Ãëàâà 4. ÂÑÒÐÎÅÍÍÛÅ ÌÀÒÅÌÀÒÈ×ÅÑÊÈÅ ÌÎÄÅËÈ ÀÍÀËÎÃÎÂÛÕ ÊÎÌÏÎÍÅÍÒÎÂ 



4.1. Äèîä



Ñõåìà çàìåùåíèÿ ïîëóïðîâîäíèêîâîãî äèîäà (ðèñ. 4.1) ñîñòîèò èç èäåàëüíîãî äèîäà, èçîáðàæåííîãî â âèäå íåëèíåéíîãî çàâèñèìîãî èñòî÷íèêà òîêà I(V), åìêîñòè p(n-ïåðåõîäà C è îáúåìíîãî ñîïðîòèâëåíèÿ RS [1, 33]. Ïàðàìåòðû ìàòåìàòè÷åñêîé ìîäåëè äèîäà (ñì. ðàçä. 3.2.6) ïðèâåäåíû â òàáë. 4.1.



Òàáëèöà 4.1 



Èìÿ ïàðàìåòðà �Ïàðàìåòð �Çíà÷åíèå ïî óìîë÷àíèþ �Åäèíèöà èçìåðåíèÿ ��IS �Òîê íàñûùåíèÿ ïðè òåìïåðàòóðå 27� EMBED Equation.2  ���Ñ �10� EMBED Equation.2  ��� �À ��RS �Îáúåìíîå ñîïðîòèâëåíèå �0 �Îì ��N �Êîýôôèöèåíò èíæåêöèè�1���ISR �Ïàðàìåòð òîêà ðåêîìáèíàöèè �0 �À ��NR �Êîýôôèöèåíò ýìèññèè äëÿ òîêà ISR �2 ���IKF �Ïðåäåëüíûé òîê ïðè âûñîêîì óðîâíå èíæåêöèè �� EMBED Equation.2  ��� �À ��TT �Âðåìÿ ïåðåíîñà çàðÿäà �0 �ñ ��CJO �Áàðüåðíàÿ åìêîñòü ïðè íóëåâîì ñìåùåíèè �0 �Ô ��VJ �Êîíòàêòíàÿ ðàçíîñòü ïîòåíöèàëîâ �1 �Â ��M �Êîýôôèöèåíò ëàâèííîãî óìíîæåíèÿ �0,5 ���EG �Øèðèíà çàïðåùåííîé çîíû �1,11 �ýÂ ��FC �Êîýôôèöèåíò íåëèíåéíîñòè  áàðüåðíîé åìêîñòè ïðÿìîñìåùåííîãî ïåðåõîäà �0,5 ���BV �Îáðàòíîå íàïðÿæåíèå ïðîáîÿ (ïîëîæèòåëüíàÿ âåëè÷èíà) �� EMBED Equation.2  ��� �Â ��IBV �Íà÷àëüíûé òîê ïðîáîÿ, ñîîòâåòñòâóþùèé íàïðÿæåíèþ BV (ïîëîæèòåëüíàÿ âåëè÷èíà) �10� EMBED Equation.2  ���� À ��NBV �Êîýôôèöèåíò íåèäåàëüíîñòè íà ó÷àñòêå ïðîáîÿ �1 ���IBVL �Íà÷àëüíûé òîê ïðîáîÿ íèçêîãî óðîâíÿ �0 �À ��NBVL �Êîýôôèöèåíò íåèäåàëüíîñòè íà ó÷àñòêå ïðîáîÿ íèçêîãî óðîâíÿ �1 ���XTI �Òåìïåðàòóðíûé êîýôôèöèåíò òîêà íàñûùåíèÿ �3 ���TIKF �Ëèíåéíûé òåìïåðàòóðíûé êîýôôèöèåíò IKF�0 �� EMBED Equation.2  ���C� EMBED Equation.2  �����TBV1 �Ëèíåéíûé òåìïåðàòóðíûé êîýôôèöèåíò BV�0�� EMBED Equation.2  ���C� EMBED Equation.2  �����TBV2 �Êâàäðàòè÷íûé òåìïåðàòóðíûé êîýôôèöèåíò BV�0�� EMBED Equation.2  ���C� EMBED Equation.2  �����TRS1 �Ëèíåéíûé òåìïåðàòóðíûé êîýôôèöèåíò RS�0�� EMBED Equation.2  ���C� EMBED Equation.2  �����TRS2 �Êâàäðàòè÷íûé òåìïåðàòóðíûé êîýôôèöèåíò RS �0 �� EMBED Equation.2  ���C� EMBED Equation.2  �����KF �Êîýôôèöèåíò ôëèêêåð-øóìà �0 ���AF �Ïîêàçàòåëü ñòåïåíè â ôîðìóëå ôëèêêåð-øóìà �1 ���T_MEASURD�Òåìïåðàòóðà èçìåðåíèé��� EMBED Equation.2  ���C��T_ABS�Àáñîëþòíàÿ òåìïåðàòóðà��� EMBED Equation.2  ���C��T_REL_GLOBAL�Îòíîñèòåëüíàÿ òåìïåðàòóðà��� EMBED Equation.2  ���C��T_REL_LOCL�Ðàçíîñòü ìåæäó òåìïåðàòóðîé äèîäà è ìîäåëè-ïðîòîòèïà��� EMBED Equation.2  ���C���

Ðèñ. 4.2. ÂÀÕ èäåàëüíîãî äèîäà



�

Ðèñ. 4.1. Íåëèíåéíàÿ ìîäåëü ïîëóïðîâîäíèêîâîãî äèîäà

Âîëüò-àìïåðíûå õàðàêòåðèñòèêè äèîäà. Òîê äèîäà ïðåäñòàâëÿåòñÿ â âèäå ðàçíîñòè òîêîâ 



� EMBED Equation.2  ��� 



Çàâèñèìîñòü 



� EMBED Equation.2  ���



àïïðîêñèìèðóåò ÂÀÕ äèîäà ïðè ïîëîæèòåëüíîì íàïðÿæåíèè íà ïåðåõîäå V. Çäåñü 



� EMBED Equation.2  ��� (  íîðìàëüíàÿ ñîñòàâëÿþùàÿ òîêà; 



� EMBED Equation.2  ��� (  òîê ðåêîìáèíàöèè; 



� EMBED Equation.2  ��� ( êîýôôèöèåíò èíæåêöèè 



� EMBED Equation.2  ��� 

� EMBED Equation.2  ��� (  êîýôôèöèåíò ãåíåðàöèè.



