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ABSTRACT

This work describes the design, construction, and testing
of a digital-to—analog function generator and multiplier for
~analog computation and non-linear system simulation.

The unit qonsists of two separate channels each of which
is fed by a punched paper tape. Functions (bf.time)'are repre—
sented on the tapes in binary. code and are read into the machihe
_photoelectrically. In one Chanhel, voltage sources of constant
value but of either polarity are switched intd the parallel
branches of a ladder network in accordance with the incoﬁing
digital information. As a result of the particular choice of
resistor values in the ladder network the voltage at one‘end of
the resistive network is proportional to the binary dumber sig-—
nified by the polarity combination of the voltage sources. . In
the bfher-channel the function represented on the tape cdntrols
the polarities of the voltage soufces, and’the:magnifudes of the
source’voltages are changed according to a second.funétion, which-'_
results in an output voltage proportional to the product of the 
two functions. This second function may be generated independéntly
in the first channel, or it may be an external computer vafiablé;

One level on each tape is reserved for the generation of
cbntfol‘puises which can be used to de-—energize the reset relay
in the computer, i.e. to initiate the compute mode. The variable
tape speed and gain controls greatly enhance the verSatility of
theideviqe and render it very useful in analog computer simulation
studies,

Error analyses of two resistive decoding networks are
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outlined-and their results are considered in the final choice of
'the.decoding network. Complete circuit diagrams with‘short
explanationslbf their operation are presentéd. Results Qf tests
on accuracy; speed and general performance-are‘Summarized and

illustrated.
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1. INTRODUCTION

The analysisbof complex systems by means of simulation
on a large scale dnalog computer has created an ever increasing
demand for better function generators. The 1érge number of aiff-
erent generafors available today indicates the great dedl of
effort put into improving the performance of these devices.

The functions used in analog computation are of two -
basically different types. Those havihg a monotone increasing'
independent variable, such as time, as their argument represent
one kind, while the other kind may depend on any arbitrary
computer variable. Most functidn'generators lend themselves to
genéfation of both types of functions, but some are limited to
the generation of only one type of function, for.example, the
diode function generator which generates functions of arbitrary
computer variables, or the photoelectric function generator which
generafes time dependent functions by represénting them on photo-
graphic film,

The line of development of function generators starts
back in the days of the mechanical differential analyzer, since
even in the age of mechanical computation, people soon realized
the need for function generation. As a result, the so-called

(2)

input table a purely mechanical function generator, was

devised. The input table consisted of two perpendicular shafts



placed along adjacent edges of a table. Two pointers, one
attached to each shaft, moved along the shafts at a rate
proportional to fhe rate of rotation of the corresponding shaft.
A plot of the desired function, say f(t)*, was placed on the
table. One of the shafts was driven proportional to the
variable t, while the other shaft was driven manually in such a
manner that the intersection of the two pointers followed the
plot of the function, The position of the manual shaft
represented the function f(t). Since quantities in the
mechanical_differentialvanalyser were represented by shaft
positions, it was an easy matter to couple the input table to
the mechanical computer.

The‘ﬁextbphase of development was marked by the intro-
ductién of contour potentiometers and tapped potentiometers (l),
both of which are still in use today. The latter kind consists
of a linear tapped potentiometer whose wiper is usuaily'sérvo—
set proportional to the variable t. The tap points are
connected to voltages proportional to the required functioh‘
f(t). As the wiper moves along the potentiometer, the
potential on the wiper represents a”linear—ségment approximation
of the function £(t). In the case of the contour potentiometer
the wiper is specially shaped so that it makes contact with the
linear potentiometer at a point where the potehtial is
proportional to the function f(t). Another variatibn of the

contour potentiometer is made by shaping the potentiometer itself

‘Throughout Chapter One the symbol f(t) will mean a function’
of t, where t is either an independent variable representing
time, or an arbitrary computer variable.
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according to the desired function (i.e. equnential, logarithmic,
sine - cosine, etc.). A major disadvantage of the contour
potentiometer is that either a specially shaped potentiometer
body or a wiper has to be prepared for each function to be
generated., Consequently, the contour potentiometer is
satisfactory for function generation only when the same function
has to be generated repeatedly as, for example, in flight simu-
lators. A serious disadvantage of the tapped poientiometer is
thé time required to set up a function. As the voltége at a
given tap is adjusted, it affects the setting at every other tap.
With experience the excessive sét—up time can be reduced
considerably. Also, special calibration equipment and procedures
are available which help shorten the set-up time, but’diminish
the simplicity and economy of function generation by potentiometefs;
Another disadvantage is low speed, since this fype of generator
is semi-méchanical.

Peihaps the best-known of all are the diode function.
generators (4). Containing no mechanical pérts they were the
first high-speed function generators developed. The diode
fungtion generator approximates the desired function by straight-—
line segments whose slope, and in most models the break points
as well, are adjustable. (The intersection of two straight
1ine§ is called a break point). In the more expensive models a
bhigh—frequency "dither" signal is used to smooth the sharp break
points to yield an even better approximation to the desired
function.
| Another group of electronic function generators makes use

(2)

of photoelectric principles. The photoformer is probably the



best known among these devices. It consists of a cathode ray
tube (CRT), a mask, and a photocell. The horizontal sweep of

the tube 1is made.proportional to the variable t. The mask is

a plot of the desired function f(t) with the area below the

curve made opaque and the upper portion of the mask made
transparent. The photocell is placed in the path of the beaﬁ and
the mask is placed between the tube and thé photocell. With

the photocell disconnected the bias on the vertical amplifier is
adjusted uhtil the beam is deflected to the upper edge of the
CRT. The photocell is then connected in the bias circuit of the
vertical amplifier in such a way, that its output opposes the bias
previously applied, and hence, deflects the Eeam downwards., As
the beam reaches the opaque region on the mask, the photocell is
cut off, and ceases to deflect the beam'ahy further. Hence the
beamvwill stay at the boundary between the opaque and trans-
parent regions, Since this boundary is plotted as the function
f(t), the voltage across the vertical deflection plates is
proportional to the desired function. The photofofmer is a very
high~speed but low~accuracy device.

In other photoelecfric function generators the required
function f(t) is represented on photographic film by either
variable density or variable area (8). The film is used +to
intercept the passage of a beam of light to a photocell. Since
the transmitted light is proportional to the function, the out-
put of the photocell represents the desired function f(t),
provided the film is moved according to the variable t.

The x-y plotter type of function generator is basically

a mixture of the potentiometer generator and the early input



table. Here the plot of the function is traced.by a photoelectric
pick-up head whose Qutput controls a servomotor which positions
the head above the plot. The servomotor‘alsé drives a
potentiometer wiper which supplies an output voltage proportional
to the desired function., In a modified version of the x-y
plotter generator the plot is replaced by a current carrying
conductor, and the photoelectric cﬁrvé-follower is replaced by
a magnétic pick-up stylus which senses the magnetic field set up -
by the current in the conductor. The signal from the pick-up
stylus controls a servomotor which, in turn, drives a potentio-
metef as in the photoelectric x-y plotter geherator.A

The most recently developed function genérators
incorporaté mahy'digital techniques. Most of the devices -
described in the literature store the desired function f(t) in
digital fprm and use a suitable method to convert fhe'digital
informationvinto‘analog‘form at'ﬁhe output. In one schéme (5)
discrete values of the function f(t) are stored on a rotating
vmagnetic‘drum. The values are read from the drum in the correct
sequence, and are converted to analog form, the intermédiaté
values being produced by linear interpolation. Another method
(7) is to store the initial value of the function along wifh a
large number of subsequent increments. The generation, here;'is
done by.adding_up the increments, in other words by simple
integration. In both methods the argument of the function is‘
represented by the rotation of the drum. The dfum is usually

driven at a constant rate in which case the operation is limited

to the generation of time-dependent functions only.



In the function generator described in this thesis,
discrete values of the function are stored in binery code on a
punched paper tape, which is read photoeléctrically. The
digital output of the tape reader is converted to analog form
by a resistive decoding network supplied with a constant bias
voltage. The anaiog output is held constant until the next
conversion occurs. .Hence the output is a step-voltage
apprbximation of the desired function whose degree of accuracy
dépends-dn the interval between conversions and the step size.
~ The latter is determined by the number of digits used In the
binary code. The device can also be used as a multiplier. If
one function, say fl(t), is generated in the manner described
above and the bias voltage on the decoding network is véried
dccdrding to another function fz(t), then the output voltage is.
proportional to fl(t) fz(t), the product of the two functions,
The device consists of two channels, Channel A, which is ca@—
pletely transistorized, is for funqtion generation, and Channel
B, containing’high—speed magnetic reed switches, serves for
mﬁltiplication. .Tée possible modes of operation of the device
are as follows:

a) both channels generate functions indepéndently accord—

ing to their tape inﬁuts, _

b) channel A gen?rates a function, say fA(t), chénnel B

generates another function, say fB(t), and multiplies

£5(%) by £,(t),

- ¢) channel A generates a function, fA(t), channel B
generates a function, fB(t), and multiplies fB(t) by

an arbitrary external function.
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The ensuihg chapters describe the theory, design, construction,'

and testing of the device.



