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Chapter Seven

Understanding Converters

A/D converters translate from analog measurements, which are characteristic
of most phenomena in the “‘real world,” to digital language, used in informa-
tion processing, computing, data transmission, and control systems. D/A
converters are used in transforming transmitted or stored data, or the results
of digital processing, back to “real-world” variables for control, information
display, or further analog processing.

7.1 BINARY CODES AND CONVERSION RELATIONSHIPS

7.1.1 ANALOG QUANTITIES

Analog input variables, whatever their origin, are most frequently converted
by transducers into voltages or currents. These electrical quantities may ap-
pear as fast or slow ““dc” continuous direct measurements of a phenomenon
in the time domain, as modulated ac waveforms (using a wide variety of mod-
ulation techniques), or in some combination, with a spatial configuration of
related variables to represent shaft angles. Examples of the first are outputs
of thermocouples, potentiometers on dc references, and analog computing
circuitry; of the second, “chopped” optical measurements, ac strain gage or
bridge outputs, and digital signals buried in noise; and of the third, synchros
and resolvers.

The analog variables to be dealt with in this chapter are those involving ““dc”
voltages or currents representing the actual analog phenomena. They may be
either wideband or narrow-band. They may be either scaled from the direct
measurement, or subjected to some form of analog pre-processing, such as
linearization, combination, demodulation, filtering, sample-hold, etc. As
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part of the process, the voltages and currents are “‘normalized” to ranges com-
patible with assigned converter input ranges. Ways and means of accomplish-
ing appropriate pre-processing, including floating-point scaling, are dis-
cussed in the chapters on applications and system accessories. Analog output
voltages or currents from D/A converters are direct and in normalized form,
but they may be subsequently post-processed (e.g., scaled, filtered, boosted,
etc.).

This chapter does not include the conversion of signals from resolvers and
synchros—widely used in some control applications. Relevant material on
this topic will be found in Chapter 14.

7.1.2 DIGITAL QUANTITIES

Information in digital form is represented by arbitrarily fixed voltage levels
referred to “‘ground,” either occurring at the outputs of logic gates, or applied
to their inputs. The digital numbers used are all basically binary (in the sense
of either-or); that is, each “bit,” or unit of information has one of two possible
states. These states are “‘off,” “false,” or “0,” and “‘on,” ““true,” or ““1.”

Words are groups of levels representing digital numbers; the levels may appear
simultaneously in parallel, on a bus or groups of gate inputs or outputs, serially
(or in a time sequence) on a single line,* or as a sequence of parallel bytes (i.e.,
“byte-serial”) or nybbles (small bytes). For example, a 16-bit word may oc-
cupy the 16 bits of a 16-bit bus, or it may be divided into two sequential bytes
for an 8-bit bus, or four 4-bit nybbles for a 4-bit bus.

Although there are several systems of logic, the most widely used choice of
levels are those used in TTL (transistor-transistor logic), in which positive
true, or 1, corresponds to a minimum output level of + 2.4V (inputs respond
unequivocally to ““1” for levels greater than 2.0V); and false, or 0, corresponds
to a maximum output level of + 0.4V (inputs respond unequivocally to “0”
for anything less than +0.8V). A unique parallel or serial grouping of digital
levels, or a number, or code, is assigned to each analog level which is quantized
(i.e., represents a unique portion of the analog range). A typical digital code
would be this array:

1 0111001

It is composed of eight bits. The “1” at the extreme left is called the “most
significant bit” (MSB, or Bit 1), and the one at the right is called the “least
significant bit” (LSB, or bit #: 8 in this case). The meaning of the code, as
either a number, a character, or a representation of an analog variable, is un-
known until the code and the conversion relationship have been defined.

*In serial data transmission, if the levels return to ground between successive bits, they are denoted RZ (return-
to-zero); if they change only when the leading or trailing edge of a clock pulse is present, and remain until the
nextsuch edge, they are denoted NRZ (non-return-to-zero).
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7.1.3 BINARY CODE—INTEGERS AND FRACTIONS

The best-known code is natural binary (base 2). Binary codes are most familiar
in representing integers; i.e., in a natural binary integer code having # bits,
the LSB has a weight of 2° (i.e., 1), the next bit has a weight of 2! (i.e., 2),
and so on up to the MSB, which has a weight of 2! (i.e., 2%/2). The value
of a binary number is obtained by adding up the weights of all non-zero bits.
When the weighted bits are added up, they form a unique number having any
value from 0 to 2" — 1. Each additional trailing zero bit, if present, essentially
doubles the size of the number.

In converter technology, because full scale (i.e., the converter’s reference) is
independent of the number of bits of resolution, a more useful coding is frac-
tional binary, which is always normalized to full scale. Integer binary can be
interpreted as fractional binary if all integer values are divided by 2”. For ex-
ample, the MSB has a weight of ¥ (i.e., 28D/2® = 271), the next bit has a
weight of ¥4 (i.e., 272), and so forth down to the LSB, which has a weight of
12" (i.e., 27™). When the weighted bits are added up, they form a number with
any of 2" values, from 0 to (1 - 27™) of full-scale. Additional bits simply provide
more fine structure without affecting full-scale range. To illustrate these re-
lationships, Table 7.1 lists the 16 permutations of 4-bits’ worth of 1’s and 0’s,
with their binary weights, and the equivalent numbers expressed as both deci-
mal and binary integers and fractions.

When all bits are “1”’ in natural binary, the fractional number valueis 1 - 2™,
or normalized full-scale less 1 LSB (1 - Y16 = %6 in the example). Strictly

Code

Decimal Fraction Binary MSB Bit2 Bit3 Bit4 Binary Decimal

Fraction (Xx1/2)(x1/4)(x1/8)(x1/16) Integer Integer
0 0.0000 0 0 0 0 0000 0
1/16=2"*(LSB) 0.0001 0 0 0 1 0001 1
2/16=1/8 0.0010 0 0 1 0 0010 2
3/16=1/8+1/16 0.0011 0 0 1 1 0011 3
4/16=1/4 0.0100 0 1 0 0 0100 4
5/16=1/4+1/16 0.0101 0 1 0 1 0101 S
6/16=1/4+1/8 0.0110 0 1 1 0 0110 6
7/16=1/4+1/8+1/16 0.0111 0 1 1 1 0111 7
8/16=1/2(MSB) 0.1000 1 0 0 0 1000 8
9/16=1/2+1/16 0.1001 1 0 0 1 1001 9
10/16=1/2+1/8 0.1010 1 0 1 0 1010 10
11/16=1/2+1/8+ 1/16 0.1011 1 0 1 1 1011 11
12/16=1/2+1/4 0.1100 1 1 0 0 1100 12
13/16=1/2+1/4+ 1/16 0.1101 1 1 0 1 1101 13
14/16=1/2+1/44+ 1/8 0.1110 1 1 1 0 1110 14
15/16=1/2+ 1/4+1/8+ 1/16 0.1111 1 1 1 1 1111 15

Table 7.1 Integer and fractional binary codes.
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speaking, the number that is represented, written with an “integer point,”
i80.1111 (= 1-0.0001). However, it is almost universal practice to write the
code simply as the integer 1111 (i.e., ““15””) with the fractional nature of the
corresponding number understood: “1111” —1111/(1111 + 1), or '%s.

For convenience, Table 2 lists bit weights in binary for numbers having up
to 20 bits. The practical range for the vast majority of applications is about
16 bits; for numbers of bits than greater 20, continue to divide by 2.

BIT 2" 1/2" (Fraction) “dB” 1/2" (Decimal) % ppm

FS 2° 1 0 1.0 100 1,000,000
MSB 27! 12 -6 0.5 50. 500,000
2 27?2 14 -12  0.25 25 250,000
3 27318 —18.1 0.125 12.5 125,000
4 274 1/16 —24.1 0.0625 6.2 62,500
5 275 1/32 -30.1 0.03125 3.1 31,250
6 27 1/64 -36.1 0.015625 1.6 15,625
7 277 1128 —42.1 0.007812 0.8 7,812
8 278 1/256 —48.2 0.003906 0.4 3,906
9 27?2 1/512 —54.2 0.001953 0.2 1,953
10 2710 11,024 -60.2  0.0009766 0.1 977
11 27 1/2,048 —66.2  0.00048828 0.05 488
12 272 14,096 —72.2 0.00024414 0.024 244
13 2713 1/8,192 ~78.3  0.00012207 0.012 122
14 2714 1/16,384 —84.3 0.000061035 0.006 61
15 2715 1/32,768 —90.3  0.0000305176 0.003 31
16 2716 1/65,536 -96.3 0.0000152588 0.0015 15
17 2717 1/131,072 -102.3 0.00000762939 0.0008 7.6
18 2718 1/262,144 —108.4 0.000003814697 0.0004 3.8
19 2719 1/524,288 ~114.4 0.000001907349 0.0002 1.9

20 2720 1/1,048,576 —120.4 0.0000009536743 0.0001 0.95

Table 7.2 Binary bit weights or resolution.

The weight assigned to the LSB is the resolution inherent in numbers having
n bits. The ““dB” column represents the logarithm (base 10) of the ratio of
the LSB value to unity (full scale), multiplied by 20, in the popular manner.
Each successive power of 2 represents a change of 6.02dB [i.e., 20 log;o (2)]
or ‘““6dB/octave.”

In natural binary, the normalized numerical valueof 1 01 1 1 0 0 1, an 8-bit
code, would be

INTEGER:
27+ 2 o+ 22+ 22 4+ 20
128 + 32 + 16 + 8 + 1 = 185 (7.1)
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FRACTION;:

27 5 24 23 20

x ottt m T %

128 32 16 8 1 185

2% T 256 T 2356 t 756 T 756 256

270 o+ 273 o+ 27 4+ 275 4 278

1 1 1 1 1 _ 185

2 T 38 *t 16t 3 *t o33 256

0.5 + 0.125 + 0.0625 + 0.0313 + 0.0039 = 0.7227 (7.2)

Bit numbering for microprocessor buses is based on whole numbers, not bina-
ry fractions. In such systems, the LSB is always Bit 0 (viz., 2°), the MSB is
always Bitn — 1 (viz., 2%1). Setting up a correspondence between the bit num-
bers used in words in the two systems,

Integral

Bitn-1: (2*1),Bitn-2:(2™?), ... Bitn—-n(.e.,0): (2° = 1)
Fractional

Bit1: (271,  Bit2:(272), ... Bitn: 2™

Thus, the bit number is equal to the logarithm of its weight, base 2, in integral
binary, and to the negative of the logarithm of its weight in fractional binary.

Since the binary point is to the right of the LSB in integral binary, additional
bits are always added to the left; integral binary numbers are said to be right-
justified. On the other hand, in fractional binary, additional bits are always
added to the right; fractional binary numbers are left-justified. This is of im-
portance when a number is represented by two bytes, for example, when a
12-bit number must be placed on or retrieved from an 8-bit bus. If the bine\my
number is left-justified, the more-significant byte has the first 8 bits, starting
with the MSB, and the less-significant byte has the last 4 bits and 4 trailing
zeros; for right-justified numbers, the more-significant byte has 4 leading
zeros and the four more-significant bits, while the less-significant byte has the
8 less-significant bits.

7.1.4 BASICCONVERSION RELATIONSHIPS

Perhaps a graph is the most fruitful way of indicating in detail the relationship
between analog and digital quantities in a conversion. Since there are two
complementary conversion relationships to be discussed, two graphs must be
plotted, one for A/D conversion, the other for D/A conversion.

Figure 7.1 shows the graph for an ideal 3-bit D/A converter. A 3-bit converter
has 8 discrete coded levels, thus a total of 8 different inputs and 8 correspond-
ing outputs, ranging from zero to 7 of ““full scale.” While full scale is not
available digitally, it represents the reference quantity to which the analog
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Figure 7.1. Conversion relationships in a 3-bit d/a converter, showing ideal relation-
ship and typical sources of error.

variable is normalized (the full-scale range (or span)is 0 to 1, not 0 to 7/8). Since
only the eight coded levels can exist, Figure 7.1 is plotted as a column graph.

Practical D/A converters have errors. For example, the zero column may not
be exactly zero, giving rise to offset error. The extrapolated range from zero
to F.S. may not be exactly as specified; this scale-factor error is often called
gain error. The differences between the heights of adjacent bars may not be
equal or changing uniformly (nonlinearity), and—in fact—if the differential
nonlinearity (difference between adjacent heights and 1 LSB) is sufficiently
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negative, the device may be non-monotonic (one or more values of analog out-
put may actually be less than the values corresponding to codes having smaller
weight). Even if differential linearity errors are within specification, there
may be—for example—a gradually increasing nonlinearity error that becomes
large between half scale and full scale; errors of this kind are called integral
nonlinearity errors. The above errors (and others), the means of specifying and
testing them, and some of the design techniques for keeping them small, are
discussed in chapters 8,9,10,and 11.

To visualize the ideal performance of converters having larger numbers of
bits, one may intensify this pattern by interpolating additional columns be-
tween the columns of this graph. For example, a fourth bit would require 8
additional columns with heights halfway between the levels indicated. The
value of the LSB would be F.S./16, and the maximum value would be
% + Yie = %6 F.S. The next bit would interpolate 16 additional columns,
the new LSB would be F.S./32, and the maximum value would be 342, etc.
The straight line connecting the tops of the columns is the locus of the envelope
of the ideal conversion relationship.

Figure 7.2 shows the graph for an ideal 3-bit A/D converter. Since all values
of the analog input are presumed to exist, they must be quantized by partition-
ing the continuum into 8 discrete ranges. All analog values within a given
range are represented by the same digital code, which generally corresponds
to the nominal mid-range value. These mid-range values correspond to the
bar heights of the D/A converter.

There is, therefore, in the A/D conversion process, an inherent quantization
uncertainty of Y% LSB, in addition to the conversion errors analogous to
those existing for the D/A converter. The only sure way to reduce this quanti-
zation uncertainty—which is like a roundoff or truncation error—is to in-
crease the number of bits of resolution. (There are, of course, statistical inter-
polation tricks that may be performed in the digital processing or in analog
filtering following subsequent D/A conversion, which will fill in probable an-
alog values for large, rapidly varying or repetitive signals, but they will do
nothing to indicate the variations within a quantum for an apparently constant
digital number.)

Since it is easier* to determine the location of a transition than it is to determine
amid-range value, errors and settings of A/D converters are defined and meas-
ured in terms of the analog values at which transitions occur, in relation to
the ideal transition values. Like D/A converters, A/D converters have offset
error: the first transition may not occur at exactly + Y2 LSB; scale-factor (or
gain) error: the difference between the values at which the first transition and
the last transition occur is not equal to (F.S. - 21.SB); and linearity error: the
differences between transition values are not all equal or uniformly changing.

*(using analog techniques)
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Figure 7.2. Conversion relationships in a 3-bit a/d converter, showing ideal relation-
ship and typical sources of error.

If the differential linearity error is large enough, it is possible for one or more
codes to be missed (the counterpart of non-monotonic D/A conversion).

An important factor in the conversion relationship is the choice of “Full
Scale,” the LSB magnitude, and the transition points. For a great many con-
verters, full scale is in the vicinity of 10 volts: either exactly at 10V or at
10.24V. For 10V, the bit values are easily expressed as negative powers of 2,
multiplied by 10; for 10.24V, the LSB can be expressed in “‘round’ numbers,
being a multiple or submultiple of 10mV.
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Table 7.3 lists the LSB values, the “all 1’s” value (i.e., F.S. - 1 LSB), and
the A/D converter transition values at ¥2 LSB (for zero adjustment) and all

10V Full Scale 10.24V Full Scale
A/D Transitions A/D Transitions
No. of To To To To
Bits Alll’s LSB AllY’s Alll’s LSB All1’s
n LSB (Volts) [(1/2LSB) (Volts) LSB (Volts) (+1/2LSB) (Volts)
1 5V 5.0 2.5V 2.5 5.12V 5.12 2.56V 2.56
2 2.5V 7.5 1.25V 6.25 2.56V 7.68 1.28V 6.40
3 1.25V 8.75 625mV 8.13 1.28V 8.96 640mV 8.32
4 625mV 9.38 312mV 9.07 640mV 9.60 320mV 9.28
5 312mV 9.69 156mV 9.53 320mV 9.92 160mV 9.76
6 156mV 9.84 78.1mV 9.76 160mV 10.08 80mV 10.00
7 78.1mV 9.92 39.ImV 9.88 80mV 10.16 40mV 10.12
8 39.1mV 9.961 19.5mV 9.941 40mV 10.20 20mV 10.18
9 19.5mV 9.980 9.77mV  9.970 20mV 10.220 10mV 10.21
10 9.77mV  9.990 4.88mV  9.985 10mV 10.230 5mV 10.225
11 4.88mV  9.9951 2.44mV 99927 SmV 10.235 2.5mV 10.232
12 2.44mV  9.9976 1.22mV  9.9964 2.5mV 10.2375 1.25mV 10,2362
13 1.22mV  9.9988 610pV 9.9982 1.25mV  10.2388 625V 10.2382
14 610pV 9.9994 3050V 9.9991 625uV 10.2394 312uV 10.2391
15 3050V 9.99970 [153pV 9.99955 | 312pV 10.23969 156pV 10.23953
16 153pV 9.99985 76V 9.99977 | 156pV 10.23984 78.1p.V 10.23976
17 760V 9.99992 38uV 9.99988 78.1uV 10.23992 39,1V 10.23988
18 38V 9.999962 | 19V 9.999943 | 39.1uV 10.239961 19.5uV 10.239941
19 190V 9.999981 9.5nV 9.999971 19.50V 10.239980 9.77uV 10.23997¢
20 9.5V 9.999990 | 4.8V 9.999985 9.77uV  10.239990 4,88,V 10.239985

Tabie 7.3 LSB and (FS-|.SB}values for 10V and 10.24V conversion.

I’s (F.S. - 1 ¥ LSB, for scale factor adjustment) for resolutions to 272, for
both 10V and 10.24V full scale. If full scale is 5V (also a popular value), simply
divide the appropriate numbers by 2.

7.2 OTHER CODES

Although binary is the most commonly used code, there are a number of other
popular codes used at system interfaces, depending on signal range and polar-
ity, conversion technique, specially desired characteristics, and origin or
destination of digital information.

7.2.1 BINARY-CODED DECIMAL (BCD)

This is a code in which each decimal digit is represented by a group of 4 bina-
ry-coded digits (or “quad”). In fractional BCD, the LSB of the most signifi-
cant quad has a weight of 0.1, the LSB of the next has a weight of 0.01, the
LSB of the next has a weight of 0.001, etc. Each quad has 10 permissible levels
with weights 0 to 9. Group values in excess of 9 are not permitted. Table 7.4
gives examples of BCD coding for a variety of numbers between 0 and 0.99.

A/D converters with the BCD code are used primarily in digital voltmeters
and panel meters, since each quad’s output may be decoded to drive a numeric
display using the familiar decimal numbers. If the display is of a BCD digitally
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BCD Code
Decimal MSQ 2nd Quad
Fraction (X 1/10) (% 1/100)

X8xX4x2x1 X8x4x2x1

0.00 = 0.00+0.00 0 0 00 0000
0.01 = 0.00+0.01 0000 00 01
0.02 = 0.00+0.02 0000 0010
0.03 = 0.00+0.03 0000 0011
0.04 = 0.00+0.04 0000 0100
0.05 = 0.00+0.05 0000 01 01
0.06 = 0.00+0.06 0000 0110
0.07 = 0.00+0.07 0000 0111
0.08 = 0.00+0.08 00 0O 1 000
0.09 = 0.00+0.09 0000 1 0 01
0.10 = 0.10+0.00 00 01 0 00O
0.11 =0.10+0.01 00 01 00 01
0.20 = 0.20+0.00 0010 000G
0.30 = 0.30+0.00 0011 0000
0.90 = 0.90+0.00 1 0 01 0 00O
0.91 = 0.90+0.01 1 0 01 00 01
0.98 = 0.90+0.08 1 0 01 1 000
0.99 = 0.90+0.09 1 001 1 0 01

Table 7.4 Examples of 2-digit BCD weighting.

transmitted or processed number, or if the input is via a thumbwheel switch,
a D/A converter that responds to BCD may be used to furnish a base-10 analog
output from its digital input.

BCD is somewhat wasteful of bits, in the sense that each BCD quad has 1%
the resolution of a comparable natural binary quad. Table 7.5 shows the rela-
tive resolution capability.

Number of Binary
Number of Least Significant Bit Bits Needed For
Bits Binary BCD Same Resolution as BCD
4 0.062 0.1 4
8 0.0039 0.01 7
12 0.00024 0.001 10
16 0.000015 0.0001 14
20 0.000001 0.00001 17
24 0.0000002 0.000001 20

Table 7.5 Relative resolution of BCD and binary.

OVERRANGING

Many BCD A/D converters have an additional bit with weight equal to full
scale, in a position “more significant’ than the MSB.

This additional bit provides a maximum of 100% “‘overrange” capability. Ad-
ditional “‘super-significant” bits would provide binary 300% (2 bits) and
700% (3 bits) overrange capability (or extend the range to nearly 800% of the
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BCD “full scale’”). Depending on how it is presented, the overrange bit is
used in digital voltmeters and panel meters either to provide additional resolu-
tion or to indicate that nominal full scale has been exceeded and that the visual
reading may be erroneous.

Overrange bits need not be restricted to BCD. They are useful as “flags” in
any conversion process for which an overrange input would given an ambigu-
ous reading, or where an overrange input indicates anomalous analog system
behavior. The overrange bit must of course be of suitable accuracy, since it
is, in effect, the MSB.

7.2.2 GRAY CODE

In Gray codes, each bit represents a binary-weighted segment of the range,
and each code corresponds to a unique location in the range; but the bit
weights do not readily combine to form a binary magnitude. However, Gray
codes are easily translatable into natural binary (Table 7.6):

Decimal
Fraction Gray Code Binary Code

0
1/16
2/16
3/16
4/16
5/16
6/16
7/16
8/16
9/16
10/16
11/16
12/16
13/16
14/16
15/16

o
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Table 7.6 Comparison of 4-Bit binary and Gray codes. Underlined bits indicate
changes as number increases.

In Gray code, as the number value changes, the transitions from one code to
the next involve only one bit at a time. The bits that change as the numbers
increase are underlined in the table.

The conversion from binary to Gray code occurs as follows: If the binary MSB
is zero, the Gray code MSB will be zero. Then, continuing to read from MSB
to LSB, each change produces a “1,”” each non-change produces a 0.” For
example, binary 1011 becomes 1110 in Gray code (1—1, 1-to-0 —1,
0-to-1 —»1, 1-to-1 —0). Another example: the 12-bit binary number
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101111000101 becomes 111000100111. Figure 7.3 shows one way in which
binary to Gray code conversion may be mechanized.

The conversion from Gray code to binary is just the reverse of the conversion
from binary to Gray code: the binary MSB will be the same as the Gray code

1 0—¢ —0 1

BINARY ) > 1 GRAY CODE
1

Figure 7.3. Binary-to-Gray code conversion using exclusive-or gates.
MSB. Then, continuing to read from MSB to LSB, if the next bit is 1, the
next binary bit is the complement of the previous binary bit. For example,
if the Gray code is 1110, the corresponding binary is 1011 (1—~1, 1—>1-
to-0, 1—0-to-1, 0 —>1-to-1). Another example, the 8-bit Gray code

01110000is01011111 in binary. A mechanization of Gray code-to-binary con-
version appearsin Figure 7.4.

MSB

10— 0 1

o Dpes

GRAY CODE BINARY
oD
0 £r> O 1

Figure 7.4. Gray Code-to-binary conversion.

Gray code is useful for shaft encoders (angle-to-digital converters) because the
change of only 1 bit for each increment eliminates false intermediate codes
that could occur in natural binary conversion. Here, for comparison, are Gray
code and binary developed optical shaft encoders for 4-bit resolution.

Note that, with the Gray code converter, there is only one bit-change at each
transition. If the edge of a shaded area is slightly out of line, the coding will
be in error by a small fraction of an LSB. In the binary converter, all four bits
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Figure 7.5. Gray vs. binary encoding.

change at once at the 180° and 360°transitions. If bit 2’s shaded area were to
end a little to the left of the 180° transition, the code, in a small region, would
be 0011, indicating the 67 Y2° range, or a fictitious progression from
157 ¥2° to 67 ¥2° to 180°. We leave the catastrophic implications of this to the
reader.

The shaft encoder is a simultaneous converter: all bits appear at once and can
be read in parallel at any time. An electrically equivalent form of simultaneous
A/D converter, sometimes having a Gray code output, is the flash converter
(see also Chapter 13). It employs a chain of biased comparators, the outputs
of which provide a quantized indication of the analog input level: all com-
parators above it are 0, all comparators below it are 1. Multi-input gates then
make the decisions necessary to obtain a parallel Gray code output. Such con-
verters are quite fast, some being capable of producing 100 million or more
meaningful conversions per second, but they require a number of compari-
sons that is a geometric function of the required resolution, (i.e., 2°-1), as
well as logic gates having large numbers of inputs.

A variation of this scheme, the cyclical converter, which also has Gray code
output, uses fewer comparators, with more-accurate output states, but it re-
quires more time to perform the conversion. It continuously tracks the analog
input.

The use of Gray code in fast converters that provide continuous conversions
has the same rationale as in the case of the shaft encoder. Any Gray code out-
put value (for a 1-bit-accurate converter) that is latched into a register will al-
ways be within + 1 LSB of the correct value, even if the latching occurs just
as a bit is switching. With binary, however, where many bits can switch at
a single transition, it is possible to latch in mid-flight, and, because of the
“skew” between turn-on and turn-off speeds, lock in a false code. Sample-
hold ahead of the conversion helps alleviate the situation in straight binary
coding.
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7.2.3 COMPLEMENTARY CODES

The actual mechanization of some forms of converters, (for example, early
D/A converters using monolithic NPN quad current switches) required codes
such as natural binary or BCD, but with all bits are represented by their com-
plements. Such codes are called complementary codes.

In a 4-bit complementary-binary converter, 0 is represented by 1111, half-
scale (MSB) by 0111, and full scale, less 1 LSB, by 0000. It can be easily ob-
tained from the [*‘Q”’] outputs of a register, of which ‘“Q” is the normal output
sense.

Similarly, for each quad of a BCD-coded converter, complementary BCD is the
code obtained by representing all bits by their complements. In complemen-
tary BCD, O is represented by 1111, and 9 is represented by 0110. As an exam-
ple, Table 7.7 lists the equivalents for 1 through 11 in complementary binary
and complementary BCD (with overrange bit).

Decimal Number Comple- Comple-
Fract. Fract. Natural mentary mentary
INT BIN BCD Binary Binary BCD BCD

0 0 0 0000 1111 00000 1
1 1/16 1/10 0001 1110 00001 1
2 2/16 2/10 0010 1101 00010 1
3 3/16 3/10 0011 1100 00011 1
4 4/16 4/10 0100 1011 00100 1
5 5/16 5/10 0101 1010 00101 1
6 6/16 6/10 0110 1001 00110 11001
7 7/16 7/10 0111 1000 00111 11000
8 8/16 8/10 1000 0111 01000 10111
9 9/16 9/10 1001 0110 01001 10110
0 10/16 10/10 1010 0101 10000 oO1111
1 11/16 11/10 1011 0100 10001 01110

Table 7.7 Complementary codes.

If a natural binary input were applied to a D/A converter coded to respond
to complementary binary, the output would be in reverse order, i.e., zero out-
putforall I’s,and F.S.-1LSBforall 0’s.

The complementary codes discussed above involve complementing all bits,
for convenience in implementing the conversion relationship using certain
kinds of switches (i.e., those that respond to complementary logic). We could
just as well have left the logic unchanged but redefined it as “negative true.”
However, for consistency in elucidation, we define all logic in terms of “posi-
tive true” TTL (or CMOS), as explained at the beginning of the chapter. It
is important to understand that, for purposes of this discussion, these com-
plementary codes have nothing to do with representation of the analog polarity
(amatter that will be discussed next).
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7.3 ANALOGPOLARITY AND SCALING

So far, the conversion relationships mentioned have been unipolar (or nonpo-
lar): the codes represent numbers, which in turn represent the normalized
magnitudes of analog variables,* without regard to polarity. A unipolar A/D
converter will respond to analog signals of only one polarity, and a unipolar
D/A converter will produce analog signals of only one polarity.

For any application, a converter must be used whose reference and switches
(and specifications) are compatible with the desired analog polarity. If, for
reasons of economy or availability, a converter is available having a predeter-
mined polarity different from that desired, the overall function’s polarity may
be modified by operating on the analog signal before A/D conversion—or after
D/A conversion—to invert or double its polarity, and also to perform any nec-
essary scale changes, if range must be adapted, too.

7.3.1 BIPOLARCODES

For conversion of bipolar analog signals into a digital code that retains sign
information, an extra bit, or sequence of bits, is necessary to indicate polarity.
This extra “most-significant bit”’ doubles the analog range and halves the
peak-to-peak resolution. In some cases, the sign bit is provided by re-interpre-
ting the existing MSB, in which event the analog range may still be doubled,
but the resolution is twice as coarse. For example, if a 10-bit converter’s resolu-
tion is 1/1,024, for the range 0-10V, we may use a bipolar code having 11 bits,

Decimal Fraction
Positive  Negative Sign + Twos Offset Ones
Number Reference Reference Magnitude Complement Binary Complement

+7 +7/8 —-7/8 0111 0111 1111 0111
+6 +6/8 —6/8 0110 0110 1110 0110
+5 +5/8 —5/8 0101 0101 1101 0101
+4 +4/8 —4/8 0100 0100 1100 0100
+3 +3/8 —3/8 0011 0011 1011 0011
+2 +2/8 —2/8 0010 0010 1010 0010
+1 +1/8 -1/8 0001 0001 1001 0001
0 0+ 0-— 0000 0000 1000 0000
0 0- 0+ 1000 0000) (1000 1111
-1 -1/8 +1/8 1001 1111 0111 1110
-2 —2/8 +2/8 1010 1110 0110 1101
-3 —3/8 +3/8 1011 1101 0101 1100
—4 —4/8 +4/8 1100 1100 0100 1011
-5 —5/8 +5/8 1101 1011 0011 1010
-6 —6/8 +6/8 1110 1010 0010 1001
-7 —7/8 +7/8 1111 1001 0001 1000
-8 —8/8 +8/8 1000 0000

Table7.8 Commonly used bipolar codes.

*A/D converter input or D/A converter output.

!
3
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with peak-to-peak resolution of 1/2,048 and range of =+ 10V, or retain a code
having 10 bits, but “stretch” the range to + 10V, in which case the peak-to-
peak resolution remains 1/1,024, which doubles the magnitude of the LSB.

The most-often-used binary codes in bipolar conversion are: twos comple-
ment, sign-magnitude (magnitude plus sign), offset binary, and ones comple-
ment. Table 7.8 shows each of these codes expressed for 4 bits (3 bits plus
sign). Generally, if the bus that a converter is connected to is wider than a
right-justified byte, the sign bitin twos complement is repeated as many times
as required to fill the remaining spaces to the left (e.g., on an 8-bit bus, — %
in twos complement should be processed as if it were 1111 1 101).
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Figure 7.6. Ideal bipblar d/a conversion relationship for 4-bit (3-bit-plus-sign) offset-bi-
nary, twos-complement, sign-magnitude, and ones-complement codes.

Because the analog signal now has a choice of polarity, we must be careful
about the relationship between the code and the polarity of the analog signal.
“Positive reference” indicates that the analog signal* increases positively as
the digital number increases. “Negative reference,” on the other hand, indi-
cates that the analog signal decreases towards negative full scale as the digital
number increases. Conversion relationships for bipolar D/A and A/D conver-
ters are shown graphically in Figures 7.6 and 7.7.

*Gray code is an exception. Since it is not quantitatively weighted, it can represent any arbitrary range of mag-
nitudes of any polarity.
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Figure 7.7. Ideal bipolar a/d conversion relationship for 4-bit (3-bit-plus-sign) offset-bi-
nary, twos-complement, sign-magnitude, and ones-complement codes.

Sign-Magnitude would appear to be the most straightforward way of expres-
sing signed analog quantities digitally. Simply determine the code appropri-
ate for the magnitude and add a polarity bit. It is used advantageously in D/A
converters that operate in the vicinity of zero, where the application calls for
smooth and linear transitions from small positive voltages to small negative
voltages. As can be seen in the example in the table, it is the only binary code
for which the three magnitude bits do not have a major transition (all 1’s to
all 0’s, or equivalent) at zero. Sign-magnitude BCD is almost universally used
for bipolar digital voltmeters (A/D converters).

It does have some shortcomings, though. In data-processing applications, the
other codes are more-readily usable for computation with a minimum of trans-
lation. One of its problems is that it has two codes for zero. For this reason,
sign-magnitude is harder to interface with digitally, because it requires proc-
essing by additional software and/or hardware.

Offset binary is the easiest code to embody with converter circuitry. An exami-
nation of the offset binary code for three bits plus sign will show that it is really
a natural binary code for four bits, but the zero of the code is at negative full
scale, the LSB is V6 of the bipolar range, and the MSB is turned on at analog
zero. Therefore, to make an offset binary 3-bits-plus sign converter out of a
4-bit D/A converter having 0-to-10V full-scale range, we have only to double
its scale factor (20V range), and offset its zero by one half of the full range
(—10V), an operation which is neither difficult nor expensive. Similarly, for
an A/D converter, one would attenuate the input by one-half, and add a bias
of one-half the full range.

*When A/D converters with sign-magnitude or ones complement coding are required, the ambiguous zero must
be handled appropriately.
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Besides its ease of implementation, offset binary is compatible with computer
inputs and outputs; it is easily changed to the more-computationally useful
twos complement (just complement the MSB and any leading bits); and it has
a single unambiguous code for zero. The all-zeroes negative full-scale code
(0000), though not used in computing (because —F.S. +1 LSB is the most
negative value defined in computing), is nevertheless useful as a converter
checking and adjustment code.

The principal drawback of offset binary—unless the device is a sign-mag-
nitude converter with translated logic—is that a major bit transition occurs
at 0 (all bits change, from 0111 to 1000). This can lead to “glitch’ problems
dynamically (the difference in speed between bits turning on and off can lead
to large spikes) and to linearity problems (the largest linearity errors are most
likely to occur at major transitions, because the transition is essentially a dif-
ference between two large numbers). In offset binary, zero errors may be
greater than with sign-magnitude, because the zero analog level is usually ob-
tained by taking a difference between the MSB (¥ full range) and a bipolar
offset (V2 full range)—again, two large numbers.

Twos complement, for conversion purposes, consists of a binary code for posi-
tive magnitudes (0 sign bit), and the twos complement of each positive
number to represent its negative. The twos complement is formed arithmeti-
cally by complementing the number and adding 1 LSB. For example, the twos
complement of ¥ (0011) would be its complement plus 1 LSB, or 1100 +
0001 = 1101. If it were a right-justified number on an eight-bit bus (i.e., 0000
0011), its twos complement would be 1111 1101,

Twos complement is a useful code computationally because it can be thought
of as a set of negative numbers. Therefore, addition can be used instead of
subtraction. For example, to subtract % from 43, add % to — 3, or 0100 to
1101 (i.e., 00000100 to 1111 1101). The result is 0001 (0000 0001), disregard-
ing the extra carry, or V.

If the twos complement code and the offset binary code are compared, it can
be seen that the only difference between them is that the MSB of one is re-
placed by its complement in the other (Nature’s way of helping converter
manufacturers and users). Since both a digit and its complement are available
from most flip-flops, an offset-binary-coded converter may be used for twos
complement, just by using the complement of the MSB at the output of an
A/D converter or at the output of a D/A converter’s input register. And vice
versa. Many converters are manufactured with both the MSB and its comple-
ment available.

Converters that produce (or respond to) twos complement directly have the
same disadvantages as those coded for offset binary; the conversion process
is generally identical. It is feasible (as noted earlier) to get improved analog
performance by the use of a benign sign-magnitude conversion, with the ex-
ternal code translated to twos complement. '
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Ones complement is a common means of (or first step toward) representing
negative numbers, because it is obtained arithmetically by simply comple-
menting all of a number’s digits. Thus, the ones complement of 3 (0011 or
0000 0011) is (1100 or 1111 1100). When a number is subtracted by adding
its ones complement, the extra carry (that is disregarded in twos comple-
ment), if present, causes 1 LSB to be added to the total (“‘end-around carry.””)
Thus, subtracting ¥s from 4, 0100 + 1100 = 0000 + 0001 = 0001 (or V).
Similarly, 0000 0100 + 1111 1100 = 0000 0000 + 0000 0001 = 0000 0001.
A ones complement code can be formed by complementing each positive value
to obtain its corresponding negative value, including—alas—zero, which is
then represented by two codes, 0000 and 1111,

Besides its ambiguous zero, a disadvantage of this code in conversion is that
it is not as readily implemented as twos complement. If it is not converted
to twos complement before a D/A conversion with a twos-complement con-
verter, by adding a 1 LSB increment digitally when the MSB is 1 (indicating
a negative number), then the easiest way to implement the conversion is by
performing a twos complement conversion, and—if the MSB = 1—adding
the analog value of 1 LSB. The extra analog bit—in concept—can be added
simply and elegantly by resistively dividing the digital MSB logic level down
to the LSB’s analog value and summing this attenuated signal, but it will not
be free of errors and noise.

7.3.2 CODE CONVERSION

Code conversion may be desirable, either after A/D conversion or before D/A
conversion, in order to make it possible to use a converter that produces the
best results at the lowest cost (or one that simply happens to be available).
For this purpose, the matrix of Table 7.9 succinctly outlines the relationships
among the codes. For right-justified buses wider than the digital word, ‘“‘Com-
plement MSB”’ includes leading bits.

7.3.3 OTHERBIPOLAR CODES

The list of bipolar codes mentioned above may seem exhaustive, but it does
not fully reflect the ingenuity and diversity of the computer and converter in-
dustries. There are a number of variations in more-or-less widespread usage
that should be mentioned here because they will inevitably be encountered.
Fortunately, they are based on codes we have already discussed and may be
easily described.

Modified sign-magnitude: This is a version of sign-magnitude in which the
polarity indication (i.e., the MSB) is complemented (1 for positive, 0 for
negative).

Modified one’s complement: Like modified sign-magnitude, a version in which
the MSB is complemented (1 for positive, 0 for negative).
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To Convert From . )
To + = Sign Magnitude | 2’s Complement Offset Binary 1’s Complement
IfMSB=1, Complement MSB IfMSB=1,
No complement Ifnew MSB=1, complement
Sign Magnitude Change other bits, complement other bits
add00. .01 other bits,
add 00. .01
IfMSB=1, Complement IfMSB=1,
2’s Complement complement No MSB add 00. . .01
other bits, Change
add 00. . .01
Complement MSB Complement MSB
If new MSB=0 Ifnew MSB=0,
Offset Binary complement Complement No add00. . .01
other bits, MSB Change
add 00. . .01
IfMSB=1, IfMSB=1, Complement MSB No
I’s Complement complement add11...11 Ifnew MSB=1, Change
other bits add11...11

Table 7.9 Relations among bipolar codes.

Complementary everything: All of the above-mentioned codes may be com-
pletely complemented to form complementary sign-magnitude, complemen-
tary offset binary, complementary twos complement, and complementary
ones complement. (These are, as explained earlier in this chapter, “negative
true” versions.) Such codes, although they make life a little more complex,
are the preferred coding for some now-popular “industry-standard” conver-
ter types based on early monolithic switching hardware. Users of monolithic
and hybrid converters without registers should be prepared to adjust their
thinking (and especially their test equipment) to include the possible applica-
tion of complementary codes.

For the sake of completeness, Table 7.10 lists the codes mentioned above, for
3-bits-plus-sign.

7.3.4. ARBITRARY BIASING AND SCALING

The conversion relationships discussed so far have been either strictly one-
sided (0 to full scale) or symmetrical (+ full scale). The reason for this
emphasis is that most commercially available converters are built that way—
as general-purpose devices.

However, since the principal relationship between the analog variable and the
digital number for linear converters is proportionality, the repertoire of codes
corresponding to a given resolution may represent any portion of the analog
voltage or current range.
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COMPLEMENTARY CODES
Modified Modified Comp. Comp. Comp. Comp.
Sign- I’s Sign- Offset 2’s I’s
Number Magnitude Complement Magnitude Binary Complement Complement
+7 1111 1111 1000 0000 1000 1000
+6 1110 1110 1001 0001 1001 1001
+5 1101 1101 1010 0010 1010 1010
+4 1100 1100 1011 0011 1011 1011
+3 1011 1011 1100 0100 1100 1100
+2 1010 1010 1101 0101 1101 1101
+1 1001 1001 1110 . 0110 1110 1110
0+ 1000 1000 1111 0111 1111 1111
0- 0000 0111 0111 0111 1111 0000
-1 0001 0110 0110 1000 0000 0001
-2 0010 0101 0101 1001 0001 0010
-3 0011 0100 0100 1010 0010 0011
+4 0100 0011 0011 1011 0011 0100
-5 0101 0010 0010 1100 0100 0101
-6 0110 0001 0001 1101 0101 0110
-7 0111 0000 0000 1110 0110 0111
-8 1111 0111

Table 7.10 Modified and complementary bipolarcodes.

For example, to encode the industrial transmitter current range from 4 to 20
mA in binary, using a 500-ohm resistor and the 2-to-10-volt portion of the
range of a 0-10V A/D converter, simply apply the voltage without any trans-
formation. However, a more range-efficient alternative would be to offset the
input by — 2 volts, amplify by 1.25, and apply the resulting 0-10V signal to
the converter, thereby making use of the entire range of available codes and
improving resolution by 25%. In a sense, the conversion relationship between
the original input and the digital output is an offset binary code. The sub-
sequent digital processing would take this transformation into account via the
software.

Another sort of arbitrary scaling might result if the analog signal were propor-
tional to a temperature range of (for example) 0° to 70°C, and one desired a
direct readout of temperature on a ‘“dumb” digital voltmeter. A typical ap-
proach might be to scale the voltage directly to the temperature numbers
(e.g., 10°/V) and apply it to a DVM with a 10-volt scale, with the location of
the decimal point re-interpreted. The DVM would then provide a readout
from 0 V to 7.0V scaled from 0 to 70 in engineering units.

7.3.5 DACs ASMULTIPLIERS AND ADCs AS DIVIDERS

As noted in Section 5.2, The D/A converter can be thought of as a digitally
controlled potentiometer that produces an analog output (voltage or current)
that is a normalized fraction of its ““full scale” setting. The output voltage or
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current depends on the reference value chosen to determine ““full scale”’ out-
put. If the reference may vary in response to an analog signal, the output is
proportional to the product of the digital number and the variable analog
input. The polarity of the product depends on both the analog signal polarity
and the digital coding and conversion relationship.

Four-quadrant multiplication is available, if the D/A converter accepts refer-
ence signals of both positive and negative polarities and the conversion
relationship is bipolar. A typical conversion relationship for a 4-quadrant
multiplying DAC having 3-bit-plus-sign twos-complement coding is shown
in Figure 7.8, interpreting the multiplying DAC as a digitally controlled vari-
able-gain amplifier.

DIGITAL INPUTS: EQUIVALENT
2dopE 4€our F%icclmhs
1000 +10V
1001 & 18
1010\ . o +6/8
1011 S / +5/8
1100 +5V. /+4/s
1101 +3/8
1110\ +2/8
1111 — +1/8

- 0000 =10V —bV 0oV, +5V. +10V 0 —=0 IN
0001 -1/8 (Analog)
0010 -2/8
0011 -3/8
0100 _5V. _4/8
0101 / ) -5/8
0110 ANO-6/8
0111 N\ -7/8

—10V. (—8/8)

Figure 7.8. Digital-to-analog converter as four-quadrant multiplier of analog voltage
and 3-bit-plus-sign, twos-complement digital number. Analog output vs. analog input
as a function of digital input code.

In another interpretation, the envelope of the ideal bipolar D/A converter out-
put in Figure 7.6 could be seen as proportional to the analog signal input,
starting from full scale “Positive Reference,” being attenuated as the analog
signal is reduced, passing through zero, and increasing negatively to the
“Negative Reference” envelope.

When the input plane is viewed from above (digital number on one axis, ana-
log input on the other—output along the axis of viewing), multiplying D/A
converters may be 4-quadrant, two-quadrant (single polarity of either analog
or digital variable), or one quadrant. In a sense, they may even be fractional-
quadrant, if the reference or the code cannot be varied to or through zero.
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In analog-to-digital converters, the digital output number depends on the
ratio of the quantized input to the “full-scale” reference. If the reference is
allowed to change in response to a second analog input, the digital output will
be proportional to the ratio of the analog signal to the reference signal. Thus,
the “ratiometric’’ A/D converter can be thought of as an analog divider with
digital output. Generally, in such devices, the reference input has more lim-
ited range and dynamic capabilities than the signal input.

7.4 ELECTRICAL INTERFACES WITH CONVERTERS

Converters may have associated with them six families of electrical inputs and
outputs: analog signal(s), digital code, power, control, configuration, and ref-
erence. Table 7.11 indicates some of the properties of these interfaces, and

the text that follows adds further detail.

D/A Converters A/D Converters
ANALOG Output: Voltage or Current Input: Usually Voltage
SIGNAL Polarity Polarity
Magnitude Magnitude
DIGITAL CODE Input: Buffered or Direct OQutput: Coding
Coding Logic Levels
Logic Levels Timing (Clock)
Format: Serial Format: Serial
Parallel Parallel
Byte-Serial Byte-Serial
Output: Readback
CONTROL Input Strobe(s) Inputs: Convert Command
Chip Select Chip Select
Chip Enable Enable Clock Chip
Write Outputs: Status
Reset Overrange
CONFIGURATION | Serial/Parallel Byte-Enable
Short Cycle( )Bits Short Cycle ( ) Bits
Address - Multiple On-Chip Devices Address— Multiplexed Inputs
POWER Analog: Usually + 15V Analog: Usually + 15V
or same as Digital or same as Digital
Digital: +5V(TTL) Digital: +5V(TTL)
+5Vio + 15V +5Vto + 15V
(CMOS) (CMOS)
—5Vie — 15V
(CMOS Vss)
REFERENCE Internal or External Internal or External
Fixed or Variable Fixed or Variable
Polarity Polarity

Table7.11 Converterinterfaces.
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Figure 7.9 is a block diagram showing the relationships of typical connections
to a parallel converter. There may be yet other connections, such as a clock
synchronization input or output, complementary logic inputs or outputs, and

START
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Figure 7.9. Typical classes of converter connection.

connections that are essentially internal but are brought out for the sake of
optional flexibility, such as bipolar offset reference terminals. If the A/D con-
verter is multiplexed, there will be additional analog inputs and one or more
digital channel-select input lines. Figure 7.10(a) shows actual pin connections
of a popular 8-bit IC DAC [AD558], and (b) shows the pin connections of a
popular 12-bit IC A/D converter [AD574A].

Application block diagrams in this book (and much of the literature), for facil-
ity of communication, tend to depict only those interfaces that are of specific
relevance to the point under discussion. For example, when the logic interface
is discussed, the analog aspect of the circuit may be ignored—and vice versa;
in many cases, the power and ground connections are not shown in detail.
However, the reader should be continually aware that “‘out of sight” must
never mean ‘‘outof mind.”

7.4.1 GROUND RULE

The experienced circuit designer will recognize the feeling of wariness pro-
voked by the presence of two supplies, and several classes of signals, all need-
ing return “to ground.” Grounding is indeed important to system perform-
ance; discussions of the essentials of grounding practice will be found (as ap-
propriate) in several places in this book; however, for clarity in this present
exposition, we will consider that all grounds are always at true zero potential
with respect to all input and output signals. Accordingly, the discussions that
follow will everywhere employ the inverted triangle, which represents ideal
signal ground.
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7.4.2 POWER SUPPLIES

The choice of power supplies for use with converters is governed by their ef-
fect on conversion accuracy, system noise, size and weight, reliability and
cost. Supply capacity is determined by the choice of system philosophy: one
main supply feeding all elements, vs. a number of satellite supplies or reg-
ulators sharing a common primary source (which might itself be a dc voltage
derived from the ac mains). Generally, supplies that provide good opera-
tional-amplifier performance are sufficiently well regulated to provide rated
converter performance, but adequate dynamic bypassing is essential because
of the presence of fast digital edges. Converter performance as a function of
dc variation of power supply voltage is a standard specification provided by
the converter manufacturer. Conversion-system designers tend to avoid high-
power switching-type supplies for converters.