Òîê äèîäà ïðè îòðèöàòåëüíîì íàïðÿæåíèè íà ïåðåõîäå � EMBED Equation.2  ��� õàðàêòåðèçóåò ÿâëåíèå ïðîáîÿ. Îí èìååò äâå ñîñòàâëÿþùèå 



� EMBED Equation.2  ���



ãäå  



� EMBED Equation.2  ���



� EMBED Equation.2  ��� ( òåìïåðàòóðíûé ïîòåíöèàë ïåðåõîäà (0,026 Â ïðè íîìèíàëüíîé òåìïåðàòóðå 27� EMBED Equation.2  ���C); � EMBED Equation.2  ��� Äæ/� EMBED Equation.2  ���C ( ïîñòîÿííàÿ Áîëüöìàíà; � EMBED Equation.2  ��� Êë ( çàðÿä ýëåêòðîíà; T ( àáñîëþòíàÿ òåìïåðàòóðà p(n-ïåðåõîäà. Âèä ÂÀÕ äèîäà ïîêàçàí íà ðèñ. 4.2. 

Åìêîñòü ïåðåõîäà C ðàâíà 



� EMBED Equation.2  ���



ãäå � EMBED Equation.2  ��� ( äèôôóçèîííàÿ åìêîñòü ïåðåõîäà, � EMBED Equation.2  ��� ( áàðüåðíàÿ åìêîñòü ïåðåõîäà, 



� EMBED Equation.2  ���



� EMBED Equation.2  ��� - äèôôåðåíöèàëüíàÿ ïðîâîäèìîñòü ïåðåõîäà äëÿ òåêóùèõ çíà÷åíèé I è V. 

Ëèíåàðèçîâàííàÿ ñõåìà çàìåùåíèÿ äèîäà. Ñõåìà ïðèâåäåíà íà ðèñ. 4.3, à. Åå ìîæíî äîïîëíèòü èñòî÷íèêàìè øóìîâûõ òîêîâ, êàê ïîêàçàíî íà ðèñ. 4.3, á. Â äèîäå èìåþòñÿ ñëåäóþùèå èñòî÷íèêè øóìà: îáúåìíîå ñîïðîòèâëåíèå RS, õàðàêòåðèçóþùååñÿ òåïëîâûì òîêîì � EMBED Equation.2  ��� ñî ñïåêòðàëüíîé ïëîòíîñòüþ � EMBED Equation.2  ���; äðîáîâîé è ôëèêêåð-øóì äèîäà, õàðàêòåðèçóþùèéñÿ òîêîì � EMBED Equation.2  ��� ñî ñïåêòðàëüíîé ïëîòíîñòüþ � EMBED Equation.2  ���, ãäå f ( òåêóùàÿ ÷àñòîòà. 

�

Ðèñ. 4.3. Ëèíåàðèçîâàííàÿ ñõåìà çàìåùåíèÿ äèîäà (à) ñ âêëþ÷åíèåì èñòî÷íèêîâ âíóòðåííåãî øóìà (á)



Òåìïåðàòóðíûå çàâèñèìîñòè ïàðàìåòðîâ. Â ìàòåìàòè÷åñêîé ìîäåëè äèîäà îíè ó÷èòûâàþòñÿ ñëåäóþùèì îáðàçîì: 



IS(T) = IS(exp{EG(T)/[N(Vt(T)]T/Tnom(1)}(T/Tnom)� EMBED Equation.2  ���; 

ISR(T)=ISR(exp{EG(T)/[N(Vt(T)](T/Tnom(1)}(T/Tnom)� EMBED Equation.2  ���; 

IKF(T)=IKF [1+TIKF (T(Tnom)]; 

BV(T)=BV [1+TBV1(T(Tnom)+TBV2(T(Tnom)� EMBED Equation.2  ���]; 

RS(T)=RS [1+TRS1(T(Tnom)+TRS2(T(Tnom)� EMBED Equation.2  ���]; 

VJ(T) = VJ(T/Tnom(3Vt(T)ln(T/Tnom) (EG(Tnom)T/Tnom+EG(T); 

CJO(T)= CJO{1+M[0,0004 (T(Tnom)+1(VJ(T)/VJ]}; 

KF(T) = KF(VJ(T)/VJ, AF(T) = AF(VJ(T)/VJ; 

EG(T) = EGo ( aT� EMBED Equation.2  ���/(b + T), 



ãäå EG(Tnom) - øèðèíà çàïðåùåííîé çîíû ïðè íîìèíàëüíîé òåìïåðàòóðå (1,11 ýÂ äëÿ êðåìíèÿ; 0,67 ýÂ äëÿ ãåðìàíèÿ; 0,69 ýÂ äëÿ äèîäîâ ñ áàðüåðîì Øîòêè ïðè òåìïåðàòóðå 27� EMBED Equation.2  ���Ñ). Çíà÷åíèÿ ïàðàìåòðîâ IS, Vt, VJ, CJO, KF, AF, EG áåðóòñÿ äëÿ íîìèíàëüíîé òåìïåðàòóðû Tnom; äëÿ êðåìíèÿ EGo=1,16 ýÂ, à=0,000702, b=1108; XTI=3 äëÿ äèîäîâ ñ p(n-ïåðåõîäîì è XTI=2 äëÿ äèîäîâ ñ áàðüåðîì Øîòêè. Çíà÷åíèå íîìèíàëüíîé òåìïåðàòóðû Tnom óñòàíàâëèâàåòñÿ ñ ïîìîùüþ îïöèè TNOM (ïî óìîë÷àíèþ Tnom=27� EMBED Equation.2  ���C). 

Ïðèâåäåííûå âûøå âûðàæåíèÿ îïèñûâàþò äèîäû ñ p(n-ïåðåõîäîì, âêëþ÷àÿ è ñòàáèëèòðîíû. Äèîäû ñ áàðüåðîì Øîòêè òàêæå õàðàêòåðèçóþòñÿ ýòèìè çàâèñèìîñòÿìè, íî îíè îáëàäàþò ïðåíåáðåæèìî ìàëûì âðåìåíåì ïåðåíîñà TT~0 è áîëåå ÷åì íà äâà ïîðÿäêà áîëüøèìè çíà÷åíèÿìè òîêà äèîäà I [33]. Ïðè ýòîì òîê íàñûùåíèÿ îïðåäåëÿåòñÿ çàâèñèìîñòüþ IS = = K(T(exp(-� EMBED Equation.2  ���/Vt), ãäå K ( ýìïèðè÷åñêàÿ êîíñòàíòà; � EMBED Equation.2  ��� ( âûñîòà áàðüåðà Øîòêè. 

