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157 ABSTRACT

A digital-to-analog converter comprising an 1C switch
module providing four switch transistors and associated
switch-control buffering circuitry. The emitter areas of
the switch transistors are binarily weighted to provide
equal current densities. The IC substrate also 1s formed
with a fifth transistor to serve as a reference transistor
for adjusting the supply voltage as necessary to main-
tain constant current through the switch transistors. To
construct a digital-to-analog converter having a high bit
resolution, a number of such “quad” switch modules
may be combined, for example in a printed circuit card -
assembly including a thin-film resistor module provid-
ing binarily-weighted resistors on a glass substrate to set
the current levels through the switch transistors.

6 Claims, 8 Drawing Figures
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SOLID STATE DIGITAL-TO-ANALOG
CONVERTER

Matter enclosed in heavy brackets [ } appears in
the original patent but forms no part of the first and this
reissue specification; matter printed in italics indicates
the additions made by the first reissue. Matter enclosed
< double heavy brackets [[ 1] appears in the first
reissue patent but forms no part of this reissne specifica-
tion; matter printed in bold face indicates the additions

made by this reissue.

This invention relates to digital-to-analog converters.
More particularly, this invention relates 1o such con-
verters based on solid-state electronics.

Digital-to-analog (D-A) convertiers have been re-
quired for a wide variety of purposes, such as trans-
forming the digital outputs of a high-speed computer 10
corresponding analog voltages. D-A converters also are
used in analog-to-digital converters. A wide variety of
D-A converter designs have been proposed, and a num-
ber have been sold commercially. A particularly suc-
cessful design is disclosed in co-pending application Ser.
No. 809,700 filed by the present inventor on Mar. 24,
1969, now U.S. Pat. No. 3.685,045. Reference to that
earlier application is hereby made for details of certain
design features which are also incorporated in the em-
bodiment of the present invention to be described be-
low, and the priority date of that earlier application 18
herein asserted for such commeon subject matter.

With the development of integrated-circuit (IC) tech-
nology, efforts have been made to produce D-A con-
verters in IC form, seeking the benefits of improved
reliability, small size, low power consumption, and low
production costs. However, prior IC converter designs
have not suitably adapted IC technology to the special
requirements of D-A converters, and have not satisfac-
torily exploited the real potential of such technology. It
is therefore one goal of the present invention to provide
D-A converter designs which achieve superior charac-
teristics from a unique adaptation of integrated-circuit
concepts and processing.

In a preferred embodiment of the invention to be
described hereinbelow in detail, there is provided a
D-A converter comprising a number of separate inter-
connected modules. The basic module of this converter
is an IC switch unit having a single monolithic substrate
in which has been diffused a number of switching tran-
sistors, together with associated control and logic cir-
cuitry for selectively activating the switches 1n accor-
dance with a digital input signal. One or more such
switch modules are [[assmelbed]] assembled on a
printed circuit board together with a resistor module
having a set of precision metering resistors which fix the
level of current through the switching transistors in a
binary weighting pattern.

The preferred switch module arrangement provides
four switching transistors, and thus has been called a
‘quad-switch.” D-A converters having resolutions of 4,
8. 12 or 16 bits can readily be provided, in a flexible
manner, simply by using one, two, three or four identi-
cal “quad-switch” moduies. Current-dividers of 16:1
attenuation ratio (or 10:1 for binary coded decimal) are
used to reduce the current levels from the second, third
or fourth switch modules to obtain the correct current
contribution for each bit of the digital input.

The conductive areas of the switching transistors of
each quad-switch module are bmarily weighted 1n the
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proportional to the current carried by the associated
transistor, so that the current density 1s the same for all

switching transistors. This provides important benefits,
including superior tracking and lower oftset differences
between switches. Each switch module substrate also 1S
formed with an additional reference transistor which
controls the supply voltage for all the switching transis-
tors so as to effect nearly perfect compensaton for the
variables which can cause errors in the analog outpul
signal.

