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This thesis is a devel-opment of two sets of equations

predicting the switching times of a saturated transistor.

The first set of equations defines the rise, storage and

fall times at a single operatj-ng point where the transistor

beta, cutoff frequency and collector capacitance are known.

The second set of equations is for use with a manufac-

turers specification sheet describing the transistor param-

eters and the test conditions of a specified set of switch-

ing times.

First in this development three common-transistor

models for switching conditions are reviewed pointing out

their special definitions, approximations and switching

equations.

Next, the j.nformation furnished by manufacturers

which is useful in switching circuj-t design is discussed.

In the final section, the two sets of equations are
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developed using the switching equations of the three tran

sistor-model developments as a base. Also developed to 

accompany the second set of equations is a set of three 

graphs from which a constant, determined by the circuit 

parameters, may be obtained, that multiplied with the 

specified switching times will yield an approximation to 

the switching times of the new circuit. 
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PREDICTING TRANSISTOR SWITCHING TIME 

INTRODUCTION 

The need for a model or system illustrating the be

havior of a transistor came early in transistor develop

ment. These first models, simple though they were, were 

sufficient for small-signal work and are today in common 

use. But with the use of the transistor as a switch grow

ing steadily, it was evident that more refinements to these 

early models were necessary. One of the earliest works in 

the field was by Anderson. This work was followed by Ebers 

and Moll in 1954 introducinq the current model, by Beaufoy 

and Sparkes in 1957 introducing the charge model and most 

recently by Linvill introducing the lumped model of the 

transistor. 

In each of these works the representation of the 

transient conditions was the center of importance, either 

by a graphical consideration as did Anderson or by an 

analytical consideration as did Ebers and Moll, Beaufoy 

and Sparkes, and Linvill. In the latter works, the switch

ing times were expressed as functions of transistor and 

circuit parameters. 

In this thesis, the expressions and models presented 
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in the works mentioned above will be used and manipulated 

to obtain two sets of equations for switching time. The 

first set will be for conditions at a single value where 

both transistor and circuit parameters need to be known. 

The second set will be for use with data provided by a 

manufacturer. As an end result, this second set of equa

tions are plotted such that when transistor and circuit 

conditions are known, a constant may be determined which 

when multiplied by the data-sheet switching time will yield 

the switching time for the new circuit. 

The presentation of material in this work is in three 

parts. In the first part the works by Anderson, Ebers and 

Moll, Beaufoy and Sparkes, and Linvill will be reviewed, 

pointing out in each the new definitions, models, and 

switching-time representations. The second part contains 

a discussion of information presented by the manufacturers 

that is pertinent to switching-time prediction. 

The final section contains the development of the two 

sets of equations and multiplying-constant charts plus the 

results of laboratory tests on a sample of various switch

ing-transistor types. 



Part 1 

TRANSISTOR MODELS 

I.A. Anderson Model 

3 

The paper by Anderson, ""Transistors in Switching Cir

cuits," was published in 1952 (1). In this paper he de

fines three regions of operation. They are: 

Region I - Collector-voltage saturation 

Region II - Active 

Region III - Collector-voltage cutoff 

Using the collector characteristics of a common-emitter

connected transistor these regions are illustrated in 

Figure 1. 

Observing that collector current is also represented 

by the characteristic curves, Regions I and III can be 

defined in terms of this current. These definitions are: 

Region I - Collector-current cutoff 

Region III - Collector-current saturation. 

For a model, Anderson used the equivalent-T circuit 

shown in Figure 2. In this circuit the transistor is 

represented by three resistances and a current generator. 

The portion of the circuit in the dotted box was added in 
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REGION III 

REGION I 

Figure 1. Transistor-Operating Regions. 
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Figure 2. T-Equivalent Circuit of the Transistor. 
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subsequent representations to account for the reverse-

cutoff current. 

The further work by Anderson was concerned with point-

contact transistors in which he described their behavior 

with piece-wise linear relations. 

To the model of Anderson was added the collector cap-

acitance by Early (2). He states, the collector, deple-

tion-layer capacitance is proportional to the collector 

potential. This has two definite effects on the transis-

tor operation. 

The first is to change in the recombination rate of 

the carriers in the base region and the second is to change 

the current entering the base region. The cause of these 

effects is that as the collector depletion-layer changes 

width with the variation in collector potential, the width 

of the base region must also change. The greater the de-

pletion layer the smaller the base region and vice versa. 

The change in the model due to this addition is shown 

in Figure 3, where C is the collector capacitance, and 
c 

r ' b 
and rb" represent the changes in the base-region re-

sistance. 



+ 

Figure 3. T-Equivalent Circuit Modified to Include 
Collector Capacitance. 

6 

c 
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I. B. Ebers and Moll Model 

The next work to be published was by Ebers and Moll 

(3). In their work they further defined the regions of 

operation as 

Region I - Emitter-junction reverse biased 
and collector-junction reverse 
biased. 

Region II - Emitter-junction forward biased 
and collector-junction reverse 
biased. 

Region III - Emitter-junction forward biased 
and collector-junction forward 
biased. 

These defiriitions indicate the transistor can be 

represented by two diodes. Using this, the authors de-

fine equations for the emitter and collector current of 

the form 

-1) + a12 (e -1) 

and 

-1) + a 22 (e -1) • 

These equations indicate that the current in a june-

tion is due to two components, one due to the voltage 

across that junction and the other due to the voltage 
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across the other junction. 

In describing the solution to these two equations the 

authors indicate four assumptions: 

1. The resistivities of the semiconductor are 
low. 

2. The injected-current densities are low. 

3. The space-charge, layer-widening effects can 
be neglected. 

4. That the emitter and collector junctions 
separately, have the form of the equations 
presented aboveo 

The acceptability of assumptions 2 and 3 has been 

questioned. Assumption 2 is questioned because in switch-

ing a transistor, saturation is assumed and when satura-

tion takes place the densities of currents and carriers 

change significantly, especially in the base region of 

junction transistors and in the collector region in planar 

and epitaxial transistors. 

Assumption 3 is questioned because of the proven 

effect shown by Earlyo Easley carried Early's work further 
/ 

and a report of this work will be mentioned later. 