Ñêàëÿðíûé ìíîæèòåëü Area. Óêàçûâàåìûé ïðè âêëþ÷åíèè äèîäà â ñõåìó (ðàçä. 3.2.6), îí ïîçâîëÿåò â ïðîãðàììå PSpice îïðåäåëèòü ýêâèâàëåíòíûé äèîä, õàðàêòåðèçóþùèé ïàðàëëåëüíîå âêëþ÷åíèå íåñêîëüêèõ îäèíàêîâûõ ïðèáîðîâ èëè ïðèáîð, çàíèìàþùèé áîëüøóþ ïëîùàäü. Ñ åãî ïîìîùüþ èçìåíÿþòñÿ çíà÷åíèÿ ïàðàìåòðîâ IS, IRS, IBV, IBVL, RS è CJO 

IS=IS(Area, ISR=ISR(Area, IBV=IBV(Area, IBVL=IBVL(Area, RS=RS/Area, CJO=CJO(Area. 

Ïî óìîë÷àíèþ ñêàëÿðíûé ìíîæèòåëü Area=1. 

Â êà÷åñòâå ïðèìåðà ïðèâåäåì îïèñàíèå ïàðàìåòðîâ ìîäåëè äèîäà Ä104À



.model   D104A   D (IS=5.81e-12   RS=8.1   N=1.15   TT=8.28nS 

+   CJO=41.2pF    VJ=0.71   M=0.33   FC=0.5   EG=1.11   XTI=3) 



4.2. Áèïîëÿðíûé òðàíçèñòîð



Â ïðîãðàììå PSpice èñïîëüçóåòñÿ ñõåìà çàìåùåíèÿ áèïîëÿðíîãî òðàíçèñòîðà â âèäå àäàïòèðîâàííîé ìîäåëè Ãóììåëÿ(Ïóíà, êîòîðàÿ ïî ñðàâíåíèþ ñ èñõîäíîé ìîäåëüþ ïîçâîëÿåò ó÷åñòü ýôôåêòû, âîçíèêàþùèå ïðè áîëüøèõ ñìåùåíèÿõ íà ïåðåõîäàõ [4, 25, 33, 45, 47, 53]. Ýòà ìîäåëü àâòîìàòè÷åñêè óïðîùàåòñÿ äî áîëåå ïðîñòîé ìîäåëè Ýáåðñà(Ìîëëà, åñëè îïóñòèòü íåêîòîðûå ïàðàìåòðû. Ýêâèâàëåíòíûå ñõåìû ýòèõ ìîäåëåé äëÿ n(p(n-ñòðóêòóðû èçîáðàæåíû íà ðèñ. 4.4. Ïàðàìåòðû ïîëíîé ìàòåìàòè÷åñêîé ìîäåëè áèïîëÿðíîãî òðàíçèñòîðà ïðèâåäåíû â òàáë. 4.2.



