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SUMMARY

This study examines the problems associated with real-time
digital computation, with specisl emphasis placed upon the choice of
a system which is compatible with the speed of operation and electrical
design of the ERA 1101 digital computer, and which has computational
accuracy comparable to the accuracy of the continuous input signal.
Economy of operation and construction are also considerations in the

final choice of a system.

Recently, considerable attention has been directed toward the
utilization of the speed and accuracy of modern digitel computers for
real-time computation. In order to use a digital computer (which can
assimilate data only if it has discrete levels) as part of a physical
system (which generally has continuous parameters), it is necessary
to be able to express a continuously varying (snalog) input in terms
of the machine "language". The digital computer msy then perform
mathematical operations upon the resulting quantized input data, and
the digital results of computation may be converted to analog form
for immediate use in the physical system. ' However, problems of speed
and aeccuracy plague such analog-to-digital and diglital-to-analog

converters.

A survey of the literature reveasled several possibilities for
converter design. A class of converters which uses the servomechanism

approach in design procedure was chosen as the most promising. From
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this class, a cascaded-stage comparison coder and a successive-approxi-

mation comparison coder are examined in detail.

Both of these converters theoretically meet the speed and
accuracy requirements established in the initial statement of the
problem. Because of practical conalderations, however, the successive-
approximation comparison coder is chosen for the converter circuits to
be used with the ERA 1101 computer. Circult diagrams of the complete
coder are presented and the functioning of the various ;éctions is
explained in some detail. The results of the laboratory evaluation of
a transistorized differentiel amplifier for conversion accuracy are
also presented. 1In additiqn, a block diagram showing the necessary

additions to and modifications of the ERA 1101 computer is developed.

Real-time digital computers are proving to be valuable toola
for simulation engineers in the study of sampled-data systems. For
this reason, and because of the many other possibilities for real-time
digital computation, it is felt that the described converters and
control circuits would prove to be valuable additions to the ERA 1101

digital computer.



CHAPTER I

INTRODUCTION

Representation of quantities.-- Many engineering problems involve the

acquisition of large amounts of data and the subsequent reduction of
that data to a useful form. Since physical processes are, in general,
continuous, dats may be obtained by any of several methods. Take as

an example the recording of atmospheric pressure as a function of time.
A barcmeter may be attached to & potentiometer in such a fashion that
the wiper of the potentiometer movés as the atmospheric pressure changes.
If a constant voltage is then applied across the potentiometer, the vol-
tage appearing at the wiper will be indicative of the atmospheric pres-
sure at any glven instant. Assuming that the potentiometer has infinite
resolution, the wiper voltage may be recorded on a chart moving at a
constant speed as the continuous representation of atmospheric pressure.
Such a recording would be called the analog representation of atmos-

pheric pressure.

Another possibility for obtaining information regarding the var-
iation of atmospheric pressure would be to have a technician watch a
barometer and keep a written record of pressure resdings taken at spec-
ifled times. This record would be a sampled representation of atmos-

pheric pressure.

If it i1s desired to know the change in atmospheric pressure

between time "A" and time "B", either recording is equally useful,



provided, of course, the technician has made readings at these times.
Reference to the continuous chart may show that the barometer reading
at time "A" was 29.757 inches of mercury. The technician may have
recorded 29.7572 inches of mercury as the reading at time "A". Both
of these figures are digital representations of the true barometric
pressure at time "A", which is assumed to have been 29.757243 inches

of mercury.

Either the apalog or the sampled record may assume any of an
infinite number of values at any given time. However, there 1s a
practical limit to the number of significant digits which the observer

may read from either record.

Modern high-speed electronic digital computers are noted for
accuracy in computation; hence it is often desirable to be able to
express analog inputs in the "language" of the machine. Many different
types of analog-to-digital converters have been designed and constructed
for this purpose, but the difficult problems of conversion time and
accuracy continue to plague sll but the most expensive and complicated

systems (1).

Since the nature of the digital computer limits the number of
levels which can be expressed to a finite number of digits, the con-
version of an analog signal to digital form can only be an approxima-
tion. Also, since the digital cdmputer requires & finite amount of
time to operate upon any data it recelves, data must be supplied in
distinct groups at appropriate times. Hence, the input to a digital

computer muet be in quantized samples.




With reference to the previous example, note that a digital
computer would accept the analog input record within the limit of
significant digits of the machine and truncate the remainder, much
as the technician dropped those digits which were beyond the capacity
of his eye to read. Likewlsge, the machine would accept data only as
rapidly as it could assimilate and dispose of previous data. Thus,
if the machine required fifty milliseconds to operate upon the digital
representation of the barometric pressure at time "A", it would not
be able to compute the difference in barometric pressure between time
"A" apnd time "B" if time "B" were thirty-five milliseconds leter than

time "A".

