
. R,
Vo == Rl :_Evin (4.4.49)

3a Vi, < 0V, nomatHa cTpyja iy, Tede kpo3 nuoay D, u Tama Baxku cieneha penanuja:

1 H Vin
Vin +Vs +R; Iy, =V =0=1y, =_€ (VB =V ) (4.4.5)
U TaJia BaXKU 1A je U3JIa3HK HAllOH ycMepaya JaT ca:

. R
Voul == RL I, = ELVm (446)

YomnureHo PCUYCHO 34 MO3UTHUBAH U HCTAaTUBAH CHUI'HAJI BAXXU 4 je HU3JIa3HU HAIIOH JaT

cnenehom penarujom:
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R

Vout :_€L|Vin| (447)

YumMme je 1oKa3aHo J1a KOJIO MPUKa3aHo Ha ciui 4.6 mpeacTaBiba MPEU3HU JBOCTPAHU
ycMepay Koju MOXe OUTH jeAMHUYHOT nojadama (G = % = 1), unu ca nojauamem (G > 1),
i ca cinabpemeM (G < 1) y 3aBucHOCTH 011 M300pa 0JTHOCA OTIOPHOCTH Ry, 1 Ry.

Jemnocmepuu u3Bop crpyje 21, je ynorpeOsbeH na eNMMUHHUINE HAIOHCKH OCeT Ha
u3na3y ycMmepada. BakHO je MpPUMETHTH Ja TOpacT yiaa3HOr HamoHa Vi, y MO3UTHUBHO]
MOJIYTIEPUO.IN TIPOY3POKyje na odeet crpyja Iy kpo3 auonay D, omana, u mocraje jenHaka Hyau

3a Vi, > V,, npoyspokyjhu nmopact odcer crpyje muozne Dy 1o Bpeanoctu 21,. YV oBoM ciy4ajy

TO HHje OUTHO jep ce ycMepaBajy CUTHAIIM MaJie aMIUTUTY/IE.
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5. PSPICE AHAJIN3A ITPEJJIOKEHUX OIIEPAIIMOHUX
HPEHOCHHUKA U IBOCTPAHUX YCMEPAYA

5.1 Ana;in3a onepanuoOHNX MPEHOCHHUKA €A CTPYjHUM KOPMHJIApeHeM HA U3J1a3y

Kako 6u ce rcrinTale KapakTepUCTHKE OBAKO PEATH30BAHOT OTIEPAIIMOHOT IPEHOCHUKA
MpuKa3aHor Ha cinuuu 2.27, nodyanu reHeparop Vin je Be3aH Ha Y NMPUKIbYYaK, OTIOPHHUK Rin
u3mely npuksbyuka X u Mace, a uszna3 Z npeko onrepehema R; je Be3aH Ha macy. HamoHu
Hanajama cy omwm Voo = —Vgg = 10 V, ok cy 3a peanuszanujy ynorpeObeHH TPaH3UCTOPH
2n2369 (npn) u 2n4209 (pnp).

3a paznuuuTe BpeIHOCTH cTpyje |t kopuiihene cy cienehe BpeaHOCTH 3a OTIIOPHUKE

npukasase y Tabenu 5.1:

Taoena 5.1 Bpegnociiu owiiloprociiiu 3a pasnuduide ciupyje 1. .

It [mA] Rz [kQ] Ra[kQ]
8 48 57
6 6.45 78
4 9.7 118
2 29.4 220

Ha coumm 5.1 npukasana je (pekBEHTHa 3aBUCHOCT OTIOPHOCTH Ry 3a pa3nuuure
BpenHocTH cTpyje IT. YouaBa ce ma oHa MMa BeomMa Mary BPeTHOCT Y IIEJIOM OICETy MTPOMEHE

crpyje It, no rpannune yuecranoctu fr ~ 500 kHz (cnuka 5.3).
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Cnuka 5.1. @pexsenitina 3asucnociu owmilopHociiu Ry 3a pasnuuuiie 7.

Ha criumm 5.2 npuka3zana je u3jia3Ha OTIIOPHOCT y PYHKIU]H yI€CTaHOCTH 32 PA3TUINATE
BpenHOoCTH cTpyje |1. YouaBa ce Belmka 3aBUCHOCT M3JIa3HE OTHOPHOCTH OJ1 CTPYje, TAKO IITO
ce oHa noBehaa ca cMamemeM crpyje 1. [lorpebno je nzabpatu KOMIPOMUCHO pELIEH:E, jep
je ca jemHe cTpaHe HeomnxoaHa Beha BpeqHOCT cTpyje 300T IpoImpema oncera y KoMme Kojo

paau y IMHEapHOM PEXHUMY, a ca Jpyre cTpaHe moTpeOHo je 06e30eauTH mrto Behy BpeaHocT

H3JIa3HC OTIIOPHOCTHU.

75.0k

70.0Kk FYYYYV VvV YYYVYVYVYVY

vvvvvvvvvvvmv
65.0k v,
VVv
60.0k -8 .
—m—|_=8ma 4
55.0k T v
50.0k —elL=6mA v
E 450k I, =4ma ¥
< v
S 40.0k —v— |T =2mA .
- A\
3 i AAAAL  laAAAAAADAL, v
o 350K e
30.0k =
25.0k L 2

20.0k
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10.0k
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Chuka 5.2. Opexseniina 3a8UCHOCT U3NA3HE OMHLOPHOCIIU UPEHOCHUKA 34

paznuyuite Ir.
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Ca ciuke 5.3, Ha K0jOj Cy MPUKa3aHE PA3TMYUTE BPEAHOCTU TOjadama y (YHKIHjH
Y4eCTaHOCTH 3a BpeIHOCT cTpyje Ir = 8 MA, youaBa ce Ja y OBOM Cy4ajy HE BaXH TBP/IHba
J1a je IpoU3BOo/ Nojavama U rpannyHe yuecranoctu GBW, koHcTanTan kao koxa koja ca OA
(GBW = A * BW = const.), Beh na ca npomenom mnojauama (mmojadarme ce mosehasa) rpaHu4Ha

Y4E€CTaHOCT OCTaje HEIPOMCH-CHA.

10 ——_
9 '\‘
8 \
—G=1
T ..... G=5
6 - =-G=10
£
T T
. .
3
2
1
10k 100k M
f, Hz

Cnuka 5.3. Ilojauarwe tipenocnuxa 3a It = 8 mA.

Ha cnunum 5.4 npukazane cy CTpyjHa M HallOHCKa MPEHOCHA (yHKIIMja ONepanuoHor
IIPEHOCHUKA. Buam ce nga cy NpeHOCHE KapaKTEpUCTHKE y NOCMAaTpaHUM OICE3MMa paja

MMPaKTUIHO UJICATTHC.

20.0m ~
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6.0m 10.0m
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Cnuka 5.4. [lpenocne ynkyuje ipenochuka a) cipyjua, 6) HAuOHCKA.
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[Ipemiokena peanu3anmja oneparioHOr MPEHOCHWKA Ha 0a3u M3JIa3HOT CTEleHa ca
CTPYJHUM KOPMHUJIAPEHEM, HMa BeoMa JI00py CTPYjHY ¥ HAMOHCKY MPEHOCHY (YHKIIH]Y 3aTO
ITO j€ OTIIOPHOCT KOjy BHJIM HHBEPTYjyhH MPUKIbydaK CBeeHA HA 3aHEMAPJHUBY BPEIHOCT.

Amnanu3a no0oJplIaHe Bep3uje ONnepanoHoT MPEHOCHHUKA ca CTPYjHUM KOPMHJIApEHEeM
Ha u3ia3y (cnuka 2.28) ypaheHa je Kpo3 UCTy Ipoleaypy Kao 1 3a KoJio ca ciuke 2.27. Hamonu
Hamajama cy ommi Voo = —Vgg = 10V, 1ok cy ynorpebsbenu tpansucropu 2n4014 (npn) u
2n4059 (pnp). 3a ctpyjy I+ = 4 mA kopunihene cy cienehe BpeAHOCTH 3a OTIIOPHUKE: R, =
9.46 kQl u R; = 168 k().

OTtnopHOCT Ry OBaKBOT OIIEPAIIMOHOT IPEHOCHUKA j€ UCIOJ JEHOT €2, IITO MPAKTUIHO
3HAYM J]a C€ MOXKE 3aHEMapPHUTH.

Ha ciunm 5.5 npukazana je (pekBEeHTHa 3aBUCHOCT MOJyJia M3JIa3HE HMMIICIAAHCE
OTIEPALMOHOT TIPEHOCHHKA 32 BPETHOCT cTpyje It = 4 mA. YouaBa ce j1a OHa UMa KOHCTaHTHY
Bpeanoct (pexa BenuunHe 50 k() 10 rpaHMYHE y4eCTaHOCTH KOja je y OBOM Cly4ajy pena
BenmunHe fr ~ 500 kHz. M3nasny wummenancy YWHM MapajieiiHa Be3a OTIOPHOCTH H
KaIalMTHBHOCTH KOja C€ BHJM Ha MPHUKJBYUKY Z ONEPAaLMOHOT MPEeHOCHUKA. buio 6u no6po
Ja MOJyO H3Jla3HE MMIIEJaHCe MMa INTO Behy BpEAHOCT, IITO MOXE Ja C€ IOCTHTHe
CMambUBalkEM BPEIHOCTU 3ajare cTpyje It, allu ce OHJa cMamyje orncer mMoryhe mpomeHe
ctpyje I; Ha u3naszy, mTo camo Mo cedbu Huje 100Po.

Ha ciunum 5.6 mpukasaHa je 3aBHCHOCT I0jadyama OIEPALMOHOT TNPEHOCHHKA O
Y4E€CTaHOCTH, Ha OCHOBY KOj€ 3aKJbydyjeMO Jia c€ MPOMEHOM I0jadara HE MEHa IIUpPUHA

MIPOITYCHOT OIICera.

50k

40k

30k

1,(ohm)

\
N

1k 10k 100k
f, (Hz)

out

1Z
N
=)
=~

Cnuka 5.5. Mogyo uznasue umiiegauce otiepayuonol penocuuxa 3a It = 4 mA.
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Cnuka 5.6. Pasnuyuitie 8pegroctiiu tlojauarsa ouepayuoHol UpeHOCHUKA 3a

It = 4 mA, y ¢pyuryuju og yueciianociuu.

Ha caumm 5.7 u caunm 5.8 mpukazaHe cy CTpyjHa UM HamoHCKa MpeHOCHa (yHKIUja
MPEUIOKEHOT TPEHOCHWKA. Buam ce na cy NpeHOCHe KapaKTepUCTHUKE y TOCMAaTpPaHUM

orice3uMa pajia MPaKTUYHO UJICATHE.

1000 lout [“A]

500 |

T T T T v T T T
-1000 -500 0 500 1000
iin [“ A]
-500 _|

-1000

Cnuka 5.7. Citipyjua upeHoCHa Kapaxkilepucmiuka ouepayuoHol upeHoCHUKA.
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T
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-10 _

Cnuka 5.8. Hationcka UpeHOCHA Kapaxkiepuciiiuka ouepayuorol UpeHOCHUKA.

[Ipemioskena peanusanuja onepalioHOr MPEHOCHWKA Ha 0a3u M3JIa3HOT CTEleHa ca
CTPYjHUM NPOLIECHPAbeM U BHIICOHOBUM CTpPYjHHUM OTJIeAaINMa, UMa BeoMa JJ00py CTPYjHY U
HAIMOHCKY NPEHOCHY (YHKIM]Y 3aTO LITO j€ OTIOPHOCT KOJy BUJIM MHBEPTYjyhu NpuKIbydaK
CBeJleHa Ha 3aHeMapJbUBY BpenHocT. HamoHcku mojayaBauy peann30BaH Ha OCHOBY Tako
MIPEJIOKEHOr  ONEPALMOHOI INPEHOCHUKA HEMa OIPAaHUYEHE BE3aHO 33 KOHCTAHTHOCT

poM3BO/Ia Nojauara U ppekBenTHor orncera (GBW=constant. [40]).

5.2 YcMmepau ca onepanMOHUM NPEHOCHHKOM U O0MYHHUM CTPYjHUM OrJieJajinMa

W3Bpiena je PSPICE ananuza gBocTpaHor ycMepaya ca olnepaluoHUM MPEHOCHUKOM
U CTPYjHHUM OrJiefalnMa 4YHja je JeTajbHa eJIeKTPHYHA IeMa MpHKa3aHa Ha ciauim 5.9.
OrneparuoH TPEHOCHUK KOJU j€ YHOTpeOJbeH Yy peanu3amnuju JBOCTPAHOT ycMmepada
aHaJM3UpaH je y moriaspy 1.5.

Ha ocHOBy cuMynanmuoHuX TpoBepa W Mepema CHUMJbEHA je 3aBHCHOCT R, of
(bpekBeHIyje Kao mrTo je mpukazaHo Ha e 5.10. Youasa ce 1a OTIopHOCT R, iMa H3y3e€THO
Mairy BpemaHocT Ha ydectaHoctuma wucron 200 kHz, a wsnag nHarmo pacre. Cimmka 5.11
IIpHKa3yje Ja u3jaasHa OTIOPHOCT R, ONEpallMOHOT IPEHOCHUKA UMa CTAOUIIHY U pEJIaTUBHO
BHCOKY BpeaHocT (mpubmmxuo 38 k(1) Ha yuectanoctuma ucnon 200 kHz, a u3nag nounme

Haryo na omana. Kako je 3a mpernu3Ho ycmepaBame moTpeOHo Aa Ry WMa CTaOWIHY | IITO je
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Moryhe Mamy BpeIHOCT, a Ry, cTabmiIHy u mTO je Moryhe Behy BpemHOCT, 3akibydyje ce na
MPE/UIOKEHU OINEPAIMOHM TIPEHOCHUK MOXKE KBAIMTEHO Ja (YHKIMOHHIIE CBE JIO
yuectanoctu on 200 kHz.

Y cumynanmuju kKoia ca chouke 5.9, cTpyjHa orenaga cy peajgud3oBaHa ca
tpansuctopuma 2N3904 (NPN) u 2N3906 (PNP). Bpennoctu cTpyjHHX U3BOpa Cy I, =
I, = 13/2 = 100 pA, 10K je 3a BpeJHOCT OTIOPHHUKA y3eTO Ri, = Ryye = 10 .

Ha ciumm 5.12 mpukasana je HamoHcka npeHocHa kapaktepuctuka Voue = f (Vi)
MPEAJIOKEHOT yCMepada 3a orcer mpomeHe ynasHor Hamona -10 mV+10 mV, ca koje ce
3aKJpydyje Ja MHpUHA MPTBE 30HE ycMepaua Jiexku y omcery -0.5 mV-+0.5 mV. MptBa 30Ha
HAcTaje Kao IMOCIeNuIla YKJbyYMBamkba M HCKJby4HMBama TpaH3ucropa Q,, u Q,q, a meHa
[IMPHHA TIOBE3aHa je ca W3JIa3HOM OTIIOPHOIINY OIepanroHOr MPEHOCHUKA TaKo Jia Ce Mamba
[IMPUHA MPTBE 30HE Ma Ko Behe h3l1a3He OTIHOPHOCTH.

