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An Analysis of the Tolerance to Crosstalk  Noise of a Pulse 
Width  Modulation System 

This  paper  reports the results of an investigation to determine the drive degradation caused by random noise  in a  pulse  width 
modulation (PWM) system originally designed for communicating on coaxial cable but  using instead twisted-pair cables. 
Presented are the analysis of the driverlreceiver circuit, the theoretical modeling of the transmitted waveforms over the 
twisted-pair medium using ASTAP. and a methodology for trading oflrms noise for transmission capability. The analysis of 
the  effect of noise  on drive distance as a  function of allowable error rate  is derived, and an example is  provided. Finally, a 
simplified analysis technique is proposed to allow  rapid calculation of approximate (yet conservative) results. 

1. Introduction 
A study was undertaken to determine the effects of substitut- 
ing multiple twisted-pair cable for the coaxial cable presently 
being  used to carry pulse width modulated (PWM) data 
signals for IBM display products. The analysis was simulated 
using ASTAP, the advanced statistical analysis program [ 11, 
first for the coaxial cable (to verify that  the analysis was 
correct by showing the design to be  within specifications) and 
then for the twisted-pair cable. Experimental verification of 
our results are in  progress and are thus not included here. 

The technical issues addressed by this investigation 
include how a display product performs on this different 
medium, and how susceptible it is to the types of electrical 
noises  which are expected on this type of cable. The results of 
an engineering study to address these issues are described. 
An analysis of the driver/receiver circuit is presented with an 
emphasis on pulse distortion in the twisted-pair medium, and 
pulse  width variation over the  parameter ranges. The effect 
of noise on the pulse  width  is then computed. Finally, a 
simplifying and slightly conservative approach is presented 
to facilitate making the requisite trade-offs. 

2. Analysis of the driver/receiver circuit 
A simplified diagram of the driver/receiver for a typical 
IBM display terminal is  shown  in Fig. 1. The circuit for each 

driver/receiver consists of two  solid  logic  technology (SLT) 
modules, three resistor-capacitor packs, and five discrete 
components. Not shown are the baluns at each end of the 
transmission line  which  provide impedance matching and 
common  mode  noise rejection, and prevent ground loops. The 
circuit operation is described next. 

With inputs A,  and A, low, transistors Q, and Q, are cut 
off and the cable is charged to about 7.4 V. When a positive 
level  is applied at A, ,  Q,  saturates  and pulls the cable voltage 
to ground potential. 

R, matches the cable impedance and provides a  current 
path to one side of a differential amplifier. The other side of 
the differential amplifier is connected to a reference voltage 
Vrer created by the voltage divider resistors R, and R,. 

Data transmission is  via PWM signals at a bit rate of 
approximately 1.2 Mb/s. Typical receiver  pulse width speci- 
fications are as follows: A 1 bit must be greater than  620 ns 
and less than or equal to 670 ns,  with a nominal  specification 
of 630 ns. A 0 bit must  be greater  than 190 ns and less than or 
equal to 250 ns, with a nominal  pulse  width of 210 ns. The 
driver/receiver was designed to transmit signals through a 
maximum of 610 m (2000 feet) of coaxial cable. 
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The  next section  describes the  ASTAP  simulation used to 
determine  the effect of crosstalk noise in this pulse  width 
modulation system. 

3. Simulation of the effect of the media on the 
signal 
ASTAP  simulation was used to model No. 22 gauge twisted 
copper  cable,  as well as  the  driver  and receiver circuit shown 
in Fig. 1.  Analysis  was  also done  after  replacing  the No. 22 
gauge solid copper  twisted-pair wire  with coaxial cable. 
ASTAP was run in order  to define the  limitations of twisted 
copper cable for these  drive conditions, determine  the sensi- 
tivity of the  circuit  to  crosstalk noise, and  establish a  basis  for 
determining  error  rate  as a function of input noise level. 

The following cable  characteristics were required in the 
simulation: 

Characteristic  admittance of twisted copper  cable, 
0 Attenuation per unit  length, 
0 Inductance per unit  length,  and 

Capacitance per unit  length. 

An  examination of Fig.  1  shows that  the  critical  parame- 
ters in the  determination of the  transmitted  voltage level and 
the  detection threshold level are  the power supply tolerances 
and  the  ratio of the voltage  divider  resistors R, and R,. Since 
the power supply  variation is +. 12%, and R, and R, are held 
to e 1%, the effect of resistor variation  as well as  the  variation 
of the  noncritical  circuit  components  can  be ignored  in 
determining noise sensitivity as a function of parameter 
variation.  The  actual pulse  width  specification  is  based on 
worst-case transistors in the driver and receiver, so variations 
in the  transistor  parameters  need  not  be  separately 
accounted for. In order  to  determine  the worst-case power 
supplies for signal detection,  four  ASTAP runs were made a t  
the  extremes of the power supply ranges in the receiver and 
driver, as shown  in Table 1.  