2. THEORETICAL BACKGROUND

This chapter is intended to form the theoretical grbund-
wofk for the design procedure discussed in Chapter 3. Reférence
will be made to the various sections of this chapter wheneﬁer a
certain step in the design needs justification. For more

details in regard to topics discussed in this chapter the reader

(9)

is referred to the references listed in the bibliography.>

2-1. Digital - Analog Conversion

| in today's effort to combine the advantages of analog
and digital techniques, an important link between the two
domains is the process of digital—to-analog (D/A) and analog-to-
digital (A/D) conversion. In analog systems, quantities are
represented continuously, while the digital representation
involves quantization. Consequently, the converted analog signal
caﬁ only be an approximation in the digitalbdomain. Consider |
the analog quantity f(t) in Fig. 1. In the digital represent-
ation of this quantity, two kinds of approximation are involved.
Instead of continuous observation, the anaiog quantity is
measured at discrete time intervalsy, a technique which is called
sampling. The second kind of approximation occurs when the
observed value during each sampling is approximated by the
nearest available number. This is called quantization. Analog-
'tofdigital conversion, then, is nothing else than the process of
sampling and quantizing of the analog quantity, or, in more
familiar terms it is a kind of pulse modulation as shown by

the arrows in Fig, 1. Digital-to-analog conversion, as the



ANALOG QUANTITY

i QUANTIZED SAMPLES

4

t:

Fig, 1. Digital Representation of an Analog Quantity

name suggests, is the inverse process. Here the digital infor-
mation is decoded* and the analog output is assumed to have the
_same value until the next modulated pulse arrives. Hence, hold-
ing of some sort is required because the analog world.is
.continuous, and the value of a sample must be maintained until
the next sample arrives. Fig. 2 shows the analog signal obtained
from a pulse modulated signal.

The question arises: How well can an analog signal be
recovered after a complete cycle of digital-analog conversion?

The answer to this question is given in the Sampling and

Digital-to-analog conversion is often called decoding, while
coding refers to analog-to-digital conversion.
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f(1) )

. ] o

. 'RECOVERED ANALOG SIGNAL
DIGITAL RE’PRESENTATION\ ' N

= [~ ’
)
L )
£

t
Fig, g.’ Agalgg Signal Recovered from Digital Information

Quantizing Theorems (9) which set out the conditions of complete
recovery in terms of the frequency spectrum of the signal, the

sampling rate, and the quantization error.
'2=2+ Decoding Networks

The basic function of a decoder is to pfoduce a voltage
proportional to a number, If this number is binary then we
talk about a binary decoder. ‘There are two main groups of
decoders. The first group consists of decOderé in which
conversion involves an intermediate step, usually the generation
of a pulse of some kind whose duration is proportional to the
number being decoded. These devices are relatively siow and
complex, but if a mumber of converéions have to be done -
simultaneously, most of the equipment can be‘time shared by the

various channels. Storage for holding information between
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conversions is usually not needed. The second group, formed by
decoders which carry out conversion in a single step, is character—
ized by short conversion time and extreme simplicity, but time
sharing is difficult and storage for holding is in all cases
required. Two decoders of the secondvgroup will be illustrated
in the following sections. For details on the othérvtypes of

decoders the reader is referred to reference (9).
2-3+ Network of Weighted Resistors

Perhaps the simplest method of decoding consists of
the switching of current or voltage sources into a resistive
network in accordance with the number to'be decoded. This
method is illustréted in both. examples given here. ‘The network
.of Fig. 3. is a binary decoder. Suppose the numbers to be

decoded are (n+l)-digit binary numbers of the form

P:bnb 0"bb

Conversion is performed by switching the voltage sources

E, (k=0, 1...n) in such a way that

E,=+E if b_=1, and

E,=-E if b =0,

To show that by choosing the resistors r, according to the

k

formula

R - ’ .
r, = —% ‘ : (1)
5 .
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lh‘l’
Y,

12

Fig, 3, Network of Weighted Resistors

the network is capable of binary decoding,‘donsider the

equivalent circuit shown in Fig. 4, where the voltage sources are

aséumed ideal., Grounding the -E and +E terminals in turn and

applying the superposition theorem we can write:

Fig, 4,

+E

[
é; g% ALLr}

ALL r
t

|

-E

Equivalent Circuit of the Network of

+
R .
o%% Vout

Weighted Resistors
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v =
out

(2)

where summations are carried out over all i and j such that

b, = 0 and bj = 1. Equation (2) can be simplified to give

v = - i . - (3)

Combining (1) and (3) we obtain
1 < 1
E(Z v T Lr—.)
, j n i
_ i i

n+l

v

. (4)

out
2

:UII—J

0

Observe that if p is the binary number.corresponding to the state

of the voltage sources, then

ol 1 T, 1
T =R 2 == p (5)
éjdrj R, fo R,

since rj stands for each of those resistors whose corresponding



binary digit is 1. Consequently,

I E-Lh-Th-

. 1
1

HIH
HlH

n+l ) 1
2 -1} -5 p
( | Ry

or
: 0]
1

IS~ AR PO

Using (4), (5) and (6) we obtain

2p + 1 |
Vouu =E | ——-1] - : (7)
‘ én+1
Equation (7) which was derived by Susskind(g), is a linear

relation between V ut? the'analqg output voltage, and p, the
binary number to be decoded. Note that if p is changed by 1,
the output voltage vout changes by E; ,.hence the quantiiation

error is given by

. (8)

Equation (8) also follows from the fact, that with n + 1 binary

n+l

digits, a total of 2 different binary numbers can be formed.

A simple examination of equation (7) will show that no binary

integer exists for which v 0. 1If E # 0, for v .t to be

out ut

zero 2p+l = 2n+l’ i.e. p = 2" = I must hold. However, since p

I.&

is an integer the last relation cannot hold, and hencé Vout

cannot be zero. Hence, a special provision must be made for

14
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Since the relationship between component tolerances and
conversion accuracy for decoders is of considerable interest, we

will consi&er the following error analysis.
2-4, Error Analysis of the Weighted Network

For the network of weighted resistors, the output voltage

v
out

which is repeated here for convenience:

2 5- 05

v = d = . | (9)

aut
n
DY
0

in terms of component values was given by equation (3)

Hll—‘

Differentiation of (9) with respect to L rj and RO in turn will
indicate the relation between small changes in resistor values

and the resulting changes in the output voltage. Thus,
| n
1 1
R ERr ]
0 i
n
1 zl_
‘R + Ty
0]

which combined with (1), (5) and (6) reduces to

’e'UIl—'

ol
A
<

out ~

(5] Lol

¢ Vout | dri

where the factor of proportionality Ki(p) is a function of p
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and is given by

' 2p + 1 .
k;(p) = 22(§+1)—i . o (11)

Equation (10) relates the percent error in resistor r. to the
correspohding full scale erfor in the output voltage in terms
of the binary number p for the cases when bi = 0.

Differentiation of (9) with respect to rj yields.a

similar relation for the cases when b, = 1:
d Vout dr. _
— = o) (12)

where Kj(p) is given by

n+2

2p-2 + 1

Kj(P)‘: e ' (13).

Finally if (9) is differentiated with respect to Ro the

following result is obtained

d v dR~

out : 0
_wheré 
op - 28 4 |

Equations (10), (12) and (14) can be simplified if the coefficients

Ki(p), Kj(p) and K(p) are replaced by their maximum values over
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1

the range defined by O = p= o+l 1. with thefassumption that

2n+l>$>l we may simplify and combine (10) and (12) to obtain

d Vout - 1 k (16a)
‘ - . n=k r ;
E 2 k
and rewrite (14) as
dvVout - 1 dR, (16b)
E - 2n+1 RO *

The inequalities given by (16) define an upper bound for the full
scale relative conversion accuracy in terms of component toler- .
ances,. . .

If equations (10), (12) and (14) are multiplied by

E/vout, the following relatiens are obtaineds

av.

