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ABSTRACT

THE DESIGN OF A CASCADED DIGITAL/ANALOG FILTER
k FOR DIGITAL TRANSMISSION SYSTEMS ,
by
" Uswatte Liyanage Anton Eric Marian {

Priyakumar Perera N

;
! A

<

At

Equalization:pﬁocedqres for a class of wiﬁely known
conventional filters that have potential applicétions at the
transwit side of digita% transmission systems are presented
ig‘ this 'thesis. A binary (digital) transversal filter is
ca;céded,in front 6f an analog filter so as to predistort
" the input digitql signa} in order to remove iptersymbol-
"interference caused by the‘analog fiiter. The laktet is

used—td shape the power spectrum of the digital signal to be
transmitted. The design of the transversal filﬁers is based
on the"a priori' knowledge of the analog filter characteri;
stics. Three méthodé of computing tap-gain coefficients of
the  digital device 'are presented. A computer simulation
program is described, which may be used to observe the
improvement 'of the eye diagram at the analog filter output
when the transversal filter is cascaded in front of it
This éllows for choosing among off-the-shelf conventional
analog filters for use in digital transmission systems with-

out éctually building any hardware units. By eliminating

intersymbol-interference in the transmitted(;ignal the digiQy
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N ¥ '
tal device improves the bit error rate performance of the

systeﬁ in an additive white gaussian noise envirdnment by as

much as U4 dB, simultaneously increasing the in-band to out-
; -

of-band energy ratio of the filtered signal, as witnessed by

tﬁe test results. i .

The noise used in the performahce tests ma! be random
-or pseudo-random'in its nature. Computer simulation and
hardware test results of g simple and low cost pseudb-random
génerator-based noise source that exhibits the , gaussian
amplitude characteristic are presented in the first part of
the thesis. AIt is shown experimentally that tpe bit error
rate  performance ‘of a baseband digltal transmission system
in additive gaussian noise environment generated by random

~y
and pseudo-random noise sources shows little difﬁsrence in

their effects on the system.
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0 Chapter 1

INTRODUCTION

i

Digital communications systems have advanced rapidly in

the past two decades. .This rapid growth can be attributed®

to a great extent to the develépment of digital circuitry.
With the advancement of digital cohputers, the size of hard-
ware héas Leen reduced immensely together with their costé,
at the same time increasing efficiency. Thesavailability of
high speed devices has also contributed to the increase of
system capacity in digital communications systems, which was
never achievable with the fnalog counterpart. However,
during the actugl transmissipn' the discretg character of
digital ;ignals vanishes due to the filterihé‘ process of
unwanted high' frequencies. Filtering 1is an essential
process in a communication system so as to utilize the
available frequency spectrum prudently. Thus, digital
signals become continuous waveforms during their passage
through the transmiséion channel.

Conventional analog devices such as filters often find
application in digital transmission systems. Much wprk' has
been done over the years and is still being done to improve
these types of devices with active components replacing the

earlier passive ones. 1In this way, their implementation has

become cheaper and more efficient with an enormous reduction

v

1
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in size. A major drawback, however, in active aﬁalog fil-
ters is their group dé&ay characteristics then undesirable
for digital signals. Both amplitude and group delay charac-
teristics, as such, cause intersymbol-interference (ISI) on
digitalh signals. - In order to alleviate such distortion an
equalization procegé is essential. Numeraous papersA have
been written on a variety of compiex equalization schemes to
equgiize channels{ filters, etc. New and more eféaptive
methods are still being explored and proposeé in the litera-
ture. This'thesi's presents the work done on 4" low cost -and
Zimple equalization method that can be psed on a conven-
tional analog filter intended to be used at the transmit end

of a digital transmission system.

Before a communication system is put into service, a
system model is ‘critically evaluated based on known or

expected engineering parameters of that system. In a

.laboratory environment a noise source is used to simulate

the~ thermal- noise encountered in such systems. it is well
known that amplitudes of random front:end receiver noise
present in communication systems have a normal (gaussian)
distribution function. Manufacturers offer, often expen-
sive, gaussian noise sources with prescribed chara9t£¥i§tics
suitable for such simulations. 1In evaluating a 1laboratory
model of a baseband communication system a simple and low-
cost noise source, built in the 1laboratory, could provide

equally well the service rendered by a costly unit. Hence,

-’




3

the first paft of the thesis describes the implementation of

a pseudo-random generator-based gaussian noise source
t

presented in Chépter 2. It contains a literature survey
with. mathematical - background, computerr simulation and
hardware implementation of a noise source that exhibits
gaussian amplitudé characteristics. The test resul£s of

this noise source are compared with that of a conventional
\ o
poise source.

LY

A

\ Chapter 3 is a study on transversal filters. The tran-

svepsal filter is a non-recursive type of a digital f%?ter.
A
It has found application in a wide area of digital systems.

A literature survey containing a mathematical analysis of

1

the f%lter for application in communication systems is

bresentéd in this chapter. The design of such a filter

v

cascaded with a conventional active-analog filter, which can
A

be uséd a¥ the transmit end of a transmission system, 1is
described in Chapter 4. The transversal filter is used here
as an equal\zer for the analog one that is used to shape the
spectrum of\ the signal., It shows how a readily available
(off—the—shefﬁ) analog filter could be wused in a digital
communication | system without causing distortions in the

\

signal, merely by cascading a simple transversal filter so
that the signé% is predistorted before passing it through
the analog filégr, which, in turn, shapes the signal
spgctrum. Methogﬁ' of finding the optimum values of filter

parameters are presented. Computer simulation results of a



]

.baseband system (only the transmit end) with and¢without a
predistorter cascaded to the anaidg filter are compared with
.the results of the hardware model tested in the laboratory.
The entire model is evaluated with regard to the bit error
rate performance in an additive white gaussian noise envir-
onment. The evalhation is extended to using the laboratory-

built gaussian noise source.

The summary and Eonclusion of the thesis is giyen in
Chapter 5. Suggestions for future research on the cascaded
filter design based on the work hegé'are preéented:. A list
of references and appendices terminate the presentation.
The appendices contain the description and computer‘simula-

H
tion programs, additional mathematics and further procedures

of hardware implementation.




\ ‘ Chapter 2

GAUSSIAN N%:SE GENERATED BY PSEUDO-RANDOM
BINARY SEQUENCES

2.1 1Introduction

)

It is well known that excitation of systems b¥ noise 1is
a valuable aid in dealing with problems in system identifi-
cation and performance evaluation. Physical devices such as
resistors and diodes are sometimes used as sources of .random
noise. However, suchtdevices suffer from statistical varia-
bility; Qgtween finite’samples of their noise output.. Often
it is adequate, or even advantageous, to employ determinis-

tﬁ% periodic signals with the essential statistical proper-

ties of random noise.

v
The deterministic chafacten of the pseudo-random binéry
sequences-(PRBS), which are also called‘pseudo-noise sequen-
ces, orm uences, or chain codes [(Lipson et al., 19761,
has proved itself very wuseful in generating random-1like
noise with desired brobablity ;ensity functions. The chara-
Y cteristic qualities of a desirable noise are,
i. the bandwidth of the noise power spectrum should
' enclose that of thet system undef test, thus ensur-
ing that all modes of the system are excited;
ii. the noise should be pseudo-random and repeatable

so that meaningful tests may Be reproduced under




varying conditions for, then, the noise source
will appear ergodic when its time average is taken
over a specified interval;

iii. the statistics of the noise should be known preci-
sely, thereby_remOVing a sounrce of uneertﬁinty in

experimental results; "\

iv. the noise signal should have negligible serial
autocorrelation after a short defiﬁable interval.
a
Al% of the above properties ére possessed by maximum-
length 1linear binary sequences generated by shift—register
agrcuité'with modulo-2 addition and feedback excé;t for the
reservation that the ‘autocorrelation function is périodic
[Golomb, 1964; Roberts & Davis, 1966; Cumming, 1967]. The
PRBS obtained by shift-register technique, therefore, prov-
ide the feasibility of generating random noise that has an
aniplitude distribution approximating a gaussian distribu-
tion. This is done by bandlimiting (lowpass filtering) the‘

PRBS.

This chapter ‘presents a brief review of the.theory of
PRBS generation, the simulation of - these sequences on a

general purpose digital computqf, and the results of hard-

-

ware implementation based on those of computer simulation.-

Finally, it is explained how such sequences can be used for
the performance test of transversal filters described in the

next chapter.

P




)

The Pseudo-Random Binary Sequence

3 °.
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2.2
The
the truly
i.
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i ii

pseudo-random binary éequence (PRBS) differ from
random binary sequence (TRBS) as_ follows:
Wi

a TRBS is non-periodic whereas a PRBS repeaté

B
.

itself after some suitably long sequence;

i; many random binary.proceéses, e.g., a random
telegraﬁh wave, the transition from the 1logiec 1
state to the 1logic 0 state, and vice-versa, can

occur at any time, and the state at any instant of

time is independent of that at any other instant.

~In the pseudo-random process the binary 1level

transitions can occur only at specific clock pulse
times, separated by intervals during which the
binary state is fixed. (Here, the state during

the fixed time interval is independent of that

during neighbouring intervals.)

A periodic binary sequence will be classified as a PRBS

-

if it satisfies the following conditions [Hampton,1965]:

Ti.

ii.

iii.

in each period the number of logic® 1s (ones) must
not exceed that gf logic Os (zeros) by more than
one, or vice-virsa;

in. each peniéd;there must be twice as many sequen-
ces of 1s.“or Os of length n as those of length
(n+1);

i

the autocorrelation function must be of the form
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as shown in Fig.2.1(b), i.é., peaked in the middle
~— (t=0) and tapering off rapia;y at both ends.

Such a binary sequence with a sufficiently long period can

be used essentially like true random noise. Peribdic‘binar§ -

-

‘r(t)
— +1 7 p] \5——- .
v-h___“ ) . . 4’
(a) . . . time
- ~114
—.'At I‘— Y
R (1) 2"-1 clocle o
T‘S_..__..‘ —— periods
p §
(b) ) =" 1 f '
-»{ )\t ja- ?
one clock @ 1
period = (w0 for large n) "

2°-1
Fig.2.1(a) Waveform and (b) Time-Autocorrelation
Function of g Maximgm Length Sequence.

sequences may easily be obtained from a digital shift-
Y \
register with modulo-2 adder feedback as explained in the

o

. next section.
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2.2.1 The Feedback Shift-Register

- . ) /-—’L
TheN feedback shiftLregisterfgs a binéry (digital) cir-

cuit consisting of a shift-register and one or more modulo-2

adders whose final mod-2 sum is fed back to the first stage \u

.
. . . - B
L s 3 R i S S Y T 0 .

7
clock » L L e
] pulses Y Ty ¥ U e
| .
- szL-.---— FFi FFm > output
o . ’
. .8
"(A+B)Mod-2v ¢
o
. \,
. Fig.2.2 Feedback Shift-Register - -
N . with Modulo-2 Adder. ‘
I o > ) - l'
, . &5
of the shif¢-register as shown in Fig.2.2. Modulo-2 addi-
tion generates the sum (A+B) of any two binary inputs A
- Mod-2
« and B according to the following rule: . °
3 N - t‘
3} . ,
A B (A+B)M0d_2 _ S
: : 0o 0 0 ‘ .
M . 0 .1 1. :
- } 1 0 1 .
' U 0 J !
As cfn be, seen frgm the above rule, mod-2 addition can be, §
impiementéd'logically with an exclusive-OR ciréuit. The , >

shift-register 3pnsists of cascaded flip-flops driven at the

n F

. desired rate by external clock pulses. (The clock pulses

are not shown in all the figures, hereffter.)

»

a , & A Y 4 N . 5. .
B ) . , 3 [
N , f .
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\ c | 10
Y, ) '\ v .
’ S Fig.2.3.illustrates three 3-stage shift-register perio-
N L 4 .
dic sequence generators and their , corresponding sequences.
:J SN v It can be seen that the generators margsd No.1 and No.?2 a;e
t. ' ) ° (. ‘
& No.3
. ,
o/P B o/p ©
« A ‘
No. 1 . “No. 2 . No. 3
§ CLOCK PULSE . STAGE ( STAGE STAGE
NUMBER . 12 3 1.2 3 : 123
Init. Cond. \ 10 1 101 one 101
' 1 - 110 e 010 period 110
-2 111 0 01 011
"3 011 one 100 repeat 01
y ,0 01 period 110 periods . . .
, 5 100 111 .« 0 e
6 010 .- 011 : .
T 101 repéat 101 .
. . . periods * . .
:::::::::::::::::::::::::::::::::::::::=='====::==:::=:=::,:.:
Init. Cond . 00O 00O 000
‘ N 000 0-0 0 000
.2 000 00 0 000
n 000 000 000
' L 4
» . Fig.2.3 Three-Stage Periodic Binary Sequénée Gengrators
When Initial Condition is 101 or 000.

k”f

périodic every 23-1 =7 bifg, wheréés the “generator marked

No.3 is periodic every 3 bits. 1In each case the pe§iodic

e

e ey B e i

- ‘ " N |
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series iS completely determined by thée initial state of the

‘flip-flops and feedback ‘connections. The resulting sequen-
ces for an all-zero initial condition are also showun. The
genérators No.1 and No.2 are Kknown as "maximal-length

sequence (or m-sequence) generators" for m = 3.

It %s edsy to show that the maximum length of any
sequence produced by a shift-reéiéter is (2m-1), where m is
the number of flip-flop stages in the shift-registér. For
'an m-stage generator ‘there are ol possible sta@es. 'The all-
zero state can be ruled out as an inadmissible conditfon,
because‘*??fh‘ mod-2 addition, each succeeding -state would
also be all zera as shown in Fig:2.3. Therefore, the sequ-
ence 1is periodic .'with ‘a maximum of (2™-1) bits. Some
important properties df these maximum &quth seqhenoes are
outlined in Section , 2.2.2. A method; supported by
ma&hematiés,\ of obtaining the m-sequences from a

shift-register is described in Appendix A.

»

-

2.2.2 Properties of Pseudo-Random Sequences

“

This section outlines some very important properﬁig% of

pseudo-random sgquences which are valuable in their applica-
) S \
tion .in"the context of this chapter!/ ¢

b4 ’
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Let h(x) be a fixed primitive*® polynomial of degfee m,

“and let Sm be the set consisting of the PRBS obtained from

h(x), together with the sequence of (2M-1) zeros, i.e.,
00...0, denoted by 0. These PRBS are the (2™-1) different
segments, < ¢ : , 4

aiai+1...ai+2m_2, i.— 0’ 1, e e 0y 2-2

: / ) '
of length (2™-1) from the output of the shift-register’

v

" specified by h(x).

\

Property I - The Shift Property: If b. = b0b1...b2m_2 is

'any pseudo-random sequence in Sm, then any cyclic shift of

‘E, say b.b. 11¢.b2m_2b0...b._1, is also in Sm'

J J+ J

Property II - The Recurrence:, Suppose "h(x) = X?=0 hixi,

* with hg=h; =1, h;=0 or 1 for 0<i<m. Any pseudo-random sequ-

ence b €S satisfies the recurrence,

1
Pi+m = hm-1bi+m-1,+ hm-2b1+m-2 *oene bhgby g+ by (2.1

'
’

for i = 0;‘1, «vsvy, m, Conversely, any solution of (2.1) is

in Sm. There are m ‘linearly independehtﬁ solutions to

. i
eqn.(2.1); hence, m linearly independent sequences in Sm.

\

.

N

.
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Property III- The Window Property:  If a window of width m

is slid .4plong a pseﬁdo-random sequence in Sm, each of the
kzm-1) non-~zero binary m-tupies is seen exaéﬁly oncé (see
Fig.2.4 for the ‘case m = 4). This follows from the fact
that h(x) is a primitive polynomial.

H

'ﬁl’

;..o001foo01tJoro1 1.,

L Fig.2.4 The Window Property Evegy Non- Zero
S " 4-Tuple is Seen Ohce./

1

‘The difficulty in seeing the property at the endé of this
sequence could be overcome if the sequence is written in a

circle as shown in Fig.2.5.

Fig.2.5 The Pseudo Random Sequence in Fig.2.4
~ is Written in a Circle.

Property IV - Half 0s and Half 1s: Any pseudo-random sequ-

ence in Sm‘contains 2""~1 logic 1s and (2m-1_1) logic Os.

>

-
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Property V - The Addition: The sum of two sequences in Sm,

(formed component-wise, modulo-2, without carries) is ’

another sequence in Sm. . ' I//

Property VI - The Shift-and-Add: The sum of a pseudo-’

random sequence and a cyclic shift of itself is. another

pseudo-random sequence. (From properties I and V)

Property VII - The Autocorrelation Function: The autocorre-

lation function RXX(T) of a pseudo-random sequence is given

by [Haykin ,Ch.2, 19781,

4 oM .
1 - it = for itf{ <.1 bit
2".1 .
Rxx(r) = , ,
- = for |t| 2 1 bit,
2 -1

Fig.2.1(b) shows this function.

Property VIII - Runs¥: In any pseudo-random sequence, one-

half of the runs have length 1, one-quarter have length 2,
one-eighth have length 3; and so'on, as long as these fract-
ions give integral numbers of runs. In each case the number

of runs of logic 0s is equal to that of logic 1s.

* A run, here, 1is defined to be a maximal string of
consecutive identical symbols (either logic 0s or logic 1§).

. i
e s koot
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Properties III, IV, VII and VIII jusgify the name
pseudo-random sequences., for these are the properties that
oné.would expect fﬁom a sequence obtained by tossing a fair
coin (2™-1) times. Such propertiesqmake pseudo-random sequ-
ences very"uséful in a number of applications such as range
finding [Evans and Hagfois, 1968; Golomb, 1964; Pgttenéill
and Skolnik, 1970], 'synchronization, modulation [Golomb,

19641, scrambling [Feistel et al., 1975; Henriksson, 1972;

Nakamura and Iwadare; 1972; Savage, 1967], etc. ,

2.3 Generation of Gaussian Noise from a Pseudo-Random
Binary Sequence Source

———_According to the central limit theorem of statisties,

thes distribution of the sum of a number of independent

random variables tends toward gaussian as the number ofy

terms in the sum is increased. McFadden [1959] showed that
when a random telegraph wave is lowpass filtered, the filter
output has a gauss}an amplitude distribution if the filter
time constant is much greater than the reciprocal' of the
mean count rate, i.e., average number of zero crossings per

second. This phenomenon may be understood by noting that

the areas between the zero crossings of the raqdom telegraph

wave are independent random variables. If there are (m+1)
zero crossings within the memory span of the LPF, then its

output approximates the sum of m independent random variab-

’
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les. Thus, as m increases the distribution approaches gaus-

gian, as stated by the centnalllimit theoren.

,
hl
A3

The areas between the zero crossings of pseudo-random
sequence may also be considered to be independent random
variables. -Therefore, severe bandlimiting through a LPF
should \again produce an output with a normal (gaussian)
amplitude distribution. However, an additional constraint
in the pseudo-random case is that the period of the sequence
be very léng, relative to filter time constant. It must ‘be
noted that the random variable associafed with the pseudo-

random sequence is discrete, while that of the random tele-

graph wave is continuous.

2.3.1 On Summing the Pseudo-Random Binary Sequences

cty

It® was discussed earlier that lowpass filtering of the
PRBS is equivalent to summation of the independent random
variables (in this case, the areas between zero crossings).
However, alternatives to lowpass filtering have been propo-

sed in the literature [Kramer, 1965; Douce and Healy, 1969].

»

One method 1is to add together a number of delayed

versions of the same signal, thus, simulating the action of

the lowpass filter, as shown'in Fig.2.6. An important cons-

.

b e e Aboit
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@ Mod-2 adder

¥

e

noise output

Fig.2.6 Delayed Version of PRBS Noise Generator.

traint in this method is that x < 2n, where x and .n are
int‘;egers as shown in Fig.2.6. The other method is to repla-
ce: the analog lowpass filter by a digital allpass filter.
By obtaining' the Fourier transform of the autocorrelation
function it has been shown that the half-power bandwidth of
the PRBS noise gener‘ato'r is approximately eight times that
obtained by lowpass filtering [Rowe and Kerr, 19701]. This
is done by adding toget?her m past bits of the PRBS resident
in the shift-register weighted 'oy the sequence hAP(k), the
impulse response ‘of‘ the optimized allpass filter, as shown . i

. » E
in Fig.2.7. . R ’ '
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1 L 2 . m
vl
h, (1)
AP hAP(m)
normal ‘l" .
adder - -
noise output
‘\5 Fig.2.7. Weighted Sequence Model of
/ PRBS Noise Generator.

2.3.2 Simulated Gaussian Noise

A program was run on a gener;al purpose digital computer

to obtain noise samples that result from low pass filtering

a stream of maximal length PRBS. The process of generéting

and filtering the sequences is explained in Appendix C which

p describes the camputer simul.ation. As described there, the
long stream of PRBS was processed in sections, which were
combined later to re-—construct the continuous stream,
Dépending upon the length of the shift;register, the length
\ of \the stream was varied and a simple resistor-capacitor

(RC) low pass filter was used to process thé sequences. The

+
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cut-of £ frequency of the filter was also varied on - each
simulation run, keeping the bit rate fixed, to observe the
variation in the results. The distribution of a'mplitudes of
filtered sequences we;"e plot;ém each run to observe their
density functions. The mean and standard deviatipn of these
functions were computed and u§ed to obtain the equivalent
gaussian (normal) probability density function (p.d.f.)..
Thus, on each plot are histogr;ram's of both pseudo-random
p.dof. and gaussian p.d.f. suber‘imposed on gach other.
These  histograms are an aid for o:t;serving the behaviour of
the distribution as filter parameter is varied and for
comparing the pseudo-random noise den-siti( function with the
gaussian p.d.f." Theée plots are shown in Figures 2.8
through 2.712. In thé’se figures, the quantity k = fb/fc,
where fb is the bit rate in kilobits per second (kb/s) and
f, is the filter cut-off frequency in kiloHertz (kHz), is
used as a normalized measuring scale of comparison among the
histograms. In all the histograms the hyphen (-) represents
the histogram bars of filtered PRBS; the plus sign (+)
represents the expected gaussian function for the same mean
and variance; and upper scale ietter I represents the
overlap between the two histograms.

Figure 2.8 shows two sets of histograms, one of >;hich
is for «x = 40 and the other is for k = 32. It is seen ' that
the shift-register length (SRL) has an impact on the

amplitude p.d.f., of the <filtered PRBS. Although the

-~
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filtered PRBS density function does not have the exagt ‘

gaussian shape, an increase in SRL causes an improvement ' in

the shape of the function to a 1large extent. This is

because the period of the sequences is now longer (SRL =9

TR

vVS. SRL = 7) providing "m'oré randomness" in the sequences. i

Another aspect of the improvement is“l the skewne’ss of ﬁhe
function. When SRL = 7 the function is skewed towards léft ;

of the gaussian peak and this is not the case. when SRL = 9.

i it
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Fig.2.8 Histograms of Filtered PRBS When
Filter Cut-0ff Frequency are Varied;
was Clocked at 32 kHz. (SRL = 7 & 9

fo= 0.8 & 1.0 kHz)

‘ Figure 2.9 shows the cases for «k= 24,6

with the same pair of SRLs. Here, also, sim

tions can be made with regard to the shape' of
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follows the
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The filtered PRBS density function almost

gaussian in the larger SRL case, except aty its
' *
both values of x However, the shorter SfL does

good results even with these values of K.
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A further improvement 1in the dénéity functions is

observgd in Fig;2.10. With SRL increased. to 10 and k set to

22.9 a good approximation ﬁo the gaussian p.d.f. is -

obtéined, as depicted in“the‘upper left histogranm. Howeyer,
"when k is set to 20 veny good approximations are observed in
both caées of SRL equai‘to 9 and 10. An undesired shape
still persists whend&ﬂ.: T as 'Ehowﬁ by thé upper right

histogram.

If k¥ is decreased. further (x = 16.0, 10.7, 3.2 and 1.0)

—

the PRBS p.d.f. drifts away ncomﬁietely from the gaussian,
characteristic, as shown by Figs.2.11 and 2.12, until the

¢ function flattens ifi the center leaving two .spikes at the
extremeties with al&ost 0.5 probability ‘density. Thesg
spikes relate to the equal probability of occurrence of
‘logic 1 and - logic 0 1in the PRBS, now thag the filter is
wide-band (k = 1.0 means that a filter with fo = 32 kHz
processing a ‘'binary data stream of 32 kb/s). This result
(two spikes) is in agreement with the Property IV of maximaf

length PRBS as discussed in Section 2.2.2.

"Some statistical data extracted from twese simulation
. results (histograms) are shown in Table 2.1. It is interes-
ting to note that as k is decreased from 40.0 to 1.0 (in 9

, sSteps) the observed sample mean of éach histogrém increases

i
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-approaching the expected* value.

Q\\i““Tn the simulation the binary data are generated with the

amplitude levels +1.0 and -1.0 of equal probability; the
expected mean of amplitude p.d.f. is, therefore, 0.
However, for the purpose of plotting the histograms the
abscissa was scaled to have values from 1 to 100, represen=a

ocontdeal’y =

—
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,Table 2.1 The Mean and Standard Deviation
Observed in the Histograms

SHIFT-REGISTER LENGTH“U//; ‘/(94/40 7 //9 /40

step .| «(2) SAMPLE MEAN, STANDARD DEV.
EXPECTED]  OBSERVED OBSERVED

. 40.0 50.0 |45.8[43.0] - |22.2]17.8] -
2 32.0. | 50.0 |u7.1|us.4| - |21.8l18.4] -
3 21.6 50.0 |u48.2[u7.9| - |21.7({19.4| -
i 22.9 50.0 |u48.6]u8.5 [48.4 |21.8[19.8 [19.2
5 20.0 50.0 |49.0(49.5 |48.8 |22.0]20.5 |19.8
6 16.0, 50.0 |49.5(50.3| - |22.7|21.9{ -
7 10.7 50.0 {49.7050.5| - |25.1t2n.9]| -
8 3.2 50.0 |49.2l50.7| - |36.8/36.8]| -
9 1.0 | 50.0 |ug.5{50.7| - [#u3.5{83.1| -

Note: 1. The shift-register 1length was set to 10 only'in
two cases. The simulation program, requires a
prohibitively 1long time for the processing of
signal sections at this SRL valuf and ‘beyond.

2. k is the ratio of bit rate, f, kb/s, to cut-off
frequency, fc kHz, of the LBF ushkd to filter the
sequences. Here, f, was fixed at 32 kb/s but f

c
was varied.

‘However, the standard deviation decreases to some minimum

value as « is decreased, but increases as «k is further
decreased until wunity. The best aprroximation, therefore,
takes place when k = 20. It is difficult at this point to
infer, from simulation results, the extent of the gaussian

ting the above levels, so that the expected mean now becomes
50. ’

i
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nature of the amplitude p:d.f. in terms of its standard
deviation, o, In other words, up to hoy‘%%ny o does the
p.d.f. behave gaussian? This quéstion could have been
ahswered if the histogram envelopes were smodth curves. The
smoothness is achieved as more and more samples (random) are
oBtFined. Because of the time-limit imposed by the computer
system when processing a ve;y long .PRBS, SRL wzé ‘set to a
maximum of 10 stages. This produced an m-sequence of only
1023 bits in‘a period. The randomqess of samples in this

sequence is believed. to be insufficient in this application.

However, this question 1is addressed again when  smoother

p.d.f. curves are presented as hardware test results in the

next sEction.

!

To sum up the simulation resulﬁs, it is observed that ’

as long as the shift-register is at least 10 stages long and

the cut—off frequency of the 1low pass filter 1is about -

: \
one-twentieth the bit rate, it is possible to generate

pseudo-random noise that exhibits a gaussian amplitude

3

p.d.f.
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2.3.3 Hardware Implementation and Results i;;

The computer simulation results reported "in the
previous section affirmed that random-like noise samples
that héve a ‘gaussian ampl?tude p:d.f. can easily . be
generated by using a feedback shift-register and a low pass
filter. Such a type of noise source is a cost effective
‘alternativqa to often expensive, manufactured noise
generators uséd by laboratories for performance\evaluations
of communication systems; This section. describes the

hardware implementation of a8 low cost pseudo-random noise

generator that exhibits a gaussian amplitude distribution'

among its noise (output) samples. The test results are
presented in the form of photographs taken on instruments

N

displays.

A ’variety of feedback arrangements for generating
'méximal length PRBS have been. reported [Bardou, 198&;
Harvey, 19781, which pull éway the circuit from locking into
an "all-zero" state, especiaily at start-up. These
arrangements range from using discrete gates or counters
that detect an all-zero state at any instant to a simple RC
network that introduces a delay into a gate at start-up, all

2

of which introduce a logic 1 into the first stage of the

. l . .
shift-regi %f: to start the generation of PRBS. Figures

2.13 thro 2.15 show three such configurations that yield

a maximal sequence length for a given nhmier of flip-flop
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stages in the shift-régister, never allowing the circuit to

stay locked in an all-zero gtate.

+V ‘ ’ RN 4

4,

—» 1 —lqz — -t T —r—--n-l — n » O/P

; 100K

G — .
/ :
Fig.2.13 Configuration I: Manual Operation of Switch SW

Forces a Logic 1 into the First Stage.

» clock

—

Yo/ =

Fig.2.14 Configuration II: NOR Gate Detects All-Zero
State and Inserts a Logic 1 into the First Stage.
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/ "CIOCR(period T)

» O/P

Fig.2.15 Configuration III: R and C are Chosen such that

TcZnT Which Assures a Logic 1 at Input of Stage 1
during an All-Zero Start-Up.

