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[57] ABSTRACT

There is disclosed a weighted ladder network for use
in digital to analog converters which s characterized
by faster speeds than the common R/2R and binary
ladder configurations for the same total power con-
sumption. The technique involves splitting up a con-
ventional ladder network into two separate sections.
The first section is a conventional binary ladder driven
by equal current sources. The second section, how-
ever, involves weighting the resistance elements and
the current sources in such a manner that the total re-
sistance of the circuit is minimized.

§ Claims, 5 Drawing Figures
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WEIGHTED LADDER TECHNIQUE

BACKGROUND

This invention relates to digital to analog conversion
and more particularly to a hybrid ladder network which
generates a series of voltages corresponding to a binary
input.

Conventional digital to analog conversion circuits
have made use of R/2R ladder networks. One of the
outstanding features of this network is its relative insen-
sitivity to small variations in the resistance of its ele-
ments. These circuits have, however, two drawbacks,
The first is the amount of resistance that is necessary to
obtain the requisite number of voltages corresponding
to the number of bits of information that must be
available at the output of the ladder network. Secondly,
when more and more bits are added to the ladder, more
resistive elements must be added to the network. This
results in a tremendous amount of stray capacitance,
which further results in an increase in settling time for
the circuit and a corresponding decrease in speed. Thus
R/2R ladders are generally incompatible with analog to
digital conversion systems which require less than one
microsecond conversion time. A typical 8 bit R/2R
system, when utilizing a current drive, has a charac-
teristic settling time in excess of 2 microseconds for a
digital to analog conversion. This translates into about
a 20 microsecond settling time for analog to digital
conversion systems utilizing a R/2R digital to analog
converter. Since the hybrid circuit to be described
herein utilizes 78 times less resistance than the conven-
tional R/2R ladder, for the same total power consump-
tion a 100 nanosecond settling time is obtained in
digital to analog conversion. This corresponds to about
a | microsecond settling time for analog to digital con-
verters utilizing the subject network.

While reduction of total resistance is important for
speed, it is not the critical improvement which allows
these ladders to be fabricated in integrated circuit
form. What is critical is the resistance ratio. The re-
sistance ratio refers to the ratio of the resistance of the
largest resistive element to that of the smallest resistive
element in the ladder network.

Networks having high ratios are difficult to fabricate
accurately in integrated circuit form mostly because of
mask tolerances, variation across the die of un-
dercutting and diffusion depths. It will become ap-
parent from the description of the subject network that

one of its main advantages is a minimized resistance.

ratio.

Resistance ratios are important in a second type of
ladder network commonly used in digital to analog
conversion. This ladder, while not being weighted in a
R/2R fashion, is weighted in a binary fashion. Typi-
cally, the resistors in the binary ladder are weighted 1,
1,2, 4, 8, 16, etc., with the current drives to each of
these elements being of equal value. In an 8 bit ladder
the resistance ratio is (64/2) which is too high to be
fabricated in a practical manner in integrated circuit
form. The binary ladder does, however, have a settling
time in the nanosecond range. While the speed of this
circuit is attractive, it is extremely difficult to manufac-
ture the necessary resistive elements in integrated form
to necessary tolerances. Thus, while binary weighted
ladders have been used in discrete form, there has been
very little attempt to make them in integrated circuit
configurations.
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The hybrid ladder disclosed herein is capable of
being manufactured as an integrated circuit and com-
bines the relative insensitivity of the R/2R ladder to er-
rors in element resistance with the speed of the binary
weighted ladder. An optimal weighting system is dis-
closed in which the ladder is broken up into two sec-
tions. The first section is driven by equal current
sources and is weighted in the conventional binary
manner. The second section is composed of resistive
elements having the same weight combined with cur-
rent sources which are weighted so as to minimize the
resistance ratio of the network while at the same time
maintaining a settling time commensurate with the bi-
nary weighted ladder.

SUMMARY OF THE INVENTION

It is therefore an object of this invention to provide
an improved hybrid ladder network for digital to analog
conversion.

It is a further object of this invention to provide an
improved hybrid ladder network and an improved
method of weighting both the resistive elements in the
network and the current drives thereto.

It is another object of this invention to provide a
hybrid ladder for digital to analog conversion in which
a portion of the ladder is a conventional binary ladder
and in which a second section is composed of resistive
elements of equal weight associated with current
sources which are weighted so as to minimize the re-
sistance of the network.

It is a further object of this invention to provide an
improved ladder circuit having a relative insensitivity
to resistance values and increased speed both of which
result from a minimized resistance ratio.