Òàáëèöà 4.2



Èìÿ ïàðàìåòðà�Ïàðàìåòð �Çíà÷åíèå ïî óìîë÷àíèþ�Åäèíèöà èçìåðåíèÿ��IS �Òîê íàñûùåíèÿ ïðè òåìïåðàòóðå 27� EMBED Equation.2  ��� Ñ �10� EMBED Equation.2  ����À ��BF �Ìàêñèìàëüíûé êîýôôèöèåíò óñèëåíèÿ òîêà â íîðìàëüíîì ðåæèìå â ñõåìå ñ ÎÝ (áåç ó÷åòà òîêîâ óòå÷êè) �100 ���BR �Ìàêñèìàëüíûé êîýôôèöèåíò óñèëåíèÿ òîêà â èíâåðñíîì ðåæèìå â ñõåìå ñ ÎÝ �1 ���NF �Êîýôôèöèåíò íåèäåàëüíîñòè â íîðìàëüíîì ðåæèìå �1 ���NR �Êîýôôèöèåíò íåèäåàëüíîñòè â èíâåðñíîì ðåæèìå �1���ISE (C2) *�Òîê íàñûùåíèÿ óòå÷êè ïåðåõîäà áàçà(ýìèòòåð �0 �À ��ISC (C4) *�Òîê íàñûùåíèÿ óòå÷êè ïåðåõîäà áàçà(êîëëåêòîð �0 �À��IKF (IK) *   �Òîê íà÷àëà ñïàäà çàâèñèìîñòè BF îò òîêà êîëëåêòîðà â íîðìàëüíîì ðåæèìå �� EMBED Equation.2  ����À��IKR*�Òîê íà÷àëà ñïàäà çàâèñèìîñòè BR îò òîêà ýìèòòåðà â èíâåðñíîì ðåæèìå � � EMBED Equation.2  ����À��NE* �Êîýôôèöèåíò íåèäåàëüíîñòè ïåðåõîäà áàçà(ýìèòòåð �1,5���NC* �Êîýôôèöèåíò íåèäåàëüíîñòè êîëëåêòîðíîãî ïåðåõîäà �1,5���NK �Êîýôôèöèåíò, îïðåäåëÿþùèé ìíîæèòåëü Qb�0,5 � ��ISS �Îáðàòíûé òîê p(n-ïåðåõîäà ïîäëîæêè  �0 �A ��NS �Êîýôôèöèåíò íåèäåàëüíîñòè ïåðåõîäà ïîäëîæêè  �1 ���VAF (VA) *�Íàïðÿæåíèå Ýðëè â íîðìàëüíîì ðåæèìå �� EMBED Equation.2  ����Â ��VAR (VB) * �Íàïðÿæåíèå Ýðëè â èíâåðñíîì ðåæèìå �� EMBED Equation.2  ����Â ��RC �Îáúåìíîå ñîïðîòèâëåíèå êîëëåêòîðà �0 �Îì ��RE �Îáúåìíîå ñîïðîòèâëåíèå ýìèòòåðà �0 �Îì ��RB �Îáúåìíîå ñîïðîòèâëåíèå áàçû (ìàêñèìàëüíîå) ïðè íóëåâîì ñìåùåíèè ïåðåõîäà áàçà(ýìèòòåð �0 �Îì��RBM* �Ìèíèìàëüíîå ñîïðîòèâëåíèå áàçû ïðè áîëüøèõ òîêàõ �RB �Îì��IRB* �Òîê áàçû, ïðè êîòîðîì    ñîïðîòèâëåíèå áàçû  óìåíüøàåòñÿ íà 50% ïîëíîãî ïåðåïàäà ìåæäó RB è RBM�� EMBED Equation.2  ����À ��TF �Âðåìÿ ïåðåíîñà çàðÿäà ÷åðåç áàçó â íîðìàëüíîì ðåæèìå �0 �ñ��TR �Âðåìÿ ïåðåíîñà çàðÿäà ÷åðåç áàçó â èíâåðñíîì ðåæèìå �0 �ñ��QCO �Ìíîæèòåëü, îïðåäåëÿþùèé çàðÿä â ýïèòàêñèàëüíîé îáëàñòè �0 �Êë��RCO �Ñîïðîòèâëåíèå ýïèòàêñèàëüíîé îáëàñòè �0� Îì ��VO �Íàïðÿæåíèå, îïðåäåëÿþùåå  ïåðåãèá çàâèñèìîñòè òîêà ýïèòàêñèàëüíîé îáëàñòè �10 �Â��GAMMA �Êîýôôèöèåíò ëåãèðîâàíèÿ ýïèòàêñèàëüíîé  îáëàñòè� 10� EMBED Equation.2  ����-��XTF �Êîýôôèöèåíò, îïðåäåëÿþùèé çàâèñèìîñòü TF îò ñìåùåíèÿ áàçà(êîëëåêòîð  �0 ���VTF �Íàïðÿæåíèå, õàðàêòåðèçóþùåå çàâèñèìîñòü TF îò ñìåùåíèÿ áàçà(êîëëåêòîð �� EMBED Equation.2  ����Â��ITF �Òîê, õàðàêòåðèçóþùèé çàâèñèìîñòü TF îò òîêà êîëëåêòîðà ïðè áîëüøèõ òîêàõ  �0 �À��PTF �Äîïîëíèòåëüíûé ôàçîâûé ñäâèã íà ãðàíè÷íîé ÷àñòîòå òðàíçèñòîðà  � EMBED Equation.2  ����0 �ãðàä.��CJE �Åìêîñòü ýìèòòåðíîãî ïåðåõîäà ïðè íóëåâîì ñìåùåíèè �0 �ïÔ��VJE (PE)�Êîíòàêòíàÿ ðàçíîñòü ïîòåíöèàëîâ ïåðåõîäà áàçà(ýìèòòåð �0,75 �Â��MJE (ME)  �Êîýôôèöèåíò, ó÷èòûâàþùèé ïëàâíîñòü ýìèòòåðíîãî ïåðåõîäà� 0,33���CJC �Åìêîñòü êîëëåêòîðíîãî ïåðåõîäà ïðè íóëåâîì ñìåùåíèè �0�Ô��VJC (PC)�Êîíòàêòíàÿ ðàçíîñòü ïîòåíöèàëîâ ïåðåõîäà áàçà(êîëëåêòîð �0,75 �Â��MJC (MC)�Êîýôôèöèåíò, ó÷èòûâàþùèé ïëàâíîñòü êîëëåêòîðíîãî ïåðåõîäà  �0,33 ���CJS (CCS) �Åìêîñòü êîëëåêòîð(ïîäëîæêà ïðè íóëåâîì ñìåùåíèè � 0 �Ô��VJS (PS)�Êîíòàêòíàÿ ðàçíîñòü ïîòåíöèàëîâ ïåðåõîäà êîëëåêòîð(ïîäëîæêà �0,75� Â��MJS (MS)�Êîýôôèöèåíò, ó÷èòûâàþùèé ïëàâíîñòü ïåðåõîäà êîëëåêòîð-ïîäëîæêà �0�-��XCJC �Êîýôôèöèåíò ðàñùåïëåíèÿ åìêîñòè áàçà(êîëëåêòîð �1 ���FC �Êîýôôèöèåíò íåëèíåéíîñòè áàðüåðíûõ åìêîñòåé ïðÿìîñìåùåííûõ ïåðåõîäîâ �0,5 ���EG �Øèðèíà çàïðåùåííîé çîíû �1,11� ýÂ ��XTB �Òåìïåðàòóðíûé êîýôôèöèåíò BF è BR �0�  ��XTI(PT)  �Òåìïåðàòóðíûé êîýôôèöèåíò IS �3 � ��TRE1 �Ëèíåéíûé òåìïåðàòóðíûé êîýôôèöèåíò RE �0 �� EMBED Equation.2  �����TRE2 �Êâàäðàòè÷íûé òåìïåðàòóðíûé êîýôôèöèåíò RE �0 �� EMBED Equation.2  �����TRB1 �Ëèíåéíûé òåìïåðàòóðíûé êîýôôèöèåíò RB �0 �� EMBED Equation.2  �����TRB2 �Êâàäðàòè÷íûé òåìïåðàòóðíûé êîýôôèöèåíò RB �0 �� EMBED Equation.2  �����TRM1 �Ëèíåéíûé òåìïåðàòóðíûé êîýôôèöèåíò RBM �0 �� EMBED Equation.2  �����TRM2 �Êâàäðàòè÷íûé òåìïåðàòóðíûé êîýôôèöèåíò RBM �0� � EMBED Equation.2  �����TRC1 �Ëèíåéíûé òåìïåðàòóðíûé êîýôôèöèåíò RC �0 �� EMBED Equation.2  �����TRC2 �Êâàäðàòè÷íûé òåìïåðàòóðíûé êîýôôèöèåíò RC �0 �� EMBED Equation.2  �����KF �Êîýôôèöèåíò, îïðåäåëÿþùèé ñïåêòðàëüíóþ ïëîòíîñòü ôëèêêåð(øóìà �0���AF �Ïîêàçàòåëü ñòåïåíè, îïðåäåëÿþùèé çàâèñèìîñòü ñïåêòðàëüíîé ïëîòíîñòè ôëèêêåð(øóìà îò òîêà ÷åðåç ïåðåõîä �1  ���T_MEASURED�Òåìïåðàòóðà èçìåðåíèé��� EMBED Equation.2  �����T_ABS�Àáñîëþòíàÿ òåìïåðàòóðà��� EMBED Equation.2  �����T_REL_GLOBAL�Îòíîñèòåëüíàÿ òåìïåðàòóðà��� EMBED Equation.2  �����T_REL_LOCAL�Ðàçíîñòü ìåæäó òåìïåðàòóðîé òðàíçèñòîðà è ìîäåëè-ïðîòîòèïà��� EMBED Equation.2  �����*   Äëÿ ìîäåëè Ãóììåëÿ(Ïóíà. 



Ïðèìå÷àíèÿ. 1. Â êðóãëûõ ñêîáêàõ â ëåâîé ãðàôå òàáëèöû óêàçàíû àëüòåðíàòèâíûå îáîçíà÷åíèÿ ïàðàìåòðîâ. Ïàðàìåòð RB äëÿ ìîäåëè Ýáåðñà(Ìîëëà èìååò ñìûñë îáúåìíîãî ñîïðîòèâëåíèÿ áàçû, íå çàâèñÿùåãî îò òîêà áàçû. Îñòàëüíûå ïàðàìåòðû èìåþò îäèíàêîâûé ñìûñë äëÿ ìîäåëåé Ýáåðñà(Ìîëëà è Ãóììåëÿ(Ïóíà. 