7.4.3 DIGITAL LOGIC LEVELS

There are a variety of “standard” voltage levels and current-drive capacities
corresponding to logic “0” and logic “1.” This variety is a result of historical
compromises between circuit/processing technology, the need for speed, reli-
able differentiation between the logic states, circuit complexity, and fanout
capability. They are described by such sets of initials as TTL, DTL, HTL,
ECL,CMOS,IIL.

In general, logic levels are associated with device technology; the most popu-
lar of these are CMOS, ECL, and TTL. However, there are varieties of
specifications and large variations within each family of devices; for example,
low-voltage CMOS voltage levels are more closely related to TTL than to
high-voltage CMOS. In fact, most of the modern conversion system products
are designed for some degree of compatibility with TTL, the most widely used
logic system.

Logic levels are closely related to supply voltage; in fact, the ideal logic gate
would switch between ground and supply voltage, but voltage drops in the
devices and in the external circuits require specification of logic 1 as somewhat
less than supply voltage and logic 0 as somewhat greater than ground. TTL
and low-voltage CMOS are based on widely used single + 5-volt supplies.

In classical TTL, as mentioned earlier, a gate must respond to ““0”’ if the input
to it is 0.8 volts or less, and it must respond to “1”’ if the input is 2.0 volts
or greater, up to the maximum and minimum voltage ratings. In order to pro-
vide a measure of immunity to noise, including dc voltage drops, occurring
in transmission, gate outputs (within their current ratings), must furnish a
minimum of 2.4 volts to signify “1” and a maximum of 0.4 volts to signify
“0.”

Within the TTL system, there are further classifications by fanout (the
number of gates that can be driven) and speed. For convenience, input or out-
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put currents are normalized in terms of the standard TTL load, which is a posi-
tive current of 40pA for ““1”” and — 1.6mA (sink current) for “0°’; however,
an inspection of a random variety of “TTL-compatible” converter types (or
even digital bit currents vs. digital control currents within the same converter)
would often show substantial differences. To avoid possible difficulties at the
interface, it is important for the user to read the manufacturer’s data sheet
and understand what ‘““TTL-compatible” means for a given device.

When CMOS devices operate at higher voltages, they usually (but not always)
have increased noise immunity. CMOS devices in general draw low current
except when switching; they have low power dissipation and accordingly
higher circuit-packing density and are especially useful in remote and porta-
ble system elements.

Products designed for one logic scheme can be used with other logic schemes
by performing appropriate transformations (level shifting, gain-or-attenu-
ation, sign-inversion). D/A converters designed for TTL logic will inherently
accept DTL Inputs.

7.4.4 CONTROL LOGIC
The Status Output

In most applications, A/D Converters require a time interval, either fixed or
variable, during which the system must wait for a conversion to be performed.
During this time, the conversion data may be changing and may bear no re-
lationship to the final result; if the input changes, it may cause erroneous re-
sults. Thus, the output of the converter must not be interrogated during the
conversion, and the input track-hold must remain in the “hold” state until
theinputis ready to accept new data.

For this reason, the control output called Status (or “Busy,” “Data Ready,”
“EOC”—end of conversion, etc.) changes state in response to the Convert com-
mand to define the conversion period; it does not return to its original state
until a conversion is completed. It may be used as an interrupt, or to inhibit
readout, or to update a buffer output register that holds the previous output
word. It also serves to prevent another conversion from beginning, and to pre-
vent the track/hold from changing state, until the converter’s input is ready.
In some high-speed converters (for example, digitally corrected subranging
types—see Chapter 13), and in tracking types, a new conversion may start as
soon as the previous conversion has cleared the input stage and an earlier con-
version has been latched into the output to activate the Data Ready line.

Strobes

Most D/A converters have basic circuitry that responds immediately and con-
tinuously to whatever digital signals are applied. It is often desirable to buffer
the basic circuitry from the source of digital information (for example, a busy
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bus) by a register, and update all bits simultaneously, upon command. The
gating input is called the strobe (or “clock’ or “enable.’’)

For use with microprocessors, the data word is often divided into bytes, typi-
cally having 8 bits (see Chapter 4), or 4-bit nybbles; bytes are enabled in se-
quence to transmit the information contained in the full word in byte-serial
format. Input strobes to DACs might be called high-byte strobe (more signifi-
cant bits), low-byte strobe (less-significant bits), and—to load the complete in-
formation into the DAC—Ioad-DAC strobe (often asserted at the same time
as the final byte becomes valid). Conversely, the parallel outputs of ADCs are
placed on the microprocessor data bus in appropriate order by high-byte enable
and low-byte enable strobes. In order for the status output to be treated as infor-
mation appearing on the data bus, a status-enable strobe would be used with
microprocessor-compatible ADCs.

7.4.5 ANALOG SIGNALS

Inputs to A/D converters are usually in the form of voltage. Outputs from D/A
converters are often in the form of voltage, at low impedance, from an opera-
tional amplifier (an example is the AD667—Figure 8.8). However, many con-
verters provide an active output current instead of a voltage (for example,
AD567—Figure 8.6), and some simply provide an attenuation ratio; coupled
with an op amp, they provide a digitally variable analog gain. As will become
clear in the sections that follow, the basic conversion process may inherently
develop a current output that is quite fast, linear, and free from offset. A built-
in on-chip operational amplifier or an external op amp may be used to convert
that current to voltage. As a result of the inevitable design tradeoffs, the am-
plifier will tend to limit converter performance, primarily by increasing set-
tling time.

If the current is made available directly, the speed of response is under the
control of the user, through the choice of an appropriate external output am-
plifier. The user can also choose the inverting or the noninverting mode. For
example, in a 10-bit application calling for good accuracy and moderately high
speed, at low cost, the full-scale settling time of the current output from the
10-bit AD561 to 0.05% (2 LSB) is 250 nanoseconds. The AD561 (Figure
7.19), followed by a general-purpose 1.C. operational amplifier for voltage
output, typically has settling time of 5pus to the same resolution; but with a
high-speed op amp, such as the AD509, for example, settling time can be re-
duced to 600ns.

Converters that have current outputs or “soft”’ voltage outputs (directly from
resistive ladders) may be considered as either voltage generators with series
resistance or current generators with parallel resistance (Figure 7.11).* They
are used with operational amplifiers in either the inverting or the noninverting

*The impedance from summing point to ground is not always constant; a large class of converters—those using
inverted ladders and connected directly to an op-amp summing point in the current-output mode—have code-
dependent resistance and capacitance loading the summing point, affecting both linearity and dynamics.
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Figure 7.11. D/A converters as voltage or current generators.

connection (Figure 7.12). Some types have one or more internal feedback re-
sistors (for appropriate output voltage scaling) that track the ladder resistors,
to minimize temperature variations of gain in inverting configurations. Also
present may be a terminating resistor, to develop passively a non-inverted out-
put voltage, which may be amplified with a noninverting amplifier. The gain-
determining feedback resistances (R, R, ) do not have to track the converter’s
internal resistors, only one another.
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Figure 7.12. Current-to-voltage conversion, inverting and non-inverting, using opera-
tional amplifiers.

When current-output converters having active sources (see Figure 7.19 and
Chapter 9) are used, the inverting connection is the preferred connection, for
a number of reasons. With current-source output, the internal impedance of
the D/I converter is usually high. Thus, the loop gain will tend to remain near
unity, essentially independently of the value of feedback resistance, minimiz-
ing amplifier-contributed errors, such as voltage drift. Furthermore, the out-
put swing of the D/I converter (at the amplifier’s negative input terminal) will
be negligible, minimizing loading of the current output—and any associated
problems, such as voltage-dependent nonlinearity and variation of internal
impedance with temperature. Finally, common-mode rejection is not impor-
tant, since there is no common-mode swing.
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However, if the DAC’s basic circuit is that of a passively switched resistive
attenuator (typical of CMOS DACs), a high-performance op amp must be
used to minimize nonlinearity caused by voltage offsets and variable-imped-
ance loading at the amplifier’s summing point as codes are switched (see the
next section and Chapter 12).

The conversion relationship of D/I converters is ““positive reference” (Figure
7.6) if the current flowing out of the converter becomes more positive as the
value represented by the digital code becomes more positive, irrespective of
the actual polarity of the converter’s reference element. If a noninverting am-
plifier configuration is used, the output voltage will have the same normalized
conversion relationship as the output current. If an inverting connection is
used, the voltage will have a conversion relationship of opposite output polar-
ity, and will thus be “‘negative reference.” Figure 7.13 illustrates this point,
for both binary and complementary binary unipolar codes. On the other
hand, if current flowing towards the converter increases as the value rep-
resented by the digital code increases, the relationship is ‘““negative reference”
for current, but “positive reference’ for voltage in an inverting configuration.
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Figure 7.13. ldeal conversion relationships for the three most-significant bits in a posi-
tive-reference unipolar digital-to-current converter, with noninverting and inverting
amplifier connections, and binary vs. complementary binary ("’negative-true’’) codes.
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7.5 D/A CONVERTER CIRCUITS

A basic D/A converter can be built with a voltage reference, a set of binary-
weighted precision resistors, and a set of switches (Figure 7.14). An output
buffer stage unloads passive elements, converts current to voltage or provides
amplification, and furnishes a low-impedance voltage output.

DIGITAL INPUT CODE

BIT1! BIT 2! BITn!

MSB : : Lsg |

i f T 1
o | ) 1‘{ Qg)
1 0 1 -0 1 0

EREF
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(1/2FS) (1/4FS) {1/2" F8) ov
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(-10V FS)

ALL T's: T i,max =2mA(1-27")

Figure 7.14. Simple digital-to-analog converter using binary-weighted resistors.

In this example, an operational amplifier holds one end of all the resistors in
a set of n resistors at zero volts. The resistors are binary-weighted, i.e., each
is weighted by 2'; therefore, with equal voltage applied to all the resistors, the
currents through them will be weighted by 277, The switches are operated by
the digital logic, open for ““0,” closed for ¢1.”” Each switch that is closed adds
a binary-weighted increment of current Eggp/R; via the summing bus con-
nected to the amplifier’s negative input. The negative output voltage is prop-
ortional to the total current, and thus to the value of one of the 2" binary values
represented by the input code. Thus, for an 8-bit converter and the code ex-
ample of equation 7.2 (10111001), the output currents will be proportional
to the terms in the equation, and the output voltage will therefore be propor-
tional to the sum of the terms.

In general, for resolutions generally exceeding 4 bits, this scheme is not con-
sidered practical. For example, in 12-bit conversion, the required range of re-
sistance values would be 2,048:1, or 20 megohms for the LSB to 10 kilohms
for the MSB. If the resistors are to be manufactured in thin- or thick-film,
or integrated-circuit form, such a range would be totally impractical. If dis-
crete resistors are used, cost and size are increased, tracking advantages are
lost, and inventory becomes a problem. Parasitic impedances (shunt and
series) will also be difficult to deal with.
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7.5.1 SWITCHDECODING

In the diagram of Figure 7.14, the selective summing of weighted currents
provides the decoding. However, there is another approach, in which the bi-
nary code is digitally decoded, and N (from 0 to 2* — 1) equal increments of

current, I, are summed. Figure 15a shows an example of this technique for
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Figure 7.15. Fully decoded 3-bit converter schemes.



7.5 D/A Converter Circuits 201

3 bits, employing 7 equal current sources (or 7 equal resistors with a fixed ref-
erence voltage).

When all three bits are zero (000), switch SO conducts its current to ground;
no current flows through the op amp’s feedback circuit. If one or more bits
are 1, SO will be closed, switching its current (as well as those from any other
pathsin a chain of consecutively closed switches) to the summing point. When
the LSB only is 1 (i.e., 001), switch S1 will be open; for any other condition,
it will be closed, allowing its source (etc.) to conduct toward the summing
point—unless SO is open. The position of any switch to the left of an open
switch doesn’t matter; its current flows to ground, not the summing point.
Thus, corresponding to the binary chain of j codes, 000, 001, 010, etc., from
0 to 7, the sum of the currents flowing through the summing point will be
j1. Figure 7.15b shows a corresponding scheme for a voltage-output DAC.

The principal advantage of fully decoded DAC architectures is that—assum-
ing ideal switching—the output has to be monotonic, even if the resistor
values or unit currents deviate substantially from their nominal values. Also,
all resistors or current sources are identical. However, it is extremely difficult
to carry out in practice, because 2" —1 resistors or current sources and
switches are required, plus decoding logic and a great many interconnections.

Although these configurations have tended to be impractical for complete
high-resolution DACs, a limited number of fully decoded bits are used in de-
signs that combine them with another form of DAC architecture to simplify
the problem of obtaining high resolution and monotonic behavior. Thus, for
example, in a 16-bit D/A converter, the four-most-significant bits might use
full decoding to divide the range into 16 equal parts, with an easier-to-build
12-bit converter providing the required 4,096 levels of interpolation in each
portion of the range. Examples can be seen in the descriptions of devices in
Chapter 8; typical high-resolution devices employing partial decoding include
the AD6012 12-bit DAC, and the AD7546 and AD569 16-bit DACs.

7.5.2 RESISTANCE LADDERS

A way to reduce both the number of resistors and range of resistance is to use
a limited number of repeated values, in a configuration providing suitable at-
tenuation. One convenient approach, shown in Figure 7.16, is to use a binary
resistance quad, consisting of four binary-scaled values (e.g. 2R, 4R, 8R,
16R) for each group of 4 bits, with attenuation of 16:1 for each successive
quad, down to the least-significant quad. Thus, the four most-significant bits
are summed without attenuation, the next four bits are attenuated by 16:1 and
summed, and the last four bits are either attenuated by 265:1 and summed
with the most-significant quad, or (more likely) attenuated by 16:1 and sum-
med with the next more-significant quad. A benefit of this scheme is that the
proper relative quad weighting for BCD conversion can be achieved by using
the same scheme with an attenuation between quads of 10:1.
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Figure 7.16. 8-bit digital-to-analog converter, using two equal-resistance quads with

attenuation for the less-significant quad.

Carrying this reduction of resistance ratios farther, one arrives at the R-2R
ladder, a convenient-—and very popular—form. Figure 7.17 shows it with an
inverting operational amplifier in a widely used configuration employing D/A

converters that use CMOS switches.

If all bits but the MSB are “off” (i.e., grounded), the output voltage is
(—R/2R) Eggr. For the second bit, the lumped resistance-to-ground of all the
less-significant-bit circuitry (below the bit 2 leg) is 2R ; the divider formed by
series R and the two paralleled 2R elements has an attenuation of /2; therefore,

Voo RFB
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9 O
AD7520/AD7533 R oUT1
REF mse 2R 1 ! 1)—

ouT2

Eo

Figure 7.17. A typical CMOS DAC connected for conversion in current-steering mode.

For clarity, notall resistance elements are shown.
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if all bits but bit 2 are off, the current through the summing point will be one-
half the MSB current, and the output will be (— %2)(R/2R)Eggr. If Bit 2 is
off, the same current will flow to ground. Continuing down the ladder, each
2R resistor has one-half the voltage of the one above it, therefore it passes one-
half the current. The output voltage is proportional (by superposition) to the
sum of all the binary-weighted currents that have been switched on.

Because, in CMOS DACs, the switches are always very nearly at ground po-
tential and will tolerate summing-point-type minuscule negative voltage
swings, the reference can be either positive or negative, and the device can
be used as digital gain control for ac signals or in four-quadrant multiplying
DAC configurations.

The R-2R network can be employed to give unattenuated noninverting out-
put voltage, simply by swapping the reference terminal and the output termi-
nal. The reference terminal is driven at low impedance and the output termi-
nal is connected to a high-impedance load, such as the input of a follower-con-
nected operational amplifier (Figure 7.18). The effective resistance to ground
of all resistors below a given node is 2R. Therefore, if the MSB alone is on,
the output will be (2) Vrgr. When Bit 2 is on (all other bits grounded), its
series 2R and the lower 2R form an effective generator of Eggp/2 in series with
R. Since that R is in series with another R, and an effectively grounded 2R
(via the MSB switch), the voltage at the output node is ¥4 the generator at node
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Figure 7.18. The same DAC as 7.17 connected for conversion in the voltage-switching
mode. Generally, the magnitude of Vgeg is limited in this configuration.
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2, or (¥4) Vrgr. The contributions of the subsequent bits form a binary prog-
ression, and superposition again provides an output proportional to the sum
of the switched-on bits,

Since the entire network may be considered to be an equivalent generator hav-
ing an output voltage D Vrgp (where D is the fractional digital number), and
an internal resistance, R, the output may be scaled down accurately by con-
necting precise resistance values to ground. Because of symmetry and self-du-
ality R-2R networks may be used in other configurations. Some of these are
discussed in Chapter 9.

7.5.3 SWITCHING

Needless to say, the switches used with the above networks are assumed here
to be ideal. Switching may be performed in either the voltage mode or the cur-
rent mode. A thorough description of the variety of voltage and current
sw1tches and switching schemes actually used in converters would be beyond
the scope of this chapter. However, the use of monolithic bipolar transistor
switches in converter design is addressed in Chapter 9. Information on popu-
lar converter designs will be found in Chapter 8, and a general discussion of
CMOS switches will be found in Chapter 19. Considerable information about
the characteristics of the switches used in CMOS DACs can be found in the
CMOS DAC Application Guide, by Phil Burton, published by Analog
Devices, Inc., 1985,

In the current mode, each leg of the ladder maintains constant current flow,
which is steered either to an op-amp summing point or to ground. Two exam-
ples of current-mode converter block diagrams are shown in Figure 7.17 and
7.19. The first is that of a CMOS DAC, configured for current output. The
bit currents are summed and converted to voltage via the feedback resistor,
which is integrated on-chip, along with the ladder resistors, to maintain track-
ing of resistance with ambient temperature variations. This circuit is simple,
and it can be used for 4-quadrant multiplication, but the presence of the
switched resistors at the summing point of the op amp introduces problems
with linearity in the presence of op-amp offsets, slowed dynamics due to
switch capacitance, and noise coupling from the switch drive.

Thesecond (Figure 7.19) isa DAC built on a bipolar chip. The design philoso-
phy is described in some detail in Chapter 9. However, we can briefly describe
here how it works: a buried Zener reference circuit develops —7.5 volts,
wh1ch is scaled by the inverting amplifier to + 2.5V. Applied to amplifier A2,

with its 2.5- k() input resistor, it causes a 1-mA current to flow through the
collector of reference transistor, Q1; the op amp adjusts the voltage across the
5-kQ) resistor to be whatever is necessary to maintain the feedback current at
1 mA. Since the voltage applied to that resistor is also applied at the input
of the R-2R ladder, we can expect that the currents in successive legs will have
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Figure 7.19. Schematic diagram of a current-output 10-bit DAC, showing reference,
control amplifier, switching cell, and current-source arrangement,

a binary relationship; and, since Q1 is identical to Q2 (the MSB leg), the cur-
rent that flows through its collector will also be 1 mA. The switches, which
appear at the top of the diagram, switch the fixed currents either to ground
or to the DAC OUT line, depending on the state of the control input for each
bit.

While the reference in a DAC of this type is either fixed, or at best has a limited
range of analog variation, the active reference circuit, compensated current
sources, and fast-settling switches provide an excellent combination of speed
and accuracy. A salient advantage of such current-mode converters is that the
only significant voltage changes in the circuit appear at the output (in response
to code changes); and the switch capacitances do not have to be charged
through the ladder resistance.

Figure 7.18 shows a CMOS D/A converter being driven in the voltage-switch-
ing mode. In this mode, the ladder is used as a resistive attenuator; the
switches alternate between a low-impedance reference voltage and ground.
The magnitude of the current flowing through the switches is not important
for precision, but the reference source and the switches must have sufficiently
low impedance so that the current flowing through them does not cause signif-
icant voltage drops—or change in voltage drop as codes change.
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For CMOS DAGC:s in the voltage-switching mode, the constant resistance at
the amplifier input (ladder output) eliminates linearity problems caused by
modulation of the amplifier’s offset voltage by code-dependent summing-
point resistance in the current-steering mode of Figure 7.17. In addition, the
switch capacitance is remote from the amplifier, and the charge is shunted to
the input source or to ground, rather than to the summing point. Further-
more, the output capacitance of the network is considerably lower than in the
current-switching mode. All of this results in cleaner and faster response of
the circuit to code changes. As an additional feature, the system’s output volt-
age is of the same polarity as the reference voltage; this makes it possible to
operate the DAC and its amplifier from a single-polarity supply. Finally, only
a single amplifier is required for bipolar digital operation, using offset binary
or twos-complement coding.

The configuration has a few minor disadvantages. Performance is satisfactory
for low values of reference voltage, but since the ON resistance of the FET
switch is a function of the reference voltage, large values of reference voltage
can produce significant nonlinearity. In addition, while current switching
permits either polarity of input, only a single polarity of input is allowed in
the voltage mode for CMOS DACs.

7.5.4 REFERENCES

Reference circuits for connection to converters are discussed in some detail
in Chapter 20. Still popular as a reference device is the temperature-compen-
sated breakdown (‘““Zener”) diode, often used with operational amplifiers for
operating-point stabilization, unloading, or transducing to current (Figure
7.20). It is being supplanted for many new designs by band-gap references,
ICs that act like synthetic high-performance Zener diodes, and Zeners on con-
stant-temperature substrates. On integrated-circuit chips, reference voltages
are provided by stable, quiet, buried-Zener references—Ilaser-trimmed to
minimize error and temperature coefficient—and by band-gap circuitry.

& NN Vz  OPERATING POINT
REFERENCE
R2 2R3 VOLTAGE
<
e VZ <1 + R_2>
R1
R1 Tt ,
V| z INSIDE-THE-LOOP
OUTPUT BUFFER

CAN BE USED FOR
INCREASED CURRENT
IF NECESSARY

Figure 7.20. Stabilized diode reference. Amplifier adjusts feedback current to stabilize
Zener-diode operating pointindependently of Vg or load variations.
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In DACs employing active current sources, a reference must be provided that
compensates for the characteristics of the current sources and switches. A
powerful (patented) technique is described briefly in connection with Figure
7.19, and in some detail in Chapter 9,

7.5.5 BIPOLAR CONVERSION

For bipolar current-switching D/A conversion, using offset binary or twos
complement codes, an offset current equal and opposite to the MSB current
is added to the converter output. This may be accomplished with a resistor
and a separate offset reference. More usually, it is derived from the conver-
ter’s basic reference, in order to minimize drift of the output zero with tem-
perature. It is usually jumpered externally, but there are converters in which
the bipolar connection is programmed digitally.

The gain of the output inverting amplifier must be doubled, in order
to double the output range, e.g., from 0-10V to += 10V. As indicated earlier
(Figure 7.6), zero output corresponds to offset-binary 1 00 ... 00, or
twos-complement 000 . ., 00,

Figure 7.21 shows an example of a current-switching converter connected for
bipolar output. Note that, because the amplifier is connected for sign inver-
sion, the overall conversion relationship is “negative reference,” i.e., +F.S.
forall 0’s (offset binary), —F.S. (1 — LSB)forall I’s.

MSB FOR OFFSET BINARY
MSB FOR TWOS COMPLEMENT

0-2mA FS
MSB | — 10kQ
out : AN
BINARY ——d
‘(';\'ggg — 1mA$ 10kQ Lo
— +10VFES
] “NEGATIVE
REFERENCE"
— OFFSET
e REF | —10v
LSB

Figure 7.21. Bipolar connection of current-switching d/a converter for offset-binary or
twos-complement codes.

For non-inverting applications, employing the output current of an active-
current-source DAC to develop a bipolar output voltage across load resis-
tance, the same values of offset voltage and resistance are used, but—for a
given range of compliance voltage—the proper value of output voltage scale
factor depends on the load presented by the parallel combination of the inter-
nal resistance, the offset resistance, the external load, and the gain of the
buffering op amp. (Figure 7.22)



208 Understanding Converters
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eout = | four Ro Ro,Rory 1+ R,
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Figure 7.22. Non-inverting bipolar output from current-switching d/a converter.

For bipolar D/A conversion using CMOS d/a converters in the voltage mode,
the circuit of Figure 7.23 may be employed. It is similar to the circuit of
Figure 7.18, but provides for subtracting the reference from the ladder
output. If D is the digitally set DAC coefficient, the amplifier output is
2 D Vrgr — Vrgr. For D = 4, the output is zero; if D = 0, the output is
— Vrer, and if Disall-1’s, the outputis (1 — 27*D) Vg gp.

20k 20k

5
| VRer 07 Y
T 1 R
2R Eo =2 DVREF - VREF
| 07 . =VRer (2D-1)

DIN ¢

FOR 2R CODE D VourVeer
AD7620 1111 | 1-27" [ 1_ 270+
) 2R 100....0 | 172 0

000....0 | 0 -1

Figure 7.23. Connection of a CMOS DAC in the voltage-switching mode for bipolar op-

eration. If Vger is provided by a 2.5-volt source, such as the AD580, the nominal output
swingis 2.5V,
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For full four-quadrant multiplying D/A conversion, employing CMOS
DAG:s, the circuit of 7.24 provides a similar transfer function, except that
Vrer may be a dc or ac voltage, positive or negative. The digital input deter-
mines the positive or negative value of gain applied to the signal.

Vin R1
POSITIVE
OR
NEGATIVE
AC OR DC
ANALOG
COMMON
DIGITAL
GROUND
BIT 1-BIT 12
Binary Number in
DAC Analog Output, Vour
MSB LSB
1111 1111 1111 +VIN(%)
1000 0000 0001 +VIN(2048)
1000 06000 0000 ov
1
0111 1111 1111 _VIN<M)
0000 0000 00O0O —VIN(%>

Figure 7.24. Connectinga CMOS DAC for 4-quadrant multiplication.

For sign-magnitude conversion in CMOS DACs, a scheme like that shown
in Figure 7.25 may be used. The output of the current-switching DAC-and-
amplifier is inverted for net positive gain, D (where D is the analog value of
the digital gain setting), and added either to zero or to —2 D Vg, for a net
gain of either + Dor —D.
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AN
R5

AD7541A o1,

PINS 4-15
1/2 AD7592JN
DIGITAL
GROUND
),
SIGN BIT
BIT 1-BIT 12
Sign Binary Number in
Bit DAC Analog Output, Vour
MSB LSB
[ 4095 )
0 1111 1111 1111 +Vin (4096
0 0000 0000 0000 0Volts
1 0000 0000 0000 0Volts
1 1111 1111 1111 —VIN-(Zg—g%)

Note: Sign bit of “0” connects R3 to GND.

Figure 7.25, Connecting a 12-bit CMOS DAC for sign-magnitude bipolar operation.

The basic parallel-input D/A converter circuits considered so far have the
common property that the analog output continually tends to reflect the state
of the logic inputs. However, if the basic conversion circuitry is preceded by
a register, either external or internal, the DAC proper will respond only to
the inputs stored in its register. When the register is latched, the analog out-
put is unchanging. This property is universally required in bus-type data dis-
tribution systems, where data is continually appearing, but it is desired that
a DAC respond only at certain times, then hold the analog output constant
until the next update. In this sense, a DAC with buffer storage may be viewed
as a sample-hold with digital input, analog output, and (conceivably) infinite
“Hold” time.

The register is enabled by a strobe, the net gating signal that results, in micro-
processor systems, when the specific device has been both addressed and
given a write signal, which causes it to update. The limiting rate at which the
strobe may be allowed to update is determined by two factors: the settling
time of the DAC, and the response time of the logic. In general, settling time
of the analog portion of the D/A converter is at least an order of magnitude
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Figure 7.26. D/A Converter with buffer register.

slower than the response time of modern high-speed TTL logic circuits and
is thus the limiting factor on update rate.

On-chip DAC register architectures vary. For example, a DAC may be single-
or double-buffered—one or two registers—and the input register may accept
data in more than one byte, or nybble, depending on the width of the bus to
which it is to be interfaced. These structures are discussed in several places,
notably in Chapter 3 and Chapter 8. If there are multiple DACs in the same
package, they are generally connected to a single bus, which is an extension
of the external bus; internal chip logic determines the manner of selection and
updating.

The speed of the digital portion of a D/A converter is of especial importance
when the “glitch” caused by unequal turn-on and turn-off times is an impor-
tant factor in the application. The digital inputs to a DAC come from digital
logic circuits, which may exhibit skew, or unequal turn-on and turn-off times.
Skew is inherent in the on-off nature of saturated logic, such as TTL; sym-
metry is much more nearly achieved in ECL, which is always in the active
range. The analog switches used in DACs also exhibit skew; however, even
if the switch circuitry is specifically designed to minimize skew, the additional
skew of the digital logic will constitute an irreducible minimum. In applica-
tions where it is an important factor, glitch energy (or impulse) can be reduced
by using logic that is faster than would be necessary just to drive the analog
switches.

7.6 A/D CONVERTER CIRCUITS

There are a vast number of conceivable circuit designs for A/D converters.’
There are a much more limited number of designs available on the market in
small, modular form at low cost, specifically designed for incorporation as
components of equipment. The most popular of these are:

"See Electronic Analog/Digital Conversions, by H. Schmid (Van Nostand Reinhold, 1970), and more recently,
Data Conversion Integrated Circuits, edited by Daniel J. Dooley (IEEE Press—Wiley, 1980)—for an encyclopedic
panoply of A/D (and D/A) converter circuit designs.
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Successive-approximation types

Integration (single-, dual-, & quad-slope and v-to-f) types
Counter and “servo’ types

Parallel and modified-parallel types

Each approach has characteristics that make it most useful for a specific class
of applications, based on speed, accuracy, cost, size, versatility.

7.6.1 SUCCESSIVE APPROXIMATIONS

Successive-approximation A/D converters are quite widely used, especially
for interfacing with computers, because they are capable of high resolution
(to 16 bits), and high speed (to 1 MHz throughput rates). Conversion time
is fixed and independent of the magnitude of the input voltage. Each ¢onver-
sion is unique and independent of the results of previous conversion, because
the internal logic is cleared at the start of a conversion.

Modern IC converters, such as the monolithic AD574A 12-bit ADC, include
3-state data outputs and byte controls to facilitate interfacing with micropro-
cessors. A “three-state” output has, in addition to the normal “1’’ and “0”
states, when enabled, a not-enabled condition, in which the output is simply
disconnected via an open voltage switch. This permits many device outputs
to be connected to the same bus—only the device that is enabled (one at a time)
can drive the bus. Since many processor data buses are only 8 bits wide, 10-
or 12-bit data must often be communicated in two steps, one “byte’ at a time.

The conversion technique consists of comparing the unknown input against
a precise voltage or current generated by a D/A converter (Figure 7.26). The
input of the D/A converter is the digital number at the A/D converter’s out-
put. The conversion process is strikingly similar to a weighing process using
a chemist’s balance, with a set of n binary weights (e.g., %2 1b, Y4 lb, Vie Ib
(= loz), %0z, Y40z, etc., forunknownsup to 11b.)

After the conversion command is applied, and the converter has been cleared,
the D/A converter’s MSB output (V2 full scale) is compared with the input.
If the input is greater than the MSB, it remains ON (i.e., “1” in the output
register), and the next bit (¥4 FS) is tried. If the input is less than the MSB,
it is turned OFF (i.e., “0” in the output register), and the next bit is tried.
If the second bit doesn’t add enough weight to exceed the input, it is left ON
(“1”), and the third bit is tried. If the second bit tips the scales too far, it is
turned OFF (“0”), and the third bit is tried. The process continues in order
of descending bit weight until the last bit has been tried. The process com-
pleted, the status line changes state to indicate that the contents of the output
register now constitute a valid conversion. The contents of the output register
form a binary digital code corresponding to the input signal’s magnitude.

Figure 7.27a is a block diagram of a successive-approximations A/D conver-
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Figure 7.27. Successive-approximation a/d converter.

ter, accompanied by a time history of a simple 3-bit conversion, in terms of
the D/A converter output (the weight added to the balance pan). Note that,
to place the D/A converter output in the center of each ideal output quantum,
a ¥2-L.SB “thumb” is placed on the scale (see Figure 7.2), in order to locate
the transitions precisely at the 2 LSB points.

In the example of Figure 7.27b, the input does not change during conversion.
If the input were to change during conversion, the output number could no
longer accurately represent the analog input, for the same reason one would
have difficulty using a chemist’s balance with a changing unknown. However,
even if the final weight were to match the final unknown, there would still
be a question as to whether the final unknown was itself legitimate, especially
if the weighing had to occur at a specific time. To avoid any problems of this
sort, it is usual to employ a sample-hold device ahead of the converter to retain
the input value that was present at a given time before the conversion starts,
and maintain it constant throughout the conversion. The status output of the
converter could be used to release the sample-hold from its hold mode at the
end of conversion. A sample-hold may not be needed if the signal (by itself,
or with filtering) varies slowly enough and is sufficiently noise-free that signif-
icant changes will not be expected to occur during the conversion interval.

Accuracy, linearity, and speed are primarily affected by the properties of the
D/A converter (and its reference), and the comparator. In general, the settling
time of the D/A converter and the response time of the comparator are consid-
erably slower than the switching time of the digital elements. The differential
nonlinearity of the D/A converter will be reflected in the differential non-
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linearity of the resulting A/D converter. If the D/A converter is non-
monotonic, one or more codes may be missing from the A/D converter’s out-
putrange. Bipolar inputs are dealt with by using a D/A converter with bipolar
outputand offset binary coding, and appropriate input scaling.

7.6.2 INTEGRATION (RAMP AND V-TO-FTYPES)

This family of converters is also quite popular. Its members perform an indi-
rect conversion, by first converting to a function of time, then converting from
the time function to a digital number using a counter. Integrating types such
as the dual-ramp and quad-slope types are especially suitable for use in digital
voltmeters and those applications in which a relatively lengthy time may be
taken for conversion to obtain the benefits of noise reduction through signal
averaging.

Here’s how the dual-ramp type works: The input signal is applied to an integ-
rator; at the same time a counter is started, counting clock pulses. After a pre-
determined number of counts (a fixed interval of time, T), a reference voltage
having opposite polarity is applied to the integrator. At that instant, the ac-
cumulated charge on the integrating capacitor is proportional to the average
value of the input over the interval T'. The integral of the reference is an oppo-
site-going ramp having a slope Vrgr/RC. At the same time, the counter is
again counting from zero. When the integrator output reaches zero, the count
is stopped, and the analog circuitry is reset. Since the charge gained is propor-
tional to Vi 7', and the equal amount of charge lost is proportional to Vggp
At, then the number of counts relative to the full count is proportional to A/ T,
or Vn/Vygr- If the output of the counter is a binary number, it will therefore
be a binary representation of the input voltage. Converters of this type usually
employ sign-magnitude coding for bipolar input ranges. However, if the
input is attenuated and offset by half the reference voltage, the output will
be an offset binary representation of a bipolar input, suitable as an input for
computer systems (Figure 7.28a).

Dual-slope integration has many advantages. Conversion accuracy is indepen-
dent of both the capacitance and the clock frequency, because they affect both
the up-slope and the down-ramp in the same ratio. Differential linearity is ex-
cellent, because the analog function is free from discontinuities, the codes are
generated by a clock and counter, and all codes can inherently exist. Resolu-
tion is limited only by analog resolution, rather than by differential nonlinear-
ity; hence, the excellent fine structure may be represented by more bits than
would be needed to maintain a given level of scale-factor accuracy. The inte-
gration provides rejection of high-frequency noise and averaging of changes
that occur during the sampling period. The fixed averaging period also makes
it possible to obtain “infinite’ normal-mode rejection” at frequencies that are
integral multiples of 1/T (see Figure 7.28b).
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b. Worst-case normal-mode response of dual-slope ADC.
Figure 7.28. Dual-ramp converter (voltage-to-time).

“Normal-mode noise consists of unwanted signals that appear on the input line, even if common-mode error is
nil. If alow-frequency or dc quantity is to be converted in the presence of a high-frequency ripple, a successive-ap-
proximations A/D converter, even if preceded by a sample-hold, will convert the instantaneous values of
signal-plus-noise, producing a noisy digital signal. On the other hand, an integrator will inherently attenuate
high frequencies, producing smoothing, and, if combined with a fixed averaging period, will null out those fre-
quencies that have whole numbers of cycles during the averaging period.
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Throughput rate of dual-slope converters is limited to somewhat less than
1/(2T) conversions per second. The sample time, T, is determined by the fun-
damental frequency to be rejected. For example, if one wishes to reject 60Hz
and its harmonics, the minimum integrating time is 16-2/3ms, and the
maximum number of conversions is somewhat less than 30/s. Though too slow
for fast data acquisition, dual-slope converters are generally quite adequate
for such transducers as thermocouples; and they are the predominant circuit
used in constructing digital voltmeters. Since DVM’s use sign-magnitude
BCD coding, bipolar operation requires polarity sensing and reference-polar-
ity switching, rather than simple offsetting.

A shortcoming of conventional dual-slope converters is that errors at the input
of the integrating amplifier or the comparator show up as errors in the digital
word. Such errors are usually reduced by the introduction of a third portion
of the cycle, during which a capacitor is charged with zero-drift errors, which
are then introduced in the opposite sense during the integration, in order to
(it is hoped) nullify them. An interesting scheme for nullifying most input er-
rors is the patented quad-slope* principle; it stores the errors in the form of
a digital count during a calibration cycle and subtracts them from the final
count during the conversion cycle.

Other conversion approaches in this class include the single-ramp type and
v/f converters. In the single-ramp converter, a reference voltage, of opposite
polarity to the signal, is integrated (while a counter counts clock pulses) until
the output of the integrator is equal to the signal input. At that time (A?) the
output of the integrator is ERgpA#/RC. Therefore, At—hence, the number of
counts and the corresponding digital number—is proportional to the ratio of
the input to the reference. This process has the weakness that its accuracy de-
pends on both the capacitor (extremely accurate and stable resistors are rela-
tively easy to come by) and the clock frequency. In the v/f converter, a fre-
quency is generated in proportion to the input signal; a counter measures the
frequency and provides a digital output code, the value of which is propor-
tional to the input signal. In both of the above schemes, offsetting may be used
to obtain offset binary representation of bipolar analog inputs. V/F conversion
is explored in some depth in Chapter 15.

7.6.3. COUNTER AND “SERVO” TYPES

Figure 7.29 is a block diagram of a counter-comparator A/D converter, which
is analogous to the single-ramp type, but only conversion time (not accuracy)
depends on the time scale. The analog input is compared with the output of
a D/A converter, the digital input of which is driven by a counter. At the start
of the conversion, the counter starts its count, which continues until the D/A

*U.S. Patent 3,872,466
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Figure 7.29. Counter-comparator a/d converter.

output crosses the input value. At that point, conversion ceases, and the con-
verter is ready to perform the next conversion after the counter has been
cleared and its output dumped into an output register. The number of counts
appears in the output register. For bipolar inputs, a bipolar D/A converter
is used, and the count is an offset binary representation of the input; starting
from negative full-scale.

Though quite simple in concept, this converter has the disadvantage of lim-
ited speed for a given resolution, since the conversion time for a full-scale
change is equal to the clock frequency divided into the maximum number of
counts. For example, if the clock frequency is 10MHz, the maximum
throughput rate for 10-bit resolution (1024 counts) is something less than
10kHz (100p.s per conversion). A variation of this converter is the “servo”
type, in which an “up-down”’ counter is used.

If the output of the D/A converter is less than the analog input, the counter
counts up. If the D/A output is greater than the analog input, the counter
counts down. If the analog input is constant, the counter output ‘“hunts’ back
and forth between the two adjacent bit values. This “tracking’’converter can
follow small changes quite rapidly (it will follow 1 LSB changes at the clock
rate), but it will require the full count to acquire full-scale step changes. The
principle is widely used in resolver- and synchro-to-digital converters. Since
it seeks to “home in” on the analog value, the analogy to a servomechanism
is quite evident.

It seeks to convert continuously, which may be a disadvantage in tying it in
with a fast data-acquisition system, since it can give a valid “‘conversion com-
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Figure 7.30. Parallel (“flash") 3-bit a/d converter with Gray-code output.

plete” report only during the clock period immediately following a change in
state of the comparator (which in general occurs at irregular intervals). A buf-
fer storage register may be used to store the previous count, while the counter
is seeking the next value. By stopping the count (following a completed con-
version) at an externally determined instant, the servo-type converter may be
used as a sample-hold with arbitrarily long hold time (with no droop). If the
“up” or the “down” count is disabled, the converter will act as a valley fol-
lower or a peak follower, counting in the appropriate direction only when the
analog input exceeds the previous extreme value. Both the analog and the dig-
ital stored values are available.

7.6.4 PARALLEL TYPES

Figure 7.30 shows a parallel 3-bit “flash” converter with Gray code outpuit.
It has 2" — 1 comparators, biased 1 LSB apart, starting with + %2 LSB. For
0 input, all comparators are off. As the input increases, it causes an increasing
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number of comparators to switch state. The outputs of the comparators are
applied to the gates, which provide a set of outputs that fulfill the appropriate
conditions for Gray-code output. (Natural binary could be implemented in
the same way, using an appropriate table).

The evident advantage of this approach is that conversion occurs in parallel,
with speed limited only by the switching time of the comparators and gates.
As the input changes, the output code changes. Thus, this is the fastest ap-
proach to conversion.

Unfortunately, the number of elements increases geometrically with resolu-
tion. As linear and digital integrated-circuit elements of increasing complex-
ity become available, increased levels of resolution will tend to approach the
threshold of practicality. But high resolution and the fastest speeds at low cost
are still some time away.

By combining parallel conversion for moderate numbers of bits with iteration
(to wit, 6 or 7 bits of flash in two successive conversions, employing digitally
corrected subranging—see Chapter 13), it is possible to strike a compromise
that gives considerably better resolution than a parallel approach, with less
complexity, and improved speed over the successive-approximation ap-
proach. For example, the CAV-1210 has 12-bit resolution at a rate of 10
megasamples per second.

7.6.5 ANOTE ON SHARED LOGIC

In this book, we are concerned with the embodiment of the conversion func-
tion by means of ICs or other modules, in essentially complete form, with com-
pletely defined specifications. We should acknowledge, however, that when
considering the tradeoffs between hardware and software, a software-oriented
designer will be tempted to consider hardware savings inherent in using the
control-logic capability of a microprocessor, along with basic precision analog
functions (for example, a DAC with built-in reference and a precision com-
parator), to perform single or multiplexed conversions, employing the tech-
niques mentioned here, but without using a piece of hardware identifiable as
an “a/d converter” per se.

A decision to do this is in some respects equivalent to a decision to design a
converter (analogous to the classical “‘make-or-buy’’ decision). It will tend to
work well at low speeds and resolutions, in situations where the number of
conversions required will not impose excessive time and software burdens on
the processor. While there are applications for which the approach is emi-
nently fruitful (e.g., dedicated instruments, to be manufactured in large
quantity), the usual tradeoffs should be considered, lest the fascination of ex-
pending design- and manufacturing effort and software development in areas
peripheral to one’s primary mission, lead one down the “‘primrose path” of
wasted resources.
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CONCLUSION

In this chapter, we have attempted to provide the fundamentals for a basic
understanding of converters. In the chapters that follow, we will discuss
further some of the considerations faced and architectures employed by the
converter designer, provide an understanding of and a guide to specifications
of converters, and explore the elements of successful system design using
converters.



Chapter Eight

Converter Microcircuits

This chapter endeavors to provide a thumbnail sketch of the wealth of inte-
grated-circuit data converters available today, accompanied by historical in-
sights into the technological influences affecting their development. Al-
though no such summary from one source at one instant of time can be totally
comprehensive or exhaustive, the reader should find the variety and diversity
eminently satisfying.

8.1 INTEGRATED-CIRCUIT CONVERTERS

As the use of digital techniques in measurement, communication, and control
grew by leaps and bounds, the size and price of processors and other LSI (and
MSI) logic shrank in similar degree, with the inevitable result that further
penetration of digital techniques into those fields became inevitable, in the
regenerative fashion that is characteristic of the integrated-circuit era. Along
with such other peripherals as keyboards, displays, and memories, converters
have followed this spiralling trend—as a matter of necessity.

But it hasn’t been easy. Linear IC’s have always been more difficult to fabri-
cate for reasonable degrees of resolution and accuracy than digital IC’s—in
part because the variables that are the input or output involve a continuum
of voltage or current, rather than the easier-to-handle two-valued logic.

While the problems of implementing digital circuitry have involved questions
of functions-per-chip, speed, and power dissipation, the analog (precision IC)
problems have related more to simple existence and survival. Such matters
as offset, bias current, drift, dynamic stability, common-mode errors, and
open-loop gain—as well as slewing rate and settling time—have concerned
both designers and users of op amps (the “representative” linear-IC product).
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But converters are more difficult by at least an order of-magnitude. While IC
op amps called for precision transistor circuitry and clever design, and IC ana-
log multipliers added a need for precision resistors (and references)—but to-
date have attained accuracies to within 0.1% (at best) and are hardly in the
commodity.class—conwerters call for all of these prodigies of linear design and
processing, and more: on-chip switches, logic, and everyday resolutions of up
to 16 bits. Furthermore, the downward trend in price for digital functions car-
ries over to the converter world, pressing converter technology to produce
higher performance at lower cost.

Although the technology still has a considerable distance to go, it is worth-
while to consider the progress made, just within the past fourteen years, as
measured by entries within the Analog Devices catalog. In the 1972 Product
Guide, the IC conversion product line consisted of just two families of
monolithic quad switches (and compatible resistor networks) for constructing
precision 8-10-12-bit A/D and D/A converters.

In comparison, the 1984 Analog Devices Integrated Circuits Databook contains
over 700 pages of data on converter microcircuits, including A/D, D/A, V/F,
and S/D converters as well as a wide variety of support components, such as
switches, multiplexers, references, and sample-hold amplifiers. Most of these
products are monolithic.

Since monolithic technology has evolved to the point where low-cost data con-
verters are readily available, many applications have become economically at-
tractive in much the same way that the low-cost monolithic computer (micro-
processor/microcomputer) made digital computation applications feasible.
As microprocessors expand into more and more applications, analog input
and output capability become increasingly important. The advances in
monolithic converter technology have thus opened up vast new application
areas.

8.1.1 PROCESSES

Converters have been manufactured using nearly all of the same monolithic
processes used for fabricating digital devices. However, most digital proces-
ses are designed for highest possible speed and density, and lowest power,
which often leads to small geometries and hence low breakdown voltages,
limiting both power-supply and signal voltage ranges. While this is acceptable
in digital circuits, it limits the dynamic range and resolution of data-converter
circuits.

Modern microcircuit converters are manufactured with five generic tech-
nologies: bipolar, bipolar/I*L (integrated injection logic), CMOS, BiMOS,
and hybrid,

The bipolar process used for converters is fundamentally the same process
used to manufacture classical linear functional devices, such as operational
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amplifiers and voltage regulators. It has the advantages of being well-under-
stood, due to its lengthy history, capability for high speed and low noise, and
high breakdown voltages (leading to wide signal range). Its principal limita-
tion is its generally poor logic capability, owing to the larger geometries used
and relatively high power requirements.

Bipolar/I*L processing allows the standard process to include more complex
logic functions, at the expense of slightly reduced breakdown voltages. Many
data converters use this process, since it retains most of the advantages of trad-
itional bipolar technology. It is interesting to note that the use of I°’L is much
more widespread in the data-converter world than in the digital world. This
is because the speed-power product of MOS logic is more favorable than dedi-
cated I°’L. Thus I’L has evolved into a process with a specialized niche.

CMOS (Complementary Metal-Oxide Semiconductor) technology has
evolved as the preferred MOS fabrication technology. It is superior to nearly
all other processes in power requirements; and reduced-geometry devices are
capable of speeds comparable to bipolar logic. In addition to these benefits,
designers of data converters have found other advantages in CMOS. For ex-
ample, one of the most common functions in data-converter designs is the ana-
log switch. Switches can be produced in bipolar technology, but they are
unidirectional, passing only currents of a single polarity. Bipolar transistors
also exhibit a voltage drop (usually a junction—base-emitter—voltage) in
series with the signal, and special circuit techniques must be employed in
order to circumvent these shortcomings.

