TEMPERATURE SENSITIVITY

Overcome Analog-Circuit
Temperature Sensitivity

Using a digital potentiometer with greatly enhanced “out-of-box”
accuracy and temperature performance is the best solution.

BY BONNIE C. BAKER
Microchip Technology Inc.

igital potentiometers enable system designers to
program resistive values in an analog circuit during

its initial calibration, or normal operation. This advantage
lets circuit conditions be dynamically changed, creating a

800 ppm/°C, thus achieving an improve-
ment of 100 times over other solutions.
Simple Programmable Gain Circuit:
The resistive material of most of today’s
digital potentiometers is fabricated with
the poly diffusions of CMOS processes.
Because these resistors are fabricated

“smart” analog system that can re-
spond to the surrounding environ-
ment. Because this programmable
feature seems all too promising, the
suspicious analog engineer will cor-
rectly anticipate that it doesn’t come
for free. The temperature perfor-
mance of today’s digital potentiome-
ters shows that they perform with
much less accuracy than standard
mechanical potentiometers or dis-
crete resistor combinations. But a
clever designer can take advantage
of secondary temperature behavior
by utilizing the matching character-
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using poly diffusions, the resistive
elements aren’t trimmed to preci-
sion. Consequently, the initial ac-
curacy of most digital potentiome-
ters from part to part at room
temperature is +30% (maximum).
The thermal drift specifications are
either 800 ppm/°C or 500 ppm/°C,
depending on which poly diffusion
is used to fabricate the resistive ele-
ment. If this type of resistor ele-
ment is employed in a simple am-
plifier gain configuration and the
basic specifications of the digital
potentiometer are ignored, the

istics of these digital devices.

Most engineers think that digital
potentiometers are far superior to
their mechanical cousins. In terms
of their programmability and reliability,
this is absolutely true. It’s far more accu-
rate and less expensive to have program-
ming code sent out from the controller to
the digital potentiometer than to twist a
wiper in the mechanical potentiometer
with a screwdriver. But without enhance-

TABLE 1: PROGRAMMABLE GAIN RANGE

1. The thermal performance of this simple gain
circuit using a digital potentiometer is typically 800
ppm/°C.

ments, the “out-of-box” accuracy and
temperature performance of a digital po-
tentiometer won’t be superior to those of
a mechanical potentiometer. However,
by using a few simple techniques, you
can change the temperature perfor-
mance of these potentiometers 500 to

nominal error and overtemperature
error may bring an unexpected, un-
pleasant surprise (Fig. 1, Table 1).

As the example in Figure 1
shows, the amplifier circuit’s gain using
the MCP606 CMOS single-supply op
amp is equal to:

VOUT:VIN (1 + RZ/RI)

This simple circuit is designed to

TABLE 2: PROGRAMMABLE GAIN RANGE

Temperature
Gain* | Initial error
(V/V) |error*(%) |(ppm/°C)
2.00 EE18 1
43.4 +1 1
86.1 EE18 1

R2
Digital | value* | Gain*| Initial
code [(Q) (V/V) |error*(%)
3 1.7k 2.7 +30
127 49.6k 50.6 +30
255 99.6k 100.6 +30
*assuming RW =0 Q

Temperature R2

error Digital | value*

(ppm/°C) code [(Q)

800 8 1.17k

800 127 49.6k

800 255 99.6k
*assuming RW =0 Q
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have an adjustable, program-
mable gain by placing a digital
potentiometer across the am-
plifier’s feedback loop. A circuit
with this type of flexibility can’t
be easily implemented by us-
ing discrete resistors. But the
nominal gain and temperature

R1 (+0.25 LSB typical error)
R2 (+0.25 LSB typical error)
R3 (+0.25 LSB typical error)
Total typical error at V3
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TABLE 3: VOLTAGE REFERENCE ERRORS

Over —40°C
to 85°C range

Room

temperature

+0.019 mV +0.003 mV
+0.019 mV +0.003 mV
+0.019 mV +0.003 mV
+0.057 mV +0.009 mV

The resolution and accuracy
of this reference circuit de-
pend mainly on the number
of programmable bits of the
digital potentiometer and the
voltage at Vpp. When using
any of Microchip’s 8-bit digi-
tal potentiometers and a 5-V

stability of the discrete design are supe-
rior to those of the circuit using the digi-
tal potentiometer.

With a discrete design, the nominal
value of resistors R1 and R2 could easily
and inexpensively be chosen to have a
1% tolerance. Also, if an attempt were
made to ensure that these two resistors
were manufactured using the same ma-
terial, they would have fairly consistent
temperature tracking.

