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DATA CONVERTITER
Max Palevsky, Reb sert M. Beck, and George I, Glel, Los
Angeles, Calif.,, assignors to Packard-Bell Compufer
glorporaixon, Los Angeles, Calif., a corporaiton of Cali-
ornia

Filed May 26, 1953, Ser. No. 737,587
22 Claims, (CL 235—154)

This invention relates fo converters and more partic-
ularly to apparatus for providing a conversion beiween
digital and analogue information, The invention is es-
pecially advantageous because it provides conversions at
very high speeds and with accuracies considerably great-
er than those previously attained.

In recent years, considerable strides have been made in
the development and production of equipment for per-
forming computations and for providing controls in ac-
cordance with such computations. These deveiopments
have constituted considerable advances toward an age of
automation. Some ‘of these computers provide computa-
tions in digital form such that the values of a quantity
are represented by individual pluralities of signals, Such
equipments are known as “digital computers.” Other
computers operate on whole numbers so as to provide
voltages having amplitudes directly proportional to the
numbers. Such equipments are known as “analogue
computers.”

It is often necessary to provide a conversion between
analogue and digital values in conjunction with the
operation of such computers. ¥For example, the opera-
tion of a digital computer may be controlled by certain
measurements which may be made in analogue form such
as by voltages having amplitudes representing the meas-
urements. By way of illustration, measurements of tem-
perature and humidity may be made and may be indicat-
ed by voltages having amplituedes directly proportional to
the values of the temperature and humidity. The values
of these quantities have to be inircduced to the computer
for combination in certain mathematical relationships.to
obtain a desired result. In order for the digital computer
to use this information properly, the voltages have to be
converted to a plurality of signals indicating the amplitude
of the voltage in digital form.

After the computations by the digital computer have
been made, it may be npecessary to convert the output
signals from the digital computer into an analogue form
so as to provide certain controls over an operation re-
quiring selected values of certain paramsters for proper
functioning. For example, the digital computer may per-
form computations involving mathematical relationships
between the measurements of temperature and humidity
to provide output signals indicating what the temperature
and humidity should actually be, These cutput signals
have to be converted into an analogue form so as to vary
the operation of equipment in such a manner as to obtain
the proper temperature and humidity.

Attempts have been made to provide converters which
are so adaptable that they can convert either from an
analogue form m_fo a digital form or from a digital form
into an analogue form. Certain problems have arisen in
the development of these converters. One problem has
been that the converters do not operate with at least the
same accuracies and speed as the computers. For exam-
ple, some converters have operated at the speeds of their
associated computers but not with the accuracy of the
associated computers while others have operated with the
accuracies of their associated computers but nof at the
speed of the computers. This has been discouraging since
all of the advantages of accurate and speedy computations
are lost in the process of conversion.
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This invention provides a converter which overcomes
the above disadvantages. The converter provides con-
versions between digital and analogue quantities at a
speed at least equal to the speed at which computations
can be performed by computers. At the same time, the
converter provides conversions between digital and
analogue quantities with accuracies of an exiremely high
order and of an order considerably greater than that ob-
tained by other converters. For example, the converter
counstituting this invention is able to provide conversions
with an error of less than 0.002 percent.

The converter constituting this invention has other
advantages. 1t provides conversions from digital to ana-
fogue qumtiti.,s or from analcgue to digital quantities
without requiring any significant modifications in the con-
verier between cne type of use and the other. This can
be considered as a major advantage since analogue-to-
digital converters have to be vsed with digital computers
at the input end of the computers and since digital-to-
analogue converters have to be used with digital computers
at the cutput end of the computers. The invention is also
advantageous since it is able to provide a multiplication
operation at the same time that it provides a conversion
from a digital representation to an analogue representa-
tion. Furthermore, the converter is able to provide an
cperaticn of divisxon at the same time that it provides a
conversion from an analogue represeatation to a digital
representation. . . )

The converter coanstituting this invention operates on
the principle of producmc a fraction of a regulated voltage
o prcvﬂe a conversion between digital and analogue

guantities. The production of this fraction of the regu-
lated vonage is dependeut upon the operation of a plu-

rality of switches in either the first or second relationships
of the switches. A plurality of resistances are also in-
ciuded in the converfer and are connected to the switches
such that a first terminal of each resistance is provided
with a commen connection and a second terminal of each
resistance is connected to a different one of the switches,

In a first operative relationship of each switch, the
second terminal of the associated resistance is connected
to one terminal of the scurce of regulated veltage.  Simis
larly, in a secend operative relationship of each switch;
the second terminal of the associated resistance is con-

ed to the second terminal of the source of régulated
vol‘r In this way, different combinations of resistances
are cmnect..d between the common terminal and the first
terminal of the voltage source and bétween the common
terminal and the second terminal of the voltage source
in accordance with the individual pattern of operation
of the switches in the first and second 1°1at1onsh‘ps In
this way, the voltage produced on the. common terminal
of ithe resistances is dependent upon the particular re-
sistances having their sscond terminals connected to ‘the
first terminal of the voltage source and upon the particu-
lar resistances having their second terminal .onnected to
the second terminal of the voltage. source.

The resistances connected to the different sw;tch;s are
provided with values having a geometric relationship 16
one another. For example, when the conversion is pro-
vided between analogue quantities and qd:.mmes digitally
represented by a binary code, the value of each resistance
may have a 2:1 relaticnship to the value of anocther re-
sistance in the plurality.. In this way, each resistance and
its associated switch provide a representation as to whether
the value of a particular digital position has a binary value
of “1” or “0.” A binary “0” representation is obtained
when the switch has a first operative relationship. Sim-
ilarly, a binary “1” representation is obtained when the
switch has a second operative relationship.

The converter constituting this invention is advanta-
geous in that it provides switches which can act consider-
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ably faster than mechanical switches. These switches are
provided by a novel arrangement of a plurality of semi-
conductors such as transistors. - The transistors are con-
nected so as to clamp the second terminal of the associated
resistance directly to either the first terminal of the voltage

source in a first operative relationship or to the second’

terminal of the voltage source in a second operative rela-
tionship. This clamping is obtained in such a manner that
the impedance presented by the converter remains sub-
stantially constant regardless of the number and combina-
tions of the resistances switched from a Coupling with
the first terminal of the voltage source to a coupling with
the second terminal of the voltage source. By presenting a
substantially constant impedance regardless of its operat-
in condition, a proper impedance match can be obtained
at all times between the converter and its associated stages.

A novel feature of the invention is the inclusion of an
additional resistance to increase the accuracy of conver-
sion. This additional resistance is provided with a value
equal substantially to the value of the largest resistance in
the plurality mentioned in the previous paragraphs. The
additional resistance is connected between the common
terminal of the resistances in the plurality and the first
terminal of the voltage source. The additional resistance
prevents an error from being obtained in the potential
which is produced at the common terminal of the resist-
ances when digital signals representing a relatively large
value are introduced to the converter.

As previously described, the converter constituting this

invention. is adapted to operate without any significant

change either for a conversion from a digital to an ana-
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logue representation or from an analogue to a digital rep-

resentation. When the converter operates to convert from
a digital to an analogue representation, it receives a plu-
rality of signals which control the operation .of the dif-
ferent switches in the first and second relationships of
these switches. As previously described, the operation of
the switches in the first and second relatlonshlps controls
the connections of the associated resistances to. the first
or second terminals of the voltage source. Because of
this, the resistances become connected in individual paral-
lel combinations between the common terminal and the
first terminal of the voltage source and between the com-
mon terminal and the second terminal of the voltage
source in accordance with the pattern of operation of the
switches. The particular combinations of the resistances
connected between the common terminal and the second

terminal of the voltage source and the weighted values

of these resistances control the particular fraction of the
regulated voltage which is produced at the common ter-
minal of the resistances. Regardless of the particular
fraction of the weighted voltage which is produced at the
common terminal of the resistances, the impedance pre-
sented by all of the resistances at the common, terminal
remains substantxally constant.

Multiplication can be obtained by varying the amplitude
of the regulated voltage from the voltage source. By
varying the amplitude of the regulated voltage, corre-
sponding variations can be provided in the value of a mul-
tiplier. The multiplicand can be considered as the ana-
logue value of the digital signals introduced to the dif-
ferent switches in the converter. ‘The. product is repre-
sented directly as the voltage on the common output ter-
minal of the resistances since” this voltage is dependent
both on the amplitude of the regulated voltage and upon
the pattern of the digital signals introduced to the different
switches. :

The converter constituting this invention can alsd be
included in a system which operates dynamically to ob-
tain a conversion of an analogue quantity into a digital
form. To obtain such a conversion, the converter is used
in combination with other stages including a comparator.
This comparator operates to compare the input potential
representing the analogue quantity with the potential pro-
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equal to an input potential.

4

duced on the common terminals of the resistances. Ad-
justments are provided in the operation of the different
switches in the converter in the first and second relation-
ships in accordance with any differences between the input
potential and the potential on the common terminal of the
resistances.  These adjustments in the operation of the
different switches in the converter in the first and second
relationships are made until the potential on the common
output terminals of -the resistances becomes equal to the
input potential. At 'such time, the different switches in the
converter have an individual pattern of operation which
provides a digital representation of the input quantity.

The converter constituting this invention can also be
included in the dynamic system set forth in the previous
paragraph to determine the quotient between a dividend
and a divisor. This results from the operation of the
switches so that the fraction of the regulated voltage at
the common terminal of the resistances is maintained
Therefore, if the regulated
potential is varied as a divisor and the input potential is
varied as a dividend, the fraction of the regulated poten-
tial established at the common terminal of the resistances
will vary as a quotient. By way of illustration, the pattern
of operation of the different switches in the converter be-
comes varied in order to make the potential on the com-
mon terminal of the resistances equal to the input potens
tial even with variations in the amplitude of the regulated
voltage. Since the pattern of operation of the differént
switches becomes: varied even for a constant dividend but
a variable divisor, this tends to indicate that the potential
on the common terminal of the resistances represents the
quotient of the dividend and the divisor. -

In addition to the novel concepis of conversion set forth
above and to the concepts of multiplication and addition
individual to the converter, the converter constituting this
invention has other novel aspects. These novel aspects
are inherent in the particular combinations of electrical
stages which are included in the converter. For-example,
novel circuitry is provided in a counter which is used in
combination with the converter to control the operation
of the different switches in the converter and to provide
an indication as to the individual pattern of operation of
these switches, The construction and operation of this
novel circuitry including the counter will be set forth in
detail subsequently.

-In the drawings: ’

FIGURE 1 is a circuit dlagram, partly in block form,
of a converter constituting one embodiment of this inven-
tion and constructed to provide an aceurate and rapid con-
version from analogue to digital representations or from
dlgxtal to analogue representations;

FIGURE 2 is a circuit diagram illustrating in detail the
construction of one of the switches shown in block form
in FIGURE 1; v

FIGURE 3 is a block diagram of a system including the
converter shown in FIGURES 1 and 2 for operating on a
dynamic basis to convert an analogue quantity represented
by an input voltage into a plurality of signals dlgltally rep-

resenting the value of the analogue quantity;

FIGURES 4 and 4k are circnit diagrams which illus-
trate in detail certain important portions of the system
shown in block diagram in FIGURE 3; )

FIGURE 5 is a circuit diagram illustrating in detail
two stages of a counter included in the block dlagram
shown in FIGURE 3;

FIGURE 6 is a block diagram of a system constltutmg

‘a modification of the system shown in FIGURE 3 for

controlhng the response of the system shown in FIGURE
3.in accordance with different amplitudes of error voltages
produced by the system; and

FIGURE 7 is a block diagram of a system usmg a pair
of converters .constituting the invention to perform a

' square-root operation-on an analogue quantity and for m—

dxcatmg the resultant quantity in digital form.’
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Converter

FIGURE 1 illustrates circuitry forming a part of the
invention and includes a plurality of resistances connected
in a network arrangement with a plurality of switches
each having first and second operative relationships. For
example, a resistance 10 having a suitable value such as
substantially 40 megohms has a first terminal connected
at a common line 12 with the other resistances in the net-
work arrangement. A second terminal of the resistance
10 is connected to first and second output terminals of a
switch schematically illustrated in block form at 14.
The switch 14 may be constructed from a plurality of
transistors connected in a novel arrangement to provide
an extremely fast and accurate operation, as will be set
forth in detail subsequently.

The switch 14 is provided with first and second input
terminals. The first input terminal of the switch 14 is
connected through a line 17 to the positive terminal of a
voltage scurce 16. The potential on the positive terminal
of the voltage source 16 may be considered as zero velts.
The second input terminal of the switch 14 is connected
through a line 15 to a negative terminal of the voltage
source 16. As will be described in detail subsequently,
the negative potential on the line 15 may be varied with-
in certain limits such as 0 to —20 volts. A resistance
13 is connected between the lines 12 and 17 and is pro-
vided with a value substantially equal to that of the
resistance 10 when the digital representation is provided
in a binary code.

The voltage source 16 is constructed to provide a reg-
ulated voltage having a high sfability even with consider-
able changes in such parameters as alternating line voltage,
load impedance and ambient temperature. Such a voltage
source may be purchased from the Redcor Development
Corporation to provide a stability involving errors of
less than 0.001 percent with substantial changes in ex-
ternal parameters. This stability is cbtained along with a
low internal impedance such as 0.01 ohms in the source.

A resistance 20 has a first terminal connected 1o the
line 12 and has a second terminal connected to first and
second output terminals of a switch 22 which may be con-
structed in a manner similar to the switch 14, The re-
sistance 20 may be provided with a suitable value such
as 20 megohms when the converter constituting this in-
vention operates on signals digitally representing the value
of a quantity in binary form. As will be seen, the value
of the resistance 28 is one-half that of the resisiance 16
to conform to the inverse ratio between the value of suc-
cessive signals in a binary code. The resistances 16, 13
and 20 and all of the other resistances in the network
arrangement may be purchased from the Julie Research
Laboratories of New York City. The values of the re-
sistances are carefully maiched to obtain the 2:1 ratio
between successive resistances and to obtain correspond-
ing temperature coefficients for the different resistances.
Bv matching the temperature coefficients of the different
-resistances in the matrix arrangement, errors cannot be
produced in the conversion operation as a result of changes
in ambient temperature.” Furthermore, the ambient tem-
perature of the resistances is maintained substantially con-
“stant by disposing the resistances in an oil bath, as in-
dicated in FIGURE 1 by broken lines 21. This is im-
portant since a slight difference in the temperature coef-
ﬁcien&t_; between successive resistances may produce a con-
siderable variation of these resistances upon the occur-
rence of temperature changes in the resistances,

The switch 22 is provided with first and second input
terminals which are respectively connected to the lines
17 and 15 extending from the voltage source 16. A
switch 24 may be constructed in a manner similar to the
switches 14 and 22 so as to be provided with two output
terminals. and {wo input terminals. The output terminals
-of the switch 24 are connected to one terminal of a preci-
sion. resistance 26, the other terminal of which is con-
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nected to the line 12. The resistance 26 may be provided
with a suitable value such as substantially 10 megohms
to have a 1:2 relationship to the resistance 20 when the
converter operates on digital signals having a binary code.
Tn like manner, successive branches are formed by a switch
28 and a resistance 30, a switch 32 and a resistance 34, a
switch 36 and a resistance 38, a switch 40 and a resistance
42 and a switch 44 and a resistance 46. The resistances
30, 34, 38, 42 and 46 may be respectively provided with
suitable values such as 5 megohms, 2.5 megohms, 1.25
megohms, ¢.625 megohms and 0.3125 megohms.

