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ABSTRACT 

A TRANSISTOR MODEL BASED ON SPLINE FUNCTIONS 

The input and output characteristic curves of a tran¬ 

sistor are such that they can be modeled by spline func¬ 

tions. The problems of such a representation are two-fold. 

First, the best representation for the spline function 

must be determined, and second, all the data needed to 

implement the spline functions must be obtainable from 

easily measured parameters of the transistor. In this 

work, the natural Hermite cubic spline has been found to 

provide the needed results. The data needed to implement 

the Hermite cubic spline include its knots, the values at 

the knots, and the slopes at the knots, each of which have 

been defined in terms of measurable transistor parameters. 

The ensuing spline model has been implemented on the 

computer and characteristic curves of different transistors 

computed by the spline model have been compared with the 

actual curves. Results of this comparison are shown as 

well as the results of a comparison of the spline model 

with the Ebers-Moll transistor model. 
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A TRANSISTOR MODEL BASED ON SPLINE FUNCTIONS 

CHAPTER 1 

INTRODUCTION TO THE RESEARCH TOPIC 

1.1 Introduction 

The transistor is a two-port nonlinear device, and its 

behavior can be described by a set of input and output current' 

voltage curves. However, there is a problem in defining a 

model with the same input and output characteristics which 

may be easily used in the computer analysis of circuits 

containing transistors. There are three criteria that must 

be considered in developing such a model: (1) The input 

and output characteristics of the model must correspond to 

those of the transistor with a reasonable amount of accuracy. 

(2) The model should require as few parameters as possible 

and yet have the desired accuracy. (3) These parameters 

ought to be easily obtained from device measurements. It is 

the purpose of this work to develop a model for the transistor 

using cubic spline functions and to compare its advantages 

and disadvantages with other models presently used. 

The spline is a mechanical device used by draftsmen to 

produce a smooth curve through a given set of points. The 

mathematical spline, which has the same purpose, is defined 

in terms of its values on a set of points called knots. 
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Given a set of knots that are a strictly increasing sequence 

of real numbers, x1 < x2 < ... < xn, a full continuity 

spline function of degree m is defined on the entire real 

line as follows [1]. In each interval (x^,x^ + -|) for i=1, 

..., n, the spline, S(x), is given by some polynomial of 

degree m or less, and S(x) and its derivatives of order m-1 

and less are continuous everywhere. Thus, the spline func¬ 

tion is a piecewise continuous polynomial having continuous 

derivatives. Some of the properties of splines and algorithms 

using splines will be discussed in Chapter 3. Since the 

spline is defined in terms of its values at the knots, the 

problem of modeling the transistor with spline functions, 

for the most part, reduces to that of relating those values 

to the transistor characteristics. Also, the number of knots 

used should be a minimum, since this will reduce the comput¬ 

ational time needed to implement the spline. The Hermite 

spline, which we will use, will be defined in Chapter 3. 

1.2 The Ebers-Moll Model 

At present there are many models which can be used for 

the transistor. However, since the proposed spline model is 

basically a DC model, only the Ebers-Moll model [2] will be 

used in a comparative analysis with the spline model. The 

Ebers-Moll model is based on the following equations, known 

as the Ebers-Moll equations: 

I 
E 

IEBO , VBE//VT 

^ (e 

aRICBO (e
VBC//VT_1j 

1-aa R 
(1-1) 
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VBE//VT_1j 
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The parameters of these equations are defined in Chapter 2 

where the equations are derived. Figure 1-1 shows the Ebers 

Moll model based on Equations (1-1) and (1-2). 

C 

(e -1) 

vBF/v 
(e BE T-1) 

Equations (1-1) and (1-2), however, are derived from the 

intrinsic characteristics of the transistor and assume that 

only diffusion currents are present in the transistor. Figure 

1-2 shows the Ebers-Moll model and includes the base and*col¬ 

lector bulk resistances and the collector and emitter leakage 

resistances to account for the finite resistivity of the semi¬ 

conductor, the junction conductances, and surface leakage. 
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1.3 The Proposed Spline Model 

One method which is frequently used in the approximation 

of non-linear functions is that of piecewise linear approxima¬ 

tion [3]. Transistor characteristics are easily approximated 

by linear functions that require only a few transistor para¬ 

meters for their definition. By capitalizing on some of the 

unique properties of splines (discussed in Chapter 3) and 

using one or more splines to model the transistor character¬ 

istics, a very accurate approximation is achieved. The 

knots and their values, which are needed to implement the 

spline, are obtained from the linear functions. Hence, the 

spline model is developed and requires only a few measurable 
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characteristics of the transistor for its use. A detailed 

discussion of the spline model and some of the problems and 

their solutions which arise from its use are given in Chapter 

3. Actual computer results obtained from using the spline 

model are given in Chapter 4. 

The spline model is a versatile model which incorporates 

both the intrinsic and extrinsic properties of the transistor. 

The basic Ebers-Moll model is derived from the intrinsic 

characteristics of the transistor only. Some of the extrinsic 

properties can be accounted for, though, by adding additional 

components to the model which can increase the computational 

time needed when using the model. There are some properties 

of the transistor, however, that are not directly included 

in either model. Such a property is the variation of the 

current gain, a, with respect to the emitter current that is 

seen especially in silicon transistors. Thus, both the 

spline model and the Ebers-Moll model have their limitations 

and advantages. A more detailed comparison of the two 

models will be made in Chapter 4, and the advantages and 

disadvantages of the spline model will be summarized in 

Chapter 5. 
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CHAPTER 2 

PHYSICAL CONSIDERATIONS INVOLVED IN THE MODELING 
OF TRANSISTORS 

2.1 Introduction 

In this chapter, for the purpose of providing a physical 

basis for the proposed transistor model, the physical mecha¬ 

nisms giving rise to transistor characteristics will first 

be briefly reviewed. This will be followed by a discussion 

of the piecewise linear model as a preliminary step to the 

development of the spline model discussed in Chapter 3. 

2.2 Transistor Physics Assuming Diffusion Mechanism Only 

The transistor is a double junction device consisting of 

an emitter, base, and collector. The emitter injects minority 

carriers into a very thin base region. These carriers are 

then collected by the collector. The following derivations 

will be concerned primarily with a NPN transistor under low- 

level injection conditions and neglecting the effects of 

recombination. Under these assumptions, the minority carriers 

move mainly by the diffusion process. However, the effects 

of a drift field in the base region, high-level injection, 

and recombination on the transistor characteristics will be 

discussed. 
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(2-1) 

The time dependent diffussion equation is [4, 5] 

a 2 n,-n a n , po 
2 + 2 

3x Ln 

1 3n 
on at ' 

where n is the electron concentration in the p-type base, 

n is the thermal equilibrium concentration of electrons, 

D is the diffusion constant, and L is the diffusion n n 

length. Since only the d.c. case is being considered, the 

diffusion equation becomes 

n -n 32n 

3x2 
_E2_ = 0. 
n 

The solution to Equation (2-2) is 

n(x) = C cosh (£—) + D sinh (—-) + n , 
1* Li po n n * 

(2-2) 

(2-3) 

If the width of the base region between the depletion regions 

is W, with the origin of the x coordinate at the emitter side 

of the base region, then Equation (2-3) can be written as 

(2-4) n(x) = n„ + E sinh + F sinh (j—) . 
po Ln Ln 

The boundary conditions for the electrons in the base region 

are 
n(0) = npQ e 

and 

”(w) = npo e 
VBC/VT 

(2-5) 

(2-6) 

where VT = kT/q. Thus, using the boundary conditions, 

Equation (2-4) becomes 

n(x) = npo+[npo(e BE/ T-1)sinh^) + 

n (e
VBc/VT-1 ) sinh (£-) ]/sinh (§_) . (2-7) po Lt Li n n 
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(2-8) 