It is a further object of this invention to split up a
ladder network into two sections, the first of which
operating as a conventional current driven binary
ladder and the second of which having resistive ele-
ments which are assigned a single value, wherein the
current sources driving these resistive elements are
weighted in such a manner that binary voltages are
available at the output of the hybrid ladder, the single
value being that which minimizes the resistance ratio,
thus maximizing speed and minimizing sensitivity to er-
rors in the values of the resistive elements.

It is another object of this invention to provide an im-
proved method of weighting the resistive elements and
the current sources in a ladder network.

Other objects of this invention will be better un-

derstood upon reading the description of the following
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of a R/2R ladder net-
work used extensively in the prior art.

FIG. 2 is a schematic diagram of a current driven bi-
nary weighted ladder network utilizing equal constant
current sources.

FIG. 3 is a schematic diagram of the hybrid ladder
network and the improved weighting technique which
forms the subject matter of the present invention.

FIG. 4 is a schematic diagram showing the weighting
of the resistive elements and the current sources for an
8 bit digital to analog ladder using the subject hybrid
weighting technique.
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FIG. § is a schematic diagram of a portion of the sub-
ject ladder showing switching circuits ‘and current
sources.

BRIEF DESCRIPTION OF THE INVENTION

The subject invention most generally resides in a
hybrid method of weighting the resistive elements and
the current sources in a current driven ladder used to

. generate a series of voltages corresponding to binary
numbers. The subject invention utilizes, as one portion
of the ladder, a conventional binary weighted ladder
network which employs equal current sources and bi-
nary weighted resistive elements. The second section of
the ladder is composed of resistive elements having
equal resistances associated with current sources
whose weight is determined by a formula which
minimizes the resistance ratio which is the maximum
value of resistance in the ladder to the minimum value
in the ladder. By reducing the resistance ratio, both less
resistance and thus less stray capacitance is involved
and the sensitivity of the network is minimized to a
value equal to that of the R/2R ladder and significantly
less than that of the binary ladder.

DETAILED DESCRIPTION OF THE INVENTION

- The hybrid ladder disclosed herein has particular ap-
plication to successive approximation type analog to
digital conversion systems. These systems are well
known in the prior art and depend on the generation of
'a series of binary weighted voltages. These voltages
must be generated in a time short compared to the
overall conversion time of the analog to digital conver-
sion system. Therefore the speed of the analog to
digital conversion is not significantly lengthened by the
speed at which the ladder network can develop the
required voltages.

Conventionally, a digital to analog ladder network is
in the R/2R form shown in FIG. 1. It will be appreciated
that there are several ways of using the ladder shown in
FIG. 1, and although the current drive method will be
discussed it will be appreciated that the circuit shown
in FIG. 1 could be used as a voltage reference circuit in
which the output of each section is coupled in parallel
with the other sections to provide the appropriate volt-
age.

As can be seen from the circuit shown in FIG. 1, a
current source is applied at one end of the circuit as
shown at 20 and the reference voltage is applied as
shown. In a 5 bit ladder V,,, would have a weight of one
thiry-seconds, whereas if a current source were applied
at the other end of the circuit, as shown at 21, driven by
a current I, the output would have a weight of one half.
Thus, the circuit shown is capable of giving a binary
weighting, 1/2, 1/4, 1/8, 1/16, 1/32, 1/64 . . Yen as
switches 23-28 are closed. It will be appreciated that
the R/2R configuration is merely a convenient scheme
to use resistors having values which are not too diverse
and yet obtain voltages having the appropriate binary
weight. Because the values are not too diverse the volt-
ages obtained are very little altered by slight errors in
the resistance of each of the resistive components. The
problem with the R/2R ladder is that it uses an exces-
sive number of resistors. Associated with these resistors
is an extensive amount of stray capacitance such that at
a given current the speed of this circuit tends to be
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slow, particularly when the R/2R ladder is used as a
voltage reference rather than being current driven as
shown in FIG. 1. It will be appreciated that in the volt-
age reference mode an operational amplifier must be
used at the output circuit which increases the settling
time of the circuit to one microsecond or longer. The
subject invention which is shown in FIG. 3 improves
the speed of the digital to analog conversion to less
than 20 nanoseconds by using 78 times less resistance.