As will be seen from the previous and subsequent dis-
cussions, the branches including the resistances 10, 20,
28, 38, 34, 38, 42 and 46 provide indications as .to the
first eight digits of least significance in a digital represen-
tation. For successive digits of progressive significance,
resistances in addition to the precision resistances are
included in the branches to provide fine adjustments for
obtaining the proper impedance values for these branches.
For example, a precision resistance 48 is included in the
branch of ninth least significance and is provided with a
suitable value such as substantially 156 kilo-chms. A
first terminal of the resistance 48 is connected to the line
12 and a second terminal of the resistance 48 is connected
to the first terminal of a rhecstat 52. The rheostat 52
may be provided with a suitable value such as 500 ohms.
The rheostat 52 need not be provided with precision value
nor with low temperature cofficient as does the resistance
48. 'This results from the fact that the rheostat 52 con-
tributes relatively little to the total impedance of the
branch which. includes the resistance 48. »

The second terminal of the rheostat 52 is connected
to the first terminal of a rheostat 54 having a suitable
value such as approximately 5-ohms.. Connections .are
made from the movable contact of the rheostat 52 to.the
second terminal of the rheostat 54. and to a first output
terminal of a switch 56 corresponding to the switch 14.
The second output terminal of the switch 56 has a com-
mon connection with the second terminal and the movable
contact of the rheostat 54. The switch 56 is provided
with first and second input terminals which are respec-
tively connected to the lines 17 and 15. .

Successive branches are connected in a manner similar
to that described above for the branch including the re-
sistance 48 and the switch 56. For example, a resistance
69, a switch 62 and rheostats 64 and 66 are connected
te form a branch prov1duw an’ indication as to the digit
of tenth least significance in a binary code.. The resist-
ance 69 and the rheostats 64 and 66 are respectively y pro-
vided with suitable values such as substantially 78 kiloe-
ohms, 250 ohms and 5 ohms. The resistance 66 is a
precision resistance but the rheostats 64 and 65 do not
have'to pr ovide precision values.

A precision resistance 78 is connected in a bxanch with
a switch 72 and rheostats 74 and 76. The resistance 70
and the rheostats 74 and 76, respectively -have suxtable
values such as 39 kilo-ohms, 125 ohms and 5 ohms.  Sim-
itarly, a resistance 88, a sw1tch 82, rheostats 84 and §6
and a resistance 88 are electrically disposed in a separate
branch. The resistance §8 is of the precision tvpe and
is provided with a suitable value such as 19.5 kilo-ohms.
The rhecstats 84 and 86 are respectively provided with
suitable values such ds approximately 62 ohms and 5
ohms. ’

A precision resistance 26, a switch $2 and rheostats 94
and 96 are electrically disposed in a branch of second
highest significance. The resistance 98 and the rheostats
94 and 96 are respectively provided with suitable values
such as 2.75 kilo-chms, 31 ohms and 5 ohms. A branch
of highest significance is formed by a precision resistance
186, a switch 162 and rheostats 194 and 166. The resist-
ance 180 and the rheostats 184 and 186 may be respec-

vply provided with snitable values such as 4.875 kilo-
obms, 15 chms and 5 ohms.

Since each of the switches 14, 22, 24, 28, 32, 36, 40,
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44, 56, 62, 72, 82, 92 and 102 may be constructed in a
similar manner, only one of the switches will be described
in detail. For this reason, only the switch 62 is shown
in FIGURE 2 and will be described in detail in this ap-
plication. The switch 62 has a pair of input terminals
110 and 112 connected to the voltage source 16 to receive
snitable values of fixed amplitudes. .For example, the
terminals 116 and 112 may respectxvely have potentials
of -2 volts and +-12 volts applied to them from the
voltage source.

The terminal 116 i is connected to the emitter of a suit-
" able semi-conductor such as a transistor 114, which may
be a Type 2N247. A resistance 116 havmo a suitable
value such as approximately 8.2 kilo-ohms is connected
between ‘the terminal 112 and the base of the transistor
114. A parallel combination of a resistance 118 and a
capacitance 120 is connected between the base of the
transistor 114 and an input terminal 122. The resistance
118 and the capacitance 120 may be respeciively provided
with suitable values such as approximately 3.9 kilo-ohms
and 200 micro-microfarads.

The collector of the transistor 114 is connected to the
base of a suitable semi-conductor such as a transistor 123,
. which may also be a Type 2N247. Connections are also

made from the collector of the transistor 114 to the anode
of a diode 124 and from the emitter of the transistor 123
to the cathode of the diode. The collector of the tran-
sistor 123 has a suitable negative potential applied to it
from a terminal 126 in the voltage source 16. This po-
tential is adapted to vary .in accordance wtih variations
in the potential applied to the line 15 in FIGURE 1. For
example, the terminal 126 may have a suitable value
such as —22 volts when the potential in the line 15 is
'—20 volts. Similarly, the potential at the terminal 126
may be —13 volis when a potential of —11 volts is ap-
plied to the line 15 such that a difference of 2 volts is
always produced between the potentials on the terminal
126 and the line 15.

A terminal 128 is also connected to the voltage source
16 to reecive a potential 2 volts more negative than that
‘applied to the terminal 126 just as the terminal 126 re-
ceives a potential 2 volts more negative than that applied
to the line 17. A resistance 131 has common connections
with the terminal 128 and the base of the transistor 123.
‘The resistance 131 may be provided with a suitable value
such as approximately 10 kilo-ohms.

The bases of suitable semi-conductors such as tran-
sistors 130 and 132 receive the potential on the emitter
of the transistor 123 through a resistance 134 having a
suitable value such as approximately 470 ohms. The
transistors 130 and 132 may be respectively Types TI302
and 2N184, the former being of the PNP variety and the
latter being of the NPN variety. The collectors of the
transistors 130 and 132 are respectively connected at
terminals 125 and 127 (FIGURE 2) to the lines 15 and
17 in FIGURE 1. The emitters of the transistors 130
and 132 respectively have common connections with the
movable contacts of the rheostats 64 and 66.

.- The switches such as the switch 14 control whether the
associated resistance such as the resistance 10 is con-
nected between the lines 12 and 17 or between the lines
12 and 15. In one operative relationship of the swiich
14, for example, the resistance 1¢ becomes connected be-
‘tween the lines 12 and 17. In a second operative relation-
. ship of the switch 14, the resistance 10 becomes connected
-between the lines 12 and 15. Normally, all of the switches
‘such as the switch 14 are in the first operative relation-
ship so as to be connmected between the lines 12 and
17. Since the resistance 13 is also connected between
‘the lines 12 and 17, an open circuit is produced between
‘the lines 12 and 15. Because of the open circuit between
the lines 12 and 15, no voltage is developed across the
‘lines 12 and 17. This causes a potential of zero volts
equal to that on the line 17 to be produced on the line
.12 and corresponds to an analogue value of zero,

8

The potentlal produced on the line 12 changes in a

. pattern dependent upon adjustments in the operation of
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the different switches from their first relationships to their
secorid relationships. For example, the switch 14 may
change from the first relationship to the second relation-
ship.” This causes the resistance 10 to be electrically con-
nected between the lines 12 and 15 whereas all of the other
resistances remain connected in parallel between the lines
12 and 17.

Because of the paraliel relationship between all of the
precision resistances other than the resistance 10, the im-
pedance presented between the lines 12 and 17 is relatively
low in comparison to the impedance presented by the re-
sistance 10 between the lines 12 and 15. This causes
most of the potential drop of the regulated voltage from
the source 16 to occur across the resistance 10 such that
a negative voltage slightly below ground is produced on
the line 12.  This negative voltage has an amplitude cor-
responding to an analogue value of “1.” An analogue
value of “1” is produced when only the switch 14 changes
from its first operative relationship to its second operative
relationship.

For an analogue value of “2,” the switch 14 returns to
its first operative relationship and the switch 22 becomes
disposed in its second operative relationship. This causes
an impedance of 20 megohms rather than 40 megohms to
be produced between the lines 12 and 15.  The impedance
produced between lines 12 and 17 corresponds substantially
to the same impedance as that produced across the lines
for an analogue value of “1.” Since the impedance be-
tween the lines 12 and 15 for an analogue value of “2”
is one-half that for an analogue value of “1,” the ampli-
tude of the negative voltage produced on the line 12 for
an analogue value of “2” is suvstantially twice as great as
the voltage produced on the line 12 for an analogue value

»Of “1.”

Both of the switches 14 and 22 become operative in
their second relationships for an analogue value of “3.”
This causes the resistances 16 and 20 to become con-
nected in parallel between the lines 12 and 15. By an
application of Kirchoff’s laws, the value of the resistances
16 and 2§ in parallel becomes substantially 625 megohms.

~Since this value is substantially one-third that of the re-

sistance 10, the line 12 has produced on it a potential
which is substantially three times as great as that repre-

_senting an analogue value of “1.”

In like manner, it can be shown that the potentla.l on the
line 12 has a negative amplitude which is directly pro-
portional to the analogue value represented by the digital
signals controlling the operation of the different switches.
This direct- proportion between the potential on the line
12 and the analogue value represented by the digital sig-
nals exists even for high analogue values. For example,
the converter shown in FIGURE 1 has fourteen separate
branches each representing the value of a binary digit of
progressively increasing importance. When each of the
fourteen binary digits has a binary value of “1,” a maxi-
mum analogue value of “16,383” would be produced: By
including the resistance 13, this value can be properly
represented by the output potential in the line 12. For a
binary value of “1” for each of the fourteen digital p051-
tions, all of the switches shown in FIGURE 1 are in
their second operative relationship. This places all of the

"precision resistances -except the resistance 13 in parallel
“between -the lines 12 and 15, Because of this, only the

precision resistance 13 appears between the lines 12 and
17.  Since all of the precision resistances except the re-
sistance 13 are .in parallel, their resultant value is rela-
tively low in comparison to that provided by the resistance
13. This causes the amplitude of the negative voltage on
the line 12 to approach the negative potential on the lme

* 15 but to be slightly less than this ne gative potential.

75

Because of the inclusion of the resistance 13, the po-
tential on the line 12 can never equal the negative po-
tential on the line 15. The maximum value produced on



3,077,803

g
the line 12 corresponds to a binary value of “1” for each
of the fourteen digital positions in the converter. If the
resistance 13 were not included, the maximum potential
on the line 12 would equal ihe negative potential on the
line 17. - This would correspoad to a birary value of “0”
for each of the first fourteen digital positions and a binary
value of “1” for the fifieenth digital position. In this way,
an error of “1” would be produced at the upper limits
since a binary value of “0” for each of the first fourteen
positions and a value of “1” for the fifteenth digital posi-
tion corresponds to the addition of a binary value of “1”
in the least significant digit position {o a value represented
by binary indications of “1” in each of the first fourteen
positions.

For a converter having fourteen branches such as that
shown in FIGURE 1, a deviation of “1” in the least sig-
nificant digit would involve an error of almost 0.1 percent
(0.1%). This is a considerable error in relation to the
relatively low errors produced by digital computers which
have been built and which now are in operation. For
this reason, the inclusion of the resistance 13 in the con-
verter provides a ccmnsiderable enhancement in the ac-
curacies which. are obtained. This considerable en-
hancement is especially effective for the conversion of a
high digital value to a corresponding analcgue representa-
tion or for the conversion of a high analogue value to a
corresponding digital representation.

As will be seen from the above discussion, the con-
verter shown in FIGURE 1 operates to convert a digital
representation into an analogue representation by pro-
ducing on the line 12 a potential having an amplitude
directly proportionate to the analogue representation.
This potential has a particular fractional relationship to
the potential on the line 15 to provide a direct indication
of the analogue value. Because of this fractional rela-
tionship, the potential on the line 12 can be considered
to represent a multiplication between the potential on the
line 17 and the value of the digital input signals. A true
multiplication between two numbers can be obtained by
varying the potential on the line £7 to represent one of
the numbers and by varying the pattern of the digital
input signals to represent the other number.

It will be seen that only the precision resistances are
included in the eight branches of least significance where-
as resistances and rheostats in addition to the precision
resistances are included in the six branches of greatest
significance. This results from the fact that the pre-
cision resistances in the branches of least significance
have relatively high values. These values are so much
greater than the impedance provided by the switches in-
cluded in the branches that differences in the impedance
presented by the individual switches have a negligible
effect on the over-all accuracy of the converter. How-
ever, differences in the impedance provided by the indi-
vidual switches in the branches of greatest sicnificance
can produce some error in the operation of the converter
if these variations are not properly compensated. Such
compensations are obtained by trimming the different
rheostats in the branches of greatest digital significance
to obtain an optimum impedance in accordance with the
individual impedances presented by the different switches.

As previously described, each switch such as the switch
62 is formed from a plurality of transistors connected
in a novel arrangement. These transistors have varia-
tions in their saturation impedances, the variations re-
sulting from inability to manufacture transistors within
precise tolerances. The transistors having the high im-
pedances are connected in the line which would include
only one of the rheostats and not both of the rheostats.
For example, the transistors having relatively high im-
pedances in the switch 62 are connected in the line with
the rheostat 64 and the resistance 68, and the rheostat
64 is trimmed to obtain the proper impedance in the. line.
After the rheostat 64 is trimmed, the rheostat 66 is
trimmed to obtain the proper impedance in the line
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10
formed by the resistance 69, the rheostats 64 and 66 and
the transistors of relatively low impedance in the switch
62. In this way, the branch including the resistance 6§
and the switch 62 has the same impedance regardless of
whether the switch is operating in the first relationship
or in the second relationship.

The rheostats in each branch are trimmed by compar-
ing the impedance in that branch with the combined im-
pedance in all of the branches of decreased significance.
At the same time, all of the branches of greater signifi-
cance than the tested branch are uncoupled from line 12.
For example, the branch including the switch 62 and the
precision’ resistance. 6% would have its impedance com-
pared with the resultant impedance in the first nine
branches of least significance to obtain a proper trimming
of the rheostats 64 and 65. However, the four branches
of greatest significance would be disconnected from line
12 at this time.
~ In order to test for the proper impedance in the branch
including the switch 62 and the precision resistance 66,
a single-pole double-throw switch is alternately operated
to connect the tested branch to a source of voltage and
then to connect the parallel combination of all of the
preceding branches to the source of voliage. A compari-
son is made between the voltage produced across a test
impedance by the branch being tested and by the parallel
combination of the impedances in all of the preceding
branches. Adjustments are made until the voltages across
the test impedance become equal for both throws of the
switch. .