Uses for analog-to-digital converters.-- Analog-to-digital converters

have found acceptance for several uses (1). The previously mentioned
example of recording barometric pressures would be an example of a

converter-computer combination utilized for data reduction. Other

categories include: (1) control systems following programmed in-
structions, (2) closed-loop control systems, and (3) analog computer
simulation in which the digital computer is utilized as an active

element.

ObJject of the study.-- It is the purpose of this study to set forth

the design principles for an analog-to-digital converter for use with
the ERA 1101 digital computer at the Rich Electronic Computer Center
on the campus of the Georgla Institute of Technology (2). This con-
verter would permit the ERA 1101 computer to be used for computation
in real time utilizing an analog input. A digital-to-analog converter

would also be designed in order to provide a useful analog output.



Computation in real time involves the acceptance of a con-
tinuously varying input by the imput converter; the acceptance of
quantized samples of that input by the computer; the operation upon
these samples by the computer; the acceptance of digital results by
the output converter; and the comverziom of the digital results to

analog form by the ocutput converter.

An example of & closed-locop digital control system is the
Semi-Automatic Ground Environment (SAGE) system which has gained
extensive public sttention as a major link inm our civil defense
system (1). The SAGE system takes advantage of the speed and accuracy
of a large-scale digital computer to process radar information detail-
ing the location of unfriendly aircraft to provide interceptor flight-
peth instructions. The SAGE system may be considered a closed-loop
system because the computer is utilized to direct the flight path of
the defense interceptors. A block diagram of a typical closed-loop

control system utilizing a digital computer is shown in Figure 1.

The digital computer may be used as a versatile function
generator in analog computer simulation problems. Unusual functions
may be stored in the memory of the digital computer and the digital
computer may then be utilized as the active function generator in an
analog computer problem. Figure 2 is the block diagram of such a

system.

Multiplication, division, and integration are operations which
often produce large errorg in analog computer problems. The accuracy

of the digital computer in performing these operations may be utilized
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if analog-to-digital and digital-to-analog converters are included as

active elements in the system, as shown in Figure 3.

By taking advantage of a multiplexed input-output scheme, more
than one control system may be controlled by a single digital computer
at the same time. Likewise, a single digital computer may be used
for multiplicetion, division, and integration in an analog computer
problem by taking advantage of the same scheme. Many other possibil-
ities exist for the utilizetion of a digital computer for computation

in real time.

Problems involved in digital computation in real time.-- Conversion

time and accuracy are problems which plague all but the most expensive
and elaborate analog-to-digital converters. Of primary consideration
in exsmining these. problems as applied to the design of converters

for use with the ERA 1101 computer is the necessity for compatibility.

The input converter must be able to provide inputs as the com-
puter requires them. Hence, the speed of conversion must be compatible
with the frequency content of the analog input and the computing speed
of the ERA 1101 computer. Likewise, the output converter muwst be able
to operate at a speed which is compatible with the computation speed

of the computer.

The converters must not introduce excessive errors in the
digital representation of the analog signal and vice versa. Errors
due to truncation are necessary evils, but care must be taken to

dassure that a sufficient number of digits are utilized to represent
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the true snalog signal with minimum truncation error. Also, the

converters should introduce a minimum of internally generasted error.
Analog representations of physical variables are usually assumed to
be "sufficiently accurate" if they provide resolution which produces
no more thaen 0.1 per cent of full-value error. Hence, this will be

assumed to be the maximum allowable error for the converters.

Both conversion time and accuracy are of major importance in
determining system stability if the converter-computer combination
is to be used in a closed-loop system. An example of the problems

which may arise is given by the SAGE system (1):

All data from the radar sites are in the form of quantized
samples, which are transmitted to the computer over telephone
lines. Search radar is used and provides scanning on a time
basis so each target is seen at a discrete time determined
by the position of the rotating antenna and the range delay
in receiving the echo. Quantization level and sampling rate
of the input data are determined largely by the information
capacities of the radars involved. However, the computer
also places demands on quantization level and sampling rate
because it must use the data in flight path extrapolation.
Data taken at insufficient intervals or of low resolution
would meke it impossible for the computer to provide accurate
results and the resulting system would be unstable. Thus,
steering information might cause the aircraft to fly an
oscillatory path or miss the interception altogether. Con-
versely, because of the large number of problems being
handled simultaneocusly, too much input data may also cause
trouble by overloading the computer. There is therefore a
balance between the input quantization levels and sampling
rates necessary for system accuracy and stability, end those
that might overload the entire system.

Another consideration in the design of the converters is the
correspondence between input sampling rates and quantization levels

and those of the output. These need not necessarily be on a one-to-

one basis, and the system may require a number of input samples to



provide one output. Conversely, the computer may be required to

interpolate additional outputs in order to achieve a smooth output.

