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INTRODUCTION

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
impedance and its low output impedancel. Although the
voltage gain is less than unity, the circuit does have a
reasonable power gain due to the high current gain of the
circulit,

The applications of the emitter-follower are similar
to those of the cathode-follower in vacuum-tube circuitsg.
The emitter-follower permits the load to appear as a high
impedance to the driving source so that only a small
fraction of the driving voltage will be dropped across the
scurce impedancel. The input-signal voltage is developed
acroes a high input impedance, whereas the output equiva-
lent circuit has a small looking-back impedance. Thus
the emitter-follower acts like an impedance transformer
Power amplification is obtained while at the same time the
impedance level is reduced.

However, the emitter-follower has inherent
limitations and undesirable characteristics. The input
impedance is limited to a maximum value of several hundred
kilohms by the transistor and the loadu. The output

impedance is limited by the transistor to a minimum value

of a few ohmsu, The emitter-follower usually
1
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ampiifies 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, 1t is apparent that circuits having higher
input impedances, lower output impedances 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.
The White emitter-follower circuit shown in
Figure 2 was named after Eric L. C. White who patented the
vacuum-tupe version of the circuit in 19445. 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 Ql cancels out most of the input signal and leaves
cnly a very small portion of the input signal as a driving
signal for Ql' Effectively the feedback makes the input
characteristics of Ql almost linear. The input impedance
of the White emitter~follower is 30 times larger than that
of the emitter-follower when the circuits are operated with
equal load and generator impedances; the output impedance

is 100 times smaller than that of the emitter-follower.

When the gains of the two circuits are compared, the White
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5
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.

The next section contains a discussion of the d-c
and a-c operation of the circuit., First, two d-c blasing
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
outbut impedance in the mid-frequency range.

A low-frequency analysis i1s presented in the fourth
section. The analytical methods used to obtain the calcu-

lated low-frequency response are discussed. The calculated



response 1s 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 function of circuit parameters are considered,
The high-frequency response of the circuit is also deter-
mined in this section.

The sixth and last section summarizes the most im-
portant results of this study and indicates the areas in

which additional work can contribute useful information.



CIRCUIT OPERATION

D-C OPERATION

The d-c 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-c
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-c values must be selected so that the largest a-c varia-
tion will not cause the instantaneous operating point to
leave the linear region. For linear operation assume that
the collector current, ICl’ is approximately 3 ma and the
collector-to-emitter voltage, VCE’ for each transistor is
5.80 volts, The collector current may be expressed as

Io = =<Ip + Ing

Since the ICﬁ current for most silicon transistors is only
L

(1)

7

a few nanoamps, ICO may be neglected. Then Equation (1)

becomes

I, = I . (2)
Using EFquation (2) the emitter current, IEl’ for the cir-
culit shown in Figure 3, is equal to 3.02 ma. The emitter
current, IEl’ and the collector current, ICl’ are equal,
Therefore, using Equation (2) the emitter current, I , 1is

E2
equal to 3,04 ma making the voltage level at the emitter of
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Q2 equal to 2.28 volts. Since VCE for each transistor is
5.80 volts, then the voltage levels at the collectors of
Q, and Ql respectively are 8.14 volts and 14.0 volts as
shown in Figure 3., Therefore, Ecc should be approximately
20 volts.,

Many combinations of bias-resistor values will sup-
ply the proper base current and voltage to the transistor
for linear operation. But in order to reduce the effect of
ICO due to temperature variation, the base-bias voltage
should not be a function of base current. Therefore, the
choice of bias resistors should allow the current through

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

3
the base current. Although the ICO current for silicon
transistors is very small, transistors with large ICO 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 bilas resistance Rl and

R . Assume a VB

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

voltage of 0.6 volts (silicon transistor)

Next, consider the calculation of the bias resistors Rl and

o*

ma and 8.14 volts, the base current and voltage values are

R Since the emitter current and voltage of Ql is 3,02

approximately 0.015 ma and 8.74 volts. If Il is assumed

to be 10 times the base current, then Il = 0,150 ma, and
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_ 11.26 volts 75 Kiloh
17 70,150 ma +-0nmS (3)

Since the base current is 0,015 ma, then 12 is approximately

0.135% ma, and R2 should be approximately 65 kilohms.

The resistance values of R3 and R4 may be calculated
in a similar manner. Since the emitter current and voltage
of’ Q2 is 3.04 ma and 2.28 volts, then the base current and
voltage values are 0.15 ma and 2.88 volts. If I3 is 0.15
ma, then R3 should be 114 kilohms. Since IB2 is 0.015 ma,
then I4 is 0.135 ma, 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.

The very high input impedance available with the
White emitter-follower is limited due to the shunting
action of the input bias resistors Rl and Rg. This shunting
action may be minimized by using base injection bias (Rl)
on Ql as shown in Figure 4. Since ICO is very small, the
ICO effect due to temperature variation does not signifi-
cantly effect the bias stability. Of course the value of
Rl must be calculated in order that the proper base current
and voltage 1is available for Ql. For example, assume that
ICO current 1s negligible and that the base current and

’

wltage is 0,015 ma and 8.74 volts. Then R, is approximately

743 kilohms. Base injection biasing allows the input imped-
ance of the amplifier to be much higher. The actual value of

R, that produced the desired operating conditions was 676



White Emitter-Follower With Base Injection Bias on The

Figure 4,

First Transistor (Ql)

11



12

kilohms. A higher input impedance may be obtained by in-

creasing Rl and using a separate voltage supply.

