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ABSTRACT

The Development 2f o Discrete Fourier T:-nsform Algorithm using
the Table Look Up Method

The development of a system to compute the Discrete Fourier
Transform (DFT} of a time sampled, wide dynumic range noiselike signolis
reported in this dissertetion. The mothematical basis of the
algorithm is covered and an algorithm is then developed and
progranmed on q Nova 1200 minicomputer. The results are then
compared with those of a Fast Fourier Transform Algerithm. (FFT)

Fourier analysis of continuuus and sampled time signals is
discussed ond it is shown that the Fourier Series Coefficients of
a sompled time sequence are reluted by a constant to the Discrete
Fourier Transform of thot time sequence. The Fourier Series
Coafficients ure considered to be o special case of the bivariate
time average which is solved v ing o computaticnal clgorithm based
on stotistical averaging methods and o toble lack up method.  The
signal component of ihe biveriate avercge is sompled with o
logarithmic analog to digitel converter (LADC) thus allowing a wide
dynemic renge signul to be represented by a short word length,

The problem of genercting the sinusoidul component is overcome by
spacing the abscissus in the stotistical avorage numerical iniegration
formula sinusoidally and generating linesr in time oddresses which
correspond to the arguments of « sinusoidol wave.

The Fourier Serics Coefficient aulgurithm is extended to

compute Discrote Fourier Transforms and the linear address (acgument)




gena ator is modified to generate oddresses that correspond to ail
the frequencies extracted by the DFT.  This algorithm is termed
the Discrete Fourier Transform using the Toble Look Up methed
(DFTTLY).

The basic features of this technique ure summarized. The
LADC ovtput word and the generated address form an address peir which
specifies a constant, in a stored table of constants, which is added
to an gecumulator,  The accumulator is initiaily set to zero, and
after the number of semples in ¢ signal burst hove been processed,
will contain a number proportional to the haormoniec, the frequency
of which hus besn set by the generated addresses (orguments).  The
remaining harmonics are processed hy setting the frequency of the
generated addresses occcordingly.  The bosic celculation step of
this technique requires no multiplication. The olgerithm is
programmed in Assembler Code and is run on a minicomputer system
thot has a LADC peripheral.

An indication of the avcuracy of the DFTTLU is obtained by
comparing its results with those of on FFT algorithm of known
accuracy analysing the same signal.  The FFT is also programmed on
the minicomputer and ¢ 12 bit anclog to digital converter peripheral
(synchronised with the LADC) samples and encodes the signal. The
differences between the results arc less than 2% of the maximum
harmonic amplitvde for the worst case.

Although the oim of the work is the dovelopment of « real
time Fourier Transtorm systom ihat wnalyses noiselike signals, the

system developed is slow because of the inherent complexity of the




Assembler Code needed to generate the nddresses. It is envisaged
that o hordwore based system would simplify and overcome this

problem.
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1 FOURIER ANALYSIS OF SIGNALS USING A DIGITAL SIGNAL
PROCESSING SYSTEM

1.1 Introduction

In recent years digitel instrumentotion, with its inherent
reliab.1lity, wccuracy and ease of reoding hos rivelled, and in
many cases surpassed anclog instrumentation in most fields of
electrical measurements. A glance at most electronic instrument
mokers' catalogues will show that digital velimeters and frequency
counters are common ‘off the shelf' items while digitol signal
processing modules such os those performing the Fast Fourier
Transform (FFT), designed for use as 'stand alone' apparctus, or
add on peripherals for 4 mini-computer {. microprocesser), are
entering the market in increasing numbers.  The improvements in
digitel electronics technology ond the resulting decrease in costs
have given rise to digital systems designed to ccmpute mure complex
electrical measurements such as time averages, correletion coefficients
and Fourier Tronsforms of signals.

Simplicity end accurecy are two important aspects in the
design of o digitel signol measurement system. Most systems
consist of;

1. An anolog to dinital convester (ADC) which samp’
the amplitude of an analog signol with respect to time and
represents this amplitude with a digital codv word,

2. A digital processer which colculates the required

measurenant (eg time average) of the analog signal,  The digital




processer cah be o special purpcae digital instrument or o computer
programmed to perform the rejuired measurement.

3. The output display displays the result of the
measurement in a digital (eg LED or NIXIE display) or graphic (eg
CRO or plotter display) form.

The accuracy of most existing digitul signal processing
systems relies in most cuses, not on theoretical considerations
but on processing a large number of time samples to reduce sampling
errors, and on Tinely quantised amplitude levels in the ADC to
reduce amplitude quantisction errore. The resuvlting digital
instrument is usually more accurate thun its analog counterpart
ond less complex thon an analog instrument of comparoble accuracy.
The major sources of error in most digitol signcl processing systems
con be broadly clussified as;

1. Time sompling errors

2. Amplitude guantising errors.

3. Rounding or truncating errcvs in the numerieal
algorithm used t9 colculate the measurement,

These errors ore discussed in chopter 4 and chapter 2 of references
5 and 14 respectively.

Hanrohan (ref. 6) reviews some of the literature on these
errors and presents a study of the underlying theory of time
averages of amplitude quantised time sampled data.  The particular
approach used in this work leads to the development of o simple

algorithm, based on a table look up (TLU) method and on statistical



averages, to colculate Tire averages of signuls.  The basie
features of the TLU method ore us follows:

Somples of tha signal being puocessed are quantised fairly
coarsely.  The quoniisar cutput word is used as un oddrexs to
specify a constent, in o table of constants, which is added to an
accunuletor.  The accumulator, initielly set to zero, contains a
number proportional to the required average after « large number
of samples have been srocessed. This technique can compute
multivariote os well as single variote time averages. A simplified
block diagrom of a system io colculete a single variate average is‘

given in Fig 1.1 «

u .
sanpLE ANAIG fh) STORED

) AND xity T0 TABLE OF
HOLD boiTAL vALuES
cireuIT CONVERTER 1sTY)

start

conTROL
stop
— N REGISIER ACCUMULATOR

Fig.1.1 Single Variate Time Avercge System




This approach in implementing o digital processer has the
following advanteges:

1) A simrle ADC is used. The ADC has fewer amplitude
levels when compared with most commercislly produced ADC" and
less bits are needed to code an anplitude level.

2) The basic calculeotion step does not need «
multipicetion operation.

These factors allow o relat. sely simple digital signal processing

system to be developed to compute time averages such as:

1. Mean volue

2. Mean square valve

3. Correlation Coefficients

4. Autocorrelation Coefficients
5. Fourier Coefficients.

The tabl: look up method is not exact becouse of the quantisation
of the signols in both time and omplitude. The accuracy obtaingble
ranges from erroxs of o few per cent with relatively coarse
amplitude quentisation (ie approximately 8 levels and 500 - 1 000
samples) to 0,1% error with 16 - 64 amplitude levels and up to
4 000 somples.

The TLU method does not restriet the ADC characteristic
and consequently the ADC charmcteristic con be chosen to suit the
properties of the signal being processed.  Signols that have a
wide dynamic range and o Gaussion or simileor amplitude distribution

(ie noise like signals)are of particular interest in the fields



of acoustic and vibrotion onolysis.  These signals can be yuantised
logarithmically, so providing high resolution at low signal
amplitudes and coorse resolution at high signnl amplitudes.
Hanrahan'® describes o system that has a 19 level, 3dB spacing
logarithmic onalog to digital convrrter (LADC) *o compute the mean
and mean sguare values of noise signals to on . curacy of the order
of 0,5dB. A logical extension of the work, suggested by Professor
Hanrchan as the subject of this dissertation, is Fourier Analysis
of logarithmically quantised noiselike signals, the aim of the

work being the development of o real time on line digitel Fourier
Analyser that exploits the advantages of the LADC and the TLU
method. This system could be used in acoustic signal anolysis,
low froguency vibrotion analysis or any application that requires

the Fourier Trunsform of noiselike, wide dynamic range signals.

1.2 Review of the Literature

The literature pertinent to the TLU method, analog to
digitol converters ond Fourier &nalysis systems is reviewed in
this section.  An existing TLU system that calculates Fourier
Coefficients is described and the LADC is discussed. A brief
description of the state of the art in Fourier Analysis systems

is given,

1.2.1 The Tgble Look Up Method and the Logorithmic
Analog to Digital Coniverter

Hanrahan® describes a TLU system that calevlates the

Fourier Coefficients of deterministic signals which are quantised




into eight positive and eight negative lineorly spuced levels in
this porticuler case The typical error is given as o percentage
of the maximum value funrlamentel which is defined to be 1.
The errors are of 1+ some order or better than those of a
conventional heterodyne wove anclyser (viz. 3 per cent full scale
error and 6 per cent spurious response}, A more complex system
bnsed] on the same principle reduces the errors to one per cent
error ond one per cent spurious response.

The concept of quantising wide dynamic range noiselike
signals using ¢ logarithmic enalog to digital comverter (LADC) is
discussed in reference8 and e TLU system inCo;pcrating an LADC
to calculate ..con ond mean square valuves is described.  The
error anolysis shows the errors to be of the order of 0,1 dB
provided that a noiselike signal is processed. The error rises
to opproximately 2dB when a deterministic signal is processed.
Appli;:uticns of this system are discussed in reference 9 . The
design considerations of ¢ L;;DC computer peripheral and the
computer progromme needed to compute mean and meun squure volves
of a noiselike signal is covered in reference 10. The LADC

developed has 19 positive and 19 negative levels spoced 3dB opart.

1.2.2 The Stote of the Art in Fourier Analysis Systems

Fourier analysis systems cen be divided into two types,
analog and digital systems. The systoms described here cre just

a few of the many systems uvailable.



1.2,2,1 Anclog Systems
The heterodyne wave analyser was used by Bell
Telephone Laboratories’ in the late forties as the busis of the

'Sona Graph' spectrum analyser. This electro-mechanical

instrument, which is used to onalyse speech signals, produces a
frequency spectrogram of about 2,5 seconds of speech signols in
obout three minutes. The dynamic range of the spectrogrem is

ebout 12d8.

Today, the best description of the state of the art is

KL

s . . 3
found in electronic equipment catologues. * For example,

the specifications of the HP 3580A Spectrum Analyser are summarized

below. ¥

Frequency Ronge: 5Hz to 50kHz

Dynamic Range 8048

Maximum Error 1dB

Sweeptime 0,1 sec. to 2 000 sec.

Minimum Bandwidth 1Hz

A bondpass filter (1Hz minimum bandwidth) . * between
the required lower and upper frequency limits and wter output

is displayed vn a CRT.

Another analog system is the Bruel ond K}oer  Type 3347 Real
Time one third Octave Analyser. This system consists of 30 one
third octave filters with centre frequencies from 25Hz to 20kHz,
The filter outputs are scanned every 20ms ond the results ore displayed

on o CRT in the form of a bor graph - the horizental axis is the



fiequency oxis., The dynamic xonge of the instrument is 64dB and

the CRT displays a range of 50dB with a resolution of 0,2dB.
Generally the analog Fourier analysis instruments ure

complicated and require o calibration or setting up procedure

before they can be used.

1.2,2.2 Digital Systems

Digital systems thal perform Fourier Analysis can be

divided into two typei.

1. Systems that use linear filter theory or recursive
techniqves:‘

2, Systems that use the Cooley Tukey Fast Fourier
Transform (FFT).s

The FFT olgorithm is used in virtually all digital systems.
Most minicomputers with 4K of memory core and the abulity to control
an ADC peripheral con be programmed to analyse electrical signols
vsing the FFT olgorithm.

An exemple of o big commercially produced system that uses

2 s : ey
This consists of a minicomputer,

the FFT is the HP5451 series.'
keyboard, a dual 10 bit anclog to digital converter, a display
contxol unit and o CRT, and a softwore puckage to control the
system. A Fourier Transform of i time samples is produced in
obout 100ms. and has o dynamic ronge of 80dB and a frequency range
of 0 - 100kHz.

At the other end of the scale thore ore tho 'FFT modules’,

arr example of which is the Plessey SPM-02. This is designed fer




use os a 'stand alone' or add on FFT processer with o minicamputer
or micropracesser. The module can process 1 024 complex paints
in 250ms with o frequency range of O -~ 50 kHz.

All the obove examples must not be construed as a complete
description as the stote of the art, but they do give on indication

of the different methods used in Fourier analysis.

1.3 The Pressnt Work

The present work is concerned with the development of a
digital system that exploits the advantages of the TLU method and ’
the LADC to perform real time on line Fourier Transforms of noise
signalsthat have a wide dynamic range. The system is implemented
as @ software programme that is run on o Nova 1200 minicomputer in
conjunction with the 19 level, 3dB spocing logarithmic analog te
digital converter.'? The speed anrd occurocy of the system ore
investigated by varying certain parameters and comparing the
results with those given by an algorithm of known accuracy (eg
Cooley Tukey Fast Fourier Transform, EFT). The ultimote aim of
this work is the development of a Fourier Anclysis Instrument that
con rivel ond, in some cases, replace existing digital {and andlog)
Fourier Analysis systems thot process noiselike signals.

The flexibility of the computer focilitates changes te the
algorithms in the light of results obtained in enhal sing signals.
The progromme steps noeded to implement the algorithm are
analogous o the steps required if the algorithm is implemented

in a specicl purpose hordware digital instrument.
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1.4 Scope and Format of the Dissertation

This dissertation first covers the mathematical basis of the
DFT TLU and then discusses the development of o computational
algorithm.  The ulgorﬂ‘:hm is progrommed on a Nova 1200 minicomputer
and the results arve compared with the results of on FFT olgorithm.

Fourier analysis of continuous and time sampled signals is
covered in Chapter 2 ond it is shown thet the Fourier Coefficients
of o time sumpled, periodic signal ore releted to the Discrete Fourier
Transform of thot time sampled signal.  The Fourier Coefficients .
are also shown to be ¢ special caose of the bivorigte time avercge
which is solved using o computational mlgorithm bused on statistical
averaging methods ond o table look up method. The problem of
generating the sinusoidol component of the biveriote average is
discussed and a simple linear in time sinusocidal channel cddress
genexation is developed.

In Chopter 3 the lineor in time address generator is
modified so that the Fourier Coefficient system can be extended

to compute the Discrete Fourier Transform.

The algorithm that is programmed to solve the DFT TLU is
discussed in detail in Chapter 4 and  numerical volues of
harmonics and the machine code scale factors are derived and
tabuloted.

The DFTILU is compured with tho FFT in Chapter 5 in order
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to obtain an error characteristic. The resulis of the FFT are

regarded as the 'true' value ond the differences between the FFT
and the DFT TLU are termed the 'errors‘.

' The conclusions and recommendations for further work are

covered in Chapter 6.

Derivotions or discussions that breok the continuity of
this dissertation are covered by the appendices at the end of this
report.  The generation of the lineor in time addresses which
}eplucs sine or cosine waves needed for Fourier Transform Analysi§
is discussed in Appendices A3 and A4 and the derivation of the
stor;a toble of values(STV) is discussed in AL and A2. A system
that compares the results of the DFT TLU and an FFT olgorithm is

faven in Ab.
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2. THEQRY UNDERLYING THE APPLICATION OF THE TABLE LOOK UP
METHOD TO THE DISCRETE FOURIER TRANSFORM

2.1 Introduction

This chapter reviews the definitions of the Fourier Series
Coefficients and the Fourier Transform for continvous and sampled
input dota. In a samp® ! date system, where the signal is periodic,
band limited ond sampled o -*s dyquist Rate, the complex Fourier
Coefficients ore shown to be surples of the continuous Fourier
Transform taken at integral multiples of a frequency proportional
to the sumpling rote. It is then shown that the complex Fourier
Coefficients are proportional to the Discrete Fourier Transfarm
{DFT) points of the sampled signal. The complex Fourier Coefficients
are a special case of the bivariate time aserage’ and are solved
with stetisticol everages and the toble look up technique. In
this dissertation the theory thot shows how the table look up method
cen be used to solve a bivariote stotistical time average s not

given as this is covered in appendices 3 and 7 of reference 6.

2.2 The Fourier Series Coefficients and the
Fourier Transform

For o continuous, periodic, real time function x{t} of period

Tl’ the general equution of the Fourier Series cun be written as

follows:
o

x(t) = _'_"29, +§:ur cos (2nrfl-t) + b sin (an‘Flt) 2.1
r=l

r is the order of the Fourier Series Coofficients and fl = 1/71.
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The Fourier Series Coefficients are written as follows:
T
1/2
o = 2 f x(t) cos (21Trf) t) dt. 2.2
T
, 12
b, = ¥ f x(t) sin (21Txf, £) dt 23
1
“Tis2

Equations 2.2 and 2.3 can be written in the exponentiol .form

e = (e 2Tt gy 2.4
e ¢ = 2.5
The Fourier Transform con be written as’
X = jx(t)e’ih’t dt 2.6
-5

Consider a burst waveform x(t) of duration NT. By definition as

x(t) is time limited, its Fourier Transform cannot be band limited.
Hence it cannot be sampled fast enough to completely prevent aliasing.
However, if the sampling interval T is small encugh, aliasing can

be reduced to negligible extent. Under ihese circumstances the
interpolation’ (sampling) theorem may be applied, and it would be
possible to reconstitute x(t) almost exactly from its semples

xs(nT), i.e.

=} intr g T
x(t) = Z Cxr ) x (7 2.7

=0 TT(LF'TLT.)



whers N is o finite number. If the signel burst is repeated
to give xp(t), the Fourier series coefficients of xp(t) can be
computed.  The periodic repetition of the sampled bursi can be

written os

@, Nz sin
) = Dt - T « INT
18 BT iy 2
o n=o ;l(t - nT ~ INT)
N = 20/NT 2.9

In this case the complex Fourier

Series Coefficients are denoted Dk.

NT .
o, = L J'x (t)e- TRt gy 2.10
w P
o
. NT o M-l sing(t_nT_lNT) -
k= ﬁj E S AL (e M ae 210
§ Gbm Femroam
N-1 NT sina
b, = Ni-z g (nT)e"k""El Z(t-nT- 1)y, 2.12
n=o o o Flt-nT-INT)
b, = _1_% o (nT)o" IATK 2.13
NT i
n=o0
The DFT of xP(nT) oxists and is
S ~jnTak 2.14
x(kn) = ;:F(nT)cq2 .
)
=4 ~jaTak
= xs(nT)s = Xk 2.18

=0

14



From equations 2.13 and 2,15

NTD, = ¥, 2,16
The kth Fourier series coefficient Dk of a periodic or repeated
burst waveform sampled sufficiently faust to reduce aliasing to a
negligible level, multiplied by the waveform peried or burst dura;ion
NT, is equal to the kth harmenic of the DFT, Xk, of that waveform.

It is meaningless to talk of the Fourier Trons'orm of a

seguence of snmples5 but ¢ veguence of discrete numbers xs(nT) with

a time function

£(t) = Z xs(nT) 8(’: - aT) 2,17

has a Fourier Transform.
£

Fe = 2 x (oma”iont 2.18
LIEY ] s

The tire function of equolly spaced impulses S {t - nT), hos

a transform that is periodic in frequency with period 277 In most
T

cases the DFT of o sompled time function will only approximate the
Fourier Transform of the time function (cf equations 2,14 and 2,18)
but the properties of the DFT and the Fourier Transform correspond

exactly. How.ver there are only N distinct numbers in the DFT and

only N different f: can be distinguished These § ies

are denoted

frequency = kN, k = 0,1,2 ... N-1 2,19

where N = 277 ond T = sampling peried
NT

15
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The complex numbers NTDk can be regarded as somples of the Fourier
Transform taken at integral multiples of the frequency(l ond o
Tcontinuous Fourier Transform Spectrum’ could be approximoted using
the interpolation formulae

e - NTZ D(gf,) SnTTCE - aty) N 2.20

Zf-qf iR

where Fl = 0
21T

Algorithms thot compute Fourier Series Coefficients qr,br,cr are
of great significonce as they can be used to compute o frequancy
spectrum of a burst like phenomena.

2.3 Expressing the Fourier Series Coefficients as a
Bivarigte Time Avercge

Consider equatior 2,15

N1
¥ = E x (1) Nk 2.15
n=0
N1
SeRe(X) = E x(nT) cosnTnk 2.21
n=0
now X, = NTD 2.16
N1
Re(D) = 3 Z x ¢ (nT) cosOVTK 2.22
n=0

3

xg {nT) cosf1TnK




2.24
Re(Dk)= xsitni cos kit
Similarly for Im(Dk)
2,25
Il‘rl(Dk g Ztn) sin kOt

2.4 The Evoluation of the Time Average as o Stotistical
Average

In reference 6 o versctile method of calculating time
averages, using amplitude quontised time sampled dota, and bosed
on statistical averages and equivalent to the required bivariate
time overage, hos been developed. This method is applied to the

estimation of Dk' The general average, expressed as a statistical

average " is
Xy = ffXY p,. (XY} dxdy 2.26
R xy

where p(X,Y) is the joint probability density fumction of X and Y.
Y,

T = ‘L“ sgn (X). sgn (Y) Pay (X.Y )dxdy 2.27.
T

The intermediate mathemotical steps between equations 2.26 and
2.27 are detailed in Appendix 3 in reference 6.

¥ X, and ¥ Y, are the omplitude limits which x(t) end y(t)
are assumed not to exceed.  The distribution function, ny(X,Y) is
defined as the joint probability that x(t) is more remote from zero

than X AND y{t) is more remote from zero than Y.

17



sgn(X) is interpretod as

sgn(X) = 1 Xz 0+

san(X) = -1 X S
Equation 2.27 is the basis for developing the table look up algarithm
(TLU) to solve Dy Numericel integration is performed with respect

to one variable {say X) while the other (Y) is held canstant at

some value Y .
x X,

(8
o:(vc) = f sgn(X) nxy(x,‘(r)dx . 2,28
=, .

