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Basic DACs for Electronic Engineers

Why and Where are DACs Used?
The name is digital-to-analog converter, and the function of a
DAC, as the name implies, is to convert digital signals into
analog signals. Digital data is present at the output (and
input) of digital systems (microprocessors are a subset of
digital systems), and that data must be converted into an
analog signal so that “real world” devices can use it. The
“real world” interface is comprised of sensors and actuators;
devices which must be controlled by an analog signal much
like the analog signal found at the DAC output. Thus, DACs
will be found at the interface between the digital system’s
output and the analog system’s input.
The input registers of most DACs are flip-flops which act as
a memory as long as the circuit doesn’t lose power; hence,
the DAC can fulfill the important analog memory function.
The reference input to a control system, power supply (a
specialized control system), or almost any other feedback
system can be made from a reference diode and some passive components. This type of reference has memory, but it
is not changeable without a hardware modification, so it is
not used in systems that require frequent reference input
changes (pin drivers, programmable power supplies, and a
host of other electronic machines). A DAC is often the component of choice for an analog system that requires a stable
but programmable reference input because the DAC is stable, it has excellent resolution, it has memory, and it is digitally programmable.
The DAC has the ability to multiply (this will be shown later).
This property enables the DAC to multiply an analog signal
by a digital number; and this capability is often employed to
configure AGC circuits, digitally controlled op amps, system
calibration functions, and waveform generators.
The DAC is a basic building block in electronic design; it
serves as a digital-to-analog interface, as an analog memory, and as a multiplier, so we will study it in detail.

can be expressed with a single digit, and any number up to
99 can be expressed with only two digits. The binary number
system, which is used for digital work, has two integers, 0
and 1, so it needs many more digits to express the same
number. The binary number system is used for digital computations because present day digital circuits have two easily manufactured stable states, on and off. If digital circuits
had three easily manufacturable stable states, computers
would use a tertiary or base 3 number system. The decimal
number 206 is expressed in binary below.
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(EQ. 3)

206 = 128 + 64 + 8 + 4 + 2

Extracting the digit multipliers or “bits” from Equation 2 yields
the binary equivalent of 206 as 11001110. It requires 8 digits
to express 206 in binary as opposed to 3 digits in decimal.
This does not make the decimal number system more powerful than the binary system, but the binary number system
will require more electronic circuits to process the data.
Because binary digital circuits are so much more simple than
decimal digital circuits would be, digital math is done in
binary or some form of binary such as octal or hexadecimal.
DAC math is just a little more complicated than this because
the output of a DAC must range between zero and one. The
DAC acts much like an attenuator because it does not have
an internal amplifier, so fractional binary numbers are used
for DAC math. Fractional binary numbers are expressed as
shown below.
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or
0.90625 = 0.5 + 0.25 + 0.125 + 0.0 + 0.03125

(EQ. 5)

Binary Number Theory
Digital engineers familiar with binary number systems may
choose to skip this section. The decimal number system that
is so familiar to us is based on the number 10, so it is called
the base 10 number system. The base ten is used because
we have 10 fingers on our hands, so we learn to count to ten
using our fingers. The decimal number 206 is constructed in
the base 10 system as shown below:
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206 = 2  10  + 0  10  + 6  10 

(EQ. 1)

The resolution of a digital system is mathematically expressed
as 2n where n is the number of bits. This is the maximum
number of states that can exist in that system, so if zero is to
be a number in the system, the largest number in the system
is one bit less than full scale or 1-2-n. In a 6-bit fractional number system the smallest bit (called the LSB) is 2-6 and the
largest number is then 1-2-n. In a 6-bit system the largest
number that can be represented is 1-2-6 = 0.984375. The
Equation for the digital portion of a DAC is given below:
D =  1 –2

–n

, n = 0, 1, 2, 3, ....

(EQ. 6)

Notice that 206, in the decimal number system, is made up
from three sums: each sum is based on a power of 10, and
each sum requires the proper multiplier. The decimal number system has 10 integers, 0 through 9, thus, it can express
large numbers with a few digits; i.e., any number from 0 to 9
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Basic DAC Theory
The simplest form of a DAC is shown in Figure 1; it is a collection of switched current sources where each current source is
switched between ground or the output. The current sources
are fractionally binaurally weighted, and the output current is
the sum of the currents flowing into the output. Each current
source has it’s own bit switch, Sn, and the bit switch determines if the bit current flows into ground or the output. It is
common practice to let Sn = 1 represent a bit current flowing
into the output, while Sn = 0 represents a bit current flowing
into ground.