The current is found using the equation 

I = qAD, 
dn 

n n dx* 

Therefore, the d.c. electron currents at the emitter and 

collector junctions are 

T , qAEDn r , ^E^T x ^ ,W x 
InE = + L npo C(e -1)coth(j—) n n 

-(eVBc/VT-1)csch(«-)] 
Ln 

qA D V /V 

InC = + -Fn poC(eBE T-Dcsch(f) n n 

V /V , BC" T .. ,W . n -(e -1 ) coth (=—) ] . 
Ln 

and 

(2-9) 

(2-10) 

The emitter and collector hole currents are found by letting 

and interchanging the p's and n's. Thus, the d.c. hole 

currents are 

and 

qApDF 
I = + —E.. J. p 

LpE PnOE PE 

Œ p 
pC LpC 

FnoC 

(e BE/ T-1) (2-11) 

vBC/v 
(e BC T-1). (2-12) 

The total junction currents are found by adding the hole and 

electron currents at that junction. If the emitter and col¬ 

lector areas are assumed to be equal, then the total emitter 

and collector diffusion currents are 

VR-,/V 
IE = au (e BE T-1) 

VBC/VT 
a12 (2-13) 

and V /V 
Ic = a21 (e BE T-1) f 

Vbc/VT « X 
a22 'e ) • (2-14) 
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where 
D n 

l11 
n 

a12 = a21 = qAC 

D n 

22 
n 

coth 
,W . , pE noEn (- ) +  J 
Ln LpE 

(2-15) 

DnnpO 
Ln 

csch $—) 1 
Ln 

(2-16) 

coth (M , + ^înoÇ]. (2-17) 
n 

The current gain in a transistor is the ratio of the 

total collector current to the total emitter current when 

the base is grounded. The current gain is given by [4, 5, 6] 

a = y 3* a* M (2-18) 

and does not include the effects of the extrinistic parameters, 

y is the emitter injection efficiency and is defined as 

Y 
ainE 3W3VBE 
3I
E 

3
V

3V
BE 

(2-19) 

Using Equations (2-9) and (2-13) and assuming normal biasing 

conditions, the emitter injection efficiency is 

Y = 1/C1 + (aBLn/aELpE) tanh (W/LJ 1 , (2-20) 

where crB and CTE are the base and emitter conductances. 

8* is the base region transport efficiency and is defined 

as 
B* = 3InC/3InE' <2-21) 

Using Equations (2-9) and (2-10) and assuming normal biasing 

conditions, the base transport factor is expressed as 

8* = sech (^-) . (2-22) 
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The third factor of the current gain is a*, the innate 

collector efficiency. It is defined as 

a* = 3lc/3InC. (2-23) 

If Pç and Lp£ are not affected by the emitter current and 

the drift current of holes in the collector region is negli¬ 

gible, then a*=1. However, the drift current of holes is 

usually not negligible, especially in germanium transistors. 

Taking the drift current into account, a* becomes [4] 

a* = 1 + PnoC^pC 
nnoCynC 

(2-24) 

which reduces to 

“* - 1 + *‘ncVPC2 ' (2_25) 

where pc is the resistivity of the collector. 

M in Equation (2-18) is the collector junction avalanche 

multiplication factor. It describes the avalanche of 

electron-hole pairs at voltages near the collector breakdown 

voltage. M can best be expressed by [4] 

M = 1/Cl - (VCB/BVCB)
m] , (2-26) 

where BVCB is the collector breakdown voltage and m is a 

parameter that depends on the material, type of junction, 

and whether the transistor is NPN or PNP. If it is assumed 

that a*M = 1, then using Equations (2-20) and (2-22), a can 

be expressed as 

sech (W/Ln) 

= 1 + (aBLn/0ELpE) tanh<w/Ln> ' 

(2-27) 
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which is equivalent to the definition of alpha, 

31, 
a = 31 E Vc = constant ' 

(2-28) 

using Equations (2-13)-(2-17). Using Equations (2—15)— 

(2-17) a can also be expressed as 

a = 
21 

l11 
(2-29) 

The base-to-collector current gain (hpE) is related to a and 

can be expressed as 

h. FE 
a 

T=a* (2-30) 

All of the above results do not include the effects due to 

recombination currents in the transistor. These effects will 

be discussed in the next section. 

Another important parameter of a transistor is the col¬ 

lector back saturation current, or ICBQ. This is the col¬ 

lector current that flows when 1=0. Setting I =0 in Equation 
V /V E E 

BE' T 
(2-13) and solving for (e -1) gives 

D n rT n po W 
V /V L csch (L ) 

(e 
BE T-1) = - n n 

Jpio coth (b) + 
Ln n pE 

(2-31) 

VRC^T 
assviming normal biasing conditions (i.e., e <<1). 

Equation (2-31) is identical to the expression for a given 

in Equation (2-27). Substituting (2-31) into Equation (2-14), 

ICBO becomes 
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ICB0=qA{-o[^E2csch(^-) ]^E°coth(g-)^BCPn°.Ç}. (2.32) 
n n n "n pC 

In transistors where W<<Lr/ IçBQ 
can aPProximate^ by 

qAD n qAD _p 
I -M „ n_PP(1 _Y) +

M pCMioC 
•*■030 L_ 11 T; L 

n pc 
(2-33) 

In germanium transistors, the reverse current is primarily 

diffusion current and is equal to Equation (2-33) . However, 

in silicon transistors, the diffusion current is so small 

that the charge generation current is the predominate factor 

in the reverse current. Therefore, ICB0 for silicon is 

qAn .x 
2
CB0 - *D 

+
 ST3-- <2-341 

where IQ is the diffusion current given by Equation (2-33), 

xm is the depletion-layer thickness, and T is the hole and 

electron lifetime. 

Keeping in mind the above derivations, the collector 

and emitter currents will now be expressed in terms of 

leakage currents and current gains. Under normal biasing 

conditions, Equations (2-13) and (2-14) become 

VRp/V 

*E ~ a11 + a12 
(2-35) 

VBE/VT 
IC ~ a21 + a22 * 

(2-36) 
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VBE/VT Eliminating the (e -1) term, Equation (2-36) becomes 

T _ 21 T . , 
ZC an *E 

+ a22 

a12 a21 
a11 

) (2-37) 

Similarly, if the emitter junction is reversed biased, 

Equation (2-13) becomes 

IE a 
12 

22 
IC ” *a11 

a12a21 
a22 

) (2-38) 

Using Equations (2-29) and (2-32), Equation (2-37) becomes 

IC a IE + ICBO * 

Similarly, Equation (2-38) can be written as 

•IE aR IC IEBO ' 

(2-39) 

(2-40) 

where aR is the current gain with the collector used as the 

emitter and the emitter as the collector. is the EBO 

emitter junction reverse current. Using Equations (2-37)- 

(2-40), the collector and emitter currents are expressed as 

I. 

and 

T = EBO_ (eW
VT. . VÇBO (/BC^T. (2_41) 

E 1 -aaR 1 -aaR 

_ aIEBO ( 
VBE/VT _ JCBO .^BC^T .. n ZC (e "1) " T=?z- (e “1) • {2~42) 1-aaT R —R 

Equations (2-41) and (2-42) are known as the Ebers and Moll 

equations [2] and accurately describe the emitter and collector 

diffusion currents of a transistor. However, these equations 

do not consider the effects due to recombination, high level 

injection, or extrintic parameters such as surface leakage 

currents. Some of these effects will be discussed in the 

next section. 
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2.3 Transistor Physics: Additional Considerations Required 
for Modeling 

In Figure 2-1, the output characteristics of a transistor 

in the common-emitter configuration are shown. As VCE is 

increased, the collector junction becomes more reversed 
VBC/VT biased. Thus, the e term in Equation (2-14) approaches 

zero rapidly and the collector current appears to be independ¬ 

ent of VCE* However, Figure 2-1 shows that the current 

actually increases with an increase in for a constant I_,. 

