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ABSTRACT

The design and evaluation of a stable, inexpensive, trans-
istor dc amplifier capable of significent voltage gain from dc to
several megacycles is presented. This device was built to serve in a
wide-band, phase-lock loop application; however, it can replace a
conventional operational amplifier in many circuits when space, weight,
and bandwidth are important considerations. The amplifier features a
differential input and an emitter follower, the latter to provide a

low output impedance.

iv



A 1-MC TRANSISTOR DC AMPLIFIER

1. INTRODUCTION

The voltage gain of a typical dc amplifier is designed to
decrease rapidly as a function of increasing frequency. Indeed, the
unity gain frequency is seldom more than a few hundred kilocycles.
This paper presents the design and analysis of a stable, wide-band,
transistor dc amplifier. The amplifier incorporates a differential
input stage and is terminated in an emitter-follower stage to provide
a low output impedance. The open loop voltage gain of this simple
four-transistor circuit is approximately 1000 at low frequencies.

With an appropriate feedback resistor the circuit will provide a volt-
age gain of 50 with the 3db point at 1.1 Mc. Figure 1 is a picture of

the completed amplifier.

Fig. 1. The completed dc amplifier package.



2. CIRCUIT DISCRIPTION

The basic open loop circuit is shown in Fig. 2. This circuit
requires both a positive and a negative voltage supply, which conven-
iently permits a dc output centered about zero. The entire voltage
gain results from the first two stages, while the third stage sup-

plies a current gain and provides the low output impedance. The

Fig. 2. Basic open-loop circuit.

voltage gain of the differential input stage for low-frequency, small-
amplitude signals is derived in the Appendix. The result for an ap-
propriate choice of resistor values is:

R P (V1)) (1)

3 ° "RPB. +R B
sl 2 52 1

where:

V3 is the instanteneous voltage across R2

Bl and 62 are the respective values of beta for Tl and T2



Rs and Rs are the respective values of the source impedance.
1 2

For the symetrical case where p, = f =fand R =R = R, the gain
1 2 sl s2 s
becomes:

} RP(V,-V)) (2)

It follows that a substantial voltage gain is possible with this unit,
and, furthermore, the sole transistor parameter which affects the
gain is B.

The voltage gain of the second stage is discussed in detail
in many books on transistor circuit applications. The appropriate

expression is:

a_R
Yoo .. 3k (3)
v R. +r 1l-a
v, 5 e3/( 3
when:
Rl+ << r, and R5 << R6
3
Te
If the constraint, 3 « R. < R,, applies to R_, then the gain of
) [
1l- 5 6 D

3

the second stage is independent of all transistor parameters except

a3, and Eq. 3 becomes:

%R, (4)

<|o<

e



When Eqs. 2 and 4 are combined, the open-loop voltage gain is given by:

Vo = A1A2(V2-Vl) (5)
where:
BR a.R
2 34
A, = - —Sand A_ = - 22—
1 QRS 2 R5
R fb
MV

It is to be observed that a phase

R
! reversal occurs for Vi but not
?———— for V2 .
v Vo
if Ai Amplifiers of this type are

usually operated with some form
of feedback. Consider the arrange-
Fig. 3. Typical Feedback
Arrengement. ment in Fig. 3. The gain for this

circuit is also derived in the Appendix with the final simple results:

R

<

= (14 2 (6)
2 ]
1
V0 Vo be + Rsl
when the forward gain, -/, is negative and |[—|>> .
Vl A R2

3. EXPERIMENTAL EVALUATION

The actual experimental circuit is given in Fig. 4. The
frequency response of this unit was obtained using a source with an

internal impedance of 528 ohms.



Fig. 4. Complete circuit diagram,

The measured low frequency voltage gain was 53.5 with a 3db bandwidth

of 1.1 Mc. The experimental frequency response curve is presented in

Fig. 5. At 10 kc the input impedance was found to be 100 k ohms
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Fig. 5. Experimental frequency response.

o

shunted with 35 pf, while the output impedance was 20 ohms. The out-
put response to 1 ke, 10 ke, 100 ke, and 1 Mc square-wave input signals

is shown in Fig. 6. The dc drift at room temperature (~25°C) re-
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Fig. 6. Square wave response.
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ferred to the input was approximately 1 mv/2k hf. A low frequency
noise voltage with a 50 pv rms level again referred to the input was
also observed. This fluctuation noise was reduced by an order of
magnitude when a high pass filter with a cut-off frequency of 15 cycles
was placed in the output circuit of the amplifier. Figure 7 indicates

the de drift as a function of operating temperature.

L. APPLICATIONS

The total cost of materials for this amplifier, exclusive of
a mounting structure, is less than twenty dollars. All the components
are commercially available through electronic equipment suppliers.
Since the amplifier has many desirable electronic properties and also
is physically small, light weight, and inexpensive, it has many appli-
cations. Briefly, these include wideband transistor control systems,
a cheap and compact computer component, and satellite instrumentation
circuits. With an appropriate input or output filter this amplifier
could also be used as a wideband audio amplifier.