This is estimoted with a numericel integrotior formula

M-

h

xl.
F(X)dx £ w, F(X, 2.29
-XJ: I)x Ll ¢ ")

The only constraint en t)e quantising of the X channel signal is a
one to one correspondence between the Mx quantiser thresholds, Xi'
in the interval O <X<X and the abscissas in the numerical
integrotion formulo. hx and Dx are integrotion constants and W
arc the integration weights of the formula. The thresholds on the

negative axis are:

X 1

=Xi (W= ) i=01 ... Mx—
The Y channel is similor end the integration weights are denoted uj
Under these conditions, the integrand, ny(X,Y), can be
estimated as the rotio of the number of sample pairs, Cii' which
fell more remote from zero than Xi and YI, respectively, to the

total number of sample pairs, N

fer P (1), &y 2.30
* N

Equation 2.27 can now be written




oy Mad M

b
Xy EEBKN Z ZSQN(Xi) sgn(Y).) w05 2.81
Y 2550

N samples of x(t) and N samples of y(t) ore taken at sumpling
instants tno= 0, 1, 2... N~ 1, and the ampiitude of the
somples are quantised according to the above constroints. At the
eid of each sampling period Cij is caleulated and the summation in
aquation 2.31 is performed, The algorithm suggested by equation

2.31 is wasteful as 4MXNy sample totals Cij have to be stored and

o summation must be performed N times. In appendix 7 of reference’

6 equation 2.81 is further simplified and is written

son (x{t )y( ) S(LK) 2.32

S(In Kn) is a two dimenslonsl erray and each element in the array

is calculoted according to:

S r
s(s,r) = Z Zw"”i s = 0l ... Mo
w50

r = 0,1 .... My_i

I ond K are the digitol outputs of the ADCs operation on x(tn) and
y(t") respectively. In is equal to the subscript of the lergest

X ebscisso less than ox equal to x(tn) and Kn is equal to the
subscript of the largest Y abscissa less thon or equal to y(tn).

The algorithm embodied in equation 2.32 is one of addressing
particulor locations in o store (tahle) containing an array of

constants 5{s,r).  An gecumulator is initielly set to zero

19




When the two samples are token ot time t Ir| and K" are obtained.
These values, acting as addresses, specify that the constant
S(InK") held in cddress location (In Kn) in the stored toble of
volues, is to be added to the occumulator. Signed addition is
necessary, the sign being obtained from sgn(x(tn).y({n))Af‘cer N
address puirs hove been similarly processed the accumulator will

contain the velue

xnyDN
h h
xy

A block disgram of a system to implement this algorithm is given

in Fig.2.1.

AT senixitglh
A, SAMPLE |
Xy BIGITAL S
AND HOLD CONVERTER | |
SIORED TABLE OF VAWES
SaMPLE ANALOG
g
L — 190 orsriat [
AND HALD sqnlyit o o
ARITHMETIC UNIT

[

| N COUNTER ACCUMULA FOR

CONTROL

Fig.21 System to Estimate %V
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2.5 Applying the Stotistical Average using the TLU method
to the Discrete Fourier Transform

The Fourier Caefficients can be estimated with equotion 2,32

: N-1
hob
Xy o= FXT)XN‘L sgn(xs(tn Yooyl D {1 k) 2.32
xy" = [
Re(B,) = z Z sgn(x &, ) v ) s (LK) 2.33
X

where y(tn) = cos(zrrnk) k=0...N-1

N-1
Im(Dk) = I—)_Dxﬁ sgn(xs&n). y(tn)) S(I"K") 2.34

shore y(t) = sin(ZEHY 2 0.N-t
To simplify the equations, T, the sampling period is defined to

be one unit of time and equation 2.8 becomes

21
N= N 2.35

Equation 2.16 is now written as

NDk B

X(kn) = F = Xk 2,36
F'< is the Discrete Fourier Transform implemented with the table look
up method (DFTTLU).

Equations 2.33 and 2.34 are written

pp =t
. XY Z
Fr = Dny -, sgn(xn,yn) S(InKn) 2,37
Y, = cos(zrrnk) for Re(Fk) 2.38
N

Y = sin(2lnky for Im(Fk) 2.39
N
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The N harmonics con be celeulated by setting k to 0,1 ... N =1
and solving equations 2.37 and 2.38,

ie. IF X, is a band limited signal sampled at its Nyquist Rate,
k= 0,1 .., N~ 1 con be regorded.as somplesof the Fourier

K
Trensform tuken of integral multiples of the fregquency M= 2%;4

F

The signal in the Y channel is deterministic und K, follows
o deterministic pottern. Kn could be generated with a digital
sinuscidal oddress generator. The different frequencies of Kn
are denoted Knk' The subscripts nk correspond to the nk in
sin 02¥$l&.

If the Y channel abscissas {cf. eqn 2.39) follow a

sinusoidal pattern, ond the integrotion weights, uj, and

constants hy and Dy are ndjusted accordingly, Knk becomes equivalent
to the arguments of the sinuscidal function and has a LINEAR in time
characteristic. Thus there is no need for amy kind (analog or
digitol) sinusoidal generctor. If the symmetricol properties of

the sinusold are exploited, K need only have voluss that correspond
to orguments hetween O ond 7 radians  The Y chennel contribution to
the signum function is the iign associated with the guadrant in which
the argument fells. Consider the set of oddrosses (Knk arguments)
required by a sine wave. The outpui of Knk address generator, in
sign/magnitude form, must correspond to the cyclic stote starting

ot B in Fig.2.2




Fig.22 Cyclic States of Knk

The magnitude of the signed address generator (SAG) output

forms the Y channal companen* of the
forms the Y channel component of the

similer to the logarithmic enclog te

address pair ond the sign bit
signum function. (This is

digital convertor output, )

In this dissertation a negative signed address (argument) will

never meon thot on angular phasor has been displeced clockwise on

a phasor diagrem but that the sine or cosine of o negative argument

has o negative maghitude, A cosine
wave delayed by I—;— radians.  This
SAG ot state A in Fig.2.2, The SAG
UP / DOWN counter which is simple to
The system in Fig.2.1 is modified to

system in Fig.2.3 results.

wave is regarded as o sine
corresponds to starting the

can be considered o modified

implement using TTL hurdwore.ls

incorporate the SAG ond the
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Fig.23 System to Estimate Fk

ARITHMETIE UNIT

ACCUMULATOR

This system can only calculate one harmenic ot a time.
Clock 1 sets the frequency (k) of the required harmonic and Clock
2 sets the sampling rate. The Accumulator is initially set to
zero. At each saompling instant,tp, the output of the quantiser,
In and the output of the SAG, Knk' form the address poir, (Ir\ Knk>
which extracts the constant, s(In Knk) from location (zn Knk).
This constant is either added or subtracted to or from the '
Accumulator, depending on the signum function.  After N samples,
the Accumulator contains o value proportional to the DFT frequency
set by Clock L.

In A7 o simple 8 point DFTTLU example shows the linear in
time Knk uddress generator.  The signal is lirearly quantised and
a sine wave is analysed.  The rosults are noi exact because of the

simplicity of the 'system'.

24



25

2.6  Discussion

This chepter has set out the relationship between the Fourier
Series Coefficients and the Fourier Transform and has shown that the
Fourier Series Coefficients of o sampled, periodic or repeated burst
waveform con be regarded as samples of the Fourier Transform of the
continuous signal provided thot the sompling rote is high enough to
prevent alissing. The properties of the Fourier Transform axe valid
for the DFT if the signal is band limited and sampled at or above its
Nyquiut rate. The Fourier Series coefficients are a specicl case of

the bivariatu time average which, in turn, is solved with statistical

average methods onc the teble leok up method.  The TLU method,

which requires no multiplicetion in its basic calculation step can

be used to compute the DFT which normally needs complex
multiplication and addition.

Finally the flexibility of the TLU techniques is demonstrated
by the madification of the X and Y channel obscissas to suit the
"signal' being processed. In the X channe’, the abscissas ore
spaced logarithmically to process noiselike signals with o wide
dynamic range. In the Y channel, the abscissas ore spcled

sinusoidally and there is no need for a sine wave generator.
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3 COMPUTING THE DISCRETE FOURIER TRANSFORM FROM THE FOURIER
SERIES COEFFICLENTS

3.1 Introduction
If a real bond limited signol is sampled at its Nyguist
Rate ond N of the samples are processed, the DFT allows N distinct

frequencies to be extracted. 5 These frequencies are denoted g

vhere
N= 2T T = sampling period
NT
The frequencies !2:! cieesres (N -1)  are mirror imogss

RN

The system in 2.5 con extract N distinct freguencies{one at a

of frequencies O o

time) by setting Clock 1 to generate oddresses that are equivolent
to the sinusoidal waves of freguencies k() k =.0,1 ..... (N - 1).
The output of the signed address generator (SAG) is denoted by
Knk, where K is the signed address genercted at time n to extract
the k th harmonic.  The subscript, nk, is anologous to the nk in

the angular argument used in the nermel DFT notation,

eg. sin (2ﬂﬁ&— or cos (Z"Rk )

N2 address pairs must be generuted to extract N real harmonics
and N2 address pairs must be generated to extroct N imaginary
harmonics, in order to compute the DFTTLU.  The term ‘harmonics’
is usod loosoly in this dissertotion and will refer to the
frequancy domoin results of the DFTTLU. (ie. the N output points
of tha DFTTLU).  Thus the major problem in implementing the
OFTTLY is the simple ond efficient operation of the Nt signed

) in the Y (sinusoidal) channel.




To clarify the discussion in this chapter, the calculation
steps needed to implement an & point DFTTLU are presented and
methods of generating the signed oddresses are discussed with the
aid of a DFTTLU system block diagrom.

3.2 A System to Implsment the Discrete Fourier Transform
usir, the Table |00k Up Method

A simple DFTTLU system is discussed to facilitate the
explanation of the signed address generator (SAG). I, is the
digital encoded value of the sampled signal amplitude ot time
nln =0 ..000 N~ 1) Ky is the output of the S5AG.  The
system only extracts imugitury hormonic components (is. the
addresses, Knk’ correspond to the arguments of a sine wave).

The NZ calculation steps are detailed in Fig.3.1, and ihe block
diagram of the system to implemen% these steps is given in Fig.
3.2,

Excmination of Fig.3.1 reveale that the nth row of Knk
addresses is the same as the nth column of K| oddresses.  The
DFTTLU calculation steps can thus be solved row by row or column
by column. The row by row method or 'Rows Method' is similar to
the slgorithm used to calculate Fourier Coefficients; the
procedure simply being repeated N times.  The Rows Method is
detailed in 3.2.1.  The Columns Method implements the calculation
steps by generating columns of uddress pairs end adding the
contents of the specified eddress to the corresponding Accumulator

ie Each address peir in o column of oddress poirs is

27
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associated with a different harmonic ond the Accumulator associated
with the particular harmonic is incremented. The columns method
is describad in 3.2.2,

Some notes on the DFTTLU system in Fig.3.2.

1. Only imaginary components of the hormonics are
extracted.
2, Initially the Accumulators are set to zexo.

3. Thecontroller allows N samples of the signal to be
taken and the coded amplitude volues ore stored in the N location
1, arzay. o

4. The SAG is set to state B (cf. Fig.2.2) before a new
row or column of Knk addresses ore gemerated.

5. Strobing the SAG causes a Knk value to be generated

according to the value of index k.

3.2.1 The Rous Method

Consider Fig.3.2, which shows o system having eight
elements for purposes of explanotion (see A7), The control is
programmed to culculate each hormonic separately as in the system
described in section 3.2

1) The controller sets the rejuired frequency index on
the addr.ss generator and switches the corresponding Accumulator
on to the adder.

2) The controlles strobes the SAG and oddresses the first

locetion in the I, array. The output of the SAG and the array form

the first address pair, IoKak’



Fo= Sl Koe) +S(T KygheSULL K 5 F ST K 3 hSUT K g WS( T K o iSCT oK g oS 1K)
By oS Ko o S KIS LK oy hSLTK oS (1 K WS K g S T K o hSCIK )
FaoeS(LK g+ ST K 1S K W1 KW S(T K oS 1 K ST K gy 0eS(E,K o)
F oS K oS K ST, K S (T Ky e ST KoUK o SCLKeprSCTK )
F 2SUK g 0+ SUL Ky DS, K Je ST, Ky SCE, K e ST K oS CT K, WS(1,K )
FyoS{T K e SCL K oS, Ky SCT Koo SO K e SCIK e S Ko WS( 1K )
FooS(1 K e ST K ST, Ky 0o ST Ry e SCL K 0 S(T K g JrSCT Kghe SCLK )
FoSIH o) SCL K MSILK, WSCE K WS K, WS K e S(LK HSCTK )

[RML1S

Fig. 3.1 Calcutation Steps for 8 paint OFTTLU
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Fig.3.2 Block Diagram of System to Perform Spectrol Analysis




31

3)  The contonts of the oddress, I K in the STV,
denoled S(IcKok> ure added to the Accumvlater.

4)  The controller again strobes the SAG and addresses
the next location in the In ariuy. The two ouiputs form the
next address paix.

5) The contents of this address in the STV are then
added to the Accumulator.

6) The ubove procedure is repected for the remoining
address pairs ond the finel volue in the Accumulator is

STk + ,  +S(IK e F

7) The controller sets the next frequency index k on
the SAG and switches the corresponing Accumulator on to the edder.

8) The above procedure is repeated for all the remaining

harmonics.

3.2.2 The Columns Method

Consider Fig.3.1. Column i of the signed addresses is
the same as row L. If the frequency index, k, is set to zere
and the SAG is strobed N times, the first column of signed
addresses will Y generetad. In any column of address poixs
the In component does not change but each value in the STV
addressed by one of these oddress poirs must be added to its
corresponding Accumulator eg. the value obtained by the secind
address pair in a column must be odded to the second Accumulator
in Fig.3.2. To solve the DFTTLU column by column the controller

in Fig.3.2 must carry out the following steps:
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1) The controller sets the index k on the SAG.

2) The controller selects the value of In in the array
where n = k and switches it through to one of the address inputs
of the STV.

3) The controller switches the first Accumulator on to
the odder ond strobes the SAG.

4) The first oddress pair, IoKnk’ obtains the contents
of the STV end adds it to the first Accumu] cor.

5) The controller switches the second Accumulater on to
the adder and strobes the SAG.

6) The second address poir obtains the corresponding

contents of the STV and odds it to the second Accumulator.

7)  This procedure is repeated for the remaining
Accumulators.

8) The remagining columns of oddress pairs are processed
similorly.
3.3 Discyssion on the Columns ond Rows Methods

The Columns method is less complicated to programme as
only the Knk component of the adiress pair changes as each column
of address pairs is genercted. T o disadventege is that o different
Accumulotor must be incremented or decremented for each of the
address pairs in the column.  This problem is overcome by linking
the selection of the Accumilators to the s‘crcb;'.ng af the SAG and

the required Accumulator will be selected as sach of the Knk values
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are generated. The Columns method becomes a reol time operation
if o column of nddress pairs con be processed in less than the
sompling period and, after the N coluans of oddress pairs have
been processed,the Accumulators will contain total propertional
to the DFT points. The In array is not needed aos the column of
oddress pairs can be processed as soon os the In value is ovailable
from the LADC,
The Nova 1200 instruction set execution times do not permit
a column of Knk volues to be generated in less thon the sampling
period and recl time operation cannot be echieved. The use of
TTl. hardwore to achieve real time operatien is discussed in 6.2,
The Ir| array must be retained to store the N time samples of the
signal burst. The non-real time algorithm and Assembler programme
vsed to process the signal burst is described in A3 ond Ad
respectively. The most importont detoils of A3 and A4 axe
summarized here for completeness.
From Fig. A3.3 it con be seen that if the first row and the
first column are not counted, the Knk addresses repeat ofter the
row or eolumn in which k or n equal % or, in some coses, g.
Thus only the first % or g columns of address pairs need be generated.
The I values that share the same columns of Kok valves are shuffled
out of the Iﬂ array and are stored in a sub-orroy. These values of
In follow a similar pottern to the 'bit reversed’ pattern5 of the
FFT and are shuffled in o similar manner. Processing of the DFTTLU
cannot begin until all N somples of the signal hove been taken and

stored in the In orray of N locotions. The advantoge of the



modified Columns method is that one column of Knk addresses can be
used to genercte 4 or 8 columns of oddress pairs.

The Rows method is the same as the method used to calculate
the Fourier Coefficients und this method is repeated N times to
solve the DFTTLU.  In each row the Il_| and Knk companent of the
address pair changes N times ond this complicutes the programming.
Thus the modified columns method is chosen as the basis of the

algorithm.

34
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4 THE DETAILED DESCRIPTION OF THE DISCRETE FOURIER TRANSFORM
ALGORITHM USING THE TABLE LOOK UP METHOD

4.1 Introduction

The derivation of the integrotion weights, STV, algorithm
and Assembler programme is given in Al, A2, A3 and A4 respectively.
The important details of these appendices are given in this chapter
under the general headings of:

1) The definition of the amplitude quantising levels
(the abscissas of the integretion formulae), and the resulting
! hy.

2) The derivetion of the STV, the machine code values

integration weights ond constants .Uy . h

that correspond to the STV and the resulting scoling factors Dx
and D .

Yy

3) The numericel values of the DFTTLU harmenics and the

overall machine code scole factor. The overflow and underflow
of the Accumulators is considered and the STV and overoll scale
factor are odjusted to solve this problem. The overall scale
Factor for the different values of N ond for the edjusted STV

ore tobulated ot the end of this chopter.

4.2 The System

The system has two inputs, the X and the Y channel, The X
channel consists of N samples of the noise signal which are
quantised logarithmically and encoded in the sign mognitude form

by the LADC, The LADC hos 19 levels spaced at 3dB intervals
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and the output word has values between 08 and 228. A negative
input signel is indicated by setiing the most significant bit of
the word (Bit zero on the Novo 1200) to one. The output of tha
LADC (excluding the sign bit} forms holf the oddress poir of the
STV.  The maximum value of the noise signal is defined ta be f
(equivalent to cbout ¥ 2,5V) and the integration weights . and
constant hx ure derived occordingly in Al.l.

The ' channel input is on algorithm, termed the SAG, which
generates addresses, Knk' that are equivalent to the arguments of
o sinusoidal wave. Knl< has values between 08 and 178' A negative
valued point on the sinusoidal wave is indiccoted by setting the most
significant bit of Knk to one. The Knk word, excluding the sign
bit, foxms the other half of the STV oddress poir. The maximum
value of the sinuscidal wave is *1 and the integrotion weights u;
and constant hy are derived accordingly in Al.2  The SAG must
generate N2/8 Knk addresses (see Chapter 3) in order to process a
N point transform.

The STV is o 178 by 228 array ond is derived in A2,  The sign
bits of the LADC output and Knk form the inputs of the signum
function. Only the first % harmonics are calculated and there are
g Accumulators for the real harmenic compenents and % Accumulators
for the imaginory harmonic components,  The resyltant harmonic is
then caleulated from its real and imeginary components

The progrom is divided into the following subprogroms

1) N samples of the signel ore token ot o rate set by an external
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oscillator and are stored in an N locotion block MB.

2) 4 or 8 similer time samples are shuffled ocut of MB and are
placed in block SB.

3) The SAG generates the required Knk values which are combined
with the time somples to form the address pairs.

4) The STV is accessed and the relevant Accumulator is incremented
or decremented.

5) Steps 2, 3 ond 4 are repcoted until all the time samples have
been processed. ’

6) The resultant harmenics are coleulated.

NoIse . | FILTER .
th i b iloampLiFIER
GENERATOR set
ob
523 TRUE
| 2eit | sianet i itp | FMS
vout
0¢ ite METER
COMPU TER ATTENUATOR
1/0DATA BUS
ofp
1319
\0}? N .
E}owape | sionat il

ofp inL

VARIAALE
FREOUERC
USCHLAR

Fig.4.1 Noise Signal System( The ADC for the FFT is also
shown)




4.5 The Numericul Velues of the DFTTLY Harmonics 38 '

In 2.5 it wos shown that the harmonics of the DFTTLU are
approximately equal to the harmonics of the DFT algorithm for the
same input signal.

The definition of the I)FT5 frem eqn. 2.15

N j2mmnk/N

M) = T xdnTrE 41

n=0

Consider x{nT) is a constont maxiwm signal (ie zero

frequency - de level).

xs(nT) = 1 n = . N-1 4.2 .

Then

x{(kn) = N k=0 4,3
ond  Xkn) = O k=12 .... Nl 4.4

Consider the caose where X;(nT) = sin ("2—-3-2) ie k=1
Then X(kn) £ g fork =1 | 4.5
k) = 0

.
(%) is the moximum value that X(k(1) con have for a time vorying

kgl 4.6

signui of peck value ¥ 1. The derivation and valves of (g)are
given in 4.4, In the dissertation all harmonics will be
measured with respect to (g) and a harmonic that has a magnitude
half the maximum value is written as

Xk = o,5(§)

The decibel scale is defined

= )
o8 = 2
and ¢ harmonic of 0/5(%) con be written in dB as
N .
zo;og"'z(z), -6, 0248 4.7

G)
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4.4 DFTILY Scale Factors

When the olgerithm derived in 3.2,2 is progrommed, the

canstants in the STY must be represented by o 2's comp?-ment

word.
From A2, the maximum constant thot hes to be stored in the
STV is
3,407545177
The machine code that is chosen to represent this value is
0000, = 163, = 2%

The remaining constants in the STV are scoled up by the valve

(Dny), {cf. ejn 2.37/2.28) where

oD o 16 384
xy T 3,407 545 177
The fractional pert of the ine codu values of the STV are

truncated.

The STV with o maximum value of 2t is defined as

s14(InKnk)
If the muchine code vsed to represent 3,407 545 177 is
20 000, = 2° - 8l02

1o

the STV z':s denoted as:
S1atTaKod)
ie. If each constant in S14 is halved (the mochine code is
shifted one place to the right), the resulting STV will be

51a{T K
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Consider the case where the STV is 514(Inl<nk) and substituting

this into equation 2.37/2.38.
f h

JEE 2 E
F =55 sgn(1, Knk) S1a (InK"k) 4.8
xy n=0

From Al end A2

h_ = 0,3431557502

x
h = 1.0
12
ond (DD )= 16384
XY §a07546177
h_h
Substituting these velues into ﬁl and factorising
xy
. hh (0,3431557502) (1.0)(3, 407545177)
ie Xy = T 4.9,
DD
xy
hh
Xy = _ 1 4.10
ony (2048)(6, 841590625
hoh
fe x'y & 1 4.11
D0 (20883(7)
xy
and substituting into N4_.)B
F = 1 ngn(I K.} S (EK ) 4,12
k @R n "l T14%n"k

This form of the equation is easy to solve with a digitol computer
that vses integer erithmetic.

The computer is progrommed to solve the following equation:

N1

1
(204837 = 5 Z san (LK) Sy, (LK) 413
)
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The 2048 is considered o computing scele foctsr, If overflow or

underflow of an Accumulator occurs, each constont in the STV is
halved ond the time samples ore reprocessed. Equation 4.9 would

then be written as

hxhz = (0,3431557502)(1.0)(3,407545177) 4.14
DyDy (8192)

fee BA . 4.15
bD, (1024)(7)

The computer would then solve the following equation
N~-1
(1024)rk = % g sgn (InKnk) sm(znxnk) 4.16
n=0

The above piocess would be repeated until no averflow or unierflow
occurred in the Accumulators.

