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OPTIMUM PERFORMANCE IN AUDIO TRANSISTOR AMPLIFIERS
USING RESTISTIVE OR INDUCTIVE SOURCES

DAVID B, JEPSEN, E.E,
California Engineering Facility
Ampex Consumer & Educational Products Division
Elk Grove Village, Illinois

This report describes the noise figure of a transistor
amplifier in the grounded emitter configuration., The
effects of biasing, and emitter resistances are included
in the noise figure. When the signal source is an in-
ductance such as the reproduce head of a magnetic re-
recorder, the signal-to-noise ratio (S/N) is better
measurement of amplifier performance, It is shown

that the S/N ratio can be maximized by a suitable

choice of inductance, depending upon the operating
conditions of the transistor.

In amplifying very low signal levels, it is important to design
the amplifier so that maximum signal amplification is achieved while
minimum noise is introduced by the amplifier. Some noise is irreducible,
so the problem of the designer is to minimize that noise which can be
reduced, Apart from hum and background noises in a transistor amplifier,
there are noise sources that can be minimized to provide the clearest
output signal at a useable level,

NOISE SOURCES - THERMAL NOISE

Thermal noise is generated in any real resistance by the random
motion of charged particles in the resistance, This motion gives rise to
a mean squared voltage at the terminals of the resistance, This is com-
puted by:

2

o = 4KTRB

where K = 1.28 x 10-23 Watt - Sec.
R = Ohms Degree (€3]
B = Bandwidth in cycles per second
T = Temperature in © K (approx. 290° at room temperature)



The thermal noise generated in a resistance can be represented
by a noiseless resistor with a voltage generator of KTRB in series
with the resistor as shown in Figure (1),
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Tigure 1

SHOT NOISE

Shot noise is developed whenever a current flows. It is caused
by the discrete nature of the charged particles that travel through the
device. The process, which like thermal noise is completely random,
may be represented by a current gemerator I, where:

R
Tos = 2qI4,..B 2)
where ¢ = 1.6 x 10~19 coulombs

I4.¢, = current flowing through the device

The equivalent circuit may be represented by a noiseless device -
shunted by a current generator of 4/2qu.caB

1/f (FLICKER) NOISE

1/f or flicker noise (sometimes called "excess" noise) occurs in
both semiconductors and tubes, In semiconductors it is generally considered
to be the result of surface imperfections and transistor leakage. 1/f noise
varies inversely with frequency, and gives rise to excess noise in transistors
from approximately 1 KC down in frequency.

NOISE FIGURE

To evaluate the performance of an amplifier, the noise Figure (F),
is taken as the ratio between the total output noise power from the amplifier,
and the output noise power caused by the noise of the source, Thus, F is a
measure of the increase in output noise power caused by the amplifier in re-
lation to the output noise power introduced by the source.
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The noise figure F can be taken over a band of frequencies or at a
single frequency. (In the latter case, it is referred to as the spot noise
figure.) '

If any components are reactive or frequency sensitive, the
numerator and denominator of the spot noise figure must be integrated with
respect to frequency to determine the noise figure in the frequency band
of interest.,

OVERALL NOISE FIGURE OF SEVERAL AMPLIFIER STAGES

In a practical amplifier, in order to bring the signal up to a
reasonable level, it is necessary to have several stages of amplification.
Each of these stages creates additional noise in the output of the amplifier,
as indicated by Frii's formula:

FT=F1+F2-1 +F3 «1 4= )]
G1 G %

where

Fp Total noise figure

F1 = Noise figure of first stage

Fy Noise figure of second stage, etc.
Gy = Power gain of first stage
Gy = Power gain of second stage, etc.

Thus, in order to measure the noise performance of the first
stage, it is necessary that the noise figures of the following stages be kept
at a minimum, and that the first stage gain be as large as possible. Also,
from formula (3), if the gain of the first stage is large and the noise figures
of the following stages are reasonable, the noise figure Fy is essentially
determined by the first stage.