?ig.2.13 is the simplest configuration in which the
manual resetting of a switch at power-on instant would start

the . normal operation of the circuit. Figs.2.14 and 2.15

g

show automatic insertion of a logic,Lﬁintqwxhe% first stage '

*

of the shift-register. 1In Fig.2.15 thé‘Tﬂpg}time délay of
RC network ensures that a logiq 1 is always fed into the

shift-register at start-up regardless of the initial state

of shift-registef. This action is based on the assumption
that an all-zero <condition would occur only at power-on
ingtant, which is a valid assumption because once the
maximal length sequence isK“started it never allows the

shift-register to go 1into an al ro/) state in normal

)

Tt i amTe e
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operation (i.e., when there 1is no external interferetice
during operation). In Fig.2.14 the NOR gate output is a
logic 1 only when all its inputs are logic ;;ro. The
complexity of this circuit 1increases, however, with the

number of stages in the shift-register.

In each of the above configurations the modulo-2
addition is performed using the outputs of stages that yield
the , maximum sequence length. Configuration fI was adopted
in the work reported here. The complete structure of the
feedback shift-register of 31 stages is shown in Fig.2.16.
Eight U4-input NOR gates and one B-input AND gate were used
to synthesize +the function of a single 31-input NOR gate
necessary for implementation. The maximal sequence length
obtained from this . circuit is 231 1% 2.20 x 109 bits,
which when clocked at 500 kHz takes, approximately, 1 hour

1. minutes 35 sebonds before repeating itself.

CMO0S integrated circuits (ICs) were used in the
implemehtation of PRBS generator. A simple RC 1low pass
filter with' various comﬂinations of values of R and C for
different cut-off frequencies, was used to filter #hé

sequences. The filtered PRBS were tested for a number of

- properties. Their results were compared with those of

gi?ssian noise samples generaged by a conventional noise
source. The CRO, Spectrum Analyzer and Probability Density

Aﬁ%f??er were used to observe displays of noise samples in

7 i
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.time-domain, frequency-domain and their statistical
characteristics, respectively. Figures 2.17 through 2.27

show photographs of these displays.

[P g




[

!

/

(H: lms/div , V: 2V/div & 1lv/div)

Fig.2,17 Time-Domain Display of Unfiltered and
Filtered PRBS.  (Low Pass Filter: 3Simple RC,
. f, = 25 kHz; fb = 500 kb/s)

UNFILTERED PRBS

NIRRT IR

(H: zoox\nz/di%r", V: 10dB/div)
Fig.2.18 Fﬁequengy-Domain Display of Unfiltered and
‘Filtered PRBS Shown in Fig.2.17. (Note: Spikes
are due to a Leakage of the Clock Signal)

35

FILTERED PRBS

UNFILTERED PRBS
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[ -
UNFILTERED PRBS
“ (H: 50 kHz/div , V: 104B/div)
Fig.2.19 The Same Power Spectra as in Flg 2.18
Except that Horizontal Scale is Expanded.
’ ]
UNFILTERED PRBS
™
GAUSSIAN NOISE
‘ ¢

v (H: SORHz/dlv , V: 10dB/div)

1
i
AL e N I TN TR, SRS IR m—?.«ar AT gﬁ"

Fig.2.20 Power Spectra of PRBS and N01se Samples
from HP3722A Noise Generator. ,
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Fig.2.17 shows the wunfiltered and filtered PRBS

displayed on CRQ. Their corresponding power spectra are-

shown in Figs.2.18 and 2.19. These displays, therefore, are

. the #ime-domain and frequency-domain representations of the

same pair of signals. T@e PRBS were generated at 500 kb/s
and filtered with a RC low pass filter of 25 kHz cut-off
frequency, which corresponds to k¥ = 20 ( as defined in Sec-

tioﬂ. 2.3.2). Fig.2.20 shows a display of the power spectra

of gaussian noise generated by a conventional noise source

- (HP3722A) and of 300 kb/s PRBS generated by the same

instrument. In comparing the Figs.2.19 and 2.20 it -'may be
obserVéd that the power spectrum of the filtered PRBS shown
in Fig.2.1glhas a shape similar to that oft noise generated
by the conventional source having a guaranteed. gaussian
noise characteristic.
1 ’

~The noise output of HP3T722A unit was fed into HP3721A
Cbrrelator (cum p}d.f. analyzer) to ohésfve the amplitude
(voltage) p.d.ft as shown ingFig.2.21. As expected, éhis

display shows "a  gaussian p.d.f., which was obtained after

‘averaging 2"3 noise samples. Fig.2.2%biq a better display

17

of the =same signal when averaged over 2 samples. It can
/

be observed from“thes& two displays that & gmooth curve 1is

obtained when the averaging 1is done on a large number of

samples, as it was pointed out in Section 2.3.2. To detect

any discrepancies between the .two averaging values, the

.

Correlator displays of Figs.2.21 and 2.22 were traced and
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H: 0.1 V/div
N ‘ . h ‘ 4 .
Fig.2.21 P.d.f. of Noise Samplles from
4 HP3722A Noise querator. (Averaged
_ Over 2 Samples)
Y ° N4 # *

H: 0.1 v/div

ey

- SARLIT Y

Fig.2.22

Except for Averaging-Over 2

T SAEPRETES ¢ BTN FNL TP LTIU S o v W b0t

P.d.f. of the Same Sign

3

as in Fig.2.21
Samples.

s
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averaged over 213 samples

.. averaged over 217 samples
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. Fig.2.23 Superimposed Curves (Traced) of
Figs.2.21 and 2.22.

N

superimposed on each other as shown in Fig.2.23. "Only a

minor difference between the two displays may be observed at

~ f
peaks of the density functions. Howevér, because of the

\
longer time that the Correlator takes to average the larger
number of sahples a 'choice 'was made to average over 215

samples'(an in-betweeh vaYue) in the tests as explained

next.
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H: 0.1 v/div

—
v

Fig.2.24 P.d.f. of Noise Sa@qles from Prototype Noise
-Generator. (PRBS Length = 2°'-1 bits; C}gck: 500 kHz;

LPF: RC, f, = 23 kHz; Averaged Over Sdmples)
. 8
‘ [
X
' oow . H: 0.1.V/div -

‘Fig.2.25. P.d.f. as in Fig.2.24 but f, = 15 kHz.
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H:. 0.1 V/div

Fig.2.26 P.d.f. as 1n Fig.2.24 but f‘c = 2(? l;Hz.
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: H: 0.1 V/div

D T e T at s L T R SR

Fig.2.27 P.d.f. as in Fig.2.24 but'f‘c =

A

-

H: 0,1 V/div .

- ’ ~

\

Fig.2.28 P.d.f. as in Fig.2.RY4 but with £,

u2

30 kHz.

)

= 300 kHz .
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Figs.2.24 through 2.28 show amplitude density functions
of filtered PRBS generated by the prototype noise generator

for different values of cut-off frequencies of the RC LPF.

PSR Gee i

It may be observed that around a 30 kHz cut-off frequency

the amplitude . p.d.f. of noise samples, generatéd by the

prototype unit approximates very (closely that of samples~‘

generated by the conventional unit (HP3722A). The different

displays were traced and superimposed on one another as

!
s -

. . random noise
no. samples

....... P-r noise (fc= 15kKz)
- : e —— " (,, 20kHz)
. " (, 23kHz)
' ‘ wesvry o (, 30kHz)
YYYYYS " (,, 300kHz)
»
volts

’, H: 0.1 V/div

Fig.2.29 Superimposed Curves (Traced) of
. Figs.2.24 thro%gh 2.28.

shown ig Fig.2.29. In this figufe, a trace of the dispiay
in Fig.2.22 (gaussian p.d.f.) was re-drawn, as shown by the
continuous line, to compare with other experimental results.
It ecan now be seen how the p.d.f; of .filtered PRBS

approéeheé the gaussian curve as low pass.filter cut-off

R e R SRR R TR Wi LT SRS
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frequency is increased from 15 kHz, but then completelf

deviates from the gaussian sggpe as the frequency is further

e e a e s T ERTTWE

ficFeased beyond—30—kHz——Therefo¥e, it-is- apparent that the
.30 kHz cut-off frequency yields a good approxiﬁatipn to the
gaussian when the PRBé'is generated at 500 kb/s as depicted
clearly in Fig.2.30. The autocorrelation functions of noise

samples from both HP3722A and prototype units are shown in

random noise samples

. !
pseudo-random noise
samples

volts

H: 0.1 v/div

Fig.2.30 Sup®rimposed Curves (Traced) of
Figs.2.22 and 2.27.

' Figs.2.31 and 2.32.
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H: 1.0'Us betw' consecutive points

.

THew s panm et v o =

Fig.2. 31 Autocorrelation Function of Noise

1Fig.2.32

from Pro

|

H: 1,0 4s betw' consecutive points
[ . 1

Autocorrelation Function of Nois
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Finally, Figs.2.33 ™and 2.34 show the amplitude
distribution functions of the two types of noise samples.
Fig.2.35 was obtained by tracing Figs.2.33 and 2.34 so that
their superposition would aid in comparing the two displays.
The amplitude p.d.f. displays show that with a cut-off
frequency between 23 kHz and 30 kHz of a simple RC loy pass
filter, the PRBS being generated at 500 kb/~s,. the noise
samples at the filter output would approximate very closely
a gaussian p.d.f. characteristic. This observation is in
close agreement with the computer simulation results

reported in the preceding section.

~ The rms voltage of the noise samples, whose p.d.f. is

shown in Fig.2.27, was measured at 0.6 volts. This value of.

rms voltage is the standard deviation, o, of this p.d.f.
Therefore, in Fig.2.30 (superimposed curves of Figs.2.23 and
2.27) it 1is seen that the noise generated by the prototype

as well as the conventional units are gaussian within 30.

.

v s oand e

P

Py

RPN,




A

b7

H: 0.1 v/div

L Ump L Sk, TURNT ETTYGMpRT A W vt AMel i m s DAm emss = oo

Fig.2.33 Probability Distribution Function of Noise
Samples from HP3T722A b’c?ise Generator. .

(Averaged Over 2 Samples)

L

- . . ' l J
P
' Fig.2.34 Probability Distribution Function of Noise
Samples from Pr‘ototype@oise Generator.
(Averaged Over 2 Samples)
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" no. Bamples o, ¢

"

o
.l

.

volts -

random noise

!
!

,,.---"" weeieenes P~x noise
1Y \\ '
. . N

Fig.2.35—Superimposed Curves -(Traced) of -
Figs.2.33 and 2.34.

In conclusion, it can be stated that in order to obtain
gaussian noise samples from a pseudo-random sequence, the

sequence may be filtered through an RC LPF whose cut-off

" frequency is kept ground one-twentieth of the frequency of

the clock that drives the PRBS generator.

-

The prototype gaussian noise source was evaluated in a

baseband model of a digital transmission’lsys.tem. The

* results are reported in Chapter U,
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Chapter 3

TRANSVERSAL FILTERS

3.1 Introduction

The tr"ansv'er‘sal 'filter (TF) dates back to ”1935 when it
was invented by Wiener and Lee [Lucky et al., 1968], but was
first described in the literature by Kallman [1940]. To

understand the fundamentals of TF, consider a linear,

input output
x(t) hiey y(t)

Fig.3.1 Block Diagram of a Linear, Passive,
Time-Invariant Network. '

+

F
-~

0
passive,.time-invariant network as 'shown in Fig.3.1. The*

)

output y(t) of-the network in response to an input x(t) may

4

be expressed in time-domain, using the convolution integf‘al, ’

as
v

y(t) = ) x(t-1)d

- 00

(3-1)

where h(t) is the impulse response of the network.

Eqn.(3.1) may directly be implemented in time-domain if it

v_wou];d be possible to realize the deviog as shown in Fig.3.2.

¢ y9.
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input___gl conTINUOUS DELAY LINE
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- - e -

taps at reqular
intervals of
infinitesimal

| distance dr

reo i b et i

FUNCTION
--q--
I

CONTINUOUS WEIGHTING
-———r -

h(t)x(t-T)

output
y(t)

Fig.3.2 Time—Doﬁéin\Model for Eqn.(3.1).

| - ,
One of the most important characteristics of this device 1is
that the signal x(t) propagates through the ‘continuous delay
line without being distorted, and the output signal y(t) is

obtained by processing x(t) in the sense "transversal" to

that of propagation. Such a device was

{

termed by Kallman

"[1940] as ‘an Ideal Transversal Filter.

&

-

In practice, however, the ideal TF is approximated by a

"finite" lengtﬁ delay line tapped at "regular" ‘intervals .qf

This practical TF can easily be realized using the present

day.'digitak hardware ipAwhiEh a shift-register clocked at

\ o
T sec. may be used in place 6f the continuous delay line and
) C
a discrete summing ' device instead of the integrator.

Fig.3.3\shows a block diagram of a realizable TF. In view

~_

(T is the duration of one symbol of the digital signal)..

NP i done b
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Fig.3.3 Block Diagram of a Practical
Transversal Filter.

t1

-of the reéalization as shown in Fig.3.3, eqn.(3.1) can be

modified as ] .
p t

o yee) =3y e x(8=3T) - (3.2)

€

where cy are (2N+1) discrete weighting coefficients that

—_—_

replace the continuous weighting fupction in the ideal case.

In modifying egn.(3.1) into eqn.(3.2) errors are introduced

to the transversal filter structure owing to,

i. 1limitation of the delay line in-its length,
ii. replacement of the integral by a diserete
. summation, and ) . !

iii. replacement of‘continuous'ﬁeightiﬂg function by a

ﬁ s <
‘.
P
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o set of discrete weighting coefficients.

”-

»

An extensive study on this approximation error was reported
by Voelcker [1968]. 1In synthesizing®TFs, computation of the
weighting ’cbeffipienté involves the major part of the

design. . : - f

f
%
.3.2 Computation of Weighting Coefficients

©

Weighting coefficients, cy, often termed as tap-gains

or tap-gain coefficients of 'the TF, may be computed Hn_
-~

several different ways. The three most frequently used

_ . methods are,

. . . -
i. Fourier series method,

Al

. ii. least squares method, and \

+

iii. a method proposed bj Mueller [19734?

~

e

In ‘the Fourfer series method [Huelsman, 1970], first,

the %Jurier coefficients of the desired filter transfer
function are computed and are associated with the tap-gains.

o

Least squares method tCarrefou? et al., 1973] is one which
minimizes the error between the specified t;anSfer function
end the actual filter transfer fynction in the least square
sense, yielding “the correspondi g tap-gains. Both theee

méthods demand speciJication of' the &éfilter transfer
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function. An -.elaborate d%scription of . these methods is’

. / M
given by de Cristofaro [19761]. Mueller's method of TF

synthesis- takesj a different

- e ol

apprqQach in Eomputing_ the

~ <

. b : s .
tap-gains. Some of the 'advantages of Mueller's method ar{,

i. filter transfer function need not be specif}gd;

w

1i. coefficients cj are optimum 1in the sense that

ltransmitted\energy in the excess Nyquist bandwidth-

. .

is maximized;
iii. ISI is minimized.

N . .

e B T AR

. e

Mueller's synthesis starts with the %heory. that thé)y/////f,
s :

coefficients c', are the samples. of a truncated impulse’

response of an ideal Nyquist fi%ter. Based on this m%thod,

Feher and de CriStofaro '[f9%6] designed and evaluated:a

binary TF (BTF: a TF fon binary signals) for application in

satellite communications, whigh meets the stringent

»

requirements of in-band to out-of-band energy ratio and 1ISI

L b

for 8ingle-channel-per-carrier (SCPC) transmission systems.

L . . ’ “
In his/M.Eng. thesis de Cristofaro\[j976] presents a detai-
led déscription of this design. '

v‘. !
(

\ .
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§ i " 3.3 Equalization Using Transversal Filters
; ~ /
i . In data transmission,(certainxpulse shapes are desivrab-
\\ o le to minimize ISQ. Especially, the depar?une from a linear

phase vs. frequency characteristic of channels distorts the

v oo g

/
‘ received pylse, and causes ISI. When it 1is desirable to

Y

P : P transmit over channels which may vary considerably in their

necessary to apply corrective means dr‘equélization to kekp
“t5

'

} - .
§ «~ the pulse distortion-within reasonable limits, without  any-

. degradation in system performahce.
a R ' ) . .

) ' ‘ The TF offers great flexibility when it is necessary to
¢ . . o .
select among or toy adjust several attenuation and phase

-

' characteristics. {t can be édjﬁsted . to have® any

14 transmission characteristic from a knowledge of the impulse

) ' =

) response of the desired characteristic -[Bennett- and Davey,

L4

= b 1*
Clr.15, 1965]. This as done by adjusting the tap-gains .such
that the pulsg crosses the time-axis 'exactly at | each
sampling point, except at its own samplinskroint wheré‘ the

pJ;se. has the maximum amplitude. Fig:3

ey 4 o
iad pracedure. : e

111ustrates£this
. pi

Pl

-~

»

The continuous curve depicts a siﬁgle data pulse. that
is distorted as a result of some undesirable characteristics
- ' withid the syFtem. Sampling instants are indicated along

weoo . thb s time axis as t_3, tﬁz, t_1; tor £qoee The pulse has

.

e ) ¢

?b amplitude- and phasé-frequency characteristics, it may bé&

«

. -
. w3 i A e
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Fig.3.4 Iﬁprovement of a Pulse Response
by the TF Action.
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. > [+ )
. 4

its peak amplitude hy at its own sampling’ instant’ Ly~

ngever, at other sampling instances ti (i#40) the pulse.has

- . i \
various amplitudes h-i’ h1, ete., which, in turn, interfere

"

- * k4 \' o
with all other pulses (previous QQ/End following the present

pulse) at . their respective//;ampling instants. If this

distdfgéd pulse. were to pass’ through a TF ‘(analog), the

tap-gains could be adjusted so that the values h_1, h1,‘

ete., can be: made to approach zero. As is know;, it is
these interfering non-zero amplitudes h_1, h1, ete., that
vgive rise Fg‘yhat is called ISI when a random data pattern
replaces the single pulse. The adjustment of the tap-gains
correspondingly yiélds the maximum eye opening during the

random pulse train. The dashed line in Fig.3.4 shows the
pulse after p%ssing .through the TF.“ This method of

)

v
.
T e e . - - - "
&\«..4_%137 , o o 2 e 3 B e A2 £08
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t minimizing the interference of one pulse with the

0 L]
neighbouring ones at their sampling points 1is termed

"minimization of peak, distortlon“ as 'proposed by Lucky
[1965]. The other method of minimizing Isi, xhich later
appeareq in the 1literature, 1is termed "minimization of
mean-square-error distortion” [Lucky and Rudin, 1967].
. Before looking into the details of the above two methods a

few basic equations for TFs must be established.

For a 2N+1 taps (tapped at T sec. intervals) TF (as
equalizer) with gains C_y® C_Ns1r *cr Cpr Cyoqr Cpo the

impﬁlse response of the equalizer is, using eqn.(3.2),

{

N

e(t) = ZJ-:_N CJ' 8(\3-:)”1‘) A . (303)

o . Lo a @

E}

and in the frequency domain it takes the form*#*

Lo s ]
2t T e INT -j0iT
| ’Ef(L))' = zfi"z-N Ci e . ’ \ (3.4)

If this TE.is‘qgnnected in tandem nith. a. separate sysfem

whose‘ impulse neSponse is x(t), the impulse response of the

overall €qualized system x(t)¥*e(t), i.e., x(t) convolves

o with e(t), becomes, ’ g .
B v
o g )
v eemmme———— Ln
%% The variable in es__(3 .3) has been replaced by i to
avoid ambiguity with J (= 1) in egn.(3.4).

.
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Aee) =2 _y oy x(i-ym) “ (3.5)

At sampling times (nT+tO), then,

)

h(netg) =24 ey xln-pTetyl (3.6
or ‘
h, =gh cy X, . (3.7)
n j==N ~J )

Eqn:(3.7), shows that the output sample sequence is formed
from the input sequence by polynomial multiplication.

b

3.3.1 Minimization of Peak Distortion -

Assume that a binary signal.ak = + 1 1is  transmitted.

The received signal at sampling time (kT+tO), where to is
1

fhe time delay in its passage through‘the channel, can be

written in the form,

' '//—\_&(\

where Ny denotes the noise sample at time (kT+t0). Ignoring
the noise contribution for the momeﬁt, &he received sample

Yo may be written* as, . -

4,

Ye

o vl an - - -

®# A prime on a summation indiéates deletion of the zeroth
term. . . a

o a1t S

U
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T ' , .
Yo = hpag+ I, aph_p (3.9)

}

i

The ‘maximum value of the summation in eqn.(3.9), indicating

ISI, occurs-when the data sequence {an} is tfgnsmitted'which
utilizes for each symbol a, the maximum signal level of the
same algebraic sign as h-n [Lucky et al., 19681. Therefore,
)
1
- 1 [}
Vg = holag+(1/hy) £, 2 th i1 . (3.10)

-~

|
Since aj is the wanted term, and . the rest is the ISI
contribution, an interference criterion proportional to. the
second term called "peak distortion, D," may be formed as,

i \

D= (1/hy) £, ih ! | , (3.11)

L 4

-

Assume that the input pulse to the TF will have an
initial peak distortionlpo and the reference sample‘_x0 will
be normalized to dnity. The aim, here,. is to determine the
tap-gains c_y, ..., Cy for a (2N+1)-tap TF tha{ minimizes

the final peak distortion given in eqgn.(3.11), etre

’

L R (3.1?)
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\

take

‘Constgaining the central éample HO to unity, in order to

he afbitrary gain factor involved in the TF 1into

\
account, one may write (replacing 'n in eqn.(3.12) by 0)

h0‘= 1 = zg _N Si%*_; o ' (3.13)

- 4 . g,‘;.{
Center tap ¢y can be used to satisfy this constraint. Thus,

because the reference sample, X1 is normalized to unfty,
CO = 1 - z J=-N CJX_J'\' . ! (3-1‘4)

Substituting for c,, eqn.(3.12) then becomes,

'N
hp = 2 5oy ©3(Xpay= XpX_j ) + X (3.15)
g . ‘
Now, becahsg hO = 1, .the output pulse distortion given by

eqn.(3.11) becomeé,

=yt 'N - o
D=1 _ & z'J:-N cj(xn-j’ xnx_J) + Xy (3.16)

.' . N N A y
Thus, CH being eliminated to satisfy the constraint on ho,
what is left now is to minimize D in eqn.(3.16) over the 2N
variables cy; i3t < N, j#0. Peak distortion, D, is a
éontinuous, piecewise linear function of the tap-gains cJ

o .
[Lucky,. 19651]. Eqn.(3.16) may, then, be rewritten in the

 form,

*

L
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L. 0 (x,_ y=¥g%_y) sgn(hy)]
t 4o
+ [z x sgnth )] (3.17)
b= n n
where ' +1 h, >0 '

sgn(hn) = (3.18)

. -1 h, <0

It has been shown [Lucky, 1965] that in the above equation

the coefficients ¢, are constant over certain regions of the

J
2N-dimensional space of definition for f{c,}. Breakpoints

J
where the coefficients assume new values occur whenever an
output sample hn changes sign. A minimum o} D cannot occur
between breakpoints where the function is linear; thus, at
least one value hk1 must be zero at the minimum. The
equation hk1 = 0 may be used to eliminate one of the
variables cj. The reduced edquation of the same piecewise
linear form, requires at least one or more output samples
h,, = 0, ete. Thus; the setting of a i2N+1)-tap TF (as an
equalizer) that minimizes péak output pulse distortion
forces 2N zeros at sampling points of the output pulse

]

response.
3
1 . )
It must also be noted that,

(1) 1if Dy < 1, then the minimum distortion D must

occur for those 2N tap~-gain settings which cause hk = 0,
. , .

tki < N, k#£0;
(ii) the peak distortion given by eqn.(3.16) is a
convex function of the 2N variables'pn, in{ < N, n#0 [Lucky,

19651].
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, N _
3.3.2 Minimization of Mean-Square Distortion

The mean-square distortion of the output response may

be defined as,

2 _ 2y
e“ = (1/h,%) t, h

o

2

. (3.19)

To minimize € as a function of tap-gain settings ho may be
constrained by means of a Lagrange multiptier. Thus., one

looks for the point where 3V/3>\J = 0 for j = ;N,...,N, where

_ ot 2 ,
V = Zn:—m.hn + Ahy , (3.20)
Because .
- oN i '
hp = Zj._y ©5%n-j _ (3.21)
then,
+w & '
BV/acj = I 2hnxn_j +Ax_y = 0 ‘(3.22)7

The overall gain h0 can be adjusted by proper scaling. It

is, therefore, convenient to solve the set of equations,

z h_x = X . . (3.23)

where j = -N,...,N. Substituting for hn
eqn.(3.21), '

) N _ | "
Zk=_N c-kbj-k,= X_J , . (3.02)4)

given by the’
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(3.25)

The best tap-gain coefficient in a mean-square sense are,
therefore, obtained by solving simultaneously the (2N+1)
linear equations (3.24), and subsequently scaling the values

Va -

obtained to achieve the proper pulse height.

@

3.4 Predistortion of Digital Signals Using Transversal

Filters

In foregoing seétions the transversal filter was
presented as a filter that is u§éd at the receiving end of a

transmission system, in view of equalizing the wundesired

channel characteristits. It must * not, however, be

overlooked that this versatile device can also be used at
the\ transmittihg end either as a transmié filter by itself
(in lowpass or bandpass modes) -.[Spilker, Ch.13,%]?77] or as
an equalizer for some other conventional transait filters.
The binary TF réported by Feher and de Cristofaro (19761
yielded satisfactéry fesdlts in compliaﬁce with single-

channel-per-carrier (SGPC) system requirements regarding

bandlimitation and ISI of the baseband signal. However,

although a BTF would be self-adaptive to a wide range . of
data rates the above mentioned filter is deprived of this

a

Ab T s} S st

st e e o
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capability bgcaﬁse of the cascaded smoothing filter at the
last stage [de Crisﬁofaro, p.87, 19761, Nevertheless, in
many cases the BTF is designed for a specific data rate and

adaptability is not an important factor. 1In this hybrid

filter design emphasis was laid on the BTF; the second-order’

Butterworth LPF cascaded to it is merely present to smooth
out the output pulse and to increase the 1in-band to
out-of-band energy ratio of the signal in the intended

application.

The predistortion technique proposed 1in this thesis.

L)

makes use of a TF in a similar method. to the above mentioned

BTF, but in Feverse to its design approach. This is also a
cascaded transversal/analog active filter. The proposed

technique has proved to be much 'simpler and cost effectgve
in implementation compared to the former.: Méreover, easy

field alignment can be effected should such a need arise.

This teéhnique can simply be stated as follows: -

(i) Design a conventional analog lowpass filter

to meet the requirement on bandlimitation; there is no need

to undertake a complex phase equalization of this analog;

filter.
(ii) Design a transversal filter and cascade it in
front of the analog filter; adjust the tap-gains of: TF to

remove ISI caused by the analog filter.

A o it b e

SR,

i
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Part -(i) can. be easily implemented by the well known
3¢ R *
conventional filter synthesisﬂ A shift-register, a

resistive network and an operational amplifier connected in

t

tandem would solve 'part (ii) of the design procedure. The

'IF, +thus, acts as a distorting device on the digital signal

before it passes through the analog bandlimiting filter.

-This distortion 1is done 1in such a way as to’oppose the

distortion caused on the signal by the analog® filter. The
tap-gain coefficients of the TF can be obtained either

manually, using . an oscilloscope Vor _,through an iterative

computation method using a general purpose digital computer.’

In the lattér case, either Seak distortion or mean-squére
distortion crite?ia as discussed in the egrlier sections can
be utilized to combute the tap-gafn coefficients. In both
comphtation‘ methods, thever,‘the impulse* response of the
analogzlodvpass‘filter must be known. These methods are
discussed in detail . in Qhapber 4, where the design and
evaluation of a cascaded traﬁéversal/aqtive "analog lowpass

2

filter\aré(presented.

- o o wn on = - o - - -

% A pulse response is sufficient in practice.
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Chapter U4 »

DESIGN OF A CASCADED DIGITAL/ANALQG FILTER

& o

"4,1 Introduction

[}

a%y

Analog filters have been widely used in digital

’

communication systems to limit signals to the desired band

‘of frequencies. These types of filters: have evolved. over

-

many decades and their syntheses { are well explored and

described in the literature. Exhaustivesanalyses, including

w

those done wusing digital computers, are readily available

[Szentirmai, 19731.. Given the specific transfer

characteristics, computer progﬁams have: been - written to

.optimize the filter parameters that yield the precise

function of the  device [Antoniou, 1979]. For fast

v

implementation one can simply reféer to-tables and/or graphs -

* - “
that specify component . (passive) values necessary to
, ’
approximate the desired" characteristics [Johnson et al.,

19801. Over the past few years difféﬁgdt manufacturers

[Fréquency Devices, 1979] have introduced“ to the market

miniature modules of actlve oanalog fllters that meet the

3

requirements of different standard spe01f10at10ns such as

(
those of CCITT.

When used for bandlimiting digit signals, thésé types

bf filters, however, give risg to ISI, a distortlon not

: S I L
. g .
a [
. i

»
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associated with anafbg signals. IST is cqpséd mostlylby
‘ . . . .

undesired group deléy characteristics of ahalog filters.