Bach of the switches in the different branches of the
converter such as the switch 62 has an input voltage
applied to it to represent a binary “1” or a binary “0.”
The input voltage applied to the switch at the input ter-
minal such as the terminal 122 in FIGURE 2 has a
binary value of “1” when it has a potential of substan-
tially zero volts. Similarly the input voltage at the ter-
minal 122 has a binary value of “0” when it has a po-
tential of substantially —10 volts.

As previocusly described, approximately 412 volts is
applied to the terminal 212. This potential and the
divider network formed by the resistances 118 and 116
control the potential applied to the base of the transistor
114 from the terminal 122. Since the transistor 114 is
a PNP type, an axcess of positive ions exists in the
region near the emitter. Because of this, the positive
icns at the emitter are not able to travel toward the base
and past the base to the collector when the potential at
the. base of the transistor is more positive than the po-
tential at the emitter. This occurs when an input poten-
tial of zero volts is introduced to the input terminal 122
to represent a binary value of “1.” Since no current is
able to flow through the transistor 114, a potential ap.
proaching the potential at the terminal 128 is produced
on the collector of the transistor,

The negative potential preduced on the collector of
the trensistor 114 also appears on the base of the tran-
sistor 123 and on an approximate basis on the emitter of
the transistor. Actually, the potential on the base of the
transistor becomes more negative than the potential on
the emitter of the. transistor because of the operation of
the resistance 13¢. The diode 124 allows the potential
on the base of the transistor 123 to be more negative
than the potentizl on the emiiter since it provides a high
back impedance under such circumstances. When the
potential on the base of the transistor 123 becomes more
negative than the potential on the emitter of the transistor,
the transistor becomes conductive such that the potential
on the emitter approaches that on the collector. This
potential is introduced to the bases of the transistors 138
and 132 through the resistance 134.

Since the potential at the terminal 126 is approxi-
matiely two volts more negative than the potential intro-
duced to the collector of the transistor 136, the transistor
138 becomes conductive. This results from the fact that
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the collector of the transistor 130 in effect functions as
the emitter of the transistor and from the fact that the
emitter actually functions as the collecter. The current
flow through the transistor 130 is fairly heavy with most
of the flow occurring from the collector to the base and
with some of the flow occurring from the emitter to the
base. By providing a heavy flow of current to the base
from the collector and some flow of current to the base
from the emitter, the emitter potential becomes clamped
divectly to the potential applied to the terminal 123.
As previously. described, this potential has a reguiated
value since it corresponds to the potential applied to the
line 15 in FIGURE 1. ) ,

" In this way, the regulated potential of the desired
amplitude is applied to the movable contact of the rheo-
‘stat 64 in FIGURES 1 and 2. The operation of the
transistor 139 in providing a switch action by obtaining
_a flow of current to the base from both the emitter and
the collector is fully set forth in an article entitled “June-
tion Transistors Used As Switches” and written by R. L.
Bright and appearing in the March, 1955, issue of “Com-
‘munication. and Electronics.”

At certain times, the input signal at the terminal 122
may. be substantially —10 volts to represent a binary
value of “0.” When this signal is introduced to the base
of the transistor 114 through the resistance 118, it causes
the transistor to become conductive, ~ The resultant flow
'of current through the transistor causes the potential on
the collector of the transistor to have a value approxi-
mating. the potential of +2 volts applied to the emitter
of the transistor. This potential is applied to the base
.of the transistor 123 to render the transistor non-conduc-
tive. The diode 124 conducts so as to make the potential
on the emitter of the transistor 123 correspond sub-
stantially to the potential on the collector-of the transistor
i14. :

_ The positive potential of -2 volts produced on the
emitter of the transistor 123 is applied to the bases of
the transistors 130 and 132 through tle resistance 134.
This potential renders the transistor 136 non-conductive
‘but -operates to produce a flow' of current through the
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transistor  132. This flow of current is produced be- -

cause the collector of the tramsistor 132 in effect serves
as the emitter. The collector of the transistor 132 is
provided with a plurality of electrons which are attracted
toward the base when the potential on the base becomes
positive relative to the potential on the collector. This
occurs when the base of the fransistor 132 receives a
potential of -2 volts.

The positive current flowing from the base of the
transistor 132 to the collector of the transistor has a rela-
‘tively large -amplitude. Positive curreat having a some-
what reduced amplitude also flows from the base of the
transistor 132 to the emitter of the transistor. This
causes the potential on the emitter of the transistor 132
to become clamped directly to “the regulated potential
applied to the terminal 127 in FIGURE 2. This po-
tential corresponds to that applied to the line 17 in FIG-
URE 1. In this way, a regulated potential having the
desired value is applied to the movable contact of the
rheostat 66 when the transistor 132 becomes conductive.

The switch shown in FIGURE 2 and described above
‘has certain important advantages. It-is able to operate
-at speeds considerably in excess of those which can be
produced by mechanical switches. For example - the
switch shown in FIGURE 2 cdn operate at-speeds ap-
‘proximately 5000 times faster than speeds which can
be obtained from mechanical switches.

The switch shown in. FIGURE 2 also has other ad-
vantages. It provides a balanced operation in the first
-and second relationships because of the inclusion of the
-transistors 114 and 123 to serve as an amplifier and emit-
‘ter:follower for transistors 132 and 135, - This causes the
-base current ‘pressnted to the transistor 130 during the
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conductance of the transistor to be substantially equal
to the base current presented to the transistor 132 during
the conductance of that transistor. This balanced source
of base current drive is instrumental in producing an
optimum “operation of the trapsistors 136 and 132 in
clamping the base of the conductive transmitter directly
to the collector of the transmitter. The optimum clamp-
ing action is also obtained because of the unusual action
of the transistors in producing a large flow of current be-
tween the base and collector of the transistor while there
is a small flow of current between the base and emitter
of the transistor. This direct clamping is important in
obtaining the proper contribution of potential by the
precision resistance in the associated branch toward the
production of the required output potential on the ling 12.

As previously described, the converter shown in FIG-
URES 1 and 2 preferably operates on a binary basis. * In
such an operation, each of the resistances 10, 20, 26, etc.,
in FIGURE 1 has a value twice as great as the previous
resistance. For example, the resistances 16, 20, 26, 30,
34, 38, 42 and 46 may respectively have values of 40, 20,
10, 5, 2.5, 2.5, 1.25, 0.625 and 0.3125 megohms. However,
the comverter may also operate to provide conversions
into or from other number systems than binary. For ex-

ample, the converter may.convert between an analogue’

representation and a binary-coded decimal representation
where each decimal digit is represented by four binary
numbers. These four binary numbers may in one em-
bodiment have weighted values of 8, 4, 2 and 1. Under
such circumstances, the resistances 10, 20, 26, 30, 34, 38,
42 and 46 may respectively have values of 40, 20, 10, 5,
4,2, 1 and 0.5 megohms. A binary-coded decimal repres-
entation may also be provided for each decimal digit by
four binary digits having weighted values of 4, 2, 2 and 1.

‘For such weighted values, the resistances 10, 20, 26, 30,

34, 38, 42 and 46 may respectively have values of 4, 20,
20, 10, 4, 2, 2, and 1 megohms.

Block Diagram of System Including Converter

The converter shown in FIGURES 1 and 2 and de-
scribed above is adapted to be used in a system which is
shown in block form in FIGURE 3 and which is con-
sidered to be a part of this invention. - In the system shown

in FIGURE 3, the converter constituting this invention

is indicated schematically in block form at 130. As pre-
viously described, the impedance presented by the con-
verter at the output line 12 is substantially constant regard-
1ess of the pattern ‘of operation of the d:fferent switches
in the converter. The substantially constant impedance

-presented by the converter at the line 12 is indicated sche-

matically by a resistance 133, which may have a value of
substantially 2441.4 ohms for the values set forth above
for the different resistances shown in FIGURE 1. In this
way, the effective output voltage of the converter 130
acts as though it is applied through the line 12 to one ter-

-minal of the resistance 133.

The second terminal of the schematic resistance 133 is

shown as having a common connection with the movabie

contact of a single-pole, double-throw switch 135, the
upper stationary contact of which has a common connec-
tion with one terminal of a resistance 134. The resistance
134 may be provided with a value substantially equal to
that of the resistance 133. The other terminal of the

resistance 134 is connected to a source 136 for providing

an input voltage. This input voltage is provided when a
conversion is made from an analogue value represented
by the voltage to a digital representation. - When an an-
alogue-to-digital conversion is provided, the movable con-
tact of the switch 135 is moved into engagement with the
upper stationary contact of the switch in FIGURE 3.
For a digital-to-analogue conversion, the movable con-
tact of the switch 135 is moved into engagement with the
lower stationary contact of the switch in FIGURE 3,
The system shown in FIGURE 3 also includes a source

148 for producing clock signals at periodic intervals. Al-

i~
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though the source 14@ is shown in biock form in FIG-
URES 3 and 4, its constructicn is believed to be apparent
to a person skilled in the art. For example, the clock
source may be a blocking oscillator or a monostable
multivibrator. The output signals from the clock source
146 are introduced to the input terminal of a triggering
stage 142, the output terminal of which is connected to
an emitter follower 144, The signals from the emitter
follower 144 pass directly to one input terminal of a fh‘p-
flop 146 and through a delay line 148 and an emitter
follower 150 to a second input terminal of the flip-fiop
146. The two input terminals of the flip-flop 146 may
be designated as the upper and lower input terminals to
correspond with the showing in FIGURE 3.

The flip-flop 146 is also provided with first and second
output terminals which may be designated as the upper
and lower terminals to correspond with the showing in
FIGURE 3. The output signals from the upper output
terminal of the flip-flop 146 are introduced to a chopper
152, which also receives the potential from the terminal
common to the resistances 133 and 134, The chopper 152
produces signals having polarities related to the polarity
of the voltage at the common terminal between the resist-
ances 133 and 134 and produces these signals at times con-
trolled by the operation of the fiip-flop 146. These signals
are introduced to an amplifier 154, and the amplified sig-
nals are introduced to a pair of triggering circuits 156
‘and 158, the operation of which is controlled by the poten-
tial on the upper-output terminal of the flip-flop 146. The
§ignals frony the. triggering. circuit 156. are applied to a

~fitst-input ‘terminal 162 of a counter generally indicated
at’160, and the signals from the triggering circuit 158 are
applied through an inverter 163 to a second input terminal
164 of the counter.

The counter 169 is provided with a number of stages
corresponding to the number of branches in the converter
shown in FIGURE 1. Each stage in the counter includes
a bistable stage such as a flip-flop for controlling the op-
eration of the switch in an associated branch of the con-
verter shown in FIGURE 1.  The output from the flip-
ficp is applied through a suitable lead to the input termi-
‘nal of the associated switch such as the input terminal 122
in FIGURE 2. Only a few stages of the counter 16§ are
shown in FIGURE 3 since it is believed that a person

- skilled in the art will completely understand the construc-
tion and. operation of the counter from these stages.

The cathodes: of diodes 178 and. 172 are respectively
connected to the terminals 164 and 166, and the plates of
the diodes are connected to the input terminal of a flip-
flop 174.- As will be described in detail subsequently, the
flip-fiop 174 operates in a manner similar to the fiip-flop
146 except that it receives signals at an input terminal
common to the two stages of the fiip-flop instead .of re-
ceiving signals at two separate input términals. The sig-
nals produced on the upper and lower output terminals
of the flip-flop 174 are introduced respectively to input
terminals of amplifiers 176 and 178. The amplifiers 176
and 178 also have second input terminals respectively con-
nected to output terminals of amplifiers 186 and 182. The
-amplifiers 180 and 182 respectively receive the input sig-
nals applied to the terminals 164 and 16§.

The output signals passing through the amplifiers 178
and 188 are respectively introduced to the cathodes of;
diodes 186 and 188 in a second stage of the counter. The
plates of the diodes 186 and 188 are connected to the
input terminal of a flipflop 196 corresponding- to the
flip-flop 174. Connections are made from the lower and
upper terminals of the flip-flop 12¢ to input tedminals
of the amplifiers 192 and 194 having second input ter-
minals respectively connected to the output terminals of
amplifiers 196 and 198. The amplifiers 19§ and 198
xeceive the signals respectively passing through the am-
plifiers 176 and 178.

Lines 260 and 282 respectively extend from the lower
output terminals of the flip-flops 174 and 190. These
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lines extend to input terininals of the switches in asso-
ciated stages such as the input terminal 122 in the stage
shown in FIGURE 2. Similarly, a line 204 extends from
the lower output terminal of a flip-flop 206 in the last
stage of the counter 202 to an input terminal of the
switch 142 in FIGURE 1 corresponding to the input ter-
minal 122 shown in FIGURE 2. The flip-flop 206 re-
ceives input signals from the plates of diodes 208 and
218. The cathodes of the dicdes 208 and 210 have sig-
nals applied to them from output terminals of amplifiers
212 and 214 in the previous stage. The amplifiers 212
and 214 respectively correspond to the amplifiers 176
and 178 in the first stage of the counter.

To obtain a conversion from a digital representation
to an analogue represenation, all of the flip-flops in
the counter 160 such as the flip-flops 174, 190 and 206
are initially set to a particular state of operation. For
example, all of the flip-flops may be set to an oper-
ation wherein a relatively high positive voltage is pro-
duced on the upper output terminal of the flip-flop and
a relatively low voltage s produced on the lower output
terminal of the flip-flop. This corresponds to an analogue
value of “0,” Digital signals are then introduced to the
different flip-flops in the counter in accordance with the
individual pattern representing the particular value to
be converted. For example, the flipflop 174 has signals
applied to it to represent the binary digit of least signifi-
cance. Similarly, the flip-flops 190 and 200 respectively
receive signals representing the binary digits of second
least significance and of greatest sigaificance.

When a digital signal has a binary value of “0” it does
not affect the previous operation of the flip-flop receiv-
ing the signal upon the occurrence of a “0” state of
operation in the flip-flop. Because of this, a relatively
low voltage is still produced on the lower output terminal
of the flip-flop. However, a signal digitally represent-
ing a binary value of “1” causes the flip-fiop to be trig-
gered from its “0” state of operation to its “1” state
of operation. Because of the triggering of the flip-flop,
a relatively high voltage is produced on the lower out-
put terminal of the flip-flop and a relatively low volt-
age is produced on the upper terminal of the flip-fiop.
In this way, the various output lines such as the lines
289, 202 and 204 have low and high voltages applied
to them in a pattern corresponding to the pattern of the
signals introduced to the different {lip-flops. ‘These sig-
nals provide a digital representation of the particular
value to be converted into a corresponding analogue
voltage.