Accordingly, it is an object of this invention 10 pro-
vide a superior D-A converter design based on IC tech-
nology. A further object of this invention 1s to provide
a D-A converter having markedly improved perfor-
mance characteristics. Still another object of this inven-
tion is to provide a D-A converter which can be manu-
factured economically, and which can flexibly be ap-
plied to meet diverse requirements. Other objects, as-
pects, and advantages of the invention will in part be
pointed out in, and in part apparent from, the following
description considered together with the accompanying
drawings, in which:

FIG. 1 shows schematically the circuit arrangement
of a quad-switch module and 1its associated resistance
network;

FIG. 2 is a schematic plan view of the portion of the
IC chip (substrate) carrying the switching transistors of
the quad-switch module of F1G. 1

FIG. 3 is a cross-section taken along line 3—3 of FIG.
2. showing the layers defining the different transistor
segments;

FIG. 4 shows schematically how three identical
quad-switch modules are combined with a resistor mod-
ule to form a 12-bit D-A converter;

FIG. § is a schematic diagram showing a compensa-
tion circuit for stabilizing the converter output with
changes in ambient temperature and/or other variables;

FIG. 6 is a schematic diagram illustrating a modified
form of compensation circuit;

FIG. 7 is a wiring diagram of a 12-bit D-A converter;
and

FIG. 8 shows the physical arrangement of the princi-
pal components making up the D-A converter illus-
trated in F1G. 7.

Referring now to FIG. 1,a [ [ quad-swtich} ] quad-
switch module 10 is schematically illustrated as a single
monolithic substrate 12 having diffused therein four
[ [seprate]] separate switching transistors generally
indicated at 14, 16, 18 and 20. Each transistor is repre-
sented symbolically as a number of parallel-connected
sub-transistors, with the numbers of sub-transistors dif-
fering in accordance with a binary weighting pattern,
i.e., in a ratio of 8:4:2:1.

The switching transistors are arranged as current
sources, and the outputs of all of the transistors are
connected together to a common line 22. The transis-
tors are selectively activated by respective switch con-
trol and logic circuits comprising bufter transistors 24,
26, 28, 30 controlled through corresponding diodes 34,
36, 38, 40 in accordance with the respective bits of a
digital input signal. A detailed description of such a
switch control circuit is set forth in the abovementioned
co-pending application Ser. No. 809,700

The first transistor 14 provides a current output level
representing the most-significant bit (MSB) of the digi-
tal input signal, the next transistor 16 provides half as
much current representing the second-most-significant-
bit, and so forth. The current level in each case 1s deter-
mined by a respective current-weighting metering resis-
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module 52. The ohmic resistances of these resistors
may, for example, be 10K, 20K, 40K and 80K, respec-
tively, to produce switch currents of 1 ma., 0.5 ma., 0.25
ma., and 0.125 ma.

Referring also to FIGS. 2 and 3, all of the transistors
14-20 have collector, base, and emitter segments dif-
fused in the substrate 12. The conductive areas of these
transistors are binarily weighted to correspond with the
current flowing through the transistor. Specifically, the
total areas of the respective emitters 54, 56, 58, 60 are in
direct proportion to the currents to be carried by the
corresponding transistors.

In the preferred embodiment, the emitter areas are so
proportioned by providing for each transistor a prede-
termined number of equal-area emitters 54A, 54B, . . .
56A, 56B, . .. etc., with the number of emitters for each
transistor being in accordance with a binary weighting
pattern. Thus, the right-hand transistor 20 includes a
single emitter 60 of preselected area, the next transistor
18 includes two emitters 58A, 58B of that preselected
area, and so forth. The size of the base segment 64, 66,
68, 70 of each transistor is roughly proportioned to the
surrounding emitter area, and a single common collec-
tor segment 72 i1s provided for all transistors of the
switch module.

By proportioning the emitter areas of the switching
transistors 14-20 to the level of current to be carried,
the current density is made uniform throughout the
conducting regions of all transistors. This results in
essentially equal base-to-emitter voltages (Vgg) for all
of the switching transistors. Initial offset between
switches, as well as offset drift between switches, are
minimized by this arrangement, so as to provide im-
proved accuracy. Because all transistors are diffused on
a single common substrate, the transistor characteristics
(particularly *Beta™) will be effectively matched for all
switches, further minimizing errors in the output due to
changes in variables such as temperature.