__out < 5k -r_k , | (17a)
Vout k o
d v dR
out 1 0]
v n+l ®o B ().
out 2 '

The inequalities given by (17) indicate an uppef bound
for the relative conversion accuracy in terms of component
tolérances. The weighting factors (powers of two) appearing
in (17) are closely related to the place values of the binary
digits, and therefore indicate that the resistor associated with

the most significant binary digit must be the most accurate.
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2-5, Ladder Network

Our second example of binary decoders is shown in
Fige 5. The process of decoding is exactly the same as in the

first example, i.e. the voltage sources are switched according to

Fig., 5. Ladder Network for Binary Décoding

the binary number to be decoded. To derive the binary con-
kverSionffofmula, use will be made of.the.equivalentvcircuité in
Fig. 6, and the voltage sources will be assumed ideal. From

Fig.fé, the voltage at the kth node due'to the_kth source.” is

givén by
ek = 3 for k =0, 1, 2 ...n-1 (18a)
9
and
. _
. - m for k = n. (18b)
n,n 2 )
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It follows from equation (18a) that

. I R
k+l,k = 2 73
N L X
k+2,k = 4 3
Y 1 By
n-l,k =  ,n-l-k = 3 *
k n
u I
2R R §§R 2R
+ + <
Vk'k vn,h
CED E)
\
—— —
| a) k = 0,1...wn-1 b)) k =n

Fig., 6. Equivalent Circuits of the Ladder Network

Referring to Fig. 6b we may write the output voltage due to the

th
k source alone as
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or

Ey

= R (19)

Vn,k
Comparing (19) with (18b) we find that (19) holds for all values
of k = 0, laevson., It remains, then, to find the output
voltage due to all sources., This can be found by superimposing
the output voltages due to the individual sources, thus -

n ’ n

: : By :
Vout = }: vn,k = E: 2n—k+1
- k= ' k=0 .
or
v o= —a 23 . el ‘(20)
out ~  2n+1 E: E: )
‘ j i
where i and j are such that bi = 0 and bj = 1. Since
J
and

n
Z-zlz Z ,2k_z 2J=2n+l_l_P

i . k=0 3

whereip is the binary number to be decoded, we have

I _ n+l _
Vout = on+l [P (2 1 P)]
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or

- E _zﬂi__l (2]_)

vout - 2n+1

which is the desired relation. Equations (21) and (7) are
identical, and hence, the ladder network,too, is capablé of

binary conversion.
2=-6. Error Analysis of the Ladder Network

In order to carry out the error'analysis for the ladder
network it is again necessary to expreés the output voltage in

terms of the decoding resistors.. The network is redrawn in

Bt

Akq ’.Bk
T =1 o= ... - - -2
r = I‘O = I'l = ecowwn = rn_l = 2R, I‘n =3 R
RO :Rl = ee0ec000080 — Rn_2 = R, Rn"']. :°2" R

Fig. 7. Ladder Network for Binary Decoding
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Fig. 7 with the resistors identified in a more convenient way
for the analyéis; Ak and Bk are the equivalent resistances
of the two sections of the ladder as indicated, where their

values are given by the continued-fraction expansions

b =Bt ————
: r + ‘I
Kl By * T 1 | | (22)
L +
. T
k+2 Rk+2 +o.
tT ]
+ + r
n-—1 n-1
and
1
By =Ry +
1 + 1
r -1
k-1 " +
2 T 7 L1
T
k—2 Rk.—3+..
“, 1
+t T 1
¥ 1
1 RO + T "
 rO
: ' th | th o
‘The voltage at the k node due to the k source,Ek,ls-glven by
-1
1 1
E = + T E
k(Bk' A’k) k
v R . =
k,‘k : ’
Y A O e
k Bk Ak Ak_ Bk
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and
( 1, 1 -1
< v Tkl Ak _ B
‘k+l,k - "k,k _’ ‘ -
- 1 1 1 T o Ty B By
Rk+ - + 1+A—+§—'- 1 + == +A
CTkel Akl K Ok K+l A4l
o By
v‘n',k = g ‘ °
| Iy T B B _ R B
l+r+B— 1+r +A .o..‘1+ r + A
k k k+1 k+1 n “n

(24)

The total output voltage is the sum of the contributions of the

individual sources. Hence,

Vout = 2: ”vn,k ‘ R (25)-
k=0 ' . . . S .
where the vn-k are given by (24). The error analysis can now .
. , P _
be carried 6ut by differentiating equation (25) with respect to
‘rs,_RSfand r in turn. Consider the differentiation of (25) with

respect to r  first. We can write

n

d T a4 -
ar_ Vout ~ '2_ dr Vn,k' (26)
S k=0 S

The derivatives on the right hand side of equation (26) are

obtainedbfrqm relation (24). It is convenient to consider the
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following three cases:

case a) s = k, where a;; A =0, (27a)
| d o

case b) s = k, where H?; A = 5;; B, = 0, and (27b)
case c) s == k, where I B, = 0. (27c)

k

The differentiation of equation (24) is carried out using the

general formula

a. . 1 _ -1 (Lda , 1db

! ' = + + o..‘c).
dx AbC eeesesscss abC seeeses a dx b dx
(28)
Case a)
B s
d - : Ey Bf dr_ "k
dI‘S n,‘k : = r r Nea] R R v N )
s=k ]_+-‘&—L-§-+§I-E)I| l+;:b-+At 1+A'—k'-+B—k
: k k t+1 Pl Kk k
: o t=k _
where (29)
1l d
EE dr Bkgl
d—B — k-1 S _ 1 d B
S 1 " 1 ) 1+ k—l)
Tl Bge1 L1
- 1 d B
- 2 2 dr_ k-2
B_11" B, o s
1 + r 1 + -IT___
k-1 k-2
— 1
= - 5 > .
- i B B r
1 + rk—l) 1 + rk_z’ esss 11 + ;—S+—1 1 + _B_
k-1 k-2 “s+l
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or
a 1 : _ . .
ar_ Pk = | k-1 — - (30)
- 8 r 2 By )2
(1 + 5 (1 +-r-'-)
S 4 t.
. 2 tb=s+1

Equations:(BO) énd=(29) can now be combined and simplified to

d n 1
d_ v _ = 2 = (31a)
'grs ‘n,k 3ryg- 22(n..:s)
S =< k=n
ahd
PR E ' - o
d k 1 4
4a o _ - I o (31b)
‘drs n,k 4 3z SNtk - 2s+1 B
s=k<=n 2 =
Case b) o
Differentiation of (24) with respect to rs,for the
case s = k gives- |
4 o T A By |
drs Vn,k‘ — n-1l. S ' o
s=k | R, . R, . T T
|| L+ rt : + At 1+ KE + ﬁg ‘
T+l t+1 . k k[
t=k ; . ‘ .
which after much simplification reduces to
| E
d ) n
dr_ 'n,k T 4r_ (322)
s S
J s=k=n
and
- _ B
d k 1
dr_ "m,k | T 73z _n-k° (32b)
& s=ken S ' ’ .
Case c)

For the third case with s = k the differentiation of



equation (24) results in the following:

o,
A2\drS k
a Y _ Ek K +[
dr n,k - n-1 /
| Ty Tk Tl' Ry oy T T
s=k 1+1—+§— l+r +—‘—A', l'+I—+B—-'
k k t+1 B4+1 k k
t=k g
B, 3 N B oa A By
.2 dr k+1 2 dr s=1
Ay s Aip s T
+ - + sees + + ,
2 .
| ‘ R R R
1 + I:,k + ik f + rs'2 + AS'Z) 1 + i"’l + z"l
k+]1 - k+1 s-1 s=1 s ]
(33)
where
1 d
- 2 dr, few -
d ., _ Tk . 1 a_
ar. kT = L2 dr_ k4l
S 1 1 k+1 -8
T tx 1 +z '
k+1 k+1 k+1
1 d
= ar Ake2
A 2 . ) Ak 2 s
1 s rk+1 - +2)
k+1 Th+2
1 Aeto Ag1) r)?
l + T (1 + r_ "EEEER) 1 + rs_) ]. + X§'
k+l k+2 s=11 s
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ar M = 1 . (34)
s 2 s=1
r . At
1 + = 1l + —
A T
S t

a_ .,
drs’ n,k
N s<k
s=n
and
a5
v drs n,k
- S>k
SN

If substitution

(26) is carried

Differentiation

t=k+1
we 6btain

and simplifying equations (33) and (34)

s-k-1

n
N

E 0 _ |
E_1 1.3 ¢ 1\

T r_ t 7 It 3 (35a)
r 2n--k+1 4s-k 4 _E: ‘4) 4 .