These problems are treated in detall in the discussion of
converter design, following an explanation of the operation and

construction of the ERA 1101 digital computer.



CHAPTER II

THEORY OF OPERATION OF THE COMPUTER

System description.-- In order to intelligently design input and

output converters to make the ERA 1101 digital computer adaptable
to real time computation involving continuously varying input and
output signsls, it is necessary to gain a working knowledge of the
theory of operation of some sections of that computer. A digital
computer may be considered to be composed of the following five

sections:

1. Input section

2. Storage section (memory)
3. Control section

L. Arithmetic section

5. Output section

These sections generally perform the functions implied by their

titles. The input section provides a means for placing a problem

in the computer. The storage section retains for later use binary

information placed in it. The sequence of manipulations and opera-

tions 1s governed by the control section, while the erithmetic section

performs the binary manipulations reguired to solve a problem. The

output section provides the outlet for the result of a computation.

Basically, the philosophy of the computer's operation is that

sequentially generated pulses are switched to wvarious stages where
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certain events are made to occur. The switching device conaists of
a gate turned on or off by flip-flops. Most of the circuits of the
computer are composed of various combinations of these two fundamental
building-blocks. A block diagram of the major components of the com-

puter is shown in Figure k.

The information to be stored is coded in terms of the binary
digits O (zero) and 1 (one). Each memory position or "word" is
capable of storing 23 bits of numerical information and a sign bit,
i.e., each memory word consists of 24 bits of information. At present,
the ERA 1101 computer has two storage sections (3). The drum memory
has a storage capability of 16,384 words with a maximum access time

of approximately 17 milliseconds. The newer magnetic-core memory

has a storage capebility of 4096 words with a uniform access time
of ten microseconds. "Access time" as used here means the amount
of time required by the machine to locate any particular memory
position and extract the information contained in that position.
Either of these memories or both may be used in a single program.
Because of the faster access time, the magnetic-core memory will

be considered for use in real-time computation.

Selection of a desired memory position for imsertiom or
interrogation of data is accomplished by employing an address con-
sisting of 14 bits. These addresses are given the octal designations
00000, 00001, . . . , O7TT76, OTTT7, 10000, 10001, . . . , 37776, and
37777 in the case of the drum memory. The addresses 40000 through

47777 are reserved for the magnetic-core memory.
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Insertion of new data at a particular location automatically
destroys any information previously contained at that location. A
location may be interrogated any number of times without destroying

the information contained therein, however.

Computer registers.-- Parallel transmission of binary information

is used throughout the computer. All information being operated
upon in the computer (excluding data stored in the memory) is con-
tained in flip-flop registers. Data transmission between registers
is accomplished by meane of gating circuits. The characteristics

of a gate are such that a pulse applied at one of two input terminals
produces an output pulse only if an enable signal is present on the

second input terminal.

The following computer registers are of interest for the

problem at hand:

1. Storage Insertion Register (SIR)

2. Program Control Registers (PCR)
a. Execution Address Register (EAR)
s, Bommmnd'Brasilahor Bubbnk (cTs)

3. Program Address Counter (PAK)

4. 8torage Address Register (SAR)

5. Accumulator (A)

6. Quotient Register (Q-Register)

7. X-Register

During a computation the PAK keeps track of the memory location

containing the next instruction. Normally; instructions are stored in

14
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sequential locations, so the primary function of the PAK is to advance
in count each time an instruction is executed. It is possible to deviate
from sequential order, however, by means of certain " jump" instructions,
in which casges the jump inetruction alters the contents of the PAK.
After the current instruction has been executed, the contents of the

PAK are transmitted to the Storage Address Register (SAR), and a memory
read cycle is initiated.r Then the next instruction 1s read from memory
to the Program Control Registers (PCR) and the contents of the PAK are

increased by one.

Instructions for the computer are designated in octal form

(1.e., three bits per octal digit) as shown in Figure 5.

| Command Bits Execution Address Bits

i U SH—
L50k1263

Figure 5. A Typicel Machine Instruction

The first six bits of an instruction are called the command bits.

A list showing the avallable commands and explaining the command
code is given in the computer instruction msnual (2). The final

15 bits contain the memory address at which the command is to be
executed. In Figure 5, for example, "U5" tells the machine to

"JUMP to memory location 41263 to execute the next instruction.”
After being read out; the instruction is broken into two parts. The
first six bits go to the Command Translator Switch (CTS), which then
carries out the mathematical or logical operation commanded, while
the final 15 bits. are sent to the Execution Address Register (EAR).

Note that the EAR serves as a storage location for the bits of the
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execution asddress as they are read from storage.

