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Lo'ngi’rudinal‘ Noise in
Audio Circuits—Part 2

H. W. AUGUSTADT* and W. F. KANNENBERG*

A discussion of the general effect of the presence of longitudinal noise on a transmission circuit, with
a description of the differences between metallic circuit noise and longitudinal noise. Test circuits and
representative conditions are illustrated and discussed.

Experience .shows that, in general,
neither a longitudinal noise voltage
nor a current can be impressed on the
input circuit of an amplifier without
degrading the signal-to-noise ratio of
the system. It is, therefore, of interest
to investigate by what means the longi-
tudinal induced noise is converted into
a metallic-circuit voltage in order that
it may be amplified and appear in the
output circuit of the amplifier.

Shielding
The omission of an electrostatic
shield from the input transformer of

*Bell Telephone Laboratories
Murray Hill, N. J.

the receiving equipment is, in general,
the greatest single cause of trouble from
longitudinal induced noise, especially
when the center point of the input cir-
cuit is not grounded. Difficulties, in
this case, generally will be experienced
from longitudinal noise currents. The
manner in whick the translation from
longitudinal to metallic-circuit noise
takes place is represented schematically
in Flig. 8. It is assumed, for the purposes
of illustration, that the impedance to
ground of the input equipment and in-
terconnecting circuit is large compared
to the impedance to ground of the re-
ceiving equipment. The impedance to
ground of the amplifier results from the

interwinding capacitances of the input "

transformer, represented in the diagram
as lumped parasitic capacitors C1 and
Ca. A longitudinal noise current :/2,
whose magnitude is determined by the
coupling impedance Z., flows along the
conductors of the cireuit to ground
through the capacitors €1 and C2. The
flow of this current through (2 causes
little difficulty. However, the flow of
the longitudinal current through Ch and
the grid-to-ground impedance of the
amplifier sets up a metallic-circuit volt-
age on the grid side of the coil which
is amplified and degrades the signal-
to-noise ratio of the system.

Figure 8 and its discussion show in
fairly simple manner how a longitudinal
noise current is converted into a me-
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Fig. 8 {left]. Conversion of longitudinal current to a metallic circuit voltage by interwinding capacitances in input trans.
former. Fig. 9 (right). Conversion of longitudinal current to metallic circuit voltage by capacitance unbalance.
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tallic-circuit noise voltage and thus
becomes a source of noise‘in an audio
system. Whether this mnoise source is
troublesome or not in a particular sys-
tem depends solely on the magnitude-
of the longitudinal noise current. The
magnitude of the longitudinal mnoise
current is, in turn, determined in part
by the size of the coupling impedance
Z.. This example shows the desirability
of obtaining a large physical separation
between power circuits and the input
circuits of audio equipmeént in order
to minimize noise troubles from longi-
tudinal induction.

One method of mitigating difficulties
of the type described above is to employ
an electrostatic sghield in the input
transformer of the receiving equipment.
Then the disturbing currents will flow
down the two conductors to ground
through the capacitance between pri-
mary winding and shield and will not
be able to reach the secondary winding. .
Note, however, that in order to be effec-
tive, the shield must reduce the inter-
winding capacitances to values so small
that only a negligible amount of the
longitudinal current flows from the pri-
mary to the secondary winding of the

- transformer.

The introduction of an electrostatic
shield in the input transformer of the
receiving equipment may greatly re-
duce the troubles resulting from longi-
tudinal noise, but it does not entirely
eliminate them. Another manner in
which the longitudinal noise is con-

verted into a metallic cireuit voltage
is depicted in Fig. 9. The conditions

assumed here are the same as those -

discussed in conmnection with Fig. 8.
An -electrostatic shield has, however,
been introduced into the input trans-
former in order to eliminate the capac-
itance between the primary and sec-
ondary windings. Assume that, due to
the physical construction of the coil,
the capacitances between the ends of
the primary winding and the shield are

. not identical. This condition will al-

ways occur, of course, when the primary
windings are layer wound over the
electrostatic shield so that one end of

. the winding is at greater physical dis-

tance from the shield than the other.
For purposes of illustration and analy-
sis, these distributed capacitances have
been assumed to be lumped at the ter-
minals of the coil and (2 is assumed
to be larger than (1.