Many circuits, especially video and similar high frequency circuits, use the DAC output current directly, but there are many
circuits which need a voltage output from the DAC. Figure 2
shows a popular circuit which is employed to convert the output current to voltage. The DAC current flows into the summing
node of an op amp, and if the op amp follows the ideal op amp
Equation, the resulting op amp out voltage is VOUT = IDACR,
where R is the op amp feedback resistor. The direction of the
DAC current will determine the polarity of the op amp output
voltage.
R
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Equation 7 shown below includes Equation 6, although D is
expressed in terms of the bit switches.

–1
–2
–3
–n 
I OUT = I DAC  S 1  2  + S 2  2  + S 3  2  + ....S n  2  


(EQ. 7)

IDAC is the maximum current that the DAC can put out, and it
is sometimes called the reference or DAC current. If the following settings are used for the bit switches: S1 = 1, S2 = 1, S3 =
1, S4 = 0, S = 1, then;
I OUT = I DAC  1/2 + 1/4 + 1/8 + 0 +1/32  = IDAC  0.90625 

FIGURE 2. CURRENT-TO-VOLTAGE CONVERTER CIRCUIT

The R-2R Ladder Network

FIGURE 1. SIMPLEST FORM OF A DAC

(EQ. 8)

Equation 8 illustrates the multiplying property of the DAC; the
output current is the product of the sum-of-the-bit currents multiplied by the DAC reference current. The DC output states of
the DAC are discrete steps, each of which is separated by a bit
current. When the DAC is used in a DC application, such as a
power supply reference, the smallest change that can be made
in the reference is one bit times the DAC reference current. For
an eight bit DAC with a 10mA reference current, the smallest
current step is 2-8(10) = 0.0390625mA. The largest output current for this DAC is (1-2-8)(10)) mA = (1 -0.00390625(10)mA =
9.9609375mA, and the smallest DAC output current is (1-20)(10)mA = 0.
Many DACs must process AC signals, and because of the
DAC functions in discrete steps, the output current will change
in discrete steps. When the DAC output is viewed on an oscilloscope the discrete bit steps are obvious, and these steps
introduce high frequency noise into the AC signal. A smooth
continuous output current is more desirable because it does
not contain the DAC noise. Using the DAC at the highest possible clock frequency causes the discrete steps to be very high
frequency, so they can be reduced to an acceptable level with
a filter.
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IDAC

Intersil processes are not very good at making accurate resistors; the absolute tolerances may range from 0.5 to 30 percent
depending on the how the resistor is made, it’s value, where it
is located on the die, and if it is trimmed. Intersil processes are
extremely good at matching resistors, especially if the resistors
are close in value such as is the case in a R-2R ladder network. The R-2R ladder relies on the matching for it’s accuracy,
and because Intersil processes match and track with a high
degree of accuracy, many DACs rely on R-2R ladder networks.
When an observer looks into any section of a R-2R ladder network they see a constant impedance R, so the switches and
the other components which make up the DAC see a constant
impedance. The branch currents in a R-2R ladder are binaurally weighted, see Figure 3, thus, when each branch contains
a bit switch the bit currents will be binaurally weighted. R-2R
ladder networks and their variations are commonly used to
make DACs because of these advantages.
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FIGURE 3. R-2R LADDER NETWORK

Bipolar DACs
The two major classifications of DACs, bipolar and CMOS, are
differentiated by the Intersil devices used to make them.
Although they both perform the same function, their internal
operation is different, making their strong points and weak
points different.
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DAC Applications
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FIGURE 4. BIPOLAR DAC WITH A R-2R LADDER

Bipolar junction transistors are used to make up the bipolar
DAC. The general characteristics of a bipolar DAC are high
speed, high output current, and high power drain. One of the
simplest circuit configurations for a bipolar DAC is shown in
Figure 4 where the R-2R ladder is combined with a reference,
a series of current sources and bit switches to configure the
DAC. Each transistor base is held at a constant voltage by the
reference voltage, thus, if the transistors have a high current
gain the emitter currents will be the same as the ladder branch
currents. Effectively, the transistor’s base-emitter junctions
have been used to sense the branch currents, the ladder network functions as though the transistors didn’t exist, and the bit
switches direct the branch currents between the output and
ground. It is not easy to make a bit switch with only bipolar
transistors, so the range and resolution of early bipolar DACs
was not very good. Bipolar DACs still exist because they are
the fastest DACs in town.

