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ABSTRACT: Apparatus for converting digital information to
an analog voltage which includes a transformer having an or-
dered plurality of windings, all of which are magnetically flux
linked and each of which corresponds to a digit of a digital
number. Each winding is divided by output taps into a number
of equal segments, the number being determined by the base
of the digital number. The number of turns in the segments on
each winding is determined by the power of the base
represented by the digit to which the winding corresponds and
by an arbitrary number of turns selected to correspond to the
unit value of the digital number. Means are included for sup-
plying an operating potential to one of the windings,
preferably that having the largest number of turns. Switching
means, adapted to be controlled by digital information, are
provided for connecting one input tap on each winding to one
end of an adjacent winding. Means for providing an output
voltage are connected to one end of the driven winding and
the last output tap. preferably the output is connected to the
low voltage end of the driven winding and each tap is con-
nected by the switching means to the low voltage end of the
next less significant winding.

15
5
2
20 / &
=
£ &ocTAL APl —)
SELECTOR
|~ 24

15

ELouvr
—
——
I
1110 BINARY|
(1 or67
|_Iconrror
1| s/envaL
]
—
BINARY
o£coseRr [
~¥3 &ocraL rae |_J
c < . SELECTOR
27
e
gar 26
+
S ——1 / 23
1 BINARY
13 _ DECODER
& TRP b7 4
SELECTOR
— y

I

£7



PATENTED SEP 710 13,603,971

SHEET 1 OF 2

g - P

BINARY  |—
DECODER
& OCTAL TAPF—
SELECTOR

24

T \yp—

e/

/

‘ T Da/IVﬁR; .
- DECODE.

6T L0CTAL AP | Y v cour

seLECcTOR T

11—

[[]

|EEERREEN

10 BINARY
b/arr
CONTROL
S/GNAL

-

25

|

R

4

/

8/NARY | _|
DECOLER | |
ROCTAL AP |_J
SELECTOR

— 26

/ZJ
BINARY
7 = -9 DECODER

- & 7AP g
saslcron . \! INVENTORS:

+
/ Werner WescketzKy
";q P 74 Gerard 77 Pawl

BY sty D, W

ATTORNEY.

13 _ 1]




PATENTED SEP 718 - :
1 3,603,971
’ SHEET 2 OF 2
/g BINARY DIGITAL 7 ﬂT
CONTROL SIGNAL 738
AREEEEERERRERRENN]
» ~ TITTT] (T
w0 _| f ] 34
_:57"&— — 16 jﬂw/-L 1287 -
|8 1287 4 = /28T z0
£ |8 /281 /[ & 1287 4
N {0 BINARY BINARY
£ 1287 | | pecosern | = 1287 I pecover |
i SELECTOR = SELECTOR
F 128T ‘ Jé\ 5/287 "
1287 DE 287
= 24
E 1287 S /287
‘+ — 44 ¥ -
17 Py H—TE 167 —H 21
2 /6T / o£7' |
BINARY 67 | saiwary v
DECODER Eer DECODER
hoCTAL TRR = / LocTaL 1AP
SELECTOR § 16T SELECTOR
6T
|~ 25 16T | A5
+
27 12 ar 17 27
/ 27 4
BINARY 2T avary ||
- DECODER DECODER J
& 27 gocrac rae 2T Slgocrar el
o, | sevecror SELECTOR
Sar 227 :
Sar S 2T _<_J 23
2T 26 27 26
E2L, 37 L L
2 . BINARY
| / S W4 DECODER
L TAP
S—g2r =19 ! |7 SELECTOR /27
' ~ 13 ek ‘ 8
13 ~ INVENTORs 28
. Werner Wo.sc}zdz]ry
/24 ety = Gerard 7. Paul

8 Zlvand D W

ATTORNEY.



3,603,971

APPARATUS FOR CONVERTING BETWEEN DIGITAL
AND ANALOG INFORMATION

This invention relates to an improved digital-to-analog con-
verter which is of reduced size and increased accuracy.

In the data processing field, much of the processing is per-
formed by digital computers and, in order to convert the infor-
mation produced by these systems into signals which can be
used by output devices such as motors, conversion of the data
from digital form to analog form must be accomplished. Since
digital equipment produces very highly accurate results, the
conversion means should produce a similarly accurate analog
signal so that a part of the system capability is not wasted.