Under the assumption that the cir-
cuit is subject to a longitudinal noise
current, equal longitudinal currents 4i/2
flow down the conductors of the circuit
to ground through the capacitors Ci
and, C2. Since (1 does not equal Co,
and by supposition equal currents flow
through them to ground, the potential
drops across the capacitors will not be
equal.” Since the two terminals of the
input transformer have different poten-
tials to ground, a potential difference
must exist across the primary of the
coil. This voltage appears on the sec-
ondary side of the transformer as the

grid to ground voltage e, and it also
produces: the small- primary metallic
circuit current im. This metallic circuit
current is indicated by a dashed arrow
in Fig. 9..

Effect of Circuit Balancing

At this point, the question may be
raised, “Why not drain the longitudinal
current to ground by shorting the cen-
ter tap of the input coil to ground and
thereby eliminate the necessity for an
electrostatic shield and also avoid the
difficulties due to capacitance unbal-
ances in the input transformer?’
Grounding the center point of the input
circuit, either at the source or the re-
ceiving equipment does, it is true, elim-

_inate most of the troubles resulting
from longitudinal noise currents but,
under certain conditions, it greatly in-
creases the possibility of noise troubles
from longitudinal noise voltages.

The reason for this may be learned
from a consideration of Fig. 10, in
which it will be assumed that the
input circuit of the amplifier is subject
to a longitudinal noise voltage. The
effect of such a voltage on the circuit
is simulated by means of the zero-im-
pedance generator e:. It is further as-
sumed that the source of excitation is
connected to the input circuit by means
of an -ideal repeating coil, between
whose center point and ground the
longitudinal voltage is introduced, and
that the center tap of the input coil
on the receiving equipment is strapped
to ground. )
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Fig. 10 {left). Conversion of a longitudinal voltage to a metallic circuit current by metallic circuit unbalances. Fig. 11
(right). Circuit elements (above) which may require adjustment to achieve satisfactory equipment performance in
the presence of longitudinal noise. Equivalent bridge circuit (below) for analytical purposes.
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The longitudinal current produced by
the applied voltage is 4+ = 4ei/(R+R.)
in which R. is the resistance -of the
conductors of the input cireuit and R
1is the resistance of the primary winding
of the input transformer. Note that

neither the primary inductance ‘of the.

input transformer or of the repeating
coil, nor the internal input impedance
of the amplifier, nor the output im-
pedance of the input equipment appears

in this expression. These latter factors}
cancel out because the long1tud1na1 cir-.

cuit currents flow in opposing direc-
tions to ground through the primary
windings of the'coils, and hence the
associated magnetic fluxes set up by

them cancel out, as indicated in g, b,
and ¢ of Fig. 10, The impedance, due

. to the. residual leakage flux will, in

general be negligible with respect to -

the winding resistance in the frequency
band of interest, i.e. power frequencies
and their important harmonics. The
repeating coil has, of course, no leak-
age by the assumption that it is an
ideal transformer..

Consider first the .consequences of
resistance unbalances. only on this cir-
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Fig. 12. Test circuit for labora’rory

evaluation of performance of equip-

ment in the presence of longitudinal
voltage or current,

cuit. It is assumed in the illustration
that the input transformer is a layer-
wound coil, and hence the resistance
of its inner winding is less than that
of its outer winding. This resistance
unbalance in the coil is designated AR.
It is also assumed.that the input con-
ductors are slightly unbalanced, and
this conductor resistance unbalance is
designated AR.. On the assumption that
the unbalances are a small part of their

respective resistances, their effect on -

the circuit may be determined by as-
suming that equal longitudinal cur-
rents 7:/2 flow down the two conductors
to ground. The flow of these equal cur-
rents through resistances which differ
slightly in magnitude will produce
slightly different potential drops along
the two paths to ground, This difference
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in the two potential drops' will caise
a metallic-circuit current im to flow