�2.  Ïðè ðåàëèçàöèè èíòåãðàëüíûõ n(p(n è p(n(p-òðàíçèñòîðîâ íà îäíîé ïîäëîæêå n-òèïà â ñõåìå çàìåùåíèÿ p(n(p-òðàíçèñòîðà (ðèñ. 4.4, à) íåîáõîäèìî èçìåíèòü ïîëÿðíîñòü äèîäà, âêëþ÷åííîãî ìåæäó êîëëåêòîðîì è ïîäëîæêîé, ÷òîáû äèîäû òðàíçèñòîðîâ äâóõ òèïîâ áûëè âêëþ÷åíû îäèíàêîâî. Ñäåëàòü ýòî ìîæíî ëèøü ïðè íàëè÷èè ìîäóëÿ Device Equation (ñì. ðàçä. 1.1).

�

�

Ðèñ. 4.4. Ñõåìà çàìåùåíèÿ áèïîëÿðíîãî  n(p(n-òðàíçèñòîðà: à - ìîäåëü Ãóììåëÿ(Ïóíà; á - ïåðåäàòî÷íàÿ ìîäåëü Ýáåðñà(Ìîëëà





Ñòàòè÷åñêèé ðåæèì òðàíçèñòîðà. Ðåæèì îïèñûâàåòñÿ ñëåäóþùèìè ñîîòíîøåíèÿìè (ñì.ðèñ. 4.4, à): 



Ib = Ibe1/BF + Ibe2 + Ibc1/BR + Ibc2; 

Ic = Ibe1/Qb(Ibc1/Qb(Ibc1/BR(Ibc2; 

Ibe1 =IS[exp(Vbe/(NF(Vt)) ( 1]; 

Ibe2 =ISE[exp(Vbe/(NE(Vt)) ( 1]; 

Ibc1 =IS[exp(Vbc/(NR(Vt)) ( 1]; 

Ibc2 =ISC[exp(Vbc/(NC(Vt) ( 1]; 

Qb =Q1[1 + (1 + 4Q2)� EMBED Equation.2  ���]/2; 

Q1=1/(1-Vbc/VAF-Vbe/VAR),  Q2=Ibe1/IKF+Ibc1/IKR; 

Is =ISS [exp(Vjs/(NS(Vt)) ( 1]. 



Íà ðèñ 4.4 ïðèíÿòû îáîçíà÷åíèÿ: Ib ( òîê áàçû; Ic ( òîê êîëëåêòîðà; Ibe1 ( òîê êîëëåêòîðà â íîðìàëüíîì ðåæèìå; Ibc1 ( òîê êîëëåêòîðà â èíâåðñíîì ðåæèìå; Ibe2, Ibc2 ( ñîñòàâëÿþùèå òîêà ïåðåõîäà áàçà(ýìèòòåð, âûçâàííûå íåèäåàëüíîñòüþ ïåðåõîäà; Is ( òîê ïîäëîæêè; Vbe, Vbc ( íàïðÿæåíèÿ íà ïåðåõîäå âíóòðåííÿÿ áàçà(ýìèòòåð è âíóòðåííÿÿ áàçà(êîëëåêòîð; Vbs ( íàïðÿæåíèå âíóòðåííÿÿ áàçà(ïîäëîæêà; Vbn ( íàïðÿæåíèå âíóòðåííÿÿ áàçà(ïîäëîæêà äëÿ ðåæèìà êâàçèíàñûùåíèÿ; Vbx ( íàïðÿæåíèå áàçà(âíóòðåííèé êîëëåêòîð; Vce ( íàïðÿæåíèå âíóòðåííèé êîëëåêòîð(âíóòðåííèé ýìèòòåð; Vjs ( íàïðÿæåíèå âíóòðåííèé êîëëåêòîð(ïîäëîæêà äëÿ NPN òðàíçèñòîðà, íàïðÿæåíèå âíóòðåííÿÿ ïîäëîæêà(êîëëåêòîð äëÿ PNP òðàíçèñòîðà èëè íàïðÿæåíèå âíóòðåííÿÿ áàçà(ïîäëîæêà äëÿ LPNP òðàíçèñòîðà. 

Îáúåìíîå ñîïðîòèâëåíèå áàçû Rb õàðàêòåðèçóåòñÿ äâóìÿ ñîñòàâëÿþùèìè. Ïåðâàÿ ñîñòàâëÿþùàÿ RB îïðåäåëÿåò ñîïðîòèâëåíèå âûâîäà áàçû è ñîïðîòèâëåíèå âíåøíåé îáëàñòè áàçû, êîòîðîå íå çàâèñèò îò òîêà áàçû Ib. Âòîðàÿ ñîñòàâëÿþùàÿ RBM õàðàêòåðèçóåò ñîïðîòèâëåíèå àêòèâíîé îáëàñòè áàçû, íàõîäÿùåéñÿ íåïîñðåäñòâåííî ïîä ýìèòòåðîì; ýòî ñîïðîòèâëåíèå çàâèñèò îò òîêà Ib. Îáúåìíîå ñîïðîòèâëåíèå áàçû Rb îïðåäåëÿåòñÿ ñëåäóþùèìè âûðàæåíèÿìè â çàâèñèìîñòè îò çíà÷åíèÿ ïàðàìåòðà IRB



Rb =� EMBED Equation.2  ���



ãäå 



� EMBED Equation.2  ���

Çàìå÷àíèå. Â ïðîãðàììå PSpice òîêè, âòåêàþùèå â òðàíçèñòîð, ñ÷èòàþòñÿ ïîëîæèòåëüíûìè. Ïîýòîìó â àêòèâíîì íîðìàëüíîì ðåæèìå â n(p(n-ñòðóêòóðå (ðèñ. 4.4) Ic>0, Ib>0, Ie<0. Äëÿ ñòðóêòóðû p(n(p âñå íàïðÿæåíèÿ è òîêè èìåþò ïðîòèâîïîëîæíûé çíàê. 