, A

E = |
k1 (L 1 L1 )

=T, onkdl \3 sk * R (35b)

t=1 |

of equations (31), (32) and (35) into relation

out, after simplification the result is

d v dr

out . 1 _ k

E 2n—k+1 rk

of equation (26) with respect to R, and r produces

the following results:

out < 1 de

= n-k+1 r, ‘! (36b)
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and

out <L &z, 060
The relations given by (36) indicate the dependence
of the_full Séale conversion accuracy on componént tolerqncés
for the ladder network. Comparison of relations (36) with
relations (16)>reveals that the output voltage of.fhe laddér
network is less sensitive to changes in component balues than
that of the network of weighted résistors, and therefore, for
the same degree of conversion accuracy the ladder network
requires resistors half as acéurate as those in the.weightéd
network. Consequentiy the conversion accuracy for the ladder
network can be derived from the relations in (17) byumaking the

dppropriate adjustment by a factor of two. Thus,

= 5 K _ | >(37a.)_

d v d
out - 2k-—1 Rl& (37b)
out Rk
and
d v
_out < 1 dr
= 7 T (370)

‘out
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2=7. Summary

In summary, then, both networks are capable of binary
decoding, the accuracy of which depends on the number of decoding
fesistors and on the tolerances of their values., Furthermore,
these tolerances should be weighted by fréctions.of two as
indicated in (16) and (18) for the weighted network and iﬁ
(36) and (37) for the ladder network. It was also’shown‘thaf_for‘the
same tOferances the ladder network is twice és accurate as the

'network of weighted resistors.

v
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3. CIRCUIT DESIGN

3-1. Design Philosophy

The object of this work was

1) to investigate the use of & digital-to-analog conversion
device.as a combination function generator and
multiplier, and

2) +to build and test such a device if feasible.

The double-input function generator was to provide
arbitrary driving functions for purposes of analog real-time
computation and simulation. One of the two channels (one
corresponding to each input) was to be capable of-multiplication
as well as function generatibn. In order for the device to be
compatible with analog computer facilities the standard output
range of + 100 vplts, with overall accuracy of 1% or better, Was
sought. |

The first attempt resulted in the block diagram of the-deVice‘
as shown in Fig. 8. Channels A and B form the generating chaﬁnel |
and multiplying channel, respectively., Two twelve-level punched
paper tapes provide the digital input for the two channels.  The
trigger circuits driven by the incoming digital information
activate the switching and decoding networks which in turn produce
analog voltages corresponding to the hole and no—hole combinations
read by the photoelectric readers« The two channels differ from
each other in the method of switching and the bias Voitage across
the decoding network. In Channel A transistor switches are used

/

to connect the proper bias veltages to the decoding network. For
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function generation the bias is + E volts, where E is a constant.
In the case of multiplication the bias,across the decoding network
has to vary according to the multiplicand which in turn may.
change sign. In this case high-speed relays, which are insensitive
to changes in polarity, have to be used:insteady of transiétof
switches. Channel B can also be used to generate functions
provided the bias across the decoding network is held constant
(iees g(t) = constant). The speed and gain controls add a greaf
deal of versatility to the device because théy provide means of
varying the time scale and magnitude of the generated function.
The dotted line connecting the two‘blocks labelled TAPE DRIVE in
Fig. 8 indicates provision for synchronization between the two
independent channels. |

| At this point, with the geﬁeral outline of the funétion'
generator and multiplier in the background, we are ready for the
firs£ step towafds the realization of our block diagram. TFig. 9
shows the middle block of the channels in Fig. 8 in somewhat more
detail. The diagram shows how the twelve available levels of thé
tape are assigned. One level (No. 12) is used to generate clock’
pulses for the purpose of synchronization between the various -
levels. Nine levels (Nos. 1 to 9), each éorresponding to a binary
digit,'are reserved fof the point value representation of the
desired function. One of the remaining fwo levels (No. 10)
provides zero output, sincey as it was shown in Chapter 2, no
quantization level coincides with zero, and hence, an exfré levél
1s required to ground the output directly whenever zero output is
called for. Finally the last level (No. 11) generates control

pulses which provide communication between the génerator and the
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computer. The binary code for representing funé%ions 1s given
in Table 1 in Appendix I where the use of the table is
illustrated by an example. The functions Qf the various blocks
~in Fig. 9 are as follows. When the reader senses‘a hole in a
partidular‘level on the tape it sends a pulse to the corresponding
shaping circuit which prodﬁces a square pulse with short rise
and‘fall times. The control pulse de-energizes the hold and
reset relays in the computer, and hence initiates the compute
mode. The nine bit pulses and the zero-level pulse are combined
with the clock pulses in the trigger circuits which produce nine
trigger.pulse trains of evenly spaced sharp pulses synchronous
with‘the leading edges of the square clock pulses. The polarity
of the pulses changes according to the information received from
the tape. If a hole is observed in a level the corresponding
" trigger circuit sénds a positive pulse, and in the ébsence of a
hole it generates a negative pulse. Single-sided triggering of
the flip-flops in the switching circuits then results in a one-
to-one correspondence between the presence or absence of holes
and the state of the flip-flops. The final step in obtaining
the analog output is to switch the voltage sources in accordance
with the state of the flip-flops.

Thé following sections deal with circuits designed to

perform functions called for in the block diagram representation.
3-2. Shaping Circuits

The shape of the pulses generated by the light sensors
depends a great deal on the speed of the paper tape. As the hole

approaches the light sensor the amount of transmitted light

i
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increases gradually, attains a maximum, and then again falls
down te a minimum. Consequentlyy thé phofoélectric response has
similar rather poor rise dnd fall +time characteristics which
have to be improved by pulse shaping. The shaping circuit (see

Fige 10) consists of a Schmidt trigger (formed by T, and T3) and

2

an input transistor (Tl) which is turned on when only the dark

current is flowing, and is turned off by the light current due

‘to a hole. The decision level of the Schmidt trigger‘is set

l

Vee
/?Qi R Re %ag |
Re Re ouT
VWAV
a

| IS _"'_] | &n
LS RIW
e

C

LS = Type L§222 Light Sensor R2 = 447K R6 = 47K
1»,T2_9T3 = Type 2N1304 R3 = 10K R7 = 100K
R, = 50K | Ry = 447K ch¢ = +6 volts

Fig. 10, Pulse Shaping Circuit
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between the two extreme values of the collector voltage of Tl’
and hence, the output of the shaping circuit is a fast rising
and falling square pulse coincident with, but someWﬁat_narrower
than, the input pulse. The pulse width at the outputbcan be
adjusted by Rl’ since the degree of saturation of TI’ depends

on the bias set by R1 and R2, which also determines the amount

of light required to bring Tl’ out of saturation.
3-3, Trigger Circuits

‘The gemneration of trigger‘pﬁlse trains can best be
understood from the block diagram in Fig. 11 where the method of
combining the clock pulses with the bit pulses from a particular
level is shown. By means of the pulse width adjustment described

in the previous section the bit pulses are made to overlap the

|
N

| t
DIFFERENTIATE
—P—— -
CLOCK NAND ]
PULSES _ AND CLIP
" AmeLiRY
POLSES '
—— — J INHIBIT DIFFERENTIATE
R AND CLIP
e} ™~ T“ n.n L g

. o .
_ . 8 |l‘ I.\ E\
| Tt B R , -

Fig, 11, Generation of Trigger Pulses
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clock pulses in duration so that the output pulses of all the
NAND and INHIBIT circuits are synchronized to the leading edges
of the clock pulses. The waveforms shown at key-points in

Fig. 11 make any further explanation unnecessary. In the
circuit diagram of the trigger pulse generator (Fig. 12) the
diodes D1 and b2 along with transistor T1 perform the NAND

function, while T and D, make up fhe INHIBIT circuit. The

2+ D 6

pulses are differentiated by ClRS and CZR clipped by D3D4 and

11°
D7D8’ then added by R6 and R12’ and finally amplified by T3a

3~4. Decoding Network

Although the part immediately following the trigger circuit
is the switching circuit, it is more convenient to discuss the
decoding network first and then £i11 in the gap between the
tfigger circuit and the decoding network.