Another way to accomplish digital to analog conver-
sion is to form the circuit shown in FIG. 2. This circuit
is not in actuality a ladder but a series of resistors that
are weighted in binary fashion; 1, 1, 2, 4, 8, 16, 32, 64,
etc.. Each of the resistive elements is driven by a cur-
rent equal numerically to the resistance of the first ele-
ment in the binary series. These current sources are
shown generating a current of *“1” for purposes of illus-
tration. With switch 30 closed V,,, reflects the most sig-
nificant bit with the least significant bit being
represented by the closing of switches 30 through 38.
The readout for this ladder occurs at the righthand side
such that if the leftmost current source is turned on by
switch 38 a voltage change will appear at the output
equal to the current value “1” times the resistor value
“1.” However, when the second current source is
turned on by switch 37 the output voltage will equal the
current value of ““1” times the resistance of both of the
resistive elements connected such that V=1 times
the quantity (1 +1) or 2. Thus the second current
source has an effective weight of twice the first and
likewise the third current source has an effective
weight of four times the first and a fourth current
source has an effective weight of 8 with the fifth cur-
rent source having effective weight of 16, the sixth hav-
ing an effective weight of 32, and the seventh having an
effective weight of 64. The settling time of this type of
circuit is quite low and in the nanosecond range for 5
bits. In a 5 bit system with five current sources, the lar-
gest resistor is eight times the smallest one. This yields a
resistance ratio of 8, which is tolerable with respect to
integrated circuit fabrication.

However, if the ladder is extended to include more
than § bits, ratios of 16, 32, 64 and higher result. These
ratios cannot be met accurately because of the inability
to hold close tolerances on large resistor ratios in in-

“tegrated circuits.

The subject invention recognizes that instead of
utilizing strict binary weighting of the resistive com-
ponents that a combined weighting system can be used.
In addition, it has been found that there is a particular
weighting system which minimizes the resistance ratio,
which permits shorter settling times, and which permits
fabrication in integrated circuit form. Thus the subject
circuit combines the speed of the conventional binary
ladder with the minimized sensitivity of the R/2R
ladder.

The following weighting technique was derived em-
pirically by altering the weights of the ladder to weights
other than those dictated by strict binary rules. It has
been empirically found that the weighting system
shown by the circuit in FIG. 3 results in 2 minimum re-
sistance ratio. As can be seen in FIG. 3, the circuit
shown in FIG. 2 has been modified. In effect, one-half
the elements of FIG. 2 representing the first four bits
have been retained and the resistive elements cor-
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responding to the remaining bits have been provided
with equal resistances. The resistance of these latter re-
sistive elements is assigned a value p as shown. If it is
assumed that in order to obtain a minimum resistance
ratio the current source representing the most signifi-
cant bit generates a curfent equal numerically to p,
then the other current sources in this modified section
are given values according to the following formula:

(k—1)
L= 2

G ER GO

n
2
) (1)
where '
I;: is the current generated by the kth current source
and where
k: is the current source number
n: is the number of resistance elements 22 - D is the
resistance of the elements in the binary portion of
the network and 2% is the binary weighted out-
put to be associated with the activation of the kth

current source.
For k=n ()
L= 20
3rt+2(5-1) @)
In order to obtain a value for p,»;,.v ;; s;t ;{_1;;.] t_o; o
Thus )
2 (1)
p=
n n
so+2(5-1) 3)
Or
n n .
sor2(3—1) 2000 @
Thus
n n_ —92(-1)
)
In the 8 bit ladder shown in FIG. 5,
n=38,and 2"V=128
Therefore p (4p+ 8) =128
and p=4.74456264653...
=4.745
For the last current source in this 8 bit ladder
Iy=p=4.745.Forthe I, current source
64
I,-_-m:z.sm
likewise
32
Ie='m=l.830
and
16
B OF = ki

This weighting is shown in FIG. 4. From empirical anal-
ysis it turns out that for an 8 bit ladder, weighting the
first four bits in the binary fashion shown in FIG. 2 and
weighting the remaining resistive elements p so as to
split the ladder in half results in a minimum resistance
ratio, i.e., 4.745/1 =4.745, In an 8 bit system a configu-
ration 1, 1, 2, 4, 8, p,p,p immediately results in a re-
sistance ratio of 8/1 = 8. In an 8 bit system a configura-
tion of 1, 1, 2, p,p ppp also results in a higher resistance
ratio since the fourth current source will have a value
less than 1 so the ratio between the last current source

and the fourth current source comes out larger than
4.745.
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It will be appreciated that as the ladder contracts in
number of bits so does the conventional portion of the
circuit. As the ladder expands, the number of conven-
tional circuit elements expands. p for any of these lad-
ders can be obtained by setting k= n and Ixey=p. From
empirical analysis even bit ladders formed in this split
configuration will always have optimal resistance
ratios, high speeds and as low a sensitivity to poor re-
sistance tolerances as the R/2R ladder.

It will be appreciated that the above analysis applies
only to “even-bit” systems. In these systems the
number of elements in the binary ladder was split in
half such that the first half was weighted in a binary
manner, while the second half had equal resistance
weights with the last current source generating a cur-
rent numerically equal to this resistance. This configu-
ration always results in a minimum resistance ratio for
‘“‘even-bit” systems.

