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®I3UYHA EKBIBAJIEHTHA CXEMA TH)KEKIIHHO-
HPOJIBOTHOI'O TPAH3UCTOPA B PEXXUMI IPAMOI'O
SMIINEHHA EMITEPHOI'O HEPEXOAY

Pestome. Ha ocnogi posensinymoi cmpykmypu HICEeKYIUHO-NPOIbOMHO20 MPAHIUCIOPA PO3POOIEHO
11020 (hizuuny eK8IGANEHMHY CXeMy, ORUCAHO npunyun ii pobomu, meopemuyHo 00SPYyHMOBAHO KoegiyicHm
nepedasantss N0 CmMpymy eKgi6anrenmuoi cxemu ma 3pOONEHO eKCNEPUMEHMANbHY NePesipKy KOPEeKMHOCI
OMPUMAHUX Pe3YTbIMAmie.

Knrouosi cnoea: iHocekyitiHO-npoibOmMHULL  MPAH3UCMop, Koeiyichm nepedasanHs, Qizuuna
eKgi6aNeHMHA cXxeMd.

L.Lishchynskaya, M. Filinyuk, R. Chehmestruk

PHYSICAL EQUIVALENT CIRCUIT OF THE INJECTION-SPAN
TRANSISTOR, USING THE DIRECT DISPLACEMENT OF EMITTER
TRANSITION

Summary. Injection-span transistor (IST) occupies an intermediate position between bipolar and field
effect transistors. The structure is similar to unijunction transistor (UT) and field-effect transistors with p-n
Junction. According to the principle of operation it is close to the bipolar transistor because of using injection
properties of a directly biased p-n junction and two types of charge carriers - electrons and holes. However,
unlike these devices under forward biased emitter junction there are falling areas in its current-voltage
characteristics, where the Ohm's law is disrupted, so that it has a negative differential resistance, which relates
it to R - type negatron. These properties determine the broad functionality of IST in various electronic devices.

Designed unijunction transistors have low operating frequencies (several hundred kilohertz). This is a
disadvantage of those transistors and limits the range of their applications, mostly as low-current keys. Progress
in the development of microelectronic technologies allows to overcome this disadvantage, extending the
frequency range of up to several gigahertz, and makes the task to design various analog electronic circuits based
on IST.

A necessary condition for such devices design is a presence of physical equivalent circuit of IST, which
describes the parameters with sufficient accuracy in a wide frequency range. When designing the key circuits in
low-frequency range a one-diode physical equivalent circuit of unijunction transistor received an application,
which ignores span effects in the base and therefore can’t be used in the design of devices based on IPT.
Therefore, we solve the problem of IST physical equivalent circuit design, which considers its reinforcing
properties and frequency dependence of its parameters in active mode.

On the basis of the injection-span transistor structure, its physical equivalent circuit was developed and
the principle of its operation was described. The current transfer coefficient of the equivalent circuit was
theoretically grounded and experimental verification of the results correctness was conducted.

Physical equivalent circuit of IST considers its general properties of bipolar and field effect transistors.

Frequency dependence of the parameters is taken into account by the IST emitter junction capacity and
the time of the main charge carriers flight through the channel. At higher frequencies it is necessary to bring
interelectrode capacitances and inductance pins in the physical equivalent circuit.

To improve the accuracy of calculations of electronic devices based on IST it is necessary to develop
methods for experimental determination of its physical equivalent circuit parameters.
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IlocranoBka 3aBaaHHs. [mWkekuiiHO-ipoaboTHUM Tpan3uctop (IIIT) (puc. la)
3aiiMae MPOMIKHE TMOJOKEHHsI Mk OIMOJISPHUM 1 MOJBOBUM TpaH3ucTtopamu [1]. 3a cBoero
CTPYKTYpOIO BiH aHAJIOTIYHMNA ofHOomepeximHoMmy Ttpansucrtopy (OT) Ta mompoBOMy
TPaH3UCTOPY 3 pP-N MEPeXoJoM. 3a NPUHIMIOM [ii BiH ONM3BKUH 10 OIMOJISPHOTO
TpaH3HuCTOpa, 00 BUKOPHCTOBYE 1HXKEKIIHHI BIACTUBOCTI MPSIMO 3MILIEHOTO P-N MEPEeXofy i
JIBa BUJIM HOCIIB CTpyMy — €JEKTpOHH ¥ Hipku. OIHAK Ha BIAMIHY BiJl IIUX MPHUCTPOIB MPH
OpsIMOMY 3MIIIEHHI €MITepHOr0 MEepexoly Ha WOro BOJbT-aMIIEPHUX XapaKTEPUCTUKAX
OPUCYTHI Tajawoui JISHKW, A€ MopymyeTbess 3akoH Owma, BHACHIIOK 4YOTO BIH Mae
HEraTUBHUN nu(epeHlialpHuil omip, IO BIJHOCUTH HOro 1o HeratpoHa R-tumy. Ili
BJIACTMBOCTI BU3HAUaIOTh MHPOKI (yHKIIoHANBHI MoxiuBocTi IIIT mpu peanizamii pizHHX
EJIEKTPOHHUX MPHUIIAIIB.