The constants of the current equations are determined 

in terms of the collector and emitter cutoff-currents, !CO 
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and IEO i and the normal and inverse alphas I o<. and o( I. 

The terms are: 

all = -

a22 = -

a = 
12 

1EO 
1-o(o( 

I 

I 
co 

1-o<,O( 
I 

o<I 
EO 

1- C><_o( 
I 

Substituting these constant terms into the current 

equations 

and 

I = c 

1- d.O(I 

o<.I 
__ E_O_ (e 
1-o(~ 

(e 

q~ 
E 

kT 
o<_ I 

I CO 
-1) + --=---

1- o(o<_I 

I 
___ c_o_ (e 

1- o<.o<,I 

(e 

-1) 

q<J> 
c 

kT -l) 

In Regions I and II the collector junction is reverse 

biased. Using this fact the current equations can be 

simplified to 

I 
__ E=O- e 
1- o< o< 

I 
+ 

I 
(1-o<.) EO 
1- o<,o<. I 
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and 

Using these equations the equivalent circuit for 

Regions I and II is developed. It is shown in Figure 4. 

In Region III both junctions are forward biased and 

the current equations may be simplified and solved for 

junction voltages. These voltages are: 

I +o<.,I 
ln (1 - E I C 

IEO 

and 

kT IC +o\IE 
= ln (1 - -----

q 

The equivalent circuit developed using these voltage 

relations is shown in Figure 5. 

In this circuit the base-spreading resistance is used 

rather than the base-volume resistance because it may be 

as much as a factor of ten smaller. This resistance is 

the base resistance as measured in the current saturation 

region. One reason for this difference is a large part of 

the base current is emitted by the collector since it is 

forward biased. 

With the current and voltage relations, and the 
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I 

Figure 4. Ebers and Moll Equivalent Circuit for 
Regions I and I!. 
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c 



12 

equivalent circuits developed, the authors present equa-

tions for switching times. These equations are in terms 

of transistor parameters mentioned previously plus the 

cutoff frequencies and circuit conditions for the boundary 

points of switching. 

The switching times presented are defined in Figure 

6. From this figure it is observed that no mention is 

made of delay time. This is the time lapse between the in-

put of the base pulse and the beginning of the collector-

current rise. t
0 

is the rise time (delay plus rise), t
1 

is the storage time and t
2 

is the fall time. In this 

article the limitation placed on the rise and fall time is 

the 10 - 90 percent points. 

The equations for the three times for the switch in a 

common-emitter configuration are 

t = 1 ln IBl 
0 ( 1- d. ) (J.)o<. IBl - 0.9 1-o<. 

d.. Ic 

(1) 

··Wo< + Wc:K.. I I - IB2 
tl = ln Bl 

w«w (1- o<d.. ) I (1-o<) - I 
' <II(! I c-- B2 o( 

(2) 

and o< 
1 Ic - ( 1- o() I:S2 

t2 = ln 
( 1- o1.) ·WcX. O.liC - I ()(., ) I 

\1- o<. B2 
(3) 



t 

0 

I . 
2 

0 

.____/ 

~-,_ .c ... 
t 

2 

Figure 6. Time Plot Representing Transistor 
Switching Times. 

13 
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where o( and ~I are the forward and inverse alphas, Wo( 

and GV~ I are the forward and inverse angular, alpha-cutoff 

frequencies, I is the collector current, I 
1 

is the turn-
C B 

on base current and I
32 

is the turn-off base current, each 

current carrying its own magnitude and sign. 

Once a transistor is picked it is generally assumed 

that the internal parameters are constant. Therefore any 

variation obtained in the switching speed is by varying 

the operating conditions. This is done however at the ex-

pense of one switching time or another. For example, 

driving the transistor on harder to decrease the turn-on 

time will increase the storage time. The best relation-

ship between the parameters, therefore, is principally de-

pendent on the application. 

At the close of the work, the authors mention their 

reason for neglecting the effects of base resistance and 

collector capacitance. Base resistance is neglected be-

cause the resistivity of the semiconductor material is 

assumed low. The effect of the collector capacity is 

neglected because it is assumed that R C Wr «. 1. This is 
LC o... 

to say that the collector time-constant is small and negli-

gible. If this quantity is not negligible, the effect is 
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to increase the switching times. 

It was mentioned, when this assumption was made dur

ing the solution of the current equations that a work was 

published which considered the effect of this capacitance. 

This work by Easley (4) deals with the condition when 

RLCC ~~ is not much less than one but approximately equal 

to one. The results of this work state that in a linear 

analysis, the effect of collector capacity in conjunction 

with a resistive load is to increase the response time to 

a current step input by a factor of (1 + uJ~RLCC) from 

that predicted using the short-circuit output approximation 

for the common-emitter configuration. 

Reviewing this work, the equivalent circuits are 

formed of measurable parameters characteristic of the 

transistor in its active region and the switching equations 

are in terms of parameters which are measurable. There is 

one disadvantage to this form of equation however and that 

is that such parameters are difficult to measure accurately, 

especially the cutoff frequencieso Also for quick design 

choice these parameters are not given by the manufacturer 

and this necessitates a great deal of measurement in the 

choice of the transistor. 
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In a work published by Moll alone (5) at the same time 

as his work with Ebers, he presents a slightly different 

equivalent circuit; his equations for switching times are 

the same. The difference is that he includes the junction 

capacitanceQ 'I'his model is shown in Figure 7. 

Moll states that this model is sufficiently accurate 

to describe the transient behavior of the transistor over 

the interval 1/~ to 1/1000~ depending on the circum-

stanceso In his model for Region III, the capacitance is 

again neglected but base resistance is not. 

The author also develops the fact that the model is 

frequency dependent, i.e" the alpha of the transistor 

varies with frequency. The relationship is 

d. 
o(s = 1 /W + s o4. 

This is different from the previous work because there 

alpha was considered constant. 

One further relation is pointed out. It is that the 

emitter capacitance is a function of cutoff frequency. 

From this discussion it is apparent that in the total 

design of the transistor, consideration must include many 

variables~ the gain, cutoff frequency, capacitance and 
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Figure 7. Moll Equivalent Circuit Including the Effect 
of Collector Capacitance. 
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circuit drive. In work being done today these factors 

are considered but the complete relation between these 

variables is vague and therefore total design may be 

hindered. 

