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INTRODUC'I'ION 

A common-collector amplifier, ordinarily known as an 

emitter-follower, is shown in Figure 1. The desirable 

characteristics of this configuration are its high input 

impedanc e and its low output impedanc e1. Although the 

voltage gain is less than unity, the circuit does have a 

reasonable power gain due to the high current gain of the 

circuit. 

The applications of the emitter-follower are similar 

to those of the cathode-follower in vacuum-tube circuits2
• 

The emitter-follower permits the load to appear as a high 

impedance to the driving sourc e  so that only a small 

fraction of the driving voltage will be  dropped ac ross the 
1 scurce impedanc e . The input-signal voltage is developed 

a2ross a high input impedanc e, whereas the output equiva-

lent circuit has a small looking-back impedanc e. Thus 

the emitter-follower acts like an impedance transformer
3

. 

Power amplification is obtained while at the same time the 

impedance level is reduc ed. 

However, the emitter-follower has inherent 

limi ta ti.ons and undesirable characteristics. The input 

impedanc e is limited to a maximum value of several hundred 
4 kilohms by the transistor and the load . The output 

impedance is limited by the transistor to a minimum value 

of a few ohms4. ·rhe emitter-follower usually 
1 
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amplifies one polarity of a bipolar pulse more than the 

other due to variations in the current gain (beta ) for 

large variations of current. In addition the linearity 

and rise time for negative pulses are different than those 

for positive pulses. Because of these limitations and 

disadvantages, it is apparent that circuits having higher 

input impedances, lower output impedance,s and better 

linearity for bipolar pulses would be desirable. Pre-

liminary studies on the White emitter-follower indicated 

that it is better than the emitter-follower in these areas. 

'I'he White emi.tter-follower ci.rcui t shown in 

Figure 2 was named after Eric L.  C. White who patented the 
. "b . f . h . . t . 194 4 5 vacuum-tu e verslon o t e Clrcu.l ln . . - . The ability 

of this circuit to amplify pulses of both polarities with 

nearly equal linearity and rise time is accomplished with 

feedback. The total feedback from the output to the 

emitter of Q1 cancels out most of the input signal and leaves 

only a very small portion of the input signal as a driving 

signal for Q1. Effectively the feedback makes the input 

character:iE:�tic,s of Q1 almost llnear. The input impedance 

of the White emitter-follower ls 30 times larger than that 

of the emltter-follower when the circuits are operated with 

equal load and generator impedances; the output impedance 

is 100 times smaller than that of the emi.tter-follower .  

When tl1e gains of the two circults are compared, the White 
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emitter-follower has a gain much closer to unity than the 

emitter-follower. 

The purpose of this study was to analyze the White 

emitter-follower over a wide frequency range. An attempt 

was made to consider the effect of changing significant 

circuit parameters on the performance of the circuit. 

Calculated results are compared with experimental data. 

5 

The next section contains a discussion of the d-e 

and a-c operation of the circuit. First, two d-e biasing 

configurations are discussed, and circuit limitations im­

posed by the bias resistors are pointed out. The a-c 

operation is discussed from two points of view. The part 

that feedback plays in the operation of the circuit is 

pointed out; than an a-c signal is traced through the cir­

cuit to further clarify the operation of the circuit. 

The third section contains a mid-frequency analysis 

of the White emitter-follower. Expressions for the gain, 

input impedance, and output impedance in the mid-frequency 

range are derived and checked experimentally. A brief 

comparison of the emitter-follower and White emitter­

follower is made with respect to gain, input impedance, and 

output impedance in the mid-frequency range. 

A low-frequency analysis is presented in the fourth 

section. The analytical methods used to obtain the calcu­

lated low-frequency response are discussed. The calculated 



response 1.s compared with an experimental response. 

The fifth section contains an analysis of the tran­

sient response of the White emitter-follower. A high­

frequency equivalent circuit is obtained, and the transfer 

function of this circuit is derived. Overshoot and rise 

time as a funct.ion of circ uit parameters are considered. 

The high-frequency response of the circuit is also deter­

mined in this section. 

The sixth and last sec tion summarizes the most im­

portant results of this study and indicates the areas in 

which additional work can contribute useful information. 

6 



CIRCUIT OPERATION 

D-C OPERATION 

The d-e configuration of the White emitter-follower 

is unique in that the two transistors are in series. There-

fore, for high beta transistors, approximately the same d-e 

current flows through each transistor as shown in Figure 3 .  

The operating point is determined by specifying the collec-

tor currents and the collector-to-emitter voltages. These 

d-e values must be selected so that the largest a-c varia­

tion will not cause the instantaneous operating poini to 

leave the linear region. For linear operation assume that 

the collector current, I , is approximately 3 rna and the 
Cl 

collector-to-emitter voltage, V . , for each transistor is CE 
5.86 volts. The collector current may be expressed as 

( l) 

Since the I current for most silicon transistors is only co 
a few nanoamps, ICO may be neglected. I'hen Equation ( l) 

becomes 

U sing Equation (2) the emitter current, I , for the cir­
El 

cuit shown in Figure 3, is equal to 3. 02 rna. The emitter 

( 2) 

current, I
El

' and the collector current, ICl' are equal. 

Therefore, using Equation ( 2) the emitter current, I , is 
E2 

equal to 3.04 rna making the voltage level at the emitter of 

7 
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Q equal to 2.28 volts. Since V for each transistor is 
2 CE 

5. 86 volts, then the voltage levels at the collectors of 

Q2 and Q1 
respectively are 8. 14 volts and 14 .0 volts as 

shown in Figure 3. 
20 volts. 

Therefore, E should be approximately cc 

Many combinations of bias-resistor values will sup-

ply the proper base current and voltage to the transistor 

9 

for linear operation. But in order to reduce the effect of 

I due to temperature variation, the base-bias voltage co 
should not be a function of base current. Therefore, the 

choice of bias resistors should allow the current through 

R and R.3 shown in Figure 3 to be approximately 10 times 
1 

the base current. Although the I current for silicon co 
transistors is very small, transistors with large reo 

cur­

rents may require the bias configuration shown in Figure 3 
to improve temperature stability. In this case, the follow-

ing may be used to determine the bias resistance R. and 
1 

R. 2" 
Assume a V voltage of 0 .6 volts (silicon transistor ) 

BE 
and a beta (current gain ) of 200 for each transistor. 

Next, consider the calculation of the bias resistors R.1 and 

R2. Since the emitter current and voltage of Q1 is 3.02 

rna and 8 .14 volts, the base current and voltage values are 

approximately 0 .015 rna and 8 .74 volts. If r
1 

is assumed 

to be 10 times the base current, then r
1 

= 0. 150 rna, and 



11 . 26 volts 
R = 75 kilohms 1 = 0 . 150 rna 

lU 

(3) 

Since the base current .is 0. 015 rna, then 12 is approximately 

0.135 rna, and R
2 

should be approximately 65 l\.ilohms. 