A-C OPERATION

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 currents.

Perhaps the best way of understanding the a-c opera-

tion of this circuit is to consider the input impedance of

Ql' To develop the input impedance for Ql, first consider
the impedance at the emitter of Ql. The a-c currents IC2
and Iel flow through RL2 so that
Ver = Bro (Te1 * Ieo) : (4)
In order to determine the impedance at the emitter of Ql,
IC2 must be expressed as a function of Iel' Since
I 3 Reql I (5)
b2 cl
Reql + Ri2
(Reql is the parallel combination of Rp, R3 and RA) and
Tep = Ayp Lo ()
then Ic2 may be expressed as a function of ICl as
R
eql
I, =A, I . (7)
c2 ie Reql + Ri2 cl
ICl may be expressed as a function of Iel by
I, =04 T - (8)

Therefore, Ic2 may be expressed as
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I =A U 1
ce  Ti2 R ¥ R, 1 ~el (9)
eql i2

Vel may now be expressed as

A, R
v i2 "eql oc
= + .
el (Iel Iel R + R. l) RL2 (10)
eql iz
Dividing Equation (lO) by Iel’ the impedance at the emitter
of Ql is
Vel Ai2 Reql
— = (1 + o< ) R (11)
Iel Reql + Ri2 L2
Therefore, the input impedance at the base of Ql is
approximately
R
" 1 Ai2 eql o
= +
Rip =0 P8y P73~ ) B (12)
eql ie

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

respectively. Without the feedback from the collector of

Q2 the input impedance is

By = Dye v 841 Brp (13)

Thus the feedback of the White emitter-follower has in-

creased the input impedance by the amount K, where K is

A R
i2 eql

Reql + Ri

(1 + < ) R

l) L2

2
When RLE is greater than several hundred ohms, the
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input impedance is high (megohms). The voltage gain from

the base to the collector of Ql is

A = , (14)

where R is the total load impedance of Ql and Ri is the

1

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

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

1
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 N
Avt2 - R, ? (15)
i2

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

is

Vo = fvt1 fvte Vin (16)
The base-to-emitter voltage of Ql, Vbel’ is

Voe1 = Vin -~ Vo - (17)

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

order for V_ to exceed Vin’ A% must go through zero.

0 bel
However, if Vbel (the a-c driving signal for Ql) is zero,

then the output voltage, VO, is zero. With an input signal
present, the output voltage is not zero. Therefore, since

Vbel amplifies any difference between Vin and VO and drives
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Vo toward Vin’ the operating state of V 1is a value slightly
o

less than V, .
in

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
positive signal appiaring at the base of Ql, Vin’ may be

defined as

R
= ——— B 18
Vin TR T R g (1)
g
where R is the parallel combination of Rl and R'l' Since
i

the output voltage is fed back to the emitter and is slightly
less than the input signal Vin’ the output voltage cancels
out most of the input voltage leaving only a small portion

as a driving signal. The very small positive driving signal
A% causes a slight increase in the base current from its

bel

d-c value. Thus the portion of the collector current, Icl’

flowing through RLl increases slightly, causing a small decrease
in the voltage at the collector of Ql' This small negative
going signal, Vb 5 is the driving signal for Qg. The
e
small decrease in V. causes a decrease in T from its
be?2 b2
d-c value. Thus, the collector current of Q2 decreases.
This decrease in I causes a positive voltage, V , at the
o)

c2
emitter of Ql slightly less in magnitude than Vin
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Now consider a negative going portion of Eg. The

very small negative driving signal decreases the base cur-

rent, T slightly from its d-c¢ value. Thus the collector

bl’

current, T decreases. The decrease in the portion of

cl’

the collector current, IC through RLl generates a small

l)
positive driving voltage, Vbe2’ Vbe2 increases the base

current of Q2, and thus the collector current increases.
The increase in the collector current, 102’ generates a
negative voltage, VO’ across R

L
and in phase with the negative input voltage Vin

o slightly less 1n magnitude

The feedback forces small signal operation of Ql.

The output signal, VO, is compared to the input signal, Vin’

d diff
and any difference, Vbel’

together; the input characteristics of Ql are effectively

is amplified to bring the two

made linear by the feedback signal. Non-linearity in VO
caused by Q2 beta changes (due to large IC variations) will
be minimized by the effect of the feedback. For example,

if beta of Q2 decreases during a portion of the cycle, the
output voltage, VO, will also decrease producing an increase

in V Vb 1 is amplified causing an increase in the
e

bel’
collector current of Q2 and V . Thus V 1is maintained
o)

o

slightly less than V., Dby the driving signal, Vbel' There-
in

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 Ql 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 Qg, since it allows only a portion of
the output voltage to be fed back to the emitter of Ql.
The effect of the feedback voltage on Ql is the same as
that explained earlier in this section, The value of R
should be limited to a few kilohms. ILarge values of Rf
may present d-c bias problems and reduce the desirable

feedback effects due to the large voltage drop across Rf.
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MID-FREQUENCY 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-71T
equivalent circuit for each transistor. The hybrid-TT
equivalent circuit for a transistor is shown in Figure 7.