On the other hand, CMOS switches (also called transmission gates) have no
Vsg drop to worry about. Since their switches act like resistors, they are also
capable of passing current in either direction, which leads to the possibility
of producing multiplying DACs that can operate with positive or negative,
fixed or variable, reference sources. However, the limitation of the CMOS
process that inhibits the use of CMOS for complete converters has been the
lack of low-noise reference sources and gain (voltage-output) stages. Some op-
erational amplifiers have been produced using CMOS technology, but they
have fallen far short of the speed, stability, and low noise achievable with
bipolar op amps. However, CMOS technology allows complex logic
functions to be included on a converter chip, with very little additional power
consumption,

BiMOS is a generic term applied to several manufacturing processes that
combine bipolar and MOS transistors on one chip. This process is generally
considered to be the most promising technology for future generations of data
converters. It allows CMOS logic functions of low power and high density to
be produced on the same chip as precision low-noise, high-gain, high-speed
bipolar circuitry. Thus, it makes possible a complete converter with analog
signal conditioning, conversion, memory, computation, and digital data com-
munication—a ‘‘system-on-a-chip.”
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Hybrid technology has been an effective method for the merging of multiple
IC technologies in a single design—in order to produce a more complete func-
tion in a small package. Many have believed that, as monolithic technology
progresses, hybrid technology must outlive its usefulness. However, quite the
opposite is true. As monolithic technology has advanced, it has provided the
hybrid designer with an increasingly large inventory of devices to choose
from. Thus, hybrid technology will always have a place in converter manufac-
ture, because it will always make possible higher performance and more com-
plete functionsin a single small package.

8.2 BIPOLARD/A CONVERTERS

The earliest integrated circuit d/a converters were manufactured using bipo-
lar technology; they included only the basic core of a complete DAC—the
array of switches and resistors to-set the weight of each bit (Figure 8.1a). The
1408 and a later, higher-speed derivative—known as the DAC-08—fall into
this category.

These converters are produced by several manufacturers and are available at
very low cost. However, they require many additional external components
in order to be usable in a system design (Figure 8.1). These external compo-
nents include several resistors, a reference, a latch, an output operational am-
plifier, possibly a compensation capacitor, and usually one or more trimming
potentiometers,

Converters like the 1408 were limited to 8-bit accuracy by the matching and
tracking limitations of diffused resistors. The ability to match diffused resis-
tors is limited by the definition of the resistor geometries in the photolithog-
raphic process, and post-fabrication adjustment is not possible. Furthermore,
the temperature coefficient of diffused resistors is quite high, so that resistors
which may match at room temperature could drift apart at other tempera-
tures, causing degraded accuracy. When higher accuracy is desired, lower-
tempco resistors are needed, and some means of post-fabrication adjustment
is desirable,

Thin-film resistors exhibit low temperature coefficients and can be trimmed
by use of a laser; they are well-suited for use in data converters. Thin-film
resistors are manufactured using several different materials—silicon-
chromium, nickel-chromium, and tantalum nitride are the most common.
The resistor material is deposited on substates of ceramic, glass, or silicon,
depending upon the manufacturer.

Hybrid converters have been manufactured with discrete switches and laser-
trimmed thin-film resistor networks for quite some time. However, it was not
possible to combine these components on a single monolithic chip (and thus
produce a monolithic 12-bit DAC) until the late 1970s.
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Figure 8.1. Anearly bipolar-process d/aconverter design.
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12-Bit DAC
The Analog Devices AD562 was originally manufactured using a variation of
hybrid manufacturing known as ‘“‘compound monolithic integration,” in
which two IC chips were mounted in the same package without the traditional
substrate for mounting and interconnection. Instead, the two chips were de-
signed so that a set of wire bonds between the two chips (in addition to the
usual ones to the package pins) were all that were necessary to assemble a 12-
bitaccurate DACin an IC package.
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Figure 8.2. First12-bit 2-chip DAC.
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In the original AD562 (Figure 8.2), one chip contained the resistor network
(including bit weight-setting resistors and output gain-setting resistors), and
the other contained the reference control amplifier and the current switches
for the 12 bits. As the processing matured, the manufacture of larger chips
became more practical. The two chips of the original ADS ere merged into
a single-chip version, which has since become available from other sources

(multi-sourced); it became the first 12-bit DAC qualified by the U.S - Depart-

mentof Defense unider MIL-M-38510.

Adding a Reference

While the ADS562 was the first 12-bit IC DAC, and embodied the solution to
some extremely difficult design problems, it was still really only a building
block, since it lacked latches, a reference, and an output amplifier. Shortly after
the two-chip AD562 was introduced, a version with a third chip was de-
veloped. The third chip was a 2.5-volt bandgap reference. This made the DAC
function more complete. The resulting product, known as the AD563, also
became quite popular and eventually made the transition to a monolithic de-
vice (Figure 8.3).
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Figure 8.3. 12-bit bipolar-p‘rocess DAC with additional 2.5-V reference.

Increasing the Speed

Another problem with the AD562 was that, while reasonably fast, it lacked
sufficient speed for many applications; its settling time bordered on the slow
side of the mystical 1-microsecond mark. Later advances in switch design and
Zener-diode fabrication led to a higher-speed DAC, designated the AD565
(later followed by the AD565A). The bit switches used in this design are much
smaller than those used in the AD562, allowing a substantial reduction in chip
area and increasing the yield of good chips per wafer. The new switches also

2l
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operate faster, with a factor-of-five improvement in settling time (Figure 8.4),
from 1 microsecond to 200 nanoseconds. Furthermore, the switches have an
internal threshold for 5-volt logic compatibility, reducing power consump-
tion and eliminating the need for a separate logic power supply.

INPUT DRIVE
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INPUT DRIVE
0TO 5 VOLTS

OUTPUT SIGNAL
1 DIVISION=1LSB

HORIZONTAL SCALE
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b. Settlingtime.
Figure 8.4. Full-scale transition and settling time of the AD565A.

Another improvement in the ADS565 (Figure 8.5a) is the replacement of the
bandgap reference by a buried-Zener type. The buried Zener differs from the
conventional surface Zener in that the breakdown occurs below the surface
of the chip. This frees the Zener from possible instabilities induced by migra-
tion of ions at the surface, as well as noise induced by imperfections at the
silicon/passivation interface. The buried Zener also exhibits lower noise than
the bandgap reference.

The AD565 retains the same pin configuration as the earlier AD563, allowing
drop-in replacement in most applications with improved performance and
lower price. An AD562-compatible version of the same chip is offered and
is designated the AD566 (Figure 8.5b).

Adding Latches

While these products offer 12-bit resolution and linearity, additional external
components are necessary to apply them in systems. Specifically, latches are
needed for the digital bus interface, and an output amplifier is needed to con-
vert the output current to a more universal—hence more useful—output volt-
age, without the use of external precision components.
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Figure 8.5. Fast monolithic 12-bit bipolar-process DAC.

The evolution we are describing, towards the complete 12-bit bipolar DAC,
progressed along two dimensions. The problem of adding the latches was sol-
ved in the AD567. This device is fundamentally similar to the AD565A, but
includes latches implemented in an emitter-coupled logic form with TTL
compatibility. These latches (Figure 8.6) are capable of accepting data in 4-bit
nybbles, 8-bit bytes, or full 12-bit words from a bus.

The double-buffered arrangement of the latches allows the complete data word
to be assembled in the first rank of registers, then transferred to the second
rank, which drives the actual DAC inputs. This prevents invalid partial data
(when using buses less than 12 bits wide) from reaching the DAC and generat-
ing spurious outputs during assembly of the complete data word. The latches
are operated by independent address lines, gated with the Chip-Select and
Write control inputs. The AD567 can operate with CS and WR pulses as short
as 100 ns, and the current output settles to within %2 LSB in less than 500 ns.
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Figure 8.6. Functional block diagram of 12-bit current-output bus-interfaceable DAC.

Output Amplifier

At the same time that the AD567 was being developed, an output amplifier
compatible with the process used to manufacture this family of DACs was de-
veloped, with the goal of integrating the amplifier on the same chip as the rest
of the DAC. Certain design tradeoffs were possible in this amplifier. For ex-
ample, since the inputs are always at ground potential, CMRR can be com-
promised. However, high open-loop gain is necessary in order to preserve 12-
bit linearity, and dc parameters (offset voltage, offset drift, bias current, and
bias-current stability) must be commensurate with 12-bit performance. Set-
tling time should be as fast as possible with minimal overshoot and ringing.

Such an amplifier was first used in a monolithic voltage-output version of the
DACS80 family of 12-bit DACs. The DAC80, a complementary-coded DAC,
was originally produced in hybrid technology, with separate switch-,
resistor-, reference-, and amplifier chips inside the hybrid package. It later
was produced using only three chips—a 6.3-volt reference, a complementary-
coded 562-type DAC chip, and an output amplifier. Now, the monolithic AD
DACB80 is produced with a modified AD565-type chip, complementary logic,
the 10-volt reference re-scaled to 6.3 volts, and the added output amplifier
(Figure 8.7). The advent of the monolithic AD DAC80 also made possible
low-cost plastic packaging of the device.

Putting It All Together

The DACS80, however, still cannot be considered a complete DAC, since it
lacks latches for bus interface; and its complementary logic is inconvenient,
though not difficult, to deal with. The AD667 (Figure 8.8), introduced in
1984, tops the evolutionary chain described here; it is a complete, general-
purpose, fast, bus-compatible 12-bit DAC on a single chip. The monolithic



8.2 Bipolar D/A Converters

b. 3-chip version.

c. Completely monolithic versioninceramic and plastic packages.

Figure8.7. Evolution of the DACS0.
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chip bears a strong resemblance to the AD567, but includes the output ampli-
fier that was used in the monolithic DACS80. Its applicability is enhanced by
its availability in a variety of package forms: plastic and ceramic DIPs—and
ceramic leadless chip carriers for surface mounting.

The AD667’s positive-true digital data inputs are compatible with both TTL
and 5-volt CMOS logic. Divided into 3 4-bit quads, they accept input data
in a sequence of 4-bit nybbles from 4-bit buses; (8 + 4) or (4 + 8)-bit bytes (left-
or right-justified—see Figure 8.9) from 8-bit buses; and 12 bits in parallel
from 12-or 16-bit buses.

The inputs are double-buffered—this means that the converter may be up-
dated when all 12 bits have been loaded, avoiding spurious analog output
values. The control signals may be arranged for automatic updating when the
full 12-bit word has been loaded. In addition, the double buffering makes it
possible for a group of DACs to be updated simultaneously or in any desired
sequence after having been loaded asynchronously by any of the above
schemes. Since the latches are triggered by logic levels, rather than edges,
they may be hard-wired in a transparent mode.

The on-chip 10-volt ( + 1%) reference, which the user may externally jumper
to the device input, with typically 1 mA to spare, may also serve other devices
or as a system reference. The output voltage may be pin-programmed for bi-
polar outputs of £2.5V, =5V, or =10V, and unipolar outputs of +5V or
+ 10V, at up to 5 milliamperes. A current booster may be connected inside
the output op-amp’s loop for high-current applications (e.g., line driving).

The use of precision high-speed bipolar current-steering switches and an on-
chip high-speed output amplifier results in a 10 V/ps slew rate and output-
voltage settling time of 3 s maximum to within + % LSB for a 10-volt change;
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for 1-bit changes, typical settling time is 1ps. The digital latch responds to
strobe pulses as short as 100 nanoseconds, allowing the device to be used with
fast microprocessors.

As an example of the specifications of a “universal” DAC, available in a
number of performance options, all versions of the AD667 have guaranteed
monotonic behavior over the specified temperature range. The AD667K 0°C
to +70°C) and AD667B (—25°C to + 85°C) guarantee maximum linearity
error of +% LSB at +25°C and maximum differential and integral linearity
errors of +12 LSB over temperature. Initial gain error is 0.2% of full scale
(max) and offset is 2 LSB (max), while maximum temperature coefficients are
+ 15 ppm of full-scale range per °C for gain, *3 ppm/°C for offset, and =+ 10
ppm/°C for bipolar offset, »

8.2.1 COMPLETE8-BIT DACS

Although the 12-bit DAC has arrived, it should not be forgotten that it once
epitomized the goal of a supreme achievement in IC converter design, having
the capability of resolving to 1 part in 4,096 and dealing in specifications ex-
pressible in tiny fractions of 1%, or even in parts per million. There are many
applications that call for specifications that are far more modest in nature, eas-
ily satisfied by an 8-bit d/a converter capable of interfacing with an 8-bit bus,
aslong as it is complete, compact, low in cost, fast, easy to use, and of accuracy
commensurate with its resolution.

The primitive 8-bit bipolar d/a converters mentioned earlier have historically
been mere building blocks from which to build the DAC function. Devices
like the 1408 and DAC-08 require many external digital and analog compo-
nents, and adjustments, in order to perform what should be a relatively simple
function. The need for a complete 8-bit DAC function was satisfied in 1980,
with the introduction of the AD558 DACPORT™, an 8-bit DAC which can
be considered truly complete (Figure 8.10).

It contains a precision voltage reference, an output amplifier, a latching regis-
ter with nor’d CHIP SELECT and CHIP ENABLE inputs, for efficient
microprocessor interfacing, and a precision DAC circuit.

Laser-trimming at the wafer stage eliminates any need for external adjust-
ments; all versions are monotonic over temperature, and calibration accuracy
is guaranteed over the full temperature range to within + 1LSB at full scale
or zero (“K’’ and “T”’ versions).

Truly microprocessor-compatible, the device will run from the same single
supply used by the host microprocessor, at any voltage from +4.5V to 16.5V,
with a choice of two output ranges: 0 to 2.56V (10 mV/bit) and 0 to 10V (39.1
mV/bit, for Ve = 11.4V). Settling time to full scale (Figure 8.11) is typically
0.8 s towithin %2 LSB (2.56-V range).
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Keys to the Complete 8-Bit DAC

The block diagram (Figure 8.10) shows the elements of the AD558, which
was—and remains—a triumph of circuit design, processing, and trimming
technology, much of it patented.

First, its design is fully integrated, rather than a collection of stock circuits.
This results in a small chip (hence better yield and lower cost), low dissipation
(hence better performance over temperature, and a wider range of applica-
tions), and a compact pinout (only 16 pins, hence improved reliability and a
smaller footprint).

Second, the use of Bipolar/I’L, bandgap-reference, and thin-film-on-silicon
technologies provide these important benefits: I°L (integrated injection logic)
permits efficient use of a single chip for digital and high-performance analog
circuitry; bandgap reference provides tracking reference voltage with low
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tempcos, excellent long-term stability, and low-V ¢ operation; and thin-film-
on-silicon permits stable, linear, trimmable resistors to be fabricated for high-
accuracy conversion,

Finally, the device is automatically laser-trimmed at the wafer stage. This
technology results in converters that are fully calibrated—ending rejections
in expensive packages and requiring no user trims, even when bought as chips
for use in hybrid circuits—and monotonic over the entire operating tempera-
ture range.

Easy to Interface

The low-current logic inputs, set for TTL threshold voltage, can be operated
by TTL or low-voltage CMOS over the entire operating Vcc range. The 100-
WA maximum current minimizes bus loading.

The input latches simplify interfacing to 8- and 16-bit data buses. The latches
are controlled by CS (Chip Select) and CE (Chip Enable) inputs (as mentioned
earlier), internally nor’d so that the latches transmit input data to the DAC
section only when CS and CE are both at logic zero. When either of the control
inputs goes to logic 1, the input data is latched into the registers and held until
both are again returned to zero. If the application does not involve control of
inputs from a common data bus, both control inputs can be tied to 0 for
transparency. '

The AD558 acts like a ““write only” location in memory. It can double up with
a ROM slot, with no interaction; or, if doubled up with read-write memory,
the memory will retain the word written into the DAC and can read it back
without disturbing the DAC. Typical connections to a pP are shown in
Figure 8.12.

8.3 CMOSDACS

As mentioned, CMOS technology has emerged as a superior process for pro-
ducing low-power logic functions. In addition, CMOS transmission gates can
be used as switches for the analog signals in DACs and ADCs.

A A
<’ ADDRESS BUS )
ADDRESS
DECODER
nP .
1 s
MEMW L cel ADsss e vour

DATA BUS

- o

WEMW - CE _
DECODED ADDRESS SELECT PULSE — CS

Figure 8.12. Typical microprocessor interface to 8-bit DAC.
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The AD7520 10-bit multiplying DAC, introduced in 1974, was the first com-
mercially produced CMOS DAC. It was the progenitor of an entire family of
devices, from 8 to 16 bits in resolution, and including both D/A and A/D con-
verters. The original design has since been revised to take advantage of smal-
ler-geometry devices, and the AD7520 itself has been superseded by the
AD7533.

8.3.1 CMOS D/ACONVERSION

Early commercially available monolithic d/a converters were principally pro-
cessed by conventional bipolar linear processing techniques. Before 1974,
when the AD7520 was introduced, 10-bit conversion had been difficult to ob-
tain with good yields (and low cost) because of the finite B of switching de-
vices, the Vgg-matching requirement, the matching and tracking require-
ments on the diffused-resistance ladders, and the tracking limitations caused
by the thermal gradients produced by high internal power dissipation.

All of these problems were solved or avoided with CMOS devices. They have
nearly infinite current gain, eliminating 3 problems. There is no equivalent
in CMOS circuitry to a bipolar transistor’s Vg drop; instead, a CMOS switch
in the on condition is almost purely resistive, with the resistance value con-
trollable by device geometry. The temperature-tracking problems of diffused
resistors were solved easily: they weren’t used.

The R-2R ladder is composed of 2-k{}/square silicon-chromium resistors (a
10-k{} resistor has a very manageable length/width of 5:1), deposited on the
CMOS die. While the absolute temperature coefficient of these resistorsis 150
ppm/°C, their tracking with temperature is better than 1 ppm/°C. The feed-
back resistor for the output amplifier is also provided on the chip to ensure
that the DAC’s gain-temperature coefficient is better than 10 ppm/°C—by
sidestepping the absolute temperature coefficient of the network.

Finally, the low on-chip dissipation of only 20 mW (including the dissipation
of the ladder network), in conjunction with the excellent tracking capabilities
of the thin-film resistors, minimizes linearity-drift problems caused by inter-
nally generated thermal gradients. Low dissipation also helps to minimize the
power and cooling requirements for circuitry that the AD7520/AD7533 is
used in.

Figure 8.13 shows a functional diagram of the d/a converter, which employs
an inverted R-2R ladder. Binary-weighted currents flow continuously in the
shunt arms of the network; with 10V applied at the reference input, 0.5 mA
flows in the first, 0.25 mA in the second, 0.125 mA in the third, and so on.
The Iourt: and IoyT; output buses are maintained at ground potential, either
by operational-amplifier feedback, or by a direct connection to common.

The switches steer the current to the appropriate output lines in response to ‘
the individually applied logic levels. For example, a “high” digital input to
SW1 will cause the 0.5 mA of the most significant bit (MSB) to add to Ioyr;.
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Figure 8.13. Functional diagram of CMOS d/a converter, with Vger = 10.01 V. Bits 5
through 9 of 10-bit device are omitted for clarity.

When the digital input is “low,” the current will flow through “IoyTs.” If
IouT: flows through the summing point of an operational amplifier and Ioyt)
flows to ground, then “‘high” logic will cause the nominal output voltage of
the op amp to be — (0.5 mA) x (10kQ}) = — 5V, for a positive reference voltage
of 10V, while “low” logic will make the contribution of Bit 1 zero. With all
bits on (i.e., “high”), the nominal output will be —9.99V. With all bits off,
the output will be zero.

Linearity errors, and—more important—their variation with temperature,
are affected by variations of resistance in both the resistors and the switches.
As we have seen, the resistance-network tracking is excellent. However, it is
natural to expect that the switches, while tracking one another, will not track
the resistance network. With identical switches having realistic resistance
values (say 100 ohms), one would expect that, as temperature changed, the
variation of resistance in the series legs would transform the network into an
R-nR network, with n sufficiently different from 2 to destroy the binary char-
acter of the network and cause the converter to become non-monotonic.

The key to the linearity of the AD7520 is that the geometries of the switches
are tapered so as to obtain on resistances that are related in binary fashion,
for the first 6 bits. Thus, the nominal values of switch resistance range from
20 ohms for the first bit, 40 ohms for the second bit, through 640 ohms for
the last 5 bits. The effect is, as can be seen in Figure 8.13, to provide equal
voltages at the ends of the 6 most-significant arms of the ladder (0.5 mA X 20
ohms=0.25mA X 40 ohms =10mV). Since this drop is, in effect, in series
with the reference, it causes an initial 0.1% scale-factor (‘‘gain’’) error, which
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is well within the specifications but does not affect the linearity. Since the
switches tend to track one another with temperature, linearity is essentially
unaffected by temperature changes, and the gain drift is held to within the
10 ppm/°C specification.

Ten-bit linearity could, of course, have been obtained by scaling the on resis-
tance of all the switches to a negligible value, say 10 ohms, but the switches
would have required very large geometries, which would result in a 30 percent
to 50 percent larger chip, at a substantial increase in cost.

Figure 8.14 illustrates one of the 10 current switches and its associated inter-
nal drive circuitry. The geometries of the input devices (1 and 2) are scaled
to provide a switching threshold of 1.4V, which permits the digital inputs to
be compatible with TTL and CMOS. The input stage drives two inverters (4
&5, 6 & 7) which in turn drive the N-channel output switches.

+VDD —G
1L 3 CURRENT FROM LADDER
al= "}'] AP+ s Y
8] I 9 |
ON

iy oL —Lrgn! o
DIGITAL OFF OFF
INPUT _>'—"_|Ef %Ef HE{
2
JL ¢ TOlour, TOlour,

BUS BUS

Figure 8.14. CMOS switch used in the AD7520 family. Digital input levels may be TTL
orCMOS.

8.3.2 EQUIVALENT CIRCUIT

Figure 8.15 shows the equivalent circuit of the AD7533 at the two extremes
of input, all inputs “high” (a), and all inputs “low” (b). Vrgr (or Irgp, if a
current reference is used) sees a nominal 10-k(} resistance, regardless of the
switch states. The current source, Ixgr/1,024, represents a 1-LSB current loss
through the 20-k(} ladder-termination resistor, shown in Figure 8.13. Ron,
in this case, is the equivalent resistance of all ten switches connected to the
IouT: bus () or the Igyt; bus (b). Current-source Ijkg represents junction-
and surface-leakage to the substrate. Capacitors Coyr; and Coyr are the out-
put capacitances-to- ground for the on and off switches. Cgp is the open-switch
capacitance.

The 1,000:1 ratio between Ry qq4er and Rop provides a number of benefits, all
related to the small voltage drop across Ron:

¢ Vrer can assume values exeeding the absolute-maximum CMOS rating,
Vbp. For example, Vrgr could be as large as + 25V, even if the DAC’s Vpp
rating were only +17V.
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Figure 8.15. Equivalentcircuits of 10-bit CMOS d/a converter.

* The nonlinearity temperature-coefficient depends primarily on how well
the ladder resistances track. Since Roy is only a small fraction of Ry, gqer, any
Ron tracking errors will be felt only as 2nd- and 3rd-order effects.

* The same argument holds true for power-supply variations. Any change of
switch on resistance, as the power supply changes, will be swamped by the
1,000:1 attenuation factor. Power-supply rejection is better than 1/3 LSB per
volt,

o If Vggris a fast ac signal, the feedthrough coupling via Cgp, the open-switch
capacitance, will be negligible, again because of the 1,000:1 voltage step-
down. The parasitic capacitances from Vgrgr to Iy and IgyT, comprise the
major source of ac feedthrough. Careful board layout by the user can result
inless than Y2 LSB of ac feedthrough at 100 kHz.
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Since the on resistance depends only on value of Vpp, not the current through
the switch, and the resistance network is unaffected by Vggp, the full-scale
output current (all bits “high’’) is nominally Vgrgg/10.01 kQ, less the ‘“con-
stant” current losses shown in Figure 8.15. This means that IoyT is almost
perfectly proportional to Vggr over the whole range from — 10V to + 10V.
Equally important, the conversion linearity error (0.05%) is independent of
the sign or magnitude of Vggr.

The extremely low analog-linearity error at constant digital input results in
excellent fidelity to the input waveform, which suggests some interesting pos-
sibilities for the AD7520 family in the calibration and control of gain in signal
generators, high-fidelity amplifiers, and response-testing systems.

The AD7520/7533 architecture is easily extended to 12-bit resolution by
merely adding additional switch cells and resistors. However, in order to
achieve consistent yields to 12-bit linearity, it is necessary to use error-correc-
tion techniques. The AD7541/ the first CMOS DAC to offer 12-bit linearity
and monotonicity, is schematically identical to the AD7520 and AD7533 with
additional switches and resistors (Figure 8.16); but laser trimming at the
wafer level adjusts the bit-weight ratios to the accuracy required for 12-bit
performance.
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I | I 35 I ReeepBack
O

BIT 1 (MSB) BIT 2 BIT 3 BIT 12 (LSB)
DIGITAL INPUTS (DTL/TTL/CMOS COMPATIBLE)

Logic: A switch is closed to IgyT1 for
its digital input in a "HIGH" state,

Figure 8.16. Functional block diagram ofthe AD7541 12-bit CMOS DAC.

8.3.3 DIGITAL BUFFERING

We have already pointed out that the great advantage of CMOS is the ability
to embody complex logic functions without significantly increasing the chip’s
power dissipation. In a DAC, the most obvious logic function to add is the
digital bus interface. As an example of what can be done, Figure 8.17 shows
a family of bus-compatible 12-bit DACs based on the AD7541, each op-
timized for a particular bus architecture. The members of the family are:
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DEVICE INPUTWORDWIDTH BUFFERING
No. of Bytes X Byte Width Double/Single
AD7543 12 X 1 bit (bit-serial) Double
AD7542 3 X 4 bits (nybble-serial) Double
AD7548 1 X4 bitsand 1 X 8 bits (byte-serial)  Double
AD7545 1 X 12 bits (parallel) Single
AD7549 Dual 3 X 4 bits (nybble-serial) Double (dual DAC)

The AD7542 and 7543 are useful in applications where it is desirable to isolate
the DAC from the rest of the system. With fewer input lines, the expense of
wiring and optical isolators can be held to a minimum. Since these devices
are housed in small 16-pin single-width DIPs, they require little board space,
socket requirements are simplified, and system reliability is improved.

The AD7545 is designed to be used with 12-bit and wider buses. It accepts
the 12-bit input word and applies it to the DAC inputs directly. In these appli-
cations, it is not necessary to use double-buffering on the chip.

The AD7548 is intended for use in systems where the data bus is 8 bits wide.
The data can be presented to the DAC in either a right- or left-justified format
in two bytes. This device, like the AD7542 and AD7543, uses double buffer-
ing to prevent the generation of spurious analog outputs from intermediate
digital data.

A dual DAC, the AD7549, in which two DACs share the same bus, uses the
same 4-4-4 loading format as the AD7542, to allow the device to be packaged
in a 20-pin (0.3") DIP.

8.3.4 ANALOG CONSIDERATIONS

The analog connections for any of the CMOS DACs discussed above are essen-
tially the same. The output terminals are designed to be operated into ground
potential (or the virtual-ground terminal of an output op amp). The current
from each bit that is turned on is directed to the Ioyr terminal, which is con-
nected to the inverting input of an op amp. The output current flows through
the on-chip feedback resistor (which matches and tracks the ladder resistors)
to provide a voltage output at the output terminal of the amplifier.

It is important to note that the output amplifier must have low offset voltage
in order to preserve the linearity of the converter’s transfer function. This is
a rare example of two parameters which are usually independent actually in-
teracting. Figure 8.18 illustrates the nature of the problem.

Inverted-ladder CMOS DACs—with characteristic ladder resistance, R—
exhibit a code-dependent output resistance between ground and the amplifier
summing point, varying from R to 3R (and actually to infinity in the trivial
case of all bits turned off). This output resistance variation is not linear with
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code, since a single-bit code—other than the MSB—approaches 3R output re-
sistance, while codes with many bits turned on yield an output resistance
which approachesR.

Since the amplifier is operating with a variable source resistance and a fixed
feedback resistance (equal to R), the “noise gain,” applied by the op amp to
its own offset voltage, varies from 4/3 to 2. Since the worst-case gain changes
occur at the same codes as the worst-case differential linearity, it is important
to keep the error term (2/3 Vog) much less than one LSB. Therefore, ampli-
fiers with sub-millivolt offsets are required for 12-bit linearity.

VREF ETC

Figure 8.18. Modulation of op-amp circuit noise gain by CMOS DAC switches. In the
case of Vg, this can cause a code-dependent nonlinearity unless Vg is negligible.

It is possible in some applications to circumvent the need for high-quality am-
plifiers by operating the DAC in a voltage-switching mode, rather than the
current-switching mode (Figures 7.17 and 7.18). The AD7240 is designed to
be used—and is specified for performance—in the voltage-switched mode
(Figure 8.19).

In this mode, the terminal usually designated IouT becomes the reference
input. The terminal usually designated REF IN becomes the voltage-output.
This configuration removes the requirement for a low-offset output amplifier,
since the DAC impedance seen by the amplifier input is constant (and equal
to R). In applications where the load resistance driven by the DAC is high
relative to R, no buffering is needed. However, if lower impedance loads must
be driven, an amplifier configured as a voltage follower can be used. The volt-
age source connected to the reference input should have low dynamic imped-
ance, since it must drive a switched load.

This mode of operation offers another benefit. It is possible to operate a
CMOS DAC in the voltage-switching mode on a single power supply. How-
ever, the reference voltage range is small compared to that of current-switch-
ing DACs. The AD7240, for example, is rated for 12-bit linearity for a refer-
ence voltage of 1.2 Volts.
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Figure 8.19. Usinga CMOS DAC inthe voltage-switched mode.

Higher reference voltages will cause degraded linearity due to the reduced
drive available for the CMOS switches. The DAC is trimmed with the as-
sumption that the gate-to-source voltage is large. Since the gate is driven to
the positive-supply level, and the source is tied to the reference input, it can
be seen that an increased reference will cause problems. Furthermore; only
a positive reference can be used in this mode. A negative reference will for-
ward-bias a parasitic transistor in the DAC and could result in damage to the
device. This is not usually a problem in systems which use only a single posi-
tive power supply.
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The CMOS DACs discussed above all require external op amps in the current-
switching mode, and also—if buffering is required—in the voltage-switching
mode. As noted earlier, the chief disadvantage of using CMOS technology to
manufacture converter circuits is that the analog components (amplifiers, ref-
erences, etc.) have traditionally been of poor quality. CMOS references, for
example, generally exhibit higher noise and drift than bipolar devices. Ampli-
fiers made from CMOS have suffered from poorer noise, drift, and output
drive capability than bipolar units (the exception is the CMOS chopper-
stabilized type, which has very low offset drift—but it still has more noise and
lower drive capability than a bipolar type).

In many CMOS processes, a parasitic NPN transistor is formed, and great
effort is expended in order to minimize its effect on the circuit. However, in
the Analog Devices LC*MOS (linear-compatible CMOS) process—specific-
ally developed to permit both high-speed digital logic and precision analog
circuits to be integrated on the same chip—the NPN transistor, used to great
advantage, is the key to a DAC output amplifier with lower noise and higher
drive capability than a pure CMOS device.

The single-supply 8-bit voltage-output DAC, shown in Figure 8.20, is an ex-
ample of the performance achievable with the LC?MOS process. The AD7224
is a monolithic 8-bit CMOS microprocessor-compatible d/a converter in an
18-pin dual in-line package. Designed for a variable or fixed external refer-
ence, it is a complete voltage-output device, with double-buffered data inputs
and an on-chip output amplifier. Because of its low total unadjusted error—
less than 1 LSB over temperature (L, C, and U grade)—it requires no
adjustments.
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Figure 8.20. Functionalblock diagram of 8-bit, voltage-output CMOS DAC,
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Its high-speed logic allows direct interfacing to most microprocessors. The
double-buffered interface logic consists of an input register and a separately
enabled DAC register. This arrangement allows the input register to be up-
dated at the convenience of the microprocessor, while the DAC is updated
whenever necessary. As a result, a number of DACs can be primed separately
by the microprocessor, without changing their existing output levels, then en-
abled to deliver their new outputs simultaneously, or in a required sequence,
a useful feature in (for example) test equipment.

A low-dissipation device (typically 35 mW with a single supply), it will oper-
ate with either a single positive supply and a + 10-volt reference, or dual
supplies and a +2-volt to + 12.5-volt reference. The output amplifier can
develop 10 volts across a load of 2 kilohms. The device is available in six
grades, three temperature ranges, and 3 packages (including plastic).

8.3.5 MULTIPLE CONVERTERS

As low-cost converters have become increasingly more available, their use has
grown and they have made many new applications possible. Often, it is cost-
effective to add a converter in order to make an additional system feature
available. On the other hand, it is desirable to reduce the physical size of sys-
tems as much as possible. New IC packaging technologies are evolving, but
they are being primarily applied to digital circuits. Most linear and converter
circuits have performance that is more sensitive to packaging, and they have
remained in classical IC packages. Thus, the system designer is faced with the
problem of adding increasing numbers of converters in relatively large

packages.
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Figure 8.21. Functional block diagram of dual 8-bit monolithic DAC.
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In the interest of improving circnit density in systems using many DACs, sev-
eral multiple-DAC products have evolved. The task of packaging multiple de-
vices on a monolithic chip or hybrid substrate has been made easier by the
number of shared elements, from power supply to data and control buses.
These have made it unnecessary to substantially increase the pin count of the
chip or package each time a device isadded.

The earliest, designated the AD7528 (Figure 8.21), is a dual 8-bit current-out-
put device housed in a 20-pin single-width dual in-line package (DIP). The
ladder resistances of the two DACs are tightly matched in this device, a useful
feature in many applications. For example, it is possible to use the AD7528
inadigitally tuned state-variable filter.

Filter Application

The state-variable filter (or universal filter, as it is often called) is a convenient
second-order filter block. It provides simultaneous low-pass, high-pass and
bandpass outputs. All filter parameters can be readily adjusted. Figure 8.22
shows a typical filter circuit with expressions for center frequency, Q, and
gain for the bandpass output.
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Figure 8.22. State-variable filter.
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DACs As Parameter-Control Elements. If R1, R2 and R3, R4 are function-
ally replaced with matched DAC pairs the filter parameters can be made prog-
rammable, as shown in Figure 8.23. DACs Al and B1 control filter gain and
Q, while DACs A2 and B2 control center frequency (f,).
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Figure 8.23. Digitally controlled state-variable filter.

For the component values shown, the programmable range of Q is from 0.3
to 4.5 and is independent of f, (Figure 8.24a). Center frequency (f,) is prog-
rammable from 0 to 15 kHz (Figure 8.24b) and is independent of Q.
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Programming the Parameters. Since maximum digital gain setting corres-
ponds to minimum resistance, the input codes will be inverse with resistance
value for a given parametric effect. The graph in Figure 8.25a shows how the
circuit Q varies with DAC B1’s input code (proportional to R,, inverse with
DAC B1 gain); and Figure 8.25b shows how the center frequency varies with
DAC 2 (A and B) code for the component values given in Figure 8.23 (inverse

with V((R3 X Ry), direct with V(A2 X B2)gains.
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250 Converter Microcircuits

Gain variation alone, without affecting other parameters, is accomplished by
changing DAC A1’s input code. Unity gain occurs when the data in DAC Al
and DAC Bl latches is identical. Since the device’s logic inputs are TTL or
CMOS compatible, the DACs are readily interfaced to most microprocessors,
thus providing an ideal microprocessor-control interface.

Quad Voltage-Output DAC

In applications where the DAC is being used strictly as a digitally controlled
voltage source, rather than as a digitally programmable resistor replacement,
a dedicated voltage-output unit is generally preferred. As an example of a mul-
tiple voltage-output 8-bit DAC, Figure 8.26 shows the architecture of the
AD7226 quad 8-bit DAC, housed in a 20-pin single-width DIP.
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Figure 8.26. Functional block diagram of quad 8-bit CMOS DAC.

The four sets of latches are loaded via a common 8-bit data bus, under the
control of two address bits (A0, A1) and an active-low WRITE pin (WR). All
logic inputs are level-triggered and compatible with both TTL and CMOS (5-
volt). Because its logic-interface circuitry operates at high speed, the AD7226
is compatible with most 8-bit microprocessors; typically, all four channels can
be updated at 2 MHz, and a single channel can be updated at 8 MHz.

Each converter consists of an 8-bit R-2R ladder and its associated switches,
connected for operation in the voltage mode (Figure 8.27). The output of each
DAC is buffered by a short-circuit-protected on-chip CMOS follower ampli-
fier, capable of driving up to 5 mA of output current. Because the device oper-
ates in the voltage mode, with non-inverting buffers, a single supply (Vpp)
from +11.4 V to +16.5 V may be used for unipolar output. The table shows
the reference and output ranges for linear operation at each nominal supply-
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voltage level. Bipolar operation of the individual DACs is easily achieved with
the addition of one external amplifier and 2 matched resistors.

\ Vrer LIMIT OUTPUT RANGE
bD LOWER |UPPER
1ISV+10% | +2V |+10V 0TO +10V
12V +5% +2V | +7.5V Oto +7.5V

Multiple DACs of this type are useful wherever multiple voltages must be in-
dependently set by a digital source with resolutions of up to 1 part in 256. Ex-
amples include direct or incremental setting of test voltages, digital system-
trim adjustments, setting of window widths in comparator applications, digit-
al generation of multi-phase (e.g., 3-phase) sine waves, and setting of con-
stants in analog computing circuits. Other applications might include adjust-
ment of variable-capacitor voltage to tune multistage radio-frequency stages
of VHF and UHF receivers optimally under microprocessor control.
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Figure 8.27. Functional diagram of one section of quad DAC.

8.3.6 PARTIALLY DECODED DACS FORHIGHER RESOLUTIONS

All the CMOS DACs mentioned thus far use the R-2R ladder for setting the
individual bit-weights, some of the DACs use the current-mode ladder; others
use the voltage-mode ladder. Another topology which has become popular is
the segmented architecture. In the R-2R ladder, it is necessary to have very
tight matching between each bit and the sum of all the lesser bits in order to
maintain monotonic operation. In the segmented design, however, these re-
quirements are relaxed considerably, making monotonic high-resolution con-
verters more practical.
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Segmentation (see Figure 7.15) can be used in either the voltage or current
mode. Its use in improving DAC resolution is somewhat easier to visualize
when considered in the voltage mode.

In Figure 8.28, the 4 most significant bits of the input word are decoded to
select one of 16 segments of the reference voltage, Vrgra — VrErL, defined
by a pair of adjacent taps on a string of 16 resistors. To Vggrr, must now be
added the fraction of the segment determined by the 12 lower bits. The chosen
segment is buffered and applied to a second voltage division—this time by a
12-bit R-2R-type DAC, operated in the voltage mode; the position within the
segment is selected by the lower 12 bits of the input digital word. The fraction
of the segment thus chosen, added to Vggpr., gives the total output.
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Figure 8.28. 16-bit segmented DAC architecture.

This voltage-segmentation technique was first used in the AD7546, a 16-bit
monolithic voltage-output DAC with broadside input data latches for inter-
facing to 16-bit microprocessors (Figure 8.29). It employs a 12-bit R-2R
DAC, operated in the voltage switching mode and supplied with a reference
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voltage from a 4-bit segment DAC under the control of the four most-
significant bits. A monolithic CMOS device, the AD7546 offers outstanding
differential-nonlinearity specifications, headed by +0.0015% (16-bit
monotonicity) for premium grades. An on-chip analog switch, synchronized
with the latch loading signal, is provided for use with track/hold circuits for
deglitching.
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Figure 8.29. Functional biock diagram of 16-bitsegmented DAC.

The top four bits are decoded to select, via the segment switches, one of the
16 voltage segments available along the resistor chain. This voltage segment,
(VReF+ — VREF-)/16, is buffered by external follower amplifiers and used as
a voltage reference for a 12-bit R-2R-type d/a converter operating in the volt-
age switching mode. When the segment voltage is applied to Vx and Vy, the
output of the d/a converter may be expressed as follows:

Vour = Vy + D(Vx-Vy) 8.1
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where D is the fractional analog value of the lower 12-bit digital code, Vy is
the upper segment voltage and Vy is the lower segment voltage. The 12-bit
d/a converter’s reference inputs, Vx and Vvy, are connected to the two buf-
fered resistor-chain nodes, which define the segment of interest; the 12-bit
DAC interpolates between the voltages at these two points.

In this way, the 65,536 output levels available from the 16-bit DAC are di-
vided into 16 groups of 4,096 steps each. Since the largest output value from
the 12-bit DAC doesn’t exceed the minimum value of the next segment, the
16-bit DAC has to be monotonic—if the 12-bit DAC is itself monotonic.
Thus, the monotonicity of the 16-bit DAC is limited by that of the resistance-
ladder 12-bit converter; while these devices are reliably manufacturable with
good yields, ladder-type converters for higher resolutions, approaching 16
bits are not yet fully feasible—hence the use of two-stage conversions.

The AD7546 has a 16-bit-wide internal latch to facilitate microprocessor in-
terface. Signals CS and WR have the same interpretation (chip select and write)
as in normal microprocessor systems. When both CS and WR are low the
input latches are transparent, and the DAC output voltage follows the input
data. With CS low, the input data is latched on the rising edge of WR.

Also included on the chip is an SPST switch intended for use in a track-hold
circuit to remove glitches from the DAC output and simplify low-pass filter-
ing of the reconstructed output voltage. The switch is synchronized with the
latch loading signals; it is open when both CS and WR inputs are low. The
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Figure 8.30. Deglitching a 16-bit DAC.
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internal logic of the AD7546 ensures that the switch opens before data to the
latches can change.

To function as a track-hold, the switch is connected in series with the DAC
output, as shown in the Figure 8.30, with pin 24 as the input and pin 22 as
the output. Pin 23 is a pin with no internal connections 5 its purpose is to serve
as a guard. It should be connected to the output to minimize any feedthrough
resulting from stray capacitances at the two switch terminals. When the
switch is open, the Hold capacitor stores the previous output voltage of the
DAC. The WR pulse should be of sufficient duration to allow the DAC to
settle to its new analog output and for all glitches to have settled out. Driving
the WR input from a one-shot will ensure sufficient settling time.

Itis interesting to note that the external amplifiers used with the AD7546 need
not be particularly accurate to preserve monotonicity. Switches $17-20 are
used to insure that the same amplifier that buffers the top of one segment is
also used to buffer the bottom of the next segment. Thus, the transfer func-
tion of the DAC remains monotonic, even if the amplifiers have large offsets.
However, integral linearity will be degraded by large amplifier offsets,
since—depending on which segment is selected—the size of each segment will
be equal to the nominal segment size, plus or minus the difference of the op-
amp offsets.

In the AD7546, the amplifiers are left as external components to be added by
the user, since amplifiers with sufficiently low noise for 16-bit applications,
not possible with the CMOS process technology of the early 1980s, could not
be integrated on the same chip as the rest of the DAC circuit.

8.4 BiMOS DAC TECHNOLOGY

In addition the use of standard bipolar and CMOS technologies in the manu-
facture of IC data converters, the new combinational technologies, BIMOS
IT1and LC?MOS, have been chosen to implement some of the new high-resolu-
tion converters at Analog Devices. The table outlines the relative strengths
and weaknesses of the various technologies.

While development is under way on many general-purpose converters using
LC?>MOS or BIMOS I1, at this writing, existing designs are still implemented
in bipolar and CMOS. Bipolar seems to be more capable of high accuracy and
long-term stability, but CMOS is more versatile, in that it can operate more
easily in a 4-quadrant multiplying mode. Bipolar devices are typically faster,
but CMOS devices require much less power. The bipolar process has more
versatile analog components available, for implementing reference circuits
and amplifiers, but the CMOS process has high-quality digital components
available for implementing on-chip logic, control, and storage functions.

The Analog Devices BiMOS process is an advanced, all-implanted, n- well
process, which offers a combination of both high-speed-low-power CMOS
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logic and high-speed-low-noise analog circuitry. It is ideally suited to the
manufacture of monolithic data converters, since complex digital functions
and high-precision linear circuitry can both be included on a single chip. The
first product manufactured with this process was the AD569 16-bit DAC.
Like the CMOS AD7546, it uses the segmented architecture to achieve 16-bit
monotonicity, but with less-stringent matching requirements in the resistor
network (Figure 8.31).

COMPARISON OF ICDAC TECHNOLOGIES
BIPOLAR CMOS BiMOSII LC?*MOS

Switches

Speed Excellent Good Good Good

Stability Excellent  Fair Good Good

Accuracy Excellent Good Good Good

Power High VeryLow VeryLow VeryLow
Resistors

Diffused Silicon Fair Fair Fair Fair

Deposited Thin Film  Excellent  Excellent Excellent Excellent
References Excellent Poor Good Fair
Multiplying

Capabilities Poor Excellent Excellent Excellent
Amplifiers

Speed Excellent Poor Excellent Good

Accuracy Good Poor Excellent Good
Logic

Speed Good Good Good Good

Power Poor Excellent Excellent Excellent

Size Fair Good Good Good

The AD569 has two cascaded 8-bit resistor strings, each with 256 taps. The
8 most significant input bits select the segment of the first string, and the
lower 8 bits select the tap within that segment by use of the second resistor
string. Since it is only necessary that each string be monotonic to 8 bits, resis-
tor matching requirements are easily achieved without trimming of any kind.
Thus the AD569’s transfer function is monotonic to 16 bits without trimming
of any kind. Integral linearity error is held to less than 0.02%.

Gain and offset errors are minimized in the AD569 by use of separate force-
sense connections between the reference and the first resistance divider.
Without these Kelvin connections, errors would arise from the parasitic resis-
tances encountered in circuit-board tracks, package pins, and internal bond
wires. While these errors may seem small, it is important to remember that,
at 16 bits, 1 LSB on a 10-volt spanis a mere 153 microvolts.
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Figure 8.31. Double-buffered sixteen-bit monolithic d/a converter.

Unlike the AD7546, the AD569 includes high-precision buffer amplifiers on
the same chip. These amplifiers reject common mode and achieve extremely
high linearity in the follower mode by the use of a new circuit architecture
which uses both bipolar and MOS transistors. Speed is not compromised in
these amplifiers—output settling to 0.001% is typically 6 microseconds for a
full-scale step. Furthermore, the AD569 can be used in a multiplying mode
with reference signals of up to several hundred kilohertz.

The logic interface of the AD569 includes a set of double-buffered input regis-
ters. The control signals allow the first rank registers to be loaded from either
an 8-bit or a 16-bit bus, followed by a transfer of the data from the first rank
to the second.

The latches are controlled by four input signals: high-byte enable (HBE), low-
byte enable (LBE), and load DAC (LDAC), all of which are internally gated
with chip-select (CS). All control signals are compatible with all standard
5-volt logic families. The functioning of the control signals is shown here:

CS LBE HBE LDAC OPERATION
1 X X X None—DAC Deselected
0 0 1 1 Load first-rank low-byte latch
0 1 0 1 Load first-rank high-byte latch
0 1 1 0 Load second-rank latch from first rank
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The control signals can be tied together and more than one latch can be ena-
bled at one time. For example, when loading directly from a 16-bit wide bus,
HBE and LBE may be tied together and both latches enabled simultaneously.

8.5 HYBRID DACS

Digital-to-analog Converters have participated in a general progression from
board (or module) form to hybrids, and then to monolithics. Hybrid and
monolithic technologies share much in common—package size and manufac-
turing costs are similar and compare favorably with assembly of the DAC
function in discrete form, as well as providing much higher reliability.

Hybrid construction allows several technologies to be combined in a single
small package to provide a function which cannot be implemented in any
existing monolithic technology. For this reason, it is unlikely that the advent
of future IC technologies will bring about the demise of hybrids. Instead, hyb-
rid suppliers will be able to combine these new technologies with other, older
IC technologies in order to provide more-complex functions in a small phys-
ical area. Simply stated, the availability of more-advanced and more-powerful
IC processes will make possible more-advanced and more-powerful hybrids.

For example, consider the evolution of the 12-bit DAC function. The first
mass-produced modular 12-bit DACs consisted of a large number of discrete
components to implement the various building blocks, such as switches, out-
put and reference amplifiets, and resistance ladders. As monolithic technol-
ogy progressed, operational amplifiers and arrays of matched switching trans-
istors and level shifters became available in monolithic form. Thin-film resis-
tor networks also became available. These were then used in modular conver-
ters to improve reliability dnd reduce manufacturing costs. Available in un-
packaged chip form, these IC functional building blocks fostered economical
manufacture of hybrid converters that were functionally as complete as the
modules but with higher reliability and requiring much less physical space.

One of the most-popular 12-bit DACs is the DACS80, now available from sev-
eral manufacturers in monolithic form (Figure 8.7). The original DAC80 was
introduced in the mid-1970s as a hybrid device comprising 11 chips in a hyb-
rid package. The 11 chips were: three 4-bit switch arrays, two operational am-
plifiers, two resistor networks, a Zener diode in chip form, two clamp diodes,
and a chip capacitor. In 1978, when monolithic technology had progressed
to the point where it was possible to combine the switch and resistor network
functions on a single chip, a three-chip DAC80 was introduced. The three
chips in this design included a reference chip, an output amplifier, and the
switch/resistor/control-amplifier chip.

