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ABSTRACT J_i0O-

A BJT MODEL WITH SELF HEATING

FOR WATAND COMPUTER SIMULATION

Fang-Qiu Ye
Master of Science, Electrical Engineering

Youngstown State University, 1990

A brief overview of bipolar junction transistor
(BJT) modeling is presented. Two macromodels based on the
Gummel-Poon model are designed to simulate npn and pnp BJT
performance including self heating. The self-heating
models calculate BJT junction temperature, account for
temperature dependency in the modeling equations and give
automatic adjustment to temperature-variant parameters
including the saturation current (Ig) and the forward
current gain (B).

Two external thermal equivalent circuit nodes make it
possible to connect improved and more complete thermal
equivalent models.

A 2N2222 model based on the npn macromodel is
developed and used for testing. Common-emitter and mirror
current circuits are used to test the models. Experimental
results for the thermal steady-state and transient
responses are compared with WATAND and PSPICE analyses
using the self-heating and nonthermal models of the 2N2222
transistor. For the self-heating model, the error with
respect to steady-state experimental data is less than 7%.
For the nonthermal models, the error is up to 84%. As
temperature increases, error also increases. The self-
heating model tracks the thermal transient response
correctly, while the nonthermal model shows no thermal
transient response. The self-heating model is also used to
test the temperature stability of the mirror current
Circuit fabricated on an IC chip.
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CHAPTER I

INTRODUCTION

WATAND (WATerloo ANalysis and Design) is an interactive
computer simulation software package for analyzing and
designing linear and nonlinear electric circuits. It was
developed by the Electrical Engineering Department of the
University of Waterloo in Canada [1]. Many analyses which
are essential to circuit analysis and design are available
in WATAND, such as dc operating point (DC), dc transfer
characteristics (DT), frequency response (FR), transient
response (TC) and steady state response (SS), to name a
few. The package has a large selection of built-in linear
and nonlinear elements, and it allows the user to define
elements, analyses and macro procedures. WATAND is an
interactive program and is very flexible and convenient to
the user.

There are about two dozen bipolar junction transistor
(BJT) models in the WATAND model library. All of these BJT
models are based on Ebers-Moll and Gummel-Poon models.
Some are simple, while others are well extended from the
simple models. In all of these models, some model
Parameters, more or less, are assumed to be temperature
variant and complicated equations are introduced for
temperature adjustment. All these models assume that the
transistor operating temperature, or more precisely, the

Junction temperature, Ty, does not change during the



analysis. This assumption is quite sufficient for man§
circuit analyses.

However, the temperature set by the user may not
reflect the real situation of the transistor junction
temperature because one effect, the self heating in the
transistor, is not taken into account. The transistor
jtself dissipates power, and the power dissipation at the
transistor junction causes self heating and increases the
junction temperature, Ty. Many transistor parameters are
temperature variant. The variation of Ty with respect to
the power dissipation may result in the change of the
transistor Q-point, thermal runaway and other problems.

A large junction temperature due to self heating may cause
a circuit design to fail.

The purpose of this thesis is to design a bipolar
junction transistor model which includes self heating,
reflects junction temperature variation of a working
transistor, and tracks the transistor characteristics
better than the existing models do. The model is developed
starting with the WATAND BJT Gummel-Poon model. When the
self-heating function is disabled, the model will turn out
to be similar to the WATAND BJT Gummel-Poon models already
in existence.

Chapter 2 discusses the Ebers-Moll and the Gummel-Poon
Mmodels from which all the BJT models in WATAND are
developed. 1In Chapter 3, thermal equivalent circuits and

the two BJT models with self heating are developed.



chapter 4 provides the WATAND macromodel programs and
FORTRAN subroutine for the two self-heating macromodels
which are contained in the NPNT and PNPT WBLOCK files. 1In
chapter 5, a self-heating model for the 2N2222 based on the
NPNT macromodel is developed, and sevefal laboratory
experiments are performed to test the validity of the self-
heating model. The experimental data is compared with the
computer simulation results by using different models in
WATAND and PSPICE.

The WATAND version used in this work is Version V.11-04
with YSU changes (V1.1ll-4a). Circuit simulations are run
on an Amdahl 5868 mainframe computer under VM/SP CMS

Release 5. The PSPICE version used is Version 3.08, July
* ’

1988.



Chapter II

AN OVERVIEW OF BJT MODELS

2.1 INTRODUCTION

The Ebers-Moll (EM) and Gummel-Poon (GP) models are two
commonly used bipolar junction transistor models [2] used
in circuit simulation packages such as WATAND [1,3] and
PSPICE [4]. For the Ebers-Moll model, there are three
different model levels. The first and the simplest is the
EM; model which has only dc performance of a transistor.
The second level EM; model improves the EM; dc model and
adds junction and diffusion capacitance for ac
performance. The EM3 model is the highest level which has
second-order improvement over the dc aspects of the EMj
model, charge-storage modeling, and temperature
performance.

The Gummel-Poon model uses a different mathematical
approach to improve the EMj model. It is on the same level
as the EMj; model, but is slightly more accurate and
complete, and is more often used. The following sections
describe the EMj, EMp, EM3 and GP models which are used in

WATAND.

2.2 THE EM; MODEL
The first bipolar transistor model was described by J.
J. Ebers and J. L. Moll in 1954 [5,2]. It is basically a

Simple, nonlinear dc model. There is no characterization



of charge storage in the device. The Ebers-Moll model is
yalid for all regions of operation: saturation, active and
cutoff, for both inverse and normal connections.

There are two different versions of the EMj; model: the
jnjection version and transport version. The only
gifference is in the choice of the reference currents. 1In
WATAND, the transport version is used.

Fig. 2-1 is the nonlinear hybrid-m version of the EMj;
model which is an alternative form of transport version.

The reference currents, Icc and Igc, represent the currents

that are collected or transported across the base.

PR Ler
1
8 = GD = Toe = Ire

Figure 2-1. Hybrid-m Version of the EM; Model
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6
The reference collector source current is
[ dVBE ] 1] —_—
and the reference emitter current is
[ avec ] 1] 5 2
Igc = Is® [exp XT (2.
where Ig is transistor saturation current,
k is Boltzman constant, k = 1.3826x10°23 J/K,
g is electronic charge, g = 1.6022x1071° C, and
T is the temperature in K.
From Fig. 2-1, the model terminal currents can be easily
obtained:
Iec Igc
ge = IcT - = (Icc - Igc) - (2.3)
BRr BR
Icc Icc
Ig = IcT - = (Icc - Iec) - (2.4)
BF BF
Icc Igc
Ip = + (2.5)
BF PR

BrF and BR are the forward and reverse current gains of
the transistor, respectively. Both are regarded as
Constants, independent of current, voltage and temperature
at the EM; level.

In the EM, model, the transistor saturation current,

Is, is assumed to be temperature dependent in the form of
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T ~Eqg 1 1
Is(T) = IS(T“"‘“)'[ Trion ]'exP[[ N ][ T  Thom ]] (2.6)
where

T is operating temperature in K,

Thom 1S the nominal temperature in K at which all the
model parameters are obtained; in WATAND, it is
set to "room" temperature at 27°C or 300 K, and

Eg is the effective gap energy of the semiconductor

material in electron-volts.

Although the EM; model is quite simple and requires
only a few model parameters (Bp, PR, Is, T and Tpopm), it is
accurate and useful only for dc characterization of the
bipolar junction transistor; there is no transistor charge-
storage (i.e., no diffusion or junction capacitances) and
no ohmic resistances. These limitations are overcome in a

first-order manner in the EMj; model.

2.3 THE EM, MODEL

The EMy model shown in Fig. 2-2 improves the dc
Characterization of the EM; model.by introducing three
constant resistors. They are the collector resistor, rg,
the emitter resistor, re, and the base resistor, rp. These
resistors represent the transistor ohmic resistances from
its active region to its collector, emitter and base

terminals, respectively.

WILLIAM F. MAAG LIBRARY
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capac

The charge-storage effects in the bipolar junction
. .ansistor are modeled by two nonlinear junction

jtors and two nonlinear diffusion capacitors.

o
cT

v ] I
8 8l Il D = Tee- 1z

E

Figure 2-2. The EM; Model



s 1 JUNCTION CAPACITORS

The two junction capacitors Cyg and Cyc in Fig. 2-2

odel the incremental fixed charges stored in the
m

transistor space-charge layers for incremental changes in

the associated junction voltage. The capacitors are

denoted by Cgg for the base-emitter junction and Cgc for

the base-collector junction. For an npn transistor

CJEO
CJE(VB'E') = (5.7

Vg1 E
-
PE

where

Cygo is the value of the emitter-base junction
capacitance at Vgigr = 0,
PE is the emitter-base barrier potential, and

uiy is the emitter-base capacitance gradient factor.

Cyco
Cyc(Vprcr) = o

Vi C
-2
¢c

where
Cyco is the value of the collector-base junction
capacitance at Vgicr = 0,
¢c is the collector-base barrier potential, and
me is the collector-base capacitance gradient factor.
The value of Cyg in equation (2.7) will be very large
When Vgipi is close to ¢E, as is Cyc when Vgrcr is close to

#c. It has been shown [2,6] that under these situations
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yations (2.7) and (2.8) do not hold. Several

;;roximations have been tried. 1In WATAND, a linear
apolation method is introduced [3]. It is used when
VB'E' > ¢ ~ 0.05 or VBrcr > ¢¢c - 0.05

~rwise, equation (2.7) and (2.8) still apply. Now the

odified expressions for Cgg and Cgc are

CJEO
e - Vp'g' £ ¢ - .05 (2.9)
VB'E! mEg
S
¢E
R - K1+Vprg' + K3 VB'g' > ¢ - .05 (2.10)
where
dCgr
Kp = ——— (2.11)
dVB'E' |[Vgig' = ¢g -.05
K> = -Kq1°*(¢pp - .05) + C 2+12
F L B JE Vptg' = ¢ -.05 ( )
b Caco
Cyc = Vit £ ¢¢c - .05 (2.13)
VgicrC
-2
¢c
SJc = Ky*Vgigr + K3 VBigr > ¢¢c - .05 (2.14)
nere
: dCgc
- = (2.15)
B'C' |Vgigr = ¢¢ =-.05
i L
2 = “K1*(¢c - .05) + Cz¢ (2.16)

Vgigr = ¢¢c -.05
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2.3.2 DIFFUSION CAPACITORS

The two diffusion capacitors model the charge

associated with mobile carriers in the transistor. The

charges; QDE and Qpc, are modeled by two nonlinear

capacitors Cpg and Cpc, respectively, given by:

Q Tr*Icc
o = = - (2.17)
CDE VB'E! VBig!
| 2
Qpc TR*IEC —
Cpc = VBic! VB'C' :

k
where

7 is the total forward transit time, and
TR is thé total reverse transit time.