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

Tore?
the coupling that it produces between input and output cir-
culits is usually negli iwle. Using equivalent hybrid-Tr
circulits 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.

The general expression for the gain from V., to V

in o
(see Appendix II), A', is

1 1 1 1
r (r te 1)<R r * R r +—r
nr o p'1lprel B\ Req1i™pre “eqipres Tprefbree
1 1 1 1
( + gml) + — ¥ -
“pri\Tprel o112 Tprelr2
_?ml gm2
1y Tprp (19)
1 1 1 \ )
/ gmlgm2

R r + R r + r r + r r
\eql b2 eql ble2 b!2 " bte?2 bl b'2

20
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where Reql is the parallel combination of RB’ 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'E ! (20)
h. r r 1
b!
le r e " "
RL2(6+1) Reql Reql(6+l) (B+1)
1+
Yo Ty 1
+ ) + T + 1
Ry B (@) (6+1)

If the equivalent load on the first transistor, RLl’ is

approximately 1000 ohms or greater, Equation (20) simplifies

to

At . (21)
hie Te rb' 1
1 + + +

Reql(@+1) Reql Reql(ﬁ+l) (@+1)

The total voltage gain is the output voltage, VO,

divided by the generator voltage, Eg. The input voltage,

Vin’ was expressed as a function of the generator voltage,
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E , in Equation (18). Since

. \Y
3 R
L (22)
E R +R
g g
and
7
0
%ﬁ = Al 5 (23)
in
the total gain, A, is
VO R
A = e = e A' . (24)
E R +R
g g

From Equations (24) and (21) it is apparent that the cir-
cuit gain is a function of three circuit parameters: R ,

RLl and RLQ. The test circuit used to determine the
measured value of the gain is shown in Figure 9. The gain
variation as a function of the load resistance RL2 for

both calculated and measured values is shown in Figure 10.
The deviation of the two curves for low values of RL2 is
attributed to the difficulty in measuring low level signals.
The transistor Q2 will saturate if all the standby current
is switched into the load. When RL2 is reduced the input
voltage must be reduced to prevent saturation in the output.
With a small input voltage, the gain is difficult to deter-
mine accurately using an oscilloscope and differential

11 1S
shown in Figure 11, As shown in Figures 10 and 11, when

amplifier., The variation in gain as a function of R
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R 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 Ql from

Equation (12) is

A, R
i2 “eql
= o< R .
Bi1 = My A | PP R TR %) e (25)
eql i2
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

A.. R
i2 “eql .
R.. = A, 1l 4+ < R R (26)
il il Reql + Ri2 1 L2

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

respectively. The exact equation for the current gain of

Q, 1is
r
Ay = ; (27)
ILor  (1-e9 + R, + r,

Since the effective load impedance at the emitter of Ql is

large with respect to rc (1- <), the normal approximation
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(@+ 1) cannot be used. The emitter resistance, re, may be

neglected because it is very small when compared to RL and

rc (l-c{). The exact current gain for Q2 is

o(I‘C - I‘e
i2 (l1-<) + R, + 1 ) (28)
c L e

Since rc(l—cx) is much larger than r_ a7 the load impedanc.
R then the current gain for Q2 may be approximated by

A, & 6B . (29)

L2’

Therefore, using the approximations developed for the current

gains (A,

may be approximated by
rc REl

R,, = — (30)
il rc(l—c<) + REl

and Ai2), the input impedance at the base of Ql

where REl is

R, = |1+ o< _| R . (31)
El Req1 T Rio 1) L2

G Reql

The variation in the input impedance at the base of Ql as
a function of RL2 is shown in Figure 12. Only one experi-
mental test point was obtained due to circuit changes

necessary to make one measurement. The test circuit used

was that shown in Figure 9 with Ry = 4,8 megohms and
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RL2 = 1 kilohm, The calculated input impedance was 6.53
megohms; the measured value was approximately 5.67
megohms. Errors in determining beta and rc could easily
account for this difference,.

Although the input impedance at the base of QJ is
large, the total input impedance is the parallel combina-
tion of Rl and Ril' With Rl = 4,8 megohms and RL2 =
1 kilohm, the total input impedance value measured was
2.6 megohms. The calculated value was 2.77 megohms., There-

fore, to have a high total input impedance, Rl 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-folloer,
RO, and RL2 may be found from the equivalent circuit shown
in Figure 13 as follows: Assume that a voltage Vo is applied
to the output terminals of the amplifier in the absence of
an external input signal. The combined impedance of R and

O

RL2 is defined as

R = _O_ (32)

where I 1s the current flowing into the circuit as a result
o)

of VO. This current is
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1 Vo
= - —_— + — + \Y .
To (VO Vl) - ®m1] TR o pree © (33)
btel L2
The current flowing through rb'el is
Lo 34)
3 r ’ (
where r is hiel plus the parallel combination of Rl and
Rg‘ Therefore, the voltage (VO - Vl) is
Yo
The voltage Vb'e2 is
R
eql
- - 6
Voree T 8m Vo = V) | 557 |Tpree (30)
eql ile2

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

simplifying,

‘z&& + 2)RL2 +r .