The resistor module 52 1s assembled together with the
switch module 10 by interconnecting means, preferably
a single printed circuit board. The resistor module com-
prises a non-conductive substrate 74 (glass or the like)
on which is deposited by known techniques (e.g., sput-
tering) a thin film of a metallic substance such as ni-
chrome, arranged to form a set of resistors having the
required ohmic resistance. Resistors of this type have
very low temperature coefficients, so that there will be
only small changes in current with changes in tempera-
ture. By having all of the resistors on a single substrate,
and formed of the same material, any changes in resis-
tance will be proportionately the same for all resistors,
thereby assuring uniform performance characteristics
for the individual switches.

F1G. 4 shows schematically a 12-bit D-A converter
composed of three identical quad-switch modules 10A,
10B, 10C assembled with a binary resistor module 52 as
described above. The resistor network includes three
wdentical sets 80A, 80B, 80C of four current-weighting
resisotrs 44, 46, 48, 50. The resistors of each set are
connected to the respective transistors 14, 16, 18, 20 of
a corresponding quad-switch module as described
above. The resistor module also includes current-divid-
mg networks 82, 84 which attenuate the currents from
the second and third quad-switch modules by factors of
16:1 and 256:1.

One important advantage of the module construction
described above is that the range of required resistance
values 1s relatively low. For example, in the preferred
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quad-switch module, the resistance range required is
only 8:1, a range well suited for commercial processing.
In comparison, a conventional straight 12-bit converter
would require a resistance range of 2048:1, e.g., a 10K
resistor for the MSB and a 20 megohm resistor for the
L.SB.

It is difficult to make resistors of such widely differ-
ent values as 10K and 20 megohm from the same resis-
tance alloy. On the other hand, if different materials are
used for the high and low value resistors, they will have
different temperature coefficients, and hence will intro-
duce tracking errors with changes in operating temper-
ature. Tracking errors lead to degraded linearity and
loss of monotonicity. Loss of linearity results in unequal
imcremental steps. Loss of monotonicity means that, at
some points, the output current will decrease in re-
sponse to an increased digital number.

These problems and difficulties are avoided or sub-
stantially minimized by the module construction de-
scribed hereinabove, wherein the range of resistance
values required for each switch module is relatively
small, and the resistors are formed by thin film deposi-
titon on a single substrate. Moreover, the modular con-
cept permits the current through the LLSB transistor
switch to be large relative to the transistor leakage. For
example, 1n the preferred four-transistor “quad-switch”
package, the smallest switch current is 0.125 ma., well
above the transistor leakage level. In comparison, the
LLSB current in a straight 12-bit converter may be as low
as 300 nanoamps, which begins to approach the transis-
tor leakage value and hence may wel]l be subject to
switching error.

Another advantage of the modular concept described
hereinabove s that it simplifies production testing. A
quad-switch, for example, need be tested only for 16
different codes. Thus a total of only 48 code tests need
be made for the three quads used to make up a 12-bit
converter. In comparison, a conventional straight con-
verter may require testing by 1,000 or so codes, leading
to higher manufacturing cost.

The modular concept provides another benefit in
manufacturing, because it divides the [C processing into
smaller but identical units. In the IC process, the “yield™
(1.e., the proportion of acceptable units) is generally
proportional to the size of a unit, whereas the cost is
generally proportional to the square of the size. By
sub-dividing the complete device into a set of identical
smaller units, the overall manufacturing operation is
made more effective.

The module arrangement described herein lends itself
well to standard commercial packaging configurations,
such as the DIP pack (14 or 16 pin) or the so-called
flat-pack. Thus the converter is well adapted for flexible
application to many different types of electronic appa-
ratfus requirements.

The provision of exactly four switching transistors in
each module is an especially advantageous feature. This
number of switches affords an apparently optimum
balance between the need to minimize the range of
current-weighting resistance values and the need to
reduce the number of separate components which must
be assembled into a complete unit. It aiso represents a
practical number of switches which can be provided
with equal current densities in an IC configuration. Also
of importance is the fact that quad-switches can readily
be assembled to provide either a straight binary conver-
ston, or a binary-coded-decimal (BCD) conversion.
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simply by selecting the appropriate current-dividing
attenuation networks between the separate quad units.