The  resulting  ASTAP  simulation provided the pulse  width 
variation as a function of power supply settings.  For this 
configuration, the worst-case  condition occurred with the 
driver power supply low (7.04 V) and  the receiver power 
supply  high (8.96 V). 

In order  to confirm the model, an  ASTAP  simulation was 
run  with twisted copper  cable replaced by 610 m of coaxial 
cable  (the specification  condition for a display  terminal). 
The  output waveforms  were compared  against  the  required 
pulse  widths. Since  the pulse  width of signals received 
through  the  coaxial  cable  just  met  the  interface  information 
specification, the model was considered  confirmed. 

ASTAP  simulations were then  run  for  cable  lengths  from 
65 m to  175 m  in  5-m increments, with a driving  signal 
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Figure 1 Typical  display  terminal driverjreceiver circuit. 

Table 1 Power  supply  limit  conditions. 

Power supply Power supply 
of driver of receiver 
(V) (VI 

1. 7.04 
2. 7.04 
3. 8.96 
4. 8.96 

7.04 
8.96 
7.04 
8.96 

consisting of a string of random 1 and 0 bits  to  determine 
maximum drive length with  worst-case  intersymbol interfer- 
ence. The first failing condition was reached for  a 1 bit 
exceeding the  maximum pulse  width  specification. The  pat- 
tern preceding the 1 bit, 001, was  chosen because  it produced 
the worst-case  intersymbol interference, i.e., the  largest 
increase in  pulse  width. Figure 2 shows the waveform  for this 
worsf-case 1 bit at  the  end of 150 m of cable. Figure 3 is a 
graph showing the pulse  width for this 1 bit  measured at  Vre,, 
as a function of cable  length.  Figures 4 and 5, which show the 
falling and rising slopes of the pulse measured at  V,, as a 
function of cable  length, were  based on these  ASTAP 
simulations. Figure 6 shows the dc-voltage shift which causes 
the  measured pulse  width to exceed  specifications. This pulse 
shift corresponds to  the noise margin when the correlation 
coefficient is maximum, p = 1.  A noise correlation coeffi- 
cient of 1 implies that  the  same noise appears a t  both ends of 
the pulse, which is equivalent to having the received pulse 
shifted by the noise voltage, since a dc  shift looks like  the 
same noise voltage at  both the rising and  the falling edges of 
the pulse. Table 2 summarizes Figs. 4, 5, and 6,  where noise 
margin is given for this  case of perfectly correlated noise 
(P = 1). 

A more  general analysis is presented  in the next  section. 433 
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Figure 3 Pulse width vs cable length plot. 

4. Effect of noise in a PWM system 
The analysis of the  PWM  system  performance is based  upon 
an evaluation of the  probability of error.  An  error in this  case 
is defined as  occurring when the pulse spread  and noise on 
the  cable  cause  the  detected pulse at  the receiver to  be  out of 
specification. 434 
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Figure 4 Falling slope m, of received signal at  Vmp 

Table 2 Pulse widths, falling and rising slopes, and noise margins 
as functions of cable length. 

Cable Pulse Falling Rising Noise 
length width slope m, slope  m2 margin 

~~ 

( 4  (ns) W/ns) (v lns)  (VI 

65 
I 5  
85 
95 

100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
175 
180 

637 -0.457 0.023 0.72 
643 -0.3625  0.0195 0.5 
645 
647 -0.3 0.0182 0.395 
647 -0.29 0.0176 0.382 
647.5 -0.29 0.018 
648 

0.38 
-0.28 0.018 

648 
0.379 

-0.27 0.018 
648 

0.377 
-0.27 0.018 0.376 

649 
0.375 

650 -0.234 0.020 0.373 
652 -0.2174 0.020 0.334 
654 -0.195 0.0 19 0.275 
656 -0.186 0.018 0.2302 
658  -0.18 0.018 0.196 
660 -0.18 0.014 0.135 
664 -0.176 0.018 0.0989 
667 -0.169 0.01  1 0.03 18 
670 -0.126 0.007 0 
674 -0.121 - - 