The reason for this is the decrease of the base width as the 

collector junction voltage increases. This effect is known 

as base-width modultion or the Early effect [4, 5]. The 

depletion region of a p-n junction increases with a reverse 

bias and decreases with a forward bias. Thus, as the collec¬ 

tor voltage increases in the reverse direction, the effective 
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base width decreases. This causes a reduction in the electron 

density at the collector space-charge edge. The total 

effect results in an increase in the gradient of the electron 

density in the base, and thus, increases the emitter and 

collector currents. Since the emitter hole current is not 

changed by this process, the injection efficiency, y, also 

increases. The reduction of the base width will decrease 

recombination in the base region which also causes an in¬ 

crease in y and therefore a. 

Also from the curves in Figure 2-1, it is seen that the 

base-to-collector current gain (h-,^) varies with collector 

current. At low values of collector current, the current 

gain increases with current, but at high currents the effects 

seem to be the opposite. At low values of collector current, 

VBE is low and the emitter-base depletion region is large, 

causing more recombination of electrons than generation. 

The increase in recombination will cause more holes from the 

base to cross the emitter junction, thus increasing the 

emitter hole current and causing h^ to decrease. This 

decrease in hpE at low currents is less pronounced in germa¬ 

nium transistors since germanium can be processed to be 

relatively free of recombination centers. However, in 

silicon transistors the current gain, both a and hpE# tend 

to approach zero as the emitter current approaches zero. As 

the collector and emitter current increase, recombination 

decreases and hFE increases. At high values of collector 

current, high-level injection effects, which before were 

15 



neglected, must be considered. At high currents, the hole 

density at the base side of the emitter junction increases 

to almost twice its low-level injection value. Thus, the 

injection efficiency decreases, causing hpE to decrease. 

Another phenomenon which causes a decrease in h™ at high 

currents is emitter crowding. Because of the transverse 

ohmic flow of the base current, the emitter current is crowded 

into a small area causing nonuniform carrier injection. This 

effect also reduces the injection efficiency, and thus hpE* 

When the collector is operating in its saturation region 

both the emitter and collector junctions are forward biased, 

thus causing the collector to emitter resistance to be small. 

The collector-emitter voltage in this region, ^cE(sat)' 

decreases as the base current increases when the collector 

current is held constant. vcE(sat) a^so dependent on the 

transistor material and method of construction. Germanium 

transistors tend to have lower saturation voltages than silicon. 

In developing a mathematical model for the transistor, 

the common emitter configuration for a NPN transistor is 

used. Thus, the input and output equations for the transistor 

are 

(2-43) 

and 

*0 ^ ^B' VCE^ (2-44) 
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2.4 The Piecewise Linear Model 

The simplest approach for the representation of Equations 

(2-43) and (2-44) would be based on a piecewise linear 

approximation of the input and output characteristics as 

shown in Figure 2-3. However, Figure 2-3b does not allow 

for the dependence of hpE on Ic, or the increase in the 

saturation resistance as increases. A more accurate 

piecewise linear approximation is shown in Figure 2-4. The 

collector current that is indicated in Figures 2-3b and 

2-4b is the collector current when the base is open (IB=0). 

Using Equation (2-39) with IB=0 (IE=IC), ICE0 is found to be 

ICBO 
CEO 1-a * (2-45) 

If the curves in Figure 2-4 are represented by two functions, 

S.j and $2 • then the transistor can be represented as shown 

in Figure 2-2. The problem is now that of finding two func¬ 

tions which accurately represent the input and output curves, 

and are conveniently defined from transistor parameters that 

are easily measured. Also, these functions should be adapted 

for computer use. 

*B 
 > 

IB_S1 ^VCE'VBE^ + + 

V VBE 

Ic=s2 <IB,Vce> 

VCE 

Figure 2-2 
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(a) (b) 

Figure 2-3 

(a) 

Figure 2-4 
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CHAPTER 3 

THE SPLINE MODEL OF A TRANSISTOR 

3.1 Introduction 

Since the spline function is a piecewise continuous 

polynomial having the approximation properties mentioned 

below, it becomes a good candidate for representation of the 

characteristics in Figure 2-1. As a basis for the spline 

model, the properties of splines previously mentioned will 

be discussed in the following section. This will be followed 

by an introduction and detailed description of the proposed 

model and how it can be implemented. 

3.2 Spline Properties and Representation 

The spline function is readily adapted to the interpo¬ 

lation and approximation problem because of its smoothness 

and convergence properties. A natural (full continuity) spline 

is defined [1] as a spline, S(x), of odd degree (2k—1) with 

knots x-j ,X2,... ,xn, and in each of the two intervals (-~,x^) 

and (xn,°°) , S (x) is given by some polynomial of degree k-1. 

Given n data points, y-|,...,y , the natural interpolating 

spline (NIS) is the smoothest interpolating function S for 

these points. In this discussion, smoothness will be measured 

by the integral [1] 
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(3-1) / Cg(k)(x)]2dx , 
a 

where g(x) is the interpolating function and k>1 . For n>k, 

the unique, smoothest interpolating function is the NIS of 

degree 2k-1. By "smoothest interpolating function" is meant 

the function S which minimizes (3-1) over all functions 

g e Wk,2[x^,xn] (where W^^Ex^x J is the space of all func- 

(k-1 ) 
tions g such that g is absolutely continuous and 

(k) 2 
g eL (x.j,xn)), subject to the interpolating constraints 

g(x^) = yi » i = 1, • ••, n. (3—2) 

A Hermite natural spline of degree (2k-1) is defined in 

the same way as a natural spline except that the continuity 

at the knots is required of its derivatives only up to the 

order (2k-3). Just as in the case of the NIS, it can be shown 

that a Hermite natural interpolating spline (HNIS) S of degree 

(2k—1) is a "smoothest interpolating function," i.e., given 

2n values y.|,... ,yn,y.| ",... ,y ", S is that function in 

Wk,2Cx1,xn] which minimizes (3-1) over all g e Wk,2[x^,xn] 

subject to the constraints (3-2) and 

g"(xi) = y^" , i = 1,...,n. (3-3) 

Thus, spline (i.e., NIS and HNIS) interpolation is smooth and 

also highly accurate if the original function to be approxi¬ 

mated by the interpolating spline is sufficiently smooth. 

The interpolating spline and its derivatives up to a 

certain order also converge very rapidly over a wide variety 

of meshes. The degree of convergence and error bounds are 

extensively discussed in the text by Ahlberg, Nilson, and 
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Walsh [7], Note that the convergence property is not neces¬ 

sarily exhibited by the ordinary polynomial interpolation, 

even though it is approximating a smooth function. 

Given the set of knots x^,...x , the natural (full con¬ 

tinuity) spline is usually represented in the form [1] 

S(x) = p(x) b± (x-x.)2
k“1 (3-4) 

where p(x) is a polynomial of degree k-1, (x-x^)+ denotes 

the function 

(x-Xj) ' if <x-xi)2° (3-5) 
1 0 , if (x-xi)<0 

and the coefficients b^ must satisfy (see C1 ]) 

n r 
b^ x^ =0 , r = 0, 1, k-1. (3-6) 

In the case of the natural cubic spline, k=2 and p(x) 

is a linear polynomial. 

In what follows, one or more HNIS will be used, each 

HNIS having only two knots, i.e., n=2. Such a spline is re¬ 

presented by a cubic arc on the interval [x^,X2] and linear 

polynomials for x<x^ and x>X2. A convenient representation 

for such a HNIS* is then 

S(x) = {P<x> + Mx-x^ , x<;x2 (3-7) 
mx + a , x>x2 

*In the remainder of this work, the use of the word spline 
will refer to a Hermite natural cubic spline unless other¬ 
wise stated. 
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where p(x) is a linear polynomial and a, m, and b are suit¬ 

able constants. In the following section, the determination 

of these constants within the context of the transistor model¬ 

ing problem will be discussed. 

