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. INTRODUCTION

An undergraduate |aboratory experiment on the
fundamentals of probability and statistics was devised
some years ago, and the details were published in an
engineering educational Journall. The experiment
utilizes a simple, manual, voltage amplitude sampling
device to collect quantized data on voltage waveforms.
These data are used fto calculate various statistical
measures of the input waveform. This experiment
suggested to its originator the possibility of an
instrument which would automatically sample the input,
and process the data by digital means. The theoretical
development of this concept culminated iﬁ a publication
describing the principles and error characteristics of
a digital volee+er2.

The instrument described has several remarkable
features.

A. |t could operate successfully on both

familiar and irregular waveforms, both periodic

and non~periodic, or random.

B. A data processing equation is derived which

leads to a mean square value without performing

a squaring operation.



C. The number of quantization levels for the -
data is surprisingly low for.practical error
percentages.

D. The instrument has no low frequency limit.

E. The input under measurement does not

deliver significant amounts of energy to. the

device, since the input is used only for
ampllitude comparison with reference levels,

The above features show the instrument to be
unique, especially in its ability to operate on unfam-
iliar or non-periodic waveforms at uITra-low‘frequencieé.

A model of the. instrument was designed and
constructed which operated on each data quanfizafion
level in turn, serially in time. Data gathering for a
periodic wave required a period equal to 2n cycles,
where n is the number of data quantization levels used.

- Thits thesis describes the design,,deVeIopmen+
and construction of a version of the instrument which
requires only one cycle of a periodic inpu+ to complete
the collection of data. |t will operate on familiar
perlodic waveforms (i.,e. sine, triangular and rectangu-
lar waves) at frequencies below 5Hz with error from any
one source not exceeding 1.0%. Errors are kept as low
as is consistent with implementation of a reasonably
émall number of data quantization levels using relatively

Inexpensive, practical equipment., The design utilized



readily available components and is econémica!ly and
commercially feasible.

The design is based upon the principles and
error characteristics derived in the publicaﬂon2
mentioned préviously, this paper being the principle
design tool. No further development of error character-
istics is undertaken, the scope being the production of
a practical, correctly functioning instrument with
economy of components, and relafihg the error character-
istics developed in the reference2 to the device realized.
Design and developmental work performed which was not
closely related to the design finally adopted is not
included here.

The order of presentation is as follows;

A. Baslc concepts of design

B. Recfifi;afion

C. Level determination

D. Counter input logic

E. Contrel logic

Fo Summary

One section is devoted to each of the above

Topics.



Il BASIC CONCEPTS OF DESIGN

The apparatus constructed was originally
conceived from an experiment in probability whose
details have been published'. In the experiment,
random samples were taken from a voltage waveform,
and the samples were classified into intervals.
Statistical measures of the waveform éould then be

calculated on the basis of the number of samples
occurring in each interval. The experiment led
naturally to conslideration of a system which could
give a measure of mean square or root mean square
value for any Input waveform, This section traces
the development of such a system from its theoretical
background. to the more general aspects of a function-
ing instrument.

The concepts of both theory and design which
give the system its form are discussed in the following
order:

A. The mathematical expression on which the

logical design of a practical system is. based

is developed, and the error characteristics are

given.



~B. The essential requirements with regard to
information output are‘éonsidered.
C. A means of achieving the required summation
expression by use of weighted inputs to a
register is explaine&u
D.> Binary addition by use of mu!t!plekfrfgger
inputs is propésed as an economlcaI me+hod for
increaéing the contents of a counter. register
by a desired amount,
E. A simple system biock diagram |s shown and
explained.-' |
F. Some nofes‘on~+he'compawenf$ uéed are

included,

MATHEMAT ICAL FOUNDATIONS

Consider a collection of data from a waveform
in the form of quantized samples. That is to say, each
one of allarge number of samples has been‘ciassffiéd
intfo a voltage interval. The reference2 demonstrates
a manner in which these data will give the mean sqdafe,
or root mean square, value of the wavefarm. |f the
waveform is divided in n quantization levels, as shown
in Figure I, "Quanfizéd Sampling", page 6, the number
of samples collected in the two rth levels either side

of the zero level may be termed cr.  If %ﬁ is the mid=-

r
interval voltage for the »th Inferval, then the mean
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square voltage, V‘z,,normallzed to the voltage of level

n
n, is
2 _ ' 2.
Vh = 1 Cp Vpa
Co
r=1
Here, C, 1s the total number of samples taken --
i+ may be called the "base count". If the number of

samples Is very large,

where p; is the probability +ha+ the vo}Tage fTes In
the rth InTervaf.

Consider, now, a system of above-level sampling,
where the state of the voltage being above level r for
the positive porflbnlof the waveform, or below the
negative »th level fdr the negative portion, causes the
gating of clock pulses, at p pulses/second, to a count-
Ing register. Thls register then contalns count C,, as
shown In Figure |, page 6. fhen, If another reglster
counts Cyp, the number of clock pulses occurring during
the entire cycle of the waveform, the ratic of the twe
register contents approaches py where p, lslfhe
prebabili+y that the voltage Is above the »th level.
Thus'. | o

précr -
%o



It Is clear that

Pp = Pp = Pp+l

and
14
Cp = Cp = Cpyg
The normalized mid-interval voltages are as
follows:
my, = 1/2n
my = 3/2n
m, = (2r+1)/2n
mn,l = (2”-1)/271
Equation (1) now becomes
A ro=p1) (L) * (Pz'Pz)'(L)z + -m-
' an 2n :
112
= + (Pp=Pps1) (2p+1) + —m-
: 2n /
: 2
---f -+ (pn-l fd pn) (2""1)
. ! \ 2n
Note that the nth levels are never crossed, and that
pb#l,‘fhat is to say, the absolute valtage always
’éxéeer zero. Because the mld-ln+erVal voltages are
squared, volfage polarity contributes no Information
and absolute values may be used.

Now, collecting terms in p,

2= 1 1+py (82 & 12) 4+ —eeo
dn?

- +.pi C(op+1)8 - 2(r-i)2] +t --



| - p,_; [(2n-1)% - (zn;a)zl)
2 n-1
So VS = 1 (1 + 8 z rpr)

sov?e 1 (1 +8 % PCp ) wmmwemen(2)

: Co pul /!
‘The instrument cons+ruc+ed is prlmar!ly a digital

realiza+ion of the processes Implied In equafion (2).

This equation Is the basis of an exfenslve error analysis

which has peen performed,by F. Delst and R, Klfalz. |

The sources of errOr.are deffngd below;

The error due to some one cause ls, say, ez, S0

1

that if the Instrument gives V° instead of V,

el =yl oy
Yy - 1.

1f el Is small, it can be shown that

(]

zThlévexpressien Is used extensively to determine
the following érrors.
e efrgr due to the use of n quantization levels
. elther side of fhé zero level,

e_, error due to the displacement of all levels

E_,-
~ from their true value by a constant

normalized level error, AE



0.

e, error due to sampling a non-integral number
of cycles of a periodic wave. This error
does not occur in the instrument designed
here, as precisely one cycle of a periodic
wave s sampled.

error due“Té the use of a clock pulse of

p.‘
finite rate and duration in systematic
sampling.

eé, error due to finite switching times in

gating the clock pulse. This error does

not occur in the design describedrhere.
Eys error;due to finite sample size for.random:
sampling. This error.is not considered
because systematic sampling is used, since
it allows the use of smaller sample groups.f
error due to finite sampling time for white
noise.,

eys error due to sampling pulse duration in

random sampling. This error is not
considered (see eN),

The expressions for the pertinent errors are
given fn Table |, page Il. The symbols are defined on
page |12. These results are taken from Table 2 of the

2

reference“. The normal wave is a periodic waveform

having a normal amplitude probability distribution.



TABLE | - ERROR CHARACTERISTICS - GENERAL
Error Rectangular Sine ' Triangulaf [Normal White
Wave Wave _ " Wave Wave Noise
€ + 1 - 0,41 1 fakeﬁ from'Figure 6
. n - et —————
| Z(n-1 (n-1)1.5 4n? - 2
Maximum mazimum maximum of the reference
ey L 4 AE 3 AE <[z ne)/?
™ 2 w v,
) mas (1+u) -j_' 2(1+u) f 3(1+pu) f 1“_2(1‘,.}4){__
: . p p P Vn p
| KL KL Suf L uf HZ
o B A% P p . P v 2 p 'p
n .
ér g1 1.2 73 for 99%
[{Zkf)T] confidence

..I I



where

frequency of periodic wavéform under measurement
bandwidth for filtered white noise |
maximum number of levels avallable on each side
of the zero level

samp | Ing (clock=-pulse) frequency

mark/space ratio of clock pulses .

r.m.8. voltage under measurement, normalized to
the voltage at the nth level

error voitage in level positlion, normalized to Vh
time of measurement for a white-nelse volfage
number of‘zero-cresslngs per second for white
nolse.