Further refinements in performance can be obtained
by using a compensation circuit as shown in FIG. 5. In
this arrangement, a quad-switch module 10, like that In
FIG. 1, is provided with an additional transistor 100
diffused in the substrate 12 (see also FIG. 2). This addi-
tional transistor serves as a reference for controlling the
base supply voltage for the four switching transistors.

The reference transistor 100 is identical to the LSB
transistor 20, having a single emitter and a base like that
of the LSB transistor. The resistor module 52 1s pro-
vided with an additioanl 80K current-metering resistor
102 for the reference transistor. The base of the refer-
ence transistor is connected to the common base rail 104
for the switching transistors.

The current flowing into the reference transistor 100
is fixed at exactly 0.125 ma. by a regulated current
source comprising a Zener diode 106, a current-setting
reference resistor 108, and an operational amplifier 110
the output of which drives the base of the reference
transistor (and thereby drives the bases of all of the
switching transistors due to the common base rail 104).
The reference resistor 108 is trimmed to the precise
value to produce 0.125 ma. into the collector of the
reference resistor. Since the LSB switching transistor 1s
identical to the reference transistor (same size emitter
and base), and both are connected to identical resistors
50, 102 of the resistor module 52, the current into the
LSB transistor also must be 0.125 ma., and the current
densities must be equal. And since the other switching
transistors are, in effect, exact multiples (binarily
weighted) of the LSB transistor, the currents through
those other transistors similarly will be exact binary
multiples of the LSB current.

In more detail, the reference current established by
zener diode 106 and reference resistor 108 1s summed
with the collector current of the reference transistor
100. The operational amplifier 110 adjusts the voltage of
the common base line 104 to make the two currents
equal. With the reference current thus properly estab-
lished, all other currents will be in the correct propor-
tion to one another, since the base-to-emitter drops
(V gr) of all of the IC transistors will be equal.

Any changes in the parameters of the switching-tran-
sistor circuitry will be compensated for by the feedback
action of the amplifier 110, which will tend to hold
constant the current into the collector of reference
transistor 100, and thereby (in open loop mode) hold
constant the actual output currents of the switching
transistors. Any change in a circuit parameter which
tends to alter the collector currents of the switching
transistors 14-20 will similarly tend to alter the refer-
ence transistor collector current from equality with the
originally established reference current. Such a ten-
dency of the reference transistor collector current to
change will be sensed at the input to amplifier 110, and
its output will alter the base voltage of the reference
transistor (and the bases of all of the switching transis-
tors) so as to maintain the original current levels.

It should be noted that the reference transistor collec-
tor current corresponds identically to the currents of
the switching transistors which must be held constant.
That is, the output of the D-A converter 1s, basically,
the collector currents of the activated switching transis-
tors. Thus, by holding constant the reference transistor
collector current, and thereby holding constant the
switching transistor collector currents, the output of the
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D-A converter will be held constant even in the face of
changes in such parameters as base current, collector
leakage current, or base-to-emitter-voltage.

The temperature performance of the unit is enhanced
by the fact that the additional metering resistor 102 1s
part of the resistor module 52. Tracking between resis-
tance values of such thin film resistors 1s 1 part-per-
million per °C., so that any temperature-induced change
in resistance of the current-weighting resistors 44-50
will be accompanied by a corresponding change in the
resistance of resistor 102. The resulting tendency of the
current through reference transistor 100 to change will
be sensed by the operational amplifier 110, and its out-
put will change correspondingly to adjust the base volt-
ages so as to hold the currents constant.

Advantageously, the resistor module 52 also contains
the power supply reference resistor 108 and the feed-
back resistor 114 of an output operational amplifier 116.
If there is a change in resistance of the reference resistor
108, there will be a corresponding change in the collec-
tor currents of all of the transistors of the quad-switch,
but this will be compensated for by a change in the
resistance of the feedback resistor 114, so as to maintain
the final output substantially constant.

