
where *==1437.5 Hz, and i is the coefficient 
number. The transformation is in fact the 
frequency translation property of the Fourier 
Transform applied to the real part of the 
function only. The resultant response was 
examined. To tailor the response to an 
acceptable shape, the number of coefficients, 
the low-pass bandwidth and the Kaiser window 
coefficient were manipulated. A combination of 
23 taps, a design bandwidth of 9C0 Hz and a 
Kaiser parameter of 2.5 result in a filter which
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Fig 4.3 Decibel amplitude and group delay response of 
the modem channel filter. Note tne flat group delay.
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Fig 4." Photograph of amplitude response of modem 
channel filter. Compare this response with the spectrum 
of F i -5 4.7.



satisfies the requirements.

The resulting calculated response is shown in 
Fig 4.3 and the achieved response in Fig 4.9. 
The -filter coefficients are listed in Appendix 
E. It will be noted that the filter is not a 
positive lobe of a cosine function. The cosine 
response may simply he achieved by deriving 
coefficients from the impulse response of a 
cosine filter at the origin (by taking the 
Inverse Fourier Transform) and applying the 
transformation of 4.10 above. This type of 
filter was indeed designed and tested, but 
resulted in poorer rejection of noise. This may 
be attributed to the fact that at the mark 
frequency in use, a full cycle is not 
transmitted for a single mark. The greater 
attenuation of the first and subsequent 
sidebands by a cosine filter result? in a poorer 
noise performance. The response of the cosine 
filter with 27 coef f i c i en t s ,. (1 l s t ed in Appendix 
E) is shown in Fig 4.10 for comparison.
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Fig a. i o Decibel amplitude and jrcup response cf
a cosine shaped channel filter. Compare the attenuation 
at the various sideband frequencies to Fig 4.3.

A further important characteristic of a 
transversal filter designed with a symmetrical 
Impulse response, is that the phase response is 
linear, important in ensuring that all the 
signal distortion results from the channel and 
not from the modem and its filters. The effect 
of phase distortion on a digital signal is to 
upset the symmetry of a pulse. This may still 
mai;s it possible to achieve 0% apparent bias 
distortion, but the receiver will be unable to 
distinguish between pulses in random pulse 
trains.
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4.5.2 Frequency D i scr im i nator

The -frequency discriminator is composed of three 
elements viz Limiter, Differentiator and 
Envelope Detector, combined to operate as a 
frequency detector.

The limiter is a simple squarer operating 
directly on the output of the channel filter. 
All positive samples are converted to some 
arbitrary positive value, in this case 2 , or 
in the TMS 320's arithmetic, 0.25. Negative 
samples are handled in the same manner. The 
limiter represents the FM detector’s main noise 
rejection capability. Any amplitude noise 
superimposed on the signal is effectively 
blant;ed by the limiting action. The effects of 
noise are seen, however, at the zero crossings. 
If additive or phase noise shifts the zero 
crossing point, then this noise is passed by the 
limiter. This indicates -"that total noise 
rejection is net possible and some noise is 
passed through to the differentiator.

An ideal differentiator has amplitude and phase 
r espo.nses

A (f ) = <J ; 0(f) = 90° ;
Batnpl Inf ^ f ^ f ..mp 1 t ng 4.11

ie there is a linear relationship between input 
frequency and output signal amplitude, with a 
constant phase shift. Consider the output of the 
preceeding limiter stage. The output of the 
limiter is a square wave. Differentiation of 
such a waveform simply results in a series of 
positive and negative going spikes. It is 
therefore clear that the desired output of any 
differentiator is a single short impulse for 
each edge of the input square wave.

A numerical differentiator in its simplest form 
will ach i eve this

d/dt fit; = fit,.,;-f (t.) 4.12 
t 1 ♦!"t|

or

d/dt f(t) * f : t»At)~f (t ) 4.13
At

This is very simple to implement using digital 
techniques as the time interval is naturally 
present as the sampling interval. Implementation 
of this function does not achieve an ideal 
response, the response being slightly bowed, but 
the output for a square wave input is a series 
of digital impulses with the desired shape for 
application, after envelope detection, to a
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•filter.

The -figures 4.11, 4.12 and 4.13 illustrate the 
operation of the differentiator.

*
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Fig 4.11 Frequency response of differentiator 
implemented according to 4.13.
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Fig 4.12 Time response of Differentiator showing output 
impulses for a 600 H: square wave input.

Other types of numerical differentiators were 
considered notably

d/dt f(t) = f(t+At)-f<t-At> 4.14
23*
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but these proved unsatisfactory due to the fact 
that the length of the square pulse from the 
limiter may only be two samples long in some 
instances, and this was found not to produce a 
as clean a stream of pulses as 4.13 and were 
therefore discarded.

The phase response is not ideal, due to the fact 
that the delay through a transversal filter has 
a constant term to ensure causality, and this 
produces a phase response component which is 
proportional to frequency.

Following the differentiator is an envelope 
detector which simply rectifies the output of 
the differentiator. The result is simply a 
stream of positive digital impulses of equal 
length, whose average value represents the 
instantaneous received frequency. This signal 
is filtered to determine the moving average of 
the impulses, which may be detected and 
outputted as received digital data.

Fig 4.13 Photograph of the actual response of the
Differentiate.-.

4.3.3 Post ;?‘-?ction Filter

The Post Detection Filter must average the 
rectified pulses from the differentiator to 
present 3 smoothed sigral to the slicer. The 
filter impulse .'esponse i.iould have zeros at th® 
data sampling instants as set out in section
3.1.1 to avoid causing intersymbol interference. 
The decision threshold of the slicer is set to 
halfway between the levels of the mar!; and space 
outputs of the post detection filter. To ensure 
symmetry at the output of the slicer, the filter



output in response to a pulse of length one bit, 
should have a response width at the slicing 
level equal to one bit. Pulse area should also 
be preserved.

The filter should pass without significant 
attenuation the fundamental frequency of the 
highest data frequency viz 600 Hz, but it is not 
necessary nor desirable that the second harmonic 
be passed. Also very important is the 
requirement that the mark and space frequencies 
be properly rejected, as residual amounts of 
these tones can create ripples on the averaged 
signal which will confuse the slicer and result 
in erroneous data being outputted.

The frequencies which must be passed Dr rejected 
are then as follows. The 600 Hz data frequency 
should be passed unhindered if possible, but the 
frequencies at the second harmonic ie 1200 Hz 
and higher should have a high level of 
rejection. It may be thought' strange that such 
low frequencies should need rejection, as these 
components should not be present after the 
rectifier, as frequency doubling takes place. 
However it is found that components exist at 
high level at lower frequencies than expected. 
This is attributed to the presence of sidebands 
at frequencies below the mark frequency which 
when doubled are still at frequencies of the 
order of 1200 Hz.

This means that Bennett and Davey’s ideal filter 
viz the cosine shaped receive filter of section
3.1.2, is not ideal for this application, as the 
roll-off is not sufficient below 1200 Hz. The 
filter of 3.3 with its impulse response as 3.4 
was chosen. Although this filter already has 6 
dB of attenuation at 600 Hz, the 40 dB of 
rejection at frequencies above 1200 Hz is 
important. This filter also contributes little 
to intersymbol interference. It should be noted 
before continuing that Bennett and Davey do not 
recommend any specific post detection filter 
shape, but it seems logical to use a filter such 
as would b? used on a baseband channel.

The filter is implemented as a 1? tap 
transversal filler which allows three bits to be 
partially covered simultaneously. A 17 tap 
filter covers tne impulse response of 3.4 
b& .ween the first negative and positive zeros 
(note that the 1st and 17th coefficients are 
actually zero). The coefficients are derived by 
considering the impulse response over the time 
period -T to +T where T is the data pulse 
length. This leads to 17 coefficients a» where
i=-0,-7,...0,...7,3 since there are 3 samples 
per data bit. The coefficients are evaluated at 
the time intervals
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t = i T 4. 15

where T and i are as defined above. The 
coefficient at t=0 is taken as the reference and 
all the values are normalised against it. The 
coefficients derived thus are listed in Appendix 
E. Note that the coefficients at i = + 3 are zero 
leading to the actual use of only 15 
coeff i c i ents.

The flat delay characteristic of a symmetrical 
transversal filter is again of importance as it 
reduces "smearing" of the pulses - it should 
again be remembered that a linear phase
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Fig 4.14 The Pest Detection Filter amplitude response, 
Note the attenuation at 600 Hz.

Fig 4.15 Photograph of linear spectrum 
Detection Filter averaged over 123 samples.

of Post
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characteristic is important in all aspects of 
data transmission and reception and that all the 
filters i ncorpor ated in the modern are of this 
type: data input -filter, channel filter, 
differentiator, and post detection filter.

The predicted and actual responses of the post 
detection filter are shown in Figures 4.14 and 
4.15 respective1y . Fig 4.16 shows the decibel 
response of the filter.

Fig 4.16 Photograph of logarithmic (ie decibel) 
spectrum of Post Detection Filter averaged over 123 
samp 1e s .

4.5.4 Adaptive Equaliser and Slicer

The environment in which the modem is to be used 
dictates that all parts of the system should be 
."ob-iat and have a high e * lability, .tie ch^t* ntr Is 
over which the system shall operate are fairly 
st?bl=>, with 1 11 1 13 short term drift. Longer 
term drifts may take place over a period of 
several hundred bits. An adaptive equaliser in 
this application need not exhibit rapid 
con'ergencs. Simplicity, numerical robustness 
and a low computational requirement are however 
important, the latter especially as many 
functions have to be performed in any sampling 
period, with more to come possibly at a later 
date. The Least Mean Square type of adaptive 
equaliser i : .‘<ell suited to these requirements.

The equaliser is implemented with 5 weights. 
From the rule cf thumb of Section 2.2, for 10% 
rn i sad j ustment, the settling time will be 
approximately 50 iterations. As most messages 
will be much longer than 50 bits, and with a



slowly varying channel, this length equaliser 
will be adequate.

Although the equaliser is arranged with 5 taps, 
it has 33 delays. All except coef f i c i en ts 
1,9,17,23 and 33 are zero. This has two results. 
One, the classical equaliser structure is 
satisfied where the sampling rate is the same as 
the data rate, and two, less program and data 
memory is used -for implementation as only 5 
coef f i c i en t s need updating. Figure 4.17 shows a 
block diagram o-f the equaliser.

In the Least Mean Square type of equaliser, the 
square o-f the error signal is minimised by 
judicious adjustment o-f the equaliser 
coe-f f i c i ent s . Before the equaliser may be 
applied to the output of the post detection 
filter however, the bias at the filter output 
must be removed, in accordance with the 
recommendations of section 3.2.3. With reference 
to Fig 4.1, the bias removal ‘‘is performed at the 
Post Detection Filter output, before the 
Adaptive Equaliser. This is done by subtracting 
from the samples at the output of the filter the 
mean level of the signal which may simply be 
derived by sending 1:1 data and detecting the 
data at the filter output. The reference level 
resulting in 0% bias distortion is the correct 
value. This value represents the true mean of 
the output of the filter. It may also be 
calculated although simulation would be a 
simpler approach.

Fig 4.17 Block diagram of 3-tap Adaptive Equaliser. 
Note that each 2" 1 represents a delay of 3 T ■ a m p  1 I

To permit rapid ^tart-up and convergence on 
loop-back, the equaliser is preloaded with 
values similar to those to which it converges
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with pseudo-random data. The convergence 
coe-f f ic i e n t , a, is smell (0.015) giving long 
convergence times, but as a result, a better 
adaptation to noise is obtained. Widrow et al 
show that small values o-f a produce little 
gradient noise, but exhibit lag, the opposite 
being true -for larger values of a. The final 
value of a chosen was as a result of experiment, 
a compromise value being selected giving 
acceptable noise as well as delay equalising 
performance.