The generol equ-iion is

N-1
(overall o= -;— § Jsen (TK L) S (LK) 4.17
scale factor n=0

The derivation of{ 'E- )defined in 4.3, can now be discussed in the
light of equotion 4.17.
Consider the case of o N = 128 point DFTTLU with an STV S.ll
(ie. the overull scale factor is 256).
(256)F, =§ i san (1,06, 5, (LK) 4.18
n=0
From equati<n 2.36, equation 4.1 can be written as:

27
(256)%, = 256 i xs(nT)e-jznnK/lZB 419
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Consider the case where a signal

Xs(nT) = sin 21’2"8“ k=1 (as in section 4,3)

is processed, both equations 4.18 and 4.19 should give a result

less than or equal to 16384, (This is not the case i. practice,

as equation 4,18 is only valid for noise like signals)., 14304

is equivalent to (—g), defined in section 4.3 ; for the above case,
In Table 4.1, the overall scale factors, the valies of ('-2,\i )

ond the corresponding STVs are tobulated for N = 128, 256, 512, 1024.

The maximum 16 bit 2 complement number that has been chosen to

sepresent 3 is 16384, (ie. 40 030,). Thus the STV, 5, (Toble

A2.3), which has @ resolution of 15 bits, will always be used with

o resolution of 12 bits or less., This accounts for the blank spaces

in Table 4.1,

Toble 4.1 (5] Volues

Overall (ﬁ) Valves
Scale | STV 2
Factor N'=128 |N = 256 |N = 512 | N = 1024
2048 514
1024 SlS
512 512
o
256 Sll 16 8¢
128 SlO 8192 |16 384
64 Sy 4 096 8192 |16 134
32 SB 2 048 4 096 8192 |16 4
16 57 1024 2 048 4 096 8 192




4.5 Discussion

The Assembler progrumme in A4 computes equation 4.17 and
automatically adjusts the STV until overflow or underflow of the
Accunulators {which contain the partial sum of the harmonics) is
eliminated.  The progromme then lists the number of times the
STV constants huve been halved and which of the Accumulators had
overflowed or underflowed. Once the DFTTLY of a signal burst
haos been computed, the overall scale factor is obtoined from
Toble 4.1, given N ond the number of times the STV was adjusted.
The layout of the Accumulators in the core is given in A 3.8.7
and subprogrammes are written to onulyse or display the harmonic
values in the Accumulators. The overall scele facter hos been
made o positive integer power of 2 and the nachine coded harmonic
values can be easily scaled to their proper values by shifting
them the required number of times to the right.  The DFTTLU
hormonics are alsc in o suitable form te be compared with the FFT

hormonies. This comparison is discussed in Chapter 5.

43




5 ERROR ANALYSIS

5.1 Introduction

The error choracteristics of the DFTTLU can be investigated
using the analysis in Chapter 4 of reference 6, This anolysis
involves the investigotion of time and amplitude sompling errors
as well as computationul errors such as truncation errors end the
errors introduced by the abscisso integrotion formulo. The joint
probability density function of the noise signal ond the N sine
aond cosine signals must olso be calculated to implement this
rigorous error analysis. The results of this analysis would show
how the DFTTLU of a sompled signal differed from the Fourier
Transfoxms of the continuous signal.  However numericol methods
and digital systems ore vsed in most modern practicel signal
processing systems and it would be more useful to know how the
results of the DFTTLY differ from the results of another digitel
Fourier Analysis system of known accurocy given the same sampled
time signal. These results would be of practical use to ¢ signal
processing system designer faced with the tosk of choosing o
Fourier Analysis system.

The Fast Fourier Transform (FFT) ulgorithms"s is used as
the Fourier Analysis system of known acnurocy.IB The Assembler
programme  uses integer orithmetic and con process o maximum of
1 074 complox points (see appendix AS),  The FFT harmonics ure
regarded as the trve volves ond the differsnces beiween the FFT

and DFTTLU harmonics ore regorded as the errors which ere analysed




in two ways. One method is to plet sach DFTTLU hoxmonic and its
associated error.  The othexr melhod is to classify the errors
according to the magnitude of the associcted DFTTLU haormonic and
then ta calculate an average value of each grovp of errors.
Clearly the machine code values of the DFTTLU and FFT harmonics
must be referred to the same value of ('g-) before errors can be
calculated. The sompling subprogremme (A4,3) must control the
LADC and the ADC  (used in conjunction with the FFT) and these
peripherals must sample the signal simultoneously.  After the
two sets of harmonics have been computed the results must either
be plotted or overoged. These Assemblerprogrammes are discussed
in appendices A4, A5 and A6 while the exror plots and error

averages are in £,2 ond 5.3 respectively.

5.2 Plotting the Harmonics

The progrommes required are:

1) The Fast Fourier Trensform, Gk’ k=01 ... {N-1)
to supply the true harmonics.

2) The DFTTLU.,  The harmonics are denoted
Fe k=01 e (NS

3) A progromme to scale the two sets of hormonics, Gk
and Fk' so thot comporisons can be made.

4} A pragromme to calcvlote Gk - Fk and to plot Fk and
Gk - Fk'

These rosults are possed to a 10 bit digital to analog

converter which is connectsd to an XY plotter. The Gk - Fk and
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the Fk values are plotted on the Y uxis while the X axis is the
frequency index (k) axis. Band poss, low poss and bond stop
filtered noise is onalysed for N = 128, 256, 512 and 1 024 and
fig 5.1 shows the formet of the plot. Fig 5.2shows a plot of
band pass filtered noise and the errors ussociated with each
harmonic,

5.2,1 Scaling the Haormonics, Fl< and the Errors, Gy - Fk,
for the 10 bit Digital to Analog Converter (DAC)

The 10 bit DAC can only process nimbers that are in the
range - 5\210 to 511lo {-1 0008 to 7778)' The format of the A4
page {puges) is given in Fig.5.1. In the case where N=l 024 ond
512 harmonics are plotted, 128 harmonics are plotted to o page
for clerity ond 4 pages are needed. Fk'is plotted in the top
half of the poge between Y = 0 and Y = 511,  The errors ore
plotted in the Y df sbout Y = -256,  Errors greater than
zere lie between ) ‘nd ¥ = 0. Errors less then zexo lie

between Y = -256 and Y = ~512.

Y= 50

£ mJI!I”,“"l,Jl;lnlsmln,u!u.n ya0
lIQJ |l‘1||1 ‘1"’Illll Il“l"‘lll‘llfllff Ya-256
Yoab12

g

Fig.5.1 Plotter Format
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The progrem colculates the following equation

(scale fuctor)Fk = (%)(%) NZ:I sgn(InKnk)S(InKnk) 5.1
n=0

The extra foctor of a half is included so thot the harmonics
will not exceed 511, the positive verticol ronge limit of the plotter.
The *scale factors' in Table 6.1 are half the corresponding 'overall
scale focters' in Table 4.1.  The froction of (%) that corresponds
to Y = 512 is given in Table 8.1 in place of the volue of (g') in
Table 4.1.

These fractiens of (%)are caleuloted as Follows:
Consider ¢ case where (%) = 16 384 in Toble 4.1. The corresponding
value would be 8192 in Table 5.1 (ie. 8192 = (g—) for equotior 5,1).
512 is one sixteeth (‘/l@ of 8192, Thus Y = 511 (Y = 512 can not
be plotted) is morked as l/1<<><§)

The "scole foctoxs', STVs ond fractions of (§) that corrospond

to Y = 512 are tabulated in Table 5.1 for N = 128, 256, 512, 1024,
5.2.2 Discussion

The hormonic plots are not intended to give numical values of
errors, but rather to show trunds in errors. In flg 5.3 on amplitude
distribution of errors ussocieted with the band stop and band pass
regions . Is given. Two trends, valid for band pass, low pass and
band stop filtered nolse, emerge.

1) The DFTTLU cstimuto of low magnitude hormonics is greater
than that of the FFT,

2, The difference. in tho estimates of the higher magnitude
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harmonics follow a random pattern cnd have lower values than the
lower magnitude harmonic differences.

These results are consistent with those obtcined in the error
analysis of Fourier Series Coefficient in Chapter 4.8 of reference
6.  The results of the hormonic plots and the simple amplitude
distributions suggest further investigation into the variation of
errors with the hormonic amplitude and the calculation of o mean

value of the randem errors.

Table 5.1 Scales for Harmonic Plots.

Scale Volye of Hermonic at Y = 512
Factor] SW I 7og T 1 = 266 N = 512 N - 1024
1024 | s,
512 | s,
26 | sy,
1N
28 | sy i B
1 /N LN
6 | sy |5 Q) % @
LN Lo N
82 1 % g | %@ % @
LN AN LN AN
s m% | GG 7 3 ic
LN 1N AN LN
815, G | mE a % &




Fig. 52 HARMONIC
N AtHa)
128 160
256 80
512 @0
102 20
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5.3 A 2umerical Error Analysis

« plots of the harmonics and their errors in Fig.5.2
show thet the errors huv; random magnitudes end signs. .
The section deals with a method of calculoting o meon valuve of
the errors and investiguting the vrriation of the errors with the
magnitudes of the harmonics. In this dissertation, the term
*spurious response’ is used to describe harmonics thot have a
zero or very small valve. In 'Fig.5.2, the errors associated
with the spurious response tend to have laxger magnitudes and
kave the same sign. The programmes needed for this analysis ore:

1) The FFT programme.

2) The DFTTLY programme.

3)  The scaling programme.

4} A Progromme that quantises Fk ond clossifies the
errars accardingly. It then coloulotes o mean value of each
group of errors. R

The result is o gruph of mean error plotted against

harmonic magnitude.

5.3.1 Quantising the Harmonies

The harmonic e coarsely quantised so that the number of
harmonics that fall into onhy quantising level is rcasonably high
and statistically meeningful averages con be ralculated.  The
neximm value of any hormonic is (g) ond this (s divided into

approximately 6dB quantising levels.




oo @, 2, 1D ...

The maximum machine code value thot can represent (g) is
16 384 = 2%, Tho quantising programme celculates the ranges
according to the following formula:

Plep < ae 12121, 5.2
Hp ore those harmonics that have a vulue in the range
defined above. The number of haxmonics in the limits is
denoted Np.  There ore 15 quantising levels, this being set by
choosing 21 to be tho maxinun valve of ().  If overflow or
undsr¥low of the Accumulators occurs {A3.10,5) and the STV is
helved, (g) is olso holved ond the quantising level (levels) above
the new value of (g) will be empty. Fig.5.4 shows the spacing

of the quentising level on u linear scale.

5.3.2 Definition of Error Terms

As in the previovs case (5.2) the error in a harmonic is
defined as:

error =Gy - Fk 5.3
In this case the magnitude of the error is used.

o=|G - F| 5.4
The erxows, e, that are associated with harmonics
in  the ronge Hp are denoted e,. The mean error
Ep is defined as

gpek 3
PN e, 5.5

ie Ep is the average of the magnitudas of the errors associcted
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Fig.5.4  Amplitude quontisation of the Harmonics

with harmonic mognitudes in the range Hp. The standord
deviation of @, is denoted Up and is defined as
| e 1]
2 N2
e )? - ey,
Co= 5P P 5.6

N-1

The percentage mean . error is
Ea/(8/2) « 200 % 5,7

Thy percentage standard deviation is A

Oo/v/2) x 100 % 5.8 |
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The Assembler progromme thot computes ey (ep)2 and Np is

given in A4,12.7.

5.3.3 Error Tests
The system that implements the error tests is given in A4,
The input signal consists of filtered noise which amplified to

have an rms valuve of about 2V at the ADC and is attenuated to

about 0,5V rms at the LADC input,
Test One

The constonts in the STV are adjusted so that the machine
code of 40 0008 is equivalent to ('g‘). Filtered noise is processed
for N=128,256,512 and 1 024, Errors from about 30 transforms
are averaged to get repeatoble results for Ep and dp.

Test Two

This test i similar to test one but the machine code
equivalent to (3) is set to 20 000, ie One less bit is used to
represent the constonts in the STV.

Test Three

This test is similar to test one but the mochine code

equivalent to (g—) is set to 10 000g,

Test Four

The attenuator (see A6) is set to 14,7 dB, 17,7dB and 8,7dB.

In each case tests similar to test one oxe performed and Ep is
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measured. It was not possible to memsure C'p as there was not
enough memory core to hold the results of (ep)2 (see A4.12.7)
The 5TV is adjusted to maximum possible resolution ie. As many

bits as possible are used to represent the constants in the STV

without Accumulators overflowing or underflowing.
5.3.4 Discussion of Test Procadure

Only band pass and low pass filtered noise is used in the
above tests. In this dissertation wide bond low pass filtered
noise is noise thet is cut of f at 5kHz while narrow band low pass
filtered noise is cut off ot 2kHz. Wide band poss filtered
noise has a pass band from 2kHz to 5kHz. Narrow bond pess
filtered noise has a poss band from 2,5kHz to 3,5kHz.  In all
cu..s the roll off is 24dB/octave.

In test ona themaximum value of (g) (ie. the maximum harmonic
magnitude that could occur) is 40 0008 . $TVs 511, SlO' 59, 58
are used for N=128, 256, 512, 1024 respectively. The effects
of using one less bit to represent the constants in the STV are
investigated in tests two and three. Test four investigates

superficially the effect of overloading or underleeding the LADC .
5.3.5 Discussion of Erroxr Test Result

The processing of noiselike signols results in harmonies
that have lerge voriations in magnitude ond errors from ot least

thirty transforms must be accumuloted before repentable values of

EP and O; can be calculated.  The results of the error tests



are in the form of g graph of EP and CYP plotted as a function of
Hye  In most of the results Ep and its corresponding valve of o’p
differed by less then 0,0l per cent of (g) in mognitude and both
are represented by the same line on the groph.

If wide band low pass or wide band pess filtered noise is
processed, there is an approximately even distribution of harmonic
mognitudes in the Hp ranges end an error characteristic similar %o
Fig.5.5 is obtained. This result confirms those in section 4.8 or
5.4 of reference 6. Reducing the resolution of the STV by 2 bits‘
has no effect on the resulis in Fig.5.5. ’

If narrow bend low poss or narrow band pass filtered noise
is processed, there is an uneven distribution of harmonc magnitudes
the number of high magnitudes being much less than the number of
low magnitudes. If the results of 30 - 60 transforms are
accumulated, the number of harmonics in the higher Hp ronges is of
the order of 10 - 20 while the number of harmonics in the lower
Hp ranges is of the order of 1000, The values of Ep and U'p
associated with the higher Hp ranges will not be as relimble as
those in the lower Hp ranges. The error chorecteristic is given
in Fig.8.6 and the less reliuble results are indicated by a dotted
line. Fig.5.7 and Fig.5.8 show the variation of Ep end Up as the
number of bits representing a constont in the STV is reduced.

Tests one, two and three show that:

1} If the noise signal being processed has o norrow bendwidth,

the 5TV constants must have maximum resolution for maximum accuracy,
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2) The higher magnitude harmonics of o narrow band noise

signal con have errors of the order of 2% (%)

3) The minimum erxor is of the order of 0,5% (%)

4) " The accuracy of the lower magnitude harmonics is independeas
of type of pass band of the noise signal and the resolution of the
STV,

Test four shows that overloading or underloading the LADC
can cause errors of the order of 18% (g) in the high mognitude
harmonics.  This error is independent of the type of poss band
of the noise signal (Fig.5.9). '

This error anolysis is a simple and proctical mathod of
obtaining on error characteristic of the DFTTLU using a minicomputer
with 16K core and an integer arithmetic facility., The analysis
has only been superficially implemented us, for example, the
following has not been investigoted.

1} 3 - 6 bits to represent an STV constant.

2} more or less than 16 'abscissas' in the Y channal.

3)  less than 18 'abseissas' in the X channel.

The investigation has shown that the DFTTLU is a simple and

practical algorithm to ioke Fourier Transforms of noise like signals.
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above values
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6 CONCLUSIONS

6.1 Generel Discussion

The Discrete Fourier Transform of a sampled noise signal
can be cemputed using the table look vp algorithm. The differences
between the resulting harmonics ond the harmonics obtained vsing
the Fast Fourier Transform are less thon 0,6% of the maximum
harmonic magnitude for a noiselike signal which has been filtered
50 that it has a poss band of the order of 3000 Hz.

The ultimate aim of the work is the development of a

real time Fourier Transform system that processes wide dynamic
range noiselike signals -~ the present system meets all the aims
except that of real time operation because the number of calculation
steps is proportional to N2 and the Assembler code needed to generote
the Knk addresses is inherently cumbersome. Investigotion has
shown that the decimation® in time or frequency used by the Fast
Fourier Transform to reduce the number of calculation steps to N

log N cannot be applied to the table look up method.

6.2 Real Time Operation

Real timo operation can be achieved if a set of harmonics
can be processed in a time less than the signal burst time. This
weans that a column of address pairs (real and imaginary) must be
processed in less than the sompling period.  The most time
consuming operation is the generation of the Knk addresses using

the AssemblerCode. This operction lends itself to hardwere



implementation os the Knk generator is simply an UP/DOWN counter
that vses sign/magnitude notation. A bosic step in the table
look up algorithm (described in Chopter 3.3) is

1) Generate o Knk address

2)  Combine the logarithmic analog to digital converter
output, In' and Knk to form an address pair.

3) Extract the reguired constent from theStored Table
of Values.

4} Adding (or subtracting) to constant to {or from) to
correct Accumulater
g of the bosic steps are reguired to process a column and the

time needed is less than
2.(Sompling period)
N

Duplicate systems are needed as the reul and imeginoary harmonic
components must be computed simultaneously, The formulae derived
in A3.5.3 con be used to simplify the design of the Knk generator
ie. When processing a column of address poirs it is simpler to
process all the oddress pairs that contribute to the add harmonics
separately, then the oven numbered harmonics thot ore multiples

of four and finally the remoining even numbered harmonics.  The
Knk generator is then limited to specified volues in each cose.

In oddition only N sets of columns of % rows of Knk need be

Z

generated.
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6.3 Recommendations for Future Work

The logical extension of this work is the design and
construction of a fost, simple and relatively occurate Fourier
Transform instrument which hos the following advantages when
compared with o system based on the Fast Fourier Transform.

1) The basic calculation step does not require multiplication.
The only multiplication needed is in the colculation of the resultent
harmonics.

2)  The logarithmic analog to digitel connecter is less
complicated than the linear one required by the Fast Fourier Trans%orm.

3) The wordlength depends on the number of levels in the
logarithmic anolog to digitul converter which is of the order of
16 -~ 20. The Fast Fourier Tronsform needs o linear analeg to
digitel converter with about 1 000 - 2 000 levels.

4) The %able look up Fourier Tronsformalgorithm is less

complex than ¢ Fast Fourier Transform of comparable eccuracy.
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Al Integration Formulee and Integrotion weights

1.1 Input Signal Channel Integration Formulg
The logorithmic Ancleg to Digital Converter LADC gquontises
the input signol into 3dB levels. The quantising is illustroted

in Fig.AL.L.

(X))

et 5 g 8 8 8
Fig. A1l LADC Thresholds
The tangent rule for integration is us.d.®
X; ore the thresholds of the LADC
b is the bose of the logarithm
a is the index of the logerithm.
The ubscissa axis must be divided into integration panels,

Bi’ to implement the integration.
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These panels are defined

X, = Zi*t8 .4 ALL
* 7

The quantiser threshold is placed in the centre of the papel.

X, = xpi@ AL2

] o

8, = Byi® AL.3

3 Q

X, = B +B =1 Als
2 {The maximum threshold is

defined to be 1).

B +B =1 AL5
2

-0

B, +Bb =1 AL6

Z

B, = 2 AL7
1467

B, = gy 0 ALS8
1467

The area, o, of a panel i

a, = (Bi-B

5 ) f(Xi) ALY

i+1
The area under the curve from X, the lowest threshold to Xo is

AL.20
M is the number of

thresholds.

Mx -1
P IORLREECY: AL




M -3

"2 how, f(X3i) AL12
X 1 .

1%

b= 201 1) A3

14+57°
v o= wle ' AL14
hx is the integration constant end s is the integrotion weight.
The area of the panel between X = 0 and X = X is small and

is neglected.

Thus:
Mo -1

f(x)dx 2 20-87% XZ poie £(x;) AL.15

(O I

The notation used for the subscript in Wi and the index in
b % i not campatible with the sinusoidal subscript notation in
Al.2,  Normally when the subscript is set to zero it is associated
with zero on the ubscisso oxis. [n the obove case, zeco index is
associated with Xo’ the maximum abscissa value.  The following
index numbering modification is introduced to allow a zero numbered
subscript to be associated with the weight ot X .

it o= (Mx ~1) -
-1

and w, = b
i

The integration weights in table ALl ere colevlated using the above

forayla.



Table AL.1

The Signal Chonnel {ntegration Weights

W
i

VBN E N O

0, 000000000000
0,002762135866
0,00390625
0,005524271729
0,0078125
0,0110485434
0,015625
0,0220970869
0,00125
0,0441941738
0,0625
0,0883883476
0,125
0,1767766954
0,25
0,3535533905
0,6
0,7071066712
1,0
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1.2 The Sinusoidol Chonnel Integrotion Formula

1.2.1 Introduction

The problem of generating sine and cosine waves in a digital
system is usually complicated. The Taoble look up Method simplifies
this by incorporating the sinusoidal wave values into the integration
formula, Thus only the linear in time grguments of the sine and
cosine wave neged be generated. This section shows how the linear
arguments are manipulated mathematically 1o produce ¢ sinusoidal

output.
1.2.2 The Sinusoidal Argument
From chopter 2

e~j211'nk = cos (27rnk) -

21T ok
" )

sin: N

AL.16

where N = number of time samples in the DFT

n = index of time sumple n =0,1 ...o. n =1

k = index of harmonic k=01 +ouee N=-1
When toking the periodicity of the sinusoidel wave into account,
the maximum value of (nk) is N « L.

When g‘symmetry is also token into account the muximum value
of nk is !}:_-.

The term 'argument’ is used for the term (nk).  However,
the strict dofinition of argument is (SRM).  In this work ak
and machine cade values that are proportional to {nk) are termed

'arguments®.



1.2.3 'Quantising' the Sine Woves

The quantisation and integration formuloe are discussed.
It must be noted that no actual sine wove gquantiser exists ond
*quantising' is implemanted by the mathemotical algorithm.

Aj

01234... My

Fig.Al.2 Linearly quantised arguments

- s T -
Ai = m(m2 i = 0... My AL17
A, + A,
Y., = _J_ZJ_.L_
j

The integrotion formula used is the very simple tangent rule.
The 'quantisation' levels are given by Ai'
The abscissas are given by Yj

The area of panel j is ui.
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#Y,)

1 A’.) f (Yi)
>
Q.
j=0 )
M, = 1
<
(A - A £ 0Y))
j=0
My = 1
”y“i f(Y’,)
T='0
1

Auy

AL.19

AL.20

A.21

Al.22
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u, = (A, -A) = sin(<M) - sin (7 7y AL.23
i AR My2 e
A
A e e e e
NP T ]
Y, -
Ay
Y, 4
A!
Yol
A, xenk

j=0 i j=2 j=3 j=b
Fig.Al.4 Y; and its corresponding arguments, nk.