3.3 A Spline Model for the Transistor 

Now that some of the useful properties of splines have 

been discussed and representations for them have been given, 

the problem of using the spline in the representation of the 

transistor characteristics will be approached. Figure 2-1 

reveals that the actual transistor characteristics are defined 

by some smooth function. Also, it is seen that parts of the 

characteristic in Figure 2-1 can be represented by linear 

functions with no loss in accuracy. Because of its smoothness 

properties and the fact that the natural cubic spline (full 

continuity or Hermite) is defined by linear functions on its 

end intervals, the Hermite natural cubic spline seems to be 

an excellent choice for approximating the transistor character 

istics. The HNIS rather than the NIS was chosen because the 

latter exhibits wiggliness when, as in this case, only two 

knots are used. The knots for the spline and the coefficients 

of the spline must now be determined. 

3.3.1 Output Characteristics 

The output characteristics of the transistor will be 

considered first in developing the spline model. In comparing 

the piecewise linear characteristic of Figure 2-4b with the 
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actual characteristic of Figure 2-1, it is seen that parts of 

the actual characteristic can be approximated by the straight 

line segments A,| and A2 of the model shown in Figure 3-1. 

The dotted lines and r2 in Figure 3-1 indicate where cubic 

curves can be used to smoothly join A^ to A2 and prolong A^ 

to the y-axis. 

On this basis, the union of the arcs A^, , and A2 is 

recognized as a section of a Hermite cubic spline, S2(x), 

with knots at x^ and x^. Since the spline consists only of 

these two knots, the section of S2 for x<x^ is a straight 

line segment as depicted by A^, and the same holds for the 

y=f(x) 

Figure 3-1 
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section corresponding to x>x^. Similarly, (x) is a Hermite 

spline with knots at x^ and x2* Its straight line portion, 

corresponding to x>X2/ coincides with A.| on the interval 

x2
<x<x3. 

Let the equations for and A2 be given by 

V f-j (x) = m,| x + a^ (3-8) 

A2 : f2(x) = m2 x + a2 . (3-9) 

Then, according to (3-7), S2 (x) is given on the interval 

x2<x“x4 by 

S2(x) = m^ x + a^ + b2 (x-x^)^ . (3-10) 

To obtain the parameters appearing in Equation (3-10), 

it is assumed that Equations (3-8), (3-9) , and the knot x^ 

as well as the value y^ of the characteristic at this knot 

are given, all obtained from physical measurements. Then, the 

location of the knot x^ is adjusted so that A^-T^-Tj will 

constitute a section of the Hermite spline described above. 

Specifically, let 

f1 (x3) = y3 » f2(x4)=y4* (3-11) 

Since 

S2(
x
3) = y 3 = m1 x3 + a1 (3-12) 

and 
S
2"(x3) 

= m1 , (3-13) 

we have 

a1 = y3 - mi x3. (3-14) 
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Two conditions that remain to be satisfied are 

s2 <x4) = y4 = f2 (x4) ,(3-15) 

and 

S2' (x4) = m2 = f2' (x4) . (3-16) 

The coefficient b2, chosen such that Equation (3-16) is sat¬ 

isfied, becomes 

m9-m1 

b9 = — ! y . (3-17) 
3(x4—x3)

2 

Therefore, 
in A *“in A A 

S9(x) = y.+m. (x-x,) + 5-(x-x-) (3-18) 
2 313 3(x4-x3)

2 3 + 

for ■ 
x2<x<x4. 

The knot x4 is chosen such that Equation (3-15) is satisfied. 

Thus, x4 is given by 

2m1+m9 
x4 = 3Cy3-a2-(—^—-)x3 ]/2 (m2~m1 ) . (3-19) 

Since the actual transistor curves have no inflection points 

in the intervals in which they are to be approximated by the 

splines, care must be taken to insure that the splines have 

no inflection points in these intervals. Thus, the second 

derivative of S2(x) is 

itu-m. 
S ~(x) = 2L— ^](x-x.),. (3-20) 

(X4-K3)
2 

Since m2<m.j, S2"(x)s0 for all x. Therefore, S2 (x) contains 

no inflection points in the interval (x3,x4). It was found 

that this property could not be achieved with a full con¬ 

tinuity spline. 
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Similarly, (x) is found to be 

S- (x) » y1+mn(x-x1)+ ytx-x^-3 , (3-21) 
101 3(x2-Xl)

2 1 + 

where nig is the slope at x<j, y^ is the value at x^, and x2 

is given by the equation 

2mn+m1 
x2 = 3[y1-a1-(—^ !-)x1 ]/2 (m.j-mg) . (3-22) 

Now that the spline functions representing the arcs 

r.j , , r2, and A2 have been determined, the parameters of 

these equations must be defined in terms of measurable char¬ 

acteristics of the transistor. From the piecewise linear 

characteristics in Figure 2-4b, equations for A^ and A2 can 

be written as 

and 

A1: 

V 

I„ = 

I„ = 

1_V Rs 
VCE R, 

1 R
S 

V0 

(3-23) 

(3-24) 

where 

1 - 1WIB+ICB0>+ICB0- <3-25> 

Rg is the saturation resistance of the transistor and Rc is 

a resistance that represents the effects of base width 

modulation (see Section 2-3) on the output characteristics. 

VQ is the voltage at which A^ crosses the V^E axis (1^=0). 

The point (x^,y^) is where the output characteristics inter¬ 

sect the Iç axis. Setting VçE=0 in Equations (2-41) and (2-42) 

and solving for l_ in terms of I_ gives the following results 
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(3-26) 

H
 

o
 li aIEBO " ICB0 T 

(1 -a) Z
£BO 

+
 ‘’-“R^CBO 

B
 ' 

Therefore, the point (x^,y^) is 
X i! 0 

II r 
JCB0 " aIEBO -, f, o7x 

( 1 -a) IJJBO 
+
 ^"“R^CBO 

B 

Since a approaches zero for small currents in silicon transis¬ 

tors, for silicon transistors becomes 

y1 = 
-   i (3-28) 

CBO EBO 

The slope, mg, at point (x^,y^), found by differentiating 

Equation (2-42) and setting VçE=0, is 

3 o
 II 

ICB0IEB0l-y1 *1-aaR)+aIEBCfICBO-1 

VT^aIEB0~ICB0^ IEBO+ ^1-0tR^ ICB0^ 

where VT=kT/q. For silicon transistors, Equation (3-29) re- 

duces to 

3 o
 II 

IEB0^ICB0-y1* ,nN 
V (I +1 ) ^ VTV EBO CBO' 

The point (x^y^) is where the output characteristic begins to 

deviate from and is given by 

X3 = Rsy3+ V0 <3-31a) 

y3 " KOhFE(IB+ICB0,+ICB0 ' (3-31b) 

KQ is a constant which, after careful study of the output char 

acteristics of different transistors, was found to be 0.5 for 

the best results. Equations (3-27)- (3-31) apply only for 
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(3-32) 
(1-a>IEBOt(1-aR)Il R' CBO 

For all Ig less than (3-32), Iç is given by 

al -I 
T _ axEBO xCBO 
C 1-aaR * (3-33) 

When VCE is negative, the transistor is operated in its in¬ 

verse mode. The model equations derived for VCE>0 can also 

be used for VCE
<0 with the following changes: (1) If for 

VCE<0' y1=“y1+' where ^1+ is the value of y1 for VCE>0. (3) 

VQ is equal to half its value for VCE<0. (4) For vçE
<0r 

hFE , the reverse current gain, is used in place of hRE. 

3.3.2 The Input Characteristics 

The input characteristics of a transistor are shown in 

Figure 3-2. These characteristics can be represented by 

Hermite spline functions as shown in Figure 3-3. Let 

v^,... ,v,j be knots, i^,...,i5 be the value at the knots, 

and s^,...Sg be the slope at the knots. The location of the 

knot v^ is adjusted so that the interval (-«^Vg) will con¬ 

stitute a section of the Hermite spline described by (3-7) . 

