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SYSTEM AND METHOD FOR PROVIDING AN
ULTRA LOW POWER SCALABLE
DIGITAL-TO-ANALOG CONVERTER (DAC)
ARCHITECTURE

TECHNICAL FIELD OF THE INVENTION

The present invention is generally directed to the manufac-
ture of digital-to-analog converter (DAC) circuits and, in
particular, to a system and method for providing an ultra low
power scalable digital-to-analog converter (DAC) architec-
ture that is optimized for small format liquid crystal display
(LCD) applications.

BACKGROUND OF THE INVENTION

Portable electronic devices present significant design chal-
lenges because they require displays that are small in size,
relatively high inresolution and low in power dissipation. The
electronics that drive small format displays must also occupy
a small footprint and minimize the external component count.
The ideal display driver needs to be flexible because a large
number of different types of liquid crystal display (LCD)
materials exist with different drive requirements.

A relatively high resolution data converter is necessary to
drive the liquid crystals with adequate resolution due to the
fact that displays are highly non-linear. An ideal display
driver architecture should be easily expandable in the number
of outputs and resolution to accommodate larger displays
with higher resolution.

There are many portable electronic devices that require low
power, small area digital-to-analog converters (DACs). Such
devices include, without limitation, small format display
drivers for personal digital assistants (PDAs), image viewers,
headset displays, cell phones, game players, remote control
devices, remote data acquisition and control modules, por-
table instruments, portable sound systems, and other types of
devices that require a voltage output that is proportional to a
digital value.

DAC:s are general purpose building blocks for providing an
analog voltage or current that is proportional to a digital value
that is presented to its inputs. DACs are commonly used to
provide an analog output signal from a digital processing
system such as a computer. One can view a DAC as a black
box that converts a digital word into a corresponding analog
signal that represents the same approximate percentage of full
scale.

Small format electronic displays are commonly used in
portable electronic instruments. Liquid crystal display (LCD)
technology is a popular display technology because of its
good display properties and low power dissipation. A display
array comprises a plurality of small display dots called pixels
that are arranged in a row and column structure. The infor-
mation to be displayed on a single pixel requires selection of
the pixel location and the corresponding value for the inten-
sity of light to be transmitted by the pixel. The intensity of
light to be emitted can vary over a range of five hundred
twelve (512) to one (1) or larger depending on the video or
image program information requirements.

In the case of pixel displays, DACs are used to translate a
digital value into an analog signal that corresponds to the
proper light intensity for a pixel.

Because extreme price pressures exist on the manufacture
of display modules, the design of display modules is limited
to basic complementary metal oxide semiconductor (CMOS)
technology. A basic CMOS process does not contain low
threshold voltage transistors, high sheet resistance poly resis-
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tors, or poly to poly capacitors. Integrated circuits for display
drivers must be designed around these limitations.

Therefore, the technology available for designing small
format LCD display drivers imposes stringent requirements
on the design of column driver digital-to-analog converters
(DAC). The column driver DACs must be small in size,
exhibit fast settling time, and dissipate low quiescent power.
The DAC architecture must also be easily expandable with
multiple channels to support higher display resolutions.

A quarter VGA (Video Graphics Array) display comprises
an array of three hundred twenty (320) pixels by two hundred
forty (240) pixels. A quarter VGA display using an eighty (80)
to one (1) source line multiplex ratio on the display panel
requires twelve (12) DAC channels to drive the nine hundred
sixty (960) source lines on the display panel. A display panel
with a sixty Hertz (60 Hz) frame rate, two hundred forty (240)
lines, and no blanking, requires a maximum pixel refresh time
of eight hundred sixty (860) nanoseconds.

A common prior art approach to driving small format dis-
plays is to use a plurality of resistors in a reference resistor
string as a voltage reference for the DAC. A digital word
decoder selects the resistor voltage tap on the reference resis-
tor string that corresponds to the desired analog voltage and
passes it to an output amplifier. This type of DAC architecture
is referred to as an R-string DAC architecture. R-string DACs
are popular because the output is monotonic and one can
develop a DAC conversion compensation curve by using
non-equal resistor segments in the reference resistor string. A
DAC conversion compensation curve permits correction for
the non-linear transmissivity of LCD display material and the
response of the human eye.

FIG. 1 illustrates a schematic representation of a conven-
tional R-string DAC architecture 100 that comprises a num-
ber (M) Of DAC channels. DAC architecture 100 comprises a
reference resistor 110 associated with the first DAC channel
(i.e., DAC Channel 1). One end of reference resistor 110 is
coupled to power supply VDD and the other end of reference
resistor 110 is coupled to ground. Reference resistor 110
comprises a number (2V-1) of resistor segments (designated
R, through R,V-1) coupled together sequentially.

DAC architecture 100 also comprises a number (M) of
multiplexers that are designated with reference numerals 120
(1) through 120(M). There is one multiplexer 120 for each of
the M DAC channels of the DAC architecture 100. The mul-
tiplexer 120(1) that is associated with DAC Channel 1 is
designated as MUX Channel 1. The multiplexer 120(M) that
is associated with DAC Channel M is designated as MUX
Channel M. The inputs of each multiplexer are coupled to the
reference resistor 110 between each of the 2™~1 resistor seg-
ments.