‘in the input circuit of the equipment
‘of the correct magnitude to make the

potential drops along the two paths to
ground. equal. However, the flow of the
metallic circuit current im, indicated
by the dashed arrow ‘in the figure,
through the primary winding of the
input transformer  sets: up ‘a voltage
Vw across the terminals of the receiving
amplifier. This then is another means

by which Jongitudinal rvmse is converted

into metallie-circuit noise.
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Fig. 13. Analysis of source of noise in
an a.ci-d.c. amplifier.

cireuit noise, in the general case, is
impedance unbalance in the two halves
of the input circuit. This impedance
unbalance may exist in the input cir-
cuit of the receiving equipment, in the
connecting pair, or it may originate in
the input equipment. Unbalance any-
where in the two halves of the circuit
will, under the conditions ‘assumed in
Fig. 10, convert part of the longitudinal
current into a metallic-circuit current.
The remedy which this analysis sug-
gests is to reduce the circuit unbal-

ances and so protect the circuit against
‘longitudinal noise voltages. ’

The magnitude of the metallic-cir-
cuit voltage introduced in - the -input
circuit, under the conditions assumed
in F'ig. 10, is a function of the magni-
tude of the longitudinal current. This,
therefore, suggests that an alternate
remedy in this case is to remove a cen-
ter tap ground from the circuit in order
to reduce the longitudinal current to a
negligible quantity and thereby reduce
the metallic-current resulting from
circuit unbalances. It is thus apparent

that the expedient of operating the

input circuit of the equipment with a
center-point ground is not a; general

protective measure against Iongltudmal ’

/o AMPLIFIER
SHIELDED AND !
TWISTED PAIR
/

7 SHIELD
¥
)

~ MICROPHONE =
600D, AUDIO CCT. .or+
GROUND

CHASSIS OF AMP. o
1S CONNECTED ---=~" d
TO THE CONDUIT

CONDUIT, GROUND~
ED AT NEUTRAL
' POINT

<'—Ic

S
|

~

~ THREE=PHASE —_—

POWER TRANSFORMER, : ¢
NEUTRAL GROUNDED ( FROM OTHER

‘SERVICES )

Fig. 14. Multiple grounding method.

noise. The very act of putting center
tap grounds on a circuit, while render-
ing the circuit relatively insensitive to.
longitudinal noise currents, greatly in-
creases its susceptibility to longitudinal
noise voltages. Likewise, operating a
circuit without center point grounds
makes it relatively insensitive to longi-

tudinal noise voltages and markedly

increases its sensitivity to long1tudmal‘
noise currents

In actual conditions of operation, the
input circuits.of audio systems may be
subject simultaneously to both types of

longitudinal noise, and the problem is

therefore to uncover a general solution
that will protect the circuit under both

+ kinds of exposure. The solution, as may

have - been ‘anticipated, involves the
simultaneous adjustment of all the fac-
tors discussed so far. The problem which
must be solved in a given design may
be grasped by a consideration of Fig. 11.
The metallic cireuit voltage Vm must
be reduced to a negligible quantity for
two conditions of operation: with Zi.
equal to zero, representing the case of
a longitudinal noise voltage; and with
Zyw large compared with the cireuit
impedance to ground, representing the
case of a longltudmal noise current

The elements of the circuit Whlch
must be adjusted to achieve the desired
objective are shown as circuit variables
(it~ 1s assumed that an electrostatic

~ shield is mcorporated in the input

transformer in order to eliminate the
transformer interwinding capacitances),
The circuit of Fig. 11 is also presented
schematically in the alternate Wheat-
stone bridge form. The problem is then
to adjust the circuit varlables S0 as to

“reduce the bridge output to zero in the

presence of the longltudmal voltage e.
The varlables which require adjustment
are the senes circuit impedance un-
balances represented in the figure as
conductor and ecoil resustance unbal-
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ances, the impedance unbalances to
ground of the circuit represented in the
figure as capacitances, and the impe-
dance to ground in the center tap cir-
cuit of the input transformer.