Initially it was found, notwithstanding the 
theoretical characteristics of the LMS 
equaliser, that the updating of the coefficients 
was "unstable", and that the system was 
sensitive to the value of convergence 
coefficient chosen. The problem was found to be 
in the TMS 3 2 0 ’s arithmetic when in Overflow 
mode. It was found that the sign bit was being 
inverted, resulting in inversion of the output 
data which could have disastrous results if it 
occurred in use. The inversion appeared most 
frequently after a stream of reversals, ill, was 
sent. The central coefficient appeared to 
increase until the sign bit was inverted and an 
incorrect result was stored. The inversion of 
the sign bit will be further explained in 
section 4.6.3. If the reversals continued to be 
sent, the bit would again invert, but the 
transmission of normal data aft«.r inversion 
could not correct the situation. The equaliser 
can only operate on data perceived to be 
correct, although the data would have been 
correct had it not been inverted.

The problem was overcome by storing both sign 
bits (again see section 4.6.3). When overflows 
occur while using the whole upper v».ard of the 
accumulator, the accumulator simply returns the 
largest positive or negative number ie it 
limits, which is fail-safe. When sending 
reversals, it is now found that coefficients 2 
and 4 go fully negative and limit, but this is 
r.ct catastrophic as far as the? data is 
ccnc ?r -I'jd, -since no irreversible inversions 
ccc-jir .  ̂ further safeguard incorporated to 
prevent the coefficients "sticking" on 
unf avour a c e  values, e r'h update is rounded up 
positively, ensuring tnat coefficients do not 
remain at extremes, but are forced to move.

T!‘ie success of th?se measures is seen by the 
.'act that it is now impossible for the equaliser 
to "har.g-up", no matter what combination* of 
data are sent. It is poor practice to attempt to 
train an adaptive equaliser on 1:1 data as there 
ar; large- a r u s  of the spectrum undefined, and 
this leads to the situation above where the 
equaliser cannot cope with the input. It is for 
this reason that an equaliser must be trained



with un co r r e 1at«d data samp 1es as these will 
cover the- whole spectrum to be equalised evenly, 
allowing th* equaliser to adjust itself -for any 
condition.

The slicor is included in the discussion o-f the 
equaliser as it plays an important role in its 
operation. The output o-f the equaliser is -fed to 
the slicsr which acts in the same manner as the 
limiter described in Section 4.5.2. This 
positive or negative value is subtracted -from 
the signal at the slicer input, scaled by the 
factor a, and then used along with ths sample 
values to update the coefficients.



Fac i1i t i ss

The modern has three "Facility" routines viz Carrier 
Detect which blocks the receiver when the input signal 
is too low; Request to Send which prevents output when 
off; and an Overflow detect function to indicate the 
prssence of large numbers causing overflows in the 
signal processing routines.

4.6.1 Carrier Detect

The carrier detector is inserted between the 
channel filter and the limiter. The function is 
implemented simply by rectifying the channel 
filter output and then smoothing with a low-pass 
filter with very low cut-off frequency, in this 
case 10 Hz. The filter is a recursive filter 
with one pole, derived from an analog prototype 
and transformed to digital Ctsing the impulse 
invariant technique. This method first converts 
the 3-plane pole to a z-plane pole, then 
calculates the coefficient value (in this 
instance the same as the pole constant).

Care has to be tal.en in designing filters with 
such narrow bandwidths relative to the sampling 
frequency as the coefficient value becomes very 
close to one and results in the filter having 
very high gain. The s-plane pole lies at 
s=-62.S31S . When transformed to the z-plane we 
have a z-plane pole at

z * e~”'r 4.16

= 0 . ? ^ 3 4 7 ?  

ie b x = 0.993477 and the st. ge gain is 

3 * 1/(1-bi> 4.17

= 1 Jw

It car. be seen therefore that to avoid
arithmetic overflows the input data should be 
seal id before applying it to the filter.

Tlvr- output of the filter is an almost constant 
level which will not tract; rapid variations in 
channel level. The FSK signal itself contains 
inherent amplitude variations caused by non- 
’.dsal channel frequency response char acter i st ics 
and it is not desirable that the le^el detector 
should track these variations. If the filter 
output does not reach a level equivalent to -16 
dBm or greatsr, then the output is blocked, an 
output flag - the Receive Line Signal Detect 
is reset, and the adaptive equaliser is disabled 
by jumping straight to the transmitter routine.
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This feature is necessary to prevent the 
equaliser adapting to noise and other 
undesirable inputs.

4.6.2 Request To Send

This is a very simple test applied at the 
beginning of the transmitter routine. 1f the 
relevant input bit (bit 0) is b&t, the 
transmitter may operate, otherwise the output 
signal is set to zero and the transmitter 
routine is bypassed.

4.6.3 Overflow Detect

This function is required to detect when the 
result of an operation overflows the 
accumulator. When detected.) a flag is set, 
lighting an indicating LED on the card. The TMS 
320 Overflow mode is set and the EV "Branch on 
overflow" command is used to teat the overflew 
flag. If set, the output flag is set warning the 
operator that something is amiss. This should 
only be necessary during setting-up of the 
system as all l e w i s  between the stages of the 
modem have been carefully matched to , revent 
overloading subsequent stages.

There is one drawback of the overflow 
mode which has come to light. If the contents of 
the accumulator increase past 7FFFFFFFh for 
positive numbers or decrease beyond SOOOOOOOh 
for negative numbers, then these become lim.ting 
values and the overflow flag is set. However in 
norfiicil arithmetic operation overflows may occur 
without detection. This arises from the 
arithmetic employed by the TMS 320. Consider 
positive numbers only for simplicity, although 
the following is applicable to negative numbers 
33 well. The device considers the 16-bit numbers 
as f:::ed point, iS-b:t numbers, the 16th bit 
being the sign bit. These numbers are termed G15 
i* U7*'« 3 3. 3 they * * a v e lw bits of accuracy*

The problem arises in a quite common situation 
viz the mu 11 1 p 1ication of two 315 numbers. 
Consi

0.111 1111 1111 1111
x

o . lit till till 1 1 * #
= c o. ii  m i  m i  m i  i n i  i n i  i n i  i n i

the result being a Q3C number as it has 30 bits 
of accuracy, and two sign bits. When the result 
is stored, the first sign bit is discarded, and 
the remaining sign bit and the following 15 bits
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are stared, using the SACH instruction with a 
single le-ft shift, as a correctly signed 16-bit 
number. It is recommended, however, in the 
application literature that the result be 
rounded by the addition o-f ”0 . 5 ” le the 
underlined bit is incremented. However in this 
example this will cause the result to become

01.00 0000 0000 0000 0011 1111 1111 1111

It will be noticed that the number which would 
be selected for saving hes "rolled over" to 
become negative. This is not detected by the TMS 
320 as an over-flow, nor are 16-bit overflows in 
the i o w  part o-f the accumulator. This example 
also applies when Q12 numbers are used such as 
with the MPYK instruction which operates with a 
13-bit multiplier ie one sign and 12 data bits.

This complicates the design of signal processing 
structures as they are not "-fail-safe" under 
ovarflow conditions as rollovers may still 
occur. The above example may appear to be a very 
specific case, but it may well be found that at 
least the first 15 data bits of the Q30 number 
may be "1" and that the rounding operation 
causes an unsuspected overflow. In the system 
unde*' cons i der at i o n , only the multiplications in 
the adaptive part of the equaliser are’ rounded 
up. Both sign bits are also utilised in the 
equaliser, making it impossible for rollover to 
occur while the Overflow mode is set.



5. HARDWARE OVERVIEW

5.1 TMS 320 Evaluation Module - EVM Board

The Evaluation Module serves as a very powerful tool in 
the development of signal processing systems employing 
the TMS 320.

The module operates as a low-level emulator, having an 
on-board TMS 320 processor, high speed RAM for program 
storage, an EPROM programming facility, and ports for 
communicating with an external terminal, microcornputer 
or mainframe on which the actual program development 
may be done. There is also a facility for storing 
programs to cassette tape.

Software included is comprehensive, allowing the EVM 
board to stand alone as a simple system. The main 
features of the software are a Screen Editor, an 
Assembler, Reverse Assembler an* Patch Assembler. 
Facilities are included for execution with or without 
breakpoints, single stepping, examination and 
modification of internal (to the TMS 320) data RAM and 
program memory or internal registers and flags, and 
various other tools for conversion between signed or 
unsigned decimal and 16- or 32- bit binary numbers 
e t c .

Block operations on program and data memory include 
filling with a value, or in th' case of program memory, 
N O P ’s. Search facilities exist to search the various 
memories for specific entries for modification or 
examination in hexadecimal or signed or unsigned 
decimal. String instructions are available, making a 
powerful tool for single-stepping through a program. An 
instruction of the form

SS It;DDM 0 105SD!

causes sirg1e-stepping to take place, displaying all 
the internal registers and flags, display the data 
memory betweer Oh and lOh in signed decimal form. the 
"!" at the end causes the instruction to be repeated 
every time the space bar is pressed. If a is
substituted, then execution is continuous, although 
still with the same displays, but stopping and starting 
alternately as the space bar is pressed. This feature 
permits detailed debugging of routines.

Finally the EVM allows operation with either its own 20 
MHz clock driving the TMS 320, or an external clock 
situated on the target board. The E V M ’s processor has a 
short flying !sad attached to it connecting it to the 
prototype, resulting in the emulator function. EVM 
based program memory or target memory may be selected, 
selection of the latter resulting in the loss of many 
memory manipu 1 ation features.

In use it is Most advantageous to carry out p r o g r a m

5-1



development on an external microcomputer or other 
system, and then to download the program to the EVM 
board either in assembly language or as assembled and 
linked code. The -former makes use of the EVM assembler 
while the latter simply writes straight to the program 
memory. The use of external hardware usually has the 
advantage that disk drives or other mass storage 
facilities are available, which are obviously more 
convenient to use than a tape based s/stem. Software is 
available for the VAX 11/780 minicomputer, or for IEM 
PC compatibles for assembling and linking TMS 320 code. 
This will be further described in Chapter 6 on software 
development facilities.
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5 . 2  P u r p o s e  3 u i l t  M o d e m  B o a r d

5 . 2 . 1  I n t r o d u c t i o n

I n i t i a l  d e v e l o p m e n t  a n d  f ami 1 i ar i sat i on w a s  d o n e  

on t h e  T e x a s  I n s t r u m e n t s  A n a l o g  b o a r d ,  w h i c h  

i n t e r f a c e s  w i t h  t h e  E V M  b o a r d .  H o w e v e r ,  o n c e  t h e  

d e s i r e d  h a r d w a r e  - f a c i l i t i e s  w e r e  i d e n t i f i e d ,  a 

b o a r d  w a s  d e s i g n e d  c a r r y i n g  o n l y  t h e  c o m p o n e n t s  

a n d  c i r c u i t s  n e c e s s a r y  f o r  t h e  m o d e m .

