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NQISE SOURCES OF SIGNIFICANCE IN DATA TRANSMISSION

by

¥F. B, WOOD

ABSTRACT

An attempt is made to develop preliminary rmodels of the different kinds
of noise that are of significance in data transmission, Review of the graphical
representation of thermal noise on arithmetic probability paper has led to
gimilar models of other types of noise, The analysis leads to a classification
by the number of parameters required to specify an upper bound on the noise
distribution and a classification by the type of noise voltape scale needed to
make the upper bound distribution gaussian over the significant range, These
distributions are; thermal, one parameter, linecar; crosstalk, two, lineasc;
impulse, three, logarithmic; and fading, four, log-log. Cut-off noise and
interpulse interference (delay distortion) are mentioned for completeness,
Appendices are included which compare differenl assumpticns which could
alter the nature of these models, For example the choice of counting noise
peaks, noise pulses, or actual errors can seriously change the model of
impulse noise at this stage of our understanding.

NOTICE

The Departmental Report format {note the code prefix RID)} from San
Jose Research is inteaded for limited distribution--primarily within the
San Jose Research Laboratory, This type of report is intended to provide
a regular channel through which a member of the staff mipht offer his
proposals, discuss special projects, or invite critical evaluation from other
professional and technical personnel,
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reference voltage {(Y) in a given time interval {T seconds)., With the exception
wi curve M there is a second half of the curves for ncegative voltage which is

uot shown in Figure L. Curve M is differcent because fading is equivalent to a
multiplicative operation which attenuates the signal as shown in Figure 1-C

~ while the other noise sources shown are algebraically additive to the signal

as is shown in Figure 1-B, The period of observation (T) is different for
different noise sources, and is further specified in the section of

the report dealing with particular noise sources, The well-known mathematical
model of gaussian white noise Is represented graphically as curves A40 and A60
in Figure 1-A, These particular curves are lor signal-to-noise ratios of 40
and 60 decibels, respectively., The length of line between repcaters on voice
telephone circuits is chosen so that the lowest signal Ievels are still well above
the gaussian thermal noise,

A second source of noise is "voice crosstalk" which may be due to the
carrier crosstalk of carrier channels on adjacent cable pairs or duc to the
voice signals on adjacent cable pairs., A sample curve is shown as curve CC
in Figure 1-A for a particular cable, The telephone companies normally balance
the cables so that the crosstalk is 40 db or better as is shown in Curve CB, On
an N-1 carricr System, thecompandors make another 20 db protection, making
curve CBC have a crosstalk of betier than 60 db,

The real source of errors in data transmission has been found to be the
impulse noise; named "impulse' because it is principally derived from dial
pulses and switching transients on adjacent lines and at exchanges through which
the channel goes, It is assumed that Bell Telephone Laboratories will complete
a thorough study of noise which will give us a good model of impulse noise, In
the meantime we are using a tape recording of twenty-five minutes of a ""worst
line,'" The experimental points for Lthis N-1 carrier line of one-hundred miles
in length are plotted as curve B in Figure 1-A, The data used for this curve is
without an equalizer and covers a larger range than that included in the report
of Dr, N, Abramson, 3

A fourth source of interfercnce occurs when microwave links arc used,
namely fading, Curve M is based upon a Bell Telephone Laboratories report,
giving the per cent down time of a channel of ten microwave scctions in
serics.‘}“A’ 4-B This curve is not strictly speaking a "noise' probability curve,
but a curve of the probability that the attenuation will be less than a given value
due to fading, The fading attenuation is included here with noise for comparison
so that the problems of maintaining the necessary automatic gain control and
automatic switching of channels will be appreciated, The cffect of this fading is
to lower the carrier power level making the signal more susceptible to inter-
ference by gaussian and impulse noise, At present the fading problem can be
bypassed by using physical circuits. The curve MAS shows the reduction in down
time due to automatic switching to a spare channel when fading is bad,
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Figures 1-B and 1-C illustrate the difference between the vectorially additive
noises such as thermal noise, impulse noise, and crosstalk and the multiplicative
equivalent noise such as the attenuation due to multipath fading. There has been
some discussion as to the usefulness in trying to plot both kinds of phenomena on
the same scale as in Figure 1-A, Further comments are given in Appendix B,

Another source of interference is the failure of switching circuits and
repeaters. These are materially reduced by autormatic switching systems developed
by Bell Telephone Laboratories, =~ Perhaps it is useful to define a " cut off
noise' to allow for the complete break of channel when an alternative circuit
cannot be found., This possibility of '""cut off noise' requires some kind of feed-
back to acknowledge receipt of messages as discussed in my analysis of optimum
block length,

In all of these examples, worst cases are used for illustrations, The objective
of this report is to develop some simple approximations by which these noise and
attenuation sources can be represented in the analysis of various coding and
modulation systems for data transmission,
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II. Thermal Noise (Gaussian)