T'he resistance values of R
3 

and R4 may be calculated 

ln a similar manner. Since the emitter current and voltage 

of Q is 3 . 04 rna and 2.28 volts, then the base current and 
2 

voltage values are 0.15 rna and 2.88 volts. If I is 0 . 15 
3 

rna. then R should be 114 kilohms. Since I is 0.015 rna, � "3 � 
then r4 is 0.135 rna, and R4 

should be 21 kilohms. The 

actual values of R3 and R4 used in the experimental circuit 

were 120 kilohms and 22 kilohms respectively . 

rrhe very high input impedance available with the 

White emitter-follower is limited due to the shunting 

action of the input bias resistors R1 
and R

2
• This shunting 

action may be minimized by using base injection bias ( R1) 

on Q as shown in Figure 4.  Since I is very small, the 1 co 
I effect due to temperature variation does not signifi­

CO 
cantly effect the bias stability. Of course the value of 

R must be calculated i.n order that the proper base current 
l 

and voltage is available for Q1. For example, assume that 

I current is negligible and that the base current and co 
\Oltage is 0. 015 rna and 8.74 volts. Then R1 is approximately 

743 ki.lohms. Base injection biasing allows the input imped­

ance of the amplifier to be much higher. The actual value of 

R1 that produced the desired operating conditions was 676 
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kilohms. A higher input impedanc e may be obtained by in­

c reasing R1 and using a separate voltage supply. 

A-C OPERATION 

12 

The a-c circuit for the White emitter-follower is 

shown in Figure 5. This figure was obtained from Figure 4 

by considering the battery and capacitors as short circuits 

to a- c c urrents. 

Perhaps the best way of understanding the a-c opera­

tion of this circuit is to consider the input impedanc e of 

Q1. To develop the input impedance for Q1, first consider 

the impedance at the emitter of Q1. The a- c currents Ic2  
and Iel flow through RL2 so that 

Vel = RL2 ( Iel 
+ Ic2) (4) 

In order to determine the impedance at the emitter of Q1, 

Ic2 must be expressed as a function of Iel' Sinc e 

R eql 
Ib2 = 

Icl  ( 5) 
R l + R.2 eq l 

(Reql is the parallel combination of RLl ' R3 and R4) and 

' 

then Ic2 may be expressed as a function of Icl  as 

Reql 
Ic2  = 

A Icl i2 R l + R.2 eq l 

Icl  may be expressed as a function of Iel by 

Icl = otl Iel 

Therefore, I may be expressed as c2  

(6) 

( 7) 

(8 )  
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R eql 
1c2 = 

Ai2 R + eql 

Vel may now be expressed as 

14 

( 9) 

( 10) 

Dividing Equation ( 10) by Iel' the impedance at the emitter 

Ai2 Reql 
= ( 1 + � ) R 

R + R l L2 eql i2 

Therefore, the input impedance at the base of Q is 
l 

approximately 

Ai2 R eql 
Ril = 

h. + Ail ( 1+ o( 
l) RL2 le R + Ri2 eql 

where Ail and Ai2 are the current gains of Q1 and Q2 

( 11) 

( 12) 

respectively. Without the feedback from the collector of 
Q2 the input impedance is 

R. = h. + A.1 RL2 l le l 

Thus the feedback of the White emitter-follower has in­
creased the input impedance by the amount K, where K is 

Ai2 Reql 
R 

�
l) RL2 

eql + Ri2 
( l + 

( 13) 

When RL2 is greater than several hundred ohms, the 



input impedance is high (megohms ) . The voltage gain from 

the base to the collector of Q1 is 

15 

Ail R 
' (14 ) 

Ril 
where R is the total load impedance of Q1 and Ril is the 

input impedance at the base of Q1 expressed in Equation (12 ) . 

Since R is only a few hundred ohms and Ril is very large, 

the voltage gain of Ql is much less than unity. Thus the 

driving voltage for Q2 is much less than vin' 
The voltage gain of Q2 is 

Ai2 RL2 
Avt2 

= 
Ri2 

' (15 ) 

where Ri2 is the input impedance of Q2. The output voltage 

is 

The base-to-emitter voltage of Q1, Vbel' is 

The value of v0 can approach but cannot exceed V. in ln 
the mid-frequency range assuming zero phase shift. In 

(16 ) 

order for v0 to exceed Vin' Vbel must go through zero. 

However, if Vbel (the a-c driving signal for Q1 ) is zero, 

then the output voltage, v0, is zero. With an input signal 

present, the output voltage is not zero. Therefore, since 

Vbel amplifies any difference between Vin and v0 and drives 



16 

V toward V. , the operating state of V is a value slightly o 1n o 
less than V. 

1n 
A further understanding of the circuit operation may 

be obtained by tracing a signal from the generator to the 

output. Consider E to be a positive going signal. Then the 
g 

positive signal appearing at the base of Q , V. , may be 
1 1n 

defined as 

v. 1n 
R = --- E R + R g g 

, ( 18 ) 

where R is the parallel combination of R
1 

and R
il 

Since 

the output voltage is fed back to the emitter and is slightly 

less than the input signal V. , the output voltage cancels 
1n 

out most of the input voltage leaving only a small portion 

as a driving signal. The very small positive driving signal 

V causes a slight increase in the base current from its 
bel 

d-e value. Thus the portion of the collector current, Icl' 
flowing through R increases slightly, causing a small decrease 

Ll 
in the voltage at the collector of Q1. This small negative 

going signal, V , is the driving signal for Q . 
be2 2 The 

small decrease in V causes a decrease in rb2 from its be2 
d-e value. Thus, the collector current of Q decreases. 2 
This decrease in I causes a positive voltage, V , at the 

c2 o 
emitter of Q slightly less in magnitude than V. 

1 1n. 
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Now consider a negative going portion of Eg. The 

very small negative driving signal decreases the base cur­

rent, Ibl' slightly from its d-e value. Thus the collector 

current, Icl' decreases. The decrease in the portion of 

the collector current, Icl' through RLl generates a small 

positive driving voltage, vbe2" vbe2 increases the base 

current of Q2, and thus the collector current increases. 

The increase in the collector current, rc2' generates a 

negative voltage, v0, across RL2 slightly less in magnitude 

and in phase with the negative input voltage V . . ln 
The feedback forces small signal operation of Q1. 

The output signal, V , is compared to the input signal, V. , o ln 
and any difference, Vbel' is amplified to bring the two 

together; the input characteristics of Q
1 

are effectively 

made linear by the feedback signal . Non-linearity in V 
0 

caused by Q2 beta changes (due to large I
c 

variations ) will 

be minimized by the effect of the feedback . For example, 

if beta of Q decreases during a portion of the cycle, the 2 
output voltage, V , will also decrease producing an increase 

0 
in V V is amplified causing an increase in the 

bel bel 
collector current of Q and V . Thus V is maintained 

2 0 0 
slightly less than V. by the driving signal, V . There-ln bel 
fore, the White emitter-follower is able to amplify bipolar 

pulses with approximately equal amplitudes due to the feed-

back . 
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A voltage gain from the base of Q1 to the collector 

of Q2 greater than or equal to unity may be obtained by 

placing a resistor in the feedback loop as shown in the 

a-c circuit of Figure 6. This feedback resistor increases 

the voltage gain of Q , since it allows only a portion of 
2 

the output voltage to be fed back to the emitter of Q . 
l 

The effect of the feedback voltage on Q 
l 

that explained earlier in this section. 

is the same as 

The value of R 
f 

should be limited to a few kilohms. Large values of R f 
may present d-e bias problems and reduce the desirable 

feedback effects due to the large voltage drop across R • 

f 
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MID-FR EQU ENCY ANALYSIS 

GAIN 

The mid-frequency gain, input impedance, and output 

impedance equations for the White emitter-follower will be 

derived from the equivalent circuit . The mid-frequency 

equivalent circuit may be constructed by using the hybrid-rr 

equivalent circuit for each transistor. The hybrid-1T 

equivalent circuit for a transistor is shown in Figure 7. 