Both 7p and TR are assumed to be constants in the EM;

In summary, the EM; model requires some extra resistors
(rp, re and rg) and capacitors (Cgg, Cgc, Cpg and Cpc)

to be added to the EM; model in order to improve the
ansistor dc performance and to provide ac
Characterization. The EM; model is adequate for most
modeling, especially for analyzing digital circuits.
However, there are still some limitations, including the
absence of such dc effects as basewidth modulation and the
ariation of B with current level. These second-order

ffects are accounted for in the EM3 and GP models.
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- 4 THE EM3 MODEL
1 The EM3 model is the third level of bipolar junction

sistor modeling. It is concerned with second-order

.-orovements in the dc aspects of the EM; model, charge-
j;torage modeling, and the temperature performance. The EMj
‘épdel adds the following features:

]a) pasewidth modulation and variation of B with current
and voltage at a éiven temperature,

b) the rise of 7p at high current at a given temperature,
and

1@) variation of device parameters other than Ig with
temperature.

These effects are incorporated by modifying existing
equations, adding two diodes in the model and introducing

‘extra model parameters. Fig. 2-3 shows the EM3 model.

'2.4.1 AN IMPROVED DC MODEL AT GIVEN TEMPERATURE

The dc characteristics of the EM3 model are improved by
including features of basewidth modulation and the
»Variation of B with current and voltage. The Early voltage
;Vh is introduced into the EM3 model. The "Early Effect",

- Or basewidth modulation, describes the change in basewidth
because of the change in the collector-base junction
Voltage. 1In the normal active region, the width of the

- SPace-charge layer of a p-n junction is a strong function
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ehe applied potential. Large variation in V¢ may vary

1 collector-base space-charge layer significantly. This,

‘4

turn, changes the normally thin basewidth.

Figure 2-3. The EM3 Model
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Three model parameters, Ig, Br and 7p are affected by

- » Early Effect because they depend on the basewidth

'; ongly- The modified Ig, Br and 7p equations are

Is(0) N [ Vgt ]
_Is(VB'C') = Ny ~ Ig(0)+|1 - Va (2.19)
P 1 +
Va
il = Br(0) [1 bl ] (2.20)
_ﬁF(VB'C') B Vgt E Va )
1+
Va
Vgric! 2
Varct) = T (0)-[1 + ] {2.21)
78(VB'c') B Va
The expressions for Igr and Ig then become
ter = — " [[ee[ 53] 1] - e[ 52T 4]
et~ VB'C' —— kT e kT 1
1 +
Va
(2.22)
Ip = b [ [qVB'E'] ] Is(0) [ [qVB'C'] ]
prco) P 1T M T T PLTRr ITY
(2.23)

In general there are three regions of interest in the
ariation of Bdc with current. Region I is the low current

9ion in which BF increases with Ic. Region II is the
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:q-current region in which By is constant. Region III is

; high—current region in which Bp drops as current

()

In region I, the low current region, two diode current

ces are added to describe forward and reverse biased

-ituation in the EM; model. The expression for Ig then is

I5(0) [ qVB'E'] 1] I [ [ qVp'E! ] 1]
k. —e—— @ ——— - s le —— ki
Is(0) [ qVB'C'] 1] t caTe(o [ [ qvp'c! } 1]
+ —_——ﬁRM . [exp KT 4 s( ) exp ——nCLkT
(2.24)
here

ngr, is the low-current, forward region emission
coefficient, and

ner, is the low-current, inverse region emission
coefficient.

Cy, C4 are two extra model parameters, where

CyIg(0) is the composite forward low saturation

current, and
C4Ig(0) is the composite reverse low saturation current.
In region II, the mid-current region, By is regarded as

constant. It is now called Bgy. The EM; model holds.

g"x'a VB'C' = 0’

. _ qVB'E!'
Sy = Is(O)-[exp[T] - 1] (2.25)



Ig(0) [ qQVB'E' _ ]
T exp[ KT ] ' (2.26)

In region III, the high current region, the injection
¢ minority carriers into the base region is significant
;mpared to the majority carrier concentration. This
1ts in an increase of the total majority carrier

oncentration. The effect of the excess majority carriers

~ the collector current is shown in the EM3 model by

odifying the collector current expression for Vpicr = 0 as
Ig(0) gVg'g!
Ic(0) = -[exp[—:l - lJ (2.27)
k qVB'E’ I
1+ e-exp{—————— ]
2KkT

here 6 is an additional model parameter for the high
rrent level.
Considering these current regions, Bg can then be

expressed as

R . -(1-1/ngp)
BF E.ay + az[IC :l + a3z Ic¢ (2.28)
re
a; = ﬁFM—l (2.29)
. (1-1/ngg)
e (2.31)

ﬁm'IS
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1.2 AN IMPROVED CHARGE-STORAGE MODEL AT GIVEN TEMPERATURE

another second-order improvement is made in the charge-

age model part. The 7 varies with current as [7,2]

dQpE
Fac(IC) dIcc
‘ 1 rLe1? 1 Icc &
fF-[l o et [_w_] : Teo -1 Ic > Ico (2.32)

Lg is the smallest width of the emitter,
W is the basewidth, and
Ico is the the current at which 7p starts to increase.

o additional model parameters are needed: Icp and the

.4.3 AN IMPROVED VARIATION WITH OPERATING TEMPERATURE

In the EM; and EM; models, only one model parameter,
varies with temperature. An improved model is
troduced in EM3 assuming several other parameters are
LSO temperature dependent [2]. In the WATAND EM3 model,
1ly the major effect, Bp, is taken into account. The Bf

emperature variation is

f“(T) = BF(Tnom) *[1 + BTCy* (T-Tnom) + BTC2* (T-Tnom) 2]

e (2.33)

IBTcl is the first-order temperature coefficient, and

BTC; is the second-order temperature coefficient.
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- THE GUMMEL-POON MODEL
?-The cummel-Poon (GP) model is based on the model
_.jated by Gummel and Poon in 1970 [8,2]. It is almost
; rely concerned with improvements in the dc character-
“Lion of the EM3 model. These improvements, however, are
mally minor in their effect. Thus, the GP model shown

'Fig. 2-4 is basically equivalent to the EM3 model.

m

Figure 2-4. The GP Model
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rThe GP model treats the three effects, basewidth
__gulation, high-injection effects and 7y versus Ig,
!;.ether: while the EM3 model treats them separately. The
| fied treatment provides a slightly more accurate and
ete model than is provided by the EM3 model. However,
+he GP model uses a different approach to derive and modify
.11 the formulas; its procedure is more mathematical and
less intuitive.

In the GP model, a reverse Early voltage, Vg, is
included along with the forward Early voltage, Vp, to
jescribe the basewidth modulation. The reverse Early
voltage is due to Vgg, not Vpc. So, for basewidth

modulation only, instead of

. Is(0)
i 100 = 2.34
s(Ve'c )EM3 model Vgrc! ( )
1 +
Va

in the GP model, a more complete treatment is given by

Is(0)
IS(VB'E'l VBrcr) = (2.35)
GP model Vit VB'E!
1+ -
Va VB
id the full definition for Ig in the GP model is [2]
B _Is(0)
. TE— (2.36)
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2

2=
g —t

%
+ 2.37
- qz] ( )

vp'c! VB'E!
o

Yy 4+ (2.38)
1 2 Va Vg
Is(0) [ [ qVB'E'] 1] Is(0) [ [ qQVB'E' ] ]
. exp|——— |- + ———|exp|—— |- 1
g2 Ix “F kT Ixr o ngr KT
(2.39)
here
Ig(0) is the saturation current at Vgic' = O,

Ig is the knee current,

IXR is the reverse knee current.

The ac characterization equations in the GP model are
ong and complicated, but the results are about the same as
or the EM3 model. The EM3; and GP models are of the same
odel complexity in the nonlinear modeling of the bipolar
unction transistor. The GP model mainly improves dc
erformance of the EM3 model and provides a slightly more
rate and complete result. On the other hand, EM3 has
pler ac modeling equations than GP does. So in the
WATAND GP model, a set of Gummel-Poon dc modeling equations
S used for dc performance, while for ac characteristics,
he EM3 ac modeling equations are used. This leads to a
impler model than a complete GP dc and ac treatment would
,f”e. At the same time, it saves WATAND computing time and

i1S0 keeps the accuracy and completeness of the GP model.
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Chapter III

DEVELOPING THE BJT MODEL

5.1 INTRODUCTION
| 1n this chapter, several approaches to describe the
thermal characteristics of a bipolar junction transistor
;;e discussed. A thermal equivalent circuit for a
transistor and the BJT model which deals with temperature

variation due to transistor (and/or circuit) operation are

developed.

3.2 THERMAL EQUIVALENT CIRCUIT OF A TRANSISTOR

It is evident that the junction temperature variation
within a transistor is related in some way to the power
;Lplied to the transistor and how the transistor material
dissipates heat energy. Because the heat may leave the
transistor by radiation, thermal conduction and by
convection or forced air cooling, the relationship between
the junction temperature and the power dissipation within a
ansistor is quite complicated.