This completes the description of the mathemat-

lcal foundations of the process and the Instrument.

ESSENTIAL REQUIREMENTS OF THE [INSTRUMENT

The Instrument must be capable of providing

Iinformation |leading readily to ¥, with an accuracy of

%, approximately. |+ must be able to collect all

necessary data In one'cycle of a perliodic input.

Examination of equation (2), page 9, shows that In

Its least speclallzedkform, the Instrument must provide

two Items of Informatlion to the user:

I) a measure of Zrcr

2) a measure of Co



The remaining arithmetic is readily carried out
by the user. Further, in certain control systems appli-
cations, a dlr;cf knowledge of E?Cr is very valuable,
since this quantity is an approximate measure of fthe
time integral of the voltage squared. A common and
powerful Index of control system performance is

T
I = j‘e2 dt

o
Since the machine is, In effect, a shtistical,

analyzer, and since counters and level discrimination
apparatus must be provided, an output display of C, and

c after setting » manually, should be readily realiz-

02
able. Thus, by selecting each of the levels in turn,
the amplitude probability distribution can be determined
in terms of n levels either side of the zero level.

it follows that the instrument must have é min-
Imum output display of'iycr and C, in a mean square

mode of operation, and (¢, and C, In a probabifity dis-

t+ribution mode.

WEIGHTED INPUT CONCEPT

Using the expressions in Table |, It can be
shown that sixteen quantization levels either side of
the zero level are practical for the design criteria
considered here. Sixteen is a power of two, and all

numbers from zero to fifteen are possible states for a
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four binary register, expressed in binary code, without

2 showsifhaT‘

any redundancies. Figure 6 of the reference
fifteen levels will give e, errors of I% or less for Vy

in the rangé

1 V. o1
555 S n <7

Sixteen levels give maximum values of 0.0977%
for a triangular wave; -0.707% for a sine wave, and
* 3.33% for a rectangular wave,

Consider, now, the term :égrcr « At first
glance, this eperafionbimplies czzaflng tThe number of
clock pulses that occur thle_The wave is above each
level, multiplyling by.fhe_réspecfive levels, and summing
the results., One can consider, however, the conTribufioh
of any single samptelfo:z:rcr. if, for a given clock
period, the inpuf»wavéform undér measurement is between,
say, the fifth and sixth levels, then this pulse
contributes to €7, Cg, C3s C4 and 05 (as well as Cp).
When this contribution to .each of these levels Is
multipliied by the level number in each case, that
sample's contributien To:E:rCr is 1+2+3+4+56 = 15.

In general, any given sampling pulse must contribute to

:E:rcr +he .amount -

=

=

where r Is the highest level that the input exceeds at
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i

the sampling Instant. This pmegnffcan bg termed the
"welghted input" for the rThvleQél.v Table 11, ﬁage‘IE,
shows the weighted inputs fer a 16 level system.

Frém this It cah’be seen ?haTj:E:rCr can be
realized by determining the highest level exceeded at
the sampling Instant, and adding the blnary weighfgd
input for that level to fhé:E:rCr register, or |
accumulator reglster. Thls process oécUrs~a+ every

sampling Instant.

TABLE || - WEIGHTED INPUTS
Highest Level Exceeded Weighted Input
Decimal Binary Decimal . Blinary

0 i 0000 ' 0 0
1 ' 0001 . 1 o 1
2 0010 . 3 11
3 0011 - , 6 110
4 0100 10 1010
5 0101 15 1111
6 0110 ‘ 21 10101
7 0111 28 11100
8 1000 36 . 100100
8 - 1001 ' 45 . 101101
10 1010 55 . 110111
11 1011 88 1000010
12 1100 78 1001110
138 1101 , 81 1011011
14 1110 . 105 1101001
15 1111 gy 120 . - 01111000
16 never exceeded . —




MULTIPLE TRIGGER ADDITION

The prthous,sub-secfion establishes a need feor
a method of binary addition which will increase the
contents of the accumulator register by the weighted
input once each sampling period. A very simple process
for realizing binary addition is given below;

If a number A, available in binary form, is
to be added to the content, B, of a binary counter
register, this can be accomplished by applying pulses
to the trigger Inputs of These‘regisfer binaries whose
weightings correspond toe bits in A which have -a value
of one. The content of the register Is then A+B.
However, these inputs must not Interfere with the normal
binary counter function of the register. Furthermore,
the pulses must be appl!ied serially In time in ordér to
avoid counter prdpogafion difficulties.

| For example, If it is wished to add 25 to the

content of a register, a single pulse Is delfvered to
the fif+h binary, weighted 2% or 16, another, later,
pulse to the fourth or elght-welghted binary, and a
third pulse to the first or unity-welghted binary.
Thus -the counter register content Is Increased by
18+8+1 = 25, which is binary 11001, Thus the presence
of a "one" in any g[ven welghting position of the binary
number to be added.fndlcafes.fhaf the blnary of the same

weight In the register must be pulsed or complimented.
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The most significant bit to be added is always operated
on firs+,vand the rest are taken in erder, down to the
least significant bit, which is added last. This Is
done to allow the effects of successive addltions to
propogate along the register without interfering with
subsequent additions. Figure 2, "Multiple Trigger |
Addition", on page 18, illustrates the above example.
This means of performing addition Is well suited
to forming:z._rcr in the accumulator register by the
weighted Input method. Each sTafe of a four binary
register containing sample level Information can be
made to gate the appropriate serial timing pulses to
the accumulator register to add the weighted fnpuf for
each sample. The binary weighted input column in
Table 1l, page |5, shows that the highest order
accumulator register binary requiring a +rlgger‘addi+ion
input is the seventh. Uslng this method, only two
registers are requfred for the generation ef:E:rcr.
I+ is not necessary +o'generafe the weighted input in a
third, separate register, and the logic used for the

actual addition process Is minimal.’

BASIC SYSTEM
On the basis of the foregoing sub-sections, It
is possible to describe the basic system. Taking the

fundamental sectiens In order, the requirements are:
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1) a scaier which w%il multiply the inbuT in
analogue fashion.by a factor which will
allow utilization of most of the awailable
levels without exceeding the sﬁxfeéhth.

2) tectifier to allow use of the fact that
input polarity Is redundant information -~
level determination can be carrjed out over
16 rather than 32 levels.

3) a device for determination of the level of
each sample in the form of a four bit
binary number, '

4) . digital logic which will dellver the appro-
priate pulses needed to add weighted inputs
to the accumulator register by the multiple
trigger input addition methoed, and one pulse
each sampling period +o a‘simple counter
register holding the base count, Co‘

5) accumulator and base count regisférs.

6) a timing pulse generator to control the level
determination and addition processes.

The basic system is shown in block diagram form

in Figure 3, "Basic System Block Djagram", on page 20.
~No details of the control logic are included at this

point.
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EQUIPMENT UTILIZED

At this stage in the design process, a decision
was made to use purchased logic modules, instead of
designing and building the instrument from components,
This decislon played a major part in forming this thesis.
The design problem became one of system design, and. the
characTerisfics of the particular modules used came to
be of considerable imporftfance. As this is a design
problem in essence, the behaviour of a particular module
of a particular vendor becomes an integral part of i*t.
Thus, in contravention of the usual practice, modules
will be referred to by the manufacturer's model designa-
tion, followed by a brief description, as .in "W50]
Schmitt trigger", or"RIl1 nor/nand gate",

Most of the equipment used was supplied by
Digital Equipment of Canada Limited (D,E.C.). Logic
modules are of the R series which operate at frequencies
up to 2MHz. D.E.C. modules are of the "card" type,
using printfed circuits and discrete components, and
fitting into a rack of 64 eighteen-pin chnecTors.
Logic levels are zero volts and -3 volts, with binaries
triggering on a rising voltage. Power bus voltages are
+10 volts ground and ~-15 volts.

The principal pieces of equipment not supplied

by D.E.C. are two operational amplifiers by Data Device
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Corporatieon, a Philips pulse generator, the accumulator
and base count registers which were made at Witwatersrand

University on Veroboard, and certain manual switches and

power supplies.



1 RECTIFICATION

The instrument gives information leading to the
mean square value of fhe waveform under measurement,
thus the polarity of the inpg+ at any instant Is ef no
impartance. Sixteen data quén?iza+10n~leve|s elther
side of the zero level are f;qu!red, as‘shewn in
section |1, so there acp Two:approaches:

i) employ 32 fével defermiﬁé+ion on a scaled

waveform

2) employ 16 level determination on a

rectified, scaled waveform,

This section will explain the selection and
realization of a rectifier circuit. It is bresenfed
under the following sub-sections: | |

A. Reasons for the use of rectification .

B. Selection of a rectification method

- C. Speed.requirements

D. Inversion

vE. Rectifier control

F. Development of the rectifler.

REASONS FOR THE ‘USE OF RECTIFICATION
The following sub-section shows why rectification.
was adopted.

