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TEPMOCTABLJIBHI JUKEPEJIA OIIOPHOI'O CTPYMY I HATIPYT'U JUIS
BUCOKOJITHIMHOI CHCTEMHU AHAJIOT-KOJI-AHAJIOT

Y po6omi npoananizosaro nidxodu do no6ydosu dxcepes onopHoi Hanpyau ma cmpymy, 8U3HA4eHo ix nepegazu ma
Hedosiku. IIpedcmassenuill memod 00380/45€ ompumysamu mepmocmabiibHy ONnopHy Hanpyzy y documb WUPOKUX
dianasoHax ii 3MiHeHHA Ha euxodi cxemu. Y cmammi HagedeHO 3anponoHO8aHi cxemu 0451 peanaizayii dxcepes onopHoi
Hanpyau ma cmpymy. BueedeHo aHaaimuyHi upasu, wjo onucyroms @yHKYioOHy8aHHS 3anPONOHOBAHUX CXeM MA NOKA3YI0Mb
MOJHCAUBICMb OMPUMAHHS NPAKMUYHO HY16068020 MeMnepamypHozo koediyieHmy 0151 Hux.

Kawuosi cnoea: nepemeopeHHs — cucHaAdie, 8azo8a  Hadauwkogicms,  dicepesao  OnNOpHOi  Hanpyeu,
mepmocmabinbHicmy, KOMNeHcayis, 2eHepamop 0NOPHO20 CMPYMy.
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THERMOSTABLE REFERENCE CURRENT AND VOLTAGE SOURCES FOR HIGH-LINEAR ANALOGUE-CODE-
ANALOGUE SYSTEM

DC sources and reference voltage sources are widely used in various electronic devices: analog-to-digital and digital-to-analog
converters, DC amplifiers, sample-and-hold devices, stabilized voltage sources, and others. At the same time, the accuracy and temperature
characteristics of the latter largely depend on the same characteristics of direct current and voltage sources, which are subject to stringent
requirements. There are quite a lot of different approaches to the construction of reference voltage and current source circuits with thermal
compensation. The most famous of them - with the use of thermally compensated zener diodes operating in reverse breakdown mode.
However, devices based on them have a high power consumption and low efficiency and a high level of noise, and it is difficult to implement
temperature drift compensation due to a wide spread of temperature characteristics. The so-called bandgap circuits are also widely used -
transistor reference voltage sources, the value of the reference voltage of which is determined by the band gap of the semiconductor. The
most famous of them are Vidlar's bandgaps and Brokau's bandgaps. The specificity of all bandgap circuits is the rigid binding of the output
voltage to the band gap of the semiconductor. The article proposes an alternative approach to the construction of direct current and voltage
sources, which consists in the use of circuits of two-pole direct current sources. A new approach to the construction of thermally stable
reference current sources based on bipolar transistors using the band gap voltage of a semiconductor and current mirrors is proposed. The
principles of operation of the circuits are described and the possibility of achieving thermal compensation is proved. Computer modelling of
the static characteristics of the proposed reference current sources, in particular, the temperature drift of the currents, has been carried out.
A new approach to the construction of thermally stable reference voltage sources based on bipolar transistors with the use of thermally
stable reference current generators is proposed. Analytical expressions are obtained that describe operation of circuits of reference voltage
sources according to the proposed approach. A method for increasing the loading capacity of these reference voltage sources is proposed.

Keywords: signal conversion, weight redundancy, reference voltage, thermal stability, compensation, reference current generator.