The voltages of the various output lines such as the
lines 269, 202 and 264 in FIGURE 3 are introduced to
the input terminals of the different switches included in
the converter shown in FIGURE 1. These veltages ‘con-
trol the operation of their associated switches so that
the precision resistances coupled to the switches become
connected to the lines 15 and 17 in a pattern related to
the pattern of the voltages on the different output lines
such as the lines 20¢, 282 and 294. By connecting the
different precision resistances in an individual pattern
to the lines 15 and 17 in FIGURE 1, a particular voit-
age is produced on the line 12. As described in detail
previously, this particular voltage has an amplitude TEp-
resenting the analogue value of the digital signals intro-
duced to the counter 166, The amplitude of the analogue
potential may actually be considered ag the product of
a first quantity represented by the digital signals and
of a second quantity represented by the amplitude of
the voitage between the lines 15 and 17. This has been
described in detail previously.,

The system shown in FIGURE 3 is not only able to
provide a conversion from a digital representation to
an analogue representation but is also able to provide
a conversion from an analogue representation to a digi-
tal representation. This conversion is made -on a dy-
namic basis by comparing “the voltage on the line 12 in
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FIGURES 1 and 3 with the input voltage representing
the analogue quantity to be converted into digital form
and. by adjusting the voltage on the line 12 to equal the
input voltage. Since the potential on the line 12'is of a
‘negative polarity, the input potential preferably has a
-positive ‘polarity such that a zero voltage can be pro-
duced at the common terminal between the resistances
133 and 134 when the analogue quantity represented
by the voltage on the line 12 corresponds to the input
quantity.

When the output potential on the line 12 has an am-
plitude greater than that of the input voltage, a negative
voltage is produced on the common terminal between
the resistances 133 and 134. Similarly, a potential hav-
ing a positive polarity is produced on the common ter-
minal between the resistances 133 and 134 when the in-
put voltage has a greater amplitude than the output volt-
age on the line 12. In this way, the polarity of the volt-
age produced on the common terminal between the re-
sistances 133 and 134 provides a direct indication as
to the polarity of any errors beiween the input and out-
put representations. _

The direct voltage on the common terminal between
the resistances 133 and 134 is converted into an' alter-
-nating signal, This alternating voltage fluctuates be-
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tween a value of “0” and a potential having a polarity -

relatéd to the polarity of the direct voltage on the com-
mon terminal between the resistances 133 and 134. The
- alternating voltage is produced at a frequency related

fo the rate of occurrence of the clock signals provided

by the source 146. These clock signals are introduced
to the stage 142, which operates to convert the clock sig-
nals. into sharp and clean triggering signals. The out-
put signals from the stage 142 are introduced to the

emitter follower 144 to produce an impedance match-’

-ing with the impedance presented by the delay line 148
and the flip-flop 146. »

The signals from the emitter follower 144 are intro-
duced directly to the upper input terminal of the flip-flop
146 in FIGURE 3 to trigger the flip-flop to a first state of
operation. - The signals from the emitter follower 144 also
pass through the delay line 148 after a particular delay
and trigger the flip-flop 146 to a second state of opera-
tion opposite to the first state. By providing the line

148 with a delay equal substantially to one-half of the

- period of time between successive clock- pulses, the flip-
" flop 146 can be alternately triggered into its first and
second states at a substantially constant rate,

When -2 negative potentjal is produced on the upper
output terminal of the flip-flop 146 in FIGURE 3 in the
first state of operation of the flip-flops, a ground po-
tential is applied to the chopper 152 to obtain the produc-

- tion of a potential having a zero value from the chopper.
However, the chopper 152 is able to produce a signal
having a polarity related to the direct voltage on the com-
mon terminal between the resistances 132 and 134 when
the upper output terminal of the ﬂip-ﬂop 146 has a
potential approaching ground. - This occurs in the second
state of operation of the ﬂxp-ﬂop 146, The resultant
alternating signals produced in the chopper 152 are am-
plified by the stages 154 and are introduced to the trigger-
ing circuits 156 and 158. Since the amplifying stages
154 lose any reference potential, this reference. potential
is re-established in the triggering stages 156 and 158 by

_introducing the potential on the lower output terminal of

. the flip-flop 146 to the triggering circuits 156 and 158.

The triggering circuits 156 and 158 are gated to pass

-only signals of a particular polarity. from the amplifier
154. For example, only signals of a positive polarity
from the amplifier 154 are able to pass through the trig-

gering circuit 156. These signals are inverted in polarity

by the triggered circuit 156 so as to be introduced as nega-
~ tive signals to the input terminal 164 of the counter 160.
Similarly, only signals: having a negative amplitude are
able to pass through the triggering stage 158. Because
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-of the inverting operation provided by the triggering cir-
-cuit 158, signals having a positive polarity are produced

by the eircuit. These signals are inverted by the stage
162 into negative triggering signals for introduction to
the input terminal 166 of ‘the counter 160,

Each triggering signal introduced to the términals 164
and 166 triggers the flip-flop 174 from one state of opera-
tion to the other. Each of the signals introduced to the
terminals 164 and 166 also passes through the amplifiers
189 and 182 to the amplifiers 176 and 178, respectively.
For example, each signal introduced throutrh the. input

- terminal 164 passes through the amphﬁer 180 to the am-

plifier 186. However, the amplifier 176 is gated by the
voltage on the lower output terminal of the flip-flop 174 so
as'to pass through this amplifier only upon the occurrence
on the output terminal of the flip-flop of a negative voltage
considerably different from ground.

Certain delays are provided in the couplmg from the
lower output terminal of the flip-flop 174 to the amphﬁer
176. These delays are sufficiently long so that the flip-
flop. 174 provides a control over the.passage of signals
through the amplifier 176 in accordance with its state of

- operation before the introduction’ of the trigg_ering signal

to the input terminal 164. This is necessary in order to
have each stage control the operation of successive stages
in accordance with its state of opération before each tng—

" gering pulse.

In like manner, the triggering s1gna1 mtroduced to the
input terminal 166 passes through the amplifier- 182 to
the amplifier 178. The signal is able to pass through the
amplifier 178 only when a negative voltage considerably
different from ground has been produced.on the upper
output terminal of the flip-flop 174 before the introduc-
tion of the triggering signal to the input terminal 166. -

Since the input terminal 164 receives triggering signals

" representing output signals of one. polarity from the am-

plifier 154 and since the input terminal -166 receives trig-
gering signals representing output signals of an opposite

- polarity from the amplifier 154, the counter.160 operates

to count both in a forward and reverse direction.. The
counter counts in a forward direction upon the introdic-
tion of signals to the terminal 164 and counts in a re-
verse direction upon the introduction of signals to the
terminal 166, .

As will be seen from the subsequent dxscussxon, each
stage in the counter 160 controls the passage of trigger-
ing signals to the next stage. For example, the gating
amplifiers 176 and 178 -control the passage of triggering
signals from the first stage to the flip-flop 19¢ in the sec-
ond stage. The signals are able to pass through the first
stage to the second stage for a forward count only upon
an occurrence of a binary indication of “1” in the first
stage. In like manner, signals are able to pass through
the first stage to the second stage- only upon the occur-
rence of a binary indication of “0” in the first stage.

By a similar reasoning, signals are able to pass to the
third stage for a forward count only when both the first
and second stages simultaneously have binary indications
of “1.” Signals are able to pass to the third stage for a
reverse count only when binary indications of “0” simul-
taneously appear in the first two stages. Similar-reason-
mg can be applied to the operatlon of successive stages
in the counter. i
- In this way, a counter is obtained for counting in-
crementally in the forward and reverse directions to pro-
vide digital indications in a binary code for any decimal
value. This counter has certain unportant advantages
One advantage is that it can count in forward and reverse
directions without any requirement for complex circuitry,
Another advantage is that the operation of each stage is
controlled by gated amplifiers such that each gated am-

- plifier has only two input signals applied to it regardless .

75

of the digital significance of the stage. This’ balanced
operation in the gated amplifiers is important in preventing
any of the stages from becoming over-loaded by an ex-
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cess of input signals. This overloading often occurs in
the stages of greatest significance in counters now in
use.

The counter shown in block form in FIGURE 3 and
described above also has certain other important ad-
vantages. It is able to change counts at a speed con-
siderably in excess of counters now in use. This results
from the fact that the triggering signals pass through the
gated amplifiers in successive stages in accordance with
the state of operation of the flip-flops in the previous
stages before the introduction of the triggering signals.
Since the gated amplifiers are formed primarily from
transistors and associated impedances, the triggering sig-
nals can pass almost instantaneously through the succes-
sive gated amplifiers. Other advantages result from the
detailed construction of the flip-flops and the associated
circuitry in the counters; as will be described in detail
subsequently.

Detailed Diagram of System Including Converter

The embodiment shown in FIGURE 3 and described
above is illustrated in some detail in FIGURES 4 and 5,
The mrcmtry shown in FIGURES 44 and 4b mcludes the
clock source 148 also shown in FIGURE 3. The output
signals from the clock source 148 in FIGURE 4a are in-
troduced through a coupling capacitance 250 to first ter-
minals of a resistance 252 and a capacitance 254 and to
the ungrounded terminal of a resistance 256. Second
terminals of the resistance 252 and the capacitance 254
are connécted to the base of a semi-conductor such as a
transistor 258, which may be a Type 2N247. The ca-
pacitance 250, the resistance 252, the capacitance 254 and
thé resistance 256 may be provided with snitable values
such as 300 micro-microfarads, 0.27 kilo-ohms, 100 kilo-
ohms and 1.8 kilo-ohms.

The emitter of the transistor 258 has a common con-
nection with the ungrounded terminal of a resistance 260
which may be provided with a sultable value such as 0.27
kilo-ohms. The emitter of the transistor 258 also has a
common connection with the emitter of a su1table semi-
conductor such as a transistor 262, which may also be a
Type 2N247. A resistance 264 and a capacitance 266
extend in parallel between the collector of the transwtor
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258 and the base of the transmtor 262. A neganve po- .

tential such as ~12 volts is apphed from a suitable
source 270 of direct voltage to the collector of the tran-
sistor 258 through a line 273 and a resistance 272 having
a suitable value such as approx1mately 1.0 kilo- ohms A
positive potential such as +2 volts. is applied from the
voltagée source 270 to the base of the transistor 262
through a line 275 and a resistance 274 having a suitable
value such as approxxmately 2.7 kilo-ohms. The voltage
source 270 may correspond to the voltage source 16 shown
in FIGURE 1,

The negative potenual of approxtmately —12 volts is
applied to the collector of the transistor 262 through the
line 273 and a resistance 276 having a suitable value such
as approximately .1.0 kilo-ohms, The signals produced
on the collector of the transmtor 262 pass through a suit-
able coupling capac1tance 278 to first. terminals of a re-
sistance 280 and a capacitance 282. The resistance 280
and the capacitance 282 may have suxtable values such
ds approximately 2.7 kilo-ohms and 1,000 micro-micro-
farads, respectively. The plate of a diode 284 and a re-
sistance 286 also have common connections with the first
terminals of the resistance 280 and the capacitance 282.
The cathode of the diode 284 and the second terminal
of the resistance 286 receive a slightly positive potential
such as 0.5 volt through a line 287 from the voltage source
270. The resistance 286 may have a suitable value such
as approxxmately 5.6 kilo-ohms. .

Second termmals of the resistance 280 and of the ca-
pamtance 282 are connected to the base of a sultable semi-
conductor such as a transistor 290, which may bé a type
2N247. The collector of the transistor has a negatlve
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potential of =12 volts applied to it through the line 273
from the voltage source 270. A resistance 292 is con-
mected between the emitter of the transistor 299 and
ground and is provided with a value to match the input
impedance to a delay line 346. The signals on the emitter
of the transistor 290 are applied through a coupling ca-
pacxtance 294 to. first terminals of a resistance 296 and
'a_capacitance 298 The first terminals of the resistance
296 and the capacitance 298 may. be biased through a
resistance 300 and the line 287 at a slightly positive po-
tential. The capacitance 294, the resistance 296, the
capacitance 298 and the resistance 300 may be prov1ded
with suitable values such as approximately 400 micro-
mlcrofarads 2.7 kilo-ohms, 200 micro-microfarads and
5.6 kilo-ohms.

The base of a suitable semi-conductor such as a transis-
tor 302 receives the signals produced at the second ter-
minals of the re51stance 296 and the capacitance 298.
The transistor 302 may be a Type 2N247. The emitter
of the transistor 302 is grounded and the collector is
biased at a negative pobentlal through a resistance 304
and the line 273 from the negative terminal of the volt-
age source 270. A capamtance 306 and a resistance 308
extend electrically in series between the negative terminal
of the voltage source 270 and ground ‘The resistance 304,
the capacitance 306 and the resistance 308 may be re-
spectively provided with suitable values such as 1.0 kilo-
chms, 1,000 micro-microfarads and 2.7 kilo-ohms.

The plate of a diode 310 is connected to the common

terminal between the capac1tance 306 and the resistance
308, and the cathode of the diode is connected to the base
of a suitable semi-conductor such as a transistor 312,
which may be a Type 2N114. The emitter of the transis-
tor 312 is grounded as is the emiiter of a transistor 314,
which may also be a Type 2N114. A resistance 316 and
a capacxtance 318 aré in parallel between the collector of
the transistor 312 and the base of the tramsistor 314.
Similarly, a resistance 32¢ and a capacitance 322 are in
parallel between the base of the transistor 312 and the
collector of the transxstor 314, Each of the resistances
316 and 320 may havé a suitablé value such as approxi-
mately 2.7 kilo-ohms, and. cach of the capacitances 318
and 322 may have a suitable value such as approximately
50 megohms. The collectors of the transistors 312 and
314 are negatively biased through resistances 324 and 326
each having a snitable value such as approximately 1.0
kilo-ohmis.
.. Electrical components are associated with the transistor
314 in a manner similar to that described above for the
transistor 312. These électrical components include a
diode 330, a transistor 332, a reésistance 334 and a capaci-
tance 336, which correspond respectively in value and
fiinction to the diodé 310, the transistor 302, the resistance
296 and the capacitance 298. The stages associated with
the transistor 314 also include a transistor 338, a re-
sistancé 340 and a capacitance 342 which respectively
correspond in value and function to the transistor 290, the
resistance 280 and theé capacitance 282.

Signals are applied to the resistance 340 and the capaci-
tance 342 through a suitable coupling capacitance 344
from the output of a delay line 346 which is adapted to
provide a suitable delay siuch as approximately 2.5
microseconds. The input to the delay line 346 is ob-
tained from thé emitter of the transistor 29¢. A resistance
347 having a value matching the output impedance of
the delay line 346 is connected between the output termi-
nal of the delay line and ground to provide an optimum
operation of the delay line.

The potential on the collector of the transistor 312 in
FIGURE 44 is applied to the base of a transistor 350 in
FIGURE 4b through a lead 351 (FIGURES 4g and 45)
and 2 resistance 352 having a.suitable value such as 18
kilo-ohms. The transistor 350 may be a Type 2N393.
The base of the transistor 350 may be coupled through a
resistance 354 having a valué of 27 kilo-ohms to the line
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2‘1’5 entcpdmrr from the voltage source. The emitter of
the transistor 350 is connected to the same ground 353
as the converter shown in FIGURE 1.

The collector of the transistor 350 is connected to one

erminal of a resistance 356 having a sintable value such
as approximately 1.2 kilo-ohms. Connections are made
from the second terminal of the resistance 356 to the

plate of a diode 358 and the cathode of a diode 369, the
cathodc of the diode 358 and the plate of the diode being
‘connected to the converter ground 333. The second
terminal of the resistance 356 also has a commion: cOn-
nection with the common terminal between the resistances
132 and 134, which are also shown in FIGURE 3. These
resistances are included for comparing the input potential
from the analogue source 138 with the potentml produced
on the line 12 in the converter shown in FIGURE 1.