Similarly, other Hermite splines (whose representations are 

given by (3-7)) are used to describe the input characteristic 

in the intervals (v2»v^) and (v^,00) by allowing the location 

of knots V3 and v^, respectively, to be adjusted. 

R 
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(V) 

Figure 3-2 
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I=IB 

V6 VBE 

CE 
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The point (Vg,ig) is determined from a plot of VBE vs. 

Vç,E for a constant Ig, as shown in Figure 3-4. By allowing 

the location of the knot x^ to be adjusted, the transfer 

function shown in Figure 3-4 is described by the Hermite 

spline of (3-7) with knots x^ and x^. Therefore, Vg as a 

function of V^E is given by 

V» — v ^ 

V6 “ 

for VCEsx4, and 

V6 = r1VCE+y4-r1X4 

(3-34) 

(3-35) 

f°r vCE
>x

4f where 

r 

r 

x 

y 

X 

y 

i 

0 

1 

3 

3 

4 

4 

B 

~^
V
BEI
V
CE=O^^

V
CEI
V
BE=O^ ' 

= iVB*/iVCE ' 

= Equation (3-31a) , 

r0X3+VBElVCE=0 ' 

= 3[y3-y4 3-^*3V2(ri-r0) , 

“ ^BEIVCE=Active Region' 

= i, = constant 
6 

(3-36) 

(3-37) 

(3-38) 

(3-39) 

(3-40) 

(3-41) 

(3-42) 

In the actual characteristics, r^ is slightly greater than 

zero due to the effects of base width modulation. However, 

r<| can be approximated by zero with little loss in accuracy. 
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Having determined the point (Vg,ig), the equations for 

the input characteristics are as follows: 

For VBE"V1 ' 

rB = i1 " 

FOr V1<VBESV2’ 

where 

and 

s s 
XB = A+S1<VBE-Vl)+3(" ' )^

VBE-V1)3 ' 

2S-+S, 

A = i2“(—1 ) (s2"s1) 

3<i2_i1) 

1 v2J 2S^+S2 * 

v- = v. 

For V
2
SV

BE
<V

3' 

IB *2+S2 ^VBE-V2 ^ + 

For V3SVBE<V5, 

XB = i4+S4(VBE“V4,+ 

—~-2 ~2(VBE~V2)3 ‘ 
3(V3-V2)

2 EE 2
 + 

SC"S J ~ 
5 4 '(V -vj3 

3(V5-V4)
2
'
BE 4

'+ * 

For VBE^V5' 

(3-43) 

(3-44) 

(3-45) 

(3-46) 

(3-47) 

(3-48) 

JB " S5VBE+i6"S5V6* 

In terms of transistor parameters, the points and 

in Equations (3-43)-(3-49) are as follows: 

i<l -C (1-ot) IEB0+(1-aR) iç-goV n~aaR) 

= Equation (3-46) 

s<| — 0 , 

(3-49) 

slopes used 

(3-50a) 

(3-50b) 

(3-50c) 
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i2 = -K[(1-«R)ICB0V(1-ac.R) (3-51a) 

where 

and 

v2 ”*”VCE^ + 

S2 *-K1 ^1_aR^ ICBO+ ^1“a^ IEBO^^VT ^”aaR^ ^ 

K 

13 

v3 

53 

14 

V4 

54 

15 

V5 

55 

1-^ , 

. ^ O-«)IEB0 
x2 1 -aaR 

= 3E (2s2V2/3)+i2~i2 V2S2 

■ VWW+'VV 
- 0 , 

= s5v5+i6-s5v6 

- 3RECi4-i6+(v6/RB)-(v4/3RB)]/2 

- VRJJ • 

(3-51b) 

(3-51c) 

(3-52) 

(3-53) 

(3-54a) 

(3-54b) 

(3-54c) 

(3-55a) 

(3-55b) 

(3-55c) 

(3-56a) 

(3-56b) 

(3-56c) 

The parameter Rg, used in Equations (3-55b), (3—56b), and 

(3-56c) is the base resistance. The constant in Equation 

(3-55b) is dependent upon the type of transistor. For silicon 

transistors, was found to be approximately 0.8 whereas, for 

germanium transistors, was found to be approximately 0.2. 

Equations (3-50)- (3-56) apply only for the case VCE>0. For 

V^gSO, a and aR in Equations (3-50)- (3-56) must be inter¬ 

changed, and IEB0 and ICB0 must also be interchanged. 
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Both the input and output characteristics of the transis¬ 

tor have now been expressed using cubic spline functions, and 

the parameters of the splines have been expressed in terns of 

measurable transistor characteristics. Implementation of the 

spline model and methods by which the necessary transistor 

characteristics are measured will be discussed in the next 

section. 

3.4 Implementation of the Transistor Spline Model 

The spline model, developed in the previous section, can 

be implemented in the form of a circuit containing two current 

sources as shown in Figure 3-5. The equations that define 

the two current sources (developed in Section 3-3) are not 

time dependent and therefore, do no account for the finite 

timing delays that are present during the operation of the 

transistor. A more complete model that includes capacitances 

to account for the timing delays is shown in Figure 3-6. 

C 
o 

Bo- 

E 

Figure 3-5 
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c 

The equations that define the two current sources in 

the spline model are expressed in terms of the following 

transistor characteristics which are determined by measure¬ 

ment: 

ICBO 

XEBO 

a 

aR 

hFE 

hpER 

R 
C 

R S 

Collector current, emitter open 

Emitter current, collector open 

Collector-to-emitter current gain 

Reverse current gain 

Base-to-collector current gain 

Reverse current gain 

Base resistance 

Collector resistance 

Saturation resistance 
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The currents IçB0 
an<^ ^BO can measure<^ using the circuits 

shown in Figure 3-7. The voltages and VE in Figure 3-7 

should be much larger than VT to insure that the respective 

junction is sufficiently reversed biased. By measuring VBEQ 

and VBCQ as indicated by the dotted lines in Figure 3-7, 

values for a and aR can be calculated. Using Equation (2-35), 

setting IE=0, and solving for VBE in terms of a results in 

the following expression: 

VBEO VTln(1-a). 
(3-57) 

CBO 

(a) 

EBO 

Figure 3-7 

Similarly, using Equation (2-36), VBCQ in terms of ap is R 

VBCO V
T
ln^1-aR^ * 

(3-58) 
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A review of the equations that describe the spline model 

shows that the equations in which a and a_ appear apply only 

during the operation of the transistor at currents near zero. 

Since a and aR tend to approach zero as IE approaches zero, 

especially in silicon transistors, this method of measure¬ 

ment should provide an accurate value of a and aD at low 

currents. The circuit shown in Figure 3-8 can be used to 

is in its active region. Then the a.c. voltage is increased. 

The resistance is defined as 

c XAC 

where VAC and IAC are the measured collector a.c. voltage and 

current. The d.c. collector voltage and current is also 

measured and will be used to calculate h^ as will be shown 

later. By decreasing such that the transistor is in its 

saturation region and following the same procedure, Rg is deter 

mined using the equation 

V. 
AC 

R, 
S I 

(3-60) 
AC 

Figure 3-8 
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While in the saturation region, the d.c. voltage and current 

are also measured and VQ is calculated using Equation (3-19). 