~ i

Sections of allpass networks can be used witﬁjxhese filters
2 I -

. to flatten the otherwise curved group-delay characteristics

¥

within they band of freqﬁencies concerned. Yet, the number

of sections that mé}‘bé’hccessary to achieve, the desired

dégreq of éuch equaldzation may become prohibitively large,

and M thus, 'the cofiposite filter may become too bulky and

\ &

\

L

ol \

- The design procedure proposed in this thesis,éimplifies

‘matters to a great exgent. It wutilizes thé readily

) Tl o .
available active analog, filter syntheses for bandlimiting

purpose, but equalizes the filtered gignal by a predistor-

L I S

13

tion proqeﬁs prior to filtering. !he predistort%pgwdevice
used is a simple binary transversal filtet. The latter has

the added advantage of ihcreasing the in-bégd to out-of-band
energy ratio of the ;jgnal owing to/‘its x/8in(x) spectrél
shape, téus, funétioning a; a whitening filter. /%he binary
.bransv§r§al filter, b%}ég é@?igital devin, ié reaéily c?ﬁp-
atible with the input NRZ signal; a common signql format in
digitai transmission systegs. ~ ”

i

e
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4,2 Active* Filters for Banhlimiting the Digital® Signals

k,’l' o

w
] . “
a

Development ©of IC technology has cdptributed much to
the advancement\ filter designetechniques. Usage of aper-

atlonal amgk%ggirs as an isolating as well as a galn device

l

has 1mproved and simplified the synthe31s of analog filters
» ¢

not .only 1in performance but also in reducing size and cost

. : ,
- .comparatively. There are basically four .ltypes of active

" 0
)

filters: (i) active filters with lumped resistor-capacitor -

;

(RG) 2téments, (ii)" active filters with disfributed -RC

elements, (iii) active N-path filters, * and &?v) dlgltal

‘ %ilters. The first type of active filters is more /omﬁonly

khown-as "active RC filters" [Temes and Mitra, 19737.

- LY

5 . s
1
, "

Active RC  filters .bffer a flexible solutlon in the
design of bandllmltlng filters for dlgltal 31gnals, in tnat‘
.passive—~=eomponents, viz., capacitors anq re31§Pbrs, can be
cnosen arbitrarily to- ob@a%n the aesi;ed function.  The
useful frequency range of Aacti;e filters 1is determined
’pnimar;ly by the active elémen%s being used, usually ‘IC
amplif“lers. "One dra.wback however, In constructiag t:hese
filters w1th dlscrete pa331ve components is the'vneceSSity

i

fior 1nd1vidua1 Wtunlng". of cpmponent values The réason
.{,‘ .

-

'béing{ that it' is almost imp0351ble to’ obtain passij

components w1th the exact values as oomputed in the design

Ay d
-

& E Y .0 ' Lo ’

- L X _X ] — g dap \ ‘ - )

® Active filters, ds opposed W gaSSrve ones, are those ghat
contain: active .devices, and ;hey require power to operate.

' '
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synthesis,. Cemputed values, pherefore, muq£ be rounded off
to ‘thef nearest nominal)yalues available. Also, the'actual
values of available componenis may differ from the nominal
depending on the ‘degree of\wtoleranee as narked by the
manufacturer. _ These two problems can, however, be almost

eliminated 1f the entire filter 1s fabricated completely in

IC form on a single siliconf\éhip. This method also,

@}elimiﬁates the problem of drift in component values during

changes in ambient temperature.. A limitation to this type
of miniature filter is, obvi;;sly, the cost involved-in the
manufacturing process when produced on a small scale.
However, in cases where the drawbacks mentinned are not of
major consequence, active RC filters implementee wiﬁh
dlscrete components stlll offer the filter designer:-a elmple
and effective solutlon in signal processing. ’ \ : :‘

v <

Active filters can be designed either in. direct: or
cascade,\fonm{ . In the direct form, the prescribed transfer

funct;on?is realized directly as one section, whereas in the

cascade form it is realized ae'a cascade of lower order

" sections. Cascade realization methods normelly make use of"

. B ) r 4 S
active segond-order filter sections and passive first-order

1)

filter, sections. " . The. active “biquadratic sections are

" usually- ampllfier-based realizations. The cascadéd formfis

{

dy;;:::jadopted here because of its simplicity of implementation.
“'\Q .

o e RN 6 SRS o W 4

-\,

e

R e 2w

LRSS XY ¥




7

e W e e e s % am B am e v e momd W T A g Paed e e W Weermmp o e -

69

An eighth~order .Butterworth 1low pass .firter was
designed and constructed in the laboratory to be used as the
bandlimiting filter\?oi digital signel. This high-order
filter has a satisfactoéy steep rofl-of? of stop-band
frequencies. The design procedure is very simple and widely
known by filter designers, but is described in Aépendix B
for reference. Alternative procedures may also be found in
text books [Joﬁnson et "al., 1980; Bruton, 1980]: The
Sth-mrder filter was tuned to have a 3 dB cut-off frequency
of 16 kHz so that it may be used to bandlimit a 32 kb/s NRZ-

&

baseband signal. The filter configuration is shown in

" 3810pF 2720pF 18820pF , 2ﬁ:0pr )
{% “"4*‘*{?' ‘12?’ '

et '- '. _ A' " "’\ A'. " ﬁ
- Rty "4.71(1 ’2;71(1 (5.7131

'l'neopF : Izosepr ‘]'nopF ]'1770pr B
0; - e : ’ . - -

i

¢ ’ ‘
-

“Fig.4.1 8%P_order Butterworth LPF with
. Tuned Components.‘

-
'

[

n

"Fig.4.1. In synthesizing the analog filter (AF) the gain of

eéch amplifier was assumed to be unity. ' However, in a.

s

ﬁracfical situation variations in the _ bower . swpply mgy'
adversely. affect the - parametérs in the ‘Ope}atiopal

amplifiers such as. uAT41 type, causing their gain setting
. o . ‘. '

-

r W3
e . —~
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to move away from unity. To alleviate s8uch discrepéncies

"‘each unity-gain amplifier was realizéa by wusing two

output

Fig.4.2 Configuration of Unity-Gain Ampiifier
Used in the Filter,

operational amplifiers connected as shown in Fig.4.2, This
ﬁethod was ‘adopted based on 'results of the work done by
Natarajan [1979]. The MC1458 is an  8-pin dual OA
manufactured by Motorola Inc., which does not require any
external compensating netwark.  Therefore, four such ‘IC

-

packages were used to 'realize the unity-gain amplifiers.

\ 4

The _ amplitude and phase characteristics of the

8th_order LPF were meastred against the frequency. The

results are shown in Fig.4.3. The amplitude response.is

flat within O;to -0.5 dB up to 14 -kHz and rolls off . sharply

with -3 'dB -level at 16 kHz gnd at 48 dB/octave roll-off rate
- | . .

as intended.'
.‘v . )
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|
The analog filter so designed with cut-off frequeneySat

16 kHz was tested using the instrumentation set-up as awan w

-«

¢
PRBS CLOCK
GENERATOR GENERATOR
. 0SCILLOSCOPE SPECTRUM |
. ANALYZ2ER A
ext. \
trigger
] 4 x B
\\\v/// Fig.4.4 Instrumentation Set-Up for Testing the AF. ' *
| /
. in Fig.4.4, Figs.4.5 and 4.6 show photographs of the random '
NRZ signal unfiltered and filtered as seen on CRO at points
A and B of Fig.4.4, respectively. )
9 Fig.4.7 shows the power spectra of the signal (superim-

posed) at points A and B as seen on the spectrum analyzer.,

o

Although 'the spectrum reveals that the signal has been wellf’
. \> bandlimited the filter has, however, introduced the time- . -
domain distortion ISI to the signal, which - in effect has

Y .

caused the "eye" to close somewhat at its probable sampling:

. point. The peak degradation in the eye opening due = to ISI -

is “gbbut 4.6 dB. This particular signal shape with hea;y

ISI is almost useless in a praétidél digital transmission

+




N

[

(H: 1lo0ps/div , V: 1v/div &>1v/div)

. et £S

Fig.4.5 PRBS at 32 kb/s and Clock Pul ses
. at 32 kHz (Lower Trace).

?J

, (H: lopus/div Vz 1V/div)

B R IRIRTSL PR PR
3

Fig.U.6 The Eye Diagram of PRBS of Fig .4.5
When Filtered with the AF (f_, = 16 kHz). -
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FILTERED PRBS

: UNFILTERED PRBS |
‘5 .

»

(H: 10kHz/div , V: lOdB/div)

, R e v men e et tae el v e A oo

' Fig.4.7 Power Spectrag of Filtered and Unfiltered
PRBS Signal Shown in Figs.4.5 & U4.6. N

“

P

system, because the ¢ vn'nel noise added on to the signal
during its passage would cause an intolerable‘ error rate 1in
\the detection process at the receiver: This fact is:
reflected clearly in the bit\ ‘error rate m.easi)r‘ements, as
depic ted b} curve 4§ in Fig.4.26. » . - e
’ . < LT
The major contribution of thds thesis is to show how
s.uch a distortion Nin digital - signals may be completelg
' - avoided through a predistortion process prior i;o f‘ilt‘ering.
Ihe next \sec{;ion ‘describes the design pro¢edure of a
‘ predistortér' that could be‘ used in tandem with a simple
analog type of: bandlimiting filter deseribed earlier.hh

N ¢
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4.3 Transversal Filter~- The Predistorter

It is obvious from the preceding sections thai the
input signal to the analog filter is digital in nature.
This random signal has only two levels of amplitude. A
transversal filter, having a shift-register at the input
stage i3 almost a "custom-made" candidate to accept these
binéry signals for processing in the stages that follow.

Hence, a TF comprising a shift-register, a resistive network

and a summing device (e.gl, OA) could be used to predistort

the binary signals before passing them on to the 4nalog

filter for bandlimitation,
k ‘ N

In Chapter 3 it was discussed that computation of the

tap-gain, coefficients of the TF is the crux of 'its design.

These coefficients twould condition the digital signal in

such a way that a single pulse response, seen at the 6utput

of the analog filter, would cross the time axis exactly at

all sampling pojnts exxept its own. 1In case of a random NRZ
signal stream fthis action of the predistorter gives rise to

a fully opened e diagram, i.e , signal with zero 1ISI, as

shown in Fig.4. 14,

A

The tap-gain coefficients of the.TF rélate directly to

the resistive.network of the ~'pre‘h;.storter circuit. The

LY

coefficients correspond to fhe current passing through the

resistors that aré_connected po the shift-register outputs.

>
- »

yi
Y i
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Having ggbitrarily established the gain of the summing
device, it is possible to find the value of each resistor
necessary to provide the required current for predistortion.
The resistor values may be found in three different ways.
In each case the response of the analog filter to a single
isolated narrow pulse is investigated and an action is taken
outlined as follows.

(a) Hardware‘fmethod: the response ;s observed on CRO;
the resistor values are fqund by a "trial and

_error" technique to yield the desired response.

(b) Hardware/Software method: the response is observed
on CRO; the samples are measured with the aid of
CRO screen graticule; a software program is used
to compute, in an 'iterative mode, . the resistor
values needed to minimize thé peak distortion as
discussed in Chapter 3.

(¢) Software Method: the action of the analog filter
is simulated on the computer; predistorter tap-
gain coefficients (and also resistor values) are
computed in a simflaé manner as outlined<in (b).

The above three methods are explained in the following

'sub-sectioqs.

.
R o g P o, T P . 1 P T SN, A T W o o TN e -
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4.3.1 On Obtaining the Tap-Gains Using Oscilloscope

An arbitrary value for the center, tap resistor is
chosen. With only this tap connected to the positive input
of the summing amplifier the TF is cascaded in front of the
bandlimiting filter. The cascaded device is connected to
the instruments as shown in Fig.4.8. The  test pulse is not
d'istorted at all (except for a delay of one clock period of
the . shift-register) in reaching the AF for there i§ no

summing action in the summing device, because of the single

tap-gain coefficient in the predistorter. Thus, the shape
of the analog filter response is the same as that would
otherwise result if the TF was bypassed, except for a

scaling on the pulse amplitude depending on the gain of the

v
°

summing -amplifier; the relative amplitude of the pulse at

*

all instances are, however, unchanged.

o' By s'etting all but one swi‘tch to lo.gic O on the Word
Generator (HP1925A), running in WORD mode, it is possiblel to
generate a repetition of 1isolated test pulses. Such an
‘‘isolated test pulse is shown in Fig.d.9. Further, the width
of these pulses may be reduced by passing them through a
pulse shaper -(HP1917A) so that they are narrow enough to
consider them approximations to impulses in thé ideal

L)

‘,situation. The respons‘e of the cascaded TF/AF is displayed

on the CRO, triggered externally using ti're 'same master clock .

as shown in Fig.4.8. A second.trace on . the CRO could be

"y

- v
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CLOCK

' GENERATOR

-

VARIABLE DLY.
' &
PULSE SHAPER

rate but'with controllable width and adjustable delay. This
pulse train would be-repregentative of the sampling ‘clock at

the receiving end in an-.actual transmission system. Such a

P

Fig.4.8 Measurement of |Pulse Response of AF.

-

OSCILLOSCOPE

Ch.A ch.B &5

78

display seen on CRO is shown in Fig.#4.10.

£

N

AN

'displayed with ,a train of pulées running at the same clock
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e

ISOLATED PULSE

(H: lOops/div , V: > 0.5V/div)

At ey Vg% TSN e P -~

ig.4.9" Isolated Narrow Pulse as Input.
. to the Cascaded TF/AF.

a ©

CLOCK PULSES

(H: 2n!s/div s Ve 2>1V/div)

Fig.4.10 .Respgpse of the Cascaded TF/AF to
the Pulse Shown .in Fig.4.9.
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."time-axis at these sampling instaaps.
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4 .
¥ One can - adjust the delay/of thel second pulse traég s0
] - N -~

s .
that the leading (or \trailing) edge of4Y one clock pulse
Ty ; .

ébincides with the peak of the test pulse. Thé positions of

leading (or trailing) edges of the remaining clock pulses,
would, then, show the previous and next s mplfng instants in

a receiver environment. It is apRarent in the display that

"

ty . ,
pre- agd post-cursers of the test pulse do not all cross the

As *pointed out in

Chapter 3 it is imperative that these crossings take place
exactly at sampling times if the ISI is to be avoided during -
-~ : .
a random NRZ signal transmission.
P

1.

When resistors of various values are connected to the
S »

rest of tap positions| of the, TF, it is interesting to notice
how ®he test puls response ‘is'either pushed up or down

)
depending on. the resistor vald® at each tap as well as the

choice’/of\.inputs (positive 6r negative) of the summing
- »

~—device. If fixed resistors in -series with trim-pcks age

4

: &
used in each tap position, one can. see the continuous gction
of the predistorter when -the resistor value }s varied by

turning the trim-pot screw. \This.teéhnique,'dubbed in the

“laboratory as "screw-driver optimization,( is not the best
N

&

-'method, however, in setting the ﬁap-gain coefficients. The
'

reason is that there are an infinite number of tap-gain

settings that- would ' yield the desired action of the TF

LLucky et al., 1968]. Yet, this method was described here

Gy
because of its interesting features that would help.

4

'

’.
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4.3.2 On Obtaining the Tap-Gains Using ®scilloscope and

Computer
’ ’ i

, ‘ . - . .
< \This method is essentially the same as the‘pﬁﬁvious one

optimization technique rather than a haphazard adjustment of

- the trim-pots. - The instrumentation set-up for this method

B Y o

* is the same as in the previous one (see Fig.4.8). .The
amplitudes of the test pulse at sampling instants are
measured using the screen é@aticule and posiﬁion kﬁoBs of

the' CRO. The limit to the number of readings taken depends

T

N . P
time-axis.

¢ .
» . S

upon the number of times the test pulse crosses fhe

except that the resistor values are computed through an.

The computef program written for calculating the.

coefficients assumes that equal'number of pulse crossings
?ccur on either side of the pulse peak. This is, of course,

' : a valid assumption for one can assume that the non-existing
‘ ; »
pulse crossings Q?ve zero amplitude. This assumption is
. \ ‘ 4
necessary if-the TF is to have (2N+1) taps, symmetrical

,giout the center tap. Inlpn@ctiqp, however; there are not

4

more than two non-zero amplitudes/ahead of the peak and a

A

@

&

1

; varied Ynumber after it.] As a rule of thumby it is
[ ' . )

! convenient to consider the number of readings/ﬂis equal to
§

. -
R ‘
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" where hn represents pulse response amplitude at n
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~ ,
. . 4
[y : o

fwice the number of crossings on the time-aiis that occur

past the peak plus one,(counting the peak"itself). These
y pius ‘

values are repfesented by h_ h

.oy h_-‘, ho“, h1,...,

ir Oojaetr--

h h

i-1
Chapter 3. Y .

3

The computer program PEAKDIS was written to compute the
aap—gain\coefficients and, thus, th; values of resistors for
a specified gain of the summing device, when the sampled
amplitude of the test pulse response and the required number

of taps in the TF are given as iqﬁup data. Again, as a rule

of thumb, it is convenient to assume that N = i, N and i as

-

defined previously. . Even ,if such a rule was not observed

(i.é., if N > %) the optimization procedure would yield any

extra tap-gain coefficients to be zero. Eowever, N must not

be less than i, because the optimization technique is based

on eqn.(3.11) that defines the peak istortion, for

[ 4
otherwise the residual distortion. would not be a minimum.

-

Reconsider the eqn.(3.12), written here as,

LN

N
hn = zJ:-N c X

¥n_3 (4.1)

o

th sampling

o

J

instant, c, represents tap-gain coefficient at jth tap and
\
represent input pulse-sample to TF ‘at (n--j)th %ampling

Xn-3
instant. Since ISI.is caused by the contribution of al) h,,

3

[ 4 ~
j» 1 being any integer, as shown in Fig.3.4 of -
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1 ) hd
AY

i # 0, all that is necessary .here is to force h; = 0, %Ff o,

gg,
Conversely, optimum values for cj cap be computed now, given

"Constraining hy = 1 and hy = 0,

individually by propegly choosing tap-gain coefficients

the wvalues of h_ and Xn-j*
i £0, eqn.(4.1) can be rewritten in a vector form, to

include all n, as
A

1 = CX : (4.2)
where 1 is a colg’n vector of length (2N+1) whose elements
are all zero except the zerogh, which is ynity, C is also a
célumn vector of length (2N+1) whose jth element is c¢., and

J’
X is a square matrix of order (2N+1), ghose ijth element . is

xi-j' In minimizing péak distortion it was shown in Chapter

'3 that the initial peak distortion, Dy, < 1. Thus, here the

matrix X 1is diagonally dominated and-consequently can be
shfwn,to possess a non-zero determinant [Lucky et al.,

19681. Again rewriting eqn.(4.2) as
0 = 1 - Cx N (u-3)

one would find a solution for C by which eqn.(4.3) holds

true. There 1is a very good possibility that one may wish to

‘use a fewer number of taps in the TF than the number of,”

- 4
non-zero amplitude samples of the response. In such a case

eqn.(4.3) would become an overdetermined system of n linear

equations in (2N+1) unknowns. It has also been found
)

LR TP VS,
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experihentallQ that more‘the number of tap§~there are, the

- more number of tails resuit 'in the ' final response,
Therefore, it was found easy and efficient in this wJﬁk to

compute (2N+1) variables in C by treating eqn.(4.3) as an

overdetermined system of n linear equations, where

n > (2N+1).. However, in computation it is a good practice
to equate the right hand side of eqn.(4.1) to an error
function. e(x) and then compute C in an iierative 'mode such
that e(x) is minimized to a tolerable value. Thus, an
algorithm written by Barrodale and Roberts [1974] for such a
system ‘of equations was adopted ta computﬁ the optimum
' tap-gain coefficients that would force\all ISI contributors
to . zero ,amplitude when the TF and analog filtef are
connected in tandem. The tolerance e(x) was set at 10™10 in
running "PEAKDIS.? The resulty obtained are shown in
—~Table 4.1. When the computed resistor values are used in
the TF, the improvement obtained in a pqlsé response as well

~

, as in the eye diagram of a random NRZ signal are shown in

Figs.4.11 through 4.14, The degradation in the peak eye

. .opening, here, caused by ISI 1is only 'o.u3 dB. The

improvement in the eyé opening is, therefore, U4.14 dB when

Fig.U4.6 is compared with Fig.4.14.
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Table ¥.1 Results of Program PEAKDIS
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(H: » 20us/div , V: >1v/div)

Fig.4.11 Predistorted Pulse, i.ec., the Response
of TF to a Single Isolated Pulse.

[ i S O —

H: > 0.02ms/div , V: > 0.5v/div & 1lv/d4iv

Fig.4.12_ Predistorted PRBS (Upper Trace) and
32 kHz Clock Pulses (Lower Trace).



(H: »20ps/div , v: »1v/div)

Fig.4.13 The Response of AF to the Predistorted
Pulse Shown in Fig.4.11.

(H: Sps/div , V: »1v/div)
[}

Fig.U4.14 The Eye Diagram of Predistorted PRBS
(i.e., the Response of Cascaded TF/AF to PRBS)

s
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.‘4.3.3 On Obta«ining the Tap-Gains Using Computer

wd

The method described here does not call for the usage
of CRO at all. The test pulse that was displayed on CRO in

the two previous methods can, instead, be simulated on the

computer if the amplitude and phase characteristics of the
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Fig.4.15 Simulated Test Pulse Response.

analog filter are known. The amplitude (absolute, not 1in
decibels) and phase (iﬁ degrees) characteristics of analog
filter as shown in Fig.4.3 were used in the program CURVFIT
to compute the coefficients of a 13-degree polynomial
equation for each curve. These coeffic\ients were then
supplied to the program PULSE that simulated the test pulse

response identical (within computational error) to what was
- . '
r
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obtained through the hardware circuit. The simulated pulse

- response- is shown 1in Fig.4.15. The plotting -subroutine

truncated the pulse at the second "lobe after the peak
because this subroutine accepts only the first 100 points of

the abscjissa. The samples of the test pulse-are also

Table 4,2 Samples of Simulated Test Pulse Response

p——
- o

Sample No. Sample Value Remarks

\
1 0.0123 Y Left of Peak
2 0.3106 -do-
3 0.5902 . The Peak

y 0.26U46 Right of Peak -
5 -0.1329 " _do-
6 -0.0941 ~do-
7 0.0659 -do-
8 0.0260 -do-

9 -0.0561 -do- N

10 -0.0199 -de- ~

11 0.031¢9 o -do-
. 12, 0.0111 , ~do-
v 13 -0.0178 ' -do~
14 -0.0051 C -do-
15 0.0107 ~do-~
16 0.0025 . -do=-

\ -

)

printed as results in this program, as shown 1in Table 4,2.
Thesé samples are then used in the program'PEAKDIS as in the
second method to compute the optimum tap-gain 'coefficients
and, hence, resistor +values for the specified gain of the

summing amplifier. ©
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In order to accept the vélidity of simulation, ail
computer programs were tested with certain known parameters
¢ to yield the expected results as described in the next two
paragraphs. As explained in. the Appendix C, the signal
processing in SIMULA was performed on septions of PRBS, one
at a time, instead of in'complete sequence. However, as the

[

» number of steps required for processing increases the
progr;m steps become extremely complicated owing £6 the
necessit} for simultaneous processing of a number of v
sections. In this application, as the simulation is done
&nly at the transmit end of’a baseband trangmission system,
compiications were minor.

é

SIMULA was, first, tested to _ see the impact of
prédistoriion. If all but one tap-gain coefficient of the
TF are set to zero -the signal at TF output cannot be
distorted, except for a scaling oQing to the non-zero
tap-gain and the gain of the summing dévice. In simulation,

( the scaling effect can be totélly eliminated by setting the

¢ Single tap-gain coefficient to unity. (The summing aétion

in the simulation is simply an arithmeﬁic addition; thus,
~ summing gain is also unity.) This is equivalent to bypassing °©

the TF. Hence, the program was.tested with and without TF.

In  the former case, five* taps were used, with the center

¥ The program SIMULA has a limitation with regard to the
number of taps that could be used in the TF, i.e., 5 < mo.
taps < 27 and it must be an odd integer.
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" tap-gain set to unity and others set to zero.

In the second
»

case, all the simulation stepé-associated with predistortion

process*#® yere ~ deleted. The results so obtained were

+

identical, thereby, showing the accuracy of predistortion

steps in the program.

W

The nth step was to test the simulation with a known
transmit filter. A raised cosine filter, modified with an
x/sin(x) function, is w?ll suited for this purpose. “The eye

diagram at the output of such a Nyquist. filter would " have

zero ISI [Bénnett 'and Davey, Ch.3, 1965]. Furthermore, when

o, the excess Nyquist“bandwidthJ equals unity/jhe jitter at
the time-axis crossings would alsofbe zero; but, the jitter

increases as a decreases (0 <a< 1) [Feher, Ch.3, 19811].

Eye diagrams for o = 1.0, 0.4 and 0.3 are shown in Fig.4.16.

They confirm the Nyquist criteria for digital transmi;sion.

These two tests prove the validity of the simulation program

°

-~ ~ 7/ ‘ T

SIMULA.

- s W WO - *

%% These include subrbutines PREDIST & ADTAIL2 and interme-
diate storing of data in TAPE3 (see Appendix C).
sections of the signal are simultaneously processed in ‘each
loop.

Only two-
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( when theoretical ° pérﬁméters were used. Butterworth and -
Chebyshev ‘filters of order n=4 and 8 were used (wgth
ripple = 0.5 dB in the Chebyshev case). The four eyes o
( indicate hédavy ISI as n is increased and are as expected for
thgsevfilters were Aot equalized. Two of these filters were
@ used 1in PULSE to obtain samples of its puysé response which

€. were, then, used in PEAKDIS to compute optimum tap-gain

coefficients  required for the TF. These coefficients were

s
Yy ¥

used for predistortion when SIMULA was executed again using
a—
C each filter. The resulting eye diagrams, as shown in-

Fig.4.18, show remarkable improvement.

Ldstly, a practical filter was used in the simulation.

th '

The 8 '~order Butterworth filter, whose amplitude and bhase

characteristics are shown in Fig.4.3, was used here. "These

*

characteristics were supplied to CURVFIT to obtain the
1 -

13-degree polynomia&; WQJCh were, then, hsed M%h SIMULA to
print the eys//dgagram without predistortion as in the
( g theoretical/paée. PULSE and PEAKDIS were re-executed to
compute the tap-gain coefficients as explained earlier.
. SIMULA/was.fe-run using these coefficients forbpredistortion
( . //iﬁ . view of obtaining an improvéd eye. }The'unequa}ized and

//////<  equalized eyes of the practical 'filter are shown in
( ’ | . :

) Fig.4.19. . ' .
/// . .
% '

"W

If Figs.4.18 and 4.19 are compared a difference in the

degree of improvement in the equalized eyeé may be’ observed.

e
)
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Fig.4.19 Simulated Eye Diagrams of a Practical -
8-Pole Butterworth LPF.

. .

The theoretical filter eye has been improved better than the
practical.‘ The reason for this discrepancy lies in CURVFIT.
It was found that the set of polynomials fitted by this
program to a given curve was not accurate enough.‘ This is

observed in the plots shown in Figs,4.20 and 4.21 for both

amplitude and phase chafacteristicél\*when compared- -with.

’ actual characteristics (of Fig.l4.3) shown here by dbtped

.ot
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total simulation, i.e.; all programs mentioned in this
section, contribute‘to some residual ISI in the equalized
eye, It is anticipated:. that better results could be
achieved if an efficient curve fitting program (e.g¥, using

spline teéhniques) would be available.

In spite of the few drawbacks mentioned, the simulation
résultsware encouraging. The programs, listed in “ Appendix
c, ére'powerful tools for making a decision aon the required
baseband transmit filter before actually constructing the
hardware unit. To gum up, if resistor values gohputed
tﬁrough the simulation technique, mentioned in this section,
are used 1in the TF pf the hardware unit, then tuning of

resistors mg@ be necessary to completely eliminate the 1ISI.

. A CRO is required for this purpose.

4,4 Performance Evaluation .of the Cascaded Filter

In the previous secfions it was shown how the analog
filter response <could be improved by predistorting the

digital signal through the use of a TF caséadeénin front.
k., .
Ll

The "improvements both in a siqgle test pulse case ‘and during
a random binary NRZ signal case were shown step by step.
The basic reason for using the analog filter, in the first

place, was to bandlimit the digital signal before transmi-

1
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" ssion for obvious reasons mentioned in Chapter 1. Because

[ f
of the time-domain degradation caused by this bandlimiting

filter, a TF was used to improve the quality'of the signal.

PRBS FILTERED
WITH CASCADED TF/AF

i

PRBS FILTERED

P : WITH AF

(H: 5kHz/div , V: 10d4B/div)
Fig.4.22 Power Spectra of Filtered Digital Signal
(a) without and (b) with TF Cascaded in Front of

Analog Filter. In-Band Power is Increased
¥ by the TF Action.

The question that arises now is whether thié TF has any
i;pact on the power spedtrum of the signal. If the answer
is 'NO' one could live with this design. However, if it 1is
'YES', a second gquestion arises. Haé the TF so designed
caused damage on the spectrum? The answer to this question,
fortunately, is a}so 'NO'; in fact, the TF has improved the
signal spect}um too by increasing the in-band power, as
shown in Fig.4.22. This increase of in-band power is due to

the fact that the TF acts as a whitening filter on the
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random signal, with a transfer function _of x/sin(x)
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Fig.4.23 Transfer Function of a Transversal Filter.

characteristic, as shown 1in Fig.4.23. This . transfer
function is obtained by considering the respoh\s_‘e function

given by eqn.(3.4), rewritten here as

\ | N ~JoiT -
) E(‘m) = Zi:—N c;¢€ (4.4)

sing computed values of Cyo the results of Section 4.3.2,
tl‘e‘ respons‘ function is plotted in Fig.4.23 for a Eange of
va}\ues of w. The complete schematic diagram of the cascaded
transversal/active analog. low pass filter is shown in

Fig.Y.24.

o 4 Th eye diagram and power spectirum of a random NRZ

-: K

e ' signal ai\e two important aspects of judging 'the action of a

\

transmit \1”ilter, especially in a laboratory environment.