The entire input circuit of an audio
gystem must be so designed that it will
perform in an acceptable manner in the
presence of longitudinal noise. In gen-
eral, this means that appropriate pro-

tective measures against longitudinal

induction must be incorporated in all
the elements of the input circuit, in-
cluding input equipment and the con-
necting pair, as well as the receiving
equipment. This is true because both
the input equipment and the connect-
ing pair can equally well convert the
longitudinal noise into metallic-circuit
noise. The problem is not restricted to
amplifiers alone as longitudinal conver-
sion sources, but is likewise true for
mierophones, phonograph pickups and
all other types of input equipment.

Equipment Limitations

The limitations of a piece of equip-
ment must be understood in order to
use it effectively, and these limitations
are generally .established by suitable
test procedures. From the preceding
discussion, it is apparent that data is
desired, in appropriate form, on the
equipment in the presence of both types
of longitudinal induction. This means
that the test circuit should provide a
measure of the effect of the series im-
pedance unbalances of the two halves
of the metallic circuit and of their
impedance unbalances to ground, and
should also reflect the effect of the
other factors such as interwinding ca-
pacitances that contribute to poor per-
formance in the presence of longitu-
dinal noise. An appropriate test circuit
for this purpose is shown in Fig. 12.

The test circuit of Fig. 12 is arranged
to impress the longitudinal voltage on
the equipment under test via the mid-
point of the source impedance for which
the equipment was designed. The longi-
tudinal voltage may be impressed
through an impedance Zi, whose value
is dictated either by the conditions of
the test or the sensitivity of the instru-
ments used in making the test. Appro-
priate precautions should be taken to
insure that the test circuit is itself not
a source of error. )

The test circuit is employed to evalu-
ate the performance of the equipment
in the presence of a longitudinal volt-
age and in the presence of a longi-
tudinal current. The performance of the
equipment in the presence of a longitu-
dinal voltage is determined by measur-
ing the metallic-circuit voltage Ve and
the longitudinal voltage Vs under the
condition of minimum — preferably

zero—longitudinal current #1. The mea-
surement is therefore made with the
center point of the input circeuit of the
equipment open circuit to ground. The
longitudinal voltage suppression of the
equipment, under these conditions of
operation, is the ratio of Vis to Va. In
decibels, it is 20 logio Vie/Vm and it
gshould be determined over the appro-
priate frequency band.

The performance of the equipment in
the presence of a longitudinal current
is determined by measuring the ratio
of the metallic circuit voltage Va to
the: longitudinal current 4: under the
condition of minimum—preferably zero
—longitudinal voltage Vie. This meas-
urement is therefore made with the
center point of the input circuit of the
equipment shorted to ground. The lon-
gitudinal current suppression of the
equipment, under these conditions of
operations, is the ratio of Vm to 41 It is
generally expressed as so many micro-
volts per ampere and should be deter-
mined over the appropriate frequency
band.

Field vs Test Performance
The correlation between the perform-
ance of a piece of equipment when in
a test circuit and when installed in the
field is often difficult to establish be-
cause of the wide range of field operat-
ing conditions. This situation is par-
ticularly true when it comes to predict-
ing with accuracy, on the basis of lab-
oratory test data, the longitudinal sup-
pression performance of equipment.
Hence, in the remainder of this article,
some of the limitations and special con-
ditions encountered will be indicated
briefly as a guide to the wide range of
problems encountered in the practical
application of this information. A
source of possible discrepancy between
predicted and actual performance re-
sides in the fact that lumped noise
sources are employed in both the analy-
gig and test circuits, whereas the noise
experienced in the field is usually that
due to a distributed source. In the case
of the interconnecting pair between
the sending and receiving equipment,
the metallic~cireuit impedances and the
impedances to ground are, in addition,
distributed rather than Iumped -ele-
ments. It generally will be found, how-
ever, that a satisfactory correlation be-
tween the longitudinal suppression per-
formance of a piece of equipment in a
test circuit and in the field can be estab-
lished when the effect of these factors
are correctly evaluated. )
Another factor of importance is that
in this discussion it has been assumed
that the longitudinal noise is introduced
into the input eircuit between the send-
ing and receiving equipment. However,
[Continued on page 34]
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LONGITUDINAL NOISE