I.e. B~aufoy and Sparkes Model 

18 

The work by Beaufoy an~ Sparkes (6) introducing the 

charge controlled model was published in 1957. This model 

is developed using the flow of charge rather than current 

as the controlling variable. Their theory is that carriers 

travel from emitter to collector {or vice versa) through 

the base region by diffusion down a carrier-density gradi

ent in this region. Such a transference requires the 

presence of charges in the base region. '.:'herefore the 

transistor is to be treated as a charge-controlled device. 

First in their development the authors add another 

region of operation to the three previously defined. This 

region is the inverse-active region in which the collector 

junction is forward biased and the emitter junction is 

reverse biased. 

Using the concept of carrier density in the base 

region the authors represent the carrier density for each 
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of the four regions as shown in Figure 8. The authors 

explain that the gradients are approximately linear and 

are proportional to the net currents flowing from emitter 

to collector. 

Considering each of the four regions: 

In the cutoff region only the equilibrium concentra-

tion exists and consequently the excess concentration is 

zero. Therefore no current causing charge exists and the 

current through the transistor is zero. 

In the active (normal) region of a PNP transistor the 

base control cha;rge QB is identified as being 

QB = 1.22 
IE = 

w2 
I ( 4) 

(.Jot 
--
2D E 

p 

where we( is the angular, alpha-cutoff frequency 0 w is the 

base width and D is the hole diffusion constant. 
p 

Equation (4) indicates that if this amount of charge 

were supplied to the base, a current IE would flow. How-

ever it is not possible to supply this charge just once. 

This is because the charge decays due to recombination. 

Thus a base current IB must be supplied to furnish and 

maintain the charge. This base current is defined by 

QB 

~ 
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REGION III 

DISTANCE ____.. 

EMITTER BASE COLLECTOR 

Figure 8. Carrier Density in the Base Region of a 
Transistor for each Region of Operation. 
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where Jt is the hole lifetime. Using this equation and 
p 

equation (4) the defining equation for emitter current IE 

in terms of base current IB is determined. It i,s 

2 

IB = w 
IE 2D '7 

p p 
(5) 

The current-gain factor ~ is defined as 

cJ.. r,;:::j 1 - if W (..(.. L 

where L is the diffusion lengthe The equation in conjunc-

tion with those previously defined leads to the familiar 

equation 

(6) 

The authors next suggest the definition of three time 

constants. These time constants are 

The emitter time constant TE = 
QB 

IE 

TB = ~ 
B 

The base time constant 

Tc = 
QB 

Ic 
The collector time constant 

Using equations (4) and (6) these time constants are 

simplified to 
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T' = L22 
E wo< 

TB = L22 
woe ( 1- o<.) 

T' = 1.22 
c Wc{o{ 

The authors state that these time constants are not 

the switching times but should be interpreted as describ-

ing the input circuitry necessary to switch a transistor 

"immediately." 

Knowing that there is cu:rrent amplification and stored 

charge in the transistor t.he ideal transistor can be repre-· 

sented as shown in Figure 90 Here the stored charge is 

represented by an infinite capacitance, i.e. it represents 

charge entering the base region without setting up a poten-

tial field between the base and the emitter junction. The 

diode in the emitter represents the actual emitter behavior, 

in that for positive bias there is an exponential function 

of voltage and for reverse bias the current is small and 

constant. 

Figure 9 however, is only the ideal transistor. Fac-

tors which must be considered to change the ideal model to 

that of a more physical one are: 
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B c 

Figure 9. Ideal-Transistor-Equivalent Circuit Including 
the Effect of Stored Charge. 



1. Base recombination. This is represented 
by a current generator in the base equal 
to QB/TB. 

2. Collector cutoff current. This is repre~ 
sented by a current generator from the 
base to collector. 

3. Base resistance. This is represented by 
a resistor in the base lead. 

4. Junction capacitances. These are repre
sented by the capacitors CC and CE. 

24 

These modifications to the ideal transistor are repre-

sented in the complet~ large-signal-equivalent circuit of 

Figure 10. 

Using the model shown in Figure 10, expressions for 

the rise and fall time may be developed. Here rise time 

has the same definition as was given by Ebers and Moll. 

For the common-emitter connection 

+ 

and 

where ICO has been neglected and where qB is the instan-

taneous charge on SB. 

Solving these differential equations: 
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Figure 10. Beaufoy and Sparkes Complet~ Large-Signal
Equivalent Circuit. 
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t 
0 

(7) 

where TBV is the time constant TB plus the quantity ~QBN, 
6I B 

ICl is the initial value of IC and IB is the turn on 

base current. 

If ICl is zero and 90 percent is defined as the rise 

time, substitution of the values of the time constants 

yields the equation 

t = 
0 

1 IB 
+ M ~ CCRL) ln __ __;;;; __ _ 

IB -0. 9 ( 1- o( ) I 
o<. c 

(8) 

This equation is identical with that presented by 

Ebers and Moll except for a factor of 1.22 if the term 

Mo(CCRL is neglected. This term bears a great deal of 

resemblance to the term Easley said must multiply the 

switching time if the collector time constant is not negli-

gible. 

The expression for the fall time is the same. 

The inverse active region is represented by the same 

model as the active region except that the collector and 

emitter terminals are interchanged. 

In describing the activity of the transistor in the 

saturation region, the authors describe the current as 
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being a function of two charge distributions. First the 

charge Q corresponding to a forward emitter-collector 
B 

current and second QBl corresponding to a reverse collectm·-

emitter current. 

Using this concept the excess charge Q due to sat
BS 

uration is described as 

= 1.22 --;r I [ 1 
R L C.Vo~-

where I is the reverse collector-emitter current. 
R 

For this charge a saturation time constant M is .... s 

described. Its value is 

=1.22~+~] 
1 - ~ -.1 

'-A.. I 

{9) 

Using these relationships the equivalent circuit for 

the saturation region is developed. This circuit is shown 

in Figure 11. 