Äèíàìè÷åñêèå ñâîéñòâà ïåðåõîäîâ. Îíè ó÷òåíû âêëþ÷åíèåì â ìîäåëü åìêîñòåé êîëëåêòîðà, ýìèòòåðà è ïîäëîæêè, êîòîðûå èìåþò äèôôóçèîííûå è áàðüåðíûå ñîñòàâëÿþùèå. Åìêîñòü ïåðåõîäà áàçà(ýìèòòåð ðàâíà ñóììå äèôôóçèîííîé (Ctbe) è áàðüåðíîé (Cjbe) ñîñòàâëÿþùèõ: 



Cbe = Ctbe + Cjbe, 



ãäå Ctbe = tf(Gbe; Gbe = dIbe/dVbe ( äèôôåðåíöèàëüíàÿ ïðîâîäèìîñòü ïåðåõîäà áàçà(ýìèòòåð â ðàáî÷åé òî÷êå ïî ïîñòîÿííîìó òîêó; 



tf =TF[1+XTF(3x -2x )exp(Vbc/(1,44VTF))],   x=Ibe1/(Ibe1+ITF); 

� EMBED Equation.2  ���

Åìêîñòü ïåðåõîäà áàçà-êîëëåêòîð ðàñùåïëÿåòñÿ íà äâå ñîñòàâëÿþùèå: 



åìêîñòü ìåæäó âíóòðåííåé áàçîé è êîëëåêòîðîì Cbc, 



Cbc = Ctbc + XCJC(Cjbc, 



ãäå Cbct = TR(Gbc, Gbc=dIbc1/dVbc; 

� EMBED Equation.2  ���



è åìêîñòü ìåæäó âíåøíèì âûâîäîì áàçû è êîëëåêòîðîì Cbx, 

� EMBED Equation.2  ���

Åìêîñòü êîëëåêòîð-ïîäëîæêà ðàâíà 

� EMBED Equation.2  ���



Ðåæèì êâàçèíàñûùåíèÿ. Ýòîò ðåæèì õàðàêòåðèçóåòñÿ ïðÿìûì ñìåùåíèåì ïåðåõîäà âíóòðåííÿÿ áàçà(êîëëåêòîð, â òî âðåìÿ êàê ïåðåõîä íàðóæíàÿ áàçà(êîëëåêòîð îñòàåòñÿ ñìåùåííûì â îáðàòíîì íàïðàâëåíèè. Â ðàñøèðåííîé ìîäåëè Ãóììåëÿ(Ïóíà ýòîò ýôôåêò ìîäåëèðóåòñÿ ñ ïîìîùüþ äîïîëíèòåëüíîãî óïðàâëÿåìîãî èñòî÷íèêà òîêà Iepi è äâóõ íåëèíåéíûõ åìêîñòåé, çàðÿäû êîòîðûõ íà ðèñ. 4.4,à îáîçíà÷åíû Qo è Qw. Ýòè èçìåíåíèÿ âíîñÿòñÿ â ìîäåëü, åñëè çàäàí ïàðàìåòð RCO [59 ]: 



� EMBED Equation.2  ���



ãäå 

� EMBED Equation.2  ��� 

Òåìïåðàòóðíàÿ çàâèñèìîñòü. Ýòà çàâèñèìîñòü ïàðàìåòðîâ ýëåìåíòîâ ýêâèâàëåíòíîé ñõåìû áèïîëÿðíîãî òðàíçèñòîðà óñòàíàâëèâàåòñÿ ñ ïîìîùüþ ñëåäóþùèõ âûðàæåíèé: 



IS(T)=IS(exp[EG(T)/Vt(T) (T/Tnom(1)] (T/Tnom)� EMBED Equation.2  ���; 

ISE(T)=(ISE/ bf)(exp[EG(T)/(NE(Vt(T)) (T/Tnom(1)] (T/Tnom)� EMBED Equation.2  ��� ; 

ISC(T)=(ISC/ bf)(exp[EG(T)/(NC(Vt(T)) (T/Tnom(1)] (T/Tnom)� EMBED Equation.2  ���; 

ISS(T)=(ISS/bf) (exp[EG(T)/(NS(Vt(T)) (T/Tnom(1)] (T/Tnom)� EMBED Equation.2  ���; 

BF(T)=BF(bf, BR(T)=BR(bf, bf=(T/Tnom)� EMBED Equation.2  ���; 

RE(T)=RE [1+TRE1(T(Tnom)+TRE2 (T(Tnom)� EMBED Equation.2  ���]; 

RB(T)=RB [1+TRB1(T(Tnom)+TRB2 (T(Tnom)� EMBED Equation.2  ���]; 

RBM(T)=RBM [1+TRM1(T(Tnom)+TRM2(T(Tnom)� EMBED Equation.2  ���]; 

RC(T)=RC[1+TRC1(T(Tnom)+TRC2 (T(Tnom)� EMBED Equation.2  ���]; 

VJE(T)=VJE(T/Tnom(3Vt (ln(T/Tnom) (EG(Tnom) (T/Tnom+EG(T); 

VJC(T)=VJC(T/Tnom(3Vt (ln(T/Tnom) (EG(Tnom) (T/Tnom+EG(T);

VJS(T)=VJS(T/Tnom(3Vt (ln(T/Tnom) (EG(Tnom)(T/Tnom+EG(T); 

CJE(T)=CJE{1+MJE [0,0004(T(Tnom)+1(VJE(T)/VJE]}; 

CJC(T)=CJC{1+MJC [0,0004(T(Tnom)+1(VJC(T)/VJC]}; 

CJS(T)=CJS{1+MJS [0,0004(T(Tnom)+1(VJS(T)/VJS]}; 

KF(T)=KF(VJC(T)/VJC,  AF(T)=AF(VJC(T)/VJC. 



Çàâèñèìîñòü EG îò òåìïåðàòóðû îïèñàíà â ðàçä. 4.2. 

Ëèíåéíàÿ ñõåìà çàìåùåíèÿ áèïîëÿðíîãî òðàíçèñòîðà. Ñõåìà ïðèâåäåíà íà ðèñ. 4.5. Â íåå äîïîëíèòåëüíî âêëþ÷åíû èñòî÷íèêè ôëþêòóàöèîííûõ òîêîâ. Òåïëîâûå øóìû IøRB, IøRC è IøRE , ñîçäàâàåìûå ðåçèñòîðàìè Rb, RC è RE, èìåþò ñïåêòðàëüíûå ïëîòíîñòè 



S� EMBED Equation.2  ��� = 4kT/Rb, S� EMBED Equation.2  ��� = 4kT/RC, S� EMBED Equation.2  ��� = 4kT/RE. 



Èñòî÷íèêè òîêà Iøb, Iøc, õàðàêòåðèçóþùèå äðîáîâîé è ôëèêêåð(øóìû â öåïÿõ áàçû è êîëëåêòîðà, èìåþò ñîîòâåòñòâåííî ñïåêòðàëüíûå ïëîòíîñòè: 



Sb = 2qIb + KF(Ib� EMBED Equation.2  ���/f,  S� EMBED Equation.2  ��� = 2qIc.