Ha cnumu 5.13 mpukasan je TanacHu OOJIMK HAarlOHA HA M3Ja3y ycMepaua 3a CUHYCHH
curHain Ha yna3y ammautyne 10 mV u ¢pexsenuuje f = 100 kHz, a na counm 5.14 nat je
MpHKa3 00JMKa CUTHAJIa Ha M3J1a3y KaJia je Ha yja3y CHHYCHHM CUTHAJ aMIumityae S mV u f =

100 kHz.
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a/sHA eneKilpoHcKa wema UpeyusHol geociipanol ycmepava ca
otlepayuoHuM UpeHOCHUKOM U CHUPYJHUM 0l1eganuma.
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Cnuxka 5.10. 3asucnocui ottioprociuu Ry og ¢ppexeenyuje.
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Cnuxka 5.11. 3asucnocii usnazue owmiioprocii R, 0g ¢hpexeenyuje

yiloiupeod.beHol 0UepayuoHol UpeHOCHUKA.
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Cnuka 5.12. Hationcka ipeHocHa Kapaxkimepuctiiuka upeguoiceHol yemepayd.
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Cnuka 5.13. Tanacnu 061Uk HallOHa Ha U31A3Y YCMepada 3a CUHYCHU YIA3HU CUTHAT

amitiuinyge 10 mV u f = 100 kHz.
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Cnuka 5.14. Tanacnu obaux HaloHa HA U3NA3Y YCMePada 3a CUHYCHU VIA3HU CUTHATL

amitiuiiyge 5 mV u f = 100 kHz.

Ha ocHOBY cripoBefieHMX CHMYJIAIIMOHUX IPOBEpa ycMmepada ca ciuke 5.9 moxe ce
3aKJbYYUTH J1a je y CTamy Jla U3BPIIM HCIpaB/bakbe yJa3HOI HAMOHCKOI CUTHaja Maje
aMIUTHTYJIe, Ha MHOTO Mpenu3Huju HaunH (cauka 5.13 u cnuka 5.14).

PSPICE ananm3a gBocTpaHor ycMmepada ca ONepalMOHUM MMPEHOCHUKOM U CTPYJHUM
oryieflauMa rmokasyje J1a mpeUIosKeHH ycMepad BeoMa KBATUTETHO yCMepaBa CUTHAJIe MaIuX

amruintyna (pena BenuunHe 10 mV) U penaTUBHO BUCOKHMX y4YecTaHOCTH (pefa BEIUYHHE
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200 kHz). Peanmu3aiujoM omepanyoHOr MPEHOCHUKA, OTIOPHOCT Ry Koja moctoju Ha X
MPUKJBYYKY je IPAKTUYHO CBEJCHA Ha HYJy, a TUME j€ eIMMHHUCAHA U TPelIKa y U3JIa3HOM
CHTHAITy KOja HacTaje Kao MoCcieIuIa MOCTOjalkha OBE OTIIOPHOCTH. YTIOTpeOoM BriicoHoBHX
CTPYJHHX OrJiefalia Koja uMajy Beoma J00py CTpYyjHY IPEHOCHY KapaKTepUCTHKY, a Koja ce

AQHAJIMTUYKU MOJXKE MPECTaBUTH Kao [76, 98]:

: , 2
bt = (l - ?j (5.2.1)

rae 3 mpezacTaBiba CTPYjHO TOjadame ynoTpeO/beHUX TPAH3UCTOPA, MOXKE CE 3aK/bYUyTH J1a je
rpelika Koja moTu4e o] CTpyjHE MPEHOCHE KapaKTepUCTHKE Beoma Mania. Mehyrum, kako je 3a
Vin > 0, i, > 0 u xonmupa ce nomohy CM1 u CM2, nok je 3a V;, <0, i, < 0, u xomnupa ce

nomohy CM2, CM3 u CM4, onna cy taune cieaehe penamyje [42]:

4

Vin > 0’ Vour = 1 Vin [1 - Ej (5.2.2)
] N 6

V,, <0 v, =-v, |1- E (5.2.3)

Tako Ja ce Irpelika ycMmepaBamwa nosehaBa m Mmano je Beha KoJ HeraTMBHE IOJYNEpPHOJIE.
I'pemika xoja ce jaBjba MpH MPOJIACKY YJIa3HOT CUTHAJA KPO3 HYIy U Koja ce MaHudectyje y
BUJYy MpTBE 30HE Ha HAIMOHCKO] IPEHOCHO] KAapaKTEepUCTHLM OCTaje NMPHUCYTHA y OBOj
peanmu3zanuju. OBa rpelika He MOXKE J1a Ce eJIMMUHUILE, all MOXeE J]a C€ CMambHU YIoTpeOoM
OTIEpalIMOHUX TTPEHOCHMKA ca BehoM m3ia3HoOM oTnopHormrhy. Baxno je uctahu ma xom oBe
peanu3anuje ycMepada Hema Tpenike 300T Hem30eKHOT oceT HamoHa, al MOCTOJH MPTBa

30HaA.

5.3 YcMmepaua ca onepauoHUMM NPEHOCHUKOM H BHJICOHOBHM CTPYjHHUM orjiefaaumMa

JletasbHa eNeKTpUYHA IIeMa JIBOCTPAHOI ycMepaya ca ONepalioOHUM MPEHOCHUKOM U
crpyjuuM ornenanuma 3a PSPICE ananu3y npukaszana je Ha ciuuu 5.15. CtpyjHa orienana

nprKasaHa Ha ciukama 4.4a) u 4.4B) peanu3oBaHa cy ca Tpansuctopuma 2N3904 (NPN) u
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2N3906 (PNP). 3aBUCHOCT BUXOBE M3J1a3HE OTIOPHOCTH O] YUYECTAHOCTH JaTa j€ Ha CIUIU

5.16, a cTpyjHa MpeHOCHA KapaKTepUCTHKA ITPUKa3aHa je Ha ciumu 5.17.
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Cnuka 5.15. Jlettiamha enekitiporHcka wema UpeyusHol geocipanol ycmepaya ca

olepayuoHuM UpeHOCHUKOM U Bunconoeum ciupyjuum oinegaiuma.
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Cnuka 5.16. 3asucrnociu usnasme owmioprociiu og ¢pexsenyuje 3a CM.
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Cnuka 5.17. Ciupyjna iipenocna xapaxiiepuciiuxa 3a CM.

OmneparinoHy TPEHOCHUK KOJU j€ YIMOTpeOJbeH y peann3aluju JBOCTPAHOT ycMepada
ananmusupad je y [91]. 3a Tpansucrop Q4 y3er je 2N3904, a 3a Q, 2N3906, BpeAHOCTH CTPYjHHX
M3BOpa y IBOCTpaHOM ycMmepauy ¢y [y = I, = I3/2 = 100 pA. 360r nojemaBamba HATOHCKOT
odcera Ha U3Nazy, y3ere cy BpenrHoctu 3a orropuuke: Ry = 10 Q u Ry = 10.3 ). u mpeHocHa

KapaKTEepUCTHKA UMa U3TJIe Kao Ha ciauiy 5.18.
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Youasa ce 1a ce MpTBa 30Ha Hayas3u y orcery -0.3 mV no 0.2 mV, nakie Beoma je mana

U HE MOCTOjJU CUMETPUja y OAHOCY Ha HYNATY BPEAHOCT HAllOHA Ha yIasy.
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Cnuxka 5.18. Hationcka iipenocna Kapaxkimepuciiuka upeguoriceHol yemepaud.

Ha cnunm 5.19 npukasan je TazacHu oOJMK HaloHa Ha U3ja3y ycMmepaua 3a CHHYCHH

curHai Ha ynasy ydecrtanocta 100 kHz u ammumatyne 5 mV.
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Cnuka 5.19. Tanacnu obaux HatloHa Ha U3NA3Y yeMepada 3a CUHYCHU VIA3HU CUTHAT

amiauiiyge 5 mV u f = 100 kHz.
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Ha ocHoBy cnuke 5.19 Moxe ce 3akby4UTH JAa MNPEUIOKEHH ycMepad BpJIO KBAJTUTETHO

YCMEpaBa CUTHAJIC MaJIUX aMILIMTyAa, a U pEJIaTUBHO BUCOKHX YUCCTaHOCTH.

VY [89] Mory ce BuaeTH TanacHU OOJIHIM YCMEPEHUX CHTHAJIA MUCTHUX aMIUIUTYAA W
ydectaHocTH Beh 00jaBJbeHHMX ycMepaua, 1a Ha OCHOBY HHXOBHX yropehema Moxe ce
3aKJbYYHTH JIa TIPEIUIOKEHH yCMepad UCTO, aKo He M 00Jbe, BPIIHM YCMEPaBamhe CUrHajIa MaliX

AMIUINTYyda U pEJIaTUBHO BUCOKHUX YUYCCTAHOCTH.

54 YcMepaq Ca IBa onepanuoHa NpeHOCHUKA U IBE TH0/I€ Ca npe)]no.ﬂapmaunjOM

VYcaBplleHu NMpeur3Hy IBOCTPaHU yCMepad 3a Majle CUTHalle pa3MarpaH y MOIJaBJby
4.4 a npukasan Ha cnuim 4.6 cumynupan je y nporpamckum makery PSPICE. Onepaunonn
MIPSHOCHUK ca CTPYJHUM TIpOIeCHpamkeM MpuKkaszan Ha cimnu 1.31 peanuzosan je ca OA TLO81
u cTpyjoM It = 2 mA. YcmMepad je pealin30BaH ca jeAHOCMEPHUM HAIIOHCKUM U3BOpOM, Vg =
0.6V xoju cimyku 3a MNpEeANoONapu3lidjy OuoJa H CTpyjHuM wuszBopom 2I; = 1.48 mA.
Ynorpebsbene cy O6p3e nuone 1N4148 uumja je cTpyjHO-HANOHCKA KapaKTEpUCTHKA JaTa Ha
ciui| 3.7 U ca Koje ce MOXKE 3aKJbYUUTH J1a c€ OTIMOPHOCT Ry mema y omcery 20 Q < Ry <
250 Q. Takohe ce moxe BueTH U 11a je ctpyja quoae I, = 0.74 mA 3a nanon quoje ox 0.6 V.

Jla O6u ocurypaiu 11a je vy, = 0 V3a vy, = 0V, Mopa ce yBecTH jeTHOCMEpHU CTPYjHH
mBop 2lp = 1.48 mA. 3a yna3Hu curHan oa v, = 20 mV wu otnopHoct R = 140 Q
00e36ehyje jeaMHnYHO Nojavame, a 3a ornopHocT Ry, = 800 () naje HanmoHcko nmojayamwe G =
5. Takohe 3a yma3Hu curHan ojn vj, = 200 mV u otmopHoct Ry = 26 (), 06e36ehyje
JEIMHUYHO Mojavame, a otnopHocT Ry, = 1400 () naje HanoHcko nojavame G = 5.

[TpeHocHa KapaKTepUCTHKA IBOCTPAHOT ycMepaya Ipuka3ana je Ha ciuiy 5.20.
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Cnuxka 5.20. [Ipenocna nationcka Kapaxiiepuciiuka ycmepada

Ca npeHOCHE KapaKTEpHCTHKE Ce MOKE BUJIETH J]a HE TIOCTOjH MPTBa 30HA 3a IIPOJIa3aK
yJIa3HOT CHTHajla Kpo3 Hyiy, IITO je mpegHocT. Takole, kao mocieaua NpoMEHJbUBOCTH
OTHOPHOCTH Ry MOCTOjM 3HAYajHO OJCTYNAHE O] MICATHOT OOJHMKAa IPEHOCHE JIMHEapHE
KapaKTepUCTUKe (0J] MaTeMaTHYKe jeTHaAYMHE ABOCTPAHOT yecMepada, y = —|x|).

TanacHu 001MK HaOHA Ha W3J1a3y yCMepada 3a CHHYCHH CHUTHAJI Ha yJia3y aMIUIUTYZAe
200 mV 3a paznuuuTe BpeIHOCTH I0jadama 1 (peKBEHIINje TPUKA3aH je Ha ciuiu 5.21.

3a pa3nuuuTe BPEAHOCTH MOjadyama U (peKBeHIIM]je Ha CIUIM 5.22 MpUKa3aH je U3Iie]

HaIlOHa Ha U3J1a3y ycMepaua 3a CUrHall Ha yna3y ammmryzae 20 mV.

Cnuka 5.21 u cauka 5.22 nokasyjy Aa HOpeJIoKeHH ycMmepad MOXe ycMepaBaTd U
CHTHAJIE KOJU MMajy PENaTHBHO BEJUKY aMIUTUTYAY, ajld Ja je TOTOJHMjU 32 YCMEpaBame
MaJIuX CUrHajia 3axBajbyjyhu odcer ctpyju 21, umja ce pacnonena uzmely nuona Dy u D,
3Ha4ajHO Mema ToBehameM ylla3HOT HaroHa. HberoB (peKBEeHTHH OJ3MB j€ OTpaHUYCH
MaKCHUMAaJTHOM Op3MHOM IPOMEHE M3JIa3HOT HallOHa Y BpeMEHY YIOTpeOJbeHUX ONepariioHuX

nojayaBava, Kao 1 (PpeKBEHIIM]CKUM KapaKTepuCcTHKaMa KOPUIINEHUX JHOAa U TPaH3UCTOpa.
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Cnuka 5.21. U3ineg ycmepenol cuinana 3a CUHYCHU YIIA3HU CUTHAT AMUTULYge

200 mV 3a paznuquita iojavarea u ¢ppexeenyuje a) 20 kHz u 6) 200 kHz.
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Cnuka 5.22. U3zineg ycmepenol cuinana 3a ynazuu cuinan og 20 mV 3a paznuuuiiia

Hojauarea u ¢ppexsenyuje a) 20 kHz u 6) 200 kHz.

[TomTo je ycMmepad HeJIMHEapaHO KOJIO, KOHBEHIMOHAJHA aHAIW3a Ce HE MOXKe
KOPUCTHTH 3a €Ballyalldjy KBaJHTETa HErOBOI paja Ha BHCOKMM ()peKBEHIMjaMa. 3a TO ce
MOJKE KOPHUCTHTH KOHIIENIT TeHepanu3oBaHor (pekBeHTHOr om3uBa (generalized frequency
response - GFR) [92-94]. Ou ce 3acHuBa Ha ymopehuBamy pa3IMUUTHX OJHOCA YJIa3HOT U
M3TIa3HOT CUTHAJIA yeMepaya Y 3aBUCHOCTH OJ1 aMIUTUTYZE U (pEeKBEHLH]E.
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[IpBu mnapamerap TreHEpalM30BaHOT (PPEKBEHTHOI OJ3MBa 3a OIEHY KBaJIUTETa
ycMepaua je payr, Tj. OJHOC CPeAUX BPEAHOCTH YCMEPEHOT W yia3Hor curraia (Average

Value Ratio - AVR), u oH ce u3padyHaBa Kao:

1
— = |V, (t)dt
y _T I ‘

= (5.4.1)
Yicea (2) ?Jvideal (t)dt

Pavr =

T1Ie je, Vrect (t) curHam Ha u3nnasy ycmepaua, Videal (t) je armcoiayTHa BpeAHOCT yJIa3HOT CHTHAJA,
a T je nepuona. aeanan paj ycmepaua je Kaja je BpeIHOCT mapamerpa pavr = 1.

Jlpyru mapameTrap TeHEepalu30BaHOT (PEKBEHTHOT OJ3MBAa 32 OICHY KBaJHUTETa
ycMepaua je prysg KOjU NIPEICTaBiba KBaJpaTHH KOPEH OJHOCA CPEIEbe BPEIHOCTH KBaJipara
paznuke u3Mel)y yCMEepeHOT, Vrect M YJIa3HOT CHTHAJA Videal U CPEAIbE BPEIHOCTH KBajpaTa

YJIa3HOTI CUrHajia:

i.’.[vfect (t) — Vigea ('[)]2 dt

(Y~ Videa) _ Ts (5.4.2)

yifjeal (a) TEJ-[Videal (t) ]zdt

Prvse =

3a uaeanan ycMepad BaxH J1a je Vrect (t) = Videal (t), 1Ma je umeanna BpegHocT 3a prvse = 0, 10K
je 'y cilydajy TOTaJHOT Clla0Jbera yIa3HOT CUTHAJa BPEIHOCT apamMeTpa prmse=1.