TRANSISTOR NOISE FIGURE VERSUS FREQUENCY

Much has been learned about transistor noise figure versus frequency
from experimental investigation and theoretical analysis. A typical curve is
plotted in Figure 2,
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At frequencies below f1, 1/f noise causes the noise figure to
increase at approximately 3 db per octave, while above £ the noise figure
increases approximately 6 db per octave because of the decrease in power
gain of the transistor, In most transistors designed for low noise app li-
cations, the fj frequency is around 1 KC. £ is roughly equal to o[£ 4 is ,
the geometric mean of the common emitter and common base cutoff frequenciés.
It is important then, to select a transistor where the f 4 fg frequency

is above the upper bandwidth of the amplifier, or a transistor with the
highest qff Eg frequency possible when the upper bandwidth of the
amplifier extends into the area of transistor power gain loss.

TRANSISTOR NOISE EQUIVALENT CIRCUILT

Noise in transistors may be represented by appropriate generators
placed in éach leg of the "T", equivalent circuit as in Figure 3.

E~B=[/4KT/§,B d'ja

— o B

BASE /Z,& COLLECTOR

Tne =Y 29T (-4)B
Iwe = /3

4/25,1‘2 B

o
EMITTER

Figure 3



The emitter and collector noise generators are current generators,
caused by the DC current flowing across these junctions. The base generator
represents the thermal nolse of the base resistance ry, This transistor
noise representation in Figure 3 follows Nielsen's ' representation for
transistor noise sources taken from van der Ziel”, The simplification over
van der Ziel's model of noise sources in a transistor are:

1) The frequencies of interest are assumed to be below
the cutoff frequencies of the transistor and the "T"
equivalent impedances are not complex,

2) The collector and emitter noise generators are uncorrelated,

3) The collector leg impedance has been neglected, In small-
signal transistors, r. is generally of such magnitude that
this introduces only a very small error,

4) 1/f noise is neglected,

For this representation, Nielsen has derived the noise figure of a
transistor operating from a resistive source, and has obtained good agreement
with experimental evidence. However, in most instances the transistor must
be used in a circuit with additional elements; i.,e., unbypassed emitter resistances,
biasing resistors, and perhaps some form of feedback. For a transistor operating
under these conditions, Halligan” has shown what increase in noise figure could
be expected. Thus, in many cases the noise figure for the overall stage is a
more realistic noise figure.

1 Nielsen, E.G., Behavior of Noise TFigure in Junction Transistors, Proc. IRE
Vol, 45, No. 7, p. 957, June 1957.

2 yan der Ziel, A., Shot Noise in Transistors, Proc, IRE Vol., 48, p. 1l4,

3 Jan. 1960,

Halligan, Jo Wo, The Design of Low Noise Transistor Audio Amplifiers,
Application Lab Report 687, Philco Corp., Lansdale Division.



Figure 4 represents a transistor with base and emitter resistors added
and feedback generators placed in series with those resistors. Most transistor
amplifiers can be put into this form by appropriate network theorems,
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The sum of the output currents squared is found as:

T = (Ewe) +(Em) %9—{2'+(ENB)7“ %’idf /'7“
/ !

%)
+(E/vz,>?v %HIZ + (IA/E)Q‘/Z@Z /%H ~
+ (égi%Z%>ZL (:/Zé/’f Sl + fa;%) ;%%%-+ g (52%}} 2

where
(Eye)* = 4KTFsB )

(Ewa)*
(Ewnr)*
(En2)? = #KT R:B ®
(Twe)= 2gTe B ®
(Twe)*= Zﬁfc (1-4)B (10)

il

4 KT /ly B (6
4+KTR, B )

A

TRANSISTOR CIRCUIT NOISE FLGURE

Since the noise figure is the ratio of the sum of the output currents
squared to the output current caused by the source generator noise squared, the
denominator of the output current is cancelled from the noise figure, and there
is no need to compute it, It is important to note though, that the amplifier
gain, input impedance, and effect of feedback is contained in the denominator,
but that the noise figure does not depend upon it.