Ðèñ. 4.5. Ëèíåéíàÿ ñõåìà çàìåùåíèÿ áèïîëÿðíîãî òðàíçèñòîðà ñ âêëþ÷åíèåì èñòî÷íèêîâ øóìà



Ñêàëÿðíûé êîýôôèöèåíò Area. Îí ïîçâîëÿåò ó÷åñòü ïàðàëëåëüíîå ñîåäèíåíèå îäíîòèïíûõ òðàíçèñòîðîâ, äëÿ ÷åãî â ïðèâåäåííîé âûøå ìîäåëè èçìåíÿþòñÿ ñëåäóþùèå ïàðàìåòðû: 



IS=IS(Area, ISE=ISE(Area, ISC=ICS(Area, ISS=ISS(Area, IKF=IKF(Area, IKR=IKR(Area, IRB=IRB(Area, ITF=ITF(Area, CJC=CJC(Area, CJE=CJE(Area, CJS=CJS(Area, RBB=RBB/Area, RE=RE/Area, RC=RC/Area, QCO=QCO(Area. 

Çíà÷åíèå Area óêàçûâàåòñÿ â çàäàíèè íà ìîäåëèðîâàíèå ïðè âêëþ÷åíèè òðàíçèñòîðà â ñõåìó, ïî óìîë÷àíèþ Area=1. 

Â êà÷åñòâå ïðèìåðà ïðèâåäåì ñïèñîê ïàðàìåòðîâ ìîäåëè Ãóììåëÿ-Ïóíà áèïîëÿðíîãî òðàíçèñòîðà ÊÒ316Ä



.model  KT316D  NPN(IS=2.75f  XTI=3 EG=1.11 VAF=96 BF=136.5 

+  NE=2.496 ISE=12.8pA IKF=97.23m XTB=1.5 VAR=55 BR=.66 

+  NC=2 ISC=15.5p  IKR=.12 RB=70.6 RC=8.4 CJC=4.1pF VJC=.65 

+  MJC=.33 FC=.5 VJE=.69 CJE=1.16pF MJE=.33 TR=27.8n 

+  TF=79.0p ITF=.151 VTF=25 XTF=2) 



4.3. Ïîëåâîé òðàíçèñòîð 



Ïîëåâûå òðàíçèñòîðû ñ óïðàâëÿþùèì p(n ïåðåõîäîì (Junction FET) îïèñûâàþòñÿ ìîäåëüþ Øèõìàíà(Õîäæåñà â ñîîòâåòñòâèè ñ ýêâèâàëåíòíîé ñõåìîé, ïðåäñòàâëåííîé íà ðèñ. 4.6,à äëÿ òðàíçèñòîðà ñ êàíàëîì n-òèïà [4, 7, 33]. Ïàðàìåòðû ìîäåëè ïîëåâîãî òðàíçèñòîðà ïðèâåäåíû â òàáë. 4.3.



Òàáëèöà 4.3



 Èìÿ ïàðàìåòðà �Ïàðàìåòð �Çíà÷åíèå ïî óìîë÷àíèþ �Åäèíèöà èçìåðåíèÿ ��VT0 �Ïîðîãîâîå íàïðÿæåíèå �(2 �Â ��BETA �Êîýôôèöèåíò ïðîïîðöèîíàëüíîñòè �10� EMBED Equation.2  ����À/Â ��LAMBDA �Ïàðàìåòð ìîäóëÿöèè äëèíû êàíàëà �0 �1/Â ��IS �Òîê íàñûùåíèÿ p(n-ïåðåõîäà çàòâîð(êàíàë �10� EMBED Equation.2  ��� �À ��N �Êîýôôèöèåíò íåèäåàëüíîñòè p(n-ïåðåõîäà çàòâîð(êàíàë �1���ISR �Ïàðàìåòð òîêà ðåêîìáèíàöèè p(n- ïåðåõîäà çàòâîð(êàíàë �0 �À��NR �Êîýôôèöèåíò ýìèññèè äëÿ òîêà ISR �2� ��ALPHA �Êîýôôèöèåíò èîíèçàöèè �0 �Â ��VK�Íàïðÿæåíèå èîíèçàöèè äëÿ ïåðåõîäà çàòâîð(êàíàë�0�Â��RD �Îáúåìíîå ñîïðîòèâëåíèå îáëàñòè ñòîêà   �0 �Îì ��RS �Îáúåìíîå ñîïðîòèâëåíèå îáëàñòè èñòîêà   �0 �Îì ��CGD �Åìêîñòü ïåðåõîäà çàòâîð(ñòîê ïðè íóëåâîì ñìåùåíèè   �0 �Ô ��CGS �Åìêîñòü ïåðåõîäà çàòâîð-èñòîê ïðè íóëåâîì ñìåùåíèè  �0 �Ô ��M �Êîýôôèöèåíò ëàâèííîãî óìíîæåíèÿ îáåäíåííîãî   p(n-ïåðåõîäà çàòâîð(êàíàë �0,5 ���FC �Êîýôôèöèåíò íåëèíåéíîñòè åìêîñòåé ïåðåõîäîâ ïðè ïðÿìîì ñìåùåíèè �0,5 ���PB �Êîíòàêòíàÿ ðàçíîñòü ïîòåíöèàëîâ p(n-ïåðåõîäà çàòâîðà �1 �Â��VTOTC �Òåìïåðàòóðíûé êîýôôèöèåíò VTO �0 �Â/� EMBED Equation.2  ��� ��BETATCE �Òåìïåðàòóðíûé êîýôôèöèåíò BETA �0 �%/� EMBED Equation.2  �����XTI �Òåìïåðàòóðíûé êîýôôèöèåíò òîêà IS �3� ��KF �Êîýôôèöèåíò, îïðåäåëÿþùèé ñïåêòðàëüíóþ ïëîòíîñòü ôëèêêåð(øóìà �0 ���AF �Ïîêàçàòåëü ñòåïåíè, îïðåäåëÿþùèé çàâèñèìîñòü ñïåêòðàëüíîé ïëîòíîñòè ôëèêêåð(øóìà îò òîêà ÷åðåç ïåðåõîä �1���T_MEASURED�Òåìïåðàòóðà èçìåðåíèé��� EMBED Equation.2  �����T_ABS�Àáñîëþòíàÿ òåìïåðàòóðà��� EMBED Equation.2  �����T_REL_GLOBAL�Îòíîñèòåëüíàÿ òåìïåðàòóðà��� EMBED Equation.2  �����T_REL_LOCAL�Ðàçíîñòü ìåæäó òåìïåðàòóðîé òðàíçèñòîðà è ìîäåëè-ïðîòîòèïà��� EMBED Equation.2  �����

Ñòàòè÷åñêèå õàðàêòåðèñòèêè ïîëåâîãî òðàíçèñòîðà. Îíè îïèñûâàþòñÿ ñëåäóþùèìè çàâèñèìîñòÿìè.  