Po3pobieni OT BOJIOAIFOTP HEBHCOKHMMH POOOYHUMHU HYaCTOTaMU (KiTbKa COTCHB
KUJTOTepII), 10 € HEAOJIIKOM Ta 00OMEXKye 00JIaCTh iX 3aCTOCYBaHHS B OCHOBHOMY B SIKOCTI
HU3BKOCTPYMHHUX KJIOUiB. [Iporpec y po3BHTKY MiKpOEIEKTPOHHHUX TEXHOJIOTIH O3BOJISIE
MOJOTIATH 1Ie HENOJIIK, PO3IIMPHUBIIN YaCTOTHUH Jiama3oH poOOTH O KiIBKOX rirarepi, i
CTaBUTh 3aBIaHHs MpoekTyBaHHs Ha Oasi IIIT pi3HUX aHATOroBHX ENEKTPOHHUX CXEM:
TeHepaTOPHUX JATYMKiB, aKTUBHUX (QIIbTPIB, MEPETBOPIOBAYIB iMMITaHCy 1 T.m. [2,3].
Heo0xigHOI0 YMOBOIO MPOEKTYBAHHS TAaKUX MPUCTPOIB € HASBHICTH (i3MUHOI €KBIBaJICHTHOI
cxemu IIIT, sika 3 IOCTaTHBOIO TOYHICTIO OMHUCYE MapaMeTpy B IIMPOKOMY YacTOTHOMY
niamaszoni. Ilpyn mpoekTyBaHHI KIIOUOBHX CXE€M Yy HH3BKOYAaCTOTHOMY Jiama3oHi OTpHMaia
3aCTOCYBaHHS OAHOAIoMHA (isnmyHa ekBiBaieHTHa cxema OT [4], ska HE BpaxoBye
nposbOTHUX edekTiB y 0a3i i TomMy He Moxe OyTH BHUKOPHUCTaHA IPH TNPOCKTYBaHHI
npuctpoiB Ha ocHOBI [I1T. Buxonsun 3 mporo, B poOOTi BHPINIYETHCS 3aBIAHHS PO3POOICHHS
¢i3uunoi exBiBaseHTHOi cxemu IIIT, sxka BpaxoBye HOro miJCHIIOBaIbHI BIACTUBOCTI I
YaCcTOTHI 3aJIeKHOCT1 MOTO TapaMeTpiB B aKTUBHOMY PEKUMI.

OOrpynryBanHs (i3H4HOI eKBiBaJeHTHOI cxeMHM. 3 posriuany crpykrypu IIIT
BUIUJIMBAE, 110 Y HHOTO SK 1 Y OJLOBOTO TPAH3UCTOPA, HAsBHUI KaHAJ, 110 XapaKTEPU3YETHCS

OMIYHUM omopoM Ry . Omip Ry ckiamaeTscst 3 ABOX 4YacTWH Ry 1 Ry, posmineHux
obusacTio eMmiTepHoro nepexony. Omip Ry, MiX eMITEpHHM IEPEXOAOM 1 CTOKOM (AiISHKA
L) BU3Ha4Ya€eThCS KOHLEHTPALIIEIO ENEKTPOHIB y KaHaii (puc. 10). Omnip Ry Mik eMiTepHUM
IIepexXo/I0M 1 BUTOKOM ([insiHKa L, ), BU3HAYAETHCS AK €IEKTPOHAMH KaHaly, TaK 1 JipKaMH,