T h e  b o a r d  is o n  t h e  s t a n d a r d  t e l e c o n t r o l  p r o f i l e  

of a p p r o x i m a t e l y  1 5 0  m m  s q u a r e .  It c a r r i e s  t h e  

A n a  1o g - t o - D i g i t a 1 a n d  D i g i t a l - t o - A n a l o g

c o n v e r t e r s ,  a n t i - a l i a s i n g  f i l t e r s ,  i n p u t  a n d  

o u t p u t  b u f f e r s  a n d  p o r t s ,  c l o c k  g e n e r a t i o n  

c i r c u i t r y  a n d  m i s c e l l a n e o u s  o t h e r  c i r c u i t s  s u c h  

as c h i p  s e l e c t  lo g i c,  r e s e t  c o n t r o l l e r  e t c .  T h e  

c i r c u i t  d i a g r a m  of t h e  m o d e m  a p p e a r s  in A p p e n d i x  

C, a s  d o  s t a t e  t a b l e s  f o r  t h e  t w o  m u l t i p l e x e r s  

i m p l e m e n t e d  u s i n g  P r o g r a m m a b l e  A r r a y  L o g i c  (PAL) 

d e v  ices.

5 . 2 . 2  C l o c U  G e n e r a t i o n

T h e  c l o c k  g e n e r a t o r  h a s  t o  s u p p l y  t h r e e  

u n r e l a t e d  f r e q u e n c i e s  t o  t h e  s y s t e m :  t h e  2 0  M H z  

c l o c k  f o r  t h e  T M S  3 20! t h e  9 6 0 0  H z  s a m p l i n g  

c l o c k ;  a n d  1 . 3 4 4  M H z  f o r  t h e  2 9 1 2  s w i t c h e d  

c a p a c i t o r  P C M  c h a n n e l  f i l t e r  u s e d  a s  a n  a n t i ­

a l i a s i n g  f i l t e r .  T h e  g e n e r a t o r  s h o u l d  u s e  t h e  

e x t e r n a l  c l o c k  f r o m  t h e  RTIJ at 3 0 7 . 2  k H z  w h e n  

a v a i l a b l e  t o  d e r i v e  t h e  9 6 0 0  Hz s a m p l i n g  c l o c k  

to k e e p  t h e  d a t a  a n d  s a m p l e r  l o c k e d ,  b u t  s h o u l d  

g e n e r a t e  a s u b s t i t u t e  s a m p l i n g  f r e q u e n c y  if t h e  

e x t e r n a l  c l o c k  s h o u l d  no t  b e  a v a i l a b l e  - in 

o l d e r  e q u i p m e n t  f o r  e x a m p l e .

T h e  2 0  M H z  c l o c k  is s i m p l y  d e r i v e d  f r o m  a 

s i m p ’.e c r y s t a l  o s c i l l a t o r  a n d  is fe d  to t h e  T M S  

320. T h e  5 M H z  o u t p u t  f r o m  t h e  p r o c e s s o r  is 

u s e d  t h e n  to d e r i v e  t h e  f u r t h e r  f r e q u e n c i e s

r e c u  i r e d .

T h e  5 .'"Hz is d i v i d e d  b y  3 to p r o v i d e  1 . 6 7  M H z  

w h i c h  d r i v e s  t h e  f i l t e r .  T h i s  a m o u n t s  to 3 %  

h i g h e r  t h a n  t h e  r e q u i r e d  f r e q u e n c y  a n d  h a s  t h e  

e f f e c t  »'f s h i f t i n g  t h »  v a r i o u s  c u t - o f f  

f r e q u e n c i e s  of t h e  f i l t e r  up b y  a n  e q u a l  a m o u n t .  

A 5 a P C M  c h a n n e l  f i l t e r  is d e s i g n e d  to a t t e n u a t e  

3 i g r a  1e b e y o r d  3 4 C 0  Hz, a n d  a S" i n c r e a s e  o n l y  

r a i s e s  t h i s  to 3 6 6 0  Hz, n o  p r o b l e m s  a r i s e  a s  

w i t h  a s a m p l i n g  f r e q u e n c y  of 9 6 0 0  Hz, 

f r e q u e n c i e s  up tD 4 S 0 0  Hz a r e  a c c e p t a b l e .

T h e  5 M H z  r e f e r e n c e  is a l s o  d i v i d e d  b y  3 3  a n d  

t h e n  b y  16 g i v i n g

5 - 3



= 9 4 7 0  Hz

ie 1 . 3 6 %  law. A s  t h i s  s i g n a l  w i l l  o n l y  b e  u s e d  

u p o n  -failure o-f t h e  a c c u r a t e  re-ference, o r  w h e r e  

t h e  i n t e r c o n n e c t i o n  d o e s  n o t  e x i s t ,  t h i s  e r r o r  

is n o t  c o n s i d e r e d  a p r o b l e m .

T h e  c l o c k  g e n e r a t o r  c i r c u i t  is a r r a n g e d  s u c h  

t h a t  w h i l e  an e x t e r n a l  c l o c k  is p r e s e n t ,  it is 

a u t o m a t i c a l l y  g i v e n  p r e f e r e n c e .  T h e  e x t e r n a l  

c l o c k ,  w i t h  its s l i g h t l y  h i g h e r  f r e q u e n c y  a n d  

c o n s e q u e n t  s h o r t e r  p e r i o d ,  r e s e t s  t h e  d i v i d e - b y -  

16 c o u n t e r  b e f o r e  t h e  i n t e r n a l  c l o c k  c a u s e s  t h e  

Q 4  o u t p u t  to t o g g l e .  T h e  e x t e r n a l  c l o c k  

e f f e c t i v e l y  f o r c e s  t h i s  c o u n t e r  to  s y n c h r o n i s e  

tc it, a l t h o u g h  t h e  l o c a l  i n p u t  to t h e  c o u n t e r  

is s t i l l  p r e s e n t ,  a n d  is a c t u a l l y  n e c e s s a r y  to 

" r e - t o g g l e "  t h e  C 4  o u t p u t  p r i o r  to r e s e t t i n g  b y  

t h e  e x t e r n a l  c l c c k .

5 . 2 . 3  I n p u t  A r d  O u t p u t  A n t  i - A  1 ; a s  i r^g F i l t e r s

As m e n t i o n e d  a b o v e ,  t h e  r e q u i r e d  A n t i - A l i a s i n g  

f i l t e r s  o n  t h e  i n p u t  to a n d  o u t p u t  f r o m  t h e  

m o d e m  a r e  i m p l e m e n t e d  u s i n g  a s i n g l e  s w i t c h e d  

c a p a c i t o r  d e v i c e ,  a n  I nt e l  2 9 1 2  P C M  c h a n n e l  

f i l t e r .  T h i s  d e v i c e  p r o v i d e s  an i n p u t  f i l t e r  

w i t h  r o l l - o f f  a b o v e  7 4 0 0  H z  a s  w e l l  a s  h u m  

s u p p r e s s i o n  b e l o w  6 0  Hz. In a d d i t i o n ,  a n  o u t p u t  

f i l t e r  is p r o v i d e d  c o m p l e t e  w i t h  s i n x / x  

c o r r e c t i o n ,  a l t h o u g h  t h i s  is o n l y  of l i m i t e d  

v a l u e  h e r e  d u e  to t h e  d i f f e r e n t  s a m p l i n g  

f r e q u e n c y  in u se. T h e  o u t p u t  d r i v e r  is c a p a b l e  

of d r i v i n g  6 0 0  o h m  b a l a n c e d  l i n e  d i r e c t l y ,  h u t  

in t h i s  a p p l i c a t i o n ,  is s i m p l y  u s e d  to d r i v e  a n  

o u t p u t  i s o l a t i n g  t r a n s f o r m e r .

As s t a t e d  a b o v e ,  t h e  c l o c k i n g  f r e q u e n c y  is n o t  

e x a c t ,  b u t  t h i s  is of l i t t l e  c o n s e q u e n c e .  T h e  

level p r o d u c e d  b y  t h e  i n p u t  f i l t e r  to t h e  

A n a l c g - t o - D i g i t a l  c o n v e r t e r  is a d j u s t e d  s o  t h a t  

c l i p p i ' 3  ' s s u l t s  at t h i s  p o i n t  f o r  a s i g n a l  of 0 

dPr.i a p p l i e d  to t h e  i n p u t .  T h e  d i g i t a l  i n p u t  

f i l t e r  s u f f i c i e n t s  a r e  a d j u s t e d  s o  t h a t  m a x i m u m  

c u t  p u t  l e v e l s  a r e  .-s-acl.ed j u s t  a f t e r  t h e  i n p u t  

M i t e r  c l i p s ,  in an a t t e m p t  to l i m i t  the l e v e l  

of s i g n a l  h a n d l e d  b y  t h e  d i g i t a l  p r o c e s s o r ,  

p r e v e n t i n g  n t a r n a l  o v e r f l o w s  w i t h  t h e i r  

a t t e n d a n t  p r o b l e m s .  A f u r t h e r  a d v a n t a g e  a c c r u e s  

f r o m  t h i s  v i z  t h a t  a t e c h n i c i a n  m a y  s i m p l y  s e e  

t h e  c l i p p i n g  u s : n g  an o s c i l l o s c o p e ,  r a t h e r  t h a n  

h a v i n g  it h i d d e n  in t h e  p r o c e s s o r .  T h i s  l e a d s  to 

b e t t e r  u n d e r s t a n d  i r.g b e t w e e n  m a i n t e n a n c e  

p e r s o n n e l  a n d  t!-e e q u i p m e n t  b e i ’ig s e r v i c e d .  T h e  

o u t p u t  l e v e l  m a y  j e  s e t  b y  a p r e s e t  

p o t e n t i o m e t e r  to g i v e  *6 d S m  a s  p e r  

s p e c  i f i c a t  i o n .
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f N a m p  1 1 n g = 9 4 7 0  Hr

ie 1 . 3 6 %  low. As t h i s  s i g n a l  w i l l  o n l y  b e  u s e d  

u p o n  f a i l u r r  of t h e  a c c u r a t e  r e f e r e n c e ,  o r  w h e r e  

t h e  i n t e r c o n n e c t i o n  d o e s  n o t  e x i s t ,  t h i s  e r r o r  

is n o t  c o n s i d e r e d  a p r o b l e m .

T h e  c l o c k  g e n e r a t o r  c i r c u i t  is a r r a n g e d  s u c h  

t h a t  w h i l e  an e x t e r n a l  c l o c k  is p r e s e n t ,  it is 

a u t o m a t i c a l l y  g i v e n  p r e f e r e n c e .  T h e  e x t e r n a l  

c l o c k ,  w i t h  it s  s l i g h t l y  h i g h e r  f r e q u e n c y  a n d  

c o n s e q u e n t  s h o r t e r  p e r i o d ,  r e s e t s  t h e  d i v i d e - b y -  

16 c o u n t e r  b e f o r e  t h e  i n t e r n a l  c l o c k  c a u s e s  t h e  

04 o u t p u t  to t o g g l e .  T h e  e x t e r n a l  c l o c k  

e f f e c t i v e l y  f o r c e s  t h i s  c o u n t e r  t o  s y n c h r o n i s e  

to it, a l t h o u g h  t h e  l o c a l i n p u t  to t h e  c o u n t e r  

is s t i l l  p r e s e n t ,  a n d  is a c t u a l l y  n e c e s s a r y  t o  

" r e - t o g g l e "  t h e  0 4  o u t p u t  p r i o r  to r e s e t t i n g  b y  

th e  e x t e r n a l  c l o c k .

