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Abstract—This paper describes the design of a low-power, two-chan-
nel, 12-bit, data acquisition system with a conversion rate of 240 sam-
ples per second on-each of the two input channels. Power switching the
sample-and-hold module resulted in a power reduction of 140 mW
compared with a continueusly powered system. The total power con-
sumption for the system was 102 mW. Preliminary information is given
about the warm-up characteristics of a variety of operational ampli-
fiers and a commercial sample-and-hold module; this is not available
in the standard data books.

I. INTRODUCTION

N important requirement for a portable data acquisi-

tion system is that the power dissipation should be as
small as possible in order to reduce battery size and weight
and to obtain an extended operating life. Standard meth-
ods of reducing power dissipation include the use of
CMOS devices, the use of the lowest possible clock fre-
quency, and turning off any high-power modules when
they are not in use. With this power-switched low duty-
cycle operation, the following sequence is continually re-
peated: :

a) turn power on;

b) wait for circuit to warm up and stabilize;
¢) acquire data; and

d) turn power off.

Hence, the average power dissipation is given by

P, average
_ Py * Tige + P warm-up Twann~up + P, sample Tsample
Tcycle
where
Tcycle = Lsample + Twarm—up + Tidle-

When bipolar analog modules forming part of a data
acquisition system are power switched, the warm-up be-
havior is critically important since failure to reach a
steady-state condition during the measurement period will
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result in erroneous data. Since analog circuit modules are
not normally operated in a power-switched mode, infor-
mation is not available on warm-up characteristics. This
paper presents some preliminary measureiments of the
warm-up characteristics of sample OP-01, OP-07, OP-20,
LM741, LF351, LF356, and TLO61 operational ampli-
fiers, and the Analog Device AD583 sample-and-hold.
These measurements were in turn used to design a power-
switched, 12-bit, dual-channel data acquisition system
with a total power dissipation of 102 mW [1].

1I. POWER SWITCHING

Power switching is not a new concept; devices and
commercial products such as calculators and instruments
already exist on the market which go into a quiescent

mode when not in use, consuming only a few hundred

microwatts of power. Power switching devices that are
not internally designed for such use, however, introduce
several problems for the designer [2], [3]. First, a low-
power method of switching the device must be deter-
mined, or the advantages of power switching are lost.
Second, all of the inputs to the device must be discon-
nected before the power is switched off in order to prevent
damage to the device. Also, substantial noise can be in-
troduced on the analog signal and ground lines by the
switching action, so the effect of this noise on the other
parts of the system must be determined and steps taken to
eliminate it if necessary. Finally, the ‘‘warm-up’’ time
for each switched device must be measured and included
in the on time.

The method used to switch the power to a device de-
pends on the supply current the device requires and the
switching frequency. In our first attempt to power switch
devices, bipolar junction transistors were used as switches
but the control voltages were not easily generated and the
circuitry consumed too much power. The second ap-
proach used opto-couplers to do the switching. This cor-
rected the control voltage problem, but the opto-couplers
ended up consuming more power than the device being
switched. The eventual solution to the problem was to use
overvoltage-protected analog switches, such as the Sili-
conix DG211CJ, to do the power switching. The DG211
is a quad CMOS SPST analog switch which consumes 20
mW of power per package. Each switch is capable of han-
dling 20 mA of current continuously, and up to 70-mA
peak current. The DG211 also uses standard 0-5-V CMOS
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Fig. 1. Warm-up time test circuit for operational amplifiers.

logic levels, so interfacing to the control logic is simpli-
fied. The DG211 can also be used to switch the inputs to
a device into a high-impedance state while the power is
off, thus protecting the power-switched device from dam-
age. Also, since the DG211 has a low oN resistance and
was designed for low transient switching, such as that re-
quired for a sample-and-hold, the switching action will
introduce a minimal amount of noise into the system.

III. WARM-Up TiMES FOR OPERATIONAL AMPLIFIERS

The ‘‘warm-up’’ time for a system is defined as the
amount of time from power-up to the point where the de-
vice can be effectively used to perform its function to some
specified accuracy, which is determined by the require-
ments of the system. The warm-up times for several op-
erational amplifiers were measured in an effort to establish
a relationship between warm-up time and amplifier slew
rate. When performing these tests, the input to the oper-
ational amplifier was connected to a’' —10-V source. A
negative input voltage was used because the slew rate for
a negative signal is typically less than or equal to the slew
rate for a positive signal and thus would yield the worst-
case warm-up time. :

The circuit used to measure warm-up time is shown in
Fig. 1. The amplifier under test was connected in a unity-
gain configuration with a 10-kQ load. The power switch-

ing was performed using Siliconix DG211 switches, .