A particularly convenient method of accomplishing such a
result is described in U.S. Pat. No. 3,179,875—Keats, wherein
successive transformers are used in correspondence to the
successive digits of a number, the outputs of each of the trans-
formers being added electrically so that the result is an analog
value corresponding to a digital control applied to the trans-
former. However, the system disciosed in this patent requires
as many independent transformers to accomplish conversion
of a multiple-digit number. as there are digits in the number
and is therefore subject to the disadvantages of large size and
weight, and of increased possibility of failure due to the rela-
tively large number of input and output connections to each
transformer. Also, this system js subject to error due to the
fact that each of the transformer cores used introduces its own
loss or error factor. :

It is the purpose of the present invention to provide a system
which accomplishes a similar conversion from a digital input
to an analog value without the attendant disadvantages.

The factors of size and weight are of particular significance
in data processing equipment since each individual com-
ponent, although small in and of itself, may be repeated
thousands of times. This is particularly the case in systems
designed for use in aircraft and spacecraft where size and
weight are critical factors. Similar considerations, of course,
apply to the input side of the digital computer where analog-
to-digital converters are used.

Accordingly, it is an object of this invention to provide a
new and improved device for converting between analog and
digital information forms.

Another object of this invention is the provision of a new

and improved. device for conversion between analog and
digital information which is of very high accuracy.

Another object of this invention is the provision of a new
and improved device for converting between analog and
digital information which is of reduced size and weight.

It is also an object of this invention to provide a converting
device which is of simplified design and also of high accuracy.

Briefly, in accord with one embodiment of this invention,
we provide means for converting digital information to an
analog voltage which includes a transformer having an or-
dered plurality of windings, all of which are magnetically flux
linked and each of which corresponds to a digit of a digital
number. Each winding is divided by output taps into 2 number
of equal segments, the number being determined by the base
of the digital number. The number of turns in the segments on
each winding is determined by the power of the base
represented by the digit to which the winding corresponds and
by an arbitrary number of turns selected to correspond to the
unit value of the digital number. Means are included for sup-
plying an operating potential to one of the windings,
preferably that having the largest number of turns. Switching
means, adapted to be controlled by digital information in elec-
trical form, are provided for connecting one output tap on
each winding to one end of an adjacent winding, Means for
providing an output voltage are connected to one end of the
driven winding and the last output tap. Preferably, the output
is connected to the low voltage end of the driven winding and
each tap is connected by the switching means to the low volt-
age end of the next less significant winding.
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The novel features believed characteristic of the invention
are set forth in the appended claims. The invention itself,
together with further objects and advantages thereof, may best
be understood by reference to the following description, taken
in connection with the appended drawings in which:

FIG. 1 is a schematic representation of a preferred embodi-
ment of this invention; and

FIG. 2 is'a schematic representation of an alternative em-
bodiment of this invention.

For clarity of description, the concept of this invention will
first be discussed in terms of the base 10 number system. In
any given number, each digit actually represents a multiplier
of a corresponding power of 10. The last digit on the left of the
decimal is a multiplier of 10°, the next digit to the left is a mul-
tiplier of 10!, etc. The present invention is based on the con-
cept of providing a single core transformer having a plurality
of windings, one for each digit in the digital number. Each
winding has a series of outputs which are spaced in voltage
level by an amount corresporiding to the power of 10
represented by the associated digit. In other words, such a
transformer has a first winding corresponding to the unit digit
and this winding has 10 output taps, each one separated by a
voltage valie which has been selected to be the value for the
number “1”. Thus, by connecting successively to these taps,
the voltages for the digits 0, 1, 2, ... 9 can be obtained. The
second 'winding corresponds to the 10’s digit and has 10 out-
put taps separated by segments exactly 10 times as large as
each of the segments of the first winding. Successive connec-
tion to these taps provides voltage levels corresponding to the
digits 00, 10, 20, ... 90. Similarly, a third winding has segments
10 times as large as the segments of the second winding and
the voltage values are also a factor of 10 larger. The present
invention is further based on the concept of selecting a tap of
the first winding of such a transformer according to the digit in
the unit’s place, selecting a tap on a second such winding ac-
cording to the digit in the 10’s place, etc. The voltages which
exist at each of these locations are electrically summed and
the output voltage is then the total of the respective mul-
tipliers of the unit voltages which have been selected by the
digits of the input number.