They also\ provide quick first-hand information on the
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g behaviour of the device in a transmission system., In a
C /,/*digital transmission system these tests, however, do not

provide a complete assessment of such a device. One major
reason would be.tﬂat it is not always~apparent through these
C ) tests whether or not the actual values of discrete

éomponents, such as resistors and capacitors, have drifted

away from their initial values as the ambient temperature

varies over time. The most common test that is performed,
\\pherefore, to fulfill this requirement is the measurement of

bit error rate (BER), or the probability of error (P(e)); in
( the system. The BER is measured, experimentally, as defined

by the equation,

BER = Ne/Nt = Ne/fbto - o (4.5)

where N, is number of bit errors in a time interval ¢t N

0’ t
is the total number of bits transmitted in time’to, fb is
the bit rate of the data source and to is the measﬁring'time
interval. -

For. a random, stationary error generation process and
sufficienfly long . measurement interval to, the measured BER
~ ' gives an estimate of the true P(e). The BER measurement is
executed with a pseudo-random test signal sequence which: is

~ transmitted through the channel. The receiver computes P(e)

‘ by comparing the received bits with a stored replica of the

transmitted bit pattern, An instrumentation set-up to,

~ f
* 2 . "
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measure BER in an additive white gaussian noise™ (AWGN)

n T B )

HP5150A . HP1645A
C DATA ERROR
PRINTER ANALYZER
C
{
- WHITE CASCADED REGENERA-
C . GAUSSIAN TOR
NOISE GEN
(
-)f In
{ SPECTRUM
.  ANALYZER
( Ch.A Ch.B 4
{
R_FILTER
x _ RMS Volt-
: (KH-3202) meter
( .
( ’ ’ Fig.4.25 Block Diagram of the Set-Up
for Measuring the P(e).
(
channel (simulated) is shown in Fig.h4.25. . .
(.
‘( In this " test set-up. the Data Error Analyzer (HP16454)
was clocked externa%ly witﬁ a 32 kHz repetitive square wave
(.

signal to generatﬁ a 32 kb/s pseudo-random binary signal.

( ' , This signal‘was filtlered using the cascaded digital/analog

filter and passed through a large capacitor to remove any DC
(- ’ ' °

¢

delayed
clock

clock in

R si 1
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voltage present in the signal. ’'White gaussian noise was

added to the signal before it was passed through the rédeiwe

low pass filter having a cut-off frequency of 20 kHz. The

gth-order Butterworth type

(Krohn-Hite model 3202) bencﬁ unit. WThe output signal of

receive filter used was a

" this receive filter was fed into the regenerator (threshold

o

device) which was clocked by the)same master clock driving
the data source (HP1645A) but with a variable delay. This
delay is e§sential to adjﬁst the clock position so that the
regenérator could sample the received signal at its ‘maximum

eye opening. £y

The regenerated data. was fed back into HPi645A to
measure the bit error rate as recorded on HP5T50A Thermal
Printer, for different settings of the attenuators along the
transmission path. The attenuators are used to control the
signal power and the %oise power, thus, giving measurements
of P(e) at various signal-to-noise ratios (S/N). The signal
and noise powef were measured wi?h a true rms voltmeter at
point A as shown in Fig.4.25. The transmit and receive
signals in both time- and frequency-domains were displayed
on CRO and Spectrum Analyzer, féspectiVely, at péints along
the transmission path as marked with dashed 1lines in

Fig.4.25. The results of this test were plotted @s shown in

Fig.u.26,' The dashed line is the theoretical curve obtained

from the equation for .probability of errori¥7(e), given as

v
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S/N N
0.5 erfc — (4.33)
V2

P(e)

- L]

where N 1is the rms value of the noise and S is the peak
value of the signal, which also corresponds to S, the rms
value of the unfiltered PRBS signal in the case when the
sigﬁal suffers. no bandlimiting efffects in the transmission
process [Brind'Amour and Feher, 1980]. ' However,' it is
important to note that the regenerator that is wused to
restore the discrete fo;m of the signal shape has itéﬁ&wn
imperfections. Therefore,‘ the ;egenerator was also
evaibated by measuring the BER Qf infinite baéawidth PRBS
(i.e., bypassing the transmit filter) but using the séme

receive filter as used in the other measurements. Thege

m$asurement resulfs are depicted by the solid curve marked

2. It can be noticed 1in the figure that thiS measured .

|
characteristic follows the theoretical curve with a maximum
8

deviation of 1.0 dB at a measured BER value of 1x10°". This
curve is good enough in a practical situation such as here.
The two curves \marked 3 and 4, respectively, depict the
measurement resdlts when the analog transmit filter was used
with and without the predistorter (transversal filter)

caséaded to it. An improvement of 4.5 dB at BER = 1x10'4

© in S/N can be achieved when

and of 4.0 dB at BER = 1x10~
‘the predistorter is used ca%caded to the analog transmit

filter. ‘ L IR ?

N N
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4.5 Performance Evaluation of the Pseudo-Random Noise
Generator

In Chapter 2 a description was given on the deéign of a

laboratory-built wunit of 'a nqgjise generator that would

exhibit gaussian ahplitude characteristics if certain design

criteria are followed,(i.e., the BREBS stream must be of
sufficiently .long maximum-length séquence and the simple RC
low)pass filter-q*t-of; frequency must be one-twentieth Qf
the PRBS bit rate. 1In this section some results are shown
with regard to thg per?ormance of this simple and low-c&st
noise generator in a baseband transmission sy§tem. The
performapce is comparéd with that of a conventional source

of white gaussian noise.

v
’

Fig.U4.27 shows a photggraph of a CRO display depicting
the random noise (upper trace) and pseﬁdo-random noise
(lower trace) generatéa by ‘'a conventional (GR1383 Random
Noise Generator) and the prototype units, respectively. The
PRBS in the pro%otype unit was generatedkat 500 kb/s and was
filtered with an RC LPF of fc = 25 kHz. Fig.4.28 shows the
eye diagram of the transmitted signal (bandlimited) when

random noise was added prior to the receive filter. The ISI

.in the signal is due to the transmit filter because

i

predistortion was not used when this photograph was taken.
Fig.4.29 is a similar display but the noise added was
pseudo-random in nature, as supplied by the prototype wunit.

These displays show the difference betﬁeen the two types of



RANDOM NOISE

e Ny

PSEUDO-RANDOM NOISE

L. H: 0.5ms/div , V: >0.1v/div & 0.2V/div (

"Fig.4.27 Random Noise (Uppen Trace) and Pseudo-
Random Noise (Lower Trace) Generated by the
Convéntional and Prototype Units, resp. ’,

L

H: 10us/div , v: 1v/div & >1lv/div

%

Fig.4.28 Eye Diagram at Receive Filter Input When
Random Noise is Added to Transmitted Signal (No
Predistortion). 32 kHz Clock Pulses are %
“Shown in the Lower Trace.

1
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H: 10us/div , V: 0.1v/div & >1lv/d4div

°

Fig.4.29 Eye Diagram at Receive Filter Input When

Pseudo-Random Noise is Added to Transmitted Signal

(No Predistortion). 32 kHz Clock Pulses are
Shown in the Lower Trace.

noise with regard to their bandwidths. GR1383 generates
white gaussian noise in the band of 20 Hz - 20 MHz, whereas
the-noise bandwidth of the prototype unit 1is less than

1 ,
25 kHz. . s

Figure 4.30 shows -~ the BER performahce of the
transmission system when the two typeé of noise are wused
separatély. \‘Thé dashed curve 1, again, is the regeherator
characteristif when white gaussian noise was wused 1in the

test. Curves 2 and 4 are the same curves as in Fig.u4.26 but

marked 3 and 4, i.e., the performance of -the transmit AF

with and without ‘the TF cascaded in front of it when the
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Fig.4.30 BER Measurement Results:.- Performance of
the Random and Pseudo-Random Noise Sources.
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noise added was white gaussian. Similarly, curves 3 and 5
in Fig.4.30 were obtained in the same order, but the noise

being produced by the prototype unit. Hence, these curves

. provide the evidence that the pi:formance of both noise
sam

genérators is almost of the quality, within a

1.0 - 2.0 dB ~ degradation ~in S/N with the prototype

generator.

N
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s Chapter 5

CONCLUSION AND SUGGESTED FUTURE RESEARCH

1, "

Conventional analog filters when used in aigital
transmission systems introduce a time-domain distortion in

the signal, which is known as the intersymbol-interference.

This distortipﬁ is caused mainly by the non-linear phase,

(group~delay) characteristics of the filter, aithough its
amplitude ‘characteristic may be just right for shaping the
signal spectrum. An  alternative solﬁtion to a complex
equalizapion procedure for the analog filter was  -shown
viable. Here, a binary transversal filter is cascaded with
the conventional analog fiiter (at transmit end) so that the
signal is predistorted prior to spectral shaping. In this
way tHe size, weight and cost of the composite filter are
minimized. The transversal filter is made up of a
shift-register, a network of resistors and a summing device
(operational amplifier). This digital filter accepts 'the
input non-return-to-zero digital signal, predistorts it
according to an established algorithm and passes it on . to
tﬁe analog filter for shaping its spectrum. Experimental
results showed that an improvement as high as 4.0 dB could
be obtained in the 'eye opening' of the signal at the énalog
filter output when the digitél filter 1is cascaded . to it.

The ‘cascaded digital/analog filter was evaluated for its bit

r

112
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error rate performance in a baseband transmission system in
an additive white gaussian noise environment. The
improvement .in signal-te-noise ratio due to tpe cascage was

y

found to be 4.5 dB at a bit error rate of 1x10" and 4.0 dB

at a bit error rate of 1x10—6.

In evaluating the pefformance of such filters in a
transmission system a random noise source, exhibiting a
gaussian amplitude characteristic among its output samples,
is often used. Based on a computer simulation results, a
simple and low cost noise source was implemented and the
behaviour with regard to its output amplitude
cgaracteristics was investigated. The noise source consists
éf a feedback shift-register and a simple resistor—capacitor
low pass filter. The feedback circuit was chosen such that
the register generated a maximum-length pseudo-random binary
sequence, whosF properties were discussed at length in the
early part of the  thesis. Both computer simulation and

hardware test results showed that the cut-off frequency of

the 1low pass filter must be set to one-twentieth of the bit

rate of the sequence to obtain the desired gaussian noise.

samples. The aforementioned performance evaluation tests of

the cascaded- digital/analog filter was repeated wusing this

laboratory-built gaussian noise source. The test results

showed a negligible difference in performance between the

two noise sources. ’

S an 103
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Suggested Future Research, The computation of tap-gain
coefficients was based on the éqn.(u.3) where the centré
sample of the " pulse response (of énalog filter)  was
normalized to unity, while forcing all other samples to zero
ampli&ude, simultaneously. Mention was not given,.at all,
to what happens to pulse amplitude at instants in-between
sampliﬁg points. Therefore, in computing the optimum
tap-gain coefficients the pulse may assume any amplitude at
these in-between points. In Fig.4.13 this 1is obvious
Because the pulse has assumed an asymmetric éhape about the
centre. It would be an interesting and a vﬁ?uable endéavour
to obtain the coefficients which would force the pulse to
foldow a Nyquist shape of a sin(x)/x waveform, but up to a
finite duration. This type of a symmetrical pulse would aid
in clock recovery at the receiver - an added bonus to the

i

iSI removal. In order to achieve this the shift-register

must be clocked at a faster rate than, but some intéger‘

multiple of, the bit rate of the digital signal. The
eqn.(4.3) must also be modified to include the desired pulse
amplitudes between sampling points. The 1latter can be

obtained from the sin(x)/x function.

g 1 .
o Y gt B e e
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. APPENDIX A
MAXIMAL-LENGTH SEQUENCE GENERATION

A.1 Introduction -

. ¥
The number of different maximum-length series that can

_be obtained from an m-stage shift-register 1is given by

~

[Hampton, 19651, ) /
-p(2M-1)
m ¢
where ¢(x) is "Euler's Phi Function" that is defined as the
number of integers s, such that 0<{s<x and s is prime to x.

For example, for a three-stage generator m = 3, Xx = 23—1

.= T, and all integers s, 0<{s<7, are 1, 2, 3, 4, 5 and 6; all
3

these are Erime&te 7, because ncne of them divides 7 perfec-—

-

tly. Thus, the number of 1integers s, which satisfy the

definition is 6. Therefore, .
$(23-1) 6
' —_— = - = 2
») S
Hence, ‘a three-stage shift—fegister can produce twao

diffeﬁént maximum length sequences, each corresponding to a
unique feedback arrangement. The generators No.1 and No.2
in Fig.2.3 show.these two arrangemenésu Generator No.3 is
an example of a feedpack arrangement that produces a

non-maximum 1length sequence. Such sequences do not in

-

general satisfy the conditions required for pseudq—random'

sequences as explained in the beginning of Section 2.2 and,

v
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thus,. are not useful for statistical studies.

As illustrated above, Euler's Phi Function, alsc known
as "Totient Function," can be used to determine how many
different maximal-length sequences can be generated by any

given number of -'stages in a feedback shift-register.

Section A.2 gpscribes a method of obtaining ¢(x) for any x.

s

~

A.2 Euler's Phi Function{

. ' |
The Euler's Phi . Function, also known as Euler's Totient

~Funection, ¢(n) * is defined as the number of integers not

exceeding and relatively prime to n [Gellert et al., 19771.

é(n) = n I, (1 - 1/;)

pin

over distinct primes p dividing n.

-

Also ¢$(p) = p-1, if p is prime number, .
-1 -1
6(p*) = pXop*t = pKT(p-1)
$(a,b) = ¢(a).¢(b), provided that the greatest common

!

divisor of (a,b) = 1.

" The rules stated above make it po;sible'éo calculate ¢(m)

/
for any m. ‘ : . -

. /
. 3
— - '
© . » ~ '

°
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Example: 1
$(3240) = 3(237.4(3".6(5) = (@°.1).(33.2),4 = geu
¢ (4095) = ¢(33).¢(5).¢(7).¢(13) = (3. g).u .6.12 = 1728
${262143) = ¢(3°).9(7).9(19).4(73) = (3°.2). 6 18.72
. = 139968 X
Table A.1 Relationship Between Shift—Register Length
and Number of Different m—Sequenggs Generated
—_T—'—'ﬂ__—'—_———————__—_—r__—
m| 2M-1=x Euler's Phi Function, ¢ (x) $(x)/m
e, \
2 3[0(3) ="@R\. 1
3 T{e(7) = 67 2
4 15[ (15) = $(3).9(5) = 8 2
5 311 (31) = 30 2 6
6 631¢6(63) = ¢(37).¢(7) = 36 6
7 127(¢ (127) = 126 18
8 25519 (255) = ¢(3).9(5).0(17) =128 16
9 5116 (511) = ¢(7).¢(73) = U432 ¢ 48
10 10234 (1023) = ¢(3).¢(11).6(31) = 600 60
11 204716 (2047) = 20&5 186
12 4095[¢ (4095) = ¢ (37).0(5).6(7).4(13) = 1728 144
13 8191|4 (8191) = 8190 - 630
141 "16383[¢ (16383) = ¢(3).6(43).¢(127) = 10584 756
15 3276719 (32767) = ¢ (7).46(31).¢6(151) = 27000 1800
16 65535|¢ (65535) = ¢(3g 4(5).0(17).6(257) 2048
. = 327 .
171 131071|¢ (131071) = 1319 7710
181 262143 (262143) = ¢ (3 %8¢(7) 4 (19).6(73) 7776
' = 1399 g
19| 524287|¢ (524287) = 524286 27594
20 |1048575|¢ (1048575) = ¢ (3) ¢(5 )0 (11).0(31) ¢(41) 24000
. = 480000
Note: 1. m = Shift-Register Length
2. 2™-1 = x = number of different sequences, exclu-

3. ¢ (2™=1)/m

ding all-zero, generated by the shift-
register,

number ' of different maximum length
series + obtainable from the m-stage
shift-register. -

.
[
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Table A.2

e

"h(x) “ m h(x)

Primitive Polynomials for Degree m < 40

m

1 X+ 1 “ 21 x21 + x2 + 1

2 X+ x4 1 J 22 xe2 4 x + 1

3 3 4 x+ 1 {23 R R
Yy x4 X+ 1 24 XZM +X +x3 + X + 1
5 XX+ x° o+ 1 25 x2% + x3 & x 4 1
6 x6 + X + 1 2él x26 + X+ x7 + X +
7 x7 + x + 1 27 x27 + X+ x7 + X +
8 x8 + x6 + X2+ x4+ ] 28 x28 + %3 +'1

9 x9 + xu + 1 29 x29 + x2 + 1

10 x10 + x3 + 1 30 x30 + x16 + x15 X
11 x11 + x o+ 1 31 x31 + x3 + 1‘

12 12 + x7 + X+ x3 + 1 32 x31 + x28 + x27 + X
13 x13 + xu + x3 +ox + 1 33 x33 + x13 + 1

T L L “ 34 NCINRLL I L
15 x15 + X +.1 35 335 + x2 + 1

16 x16 + x5 + x3 + k2 + 1 36 x36 + x11 + 1

17 x1? + x3 + 1 37 37 k12 x10 + x2
18 ML U 38 x38 4 x6 S+ X+
19 x19 + x6 + x5 + x + 1 39 39 . xu + 1
20 x20 + x3 4+ 1 5o | x"0 4 X2V 4 V9 4 42

e it et %
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A.2 On Obtaining Maximal-Length "

A mathematical technique for obtaining a maximum-length

sequence consists of viewing each stater of the m-stage
shift-registér as an m-dimensional vector and the shift-
register/module-2 ;dder system as a linear operator,
produéing the. successive states of the m-dimensional vector.

Such an operation may be represented by a [m x m] matrix X.

The first row of X corresponds to the first stage of the

register, the second row to the second stage, ete. The™ same -

is true for the m-columns, i.e., the first column represents
the first stage, etc. Each element of X is either a logic 0
or a logic 1. A logic 1 in any position indicates that the

flip-flop stage denoted by that column drives the stage

‘denoted by the particular row, Otherwise, a,logic 0 element

exists. Considering generator No.1 in Fig.2.3 of Section’

’
2.2.1, X may be constructed by observing that stage 1 is fed

by stages 2 and 3; therefore, in the first row, a logic 1 is

-

,/////éﬁgéred in dolumns 2 and 3. Stage 2 is fed by stage 1 only,

and so, in row ¥ a 1logic 1 is placed in column 1 only.
Again, stage 3 is driven by stage 2; hencej'in row 3 a logic
1 1is placed 1in column 2. This completes the X matrix for

generator No.l as follows:

4

1]
o -0
R O g Y
OO~
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‘Similarly, for generators No.2 and No.3 the defining matrj-

ces are, ' ! .
1 0 1 1T 1 0
X = 1 0 0}, X = 1 0 0
0 1 0 0 1 0

respectively. The diagonal below the main diagonal will
always consist of a series of 1s, while the. first row of the
matrix represents feedback coefficients. Generalizing, the

X matrix for m stages may be written:

r —

C, C, ... C . C

1102 ....0b Lo oM

0 1 ees.0 ....0 ]
X = . . 1.... ceane

. S

e ¢ eeess 1.

0 O eses0 ..1 0

| _

/

where C; represent the feedback coefficients (0 or ‘1),

i= 1, .uo,mo

The characteristic polynomial of X is thus,

C1-A C2 C3 00 Cl ooocm_1 Cm
1 "A 0 LN ) 0 o-cu 0 O ‘
det{X-AI} = 0 1 -A . o ... 0

( . e et a0 o s e n

S—
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det{i;AI} = 0"t - (-;\)“"202 + (-&)”‘"303
m-m
-'+ ) + ("‘)'\) Cm
- m _ 2:_ 3 -
= (=2)"(1 q1/x - C,/A C3/2 e
my,
- ¢ /A™
- m m i
= (DT LT =2y €00
e ‘ .
where 6 = 1/) ., ,
The term .
m m 1
(=171 - I, €487]
em .

v !

when equated ¢to zeroz is defined as‘"the characteristic
equation of the éhift—register generator." A necessary; but
not sufficient, condition for the pericd of shift-fegister
to be of maximum length is that its characteristic equation

be - irreducible. In Fig.2.3 of Section 2.2.1 the

characteristic equations\of both generators No.1 and No.,Z2

are irreducible, but not that of generator No.3.

A 1

[ v
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A.3 %he Primitive Polynomials .
K\

In the previous section it was established that a
maximal length sequence from a feedback shift-register
generator could be obtained only if the characteristic
equation [1- ZT=1CiGi] = 0 is irreducible. The determinant
det{X- AI} can be developed to obtain a polynomial of degree

m in . This polynomial is called the "characteristic

polynomial®™ corresponding to X. .

L

v The characteristic polynomial of degree m in A corres-

ponding to X when irreducible.is termed a "primitive poly-
nomial". Conversely, to construct a PRBS of length n = 2M_1
(maximal 1length) one needs a primitive polynomial h(x) of

degree m. For example,

h(x) = xu + X + 1 ' o (A1)

is a primitive polynomial of degree m = y,’ This polynomial;

specifies the feedback configuration for a Hd-stage
shift-register as shown in Fig.A.1. Here, if the regisier
contains at time i,

and a.

ai+1 i

qi+37 Fip20
then, at time (i+1) it contains,
a3, = 25,9 © a;, aj,3, aj,p.and ay
where ® denotes modulo-2 addition. Thus the feedback

shift-register generates an ., infinite ' sequence

e Ot o o e A R
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13 11 a'
aJ. +4==a1.+1(‘D 1

Fig.A.1 Feedback Shif&-Register
corresponding to x +x+1.

2

aoé1aé...ai... which satisfies the recurrence relationship,

-

ai-l-u - ai+1 @ai, i = O, 1, ..Ol (A-Z)

»

The - shift-register must be startedkﬁp and, therd&fore, the

initial values agy 81y ey @ must all be specified.

m-1

- Y

Definition: A primitive polynomial h(x) is a polynomial of

degree m for which aja,a,.... has pericd (2™-1) for some

—

starting state.

It has been proved [Berlekamp, 1968; MacWilliams and
Sloane, 19781 that there exists primitive polynomials of

degree m for every m. Table A.;’is an extraction (for m<40;
sufficient t generate séquences of period- up to
2“0—1,E/+0*2;/i; the table of primitive polynomials (m¢<168)
given by Stahnke [19731]. Primitive polynomials of much
higher degree have been found and reported by Zierler and

Brillhart [1968,1969].

<

3



128

\ It follows ¢that if h(x) is a primitive polynomial of

degree m, the shift-register goes through all (2M-1)
distinct non-zero states before repeating, and produces an

output sequeq?e agajas. .. of period (2™-1). Any segment
ai+1...a;+2m > of length (2M21) is called a "pseudo-random

a.
1 - '

sequence". There are (2m-1) diffefent«pseudo-random sequen-
ces (setting i = 0, 1,..., 2m42 in the above expression).

[4

NOTE: It 'js possible, howevery to attain period 2™ (instead
of 2°-1) using a nonlinear shift-register. The corre-
sponding output sequence is called "de Bruijn cycle"
[MacWilliams and ‘Slecane, 19761].

T
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APPENDIX B

REALIZATIbN_OF AN EIGTH-ORDER BUTTERWORTH

ACTIVE ANALOG FILTER

1

+

129

The eighth-corder Butterworth analeog LPF was realized by

casceding four second-order LPF sections that were indepen-

dently synthesized tc yield the desired charactersistiecs in

R the ocverall filter. The second-order transfer function used

is of the form [Temes and Mitra, 1955],

¢ Hw02
2

s +(wO/Q)s+w0

2

where Q is known as the pole pair of the network,

(B.1)

mo the

cut-off “frequency of the passband, and H the gain factor of

the netwoerk. Among the wide variety of second-order

filter

donfigura— tions 1is a simple <¢ne due to Sallen and Ke

(19551, whi&h is well known by filter designers. It

consists of an amplifier, twoe capacitors and two resistors.

as shown in Fig.B-1. ‘Ihe Voltage transfer function of this—

configuration can easily be deduced as,

KG1G2
) Vi 2 G1+G2.(1—K)G2 G1G2
—— . S + ~+ S+
C1 C2, C.‘C2

~— Comparing eqns.(B.1) and (B.2), it is seen that

td

128
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Fig.B-1 Sallennand Key configuration

of a 2 "=order LPF.

2 G416,
wo = P —
12 \
o - YT CG4G,

12%461+G2)+(1-K)c102

(B.3)

(B.4)

The synthesis can be simplified greatly if wq is normalized

to 1 rad/sec. To move wq later, perhaps, to M rad/sec, all

ances are kept invariant through the* frequency translation.

Thus;
G,G
- 172 = 1
C,C
and, 172 .
G1+G2 - (1-K)G2 i} l
Cq Co Q

T S

‘capacitances -are divided by M so that all capacitive react-

(B.5)

(B.6)

One can further simplify the synthesis by using a uniky gain

RN I ek e B A
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-

amplifier, i.e., setting K = 1, and normalizing the resis-

tors to have a value of 1 ohm each. Equations (B.5) and

(B.6), therefgre, reduce to,

-
i

' 2q | , (B.T)
, = 1/2Q | o | (B.8)

- Q
n

A very important criterioh that must be taken into
consideraticn .when designing filters is the sensitivity
figure. The se5§itivity is an estimate of the effect of
pgrameter variations on the network characteristies. The
two most pertinent sensitf?lty figures ;pplicable to the
work here are the pole pair Q-sensitivity and the pole

frequency sensitivity.

The sensitivity of the pole pair Q with respect ¢to a

network parameter x is defined as,

d(1ln Q) x dQ

SQ - ——— N e — ' (B-g)

-X ‘“”dfin-xi’: Q dx

Thus Sg gives the incremental change in Q due ta an

incremental change in X.

The sensitivity of the pole frequency o is defined

n
- similarly as,

‘, - . E— sa e PR T



[

- !

e = T e . R S T e R T R T e S S T

132
) 7
W X do ' C
s, = —_1 (B.10)
mn dx

Substituting with the parameters in egn.(B.2) for x in

eqns.(B.9) and (B.10), one cbtains

Q. .Q _ ‘ :
g4 = Sgp = O | (B.11)
Q _ Q _ .
sd = =83, = (B.12)
SS ~ 2%/ (B.13),

- .

where u is the cpen-lccop gain of the operational amplifier‘

that is used to realize the unity gain amplifier menticned
before. The passive parameéer sensitivities are very low.
The active parameter sensitivity is also 1low provided
Q2 << u. Hence, this restricts .the usefulness of' this

structure to low Q fil%ef/}ealizations.

The resistance values were previously set to 1 ohm to
simplify the synthesis. They can ber scaled 1atgr without
upsetting the cut-cff frequency ) which ‘js\_preset te
1 rad/sec. This is done by multiplying all resistances by
p, an arbitrary scale factor, and dividing all capacitances

by p, éimultaneously.

\

. \ | | |
The nth_order\ Butterworth low ?iii//giif;r response

function, H(s), is given by,

- e [ ] O R e R T LY
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H(s) = (B.14)

y 2 n P
1+§1s+a25 + ces +§ns

- [}
[}

where the denominator polynemials are referred to as "Butt-

erworth Polynomials" often found tabulated in text books

.[Van Valkenburg, 1960]. Table B.1 shows these polynomials

for'up to n = 8.

"Table B.1 Butterwerth Polyncomials

v’~
n Il .2 33 ﬂ‘ 35 .6 l., 88 .
1.0000
1.4142 1.0000 .-

1
2
3 2.0000 2.0000 1.0000 B

4 2.6131 3.4142 2.6131 1.0000

5 3.2361 5.2361 5.2361 3.2361 1.0000-

6 3.8637 7.4641 9.1416 7:4641 '3.8637 1.,0000

7 4.4940 10,0978 14.5918 14,5918 10.0978 4.4940 1.0000

alé $.1258 13,1371 21.8462 25.6684 21.8462 13.1371 5.1258 1.0000
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.to compute the complex rcots of the peclyncomial.
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roll-off of -7
J

%

In order to obtain a satisfactory steep

stop-band : frequencies, an Bth-order Butterworth filter wa

chosen as the bandlimiting filter. Using Table B.1, the -

transfer funqtion 3% an 8th—order Butterworth LPF is,
4 . 1

H(s) i (B.15)

<+

(145.12585+13.13715%+21.8462s3+24. 688Us

6+5.125857+58)

”

21.8462s5+13.1371s

17 at)

Given an nth-order Butterworth polynomial, the first step is

These rocts

may be found ﬁgbulated in texts such as shown in Table'B.2,

Al

} .
or may be computed with the aid ¢f a computer program.

I

[}

Using Table B.2, the dencminator of right hand side of

o

eqn.(B.15) could be factorized as,

E

1
{(s+0.9009689+j0.4338837)(s+0.9009689-30.4338837)
(s+0.5555702+30.8314696) (s+0.5555702-30.8314696)
(5+0.8314696+j0.5555702) (s+0.8314696-30.5555702) .
(s+0.,9807853+30.1950903) (s+0.9807853-3j0.1950903)} -

H(s)

Re-structuring the above equaticon,

e e —a . oo ah st Bl B o § Ay g A W W E e f s o b



rﬁ’q ’ .

135 5
|
Table B.2 Poles of Butterworth Filters .
n Complex Pcles
1 -1.0000000 ‘
g 2 . ~0.7071068 + jO0.7071068
3 -1.0000000
-0.5000000 + j0.8660254
4y - .. =0.3826834 + j0.9238795
~0.9238795 + jO.3826834
5 -1.0000000 .
| -0.3090170 + j0.9510565 ,
~0.8090170 + jO.5877852
6 -0.2588190 + j0.9659258
~0.7071068 + jO.7071068
-0.9659258 + j0.2588190 M
T -1.0000000
-0.2225209 + j0.9749279
-0.6234989 + jO.7818315
-0.9009689 + jO.4338837
8 -0.1950903 + j0.9807853
-0.5555702 + j0.8314696
/ -0.8314696 # jO0.5555702
‘ -0.9807853 + j0.1950903 ol
9 -1.0000000
} -0.1736482 + jO.9848078 '
-0.5000000 + jO.8660254
-0.7660444 + 3j0.6427876 ‘
. -0.9396926 ¥ jO.3420201
10 » -0.1564345 + 3j0.9876883
. - -0.4539905 + j0.8910065
> -0.7071068 * jO.7071068
R p &7 -0.8910065 + jO.U45399Q5
‘ . -0.9876883 + jO.1564345 o
(? &
P /
1 N
H(s) = — - (B.16)
{(s +1.1114541) (s°+1. 961us+1)(s +0. 3901s+1)
(s +1 66285+1)} :
Therefore, the th-order function 1is a cascade of four
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Secpnd-order‘function;. Each second ;rder function .can  now
be implemented independently. It must also be noted that in
eqns.(B.15) and (B.16) the cut-off Qrequency of the
8th-§rder filter, as well as that of individual seccond-order

sections, is normalized to 1 rad/sec. //

. . | /

e it s At S SR s v TSRS gt v e
-
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, .
i ‘ )

Rewriting eqm.(B.16) such that,

kN
! - \ .
H(S)‘= H1(s).H2(s).H3(s).Hu(s) (B.17)
’ where,
1
H1 (s) = (B..18)
. 1114541
J
, 4
\ s°+1.961U4s+1 T~ ;
' 1 [N
~ s°+0.3901s+1
. 1
Hu(s) = (B.21)

s°+1.66285+1

Comparing each off the eqns.(B.18) through (BJ21) .with
- eqns.(B.1) throughl ¢B.8) . the values of capacitances and

gesistances of everly section can be‘computed% fogjgormaliibd

\

frequency of wgs which is'1 rad/seé, as shown in Table‘B.3.