With this equivalent circui~ the switching time for 

removing the stored charge can now be determined. It is 

(10) 

Investigation of the time constant T
8 

in relation to 

this switching time shows the same resemblance to the Ebers 
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Figure 11. Beaufoy and Sparkes Equivalent Circuit for 
Region III. 
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and Moll equation as did the equation for the rise time. 

In their conclusion the authors suggest that rather 

than measuring the four parameters d., c:J. I ' wo{ ~ (w 
o<I' 

that the time constants be measuredo The measuring system 

is described (6, Po 322) 0 In this system a square wave is 

applied to the base of the transistor through a parallel 

RC network forming a compensated voltage divider with the 

internal resistance and capacitance. The capacitor is 

varied until the form of the output equals that of the 

input" At this point the value of the time constant TB 

equals the product RC of the parallel network. 

I"D" The Linvill Model 

The most recent model to be introduced is one devel-

oped by Linvill (7,8), with its later application to 

switching presented by Mead (9,10,11)0 Linvill suggests 

that instead of writing the describing partial-differential 

equations, solving them and then simplifying, that the 

simplifications be made first and then linear equations 

solved. 

These initial simplifications are carried out much 

like the simplification of a transmission line problem in 
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that approximate values are determined at certain specified 

points rather than exact values at all points. 

In preparing the description of the model the con~ 

tinuity equation is used as a baseo The continuity equa-

tion describes t.he density of carriers as a function of 

time in terms of generation, recombination, diffusion and 

drift. The general continuity equation is 

C:m = 
'dt 

N -N 
0 

J"' 

where N is the density 

d (NE) 
-_~J- ox 

N is the equilibrium density 
D

0
is the diffusion constant 

'J is the lifetime constant 
? is the mobility 

and E is the field. 

The term to the left of the equal sign in the con-

tinuity equation represents the stored charge since as a 

change in minority excess density takes place a majority 

carrier current must flow into the element in order to 

maintain neutralityo 

The first term to the right of the equal sign repre-

sents the recombination for as the density is reduced by 

carrier recombination a current must flow to supply those 

carriers lost. 
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The second term is the carrier flow due to diffusion, 

for in a semiconductor, the diffusion current is propor

tional to the density gradient and current flows from a 

region of high density to a region of low density, 

The last term represents the drift currents due to 

the internal field. In the work by Linvill, this term or 

effect is considered negligible. One reason is that the 

base-region width is small compared to the diffusion 

length. 

Therefore, the continuity equation may be represented 

in a model by three terms, storage, recombination and 

diffusion. Linvill calls these terms storance, combinance 

and diffusance and gives them the symbols shown in Figure 

12. 

Using these symbols a piece of semiconductor material 

is represented as shown in Figure 13. 

Letting;O represent the average density at a point in 

the material, ;o
1 

and;o
2 

represent the densities at points 

l and 20 c
1 

and s
1 

represent the recombination and storage 

at point l and c
2 

and s
2 

represent that at point 2. o
12 

represents the diffusion current between points l and 2. 

The bottom line represents 0 density or thermal equilibrium. 
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STORANCE DIFFUSANCE COMB I NANCE 

Figure 12. Lumped-Model Symbols. 

0
12 

o~~~~----~llt-1------~~---o 

(J=o 

Figure 13. Representation of a Piece of Semiconductor 
using Lumped Symbols. 
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With this method of representation a diode may be 

represented as shown in Figure 14a and 14b where 14b is a 

simplification of 14a 0 T'his simplification is possible 

because where the conductivity of one region of a diode is 

greater than the other, the carrier injection into the 

high region is small and may be neglectedo 

The rectangular symbol represents the junction itself 

in which currents entering one side emerge undiminished on 

the other. The junction acts as an excess density gener-

atorQ 

Applying this diode representation to the transistor,, 

the model for a transistor is shown in Figure 15. 

In developing the switching time representations the 

model shown in Figure 15 must be altered to an equivalent 

circuit of more conventional terms. This is the work done 

by Meado In the development of this circuit four param-

eters are considered importanto They are~, ~I, 'fe + w;ai. 

Recalling the Ebers and Moll model, it was these same 

alpha-based parameters that were important. 

First the current densities are defined using the ex-

ponential voltage law. Then substituting the boundary 

conditions at normal operating points, the currents are 



s -C S s 

~I f-;O f=O 

a. b. 

Figure 14. Representation of a Diode Using Lumped 
Symbols 

f. Dl2 f, 
I 0 

c 

sl 
s2 c 

1-

B 

Figure 15. Equivalent Circuit of a Transistor Using 
Lumped Symbols. 
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defined. They are 

and 

Solving for the ratio ic/iB 

0
12 

= 
cl 

= 
1 + s ~i 

cl 

From this equation 

and 

1 + s 

~;<3. 
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{ 11) 

The inverse conditions are defined by similar develop-

ment as 

and w = c2 
~I {12) 

Having defined the common-emitter beta-characteris-

tics, the common-base alpha-characteristics are also de-

fined. 

d..= 
0

12 = j2 and W~= 
0

12 + cl 1+/3 

0 12 + cl 
{1 +,fo > w~ { 13) = 

sl 
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and 

C( = 
Dl2 = 

;.gi 
and wot.I = I 

Dl2 + c2 1 + l'dr 

Dl2 + c2 ( 14} 
= (1 +{21!) c..0(3I 

82 

With the lumped-model terms specified, the equivalent 

circuit can be developedo This circuit is shown in Figure 

16 where: 

= 
;01 

K 
2 

Comparing this model with those previously presented 

the similarity is immediately apparent. The only added 

term is the base-collector resistance. This developed as 

part of the current equations. 

Having defined the lumped model, the internal paramr 

eters and the equivalent circuit, the switching time equa-

tions are developed. 

In considering the rise time, the transistor is con-

sidered in cutoff where IB = -I Then a current pulse co· 



c 

R c~ 

E 

Figure 16. Linvill Transistor Equivalent Circuit in 
Terms of Common Parameters. 
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of I
1 

is applied. The rise-time equation is 

t 
r 

38 

( 15) 

where V and RL are supply voltage and load resistanceo 

Since the transistor is often over driven trying to reduce 

t , the rise time equation may be reduced to 
r 

(16) 

The author further explains that,.e~ ~ "-'o<and thus 

the rise time is controlled by the alpha cutoff-frequency. 