The reference voltages from the reference resistor 110 are
digitally selected by the multiplexers 120. As shown in FIG.
1, the inputs of MUX Channel 1 are connected to the refer-
ence resistor 110 between each of the 2”1 resistor segments.
MUX Channel 1 digitally selects the reference voltages from
the reference resistor 110. The other multiplexers operate in
the same manner.

The reference voltage that is selected by each of the M
multiplexers 120 is output to an associated output buffer.
There is one output buffer associated with each multiplexer.
The M output buffers are designated with reference numerals
130(1) through 130(M). The output buffer 130(1) that is
coupled to MUX Channel 1 is designated as Output Buffer 1.
The output bufter 130(M) that is coupled to MUX Channel M
is designated as Output Buffer M.

The internal load capacitance (designated C,,,) between a
multiplexer and its output buffer comprises the parasitic
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capacitances of routing, multiplexer devices, and the input
capacitance of the output buffer. The selected reference volt-
age is passed through its respective output buffer to drive a
large panel capacitance (designated Cp,pz;)-

The use of R-string DAC architecture is hampered by the
presence of increased power dissipation in the R-string and
poor settling time. Some prior art R-string DAC architectures
use resistor segments in the R-string that have non equal
values of resistance. Some other prior art R-string DAC archi-
tectures use a higher resolution R-string DAC that employs a
look up table for curvature correction. Both of these prior art
approaches require excessive power consumption.

The prior art DAC architecture 100 shown in FIG. 1 exhib-
its significant deficiencies. One deficiency is that there is a
major time constraint in the reference resistor string and in the
parasitic capacitances that must be driven. Another deficiency
is that there is another major time constraint in the multiplexer
parasitic resistances and capacitances.

Therefore, there is a need in the art for an improved ultra
low power scalable DAC architecture that is optimized for
small format liquid crystal display (LCD) applications. Spe-
cifically, there is a need in the art for an improved ultra low
power scalable DAC architecture that can remedy the above
described deficiencies of prior art DAC architectures.

Before undertaking the Detailed Description of the Inven-
tion below, it may be advantageous to set forth definitions of
certain words and phrases used throughout this patent docu-
ment: the terms “include” and “comprise,” as well as deriva-
tives thereof, mean inclusion without limitation; the term
“or,” is inclusive, meaning and/or; the phrases “associated
with” and “associated therewith,” as well as derivatives
thereof, may mean to include, be included within, intercon-
nect with, contain, be contained within, connect to or with,
couple to or with, be communicable with, cooperate with,
interleave, juxtapose, be proximate to, be bound to or with,
have, have a property of, or the like.

Definitions for certain words and phrases are provided
throughout this patent document, those of ordinary skill in the
art should understand that in many, if not most instances, such
definitions apply to prior uses, as well as to future uses, of
such defined words and phrases.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion and its advantages, reference is now made to the follow-
ing description taken in conjunction with the accompanying
drawings, in which like reference numerals represent like
parts:

FIG. 1 illustrates a schematic representation of a prior art
DAC architecture;

FIG. 2 illustrates a schematic representation of a DAC
architecture of the present invention;

FIG. 3 illustrates a simplified model schematic represen-
tation of a reference circuit having a buffered R-string archi-
tecture;

FIG. 4 illustrates a schematic representation of a highest
impedance point on a reference resistor string;

FIG. 5 illustrates a three dimensional curve that relates
power versus load capacitance versus a number of folds in the
digital-to-analog converter circuit of the present invention;

FIG. 6 illustrates a prior art sample and hold circuit;

FIG. 7 illustrates a timing diagram for the prior art sample
and hold circuit shown in FIG. 6;

FIG. 8 illustrates a prior art full decode multiplexer archi-
tecture;
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FIG. 9 illustrates a prior art tree decode multiplexer archi-
tecture;

FIG. 10 illustrates a prior art folded resistor string multi-
plexer architecture;

FIG. 11 illustrates an exemplary multi-dimensional multi-
plexer architecture of the present invention; and

FIG. 12 illustrates a prior art approximation circuit for
approximating an open circuit time constant of an output of a
multi-dimensional multiplexer of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

FIGS. 2 through 12, discussed below, and the various
embodiments used to describe the principles of the present
invention in this patent document are by way of illustration
only and should not be construed in any way to limit the scope
of the invention. Those skilled in the art will understand that
the principles of the present invention may be implemented
with any type of suitably arranged digital-to-analog converter
circuitry.

FIG. 2 illustrates a schematic representation of an ultra low
power DAC architecture 200 of the present invention. As
shown in FIG. 2, DAC architecture 200 comprises a number
(M+1) of DAC channels. The M+1 DAC channels are desig-
nated DAC Channel 0, DAC Channel 1, and so on, up through
DAC Channel M. DAC 200 architecture is based on a resistor
divider voltage reference resistor string 210. For each DAC
channel, the reference voltages are selected from the resistor
string 210 through a multiplexer. The selected reference volt-
age is then buffered so that a significant load can be driven
with the output of a DAC channel.

One end of resistor string 210 of DAC architecture 200 is
coupled to power supply V5, and the other end of resistor
string 210 is coupled to ground. As will be more fully
described below, resistor string 210 comprises a number of
resistor segments (designated R;,) coupled together sequen-
tially. The value of the total resistance (“R”) of resistor string
210 is the sum of the values of the resistance of the resistor
segments R .