SIKi IHKEKTYIOThCS emiTepoM y KaHaul. [Ipudomy Ry = Ry + Ryr .
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Pucynok 1. CxemoTrexHiuHe Imo3HaueHHs (@), crpoluieHa cTpykrypa (0), ¢pizuuHa exBiBasientHa cxema II1T (B)

Figure 1. Schematic symbol (a) Simplified structure (b), the physical equivalent
circuit IPT (c)

EmitepHuii nepexin, sk i y OimoisipHOro Tpansucropa, onucyerbesi emHictio Cp i

nudepeHiaTbHUM OIIOPOM 7'y =k—T [5], ne k — mocriiina Bombnmana; 7 — aOcomroTHa
qlg

TEeMIIEpaTypa; ¢ — 3apsil eNeKTpoHa; /g — MoCTiHHUN CTpyM emiTepa.

Marouu CTpyKTypy NOJB0BOTO TpaHzucropa, IIIT mpu npsmomy 3MilIeHHI KEPYEThCS
HE HaIlpYyrow, a CTPYMOM EMITEPHOTrO TEePeXoy, TOOTO BIJHOCHUTHCSA JIO HETAaTPOHIB, sKi
KEPYIOTBCS CTPYMOM. 301IbIICHHS CTPYMY eMitepa [y NPU3BOAMTH 0 3MEHIICHHS OMIYHOTO
ornopy Ry 1 3poctanHs ctpymy BUTOKY [p. Ll 3amexHicTh mpomopiiiiHa KoegilieHTy
nepenaBaHHs [6]
_Alp _

A[E /up

14

bo ) (1)

Ie [, Ta [, — PyXJIHUBICTb CICKTPOHIB 1 JIPOK y KaHAII.
Bpaxosyroun, mwo 1, > 4, BEIM4HHA By >1. ImxekuiiiHi BIaCTUBOCTI HEPEXOIy

XapakTepu3ye KoeIimieHT 1HKEeKIIii
Alg,
Yo=— > (2)
Alg
ne Alp, — [ipKoBa CKJIafoBa EMITEPHOTO CTPYMY.

BpaxoByroun, mo TNpOBIAHICT, KaHAIy 3HAYHO MEHIIA MPOBIAHOCTI emiTepa,
BEITMUMHA J( > 1.

BennuuHa cTpyMy BUTOKY 3aJI€KUTh BiJ 4acy MPOJbOTY i pekoMOiHaIlii HEOCHOBHUX
HOCIiB y KaHaJi, [0 BPaXOBYETHCS TaK CaMo, SIK 1 B OIIOISPHOMY TPaH3UCTOPi, Koe]ilieHTOM

nepeHeceHHs [, .

3 NpOBENCHOTrO aHali3y BUILUIMBAE, IO 3HAYCHHS Koe(ilieHTa IepenaBaHHsS I10
crpymy IIT mae Burnsan
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B =rEbubo> 3)
i B exBiBaeHTHiit cxemi (puc. 1B) XapakTepu3ye reHeparop ctpymy fi 1ok
VY pesynbrati orpumyemo T-noaiOny ¢izuuny exBiBajgeHTHY cxemy IIIT, sika moni6Ha
710 (Gi3MYHOI EKBIBAJICHTHOI CXEMH OIMOJSPHOTO TPAaH3UCTOPA, BKIIOYEHOTO y CXeMi 3i
cnipHUM KosiekTopoM. Ha Biaminy Bing Hel Hu3pKowacToTHe 3HauyeHHs [ >1, sk 1 B
JJABUHHOMY TPaH3UCTOPI, aJie MPH [IbOMY BIJICYTHI IPOIECH JJABUHHOTO MHOXCHHSL.
YacToTHI BIACTHBOCTI IIi€1 CXEMH 3aJIeXkKaTh BiJl EMHOCTI €MITEPHOTO MEPEX0ay 1 acy
TPONBOTY HOCIiB, O # BH3HAYAE KOMILIEKCHHMII Xapaktep koedimienta A, . BpaxysaHHs

I[bOTO SIBUIIIA TIPOBOJUTHCS IIJISIXOM BHKOPHCTaHHs BHUpa3y sl KoedillieHTa MepeHeCeHHs
HUTKOTIOIOHOTO TpaH3uCTOpa [7]

1—-exp[-(jor, + i)]
T

B = —, *)
jor +--
tp

e T, —4ac KUTTA JipoK y KaHaui; 7, —vac apeidy, oz, [ 1.