This agrees with the work of Ebers and Moll. 

The storage-time equation is developed considering a 

turn-off step from IB = I
2 

to IB = -I 3 • The equation is 

where 

t = 1 
s b 

b = w""'*-r +"h~I 
"-'o( + WO( I 

(17) 

(18) 

Inspection of the b term ~ndicates that the alpha 

parameters are still a controlling variable. The similar-

ity to the Ebers and Moll equation is again evident. 
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The equation for the turn-off time is 

1 I +6i 
tf = ln (1 + c 

W;a j'.3I3 
(19) 

where 

( 20) 

This term may be simplified to 

w~ + wo<.I 

when r
3 

is large compared to the collector currento 

In each of the three equations the alpha terms 

appeared or could be approximated. This is just what Ebers 

and Moll stated in their work. However, the value of this 

model representation lies in its more exact correspondence 

with the transistor operation and that using these equa-

tions is much easier due to the ease of beta measurements. 
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Part II 

TRANSISTOR SWITCHING SPECIFICATIONS 

The design of a transistor switching circuit using 

equivalent-circuit models and defining equations implies 

that the parameters required in such expressions are readily 

availableo However, such is not always the case, for 

some applications still require the special measurement of 

a specific parametero 

In this part, the information presented by the manu

facturer which applies to switching will be discussed. In 

general one manufacturer will not supply all the informa

tion discussed below and where such information is not 

available, suitable approximations must be made or a test 

carried out on the individual element being used. 

The first general category of information supplied by 

the manufacturer lists the maximum ranges of operation. 

The three important in switching are: 

VEBO - This is the maximum reverse voltage that 

can be applied to the base-emitter junc

tion. 

VCEO - This is the maximum voltage that can be 

applied from the collector to emitter. 
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I ~ This is the maximum collector current. 
Cmax 

The next category generally presented deals with the 

DC characteristics. The important values here are: 

hFE - This is the OC-current gain, transistor 

beta. It is generally supplied in two ways" 

The first is as a min., typical and max. 

value. The second is as a plot of gain 

vs. collector current. 

hFB This is the OC-current gain, transistor 

alpha. It is furnished as a min., typical 

or max. value. 

V - This is the collector-emitter voltage 
CE(sat} 

when the transistor is in saturation. 

ICO - This is the collector current flowing in 

the transistor when it is biased in cutoff. 

The other major categories which are presented by the 

manufacturer concern the high-frequency characteristics and 

the switching characteristics. The important parameters in 

these areas are; 

fhfb - This is the alpha cutoff-frequency. 

ft This is the gain-bandwidth product. 

C
0

b or eTc - This is the collector-transition or 
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output capacitance. 

C - This is the emitter-transition capacitance. 
Te 

The last three parameters listed above may in general 

be found in one of two forms and in some case both. The 

first is a specific value at a specific operating point. 

The second is a plot of the value vs some other variable, 

usually collector currento 

The switching characteristics are 

td - The delay time 

t - The rise time 
r 

t - ~e storage time 
s 

tf - The fall time 

t - The turn-on time equal to td + t . on r 

toff- The turn-off time equal to ts + tf. 

The presentation of these parameters is generally of 

one form, i.e. the switching time of a transistor is given 

at one specified collector current and base current. To 

further identify these currents, the test circuit with 

which the times were determined is also generally included 

in the specification sheet. 

Worthy of note is that some manufacturers are now 

including plots of these times as functions of the driving 

\ 
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currents. 

A comparison of the list of parameters required by 

the models and equations of Part I, with the list of 

parameters supplied by the manufacturers shows that many 

of the parameters are not supplied. In general these are 

the inverse characteristics and cutoff frequencies. What 

then is the designer to do in the design of a switching 

circuit? Should he completely test each transistor or 

build the circuit and plug in transistors until the best 

is found? This is the problem dealt with in Part III. 
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Part III 

SWITCHING-TIME EQUATIONS 

III.Ao Point Equations 

The works on transistor models and switching-time 

equations, reviewed in Part IJ show that the general equa-

tion for switching time is the product of two functions, 

that is 

t = f(T)of(C) 
sw 

( 21) 

where t is the switching time, f ('I'} is the function of 
SW 

the transistor parameters and f(C) is the function of the 

circuit parameters. This is illustrated in Figure 17 

which shows the switching-time equations for each of the 

three model developmentso 

As pointed out in Part II, some of the parameters 

called for in the transistor-parameter function are not 

suppliedo Therefore the first problem is to simplify such 

functions to those involving parameters available without 

individual testing. 

The transistor function, f(T), for the rise-time equa-

tion as given by Ebers and Moll is: 



Ebers & 
Moll 

Beaufoy & 
Sparkes 

Linvill 

RISE TIME 

1 
ln 

(1-c/..)w"' 

I 
B 

STORAGE TIME 

Wo~- + Wot.I 

- I 
B2 

1 IBl + IB2 ln __ ,;;;_;_ ____ ;;;__ 

b IB2 + IC 

!3 

ln 

b = Wot., w,13I +~~I 
u.>o' -t Cc.) o(. I 

FALL TIME 

I, _S2L 
1 ln c - 1-~ IB2 

(1-o()W~ O.liC- .2_ I 

1-o{ B2 

T ln I lT -I T BV C C B B 
I T -I T 

C C B B 

= -(I + /.H 
2

} (~~~WGl ) 
C r- B w +W 

f;l... QI.I 

Figure 17. Switching Time Equations of Ebers & Moll, Beaufoy & Sparkes, and 
Linvill. 
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f('I') - 1 
( 1- 't ) '..JJc{ 

Easley said that the switching function must include 

collector capacitance and that the time just be multiplied 

by (1 + ~)~ RLCC). Therefore the adjusted Ebers and Moll 

function is 

f(T} = 1 
1- .;:.,, 

I 1 
'~ ·:.\. 