The signals produced on the emitter of the transistor
356 are applied through a coupling capacitance 362 to
the base cf a suitable semi-conductor such as a transistor
364, which may be a Type 2393, A resistance 366 hayv-
ing a suitable value such as approximately 160 kilo-ohms
extends electrically from the base of the transistor 364
to the converter ground 353. A pair of resistances 368
and 370 are in seriés’ between the base of the transistor
3%4 and a line 372, which is connected to the voltage
source 270 to receive a suitable negative potential such
‘as —2 volts. A capacitance 374 is grounded at one end
and at the other end is connected to the collector of the
transistor 364 and to the common terminal between the
resistances 368 and 370. The resistances 368 and 376
and the capacitance 374 may be respectively provided with
suitable values such as 100 kllo ohms, 0.10 kilo-ohms
and 10 micrefarads.

A resistance 378 havmg a suitable value such as ap-
proximately 4.7 kilo-ohms is connected between the emit-
ter of the transistor 364 and the converter ground 353.
A capacitance 388 ‘and a resistance 382 are in series
across the resistance 378. The capacitance 380 and the
resistance 382 may be respectively provided with suit-
able values such as approximately 0.1 microfarads and
10 kilo-ohms. - The resistance 382 is in series with re-
sistances 384 and 386 between the converter ground 353
and the line 273, which is connected to the voltage source
276 to receive the negative potential of —12 volts. The
resistances 384 and 386 may be respectively provided
with suitable values such as approximately 1.8 kilo-chms
and 82 kilo-ohms. .

The base of a suitable semi-conductor such as a tran-
sistor 388 is connected -to the terminal common to the
resistances 382 and 384. A resistance 390 having a suit-
able value such as 0.15 kilo-ohms is disposed electrically
between the emitter of the transistor 388 and the con-
verter ground 353, The collector of the transistor 388
is connected to one terminal of a resistance 394 having a
suitable value such as approximately 1.0 kilo-chms. The
other terminal of the resistance 384 is connected to the
common terminal between the resistances 384 and 336.
A capacitance 396 having a suitable value such as ap-
proximately 10 microfarads extends elecirically to the
converter ground 353 from the common terminal between
the resistances 384 and 386.

The collector of the transistor 388 is coupled through
a suitable capacitance 468 to the base of a suitable semi-
conductor such as a transistor 482, which may be a Type
2N417. A pair of resistances 464 and 466 are in series
between the base of the transistor 492 and a line 445
connected to the voitage source 27% to receive a suitable
positive potential such as approximately 412 volts. A
resistance 418 and a capacitance 412 ate in series between
the base of the transistor, 402 and the converter 353. A
registance 414 is connected at one énd 1o the vngrounded
terminal of the capacitance 412 and at the other end to
the line 273 extending from the voltage source 278. The
resistances 484, 400, 41§ and 414 and the capacitance
412 may be respectively provided with svitable values
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such as approzimately 10 kilo-ohms, 0.47 kilo-ohms, 68
kilo-ohms, 0.47 kilo-chms and 10 microfarads.

A resistance 418 having a suitable value such as ap-
proximately 1.0 kilo-ohms is connected bstween the emit-
ter of the transistor 482 and the ungrounded terminal of
the capacitance 412. Connections are made to opposite
ends of a resistance 428 from the collector of the tran-
sistor 402 and the common terminal between the re-
sistances 464 and 486. A capacitance 422 extends elec-
trically to the converter- ground 333 from the common
terminal between the resistances 4¢4 and 406. The re-
sistance 420 and the capacitance 422 may respectively
have suitable values such as approximately 0.27 kilo-
ohms and 10 microfarads.

A resistance 424 and a capacitance 426 are in series
between the line 488 and the converter ground 353. The
resistance 424 and the capacitance 426 may respectively
have suitable values such as approximately 0.22 kilo-
ohms and 10 microfarads. The collector of a suitable
semi-conductor such as a transistor 428 is connected to
the common terminal between the resistance 424 and
the capacitance 426. The transistor 428 may be a Type
2N184, A resistance 439 having a suitable value such as
approximately 22 kilo-ohms extends electrically between
the collector and base of the transistor 428. ,

"+ A capacitance 432 having a suitable value such as 0.05
microfarads couples the base of the transister 428 to the
collector of the transistor 482. The emitter of the tran-
sistor 428 is connected to the common terminal between
resistances 434 and 436, which are respectively provided
with suitable values such as approximately 1.0 kilo-ohms
and 0.47 kilo-ohms. The second terminal of the re-
sistance 434 is electrically coupled to the collector of a
suitable semi-conductor such as a transistor 440, which

may be a Type 2N417. The signals produced on the

second terminal of the resistance 436 are coupled through
a suitable capacitance 442 to the emiiter of a suitable
semi-conductor such as a transistor 444, which may be
a Type 2N184.

‘A resistance 446, a capacitance 448 and resistances
459, 452 and 454 correspond respectively to the compo-
nents 424, 426, 430, 434 and 436. One terminal of the
resistance 45¢ has common connections with the bases of
the transistors 428 and 448, The signals produced on
one terminal of the resistance 454 are also coupled
through the capacitance 442 to the emitter of the transis-
tor 444. Connections are made from the base of the
transistor 444 to the first terminals of resistances 469
and 462 and of a capacitance 464. The second terminal
of -the capacitance 464 is conmnecied to the comverter
ground 353, and the second terminal of the resistance
469 is connected to the ling 448. A connection is made
through a line 463 (FIGURES 4a and 4b) to.the collec-
tor of the transistor 314 shown in FIGURE 4a. The re-
sistances 460 and 462 and the capacitance 464 may be
respectively provided with suitable values such as 5.6
kilo-ohms, 0.56 kilo-ohms and 100 micro-microfarads.

- The emitter of the transistor 444 is coupled to the
plate of a dipde 466 and to the cathode of a diode 463
through a resistance 470 having a suitable value such as
approximately 2.7 kilo-chms. The cathode of the diode
466 and the plate of the dicde 468 are connected to the
converier ground 353. The signals produced on the plate
of the diode 466 and the cathode of the diode 468 con-
trol the operation of successive stages which are shown
in block form since they correspond to stages previously
shown. These stages include an emitter follower 472,
an A.C. amplifier 474, an A.C. amplifier 476, gating am-
plifier stages 478 and a clamping circuit 4886,

- The emitter follower 472 corresponds to the stage
which includes the transistor 364, and the amplifier 474
corresponds to the stage which includes the transistor 388.
The A.C. amplifier 476 may be constructed in a manner
similar to the stage which includes the iransistor 492, and
the gating amplifiers 478 may be constructed in a manner
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similar to the stages which include the transistors 428
and 448, The clamping circuit 480 may have a con-
struction similar to that disclosed above for the stage
which includes the transistor 444,

The output from the clamping circuit 488 is coupled
to the base of a iransistor 482 through a resistance 484
and a capacitance 486 in parallel. The transistor 482
may be a type 2MN247 and the resistance 484 and the
capacitance 486 may be respectively provided with suit-
able values such as approximately 0.47 kilo-ohms and
100 microfarads. A resistance 488 having a suitable
value such as approximately 1.8 kilo-chms is coupled
between the base of the transistor 482 and the movable
contact of a potentiometer 498. The potenticmeter 4920
extends electrically from the emitter of the transistor 482
to ground and may have a suitable value such as ap-
proximately 0.5 kilo-ohms.

A negative voltage is applied to the collector of the
transistor 482 through a resistance 492 having a suitable
value such as approximately 1.2 kilo-ohms. A resistance
494 and a capacitance 496 are in parallel betwsen the
collector of the transistor 482 and the base of a suitable
semi-conductor such as a transistor 538, which may be
a Type 2M247. The base of the transistor 509 is cou-
pled through a suitable resistance and through the line
275 to the voltage source 278 to receive a suitable pc-
tential such as -2 volts. The emitter of the transistor
508 has a common connection with the emitter of the
transistor 482. The collector of the transistor 580 is
connected to one terminal of a resistance 562 having a
suitable value such as approximately 1.2 kilo-ohms. The
other terminel of the resistance 502 is electrically dis-
posed to receive a sunitable negative potential from the
line 273.

The output signals on the collector of the transistor
589 are introduced to the base of a transistor 584, the
base being positively biased through a resistance 563
from the line 273. The emitter of the transistor 584 is
grounded. The signals on the collector of the transistor
%84 are in turn introduced to the base of a transistor
5948, A suitable resistance 588 is connected between the
emitier of the resisiance 586 and ground and a suitable
resistance 518 is connected between the collector of the
transistor and the line 498 from the voltage source 279.
The signals produced on the collector of the tramsistor
596 are introduced to the terminal 166 in the counter 16@
shown in FIGURE 3. :

The output signals from the clamping circuit 486 are
also introduced through a resistance 512 and a capaci-
tance 514 in parallel to the base of a suitable semi-con-
ductor such as a transistor 516, The transistor 516 may
be a Type 2IN167. A resistance 518, a potentiometer 528
and a resistance 522 are associated with the transistor 516
in a manner similar to that described above for the rela-
tionship between the transistor 482 and the resistance
488, the potentiometer 420 and the resistance 482, How-
ever, the resistance 522 is connected to the line 488 to
receive a positive potential of -112 volts rather than a
negative potential of —12 voits. The components 5i2,
514, 518, 520 and 522 have values corresponding respec-
tively to the components 482, 436, 488, 499 and 492.

The cutput signals from the transistor 516 are coupled
through a resistance 524 and a capacitance 526 in paral-
lel to the base of a transistor 328, which may be a Type
2W167. Resistances 538 and $32 are associated with the
transistor 528 in a manner similar to that described above
for the relationship between the transistor 564 and the
resistances 502 and 543. However, the resistance 53¢
receives a suitable negative potential such as —2 volts
and the resistance 532 receives a suitable positive po-
tential such as --12 volts. The signals produced on the
collector of the transistor 528 are introduced to the base
of a transistor 536. The resultant signals produced on
the coliector of the transistor 536 are applied to the
terminal 164 in the counter 166 shown in FIGURE 3.
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The triggering signals from the clock source 140 in
FIGURE 4a are infroduced through the coupling ca-
pacitance 250 to the resistance 252 and the capacitance
254, which act to sharpen the triggering signal for intro-
duction to the base of the transistor 258. The trigger-
ing signal introduced to the base of the transisior 258
from the clock source 14 has a negative polarity as in-
dicated at 550 in FIGURE 4a. The negative signal
causes the transistor 258 to become conductive such that
current flows through a cirenit including the resistance
268, the transistor 258 and the resistance 272. The cur-
rent fiowing through the circuit causes the potential on
the colector of the transistor 258 to rise from the nega-
tive potential on the line 273 toward ground. In this
way, a positive signal indicated at 552 is produced on
the collector of the transistor 258. At the same time,
the current flowing through the transistor 258 causes the
potential on the emitter of the transistor to decrease in
a negative direction frem a potential approaching ground.

The transistor 262 is normally conductive since the
emitier of the transistor is subsiantially at ground and
the base of the transistor is biased at a negative potential
by the voltage divider network formed by the resistances
272, 264 and 274. However, the transistor 262 becomes
cut off upon the simultaneous introduction of the positive
signal 552 to the base of the transistor and the negative
signal 554 to the emitter of the transistor.

When the transistor 262 becomes cut -off, current is
no longer able to flow through a circuit including the
transistor and the resistance 276. This causes the po-
tential on the collector of the transistor 262 to fall toward
the negative potential on the line 273 such that a nega-
tive trigeering signal 556 i{s produced on the collector.
This negative triggering signal is coupled through the
capacitance 278 to the parallel combination of the resis-
tance 280 and the capacitance 282, which operate to
sharpen the signal for introduction to the base of the
transistor 2%0.

The negative friggering signal introduced to the base
of the transistor 299 causes the transistor to become con-
ductive and current to flow through a circuit including
the resistance 292 and the transistor. Because of the flow
of current through the resistance 292, a negative trigger-
ing signal indicated at 558 is produced on the emitter of
the transistor 290. This triggering signal is introduced
through the coupling capacitance 294 and the parallel
combination of the resistance 296 and capacitance 298
to the base of the transistor 382. The transistor 302 is
normally cut off because of the ground potential on the
emitter of the transistor and the slightly positive potential
on the base. However, the transistor becomes conduc-
tive upon the introduction of the negative triggering signal
358 to obtain a flow of current through a circuit includ-
ing the transistor 302, the resistance 304 and the line
2'73. This current causes the potential on the collector
of the transistor 392 to rise from the negative potential
on the line 273 to a potential approaching ground such
that a positive signal 569 is produced.

The positive signal 568 passes through the coupling
capacitance 306 aud the diode 318 to the base of the
transistor 312. The transistor 312 may be conductive
at the time that the signal 560 is introduced to its base.
Upon the introduction of the signal 568, the transistor
312 becomes cut off to prevent current from flowing
through a circuit including the transistor, the resistance
324 and the line 273. This causes the potential on the
collector of the transistor 312 to fall from a potential
approaching ground to a negative potential approaching
that on the line 273.

The negative signal produced on the collector of the
transistor 312 is sharpened by the resistance 316 and the
capacitance 318 and is introduced to the bas¢ of the
transistor 314, This signal makes the transistor 314
conductive and produces a flow of current through a cir-
cuit including the transistor, the resistance 326 and the
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line 273. The flow of current through the transistor
314 causes the potential on the collector of the transis-
tor to rise toward ground from the negative potential ap-
proaching that on the line 273. The resultant positive
signal is introduced through the resistance 328 and the
capacitance 322 to the base of the transistor 312 to ac-
centuate the tendency of the transistor 312 to become cut
off.

The negative triggering signal 558 is introduced to
the delay line 346 as well as to the base of the transistor
302. This signal passes through the delay line 346 after
a suitable time such as approximately 2.5 microseconds.
This time interval is preferably one-half that between suc-
cessive triggering signals produced by the clock source
149, After passing through the delay line 346, the
signal 5358 is sharpened and is introduced to the base of
the transistor 338.

The transistor 338 is normally cut off since the base
has a positive potential applied to it and the emitter is
essentially at ground. However, the negative friggering
signal passing through the delay line 345 is intreduced to
the base of the transistor 338 to make the transistor con-
ductive. The resultant flow of current through the tran-
sistor 338 causes a negative signal indicated at 562 to be
produced on the emitter of the transistor. This signal is
introduced to the base of the transistor 332 to trigger the
transistor 332 from a nonconductive state to a conductive
state. The flow of current through the transistor 332
causes the potential on the collector of the transistor {o
rise toward ground from a negative potential approach-
ing that on the line 273. This flow of curreat produces
a positive signal indicated at 564 on the collector of the
transistor.