I.iput A n d  O u t p u t  A n t i - A l  i a s  i r?g F i l t e r s

As r.j . i o n e d  a b o v e ,  t h e  r e q u i r e d  A n t i - A l i a s i n g  

f i l t e r s  o n  t h e  i n p u t  to a n d  o u t p u t  f r o m  t h e  

m o d e m  a r e  i m p l e m e n t e d  usir.g a s i n g l e  s w i t c h e d  

c a p a c i t o r  d e v i c e ,  a n  I n t e l  2 9 1 2  P C M  c h a n n e l  

f i l t e r .  T h i s  d e v i c e  p r o v i d e s  an  i n p u t  f i l t e r  

w i t h  r o l l - o f f  a b o v e  3 4 0 0  H z  a s  w e l l  a s  h u m  

s u p p r e s s i o n  b e l o w  6 0  Hz. In a d d i t i o n ,  a n  o u t p u t  

f i l t e r  is p r o v i d e d  c o m p l e t e  w i t h  s i n x / x  

c o r : e c t i o n ,  a l t h o u g h  t h i s  is o n l y  of l i m i t e d  

v a l u e  h e r e  d u e  to t h e  d i f f e r e n t  s a i m l i n g  

f r e q u e n c y  in u se. T h e  o u t p u t  d r i v e r  is c a p a b l e  

of d r i v i n g  6 0 0  o h m  b a l a n c e d  l i n e  d i r e c t l y ,  b u t  

in t h i s  a p p l i c a t i o n ,  is s i m p l y  u s e d  to d r i v e  a n  

o u t p u t  i s o l a t i n g  tr a n s f  orrr.er .

As s t a t e d  a b o v e ,  t h e  c l o c k i n g  f r e q u e n c y  is n o t  

e x a c t ,  b u t  t h i s  is of l i t t l e  c o n s e q u e n c e .  T h e  

level p r o d u c e d  b y  t h e  i n p u t  f i l t e r  to t h e  

A n a l o g - t o - D i g i t a l  c o n v e r t e r  :s a d j u s t e d  so  t h a t

c l i p p i n g  - e s u l t s  at t h i s  p o i n t  f o r  a s i g n a l  of 0 

d P m  a p p l i e d  to t h e  i n p u t .  T h e  d i g i t a l  i n p u t  

M i t e r  c o e f f i c i e n t s  a r e  adj'.?ted s o  t h a t  m a x i m u m  

o u t p u t  l e v e l s  a r ;  / s a c h e d  t a f t e r  t h e  i n p u t  

M i t e r  c l i p s ,  in an a t t e m p t  to l i m i t  t h e  l e v e l  

of s i g n a l  h a n d l e d  b y  t h e  d i g i t * !  p r o c e s s o r ,  

p r e v e n t i n g  i n t e r n a l  o v e r f l o w s  w i t h  t h e i r  

a t t e n d a n t  p r o b l e m s .  A f u r t h e r  ad\.*ntag^ a c c r u e s  

f - o m  t h i s  v i z  t h a t  a t e c h n i c i a n  m a y  s i m p l y  s e e  

t h e  c l i p p i n g  u s i n g  \n o s c i l l o s c o p e ,  r a t h e r  t h a n  

h a v i n g  it h i d d e n  in t h e  p r o c e s s o r .  T h i s  l e a d s  to 

a b e t t e r  u n d e r s t a n d i n g  b e t w e e n  m a i n t e n a n c e  

p e r s o n n e l  a n d  t h e  e q u i p m e n t  b e i n g  s e r v i c e d .  T h e  

o u t p u t  l e v e l  m a y  b e  s e t  b y  a p r e s e t  

poter.t i o m e t e r  to g i v e  -6 d 2 m  a s  p e r  

s p e c  i f i c a t  i o n .



M u  1 1 ip l e x e r s / S e 1e c t o r s

D u e  t o  s p a c e  l i m i t a t i o n s ,  P A L ’s w e r e  u s e d  t o  

i m p l e m e n t  s p e c i a l  f u n c t i o n s  a n d  to c o m b i n e  

■functions. T h e  s p e c i a l  -function i m p l e m e n t e d  is a 

m u l t i p l e x e r  s e l e c t i n g  t h e  r o u t i n g  o-f d a t a .  E a t a  

an d  t r a n s f e r  c o n t r o l  s i g n a l s  s u c h  a s  R e q u e s t  t o  

S e n d  a n d  R e c e i v e  L i n e  S i g n a l  D e t e c t  m a y  b e  

r o u t e d  t h r e e  w a y s  s e l e c t e d  b y  a s w i t c h .  In t h e  

n o r m a l  p o s i t i o n  t h e  m o d e m  is c o n n e c t e d  t o  t h e  

e d g e  c o n n e c t o r  d a t a  t e r m i n a l s  to a l l o w  

c o m m u n c i a t i o n  b e t w e e n  t h e  r e m o t e  a n d  m a s t e r .  T h e  

s e c o n d  o p t i o n  is t o  c o n n e c t  t h e  m o d e m  d a t a  

t e r m i n a l s  to a 2 5 - p i n  "D" c o n n e c t o r  o n  t h e  c a r d  

f r o n t  e d g e  t o  a l l o w  c o n n e c t i o n  of a d a t a  t e s t  

set f o r  t e s t i n g  t h e  modern, a n d  f i n a l l y ,  t h e  c a r d  

e d g e  t e r m i n a l s  a n d  t h e  "D" c o n n e c t o r  m a y  b e  

l i n k e d  to c a r r y  o u t  t e s t s  f r o m  t h e  R T U  t e s t  s e t  

to e x e r c i s e  t h e  RT'J’s f u n c t i o n s  d i r e c t l y .

A s e c o n d  P A L  is u s e d  p a r t l y  f o r  t h e  g a t e s  it 

o f f e r s ,  a n d  p a r t l y  to  p r o v i d e  t h e  I / O  c h i p  

s e l e c t o r  t o  s e l e c t  o n e  of f o u r  p o r t s :  t w o  f o r  

i n p u t  a n d  t w o  f o r  o u t p u t .  S p a r e  g a t e s  o n  t h e  

c h i p  a r ?  u s e d  in v a r i o u s  a p p l i c a t i o n s  in t h e  

c i r c u  i t .

0 1 h e r

T h e  m o d e m  is p r o v i d e d  w i t h  t h e  f o l l o w i n g  

i nd i c a t  i o n s :

i ) R e q u e s t  to S e n d

ii) C a r r i e r  D e t e c t  or m o r e  c o r r e c t l y  R e c e i v e

L i n e  S;gr.al D e f e c t

i i i ) O v e r  f 1o w

T h e  -Mrs*, t w o  of ' h e s e  s r e  3 i m p l y  L E D ’s p l a c e d  

on t h e  r e l e v a n t  s i g n a l  lin e s ,  b u t  t h e  l a t t e r  

i n d i c a t i o n  is d r i v e n  f r o m  a m o n o s t a b l e  t r i g g e r e d  

b y  t h e  o v e r f l e w  f l a g  o u t p u t t e d  a<.> p a r t  of t h e  

d a t a  o u t p u t  w o r d .  T h i s  h a s  to b e  d o n e  a s  

o v e r  ■‘lo w *  m a y  o n l y  e x i s t  f l e e t i n g l y ,  b u t  a r e  

n e v e r t h e l e s s  i m p o r t a n t  in u n d e r  s t a n d i n g  t h e  

o p e r a t i o n  of t h e  c i r c u i t .

D a t a  i n p u t s  to a n d  o u t p u t s  f r o m  t h e  c a r d  a r e  at 

V 24 l e v e l s ,  a n d  a r e  d r i v e n  b y  l i n e - d r i v e r  

d e v i c e s .  T h i s  is to e n s u r e  p r o p e r  i n t e r f a c i n g  to

d r i v i n g  a n d  d r i v e n  e q u i p m e n t .



6 .  S O F T W A R E  D E S I G N  A N D  S I M U L A T I O N  A I D S

6 . 1  A s s e m b l e r s  arid L i n k e r s

An  A s s e m b l e r  a n d  L i n k e r  -for T M S  3 2 0  c o d e  is a v a i l a b l e  

an v a r i o u s  m a c h i n e s .  T h e  o p e r a t i o n  a n d  u s e  d o e s  n o t  

d i f f e r  m a r k e d l y  -from s y s t e m  to s y s t e m ,  t h e  m a j o r  

d i f f e r e n c e s  b e i n g  t h e  a c t u a l  m a n i p u l a t i o n  of f i l e s  b y  

t h e  c o m p u t e r .  S o f t w a r e  is a v a i l a b l e  f a r  t h e  V A X  H / 7 S 0  

a n d  f o r  t h e  I E M - P C  a n d  c o m p a t i b l e s ,  b o t h  of w h i c h  h a v e  

b e e n  u s e d  in d e v e l o p i n g  t h i s  p r o j e c t .

T h e  a s s e m b l e r  is s t r a i g h t f o r w a r d  to u s e  a s  t h e  T M S  3 2 0  

i n s t r u c t i o n s ,  a l t h o u g h  p o w e r f u l  f o r  s i g n a l  p r o c e s s i n g ,  

a r e  b a s i c a l l y  i n d i v i d u a l l y  s i m p l e  t o  m a k e  p r o g r a m m i n g  a 

r e l a t i v e l y  u n c o m p l i c a t e d  t a s k ,  t h e  c o m p l i c a t i o n s  m a i n l y  

a r i s i n g  o u t  of t h e  d e s i g n  of t h e  s i g n a l  p r o c e s s i n g  

a s p e c t s  of t h e  t a s k .  .he i n s t r u c t i o n  s e t  is s m a l l  

c o m p a r e d  to c o n v e n t i o n a l  m i c r o p r o c e s s o r s  w i t h  o n l y  6 0  

i n s t r u c t i o n ? . a l t h o u g h  m a n y  of tft'ese m a y  b e  u s e d  in 

s e v e r a l  w a y s  w i t h  e i t h e r  d i r e c t  o r  i n d i r e c t  a d d r e s s i n g .

S i n c e  t h e  T M S  3 2 0  c a n  in t h e  f o r m  u s e d  h e r e  ie t h e  T M S  

3 2 0 1 0 ,  c a n  o n l y  a d d r e s s  4k w o r d s  of e x t e r n a l  p r o g r a m  

m e m o r y ,  of w h i c h  s o m e  w i l l  o f t e n  b e  u s e d  fo r t a b l e s ,  

a n d  d u e  to t h e  f a c t  t h a t  s i g n a l  p r o c e s s i n g  a p p l i c a t i o n s  

c a n n o t ,  b y  t h e i r  n a t u r e ,  r e q u i r e  l o n g  p r o g r a m s ,  t h e  

t a s k  Li a l l o c a t i n g  m e m o r y  s p a c e  f o r  p r o g r a m  s t o r a g e ,  

t a b l e s  e t c  is s i m p l i f i e d .  A d d i t i o n a l l y  t h e  u s e  of o n ­

b o a r d  R A M  f o r  d a t a  s t o r a g e  r e m o v e s  t h e  r e q u i r e m e n t  f o r  

m e m o r y  m a n a g e m e n t  of e x t e r n a l  m e m o r y ,  w i t h  s p a c e  f o r  

s t a c k  and o t h e r  d a t a  a r e a s  n o t  h a v i n g  to b e  a l l o c a t e d .

T h e  T M S  3 2 0 1 0  U s e r ’s G u i d e  C133 i n c l u d e s  a s e c t i o n  o n  

M a c r o  p r o g r a m s .  H o w e v e r  it is c o n s i d e r e d  t h a t  t h e i r  

a p p l i c a t i o n  is of l i m i t e d  u s e  w h e r e  t i m e  is c o n s t r a i n e d  

as t h e  f a c i l i t i e s  o f f e r e d  m a y  c o n s u m e  a lot of t i m e  t o  

c a r r y  out. It is i n s t r u c t i v e  to e x a m i n e  t h e  m e t h o d s  

u s e d  to c a r r y  o u t  f u n c t i o n s ,  a n d  t h e n  e x t r a c t  o n l y  t h a t  

w h i c h  is n e e d e d .