Yo Vol_~ rRyo

g

Tprel Yeql Tbreo®ml o
—_ . (37)

h
r (Reql * ie2)

Substituting Equation (37) into Equation (32),
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- = . (38)
rb'el rb'e2Reql gml gm2

+ h
r (Reql ie2)

For all practical values of load and generator impedance

the term in Equation (38) containing RL2 is negligible com-

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

the load impedance, RLQ’

and generator impedance, Rg, range
from 50 ohms to 1000 ohms and from O to 10 kilohms respec-

tively, then the term not containing Ry, in Equation (38)

is at least 80 times larger than the term containing RL2‘

Therefore, the output impedance is practically independent
of load impedance, and may be expressed as

I‘(Reql * hie2)

Ry = - . (39)
Tprel Threo feql ®ml &mo

For identical transistors Equation (39) becomes

r(Reql + hie2)

o~ 2 2
(rble) (gm) Reql

The only circult parameters that affect RO
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Curves of the measured and

signifi tl r d .
ignificantly are Rg an Reql
calculated values of R as a function of R are shown in
o] eql
Figure 14; the curves of RO as a function of R are
g

shown in Figure 15. As shown in both Figure 14 and Figure
15, the measured and calculated curves are in close agree-
ment., From these curves it i1s apparent that R 1 should be
larger than several hundred ohms for low outpuiqimpedance.
It is interesting to note that the same transistor
used in an emitter-follower configuration has a calculated
total voltage gain of 0.984 for RL and Rg each equal to
1000 ohms, while the White emitter-follower has a gain of
0.997. The calculated output impedance is approximately
15 ohms for the emitter-follower; the White emitter-follower
has an output impedance of less than 0.30 of an ohm. The
calculated input impedance at the base of the emitter-
follower is 201 kilohms at mid-frequency, and the White
emitter-follower has an input impedance of ©.5 megohms.
Thus, the White emitter-follower has definite advantages

over the emitter-follower with respect to gain, input

impedance, and output impedance at mid-frequency.
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LOW=-FREQUENCY 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

Low — “Mid p > (41)
L

1 -] —
J T

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 06. Equation (41) in terms of a

magnitude and an angle is

1
. . (4e)

A =
Low Mid/\/ £y 2
L
e

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, fL, may be expressed in equation
form as

1

C , 4
‘L T 2mRe (83)

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

effective resistance across C.

38
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For a circuit containing more than one coupling or
bypass capacitor, the overall low-frequency response may be
obtained by combining the individual responses due to each
coupling or bypass capacitor. The individual response may
be determined by considering each capacitor one at a time
while all other capacitors are a-c short circuits. This
analysis assumes that the impedance of all the other capaci-
tors is not a function of frequency over the same range as
the particular capacitor being considered. This may not be
completely correct. For example, the low-frequency response
due to C2 and associated resistance shown in Figure 17 de-
pends on the impedance in the emitter circuit of Q2. Since
this impedance and the response due to 02 may be functions
of frequency over the same range, the response due to C2
may only be a reasonable approximation.

Considering no interaction between responses as
discussed above, the equivalent circuit for each low-fre-
quency response is shown in Figure 18. In each case the
individual responses were determined by using Equation (43).
The calculations for the responses (see Figure 16) are
given in Appendix III. The overall low-frequency response
was obtained by algebraically adding the ordinates of the
individual responses. The calculated and measured overall
low-frequency responses are shown in Figure 19. Obviously

the calculated response is a pessimistic approximation of
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the overall response; the actual response is lower than
predicted by calculation. According to the calculations
(see Appendix IIT), the individual responses due to 02 and
C3 dominated the overall low=frequency response. As dis-
cussed above, the response due to C2 was calculated assuming
that 03 was an a-c short circuit. Actually C3 probably has
some impedance over this frequency range. Hence, the actual

impedance across C,. 1s probably larger than calculated.

2
Consequently, the calculated response due to C2 should be
lower than calculated (see Appendix III). Likewise, the
response due to C3 has some interaction with the impedance
of 020 Therefore, the calculated overall low-frequency
response is only a reasonable approximation. The overall

low-frequency response may be lowered by increasing the

capacitance values of C_. and C_.

2 3



TRANSIENT ANALYSIS

The transient response of an amplifier may be
determined by applying a step function to the input of the
amplifier, The output of the amplifier will not Jjump to
its final value instantaneously; it will have a finite rise
time. The rise time i1s usually defined as the time it
takes for the output to increase from 10 per cent to 90
per cent of its final value. The output may reach a value
greater than its final value. The amount by which the out-
put initially exceeds its final value is known as overshoot,
which 1s usually expressed as a percentage of the final value.

A rectangular wave or pulse 1is 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 section 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 necessary to solve the transfer function with an
analog computer., A step input function was used, and the

output function was produced graphically. The experimerntal

b5
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response was obtained by observing the output of the circuit
shown in Figure 20 when the input was a repetitive pulse.
The equivalent circuit and transfer function governing the
calculated response will be derived first. The calculated

response is then compared with the experimental response.