Ha cnuu 5.23a) u 5.230) nprikazanu cy mapameTpu reHepaln30BaHOT (PpEeKBEHTHOT
0J131Ba MPEIOKEHOT ycMepada y QYHKIHjH YIeCTaHOCTH, IIPH YeMY j€ TOCMaTpaH BPEMEHCKH
0o0JMK cUrHaja Ha u31a3y ycMepada 3a 12 pazmuuntux ydecranoctH, on 200 kHz no 10 MHz.
VBek je nocMaTpano 10 nmeprosa curHana, ajy ce 3a aHaJIu3y Y3UMaJlo caMo 331X 5 eproia
(1a Ou ce MCKIPYUYHO YTHUIIAj MpenaszHor mnpoieca Ha napamerpe GFR). AmmiuTtyna ynaznor
CHTHAJIa Ce HUje Memayia U yBek je m3Hocmia 20 mV.

Kao 1mrro ce Mmoxe BueTH Ha ciunu 5.23a), c1absbehe HalTOHA Ha M3J1a3y je MOCIeanIa
DC npenocHe kapakTepucTHKe (Tj. HBEHOT OJCTyNama oA uaeanHor). Ca ciuke ce yoyaBa
cnabsbeme on npudimxao 0.87 dB 3a ¢peksennuje ucnon 4 MHz, a nponycHu omcer y3
cnabsbeme o1 3 dB uznocu oko 6 MHz. Cniuka 5.230) npukasyje 1a je monapusalmja Juoa ca

Vg=0.6 V naje najmamwy RMSE rpemiky.
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Cnuxka 5.23. I'enepanuzosanu (hpexsenitinu 0g3us yemepaua 3a Vi, = 200mV u
| caiyuaj (Vg = 0.58V,1, = 1.4 mA, R, = 26Q),
1l ciyuaj (Vg = 0.6V, I, = 0.74 mA, R, = 26 ),
1l cnyuaj (Vg = 0.62V,1, = 1.7 mA,R; = 25.4 Q)
a) AVR u 6) RMSE
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6. EKCIEPUMEHTAJIHU PE3YJITATHU

Y umspy nopehema ca pesynraruma PSPICE anammse usBpiineHa cy Mepema Ha
(GU3MYKEM MOJCNIMMa OTEPAIMOHUX TMPEHOCHWKA (pa3MarpaHOr y MOrJiaBjby 2.6) Kao u
Mpelu3HUX JIBOCTpAaHUX YycMepaua (pa3mMaTpaHux y morinaBbuma 52 u 53) vy
n1abopaTopujcKUM yCIoBUMa. Meperma U3BpIleHa Ha OTIEPAIlMOHOM MMPEHOCHUKY 00aBJbeHa CY
y naboparopuju 3a Enexrponuky, ®@akynrera TeXHUYKHX Hayka y Yauky, YHuBep3urTera y
KparyjeBuy. Mepema u3BpIIeHa Ha NPEHU3HOM JBOCTPAHOM YycMepady O0aBJbeHa Cy Y
naboparopuju 3a MUKpOeNneKTpoHUKy Dakynrera TexHnukux Hayka y HoBom Cany. 3a cBa
o0aBJbeHa Mepma cy KopultheHu cieaehu HHCTPYMEHTH U onpeMa!

- curHan reaeparop pupme GWINSTEK GFG 8217A,

- ocmuaockorn 453-A TEKTRONIX, MOD281C,

- 7aBa jegHocMmepHa u3Bopa Hamajatka ATTEN APS3005Dm,

- JIBa JUTWTAJIHA YHUBEp3aJlHa HHCTpyMeEHTa 3a Mepertbe SANWA RD700.

Mepma cy BpieHa Ha TemnepaTypu o 27°C y mabopaTopujuckumM yciaoBuMa. Onpema
cnaza y po0y HIMpOKE NOTPOIIkE U3Y3€B OCLMIIOCKOIA, 32 KOTra ce Moxe pehu ja npunaaa

KJIacu 1abopaTopujCcKuX ypehaja CkpoOMHUX MOTYNHOCTH.

6.1 ExcnepuMeHTAaJIHAa Mepema HAa ONEPALMOHUM MPEHOCHHUIIMMA Jpyre BpCTe ca
CTPYjHUM NpoLecHPaeM

3a omepanuoHU NMPEHOCHWK pa3MaTpaH y IMOrJaBjby 2.6 mpuKkazaH Ha ciumm 2.27,
¢dbusmuky cy ypahena nBa Mmozena 3a morpede Mepema. [IpBu Moen HanpaBibeH j€ y KITACHYHO]
texnonoruju (Through Hole - TH) ca nuckpeTHuM eneMeHTHMa Ha pacTep MI04H (OTIIOPHHULH,
BJT u OA), cnuka 6.1, a npyru mozen je uspahen y SMD (Surface Mounting Device — SMD)
TexHosnoruju (moBpmmHcka MoHTaxa SMD enemenara ornmopuuka, BJT u OA Ha mtaMiianoj
IUIOYHM), KAO IITO C€ BUAM Ha caumu 6.2. 300T MPEIU3HOCTH MEpPErbha UCIIOIITOBAHO j€ a CBH

eJleMeHTH Oyly TIOBE3aHU U y3eMJbEHH Y jeIHOj TaUKH T3B. 3BE3AULITY 300T CMambeHha CMETHHI
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ycien myma, uuja je ammintyaa (ox oko 5 mV) ucror peaa BETUYMHE WM HEIITO Makba Off
aMILTUTY/IC CUTHAJIA KOJH CE MEPH.

Wsrnex xonma 3a Mepeme KapaKTePHCTUKA ONEpalMOHOr MPEHOCHUKA 3a CUTHAJe
paznumuute amruutye u Gpexksennuje y TH u SMD TexHonoruju npukasas je Ha e 6.3 u
cnuiy 6.4 pecreKTUBHO.

Y mupy nopehewa ca pesynraruma PSPICE ananuse npBu Mojzen omnepanydoHOT
MIPEHOCHHUKA j€ pealn30BaH Ha pactep miouH, y nuckpernoj texuunu (TH TexHomoruja) ca
HUCKO(pekBeHTHUM TpaHzucropuma BCS550C u BC560C, ymapeHux KapaKTEepHUCTHKA,
BEJIMKOT Tojadama, (420 < 3 < 800), koju umajy Hu3ak HuBo myma [100]. Hamon Hamajama
je usHocuo Voo = —Vgp = 10V, 10k cy oTnopHUIM umainu cienaehe BpenHoCTH:

Rin = Roye = 100 Q, R, = 31.65kQ, R; = 131 kQ.
Pesynratn Mepma W3Ia3HOT HANlOHA MPBOT MO/IEJIa OTIEPAIIMOHOT TPEHOCHUKA Y 3aBUCHOCTH

O]l yJIa3HOT HAaIlOHA U 32 pa3IMuuTe PpEeKBEHLUje 3a KoJlo ca ciuke 2.27 natu cy y Tabenu 6.1.

Cnuka 6.1. Peanuzayuja otiepayuonoi tupernocruxa y TH ttiexnonoiuju.
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Cnuka 6.2. Ilepciiexitiusnu iipuxas oepayuonol upenocrhuxa peanuzosanoi y SMD

tiexnoaoluju: a) oineg 0gosio u 6) Uoineqg 0go3go.
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Cnuka 6.3. H3ineg kona 3a meperbe Kapaxkiiepucmuka ouepayuorol UpeHoCHUKa 3a

cuinane pasnuyuitie aminuiiyge u gppexsenyuje (TH).

Cnuka 6.4. Uzineg xona 3a meperve Kapaxkilepuciuka ouepayuoHol upeHoCHUKa 3a

cuinane paznuyuiie amiauiiyge u gppexsernyuje (SMD).
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Taobena 6.1 3asucnociti usnasHol HaloHa UpPeoi mMogena ONEPayuUOHO02 NPEHOCHUKA Y

3a6UCHOCIUU 0g TpuMerberol Yna3nol Hationa u gpexeenyuje (TH)

Vin [MV] f [kHz] Vour [MV]
20 +5.15
+5 100 +5.15
200 +5.15
20 +10.3
+10 100 +10.3
200 +10.3
20 +20.6
+20 100 +20.6
200 +20.6

Ha cnunnm 6.5 npukasaH je u3Iiie[ CUTHala Ha M3j1a3y IPBOT MOAENIa ONEepanioOHOT
IIPEHOCHUKA 32 CHHYCHU yJa3HU curHan ammutyzae Vi, = 5 mV u ¢ppexsennuje f = 20 kHz,

a Ha cyimim 6.6 Buam ce u3rnen curaana 3a Vi, = 5mVu3af =1 MHz.

6
Vins Yout [mV] 7] Vin
1%
out
| ' I ! I ! ' I ' I ! I
-60 -40 -20 0 20 0 60
2. t[us]
-4 |
6

Cnuka 6.5. Usineg cuinana na usnasy upeoi mogena ouepayuoHol UpeHoOCHUKA 3a

cunycHu ynasnu cuinan amiauiiyge Vi, = 5mV u f = 20 kHz.
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Vins Yout [mV] 61

in

Vuut

[us]

Chuka. 6.6. Uzineg mepenol cuinana Ha uznazy upeoi Mogeia ouepayuorHol

iipeHOCHUKA 3a CUHYCcHU yia3Hu cuinan aminuiyge Vi, = 5mV u f = 1 MHz.

W3rnen curHama Ha M37a3y HMPBOT MoOJena ONEPAlOHOT NPEHOCHUKA 3a CHHYCHU
ynaszHu curHan ammumtyae Vi, = 20 mV u ¢pexsentmje f = 3.3362 MHz, npukasan je Ha

cimuu 6.7.

_Vin» Yout [mV]

r T T T T T T 1
-0. -0.2 0. 0. 0.4 0.6
1 t{us]
-1
-20

Chuka 6.7. Uzineg cuinana na uziasy upeoi mogena ouepayuoHol UpeHOCHUKA 3a

cunycHu ynaszuu cuinan aminuidyge Vi, = 20 mV u f = 3.3362 MHz.
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Ha ocnoBy monaraka u3 Tabene 6.1 moxe ce ¢dopMmupaTH HamoHCKa IMPEHOCHA

KapaKTepUCTHUKA ONEPalMOHOT MPEHOCHUKA U HeH U3IJIE] je MPUKa3aH Ha ciuiu 6.8.

Vout [mV]
20
vnTC'I'
10 - sim
S ———
-20 -10 0 10 20
| Vin [mV]
-10 4
-20 -

Cnuka. 6.8. Hanioncka iipenocha Kapaxkmepuciiuka onepayuoHol UpenoCcHuKa mogena

ypahenol y K1acuuHoj mexHonoiuju.

Jlpyru Mojiea OneparioHOr MPEHOCHHUKA je peau30BaH y JUCKPETHO] TEeXHUIM ca
HuckodpexkBeHTHUM, SMD Tpanzuctopuma BC850C u BC860C, moBpIIMHCKA MOHTHPAHUX
Ha [ITaMIaHoj MJI0YHM, YIIAPEHUX KapaKTepUCTHKA, BEJIUKOT Mojayama, (420 < 3 < 800), koju
uMajy Huzak HuBo myma [100]. Hamon namajama je m3Hocuo Vi = —Vgp =5V, nok cy
OTIOPHHUIN UMaiu cienehe BpemqHoct: Ry, = R,y = 10 Q, R, = 18.2 kQ, R3 = 500 kQ.

W3rnen curnana Ha uznaszy apyror Mojaena OC 3a CHHYCHM yJa3HU CUTHAJ aMILIUTY/Ie
Vin = 5mVu f = 20 kHz npukazaHn je Ha cnuim 6.9,3aV;,, = 5mV u3a f = 100 kHz nar je
Ha coumm 5.10,a3a 'V, = 5mV u3a f = 214 kHz je xao na cnumum 6.11.

Pesynratun Mepema WM3Na3HOT HAloOHa JPYror Mojeja ONEpalMOHOr MPEHOCHUKA Y

3aBHCHOCTH O] YJIa3HOT HAIllOHA M 3a pa3NuuuTe (PPEeKBEHIH]je 3a KOJIO ca ciuke 2.27 natu cy

y Tabemn 6.2.
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Taobena 6.2 3asucnocii u3na3Hol HaloHa gpyioi Mogena OUepayuoHol UPEeHOCHUKA

3a6UCHOCIIU 0g TpuMerberol Yia3nol Hailona u gpexeenyuje (SMD)

Vin [MV] f [kHz] Vour [MV]
20 +5.125
+5 100 +5.125
200 +5.125
20 +8.2
+8 100 +8.2
200 +8.23
20 +15.375
+15 100 + 15.375
200 +15.375

Vin> Vour [MV] €7

20 40 60 80
t [us]

—
-80 -60 -4

-6 -
Cnuka 6.9. Uzineg cuinana na usziasy gpyioi mogena ouepayuoHol UpeHoCHUKa 3a

cunycnu ynasuu cutnan amuauiiyge Vi, = 5mV u f = 20 kHz.
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Vins

Vour [MV] ]

in

4 -

out

) 1 \] t[“:i)

r..

Cnuka 6.10. Usineg cuinana na usnazy gpyioi mogena ouepayuoHol upeHoCHUKa 3a

cunycnu ynasuu cuinan amiauiyge Vi, = 5mV u f = 100 kHz.

Vins Vout [mV] 6
vin
m vmn
| ' | ¥ | v | J |
-6 ) 2 4 6 8
‘ t{us]

=l

Cnuka 6.11. Uzineg cuinana na uznazy gpyioi mogena ouepayuoHol UpeHOCHUKA 3d

cunycHu ynazuu cuinan amunuiiyge Vi, = 5mV u f = 214 kHz.
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Hamoncka IMPEHOCHA KapaKTCPUCTHKA OIICpallMOHOI' IIPEHOCHUKAa MOXE CEC HAlPTAaTU

Ha OCHOBY mnojataka u3 Tabene 6.2 u \eH u3rien aaT je Ha ciunm 6.12.

in> “out

Vins Vout [MV] 20 7

in

15 ¥ i

10 H

-16 -10 -5 0 5 10 15

-10 -

-15 -

9 -

Cnuka 6.12. Hailoncka tipenocHa Kapakilepuciiuka ouepayuonol ipeHoCHUKa

mogena ypahenol Ha WIaMUaHoj U1oYU.

6.2 ExciepuMeHTAIHA Mepeha Ha NMPENM3HOM IBOCTPAHOM yCMepayy ca onepaiuoHuM

NPEHOCHUKOM M CTPYjHUM OrJieaJInMa

[Ipern3Hu JBOCTpaHU yeMepay ca CTpYjHUM oriieaanuma (ciauka 4.3) peain30BaH je Ha
pactep 1ioun, ca uHBeptyjyhum OC UM CTpyjHUM oOrjeaanuMma, Y JAUCKPETHO] TEXHUIH ca
HUCKOo(pekBeHTHHM TpaHzucTtopruma BC850 u BC860, xoju nMajy ymapeHe KapaKTepUCTHKE,
BEJIMKOT Tojavama, (420 < B < 800), a uMajy u Hu3ak HuBO myma [102]. Hamon Hanajama je
Vee = —Vgp =10V, a otnopuumm cy mmanum cieaehe Bpemnoctn R, = 31.65kQ, R; =
131kQ, R, =93 kQ, R; =94 kO, Ry =46.38KkQ, R, = Ryy = 100 Q. Usrnen xona 3a

Mepeme MPUKa3aH je Ha ciuiy 6.13.
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Cnuka. 6.13. Ilpeyusnu geociipanu ycmepau ca CM iiogezan y xony 3a meperve.