Having calculated Rc and Rg at a constant Ig, hpE is calcu¬ 

lated using the equation 

where VDC and ID^ are the d.c. collector voltage and current 

measured while determining Rç. Since Rg, Rç, and especially 

hpE vary with the base current, determination of these para¬ 

meters should be made at different values of Ig. A linear 

interpolation can be used when using the parameters in the 

model. The reverse current gain is determined by using the 

circuit in Figure 3-8, changing the polarity of VDC, and fol¬ 

lowing the procedure used to calculate hEE. The resistance 

RB is determined using the circuit in Figure 3-9. Ig^ and 

IA£ should be set such that the transistor will be operating 

in the linear portion of its input characteristics. (See 

Figure 3-2) Rg is calculated using the equation , 

(3-61) 
I-(R--Re) B' C S 

V 
AC 

R. 
B I 

(3-62) 
AC 

I 
AC 

+ 
V, 
CE 

Figure 3-9 
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The information needed to describe the transfer characteris¬ 

tic shown in Figure 3-4 can be obtained using the circuits 

shown in Figure 3-10. In all three circuits Ig is constant, 

and the same value of I_ is used for each measurement. Circuit 

Figure 3-10 

(3-10a) is used to measure VBE with VCE=0. Circuit (3-10b) 

measures VBC=VCE with 
V
BE
=
®* In °ircuit (3-10c), Vc is in¬ 

creased such that the transistor is operating in its active 

region. The a.c. voltage, vc is increased and the collector 

and base a.c. voltages are measured. The slope, r^ is deter¬ 

mined using the equation 

r1 , (3-63) 
B 

where v„ and vD are the a.c. voltages at the collector and base 

respectively, in Equation (3-39) is determined by measur¬ 

ing the d.c. base-emitter voltage. 

Methods for determining each of the parameters needed to 

implement the spline model have now been discussed, and the 

equations describing the spline model have been presented. 
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The results obtained when using the spline model and the 

measurement methods previously discussed will be presented 

in the next chapter. 
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CHAPTER 4 

EXPERIMENTAL AND COMPUTATIONAL RESULTS 

4.1 Introduction 

In this chapter, transistor parameters from different 

types of transistors are used with the spline model to com¬ 

pute input and output characteristics of the transistors. 

These characteristics are compared with the actual transistor 

characteristics. The input and output characteristics of 

these transistors are also computed using the Ebers-Moll 

model discussed in Section 1-2. A comparison based on the 

computational time needed to implement the model is also 

made between the spline model and the Ebers-Moll model. 

4.2 Transistor Characteristics Computed by the Spline Model 

The three transistors that were characterized by the 

spline model are the 2N1304, 2N3711, and the 2N3055. The 

2N1304 is an alloy-junction germanium transistor that is 

basically used in switching applications. The 2N3711 is a 

general purpose, low-level, high gain silicon transistor. 

The 2N3055 is a silicon power transistor. The parameters 

needed to implement the spline model were measured for each 

transistor and are given in Tables A-1 through A-6 in the 

Appendix. The parameters HFE, , Rc, and Rg were mea- 
R 

sured at different values of the base current (Ig). In 
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using the spline model, a linear interpolation will be 

used to determine the appropriate value of these parameters. 

Implementation of the spline model on the computer is 

best described by the block diagram of Figure 4-1. The 

transistor data is first read in and some initial calculations 

of constants that are independent of VBE and VCE are made. 

These calculations need only be made once during the use of 

the model for a given transistor. Having completed the 

initialization stage, the values of VBE and VCE are read in. 

Using the spline model for the input characteristics, IB is 

computed and then used to compute the appropriate values of 

HpE, HFE , Rc, and Rg by means of linear interpolation of 
R 

the data given for these parameters. Ic is then computed 

using the spline model for the output characteristics. The 

actual computer program used to obtain the results shown in 

this chapter is given in the Appendix. The numbers listed 

by the blocks in Figure 4-1 correspond to the statement 

numbers of the computer program that performs the function 

indicated by the block. 

The input characteristics of the 2N1304 transistor at 

different values of VCE (0.0 volts and 0.1 volts) are shown 

in Figure 4-2. The characteristics computed by the spline 

model are shown by the solid lines while the actual char¬ 

acteristics are shown by the dashed lines. Input character¬ 

istics for the 2N3711 are shown in Figure 4-3 and the 

input characteristic for the 2N3055 transistor at V^E=0.0 

volts is shown in Figure 4-4. From Figures 4-2 through 
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170 - 210 

230 - 420 

470 

(Subroutine In) 
670 - 1210 

(Subroutine INTR4) 
1850 - 2040 

(Subroutine OUT) 
1260 - 1810 

END 

Figure 4-1 
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2N1304 

Ig (ma) 

0.7 - 

0.6 

0.5 

0.4 •• 

0.3 

0.2 -• 

0.1 -- 

0 

Figure 4-2 
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VCE-°-1v IB <ma) vCE=0v 
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Ig (ma) vCE=°v 

V BE (V) 
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4-4, it is seen that the spline model closely approximates 

the transistor input characteristics with a few limitations. 

As is seen especially in Figure 4-4, at low values of base 

current, the spline model input characteristics tend to 

deviate from the actual characteristics. However, at higher 

values of base current, the spline model characteristics 

represent the actual characteristics more accurately. A more 

accurate representation of the input characteristics at 

lower base currents by the spline model tends to decrease 

the accuracy in the representation at higher base currents, 

and the constant in Equation (3-55b) was chosen to obtain 

a compromise between these conflicting accuracy objectives. 

The value for is dependent upon the type of transistor. 

For germanium transistors, was chosen to be 0.2 and for 

silicon transistors, is 0.8. 

The output characteristics are shown in Figures 4-5 

through 4-7. Again, the characteristics computed by the 

spline model are shown by the solid lines and the actual 

characteristics are shown by the dashed lines. As is shown 

by Figures 4-5 through 4-7, the spline model accurately 

represents the actual output characteristics. However, the 

curves computed from the spline model tend to have a sharper 

knee than the actual transistor curves. In the spline 

model, the sharpness of the knee of the output character¬ 

istic curve is a function of the value of the constant K o 

in Equation (3-31b). By lowering the value of Kq, the 

sharpness decreases. As was stated in Chapter 3, the 

47 



2
N

1
3
0
4

 

> 

W 
U 

> 

ai 
g 

o 
II 
« 

H I 
I 
! 
I 
I 

KO 

O 

in 
l T* ^ 

O 

48 

F
ig

u
re

 



2N
37

11
 

H 
U 

> 

49 

F
ig

u
re

 



2
0
0
 

£ 
W 
U 
> 

50 

F
i
g
u
r
e
 



value of KQ for the best overall results of many transistors 

is 0.5. However, by varying the value of Kq, a more accu¬ 

rate representation for a particular transistor can be 

obtained. 

4.3 Comparison of the Spline Model with the Ebers-Moll Model 

Transistor characteristics, both input and output, were 

also computed using the Ebers-Moll model that was discussed 

in Section 1-3. Data taken from two transistors and used to 

implement the Ebers-Moll model is given in Tables A-8 through 

A-10 in the Appendix. The two parameters I^g and IEg are 

defined as 

Kg and are equivalent to 1/mVT where m is a constant 

whose value is between 1 and 2 and is determined by each 

junction. and Kr are calculated from a plot of I_ vs. 

VBC with VBE=0. IEg and K£ are calculated from a plot of 

ZE vs' VBE With VBC=0 * 

Figures 4-8 and 4-9 show the input characteristics of 

Figures 4-2 and 4-3 with the characteristics computed by 

the Ebers-Moll model added (dotted lines). The character¬ 

istics computed by the Ebers-Moll model provide a more 

accurate representation at lower values of base current 

than the spline model, but tend to deviate more from the 

actual characteristics at higher base currents. 

Tcs ^CBQ/ (1"aaR) (4-1) 

and 

(4-2) 
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2N1304 

Ig (ma) 

0.7 • 

0.6 - 

0.5" 

0.4" 

0.3- 

0.2" 

0.1" 

0 

Figure 4-8 
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Ig (ma) VCE=0 V W0'1 V 
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The output characteristics shown in Figures 4-5 and 

4-6 are again shown in Figures 4-10 and 4-11 with the output 

characteristics computed by the Ebers-Moll model added 

(dotted lines). 
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CHAPTER 5 

CONCLUSIONS 

The input and output characteristics of a transistor 

have been modeled by natural Hermite cubic splines, and the 

results obtained when using the spline model have been pre¬ 

sented in Chapter 4. From these results it is seen that the 

spline model has some definite advantages and disadvantages. 