EQUIVALENT CIRCUIT

To develop a high-frequency equivalent circuit for
the White emitter-follower, each transistor was represented
with an equivalent a-c circuit. A particularly useful
representation is provided by the hybrid-1TT equivalent cir-
cult shown in Figure 7. The high-frequency equivalent
circuit for the White emitter-follower may be constructed
by replacing each transistor in Figure 20 with the hybrid-1r
equivalent circuits; the resulting high-frequency equivalent
circuit is shown in Figure 21, The equivalent circuit may
be reduced because the effects of certain circult elements
are small in comparison with others. For small values of
Rg (Less than 1 kilohm) and large values of R (1 megohm),
the shunting effect of Rl on the input may be neglected.
Neglecting Rl decreases the number of nodal equations nec-
essary to determine the transfer function from five to four

equations. The capacitance C may be placed from b' to

blcl
ground as the Miller-effect capacitance C

b'el (1+Al) where

A, is the gain from b'l to b,. From ;ection III the

gain from bl to b,2 is less than unity. Therefore, the gain
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from b'l to b2 is less than unity, and the Miller-effect

capacitance from b'. to ground may be approximated by

1

1oy onsidering R as the sum of R, and ry,, and using
the above simplifications, the initial circuit reduces to

the equivalent circuit shown in Figure 22.

TRANSFER FUNCTION
The nodal equations and the derivation of the transfer
function for the equivalent circuit shown in Figure 22 are

given in Appendix IV. The transfer function has the form

- gIvi
b.gd + b.s° + b.s + b s
1 2 3 n

where the coefficients (al, b

0 a18  + ass + a3
E

(Ut

1’ etc.), given in Appendix IV,

are functions of the transistor and circuilt parameters.
“nce the transistor for the circult has been chosen, the
transistor parameters are fixed for a specified d-c current

level. The variable circuit parameters are R , RL2’ and
g

o RLl is normally not a circuit variable after the
czircuit has initially been designed, but Rg and RLQ may be

R

varied to suit particular applications. Therefore, only

the effects of the circuit parameters R and RLQ were con-
g

sidered.

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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to © 2 cubic characteristic equation given in Equaticn (44),
the amplifier is stable or no non-nregative resl roots
exist if Db.b b b . The values o v , b, b, and b
1%y SPp0y =R S
as a function of R and RLQ for the equivalent circuit

shown in Figure 22 are:

b, = 1.556 R Rio s (L5)
11 11
b, =1.08 x 10 R + l.22 x 1t° R, 4
1.98 x 10°% R (46)
. . V]__E 3 T }
b, = 2.55 x 10°0 R + 3.43% 1618 R+
3 - 05 ){ TLJE ! DERnSS X .\ 1 H
18
2.08 x 10°7 + 2,01 x 10 =& Fon o ()
bu = 5,01 x 1029 ng + 2,L7 x Loig R4
28 ‘
4,23 x 10 \ (48)

where R is rb‘c+ R . Using Routhtsz criterion for the
g

values given in Equation (45) throush (48%, the character-
istic equation is always stable for positive values of R

and RL2° Using the experimental circult shown in Figure

22 with a pulse input, the circuit was cstaele for all
values of R and R,2 except values c¢f k less than approx-

g L o)
imately 50 ohms. When the value of B was less than

<



=0

approximately 50 ohms, the circult would ozciliate, The
oscillation was caused by the negative input resistance of
the circuit present at high frequenciess a certain amount of
generator resistance was necessary to cancel this negative
input resistance.

In most pulse applicatiocns, exceaggive oversghootb
cannot be tolerated. Therefcre, considering ussful appli-
cations of this c¢ircuit, overshcot up toc 1 per cent wag
considered. The experimental data shown irn thisz zection was
obtained using the circuit shown in Figurs 20 with a pulse in-
put. The variables, Rg and R o were plotied as a function
of the per cent overshoot for the calcuist=d and experimental
responses. The critically dampeea, 5 per cent cverzhoot,
and 15 per cent overshoot cases are shown in Figures 23, 24,
and 25 respectively. From these curvesz, the value of Rg
and RL2 for a required amount of overshoot cart be determined,
For example, considering the expevimental rasults, if R
ig 1000 chms, then Rg must be 60C ohmg in crier for the
output response to be critically edamped. I R 1s larger
than 600 ohms when RL2 is 10GO ohmg, the responss will be
underdamped. If Rg is smaller than 600 ohms, overshoot results

The deviation between the calculated and experlimerital data

will be discussed at the end of this ~ection,
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The rise time as a function of Rg and RL2 for both

the calculated and experimental response 1s shown in Figure
26. The load resistance, RLQ’ does not have an appreciable
effect on the rise time as shown in Figure 26. The differ-
ence in rise time between RL2 = 1000 ohms and RL2 = 50 ohms
for values of Rg less than 1000 ohms is only a fraction of

a nanosecond. Therefore, the rise time may be determined

by Rg when Rg is less than 1000 ohms.