Some applications, especially those requiring high speed, use
the DAC current output directly. Normally the DAC gives the
designer the option of grounding either one of two current outputs. This option enables the designer to select an increasing
or decreasing output current as a function of an increasing digital input.
When a voltage output is required, the DAC output current is
converted to voltage by summing it into the inverting input of an
op amp as shown in Figure 2. The voltage configuration is
always slower than the current configuration because the op
amp must be compensated and has speed limitations. The
“Feedback” shown in Figure 5 is normally used as the resistor
shown in Figure 2; the internal resistor is used because it has
the same drift and temperature coefficient as the ladder resisters. Using the internal resistor minimizes the drift from all
causes, but if the designer has another reason, such as terminating a sensor correctly, a different value of R may be used. In
these circumstances the designer must account for the circuit
drift through other techniques.
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CMOS DACs

R

The schematic of a CMOS DAC is given in Figure 5. Notice
that the CMOS DAC is nothing more than the R-2R ladder fabricated with bit switches to direct the branch currents. The
CMOS transistors are used to make the bit switches; thin films
such as nichrome are normally used to make the resistors. An
extra resistor is bonded out and identified as “Feedback”; this
resistor is meant to be used in a current to voltage converter
circuit if a voltage output is desired. The branch currents in the
ladder are added in the output per the settings of the bit
switches. If no bit switches are set, as is shown in Figure 5,
then the output current is zero. If all the bit switches are set,
the output current will be one bit less than VREF/R. The general equation for the DAC output current is given in Equation 9
(D is defined in Equation 6).
I OUT = V REF  D 
/R

2R

(EQ. 9)

+FEEDBACK
-FEEDBACK

FIGURE 5. CMOS DAC

Normally, the op amp compensation is accomplished through
the use of an external capacitor placed in parallel with the feedback resistor. The output capacitance of the DAC causes op
amp instability, and this capacitance value is dependent on the
digital input, so the compensation capacitor must be selected
for the highest DAC output capacitance. The addition of the
feedback capacitor will form a compensated attenuator structure; see reference one for further compensation information.
FEEDBACK

VREF

OUT 1
OUT 2

DIGITAL
INPUTS

FIGURE 6. DAC SYMBOL

The CMOS DAC can be used backwards with the reference
voltage put into the DAC output, and the output taken from the
reference voltage input. This configures the DAC as a R-2R lad-
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der voltage divider. Inverted DAC operation is employed when a
positive voltage output is required and only a single power supply
is available. The DAC sacrifices operating range in this mode;
usually about 3 to 4 volts of overhead is required for the inverted
DAC to operate correctly.

DAC Specifications

with external components. Offset error is shown in Figure 8;
this is just a DC offset similar to that seen in op amp design. It
is corrected by summing in a reverse polarity voltage or current
to cancel out the voltage or current causing the initial error. The
gain error is similar to an op amp gain error caused by a resistor tolerance. It is corrected by placing a variable gain stage
somewhere in the signal path.

An ideal DAC transfer function is shown in Figure 7. Notice that
each data points is discrete; they are not connected by a line.
Although the data points are often represented by a line, this is
just done for conceptual convenience. The ideal DAC transfer
function starts at 0,0, and all of the data points fall on a theoretically straight line. The ideal DAC transfer function does not
exist, but that is good because if it did exist somebody making
a lot less money than us would be doing this work.

DAC linearity error comes in two flavors. First, we have integral
nonlinearity, INL, which is the maximum deviation at any point
of the output from it’s theoretical straight line transfer function.
Second, we have differential linearity error, DLE, which is the
deviation from ideal at the transitions of adjacent codes. When
the DLE exceeds 1 bit the DAC transfer function becomes nonmonatomic, and this can cause instability or lock up, if the DAC
is contained in a feedback loop.

There are three major DAC error sources that always have to
be corrected or accounted for. Two of these errors, offset and
gain, are DC errors, so they may be corrected rather easily

There are other DAC error sources such as overshoot, settling
time, etc., but these are minor compared to the major error
sources.
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Summary

Reference

The DAC converts a digital signal to an analog signal. It is the
primary interface component between the digital system output
and the analog system input. It can provide analog memory
and multiplication while converting the digital signal into an
analog signal. DACs come in two major flavors which are bipolar or CMOS, and these two names are derived from the type
of transistors used to manufacture the DAC. A bipolar DAC is
usually faster than a CMOS DAC, but it generally consumes
more power. The equation for a DAC is IOUT = (VREF/R)D.
The major error sources in a DAC are offset, gain, and linearity.

For Intersil documents available
http://www..intersil.com/
Intersil AnswerFAX (321) 724-7800.
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on

the

web,

see

1. Mancini, Ron, “Feedback, Op Amps and Compensation”, Intersil, AnswerFAX Doc. No. 99415.
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1.

Descriptions of circuits, software and other related information in this document are provided only to illustrate the operation of semiconductor products and application examples. You are fully responsible for
the incorporation or any other use of the circuits, software, and information in the design of your product or system. Renesas Electronics disclaims any and all liability for any losses and damages incurred by
you or third parties arising from the use of these circuits, software, or information.

2.