When the equivalent noise generators are placed in equation (4) and
the following substitutions are made:

Ze= g4 Te (11)
Te= KT (12)
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the noise figure of the amplifier becomes:

+%(%+l)2’ + [(/Z@ + Ly *R2> %*/>+ EG:(
2B /e Ke

1f Ry (the base biasing resistor) in infinite and Ry (the emitter
resistor) is zero, the noise figure becomes:

( 2
F= /+ /= e + [let /U + RG) (14)
Rgs ZRe 2/5/& Re

‘which is the equation derived by Wielsen.

In many cases, Ry the base biasing resistor is very large compared
to the source impedance Rg, and can be neglected in the noise figure calculations.
The noise figure for the circuit then simplifies to:

Foe it Moy fle , Ra , (fe+/lo+Ffo+Re) s
Re  2Rs Ke 2B ke

The increase of the noise figure by the bias resistor Ry can be
more severeas may be seen by equation (13). In order to keep the additicnal
circuit noise at a minimum, Rj should be much greater than R; and Ry should
be much less than Rg,

OPTIMUM SOURCE RESTISTANCE

The optimum source resistance (Rg opt.) is found by setting dr/dRg to
zero and solving for Rg opt. for the transistor only, without R1 or R2,

"o Bt = A (B+D) 2 e S (B4 1) K Sl (16)

The optimum source resistance for a transistor with the emitter
resistance Rp in the circuit and a negligible value of bias resistor Ry is:

V@D 28 My + Br) JP + 0T +28kR2+R 17y

Notice that Rg opt. has been increased by the addition of emitter
resistor Ry, However, although Rg opt. has increased, the noise figure is
still higher with Ry than without ity when the optimum source resistance is
used,




OPTIMUM re FOR GIVEN Rg

Setting dF/d re = 0 and assuming R] as very large compared to the
source resistance, the optimum value is re is:

//azapr = /ZZL + f%; -+ f?EL
4B+

The conclusion drawn from equation (18) is that re should be in-
creased (Ic decreased) as the source resistance Rg is increased. There is
a practical limit as to how far re can be increased (I, decreased) and still
maintain good stability and current gain (Beta). For example, if Rg > than
rp and R then:

(18)

/&aﬂr % ﬁlgé‘" (19)

At 10Q , re is approximately 270 ohms, therefore the maximum input
source could only be 270f&  ohms or about 2.6 K if4 were 100, Thus, for
high source resistances, operating into a grounded emitter transistor, optimum
source matching for minimum noise figure is difficult if not impossible to
attain. The best solution of course, is a matching input transformer if
this device can be used, TIf not, a source resistance other than optimum
may be used with some increase from the minimum noise figure.

NOISE WITH A REACTIVE SOURCE

If the source impedance is not resistive, but entirely reactive,
the noise figure becomes meaningless - - since the source does not generate
any noise, Magnetic tape recorders have as a signal source a reproduce
head that is almost completely inductive. A measure of the noise qualities
of such an amplifier is the signal-to-noise ratio, where the noise is the
total noise power over the operating frequency band of the amplifier and the
signal power is the equalized output from the amplifier,

Referring to Figure 4, Zg is the reproduce head with an impedance
of zrzyizﬂ, Epg would represent the open circuit voltage of the head, with
the transistor and other circuit parameters remaining as shown. From equation
(4) and equations (6) through (12), the signal power to noise power of an
unequalized amplifier at any one frequency f is:

= 6V 2kT (20)
(tprfe+ 2R)ZE+ I[P zz,l?f_,z + [+ te 1R )Eor, + 1 +IEe]>
/

In a reproduce head, assuming a’ constant flux recdgﬁgag and dis-
regarding the gap loss at high frequencies, the open circult output voltage
of the head is proportional to the frequency and the number of turns of
wire on the head.