In comparing the spline model with the Ebers-Moll model, it 

is seen that the spline model requires more computer pro¬ 

gramming to implement it than does the Ebers-Moll model. 

However, the spline model does provide a more accurate 

representation of the transistor characteristics at higher 

currents. Also it allows easier variation of transistor 

parameters with current as compared to the Ebers-Moll model. 

The flexibility with respect to curve fitting which the 

spline model provides is perhaps its greatest advantage. 
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APPENDIX 

A.1 Transistor Data Used in the Spline Model 

Table A-1 
■ ■   4 

Parameter 

ICBO 

XEBO 

a 

a 

R 

R 

B 

V, 

V
BEI
V
CE=O 

V
CEI
V
BE=O 

V IV BE' CE=A.R 

A6 

r1 

2N1304 

Value 

1.0 ya 

1.0 ya 

0.886 

0.0 

23.42 a 

7.5 mv 

0.2297 v 

-0.2437 v 

0.3006 v 

1.0 ma 

0.0 

Table A-2 

2N1304 

XB H
FE 

Rc Rs 

0 7.767 0 694.5 KŒ 3.704 Kft 

0.001 ma 23.5 10.8 450.5 1.869 KQ 

0.01 ma 27.92 6.4 84.75 KQ 0.317 Kfi 

0.1 ma 42.0 7.375 4.08 25.300 a 
1.0 ma 52.57 9.61 132.3 ü 2.597 (2 
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Table A-3 

Parameter 

ICBO 

IEBO 

a 

R 

B 

V0 

V
BEI
V
CE=O 

V
CEI
V
BE=O 

V IV 
BE1 CE=A.R 

i. 

2N3711 

Value 

50.0 na 

40.0 na 

0 

0 

51.4 o 

42.5 mv 

0.6919 v 

-0.6869 v 

0.8036 v 

1.0 ma 

0.0 

Table A-4 

2N3711 

XB 
H
FE 

«FER Rc Rs 

0 0.0 0.0 8.38 MO 5.882 MO 

0.001 ma 82.34 2.9 736.84 KO 1 .758 KO 

0.01 ma 238.0 4.12 16.0 0 67.23 0 

0.1 ma 219.2 6.31 0.577KO 9.302 0 

1 .0 ma 96.35 7.662 32.99 0 1 .995 0 
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Table A-5 

2N3055 

Parameter 

ICBO 

IEBO 

a 

aR 

RB 

vo 
V IV BE1 CE=0 

V IV CE1 BE=0 

V
BEI
V
CE=A.R. 

i6 

r1 

Value 

62.5 na 

101.5 na 

0.0 

0.0 

6.0 

25.0 mv 

0.560 v 

-0.5979 v 

0.718 v 

10.0 ma 

0.0 

Table A-6 

2N3055 

JB npE 
H
FER RC 

Rs 

0 0 0 8.44 MŒ 5.00 

0.01 ma 27.38 0.83 250.0 Kti 0.741 KJ2 

0.1 ma 62.35 2.681 10.81 Kü 25.6 « 

1 .0 ma 126.72 6.14 614.75 a 1 .238 ü 

10.0 ma 95.84 10.846 137.1 0.186 ü 
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A-2 Transistor Data Used in the Ebers-Moll Model 

Table A-7 

Parameter 

CS 

ES 

K, 

K. 
E 

B 

2N13Q4 

Value 

4.16367 ya 

3.9838 ya 

38.17061 

38.37642 

0.93517 ft 

0.929223 ft 

Table A-8 

2N1304 

T
B a 

aR 

0.0 ma 0.886 

O
 • 

O
 

0.001 ma 0.9592 0.915254 

0.01 ma 0.96543 0.864865 

0.1 ma 0.976744 0.8806 

1.0 ma 0.98133 0.90575 
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Table A-9 

Parameter 

CS 

ES 

K, 

K, 

B 

R, 

2N3711 

/ 

Value 

1.39242 X 1(T10 ma 

4.8850 X 10"11 ma 

36.78251 

38.3126 

0.39184 8 

0.42505 ft 

Table A-10 

2N3711 

a aR 

0.0 ma 

o
 • 

O
 

O
 • 

O
 

0.001 ma 0.988 0.74359 

0.01 ma 0.995816 0.80450 

0.1 ma 0.995459 0.86311 

1.0 ma 0.98973 0.88455 

62 



A.3 Computer Program for Spline Model 

00010 IMPLICIT REAL*8(A-M,0-Z) 
00020 COMMON/I/P1,P2,P13,P23,VT,VTP3,XT1,XT2,YT1,MT1, 

MT2,MMT,AT2 
00030 COMMON/I/KI,RB,I6 
00040 COMMON/O/P3,P5,P6,P7,P8,KO,ICBO,RS,RC,V0,HFE,HFER 
00050 COMMON//I1 
00060 DIMENSION YY(10,5),11(10) 
00070 INTEGER I,J 
00080 1 FORMAT (4E10.3) 
00090 2 FORMAT (I3,2F6.2,2E10.3) 
00100 3 FORMAT (7E10.3) 
00110 4 FORMAT (5E10.3) 
00120 11 FORMAT (//5X,'INPUT CHARACTERISTICS FOR VCE = ', 

F7.3,' VOLTS'//1OX, 
00130 1 'IB1/10X,'VBE'/) 
00140 12 FORMAT (6XrF8.4,4X,F8.4) 
00150 13 FORMAT (//5X,'OUTPUT CHARACTERISTICS FOR IB = *, 

F7.3,' MAV/10X, 
00160 1 'IC',10X,'VCE'/) 
00170 READ (4,1) IEBO,ICBO,ALP,ALPR 
00180 READ (4,2) N,KI,KO,V0,RB 
00190 READ (4,3) VBE0,VCE0,VBEA,IT,MT2,RST,HFET 
00200 DO 20 1=1,N 
00210 READ (4,4) II(I),(YY(I,J),J=1,4) 
00220 20 CONTINUE 
00230 VT=0.0257 
00240 P1=IEB0*(1.0-ALP) 
00250 P2=ICBO*(1.0-ALPR) 
00260 P3=1.0-ALP*ALPR 
00270 P4=P1+P2 
00280 P5=ALP*IEBO-ICBO 
00290 P6=P5/P4 
00300 P7=P5/P3 
00310 P8=IEBO*ICBO/(VT*P5*P4) 
00320 P13=P1/P3 
00330 P23=P2/P3 
00340 VTP3=VT*P3 
00350 I1=-P4/P3 
00360 I6=IT 
00370 XT1=V0+RST*(KO*HFET*(ICBO+IT)+ICBO) 
00380 MT1=-VBE0/VCE0 
00390 YT1=MT1*XT1+VBE0 
00400 XT2=1.50*(YT1-VBEA-(2.0*MT1+MT2)*XTl/3.0)/(MT2-MT1) 
00410 MMT=(MT2-MT1)/(3.0*(XT2-XT1)**2) 
00420 AT 2=VBEA-MT2 *XT 2 
00430 50 READ (5,*) NST 
00440 GOTO (60,80,90,120),NST 
00450 60 READ (5,*) VCE,VBES,DVBE,VBEF 
00460 WRITE (6,11) VCE 
00470 VBE=VBES 
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00480 70 
00490 
00500 
00510 
00520 
00530 80 
00540 
00550 
00560 110 
00570 
00580 
00590 
00600 
00610 120 
00620 
00630 C 
00640 C 
00650 C 
00660 C 
00670 
00680 
00690 

00700 
00710 
00720 
00730 
00740 
00750 
00760 
00770 
00780 
00790 
00800 
00810 
00820 
00830 
00840 
00850 10 
00860 
00870 
00880 20 
00890 
00900 
00910 
00920 30 
00930 40 
00940 
00950 
00960 
00970 50 
00980 