The binary point is located at the right in all registers.
This means that the machine treats all numbers as integers. Hence,
scale factors must be used to handle non-integral numbers. As.men-
tioned previously, the machine handles both positive and negative
numbers, with the left-most bit in & reglster indicating the sign
of a number. The "one's complement"” system of representation is
used. Thus; negative numbers are expressed as complements of i 1,
where n indicates the total number of bits in the register. For
this reason, the sign bit for a positive number is zero, and for a

negative number 1t is one.

The X-Register and Q-Register have a 24-bit capacity, while
the Accumuletor has a 48-bit capacity. These registers are the

principal components of the arithmetic section.

The Accumulator is the primary operational register of the
ERA 1101 computer. It is basically subtractive with end-around
borrow. Thus, every number transmitted to the Accumulator will
automatically be subtracted from the number there and the resulting
difference will remain in the Accumulator after the subtraction. In
order to add a number to the Accumulator, it is necessary to transmit
its complement to that register. The accumulator also has borrow and

circular shift capabilities.

The X-Register has neither additive nor shift properties. It

is used to hold numerical data read from storage for use in arithmetic

operations.
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The Q-Register participates in several arithmetic and logical
operations. The quotient is formed there during division and the
multiplier is placed in it for multiplication. The Q-Register has

circular shift capabilities.

Data to be stored is received by the Storage Insertion Register
._(SIR) from either the Accumulaetor or the @Q-Register, depending upon
the storage instruction. The state of each stage of the SIR will
gpable the appropriaté storage gates, and the sequence initiated by
the storage instruction will cause the data to be stored in the

gpecified memory location.



CHAPTER III
THEORY OF ANALOG-TO-DIGITAL CONVERSION

Sampling.-- It has been mentioned previously that sampling the input

is frequently necessary for successful analog-to-digital conversion

and is utilized in the converters to be described. Obviously, sampling
is an operation which can introduce serious error into computations if
not applied carefully. This is particularly true in the case of closed-
loop systems, where improper sampling may cause serious instability or
damage to the system. D. T. Ross has develéped an excellent intuitive
approach to the problem of sampling, and his work is heavily relied

upon in the discussion that follows (1).

Fourier analysis may be applied to any function which satisfies
the Dirichlet conditions;, 1.e., it is at least piecewise continuous,
hes no infinite discontinuities; and has a finite number of maxima
end minima in a period (4). The Fourier analysia of functions shows
that such functions may be considered to be composed of a linear com-
bination of simple sinusoids of various amplitudes, phases, and
frequencies. For the general non-periodic f(t), the Fourier integral

is given by
£(t) = _v_ﬁ: Jut

where

F'(w)=fﬂt36'j“t dt.
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F(w) is called the Fourier transform of f(t). The following statement,

which is known as Black's Sampling Theorem (5), results from an appli-

cation of Fourier analysis:

If Fay=0 for |wl Z-ITT_- ; then f(t) may be completely
recovered from f#(t), where f*(t) is f(t) sampled at

the rate 1 .
T

Now, according to the Sampling Theorem, if f(t) is sempled at

the rate %- times per second (see Figure 6), the freguency components

of the signal greater than 'gf radians per second cannot be distin-
guished from frequencies in the range zero to %: radians per second.

Thus, sampling has the effect of placing an "accordion fold" in the
fregquency scale at every multiple of %f. Note, however, that
nothing is lost by sampling f£(t) under the conditions of the Sampling
Theorem since Fw)=Q for w2 %; and since E{ is the first "fold"
resulting from sampling. Because f(t) is uniquely determined by F(u),

the Sampling Theorem holds.

It is important to note that when f(t) is a function with
frequency components greater than %{, it is not necessarily possible

even to recognize f(t) from £*(t), much less recomstruct £(t).

Since the frequency components of a signal sampled at the

rate of % samples per second cannot be distinguished for frequencies

greater than g: cycles per second;, the sampling theorem may be re-
phrased as follows: "At least 2f uniformly spaced samples are needed

every second in order to reproduce the signal without distortion." (6)
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Here f; 1s the highest frequency of interest. Note that the presence
of frequencies higher than f will cause distortion in the sampled
signal. Hence, it is necessary to use a low-pass filter with a cut-
off frequency of fy if the signal contains frequency components

higher than fy.

Laplace trapnsform theory and Z-transform theory prove partic-
ularly valuable in the analysis of sampled-data systems. 8ince these
methods are generally known and are treated rather extensively in the
literature (7), it will only be mentioned that resort to them may be
necessary to determine i1f a particular control system will be adapt-
able to use as a closed-loop system with the ERA 1101 computer and

its agsociated converters as part of the loop.