DAC architecture 200 also comprises a number (M+1) of
multiplexers. The M+1 multiplexers are designated with ref-
erence numerals 220(0) through 220(M). There is one multi-
plexer for each of the M+1 DAC channels. Each multiplexer
has a range of five hundred twelve (512) to one (1) for select-
ing pixel reference voltages. The multiplexer 220(0) that is
associated with DAC Channel 0 is designated as MUX Chan-
nel 0. The multiplexer 220(1) that is associated with DAC
Channel 1 is designated as MUX Channel 1. The multiplexer
220(M) that is associated with DAC Channel M is designated
as MUX Channel M. The inputs of each multiplexer 220 are
coupledto the resistor string 210 in a manner that will be more
fully described below.

The pixel reference voltages from the resistor string 210
are digitally selected by the multiplexers. As shown in FIG. 2,
the inputs of MUX Channel 0 are connected to the resistor
string 210. MUX Channel 0 digitally selects the pixel refer-
ence voltages from the resistor string 210. The other multi-
plexers operate in the same manner.

The pixel reference voltage that is selected by each of the
M+1 multiplexers is output to an associated output buffer.
There is one output buffer associated with each multiplexer.
The M+1 output buffers are designated with reference numer-
als 230(0) through 230(M). The output buffer 230(0) that is
coupled to MUX Channel 0 is designated as Output Buffer 0.
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The output bufter 230(1) that is coupled to MUX Channel 1 is
designated as Output Buffer 1. The output buffer 230(M) that
is coupled to MUX Channel M is designated as Output Buffer
M.

The internal load capacitance (designated C,) between a
multiplexer and its output buffer comprises the parasitic
capacitances of routing, multiplexer devices, and the input
capacitance of the output buffer. The selected reference volt-
age is passed through its respective output buffer to drive a
large panel capacitance (designated Cp,pz;)-

There can be M+1 unique and independent DACs created
from the single voltage reference. The advantages of DAC
architecture 200 are (1) that is has inherent low power, (2) that
is has easy scalability to add additional DAC channels, (3)
built-in gamma correction using non-uniform divider resis-
tors, and (4) that the DAC channels will match to within the
offset of two output buffers.

In order to minimize power consumption in the resistor
string 210, the value of the total resistance (“R”) of resistor
string 210 is made relatively high. However, a large value of
R degrades the settling time. Therefore, it is desirable to
reduce the output impedance of the resistor string 210.

In order to reduce the output impedance of the resistor
string 210, the resistor string 210 is buffered by adding refresh
buffers 240 at the binary fold points of the resistor string 210.
The binary fold points are the points of maximum equivalent
driving point resistance. The resistor string 210 is buffered at
the binary fold points by creating 2” segments of the resistor
string 210. Each time the resistor string is folded, the worst
case impedance, seen looking into the resistor string 210, will
be cut in half.

Consider, for example, the arrangement that is shown in
FIG. 2. Dividing the resistor string 210 into four (4) equal
segments requires three (3) refresh buffers 240. This reduces
the driving source impedance from R/4 (in the case of a single
fold) to R/16. Generally there are 2V-1 refresh buffers 240
required where N is equal to the number of “folds”. In the
arrangement that is shown in FI1G. 2, there are three (3) refresh
butfers because there are two (2) folds. The expression 2V-1
is equal to three (3) when the value of N is equal to two (2).

Prior art arrangements require the use of a second resistor
string in order to provide a voltage to the refresh buffers.
Providing a second resistor string requires additional cir-
cuitry. The second resistor string also consumes additional
power. It is also difficult to match the two resistor strings.

In the present invention, the resistor string 210 is buffered
by adding refresh buffers 240 at the binary fold points of the
resistor string 210. Therefore, the present invention does not
require the use of a second resistor string.

FIG. 3 illustrates a circuit diagram that shows a reference
circuit 300 that has a buffered R-string architecture. The
reference circuit 300 has two “folds.” Each time a fold is
created, a refresh buffer 240 is inserted at the center point of
the unit resistors (designated R;,). The point in a resistor
string with the highest effective impedance is the center point
between two refresh buffers (or a refresh buffer and a supply
rail). Therefore, it is logical to place the refresh buffer 240 at
this center point to reduce the impedance. The number of unit
resistors (R,,) is equal to 2" when N is the number of folds and
the total number of refresh buffer amplifiers is (2¥-1). The
resistance R is the total series resistance of a multiplexer 220
of the type that is shown in FIG. 2.

To ensure an adequate settling time, a general expression
for minimizing power and achieving settling time will be
derived. The total system power is given by the expression:

Prorar=Ppurrer+Presistor (Eq. 1)
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The power that is dissipated in the total value of resistance
of' the resistor string 210 is given by the expression:

V2 (Eq. 2

PrEsisTorR = —
R

where the letter R represents the total resistance of the
resistor string 210 (N times R,)). The power dissipated in the
refresh buffer 240 is given by the expression:

Ppyrrer=VxIpx(2V-1) (Eq. 3)

The term I, represents the refresh buffer amplifier bias
current consumption. It is important to include this term in the
power calculations because the refresh buffer power will have
an effect on how many folds are used. Finally, the total ref-
erence power is equal to the power dissipated in the resistor
and in the amplifiers.

v? " (Eq. 4
Prorar = x +Vx,x2" -1)

The next step is to calculate the worst case setting of the
load capacitor. FIG. 4 illustrates a more detailed circuit dia-
gram 400 of the highest impedance point on the resistor string
210. The worst case output impedance is naturally the center
point of the unit resistor (R;,) between two refresh buffer
amplifiers. This is because the refresh buffer amplifiers have
much higher output impedance than the power supplies. The
expression for Z,,; is found to be:

Ry (Eq. 5)

Referring to FIG. 3, the time constant § is seen to be:
(Eq. 6)

The time constant T is specified by considering the settling
time requirement. For a nine (9) bit digital-to-analog con-
verter (DAC), a total settling time of five (5) time constants (5
times T) is required to settle to an accuracy of one Least
Significant Bit (LSB). Settling time must also be allotted to
the output buffer 230. After the maximum settling time for the
reference has been determined, one can divide that value by
five (5) to find the time constant . Substituting Equation 5
into Equation 6 and solving for R, one obtains:

T=(ZpntRXConr

- T _Rr)- (Eq. 7)
Ru—4X(CINT—R5) 2><r0

The number of unit resistors is related to the total resistance

R by the expression:
R=2"xRy; (Eq. 8)

Solving for N one obtains the expression:

o g( % ) (Eq. 9)

log2
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After inserting the value of R ., from Equation 7, one has an
expression for N in which R is the only unknown value.

R (Eq. 10)

log 4r

N= Cinr

—2Xro—4%XRg

log2

Similarly, by using Equation 8, another useful expression
for 2 can be found:

o R (Bq. 11)
7

—T —2><r0—4><R5

Civr

Putting the expression for 2” that is set forth in Equation 11
into the expression for the total reference power that is set
forth in Equation 4 gives the following expression:

» v vl R (Eq. 12)
TR bx[m_ ]
Cinr o s

Now that one has an expression for the number of folds in
terms of R-string resistance and other constants, one has an
expression for the total power that has R as the only variable.
One can now find the minimum total power by differentiating
the total power P, ,,, of Equation 12 with respect to R and
then setting the result to zero and solving for R to find the
minimum of the function:

vz (Bq. 13)

ﬁJ’(

9 ProraL VXl

arR

4T
—2><r0—4><R5)

Cinr

Finally, the value of R that results in a minimum value for
the total system power is found to be given by the expression:

(Eq. 14)

4T
Vx(— —2><ro—4><R5]
R= Cine

I

After one has calculated the value of R from the system
constants and requirements, one can easily calculate the num-
ber of folds and the unit resistance (R,,) using the expression
for N that is set forth in Equation 10.

Having mathematical expressions for determining the opti-
mal number of folds to be used for the lowest power is very
useful in designing a multi-channel DAC where scaling to a
number of DACs (e.g., scaling to M+1 DACs) is a crucial
feature. F1G. 5 illustrates a three dimensional curve 500 that
relates the power in milliwatts (mW) versus the load capaci-
tance (Cp,) in picofarads (pF) versus the number of folds
(N). The load capacitance C,,,is directly proportional to the
number (M+1) of DACs. FIG. 5 shows that increasing the
number of folds (N) as the load capacitance (C,,,) increases
will lower the value of power (mW).

The load capacitance (C ) represents the number of DAC
channels (M+1) using the resistor string 210 as a reference. It
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is interesting to note that as C,,,, increases, it becomes more
important to use folds. For a load capacitance of ten picofar-
ads (10 pF), it is noted that power can be reduced by a factor
of approximately three (3) by adding two (2) folds. This is a
very large power savings over prior art arrangements. The
method of the present invention determines the load capaci-
tance (Cp,7) and then determines the number of folds (N) for
the resistor string 210 that are required to minimize power
consumption in the resistor string 210.

A unique feature of the DAC architecture of the present
invention is the method that is used to buffer the resistor string
210. A switched capacitor circuit is used to sample the volt-
ages on the resistor string 210 during a quiescent period ofthe
conversion cycle. Then during the driving portion of the con-
version cycle, the resistor string 210 is driven by the refresh
butfer 240.

The refresh buffer 240 may be implemented by a sample
and hold circuit. For example, the prior art sample and hold
circuit 600 shown in FIG. 6 may be used. Sample and hold
circuit 600 is described in a publication by K. Sone et al.
entitled “A 10-b 100-Msample/s Pipelined Subranging BiC-
MOS ADC,” published in IEEE Journal of Solid-State Cir-
cuits, Volume 28, pp. 1180-1186, December 1993.

The voltage V,,,in FIG. 6 is the same point on the resistor
string 210 that V ,-is driving. The advantage of this sample
and hold circuit 600 is that clock feed-through and charge
injection are canceled. The cancellation occurs when the sam-
pling switches controlled by V., in FIG. 6 are turned off,
causing the extra charge to be stored in the feedback capacitor
as well as in the holding capacitor. This introduces an offset in
the feedback loop that cancels the voltage error on the holding
capacitor. This allows the use of very small holding capacitors
(C, and C,) that save space. The timing diagram 700 shown in
FIG. 7 describes the control signal sequencing.

During the first part of the conversion cycle, the resistor
string 210 is buffered. This will lower the effective output
impedance of the resistor string 210 and allow it to drive the
multiplexers 220 much faster. The refresh buffers 240 are then
disconnected during the second half of the conversion cycle.
Atthe end of the conversion cycle when the resistor string 210
is settled, the reference voltage can be sampled back into the
sample and hold circuit 600.