(%), the number of arguments in the range 0 - %ris greater
than My, the number of sinusoidal 'quantising' levels, To

facilitate computing the following definition is made.

iz

zqmy a = 0,1, 2 «iies AL.24

If an argument, nk, is generated such that
(M) <ok} < (29 + 1) AL25
the corresponding integration weight is Y

Thisis illustroted in Fig.AL.4 for N = 64, My =4 and q = 2.

Notes on Definition

1. The Nova 1200 machine code value of the argument
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equivalent to 1—2-’, necessitotes the following medification to equation
Al.25 for the case j = My -1

@O, - 1) <nks @M AL.26

2. In chapter { 2.5 ) the argument defining siniTis defined
as -0, As the sine wave enters the third quadrant (cosine wave
enters second quadrant), the first ‘quantised' level has a
nomingl value of =Y.  Thus the arguments that define this level
must have regative signs.

8. The 'gquantised' abscissas Yi are of no importance, but
Uj, the associated integration weight (with W;) forms the basis of

the STV.



Toble AL.2  The Sinusoidol Channel Integcotion Weights

Y

0 | 0,0980171401
1 | 0,0970731818
2 | 0,0951943651
3
4

0,0923987554
0,0887133045
5 0,0841734959
A 0,078823051
7 0,0727134975
8 0,065503672
g 0,0584591587
10 0,0504516523
A1 0,0419582682
12 0,033060803
13 0,0238449447
14 0,0143994464
15 0,0048152733
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A2 Derivgtion of the Stored Table of Values

The STV is derived from the integration weights in Tables
Al.l ond Al.2.  The 2-D array has its elemerts calculated

according to the following equation.

' s x
S(s,x) = Z E w3
iz0 §=6C
whers s = 0,1,... M -1 (Mx = 19)
and r=0,1,.....My—l (My:lé)
z 3
eg. 5(2,3) = E— o E owiui = (w°+wl+w2)( ut U.L”"Z*”a)

A2.1  The Machine Code for the Stored Toble Values

From Tables A2.1 and A2.2, the max. velue in the STV is
L

18 5
S
5(18,15) = E._‘ ‘2 oy = 3,407545177

P B ]

This value is defired to be equivalent to the machine cede

M| 16384

40000, = 2 ho

s =
The remoiring values in the STV are adjusted to this scale

multiplying them by

(DXD) = 16384 = 48081533
4 3, 467546177

The machine code values of the STV are given in A4.1%5




From ALl h

From Al.2 h

>

h
XY

D
xy

o

0,3431458

1,0,

204;)(7;




Toble A2.1

Input Signal Chonnel

"
n
-

>

i=0

VRN E LN =D

bl b e
@ N - O

15

0,0000000000
0,002762135866
,006668385866
0,0121926576
0,0200051576
0,031053701,
0,046678701
0,0687757879
0,100025788
0,1442199619
0,2067199619
0,2951083096
0,4201083096
0,596885005
0,846885005
1,200438396
1,700438396
2,407545177
3,407545177

Weights

90



Table A2.2

Sinusoidal Channel

=
"
=

X
'Z”i
j=0

VBN AW N e O

B b b b
[SQIE XU e

—
=

0,0980171401.
0,1950903219
0,290284677
0,3826834324
0,4713967369
0,5555702328
0,6343932838
0,7071067813
0,7730104533
0,8314696120
0,8819212643
0,9238795325
0,9669403355
0,9807852802
0,9951847266
1,0000000000

Weights

21




Table A2.3

92

Stored Table of Values (STV)
S(In’Knk)
5(xow, column)

DD = 4808,1533
Xy



1 k=0 K=l K=2 k=3

0 0,0000 0,0000 0, 0000 0,0000

L 1,3017259 2,5909162 3,8551549 5,0822651
2 3,1426918 6,2551196 9,3073079 12,269858
3 5,7461907 11, 437045 17,017757 22, 434572
4 9,4280754 18,765358 27,921923 36,809576
5 14, 635026 29,129117 43,342683 57,13882
6 21,998795 43,785743 65,151015 85,888826
7 32,412744 64,513355 95,992674 126, 54749
8 47,140283 93,826607 139,60933 184,04751
9. 67,9688 135,28182 201, 29265 265,36485
10 97, 4233257 193,90833 288, 52698 380, 36488
il 139,079 276,81868 411,89248 542,99939
12 197,98916 394,07169 586,35914 772,99944
13 281,3007 559,89249 833,09227 1098, 2685
14 399, 12101 794,3985 1182,0255 1658, 2687
15 565,74409 1126, 0401 1675, 4918 2208, 8071
16 801,38471 1595,0521 2373,3584 +28,8073
17 1134, 6308 2258,9353 3360,291 4429, 8841
18 1605,912L 3196,3593 4756,0243 6269, 8845




1 K=0 K=1 K =2 K=38

0 0,0000 0,0000 0,0000 0,0000

1 3,3017255 2,5909162 3,8651549 5,0822651
2 3,1426918 6,2551196 9,3073079 12,269858
3 5,7461907 11, 437045 17,017757 22,434572
4 9,4280754 18,765358 27,921923 36,809576
5 14, 635026 29,129117 43,342683 57,13882
6 21,998795 43,785743 65,151015 85,898826
7 32,412744 64,513355 95,992674 126, 54749
8 47,140283 93, 826607 139,60933 184, 04751
9. 67,96818 135,28182 201,29265 265,36485
10 97,4233257 193,90833 288, 52598 380,36488
1 139,079 276,81868 411,89248 542,99939
12 197,98916 394,07169 586,35914 772,99944
13 281,3007 559,89249 833,09227 1098, 2685
in 399,1210L 794,3985 1182, 0265 1658, 2687
15 565,74409 1126,0401 1675, 4918 2208, 8071
16 801,38471 1595, 0521 2373, 3584 3128,8073
17 | 1134,6308 2258, 3053 3360, 291 4429,8841
18|  1605,912L 3196,3593 4756,0243 6269,8845
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A3 The Discrote Fourier Tronsform using the Tuble

Look Up Algorithm

A3.1  Introduction

This eppendix describes the modifications made to the
'Columins method* algerithm in 3.3.2 by exploiting the %; symmetzy
of the sinusoidal wove and shuffling the oxder of the In samples.
A notation is fatroduced ond o 128 point DFTTLU example is used
to clarify the detailed expluna%ion of the algorithm. The
explaonation is divided as follows:

1) The signed address generator.

2) The shuffling of the time samples, In

3) The table look up and accumulate routine

4) The caleulation of the resultant harmonics

A3.2  Reducing the Number of Address Pairs from N2 to (%‘:)2

Fig.A3.1l shows the caleculation steps normelly needed to
solve an & point DFTTLU. N constants from the STV have to be
Accumulated to calculote one hurmonic and N2 constonts have to be
Aceunulated to calculate N harmonics.  The output of the SAG
for N=8 is encoeded as in Fig.A3.2 and‘%‘is represented by %l- ie.

2.  The Knk components of the oddress poirs are shown in Fig.A3.3.
From this figure it con be seen that if thé rows ond columns of

zeros are ignored, only the first % rows or columns need be

generated os the remaining oddresses are similar
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N1114Q wied g Joy sdaig uonpinoing " gybiy

DS WL IS DS W DS S IS W DSy DS sty
O DS O IS (P DS (W 1St DS RSN 5P 15"
B IS W IS M IS0 )5+ (o DS W DS W DS WISt
OO DS W IS DS (T3 DS W 1yg ety DS % DS (PS4
DS N DS W DS (W DS oy DS DS W DS Wlist s
GOSN DSHEH IS W 1)t DS W NS DS W15
GRS W T IS 1S W 1S (“n S F ot SN DS WIS

DS DS (W 1 )5 A DS LS W DS s P01 )5

R e



o o [

Ko 0 0

Ky 1 it

Ky 2 7
Ky 1 an
K -0 ™
Ks) -1 5t
K -2 Fus
K,y -1 AN

Fig.A 3.2 SAG Output N=8

k“ o |12t ]s|s
o106 jO0j0O|O 010
vlofrfa2] 1402 |-
20120124107 2]/-0¢}-2
3P0 -2 11041214
+10{-0j0(|-0|0}0[0]-0
stOo 1|21 [-0f1)-2(1
slof-2]0]2|0]2]0]2
10 A 21 0|12t

Fig.A 33 K, Components ofAddress Pairs N=8
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Consider Fig.A3.3. The results of exploiting the symmetry

1) The addresses in colums 2rvl, ns0 ... §-1 have the
some absolute values.

2) The addresses in columns 442, n=0 ... L:- -1 have the
same ubsalute values.

%)  The addresses in columns 40, n=0 ... J -1 have the
some absolute values.

4)  The above 3 points olso apply to the corresponding
rows of addresses.

5) Only the first % rows in the first % columns need be
generated if the rows and columns of zeros ore ignored.
If some of the rows in some of the columns are considernd it is
possible to extract columns of Knk volues that are:

1) Identical in magnitude and sign

2) Identical in magnitude but opposite in sign.
These columns are termed similar. If the odd numbered rows in
the odd numbered columns are considered, the resulting columns
ara cimilor. The scme spplies to rows 4K + 2, k=0 ... 3ol in
columns 2rwl, n=0 ... S-1 ond rows 4k, k=0 ... %1 in columns

2
This can be extended to columns 4m2 and

N
2n4l, n=0 ... 3
4nyn=0 ... '%—1. Thus there are nine sets of similar columns.
Each column in each set of columns is ussociated with more then

ona time sample. Thus one calumn of Knk addresses can be used

to derive several columns of address poirs In Knk' For exomple




consider the odd numbered rows in column 1. Semples I,
13, 15,17 share the same column of Knk but Knk has opposite
signs for 15 ond 17. These time somples are also termed

similor, This can be extended to the remaining eight sets of
similer coluwns.

The similas “ime samples follow a pattern similar to the
reverse bit notation vused in the FFT 5 . The time samples are
shuffled in much the same way that they are shuffled in the F.F.T

clgorithm.  This is not apparent in this simple 8 point example
and, in A3.5, o 128 point DFTTLU example shows the similar leumns‘
and the shuffled time somples. To simplify explanation, o
notation for the nine sets of similor columns is introduced in

A3. 4,

A3.3  Shuffling the Order of the Time Samples I"

The time somples are stored in the In array in the order
in which they ore sempled. In A3.5 it is shown thot one of the
first § or § columns of K, oddresses can be paired with 4 or 8
Iy values respectively to form 4 or 8 columns of address pairs.
The 4 or 8 In volues do not occur in the sampled order ecnd follow
a bit reversed ordasr. The notation in A3.5 and the example
in A3.5 facilitate the explenation of the Shuffling Routine in

A3.9.
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A3.4  Notation

The following points are repeated for clarity:

1) Given on N point DFT/DFTTLU the time samples, 1.
are numbered from n=0 .... N-1.

2} The harmonics, Fk’ are numbersd from k=0 ... N-1,

3) N (in this cose) is o positive integer power of 2.

4) The columns of address pairs (or Knk volues) are
numbered according to the number of their associated time sample
(1", n=0 ..., N-1}.

5) The rows of address pairs are numbered according to
the frequency index k, k=0 ..., N-1,
0dd numbered time samples and their corresponding columns are
termed QOTS.

The even numbered columns thot are NOT multiples of 4 ure

termed E4TS.

The remaining even numbered columns are termed E4TS.

The rows are numbered in a eimilor way.

The odd numbered rows contribute to the odd numbered
harmonics.

The rows are termed OH.

Similarly, the even-numbarcd rows that ore NOT multiples
of 4 are termed EZH.

The remaining rows arc termed E4H.

The terminology is vsed to define the 9 sets of columns

of arguments in the following way:
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eg. The set of the odd numbered raws in the odd numbered
columns of addresses is called OTS/OH.

Similarly, the even numbered rows that ore NOT multiples
of 4 in the even numbered columns that ere multiples of 4 ore

termed E4TS/EAH.

Thus the 9 sets of columns of addresses are listed as follows:

1)  oTs/oM
2)  oTS/Ed
3)  oTs/Edn
4)  EZ Ts/od
5)  EATS/EdH

6)  EATS/Eam
7)  EATS/OH
8) E4TS/EAH

9)  E4TS/E4H.

A3.5 A 128 point DFTTLY example

A3.5,1 The Signed Address Generater SAG output
The 8 point DFTTLU example is not very useful as there are
only 2 points in the range O ~T-%-rud. A 128 point DFTTLY has points
0,1,2 seeees 29, 80, 31, 32 jnthe range 0 - E*
This notation is used in Fig.A3.4.1 ond Fig.A3.4.2 which list the

columns of Knk values for the imaginary and real harmonics

respectively (cf. Fig.A3.8).
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Fig. A 342 SIGNED ARGUMENTS /ADDRESSESIcesme) Naiz




106

A3.5.2 Shuffling the Time Somples

Fig.A3.5 lists the columns of Knk components of the oddress
pairs that are equal or opposite signed eg. if the set OTS/OH(sine)
is considered, columns 1, 63, 65, 127 have Knk values of equel
magnitudes but columns 65, 127 hove opposite signs to columns 1, 63,
Clearly time samples 11‘163' 165’ I127 are similar (ef. A3,2). If
the set OTS/EZH(sine) is considered columns 9, 23, 41, 55, 73, 87,
105, 119 have Knk values of equal mognitude but the signs of
columns 41, 55, 108, 119 are opposite to columns 9, 23, 73, 87.
Time samples Ty, Lpa, T,0, Ige Tpas Tgor Tjos, T)jo ave similar.

In this case 8 columns of Knk values ore similor if even
numbered harmonics, which are not multiples of 4 are considered.
The remoining 7 sets are interpreted in a similar manner.

The columns of signs in Fig.A3.5 show which columns of Knk
volues are opposite signed. Consider the listing needed OTS/OH

and consider the first column of numbers:

sine cosine
1 + +
63 + -
65 - -
127 - +

This stotes that the columns of K" values, 1, 63, 65, 127 have

k
tha some magnitude but thut columns 65 and 127 are oppesite
signed to 1 63 when tho sine (imoginary) hormonics are considered.

This listing also shows that time sumples 1, 63, 65 end 127 are
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similar.  The remaining 8 sets of listings are interpreted in

‘the same way.

A3.5.3 Formulae to Shuffle the Time Somples
The nine sets of shuffled I" in Fig.A3.5 are generated with
the following formulae, Consider the formula for the OTS/OH set:
ie. L+ 2n
N
(2-1)-—2n n=0....8-1

(g+1)+2n
2
(N-1) - 2n

Hexe N = 128 and consider thecase for n= 0.
ie. 1
63
65
127
zolumns of Knk values numbered 1, 63, 65 and 127 have the
sume magnitudes ond time samples Il’ 163' 165’ 1127 shuffled out

of the In array.
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Table A 3.1 Formulae to Shuffle Time Scmples

OTS/0H E4TS/OH E4TSIOH
ned,t.. NIk , nz0,0 .. {N/I6R] nx0). . N/16)-1
142n 2+4n 0+4n
(§-t-2n N2t N in
(N X120 (%J)d.n “21*4:1
(N—1)—2n {N-2)-4n N-4n
OTS/IEM E4TS/ELGH L4TSIEGH
na0;f, . tN/18)-1 neQ), . N/32}-1 n2B,t. L N/ L8] -1
1+2n 2440 Ovén
(B-n-2n (B-2-4n Yoin
{ N'1)+2n M»Z)»/.n %‘»lm
(nan ( N-z)-z.n 3N
4
(_. +12n (.i. Y A
(3N-|) 2n (Qﬂ-z)J.n
(T”)' 2n (3N J).l;n
{N-1)-2n (N—2)~4n
OTS/E4H E4TSIE4H E4TS/E4H
na0,d, . (H/8)-1 nx0t. . ANSEE)-S LET AR I S Y )
1+2n 2+40 Os4n
(B2 (B2p.4n Non
Nty 2. N
( 5 1)+2n (2 Dedin Z»An
9, 3N,2)..
(4 $h2n (A +2ebin &[I‘i,bn
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A3.6  Algorithm to Generate the Signed Addresses (Knk)

A3.6.1 The Four State UP/DOWN Countexr

The generotor, a software program, must simulate a 4 stote
UP/UOWN courter. Consider the Knk values needed for the imoginary

harmonic components. The states are listed in Table A3.2

Table A3.2 The 4 states of the Knl< generator.

State Radign Signed Output of

Argument Radian Signed Address
Argument Generator

1 (U g + o__.T7 + o ._. N
2 2 4

2 | + T_ o + 8 _o0
i 7~ e

s |p—ar |-l o—m -l o—%

2 2

3Tr____n~ T Mo

4 3 2 -l 3 0 -l 7 0

To facilitete explanation, the radian equivelents of the Knk values

are used and clearly .g.:_ !} In A3.7 the machine code values of

Knk are discussed.

A3.6.2 The Starting ond Incrementing Argumants
The algorithm requires two input values.
1) The storting argument

2) The “~crementing argument.
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The sterting argument is the first veluve in a column of
Knk volues, The incrementing crgument is odded to the starting
argument and the resuvlting subtotal is the next Knk volue in the
column,  The incrementing argument is ropeotedly cdded ta tie
subtotal to give the remaining Knk voluves. The problem of having
a subtotal gregter than TTis discussed in the next section.
Assuming the problem of changing from stote 1 to state 2 is
overcome, the Knk values in state 2 ore obtoined by repeatedly
subtracting the incrementing orgument from the subtotal, The

problem of having a subtotal less thon 0 is also discussed in the

next section.

A3,6.3 Subtotal greater thantz-r (overflow) less than 0, (underflow)

and incremeniing orguments greater thunl}

It must be noted thet the sign composent of the argument
is only added to the orgument ot o later stage. The values here
are in the 'unsigned' form.

The maximum value that the register can hold is ’.21" Valves
grecter thun%r will eppear in the 'overflowed! form while value
less than O will eppear in 'the underflowed’ form.

Once overflow or underflow taokes place the resulting
subtotal must be modified in order to be competible with the next
stote. Iftz’-‘ is chosen in the above mannor, the modification is
simply implemented by taking 'the‘zz:r‘s complement' of the overflow

or underflow value.
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Consider overflow from state 1 to state 2.

T
eg. 157: + % = %-overflaw (correct answer is 2‘)

The 7_§T 's complement of g is g and.
an @) 2 a0 &

Consider underflow from state 2 to state 3

eg T - T = %roverflow
6 3
Thetz-r *s complement of%r is %T In this case state 3 is negutive

and the output would be -%r: By definition

sin (_%T) E . sin ([61')
In Fig.A3.6 the output of an SAG is given where the starting

argument is zero and the incrementing orgument is 3

Conventional T 27 . 471 5717

wmen | 0 F F 75 Ty 2T
signed o

et | O 7 OV —————] ]
l; uNF 2
e _131 ove — 3

I
—~"3 UNF| 4

o

Fig.A3.6 SAG Output
(Y ' i .
Adding 5 is implemented by toking the 5 's complement of
the subtotal and moving to the next state, Adding IT is implemented
by moving to the next state but one.
UL N 1
Adding 7 s implemented by taking the 7 's complement of
the subtotol and moving to the next state but two.




Increments greater thon 5 are uritten in the overfloved

form.
s 37 : T s
eg. an increment of 177'15 written as 7 and is added by
T
taking the %‘s complement of the subtotal and nddinggto the

result,

A3.6.4 Flowchart of Algorithm to Generate Knk values

There are four similor elgorithms for the four cases of

incrementing arguments.

Cose 1. 0 <Inc <T§t Fig.A3.7
Case 2. %r <tne < TT Fig.A3.8
Cose 3, 1T <Inc < 317 Fig.A3.9
Case 4. %“ <Inc < 21T Fig.A3.10.

Step 3 processes the argument to canform to the simusoidal
'quantising levels® defined in Al.2.3. The subtotal must not be
destroyed in the processing ond it is stored in a 'scratch pad’
memory location. The sign bit is added in the last step of the
processing and is placed in the most significant bit (MSB)
position, The cosine value is derived in step 3 by toking the
g 's complement of the sine argument and setting the signbit (MSB)
to the sign of the following state. The algorithm is entered at

step 3 ond the stort argument is stored in the scrateh pad.  The

Assembler progrom is in A4.5.
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A3.7  Expressing the Radien Arguments in Nova 1200 Mochine Code
A knowledge of Nova 1200 machine code’ is nssumed and the
Assembler program that implements the olgorithm in A3.6 is
described in A4.5. This section shows how the radion arguments
are expressed in terms of machine code and how overflow (subtotalss
T) or underflow can be detected using the CARRY bit of the machine.
Thz resulting mochine code values of K“k ore then modified to

facilitate the addressing of the Stored Table of Values (STV),

A3.7.1 Mochine Code

The Nova 1200 has o 16 bit word and o CARRY bit which
changes stote when overflow or underflow occurs. The radian angles
are defined in terms of the machine code as follows:

0 red = 08

%’ rad = 0Oy overflow CARRY bit changes state
Thus taking the two's (2's) complement of a machine code number is
equivalent to taking the /7 ©s complenent (A3.6.3).  Confusion
arises because 0 andg have the scme mechine code value (ignoring
the chunge of state of the carry bit). However, Fig.A3.4 (for N = 128)
shows that this only occurs in 3 of the 9 seis of similor columns -
in those sets that extract the even muliiples of 4 hormonics.. In
these 3 sets bo U and%’ can oceur in the same column,  This is
overcome by the definition of YM-J. and the corresponding integration

weight Yot in Al.2 which )'.m:ludcs"-z-E in the Finol quantising level.

This is not correct mathematically qs% 1. the threshold of the
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next guantising level YN. The olgorithm in A3.6 does not take
this into accouynt and the simple modificution is given later in
this section. ‘

Consider on N point DFTTLY

0 — 277is divided into N steps

0 =T 1o divided into § steps
The 16 bit computer word must have % steps.  If N = 128 the

machine code steps axe:

Ogs 4 0008, 10 0008 e 174 OO(’)

The final column in the set OTS/OH is:

4 000, 14 000,, 24 000g, 34 0008

A 8’
Clearly the storting volue is 4 00\')8 and the incrementing value
is 10 0008.