-0.306  0.0176 0.412 

648.5 -0.263 0.018 
-0.249 0.019 0.374 

Consider  the  arbitrary pulse p ( t )  and  the pulse  plus noise 
p ( t )  + n ( t )  as shown  in  Fig. 7, where n ( t )  is  a Gaussian 
random variable. ,The pulse with  added noise crosses the 
reference ycf at  different  points from  the pulse with no noise. 
The  time differences  on the falling and rising edges  are at, 
and At,, respectively. When these wave shapes  are reason- 
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0.81 

,Slope = m, 

Figure 7 Pulse signal plus noise in a PWM system. Figure 8 Timing error based on constant-slope approximation. 

ably  linear  near Vref, a significant  simplification of the 
analysis  can  be achieved. The waveform presented in  Fig. 2 
shows the rising and falling edges of the pulse  in the vicinity 
of Vref. Since  the  assumption of linearity need only be valid  in 
the region of Vref, this  engineering  approximation  can  be used 
here.  Continuing  with  the  analysis  under  the  assumption of 
linearity, we define the falling and rising slopes as r n ,  and rn,, 
respectively, as shown in Fig. 8. Then  the  relationship 
between the noise and  the  shift in the Vref crossing of the 
signal  is 

nI = -m,at, (1) 

IBM J. RES. DEVELOP. VOL. 27 NO. 5 SEPTEMBER 1983 

and 
n, = -m2 
The pulse  width variation is then 

An  examination of the  actual noise sources  in  multiple- 
balanced shielded twisted-pair  cable with  common-mode 
noise rejection  shows the  dominant noise source  to  be  near- 
end crosstalk. The  literature shows that  this noise can  be 
treated  as  uncorrelated noise [2]. 435 
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Figure 9 The error function e(.), 

Proceeding  with the  assumption  that n, and n, are  zero 
mean  random  variables with variances of u: and u: respec- 
tively, and 

where  the p ( 7 )  indicates  some possible pulse  width  depen- 
dence of the  correlation [3], then 

E [ - A ~ ,  + At,]  = 0 (4) 

and 

Var(-At, + At , )  = E [ ( - A ~ ,  + At,) ,]  (5) 

If n, and n, are both zero  mean  Gaussian  variables  with 
variance u*, then " a t ,  + A t ,  will be a zero  mean  Gaussian 
variable with variance u: as defined in Eq. (9), and  the 
probability of error (i.e., not being within specifications) can 
be evaluated [4, 51. 

The  error  criterion is given as t,,,, the  maximum value for 
the  time between reference crossings for an acceptable pulse. 
For the pulse  with  no noise, the  time between reference 
crossings  is td. With noise, the  apparent pulse  width 
becomes 

t ,  = t ,  - A t ,  + A t , ,  

where t, is  a random  variable since a t ,  and A t ,  are  random. 
An  error  occurs if t ,  > t,,,. The  probability of error  can  be 
expressed as 

Pr(error} = Pr{t, > t,,,} (10) 

or 

Pr(error1 = Pr{(- A t ,  + A Z , )  > (t,,, - td)). (11) 

Equation (1 1) can  be  evaluated given the  probability 
density  function of ( - A t ,  + At,). For  example, if ( - A t ,  
+ At,)  is a Gaussian  random  variable with  a variance of u:, 
we could evaluate  the  probability of error  as 

Pr  (error} = Pr{( - A t ,  + a t , )  > (t,,, - t , ) }  

= Q(Y), 
where Q(a) is the  error function [4,6] and is defined 

A graph of Q(a) is presented in  Fig. 9. The solution of Eq. 
(1 1)  requires a  knowledge of the noise energy  density spec- 
trum  and a subsequent  mapping of that noise energy  into a 
time crossing. 

Examples 
1. Consider  the  case of a 150-m cable  with  the specifications 

requiring t,,, = 670 ns. Table 2 shows the pulse charac- 
teristics for  various cable  lengths  and  can be used to 
determine nominal  pulse width,  and pulse  rise and  fall 
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slopes. Note  that for this  length, t ,  = 656 ns, mI 
= -0.186 V/ns, and m2 = 0.018 V/ns in the vicinity of 
the threshold  crossings. If the noises n, and n2 are 
normally distributed  and  uncorrelated, with zero  mean 
and  variance u2, then  from  Eq. (9), with p = 0, 

where u, is in volts. Thus,  from Eqs. (12) and (14), 

From  the  example specifications, 

t,,, - t ,  = 670 ns - 656 ns = 14 ns, 

and 

1 1  1 1 -+-=-+-= 
mt m: (0.186)’ (0.018)’ 