FIG. 1 represents a specific and preferred embodiment of
apparatus in accord with this invention which comprises a
transformer 9 including a plurality of individual windings
10-13, each of which are wound on a single magnetic core
schematically represented by the magnetic linkage lines 14. A
selected input voltage E;, from a source (not shown) is applied
to terminals 15 which are connected to the ends of winding
10. Due to the magnetic flux linkage provided by the core 14,
a voltage is induced in each of the windings 11, 12 and 13. The
relative direction of each of the windings is such as to provide
the voltage polarities indicated in the figure.

Each of the windings 10-13 is divided into a plurality of
equal segments by a series of output taps 16-19 and a selective
switching means 20-23 is provided for each of the windings to
provide for connection to a selected one of the taps on each of
the windings. The output from each switching means is con-
nected by wires 24-26 to one end of the adjacent winding,
and, in the case of the last connection 27, to one of the output
terminals 28. The other output terminal 28 is connected
directly to one of the input terminals 15. It can thus be seen
that the output voltage across terminals 28 is the sum of the
voltages selected by the position of the respective switching
means 20-23.

The first winding 10 is divided into eight equal segments of
128 turns each by eight output taps 16 while the windings 11
and 12 are divided into seven equal segments by eight output
taps. These segments of winding 11 have 16 turns each while
those of winding 12 have two turns each. An additional wind-
ing 13-is also provided which includes two turns and is
separated into two segments by two output taps 19. In this em-
bodiment, the unit value of the input signal, 14, has been
selected to be equivalent to that voltage which exists across
any two-turn segment. Thus, the output taps of winding 12.
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provide voltage values corresponding to the multipliers in the
units place of the octal number: 0, 1, ... 6, 7; the taps of wind-
ing 11 provide voltage increments eight times larger, thus
providing voltages for the multipliers in the 10’s position: 00,
10, ... 60, 70; and the taps of winding 10 provide voltage incre-
ments eight times larger to correspond to the multipliers in the
hundreds position: 000, 100, ... 600, 700. The last winding 13
provides for the addition of a voltage increment correspond-
ing to 0.5, which is developed across one turn. If needed, a
second turn on this winding can be used to add a unit incre-
ment so that the maximum output of the entire system can be
rounded off from a value of 777, to 1000, if desired. The
winding 10 preferably has a complete set of eight segments so
that the full voltage corresponding to 1000, is applied across
it.

The electrical input signal which is to be converted to an
analog output may be in any digital form. In general, most
present digital computers and other digital electronic systems
produce binary digital information in electrical form. Since a
unique correspondence can be defined between the possible
values of a set of three binary digits and the values of a single
octal digit, conversion between binary and octal number
systems is common in computer systems. Accordingly,
although any base may be used and any means such as a rotary
switch may be provided for selecting one tap on each of the
windings, it is preferred that a device such as the integrated
circuit module identified as Model 3705 and described as an
“MOS Monolithic 8 channel Multiplex Switch,” manufac-
tured and sold by the Fairchild Camera and Inst:ument Cor-
poration, be used as the switching means 20-22. Each of these
modules performs the required function of accepting a three-
digit binary control signal and connecting one of eight inputs
to an output according to the pattern of the control signal. It
is, of course, understood that any syst :m for uniquely select-
ing one of the output taps of each of th. -vindings according to
a set of possible digital input numbers could also be used.

In addition to the eight-position switching means associated
with each winding 10-12, an additional switching means 23
comprises means for decoding a one-digit binary number and
connecting one of the taps 19 to the output.

A binary digital input to the system of this invention thus
comprises a 10-digit number wherein the first or most signifi-
cant group of three digits controls switching means 20, the
next group of three digits controls switching means 21, the
next group of three controls switching means 22 and the last
digit controls switching means 23. In operation, the three
groups of three digits are equivalent to the number ABC,
which is representative of the quantity:

A %82+ B X8!+ C x8°.

