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Therefore, the accuracy required for 1 LSB change over a range of ¥, is

LLSB _ L _ 0002 (28.10)

Veer 2N

and solving N for the resolution yields

N= mgz(fmiv = 12.29 bits

which means that a 13-bit DAC will be needed to produce the accuracy capable of
generating 1 mV changes in the output using a 5 V reference. B

Example 28.3

Find the number of input combinations, values for 1 LSB, the percentage
accuracy, and the full-scale voltage generated for a 3-bit, 8-bit, and 16-bit DAC,
assuming that V=5 V.

Using Eqs. (28.3), (28.8), (28.9), and (28.10), we can generate the following

information:
Resolution Input combinations 1 LSB % accuracy Vi
3 8 0.625V 12.5 4375V
8 256 19.5 mV 0.391 4.985V
16 65,536 76.29 pv 0.00153  4.9999 V

The value of 1 LSB for an 8-bit converter is 19.5 mV, while 1 LSB for a
16-bit converter is 76.3 uV (a factor of 256)! Increasing the resolution by 1 bit
increases the accuracy by a factor of 2. The precision required to map the analog
signal at high resolutions is very difficult to achieve. We will examine some of
these issues as we examine the limitations of the data converter in Ch. 29.

Note that a data converter may have a resolution of 8 bits, where an LSB is
19.5 mV as above, while having a much higher accuracy. For example, we could
require the 8-bit data converter above to have an accuracy of 0.1%. The higher
accuracy results in a more ideal (linear) DAC. A typical specification for DAC
accuracy is +%; LSB for reasons discussed below. B

Differential Nonlinearity

Me ideal DAC in Fig. 28.10, each adjacent output increment should be exactly
one-eighth. Since the y-axis is normalized, the values for the increment heights will be
unitless. However, the increment heights can be easily converted to volts by multiplying
the height by V. This corresponds to the ideal increment corresponding to 0.625 V = 1
LSB (assuming V.= 5 V).

Nonideal components cause the analog increments to differ from their ideal
values. The difference between the ideal and nonideal values is known as differential
nonlinearity, or DNL and is defined as

DNL, = Actual increment height of transition » — Ideal increment height (28.11)
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where n is the number corresponding to the digital input transition. The DNL
specification measures how well a DAC can generate uniform analog LSB multiples at its
output.

Example 28.4
Determine the DNL for the 3-bit nonideal DAC whose transfer curve is shown i b‘v
Fig. 28.11. Assume that V. =5 V. l,gv, - ‘
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Figure 28.11 Example of differential nonlinearity for a 3-bit DAC.

The actual increment heights are labeled with respect to the ideal increment
height, which is 1 LSB, or 1/8 of % Notice that there is no increment

corresponding to 000, since it is desirable to have zero output voltage with a
digital input code of 000. The increment height corresponding to 001, however, is
equal to the corresponding height of the ideal case seen in F ig. 28.10; therefore,
DNL, = 0. Similarly, DNL, is also zero since the increment associated with the
transition at 010 is equal to the ideal height. Notice that the 011 increment,
however, is not equal to the ideal curve but is 3/16, or 1.5 times the ideal height.

DNL, =1.5LSB-1LSB=0.5LSB

Since we have already determined in Eq. (28.9) that for a 3-bit DAC, 1 LSB =
0.625 V, we can convert the DNL, to volts as well. Therefore, DNL,=0.5LSB =
0.3125 V. However, it is popular to refer to DNL in terms of LSBs. The remainder
of the digital output codes can be characterized as follows:

DNL,=0.5LSB—-1LSB=-0.5LSB
DNL,=0.25LSB-1LSB=-0.75 LSB
DNL=1.75LSB-1LSB=0.75 LSB
DNL,=1LSB-1LSB=0
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If we were to plot the value of DNL (in LSBs) versus the input digital code,
Fig. 28.12 would result. The DNL for the entire converter used in this illustration

is £0.75 LSB since the overall error of the DAC is defined by its worst-case DNL.
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Figure 28.12 DNL curve for the nonideal 3-bit DAC.