FIG. 6 shows another compensation arrangement for
the quad-switch module 10. Here the common base line
120 for the switching transistors is tied to a fixed voltage
(e.g., — 3 volts), and the output of the reference ampli-
fier 110 controls the voltage of the common line 122 to
which all of the resistors are connected. In general, this
compensation arrangement works on much the same
basic principles as that of FIG. 5, in that the output of
the reference amplifier is automatically controlled by
sensing the differential between a reference current
through resistor 108 and the collector current of the
reference transistor 100. The amplifier in effect adjusts
the voltage differential applied to the transistor base-to-
emitter circuits so as to hold the collector currents
constant.

The arrangement of FIG. 6 includes biasing circuitry
used in a typical IC quad-switch module 10. This cir-
cuitry includes clamping diodes 124-130 to keep the
buffer transistors 24-30 from saturating when those
PNP devices are diverting the currents from the assoct-
ated switching transistors. The circuit also incorporates
transistors 132, 134, 136 for setting the base voltage of
the buffer transistors.

FIG. 7 is a wiring diagram showing details of a com-
plete D-A converter using three quad-switch modules
10A, 10B, 10C and a resistor module 32 interconnected
by conductive elements of a printed circuit board. FIG.
8 illustrates the physical arrangement of the several
components. Input connecttons to the converter are
made through contacts 140 on one edge of the circutt
board. The parallel digital input signal is directed
through corresponding leads to three 4-bit registers 142,
{44, 146 where the digital bits are strobed nto respec-
tive storage stages for application to the input diodes of
the switch control circuitry in each quad-switch.

The resistor module 52 contains all of the current-
weighting resistors, the 16:1 current-dividing networks
32, 84, the power supply reference resistor 108, and the
output feedback resistor 114. The reference amplifier
110 controls the common resistor line 122, as in the
FIG. 6 arrangement discussed above. Although all
quad-switch modules contain reference transistors 100,
only one is neede for controlling the common resistor
line. The reference transistor in the first module 10A 1s
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used for this purpose. The printed circuit board carries
the reference amplifier 110 and the output operational
amplifier 116, and performs the usual function of fur-
nishing interconnections between the different compo-
nents, as shown in the diagram.

Although preferred embodiments of the invention
have been described hereinabove in detail, it 1s desired
to emphasize that such details have been disclosed for
the purpose of illustrating the nature of the invention,

5

and should not be considered as necessarily limiting of 10

the invention which can be expressed in many modified
forms to meet particular requirements.

I claim:

1. An integrated-circuit digital-to-analog converter
COmprising:

a plurality of transistors on a single monolithic sub-

strate;

switch control means operable by a digital input for

selectively activating any of said transistors to pass
current therethrough;

circuit means for said transistors to set different levels

of current therethrough according to a predeter-
mined weighting pattern such that the sum of the
currents produced by the activated transistors rep-
resents an analog output in accordance with the
required digital-to-analog relationship;

each of said transistors being formed to present in said

substrate a respective conductive area proportional
to the particular current level assigned thereto in
accordance with said weighting pattern, to provide
uniform current density in said transistors when
activated; and

means for summing the currents flowing through the

transistors activated by said switch means so as to
provide said analog output;

said substrate being formed with four switching transis-

tors the emitters of which have areas in the ratios of
1:2:4:8.

[[2. A converter as in claim 1, wherein said transis-
tors are provided with different numbers of emitters
proportional to the magnitude of current 1o be passed,
said emitters all having equal areas.] ]}

[[3. A converter as in claim 1, including a second
substrate having a plurality of resistors formed thereon:
and

means interconnecting each of said transistors with a

respective one of said resistors to control the cur-
rent through each transistor in accordance with the
ohmic resistance of the associated resistor. ] ]

E[4. A converter as in claim 1, wherein said sub-
strate is formed with four switching transistors the emit-
ters of which have areas in the ratios of 1:2:4:8.7 1

[ [5. Apparatus as in claim |, wherein said substrate
has said plurality of transistors diffused therein to serve
as separate current sources corresponding to respective
bits of a digital input signal;

each of said transistors comprising an emitter, a base

and a collector;

the areas of the respective emitters for said transistors

differing in accordance with a binary weighting
pattern. ] ]