The newer design offered performance identical to that of the original
DACS0, but with a tremendous improvement in reliability and at much lower
Cost.
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Then, in 1983, the first single-chip DAC80 became available. It, of course,
provided further cost reduction and reliability improvement, compared to the
three- and eleven-chip hybrid versions. Finally, in 1984, this popular device
was offered in a low-cost plastic DIP package. Thus, the DAC80 has evolved
from a relatively high-cost hybrid to a high-volume commodity IC.

While this evolution is often used as an example to show the impending ob-
solescence of hybrid manufacturing, it is important to remember that the
single-chip DACS80 can be used in chip form in hybrid designs. When com-
bined with devices which are incompatible with the IC process used to pro-
duce the DAC chip (such as high-power drivers or MOS memory or logic
functions), it is possible to produce more-complex functions in a package
whose size is comparable to the monolithic, increasing the functional density
available to the system designer.

A good example of the increase in functional density made possible by hybrid
technology is found in the AD390 Quad DAC (Figure 8.32), which is based
on the AD567 monolithic current-output DAC with its on-chip latches. The
AD3567 DAC chip requires only an op amp to convert the output current to
a buffered output voltage. Normally, the AD567 is housed in a 28-pin DIP
package. However, the AD390 contains four of these DAC's and their output am-
plifiers, as well as an additional op amp to buffer the reference input, in a pack-
age which is the same size as a single AD567. Six address inputs allow any
of the DAC registers (or any combination of registers) to be loaded from a 12-
bit parallel bus.

The truth table indicates the functions available for various combinations of
levels on the control bus.

CS1 CS2 CS3 CS4 Al A0 Operation

No Operation
No Operation

Enable 1st rank of DACI
Enable 1st rank of DAC2
Enable Istrank of DAC3
Enable 1st rank of DAC4

Load DACI (second rank) from first rank
Load DAC2 (second rank) from first rank
Load DAC3 (second rank) from first rank
Load DAC4 (second rank) from first rank
Alllatches transparent
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This device is especially useful in applications where many d/a converters are
needed, but space is not available for a large number of IC packages. One such
application is in automatic test equipment, where large numbers of DACs are
used for waveform generation, level setting, and threshold setting, yet it is
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Figure 8.32. 4-channel 12-bit digital-to-analog converter.

desirable to fit the tester in as little floor space as possible. Another application
is in automatic calibration of instruments and systems, where the cost of man-
ual adjustment and/or maintenance would be prohibitive.

At the time of publication, no manufacturer of monolithic devices had yet
demonstrated the ability to produce a component with functional density and
performance comparable to those of the AD390 hybrid. Of course, should this

occur, a hybrid manufacturer would be able to use four of these chips in a
hybrid.

8.6 INTEGRATED-CIRCUIT ADCS

As has been pointed out in an earlier chapter, many circuit techniques have
been developed, and several are in widespread use, for converting analog sig-
nals to digital form. Of these techniques, the successive-approximation
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method has become the preferred approach for performing this function in
general-purpose applications, owing to its reasonable speed and resolution for
a given amount of circuit complexity. Figure 8.33 is the block diagram of a
successive-approximation converter:

ANALOG COMPARATOR
U
s;g:m{ FS = ANALOG INPUT
_ +1/16 FS
6/8 -
ANALOG
REFENENOR D/A CONVERTER
4/8 =
DIGITAL
ouwur"t ? f T 11? T
SHIFT REGISTER,
START CONTROL LOGIC, 28
CONVERSION AND | & STATUS
OUTPUT REGISTER (BUSY)
l—. SERIAL QUTPUT

TEST TEST  TEST
CLOCK CLOCK QUTPUT MSB  BIT2 BIT3

Figure 8.33. Successive-approximation a/d converter.

Both bipolar and CMOS technologies have successfully been employed
to produce monolithic d/a converters. The addition of the logic, clock, and
comparator blocks to complete the a/d conversion function has been accom-
plished in both technologies, but—as we shall see—with somewhat different
approaches.

8.6.1 BIPOLARPROCESSING WITH I’L

The bipolar process is certainly capable of producing both the DAC and com-
parator functions. Bipolar technology is also used to fabricate many popular
logic families, such as TTL and its derivatives. However, there are significant
differences in the processes used for linear bipolar circuits and digital bipolar
circuits. For example, bipolar digital circuits are generally designed for rela-
tively low voltage operation (typically 5 volts), and the process is thus tailored
for low breakdowns and high speeds. Linear circuits, on the other hand, need
a wider supply spread in order to accommodate larger signal swings and
achieve reasonable dynamic range. The higher breakdowns generally dictate
larger geometries and lower speeds.

Since their objectives seem incompatible, it is therefore difficult to produce
both high precision linear circuits and logic functions on the same chip using
either the standard linear bipolar or the standard bipolar logic process by it-
self. A different process must be used.

Anapproach that has been very successful is the addition of the logic functions
to a predominantly linear chip using the integrated-injection logic (I2L) proc-
ess. This process allows reasonably dense logic to be included on the same
chip as high-breakdown precision linear circuitry. This process was used in
the production of the AD571 monolithic 10-bit ADC in the late 1970s.
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The I?L process is particularly useful in manufacturing ADCs because only
asingle additional diffusion step is required beyond those used in the standard
linear process. Furthermore, this diffusion does not interfere with the other
steps in the process, so the analog circuitry is unaffected by the addition of
the logic. The tradeoff between I°L operating current and speed makes con-
version times in the 2-3 microsecond-per-bit range possible with manageable
amounts of supply current (and thus tolerable power consumption).

Unlike most logic families, the I’L family uses multiple fan-out connections
(multiple collectors) in a wired-or fashion rather than multiple fan-in connec-
tions (multiple emitters). This means that the IC designer must re-think the

interconnection concepts, but the basic logic functions are still the same
(Figure 8.34). '

(ISR

CONVENTIONAL MULTIPLE FAN-IN LOGIC

I2L MULTIPLE FAN-OUT LOGIC

Figure 8.34. Comparing multiple fan-in logic with I?L’s multiple fan-out logic.

The simplicity of I°L logic compared to conventional TTL logic is amply il-
lustrated with a moderately complex function, such as a D-type flip-flop (Fig-
ure 8.35). The equivalent of six NAND gates is required to perform the func-
tion—in TTL, the four input gates require three components—two active and
one passive—while the two output gates require nine components—five ac-
tive and four passive—for a total of 30 components (a). The I*L flip-flop re-
quires only seven active components, since each multiple-collector transistor
is a complete NAND gate (b). The reduction in area is even more impressive
because of the simplicity of interconnection (c). I?L technology is therefore
ideal for implementing a complex logic function such as a successive-approxi-
mation register.
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8-and 10-Bit ADCs

The 8-bit AD570 and 10-bit AD571 (Figure 8.36) employ the I2L process to
perform the SAR function. Each is a completely self-contained converter with
internal clock, voltage reference, laser-trimmed DAC, and three-state output
buffers. No external components are required to perform a full-accuracy con-
version in less than 40 microseconds. The three-state output buffers are open
whenever the blank/convert command is in Blank, or during a conversion; im-
mediately after a conversion they come on and present data.
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The AD570 and ADS571 are well-suited to applications where direct bus inter-
face is not required. Where needed, the newer 10-bit AD573 and 8-bit AD673
(Figure 8.37), which use two additional package pins, provide bus-interface
capability.

12-Bit ADCs

A logical extension of AD571-based technology is into the 12-bit area. But
going from 10 bits to 12 bits requires more than adding two more switches,
resistors and register states. In order to attain true 12-bit accuracy and stabil-
ity, larger (and often many more) components must be used in critical loca-
tions. For example, trimming a resistor to +0.006% ( = ¥4 L.SB at 12 bits) re-
quires larger trim areas than would be necessary to trimto =0.24% (= LSB
at 10 bits). Transistors need to have larger geometry for more predictable
performance.

The ADS574A is a complete 12-bit successive-approximation analog-to-digital
converter with 3-state output-buffer circuitry for direct interface to an 8-, 12-,
or 16-bit microprocessor bus. The AD574A design is implemented with a
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Figure 8.37. Block diagram of 10/8-bit a/d converter, capable of interfacing with 8- or
16-bitbuses.

single LSI chip containing both analog and digital circuitry, resulting in
maximum performance and flexibility at low cost.

Its introductory form, the AD574, which emerged as the industry-standard
12-bit ADCin the early 1980s, was manufactured using compound monolithic
construction, based on two chips—one an AD565 12-bit current-output
DAC, including the reference and scaling resistors, and the other containing
the successive-approximation register (SAR) and microprocessor-interface
logic functions, as well as the precision latching comparator. The block dia-
gram is shown in Figure 8.38.

In 1985, the device became available in monolithic form for the first time;
this made low-cost commercial plastic packaging possible. The transition
from the two-chip version to the single-chip version was not made until man-
ufacturing yields on the larger single chip reached economically viable levels.
In performance, the monolithic version is a direct replacement for the two-
chip device. A comparison of the physical appearance of the two devices ap-
pearsin Figure 8.39.

At the time this is being written, CMOS technology cannot provide either a
reference with comparably low drift or a high-speed comparator function.
Likewise, bipolar processes without compatible IL are incapable of provid-
ing logic which is both fast enough and low enough in power to manufacture
a574-equivalent.
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Figure 8.39. Monolithic and two-chip versions of 12-bit ADC compared.

8-Bit ADC with Simplified Logic and Instrumentation-Amplifier Input

Another bipolar-process approach to a general-purpose ADC is the AD670
8-bit, 10-microsecond unit. It uses a novel approach to perform the succes-




8.6 Integrated-Circuit ADCs 267

sive-approximation function. Rather than a string of D-type flip-flops con-
nected as a shift register, the AD670 uses a delay line consisting of 80 I°’L gates
to establish the timing sequences for the conversion. The delay-line SAR
eliminates the need for a well-controlled clock oscillator on the chip. The tim-
ing sequence of the conversion is established by generation of a pulse at the
beginning of a conversion and its propagation along the delay line, with taps
on the delay line at points which allow appropriate timing for register reset,
bit trials, DAC settling, and latching of data into the output registers. Figure
8.40isa block diagram of the AD670.
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Figure 8.40. Functional block diagram of complete 8-bit ADC, including differential
instrumentation-amplifier input.

The 80-gate delay line yields a total conversion time of 8-10 microseconds,
fast enough to digitize signals in a wide range of bandwidths. The analog input
section includes differential inputs capable of accepting input signals scaled
at 1 mV/LSB, yet protected against overvoltages of up to + 30 Volts. A preci-
sion 10:1 attenuator allows an alternate input range of 2.56 Volts full-scale
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(10 mV/LSB). Either unipolar or bipolar inputs are accepted, with output
coding software-selectable, as indicated in the table:

BPO/UPO FORMAT INPUT RANGE/OUTPUT FORMAT
0 0 Unipolar/Straight Binary
1 0 Bipolar/Offset Binary
0 1 Unipolar/Twos Complement
1 1 Bipolar/Twos Complement

The operation of the AD670 is controlled by the digital inputs CE, CS,R/W,
FORMAT, and UPO/BPO. Conversions are initiated by writing to the
ADG670 (CE, CS, and W active). The states of the FORMAT and UPO/BPO
inputs during the Write operation determine the input range (unipolar or bi-
polar) and the output digital data format (straight binary or twos comple-
ment). When the conversion begins, the STATUS line goes high to indicate
that a conversion is in progress. The high-to-low transition of the STATUS
line indicates that the conversion is complete and that data can be read.

The internal design of the AD670 is based on the AD558-type DAC (Figure
8.11). This architecture was chosen for its combination of speed and com-
pleteness as well as its ability to operate from a single + 5-volt power supply.
The circuit’s reference is a low-drift bandgap type, chosen primarily for its
low-voltage operation. A Zener-type reference would have precluded +5V
operation, since most Zeners produce output voltages higher than 5 Volts and
thus would require higher input voltages.

The input stage of the AD670 is a bipolar-input differential buffer amplifier,
with high common-mode rejection, even at high frequencies. This allows volt-
age to be measured in the presence of noisy grounds and dc common-mode
offsets, where a single-ended input ADC might require external signal condi-
tioning. Furthermore, many a/d converters in the same speed range as the
AD670 require a buffer amplifier between the source and the converter to de-
couple the converter’s changing input impedance during the conversion cycle
(see Section 12.1.7). The AD670, however, provides this buffering on-chip,
and presents to the source a resistive load of 10 kilohms (or several megohms
on the 256-mV range).

The bipolar process is thus useful when the complete converter function is
desired on a single chip. However, its versatility is limited by the availability
of logic functions which may be required in more exotic (and logic-intensive)
conversion algorithms. Although the linear functions (comparators and refer-
ences) available in the bipolar process have been demonstrated to be superior
to their CMOS counterparts, the digital functions are slower than CMOS, for
agiven power conspmption.

Various versions of the bipolar process are also used to produce very high
speed converters using the “flash’’ technique (Chapter 13). The flash a/d con-
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verter is implemented by comparing the analog input with voltage levels rep-
resenting the boundaries of each of the codes. For example, an 8-bit flash con-
verter uses a reference divider with 255 taps to establish comparison points
for each of 255 high-speed comparators. In this type of circuit, speed is the
most critical parameter for both analog and digital circuits, and power is a sec-
ondary concern. Therefore, bipolar processing is the most often used.

The higher-resolution converters using this circuit technique, along with spe-
cially developed high-speed fabrication processes, are available with up to 8
bits of resolution and many tens of MHz conversion rates. Present MOS pro-
cesses do not lend themselves well to the flash conversion technique, since the
usual power advantage of CMOS in the switching mode disappears when the
circuitry is operating in its linear range most of the time.

8.6.2 CMOS A/D CONVERTERS

For lower speeds, however, CMOS converters using the successive-approxi-
mation method can be easily produced. The successive-approximation ADC
requires logic to implement the SAR function, a DAC, areference, and a com-
parator. The digital circuit capabilities of CMOS are well-understood, mak-
ing the SAR and interface-control functions relatively easy to implement;
also, the suitability of CMOS to DAC manufacture was described in some de-
tail earlier in this chapter. The comparator and the reference are the circuit
elements which provide the biggest design challenges in CMOS converters.

Most CMOS converters are designed for use with an external reference, since
high-performance bipolar Zener and bandgap references are available at low
cost and offer lower drift and noise than most CMOS references. Further-
more, there are many applications which call for either external system refer-
ences or ratiometric conversion, for which an on-chip reference would be
superfluous.

Early CMOS ADCs included neither reference nor comparator functions.
Newer designs include the comparator function, and future designs, using
improved linear-compatible CMOS processes, may include the reference.

8-Bit A/D Converters

A good example of a successive-approximation converter implemented in
CMOS is the Analog Devices AD7574 (Figure 8.41a). It performs an 8-bit
conversion in 15 microseconds and interfaces easily to microprocessors, while
consuming only a few milliwatts of power.

The comparator used in the AD7574 is designed to resolve LSBs of a few tens
of millivolts and is normally used with a 10-volt full-scale range, established
by anexternal — 10-volt reference, e.g., alow-cost bandgap type.

A newer 8-bit ADC, the AD7576 (Figure 8.41b), uses the linear-compatible
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CMOS process (LC?MOS) to implement a somewhat different comparator
design, which allows the LSB size to be reduced—and both the input signal
and the reference to be positive with respect to ground, permitting single-sup-
ply operation. With a very low-cost external 1.23-volt bandgap reference, the
device accepts inputs with a 0-2.56-volt full-scale range.
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Figure 8.41. Functional block diagrams of uP-compatible CMOS 8-bit ADCs.

Like the earlier AD7574, the AD7576 uses an external resistor and capacitor
to determine the frequency of the clock oscillator. Except for the reference—
which may be a system reference or a voltage proportional to the signal’s full-
scale range (i.e., ratiometric)—no other external components are needed to
perform conversions, which are typically completed in 5 microseconds.
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Since the strength of CMOS lies in its ability to integrate logic functions, it
is not surprising that the AD7576 features several microprocessor interface
modes.

* Timing and Control. The AD7576 is capable of two basic operating modes
which are outlined in the timing diagrams of Figures 8.42 and 8.43. These
two operating modes are an asynchronous conversion mode and a synchron-
ous conversion mode. The selection of the required operating mode is deter-
mined by the status of the MODE pin. When this pin is HIGH, the device
performs conversions only when the required control signals (CSand RD) are
applied; with this pin LOW , conversions are performed continuously, and CS
and RD are used only to access the output data.
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Figure 8.42. Synchronous conversion mode timing diagrams.

* Synchronous Conversion Mode. In the synchronous conversion mode (the
MODE pin tied HIGH), the AD7576 will perform a conversion when re-
quested to do so by the microprocessor. Once the conversion is performed,
two interface options exist for reading the output data from the AD7576.

° Slow Memory Interface. The first of these interface options is intended for
use with microprocessors which can be forced into a WAIT state for at least
5 ps. The microprocessor starts a conversion and is halted until the result of
the conversion is read from the converter. Conversion is initiated by executing
a memory READ to the AD7576 address. BUSY subsequently goes LOW,
forcing the microprocessor READY input LOW, thus placing the processor
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in a WAIT state. When conversion is complete (BUSY goes HIGH), the pro-
cessor completes the memory READ. The timing diagram for this interface
isshown in Figure 8.42a.

The major advantage of this interface is that it allows the microprocessor to
start conversion, WAIT, and then READ data with a single READ instruc-
tion. The fast conversion time of the AD7576 ensures that the microprocessor
isnot placed ina WAIT state for an excessive length of time.

Many processors test the condition of the READY input quite soon after the
start of an instruction cycle. Therefore, in order for the READY input to be
effective in forcing the processor into a WAIT state, BUSY of the AD7576
must go LOW very early in the cycle.

* ROM Interface. An alternative interface option in the synchronous conver-
sion mode avoids placing the microprocessor into a WAIT state. In this inter-
face, conversion is started with the first READ instruction, and a second
READ instruction accesses the data and starts a second conversion. The tim-
ing diagram for this interface is shown in Figure 8.42b.

Conversion is initiated by executing a memory READ instruction to the
AD7576 address. Data from the previous conversion is also obtained from the
AD7576 during this instruction. This is old data; it may be disregarded if not
required. BUSY goes LOW during conversion and returns HIGH when con-
version is complete.

The BUSY line may be used to generate an interrupt to the microprocessor,
indicating that conversion is complete. The processor then reads the newly
converted data. Alternatively, the processor programming may be timed so
that the delay between the Convert Start (first READ instruction) and the
data READ (second READ instruction) is at least as great as the AD7576 con-
version time. For the AD7576 to operate correctly in the ROM Interface
mode, CS and RD should not go low before BUSY returns HIGH.

Normally, the second READ instruction starts another conversion as well as
accessing the output data. However, if CS and RD are brought LOW within
one external clock period after BUSY goes HIGH, a second conversion does
not occur.

* Asynchronous Conversion Mode. When the MODE pin of the AD7576
is tied LOW, the device performs continuous conversions, and the control
lines CS and RD are used only to read the data from the converter. The timing
diagram for this operating mode is outlined in Figure 8.43.

Data is obtained from the AD7576 by executing a memory READ instruction
to its address. The A/D process is completely transparent to the microproces-
sor and the AD7576 will behave like a ROM. Data may be read at any time,
completely independent of the clock. This is especially useful in internal clock
applications; the user does not have to worry about synchronizing the clock
with the READ line of the microprocessor.
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Figure 8.43. Asynchronous conversion-mode timing diagrams.

The data latches are normally updated by BUSY going HIGH. However, if
CSand RD are LOW when BUSY goes HIGH, the contents of the data latches
are frozen until CS or RD returns HIGH. This ensures that incorrect data can-
not be read from the AD7576. The output latches are updated when CS or
RD return HIGH and the converter is re-enabled. If CS or RD do not return
HIGH the AD7576 will stop performing continuous conversions, and will not
startagain until either line goes HIGH.

The advantage of this mode is its simplicity. The disadvantage of this mode
is that the data which is read is not clearly defined in time; however, it will
not be older than one conversion period. If this uncertainty is a problem, it
can be overcome by monitoring the BUSY line.

12-BitCMOS A/D Converters

Extension of the performance of CMOS successive-approximation a/d conver-
ters to 12 bits and beyond is limited by comparator performance. A significant
problem with linear CMOS comparators is that their offsets can be on the
order of tens of millivolts; while comparator offset normally produces a simple
offset in the converter, it is possible that anomalous behavior (i.e., missing
codes) will result if offsets are as large as tens of LSBs in an open-loop circuit
like a comparator.

Slower converter types, such as dual- and quad-slope units can tolerate slow
response times in their comparators—and/or lower bandwidths (which re-
duces total noise). Successive-approximation converters, however, need rela-
tively high comparator bandwidths if they are to convert in a reasonable
length of time.

A good example of a medium-speed CMOS successive-approximation a/d con-
verter is the AD7582 (Figure 8.44). A four-channel input device, it includes
the SAR and microprocessor interface logic, a clock oscillator, and a high-pre-
cision autozeroing comparator. It performs 12-bit conversions in 100 micro-
seconds with no missing codes.

The only passive components required are the autozero capacitor, Caz, and
timing components, Rey k., Cerxi and Cep ks, for the internal clock oscillator.



274 Converter Microcircuits

cAZ
(1) caz Voo 0 +15V
(2) AN o Vss O —~5V
ANALOG INPUTS
0TO +5V, (3) AN 1 N/C (26)
REFERRED TO
AGND (4) AN 2 A1 @5 pP ADDRESS
(5) AIN 3 a0 (29) BUS F;,%Lx
+5.0V O (6) Vaer  AD7582 CLK (23 &— "0 Vco
& < Quaw O Lo
-1 3.9nF
(8) DGND BYSL (21)
__ Ceikz
+5V O (9) Vec WR (20) 560pF
1P CONTROL
10) BUSY/DBY T8 (19) INPUTS 9
— Lo
(11) /o6 RD (18) - 1<
2l
(12) omBs DB8/DBO (17)—— 2% IN914
(13) o/pBa DB9/DB1 (16) V DGND
i4) DB11/DB3  DB10/DB2 (15—
WP 8-BIT
DATA BUS

Figure 8.44. Connectionsto a 12-bit4-channel CMOS a/d converter.

If the AD7582 is to be used with an external clock source, only Cpz is
required.

Between conversions (BUSY = HIGH), the converter is in the autozero
cycle. When WR goes LOW (with CS LOW), to start a new conversion, the
input multiplexer is switched to the selected channel, N, via address inputs,
A0, Al. The autozero capacitor, Caz, now charges to AINN ~ Vs, where Vg
is the input offset voltage of the autozero comparator.

A minimum time of 10 ps is required for this autozero cycle. In applications
using the internal clock oscillator, it is not necessary for WR to remain LOW
for this period of time, since a 10-ps delay is automatically provided by the
AD7582 before conversion actually begins. This is achieved by switching a
constant-current load across the clock capacitors, causing the voltage at the
CLK input pin to slowly decay from Vcc. It occurs after WR returns HIGH;
WR returning HIGH also latches the multiplexer address inputs, A0, Al (see
Figure 8.45).

The internal Schmitt-trigger circuit, monitoring the voltage on the CLK
input, ends the autozero cycle when its LOW input trigger level is reached.
At this point, the constant-current load across the clock capacitors is re-
moved, allowing them to charge towards V¢ via Rep k. When the voltage at
the CLK input reaches the HIGH trigger level, the constant-current load is
replaced across Ccp k) and Ccp k2. The MSB decision is made when the LOW



8.6 Integrated-Circuit ADCs 275

trigger level is reached. This cycle repeats 12 times to provide 12 clock pulses
for the conversion cycle.

The autozero capacitor should be a low-leakage, low-dielectric-absorption
type. To minimize noise pickup, the outside foil of the capacitor should be
connected to AGND. The offset voltage of the comparator is reduced to ap-
proximately 100 microvolts by the use of this autozero scheme. Input imped-
ance of the four analog input channels is very high, and no buffering is re-
quired for source impedances up to 2 kilohms. Full-scale is normally 5.000
volts, established by an external reference, and total erroris + 1 LSB, relative
to this reference.
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Figure 8.45. Operating waveforms - internal clock of AD7582.

8.6.3 HYBRID A/D CONVERTERS

Hybrid manufacturing technology is still quite often used for high-perform-
ance a/d conversion. As mentioned earlier, hybrid technology can serve as a
means for combining several monolithic device technologies in a small pack-
age. Hybrid is particularly useful when the technologies to be combined are
normally incompatible and cannot be integrated on a single chip.

An excellent example of the performance achievable with hybrid construction
isthe AD578 12-bit ADC (Figure 8.46).

The AD578 is a 12-bit successive-approximation a/d converter that uses
monolithic devices from incompatible process technologies to obtain op-
timized performance. For example, the DAC (an AD565) is manufactured
using an ion-implanted bipolar linear process—with laser-trimmed thin-film
resistors, to provide high linearity; the SAR logic is implemented using high-
speed CMOS for high speed at relatively low power; and the comparator is
a combination of a standard bipolar device and several discrete devices, to pro-
vide fast response from low overdrive, while maintaining low noise and high
accuracy.
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Figure 8.46. Block diagram of hybrid 12-bit ADC.

While it is possible for a skilled circuit designer to duplicate such a design
on a board— as part of a larger circuit—using packaged DAC, logic, and com-
parator devices, or even using surface-mounted chips, commercial hybrid
technology reduces such an assembly to the level of a single component, pro-
duced in large quantity, and thus achieving economies of scale. This reduces
the circuit board area requirements and provides a tested, characterized func-
tion at reasonable cost.

Similar advantages arise in the manufacture of high-resolution, video-speed
converters, since many components, which cannot be combined on a single
chip, can be combined in a hybrid package—offering very high performance.
Furthermore, it is generally easier to provide reproducible performance in a
hybrid layout than in a printed-circuit board, since the parasitic resistances
and capacitances tend to be lower (and more repeatable) in a hybrid package.
Further details of the applications of hybrid technology to video converters
will be found in Chapter 13.



Chapter Nine

I.C. Converter Design Insights

In Chapter 7, “Understanding Converters,” there is a hasty survey of conver-
ter design principles. In Chapter 8, there is a discussion of characteristics, ar-
chitecture, technology, and applications of a representative sampling of popu-
lar integrated-circuit converters. The intention of this chapter is to provide
more-detailed information on factors the designer must consider in the design
and construction of converters for high resolution and accuracy.

Why? In this day and age of monolithic 12-bit converters, it is unlikely (from
the standpoint of both cost and engineering effort) that a user would design
a converter, except to obtain not-readily available characteristics for a rather
special application. Even then, the designer would tend to use available
monolithic chips as critical design elements, to which would be added one’s
own resources of education and experience. Thus, it should not be our pur-
pose to give our readers a blueprint for constructing a copy of a popular IC
converter.

Rather, we are seeking here to create in the reader’s mind—perhaps in some-
what simplified and general form—an understanding of the problems faced
by designers of fixed-reference converters employing bipolar transistors, to-
gether with some of the answers that have since become classical (and often
patented) approaches.!

9.1 REVIEW OF D/A CONVERTER TECHNIQUES

A current-output d/a converter in effect sums the digitally selected outputs
of a set of binary-weighted current sources, as shown in the 6-bit example of

'Much of the material for this chapter has been adapted from the monograph, “Circuit Techniques for Monolithic
DACGs,” (1979), by A. Paul Brokaw, originally published by Analog Devices and now out of print.
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Figure 9.1. The DAC consists of a set of six binary-weighted current sources
and six switches. The switches are digitally controlled, one switch for each
bit. The switches channel the current flow either to the common output sum-
ming bus or to ground (in actuality, the grounded line could be used as a com-

plementary output).
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Figure 9.1. Functional schematic diagram of 6-bit current-summing DAC. Digital input
101101 resuits in 45uA current at output terminal.

The least-significant bit of the digital input (LSB) controls the current source
with a weight of 1A (2° wA). If the bit is 1, as shown, the current is switched
to the output line; if the bit is 0, the switch diverts the current to ground, and
zero current is added to the output line. Similarly, the second bit controls the
2A (2! wA) weight by means of the second switch (shown at 0, or off), the
third bit controls the 22w A current, and so forth.

The current sources are independent, so that the total output current is simply
the sum of those currents switched to the output bus. The figure shows the
switches responding to the binary code, 1 0 1 1 0 1, = 45,5 (i.e., 32 + 0
+ 8 + 4 + 0 + 1), transformed to 45uA. Each of the 64 unique code pos-
sibilities maps a binary number into one of 64 possible current values. The
code, 0 0 0 0 0 0, would result in zero output current, and the code,
11111 1, would result in an output of 63wA (64wA full-scale minus
1pnA).

Current, in Figure 9.1, is shown flowing from the bus toward the current
sources. The choice is arbitrary, but there are are two good reasons for having
done it that way. First, it is the preferred current direction for the actual struc-
ture to be developed, using NPN switching transistors; second, when used
with an inverting op amp, to constrain the output bus voltage, this DAC will
generate positive output voltage.

R-2R Ladder Networks

Although it is by no means the only method of producing them, the R-2R lad-
der is one of the most-often used starting points for generating a set of binary
currents. Its popularity stems from the fact that although it can be used to
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produce currents spanning a range of more than 1000:1, it can be made with
only two different resistance values (and even these can be constructed using
a single resistance value singly or in pairs). This is an extremely important
consideration in an integrated-circuit design, where only a limited range of
dependable resistor materials are available in a given circuit. Because of the
small range of basic resistivity, resistor values are determined largely by
geometry. The range of values is limited on the one hand by photolithographic
resolution and on the other by size, in relation to the size of both the chip and
the conductors with which a resistor must make contact.

As one might expect, the R-2R ladder consists of a collection of resistors with
values R and 2R. A single-element ladder, driven by excitation voltage, E,
is shown in Figure 9.2. Itillustrates that this circuit—which will be developed
into a more complex ladder—has a resistance 2R, as viewed from the excita-
tion, and that it divides evenly whatever currents flow into its input 21 =
E/(2R)) between the leftmost 2R leg (I = E/(4R)) and the 2R effective resis-
tance of the remainder of the circuit. Note that this is the same as the resis-
tance which appears at the network input.

R
S——AAN 1
oo Rin=R+—1——1-=2R
LN
21
2R 2R 2R " 2R
E‘“:F I|N=21=E/2R
fro i
L

Figure 9.2. Primitive R-2R network. Parallel 2R resistors divide the input current
equally; the series combination has a resistance 2R.

Since the resistance is the same, we could add another such network in place
of the external 2R, without disturbing the current in the other resistors. Fig-
ure 9.3 shows such a circuit. The circuit also looks the same when viewed from
the final 2R leg at the right toward the source; however, in order to keep I
in the right-hand resistors constant, the input voltage, E , must be doubled.

Rin = R + 2R PARALLELED BY PRIMITIVE NETWORK = 2R
iy = 41 = 2E/2R

Figure 9.3. Two-stage R-2R network. An additional shunt 2R and series R cause input
currents to divide evenly while preserving input resistance.
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With the currents flowing out of node B both equal to I, the current through
the right-hand R is 21. Since the currents through the 2R resistances at node
A have divided equally, the total current through the left-hand R is equal to
41. Thus, the currents through the 2R legs at nodes A and B are related by
afactor of 2. The extra ] in the right-hand leg terminating the network is avail-
able for further division if additional stages are added. The network can be
expanded in either direction. For example, if a shunt 2R is added at the left,
a current of 47 wll flow in it; a series R will bring the network resistance back
up to 2R, and doubling the input voltage to 4E will permit the same currents
to flow throughout the rest of the network.

It should be noted that the voltages at the nodes ar also related by factors of
2, since each node is a division point between two equal resistances, equal to
R. Thus, the voltage at node A, in Figure 9.3 is equal to 2E/2, and the voltage
at node B is equal to 2E/4. These voltages can be used as the weighting for
converters of types other than the ones to be described here.

The expansion process can be repeated as often as we wish by simply adding
a parallel 2R resistor and series R resistor. After each addition, the input resis-
tance of the network will remain unchanged. Each new 2R leg will carry twice
the current of the leg to its right. When the network has been expanded to
the desired number of 2R branches, it can be driven directy without the need
for an additional series resistor, as shown in the generalized n-leg network in
Figure 9.4, where the terminating resistor, at the extreme right, is considered
to be an unused zero-order leg.

R R R R R

2R

2
* 2iny +

R

oln-2)E

2in-2)4
Py [

eeo L 4 - - A8 4

Figure 9.4. Ann-stage R-2R ladder provides n binary-weighted currents.

The basic properties of the ideal R-2R network are that it has a constant im-
pedance, regardless of the number of stages, and that each added stage oper-
ates at twice the current (and voltage) of the previous one. This ease of design
and expandability, when coupled with its limited requirements on resistance
range, further explain its popularity.

Getting the Currents Out

The network of Figure 9.4 does a fine job of producing binary currents; how-
ever, they’re all locked up in a closed system. How do we bring them out for
use in an application like that shown in Figure 9.1? In Figure 9.4, all the 2R
legs are returned to the same voltage, using a common connection. For the
‘network to make the currents available for switching and summation, the re-
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sistors must all be returned to the same voltage, but not necessarily to the same
point in the circuit.

In the circuit of Figure 9.5, the 6-stage ladder is the same, but turned upside
down (series legs at the bottom) and driven with negative voltage. The 2R legs
have been returned to the emitters of a set of transistors having a common
base connection. Neglecting (for now) small differences in base-emitter volt-
age among the transistors, we can assume that, since the Vgg’s are equal, the
network is terminated with approximately the same voltage at the upper end
of each leg. As a result, the network will behave as described earlier, produc-
ing binary-weighted currents which flow as the emitter currents of the transis-
tors. The collector currents will be slightly less, being reduced by the finite
common-base current gain (o). Nevertheless, if the transistors are all integrat-
ed on the same chip and have the same geometry, we can assume that their
as match, hence the emitter currents will be reduced in the same proportion
at the collector for all transistors, and the collector currents will therefore re-
tain their binary relationship.

U T A T A R
SEPESESES N

+
16E + Vgg

Figure 9.5. Common-base transistors terminate the ladder resistors with (approxi-
mately) equal voitages while making the binary weighted currents available as
outputs.

Since the excitation voltage must be applied to the common base line instead
of directly across the network, the desired excitation must be increased by
the expected voltage drop between the common base line and the emitters,
i.e. 3 VBE-

In practice, this circuit has several weaknesses. They will be discussed short-
ly. First, let us consider how the currents appearing at the transistor collectors
are to be switched off and on and summed.

Switching

Having shown how the current sources of Figure 9.1 might be developed, we
now consider how the switching can be accomplished. One of the most
successful approaches is through the Craven cell*, consisting of a differen-
tial NPN current switch controlled by a differential-PNP level translator
(Figure 9.6).

*U.S. Patent 3,961,326
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Each of the current sources of Figure 9.5, except the rightmost terminating
resistor, will have a switch similar to that shown in Figure 9.6. In the switch-
ing element (cell) shown, the lower NPN transistor is one of the current-
source transistors; its collector current is one of the binary weighted currents.
That current is directed to the common emitters of a pair of NPN transistors,
operated so that one of them is normally conducting all the current from the
weighting network (on) and the other one is off.

LOGIC
THRESHOLD
~1.2V

LOGIC
INPUT

OUTPUT

COMMON

€ 4

% % INTERNAL BIAS LEVEL

BINARY WEIGHTED

* CURRENT FROM
TERMINATED
LADDER

Figure 9.6. Craven cell switches bit-weight current under control of standard logic
input.

When the transistor at the left is on, it conveys the weighted current to a line
which is connected to all the switches and makes up the output signal, as in
Figure 9.1. When the right-hand NPN is on, the ladder current is diverted
to another line, which is common to all the switches, generally used as the
“ground”’—or signal return—Iline, but sometimes used as a complementary
output (i.e., an analog output representing the complement of the digital
input word).

The bases of the NPN switches are referred to an internal bias voltage level.
Its value is somewhat critical; it must be more negative than the output-line
compliance voltage, to avoid saturating the switches, but it must also be more
positive than the base line of the current-source transistors, to prevent them
from saturating. The NPN pair is switched by driving the base of one of them
slightly (300mV to 600mV) positive with respect to the bias rail, while allow-
ing the other base to be held at the bias potential by the associated resistor.

The drive voltage for the bases of the NPNs is generated by a positive bias
current, which is controlled by the pair of PNP transistors. One of them is
referred to the desired logic threshold (about 1.4V for TTL). The logic signal



9.1 Review of D/A Converter Technigues 283

is applied to the other PNP. If it is substantially above the threshold, it is to
be treated as a logic 1; if substantially less than the threshold, it is treated as
alogicO.

When the input is logic 1, the Iy, will flow through the left-hand PNP and
develop a positive voltage at the base of the corresponding NPN, causing it
to carry the current from the current-source transistor to the output bus.

When the input is logic 0, [p;as Will flow through the right-hand PNP and
cause it to turn on the right NPN, which will steal the weighted current from
the output and direct it to the common “‘ground’’, or the complementary
output.

In junction-isolated monolithic circuits, the PNP transistors will be lateral
structures. Since they are included in the signal path, these reputedly slow
devices might normally be expected to severely limit switching speed. In this
application, however, they are greatly overdriven and are not required to set-
tle accurately before switching of the NPNs can be completed. Craven cells
of this general configuration can be made to switch in 50 to 60 nanoseconds.

Output Current Scaling

The last few figures have shown how binary-weighted currents can be ob-
tained, how they can be made available from the network, and how they can
be switched on and off the output bus. Until now, we’ve skirted the issue of
how the excitation voltage can be set and maintained at just the proper level
in a monolithic circuit. The problem is made challenging by the requirements
to add the base-emitter (Vgg) voltage to the excitation voltage (Figure 9.5) and
to compensate for the emitter current lost because o < 1. |

In addition it is worth noting that, when the Craven cell is used, the current
passes through a second NPN transistor. Even if this transistor were to match
the current-source transistor, current from the R-2R ladder is reduced to o
of its original value before reaching the output,

The circuit of Figure 9.7 addresses the problem of how the full-scale value
of DAC output can be stabilized at a desired predetermined value. We con-
tinue to assume that the available output currents are in descending binary
ratio, so that if the excitation voltage is set so as to adjust the MSB current
to half the full-scale value, the other currents will automatically be at the
proper level.

The key to accurate referencing is to use the ability of feedback circuits to
compare a parameter (regulated variable) to a desired value and to adjust a
related parameter (manipulated variable) electronically until the desired level
is equalled.

In the case of the current-output DAC, it is inconvenient to make direct meas-
urements of the individual output currents, due to the complications of
switching and current summing on the output bus. However, since a series
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Figure 9.7. Switched-current DAC. Feedback loop precisely quantifies reference cur-
rent, to which the output currents are ratiometrically matched.

of ratiometrically matched output currents is being produced anyway, very
little incremental effort is required to provide an additional reference current ,
which will track the other currents and provide a representative feedback sig-
nal.* The circuit is arranged so that this current will accurately match the
MSB current; and a feedback circuit will be used to adjust the excitation volt-
age until this reference current is equal to the desired value of the MSB.

In the circuit of Figure 9.7, the R-2R network has an additional 2R section
at the left, connected to an additional common-base transistor to form a cur-
rent source. This resistor-transistor combination is carefully matched to the
resistor and transistor used to produce the MSB current. Since the excitation
is applied to the two circuits in identical manner, the MSB current will be
well-matched to the reference current, whatever the actual value may be.

The output of the reference transistor is passed through a second transistor,
which is connected as a cascode and models the switching transistors; the two
functions it performs are to insure that the collector of the reference transistor
is at very nearly the same voltage as the collectors of the other current sources
and to provide compensation for the current loss due to the « of the transistor
that switches the MSB, so that the reference current, Irgg, will match that
of the switched MSB.

The amplifier at the left is essentially an inverting op amp; its summing point,
held by feedback at nearly 0 volts with respect to common, is at the (+)input
because of the voltage inversion inherent at the collector of the reference
transistor. The precision voltage, Vgrgp, and the associated resistor, RggF,
develop a current, Irgr = Vrpp/RrEr, and the amplifier adjusts the base line
to whatever voltage is necessary to duplicate Iggy through the collector of the

*U.S. Patents 3,803,590 and 3,978,473
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cascode transistor, irrespective of «, Vg, and their variations with tempera-
ture. As long as the MSB current through the switch closely tracks the current
through the collector of the cascode transistor, the MSB current will also tend
to be equal to Vrer/RREF.

Variation in the initial resistance of the R and 2R resistors is of little conse-
quence, so long as they remain in the proper ratio. This immunity extends
to wafer-to-wafer variations due to semiconductor processing, so long as the
entire circuit is fabricated uniformly.

Since the driven excitation voltage is the voltage between the base line and
the bottom of the R-2R ladder, a viable variation of the circuit of Figure 9.7
is to fix the common base line of the transistors at a constant voltage and drive
the bottom of the R-2R ladder from the amplifier output (reversing the inputs
to the op amp). This arrangement requires that the amplifier supply the total
R-2R ladder current, instead of just the transistor base currents, but it has
certain advantages relating to the dynamic performance of the feedback loop,
a “plus” with fixed reference and a vital necessity for a multiplying DAC
(one that permits a variable Vygg).

Correcting Vgg Differences

By the use of the reference loop, we have corrected significant errors due to
a and voltage drops in the excitation-voltage circuit. A remaining error
source, which can be quite significant when good resolution or good multiply-
ing performance is required, is inherent in the differences in base-emitter
voltage between the current-source transistors of Figure 9.5.

The nature of the problem. For example, suppose that the current-source trans-
istors are all well-matched to one another. Then their base-emitter voltages
will differ, since they are operating at different current levels. That is, as we
move from left to right in Figure 9.5, each transistor ideally operates at one-
half the current of the one to its left. Since base voltage and collector current
are logarithmically related, the transistors will have progressively smaller
base-emitter voltages. The difference in the voltages means that the individual
legs of the ladder do not terminate at the same voltage, and our analysis of
the ladder breaks down. The output currents will not be in an exact binary
ratio, and the DAC will have errors determined by the ratio of the offset volt-
age between the emitters to the voltage across the 2R legs.

It’s quite possible to eliminate the offset without being required to examine
itin detail. However, a detailed examination will lead to better understanding
of the solutions, as well as—in fact—a better understanding of bipolar transis-
tor circuitry—an appropriate tutorial goal for this chapter.

Consider two identical transistors, connected as shown in Figure 9.8, with
base drive Vgg; and Vpg, and sufficient positive collector voltage (+ V) to
avoid saturation. We will want to keep tabs on the collector currents and the
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Figure 9.8. Collector currents and base voltages in transistor pairs.

difference in base voltage, symbolized by the meters. The transistors will be
assumed to operate in the range of currents described by the relationship,

I.= Is(quBE/kT_l) 9.1

where 1. is the collector current, Vgg is the base-emitter voltage, I is the sat-
uration current for a transistor with a particular geometry and doping, T is
absolute temperature, and q/k is equal to 11,605 kelvins/volt. Inasmuch as an
integrated-circuit transistor, operating at—say—100uA, may have a Vg of
about 0.65V at room temperature, where q/kT = 39/V, the exponential factor
in the equation will be of the order of 10! , and the “— 1” term is negligible.
This simplifies (9.1) to

I, = I,e3VBekT (9.2)

Using this approximation, we can readily investigate the effect of operating ‘
matched transistors at different currents. If we establish the two collector cur-
rents at I.; and I, by adjusting Vg, and Vgg,, then the ratio of the two cur-
rentsis

Icl I quBEl/kT

Ic2 182 quBEzlkT (9'3)

Setting I;; = I; (since the transistors are matched), and taking the logarithms
of both sides

In(Z¢1/1c2) = (V1 — Vg2 KT 9.4
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Hence, the difference between the Vgg’s depends on the log of the current
ratio,

AVgE = VE1 — Ver2 = (KT/Q)In(ly/1.,) 9.5)

To relate this expression to the problem of Figure 9.5, assume that the cur-
rents in the transistors are in a binary sequence. Then the ratio of collector
currents in any two adjacent transistors will be 2, and the resulting difference
in their base-emitter voltages can be calculated from (9.5) as

AVggp = (KT/q)In 2 | (9.6)

which, at room temperature, will be about 18mV. If the fraction obtained by
dividing 18mV by the excitation voltage impressed across the R-2R ladder is
comparable to the resolution of the DAC, a serious differential-linearity error
will result. For example, suppose that the excitation voltage is 6.2V; then
18mV is about 0.003 of full scale, which would be a significant fraction of 1
LSB of 8 bits (for resolution of about 0.004),

In the design of integrated circuits, this error may be avoided or minimized
in several ways. The oldest, and still one of the best—from the standpoint of
performance—is to equalize the current density in the current-source transis-
tors that terminate the R-2R ladder.

The multiple-emitter approach. In the equations associated with Figure 9.8 the
transistors are assumed to be of equal area, so that the ratio, I/, is equal
to unity. If one of the transistors is larger than the other, this will not be so.
For example, if Q2 has twice the emitter area of Q1, then it will have twice
the saturation current (I, = 2 I;), and equation 9.5 changes to

AVgg = (KT/q) In(2 I1/1) (9.7)

If the currents are in a binary relationship, i.e, I, = 2/, then AVgg will
be zero. This suggests that we can eliminate the difference between the emit-
ter voltages of each pair of adjacent transistors by making the transistor with
the greater current have alarger area.

It may be simpler to think in terms of passing current I through one transistor
and sharing the 21 current in two parallel transistors. Assuming that the trans-
istors all match, each of the parallel transistors will carry a current equal to
I, and their base-emitter voltages will all be equal. Since the bases are com-
mon, the emitter of the transistor carrying I will be at the same potential as
that of the pair sharing 27, and these legs of the ladder will be properly termi-
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nated. Continuing in this way, the next leg, carrying current 4/, should be
terminated in four parallel transistors, each operating at a current I, and
soon.

In the transistors used for integrated circuits, extra emitters can be embedded
in an enlarged base region. If these emitters are connected in parallel, the
base, collector, and multiple emitters of the resulting device will behave like
complete transistors in parallel. Figure 9.9 is a cut-away view of a typical inte-
grated-circuit transistor made with four minimum-sized emitters. These
emitters can be paralleled by the aluminum intraconnect to yield a transistor
with a saturation current which is four times that of a single-emitter device.
At a given Vg, this device will yield four times the collector current of a
single-emitter device.

Figure 9.10 illustrates the use of multiple emitters to obtain equal current
density, and therefore equal base-emitter voltage, in the transistors terminat-
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Figure 9.9. Junction-isolated NPN transistor with multiple emitter sites.
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Figure9.10. Equalizing current density equalizes emitter voltages.
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ing a ladder. In the right-hand transistor, each emitter carries a unit of cur-
rent. In the next transistor, two emitters share two units. In the following
transistors, 4 emitters share 4 units of current, 8 emitters share 8 units, etc.

It’s that “etc.” that brings out the trouble with this solution. For example,
in a 12-bit DAC, the weight of the MSB is 2,048 times that of the LSB. This
means that the emitter area of the MSB transistor must be more than 2,000
times as large as that of the LSB transistor. Since the minimum emitter size
is limited by photolithography, the large device will be very large indeed! This
single transistor would be larger than many complete monolithic circuits.
Moreover, although the other weighting network transistors would be smal-
ler, they would not be small.

As a result of this problem, solutions involving current-density equalization
by multiple emitters are not often used for DACs having more than 4 or 5 bits.
A common practice is to divide a high-resolution DAC into quads (4-bit
DACs)* and then combine their outputs with a second weighting network.
For example, a 12-bit DAC function can be realized by making three DACs
of 4 bits each and properly combining their output currents in a weighting
network.

This solution is shown in simplified form in Figure 9.11. The DAC on the
left supplies the four most-significant bits. The DAC in the middle supplies
the next four bits. Its actual full-scale output is the same as that of the first
four bits. To reduce the weight of these bits in the final output signal, the cur-
rent is attenuated by a factor of 16. Similarly, the right-hand DAC controls
the four least-significant bits. In order for them to have the proper weight in
the overall current, the output of this four-bit DAC is attenuated 256 times.

1 f

1/2mA F1/AmA |1/8mA

1/2mA [1/4mA [1/8mA 1/2mA | 1/4mA |1/8mA

15R 255R
ouTPUT

R
R COMMON %

Figure 9.11. 12-bit DAC comprising 3 DACs of 4 bits each plus inter-quad dividers.
With the switches as shown, the current available at the output will be:
IOUT = (1 +Va+ Vet %3) mA + (1/16)(0)
+(Yase)(1 + V2 + Va + Y8)mA = 1.8823 mA.