Because a CMOS amplifier is used, the only leaking path
that will cause droop is the reverse biased drain to bulk diodes
of'the input switch. This is a very low leakage path. Therefore,
it may only be necessary to sample the reference voltage once
every few hundred conversions. Regardless of the leakage,
errors in sampling or offsets in the refresh buffer amplifiers
will not affect the DAC accuracy. The refresh bufter amplifier
only drives the resistor string 210 for part of the conversion
cycle. As soon as the refresh buffer amplifier is disconnected,
the intrinsic drive of the resistor string 210 will return the
nodes to the proper voltage by the end of the conversion cycle.

It is also possible to save additional power by powering
down the refresh buffer amplifier 240 when it is not driving
the resistor string 210. This can potentially save seventy five
percent (75%) of the power in the refresh buffer amplifiers
240, depending on the duty cycle ofthe V ,,,,,. voltage. Unfor-
tunately, for high speed conversion, this power saving is not
always possible due to the long time constants that are
involved in powering up an amplifier. However, it may be
possible to put the amplifier into a “low power” mode with the
quiescent current greatly reduced and thereby approach the
seventy five percent (75%) theoretical power savings with a
V zive duty cycle of twenty five percent (25%).

We now turn to the implementation of the multiplexer
circuitry (also referred to as the decoder circuitry). FIG. 8
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illustrates a first prior art decoder architecture known as a
“full decode” multiplexer 800. FIG. 9 illustrates a second
prior art decoder architecture known as a “tree decode” mul-
tiplexer 900.

The advantage of the full decode multiplexer 800 is that it
is unit cell based, easy to copy and replicate when designing
the circuit and layout, and it has minimal series resistance.
The disadvantage of the full decode multiplexer 800 is that it
has a large amount of output capacitance that is due to all of
the device junctions connected to the output. The large output
capacitance places a large burden on the resistor string 210
which will slow down the operation of the multiplexer.

The “tree decode” multiplexer 900 solves this problem
(and uses almost no decode logic). However, the series resis-
tance of the “tree decode” multiplexer 900 is increased to the
resolution of the multiplexer multiplied by the switch resis-
tance.

An intermediate solution has been developed to provide a
compromise between the “full decode” multiplexer 800 and
the “tree decode” multiplexer 900. As shown in FIG. 10, the
intermediate solution comprises a folded resistor string mul-
tiplexer 1000. A prior art folded resistor string multiplexer of
the type shown in FIG. 10 is described in a publication by A.
Abrial et al. entitled “A 27-MHz Digital-to-Analog Video
Processor” published in IEEE Journal of Solid-State Circuits,
Volume 23, pp. 1358-1369, December 1988.

The folded resistor string multiplexer 1000 is analogous to
astandard memory address decode architecture. The switches
are arranged in rows and columns to address a reference
voltage and connect it to the output. Splitting up the buses
greatly reduces the output capacitance, series resistance and
the necessary logic. The folded resistor string multiplexer
1000 is still not an ideal solution.

Another level of folding is possible to create a three dimen-
sional structure. Three sets of decoders are required, one for
each of the x, y and z dimensions. A circuit diagram of an
exemplary multi-dimensional multiplexer 1100 of the present
invention is shown in FIG. 11. The architecture of the multi-
plexer 1100 shown in FIG. 11 is a three dimensional archi-
tecture having one (1) bit in each dimension. It is understood
that the invention is not limited to the specific example shown
in FIG. 11. A three dimensional multiplexer of the present
invention may also comprise two or more bits in each dimen-
sion.

It is also understood that the three dimensional multiplexer
of the present invention shown in FIG. 11 is merely one
example of a multi-dimensional multiplexer. The present
invention is not limited to a three dimensional multiplexer. It
is understood that the multi-dimensional multiplexer of the
present invention may have more than three dimensions.

The architecture of a three dimensional multiplexer further
minimizes parasitic capacitances in the signal path compared
to atwo dimensional folded multiplexer. Unfortunately, at the
same time, the series resistance is increased. One advantage
of'the three dimensional multiplexer 1100 is that the logic that
is required to decode the digital input code is also greatly
reduced.

The number of decoding dimensions is denoted by the
letter D. The number of dimensions D is not to be confused
with the number of folds N in the resistor string 210. The
resolution (or number of bits) is denoted by the letter B. The
full decode multiplexer 800 has one dimension (D=1). The
tree decode multiplexer 900 has D=B dimensions. It is inter-
esting to note that as the value of D is increased from one (1)
to two (2), one obtains the architecture of folded resistor
string multiplexer 1000. As the value of D increases to the
value of B, one obtains a tree decoder of multiplexer 900.
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Table One shown below summarizes the series resistance,
parasitic capacitance (sources and drains) and logic that are
required for each of the multiplexer architectures to imple-
ment a nine (9) bit multiplexer. The logic is calculated by the
number of equivalent four (4) bit AND gates that are required
for the decoder blocks. The subscript D is used to identify a
specific dimension of folding. For example, a three dimen-
sional (D=3) folded eight (8) bit DAC might have three (3)
bits of resolution in the first dimension, three (3) bits of
resolution in the second dimension, and two (2) bits of reso-
lution in the third dimension.