I/I3FJ'ICI[ CHUI'HaJla Ha U3JI1a3y NPCHU3HOI yCMEpala 3a YJIa3HU CUTHAJI aMIUJIUTYAC Vin =

12 mV u ¢pexsenuyje f = 20 kHz npukasan je Ha caunu 6.14.

Cnuka 6.14. U3zineg cuinana na uznazy upeyusnoi ycmepaua 3a Vi, = 12 mV u f =

us _ mV
, BEPIUKATIHA 0CA 5

20 kHz. Xopuszonimanna oca 20 :
MO/IEOKY [0/IE0KY
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6.3 ExciepMeHTa/IHa Mepehba Ha MPEeHU3HOM ABOCTPAHOM ycMepady ca onepanuoHuM
NPEHOCHMKOM M BHJICOHOBHM CTPYjHHM orJieiaiuma

JleraJbHa €NEKTPUYHA IIeMa MPEHU3HOT JBOCTPAHOT ycMepada ca BuiicoHOBHM
CTpYJHUM oOrjiefianuma JiaTa je Ha ciauiy 5.15. Yemepad je peann3oBaH Ha pacTep IUI04H, ca
HEMHBEPTYjyhuM ornepanvoHMM NPEHOCHHUKOM M BHWICOHOBUM CTpPYJHUM OTJelaluMa, y
miuckpetHoj Texuunu (TH texnomoruja) ca HEUCKO(pEKBEHTHUM TpaH3ucropuma BC550 u
BC560, xoju umajy ynapeHe KapakKTepUCTHKa, BEIUKOT Mojadama, (420 < f < 800), Huckor
HuBoa 1yma [102]. Hanon namajama je Voo = —Vgp = 10 V, a oTnopHuUIM Cy 3a cBe oricere
yJIa3HOT CHTHaJIa HalloHa KOjH je ycMepaBaH umainu cienehe BpeqHocTu:

R, =31.65kQ, R; = 131 kQ, R, =93 kA, R; =94 kO, Rg =46.38kQ, n
Rin = Royur = 100 Q. [Ipuka3 kona 3a Mepeme pe3yaTaTa pajia Mperu3Hor JBOCTPAHOT

ycMmepaya JaT je Ha caunu 6.15.

Cnuka. 6.15. Ilpeyusnu geocttipanu ycmepay ca ouepayuoHum UpeHOCHUKOM U

Bunconosum ciipyjnum oineganuma ioezan y Koy 3a meperse.

Wsrnen curHama Ha n3jiady MnNpeuru3HOr' yCMCpada 3a CUHYCHH YJIa3HU CHIHaAJ

ammumaryne Vi, = 40 mV u ¢pexBenuuje f = 20 kHz npuka3an je va caurm 6.16
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vin
40

out

t[us]

% F % 1| ¥ T ['¥ T Y g1+ 1T T 1
-80 -60 -4 -20 0 v40 60 80

-40

Cnuka 6.16. Usineg cuinana na usnazy upeyusHol ycmepaya 3a CUHYCHU YIA3HU

cuinan amiauiuyge Vi, = 40 mV u f = 20 kHz.

W3rnen curHama Ha H3/1a3y NPENU3HOT ycMepaya 3a CHHYCHH YJIa3HH CHUTHAl
ammmutyzae Vi, = 5 mV u ¢ppexsenuuje f = 20 kHz npukasan je na cauuum 6.17, a 3a Vy, =
10 mV u f = 20 kHz je xao Ha cauuu 6.18. 3a Vi, = 20 mV u f = 20 kHz oa3us je nat Ha

cimmu 6.19.

V.
Vins Yout [mV] 6 "
out

r T T 1

-60 20 40 60

t[us]
49
4 -
-6

Cnuka 6.17. U3zineg cuinana Ha u3nazy upeyusHol ycmepaya 3a CUHYCHU Y1a3HU
cutnan amiauiiyge Vi, = 5mV u f = 20kHz.
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\Z

vin
n> out mV]

out

[ ' I N T N 1
-60 —40 -20 20 0 60
t[ns]

Cnuka 6.18. U3zineg cuinana na uznazy upeyusHol ycmepaua 3a CUHYCHU YIa3HU

cutnan amiuiuyge Vi, = 10mV u f = 20kHz .

mV ] vin

out

! Y | . I i | Y ! . |
-60 -40 -20 G 20 40 60
1 ¢ [us]

-10 ]

-20

Cnuka 6.19. Uzineg cuinana na uznasy upeyusnol ycmepaya 3a CUHYCHU YAA3HU CUHAA
amnaumyoe Vi, = 20 mV u f = 20 kHz.

Vln’ Ollf[

W3rnen curHanza Ha WM3/1a3y NPELUU3HOI yCMepadya 3a CUHYCHHM YJIa3HU CHUTHal

ammmaryne Vi, = 5 mV u ppexernmjy f = 200 kHz nar je na ciunu 6.20.
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bV (V]
B 2]\ ]
n
"

Cnuka 6.20. U3zineg cuinana Ha uznazy upeyusHol ycmepaya 3a CUHYCHU YIa3HU

cuinan amiauiuyge Vi, = 5mV u f = 200 kHz.
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7. AHAJIN3A PE3YJITATA

[Topehewem pesynrara nobujenux nomohy PSPICE ananuze kako 3a omepanuoHU
MIPEHOCHUK TaKO W 3a TpelH3He ycMepadye, ca OHMMa KOju Cy J0OMjeHH MepemHrMa Ha
eKCIIEpUMEHTAITHUM MOJEINMa, youaBa ce€ eKCIEPUMEHTAIHN PE3YJITaTH OJUIMYHO CIaXy ca
ounuma u3 PSPICE cumynanuje. Pesyntatu nobujeHu mMepemeM Ha (pU3UUKOM MOJAENy Koja
3Ha4ajHU Cy jep MOTBplYjy BEPOAOCTOJHOCT IOJIA3HUX TEOPETCKUX pa3MaTpama Kao U
pe3yarara J00MjeHUuX CUMYIIAlKjoM Koa. Y MPaKTHYHO] pean3aiujy Kojia ynoTpeOJbeHH Cy
TPaH3UCTOPU ca BehWM IOjadyamkeM Yy OJHOCY Ha OHE KOju Cy KopumiheHW y CHUMYyIanuju
SJIIEKTPUIHOT MOJIEIIA jep Cy Kao TaKBH OMJIM KOMEPIIH]aJTHO TOCTYITHH.

Amnanuzupajyhu npBu Mozen onepanoHOr IPEeHOCHHUKA KOjH j€ pealn30BaH Ha pacTep
IUIOYH, Y IUCKPETHO] TEXHHUIIM ca HUCKOPPEeKBEeHTHUM, TpaH3uctopuma BC550C nu BC560C,
yIapeHuX KapaKTepUCTHKa, BEIMKOr Mojayama, (420 < 3 < 800), koju nMajy HU3aK HUBO
mryma [102], y ogHOCY Ha Ipyry MO KOjH j€ OCTBApEeH Ha IITaMIIaHO] TUIOYH, Y TUCKPETHO]
TEXHHUIM ca HUCKOQpEeKBeHTHUM, MuHHjaTypHuM SMD Ttpansuctopuma BC850C u BC860C,
KOju Takohe nMajy ymapeHe KapaKTepHUCTHKE, BEIHKO rojadame, (420 < B < 800), n Huzak
HUBO IIymMa. Mojke ce 3aKJby4dTH Jla Mepera Ha INTaMIIaHo] MIouyH 300r mpeaHoctd SMD
TEXHOJIOTHje (Mame Mapa3uTHE KalalUTHUBHOCTH, MamM IIyM) Kao M 300T MpeIHOCTH
€JIEKTPUYHUX Kojia ypa)eHHX Ha MITAMIIaHOj IJIOYHM (MamM yTHLIA] CIIOJbAIlkbe CPeAUHE Ha
Mepeme, kpahe Beze u3mely enemenara, ...) y OJHOCY Ha OHa peain30BaHa HA pacTep TUIOYH
najy jacHuju curHai. Ha Taj HaunH ce omoryhaBajy npenn3Huja ounTaBama pe3yiTara Mepema
IITO YTUYE Ha TAYHOCT Pe3yJiTaTa Mepema.

Ha ciounm 7.1 npukasaso je nopeheme HamoHCKUX MPEHOCHUX (YHKIIHMja ONepariioOHUX
npeHocHuka goOujenux PSPICE cumynammjom #  eKCHEpUMEHTAIHUM  Mepemuma
OTIEPAIMOHOT TPEHOCHHUKA ypal)eHOT Ha MITaMMaHOj IUIOYH, TJe C€ MOXKE YOUHTH HJCATHO
clarame pesyirara J0OMjeHUX CHUMYJalMjoM M OHUX JOOHjeHHX EKCIepUMEHTATHUM
MepewmhrMa. 3a CUHYCHU YJa3HU cUrHail ammuiutyne Vi, = 10 mV npomycHu omcer mnpBor
MoJIejia ONepalMOHOT peHOoCHHUKa u3HocH [ = 1 MHz y3 ujieanan npeHoc curHaia.
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[TpormycHu oricer MPBOT MoJIesa ONePAIlMOHOT PEHOCHUKA 32 CHHYCHH YJTa3HU CUTHAIT
ammmaryne Vi, = 20 mV usnocu f = 3.3362 MHz, mito je Takopehu ropma rpanuma paaa

ynotpe6sbeanx BC550C u BC560C tpan3ucTopa, y3 Majo Kallllkbemhe CUTHAIA

_ —— Vout
2 —— Vsim
% 20
-}
O
>
10
a)
T ' T T g T J T
-20 -10 10 20
Vin [mV]
-10 -
-20 -
a)
— 20 - I
S 0 Vo_ut
= — Vsim
= 10
O
>
10
54
a)
I I I . I L I ¥ I
-15 -10 -5 ) 5 10 15
o5 o vin [mV]
-10 4
-15 4
-20 -
0)

Cnuka. 7.1. [lopeherve HalloHCKUX UPEeHOCHUX (PYHKYUje OUepayuoHux UpeHOCHUKA

gooujenux a) PSPICE cumynayujom u 6) excilepumMeHIMAIHUM MeperumMa ouepayuorol

UpeHOoCHUKa ypaheHol Ha WilamMiuanoj unodu
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ObaBsbeHa eKCIIEpUMEHTAIHA MEpEha Ha ONepalliOHUM [IPEHOCHUIIMMA, a MpUKa3aHa
y noriassey 6.1, 10BOJIE /10 3aKJbyUKa Ja MMOKa3yjy BeoMa JI00pe 0COOMHE Y MOTJIeay TAYHOCTH
penpoayKIrje yaa3HOT CUrHaja 0e3 M300/MYema y MHUPOKOM OICery ydyecTaHoctu  (pena
f = 200 kHz — 3a onepaunonu npeHocHuk uszpahen y TH texnunm, u pena f = 400 kHz 3a
OIEpAIlMOHN TPEHOCHUK HamnpaBbeH Yy SMD TexHuIM), a Aa y3 Majo Kallkbemhe CUrHajla Ha
W3J1a3y 32 OHUM Ha yJia3y BEpHO penpoyKyje CUTHAI Yy MOTJIeAy aMILTUTY/IE U 00JIMKa CUTHaja
no ¢pexBennuje pena f = 3.3 MHz.

AHanu3upajyhu pesynrare no0HjeHe eKCIEPUMEHTAIHUM MepemhHrMa Ha (U3UIKOM
MOJIENTy MIPEIHU3HOT JBOCTPAHOT ycMepada ca BHUICOHOBHM oriiefannma 3a CHHYCHH YJa3HU
curHai ammatyae Vi, = 5mV u f = 20 kHz (cnuka 6.18), a 3a cuHyCHM yila3HH CHTHail
ammuiatyzae Vi, = 10 mV u f = 20 kHz (ciiuka 6.19) 1 3a CHHYCHU yJIa3HHA CUTHAI aMILTUTYIE
Vin =20 mVu f = 20 kHz (ciuka 6.20) u ynopelyjyhu ux ca onuma u3 PSPICE cumynanuje
(cnmuka. 5.10), yoyaBamMO pa3iMKy BpIIHUX BPEIHOCTH KOj€ OJrOBapajy IO3UTHUBHOj U
HETaTHUBHO] MOJYNEPUOan ycMepaBaHOT curHaia. OHa MOTHYE OJ Pa3IMYUTHX BPEIHOCTH
nojavama MyTama Kpo3 KOje ce MPEHOCH CHUTHANl O] M3Jla3a OMEpaIlMOHOT MPEHOCHUKa 0

H3Jjia3a ycMepaya.

V.

in> Vsim » V.

sim > “mer

mer

sim

-10 _|

Cnuka. 1.2. [lopehere cumyaupanoi u usmepeHol CUiHaia y 0gHoCy Ha ugeainu

cunycnu cuinan amiiauiiyge Vi, = 10 mV u f = 100 kHz.

Takohe ce U3 excrnepUMEHTATHUX MEpema MOXKE 3aKJbYUHUTH Ja ce ca moBehameMm

¢dpexBennyje nosehasajy u n300IMUEHa CUTHAJIA KOja HACTA]y IIPHU MPOJIACKY yJIa3HOT CUTHAJIa
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KpO3 HYJTy Kao HITO je MOKa3aHO Ha CIHMLHU /.2 32 CHHYCHHM YJIa3HH CHTHAJ aMIuiutyae Vi, =
10 mVu f = 100 kHz.

Ha ocHOBy pe3ynraTta eKCliepUMEHTATHUX MEpeHa 3a MPELU3HU JIBOCTPAHH ycMepad
peaar30BaH ca ONepaioHUM TPEHOCHUKOM U BUJICOHOBUM CTPYjHHM OTJIeAaMa 3aKJbydyje
ce Ja ycMepad ITokKa3yje Beoma J0o0pe ocoOMHE y TOIIeay Ta4HOCTH yCMepaBama YIIa3HOT
curHaiia 6e3 u300JIM4Yema y NIMPOKoM oricery ydectaHoctH (pena f = 200 kHz) kao u Beoma

MaJly TeMIEpaTypHY OCETIBUBOCT.
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8. BAK/bYUAK

TexHrke HAMOHCKOT WM CTPYJHOT IpOLIECHpama MOTOAHE Cy 3a 00pajay aHAIOTHHX
curHaia. /lyru Hu3 rofiMHa HaIOHCKO POIECHPAbE je UMAJIO IOMUHAHTHH]Y YIIOTY Y 00paau
curHana. I[lojaBoM CTpYjHHX NPEHOCHWKA, CTPYjHO IMpOLECHpame A00Hja HA 3HA4ajy y
MOCIEAUX JIBAJIECETaK TOJMHA 300T BUILIE CBOjUX MPEIHOCTH KOje Cy JIOKa3aHe Ha
puMepHrMa MPEU3HUX IBOCTPAHUX ycMepaya 3a MaJie curHaie oopahenux u y ooj tesu. [Ipe
CBera MpenHOCT ce orefa y nosehamy MMpUHE MPOMycHOr orcera 300r ynorpebe
onrtepehewa Masie UMIEAaHCE.