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 transfer function 1is

Vo B 6.8 x 10682 + 2.54 x lOl7s + B
E
g 83 + 1477 x 10952 + 1.577 x 10183 +
26
A 10
_ o3 X — . (49)
5.56 x 10

Factoring the numerator and denominator and rearranging the

constants, the transfer function has the following form:
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o0

-20 2 . -9
0 1.252 x 10 s + .467 x 10 Ts +

s (2 x 10775 + 1)(.918 x 1071962

<

— : (50)
897 x 10 “s + 1)

Substituting jw = s 1t follows that:

Vs 1.252 x 107°9(w)® + U67 x 107 75w +
E_ -9 i -18 g
g (2 x 10 jw + 1) [.918 x 10 (jw)” +
1

.897 x lO_9ja)+ {]
Standard frequency response techniques are available to
determine the frequency response of the transfer function
given by equation (51)7. The quadratic factors in the
numerator and denominator can be arranged to hawve the form

+ 1
[£-+22§(juﬁj + (ju)?jé] .  The response obtained from

this term is a function of both 7° and the damping ratio %

Graphical solutions for the factor [E:+ i (Jwr) +

(jaf?)%] te as a function of % are found in most servo
texts.7 For the numerator of Equation (51), % is greater
than unity, and the roots are real and unequal. In the
denominator of Equation (51) 7 is less than unity, and the
roots are complex. Factoring the numerator of Equation (51)

and rearranging the denominator, the transfer function has
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A form
3 . -10 , -10
Yo (L287 x 107 Jw+ 1)(h.35 x 107 jw +
E -9 | ~10. .2
g (2 x 10 "Jw + 1)(9.57 x 10 Jw)
1

(52)
897 x 1077w + 1
The high-frequency response may be constructed using the
transt2r function given in Equation (52)0 The response due
to each factecr of Equation (52) may be plotted; the total
high-frequency response is a combination of the individual
responses of the terms in Equation (52). The total high-
frequency respcnse is shown in IFigure 27. The calculated
high~frequency response iz 3db below the mid-frequency
rezponse at approximately 100 megacycles,

The rise time of an amplifier is inversely pro-
portional to the bandwidth. If the overshoot 1s small,
lesz than 5 per cent, the rise time can be ap‘proximated3
with good accuracy by the relation

0.35
T ——— .
- (53)

The calculated bandwidth, E, for the critically damped case
is 100 megacycles. Therefore, using Equation (53), the
rise time is approximately 3.5 nanoseconds. From Figure 24

the rise time is also 2.5 when Rg is 300 ohms. The equal
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values of rise time were determined by two different m= ods:
one value of rise time was determined by the analog .. uter,
and the other value was determined by the calculatec rojuency
response. Using Equation (53), the measured high-frogu iy
regponse shculd be 3db below the mid-frequency resporise &t
approximately 40 megacycles.

A significant deviation between the measured =i

calculated responses was noted. Two probable sources ol

this deviation are equivalent circuilt simplificaticne =
uncertainty in the transistor parameters. Two paramet =:z
were measured, beta and hie; the remaining parameters w:ors
taken from manuracturer's data sheets and calculated rom
approximate eguations. The more exact equivalent ciyo.ait
shown in Figure 21 shculd be used for better ciycuit avcroxi-
mation. Some gtray and wiring capacitance should also o=
assumed on the output of the first stage. The transfer
function of the proposed equivalent circuit would te w7
cemplicated, but more accurate calculations should reraif.,
Although the calculated results of this secticn deviat«d

from the measured values; they do exhibit the same chzraoter-

istics for changes in the variables.



CONCLUCION

The analysis of the White emitter-follower, indicated
that this circuit exhibits definite advantages over the
conventional emitter-follower in four areas: gain, input
impedance, output impedance, and amplification of bipolar
pulses, The feedback in the White emitter-follower accounts
for the advantages.

A major disadvantage of the emitter-follower is the
variation in beta, for large collector current swings,
which results in unequal amplification of bipolar pulses.
It has been shown that the White emitter-follower does not
exhibit this non-linear beta characteristic due to the
compensation of the feedback loop. A decrease in beta in
the White emitter~follower will result in an increase in
the driving signal, Vbel’ which will tend to compensate for
the beta reduction. The feedback yields an effective
linear beta not possible in the emitter-follower configura-
tion. Therefore, the White emitter-follower is able to
amplify bipolar pulses with approximately equal amplitudes,

High values of input impedances {in the megohm
range) can be obtailned because of the feedback in the White
emitter-follower. The collector current of Q2 flowing
through the load, RLZ’ contributes a factor to the input
impedance that is not available with the emitter-follower,
For values of Rg and RL2 equal to 1000 ohms, the White

62
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emitter-follower investigated in this study hac¢ an input
impedance approximately 30 times that of the emitter-
follower. For load variations, RLQ’ ranging from 50 ohms
to 5 kilohms, the input impedance at the base of Ql varied
from 0.83 megohms to 9.1 megohms. Obviously the bias resis-
tor must be considered in the determination of the circuit
input impedance because of its shunting effect. For values
of the load, RL2’ greater than several hundred ohms the
bias resistor, Rl, usually limits the input impedance, If
a separate power supply is used for Rl, the value of Rl may
be increased, and thus the circuilt input impedance could be
increased.

The very low output impedance available with the
White emitter-follower was shown to be practically independ-

ent of the load impedance, R Some slight variation was

L2’

oted for changes of R parallel combination of . R
n ng eql (p mbin n RLl’ 5

and Rq) and R . For variations of R and R ranging from
g eql g
400 ohms to 4 kilohms, RO varied from 0.4 ohms to 0.27 ohms

and 0.27 to 0.43 ohms respectively. Therefore, the output
impedance of this circuit is less than 0.44 ohms for any value
al between the values of 400 ohms and 4 kilohms.
When Rg and RL2 equal 1000 ohms, an emitter-follower config-

of R and R
g e

uration has a calculated output impedance of 1% ohms, whereas

the White emitter-~follower has an output dmpedance equal to
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0. .30 nhig.