The first three digits are applied in parallel to switching means
20 and a tap is selected on a winding 10 which corresponds to
the value of multiplier A. Since the segments of winding 10 are
separated in voltage by values corresponding to 82, the voltage
at the output 24 has a value corresponding to the number
A00,. Similarly, an output tap on winding 11 is selected which
corresponds to the multiplier B. Since the output from wind-
ing 10 is connected to the minimum voltage point on winding
11 and since the taps of winding 11 are separated in voltage by
values corresponding to multiples of 8!, the voltage on output
24 and the voltage level corresponding to multiplier B are
added and the voltage level at output 25 corresponds to the
number ABO,. In a similar manner, this output is connected to
the low voltage end of winding 12 where it is added to the
number of 8¢ increments selected by multiplier C. The voltage
level at output 26 relative to the low voltage end of winding 10
is now that which corresponds to the number ABC,. Finally
the switching means 23 and winding 13 are utilized in a similar
manner to select either zero or a voltage value corresponding
to 0.5, according to the condition of the last digit. Thus the
voltage of the final output 27 relative to the low voltage end of
winding 10, where terminals 28 are connected, has a total
value corresponding to that defined by the digital input signal.
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The embodiment of this invention illustrated in FIG. 1 is of
particular significance for several reasons. As previously
noted, the equipment for binary to octal is readily available
and it is customary, in computer technology, to work with
octal numbers. Therefore, present systems readily accom-
modate this device. Furthermore, on the level of practical
utilization, manufacturing convenience and space and weight
considerations limit the core size which is normally fabricated
to one which can accommodate only a limited number of
turns. Usually, this number of turns is on the order of 3,000 or
less. The total number of turns in the windings illustrated in
FIG. 1 is 1152, comfortably within the preferred range.
Despite this size limitation, the device is capable of converting
octal numbers up to 1000y into corresponding analog voltages
in increments of 0.5,. Another embodiment which would pro-
vide the same octal capacity in increments of 0.254 is that in
which the unit voltage is developed across four turns so that
windings 10-13 have, respectively, 256, 32, four and one turns
per segment. This would also be within the 3000-turn limit. In
some cases, in order to accommodate more turns in particular
windings, it is useful to provide a number of segments propor-
tional to the base rather than equal. For example, by adding a
most significant winding having four segments in advance of
winding 10, or by providing winding 10 with 16 segments,
some additional capacity can be obtained without adding an
excessive number of turns. Of course, if the additional size can
be accommodated, a core which can accept more than 3000
turns is used, since there is no inherent limit on the expansion
of the concept of this invention.

A further embodiment of this invention is illustrated in FIG.
2 wherein a longer series of binary digits is to be converted
into an analog voltage. In this case, a first transformer 31 is
provided which is similar to that described in FIG. 1 except
that the last winding 13’ is used as a secondary winding. Since
this winding has the same number of turns as the segments of
winding 12, the voltage induced in this secondary winding is
the same as that across each segment of the least significant
winding 12. This secondary voltage is then used as the input,
via wires 32 and 33, to the most significant winding of a
second transformer 34 which corresponds exactly to that
shown in FIG. 1. Thus, if the segments of winding 12 cor-
respond to digital increments of 1,0004, as may be accom-
plished, for example, by applying the voltage value for
1,000,000; to winding 10, the second transformer 34 is
excited by a voltage value corresponding to 1,0004 and the
segments of its windings 10, 11 and 12 correspond respective-
ly to voltage increments of 100g, 10gand 1,. Note that the unit
of voltage for transformer 34 is two turns but that for trans-
former 31 it is one five-hundredth of a turn. This difference is
not material since each transformer functions independently.
As before, an additional winding 13 in transformer 34 may
provide for adding an increment of 0.5,. In order to prevent
error in the tap location on the most significant digits from
being greater than this value, it is preferred that means for in-
creasing the resolution, such as the Adjustable Transducer
described and claimed in the copending application of L. B.
Scott, Ser. No. 677,398, filed Oct. 23, 1967, now U.S. Pat. No.
3,505,591 and assigned to the assignee of this invention, be in-
cluded.

The digital signal controlling such a system, represented
schematically, consists of 19 binary digits which correspond to
six octal digits plus the additional bit for adding 0.5 The first
three octal digits control the voltages selected in the first
transformer 31 while the second three octal digits control the
voltages selected in the second transformer. To accomplish
summing in the manner previously described, the output wire
26 from transformer 31 is connected to the low voltage side of
the most significant winding of the second transformer. Thus,
the output taps selected on the second transformer add the
voltage increments developed therein to the total level
established by the first transformer.

While specific embodiments of this invention have been
shown and described, it will be apparent to those skilled in the
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art that many changes and modifications may be made without
departing from this invention in its broader aspects. For exam-
ple, the concept of this invention may also be utilized in an
analog-to-digital converter by means of null circuits which sig-
nify when the output of a transformer of the base of described
matches an analog input. Rotation of the successive digits
through the possible values until a null signal is obtained thus
provides a set of digits corresponding to the analog input.