Knacuunu ycmepaun peann30BaHU caMoO ca TMojamMa MMajy BEJIHKH HEeJI0CTaTak 300T
npara npoBolema Koju 3a repmanujymcke quoje u3Hocu 0.3 V, 10K 3a CUIIMIM]yMCKE H3HOCH
0.7 V, a To mak 3Ha4yM Jla Cy TaKBM yCMepauu HEyHnoTpeOJbUBU Kaja Cy y MUTamby CUTHAIN
MaJINX aMIUTATY/IA.

Ycemepauu peaan30BaHu ca OTIepaiMoOHIM I10jayaBaviMa KOj! y KOJTy TIOBpaTHE CIpere
uMajy auojie Aajy 6osee pesyiarare. Mehytum, oaie HacTajy mpoOaeMu Ipu MPoJIacKy CUTHala
KpO3 HyJy, Ka/ia KOJIO IOBpPaTHE CIIpere 1ocTaje OTBOPEHO, a TO MPeICTaBsba Y3pOK 3HaUajHUX
n3obnnyewa curHana. HapaBHo, oBae ce nmpoOsemM IeITMMHYHO MOXE peliaBaTi ynorpeOom
OTIEPAIMOHOT TT0jayaBaya ca mTo BehoM MakCuMaIHOM OP3UHOM ITPOMEHE M3JIa3HOT HAlloHA Y
BpeMeHy (ciiypejTa), alii ce N300IMYeHe HE MOXKe Y TOTIYHOCTH YKJIOHUTH.

VYnorpeba CTpyjHHX NPEHOCHMKAa KOJ peajH3alMje Npelu3HUX ycMmepaua Mallux
CUTHaJIa J1aje 3Ha4yajHO O0Jbe pe3ynaTaTe, alk M TMOpeNI Tora y Mpakcu Huje Omio moryhe
ycMepaBaTH CUTHAJIE jaKo Majle aMIUTMTYJE 3aTO MITO CTPYjHU TPEHOCHHWIM HWIaK HHCY
ujeaqHu eneMeHTu. Pasnor 3a To je mojaBa M300aMuUeHa CUTHANIA HACTaJIa yCle] OCTOjamba
OTIIOPHOCTH Ha X TMOPTY CTpyjHOT TpeHocHuka. [Ipobrnem je mocrao jom Behu kama ce
YTBPAMJIO JIa je Ta OTIIPHOCT 3aBHCHA O] CTPYje Ha X MOPTY CTPYjHOT MPEHOCHHKA.

YrorpeboM omnepanoHOT MPEHOCHUKA Y pealiu3alfju IPeu3HuX ycMepada 3HauajHo
ce CMamYyjy M300JInYea KOJl yCMEPEHOT CUTHaja Koja HacTajy 300T MOCTOjama OTIIOPHOCTH
Ha X MOpTy.
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VY amcepranuju Cy TEOPHjCKH pa3MaTpaHW TPEIM3HH JBOCTPAHH YCMEpadd MalHux
curHana (pefia 5 mV) peann3oBanu ca ONEPANMOHUM ITPESHOCHUIIMA U CTPYjHUM OTJIeAaTuMa
(oOnunuM u moOospiaHUM — BuiicoHoBUM cTpyjHHM ornenanuma). Ypahena je PSPICE
aHalM3a M JaTH Cy pe3yirartu cumynanuja. Takohe, ypaheHu cy ekecriepuMEeHTaTHU MOICTN
KaKO ONepalMoHuX MPEHOCHUKA TaKO M MPEU3HUX ycMepadya y OUIojapHOoj TEXHOJIOTHjU ca
KOMEpIMjaIHO  JOCTYIHHM  €JIeMEHTHMMa U T[pHKa3aHH Cy pe3ylTaTH HUXOBE
EKCIICpUMCHTAIHE aHAIM3€¢ KOjH Cy IMOTBPAMIN HCIPABHOCT TEOPHJCKUX pa3MaTpama U
PSPICE cumynanwje.

Kao HajBakHMju pe3ynraT ypal)eHe TOKTOPCKE AMcepTaluje u3/1Baja ce:

- ONepalnuoHH MPEHOCHUK Ha 0a3M M3JIa3HOT CTEMEHA ca CTPYJHUM IMPOIECHPAmhEeM
Mou(duKoBaH je Tako aa je o0e30ehena naeanHa nojaesna cTpyje Ha JABE MOJIOBUHE
y3 UCTOBPEMEHO CMamkemke Opoja yrmoTpeOJbeHUX OTIOPHUKA,

- CTpyjHa W HAaNlOHCKa NMPEHOCHA KapaKTEPUCTHKA OBAKBUX IMPEHOCHHKA je€ BeoMa
no6pa mto notephyje u PSPICE ananu3a kao U eKCiepuMeHTAIHU Pe3ylTaTh Ha
peanu3oBaHuM Mozenuma (kinacuuna 1 SMD TexHosoruja),

- Cca OBaKO peaJM30BAHMM OIEPAIMOHUM TNPEHOCHUKOM HAIPaBJBEH j€ JBOCTPAHH
ycMmepad 3a Majie CUTHaJle KOju KOPUCTHU CTpyjHa oriefana (oOnyHa v nmodoJsbliaHa
— Bunconosa orneznana), a Koju Beoma J00po ycMepaBa Maje CHTHajie aMILUIATy/1a
5 mV, 10 mV u 20 mV wro je BepuduxkoaHo u PSPICE ananmuzom, amu u
eKCIIEpUMEHTATHIM MepemhIMa,

- ca /IBa OBaKBa OIEpalroHa NMPEHOCHHUKA ¥ JIBE JMOJE HANpaBJbEH je ycMepad 3a
manie curHaine 3a kora je ypahena PSPICE anamuza koja je mokasana HeEroB
KBaJIMTET. 3Ha4YajHO je uctah J1a Cy 10 cajia MPeTeKHO CBE peain3aliyje Nperu3Hux

ycMeEpada ouie pCaIn30BaHE Ca YETUPU JUOAC.

Jabu paa Tpeba HACTaBUTH y MpaBlly peaju3alje ONepalMOHUX MPEHOCHUKA U
MPEeLU3HUX ABOCTpaHuX ycmepada y CMOS TexHOoIorHjH 300T IPeAHOCTH KOje MpYyXa.

Taxohe Moske ce HACTaBUTH U ca PaZioM Ha MPEATIOKEHUM pean3alnjama Mpenn3HuxX
ycMepada ca ONepalMoOHMM HPEHOCHHKOM M CTPYjHHM OrJleflaiiMa y TOIJeqy 3aMeHe
nocrojehux enemMeHara KoJjia ca KBaJIMTETHUJUM KOMIIOHEHTaMa (3aMeHa HUCKO(PEKBEHTHUX
TPAaH3UCTOpa Ca BUCOKO(PEKBEHTHUM TPAH3UCTOPHMA U 3aMeHa MocTojeher onepanuoHor
rojayaBaya ca HaJHOBHJUM IIUPOKO II0jaCHUM OIEPAllMOHMM I10jayaBaueéM BHUCOKE

¢bpexsennuje (pega 500 MHz)) u To pamu mnoBehama IIMPUHE MPOIYCHOT OIICETra,
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ONTUMHU3AIIMjE TOTPOIIHE, CMakCHha HAIlOHA Halajarba M Ha MO0OJbIIalky TeMIlepaTypHe
CTaOMITHOCTH KOJIa.

Tpeba npoayXuTH ajbe ca pa3BojeM HPeAIOKEHOT MPEIU3HOT JBOCTPAHOT ycMepaya
3a MaJjie CUTHaJe PeaJM30BaHOT ca JIBa ONEpalMOHa MPEHOCHHKA W JIBE IUOJIE, 3a Kora je
ypahena PSPICE ananm3a mokasajia meroBe MPEIHOCTH, a 3a KOjU j€ MOTPEOHO pPa3BUTH
EKCIICpUMEHTAIHA MOJIC]I M M3BPIIMTH HEOINXOJHA Meperma paiau BepuduKanuje pesyiarara
nobujenux PSPICE cumynamujom.

Takohe y Oynyha ucrpakuBama Tpebda YKJbYYUTH W METOJE 3a aHAIMU3Y OIEeHE
KBaJIUTETa TAYHOCTH MPEU3HUX ABocTpanux ycmepada ( DC u RMSE ananusa rpenike).

Jlasba uCTpakuBama Tpebda HACTaBUTU W y MpPAaBIly NPUMEHE OBAaKBHX ycMmepaya y

pa3IUYUTUM 00JIaCTUMA.
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Abstract — Precision full-wave 7

v

with operati

! conveyor and current mirrors is

presented in this paper. Operational conveyor circuit topology based on current-steering output

stage and unity-gain current mirror,
is realized with operational conveyor as voltage
mirvors and three DC current sources.

Latis

d and ed with

L

i

are also described and analyzed. Precision full-wave rectifier

o current converter, four unity-gain current

PSPICE program was used to verify the proposed design
of the operational conveyor and precision full-wave rectifier. The results of the simulation are
results of the realization that was published. Copyright

© 2011 Praise Worthy Prize S.r.l. - All rights reserved.
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Nomenclature

CCI First Type Current Conveyor

ccn Second Type Current Conveyor

CM Current Mirror

CMOS Complementary Metal Oxide Semiconductor
VOA Voltage Operational Amplifier

ocC Operational Conveyor

FET Field Effect Transistor

(& Integrated Circuit

NMOS  Metal Oxide Semiconductor- N Type
PSPICE  Simulation Program with Integrated Circuit

Emphasis

Precision rectifiers are important building blocks for
signal processing, conditioning and instrumentation of
low-level signals and they are extensively used in
wattmeters, AC voltmeters, RF demodulators, linear
function generators, and various nonlinear analogue
signal-processing circuits (1], (2]. The operation of
diode-only rectifiers is limited by the threshold voltages
of diodes, approximately 0.3 V for germani diod

Introduction

input signal. The use of the high slew-rate op-amps docs
not solve this problem because it is small-signal transient
problem. These rectifiers are limited to frequency
performance well below the gain-bandwidth performance
product fy of the amplifier [4). This limitation is
improved with designing the rectifiers by the use of
current mode techniques. The current-mode full-wave
rectifiers using second type current conveyors (CCII) as
the voltage to current converter have received much
attention in scientific literature [5], [6]. Full-wave
rectifier developed by Toumazou at al. [7), with addition
of a DC source, tends to reduce the distortion due to
small signal dV/dt limitation. Rectifier proposed by
Hayatleh et al. tends to reduce the effect of temperature
on the zero-crossing performance by using a current
source and resistor instead the DC voltage source, 8],
[9]. In both cases, the frequency response of the circuit
was improved because the diodes were initially turned on
thereby reducing the time to force them into full
conduction. Monpapassor ef al. have suggested a full-
wave rectifier with second type current conveyor, four
current mirrors, three DC current sources and two
grounded resistors  [10]. The proposed rectifier is

and 07 V for silicon ones. Therefore diode-only
rectifiers are used only in those applications in which the
precision in the range of threshold voltage is
insignificant, such as DC voltage supply rectifiers. Better
implementation of precision full-wave rectifiers are
based on using op-amps with diodes within the feedback
path to provide the necessary non-inverting gain for
positive input signals and inverting gain for negative
input signals [3]. However, the classical problem with
rectifiers based on diodes and op-amps is that during the
non. juction/conductions transition of the diodes the
op-amps must recover with a finite small-signal dV/dt
resulting in significant during the zero crossing of the

5
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p e stable, has small rectifying error and is |
suitable for IC fabrication. On the other hand, the 1
proposed rectifier has several disadvantages. First, the
current conveyor has an imprecise voltage transfer
function because the value of the effective resistance |
between input terminals R, seen at the inverting terminal
of the conveyor is not zero, and its value cannot be
known with high accuracy. Second, there is a severe
distortion, particularly at the zero-crossing point of the
input signal, arising from the on-off switching of the
transistors positioned between the current conveyor and [
current mirrors. Third, this switching, as well as the large [
number of the current mirrors, limits the frequency
performance of the circuit. Finally, the input sensitivity, \
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ic., the peak amplitude of the lowest input signal that
can be rectified, is limited by the action of the mentioned
transistors. Kumngem and Dejhan propose realization
with CCII, seven current mirrors, two diodes and five
grounded resistors [11]. The proposed configuration is
very suitable for integrated circuit implementation both
in bipolar and CMOS technologies, Sahu af al. propose
precision full-wave rectifier using an all-pass filter that
acts as 90° phase shifter, two squaring circuits, one
summer, and one square rooter [12]. Yuce af al. have
suggested full-wave rectifier with two second type
current conveyors and three NMOS transistors without
any passive components [13]. Gift proposed a new
operational conveyor full-wave rectifier with current-
mode absolute-value circuit [14], [15]. This circuit
consists of complementary common base transistors
biased by current sources and diode connected
transistors. The output of common base stage is fed to
the two Wilson bipolar current mirrors supplied by DC
current sources and continuously tumed on thereby
improving system linearity and frequency response.
Unfortunately, this realization does not climinate output
offset voltage, which makes significant difficulties when
we want to rectify low-level signal. It is for this reason
that we propose modified Monpaparsson realization with
the operational conveyor instead of second type current
conveyor, where output offset voltage and error from
presence of R, are completely climinated, but there is
small dead zone in the voltage transfer characteristic of
the rectifier whose width depends on the output
resistance of the operational conveyor,

II.  Operational Conveyor

Operational conveyor (OC) is realized with voltage
operational amplifier (VOA) and current conveyor
(CCI), (see Fig. 1(a)), and can be represented as a three
terminal device in which voltage applied to high-
impedance terminal Y is buffered with unity gain to the
terminal X, and current from terminal X is mirrored to
terminal Z. Symbol of the operational conveyor (see Fig.

1(b)).
o ‘vm B | -2
X o _E o
(a)
v Y
z
Vx X ocC B
Ix
(b)
Figs. 1. Op yor: (a) fi | block diagr
(b) symbol
Mathematically, operational conveyor can be

described by the matrix equation:

Copyright © 2011 Praise Worthy Prize S.r.l, - All rights reserved
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Vel [0 1 0)[1,
Iy |={0 0 0f| W )
;] [1 ooy
or by three linear equations:
Vy=Vy (2)
Iy=0 3)
IZ=IX (4)

Operational conveyor formulation based on current
steering output stage is shown on Fig. 2 [16].

Fig. 2. Operational conveyor formulation based on
current steering outpul stage

Good voltage transfer accuracy between Y and X
terminals is ens by the use of negative feedback
around voltage operational amplifier and transistor Q,. If
we choose value of current source /r sufficiently large to
keep the emitter resistance of Q, very small compared to
the output resistance of the current source, voltage
transfer error will remain small. The increase of a
conveyor input current /, results in identical decrease in
current through Q, and identical increase of current
through Q,, causing the output current /,+/, to flow from
node Z. Transistors Q, and Q, should be high /g devices
to ensure close equivalence of collector and emitter
currents in both case. It must be noted that the current /¢
has to be precisely divided in two equal parts, [,=/=//2
so as correct functioning of the conveyor can be
obtained. The realization of the OC is shown in the Fig.
3. Variable resistor R; is used for adjusting /; whereas
variable resistor R, is used for eliminating offset voltage
at the output of the operational conveyor.