Choice of sampling rate.-- Since the probability for error in s

sampled -data system is decreased as the sampling rate is increased,
it is desirable to make the sampling rate as high as the computer
will allow. 8ince 30 microseconds are required to execute most
computer instructions, it would be pointless to sample at a rate
greater than this. Conversion speed is also a factor in choosing
a sampling rate. In the discussion that follows, itlis shown that
a conversion rate of 500,000 bits per second is close to the upper
limit for conversion speed. Thus, if an 11-bit input to the com-
puter memory ig considered to be the maximum length of digital
date, 50,000 conversions per second 1s the maximum capability of
the converter. Hence, the converter requires at least 20 micro-

gsecondse to complete one conversion.

21



Any useful computer program requires many Instructions to
carry cut a mathematical operation. The exact number of instructions
will vary depending upon the operation, but & simple example will
clarify what is involved. In order to add "A" to "B" and store the

result, the computer must do the following:

1. Extract "A" from the memory and place "A" in a reglster.
2. Extract "B" from the memory and add "B" to "A", leaving
the regult in a register.

3. Store the result in the memory.

Each of these operastions requires 30 microseconds, so the
process of adding "A" to "B" and storing the result requires 90
microseconds. If real time computation involving an analog input-
output scheme were involved, the following commands would be typical
of those required to add two inputs resulting from samples taken at

different times:

1. Commsnd the converter to ssmple the input signal. (Sample."C")
2. Read the quantized sample into a computer register.
3. Store sample "C" in the memory.
L. Command the converter to sample the input signal. (Sample "D")
5. Read the quantized sample into & computer register.
6. Extract sample "C" from the memory and add "C" to "D",
leaving the result in a register.
T. Command the converter to accept an output signal, and read

out the results to the output converter.

22
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In this sequence, instructions one and four each require 20
microseconds for completion, while the others require 30 microseconds
each. Thus, 80 microseconds elapse between the time of the beginning
of sample "C" and the beginning of sample "D", while 110 microseconds
elapse from the beginning of sample "D" until the conclusion of the

read-out of the result.

This example makes apparent the necessity for having a variable
sampling rate. In order to make the converter compatible with the
mathematical operations being performed by the computer, it is essential
for the sampling rate to be a variable controlled by the computer itself,
.with the 20 microseconds between samples set by converéion speed no
longer being a limiting factor; since even the mest simple program
would require more computer time than this to carry out the operations
involved. It 1is again emphasized that the maximum sampling rate is
rigidly set by the complexity of the operations performed by the
computer upon the input signal, and each system should be carefully
analyzed using Laplace transform, Z-transform, or other applicable
procedures to determine the effect sampling at the rate prescribed

by the computer program will have upon it.

Quantizing.-- As mentioned previously, quantizing involves the con-
version of a continuously varying signal, which may assume any of an
infinite number of levels, into a representation which involves a
finite number of levels. Since the process of quantizing is extremely
non-linear bf its very nature, it ié quite difficult to evaluate the

effect of quantization, even for linear systems. Impressive
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mathematical analyses of quantization have been developed based upon
the statistical approach. For example, it can be shown that little
increase in accuracy is gained by increasing the number of significant
bits beyond three when desling with statistical operations (1). For
the problem at hand;, however, examples of this sort are of little use,
since many of the problems which would be attacked are of a non-
statistical nature. Precision is of extreme importance, and the
smaller the quantizing level; the more acpurate will.be the repre-

sentation of the true signal.

Choice of quantizing level.-- As mentioned previcusly, the Accumulator

of the ERA 1101 computer is capable of accepting a 4B8-bit word. If the
Accumulator were utilized as the input or output register for the con-

verters, the following arrangement would be possible:

Sign Bit
Not Used Not Used Data
byr [ - - - [ bau [ b3 | b2 | ---{by [Pio| --- [ ¥
Left Accumulator (Ag) Right Accumulator (Ag)

Of particular interest is the truncation that results from
expressing an infinitely variable continuous function as a finite
approximation. Consider the 11-bit binary representation above and

note that the maximum truncation error (Et max) approachea one part

in 2047, or

1
= 00% = 0.049% of maximum.
Bt max = 210 - 1 X1
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Also of some importance in the choice of a quantization level is the
physical configuration of the converter. In order to take advantage

of recent improvements in solid-state devices, it will be desirable to
transistorize the converters. Hence, it is reasonable to assume that
the maximum input voltage to the unit will be on the order of one volt.
For an 1ll-bit converter with a maximum input of one volt, 1if all 11 bits
are to be significant, the quantization level must be

q = E%ET = 488 microvolts.

E
Codes.~-- Invariably, the expression of information for use in a digital
computer involves the use of codes. In this sense, a code 1is any
unique arrangement of gymbols for the expreesion of a quantity. To
be of practical use, codes involve orderly arrangements of symbols and
follow rigid rules for combinations of symbols and mathematical opera-
tions upon and with symbols. The most commonly known code makes use of
the Arabic numerals O through 9 and follows the rules of decimal arithmetic.
For every-day use, decimal numbers are universal, and a number such as
2379 leaves a specific idea of & quantity in the mind of the person who

€ 1+ 9x10°

sees it. In reality, 2379 means 2 X 1054 3 X 10°4 7 X 10
but familiarity with decimal quantities leads the observer to skip the

thought processes involved in this expression of a decimal number.