3115. 

u: = u2(3115), and u, = a&% = 55.8u, resulting in 

Pr{errorj= e(&) = e(?) 
2. If the  correlation p is changed  from 0 to 1 ,  Eq. (9) 

becomes 

= (28.9 + 597 + 3086)a2, and 

u, = 60.90, yielding 

0.2298 
PrIerror] = Q (6::~) - = ‘(7) 

By using Eq. (16) or (17), the  maximum allowable noise 
in the twisted  copper cable  for a display  terminal  can be 
determined  as a  function of the  required  maximum  error 
rate using the  error  rate  graph, Fig. 9. The  required 
maximum  error  rate specified for  the  terminal system is 
lo-’. From Fig. 9, we see that  for  this  error  rate  the 
argument of Q must be 5.6. From  Eq. (16), with p = 0, 
then a = 0.25/u = 5.6, or u = 0.044 V. Similarly,  from 
Fq. (17), with p = 1 ,  then a = 0 . 2 2 9 8 1 ~  = 5.6, or u = 

0.041 V. 
3. For  simplifying this  assumption without  using the rising 

and falling slopes, we can use noise margin A U  from  Table 
2 to find rms noise. When  the noise is perfectly correlated, 
we can  assume  that A U  is  a shifted voltage as shown in 
Fig. 10, so that  the pulse width a t  V,, is just  equal  to 
the specified maximum pulse  width (670 ns), that is, 
ln l l  = lnz l  = Au, 

I 
I 

+Pulse width maximum specification+ 

Figure 10 Assumption for shifted level of signal. 

Q(a) = Q (v) = 

We know A U  from  Table 2 and a from Fig. 9. For 150 m, 
the noise margin AU is  seen to be 0.2302 V. To achieve a 
lo-* error  rate,  the allowable noise is  found from Fig. 9 to 
correspond to  an a of 5.6; i.e., the  rms noise is the noise 
margin divided by 5.6: 

u = - = 0.041 V. 
Av 
5.6 

This  example shows that  the simplifying assumption used 
in Case 3, that  the voltage curve is shifted by the  amount 
of the noise, is equivalent to  the  assumption  that p = 1. 
Returning to Table 2, the noise margin shown can  be used 
to  determine  the probability of error, given the  variance of 
the noise voltage. The  resultant  calculation will provide a 
somewhat conservative estimate,  and  an  upper bound on 
error  rate, without the  additional  requirement of knowing 
the  details of the noise energy  spectrum  and  computing 
the noise correlation coefficient. 

The  computation of error  rate  as a function of noise 
voltage has been established  for the  cable  lengths in Table 2 
and is tabulated in  Fig. 1 1. As with Table 2, this  tabulation is 
for the  case of perfect noise correlation and serves as a 
conservative estimate of error  rate. 437 
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120 
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I40 
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I80 
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10 
-8 

.- 
0. I28 
0.089 
0.0735 
0.0705 
0.0682 
0.068 
0.0678 
0.0676 
0.06732 
0.06714 
0.0669 
0.0667 
0.059 
0.049 
0.0411 
0.035 
0.024 
0.0176 
0.0056 

0 

IO 

0.138 
0.096 
0.08 
0.076 
0.07346 
0.073 
0.0728 
0.0725 
0.0723 
0.0721 
0.0719 
0.0717 

0.053 
0.064 

0.0443 
0.0377 
0.026 
0.019 
0.0061 

-7 

.- 

0 

10 

0. I5 
0. I 
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0.082 
0.0958 
0.079 
0.0789 
0.0785 
0.0783 
0.0781 
0.0779 
0.077 
0.069 
0.057 
0.047 
0.04 
0.028 
0.02 
0.0066 

0 

-6 

.- 
-5 

.- 
IO 
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0.0888 
0.088 
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0.0881 

0.0874 
0.0872 
0.0872 
0.0867 
0.077 
0.064 

0.045 
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0.0073 

0 

-4 

" 

10 

0. I9 
0. I35 
0.111 
0. IO6 
0. IO32 
0.1027 

O.lOl8 
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0.1016 
0. IO14 
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0. I 
0.09 
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0.062 
0.053 
0.036 
0.026 
0.0086 

0 

10 

0.23 
0.161 
0.132 
0. I27 
0. I232 
0. I225 
0.1222 
0.1216 
0.1212 
0. I209 
0.1206 
0. I2 
0. IO7 
0.088 
0.074 
0.063 
0.044 
0.OjI 
0.010 