The resistance from b' to C, rb'c' has been neglected since 

the coupling that it produces between input and output cir-

cuits is usually negli�l0le. U sing equivalent hybrid-n-

circuits for each transistor and neglecting all capacitive 

reactances, the equivalent mid-frequency circuit for the 

White emitter-follower has the form shown in Figure 8. 

( see 

The general expression for the gain from V. to V 

Appendix II), A', is 
1n o 

r: 1 Jb � el 
+ g

ml) kql �b 12 
+ _R _

e _q

_

l_�_ b_ '_ e_ 2_
+ rb1:'b1e2) 

A' 
= --[=

r

_l _ _ ( _
r

_l _ _  
+
_

g
_

m

_

l

_)_
+
_

r

_

b

_

'

_

l

l_

R

_

L

_

2

_
+
_

r 

_ _ l_

R

_J __ _ x 

�
b'l b ' el b1el L

� 

g ml gm2 
rb'l rb12 . ( 19) �eql�b12 

l 

rb 1 :rb 1 e2 ) gmlgm2 
+ R + + r rb1lrb12 eql b1e2 

20 
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where Reql is the parallel combination of R3, R4 and hie2. 

If the transistors are assumed to have the same parameter 

values, the gain equation for A' is simplified somewhat. 

After some algebraic manipulation ( see Appendix II ) the gain 

equation (A' ) , assuming identical transistors, is 

A'� ____________________ 
1 
______________________ __ 

rb' 1 � . (20) 

1 + 

Reql ((3+1 ) + (@+1] 

Gre rb' 
--

1 
+ R 1 ((3+1) eq eq 

+ 
1 J + 1 

W+l_2j 
If the equivalent load on the first transistor, RLl' is 

approximately 1000 ohms or greater, Equation (20) simplifies 

to 

A' 

The 

,....-

1 

1 � hie ( re rb' 
+ ---- + 

eql (@+l ) Reql Reql (�+l ) 

total voltage gain is the output 

+ 
((3�l )� 

voltage, v0, 

divided by the generator voltage, E . The input voltage, g 

(21 ) 

V. , was expressed as a function of the generator voltage, 
lD 
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E ' in Equation ( 18). Sinc e 
g 

v. R ln 
= (22) 

E R + R 
g g 

and 
vo 

= A ' ' v 
(23) 

in 
the total gain, A ,  is 

vo R 
A = = A ' 

E R + R 
(24) 

g g 

From Equations (24) and (21 ) it is apparent that the cir-

c uit gain is a func tion of three circuit parameters : 

R and R The test  circuit used  to  determine the 
Ll L2 

measured value of the gain is shown in Figure 9. The 

variation as a func tion of the load re sis tanc e R for L2 

R ' g 

gain 

both calculated  and measured value s is shown in Figure 10. 

The deviation of the two c urve s for low value s of �2 is 

at tributed to the difficulty in measuring low level signals. 

The transistor Q2 will saturate if all the s tandby current 

is switched into the load. When RL2 is reduc ed  the input 

voltage mus t  b e  reduc ed to  prevent saturation in the output. 

With a small input voltage , the gain is difficult to deter-

mine ac c urately using an oscillo s c ope and differential 

amplifie r. The variation in gain as a func tion of RLl is 

shown in Figure 11 . As shown in Figure s 10 and 11, when 
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Rg is small and RLl and RL2 are greater than several hundred 

ohms, the gain is almost unity . 

INPUT IMPEDANCE 

One of the desirable characteristics of the White 

emitter-follower is its high input impedance . The expres-

sion for the input impedance developed in the last section 

may be used with some refinement and explanation . The 

expression for the input impedance at the base of Q from 
1 

Equation (12) is 

= 
h. 1 + A. l le l 

Ai2 Reql 
Reql + Ri2 

ex) R 
1 L2 (25) 

Since h is much smaller than the second term in Equation 
iel 

(25), it may be neglected . Then the input impedance may be 

expressed as 

(26) 

where A
il 

and Ai2 are the current gains of Q
1 

and Q2 
respectively. The exact equation for the current gain of 

Q is 
1 r c 

(27) 

Since the effective load impedance at the emitter of Q1 is 

large with respect to r (1- o<) , the normal approximation c 
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( (3 + l) cannot be used. The emitter resistanc e, r e, may be 

neglected be cause it is very small when compared to RL and 

r ( 1-o<). The exact current gain for Q2 is c 

A = --------------------

i 2 r c ( 1- eX.) + RL + r e 
( 28) 

Sinc e r c ( 1- o() is much larger than r e a' rJ. the load impedanc . 

RL2' then the current gain for Q2 may be approximated by 

( 29) 

Therefore, using the approximations dev�loped for the current 

gains ( Ail and Ai2), the input impedanc e  at the base of Q1 
may be approximated by 

where REl is 

rc �l 

(3 c.:. Reql 
Reql + Ri2 

R L2 

( 30) 

( 31) 

The variation in the input impedanc e at the base of Q1 as 

a function of RL2 is shown in Figure 12. Only one experi­

mental test point was obtained due to circuit changes 

nec essary to make one measurement. The test circuit used 

was that shown in Figure 9 with R1 = 4.8 megohms and 



H 10 !2: f-d c::: 8 
H 

8 :.s: f-d trl tj ;:r:. !2: 

/0 
0 6 

I 
trl 
1-'· � 
:.s: (]) 4 Otl 0 
g 
(/) 

2 

10 100 1000 
RL2 in Ohms 

Figure 12 . Input Impedance at The Base of Q1 as  a Function of Load 

Solid Curve from Measured Data> Dot Indicate s  Re s i stance �2• 
Calculated  Data Point 

10000 

LAJ 0 



RL2 
= 1 kilohm. The calculated input impedance was 6.53 

megohms; the measured value was approximately 5.67 

megohms. Errors in determining beta and r could easily c 
account for this difference. 

Although the input impedance at the base of Q is 

large, the total input impedance is the parallel combina-

tion of R1 and Ril 
With R = 4 . 8  megohms and R = 

1 L2 
1 kilohm, the total input impedance value measured was 

31 

2. 6 megohms. The calculated value was 2 . 77 megohms . There-

fore, to have a high total input impedance, R1 should have 

as high a value as possible. 