The signal 564 passes through the diode 339 to the base
of the transistor 314 and cuts off the transistor to pro-
duce a negative potential on the collector of the tran-
sistor. This negative potential is coupled through the
resistance 320 and the capacitance 322 to the base of the
transistor 312 to make the transistor conductive. This
causes a ground potential to be produced on the collector
of the transistor 312 for introduction to the base of the
transistor 314 to insure that the tramsistor 314 will be-
come cut off. In this way, the transistor 312 becomes
conductive and the transistor 314 becomes cut off at an
intermediate time between the introduction of each pair
of successive clock signals 558. By controlling in this
manner the operation of the fiip-flop formed by the tran-
sistors 312 and 314, signals approaching ground and ap-
proaching the negative potential on the line 273 are al-
ternately produced on the collectors of the transistors.

The signals produced on the collector of the f{ran-
sistor 312 in FIGURE 4a control the operation of the
transistor 350 in FIGURE 4b. When the signals on the
collector of the transistor 312 have a negative polarity in
alternate half cycles, the transistor 358 becomes conduc-
tive such that a potential approaching ground is produced
on the emitter of the transistor. This ground potential
provides a clamp to prevent any potentials above or be-
low ground from being applied from the common termi-
nal between the resistances 133 and 134 through the ca-
pacitance 362 to the base of the transistor 364.

In alternating half cycles, a potential approaching
ground is produced on the collector of the transistor 312.
This potential causes the transistor 359 to become cut off
so that the emitter of the transistor cannot become
clamped to ground. At such times, a signal representing
the polarity of the potential on the common terminal be-
tween the resistances 133 and 134 is able to pass the emit-
ter of the transistor 358. This signal passes.through the
coupling capacitance 362 to the base of the transistor
364. This signal represents any difference between the
input potential from the analogue source 136 and the out-
put potential on the line 12 of the converter 130 shown
in FIGURE 1.

The signal passing from the common terminal between
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the resistances 132 and 134 to the base of the transistor
364 has only a limited amplitude because of the action
of the diodes 358 and 3686, These diodes are provided
with characteristics to produce across the diodes a poten-
tial approaching that on the common terminal between
the resistances 133 and 134 when this potential has a rela-
tively low amplitude. However, the potential produced
across the diodes remains substantially constant even
when the potential on the common terminal between the
resistances 133 and 134 increases above a particular am-
plitude.

The transistor 364 is included in an emitter follower
stage and is normally only partially conductive. This
results from the biases provided by the resistance 378
and the resistances 368 and 378. Upon the introduction
of a positive signal to its base, the transistor 364 tends to
become cut off such that the potential on the emitter of the
transistor rises from a negative value to a value approach-
ing ground. Similarly, the flow of current through the
transistor 364.tends to increase when a negative signal is
introduced to the base of the transistor. This increased
flow of current causes an increased voltage drop to be
produced across the resistance 378 such that a nsgative
signal is introduced through the capacitance 389 to the
base of the transistor 388. The capacitance 374 provides
a filtering action to eliminate ripples so that the emitter
follower will respond only to actual signals passing to
the base of the iransistor 364 from the common terminal
between the resistances 133 and 134.

The transistor 338 is included in an alternating current
amplifier and is biased to partizl conduction 50 as to re-
spond to both positive and negative signals. The result-
ant signals produced on the collector of the transistor
388 are introduced to the base of the transistor 482, which
is included in a second stage for providing alternating
current amplification. The transistor 492 is also biased
to partial conduction so that it responds to both positive
and negative signals.  In this way, signals having a nega-
tive amplitude are produced on the collector of the tran-
sistor 402 in alternate half cycles when a negative poten-
tial is produced on the coramon terminal between the re-
sistances 133 and 334, Similarly, signals having a posi-
tive amplitude are produced on the collector of the tran-
sistor 482 in alternate half cycles upon the occurrence of
a positive potential on the common terminal between the
resistances 133 and 134.

The signals produced on the collector of the transistor
482 are introduced to the bases of the transistors 428 and
440. The transistor 428 is biased to become conductive
in the alternate half cycles when the signals on the col-
lector of the transistor 402 have a positive amplitude.
Similarly, the transistor 440 becomes conductive in the
alternate half cycles upon the occurrence of a negative am-
plitude for the signals produced on the collector of the
transistor 483,

The signals produced on the emitters of the transistors
428 and 449 are introduced to the base of the transistor
444, which provides a clamping action in a manner simi-
lar to that described above for the transistor 35@. This
clamping action establishes a ground on the emitter of the
transistor 444 in alternate half cycles by making the tran-
sistor conductive in these half cycles. The clamp is es-
tablished by the potential on the collector of the transis-
tor 314 rather than on the collector of the transistor 312
since the transistor 444 is an NPN type rather than a
PNP type. The ground potential has to be established
as a reference in alternate half cycles since this refer-
ence is lost as a result of the operation of the amplifier
stages which include the transistors 388 and 402,

In the other half cycles, signals on the emitiers of the
transistors 428 and 448 pass through the coupling capaci-
tance 442 and the resistance 470. The signals are able to
pass the emitter of the transistor 444 in these half cycles
since the emitter is not clampzd to ground. The signals
then become limited in amplitude by the action of the
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diodes 466 and 468 in a manner similar to that described
above for the diodes 358 and 368. The signals become
further cleaned, sharpened and amplified in successive
stages including the stages 473, 474, 476 and 478 and are
thereafter introduced to the clamping circuits 48¢ which
corresponds to the stages including the transistor 444,

The output signals from the clamping circuit 488 pass
to the base of the {ransistor 482. When the signals have
a negative amplitude, they cause the transistor 482 to
become conductive so that current flows through a circuit
including the potentiometer 498, the transistor 482 and
the resistance 492, The flow of current through this cir-
cuit causes the potential on the collector of the transis-
tor 482 tc rise toward ground from a negative potential
approaching that on the line 273. The potential ap-
proaching ground on the collector of the transistor 482
is iniroduced to the base of the transistor 54¢. This po-
tential tends to cut off the flow of current through the
normally conductive transistor 588,

When the transistor 580 tends tc become cut off, the
potential on the emitter of the transistor approaches
ground. This potential is introduced to the emitter of the
transistor 482 to increase the conductivity of the {ransis-
tor by increasing the voltage difference between the base
and the emitter of the transistor. In this way, the tran-
sistor 50@ provides a positive feedback for enhancing the
production of a signal on the collectors of the transistors
482 and 508. The operation of the transistors 482 and
508 is also enhanced by adjusting the positioning of the
movable contact of the potentiometer 499, This adjust-
ment controls the threshold level at which the transistor
482 becomes conductive upon the introduction of a nega-
tive signal to its base. The threshold level is adjusted in
this manner since the voltage difference between the base
and emitter of the transistor 482 becomes varied by adjust-
ing the movable contact of the potentiometer 438, By
adjusting the movable contact of the potentiometer 49¢ in
this manner, the transistors 482 and 500 can be made in-
sensitive to spurious signals. The signals produced on the
collector of the transistor 569 are amplified by the stages
including the transistors 584 and 566 and are introduced
to the terminal 166 to obtain a subtraction of one integer
in the count provided by the counter 168 shown in FIG-
URE 3.

The output signals from the clamping circuit 489 are
also introduced to the base of the transistor 5%6. Since
the transistor 516 is an NPN type, it becomes conductive
only upon the introduction of positive signals. The tran-
sistor 516 is included with the transistor 528 in a posi-
tive feedback circnit which corresponds to that provided
by the transistors 482 and §6%. In this way, relatively
sharp signals are produced on the collector of the transis-
tor 528. These signals are amplified by the transistor 536
and are introduced to.the transistor 164 in the counter
166 shown in FIGURE 3 to indicate a positive increment.
In this way, the counter 169 provides a forward count in
a manner similar to that described above.

As previously described, the different stages in the
counter 168 provide a digital indication as to the value
of the potential on the line 12 in the converter shown in
FIGURE 1. When the count provided by the counter
169 varies, it produces a corresponding variation in the
pattern of operation of the switches shown in FIGURE 1.
Thns in turn produces a corresponding variation in the
potential produced on the output line 12 from the con-
verter 13¢. In this way, the potential on the line 12 be-
comes automatically adjusted until this potential equals
the analogue quantity represented by the potential from
the source 136. Upon the occurrence of such an equality
in potential, the different switches in the converter shown
in FIGURE 1 have a pattern of operation digitally repre-
senting the analogue input quantity. As previously de-
scribed, the converter shown in FIGURE 1 can actually
be considered to represent the quotient between a dividend
as represented by the analogue input voltage and the
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divisor as represented by the potential iniroduced to the
converter shown in FIGURE 1 from the voltage source
16. This is especially true when the potential introduced
to the converter from the voltage source 1§ shown in
FIGURE 1 is made variable to conform with changes in
the value of the divisor.

Counter

Two stages of the counter 168 shown in block form in
FIGURE 3 are iilustrated in detail since they are be-
lieved to include certain novel features, Although only
two stages are shown in detail, the other stages may be
constructed in a similar manner, as will be apparent to a
person skilled in the art. The stages include a capacitance
648 connected between the terminal 164 and the cathode
of a diode 6#2. Similarly a capacitance 684 is counected
between the terminal 166 and the cathode of a diode 6§6.
Resistances 688 and 618 respectively extend electrically
from the cathodes of the diodes 682 and 686 to ground.

The plates of the diodes 02 and 666 have common
connections with each other and with the cathodes of di-
odes 612 and 614. The plates of the diodes 612 and 614
are respectively connected to first terminals of resistances
616 and 618, the second terminals of which are grounded.
The potentials on the plates of the diodes 612 and 614
are also respectively introduced to the bases of transis-
tors 62¢ and 622, which may be types PNP. A resistance
624 and a capacitance 628 are in parallel between the
emitfers of the transistors 428 and 622 and ground.

A parallel combination of a resistance 636 and a capaci-
tance 632 are disposed electrically between the base of
the transistor 624 and the collecter of the transistor 622,
The collector of the transistor 622 is adapted to receive
a suitable negative potential such as approximately —12
volis through a resistance 648 from the line 273. In like
manner, a resistance 642 and a capacitance 644 are in
paraliel between the base of the transistor 622 and the
cellector of the transistor 620. A resistance 646 extends
electricaily from the collector of the transistor 629 to
the iine 273.

A resistance 648 and a capacitance €58 are in parallel
between the collector of the iransistor 629 and the base
of a transistor 652, which may be a type NPN. The
base of the transistor 652 also receives signals through a
capacitance 634 from the collector of a transistor 656
which may be a PNP type. The emitters of the iran-
sistors 652 and 656 are grounded.

The collector of the iransistor 652 is adapted to be
biased at a positive potential through a resistance 666
from the line 403, which provides a positive potential of
approximately 12 volts. The signals produced on the col-
lector of ths transistor €32 are introduced to a terminal
662 in the second stage of the counter corresponding to
the terminal 164 in the first stage. The collector of the
transister 656 is adapted to be biased at a negative poten-
tial through a resistance 664 from the line 273, A parallel
combination of a resistance €66 and a capacitance 663
are in series with a coupling capacitance 678 between the
base of the transistor 656 and the terminal 164. A re-
sistance 672 extends electrically in series from the com-
mon terminal between the resistance 666 and the capaci-
tances 668 and €78 to the line 275, which provides a
positive potential of 42 volts.

Stages are associated with the transistor 622 in a
manner similar to that described above for the transistor
620. These stages include transistors 676 and 678 which
respectively correspond to the transistors 652 and 656.
The stages also include capacitances 688 and 682 which
correspond to the capacitances 65¢ and 654. The output
signals on the collector of the transistor 674 are intro-
duced to a terminal 684 in a second stage corresponding
to the terminal 166 in the first stage.

The transistors 629 and 622 are included in a flip-flop
such that only one of the transistors can be conductive
at any instant and such that the other transistor is cut off



at that instant.. By way of iliustration, the transizior 629
may be cut off and the transistor 622 may be conductive.
A triggering signal may be Introduced to either the ter-
minal 164 or the terminal 166 at the time that the tran-
sistor 620 is cut off and the transistor 622 is conductive.
This signal has no effect on the transistor 622 since the
transistor is already conductive. However, the signal is
introduced to the base of the transistor 620 to make the
transistor conductive, The diodes 612 and 614 operate
to insure that the signals will be intreduced to the bases
of the trensistors 62¢ and 622 and at the same time oper-
ats to insure that the bases of the transistors will not be
directly connected to each other.

When the transistor 628 becomes conductive, current
flows through a circuit including the resistance 624, the
transistor and-the resistance 646, Because of this flow
of current, the potential on the collector of the transistor
626 rises toward ground from a negative potential ap-
proaching that on the line 273. This increase in potential
is applied through the resistance 642 and the capacitance
644 in parallel to the base of the transistor 622 to cut off
the fransistor. As the transistor 622 becomes cut off,
the potential on the collector of the transister falls toward
a value approaching that on the line 273. This decreass
in potsntial is introduced to the base of the transistor 6§29
through the resistance 638 and the capacitance 632 to
increase the flow of current through the transistor,

By way of illustration, the negative triggering signal
described in the previous paragraph may be introduced
to the terminal 164 rather than to the terminal 166. This
signal causes the transistor €36 to become conduciive so
that the potential on the collector of the transistor rises
toward ground from a level approaching that on the line
273. This increase in potential is coupled through the
capacitance 654 to the base of the transistor 52 to make
the transistor conductive.

The base of the transistor 652 also receives the poten-
tial on the collector of the transistor 628. However, the
capacitances 65¢ and 634 provide a charging circuit for
delaying the introduction of the potential on the collector
of the transistor ¢2€ to the base of the transistor 652.
In this way, the operation of the transistor 652 is con-
trolled by the potential produced on the collector of the
transistor 620 before the introduction of the iriggering
signal to the terminal 164.

Since the transistor 28 was cut off before the intro-
duction of the triggering signal to the terminal 164, the
collector of the transistor was at a negative potential
approaching that on the line 273. This potential is suffi-
ciently negative to prevent the transistor 52 from be-
coming conductive even upon the introduction of a posi-
tive signal from the collector of the transistor 656, By
maintaining the transistor €52 cut off, the triggering signal
introduced to the terminal 164 is not able te pass through
the transistor 652 to the input terminal 662 in the second
stage of the counter. Since the triggering signal is
blocked from passing to the second stage of the counter
169, it is also blocked from passing to successive stages
of the counter.

The second triggering signal may be introduced to
the terminal 264, This triggering signal also passes
through the transistor 656 to produce a positive signal
cn the collector of the transistor. The positive signal is
introduced to the base of the transistor 652 to prepare
the transistor for a flow of current in accordance with
the potential on the collecior of the transistor 620. Since
the transistor 620 was in a state of conductivity before the
introduction of this second triggering signal to the ter-
minal 164, a potential approaching ground was produced
on the collecior of the transistor. This potential is suffi-
ciently positive to make the transistor 652 conductive.
In this way, a triggering signal is able to pass through
the first stage of the counter 160 to the input terminal 662
of the second stage of the counter.

It will be seen from the above discussion that similar
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principies may be applied to the eperation of the counter
169 upon the introduction of triggering signals to the in-
put terminal 166. In this way, a counter is provided
which is able to count in a forward or reverse direction
and which is able to provide such a count with a minimum
amount cf delay. This minimum delay results from. the
fact that each stage controls the operation of the next
stage in accordance with its state of operation before the
introduction of a triggering pulse rather than its state of
operation after the iniroduction of the triggering pulse.
The counter is also advantageous in that it provides the
same loading for each sitage rather than providing in-
creased loading for successive stages as in counters now
in use. This results from the fact that each gated ampli-
fier such as the amplifier 176 has only two signals intro-
duced to its input terminals.