One approach to this problem is to solve the boundary-
‘alue problem posed by the partial-differential equations
kﬁr heat flow [9]. There are difficulties in using this
°d. First, to formulate the problem requires a great
CT*I of knowledge about the internal geometry of the
ANsistor; second, certain physical constants, such as the

"2t conductivity, diffusibility and heat-transfer
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efficient must be available for every material in the

ice; and last, the solutions for certain equations which
1oV ’

_» often needed can be obtained only by numerical analysis

et Ods-

Another approach is to introduce Newton's law of

ooling. The heat generated within a transistor is

7 ferred to a large body such as a heat sink or a room
.hat remains at an essentially fixed ambient temperature,
. The transfer is a combination of radiation, thermal
;n-uction, convection and/or forced air cooling. Most
veryday problems of heat transfer can be adequately
}gressed by Newton's law of cooling [10]

Ty - Tp = ©°P (3.1)
ere

Ty is the junction temperature in K,

Ta is the ambient temperature in K,

8 1is the thermal resistance in K/W, and

P is the dissipated power in W.

Newton's law states that the temperature difference in
K between two equitemperature surfaces is proportional to
Oth the rate at which heat, P, in watts is tranéferred

rom one surface to the other and to the thermal

*Sistance, @, between the two surfaces in K/watt.
According to Newton's law of cooling, the junction
"Mperature of a transistor can be determined as

T3 = Ta + 6-pp (3.2)

t the ambient temperature, Tp, the thermal resistance
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ween the junction and the ambient, ©, and the power
ipated in a transistor, Pp, can be measured or

culated. A disadvantage of using this law is that the
‘;sient heat flow in a transistor cannot be analyzed.

VVA third approach, which is commonly used, is to propose

‘.ermal equivalent circuit for the transistor [9,10,11].

., circuit representation of a thermal system is permitted

, an analogy between electrical and thermal quantities as

in Table 3-1.

Table 3-1. Thermal and Electrical Analogies

Electrical Thermal
' voltage (volts) T temperature (K)
~ current (amperes) P power dissipation (watts)
electrical resistance (ohms) 68 thermal resistance (K/watt)

C electrical capacitance (farads) Cg thermal capacitance (joule/K)

s

|
I
|
L
F%' (E> -TYQJ : CS
|
'f

| -
1
D
S »

Tax

€ 3-1. The Thermal Equivalent Circuit of a Transistor
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Fig 3-1 shows a thermal equivalent circuit of a

Bolar junction transistor [10,11]. The transistor has a
;gw;l resistance, 63, and a thermal capacitance, Cy, in

e junction; g and Cg, in the heat sink. Pp is the total
dissipation in the transistor. 1If a transistor is
l1'ng in a steady statg, or say, dissipating constant

-wer, the temperature difference between junction and

bient is

Ty - Ta = (83 + 6g)°Pr (3.3)
ich yields Newton's law of cooling.

For a small transistor without a heat sink in free air,
thermal circuit in Fig. 3-1 could be simplified as in
';. 3-2. The thermal circuit in Fig. 3-2 is also a
sonable simplification if the total thermal resistance

capacitance of a certain transistor can be determined

11].

= = 5

iny)

Figure 3-2, a Simplified Thermal Equivalent Circuit
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|, pJT MODEL WITH SELF HEATING
A BIT model which includes self heating is obtained by
ining the electrical and the thermal-equivalent

jts of a transistor. The proposed npn BJT model with
:‘f_heating characteristics for this thesis is shown in
3-3.

The model in Fig. 3-3 has five external terminals.
;yes 1, 2 and 3 are the transistor base, emitter and
ollector, respectively. Nodes 4 and 5 are two terminals

¢ the thermal equivalent circuit. The voltage at node 4
jith respect to node 5 corresponds to the difference

een junction and ambient temperature, Tg-Tpa.

For the electrical circuit part, the GP model which is
iscussed in Chapter 2 is used. In the thermal circuit

, the simplified thermal equivalent circuit as shown in
ig. 3-2 is used. The thermal resistance, ©, and the

hermal capacitance, Cg, can be regarded as the total

mal resistance and capacitance from the transistor
unction to ambient environment. If a more detailed

hermal circuit is needed, one could simply set 6 to be

rge (infinite), and then connect the detailed thermal

it to the two external nodes, nodes 4 and 5. If the
Ctual junction temperature is desired at node 4, node 5
Ould be connected to a voltage source equal to the ambient
*mperature. This simplified thermal circuit provides user

:T‘ibility for thermal modeling.
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. pJT MODEL WITH SELF HEATING
A BIT model which includes self heating is obtained by
jning the electrical and the thermal-equivalent

jts of a transistor. Thé proposed npn BJT model with
'lf.heating characteristics for this thesis is shown in
ig. 3-3-

. The model in Fig. 3-3 has five external terminals.
odes 1, 2 and 3 are the transistor base, emitter and
wollector, respectively. Nodes 4 and 5 are two terminals

¢ the thermal equivalent circuit. The voltage at node 4
yith respect to node 5 corresponds to the difference

etween junction and ambient temperature, Tg-Tp.

For the electrical circuit part, the GP model which is
iscussed in Chapter 2 is used. 1In the thermal circuit

, the simplified thermal equivalent circuit as shown in
ig. 3-2 is used. The thermal resistance, 8, and the

mal capacitance, Cg, can be regarded as the total

mal resistance and capacitance from the transistor

ion to ambient environment. If a more detailed

hermal circuit is needed, one could simply set 6 to be
arge (infinite), and then connect the detailed thermal
:—cuit to the two external nodes, nodes 4 and 5. If the
*tual junction temperature is desired at node 4, node 5
Ould be connected to a voltage source equal to the ambient
€mperature. This simplified thermal circuit provides user

*€Xibility for thermal modeling.
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CHAPTER IV

WATAND NPNT AND PNPT MACROS

4.1 INTRODUCTION

WATAND macros provide for the creation of models and
.ircuit topology descriptions. Control words such as
nEFINE, #MODEL and #DATA can be used in such a macro [3].
The control word #DEFINE is for creating a user-defined
olement. The element name follows the #DEFINE on the same
e. The #DEFINE sections include MODEL, DATA, FUNCTION

and/or ELEMENTS. The MODEL section defines the name of the

information, parameter names and their default values, and
sample point names and their default values. The DATA
section tells the information about the number of #DATA
tion values, the number of extra element-level storage
locations, the number of external nodes, and a list of
ndependent variables. The FUNCTION section allows the
connection of four kinds of functions, J, Q, V, and F for
ent, charge, voltage, and flux sources, respectively.
fie ELEMENTS section allows the connection of built-in
€ar elements available in WATAND. It specifies the
‘0cations and values of the elements.

The WATAND #MODEL control word introduces the
SMVironment in which a model is defined. All models must
* defined before the model is used in the circuit as an

“SMent in the #DATA section. The #DATA control word

i b
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_ecribes the topology of a circuit and linear element
galues-

In section 4.2, models for the npn and pnp bipolar
;g.ction transistors with self-heating characteristics are
| .sented. Their numerical modeling equations are also
~iven. In Section 4.3, the NPNT and PNPT WBLOCK files are
tﬁesented. The #DEFINE and #MODEL sections are included in
;yese WBLOCK files. A FORTRAN subroutine (GUPONT) which
valuates function values of the #DEFINE NPNT and PNPT

elements is presented in Section 4.4.

4.2 NUMERICAL MODELING OF THE NPNT AND PNPT MODELS

Fig. 4-1 shows an npn type GP BJT model with the self-
heating thermal equivalent circuit. It is a modification

f the model in Fig. 3-3, mainly for WATAND computing and
programming. Two short circuits are added for sampling
collector and emitter currents during WATAND iteration.

WO current sources Jc and Jg are used to replace five
ents, f,, f,, f3, f4 and Icp, presented in the model
lectrical circuit part of Fig. 3-3. Two charge sources Q¢
Qp also replace the four capacitors in Fig. 3-3, Q¢ for
JC and Cpc, Qg for Cyg and Cpg.

A similar model shown in Fig. 4-2 is established for

“€ PNp type transistor model. Notice since the bias
irections in the pnp type transistor are opposite to the

type transistor, the directions of bias voltage,
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1n the following numerical modeling equations, the

AuTCe current equations are based on the GP model

.apacitance relationships are mainly based on the EMj3

| These equations are used by the GUPONT FORTRAN
vroutine. Table 4-1 contains all the model parameter
ames, symbols and descriptions which are included in the
uymerical modeling equations as well as in the NPNT and
WBLOCK files and GUPONT FORTRAN subroutine. Following
re three groups of equations for modeling the source
grrents including dissipated power, junction capacitances,
" diffusion capacitances in the NPNT model. For the PNPT

odel, all subscripts B'E' and B'C' are to be replaced by

'B' and C'B', respectively.

Source Currents

Vp = kT/q (k/q = 8.6164X1075) (4.1)

3
T -E
Ig(T) = Is-[——— ] -exp[[ < ][ o i ]] (4.2)
To k T To
PBF(T) = Bp-[1 + BTC1-(T-Tg) + BTC2:(T-Tg)?2] (4.3)
- Ig(T) [ VBIE!
BF (T) exp[ Vr ] B 1] - nety
- IS(T) Vit
o[ - -
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|
Table 4-1. Macromodel Parameters
|
— L ter Symbol Default Unit Descriptions |
3 Value
Ig 1.6x10-14 A Saturation current |
Igs 0 A Composite forward low saturation 1
current Ig b
Mgs 1 - Forward low current emission
coefficient
Isr 0 A Composite inverse low saturation
coefficient
Msr 1 - Inverse low current emission
coefficient
X% 15 Ohms Base resistance
N 0.1 Ohms Emitter resistance
y 1 Ohms Collector resistance
e 0 K/W Thermal resistance
(o) 0 Joule/K Thermal capacitance
T 0 K Ambient Temperature
T 0 K Junction temperature
BF 100 = Forward current gain
Br 1 - Reverse current gain
BTC1 0 - lst order BF temperature coeff.
BTC2 0 - 2nd order BF temperature coeff.
Ixr 1E40 A Forward knee current
Ixr 1E40 A Inverse knee current
Va 1E40 v Forward Early voltage
Vg 1E40 \ Inverse Early voltage
Cig 0 F B-E junction capacitance at Vjg
VIiE 0 \Y Vgg for Cjg
() 0.8 \Y B-E barrier potential
mg 0.33333 - Exponent in B-E capacitance
voltage law
TF 0 s Low current forward transit time
FLEW 0 - Ratio of emitter length to
base width
Ixrr Ix A Knee current for Tp modification
Cic 0 F B-C junction capacitance at Vj¢
Vic 0 v Vpc for Cjg
¢c 0.5 v B-C barrier potential
mg 0.5 - Exponent in B-C capacitance
voltage law i
TR 0 s Low current inverse transit time
FrLew 0 - Ratio of collector length to 7
base width |
Ixrr Igxr A Knee current for T modification i
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VB'E' 1 7
& -1 = f 4.6
VBlcl q =
e 1 -[exp[ = 1§ = fg (4.7)
58 Vp.MgR - B
Vpic! VB'E'
1 - -
Va VB
= *(Icc - IEc) (4.8)
1 [ 3 Icc Igc ]%
—+ | =+ +
2 4 Ix Ikr
= fo + f4 - IcT (4.9)
Rt + £3 + Icp (4.10)

Ic*Vergt + Ig*Vpig' + IB°RBB2

CJEO0 v
= B'E'
Ve'g! g
e
?E

= K1°VBva + Kj VB!

dCJE
= —

AVgig: VBiE' = ¢ -.05

2 = “K1*(¢g - .05) + Cyg

V'

+ Ic+RCC2 + Ig+REE?