KoHcTpyKTUBHO 3a0e3ledyeTbcsi BUKOHAHHS YMOBU 7,1 7,. Y TakoMy BHUNAIKy

T
p
Bupa3 (4) HaOye BUTISIIY

B=Me 2 = Meleos() - jsin())= A~ i 5)

e
sin(—)
C
2
BHCOKOYACTOTHOT CKJIaJIOBOI €MITEPHOT0 CTPYMY B KaHAJI.

ExcnepuMeHnTaibHa nmepeBipka KopekTHoOCTI Moaesi. /st mepeBipku KOPEKTHOCTI

ne Oz, — xyr mpombory; M = — KOe(]iIlieHT B3a€MOJil €NEeKTPOHHOTO MOTOKY 1

po3pobiienoi ¢izuuHoi ekBiBasieHTHOI cxemu IIIT po3risHeMo HOro BIMKHEHHS y BHIJISII
YOTUPHUIIOIIOCHHKA 31 CHUIBHUM BUTOKOM (puc. la). BuxopucroByrouu po3podieny ¢izuany
eKBIBAJICHTHY cxeMmy (puc. IB) 1 MeToJ BY3JOBMX NOTEHI[IaNiB, 3HAXOJWMO MATPHIIIO
MIPOBITHOCTEH 1€l CXeMHU

Zg +R(1-B) Ry (1-P)

B
S Yh Ry Ri1+ Rk
AZ AZ

ne AZ = ZgRyr + Ri[Zf + R, (1= B)].
BxigHuii omnip Takoro YOTUPHUIIOIIOCHUKA 3 ypaXyBaHHAM (6) TOpiBHIOE
Zpg=ReZpg+jImZpp =Zp + Re (1= ), (7)
ne Ry =Ry Rir | (Rg1 +Ryr) .
KoeoimienT nepenaBanHs Mo CTpyMy € KOMIUIEKCHOIO BEITUYHHOIO 1 3 ypaxyBaHHsM (3) 1
(5) Moxe OyTH IIpeICTaBICHUHN Y BUTIISIL

B =B~ iy = 1+ 2y Micos(D) — jsin D). ®)
My 2 2
[TincraBnsroun (8) B (7), 3HAXOAUMO:
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ReZpg =——E — + 7, [1- M(1+£2) cos(g)] : 9)
2 2
l+(a)CErE) /,lp
ImZ g :“’—CEZ+2;<M(1+ﬁ)sin(9). (10)
l+(a)CErE) /,lp 2

Hnsa IIT Ha ocHOBI KpemHito Maemo 4, =1300 emlc; M, =470 em? /e,
3Biaku By = 3,8 . Kyr nponbory © npu rpaHu4Hii MIBUIKOCTI apeidy Vop = 10°-10%cm/c i

npu J0BXUHI KaHany [ =200mxm 3alNeKHUTh BiJ 9acy NPOIHOTY CICKTPOHIB 7 = 2-108 cex.

ITpu cTpymi emitepa SMA maemo 1 =50mi Cp =5nd.

3 ypaxyBaHHSM aHajli3y, BUKOpPUCTOBYIOUM oTpuMaHi Bupasu (9) i (10), mpoBeneHo
PO3PaxXyHOK 3aJICKHOCTI pealbHOI Ta YSABHOI CKIanoBux BxigHoi mnposigHocTi 1T,

BKJIFOUCHOI'O IO CXEM1 31 CIIIJIBHUM BUTOKOM B1/ l'IpI/IBeL[eHOI qacToTu Q =—
@p

-1 4 -1
RSE’BH, OM . _ ImY2aH, OM . : Q

- _ot ; : . ; :
R 1000 Om : L 000
4

Rx
0.0 ‘ /{ i
100 Az . ]
; i é{l =10 0M
+ + Q
0.6 0.8

Pucynok 2. 3anexHnocti peansnoi ReY; EB Y ysiBHOI ImY, EB CKIanoBuX BXinHoi nposigHocTi ITIT,

BKJIFOUEHOTO 110 CXEMi 31 CIIBHUM BUTOKOM TIPY aKTMBHOMY 3aBaHTaKEHHI BiJ mpuBeneHoi gactor £2