The layout of the STV is given in A3.10.2 and the K'|l<
volues must be processed and signed to address the STV, This
requires the Knk values to be in integral multiples of 408'
There are 16 "sinvsoidol quontising abscissas™, and the K'_']< output
of the SAG must be in the form

Tog Taog Taoog v, T 7005 X 7a0g
This is done by truncating all but the 4 most significant bits
(MSB) of the machine code and shifting the remaining 4 bits 7 pluces
to the right.

eg. 14 0008 =0 001 100 000 000 000,

Truncating 0 001

Shift right 7 X 0 000 000 000 100 000,

= 40B



T
The mochin: code equivaient to 2 is 08 overflow. This value must
be converted into 740B in terms of the definitien in Al.2.4, The
algorithm takes the one's complement of 08 and then truncates and

shifts it as bafore.

eg one's complement of 08 =1 111 111 111 111 111,

Truncating 1 311 e e

Shift right 7X 0 000 000 111 100 000,
=7W8

The cosine argument is .btoined from the sine argument by taoking

the two's complement.

eg sine argument 4 00()8 =0 000 100 000 000 000z
two's complement 1 111 100 000 000 0002
2174 0004

The resvlt must still be truhcated and shifted.
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A3.8 Derivation of Starting and Incrementing Arguments of Knk

for SAG
Eoch column in each of the 9 sets of columns need 2 inputs:
1) The storting argument SH

2) The incrementing argument SI.

A3.8.1 The Starting Argument

The DFTTLU for N = 128 is used as on example and consider
the set of columns of arguments OTS/OH.

The storting orguments of each column in this set are listed
in machine code.

4 000,

8
44 0008 54 0008 64 00()8 74 0008

14 0008 24 0‘008 34 0008

104 0{)08 114 0(}08 124 OD()8 134 0008
144 0008 154 0008 164 QOO8 174 0008
The d:fference between each starting argument is lU OOO8

This difference is termed IH.

The volues are derived in the following way

The value $H {in this case 4 0008) is loaded into address SH.
The valve IH (in this case 10 00Q) is looded into address IH.
IH is odded to SH and.the result is pluced in SH to form

the next value of SH.
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This is repected until all the start addresses in the set
OTS/0H have been generated,

There are 9 sets of columns and SH and IH are listed below

for N = 128,
Table A3.3

0TS /01 SHL 4 0004 THL 10 000,
OTs/E%H SH2 100005 . IHZ 20 000,
OTS/E4H SH3 0g IH3 0g
€315 /00 SH4 10 000 TH4 20 0004
EATS/EAH  SHS 20 000g IH5 40 0004
EATS/E4H  SH6 0g TH6 0g
E4TS/0H SH7 0Og IH7 20 000,
EATS/E4H  SH8 0y IH8 40 0004
EATS/E4H  SH9 0g IHY 0

A3.8.2 The Incrementing Argument
Once again the DFTTLU for N = 128 used as aon example.
Consider the set of columns of arguments OTS/OH.  The
incrementing arguments, SI, of each column in the set are listed

in machine code.

10 000 30 000 50 000g 70 0008
110 0004 130 0008 150 000g 170 0008
*10 0008 30 000g 50 000g 70 OOO8
110 0008 130 0008 150 OOO8 170 0008

T

*The arguments exceed 7 ond the 'overflow' form is used,
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Thy difference between these velves is 20 0008' This

seuce is termed IT.

The derivation of these values is similor to the dexivation

for SH, in this case II is added to ST to gemerate the next value.

Table A3.4

The valves of 5I and II are listed below for N = 128

0TS/0H
oTs/Edn
07S/E4H
EATs/on
E475/EAH
EATS/E4H
E47S/0H
E4TS/EdH

E4TS/E4H

SIl
$12
SI3
SI4
S15
S16
s17
sI18

S19

10 0008
20 0008

20 0008

40 0008

40 0008

40 0008

Og

%

%

1L
112
113
114
115
116
117
118

119

The busic step value for N = 128 is ¢ 0008'

20 0008

40 0008

40 0008

40 0008

100 0008

100 0008
40 0008
100 000s

100 0003

ALL the above values are derived from 4 0004 by shifting

it the required number of places to the left.

ie. 4 0008 = 10 0005~ 20 0008 ~ 40 0008 - 100 0008

All these starting ond incrementing orguments are calculated in

subprogrom CCL which is covered in A4.8.

A3.8.3 The Starting and Incromenting Arguments and the SAG

Consider the case where the set of columns OTS/OH is being

generated.
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1) SHY, THL, S1I, IIl are calculated by the CCL subprogram
and passed to the start/inc. orgument generator.

2) The starting and incremeating arguments are generated
ond passed to the SAG.

3)  The SAG generates o column of K values which are
processed with the shuffled In values to form 4 columns of address
pairs.

4)  After the colum of K | values have been processed.

The start/inc. orgument generator generates the starting and
incrementing argument of the next column (column 3) and the above ’

steps are repeated.
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A3.9  Shuffling Routine
A3.9.1 Introduction

The shuffling routine must sort out the 4 or 8 time sauples
ossociated with each column in each of the 9 sets of similar
columns by implementing the formulue given in A3.5.3. If the
DFTTLU for N = 128 is considered and the first column in the set
OTS/OH is being generated the time samples associoted with that
column are Il’ 163’ 165 and 1127. The next column in that set

{column 3) is associated with time samples 13, Igyr 167' 1125.

A3.9.2 The Algor!thm

The time somples are stored in the In array os they are
sampled. Their addresses in the array (designated M8) correspond
to their position in time (ie. I, is stored in address n in MB).
The algorithm must address and extract the required 4 or 8 similar
time somples and place these in 4 or 8 consecutive locations in a
data block termed SB. At o later stoge these values con be
easily accessed by the Toble Look Up and Accumulate Routine
(TLUAR) (A3.10).

The algorithm need only generate the formulae in A3.5.3
and this is implemented as follows:

The Shuffling Rovtine must be given the first set of
shuffled In values in each of the 9 sets of columns. ('I"hcse

shuffled I volues are caleulsted by the CCL subprogram.)




Fig, 3.11
The First Group of Shuffled Time Somples
{cf A3.5.3)
Set n
ots/on |1, %-1, -'2£+1, N-1
ors/ean 11, Wo By B B 3N ey
N N N
OTS/E4H |1, Frhozt L T 1
Edrs/ol |2, %-l,g-»rl, N-2
i N N N N N N
E3TS/E4H | 2, T It 58T 2 T2 N2
7 N N N
E4TS/E4H | 2, 7t 2, 5+2 72
NN
E4TS/OH (0, 5, 5 N
4 NN 3N
EATS/ERM | 0, i
N N 3N
E4TS/E4H | O, s

For ;xample, if the numbers ure required for the second
column in the set OTS/OH.

2 would be added to the first element in the column

ies 1+ 2

2 would be subtracted from the second element in the column,

o, G -2

2 would be added to th third olement in the column,

to, e a2
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2 would be subtracted from the fourth element in the column. -

in(N-1)-2

The Assemblex program is given in Ad.4



A3.10 Toble Look Up and Accumulate Routine TLUAR

A3.10.1 Introduction
This routine performs 2 steps.

1) Derives the STV address from the time sample, In,
and the signed address, K"k.

2) Obtains ths contents of that address and adds/
subtracts its to/from its corresponding Accumulator, depending on
the signum function,

It must be noted each of the two outputs of the SAG (the
sine and cosine arguments) is associoted with 4 or 8 shuffled time
samples and 8 or 16 oddress pairs are passed to the TLUAR.  The
TLUAR stores the cosine Knk address and first processes the sine
oddress pairs. It then retrieves the cosine oddress and processes
it. The format of the STV can be manipulated to simplify the
oddressing of the STV and the derivation of the signum function.
This allows the signum function to be maripulated to take account
of the similar columns of Knk addresses. (ie. columns with the

same magnitudes but opposite signs.)
A3.10.2 The Format of the STV

The STV is a two dimensional (2 - D) array s(rn Knk)
where In and Knl< are the two uddresses needod to specify any
location in the array. The LADC output, In, has 19 levels and
a sign bit. (ie. 19 positive lovels symmetric with 19 negative
levels), The SAG output is quantised into 16 levels and g sign

bit (ie. 16 positive levels symmetric with 16 negative levels.)
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The sign bits contribute to the signum function and the level

addresses ore associoted with the 19 X 16 2 ~ D array in Fig.A3.12,

Fig.,A3.12 The Two Dimensional Array

In the computer core, 2 ~ D arrays ore transposed into

1 - D arrays (ie. dato blocks). The columns of the 2 - D erray

are ploced successively in the core as in Fig.A3,13.
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1 K Contents
0 0
1 0
2 o

18 0
0 1
1 1
2 1

i8 1
] 15
1 15
2 i5
18 18

Fig.A3,13 2 - D arruy tronsposed into 1 - D erray.

If the contents of location {3,2) are required from the

1~ D array (e. I,=3 K, = 2), the location is 3 + (2 X 19) = 4

logations from the first lacation.

The machine code for 19 is

131
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)ﬁ;é&z;s’s%s“ ioc TAL OCrAL Cﬂs?{\yEN 15

[¢] 0 9}
1 1 0
22 22 0

: ! 5 wene
37 37 0
40 Q 1
41 0 1
62 22 1

. : T ] vaste
77 37 1
100 0 2
101 1 2
737 37 16
0 0 17
KA 1 17
762 22 17

: : F e
777 37 17

Fig.A3.14 1-D Array. 40, Format
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10011, which is not an easy number for the computer to manipulate.

2
The next largest and easily manipulated number is 3210 ie, 100 0002
and this is chosen as the basis of the 1 - D array. The Knk
addresses are thus expressed as integral multiples of 32, ie. 404
This  sults in a waste of core between locations 20].0 and 3210
which ore empty. The core is formatted as in Fig.A3.14.

Another method to overcome the problem of the 19 locations

in a column of the orray is to modify the I, valve instead of the

K., valve. The I valves would be © 0, ¥ 16, Tzt 288,

The Knk values would still have to be manipuloted to have values
between 010 and 1510. Thus both I" and Knk would have to be
monipulated ond it wes decided ruther to waste the core space ond
manipulate one of the address poir components.

The two oddress pair components are added using the normal
two's complement arithmetic. The magnitude of the result gives
the STV locotion and the sign bit of the resvlt gives the resuvlt
of the signum function. If the STV is loaded from location X,

X is also qdded to the address pair total to give the STV address.

A3.10,3 Incorporating the Similor Columns of Knk Volues into
ihe Signum Function

This is best explained with the aid of the example for
N = 128, Fig.A3.5 and the flowchart in Fi3.A3.16. The 0TS /oH
set is considered with the sine Knk volue,

The shuffling routine has loaded SB with Il’ 163’ Ié5 and

1127 « The SAG has generaoted a sine ond cosine Kk which ane
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¥ Address Pait Accumulalor
1, sin oir | Ksion Bit Sign il Operation
0 0 o] Add
0 1 1 Subtract
1 0 1 Subtract
1 1 0 Add

0 = Positive
1

= Negative

Fig.A3.15

Signum Function
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stored in a temporary location as they must not be destroyed
during the calculation.

It is odded to the sine Knk via path GYl.  If the sign bit
of the result is positive, the value in the STV, addressed by the
magnitude of the result, is edded to the Accumulator via path
'PACC'.  If the sign bit is negative the STV value is subtrocted
from the Accumulator via path 'NACC'. The rouvtine proceeds to
step 2 and the process is repeated for 163' The next time sample,
165’ has @ column of Knk arguments with opposite signs. At step
3, Iz5 is udded to the sine Knk via path GY2.  If the sign bit
of the result is positive, the STV constant, addressed by the

maghitude of the result, is subtrocted from the Accumulator via

path 'NACC'.  If the sign bit is negative, the STV constant is
added 1o the Accumvlator via path 'PACCT.  The remaining step is
processed similerly. The cosine Knk has the order of the steps
shanged to GY1, GY2, GY2, GYL.

The step sequences for the remaining sets of columns are
given in Fig.A3.5 where '+' and ?-' correspond to GYl and GY2

respectively.

A3.10.4 Accumulating the STV Constant and Checking for Overflow

(OVF) or Underflow (UNF)

The STV constants and the Accumuletor contents can be

either positive or negative numbers. (The particulor integration
weights used to derive the STV constants are positive in this case

but the algorithm is written for the gemerul case.) Checks must
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be mode for OVF or UNF when addition or subiraction occurs. It
must be noted that the STV constant is added to or subtracted
from the Accumulator. Toble A3.5 lists the checks that must be
made.,

Teble 43.5

OVF_and UNF Check

Sign Sign Arith, Check
Accumulator STV Opexotion

+ + Add OVF
+ - Add oK
- + Ade 0K
- - Add UNF
+ + Sub 0K
P - Sub ovF
- + Sub UNF
- - Sub OK

Before oddition or subtraction can take place, two checks must be
made.

1) Are the sign bits of the Accumulator and STV constant
the same?

2) Is the Accumulator sign bit positive?
The first check is made using the 'Exclusive OR' routine.

The subprogrom thot implements the routine can be found in

section Ad.7.5.
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A3.10,5 The Format and Addressing of the Accumulators

The uccumulators ere divided into 6 blocks.

la 0dd Imaginory Hormonics 1b 0dd Real Hormonics
20 €3 Imoginary Hormonics 2b  E4 Real Harmonics
3a E4 Imoginary Harmones 3b E4 Real Harmonics

The outo incrementing address fum:i::i.nn'é is used extensively
to oddress the Accumulators, The cuto-incrementing cddresses are
set up in the program thet generates the start und incrementing
argunents {Ad.6). On entering the TLUAR, the auto incrementing
locotion cddresses the required Accumulator and stores its contents
in a temporary location (see A4.7.6). The 4 or 8 STV constants
are added to or subtracted from the temporory location according
to the routine described in A3.10.3.  The contents of the
temporory location are then returned to the correct Accumulater.
The method of obtaining the STV address is covered in A3.10.3 and

the Assembler program is covered in A4.7.1.

A3.10.5 Caleulgting the Resultant Harmonigs

The format of the Accumulator blocks in the core is given
in Fig.A3.17.  The reol hormonic component and the imaginory
harmonic component are denoted £ and bk respectively, The
hormonics are not in ordex but ore sorted into groups of odd
numbered, even multiples of four and the remoining even numbered
harmonics.  The routine must oxtroct the harmonic components from

the Accumulator block in the correct seguence and colculate the
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resultont {see Ad.9).
‘ 2 2
ie. Fk=< /qk + bk

The resultant must still be divided by 7 ond adjusted by the

overall scale facter (see Chopter44)

SAL b

CAL

SA2 by

a ] w[h

543 bo Fig.A3.17  Layout of Accumulators
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At The Assembler Pragramme

A.)  Introdyction

The Assembler progromme consists of a number of subprogrems
each covering an aspect of the algorithm presented in Appendix A3
Eoch subprogrom con be run separotely with simulated input dota so
that programming errors can be detected ond the subprogram cen be
modified or corrected without affecting the remaining suvbprograms.
Most of the algorithms in A3 (eg. the SAG) are implemented with
nine similor subprogroms; one for eoch set of columns of arguments.
This results in o large number of similar, but simple, subprograms
which is not efficient programming but it does aose detection of
errorss

The subprogrems perform the following tasks.

1. Initialize the Accumuleior data blocks. ie. load zere
into the Accumulator.

2. Colculate constonts and the first group of shuffled time
sample addresses. (CCL)

3. Somple the signal with the analog to digital converter
and store the outputs in the arrays.

4, Shuffle the order of the time samples,
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5, Generate the Knk arguments with the signed uddréss
generator routine.

6. Combine the Knk and In values to form the oddress pairs
of the constant in the STV; obtain the constant and add/subtract
it to/from the correct Accumuletor.

7. Display or analyse the resulting harmonics.

The Run Progrom (A4.12) sets the number of bits that represent
a constant in the STV and the calls CCL to caleulate the constants
and addresses for o given N.  The Run Program then calls MCN (A4,11),
the main control program, which completes the Discrete Fourier

Transform,




Reset ”

Accumulators
to Zero

Calevlate
constants

for I

Sample ADC
and LADG and
store samples

|

Shuffle first
set of time
samples
associated

with first
column of OTS/OH

l

Repsat for remaining
columns in this set
and then for remaining
8 sets of columns

Set up address

of Accum. associuted
first column of
0TS/O0H

Set up start and
ine. values for SAG

|

Generate first
column of sinus.
addresses in OTS/0H

Fig.Ad.1

Simplified flow chort for MCN

Calculate resultant
spectra from

real+imay, components

Raturn te run prog.
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A4.2 Subprogram to Reset Accymulators
This subprogram loads zexo into each locotion in the Accumulotor
blocks SAL, CAl, SA2, CA2, SA3, CA3. The number of locations in
each block is givea by CTl, CT2 and CT3, where CT1 is associated
with SAL ond CAL, CT2 with SA2 and CA2, and CT3 with SA3 and CA3.

CTl, CT2, and CT3 ure caleulated in the CCL subprogram.

P2l: STA 3,RP21 Save return,
LOA 2,.CTL )
Set up index
STA 2,.CT1 )
LDA 2,5A1 [oad address of SAL block
STA 2,20 in outo inc., lecation.
LDA 2,CAL Load oddress of CAL block.
STA 2,21 in outo ine. location,
LDA L,Z Load zero into register 1l
P2Lll:  STA 1,820 Store zero into next location in SAL
block.
STA 1,@21 Store zero into next lecation in CAL
block.
0SZ .CTL Decre ment index
JMP P21l If index is zero shp this instruvction;

if greoter than zero go to P21l and
initiclize next pair of lecgtions in

SAL and CAL.
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A.3 The Sampling Subprogram

This sampling subprogram is used in the error analysis (a6)
and it controls both the ADC ond the LADC.  Normally the LADC is
used and the sections of the program thot control the ADC are
deleted. The detailed description of the ADC and the LADC is
given in references 11 and 10 respectively. Both the ADC and the
LADC are triggered simultoneously by an external pulse and the
linearly quentised ond logarithmically quantised values of the
signal are stored in blocks Rl and MB respectively.

LDA 2,M825 ) Set the auto inc. address for block

sTA2,22 ) M8

LDA 2,N Set the number of pairs of samples
STA 2, .N to be taken.

LPA 0,C Send ovt control signal to

DCA 0,21 ADC,”

LDA 2,R1 Set the auto. inc¢. address for
STA 2,21 block R1

P251;  SKPDN 21 ) Wait until the ADC has processed
JMP =L ) o sample
DIAC 1,21 Load the encoded somple volue into
reg. l.

STA 1,621 Store contents of reg. 1 via outo.



SKPDN 22

JMP -1

DIAC 1,22

STA 1,822

DsZ N

JMP P251

JHP ERP25

146

inc. eddress in R1.

Wait until the LADC has processed

a sample,

Locd the encoded surple value into
reg., l.

Store the contents of reg.l via auto.
ine. address in MB,

Reduce N by 1. If N is zero return
to MCN progrem.

If N is not zero, go to P251:

Return to MCN.
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A4.4 The Shuffling Subprograms

There are nine subprograms numbered fzom P31 to P39, each
providing a set of shuffled In values for each of the nine sets of
similar columns of Knk values. 4 or8 I, volues are shuffled
out of MB and are placed consecutively in SB before the starting
and inerementing erguments are qenarated for the column of Knk

values.  The program has 2 entry points, P3 X 1 and P3 X 2

(X=1.....9) and is initially celled through P3 X 1,  The
subsequent shuffled In values are obtained by calling F3 X 2.

Subprogrem P37 contains o modificotion as Io, IN/%’ IN/Q P

IGN/1 ore not similer - ID and IN/2 are similar and IN/4 and
ISN/4 are similor.
The subpregrem P3L is explained (set OTS/OM)
P31l:  STA 3,RP3L Save return
LDA 3,5831 ) Set aute. inc. address of
STA 3,20 )  block SB.
LDA 2,MB5 Get the address of the first

shuffled time sample (I‘)

STA 2,.MB5 Store this address in a temporary
location

LDA 0,0,2 Load the value of Il into reg. O,

STA 0,820 Store contents of ceg. O inte first

location in SB,




Locations M85, MBl4, MB7 and MBS in progrom CCL contain the
addresses of the first set of shuffled time samples ie Il' ]N/Z—-].'
IN/2+l and IN-l' These oddresses are stored in temporary locations
.MB5, .MBl4, .MB7 and .MBl6. Im part P312 these addresses are
processed according to the formulae in A3,5.3.

P312: STA 3, RP31 Sove return

LDA 1,N2, Load reg 1 with N2, N2, corresponds
to 2 which is either added to or
subtracted from the shuffled address

to obtoin the next shuffled oddress.

LDA 3,5831 ) Set auto. inc. address of
5TA 3,20 )  block SB.
LDA 2,.MB Get the first shuffled address

stored in the temporary location

ADDZ 1,2 Add 2 to obtain next shuffled
address. )

STA. 2,. MB Save new address in temporazy
location,

1DA 0,0,2 Lood reg. O with the contents of the

new shuffled address.
STA 0,820 Store reg. 0. contents in first
location in 5B.

.MB5 now contains the uddress of I, ,.
142
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LDA 2, .MBL4
SUBO 1,2.

STA 2, .MBL4
LDA 0,0,2.
STA 0,820

150

Subtrect 2 to obtain the next

shuffled address.

Store the reg. 0. contents in

second location in 5B,

.MBL4 now contains eddress IN/2~1-2.

The remaining two shuffled addresses are processed and SB

will contain the following time sample values

B:
S I1+2

Nf2~1-2
Inj2s142

T-1-2.

in thot order.
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A4.5 Signed Address. Generator Subprogram (Knk)

This subprogram follows the flowchart in A3.6.4. The
following values are passed to this sukprogram from the Initielize

SAG subprogram (A4.6).

WHE the start argument.
.15 the increment argument
.C5 the number of K addresses in a column of K
nk 'nk
addresses.

CSR, MSKl, MSK2 are caleulated by the CCL subprogram (A4.8) and
modify the Knk values into o multiple of 408. Table Ad.l lists
the names of the SAG subprogroms and is derived as follows.

1) The numbers in the nome (ie 61, 62, 63, 64, 611, 612)
give the entry point of the TLUAR (A4.7).
i, this stetement in a SAG subprogram, X.61 (X = A,B).