Also, it is noted that the specific digital and octal systems
mentioned are exemplary and not limiting. The concept of this
invention ‘may be applied to any digital input of any base.
Other variations may include using a number of taps on a
winding which is proportional to the base rather than equal,
etc. It is therefore intended that the appended claims cover all
such changes and modifications as fall within the true spirit
and scope of this invention.

What is claimed is:

1. Apparatus for converting between digital information
and analog information comprising:

a transformer having an ordered plurality of magnetically

flux-linked windings;

each of said windings corresponding to a digit of a digital

number of a selected base;

each of said windings divided by a plurality of output taps

into equal segments, the number of said segments being
determined by the base of said digital number;

the number of turns in a segment on each of said windings

being determined by the power of the base represented by
the digit to which said winding corresponds and by an ar-
bitrary number of turns selected to correspond to the unit
value of said digital number;

means for supplying an alternating potential to one of said

windings;

digitally controlled switching means responsive to a mul-

tidigit electrical control signal representative of a number
of said selected base for coupling portions of each of said
windings in series to provide a sum of the voltages
developed in said portions; and

means for connecting said sum of voltages to an output.

2. Apparatus as claimed in claim 1, wherein said ordered
plurality of windings are wound on a single core of magnetic
material.

3. Apparatus as claimed in claim 1 wherein said switching
means comprises means for connecting an output tap on each
of said windings to the low voltage end of the next less signifi-
cant winding in said ordered plurality; and

wherein said output is taken across an output tap on the last

winding of said ordered plurality and the low voltage end
of the first winding of said ordered plurality.

4. Apparatus as claimed in claim 1 wherein the number of
turns in said segments is equal to the product of said number
of turns selected to correspond to the unit value and said base
of said digital number raised to the power represented by the
digit to which said winding corresponds.

5. Apparatus as claimed in claim 4 wherein the number of
output taps on each of said windings is equal to said base of
said digital number.

6. Apparatus as claimed oneffive-hundredth claim 5§
wherein said switching means comprises means associated
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6

with each of said windings controlled by one of a number of
input patterns equal to said base for connecting one of said
output taps to the next winding in said ordered plurality.

7. Apparatus as claimed in claim 6 wherein said connecting
means is controlled by an input of three binary digital num-
bers.

8. Apparatus as claimed in claim 7 wherein:

said ordered plurality includes at least three windings; -

said base of said digital number is eight;

the number of turns selected to correspond to said unit
value is greater than one;

said transformer includes an additional winding for adding
fractional parts of the unit values to said sum; and

said connecting means for said windings are controlled by
an input comprising a plurality of binary digits.

9. Apparatus as claimed in claim 8 wherein said additional
winding included in said transformer is magnetically flux-
linked to said ordered plurality;

one end of said additional winding being connected to the
selected output tap of the last of said ordered plurality of
windings; :

said additional winding having output taps at its low voltage
end and at intervals of one turn from said low voltage end
to provide for an additional increment of voltage cor-
responding to a fraction of the unit value in said output.

10. A system for converting digital information to an analog
voltage comprising:

an ordered plurality of transformers;

each of said transformers having an ordered plurality of
magnetically flux-linked windings;

each of said windings corresponding to a digit of a digital
number of a selected base;

each of said windings divided by a plurality of output taps
into equal segments, the number of said segments being
determined by the base of said digital number;

the number of turns in a segment on each of said windings
being determined by the power of the base represented by
the digit to which said winding corresponds and by ar-
bitrary number of turns selected to correspond to the unit
value of said digital number;

means for supplying an alternating potential to one of said
windings on a first of said transformers;

digitally controlled switching means responsive to a mul-
tidigit electrical signal representative of a number of said
selected base for coupling portions of each of said
windings in series to provide a sum of the voltages
developed in said portions;

a secondary winding positioned in each superior trans-
former in said order for supplying power to each inferior
transformer in said ordered plurality;

the selected output tap on the least significant winding on
each superior transformer being connected to one end of
the most significant winding on each inferior transformer;
and

means for providing an output connected to one end of the
most significant winding in the first transformer in said or-
dered plurality and to the selected output tap on the least
significant winding of the last transformer in said ordered
plurality.