*U.S. patent Re.31850.
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Thisis equivalent to

1111000011113

Tour = TrrmrTITTTL, + 1 X 2mA

where 2 mA is the full-scale output of the DAC.

To avoid the 255:1 resistance ratio shown, the current in the right-hand DAC
may be attenuated by a factor of 16, combined with the current from the mid-
dle DAC, attenuated again by 16, and combined with the output of the first
DAC. The “interquad dividers,” which mix the outputs of the three DACs
in proper proportion, cause the DAC to have a relatively low output resis-
tance. This may be advantaggous in high-speed applications, but it requires
the output to operate “shorted” (i.e., near ground potential) to obtain the full
output current. This may be done by driving the virtual ground at the input
of an inverting op amp. Such arrangements are common when the output
from such a DAC is to be converted to voltage. The output common bus car-
ries the surplus current from the lower-order DACs and may not be used as
acomplementary output.

Despite these limitations, the schieme shown in Figure 9.11 is capable of great
accuracy and is probably the most widely used basis for high-resolution DACs
made with bipolar monolithic and hybrid technologies.

There are several other methods used by designers of precision monolithic
converters to equalize the emitter voltages of the transistors used to terminate
the binary weighting network. Some of them involve other types of cascades
of multiple-emitter transistors in arrangements which permit cycling of the
1,2, 4, 8 area buildup, in ways comparable to Figure 9.11.

Offsetting the base voltages. A method which avoids these complications relies
on the fact that the difference between base-emitter voltages of two matched
transistors depends on the ratio of collector currents. This means that, in an
array of matched transistors (of equal area) operating at currents in a binary
sequence, the difference in base-emitter voltage is the same between any two
adjacent transistors, as equation 9.6 demonstrates.

This suggests the possibility of driving the bases from a string of equal resis-
tors carrying an appropriate value of current such that there are equal voltage
increments between the bases to compensate for the Vg voltage reduction
with decreasing current. However, there is a problem: the AVgg is propor-
tional to temperature; therefore the correction voltage must also be propor-
tional to temperature.

As a means of developing the correction, consider the circuit of Figure 9.12.
It consists of a current mirror comprising a pair of PNP transistors, a pair of
NPN transistors with a 2:1 ratio of emitter areas, a control resistance, Ry,
and a measuring resistance, Rpy/2.
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Figure 9.12. Repeater produces a voltage equal to AVgg at a selected current-density
ratio.

The current mirror forces the current in the two sides of the circuit to be
equal. Since the two PNP transistors are joined at their bases and emitters,
they should have equal collector currents. Neglecting base currents, the col-
lector voltage of Q2 will drive both of the PNP bases to the point that the right-
hand transistor absorbs Q2’s collector current in its collector. Since the same
base voltage is applied to the left-hand PNP, it too will operate at the same
current.

Therefore, to a reasonable degree of approximation, I, =I,, for any value of
I>. The NPN transistors are similarly connected: their common base connec-
tion is driven by the collector of Q1 until Q1 absorbs I, at its collector. The
resulting base voltage of Q1 is applied to the base of Q2, causing it to conduct
the current, I;. This arrangement is regenerative at low currents, but the re-
sistance, Ry, in series with Q2 permits the loop to stabilize as the currents
increase and the loop gain drops to unity.

When the circuit reaches its stable condition, we can observe several things.
First, to the extent that base current can be neglected, the PNP current mirror
should force all four transistors to operate at the same collector current. The
emitter current of Q2, which is twice the area of Q1, must divide between two
emitters. Since the emitter current of Q2 is approximately equal to that of Q1,
the current density is only half that of Q1 in each of the transistors of Q2. Since
the transistors of Q1 and Q2 are all matched, the base-emitter voltage of Q2
must be smaller than that of Q1 by an amount

AVgg = (kT/q)In2 (9.8)
Since the bases are at equal voltage, the voltage difference must appear across

the resistor, Ry . From this, we can calculate the sum of the currents, I; and
I, in the equilibrium condition. I, must be equal to AVgg/Ry, and, since
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I, = I,, the total current flowing through R/2 must be equal to 27,, and the
correction voltage, V., developed acrossitis equal to I, Ry, or

V.= (kT/q)In2 9.9

This is the same as the base-emitter voltage difference of matched transistors
operating at a 2:1 current ratio, including the temperature proportionality.
It has been achieved by generating a current, scaled by Ry, proportional to ab-
solute temperature (PTAT). Circuits of this type are often called “PTAT
gencrators.”’” An important feature of this circuit is the available voltage com-
pliance; the output of the four-transistor cell is a current which can be made
to drive any load which provides more than about 1.5 volts of “headroom”
and less than breakdown voltage. This means that the circuit could drive 2,
3, 4, or more resistors in series, and if each had the value Rp/2, each would
independently develop the voltage, V., across itself.

Figure 9.13 shows how a string of series-connected resistors, each producing
the correction voltage, V., can be used to equalize emitter voltages.* In this
figure, a few sections of an R-2R ladder are shown with the 2R legs terminated
in transistor emitters. The sequence of resistors and transistors is assumed to

CURRENT DOUBLES IN EACH SUCCESSIVE BIT
THEREFORE: AVgg = '—‘ql n2

THE “MISSING” VOLTAGE IS DEVELOPED
ACROSS EACH INTERBASE RESISTOR,

THE EMITTER VOLTAGES ARE EQUAL
AS A RESULT.

r
V-

Figure 9.13. Equalizing emitter voltages with PTAT current and ratiometric resistors.

continue toward the left to the desired number of bits, providing very nearly
complete correction for the problems mentioned above; and it is assumed to
be driven by some suitable excitation circuit, such as the one in Figure 9.7.

Notice that the bases of the transistors are separated by resistances, r/2. The
PTAT generator drives the series string comprising these resistors, and pro-
duces a voltage, V. = (kT/q)In2, across each of them, as we have seen. Since
the base-emitter voltages of adjacent transistors should differ by this same
amount, if they produce a binary sequence of currents, the interbase voltages
should cause all the emitter voltages to be equal, so that the currents will in-
deed be in a precisely binary sequence.

*U.S. patent 3,940,760.
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A feature of this scheme that makes it well suited to monolithic designs is that
it relies upon ratiometric properties of the circuit elements, rather than upon
absolute value. A voltage is produced by essentially the same mechanism
which causes the problem. This voltage is then translated to the locations
where it can correct the problem by a set of resistors. The absolute resistance
values are not at all critical, so long as they have the proper ratio. This require-
ment is well met by monolithic techniques which may yield variations of as
much as +30% in initial resistance values, but can reliably produce resistors
which match to within a fraction of 1%. Tight ratiometric tolerances can be
met by using two Rp/2 resistors in series to form Ry in the PTAT generator.
This and similar techniques are often used to avoid ratiometric errors due to
contacting and edge effects in resistors with different geometries (e.g., in the
R-2R network itself).

The PTAT generator shown in Figures 9.12 and 9.13 is incomplete, in that
it lacks a starter (it also has a stable state in which I, and I are zero). This
problem is easily solved by providing a small leakage from other bias circuitry
in the DAC. This bias can easily be large enough to cause the circuit to regen-
erate to the desired on state and small enough so that it introduces negligible
error.

For high-resolution DACs, the elementary circuit of Figure 9.12 has some
shortcomings; for example, the effects of base currents were ignored rather
than compensated for. However, the principle is valid, and other, more-
sophisticated PTAT generators are used in high-resolution converters. This
generator was chosen because of the simplicity of illustrating the homomorph-
ism between it and the problem it solves.

9.2 APPLYING THE TECHNIQUES TO THE FINAL PRODUCT

The techniques and circuits described here have been used in a number of
monolithic converters. One of these converters, the 10-bit AD561, is illus-
trated in the schematic diagram of Figure 9.14. The R-2R ladder and its ter-
minating resistors are prominent near the center of the circuit. The resistance
ladder is terminated after bit 8, and the last two bits and the final LSB termi-
nation are produced by using transistors with matched 2:1 area ratios.

In the circuit of Figure 9.14, the base voltage is fixed, and the network excita-
tion is provided by amplifier A2, which drives the resistors. The circuit com-
bines the techniques of Figures 9.9 and 9.13, with multiple-emitter transis-
tors in the three most-significant bits and interbase resistors correcting the
remaining error voltages. The interbase resistors are driven by a properly
scaled PTAT current with a nominal (room temperature) value of 120p.A.

The output of Q1 develops a voltage across a 2,500-ohm resistor between the
reference input and the summing point. Amplifier A2 adjusts the ladder volt-
age to set the current so that the summing point is at zero and the voltage
across the 2,500-ohm resistor is equal to the 2.5-V reference. The reference
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Figure 9.14. Circuit diagram of AD561 10-bit DAC, showing reference, control ampli-
fier, switching cell, R-2R ladder, and bit arrangement.

voltage is generated with a temperature-compensated sub-surface, or
“buried,” Zener diode. The amplifier Al conditions and scales this reference
voltage to drive the reference input.

Ten Craven-cell switches are used to control the individual bit output cur-
rents. The current-output line also connects to two 5,000-ohm application re-
sistors, ratio-matched to the reference-input resistor, for proper scaling when
the DACis used with an op amp for voltage output.

Since the full-scale output current is determined by the reference voltage and
the input resistance, the voltage developed across the applications resistors
by the DAC will be in an accurate ratio to the reference voltage. This arrange-
ment ensures that the DAC output depends upon resistance ratios, which can
be precisely controlled, rather than absolute resistor values, which are more
difficult to control in monolithic circuits.

The full-scale output is, of course, directly related to the absolute value of the
reference voltage. Although this voltage is more reproducible than the abso-
lute resistance values, it is still subject to an undesirably wide range of varia-
tion in the course of many production runs. To correct this variation, the cir-
cuitshown in Figure 9.14 is laser-trimmed at the wafer stage.
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9.3 LASER WAFER-TRIMMING

Power is applied to the circuit and it is operated via microprobes, and the ref-
erence voltage is measured. A fine, high-intensity spot, generated by a laser
and steered under electronic control, is used to trim the feedback resistors as-
sociated with the reference-voltage buffer-amplifier, Al. These resistors—
and many others in the circuit—are SiCr thin-film, deposited on the
monolithic chip. The circuit is subjected to active trimming, i.e., it is trimmed
while functioning, so that the reference-voltage output can be adjusted to its
nominal value.

While the wafer is at the laser-trim processing station, other parameters can
be adjusted. The temperature compensation for the Zener reference diode is
adjusted to minimize the temperature coefficient of the reference-voltage out-
put. In addition, the resistors of the R-2R ladder are adjusted to maximize
the accuracy of the DAC. These resistors can be deposited with relatively high
ratio accuracy; however the final yield of parts with overall accuracy to 10 bits
and better can be substantially improved by laser-trimming.

The use of silicon-chromium thin-film resistors not only permits laser-wafer-
trimming; it also ensures improved temperature stability and tracking com-
pared to that obtainable with the commonly used diffused resistor. The tem-
perature coefficient of diffused resistors is of the order of 1600 ppm/°C, which
aggravates the ambient temperature sensitivity and—more importantly—re-
sults in irreducible errors due to minor temperature gradients on the
monolithic chip. On the other hand, the tempco of Si-Cr thin-film resistors
is typically less than 50 ppm/°C, with 1 ppm/°C tracking differences.

An interesting problem is encountered when trimming the R-2R ladder. Any
of the individual bit currents can be adjusted by trimming its associated resis-
tors. Subsequently, however, trimming any other resistor in the network will
change the current in the previously trimmed bit. One might wonder if
perhaps some interactive procedure could be derived whereby the network
is repeatedly trimmed until all bit weights are within satisfactory limits. For-
tunately, no such tedious method is required. Instead, there is a straightfor-
ward and simple—albeit proprietary—method which requires only one pass
through the network and the trimming of no more than half the resistors.

This Chapter has touched on a few of the techniques used to implement bipo-
lar current-summation DACs. Although the current-summation principle is
probably the most widely used basis for monolithic DACs (and successive-ap-
proximation ADCs, too), it is by no means the only one. It was not our inten-
tion to produce here an exhaustive treatise on the various approaches, but
rather to illustrate some of the considerations and techniques that have
evolved, through the use of a representative example. Some other converter
principles employed by Analog Devices are touched on elsewhere in this
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book. There is a burgeoning literature in technical journals, the trade press,
and manufacturer publications, describing other aspects of converter de-
sign—at Analog Devices and elsewere. A number of references, which will
provide fanout, can be found in the Bibliography.



Chapter Ten

Testing Converters

The purpose of this chapter is to illustrate common converter errors and de-
viations from ideal performance, discuss test principles, and outline
schemes—for evaluating converter performance—that can be adapted to both
manual and automatic testing.

The methods and test-fixture configurations needed to test DACs and ADCs
are influenced by the prospective converter applications, nature and speed of
tests to be performed, and skill of persons performing and interpreting the
tests. The relative importance of the various converter performance specifica-
tions depends on the application; the converter user—unless performing a
general evaluation—is more interested in testing parameters which signific-
antly influence system performance than those which have little effect on
performance.

These factors influence the choice of converter test-circuit configuration and
degree of automation: the purpose of the test, e.g., engineering performance
evaluation, incoming inspection, or functional checks only; the desired ver-
satility of the test equipment; required measurement speed; data-reduction
and display capability needed; and skill level of people intended to perform
the tests.

Simple text fixtures designed to test relatively few converter parameters can
be implemented easily and inexpensively. These generally must be operated
by relatively skilled persons, and test data obtained usually must be number-
crunched to extract meaningful performance information.

Although they are expensive when compared to a lashup of available laborato-
Iy equipment, general-purpose automatic testers, such as the Analog Devices
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LTS-2000 series, perform tests quickly, can be operated by semi-skilled per-
sonnel, and are usually quite versatile—easily programmed, self-calibrating,
and capable of providing printouts of test results and test statistics over many
devices.

Converter performance parameters that are generally of importance are: cali-
bration accuracy (both absolute and relative to full-scale), linearity (both in-
tegral and differential), offset, noise, conversion time, and, in the case of
DACs, output-switching-transient impulse (amplitude-time product). Also of
concern are stability of these parameters with variations in time and
temperature.

In testing high-resolution converters, there are a potentially large number of
data points to be examined to extract meaningful converter performance in-
formation. A 12-bit DAC or ADC, for example, has 2'2, or 4,096 possible
input/output combinations. Fortunately, by knowing the types of converter
errors, or deviations from ideal performance, that are commonly encoun-
tered, one can devise tests which permit useful performance data to be gained
by investigating significantly fewer than the 2 possible input/output combi-
nations associated with an n-bit converter. Some of these short-cuts will also
be discussed here.

10.1. D/A CONVERTER TRANSFER FUNCTION

A digital-to-analog converter converts binary numbers, represented by pat-
terns of 1’s and 0’s, to discrete analog voltages or currents,

The input/output relationship of a DAC, or its transfer function, consists of
a set of discrete points, corresponding to the number of digital codes, for
which each output voltage is a fraction of a reference quantity. The fraction
is determined by how the input binary number is coded. Depending on the
way the DAC is configured, the transfer function can be unipolar (outputs
having only positive or negative values, but not both) or bipolar (outputs can
be either positive or negative). In some cases, the reference quantity is itself

an input signal; converters used this way are called multiplying DACs
(MDAGC:).

The transfer function of an ideal unipolar 3-bit DAC is plotted as a set of
points in Figure 10.1a.

There are many input coding schemes: Figure 10.1a represents a DAC with
the most common and best-known code, natural binary. In this case, there is
a simple linear correspondence between the input codes and the output volt-
age levels, which—for an n-bit DAC—<can be represented algebraically by the
following.

n

Vo = Vis > (b/2) (10.1)

i=1
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Figure 10.1. Conversion relationships for anideal 3-bit DAC.
The coefficients, by . . . by, represent the logic levels of the input bits, which

can be either 1 or 0. Vs is the reference quantity, which is usually a simple
scalar multiple of the actual input reference voltage (but it does not have to
be). nis the number of input bits: three, in this example.

Coefficient b, represents the most-significant bit (MSB), which has a weight
of /2 Vgs, and b, is the least-significant bit (LSB), which has a weight of
27" Vs (in this case, Y% Vgs). Including zero, there are 2°, or in this case 8,
discrete voltage levels, corresponding to the 8 binary codes from 000 to 111.

Looking at equation (10.1), we see that the following conditions apply: (a)
with all the input bits set to “0”, the output voltage (V,) is zero, and (b) with
all the input bits set to ““1”’, the all-1’s output (not to be confused with “full-
scale” output) voltage is:

Vi = VFS<1 - %) (10.2)

which is one LSB (Vgs/2") less than the full-scale range, or output reference
quantity.

These input conditions define the end points of the transfer function; because
the relationship is linear, all other points fall on a straight line drawn between
them.

Figure 10.1b describes the transfer function of a DAC in the bipolar mode,
where the alternate input codings shown are offset binary and—with the MSB
complemented—the popular twos complement.

The bipolar transfer function can be described by the following equation:

V,= — Vg + vaSE (by/2) (10.3)

i=1
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As in the case of the unipolar DAC, the two measurement end points occur
for logic inputs of all “1”’s and all ““0”’s. However, in the bipolar mode, for
plus and minus the same value of Vgg (i.e., a span of 2 Vgg), an LSB is twice
as big asitisin the unipolar mode.

10.2 DACSPECIFICATIONS
The most important specifications of a DAC are resolution and accuracy.

Resolution refers to the number of unique output voltage levels that the DAC
is capable of producing. For example, a DAC with a resolution of 12 bits will
be capable of producing 2'*>—or 4,096—different voltages at its output.

Inherent in the specification of resolution, especially for control applications,
is the requirement for monotonicity. The output of a monotonic converter al-
ways changes in the same direction for an increasing digital code. The quan-
titative measure of monotonicity is the specification of differential linearity
(stepsize).

The static absolute accuracy of a DAC can be described in terms of three fun-
damental kinds of errors: offset errors, gain errors, and integral (non)linearity.

Linearity errors are the most important of the three kinds, because in many
applications the user can adjust out the offset and gain errors, or compensate
for them without difficulty by building end-point auto-calibration into the
system design, whereas linearity errors cannot be conveniently or inexpen-
sively nulled out. But before we can understand the nature of linearity errors
and how to test for them, the end-point errors must first be established.

10.2.1 END-POINT ERRORS

The transfer functions in Figure 10.1 are ideal—hence free from errors. The
most commonly specified end-point errors associated with real-world, non-
ideal DACs are offset error, gain error, and bipolar zero error:

Offset Error

Figure 10.2 illustrates the result of offset error only. The actual transfer func-
tion is offset from the ideal by two LSBs. Any such error—either positive or
negative—that affects all codes by the same amount is an offset error.

In most DAC testing, the offset error is measured by applying the zero-scale
code (e.g. all “0”’s) and measuring the output deviation from 0 volts.

Although it is usually measured at zero, the offset error is not defined as being
the error just at zero. Itis just that usually no other errors are present at unipo-
lar zero, so determining the offset error is easy. There are some DACs, though
(e.g. AD558), where offset errors may be present, but not observable at the
zero scale, because of other circuit limitations (such as zero coinciding with
single-supply ground) so that a non-zero output at zero code cannot be read
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as the offset error. Factors like this make the testing of such devices a little
more complicated; it will be discussed in more detail later.
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Gain Error

Figure 10.3 shows the effect of a gain error only. The ideal transfer function
has a slope defined by drawing a straight line through the two end points. The
slope represents the gain of the transfer function. In real DAG:s, this slope can
differ from the ideal, resulting in a gain error—which is usually expressed as
apercent because it affects each code by the same percentage.
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Gain error is usually measured by first determining the offset error, then ap-
plying all “1”’s to the DAC and measuring the error in the all-1’s voltage.
Since, by our definition of linearity, that voltage contains only offset and gain
errors, the all-1’s code, which is just 1 LSB less than the full-scale (reference)
range, is the most convenient code to use to perform measurements to deter-
mine gain error.

Gainerroris given by:
Error(%) = V-V, _
100%  Vgsp(1—-277)

Where Vgsg is the nominal full-scale range (the same as Vgg, for a unipolar
DAC), V,; is the measured offset voltage, and V; is the measured all-*“1”’s
voltage.

1 (10.4)

Bipolar Errors

In the bipolar mode, the same two end-point errors should be measured.
First, bipolar offset error (V,,), which is usually measured at negative full
scale (Vos= — Vesactual — (— VEsNominal))> and bipolar gain error, which is de-
termined by measuring the positive full-scale error and subtracting the bipo-
lar offset error (In Equation (10.4), Vrsr = 2 Vgs, and the term “V,,;” is the
measured offset, — Vggactpal, Which includes any bipolar offset error).

It is also common to specify and measure the bipolar zero error because of its
importance in many applications. Refer to Figure 10.1b, which shows the
ideal bipolar transfer function. The end points lie in the positive and negative
regions, but what was mid-scale (2) in the unipolar mode is now zero scale
in the bipolar one. This means that, with the MSB set to a “1”°, and all other
bits set to “0”’, the output should ideally be zero. Any deviation from zero
at this code is the bipolar zero error. To measure bipolar zero error, apply the
code 10 . . . 00 to the DAC (in bipolar mode) and measure the output error
from zero.

Bipolar zero error in DACs using offset-type coding is a derived, rather than
a fundamental quantity, because it is actually the sum of the bipolar offset
error, the bipolar gain error and the MSB linearity error. For this reason, it
is important to specify whether this measurement is made before or after
offset and gain have been trimmed or taken into account. Because of this error
sensitivity, DACs that crucially require small errors at zero are usually unipo-
lar types, with sign-magnitude coding (translated from twos complement, if
necessary) and polarity-switched output amplifiers.

10.2.2 LINEARITY
Definitions

In a DAC, we are concerned with two measures of the linearity of its transfer
function: integral linearity (or relative accuracy) and differential linearity.
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Equation (10.1) describes a perfectly linear DAC by both of these measures,
since the output is an exact binary-weighted fraction of the reference.

The transfer functions in Figure 10.1 also exhibit the corresponding straight-
line relationship between input codes and output voltages. Note that the line
has end points at the zero and full-scale voltages. This is consistent with our
previous definitions of offset and gain errors and results in an “end-point”
linearity specification (i.e., a specification of linearity with offset and gain er-
rors corrected or taken into account). Occasionally, a “best-fit” linearity
specification is used (i.e., by adjusting gain and offset arbitrarily to minimize
linearity error), but that makes it difficult for a user to determine the actual
error budget; fortunately, usage of this specification is becoming rare.

Relative-accuracy or integral-linearity error, ot integral nonlinearity (INL), is the
maximum deviation, at any point in the transfer function, of the output volt-
age level from its ideal value—which is on the straight line drawn through zero
and full scale.

Differential-linearity error (DLE) is the maximum deviation of an actual analog
output step, between adjacent input codes, from the ideal step value of
+1 LSB (i.e, + Vgsr/2"), calibrated based on the gain of the particular
DAC. If the differential linearity error is more negative than —1 LSB (for
DLE = -1 LSB, the step is equal to zero), the DAC’s transfer function is
non-monotonic.

10.2.3 SUPERPOSITION

Before proceeding with illustrations of DAC transfer functions showing
linearity errors, it would be useful to consider the property of superposition
and to be able to recognize its signature. Mathematically, superposition, a
property of linear systems, implies that, if the influences of a number of
phenomena at a particular point are measured individually, with all other in-
fluences at zero as each is asserted, the resulting total, with any number of
these influences operating, will always be equal to the arithmetic sum of the
individual measurements.

For example, let us assume that the DAC is ideal, except that each bit has
a small linearity error associated with it. Equation 10.1 can be rewritten to
include these errors, describing the performance of DACs that perform the
decoding viaa weighted resistor network with n binary-weighted taps:

V, = V,efz(b/z) + zb E; (10.5)
i=1
whereE, . . . E,arethelinearity errors associated with bitsb; . . . b,,.

Equation 10.4 does not apply to equal-resistor networks with 2 fully decoded
taps (segment architecture). In that case, we should write:
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2"

2"
Vo=Veer >, (/2 + > (sED, (10.6)
i=1 i=1
where s; is the decoded logic state, 1 or 0, of each segment and E; is the linear-
ity error associated with each segment,

Ideally, each bit- or segment error, (E;) is independent; therefore, the linear-
ity error at any code is simply the algebraic sum of the errors of each bit, or
segment, in that code (i.e. superposition holds). In addition, by using end-
point linearity, we have defined the linearity error in the vicinity of full scale
to be zero. Thus, the sum of all the errors must be zero, since all bits, or seg-
ments, are summed to give the all-*“1”’s value.

The errors can be either positive or negative; therefore, if their sum is zero,
the sum of the positive errors (positive summation) must be equal to the sum
of the negative errors (negative summation), These two summations consti-
tute the worst-case integral-linearity errors of the DAC.

Transfer functions can be drawn for DACs that have linearity errors for
which superposition holds. Note that both segment-type and n-tap
DACs have transfer functions that are symmetrical about the ideal straight
line (Figure 10.4).

These two figures are significant because they illustrate two different kinds
of behavior in the relationship between integral linearity and differential
linearity.

In the transfer function of Figure 10.4b, the two codes with the worst-case
positive and negative integral linearity errors are adjacent to one another,
which results in the worst-case differential linearity error of twice the integral
linearity error. This illustrates the consistency of specifying n-tap DACs as
having =2 LSB INL and =1 LLSB DNL. This two-to-one relationship is
common for n-bit DAC’s built with n binary-weighted circuit elements.
Worst-case errors are often at half-scale, due to the sensitivity to element mis-
matches in that region, and the involvement of all bits in that transition,

Figure 10.4a, on the other hand, shows a much smoother transfer function,
illustrating that the DNL error can be much less than twice the INL error.
This relationship is typical of DACs built with ‘“‘segment” architectures,
which are much more tolerant of element mismatches for DNL performance.

For DAC’s in which superposition holds, relative accuracy therefore bounds
the worst case differential nonlinearity; often, as in the case of segmented ar-
chitectures, the differential linearity is far better than the relative accuracy
predicts for n-tap DACs.

Summarizing, if an n-bit DAC is linear to 2 LSB of n bits, we are certain
that its differential-linearity error is no more than 1 LSB and that the response
is monotonic. On the other hand, if the DNL error is less than 1 LSB, we
cannot be assured that the DACis linear to /2 LSB of n bits.
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Figure 10.4. Linearity errors without superposition error.

Having discussed the case of DACs for which superposition holds and for
which there is thus no interaction between the bits—or segments—we must
now say that completely independent or non-interacting errors is an ideal
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which cannot be entirely achieved, unless expensive steps are taken. In most
well-designed DACs, reasonable compromises can be made to make the inter-
actions negligible. Occasionally, DAC’s appear which have significant inter-
actions, producing non-symmetrical transfer functions like those illustrated
in Figures 10.5aand 10.5b.
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Figure 10.5. Examples of non-symmetrical integral linearity errors due to bit or seg-
mentinteractions.

These non-symmetrical transfer functions can make testing for linearity er-
rors more complicated, because there are no neat rules, like the one
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exemplified in equations 10.5 and 10.6, that make it possible to predict errors
from a few sample test points.

10.3 DACTESTING

We are now in a position to begin forming a test strategy for DACs. For char-
acterization or small-quantity testing, there is no substitute for testing all
codes and plotting the entire transfer function. Bench instrumentation is
available in the form of meters, dc standards, and voltage dividers approach-
ing 1 ppm, or 20 bits of linearity. However, as monolithic technology has
evolved to the point that users routinely purchase large quantities of high-
resolution and/or -accuracy (12 to 16 bit) DAC’s, or evaluate DACs from a
large number of possible sources, testing strategies have developed to guaran-
tee performance with the least number of tests, using equipment that is as in-
expensive as possible.

10.3.1 STATICERRORS

The minimum number of tests required must at least equal the number of un-
knowns being sought; so an efficient test strategy requires a prior knowledge
of the DAC architecture and the degree to which superposition holds.

For example, taking the best possible case, consider an n-bit DAC built with
n binary-weighted circuit structures and designed with sufficient skill such
that bit interactions are negligible. We need to determine: offset error, gain
error, and the integral nonlinearity (INL) error of each bit, i.e., a total of
n + 2unknowns. Therefore, we will need to perform atleast n + 2 tests.

At the other extreme, an n-bit DAC built entirely with a “segment”’ architec-
ture will have 2" circuit elements with 2" unknown errors; besides gain and
offset error, it will require a maximum of 2" tests to be sure of finding the
worst-case error. In practice, we can take advantage of the fact that the INL
chariges slowly by design and will find that only a sampling of codes are neces-
sary‘along the entire transfer function.

A DAC of any architecture with significant bit interactions is even worse than
a “segment” DAC, because it cannot be counted on to have a smooth transfer
function with slowly changing INL. An all-codes test, or at least an intelligent
search routine based on an understanding of the particular bit interactions,
will be required.

First, consider the case of a binary-weighted architecture with no bit interac-
tions; what are the optimum n + 2 tests to perform? The measurement of
offset error and gain error is straightforward and usually much easier to do
than INL, because the offset is measured with respect to ground, and the to-
lerance on full scale is usually much looser than that on INL.

To determine INL, we could measure the linearity error of each of the n bits
and calculate the positive and negative summation errors to determine worst
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case INL. This is an expensive—and often slow—procedure, because a meter
with no more than ¥4 as much INL as the DAC being tested is required.

Major-Carry Technique
A much better technique, in the case of no bit interactions, is to measure the

n major carries. The three major carries for the 3-bit DAC example would be
001-000,010-001 and 100-011.

If the DAC were perfectly linear, each carry difference would be exactly one
LSB as determined by:
_ (V11 — OFFSET)
LSB = D (10.7)
The errors measured for the major carries can be used to calculate the indi-
vidual bit errors:

E; = 001-000—1LSB
E,-E; = 010-001-1LSB
E;~E,~E; = 100-011—1LSB (10.8)

where E3, E; and E are the linearity errors of the LSB, Bit 2 and MSB, respec-
tively. Notice that, since the offset is present equally in each code, it cancels
from the calculation; and that any residual gain error, resulting in the wrong
ideal LSB calculation, could be eliminated by calculating the sum of Es, E;
and E,, for the total error, and apportioning any difference from zero back
to the biterrors in binary fashion.

This is a quite powerful technique, because you can use a null-and-difference
circuit with much less accuracy than the DAC being tested. For example, a
1% measuring error in the carry will only produce a 0.01-LSB error in the
final INL determination. '

This technique is, in fact, being used by manufacturers of sophisticated lin-
ear-device automatic test equipment to perform linearity measurements with
up-to 18 bits accuracy. They build “super DACs,” which are very stable and
non-interacting—but not necessarily very linear—and then software-calibrate
them, using the major-carry technique. !>

However, most test engineers who have the responsibility for developing
DAC test packages for final test, outgoing QC, or incoming inspection, prefer
not to assume that the DAC is free from bit interactions; they add linearity

1Robert B. Craven and E. Rachel Morris, “An 18-Bit Precision DC Measurement System,”” Digest of Papers,
1981 IEEE International Test Conference.

2Allan Ryan and John Chang, ‘“Versatile System Console for Accurate Measuring,” Analog Dialogue 14-3 (1980):
4-5
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tests beyond the major carries. This decision is quite often necessary, but it
is also expensive because it will require that the test-measurement scheme be
significantly more accurate than the DAC being tested.

The most useful tests to add would be to measure the actual linearity errors
at the two expected worst-case codes. Recall that if bit interactions are insig-
nificant, these two summation errors will have different signs but equal mag-
nitudes; therefore, the sum of these two errors can be used to estimate the
degree to which superposition actually holds. In other words, if the sum of
the positive and negative summation errors is significantly different from
zero, additional tests will be needed to find the true worst-case INL error.

The most common method for determining the summation errors in non-seg-
ment DAGs is to measure the INL error of each individual bit, then exercise
(and measure) the code that contains only bits with positive errors, and then
the code that contains only bits with negative errors. For example, if bits
1, 3, 5, 7 had positive errors, and bits 2, 4, 6, 8 had negative errors, the first
code would be 10101010, and the second would be 01010101. This is more
accurate than actually adding up the bit errors algebraically, because it avoids
the accumulation of up ton — 1 measurement errors.

Measurement of INL errors is easily performed with an accurate, integrating-
type voltmeter, but generally such meters perform their measurements too
slowly for the accuracy required in testing DACs with resolutions of 10 bits
and more. Another problem with purchasing such a meter for converter test-
ing alone is the relatively high cost (for just the meter), compared to dedi-
cated, customized measurement systems present in most of today’s automatic
test equipment. Finally, an instrument’s ability to interface with intelligent
controllers affects flexibility and—again—speed.

One of the most popular methods for testing DACs uses a precise reference
DAC (REF DAC)—with much higher resolution and accuracy than the DAC
being tested)—and a differencing circuit (using an op amp or instrumentation
amplifier) to provide a measure of the error between the device under test and
the REF DAC. Often, the error voltage is amplified (between 10 to 100 times)
and applied to the vertical input of an oscilloscope, a chart recorder or the DC
voltmeter in an automatic test system. The advantage of the differencing
method is that it relaxes the accuracy requirement on the circuit that actually
senses the measurement.

Bit-Scan Testing

Figure 10.6 shows the REF DAC technique implemented in a dynamic “bit
scan” bench set-up for a 12-bit DAC, with the errors displayed on an oscillos-
cope. The control logic sequences through all-ones, then each bit individu-
ally, then zero, while the comparator and the shift register identify all bit with
positive errors to determine which code has the worst-case positive error, and
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Figure 10.6. DAC dynamic test—bit-scan mode.

all bits with negative errors, to determine which code has the worst-case nega-
tive error; then these codes are tested.

Figure 10.7a shows a typical time-slot allocation for testing a 12-bit DAC in
this mode. Typical error displays resulting from this test are shown in b, ¢
and d. Figure 10.7b illustrates an error display for a DAC having the correct
binary scaling weights for all bits, but full-scale gain calibration 1 LSB high.
Since a 1-LSB full-scale gain error (with correct relative scaling) causes the
MSB error to be %2-bit high, bit 2 to be Y-bit high, bit 3 Y-bit high, etc.,
the error display is exponential in shape.

Figure 10.7c illustrates the error display for the case of a + V4-LSB offset
error, combined with a —1 LSB full-scale gain error, with perfect relative
weighting (i.e. linearity). This causes a reversal in fullscale error polarity from
that shown in Figure 10.7b. In addition, the + V4-bit Offset (zero) error shifts
the complete display + Y4 bit from the zero baseline.

To find the linearity errors the device under test (DUT) must be calibrated
in the following manner: Zero is adjusted to bring the bar representing the
zero error (time slot T13 in Figure 10.7a) to the display baseline. The gain
is then adjusted to bring the bar corresponding to fullscale (time slot TO) to
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Figure 10.7. Dynamictestwaveforms of 12-bit DAC in bit-scan mode.

baseline. Zero and full scale of the DUT are now calibrated. (If the DUT does
not have zero or full-scale adjustments, zero and full scale of the reference
DAC can be adjusted instead, to normalize the display.)

A typical “bit-scan error” display after zero and full scale of the DUT (or ref-
erence DAC) have been calibrated, is shown in Figure 10.7d. If the DUT’s
bit interactions are negligible, the sum of all positive bit errors should equal
the sum of all negative bit errors after zero and fullscale calibration; any differ-
ence indicates the presence of interactions.



312 Testing Converters

A circuit similar to that in Figure 10.6 is found in many automatic testsys-
tems, capable of measuring nonlinearities up to 14 bits. In a typical automatic
test-equipment (ATE) application, calibration of the circuit’s errors, exclud-
ing the DUT, would normally be provided for in software. This would include
measurement of the error amplifier’s offset- and gain errors, caused by mis-
matches of the amplifier’s input-transistor base-emitter voltages & bias cur-
rents and mismatches in the feedback- and input resistors.

If an instrumentation amplifier is used instead of an op amp, there would be
separate high-impedance inputs for the DUT output and the reference-DAC
output and a saving of components. With an instrumentation amplifier, it’s
wise to measure its common-mode rejection, because it can be significant for
DACG:s having resolutions of 12 bits and more (at 6 dB per bit, a 12-bit DAC
would require at least 90 dB of CMRR). The reference DAC may also be cali-
brated by the system; this amounts to measuring its offset and gain errors (and
sometimes the linearity errors, using the major carry technique), and storing
them for future software correction.

10.3.2 DACSETTLING-TIME MEASUREMENT

DAC settling time is a parameter of importance in high-speed applications.
Settling time is defined as the time required for the output to approach a final
value within the limits of a defined error band, for a step change in input. This
fixed error band is generally expressed as a fraction of full scale, typically + %5
LSB. If the device’s step response overshoots or rings, so that the output
swings through the defined error band before entering it for the final time*,
the above definition requires that settling time is measured as the time taken
for the output to enter the defined error band for the final time.

The above definition of settling time implies that, the greater the output step
change, the longer the settling time (a non-overshooting 1-LSB output step
change, for example, has settled to within + 5 LSB when this change has
reached only 50% of its final value.)

The accurate measurement of settling time for a high-resolution, high-speed
DAC is fraught with practical difficulties. Measurement instrument
bandwidth and thermal unbalance effects, coupled with the unavoidable pres-
ence of noise, can introduce significant measurement uncertainties when
high-speed settling times to within error bands of the order of the order of
0.01% of final value are being measured. It is particularly easy to overlook
a “long tail” in which the output continues to change for hundreds of micro
seconds due to thermal gradients or dielectric absorption effects. It takes
patience and significant analytical skills to develop, and verify the accuracy
of, a high speed settling-time measurement setup.

*“Final time” does not mean just the final time within the time allotted for the measurement; if long tails (due
to thermal or dielectric-absorption effects), orders of magnitude longer than the normal settling time, are sus-
pected, the time allotted for the measurement should be long enough to detect their presence,
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There are some important distinctions which must be mentioned when dis-
cussing speed and settling-time specifications. If the settling-time error band
is described as = %2 LSB, a DAC with 10-volt full scale range and 8-bit resolu-
tion has an allowable error band of +20mV, a 10-bit DAC has a + 5-millivolt
error band, and a 12-bit DAC = 1.22mV. A given 12-bit DAC is not necessar-
ily a slower design than a given 8-bit device; it is simply required to settle to
within a more tightly specified error band.

Some converters settle faster in one direction than the other; if bipolar opera-
tion is considered, voltage output in the negative-going direction can settle
much more slowly than in the positive direction. The current-output mode
(the standard mode for most IC DACs), settles much faster than the voltage
mode, since the currents are simply steered one way or the other, and there
is no significant capacitance-charging. In the voltage mode, an output op amp
is required, adding a delay, and stray capacitances must be charged by an
amount corresponding to the voltage change. There are many ways to op-
timize settling time in the current-output-DAC/fast-op-amp connection;
some of these are discussed in Chapter 12,

Settling time is often measured by looking at crossings on a trace that plots
the difference between the output waveform and a voltage representing the
final value of output—on an LSB-calibrated oscilloscope triggered by the in-
itiation of the DAC input change. There are two major problems here. One
is the narrow extent of the final settling voltage range; it calls for a very fast
high-gain preamplifier. The other problem is the wide output swing in rela-
tion to the small range being depicted on the oscilloscope screen. It must
invariably produce saturation until the trace comes into the final-settling
window. Saturation of the oscilloscope preamplifier can cause large errors
while the oscilloscope recovers; it can be avoided (or at least mitigated) by
using a specially designed preamplifier with high gain, wide bandwidth, and
controlled output swing that considerably reduces the amount of overdrive
to the oscilloscope.

The circuit shown in Figure 10.8 is capable of measuring current-output 12-
bit settling times as low as 200 ns. The unity-gain, high-bandwidth buffer
formed by Q1-Q3 holds the DAC output voltage at ground while the current
changes appear across R1. The pair of source followers, Q4 and QS5, isolate
the scope’s input capacitance from R1, and the Schottky diodes limit the sig-
nal swing into the plug-in to 400 mV, thereby reducing the problem of over-
load recovery.

When the magnitude of the LSB is in the neighborhood of 1 millivolt or less,
detecting settling to beyond 12 bits requires limiting the input voltage excur-
sion to the oscilloscope even further. Several “active clamping” techniques
can be employed.? A fairly simple technique, not requiring synchronized

3Schoenwetter, H.R., “High-Accuracy Settling Time Measurements,” IEEE Transactions on Instrumentation
and Measurement, Vol. IM-32. No. 1, March, 1983.
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Figure 10.8. High-speed-settling-time test fixture.

switching, is illustrated in Figure 10.9. This circuit functions in a manner
similar to the previous one, except that the reduced dynamic range of the out-
put amplifier stage formed by Q7 and Q8 limits its output swing to 12 mV.
Using this technique, settling time measurements to 14 bits in under 1 micro-
second are possible.

Many applications which require fast settling time use the DAC in the current
mode as a component of a fast, successive-approximation a/d converter. How-
ever, because in general the DAC’s output is not tied to a virtual ground or
a fixed voltage level in such applications, use of the current-output settling
specification may prove overly optimistic. In such cases, settling-time test fix-
tures that replicate the actual conditions of the application should be used.

Figure 10.10 shows such an approach which, in addition, is more amenable
to being automated than the previous circuits, because its outputs are a dc
voltage and a pulse delay-time setting. Basically, the digital voltmeter can be
made to trace out the settling waveform backwards, point by point, when the
strobe timing of the latching comparator is varied with respect to the DAC
input pulse.
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Here’s how it works: The output of the DUT (an AD569, in this case), is
switched periodically between + 5 and — 5 volts, repeating its settling pattern
continuously. In the configuration of Figure 10.10, we are concerned with
positive step response, i.e., settling to +5V. The DUT’s output is biased by
=35 volts (Vcancer) so that the final value will be close to zero. A pair of
Schottky diodes narrows the range being observed to a few tenths of a volt.
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Figure 10.10. Tracking-loop scheme for measuring settling time.

The biased output is compared with the slowly varying output of an integ-
rator, attenuated by 100. The comparator has very fast response, so the
latched state will depend directly on the difference between the instantaneous
value of the rapidly changing DAC output and the slowly varying integrator
output. At the time the comparator is strobed, if the DAC output is less than
1/100 the integrator output, the latch output will be latched at TTL “0”
(about 0.5 V); if greater, it will be latched at ““1”’ (about 5 V).

The latched value is filtered and compared witha + 1.4-volt threshold; if “0”,
the integrator will integrate downward, or if “1”*, the integrator will integrate
upward, tending to follow the value of the DAC output at the time the com-
parator was strobed.

Thus, by repeatedly latching on the same value of DAC output at the same
time in the cycle, while the integrator is tracking, the relatively slow loop will
home in on that value, and make it available for reading as a dc voltage. In
this way, any point on the response curve can be selected for reading as a dc
voltage.

In practice, a measurement starts when the strobe signal is delayed long
enough after the input signal to the converter to ensure that the device under
test has settled. The loop offset value measured at this moment represents the
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final value. Next, the delay is shortened, and after the filtering loop has set-
tled, the resulting offset change represents the converter’s output change,

The strobe delay time is decreased in increments suitable for the resolution
desired until the converter’s instantaneous response is outside the desired
error window. In the setup described, the generator can produce pulses as
short as 1 ns. The settling time is interpreted as the strobe delay period at which
the offset change first becomes larger than the desired error band—ruypically />
LSB.

Schottky diodes limit the input to the high-resolution comparator to a few
hundred millivolts. A clamped mode on that input is formed by two 4-kilohm
load resistors, and a voltage (Vcancer) equal in magnitude but opposite in
polarity to the expected final value of the converter’s output for a transition
of interest. Because the reference voltages to the converter must be very
stable, precision power supplies are required.

10.4 A/D CONVERTER TESTING

10.4.1 ADCTRANSFER FUNCTION

In the ideal transfer function for a 3-bit A/D Converter (ADC), Figure 10.11,
the analog input signal is on the horizontal axis and the digital output is on
the vertical axis. Note that, unlike a DAC, where there exists a unique analog
value for each digital code, the digital output of an ADC is valid over a range
of input signals. The quantum of input for a given output code is called the
“width” of the code. The ideal width is exactly 1 LSB (least-significant bit),
but, in practice, each code-width is different from its neighbors; acceptable
performance will typically occur with codes 5-L.SB to 1 ¥4-1.SB wide.
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Figure 10.11. Transfer function of an ideal 3-bit ADC.
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The transitions between codes occur at unique, measurable input voltages.
In ADC architectures which employ a DAC, these transitions ideally occur
when the input to the ADC equals one of the discrete DAC output values
(comparator and noise can cause them to differ).

Determining the input voltages at which these transitions occur in an ADC
is somewhat more difficult than measuring the output of a DAC at a given
code. However, once instrumentation for identifying transitions has been im-
plemented, the specifications and testing of ADC transfer functions are simi-
lar to those for DACs. That is, similar concepts of gain, offset and linearity
apply with equal importance to ADCs.

The ideal analog values at which the transitions should occur in a n-bit ADC
can be calculated as follows:

n
Via = Vis >, (0/2) + Vogr (10.9)
i=1
where by . . . b, are the digits of the binary code, starting at the MSB, with
values of 0 or 1. Vgg is the reference voltage or full-scale range and V¢ is the
offset. The analog input voltage, V;,, required to turn on each bit can be found
by setting each bit, except the desired one, to zero in Equation 10.9.

Note that Equation 10.9 is identical to Equation 10.1, except for the inclusion
of an offset (V) term. The reason for this is that in many ADC’s, an offset
is intentionally introduced to adjust the positions of the transitions to suit the
particular ADC application.

For example, in Figure 10.11, an offset of — Y2 L.SB has been introduced,
moving the transitions to the left by that amount and aiming the ideal straight
line through zero, full-scale range, and the center of each code. Thus, the pos-
ition of the first transition (from Equation 10.9) is

27"Vgs — 2LSB,or 1 LSB — 2LSB = + 2 LSB.

10.4.2. ADCGAIN AND OFFSET ERRORS
Unipolar Offset Error

The transfer function of an ADC is tested for errors in a predictable sequence.
The first test to be performed is for offset error. An offset error is defined as
a common deviation from the ideal transition voltages. It is usually tested by
finding the error of the first (LSB) transition, because it is likely that the offset
error is the only significant error present in that transition.

However, to ensure that the offset error is determined accurately, any gain
or linearity error of the LSB itself must be subtracted first. To determine any
such errors, it is usual to measure the difference in 1-LLSB transition voltages
between pairs of codes that will yield the actual width of the LSB, for example,
codeO ... 0100andcodeO . .. 0101, or some other such combination. The
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code-width error, or CWE, is equal to the measured width of an LSB stép
minus one LSB (V,#/2"). Once this error is determined, it is subtracted from
the first transition voltage; the remaining deviation from the ideal value is the
offset error (Figure 10.12). The offset error in the example of Figure 10.12
may be determined by the following equation:

Voff(err) - Vtrans(meas) — CWE — Vtrans(ideal) - (10- 10)
where Vans(meas) i8 the actual first transition voltage and Virans(ideal) 1S the ideal

first transition voltage. For Figure 10.12, where there are no apparent code-
width errors, the offset error in LSBs, calculated from Equation (10.10), is:

Votterry = 1LSB — 0LSB — 4LSB = + 1% LSB (10.11)
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Figure 10.12. Three-bit ADC transfer function with an offset error.

Unipolar Gain Error

The next test performed is for the gain error. Gain error appears as a change
in slope of the transfer function. Thus, gain error is the same as full-scale
error, except that the offset error is subtracted. Gain error affects each code
inan equal ratio (Figure 10.13).

To determine the gain error of an ADC, measure the final transition voltage
and subtract the first transition voltage. Since this interval is ideally equal to
(Vgs — 2 LSB), the deviation of the difference of the measured values from
the value of (Vgs — 2 LSB) is the full-scale gain error. The gain error can be
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expressed as %FSR or in LSBs. The Gain Error of Figure 10.13 may be deter-
mined by the following equation:

GE. = (VFS -2 LSB) - (Vll(meas) - st(meas)) (1012)
where V](meas) 1S the last transition voltage, V, is the first transition voltage,
and (Vgs — 2 LSB) is the full-scale range of the ADC minus 2 ideal LSBs.
For Figure 10.13, the gain error in LSBs is calculated from Equation (10.12)
to be:

G.E.=8LSB ~2LSB — (72LSB — %4 LSB) = — 74 LSB (10.13)

at Vi, or — 1 LSB atfull scale (12%2% of any code).
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Figure 10.13. 3-bit ADC transfer function with a gain error.