4

4

' >
\ - As mentioned earligr the resistor and capacitor values
'may‘bow be scaled by any arbitréry value® and the filter

cut-off frequency mo may be denormalized to any desiged

bt mAea e —tn .

'
o i T e ——
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Table B.3 Normalized Values of Capacitance and Resistance
of Each Second-Order Secticn in Eqns..(B.18 to B.21)

?

resistor values of

—_— —
.4
SECTION| FREQUENCY] GAIN wO/Q Q RESISTANCE CAPACITANCE
NO. [rad/secl|OF [chms]) [farads]
Wy AMP. R1(=R2) C1 . C2
1 1 1.0 | 1.1114{0.8998 1.0 1.7995] 0.5527
2 1 1.0 | 1.961410.5098 1.0 1.0197]0.9807
3 1 1.0 | 0.3901{2.5634 1.0 5.1269| 0.1951
y 1 1.0 | 1.6628/0.6014 1.0 1.2028}0.8314
P
value 2rf, where f, is the cut-off frequency in Hertz. The

-

sections 1, 2 and 4 were arbitrarily

chosen as 4700 chms, while those of sectien 3 as 2700 chms.

. The cut-off frequency was de-normalized tc 16 kHz sc that

s

this filter may be used tc bandlimit a 32 kb/s (in baseband)

random NRZ signal.

Thus, for scaling, resistances were

multiplied and capacitances were divided by 4700 in sections

1, 2 and_ 4; and

by 2700 in section 3.

In corder to

‘ . .
de-normalize ®wg, all capacitances were divided by 32000mw.

These de-normalized and scaled values far each section are

shown in Table B. 4.

computed values given in Table B.4, the Bth-order maximally-

flat filter is obtain

Cascading the four sections using the

ed as shown 1in

Fig.B.2.

S

o

~

The exact

values of capacitors and resistors computed cannct, however,

be realized in practice. _Therefore,

nominal

values that

;gYe closest to the computed ones wére chosen. These

~
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Table B.4 Denormalized and Scaled values of Capacitance |
and Resistance for wg = 32000%. rad/sec

SECTION RESISTANCE [chm] CAPACITANCE [nanofarad]
NO. R1 R2 C1 C2
1 4700 | 4700 3.8287 .| 1.1761
23 4700 | 4700 2.1581 | 2.0756
3 2700 2700 18.8880 0.7186
4 4700 4700 2.5455 1.7596
LN > °
- ~ 2
N - |
3829pF 2158pF / 18888pF 2546pF
1L . 11 11
X 11 jl N ER) 11
: : N

o LN
A'A APy 'A' a 'Av . AA ‘A'A )
> : 1'% {:::>7 .
4.7k 4.7K 2.7K 4.7x
']" 1176pF '|'2076pF
O- .

Fig.B.2 Cascaded 4 Sections of Bth-Order LPF
with a 3°'dB cut-off at 16 kHz.

-~

'

components were, then, tuned to obtain the desired filter

characteristies. This tuning process was done separately on

each indivigual section by meaéuring the attenuation at

16 kHz. The final configuration. of the 8th-order filter

.

] : . )
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-

tuned for a 3 dB cut-off ffequency of 16 kHz 'is shown 1in
Fig.U.1 in Chapter 4.
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COM?UTER SIMULATION

c.1. Introduction

In digital computer simulations the signals must be

available in the discrete form.

Also, the filter transfer

function must be available sampled in the frequency domain.

There exists a definite relationship betwgen time;dbmain

sampling and frequency~domain sampling. In this simhlation,

the digital signal 1is-sampled in the timé-domain where as

the filter transfer function

is sampled in . the

“ . frequency-domain. The signal is converted from one domain

to the other through Fast Fohrier‘Transformation.

»

The programs and associated

simulation hav@ been  extracted

subroutines 3for the

from the Report No.CRL-18

Part III of Communications Research Labcecratory of McMaster

-

University,

» ~

Hamilton, Ontario [Chan et al., 1974]. Meost of

these subroutines were modified, however, and new ones were

written. to “suit the needs in this work. Some impertant

4

parameters of the simulation model, which[the user must be

aware of when using these programs, may be described as

follows.

The signal and the transfer function of the filter are

. >
afde g e R e i Rt ALY

[ U

ke e et b A e T
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sampled and represented in vectorsf/ Each pair of samples,
starting from éhe first element in a vector (array),
represents the: real and the imaginary parts of a complex
sample. Thus, if a signal ‘element is sampled 16 times
(LSAMPL = 16) the -element 1is actually represented by 32 .
samples of which the odd samples are real parts and the even
are imaginary parts of tﬁe signal element. The 1long
pseudc-random digital signal stream is processed, section by
section, to save +the memory space in the program. In a
7—stagé (JLAST = 7) shift-register that generates the
pseudo—randoﬁ data the number o¢f symbels genérated is‘
27-1:127 (NSYMB = 127). Owing to the limitation of computef
memory size, these 127 symbols are sectioned into 11 lcoops
(LOOPM = 11) with each locp containing 12 ‘symbols (KKK =
125. When a s§mbol is sampled 16 times each section is,
then, represented by 192 complex samples, which actua%ly
occupy 384 positicns of +the array. Because of the delay

inherent in filters the first position in the array doces not

necessardily c¢ontain the firét sample of a filtered signal

"section. This sample may be delayed and positioned

somewhere in Eﬁe arny, accountable only by the character-
isties of the particulaqé filter. All other samples, iq
effect, are also delayedhby the same amount. Therefore, the
array into which the signal is initially loaded must contain
at its end an empty space that is large encugh to

accommodate the spilt-over signal samples.  Hence, a

512-point array (LDIM = 512) would contain 384 samples of a
~,
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12-symbol signal section and 128 empty points (LLT = 128).
for spill over. The filteribg action and sectioning/

reconstructing of data are depicted in Figs.C.1 and C.2,

A FILTER INPUT

section 1 section 2 section 3 section n
—— 4
3
L 4
1

!

JLPI LTER OUTPUT

l section 1 'lnction 2 ‘ section 3 I | section n |
{
; sum sum sum e I
\ .
A & ::< [ N\\\
\ /J ] LR
| delay spill-over .
- Fig.C.1 Illustration of Filtering Action . ~

on Signal Sections. -

\

respectively.i

The delay <caused by the filter is computed through
subroutine BISINC. and is given as NSTART.‘ Thus, NSTARTUN

’

position of the array DATA (or DATA1) wiuuld contain the

first sample of a signal section when filtered. At the

beginning of the program, a nominal value (’i,LTNOM) for
| spill-cver is specified. The subroutine CALCON, then,
computes other constants and assigns a computed value for
LLT, the actual spill-over space. Most filters do net have
a delay of more than 50 points of the signal array. LLTNOM
xﬁay, therefore, be specified as 56. LLT will, in this case,.

have a computed value of 64, However, tiqe program may have

t
PO v t - . . . B B . R R i e e i
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o KXK —inf

l;l: g;: 1 [ 2 l 3 I
t \\ \‘\‘ \§~“.

. re— LLL —p . ~—
' sampled ) -~ -
_ . lignalAL 1 _ i 2 J‘ 3 ]

: \\ \~\~ o RN -

N r4——— LLL ———pw»{ LLT j&—— LLL —H.LLI fo— -~

t e 71 8n & B | CURRR ) <

R 1% AR SO LS O =N

et LDIM -] ‘
output 7 T
of rr'r"L///////// 7 /0 .
aem ' *
y ' 1) T
NN
)
aum
‘ . —
‘ S==: == |
e L —
tput
of ::12:: 1 T 2 l 3 1

Fig.C.2 Illustration’of Sectioning and Reconstructing
the Continuous Signal Stream.

to be re-run if NSTART is found to exceed LLT, as printed on
output, with a re-specified valgg for LLTNOM that is larger
than NSTART. Letting LLT stay ;egs than NSTART causes <the
filtered signal‘ to be truncated before the end of each
section. During reconstruction of the continuous PRBS 5
stream, scme information is, therefore, unavailable‘

resulting discontinuities in the filtered signal. The
signal 1is, then, useless. A side effect of making LLT"
1argg£;is, of course, that less space is now available in
the array for the signal fér a given length of LDIM. This

increases the number of loops. required to process NSYMB
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symbels of the signal stream; hence, a long processing time.

+ - -

C.2 Programs and Subroutines

There are two major programs that were used in this
work, viz, NOISGEN to simulaté gaussian ncise by filtering a
PRBS stream and SIMULA to simulate the eye diagram at output
of a transmit filter in a baseband digital c¢communications
system. These twe FORTRAN preograms correspond to the
description given in Chapters 2 and 4, There are three
other minor programs that may be used in the event that all
the necessary input data for SIMULA is unavailablé. If tﬁe
filter is not assumed theoretical but practical, the
poelynomial functions of its amplitude and phase
characteristics must first be obtained. Program CURVFIT can
be used for this purposeo(up te a 2oth degree) by supplying
measured characteristics. In the theoreéical case, the
polynomials may be computed or found in text bocks as
described in Chapter 4. When equalization of the filter is
effected through a transversgl filter the optimum tap-gain
coefficients can be obtained by using phg program PEAKDIS.
In order to run it, a sampled pulse response of the filter
must be known. 1In the theoretical case, program PULSE may

£
be used to compute such samples by providing the poclynomials

of the filter as 1input data. In the practical case the
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samples of an isclated pulse response of the filter must be

dbtained from a CRO display as explained in Chapter 4.

/
/

.
"

PN~-SEQUENCES

GENERATION O?J

v

PAST FOURIER TRANSFORMATION

FILTER TRANSFER
PUNCTION

' PAST FOURIER TRANSFORMATION

INVERSE

TAIL PORTION OF
PREVIOUS SECTION OF
THE SIGNAL

7'y

HISTOGRAM AND STATISTICAL
ANALYSES OF THE SAMPLES

Tam:! of

xrun

Fig.C.3 . Flow Chart fo} Gaussian Noise Simulation.

]

GENERATION OF
PN-SEQUENCES

I PREDISTORT IOE]

‘. rFAST FOURIER TRANSFORMATIONJ

FILTER TRANSPER
FUNCTION

. FAST FOURIER TRANSFORMATION

-

INVERSE

TAIL PORTION OF

THE SIGNAL

PREVIOUS SECTION OF |

1

t THE SAMPLES
—ond of’

EYE DIAGRAM OF N

run

Fig.C.4 Flow Chart for Eye Diagram Simulation.

7
wr

'Figures c.3 and’C.M'show Flow Charts that summarize the

~ functions of major .programs NOISGEN and SIMULA. Table C1 is

]

ey b ety




4 summary of all programs described above.
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Fig.C.5 shows a

Flow Chart of the procedure that must be followed, in order

tc run SIMULA.
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BEGIN

* PRACTICAL FILTER
- ASSUMED

NO

FILTER
AMP. & PHASE

A
POLYNOMIALS *
", RUN CURVFIT TO
' N COMPUTE POLYNO~
'\ — MIALS; INPUT
L FILTER AMP. & .
. BHASE CHARACT.
0
\\\\\\\\‘7 YES . ~ .
‘PREDISTORTION . 8 4
Usﬁ::////’/, * '
X .
NO
. RUN PULSE TO
. COMPUTE SAMPLES
‘ OF PULSE RESPONSE
) ! AT SAMPLING TIMES
»
RUN PEAKDIS TO o
.o < COMPUTE TAP-GAIN .
) COEFPICIENTS OF '
TRANSVERSAL FILTER
. ' v '
. RUN SIMULA AND
PRINT “EYE"; IF
‘| NO PREDISTORTION, '
INPUT: NO. TAPS = 5 .
CENTRE TAP-GAIN = 1.0 .
ALL OTHERS - 0.
4
STOP «

LY
. \ . e : .
Fig.C.5 Flow Chart for the Si-mu}ation Pracedure.
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Table C.1 Summary of Computer Programs'

S —l

-~

A

Item Name Descripticon

Q

i

1 CURVFIT| Computes polynomials of up to a 20th degree
equaticn that fits a given set of data
po;nts;

2 NOISGEN Simulafes pseudc-randem ncise by filtering
PRBS using a prescribed filter. The results
are . printed 1in a histogram and analyzed for
statistical properties. ’

3 PEAKDIS Computes tap-gain coefficients of a transver-
< sal filter that is used to equalize a given
transmit filter in baseband.

4 PULSE Simulates pulse response ¢f a prescribed
filter.. ° .

[

5 SIMULA Simulates and prints the eye diagram of a
filtered pseude-randem signal in baseband
with or without predisterting the signal

vt

i
.
¢
i
-

The subroutines used for the simulation are as follows:

ADTAIL1 ADTAIL2 - BEMSON BISINC CAL CALCON
DELAY EYE : FFT2C FILTER - GDATA HISTOG
IDFIL LOAD L1 MEASFIL MINV " MULTR

ORDER = PLOT POLRBW PREDIST RCOSMOD SCUTF6

THEOFIL TRANSF USHIUT

¢ O

Table C.2 is a summafy of the functions .of all_

subroutines named above. { It also indicates the programs

(numbers refer t& items in Table C.1) that utilize

individual ‘subroutines.

using a tramsversal filter. P
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|

Subrtn.

Programs

Function

ADTAIL1

ADTAIL2

BEMSON

BISINC

CAL
CALCON
DELAY"
EYE
FFTZC

FILTER

GDATA

s

HISTOG

2,5

Adds the head porticn of a section of

filtered signal to the tail portion of,
section to reconstruct the:

previous
continuous stream. These porticons are,
then, replaced by their sum. .

Same as in ADTAIL1 but for predistorted
signal (through transversal filter)
prior to ~filtering.

Computes statistical parameters of fil-
tered signal samples. This subroutine
is accessed from IMSLIBraary of
ton. U. Computer Centre.

Determines the starting position of
#signal samples in the array after
passing .thrcocugh the filter. ,
Initializes the parameters for subrou-
tine L1.

Computes. the necessary constants for the’

simulation.
Compensates for the delay in the 'signal
caused by predlstortlon.

Prints the eye diagram of a sjignal-

array. i

Performs FFT and inverse FFT on a
complex array of signal. This subrou-
tine is accessed from IMSLIB.

Filters thq signa array . using FFTEC.

Signal . "trans/formed from time-domain.

to frequency domayn, multiplied by
filter transfer {function, and the
processed sigmal is transformed back to
timedomain. .
Generates igﬂependent variables te a
specified power (m < -20) and
computes mean, standard deviation and
correlation coefficients. | :

Sorts out data samples within a
specified amplitude range, counts the
frequency of: occurrence, -and then
computes mean, standand deviation of the
samples. . The computed values are used
to obtain the corresponding gaussian (or
normib( Probability density function.

I\ ‘ . e

A g i e e e o
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Table C.2

(continued)

H

— —

Subrtn.

¥
Programs

b ] ' \“B

Funetion

IDFIL
LOAD
L‘] w

MEASFIL

MINV

MULTR

ORDER

PLOT

POLRBW

¢
PREDIST
J

RCOSMOD

SCUTF6 .

THEOF IL

£§;NSF',

USHI

.equations

Plots

‘Computeg the complex

"complex

.

R '&

Détermines the complex transferj}unction
cf an ideal low pass filter.
Generates PRBS and 1loads
specified signal array. -
Computes -.an L1 solutlon to an.
overdetermined system of "linear
through a mod%fied simplex

them into a

method. N

Computes the complex %ransfer functicn

-of a filter whose measured amplitude and

phase characteristics are given. .
Inverts a matrix ‘using standard Gauss-
Jordan methed.

Performs a multiple linear regression
analysis ‘for a dependent variable and a
set of independent variables. <
Constructs a. subset matrix of intercdr-
relations among independent variables
and a vector of “dntereorrelations of
independent variables from a given
larger, matrix of correlation-
coefficients.
several
base variable. . :
Perform¢g (i) reading the problem
parameters -for a peclynomial regression,
(ii) -calling subroutines to perform
analysis, and (iii) printing and
plotting the results.

Predlstorts a signal array using a tran-
sversal 'filter of specified number of
taps and tap-gain coefficients.

Computes the complex tranfer function of
a raised cosine filter  modified with
x/sin(x) funection.

cross-variables versus a

transfer function
of a sharp cut-off filter with a 6 dB
attenuation 'at Nyquist- -frequency.
Computes the complex transfer function
of & theoretical filter when filter
order and poclynomials are specified.
Transforms a real array of data into a
array of - half size and vice-
versa.

Prints two . histogram;f(superimposed) on
a given amplitude range. This subrou-

tine is accessed from IMSLIB. ’

’ Il L
\
. ) -~
o e .

r
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\ .
C.3.a Decription of SIMULA, : - )

Xd

Each section of the signal is preocessed according to

the flow chart as shown in Fig.C.4. ° Two arrays DATA and
! 4 .
 DATA1 contain signal sections. TAPE1 and TAPE3 are used for

temporary 'stor;ge of 1intermediate data. The transfer

. fumction of the filter is computed and gtorqd in the array

f' 3 TF. TAPE2 1is wused to store permanéntly the processed

signal, section by secticn, at the end of each lcocop- of “&he'

5 rup. Arrays NX and TAPGAIN' cohtaiﬁ; respectively, the

a .
- contents of the shift-régister that generates PRBS ‘and ‘the .

tap~gain coefficients of trapsversai filter that equalfzés
the spectral shapiné analecg filter. Five ;ogiééi switcpeé“

SW are used for optienal printing of ihtermediate data
3 q" °
during the m™un. B

. ) . - . " / “ ®

' The operation of the program eould be best descri%}d

! -with the aid of a fléw chart -as 'shown in Fig.C.6. Each
' * E 38 © L4
- . “section of thé signal is loaded into either DATA or DATA1 as

*

peeessaf& by subroutine LOAD. ' é?e signal 1is, then,
J

o

predistorted by PREDIST. When twoyconsecutive pregistorted
I ° VC : g

. sectiofs of the signal are available the tail ponfién of the
e ‘(_‘ y . ’ "o ' '
- first section is added to the head portion of the next. The

L

latter 1is steored in TAPE1 temporarily'while thve other is
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Computation of constents,
filter tranafer function
(TF), etc. and reading

- tap~gain coefficients.
i
LOAD - LOAD >- LOAD
. i '
T ® |oam ! ® | pamar’ i @ PATAL ‘
7 TAPGAIN ® | ‘ I
>—= rreozsr 2 J 4 PREDIST [e—— TAPGAIN D—i-% PREDIST | ‘
® ! * )
e - = - = (19
@ DATAL .. DATAL
. . DATA ® read DATA 1
. {eadl) (head) (:f‘ (tail) \\\ {head)
7 ’ ‘ -
b R writs DATAL
Annxx{ ! "DT\"’)“ - ,
e s ® |[oama DATA

- DELAY DELAY
@ ;; _— = = e - - e = DATA
o DA .
I ®
' ‘ |
a9’ -, oy 3 .
. ?%Tl’ — L G PILTER ,
- >
: r- write DATA : @ DATA ,
o c ! @ » { )
| .®_ - - ! .
. . | e - _~; - - )
- read DATA < @
- L4 ' e ﬁ t 11)‘ - © -
T - a {head <
: oo R e B
. | . ADTAILY v
: v/ . .
. i ¥ write DATAl . ..
) ! @ q
N\ Loz @ _
R , end of run ‘
' WOTE: 1, Wames in capitals slong the 2Yz '
paths identify arrays. -
’ 2. Circled numbers are for traci- . *
, ng the path, . 1 .
. ° 3. Dashed paths represent transfer '
of operation. ( sTOP >
! ° s

Fig.C.6 Flow Chart for SIMULA. .

[y

compensated for the delay caused by thhe predistortion 'gn&

.

Y
- N .
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3 Y
Al

is, then, filtered. The filtered section is stored in TAPE3

temporarily while a third section is 1loaded and processed
)

until the tail«head éddition and dellay compensation after

3

predistortion. The second section is n filterel and again

“ - + / N
the tail-head' adding cperation is performed With the first

\

'section recalled from TAPE3. At this stage, the first
section of the signal {is proceésed completely. Once a
section is processed completely it ié stqred permanently in
TAPE2 followed by the next completely processed sections.
When all lobps of the run are compieted (the numbér of.loops
*rbeing established at the beginning of the run), TAPE2 is
rewound by subroutine EYE and the eye diagram of the
filtered signal is printgd. ‘The listing of the program
further describes each step of the simulation through its

[ &

comment cards.

i)
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C.3.b Description of NOISGEN B

i

\

The method of processing, here, is the same as that in
SIMULA except that no predistortion 1is performed on the
signal. Instead of processing three consecutive sections of
signal as in SIMULA, only two sect{pns need be processed
simultaneouély. When a section is processed completely it
is stored permgnently in TAPE2. When all the secticns are
processed, ' the filterd signal is read from TAPE2 to print a
histogram of its samples depicting its ‘amplitude density
function that 1is superimposed with a theoretical gaussian

probability density function having the same mean and

standard deviaticon. The samples are also analyzed for

statistical evidence of gaussian character. A flow chart

for the program is shown in Fig.C.7. The listing of NOISGEN

further descriBes the program thrcocugh the comment cards.

W e A e

e
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Q.

Computation of constants,
filter transfer funoction
{rr), etc,

F==-"

160

- e e o - e = e e e o

-d

reset to (O]

2

Names in capitals aslong the

paths identify arrays.

2. Circled numbers are for traci-
ng the path.

3. Dashed paths rapreassnt transfer.
of operation.. .

-

) @
B o T ST
[
LOAD ' LOAD
Oloama” ® {oata1
-« FILTER ™ FILTER
e - - e - - - &
@ |oaTa ® |oata
. (tadl) ) § (head)
ADTAILL
2]
. @ {write DATA
APE DATA«-DATAL
-n'd of xun ’
RISTOG WOTRs 1.
]
BENSON

( sTOP >

Fig.C.7 Flow Chart for- NOISGEN.
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Description of PULSE ‘ 1

G\;‘Boc

»

P - : ,
, //Whis is an extraction from NOISGEN, but ficdified to
. 8 o
v si#hlate the response of a filg;r excited by an isolated

“-—~--“pulse~, Inst®ad of loading the arra& DATA with KKK syﬁ%ols

‘time-domain 16 times, is converted inte frequency-domain,
. . [4

multiplied by the filter (theoretical or practical) transfer ..

..fuﬁctign and converted back to time-domain. The listing of

[ L B %
" . pulse is given’nextg ” a ' .. s - /

: . } . . a
\ . N . - ORI

g

|

T as lgggy’ previous pfog}ams, a single ‘pulse sampled ?in€
" Vd

{

T

Lxd
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C.3.d Description of PEAKDIS

The program assumes that the predistorter (transversal

filter) has (2N+1) taps, symmeirical about the center "tap

‘and that the input pulse has (2M+1) samples with its peak

represented by the (M+1)th sample. The program adjusts the
number of samples to be (2M+2N+1), the resulting
non-existent samples being assigned with zerc amplitude.

The listing is given next.
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C.3.e Description of CURVFIT

This program computes a polynomial up to 20th degree to

given set 6f data points (x- 9nd y-axes) . The maximugp

number of data points it accepts is only 50; if not, the °

program aberts. Optional pleotting of the given data points
and the fitted curle on the same axes is supplied by 'PLT=
.TRUE.'. 'If statistical information with regard to the
regression analysié is needed 'PNT=.TRUE.' must be supplied
at input. Alsc if there is nc improvement in tﬁé fitted
curve below the specified degree, M (<20), the program
terminates. To have this capabilit& 'TERM= .TRUE.' must be

given at input. The listing of CURVFIT is given next. N
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C.4 ©Listing of Subroutines

Each subroutine 1is described briefly at the beginning

ts listing.

Further

~

description

to

some

.

of

the

subroutines are,give;x by Huang [(1979] in Appendix C2 of his

a

Ph.D.

thesis.

.3

J2]
.
' )
.
’
{
. .
o
.
\
4
* -+
.
, .
L g
, .
-
L
Y
.
R
‘- &
et




— R e i) w e e aw e ave e e o \\

T 172

1 SUSRILTINE ADTAILYITASO A YS9 hndaY3,LLTHLDIW)

SO OB BEBNINIIONSDHDEINIIINESC G RABITIININDERTIGNINIIIGISONARNRIOORES
® T4718 SUBSCUTINE 4N0C Tul L a7 (LT SC™PLEY VILLES JF aktils  »

® T IH: FIRST LLT ZOYRLFX vale:> LF sarmeYis aN) Tre VALLE. .

A& Z A,PLATED 3V TH[ Suv, -
essve L T R L TR I XY

"W
L]

CINESNSION AcaYa(iIl®de s63arattll®)
1ze2eL LT
€3 11 Il=1»12 )

10 TJeLDIn=T20¢1]
AREAYBCIT)estR)YR (T X JeaRRAYA(]LJ)
11 AREAYAC I J)eaRPAYMIE Y)Y .

RETURR
END
Il 1 n
iy TUIRILTING ADTAILZ(AP 2 AYAod2aAYI o "2o0I14)

GO0 GO Wegr It NI I s B ettt tittIet P 0446000009040 ¢00s0rsTsd BRIt
41y SUBRQUTANE AD)S FUZ TAQL PORTIOS OF agiAYA T( J4E o

4ZAD PORTIAN OF LRIAYN ATZORIING F3 THE /alUc ASZIGNED #
TO PARAFITER N2, THIST P 3JATIONS AR: R PLALLD BY THe SUNe®

SIGNIL ARRAY e
.O‘“0‘000'!00..00‘.00'0!..00"‘0‘0’0!!O0.00'!'IQ'.‘!'Q'OQ.

DINCHSIQN ARRAYS(LOLI™Y .mutaunm

d

.

.

o IHIS SUArdJTXINE 1S FESESSORY JHEN PRESISTDNFING. IML_____._._ ,
-

.

10 NislDIk~N2
00 11 I=1,N)
_deh2eX P [P .

ARKAYB Ci)eaRRAYS( %) H-Run(n
11 ARbAYA L) 01RAYYLY )
1= LIS {ILTN ;

END .

v

1 SUSROUTImE SISINCIOATApTFyLSatPLarsTATHLITI"sNpM)
SO0 BEIIIIPIN IV BRINININIIP R D ODICITINESOBUBHITIINOLRGICIIINITIBSROININIP?

JHES SUSFOUTINT DETERNINES -2 57a2F JF Sawpijw6 PLS)Yicw

OF A SIGMAL AGIAY AFTER IT Far$atd TmaZLGd 148 TEANSPITTE. FLLTER,
[}

1

DATA ARRAY CONTAINING THE SICMAR

-

TF * ARRAY CONTAINIMNG THE TRANS™ITUER FILTER TRANSFER FUNCYION
-
-

NSTARY BEFQAE T RANG® [}

30
THE SICNAL 15 AT LGCATION 1, AFTER FECTERING THE STARTING
SARPLE WILL BE AT MSTART,
ADIE _» DIMENSION OF A®RAYS DaTa _AnD %, L]

10

S o|les aise ol

.
.

]

L)

L

e LSAML N0e CF SAMPLES PER SYRSOL
[

[ ]

L J

*

L)

POAINNI0E04 002008101000 R0R0000000800400000003080000000000000000000000 -
DIRENSIOM DATAILDI™) » TE(LOIN)
13 JNJEX=Q

’ 00 11 I=35L0IM .
11 DATA(I)eD, ,
LSANPZ =2 OLSANM, :

IletSAnpP2-]
z0 D0 22 X*1s11s2
22 DATACL)e],

CaLt FILTEND"IOTF’N.’MLDI'"
SUx=0,
DD 88 K=},5]190s2

"

4] I2eK oL SAUP2~2 .
TSLn=0,
PO 33 I=%,12;2 -

j 1) TSUNTSUNCDATACT) . -
IFCTSURLWTSUNY GO YO hnd
30 SU"LSUI ’

KSTARTeK
&4 CONTINUE

mu-lunun_‘r.‘

1F(INDEX.LE.1) 6B TO 1 :
33 NSTARTeKSTART ’

) PAINT _2aNSIpnt

' 3 FD,;M‘(IISI.'S"IT OF !I"LIIIG AT FILIER QUTPUT, NSTART o o)
; 43344

¢
.