In contrast, a digital potentiometer
could be implemented in the feedback
loop with different results. The digital
potentiometer selected for this example
is a dual digital potentiometer with a
100-kQ nominal typical resistance from
terminal PA to PB. The out-of-box nom-
inal resistance of the digital poten-
tiometer selected for the circuit in Fig-
ure 1 could vary up to +30% from the
typical specified resistance, or 100 kQ
+30 kQ. Placing the digital potentiome-
ter in the feedback loop of the circuit ra-
tioed against the input discrete resis-
tance could, in a worst-case scenario,
result in part-to-part variation with a
gain of £30%.

This potentially large margin of error
would be widened further over tempera-
ture variations. The typical temperature
change of the digital potentiometer’s re-
sistive element is 800 ppm/°C.

matching and temperature drift charac-
teristics are closely matched.

This design strategy provides great re-
turns in the circuit design by changing
the gain of the circuit from a £30% po-
tential error down to +1%, creating an
improvement of 30 times. In addition,
the circuit’s overtemperature perfor-
mance has been improved from the poor
performance of 800 ppm/°C down to 1
ppm/°C. This constitutes a significant
improvement of 800 times. But the
largest benefit gained from this ap-
proach is that this circuit retains its wide
range of programmable gains.

Good Temperature Matching: A single
digital potentiometer can be used in cir-
cuits effectively if the two sides of the po-
tentiometer are placed so that the resis-
tive elements in the transfer function are
ratioed. For instance, this can be done
with an adjustable voltage reference by
employing the power supply as the volt-
age source at the top of the potentiome-
ter (Fig. 3).

The output voltage of the adjustable
reference in Figure 3 is equal to:

Vrer = Vbp X Rpor -8/ Rpor-AB

This potentiometer configuration is
typically called the voltage divider mode.

supply, the nominal LSB size would be
19.53 mV. The absolute accuracy and
overtemperature performance of the
voltage presented at the input of the
amplifier don’t depend on the absolute
nominal resistance of the digital poten-
tiometer. Rather, the performance of
this programmable voltage reference
depends primarily on the stability of
the power supply, then on the matching
of the digital potentiometer’s resistive
elements.

Consider the following example of the
effects of the digital potentiometer er-
rors: The MCP4x010 (10-kQ digital po-
tentiometer) would perform with an ab-
solute accuracy of less than +0.25 LSB
(typical), or £4.8825 mV in this circuit at
25°C. Over temperature (-40°C to
85°C), the output voltage would typi-
cally vary 1 ppm/°C due to resistance
matching. This translates into a worst-
case variance over temperature of 0.5
mV, or £0.25mV. Adding this to the error
at room temperature, the total possible
error becomes +5.3825 mV, or +0.28
LSB. (Calculations for this example as-
sume the power supply is stable at 5 V.)

If power-supply errors are considered,
the variance in the power supply directly
affects the accuracy of the digital poten-
tiometer’s output. For instance, if a sup-
ply provides the voltage with a

For instance, if the temperature
excursion for a 10-kQ resistive
element were from 25°C to
75°C, the resistive element
would change by 400 Q, or 4%.
The circuit configuration in Fig-
ure 1 may not seem like a good
solution, but it’s easy to fix with
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just a few design tricks.
An alternative circuit that
addresses both the accuracy E‘

1

and overtemperature issues of
the circuit in Figure 1 employs
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+5% variance, the error contri-
bution to the voltage divider
can be substantial.

The digital potentiometer in
this circuit can be selected with
current consumption across
the element or noise as the
main concern. The current
through a 10-kQ potentiometer
with a 5-V supply is 500 pA.
Compare this with the 50-pA
current through a 100-kQ po-
tentiometer. In contrast, the

a dual digital potentiometer to
fill both resistor positions in the
circuit (Fig. 2, Table 2). Be-
cause both resistor elements
are on one chip, their nominal
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2. The intrinsic matching of a dual digital potentiometer
is used to benefit this gain circuit to achieve initial gain
accuracy of £1% (maximum) and a typical temperature
coefficient of 1 ppm/°C.

output noise of the 10-kQ po-
tentiometer programmed to a
127d (half-scale) setting is 6.36
nV/VHz at 1 kHz (rms). In the
case of the 100-kQ poten-
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VREF = Vp(Rp)/(Ra + Rp)

I
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3. Using the matching top and bottom sides of a single-
silicon digital potentiometer in a voltage-divider
configuration will enhance the temperature performance of

this circuit.

tiometer, the output noise would be 20.5
nV/VHz at 1 kHz (rms). This would be
compared to the op amp noise of 8.7
nVA/Hz at 10 kHz (rms). In this circuit,
the op amp is used to isolate, or buffer,
the digital potentiometer resistance from
ensuing stages.