-3 

" 

0 

10 

0.31 
0.22 
0. I8 
0.17 
0. I66 
0.1652 
0.1647 
0. 1639 

0.163 
0.1634 

0. I626 
0. I62 
0. I47 
0.12 
0. I 
0.085 
0.058 
0.043 
0.014 

-2 

.- 

0 

- I  

" 

10 

0.55 
0.38 
0.32 
0.3 
0.2938 
0.2923 
0.2915 
0.29 

0.2884 
0.287 
0.286 
0.256 
0.21 
0.177 
0.15 
0. IO3 
0.076 
0.024 

0 .289  

0 

Figure 11 Table of error  rates vs rms  noise for various  cable 
lengths. 

Using  Fig.  1  1, the allowable cable  length  can  be  computed 
for any  input noise voltage and  required  error  rate.  As  an 
example, for an  input  rms noise voltage of 67 mv, we can find 
the  cable  length  that will support a lo-'  error  rate in two 
steps: 

1. Find  the  rms voltage greater  than or equal  to 0.067 V in 
the  lo-'  error  rate  column of Fig. 1 1. 

2. The  cable  length for this  rms noise is in the  same row at  
the left in Fig. 11. For this  example,  125 m is the 
maximum  cable  length. 

The  data  from figure 11 is plotted on a  semi-log scale in Fig. 
12 in terms of probability of error vs rms noise. 

5. Simplifying assumptions 
When  the effect of correlation on system performance is 
small, computation of error  due  to noise can  be simplified 
greatly by assuming  that  the  correlation coefficient p = 1. 
Remember  that a noise correlation coefficient of 1  implies 
that  the  same noise appears  at both ends of the pulse, which 
is equivalent  to having the received pulse shifted by the noise 
voltage. Figure  10 shows a  pulse shifted in voltage so that  the 
pulse  width at  detection threshold (Vref) is just  equal  to  the 
specified maximum pulse  width. The  voltage  shift AU 

required to  increase  the pulse  width at  V,, to  the specifica- 
tion is the noise voltage margin of the system. Since  this 
simplifying assumption is always  somewhat conservative, it 
can  be safely used. In addition,  it  can  be  accurately used 
whenever the  total  dependence on correlation is small.  Since 
the effect of noise on detected pulse  width manifests itself 
through  the rising and falling slopes of the  detected wave- 
form,  a  significant  difference  between rise  and  fall  times 
(about 10 to  1)  guarantees low dependence on correlation. 
Note  that  this  assumption is independent of the  assumption 
on linearity and can  be used on any waveforms with mono- 
tonic  rise and  fall times. 

6. Performance evaluation 
The  performance of a PWM system can be evaluated  for  any 
p in the following steps: 

1. For  a given line length,  determine  the (no noise) pulse 
parameters t,, ml, and m2 as shown in Table 2 from  the 
ASTAP  simulation. 

2. Compute  from  Eq. (9), in terms of rms noise voltage. 
3. Making  the  Gaussian  assumption on the noise, use Eq. 

(1  2) to  evaluate  the  probability of an  error based on the 
value oft,,,. 

Again,  the  probability of error  rate  can be found directly 
in  Fig.  11,  using the conservative assumption  that 

In l [  = In21 = Au, p = 1, 

without following steps  (1)  through (3). The  data  from Fig. 
11,  plotted  in  Fig. 12, show the  maximum allowable rms 
noise voltage  versus cable  length for  values of probability of 
error between 10" and lo-'. There  are eight  curves  for 
p = 1 (perfectly  correlated).  The system  designer can use 
this  set of curves  for  specifying cable lengths, noise levels, 
and/or probability of error. Positive correlation  degrades  the 
system performance.  Therefore,  the probability of error  for 
any given cable  length  can  be conservatively computed by the 
probability of error  equation.  Experimental verification of 
these results is in  progress. 

Summary 
This  paper  has described the  analysis  and evaluation of the 
tolerance  to noise of a PWM system. Practical considerations 
were  introduced to simplify the analysis, and specific exam- 
ples were  given. Although  the motivation for  this work  was 
the  understanding of IBM display-terminal signal transmis- 
sion in the presence of noise, the  results  can be applied to  any 
PWM system. In particular,  the simplified approach  can  be 
used to  get a quick  and  somewhat conservative  bound  on 
acceptable noise, independent of the received pulse wave 
shape  and  input noise spectrum, while the  detailed  analysis 
can be used to  obtain a more  exact solution. 
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