OUTPUT IMPEDANCE 

The impedance made up of the parallel combination 

of the output impedance of the White emitter-folla€r, 

R , and R may be found from the equivalent circuit shown o L2 
in Figure 13 as follows: Assume that a voltage V is EJ,rplied 

0 � 

to the output terminals of the amplifier in the absence of 

an external input signal . 

RL2 is defined as 

vo Rc = Io 
' 

The combined impedance of R and 
0 

(32 ) 

where I is the current flowing into the circuit as a result 
0 

of V • This current is 
0 
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The current flowing through rb'el is 

' 

v 
+ � + v 

R 
gm2 b1e2 

L2 

where r is hiel plus the parallel combination of R1 and 

Rg. Therefore, the voltage (v0 - v1 ) is 

The voltage Vb'e2 is 

r 

eql ( R ) 

33 

(33 ) 

(34 ) 

(35 ) 

(36 ) 

Substituting Equation (35 ) and (36 ) into Equation (33) and 

simplifying, 

IO � V 
!((31 + 2 ) RL2 + r 

+ 0 t rRL2 

Substituting Equation (37 ) into Equation (32 ) , 

(37 ) 
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C r R g u� 
b 1 el b1e2 eql ml 6m2 

r (R + h ) eql ie2 

For all prac tical value s of load and generator impedanc e 

34 

( 38) 

the t�rm in Equat ion ( 38) c ontaining RL2 i s  negligible c om-

pared to the other term in the equation. For example , if 

the load imp edanc e ,  RL2' and gene rator impedanc e ,  Rg' range 

from 50 ohms to 1000 ohms and from 0 to 10 kilohms re spec­

tively , then the term not c ontaining RL2 in Equation ( 38) 

i s  at least 80 t ime s larger than the term c ontaining RL2 . 

Therefore , the output impedanc e i s  practic ally independent 

of load impedanc e ,  and may be expre s s ed as  

-

r (Reql + hie2 } 
---R

o 

-------------------

rb ' el  rb 1 e2 Reql �l gm2 

For identical transistors Equat ion ( 39) b e c ome s 

r (Reql + hie2 ) 
....... Ro 

-------
2
------

2
----

(rb'e ) (g
m

) Reql 

The only c ircuit parameters  that affect  R0 

( 39) 

( 40) 
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significantly are R and R 
1

• Curves of the measured and 
g eq  

calculated value s of  R as  a funct ion of R are  shown in 
o e q1 

Figure 14; the curve s of R as  a function of R are 
0 g 

shown in Figure 15. As shown in both Figure 14 and Figure 

15, the measured and calculated curve s are in close agree-

ment. From the se curve s it i s  apparent that R should be 
eql 

larger than s everal hundred ohms for low output impedance. 

It is intere st ing to  note that the same trans istor 

used in an emitter-followe r configuration has a calculated 

total voltage gain of 0 . 984 for RL and R
g 

each equal to  

1000 ohms , while the Whit e emitter-follower has a gain of 

0 . 997 . The calculated output impedance is approximately 

15 ohms for the emitter-followe r; the White  emitter-follower 

has an output impedance of les s  than 0.3.0 of an ohm. The 

calculated input impedance at the base of the emitter-

follower is  201 kilohms at mid-frequency, and the White 

emitte r-follower ha.s :m input impedance of 6 .  5 megohms. 

Thus , the White emitter-follower has definite  advantage s 

over the emi tt e r-follower with re spect to  gain , input 

impedance , and output impedance at mid-frequency. 



.5 

::<::1 0 
I-'· 
� .3 
0 i ' 
m ' 

...... 
...... 

....... - -
. l  - - --- - - --------

0 �������--������--�������--�---
0 l 2 

R 1 
in Kilohms eq  

3 

Figure 14 . Output Impedanc e ,  R0 , as  a Func tion of Reql at Mid­
Frequency. Solid Curve from Measured Data, Dashe s Indicate 
Calculated Data 

LV 
0\ 



0 

c5 

� 

I-'· 
:::i 

i "3 I Ul -

. 1  

0 
1 2 3 

R in Kil ohms 
g 

Figure 15. Output Impedanc e ,  R0 , as  a Func tion of Generator 
Re sistanc e ,  R , at Mid-Frequency� Sol�d Curve from Measured 

g 
Data , Dashe s Indicate Calculated Data 

lJj 
-..._,"] 



LOW-FREQU ENCY ANALYSIS 

The low-frequency response of an R-C coupled cir-

cuit like the one shown in Figure 16 may be normalized to 

the mid-frequency value as 

l 
, ( 41) 

where f is any frequency, and fL is the frequency at which 

the magnitude of the reactance of C is equal to the effec­

tive resistance across c6. Equation ( 41) in terms of a 

magnitude and an angle is 

A Low 

l 
- 1 L (f ) 

tan f 
( 42) 

When f is equal to f in Equation ( 42 ) ,  the low-frequency 

response is 3db down from its mid-frequency value, and the 

phase angle is 45 degrees relative to the mid-frequency 

value. The frequency, f , may be expressed in equation 
L 

form as 

l 
2 fTRC 

, ( 43) 

where C may be a c oupling or bypass capacitor, and R is the 

effective resistance across C. 
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Figure 16. Simple R-C Coupled Circuit 
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For a c ircuit c ontaining more than one c oupling or 

bypas s  capacitor,  the overall low-frequency re spons e may be 

obtained by c ombining the individual re sponse s  due to each 

c oupling or bypass c apacitor. The individual re spons e may 

be determined by cons idering each capac itor one at a time 

while all other c apac itors are a-c short c ircuit s. Thi s  

analysi s assume s that the impedanc e of all the other c apac i -

tors i s  not a function of frequency over the same range as 

the particular c apacitor being c onsidered. This may not b e  

c ompletely c orrec t. For example, the low-frequency re spons e 

due to  c2 and associated re sistanc e shown in Figure 17 de­

pends on the impedanc e in the emitter c ircuit of Q . Sinc e 2 
thi s impedanc e and the re sponse due to  C may be functions 2 
of frequency over the same range , the re sponse due to c2 
may only be a reasonable approximation. 

Considering no interact ion between re spons e s  as 

di scus s ed above , the equivalent c ircuit for each low-fre-

quency re sponse is shown in Figure 18. In each case  the 

individual re sponses  were determined by using Equat ion (43 ) .  

The calculat ions for the re sponse s  ( see  Figure 16) are 

given in Appendix III . The overall low-frequency re sponse 

was obtained by algeb raically adding the ordinate s of the 

individual responses . The calculated and measured overall 

low-frequency response s  are shown in Figure 19 . Obviously 

the c alculated re sponse i s  a p e s s imi stic  approximation of 
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the overall response; the actual response is lower than 

predicted by c alculation. Ac cording to the calculations 

(see Appendix III), the individual responses due to c2 
and 

c_ dominated the overall low-frequency response. As dis-
j 

c ussed above, the response due to c2 was calculated assuming 

that c3 was an a-c short circuit. Actually c3 probably has 

some impedanc e over this frequency range. Henc e, the actual 

impedanc e across c2 is probably larger than calculated.  