JSR @6l
means that the particular column of arguments being generated have
a sign paottern.

sine Hyby =,

cosine +,-,~,+

(See fig. A3.5)
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Table A4 1 SAG Subprogram KNames

SET Io <ine <JF 1T <ine <37 3dine < <0incsifines linc 3]
o0rs  on AB) B§1
ovs  ETH As2 B62
ors E4H | cet D64 £54 Foe
eT7s oM 451 B61
Edts iR As2 B62
E{TS ELH C6¢ B&s EBL F64
E4ts OH Asl BEt 1611 | J61 {Ke12
Eits ETH | Asa B53 683 H83 153 |ssafuss [eea
E41s ELH | coe 082 373 Fo4 164 [MB4[N62 [06¢




Table A42 SAG Increment and Output Yalues

TYPE INCREMENT K k()U'FUY EQUIVALENT TO
n
A [O0<inc <%
” Ky has ait
B Feine <1 walses except
. those equivaleal
am
G r<ing <5 100 and Fradions
H | ¥<inc <2mf
C |[O<inc <%
o K has alt
D T<ing < 1T Ll
values
ksl
E Meine <y
F Fednc < 2]
o e ke m
1 inc=0 sieekz O cosineK= &
inc= =T
ncs= § Kz 7
K incz T K=0 o
= 30 = ¥
inc= 37 Kz
i = =
M inc= £ Kz Qo 7
N inc= T sineKz O cosineK= §
nk nk
0 incz 4T Kz Oor 7
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The Assembler codesfor program types ABGH are given first.
Types CDEF are explained next. The fine' group, MNO are simple

programs that have outputs equivalent to O on Iz-rradiuns.

Ad.5.1 Types ABGH

The instructions for state 1 are discussed and the differences
between stote L ond the remaining staotes are listed.

Case 1 _Stote 1
AbL: STA 3,RAL Save return to MCN

LDA 0, H5 Load start argument ( qrg) into

'scratch pod ' memory.
JMP QuPP Go to output process. This

corresponds to step 3 in flowchart

SUPP: LDA 2,.18 Get inc. arg.
LDA 0,.H5 Get current subtotal.
1 ADDZ 2,0, SNC Add inc to the subtotal to

form the new current subtotal
If CARRY bit is non zero skip

nex:t instruction (overflow occurs).

P OUPP Go to output process (state 1).

NEGZ 0,0 Carry bit was non zero ie. arg >1'2_I"
2 JMP ODNP Te to output process of state 2.
oUPP:  STA ©,.HB Store current Knk subtotal in

scroteh pad.

MOVZ 0,1 Move Knk into reg 1 for processing
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kL
NEGZ 0,2 Add 3 to sin Knk to ohtoin cosine
Knk' Store in reg 2.
LDA 3,MsSKL Load reg 3 with truncating mask
ANDZ 3,1 Truncate sine Knk
JSR SR This subroutine shifts the sine and

“nsine Knk 6 ploces to the right

3 MOVZR 1,1 Set the sign bit in the CARRY bit
MOVZR 2,2 and shift once more to the right.
JSR @sP6L Go to TLUAR
DSZ C5 Return from TLUAR here. Decremeni

control counter and skip next

instruction if .C8 is zero.

4 Supp Go to state 1 and generate the next

Knk valve.

JMP . OTP Return to MCN as the requir.. number

of Knk values have been generated.

The marked stotements, numbered from 1 to 4, change in the

remaining stotes. The chonges are listed below.

Lose 1 Stote 2

1 5UB0 2,0, SNC Subtract inc from subtotal. Go to

JMP ODNP state 2 output process



165

2 JMP OUPN Go to state 3 output process
3 MOVZR 1,1 Set sine sign bit positive

MOVIR 2,2 Set cosine sign bit negative
4 JMP SDNP Go to beginning of state £

Case 1 _State 3

1 ADDZ 2,0,5NC Add increment to Knk subtotal
JHp OUPN Go to state 3 output process
2 JMP ODNN Go to state 4 output process
3 MOVOR 1,1 Set sine sign bit negative
MOVOR 2,2 Set cosine sign bit negative
4 MP SUPN Go to beginning of state 3

Case 1 Staote 4

1 SuRn .0, SNC Subtract inc from Knk sub-total
- { Go to state 4 output process

2 JMP wupPpP Go to state 1 output process

3 MOVOR 1,1 Set sine sign bit positive
MOVZR 2,2 Set cosine sign bit negative

4 JMP SDNN Go to beginning of state 4

The incrementing argument has volves between g‘ and 7T
The 'overflowed form' of the increment is used in this case. (see

A3.8.2)  The marked statements 2 ond 3 are the same as before.




Case 2

NEGZ

JMP

JMP

Case 2
NEGZ

suso

JMP
JMP

Case 2
NEGZ
ADDZ
JMP
JMP

Case 2
NEGZ
stBo
Jp

JMP

State 1
0,0

2,0 SNC

ouPp

SDNP

State 2
0,0

2,0, SNC

ODNP

SUPN

Stote 3
0,0
2,0,5NC
OUPN

SDNN

State 4
0,0
2,0,5NC
ODNN

SupPP

add T to current K, subtotal.

2 nk
Add inc to subtotal to form next
K " value.

nl

o to beginning of state 2.

Subtract %rfrom current '\nk subtotal .

Subtract ine from subtotal to form

next K value.
nk

Go to beginning of state 3.

Add"-zrto current Knk subtotal

Gn to beginning of state 4

T

Subtract 3 from current Knk subtotal

Go to beginning of state 1
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Case 3
The incrementing argument has valuves betweenTT and 37-77-
The 'overflowed® form of the incrementing argument is vsed. 77 is

odded by simply skipping one state.

Cose 3 State 1

4 JMP SUPN Go 1o beginning of state 3.

Case 3 State 2

4 JMP SDNN Go to beginning of state 4

Case 3 State 3

4 N SUPP Go to beginning of state 1

Case 3 State 4

JMP SDNP Go to beginning of state 2

Case 4

The incrementing arguments hove volues between 3—%—’— ond 27T

3T

The ‘overflowed' form of the incrementing argument is used. 5

is added by skipping two states,

Cose 4 _State 1

1 NEGZ 0,0 Add3—27—T

ADDZ 2,0,5NC Add increment to Knk suhtotal

to curront Knk subtatal,

JMP OUPP




4 JMP SDNN Go to beginning of state 4.

Cose 4 State 2

1 NEGZ Q0,0 Subtract %—F from current Knk subtatal
SUBO 2,0,5NC Subtract increment from Knk subtotal
JMp ODNP

4 JMP SupP Go to beginning of state 1

Lase 4 Staic 3

1wz 0,0 pdd 3 40 current K subtotal
2 nk
ADDZ 2,0,5NC Add increment to current Knk subtotal
JMP QUPN
4 JMP SDNP Go to beginning of state 2

Case 4 State 4

1 NEGZ 0,0 Subtract -?1217 from current Knk subtotal
SuUBO 2,0,SNC Subtrect increment from current Knk
subtotal
Jup ODNN
4 JHP SUPN Go to beginning of state 3

M.5.2 Progroms Types CDEF

These programs are similar to types ABGH but Knk can have

values equivalent to O radions and 12'_" rodians.  The machine code

equivalent to O andfz‘-rradiuns is 08 and 1777778 {see definition
AL.2.8). O radions occurs in stutes 2 and 4 becouse of the
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properties of the machire code, but, by definition,0 rodians is the
first Knk argument in states 1 and 3.  Thus the instruction to
output O radions (positive) is in stote 4 ond the instruction for
0 radians (negative) is in state 2.  This problem does net oceur
wm'g' radians and the method for dealing with this is given in
A3.7.1.

The statements that differ from those in types ABEH are

explained.

Case 1 Stote 1

Cé4: STA 3,RC64 Save return to MCN.
LDA 0,.H5 Lood storting org. into scratch pad
memory
JMP TONN Go to state 4 output routine

(start arg = 0 rad,)

SUPP: LDA 2,.15

LDA 0.HE

ADDZ 2,0,SNC Add inc. to current Knk' Skip next
statement if OVF.

JMP aupp Go to stote 1 output routine.

MOvVZ 0, G5NR Overflow took place.
Gheok whother subtotal is either>3
or=T

3

Skip next instruction if result is

o
=7
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TUPP;

FUPP,

oupP:

JMp

NEGZ

COMZ

MOVZ

MOVZR
MOVOR
Jsp

DSZ

JMP
JNMP
LDA

HEGZ

JMP

TUPP

ODNP

0,2

3,MsK2
3,1
3,2
1,1
2,2
@spes
.c5

Fupp
oTP

0,.15

0,0

QDNP
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Result is equal o J

Go to special routine.

Go to state 2 output process
Toke one's complement of Kn|< argument
Cosine Knl< is the same us the
uncomplemented Knk =3

l.ood special truncoting mask
Mask out bits in positions

8,7,8

Set sine sign bit positive

Set cosine sign bit negative

Go to TLUAR

Decrement contrel index and skip

next instruction is resvlt is zero.

Return to MCN

Reg. 0 contains the current Knk
argument which is zero.  Adding the
increment is implemented by loading
it into reg. O.

The result of this 'addition' always
> %Tund the 2° complement must be
taken

Go to stote 2 nutput process.

This set of instructions is the some as in A4.5.1,




t

ZDNP2

TDNP:

Case 1 _Stote 2

LDA
L.DA

§U30

JMP

NEGZ
JMP

MovZ

JMP

MovZ

coMzZ

LDA
ANDZ
ANDZ
MCVOR

MOVOR

2,15
0,.H5

2,0, SNC

ZDNP

0,0
OouPN

0,05ZR

ODNP

0,2

3,hsk2

Subtroct the increment from the
current sine Knk argument. If the
sign Lit is non zero (result negative)

skip the next instruetion.

Result is negative. Take the 2°
complement ond go to the stote 3

ouiput process
Check whether subtotal is = 0.
If equal to zero skip next instruction.
If subtotal % 0 go to state 2 output
process,
sine Knk arg = 0 rad
Add :'iT to sine K to derive.
nk
cosine K . Here sine K, = 0 and
nk nk
the one's complement is taken to
derive the mochine code , 7403.

Load specinl truncating maosk
Mask out bits in positiens 6,7,8

Set sine sign bit negotive

Set cosine sign bit negative
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JSR @sp64 Go to TLUAR
DSZ 5
Jup FDNP
JHP oTe
FONP; LDA 0,.I5 Some explanction as FUPP.
N OUPN Go to stote 3 output process
LONP: Same as ODNP in A5.4.1.

The remaining 2 stote ond 3 cases ore not exploined os they follow

o similer pattern to the previous cases in A5.4.1.
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Ad.6 Subprogrom to Genercte Starting ond Incrementing
Arguments for the $AG

There are nine subprograms numbered from Q41 to Q49, each
program providing starting ond incrementing orguments for each of
the nine sets of columns of Knk argumentis. The subprogram is
axecuted before o column of Knk arguments is generated., The
subprogrem is initiclly entered through SP4X1 {X=1, ... 9) ond
subsequently entered through SP4X2 for the remoining storting and
incrementing arguments. The auto incrementing address lecations
of the Accumulators, which ore needed by the TLUAR, ore also set
up by the subprogram.  Subpragrom Q41 is only explained as the

remaining subprograms ore similor.

P411: STA 3,RP41 Save return to MCN
LOA 1,SHL Set first stort org. (celculated by
ceL).
LDA 2,81 Get first inc. arg. (culculated by
ccL).
JMP P410 Go to stotement P410.
P412: STA 3,RP41 Save return to MCN
LDA  1,.SHI Get current start arg.
LDA 3,IHL ) Generate next current 5’tart arg.
oz 3,1 ))
LDA 2,.511 Get current inc. arg.
LDA 0,111 ) Genorate next current inc. arg.

oz 0,2 )



P410 1 STA
STA
STA
STA
LDA
5TA
STA
LDA
STA
STA
LDA

STA

JMP

1,.SHI
2,.511
1, .H5
2,.15
1,5A1
1,20
1,21
1,CAL
1,22
1,23
1,C1L

1,.c5

@RP4L
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store current start arg.

store current inc. arg.

pass current start arg. to SAG )
poss current inc. org. to SAG.
These instructions set

the euto. inc. eddress
Locations of the Accumulators
which will be used by

the TLUAR.

Passthe number of
Knk org. thot must be generated
to the SAG.

Return to MCN.

.SHL Current starting org. scrotch ped memory.

.SIL Current inc arg. seratch pad memory.

RP41 Location of return address.
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A4.7 The Toble Look Up ond Accumulote Routine TLUAR

The subprogrom is colled by the SAG subprogrom to process
the sine und cosine Knk volues,  After the TLUAR has performed its
tosks , detoiled in A3.10, control is returned to the SAG subprogram

The TLUAR consists of the following subroutines.

1) CINT/SINT
2) 6Y1/6v2
3) PACC/NACC

os well os the main routine.

In A3.102 the STV address is simply coleulated by adding the
two components of the uddress poir I“ and Knk and the address of
the first lozation in the STV.  Subroutine SINT performs the first
port of this addition by aodding the oddress of the first location
in the STV to the sine Kok {orgument) value, CINT adds the ;usine

K . to the oddress of the first locotion in the STV,  This partial

nk
sum is termed the base oddress {BTLU). GY1/GY2 adds the LADC output
to the base address to form the finol STV address (see A3.10.4),
PACG/NACC adds/subtracts the STV constont to/frem the required
Accumulotor.

The @ain routine consists of six parts, each part corresponding
to eniry points described in A4.6. (ie part is ossocicted with a
sign pattern in Fig.A3.5).
The moin routine performs the following tosks.

1) Stoie the return address of the SAG.

2) Calls SINT



3)

4)

5)
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Stores the contents of the particular Accumulotor
being processed in o temporary locotion.

Calls GY1/6Y2 in the required order and increments ox
decrements the contents of the temporary location
according to the velue of the signum function

Returns the contents of the tempoxary location to the

Accumulutor,

These steps ore then repected for the cosine Knk values.

A4,7.1 Subroutine SINT

SINT: STA
STA
STA
LDA
STA
LDA
LDA

ADOZ

STA

M

3, RINT Save main rovtine return oddress

1,sC Store sine K"k in scratch pad.

2,cC Store cosine Knk in scratch poad

3,586 ) Set aquto ing, address for SB.

3,24 )

3,TW Get address of first location of STV
1,s5C Get sine Knk from scrotch pod

3,1 Add sine Knk address to first location

address of STV to obtain bose address
1,BTLU Store baose address

@RINT Return to main reutine

A4,7.2 Subroutine CINT

This is similor o SINT but sets up the base address for the

cosi .
osine Knk




A4.7.3 Subroutine CINT2 and SINTZ

These are similor te CINT and SINT and are used for the

special case in P37.

A4.7.4 Subroutines GY1 ond GY2

These subrouvtines generate the signum function ond modify

it for the 'opposite signs' case.

GYLl: STA 3,RGY

STA  0,TAC

tDA 3,024

LDA  1,BTLY

ADDZL  1,3,SNC

JHP PACC

JMP NACC

Save return to main rovtine
Store Accumulator contents in
temporory location

Get the next shuffled In value from
SB

Cet bose oddress of STV
Colculate finol STV address ond
check sign bit

If sign bit is positive go to
incrementing subroutine

If sign bit is negative go to

decrementing routine

GY2 hus the last two instructions swopped

je. ADDZL  1,2,SNC

JHP NACC

JMp PACC

If sign bit is positive go to
decrementing routine
If sign bit is negotive go to

incrementing routine.
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Register 3 contains the STV address and the signum function sign
bit which have been shifted one ploce to the left so os to check
the sign bit. PACC ond NACC must first restore this oddress by
shifting it one place to the right and destroying the sign bit os

it hes served its purpose.

A4.7.5 Subroutines PACC and NACC

These subroutines perform the following tosks

1) Restore the final STV cddress

2) Check the sign bits of the STV constant and
Accumulo or contents to check for overflow (OVF)
underflow (UNF)

3) Add or subtract the STV constant to or from the

Accumulator volue

4) Write an error message if OVF/UNF cceurs
PACC: MOVZIR 3,3 Restore STV address ond eliminate the
sign bit.
LDA 1,0,3 Get the STV constants and loed them

into reg. 1.

stA  1,TID Load STV constents into o temporary
location
LDA 2,M5K Get musk that will extract sign bits

¢f STV constant and Accumulator valve
LDA 0, TAC Get Accumulator value which is stored
in @ temporary location.
AND 2,0 Get Accumulator sign bit

AND 2,1 Get STV sign bit




MOV

ANDZL

ADD

SUB

JiP

MOVZLEH

JMP

JMp

1,2

0,2

0,1

2,1,82R

PACN

0,0,52C

PACU

PACO

208

Exclusive OR of sign bits

sign bits are different

There is no risk of OVF/UNF

The sign bits are the same. Check
the Accumvlator sign bit
Accvmulotor sign bit negotive.

UNF could take place.

Accumulator sign bit pesitive OVF

could take place

PACU is o subrovtine that adds TID (STV constont) to TAC (Accumulator

value) and checks for underflow. PACO is u subroutine adds TIi

to TAC and chevks for overflow. PACN adds TID to TAC and does not

check for overflow or undexflow as neither will occur in this case.

PACN: LDA
LDA
ADDZ
JHP i

PACO: LDA
LDA

ADDZL

2,710
0,TAC
2,0
GROY
2,7ID
0,TAC

2,0,82C

Get STV comstant
Got Accumulator valve'
Add

Return to moin routine

Add, Shift left and check CARRY bit.
If zero, no OVF and skip next

instruction
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N OVFP OVF.  Go to error flaog routine.
MCR 0,0 Restore result
JMp BRGY

PACU: LDA 2,TID

DA 0,TAC

ADDZL. 2,0,SNC Add,  Shift left and check CARRY
bit. If one {negative result), no
UNF and skip next instruction

JHP UNFP UNF.  Go to error flag routine

MOVR 0,0 Restore result

JMP @RGY

The NACC subroutine is similar to the PACC subroutines but
subtroction insteod of oddition tokes place.  The sign bits of
the Accumulator and the STV constant ore also exclusively ORed and
the subroutine chooues one of three subtraction routines NACN (no
OVF/UNF check necessory), NACO {check OVF) and NACU {check

underflow) to decrement the Accumislri .z,
A4.7.6 The Moin Routine

The main routine hus to entry points P61, P62, P63, P64, P61l
and P612, one for each of the 6 sign potierns in Fig.A3.5. Consider
the routine for the set OTS/OH.

P6l:  STA 3,RP6 Save the SAG return

JSR SINT See Ad.7.1



LDA

JSR
JSR
JSR
JSR
STA

Q@20

GYl
GY1
6Y2
GY2

0,021

Get the contents of the Accumulator
thot hos its address set in Q41 and
load them into reg O. The second
stotement in GYL/GY2 stores the
contents of reg 0 in a temporary

location.

This is equivalent to the sign pattern

associoted with the set OTS/CH.

Reg. O contains the incremented or
decremented Accumulotor volue.  The
contents of reg., 0 ore returned to

the Accumulator block.

The cosine main routine follows o similor pettern.

JSR
LOA
JSR
JSR
JSR

JsR T

STA

JMP

CINT
0,622
[543
6Y2
6Y2
GYl

0,e23

erPé

Get Accumulator volue

sign pottern for cosine OTS/OH.

Return the incremented or decremented
Accumulator volue to the Accumulotor
block

Return to SAG
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A4.8 The CCL Subroutine

This subroutine calculates all the constants for the DFTTLU
for a given value of N (ie. N = 128,256,512,1024) and will stop if
N is not one of these values. The subprogram calculates the
nunbers of columns of Knk values that fall into egch of the four
cases.  These numbers are listed as Cl§, CL6l, C32, (321, C64 and
C641.,  Itthen calculates the numbers of Knk values in a column
which are listed os CT1, CT2 ond CT3. MBO, MBL ... MB2l contain
the first group of cddresses of the shuffled time samples.  These
addresses ore needed by the Shuffling Subprogram. The subprogrom
culculatesthe first set of starting and incrementing arguments

required by the Q41 - Q49 subprograms ie SHL, S1L, EHL, 111 ... II9,
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A4.9 Calculation of the Resultant Harmonics

Fig.A3.17 shows the format of thq Accumulator block in the
core. This subprogrem e;tructs the corresponding real ond
imaginary components in the Correct‘sequences, calculates the
resultant ond divides it by 7 (see 4.4). Dyta Genexal Software’
is used to perform the multiplication, double word oddition ond
division, Reference 18 gives ¢ routine thot computes the square
root of a double word.  The resulting harmonics are used by the
ertor analysis described in A5,  This subprogrem is also used to
compute the resultont harmonics of the FFT routine used in the
error snolysis.

Subroutine STR extracts the harmoric components in the

correct order ie E4H, OH, £4H,0H ... and subroutine PTG calculates
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the resultent, divides it by 7, and stores it in block RB.  The
resultant harmonics in RB are in the correct sequence and ore

readily evoileble for analysis by the error progrom.

LDA 1,8AL

STA 1,20 The addresses of the first
LDA 1,CAL locations in the

STA 1,21 Accumulater blocks are
LDA 1,5A2 loaded into the auto~

STA 1,22 incrementing address

LDA 1,02 locations

STA 1,23

LDA 1,543

STA 1,24

LDy 1,CA3

STA 1,25

LDA 1,RB

STA 1,26

LDA 1,NH The index i set up.

5TA 1N NH is the number of harmonics

thet will be processed.

NH is decremented by one as each
resultant hormonic is processed,
When NH is zero control is returned

to MCN.,



JSR

STR: LDA
LDA

J5R

LDA
LDA
JSR
LDA
LDA
JSR
LDA
LDA
JSR

JMP

ECP3

1,004
2,025

PTG

1,620
2,021
PTG
1,622
2,023
PTG
1,020
2,e21
PTG
STR
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This instruction is included if the

harmonics ore being pletted, (PB

positions the zero at

(%,¥) = (-1000g, ~1000g} and makes a

small vertical mark.

Get

Get

imaginory E4 component

recl E4 component

Go to resvltont caleulating rovtine

Get

imaginoxy odd numbered component

regl odd numbered component

imaginary E4 component.

real E3 component

imoginary odd-numbered component

real odd numbered component

NH is decremented ond tested for zero in PT6.  The resultont is

calculated using the Pythogorus Theorem.  The squaring of the

component is corried out by subroutine MPY, the addition by DADD

and the square root, DSOR.

The result of MPY is a double word, the

high order bits ore stored in reg. O ond the low order in regy. 1.




PTG:

STA
STA

MoV

JSR

STA

STA

LDA

LDA

JSR

JSR

HS

LbA

JMP

3,RPTG

2,TC

1,2

apyY
0,Hs
1,L8

1,7¢

2,T¢
@Y

@DADD

3,CKK
0,3,SIR

C5aR.
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Save return to STR.

store the real component in a
temporary locotion.

Duplicate the imaginary component

in reg. 2

Squore imoginery component

Store high orxder bits in HS

Store low order bits in LS.

Get real component from temporary
location.

Luplicate reol component in reg 2.
Square real component.

Add squared real end imaginory
zomponent.