TABLE ONE
Multiplexer Total Number
Dimension  Multiplexer  of Junction Equivalent
(D) Resistance  Capacitances Logic Gates
Tree Decode 9-R 3-N+1)-1= 0
(D=N) 29
Full Decode 1-R 2N=512 < N
D=1 (2 -Z)= 1,152
D=2 2'R 2*+ 1)+ 4 5
(25 +1)-1=49 (ZN-Z]+(ZS- )=56
D=3 3-R 3.(3\/27V+1)_ N
= N T
1=26 o LR T
4
D=4 4-R 22+ + , 3 , 2
22+ + (Z-Z]+(2-Z]+
22+1)+
(P+1)-1=23 (22+§]+(22 _]:12
D=K D-R D D N
N, N, K
> @ s-1 Z(z K T)
K=l =)
Assuming that the impedance looking into the resistor
string 210 is much greater than the switch resistances, the
parasitic junction capacitances can be lumped into the load

capacitance. The load capacitance is usually a buffer tied to
Vo
Adding dimensions to the multiplexer becomes more
important as the resolution increases. For example, in a nine
(9) bit multiplexer, using a full decode scheme will result in
five hundred twelve (512) junction capacitances at the output
in addition to the load of the amplifier’s input devices. A two
dimensional folded architecture will require a four (4) bit and
a five (5) bit dimension. This will result in forty nine (49)
junctions effectively tied to the output.

In a three dimensional multiplexer, the number of junctions
that must be driven is reduced to twenty six (26). An addi-
tional benefit of the three dimensional architecture is that the
number of equivalent logic gates for decoding the control
signal is reduced to eighteen (18) from fifty six (56) in the two
dimensional case.

Note that the expressions in Table One exclude the effect of
interconnect parasitics. Parasitic resistance can rightfully be
excluded because it is a small percentage of the total resis-
tance in comparison to the switch resistance. The parasitic
interconnect capacitances can be lumped with the parasitic
junction capacitances and the sources and drains. The junc-
tion capacitances will usually dominate the nodal capaci-
tance.

Using the expressions for resistance and capacitance in
Table One for a D dimensional folded architecture, the ideal
number of dimensions to minimize settling time can be found.
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Approximating the time constant of the output of the multi-
plexer can be done using an open circuit time constant. A prior
art approximation circuit 1200 is shown in FIG. 12.
From FIG. 12 one can see that the value of R from FIG. 3
is equal to:

(Eq. 15)

D
Rs = Z R;
=1

The resistance R, /is the maximum effective impedance of
the resistor string 210. Therefore,

(Eq. 16)

1=

T [(Rres + D+ Rs)- (2% + 1) Ciunc] + (Ryep + D Rs) - Clogat

i

where C . is the parasitic drain and source to bulk capaci-
tance. Unfortunately, no closed form solution for T exists
because not every dimension in the multiplexer has the same
resolution. For example, a nine (9) bit multiplexer with one
(1) dimension can have four (4) bits of resolution in one
dimension and five (5) bits of resolution in another dimen-
sion.

However, Equation 16 can be used to make a decision on
how many dimensions result in a minimum settling time. For
a small number of dimensions, the value of D times R is
small compared to R, so the junction capacitances can be
lumped with C,,,,. For a large number of dimensions, the
total switch resistance will approach the voltage reference
impedance and lead to an inefficient solution.

The DAC architecture 200 of the present invention pro-
vides several benefits. The DAC architecture 200 provides
good DAC channel to DAC channel matching. There is a
common voltage reference for each ofthe DAC channels. The
DAC channel to DAC channel matching is limited only by
offset mismatch of the output bufter 230. The implementation
of the DAC architecture 200 of the present invention is also
very area efficient. The voltage reference circuitry is shared
by the DAC channels. In addition, gamma correction can be
embedded in the resistor string 210.

The system and method of the present invention provides
an efficient design procedure for minimizing power in a DAC
circuit with respect to changes in the number of channels,
changes in converter resolution, or changes in the conversion
rate.

For example, consider a proposed design fora VGA (Video
Graphics Array) display array that comprises six hundred
forty (640) pixels by four hundred eighty (480) pixels. The
proposed design represents four (4) times the number of
pixels of the quarter VGA display. That is, the proposed VGA
display array will have a total of 307,200 pixels (i.e., 640
times 480), whereas, the quarter VGA display array will have
a total of 76,800 pixels (i.e., 320 times 240).

As previously mentioned, a quarter VGA display using an
eighty (80) to one (1) source line multiplex ratio on the
display panel requires twelve (12) DAC channels. The pro-
posed designed will therefore use forty eight (48) DAC chan-
nels. If the number of DAC channels (and DAC outputs) are
quadrupled, the settling time requirement will not be
changed. Only the internal load capacitance (designated
Cvp) will quadruple.

Using the expressions that have been derived (especially
Equation 10 and Equation 14) one can calculate that a third
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fold in the resistor string 210 is necessary. Table Two below
shows the result of adding a third fold when the quarter VGA
display array (designated QVGA in Table Two) is quadrupled
form the proposed VGA display array (designated VGA in
Table Two).

TABLE TWO
Number of
DACs Folds  Power/DAC Conr Area/DAC
QVGA 12 2 292 UW ~5pF  0.042 mm?
VGA 48 3 240 pW ~20pF  0.035 mm?
The internal load capacitance (Cp,,) quadrupled from

approximately five picofarads (5 pF) to approximately twenty
picofarads (20 pF). The power per DAC and the area per DAC
decreased (assuming that the output buffer is unchanged).
The source driver redesign is simplified by rearranging pre-
existing blocks of circuitry.

This example shows how the system and method of the
present invention efficiently minimizes power/DAC and area/
DAC with respect to a quadrupling of the number of DAC
channels. As the number of pixels increases to accommodate
higher resolution display arrays, the DAC architecture 200 of
the present invention can be scaled to optimize performance
by selecting an appropriate number of refresh buffers 240 and
folds N for the resistor string 210.