Modification Shown in FIGURE 6

At certain times, a considerable difference may exist
between the amplitude of ihe input voltage from the
source 136 and the amplitude of the voltage produced on
the output line 12 of the converter 130. In order to
eliminate this difference as quickly as possible, certain
modifications may be provided in the system shown in
block form in FIGURE 3. These modifications are
shown in FIGURE 6. The modifications include an A.C.
amplifier 760 and a flip-flop 782 which may respectively
correspond to the stages 154 and 146 in FIGURE 3.

The potential on the upper output terminal of the flip-
flop 782 is introduced to first terminals of gated trigger-
ing circuits 764, 706, 768 and 718. Second input termi-
nals of the gated triggering circuits 704, 766, 768 and 718
are connected to the output terminals of the amplifier
768. The circuits 784 and 766 are constructed to be re-
sponsive only to negative signals from the amplifier 768,
and the circuits 788 and 710 are constructed to be re-
sponsive only to positive signals from the amplifier 768.
The circuits 766 and 788 are responsive to input signals of
relatively low amplitude from the amplifier 786. How-
ever, the circuits 784 and 719 are biased to be responsive
only to signals having a particular amplitude greater than
the amplitudes of the signals required to trigger the cir-
cuits 785 and 708. )

The output signals from the gated triggering circuiis
706 and 708 are respectively introduced to the upper and
lower input terminals of a first flip-flop 712 in a counter
generally indicated at 7i4. The ccunter 714 corresponds
to the counter 168 shown in FIGURE 3, and the fiip-flop
712 corresponds to the flip-flop 574 in the counter 160 so
as to provide an indication as to the value of a least signi-
ficant digit. The output signals from the gated trigger-
ing circuits 704 and 710 are also respectively introduced
to the upper and lower input terminals of a flip-flop 769
which is also included in the counter 714. The flip-flop
716 is adapted to provide an indication as to the valus of
a digit of increased significance relative to the significance
of the digit indicated by the flip-flop 742. By way of il-
lustration, the flip-flop 716 may provide an indication as
to the value of the digit of fousth least significance.

When the difference between the input voltage from
the source 136 and the potential on the line 12 from the
converter 139 is relatively low, signals of relatively low
amplitude are produced by the amplifier 709. When
such signals have a positive amplitude; they are able to
pass through the triggering circnit 708 but are not able
to pass through the triggering circuit 718 because of the
increased bias provided by the triggering circuit 719.
This causes the flip-flop 71% to be triggered so that the
count in the counter 714 is changed enly by one integer.
This produces a corresponding variation in the opera-
tion of the different switches in the converter 136.

Upon the occurrence of a considerable difference be-
tween the input potential from the scurce 136 and the
potentiel on the line 312 of the converter 130, the ampli-
fier may produce signals with sufficient amplitude to over-
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come the bias of the gated triggering circuit 716.
The resultant passage of a signal through the circuit 719
causes the flip-flop 716 to be triggered. As will be seen,
this produces a considerable change in the count pro-
vided by the counter 714 and also provides a considerable
change in the operation of the converter 138. In this
way, a considerable variation is produced in the poten-
tial on the line 12 of the converter so that this potential
will quickly approach the input potential from the source
136.

It will be seen that a signal passes through the trigger-
ing circuit 708 at the same time that it passes through
the triggering circuit 710. Because of this, the flip-flop
712 becomes triggered at the same time that the flip-flop
716 becomes triggered. ‘This presents no complications
in operation since it provides an additional slight increass
in the voltage adjustment produced on the line 12 at any
instant -when considerable differences exist between the
potentials on line-12 and from the source 136.

- When the potential on the line 12 starts-to approach
- the-input potential from the source 136, the signals from
the amplifier 706 fall below the level where they are able
. to pass through the circuit 710, At such times, only . a
fine control is provided by the passage of signals through
the triggering circuit 708. In this way initially a coarse
- control may be provided to have the operation of the
converter approximate the input-potential from the source
136. -Subsequently, a fine control may be provided to
have the potential on the line 12 become exactly equal to
the input potential from the source 136.

The above discussion has proceeded on the basis of
signals passing through the triggering circuits 708 and
719 to provide a forward -count of the counter ‘714.
Similar principles apply to the passage of signals through
the triggering circuits 704 and 786 to obtain a reverse
count in the counter 714, It is believed that this will
be apparent to a person skilled in the art.

Square Root

The converter constituting this invention can also be
conveniently adapted to provide other operations than
multiplication and division. For example, the system
shown in FIGURE 7 uses a pair of the converters
constituting this  invention to obtain a square root
of an analogue quantity. One of the converters is indi-
cated schematically in broken lines at 804 and includes
switches 802 corresponding to those shown in FIGURE
1 and also includes a resistance matrix similar to that
shown in FIGURE 1 and indicated schematically as a
potentiometer 884. The other converter is indicated
schematically in broken lines at 866 and includes switches
808 and a resistance matrix represented schematically by
a potentiometer 819.

The converter 806 receives a regulated potential Vg
corresponding to the potential from the voltage source
16 in FIGURE 1. Each converter produces an output
potential on a line corresponding to the line 12 in FIG-
URE 1. The output potential is indicated schematically
as being produced on the movable arm of the potenti-
ometer representing the resistance matrix in the con-
verter, The output potential from the converter 806 is
infroduced to the converter 800 to serve as the regulated
potential for the converter. The output potential from
the converter 869 is introduced to a comparator 812,
which includes stages such as the chopper 152 in FIG-
URE 3.

The comparator 812 also receives an input potential
V, representing an analogue quantity whose square root
is to be determined. The output quantity from the com-
parator 812 is introduced to control circuits 814 corre-
sponding to the circuits shown in FIGURE 4b. The
output signals from the circuits. 814 control the oper-
ation of a counter 816 corresponding to the counter 160
in FIGURE 3. The output from the counter 816 pro-
vides a digital indication as to the desired resuit.
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The comparator 8i2 compares the analogue input quan-
tity V; with the analogue output from the converter §99.
Any resultant error signals cause a corresponding change
to be produced in the pattern of operation of the flip-
flops in the counter 816. The flip-flops in the counter
816 in turn produce corresponding changes in the pat-
tern of operation of the switches in the converters 809
and 886. In this way, the converters 800 and 886 be-
come adjusted in operation until no error signal is pro-
duced by the comparator §12.

The output potential from the coaverter 886 may be
represented as V;=NVy in a manner similar to that de-
scribed previously. Since this potential is introduced as
the regulated potential to the converter 889, the output
potential from the converter 889 may be represented as
Vi=N{(NVg). Solving for N, N=\V{/Vx. In this
way, the square root of an input quantity may be indi-
cated by the pattern of operation of the flip-flops in the
counter 816. The square root of V; may be obtained
by maintaining Vg constant and varying only V. The
square root of the quotient represented by V1/Vgy may
be obtained when both V; and Vg, are variable quantities.

Although this invention has been disclosed and illus-
trated with reference to particular applications, the prin-
ciples involved are susceptible of numercus other ap-
plications which will be apparent to persons skilled in
the art. The invention is, therefore, to be limited only
as indicated by the scope of the appended claims.

We claim:

1. In combination for providing a conversion between
digital and analogue representations, a plurality of switch-
ing means each normally operative in a first relationship
and each capable of being converted to a second oper-
ative relationship in accordance with the introduction of
digital information to the switching means, means for
providing an introduction of digital information to the
switching means to obtain a pattern of operation of the
switching means in accordance with the digital informa-
tion, means for providing a reference voltage between
first and second terminals, a plurality of impedances each
connected at one terminal to a different one of the switch-
ing means aund provided with a common connection at
the other terminal for a coupling of the first terminal of
each impedance to the first terminal of the voltage means
in the first operative relationship of the associated switch-
ing means and for a coupling of the first terminal of
each impedance to the second terminal of the voltage
means in the second operative relationship of the as-
sociated switching means and each provided with a value
geometrically related to the values of the other im-
pedances to obtain the production at the common termi-
nal of an output potential related to the digital inputs
to the switching means, and an impedance connected be-
tween the common terminal and the first terminal of
the voltage means and provided with a value correspond-
ing to that of a particular one of the impedances in the
plurality to limit the output potential on the common
terminal.

2. In combination for providing a conversion between
digital and analogue representations, a plurality of im-
pedances each connected in a different branch and each
having a progressive value relative to the value of the
impedance in the preceding branch and each having a
common output terminal, means for providing a refer-
ence voltage between first and second terminals, means
for providing an input voltage for conversion to a digital
representation, a plurality of switching means each op-
erative in one relationship to connect its associated im-
pedence between the first terminal of the voltage means
and the common output terminal and each operative in
a second relationship to connect its associated impedance
between the common output terminal and the second
terminal of the voltage means, means including a com-
parator responsive to any differences between the input
voltage and the voltage on the common output terminal
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for producing voltage pulses representing the polarity of
such differences, a counter responsive to the voltage
pulses from the comparator for providing a digital rep-
resentation of the input voltage and including a plurality
of stages each coupled to a different one of the switching
means for producing an operation of the switching means
in the first and second relationships in accordance with
the operation of the different stages in the counter, and
means responsive to the input voltage for providing an
operation of the switching means in a first particular
one of the stages for an input voltage less than a particu-
iar amplitude and for providing an operation of the
switching means in a second particular one of the stages
for an input voltage greater than the particular ampli-
tude.

3. In combination for providing a conversion between
digital and analogue representations, a plurality of im-
pedances. each connected in a different branch and each
provided with a value having a progressive relationship
with respect to the value in the next branch, means for
providing a particular voltage and having first and sec-
ond terminals, an output terminal connected to first ter-
minals of each of the impedances, a plurality of switch-
ing means each connected in a different one of the
branches and each operative in a first relationship to
connect its associated impedance between the output ter-
minal and the first terminal of the voltage means and
operative in a second relationship to connect its associ-
ated impedance- between the output terminal and the
second terminal of the voltage means, means for pro-
viding an input voltage for conversion into a digital rep-
resentation, means including a comparator for compar-
ing the voltage produced on the output terminal and the
voltage means and for adjusting the operation of the
switching means in accordance with such comparison
to produce an equality between the cormparison for the
production of a digital representation in accordance with
the pattern of operation of the switching means, and
‘means responsive to the input voltage for obtaining the
‘operation of first particular switching means in the plu-

rality for amplitudes less than a particular value and for

obtaining the operation of second particular switching
means in the plurality for amplitudes greater than the
particular value.

4. In-combination for providing a coiiversion between
digital ‘and analogue representations, meatis for provid-
ing an input voltage, means for providing a reference
voltage between first and .second terminals, a plurality
of impedances each having a value geometrically related
to the values of the other impedances in the plurality
and each having a- common output terminal, a plurality
of switching means each having first and second rela-
tionships and each coupled electrically to a different im-
pedance means to control the coupling of the imped-

ances between the output terminal and the first or sec-

ond terminals of the voltage means in accordance with
the operative relationships of the associated switching
means, means for providing a control over the opera-
tion of the switching means in accordance with the re-
lationship between ihe input and reference voltages, and
an impedance connected between the common output
terminal and the second terminal and provided with a
value corresponding to that of a particular one of the
-impedances in the plurality to limit the potential on the
common outpuf terminal upon the operation of all of
the switching means in the second relationship. -

5. In combination for providing a conversion between
- digital and analcgue representations, means for provid-
ing an input voltage, means for wroviding a reference
voltage between first and second terminals, a plurality
of resistances each provided with a value substantially
twice as great as the value of a different resistance in the
-plurality and each connected to a common output ter-
minal, a plurality of switching m.eans each operative in
first and second relationships arid each connected to a
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different resistance in the plurality and cach operative
in a first relationship to connect the electrically asso-
ciated resistance between the output terminal and the
first terminal in the voltage means and each operative
in a second relationship to connect the electrically as-
sociated resistance between the output terminal and the
second terminal in the voltage means, means for pro-
ducing a controlled transfer of the switching means from
the first operative relationship to the second operative
relationship in an individual pattern dependent upon the
relationship between the input and reference voltages,
and a resistance connected between the output terminal
and the first terminal of the voltage means to limit the
potential produced on the cutput terminal with all of the
switching means_:in their second operative relationships.

6. In combination for providing a conversion between
digital and analogue representations, a plurality of
switching means each including first and second semi-
conductors, means for providing a reference potential
between first” and second terminals, means coupled to
cach of thé switching means for co-operating with the

switching means to directly clamp one of the semi-con-.

ductors in the associated switching means to the pofen-
tial at the first terminal in the reference means upon
the introduction of a potential greater than a particular
value to the switching means and to directly clamp the
other semi-conductor in the associated switching means
to the potential at the second terminal in the reference
means upon the introduction of a potential less than a
particular value to the switching means, a plurality of
resistances each provided with a common output ter-
minal and each connected at a second terminal to- the

- first and second semi-conductors in a different one of the

switching means for a connection of this terminal to the
potential of the clamped semi-conductor and each pro-
vided with a value subsiantially twice as great as the
value of the resistance connécted to the preceding switch-
ing means, and means for introducing potentials above
and below the particular value to the different switching
means in the plurality in a pattern digitally representing
the value of a quantity to obtain the production at the
common output terminal of a potential related to the
digital repfesentation.

7. Tit combination for providing a conversion between
digital and analogue representations, a plurality of
switching means each includiiig first and second semi-
conductors, means including first and second terminals
for providing a reference potential at the first terminal
and for providing at the second terminal a particular
potential relative tc the reference potential, a plurality
of impedances cach having a value geometrically re-
lated to the values of the other impedances and each
provided with a common output terminal and each con-
nected at a second terminal to the first and second semi-
conductors in a different switching means in the plural-
ity, and means including the switching means for clamp-
ing the different switching means in the plurality direct-
1y at the reference or particular potentials in accordance
with digital signal information introduced to the switch-
ing means and for applying the clamped potential in
the switching means to the second terminal of the asso-
ciated impedances to obtain at the output terminal a po-
tential representing the digital information.

8. In combination for providing a conversion between
digital and analogue representations, a plurality of re-
sistances each having substantially a 2:1 ratio relative
to a different resistance in the plurality and each pro-
vided with a common connection at a first terminal and
provided with a second terminal, a plurality of switch-
ing means each inciuding first and second semi-conduc-
tors connected to the second terminal of a different one
of the resistances, a plurality of pairs of semi-conductors,
means inchiding at least a different pair of semi-conduc-
tors in a different one of the switching means for con-
trolling the conductivity of either the coupled first semi-
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conductor or the coupled second semi-conductor in ac-
cordance with the introduction to the pair of semi-con-
ductors of an input potential greater or less than a par-
ticular value to clamp the second terminal of the asso-
ciated resistance to the first terminal in the associated
one of the resistances in the plurality upon a conduc-
tivity of the first semi-conductor or to the second ter-
minal in the associated one of the resistances in the plu-
rality upon a conductivity of the second semi-conductors
in the plurality in digital representation of a particular
value for the production at the common connection of
a potential proportional to the particular value.