L3 "END

e

.\
S
.
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1 SUBROUTINE CALUXXoRoBsYsEnSoLNsLPLToN20 N2, TOLERIGRIN)
SOOI ONI S AN PP PEIIINITOTIRONIINIINIFBOIINIINITINNDE
. . IH]IS SURKOUTINE CORPUTES Tt ﬂes‘,}}“ﬂ CONSTAMNS FOR *
[ CALLING THE SUBPOUTINE L1 IN CRDuR TU SJL Ve THE DVeR= @
S . DETLRMIMED SYSTEM OF LINEAR EQUATIOAS, *
BN N R E G PIIRIIEOENEOPIEEINPO RS ne0titittse rBrIteeNtsetns
DIMENSION XX(LTD o AUM2,N2)sBELMDI» X(LNISELLNM)
INTEGER S(LM)
PRINT JoLMsiNsLW

10 00 10 1=1,LK )
DO 10 Jsl,tM
10 AULpd)emXX (T=JolW)
Jel g2 !
plie1d =g,
13 00 20 Is=lsLA

20 PRINT 2,(0{I»JVsJ°1,L0)p»8(]1)
N CALL LLUILMsILN,M2,N2,4,%,TOLcRSX,E,5)
1leatPr2-19N2) .
4 120A(P2,N2-1}
20 13ea(m2,n2} -
PRINT 3, A(M2=)1,N2=1),1},]2,13
JIFUTI24NEe2) 60 TO 21
PRINT &
’ 66 TQ 99 . ‘ -
25 11 J1F({12.£Q.,0) PPINT 3
. IFE12.E0s1) PRINRT 6
Joe=LN/2
PRINT 7
00 30 I=),LN
30 PRINT &,001(])
30 dudeld
. ° PRINT 14
. PRINT 213,(1»8(1),51I=1,1L0)
ST1)eXULN2¢e]) .
1] PRINT @ . . ]
i Je=LN/2
. b0 40 1=3,0N .
X{I)eX(I)/N(2D .
BEIe¢l)ugalN/NLY)
L1 PRINY 12,09 XCT Ve driilel)
. 40 deJe] '
: - ) FCRUATVEIHI o4y **ATRIY A0, J20%5%5J2,%) AND VECTOR Bl®,pX2,9),%07)
) i 2 FOCkMAT(13(2XsF8eS5))
3 FCRPATCLH1AX, ORESULTS 4/5X,0aneenncs//S X,
43 SCMINEPUN SUK OF ABSNLUTE VALUES OF THE RESIDUALS®»TODS
*9s 85016,10/5Y,¢THE PANK O0F THE MATRIX 24 00,740, ®,13/
¢SXpSEXIT CIDE OF THE SUBFIOUTINE®,TL0y%e o,13/
45X *NLMBER OFf JTERATIONS REQUIRED BY THE SIAPLEX METHOD®,
160,90 *,]13/)
- 50 & FOPMATC//5Xo¢CALCULATIONS TERRINATEL PR RATURELY DUE TO o
. - +PJUNDING OFF ERRD®S,%//)
5 FURMAT(SX,*0PTTMAL SOLUTIONs WHICH 1S PRUBABLY UNIQUE IS ¢
$0FQUND ,®//)
6 FOPMAT(OX,¢UNTOQUE OPTIMAL SOLUTION ]S FOUNDge//)
55 7 FORMATU//5X*SCLUTION TO THE PROBLEM,*/5X,
' +¢TAP=GAIN (OEFFECIENTS ARE»®/7)
b FORFATC(SX,0C(¢,13,%) o 8,E)5,8)
9 FCuxPATC/5X,9COEFFICIENTS ARE NOQAPALIZED w)TH RESPECT T0 THE ¢
COCENTER COEFFICTENT, ClO)e®/7/7¢XoonCENALIZED COEFFICIENTSS)1NKG .
60 % COIRESPONOING PSCISTLK WALLE®/)
12 FORPATESX,9C(0213,8) 5 0E18.E511X,0(05T3,0) s 6,E1 8.8,
46 FILG-ONHNSS)

toe -~

13 FORPFAT ISR OE(9,12,®) o 4,518, 2)
i . 14 FORRATL/Z/5X)0RESIDUALS 1IN THE EQULATIONS.*/) , } 4 ’ -
B 63 99 RETLR N .
. END N 2
t N s
:
- " o
. , : .
- ’ \
) . ! ' s »
hd ( . Qq
¥ , -
: r . i 5 % .‘ r
¢ / ) ' ‘
. . . 3 . .
£y 1 el
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1 SUBRDLTINE CALCONILSAYPLALL TNIP)LLT KKK NSYHY JLASTS

$LOOF =, L0INBINATE,SBANY)

~‘.‘..l.....l.'...!.“.lt.“t'l...."5‘..0"0....‘Q.Q‘.‘....“
[]
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* RIS SuaaJuTING CaLCULSTES SSRE
CONSTANTS NECDED XM TYME QPiSaYICM GF DTHER SUSROUTINE S

)

.
L ]

LESsMPL = M, SavPLES P SYRCL,
LLINCR » APPEOXI™ATE M3e LCCATIONS RESERVED FOR
FILTE? SPILLCveR EFFECT,

10 JUASY = SATFY EESISTER aARRAY LENETH,.

(X R s EYACT %3 LCCATICNS RESERVED FOR FILTER

13 SPYLLCVE? EFFECT.

RSYKY ® T3TAL 0. SYFSCLS 13 fE PROCESSED,
LOZPN = PaX, %)s ZALCULATION LOOPS NEEDED.
SUANDK @ SI=ULATION EANZwuIDTH,

-

.

s

[)

]

[

[

+ ~ ]
THE FOLLCWING PARASETERS ARE RETLRANED. ]
¢

[

¢

L}

]

]

[]

.
*
.
.
L
)
+
¢ KKK = ND, SYMIOLS YD OF FRCCESSED IN A LOOP.
.
.
'
.
.
]

6“-:.0-..-0?00»6. Y IO L I O I X NI I eIyl

20 SBAND avBIRATESLSA®PL
LL=LDIns2

AKKm(LLelLlTIR) /71 SAPPY
KAX & FIX(RKKD
LLT=LL={KKKSLSAYPL) ’

25 RI¥ P20 ]i3T-]
SYFEeASTAD /
. SK K @a KK

L=I R {1 . ALY
LOLP=elFIX(20OL)
30 el CIPR

TFUR LT, POOLY LDOFeell0Pre}
RETURN
End

1 LSUBROUTINE DELIV(DIHN.LSAHH:[DH:KKI!
86000000 080003000800 000E00100000 0080400 UIINIY

s _THIS SURRQUTINE SC¥PEN

¢ PREDISTORTING PRICESS,

. ] 000400000 00003000020 0000000000060 000000000OEIRBENININNSGGCNY

OLMENSION DATX ELDIN)

Ko2elSanPLo(NS2) ,
Tle2elSARPLOKKK
D0 31 l-1:11»2

10 1216k
DATALI)eDAYR(]2) '
1 DATAUI¢)1)eDATA(T2¢1) ’

- ) . [ Il=]1¢}

D0 -22 le11,LDXM
19 . k44 DATA(])eDe -

RE TURK
END -
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3 SUBRQUTINE SYE (NS, »28) ~ {
....“.......‘."‘...‘.“..“....."“...‘....‘......“.‘.'...'.‘ :
" ® _THIS SUSROUTING PRENTS 8 131 X 6L MATRIX QF T4 ZYE OlAs3any ¢
* ¢ THE OIMENSION §31 COVERS ONE BAUD INTERVAL OF TI®¢ w~1ILE THE ¢
3 @ DIMENSIOM 82 REPWESENTS VOLTAGES RANGING FAON =3,2 ¥C ¢1,2 ¢ :
¢ VOLTS. .
00000%00.0o-‘oOQOOOOOOO000000‘000000‘000“00.‘o--oun't-o.ouo“o . \
* IMNTEGER STEP»RLANK NS HoPOINTICHIN2Is 2221 .
DEMENSION MAT112064]1)e3TRGCOTISX14095) - -
10 BATA (CHUI)pIo1032) /7 HL01HZs 1M 1H1AS o480 inTalE sl sl el48,
SLHCH IHD LHEp LMP TS 14 1ML o MY JHK, LML 2 1 4%, 1 4%, 1405142, LHG, L 4R,
1S p Rl 1dYp AV L UV/
DATA BLARKZLIY 7oCASH/ 14=/oPOLINT/LHe/
. OATA T0RO(ZIwTwlp 130/2HI292H1CIIHEY IHS s AHAS1 420 1%0 0 14201Abe 14D,
&) S1M8p2HLIC 2127 !
NSTenNSBONPS

10 Istel -
20 REAQL2) ST - ' N
: 1EC KL GE,4097) 63 T9 20 -
! [F(EQFL21) 20512 B
20 JXa}l
STEP=]28/n8%
23 Sl’l'!'!'SHI’-!‘S"!HSI(!)
STCNSTOL)InST (NS T=21~30STINST-1)030STINST)
REWMINT 3
Jeanlte]
- URITECD) STARY,(ST(J14001,4G)
30 , 00 11 Ns2y»rs
JAs(N=]l)oNSH
JEsliensrel
11 MRIVE(I) (STUJDylnla,edn)
REWIND 3
) »” 00 22 J'l;l!{ﬂl—
* 00 22 xel,l}
22 RAT{de% V=2 ANK
\ . 00 33 L«1,61,*
' Rel 7541/
40 RAT(133sL1eC03 () ’
00 233 I=1,129 !
33 RAT{dsl ) =3RS
00 A% Le1,51
' nncJ.Ln-ur(u.u-'n(zrumuun.u--uuz.u-?u!nt
L)} PATEOS, LV =AT(T0oL)=RATLY SMAT(103sL00"aTC3150L)eP0lNT
[T} RATL129,L 1=POINT
JAs (NSBel)eSTERO]) "

Yo ey
. o e b b
Bt BB e ot 25 VPRI DA e

-

DO 77 N=1,¥9S
so READ(3I (XI5 JoLe ity STEP) .
00 5% Jel,us®
[I={a-113TEPo]
t2e1ieSycP
! . : P3s12¢STEPR ,
B ] K1213=(T1=12V*(11-13)
‘ X129 (T 2=IL19(12~13) ¢
131320 013=J100013~12)
0C 38 Ke1,INT
X . Lellex
. - sa(leT21e{L-1300R011)/X1213
B TS T ITot =T 30 e ([} 73212% g .
ColL=T1)o( =12} oRq1II/RI1DZ : .
' 55 XiL)wAsgeC © . .
g NCHFOD (N, ¥2) i
. JEONCHo QWD) NCHe)2 :
n 00 66 Jols) 29 Y N i
. BC TR IV oY, 192598, :
LOwDa . ! i
PO TIF(DA=L0,CEs0.%) LOmLO0L ' Lo s
R =, TFTo. LY. IV 15e8 . o
TFIL2,6T4561) Lie8) - . .

: Lee02-L0 - -
C . 1) RAT (s Lo T LAl T ‘
. . TT CONTINUE - '
M | » PeINT 1 C fe \

¥ ot " s A Sy T e

o g pore

SN
N

*»
-

<

1
‘!“oﬂn 10103“0370 th"‘-Tlt °lp)‘hﬂn 10!.!1-'!’. l.ll -1'!"

|
i PRINT 2,MAT ' :
. _ % ARA e 12981, 127 ’ ’ . C
. ™ RETURN L ! .
. L . _EwD » . { '
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SUBFOUTINE FILTER(SIGNALsTFsNsMsLDIN)
0600000008000 0 020008 R¢RSSAGCORLRVINRCISIBEOPCTRICNIIINBEEIRNRINININSIPEORSY ¢
¢ TMIS SUBBOUTINE PERFORMS THE OPERATION OF FOURIER TRANSFOSNATION ON ¢
LR AL GNAL AND SULTIPLYIN WITH TH LIzR TRANSFER FUN Mo J
® THE RESULT IS RETURNED INTO THE ARRAY 'SIGNALY, . .
SE008S00000003004008000004400E00440RINEEEORIGIIINIIINRIIEIEEItIICEOIRIODg )

DIMENTION SIGNALTLOTMY» TFILDINI,IWKT20) .
CCPPLEX A1512) . ‘
NlaM-] T

s

10
o

— S

THE REAL ARRAY 'SIGNAL' IS TRANSFERRED INTO A CORPLEX ARRAY A0 ,
8Y SUBROUTINE TRANSF., THE LIBRARY SUSRDUTINE FFT2C [

15

PERFORNMS THE FAST FOURIER TRANSFORMATION ON SISNAL ARRAY AV,
L)

n oo

CALL TRANSFCAs STENSL sNs0pLDINR)

Call FFT2CLASNIGTWK)
DO 11 I=I,N
11 AfI)=CONJGEACIY)

20

* B s
THE SIGNAL IS RMULTIPLIED 3Y THE FILTER TRANSFER FUNCTION.

CaRaXall

53 22 TSN .
I1ele2  * -
IR=11-1

25

STeAALTIRY = TFUTRVSREALTATINI-VFUIT Y e ATHASTAII}) !
SIGNALCII) e TFCIII*REALCALIDNICTF(IRDICAINAGIALLD) .
22 ACZ)oCHPLXCSIGNALIIR) »SIGNALITIIN) : M

IMVERSE FFY IS PERFORMED ON COMPLEX ARRAY 'A?, -

ﬂﬂq

CALL FrT2CTa, NI TWX) B ¢
03 33 Iel)n
b £ ] ACI)sCONJSIALINIVIN

THE COMPLEK ARRAY ®A' IS TRANSFERRED BACK INTO tHE REAL ARRaY N
SSIGNAL'.

[ (o Nala

CALL TRANSF (A5 SIGNALIN»1sLDIND ’ s
AETURN | )

40

EnD ; :

&

. SUBROUTINE GOATA (NeFpXo X8R, STDHDsSUNST)
0000000000000 0SEECIS00I00R00VL000I0080040088¢¢00000' 0000000000000

SUBRQUTINE GDATA -

omenewees

PURPOSE

GENERATE INDEPENDENT V""DLELM_I&E_‘_:%LMLUAL_______ q,
HIGHMEST DECREE POLYNDWIAL SPECIFIED} AND COMAUTE REANS, ° ’
STANDARD DEVIATIOMS, AND CORRELATICH CCEFFICIENTS. . THIS ”
SUBRQUTIN NORMALLY 74 (1] R RDERe

10

L X LK X A0 X 2 3 J

NINY AND NULTR IN THE PERFDRMANCE CF A POLYNDMIAL
REGRESSION,

*

.

13

USAGE’ .
CALL GDATA (NoMsXpXBAR,S5TD,D»SUNSA)

DESCRIPTION OF PARANETERS
L] = NUMBER OF OBSERVATIONS. =
" - THE HJGMESTY DEGREE POLYNUOMIAL T3 OF FITTED,

oo sloesienver ajoa sl

= INPUT RATRIX (N BY Rell o« WPEN TAE SUBROUTINE IS
CALLED» DATA FOR THE IKOEPERDENT VARIABLE ARE
3 N F ex CF PATRIX N .

¢

THE DEPEMDENT VARTABLE ARE STORED IN THE LASY
COLURK OF THE PATRIXe UPJOn RETURNING TO THE
CALLING ROUTINE, GENERATED PGUERS OF THE INCEPEADENE

29

30

Of
o -
B

VARIABLE ARE STORED IN COLUFNS 2 THROUGH M,

~ QUTPUT VECTOR DOF LEMGTH Pel CONTAINING NEANS OF
INDEPENDENT AND JEPENDENT VARIADLES

= OUTPUT VECTOR OF LENGTH hel COMTAINING STANDARD
DEVIATIONS OF INJEPENOENT AxC CEPEMDENT VARIABLES,

= CUTPUY ®mATREIX (ONLY PER TEIANGULAR PORYION 14

2

’

XBAR

-
-y
-]

4

2

»

SYRRETRIC RATRIX OF Nel BY Fel) TONTAINING CORARELA-
- TI0M COEFFICIENTS, ' (STORAGE MODE OF 1)
uUrso - QUTPUT YECTOR DF LENGTH mel CINTAINING SUMS_De _

hn

PROQUCTS DF DEVIATIONS FRJON REANS OF l”i'ﬁlbm v
-, AND DEPENDENT VARIABLES. .

N

o

REAKLNG ‘ .

Colovejvociovrs|jassionsijeosoieoseios ejee¢le

] ﬁ! Bt GRAEATER THAN Rel,e , - ,
SUFFZCIENT TO SIVE SATISFACTORY COAPUTATIONAL RESULTS. L

#

E

LY WAL N AL W I IC N I 0 3 A AR B A 38 3% ST K 3 A 11 3 J

a i

"o - . ;

B

‘

sulesale

.
P B

Lrmgwe b waren
a

¢_NENER — ‘ L
+ REFER 70 8, USTLEs SSTATISTACS TN ER3A0ACAS, TWE TOVA SIATE
$ COLLEGE PRESS, 9S4, CMETER 6o |- » .

e

/A I RN

* 000008

YTy P -y
L

i

2



\ . / - ’
LY y . . . ‘ \ <
.\ . . - ,
” . »
: ' - P ¢ 1’77() .
- ! 4 . =
: * - s - - DIMENSION X(3)»JBARL1II,STD(1)5D(1)53UNSAL1) N
: < ¢ _t 4
: \c-...."tcl...l..l....-.'..l.....l..ll...lll...'.--.-l.-..‘..'........
¢ ¢ .
€ 1F a nouRe PRECISION VERSION QF J~IS lnu\ut IS DESIREDy TAE 2
MRl 1) € C IN COLLMN 1 SWDULD SE FPEMCYEL FROM THE OOUBLE P&ECZISICA
C STATEMENT WHICH FDLLWS-
8  of
\ v DOUSLE PRECISION STOsDsXpXBAR,SURSE
! . c
-~ 60 € THE C MUST ALSO BE PENOVED FROW COUBLE PRECISION STATEMENTS . v
C APPEARING In OTHEW ROUTIWES uUsS£D IN COnJusITION WITH THIS .
C . ROUTINE. k .
[ .
| R € YHE DOUBLE PRECISION VERSION OF THIS SUBRJOUTINE MUST AL3O .
, : 63 C CONTAIN COUBLE PAECISION FORTRAN FUNCTIIONS. SORT AND ABS IN
/ N C STATEMEMT 180 us;rlas CHANGED TO DSOWMR AND DABS, . v
\ g STaiee g . Q
’r A'. - c.......l.l.-l..ll..l.I.‘.I...l....-.l-...........ll‘l..!ll.ll.l.l...
: c
70 C SENERATE INDEPENDENT VARIABLES .
c .
C 900 FORPAY (/s13,77501X510F1Co4)) \ @ . -
110 .
DG 100 I=2,% _—
75 Li=Ll+N - ; -
" < . 00 100 -J=1,% v P
. - Lel1ed , ,
, > Kui =N o
N 100 x(LI=x(KI*X(d) 4
v (1] (4 :
. - € CALCULATE" REANS "
- €
- . HHeNed -
DF=N
L1} =0 7
. 3 . DO 115 Isl,n%
X3AR(I}*0,0 .
. 00 I1¢ J=1,% ” ‘
: N SLale) o V.
\; 90 110 XBAR{II=XBAR(I)&X(L) \
}u XBARCIF=XBARCTI/DF ” 7 R
Y 4 c .
4 dK=13 w :
« 3 WRITE (6s900) JIXp (X(JL),sJdL"1s40) / . s
. -« 95 D0 130 Iel,"n . "
130 _STD(I)=0,0 -
C CALCULATE SunS DF c:joss-nonucts OF DEVIATIONS
oo~ (4 . d 4
100 4 (ALY ELLINZ ] . L

DO 15C Irlsl ° - ' ‘ -
150 ou)-c%’

?0 17C X=1,% =
-0

103 DO 17C Je1,MN fo,
* 1 (ZeNe{J-11oK
a : T2eX{LZ)~XBAR(ID
- . STOLJ)aSTDIIIOT2 : z
00 17C 1#1,4 ~ 3 \\
110 Llene(I=-1)eK -

7 . TieX(L1)-X8ARCY) -

. LeL el B
170 D(L)=DIL)+TYIeT2 ’ ~
L [ JK=le N

118 ¢ VRITE (659000 JKs (XCJL)»JL=1s40) <
. L=0 . .
C . DO 175 Jei,mm > «
- D0 17% 1s1.,4 7 : .
LeLel . K
.. 120 175 DCL)DL)-STDC(])*STDCJ)/DF g
L=0 4
DO 18C Iel,AN
’ L=t ¢} h
. ) Sunsat11=0tL)
. 125 180 STD(I)=DSQRT{DABS(DILII) :
- ("
- 2 C CALCULATE CORRELATION COEFFICIENTS
¢

; < Ax=1%

, 130 WRITE (6,900) JIK, (X(JLI,JIL=1,40) ‘@ ;
: b Le0D v
. D_19C J=)1,nN

: D0 196 1=1s4d _ N .
» L=Le1 /
bR 1} - 190 DELY=CILI/L(STNLT)SSTNCINY

{ N .
B L R . . Lo . L R O N e
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CALCULA&Y&IDA!D DEVIATIONS |

Y L. 178

-
(222} 2 XaXal

140

dKels B
WRITE (629000 JK,(X{IL)pIL=1s40),
DFeSQaYT{DF~1490)

230

03 20C 1=1,%W i i
STD(1)eSTO(IV/DF . , |
RETURM -

183

END /

) &

T-s

L L]

¥
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THIS SU3«JUTINE STANS A SST OF DaTA PIINTS STLIE) IN 4

[
f s .
.

I Y Py T R L L T L L T T T T Y e

TAPcZ aND PYIATS & A13YTS0aA% 9% THe DensIVT Z5RITICw s

OF Toe DATA PITNTSy T4I INTIQVAL, AB) BITa:ziv ADJATEINT &

*ARS OF Tdr ALSTISAAM WIST 23 SPeCIFIE0 AS INPUT SaTa, o
DIMZNSI0N TEI22)»Ul13D)9A(504)9d(227) s al521sX(122)sV (15304}
DIMCNSLON 4 IPT (%) »2R1TL4)»5TATIS),PAR(2)

10

REAL FEANS AT VAT =
REJIND 2
DD 11 I=1,109

13

I

TV =ullY=%,
SA2PIn RTI R *ATANZ (100 1a D)
MINwYAXeSUNeSUMTeSYSIe,,

Kol
10 READ(2) V(O
LFLESFI2)) 29,18

20

TS TFTATNG G YT Y RINGY(XY
IFCPAXGLE,Y(K)) YAXsY{K)
K=Kel

p—rr—— ey — - —

PFUG ST 163380 29,10
20 KeK=1 %
DYa(4ax=MINIZ13), ;

TDT IV TRLK
ConIN

03 22 J=1,100

*0

R} \
TFCY(IDaCE,CoulVOY{L1)aLToZ#DT) €3 TI 30
11 celel

=TT I YD 33° -
30 T(L=T(L) el
33 CONTINUE

.

3% -
€

UFEETIN ) TR )
SUMSSUMSTLTY o
SUMSaSUASeTCLIELIT(I)

113 SIS JeSUNSTET (IVIFI AT+ A .
® REANCSUMS/SIN .
VAR={SURSA-SULSeSUNS/SI*IZ(SUr-1)

[}

— DEVISIRT(VaR)
PRINT #,% MZAN = ®,42iN, %,

VARIANCE = ",VAR,®, DEVIATION = ™,
¢DEV .

LI )

00 55 1«1,130
X(T)=FLOAT(I)
. UGT) sSUNSEEXP(=(X({T)~MTaAd)o(X(]I=NEAND)/(2,0VAR))I/(IEVOSI2PI)

el
{lF(U(ll-FLJU(ﬂ'.'i?.C-S) Nek+l .
55 ULI)«FLOAT(N)

L‘ 0,

PRINT o, % " HT o W07~ — .
PRINT o,® 43SCISER SIALE ®
PRINT 1o(X(11pI=101000 r

PRINT ®, W TV ¥,3J9, %, SUNT « F,3U0%5,%, 3JUasc
PRINT ®,m FREIJUENIY IF CCCURKMENCE OF DATA VALUES
PRINT 1,(T(1)sTw1elIN

= ®,5uN30
-,

55

PRINT #, 0 IO TNLTES 37 GAUSSTAN POF uve v
PRIRT Lo(UL1DsIe1p1IN
CALL USATUT(T»3,10%,3s0,wsldslcR)

NT 2,Sums S3AN, VAR DI TW, NINSPAX,DT
AC *»CICPTIYY oI olobt s (CRITIZIsInTnd) 0
PRINT op® TO2T(] [0 4) = ®,15PTp" CR1ITH) 10 &)

N

IS

65

. -.:a(“r
CALL EEuSCRiTs Ko 10P s 03150 PhasSTAT s Ne T2}
PRINT wo® PAR () [2 2) = ®opubym, & 2i5e FRLEDIY = weA
PRINT #,% STAT (1 11 6) = #,81aT

1 FITMTLII 2 F 11,21 T N
2 FORPATIL1Aus 28X, 9IN T4E ABDVE r,lsnxs‘unaw.?uaox.
4983, SAMPLE VRLUES* T73s® » ¢,FL1C,3/33Ky *SANPLE MEANe,

*TTs% o $,F15, 37306850 FPLE VARIANCE®ST T, = @,
+F10s3/730X,*STANDIARD DEVIATION®,T73,% = ¢,F10,3/30X,
AL INIY OF NESATIVE SIDE OF ABSCHSSAS,T70,% s ¢, F1Da3/32X»

-

70

V4

ASUIRIT OF POSITIVE SIDE OF A35CMESA,T70s¢ = ¢,F10,3/30%,
¢OELEIMe DISTe IETWEEN MISTIGRAM 3AUS*,IT700¢ = *F10,3//)
ST

END .

et el Teber

s
v
')

et e

A L e =
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1 ) SUBROLTINE IDFILISBANDN, FBANDY TF,LDINLY
020000020000 000 80 ¢ RdSER0000020PISRKIGBARRRO0080000009
€ ¢ THIS SUBAOUTINE FENERATES THE TRANSFER FUNCTION []
f * OF AN IDEAL LOV *sSS- FILTER, .
. 5 0...."0.0..00.0..‘0OO.‘O‘OO..Qyun‘.t..‘.“..'.iot'“. Vad
RINENSION JELLDINM)
NH={DIN/2 },
g NO=lDIN/& .
PRINY 1
10 DWeSBANDN/FLCATINHIIFBAND S, .
TF(LeEQal) DW=DWS2, .
_N*0e -
v DO 11 I=1,ND
[y X=0,
18 JF{wolEale) ¥=1o
121%2
11=12-2 i
TELI1) =X i
TF{I2)=Ds
20 12#29tNY=1¢2) .
Il=12=1
TF(I1)=X R
TFII2)=0De
s 31 VeyeDY
7 25 1 FORMATE2IHIo4Xs*AN IDEAL FILTER IS USED.*//)
RETURN .
END
* ’
‘
1 B SUBRILTINE LIAD(DATAp KX LSAYFLo R p o dLaST,JTAP,LOINS
G008 B00000v0 0030000000 INSRNESSANIENTOASITIIETIICIERtHONIIIPNISSP
\_ ¢ THIS SUMKCUTINE SENEOATES Thi PSeUrC-aanyCPaInaey- . ®
[ | ¢ SEQUENCES awD LJa08 Y4EN TINTT VHe ad<ay JaTa, 0
L [ KK« » N0, SIGMALS REING (DaDEC. . \
. LSAKPL = N3e SAMPLES PER SY*30L, _ »
D N} ® NARE OF THE SHIFT CECTSTZX aRAY THAT [
A - . CENERATVES PN=SECUENIESe L
. . 1 = IWIEX INOICATING Ve SWIFT REGISTER OQUTPUT .
10 L) - POSTVIONS AFTER 3mFTInNG. .
. JLAST = LERSTH OF SHIFTY REGISTEN, . .
4 JTAP = TAP LOCATION *
N . CATA = NAFE OF ARRAY INTG eA®CH THE SIGNAL 5 'Y
. . LOADED, - * .
\ 13 . LLIY @ DIFENSICN OF ASPAY DsTa, 3
. J& ® STARTING POSITICN FOR FICLING TOATA'.41TH *
- . ZenQS. . *
. .-Qo..‘0‘..;0.;.-..0.00“ttt.n‘.--c-.o.-:-tota-‘ao.ot&‘l““‘.
DY N T oW DATITIDI* T N (JLasT) \
20 Jae2e . SanPL
2 D0 22 KelyXXK
P C GENERATING ONE STHAOL.
C A
W Z5 TFUYTEQLILASTT T
Ie]e}
Jel~JTAP
TFTTLELJTIPY JeJ+ JUASY
Ill-u(uow(ll
30 LIRS L § 3
' T
C LOAD SIGHRAL INTI ARRAY DATA.
¢ .
TEeK#JA - ]
35 Jle JR=JAs]
J2ed2-1
. 00 11 J3=d1,92,2
DATA(JI}=IX
11 DATA(J2e1)e0,
40 22 CONTInUE .
<
€ FILL THE REST OF ARUAY DATA JITH ZE&TS rag SPILLOVER EFFECI
C  OF Tug FILTER, -
c
45 J4e J242 ©
DL 33 J3=34,0(0IN .
33 CATRtIB) =0, .
. RETURN
' . END
A
1]

- et s
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SUBROUTINE LIC "Ny 2oM2,85 8 TOLENL» XoE» Sk
COPOEGPCE IO INDOT 000 00P00GCDNOORBOLOEINTEOOOORTIBOININBETIS0OSS

]

B AP LA S

i

180

THIS SUBROUTINE USES A MODIFICATION GF T<4Z SI®PLEX PETWID

OF LINEAR PROGRAP®ING TO TALCULATE an L1 SOLUTICN TO aw
OVER-DETERMINED SYSTEM OF L INEAR ESLATIOWS .

OESCRIPTION OF PASA=ETERS

-

B

10

NURBER OF EQUATIONS,

MUNBER JF LNCMIVNS (M CELM),

13

n2
N2
A

SEV EQUAL TD Ne2 FDR ADJUSTABLE DINENSICNSe

L]
-
= SET £QUAL T3 %62 FOR ADJLOTASLE DIPENSIONS,
L]
-

190 DIMINSICNAL 2EAL ARAsY OF STIE (2,020,

On ENTIY, THE CJEFFICIENTS GF Tri PaT8IX PUST BE

STORED Iw THE FIRST M EO4S ARD W ZOLUMNS OF A,
THESE VALUES ART DESTRLCYED BY T~HE SLAFPCUTINE,

20

= DNE DIPENSICMAL REAL ARRAY LF SIZE R,

ON ENT2Y, ® ™UST CONTAIN THE RIG4T <4AND SIDE OF

Iu ouUaT ™ v

TOLER

SUBRIUTIVE,
SHALL PTSITIVE TOLERANCE.