Consequently, the calculated response due to C should be 
2 

lower than calculated (see Appendix III) . Likewise, the 

response due to c3 has some interaction with the impedanc e 

of c2. Therefore, the calculated overall low-frequency 

response is only a reasonable approximation. The overall 

low-frequency response may be lowered by inc reasing the 

capacitance values of c2 and c3. 



TRANSIENT ANALYSIS 

The transient response of an amplifier  may be 

determined by applying a step function to the input of the 

ampl:ifier. 'The output of the amplifier will not jump to 

its final value instantaneously; it will have a finite rise 

time. The rise time is usually defined as the time it 

takes for the output to inc rease from 10 per c ent to 90 

per c ent of i.ts final value . The output may reac h a value 

greater than its final value. The amount by which the out­

put initially exceeds its final value is known as overshoot, 

which .i.s usually expressed as a percentage of the final value. 

A rectangular wave or pulse is a combination of a 

positive unit step and a delayed negative unit step. This 

wave form is fairly easy to generate, and it reveals a 

great deal about. the response of an amplifier. For test 

purposes a repetitive pulse is most useful for measuring 

the rise time and overshoot. 

In this se ction a calculated and an experimental 

transient response is determined for the White emitter­

follower circuit. The calculated response was determined for 

the transfer function of the equivalent circuit. To solve 

the transfer function for more than one set of circuit values, 

it was ne cessary to solve the transfer function with an 

analog computer. A step input function was used, and the 

output function was produced graphically. The experimental 

45 
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re spons e was obtained by ob s erving the output of the c ircuit 

shown in Figure 20 when the input was a repetitive pulse . 

The equivalent c ircuit and transfer function governing the 

c alculated re sponse will be derived first. The calculated 

re sponse is then compared with the experimental re sponse. 

EQUIVALENT CIRCUIT 

To develop a high-frequency equivalent c ircuit for 

the White emitter-follower ,  each transistor was represented 

with an equivalent a-c circuit. A particularly useful 

repre sentation i s  provided by the hybrid-IT equivalent c ir-

cuit shown in Figure 7. The high-frequency equivalent 

c ircuit for the White emitter-follower may b e  c onstructed 

by replacing each transi stor in Figure 20 with the hybrid-rr 

equivalent c ircuit; the re sulting high-frequency equivalent 

c ircuit i s  shown in Figure 21 . The equivalent c ircuit may 

b e  reduc ed  because the effe cts of certain c ircuit elements 

are small in c omparison with others. For small value s of 

R
g (Le s s  than 1 kilohm) and large value s of R1 (1 megohm ) , 

the shunting effect of R on the input may b e  neglected. 1 
Neglecting R1 

dec reases  the number of nodal equations ne c-

e s sary to determine the transfer function from five to four 

equations. The capac itance Cb ' c lmay be placed  from b1 to 

ground as  the Miller-effect capacitanc e Cb ' c l  (l+A1 ) where 
' 

A1 i s  the gain from b 
1 

to b2. From ; ,e ction III the 

gain from b1 to b2 is less  than unity. Therefore,the gain 
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from b 1 1 to b2 is less than unity, and the Miller-effect 

capacitance from b11 to ground may be approximated by 

�b'cl' Considering R as the sum of Rg and rb'l and using 

the above simplifications, the ini t.ial circuit reduces to 

the equivalent circuit shown in Figure 22. 

TRA.NSFEE FUNCTION 

48 

The nodal equations and the derivation of the transfer 

function for the equ�_valent circuit shown in Figure 22  are 

given in Appendix IV. The transfer function has the form 

vo 
2 

+ a1s 
:=:: 

E b s3 
g l + b2s 

a s 2 + a3 
2 + b3s + b4 

( h4 \, \ < J 

where the coefficients (a , b , etc.), given in Appendix l\/� 
l l 

are functions of the transistor and circuit parameters. 

�nee the transistor for the circuit has been chosen, the 

transistor parameters are fixed for a specified d-e current 

level. The variable circuit parameters are R , R , and 
g L2 

R R is normally not a circuit variable after the 
Ll Ll 

circuit has initially been designed, but R and R may be g L2 
varied to suit particular applications. Therefore, only 

the effects of the circuit parameters R 

sidered. 
g 

and E were con­
L2 

An amplifier is unstable if non-negative real roots 

or non-negative real parts of complex roots of the char­

acteristic equation exist7. By applying Routh's criterion 
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51 
to e cubic characteristi.c equation ven in Equaticn (44), 
the amplifier is stable or no non�negatii/P ree.l roots 

The values of b , b • b , and b; l. 2' 3' . 4 
as a funct.ion of R and RL2 for tl1e ":qui 

shown in Figure 22 are: 

ent circuit 

bl 1.556 R RL2 ·' 

l. 08 
11 ll 

b2 
= X 10 R + 1.22 X J(, R + r ') . .J....J� 

1.98 X 109E RL2 

b
3 

= 2.55 X 1020 Rr 2 LJ 
+ 3 .43 X 10 

18 
R t 

2.08 X 1021 
+ 2.01 X .R . .F'\.L�� 

b4 
= 5.01 X 1029 

HL2 t 2,Li7 lC: :2.[:) 
X B + 

4.23 X 1028 

( 45) 

(46) 

( 48) 

where R is rb'c+ Rg
. Using Routh1E cri�erion for the 

values  given in Equation (45) through (48): the character-

istic equation is always stable for pnsitive values of R g 
and RL2 • Using the experimental cLrcuit shown in Figure 

22 with a pulse input, the circuit '"Ja stable for all 

value s of R and R exc ept values of R less than approx-
g L2 g 

imately 50 ohms. \-Jhen the value of F_ WEJo.s less than g 



approx.i.ma tely 50 ohms, the circuit would o ;:: \_: i l  .. l a t e . !'he 

oscillation was caused by the negat i v e  input re � i s t an� e of 

the circuit present at high frequen ; is �=, .:;  c.i e r t a i n  'imount o f  

generator re sistance was necessary t o  c an � l  t h i s  nega t i ve 

input resistance. 

In most pulse applica t i cn s  _, e x :�: e ::� �� i \1 2 i:• v ;.; r shoo t 

cannot be  tolerated. Therefore _, c on s  i d e  r i ng u s e ful app l: L -

cations of this �ircuit, overshoot up t o  p e r  �; ent w a s  

considered. The experimental data a hown l r t  i .h i s  s e c t i on was 

obtained using the circuit shown in F �  2 2 0  wi th a pulse  in-

put . The var.i.ables, R and Rr ,, � we� e  p .l. o t t e cJ.  a ,:; a f un·::: tion 
g u C:  

of the per cent overshoot for the C 'i l c :J ] p, .. :> 1 an d e xpe r imental 

re sponses . The critic ally damped, �) p e r  c en t. u v t<r.· .� h o ot , 

and 15 per cent overshoot case s  are s h own i n  � 1 -�gil.!" ?: S  

and 25 respectively. F r om these \J EJ.. .J .. l 1 8  Of 

and �2 for a required amount of ove rshoot c are De d e t e rmi ne d . 

For example , considering the exp e :::." i msn·t a l  ::;� e �wl 1 , ;; � i f'  H 

i s  1000 ohms _, then H must be  600 ohm:3 in or.J e r  r o :r  t h e  g 
output response to be cri tically damp e d . 