IocranoBKa npodaeMu y 3arajibHOMY BUIJISIAL
Ta ii 3B’9130K i3 BAKJIMBMMH HAYKOBUMH Y1 NPAKTHYHUMH 3aBJAAHHAMHA

xepena nocriitHoro ctpymy (AIIC) ta mxepena onopHoi Hanpyrd (JJOH) mmpoko BUKOPHCTOBYIOTHCS B
PI3HOMaHITHUX €JNeKTPOHHHUX MPHUCTPOSIX: aHAIOro-IMGPOBUX 1 IM(pPO aHAJIOrOBHX IepeTBoproBadax [l1],
HiICWIIOBaYax IOCTIHHOTO cTpyMy [2], mpucTposix BHOIpKM—30epiraHHs aHAJIOTOBUX CHUTHAJIB, JDKeperax
ctabimi3oBaHOi Hampyru Ta iHMWMX. [Ipy mbOMy TOYHICHI Ta TeMIEpaTypHI XapaKTEPUCTHKH OCTAHHIX 3HAYHOIO
MIpOI0 3ajiekaTh BiA aHajoriuHmx ke xapakrepuctuk [IIC i 1o HHX BHCYBAaIOTBCSA XOPCTKI BHUMOTH IIOJO
MiHIMaJIbHOI MOXUOKH, HU3LKOTO TEMIIEPATYPHOTO Ta YaCOBOTO Apeidy.

AHaJIi3 0CTaHHIX TKepeJ

VY TenepimHii yac icHye HOCHTH 06arato pi3HOMaHITHUX MiJXOJIB IOJ0 MOOYZOBH CXEM JDKEpPEN OMOpPHOI
HAIPYTH Ta CTPyMY 3 TepMOKOMIICHcalier. HalBigoMimuMu cepel HUX € Taki, MO IOB’sI3aHi 13 3aCTOCYBaHHIM
TEPMOKOMIICHCOBAHHMX CTAOUIITPOHIB, SIKI MPAIOIOTH y pexuMi 3BopoTHOro npobdoto [1-3]. IIpore, npucrpoi Ha ix
OCHOBI MalOTh BHUCOKY CIIO)KHBaHYy IOTYXHICTb, HU3bKHH KOE(ILi€HT KOPHUCHOI Iii 1 BEJIMKWH piBEHb LIyMiB. Y
JesKUX BHUMaakax 3actocoByloTbesi JJIOH, ne sk cTabimiTpoH BHUKOPHUCTOBYETHCS IHTErpalibHUI TpaH3HCTOpa 3i
3BOPOTHHMM IpoboeM mepexony Oasza-emirep[2]. Pasom i3 TuM, TemneparypHy KOMIICHCALiIO Apeddy NMpH LbOMY
B)XKO peajli3yBaTH 4epe3 INUPOKUH DPO3KUJ TeMIepaTypHHX XapakrepucTHk. [loumnaroum 3 70-x pokiB XX
CTOJIITTSI, 3aCTOCOBYIOThCS TaK 3BaHi cxemu Oanaran (bandgap) — tpansucropni JJOH, 3HaueHHst onopHoi Hanpyru
SIKAUX BH3HAYAETHCS MIMPUHOIO 3a00POHEHOT 30HM HAMiBIpOBigHWKA[4-6]. HaliBimomimuMu cepen HUX € OaHATanu
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Binnmapa i bpokay. Hemonikom cxem Bimnapa € ckiaaHicTh HaJAIITYyBaHHSA, a bpokay — HasBHICTh ONepaliiHOTO
IICUITIOBaYa 3 OKPEMHUM JIKEpEesIoM Harpyry kuBieHHs. Crenudikoro BCix cxeM OaHIramiB € >KOPCTKa MPUB’si3Ka
o mupuHu 3a0opoHeHoi 30uHU (1205 MB) abo kpartnoi Tif. Iyl yCYHEHHS BHUIIE3a3HAYCHOTO HEIOJIKA aBTOPH
MPONOHYIOTh anbTepHaTUBHUE minxin momo modymoeu JIIC i JOH, skuii monsrae y 3acTOCYBaHHI CXEM
nsonomocHux JIIIC. IxmHboro mepeBarolo € aBTOHOMHICTh (BHYTDIIHS 3aMKHEHIiCTh CTPYKTYpH), TOOTO
HE3aJIeKHICTh BiJl CTATWYHUX XapaKTEPUCTUK CXEM, B SIKUX BOHH BHUKOPHCTOBYIOTHCS, @ TaKOX MOJKJIMBICTh
3aCTOCYBaHHS Y PI3HOMaHITHHX KOH(Iryparisx ki. OCKUIbKY BKa3aHUH MiJXiZ € HOBUM, JOLIJIBHUM € PO3KPHUTTS
pe3yIbTaTiB HOTO 3aCTOCYBaHH:, TOMY 0OpaHa TeMa JOCIIIKEHHs, IO ITOB’3aHa 3 TAKAM METOJIOM, € aKTyaJbHOIO.