CALL IN (VCE,VBE,IB) 
WRITE (6,12) IB,VBE 
IF (VBE .GE. VBEF) GO TO 50 
VBE=VBE+DVBE 
GO TO 70 
READ (5,*) IB,VCES,DVCE,VCEF 
VCE=VCES 
CALL INTR4 (N,YY,II,IB,HFE,HFER,RC,RS) 
CALL OUT (IB,VCE,IC) 
WRITE (6,12) IC,VCE 
IF (VCE .GE. VCEF) GO TO 50 
VCE=VCE+DVCE 
GO TO 110 
STOP 
END 

SUBROUTINE FOR COMPUTING INPUT CHARACTERISTICS 
BASED ON SPLINE MODEL 

SUBROUTINE IN (VCE,VBE,IB) 
IMPLICIT REAL*8(A-Z) 
COMMON/I/P1,P2,P13,P23,VT,VTP3,XT1,XT2,YT1,MT1, 

MT2,MMT,AT2 
COMMON/I/KI,RB,I6 
COMMON//I1 
KKK=-100.0 
IF (VCE .LT. 0.0) GO TO 90 
K1=DEXP(DMAX1(KKK,-VCE/VT)) 
K2=K1-1.0 
S2=(K1*P2+P1)/VTP3 
I2=K2*P23 
V2=0.0 
IF (VBE .LT. 0.0) GO TO 70 
I3=I2+P13 
V3=1.50*(13-12)/S2 
IF (VBE .GT. V3) GO TO 10 
IB=I2+S2*VBE-S2*(VBE**3)/(3.0*V3*V3) 
GO TO 100 
IF (VCE .GT. XT1) GO TO 20 
V6=YT1+MT1*(VCE-XT1) 
GO TO 40 
IF (VCE .GE. XT2) GO TO 30 
W=VCE-XT1 
V6=YT 1+MT1 *W+MMT* W* * 3 
GO TO 40 
V6=MT2*VCE+AT2 
V4=V2+KI*(V6-V2+RB*(13-16)) 
IF (VBE .GT. V4) GO TO 50 
IB=I3 
GO TO 100 
V5=1.50*(RB*(13-16)+V6-V4/3.0) 
IF (VBE .GE. V5)GO TO 60 
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00990 IB=l3+((VBE-V4)**3)/(3.0*RB*(V5-V4)**2) 
01000 GO TO 100 
01010 60 IB=I6+(VBE-V6)/RB 
01020 GO TO 100 
01030 70 Vl=V2-3.0* (I2-ID/S2 
01040 IF (VBE .LE. V1) GO TO 80 
01050 IB=I2-S2*(S2/3.0+((VBE-V1)**3)/(3.0*V1*V1)) 
01060 GO TO 100 
01070 80 IB=I1 
01080 GO TO 100 
01090 90 K1=DEXP(DMAX1(KKK,VCE/VT)) 
01100 K2=K1-1.0 
01110 S2=(K1*P1+P2)/VTP3 
01120 I2=K2*P13 
01130 V2=VCE 
01140 IF (VBE .LT. VCE) GO TO 70 
01150 I3=I2+P23 
01160 V3=1.50*(I3-l2+2.0*S2*V2/3.0)/S2 
01170 IF (VBE .GT. V3) GO TO 10 
01180 W=VBE-VCE 
01190 IB=I2+S2*W* ( 1.0 - ( (W/ (V3-VCE) )**2)/3.0) 
01200 100 RETURN 
01210 
01220 C 

END 

01230 C SUBROUTINE FOR COMPUTING OUTPUT CHARACTERISTICS 
01240 C BASED ON SPLINE MODEL 
01250 
01260 

C 
SUBROUTINE OUT (IB,VCE,IC) 

01270 IMPLICIT REAL*8(A-Z) 
01280 COMMON/O/P3,P5,P6,P7,P8,KO,ICBO,RS,RC,V0,HFE,HFER 
01290 COMMON//11 
01300 IF (IB .GT. 11) GO TO 10 
01310 IC=P7 
01320 GO TO 100 
01330 10 Y1=P6*IB 
01340 M0=P8*(Y1*P3+P5) 
01350 M1=1,0/RS 
01360 IF (VCE .LT. 0.0) GO TO 50 
01370 A1=-V0*M1 
01380 X2=1.50*(Y1-A1)/(Ml-M0) 
01390 IF (VCE .GT. X2) GO TO 20 
01400 IC=Y1+M0*VCE+(M1-M0)*(VCE** 3)/(3.0*X2*X2) 
01410 GO TO 100 
01420 20 Y3=ICBO+KO*HFE*(IB+ICBO) 
01430 X3=RS*Y3+V0 
01440 IF (VCE .GT. X3) GO TO 30 
01450 IC=A1+M1*VCE 
01460 GO TO 100 
01470 30 M2=1.0/RC 
01480 M21=M2-M1 
01490 A2=(1.0-RS*M2) *(ICBO+HFE*(IB+ICBO))-V0*M2 
01500 X4=1.50*(Y3-A2-X3*(2.0*M1+M2)/3.0)/M21 
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01510 IF (VCE .GE. X4) GO TO 40 
01520 W=VCE-X3 
01530 IC=Y3+M1*W+M21* (W**3)/(3.0* (X4-X3)**2) 
01540 GO TO 100 
01550 40 IC=A2+M2*VCE 
01560 GO TO 100 
01570 50 VCE=-VCE 
01580 Y1=-Y1 
01590 Al=-V0*Ml/2.0 
01600 X2=1.50* (Y1-A1)/(M1-M0) 
01610 IF (VCE .GT. X2) GO TO 60 
01620 IC=Y1+M0*VCE+(M1-M0)*(VCE** 3)/(3.0*X2*X2) 
01630 GO TO 90 
01640 60 Y3=ICBO+KO*HFER*(IB+ICBO) 
01650 X3=RS*Y3+V0/2.0 
01660 IF (VCE .GT. X3) GO TO 70 
01670 IC=A1+M1*VCE 
01680 GO TO 90 
01690 70 M2=1.0/RC 
01700 M21=M2-M1 
01710 A2= (1.0-RS*M2)*(ICB0+HFER*(IB+ICBO))-V0*M2/2 
01720 X4=1.50*(Y3-A2-X3*(2.0*M1+M2)/3.0)/M21 
01730 IF (VCE .GE. X4) GO TO 80 
01740 W=VCE-X3 
01750 IC=Y3+M1 *W+M21 * (W**3) / (3.0* (X4-X3)**2) 
01760 GO TO 90 
01770 80 IC=A2+M2*VCE 
01780 90 VCE=-VCE 
01790 IC=-IC 
01800 100 RETURN 
01810 
01820 C 

END 

01830 C SUBROUTINE FOR LINEAR INTERPOLATION 
01840 
01850 

C 
SUBROUTINE INTR4 (N,Y,X,U,V1,V2,V3,V4) 

01860 IMPLICIT REAL*8(A-Z) 
01870 DIMENSION Y(10,5),X(10) 
01880 INTEGER I,I1,N 
01890 DO 10 1=2,N 
01900 IF (U .LE. X(I)) GO TO 20 
01910 10 CONTINUE 
01920 20 11=1-1 
01930 XX=X(I)-X(I1) 
01940 M1=(Y(I,1)-Y(I1 ,1) )/XX 
01950 M2=(Y(I,2)-Y(I1,2) )/XX 
01960 M3=(Y(I,3)-Y(I1,3))/XX 
01970 M4= (Y(I,4)-Y(I1 ,4) )/XX 
01980 UX=U-X(I) 
01990 V1=M1*UX+Y(1,1) 
02000 V2=M2*UX+Y(1,2) 
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02010 
02020 
02030 
02040 

V3=M3*UX+Y(I,3) 
V4=M4*UX+Y(I,4) 
RETURN 
END 
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