We havevalready started comparing the two binary decoders
introducéd in the previous chapter, where it was found that.the’
ladder network was more accurate than the network of weighted
resistors. From the circuit designer's point of View the ladder
network_has additional desirable properties for which it was
chosen over the other networks One such advantage is that each
of the sources, Ek,.sees the same equivalent resistance, which is
not true for the weighted networke Another useful property of
the ladder network is that its component values are of the same
order of magnitude. Precision resistors with a wide range of
values as required for the weighted network would be very
expensive and troublesome to obtaine. The network is redrawn in

Figs 13 with all component and tolerance values shown. The
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Figs 12. Trigger Circuit

Rl = 12K R8 = 8,2K R15 = 27K

R2 = 100K R9 = 18K Cl,C2 = 0,002 pf

R3‘= 18K R,,= 12K ’ D, to Dg = Type 1N34A diodes

R4 = 8.2K» , Rllz 47K T1;:2 = Type 2N1304 transistors

Ry = 47K R, = 22K - Ty = Type 2N1381 transistor

R6 = 22K R13= 470K Vccl = +6 volts_

R7 = 100K Rl4= l.SK. VCCZ = —=40 volts
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tolerance values are commercially available values nearest to
those obtained from inequalities (37) in which a relative accuracy

of 0.5% in the output voltage was assumed.

. A

A
x
I
|
N
=~
- NV\VN—4
_ oY
S

ry = 10K, 1% r = 10K, 2%

r, = 10K, .5% R, = 5K, 1%

r, = 10K, 625% R, = 5K, «5%

T4 = 10K, 1% R, = 5K, «25%
r, = 10K, .05% Ry = 5K, .1%

r; = 10K, .02% Ry = 5K, _’.-05%
re = 10K, .01% Ry = 5K, .02%
r. = 10K, .005% R, = 5K, ._01%
rg = 75K, .005% R, = 2.5K, «005%

Fig., 13+, Degoding Network
3~5« Switching Circuit for Channel A

To provide the source voltages,Ek,in Fig. 13 we require a

circuit activated by the trigger pulses that will give at its
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output either +E or -E volts depending on the sign of the
trigger pulses. In addition to this, the circuit should hold
its output constant until the next change in the sign of the
trigger pulses occurs. The circuit of Fig. 14 fulfils both of
these requirements. The bistable multivibrator (flip-flop)
and T

consisting of T is triggered at the base on one side,

1 2
and hence changes its state only when the sign of the trigger
pulses changes. The collector voltage of the opposite side is
coupled to the transistor pair T3, T4 which provide turn-on

and turn-off currents for the switching trénsistors T. and T6'

5

Depending on the state of the flip-flop; T. and T6 can be

5
either in the ON or OFF states, but not in the same state
simultaneously. Ideally, the output voltage is +E volts when

T5 1s on, and -E volts when T6 is on. In practice, however, due
to the non-zero saturation voltage of the transistors the output
voltage will only approximate the supply voltages +E, The error
can be made relatively small by choosing as large a value for E
as the maximum VCE’ VCB and VBE ratings of transistors T5 and T6
allowe The saturation voltage, or in other words, the error
itself can be decreased by driving the transistors well into
saturation, and also by operating them in the inverted mode‘* In
Figs 15 average saturation characteristics for the type 2N398B
transistor (T5 and T6) are shown. According to the curves, for
the same load and base currents the saturation voltage for small
load éurrents in the inverted mode is considerably less than
that in the normal mode. Design values for the base drive

currents were obtained from the saturation characteristics as

follows. When T5 is on, the output current flowing into the

In the inverted mode the roles of the emitter and collector are
interchanced.
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decoding network, which has an equivalent input impedance of
15K, is 25v/15K or 1.67 ma. From the curves in Fig. 15 a base
drive of 2 ma with a load current of 1.67 ma resﬁlts in less
than 25mv saturation voltage which represents an error of
approximately 0.1% of the output value of 25 volts. When Ty is
ony fhe output current is again 1.67 ma flowing into the
‘collector of T6’ but the load current is only 1.67 ma less the
base drive current. By trial and error one finds that a base
drive of 0.8 ma (i.e. a load current of 0.87 ma).yields an

error comparable to that introduced across T5.

3-6. Switching Circuit for Channel B

We already know that in the multiplying channel the
role of the constant sources of i 25 volts is taken by variable
voltages, say + g(t). It is immediately apparent that the
transistor éwitch of Figs 13 cannot work in this case since the
collector supply, g(t), changes in both magnitude and sign. In

Fige 16 transistors T. and T6 are replaced by high—speed magnetic

5
reed switches, which eliminate the need for transistors T3 and T

4
as well. The flip—flop (T1 and T2)'is still present, and holds
the information between conversions, as before. The field coils
of the reed switches appear directly in the collector circuits,
and hence, the switches are alternatively closed or open
according to the state of the flip—flop« Details about‘the

characteristics and preparation of the field coils are givén

in Appendix II.
3-T7T. Zero-Level Swtiching

We have seen that a weakness of the resistive decoding
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Figs 16. Switching Circuit for Channel B

networks is the inability to give a zero level output when used
as a dﬁal polarity decoder (range of +E volts). In cases when
the  function to be generated only crosses the zero level this is
not a_disadvantage because the conversion time, in.general, will
not coincide with the time of crossing. However, when the
funcfion takes on the zero value over a numbér of conversion
.intervals it may be desirable.to have provision for zero level
decoding. The use of an extra level on the tapé.serves this

purpose (Figs 17). Trigger pulses are generated the same way as
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R3 = 3.9K R7 = 82 Tl,T2 = Type 2N1381 trans-
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R4 = 33 : Cl_= 1 pf : VCC = -6 volts

Fig, 12; Switching of Zero Level

for the other bit levels. When a hole appears in the zero level
on the tape a positive going pulse from the zero trigger turns

transiétor T1 off and T

and grounds the output amplifier« As soon as the holes in the

5 Oy and hence the reed switch closes

zero level are absent the trigger pulses change sign, T2 turns

off and the ground is removed from the output amplifier. The

circuit of Fig. 17 applies for both channels A and B.
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3-8. Output Amplifiers

The requirements imposed on the output amplifiers are
three-fold. They should:
(i) convert the relatively high output impedance offered
‘ by the decoding networks to a low wvalue, N
(ii) have a variable gain in order to enhance the
versatility of the device,
(iii) have calibrated fixed gains to yield an output

range of exactly + 100 volts.

Fig. 18 illustrates the interconnection of Channels A and B

with the three stabilized D.C. amplifiers Gl’ G G3, often known

29
as computing amplifiers. Besides meeting the above requirements,
thesevamplifiers (except G2) must-also be»capable of delivéring
a current of at least 8.5 ma which is the required drive for

the decoding network of channel B. Switches a, b, ¢, d and e

are sections of a rotary selector switch (Fig. 22) which selécts
the mode_of operation for the de;ice. The output range of + 100

- volts for both channels A and B is adjusted by R1 and R

0 47
respectively, with the SELECT switch in position 1 and the
potentiometers Rl and R5 set at 0.25. The SELECT switch is then
moved to position 3 and R7 is adjusted until the oufput range

of channel A is + 25 volts.
3-9. Power Supplies

Except for the high-voltage sources for the amplifiers which
are supplied by an external power source, all voltages are

provided'by internal power supplies. The first of these (Fige. 19)
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Fig., 19. Short-Circuit Proof Regulated Power Supply
R, = 56 , 2 watt D,,D,,D,,D, = Type 1N2484 rectifier diodes
R2 = 390 : ZD1_= Type 1N1366A Zener diode
R3,R4 = 10K _ : ZD, = Type 1N936 Zener diode
R5 = 5.6K ' ZDy = Type B2Y66 Zener ddode
R, = 1K variable : v T, = Type 2N144 transistor
R7 = 10K variable T2 = Type 2N1304 transistor
R8 = 1.8K : : T3,T4 = Type 2N1381 transistor
C = 1000 pf, 50 WVDC ‘ o TX = Hammond 167U transformer

8
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provides -40 volts and -25 volts. The full-wave rectifier
bridge with capacitive output provides approximately -52
volts d.c. which is stebped down to approximately -40 volts by
the Zener diode regulator (ZDl)‘ The rest of the circuit is a
feedback regulator providing exactly —-25 volts for the decoding
network bias. The low temperature coefficient Zener diode»ZD2
is the reference element. The output voltage is compared with
the reference:by the dividing resistors R6’ R7, and by the
;differenfial amplifier T3, T4. Any unbalance is fed back to
the series regulator transistors T2, T1 which correct the output
voltage in the direction to restore the balance. The output
voltage 1s adjustable by resistors R6 and R7. For low output

currents good regulation is assured by the '"keep alive'" currents

through resistors R3 and R4. The value of R. determines the -

5

current limitation which is an inherent feature of the circuit.*
The low output impedance at the =25 volt terminals (less than
0«1 ohm) which appears effectively in series with the decoding .
resistors is low enough to have negligible effect on the accuracy
of conversion.