+ R C ) 
L C 

The function as given by Beaufoy and Sparkes, when the 

values of the time constants are given in terms of transis-

tor parameters is 

f (t) = 1 
1-c( 

+Mo( R C ) 
L C 

This term varies from the previous term only in magni-

tude as M is a constant valueo 

The Linvill function is simply 

f (T) = 1 

Applying the equation (.(~5> = Kg (1-o() u-k (12, p. 303) 

where Kg is the phase correction constant. The new 

equation is 

f(T) = 1.25 
( 1-o() (~:( 

If Kg is assumed to have an average value of 0.8 Kg 

may vary between 0.5 and 1.0. 
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A combination of the forms above yield the basic form 

f {T) = l 
l~o( 

+ Mo( R C ) 
L C 

If this equation is divided by ct. then 

f (T) = l 
l~o( 

,L25 
r·---
'l.u r "'fA., 

Phillips (12) in his equation (14-25) states that 

W == Kf"\o( 6J,where uJ,..,.... is the gain-.. bandwidth product. 
T ""' "" ... 

Assuming that the worst case }~ is 1.0 then the new tran-

sistor function is 

-'- MR. C } 
L C 

Beaufoy and Sparkes stat:e that M is a function of the 

change in base collector voltage and in general has a value 

approximately equal to 1. 7. Subst.ituting this value into 

the function 

+ l. 7R C ) 
L C 

Since j3 is more generally given than o( , f (T) may be 

further simplified to 

f(T} = (fd + 1} (J-.25 

f3T 
. 1 

Assuming that j9 is la:r:ge such that f3 ~ ( ./3 + 1) then 

f('I') = ;9 (1.2~ 
6..),.,., 

.l 

+ 1 7R C ~ 
• L c' (22) 
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This value of f(T) is a function of those parameters 

generally available on transistor-specification sheetso 

Therefore, the first term of the rise-time product is 

known. 

The second term, f(C), the circuit-parameter function, 

in Figure 17, is seen to have the general form 

f (C) = ln ( IB ) 
I -0. 9 ( 1-o£ } I 

B ~ C 

The value 009 is chosen because of the 10 to 90 per-

cent limits on the rise timeo Recognizing that 1-~ 
d. 

the function may be simplified to 

If the term in the parenthesis is divided by IB, the 

result is 

f (C) = ln (_ 1 ) 
\1-0.9 Ic 

~ 
Ic 

This simplification results in the term --o This is 
IB 

the circuit beta and in this case the turn-on-circuit beta. 

Therefore let this value be designated by J3c and the tran

sistor beta be designated by ~ • 1'-J T 
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Using these designations the circuit function reduces 

Using the transformation that 

-ln (1 - x) = ln ( __ 1 __ ) 
1-x 

the function equation may be written as 

f (C) 
0.9;9 

= - ln (1 - C) 
;9T 

This is equivalent to the Linvill form if the final 

value of collector current is used rather than the 90 

percent value. Therefore, the rise-time, circuit-function 

term is 

f (C) !3c ln (1 - -) 
/dT 

( 23) 

Substituting equations (22) and (23) into equation 

(21), the final form of the rise-time equation is 

+ 1.7R c ) ln (1 _ f3c) 
L C j3T 

(24) 

In this equation all of the parameters are known, i.e. 

are generally supplied by transistor manufacturers. 

The transistor-parameter function for the fall time is 
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the same as the rise-time functiono This is so because the 

initial functions are the same for both rise and fall time 

as shown in Figure 17. 

The circuit-function forms of Figure 17 do not appear 

to be the same, for the Ebers and Moll form is 

f(C} = ln 

where IB
2 

is the turn-off-base current, while the Beaufoy 

and Sparkes form is 

T I -T I 
f(C} = ln ( C Cl B B) 

'r I -T T 
C C B B 

However, if the transistor parameters are substituted for 

the time constants as was done in the rise-time equation 

and if the collector current is assumed to change from 10 

percent to full value then the two forms are identical. 

The Linvill form is different from those above in 

that the frequency parameters are included. The form is 

f(C} = ln (1 + 
I + 6 i 
c } 
(.3IB2 

where 

If the transistor has a uniform base it is reasonable 

to assume that Wcl = Wr:J.. I (12, p. 343}. Then 



and 

and 

and 

6 i = (- IC + (3 I 2) (~) 
B 2 we(. 

Since ~~ KJl-c:,l )~ (12, Po 303) 

6 i =(-I + ('9I ) (I):il-o()) 
C B2 2 

If K
8

is assumed to be 0.8 

6 i = (-IC + j3 IB2 ) (1- ol) 004 

Recalling that ( 1- c)..) = 1 then 
(fa+l) 

6 i = (-IC + ('9 IB 2 ) (~) 
;.3 +1 

If ,13 is large such that ( ,13 + 1) ~,/.3 then 

6 i = (-I + ;(3 I ) 0 0 4 
C B2 (3 

6i = -0.4Ic 

/-3 + 0.4IB2 

Substituting these values into the equation 

simplifying ~ o.4Ic 0.4IB~ Ic + 
f3T 

+ 
f (C) = ln (1 + ) 

;aTIB2 

f(C) = 
Ic(l-0.4) 

~T + 0.4IB2) ln ( 1 + ___ ......;;:.. ___ _.;::;;._ 

,.STIB2 
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for f(C) 

If ;3T is large then (1-0.4) ~ 1 Making this 

substitution 
(8T 



f (C) 
I + 0.4I 

2 = ln (1 + C B ) 
;$TIB2 

and dividing the fraction by IB
2 

Ic 
"'Ii2 + 0. 4) 

f(C) = ln (1 + 
j3T 
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I 
Defining _f_ as the turn-off-circuit beta, ;3CC' the 

IB2 
circuit function reduces to 

f (C) = ln (l + fBcc + 0.4) 

fST 

Performing the simplification of the Ebers and Moll 

function using ~ = j8 
1- o(. 

I -/.:)I 
f (C) = ln ( C !""' B 2 ) 

0.1Ic-f3IB2 

It should be mentioned at this point that in the 

Linvill model the turn-off current IB
2 

carries magnitude 

only and that the negative sign is included in the algebra. 

The Ebers and Moll turn-off current carries both magnitude 

and sign. Therefore in the next equation the sign will be 

included and only the magnitude carried. 

f3 cc 

Dividing the fraction by j3IB
2 

and substituting 

= IC the function becomes 

IB2 
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f(C) 

In the Linvill model the final collector current is 

assumed zero rather than the 10 percent value and if this 

value is used in the form above the function equation re-

duces to 

Comparing this value to the result of the reduced 

Linvill equation only the value 0.4 introduces the differ-

ence. 