Bipolar Offset Error

The transfer function for an ideal bipolar ADC resembles the unipolar trans-
fer function, except that it is offset by — Vgg (Figure 10.14). In addition to
offset and gain, there is typically one additional parameter specified, bipolar
Zero. ~

Bipolar offset error is usually measured as the deviation of the first transition
from the ideal, which is usually designed to occur at (— Vgg + ¥2 LSB); 1
LSB is equal to 2 Vgg/2™. As with unipolar offset, the bipolar-offset error is
common to all codes, and any nonlinearity or gain error of the LSB must be
accounted for in its calculation. The offset error of Figure 10.15 may be deter-
mined using Equation (10.10). In the case shown in Figure 10.15,
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Votterry = —Vps + 1LSB — 0LSB — (— Vg + %2LSB) = LLSB  (10.14)
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Figure 10.14. Transferfunction of anideal 3-bitbipolar ADC.
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Figure 10.15. 3-bit bipolar ADC with offset error.

Bipolar Gain Error

Bipolar full-scale error, or gain error, is measured in the same way as unipolar
full-scale (gain) error, except that the initial point corresponding to zero for
the unipolar case is — Vgs (Figure 10.16). The gain error of a bipolar-input
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ADC s calculated using Equation (10.12). The gain error, in LSB’s, of Figure
10.16is calculated as follows:

G.E.=8LSB — 2LSB — (7%2LSB — %LSB) = ~7%4LSB  (10.15)

at Vi, or 12.5% at any code.
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Figure 10.16. 3-bit bipolar ADC with gain error.
Bipolar Zero Error

The transition that is next most-often measured for bipolar input ADCs is for
determining bipolar zero error, which is defined as the deviation of the mid-
scale transition voltage from the ideal in the vicinity of 0 volts (Figure 10.17).
The bipolar zero error may be determined by the following equation:

BZE = Vzero(meas) - Vzero(ideal) (10.16)

where Vero(meas) is the measured mid-scale (MSB) transition voltage and
Vero(ideal) 18 the ideal mid-scale transition voltage. The bipolar zero error of
Figure 10.17 is calculated using Equation (10.16) to be:

BZE = — Y% LSB — (-4 LSB) = + % LSB (10.17)

Bipolar zero error is not an independent variable; it is the sum of the bipolar
offset error, one-half the gain error, and the MSB linearity error. It is usually
measured, rather than calculated from the gain and bipolar offset measure-
ments, to avoid ertors due to tolerance buildup.
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Figure 10.17. 3-bit bipolar ADC with error at analog zero.

10.4.3 ADCLINEARITY ERRORS

With most ADC’s, the gain and offset specifications are not the most critical
ones that determine an ADC’s usefulness in specific applications. Typically,
offset, gain and zero errors can be calibrated out, in either hardware or soft-
ware. The most important specifications for the bulk of ADC applications,
because they represent irreducible errors, are differential nonlinearity (DNL)
and integral nonlinearity (INL).

Differential Linearity

Differential nonlinearity in an ADC is defined as the deviation in code width
from the value of 1 LSB (i.e., Vgg/2"). If DNL errors are large, the output
code widths may represent excessively large and small ranges of input volt-
ages; and if the worst-case DNL is more negative than — 1 LSB, the code-
width will vanish entirely and the ADC will have at least one missing code.
This means that there will be no voltage in the entire full-scale range that can
cause that code to appear.

Integral Nonlinearity

Integral nonlinearity is the deviation of the transfer function from the ideal
straight line. Most ADC’s are specified with end-point INL, i.e., INL
specified in terms of deviations from a straight line between the end points
of the transfer function (rather than a “best straight line’’) because it conser-
vatively specifies the worst deviation that will occur for the transfer function 5
as the description below suggests, it is also easier to measure.
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End-point linearity can be measured most easily in terms of the transition
points; but it is often defined in terms of the ideal code midpoints. The
straight line for low-side-transition (LLST) linearity is drawn from the offset
transition (i.e., from all-0’s to the LLSB on) to the last transition of the transfer
function. The deviation of any transition from its corresponding point on that
straight line is the INL of that transition. When center-of-code (CC) linearity
is specified, the ideal straight line is shifted by ¥2 LSB, and the deviation of
the center of a code is the INL of that code.

Best-straight-line integral nonlinearity is the deviation of any code from a
straight line calculated to minimize the worst-case INL errors. The straight
line is typically calculated using the least-squares method. This basically in-
volves testing the codes of interest, reducing the data to determine the best
straight line, and then retesting to the new straight line.

10.4.4 ADC Test Strategy
Minimum Number of Tests

Before testing an ADC for DNL and INL, the test engineer must determine
which codes must be tested to guarantee performance over the entire transfer
function. The problem is similar to that of DACs, in that different ADC ar-
chitectures will require that different code patterns be tested. In addition,
dynamic errors and noise are often significant and unpredictable and require
additional tests in the same way bit interactions affect DAC testing.

For example, multi-comparator, or flash, ADCs are constructed using 2"
matched resistors and 2" — 1 comparators. Their architecture requires testing
all codes; fortunately (for the test engineer), they are typically low in resolu-
tion, seldom having resolutions that exceed 8 bits.

Tracking ADCs are constructed using an internal DAC, a comparator, an up/
down counter, and support circuitry. The codes to be tested for DNL and
INL are primarily influenced by the DAC design, as dynamic errors are not
usually present for moderate clock frequencies. One note of caution to consid-
er when testing tracking ADCs is their susceptibility to noise, as compared
tointegrating ADCs.

Integrating ADCs are typically high-resolution, high-accuracy devices. They
have very good DNL by design. The major sources of INL occur at the inputs
of the integrating amplifier and comparator or are due to non-ideal behavior
of the integrating capacitor, making it difficult to predict the location of the
worst case INL codes. Fortunately, changes in INL will be very gradual, so
a simple sampling of codes along the transfer function is usually sufficient to
find the worst-case error,

Successive-approximation ADCs have both static and dynamic sources of
DNL and INL. These errors come from static nonlinearities of the DAC, long
DAC settling time, slow comparators, parasitic capacitance at the summing
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junction, and noise. They can require a large number of tests, often repeti-
tively, if noise is significant.

End-Point Tests

For all ADC’s, regardless of architecture, the transfer function’s end points
must be measured and normalized before linearity testing can begin. Nor-
malization can be done in either hardware or software. Once the appropriate
straight line is determined, all that remains is to measure the required transi-
tions or codes and compare them to the ideal.

Major-Transition Testing

In some rare cases, an all-codes test routine may be required—perhaps even
repeatedly, to take into account the effects of noise—to guarantee a tight INL
specification in a stringent application. With modern ATE techniques, it is
feasible to do this on a sampling basis as part of the production process, after
a 100% screen using an abbreviated test routine. Most abbreviated routines
are based on the major transitions, plus-and-minus three codes.

The major transitions consist of all the major and minor carries, plus the sums
of the most-significant-bits (MSBs). The reason for testing to plus and minus
three codes from the major transitions is to check the adjacent codes that may
be affected by dynamic conditions of the device under test (DUT).

Figure 10.18 compares the transfer function of an ideal 4-bit ADC with the
transfer function of a 4-bit ADC that has DNL and INL errors. The INL in
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Figure 10.18. 4-bit ADC with linearity errors—both differential and integral (low-side
transition).
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this case is specified as low-side-transition (LLST). The transition to code 0100
is shifted to the right by 1 L.SB; this means the LST of code 0100 has integral
nonlinearity of +1LSB.

The transition to code 1101 is shifted left by 2 I.SB; this means the LST of
code 1101 has INL of —¥2 LSB. The code-width of code 0110 is 2 L.SBs; it
means that code 0110 has differential nonlinearity of +1 LSB. The code
width of the code 1001 is 2 LSB; thus, code 1001 has DNL of — 2 LSB.

Note that code 0111 does not exist for any input voltage. This means that code
0111 has —1 LSB DNL and the ADC has at least one missing code.

Figure 10.19 shows the same transfer function, but drawn for a center-of-code
(CC) integral-nonlinearity specification. The DNL of all codes remains the
same, but notice the change in the values of INL. Code 1101 had — %2 LSB
of low-side-transition INL, but it has 0 LSB of CC INL. Similarly, code
1011’s 0 LSB of LST integral nonlinearity becomes — % LSB of center-of-
code INL. The same phenomena can be observed for codes 1100, 0100, etc.

Some ADCs are specified with CC and some with LST integral nonlinearity;
the choise depends on the ADC design and the intended end use. Users should
consult the manufacturer if there is any doubt about which type should be
employed for a given device.
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10.4.5 BENCH-TESTHARDWARE

The most common method of determining the DNL and INL on the bench
is by using a test circuit that performs a crossplot (Figure 10.20). If a small
asynchronous sinusoidal or triangular ac signal—varying at a fast enough rate
to provide a persistent image on an oscilloscope, yet slow enough to permit
a large number of conversions—is summed with an analog dc voltage and ap-
plied to the input of the ADC under test, the ADC’s output will be “dithered”’
about through several codes either side of the code representing the dc volt-
age. The output of an elementary 2-bit DAC, which decodes the two least-sig-
nificant bits, is plotted vertically, and the ac analog input is plotted horizon-
tally, producing the repetitive short staircase through codes (... 0)00,
(... 0)01,( ..010,( ..0)11,(. .. 1)00,etc.,as shown in the illustration.
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Figure 10.20. ADC crossplot test fixture.

Since the ac voltage serves, over time, to scan through all input voltages within
the range of its amplitude, the oscilloscope display is an actual display of the
code widths over a short portion of the input voltage range. If the dc voltage
is equal to, say, the center of a code, this permits the analog voltages corres-
ponding to the transitions and the center of each code, as well as the adjacent
codes, to be readily displayed; this direct display permits determination of de-
vice INL and DNL to high accuracy and resolution; it also permits an “eye-
ball” estimation of noise.

Here’s how the dynamic crossplot circuit works: The digital code to be tested,
Nier, is entered into the reference DAC via the toggle-switch register, thereby
applying E,.y, the analog equivalent of N .y, to the analog input of the DUT.
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The ac dither, E,., and an adjustable dc offset, E, are summed with the refer-
ence DAC’s output. The dither signal has a low frequency in comparison to
the conversion rate of the DUT, allowing the digitized output of the DUT
to track its analog input to within the + %2 LLSB quantization limits, i.e., with-
out introducing dynamic errors. A digital register stores the results of each
conversion. The 2-bit DAC is formed, using resistors with weights of 2R and
R, to sum the LSB and the adjacent bit of the stored ADC output. The result-
ing 4-step analog output, corresponding to the ADC’s two least-significant bit
states, is applied to the Y axis of the oscilloscope. The ac dither signal is ap-
plied to the X axis of the oscilloscope. Figures 10.21b to 10.24f show a number
of waveforms obtained using the dynamic crossplot test circuit.

= () FULLSCALE EDT

N
out f
S (o) 5 scALE

¥ (d) HALF-SCALE

/o (b} ZERO
1’ ANALOG IN —& I

a. Location of bitsto be tested onthe
transfer function.

BIT 1 (MSB) WIDTH 1 BIT HIGH
EDT T 2

ey e

! Eac—* I Eac —>

EAC_.’

b. Zero calibration.

c. All-1'scalibration. d. Half-scalecarry, Bit-1 code wide.

-ol ’47 BIT 2 WIDTH } BT Low ? ‘
£
1 IEp

e Il

' Eanc— ! \ Eac—®
MISSING CODE

e. 3/4-scale carry, Bit-2 code narrow. f. Missed code.

Figure 10.21. ADCcrossplottesting.

The device under test is calibrated thus: The CRT beam is first positioned
in the center of the screen with the X and Y axis drive signals grounded. Then,
with all bits of the reference DAC off except the LSB, adjust the DUT’s zero
to center the first step of the decoded output staircase waveform, correspond-
ing to the digital code 00 . . . 01 as shown in Figure 10.21b. Next, all bits
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except the LSB of the reference DAC are turned on, corresponding to the dig-
ital code 11 . . . 10, and the gain of the DUT is adjusted to center the next
highest step of the decoded staircase waveform, as shown in Figure 10.25c.
Zero and full scale are now calibrated.

Differential nonlinearity and integral nonlinearity at each code transition can
be seen and measured visually by examining the width of the codes and the
displacement of the transitions, to the left or right, as successive bits are
turned on. Transition noise can also be assessed; it appears as a jitter in the
location of each code transition.

Some additional points about the crossplot test circuit are worth noting:

* Since only the two least-significant-bits of the DUT’s digital output are de-
coded, the crossplot waveform repeats every four steps. For this reason, the
DUT should be originally calibrated to less than 2-bit error before the cross-
plot is used, so that one can be assured that the desired code transition—and
not one four LSBs away—is being displayed. '

* The dither waveform is shown in Figure 10.20 is triangular—but it could
just as well be in a sine-wave, since a linear time relationship is not required
in the X-Y display mode for a linear Y vs. X presentation.

* The external storage register shown in Figure 10.20 can be eliminated (at
the expense of minor crossplot display degradation) if the conversion rate is
reduced so that the time between conversions is large, compared to the con-
version period.

* For the configuration of Figure 10.20, typical dither frequencies of 4 to 40
Hz, and conversion clock-frequencies from 10 kHz to 100 kHz have been
found useful for crossplot analysis of-high speed successive-approximation
ADC performance.

Static Errors

Figure 10.21d illustrates the waveform that would appear at the major carry
code transition (011 . . . 1t0o 100 . . . 0)ofa successive-approximation ADC
if the MSB of the internal DAC had + ¥4 LSB INL and the summation error
of all the lower bits was — ¥4 LSB. Notice that the transition representing the
code (100 . . . 0) is shifted ¥4 LSB to the right, and the transition resulting
from combinations of the lower bits is shifted ¥ LSB to the left. The result
is that the major carry code is too wide by /2 LLSB.

Similarly, in Figure 10.21e, the plot is representative of an ADC where bit
two of the internal DAC has — % LSB INL and all the other bits sum to + Y4
LSB INL. The result is a narrow code produced by the transitions on both
sides shifting towards one another. Figure 10.21f shows a typical missed-
codes signature.
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Dynamic Errors

In addition to the errors due to static relationships within the converter, dy-
namic errors may arise—including missed codes—if the frequency of the
clock that times the bit decisions is too high to permit correct decisions to be
made. The effects of these errors will also appear in a crossplot. If the ADC’s
internal timing is controlled by an external clock, dynamic errors may be
found by first checking the static errors, then increasing the clock frequency
until it affects the crossplot. Experienced converter designers and test en-
gineers can gain considerable information about the internal static and dy-
namic behavior of the ADC from the nature of the errors revealed by the
crossplot.

10.4.6 ATEMETHODS

Crossplot methods of testing ADCs work well for engineering analysis or low-
volume production testing, but they are slow and tend to be specialized to par-
ticular device types. There are many differences among ADCs, and the job
of testing devices in outgoing or incoming inspection could become a compli-
cated—if not hopeless—task, even on a sampling basis, without automatic
test equipment (ATE). A truly universal ADC test setup should be able to
test any of the various types of converter with minimal hardware changes.
Here are some of the many differences:

* Input ranges: 0 to 10V, —5to +5V, —10 to +10V, and —2 to +2V are
typical. A single ADC may be capable of a combination of input ranges.

* Output codes may be binary, offset binary, ones complement, twos comple-
ment, sign-magnitude, seven-segment decoded format, or a complement of
any of these. What’s more, an ADC can have more than one output format
(for example, binary is converted into two’s complement simply by inverting

the MSB).

o Qutput modes: An ADC’s output also may be read in different modes. A de-
vice may have a serial (non-return-to-zero) data output or a (12-bit) byte/nib-
ble format for 8-bit-microprocessor-compatible output; and it may be neces-
sary to check all digital input and output lines for meeting loading and timing
specifications.

A variety of ATE techniques have evolved; the best method to use generally
depends on the ultimate end-use of the ADC and the practical considerations
of implementing the technique. For example, statistical techniques have the
advantage of not requiring accurate analog measurements. Digital signal
processing techniques, or the analysis of reconstructed waveforms, may be
relevant to the end-use in radar, video, or audio applications.

The technique in most widespread use, evolved to handle converters for the
large medium-speed data acquisition, instrumentation, and control markets,
is a digital feedback approach, in which the input of the ADC is driven to
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selected output code transition voltages in a fashion similar to the crossplot
scheme.

Digital Feedback Loop

A block diagram of a simple digital feedback loop that can be used on a tester
with relatively slow digital I/O and high-accuracy analog measurement capa-
bility is shown in Figure 10.22. It consists of the converter under test, a deci-
sion maker, which compares the ADC’s digital output with the programmed
digital setpoint, and an integrator with switched polarity and controllable
gain.
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Figure 10.22. Feedback loop to measure transition voltage.
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Figure 10.23. The integrator homes in on an average analog output voltage that cor-
responds to the desired code.
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The analog input is made to lock onto a transition voltage by controlling the
polarity of a ramping integrator output (Figure 10.23). In a typical sequence,
suppose the digital code is below the transition being tested. The decision
maker switches the integrator to the negative input, causing the integrator
output to increase in the positive direction. On each successive conversion,
a new decision is made; when the code is too high, the integrator is switched
to ramp in the reverse direction; the integrator speed is also reduced, in order
toincrease the sensitivity of the measurement.

The decision-maker could be a simple digital comparator. It controls the ramp
rates and polarities so the analog input voltage eventually dithers around the
transition being sought. A high-resolution dc voltmeter reads the average
value of the integrator output to determine the mean transition voltage.

Besides simplicity, this approach offers the advantage that the input voltage
has infinite resolution because it is analog. Also, it integrates out any noise
in thé transition by naturally seeking the 50% point, if the positive and nega-
tive ramp rates are tightly matched. But there are drawbacks: besides requir-
ing equal ramp rates, the analog measurement must have high resolution and
accuracy (16 bits‘);‘and the low-level triangular wave must be averaged in the
measurement of the DUT input level. Such measurements are not fast enough
for many uses, even with modern measurement systems.

A further improvement to this technique combines the infinite resolution of
analog dithering with the high accuracy of a 16-bit reference DAC, allowing
the integrator to be used for a low-resolution difference measurement, instead
of controlling system accuracy (Figure 10.24). The reference DAC sets the
desired transition voltage, and the integrator homes in on the difference be-
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Figure 10.24. Error loop with a 16-bit reference DAC to provide an analog set point to
correspond to the digital set point. The integrator reads out the ADC’s transition error.

tween the desired and actual transition voltages. The difference is measured
by a digital voltmeter (requiring less resolution than that in 10.22). The con-
straints on—and limitations of—the integrator still apply, however, and limit
the tester’s speed and flexibility.
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These limitations disappear if the integrator is replaced by a 12-bit “dither”
DAC, to form a digital tracking loop (Figure 10.25). This approach offers
many advantages; the most important is that the dither DAC provides resolu-
tion comparable to using an analog integrator but with much greater speed
and flexibility. In addition, the analog input presented to the DUT is com-
pletely defined digitally; no analog measurement is needed.
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Figure 10.25. Set-point DAC and dither DAC combine in digital controlloop to find ADC
transition error.

The output of the 12-bit dither DAC sums with the main DAC’s output to
produce the ADC’s input voltage. If R; = 100 R (as in this example), the LSB
of the dither converter has an effective resolution of 0.01 LSB (of 12 bits),
which is more than adequate for 12-bit testing. Actually, R1 may be further
reduced to optimize the resolution for different applications. At maximum at-
tenuation (R; = 500 R), the effective resolution of the dithering DAC be-
comes 10 microvolts. Since 10V corresponds to 0.06 LSB on a 16-bit 10-volt-
span ADC, converters having greater than 12-bit resolution can be tested for
all parameters, with INL limited only by the accuracy of the main DAC.

When this scheme is used in a computer-based automatic test system, the de-
cision maker can be more “intelligent” than just a digital comparator, and the
function could, in principle, be taken over by the test-system CPU. However,
the CPU is generally programmed in some high level language, such as
BASIC, which would slow down the execution of linearity routines or the
search for all 4,095 code transitions of a 12-bit ADC. Instead, if the processing
is distributed— with a slave microprocessor as the decision maker— many
further advantages in speed and flexibility will accrue. For example, the slave
processor, programmed in machine language, would determine all transition
locations, while the CPU need only tell the slave how many approximations
to use to create an average digital value for the transition of the “code under
test” (CUT).

Figure 10.26 is the functional block diagram of a family test board dedicated
to ADC testing for use in the Analog Devices L TS-2000-series of general-pur-
pose benchtop component testers. Its operation is controlled by a slave pro-
cessor, which receives instructions downloaded from the mainframe’s cen-
tral-processing unit.
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Figure 10.26. A/D Converter family test board for an LTS-2000-series benchtop auto-
matic test system.

The slave processor, therefore, offers the advantage of raw processing speed.
Because it is dedicated to testing, test time is independent of the system over-
head and hardware settling time. A distributed-processing system also
maximizes flexibility for testing the linearity of ADC’s. For example, the slave
processor may be told to report to the CPU values for all codes tested, or only
for codes that fail, or only for the two codes having the greatest positive and
negative linearity errors. Bit values in the variable responsible for code report-
ing can control whether linearity is to be tested at the transitions or at the cen-
ter of the codes.

With the slave processor, a 12-bit, 5-us ADC can be tested for linearity of all
codes (reporting only worst-case codes) in less than 15 seconds to a sigma (rms
deviation) repeatability of 0.04 LSB.

The slave processor also has the ability to map a transition. A digital value
may be entered and the slave engaged to perform a great many conversions
and report the percentage of conversions into the code under test for voltages
in the vicinity of the transition. (See Figures 10.27 and 10.28) The input may
be stepped incrementally by the programmer and the resulting values plotted
on a CRT to present the transition graphically as a function of voltage and
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percentage conversion into the code being tested for voltages in the vicinity
of the transition.

The circuit also contains an integrating dither that may be used to create a
crossplot of the DUT (much like the crossplot circuit of Figure 10.20). The
slave uses the integrator to sweep across a selected number of codes around
a selected code. The two LSB’s of the DUT are decoded to create four levels
at the DAC dither. The outputs of the DAC dither and the integrating dither
are connected to an oscilloscope’s Y and X inputs, respectively, to produce
the crossplot.

No-missing-codes is the most important requirement for most ADC applica-
tions. Until recently, the manufacturer’s ability to guarantee the presence of
all codes by actual 100% test has been hampered by the test time required to
find all codes. A statistical technique sometimes used is called a ramp-input,
fill-the-buckets method.* In this scheme, a free-running, large-signal, low-
frequency waveform is fed into the DUT. The CPU keeps track of the number
of times each binary code appears in the output. This technique, while faster
than the crossplot or analog integrator methods, cannot operate at the speed
of the distributed-processor ADC test circuit.

By virtue of the slave processor and the dither DAC, the existence of all codes
of the DUT can be determined very quickly: on the order of 2 seconds for
a 12-bit ADC. This routine works by a controlled search for the codes. It starts
by making an intelligent guess as to the location of the code. If the code is
not found, the processor either increments or decrements the dither DAC by
counting or by a successive-approximation routine, depending on the output
code just found. It will seek a code down to a resolution of 0.03 L.SB before
the code is considered missing. Once a code is found, the main DAC’s output
is increased by one LSB of the device under test, and the process is repeated
for the new code.

10.5 PRACTICAL CONSIDERATIONS

Now that the basics of ADC testing have been discussed, it’s time to consider
some of the practical problems encountered when trying to test an ADC.
These problems usually fall into one of four categories: nonlinearities in sig-
nal-conditioning circuits, grounding and decoupling errors, inattention to dy-
namics, and incorrect definition of parameters.

10.5.1 TRANSITION UNCERTAINTY

In the preceding text, except for an occasional mention of noise, a transition
has been treated as if it were sharp, occurring at a unique voltage. In fact,
transitions appear wide or blurry on a crossplot display, due to noise and/or
finite internal comparator gain.

*D. Philip Burton, “Checking A/D Converter Linearity,” Analog Dialogue 13-2(1979): 10.
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The effects of noise (occurring in either the signal or the converter, or picked
up in the wiring) are to introduce an uncertainty in the precise determination
of the analog input values at which the output code transitions take place, and
to, in effect, increase or reduce the quantization band. The nature of the ef-
fects of quantization and noise uncertainty errors is shown in Figure 10.27.
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Figure 10.27. Quantization and noise uncertainty error.
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Figure 10.28. Statistical definition of code transition.

The model of a transition can realistically be drawn as a probability function

(Figure 10,

28). Starting (say) near code center, all (or nearly all) conversions

are to the nominal code. Then, as the input voltage is slowly increased toward
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and through a transition, the ADC converts more and more frequently into
the next code. The most-common definition for the location of the transition
is that input voltage which results in 50% probability of conversion into each
of the two adjacent codes.

Taking this into account, servo-loop and test hardware—and software—must
be designed to insure repeatable readings consistent with the definition. For
example, if the ramp size of Figure 10.23 is small enough—and given enough
time—the analog integrator output will settle to the voltage at which the aver-
age current in the integrating capacitor is zero. This will be the 50% transition
voltage if the input current sources are exactly equal.

In digital dither loops, more flexibility is available in choosing the search al-
gorithm. It has been found more efficient to mathematically average the re-
sults of multiple successive approximations, rather than imitate the analog in-
tegrator by simulating a linear triangle wave.

10.5.2 HARDWARE CONSTRAINTS

It is inherently harder to design and build a successful test circuit for an ADC
than for a DAC because of the dynamic nature of the ADC. In testing a DAC,
the analog measurement can be delayed until the DAC and all the analog sup-
port circuitry have settled to their final states. An ADC, on the other hand,
converts at its own speed without regard for the condition of the signal or the
support circuitry. This makes the need for proper grounding and power-sup-
ply decoupling critical and places severe demands on the analog input buffer.

Grounding

Itis good practice to establish one point as the analog reference point. All ana-
log supply decoupling should connect to this single point via separate PC
board foils or wires. When testing ADC’s, every attempt should be made to
arrange circuit topology in such a way that the analog ground reference point
and the analog ground connection of the ADC are located as close to the ADC
as possible (Figure 10.29).
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Figure 10.29. Propergroundingarrangement.
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Input Buffer

The most common problem encountered is the inability of the buffer ampli-
fier to reproduce the outputs of the reference DAC and the dither circuit at
the input of the ADC. The amplifier must have the rare combination of excel-
lent dc precision and fast dynamic settling.

The input impedance of many ADCs is low and—worse yet—changes ab-
ruptly during the conversion process. For example, in successive-approxima-
tion converters, the input current is compared to the internal DAC’s output
current. The comparison point (summing junction of the comparator) is
diode-clamped, but it may swing plus and minus several hundred millivolts.
This gives rise to a modulation of the input current (Figure 10.30).
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Figure 10.30. The problem of driving a successive-approximation ADC; transient load
currents produce changes in output voltage.

For example, an amplifier supplying 2.5 volts to an ADC in the 10-V unipolar
range will experience a 32% increase in load current when the ADC tries
Bit 2. The amplifier will have to re-establish 2.5-V output—to well within the
LSB—before the internal comparator is strobed, or an error in the output
code will result. This requires an output impedance of under 10 ohms at all
frequencies up to 2 MHz for a modest-speed (12-ps) 12-bit ADC with a 5k()
input resistor.

It is well known (and expected) that the output impedance of a feedback am-
plifier is reduced by its loop gain. However, at high frequencies, where the
loop gain is low and phase shift affects feedback polarity, the amplifier output
impedance rises from its dc value to approach or exceed its open-loop value.
In the case of most IC amplifiers, the open loop output impedance is typically
100 to 200 ohms because of the current-limiting resistors. Even a few hundred
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microamperes, reflected from the change in the load presented by the conver-
ter, can introduce errors in the instantaneous input voltage. If the bandwidth
of the amplifier is sufficient to handle the ADC’s conversion speed, the output
will return to the nominal voltage before the converter makes its comparison,
so that little or no error is introduced.

However, many precision amplifiers have relatively narrow bandwidth. This
means that they recover very slowly from output transients. Naturally, preci-
sion amplifiers are more likely to be used in testing high-resolution ADCs,
where small dc errors are less tolerable. As a result, fast, high-resolution test
systems may suffer from amplifier output-transient errors. A wideband IC
amplifier, such as the AD509, which does not include output current-limit
resistors, is often sufficient, as is the more accurate, slightly slower AD OP-
27. A hybrid or discrete unity-gain buffer amplifier may be added inside the
amplifier loop (Figure 10.31) to improve the load transient response. High-
linearity sample-hold amplifiers, such as the AD585, also are designed to have
low output impedance and fast loop response.
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Figure 10.31. Wideband buffer inside-the-loop will drive the ADC.

Another dynamic problem often arises when testing ADCs that have multiple
input ranges. Depending on the architecture of the inputs of the ADC, there
are different ways of connecting unused input pins. Some ADCs require the
unused pins to be grounded. This is typically to eliminate noise from being
introduced into the summing junction through the unused input resistors.
Other ADCs require that the unused input pins be left unconnected. This is
typical because the input resistor is still part of the actual analog input. Any
parasitic loading on this pin can result in unpredictable device performance.
In either case, inattention to these details can result in inaccurate conversions
or even missing codes, rendering testing basically useless.

10.5.3 TESTING UNDER DYNAMIC CONDITIONS

The bench version of the crossplot tester, and its ATE counterpart—the digit-
al feedback circuit—test the ADC with essentially a dc signal at its input,
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However, static testing is not sufficient for devices intended to be pushed to
their limits at high speed, such as video ADC’s; converters can demonstrate
virtually ideal digitizing transfer functions under dc or low-frequency ac
stimulation, but under dynamic stress, i.e., ac test signals approaching the
Nyquist sampling-rate limit, fy/2, they often exhibit otherwise hidden short-
comingss, such as missing codes, non-monotonic conditions or linearity
errors.

Therefore, some form of dynamic testing is required, albeit it employs stan-
dards and procedures differing from those of industry-accepted static testing
for lower speeds. Users tend to focus only on those ac specifications that high-
light performance in a particular video-converter application. For example,
differential gain and phase aré paramount in digital-video uses, and signal-to-
notse ratio dominates evaluation of devices aimed at data-communication
tasks. More on this subject will be found in Chapter 13.

Analog Waveform Reconstruction

Traditionally, dynamic testing took the form of a waveform reconstruction
technique, which connects a high-performance d/a converter to the video a/d
converter under test and permits dynamic performance measurements with
conventional analog test equipment. To obtain valid test results, however, the
DAC’s static and dynamic performance must exceed that of the a/d converter
by two bits or more.

Fortunately, because many DACs achieve such higher performance, back-to-
back a/d-to-d/a testing proves successful (Figure 10.32). A deglitcher con-
nected to the DAC’s output removes unwanted harmonics caused by DAC
glitches or analog-output discontinuities. Essentially a track/hold amplifier,
the deglitcher switches to its hold mode immediately before the DAC gets
updated.

Probably the most powerful indicator of an A/D converter’s dynamic per-
formance is its signal-to-noise ratio (SNR). When stimulated by a spectrally
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Figure 10.32. Testing an a/d converter by the use of a higher-performance back-to-
back DAC.

SWalter Kester, “Test Video A/D Converters Under Dynamic Conditions,” EDN, August 18, 1982,
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pure sine wave, an ideal a/d converter generates q/\V/12 rms quantizing noise
in an fy/2 bandwidth, where q equals the weight of the least-significant bit
(LSB). This rms noise level is independent of the input sine wave’s level and
frequency as long as the level lies within the a/d converter’s operating range.

Theoretically, the logarithmic expression of the ratio of a full-scale sine wave’s
rms level to an ideal N-bit a/d converter’s rms quantizing noise (measured
over an f/2 bandwidth) equals

SNR = 6.02N + 1.8dB (10.19)

Practically, though, an a/d converter’s noise floor increases with the full-scale
sine wave’s increasing input frequency; the corresponding SNR thus de-
creases. Conversely, holding the input frequency constant but reducing the
sine-wave amplitude decreases the a/d converter’s noise floor.

A/D-converter SNR test results can be displayed and analyzed in several
ways. One way is to plot SNR versus sine-wave frequency for a constant-
amplitude full-scale sine-wave input. SNR can also be plotted versus input-
signal amplitude for a fixed sine-wave frequency. The two plots can be com-
bined (Figure 10.33) to form a set of curves that permit the number of effec-
tive bits of resolution for various amplitudes and frequencies to be determined
and compared with the theoretical values.
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Figure 10.33. Signal-to-noise ratio vs. sine-wave level and resolution of an ADC. These
plotted curves help analyze a video a/d converter's thearetical and actual SNR test
results.

Note that the SNR can be measured for input signals greater than the Nyquist
limit, /2. However, it is important to be aware that the fundamental sine
wave then appears as an alias component within the f;/2 bandwidth. For exam-
ple, a 12-MHz sine wave’s in-band component when sampled at 20 MHz oc-
cursat SMHz,
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Digital Waveform Analysis

In modern ATE, digital processing is cheaper to provide than a precision dy-
namic AC measurement capability. In these systems, the digital output
stream of the ADC under test is sent directly to a high speed buffer memory
for later analysis by a computer or array processor. The computer may simply
create a histogram of the output codes, which can be analyzed for gain, offset,
missing codes and linearity errors. DSP techniques, such as the fast Fourier
transform, may be employed to do spectral analysis of the digital output table
to determine signal-to-noise ratio, differential phase and differential gain, in
addition to the above characteristics.



Chapter Eleven

Specifying Converters

The applications for digital data-handling equipment and the products of the
conversion-and data-acquisition industry have spawned a multiplicity and di-
versity of companies, product lines, and products. We find it sobering,*
though not a little gratifying, to discover that (as a major manufacturer, with
a reasonably complete line of monolithic, hybrid, and modular products) we
can deliver hundreds of distinct converter types—of which a large number are
in the ““recommended-for-new-designs” category, and that the line is growing
substantially each year.

Thus, the very large number of converter products available in the mar-
ketplace, even from a single manufacturer, can overwhelm even the most in-
formed engineer, when faced with the problem of selecting a device, or a
group of devices, for a given application.

Interpretation of the specifications adds another dimension to the task, which
is further complicated by the difficulty of finding standardized definitions of
specifications that all manufacturers can agree upon.

To remedy this situation, and attempt to make the system designer’s job of
finding the “right” converter a little easier,} this chapter lists some of the ele-
ments of the decision—and steps a user can take to help “home in’’ on a near-
optimum selection. In this chapter are also summarized interpretations of the

*It’s even more disconcerting to realize that this paragraph appeared in the first edition of this book in 1972,
when the Analog Devices product line was much smaller, with the words, *“. . . we can deliver some 250 distinct
D/A[!Jconverter types, . . . growingby75 types per year,”

11t’s possible that some of the points raised here, if previously unanticipated by the reader, may actually make
the initial selection more involved, with the benefit that problems will be fewer at a later (and more expensive)
stage.
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specifications, consistent (it is to be hoped), not only with the previous three
chapters and with engineering practice at Analog Devices, but also with inter-
pretations that may become accepted as standard within the industry.

For the convenience of the engineer who may seek orientation to some of the
categories of devices available off-the-shelf, Tables 1 and 2 are abbreviated
selection charts containing a sampling of popular general-purpose integrated-
circuit converter-product families manufactured by Analog Devices, Inc., in
1984, They are based on the a/d and d/a converter sections of the 1984 Analog
Devices Databook, which contains comprehensive selection guides, complete
specifications, descriptions, and applications information for converters and
a wide variety of converter-related products. The latest edition available
should be consulted when specific designs are being considered. The reader
is invited to request a copy from the manufacturer’s home or local sales of-
fices. The conscientious engineer will also seek comparable data from other
manufacturers,

Finally, a brief example of a data-acquisition design process is given, based
on the suggestions in this chapter.

11.1 TWOBASICFACTORS
The two key factors in choosing the right device are:

Completely define the design objectives. Consider all known objectives and try
to anticipate the unknowns that will pop up later. Include such factors as sig-
nal and noise levels, required accuracy, throughput rate, characteristics of the
signal and control interfaces, environmental conditions and space factors, and
anticipate budgetary limitations that may force performance compromises or
adifferent system approach.

Understand what the specs mean. It is essential to have a firm understanding
of what the manufacturer means by his set of specifications. It should not be
assumed (in 1985) that any two manufacturers mean the same thing when they
publish identical numbers defining a given parameter. In most cases, the
manufacturer has honestly attempted to provide accurate information about
his product. This information must be interpreted, however, in terms mean-
ingful to the user’s requirements, which requires a knowledge of how the
terms are defined. Two examples that give an insight into how differences
arise are included and discussed at length in the Specifications section: linear-
ity and temperature coefficient.

11.2 DEFINING THE OBJECTIVES—APPLICATION CHECKLISTS
General Considerations

A. Accurate description of input and output
1. Analogsignal range; source or load impedance
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2. Digital code needed: Binary, twos complement, BCD, etc.

3. Logic-level compatibility: TTL, CMOS, etc., logic polarity (unless
otherwise noted, logic levels mentioned in Analog Devices publi-
cations are standard TTL., positive-true)

Data throughput rate

Control and data-interface details or constraints .

. What does the system error budget allow for each block?

What are the environmental conditions: temperature range, supply

voltage, re-calibration interval, etc., over which the converter should

operate to the desired accuracy?

Are there any special environmental conditions that must be coped

with? EMC, high humidity, shock and vibration, and cramped space

areafew.

G. What are the bounds of integration for the purchased portion of the sys-
tem? Turnkey system, real-time interface, data-acquisition subsystem,
subassemblies, components? What are the hardware/software, analog/
digital tradeoffs?

In addition to the above general considerations, there are specific items to con-
sider when choosing each block in a system.

mooOw

e

Considerations for D/A Converters

A. What resolution is needed? How many bits (e.g., 8, 10, 12, etc.) of the
incoming data word must be converted? To what degree of accuracy,
linearity, etc.? N

B. What logic levels and codes can be provided to the DAC? (The most
popular logic system is TTL, and the most-frequently used codes are
binary, twos complement, offset binary (twos complement with a com-
plemented MSB), as outputs of systems, and BCD, usually derived
from digital voltmeters or thumbwheel switches.) Is digital input serial
or parallel? ,

C. What kind of output signal is needed: a current or a voltage? What is
the desired full-scale range? (Most DACs are available with either cur-
rent output—at very high speed—or voltage output, with the added
delay of an internal operational amplifier. Voltage-output DAC’s are the
more convenient to use but—unless designed specifically for high
speed—will serve only in applications not calling for submicrosecond
settling times. Current-output DAC’s are used in applications where
high speed is more essential than stiff voltage output, such as circuits
with comparators (e.g., A/D converters), or where fast amplification is
to be provided externally (e.g., via CRT deflection amplifiers).

D. Whatkind of reference is needed, fixed (internal or external) or variable
(multiplying DAC)? For multiplying DACs, how many quadrants are
needed, and how arranged (1-quadrant, 4-quadrant, 2-quadrant digit-
al, 2-£1uadrant analog)?
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What is the nature of the digital interface? What are the speed, require-
ments? What is likely to be the shortest time between data changes?
After a change in the digital input data, how long can the system wait
for the output signal of the DAC to settle to the desired accuracy for
afull-scale change? For a 1-bit change at the major carry? Are switching
transients of any consequence? Can they be filtered? Must they be sup-
pressed (i.e., deglitched) within the DAC? What is the analog signal
feedthrough requirement for multiplying DAC’s at low frequencies? At
high frequency?

Over how wide a temperature range (at the device, including its internal
temperature rise) must the converter operate? Over how much of this
range must the converter perform essentially within its specifications
with readjustment? What degradation of specifications is permitted
(gain vs. linearity, etc.)?

How stable are the terminal voltages of the power supplies that will
power the DAC? How stable should they be? I's the power-supply sen-
sitivity specification adequate to hold errors from this source within
reasonable limits? Are there constraints on converter dissipation?

Though no list can be complete, the above items will be the minimum consid-
eration in any more-complete tabulation.

Considerations for AID Converters

The process of selecting an a/d converter is similar to that involved in the
selection of d/a converters. Some of the following considerations are analog-
ous to those for DACs, and others are unique to ADCs.

A.

B.

g

What is the analog input range, and to what resolution must the signal
be measured.

What is the requirement for linearity error, relative accuracy, stability
of calibration, etc.?

. To what extent must the various sources of error be minimized as

ambient temperature changes? Are missed codes tolerable under any
conditions?

. How much time is allowed for each complete conversion?

Is the reference to be fixed, adjustable, or variable (ratiometric
measurement)? ‘

How stable is the system power supply? How much error due to power-
supply variation is tolerable in the conversion system? Are there con-
straints on converter dissipation?

What is the character of the input signal? Is it noisy, sampled, filtered,
rapidly varying, slowly varying? What kind of pre-processing is to be
(or can be) done that will affect the choice (and cost) of the converter?
What conversion circuit philosophies are acceptable for—or indicated
by—the application? (e.g., successive-approximation, dual-slope inte-
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gration, counter-&-comparator, etc. As a rule, integrating types are
best for converting noisy input signals at relatively slow rates, while
successive-approximation is best suited to converting sampled or fil-
tered inputs at rates up to IMHz. Counter-comparator types provide
lowest cost but may be both slow and noise-susceptible; they are useful
for peak followers and sample-holds that employ digital storage.)

. What is the bus width and format of the digital interface? Parallel, byte-

serial, serial? Buffered, three-state? What kind of logic? ECL, CMOS,
TTL?

Considerations for Analog Multiplexers and Sample-Holds

When a sampled-data-system is to be assembled, in which one a/d converter
is time-shared among many input channels by the use of a multiplexer and
sample-hold, their contribution to system performance errors must be taken
into account. These accessory devices are discussed elsewhere, but they are
also discussed briefly in this chapter because of their relevance to the conver-
ter selection process.

Multiplexers

A.

m o o "

o

How many input channels are needed? Single-ended or differential?
High-level or low-level? What dynamic range?

What kind of hierarchy is used, if a great many channels are involved?
What is the addressing scheme?

How much time is needed for settling to desired accuracy when switch-
ing from one channel to another? Maximum switching rate?

. How much ac crosstalk error between channels is allowable? At what

frequencies?

What error is produced by the leakage current flowing through the
source resistance?

What will be the multiplexer “transfer” error, produced by the voltage
divider formed by the on resistance of the multiplexer and the input re-
sistance of the sample-hold. Is the multiplexer active or passive (i.e.,
does it have an output amplifier, or is it simply a set of switches?)

Is the channel-switching rate to be fixed or flexible? Continuous or in-
terruptible? Should it be capable of stopping on one channel for test or
calibration purposes?

. Is there danger of damage to active signal sources when the power is

turned off? MOSFET multiplexers are inherently “safe’ (at least in this
sense), since the switches open when power is removed. JFET multi-
plexer switches can conduct when power is removed, making it possible
tointerconnect, and therefore damage, active signal sources.

Sample-Holds

A.

What is the input signal range? Gain?
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B. Considering the slewing rate of the signal and the multiplexer’s chan-
nel-switching rate, what is the sample-hold’s allowable acquisition time
to within the desired error band?

What accuracy is needed (gain, linearity, and offset errors)?

. What aperture delay and jitter are allowable, going into hold (The delay
component of aperture time is considered to be correctible, since the
switching operation can be advanced to compensate. The uncertainty
(jitter) cannot be compensated, and a random jitter of Sns applied to
a signal slewing at, say, 1V/us produces an uncertainty of SmV. In sam-
pled-data systems, operating at a constant sampling rate, with data that
is not correlated to the sampling rate, delay is of no importance if fixed,
but jitter modulates the sampling rate.

How much droop is allowable in hold?

What are the effects of time, temperature, and power supply variation?
What offset error is caused by the flow of the sample-hold’s input bias
current through the series resistance of the multiplex switch and the sig-
nal source?

11.3 DEFINING THE SPECIFICATIONS

Figures 11.1 and 11.2 depict the specifications of typical d/a and a/d conver-
ters. Though the specs probably mean “what you think they mean,”’ it is im-
portant that their meaning and implications be spelled out. The following list,
in alphabetical order, should prove helpful. (Additional definitions will be
found in Chapter 10 and in chapters on specific kinds of devices.)

o O

@

Accuracy, Absolute. Absolute accuracy error of a d/a converter is the difference
between actual analog output and the output that is expected when a given
digital code is applied to the converter. Error is usually commensurate with
resolution, i.e., less than 27+ D_ or “Y5 LSB” of full scale. However, accu-
racy may be much better than resolution in some applications; for example,
a 4-bit reference supply having only 16 discrete digitally chosen levels would
have a resolution of V16, but it might have an accuracy to within 0.01% of each
ideal value.

Absolute accuracy error of an a/d converter at a given output code is the differ-
ence between the actual and the theoretical analog input voltages required to
produce that code. Since the code can be produced by any analog voltage in
a finite band (see Quantizing Uncertainty, and also Figure 7.2), the “input re-
quired to produce that code” is defined as the midpoint of the band of inputs
that will produce that code. For example, if 5 volts, +1.2 mV, will theoreti-
cally produce a 12-bit half-scale code of 1000 0000 0000, then a converter for
which any voltage from 4.997 V to 4.999 V will produce that code will have
absolute error of (¥2)(4.997 + 4.999) — 5Svolts = + 2 millivolts.

Sources of error include gain (calibration) error, zero error, linearity errors,
and noise. Absolute accuracy measurements should be made under a set of



!The digital input specifications are 100% tested at +25°C, and guaranteed but not tested over the full temperature range,

Adjustable to zero.

?FSR means “Full Scale Range" and is 20V for + 10V range and 10V for the + 5V range,

*A minimum power supply of +12.5V is required for a = 10V full scale output and * 11.4V is required for all other voltage ranges.

Specifications subject to change without notice.

Specifications shown in boldface are tested on all productien units at final
electrical test. Results from those tests are used to calculate outgoing quality
levels. All min and max specifications are guaranteed, although only those
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SPEC I Fl CATI 0 NS (fy=+25°C, £12V, =15V power supplies unless otherwise noted)
Model AD667] ADSS7K AD667S
Min Typ Max Min Typ Max Typ Max Units
DIGITALINPUTS
Resolution 12 12 12 Bits
Logic Levels (TTL Compatible, T T
Vg (Logic “1™) +2.0 +5.5 +2.0 +5.5 +2.0 +5.5 v
Vi (Logic *0") 0 +0.8 0 +0.8 0 +0.7 v
I (Vig=5.5V) 200 300 200 300 200 300 nA
T (ViL=0.8V) 50 100 50 100 50 160 pA
TRANSFER CHARACTERISTICS
ACCURACY
Linearity Ertor ¢r- + 25°C ES VTR U8 x14 18 %12 LSB
TA= Trmia 10 Trnas =12 +34 “i4 x12 =12 x4 LSB
Differential Linearity Error @ + 25°C =12 %34 U4 212 14 234 1.SB
Ta=Tmin 10 Trmay M icity G d M icity G d M icity G d LSB
Gain Error” =01 %02 +0.1 %02 €01 x02 %FSR?
Unipolar Offset Error® *1 +2 +1 +2 +1 +2 LSB
Bipolar Zero? £0.05 _ £0.1 20,05 0.1 005 +0.1 %of FSR
DRIFT E
Differential Lincarity ppm of FSR°C
Gain (Full Scale) Tp = 25°C 10 Tnin OF Trnax x5 +30 £5 *15 =15 £30 ppmof FSRC
Unipolar Offset Tp = 25°C 10 Tiin 0F Tray =1 +3 +3 +3 ppmof FSRC
Bipolar Zero Ty = 25°C 10 Tonin 0F Tnay =5 10 £10 +10 ppmof FSRPC
CONVERSION SPEED
Settiing Time to +0,01% of FSR for
FSR Change (2kQ500pF load)
with 10k€2 Fecdback 3 4 3 4 3 4 s
with k2 Feedback 2 3 2 3 2 3 s
For LSB Change 1 1 1 us
Slew Rate 10 i0 10 Vips
ANALOGOUTPUT
Ranges* *2.5,>5, =10, +2.5, +5, =10, *2.5,+5, =10, v
+5,+10 +5,+10 +5,+10
Output Current *5 =5 +5 mA
Output Impedance (dc) 0.05 0.05 0.05 o]
Short Circuit Current 40 40 40 mA
REFERENCE OUTPUT 9.90 10.00  10.10 9.90 10.00 10,10 9.90 10.00 1010 v
External Cucrent 0.1 1.0 0.1 1.0 0.1 1.0 mA
POWER SUPPLY SENSITIVITY
Vee = +114to0 +16.5Vde 15 25 15 25 15 25 ppm of F§/%
Veg = - 11410 - 16,5Vde 3 10 3 10 3 10 ppm of FS/%
POWER SUPPLY REQUIREMENTS
Rated Voltages 12, %15 *12, %15 =12, =15 v
Range* +114 £16.5 114 +16.5 +11.4 16,5 v
Supply Drain
+11.410 +16.5Vde 5 85 H 8.5 5 8.5 mA
—11.410 ~16.5V dc 18 25 18 25 18 25 mA
TEMPERATURE RANGE
Specification 0 +70 0 +70 -55 +125 °C
Operating s5 +125 ~55 +125 -55 +125 °C
Storage - 65 +125 - 65 +125 -65 +150 °C
NOTES

shown in boldface are tested on all production units,

Figure 11.1. Typical microcircuit d/a converter specifications (AD667).

standard conditions with sources and meters traceable to an internationally
accepted standard.