Figure 4 shows another technique for
designing a precision adjustable voltage
reference. In this circuit, the power sup-
ply’s variability is stabilized with a preci-
sion voltage reference. Because the digi-
tal potentiometer is again configured as
a voltage divider, the errors at the ampli-
fier’s output are similar to the errors dis-
cussed in the previous example. The
only difference between the circuit in
Figure 3 and the circuit in Figure 4 is that

MCP1525

(accurate VREF=2.5V £1.0% VREF

voltage or

reference) Ra § Reor DAC
output

l Rp MCP606 —oO

4. A voltage reference will stabilize the errors from the power
supply shown in Figure 3. In this circuit, the MCP1525 is a 2.5-

V device with an accuracy of 1% over -40°C to 85°C.

the power supply in the latter has been
replaced with a precision reference.

As illustrated in Figure 3, the errors
contributed by the digital potentiometer
are less significant than the errors cre-
ated by the power supply. The errors
caused by any power-supply variations
have been minimized in the circuit in
Figure 4. This configuration is often used
when the digital potentiometer is em-
ployed in a digital-to-analog converter
(DAC) function.

A Stable 16-Bit Converter: Finally, a
16-bit voltage reference, or DAC, can be
designed using three digital potentiome-
ters and three op amps (Fig. 5). In this
configuration, R1 and R2 are imple-
mented by using a dual MCP42010 digi-
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R1=R2 = MCP42010 dual 8-hit, 10-kQ digital potentiometer
R3 = MCP41010 single 8-bit, 10-k( digital potentiometer

A1 = A2 = MCP6021 dual, single-supply CMOS op amp

A3 = MCP6021 single, single-supply CMOS op amp

5. A 16-bit DAC is created with three digital potentiometers and three operational
amplifiers. Because the R1 and R2 potentiometers are in the same package and
used in a voltage-divider configuration, efficient tracking is possible in terms of
nominal value and overtemperature performance.
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tal potentiometer. Because these poten-
tiometers are in the same package and
used in a voltage-divider configuration,
efficient tracking in terms of nominal
value and overtemperature performance
is possible.

The two potentiometers can be pro-
grammed to have a 1-bit difference with-
out losing monotonicity. The third poten-
tiometer, R3, is employed to divide the
difference between the voltage at the out-
put of op amps Al and A2. The configu-
ration in Figure 5 provides a theoretical
output resolution of 16 bits. When Vpp
is equal to 5V, the LSB size is 76.29 mV.

In this circuit, the voltage at Vpp can
be divided into 256 different segments
with the two digital potentiometers, R1
and R2. The LSB size for this portion of
the circuit is:

Vi-1sg=Vpp/2"
=5V/256=19.53mV

V,-1sg=Vpp/2"
=5V /256=19.53mV

where n = 8 for the 8-bit digital poten-
tiometer.

The actual digital potentiometers
making up R1 and R2 have no missing
codes in their transfer function. So feasi-
bly, one digital potentiometer could be
programmed with a code of 100d (for
R1) and the other with a code of 101d
(for R2). With this programming, the
output voltage at V1 and V2 would be:

V1 (100d)
=Vpp XR;-g/(Ry-g+R;-4)
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=5V x(3.906 kQ/10kQ)
=1.9531V

V2 (101d)
=Vpp XRy-p/(Ry-p+Ry-)
=5V x(3.906 kQ/10kQ)
=1.9727V

The voltage difference of Vland V2 is
applied across the digital potentiometer,
R3. The difference of these two voltages
is then divided again by this third digital
potentiometer, which is configured as a
voltage divider. The LSB size of R3 is
equal to:

Vi -1s8=(Vpp/2M/2"
=Vpp/21'6

where n = 8 for the 8-bit digital poten-
tiometer. The LSB size of the system at
V3is 76.29 pV, given Vpp =5 V.

In the error analysis of this circuit, it
can quickly be found that at 25°C, the
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nominal errors of the digital potentiom-
eter have the highest potential to create
the largest errors. Table 3 lists the nomi-
nal and temperature errors affecting the
adjustable voltage reference shown in
Figure 5. Calculations assume that Al,
A2, and A3 are ideal amplifiers; that the
MCP4X010 digital potentiometers are
used; and that Vpp = 5 V. All values are
referred to the output, V3.

Although the circuit in Figure 5 is de-
signed as a DAC with 16-bit resolution,
the errors of the first stage, including
the amplifiers, are divided down by the
second stage. Given this error analysis,
the circuit in Figure 5 is accurate to 12.3
bits or +0.114 mV. This analysis doesn’t
take into account variations in Vpp
over temperature.

The digital potentiometer has entered
the market with clear advantages over
the mechanical potentiometer. These in-
clude reliability and repeatability. But at
first glance, its overtemperature behav-
ior can limit its usefulness. Fortunately,

the initial resistance and overtempera-
ture shortcomings can be minimized
with a few simple design tricks. If the
digital potentiometer is used in circuits
so that the resistive elements, either in a
dual or single device, are configured in a
ratiometric fashion, the nominal ab-
solute resistance value and temperature
coefficients of the individual elements
are cancelled. This leaves a resistive ele-
ment that’s programmable and equiva-
lent in performance to the mechanical
potentiometer. @
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