Thermal noise from molecular sources in the conductors and amplifiers
approaches the normal or gaussian distribution, Digscussions of gaussian noise
"are to be found in various textbooks and handbooks, 6,7 Oscilloscope pictures
of this wide-band thermal noise are given by W, R, Bennett, (Ref, 2, Part I,
Fig. 1} The formulas are restated here for convenience, The objective of this

gection is to show the engineer a simple way to use arithmetic probability ];)a.per8
for plotting gaussian noise distributions., The probability density is;

s -y 20

P (v)dv = {1/ Vzs0? Je dv, (1)

where 02 is the variance of the noise distribution and is proportional to the
noise power, '

The cumulative distribution:

Y
P (v¢V) = j P (v) dv (2)
- oo
is related to the error function:
v 2 4
erf v = 2 &\ e te dt, (3)
T 5]
1 f
P(v.eV) :—-—%—?—5——1’3 (4)

The square root of the variance is U, the standard deviation. Graph paper is
available for plotting the cumulative gaussian distribution as straight lines, A
set of curves of the probability of the noise voltage exceeding V for different
values of signal-to-noise ratio {S/N) at one standard deviation is plotted in
Figure 2,

The curves of Figure 2 can be used to obtain a probability of error as a
function of signal-to-noise ratio for specified detection levels, For example,

if a ""one!'" is +1.0 volts and a '""zero'" is ~1.0 volts and we set the detection
level at VD = 0,5 volts, and we assume an equal number of zeros and ones,

Vgr>+0,5 volts, 5=1;

+0.5> Vi > -0.5 volts, S is indeterminale;

VR £-0.5volts, S =0,

Drawing the 0,5 volt line (line D) in Figure 2 gives the values in Table I;
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S/N {db) -15 -10 -5 0 +5 +10 +15
P(error) % 46 43 39 30 19 5 0.1
Table I

Sample Calculation; For S/N =-15db:
Plerror) =P(s =1) . P (VNL~0.5) + P(s = 0) . P(Vy)+0,5)
=1/2%x 0,46 + 1/2x 0,46 = 0,46 or 46%

These values are plotted in Figure 3 as curve D, This curve is the same as
Table II of Oliver, Pierce, and Shannon,?

If the detector does not need the + 0.5 volt tolerance, we can define:

If VR>0 volts, S =1

i
L)

If VR-(.O volts, §

which gives Line E in Figure 2. The resultant points are plotted as Curve E in
Figure 3, This is the same as the curve given by Mertz in the PIB Symposium, 10
The curves D and E are 6 db apart,
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IIl. Voice-Modulated Carrier Crosstalk Noise

No accurate data is available on this source of noise, The conditions are
approximated in the experimental curves of Figure 4 from Stephenson, 1l The
high frequency channel of an N1 carrier system is centered at 256 ke/s. 12
The first approximation to the one microsecond rise time of Figure 41is a
250 kc/s sine wave, which is close to the carrier frequency. Interpolating
for a 600 ohm twisted pair in Figure 4 gives about 18 db crosstalk in pair
No, 25 from pair No, 9 or No, 11, The pairs numbers used in Figure 4 are
for a 100 ft. length of Alpha 1312 cable of 26 pairs of No, 22 solid wire, This
estimated ""worst' case of 18 db crosstalk is plotted as curve CC in Figure 1,

In Figure 5 the model of voice carrier craosstalk noise proposed here is
compared with a curve of gaussian thermal noise, The peak voltage of the
crosstalk signal is assumed cut off at theﬁtimes the rms value curve CB40
{curve CB in Figure 1) is for a 40 db crosstalk (rms) signal, Between -0,014
and +0.014 volts the crosstalk voltage is assumed to have a gaussian distrib-
ution, This tentative model is based upon the assumption that the crosstalk
level is determined primarily by the coupling between cable pairs at the carrier
frequencies; for example,the high irequency end of the N-carrier System is
256 kc/s. It is further assumed that the voice signals are limited to not exceed
3 db above the zero dbm level, A sample crosstalk probability curve is shown
in Figure 5, Curve CB is for a signal-to-noise ratio of 40 db (or V= 0,01 volts)
at one standard deviation, For comparison, gaussian thermal noise probability
curves are shown in Fig, 5 for S/ N equals 30 db, 40 db, 45 db, and 71 db,
marked as curves A30, A40, A45, and A7I.