Accuracy, Logarithmic DACs: The difference (measured in dB) between the
actual transfer function and the ideal transfer function, as measured after cali-
bration of gain error at 0 dB.

Accuracy, Relative. Relative accuracy error, expressed in %, ppm, or frac-
tions of 1 LSB, is the deviation of the analog value at any code (relative to
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SPECIFICATION

(typical @ +25°C with Vg = +16V or +12V, VL 0GIC = +6V, VEE = -15V or -12V,
unless otherwise specified)

Specifying Converters

ADS74A] ADS574AK AD574AL
Model Min Typ Max Min Typ Max Min Typ Max Units
RESOLUTION 12 12 12 Bits
LINEARITY ERROR
25°C (max) *12 *112 LSB
Trun 10 Trmay +112 =1 LSB
DIFFERENTIAL LINEARITY ERROR
(Minumum resolution for which no
missing codes are guaranteed)
25°C 1 12 12 Bits
Tnin 10 Ty H 12 12 Bits
UNIPOLAR OFFSET (max)(Adjustable to zero} *2 *2 LSB
BIPOLAR OFFSET (max) (Adjustable to zero) +10 x4 +4 LSB
FULL SCALE CALIBRATION ERROR
(with fixed 500 resistor from REF OUT TO REF IN)
{Adjustable to zero) 25°C (max) 0.25 0.25 0.25 %of F.S.
T min 10 Tray (Without Initial Adjustment) 0.47 0.37 0.30 %of F.S.
(With Initial Adjustment) 0.22 0.12 0.05 %ol F.S.
TEMPERATURE RANGE 0 +70 0 +70 0 +70 °C
TEMPERATURE COEFFICIENTS (Using internal reference)
Tonin 10 Trnax
Unipolar Offset +2 *1 *1 LSB
10 5 5 ppm/°C
Bipolar Offset +2 +] *1 LSB
10 5 5 ppm/*C
Full Scale Calibration +9 +5 +2 LSB
50 27 10 ppm”°C
POWER SUPPLY REJECTION
Max change in Full Scale Calibration
+13.5=Vee=+16.5Vor +11.4V=Vees +12.6V *2 *1 =1 LSB
+4.5<Viog1c=<+5.5V *172 *12 +172 LSB
~16.5=Vgp= - 13.5Vor —12.6V=sVgp=—11.4V *2 +1 +1 LSB
ANALOGINPUT
Input Ranges
Bipolar ~5t0+5 ~5t0+5 -Sto+5 Volts
—~10t0 +10 -~ 10t +10 — 10w +10 Volis
Unipolar 0o +10 Oto +10 Oto +10 Volts
0to +20 Oto +20 Oto +20 Volts
Input Impedance
10 Volt Span 3 5 3 5 7 3 5 kQ
20 Volt Span 6 10 14 6 10 14 6 10 14 k0
POWER SUPPLIES
Operating Range )
Vioaic +4.5 +5.5 +4.5 +5.5 +4.5 +5.5 Volts
Vee +11.4 +16.5 +11.4 +16.5 +11.4 +16.5 | Volts
Vi —11.4 -16.5 —11.4 -16.5 ~11.4 ~16.5 | Volts
Operating Current
TLosic £l 40 30 40 30 40 mA
Iee 2 H 2 5 2 5 mA
Vee 18 30 18 30 18 30 mA
POWER DISSIPATION 390 725 390 725 390 725 mW
INTERNALREFERENCE VOLTAGE 9.9 10.0 10.1 9.9 10.0 10.1 9.9 10,0 10,1 Volts
Output current (available for externa loads) 1.5 1.5! 15! mA
{External load should not change during conversion)
PACKAGE OPTION
(D28A) ADS74AID ADS74AKD ADS74ALD
NOTES

"Fhe reference should be buffered for operation on = 12V supplies.
Specifications subject to change without notice.

Specifications shown in boldface are tested on all production units at final electri-
caj test. Results from those tests are used to calculate outgoing quality levels. All
min and max specifications are guaranteed, although only these shown in

boldface are tested on all productien units.

Figure 11.2. Typical microcircuit a/d converter specifications (AD574A).

the full analog range of the device transfer characteristic) from its theoretical
value (relative to the same range), after the full-scale range (FSR) has been
calibrated (see Full-Scale Range; see also Chapter 10).

Since the discrete analog values that correspond to the digital values ideally
lie on a straight line, the specified worst-case relative-accuracy error of a linear
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ADC or DAC can be interpreted as a measure of end-point nonlinearity (see
Linearity).

The “discrete points™ of a D/A transfer characteristic are measured by the
actual analog outputs. The “discrete points’ of an A/D transfer characteristic
are the midpoints of the quantization bands at each code (see Accuracy,
Absolute).

Acquisition Time. The acquisition time of a sample/track-hold circuit for a step
change is the time required by the output to reach its final value, within a
specified error band, after the sample (or track) command has been given. In-
cluded are switch-delay time, the slewing interval, and settling time for a
specified output-voltage change.

Aperture (Delay) Time, in a sample/track-hold, is the time required after the
hold command, for the switch to open fully. The sample is, in effect, delayed
by this interval, and the hold command would have to be advanced by this
amount for precise timing.

Aperture Uncertainty (or Jitter) is the range of variation in the aperture time. If
the aperture time is tuned out by advancing the hold command by a suitable
amount—or if the signal is being sampled repetitively—this spec establishes
the ultimate timing error, hence the maximum sampling frequency for a given
resolution,

Automatic Zero. To achieve zero stability in many integrating-type converters,
a time interval is provided during each conversion cycle to allow the circuitry
to compensate for drift errors. The drift error in such converters is substan-
tially zero.

Bias Current is the zero-signal dc current required from the signal source by
the inputs of many semiconductor circuits. The voltage developed across the
source resistance by bias current constitutes an (often negligible) offset error.

When an instrumentation amplifier performs measurements of a source that
is disjoint from the amplifier’s power-supply, there must be a return path for
bias currents. If it does not already exist and is not provided, those currents
will charge stray capacitances, causing the output to drift uncontrollably or
to saturate, Therefore, when amplifying outputs of “floating” sources, such
as transformers, insulated thermocouples, and ac-coupled circuits, there
must be a high-impedance dc leakage path from each input to common, or
to the driven-guard terminal (if present). If a dc return path is impracticable,
an isolator must be used.

Bipolar Offset. See Offset.

Channel-to-Channel Isolation, in multiple d/a converters. The proportion of
analog input signal from one DAC’s reference input that appears at the output
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of the other DAC, expressed logarithmically in dB. See also crosstalk.

Character-Serial BCD. Multiplexed BCD data outputs, where the 4-bit BCD
code for each digit is gated in sequence onto four common output lines.

Charge Transfer (or Offset Step), the principal component of sample-to-hold
offset (or pedestal) is the small charge transferred to the storage capacitor via
interelectrode capacitance of the switch and stray capacitance when switching
to the hold mode. The offset step is directly proportional to this charge, viz.,

Incremental charge (picocoulombs)
Capacitance (picofarads)

It can be reduced somewhat by lightly coupling an appropriate-polarity ver-
sion of the hold signal to the capacitor for first-order cancellation. The error
can also be reduced by increasing the capacitance, but this increases acquisi-
tion time.

Offset error (volts) = A_g. -

Code Width. This is a fundamental quantity for a/d converter specifications.
Itis defined as the range of analog input values for which a given digital output
code will occur (the stair treads in Figure 7.2). The nominal value of a code
width (for all but the first and last codes) is the voltage equivalent of 1 least-
significant bit (LSB) of the full-scale range, or 2.44 mV out of 10 volts for
a 12-bit ADC. Noise modulates (and narrows) the effective code width. Code
width should generally not be less than %2 LSB or more than 1v5 LSB. Because
the full-scale range is fixed, the presence of excessively wide codes implies the
existence of narrow—and perhaps even missing—codes.

Common-Mode Range. Common-mode rejection usually varies with the mag-
nitude of the range through which the input signal can swing, determined by
the sum of the common-mode and the differential voltage. Common-mode
range is that range of total input voltage over which specified common-mode
rejection is maintained. For example, if the common-mode signal is # 5V and
the differential signal is == 5V, the common-mode rangeis + 10V.

Common-Mode Rejection (CMR) is a measure of the change in output voltage
when both inputs are changed by equal amounts of ac and/or dc voltage. Com-
mon-mode rejection is usually expressed either as a ratio (e.g., CMRR =
1,000,000:1) or in decibels: CMR = 20 log; CMRR; if CMRR = 10°, CMR
= 120 dB. A CMRR of 10® means that 1 volt of common mode is processed
by the device as though it were a differential signal of 1-microvolt at the input.

CMR is usually specified for a full-range common-mode voltage change
(CMV), at a given frequency, and a specified imbalance of source impedance
(e.g., 1 k() source unbalance, at 60 Hz). In amplifiers, the common-mode re-
jection ratio is defined as the ratio of the signal gain, G, to the common-mode
gain (the ratio of common-mode signal appearing at the output to the CMV
attheinput.
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Common-Mode Voltage (CMV). A voltage that appears in common at both
input terminals of a device, with respect to its output reference (usually
“ground”). For inputs, V; and V,, with respect to ground, CMV =
¥2(V + V3). Anideal differential-input device would ignore CMV. Common-
mode error (CME) is any error at the output due to the common-mode input
voltage. The errors due to supply-voltage variation, an internal common-
mode effect, are specified separately.

In isolation amplifiers, the rating, CMV, inputs to outputs, is the voltage that
may be safely applied to both inputs, with respect to the outputs or power com-
mon. This is a necessary consideration in applications with high CMV input
or when high voltage-transients may occur at the input.

Compliance-Voltage Range. For a current source (e.g., a current-output
DAC), the maximum range of (output) terminal voltage for which the device
will maintain the specified current-output characteristics.

Conversion Time and Conversion Rate. The time required for a complete meas-
urement by an analog-to-digital converter is called conversion time. For most
converters (assuming no significant additional systemic delays), conversion
time is essentially identical with the inverse of conversion rate. However, in
some high-speed converters, because of pipelining, new conversions are
initiated before the results of prior conversions have been determined; thus,
for example, the Analog Devices MOD-1205 can provide 12-bit output data
at a 5-MHz word rate (200 ns/conversion), even though the time for any one

conversion, from start to finish, is two clock periods plus 275 ns, or 675 ns,
atS MHz.

In digital panel instruments, conversion rate is the frequency at which readings
may be processed by the instrument. Specifications are typically given for in-
ternally clocked rates and maximum permissible externally triggered rates.
Conversion time is the maximum time required for the instrument to complete
areading cycle—itis specified for the full-scale reading

Crosstalk. Leakage of signals, usually via capacitance between circuits or
channels of a multi-channel system or device, such as a multiplexer, multiple
op amp, or multiple DAC. Crosstalk is usually determined by the impedance
parameters of the physical circuit, and actual values are frequency-depen-
dent. See also channel-to-channel isolation.

Multiple d/a converters have a digital crosstalk specification: the spike (some-
times called glitch) impulse appearing at the output of one converter due to
a change in the digital input code of another of the converters. It is specified
in nanovolt-seconds and measured at Vggr = 0 V.

Degl‘itcher (See Glitch). A device that removes or reduces the effects of time-
skew pulses in d/a conversion. A deglitcher normally employs a sample-hold
circuit, often specifically designed as part of the DAC. When the DAC is up-
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dated, the deglitcher holds the output of the DAC’s output amplifier constant
at the previous value until the switches reach equilibrium, then samples and
holds the new value.

Dagital-to-Analog Spike (also Glitch) I mpulse. For CMOS multiplying DACs,
this is a measure of the charge injected from the digital inputs to the analog
outputs when the inputs change state. It is usually specified in terms of the
area of the spike in nanovolt-seconds, and is measured with Vggy at analog
ground and a fast operational amplifier as the output amplifier.

Droop Rate. When a sample-hold circuit using a capacitor for storage is in
hold, it will not hold the information forever. Droop rate is the rate at which
the output voltage changes (by increasing or decreasing), and hence gives up
information. The change of output occurs as a result of leakage or bias cur-
rents flowing through the storage capacitor. The polarity of change depends
on the sources of leakage within a given device. In integrated circuits with ex-
ternal capacitors, it is usually specified as a (droop or drift) current, in mod-
ules or ICs having internal capacitors, a rate of change. Note: dV/dt (volts/sec-
ond) = I/C (picoamperes/picofarads).

Dual-Slope Converter. An integrating A/D converter in which the unknown
signal is converted to a proportional time interval, which is then measured
digitally.

CONSTANT SLOPE
PROPORTIONAL TO VREF

INTEGRATOR
OUTPUT

C1

Cc3

SIGNAL INTEGRATE REFERENCE INTEGRATE
TIME TIME
{REF. COUNT) (PROPORTIONAL COUNT)

Figure 11.3. Voltage-time relationships in dual-slope conversion.

This is done by integrating the unknown for a predetermined length of time.
Then a reference input is switched to the integrator, which integrates “down”’
from the level determined by the unknown until the starting level is reached.
The time for the second integration process, as determined by the counter,
is proportional to the average of the unknown signal level over the predeter-
mined integrating period. The counter provides the digital readout.
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Feedthrough. Undesirable signal-coupling around switches or other devices
that are supposed to be turned off or provide isolation, e.g., feedthrough error
in a sample-hold, multiplexer, or multiplying DAC. Feedthrough is variously
specified in percent, parts per million, fractions of 1 LSB, or fractions of 1
volt, with a given set of inputs, at a specified frequency.

In a multiplying DAC, feedthrough error is caused by capacitive coupling from
an ac Vggr to the output, with all switches off. In a sample/hold, feedthrough
is the fraction of the input signal variation or ac input waveform that appears
at the output in hold. It is caused by stray capacitive coupling from the input
to the storage capacitor, principally across the open switch.

“Flash> Converter. A converter in which all the bit choices are made at the
same time. It requires 2" — 1 voltage-divider taps and comparators—and a
comparable amount of priority encoding logic. A scheme that gives extremely
fast conversion, it requires large numbers of nearly identical components,
hence it is well-suited to—and really only feasible in—integrated-circuit
form. Flash converters are often used in pairs for two-stage conversion in sub-
ranging converters, to provide high resolution at somewhat slower speed than
pure flash conversion.

Four-Quadrant. In a multiplying DAC, “four quadrant”’ refers to the fact that
both the reference signal and the number represented by the digital input may
be of either positive or negative polarity. Such a DAC can be thought of as
a gain control for ac signals (“reference” input) with a range of positive and
negative digitally controlled gains. A four-quadrant multiplier is expected to
obey the rules of multiplication for algebraic sign.

Frequency-to-Voltage Conversion (FVC). The input of a FVC device is an ac
waveform-—usually a train of pulses (in the context of conversion); the output
is an analog voltage, proportional to the number of pulses occurring in a given
time. FVC is usually performed by a voltage-to-frequency converter in a feed-
back loop. Important specifications, in addition to the accuracy specs typical
of VECs (see Voltage-to-Frequency conversion), include output ripple (for
specified input frequencies), threshold (for recognition that another cycle has
been initiated, and for versatility in interfacing several types of sensors di-
rectly), hysteresis, to provide a degree of insensitivity to noise superimposed
on aslowly varying input waveform, and dynamic response (important in motor
control).

Full-Scale Range (FSR). For binary ADCs and DAGCs, that magnitude of
voltage, current, or—in a multiplying DAC—gain, of which the MSB is
specified to be exactly one-half—or for which any bit or combination of bits
is tested against its (their) prescribed ideal ratio(s). FSR is independent of
resolution; the value of the LSB (voltage, current, or gain)is2 " "FSR.

There are several other terms, with differing meanings, that are often used
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in the context of discussions or operations involving full-scale range. They
are:

Full Scale—similar to full-scale range, but pertaining to a single polarity.
Thus, full-scale for a unipolar device is twice the prescribed value of the MSB
and has the same polarity. For a bipolar device, positive or negative full scale
is that positive or negative value, of which the next bit after the polarity bit
is tested to be one-half.

Span-—thescalar voltage or current range corresponding to FSR.

All-I’s—All bits on, the condition used, in conjunction with all-zeros, for
gain adjustment of an ADC or DAC, in accordance with the manufacturer’s
instructions. Its magnitude, for a binary device, is (1 —-2~") FSR. All-I’s is
a positive-true definition of a specific magnitude relationship; for complemen-
tary coding the “all-1’s” code will actually be all zeros. To avoid confusion,
all-1’s should never be called ““full scale;”” FSR and FS are mdependent of the
number of bits, all-1’s isn’t.

All-’s—All bits off, the condition used in offset (and gain) adjustment
of a DAC or ADC, according to the manufacturer’s instructions. All-0’s cor-
responds to zero output in a unipolar DAC and negative full-scale in an offset
bipolar DAC with positive output reference. In a sign-magnitude device, all-
0’s refers to all bits after the sign bit. Analogous to “all-1’s,” ““all-0’s’’ is a posi-
tive-true definition of the all-bits-off condition; in a complementary-coded de-
vice, it is expressed by all ones. To avoid confusion, all-0’s should not be
called ““zero” unless it accurately corresponds to true analog zero output from
aDAC.

The best way of defining the critical points for an actual device is a brief table
of critical codes and the ideal voltages, currents, or gains to which they corres-
pond, with the conditions for measurement defined.

Gain. The “gain’ of a converter is that analog scale factor setting that estab-
lishes the nominal conversion relationship, e.g., 10 volts full-scale. In a multi-
plying DAC or ratiometric ADC, it is indeed a gain. In a device with fixed
internal reference, it is expressed as the full-scale magnitude of the output pa-
rameter (e.g., 10 volts or 2 milliamperes). In a fixed-reference converter,
where the use of the internal reference is optional, the converter gain and the
reference may be specified separately. Gain and zero adjustment are discussed
under zero.

“Glitch” (see Figure 11.4). Transients associated with code changes generally
stem from several sources. Some are spikes, known as digital-to-analog feed-
through, or charge transfer, coupled from the digital signal to the analog out-
put, defined with zero reference. These spikes are generally fast, fairly uni-
form, code-independent, and hence filterable. However, there is a more-in-
sidious form of transient, code-dependent, and difficult to filter, known as
the “glitch.” -



11.3 Defining the Specifications 357

10000000

01111111

WITH IDEAL DEGLITCHER
GLITCH

Figure 11.4. Glitch ata major carry.

If the output of a counter is applied to the input of a DAC to develop a ““stair-
case’’ voltage, the number of bits involved in a code change between two adja-
cent codes establish “major” and “minor” transitions. The most major transi-
tion is at Y2-scale, when the D/A switches all bits, i.e., from 011. . .111 to
1000. . .00. If, for digital inputs having no skew, the switches are faster to
switch off than on, this means that, for a short time, the DAC will seek zero
output, and then return to the required 1 LSB above the previous reading.
This large transient spike is commonly known as a “glitch.” The better-
matched the input transitions and the switching times, the faster the switches,
the smaller will be the energy contained in the glitch. Because the size of the
glitch is not proportional to the signal change, linear filtering may be unsuc-
cessful and may, in fact, make matters worse. (See also Deglitcher.)

The severity of a glitch is specified by glitch impulse, the product of its dura-
tion and its average magnitude, i.e., the net area under the curve. This prod-
uct will be recognized as the physical quantity, impulse (electromotive force X
Atime); however, it has also been termed “glitch energy’’ and “glitch charge.”
Glitch impulse is usually expressed, for fast converters, in units of picovolt-
seconds (equivalent to the more-readily visualized millivolt-nanoseconds).

The glitch can be minimized through the use of fast, non-saturating logic,
such as ECL, matched latches, and non-saturating switches. Very fast DACs,
such as those used in high-resolution raster-type displays, often include ar-
rangements for trimming the glitch to take the form of a small, filterable
doublet pulse, which has near-zero net area and a doubled fundamental fre-
quency (see Section 13.2.1).

Glitch Charge, Glitch Energy, Glitch Impulse, See Glitch.

Leakage Current, Output. Current which appears at the output terminal of a
d/aconverter with all bits “off.” For a converter with two complementary out-
puts (for example, some CMOS DACs), output leakage current is the current
measured at OUT 1, with all digital inputs low—and the current measured
at OUT 2, with all digital inputs high.

Least-Significant Bit (LSB). In a system in which a numerical magnitude is
represented by a series of binary (i.e. two-valued) digits, the least-significant
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bit is that digit (or “‘bit”’) that carries the smallest value, or weight. For exam-
ple, in the natural binary number 1101 (decimal 13, or (1 x 23) + (1 x 2?)
+ (0 x 21 + (2%)), the rightmost digit is the LSB. Its analog weight, in rela-
tion to full scale (see Full-Scale Range), is 2™, where n is the number of binary
digits. It represents the smallest analog change that can be resolved by an n-bit
converter.

In converter nomenclature (viz., fractional binary), the L.SB is bit n; in bus
nomenclature (integer binary), itis Data Bit 0.

Linearity. (See also Nonlinearity.) Linearity error of a converter (also, integral
nonlinearity—see Linearity, Differential), expressed in % or parts per million
of full-scale range, or (sub)multiples of 1 LSB, is a deviation of the analog
values, in a plot of the measured conversion relationship, from a straight line.
The straight line can be either a “‘best straight line,” determined empirically
by manipulation of the gain and/or offset to equalize maximum positive and
negative deviations of the actual transfer characteristic from this straight line;
or, it can be a straight line passing through the end points of the transfer char-
acteristic after they have been calibrated, sometimes referred to as ‘“‘end-
point” linearity (Figure 11.5). “End-point” nonlinearity is similar to relative
accuracy error (see Accuracy, Relative). It provides an easier method for users
to calibrate a device, and it is a more conservative way to specify linearity.

For multiplying D/A converters, the analog linearity error, at a specified ana-
log gain (digital code), is defined in the same way as for analog multipliers,
i.e., by deviation from a ‘“best straight line”” through the plot of the analog
output-input response.

Linearity, Differential. In a d/a converter, any two adjacent digital codes
should result in measured output values that are exactly 1 LSB apart (27 of
full scale for an n-bit converter). Any positive or negative deviation of the
measured “step’” from the ideal difference is called differential nonlinearity,
expressed in (sub)multiples of 1 LSB. It is an important specification, because
a differential linearity error more negative than —1 LSB can lead to non-
monotonic response in a d/a converter and missed codes in an a/d converter
using that DAC.

Similarly, in an a/d converter, midpoints between code transitions should be
1 LSB apart. Differential nonlinearity is the deviation between the actual dif-
ference between midpoints and 1 LSB, for adjacent codes. If this deviation
is equal to or more negative than —1 LSB, a code will be missed, as shown
in Figure 7.2.

Often, instead of a maximum differential nonlinearity specification, there will
be a simple specification of ‘“‘monotonicity’’ or “no missing codes’’, which im-
plies that the differential nonlinearity cannot be more negative than — 1 for
any adjacent pair of codes. However, the differential linearity error may still
be somewhere more positive than +1LSB.
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Figure 11.5. Comparison of linearity criteria for 3-bit d/a converter. Straight line
through end points is easier to measure and provides a more-conservative specifica-
tion.

Linearity, Integral. See Linearity. While differential linearity deals with errors
in step size, integral linearity has to do with deviations of the overall shape of
the conversion response. Even converters that are not subject to differential-
linearity errors (e.g., integrating types) have integral-linearity (sometimes
just “linearity”’) errors.

Missing Codes. An a/d converter is said to have missing codes when a transition
from one quantum of the analog range to the adjacent one does not result in
the adjacent digital code, but in a code removed by one or more counts. Mis-
sing codes can be caused by large negative differential-linearity errors, noise,
or changing inputs during conversion. A converter’s proclivity towards mis-
sing codes is also a function of temperature.

Monotonicity. A DAC is said to be monotonic if its output either increases or
remains constant as the digital input increases, with the result that the output
will always be a single-valued function of the input. The condition
“monotonic” requires that the derivative of the transfer function never
change sign. Monotonic behavior requires that the differential nonlinearity
be more positive than — 1 LSB.

Most Significant Bit (MSB). In a system in which a numerical magnitude is
represented by a series of binary (i.e., two-valued) digits, the most-significant
bit is that digit (or ““bit”) that carries the greatest value or weight. For exam-
ple, in the natural binary number 1101 (decimal 13, or (1x 23) + (1 x 2H +
(0x 2" + (1x2°)), the leftmost “1”’ is the MSB, with a weight of ¥ nominal
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peak-to-peak full scale (full-scale range). In bipolar devices, the sign bit is the
MSB. In A/D converters having overrange bits, the MSB is the most-signifi-
cant “overrange’’ bit.

In converter nomenclature (viz., fractional binary), the MSB is bit 1; in bus
nomenclature (integer binary), itis DataBit(n — 1).

Multiplying DAC. A multiplying DAC differs from the conventional fixed-
reference DAC in being designed to operate with varying (or ac) reference sig-
nals. The output signal of such a DAC is proportional to the product of the
“reference” (i.e., analog input) voltage and the fractional equivalent of the
digital input number. See also Four-Quadrant.

Noise, Peak and RMS . Internally generated random noise is not a major factor
in d/a converters, except at extreme resolutions and dynamic ranges. Random
noise is characterized by rms specifications for a given bandwidth, or as a
spectral density (current or voltage per root hertz); if the distribution is Gaus-
sian, the probability of peak-to-peak values exceeding 7 X the rms value is less
than0.1%.

Of much greater importance in DACs is interference, in the form of high-
amplitude, low-energy (hence low-rms) spikes appearing at a DAC’s output,
caused by coupling of digital signals in a surprising variety of ways; they in-
clude coupling via stray capacitance, via power supplies, via inadequate
ground systems, via feedthrough, and by glitch-generation (see Glitch). Their
presence underscores the necessity for maximum application of the designer’s
art, including layout, shielding, guarding, grounding, bypassing, and
deglitching.

Noise in a/d converters in effect narrows the region between transitions and
can cause missing codes in a converter with marginal differential nonlinearity.
Sources of noise include the comparator, the reference, the analog signal it-
self, and pickup in infinite variety.

Nonlinearity—or “gain nonlinearity”’—in an instrumentation or isolation am-
plifier is defined as the deviation from a straight line on the plot of output vs.
input. The magnitude of linearity error is the maximum deviation from a
“best straight line,” with the output swinging through its full-scale range.
Nonlinearity is usually specified in percent of full-scale output range.

Normal Mode. For an amplifier used in instrumentation, the normal-mode sig-
nal is the actual difference signal being measured. This signal often has noise
associated with it. Signal-conditioning systems and digital panel instruments
usually contain input filtering to remove high-frequency—and line-fre-
quency—noise components. Normal-mode rejection (NMR), is a logarithmic
measure of the attenuation of normal-mode noise components at specified fre-
quenciesin dB.
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Offset, Bipolar. For the great majority of bipolar converters (e.g., + 10-volt
output), negative currents are not actually generated to correspond to nega-
tive numbers; instead, a unipolar DAC is used, and the output is offset by
half full scale (1 MSB). For best results, this offset voltage or current is de-
rived from the same reference supply that determines the gain of the
converter.

Because of nonlinearity, a device with perfectly calibrated end points may
have offset error at analog zero.

Offset Step. See Pedestal.

Output Voltage Tolerance. For a reference, the maximum deviation from the
nominal output voltage at 25°C and specified input voltage, as measured by
a device traceable to a recognized fundamental voltage standard.

Overload (Digital Panel Instruments). An input voltage exceeding the instru-
ment’s full-scale range produces an overload condition, usually indicated by
conspicuous manipulation of the display, such as all dashes, flashing zeros,
etc. On a 3'2-digit DPM with a range of 199.9 mV, a signal exceeding 200
mV will produce an overload condition.

Overrange (Digital Panel Instruments). An input signal that exceeds all nines
on a DPM, but is less than an overload. On a 3 Y4-digit DPM with a full-scale
range of 199.9 mV, the all-nines range is 0 to 99.9 mV, and signals from 100
t0 199.9 mV are said to fall in the 100% overrange region. Some panel meters
have higher overrange capability; a 3 3/4-digit meter has a full-scale range of
3.999, or 300% overrange.

Pedestal, or Sample-to-Hold Offset Step. In sample/track-hold amplifiers, a
shift in level between the last value in sample and the value settled-to in kold 3
in devices having fixed internal capacitors, it includes charge transfer, or offset
step. However, for devices that may use external capacitors, it is often defined
as the residual step error after the charge transfer is accounted for and/or can-
celled. Since it is unpredictable in magnitude and may be a function of the
signal, it is also known as offfset nonlinearity. ‘

Power-Supply Rejection Ratio (PSRR). The ratio of a change in dc power-sup-
ply voltage to the resulting change in the specified device error, expressed in
percentage, parts per million, or fractions of 1 LSB. It may also be expressed
logarithmically, in dB (PSR = 201log,o (PSRR)).

Power-Supply Sensitivity. The sensitivity of a converter to changes in the
power-supply voltages is normally expressed in terms of percent-of-full-scale
change in analog value—or fractions of 1 LSB — (D/A output, A/D input)
for a 1% dc change in the power supply, e.g., 0.05%/% AV,. Power-supply
sensitivity may also be expressed in relation to a specified maximum dc shift
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of power-supply voltage. A converter may be considered ““good” if the change
in reading at full scale does not exceed + %2-L.SB for a 3% change in power-
supply voltage. Even better specs are necessary for converters designed for
battery operation.

Propagation Delay. In CMOS DACs, a measure of the internal delays of the
circuit, propagation delay is defined as the time from a digital input change
to the time at which the analog output current reaches 90% of its final value.

Quad-Slope Converter. This is an integrating analog-to-digital converter that
goes through two cycles of dual-slope conversion, once with zero input and
once with the analog input being measured. The errors determined during the
first cycle are subtracted digitally from the result in the second cycle. The
scheme can result in high-accuracy conversion.

Quantizing Uncertainty (or “Error”’). The analog continuum is partitioned into
2™ discrete ranges for n-bit conversion and processing. All analog values with-
in a given quantum are represented by the same digital code, usually assigned
to the nominal mid-range value. There is, therefore, an inherent quantization
uncertainty of + 12 LLSB, in addition to the actual conversion errors. In inte-
grating a/d converters, this “error’ is often expressed as “+1 count.” De-
pending on the system context, it may be interpreted as a truncation (round-
off) error or as noise.

Ratiometric. The output of an a/d converter is a digital number proportional
to the ratio of (some measure of) the input to areference voltage. Most require-
ments for conversions call for an absolute measurement, i.e., against a fixed
reference; but this presumes that the signal applied to the converter is either
reference-independent or in some way derived from another fixed reference.
However, real references are not truly fixed; the references for both the con-
verter and the signal source vary with time, temperature, loading, etc. There-
fore, if the converter is used with signal sources that also rely on references
(for example, strain-gage bridges, RTDs, thermistors), it makes sense to re-
place this multiplicity of references by a single system reference; reference-
caused errors will tend to cancel out. This can be done by using the converter’s
internal reference (if it has one) as the system reference. Another way is to
use a separate external system reference, which also becomes the reference
for a ratiometric converter.

Over limited ranges, ratiometric conversion can also serve as a substitute for
analog or digital signal division (where the denominator changes by less than
2 LSB during the conversion). The signal input is the numerator; the refer-
ence input is the denominator.

Resolution. An n-bit binary converter should be able to provide 2" distinct and
different analog output values corresponding to the set of n-bit binary words.
A converter that satisfies this criterion is said to have a resolution of n bits.
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The smallest output change that can be resolved by a linear DAC is 2-" of the
full-scale span. Thus, for example, the resolution of an 8-bit DAC would be
278, or Vs6. On the other hand, a nonlinear device, such as the AD7111 LOG-
DAC™ * can ideally achieve a dynamic range of 89.625 dB, or 30,000:1, in
0.375-dB steps, using only 8 bits of digital resolution.

For digital panel instruments, resolution is the smallest voltage increment that
can be measured. It is a function of full-scale range and the number of digits.
For example, if a 3 Y4-digit DPM has a resolution of 1 part in 2,000 (0.05%)
over afull-scale range of 199.9 mV, the DPM can resolve 0.1 mV.

Sample-to-Hold Offset. See Pedestal.

Settling Time—Amplifier. Settling time is defined as the time elapsed from the
application of a perfect step input to the time when the amplifier output has
entered and remained within a specified error band symmetrical about the
final value. Settling time, therefore, includes the time required: for the signal
to propagate through the amplifier, for the amplifier to slew from the initial
value, recover from the slew-rate-limited overload (if it occurs), and settle to .
a given error in the linear range. It may also include a “long tail”’ due to the
time required to reach thermal equilibrium, or the settling time of compensa-
tion circuits. Settling time is usually specified for the condition of unity gain,
relatively low impedance levels, no (or a specified value of) capacitive loading,
and any specified compensation. A full-scale unipolar step is used, and both
polarities are tested.

Although settling time can generally be grossly inferred from the other ampli-
fier specifications (i.e., an amplifier that has extra-wide small-signal
bandwidth, extra-fast slewing, and excellent full-power response may reason-
ably—but not always—be expected to have fast settling), settling time cannot
usually be predicted from the other dynamic specifications.

Settling Time—DAC. The time required, following a prescribed data change,
for the output of a DAC to reach and remain within a given fraction (usually
= Y2 LSB) of the final value. Typical prescribed changes are full-scale, 1
MSB, and 1 LSB at a major carry. Settling time of current-output DACs is
quite fast. The major share of settling time of a voltage-output DAC is usually
contributed by the settling time of an output op-amp chip.

Single-Slope Conversion. In the single-slope converter, a reference voltage is
integrated until the output of the integrator is equal to the input voltage. The
time period required for the integrator to go from zero to the level of the input
is proportional to the magnitude of the input voltage and is measured by an
internal clock. Measurement accuracy is sensitive to clock speed and integrat-
ing capacitance, as well as the reference accuracy.

*LOGDAC is a trade mark of Analog Devices, Inc.
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Slew(ing) Rate. A limitation in the rate of change of output voltage, usually
imposed by some basic circuit consideration, such as limited current to charge
a capacitor. Amplifiers with slew rate greater than about 75 volts/microsecond
are usually seen only in more sophisticated (and expensive) devices. The out-
put slewing speed of a voltage-output d/a converter is usually limited by the
slew rate of the amplifier used at its output.

Stability. In a well-designed, intelligently applied converter, dynamic stability
is not an important question. The term stability usually applies to the insen-
sitivity of the converter’s characteristics to time, temperature, etc. All meas-
urements of stability are difficult and time-consuming, but stability vs. tem-
perature is sufficiently critical in most applications to warrant universal inclu-
sion in tables of specifications (see Temperature Coefficient).

Staircase. A voltage or current, increasing in equal increments as a function
of time and having the appearance of a staircase (in a time plot); it is generated
by applying a pulse train to a counter, and the output of the counter to the
inputofa DAC.

A very simple a/d converter can be built by comparing a staircase from a DAC
with the unknown analog input. When the DAC output exceeds the analog
input by a fraction of 1 LSB, the count is stopped, and the code corresponding
to the count is the digital input. If the counter is an up/down counter, where
up/down is controlled by the comparator state, with correct polarity, the con-
verter will tend to track the input signal.

Subranging A/D Converters. In this type of converter, an extremely fast—i.e.,
flash—conversion produces the most-significant portion of the output word.
This portion is stored in.a holding register and also converted back to analog
with a fast, high-accuracy d/a converter. The analog result is subtracted from
the input, and the resulting residue is amplified, converted to digital at high
speed, and combined with the results of the earlier conversion to form the out-
put word. In digitally corrected subranging (DCS), the two bytes are combined
in a manner that corrects for the error of the LSB of the most-significant byte.
For example, using 8-bit and 5-bit conversion, plus this technique and a great
deal of video-speed converter expertise, a full-accuracy high-speed 12-bit con-
verter can be built.

Successive Approximations. Successive approximations is a high-speed method
of conversion by comparing an unknown against a group of weighted refer-
ences. The operation of a successive-approximation a/d converter is generally
similar to the orderly weighing of an unknown quantity on a precision chemi-
cal balance, using a set of weights, such as 1 gram Y2 gram, Y gram, etc. The
weights are tried in order, starting with the largest. Any weight that tips the
scale is removed. At the end of the process, the sum of the weights remaining
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on the scale will be within 1 LSB of the actual weight (*=% LSB, if the scale
is properly biased—see Zero).

Switching Time. In a d/a converter, the switching time is the time taken for
an analog switch to change to a new state from the previous one. It includes
delay time, and rise time from 10% to 90%, but does not include settling time.

Temperature Coefficient. In general, temperature instabilities are expressed as
%/°C, ppm/°C, fractions of 1 LSB per degree C., orasa change in a parameter
over a specified temperature range. Measurements are usually made at room
temperature and at the extremes of the specified range, and the temperature
coefficient (tempco, T.C.) is defined as the change in the parameter, divided
by the corresponding temperature change. Parameters of interest include
gain, linearity, offset (bipolar), and zero.

a. Gain Tempco: Two factors principally affect converter gain stability
with temperature. In fixed-reference converters, the reference voltage will
vary with temperature (generally less than S ppm/°C for the AD581L). The
reference circuitry and switches (and comparator in a/d converters) will add
a few more ppm/°C.

b. Linearity Tempco: Sensitivity of linearity (integral and/or differential
linearity) to temperature, in % FSR/°C or ppm FSR/°C, over the specified
range. Monotonic behavior in DACs is achieved if the differential nonlinear-
ity is less than 1 LSB at any temperature in the range of interest. The differen-
tial nonlinearity temperature coefficient may be expressed as a ratio, as a
maximum change over a temperature range, and/or implied by a statement
that the device is monotonic over the specified temperature range. To avoid
missing codes in noiseless a/d converters, it is sufficient that the differential
nonlinearity error magnitude be less than 1 LSB at any temperature in the
range of interest. The temperature coefficient is often implied by the state-
ment that there are no missed codes when operating within a specified temper-
ature range.

c. Zero TC (unipolar converters): The temperature stability of a unipolar
fixed-reference DAC, measured in % FSR/°C or ppm FSR/°C, is principally
affected by current leakage (current-output DAC), and offset voltage and bias
current of the output op amp (voltage-output DAC). The zero stability of an
ADC is dependent on the zero stability of the DAC or integrator and/or the
input buffer and the comparator. It is expressed in uwV/°Cor in percent or ppm
of full-scale range (FSR) per degree C.

d. Offset Tempco: The temperature coefficient of the all-DAC-switches-
off (minus full-scale) point of a bipolar converter (in % FSR/°C or ppm
FSR/°C) depends on three major factors—the tempco of the reference source,
the voltage zero-stability of the output amplifier, and the tracking capability
of the bipolar-offset resistors and the gain resistors. In an a/d converter, the
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corresponding tempco of the negative full-scale point depends on similar
quantities—the tempco of the reference source, the voltage stability of the
input buffer and the comparator, and the tracking capabilities of the bipolar
offset resistors and the gain resistors.

Thermal Tail. The slow drift of an amplifier having a thermally induced offset
due to self-heating as it settles to a final electrical equilibrium value corres-
ponding to internal thermal equilibrium.

Total Unadjusted Error. A comprehensive specification on some devices which
includes full-scale error, relative-accuracy and zero-code errors, under a
specified set of conditions.

Zero- and Gain-Adjustment Principles. (This is not a substitute for the man-
ufacturer’s instructions, which should be followed in detail.)

a. DACs: The output of a unipolar DAC is set to zero volts in the all-bits-
off condition. The gain is set for F.S. (1 — 27™) with all bits on. The “zero”
of an offset-binary bipolar DAC is set to — F.S. with all bits off, and the gain
issetfor +F.S. (1 — 2-®D ywithall bits on.

b. ADCs: The zero adjustment of a unipolar ADC is set so that the transi-
tion from all-bits-off to LSB-on occurs at ¥2 (27) F.S. The gain is set for the
final transition to all-bits-on at F.S. (1 — 3/2 27™). The ‘““zero” of an offset-bi-
nary bipolar ADC is set so that the first transition occurs at —F.S. (1 — 27™)
and the last transition at + F.S. (1 — 3x2™),

11.4 SYSTEM-COMPONENT SELECTION PROCESS

The most natural process for selection of appropriate off-the-shelf compo-
nents to meet a system requirement involves a method of ““successive approxi-
mations:”” Choose the least costly device that meets the most significant re-
quirements, and perform an error analysis to check its adequacy.

If its performance seems far better than that needed for the other require-
ments (at possibly excessive cost), or inadequate in some respects, inspect the
discrepancies for possible design tradeoffs, make a new choice (if necessary)
and repeat the analysis. Remember, though, that in a maturing industry, costs
can be expected to decline. It is often less costly, in the long run, to go for better
performance (rather than lowest possible cost) in the initial stages of a design. Also,
efforts aimed at reducing the cost of any element of a system should bear in
mind the criticality of that element and the relationship of its cost relative to
that of the entire project.

Where new designs are concerned and early results are essential, unless one
is an experienced system designer with plenty of component and manufactur-
ing experience (if quantities are involved), it is usually good judgement to ig-
nore initial cost (within the limits of good sense) and go for performance, con-
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venience, and the highest level of system integration that the budget will allow
(see Chapter 4).

11.5 EXAMPLE OF A SELECTION AND VERIFICATION PROCESS*

A computer data-acquisition system is to be assembled to process data from
anumber of strain gages. Signal-conditioning hardware, to be purchased with
the gages, delivers + 10V full-scale signals with 10-ohm source impedance.
The signal channels must be sequentially scanned in no more than 50 micro-
seconds per channel. Maximum allowable error of the system is about 0.1%
of full scale. System logic is to be TTL, and hardware may work in either bina-
ry or 2’s complement code. Parallel data readout will be used.

Probable temperature range in the equipment cabinets (including equipment
temperature rise) is +25°C to +55°C. Sufficient power at both +15V and
+ 5V is available, but the regulation of the + 15V supply is 150mV.

The objective: specify a set of conversion components having appropriate ac-
curacy and speed.

11.5.1 FIRST APPROXIMATION

A useful rule of thumb that usually provides satisfactory results is this: For
the critical specs of a multi-component system, choose each component to
perform roughly 10 times better than the overall desired performance. Thus,
for a system that needs 0.1%-grade performance, use a 0.01% converter (12
bits) with a compatible multiplexer and sample-hold amplifier.

Reviewing the available a/d converter ICs, we find AD574A to be a possible
choice; it completes a conversion in 25ws. For a sample-hold, the compatible
ADS585 is chosen, adding 0.5 us of settling time. Thus, the combination ap-
pears to be amply capable of meeting the 50 ps/channel scanning requirement.
Since the multiplexer will scan sequentially, its settling time is unimportant.
The multiplexer can be switched to the next address as soon as the SHA goes
into hold on data from the current address. Thus it has at least 25 s to settle
before a measurement is called for. For convenience and small size, one
should consider the AD7501 CMOS 8-channel multiplexer.

11.5.2 ERROR ANALYSIS

It’s clear that the AD7501, the AD585, and the AD574A generally meet the
problem’s requirements. Now we must look further into the details of errors,
to determine if the worst-case situation is within the allowable 0.1% system
error.

*For maximum tutorial benefit, to avoid clutter, and to fit the available space, some of the known but less-salient
sources of error have been intentionally omitted. For any that readers are concerned about for particular applica-
tions but don’t see treated here, it is worth noting that most converter manufacturers, including Analog Devices,
make available competent applications engineers who can be reached by mail or by telephone.
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Multiplexer

The switches of the AD7501, being MOSFET’s, with variable-resistance
channels, are not subject to voltage offset errors. Errors here will be due on
two factors:

1. Leakage current into the on channel from the off channels develops an
offset voltage across the source impedance.

Leakage current @ 25°C 10nA

Source impedance 10 ohms

Error voltage = 10 X 10 x 10~ = 1077 V (0.01 ppm, negligible)

2. Transfer error due to voltage division across the MOSFET on resistance
and input impedance of the sample-hold amplifier (AD585):

ON resistance 300 ohms maximum

ADS585R;, 10*2 ohms

Divider ratio attenuation error: 3 X 1071°(0.0003 ppm, negligible)
Sample-Hold
1. Nonlinearity is 2mV over the 20V range, or 0.01% . . . . . 100 ppm

2. Gain error of 0.01% maximum (and other similarly small initial gain errors
in the system) may be compensated for overall performance when calibrating

Output Conversion
Resolution | Family Type Bus Interface Reference | Time Comments
8 Bits ADS70 3-state | TTL-compatible Internal 20ps
buffer

AD670 3-state | TTL-compatible Internal 0ps Instr. amp.
buffer input

AD673 3-state | TTL-compatible Internal 20ps
buffer

AD7574 3-state | TTL-compatible External 15ps CMOS
buffer

AD7576 3-state | TTL-compatible External 10ps CMOS
buffer

AD7581 3-state | TTL-compatible External Continuous | 8-Channel
buffer memory

AD7820 3-state | TTL-compatible External 1.5ps CMOS
buffer on-board S/H

10 Bits AD579 Binary | TTL-compatible Internal 1.8ps Hybrid

ADS573 Binary | TTL-compatible Internal 20ps

AD7571 3-state [ CMOS-compatible | External 80us CMOS
buffer

12 Bits ADS574A 3-state | TTL-compatible Internal 25us
buffer

ADS78 Binary | TTL-compatible | Internal s Hybrid

ADADCS0 | Ser/Par | TTL-compatible | Internal 25us Hybrid
bin.

AD7582 4-8latch | TTL-compatible | External 100ps CMOS
3-state 4-channel
buffer MUX

16 Bits ADADCT71 | Ser/Par | TTL-compatible | Interpal 45ns Hybrid
bin.

Table 11.1. General-Purpose Analog-to-Digital Conversion ICs
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the system by setting the scale constant of the ADC. It is not considered as
partof the error budget.

3. Input bias current of 2 nA (max) causes an offset error voltage in the source
resistance.
Sourceresistance = 10 ohms (source) + 300 ohms (MPX switch)
Offseterror = 2nA X 300 ohms = 600nV = 0.6V (0.06 ppm,
negligible)
4. Offsetvs. temperature = 3mV/110°C = 27.3u.V/°C
Since the temperature of the chip may change by as much as 28°C, the total
change over the range will be
27.3pVx28°C = 756puV,or . . .. ... ........ 756 ppm
of =10 V. Anoffset adjustment is provided for 1n1tlal trimming.

Multiply
Resolution | Family Output | Digital Input Reference | Capability | Comments
8 Bits ADS58 Voltage | 8-bitlatched Internal I-quadrant | Single supply
AD7224 Voltage | 8-bit latched External 1-quadrant [ CMOS
Double-buffered
AD7226 Voltage | 8-bitlatched External 1-quadrant { 4-channel
CMOS
AD7524 Current | 8-bit latched External 4-quadrant { CMOS
AD7528 Current | 8-bitlatched External 4-quadrant | Dual CMOS
AD7523 Current | 8-bitdirect External 4-quadrant [ CMOS
9 Bits AD7115 Current | 9-bit latched External | 2-quadrant | LOGDAC™
‘ CMOS
10 Bits AD7533 Current | 10-bitdirect External 4-quadrant [ CMOS
12 Bits AD7542 Current | 4-4-4latched External 4-quadrant | CMOS
Double-buffered
AD7545 Current | 12-bit latched External 4-quadrant | CMOS
AD7548 Current | 8-4or4-8latched | External 4-quadrant | CMOS
Double-buffered
AD7549 Current | 4-4-4latched External 4-quadrant | 2-channel
Double-buffered CMOS
AD7541 Current | 12-bitdirect External 4-quadrant | CMOS
ADS67 Current | 4-4-4latched Internal 2-quadrant
Double-buffered
AD667 Voltage | 4-4-4latched Internal 2-quadrant
Double-buffered
AD39%0 Voltage | 12-bitlatched Internal 4-channel
Double-buffered Hybrid
ADS65A Current | 12-bitdirect Internal 2-quadrant
ADS66A Current | 12-bitdirect External 2-quadrant
AD DACS80 Optional | 12-bitdirect Internal 2-quadrant
AD7240 Voltage | 12-bitdirect External I-quadrant | CMOS
14 Bits AD7534 Current | 6-8latched External 4-quadrant | CMOS
Double buffered
AD7535 Current | 14or6-8latched | External 4-quadrant [ CMOS
Double buffered
16 Bits AD569 Voltage | 8-8latched External 2-quadrant
Double-buffered
ADDAC71/72 | Optional | 16-bit direct Internal 2-quadrant | Hybrid
AD7546 Voltage | 16-bitlatched External 2-quadrant | CMOS

Table 11.2 General-Purpose Digital-to-Analog Conversion ICs
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5. Offsetvs. power supplyisequalto —70dB,or0.316 x 103 V/V.
Since the supply may vary by 150mV, or 1% of 15V, the error contribution
is47.4pV,or . .. Lo 4.7 ppm

By an analysis comparable to the above, we would normally also prepare a sys-
tem timing diagram, and assign operate-and settling-time allowances. How-
ever, the components selected for this example have more than adequate set-
tling time, even for 0.01% operation; consequently, we can overlook the need
for a formal timing analysis to determine whether settling times are adequate.