IIl. Unity-gain Current Mirror

Unity-gain current-mirror have to satisfy two
conditions: current on the copy side have to be equal
with the current on the drive side for the current range as
wide as possible, and the value of the output resistance
have to be as high as possible.

Commonly used design known as Wilson’s mirror do
satisfy first condition, but do not satisfy second.

International Review of Electrical Engineering, Vol 6, N. 5
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(8 A full-wave rectifier can be configured using one OC,
% four unity-gain current mirrors, three DC current sources
and two grounded resistors, as shown in Fig. 5. The
w relations between the currents and voltages at the nodes
ay— X, Y and Z of the operational conveyor are given by
equations (2), (3) and (4). From those relations, the
output current of the OC can be written as:

- 4 IV. Circuit Realization

= fy -% (5)

This current is fed into input of the current mode full-
wave rectifier. Transistors Q, and Q, operate as diode-
Fig. 3. Realization of the operational conveyor connected transistors and usc to protect the short
connection between current sources /) and /.

Output resistance of the proposed design of the unity
- gain current mirror have, is approximately twice that of
Wilson's mirror, but his value is very dependent on the
DC bias current. Functional explanation of the proposed
design is done in the literature [17). Design of the NPN
and PNP type of the unity-gain current- mirrors and his ¢
symbols is shown on the Figures 4(a), 4(b), 4(c) and 4(d)
respectively.

+V,

0,

Ve —r I, »0,
oc z
i, <0
n,f

cm2

0,

l,-lc

- V.

Fig. 5. Realization of the full-wave rectifier with operation conveyor
and unity-gain current mirrors

The constant current sources, /;= [;= I are used to

X & keep the transistors in CM1 to CM4 continuously in
Femow conduction state, reducing thereby the problem during
> o the non-conduction / conduction transition of these
' transistors, whereby both currents sources create the
® offset current at R. To eliminate this offsct current at Ry,
1 " we use current source /; = 2/ at the output of the
o proposed rectifier.

The operation of the current mode full-wave rectifier
is as follows: when i, > 0, it is fed through Q, and then is
Leare T mirrored by CM1 and CM3 so that we can write relation

for the current on the copy side of the CM3 as:

(c) (d)

Figs. 4. Design of the unity-gain current mirrors: () NPN, (b) PNP, (c) 2-1 =i, =1 g, (CM3) (6)

symbol for NPN, (d) symbol for PNP
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When i. < 0, it is fed through Q2 and than mirrored by
CM2, CM4 and CM3, so that we can write relation for
current on the copy side of the CM3 as:

2:0 =i, = Iy, (CM3) (7

As we said, the offset current 2/ in relations (6) and
(7) is compensated using current source f;. Thus we can
write the relations between i, and the output current I,.

as:
i, >0; Ip =+, (%)
<0 Iy, =i (9)
The relations between the input and output voltages
of the proposed rectifier are:

Vy>0; Vo= +(ﬁ] Viu (10)
R

Vm<0: Vow:_(&]yw (“)
Rl

If we chose Ry = R,, relations (10) and (11) can be
substituted with one as:

] A (12)

and it is mathematical description of the full-wave
rectifier.

V. PSPICE Simulation

Design of the unity-gain current mirror is done with
transistors 2N3904 (NPN) and 2N3906 (PNP). DC bias
current is set to value as high as possible for the work in
the class A (0.5 mA) of the full-wave rectifier. From the
Fig. 6 we can conclude that output impedance is high,
but only for the frequency below 100 kHz, so we can say
that frequency is upper limit for the mirror.

At the start, the operational conveyor has been
configured as a voltage amplifier (Fig. 3). Voltage signal
is applied to terminal X via resistor R,. Load Ry is
connected between output terminal Z and ground.
Terminal Y is on ground. All NPN transistors in the
circuit are 2N3904 and PNP 2N3906. Operational
amplifier TLO82 uses FET transistors at differential entry
points and has small DC bias currents. DC supply
voltage dare VCC= - VEE= 10 V.

Resistors R, = Ry, = 10 Q ensures maximal current
range for class A amplifier. We used the next couple
values for resistor R; and R; to define current source Iy
without offset voltage at the output of the operational
conveyor:

Copyright © 2011 Praise Worthy Prize S.r.l. - All rights reserved

Ry =48kQ; Ry =57 kQ; Iy =8 mA,
Ry =645 kQ; Ry = T8 k), Iy =6 mA,
Ry =9.7k€); Ry= 118 k&, Iy =4 mA,

Ry =294 kQ; Ry = 220 kQ; Iy =2 mA.

|

- = T
[}
}

N RET

d
.
it~
ar
-

IM ==

-

Zout (ohm)

100k

10k

10k 100k ™
f(hz)

Fig. 6. Frequency dependence of the unity-gain current mirror
output impedance

Resistance R,, output resistance R, and unity-gain
voltage transfer characteristic of the operational
conveyor for different currents /r are shown on the Figs.
7.

Looking at Fig. 7(a) it can be concluded that in the
frequency range of 100 kHz resistance R, is very low for
the entire range of current changes /r. Fig. 7(b) shows
that output resistance of the operational conveyor
increases with the reduction values for /;. The maximum
value of about 70 kQ is for /y = 2 mA and the further
analysis of the rectifier will be carried out only with that
value for current /. Similarly, it can be scen that
resistance R, has a practically constant value for the
frequency up to 100 kHz,

Voltage and current transfer characteristic of proposed
operational conveyor for different values /r is shown in
Fig. 8. It can be concluded that current range -ImA —
I mA sausfies the relation (4).

Therefore operational conveyor with current steering
output stage is used for the realization of the precision
full-wave rectifier for low-level signal, as shown in Fig.
5. All NPN transistors are 2N3904 and PNP 2N3906.
Resistors R=Ry= 10 Q and DC current source /, =/, =
13/2= 100 pA and DC voltage supply voltage Vee = - Vg
=10V.

Looking at Fig. 9. it can be concluded that the lower
the current /Iy the smaller the dead zone, but further
reduction cannot be made as the current /4/2 = ImA is
the maximum range for working in class A of the
conveyor, therefore the rectifier will be analyzed with
operation conveyor where the current is /= 2 mA.

Fig. 10. shows that the positive part of the voltage
transfer characteristic is more temperature stable than the

International Review of Electrical Engineering, Vol 6, N. 5
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negative part. The reason for this is in the fact that 60m~ . i
positive input signal is rectified with two, while negative ——1-T"1 A i Gl o7
input signal with three current mirrors. Al ' Z
On the basis of Fig. 11. we can note that the offset “F L1 | !
voltage at the output of the rectifier is zero and peak y 3 o U \
difference in the rectified signal is very small (< 2%). S" I 17T - f i il
> : I

The reason for this is in the fact that the rectifying
process for negative and positive input signal is done 2.0m—:
with three and two current mirrors respectively. =S [ S I

p ' ‘ ' 4.0m :
y i . -6.0m ' . N
——| = 8mA 6.0m 40m  -20m 0.0 2.0m 4.0m 6.0m
:'“‘ —e—| =6 ma Ve )
M T | k= AmA (#)
'E | —w—|, = 2mA
g2
o i 1.0m
1 5
B! 5000y \
04 f
: ' : . s ‘
10k 100K ™M - P
1, (Hz) 800,0y g fotd s 000 I = 4mA
(u) Tl )
—esmes 1, = BmA
5.0k 1.0m
mon.1 ey — l
05,00 ) W A0m  6000M 00 500.0y 1.0m
e ~a—t,=8ma [ i
0.0k ly=8mA ®
T ) =4
‘E A8.0k et |' : 2:“: Figs. 8. Voltage a) and current transfer functi b) of the proposed
£ anok . operational conveyor for different currents Iy
o 1o v "
Wom
250k ; s.0m lﬁ l ¥
20,0k + ‘ /
16,0k — i \ — = 2mA /.
0.0k : ' ‘ FON R I,= AmA 7 %
0% "c.\\ ! e | BMA /,‘_.
1, (Hz) 30m N SG mrsmes L2 8MA oL
® s NN P
¥ 20m h 3B ks
AN )
| { b \’\ 1 /’/ 0
10 10m “abe %4
44 ~‘»T dos | ‘ -\'\-3 : '-'I:.’
980.0m | e\ %4
a8 b A
— | = 2MA 1 . : : :
) MESTE | Bt I, = 4mA ] S0m 40m 30m 20m -40m 00 10m 20m 30m 40m 6.0m
Z R » V)
= ssom B
34 i Fig. 9. Transfer characteristic of the proposed full-wave rectifier for
420,0m W different currents Iy
00.0m ' | . \
41y g0l w V1. Error Analysis
© L) Namely, according to [15], for the current mirror the
¥ following relation can be written:
Figs. 7. Frequency response of the proposed operational conveyor for
different values I;: a) resistance Ry, b) output resistance, c) unity gain lm=’m(l"€a) (13)
voltage transfer function
and:
Copyright © 2011 Praise Worthy Prize S.r.l. - All rights reserved International Review of Electrical Engineering, Vol 6, N. 5
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2
£y = .ﬂ_f (14)

where /7 is the current gain of all bipolar transistors of the
current mirrors,

6.0m

ST C
X ' /
S i i

10m 20m 30m 40m S,am

0o
6.0m 40m 40!‘ -QM “10m 00

Vo (V)
Fig. 10. Temperature dependence of the transfer characteristic of
proposed rectifier for Iy = 2mA

6.0m +

5.0m : -

pp ST Py 7\ 7~

e £ 2 VY 725 VO O AR

o [ 2000 W 7 A3 ¥ I e U T

AR T o e 2 s | 5 AW X
S oof == \J )
i. " _
o  —vro 7

QM P . R .‘ .'

4 ]| v reste) [ S

40m L memev(rera’e) |

“6.0m + + 1

0.0 50U 10.0p 15,00 200

L (s)

Fig. L1, Input sine wave (5 mV,.., 100 kHz), and output waveform of
proposed rectifier at the different temperatures

For the positive input signal interrelation between
input and output voltage (the condition is R, = Ry) is as
follows (current is mirrored by CM1 and CM3):

Vo 2V, [1 z{p JJ (15)

whereas for the negative input signal (current is mirrored
by CM2, CM4 and CM3):

Vs 2V, [1-3(}2-2- ]] (16)

hence, the error in the negative amplitude is higher.

Fig. 9 from [13] shows that the offset voltage at the
output of the rectifier proposed by Gift is approximately
0.6 mV, and the peak difference being about 9 %. The

Copyright © 2011 Praise Worthy Prize S.r.l, - All rights reserved

results which ensued from our investigation are
significantly superior.

VIL

First, a high-precision operational conveyor based on
current steering output stage has been described and the
PSPICE simulation results were shown. Second, a
precision full-wave rectifier using the abovementioned
operational conveyor and unity-gain current mirrors have
also been described, and simulation results were
subsequently shown. The proposed rectifier has low
temperature sensitivity and has not offset voltage at the
output, Dead zone in the voltage transfer charactenistic is
very small and can be reduced by using operational
conveyor with Ry, as high as possible and can be used
for low-level signal rectification. Suggested full-wave
rectifier has the suitable structure for IC fabrication.

Conclusion
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Voltage mode electronically tunable full-wave rectifier

Predrag B. Petrovié, Milan Veskovié¢, Slobodan Pukié *

The paper presents a new realization of bipolar full-wave rectifier of input sinuscidal signals, employing one MO-COCTI
(multiple sutput corrent. controlled current conveyor), a sero-crossing detector (ZC1)), and one resistor connected to fixed
potential, The circuit provides the aperating frequency up to 10 MHz with inereased linearity and precision in processing of
imput voltage signal, with s very low harmonie distortion, The errors related 1o the signal processing and errors bound were
investigated and provided in the paper. The PSpice simulations are depicted and agree well with the theoretical anticipation.
The maximum power consumption of the converter is approximately 2,83 mW, at +1.2 ¥V supply voltages.

Keywords:
transistors, harmonic distertion

1 Introduction

Precision rectifiers are important building blocks for
signal processing, conditioning and instrumentation of
low-level signals and are extensively nsed in wattmeters,
AC voltmeters, RF demodulators, linear function gen-
erators and various nonlinear analogue signal-processing
cirenits [1-3]. Owing to the thresheld voltage of diodes,
the conventional diode rectifiers are limited and are only
used in specific applications, such as DC voltage supplies.
However, simple diode rectifiers eannot be used for appli-
cations requiring accuracy in the thresheld voltage range,
the. This can be overcome by using high precision inte-
grated cirenit rectifiers.

Although the use of current-mode (CM) active de-
viees is restricted to current processing, it offers cer-
tain advantages such as higher usable gain, more reduced
voltage excursion at sensitive nodes, greater linearity,
less power consnmption, wider bandwidih, better aceu-
racy and larger dynamic range compared to that of their
voltage-mode counterparts. The CCII is a reported ac-
tive component, especially suitable for the class of ana-
log signal processing. However, the CCIT can not control
the parasitic resistance at » (R,) port, so — when it is
used in some cirenits, it unavoidably requires certain ex-
ternal passive components, especially the resistors. This
makes it inappropriate for IC implementation, as it oceu-
pies a greater chip area, high power dissipation and ex-
cludes electronic controllability. On the other hand, the
recently introduced second-generation current controlled
conveyor (CCCII) has the advantage of electronic ad-
justability over the CCII [4]. Also, the use of dual-output
current-conveyors is found to be useful in the derivation
of eurrent-mode single input eircuits.

The unse of the current conveyor to improve perfor-
mance of an OA-based circuit was discussed in [5], Full-

multiple cutput current-controlled current conveyor, zero-crossing detector, [ull-wave rectifier, hipolar

wave rectifiers based on a CMOS class AB amplifier and
current rectifier operation are described in [6, 7], This cir-
cuit offers a wide dynamic range and shows a broadband
operation. CMOS integrated active rectifier concept is an
innovative approach for higher efficiencies [8]. These recti-
fiers provide output voltages nearly at the level of the in-
put voltage combined with low power consumption, which
was also achieved through the cirenit design proposed
here. In [9], a single CCCIl-based precision full-wave rec-
tifier eircuit is proposed using a three-output CCCIL, two
MOS transistors and a resistor with large cross-over dis-
tortion for a low frequency of 5 KHz. In [10,11], full-wave
rectifier cireuits are proposed using two second-generation
current conveyors (CCIls) and four diodes.