Since electronic devices are not particularly adaptable to the
decimal system, which requires the expression of quantities involving
ten different levels for each power of the base ten, codes involving

fewer levels have been evolved for digital computation. The simplest
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possible codes use two levels and have been given the name binary codes.
The numerals O and 1 are used exclusively in the binary system, and each
binary position receives the name "bit", just as each decimal position

is called a digit.

A common binary code makes use of the same sort of positional
notation as common decimal representation, i.e., the value of each
successive bit differs by the base factor, which in this case is two.
Thus, the binary number 1101 means 1 X 23 + 1 X 22 + 0 X 21 + 1 ¥ 29,

and the decimal equivalent is seen to be 13.

Tt follows that it is possible to express any integral number

I by use of any integral number for the base. Hence,
I= aan + an_annl - = -+ 3.232 + alBl + aoBO.

B stands for the base of the number system employed and equals the
number of distinet levels involved. The a's may assume the integral
values of any of the levels involved. Assume zero to be the smallest
level so the largest level will have the value B - 1, then ap (0 <k <n)

may assume any of the integral values between and including zero and

B - 1.

Similarly, the general expression of a fraction F in any base is

Fua Bl sa,BC va 870+ - - - +a B

Bases which are frequently used are binary (base 2), octal (base 8),



decimal (base 10), and bi-octal (base 16).

Arithmetic operations are extremely simple in the binary system
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as shown by the addition and multiplication tables of Figure 7. Various

binary codes other then the positional have been developed. Of partic-

ular interest in analog-to-digital conversion is the Gray code (8).
This code has the advantage of having a single-bit change between

successive numbers, and is of the form shown in Figure 8.

For the Gray code, the absolute value of a one in the jth

colunn is given by

=y

> 2

This code has & sign associated with each position which is positive
for all odd-numbered ones starting at the left and negative for all
even-numbered ones. There exists a simple rule of thumb for trans-
lating to conventional binary code from Cray code (1):

Leave the most significant one unchanged. Complement

each successive bit (change ones to zeros and zeros to

ones) as many times as there are ones preceding it in
the Gray-code number.

For example, the Gray-code number 1000 may be changed to conventional

binary representation as follows:

1. The first one remains unchanged.
2. The first zero is complemented since a single one precedes 1t.

3. The second and third zeros are complemented.
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a. Complete Binary Addition Table
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(a+b)

Complete Binary Multiplication Table (a x b)

Figure 7.

Binary Arithmetic Tables

Decimal

'_l

Figure 8.

O co~ O\ \w = O

Gray Code

0000
0001
0011
0010
0110
0111

© 0101

0100
1100
1101
1111

Gray Code Representation of the
Decimal Numbers Through Ten
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Thus, the conventional binary representation is 1111, which is equiv-

alent to 15 in the decimal system.

Choice of a code.-- The ordinary binary code is representative of a

class of codes called positional codes, while the Gray code is repre-

sentative of a class called unit-distance codes. In order to use the

Gray code with a machine such as the ERA 1101 computer, it would be
necegsary for the machine to first convert the Gray representation
into ordinary binary form. This is because the ERA 1101 computer
performs mathematical operations using standard binary arithmetic,
while the Gray code does not follow standard binary rules. Since
such conversions would require additional machine time, and since a
converter using a unit-distance code would be more complicated in
design, the standard binary code has been chosen for the converters

to the used with the ERA 1101 computer.



CHAPTER IV

CODING TECHNIQUES

Comparison coding.-- Among the more sophisticated of electronic coding

devices is a class of coders which compares the analog input voltage
with an internally syntheslized voltage. A switching circuit, which is
an integral part of the coder, changes the internally synthesized
voltage until 1t agrees with the input. The block diagram of a simple

comparison coder is shown in Figure 9. 1In this circuit, the local

voltage synthesizer is a decoder in which the internal sources are
turned on or off by the control circuit. The control circult turns
on various combinations of sources until the decoder output and the
voltage to be coded are in agreement. The state of the sources in
the synthesizer (either "ON" or "OFF", i.e., zero or one) then form

the quantized binary representation of the analog input.

Limiting factors in the choice of components for each of the
major blocks of the comparison coder are accuracy and speed of con-
version. The former is significant in the comparison and decoding
circuits; whlle the latter predominates for the control circuit.
Examination pf several types of possible control circuits reveals
various approaches to the problem of conversion time. A servomech-
anism approach may be followed in which the comparison circuit would
be designed to indicate a positive, negative, or zero difference

between the analog input and the synthesized decoder output. If a
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difference exists, the states of the decoder circuits are then changed
until the input and output agree. Here the limiting factor in conversim
time i8 the decoder, which must respond rapidly enough to follow the

dynamics of the input.