Tais stotement gives the location of
the squared imoginary compenents to
DADD

The double word sum must be less than
229. If gieater thon 229, the square
root of the dauble word sum will cause

'
a2 ° complement 16 bit word to

overflow. If the double word is
greater than 229, control is given to
to subroutine 0SQR which prints on
error messoge '66' and then gives

contxol to subroutine STLU. {A4.12)




JSR  @DseR

LDA  2,C17
SR eniv
STA 1,826

If the result is to be

included.
JSR  @SRTB
JSR  €DOR
DSZ  ,NH
JHP @RPTG
JSR  @CPE

JMP @RP75

)
)
)
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Toke the square root of the double
vord sum.

Load 7 into divisor register
Divide square root result'by 7.

Store the answer in RB.

plotted, the following 2 instructions are

See A4.13

Decrement NH by one and test for zero.
NH not zero. Return to STR for next
harmonic.

NH is zero. This statement is
included if the results are plotted,
The pen in positions at (X,Y) =

{0, -10008) and mokes a smoll verticel
mork.

Return to MCN.
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A4.10 The Doto Blocks

The data blocks are required to store the lurge number of
volues in consecutive locotions. These volues can be easily
addressed using the outo incrementing address focility., To save
core, certain aress of core are overwritten with new data, eg. the
I1 block associated with the FFT is also used for the DFTTLU

accumulators.

MB: N time somples - output of LADC.

Rl: N time samples -~ output of ADC.

Il: N imeginary time samples - set to zero,
The results of the FFT are loaded in Rl ond II.

Rl: N Real FFT harmonic components

Il: N Imaginery FFT harmonic components.

SAl: -2- Imaginary FFT hormonic components

SAL: -L% Imaginary odd numbered DFTTLU harmonic components.
CAL: L‘:- Real odd numbered DFTTLU harmonic components.

SAZ: g—lmoginary even numbered {not multiples of 4) DFTTLU

hormonic compenents.
CAZ: g Real even numbered (not multiples of 4) DFTTLU
hormonic components.

SA3: % Imoginory remaining even numbered DFTTLU hormonic

components.
€A3: § Recl remaining even numbered DFTTLU harmonic components.
d
RB: & Resultent DFTTLU harmonics.

SB:  Current shuffled I, volues.
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A4.11 The Main Control Program MCN

The main control program calls the subprograms in the
required order. The program first resets the Accumulotors by

looding zera into the Accumulator. It then calls the sampling

subprogram.
JSR  @sP2l Zexo Accumulators
JSR - @sP25 Semple outputs of LADC and (ADC)

The first column in each of the nine sets of columns is
solved separately as some of the subprogroms are entered ot a
special paint {eg. SP3 X 1, SP4 X 1),  The subprogram ossocioted
with the OTS/OH is explained.

Ql.1l: JSR  @SP3L11 Shuffle time saumples.
JSR  @SP4LL Get storting ond incrementing

argunents.

JSR @SA6L Cenerate first columnof Knk values.

LbA  1,C181 ) Set up the index for the remaining

STA  1,CONT 3 eolumns in case 1 (0 <inc<F)

Ql.2: JSR  @s5P312 Get next group of shuffled time

somples

JSR T @SP4LZ Get next starting ond incrementing
arguments

JSR - @S5A6L Generate next column of Knk addrosses

DSz CONT ) Repeat for all the columns in case 1

MPQl2 3

The following 3 cases ure troated similurly and the pattern is

repeated for the remaining eight sets of columns
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Ad.12 The Run Program

This program links the DFTTLU ond the FFT programs so that
an analysis of the differences between the two methods con be made.
The Run program performs the following tasks

1) Sets the number of bits representing a constant in the
STV (see 4.4).

2)  Runs the DFTTLU by calling MCN.

3)  Runs the FFT rovtine.

4) Adjusts the scale of the FFT hormonics to that of the
DFTTLU.

5) Analyses the differences between the two sets of
harmonics.

8) Repeats the cbove steps a specified number of times.

A4.12.1 Setting the STV

The STV is progrommed with the maximum number of bits
representing o constent. The number of bits is reduced by
shifting each constant one place to the right (ie. divide by 2).
The number of times thot constant is divided by 2 is set on the
console switches of the computer ond is loaded into location SR 5.
Tue computer duplicates this valve by writing it inte RS and is
printed ut the end of each run,

Subroutine STLU performs the same tosk whon overflow or
underflow of the Accumulators vecurs or when the resultent
harmonics in PTG(A4.9) overflows. In these cases, control is

passed to STLU which halves each constont in the STV ond notes

229
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this in location RS by increasing its value by 1.  Control is

possed to QL.1 in MCN ond the time samples are reprocessed.

A4.12.2 Calling the DFTTLU

After the STV has been set the following instructions are

executed.
JSR
JSR
LDA
JSR
HALT
Jup

A4.12.3 Colling the FFT

The following Assembler

.S7: LDA
STA
LDA
STA
LDA
54:  STA
2274

JHP

es7

1,820
N
s4

Call the CCL subprogram (A4.8).
Coll the MCN subprogram (A4.11)

Print RS

Stops minicomputer

When the 'CONTINUE® switch on the
console is pressed this instruction
is executed.

S7 is the start of the FFT program.

Code is used,
These instructions load zerc into

the I1 input block of the FFT,




DA Z,N N is passed to the FFT
STA  2,.NN program
JSR  @CFTST Call the FFT program
Ar 0 The FFT program reads A, If A is

zero o forward FFT is executed.

<NN: The FFT progrem reads N here.
«Rl: BLK N location input block (Real values)
I BLK N location input block (Imaginary

values).  This block has been set
to zero.
The .I1 block is olso used os the Accumulator block.  The total
numbex of locations in qll the Accumulator blocks is alse N,
The addresses of the blocks are listed as follows.
Rl: .Ri -1
Il Il -1
SAL: L5AL -1
etc,
The -1 term is included to udj'us": for the outo-inciementing

oddress.  This first inurements the uddress ond then executes it,

A4.12.4 Adjusting the Scale of the FFT Harmonics

The real and imeginory harmenic components of the FFT are
locded into .RL ond Il respectively. Subroutine PTG, (similar
to the subroutine PTG in A4.9) calculates the resultant harmonics.
The scale of the hormonics is odjusted while the hermonic is in

its squared form ond the hormonic is shifted double the required
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number of times te the right. The following instructions are
included in PTG,

JSR  @DADD
AHS: HS
The resultant harmonic has its high order bits in rep 0 and its low
order bits in reg.i.

DA 3,SRS. Get the doubled number of shifts and

store them in

STA  3,.5RS «SRS.
Si:  MOVEIR 0,0 These instructions perform the
MOVR 1,1 double word shift.
DSZ  .5RS
JMP S1 .
JP  8DSQR Take the squere root.

A4,12.5 Colculoting the FFT Scale Factors

The FFT has its own scule factor SCNT which depends on the
vaolue of the portial sums in the FFT. To evoid overflow every
particl sum is halved if the mochine code is greater than 314638
and the number of times that this occurs is stored in SCNT.
Assuming thot no overfl.s occurred, the FFT harmonics would still
have tc be scoled down by u constant MAN,  If overflow does occur
the final scale foctor is (MAN - SCNT).  This value is doubled
and stored in location SRS (A4.12.4). If subroutine STLU is
called {A4,12.1), (MAN *'T) is increosed by one to keep the

scoles of the DFTTLU ond FFT equol.
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ASCNT:SCNT ASCNT contains the address of SCNT
LDA  1,@ASCNT }
Print the contents of SCNT
JSR @D )

LDA  1,@ASCNT

LDA  2,MAN

SUB0 1,2 Colculate MAN - SCNT

MOVZIL 2,2 Double the result

STA  2,5RS Store this volue -~ the number of
shifts to the right - in SRS

MOV 2,1 ) Print SRS

JSR @sD g

A4.32.6 Plotting the Differences between the DFTTLY
and FFT Hormonics

The format of the plot is given in Fig.5.1 in chapter 5.3.1.
A subroutine similor to STR in A4.9 is used to retrieve the FFT
hormonics components frow Rl ond Il and the resultent harmonic is
colculoted and scoled.  The corresponding DFTTLU harmonic is
retrieved from block RB and is.subtracted from the FFT harmonic.
The result is multiplied by four ond plotied with its DFTTLY
harmenic which has been holved.  Thus the scale of the difference

between the hormonics is eight times thot of the DFTTLU harmonics.

DA O,Rl Set cuto inc. cddress for
STA 0,20 real (Rl} and imaginary (I1)
LA 0,11 FFT harmonic components

S§TA 0,21



STR:

LDA O,RB
STA 0,22
DA O,N
MOVZR 0,0
STA  0,.NH
JSR ecPB
LoA 1,820
DA 2,021
ISR PTG
LA 2,22
suB0 2,1
MOVZL 1,1
MOVZL 1,1
JSR @SRTC
JSR - @DOR
DSZ .MM
MP STR
Uk ecPE

HALT

234

Set auto inc, oddress for
resvltont DFTTLY harmonics.

Set index for N/2 harmonics

Position plotter pen at

X,Y) = (-512, -sxz)m

Get real component

Get imeginoxy component
Colculate and scale resultant
Get corresponding DFTTLU
resyltant harmonic.

Subtract DFTTLU from FFT harmonic.

Multiply difference by 4.

Plot difference (A4.13).

Decxrement index.

If index is greater than g* process
next harmonic.

All harmonics plotted. Mark end of
plot with pen.

End of test.



B2:

LT

BL:

LETLY
@4, 1
. BLEC
SONT

LTITL
LENT

. ENT

L EXTD
L EXTD
»EWTH
- ERTN
. ZREL

. BiRg
STLL, PE
BioEAL, CALY 202, TRZ, SRR, CAZ

CPE
b

Ofil
Gl
259

LF

ETh
[N
3

« DI,

£t
MEY.

QAL K
LEOF. . BDED, SONT, . TLU
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4.

1, GRECNT
BED

4. BRSCNT
2. MAN
i.2

STR:

K
PTG
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B3

. STLU:

Bi:

287

CAL. 2R, CAZ. SAZ. DAY
CPE, DR, SETB, SRTC
MO0, CEAL M
. DARLy . MPY.. DSRR, . BLEC, SCNT,, TLUD

255
1. ATLY
.29

4,23

L. HTLL
1., NTLL
4,629
1.4

1. @21

L NTLU

f
}
i
|
i
|
i



54:

. TLUD
754
]
]
5
8
-T2
[
LDA 2,
STA 2,.N
LoA 2,11
STA 2,28
LoA 1,z
STR 4, 62n
DsZ N
JuP S4
LDR 2,u
STH 2,. N
ISR GCFTET
a
8
JBLE dae
LK 48m
: 408
Bl 4n
ELE 48
BLE 4
BLE 4@

STR & . NH
JSR QCRE

STR:

b

PTG:

%

LT
2T
EHPY

BOARD
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LSTLU:

Bl

L ETLU

aL, 8

. BUEC

SCHT

. Ri~4

L ERL-L

a

. FE~4
57

. SAL-1
. SAZ-L
4

Lot

374

21
1, HTLY
0 NTLY

-4, @20

1.4
1o E2L
L NTLL
B3

BCCAL
EMCDH
1. RS
8ED
@s7

4. ATLY
1,20
4,24
1 NTLU

5A2, CA2. &
% SRTE

L GRS
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~

8&:

STR:

468

GCFYST

iven
28R
zag
190
188
188
408

4 BRSCNT
BER

1. BRECHT
2, MAN
42

2

N5

PTG:

AHS:

TR0

. Hey
. DAL

T mOsRS

2

GDALD
3 8RS
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SRl:
SA2:
SA3:
CAL:
cnz:
CAR:

B3:

. STLL:

BL:
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BLD24
STLLU RE
Fi, S
CPE, OPE. DOR, SPT!
CETET. HOOH, AL, M

.ODHDD; . MPY., DS@R. , BDEC, SONT, . TLUD
M.

AL SAZ. CAZ. ERT, CAZ
PTC

25a

374



&4

STR:

2N
2. K
2. 11
2, 20
4.2
1,029
N

Sd

&N
2:. MN
BCFTST

4.@22
1. TR
BERTR
FLOR

PTG

RAHS:

Si:
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1. 620

RDSAR
BRPTG
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A4,12,7 Numerical Anclysis of Errors - ESR Subroutine

The ESR subroutine implements the algorithm discussed in
chapter 5.3 The routine sorts out which quantising level, Hp'
acconmodates Fk and then accumulaies the magnitude of the error
and the squared error in accumuletors ETP and STP respectively.
The number of hormonics with magnitude within the limits of Hp is
stored in location NP. The limits of Hp in machine code are:

4000085 Hl < 777775

4

200008 < < 37777,

13 8.

n
Lere T

4g 2 <7

Hy <3

H =1
°

n

2g

The most significant bit (MSB) of Fk is ANDed with 40000, 200008
100008 PPN 18 successively, eq.If the result of ANDing with
100008 is TRUE then Fk is in quantising level le and the mognitude
of the error is added to Ele, the squored error is odded to 5712
and le is incremented by 1.  ESR processes the remaining

harmonics in @ similar way.

LeK: 40000°
.ESR: STA  3,RESR Save return to STR:
LDA  2,TDF Load FL into TDF,
LbA  3,LCK Load 40000 into LCK
AND  2,3,SZR AND Fk and 400008. If result is

FALSE skip next insiruction. |



These

L15:

L14:

LO:
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P LLE Result is TRUE Go to L1§
MOVZR 3,3 Result is false. Halve 40000,
AND  2,2,STR AND F|_and 20000,

steps are repeated for oll Hp.

LDA  2,ET15 Get current error magnitude subtotal
from ET15.

ADD 1,2 Add error

STA 1,ET 15 Store new subiotal in ET1S.

MoV 1,2 )

JSR - @aMPY g

DA .2,5T15 )

) Add error squared to ST15

ADD 1,2 )

STA  2,5T15

ISZ Ni5 Increment le, the numbexr of harmonics
with magnitudes in level H15'

JHP Lo

JP“1P 8RESR Return to STR subroutine.

The STR routine is slightly modified.



STR: LDA 1,820 )
LDA  2,@21 ;
JSR PTG 3
LDA 2,@22
STA  2,TOF
suBo 2,1

MOVZL 1,1,52C)
)

NEG 1,1 )
JSR @ESR
DSz .NH

P STR

DSZ AR

e es2
HALT

245

Colculete FFT resultant harmonic

Get DFTTLU resultant harmonic

Store in TDF for ESR subroutine
Calculate error.

If sign is negative, toke the two's
complement, ie. the mognitude of the
error is required

Coll ESR subroutire

Decrement index

Index nnt zero. Process next
harmonic

Decrement program index (Set to 32)
Index not zero. Process next transform

Index zero., 32 txansforms processed.

On pressing the 'CONTINUE! switch on the console, the program writes

ET , ST, NP s p=0.eaeis from the accumulated resulis of 32

e e

transforms and then retuzns to DDOS made.



B2:

B2

. g2

. STLY:

Bt

. SAL-1
. BA2-L
SAZ~L

. CA3-~1

CTITL
L ENT
L EXvrl

. ERTD
.+ EWTH
L EXTH
. ZREL
.Loc

Lo

Gl28
STLU R
L DIVL PUTC
RL, 5AL, CAL, ‘?ﬁ CHE‘ SAZ, CAR
CFTET, ML e W
- DAL . MPY., ISUPJ . BIEC, SCHT. .
Y
258
374

TLUC
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ATLL:
NTLU:

STR:

< TLUG
64

D DD

el

STR
SUBD
MOVLE
MEG

A+ BASCNT
[c=e]

L. BASCNT
2, BRHAN

1,2

2z
2, SRS

5. 026
2, B2y
PTO
2,622
24 TOF
2,4
1.4, 520
11
BESR

< HH
STR

< NR
as2

g9

581

4, AETLS
2 FINLT
8

1, AETLE
2, AL
122

1. AETS
2, FHGE
S

9, ASE
faPUTE
1, AETLS
88

4, FETLR
6

1. HETS
S&

2. Fes
BAPLITES

4, RETLS

BRPUTE

L0 ANLS
5

1, AHLE

S&

Lo ANS

5

B ABS

GRPLITD

9 ASS

@APUTC
@ROOS

PYG:

ARS:

51;

2, PPTG
2,7C

1,2

Ry
B, HE
1,8

EDRALD

2. SRS
. 5RE
8,8
11

. SRS
&1
BDSAR
@RETG



. ESR;

3 RESR
& TOF
3 LOK

2, % 5ZPR

Lis;

La4:

L1z

L4t

Lo 2,ET15
ADD o
STA 2,ET18
oy 1,2
JSR BANPY
LbR 2, 8T18
Ao .2
STA 2, BT45
152 His
JHP Lo

LDA 2, ET4d
AQD 1.2
8TA 2. ET14
noy 1.2
JeR Py
LbA 2,5T14
ACD 1.2
STR 2,5T14
152 N4
K La

LDA 2,ET43
ADD 1,2
STA 2,ET12
Moy 1,2
JSR BAMFY
LDA 2, 5743
AbD 1,2
SThR 2, 3TA3
152 N2
JHP La

LDA 2,ET42
ADD 1,2
STR 2,ET12
MoV 1.2
JSF GAMPY
LbA 2,574z
ADD 1,2
&TA 2, 8Ti2
152 NiZ
THP Lo

LD 2,ET11
ADD 1

STR 2,ET1d
HoY i@
ISR BAMPY
LDR 2, 8TA3
AlD .2
STA 2, 5744
152 e
JHP Ly

[

q

9

9

a

13

]

a

]

]

f

a

]

a

[

ane BRESR
L]

L HPY

Lie:

L8:

Le:

Le:

AT TCODD2ODGTD




SLS:

L L4z

CE3:

-5

o 4

CPAPCCOTOETODODD
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STLU:
RR:
8D;
ASCHT ¢
Ri:
11
LN

B
57

BZ:

B3;

. STLY:

Bl

. STLY
eL 3

. BRET
SCHT

. R~
. BAL-L

8
.« RB~1
14

. SAL-1
.+ BR2-L
. SAZ-4
. CAL-%
< CRAZ=-4
. CA3-4

LTITL
LENT

L EXTH
L ENT

. EXTD
L EXTH
L EXTH
. ZREL

250

G295

STLU. RR
LOIYT, PUTE
R, SR, CAL.
CETST, MOOH. at

EACG, . MPY, , DEAR, | BIES, SONT.. TLUD
Qi g

2. LRZ, Sn3, DA%

258

371
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ATLLE: L TLUD LOA L TLS FTG: STR % FPTG

NTLD: 764 LDA 2, FNLS STR 2 TC
CHTLL e JSR k2]
P51 a LbR 1, FETLN ey 1,2
851 @ Lo 2 fiiLe JSR miEy )
M 4 JSR 89 STA B HS
.s5: ] LoR 1, FETS STA 1,18
_RB:  .BLK  2@@ LDR 20 FN5
2z @ JSR 59 Loa 1L 7C
LDA 8, AES (] F
141 Lor 2N JER BAPLTE | JSR [iay
STR P
LoA 214 LOA 1, RETLS JER BDADL
sTR 2,20 ISR 56§ AHS:  HE
LoA 1.2 LbA 1, FETLO LoR 3, 5RS
S4: STR 1,826 JsR 56 STA X, SRS |
psz N . LA 1, FETS sS4 uovzR B |
JHP ) JSR S8 MovR L4
LDR o ASS pSZ . SRS
Lost 2N ISR BRPUTE a1
STA 2:. N BDSRR
IR GCFTST LDA 4, FISTLS BRPTH
4 JSR 56
] LDR 1. ASTLA
JELK 480 JSR
JBLK 408 LDA 1, ASTS
JELK 108 JSR S5
LBLK 40 DA 9 ASS
CELK 48 ISR BRPLITC
LBLE eB
JELK 4@ LDA 1, ANLE
JSR $6
LpA 1, BASCNT LbA 11 ANLG
ISR HED ISR S5
LpA 1, BASCNT LDA 1, ANG
LoR 2, BRAMAN . J5R 5
SUBG 4.2
MOVEL 2,2 LDA 8, FES
STA 2: SRS JSR BAPUTC
oY 21 L0A @ psg
JSR &ED © ISR GRPUITC
LDA 0 FL Jup BROOS
STA a, 25
LDR 8 I ¢ STA 3 SRET
STA 24 sTR 1,0 30
LoR a FR TR 2,21
STH o, 22 LoA 1 HNS
LoA @ N STA 1o, HNS
MOVZR BB s91:  LDA 1, 626
STH @ . NH LR z, 621
JSR @DIVI
STR: Lo 4. 826 JSR #B0
LA 2, 321 sz . HNE
JER PTG ae 591
LDA 2,822 JHP BSRET
STR 2, TOF
SuBs 2,1 S6: sTR 3, SRET .
HOVLE 1,4, 528 &TA 4,20 .,
HEG 1.4 LoA 40 NNS
J5R BESR &TA 1, NNS
bgz - hH 61 (7 1,820
0P SR JER BED
0sZ JNR 052 . Ni5
NP @Sz JHp S6d.



. ESR:

3, RESR
2, TOF
3/ LEK

2: % S2R
.45

144

Liz:

CO@OOINORYRNOSeE

“
JHP
HPY

2,ET4S
Y
2/ET15

)
@AHEY
2, 5TLS

1,2

2 FTLS

His

Le

2,ET44

102

2,ET14
.8

BRAMPY

2. 5Tl4

1.8
2, 5744
Ri4

BRESR

L1

La:

La:

L7:

Lé:

TROCCCEITRIVIDO

1.2
EAMPY
2. 5TE
4.2
2, 578
N

L&



-5

BH

L3

-5

L

HSOCPDEOVOD DD DD D
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STLL: L STLY
HR: [
ED: . BDEC
ASCHT:  SCNT
Ri: o« R~
14 . BRd-L
LNy @

B . RB-1
57 . 57

. SAL-1
. SAZ-1
. SAz-4
. CAL-4
. CAz-1
. CAZ-1,

Bz: oA

83 LDR

LSTLU: LDA

BL: Lo

2, SAZ DA%

LEMTH L DADD. . MPY. ,‘DSVJR; . BDED, SCNT,  TLUD
QL.