(4.11)
< ¢p - .05 {(4:12)
> ¢ - .05 (4.13)

(4.14)

4.15

¢g -.05 { )




Cyco
i,c = — - e Vgt < ¢c - .05
-J L B'C']
1-
[ ¢c

L K1'VB'C' + Kjp Vgigt > ¢¢c - .05

dCgc

=

dvgric!

Vgict = ¢¢c —-.05

= - . ‘-.05 +C
K1 (¢c ) JC VB'C' = ¢c -.05

dIcc
= Tpac"® Vgigr > 0
dvgig!
=0 Vgigr £ 0
TFac = TF Icc £ IkrF
' 1 , [ Zer 2
TF
Icc > IkrF
- dIgc v n
= r— >
Rac dVprcr B'C!
Dc = 0 Vpicr € 0

R Igc < IR
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(4.16)

(4.17)

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

(4.26)
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2

o[22 ]
=mr* |1+ 7 (Frew)“*|—/—— -
Igc > IkrR (4.27)

; THE NPNT AND PNPT WBLOCK FILES

The circuit of the npn type bipolar junction transistor
i;el has been shown in Fig. 4-1. Following are
:;1anations of the NPNT WBLOCK file shown in Table 4-2.
The #DE line defines the element type as NPNT. 1In the
ODEL section, GUPONT is the FORTRAN subroutine name,
ollowed by the number of model storage locations (14) used
]vthe subroutine and then 23 parameter names, each with

ne or more values for a total of 34 parameter values.

are five sample-point parameter names for the
}::pendent variables Vgg, Vpc, Ic, Ig and Tga and their
lefault values. The users can change these parameter and
fjule-point values interactively and/or in the WATAND

ile. Only three sample-point values are given for each
ndependent variable which will make the model perform
00rly; it is expected that a user will define reasonable
ample points to work for a given transistor or use a
Yeviously written macro which does this. For example, in
1& next chapter the TH2N2222 WBLOCK file, a model for the
N2222 transistor is presented and all five sample points

* defineq properly for computer simulations.
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Table 4-2. The NPNT WBLOCK File

kAT F kKA kK Ik ok ke dok ko dok ok dk ok ok ko k ok
ummel-Poon BJT model includes self heating due to dissipated

It is based on the GPN model. In the {fData section, enter
NynT.mname.name Bnode Enode Cnode Tnode+ Tnode-

(V Tnode+ Tnode-) = junction minus ambient temperature

eated 23-May-90 F.Q. Ye MS Thesis  YSU EE Dept.
B B & S e

VE NPNT
JEL GUPONT 14 IS 1.6D-14 1ISS O MSS 1 ISR O MSR 1

RBB 15 REE .1 RCC 1 THETA O CTHETA O
TEO TJ O BF 100 BR1 BTC 0O

IKF 1D40 IKR 1D40 VAF 1D40 VAR 1D40
CE 0 0 .8 .33333 TF 0 O 1D40

cC 00 .5.5 TR O O 1D40

VBE -1 01 VBC -101 IE-101 IC-101
TJA -1 01

00 5 67 68 A1 A2 45

IONS

7

8

7

8

4

[ENTS

RBB
REE

14 MS

6
9
9
0 RCC
0
5]
5 CTHETA

NT. &MNAME &POSITION

B e L o )

et icait

(% 5 3

i8S ¢
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The DATA line tells that the element requires no #DATA

jon values, no extra storage locations, five external
_;es’ and three independent voltages and two auxiliary
ents which make up the five independent variables. The
-ctions of the three independent voltages are also
cified. The FUNCTION lines give connections for each of
e dependent current and charge sources.

The ELEMENTS section specifies the connections and
alues of linear elements. The values are taken from

ither the MODEL lines or from the model storage. The
irections of the two auxiliary currents "A 1" and "A 2"
specified by two short circuits, "SC 7 9" and "SC 8

f, respectively. The value of resistor "R 4 5", which is
e thermal resistance, 8, is obtained from the fourteenth
odel storage position in the subroutine GUPONT. This will
g explained later in Section 4.3.

The PNPT WBLOCK file in Table 4-3 defines the pnp type
l model shown in Fig. 4-2. The WBLOCK file is identical
0 the NPNT file except for the difference in directions of
1 independent voltages and current and charge sources
XCept Pp and Typa). These are switched due to the

€rence in npn and pnp biasing.

The NPNT and PNPT WBLOCK files are macro or general
dels for the npn and pnp BJT models. For a specific type
 bipolar junction transistor, the user only needs to

Cify model parameter values and sample-point values for

Specific transistor.
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Table 4-3. The PNPT WBLOCK File

*************************************************************

s Gummel-Poon BJT model includes self heating due to dissipated

find It is based on the GPP model. In the #Data section, enter

power.

PNPT.mname.name Bnode Enode Cnode Tnode+ Tnode-
(V Tnode+ Tnode-) = junction minus ambient temperature

d 23-May-90 F.Q. Ye MS Thesis YSU EE Dept.

Create
B b B k& & T

ODEL Ggpour 14 IS 1.6D-14 ISS O MSS 1 ISR O MSR 1

' RBB 15 REE .1 RCC 1 THETA O CTHETA 0
TEO TJ O BF 100 BR1 BTC 0 O

IKF 1D40 IKR 1D40 VAF 1D40 VAR 1D40
CE 0O .8 .33333 TF 0 0 1D40

CC0O0 .5.5 TR O O 1D40

VEB -1 01 VCB -1 01 IE -101 IC-101
TJA -1 01
AOO 5 76 86 A1 A2 45
UNCTIONS
E/ 6
s 6
7 6
8 6
5 4
_EMENTS
1 6 RBB
28 9 REE
9 7
BR10 RCC
10 8
4 5 14 MS
4 5 CTHETA

NET.&MNAME &POSITION
B

RROR MISSING OR INVALID #MODEL DEFINITION FOR ELEMENT PNPT.&NAME

=T za e
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W THE GUPONTVFORTRAN SUBROUTINE
rThe FORTRAN subroutine GUPONT is shown in Table 4-4.
ce appropriate reversals fq; the directions of sample
1tages, auxiliary sample currents, current and charge
ces are made in the PNPT WBLOCK file, the subroutine is

The subroutine calculates values for the current and
arge sources (Pp, Jg, Jc, Qg and Q¢) at a certain

sunction temperature. It takes WATAND a certain number of
1¢rations to reach a solution for a circuit, and the
ubroutine is called during each iteration. The subroutine
s called in type 0, type 1, and type 2 situations, and,
pach call sets the ICODE value to 0, 1, and 2, respectively
E].

The ICODE=1 call occurs from the #DATA section of the
ATAND file during WInput and when #AModel or #Alter is

ed to set or alter any value of the element. Since
leither case affects the NPNT or PNPT elements, no

Cculations occur, and the subroutine goes directly to

D file during WInput and when #AModel is used to set
I alter any parameter and sample-point values for the
°del. Pre-calculation is needed for the model at this
First, model input parameters TJ, the junction
ﬂ;“*rature, and TE, the ambient temperature, are checked,

® either T3 or TE is selected for pre-calculating the
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Table 4-4. The GUPONT FORTRAN File

R LT TR R TR T R R R R R R Rk ek

suBROUTINE GUPONT (ICODE,MPVAL,MSTOR, INDVAR, FUNVAL, DVAL,

DSTOR,MIDA, DERIV)

o b E T et e T e e e e e S e R R R R R s R S R e

ROUTINE CALCULATES VALUES FOR GUMMEL-POON NPNT AND PNPT MODELS.
THESE MODELS INCLUDE SELF HEATING, I.E., JUNCTION TEMPERATURE
CAN VARY WITH POWER DISSIPATED.

IN ADDITION TO STANDARD GPN/GPP PARAMETERS, THE FOLLOWING ARE
USED:

RBB BASE SERIES RESISTANCE
REE EMITTER SERIES RESISTANCE
RCC COLLECTOR SERIES RESISTANCE

THETA  THERMAL RESISTANCE
CTHETA THERMAL CAPACITANCE

TE AMBIENT TEMPERATURE
WHEN TE <= 0, GLOBAL VALUE (f#fO TEMP) IS USED
TJ JUNCTION TEMPERATURE

WHEN TJ <=0, THEN
IF THETA <= 0, AMBIENT TEMPERATURE IS USED
IF THETA > 0, SELF HEATING IS IN EFFECT
BTC1 FIRST ORDER BETA TEMPERATURE COEFFICIENT
BTC2 SECOND ORDER BETA TEMPERATURE COEFFICIENT

CREATED 23-MAY-90 F.Q. YE MS THESIS YSU EE DEPT.