.23,
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The use of 32 quantization levels obviously
‘requires twice as many "decislon points" as a rectifjed-
input, 16 -level sysfém, and a five bit level régisfer

is needed instead of a four bit register. Thus, as will
be seen in the next section (on level determination),
measurement To équal accuracy requires ene~quarter as
much time again for level determination for the 32 level
case. The nature of the analogue—+oedigifal‘cqnver+er
that performs level determination requires thwuse of
straight binary code for level designation, with one
extreme at zero volts and the other extreme one
quantization level above -I0 volfs; Leyel.wid?hs are
thus halved for the 32 level case, and the attainable
accuracy for the quantization process Is reduced by

a factor of two. .

The 32 level case,glso requires the zero level
of the input to be offset to -5 volts In order to centre
the waveform under measurement in the zero velt to =10
volt range. The obllgatory use of straight binary code
eliminates the possibility of using a special code to
simp{ify The'regis*er Input logic., If 1t is desired to
-obtain identical. four bift expreésloné for the rth levels
befh above and below the zero level for a 32 level
Sys*em, the Eequiremenfs are not simple, Examine the
expressions for the first three levels elther side of

the zero level,
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DECIMAL NO. BINARY NO., LEVEL

19 10011 3

18 , 10010 2} above szero
17 10001 - 1

16 10000 Zero Level (offset -5V)
18 01111 1

14 01110 2) below zero
13 01101 3

To have a level below zero show the last four
bits in the same state as the corresponding level above
zero, it is necessary, on noting a zero state of the
first, I6-wéigﬁ+ed bif, to negate the last four bits and

then increase the result by one, thus

15 = 01111—P= 0000 + 1 = 0001 = 1
14 = 01110—Ppp 0001 + 1 = 0010 = 2
13 = 01101 —P» 0010 + 1 = 0011 = 3

This process does not offer any simple means of
reducing the register input logic for tThe un-rectified
case.

it is.evident from the conditions stated. above

that rectification is desirable.

SELECTION OF A RECTIFICATION METHOD
In practice, conventional rectification methods
Intended to transform some voltage V to -V volts

actually give_—v+v;, where v_is an error voltage. In:

e
the application at hand, v, creates an error equivalent
to that resulting from displaced level voltages. Conven-

tional diode rectification gives an error v, of
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considerable slze as a result of the barrier voltage
effect alene. This fact, compounded by the fairly
large, current~dependent forward resistance of semi=-
conductor diodes, indicafes that conventional rectiflers
are ndf readlly .applicable.

STandard methods being Inadequate, some advantage
might be taken of the extremely loew input frequencies
Invelved.  Rectification can be considered as fhek
selection of either the unaltered instantaneous value
vof fhe lnpuf, or its analegue Inversien, depending upon
input polarity. Iﬁ order to keep v, small, récriflca-
tion musf’be ggggi.zero volts precisely. Hewever,
since no Input isksubplied to the aécumulaferwreglsfer
for absolute tnpufkveyfages smal ler than the flrsf
quantization level, rectification need not be performed
precisely at zero volts. Thus rectification may be
accomplished by using a SPDT switch to select either
the -unaltered or the Inverted Input, according to
polaritty., The prime virtye of Thls‘mefhed is that
Inversion may.readlly be carried out with good accuracy
by the use,éf an operational ampiifler., |

The(effecfiofga displacement of the inverted
perflen of the wive due Teka d.c.,velfagevdriff_afffhe
Inverter output éf amount 2&9 I's equfvalenf to error ei'
where only half of The‘levels ére affected. Error e@

'as;qgflned.previously*resulfs from'a'normallzed,consfan+-'
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level error AE at all levels. Thus, because the error
is cumulative through the Iévels, the expression given
for ey in the reference2 can be halved for consideration

of the recfifier‘offsef on . one~half of the waveform,

Therefore, for this case,

eZ~< 2 Ae
™ 710 for a sine wave
e, { 2 Ae
4 10 for a triangular wave

e {; [f—r—e—-

1/2
<]

o

for a normal wave and
white noise

SPEED REQUIREMENTS

The operation of the SPDT switch performing the
selection function will clearly have restrictions on its
switching time., Switching must occur below the first
level, in the region where no accumulator register
inputs occur, if error.from this source is to be avoided.

For the system in question, there are 16 levels in |0

volts, thus the "safe zone" is zero to 0.625 volts. For
a 5Hz sine wave filllng the 16 levels exactly, the time
required to rise from zero volts to the first level Is

.99 msec. -- switching must be performed in this périod.
The sq@ed requirement could readily be met by an
electronic switch, but this was rejected as too costly
and unnecessarily fast and sophisticated for the
application. The requirements can also be met by reed

relays at much lower cost. The mercury-wetted type of
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reed relay can meet the requirements with absence of -
contact bounce, although it is not generally as fast
as a dry reed relay.

For waveforms which pass through the feglon’af
the zero level more rapidiy than a sine wave, some errdr
In accumulator register content will arjse. This,errof..
will usually invelve.the lower quantization levels, which
have small weighted Inputs, Thusjkeeplhg the error §ﬁal!f
The woréf case is a rectangular wave where the errbf in

jz:rcr due to a rectifier switching time of Tp seconds Is

ry = Is

where f Is the rectangular wave frequency.. For a 5Ha

rectangular wave, andATg equal to 2 msec.,‘fhe efror is

I ° O%I
INVERSION

Inversion can be aCcuraTely'accompllshed by an
operational amplifiér set for unlty galn. |f an

accuracy in galn of 1.0 mv In |0 volts is deslired, a
minimum forward loop gain of 80 dB Is required.

Low output voltage drlffxls_requlred of the
amplifier, since such drlfTvappears,as a level dlsplaée-
ment. Frequency response is not a preblem at the

frequencies involved,
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Carefully regulafed supply voltages are not
available from elsewhere in the sYsTem, so a separate
power supply is required for the inverter. The unit
selected was a Data Device Corporation (D.D.C.) module
C-1818. This Is a card-mounted module containing two
high-stability, low drift, solid state, differential
operational amplifiers of 85 dB gain, complete with
power éupplies. Specifications are given in the Appen-
dix, pages 85 to 86. The unit is compact, physically
rugged and completely short-circuit protected. Cost
Is reasonable. Two amplifiers were installed to allow
later consTfucTion of a scaler, although the scaler
was not included in This.projecT.‘

Inversion was re;lized with one of the above-
mentioned amplifiers, using |.0 megohm feedback and

input resistors.

RECTIFIER CONTROL

The reed reiay must be made to éhange state with
changes in the polarity of the inqu voltage. 1t can,
therefore, be controlled by a comparator with a reference
voitage of zero.

The principal vendor, D.E.C., offers two models
of comparator. The A502 comparator is a sensitive unit
of .0 mvolt resolution and a maximum of 5.0 mvolt common

mode error throughout its range. |t can accommodate
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inputs from zero to =10 volts., The W520 comparator is
much less sensitive, consisting simply of a four-
transistor. differential amplifier. |In one of the two
stable states which it exhibits, the W520 comparator

input circuit, when floating, is effectively a +10 volt
source in series with 10 kilohms. This is an inconvenient
feature, as will be shown later. The unit can, however,
operate on input voltages of 10 volts swing of either
polarity.

An effort was made to use the more sensitive
comparator, A502, at the output of the relay.' Here it
would be subject only to negative voltages, the waveform
being negatively rectified at that point: +thus it would
operate by changing the state of the relay whenever the
rectifier output started to crpss the zero level. This
“configuration was abandoned because, in such a systenm,
the comparator has no knowledge of input polarity, and
merely notes zero-cressings. Thus it could get "out
of step", and perform positive rectification. The
comparator must be connected at the input of the recti-
fier, therefore the W520 comparator must be used, In
spite of its shortcomings.

A further requirement of the rectifier section
Is the ability to deliver only the positive or only the
negative portion of the waveform under measurement, at

the operator's choice. This will allow determination of
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The‘amplifbde probabfllfy distribution of either poertian
of the input, independently. A block diagram of the
rectifier, with this feature incorporated, Is shown

in Figure 4, "Rectifler - Simple BIQCK‘D%SgnamH, on

page 32.

DEVELOPMENT OF THE RECTIFIER

The following subsectidnidescribes the evplution
of the final circult configuration for.fhe recfffler.