As previously described, the DAC architecture 200 of the
present invention buffers the resistor string 210 by adding
refresh buffers 240 at the binary fold points of the resistor
string 210. For a given load capacitance and bit rate, the
method of the present invention determines an appropriate
number of binary fold points for the resistor string 210. In one
experimental test of the DAC architecture 200 of the present
invention, the use of the refresh buffers 240 reduced the DAC
settling time by a factor of two (2) to under four hundred fifty
nanoseconds (450 ns).

For a given load capacitance and bit rate, the method of the
present invention also determines an appropriate number of
dimensions for the multiplexers 220.

The performance of the DAC architecture 200 of the
present invention was tested using two (2) folds in the resistor
string 210. The DAC architecture 200 provided a power out-
put per DAC of approximately two hundred fifty microwatts
(250 uW), a settling time of four hundred nanoseconds (400
ns), and an area per DAC of forty two thousands of a square
millimeter (0.042 mm?).

A figure of merit for DAC performance has been devised to
compare the performance of the DAC architecture 200 of the
present invention with the performance of prior art DAC
architectures. The figure of merit is based on low power
dissipation, fast settling time, small area and high number of
bits of resolution for a given load capacitance. The figure of
merit (designated FoM) is expressed in units of picojoules per
bit areal density. The figure of merit defines DAC energy
consumption relative to its bit resolution per unit area. The
figure of merit is expressed as:

Ts-P pJ (Eq. 17)
FoM = —F (DACs] 7B
DAC) mm? mm?
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The expression T represents the settling time. The expres-
sion P represents the power. The expression B represents the
bit resolution. The expression mm? represents the area. The
expression pJ represents power in picojoules (1072 joule).
The lowest value of the figure of merit represents the best
DAC performance.

A measurement of the figure of merit for the DAC archi-
tecture 200 of the present invention gave a value of approxi-
mately 0.70 pJ per bit per mm? at a resolution of nine (9) bits.
Figures of merit for six older prior art DAC architectures
(1989 to 2001) ranged from approximately 20.00 pJ per bit
per mm? to 100.00 pJ per bit per mm?. Only one figure of
merit for a recent prior art DAC architecture (2005) was as
low as 2.00 pJ per bit per mm? at a resolution of ten (10) bits.

The major design considerations for digital-to-analog con-
verter (DAC) circuits for portable display applications are
low power consumption, compactness, simplicity and offset.
As previously described, the system and method of the
present invention minimizes power consumption while
achieving the required conversion rate. The utilization of
refresh bufter amplifiers 240 for the resistor string 210 and the
utilization of an optimized multiplexer 220 enables the DAC
architecture 200 of the present invention to convert data at a
moderate speed while maintaining high resolution. Other
benefits of the DAC architecture 200 include the ability to
easily scale the DAC architecture 200 to any number of DAC
channels in power and space efficient manner.

The DAC architecture 200 of the present invention reduces
the two dominant R-C time constants in the resistor string
architecture used for liquid crystal display (LCD) column
drivers. The DAC architecture 200 of the present invention
provides reduced settling time, reduced power dissipation, a
scalable circuit for adding additional channels, and a compact
physical layout. The system and the design methods of the
present invention set a new benchmark in DAC performance
of 0.70 pJ per bit per mm?.

The foregoing description has outlined in detail the fea-
tures and technical advantages of the present invention so that
persons who are skilled in the art may understand the advan-
tages of the invention. Persons who are skilled in the art
should appreciate that they may readily use the conception
and the specific embodiment of the invention that is disclosed
as a basis for modifying or designing other structures for
carrying out the same purposes of the present invention. Per-
sons who are skilled in the art should also realize that such
equivalent constructions do not depart from the spirit and
scope of the invention in its broadest form.

Although the present invention has been described with an
exemplary embodiment, various changes and modifications
may be suggested to one skilled in the art. It is intended that
the present invention encompass such changes and modifica-
tions as fall within the scope of the appended claims.

What is claimed is:
1. A digital-to-analog converter circuit, comprising:
a voltage reference resistor string;
aplurality of digital-to-analog converter channels coupled
to the voltage reference resistor string; and
a plurality of refresh buffer circuits coupled to the voltage
reference resistor string, wherein the refresh buffer cir-
cuits operate to buffer the voltage reference resistor
string during a first portion of a conversion cycle and do
not operate during a second portion of the conversion
cycle.
2. The digital-to-analog converter circuit of claim 1,
wherein each of the digital-to-analog converter channels
comprises a multiplexer and an output buffer circuit.
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3. The digital-to-analog converter circuit of claim 1,
wherein each of the refresh buffer circuits is coupled to the
voltage reference resistor string at a binary fold point of the
voltage reference resistor string.

4. The digital-to-analog converter circuit of claim 3,
wherein the refresh buffer circuits are operable to reduce
output impedance of the voltage reference resistor string.

5. The digital-to-analog converter circuit of claim 3,
wherein the voltage reference resistor string comprises 2%
unitresistor segments, where N represents anumber of binary
folds in the voltage reference resistor string.

6. The digital-to-analog converter circuit of claim 5,
wherein 2"-1 represents a number of refresh buffer circuits
coupled to the voltage reference resistor string.