REAL*8 MPVAL(1),MSTOR(1),INDVAR(5),FUNVAL(5),DVAL(1),DSTOR(1), i
DERIV(1,1),
TEMPO, TEMOLD, TEMPX,
MP(34) ,MS(14),
IS,ISS,MSS,ISR,MSR,RBB,REE,RCC, THETA, CTHETA, :
TE,TJ,BF,BR,BTC1,BTC2, IKF, IKR, VAF, VAR, i
CJE,VJE,PHIE, GAMMAE , TAUF, LEOWF, IKTF,
CJC,VJC,PHIC,GAMMAC, TAUR, LEOWR,, IKTR,
VT, TEMP, ISTEMO, CEO, XTRE,KE1,KE2 , VIKTF,
CCO,XTRC,KC1,KC2,VIKTR,RTHETA,
VBE,VBC, IE,IC,TJA,
TEMPRT, IB, PT,VBEVT, VBCVT,JE,JC,JEC,QE, TT1,QC,
VIMSS,VTMSR, DTEMP , BETAF
INTEGER ICODE,MIDA(1),I

¥ X ¥ O X F H F X X X

EQUIVALENCE
:(MP( 1),1IS ), (MP( 2),ISS ), (MP( 3),MSS ),
*(MP( 4),ISR ), (MP( 5),MSR ), (MP( 6),RBB ),
*(“P( 7),REE ), (MP( 8),RCC ), (MP( 9),THETA ),
*(MP(IO).CTHETA), (MP(11),TE ), (MP(12),TJ ),
*§g§(13).BF ), (MP(14),BR ), (MP(15),BTCl ),
%( (16) ,BTC2 ), (MP(17),IKF ), (MP(18),IKR ),
MP(19) ,VAF ), (MP(20),VAR ), (MP(21),CJE ),




#(MP(22) ,VIE ), (MP(23),PHIE ), (MP(24),GAMMAE),
#(MP(25) ,TAUF ), (MP(26),LEOWF ), (MP(27),IKTF ),
*(MP(28),CJC ), (MP(29),vJC ), (MP(30),PHIC ),
*(Mp(31),GAMMAC), (MP(32),TAUR ), (MP(33),LEOWR ),
*(MP(34) , IKTR )

EQUIVALENCE
*(MS( 1) :VT
*(MS( 4),CEO
*(MS(10) ,XTRC
*(MS(13) ,VIKIR )

), (MS( 2),TEMP ), (MS( 3),ISTEMO),
), (MSC 5),XTRE ), (MS( 6),KEL ),
), (MS( 8),VIKTF ), (MS( 9),cCO0 ),
), (MS(11),KCl ), (MS(12),KC2 ),
, (MS(14) ,RTHETA)

COMMON /TEMPBL/ TEMPO,TEMOLD, TEMPX

41

1144 44

AR U 1
T rrrrr 4t

1
T

Y VY A R W L VIS (] U Y B O (O S T W L i 4 Y Y S O N W ) U 1T 1 P ¢
Trrrrrrrrrrrrrrrrrrr et

''''''''

po 10 I=1,34
MP(I)=MPVAL(I)
po 15 I=1,14

MS (1)=MSTOR(I)

IF(ICODE.EQ.1) GOTO 999
IF(ICODE.EQ.2) GOTO 50

1
L

I
T

i
T

L4l
6 7§

i
T

1
T

I
T

11111111111111

. ICODE=0

IF(TJ.GT.0DO) GOTO 20
TEMPRT=TE

IF(TE.LE.ODO) TEMPRT=TEMPO
GOTO 30

TEMPRT=TJ

. .PREPARE VALUES
~ VI-TEMPRT*8.6164D-5

TEMP=12882D0%* (1D0,/300D0 - 1DO/TEMPRT)
IF(TEMP.GT.174D0) TEMP=174D0

ISTEMO=IS* (TEMPRT/300D0) **3*DEXP (TEMP)
VIKTF=IKTF

IF(IKTF.GT..9D30) VIKTF-IKF

VIKTR=IKTR

IF(IKTR.GT. .9D30) VIKTR-IKR

XTRE=. 05D0

XTRC=.05D0

CALL JNCNP(CJE,VJE, PHIE, GAMMAE , XTRE, CEO,KE1,KE2)
CALL JNCNP(CJC,VJC,PHIC,GAMMAC,XTRC,CCO,KC1,KC2)
RTHETA=1DO

IF(THETA.GT.ODO) RTHETA=THETA

DO 40 I-1,14

MSTOR (1)=Ms (1)

GOTO 999

FUNVAL(5)~0D0
VBE~INDVAR(1)
VBC~INDVAR (2)




IF(TJ.GT.ODO.OR.THETA.LE.ODO) GOTO 100

C SELF HEATING--FIND POWER
“**" TEMPRT=TE

F(TE.LE.O0DO) TEMPRT=TEMPO
TJA=INDVAR(5)

TEMPRT=TEMPRT+TJA

VT-TEMPRT*8.6164D-5

TEMP=12882D0* (1D0/300D0-1D0/TEMPRT)
IF(TEMP.GT.174D0) TEMP=174D0
ISTEMO=IS* (TEMPRT/300D0) **3*DEXP (TEMP)
DO 60 1-1’ 3

MSTOR (I)=MS(I)

1E=INDVAR(3)

1C=INDVAR(4)

IB=I1E+IC
PT=VBC*IC+VBE*IE+IE*IE*REE+IC*IC*RCC+IB*IB*RBB

FUNVAL(5)=PT

j,.EVALUATE FUNCTIONS

- . .CURRENTS
00 VBEVT=VBE/VT

IF(VBEVT.GT.174D0) VBEVT=174D0
VBCVT=VBC/VT

IF(VBCVT.GT.174D0) VBCVT=174DO
JE=ISTEMO* (DEXP (VBEVT) - 1D0)
JC=ISTEMO* (DEXP (VBCVT) - 1D0)
JEC=1D0-VBC/VAF-VBE/VAR

JEC=JEC/( . SDO+DSQRT ( . 25D0+JE/IKF+JC/IKR))
JEC=JEC*(JE-JC)

...CHARGES

CALL JNCNQ(CEO, PHIE,GAMMAE,XTRE,KE1,KE2,VBE,QE)
IF(VBE.LE.ODO) GOTO 110

TT1=TAUF

IF(JEC.GT.VIKTF)

*  TT1=TAUF*(1DO+.25D0*LEOWF*LEOWF* (JEC/VIKTF-1D0)**2)
IF(JEC.GT.ODO) QE=QE+TT1*JEC

CALL JNCNQ(CCO, PHIC,GAMMAC,XTRC,KC1,KC2,VBC,QC)
IF(VBC.LE.ODO) GOTO 120

TT1=TAUR

IF(-JEC.GT.VIKTR)
*  TT1=TAUR*(1D0+.25DO*LEOWR*LEOWR* ( -JEC/VIKTR-1D0)**2)
IF(JEC.LT.0D0) QC=QC-TT1*JEC

-« .FINISH CURRENTS

Y VIMSS=VT*MSS

VIMSR=VT*MSR

VBEVT=VBE/ (VIMSS)
IF(VBEVT.GT.174D0) VBEVT=174D0
VBCVT=VBC/ (VIMSR)
IF(VBCVT.GT.174D0) VBCVT=174DO0

42
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DTEMP=TEMPRT - 300D0
BETAF=BF# (1+ (BTCL+BTC2*DTEMP) *DTEMP)
JE~JE/BETAF+ISS* (DEXP (VBEVT) -1D0)
JG=JC/BR+ISR* (DEXP (VBCVT) - 1D0)

SE ONLY TWO EQUIVALENT CURRENT SOURCES

JE=JE+JEC
JC-JC-JEC

~ _AND PASS THEM BACK
~"" FUNVAL(1)=JE
FUNVAL(2)=JC
FUNVAL(3)=QE
FUNVAL(4)=QC
RETURN

END

';wperature-variant saturation current, Ig. TJ will be
selected if it is a nonzero positive value, otherwise, TE
s selected. If TE is zero or negative, the WATAND #Option
global temperature value is chosen [3]. The subroutine
also calculates the initial values of Cycg and Cygp by
alling a built-in WATAND subroutine JNCNP.

WATAND does not allow a resistance value of zero. So

® is less or equal to zero which means that there is
self heating, the subroutine arbitrarily sets Rg, which
tands for the thermal resistance, ©, in the model circuit,
© 1. The subroutine puts all fourteen pre-calculated
alues to model storage, which is from MS(1l) to MS(14).
he fourteenth model storage, or MS(14), stores either the
®tual nonzero thermal resistance value or the value 1.0
hich has been set. In the ELEMENTS section of the NPNT or

WBLOCK file, the value of "R 4 5", which is for O, is
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_ocified by 14 MS, the value in the model storage location

14.
A type-z call (ICODE=2) occurs when the model or

qement is being entered into the circuit description by an
 m;1ySiS and when function values are required during an
.h:1Y5is’ ICODE is equal to 2 during WATAND iterations.
inder either of two circumstances there will be no self
’;ting effect in the model, and the self-heating model
j11 act like other nonthermal WATAND Gummel-Poon models
(GP or GN). First, when TJ is greater than zero, the
.ransistor junction temperature, Tz, is fixed at that
ralue. This allows the user to specify TJ separately from
-he ambient temperature, TE. Second, when TJ is set to
zero, and THETA is zero, there will be no self-heating
effect. In this case, Ty is equal to T, i.e., the
junction temperature is the same as the ambient

mperature. For either of these two situations, the
Subroutine will skip the self-heating section which
alculates the temperature variation. The operating
emperature for computing the model function is then the
alue TEMPRT set in the ICODE=0 section.

If TJ is zero and THETA is greater than zero, there
ill e self heating in the model. 1In the "self-heating"
ion, the subroutine takes the five independent variable
Hues, determines the junction temperature of the

1S1stor, recalculates the temperature variant saturation
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ent (IS): and evaluates the power dissipation within
ie transistor as the value of the current source Pr.