9. In combination for providing a conversion between
digital and analogue representations, a plurality of im-
pedances each provided with a value having a particular
geometric relationship to the values of the other imped-
ances and each connected to a common output terminal
and each provided with a second terminal, means for
providing a reference potential between first and second
terminals, a plurality of switches each connected to cou-
ple the second terminal of a different one of the im-
pedances to the first and second terminals of the refer-
ence means in accordance with the introduction of in-
formation to the switches, means for introducing a plu-
rality of signals to the different switching means in the
plurality in a pattern representing a particular quantity
for the production at the output terminal of an output
voltage proportional to the particular quantity, and an
impedance connected between the common output ter-
minal and a particular one of the terminals in the ref-
erence means and provided with a value geometrically
related to the values of the impedances in the plurality
to control the production of the output potential at the
common output terminal.

10. In combination for providing a conversion between
digital and analogue representations, a plurality of im-
pedances each provided with a value geometrically re-
lated to the values of the other impedances in the plu-
rality, and each provided with a common ouipnt ter-
minal, means for providing a reference potential between
first and second terminals, a plirality of switching means
cach connected to a different one of the impedance
means to couple its associated impedance means to the
first or second terminals in the reference means in ac-
cordance with the introduction of signals to the switch-
ing means for the production at the common output ter-
minal of a potential related to the pattern of operation
of the switching means, means for providing an input
voltage, a comparator responsive to the input voltage and
the voltage on the common output terminal to produce
a potential representing the polarity of any difference
between the compared voltages, a counter having a plu-
rality of stages each coupled to a different one of the
switching means for controlling the operation of the
switching means, and means for providing for the in-
troduction of signals to the counter in accordance with
the potential produced by the comparator {o adjust the
voltage on the common output terminal to the input
voltage and to provide in the counter a ratio between
the input and reference potentials.

11. In combination for providing a conversion between
digital and analogue representations, a plurality of im-
pedances each having a value geometrically related to
the values of the other impedances and each having a
commonly connected first terminal and having a sec-
ond terminal, means including first and second terminals
for providing an adjustable reference potential between
the first and second ferminals, a plurality of switching
means each associated with a different cne of the im-
pedances for coupling the second terminal of the asso-
ciated impedance to the first or second terminal of the
reference means, means for providing an input voltage,
means’ including a comparator for comparing the input
voltage and the voltage on the common output terminal
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to obtain signals representing any differences in the com-
parison and the polarity of the differences in such com-
parison, and means including a counter responsive to the
difference signals for adjusting the count in the counter
and coupled to the switching means for producing cor-
responding adjustments in the operation of the switch-
ing means to obfain at the common output terminal a
potential corresponding to the input potential and to ob-
tain in the counter a digital representation of the ratio
between the input and reference potentials.

12. In combination for providing a conversion between

‘digital and analogue representations, means for providing

an input voltage, means including first and second ter-
minals for providing a variable reference potential be-
tween the first and second terminals, a plurality of switch-
ing means each having first and second states of opera-
tion, a plurality of impedances each provided with a
common first terminal and with a second terminal con-
nected to a different one of the switching means {o cou-
ple the second terminal of the impedance to the first or
second terminals of the reference means in accordance
with the operation of the switching means, means in-
cluding a comparator for comparing the input voltage
and the potential on the common first terminal of the
impedances to produce a potential representing any differ-
ences in such comparison and the pelarity of such dif-
ferences, means including a chopper for converting the
difference potential from the comparator into an alter-
nating voltage having characteristics related to the dif-
ference potential, and means including a counter having
‘a plurality of stages and responsive to the difference sig-
nals from the chopper for adjusting the count in the
counter to a value representing the ratio between the
input and reference potentials and representing an equality
between the input potential and the potential on the com-
mon output terminal, and means including the counter
for coupling the output from each stage of the counter
to a different one of the switching means to control the
operation of the associated switching means in the first
and second relationships in accordance with the output
from the counter stage. : o

13. In combination for providing a conversion between
digital and analogue quantities, means including first and
second terminals for providing a variable reference poten-
tial between the first and second terminals to represent
a reference quantity proportional to the reference poten-
tial, a-plurality of resistances each having substantially a
2:1 ratio in value relative to a different one of the other
resistances in the plurality and each provided with a
first terminal and a second terminal common to the sec-
ond terminals of the other resistances, a plurality of
switching means each connected to a different one of the
resistances and to the first and second terminals of the
reference means and each operative in a first relation-
ship to couple the first terminal of the associated resist-
ance to the first terminal of the reference means and each
operative in a second relationship to couple the first ter-
minal of the associated resisiance to the second terminal
of the reference means, and means for providing a plu-
rality of signals digitally representing an input quantity
and for setting the switching means into a pattern of first
and second operative relationships in accordance with the
pattern of the digital signals to obtain at the common
second terminal of the resistances a potential represent-
ing the product of the input quantity and the reference
potential.

14. In combination for providing a conversion between
digital and analogue quantities, means including first and
second terminals for providing a variable reference po-
tential betwesn the first and second terminals to repre-
sent a reference quantity proportional to the reference
potential, a plurality of switching means each operative
in a first relationship to provide a coupling to the first
terminal of the reference means and each operative in a
second relationship to provide a coupling to the second
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terminal of the reference means, a counter including a
plurality of stages each coupled to a different one of the
switching means to produce an operation of the switching
means in the first relationship upon the introduction of
signals having amplitudes less than a particular value
to the stage and to produce an operation of the switch-
ing means in the second relationship upon the introduc-
tion of signals having amplitudes greater than the par-
ticular value to the stage, a plurality of impedances each
having a value geometrically related to the values of the
other impedances in the plurality and each provided with
a first terminal commeon to the first terminals of the other
impedances and each provided with a second terminal,
the second terminal of each impedance being connected
to a different one of the switching means for a coupling
of this terminal to the first or second terminals of the
reference means in accordance with the operative rela-
tionship of the switching means, and means for provid-
ing for the introduction of a plurality of signals having
amplitudes greater or less. than the particular value in
a pattern digitally related to the value of an input quan-
tity to obtain the production at the common first ter-
minal of a potential representing the product of the in-
put and reference guantities.

15. In combination for providing a conversion between
digital and analogue representations, a counter formed
from a plurality of bistable stages each constructed to
have first and second stable states of operation, means
including a plurality of first and second terminals for
providing a variable reference poteniial between the first
and second terminals, a plurality of resistances each hav-
ing a value with substantially a 2:1 ratio relative to the
value of a different one of the other resistances in the
plurality and each providedd with a common first ter-
minal and with a second terminal, a plurality of switch-
ing means each provided with a terminal connected to
the second terminal of a different one of the resistances
and each including first and second semi-conductors,
means coupled to the first and second semi-conductors in
each switching means and to a different bistable stage
in the counter for producing a flow of current through
the first semi-conductor upon the first state of opera-
tion in the associated bistable stage to clamp the sec-
ond terminal of the associated resistance to the first ter-
minal of the reference means and for producing a flow
of current through the second semi-conductor upon the
second state of operation in the associated bistable stage
to clamp the second terminal of the associated resistance
to the second terminal of the reference means, and means
for introducing to the different stages in the counter a
plurality of signals having a pattern digitally related to
the value of an input quantity and having characteristics
for the production of first and second states of opera-
tion in a corresponding pattern in the bistable stages for
the production at the common first terminal of a voltage
representing the product of the input and reference guan-
tities.

16. In combination for providing a conversion between
digital and analogue representations, a plurality of re-
sistances each provided with a value having substantially a
2:1 ratio to the value of a different one of the other re-
sistances in the plurality and each provided with a common
first terminal and with a second terminal, means includ-
ing first and second terminals for providing a variable ref-
erence potential between the first and second terminals,
a plurality of switching means each including a first pair
of semi-conductors, the semi-conductors in each of the
first pairs having their first terminals connected to the
second terminal of a different one of the resistances and
having their second terminals respectively connected to the
first and second terminals in the reference means, a
counter having a plurality of bistable stages each con-
nected to become triggered to first or second states of op-
eration in accordance with the introduction of triggering
signals to the stage, means for providing an input voltage,
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means including a plurality of second pairs of semi-con-
ductors each coupled to the first pair of semi-conductors
in a different one of the switching means fo obtain a flow
of current through a particular one-of the semi-conductors
in the associated first pair in accordance with the intro-
duction of signals above or below a particular value to
the semi-conductors in the second pair and to obtain a
direct clamping of the second terminal in the associated re-
sistance to the first or-second terminals of the reference
means in accordance with the conductivity of the particu-
lar conductor in the associated first pair, means including
a comparator for comparing the input voltages and the
voltage on the common first terminal of the resistances
to obtain a potential representing any difference between
the two compared voltages and representing the polarity
of any such difference, means including a chopper for
converting the difference potential to signals representing
such difference and for triggering the bistable stages in
the counter to the first or second states of operation in ac-
cordance with such difference signals, and means for
coupling each stage in the counter to a different one of
the second pairs of semi-conductors in the plurality to
provide for the introduction to these .semi-conductors
of signals above or below the particular value in accord-
ance with the operaticn of the stage in the first or second
states to obtain a corresponderice in values between the
input voltage and the voltage on the common first terminal
of the resistances and for the production in the counter
of digital indications representing the ratio between the
input and refereice potentials.

17. In combination for providing a conversion between
digital and analogue representations, a plurality of re-
sistances each having a value geometrically related to the
values of the other resistances in the plurality and each
provided with a common first terminal and with a second
terminal, means including first and second terminals for
providing a reference potential between the first and sec-
ond terminals, means including a plurality of switching
means each coupled to a different one of the resistances
in the plurality and each operative in a first relationship
to couple the second terminal of the associated resistance
to the first terminal of the reference means and operative
in a second relationship to couple the second terminal of
the associated resistance to the second terminal of the
reference means, means for providing an input voltage,
means including a comparator for producing a potential
representing any difference between the input voltage and
the voltage on the common first terminal and represent-
ing any polarity of such difference, means including a
counter having a plurality of stages for providing in the
stages a digital representation and coupled to the switch-
ing means for producing a pattern of operation in the
switching means corresponding to the pattern of operation
in the counter stages, and means including electrical cir-
cuitry for producing at recurrent intervals signals repre-
senting unitary increments in the difference potential and
for introducing the incremental signals to the counter to
obtain corresponding incremental changes in the count
provided in the counter.

18. Converting apparatus as set forth in claim 17 in
which amplitude discriminators are provided to distinguish
between difference potentials above or below-a particular
level and in which gating means are included to obtain
a triggering of a particular stage of low digital significance
in the counter for difference potentials below the particu-
lar value and to obtain a triggering of a particular stage of
increased digital significance in the counter for difference
potentials above the particular value.

19. In a counverter for providing a conversion between
digital and analogue representations, a first semi-conduc-
tor having an emitter, a base and a collector, a second
semi-conducter having an emitter, a base and a collector,
means for providing a reference potential between first
and second terminals and fer connecting the collector of
the first semi-conductor to the first terminal of the refer-
ence means and for connecting the collector of the second
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semi-conductor to the second terminal of the reference
means, a precision resistance having a particular value and
provided with first and second terminals and having its
first terminal serve as an output terminal and having its
second terminal connected to the emitters of the first and
second semi-conductors, means for providing an input
potential having first particular value to represent a first
binary value and having a second particular value to
represent a second binary value, and means for introducing
the first and second input potentials to the bases of the
first and second semi-conductors to obtain a flow of cur-
rent between the collector and base and the emitter and
base of the first semi-conductor upen the introduction of
the first input potential for a clamping of the second
terminal of the precision resistance to the first terminal
of the reference means and to obtain a fiow of current
between the collector and base and the emitter and base of
the second semi-conductor upon the introduction of the
second input potential for a clamping of the second termi-
nal of the precision resistance to the sscond terminal of
the reference means,

20. In a converter for providing a conversion between
digital and analogue representations, a first semi-con-
ductor having an emitter, a base and a collector, a sec-
ond semi-conductor having an emitter, a base and a col-
lector, means including first and second terminals for
providing a refercnce potential between the first and sec-
ond terminals and for connecting the first terminal to the
collecter of the first semi-conductor and for connecting
the second terminal to the collector of the second semi-
conductor, a precision resistance having a particular value
and provided with first and second terminals and having
its first terminal serve as an output terminal and having
its second terminal coupled to the emitters of the first and
second semi-conducters, an input terminal, means for
introducing an input potential greater than a particular
value to the input terminal to represent a first binary
value and for introducing an input potential less than
the particuiar value to the input terminal to represent a
second binary value, a third semi-conductor coupled to
the input terminal and coupled to the reference means
for the reception of a potential related to the potential
on the first terminal of the reference means to obtain a
flow of current through the semi-conductor in accordance
with the introduction from the input terminal of input
potentials greater or less than the particular value for the
production from the semi-conductor of the input potential
or the potential from the reference means in accordance
with such current flow, a fourth semi-conductor coupled
to the third semi-conductor and coupled to the reference
means for the reception of a potential related to the poten-
tial on the second terminal of the reference means to ob-
tain a flow of current through the semi-conductor in ac-
cordance with the introduction from the third semi-con-
ductor of the imput potential or the potential from the
reference means for the production from the fourth semi-
conductor of the potential related to the potentials on
the first or second terminal of the reference means in
accordance with the flow of current or lack of current
flow through the fourth semi-conductor, and means for
introducing the potential from the fourth semi-conduc-
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tors to the bases of the first and second semi-gonductors
to obtain a flow of current between the collector and base
and the emitter and base of the first semi-conductor upon
the intrcduction of the poiential related to that on the
first terminal of the reference means for a clamping of
the second terminal of the precision resistance to the first
terminal of the reference means and to obtain a flow of
current between the collector and base and the emitter
and base of the second semi-conductor upon the intre-
duction of the potential related to that on the second ter-
minal of the reference means for a clamping of the sec~
ond terminal of the precision resistance to the second ter-
minal of the reference means.

21. In the converter set forth in claim 19, pluralities
of first and second semi-conductors and precision resist-
ances and input potential means connected in different
brances in a manner similar to that recited for the first
and second particular semi-conductors and the particular
precision resistance and the particular input potential
means and having all of the first terminals of the preci-
sion resistances in the plurality connecied as a common
cutput terminal to produce cn the common output termi-
nal a potential having an amplitude directly related to
the value of the quantity digitally represented by the pat-
tern of the input signals from the different input potential
means in the plurality.

22. In the converter set forth in claim 20, pluralities
of first, second, third and fourth semi-conductors and
precision resistances and input potential means connected
in different branches in a manner similar to that recited
for the first and second particular semi-conductors and
the particular precision resisiance and the particular in-
put potential means and having all of the first terminals
of the precision resistances in the plurality connected as
a common output terminal to produce on the common
ocutput terminal a potential having an amplitude directly
related to the value of the quantity digitally represented
by the pattern of the input signals from the different in-
put petential means in the plurality.
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