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FOR THE PRICE OF A SAN FRANCISCO DINNER, YOU CAN PUT STANDARDS-

LAB PERFORMANCE ON A CIRCUIT BOARD. PART 1 OF THIS THREE-PART

ARTICLE CHRONICLES A 1-PPM DAC AND ITS VARIOUS DESIGN OPTIONS,

PART 2 IN THE NEXT ISSUE PRESENTS VERIFICATION TECHNIQUES, AND

PART 3 DISCUSSES THE HANDLING OF PARASITIC EFFECTS.

If you design and use precision instruments, a
1-ppm measurement is a nearly impossible
dream. This level of performance used to be at-

tainable only from large, slow, and expensive in-
struments that require extreme care in handling and
use. However, now a DAC design that uses a simple,
powerful feedback loop can capture the magic 1-
ppm level using approximately $100 worth of com-
ponents (Figure 1).

High-precision, instrumentation-grade digital-
to-analog conversion has undergone significant
progress (see www.ednmag.com/ednmag/reg/2001/
04122001/08ms743.htm for “A history of digital-to-
analog conversion”). Ten years ago, 12-bit DACs
were premium devices. Today, 16-bit DACs are avail-
able and increasingly common in system design.
These DACs are true precision devices with less than
1-LSB linearity error and 1-ppm/°C drift. Nonethe-
less, some DAC applications require even
higher performance. Automatic test equip-
ment, instruments, calibration apparatus, laser trim-
mers, medical electronics, and other applications of-
ten require DAC accuracy beyond 16 bits. You can
find 18-bit DACs in circuit-assembly form, although
they are expensive and require frequent calibration.
Designs that use manually switched resistor ratios
can achieve DAC resolutions of 20 and even 23 (0.1
ppm) bits or more. The most accurate resistor-based
DAC of this type is Lord Kelvin’s Kelvin-Varley di-
vider, which can achieve ratio accuracies of 0.1 ppm.
These devices, although amazingly accurate, are
large, slow, and extremely costly. Standards labora-
tories are typically the only places where these types

of DACs are still in use. (Part 2 discusses this type
of DAC in more detail.)

Thus, a practical, 20-bit (1-ppm) DAC that is easy
to construct and does not require frequent calibra-
tion is a useful development. The scheme in Figure
1 is based on the performance of a true 1-ppm ADC
with scale and zero drifts less than 0.02 ppm/°C. The
DAC uses this device, the 24-bit LTC2400, as a feed-
back element in a digitally corrected loop to realize
20-bit performance. The ADC has an integrated os-
cillator, 4-ppm nonlinearity, and 0.3-ppm rms noise.
It uses delta-sigma technology to provide extreme-
ly high stability.

ADCS AND DACS REVERSE ROLES

In practice, the 20-bit DAC’s overall output is the
“slave” of this monitoring “master” ADC, which
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feeds digital information to a code com-
parator. The code comparator deter-
mines the difference between the user-in-
put word and the master ADC’s output,
and it presents a corrected code to the
slave DAC. In this fashion, the loop con-
tinuously corrects the slave DAC’s drifts
and nonlinearity to an accuracy that the
ADC and V

REF
determine.

This arrangement represents a turn-
about for  DACs and ADCs. For years, de-
signers have used DACs in feedback
loops to make ADCs. In this case, how-
ever, the ADC performs the role of circuit
component rather than the traditional
stand-alone role in which it feeds back a
loop to form a DAC.

This loop has a number of desirable at-

tributes. The ADC and its
reference set accuracy lim-
itations. The sole DAC re-
quirement is that it must
be monotonic. No other
components in the loop
need to be stable. Addi-
tionally, loop behavior av-
erages low-order bit index-
ing and jitter, obviating the
loop’s inherent small-sig-
nal instability. You can use
classical remote sensing or
digitally based sensing by
placing the ADC at the
load. The ADC’s SO-8
package and lack of ex-
ternal components make 

this digitally incarnated Kelvin-sensing
scheme practical.

The circuit realization of the scheme in
Figure 2 has a resolution of 1 ppm, with
software correction, and full-scale error
drift of 0.1 ppm/8C (Table 1). In Figure
3, the circuit’s linearity-versus-output-
code data shows that overall linearity is
within 1 ppm. Output noise, measured in

The composite DAC comprises two DAC values summed by an output amplifier. The ADC and a digital code comparator furnish stabilizing feedback.
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A linearity plot shows no error outside 1 ppm for all
codes.