®opmyaI0BaHHA Wineil craTTi
MerToro po0OOTH € TOCTiKeHHS po3mupeHnx ¢yHKuioHampHIX MoxommBoctei JJOH ta [TIC, mo mossrae y
aHaJIi3i HOBUX METOJIB NOOYJOBH cXxeM TepMoKomMIteHcoBaHUX ABoromtocHuX JIIC ximpneBoro tumy ta IOH Ha ix
OCHOBI.

BukJj1ai 0CHOBHOTO MaTepiaJy
PosrmsiHemo ~ metomm  moOynoBu — TepMoKommeHcoBanux — aBomomtocHux  JJOC.  TloGymoBa
TEPMOKOMIICHCOBAHUX J[KEPEII CTPYMY 1 Hampyru 0a3yeThcsi Ha HACTYITHHUX BJIACTHUBOCTSX: 3QJICXKHICTh HAPYTH Ha
p-n mepexoii BiJl CTpyMy 4epe3 HbOI'0 BU3HAYAETHCS (POPMYJIOLO:
=5l Loy, onal01, LN (1)
q I T q I T
ne k — mocriiina bonsnMana;
q — 3apsiJ eNeKTPOHa;
T — abcoroTHA TeMIepaTypa;
It — TennoBwuii cTpyM p-n nepexony.
3HaYCHHS TEIJIOBOTO CTPYMY OLIBII TOYHO 3a1a€ThCs popmysioro [58]:
q-Eg

I, =1,,-T e *", 2)

ne Iro — neska KOHCTaHTa,;
EG — Hampyra 3a00poHEHOT 30HU HAIIiBIIPOBITHUKA.
[ligcTaBssiFouy 1€ 3HAYCHHS B MOTEPEIHIN BHpa3, OTPUMAEMO:

U:k'—T-(ln(l)—ln(Jm)—3-1n(T))+EG. 3)

q

Cxema JpKepesa OIMOPHOIO CTPYMY, LIO JO3BOJISIE JOMOITHCS NEPBHHHOI KOMIICHCALii TeMIepaTypHOro
npetidy, moka3aHo Ha puc. 1 a).

*
Ismx l

T1 T2

15

il

R1 R3

a) 0)
Puc. 1. /lzkepesia onopHOro cTpymy: a) HalimpocTima cxema;
0) cxeMa 3 NEPBMHHOI0 KOMIICHCALIEI0 TeMIIepaTypHOro Apelidy
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Bona micTuts cTpyMOBe A3epkano Ha TpaHsucropax T1-T2, reHepaTop OMOPHOTO CTPYMy Ha TPAaH3UCTOPAx
T31-T3s i pesuctopax R1 i R2 i renepatop omopHoi Hanpyru Ha Tpausuctopi T4. Koedimient nepenadi crpymy
TOKOBOTO a3epkana — 1, gepe3 tpamsuctopu T31—T3s i pesuctop R1 mpotikae ctpym I;, gepe3 pesucrop R2 —
ctpym I», a gepe3 tpamsucrop T4 mpotikae cymapruii ctpym (I1+12). TemmeparypHa KOMITEHCalis DOCSATAETHCA
TakuM yuHOM. [IpW miABHINEHHI TeMIepaTypu Hampyra Ha nepexoji emitep-0asza TpaHsucropa T4 manae, Takum
YHHOM, majaae ctpyM depe3 pesucrtop R2 (I). 3a paxyHok Toro, mo uyepe3 T4 mpoTikae cTpyM B JEKiJbKa pa3iB
Oinbumid, Hix yepe3 T3, Hanpyra Ha nepexoai emitep — 6a3a tpausucropi T3,—T3s nagae mBuLIe, IK HACTITOK —
Hanpyra Ha R1 i ctpym uepe3 Hporo (1) 3pocrae. ITinbopom pesuctopie R1 i R2 mMoxHa moMOrTHCS B3a€EMHOT
KOMIIEHcallii 3MiHEHHS UX CTPYMIB 1 TocTiiiHOCTI cymapHoro crpymy (1i+]2) mpu 3MiHi Temmnieparypu.