In 2006, Yuce et al [12] proposed a full-wave rectifier
deploying two plus-type second-generation current con-
veyors (OCIl4s) and three n-channel metal-oxide semi-
conductor field-effect transistors (MOSFETSs). Also, Mi-
naei and Yuce [13] proposed a voltage-mode (VM) full-
wave rectifier with high-input impedance using a dual-X
second-generation current conveyor (DXCCII) and three
n-channel MOSFETs in 2008, The circuits presented in
[12, 13] require no passive components and they operate
in VM. Some current-mode {CM) full-wave rectifiers have
been reported in the literature [14-18]. However, the re-
ported rectifiers usually employ at least two active ele-
ments andfor four diodes, and additional sub circuits. For
example, in [15], the circuit uses two CCll4+s and four
diodes. The strueture in [16] employs one current con-
veyor and one universal voltage conveyor (UVC) and two
diodes. In [17], the proposed cirenits employ at least two
current and/or voltage conveyors as active elements and
two diodes. A CM full-wave rectifier circnit employing one
active element — namely current differencing transcon-
ductance amplifier (CDTA) — is reported in [18]. How-
ever, the cirenit in [18] requires four diodes and one re-
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Table 1. Comparison of the rectifiers

Number of  Number of Auxiliary bias Cascability Modes of

Reference Type of active components

dindes resistors SOUTCEes property  operation
2] 4 CCClls, 3 MOSFETs yes no VM
12| 2 CClls, AMOSFETs no no VM
|13 1 DXCCL, 3 MOSFETs yes no ¥M
|14] 2 Opamps 2 5 no no VM
[15] 2 CClIls 4 2 no o VM
|16 1 OCHs, 1 UVCs 2 no vou CM
|17 1 CCHs, 1 UVCs 2 Vs Vs CM
|18 1 CITAs 4 1 no T CM
[20] 4 OTAs - yes ves CM
22| 1 CDTAs 2 1 no yes CM
|23 1 DXCCs 2 I no ves CM
|24] 1 MYC-CDTA no T CM
Proposed 1 DOCCCHs, ZCD, 1 no yes VM
circuits 2 MOSFETs :

4

Vi ¥ +z —a SW
K-:"’-.P-D".
AR
MO-CCCIT -\“ it R,
X =Z t—a
ZCD

Fig. 1. The proposed circuit of the Tull-wave rectifier

W

i I
‘f',.n-‘.— ¥ tz fo

. MO-CCCII

i, i,
V.o x =Z o

Fig. 2. Electrical symbol of MO-CCCL]

sistor. Other rectifier examples can be found in [19-23].
The circuits reported in [19,21] are designed based on
MOS transistors, Although these circuits have fairly sim-
ple structures, the circuit in [19] requires a floating input
voltage source and the circuit in [21] needs three external
biss current sources which should be realised separately.
The circuit in [20] employs an excessive number of OTAs
as active elements and the circoits of [22, 23] use CDTA
or DXCCIT which have more complex internal structures
with respect to CCII, OTA and DVCC. The circuit in [24]
employs a current mode full- wave rectifier based on sin-
gle modified Z-copy current difference transconductance
amplifier (MZC-CDTA) and two switches.

This paper presents the principles of operation, and
the detailed circuit design of the new bipolar realization of
the fullwave rectifier. The features of the proposed cirenit
are: it employs one MO-CCCII, one zero-crossing detee-
tor, and one resistor connected to source voltage, which

129

is snitable for fabrication in a monolithic chip. Unlike the
rectifier described in [2,3], which was realised using the
CMOS technology, the one deseribed in this paper in-
volves a simpler and more aceurate control structure, Be-
sides, the proposed eirenit does not require a more precise
bias voltages realization and complex transistor pairing,
which was typical of the realisations described in [2,3].
The rectifier circuit provides the operating frequency of
up to 10 MHz, with increased linearity and precision in
processing of input signals. The performance of the pro-
posed cirenit is illustrated by PSpice simulations, show-
ing a good agreement with the calenlation. The cirenits
proposed in this work have been compared to similar cir-
cuits reported in the literature. The results are depicted
in Table 1.

2 Proposed full-wave rectifier circuit

Figure 1 presents the proposed cireuit of the full-wave
rectifier.

Generally, a MO-CCCII is a multiple-terminal active
building block, as shown in Fig. 1. The electrical symbol
of the MO-CCCII is shown in Fig. 2.

The port relations of the MO-CCCII can be presented
by

;E"—”;'r-'x—r-‘u+i1ﬁ.x;‘iz| = g e = —ig. (1)

The schematic bipolar realization is shown in Fig. 3 [25].
Aecording to equation (1), the MO-CCCII has a unity
voltage pain between terminal v and x and a unity cur-
rent gain between terminal » and z. The [, is an inner
resistance of a translinenr mixed loop (@ to Q) with
grounded resistor equivalent controlled by bias current
I . In this case, the parasitic resistance [, at the termi-
nal x can be expressed by

Vi

R:-. = m (2}
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+¥
QI]
Ql! Q]T
QIZ
o4z >< —o -2
QH

Qlﬁ Qll

Fig. 3. Bipolar realization of MO-CCCII

Fig. 4. Bipolar reslization of comparator

where ¥V = 26 mV at 27°C is the usual thermal volt-
age given by ET'/q, k =Boltzmann’s constant= 1.38 x
1072 K, T =the absolute temperature (in Kelvin's),
and g = L6 x 1079C and [ (Fig. 1) is the bias cur-
rent of the conveyor which remains tunable over several
decades.

Precision in processing of the input voltage signal is di-
rectly dependent on the manner in which ZCD is able to
reliably detect the moment when the input signal changes
the polarity. This required the construction of new hipolar
detector cirenits, as shown in Fig. 4. The transistors Qe
and Qop will promptly follow the variations in input volt-
age, thus reducing the total delay time of the comparator.
The resistor 1ty has one end attached to the source from
which it is powered together with the detectors. The re-
sistor can be coupled to the source of the different voltage
level, if this should prove necessary due to the demands
of analog switches-two complementary MOS transistors.

By the routine analysis of the proposed full-wave cir-
cuit shown in Fig. 1 and using the properties of MO-
CCCII, for vy, > 0, the z+ current {15,/ ) to pass on
to the load. For v, < 0, z— current { —wvin/R,) passes

on to the load, thus inverting the negative cycle of input

. { v:zl _':IJ'Es 1}1'n{ﬂ>0|
fout = .

vinlt) < 0.

St ®
Unidirectional current flows through the load in either
case, resulting in a full-wave rectified output.

Depending on the detected sign of the input signal
(practically by detecting the negative half-period of input
processing signal), over the ZCD (Fig. 1), the position
of the switch SW (two complementary MOS transistors)
can be determined. The control voltage signal, obtained
on the output of the ZCD, defines the position of the
switch SW and brings the current either from port 2+,
or from port z— of the MO-CCCIL Such control enables
the current input from the port z+ on the load at the
interval at which the input voltage signal is positive, ie
from the port z— when the input voltage is negative. The
output voltage v, for input w, is

Vout = {

where f#;, = i, . The equation (4) we can present in form

Iy,
Fotin, Ui 20,

(4)
—-g—l‘-'l'}in.. iy = 0.

By
Vaut = R_lrluin| .
in

Based on (5), it is obvious that the voltage value at
the output of the proposed cireuit corresponds to the rec-
tified value of the input sinusoid signal with amplifieation
or rectifier with attenuation. In the proposed circuit, rec-
tification is not performed by diodes, which implies fewer
ripples, compared with the known diode rectifier circunits
[14-18]. Tt is also possible to perform low-voltage (below
threshold level of the diode) rectification using the pro-
posed circuit.
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input voltage (m¥)

output voltage (V)

A0
time (ns)

delay time (n=)

i 10’
input voliage (mV)
Fig.

5. (8) — Output voltage wavelorms for proposed ZC1D, (b)

Average delays time against input voltage

crron (%)

parnmeters divergence

Fig. 6. The distribution of errors, for the divergence in the walue
of the parsmeters, from their nominal valoes

Non-ideal effects

The effects of MO-CCCII and comparator non-idealities
omn the full-wave rectifier performance are to be considered
in this section. By considering the non-ideal MO-CCCII
characteristics, (1) can be rewritten as

oty +illy iy = 4, i = —fis
(6)
where a0 = 1—£, and &, (|g,| < 1) represents the voltage
tracking error from ¥ to @ terminal, 8, =1 — ¢, and &,
{|=p| == 1) denotes the current tracking error from = to

iy =10, vy
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z+ terminal, while 8, = 1—&, and =, (|=,| < 1) stands
for the current tracking error from x to z— terminal
of the MO-CCCII, respectively, Generally, these tracking
factors remain constant and frequency independent in low
to medium frequency ranges. The typical values of the
non-ideal eurrent transfer gains and the transconductance
inaccuracy factor o, 4, and f,, range from 0.9 to 1, with
an ideal value of 1. However, at higher frequencies these
tracking factors become frequency dependent. Given the
non-idealities, currents generated from MO-CCCII can be
defined as

L =iae —izp = (= o) 55— =
{ 20,5 Iy = 20 g I
=28l = —2Paq gt dp, vin(t) <0
which results in an absolute error
mp (8)

The error (8) is a function of input voltage sipnals and
varies depending on its contents. A way to express the
error is to consider the values of the observed parameters
as random quantities characterized by their PDFs (Prob-
ability Density Function). Therefore, the interval having
a 2¢ width, around the nominal value of the ohserved pa-
rameters needs to be defined and associated with a cortain
distribution, eg uniform distribution.

From (7), the tracking errors slightly change the out-
put current of the proposed full-wave cireuits. However,
the above relation does not include the error in determi-
nation of the interval in which the input voltage signal
is negative (the ZCD error), which also defines the preci-
siom of the proposed rectification process. Figure 5a shows
the waveform of the ontput voltage in response to an in-
put voltage step of £50 mV for the proposed comparator.
In Fig. 5b, the average delay times of the proposed com-
parator as a function of the input voltage amplitude is re-
ported. As can be seen, at low input voltages, the response
time of the proposed circuit is very small. As the input
voltage is increased, the delay time are reduced, sinee the
enhanced output voltage swing (due to the higher voltage
values) cause Qy and Quy completely turn-off.

Simulation results confirm the fact that proposed ZCD
circnits is capable of processing the input signal with a
high precision. We suppose that the incremental sensitiv-
ities of the output current i,,, at parameters o, 5, f,
and T are: 1; 1; 1 and —1 (all the active and passive sen-
sitivities are of an equal unity in magnitude). Thus, the
proposed cirenit exhibits a low sensitivity performance.

The Monte Carlo approach |26] gives the lower and up-
per limits of interval which contains 95% of error sam-
ples. The Monte Carlo analysis in PSpice was used for
simulations with a given error on different parameters
and components (Monte Carlo predicts the behaviour of
a circuit statistically when part values are varied within
their tolerance range for 5%), Fig, 6. This test is very
useful for visualizing how the circuit will run with im-
perfect parameters as are used in reality. The number of
individual simulation was 2000,

Ky

Rin

vin(t) 20

Error = |igy —
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Table 2, PR200N and NP200N transistor parameters
NP200N
MODEL NX2 NPN RE = 2625 IRB — 0 RBM — 125 RC = 25 RE — 0.5 18 = 2428 — 18 KG — 1206 XTI — 2 X'TH
1.638 BIF — 137.5 IKF = 13941 - 3 NI — 1.0 VAF = 1594 ISE — 721 - 16 NE = 1.713 BR — 0.72568 KR — 4.3961
3NR — LOVAR = 1073 ISC — 0 NC — 2 | TF — 04255 - 9 TR — 0425K - 8 CJE — 0428E - 12 VIE — 0.5 MJE
0,28 CIC — 1.97E - 13 VIC — 05 MIC — 0.3 XCIC — 0065 CIS — LITE — 12 VIS — 064 MIS — 04 FC — 05
PR200M
MODEL PX2 PNP RB — 1635 IRB — 0 RBEM — 1227 RC — 25 RE — 1.5 18 — M7E - 18 EG — 1.206 XTI — 1.7 XTH
1866 BIY — 110.0 IKF — 4.718E — 3 NF 1 VAF — 518 ISE = 50.2E - 16 NE 1.65 BR — 04745 KR — 12,96
ANR — 1 VAR — 996 [SC — 0NC — 2TF — 0610E - 9 TR — 06108 - &8 CIF — 0.36E - 12 VIFE — 0.5 MIE
028 CIC = 03285 12 VIC = 0.8 MIC = 0.4 XCIC — 0074 CIS = 1.39E 12 VIS — 055 MJS — 0.35 FC = 05
L5 Vo (V) v, (mWV)
' 120 |y
lon
20
0 05 10 L5 20 25 30 35 40 45 50 e ] RO Al 0 M ) 170
(a5 ¥, (m¥)

Fig. 7. Time-domain response of proposed %D

3 Simulation results

To confirm the given theoretical analysis, the proposed
voltage-mode hipolar full-wave cireuit in Fig. 1 was sim-
ulated using the PSpice program. The MO-CCCII and
ZCD were realized by the schematic bipolar implemen-
tations given in Figs. 3 and 4, with the transistor model
parameters of PR200ON (PNP) and NP200N (NPN) of
the bipolar arrays ALA400 from AT&T [27], Tab. 2.
The supply voltages and the values of the bias currents
V= -V = 1.2V and Ip = 300pA respec-
tively, whereas the input voltage was within the range of
+100 mV. Parameters of National Semiconduetor bipolar
cireuits AH510 [28] were used as analogue current switch
during simulation.

were

Fig. 8. [} tranzsfer characteristics for the proposed rectifier circuit

Time response of the proposed ZCD circuits is shown
in Fig. 7, where the input voltage sipnal was with 1 MHz
frequency and 20 mV peak. Resistor 1y = 1k was used
in the process of simulation. It is clear that the proposed
solution detectors perform detection polarity of the input
voltage signal in a very precise way, and the error that
is due to imprecision in detection can be neglected in
practical applications.

The DC characteristic of the proposed circuit for a
frequengy of 100 kHz is shown in Fig. 8. Based on Fig. 8,
it can S concluded that the proposed cirenit retains a
linear character in a wide voltage range.

Figure 9 shows the wave form of the signal at the out-
put of the cirenit shown in Fig. 1 (voltage v,y ), at dif-
ferent frequencies. For these simulations, the input signal

Vollage (mV]) Woltage (mV)
40 40
20 20
0 (1]
-0 20
-0 =40
o 0.5 L5 fimc(ms) 29 S0 150 Time(ns) 250

Fig. 9. Time-domain response of the proposed full-wave rectifier for different frequencies of (a)

1 kHz and {b) 10 M Hz
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Fig. 10. Tunability of the gain of the proposed rectifier with chang-
ing the bias current. Ty (a) Ty = 200 A (b) T — 130uA,
(=) I — 15un, (d) T — 100 pA

is taken as a sinuscidal voltage signal with 40 mV peak
value and different frequencies of 1 kHz and 10 MHz are
selected. Figure 9 shows that the output waveform of the
proposed rectifier is in a good agreement with the theo-
retical ones at low and high frequencies. However, with
the increased frequency of the processed signal, the devi-
ations are increased as well.

The total power dissipation was 2.83 mW. Small
power consumption of the proposed cirenits occurs due to
the application of low-voltage current mode and transcon-
ductance mode inteprated circuits, along with the use of
bipolar transistor technique. Applying the current mode
signal processing to solve the issues under consideration
is a sensible approach to the problem. However, similar
and sometimes lower power consnmption can be achieved
using CMOS technology instead of the bipolar one.

To test the tunability of the gain of the proposed rec-
tifier cirenit, the bias current of the MO-CCCI (Iy) is
changed and the results are shown in Fig. 10. For these
simulations, the input signal is taken as a sinusoidal volt-
age signal with 100 kHz frequency and 50 mV peak value,
while the load was R, = 10010,

Harmaonic Distortion

A further indication of the performance of of
the full-wave rectifiers can be gleaned by examinite the
distortion already present in a fullwave rectified signal.
When a sinusoidal signal of frequency [ is applied to a
full-wave rectifier, the steady-state response at the out-
put ideally consists of harmonic components at 2f, 4f,
Gf, ete. The harmonics in the signal canses the distor-
tion in the output of the cirenit. Becanse of its periodic
nature, these harmonic components can be analyzed by
the Fourier series. The magnitude of each harmonic of a
waveform as shown in Fig. 11 is obtained with fast Fourier
transform using PSpice.