Òîê çàòâîðà ðàâåí



Ig = Igs + Igd, 



ãäå Igs = In+IrKg ( òîê óòå÷êè çàòâîð(èñòîê, 

	Ins = IS([exp(Vgs/(N(Vt) (1] ( íîðìàëüíûé òîê, 

	Irg = ISR( [exp(Vgs/(NR(Vt) (1] ( òîê ðåêîìáèíàöèè, 

	Kgs = [(1(Vsg/PB)2+0,005]M/2 ( ôàêòîð ãåíåðàöèè, 



Igd = Ind+Ird(Kgd+Ii  ( òîê óòå÷êè çàòâîð(ñòîê, 

	Ind = IS( [exp(Vgd/(N(Vt) (1] ( íîðìàëüíûé òîê, 

	Ird = ISR( [exp(Vgd/(NR(Vt)-1] ( òîê ðåêîìáèíàöèè, 

	Kgd = [(1(Vgd/PB)2+0,005]M/2 ( ôàêòîð ãåíåðàöèè, 

	Ii - òîê èîíèçàöèè, ðàâíûé 



� EMBED Equation.2  ���

Ðèñ. 4.6. Íåëèíåéíàÿ (à) è ëèíåéíàÿ (á) ñõåìû çàìåùåíèÿ ïîëåâîãî òðàíçèñòîðà ñ óïðàâëÿþùèì p(n-ïåðåõîäîì è êàíàëîì n-òèïà

Vdif=Vds( (Vgs(VTO); Vgs ( íàïðÿæåíèå çàòâîð(èñòîê, Vgd ( íàïðÿæåíèå çàòâîð-ñòîê. 

Çàìåòèì, ÷òî ïîëåâîé òðàíçèñòîð îáåäíåííîãî òèïà õàðàêòåðèçóåòñÿ îòðèöàòåëüíûìè çíà÷åíèÿìè VTO<0 (äëÿ êàíàëîâ p- è n-òèïà), à òðàíçèñòîð îáîãàùåííîãî òèïà ( ïîëîæèòåëüíûìè VTO� EMBED Equation.2  ���0. 

Òîêè ñòîêà è èñòîêà ðàâíû ñîîòâåòñòâåííî 



Id = Idrain ( Igd,  Is = ( Idrain (Igs. 



Â íîðìàëüíîì ðåæèìå (Vds� EMBED Equation.2  ���0) òîê Idrain ðàññ÷èòûâàåòñÿ ïî ôîðìóëàì: 



� EMBED Equation.2  ���

ãäå Vds ( íàïðÿæåíèå ñòîê(èñòîê, Vgd ( íàïðÿæåíèå çàòâîð(ñòîê. Â èíâåðñíîì ðåæèìå (Vds<0) 



� EMBED Equation.2  ���



Åìêîñòè çàòâîð(èñòîê è çàòâîð(ñòîê  îïèñûâàþòñÿ âûðàæåíèÿìè 



� EMBED Equation.2  ���

� EMBED Equation.2  ���



Ëèíåéíàÿ ñõåìà çàìåùåíèÿ ïîëåâîãî òðàíçèñòîðà. Ñõåìà ïðèâåäåíà íà ðèñ. 4.6, á, ãäå äîïîëíèòåëüíî âêëþ÷åíû èñòî÷íèêè ôëþêòóàöèîííûõ òîêîâ. Òåïëîâûå øóìû, ñîçäàâàåìûå ðåçèñòîðàìè RS è RD, èìåþò ñïåêòðàëüíûå ïëîòíîñòè S� EMBED Equation.2  ���= 4kT/RS, S� EMBED Equation.2  ���= 4kT/RD. 

Èñòî÷íèê òîêà Iø� EMBED Equation.2  ���, õàðàêòåðèçóþùèé äðîáîâîé è ôëèêêåð-øóì, èìååò ñïåêòðàëüíóþ ïëîòíîñòü S� EMBED Equation.2  ���= 8kT(Gm/3 + KF(Id� EMBED Equation.2  ���/f, ãäå Gm= dIdrain/dVgs  (äèôôåðåíöèàëüíàÿ ïðîâîäèìîñòü â ðàáî÷åé òî÷êå ïî ïîñòîÿííîìó òîêó. 

Òåìïåðàòóðíûå ýôôåêòû  õàðàêòåðèçóþòñÿ ñëåäóþùèìè çàâèñèìîñòÿìè: 



VTO(T)=VTO+VTOTC( (T ( Tnom); 

BETA(T)=BETA(1,01� EMBED Equation.2  ���; 

IS(T)=IS(exp[EG(Tnom)/(N(Vt) ((T/Tnom ( 1)](T/Tnom)� EMBED Equation.2  ���; 

ISR(T)=ISR(exp[EG(Tnom)/(NR(Vt) ((T/Tnom(1)](T/Tnom)� EMBED Equation.2  ���; 

PB(T)=PB(T/Tnom-3Vt(ln(T/Tnom) (EG(Tnom)(T/Tnom+EG(T); 

CGS(T)=CGS{1+M[0,0004(T(Tnom)+1-PB(T)/PB]}; 

CGD(T)=CGD{1+M[0,0004 (T(Tnom)+1-PB(T)/PB]}; 

KF(T)=KF(PB(T)/PB, AF(T)=AF(PB(T)/PB. 



Çàâèñèìîñòü EG îò òåìïåðàòóðû îïèñàíà â ðàçä. 4.1. 

Ñêàëÿðíûé êîýôôèöèåíò Area  ïîçâîëÿåò ó÷åñòü ïàðàëëåëüíîå ñîåäèíåíèå îäíîòèïíûõ òðàíçèñòîðîâ, äëÿ ÷åãî â ïðèâåäåííîé âûøå ìîäåëè èçìåíÿþòñÿ ñëåäóþùèå ïàðàìåòðû: 



IS=IS(Area, BETA=BETA(Area, RD=RD/Area, RS=RS/Area, CGS=CGS(Area, CGD=CGD(Area. 



Çíà÷åíèå Area óêàçûâàåòñÿ â çàäàíèè íà ìîäåëèðîâàíèå ïðè âêëþ÷åíèè òðàíçèñòîðà â ñõåìó (ï. 3.2.6), ïî óìîë÷àíèþ Area=1. 

Â êà÷åñòâå ïðèìåðà ïðèâåäåì îïèñàíèå ïàðàìåòðîâ ìîäåëè òðàíçèñòîðà ÊÏ303Å



.model  KP303E  NJF (VTO=-4.12  BETA=782.5u  LAMBDA=9.13m

+   RS=21  RD=21  CGS=4.2pF  CGD=3.8pF  FC=0.5  PB=1  IS=10f) 
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