As explained previously, when *he,compafa?or
is placed in the location shown in Figyre 4, page 32,
the use of the W520 . comparator/differential ampllf}ér
is obligatory. |In order fto obtain a true two STa#; i
output, a W50!1 Schmitt trigger is plated a+'#he‘eu*pd+
of the W520 comparator. The WS50! Schmitt trigger has
internal voltage dividers to give:s*ate changes at
input levels of -0.8 volts and -2.2 vqlfs; I+s output
rise times are compatible with the R-Serfés leglic modules.

The rectifier clrcult as It was first constructed
uséd a W800 relay module. This consists ofytwﬁ SPST dry
reed relays, gomplefe with drivers. Both relays were. :
used, one being driven\dlfeCTbefrom the output of the
W501 Schmitt +rigger.énd TngoTher from the legical
inversion of that oufpuf.' Figure 5, "Rectifler Clreuit -

Net Useable'", page 33, shows the clrcuit.
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This circuit was rejected because there is no
simple way of making the relay palr operate in a break-
before-make fashion. When a change of state occurs,
field collapse in the initially closed relay Takes longer
to occur than the closing of the initially open relay.
Thus, for a fraction of a millisecond, both sets of
contacts are closed, and both the unaltered and the
inverted versions of the input voltage are connected to
the output simultaneousiy. This leads to large transient
output fluctuations. This probleh‘was overcome by using
a break-before-make, SPDT, mercury-wetted reed reIay,
model HGSM5009, manufactured by C.P. Clare of Canada Ltd.
(see Appendix, page 87, for full specifications). The
mercury-wetted relay exhibits no contact bounce. It is
driven from a WO50 30 ma driver connected at the Schmitt
trigger output.

Rectifier operation. was observed with the Input
derived from the second operational amplifier, since
this will become part of the scaler in a completed
instrument. A short burst of high frequency oscillation
appeared at the output at The’poinf where the W520
comparator changes state. This was found to result from
Inductive pick=up from the W050 driver output, which
exhibited damped oscillation of considerable magnitude
when a change of state occurred. lnducgd fluctuations

resulting from this appeared at the rectifier input and
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caused spurlous_s#a?é changes In the camparafar-and
Schmitt trigger. fwe méasqres'were introduced to
alleviate this probleh:

1) . the woso driver outpuyt was shunted to
ground with a f.O mf&fcapaclfor to
remove much of the o#cjlfa+lenka+,lfs
SOukée,

2) a'slmplé RC,fll+er,was placed at the output °
of the W520 comparator. This lowWw-pass filter
has a time constant of O.l6~msec, and slows
the actien of the rectifler slightly, but it
serve§ te prevent short~-duration state
chgnges of the cempar;fer from altering the
state of the Schml?#,*rlggqr; thus eliminat-
Ing the effect of-naffow»splkes;g* the
comparé#or lnpuf. The time constant was
chosen experimentally.

Anofher +Eansien+ disturbance occurs at the
closing of the relay contacts., |t .1s of very shqrf
duration, Its amplitude Is negligible for sméll| output
loads, but Increases with Increasing lead., This trans-
lent Is probably due to Induced nolse from relay swl+cﬁe
Ing under load. The present load of two A502 comparators
each drawing a maximum of 1.0 pa, makas the +r§n§len+

very small InQeed.“
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A desired feature of the instrument is a warning
light display which notifies the user when the sixteenth
level has been crossed. This is accomplished by examin-
ing the rectifier output with a comparator having a =10
volt reference input. |f the sixteenth level is exceeded, -
the comparator changes state, setting a binary whose
state is displayed. by an indicator light. The binary
remains in the set condition . until manually reset. It
would be preferable to use an inexpensive W520 comparator
for this purpose, since high accuracy is not essential.
However, the previously mentioned input characteristic
of the W520 comparator, where the floating inpu+ circuit
is effectively a +10 volt source in series with 10
kilohms, defeats such an application, During the brief
"open" period of the relay state change (between breaking
one contact and making the other), the rectifier output
exhibits a +10 volt spike. This excursion can be reduced
by loading the rectiflier, but at the sacrifice discussed.
in the previous paragraph. To avoid these problems, an
A502 comparator is used for this anc+ion, as its input
circuit does not exhibit this undesirable characteristic.

The W520 comparator changes state at about +0.I15
or fO.ZO volts above the reference input. In-order to
straddle the zero level nearly symmetrically, a voltage
divider is used to provide a reference input of =0.17

volts,
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The fipal circuit for‘fhe recfifier’and sixteenth
level crossing detection is shown in Figure 6, "Rectifier",
on page 38. In Th?s figure and elsewhere the locations
of connecting pins are shown in the circuit diagrams in

tThe manner designated below.

| 0A

S ' D
T V107
—_— E

A) . VIO7 inside the module block symbol gives
its model numbef. The manufacturer is
D.E.C. unless otherwise noted.

B)Y 10A adjacent to the symbol gives its
location in the rack. A desig%aTes the
top row énd B the bottom, with locations
numbering left to right. Thus AIO is the
tenth location from the left in the upper
row.

c) D, E, S, T beside the connecting lines are
the identifying letters of the connecting
pins.

Note that many modules contain more than one

unit, All units on the same module card are similar,
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IV LEVEL DETERMINATJON

After rectification has been performed, the
jnput waveform under measurement is subject to a
de+efm1na+ion of the highest level exceeded at each
sampling instant. |f the number of this level 'is o
be made availéble as the contents of a four binary
register, it can‘readily be appreciated that level
determination is acTuafly analogue-to-digital
conversion,

The principal supplier, D.E.C., has developed
several methods of analogue-te~digital conversion
which are readily realizable using D.E.C. modules,
and these are described in the D.E.C. "Digital Logic
Handbook". In all cases, these methods involve
formation of quantized analogue voltages corfesponding
to the digital states, and comparison of these with
the.incoming analogue signal. The principai variations
Qf‘+his technique will be discussed in the following
order:

I« Simultaneous conversion

2. Counter conversion

3, Continuous conversion

4, Successive approximation conversion

39.
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These techniques will be evaluated, a selection
made, and the detailed design and its errer character-

istics described.

SIMULTANEOUS CONVERSION

For simultaneous conversion, each quantizatien
level is formed in a voltage divider netwoerk, and each
is applied as .a reference input to a separate compara-
tor. The secoend input to all comparators Is the
analegue input., Binary logic can then be applied to
the comparater outputs to determine The number of the
highest level exceeded. The form of. the output is
well suited to use in conjunction with a‘diode}mafrix
for the formation of the weighted input,

This method Is conceptually simplé and very fast,
with state change times involving only comparator and
logic switching speeds., However, as the number of
levels increases, it soon comes to require so many
comparators that cost, and the number of critical

adjustments required . become probibitive.

COUNTER CONVERSION

Coeunter conversion uses a binary counter register,
driven by a clock pufse generator, that counts upwards
from zero during each conversion. The state of this

counter is continueusly converted to an analogue
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voltage by a digital-te-analogue converfé?. The output
of the converter is compared with the analogue input,
and when it exceeds the input, the cemparator halts the
count at that peint. This procedure gives the lowest
unattained level as an output, instead of the desired
highest attained level, and makes the exceeding of the
fifteenth ievel undetectable with & four binary counter
register. These disadvantages can be ovefcome by
starting at +heAfif+een+H level and countijng down. A
disadvantage that cannot be overceme Is the time
required fer accurate conversion, Time must be allowed
for fifteen possible state changes and comparisons, and
settling times must be provided for the digital-to-
ahalogue converter and the comparator if accuracy Is

te be maintained.

CONT INUOUS CONVERSION

. The conTinuéus converter holds the digifal
equivalent of the analogue input In an up-down counter
register. A digital-te-analegue converter converts the
state of this register, and the result is compared with
the input. When the comparator detects a dffference
exceeding certain limits, it gates a clock pulse to
drive the regisTertfn'The correct directien to reduce

the difference. For sloewly varying waveferms, the

B ann
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converter follows the analogue input closély and contin-
uously. Any deviation is corrected at the next available
clock pulse.

Usﬁally, the converted quantization levels are
set at the mid-interval values, and the comparator
hysferesis is sef for state changes one interval apart,
centred about the reference input. In the application
in question, the levels are widely separated (each
interval being 0.625 volts wide), -and both mid-interval
reference levels and é 0.625 voIT‘comparafor hysteresis

cannot be readily realized with D.E.C. equipment.