L ]
»

R ESTeQY

ENPIRTCAL EVIDEMCE SUGEESTS YILER=10°e(=D%2/3)

WHERE D REPRESENTS THE nUrSE& OF D:=CInmal DIGITS

OF ACCUPACY AVATLABLE (SEE DESCRIPTION),

o OME DIMEWSTCNAL REAL ARRAY

STIE %,

ON EXITy THIS ARKAY COMY
L1 PROSLER,

NS & SJLLTION TO THE

® ONE DIPEwSTIONAL YEAL ARRAY DF SIZE M. |

ON EXITs THIS ARRAY CONTAINS T+HE RESICUALS IN
THE EQUATIONS.
S 1‘ INTEGER A%2aY OF STQE W LSEC FUR w SXSPACE,

3%

ON EXITY

\

FOLLOWING INFQRP™ETICN,

FROW THE SUBRPOUTINE, TME AdkaYy *a® CONTAINS TME

AlMed,ne])

AME RESINUALSe

® TME PINIMUW SUM DF THE a®SDLUTE VALLES OF

40

A(Ae I, N0 ET =
AlNE2ZpNe)) o

€ = JIPTI%A T

[}

T4E PANK JF THE MATAIN OF CJUEFFICIENTS.
EXIT CODES wiTH VALUES»

M BSICH ]S PROBADLY

NOY=UNIQUE (SER DESCRIPTIONY S

1 = UNIQUE OPTIPAL

SGLUTI O,

2 = CALCULATIONS TER*IwATZD PREFPATURELY

ATME2,Ne2) =

? DUE TO ROUNDING ZRRO¥S,

NU®SER OF SIPPLEK ITERATIDNS PERFORREDS

L0 2K X 20 3 B B0 B S JE I IR AK I AR AE IR AR 2X 3 3R 3¢ 3% A J¥ 3N A R0 3 N AT 3 B IY AR W AF W W 3F )

50

REFERENCEY BARRDDALEy Yo AND FoDoKe ROPZATIH "SCLUTION OF aN

OVERDETERRINED SYETEX OF SQUATIORS IX THZ L1 wIEn[F&),™ LONNY-¢

NICAYIONY QF YYE ac»y, VOLalTZe NJaths PPa319=32)s JUNE 1974,

PIC IR I A ST I I 3L AR A AT B AN AT S X AT A AT A A 3T B AT R A ST W AR A N N I A WL N AR W AR AR R 1Y)

OOUBLE PRECISICw Sum
REAL _FIN MAXo BE®2,N2)p XN} sE( ), 8(™) -

SEEVELPIEIT P2 00 5000000000 004000302070UBRBTRORINCERSCRSINNICRS

L]

INTEGER OUT,SE™)
LOGICAL STAGE#TEST

60

g

816 MUST BE SEV FQUAL TO ANY VERY LARGE REAL CONSTANT,
ITS VALUE HERE TS SPPRIPRIATE FOK THE 13M 370,

DaTa 8IC71.E75/7

INITIALI2ATION.

f\\

olon enn

Rl=neld
NleNs+t

10

00 10 J=1,N
A(N2,J)=3

XtJ)yed,

70

00 40 I*1,N
ATIsNZ)nNeY
AllsN1)=B( )

75

IF{8{I}.CEaDa} €I 7D 30 .
00 20 Jelow2 :

20

Allsdim=a(1ed)

30

E(T "3.

40 CONTINUVE

e siinl

CONPUTE MARGINAL COSTS,

DO 60 J*1:/X1

SUR*0.D0
DD 50 Isip®

S0

SUrsSureatlg)

60  A{rI,J)=3UR

LIRS el S S

R N BT

AT
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i

3
B

r
£

’ . ) TAGE 1. e .
2 ;EtklnliE—Til—TFETU‘_YU EATER THE BasIS, - 3
e c .
90 STIGE-.TRUE. .
KOURT =D
s ' KRe} .
Ki=3 ‘
! 70 PAK=—1o X . -
' s ,.DD 80 JeKRsN
TFCABSIA(2:4)).6TeN) 6O TD 80 .
DeABS(AINI LI DY
IF(DsLE.MAX) GD TO 89
) naxs=9
. 100 in=g
! . 80 CONTINUE
. IFCAURYSINYCELDY 50 T0 100
B0 90 I=1,AZ
J . 90  ACI,IN}e=R(I,IN)
103

T

[
C DETEMMINE THE VecT3® TD LEAVE THE BASIS.
'

100 K=0 -
DO 11C I*KisN
: ' 110 Cea(IsIN) .
' . IFCC.LE.TOLED) s:»ro 110
' . - Ke=Kel
' ‘ BIK)SALIsN1}ID
stxye=1 ;

118 TESTeoTRUE. )
. 110 CONTINUE
120 1F (%o €Ta0) €0 YO 130 -
: TEST=o FALSE, :
. &G YO 150
) 120 130 miNeAgE .
= 00" 14C I41,K

. ) IFLRI1).GE.FTN) GO T3 140

o

> deX
. 7 : "IN=8(1)
. 128 oUT=S(I)
140 CONYINUE
e ; 8(J)aB (KD <
. ) S(IIaS (KD . .
(110 - LY

c [7
€ C4ECK FOR LINEAR DEPENDEWZE IN STAGE I.

£
- 1250 JF(TESTeOR.oNDT4 STAGE) &G 10 170
. D5 160 I=1sM2
133 L LTXS FLLYV]
ACIeKR)SA(TP IN) .
160  AL1,IN)eD N
KieKRe] '
. . €3 1D 280
' 140 176 IFC(TEST) GO TD le0
. . Atn2pn])=2, .
. ‘ ¢C 1O 3%0
180 PINOT=A{OUT, IN)
IE(atr1, IN)-PLVOT—PIVIT,LE, VOLER) GO VO 200
! 148 D2 19C J=KR,N1
D=ACOUT, d)
XOOPFIDYLFYIE -
. 190 A(OUT,J)s~D
’ v ALOUT» N2)»=A{DUT» %2}
150 §3_In_120 .

< T
. C PIVOT On ACDUT,IND.
<

200 OC 210 J=kRe Nl
153 IFCJLEQ.IN) GO TO 219
ALDUT 2 ) =A{DUT, J) 7PIVOT
210 CCNTINUE
03 23C le1,M1
IF(I.EQQUT) ED TD 230
160 L=at1,IN) K
. . DO 220 JeXR,NL
1F(J,E0,IN)_6O TO 220
ACLad)oAlT,3)~DeALDUT,d) .
220 CONTINUE A
158 230 CINTINUE
D3 240 I=1,M1
X IFCI.EQ.OUT) ED TO 240 )
: AT IN)==A(T XN} FPIVIT
Z40 CONTINUE
170 ALTUT» INYe1,/PIVODTY
L Dea (DUTaN2)

l



A TR TR TR SR ETT YT AR ST DT TR

. AT .
¥
,
A(DUT,N2) =A {N2,INY
A(N2sINY oD

KXOUKTsKOQUNTS] \
. IF(.NOT.STACE) 60 TO 270

c ,
C INTERCHANGE ROWS IM STAGE 1.
4

KL=kt o]
100 D0 250 J=KRsN2

D=atOUT, &)
A(0UT,J)=A(KOUNT» 4}
2350 A(XQUNT»J) =D

260 TFIXOUNT+KR.NELNLY €0 TO 70
183 < \
€ STace I1,

STAGE=o FALSE,

1% BEYEAFING THE VECTOR TO ENTEN TAE 84518,

[aXa (o]

270 Rixs=01§

00 290 JeKRy N
Dea (N1, &)
198 1F(C.GE<O.) CD TO 280

~ IF(0,6T. (-2, €0 O 290
pr=D=2,
2t0 JF({C.LE-MAX) SO TO 290

AIXeD
200 thes
290 coNTINGE

IFinaX . LE.TOLER) €0 T0 310
IF(AEMLs IN)e6Te0u) GO TD 100
D0 300 I=1,M2

0% 356 A Iny=-ATT, IR}
A(PLaINISACML, IN) =2e
€0 10 100

s
C PREPARE QUTPUT.
210 c

310~ KL=~}
DO 330 Islst .
TFLA{I»N1V.GE,D.) GO TO 330

) 00 320 J=KR,N2
213 320 Atlsd)e=al1rd)
339 CONTINUE . .

LIRS P
IFLXR4NEQLL) 60 TO 350
DO 340 Jsipi '

210 DeABSTA(MISIY) =
340  IF{D.LELTOLER ,ORy 2.-D.LE.TOLER) 60 TO 350
A(M2sN1)wle :

350 DD %0 1=31,M
Keatlonzy
228 DeAfl1,N1}

1F(K.GT40) €0 70 360
Ke=K
De=0

360 IF(1.GEsKL) GO TD 370
230 X{K}eD
6070 380

P10 Kek=n
E(X)eD °
380 CONTINUE .

235 ALNZsD2) =KDUNT
AlN1sN2) =N -KR
Suned,00

DO 29¢ I=KL»HN
%0 SUR=SUNSALI,N1Y
280 RETURN

END \ .

D i e e N
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o SUBROLTINE MEASFILUSAANCwoF8ANDWs TF2LDIR)

BE0C OOV I0OICITIVE 0GOSO OTINNICUIIIVIRODVONIIEIENEDOCaRIiviedy
SEASURED AMPLIVUDE AND PMASt C4svACTrAJISTICS OF A LOe PADS
LTek ARE TRANSFORPED IMYL A COFPLEX TPanysEn Funcll

THE CCEFFICIENTS ANMD THE CTCASTANT DF 13=Dzgxzf POLYROPIALS

PR PN S R ECTI )

ARE STORED IN APRAYS @ZA® aNn) S(CP®, CA(14) AND CPE24) CoNTA=
IX THE TwO CONSTANTS OF THESE POLYNOMIALS.

. -
L ] L)
. .
@ OF THESE CHARACTERISVICS ™UST %E GIvew AS I1PUT (aTa, T-tY hd
. D
. .
0000000000008 0080000000006080004000400000000000¢000800000000¢04000

U

‘ DIRENSTON TEILDIFL, Ca (I &), CPlI0),ACA)
READ 1, (ACI),I1,4)
, READ ¢»(CACT) 130240

13

READ ¢ (CP(ID,151,14)
s NHeLDIN/2
NO=LDIM/4

DueSBANDW/FLOATINNY
PRINT 2, (ACI),Te104) Lo
PRINT 3,CA81%),(CACTY,Tu1,13) . hd

PAINT 4, CPE1A),(CPITY,T=1,10)

(o] a N o e

BLANK THE TRANSEER FUNCTTON ARRAY TF,

00 11 I«1,LDIN
11 TF(1)e0a '

25

DO 22 T=2,N0
WeDWOFLOATII=1)
Flsu

3

FeeFieFl
FisF2eF] .
F4sF20F2’

F5eFsF]
Fo=FIOF3
FIeoFoeF) L

B

TE-Feere - .
F9eFBOFY .
. _FAU=FSeES - .

FLI=F10F Y T
Fl2=FbeFs
F13=F12eF1

40

XoCAUY&)CAC1)SFIeCAT2)*F24CATB) *FICA(CISFRaCAIS)OFS !
. SCALL)eFbeCALT)I*FT+CA(B) *FR+CALG)OFR4CALLC)SFLOD
* +CAL1L)IOF114CA(L2)9F120C8C13)¢F])

43

A\ L CP(ll‘FzOC’ (2)9F24CPLI)OFIeLPINIOF&GOLP(5)0FS
. SCPILYISFAGTDLD)SFTICP(E)OFB4CP(GISFReCP(1C)IOFLO
- ¢CPI11)SFYI1eCP(12)%F124CP(13)8F13

IF(XsLTo0e) 80 7O 10
YaY/5T 42957708

XX#X9CASLY) S .
YIeXsSIN(Y) .
AXeXX/CA(L4)

YYYY/CAL1S)

12=1%2
n=12-1
TFII1)=xX

- r\ 12=2%{NH-1+2)

TF(I2) =YY
11=12-2

TF(l1l)eXxX
22 TF(]2) ==YY .
16 TFL1)=,

TELZ)=TFINYe 1) oTF(NHe2) 0,
1 FCavAT(4A10)
2 FS(\Hﬁ(l‘ll;ﬁlo'l PRACTYCAL FILTER IS USED, THE FILTEL IYPE 15,8/

65

eST,4A10/ 75K, 91T POLYNONIAL COEFFICIENTS ARE»® /)
3 FORMATU//® BASEBAND TRANSHIT ANPLITUDE (LINEARD =%
+/51,% DESGRIPTION =#

@/5%,8 CLEFFICIENTS=%,%AT Q) 951PD12o4s5Xs%A( 1} *012.4»
45Y,0a0 2) 9 D12,4/19X2%AL 3)%50134453Xs%A( &) =»D1lets
*2Xo %Al 5) $,D12,4/19Xp®A( 61%2013.%p5Xp¢A( T) €50

T0

*53s0A0 8 ®,D12,4/19Xs%A( 9)%,D130455X:°4(10) *,D12:%»
s ®ACL1) ®,012,84/19%,92(12)%sD130405Xp*a{13) *»D12: %)
4 RMATL/ /7% BASENAND TRANSHMIT PHASE (DS5)-%y

L]

*/5Kp® JESCRIPTION =@
e75%,% COEFFICIENTS=0,¢P( 0} #,1PD1244,»5%,¢PC 119,01344s
*53,0P( 2) €pD12,4/19%9*PC 314018042 3Ks¢P( 4) ¢»D12.40

*52,0P( 5) #5D12:47/19XeoP( 61%sD13e455Ks¢P( T) *,D12:4s
eSupePl B) #pD1244/19X5¢P( F1¢pD234455% %P (10) *,012.4»
*5%,0P131) ®sD12.4/19%X,0P(1219,D184,5%,¢P(]3) ¢,0)2.4)

.

b 'RETIRM
~ END

e RS OPCR bRl

wed s
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’
1 SUBRDOUT IME MINVIA,%pIplyR)
i SOPI00I0IINT SR US00000000 00 0000000000006 0000000G00B0CRRI00000000000800
[ ‘ [
[] R . - []
- s ®  SUBROUTINE MINY .
. .
& PURPOSE - O
®  INVERT A mATRIX .
X * L]
¥ 1o CRVE 11 - %
& CALL NINVEASN2YLN) ¢ [} -
[ ] [
‘ ° ® DESCRIPTION DF PARARETERS O
. ® A = INPUT RATRIXe CESTPOYED IN CLMPUTATION anD REPLSCED BY - .
13 . RESULTANT YNVERSE, .
* N - ORDER OF MATEY & 0
. ® D - RESULTANMT DETERFINANY .
. ® | = W)RK VECTOR OF LENSTM N .
. ® M- VORK VECTOU OF LENGTu w O
20 ] . .
& REMARKS ' 4 .
, ®  MATRIX A MUST BE 4 CENTRAL MaTRIX * .
. . L)
! ®  SUBROUTINES AND FUNCTIDW SUBPROGRAMS REQUIRED .
. £33 & NONE . 0
| ] [
' AL .
‘ ®  THE STANDARD GAUSS-JDaDa%™ PETHOD IS USED. THE DE TERRINANT .
' ® 15 ALSO CALCULATED. A DSTERPINANT OF ZERD INDICATES THAT .
. 30 ®  THE MATRIX IS SIVGULAR, .
[ [)
SO0 0P DB GO0 ¢0 30080000 IISNIOIPORBINIECIBESPOSIININV0OS S O00CS
- DIMENSIDN A(1)oL(1)» (1}
(N T
” c......ll.n......'l.Qll-l.....OCOO.I..I'.l.l............lllll..D.ll..
C -
. € IF a DOUBLE PRECISTON VERSICN OF THIS ROUTINE IS OESIkEde THE
o € C In COLUMM 1 SWNOULD P& REXOVED FROM THE DOUBLE PRECISION
€ STATENENT WMICH FOLLOVSe
46 [4 *
DOUBLE PRECISION AsD»sBICAHOLDILS M
c .
€ THE € WUST AaLSO %€ REDVED FROM OOUBLE PAECISION SVATEMENTS
€ APPEARING IN OTHER POUTYNES USED IN CONJUNCTION WITH THIS
» 45 € mOUTINE, *
. <
C  THE DOUSLE PRECISION VE®STION DF THIS SUBROUTINME MUST ALSO
‘ C__ CONTAIN DOUBLE PRECISIOIN EORIFAN FUNCTIONS. ABS IN STATENENT
€ 10 AUST BE CHANCED YO DasS,
50 c
c....l..."l....'.ll'llll......lll.l‘l...ll...l.l‘.I.l'..;llll...l...
4
: C  SEARCH FOR LARGEST ELE™EWwY
[4
55 D10
NKs=N
L 00 80 X=1,M o o
LLET ¢ ]
LiK) oK
\ 40 wi{kjsk !
( X3 !
3TCAmACXKK) .
-—, 00 20 JekpN
- Tlans({1=1) .
(1] 00 20 I=R,N
1Jelle]
1C IF(DARS (B IGA)-DABSIACTI)}i%>20,20
19 BlsA=AtIJ)
Lik)=]
70 K)o d
20 CONTINUE
(4
€ INTZRCHANGE ROVS
c g
75 - JeL(X)
IF(J=d) 35,35,2%
29 Klek=n
¢ DC 30 I=3pM
U e
. 80 A0LDs-A X X)
. Jivkl-ked - N
AlK])=at 2X)
30 A1) ==OLD




™

185

INTEECHAMNGE COLUPNS

[alal ol

33 len(k)

L1)

IFCI=F) 435,45,30
38 JPeNetI-1)
DD 40 goloW _ s

FL Y] K
Jiagdred
L ADLDe-pf JK)

. [SPFTILTIR IS
40 AtJI) =HOL®

x

DIVIDE CCLUAN BY FINUS PIVCY (VALUE OF PEIVOT ELEMENT IS
CONTAINEL IN BIGAD .

alakal al

100

45 TF(BICA) ABs a5, 48
\& D=0.0 \
PETURR

103

42 DO 9% I+l,h
IFLI-¥) 30,359,959
_50 Ixenxe] e P)

ALIKISA(IK) 7 (~2T5A)
55 CoNTINUE

110

<

€ GECLCE maTRIX

c - .

DD 05 Iel,m -

IxanKel
Idel=-n

1

PO £S gelem

€071 e

IF(I-K) 60,865,680
50 1F(d=r) 62063062

120

82 wJdeljeTox X
ACLIImACIKI®ALXJ)4A(LY)
89 CUONTINVE .

CYVYICE ROV BY PIVOY

o ™

1287

KJox=-N
. DO TS d=1sN
KJeKJjen

LE(J=K) 70,73, T0
70 atcllea(x))/BICA
15 COwTINUE

, 130

PRCCUCT OF PIVOTS

193

“Dededlca
REPLACE PIVOT SY RECIPRITAL

nnn noe
¥

A(XK}e].,0/81CA
80 CONTINUE ©

140

FInAL ROw AND COULU“N INTERCHANGE

ey

LT
100 xX=(Kk=}))
IF(x) 1%50,2500109

145

105 leiix)
IFC(I-X) 120,220,100
108 JQene(K-1) !

RN T=X]
00 11C Jdelon
du=Joed -

7 AbLe=a(JN}
. L L2
AfJK)=-ALJIXY

159

110
120

atJI) =HOLY
FLI (8]
IFtJ=K) 100,120,123

1285

XY=K=N
DG 130 I=1,W v
K1sKIeM

160

HCLDeAIKID
J1eRI-Ked
AtKI)=-ALJI)

163

13C
150

Atdl) =90L0
60 10 100
RETURN

END

N

Y v ey v .

o O

R b
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b § SUBROQUTLINE RMULTR (MK XBAR,STD,DsbX,RY,ISAVE,0,38,T,aNS)
SO NIINNNENGEPNIINIE0RN0000000000000000000000000000830000000000000000¢

18¢

[

* &° SUBROUTINE MULTR = .

) P ———— - [ ]

s ¢ PURPOSE . R .
' ® PERFORM A MULVIPLE LIMEAR REGRESSTION ANALYSIS FOR A DEPEM- L]
® DENT VARTABLE AND A SET OF INDEPLMDENT VARIA®LES, THIS .

®  SUBROUTINE IS MORFALLY USED IN THME PERFORMANCE OF RULTIPLE .

®  AND POLYNOMIAL REGPESSTON ANALYSES, L

_ra r []
*  USAGE 4
®  CALL MULTR (NoK XBAR) STD D RX RYpISAVI 8,50, Ty ANS) .
] [ ]
¢ DESCPLIPTION OF PARAMETERS .

1% s = NUMBER OF DBSERVATIONS. .
* K = WUMBZA OF INDEPENIENT VAW LABLES IN THIS REGRESSIOR. .
®  XBAR = INPUT VECTOR DF LENGTM M COMTAINING MEANS OF ALL .
- VARIASLES, M IS NUMBER OF VARIABLES XN DBSEFVATIONS. .
& STD - INPUT VECTOR OF LENGTH M CONTAINING STANDARD DEVI- .

20 . ATIONS OF ALL VARIABLES. .
LI ] ~ INPUT VECTOR OF LENGTIH W CONTAINING THE DIAGONAL OF ..
- THE naTRIy OF SUXS OF CROSS-FRODUCTS OF DEVIATIORS .
L] FROM MEANS FOR ALL VARIABLES. .
s X = IWPUT WATRIX (K ¥ X) CONTAINING THE IMVERSE OF .

25 s TINTERCIRRELATYYONS AFONC INDPENDENT VARIABLES. .
LI ) = INPUT VECTOR OF LENGTM K COKTAINING INTEACORRELA- .
® . TIONS OF INDEPENDENY VARJABLES WITH DEPENDENT .
¢ “VvaRYASLE. N
®  ISAVE = INPUT VECTOR OF LENGTH K¢l CONTAINING SUBSCRIPTS OF ‘e

30 . INDEPENDENT VARIABLES IM ASCENDING ORDER. THE .
. SUBSCRIPT OF THE DEPENDENT VARTIABLE IS5 STORED Im [J \
. THE LASTs Xedl, PISITION, .
o 8 = QUTPUT VECTOR OF LEKGTH X CONTAINING REGRESSION .
L] COEFFITIENTS, ¢

35 s SB - CUTPUT VECTOR OF LENGTH K CONTAINING STANDARD L
L DEVIATIONS OF REGRESSIOM COiFFICIENTS, L4
¢ 1 - DUTPUT VECTOR OF LENGTH K CONTAINING T-VALUES. .
¢ ANS = CUTPUT VECTOR OF LENGTM 30 CONTAINING THE FOLLOWING .
. INFORAATION, .

43 [ anS(1) INTERCEPY .
. ANS(2) WULTIPLE CORRELATION CDEFFICIENT L]
° ANS(3) STANDARD ERROR OF ESVIMATE ‘e

v ® ANS(4)] SUM OF SQUARES ATTNIBUTABLE VO REGRES- .
L] SION (SSAR) L4

45 [ ANS(5) DECREES OF FREEDDM ASSOCIATED witH <faR .
. ANS(6) NEAN SQUIRE OF SSan R O
L] ANS(T) SUM OF SQUARES OF DEVIATIONS FRO! “.EGRES= .
- STION _ (SSDR) ) .
O ANS(8) TEGREES OF FREEDON ASSDCIATED wITW SSOR .

so v e ANS(9) PEAN SOUARE OF SSOR b
. ANS(10 F-VALUE .
L [ ]
¢ REMARKS e
® K MUST BE GREATER THAN K¢l . -

ze L ] [ 3
®  SUBRDUTINES AND FUNCTION SUBPROGRAMS REQUIRED L]
L] NONE [
] L
* METHOD \i
. 1SS = AN PETW OLUTION OF THE
& NORMAL EQUATIONS, REFEY TO W. wo COOGLEY AND P. R, LOHNES, [ “
¢ SMULTIVARIATE PROCEDURES FOR THE BEHAVIORAL SCIENCES™, .
®__JOHM WILEY AND SONS, 1962, CHAPTER 3y AND B¢ OSTLE, e
¢ *STATISTICS IN RESEARCH™y THE IDwA STATE CCLLEGE PRESSs .

63 ®  19b4» CHAPTER 6, L4
® . : ®
S0UPIINNVOPERDININNDO S A DENO0000CRLEOSNN0E0 SO RRININNNCOBBSRESIINIGOS

¢ DIMENSION XBAR(1)5STD(1),D(1DpRX(1)HRYCID 5 ISAVE(L)»BE1)»508(10s
+TC1Y e ANSL10)

70 4
c.................l......l.tl..‘.!..l‘..l..l...O.lﬂtlioll...l...l.l..
€ IF A DOURLE PRECISIDN VERSION OF THIS #OJTINE IS DESIREDs THE
C C INCOLLNM 1 SHDULD 8F REPJIVED FROR THE DOUBLE PRECISION

b4} C SYATEMENT wHICH FOLLDVS, .
[4

DOUBLE PRECISION XSAR,STCoDaRX,RY,8,58, ToANS,RN,80, SSAR,SSOR,
ISY s FNy FRp SSARM, SSPRW,F [SAVE .
14

80 € THE C MUST ALSO BE REMOYED FROM DOUBLE PRECESION STATEMENTS
C APPEARING In OTHER ROUTIWES USED I COMJINCTION WITH THIS
C  ROUTINE.
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C THE 09 [ 4 [ 4 ] [ NE

L k)

C CONTAIN DOUBL: PRECISION ECATRAN FUNCTIONS. SOAT AND ABS IN .
€ STATEMENTS 122, 125» AND 135 MUST BE CHANGED TO DSCRT AND DABSS,
<

0

CaontoetersrenecnossirsansoreccsrtscesnolssoislNantessvssussesesrInssete

Prexe)

BETA WEICHTS

nnNnnol N

*s

D0 100 J-),«
100 (41D, 8
1C _Je=3,%

Llsxegj=1)
00 110 I=),X
Lelle]

100

110 BLJI8RCJIeRY (Vo NCLY
REe0.O
__D0«0e0

103

Li=sISAVEIRN) f
COEFFICIEINT DF DETERPInaTIOW ‘

ana

00 120 IelsK .
RMegMeBCI)ORY(]Y

110

RECRFSSICN CDEFFICIENTS

ran

STSAVETL) '
BU1I=3CT)e(STD(LYIZSTIELY)

I1%

TATERCEPT

Y, o]

120 80=BOeB(1)oxasR{L)

T

120

80ex3aR{LI)-BY
SUM OF SOUARES ATIPISUTASLE TO REGRESSION

SSaRsRMeD(LLY

123

RULTIPLE CORRELATION CCEFFICIENT
125 RFeDSCRTICABS(RNYY .

SUR OF SQUARES OF CEVIATIONS FROM RECRESSIOM

130

S5DR=D(L1)-S54P
VARIANCE OF cSTYI"ATE

133

OO NOO, AN 0N
':\

FhNojN=Ke]
SY=SSDR/FN ‘ ! .

STANDARD DEVIATIOMS OF RECRESSIOM CDEFFICiE\'S

[aNalal

140

B0 130 J=lok
Liske( J=1)¢)
LeISAVELY)

125 38TIT e DS ORTIDARSTIRXTLYNZ7DIL ) dolY )
CCrPUTED T=VALUES

143

130 TU))=2¢J)/580d)

150

EYARDARD TREDR OF ESTTVATE
135 SYeDSQRT(DABSISYIY '

AR N0 Non

F vALUER

153

FXek
SSARR=SSAR/FK
SSDRR=SSDR/FN

FeSSARM/SSDRN
ANS (1) =20
ANS(2Z) =RR

160

ANS(37 =3V 1
ANS (#) @SSR
ANS(S)=FK

163

ANS[6) oSSARN
ANS (T)=SSOR
ANS(B)=FN

ANS(9) =S 50RN
ANS(10) =F
RETURNM : 2

END



SUSROUTINE JPDER (MR NDEPIKsISAVE, RY,RY)

188

0000000000380 0GS00I00O00R¢EVINITIVTEEDPORRINNIPIOBODOIIDINEEGRRSENNNND

&

SUBROUTINE OROER -

‘ i

PURPOSE

CONSTRUCT FROM A LARGE® waTiIX DF CORRELATION COEFFIZIEATS
A SUBSET WATRIX OF INTERZORAELATIONS AKONG INDEPEMDERT
VARJASLES axD & VECVTOR OF JNVERCOR®ELATIQNS OF INDEPENDENY

10

VARIABLES wITH DEPENDENMT VARIABLE, THIS SUBROUTINE IS
MORRALLY USED IN THE PERFORFANCE OF MULTIPLE AND POLYMCNI&L
REGRESSIOUN ANALYSES,

12

USAGE
CALL OFDER (PpRyWDEP Ky TSAVE,RXpPY)

DESCRIPTION UF PEWANETERS
) = WUMBER OF VARTABLES AND CRDER ar MATRIX R,

20

[ = INPUT PATRIX ZONTAINING CIRRELATION COEFFICIiNTSS
THIS SUBROUTIME EXPECTS GNLY UPPER TRIANGULAL

POKTION CF YHE SYMMETRIC ~ATRIX Y0 8E STORED (DY

LIE 2 2R AN 2K BK 20 B BN 30 2K 3R 3¢ 3 3 J¥ 3 W 21 )

COLURN) IW Ry (STCLRAGE FIOE OF 1)
NDEP ~ THE SUISCRIPT NUMAER OF THZ OCPENDENT VARIAOLEe
X = WUPBER OF INDEPENOENT VAPIABLES TG 8E [MCLUDED

IN THE FOCTHCONING RECRESSION,
ISAVE = INPUT VECTOR OF LENGTH Kol CGNTAININGs IN ASENIING
GRDERy THE SUBSCRIPY NUNSERS OF X INDEPENDEMN

30

VARIASLES TO SE INCLUDED IN THE FORTHCOMING REGRES~
s1om,
UPON _RETURNIMG TDO THE CALLING ROUTINEs THIS VECTOR

.