The circuit of Fig. 20 which provides +40 volts and +25
volts is identical to its counterpart in Fig. 19 except that
polarities and diodes are reversed and type PNP transistors are

replaced by type NPN. One of the two identical power supplies

providing +6 and -6 volts is shown in Fig. 21.
3-10. Control Panel and Driving Mechanism

With the aid of the schematic diagram of the control panel

¥ —
See reference (3), pp. 215-218.
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+40 VOLTS
(APPROX.)
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Figs 20. Short-Circuit Proof Regulated Power Supply

56 , 2 watt Dl,DZ,D3,D4
390 : ZD1
10K ZD2
5.6K | ZD,
= 1K, variable T,
10K variable _ Té
1.8 - T5,T,
1000 pf, 50 WVDC TX

Type 1N2484 rectifier diodes
= 1N1366AR Zener diode

= Type 1N936 Zener diode

Typé BZY66 Zener diode

= Type 2N143 transistor

Type ON1381 transistor

Type 2N1304 transistor

Hammond 167U transformer

0¢
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-6 VoLTs
(APPROX.)
5 vac
9
R = 560 Dl,Dz,D3_,D4 = Typgl‘N121§
c 2000 pf, 50 WVDC rectifier diodes
= ’
v . ZD =T B2Y66 Zener
T1 = Type 2N1073 transistor _ dzgge , ,
_T2 = Type 2N600 transistor o TX = Hammond«ZiOE

Transformer

Fig, 21, Zener Regulated Power Supply

(Fige. 22) we shall now disbuss.the various modes of operation of
the device.

The two blocks marked A and B are the reading heads for.
channels A and B, respectively, and contain'the light sensors
(Lower half) and the light source (upper half). The sprocket
wheels Al’ A2 and Bl are driven by two 2-phase sefvoimotors‘with
tachometer feedback to ensure constant, slip-free motion of the
tapese Al and Bl are mechanically coupled and are driven by one

motor (synchronous operation) while the other motor drives A



INT CHANNEL A - CHANNEL B .-OWA prve Rl
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Fig, 22.

Control Panel with Tépe Drivers

(4
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The input tape of channel B is always driven by sprocket Bl,
while the other tape may be engaged in either A, (fdr
synchronous operation) or in A, (if independeﬁt speeds are
desired). ,

The modes of operation selected by the three-position

SELECT switch are the following.

GEN. Both channels generate functions according

to their tape input (fA(t), fB(t)).

INT. MULT. Channel A generates fA(t); Channel B
génerates fﬁ(t) and multiplies the two
functions together. |

EXT. MULT. Channel A generates fA(t); Channel B
generates'fB(t) and multiplieé fE(t) by
the external function introduced at,EXT;
IN, | |

The output of each channel and the control'pulsgs for de—energh
~izing the reset relay in the computer afe brought out at the

E upper right corner of the panels
3-11. Summary

A general outline of the device was presenfed in ‘the fofm
-of a block diagram. Circuits to perform according to initial
specifications were designed, and were interconnected according
to section 3-1, (Fig. 9). |

The results of various tests conducted on the individual
levels and on the complete device as a whole are discussed and

illustrated in the following chapter..



54

4. TEST RESULTS

4-1¢ Testing the Levels Individually

In order to simplify the testing'procedure, each level
was isolated and tested separatelys The first step was to adjust
thé shaping circuit of éach level including the ciock pulse
level (Nos 12), as explained in section 3—2, The purpose of
these adjustmehts was‘to make the signal pulses slightly wider
than the clock pulses. This is required fof proper'synchroﬁi—
zation of the trigger pulses of thé vdrious‘lévels, Thg
oscillograms in Fig. 23 show typical waveforms observed during
the preliminary tests dn the signal levels. In Fig. 23a the
reSﬁaped clock pulses (level 12) and signél pulées'of level 2
are displayéd. ‘In this partiCularvcase tﬁe‘hoie.pattern in level
2 on the taﬁe WEs‘Periodicx u»&llOOilOOilOO..'. where.the
numbers 1 and O signify the presence and absence of holes,
respectively, The signal pulses in Fig. 23a aré-indeed wider
than the clock pulses_and they follow the same pattern as the
holes.on the tape« Fig. 23b shows the signai.pulses of level 2
with the output of the associated switching circuit in channel A
This output is the source volta,ge‘E2 (see Fig. 13)i It is seen
in Fige 23b that the polarity of the source voltage changes in |
accofdance with the presence or absence of holes. The
cbrrespondiﬁg waveform fof:chanﬁei B is shown in Fig.‘23c. The
small dots ﬁt the discontinuities manifest the relatively long
switching fime of thé magnétic reed contacts. In reality, at

any discontinuity there is only one dot, but, since a single—=sweep



Clock pulses (level 12) after
<—shaping (approx« 200 pulses per

second

Signal pulses (level 2) after
=~ shaping

OQutput of the
switching circuit

> Channel A
(Level 2)

-~—Associated
signal pulses

Output of the
switching circuit

Channel B
? (Level 2)

~—Associated
signal pulses »J

Fige 23« Oscillograms of Typical Waveforms
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trace did not leave an adequate impression on the photographic
film, multiple exposure had to be used which resulﬁed in the
collection of dots at each of these piaées on the film.

| The waveforms of Fige 23 were recorded at a tape speed
of approximately 200 characters pér second (ch/sec) but similar
observations were made over the range from 50 ch/sec to 500
ch/sec. Further increase in tape speed was limited by the
driving meéhanism.
The next:step was to make measurements on the speed and
accuracy of the individual levels:
a) Channel A _ |
Even at a tape speed of 500 ch/sec, which is the
upper limit set by the dfiving mechanism, the switphing time of
the transistors (a few psec) is at least two orders of
magnitude smaller than the conversion interval of 2 msec.
corresponding to this maximum tape speed. Consequently, the
switching time can be assumed negligible. In Channei A it is
the saturation voltage across the switéhing transistors that may
limit the quality of the overall performance. Measured values
of saturation voltages ranged from 5mv to 20mv in the off state
(=25 volt output) and from 15mv.to 25mv in the on state (+25
volt output), Which agreed very well with design values.
v b) Channel B
| Again, only one measurement is important, but this:
time it is the observation of the switching speeds The transition
from one state to the other was observed to take place in less
than 300 pusec (including bounce) with a maximum time delay of

200 psece Both the transition time and the delay time have un—
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desirable consequences, namely, they introduce sharp spikes in
the generated function. For an ideal reproductioﬁ of the
function the switches have to change their state instantaneously
and with no time delay. If each switch is delayed by the same
amount, but acts instantaneouslyy the function will still be
truly reproduced but with a time delay equal to that of the
switches. The time delays for the read switches are not
necessarily the same for each unit, and therefore, in addition to
the slight delay, the reeds will not switcﬁ in synchronisﬁ,.and
hence, the function being generated may take on any indeterminate
value during the switching intervals This indeterminate value
shows up as a sharp spike. The non-zero transition times.cause
sharp spikesy, tooy since during the transition intervals the
source voltages (Ek) ihemselves are indeterminate, and hence
their weighted sum, i.e. the value of the function being |
generated is also indeterminates

It is impossible to establish a criterion for the
maximum acceptable switching timég Zero delay and zero transition
time are idealy and delay and transition times compafable to the
conversion interval are defiﬂitely not acceptable. Hence, the
maximum limit is somewhere between the two extremes and its
exact plage depends on the quality of reproduction sought. It
must be emphasized that usually a fair number of spikes can be
toleratedy since, having a limited fréquency response, most of
the aﬁalog computing and recording equipment will tend to smooth
the spikes out, or may not even "see" them at all. Both the time
delays and transition times of 200 usec and 300 psecy

respectively, are only small fractions of the conversion interval
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at low and moderate tape speedss A4s the‘tape approaches the
speed of 500 ch/sec, however, they become comparable to the
conversion intérVal, and consequently, for channel B, the con-—
version speed is not limited by the tape-drive mechanism only,
but by the switching time of the reed contacts as well.