DIGITAL-INPUT CODE

LINEARITY
ERROR
(PPM)
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0
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INDICATED MEASUREMENT RESULTS

SHADED REGION DELINEATES
MEASUREMENT UNCERTAINTY DUE TO
DAC OUTPUT NOISE AND
INSTRUMENTATION LIMITATIONS.
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The output-noise measurement
indicates less than 1 mV, or

approximately 0.2 LSB, of noise. The measurement’s
noise floor, due to equipment limitations, is 0.2 mmV.
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a 0.1-to-10-Hz bandpass, is approxi-
mately 0.2 LSB (Figure 4). Equipment
limitations, which set a noise floor of ap-
proximately 0.2 mV, somewhat corrupt
this measurement. The ADC’s conver-
sion rate combines with the loop’s sam-
pled data characteristic and slow ampli-
fiers to dictate a relatively slow DAC
response. The full-scale slew response re-
quires approximately 150 msec. Full-scale
DAC settling time to within 1 ppm (65
mV) requires approximately 1400 msec
(Figure 5a). A smaller step of 500 mV
needs only 100 msec to settle within 1
ppm (Figure 5b).

Establishing and maintaining confi-
dence in a 1-ppm linearity measurement
is uncomfortably close to the state of the
art. And measuring settling time is not
straightforward, even at the relatively
slow speeds involved in this scheme. Part
2 discusses linearity, settling time, and
noise-measurement techniques in detail.

BIT OVERLAP ASSURES LOOP CAPTURE

The slave DAC actually comprises two
DACs (Figure 2). The circuit feeds the
upper 16 bits of the code comparator’s

output to a 16-bit DAC, the MSB DAC,
while a separate DAC, the LSB DAC,
converts the lower bits. Although the cir-
cuit presents a total of 32 bits to the two
DACs, 8 bits of overlap assure loop cap-
ture under all conditions. The compos-
ite DACs’ resultant 24-bit resolution pro-
vides 4 bits of indexing range below the
20th bit, ensuring a stable LSB of 1 ppm
of scale. The 8-bit overlap assures the
loop can always capture the correct out-
put value.

IC
1

and IC
2

transform the LSB and
MSB DAC output currents into voltages,
and IC

3
adds the two voltages. The circuit

arranges IC
3
’s scaling so that the correc-

tion loop can always capture and correct
any combination of zero- and full-scale
errors. IC

3
’s output, which is the circuit

output, drives the ADC through IC
4
,

which provides buffering to drive loads
and cables.

The code comparator takes the differ-
ence between the input word and the
ADC’s digital output and produces a cor-
rected code. The circuit applies this cor-
rected code to the MSB and LSB DACs,
closing a feedback loop. The ADC and

voltage-reference errors determine the
loop’s integrity. The resistor and diodes
at the 5V-powered ADC protect it from
inadvertent IC

4
outputs, such as power-

up spikes, transients, and a lost supply.
IC

6
is a reference inverter, and IC

5
pro-

vides a clean ground potential to both
DACs.

The code comparator enforces the
loop by setting the slave DAC inputs to
the code that equalizes the user input and
the ADC’s output. The code compara-
tor’s digital hardware consists of three in-
put data latches and a PIC-16C55A
processor (Figure 6). Inputs include user
data, such as the DAC inputs, curvature
correction for linearity via DIP switch-
es, a convert command (DAC WR), and
a selectable filter-time constant. The
DAC RDY output indicates when the
DAC output has settled to the user’s in-
put value. Additional outputs and an in-
put control and monitor the analog sec-
tion in Figure 2 to effect loop closure.
Comparator code by Florin Opresch
drives the processor. You can download
it from www.ednmag.com/ednmag/reg/
2001/04122001/08ms743.htm.