In choosing the final form it is assumed that j9Tis 

large compared to 0.4, therefore the form of the circuit 

function of the fall-time equation is 

f (C) = ln (1 + ~CC) 
,.eT 

( 25) 

Substituting equations (22) and (25) into equation 

(21) the equation for the fall time of the transistor is 

( 26) 

The form of the transistor function of the storage~ 

time equation is one quite complicated as it involves both 
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forward and inverse characteristics of the transistor~ T~e 

form given by Ebers and Moll is 

The form given by Beaufoy and Sparkes is 

f(T) 
= 1.22 (c.J~I+o(~ 

Wo(. ~I ( 1-o/..cXI) 

The last form, as given by Linvill, is 

wol +W 
f (T) = ----~d.::.:...·l--

Wol '9,ar +~~I 

The numerators of these three terms are similar ex-

cept for the value 1.22 which is peculiar to Beaufoy and 

Sparkes. The denominators also bear a resemblance when 

the alpha parameters are substituted for the beta param-

eters in the Linvill model as follows. This new form is 

It is reasonable to assume that (2-o/.- o(I) ~ (1- r:J..o/..I). 

Therefore the function may be reduced to 

and if Keis assumed to be 0.8 the function may be further 

reduced to 
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f (T) 
= 1. 25 ( wo( + u.Jo<..I} 

w u..) ( 1- o( eX ) 
0... o<.I I 

{27) 

which is approximately equal to the Beaufoy and Sparkes 

form if d. is approximately equal to one 0 

In further simplification, the transistor will be 

assumed to have a uniform base and therefore W...~ = w . 
'-" o( I 

Using this relation 

f (T) = 

If it is also assumed that c::J.. and d._ are very close to 
I 

one then ( 1- d. o/ 
1

) ~ ( 1- o1.. ) • •:·he re fore 

f ' . 2 5 
~·rJ = --·--~--

wd-{1- o() 
{28) 

It is noted again that this relation holds if the 

transistor has a uniform base. If the transistor has a 

graded base then it is assumed that wo( = 4w {12, p. 343). 
O:I . 

Substituting this relation into equation (27) 

f(T) = 6.25 
G..k:x. ( 1 ca ol... ) {29) 

If the transistor is of the mesa or planar types it is 

reasonable to assume that d., I ~0. If also it is assumed 

that uJct= 4U0~I then the transistor function may be reduced 

to 
f(T) = 6.25 (30) 

Recalling that Wfe = (1-cl )C.Uo( equations {28) to (30) 

may be simplified to 



and 

and 

f(T) =-2-
Uf.a 

f(T) = S 
W;a 

f(T) = 5 ( 1-c:X ) 

r.Uts 
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for uniform base ( 31) 

for graded base (32) 

for mesa & planar (33) 

Equations (28) to (33) represent the transistor func-

tion when the alpha or beta parameters are known. If the 

transistor beta and the gain-bandwidth product, fT, are 

known then the function may be made equal to 

and 

;f(T) = ~ 
w 

T 

f(T) = ~ 
LVT 

for uniform base (34} 

for graded base ( 35) 

so<. for mesa and 
planar ( 36) 

The torm of the circuit function given by all three 

developers, recalling that Linvill carries only magnitude 

and the others carry magnitude and sign, is 



f (C) 
IB + I = ln BB 
1c I A+ BB 

T 
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where IB is the turn-on-base current IBl' and IBB is the 

magnitude of the turn-off-base current -IB
2

• To simplify 

this equation to a form similar to the other two equations, 

first divide by IBB" 

f (C) 

The resulting function is 

IB 
+ 1 

= ln _r_B_B ______ __ 

rc 
-- + 1 
,JSTIBB 

Ic rc 
Recalling that f?> c = and !3cc = the func-

IB 1BB 
tion reduces to 

4cc 
+ 1 

ln tBc f(C) = (37) 
~cc 

+ 1 
~T 

Substituting equation (37) into equation (21) the 

storage-time equation is 

t = f(T ) ln 
s s 

f3cc 

Ide 
;Bee 

j9T 

+ 1 

(38) 

+ 1 

where f(T ) is any of the transistor-parameter functions 
s 



58 

given in equations (28) to (36)" 

This completes the first portion of the problem solu-

tion. There has been presented switching equations for 

the rise, fall and storage time of a transistor in terms 

of variables generally supplied in the specifications and 

data of the transistor, for use at one point. 

III.B" Specification-Sheet Equations 

The second portion of the solution involves using the 

equations developed above in ratio form so that with just 

a minute or so of computation the switching times of a cir-

cuit with specified current conditions may be determined 

using the switching times at the specified test conditions. 

In determining rise time, equation (24) is used. Let 

the subscript 0 represent the conditions specified in the 

specification sheet and the subscript 1 represent the con-

ditions of the circuit for which the switching time need 

be found. Then 

( 1. 25 

,t1Tl WTl 

,;9Cl - --) 
;G'Tl 

= ------------------------------------------/.) (1.25 fw'TO --
QTO 



where 

and 

This equation is of the form 

trl 
t 

rO 

K;B 

K,/.3KK = T C 

= ,8Tl 

f8 TO 

(L25 

= cJTl 
(la25 

Ct) 
TO 

ln(l -

ln(l -

If each of these constants were known then the new 

switching time could be determinedo 
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K;.9 can be determined if the variation of hFE is 

given as a function of collector current on the specifica-

tion sheeto If it is not available then this factor is 

considered constant and equal to oneo 

KT can be determined if the change of U)T and cc are 

given as function of collector current. Otherwise this 

term is also considered constanto 

KC is the one term that is most variable and is the 
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easiest to determineD The value of ;9 chosen, is the typi-

cal value of the transistor and if the variation of ;a· is 

not given as a function of collector current then the value 

of ;.9 chosen is used in both conditions. Then from the 

specification sheet determine the turn-on-circuit beta;sc 

and form the ratio 4co . Next determine f8c for the cir-

/J TO (3 
cuit being used and form the ratio __£! . Figure 18 is a 

,13Tl ,.ec 
P lot of the function of KC over the limit 0. 01 .l. -- L 0. 5. 