Renesas Electronics hereby expressly disclaims any warranties against and liability for infringement or any other claims involving patents, copyrights, or other intellectual property rights of third parties, by or
arising from the use of Renesas Electronics products or technical information described in this document, including but not limited to, the product data, drawings, charts, programs, algorithms, and application
examples.

3.

No license, express, implied or otherwise, is granted hereby under any patents, copyrights or other intellectual property rights of Renesas Electronics or others.

4.

You shall not alter, modify, copy, or reverse engineer any Renesas Electronics product, whether in whole or in part. Renesas Electronics disclaims any and all liability for any losses or damages incurred by

5.

Renesas Electronics products are classified according to the following two quality grades: “Standard” and “High Quality”. The intended applications for each Renesas Electronics product depends on the

you or third parties arising from such alteration, modification, copying or reverse engineering.

product’s quality grade, as indicated below.
"Standard":

Computers; office equipment; communications equipment; test and measurement equipment; audio and visual equipment; home electronic appliances; machine tools; personal electronic
equipment; industrial robots; etc.

"High Quality": Transportation equipment (automobiles, trains, ships, etc.); traffic control (traffic lights); large-scale communication equipment; key financial terminal systems; safety control equipment; etc.
Unless expressly designated as a high reliability product or a product for harsh environments in a Renesas Electronics data sheet or other Renesas Electronics document, Renesas Electronics products are
not intended or authorized for use in products or systems that may pose a direct threat to human life or bodily injury (artificial life support devices or systems; surgical implantations; etc.), or may cause
serious property damage (space system; undersea repeaters; nuclear power control systems; aircraft control systems; key plant systems; military equipment; etc.). Renesas Electronics disclaims any and all
liability for any damages or losses incurred by you or any third parties arising from the use of any Renesas Electronics product that is inconsistent with any Renesas Electronics data sheet, user’s manual or
other Renesas Electronics document.
6.

When using Renesas Electronics products, refer to the latest product information (data sheets, user’s manuals, application notes, “General Notes for Handling and Using Semiconductor Devices” in the
reliability handbook, etc.), and ensure that usage conditions are within the ranges specified by Renesas Electronics with respect to maximum ratings, operating power supply voltage range, heat dissipation
characteristics, installation, etc. Renesas Electronics disclaims any and all liability for any malfunctions, failure or accident arising out of the use of Renesas Electronics products outside of such specified
ranges.

7.

Although Renesas Electronics endeavors to improve the quality and reliability of Renesas Electronics products, semiconductor products have specific characteristics, such as the occurrence of failure at a
certain rate and malfunctions under certain use conditions. Unless designated as a high reliability product or a product for harsh environments in a Renesas Electronics data sheet or other Renesas
Electronics document, Renesas Electronics products are not subject to radiation resistance design. You are responsible for implementing safety measures to guard against the possibility of bodily injury, injury
or damage caused by fire, and/or danger to the public in the event of a failure or malfunction of Renesas Electronics products, such as safety design for hardware and software, including but not limited to
redundancy, fire control and malfunction prevention, appropriate treatment for aging degradation or any other appropriate measures. Because the evaluation of microcomputer software alone is very difficult
and impractical, you are responsible for evaluating the safety of the final products or systems manufactured by you.

8.

Please contact a Renesas Electronics sales office for details as to environmental matters such as the environmental compatibility of each Renesas Electronics product. You are responsible for carefully and
sufficiently investigating applicable laws and regulations that regulate the inclusion or use of controlled substances, including without limitation, the EU RoHS Directive, and using Renesas Electronics
products in compliance with all these applicable laws and regulations. Renesas Electronics disclaims any and all liability for damages or losses occurring as a result of your noncompliance with applicable
laws and regulations.

9.

Renesas Electronics products and technologies shall not be used for or incorporated into any products or systems whose manufacture, use, or sale is prohibited under any applicable domestic or foreign laws
or regulations. You shall comply with any applicable export control laws and regulations promulgated and administered by the governments of any countries asserting jurisdiction over the parties or
transactions.

10. It is the responsibility of the buyer or distributor of Renesas Electronics products, or any other party who distributes, disposes of, or otherwise sells or transfers the product to a third party, to notify such third
party in advance of the contents and conditions set forth in this document.
11. This document shall not be reprinted, reproduced or duplicated in any form, in whole or in part, without prior written consent of Renesas Electronics.
12. Please contact a Renesas Electronics sales office if you have any questions regarding the information contained in this document or Renesas Electronics products.
(Note 1)

“Renesas Electronics” as used in this document means Renesas Electronics Corporation and also includes its directly or indirectly controlled subsidiaries.

(Note 2)

“Renesas Electronics product(s)” means any product developed or manufactured by or for Renesas Electronics.
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