SUCCESSIVE APPROXIMATION CONVERSION

Conversion by successvie approximation is
realized by a series of decisions on approximations
that converge rapidly on the correct digital state.
For the 16 level case, the first approximation is the
eighth level (i.e. state 1000). The analogue conversion
of this state is compared with the input, and if it
exceeds the input, the eight-weighted bit is reset to
zero. |f the approximation is too small, the bit
remains a "one". The fegis+er now contains either
000 or 0000, Next the four-wéighted bif.is set to
"one", giving an approximation of either four (0100)
or twelve (1100), depending on the first decision. A

second decision, similar to the first, is then performed
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on this approximation. This cycle is repeated for a
number of decisions equal to the number of bits in the
level register. Figure 7, "State Diagram for Successive
Approximation Conversioh", page 44, shows the state
diagram for the 16 level case. The numbers in the
"states" (circles) are the levels about which the
decisions are made, and the numbers over the leaders
show the final states of the binaries invelved.
Successive approximation conversion is moderately
fast and inexpensive. It requires. the generation of
control pulses, which are also required by the addition
functions of the accumulator and base count registers.
Thus a single timing pulse generator is used to control
both conversion and additlon, performing them serially
in time, once each Qampling period. Conversion requires
eight timing pulses. (one to set and one for the decision
for -each bit), addition to the accumulator register
requires seven pulses, and addition to the base count
register requires one pulse, for a total of 16 timing
pulses in each samplihg period. The display registers
to be used have an upper frequency limit of about
320 kHz for reliable operation, thus the timing pulses
can be spaced 3.125 psec. apart. This allows conversion
in 25 psec., for a sampling rate of 20 kHz. The

conversion equipment is capable of operating at
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speeds up to about f.5 usec., per bit, so that the 6.25
usec./bit allowed gives very generous settling times.

A sampling rate of 20 khz leads to very small
error, ep, due To the use of finite clock pulse rate
and duration. For example, for a 5 Hz input frequency,
taking the maximum possible mark/space ratio, pu, which
is 1.0, the results are.

ép max = (1+}¢)£ = 0.05%

for a rectangular wave,

e max = 2(1+u)f = 0.1%
p ¥ E

for a sine wave, and

ep max = 3(1+f)£ = 0.15%

for.a triangular wave. For the average error values in
the above cases, (lfy) is replaced by P and ep avg
cannot exceed 0.025%, 0.05%,..and 0.075% respectively.

A comparison of the conversion techniques
discussed is given in Table I1l, page 46. Serial opera-
t+ion on conversion and addition is to be utilized because
it avoids the provision of a storage register for level
information, and because it is within the speed capabil-

ities of the equipment when operating at a desirable

sampling rate.



TABLE 111 - COMPARI!ISON 6F CONVERSION TECHNIQUES

.CBhversion Lost - apprex. Adjustments Speed Comments
Method (D.E.C., Units) .
Simuitaneous - $2,000 | numérous . very fast ] Toe expensive - large
. - number of critical
adjustments
Counter f$580 few 100 usec Too sioew (at 6.25 usec/
’ : = level)
Cenf@puous $550 few very fast ] Not accurately
B realizable " o
'§8uccessive' 3600 few 25 usec Most suifable,férjfhig'
‘Approximation (at 6.25 application
usec/bit) '

‘9P
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Accuracy of conversion is similar for all tech-
niques. On the basis of the foregoing analysis, succes-
sive ‘approximation conversion is chosen for this

application.

REALIZATION

The circuit for the Ievel-deTerminaTion section
is shown in Figure 8, "Level Determination Section",
page 48. The ti are the controlling timing pulses.

The sequence of operation is as follows:

tl - set binary A, reset binaries B, C, and D.

ty = reset binary A if required.

tz - set binary B.

ty - reset binary B if required.

t; - set binary C.

ty - reset binary C if required.

t, - set binary D.

t8 - reset brpary D if required.

tg to t;5 - Timing pulses for addition.

In the referencez, the Cr counts are considered
to be created by gating clock pulses of mark/space ra+i6»
& and frequency p. Error due to the finite pulse width
and the finite number of samples, ep, is, for all
waveforms considered, a function of u. The conversion
technique adopted possesses a characteristic described

as "aperture time" which Is analogous to pulse duration,
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Aperture +1me is the peripd from the first fo the last
decision in conversien, This peried covers, in this
case, seven pulses in sixteen, or 2|;875‘Hsec. at

320 kHz..

The erreor- e, ls a func+ieh ef u because [f the

p
clock pulse leading edge is taken asthe desired sampling
instant, It Is possible for a count to be attributed
incorrectly to.a given level If the pulss Is gated after
its leading edge but before its Traiijng edge ocgurs. |
An analegeus error arlises from aperture: fime when a

'!evel change occurs.duflng conversion, making f# possible
for a wrengly Weigﬁfeduinpuf to be entered. Thus in a
worst case expression for €ps if the apalogue-to-digital
converter timing pulse rate is fixed at 320 kHz, u Is
replaced by (21.875 x 107%)p. It"the timing pulse rate

is proportional to sampling rate, M is feplaced by

0.4375, This aspect ef;fhe insfrument is developed
further in the next section, where +h§ timing pulse
generatoéor.design is discussed.

| Anether ferm of errer-resul+fng from the
converter is level_dlsplacemehf error, ég. This can
be seen to be small from the fopllowing.. The comparator
has a resgolution of |.0:mvolt and a commen mode error
©f 5,0 myolts maximum, The digital-to-analogue
convertsr has a measured maximuym error of 5 mvolts.

This leads +o a maximum possibie error of |1l mvplts ln‘
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level poesition. |f this magnitude of error existed f@r
all levels the resu|ts would %e

————

e, <% AE = 0.14%

for a sine wave,. and

e, = 3 DF = 0,165%

t 3
for a triangular wave, due to the converter.

The reference 2 also conpsiders an error e,
resulting from a switching time of T, for the comparator
;nd gate which admit the pulses ftp the register. This
error does pot exist for the conversjon method used
because Input logic settings are completed hefore the

weighfed'lnpuf is added to the accumujater reglster..

MILLS MEMORIAL LIBRARY
© McMASTER UNIVERSITY.



V' COUNTER INPUT LOGIC

Digital logic networks are utilized to transfer
weighted input information from the level register to the
multiple trigger addition inputs of the accumulator.
These networks can be reallzed with conventional NOR
gates alone, or by a combination of gates and a diode
matrix. Where level information is available as a
unique state of one of sixteen outputs, as can be readily
realized from simultaneous conversion, the diode matrix
offers considerable economies in logic. However, with
successive approximation conversion, where level informa-
tion is the form of the state of a four binary register,
logic requirements are similar fof both diode matrix and
NOR gate designs. |In order to maintain a compatible
system using D.E.C. modules wherever possible, the NOR
gate realization was used. This section discusses the.
iogic functions required, timing pulse-generation, and
‘the modification of the accumulator and count down

registers fo allow their use in this design.

LOGIC FUNCTION
Vietch-Karnaugh maps for each of the seven multi-
ple-trigger addition inputs werergenerafed from a table

similar to Table 1|, page 15, The inputs are the

51.
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functions Gi’ numbering, in order, from Gj to G7, where .
Gl is the least significant binary input. The table and
maps are shown in Figure 9, "Counter Input Logic Maps",
on page 53. The possibility of simplifying the maps by
making small changes in the expressions was investigated.
- The errors created by the alterations were not excessive
for familiar waveforms scaled to fill the levels. How-
ever, if the instrument is to be used for irregular
waveforms that could have high amplitude probability in
the altered intervals, the alterations cannot be uéed --
they severely compromise.*he géneraliTy of the instrument.
Given a‘Veifch-Karnaugh map, there are ftwo obvious
ways to obtain the minimal second order NOR expression:
Iy Using the map in the convenffonal'fashion,
write the minimal sum of products expression.
Then convert the AND terms to NOR terms by
use of DeMorgan's theorem. This gives the
desired expression at the output of an OR
gate.
2) Using a map of the complements, write the
minimal sum of products expression. Then
use DeMorgan's theorem to obtain the product
terms as NOR terms, and complement the entire
expression., Here the function is realized

entirely with NOR gates.
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For example, by nethod |

A Z

B} 1 . = BC + ABC
1 1111 '

T ¢ C

. T = B4C + A4B+C

by method 2

A 4
N
‘T =B 111 = 4B + AC + BC + BC
Bz 1 '
T c T
J. T = A+B + A+C + B+C + B+C

In this apﬁlicafion, it is necessary to use each
function %o gate a *iming‘pulse. Thus we need, using
the example above

G = Tt
where t*iéf+he Timing pulse. Using me+hod b, this is
somewhat complicated in NOR logic

G = Tt = T+%

——
.. G = B+C + A4B+C + %

However, using method 2, the timing pulsé can be incorp-

orated directly into the final NOR gate.