!' •1 _;._r ,:::-_ 

than 600 ohms when It,2 i s  1000 ohms , the r e .s p ons e will b e  

underdamped. If R is smaller than 6 (x·1 ol1m,s � o ve r s ho o t  r e sult s .  g 
The d eviation between the calculated �nd e xp e r imer l t a l  da t a  

will be discussed at the end of this ;e c t i  ·.-.m . 
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The rise time as a function of Rg and RL2 for both 

the calculated and experimental response is shown ir Figure 

26. The load resistance, R , does not have an appreciable 
L2 

effect on t he rise time as shown in Figure 26 . The differ-

ence  in rise time between R 2 L 1000 ohms and RL2 50  ohms 

for values of R less than 1000 ohms is only a fraction of g 
a nanosecond , Therefore, the rise time may be determined 

by R when R is less than 1000 ohms. g g 

FREQUENCY RESPONSE 

The bandwidth, B ,  of an amplifier is determined by 

the frequencies for which the response is 3db below the 

mid-frequency response. Consider the calculated critically 

damped case for which RL2 is 1000 ohms and Rg is 300 ohms. 

The transfe r function is 

v 0 

E 
g 

5.43 

5. 56 26 
X 10 

( 49) 

Factoring the nume rator and denominator and rearranging the 

constants, the transfer function has the following form : 
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g 

- 20 2 � - 9 1 . 252 X 10 S + . 4b7 X 10  S + 

-9  - l 8  2 
( 2  X 10 S + 1 ) ( . 918 X 10 - S + 

l 
- 9  

. 897 X 10 S + l ) 
Sub s t ituting j w = s it  follows that : 

vo -
E 

g 

1 . 252 X 10-20  ( ji.u) 2 + 

-9  
l ) [�18 (2 X 10 jw + 

l 
-9  

J . 897 x 10 jw + 1 

. 46'( X l0-9j c�..J + 

- 18 2 
X 10 ( jW) 

s t3 

( ')0 ) 

+ 

( 51 ) 

Standard frequency re sponse  te chnique s are a va i lab l e  t o  

determine the frequency re sponse  o f  the transfer  func tion 

given by equation ( 5 1 ) 7 . The quadrat i c  factors  in the 

numerator  and denominator c an b e  arranged to have the form 

� + 2 � ( j wT) + ( j w () 2] ± 
1 

The re spon s e  o btained from 

this t e rm i s  a func t ion of both -z� and the damp ing ra t i o  { 

Graphical s olut ions for the factor  � + 2 { ( j U..' T) + 

( j wT)� + l 
as  a funct ion of 7 are found in mos t  s e rvo 

text s . 7 For the numerator  of Equat ion ( ' l \ :J / ) if i s  grea t e r  

than unity , and the root s a r e  real and unequal . In the 

denominator of Equat ion ( 51 )  { is le s s  than unity , and the 

root s are c omplex . Factoring the numerato r  of Equat ion ( 51 )  

and rearranging the denominator,  the t ransfer  func tion has 



\ T  8 -10  -10  
v 0 ( . 2 7 X 10 ,j W + 1 J ( 4 . 35  X 10 j W t 

E -9  -10 2 
g ( 2  X 10 j UJ  + 1 ) ( 9 . 57 X 10 j Lv )  

1 

. 897 X 10 - g  j W + l 

�he h i gh-frequency re sponse  may be  c onstruc ted  us ing the 

.59 

( 52 ) 

t ran �. � ·�· r func t i on given in Equat i. on ( 52 '1 ·  The re spons e due 
\ ' 

t o  each  fac tcr of Equat ion ( 52 )  may b e  plot ted ; the total 

h igh-frequency re sponse  is  a c omb inat ion of the ind ividual 

r e s p on s e s  of the terms in Equa t ion ( 52 ) . The t otal high-

frequenc y re 3pon s e  is shown in Figure 27 . The c alculated  

high- frequency re sponse  i s  3db b elow the  mid -frequency 

response  a t  approximate ly 100 megacyc l e s . 

The rise  time of an amplifier i s  inversely pro-

port ional t o  the bandwidth . I f  the overshoot i s  small ,  

l e;:; ,s  than 5 per  c ent , the rise  t ime can b e  approximat ed3 

wi th good ac c uracy by the relat ion 

,. 
0 . 3 5 

E 
( 53 ) 

The c a l c u lated bandwidth�  B ,  f o r  the c ritic ally damped case  

i s  100  megacyc le s .  The refore , us ing Equat ion ( 53 ) ,  the 

ri s e  t ime i s  approximat e ly 3 . 5  nanos e c ond s . From Figure 24 
the ri s e  t ime is also  3 . 5  when R is 300 ohms . The equal 

g 
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6 .l 
ve,.lue .s of rise  t ime were determined by two different  n: · · HJ (1 s : 

()ne value of rise  t ime wa .s det e rmined by the analog t .  1 t. e r ,  

and the othe r value was determined by the c alculate c5 ' ' -1u ency 

respons e .  Using Equat ion ( 53 ) ,  the mea sured high- fro� ; ) ; : · y 

:re ,spons e should be  ]db b e low the m.id-frequency re .::;pcm,  . .  : ) t 

approximately 4 0  megacyc le s .  

A. significant deviat ion betwe en the mea.sured j J  

calcula ted re sp onses  was noted . Two probable  s ourc: e s < I 

this  d eviat ion are equivalent c ircuit s implific a t i om' i 

unc er tainty i n  the t ransi stor  parameters . 'I'wo pararr:e t : ,  

were mea sured , beta and h .  ; the remaining parame t e r  l e  

taken from man ur ac turer ' s  data she e t s  and calcula t e d  l � . m 

approx ima t e  equat ions . The more exact e quivalent c- 1r ·' ; 

shown in Figure 21 should be used for better  c ircu i t  � r r · o x i -

mat i.on . Some stray and wiring capac itance  should al < r ., " 

as sumed on the output of the f irst  s tage . The t ran.�:; fc 1 

func t ion of the proposed  equi valent c ircui t woul d t e  rr: 

c omplica ted , but more ac c urate cal culat .ions should re · 1 1  t .  

Although the calculated re sult s of thi s  s e c t ion dev L-:� 1 ,  1 

fr-om the measured value s ;  they do exhibi t  the same r · h•:. ' · t e r-

.i stic s for change s .in the var.iable s .  



CONCLUCION 

The analysis  of the White emitte r-followe r ,  indicat e d  

that thi s circui t  exhib.i t s  definite  advantage s ove r the 

c onventional emitter-follower in fo-c_r areas � gai n ,  i.nput 

i.mpedanc e ,  output impedanc e ,  and ampli.ficat i.on of bi.polar 

pulse s . The feedback i.n the Whi te  emitter-followe r ac count s 

for the advantage s . 

A major  disadvantage of the emitter-follower i s  the 

variati on in beta ,  for large c olle c tor current swings , 

which re sult s .in unequal amplification of bipolar puls e s . 