Generally, a DAC will have less than +% LSB of DNL if it is to be N-bit accurate.
A 5-bit DAC with 0.75 LSBs of DNL actually has the resolution of a 4-bit DAC. If the
DNL for a DAC is less than —1 LSBs, then the DAC is said to be nonmonotonic, which
means that the analog output voltage does not always increase as the digital input code is
incremented. A DAC should always exhibit monotonicity if it is to function without error.

Integral Nonli

Another important static characteristic of DACs is called integral nonlinearity (INL).
Defined as the difference between the data converter output values and a reference
straight line drawn through the first and last output values, INL defines the linearity of the
overall transfer curve and can be described as

INL, = Output value for input code # — Output value of the reference line at that point
(28.12)

An illustration of this measurement is presented in Fig. 28.13. It is assumed that all other
errors due to offset and gain (these will be discussed shortly) are zero. An example
follows shortly.

It is common practice to assume that a converter with N-bit resolution will have
less than +% LSB of DNL and INL. The term, % LSB, is a common term that typically
denotes the maximum error of a data converter (both DACs and ADCs). For example, a
13-bit DAC having greater than 4! LSB of DNL or INL actually has the resolution of a
12-bit DAC. The value of % LSB in volts is simply

0.5 LSB = VreE (28.13)
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Figure 28.13 Measuring the INL for a DAC transfer curve.

Example 28.5

Determine the INL for the nonideal 3-bit DAC shown in Fig. 28.14. Assume that
Veer=5 V.

First, a reference line is drawn through the first and last output values. The INL is
zero for every code in which the output value lies on the reference line; therefore,
INL, = INL, = INL;= INL, = 0. Only outputs corresponding to 001, 011, and 101
do not lie on the reference. Both the 001 and the 011 transitions occur % LSB
higher than the straight-line values; therefore, INL, = INL, = 0.5 LSB. By the same
reasoning, INL, = —0.75 LSB. Therefore, the INL for the DAC is considered to be
its worst-case INL of +0.5 LSB and -0.75 LSB. The INL plot for the nonideal
3-bit DAC can be seen in Fig. 28.15. B
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Figure 28.14 Example of integral nonlinearity for a DAC.
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Figure 28.15 INL curve for the nonideal 3-bit DAC.

It should be noted that other methods are used to determine INL. One method
compares the output values to the ideal reference line, regardless of the positions of the
first and last output values. If the DAC has an offset voltage or gain error, this will be

included in the INL determination. Usually, the offset and gain errors are determined as
separate specifications.

Another method, described as the “best-fit” method, attempts to minimize the INL
by constructing the reference line so that it passes as closely as possible to a majority of
the output values. Although this method does minimize the INL error, it is a rather
subjective method that is not as widely used as drawing the reference line through the
first and last output values.

Offset

The analog output should be 0 V for D = 0. However, an offset exists if the analog output
voltage is not equal to zero. This can be seen as a shift in the transfer curve as illustrated
in Fig. 28.16. This specification is similar to the offset voltage for an operational
amplifier except that it is not referred to the input.

Gain Error

A gain error exists if the slope of the best-fit line through the transfer curve is different
from the slope of the best-fit line for the ideal case. For the DAC illustrated in F ig. 28.17,
the gain error becomes

Gain error = Ideal slope — Actual slope (28.14)
Latency

This specification defines the total time from the moment that the input digital word
changes to the time the analog output value has settled to within a specified tolerance.
Latency should not be confused with settling time, since latency includes the delay
required to map the digital word to an analog value plus the settling time. It should be
noted that settling time considerations are just as important for a DAC as they are for a
S/H or an operational amplifier.

Signal-to-Noise Ratio (SNR)

Signal-to-noise (SVR) is defined as the ratio of the signal power to the noise at the analog
output. In amplifier applications, this specification is typically measured using a sinewave
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Figure 28.16 Illustration of offset error for a 3-bit DAC.
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Figure 28.17 Illustration of gain error for a 3-bit DAC.

input. For the DAC, a “digital” sinewave is generated through instrumentation or through
an A/D. The SNR can reveal the true resolution of a data converter as the effective
number of bits can be quantified mathematically. A detailed derivation of the SNR is
presented in Sec. 28.6, on the discussion of ADC specifications.