G = T+t = A+B + A+C +
A\

+C + B+C + t

o
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For the gate functions G1 to G7, only one function,
GS’ can be realized with fewer gates by method | than by
meThod‘2. However, since two of the terms derived using
method 2 are also required for other expressions, and
can be shared, the method 2 result is used for G5 also.

The final expressions are as follows:

— e

Gl = C+D + C+D + t15

Gy = C+B + C+B + tqy

W
Gz = A+B+C + A+C+D + A+B+D + A+C+D + A+B+C + ..

A+B + A+C#D + B+D + A+B+C + ?12

L)
[N
]

Gs = A+B + A+C + C+D + B+D + A+B+D + ?11

Gg = A + B+C + B+C+D + T

e ——

G7=A+B+C+B+D+t9

Note that 5:5 is common to G; and G5,‘§?E is
common to G, and G5, and A+B is common .to G4 and Ggs.
The schematic representation of the loglc is shown in
Figure 10, "Counter lnqu Logic"™, page 56. When a NOR
gate on an RII} module is required to assimilate more
than two inputs, the diode cards ROOI and R0O02 are used.

Connections to diode cards are not shown in the diagrams.
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TIMING PULSE. GENERATION

The timing pulses are formed by counting down
from a 320 kHz pulse of 0.5 mark/space ratio with a four
bit counter register. Two binary~tc-octal decoders (RI51)
are used to obtain sixteen separate timing pulse outputs.
To eliminate spikes in the binary~tfo~octal decoder outputs
due to transient digital states occurring during count
propogafion, the "enable" inputs of the decoders are.
derived from two modified RIIl NOR gates. Ohe input to
each‘of these gates is the 320 kHz pulse which drives the
register, and both gates have a 62 pfd capacitor between
the "node" input and ground. This serves fo create a
200 nsec delay in gate output rise, Thus the outputs
of the decoders are dependent on the 320 kHz pulse,
and the rise of the "enable" Iinputs of the decoders is
delayed uhfir count propogation is complete.

‘The timing pulse clock is an R40! variable clock
pulse generator which is set to 640 kHz. This unift
delivers only pulses of 100 nsec duration, thus It Is
used to drive an R202 binary whose output is the 320 kHz
desired. The 320 kHz pulse is "enabled" for a period of
sixteen timing pulses once each cycle of the master clock
generator (Philips PM5720), which operates at the sampling
frequency. Thus, once each sampling period, sixteen

consecutive timing pulses are delivered at 320 kHz.
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The - timing puLse generater clrcuit Is shown in Figure 14,
"Timing Pulse Generataer", page 59.
A propesal +o‘make the timing pulse frequency

sixteen times the sampling rafg, ané\#husyeliminafe

a clock pulse generator, was rejected because it gives

an aperture-time/sampling-perliod ratio pu, éf.0.4375.
~This Is‘ﬁa*tsfac+ory‘fof'péfiodlc,waveforms,'bu+ for-.
non=-periodic inputs, specificaLly low=-pass filtered
whlfe‘nolse; the error due to the use of a finite.

sampling pulse rate and duration, e_;

p,lis‘excessive for

p of 0,4375, Th this case
e, = Uz
P p
From the referencezg Z, the number of zero-

crossings per second for white noise thrnough an ideal

low=pass fllter of cut off frequency fb is

zZ=2 fp
V3

For non-periodlc waveforms, p Is set by Nyquist's
sampl Ing +heqfem aTQZfb,sz belng the hfghesf frequency
present In the waveform, Now .If p Is 0.4375 and f3 is

5 Hz, e, = 25.1%. Cbénsidér, now, the case at hand.

P
Aperture time is fixed at 21,375 usec., thus .as.shown
before

p o= (21,875 x 10~9)p

‘With thls provision, for the example cited above,
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REGISTER MOD!FICATIONS
The accumulator and base count registers used
were taken from an earlier versfon of the instrument.
Additional trigger inputs to the first eight binaries
of the accumulator register are necessary in order to
implement multiple trigger addition and an input required
for the probability distribution mode of operation.
Each input logic gate pulse is differentiated by an
RC circuit and then applied to the bases of the transis-
tors (of the Eccles-Jordan binaries) fthrough two diodes
of type IN34A or type 0C85. The additional trigger
circuitry is similar to the original frigger circuits
of the registers. Leads from the input logic to the
register inputs must be shielded to prevent cross-talk.
The circuit for a typical single modified binary unit
is shown in Figure 12, "Binary Unit Circuit", on paée 61.
The nine most significant bits for both accumu-
lator and base count registers are displayed at the top
front panel of the instrument. Since 29 is 512, the
read-out resolution is about 0.2%. The accumulator
register is provided with a manual shift facility to
allow nine significant bits to be displayed, even if
the register: content is small. The read-out registers
were originally shift registers only, but modifications

were made, adding a count facility.
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It has been shown in the reference2 that for
|.0% error due to a finite sampling time, ep, white
noise measurements require a base count of 3.4 x 104,
This leads to an accumulator register count of 6.53 X IO5
for'Vn = 1/2.48, *the largest acceptable value. Thus,
using binary registers, the accumulator register must
be twenty binaries in length, and the base count register
must have sixteen binaries. When the most significant
bit of the base count register changes to a "one", the
register content is 32,568, which is a reasonable
approximation of the 34,000 required.

A possible improvement in the instrument would
be the use of decimal counters for the accumulator and
ba$e~coun+ registers, giVing direct decimal read-out.
The accumulator register contents could be compiled using
a decimal version of the weighted input and addition
concepts. A design proposal for the input logic for
such an accumulator register is presented in the Appendix,

page 88,



VI CONTROL LOGIC

In the foregoing sections of this thesis, the
principal portions of the instrument have been developed.
This section will develop the control Iogfc which Is
necessary to allow the instrument to operate on a wave-
form of 10 volt maximum excursion.

There are two modes of operation to consider,
on +wokbasic forms of input waveform to be measured.
The device can deliver information leading to the mean
square value of the input in the “mean square mode", or
to the approximate amplitude probability distribution
of the input, in terms of sixteen levels either side of
the zero level, in what is termed the "probability
distribution mode". The two forms of input are periodic
and non=-periodic (called "noise" on the control labels
of the instrument, for the sake of compactness), each
requiring a different means of beginning and ending the
sampling process.

The mean square mode'compiles‘:E:fCr in the
upper display register by means of the level determination
section, input logic and register trigger inputs described
previously. In the probability distribution mode, a level
is selected by means of a rotary switch which grounds the

appropriate outputs of the level register to hold it in
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the binary state corresponding‘To the level indicated.
The polarity of the level is selected by setting the
rectifier control switch described in section Il to
obtain tThe desired por+ion of the input waveform.

Setting the mode switch to "PROB. DIST." then causes

the base count to appear, as usual, in the lower display
register, and C,, the count for the time the input spends
beyond the selected level, is compiled in the accumulator
register with the same bit weighting in the display as

in the base count register display.

The mode switch ac;omplishes the following when
turned from "MEAN SQUARE" to "PROB. DIST."

I) The output of the master clock pulse gener-
ator is removed from the timing pulse gen-
eration circuit and applied to two NOR
gates, one of which is connected to the
trigger input of the eighth, or 128-weighted
binary of the accumulator register, the
other being arranged to drive;The Co regisfer.
Both of these gates are also provided wi+h
inputs from the binary which controls sampling.
Z) The €, register input is removed from the

sixteenth timing pulse output of the timing
pulse generator and transferred to the output

of the latter NOR gate mentioned above.
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3) The level .determination comparator output is
diverted from the level determination legic
to the former of the NOR gates mentioned
above., Thus the accumulator register is
provided with clock pulses when the input
exceeds the analogue equivalent of the
selected level. Logic inversion of the
comparator output is necessary for this
function.

The C,, count is applied to the eighth binary of
the accumulator register because in this way equal
weighting in both display sections is achieved.

The duration of the sampling process is controlied
as follows. Upon depressing the "START" switch moment-
arily, the timing pulses to the level determination
section begin, but the register inpuéﬁbulses are‘inhib4
ited. |f the instrument is set fogig periodic waveform,
sampling begins with the first negé+ive—going Zero Ccross-
ing of the input after .operation of the "START" switch,
and ends with the second such crossing. Thus for a
waveform with two zero~crossings per cycle, one cycle,
the minimum data-gathering period, is sampled. The
zero crossings are identified by the change of state of
a Schmitt trigger whose input is derived from an emitter

follower at the output of the scaler. The thresholds

of this Schmitt trigger are zero and -2.2 volts, the
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critical change of state being related to the zero volt
threshold. The thresholds are obliged to be widely
separated to allow the hysteresis characteristic to
prevent noise in the waveform from creating Undesired,
erroneous changes in. the module's output.