In channel B the switehing accuracy is determined by the
contact resistance of the reeds which were found to be less than
O45 chmss With a current of less than 2 ma fiowing through them,
the resulting voltage drop of less than 1 mv across the reed
switches can be assumed negligible compared to the full scale

value of 25 voltse
' 4-24 Testing the Decoding Network

Bias voitages of + 25 volis were applied to the nine
decoding resistors directly from the power supplies. Output‘ 
voltagés in various regions over the full output range were
measured with a high accuracy differential voltmeter, and were
found to be very accurate ih the vicinity of full scale outputs
The degree of accuracy decreased with lower output voltages,

but reméined less than 1% even around the zero level output.:
453a' Testing the Overall Performance

When fhe individual levels had been checked separately,
the device as a whole was tested for function geheration and
multiplication. Fig. 24a shows the test function as generated
by channel A, while the same function generated by channel B
appears in Fig., 24b. The two waveforms appear to be the same,

however, the spikes discussed in section 4-1 were visible on the



Fig., 24.

a) Test function as generated
by Channel A

b) Test function as generated

by Channel B

¢) Product of the test function

and an external function.@inu—
soidal)

Qutput Waveforms Showing Overall Performance
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oscilloscope but did not register in the photographic film in
Fige 24b, for they were very narrow and faint. It is
interesting to note that the largest spike occurred at the mid-
point of the ramp portion, ises when the switch associated with
the most significant Binary digit changed its state. The next
largest spikes (two of approximately equal magnitudes) appeared
at points % and % of the distance along the ramp. These poinfs
corresponded to the second most significant binary digit; A
few more spikes were observed but their magnitudes:weré'very
smallse

The next step consisted nf the testing of the EXTERNAL
MULTIPLY mode of operations The test function was geneyatéd on
channel B and an external sine function was applied as the bias
on the decoding network of channel B. The product of the two
functions is shown in Fige 24cy as it appeared at the output of
channel B. The frequency of the sine wave was a few times
‘larger than that of the tést fnnctione

The INTERNAL MULTIPLY mode of operation was not tested,
because two of the light sensors in one of the reader heads
were accidentally damaged, and replacements did not arrive in
time for test results to be included in this publication. Both
channels were tested separately and the results indicate that

the device can be expected to work satisfactorily in this third

mode of operation as wells
4t Summary

The various tests on the individual levels and on the

integrated device itself, were conducted mainly to establish
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speed and accuracy measurements and to check the general
performance of the device« The results can be summarized as
followss

| Channel A3

Switching speeds are negligible over the speed
range determined by the tape-~drive mechanism. Switching
accuracy is adequate, measured offset voltages béing the same
as; or less than, the design Qaluesa

Channel Bs .

Offset voltages (across reed contacts) are
negligible. Switching speeds are adquate at low and medium
speeds but become unacceptable af speeds approaching 500 ch/seca

The device was tested for multiplication in thé EXTERNAL

MULTIPLY mode onlyy and was found to function satisfactorily.
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5. CONCLUSION

A double input device c@nsisﬁing of two channels and
operéted by punched tape was devéloﬁed. In its three modes of“
operation the unit can:

_ a) generate two functions independently,
b) generate two functions and multiply them togefherg
and
¢) generate two functions and multiply one of them by
an external computer variable.

In both channels the simplest and fastest'method'of digitél—to—
analog conversiony namely, the decoding by a resistive network,
is useds« The precision resisters used in the decoding networks
andy in channel Ay the transistorized switching.circuits ensure
high-speed and highmaccuracy (bettef than 1%) function generations
The application of magnetic reed switches in channelkB alipws
for highmaccufacy‘fouraquadrénﬁ multiplication, but the
relatively slow switching speeds of the reed contacté prevent
the multiplier channel from beiﬁg used at tape speeds higher than
400 ch/sec. The speed and gain controls provide convenient time
and amplitude scaling of the output of both channels, and hence
greatly increase the versatiiity of the deviée in aﬁalog'computer
appliﬁationsg especially where the relation between system
performance and changes in driving function amplitude and/or
frequency is investigateds

In light of the experimental results the following comments‘
on ﬂhe'possib1e improvement of the device are in order. Iﬁ its

present form the device is operated by a 12-level tape, which
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has to be punched manually priocr to the use of the devices
A major improvement would be to change the tape to a 7—1evei
tape used in the recently acquired digital computer installation
of the>Department of Electrical Engineering. This change would
maké the use of the high-=speed punch‘possible and would greatly
shorten the time of tape preparation. The modifications on the
device required by the use of this new tape would be:
‘i) to change the sprocket wheels to fit the dimensions
of the new tapeyi and
ii) to construct new reading heads, Which would read two
lines at a time (block reader) so that all twelve
bits of a character can be read simultaneouslya
The proposed modificétion suggests a new field of applicatiph
of the devicey namely hybrid computation and siﬁulatibn, where
analog functions have to be generated directly from the output
of a digital computera
In view of the experience gained during his association
with this projecty the author believes that the device developéd
could be improved by the proppsed modification, but is none-
theless a worth—=while and versatile addition to the field of

analog computation,
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APPENDIX I

, Representation of Functions on the Tape

.Functions of time to be generdted are stored on the
tape'by'point—value representation. The values of the function
at equal intervals are coded into binary numbers by means of
Table 1, in which the.numbers O and 1 mean the absence and
presehce of a hole, respectivelya (Level_l is the pne_cloSest
to the panel when the tape is in position). Level 12'genérates‘
the clock pulses and should have holes punched in every poéition

along it.s Level 11 is reserved for the generation of control

+82.35 ~82.35
A o LEVEL‘I
[ 7 |
I AL T ‘
T o |
o / SPROCKET
1 T : HOLES
.
H—0—0—¢ > O—O—
\
) 5 -
' )( LEVEL 12
/ o
( il
- —_—
TAPE MOTION INCREASING TIME

Fig., 25. Example of Coding

pulses and should have one hole to mark the beginning of the
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function. The pulse due to this hole de-energizes the reset

relay in the computer and initiates the compute mode.

EXAMPLE: Suppose the function to be generated changes from
+82.35 volts to —Q?.BS volts. The two consecutive chéracters
representing this discontinuity are punched as shown in Fig.
25. The first character is found by locating the range in the
"MAGNITUDE" column that includes the absolute value of the
function, i.é. 82.35, and then by choosing the hole combinétion
in the "POSITIVE" column,since the value of the function is
positives The second chafacter is found in the same line but
in the "NEGATIVE" column, since the value of fhe function ié

negative.
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Table 1.

Binary Code for Representing Functions on the Tape

SIGN

MAGNITUDE

. LEVEL

LEVEL

10987654321

109876 54321

Prom-To-

0.000

OMHOHO HOMOM OHOHO HOHOH OHOHO HOMOH OHOHS HOHOM
OMADOO MHOOH HOOHH OO0OHHO OHMHOO HHOOH HOOHH OO MMAO
OHMrAM O000H MAMOO OO0MHH HOOOO HHHHO O0OHH HHOOO

OHrAMAMA AAHAAO O0O000 OO0HMM FHrmMMH OCO000 O0O0AH HAMMA

Odrdrdrd mirertedtrd Addrded AdedAArd ~rdrdrdrd A A A A A A

OO0 0 O0O000C OO0 OO0OO0O00 COOO0CO0 OO0 OOOOO0 OO0

OCOHOH OHOAHO FHOHOH O-OFAO MOMHOA OHOHAO HMOHOH OHO0OHO

COOMH OCOHMO OMMHOO HHOOH HOOMHM OO0OHHO OHHOO HHOOM
COO0O0O HHMHMHO O0O0HMH MHOOO OHHHH OO0O0O0H HHAHOO OO
CODOO COOOMH MHrrHMH HHOOO 00000 HHHMH HHHOO 00000
CO000O OOOO0O OOOO0O OO0MMM MrMMHMA MHAMAMHA A-AH00 00000
OO000 OO00O0O0 COOO00 OO0O00 COO0O00 O0O000 OOOHMm mMrmmm
OO0O0O00 OCO0O0CO COOOO OO000 OOO0O00 QOO0 COHOO OO0
CO00d COOOO COOOO COOOO OO0O0O OOO0O00 OO0O0O VOO0
HOO0OO OCO00O0O ODO0O0 OCO00O0OC OCO000 COO00O O0O000 0OOO00O

— - . v

DOV~ O NHFMON OO0 OHFON AORWVO b~

OE-HID OO HID ONOOW VANOOY VAWM AWM -ALDOM -~ ON

.. e e - . . . * L] L * . L4 * . - .« e L - * . * L L] L] . o L4 - .MJ L] o L L] - L] L4

OO0 ANNM®M NHHIWW VOO VDV OO0 A AHNANNM O<PHPIW
. v A AAAAA AAAAA

[ L I A Y T A O N N NN N TN NN N O N NN N AN NN TN O AN N NS T N N D SO S A NN R B N

~ QN QA S

OOV ~OWH VDNHOD VoY NSO -0 . .