Ha puc. 2 nokaszana 3anexHicts Igux(T) s naHoi cxemu, oTpuMana IUIIXOM MojentoBaHHs B Micro-Cap
JUISl BUIAJKY JOCSITHEHHS! KOMIICH ALl TeMIepaTypHOro Ipeidy BUXiqHOTo cTpyMy. Binxunenns Igux B nianasoHi
— 50°C...+50°C cknanaoTs 3,3 MKA TIpH BUXiTHOMY CTpyMi 1 MA.

Binpm  ckmamHy cXeMy JpKepena  OINOPHOTO  CTpyMy, IO J03BOJSIE  JOMOITHCS —KOMIIEHCAIIiT
TeMIIepaTypHOTo Ipeiidy Ha MopsAIOoK Kpalle, TokazaHo Ha puc. | 6. Bora MicTHTE cTpyMOBe a3epkaio YiicoHa Ha
tparsuctopax T1-T5, reneparop onmopHOTO CTpyMy Ha TpaH3uctopax T6—T7 i pesuctopi R1, i reneparop onmopHOi
Hanpyru Ha TpaHzucTopi T8 i pesuctopax R2 i R3. KoedimienT mepemaui ctpyMy TOkoBOro a3epkanra — 1, depes
tpansuctopu T6—T7 i pesucrop R1 nporikae cymapuuii crpym (I1+12), uepes pesucrop R2 i R3 — ctpym I, a yepes
tpansuctop T8 — crpym I;. TemmepaTypHa KOMIICHCAIliSI JOCATAETHCS TAKUM YHMHOM. 3a YMOBH, IO CyMapHHI
ctpyMm (I;+]x) (mpum 3miHi TemneparypH) i, sSIK HaclioK, Hampyra Ha pesuctopi Rl He 3MIiHIOIOTBCS, TO, NpU
MIBUILEHHI TEMIIepaTypy, Hampyra Ha nepexoji emitep—06asza Tpansucropa T7 manae, TakuM YUHOM, MAJAE CTPYM
yepes AUTHHUK Ha pesuctopax R2 1 R3 (1) i 3MeHmyeThest moTeHmian 6a3u TpaHsucropa T8. 3a paxyHOK TOrO, 10
gepes T8 i T7 mporikaloTe cTpyMH pi3HOI BenmuwHH (depe3 T7 mpuOmusHo B B pa3iB MeHIIHWil), Hampyra Ha
nepexomdi emitep-6a3a tpamsucropa T7 i 6a3i TpaHsuctopa T8 Mae mamaTm MBHIOIIE, HDK HAlpyra Ha MEpexomi
emitep-6aza Tpamsucropa TS, 3a yMOBH, IO CTPyM UYepe3 HHOTO 3AIMIIAETHCS HE3MIHHUM. SIK Hacimok, cTpym
yepes mepexin emitep-6a3a Tpansucropa T8 (Ii) 3pocrae. Ilimbopom pesmuctopiB R1, R2 i R3 moxnHa momortucs
B3a€MHOI KOMITEHCAIii ITUX CTPYMIB i OCTiiHOCTI cyMmapHOTo cTpyMmy (I1+]2) mpu 3MiHI TeMIiepaTypH.
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Puc. 3. I'padik 3ane:xnocti IBUX(T) n1s1 Tepmoxomnencoanoro JOC npyroro nopsiaky
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Ha puc. 3 mokazano 3amexHicTs Ipux(T) 1 HOCSATHEHHS KOMITEHCAIlii TEMIIEpaTypHOTO Apeiidy BUXiTHOTO
CTpyMy, sSKa OTPHMaHa IUIIXOM MojemoBaHHI B Micro-Cap. Bimxunenns Ipux B miamazoni —50°C...+50°C
CKJIaAatoTh 29 HA NIpH BUXiTHOMY CTpyMi 1 MA.