T h e  s i m p l e s t  p r o g r a m  s t r u c t u r e ,  ar.d t h e  o n e  e m p l o y e d  in 

t h i s  p r o j e c t ,  u s e s  a s i n g l e  bloc!, of R e l o c a t a b l e  c o d e ,  

s t a r t e d  b y  f i n a l  l o c a t i o n  of t h i s  c o d e  is

j r i  l "ed b y  t h e  L i n k e r .  T h e  flata m e m o r y  is o r g a n i s e d  

‘.nto a Tr.ta ? e g m « « t  b o u n d e d  by t h e  A s s e m b l e r  d i r e c t i v e s  

" D S E G "  an d  " D E N D ’. W h e n  l i n k i n g  o c c u r s ,  t h i s  a r e a  w i l l  

s l ^ o  b e  a l l o c a t e d .  T h e  c o d e  m u s t  a l s o  h a v e  an 

i d e n t i f i e r  a l l o c a t e d  in an " I D T "  d i r e c t i v e .  T h e  w h o l e  

p r o g r a m  is t e r m i n a t e d  in an " E N D ” s t a t e m e n t .

T h e  A s s e m b l e r  is i n v o k e d  b y  e n t e r i n g  t h e  n a m e  of t h e  

v e r s i o n  a v a i l a b l e .  ^ -lame zi a p r o g r a m  to b e  a s s e m b l e d  

w i l l  b e  r e q u e s t e d ,  w h i c h  w i l l  n o r m a l l y  b e  e x p e c t e d  to 

h a v e  t h e  a u f f i x  " . A S M " ,  w h e r e a f t e r  t h e  A s s e m b l e r  

r e q u e s t s  t h e  n a m e s  cf a l i s t i n g  f i l e  w i t h  s u f f i x  " . L S T "  

e n d  a r . l o c a ' a b l e  c o d e  f i l e  w i t h  s u f f i x  " . M P 0 " .  T h e  

Lin. s o p e r a t e s  in a n  e x a c t l y  s i m i l a r  f a s h i o n ,  

r e q u e s t i n g  t h e  n a m e s  of t h e  f i l e s  to o p e r a t e  on. T h e
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l i n k e r  r e q u i r e s  a c o n t r o l  f i l e  " X Y Z . C T L "  w h i c h  c o n t a i n s  

t h e  f o l l o w i n g  c o m m a n d s .

T A S K  M 9 6  

P R O G R A M  0 

D A T A  0 

I N C L U D E  M 9 6

r e f e r s  to th e  p r o g r a m  I D T

m e m o r y  a r e a  f o r  p r o g r a m  c o d e  

m e m o r y  a r e a  f o r  d a t a  s t o r a g e  

d e f i n e  t h e  r e l o c a t a b l e  c o d e  

f i l e  t o  b e  l i n k e d

E N D t h e  e n d  of t h e  l i n k e r  

c o n t r o l  f i l e

T h e  L i n k e r ,  l i k e  t h e  a s s e m b l e r ,  o p e r a t e s  o n  t h r e e  

f i l e s :  t h e  " . C T L ” f i l e  w h i c h  c o n t r o l s  t h e  l i n k i n g  

o p e r a t i o n ,  t h e  “. M A P ” f i l e  w h i c h  g i v e s  t h e  b r e a k d o w n  of 

h o w  t h e  l i n k i n g  w a s  d o n e ,  a n d  a " . L O D "  f i l e  w h i c h  is 

t h e  load m o d u l e  f o r  d o w n l o a d i n g  to t h e  E V M  or o t h e r  

e m u l a t o r .  It m a y  b e  n o t i c e d  or e x a m i n a t i o n  of t h e  

" . M A P "  f i l e  t h a t  t h c * e  is a w a r n i n g  t h a t  t h e  p r o g r a m  

a n d  d a t a  m e m o r y  a r e  l o c a t e d  at t h e  s a m e  a d d r e s s ,  b u t  

t h i s  is c l e a r l y  of n o  c o n s e q u e n c e  in t h e  c a s e  of t h e  

T M S  3 2 0  as t h e  d a t a  a r e a  is o n  b o a r d  t h e  p r o c e s s o r .

T h e  E V M  A s s e m b l e r  m a y  a l s o  b e  i n v o k e d  d i r e c t l y  t o  

a s s e m b l e  c o d e  a s  it is d o w n l o a d e d .  If t h i s  o p t ' o n  is 

u s e d ,  t h e  a s s e m b l y  l a n g u a g e  f i l e  s h o u l d  s t a r t  w i t h  ">" 

a n d  e n d  w i t h  " < “ to i n f o r m  t h e  E V M  of t h e  b e g i n n i n g  a n d  

e n d  of t h e  f i l e  b e i n g  p a s s e d  d o w n .  S o m e  f o r m  of 

h a n d s h a k i n g  w i l l  b e  n e c e s s a r y  to g i v e  t h e  E V M  t i m e  to 

c a r r y  o u t  t h e  a s s e m b l y .  H a r d w a r e  h a n d s h a k i n g ,  X O N / X O F F  

or A C K / N A K  a r e  a v a i l a b l e .  T h e  a s s e m b l e d  c o d e  m a y  b e  

u p l o a d e d  s i m u l t a n e o u s l y ,  . i t h e r  v i a  t h e  s a m e  p o r t  or 

v i a  t h e  s e c o n d  p o r t .  It is p o s s i b l e  t o  u s e  t h e  E V M  

e d i t o r  as t h e  s o u r c e  f o r  t h e  A s s e m b l e r  o n l y  if t h e  

e d i t o r  o u t p u t  is s t o r e d  e i t h e r  to a p o r t ,  t h e  t a p e  

s y s t e m ,  or to a R A M  c h i p  i n s e r t e d  i n t o  t h e  E P R O M  

p r o g r a m m e r  s o c k e t .

If t h e  E V M  A s s e m b l e r  is u s e d  on s o u r c e  c o d e  f r o m  

a n o t h e r  s y s t e m ,  it is n e c e s s a r y  t h a t  all c o d e  b e  

a b s o l u t e  as t h e r e  is n o  l i n k e r  to p e r f o r  ,n t h e  t a s k  of 

rel a t i o n .  T h e  E V M  A s s e m b l e r  is a t w o - p a s s  a s s e m b l e r ,

alio., ig u s e  to b e  m a d e  of l a b e l s  i.i t h e  s o u r c e .  T h i s  

a l s o  a p p l i e s  tc t h e  P a t c h  A s s e m b l e r .



6 . 2  F i l t e r  D e s i g n  S o f t w a r e

T h e  E l e c t r i c a l  E n g i n e e r i n g  D e p a r t r n e n t  of t h e  U n i v e r s i t y  

of t h e  Wi t w a t e r s r a n d  h a s  a pr-er-fu! -filter d e s i g n  

s o f t w a r e  p a c k a g e ,  a l l o w i n g  t h e  d e l o p m e n t  an d  a n a l y s i s  

of m a n y  t y p e s  of f i l t e r s ,  a n a l o g  a n d  d i g i t a l .  E x t r a c t s  

h a v e  b e e n  t a k e n  f r o m  t h i s  a n d  u s e d  w i t h  s l i g h t  

m o d i f i c a t i o n s  on a m i c r o p r o c e s s o r . M a n y  a d d i t i o n a l  

r o u t i n e s  h a v e  t e e n  w r i t t e n  to e n a b l e  a d e t a i l e d  

a n a l y s i s  to b e  d o n e  on t h e  p e r f o r m a n c e  of a d i g i t a l  

m o d e m .  T h e  p a c k a g e  a s  u s e d  a l l o w s  t r a n s v e r s a l  a n d  

r e c u r s i v e  d i g i t a l  f i l t e r s  to b e  d e s i g n e d  u s i n g  s i m p l e  

t e c h n i q u e s  a n d  e x a m i n e  t h e i r  f r e q u e n c y ,  p h a s e  a n d  

f r e q u e n c y  r e s p o n s e s .  T h e  d i a g r a m s  r e p r e s e n t i n g  v a r i o u s  

r e s p o n s e s  of f i l t e r s  w h i c h  h a v e  b e e n  p r e s e n t e d  in t h i s  

p a p e r  w e r e  d e v e l o p e d  u s i n g  t h i s  s o f t w a r e .  In a d d i t i o n ,  

m o d u l e s  w e r e  w r i t t e n  t o  g e n e r a t e  an F S K  s i g n a l  w h i c h  

c o u l d  t h e n  b e  a p p l i e d  to t h e  f i l t e r  a s  in a m o d e m ,  t h e n  

l i m i t e d ,  d i f f e r e n t i a t e d ,  r e c t i f i e d  a n d  t h e n  f i l t e r e d  

a g a i n .  T h e  s i g n a l  c o u l d  f i n a l l y  b e  s l i c e d  to e x a m i n e  

t h e  e f f e c t s  of d i f f e r e n t  s l i c i n g  p-oints. An a d a p t i v e  

f i l t e r  r o u t i n e  w a s  not w r i t t e n ,  b u t  i m p l e m e n t e d  i n s t e a d  

in a s i m u ' a t i c n  p r o g r a m  w h i c h  m o d e l s  t h e  modern a s  a 

w h o l e .

T h e  r o u t i n e s  u s e d  a n d  t h e i r  c a p a b i l i t i e s  a r e  l i s t e d  

b e l o w .  T h e  s i n g u l a r i t i e s  a n d  c o e f f i c i e n t s  a r e  h e l d  in 

m e m o r y ,  a n d  t h e r e  is an i n p u t  a n d  an o u t p u t  a r r a y  f o r  

t h e  t i m e  r e s p o n s e  o p e r a t i o n * .

BP

C W I N

G e n e r a t e s  B u t t e r w o r t h  l o w - p a s s  p o l e s .

A p p l i e s  a H a m m i n g ,  C o s i n e ,  T r i a n g i l a r  o r  

B l a c k m a n  w i n d o w  t o  t h e  c o e f f i c i e n t s .

D E G D O U T P r e s e n t s  t h e  

D e c i b e l s )  of 

G D 2 C ,  or S E C S .

1o g a r  i t h m ic 

a f i l t e r  a s

r e s p o n s e  ( i n 

c a l c u l a t e d  b y

F I L T E R  P a s s e s  a s i g n a l  d e f i n e d  b y  I N P U T  or F S K

t h r o u g h  a f i l t e r  d e f i n e d  b y  t h e  

c o e f f i c i e n t s  u n d e r  d e v e l o p m e n t .

P S P e r m i t s  e r t r y  or e x a m i n a t i o n  of a 

‘r e q u e u e /  to  b e  a ^ e d  b y  r o u t i n e s

s a m p  1 i n g  

c a r r y i n g

F C K P r o v i d e s  a d i g i t a l  F S K  s i g n a l  s u c h  a s  w o u l d  

h e  gererr.ted b y  t h e  modern u n d e r  d i s c u s s i o n ,  

a l l o w i n g  th e  c e n t r e  f r e q u e n c y  a n d  d e v i a t i o n  

to b e  s p e c i f i e d .  T h e  d i g i t a l  i n p u t  is 

p r o v i d e d  b y  t h e  I N P U T  r o u t i n e ,  as m o d i f i e d  

b /  v a r i o u s  m a n i p u l a t o r y  r o u t i n e s .

G E O U T

G D S S

S a m e  as D E G D O U T  b u t  s i m p l y  d i s p l a y s  

n o r m a l i s e d  v o l t a g e  r e s p o n s e  of a f i l t e r .