Normally the operating telephone companies balance the cable pairs in a
cable to reduce the effective coupling capacitance which reduces the crosstalk,
In the absence of statistical data on the crosstalk coupling, it is here assumed
that the balancing will achieve approximately a 20 db irnprovement for the high
frequency end of the N-carrier channels, It is further assumed that the use of
the compandors on N-carrier systems can produce an additional 20 db effective
reduction in crosstalk,

A sample of the probability density distribution of voice signals is compared
with a gaussian distribution in Appendix A to indicate the order of magnitude of
the approximation used here,
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V. Impulse Noise

An illustration of how dial pulses and relay transients on an adjacent channel
can cause impulse noise is shown in Figure 6, This is more likely to cccur at
exchanges. Step function S in channel 1 can causc impulse response IR in channel
2 by coupling at any point along the line. For example the limiting cases are:

{l) step function S gives step response SR at end of channel 1 which 1s differentiated
by capacitor C' and resistor R to give impulse response IR al receiver end
channel 2, and (2) step functions could cause an impulse I to be coupled into
channel 2 through capacitor C' and resistor RO' which would be transformed to
impulse response [R at receiving end of channel 2, Several simplified transforms
for transmission lines are given by Sunde, 13 The assumptions used in the over-
simplified equivalent circuit of Figure 7 are given by Arguimbau,. 14

The impulse noise of experimental curve B of Figure 1 is replotted on
arithmetic probability paper in Figure 8 to illustrate the complete probability
curve including impulse noise pulses of negative polarity, A thermal noise curve
for a S/N = 30 db is plotted on the same sheet for comparison,

A mathematical representation of the impulse noise distribution is:

- _ 2
pU)au = {1/ Vzr o0z} e "WV U/ 20% 4y (5)

=201 v 6
u %1, (6)
U is the intersecction of the extrapolated probability distribution for
o
positive noise voltage at zero standard deviations, In this examnple U0 = ~50 dbm
or 40 dba,

U =10dbm for T = 0.4x 107> 5¢¢
C

The noise tape data is replotted another way in Figure 9. Here the impulse
noise is defined by the following parameters:

0 - 13 db
Uo = 40 dba or -50 dbm
This gives: S/N ={(0 dbm) ~ {UDdbm + 0 db}] = [0 ~(-50 +13}} = + 37 db,

The above S/N = 37 db is the same numerical value of the estimated thermal
noise for the tape,

A problem worth considering is: what is the channel capacity (C) as a
function of U and O for impulse noise? A setofcurves of C/W plotted against
U + 0 for dicf}ferent U 's would be desirable, For exawuple the curves for
thermal noise are givé)n in the ITT Handbook, 12



It would be desirable to have other sets of data to plot in Figure 9, One
curve is available from Bell Telephone Laboratories, but only the O can be
compared with this data, 16 por this data 0 is 10 db, but the calibration is
uncertain,
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Figure 9 - Simplified Mo«el of Impulse Noise Probability Distribution
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V. Cut-Off Noise

A "cut-off noise' is here defined as a cutting of the communication channel
through some accident or on microwave channels when the automatic switching
cannot find alternate channel, This class of event is here defined as noise to
remind us that even though error-correcting was employed, some feedback must
be used to insure against the channel being out of commission,

A possible component of this cut-off noise can be extrapolated from the model
of fading cquivalent noise at the 90 dba level (39 ddba). See W in Figure 10,
The abbreviation "ddba' used here means decibels of decibels absolute,

VI. Microwave Link Fading

Sample data on microwave TD-2 link fading are given by Bell Telephone
Laboratories,4-A, 4B The significance of fading in data transmission is the
synchronization problem when the automatic switching system connects a spare
channel, The data transmission system must have a suitable error detection
code to request repeat of blocks3 which are mutilated on the deep fades or by
the loss of synchronization on switching, Alternatively, ""burst-correcting"
codes can be used,

To obtain an approximate model of the fading probability, curves M and
MAS of Figure 1 are replotted in Figure 10 on "log log gaussian’ probability
paper. The left vertical scale in W (ddba) is the equivalent noise power of the
fade in '""decibels of decibels absclute,

Let V = rms equivalent noise voltage;

then U = 20 loglo V, and

P
W = 20 logyg U = 20 log)g (10 logyg {——73 } ) (8)
10

where Pisthe equivalent noige power (watts),

An approximation to the equivalent {ading noise is plotted as curve MM in
Figure 10,

For W» 21.5 ddba, or U> 11.8 dba;

dw . 2
p(w)ydw = {1/ V2n0%} e EW Wc> l/z o dw {9)
FOI’WZZI.S ddba, P(X>21.5) = 70% : (10)
For W > W ddba;
Whn
P (X>W) =70 - P(W} dw (11)
W

3
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TABLE II: P (X ”W) FOR FADING

NO SWITCHING

P{X7> W) P(X>W)
{ddba) (dba) Approx, % Experimental

37 65 .0017 0,0017
34 50 0.03 0,05
32 40 0.22 0.14
30 30 2,0 0.8
26 20 20 20
23 14 50 50

21,5 12 67 85