- (.8T . .s.. 

It is observed that when the ratios are equal the value of 

Kc is one. 

In using Figure 18, 

~Cl 

!3co . 
the value of ---- ~s found on the 

j9TO 
horizontal axis and is found on the vertical. The 

,-(3 Tl 
value of KC is read off the scale across the top and down 

the right side of the figure. 

The upper limit was chosen at a value where satura-

tion is assured, well within a margin of safety. 

If on the initial use of Figure 18 the terms K~ and 

KT are considered equal to one, then the product t K will ro c 
give the first rough estimate of the switching time which 

might be expected at the new circuit conditions. 

The form of the ratio for determining the fall time 

is similar to that of the rise time. The terms l)e and KT 



!3co 
;3TO 
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Figure 1.8. Plot for Finding K'"' of the Rise Time Equation. 
'-
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are the same with only the term KC changedo In this case 

the term is the ratio of the nat.u.ral logs of the sum rather 

than the difference" The value Kc is plotted in Figure 19 

and is found using the same procedure as with the plot in 

Figure 180 

The ratio of the storage-time equations is 

(
;eel + 1) 

l Cl 

n ~eel + 
1 

.f9,Tl 
= 

+ 1) 
+ 1 

The equation is of the form 

(40) 

where 

and 
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.01 o05 . 1 . 5 

!3cco 

;GTO 

Figure 19. Plot for Finding Kc of the Fall Time Equation. 
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( ~Cl + l) 
l Cl 

n f3ccl + 
1 

K = --~j9~T~l __ 
c fEcco 

1 ( ~co+ 
1

) 

n f9cco + 1 

..STo 

The value K can be determined if the functions of the 
T 

variable used in the term f(T) are plotted, otherwise it 
s 

is assumed constant and equal to one. 

The value of Kc is not determined in the same way as 

before because the logarithmic term is a function of two 

variables instead of one. Therefore a value KCl corres-

ponding to condition one will be found and then a value 

KCO corresponding to condition zero, from which 

= Kcl 

These two terms are found using Figure 20 which is a 

plot of K . 
c~ 

j9. 
'th cc~ 

w~ A 
f""Ti 

found on the vertical axis and 

found on the horizontal. 

Having found the K terms of equation (36) the new 

~Ci 
/3ci 

storage time may be determined. The first rough guess is 

found when KT is assumed to be equal to one. 
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Figure 20. Plot for Finding K . of the Storage Equation Circuit Function K . Cl - C 
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It has been shown above that. the switching time of a 

transistor can be predicted either for conditions where the 

transistor parameters and one current condition are known 

or where one switching condition is known and the switch

ing condition at another set of conditions is desired. 

In a laboratory test the precepts of the second half 

were tested knowing that if this method was sufficiently 

accurate the more exact equat.ions of the first half could 

only improve the accuracy, The test consisted of testing 

samples of five types of transistors, three medium speed 

and two high speed. The results of this test are shown in 

Figure 21. The test routine is given in the appendix. 



CURRENT CONDITIONS tr ts tf 
TRANSISTOR Ic rna IB rna IBB rna Cal Obs Cal Obs Cal Obs 

2N404 10 1 1 Gpec 0. 34 .)-<S 0. 38 )AS 0.19 ~ 

10 3 1 0.122 0.105 0.82 0.75 0.19 0.16 

20 2 2 0.38 0.375 0.312 0.22 0.20 0.13 

40 6 4 0.28 0.20 0.50 0.37 0.21 0.13 

2N395 10 1 1 spec 0. 76~s 0.5 ~s 0.4 ~s 

10 3 1 -o. 24 0.22 1.1 0.84 0.4 0.23 

20 3 2 0.46 0.44 0.55 0.46 0.39 0.19 

40 5 5 0.59 0.44 0.52 0.44 0.31 0.15 

2Nl304 10 2 0.5 spec 0. 32; .... s 0.9 ,P-s 0.45/s 

10 4.5 0.5 0.14 0.11 1. 36 1.61 0.45 0.33 

20 3 1 0.38 0,26 0.77 0.71 0.40 0.30 

40 5 5 0.45 0.26 0.40 0.54 0.17 0.15 

2N709 10 2 1 spec 8 ns 3 ns 5 ns 

17.7 8.3 3.7 5.4 6 12.2 15 9.8 8 

18.5 3.75 2.5 8.4 6.3 4.3 5 4.25 4.33 

2N2369 10 3 1.5 spec 9 ns 7 ns 6 ns 

18.9 5 2.5 10.3 8 6.2 9 8.0 7.3 0'1 
-..J 

Figure 21. Table of Results in Transistor Switching Time Prediction Test. 



68 

CONCLUSIONS 

It is concluded from the results of the test shown in 

Figure 21 that the approximation to the actual switching 

conditions is sufficiently accurate to justify the equa

tions used in predicting switching times. It is further 

concluded that the accuracy of such approximations may be 

increased if more of the transistor parameters are made 

available in the specification sheet. 

The weakness in this proposal lies in the approxima

tions made in the transistor parameter functionso This 

will be especially true as the geometry and manufacturing 

methods change. However since such approximations were 

made in order to give some guide as to the changes that may 

be expected as external conditions are changed, the approxi

mations are justified. 
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APPENDIX A 

ROUTINE OF LABORATORY TEST 

The three medium-speed transistors were tested using 

a Tektronix Type 585 oscilloscope with a Type R plug-in 

unit. 

The two high-speed transistors were tested in the 

circuit shown in Figure Al where· the switching pulse is 

supplied by a Tektronix 113 pulse generator through a 60 

nanosecond delay line. The transistor· input and output 

were observed using a Tektronix Type 585 oscilloscope with 

a Type N plug-in unit. 



ulse 
Gen 

vee 

VBB 

RB 

rc 

IB 

I 
BB 

= +6v 

= l.4v 

and RL 

= vee 
RL 

= 
VA-VB 

RB 

v 
= BB 

RB 

chosen as necessary to obtain 
current conditions 

collector current 

Turn on base current 

Turn off base current 

Figure Al. Switching Transistor Test Circuit. 
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