C a l c u l a t e s  t h e  f r e q u e n c y  r e s p o n s e  a n d  g r o u p  

d e l a y  of a f i l t e r  d e f i n e d  b y  s - p l a n e

s i n g u I a r  i 1 1e s .
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G D Z C S i m i l a r  tu G D S S  b u t  c a l c u l a t e s  t h e  r e s p o n s e  

■from t h e  z - p l a n e  c o e f f i c i e n t s .

I D L P

I L P B P

I N P U T

KWIM

L I M I T

r "A B  

R E C T  

S E T X

S L I C E

T O U T

ZS

O t h e r  

sto.- i ng

G e n e r a t e s  " I d e a l "  L o w - P a s s  F i l t e r

c o e f f i c i e n t s  f o r  a g i v e n  c u t - o f f  f r e q u e n c y  

a n d  f o r  v a r i o u s  n u m b e r s  of c o e f f i c i e n t s .  

T h e  c o e f f i c i e n t s  a r e  l o c a t e d  on t h e  s i n x / x  

c u r v e  of a t h e o r e t i c a l l y  i d e a l  s q u a r e  

f i 1 t e r .

C o n v e r t s  t r a n s v e r s a l  f i l t e r  l o w - p a s s  

c o e f f i c i e n t s  to b a n d - p a s s  c o e f f i c i e n t s ,  

u p o n  e n t r y  of t h e  c e n t r e  f r e q u e n c y .

G e n e r a t e s  d i g i t a l  w a v e f o r m s :  i m p u l s e ,  s t e p ,  

s i n e  or c o s i n e ,  s q u a r e  w a v e  or p u l s e  at a 

f r e q u e n c y  w h i c h  m a y  b e  e n t e r e d .  

A l t e r n a t i v e l y  t h i s  r o u t i n e  w i l l  t a k e  t h e  

o u t p u t  of a f i l t e r  a s  a n  i n p u t ,  a l l o w i n g  a 

s e q u e n c e  of o p e r a t i o n s  to b e  c a r r i e d  o u t  o n  

t h e  s a m e  o r i g i n a l  s i g n a l .

A p p l i e s  a K a i s e r  w i n d o w  t o  t h e  

c o e f f i c i e n t s ,  u p o n  e n t r y  of t h e  K a i s e r  

c o e f  f i c i e n t .

L i m i t s  t h e  i n p u t  s i g n a l  t o  b e t w e e n  +1 a n d  

-1. A l l  p o s i t i v e  i n p u t  v a l u e s  a r e  r e t u r n e d  

a s  >1 a n d  n e g a t i v e  v a l u e s  a s  -1.

C o n v e r t s  s- or z - p l a n e  s i n g u l a r i t i e s  t o  

c o e f  f i c i e n t s .

R e t u r n s  t h e  a b s o l u t e  v a l u e  of t h e  i n p u t  

s i g n a 1.

D e f i n e s  t h e  x - a x i s  ie t h e  f r e q u e n c y  a x i s  

b e t w e e n  v a r i o u s  f r e q u e n c y  l i m i t s  a n d  f o r  

d i f f e r i n g  n u m b e r s  of p o i n t s .

S i m i l a r  to L I M I T  b u t  p e r m i t s  t h e  u s e r  t o

s p e c i f y  t h e  si i c i n g  l e v e l .

D i s p l a y s  t h e  t i m e  r e s p o n s e  of t h e  i n p u t  a n d

o u t p u t  to a f i l t e r  or s i m i l a r  m o d u l e  e g  

R E C T  or L I M I T  cr F S K .

C o n v e r t s  f r o m  s - p ' a n e  s i n g u l a r  c i e s  to z- 

p l a i «  s i n g u l a r i t i e s  cr v i c e - v e r s a .

r T u t i n e s  a r e  a v a i l a b l e  for e d i t i n g ,  d i s p l a y i n g  

a n d  r e c o v e r i n g  c o e f f i c i e n t s  a n d  b i n g u 1a r i t i e s .



6 . 3  M o d e m  S i m u l a t i o n

A s i m u l a t i o n  r o u t i n e  w a s  w r i t t e n  in E A S I C  to e n a b l e  

t h e  o p e r a t i o n  of t h e  m o d e m  t o  b e  e x a m i n e d .  It i n c l u d e s  

a 3 1 1  b i t  p s e u d o - r a n d o m  ^►qu'i.ce g e n e r a t o r ,  _ s  w e l l  a s  

1:1, 1 : 7  or 7 : 1  p a t t e r r  . r? c i l i t i e s  a r e  i n c l u d e d  t o  

i n s e r t  n o i s e ,  as  w e l l  a i . <annel s i m u l a t i n g  -filter. 

T h e  r o u t i n e  is l i s t e d  in A r •)*-■ iix B.

All t h e  e l e m e n t s  D -f t h e  m o d e m  a r e  s i m u l a t e d ,  i n c l u d i n g  

d a t a  -filter, c h a n n e l  -filter, l i m i t e r ,  d i -f f e r e n t  i a t o r  , 

e n v e l o p e  d e t e c t o r ,  p o s t  d e t e c t i o n  f i l t e r ,  e q u a l i s e r  a n d  

s l i c e r .  T h e  s i m u l a t o r  o u t p u t s  a l i s t  of t h e  i n p u t  t o  

a n d  o u t p u t  f r o m  t h e  " m o d e m " ,  a l l o w i n g  c o m p a r i s o n  to b e  

m a d e  b e t w e e n  d a t a  in a n d  d a t a  o u t .  N o  s o f t w a r e  h a s  b e e n  

i n c l u d e d  to g i v e  a b i t  e r r o r  c o u n t ,  or b i a s  i n d i c a t i o n ,  

as t h i s  w o u l d  m a k e  t h e  s i m u l a t i o n  v e r y  c u m b e r s o m e  a n d  

a l t h o u g h  e x e c u t i o n  t i m e  fo r  a s i n g l e  l o o p  is a l r e a d y  

long, s u c h  an a d d i t i o n  j u l d  l e n g t h e n  t h e  t i m e  

u n a c c e p t a b l y .

i*

T h e  a d a p t i v e  e q u a l i s e r  c o e f f i c i e n t s  a r e  d i s p l a y e d  e v e r y  

1 0 0  b i t s ,  a l l o w i n g  t h e i r  c o n v e r g e n c e  t o  b e  e x a m i n e d .  It 

w a s  t h e  u s e  of t h e  s i m u l a t o r  w h i c h  i n d i c a t e d  t h e  n e e d  

f o r  t h e  i n p u t  t o  t h e  e q u a l i s e r  to b e  s y m m e t r i c a l  a b o u t  

z e r o ,  a s  t h e r e  w a s  a t e n d e n c y  a f t e r  2 0 C 0  t o  3 0 0 0  b i t s  

f o r  t h e  b i a s  to m o v e  c o m p l e t e l y  in f a v o u r  of " l ’s*. 

W h e n  t h e  s y m m e t r y  w a s  a d j u s t e d ,  t he  b i a s  w a s  f o u n d  to 

r e m a i n  c o r r e c t l y  a d j u s t e d .  T h e  i n s t a b i l i t y  p r o b l e m s  

f o u n d  w i t h  t h e  e q u a l i s e r  c o e f f i c i e n t s  w a s  n o t  

d i s c o v e r e d  w i t h  t h e  h e l p  of t h e  s i m u l a t o r ,  t h o u g h ,  a s  

t h e r e  w a s  n o  p r o b l e m  w i t h  a r i t h m e t i c  o v e r f l o w s  s i n c e  

f l o a t i n g - p o i n t  a r i t h m e t i c  is e m p l o y e d .

T h e  e f f e c t i v e n e s s  of a s i m u l a t o r  f o r  d i g i t a l  s i g n a l  

p r o c e s s i n g  a p p l i c a t i o n s  is l i m i t e d  b y  t h e  v e r y  s l o w  

s p e e o  of l a n g u a g e s  s u c h  a s  B A S I C ,  e s p e c i a l l y  w h e n  u s i n g  

an i n t t r p r e t e r ,  a l t h o u g h  t h i s  h a s  a d v a n t a g e s  in t e r m s  

of a l l o w i n g  m o d i f i c a t i o n s  to b e  q u i c k l y  i m p l e m e n t e d  a n d  

t e s t e d ,  w i t h o u t  t h e  p r o b l e m s  of c o m p i l a t i o n  a n d  l i n k i n g  

a s s o c i a t e d  w . t h  c o m p i l e d  l a n g u a g e s  s u c h  a s  F O R T R A N  o r  

Fs.scsl. A s i m u l a t o r  d e s s ,  h o w e v e r ,  p e r m i t  an i m p r e s s i o n  

to b e  o b t a i n s d  of h o w  a s y s t e m  m i g h t  p e r f o r m .  T h i s  

a d v a n t a g e  is s t r e n g t h e n e d  b y  t h e  f a c t  t h a t  a h i g h  l e v e l  

l ^ n g u e g e  is m u c h  = = s i e r  to m a n i p u l a t e  t h a n  a s s e m b l y  

l a n g u a g e ,  e v e n  in t h e  c a s e  of t h e  T M S  320. It c a n  b e  

-? = •-' t h e r e f o r e  t h a t  s ir.iu 1 at i o-s m a y  b e  a d v a n t a g e o u s  w h e n  

e x a m i n i n g  s h o > t  t e r m  e f f e c t s ,  b u t  h a s  l i m i t e d  v a l u e  

w h e n  e x a m i n i n g  l o n g  t e r m  t e n d e n c i e s .  T h e  loop t i m e  of 

t h e  s i m u l a t o r  is of the* o r d e r  of 1 s e c o n d ,  a f a c t o r  

°6C0 t i m e s  g r e a t e r  t h a n  t h e  a c t u a l  s y s t e m .  It c a n  

s i m p l y  b e  s e e n  t h a t  t o  a l l o w  s a y  3 0 0 0  b i t s  t o  b e  

t r a n s m i t t e d  at " 1 2 0 0  b d " ,  w i l l  t a k e  n e a r l y  7 h o u r s .  

H o w e v e r  e f f e c t s  a p p e a r i n g  w i t h i n  t h e  f i r s t  1 0 0  b i t s  

o n l y  t a k e  15 m i n u t e s  t o  t a k e  e f f e c t .  T h u s  s i m u l a t i o n  

h a s  an a p p l i c a t i o n  b e t w e e n  t h e s e  e x t r e m e s .



P R O T O T Y P E  M O D E M  R E S U L T S

O v s r v i  ew

T h e  m o d e m  w a s  c a n s t r u c t a d  a s  h a s  b e e n  d e s c r i b e d  in t h e  

p r e c e e d i n g  c h a p t e r s .  M u c h  of t h e  r e s u l t i n g  h a r d w a r e  a n d  

i c U w a r e  is a r e s u l t  o-f o n g o i n g  t e s t i n g  c a r r i e d  o u t  

d u r i n g  d e v e l o p m e n t .  A s p e c i f i c  e x a m p l e  o-f h a r d w a r e  

w h i c h  u n d e r w e n t  c h a n g e s  is t h e  m e a n s  o-f i n t e r r u p t i n g  

t h e  p r o g r a m  -for t h e  n e x t  s a m p l e .  T h e  i n t e r r u p t  w a s  

o r i g i n a l l y  p e r f o r m e d  u s i n g  t h e  B I O  p in ,  b u t  to  p e r m i t  

t h e  f u t u r e  i n c l u s i o n  of c o m p r e h e n s i v e  s e l f - t e s t  

f e a t u r e s ,  t h e  h a r d w a r e  w a s  m o d i f i e d  to u s e  t h e  h a r d w a r e  

i n t e r r u p t ,  a l t h o u g h  t h i s  h a s  a p e n a l t y  of at l e a s t  6 

i n s t r u c t i o n  c y c l e s  f o r  t h e  i n t e r r u p t ,  b r a n c h  a n d  

r e t u r n .  Th =  u s e  of i n t e r r u p t  a l l o w s  g r e a t e r  f u t u r e  

f l e x i b i l i t y  a n d  i n d e p e n d e n c e  of b a c k g r o u n d  r o u t i n e s  

p e r f o r m i n g  o t h e r  t a s k s .  N o  s e l f - t e s t  r o u t i n e s  a r e  

i n c l u d e d  at t h i s  s t a s e  as  t h e y  w o u l d  c o n f u s e  t h e  

d e v e l o p m e n t  of t h e  m a i n  p a r t  of t h e  r o u t i n e  v i r  t h e  

m o d e m ,  n e i t h e r  is u s e  m a d e  of t h e  d a t a  r e a d  f r o m  t h e  

D i P  s w i t c h e s .