OV~ INOOEMH WOMNEO FONOO FONODN ONOO FONOO HONOD

L] L L] - . . L] - . ‘. L] L] - . . Ld Ld . L L4 L4 L] - . L d Ll o L ® - - * - Ld - L - - - L d

COO0H HMHANN® OIPI NVIDOO VNV OCNOOH HHNANM OOP P

et A AAA A A A A A
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LEVEL

10987654321

SIGN

LEVEL

10 9876 54321

(Contd.)

From-To

MAGNITUDE

Table 1

W

OrOmMO MOMOM OO0 MOMOMH OmOMEOM OFOMO MOHOA OO
OHHOO HHOOH HOOHH OOHHO OHHOOH HOOHMH OOHMO OHHO
Orrrmd O0O00H HHAOO OO0HMAMH MHOOOOH HHAFHOO OOMHMHMH HOOO
HOOOO OCO0O0H MMM MMOO0O O00COH HHMMH MHOOO 0000
A AAA AAAAO OO0OO0OO0O0 CO00O0 O000OM HHmmm Arrrd /-
OO0 00 OCO0O00 OO0V COOO0O0 O00O0OM Herdrr M A
) Ml A AA A A AAA A A OOOO0OO0O OOOCOO0 OO0
CO0OO0 OCO0O00 DOOOO OO0VO0 ODOOVDOD COOOD VOO0 OO0
CO0O0T O0Q0OO 00000 OCO0O00 OO0 O00 OOCOO OO0 OO0

HOHOH OHOHO HOHOM OHOMO HOHOHO HOHOH OHOHO HOHO
HOOHMH OO0HHO OHHOO HAHOOAH HOOHHO OHHOO HHOOM ~O O
HOOOO HHAMMAO OO0O0OmMmd MHOO0O0 OHMHADSC OOO0HMH HHOOO O~
Orrdrdr~ rmird O OOO0O0O0O0 OO0 MO COOOO 00111 et = -~
CO0O000 COO0O0H HHAMAH HAAE A HHHAAAO OO000 00000 0000
A rAAA AAdAAAA FAAAAA AAAAA AAAAADO OQOOOO0OO OO0 OO0
Q0000 O0O000 O0O000 O0000 O000O0HA HHAHAMA HHMHMFHA e
BO0000 COOOO COOOO DOOOO COOOO0O COOOO COO0O0 OO0
Ml A A~ A A A A~ .l_.l_.l.l_.l_ -~~~ At~ A e e e
CO0OO0C COOO00 ODOOOO OOOO0O0 OO0 CO000 OCOO0OO OO0

15.3 -15.6

OHFON COHD— WO BONONEMH FONOOF ODNOVON -HADDO® A O®
® o o o e ° & o9 * & o o o .9 e o o e ® o o o o @ e o o o o ¢ o e 2 s o e & e
WO OO ONOOH FHMANN®M OOIIWID VOO VVODN OO
A A A AAANANNN NN AN TN TN o m
_______________________‘_______.________
A DA NOOH0 NOOIFN NDOMbrd WOPMEA FONOO H0ON©
L ] [ ] [ ] L3 - * L ] . L 2 L] L] - L3 L] L] L ] * L] e . ® * L] * * L] L] L] . L] * & o e & l . » L]
WO 000 OO0 HeHANNQN NVMOOFEHED WINOO -0V OO
rlrdrl e A A AN TAANANAN TATAQANNN NN AT AANMOM™
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Table 1 (Contd,)

SIGN

MAGNITUDE

LEVEL

LEVEL

10987654321

Prom-To

109876 54321

31.0 -31.3
31.4 -31.6
3l1.7 -32.0
32.1 -32.4
32;5 -3208
32,9 -33.2
33.3 -33.6

33.7

OHOHO
O~<HOO
Or-drdrrd
O
~OO0OOO
~ =t~
COOOO
Lo W W W B |
QOO OO
QOO0

HOHOH
HOO MM

MO0 O0O

HOOOO

O~

[oNeNoRe N
R
[eNeloNoNo]
-
[oNoRoReNe

OO~
HHOO M
cOoo0O0A
~ -~ O
0000
an B B s B B |
o YeYoXo¥o)
N~~~
cooo0o0o
COCOoO

OO0
CO~A~HO
<4~ O
QOO0
o~
QOO0 O0
e
QOO0 O
L e W B W |
OO0

-34.0

34.1 -34.4
34.5 -34.8
34.9 -35.2
35.3 _35.5
35.6 -35.9

OHOHAO
HOOAMA
A=A OO
oYoNoNoXe
oNoNoXoNo)
L i W W W |
oloNoYoRo)
(e N o |
o YoNoYo¥e]
o¥oNeoNo¥o]

OO0
OCQOO~H
e~
e~
oNoNeoNoNo]
e N e |
OCOO0OCO
Lo W e B B W |
QOO0

-36.3

36.4 -36.7
36.8 -37.1
37.2 -37.5
37.6 -37.9
38.0 -38.3
38.4 -38.7
38.8 -39.1
39.2 -39.5
39.6 -39.8
39.9 -40.2
40.3 -40.6
40.7 -41.0
41.1 -41.4
41.5 -41.8

36.0
41.9

OAOM
OO A-HO
OO A=
OCO~Hm
QO ~Arr
~—OOO0O
oo oo o]
e e~
QOO0
OCOO0OO0O0

O~OHO
~4 OO~
— 000
~—QO OO
~~O0OOO
OO~
~ 4
QOO0 O0O
L e N W W |
QOO0 O

OHOHO
OHHOO
HOOOO
o B N M W |
~ e
coocoo
ococooo
e~~~ —~
ocoo0O0o
cococoo

~ OO
OO
Ordrirm~
QOO0
SCOOO0O
=~
o et

QOO O0O0O

=
OCOOOO

~O~O~
N~AOO~
111.10
QOOQCO0O
~N
QOO0O
COO0OO
e~~~
OO OCOO0O
OQOOOQ

OO ~O
OO m~~O
OO0~
e e R
QOO0 O0
-
~
OO0
e R B e
OQOOOC
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APPENDIX II

Construction Details

The combination function generator and multiplier made
up of three parts is mounted on a standard 19 inch rack
(Fig. 26). The lower part consists of the sprocket wheels
and reader heads in front of the panel and the driving motors and

the transformers behind the panel. The middle part is the con-

Fig, 26+ Control Panel and Tape Drive

trol panel and supports all the switches and knobs used during
the operation of the device. The top part covered by an empty
panel houses the electronic parts on printed circuit cards.

Removal of the empty panel allows the cards to be pulled out
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towards the front for easy servicing. Extension cards were
specially méde in order to keep the cards "in the circuit"
while they are in the pulled=out position.

| One of the 4% by 14% inch cards accommogating'nine_shapihg
.and'trigger circuits is shown in Fig. 27a,and the corresponding
sketch:: for the wiring layout is displayed in Fig. 27b. A -
total of nine cards were needed to mount the circuitry
including power supplies and output amplifiers. Two high-power
transistors (+ 6 volt power supply) and two Zener diodes (+ 40
volt nominal; + 25 vdlt pover supply)‘are located on heat Sinks
‘at the rear of the lower parts The fbtal power dissipated by ‘
these'compohéhts averages appfoximately 28 watts with a possible
'max1mum of 36 watts. |

‘The preparatlon of the field coils for the magnetlc reed_y

switche%y@§gts1zeable project 1tse1f, Accordlng-to the
manufacfhre;&s specifications the reed switches havé a nominal
pull-in-sensitivity of 40 amperemtﬁrns.(AT) aﬁd are able to
close and open 500 times a seconde A 1500-turn field coil
excited by a purrent of 40 ma provides the‘requiredbpull—in
force, with adeqﬁate over—drive to account for variations in
pull-in sensitivity of the switches. The relétiveiy_low numbér
of‘turns is chosen to avoid excessive delay in switching due to
" coil inductance. The diameter of the bobbin (Fig. 28) is also
minimized'tobkeep thé coil inductance at a lOW»valué. The
‘switch and coil terminals are brought out to fhe,heavy'wires
fixed in the bobbin:(seefFig. 28) which after plastig"'
encapsulatlon serve as sturdy supports for mountlng on the

prlnted 01rcu1t cards.
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Typical Printed Circuit Card

a)

Wiring Layout for the Card in a) above

b)

Fig. 27.
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Fig., 28. Construction Phases of the Magnetic Reed Switching Unit

Measurements made after the encapsulation revealed that
some of the switches changed their pull-in sensitivities during
encapsulation., The changes were very likely caused by stresses
due to shrinkage of the plastic. Those switches that
demonstrated pull-in sensitivities much different (+ 5%) from

the nominal value were discarded.

£