The total harmonic distortion, or THD, of & signal is
a measurement of the harmonic distortion present and
is defined as the ratio of the sum of the powers of all
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THID (di3)
0
-5
=10
-15
20
1 1 ' 10 1 10 1’
[requency [ {Hz)

Fig. 11. Total harmonie distortion (THIY) versus frequency s
input amplitude voltage of 50 mY

harmonic components to the power of the fundamental

frequency

N 2
T '.ivﬂ

1

THINAB) = 20log(Vrun), Viap = (9)

where V) is the fundamental frequency voltage con-
tent, V5, is nth the harmonic voltage content, and n =
2,3.4,.... In the case of a full-wave rectifier, the steady-
state response at the output consists of even harmonics.

Figure 11 shows the total harmonic distortion of the
output voltage of the proposed circuit, Fig. 1. The THD of
the proposed circuit is —15.6 dB at 50 Hz and —20.8 4B
at 1 MHz with an input signal of 50 mV. The THD is sig-
nificantly lower than in 2,29, 30| (the THD of previously
reported cirenit slowly increases with frequency ), because
for higher frequency ranges, the swilching ON and OFF
of diodes becomes sluggish due to its higher impendence
and more distortions.

4 Conclusions

In this paper, new full-wave rectifier topologies are
given. The cirenit employs only two active component and
one resistor which is advantageous from the intepration
point of view and operates in VM. The workability of the
proposed circuits is demonstrated by PSpice simulations
using the bipolar arrays ALA4D0 from AT&T technolopgy
parameters. The effects of the non-idealities of the active
elements are also investigated. The proposed circuit has
a high precision, low power consumption and wide band-
width.
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New Current-Mode Full-Wave Precision

Rectifier Based on Two CCIIL. and Two Diodes

Milan Veskovic, Slobodan Dyukac

Abstract—Precision full-wave rectifier with two current
convevors, two diodes and without any passive component is
shown. The theory of the rectifier operation is described and
analyzed. In the presented rectifier input signal can be only
rectified, but at the same time it can also be rectified and
amplified or rectified amnd attenuated. The current mode
technique has been employed in order to provide the high-
precision capability of the circuit. PSPICE program has been
used to verify the proposed design of the current-mode precision
full-wave rectifier. To evaluate the acenracy of the current-mode
full-wave rectifier generalized frequency response comcept is
used.

Index Terms—Signal processing, current mode circuits,
current comveyor, precision rectifier, generalized freguency
TespOmsE.

[. INTRODUCTION

Precision rectifiers are important building blocks for zignal
processing, conditioning and instrumentation of low-level
signals and they are extensively used in wattmeters, AC
voltmeters, RF demodulators, linear function generators, and
various nonlinear analogue signal-processing circuits. The
operation of diode-only rectifiers iz limited by the threshold
voltages of diodes. approximately 0.3 V for germanium
diodes and 0.6 V for silicon ones. Therefore diode-only
rectifiers are used only in those applications in which the
precision in the range of threshold wvoltage is insignificant,
such as DC voltage supply rectifiers. Better implementation of
precision full-wave rectifiers is based on using op-amps with
diodes within the feedback path to provide the necessary non-
inverting gain for positive input signals and inverting gain for
negative input signals as shown by Toumazou and Lidgey [1].
However, the classical problem with rectifiers based on
diodes and op-amps iz that during the
conduction/conductions transition of the diodes the op-amps
must recover with a finite small-signal dV/dt resulting in
significant distortion during the zero crossing of the input
signal. The uge of the high slew-rate op-amps does not zolve
thiz problem because it iz zmall-signal transient problem.
These rectifiers are limited to frequency performance well
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below the gain-bandwidth performance product /T of the
amplifier as shown by Djukic [2]. This limitation is improved
with designing the rectifiers by the use of current mode
techniques.

The current-mode full-wave rectifiers vsing second type
current conveyors (CCII) as the voltage to current converter
have received much attention in scientific literature as shown
by Khan et al. [3] and Gift and Monday [4]. Full-wave
rectifier developed by Toumazou et al. [3], with addition of a
DC source, tends to reduce the distortion due to small signal
dV/dt limitation. Bectifier propozed by Hayatleh et al. tends to
reduce the effect of temperature on the zero-crossing
performance by using a current source and resistor instead the
DC woltage source, as shown by Hayatleh et al [6], and
Djukic [7]. In both cases, the frequency response of the circuit
was improved because the diodes were inifially furned on
thereby reducing the time to force them into full conduction.
Monpapassor et al. have suggested a full-wave rectifier with
second type current conveyor, four current mirrors, three DC
current sources and two grounded resistors as shown by
Monpapassorn et al. [2]. The proposed rectifier is temperature
stable, has small rectifying error and is suitable for IC
fabrication.

On the other hand. the proposed rectifier has several
dizadvantages. First. the current conveyor has an imprecise
voltage transfer function because the value of the effective
resistance rz, teen at the inverting terminal of the conveyor iz
not zero, and itz value cannot be known with a high degree of
accuracy. Second, there iz a severe distortion, particularly at
the zero-crossing point of the input signal arising from the
on-off switching of the transistors positioned between the
current conveyor and current mirrors. Third, this switching, as
well as the large number of the current mirrors, limits the
frequency performance of the circuit. Finally, the input
sensitivity, Le., the peak amplitude of the lowest input signal
that can be rectified, is limited by the action of the mentioned
transistors.

Kumngern and Dejhan propose realization with CCIL, seven
current mirrors, two diodes and five grounded resistors as
shown by Kumngern and Dejhan [9]. The proposed
configuration iz very suvitable for integrated circuit
implementation both in bipolar and CMOS technologies. Sahu
et al. [10] propose a precision full-wave rectifier using an all-
pass filter that acts as a 90 degrees phase shifter, two squaring
circuits, one summer, and one square rooter. Koton et al. [11]
have suggested full-wave rectifier with current and voltage
conveyors. Yuce et al. [12] have suggested full-wave rectifier
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with two second type current conveyors and three NMOS
transistors without any passive components. Gift [13]
proposed a new operational conveyor full-wave rectifier with
current-mode absolute-value circuit. This circuit consists of
complementary common base transistors biased by current
sources and diode comnected tramsistors. Unfortunately, this
realization does not eliminate output offset voltage, which
makes significant difficulties when we want to rectify small
amplitude signal.

This paper presents a simple design with two current
conveyors, two diodes, two DC voltage sources, ome DC
current source, and without any resistors. Proposed rectifier is
suitable for small-amplitude signals rectifying.  Current
conveyor based on current steering output stage with good
voltage and current tramsfer characteristic, without »y
resistance, is used for rectifier design.

II. CURRENT CONVEYOR IMPLEMENTATION EMPLOYING
CURRENT-STEERING OUTFUT STAGE

In the case of current-mode processing circuits we always
have a need to make copy of the current and we make it with
different type of the current conveyor [14]. The second type of
the current conveyor (negative) can be represented as a three
terminal device in which voltage applied to high-impedance
terminal Y is buffered with unity gain to the terminal X, and
current from terminal X is mirrored to terminal Z. Symbol of
the current conveyor is presented in Fig 1.

Ve o[y
Iz
ccln- 72 |—0—>
v Ix
¥og— X

Fiz. 1. Symbol of the second type current conveyer (negative)

Mathematically, the second type of the current conveyor
(negative) can be described by the matrix equation:

L7 [o o o]w,
Fol=l1 = 0|1,
Lo -1 ofr M
or by three linear equations:
V.=V, +rl, ()]
I.=0 3
IL—1I, “)

where ry iz input resistance seen at the inverting terminal of
the current conveyor.
In the case that the value of ryx 13 approximately zero, we

have an ideal current conveyor.

A new current-conveyor formulation based on current-
steering output stage [13] which detailed explanation is done
in the paper [16,17], will be used in this paper.

III. PROPOSED RECTIFICATION CIRCUIT

At the beginning real and approximate volt-ampere
characteristic of a small-signal diede has to be shown. Volt-
ampere characteristic for small-signal silicon diode in the
direct polarization is presented in Fig. 2 (full line). Theoretical
considerations result in the following relation for current and
voltage 1n a junction diode:

P

PR -
i‘._,=],|:e:m| ;f -1 ()
Wl

where Is represent reverse saturation current and has a
value on the order of 0.01pA for small-signal junction diode
(1N4148) at room temperature. I is thermal voltage, at room
temperature it amounting to T =26 mV. Therefore, the
current beging to flow at the voltage 7, = v = 035 V, and
within I, < vp < Fr functional dependence is not linear, and
for vp > Fy ampere-volt characteristic is linear with the slope
1/ (Rf is diode resistance in the direct polarization and Fis
ca 0.6 V for Si-diode). Thus, diode characteristic for direct
polarization can be approximated with voltage battery 7 in
series with resistance Rf (dot line). Also, it can be noticed that
small current I0 flows through diode at the voltage I
Therefore, in order to put the diode on the edge of conduction,
battery I® for direct polarization has to be used, and the
following relation has to be fulfilled

V< V2V, (6)

10.0m

&.0m+ ' £

LI
\

|
o
,

-~ real ) 4
- = - approdmate e
2.0m+ [ [ 4
#
o

-~
oo =
500.0m

t T T
§50.0m E00.0m ES0.0m 700.0m T50.0m  500.0m

Vo )

Fig. 2. Characteristic Ly = £(V): a) real- full line, b) appromimate - dash lina.

Proposed full-wave rectifier circuit i3 presented in Fig. 3.
Functional explanation for the propesed full-wave rectifier
is as follows:
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“m =0, DC currents I flow through diodes D1 and D2, and
these currents are provided by the DC current sources 2In,
Vai=0, Va="s, Fae=0.

Vi +, additional current & (thick arrow) flows through
diode D1 and the following equation can be set:

Viy =V, — R iy + ¥ =0=>ig =% (7 EV,'J ¢
-f
and output voltage of the rectifier 1s
R
Vo =_szn=__LVm ®
R.f

Vin -, additional current im (thick arrow) flows through
diode D2 and the following relation is reached:

ra 7 p— 7 -
V+V +R, L, -V =0=i, =
b

| S \
o (n=r,) ©

and output voltage of the rectifier 1s

(10}

V=Rl = 2,
= g

Generaly, the following egquation for positive and negative
input signal, 13 valid

v, - )
R,
Tttt T T T T T T T T T T T T T T T T T T T T T il
ek |
CCll), 7, b=

02y el

| + AF! |

i Ve | i
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| ro ot
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Fiz. 3. Proposad precizion full-wave rectifier.

Therefore, we have proved that the circuit in Fig. 3 15 full-
wave rectifier with amplification or rectifier with attenuation.
The DC current source 2Io is vsed for ellimination of the
offset voltage at the rectifier output. It is important to note that
an increasing of Fin in positive direction causes the offset
current Iy through D2 goes down, and it becomes zero for
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P = Vv, causing an increase of the offset current of D1 to 2In
In our case it is not important because the circuit rectifies
sthall-amplitude input signal.

Iv.
The proposed full-wave rectifier iz realised as shown in Fig.
3, with: I (Ve=038V, Ip=14mA R=28 Q) I (Ve=06
V. Io=074 mA Ri=26 Q), I (Vg = 0.62V, Io = 1.7 mA,
Rr=234 ). Fast diode IN4148, whose characteristic
ip = f (vp) iz shown in Fig. 2, has been used in the circost
From Fig. 2 we can conclude that R changes the value within
range 20 Q = Fr= 30 Q, and value for Rr must be variable for
unity gain of the rectiffier. All npn transistors in the circuoit are
IN3904 and all pop transistors are 2N3906. Operatinal
amplifier TLOS2 uses FET transistors at differential entry
points and has small DC bias currents.
Transfer characteristic of the foll-vave rectifier is shown in
Fig. 4.

SIMULATION RESULTS

200.0m 4

- =1
- Ideal

100.07 +

0+

-100.0m

-200.0m
-200.0m

-10(';.&11
V.0

Fig 4. Transfer characteristic of the proposad full-wave rectifisr.

From transfer characteristic of the proposed full-wave
rectifier it iz clear that there is no dead zone at input signal
zero crossing. Also, a significant deviation from ideality
oceurs (mathematically equation v = -[x[). The deviation from
ideality is a consequence of Rf variability.

Rectified output of the proposed rectifier for 200 mWVpk
input signal and frequency a) 200 kHz, [ IL, [T &) 1 MHz, II,
is shown in Fig. 5.



Munan /. Beckosuh

Joxkimopcka gucepiuayuja

300.0m
200.0m 4

100.0m

Win, Wout [V}

-300.0m

o 500.0n 1.0u
1 (5]

k)
Fig. 3. FRectified output for Vi= 200 mV: 2) I ILIL £ = 200 kiz,
WILf=1MHz

Since the rectifier is a significantly nonlinear device, the
conventional AC analysiz cannot be used for evaluating the
quality of its high-frequency operation, and the concept of the
generalized frequency response (GFR) will be vsed [18-21].
Average Value Ratio (AVE) iz the first characteristic of the
rectifier, and can be calculated az

= OL:

P = (a2

il
1
= a[vm () dt

Here, vieer (%) 13 signal at the output of the rectifier, vigeai (7)
is absolute value of the input signal, and the T is signal
repetition period. The ideal operation of the rectifier is
characterized by the value, payp =1.

The second characteristic iz ratio of the two RMS values,
the RMS of the difference of the real and ideal output
Vresr and Vidgeal, and the RMS value of the ideal signal, and can
be calculated as

T
| }r | ORGE @] at

| Hbwola

(13)

Pamz =

For ideal rectifier circuit we have Ve (£) = Vigw (8). the
result is prsg = 0. while in the case of total attenvation of the
input signal it 15 prasE=1.
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Fig. 6. (renaralized & v respanse of the ractifier for mput signal of
the Vir2l0 mVand I(Ve =038V, =14 mi Fo=28 @) I (Ve=06V,
L =074 m& R,=26 ) OI{Vy =062V, [=1.7mA R;=154 0 a) AVE
varsus frequancy, b) EIMS error varsus frequency

The transient analysis of the rectifier was performed
repeatedly over a time interval of Sps for the input signal of
200 mV, and for frequencies from 200 kHz to 10 MHz. To
eliminate transients at the beginning of the analysis runs,
integral characteristics (12) and (13) of the rectified signal
were computed from 2.5 pusto 3 ps.

As can be seen from Fig. 6(a), the rectified voltage has
attenuation of ca 0.87 for the frequencies below 4 MHz, and
the 3dB bandwidth of DC value transfer is ca 6 MHz. Voltage
attenuation at the output of the proposed rectifier is
consequence of the DC transfer characteristic (his deviation
from ideality). Fig 6 (b) shows that the polarization of the
diodes with VB=0.6V iz with the smallest RMS error.
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V. CONCLUSION

A CCIL bazed full-wave rectifier has been presented in this
paper. The circuit employs two CCII-, two diodes, two DC
voltage sources and one DC current source. The circuit is
realized for rectifying small-amplitude signals, but it can be
modified for high-amplitnde signals as well. Furthermore, the
proposed circuit is very simple for implementation in the BJT
technology and no buffering is needed if the load driven has
low impedance. Concept of the generalized frequency
regponse iz used to evalvate high-frequency performances of
the rectifier. Current conveyor based on current steering
output stage presented here, overcomes the problem of limited
current and voltage transfer accuracy.
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VY ToKy Hocamanimer pajaa Ouo je aHTaKOBaH Ha MPOjEeKTY ,, Yuctuja npousBoama 2011
y capaiibH ca JIOKaJHOM camoymnpaBoM™ IlenTpa 3a unctujy npomssomamy (CCPS), UNIDO
(United Nations Industrial Development Organization) u rpaga Yauka, Koju je ca ycrexom
capnanao u nocrao UNIDO xoncyntant 3a yBohemwe umctuje npoussoawme (UNIDO CP

(Cleaner Production) Programme Consultant).
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