ADC SETS THE LINEARITY

The ADC’s linearity deter-
mines overall DAC linearity.
The LTC2400 ADC has ap-
proximately 62 ppm non-
linearity. In applications for
which this error is permissi-
ble, you can ignore this error.
Figure 7’s lower curve shows
the ADC’s inherent nonlin-
earity, along with the first-
order correction you need
(upper curve) to get nonlin-
earity inside 1-ppm (center
curve). If you need true 1-
ppm performance, as in Fig-

Settling time after a full-
scale step to within 1 ppm
(665 mmV) is 1400 msec (a).
Small-step settling time
measures 100 msec to
within 1 ppm for a 500-
mmV transition (b).(a) (b)

TABLE 1—20-BIT DAC PERFORMANCE SPECIFICATIONS
Parameter Specification
Resolution 1 ppm
Full-scale error 4 ppm of VREF (trimmable to 1 ppm by adjusting VREF)
Full-scale-error drift 0.04 ppm/88C exclusive of reference (0.1 ppm/88C with LTZ1000A reference)
Offset error 0.5 ppm
Offset-error drift 0.01 ppm/88C
Nonlinearity 662 ppm, trimmable to less than 1 ppm
Output noise 0.2 ppm (;;0.9 mmV, 0.1-to-10-Hz bandwidth)
Slew rate 0.033V/mmsec
Settling-time, full-scale step 1400 msec (see note)
Settling-time, 500-mmV step 100 msec (see note)
Output-voltage range 0 to 5V, with other ranges possible
Note:
Settling-time measurement is from onset of DAC movement. An additional and unpredictable time, due to
processor and ADC delays, can add approximately 10 to 200 msec.

50 mSEC/DIV

5 mV/
DIV

5 mV/
DIV

500 mSEC/DIV
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ure 3, you can use software-based
correction, which is part of
the previously mentioned
comparator code. The software gen-
erates the desired “inverted bowl”
correction characteristic. You can
set the correction to complement
the residual nonlinearity character-
istics of any individual LTC2400 us-
ing DIP switches at the code com-
parator.

The LTC2410 offers another ap-
proach to improved linearity. This
LTC2400 variant has improved lin-
earity but specifies a maximum in-
put range of 2.5V. Figure 8a divides
the DAC output with a precision-re-
sistor ratio set, which allows you to
use the LTC2410 while maintaining
the 5V full-scale output. The disad-

vantage of this approach is the ra-
tio set’s additional 0.1-ppm/8C and
5-ppm/year error contribution. Fig-
ure 8b is similar to Figure 8a, al-
though the ratio set’s new value in
Figure 8b permits a 10V full-scale
output.

MODIFYING THE OUTPUT RANGE

Some applications may require
outputs other than the text circuit’s
0-to-5V range. The simplest varia-
tion is a bipolar output (Figure 9).
This circuit, a summing inverter,
subtracts the DAC output from a
reference to obtain a bipolar output.
You can vary resistor and reference
values to obtain different output ex-
cursions. The LT1010 output buffer
provides drive capability, and the

The code comparator uses three data latches and a PIC-16C55A processor to enforce the loop.
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The LTC2400 ADC has inherent residual linearity error. If
you apply a correction characteristic, you can achieve a
corrected linearity error of less than 1 ppm.

LINEARITY ERROR
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chopper-stabilized amplifier maintains
0.05-mV/8C stability. The resistors intro-
duce a 0.3-ppm/8C error contribution.

Another approach for achieving volt-
age gain divides the DAC output before
feedback to the ADC (Figure 10). In this
case, the 1-to-1 divider ratio sets a 10V
output, assuming an ADC reference of
5V. As in Figure 9, the resistors add a

slight temperature er-
ror of approximately
0.1 ppm/8C for the
specified ratio set.

Figure 11 uses active
devices for voltage out-
puts as high as 6100V.
A chopper-stabilized
amplifier drives the

discrete high-voltage stage in a closed-
loop fashion. Q

1
and Q

2
furnish voltage

gain and feed the Q
3

and Q
4

emitter-fol-
lower outputs. Q

5
and Q

6
set the current

limit at 25 mA by diverting the output
drive when voltages across the 27V
shunt resistors become too high. The lo-
cal 1-MV/50-kV feedback pairs set
stage gain at 20, allowing the drive from
the LTC1150 to cause a full 6120V out-
put swing. The local feedback reduces
stage gain-bandwidth, easing dynamic
control. Frequency compensation for
this stage is relatively simple because
only Q

1
and Q

2
contribute voltage gain.