[ [6. Apparatus as in claim 5, wherein each of said
transistors has a number of separate equal-size emitter
sections, with the number of sections in each case being
in accordance with said binary weighting pattern. ]}

[ [7. Apparatus as in claim S, wherein the size of the
base segment for each transistor is at least approxi-
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8

mately proportional to the area of the corresponding
emitter. ] }

[ [8. Apparatus as in claim 7, wherein said substrate
is formed with a single collector segment common to all
of said transistors.] ]

[ [9 An integrated-circuit digital-to-analog converter
comprising:

a plurality of transistors on a single monolithic substrate;

an output line;

switch control means operable by a digital input for

selectively activating any of said transistors to pass the
current thereof through said output line

circuit means for said transistors to set different levels of

current through each transistor according to a prede-
termined weighting pattern such that the sum of the
currents produced in said output line by the selected
transistors represents an analog output corresponding
to said digital input;

each of said transistors being formed to present in said

substrate a respective conductive area proportional (o
the particular current level assigned thereto in accor-
dance with said weighting pattern to provide uniform
current density in the activated transistors. }

I [0 Apparatus as in claim 9. wherein the emitter area
of each of said transistors is proportional to the particular
current level assigned thereto.]]

I1. An integrated-circuit digital-to-analog converter
comprising:

a first plurality of transistors on a single monolithic

substrate each adapted to conduct current;

an output line;

first means operable by a first part of a digital input

signal for developing in said output line a flow of
current representing the summation of the currents of
any of said first transistors selected in accordance with
said first part of sard digital input signal;

circuit means for said first transisiors to set different

levels of current therethrough according to a predeter-
mined weighting pattern such that the sum of the
currents produced in said output line by the transistors
represents [[an]] a first analog output signal cor-
responding to said first part of said digital input sig-
nal;

cach of said first transistors being formed to present in

said substrate a respective conductive area propor-
tional to the particular current level assigned thereto
in accordance with said weighting pattern to provide
uniform current density in said transistors. ;

a second plurality of tramsistors on a substrate each

adapted to conduct current; |
said second plurality of transistors being matched to
said first plurality of transistors;

second means operable by a second part of said digital

input signal for developing in said output line a flow
of current representing the summation of the cur-
rents of any of said second plurality of transistors
selected in accordance with said second part of said
digital input signal;

said second means including means to attenuate the

current contribution from said second transistor as
developed in said output line to provide for proper
relative weighting between that current contribution
and the contribution of said first transistors;

circuit means for said second transistors to set differ-

ent levels of current therethrough according to said
predetermined weighting pattern, the sum of the
currents produced in said output line by said second
transistors, after attenuation by said attenuation
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means, representing an additive supplement to the
analog output signal in accordance with said second
part of said digital input signal, properly weighted
relative to said contribution of said first transistors;
each of said second transistors being formed to present
a respective conductive area proportional to the
particular current level assigned thereto In accor-
dance with said predetermined weighting pattern to
provide a current density in said second transistors
which is uniform and equal to the current density of
said first transistors.
12. A converter as in claim 11, wherein all of said
transistors include base, emitter and collector electrodes;
the area of each of said transistor emitters being pro-
portional to the magnitude of current therethrough.
13. A converter as in claim 12, wherein said second
transistors are formed on a second substrate different
from the substrate carrying said first transistors.
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14. A converter as in claim 12, wherein said first tran-
sistors are four in number and carry respective currents
in the ratio of 8:4:2:1;

said second transistors

ranged to carry respective currents in the
8:4:2:1.

15. A converter as in claim 1, including a second plural-
ity of integrated-circuit transistors at least substantially
-dentical to said first plurality of transistors and operable
to produce a second summation current corresponding to
a second, lower-order part of said digital input; and

attenuation means coupling said second summation

current to said summing means to augment the sum-
mation current from said first plurality of transistors
by the current from said second plurality of transts-
tors attenuated by a factor corresponding to the
relationship between said lower-order digital signal
part and the order of the digital signal controlling

said first plurality of transistors.
x ¥ ¥ | ¥

being four in number and ar-
ratio of
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