The gain of the White emitter-follower was shown to
be practically independent of any variations of RLl and
RL2 for low values of Rg (less than 1 kilohms). For varia-
tions of RLl and RL2 from 300 ohms to 3 kilohms the gain
varied from 0,996 to 0,998 and from 0.990 to 0.998 respect-
ively. When Rg and RL2 are equal to 1000 ohms, tle emitter-
follower has a calculated gain of 0.984, whereas the White
emitter-follower has a gain of 0,998,

The low-frequency response of the White emitter-
follower is limited by the value of capacitors 02 and C3.
Increasing these values from the values used in this study
will lower the low-frequency response. Since the value of
C3 (580 Mf) was quite large, it will untimately become the
limiting factor in the low-frequency response.

For pulse applications, overshoot and rise time are
a major consideration; Rg and RL2 are the controlling
circuit parameters of overshoot and rise time. Rg is the
primary consideration when fast rise time 1s important;
variations of RL2 do not significantly alter the rise time.
If fast rise times (on the order of a few nanoseconds) are
required, then low values of Rg are necessary; however,

low values of Rg contribute to overshoot. Therefore, a

compromise between rise time and overshoot must be deter-

mined to arrive at a suiltable value of Rgo Having deter-

may be determined

mined Rg for a sulitable rise time, RL2
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ffor a particular value of overshoot. For example, if a rise
time of 15 nanoseconds 1s required, Rg must be limited to a
value of 600 chms, Then RL2 should be 500 ohms or greater for
the cutput response to be critically damped. However, if
f'ive per cent overshoot is allowable, the value of Rg may
he reduced, and thus a faster rise time is available.

Other suggected areas of future study are: 1) a
linearity analysis cof the circuit, 2) a temperature stability
design, 3) an investigation of the oscillatory tendencies,
with a circult stability plot, and 4) an extended transient

analysils uslng a more exact equivalent circuilt.
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APPENDIX I

biased

TRANSISTOR PARAMETERS

The transistor parameters for the 2N2219 transistor

at IE = 3 ma are
3 = 200 (Measured)

h, = 2 Kilohms (Measured)
ie

t

Cyreo = % pf  (Manufacturer's data sheet)
r, = 10 megohms (Manufacturer's data sheet)
¢, = 7 pf (Estimated)
K 25 mv
r, = AI = 51 = 8.34 ohms
1ty E
1 -
g = — =120 x 10 3 mhos
m r
e
rve = (@ + l)re = 1.70 Kilohms
Ty = hie - Tpie = 290 Ohms
g
m

70

f, = 400 MC (Manufacturer's data sheet)



APPENDIX 1T DERIVATION CE GAIN AROUND FEEDBACK LOOP

The four nodal equation for the mid-frequency

equivalent circuit shown in Figure 8 are as follows:

, 1 / 1 1\ 1
Vin T - - + Vl - Vo (59)
bil \‘b'el Tpr1 Torel
1 1 1
O == + g 1 71 + = + +
Tprer ™ T2 Tprel
: . \
Gmlfxo i <gm2)vb'62 (60)
0 (g )V (g )V, + |1 + = Y
el ‘/ - —
1 1 1/ 0 k 2
m n Reqi Tpr2
1
v (61)
1 Q ( /
rblg blte?
1 1 1
o = - v, + + Vo ten (62)
hio Tpro Tpreo

oclving Equations (59) through (62) for the voltage gain,

, using Cramer's rule, the gain is
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1 L e )(. 1 1 )
VA rb'l \rb'el ml Reqlrb'z Reqlrb'eE
1 = =
A Vi 1 ( 1 ' g ) N 1 s
&;’l rb'el ml rbrlRLg
1 \

) +
Tyiplpren

T ' T T
- : + R - +
Tpre1frel (Beqitvre feqifores

gml'ng
Tpr1fpro (63)
1 ) &m18m?2
_.’w
Tprofpren Tpiptpeo

If the transistors are assumed to have the same parameter

values, then the gain equation is

1 1
: ( : te R r * R r. i
VO rb'L rb'e m eql bt eql b'e
A =2 =
in + g + " B T T R v{ "
Tori\fore ™ pritpe bre ;g] eqlp!
2
g
_— | 4 i
r r ) (r ,)2
b!' b'e b (64)
1 1 G
t T * 2
Reqlrb’e b' b'e (rbv)

Equation (64) may be rewritten as
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Al =
1 (1 1 )( 1 1
+
14 RLE T "bre Reqlrb' Reqlrb’e
1 ( 1 )( 1 1
T T m R r R r
b\ bte eql b! eql b'e
1
65)
1 ) (62)
“pripre
i 2
r. T
o fre | (ry,)
since Tore = re(6+l) Equation (55) can be rewritten as
1
AV = (66)
hie re rb' . 1
R +1) R +1 +1
LQ(Q ) eql Reql(a ) @+1)
1l +
re Ty 1
+ + +1
Reql Reql(@+l) (@+1)
Ir Reql is greater than approximately 1000 ohms, then
Equation (66) can be simplified. to
~ 1
AY = (67)
h, r r 1
ie e bt