Tpauzucropu T3-TS nogano uist MiIBUILEHHS BUXiJAHOTO onopy cxemu. OTpuMaHe MiJ 4ac MOZAETIOBaHHS y
Micro-Cap 3HaueHHS BUX1JTHOTO OMOpYy cxeMu ckiaaae 505 kOm.

PazoM i3 TepMOCTAaOIIBPHUMH JUKEpENaMH OIOPHOTO CTPyMYy, HEOOXiJHHMH € TepMOCTalijbHI JKepena
oropHoi Hanpyru. TemneparypHa cTaOUIBHICTH TaKMX JPKEpPEN ONOPHOI HAaNpyrd BU3HAYAETHCS, B MEPLIY Yepry,
TEIUIOBUMH XapaKTEPUCTUKAMH aKTHBHUX 1 TACUBHUX KOMITIOHEHTIB CXEMH, a TAKOK MOXKJIMBICTIO KOMIIEHCYBATH 1X
TemIepaTypHi apeidu. Po3risiHeMo cxemy 0a30BOro By3ia — TEpMOCTaOUIBHOTO MEPETBOPIOBAYA OIOPHOTO CTPYMY
B OTOpHY HANpyry, HaBeAeHY Ha puc. 4 a). BoHa cknamaeTbes 3 Jpkepena onopHoro crpymy lom, mkepena crpymy
Ip, omoprOTO pesucropa Rom, mo 3agae BennanHy BUXigHOI HanpyTH, TpaH3uctopiB Tx, Tke 1 pe3rcropa perymsropa
RKC.

2 +Us

L-Ii:-ll
—

Il

0)

T18

B)
Puc. 4. TepmocTadijibHe 1:Kepeio ONIOPHOT HANPYTH: a) (OPMYBay4 TEPMOKOMIIEHCOBAHOI ONMOPHOI Hanpyru; 6) popmyBay
TEPMOKOMIIEHCOBAHOI OIIOPHOI HANIPYTH 3 Oy(epPHUM MPHCTPOEM

3HaYeHHS BI/IXiﬂHOI Hanpyru CTAaHOBUTHUME!

*

You =Use(s,) Vi ~Yssire) @

ne User, Usetke — Mafinag Hanpyryu Ha niepexonax BE tpansuctopis T i TKC;
Urorn — MaiiHAS HAIIPYTH, CTBOPIOBaHE ONIOPHUM CTPYMOM Ha pesuctopi ROII.
BiamoginHo 1o nepmoro 3akony Kipxroga, orpuMaemMo Take CIiBBiJHOIICHHS:

*

i Ay =1 —| Ly +— |- Yon__ 5)
B+1 B+1] (B+1)- Ry
nie  — koedilieHT mocuieHHS 6a30BOTO CTPYMY TPaH3HCTODA,
Ity — cTpym™m emitepa Tpanzucropa Tj.
3BiJIKHM 3HaAIEMO 3HaYeHHS CTpyMY Ity
I =1,-1 ___You 6)

(B R

CrpyM Ity npubnu3Ho popiBHIOE pizHui cTpyMiB lon 1 Ip. nepenumemo Bupas (4):
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U' =0 -In Ii +l 7 +IL ‘R —o. -In U—;C %
on = Pr I, on T gy | o Pr R
Uon
. 1,—1 .
Uon  (B+1) g+l p+1 (B+1)
Ryc

Sk BumHO 3 (OpMyNH, MOJAHOK, IO MICTHTH Jorapudm, oOEpTaEThCA HAa HYJb, TOOTO JOCITAETHCS
KOMIICHCAIlisI TeMIIEPaTypHUX 3MiH Ha p-n mepexomax TpaH3ucTopiB Tx 1 Tke, SKIIO 3HAYCHHS CTPyMy depe3
pesuctop Ric npubnuzHo nopisHioe pizHuULi cTpyMiB lom 1 Ip.