This unit was initially designed for use in a wideband
phase-lock circuit. The high dé gain of typical commercial circuits
was not required, however it was essential to have a one-megacycle
bandwidth. In this sense this amplifier is not equivalent to the
high dc gain operational amplifiers found in analog computer applica-
tions. By the addition of another stage‘of voltage gain it would be
possible to increase the dc open-loop gain to approximately 30,000.
Some loss of bandwidth would be expec¢ted, and the problem of stability

would increase.



APPENDIX

A very useful and practical input stage for a dc amplifier

is the differential amplifier. A typical transistor circuit is shown

1

however, there is a 180-degree phase difference in these two voltages.

in Fig. A.l. The output voltage may be taken across either R, or R2,

In the circuit of Fig. A.l it
is possible to set Rl equal to

zero without directly affecting

R V3. However, when this is done
the circuit no longer retains its

v, insensitivity to variations in
collector conductance of Tl. In

general it is desirable to select

matched transistors and set Rl = R2.
Consider now the low frequency,
Fig. A.l. Differential
amplifier stage.

small-signal analysis of Fig. A.l.
An equivalent circuit is depicted
in Fig. A.2. Here the assumption
is that Rl << rcl and R2 << rce,

hence the parallel combinations

are essentially equivalent to Rl

and RQ, respectively.

Fig. A.2. Low frequency,
small-signal equivalent circuit
of Figure A.l.



To simplify the following analysis we will define:

R¥ = R +r
1 8) by

R¥* = R + T
5o 5, Py

The following equations may then immediately be written:

V. = R¥i +r i +R(1i +1i )
1 sllbl e € 3 el e2
V. = R¥i +r i +R (i +1i )
2 s2lb2 e2 62 3 e 32
i = (1 +8,)
e ibl 1
i =i (L +8.)
e2 lba 2
These lead to the linear system:
*
R (1 '
Vil { Rsl + (1 + Sl)rel + R3(l + Blﬂ 3( + B,) ibl
v | B +@+p)r, +Rr(L } s
> R3(l +B,) s, 2)%e, + Ry(1 + B, lb2
For the conditions
>
> >1 1 = 1,2
33 Rsi >> (Bi + l)rei, Py )

it can be shown that

ibl= R3(l + 52) (v, - ve)
A

1b2= R3(1 +8) (v, - V)
AN

where:

* *
A = R3FR31(1 + 52) + ng(l + Blﬂ

9



Hence:

.- (1 + :3~l)(v2 - XJ#)_ _ E]iva - v})
- * - % »*
2 RSl(l + Bg) + ng(l + 62) Rslﬁz + Rseﬁl
and
(1 + 62) By

j'*’1 - TR j"’;‘“ [ ibe

This last result indicates that the phase of the two cur-

rents and hence the voltages across R, and R2 are 180 degrees apart.

1
The voltage across R2 is given by

R BB (V, - V)
25122 1
R*B Ta *6 (A.1)
sl 2 52 1

Voo et -

For the case of complete symmetry the above reduces to

RB(V. - V,)
v ox.-2 2 1

3 *
aRs

If now R, >> 1 (i = 1,2), then it follows that
i i

v = _Re ﬁlﬁa(vz B Vl)
3 Rslﬁe + Rseﬁl

(A.2)

This is independent of all transistor parameters other than the two

betas., Note that the above equations. presuppose that the transistors
are operating about a properly chosen quiescent point. A significant
point to observe is that for Vi =V,
subject to the above approximate expressions.

the input impedance is infinite,

10



Now consider replacing the input source A.3(a) with A.3(b). With the
ald of Thevenin's theorem, the equivalent circuit of A.3(b) is as

shown in Fig. A.L.

—_— ibl

(a) (b)

Fig. A.3. Two input configurations: Fig. A.3. Thevenin equivalent

(a) Direct circuit of Fig. A.3(b).
(b) Feedback arrangement,

Substituting this into Eq. A.2, there obtains:

Rs1 VO
RB.B.\V —
27172\ 2 Rs + be
vV, = -~ 1
3 Risfb j
. |B, +R_B
RSl + be 2 s2 1
If one now sets: Vb = A2 V3,
then:
RSlVb
v RP1Po\Yy - Ry * Ry
o . . 1
A2 Rsl Rfﬂ)
B, + R_ B
Rsz-be 2 se 1

11



or:

R
Yo _(,,lm 1 . (a.3)
\' R R P
2 s s 1
' l'A'Rlﬁ R25 (R, + Ry )
221 sl 2 1
If we assume B, = B =P and R = R_, this becomes:
1 2 sl s
2
Yo L, e 1
v, ~ TR T %)
2 s, J1 - —== (R, +
1 A2R2P b s,

For A2 >> 0 this system has regenerative feedback. Indeed the system

will be unstable for

For A2 < O the system is degenerative. The usual case is for

R
|aBl > Rep + 51
Ry

and for A.2 to be negative. Hence,

eand if R, >> Rs , this leads to

o 1

This equation indicates that for the above assumptions the dc amplifier

12



with degenerative feedback has an overall voltage gain which, within
the above approximations, is independent of the transistor character-
istics. The value of this last result, of course, depends on the

stability of the open-loop gain.
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