From the subroutine GUPONT line-label 100, the
_proutine does all the calculation by using the equations
g;sented in Section 4.2. The operating temperature value

. yses is either the temperature set in the ICODE=0

jon if there is no self heating or the calculated
iunction temperature if there is self heating. At the end,
it provides current and charge source values (Pp, Jg, Jc,

e and Qc) for WATAND iteration to analyze and solve the

jrcuit.
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CHAPTER V

MODEL PERFORMANCE

To demonstrate the self-heating model performance,
ceveral experiments are performed by using the 2N2222
nsistor, and the laboratory experimental data is
compared with WATAND and PSPICE computer simulation

results. The 2N2222 is a common general purpose npn
pipolar junction transistor, and there are several computer
simulation models available for the transistor, such as
T2N2222 in WATAND [13] and Q2N2222 and Q2N2222A in PSPICE
[41. The T2N2222 macro is a WATAND GP model. It is based

on the GN1 macro which uses the GUPOl1l FORTRAN subroutine.

The PSPICE P2N2222 model used in this chapter is also a GP

In this chapter, a TH2N2222 WBLOCK file based on the
macro to simulate the 2N2222 transistor is discussed

in Section 5.1. It is also used in the examples in this

Compared with WATAND and PSPICE simulations. The thermal
fansient response is also tested experimentally and its
®Sults are compared with WATAND simulations. In Section
3, a mirror current circuit in discrete components is

€Sted experimentally and simulated in WATAND, and the

ts are compared. The same mirror current circuit on
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B IC chip is analyzed in WATAND using the TH2N2222 model
'tO verify the temperature stability of the circuit.

| WATAND handles nonlinear elements by using piecewise-
1inear approximation. Sample points are set for each
independent variable. The function values between sample

yoints are interpolated linearly. Using more sample points

es a more accurate solution, but it increases the

giv
computing time generally. WATAND allows the user to change

the sample-point density by using the control word "#Option
pEnsity". For the WATAND analyses in this chapter,

ngoption DENsity 5" for the sample points is used. This
means that there are four more sample points between each
sample-point interval as they are defined in the TH2N2222

or T2N2222 WBLOCK files.

5.1 THE TH2N2222 SELF-HEATING MODEL

The TH2N2222 WBLOCK file is based on the NPNT macro
which uses the GUPONT subroutine to simulate 2N2222
transistor characteristics including self heating. The
TH2N2222 model has the same circuit topology as the NPNT
facromodel in Fig. 4-1. But in the TH2N2222 WBLOCK,
Parameter values and the five independent variables' sample
Points are different from those in the NPNT WBLOCK. The
Parameter values in the TH2N2222 WBLOCK are from the 2N2222
ANsistor. The five groups of sample points for
i“dependent variables (Vgg, Ve, Ig, Ic and Tgya) are also

"8t properly so that "rough" but reasonably precise results
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an be obtained. In this chapter, the global density of
C

ample points is increased to 5 so that "smoother" and
-1

Table 5-1 is the TH2N2222 WBLOCK file. The &PARAM

ate results can be obtained.

1ines define the macro variable names for 23 input
parameters and five independent variables. These names are
the same as those in the NPNT WBLOCK file. The &DEFAULT
lines give default values for the input parameters and for
sample points of the independent variables. The #M section
gpecifies the NPNT macromodel with these default values or
user specified values for the 2N2222 transistor.

In the following sections, both laboratory experimental
data and computer simulation results are presented. Three
different models are used to simulate the 2N2222

transistor. These models are WATAND self-heating TH2N2222,
JKTAND T2N2222, and PSPICE P2N2222. In order to compare
the results, seven common input parameters in the three
;l'els are set to the same values. The seven input
parameters are Ig, Var, VAR, Br, Br, R, Rg, and Rc. Three
Critical parameter values, the saturation current, Ig, the
forward Early voltage, Vap, and the forward current gain,

B, are measured at room temperature for the transistor(s)
ised in the laboratory experiments by means of a Tektronix

377 curve tracer [2]. The rest of the input parameters in

Ne three models are kept at their default values.
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Table 5-1. The TH2N2222 WBLOCK File

/;;—**:'**********************************************************

f This 2N2222 model uses the self-heating NPNT BJT model.
g In the #Data section, enter

:: TH2N2222 .mname .name Bnode Enode Cnode Tnode+ Tnode-

*
Created on 23-May-90 F.Q. Ye MS Thesis YSU EE Dept.
o B Bk a2 2 e e

:;ggi; IS ISS MSS ISR MSR RBB REE RCC THETA CTHETA TE TJ
“ BF BR BTC IKF IKR VAF VAR CE TF CC TR VBE VBC IE IC TJA
&DEFAULT IS 3.0D-14 ISS O MSS 1 ISR O MSR 1

RBB 15 REE .1 RCC 1 THETA 160 CTHETA 9.375D-2
TE ODO TJ ODO BF 110 BR 4 BTC 6.67D-3 -3.6D-6
IKF 1D40 IKR 1D40 VAF 370 VAR 25

CE 17P -1 .6 .33333 TF 0 O 1D4O

cC 10P -1 .8 .5 TR 0 0 1D40

VBE -1 0 IN .2 .6 IN .02 .76 LE 1 HE .05

VBC -40 IN 5 -1 IN .1 1 LE 5 HE .1

IE -1M O IN 5M 100M LE 10M HE 10M

IC -100M IN 5M O 1M LE 10M HE 10M

TJA -10 0 IN 5 150 LE 10 HE 10

NT . &MNAME &POSITION IS &IS ISS &ISS MSS &MSS ISR &ISR MSR &MSR

RBB &RBB REE &REE RCC &RCC THETA &THETA CTHETA &CTHETA
TE &TE TJ &TJ BF &BF BR &BR BTC &BTC IKF &IKF

IKR &IKR VAF &VAF VAR &VAR CE &CE TF &TF CC &CC TR &TR
VBE &VBE VBC &VBC IE &IE IC &IC TJA &TJA

gk ok skt ok e etk ok ok ok ok ok ok ok stk s s s ook sk sk sk ook sk ok sk ok ok sk ok ok sk ok ok sk sk ok sk ook ook ok ok
&DATA

NPNT . &MNAME . &NAME &POSITION

’;***5&#**%******

5.2 A COMMON-EMITTER CIRCUIT

Fig. 5-1 is a simple common emitter circuit which is
Used for steady-state and transient response experiments,
and for WATAND and PSPICE analyses using the TH2N2222,
T2N222 and P2N2222 models. It is drawn to show all the
;ircuitry and nodes necessary for all the tests carried
Ut with this circuit. But the two external nodes of the

siSt°r, nodes 0 and 900, are for the self-heating model



H2N2222 only. Table 5-2 is the PSPICE file using the

Vs

p2N2222 model; tables 5-3 and 5-4 are WATAND files using
:tv.)y )

ne T2N2222 and the TH2N2222 models, respectively.

50

Figure 5-1. A Common-Emitter Circuit
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Table 5-2. The EXP1.CIR File

;;;;::T;;;Iysis of a Common-Emitter Circuit

1 0 40

R 50 10 581k

Re 50 20 1k

20 10 0 P2N2222

1 P2N2222 NPN(Is=3e-14 Vaf=370 Bf=110 Var=25 Br=4 Rc=1

Re=0.1 Rb=15)

‘/Q],
.mode
+

.op
~.end

fp—

Table 5-3. The EXPIN2 WATAND File

4% FILE: EXPIN2 WATAND
#T SIMPLE COMMON-EMITTER CIRCUIT USING STANDARD BJT MODEL T2N2222
T THE CIRCUIT IS USED FOR THERMAL STEADY-STATE AND TRANSIENT ANALYSES

r&2N2222.M IS 3D-14 BF 110 BR 4 QB 1D40 1D40 370 25

"V.cC S0 O DC 40
R.B 50 10 581K
R.C 50 20 1K
T2N2222.M.1 10 0 20
{G RB R.B

#G RC R.C
fcvccvso

GI

VCE + G IB * G VBE

C G IC G VBE G BETA G PT PR IT 1000

N 100 DE .1 NO OU G IC G VBE G VCE G PT KE OU ON D IT 1000
VCE IB .0074 .0080 VB 29.5 33.0 XB -1 100 US TC ON D PL
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Table 5-4. The EXP1N2T WATAND File

—TLE: EXPN2T WATAND
#* CIMPLE COMMON-EMITTER CIRCUIT USING SELF-HEATING MODEL TH2N2222

ﬁ-ﬂ{ﬁ CIRCUIT IS USED FOR THERMAL STEADY-STATE AND TRANSIENT ANALYSIS

g p 50 10 581K
gc 50 20 1K
THZNZZZZ.M.I 10 0 20 900 0O

#E

,GRBR"B
#G RC R.C

6 vec vV 50
46 VBE V 10
46 VCE V 20
461 IC I R.C
461 1B I R.B

4G BETA G IC / G IB
JGI PT G IC * G VCE + G IB * G VBE

~ 4G TEMP V 900 + 300

DC OU G RB G RC G IC G VBE G BETA G PT PR IT 1000

~ 7¢ IP ZERO EN 100 DE .1 NO OU G IC G VBE G VCE G PT G TEMP

¥ KE OU ON D IT 1000 ,
DI OU G IC G VCE US TC ON D IB .0075 .01l VB 29.5 32.5 XB -1 100 PL

45

¥.2.1 THERMAL STEADY STATE ANALYSIS

The common-emitter circuit in Fig. 5-1 with no emitter
resistance and a large base resistance has poor temperature
Stability, and self heating has a significant effect on the
"Point [14]. The experiment measured transistor
Performance at different power dissipations which vary the
EJ Ction temperature. During the experiment, the collector
ent was kept at 10.0 mA for different load resistances,
fC: This was fulfilled by altering base resistance, Rp.