T h e  mair. c r i t e r i o n  f o r  m e a s u r i n g  t h e  p e r f o r m a n c e  of a 

m o d e m  is t h e  B i t  E r r o r  R a t e ,  BER ,  m e a s u r e d  f o r  

d i f f e r i n g  n o i s e  l e v e l s  a n d  c h a n n e l  g r o u p  d e l a y s .  In t h e  

c a s e  of t h e  e x a m p l e  u n d e r  c o n s  ; d e r  at i o n , a n  ' a d d i t i o n a l  

e l e m e n t  h a s  b e e n  a d d e d  b y  t h e  i n c l u s i o n  of an A d a p t i v e  

E q u a l i s e r ,  a s  it s  e f f e c t  o n  t h e  p e r f o r m a n c e  s h o u l d  b e  

a n a l y s e d ,  to d e t e r m i n e  its w o r t h .  In t h e  f o l l o w i n g  

s e c t i o n s ,  t h e  p e r f o r m a n c e  of t h e  s y s t e m  is e x a m i n e d  f o r  

t h e  d i f f e r e n t  c r i t e r i a .  In e a c h  c a s e  t h e  t e s t  c i r c u i t  

a n d  i n s t r u m e n t s  a r e  i n c l u d e d  f o r  r e f e r e n c e .

E a c h  B E R  m e a s u r e m e n t  w a s  m a d e  u s i n g  5 1 1 - b i t  p s e u d o ­

r a n d o m  d a t a  s e q u e n c e s ,  w i t h  v a r y i n g  t e s t  l e n g t h s .  In 

m a n y  c a s e s  t h i s  t y p e  of d a t a  d o e s  n o t  r e p r e s e n t  t h e  

t y p e  of d a t a  w i t h  w h i c h  t h e  m o d e m  w o u l d  b e  u s e d .  M a n y  

of th e m e s s a g e s  s e n t  a n d  r e c e i v e d  b y  t h e  S C A L D  s y s t e m  

a r e  v e r y  s h o r t ,  of t h e  o r d e r  of 1 0 0  b i t s ,  a n d  m e s s a g e s  

of t h i s  l e n g t h  h a v e  d i f f e r i n g  e f f e c t s  o n  e q u a l i s e r  

a d a p t a t i o n ,  t h e  e f f e c t s  of e r r o r  b u r s t s  a n d  t h e  

••esultir.g e f f e c t i v e  2ER. N o t w i t h s t a n d i n g  t h e s e  

p r o b l e m s ,  th e t e s t s  w e r e  p e r f o r m e d  as s t a t e d ,  a s  t h i s

. _  .  -  -  - vi .  . . .  « U  • i <» *  ^  c  u  •- c s  w . i l ' j  a k d i l u a f  ^ 3 i



A d a p t i v e  E q u a l i s e r  P e r f o r m a n c e

O n e  o-f c h»  m o r e  i n t e r e s t i n g  a s p e c t s  of t h e  t e s t i n g  of 

t h e  s y s t e m  w a s  t h e  q u e s t i o n  of t h e  w a y  t h e  e q u a l i s e r  

w o u l d  p e r f o r m ,  e s p e c i a l l y  a s  it h a s  to b e  s t a b l e  a n d  it 

s h o u l d  n o t  b e  p o s s i b l e  to m a k e  it l a t c h  up at e x t r e m e s  

of its r a n g e .  T e s t s  w e r e  p e r f o r m e d  to t e s t  t h i s .  T h e  

t e s t  c i r c u i t  u s e d  is s h o w n  in F i g  7 . 1 .  T h e  d a t a  t e s t -  

s e t  u s e d  in all t h e  p e r f o r m a n c e  t e s t s  is a T r e n d  D a t a  

T e s t e r ,  M o d e l  105, c a p a b l e  of s e n d i n g  1:1 r e v e r s a l s  at 

v a r i o u s  b i t  r a t e s ,  as w e l l  a s  s e v e r a l  d a t a  s t r e a m s  e g  

6 3 - b i t  p s e u d o - r a n d o m ,  5 1 1 - b i t  P R  a n d  2 C 4 7 - b i t  PR.

F i g  7. 1  C i r c u i t  u s e d  to t e s t  t h e  m o d e m  o n  l o o p - b a c k

T h e  e q u a l i s e r ’s b a s i c  p e r f o r m a n c e  w a s  t e s t e d  w i t h  t h e  

m o d e m  s i m p l y  l o o p e d  a s  s h o w n  w i t h  n o  d i l a y  o t h e r  t h a n  

t h a t  c o n t r i b u t e d  b y  t h e  a n t i - a l i a s i n g  filters-, a n d  n o  

i n j e c t e d  n o i s e .  T h e  p u r p o s e  of t h e  t e s t s  w a s  t o  g e t  a 

f e e l  f o r  t h e  w a y  t h e  e q u a l i s e r  a d a p t e d  to v a r i o u s  t y p e s  

of d a t a ,  a n d  w h e t h e r  v a r y i n g  l e n g t h s  of r a n d o m  d a t a  h a d  

a n  e f f e c t  on t h -1 r e s u l t i n g  c o e f f i c i e n t s ;  1:1 r e v e r s a l s  

a n d  s t e a d y  m a r k  a n d  s p a c e  d a t a  w a s  a l s o  u s e d .  T h e  t e s t s  

w e r e  c o m m e n c e d  w i t h  t h e  e q u a l i s e r  c o e f f i c i e n t s  p r e s e t  

t o  0 , 0 , K , 0 , 0  w h e r e  K r e p r e s e n t s  s o m e  c o n s t a n t ,  in t h i s  

c a s e  3 1 9 2  w a s  u s e d ,  b u t  a n y  a r b i t r a r y  c c n s t a n t  c o u l d  b e  

i n s e r t e d .

T h e  r e s u l t s  w e r e  e n l i g h t e n i n g  as t o  t h e  o p e r a t i o n  of 

t h e  e q u a l i s e r .  C o n v e r g e n c e  c o e f f i c i e n t s  r a n g i n g  f r o m  5 0  

to 5 C C 0  w e r e  t e s t e d  to e x a m i n e  t h e i r  e f f e c t s  on  r a t e  of 

c o n v e r g e n c e ,  p a s s i b l e  l a t c h  u p  a n d  s o  on. F o r  p s e u d o ­

r a n d o m  d a t a  w i t h  all t h r e e  p o s s i b l e  s e q u e n c e s  v i z  6 2 -  

b i t  PP, 5 1 1 - b i t  P R  a n d  2 0 4 7 - b i t  PR, t h e  e q u a l i s e r  

c o r.v-rged an a s i m i l a r  s e t  of v a l u e s ,  r e p r e s e n t i n g  t h e  

c o r r e c t  i q u a I  .a a t :o n  for t h e  m o d e m  a n d  its o w n  f i l t e r s .  

T h e  v a l u e s  c b t a i n e d  t h u s  a r e  a p p r o x i m a t e  1y t h o s e  a s e a  

in t h e  r i n a l  v e r s i o n  of t h e  s o f t w a r e  f o r  

i n i t i a l i s a t i o n ,  as l i s t e d  in T a b l e  E . 3 .  A l t h o u g h  t h e  

c o e f f i c i e n t s  as l i s t e d  a r e  s y m m e t r i c a l ,  t h e  m e a s u r e d  

v a l u e s  w e r e  n o t  q u i t e  so, b u t  t h e  d i f f e r e n c e  in v a l u e  

b e t w e e n  o n e  s i d e  a n d  t h e  o t h e r  is of t h e  o r d e r  of 1%, 

a n d  t h i s  is t h e r e f o r e  i g n o r e d  f o r  i n i t i a l i s a t i o n  

p u r p o s e s .  T:-.e n u m b e r  of b i t s  s e n t  t o  r e a l i s e  a s t a b l e  

s e t  of c o e f f i c i e n t s  v a r i e d  d e p e n d i n g  on t h e  c o n v e r g e n c e  

facta.*, a, a s  w o u l d  b e  e x p e c t e d ,  v a r y i n g  a p p r o x i m a t e l y  

f r o m  2 0 0 0  for a = 5 C 0 0  to 1 C C C C  for a = 5 0 .  C o n v e r g e n c e  it; 

t h e r e f o r e  r e a s o n a b l y  r a p i d  f o r  m o s t  f a c t o r s .

W h e n  1: 1 r e v e r s a l s  a r e  s e n t ,  a n  i n t e r e s t i n g  p h e n o m e n o n



o c c u r s  v i z  t h a t  t h e  c c e f f i c i e n t s  p o l a r i s e  q u i t e  

d r a s t i c a l l y .  T h e  -first, t h i r d  a n d  l a s t  v a l u e s  gr. v e r y  

p o s i t i v e ,  t h e  s e c o n d  a n d  f o u r t h  l i m i t i n g  n e g a t i v e l y .  

T h i s  is a c c e p t a b l e  f r o m  t h e  p o i n t  of v i e w  of I l l ’s, a s  

s i n c e  t h e  e q u a l i s e r  c o e f f i c i e n t s  e a c h  operai. 

i n d e p e n d e n t l y  on s u c c e s s i v e  b i t s ,  a h i g h - 1o w - h i g h - l o w  

h i g h  s e q u e n c e  e x a c t l y  m a t c h e s  t h e  d a t a  b e i n g  r e c e i v e d .