If an odd number of bits is desired, then the ladder is
split as close to the center as possible with the binary
section being the smaller section. While no general ex-
pression is given for the odd-bit case, the hybrid odd-bit
split configuration results in lower resistance ratios as
compared with the R/2R ladder or binary weighted
ladder. Although p can be computed by solving the
quadratic in equation 4, this number may not yield the
minimum ratio. However, the odd-bit resistance ratio is
low when compared with other ladder networks.

A portion of the actual circuit used for the hybrid
ladder is shown in FIG. 5. Here switches 44 and 45 and
current sources 54 and 55 of FIG. 3 are shown in the
dotted boxes with like numbers. In one experimental
configuration resistor 60 had a value of 80 ohms with
the preceding resistors (not shown) having values of
40, 20 and 20 ohms respectively. Resistor 61 had a
value of 95 ohms which is approximately 4.745 times
the 20 ohm resistive element since in this 8 bit configu-
ration weight “1” =20 ohms. All the conventional cur-
rent sources in this configuration are NPN transistors
80 with an emitter bias of —3 volts provided by an ap-
propriate V. In FIG. § resistor 62 is chosen to be 2K
for I=1MA (=V,.=—5V). Using current source 55 as
a baseline, resistor 63 is made equal to 1,589 ohms to
give current source 54 a current equal to 1.255 times
the current generated by current source 55.

The switching circuits which couple each current
source to its respective resistive element are identical.
Each has an input NPN transistor 70 coupled between
a reference potential, Vpzr and —V. The emitter of
transistor 70 is coupled through a diode 74 to the base
of one-half of a differential pair shown at 71 and 72.
The emitters of the transistors in each differential pair
are interconnected and coupled to their respective cur-
rent source. When a voltage less than 2V,, drops is ap-
plied to the base of transistor 70 its output through
diode 74 drives the base of transistor 71 negative with
respect to the base of transistor 72, because of the cur-
rent drawn through resistor 75. This turns transistor 72
ON and turns transistor 71 OFF. The current source
thus pulls current through transistor 72, a correspond-
ing resistor 60 (or 61) and all previous resistors. When
a voltage greater than 2V,, is applied to the base of
transistor 70, transistor 71 conducts and transistor 72 is
turned OFF thus shunting the current generated by the
current source to Vpgr. Since the current sources are
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independent of the voltage across them the IR drop
across the current source I, of FIG. 3 is independent of
the IR drop across current source I.; such that for n re-
sistive elements-or n current sources there will be 2m!
possible IR drops or voltages through the circuit.

In the above experimental configuration Vggr =
+5.0V and —V =—5V. Thus, a 0 to +5 volts output is
attained at V,,;, with a 20 millivolt bit size.

It will be appreciated that the subject weighting
technique can be applied to any ladder-current source
combination to minimize the resistance ratio and max-
imize on speed and stability.

What is claimed is:

1. A ladder network for providing a series of binary
weighted currents comprising:

a first section having a first number of series con-
nected resistive elements weighted in a binary
fashion and a like number of current sources each
generating a current equal numerically to the re-
sistance of the first resistive element in said series,

said current sources adapted to be connected

between a reference potential and one end of a
corresponding resistive element; and a second sec-
tion, connected in series with said first section and
having a second number of series connected re-
sistive elements, each having a resistance equal to
a predetermined number, and a like number of
current sources, the current sources in said second
section adapted to be connected between said
reference potential and one end of a correspond-
ing resistive element in said second series, the cur-
rent source adapted to be connected to the last of
the elements in said second number generating a
current equal to said predetermined number, and
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the remaining current sources in said second sec-
tion generating those currents which will provide
binary weighted voltages between the free end of
said last resistive element and said reference
potential, when they are connected to their respec-
tive resistive elements, whereby the resistance
ratio of said network can be minimized such that
said network has a low settling time and can be
fabricated in integrated circuit form.

2. The ladder network as recited in claim 1 wherein
said ladder contains an odd number of resistive ele-
ments and wherein said first section contains one less
resistive element than said second section.

3. The ladder network as recited in claim 1 wherein
each section contains an ‘equal number of resistive ele-
ments.

4. The ladder network as recited in claim 3 wherein
said predetermined number is given by solving the fol-
lowing formula for p

§p2+2(%-l)p—2<n-v=0

where # is the total number of resistive elements in said
network,

5. The ladder network as recited in claim 4 wherein
the current generated by a given current source is given
by the following formula

2(k-1)

(--5)r+2(5-1) 54>

L=

where I is the current in the kth current source,
whereby the resistance ratio of said ladder network is at
a minimum.