Ey X FNV (21)

The inductance of the head is proportional to the number of turns

squared,

Ly V* (22)



Combining equations (21) and (22) and solving for the reproduce
head voltage at any frequency:

(£0)° = CFoLy )

where C is a proportionality constant depending upon the type of reproduce
head, The equation for the unequalized signal~to-noise power at any single
frequency f, and as with the resistive source, assuming Ry >3 Z¢ is then:

Sy = CF*Ly/ 2 kT (24)

2 2
2y + 2Ry + /e + (otste +£2)% + (2775Lw)
Brte

In tape recorder reproduce amplifiers, the criteria of signal-to-
noise is measured by the equalized output of the amplifier to the total noise
of the reproduce system. The reproduce amplifier has the inverse frequency
characteristic of the reproduce head (assuming a constant flux recording).
Thus, the amplifier gain function squared becomes:

FE - g

where G = gain at fg = f
f = any frequency
fp = reference frequency

The ratio of the equalized output signal to broadband noise between
frequencies f1 and f3, is then:

Th= A T
%
/Z[Z/Jéﬂ“/kf-Z.E;, +(/&+/5r+1?7_>2:)_ (177"1,‘/)70% (26)
£

FE F*Bre. Ble
and performing the indicated integration becomes:
Sw= (27
Shyper

[2 Vip+2 Ryt He + (e +/4p+fz)2][,’_ " ,LJ v Gy (Fa-5)
Bt 5% e
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OPTIMUM SOURCE INDUCTANCE

Equation (27) is interesting in that it contains Ly in the
numerator and LHZ in the denominator and thus should possess some value of
1y for which the signal-to-noise ratio is a maximum., Differentiating S/N
to Ly and setting the resultant to zero gives the optimum head inductance

l,;,z . Be(24 + 2R2r/e)+ (o SgAKRe )"
oPT, (ZW')Z "//'/’Fz, (28)

If Ly opt. is put into equation (27), the S/N ratio is:

5//[//,4ch CB/ZZ vf/ Tf:z. (22
FTTKTE 1, fBrie (2 /2o + 2 /oy +/0 )+ (e s /gt L)

The important point to notice about equation (29) is that a fractional
expansion of the equation contains only re in the numerator, thus implying that
with the higher re (the lower I¢), the better the signal~to-noise ratio. As
with the resistive source Rg, a limit in the decrease of noise is reached when
the beta (fg) of the transistor decreases at the lower transistor current
levels,

EXPERIMENTAL VERIFICATION

To verify the general conclusions, an equalized transistor amplifier
was constructed with provision for varying the source inductance and the
current through the first stage transistor. The inductances were identical
types of reproduce heads,with only the number of turns on each head being
different,

The output of the amplifier was connected to an eighteen db per
octave cutoff filter at 1 KC and 15 KC. The lower limit of 1 KC was chosen
to avoid 1/f noise of the transistor and to eliminate 60 cps and its
harmonics from introducing an error in the noise measurements. The bias
resistor R] was kept much greater than #g and the emitter to collector
voltage of the transistor was maintained at five volts,

Figures 5, 6 and 7 are plots of the measured and calculated S/N
values for emitter currents of 1 ma, 3OQ/ZGL, and logaa,respectively. For
these measurements, R2 was 430 ohms, The measured and calculated values
show a close correlation. The calculated S/N ratio in all three figures
shows a slightly higher S/N ratio than does the measured values, The
probable reason for this was the noise sources in the reproduce heads which
was not taken into account. The curves clearly show that a maximum S/N
ratio exists for a transistor amplifier operating with an inductive source,
such as a tape recorder reproduce head, Additionally, the maximum S/N ratio
increases with a decrease in bias current.
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CONCLUSLION

For inductive sources such as tape recorder heads feeding into
an equalized amplifier, there exists an optimum source inductance for
any current level in the tramsistor, which will result in the highest
signal-to-noise power ratio, If an optimum inductance can be used at
every current level of the transistor, then the signal-to-noise ratio
will increase as the current through the transistor decreases, limited
finally by the decrease in current gain of the transistor at lower
current levels,

Submi.tted 8-21-64
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