F r o m  t h e  pci.it of v i e w  of c o n v e r g e n c e  a n d  a d a p t a t i o n  ' 

n e w  p a t t e r n s  of d a t a ,  t h e  s t e a d y  m a r k  or  s p a c e  p r e s e n t  

t h e  m o s t  p r o b l e m s .  W h e n  a s m a l l  c o n v e r g e n c e  c o e f f i c i e n t  

is u s e d ,  s a y  2 0 0  o r  400, t h e  e q u a l i s e r  w a s  f o u n d  t o  

l a t c h  up w i t h  all t h e  c o e f f i c i e n t s  p o s i t i v e ,  a n d  b e  

u n a b l e  to r e c o v e r  w h e n  p s e u d o - r a n d o m  p a t t e r n s  w e r e  

s e n t .  T h i s  is a v e r y  u n d e s i r a b l e  s i t u a t i o n .  T h i s  m a y  b e  

e x p l a i n e d  b y  t n e  f a c t  t h a t  a l t h o u g h  all t h e  

c o e f f i c i e n t s  m a y  b e  p o s i t i v e ,  w h i c h  e m p h a s i s e s  t h e  

s t e a d y  p a t t e r n ,  b e  it m a r k  o r  s p a c e ,  w h e n  the  o p p o s i t e  

p o l a r i t y  d a t a  is r e c e i v e d ,  Ll>e o u t p u t  of t h e  P o s t  

D e t e c t i o n  F i l t e r  w i l l  r e f l e c t  t h i s  b y  g o i n g  s a y  

n e g a t i v e .  If t h e  v a l u e  t h e n  p r e s e n t e d  to t h e  d e t e c t o r  

g o e s  n e g a t i v e ,  w h i c h  it in f a c t  d o e s ,  t h e n  it is 

e n t i r e l y  d e p e n d e n t  on t h e  c o n v e r g e n c e  c o e f f i c i e n t  a s  t o  

t h e  a m o u n t  b y  w h i c h  al! t ie c o e f f i c i e n t s  a r e  r e d u c e d .  A 

s m a l l  f a c t o r  w i l l  t a k e  p o s s i b l y  a v e r y  l o n g  t i m e  to 

r e c o v e r  cr m a y  n e t r e c o v e r  at a l l .  T h i s  l a t t e r  a p p e a r e d  

to b e  t h e c a s e  f o r  s m a l l  f a c t o r s  o-f t h e  s i r e  m e n t i o n e d ,  

b u t  di d n o t  a p p l y  to t h e  v a l u e s  g r e a t e r  t h a n  

a p p r o x i m a t e 1y 1000.

It c a n  b e  s e e n  f r o m  t h e  f o r e g o i n g  t h a t  t h e  e q u a l i s e r  

d o e s  i n d e e d  a d a p t  t o  c h a n g i n g  d a t a  p a t t e r n s ,  s o  a s  t o  

e n c o u r a g e  t h e  c o r r e c t  d e t e c t i o n  of t h e  d a t a .  T h i s  is 

e s p e c i a l l y  s o  in t h e  c a s e  of 1:1 r e v e r s a l s .



~?.~1 T h e  E f f e c t s  of N o i s e

T h e  c r c u i t  o-f F i g  7 . 2  w a s  e m p l o y e d  -for t h e  n o i s e  

i n j e c t i o n  t e s t s .  T h e  n o i s e  w a s  G a u s s i a n ,  a n d  w h i t e  o v e r  

a b a n d  n o m i n a l l y  2 . 5  k H z  w i d e ,  b u t  in -fact s l i g h t l y  

w i d e r ,  a n d  c e n t r e d  at 1 4 3 7 . 5  Hz, t h e  m o d e m  c e n t r e  

■frequency. T h e  n o i s e  l e v e l  w a s  m e a s u r e d  in a s l o t  1 0 0  

H z  w i d e  a l s o  c e n t r e d  at 1 4 3 7 . 5  Hz. D u e  to t h e  f a c t  t h a t  

t h e  n o i s e  s o u r c e  c o u l d  n o t  d e l i v e r  s u f f i c i e n t  l e v e i  an 

a m p l i f i e r  w a s  u s e d  s i m p l y  t o  r a i s e  t h e  level of t h e  

n o i s e  to t h a t  r e q u i r e d .  T h e  n o i s e  s o u r c e  w a s  a H e w l e t t -  

P a c k a r d  3 5 3 2 A  F F T  S p e c t r u m  A n a l y s e r ,  w i t h  t h e  n o i s e  

g e n e r a t o r  s e t  t o  R a n d o m ,  t h e  d a t a  t e s t e r  as a b o v e ,  t h e  

m e a s u r i n g  s e t  a W a n d e l  !c G o t  t c r n a n n  P M G 1 3 ,  s e t  to 

b r i d g e d  m e a s u r e m e n t .  T h e  jii.pl if ier w a s  s e t  to x 5 g a i n  

w i t h  an o u t p u t  i m p e d a n c e  of 6 0 0  ohm.

T h e  F S K  r e c e i v e  l e v e l  w a s  s e t  t o  -6 d B m ,  w i t h  t h e  n o i s e  

s o u r c e  r e m o v e d ,  b u t  w i t h  t h e  a m p l i f i e r  s t i l l  c o n n e c t e d  

a n d  t e r m i n a t i n g  t h e  p o r t .  T h i s  w a s  s e t  a t  t h e  

t r a n s m i t t e r  o n  t h e  1:1 r e v e r s a l  s p e c t r u m ,  m e a s u r i n g  

w i d e b a n d .  T h e  n o i s e  l ev e l  w a s  s e t  w i t h  t h e  r S K  

t r a n s m i t t e r  d i s c o n n e c t e d  a n d  t h e  p o r t  t e r m i n a t e d  in a 

6 0 0  o h m  r e s i s t o r .  S i x  t e s t s  w e r e  d o n e  at d i f f e r e n t  

s 1g n a l - t o - n o l s e  l e v e l s  for t h r e e  c o n v e r g e n c e  f a c t o r s .  

In e a c h  c a s e  1 0 *  b i t s  w e r e  s e n t ,  a n d  t h e  b i t  e r r o r s  

m e a s u r e d .  T h e  r e s u l t s  a r e  p r e s e n t e d  in T a b l e  7 . 1

It is i n t e r e s t i n g  to n c t e  t h a t  t h e r e  is l i t t l e  

s u b s t a n t i a l  d i f - e r e n c e  b e t w e e n  the  e r r o r  r a t e s  f o r  t h e  

v a r i o u s  c o n v e r g e n c e  f a c t o r s .  F a c t o r s  w e r e  o n l y  m o d i f i e d  

a f t e r  t'-.e s e r i e s  of n o i s e  t e s t s  w a s  c o m p l e t e d .  T h e  

r e s u l t s  tend to b e a r  o u t  t h e  f a c t  t h a t  th e  u s e  of a 

s m a l l  c o n v e r g e n c e  c o e f f i c i e n t  r e s u l t s  in n o i s e  b e i n g  

b e t t e r  a v e r a g e d ,  a r d  h e n c e  r e s u l t i n g  in an i m p r o v e d  

p e r f o r m a n c e .  T h e  i m o r c v e d  p e r f o r m a n c e  is m o r e  m a r k e d  at  

h i g h  s i g n a l - t o - n o i s e  r a t i o s  t h a n  at l o w  r a t i o s .  T h i s  is 

b e c a u s e  t h e r e  is a l i m i t i n g  p o i n t  b e y o n d  w h i c h  it is 

n o t  p o s s i b l e  t o  go. S u n d e ’s ideal m o d e m  a c h i e v e s  a 

t h e o r e t i c a l  e r r o r  r a t e  of 1% at a s i g n a l - t o - n o i s e  r a t i o  

of 4 dB, m e a s u r e d  in a b a n d w i d t h  e q u a l  to t h e  b i t  r a t e .  

If t h e  100 H z  b a n d  u s e d  h e r e  is r e p l a c e d  w i t h  a 1 2 0 0  H z  

b a n d  t h i s  w o u l d  r e s u l t  in a n  11 d B  r e d a c t i o n  in___t h e
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T a t  1s 7 . 1  B i t  E r r o r s  M e a s u r e d  t o r  D i f f e r e n t  S i g n a l - t o - N c i s e  

R a t i o s  a n d  C o n v e r g e n c e  F a c t o r s .  1 0“ B i t s  S e n t

a

S / N  ( (SE 5

4 0 0 3 0 0 1 0 0 0

i

g

i

1 0 11 1 2 6 3 2 4 7 4

3 3 1 3 9 5 2 6 1 2 3 7 0 4

3 0 2 6 4 3 3 1 0 3 4 7 0 3

2 7 7 4 6 0 9 2 2 1 1 3 5 9 6

2 4 2 5 0 0 4 1 9 9 0 3 2 1 5 9 0

21

1 1 
0
0
 

M
 

1 
m
 

1 
a

1 
N S 3 7 S 4 0 6 9 4 5

v a l u e  in t h e  S / N  c o l u m n  ie a s i g n a  l'- t o - n o  l s e  r a t i o  o-f 

21 d B  b e c o m e s  10 dB. T h e  c o r r e c t i o n  f a c t o r  of 11 d B  is 

d e r i v e d  as f o l l o w s

C o r r e c t i o n  = 10 log 1 O 1322 7 - 1

100

* 1 0 . 3  dB 

ie a s i m p l e  r a t i o  of t h e  b a n d w i d t h s .

In t h i s  c a s e  h o w e v e r ,  t h e  e r r o r  r a t e  at 10 dB s i g n a l -  

t o - n o i s e  is 37.. T h i s  d i f f e r e n c e  m a y  b e  o s c r  i b e d  to a 

n u m b e r  of f a c t o r s .  T h e  f i r s t  is t h a t  S u n d e  in h i s  m o d e l  

c o n s i d e r e d  i d e a l i s e a  s t r u c t u r e s ,  e s p e c i a l l y  f o r  

s i m p l i f y i n g  t h e  a n a l y s i s  of t h e  t r a n s m i t t e r .  S e c o n d l y ,  

t h e  d i g i t a l  s a m p l i n g  p r o c e s s  c o n t r i b u t e s  to " n o i s e” in 

t h e  f o r m  of j i t t e r .  A l t h o u g h  it M a s  s t a t e d  e a r l i e r  t h a t  

t h e  j i t t e r  w o u l d  b e  r e d u c e d  b y  s y n c h r o n i s i n g  t h e  d a t a  

a n d  s a m p l i n g  c l o c k s ,  t h i s  w a s  n o t  d o n e  in t h i s  c a s e .  

T h e r e  are  t w o  r e a s o n s  f o r  t h i s  v i z  t h a t  it is d e s i r a b l e  

to h a v e  an a b s o l u t e  r e f e r e n c e  f o r  t h e  m o d e m ,  a n d  

s e c o n d l y  t h a t  t h e  d a t a  t e s t e r  w o u l d  n o t  r e l i a b l y  a c c e p t  

an e x t e r n a l  c l o c k .  W h e n  t e s t s  w e r e  f i r s t  s t a r t e d ,  t h e  

t* s t  se t  a c c e p t e d  an e x t e r n a l  c l o c k  I 

un-f c r t u n a t e l y , it l a t e r  r e f u s e d  to a c c e p t  e x t e r n a l  

s t i m u l u s ,  a n d  t h e  t e s t s  w e r e  c o m p l e t e d  w i t h o u t  

• s y n c h r o n i s a t i o n .  All i n d i c a t i o n s  w e r e  h o w e v e r ,  t h a t  if 

t h e  t w o  c l o c k s  a r e  s y n c h r o n i s e d ,  an i m p r o v e m e n t  is 

p o s s i b l e  in t h e  e r r o r  r a t e ,  a l t h o u g h  it w a s  

n o t  p o s s i b l e  to q u a n t i f y  it.

F i g  7 . 3  s h o w s  t h e  e r r o r  p r o b a b i l i t y  for a = 1 0 0 0  as a 

f u n c t i o n  cf s i g n a l - t o - n o i g *  r a t i o  m e a s u r e d  in t h e  

c o r r e c t e d  b a n d w i d t h  of 1 2 0 0  Hz. U n i  k e  t h e  c l a s s i c a l  

t h e o r y  of e r r o r  p e r f o r m a n c e  of a mr.d^rn, t h e  s h a p e  of 

th e  c u r v e  d o e s  no t  t e n d  t o w a r d  z e r o  p r o b a b i l i t y  of 

e r r o r  at h i g h  s i g n a 1 - t o - n o i s e  r a t i o s .  It a p p e a r s  

h o w e v e r  as if it m i g h t  b e  a s y m p t o t i c  to s o m e  v a l u e  of 

e r r o r  p r o b a b ; i ty . Th_is is ei£if a r c e d  b y  the f i n d i n g
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