Figure 2. Dependence of real Re Y, Ep and image ImY, EB components of the input conductivity of the IPT

included common source circuit with the active loads of the frequency €2
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Sk 6aunmo 3 rpadikiB (puc. 2), Bxigauii omip II1T y mmpokomy yacTOTHOMY Jliana3zoHi
€ IHIYKTHBHMM 3 HETaTUBHOIO aKTHBHOI CKJIaJ0Bo0. Lle skicHO 30iraerscsi 3 xapakTepom
BXIJJHOTO Omopy HeraTpoHa S-tuny. BiamosimHo 10 3akony [8] Ha mamarouiit qurstami BAX
npuian 3 S-moAiOHO XapaKTepucTHKOr, 1o BiamoBimae BximHidi BAX, IIIT Bomoxie
HETaTUBHHUM OTIOPOM 1 IHAYKTUBHOIO PEaKTUBHOIO CKJIAJI0BOIO.

JInst  KiTbKICHOTO  OIIHIOBaHHS TEPEBIPKM  aJeKBAaTHOCTI po3pobieHoi  ¢izuyHOl
exBiBajieHTHOI cxemu IIIT mpoBeAeHO eKCHepUMEHTANIbHI JIOCHIIKEHHS YacTOTHOL
3aiexHocTi BXiguoro omopy II1T. BuMiproBaHHS POBOJMINCS 32 METOAMKOIO, SIKA ONKCaHA
[9]. Pe3ynbraTn ekcriepuMEeHTy HaBEACHO Ha pUC. 2 Toukamu. [IOpiBHSIHHS pO3paxyHKOBHX i
EKCIIEPUMEHTAJIbHUX 3aJIeKHOCTeH MIATBEpIMIN KiJbKicHI 30iru. CrocrepiraeTbcsi OIM3BKO
20% BiAMIH pPO3PaxXyHKOBUX 1 EKCIIEPUMEHTAIBHUX pe3yJibTaTiB, IO MOSCHIOETHCS
PO3ODKHICTIO BUXIJHHX JaHHWX, a TaKOX BIUIMBOM MApa3HTHUX PEAKTHBHOCTEH KOPMYCY i
BUBOJIIB, IO CTAaBUTh 3aBIAHHS PO3POOJICHHS EKCHEPUMEHTAJIbHUX METOJIB BH3HAYCHHS
napamerpiB  ¢izmuHOi ekBiBaseHTHOTI cxemu IIIT, Hampukmag 3a METOAMKON, sKa
BUKOPHCTOBYETHCS JUUIsl BU3HAUSHHSI [TApaMETPiB OJIBOBOTO TpaH3ucropa [10].

BucnoBku. @izuuna exiBaneHTHa cxema [I1T BpaxoBye ioro 3araiabHi BIaCTUBOCTI 3
OIMOJISIPHUM 1 IMOJILOBUM TPAH3UCTOPAMH.

YacroTHa 3anexHicts napametpiB IIIT BpaxoBylOTbCsS €MHICTIO EMITEPHOTO MEPEX0aY 1
9acoM IPOJILOTY OCHOBHHMX HOCIIB CTpyMy uepe3 KaHai. Ha BHIMX 9acToTax HEOOXimHO
BBOJIUTH Y (Pi3NYHY €KBIBAICHTHY CXEMY MIKEIEKTPOIHI EMHOCTI Ta iHIYKTHBHOCTI BUBO/IIB.

JInsi MigBUINEHHS TOYHOCTI PO3pPaxXyHKIB €JIEKTPOHHUX npuctpoiB Ha 6aszi IIIT
HEOOXiJHEe pO3pOOJICHHS METOMIB EKCIEPUMEHTAIBHOTO BH3HAYCHHS IapaMeTpiB Horo
(i3U9YHOT eKBIBAJIEHTHOI CXEMHU.

Conclusions. Physical equivalent circuit IPT considers its general properties with the
bipolar and field effect transistors.

Frequency dependence of the parameters IPT is taken into account by the capacity of the
emitter junction and the time span of the major carriers through the channel. At higher
frequencies interelecrode capasities and autput inductions must be introduced into the
physical equivalent circuit.

To improve the accuracy of calculations of electronic devices based on IPT it is
necessary to develop methods of experimental determination of parameters of the physical
equivalent circuit.
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