Ade-box resistors were used to vary Rg and Rc. Since
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the collector current is kept constant, the variation of
10ad resistance changes the transistor power dissipation,
and therefore the junction temperature, base-emitter

- yoltage, current gain and other characteristics. As the
temperature has significant effect on the Q-point, it took
time to adjust Rp in order to get the collector current
established at 10.0 mA for a certain Rc. That is, time was
required for the circuit to reach its thermal steady state
for each change of Rg. A minimum of 10 minutes was needed
after the last adjustment of Rp before experimental data
was taken. By measuring Vggp and Vre for each setting of Rp
and Rc in the experiment, the collector current, Ic, the

current gain, B, and the power dissipation, Pp, can be

calculated as

- VRre
= Re {5.1)
VRrc
- Ic _ Rc VrRc * Rp
- . (5.2)
Ig Vee = VBE Rc . (VCC - VBE)
Rp
Pp = Ic*Veg + Ip*VRE (5.3)

- .
*N Tables 5-5 to 5-8, the analysis results for Pp, Ic, Vgg,

and . .
B are compared with experimental results. In the




54

Table 5-5. Comparison of Power Dissipation Pp
e
Rg Re Py (mi) Py (m) Error Py (mW) Error Py (md)  Error
© @ Exp. TH2N2222 (%) T2N2222 %) P2N2222 (%)
M
g20k 600 340 343 0.9 265 -22.1 264 -22.4
so9k 800 320 326 1.9 260 -18.8 260 -18.8
581k 1.0k 300 307 2.3 253 -15.7 253 -15.7
550k 1.5k 250 253 1.2 227 - 9.2 227 -9.2
522k 2.0k 200 200 0.0 196 -2.0 196 -2.0
W92k 2.5k 150 147 -2.0 158 5.3 158 5.3
476k 3.0k 100 99 -1.0 115 15.0 115 15.0
450k 3.5k 50 51 2.0 64 28.0 64 28.0
Table 5-6. Comparison of Collector Current Ic
R Re Ic (M) Ic (M)  Error Ic (M)  Error Ig (M)  Error
@ Q) Exp. TH2N2222 (%) T2N2222 %) P2N2222 (%)
620k 600 10.0 10.10 1.0 7.44 -25.6 7.46  -25.6
599k 800 10.0 10.27 2.7 7.67 -23.3 7.67  -23.3
581k 1.0k 10.0 10.38 3.8 7.87 -21.3 7.87  -21.3
550k 1.5k 10.0 10.36 3.6 8.22 -17.8 8.22 -17.8
522k 2.0k 10.0 10.29 2.9 8.56 -14.4 8.56  -14.4
492k 2.5k 10.0 10.27 2.7 8.95 -10.5 8.95  -10.5
474k 3.0k 10.0 10.07 0.7 9.17 -8.3 9.17 -8.3
450k 3.5k 10.0 9.98 -0.2 9.50 -5.0 9.50 -5.0
Table 5-7. Comparison of Base-Emitter Voltage Vgg
Rg Re Vge (V) | Vgg (V) Error Vge (V)  Error vge (V)  Error
() (@) Exp. TH2N2222 (%) T2N2222 %) P2N2222 (%)
620k 600 0.589 0.588 -0.2 0.678 15.1 0.679 15.3
599 800 0.593 0.596 0.5 0.679 14.5 0.680 14%.7
581k 1.0k 0.599 0.604 0.8 0.680 13.5 0.680 13.5
550k 1.5k 0.614 0.619 0.8 0.682 11.1 0.682 11.1
52k 2.0k 0.629 0.634 0.8 0.683 8.6 0.683 8.6
42k 2.5 0.646 0.649 0.5 0.685 6.0 0.685 6.0
4Tk 3.0k 0.660 0.662 0.3 0.686 3.9 0.686 3.9
450k 3.5¢ 0.677 0.675 -0.3 0.687 1.5 0.687 1.5
\
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Table 5-8. Comparison of Forward Current Gain S

-_;;—_——_—_;; B B Error B Error B Error
@ Q) Exp. TH2N2222 (%) T2N2222 (%) P2N2222 (X)

I
620k 600 157 159 1.3 117 -25.5 117 -25.5
599k 800 152 156 2.6 nz -23.0 117 -23.0
581k 1.0k 147 153 4.1 116 -21.1 116 -21.1
550k 1.5k 140 145 3.6 115 -17.9 115 -17.9
522k 2.0k 132 136 3.0 114 -13.6 114 -13.6
w2k 2.5k 125 128 2.4 112 -10.4 112 -10.4
474k 3.0k 120 121 0.8 m -7.5 m -7.5
450k 3.5k 114 114 0.0 109 -4.4 109 -4.4

experiment, the power dissipation, Pp, varies from 50mW to

340 mW. For thermal steady-state analysis, the equation

Ty - Tp = 6+Pp (5.4)

can be applied. When the ambient temperature, Tp, is 300 K

.(27°Cc), and the thermal resistance, 6, is 160 K/W, the
transistor junction temperature, Ty, varies from 308 K
(33°C) to 354.4 K (81.4°C).

From the four tables, it can be concluded that the
TH2N2222 self-heating model tracks the experimental circuit
variations well with respect to junction temperature
variations. The maximum error is less than 5%. For Vgg,
it is less than 1%.

The analysis results of Ic, Vgg and B using the
Nonthermal T2N2222 and P2N2222 models vary significantly
from the experimental data. As the transistor
temperature increases, the error also increases. Neither
the T2N2222 nor the P2N2222 models track the transistor and

Uircuit well. Notice that the results from the T2N2222 and
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p2N2222 models are almost identical. This is not

5urpriSing since these (nonthermal) models are based on the

gunmel-Poon model and they are quite similar.

5.2.2 THERMAL TRANSIENT ANALYSIS

The second experiment used the same circuit in Fig. 5-1
to measure the turn-on transient response of the circuit
due to thermal effects. When the transistor is not
dissipating power, its junction temperature is equal to the
ambient environment temperature. After the power supply is
turned on, the transistor junction temperature begins to
rise. It takes a period of time for the transistor to
reach its steady-state temperature because of the thermal
capacitance in the transistor. Normally, the thermal time
constant is in seconds. During that period of time, the b
transistor Q-point will also vary due to temperature i
variation.

In this experiment, only one set of values for Rg and

Rc was used. Their values were set to 581k and 1k,

respectively. An X-Y plotter was used to graph the thermal
transient responses of Vg and Veg during the first 100
Seconds of circuit operation.

WATAND transient analyses (TC) were also run using both
the T2N2222 and TH2N2222 models. In TC analysis, the
default value for time step "DElta" is |

Tihe Period |

DELTA = (5.5)
50
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For @ 100 second period, the default would be 2.0 seconds,
put it was set to 0.1 second to improve the smoothness and
accuracy of the thermal transient response. 1In the WATAND
gisplay post-processor (DI), the time axis was set to begin
pefore Zero. This made a clear display of the transient
response starting from 0 seconds. The vertical voltage
pounds (VB) and current bounds (IB) were also set properly
so that the varying part of transient responses would be
displayed in detail. Tables 5-3 and 5-4 show these
settings.

Figs. 5-2 and 5-3 are experimental graphs of Vgg and
VeE obtained with an X-Y plotter. From the graphs, the
measured thermal time constant is about 15 seconds. Since
Ithe thermal resistance is 160 K/W, the thermal capacitance
Iis-therefore set to 0.09375 Joule/K in the TH2N2222 WBLOCK
- file. Figs. 5-4 to 5-6 show the self-heating TH2N2222

model results of Ic, Vpg, Vpc and temperature responses.

As the relationship between I¢ and Veg is simple, |

1 Vee - Ve .
c = .
Rc

it can be calculated that the experimental value of I is
also close to the computer simulation result. Fig. 5-6
Shows the way the junction temperature rises. The junction
temperature of the transistor was not measured because it
Sould not be easily done.

Figs. 5-7 to 5-8 are the T2N2222 results of Iec, Vpg
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Figure 5-2. Experimental Result of Thermal Transient
Response of Vgg
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Figure 5-3. Experimental Result of Thermal Transient
Response of Vcg




1c Vi.11-4a FC250501 17-MAY-90 19:55:25 YSUCMS FILE: EXPIN2T
gIMPLE COMMON EMITTER CIRCUIT USING SELF HEATING MODEL TH2N2222
THE CIRCUIT IS USED FOR THERMAL STEADY STATE AND TRANSIENT ANALYSIS

I v
-0120_ 32.5 1 1 1 1 1
01124 32.0- _
.01044 31.5- . &
00964 31.04 L
.0088-4 30.5 L
.008B0- 30.0- L
1)
.0072- 29.5 — — T T
-20 0 20 40 60 80 100
TIME=X [* = GI IC o - GV VCE
VOLTAGE=V
CURRENT=1

DISPLAY TIME= 0.150 SEC.

Figure 5-4. Thermal Transient Response of I¢ and Vcg
Using the Self-heating TH2N2222 Model
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7c Vi.11-4a FC250501 17-MAY-90 49:55:25 YSUCMS FILE: EXPiN2T
SIMPLE COMMON EMITTER CIRCUIT USING SELF HEATING MODEL TH2N2222
THE CIRCUIT IS USED FOR THERMAL STEADY STATE AND TRANSIENT ANALYSIS

v
.70

| 1 1 1 1

.68 I3

-20 0 20 40 60 80 100

TIME=X * - GV VBE
VOLTAGE=V

DISPLAY TIME= 0.103 SEC.

Figure 5-5. Thermal Transient Response of Vgg
Using the Self-heating TH2N2222 Model



1c Vvi.11-4a FC250501 17-MAY-80 19: 55:25 YSUCMS FILE: EXPIN2T
SIMPLE COMMON EMITTER CIRCUIT USING SELF HEATING MODEL TH2N2222
THE CIRCUIT IS USED FOR THERMAL STEADY STATE AND TRANSIENT ANALYSIS

v

1 L 1 2 | 1

350

Ral

340

330

320

310 1

300
-20 0 20 40 60 80

TIME=X * - GV TEMP |
VOLTAGE=V

-

" DISPLAY TIME= 0.080 SEC.