It has been shown that the Whit e  emitter-follower doe s not 

exhibit  thi. s non-linear beta charac teristic due to the 

c omp ensati on of the feedback loop . A decrease  in beta i.n 

the Whit e  emitter-followe r wi.ll result in an inc rease  in 

the driv.ing signa l ,  V , which will tend to  c ompensate f or 
bel  

the beta reduc t ion . The feedback yield s an effective 

linear beta not pos sib l e  in the emitte r-follower c onfigura-

tion .  Therefore , th? White  emi tter-folJ.ower i s  able t o  

amplify bipolar pul s e s  wi th approrimate .ly equal amplitude s .  

High value s of input impedanc e s  ( in the megohm 

range ) can be  obtained because  of the feedback in the Whit e  

emitter-follower .  The c olle c t or cur�ent  o f  Q
2 

flowing 

through the load , R
L2

, c ontribut e s  a fac tor to  the input 

impedanc e that i s  not available with the emitte r-follower .  

For value s of R
g 

and R
L2 

equal t o  1000 ohms , the White  
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emitter-followe r inve stigated in this study hac;:: an input 

impedanc e approximately 30 time s that of the emitter-

follower . For load variations , RL2 , ranging from 50 ohms 

to  5 kilohms , the input impedanc e at the base of Q1 varied 

from 0. 83 megohms to 9. 1  megohms. Obviously the bias re s i s -

tor must be  c onsidered in the determination of the c ircuit 

input impedanc e  because of its shunting effe c t. For value s 

of the load , �2, greater than seve ral hundred ohms the 

bias resi stor , R , usually limit s  the input impedanc e .  If 
1 

a separate power supply i s  used for R1, the value of R1 may 

be inc reased , and thus the c ircuit input impedance c ould b e  

inc reased. 

The very low output impedanc e available with the 

White  emitter-follower was shown to be prac tically independ-

ent of the load impedanc e ,  RL2 • Some slight variation was 

noted for change s of R (parallel c ombination of R_ 1 , R eql - L - 3 
and R4) and R . For variations of R and R ranging from 

g eql g 
400 ohms to 4 kilohms , R varied from 0 . 4  ohms to  0 . 27 ohms 

0 

and 0 . 27 to  0 . 43 ohms re spe c tively. The refore , the output 

impedanc e of this circuit  is  le s s  than 0. 44 ohms for any value 

of R and R 1 between the value s of 400 ohms and 4 kilohms. 
g eq  

When R and R equal 1000 ohms , an emitte r-follower c onfig-g L2 
uration has a c alculated output impedanc e of 1:, ohms, whereas 

the White emitter-follower has an output impe di.=omc e e q :.; :_t l  t c  



The gain of the White emitter-follower was shown to 

be practically independent of any variations of R and 
Ll 

64 

R for low value s of R ( le s s  than 1 kilohms ) . For varia-
L2 g 

tions of R
Ll 

and R
L2 

from 300 ohms to 3 kilohms the gain 

varied from 0 . 996 to 0 . 998 and from 0 . 990 to 0 . 998 resp e c t -

i.ve ly . When R and R are equal t o  1000 ohms , tre emitter-
g L2 

follower has a calculated gain of 0 . 984 , whe reas the White  

emitter-followe r has a gain of  0 . 998 . 

The low-frequency re sponse  of the White  emitter� 

follower i s  limited by the value of capacitors C and C . 
2 3 

Increasing the s e  value s from the value s used in thi s s tudy 

will lower the low-frequency response . Sinc e the value of 

C ( 580 � f ) was quite large , it will untimate ly b e c ome the 
3 

limiting fac tor in the low-frequency re sponse . 

For pul s e  applications , ove rshoot and ris e  time are 

a maj or c onsideration; R
g 

and R
L2 

are the c ontrolling 

circ uit parameters  of ove rshoot and ris e  time . R i s  the 
g 

primary c onsi deration when fas t  rise time is imp ortant ; 

variations  of R do not s ignificantly alter  the rise  time . 
L2 

If fast  ri s e  time s ( on the order of a few nanos e c ond s ) are 

required ,  then low value s of R are nec e s sary ;  however ,  
g 

low value s of R c ontribute t6 overshoot . The refore , a 
g 

c ompromis e  between ri se  t ime and overshoot must  be deter-

mined to arrive at a suitable value of R . Having dete r­
g 

mined Rg 
for a suitable ri s e  time , RL2 may be determined 



f or a part icular value of ove rshoot . For example , if a r i s e  

t ine o f  1 5  nano s e cond s is  required , R mus t  be  limited t o  a 
g 

value of 600 ohms . Then RL2 should b e  500  ohms o r  greate r  for 

t h e  output re sponse  to  be  c rit i c ally damped . However ,  if 

f i v e  per c en t  ove rshoot is  allowable , the value of R may 
g 

be  red 1.1c ed  � and thus a fa s t e r  rise  t ime i s  availab le . 

Othe r sugge s ted areas of future study are : l )  a 

1 inea .city analys i s  of the c ircuit , 2 )  a t empe rature stability 

des ign,  3 )  an inve s t i gation of t he o s c illat ory t endenc ie s ,  

with a c ircui t stability plot , and 4) an extended  t rans ient 

ana lys L s  us ing a more exact  equivalent c irc uit . 
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APPENDIX I TRANSISTOR PARA.IviE'I'ERS 

The trans istor parameters for the 2N2219 t rans istor 

bia sed at I - 3 ma are E -

(3 = 200 (Meas4red ) 

hie  = 2 Ki1ohms ( Measured ) 

ft 
= 400 MC (Manufac ture r ' s data sheet ) 

Cb ' c  = 4 pf (Manufac turer ' s data sheet ) 

rc 
= 10 megohms (Manufac ture r ' s data sheet ) 

C
L 

r e 

gm 

= 7 pf 

K'1' 
= -- = 

qiE 

1 
= - =  

r e 

= 

(Estimated ) 

25 mv 
8. 34 = ohms 

I
E 

120 X 10-3 mho s 

= r 
b ' e  ( @  + 1 ) re 

1. 70 Ki1olllils 

rb '  
= h .  rb 1 e 

= 290 Ohms le 

= -- = 
211ft 

48 pf 

70 

(54 ) 

( 55 )  

( 56 ) 

(57 ) 

(58 ) 



APPEl\fDIX II DEEIVATION OF' GAIN AEOUND FEEDBACK LOOP 

The four nodal equation for the mid-frequency 

equivalent circuit shown in Figure 8 are as  follows : 

l l 
'J . -- = 

( l l ) .,.. 
l --- + --

v 
\

rb 1 el rb ' l 
1 v 

0 ln rb ' l 

0 
( l 

+ g 
) 

rb ' el  
ml 

v 
l 

+ ( -1- + __ 
1_ + 

RLC' rb ' el  

I 1 1 ) 
0 = ( g  ) v - ( g \ v + \ -- + __ - - v -

ml ' l · ml ; 0 R r 2 
eql · b 1 2  

0 = 

l -- v r b 1 e2 
b 1 2  

__ 
l

_ v + 
rb ' 2 

2 
( 1 + 1 ) 

rb 1 2  r
b 1 e2 

vb 1 e2 

( 5 9 ) 