Another possibility utilizee the control circuit to turn on

the decoder sources in the following sequence:

bo

b1

bo and by

b2

by end by

by end by

by, by, and by

*

b, by, by, s Bp
Here, by designates the least significant bit end b, the most signifi-
cant. To generate an n-bit number would require 2" - 1 counts. For an
11-bit output with the control ce¢ircult switching at a rate of 5 X 106

times per second, the maximum conversion time would be

22“7 counts = U410 microseconds.
5 X 10 counts/second

This is an unreasonable conversion time and this type of coder will

not be considered for the converters.
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Compsrison coding with cascaded stages.-- The limitetions on conversion

time are theoretically eliminated in a unique circuit devised by B. D.
Smith (9). The essential components of his circuilt are shown in the
block diagram of Figure 10. This scheme derives a b-bit number by
utilizing b single-bit stages in cascade. BEach stage usees a com-
parison circuit and a subtracter. The comparison circuit is designed
to have an output which is either zero or equal to the stage refer-
ence voltage. The latter appears at the output only when the input

is equal to or greater than the reference level. A circuit which will
perform this function is the familiar Schmitt trigger circuit. 1In
order to minimize error, it would be essential to have a Schmitt
trigger circuit with essentially zero hysteresis. In general, this

is not physically realizable if vacuum tubes are employed, since
interelectrode capacitance would tend to cause a stesdy-state limit
cycle of finlte amplitude at the switching point. Solid state devices
have smaller interelectrode capacitances, however, and an acceptable
zero-hysteresis Schmitt trigger circuit which was successfully tested

in the laboratory is described in Appendix A.

Return to the description of the cascaded stage comparison
coder and note that the output of the Schmitt trigger circuit is
subtracted from the continuous input. The resulting signal, which
is equal to V4, -~ V,.p, is fed to the next stage. If the least
significant bit (the quantization level) is produced by anp volts,

the reference level of each other stage is given by on-k

Qp Volts.
Here n is the number of stages, k is the stage of interest, and

k =1 is the most significant stage. Especlally for a transistorized



33

Analog
Input
Voltage
Comparison Control| = Synthesizer
Circuit Circuitp— — — —
Binary Outputs - bo by bp « « by
Continuous Decoder Output
Figure 9. Comparison Coder Block Diagram
b b2 Vo ref b
vn—l ref el V-2 ref " T } J @
—®Comparison —~ Comparison | I Comparison
——e= Circuit ’—— -Circuit Circuit
Analog
Input
(Vin)
\ |
%= Subtracter —==1 Subtracterf— - l“"‘
Vin = Vn-1 ref l
Figure 10. Comparison Coder With Cascaded Stages



34

device, this scheme quickly gets out of hand. For example, suppose
dn = 1 and a ten stage quantizer is desired. The reference level of

the most significant stage would then have to be

210-1(1) = 512 volts,
a value which would be unreasonable even for vacuum tubes!

More reasonable results are obtainable from a slight modifi-
cation of the above ideas. All reference voltages may be made the
same if the output of each subtracter is multiplied by two. This

reference is then 2%~1q, volts, where n is the number of stages and

4y is the quantization level. Unfortunately, this scheme has the
disadvantage of multiplying the error by two in each stage also,

which means that accurate multipliers and subtracters must be used.

This problem of accuracy may be met by utilizing a tool
commonly used in analog computation -~ the operational amplifier.
The block diagram of a typical operational amplifier is given in

Figure 1ll. The transfer function for this circuit may be expressed as

If A—woo :_’;,9 S %, and the accuracy of the output is dependent
1

only on the feedback element and the input signal, if drift is

negligible. Several operational amplifiers meeting these require-

ments are on the market and may be utilized to give accuracies within

0.005 per cent of the maximum input (10).



Figure 11.

Operational Amplifier Block Diagram
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An example will clarifyy the functioning of a cascaded stage
comparison coder having a single reference voltage. Suppose it is
desired to convert to binary a voltage between 0.00 and 15.99 volts
in magnitude. This may be accomplished in a 12-bit register of the
form previously described. If we consider the case of a four-bit
binary representation of the whole numbers 0<n <16 quantized to one

volt, the reference voltage would be
Vg = 241 = 8 volts.

This‘approach may be extended to the fractional bits as well, and
the resultant outputs are shown in Table 1 for an input of +12.99

volts.