7. The digital-to-analog converter circuit of claim 1,
wherein each of the refresh buffer circuits is not provided a
voltage by a second resistor string.

8. A digital-to-analog converter circuit comprising:

a voltage reference resistor string;

a plurality of digital-to-analog converter channels coupled
to the voltage reference resistor string, each of the digi-
tal-to-analog converter channels comprising a multi-
plexer; and

a plurality of refresh buffer circuits coupled to the voltage
reference resistor string;

wherein the multiplexer in each of the digital-to-analog
converter channels comprises a multi-dimensional mul-
tiplexer; and

wherein a number of dimensions associated with each
multi-dimensional multiplexer is selected based on at
least one of: an impedance of the voltage reference resis-
tor string, a load capacitance, and a bit rate.

9. The digital-to-analog converter circuit of claim 8,
wherein the number of dimensions associated with the multi-
dimensional multiplexer is selected to minimize settling time.

10. The digital-to-analog converter circuit of claim 8,
wherein the multi-dimensional multiplexer in each of the
digital-to-analog converter channels has a different resolution
in at least two of its dimensions.

11. A method, comprising:

coupling to a voltage reference resistor string a plurality of
digital-to-analog converter channels;

determining an optimal number of binary fold points for
the voltage reference resistor string to minimize power
consumption in the voltage reference resistor string; and

coupling to the voltage reference resistor string a plurality
of refresh buffer circuits, wherein each of the refresh
buffer circuits is coupled to the voltage reference resistor
string at one of the binary fold points of the voltage
reference resistor string.

12. The method of claim 11, further comprising operating
the refresh buffer circuits to reduce output impedance of the
voltage reference resistor string.

13. The method of claim 11, wherein:

the voltage reference resistor string comprises 2* unit
resistor segments, where N represents a number of
binary folds in the voltage reference resistor string; and

271 represents a number of refresh buffer circuits coupled
to the voltage reference resistor string.

14. The method of claim 11, further comprising:

providing each of the digital-to-analog converter channels
with a multi-dimensional multiplexer.

15. The method of claim 14, wherein the multi-dimen-
sional multiplexer provided in each of the digital-to-analog
converter channels has a different resolution in at least two of
its dimensions.
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16. A method comprising:

coupling to a voltage reference resistor string a plurality of

digital-to-analog converter channels;

coupling to the voltage reference resistor string a plurality

of refresh buffer circuits;

operating the refresh buffer circuits to buffer the voltage

reference resistor string during a first portion of a con-

version cycle; and

not operating the refresh buffer circuits during a second

portion of the conversion cycle.

17. A display driver circuit for a liquid crystal display array,
comprising:

a digital-to-analog converter circuit that comprises:

a voltage reference resistor string comprising 2” unit
resistor segments, where N represents a number of
binary folds in the voltage reference resistor string;

a plurality of digital-to-analog converter channels
coupled to the voltage reference resistor string, where
2V_1 represents a number of refresh buffer circuits
coupled to the voltage reference resistor string, each
refresh buffer circuit coupled to the voltage reference
resistor string at one of a plurality of binary fold
points; and

a plurality of refresh buffer circuits coupled to the volt-
age reference resistor string,

wherein a value of N is selected to minimize power con-

sumption in the voltage reference resistor string.

18. The display driver circuit of claim 17, wherein:

each of the digital-to-analog converter channels comprises

a multi-dimensional multiplexer.

19. The display driver circuit of claim 18, wherein the
multi-dimensional multiplexer in each of the digital-to-ana-
log converter channels has a different resolution in at least
two of its dimensions.

20. An apparatus comprising:

a liquid crystal display array; and

adisplay driver circuit coupled to the liquid crystal display

array, the display driver circuit comprising a digital-to-

analog converter circuit, the digital-to-analog converter
circuit comprising:

a voltage reference resistor string;
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a plurality of digital-to-analog converter channels
coupled to the voltage reference resistor string, each
of the digital-to-analog converter channels compris-
ing a multi-dimensional multiplexer; and

a plurality of refresh buffer circuits coupled to the volt-
age reference resistor string;

wherein a number of dimensions associated with each

multi-dimensional multiplexer is selected based on at

least one of: an impedance of the voltage reference resis-
tor string, a load capacitance, and a bit rate.

21. The apparatus of claim 20, wherein:

the voltage reference resistor string comprises 2* unit

resistor segments, where N represents a number of

binary folds in the voltage reference resistor string;

271 represents a number of refresh buffer circuits coupled

to the voltage reference resistor string, each refresh

buffer circuit coupled to the voltage reference resistor
string at one of a plurality of binary fold points;

avalue of N is selected to minimize power consumption in
the voltage reference resistor string.

22. The apparatus of claim 20, wherein the multi-dimen-
sional multiplexer in each of the digital-to-analog converter
channels has a different resolution in at least two of its dimen-
sions.

23. An apparatus comprising:

a liquid crystal display array; and

a display driver circuit coupled to the liquid crystal display

array, the display driver circuit comprising a digital-to-

analog converter circuit, the digital-to-analog converter
circuit comprising:

a voltage reference resistor string;

a plurality of digital-to-analog converter channels
coupled to the voltage reference resistor string; and

a plurality of refresh buffer circuits coupled to the volt-
age reference resistor string, wherein the refresh
buffer circuits operate to buffer the voltage reference
resistor string during a first portion of a conversion
cycle and do not operate during a second portion of
the conversion cycle.
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