Converter
1. Specified linearity error (relative accuracy) of ADS574AL: Y2 LSB,
0 122 ppm

2. Quantizing uncertainty: 2 LSB, or 0.0125%. This is a resolution limita-
tion, not normally considered in the error budget.

3. Temperature errors
a. Gain temperature coefficient: 10 ppm/°C for 30°C

10 ppm/°Cx30°C = 0.03%,0r . . . . . ... ... ... 300 ppm
b. Zero temperature coefficient: 10 ppm/°C for 30°C
10 ppm/°Cx30°C = 0.03%,0r . . . ... ... ..... 300 ppm

4. Power supply sensitivity error: 2 2 LSB for worst-case 10% change in all
three supplies. For a 1% shift, the error is 0.25 LSB = 0.000061,
10 61 ppm

5. Differential nonlinearity temperature coefficient: guaranteed 12-bit reso-
lution with no missing codes over temperature.

In this example, the worst-case arithmetic sum of these errors is 0.096%, and
the rms sum is 0.046%. Because they are based on conservative assumptions,
these error levels in the conversion stage are consistent with a specified error
of 0.1%. The designer can go on to the other hardware, software, interface,
and wiring problems.

CONCLUSION

In this chapter, we have sought to make the designer’s process of choosing
a converter easier and more effective by providing checklists of relevant ques-
tions in making a choice, definitions of specifications and related features,
converter charts, and an example of selection and evaluation. We now go on
to some considerations for what must be done to make the system work as
expected.



Chapter Twelve

Applying Converters Successfully

In Chapter 11, we pointed out that selecting the most economical converter
for an application is not a simple task, considering the many different types
of converters on the market, the complex manner in which converter specifi-
cations relate to a specific system application, and the fact that prices of con-
verters range from less than $10 to several hundreds of dollars.

In this chapter, we will discuss system aspects of selecting converters, a con-
tinuation of the discussion in the last chapter.

To make the most appropriate converter choice requires that the user consider
a number of questions: What are the real objectives of the conversion process,
and how do they relate to the converter’s specifications? How may the system
be configured to relax the converter’s performance (and price) requirements,
and at what overall cost? How will the other system components limit and de-
grade the converter’s performance? What tradeoffs are available in the system
error budget? Is it more economical to make a long-term choice of one “gen-
eral-purpose’ converter, which will meet the needs of a large number of sys-
tem designs with a single standard configuration, or to go through an op-
timum selection process for each individual application?

After selecting the appropriate converter, the user should be fully aware that
the thorough preliminary analysis and economic component choice usually in-
volved are not by themselves sufficient to ensure that the system performance
needs will be met. The system designer must take into account the physical
surroundings, interconnections, grounding and power supplies, protection
circuitry, and all the other details that constitute good engineering practice.

While these few pages cannot (and are not intended to) be a primer on en-
gineering practice, it is essential for the converter user to become aware of
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those elements of practice that are of particular relevance to converter-system
design.!

12.1 MAKING THE PROPER SYSTEM CHOICES

A general rule of thumb used by some designers may be expressed as follows:
““As the converter performance requirements approach state-of-the-art con-
verter capabilities in both speed and accuracy, the price of the converter will
increase exponentially.” If substantial cost savings are desired, the user must
relax one of these parameters.

12.1.1 DATA-ACQUISITION SYSTEMS

An example will serve to illustrate the process of elimination and winnowing
that can be profitably employed to determine a converter’s minimum per-
formance requirements. Figure 12.1 shows, in the simplest terms, a block dia-
gram of an analog data-acquisition system, the primary application for which
A/D convertersare used.

The data-acquisition system, under the direction of the control unit, selects
the multiplexer input points, one at a time, and directs the signal appearing
on each point to the analog input of the A/D converter via the associated multi-
plex channel. The signal level is encoded by the converter and outputted to
storage. The storage unit retains each piece of data in a predetermined format,
and holds it for further processing.

12.1.2 THREE CLASSES OF CONVERTER SPECIFICATIONS

In attacking the problem of determining the converter performance require-
ments, it is useful to divide the converter specifications into three classes:
Those that determine accuracy under optimum conditions, those that are de-
pendent on time (or speed of response), and those that are substantially af-
fected by the environment.

In the first class are included resolution, relative accuracy, differential linear-
ity, noise, quantization uncertainty, monotonicity, and differential-linearity

Useful (and strongly recommended) references include:
1. Analog Devices 1984 Databook (or subsequent editions). Integrated Circuits, Vol. I. (Norwood: Analog
Devices, Inc.) Application Notes:
“An’1.C. Amplifier User’s Guide to Decoupling, Grounding, and Making Things Go Right for a Change,”
pp. 20-13 to 20-20.
“Gain Error and Gain Temperature Coefficient of CMOS Multiplying DACs,” pp. 20-37 to 20-40,
“‘Shielding and Guarding,” pp. 20-85 to 20-90
“Understanding Interference-Type Noise,” pp. 20-81 to 20-84.
2. Brokaw, A, Paul, “Analog Signal-Handling for High Speed and Accuracy,” Analog Dialogue 11-2 (1977),
pp. 10-16.
3. Burton, Phil, CMOS DAC Application Guide. (Norwood: Analog Devices, Inc.), 1984,
4. Morrison, Ralph. Grounding and Shielding Techniques in Instrumentation Second Edition. (New York: John
Wiley & Sons, 1977).
5. Ott, Henry W. Noise Reduction Technigue in Electronic Systems. (New York: John Wiley & Sons, 1976).
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Figure 12.1. Data-acquisition system.

temperature coefficient. The reason this last term is included, though it would
appear to be an environmental specification, may be somewhat unexpected:
Although the ambient temperature may be in the steady state, it can be ele-
vated (e.g., 25°C above normal room temperature) by virtue of enclosure in
acabinet. Although calibration i situ can correct for errors produced by varia-
tion of gain and offset with temperature, no correction can normally be ef-
fected for errors characterized by the differential-linearity T.C., due to indi-
vidual bit variations with temperature. For this reason, the differential-linear-
ity error at 25°C is augmented by the product of the steady-state temperature
rise and the differential-nonlinearity temperature coefficient.

Speed-dependent specifications, in the second category, include conversion
time, bandwidth, settling time of the input circuitry, etc. Environment-re-
lated specifications in the third category include gain (i.e., scale-factor)
tempco, offset tempco, limits of the operating temperature range, etc.

12.1.3 APPROACHES TORELAXING THE SPECIFICATIONS

Relaxation of the specifications in the first class may be effected through the
use of signal conditioners. Choice of the specific form signal conditioning may
take is based on our knowledge of the input signals to be encoded and the in-
formation to be extracted from the encoded data. Known or unwanted signal
components may be removed from the input signals, and the peak-to-peak
variation of the remaining signals may be scaled to equal the input voltage
range of the a/d converter, using an analog subtractor having adjustable gain.
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For example, if the signal conditioner is a differential instrumentation ampli-
fier, such as the Analog Devices AD524 or AD624, it may be used to bias out
dc offsets, and to scale the input appropriately (Figure 12.2).

ADJUST

SCALE

FACTOR
K

82
DESIRED CONDITIONED
DIFFERENCE OUTPUT
SIGNAL &1
+ eg=Eq + K (eg—ey)
UNWANTED
SIGNAL

+ AAN -

ADJUST
OUTPUT OFFSET E,

Figure 12.2. Differential instrumentation amplifier as a signal-conditioner for data
acquisition.

The level-shifting-and-scaling operation can be used to obtain efficient use of
the converter’s input range. Scaling may allow voltage increments in the origi-
nal signals, that were less than 1 LSB of the converter’s input voltage range,
to be measured.

12.1.4 LOGARITHMIC COMPRESSION

In applications calling for wide dynamic signal range but capable of tolerating
constant fractional error (e.g., 1% of actual value), rather dramatic efficiency
can be realized through the use of logarithmic amplifiers for data compres-
sion, as shown in Figure 12.3.

= 2 logqg( N
Sout = ~2logro( - &

-—>
i —]
IN LOG MPX, A/D
——— AMPLIFIER = S/H #— CONVERTER |——
32108 | 2V/DECADE . 0.01% 12 BITS
t0 10-3 A .
£ 1%
MODEL 755N
+5V to —4V
+ 8.6 mV

Figure 12.3. Using alog amplifier for range compression in a data-acquisition system.
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Here, a logarithmic amplifier allows encoding of signals, that would ordinar-
ily require a minimum of 20-bit conversion to handle the dynamic range, with
a far-less-costly 12-bit converter. Modest accuracy in a fixed ratio to (e.g., %
of) actual value is substituted for extreme accuracy in relation to the entire
full-scale range, at considerably less cost. For many applications, this is an
ideal performance mode; an exception is the set of applications for which ex-
tremely small errors are required at all points in the range (e.g., measuring
long-term stability of voltage sources).

The logarithmic data can be dealt with easily if the data is to be processed digi-
tally; or it can be recovered in linear analog form (if it is simply to be stored
or transmitted digitally) by the use of another log amplifier, in the antilog con-
nection, with a D/A converter; or in some cases it can be recovered by a LOG-
DAC™ with appropriate connections.

12.1.5 FILTERING

Another commonly used signal-conditioning unit is the filter. Low-pass fil-
ters are used to extract carrier, signal, and noise components, above the fre-
quencies of interest, from the input signals. These components appear as
aliased low-frequency noise if they are above one-half the sampling frequency.
A/D converters often incorporate (or require) follower circuits for impedance
buffering. With a modicum of external wiring, they can be connected as active
low-pass filters ( Figure 12.4).

A/D CONVERTER

| DIRECT INPUT
: BUFFER OUTPUT é
: COMPARATOR
R (] | 1
I
|
°IN A BUFFER
o O FOLLOWER
' | FROM
! SIGNAL | — DAC
} COMMON
€out _ 1

emw 1+ 2RC,s + R2C,C,s?

€out - 1
e \ 11— w?R?C,C,)% + (2wRC,)?

Figure 12.4. Inputbuffer of an a/d converter connected as an active low-pass filter.



376 Applying Converters Successfully

12.1.6 SAMPLE-HOLD

A relaxation of the second class of specifications can also be effected by adding
a sample-hold amplifier to the system configuration, as depicted in Figure
12.5.

— -
ANALOG —* SIGNAL =
INPUT —={ CONDITIONING MULTIPLEXER |e=—{SAMPLE-l =1 A/ |+ ] STS'FJ{\T%E
SIGNALS UNITS - HOLD
S
A A \ )
CONTROL
UNIT

AR

CONTROL INPUTS

Figure 12.5. Data-acquisition system with sample-hold and input pre-conditioning.

The use of a sample-hold amplifier can substantially increase the highest sig-
nal frequency, of a given amplitude, that may be encoded within the resolu-
tion of the converter, as well as increasing the system throughput rate.

There are two sources of limitation on the maximum analog frequency that
can be handled. One is the Nyquist criterion (the highest component of fre-
quency in the analog signal cannot exceed one-half the sampling frequency);
this limits analog signals to one-half the throughput rate. The other has to do
with the timing of the sample. The following example shows what the problem
is and indicates the improvement possible with a sample-hold: If the input
is a sine wave, E;, sin (2 7 f t), with E,=F.S., the maximum rate of change
occurs at zero and, as can be found by differentiating with respect to't, is equal
to 2 w f Ep. If the change in the input to the converter is to be less than 1 LSB
during the conversion, then

_1LSB _2"2E,

Max. Rate = 2w fE, At At (12.1)
and the highest frequency that can be applied is
_2
fuax = (12.2)

where 2 E;, is the peak-to-peak signal span, and At is the time uncertainty as
to when the conversion took place (equal to the conversion time for succes-
sive-approximation converters). For a 12-bit converter with a 20-ws conver-
sion time, f,,,y is about 4Hz! Using a sample-hold, one can reduce the uncer-
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tainty in the time of measurement from the ADC’s conversion time to the
aperture-time uncertainty of the sample-hold, thus effecting a possible im-
provement in f,, by the ratio of the conversion time to the aperture-time
uncertainty.

Since aperture jitter of the order of nanoseconds is routinely available in sam-
ple-holds designed for operation with 12-bit converters (the AD585 has an
aperture-jitter specification of 0.5 ns), an improvement greater than 10,000: 1
is quite feasible, assuming that the S/H has adequate bandwidth. Thus, the
limitation of 4 Hz would become 40 kHZ; but at a sampling rate of 50 kHz
1/(20s), the highest signal component would be limited to 25 kHz by the
Nyquist criterion. The sample-hold’s phase shift for 20-kHz signals is only
0.6°. Thus, this sample-hold application would be qulte conservative with re-
gard to timing.

The sample-hold can also increase the system throughput rate. The system
throughput rate, without the sample-hold, is determined primarily by the
multiplexer’s settling time, plus the A/D converter’s conversion time.

The multiplexer settling time is the time required for an analog signal to settle
to within its share of the system error budget, as measured at the input to the
converter, after selection by the multiplexer. For a 12-bit conversion system,
with a + 10V range, multiplexers typically settle within 1 microsecond, and
typical conversion times are 20 microseconds. The sample-hold can be used
to hold the last channel’s signal level for conversion, while the next channel
is selected and settles. Since sample-hold amplifiers with acquisition times of
less than 5 s to within 0.01% are readily available (for example, the AD585
has a maximum acquisition time of 3 us to 0.01% for 10-volt changes), the
throughput period can be reduced to approach the conversion time. Pairs of
sample-holds and A/D converters can be used for alternate conversions to in-
crease throughput rate even further, though at somewhat higher cost.

If the speed of a/d conversion is significantly limited by the settling time of
an ADC’s input buffer-follower, the sample-hold may be connected to bypass
it, providing an even greater increase in throughput rate.

Relaxation of the third class of errors, those due to environment-related
specifications, may be abetted by allotting one multiplexer chafinel to carry
a ground-level signal, and another to carry a precision reference-voltage level
that is near-full scale. Data obtained from these channels may be used by a
processor to correct gain and offset variations common to all channels, gener-
ated in the sample-hold, the A/D converter, and the associated wiring.

12.1.7 DRIVING THEANALOG-TO-DIGITAL CONVERTER

Since the sample-hold is used to create an effectively “dc” input signal during
the conversion interval, a sample-hold will be unnecessary if the signal is al-
ready varying slowly enough to be, in effect, a dc signal.
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However, there may be a trap! Many designers overlook the fact that, besides
holding the input signal constant during the conversion, the sample-hold am-
plifier also has a quite low output impedance (in most cases), which is a re-
quirement for driving the analog input of many a/d converters.

To understand the need for low dynamic output impedance, consider this:
for a 12-bit converter, such as the AD574A, with a conversion time of 25 [TEN
the clock rate of the successive-approximation register is about (12 compari-
sons)/(25s) = 480 kHz. At each trial, the programmed current output from
the d/a converter flows through the input resistor, developing a voltage drop,
in opposite sense to the analog input voltage. The net voltage is sensed by the
comparator, which then makes its decision (Figure 12.6a).

Since this set of 480-kHz current pulses has to flow through the output circuit
of the device that furnishes the input signal, it will cause transient changes
in the input (glitches)—unless the analog input is driven by an ideal voltage
source having zero dynamic impedance; if these transients are sufficiently
large or long-lasting, they may lead to erroneous conversions and missed
codes.

Ideal voltage sources do not exist, but as long as the impedance is sufficiently
low at the switching frequency of the successive-approximations register (480
kHz, in this example), the a/d converter should be able to convert accurately
without encountering this kind of dynamic errors.

The way to get an amplifier with low output impedance is to configure a wide-
band high-slew-rate amplifier as a voltage follower. The closed-loop output
impedance of an op amp is equal to the open-loop output impedance (usually
a few hundred ohms) divided by the loop gain at the frequency of interest.

It is often assumed that the loop gain of a voltage follower is sufficiently high
to reduce the closed-loop output impedance to a negligibly small value, espe-
cially if the signal is at low frequency. However, the amplifier driving the
ADC must have either sufficient loop gain at 480 kHz to reduce the closed-

loop output impedance to a low value, low open-loop output impedance, or
both.

This can be accomplished either by using a wideband op amp (or sample-
hold), or by connecting a discrete-transistor or integrated buffer inside
the amplifier’s feedback loop (Figure 12.6b) The voltage follower’s output
should be physically within one or two centimeters of the a/d converter;
this minimizes inductance—and the problems that inductive reactance
introduces,

Finally, when the system is laid out, unshielded analog signal lines should
never run in channels with either digital signal lines or power lines. In applica-
tions employing printed-circuit boards, where possible, analog leads should
be guarded by paralleled common leads and ground planes on the reverse side.



12.1 Making the Proper System Choices 379

FEEDBACK TO AMPLIFIER

A/D CONVERTER
AD7570, AD571

CURRENT
L|MITING<
RESISTORS

R é | CURRENT
N * OoUTPUT

IN
DAC
——
Ijny 1S MODULATED BY N e
CHANGES IN TEST CURRENT, DIFF EPARATOR
AMPLIFIER PULSE LOAD
RESPONSE LIMITED BY
OPEN LOOP OUTPUT IMPEDANCE.

ANALOG COMMON
SAR

a. Relationship between successive-approximation a/d converter and the op amp that
is the source of the input signal.

___ FEEDBACK TO AMPLIFIER

CURRENT LIMITED V+

3300

2N3740 i

A/D CONVERTER
CURRENT AD7670, AD571
LIMITING 2N2222
RESISTORS
R . CURRENT
INY *'IN ouTPUT '
DAC .

—
T 3k +* i TEST
. ipIFe \
15V : 3 COMPARATOR

LOW QUTPUT IMPEDANCE
BUFFER

ANALOG COMMON SAR

b. Inside-the-loop buffer provides stiff drive for unipoiar ADC.

Figure 12.6. Driving a/d converters.

12.1.8 CONTRIBUTIONS TO ERROR

The decision to seek means of relaxing the required specifications is based on
the availability and cost of devices that meet the original specifications, as
compared to the cost of alternatives and any additional problems engendered
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by departing from a straightforward approach. To evaluate the performance
tradeoffs, an error budgetis a useful tool.

Three classes of errors should be considered:
Errors due to the non-ideal nature of each component
Errors due to the physical interconnections of the system components
Errors due to the interaction of system components.

The first group of errors can be determined from the spec sheets for the system
components. The second group result from parasitic interactions that are a
function of the way the interconnections are managed, e.g., grounding,
shielding, contact resistance, etc. The third group result from specific inter-
actions between components in the system; though they are not specifically
called out in spec sheets, they can be predicted from careful reading of the
specifications of the individual devices, or from the user’s knowledge of how
they are designed.

An example of this class of error sources might be the offsets created by series
impedances in the signal path (signal-source impedance, multiplexer-switch
on impedance) and the bias and leakage currents of the stages following these
impedances, to which they are connected. A second example might be distur-
bances caused at the signal source as the multiplexer switches it into the
circuit,

By showing where the important contributions to error are, the error budget
is used as a tool for establishing tradeoffs to set the final performance require-
ments for the system. The error budget can be used as a tool in predicting
the overall expected error, whether by worst-case summation, by root-sum-
of-the-squares summation, or by combinations of the above using specific
knowledge of possible compensations and common sense.

12.2 INSTALLATION AND GROUNDING

The current popularity of modular converters, in the form of modules, hy-
brids, and ICs, makes it worthwhile to consider some elements of their design.

For one thing, many types are “‘customer-programmable.”’ This means that
the user may select one of several possible signal voltage ranges by choosing
the appropriate jumper-wiring configuration at the device’s terminals. It goes
without saying that all terminals used to determine the signal voltage range
involve analog signals; to protect their low resolution levels, they should be
kept away from circuit-card etch runs that carry logic signals.

User-programmable inputs, in addition to their jumpering possibilities, also
permit modification by the connection of external resistors. Care should be
exercised in doing this, for the reasons mentioned above. In addition, it
should be noted that the excellent gain and offset T.C.’s of these devices are
achieved by depending, not on absolute stability with temperature, but rather
on the close tracking with temperature of key resistors within the device.
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Therefore, even if 0 ppm/°C TCR resistors are used externally, the overall
gain and offset performance vs. temperature may be appreciably degraded.
Since there may be ways of avoiding excessive errors, the manufacturer
should be consulted before external resistors are “frozen” into the design.

In the design of the converter module, great care is taken to separate the ana-
log and digital signal lines. This procedure should also be followed with the
external layout of the board on which the converter is mounted. Etch runs
of digital signal lines should not run parallel in close proximity with etch runs
of analog signal lines. If these lines must cross, they should do so at right
angles.

Particular care should be taken with sensitive low-level points, e.g., the com-
parator input on a/d converters and the summing junction of the output ampli-
fier on d/a converters. Etch runs to these points should be as short as possible.
Analog-ground guard runs may also help reduce interference.

12.2.1 GROUNDING

Converter modules (actually, most data-acquisition components) have a
number of ground terminals, which are generally not connected together
within the module. These “grounds” are usually referred to as Digital Com-
mon, Analog Common (Analog Power Return), and Analog Signal Ground
(or Sense). These grounds must be tied together at one point, the system star
point, or “Mecca,” usually at the system power-supply ground. Ideally, a
single solid ground would be desirable. However, since current flows through
the ground wires and etch stripes of the circuit cards, and since these paths
have resistance and inductance, hundreds of millivolts could be generated be-
tween the system star point and the ground terminal of the module. Separate
ground returns are provided to minimize the current flow in the path from
sensitive points to the system star point. In this way, supply currents do not
flow in the same return path with analog signals, and logic-gate return cur-
rents are not summed into the return from a precision reference-zener diode.
(Figure 12.7)

In any event, the connections between the system star point and the ground
terminals should be as short as possible and should have the lowest feasible
impedance.

Each of the device’s supply terminals should be capacitively decoupled to the
appropriate ground point (see Section 12.4.2), as close to the device as possi-
ble. A large-value capacitor with a high resonant frequency should be used.
A 15uF solid-tantalum capacitor is usually sufficient. Analog supply termi-
nals are bypassed to the appropriate power return terminal, and the logic-sup-
ply terminal is bypassed to the logic power return terminal.

When gain and offset adjustments are available and are intended to be used,
the potentiometers for performing the adjustments should be mounted (with
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Figure 12.7. Apopular (but by no means universal) approach to grounding. Grounding
practice must be individually tailored to the structure of a particular system and the
characteristics of the components employed, taking into account where the various
signal and foreign currents actually appear atthe device terminals.

short leads) in such a position that they will be accessible when the mounting
board is installed in the system.

The same care should be taken to locate a conversion subsystem properly
within a system as is taken to mount a conversion device on its circuit board.
A converter should never be located near a transformer or fan blower motor.
Using mu-metal shielding to protect against electromagnetic and RFI pickup
is an expensive and not-always-successful proposition.

D/A converters should be located at their loads. This may require long cable
runs for the digital control signals; however, the reduction in noise pickup
and ground-potential differences between the D/A’s output and the load can
easily justify the expense. An alternative where this is simply not possible,
as in component testing, is to use force-sense connections, in which the volt-
age at the load is sensed, compared with the desired value, and feedback cir-
cuitry applies whatever forcing voltage is required to minimize the error (see
Figure6.3).

For more on grounding and bypassing, see Section 12.4.2.

12.2.2 REDUCING COMMON-MODE ERRORS

As we have indicated, a differential amplifier may be used to eliminate the
effects of ground-potential differences in various parts of the system in which
the converter is used. In Figure 12.8, the signal source is a remotely located
transducer, and the differential amplifier is located near the A/D converter.
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Figure 12.8. Common mode andthe difference signals due to line unbalance.

The common-mode signal is the potential difference between the ground sig-
nal at the converter and the ground signal at the transducer, plus any undesir-
able common-mode signal produced by the transducer, and any voltages de-
veloped across the unbalanced impedances of the two lines.

If the signal source is the output of the system’s d/a converter, the differential
amplifier would be located near the remote load. The common-mode signal
is developed by the differences in ground potential at the two locations.

The amount of dc common-mode offset that is rejected depends on the dc
common-mode rejection (CMR) of the amplifier. However, bias currents
flowing through the signal source leads can cause offsets, if either the bias cur-
rents or the source impedances are unbalanced. DC CMR specifications gen-
erally include a specified amount of source unbalance (e.g., 1 k). Such
specifications also indicate a top frequency for which the dc spec is valid, usu-
ally the line frequency (50-60 Hz), but sometimes 100 Hz. At higher frequen-
cies, unbalanced RC time constants (balanced or unbalanced series resistance
and shunt capacitance to common, plus the amplifier’s internal unbalances)
reduce the common-mode rejection, by producing a normal-mode signal.
This source of error can be greatly reduced by proper use of a guard shield,
as shown in Figure 12.9.

Here, no part of the common-mode signal appears across the capacitors Ca
and Cp, since the shield is driven by the source of the common-mode signal.
The shield also provides electrostatic shielding to minimize coupling to other
signal lines in close proximity to the input leads.

When installing a guard shield, it is important that the guard shield connect
only at one point, to the source of the common-mode signal, and that the
shield be continuous, i.e., through multiplexers, connectors, patch panels,
etc. Since the shield is carrying a common-mode signal, it should be properly
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Figure 12.9. Use of guard shield to improve common-mode rejection at higher
frequencies.

insulated to prevent it from shorting to other shields or the earth ground. A
final precaution that should be taken is to make sure that a conductive return
path exists for the bias and leakage currents of the differential amplifier (un-
lessitis a true isolator with transformer- or optically isolated, floating inputs).

It is helpful, in reducing noise and improving common-mode rejection, to
connect the largest tolerable capacitance between the input leads. It will pro-
vide some filtering, and will reduce the capacitive unbalance by more than
its ratio to the stray capacitance. (Figure 12.10)

1
1

Co FILTER TIME CONSTANT =C,, (R, +R,), C;>>C4, C,

If C1=1pF, C3=2pF, Cp=0.001uF

... 2000 1000

€1 =1* %001 C2= 2+ 3007
= 1+ 1.9995 = 2.9995 =2+ 0,999 = 2.999
fC1+C2 2C2t+C1

Figure 12,10. Capacitance between the input leads to reduce unbalance and provide
filtering.
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In portions of a system where differential amplifiers are not used, i.e., where
signals are all treated as single-ended signals having a common ground, suffi-
cient precautions should be taken to insure that significant voltages are not
induced in ground return leads to the single-point ground, and that the system
is free from ground loops.

12.3 HOW TO ADJUST ZERO AND GAIN OF CONVERTERS

Many converter types are pretrimmed and require no adjustments as pur-
chased to meet specified accuracy. However, there are cases where (1) adjust-
ments are called for in the specifications, (2) cost-savings can be effected by
trimming inexpensive pre-trimmed devices, with modest specs, for use over
narrow ranges for better-than-specified accuracy, or (3) long-term corrections
are necessary during years of operation. If adjustments are desired or re-
quired, for any of the above reasons, these general principles and guidelines
may be helpful. Naturally, the user should follow the specific instructions
published in product data sheets, especially where there are conflicts.

Proper adjustment of zero and gain in DACs and ADCs is a procedure that
requires great care and extremely sensitive reference instruments. The volt-
meter used to read the output of a DAC, or the voltage source used as a driving
signal for the ADC, must be capable of stable and clear resolution of 1/10 LSB
at both ends of the range of the converter;e.g., at zero and full scale.

Most DACs and successive approximation ADCs manufactured by Analog
Devices are provided with Zero and Gain adjustments which are completely in-
dependent of each other, as long as the adjustment of Zero is attempted only
when the input code is calling for Zero, and as long as the Zero (or Offset)
adjustment is accurately completed before proceeding to adjustment of Gain
(at Full Scale — 1 LSB). Of course, it is possible to make Zero and Gain ad-
justments in reverse order and at other points on the transfer function—but
it must be expected that the adjustments will no longer be independent, and
the procedure will require a series of successive approximations.

12.3.1 ADJUSTMENT PROCESS

Particularly for bipolar converters, fast and successful adjustment requires
knowledge of the technique used in the circuit to configure the inherently
unipolar DAC or ADC for bipolar operation.

1. Sign & Magnitude Codes are generally obtained by use of a unipolar con-
verter with separate means of reversing polarity. The Zero adjustment is al-
ways made by calling for a zero from the converter. (Logic zero into a DAC
produces zero volts output, or zero volts into an ADC produces data-zero
output.)

2. Bipolar binary converters utilizing offset binary or twos complement cod-
ing usually employ analog offsetting to convert a unipolar design into bipolar.
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For instance, a 0 to + 10V DAC may have its output amplifier offset by — 5V,

resulting in an output of — 5 volts corresponding to 00 . . . 0 input and +5
volts (minus 1 LSB) correspondingtoall . . . linput. Such a converter should
have its “Zero” adjusted at — 5V (100 . . . 0in2’s complement).

Stated another way: with positive-true logic, converter Zero controls should
always be set at the ““All Bits Off”’ condition, and then Gain should be set at
the “All Bits On’’ condition.

12.3.2 ADJUSTMENT FOR DACS

ZERO: set the input code so that all bits are “off”’, then adjust the pot until
the output signal is within %10 LSB of proper reading, or zero.

GAIN: set the input code so that all bits are “on”, then adjust the pot until
the output signal reads within Yio LSB of Full Scale less I LSB.

12.3.3 ADJUSTMENT FOR ADCS

ZERO: set the input voltage precisely at ¥2 LSB above the ‘“all bits off”’
specified input. The zero control should be adjusted so that the converter just
switchesinits LSB.

GAIN: set the input voltage precisely at ¥z LSB less than ““all bits on” input.
Note that this is 12 L.SBs less than the nominal full scale value: i.e., all-1’s
value of a 0 to + 10V 12-bit ADC is actually +9.9976V. The gain adjustment
should be made with an input Y2 LLSB less, or +9.9963 volts. With the input
voltage set as described, the GAIN control is rotated to the point where the
last bit just comes on. For instance, in a 12 bit binary converter, a reading
of 111111111110 would changeto 1111 11111111.

It is important to note that this discussion is relevant for offset-binary, positive-
true coding. For 2’s complement, the “all-bits-off,” positive-true condition
is 100 . . . 00 and ““all bits on” is 011 . . . 11. For negative-true devices, the
“all-bits-off” condition is 111 . . . 11 in offset binary, 011 . . . 11 in two’s
complement, When in doubt (or to avoid doubt), consult the data sheet.

Resolution  2LSB 1LSB FSR-1%LSB FSR-1LSB FSR

8 bits 39mV 78 mV 19.88V 19.92V 20.00V

10 bits 9.8mV 19.5mV  19.971V 19.980V 20.000V
12 bits 24mV 4.88mV 19,9927V 19.9951V 20.0000V
14 bits 610pnV 1.22mV 199982V 19.9988 V 20.0000V
16 bits 152V 305uV 19.99954 V 19.99969 V 20.00000V

Table 12.1. Checkpoints for unipolar d/a and a/d Converters with 20-V Full-Scale Range;
Subtract 10V for = 10V range.
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Resolution % LSB 1LSB FSR-1%LSB FSR-1LSB FSR

8 bit 19.5mV  39mV 9.941V 9.961V 10.000V
10 bits 4.9mV 9.8mV 9.985V 9.990V 10,000V
12 bits 1.2mV 2.4mV 9.9963 V 9.9976 V 10.0000V
14 bits 305V 610V 9.99908 V 9.99939V 10.00000V
16 bits 76V 153V 9.999771V 9.999847V 10.00000V

Table 12.2. Checkpoints for d/a and a/d Converters with 10-V Full-Scale Range (0 to
10V); subtract5voltsfor + 5V,

Resolution % 1L.SB 1LSB FSR-1LSB FSR-1LSB FSR

8 bits 9.8mV 19.5mV. 4971V 4,980V 5.000V
10 bits, 2.4mV 4.9mV 4.9927V 4.9951V 5.0000V
12 bits 610V 1.2mV 4.9982V 4.9988V 5.0000 V
14 bits 153pV 305uV 499954V 4.99969V 5.00000 V
16 bits 38V 76V 4,999885V 4.999923V 5.000000 V

Table 12.3. Checkpoints for d/a and a/d Converters with 5-V Full-Scale Range (0 to 5
V); subtract 2.5V for + 2.5V,

12.4 OTHER WAYS TO IMPROVE PERFORMANCE
12.4.1 PRESERVING DACANALOGOUTPUT ACCURACY.

In all too many applications, a DAC’s accuracy is subverted by the associated
op-amp circuitry.

Dynamic Problems. The output impedance of a current-mode DAC can gener-
ally be treated as a parallel combination of resistance and capacitance. But
capacitance at the output of a DAC (Figure 12.11) can produce undesirable
results. The capacitance and the feedback resistance combine to add a pole
to the open-loop response, resulting in reduced phase margin, which will hurt
the closed-loop response.

Rr
DAC AN
‘T -
. > R Co
< Rour uT +
oUT S (Re) /l\ (Co)
I
S — T

Figure 12.11. Equivalentcircuit of current-output ADC.,

Figure 12.12 shows how the open-loop amplitude and phase response might
appear if the spurious pole due to C, is below the crossover frequency of the
undisturbed system. Not only will the closed-loop bandwidth be reduced,
but—more seriously—excess phase shift will be introduced. The extra phase
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shift reduces the system frequency stability margins and may cause ringing
(and perhaps even oscillation).

POLE OF RESPONSE FROM OP-AMP INTERNAL
COMPENSATION

LOG A
ACTUAL LOOP RESPONSE—5>\\ /(AJ?AI\F"IEIEFI\IIEQTED
DUE TO POLE ADDED BY ~
R cT ~ RESPONSE
F ~YO
N
0dB -
~
} 1 o
FREQUENCY emrmremmmciggee I Fr
1
2mRECo
0 -l
B
PHASE
REDUCED
PHASE MARGIN
180 e o —  — — ——————
i 1

FREQUENCY —=— 1 F
ZWRF CO T

Figure 12.12. Amplitude and phase response of the circuit of Figure 12.11. The addi-
tional pole increases settling time by reducing bandwidth and increasing both

overshoot and ringing.

As Figure 12.13a shows, the loop-stability margins can be restored by con-
necting a feedback capacitor, Cp, in parallel with the feedback resistor. This
capacitance creates a zero in the open-loop transfer function, which can be
adjusted to correct the phase margin. However, if R, is quite large (as is often
the case with current-output DACs), a large pole-zero mismatch may remain
(Figure 12.13b).
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Even with finite values of R,. a small residual pole-zero mismatch

(Figure 12

.13¢c) may result. In addition, pole-zero mismatch within the ampli-

fier itself can lead to long-settling “tails”: the DAC output voltage may appear
to settle quickly, but then it slowly changes—by a significant amount—to its
final value, over the course of tens of microseconds, or even milliseconds.

LOG A

—{—
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a. Improving loop stability by the use of feedback capacitance, Cr.
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b. Response of circuit (a), neglecting R,. Pole-zero mismatch may yield poor transient

response.
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\ POLE - ZERO
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¢. Response of circuit {a) with finite R,

Figure 12.13. Use of feedback capacitor.
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The residual external mismatch will be eliminated when the DAC’s output
circuit and the feedback network form a frequency-compensated voltage di-
vider, i.e., when R, C, = Rg Cg. This condition can usually be satisfied, but
sometimes it requires large values of Cg. Unfortunately, C—which is used
to introduce an open-loop zero—also produces a closed-loop pole, which re-
duces the overall bandwidth and results in increased settling time.

RpF is generally fixed by the desired DAC gain; the minimum value of C, is
a property of the converter that is not under the system designer’s control.
Therefore, Cr and R, are the only two parameters that can be manipulated
to improve performance (by shunting). As R, (the effective value of R,) is
reduced by shunting the DAC output with a resistor, the required value of
Cr is reduced, and the closed-loop bandwidth is increased (Figure 12.14a).
The unity-gain bandwidth of the op amp, b, limits the open-loop system
bandwidth, which—in turn—Ilimits the realization of closed-loop bandwidth.
As R,’ is reduced, the open-loop bandwidth obtainable for a fixed op-amp
bandwidth, b, is also reduced (b).

CLOSED LOOP
BW. IMPLIED
BY FIXED
Co. Rf

Ro —p

a. Smallervalues of R, increase the closed-loop bandwidth.

{MPLIED BY

OPEN LOOP BW. *
FIXED Co Rf

Ro —=

b. Smallervalues of R, decrease the open-loop bandwidth.

Figure 12.14. EffectofvaryingR, (R,') on open-loop and closed-loop bandwidth.
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An empirical compromise can be reached by adjusting R’ to provide the same
open- and closed-loop bandwidth. For a fixed C, and Rp, the values of R,’
and Cgcan be determined from

_1+VI+8bnR,C,
4bwC,

1+VI1+8bwRC, (12.3)
4bwRp

ROI

CF—_—

Offset Problems in CMOS DAC:s.

Perhaps the best way to control V,; in an op amp used with a DAC is at the
source—choose an op amp with sufficiently low offset and bias current over
the temperature range. The next best way is to null the op-amp’s offset by
the manufacturer’s standard recommended V trim, taking pains to connect
the pot wiper to the appropriate supply terminals at the device.

The amplifier’s offset-trim adjustment should be used only for V. nulling;
ifitis used to compensate for offsets caused by the flow of bias current through
the feedback resistor, as well as for offsets occurring in external circuitry, the
amplifier input stage will have to be unbalanced, which will cause its Vos
tempco to be degraded.

RF% Vo= i+ [a-eat (147%) ]

{NEGLECTING BIAS CURRENT)

a. Nulling offset with voltage applied to op-amp reference input.

. . R
RF% Vo =g RF+[|1 RF—V03<1+ﬁg>]

TINTERNAL Vo

.| OFFSET —
io Ro < ] ‘ |
| |
|

DAC

b. Nulling offset with current added at op-amp summing point (not recommended).

Figure 12.15. External offset-null methods.
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If'the amplifier lacks offset terminals, there are two commonly used ways of pro-
viding the trim; they are shown in Figure 12.15. The more-desirable approach
is shown in (a); the correction is applied to the amplifier’s positive input termi-
nal, as a voltage. Since it is effectively in series with V,, the V, correction
is unaffected by changes of R,'; if the amplifier has low bias current, the out-
put offset will be independent of changes of R,,’.

The less-effective way (popular, but not recommended) is to introduce a cur-
rent at the summing point, as shown in (b). If the resistances in the circuit
(including R,) are constant, there is no problem. However, if R, can vary,
the output offset will change, even if bias current is negligible. If the change
of R, is a function of the applied digital code, the result can be
increased differential nonlinearity,

For example, if the DAC is an inverted R-2R-ladder type, as shown in Figure
12.16, the output resistance, R, is a function of the number of switches that
are closed. If all switches are open, R, is infinite; if all (or many) switches are
closed, R, will approach R; and if only a single switch is closed, R, will be
about 3R.

VRer R R R ETC.
O._

2R 2R 2R

[
i

& OUTPUT Rq
—a— DEPENDS ON
DIGITAL CODE +
CMOS ?
DAC

E—
Figure 12.16. Variable output resistance of inverted R-2R ladderin CMOS DACs.

If R =10 k), the resistance looking back into the network is about 10k} for
codes containing more than about four 1’s, and 30 k() for a single 1. Thus,
for the one-bit transition from 0011 1111 1111 to 0100 0000 0000, the error
voltage, Vo (1 + Rg/R,), changes from 2 V to (4/3) V. If the offset
had been nulled by current summation at all-zeros (1 + Rg/R, = 1, since
R, —> ), the offset error will be + V at the first code and + (1/3) Vs at
the second code; the incremental change of error will be (—2/3) V. If Vs
is not much smaller than the voltage equivalent of the least-significant bit (see
Table 12.1), differential nonlinearity errors can result in nonmonotonic be-
havior.

The solution to this dilemma is simple: use (a) for zeroing the amplifier. Better
yet, use an amplifier having extremely low offset and negligible bias current.

“Foreign” currents in common ground and power lines can introduce offset,
noise, and other errors that will be amplified in the same way as V errors.
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It is important to refer the amplifier circuit (and its external Vs trim), the
load across which the output voltage is being developed, and the DAC’s refer-
ence input—all of these—to the DAC terminals, in the manner shown in
Figure 12.17.

Re
DAC AN
— OUTPUT
— CURRENT
DIGITAL ] Py l\
LINES IN
| _— LOAD

25|

DCOoMm ACOM com

Figure 12.17. Referring buffer amplifier and load circuits to analog common.

12.4.2 MORE ON BYPASSING AND GROUNDING

In “‘virtual-ground” systems, such as an op amp, driven by a current-output
DAC, the DAC output current doesn’t actually return to ground, but to one
of the power supplies, by way of the op amp’s output stage (Figure 12.18).
To reduce the impedance in the high-frequency current path, the bypass
capacitor should be connected so as to return the currents from one (or both)
power terminals to ground at the DAC. If the DAC output is active, it may
require bypassing of its own supplies for the same reason.

DO NOT USE THIS “SIMPLIFIED"”  TO POWER

PATH ON DRAWINGS SUPPLY
— i
y 4
X
]
DAC % ! (
BYPASS
CAPACITOR -
-~ REDUCES H.F.
CURRENT
PATH
+ OP AMP
OUTPUT
TRANSISTOR
UNBYPASSED .
CURRENTS TO POWER
SUPPLY

Figure 12.18. Bypassing power supplies for virtual-ground applications. Arrows
show unbypassed current flow.
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WARNING: You and your drafting department may have conflicting objec-
tives. Your objective is to design circuits that work and communicate the im-
portant details to whoever assembles them. Your drafting department (or so
it may often seem) has the objective of drawing nice, neat, squared-off dia-
grams, in which the lines representing conductors are remarkably equipoten-
tial. You may have noticed that, where it counts in Figures 12.17 and 12.18,
these niceties have been avoided. The lines are configured to resemble closely
the job that the wires perform, converging at the common analog connection.

For example, the bypass lead, in Figure 12.18, though artistically squared off,
wends its way purposefully in the direction of the op-amp’s power-supply ter-
minal, rather than shooting straight up to meet the power-supply line (a sure
recipe for costly debugging). If you think your drafting department may have
a mind of its own, you may want to include a special message for the person
who builds the circuit, to be sure that it gets built the way you want it built.
If you have a computer-aided-engineering setup that allows you to create
drawings that directly reflect your wishes, this is one less matter for you to
worry about.

Figure 12.19a shows an example of ineffective decoupling. Here the op amp
drives a load, which connects to a long ground line (returning to the power-
supply terminal), and the supply decoupling for the amplifier returns to the
power supply through another long line. The return path for the load current
is as long as, or longer than, the supply lines powering the op amp. The
“Jocal’”” decoupling is not only ineffective; it may actually contribute to noise
on the power-ground bus.

The cardinal rule of decoupling is:
Make it easy for the current to get back by the shortest path.

Figure 12.19b shows a more effective scheme, in which the decoupling
capacitor connects by the shortest path between the load return and the load-
voltage control element. Here an op amp, swinging a resistive load-circuit
negative, drives the load from an internal PNP transistor, connected to V —.
Decoupling the V — pin of the op amp to the low side of the load provides
the most direct return path for high-frequency currents and bypasses them
around ground and power buses.

Well-designed data sheets will offer specific suggestions for grounding and/or
decoupling. For example, the data sheet for the Analog Devices AD390 quad
12-bit d/a converter suggests: ‘“The power supplies used with the AD390
should be well filtered and regulated. Local supply decoupling, consisting of
a 10-wF tantalum capacitor in parallel with 0.1-wF ceramic, is suggested. The
decoupling capacitors should be connected between the AD390 supply pins
and the load ground (ideally the AGND pin). If an output booster is used,
its supplies should also be decoupled to the load ground.”
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b. Decoupling of negative supply is optimized for “grounded’’ load.

Figure 12.19. Effective and ineffective decoupling.
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Substitutes for Ground

In large systems, it is often impractical to rely on a single common point for
all analog signals. In these cases, some form of differential (or even isolation)
amplifier is required to translate signals between ground systems. For the in-
veterate op-amp user, a simple subtractor, or ‘‘dynamic bridge’ circuit may
come to mind. These circuits translate a signal which is referred to one ground
system into a similar or amplified signal, referred to a different ground signal
(Figure 12.20). The common-mode rejection of the amplifier and a resistance-
ratio match are used to eliminate the effects of voltage differences between
the two grounds, or common points.

. R NOTE: USE LOAD CIRCUIT
F - POWER FOR OP AMP
DIGITAL —] @ -
LINES IN $ &
— Ro + LOAD
J— CKTS
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A AAY © A
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¢
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Figure 12.20. Use of differential amplifier to eliminate the effects of common-mode
voltage.

It is generally wise to power the op amp from the power available at the load
side of the circuit, and/or to decouple it with respect to the load common. The
reason for this can be deduced from the circuit architecture of the most-com-
mon types of op amps (Figure 12.21).

An op amp converts a differential input signal to a single-ended output signal.
In many popular op amps, the differential-to-single-ended conversion is done
with respect to V— (but some use V +), and the resulting signal drives an
integrator?. The integrator characteristic is used to frequency-compensate the
amplifier, and the integrator input is referred to the single-ended output, at
V —. The integrator acts as a unity-gain follower for fast signals applied to
its non-inverting (or reference) input. As a result, signals applied to the V —
terminal have their high-frequency components conveyed directly to the
output. Signals having frequency components above the amplifier’s closed-
loop bandwidth will be transmitted from V — to the output with little or no
attenuation.

2The Application Note mentioned in footnote (1), “An 1,C. Amplifier User’s Guide to Decoupling, Grounding,
and Making Things Go Right for a Change,” provides considerable detail regarding the integrator-reference and
compensation schemes of more than 40 device families.
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Figure 12.21. Typical op-amp circuit architecture. Reference for output integrator is
V—.

As Figure 12.22a shows, if the op amp used as a subtractor amplifier is pow-
ered from or bypassed to the same common line as the input signal, any high-
frequency signals associated with the common will appear as part of the out-
put signal. If the ground noise includes appreciable high-frequency noise

(such as are produced by logic currents), the common-mode rejection will be
defeated.

If, on the other hand (Figure 12.22b), the op-amp supply terminals are refer-
red to the output signal common, no extraneous signals are coupled into the
integrator. Any ground noise appears as a common-mode input signal and is
reduced by the common-mode rejection of the amplifier (which is typically
very much better than the negative-supply rejection at high frequencies).

Since noise-rejection performance of the subtractor depends on carefully
matched source and feedback resistance ratios, it cannot be used in all situa-
tions. Whenever the source impedance cannot be controlled, or is exception-
ally high, the subtractor (or dynamic bridge) becomes impractical. In this
situation, ground noise and other remote-grounding difficulties can often be
avoided by the use of an instrumentation amplifier.

IC instrumentation amplifiers, such as the AD524, accept differential input
signals at high impedance, provide a fixed gain (which can be selected without
introducing overall feedback that joins the input and output circuitry), and
develop the output voltage with respect to a reference terminal, which may
be connected to the input common of a remote load circuit (Figure 12.23).
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Figure 12.22. Properand improper decoupling of subtractors using op amp with integ-
ratorreferredtoV—.
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Figure 12.23. Instrumentation amplifier interfaces separate ground systems.

Some instrumentation amplifiers are quite versatile and can provide addi-
tional functions, while isolating the common returns. For example, the out-
put-reference terrminal can be used to add a fixed or variable bias voltage to
the output,

If the common-mode voltages are very large, or if galvanic isolation is essential
for safety, isolation amplifiers—or amplifiers powered by isolated dc-to-dc
converters—may be highly desirable.