COMTAINS, IN ADDIVIONs THME SUBSCRIPT NURBER OF
TME DEPENDENT VARIABLE oIh Xo1 POSITION.
rX ~ CUYPUT MATRIX (K X %) CON

ONTAINMING INTERCORRELATIONS
AMONG INDEPENDENT VARIASLES TO SE USED Iw FORTH-
COMING REGYESSTOM.
BY = DUTPYUT VELTOR DF LENGYH K CONTAINING INTERCOS®ELA~

_TIONS JIF INDEPENDENY VARIABLES WITH OEPENDENT
VATTaBLES. ,

REMARKS
NONE

SUSRCUTINES AMD FUMCTION SUBPROCKARS REQUIRED
NONE

RETNOD ¢
FRON THE SUBSCRIPT MUNSERS OF THE VvARIABLES TD .E INCLUDED

JR_THE FORTHCOMING R EGRESSION, THE ;ug'gu N

30

L IR AR 2R B 2L 2F BN AU B ¥ BE AN 2% SF BN WX Y RN W SR AT SN SN SRR YN )

l\l“llll RX AND THE VECTOR RY,

.
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bllENSION ROIVHTISAVECTI»RR(LI»RY (2}

c_l'_',.__g_‘lOOQvlD'to'lO-"'ngﬂvthtiq'o-.oool’t!tr'ovvnvov-oa~-.o(tl'0v

%

60

C
c

[4
€

o
IF A DOUBSLE PRECISION VERSION OF THIS ROUTINE IS DESISEDs TE
v 3 e

STATEMENT WHICH FOLLUWS.
OCUBLE PRECISION ®,ISAVE,RX,RY

4
c

THE € MUST 4LSO 3E ®EMQVED FROMR DOUBLE PRECISION STATERENTS
APPEARING IN OTHZ® ROUTINES USED IM CONJUNCTICN w1Th THES

63

3
4

ROUTINE.

[

c...'.......l.Ql'l....l.0l.!"lll-!lllIl.ll.'..II'....I..I"."I....I

[
4

COPY INTERCOARELATICNS OF INDEPENDENT VARIASBLES

[

JITH DEPENDENT VARTASLE

HHeQ ’ .
DO_13C Jel,K

L2=ISAVE(H
IFCNDEP-LZ) 1220 1230 123

122 L=NDEP+((2°L2-L20/2

eD To 125

123 L=L2¢(NOEP*NDEP~NDEP} /2 ’
125 RY(JI=R(LD

£

ke AT . S b geth e =
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C
C COPY A SUBSET MATRIXY OF INTERCORRELATIONS AMOUG .
C INDEPENDENT VARIABLES

[ .
DO 130 I=1,K . .
L1=ISAVELI) . —

(1]

TFiLI-12) 127, 128, 128
127 L-Ll'lL?‘LZ-LZ)IZ
60 1D 129

99

128 L-LZ'(Li‘Ll-Llllt K [
129 MA=Mne]
130 RX{NM)=R(L)

[ . .
C  PLACE THE SUBSCRIPT NUMBER OF -THE DEPENDENT N
C  VARIABLE IN ISAVE(Krel) c

KT

ISAVE {K+1)eNDEP
RETURN

END v

-

SUBRDLYINE PLCTINOsApNrMyNLoNS)
SO00400000000000080 00480000000 000800004003004000800DRS0080000000000400000

SUBRCUT PLOT N .
3 %

PURPOSE

PLOT SEVcRAL CROTS-VARIABLES VERSUS A BASE VARIABLE

USAGE

10

CALL PLOT (n3str P, NLoNSH
DESERIPTION OF PARAMETERS

h3 = CHART NUMBER (3 DIGITS RAXIRUND
A = FATFEX OF DATA TD BE PLOTTEDs FIRST COLU™N REFRESENTS
BASE VARIABLE AND SUCCESSIVE COLUMNS ARE TdE CRISS=

”~e

-13

VAKISBLES fraAYIMPUR IS 9).
X~ NUMBER OF R2uS IN MATRIX A
R = MU=agR JF COLUMNS IN MATRIX A (EJQUAL T THE TCTAL

20

ML - NUMBER OF LINES ,IN THE PLOT. IF O IS S'ECIFIED- 50
LINES ARE USED,

A4

NS - CODt FGOA SDITING THE BASE VA!IAGLE DATA IW lS(:NDlNG
ORDER

25

© SCRTINS IS NOY NECESSARY (ALFEADY IN ASCENDING
JRDERD e
1 SCATING IS NECESSARY,

30

REMAIXS .
WONE - C*

SUBKCUTINES AND FUNCTION SUBPROCGFANS REQUIRED
NONE - ®

3s

oo s nessiaeesonjrasiassvooe|escien oo ale
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*
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L ]
L
.
[ ]
O NUMEcR OF VARIASLES). MAXIHUM IS 10.
[
[ d
-
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»
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»
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®
L ]
L
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L ]
[
*

.y
IO O N T O I I e Y I T T Y T T Y TS

DINENSTON OUTC121),YPRE11),ANG(D),ALD) ¢
ECRMATCI4YoT20,7H CHARY ,13,/720530H ===

171 : s

FORFATC1R #F9.425Xs 191410
FORMATEIN ) *
FORRAT C1DH 12!&'61!'!

40

FSRMATCICAL)
FORPATL1HO0»12X,1014, > - . . )

by 'y . - o)

o VA| & W N

1]

[] FDRHA]IINU_{S'-IIFlo.i' .
NLLeNL /
JEINS) 16, 155 10

[4 - .
C “SGRT -BASE VARIABLE DATA IN ASCENDING JRDER ff-“ .
<

50

10 DO 135 I=1,M
00 14 JsInN . .
’ IF(ACLIN=ACJSI) 14y 14, 1]

11 L=]I~N
(L=
00 12 X=1lyN

53

LeLoN ) ' .
LLelien -~ .{b
FeAlL) -

o AT NIRRT LR

.
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AlL)ea(LL)
12 ACLL)=F
14 COMTINUE

s vy v me s

e e et

13 CONTINUE
TEST NLL

" nleon

A6 IFINLLY) 20»

18, 20
18 NiL=50 2

PRINT TITLE

70

20 WRITE(621)NO .
DEVELOPR BLANK AND DJEITS FOR PRINTING

A

DATA BLANK,ANS /71H o141 s 1H2,14351H4s 1?!\5\»1‘!6, 1HT» 1HE,1H9/

FIND SCALE FOR BASE VARIABLE
v

XSCALe (AUNI=ACIV} /EFLOATENLL=]))

@

)

Prel Aamn s oo

FIND SCALE FOR CROSS=VARIABLES

YHRIN®1,0E3D
YRAX=-1.0E38
Ml=Ne)

83

HZ=HeN
Dy, 40 Jenlp,n2
IF(AGII-YREND 28,206,206

26
28

IF(ALI)=YRAX) 40,40,30
YMIN=A( )
S0 10 26

~

-

a0
40

YHAX=ALJ)
CONTINUE

YECAL®(YNAX~YPIN) /100,90

FIND BASE VARIABLE PRINT POSITID
TR ad

Xpeall)
. Lel -
N MYspel

100

00 80 I=1,NLL
Fel-1 .
XPReXBeF*XSCAL

193

TFCALL)-XPRY 30,%0,70

FIRD CKOSS-VARIASLES

[alla X o]

's0 00 55 Ix=1,101
55 QUT(IX)=BLANK

DU &0 JelsNY
LieLejon, s
JP=((A(LL)=YMIN)/YSCALDI #1,0

P

"DUTCJPI=ANECS) .
60 CONTIME

S

" on -

PQINI’ LINE AND CLEAR, DR SKIP
WRITE(6,21XPR, (OUT(IZ)»12=1,101)

120

[RIX3Y
C0 T0 80 '
70 WrPITE(6s3)

80 CONVINUE
PRINT CROSS-VARIABLES NUMSERS

123

Lol el

WRITE(6,7)
™NPR1I=YNIN s

DU 90 KN»1,9
90 YPRINN#1)sYPRUKN}+YSCAL#10.0
YPRU11)=YHAX

130

WRITE(G6s8) (YPR(IP), IP=1,11)
RETURN
END -

LS
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J" 4 1 SUBROLTINE POLOBRIPRyN, Py PLY ) FNT TERM, X,DIsDp Ps8)
‘0.0‘.‘.0l..‘..0‘00000.0000000300.000.000!'.....0....0'.".."‘0.".0. -
® SANPLE MAIK PRICTA* EOR POLYNIMIAL REGRESSION = POLeE .
[ ] [3 [ ]
3 *  PURPOSE 4
. (1] KEAD THE wagafew PARASETER CARD F .
» SIONs €2) CALL SURRDITINES TO PERFORM THE ANALYSIS, (3) . a
. PRINT THE leclissxuu CIEFFICIENTS AKRD ANALYSIS OF VARIANCE .
L] IAME F ] .
10 . ARD (&) nrrxcuuv PRINT IHE TABLE or RESIDUALS AND a PLOY .
( . OF Y VALUES AND Y ESTIMATES. :
[ ]
. ‘§Enus . -
. THE NUREBER IF QFSERVATICAS, MN» nusr BE GREATER ThAN “¢l1, .
13 LJ WHERE M IS T4Z HICHEST [ESREE POLYNOMIAL SPECIFIED, .
. IF THERE IS «3 GEDUCTIIN Ih THE RESIDUAL SUM OF SILARES .
. BETWEEN TuD SLLCESSIVE CEGPEES OF THE POLYNOMIKLS», TNE .
. PROGRAN TERWINGTES THE PRJIBLEM Bf FOME COMPLETING ThE ANALY~ .
* SIS FLR T+t MIGREST DECFEE POLYNCMIAL SPECIFIED. .
20 * - *
*  SUBRQUTINES ANY EUNCTION SLEPSOGEAMS REQUIRED ~_ e
. GDATA .
. OkDER .
* NINY .
25 0 NULTR .
. PLOT (A SPSCIAL PLOT SLZIRJUTINE PROVIDED FOR'THE SamPLE .
s PROGAM, } *
. . [y
*  METHOD 7 . ..
30 b REFER YO By OSTLE, *=STATISTICS IN RESCARCH™, THE IQs& STATE Ld
. COLLEGE PRESSs, 195%» CHAFTER 6. .
L &
008082500000 0000080800 800000900003 080 0934863040088 80080000000260000833000
REAL PR(4)
39 LOGICRL PLY»PATSTERM
(o
€ THE FOLLTwING JI"SNSTION wUST BE GREATEE THAN OR EQUAL TD THE
C PRODUCT TF Ne(“e1), WMERE h IS THE NUMBER OF OBSERVATICNS AND N
€ IS THE MIGHEST DEGREE POLYNI%IAL SPECIFIED.
40 c °
DIPENSIDN 2C1D
[ 4
€ THE FOLLOWING OI"ENSIOW FUST BE GREATER THAN DR EQLAL ¥0 THE
C PRODUCT GF men,
(1] c
DIRENSION DI(1)
c
C_J4E FDLL,_-M_DJ__SLLJLJEJ&EAILE,&HA!_-D__LUALJL_.____
€ (Me2)o(Meld /2.
50 s €
DIMENSION D(RY ]
c
€ THE FOLLC/ING JI*ENSTIOWS *UST B GREATER THAN DR ECUAL TO M.
c P -
53 DINENSION S(1),EC32),53(25),T(30)
c .
L_______LJMMWHMM;—_
[3
DIMENSION xnusl).stmn.cus(31).sunso(31).15n=(3n
60 [4
C , THE FOLLOWING ulnnsmu musr BE GREATER THAN OR, EQUAL T0 xo.
c
N n!n&usmn ANS(35)
[3
(1] C THE rbl.Lonus DIMENSION VWILL BE USED IF THE PLOT OF DBSERVED DATA
€ AND ESTINATES 1S DESTIRED. THE SIZE OF THE DIFENSIONs IN THIS
c/i.'ast. HUST BE GREATER THAIN Ut EQUAL TO Ne3. OTHERWISEs» THE SIIE
OF DIMENSION MAY 8F SET TO 1.
L /c
70 DIMENSION PLYY Y
- / . ,
- c.---no--o.'...ll.l".'.oo..-n‘..to..-....-to--.'c'o..l'.l-'oognooﬁt-'..
[3
e C IF A DDUBLE PRECISICN VEISION OF THIS KOUTINE IS DESIREDs THE
18 € € IN COLUMN 1 SHOULD SE REMOCVED FROM THE boun.e PRECISION
C STATEMENT WHICH FOLLOWS. ,
<
DOUBLE PRECISTON X, ¥34R,ST g,g,sun;o,m.g,gg;n! pANSSDETPCOE PRy
P> ISAVE
80 [ 4
€ THE C MUST ALSD RE REMOVED FROM DOUBLE PRECISION STATEMENTS
C APPEARING IN OTHER ROUTINES UScD IN CONJUNCTION WITH nus
. € ROUTINE.
[
” COOQQCCOQ.'Q(IOIOCCCQOO'.‘..'.....0.....I........Ill.....i...I.l..l‘l...

-
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192
A

Noeases NUNBER DF DBSERVATIONS
Meoaas HIGHEST DEGREE POLYNOMIAL SPECIFIED
PLY...CODE_FOR PLOTTINE

PuT...CUBE # NTIN

PRINT PROBLENW NUMBER AND Mo

[allaNaNa [aXaNailalgl

WRITE{6s 30 PR
WRITELGr &) N

3 FORNAT(27HIPOLYNDO™TAL REGRESSIONeeseerbAl0)
& FORMAT(23H NUMBER OF OBSERVATIONSsI6)
WRIVE (62170 .

100

n

PRINT DUT.,XINPUT DATA

103

“WRITE (65247

24 FORMAT (7//7¢ OBSERVATION NDa®,SXs¢ X VALUE®,)7X»® Y VALUE®/)

DO 120 K=1,N

K¥sMeneK
120 WRITE (6,258 £, X (X}, X (XK}
25 FORMAT (1X,19,F18.5,F1&¢8)

110

WR1TE (6,170
'
GENERATE INDEPENIENT VSQTABLES AND COMPUTE THE REANS,

noon

STANDARD DEVIATIUNS AND CORRELATION CEOFFICIENTSe

CALL CDATA (N»“;X»XBAR,STDyDsSUMSO)

-y

) 8 §

KH=Nel P
SUN=0,0
NI=N=} Y]

120

noA

7
BEGIN THE LOOP TO COMPUTE POLYNOFPIALS.

DO 200 [=1l,M
ISAVE(L) =X

123

FORM SUBSET OF COPRELATION COEFFICIENT MATRIX
CALL OﬂDL(NH:D:HHr!:!SAVtrDlzil

o MO

INVERT THE SUBMATRIX OF CORRELATION COEFFICIENTS

130

CALL mINY (DI,1,DET,B,T)

CALL PULTR (N, TsX2ARy STD,SUNSQrDE»E»ISAVES 85585 T24NS)

133

Anle

PRINT THE RESULT OF CALCULATION
MRITEtE, 3]

S FORMAT(//324OPOLYNOMIAL REGRESSIDN OF DEGREEsI3)
SURIP=ANS (4)=SUR
tas]

140

IF{SUNIP) 140, 140, 130
WRITEL6»13)
FORMATLLTH

140

13 ND TMPROVEMENT)

wRITE (5,17)
IFL(TERNM) RETURN

150 SUN=ANSLS)

143

N1=ANS(B)
WRITE(6,6)ANS(Y)
PRITE €6»,7) (9(J)pJd=1r1)

139

JIF(eNOT.PNTIGD TO 151
WR1TE (6,58) 1
WRITE (6,9)

WRITE (65300 I,ANSCAI»ANS(6),ANSC10)sSUNIP
WRITE (6511) NI,ANSUT7),ANS(9)
VRITE (6o12) MY, SUSSO(AN)

133

6 FORMAT(12H INTERCEPT» 1PEL1Be0)
7 FORMATI/Z06H  REGRESSIO

COEFFICIENTS/(1IN »1PSEIL,6))

B FORMAY(/1Xp24Xp28HANALYSIS OF VARJIANCE FORs 142194 TEGREE POLYNONX

+AL)

9 FORMATC1H ,5X,19HSOURCE DF VAKIATION,7TX,9HDEGREE OFpTX»64SUN DF,9X

SoOHNE AN LD Xp14F29 Yo 2DHT MPROVEME n Xp 74

160

*RESPTXabLHMSQUARES7TXe SHVALUEs8X 9L THOF SUN OF SCQUARES)
FORMATY (20H
11 FORMATC32H  DEVIATION 4BQUT ﬁEGRE§_m!

H

DUE TD REGRESSIONs12Xs16sF1T7a%5sF16.50F13.55F23.9)
2165 F1705:F14,3)

.

165

FORPAT (BXy SHTOTAL 019X, T 6,F17.5)
"WRITE (6»517)
FORMAT (//7,1%p115C1H*))

[4
(4
€

SAVE COEFFICIENTS FOR CALZULATION OF Y ESTIMNATES

ire

COE(1) =ANS(1)
00 160 J=1,I
160 COE(Jed)=NCH)

¢ traa miaw.,

(S N

S e Llale Ll WY

AP
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TEST WHETHER PLOT IS DESIRED

iR %4

. IF(«NOT,PLTISO 10 200

CALCULATE ESTIMATES

180

noo (rpan

rd
220 NP3IsNeM e

DO'230 KelsN

NP3enP el
P{NP3) =CDE(1Y
t=K

185

DO 230 J=1sLA
PENP3)eP(NPI)+X(L)I*CTELI+L)

230 L=L+N

NnNO N

COPY OBSERVED DATA

1506

Ne=N
L=NeRn 4
00 ZAC Ke)sN

195 .
Y

PIK)=X(K)
N2=h24] :
L=Lel

240 PINZY=X{L)

IF(.NOT.PNTICD TO 255

200

(a2 (3]

PRIRY TABLE OF RESIDUALS

WRITE (6214)

i

.

16 FORAAT (1K /7 2%, TBHTASLE DF RE

STOUALS/716H OBSERVATICN WG+ ;5X,; THR

SVALUE S 7Xo THY VALUE» 7X,10HY £STIMATE,TXoE4RESIDUAL»SN» 124 ERROR-ETH

. ¢ Y1)

20%

LLFE
NP3I=NeN
00 250 K=1,%

219

NPZ2eNP2e]l
NP3=NP3el
RESID=PINP2)~P(NPY)

XXX=0

IF(DARS(PINPZ)}.GTI1E+S0) 6O TO 2%0

XXX=RESID/PINP2) #1100,

219

250

VRITE (6515) KoPUK),PINP2),PINP3I),RESIQs XXX
15 FORPATOLIN »3XT6,F1B8a5,F1445,F1745,F15.5,F1362)
22 WRITE (6,17}

919 FORMAY (/1)

VRITE (6,919}
CALL PLOT (LA)P»N»3,0011)

220

WRITE (60170

IFCTERRANDSSUMTPLLE . Do JRETURN

200 CONTINUE

260 RETURNM

K
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1 SUBROLTINE PREDIST (OATASLDINSILSAMPLINSCoL) -

SOB0020800000 0GP0 0000000020000 00E00RONISIPIPORIBITLIBINNIIESU SRS

& VWIS SUBRQUYIME PREDISTOTS & GIVEN SEOUINCE OF CleiTa s

&  SICNAL BY PASSING IT TPIUSH & TRANSVERSAL FILTER GF N=TAPS, .
[ SEGPVINNNICOOE S E00E0 00000 000RIIBEINIPNSRR4EECIBOEEISTIRBINININEEISISS

DINENSION DATAILDI=")»C N, X(1C0)pY¥(10D)

LSANPL2=2eLSAYPL 3
L2eNeg=1
0C 11 I=1,100

10° 11 X(11=0,
00 22 I=1,12
b4 4 XiX)=DATALICLSA>PL 2~1)

D0 44 I=1,L2
i)=0,.
13 ks

DO 33 Jel,N
IF(J.CT.I) €D TO 44 .
YC(I)nY(T)enix)®Z( J)

33 KeKel
20 &¢ CONTINUE
D0 6% X=1s12

KelLSARMPL2#(1I-1)
DO 53 J=1,LSANPL2,2
33 DATA{Jex)eviI)

25 66 CONTINUE
RETURN
END
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1
4
J +
N o
‘1 SUSROUTINE RCOSMOD (SSANCuW,BIRATE,TF,LDIND
0.0‘0000.‘.000‘0.0.006‘.000toc.oooo-oto-.lttotc.onopoonoo...o-coo.oo.‘
L] R al L1313 L4 SIng
¢ FILTER (~beO D3 AT FREQUENIY®1/2T)e THE TRANSFEP FUNCTICW IS aLST @
] ¢ NMODIFIED BY (WMT/2)/SINIMTZ2) SI T+4AT THIS FILTER RESULTS In 1ER] @
® INTEP-SYPADL-INTECFERENCE FOR ANY ALFA (9, TD 1,00 L]

CPP5 00000000569 0000008000400000000RBINNENR8800C000R2QA0R0RRSINERIRSEBIRD

DIMENSION TFILDIM)
AREAD *,ALFA

10 PRINT 1oALFA
PL=4, ATAN2Z(1.91,9
NH=L0IN/2

NQ=NH/2
DWeSBANDW/FLOAT(NH)
1% ¥e0,0

WHaBIRATE® (1 4~ALFA) /26
WP=BIRATE*(14¢ALFA} /2, !
DG 11 Iel,NQ

1F(¥.EQ.0.0) GO 10 10
20 WWaPlsW/BIRATE

. IF(deLELWN) FalY/SIN(u)
IF(HeCT oM AND M LELwP) Fovw/SINIWe)SI0Stunedoe?
IF(We6ToWP) F=0,0 2

Y uuse!ulz.1;1r¢§§;o(1.-nL:A)In.IALFA

23 60 7O 20
10 Fe1,0
20 Fhe~i]-1)eP1/2,

XeFe(OS(FA)
YsFsSINIFAY
30 I12=1%2

Il=12-1
TF({I1)=X
JEi{I2) ey

12=2% {NH=-T+2) F 8
3 11si2=1 .
IF(I146TalDI"s0R, 12,6700 0IR) €0 TO 3 ’

TF(Il) =X .
TF(I2)e=y . ‘
3 Msh +DY

40 11 CONTINUE ‘
1 FORMAT(IH1,AX,®A RAISED COSINE FILTER IS USED. ITS EXCESS o
4SNYQUIST BANDWIDTYH IS ®,F4,27/)

RETURN ~
" END

N




SUBROUTINE SCUTFS6 (S3a¥DusBIRATE,TF,LDIN)
COSSSORBRNRPIPENVINO NN NS OCI P IN TR UPORPOIORITIVIRISIININEENSNDEES00
s 1 uB kD NE COFPUTES THZ TaaMSFER FUND N QF & SHARP L]
¢ OFF FILTER WITH ~6.,0 D3 AT BI2aTE/2. g
.."‘.‘.!‘.'.‘O‘..‘....'.t...."....‘..OQ.“..‘O..O.Qt.l"l."‘.‘.

DIMENSION TRLLDIN) ! .

READ, ¢, ALFA
PRINT 1,ALFA
Pluao*ATAN2(Yg,]0)

10

N+=LDIN/2 v n
hCeNY /2
Du=SBANDM/FLOATENNH]

13

We0.0 *
wheBlkATE®(1la-ALFAY /2,
WPeBIRATES(L1,oALFAYVZ/D,

DG 11-1I+1,NQ
IF{WsEQeDe) €D TD 10
WU=Pl1eW/BIRATE )

20

WiWe WM /24 FALFA=PI®(1o~ALFA}/4/ALFA
IF(WeLE«¥N) Ful,0
JF(WoGTo WM ANDyWeLEqwP) FaCJIS{haul®e

IF(WeCTe¥P) FuO,
60 T0 20
10 Fel,0 M

25

%20 FAe=(I=141¢P17 26
XsF#COS(FA)Y .
YoF*SIN(FA)

12e]e2
I1=12=1
TFi1l)eX

TFLI2)=Y
12226 (NH-T+2)
I1)=12-}

JF(11.6TeLDTIR.0,12.6T.LDIN) GC TO 3
TF{11)=X
TE(12)==Y

, 3 WeueD¥
11 CONTINUE
1 FCRAMAT(IH1p&Xp oA SUARP CUT=-OFF CILTER I3 USEDe JUS EXCESS ®p

40

+ONYQUIST BANDWIDTH 15 *,F4,2/7/)
RETURN
[1.1] z
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SUBROUTINE THEDFILUSBANCN,FBANDW, TFoLODIM)
SO0 000006000000400000000000800000000008008000880068000800000480840600

THIS SUBROUTINE SEVERATES THE TRANSFER FUNCTION OF A CHcBYSCHEFF ¢

PRA SUTTeRwGRYA LPF wallc CHARACTERISTIC 15 DEVTRRRInED BY .
COEFFICIENTS OF THEL® POLYNCAIALS SUFPLIED TO af7aY (Y, .
THE DIMENSIONS OF Wy 48D T 228 Se7 FOu A “AX, FILTEF OFCi® OF 0.8

INPUT, DIMENSION OF V¢ wUST a4p Lar3c€ T4AN THLT COF Co FOR A L]

*
L]
. 3
]
& YHE VALUES OF W (DUCERe1) 2°0 € (COcFFICILNTS ) “UST Br G.Vin AS ©
[ ]
o HIGHER ORDER, CHANSE JIWENZIGMS OF LFnAYS 1C! & 4wl »
-

10

A0S RLSFINANEP 080400 IRCCERR OB tNLT SN IIOATRIERIINRIOSISPPIRRARSINGES

DINENSION C(Q)th(IC)tTF(LDX‘)al(6’
READ 12(ACIYnI=154)

15

READ *,No (CTTI,I°1, %)
FRINT 25CA(I)sI=1rb)
PRINT 3,N»(C(Y)s1=1,N)

RH=LDIN72
NQ=LDIN/4
D= SBANDN/FLOATINN) /FBANDN®2,

\
Al
B DO 4 Ys2, N0
VeLWeFLOATLI=1)
VSe-yty '

v Su=1,
D0 11 J=1,%»2
N Jim=Jdel

t41

W {J)=3vw
WWlJl)=Svey
nl SwWaSWeus

X SY=3Y=0.
DO 22 Jd=1,%,2
224 SXuSX+Z{J)oudt))

D0 33 J=2,W,2
3 SY=SY+TUJIoveid)
S3=(SXxee2e5Y002)/C(1)

, X=IX73§
. Yo SY/SS
1120182

le12~])
F(11)=X
TE(I2) sy

[Y)

Izcz-(nn-tot)
11e12-1
TECT1) =X

45

44 TFT1Z21=Y
TF{d)I=2e
TE(2)sTEINHe1) e TF{X-142) =0, “

T FORFATU{ZA10) - ; ;
2 FORMAT(IM1,4X, 14;3:«511:‘ FILTER IS USEDe THE FILTER TYPE 15,
+75%,4A1047)

50

3 FORMAT(SXa®I TS 8,13, BGLYNINIAL CUEFFICIENTS ARts®/7
+9UEX,F9.5))
RETURN \

“END B

\

SUPROLTINE TRANSF (AsSIGNALNsKsLEEFD
QOFCSP80000000000800 P00 P00BRL30000003000008808800a09

# THIS SUSROUTINE TRANSEQRMS TH: REAL AR6AY *SICnALY @

—

¢ UPON THE VALUE ASSIGNED TD K. *
PRSP ENTENI0 00N E000 0000000t 00000000000000CRIEIIOIIBINS

¢ IRTO A TUAPLEX Aongg AT, AND VICe~vinia CcFENSING @

DIRENSTON SICNILJ‘DIH)
CORPLEX A(ND

10

1F(X +NEo O) 60 70\10
DO 1T I=1sN W
Ilele2
IR=11~1

13

XR=SIGNALCT) :
XI»SIGNALIITY \
11 A1) =CHPLRCXR, ¥T)

RETURN .
10 0D 22 I=3sN \
II=Ie2 \

20

I=11~1
SIG“AL(IR)-FEAL(A(I)\
22 SICNALUITI=ATPASIALID)

RETURN s
END
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C.5 Compilation and Execution ¢of Programs and Subroutines

»

Compilaéion of a program with itsl associated
subroutines can become a time-consuming (in computer S&stem
Resource Units) procedure. IE order to overcome this
wastage of 'resou¥ces; it is a good practice to compile all
common subroutines only once and steore the compiled versions
in a libfary file. This file could be accessed during the
execution of programs. This procedure needs a careful
organization of one's permanent file library. It also
prevents from wasting the memory space allccated to the user

when writing the same subrocutine in several programs.

~

* The programs were run on the Time Sharing System, in
BATCH mode, of CDC Cyber 172‘computer system at Concordia
University Computer Centre. In BATCH modelthe dSer can
compile and- execute the preograms at a videos, or printer
terminal with the opticn of printing long lists of results
at a remope higﬁ speed printer throcugh the disposal

technique (i.e., using the PRINT command).
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Compilation of Su;Loutine Library. ‘'As 'explained in the

earlier section, following is the procedure to generate a

library file 1in BA‘CH moae. (The slash '/' is the system

response o enter a line.)
i

. /REWIND, FNAME _
. . /FTN, I=FNAME L.
' ) /LIBGEN, P=MYLIB
/SAVE ,MYLIB

When“a ‘file 1is compiled, wunless specified, the sySteﬁ

’ automatically generates a file called LGO that contain the

compiled versicn o§%input file. TEPS’ if ancther input file
o
is now to be compiled, then, LGO must either be first

rewound (/rewind,lgc) or returned (/return,lgo).

#, ] :