[from page 21]

it often happens that the noise is intro-
duced, by means so far not considered,
at other points of the ecircuit. A well
known illustration and one which pre-
sents many design difficulties is that
of an a.c.-d.c. amplifier operated on a.c.
In this case, the amplifier itself is the
source of the noise. This is true because
the secondary side of the input trans-
former is directly connected to the a.c.
power circuit. Poling of the power plug
on the amplifier cannot be relied upon
to reduce its noise, because in many
areas the so-called low side of the
power circuit has a substantial voltage
to ground. In addition, this voltage
often includes substantial amounts of
the higher harmonic and therefore the
more disturbing components of the
power supply frequency.

The problem in designing a universal
a.c.-d.c. amplifier is thus to make a unit
with acceptable performance for either
polarity of the a.c. power supply. This
means that the signal-to-noise ratio
of the amplifier must be acceptable
when the full power circuit voltage is
impressed between the windings of the
transformer in the manner shown in
Fig. 13. One method of solving this
problem is by the use of two separate
electrostatic shields. One shield encloses
the secondary winding and is connected
to the low side of this winding. The
sther shield encloses the primary wind-
ing and is connected to the audio cir-
cuit ground associated with the input
circuit. This arrangement virtually
eliminates the parasitic coupling capa-
citances between the primary and sec-
ondary windings of the transformer
and thus substantially eliminates the

" flow of the longitudinal current through
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the transformer windings from this
cause. It also eliminates the flow of
the longitudinal current from winding
to its associated shield since each wind-
ing is at its shield potential, from a
longitudinal ecircuit point of view, by
virtue of the connection between them.
The longitudinal current flow is thus
from one shield to the other, but this
current flow will not degrade the signal-
to-noise ratio of the amplifier.

Multiple Grounds

Another manner in which longitudi-
nal noise may be introduced in a system
at a point other than the interconnect-
ing pair is depicted in Fig. 14. In this
case, it is assumed that the panel and
circuit grounds on the amplifier have
been separated for utmost flexibility in
application. It is further assumed that
on installation the circuit ground has

been connected to a quiet audio ground,
but that the panel has been connected
to the conduit of the power circuit. It
is assumed, in addition, that the secon-
dary winding of the input transformer
has appreciable capitance to its case
and core which are electrically con-
nected to the amplifier panel: Substan-
tial currents originating from external
sources are presumed to be returning to
ground via the conduit. This condition
sets up a potential difference between
the amplifier panel and the audio cir-
cuit ground and causes noise currents
to flow from the conduit to the audio
ground via the secondary winding of
the transformer and its associated capa-
citance to core and case. This noise
current introduces a voltage into the
equipment on the grid side of the input
transformer. Installations in which
transients on the power circuit appear
in the output of the system may be sub-
ject to noise trouble of this type. This
difficulty may be eliminated by employ-
ing the audio circuit ground for both
panel and circuit ground purposes.

Summarizing, then, there are two
general means by which longitudinal
noigse is introduced in a ecircuit, one
of -high internal impedance so that the
noise has the characteristics of a con-
stant current introduced into the cir-
cuit, the other of substantially zero in-
ternal impedance so that the noise has
the characteristics of a constant volt-
age introduced into the circuit. It has
also been shown that these two types of
induced noise affect a circuit in differ-
ent manners and therefore require wide-
ly different treatment to avoid their
unwanted effect on a ecircuit. Super-
ficial remedies to render a circuit in-
sensitive to longitudinal noise are as
apt to increase the difficulty as to miti-
gate it because of the diverse character
of its two types. However, as outlined
in this article, once the nature of lon-
gitudinal noise induction is under-
stood, it is as amenable to reduction of
its disturbing effects as many of the
other sources of noise with which the
audio engineer must contend.
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