( 6 0 ) 

' 61 1 \ I 

( 62 )  

Solving Equations ( 5 9 ) through ( 62 )  for the voltage gain, 

vo , us ing Cramer ' s rule , the gain i s  , ., .. 
\r � 1. !1 
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v(i 
A ' = = 

v .  ln 

1 ( l 
g

ml) (Reql�b ' 2 
+ + 

rb ' l rb 1 el 

l 
+ 

R 

+ 

'(2 

1 

l rb '  � ,  eq e c:  
+ 

§ l ( 1 

b 1 l rb 1 el 
g ) + ml rb 1 1

R
L2 

l 

rb 1 2rb 1 e2 

rb ' e��� l 

\ Reqlrb 1 2 

g
ml

g
m2 

rb r l rb r 2 

) 
+ 

+ 

l 
R 

+ 
r eql b ' e2  

If the transistors are a s sumed to have the same parame ter 

value s ,  then the gain equat ion i s  

v 
A '  0 ---.\ l v • 

J n  

-- -- + 0' 1 ( 1 )( 1 

rb '  1 rb I e 
om R

eql 
r
b ' 

+ 
l 

R r eql b 1 e  
+ 

-- -- + g  �1 ( 1 
) b ' l rb ' e m 

+ 1 + �\ 1 
rb ' lRL2 rb ' eRL2 Reqlrb ' 

l ) 
rb , rb ' e 

2 g 
m 

+ ( ' 2  
rb I ) 

l 
R r eql b 1 e  

+ 
l 

) r r b ' b ' e 

gm + 2 ( rb r ) 

( 64 ) 

Equa tion ( 64 )  may be rewritten as  

+ 



A I 

since rb ' e  

A '  

l + 

l 
l ( l 

RL2 rb t 
+ 

rb�Jkq�rb' 

-- --- +  
l ( l 

r r 
b 1  b 1 e 

1 

) ( l g m R r 
eql b 1  

l 
+ 

R r eql b 1 e  
l 

+ R r 
eql b 1e 

- r (? +l) Equation ( S5 ) can be rewritten as e 

� l 
·-

1 + 

h .  � r le e 
RL2((3 + l) Reql 

+ 

rb '  
+ 

rb ' 

R 1 ((3 + 1) eq 

+ 

�re 
Req1 Req1 ((3 + 1) (�:� 

+ (@:J 
+ 1 

If" R is greater than approximately 1000 ohms, then eql 

Equation (66 ) can be simplified, to 

A ,  ·;; _
1

_
+ 

_ _ _ 
h
_
i
_
e 

_ _ C_r _
e
--:---

r-b
-
�
-----1-:J=--

�,2(0 + l) �
eq1 Req1 ((1 + 1) 

+ ((3 + 1] 
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+ 

+ 

(65 )  

(66 ) 

. ( 67 )  



APPENDIX III CALCULATIONS OF LOW-FREQUENCY RESPONSES 

Low-frequency calculations of the individual responses 

due to the coupling and bypass capacitors and their associ-

ated resistance are given in this Appendix . The general 

equation is 

f 1 
' ·2 TT RC 

where C is the value of the coupling or bypass capacitor 

and R is the effective value of the resistance across C . 

whe re 

R 
- ib2 

RB2 
is the 

1 eye. 
------------�- = 0. 02 2 11  (Rg + Ri1)c1 

11ie2 
= 

(.3 2  
parallel 

l 

�2 
+ ---

(32 

sec. 

eye. 
19. 0  se c. 

eye . 
= 14. 4 se c . 

combination of RLl' R3 
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and R4. 

(68) 

( 69) 

( 70 ) 

( 71) 

( 72) 
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(73) 

(74 )  



APPENDIX 1\r DERIVA'I'ION OF TRENSFER FUNCTION 

' I ' I" P , ;r nodal equat ions for 'the high-frequency 

equivalent c ircuit of the White  emitte r-follower shown in 

Figure 22 are given in Equations  ( 75) through ( 78) . The se  

equations are written in the Laplac e transformed arrangement : 

E l 1 + ct • cJ vl -
g 1 - + + s (cb ' e l  R � rb ' el 

k�e l  
+ scb ' el)va ' ( 75 ) 

o = ( g  )v + (-1 + -
1 )v - (-1 ) v -ml 1 Reql 

rb ' 2 
2 rb ' 2  3 

' 

+ [ __ 1_ + __ 1_ � 1 2 rb 1 e2 

+ s (cb '  e2  + 

cb ' c 2D v3 - ( s cb ' c2 )v
o ' 

0 - - ( 1 + g
ml 

+ sc
b 1 el )vl 

+ (gm2 rb 1 el 51 + � + g + s �c + c 
RL2 ml b 1 el L ' el  

+ 

( 76 ) 

(77) 

( 78) 
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By the use of C ramer ' s  rule with the above equations , the 

t ransfer func tion :1as the following form : 

The c oeffic ient s defined in terms of the transistor and 

c ircuit parameters are given below :  

---- + 

+ 
l )c + 

c
b ' cl + 

r b'e2 
b ' e l  

rb 1 el 

R r R 
eql b 1 2  eql 

b1 = (-1
- + _

l
_) fcb ' el + 

cb ' c l) lcb ' e2 { cL + Reql r b ' 2  \ L \ 
c

b ' c 2 ) + c
b 1 c 2

c� + 
cb 1 el

c
b ' c l (cb ' e2 

+ 

cb '  c 2 ) ' 

(79 ) 

( 81 ) 

( 82 ) 

( 83 )  



b - -- + -- c + c l- + 
( 1 1 ) � )' ; u I c 2 + C L 

2 R8q1 rb , 2 b 1 e1 b 1 c 1  \ rb ' e2 · 

c 
) (cb I e1  + cL 

b 1 c 2 R 

g c c � + m1 b 1 e 2 b 1 c 1_j 

+ 

_
R 

1 l(cb 1 e1 + Cb 1 c 1 ) ( cb 1 e2 + Cb ' c2 )  + 

t rb ' 2 eq1 

cb 1 c 1cb 1 e1 J ---------- + g c c 
r m2 b 1 c 1 b 1 c 2

. b 1 2  
( 84 ) 



-- + g  c + -- + -- + 
1 ) � ( 1 1 ) � 1 

R ml b 1 c l r r 
L2 R

eql b 1 2  
R 

b 1 el 

+ 
_r __ 

l 
R-- + g;l ) ( c

b 1 e2  
+ c

b 1 c2) b 1 el L2 

' 

+ (R � + -R--�-- + 

eql b 1 2  eql b 1 e2 

+ 

Solving the above equations in terms of R and R
L2 give s 

6 . 24 X 10- 25 
a

l 
= R 

-14 
2 . 33 X 10 

a2 
= R 

79 

+ 

(85 ) 

(87 )  

(88) 
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4 . 98 X l0- 5 
a3 

= 

R ( 89 ) 

bl 1 . 556 X - 34 
= 10 ( 90 )  

1 . 08 X - 23 1 . 22 X 10-23 
10 -25 b 2 

= + + 1 . 98 X 10 
RL2 R 

( 91 ) 

- 14 
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