When the instrument is set for a non-periodic
input, it is necessary to momentarily depress the "NOISE
START" switch in order to begin the data-collection.
Sampling ceases on the change of state of the most
significant binary of the CO register., Thus the period
of sampling Is controlled by the number of samples
taken, This is in accordance with the referencez, which
shows a sample size of 3.4 X IO4 samples required for an
error due to finite sampling time, ep, of 1.0% for
measurements on low~pass filtered white noise,

A system block diagram showing the control logic
in detail is given in Figure 13, "System Diagram Showing
Control Logic", pages 67 and 68. Figure 14, "States of.
Control Binaries\buring Sampling", page 69, shows the
states assumed by the control binaries during

A) a periodic input sampling procedure

B) a non-periodic input sampling procedure.

The sequence of events in gathering data, in
either mode, from a periodic input, is as follows:

!. The operator turns on the power switches,
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and makes the input connecfions. The desired.
mode is selected and the "NOISE/PERIODIC"
switch is . set to "PERIODIC". The "LEVEL
SELECTOR" switch is set to the desired level
number for the probability distribution mode,
or in any of the blank positions if the mean
square hode is in use. The "RECTIFIER
CONTROL" is set for the portion of the wave-
form to be examined., The master clock pulse
generator is set to an appropriate sampling
frequency, cénveniently 4,000 times the

input frequency.

- The "START™ switch is depressed momentarily,

clearing the accumulator and base count
registers and control binary Z, and setting
control binaries:X and Y. The clearing of
binary Z enables timing pulses to be
delivered to the level determination section,
and this section commences operation. The
set condition of binary Y "opens" the NOR
gate at the ftrigger inputs ofvbinary X to.
allow the gate to pass changes of state of
the sampling control Schmitf trigger (des-

cribed previously) to those inputs,
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The first change of state of the sampling
control Schmitt trigger which produces a
rise in the NOR gate output causes binary X
to be cleared, and sampling starts as the
regisfgr input timing pulses are "enabled".
The cleared condition of X turns on the

"SAMPLING" indicator light.

The second rise at the output of the NOR

gate, occurring two input zero-crossings
later, complements binary X, setting it and
ending data-collection. The change of state
of X clears Y, thus preventing the NOR gate
from changing state again (which would re-
start sampling), and sets Z, halting the
level determination proceés.

If necessary, the "SHIFT" swifch‘is operated
a sufficient number of times to. give nine
significant bits in the display of the
accumulator register contents, the adjust-
ment in bit weighting being noted. The
register contents may then be read and
converted to decimal code, and the arithmetic
required to obtain the desired information

may be performed.
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For a non-periodic input, the sequence of events

is as follows.

I. The settings made are as described above for
a.period[c input, except that the "NOISE/
PERIODIC" switch is set to "NOISE". This
transfers binary X's.trigger input from the
NOR gate output to the output of a Schmitt
Triggef driven by the most significant
binary of :the Co régisTer.v

2. The "START" switch is operated, accomplishing
the operations described above for periodic
inputs.

3. As no connection now exists between the
sampling confrol Schmitt ftrigger and binary
X, sampling is started by momentarily depres-
sing the "NOISE START" switch. This supplies
a rise in voltage to the trigger inputs of
binary X, in lieu of the NOR gate output.

4.  The change of state of the moST significant
binary of the C, register sets binary X, and
subsequent events are the same as for the
periodic input case.

A convenient test procedure for the register

input logic and addition processes can be carried out
as follows. Set the instrument for mean square operation.

on a non-periodic input. However, set the level selector
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to some level number. Upon cycling the instrument by
operating the "START" and "NOISE START" switches in
order, the accumulator register will compile a content
equal to the base count multiplied by the weighted input
for the level selected. Each level can be tested in
this fashion, and correct operation of the logic and

the registers can be verified.



Vii SUMMARY

The previous sections have described the design
of an insTrumen+>which utilizes the data-processing
concepts advanced in a paper by F. Deist and R. KiTai.Z
Now the use of the instrument, its error characteristics
and some posgible applicafibns‘will be considered.

To obtain the mean squafe value, normalized to
the voltage of The.higheéf quantization level, df the

waveform under measurement, it is necessary to apply The

,readings displayed by the instrument to the equation (2).

2' n=1
Ve = 1 1+ 8 rC,| == (2)
n _—i -CT— r

4

%% °© r=1

For the sTXTeen level case
2 2. n=-1 '
V. = 0.977 x 1078 + 1 rC,
12800 .
r=]1

A table for the converéion of the accumulator

register content in octal form to _1I
| 128 r

|
~

r
decimal form has been prepared. Some measurements were
carried out on low frequency sine and- triangular waves
generated by Hewlett Packard function generators 203A

and 202A.
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Evaluation.of the results could not be performed accur-
ately because acchaTe statistical measures of the
waveform under measurement could no+‘be carried out by
any means other than the instrument under test. However,
there were indications that results were consistently
within about 2% of the estimated true value, as closely
as the latter could be assessed.k This degree of accuracy
pertains to the mean square value. An evaluation of the
cumulative amp!litude pkobabilify distribution of a 5Hz
sine»wave gave results shown in the appendix, page 93 .
Here a maximum error of 1.28%, occurring at the
thirteenth level, Was detected. No noise measurements
were carried out, but the non-periodic mode of operation.
was verified as functioning correctiy.

The overall theoretical error characteristics of
the instrument constructed may now be summarized.

Error due to the use of n levels, e has been

n?
2 :
shown to be,” for sixteen levels

e, = + 1 = + 3.33% maximum
2(n-1)

for rectangular wave,

e, = - 0.41 = «0.,707% maximum
(n=1)1°5

for a sine wave.

e, = 1 = 0.0977% maximum
4n2

for a triangular wave.
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Figure 6 of the reference2 shows that for a normal wave

and for whife noise, e, ranges from =1.0% to +1.0% for
normalized root mean square voltage, V,s in the range
. 1 4 1
755 < <3
Error due to a constant Ievel—error, ZXE, at all levels,

e7, would rarely be relevant, but can be used as a severe
"worst case test" if the largest level displacement |ikely
To be encountered is considered to exist everYwhere. The
curve shown in the appendix, on page 86 , for +hé opera-
tional amplifier, indicates that with carefully selected
wire-wound resistors for the external elements, in place
of the temporary resistors now in use, maximum deviations
of 10 mvolts for the rectifier may be confidently expected.
It is shown in section IV that not more than Il mvolts of
level=-error can be expected from the level determination
section., This leads to a maximum level error of 21 mvolts
at any level. Thus the "worst case" described above is

as follows:

e ¢ E = 0.268%
14 A

for a sine wave.

e, <% AE=0.315%

for a triangular wave.
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e;¢ |2 AE = 0.348%, v, = _1
w7, 2.58

e; & 0.938%, V, = %

for aanormal wave and white noiss.

Errors considerably lower than this may be expected.
Error due to the use of a finite clock pulse

rate and aperture time, e?, is dependent on u. The

worst case is considered for periodic waveforms, this

being a 5Hz input frequency, f, and a sampling frequency,

p, of 20kHz. For this value of p, pu is at its maximym

value of 0.4375. For the white noise case, the noise

is considered to be ideally low-pass filtered, at a

cutoff frequency of 5Hz, leading To p of 10Hz and

of 2.1875 x 104,

epkmax = (lf”) g = (0,0359%

ep avg = Fg = 0.00109%

for a rectangular wave,

e max

2(1+p) f = 0.0718%
P P ‘

e, avg

p 2p£‘= 0.0218%

for. a sine wave.



78

It

ep max 3(1+F) 5 = 0,1077%

ep avg = 3#5 = 0.0327%

for a triangular wave.

For a normal wave

°p max = __1_2_ (1+u) f = 0.289%, V, = _1
Yn p 2.58
ey maw = 1+76% V, = 17
€p avg = —L_ pf = 0.0729%, V, = 1
v,2 p 2.58
n
ep apg = 0-535%, V, = %

For the noise case stated above

ep avg = pg = 0.0126%

The use of a sampling frequehcy of 20kHz in spite of the
small values of ep for most 5Hz periodic waves is justi-
fied thus: a sampling frequency of 20kHz leads to
accumulator register operation at 320kHz, which is the
upper frequency limit for reliable counter register
operation in this instrument. At +his sampling rate the
display registers will hold, without overfiow, tThe
required counts for familiar periodic waveforms, including
the worst-case rectangular wave. The greater the number
of samples taken, the lower ep becomes, Thus operation
at the rate stated above utilizes the available accuracy

which is inherent in the instrument.
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If the sampling frequency is set at 4 x 103 x fs tThe
base count register will contain 4 x 103, and a
substantial portion of its maximum count limit of 8,19l
will be available as a precaution against overflow. At
this rate, the maximum accumulator register content of
over 10% will never be exceeded, even for a 10 volt
excursion rectangular wavé, sampled 8 x 103 times.