Limiting factors in conversion time are the time required for
each Schmitt trigger circuit to trigger and the response time of
the operational amplifiers in cascade. Less than one microsecond

per stage is a reasonable response time for the Schmitt trigger
circuits and operational amplifiers with a response of 0.5 micro-
second per stage have been built (11); This means that a total
conversion time of less than 20 microseconds could be expected for

an ll-bif representation. Such amplifiers are expensive and difficult
to maintain in proper operating cohdition, however, and since an 1ll-bit
converter would require 11 of these in cascade, this choice for a

converter design is discarded.

Comparison coding by successive approximation.-- The block diagram

of an alternative approach which also makes use of servomechanism



37

Table 1. Cascaded-~Stage Coder Voltages

Stage Trput Voltage  Output T Bt Weight
Sign 12.99 12.99 0 (plus)
1 12.99 2(12.99 - 8.00)'= 9.98 1 23

2 9.98 2( 9.98 - 8.00) = 3.96 1 2?

3 3.96 2( 3.96 - 0.00) = 7.92 O 2l

L 7.92 2( 7.92 - 0.00) =15.84 O 20
5 15.8L 2(15.68L - 8.00) =15.68 1 2-1
6 15.68 2(15.68 - 8.00) =15.36 1 g2
7 15.36 2(15.36 - 8.00) =1k.72 1 g=3
B 172 2(1L.72 - 8.00) =13.44 1 2~k
9 13.4L 2(13.L4 - 8.00) =10.88 1 2-5
10 10.88 2(10.88 - 8.00) = 5.76 1 a6
5.76 2( 5.76 - 0.00) =11.52 0O g=¥

13




methods for comparison coding is shown in Figure 12. An analog input
voltage is applied to the comparator. If the input from the summing
and weighting network exceeds this input, a pulse is generated by
the comparator and applied to the control circuits. The control

circuits are of such a nature that the count contained in the output
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register of the decocding network is changed one bit at a time, starting

with the most significant bit, until the comparator indicates that no
further error exists. The summing and weighting networks are the keys
to the success of this scheme, and an example serves to illustrate the

techniques involved more clearly.

The outputs of the summing and weighting network are given the

following weights:

1
Vi = V-1 * —ior Voo

Here Vi is the sum total of the contributions of all sources through
the kth; Vy.7 is the sum total of the contributions of all sources

through the (k-1)st, V_ is the weight of the most significant source,

and n is the total number of significant bits. Note that V, must &qual

201 for a binary read-out. Thus, the expression for V) becomes

~K

If V) is greater than the analog input voltage, then ‘the kth
bit, by, is a zero and the kth stage adds no contribution to the

total summed output of the k weighted stages. If V) is less than

or equal to the analog input, by is a one and the kth stage adds a
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contribution of 2(n - k) volts to the previous stage outputs. Assume
a five-bit register and an input of 26 volts. The voltages at each
stage may be tabulated as shown in Table 2. Note that the binary
representation for decimal 26 is indeed 11010. Hence, this scheme

gives the correct representation. of the analog input in binary fomm.

Table 2. Stage Voltages in Successive-Approximation Coder

Stage Vel * on-k Yy Is this greater by
than 26 volts?
1 0 16 16 no 1
2 16 8 2l no 1
3 2L L 28 yes"~ 0
L 2L 2 26 no S
5 26 1 27 yes 0

The successive-approximation approach requires a maximum of one
change of state for each stage. If it is assumed that one microsecond
per change of state is a reasonable time, a maximum of 11 microseconds
would be required for these transitions in an 11-bit register. Addi-
tional delays might be introduced by the control circuits and comparator,
but if these delays can be made small, this type of coder promises to

meet the conversion time requirements previously established.



An examnation of the problem of accuracy is in order at this
point. For the last bit to be significant, the conparator nust be able
to distingui sh between an anal og input and an input from the summ ng
and wei ghting network which differ by no nore than the val ue of that
bit. Thus, for an 11-bit representation, the conparator nust be able
to detect a difference between the continuous input and the summ ng
and weighting input as snall as one part in 20U7e Differential anpli -
fiers have been devel oped whi ch are capabl e of accuracy much better

than this (12).

The other naj or source of error is the summng and wei ghting
network of the decoder. A typical exanple of a network used for
decodi ng binary nunbers is shown in Figure 13 (1). Wen the kth bit
is one, switch S* is closed and current source T" adds a proporti onal
anount to the output voltage V . If the kth bit is a zero, switch $"
is open and current source T" adds no contribution to the output. All
current sources To to T, are of equal magnitude |, and are assuned to
have infinite inpedance. Therefore, Ty is not affected by the presence
or absence of other sources when S is closed and the only | oading on
Tr is that represented by tiv? resistive network consisting of R and 2R
The nature of the circuit is such that the load on every interior stage
is 2Rlooking to the left of the kth node., 2R 1 ooking to the right, and
2R looking up. Thus, the total load R* on every interior stage is

given by the relation

or, R . 2R,