100

Figure 5-6. Thermal Transient Response of Temperature

Using the Self-heating TH2N2222 Model
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TC Vvi.11-4a FC250501 17-MAY-90 20: 13: 38 YSUCMS FILE: EXPiN2
SIMPLE COMMON EMITTER CIRCUIT USING STANDARD BJT MODEL T2N2222
THE CIRCUIT IS USED FOR THERMAL STEADY STATE AND TRANSIENT ANALYSES

I v .

0082 33 . L L L ’
.0080 32 d o d - o -
.0078 31 4
.0076 30 -
.0074 - 29 - . T ‘

-20 0 20 40 60 80 100
TIME=X % = 61 IC o0 - GV VCE
VOLTAGE=V
CURRENT=I

DISPLAY TIME= 0.133 SEC.

Figure 5-7. Thermal Transient Response of Ic and Veg
Using the Nonthermal T2N2222 Model
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TC Vi.11-4a FC250501 17-MAY-30 20: 13: 38 YSUCMS FILE: EXPiN2
SIMPLE COMMON EMITTER CIRCUIT USING STANDARD BJT MODEL Ta2N2222
THE CIRCUIT IS USED FOR THERMAL STEADY STATE AND TRANSIENT ANALYSES

v
70 1 1 1 1 1

.68

E 3
b
x
E 3
3

.62 L
.60 T T T T

-20 0 20 40 60 80 100
TIME=X * - GV VBE
VOLTAGE=V

DISPLAY TIME= 0.097 SEC.

Figure 5-8. Thermal Transient Response of Vgg
Using the Nonthermal T2N2222 Model
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and Vcg- There is of course no thermal transient response

pecause there is no thermal modeling in this case.

5.3 MIRROR CURRENT CIRCUIT

The next example is to test the mirror current circuit
shown in Fig. 5-9. The TH2N2222 and T2N2222 models are
used for WATAND analyses of the circuit. Their WATAND
files are shown in Tables 5-9 and 5-10, respectively. The
mirror current circuit is commonly used in integrated
circuit (IC) design as a current source. The two
transistor bases and emitters would be fabricated on the
same chip so they would have the same model parameters and
base-emitter voltage, and therefore, the same collector
current. That is, the output current, Igyt, is about the
same value as the reference current, I,ef. Theoretically,
the circuit on an IC chip has good temperature stability
[15].

The first purpose of the example is to test the thermal
characteristics of the circuit when it is built with
discrete components instead of on an IC chip; The second
Purpose is to run the circuit in WATAND in order to verify
the temperature stability of the circuit on an IC chip by

using the self-heating model TH2N2222.
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Table 5-9. The EXP3 WATAND File

#* FILE: EXP3 WATAND

#T MIRROR CURRENT CIRCUIT USING STANDARD BJT MODEL T2N2222
™

T2N2222.M IS 3D-14 BF 110 BR 4 QB 1D40 1D40 370 25

#D

v.cc 100 0 DC 40

R.1 100 10 2K

R.2 100 20 2K

T2N2222.M.1 10 0 10

T2N2222.M.2 10 0 20

fE

DC OU G R.1 G IREF G IOUT PR IT 1000
#S

Table 5-10. The EXP3T WATAND File

#* FILE: EXP3T WATAND

#T MIRROR CURRENT CIRCUIT USING SELF-HEATING MODEL TH2N2222
M

TH2N2222 .M

#D

V.CC 100 0 DC 40

R.1 100 10 2K

R.2 100 20 2K

TH2N2222.M.1 10 O 10 90 O

TH2N2222.M.2 10 0 20 900 O

{#tE

#GI IREF I R.1
#GI IOUT I R.2
#6 R.1 R.1
#G R.2 R.2

DC OU G R.1 G IREF G IOUT PR IT 1000
#s
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5.3.1 MIRROR CURRENT CIRCUIT WITH DISCRETE COMPONENTS
To test the circuit with discrete components, Vgg and
VRz were measured. The reference current, Iref, and output

current, Igyt, can be calculated as

Vee - VBE

Iref = =7 (5.7)
VR2

Iout = o (5.8)

Table 5-11 includes three different groups of reference
and output currents obtained from the laboratory experiment
and from WATAND analyses using the T2N2222 and TH2N2222

models.

Table 5-11. Reference and Output Current Results
for the Mirror Current Circuit

R.1 Experiment TH2N2222 T2N2222

@ Tref(MA)  Toue(mA) | I.of(MA) I e(mA) Error (%) | I.ee(mA) Igue(mA) Error (%)
2.0k | 19.6 19.4 19.6 19.6 1.0 19.6 19.3 -0.5
2.7k | 4.7 18.8 14.6 18.9 0.5 14.6 1%.7  -21.8
4.0k 9.8 17.9 9.8 17.9 0.0 9.8 10.1 -40.2
8.0k 4.9 16.1 4.9 15.9  -1.2 4.9 5.2 -67.7
16.0k | 2.4 13.8 2.5 3.4 -2.9 2.5 2.6  -81.9
20.0k | 2.0 3.1 2.0 1.3 -6.1 2.0 2.1 -84.0
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From Table 5-11, it is easy to get the conclusion as in the
previous examples that the TH2N2222 model follows the
experimental circuit situation well. The error of Igyt in
the TH2N2222 model results vary from +1.0% to -6.1%. But
in the T2N2222 model results, the error can be as high as
84.0%. The T2N2222 model is not able to track the

experimental circuit using discrete transistors.

5.3.2 MIRROR CURRENT CIRCUIT ON AN IC CHIP

To verify the temperature stability of the circuit when
it is fabricated on an IC chip, the two transistors must
have the same temperature. This can be easily modeled by
connecting the thermal equivalent circuits in the two
TH2N2222 models together. Therefore, the dissipated
powers are added and the junction temperatures of the two
transistors are the same. Figure 5-10 shows the circuit
that the two transistors' thermal equivalent circuits have
two common nodes, nodes 900 and 0. Table 5-12 is the
WATAND file of the circuit. Because the two thermal
equivalent circuits are in parallel, the thermal resistance
value is changed to 320 K/W in each model so that the
total thermal resistance remains at 160 K/W. Although the
thermal resistance on an IC chip would probably not be 160
K/W, for the convenience of comparing with the results in
the previous sub-section, the total thermal resistance

Value is kept at 160 K/W. Table 5-13 gives analysis



Figure 5-10.

A Mirror Current Circuit on an IC Chip
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Table 5-12. The EXP4T WATAND File

4% FILE: EXP4T WATAND
#T MIRROR CURRENT CIRCUIT USING TH2N2222 MODEL AND CONNECTING TWO
#T THERMAL CIRCUIT TOGETHER TO CHECK THE TEMPERATURE STABILITY
/2.0 _

TH2N2222.M THETA 320

#D

v.cC 100 O DC 40

R.1 100 10 2K

R.2 100 20 2K

TH2N2222.M.1 10 0 10 900 O

TH2N2222.M.2 10 0 20 900 O

#tE

#GI IREF I R.1

4GI IOUT I R.2

4G VBE V 10

#G VCEl V 10

#G VCE2 V 20

#G PT G IREF * G VCELl + G IOUT * G VCE2

#G TEMP V 900 + 300

#G R.1 R.1

#G R.2 R.2

DC OU G R.1 G IREF G IOUT G VBE G PT G TEMP PR IT 1000
#S
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Table 5-13. WATAND Results of the Mirror Current Circuit

on an IC Chip Using the TH2N2222 Model

R.1 Iref (MA) Igye (mA)  Vgg (V) Pr (mW)  Temp. (K)
2.0k 19.65 19.34 0.698 39.4 306
2.7k 14.57 14.71 0.655 165.0 326
4.0k 9.84 10.19 0.632 206.2 333
8.0k 4.92 5.23 0.625 157:.5 325
16.0k 2.46 2.65 0.623 93.4 315
20.0k 1.97 2.12 0.622 ;g g 312
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results for reference current, Ipef, output current, Ig,
base-emitter voltage, Vgg, two transistors' power
dissipation, Pp, and junction temperature, Temp., at
different R.1 values. The value of R.2 was kept at 2 kQ.
Table 5-13 shows that despite the variation of power
dissipation and temperature, the output current follows the
reference current well. The results of using the TH2N2222
self-heating model are about the same as the analysis
results using the nonthermal T2N2222 model. This verifies
that the mirror current circuit fabricated on an IC chip
has good temperature stability. When analyzing circuits
with good temperature stabilities, it may be more
economical to use a T2N2222 model because a model without
self heating is simpler and consumes less computing time.
However, the self-heating model can be very useful for

verification in these kinds of situations.
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CHAPTER VI

CONCLUSION

The bipolar junction transistor thermal characteristics
and its thermal equivalent circuit have been discussed.

Two macromodels, the NPNT and PNPT WBLOCK files, have been
designed to simulate BJT performance including self
heating. The self-heating models are able to calculate BJT
junction temperature during the circuit operation, account
for temperature dependency in the modeling equations and
giQe automatic temperature adjustment to transistor
parameters including saturation current, Ig, and forward
current gain, gB.

The TH2N2222 WBLOCK file, which is based on the NPNT
macromodel and has specific parameter data for the 2N2222,
has been developed, and comparison has been made with
experimental data from two circuits using 2N2222
transistors. Common-emitter and mirror current circuits
were used in several experiments to get experimental data
for the 2N2222 transistor thermal steady-state and
transient responses. The experimental results were
compared with WATAND and PSPICE analyses results using
different models for the 2N2222 transistor. The TH2N2222
self-heating model was also used to test the temperature
stability of the mirror current circuit fabricated on an IC

chip.
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Comparing the thermal steady-state results, the error
with respect to experimental data is less than 7% for the
self-heating model. But for the nonthermal models, it can
be up to 84%. As temperature increases, error also
increases. The self-heating model can also track the
thermal transient response correctly, while there is no
thermal transient response shown in the results using the
nonthermal models.

Further study and work could be done to improve the
self-heating model by including base-collector breakdown,
and making more components such as the three junction
resistors (rp, re and rg), the junction capacitors (Cgg and
Cyc) and the forward transit time (7p) sensitive to
junction temperature. Further testing of the self-heating
model could also be carried out with other circuits, e.g.,

power amplifiers and digital circuits.
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