DR, Ry | B, (B @)



APPENDIX TIIT 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 1is

!
" 2TIRC >

(68)

where ¢ is the value of the coupling or bypass capacitor

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

1 cyc
. = = 0.02 (69)
1 .
2TT(Rg + Ril)Cl sec
1 cyc
£ = = 19.0 (70)
2
2TT(RLl + Rig)C2 sec.
1 cyc
f3 = = = 14.4 SZC (71)
e2 ib2
Sl 3
o T Ripo
where
N _ Bieo n Rpo (72)
Tibe
RB2 1s the parallel combination of RLl’ R3 and RM'

T4



B2 RL1R3
+ R,
Rpp + Rs
£ =
"4 T 2T (R, + Rpp) Cy
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APPENDIX 1V DERIVATION OF TRENSFER FUNCTION

|"\’q e

“our nodal equations for 'the high-frequency

equivalent circuit of the White emitter-follower shown in

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

equations are written in the Laplace transformed arrangement:

E
g

R

i

1
(r ; scb,el)vo : (75)
blel
(g )V (l + - )V (l )V
mit L \Rgqq  Tpio Toig) 3
6
€n Vo (76)

Corea) | V3 (scb,cg)vo , (77)
- + + sC vV, + sC Y
v 1 b'el) 17 B2 b'cQ) 3
Fprel
L + = + g + s(? . + C_ +
Torel Bro m blel L
\ - 8
Lb‘cé{]vo . (79)

76



7

By the use of Cramer's rule with the above equations, the

transfer function nas the following form:

o _ - (79)
b 53 + D 52 + b,s + b .
& 1 2 3 i

2
VO a, s< + a5 S + a3

The coefficients defined in terms of the transistor and

circuit parameters are given below:

oy [ + - C + C C 80
% " I\R T bre2 ' “ple2f ble1l| (50)
eql bt2
~
1 1 1 1 S
% TR (R * ) (gml " )Qwe2'+ o
eql I‘b’2 rb'el Tprel
Cb'el Cb'el gmlcb'CQ
+ z + - 5 (81)
rb'e2 eqlrb'2 eql
1 1 1
0 = &n1%m2 + g+ +
3 Ry BRAME T \Tpreofeqa
1 1
+ = ) s (82)
Tpreo'pro eql’pr2

1 1
Py = (R " ) (Cb'el * Cb'cl) Cpren (CL i
e

gl ‘pre
+
Cb'c2 )+'Cb'c2§EJ +Cb'elcb'cl(cb'e2
Cb'cQ) (83)

S




C + C -
1 1
( bltel btel )\ r 1o

;

Yute2

+ 0
L

pb‘clc

g C +
me b'c?2 r
blel2

1 1

= — C +

(R * r. )(Cb’eQCb'CE + ( ble2
blel

C
C

pre1 +Cp
+

Cpie1 * Cp

btc2 R
C C
gml ble? b'ci]

1 (Cb‘el +

C

rb‘el

+

pie1) (Coren + Cprce

R
eql

Cb'clcb’el

o

Thio

+
ngCb'chb’c%J ?

brel

78

(84)
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1
— +
R

1 1 1
b3 " \R_r * R .r T r
’ eql b'2 eql ble2 b'2 bre2

I ¢, + C + -
" L " “pree " *
blel blel

= + g ) C + = + = = +
R ml btcl R r Rr
L2 eql br2 blel

=v i

—-——l>c +
brtel
RL2

1 1 &1
RR * r R " R Cb'e2 * Cb’c2
L2 btel L2
- 1 1 1
Cmo p ) r r i RR " r R i
me bie btel b'2 eql blel eql
g g
ml=m2
ML Me 8
r brel ° (85)
br2
gmlng 1 1
b4 T Rr TR T TR 1 *
btz eql b2 eql b'e2
g
= ) SIS _ S gl). (86)
ToioTprez /Borer BRo Frofpren
Solving the above equations in terms of R and RL2 gives
_6.24 x 10727 (87)
&1 7 R

-14
_2.33 x 10
R




4,98 x 1077
ay = - (89)
-34
b; = 1.556 x 10 (90)
-23 -23
1.22 x 10 -
b, = 1.08 x 10 + * + 1.98 x10 2> (91)
Ry, R
2.55 x 1o'14 3.43 x 10'16 2.08 x 10713
by = - + - + = +
L2 L2
2,01 x 10'16 (92)
o 5.0Lx 10°° 2.47 x 1009 4.23 x 1070 (3)
4 = + + 93
R Roo RR_,

Multiplying the numerator and denominator of the transfer

i
function by 1O3 yields the following values for the coeffi-

cients:
by = 1.556 RRp, (9%4)
a 11 11
b2 =1.08 x 100" R + 1.22 x 10 Rpo +
9
1.98 x 10 RR, (95)
b3 = 2.5 x 1020RL2 + 3.43 x lOl8R + 2.08 x lO21 +
18
2.01 x 10" RR, (96)
b, =5.01 x 10°R__+ 2.47 x 10°R + 4.23;<1028 (97)

L2



6.24 x 10

9

R

2.33 x 10

20

R

4,98 x 10

29

R
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(98)

(99)

(100)
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