I3 BuIIECKa3aHOTO BUIUIMBA€ BUKOHAHHS TAKOI YMOBH:

(I,— 1) 1 U: (B+1)
- - =1 > X=(I,-1,)—=%. )
Uy )T R et (5
RKC
3Ha‘IeHH$I BI/IXiZ[HOl"O CI/IFHaJ'Iy CTAaHOBUTHMC:
U(*) :[0”.('3+1)+1KC‘R017 . Uc*)nzlon'Ron’ (10)

(A+2)

Coip 3a3Ha4MTH, MO JUII HOPMAJIBFHOTO (DyHKIIOHYBAaHHS JDKEpena OMOPHOTO CTPyMy, BuXin (opmyBaua
U*on Tpeba BiIOKpEMHUTH Bill HaBaHTaXXCHHs, 30KpeMa, TacuBHOTO Ry. I3 miero MeToro 3acTocoByeThCa OyhepHUit
npuctpiit (BII) (puc. 4 0)). [IpuHIIIIOBY cXeMy IKepeina OIOPHOTO CTPYMY 3 Oy(EpHUM IPUCTPOEM 300paKEHO Ha
puc. 4 B). Onopuuii ctpyM 3amaerbes mrepenoM crpymy 11 (Ion). Buxigna manpyra U*on dopMyeTses Ha BUXOII
Tpamsuctopa T11. BydepHmii mpucTpiii BUKOHAHO Ha TpaH3ucropax T12-T18, mo 3MeHIIye BIUIMB CTPyMy
naBaHTaxkeHHsa Ha U*on y P?-pasiB. OCHOBHUII CTpyM HaBaHTaXeHHs NpoOTikae yepe3 Tpansuctop T18, y B-pasis
MEHIINH cTpyM Oynie nporikatu yepe3 Tpanzucrop T17 i me y f-pa3iB MeHmmit ctpyM — uepes tpansucrop T14 ta
pesuctop peryistop R2 (Rxkc).

BuCHOBKH 3 1aHOT0 A0CTiIKEeHHS i MepcneKTHBU NOJAJBUINX PO3BIIOK Y JaHOMY HanpsiMi

3anpornoHOBaHO HOBUIl MiJXijA MOA0 OOYI0BU TEPMOCTA0IbHUX JKEPE OMOPHOTO CTPYMY Ha OIMOJISIPHUX
TPaH3MCTOPax 13 BUKOPUCTAHHSM HANPYrH HIMPUHH 3a00pOHEHOT 30HHM HAIMIBIIPOBIIHMKA I CTPYMOBHUX JA3€pKall.
OmucaHo NpuHIMOH (QYHKIIOHYBaHHS CXEM i JOBEJICHO MOXXIUBICTH JOCSATHEHHS TepMOKOMIIeHcauii. 3iiCHeHO
KOMII'YOTEpHE MOJCITIOBaHHS CTATUYHHUX XapaKTEPUCTUK 3alPOINOHOBAHUX JKEPEN OMOPHOIO CTPYyMY, 30KpeMma,
TEeMIEpaTypHOTO Opei(y CTPyMiB.

3anponoHOBaHO HOBHH MiAXif II00 MOOYIOBH TEPMOCTAOITBPHIX JKEPENl ONIOPHOT HATIPYTH Ha OIMMOJIIPHAX
TPaH3UCTOpPaX 13 BHKOPHUCTAHHSAM TEHEPATOpPiB TePMOCTAOLIBHOTO OMOpHOTO CTpyMy. OTpHUMaHO BiINOBiAHI
AQHANITHYHI BUpa3H, IO ONMUCYIOTh (QYHKIIOHYBAaHHS CXEM JKEPEeN ONOPHOI HANPyrH 3a aBTOPCHKUM IiJXOZOM.
BukianeHo MeTo]| MiJIBUILEHHS HAaBaHTa)KyBaJIbHOT 3/1aTHOCTI BKa3aHUX JKepell OTIOPHOI HAIPYTH.
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