LLoo 25

Lo 7L
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ATLL:
NYLU:

CNTLU:

ES:
&5:
HMAN:
L 59
< RBI
z:

. s7:

S4:

g
SUEQ
MOV LI
HEG
JER
74
JHP
vsz
JHP
HALT

1. BASTHT
BBD

4, BRSCHT
2, ERMAN
1.2

2.2

2, SRS
2,4

S

LBA
LoR

STA
STR
LOA
SR
LPR
ISR,
bsz
JHP

JHP

1,RET1S
2, ANLS
3
LOAETLE
2, AHLS

BRPUTE
A, FETLS
S5

4. AETLE
S&

L. AETS
S6

2, AsS
@HFUTC
4. RETLS
55

1. AETiR
S8

1, ASTS
5§

B BES
BAPUTE
1. fNLS
56

1, ANLG

1. NS
58

2 ASS
@RPUTEC
Qs ASS
BAPLITE
AROOS

3. SRET
1,20
2,21
1o HHS
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R FPTR
2T

1.2

LR

st
a
i

OLSEE:
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L 3. 5277
7

oLy
]

P
n
™
©

Lg

L4s:

Li4:

Laz:

L11:

S Y

1P

TLTIOCDOOD o o

MR

BANFY
2: 5743
1.2

2, ST13
N1z

La
2,ET12
4.2

g
2,ET42
1.2
BANPY
2:5Ti2
1.2

2, 5742
N1i2

FRESR

L&

te:

L7

LE:

PEOODOIND O B0 o
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. L4y

LL2:

SLg:

VVNOLIIDVIOTD DO D
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wR

B2:

L STLU:

BL:

L STLU
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G1e24
STL, RE

. DIVL PUTE

R, SAL (AL SAZ, CAZ. SAZ, CAF
o o

R . BDEC, SONT.. TLLD
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1,2
L TLUD LeA 1, RETY JsR BHPY
784 Log 2, ANLS STA 8,Hs
2 ISk s STR LLS
] LDA 4, RETA3
@ LI 2. AL LDA 4. TC
6 ISP &2 LDA ER
9 LLA 1, FETS ISR BHEY
_ELK  Lad@ LDA R
a ISR JER BDADT
LbA AHS: HS
57 Loa 2N Jse LOA
STH 2. H STA
LoA 2,14 LDA = Sz
STA 2,28 ISR st Ra:‘ggp
Lok 1.z Lo pez
54 STR 1,926 ISR JHP
(34 N LoA ISR
JiP sS4 ISR ki
N o LDA
Lo 2 ISR BRAPUTC MAN:
s78 2, NN QQE’."
ISR BEFTST LbR 1, ASTLS SRS:
A ] TSR 56 NNS:
. NN: ] LDA 4, RETLE 5
LRi: JELK 2008 J5R 56
LSAl: L ELK 4@ 1oA 1, ASTS
LCAL: L BLIE 488 JSR
.$Az;  LBLK 289 LDR 8, FI5S
.CRz: .BLK 28D ISR BRPUTE
.SA3:  LBLK 288
LCA3; .ELk 288 LDA
JSE
LDR 4. GASENT Lop
ISR ®ED Jsg
LDA 1, GASCNT Loa
LoA 2, GRMAN IER 55 .
sugp L2 SRET
Haval 2.2 LDA a, fss 4
STA 2, SRS JSR FARYTE CESR
Hoy 2,1 LoR 9, FES °
JsP 2D IS5 BAPUTE a
LLA 8, 7L JUP ERDOS a
5TR 8, 2 a
LOA 8, I s9: STR 3, SRET THPY
STR 8,21 STR .2 . DIVI
LDA o RE STR 2,21 ' BROD
STA @, 22 LDA 1, NS L DSER
LDA &N STA 4., NNS
MOVZR BB so1: LR 1,826 e
T %W LoR 2, G2 37509
ISP GOIVI
STR LDA 1,620 ISR 680
LbA 2, 621 4 NN
ISR PTG P A
LOR 2. ¥22 JHP BSRET
STF 2. TDF
SUED 21 s6: £TA 30 SRET
WOYLE 4t S2C sTA 1,20
NEG EPES LEA 4.5 NNG
ISR GESR STR 1o, NNS
bsE < HH sEL: LA 1,820
Jup STR JSR B
LSz hR . p5E RN
JHP @8z JHF 22
HALT P RERET
PTG: ST 2, RPTB




2, FESP [%:2H LDR

2, TDF
XoLok

3, 52F
3= o

COD VOB DD oy

MLz
Hid:
Lb:
BESE:
APy g

Puo o
=
1

2,ETLE
e
2, ET4S

9
EAMPY
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A4.13 X - Y Plotter Control Subroutine

The plotter, device code 23, has 3 control lines

1 A - X direction

2 B - Y direction

3. C - Pen 1lift.

Subr stines CPB ond CPE mark the sturt and the end of the freguency
oxis by drowing o small mork in the Y direction of X = -10008 and
X = Og.

Subroutine SRTB moves the pen in the X direction by the value
in TBI and then drows a vertical line from Y eqgual to the hurmonic
magnitude to Y = 0.  Subroutine SRTC is used to plot the error
Gk - F» It olso moves the pen in the X direction by TBI and
drows a verticol line from Y equal to the error valve to ¥ = —4008.
The format of the plot is given in Fig.5.4 in chopter 5.2.1.

Subroutine DOR contains the Assembler instructions that
control the plotter. The following convention is odopted for this
subroutine.

Register O controls line.A - X direction

Register 1 controls line B - Y direction

Register 2 controls Line C - Pen lift.

The plotter has & built in delay of about 300 mS becuuse of the
inertia of the pen carringe. Subroutine DEL increcses this delay
to about 1 second.

Subroutine SRTB.



SRTB: STA
MOVZR
LDA
LPA
ADD
STA
LDA

JSR

L.DA
JSR

LDA

JSR

LDA

JSR

JHp

3,RET

11

2,PU

«DOR

RET
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Save return

Halve harmonic

Get current X coordinate

Get X shift

Colculate next X coordinate

Store X coordinate

Ruise pen

Output the contents of registers 0,1
ond 2 to the plottwr control subroutine
Lower pen

Output reg. 0,1,2 to plotter control
subroutine

Load zero into reg. l.

Output reg. 0,1,2 to plotter control
subroutine. The plotter draws a
line proportional to the original
contents of reg 1.

Raise pen

Ovtput reg. 0,1,2 to plotter control
subrouvtine

Return
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Ad.14 The LINK Software

The LINK software® links «ll the subprograms inte one
program which is looded into tha computer core ond run when the
name of the progrom is keyed in.  The programs sre denoted as
follows.

1) The Plotted Hormonics ond Errors DP{X)I

2) The Numerical Error Anclysis DV(X)I

{X) = 128,256,512,1024

The LINK software lists the subprogroms nomes ond core addresses.
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Ll“l«DF’lHB I, 390U, 0=DL, S=0850, BSR123 B, OLLlds:

004/ B) DRSK B, DPSL: 8, ORYESL B PLPS: B RYCC B, OPAZS B, DFIME B ARTH.B

DROS 4 £ RELOCATING LINFEF WER 1 8 - BS/13/76 DP il
TITLE MREL ZREL START

B=DL
jesslslc]

L FPEL BB 4“‘..
i
z:wﬁ
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. 2 MEMS2: B, OP2L B, DF2S. 8, OPXAE



- PuLES
LR
. PLE
. P14z

i+]

e

. B
L TTIO

START ROOH 9A1G62

EwMBOL TARLE

Cup

See

referenco 4

BEg
eOTTE
QT

i1

G
D4
]

BENILEL
[lgninbng
BORAz2o
QRRL
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e BEPRSE - B CULZTA 1B MONS2 18, DPZL B, OF25.8) BPRL BT
& CPELIB DPFTSSL. B PLFS, B, FYO B DPLES 8, DPLAZ B ATH . E5 HTFR. « ARTH: 8

By

Ir: LINER YE® 1.8 - 35715

SREL START



. w0 B.Li:»il. R
. PL2S
L PL4T
L e

. DROD

| GpED
TTIO

DL

START AROF BALE0R

SvBlL TRELE

£Iz 8EE1 ’1
TR
CFYST on

CiB 68014:
i

DEISER

IHL
IHS
IHS
1i4
Iz

MEB

e

ME? BRAL25
MG BEAE 150

BaEFLR1A
5
RE DAB2GP

UTS 915755 1 i

SRR @BOOETLA SHF SrFEs 3 Bl T P Tt
62
BERELE S SPERGONE @ 1.0

: SBEZ HOEHG: BECY L@
49 B

SERAR P A ABRTRT HRET SRR FHI ARG

cExy
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L EHESDFGLR L SN
AE, DUETA L By DFEL B, D PG Be FLFw

=
Bfb
P

LhUS 4. 8 RELISD
TITLE HREL.

ey

TIMG LINGER YER

ZREL

Gy gt

LBk, B

STRART

B DL

4 MCHDE (B DFZL B,
L By HE T B

OPILE]
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DF2S5 .8, DP3K B Y




HLLEES
BLLIA

LORER )

LT

STRET HD
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CFTEY

b2

L

aid
(<M P



WML

LINKCOPLE24 T, 330U, D=0l S=4099, BSRIBES : B Lulandd B MCHSZ (B, (P21 :

+ UPPRIA B DOSH B DFEL 1B DP 7SS

LIt
2, 0
THIE

Jinal
i [

OD9S 1. 6 RELOCATIMG L IWEER YE
TITLE MREL ZHEL ETRART
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» DRSS By OF3H:E

28 PLPG LB VDB OFL2% B, DPAGXE) ARTH B

Fo1 3~ BESEROTE




Gl

(L]

STRET ACOR

THEOL TABLE

cis

1B

LDy
]

L S
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B DR

L L THECDMAZD T, $400L, O

Lo DRM B

DOOS 4.5 PELOCATING LIMKER VER L & - ag/zz/

~f

G DwiRar
TITLE MREL ZREL STRRT
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A4,15 The Stored Tuble of Values STV

The format of the block is described in soction A 3.10.2
The data is given in dacimal form but the Assembler softwere

converts this to octal code.
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A5 The Fast Fourier Transform (FFT)}

The input ond output specificotions and operating instructions
are given in the listing at the end of this chapter. A discussion

on the errors is given in reference 1R.
A5.1 The Scole Factors MAN and SCNT

The FFT is progrommed to allow the hormonics to have the
moximum mochine code values but not to overflow,  Thus the
harmonics are rspresented ot muoximum resolution but the scole is
not compatible with that of the DFTTLU.  If the FFT anclyses o
moximum dc level (Fig.45.1) ie the ADC output is 204710, the
harmonic Go olwoys hos @ machine code value equi.alent to 3276810.
The velue of SCNT is depandent on N end is given in Table A5.1.

These are the maximum volues of SCNT and are termed MAN.

Table A5.2 lists the volue of MAN where the input signal is

time varying and the moximum value of the harmonics, g— has the

value equivalent to 1638410, 819210 etc.
JABLE AS5.1
N MAN (Se7)
128 3
256 4
512 5
1024 6




Table A52 MAN for different N and )

MAN 128 256 512 1024
3 18384
¢ 8192 IO
5 4006 8192
[ 200 096 163
1 102¢ 2138 a192
° 0% 4036
s | 2048

When o noiselike signcl is onalysed, the moximum value of

the harmonic is set by the corresponding value of MAN. ey for

N = 1024 ond (-g): 8192, MAN = 7.  SCNT con be less thun or equal

to MAN depending on the amplitude of the signol. If SCNT is less

than MAN, the harmonics are NOT to the scale ond

the scole must be odjusted by the difference between MAN and SCNT

ie. All hormonics must be shifted by MAN-SCNT times to the righi.

Variable f Anriloy fo
dc Supply digital

converter

Fig-A5.1

Program FFT
to print program
output

of ADC
Program
Machine code print
of de lavel Go and
SONT
Go seNT
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A5.2 Discussion on_ the Accuracy of o Fixed Point FFT

In reference 18, Welch presents a fixed point FFT error

analysis which compares the resvlts of a fixed point FFT with

those of o floating point FFT.  The flooting point FFT uses o

word with

answer,

a 27 bit mantissa ond is considered to be the ‘accurate’

The anolysis results in an expression for the upper

bound error which is confirmed with experimentol results.

The

ms

expression for the uvpper bound error is

2N+ 3)/2 8 ¢ 5.1

rms

w
"

The

(error) \<

(result) rms (initial sequence)

1092 N

number of bits in the fixed point word excluding
the sign bit.

15 (Nova 1200}

constant

0,9 (for 2's complement machine with truncotion).

signal used in the exror snalysis described

has a ptp valve of Tl and an mms valve of 0,2,  The variation

of rms{error)/rms(rosult) with N is given in fig. A5.2.




167

RMSIERROR)/ RMS (RESULT}
o
s

o 20 w0 0 100 200 400 000 2000 N

8215
€09
Inpul Signal. Random Numbers between -1 and 1, fms value=0,2

Fig.A.52 Theoretical Upper Bound of Error
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A A
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. THIS TAREL NUm LUCAITUNS
<XCNLn-1)>
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101404 INC (1 th S£R

125121 muvsl 1§ 5KF
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A6 System t_Perform Error Tests

Fig.AG.1 shows the error test system block diogram. The
system con be divided into 2 parts.
1) The Hordware ie the noise generotors, amplifiers etc,

2) The Software ie. the FFT and DFTTLU programs.

Aé.1 The Hordware

The hordwore consists of o noise generutor, filter set,
amplifier and attenuvotor .  The roise generctor has a freguency
songe of 20Hz to 20KHz ot o voltage of 1 volt peak to peck. The
roise, filtered by the filter set, is omplified to opproximately
10V peak to pack ond is fed to three inpuis.

1) The ADC, used in conjunction with the FFT.

2) A true r.ms. voltmeter.

3)  An ottenuator set to approximotely 12dB which
attenvotes to signal to obout 2.5V peck to pecks This signal is
“ed to the LADC and us processed by the DFTTLU.

4) An oscillator controlled pulse generctor controls the

sompling rote which is set ot 20,48 KHz.

#6.2 Notes on the System

1) The filter set ollows o variety of noise signals to be
generoted ie bondpass, bond reject and low poss wide ond narrow
band signals.

2) The oscillator sets the sampling rote of the system.
for e sampling rate of 20,48 KHz the follewing integral multiples

of frequencies can be extracted,
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128
256
512

1024

3) Ncise generctor 1s set

freq (Hz)

160
80

40

noise at the

noise ger wrator outpat is 5 times its rms vclue)

4)

so that rms

velue of
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12 bitA/D is 2voiis ( Peack vclue of

The LADC and ADC are peripherals of the Nova 1200

but the sampling rote in this case is coniroiled externally

True rus
Voltmeter

. Filter (Fiap et
Noise -~ "“ Sot "'—“‘—'I Amplifier Attenuator }—
Generator
Frequency FFT
Spectro progrom
Scaling " Converter Oscillator
progrom DFTTLY to control
program sample
19 level rote
LAD
Convertor
ctiner —a PLOEEING L T
progrom .
Xy
plotter
Numerical
oR——= eror . . E O
program pre
Fig.A6.1 Block Diayrom of System to Measure Errors




A6.3 Scoling the Input Signols

The ADC has o peak to peck (ptp) voltage saving of approximately

-10V to +10V.  The binary output for the moximum positive level
and meximum negative level is equivalent to 2047m and -204810
respectively. The LADC hos a pip voltage swing of approximately

$2,5V.  Sign mugnitude notation is vsrd and the binary output is

equivelont 0 11810 . crvenuotor wust be set so that a peak
signocl gives maoximum output at both analog to digital convertors.
The attenuator in Fig.A6.2 is set to a nominsl value of 12dB ond
a short progrom is written to print the output of both analog to
digitol convertors. The dc supply is adjusted until the printer
shows that :he ADC output is equivalent to 204710. The attenvation
is then odjusted until the printer shows that the LADC output is

equivolent to 1810. The volue of the attenvation is 11,7dB.

Varicble Hywenil Nova 1200
D.C. A.D.C. Program writes
L—-—J machine code

Supply
output of
l Attenuator 1‘ L.A.D.C. I -]
H

LADC and ADC

PRINTER

Fig.A6.2  System to calibrote the FFT and DFTTLY
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A6.4  Specifications ond Interconnection
Piogrom of Error Test System

Instrument 'fuf:;;
1. Noi sherator: Rohde ond Schwarz
Type SVF BN 4150
30 Hz - 6MHz
2. Filter Set: (1) Bruel and Kjaer. Filter AL4L
Set Type. 1614.
{2) Krohn - Hite
Model 3550
2Hz - 200KHz
3. Amplifier: ruel and Kjoer Measu.ing
Amplifier Type 2607
20Hz ~ 20 000 Hz
4. Attenuvator: Marconi Instruments ALLS
MF Attenvotor TF 2162
DC - 1MHz
5. ADC: Experimental Instrument
6. LADC: Experimental Instrument
7. Plotter (1) DAC. Experimentol Instrument
System:
(2) Hewlett-Packard R-17
7005B % ~ Y Recorder
8. Pulse Generotor: Hewlett Packord
Type 80034
9. Oscillator: General Radio Corxp 102-30

Type 1309-A
10Hz - 100KHz



NOISE R FILTER R
s il ob il daupieier
GENERATOR SET
oh
lll)s‘é' I:UE
v | 2eir | signel i irp s
voLT
ADC
itp METER
FULSE lopan COMPU TER ATTENUATOR
GENERATOR 1/0DATA BUS
al alp
trig
i 2yt
g, .
US| Laoc [ sienatin

ofp

VARIABLE
FREQUENC
OSCILLATOR

Fig. A 63 DETAILED INTERGONNEC TIONS
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A7 A Simple Worked Example of an 8 point DFTTLU

The example hos the following specifications.

1) The X channel has 5 limearly speced quantising levels.

2) The Y chonnel has 4 sinusoidally spaced abscissas

3) The tongent rule is used to solve the integrotion in
both channels.

4) N=16

X

t

!
{

!
I
/
!
i
'
!
T

'
|
'
! |
l ) {
1 ) i
! i (
1 " TX
B, B o8, % g X g Js
FigA 71 X Channel Quantising Levels
A7.1 The X Channuel
The quentising thresholds are ploced in the centre of each
panel,
The aorecof the ith panel is <Bi - Bi -~ ) (Xi)'
The total areaunder the function is

1 5
ﬁ(x)dxé 5%

]



Now X5 z= 1 and the abscisses are linear

i=l

5
hx g v F(Xi)
i=1

5
S -B ) F )

Bi - Ei . F 0,2 = "y

i 1 2 3 4 5

EA 0,2102]02]02|0,2
s 1 2 3 4 5
3
E v, 0,2/04|067]08¢}1,0
ixd
W= 0,2
h = 1
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s=1, M

Mx is the number of
quantising levels

M =5
x
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A7.2 TheY Channel

f(Yk)
Y Y
FigA72°
C +C
o kT k -
€ = sin (?), ko= 01,234 Y k 5 L
The areq, O of the k th panel = (Ck - Ck = l) T (Yk)

1
The total aree under the function is If(y)dy =i %
o k=1

> (6 -c _p)fly

&
0
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k 1 2 3 4
Uge 0,38 0,32| 0,221 0,08
x 1 2 3 4
r 0,38 0,70] 0,92} 1,00 My = number of
U
k;{ K quantising levels
r o= 1,..M
Y
H =4
14
Equivalent signed oddress Y chennel weight
generotor output contribution to STV
0o < © <1g 0,38
g{ < 6 < 3%7 0,70
2T« g < 87 0,92
8 8
3 avix 1,00
T £ 0 <7 ‘

* The limits of #his level oxe defined os in Al.2.3.

A7.4 The Derivation of the STV

S I
if,s,gm: Zwiuk s=la M ;
i-1k=1 }
Lo
y)

The two dimensional arroy is derived os follows
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FigA7.3 STV Lrivy

minicomputer, the machine code

different set of values.

D_end D are scoling factors.
x y

values.

In this cose

D

=1 D,

x Yy

A7.5 Simple Fourier Anolysis

to the same frequency as 'Clock 2° ie k = 1.

d 1 2 3 4

1 §(o,38)(0,20) | (0,70){0,20) | (0,92)(0,20) | (1,00){0,20)

2 (0,38)(0,40) | (0,70)(0,40) | (0,92)(0,40) | (1,00)(0,40)

3 | (0,38){0,60) | (0,70)(0,60) | (0,92)(0,60) | (1,00){0,60)

4 (0,38)(0,80) | (0,70)(0,80) | (0,92)(0,80) | {1,00)(0,80)

5 {(0,38)(3,00) | (0,70)(1,00) | (0,92)(1,00) | (1,00){1,00)
eg. 5(2,3) - (0,92)(0,40)

If the STV is set up in ¢
representotion is vsvally a

Dx and Dy ore the scaling factors of these

The signal to be analysed is o 16 point sampled sine wave.

Censider the system in Fig.2.3.

set ta double the frequency of 'Clock 2' ie. k = 2.

ie

Equation 2.32 is used.

N-i
Z son (x(t) y(2)) 5 (LK)
6= 0

hoh
— o o2 X
Ry D DN
Xy
16
—_ . i
xy 16

3 sen(x(e) . y(£)) s (1K )

*Clock 1' is initiclly set

‘Clock 1' is then

K refers do Trequengy
Tndex in thizsection
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XS__ N

XL__

x:

XZ

X i }

X2 s s 7 o

-l

X-z

X,

X‘L

X4

T Fig.AT4 SAMPLED INPUT SIGNAL

TABLE
AR ftime nf I, Ky Kea S(2Kar) S(I oK)
1 X A A (0,38)(0,20) (0,38)(0,20)
2 L5 Y, Yy (0,70)(0,40) (0,92)(0,40)
3 Xy A Yy (0,92)(0, 80) {1,00)(0,80)
4 Xg Y, Yq (1,00)(1,00) (0,92)(1,00)
5 X5 Yy Yy (1,00)(1,00) (0,38)(1,00)(-1)
3 Xg Yy ~Yq {1,00)(1,00) (0,92)(1,00)(-1)
7 Xy Yy =Y, (0,92)(0,80) (1,00)(0,80)(-1)
8 X, v, Yy (0,70)(0,40) (0,92)(0,40)(-1)
9 -Xy ¥y \A (0,38)(0,20) (0,38)(0,20)(-1)
10 X, -Y, Yq (0,70)(0, 40) (0,92)(0,40)(-1)
j13 Xy Yy Yy (0,92)(0,80) {1,00)(0,80)(-1)
12 X5 Yy Y (1,00)(1,00) (0,92)(1,00)(-1)
13 X Yy Yy (1,00)(1,00) {0,38)(1,00)
14 ~Xg =Y, Yy (1,00)(%,00) (0,92)(1,00)
15 Xy Yy A (0,92)(0,80) (1,00)(0,80)
16 -%, Y, Yy (0,70){0,40) (0,92)(0, 40)
Chy=Chy | ChizaCky 2. =10,22 > .=0,00
Chye Cky ChyaCly




S(InKnk) is the orroy in A7.3

Toble A7.4 gives the quontised volues of In of the signal os well
os the values of Knl and an, that with In’ form the address peirs
A
of the STV, (I K.Y ond (T K ,) are listed.
There is cleorly ., harmonic ot k = 2 as the signol is a

pure sine wave of frequency k = l.

[

ie. i
T e =(10.22)
xy/k -1 16

s = 0
=2
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