Additionally, the high-voltage transis-
tors have large junctions, which result in
low f

T
s, and special high-frequency roll-

off precautions are unnecessary. Be-
cause the stage inverts the input, feed-
back returns to the amplifier’s positive
input. Frequency compensation consists
of rolling off the amplifier with the lo-
cal 0.005-mF/10-kV pair. Using four in-
dividual resistors minimizes heating
and voltage-coefficient errors in the

A precision-resistor ratio set divides the DAC’s output, permit-
ting higher inherent linearity with the LTC2410 ADC (a). A 3-to-
1 ratio set permits a 10V output while accommodating the
LTC2410 ADC’s 2.5V input (b).
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Precision resistors and a chopper-stabilized output amplifier allow a bipolar
DAC output, with additional resistor-based error.

A feedback divider at the ADC provides for a voltage gain of 2 but
also results in a slight increase in the overall temperature coeffi-
cient.
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A high-voltage output stage delivers 66100V at 25 mA, and multiple feedback resistors minimize
dissipation and voltage-coefficient effects.
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feedback term. Trimming in-
volves selecting the indi-
cated resistor for an exact-
ly 100.0000V output with the
DAC at full scale.

A fourth approach increases
output-current capability with a
current-gain stage inside the DAC
output amplifier’s feedback loop
(Figure 12). This stage replaces
buffer IC

4
in Figure 2. Two op-

tions that differ in output capaci-
ty are possible. Note that as out-
put current rises, wiring resistance
becomes a potentially large error
term. For example, at an output of
only 10 mA, a wiring resistance of
0.001V introduces a 10-mV drop,
which is a 2-ppm error. Because of this
wiring-resistance-induced error, the cir-
cuit should supply heavy loads using
short, highly conductive paths and use
remote sensing.

CHOOSE A VOLTAGE REFERENCE

The 5V
REF

input to the ADC in Figure
2 requires some attention. You can use
self-contained references, which are con-

venient and easy to apply. Some refer-
ences, such as the LM199A and the
LTZ1000A, require external circuitry but
offer high performance. In general, select
a reference that offers the lowest time
and temperature drifts. Regardless of the
reference you choose, you must trim the
reference to establish absolute DAC 
accuracy.

A circuit built around the LTZ1000A

offers high stability (Figure 13).
IC

1
senses the LTZ1000A die tem-

perature and accordingly con-
trols the IC heater via the
2N3904. IC

2
controls reference

current. Kelvin connections sense
the Zener reference level, mini-
mizing voltage-drop effects. A
single-point ground eliminates
return-current mixing and the
attendant errors that this mixing
produces.

Other choices for reference
buffering employ chopper-stabi-
lized amplifiers augmented with
buffer-output stages (Figure 14).
Buffer error is extremely low. Fig-
ure 14a shows a simple unity-

gain stage that transmits the input to the
output with low error and minimal ref-
erence loading. Figure 14b takes moder-
ate gain, allowing a 7V-reference input
to produce 10V at the output. Figure 14c
offers two ways to get 5V from the nom-
inal 7V input. A precision divider light-
ly loads the reference in one case. In the
optional case, the circuit avoids loading
the reference by placing the divider at the

Two output stages supply 250-mA and 1.1A loads, respectively.
Remote sensing is usually necessary to compensate for IR
drops.

_

_

+

+LT1001
FROM MSB
AND LSB

DACs

FROM FIGURE 2
(PARTIAL)

0.1 mF

2k

CC

0.1 mF
(OPTIONAL:

FOR INCREASED
LOAD STABILITY)

LT1206: 250-mA OUTPUT
LT1210: 1.1A OUTPUT

F igure  12

_

+
IC1

LT1013

1k

2N3904

NOTES:
R1 THROUGH R5: VISHAY VHP-100 0.1%.
HEATER, UNLABELED       AND ZENER=LTZ1000A.
PIN NUMBERS APPEAR FOR INDIVIDUAL LTZ1000A ELEMENTS.

IC2
LT1013
_

+

V+
15V

1

2

HEATER

1M

0.1 mF

0.1 mF

10k

1N4148

13k 70k
70k

6

8

7

TEMPERATURE
SENSOR

1k 120

3

ZENER +SENSE

4
5

7

0.022 mF

1N4148

HEATER RETURN

ZENER 1FORCE

ZENER 1SENSE

SINGLE-
POINT

GROUND
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output and driving the ADC’s reference
input from the divider output.k
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Chopper-stabilized reference-buffer options include unity gain (a), 10V output (b), and 5V output
(c). Trimming is necessary for absolute accuracy.
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