White noise is considered to be fiITered at
- 5Hz because this gives approximately the maximum number
of zeros per second on which the rectifier can success-
fully operate without the introduction of error due to
the relay switching Time. If the rectifier upper
frequency |limit were increased subsTanfiaIly, perhaps
by the use of electronic switching in place of the reed
relay, a white noise signal ideally low=-pass filtered

at I100Hz would lead to

e = Z

p f‘p
= ‘4

ep 0.438%

This is a reasonable value of e indicating that

p.’
filtered white noise measurements over a much greater
frequency range would result from improvements in

rectifier speed.

The above results may be compiied In a table
similar. to Table 1, Table IV, Summary of Characferis+icss

shown on the following page.



TABLE |V - SUMMARY OF ERROR CHARACTERISTICS

Error Rectan- Sine {1 Trian- Normal Wave White Noise

gular Wave gular 3

Wave Wave Vn - 7 Vh =1 Vn = 7 Vn =1

. 2.8y .. .. 78 2.88 N 7

e, max +3.33% -0.707% 0.0877% -1.0% +1.0% ~-1.0% +1.0%
e, - 0.268% |K0.315% ]<0.348% 0.938% [L0.348% (0.938%
ep max 0.0359% 0.0718% § 0.1077% 0.239% 1.76% -- -
ep avg 0.0109% 0.0218% | 0.0327% |0.729% 0.535% 0.0126%

‘08
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Constructed from D.E.C. card modules, the registers
described, and a Philip master clock pulse generator, the
device is housed in a three-unit relay rack, 21" x 5" x
19", with an external +50 volft power'supply for the
display register lights. Photographs of the instrument
are shown in Figure 15, "Completed Instrument", page 82.

Several possible applications have been suggested
for the instrument:

) +he measurement of the ultfra low frequency

portion of the frequency spectrum of 1/f
noise in electron devices, where a low=-pass
filter could be used in place of the usual
band-pass filter,

2) +the evaluation of indices of performance of

the form

in adaptive or optimal control systems,

3) bio-engineering applications, such as, say,
the statistical evaluation of electrocard-
iographic data.

4)  Statistical evaluations of the slowly varying
parameters that are frequently encountered
in chemical processés.

Numerous other applications will almost certainly

appear as the availability of the instrument becomes more

general ly known.
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FIGURE

|15. COMPLETED INSTRUMENT
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SPECIFICATIONS FOR DATA DEVICE CORP. MODULE CI818
This module consists of two high=s+ability D-18

operational amplifiers from the maker's "high performance
series", complete with regulated power supplies, all card-
mounted and requiring only |I5VAC for operation. Locations
are provided on the card for input and feedback elements.
Adjustment potentiometers for the 5 volt regulated
supply and for amplifier balancing are included on the

card. The amplifiers are short-circuit~-proof,

SPECIFICATIONS - D-18 OPERATIONAL AMPLIFIER
Voltage gain: 86dB min., 88dB typ.
Frequency for full output: 15kHz min.,, 20kHz typ.
Frequency for unity gain: | .5MHz min., 2.0MHz typ.
Slewing rate: 0.9 volts/usec. min., I.25~VOI+sépsec.+yp.
Rated output: +11 voltstat +2,2ma. min.
Input voltage offset drift:
25 pvolts/24 hr. max.
10 yvolts/°C max., 5 fvol+s/°C Typ°
Input current offset:
5na. max., 2na. typ. initial offset
|.5na./24 hr. typ. drift

0.65na/°C max., 0.45na./°C typ. drift

85
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Differential input impedance: 0.6Mohms miny, |.0Mohms typ.
Common mode input impedance: 55Mohm min., 65Mohm typ.
tnput noise: 5.0pvolts max., 3.0 pvolts min,

Power requirements: +15 volts at [Zma max.

The . transfer characferisfié shown below was
recorded on a Moseley "Autograf" X-Y recorder for two
amplifiers, each set for unity gain with temporary
composition resistors, in series,

~-10,36) 40 __
20 -
I I l |
I 1 [ 1
=10 -5 5 10
Vin
-20 + volts
0l
R (10,-36)
Av
mvolts
AY~= Vout “Vin where Vour = output voltage
V. = input voltage -

n



SPECIFICATIONS FOR C.P. CLARE OF CANADA LTD.
RELAY -HGSM5009
The relay HGSM5009 is a single-pole, double-throw,
mercury-wetted, reed relay. I+ is mounted, for this
application on a D.E.C. blank card W990.
"Must operate" input: 6.4 volts, 12.9ma
Speed: 2 msec max. (at "must operate" level)
Winding: 450 ohm, 28 volts maximum voltage
Contacts: SPDT, mergcury-wetted, make-before-break

Relay'orienTaTion and winding polarity must be observed,.
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DECIMAL COUNTER INPUT LOGIC

Economic factors led to the use of a binary
accumulator register. The weighted input concept could,
however, be applied to a decimal counter possessing the
ability to assimilate input pulses at its "tens" and
"hundreds" sections as well as the normal. "unity" input.
This section proposes an approach to .realization of the
weighted inputs to a decimal accumulator register.

Prime consideration is given in this proposal
to maintaining a low timing pulse rate. This.is done
to minimize the input frequency requirements of the
counter. Allowing one timing pulise for the hundred-
weighted decade (the largest weighted input for a |6
level system is 120), and nine each for the tens and
units weighted decades, |9 timing pulses per sampling
cycle is the minimum requirement. However, the largest
number of pulses actually gated to the decades in one:
sampling period is 15, when the twelfth level is active
and the required weighted input is 78. Thus a réducfion
in timing pulse‘frequency‘resul+s from arranging for the
required pulses to be delivered, highest-weighted pulse
first, immediately after each other, with any "unused"
tTiming pulses occurring only after all count inputs have
been fulfilled.
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Using parallel operation on level determination
and count input to the accumulator register in order to
maintain a low rate of operation, the weighted input for
the level determined can be stored in three registers,
consisting of one single-binary and two four-binary units.
These registers would be count-down registers that would
admit count pulses to their respective decades until Théy
had counted down to zero. They would then cause the
Timing pulse input to be delivered to the next lower-
weighted register and decade. Fiftéen serial timing
pulses from one input line are required for This input
system, the level determination requiring,'as before,
eight serial timing pulses on SeparaTe lines, in parallel
in time with The‘coun?er input operation. The sixteenth
pulse is used fto transfer the transformed tevel information
to the three storage/count-down registers.

The logic functions required to ftransform the
level register state to the binary-coded-decimal weighted
input are shown in Figure 16, "Decimal Counter Input
Logic Expressions", on page 90. The expressions are
given in AND/OR logic. The X, Y; & %2, are the elements
of the binary—coded-decima] sTorgge/counT-down registers,
with register X hundred-weighted, Y Ten—wefghfed and
Z unity-weighted. The expressions are derived in a

similar fashion to that used for binary counter input logic.
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The timing pulse generation, a typical information
transfer circuit for one binary, and the counter input
control logic are shown in Figure 17, "Decimal Counter

Input Control Logic", on page 92 .
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PROBABILITY DISTRIBUTION OF A SINE WAVE.

The completed instrument was used te obtain
data on the cumulative .amplitude probability distri-
bution of a 5Hz, 10 volt excursion sine wave. The
peak of the wave was set as nearly as possible to
10V as the use of an oscilloscope and the "sixteenth
level exceeded" indicator allowed. Table V, Sine
Wave Amplitude Probability Distribution, page 94, gives
the counts above the levels (the Cr) for a base count
of>4096, the resulting measured P(v), the theoretical

P(v), and the difference (P(v)measured'P(v)theoretical)’
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TABLE V - SINE WAVE AMPLITUDE PROBABILITY

94

DISTRIBUTION
Level Ch P(p) P(v) Difference
OGtaZ Decimal Measured T%gg€et-

1 7560 3952 . 966 . 960 + .006

2 7300 3776 .921 .921 0

3 7040 3608 . . 881 . 880 + 001

4 65660 3440 . 840 .840 0

5 6300 3264 .798 .797 | - 001

6 6020 3088 . 768 . 766 - .001

7 55640 2912 711 .713 - 002

8 5240 2720 .664 . 666 - 002

9 4740 2528 .618 .620 - 002
10 4420 2320 .567 . 870 - .008
11 4100 2112 .515 .518 - .003
12 3620 1872 45657 . 460 - 003
13 3100 1600 .391 . 396 . - 006
14 2430 1304 .318 .322 - 004
16 1620 912 . 223 .226 - .008
16 - - - 0 -
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