which were also used to switch the input signal to the
device. The input and output to the operational amplifier
were connected to the differential input of an oscillo-
scope. The control signal to the switch was also moni-
tored on the oscilloscope. Representative samples of the
results obtained are shown in Fig. 2. The warm-up time
was taken to be the amount of time for the error signal,
given by the difference between the input and output volt-
ages, to stabilize at or near O V. As can be seen in the
photographs (Fig. 2), the OP-07, which has a typical slew
rate of 0.3 V/us, took"50 us to stabilize, while the OP-
01, which has a higher typical slew rate of 18 V/us, took
12 us. These results imply that the warm-up time for a
device is directly related to the slew rate of the amplifiers
making up the device. In general, this comparison is valid,
however, there are other factors involved, the most im-
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()
Fig. 2. Warm-up time measurements for (a) OP-01, and (b) OP-07.
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Fig. 3. Warm-up time test results.

portant of which is the internal design of the amplifier. A
more detailed summary of the results of the warm-up time
tests is shown in Fig. 3.

IV. WARM-Ur TIME FOR THE SAMPLE-AND-HOLD

The power switching of analog devices realizes the
greatest advantage when applied to devices having short
warm-up times. This allows the designer to use fast, high-
performance devices in place of the low-power devices
which are often too slow for a given application, and also
minimize the ON time in a system, providing a greater
reduction in the power consumption. In the case of the
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Fig. 4. AD583 test circuit.

12-bit system described in this paper, a sample-and-hold
with a short acquisition time was required in order to min-
imize the phase difference between the samples obtained
from each channel. The Analog Device AD583 IC sam-
ple-and-hold was chosen because of its low acquisition
time (4 ps) and high slew rate (5 V/us). However, ac-
cording to the data sheet, the power consumption of the
ADS583 is in the 75-150-mW range. Thus it was decided
to attempt to power switch the device and measure the
amount of degradation in its response.

First, the circuit shown in Fig. 4 was built and used to
measure the warm-up time and the power consumption of
the switched system. With the DG211 control inputs
grounded (switches closed), the supply currents through
the 10-Q sense resistors were measured to be 6.16 mA at
+15 V and 2.32 mA at —15 V, corresponding to a power
dissipation of 127.2 mW. In order to determine the power
consumption of the switched system, the voltage across
the 10-Q sense resistors was monitored using the differ-
ential input on an oscilloscope. The results for the posi-
tive supply show that there is a brief (3 us) 36-mA pulse
when the switch closes, followed by a constant dc current
of 6.6 mA. Similar results were obtained using the sense
resistor in the negative supply lead. As a result, if the
turn-on spike is neglected, the power dissipation of the
switched device is equivalent to its continuous power dis-
sipation multiplied by the fraction of time that the device
is ON in one cycle. Such an estimation is quite accurate,
especially if the duration of the turn-on spike is very short
in comparison to the switching period. Naturally, as in
the continuous operation case, the power consumption of
the switched device will depend on the output load imped-
ance, input voltage, etc.

After the feasibility of power switching the AD583 had
been demonstrated, the final parameter to be measured
was the warm-up time necessary for accurate operation.
Using the same circuit as shown in Fig. 4 except with a
—10-V input, the warm-up time was measured in a man-
ner similar to that used for the operational amplifiers men-
tioned in Section III. However, in this case, it was real-
ized that the warm-up time would be a function of the
value of hold capacitor used, so measurements were made
with an increasing series of capacitor values. It was found
that for a holding capacitance of 0.0047 pF, a warm-up

time of 90 us is required. Capacitor values of 0.01 and
0.033 uF resulted in warm-up times of 130 and 180 us,
respectively. Obviously this result is not unexpected,
since the hold capacitor acts as a load on the output of the
first operational amplifier in the sample-and-hold and
would act to slow down the response of the amplifier.

The final step was to measure the overall effect of power
switching the sample-and-hold in the system. This will be
discussed in the next section.

V. DESIGN OF THE 12-BiT SYSTEM

Since the requirements for the operation of the power-
switched sample and hold were known, the next step was
to determine which ADC to use. It was decided that the
Datel-Intersil ADC-HC12B 12-bit successive approxi-
mation ADC be used for the following reasons. First, the
ADC-HCI12B can be operated from a single positive sup-
ply voltage. Second, the ADC-HC12B is a complete ADC
requiring only a few external resistors for offset and gain
adjustments. Third, and most importantly, the ADC-
HCI12B is a hybrid integrated circuit fabricated using
CMOS technology, noted for very low power consump-
tion. Operating in the special low-power interrupt mode,
the resulting power dissipation of the ADC-HCI12B at a
conversion rate of 480 conversions per second (240 con-
versions per second on two channels) is approximately 30
mW.

The disadvantage of such a long conversion time is that
the sample-and-hold would have to be on for 800 us (two
conversions), plus a warm-up time and a second acquisi-
tion time, or approximately 950 us. Also, using the sam-
ple-and-hold in this fashion eliminates the benefit gained
from having a fast acquisition time to reduce the phase
error between the samples from the two channels. To cor-
rect this situation, the AD583 was used in conjunction
with two ‘low-speed ‘‘slave’” sample-and-holds con-
structed using OP-20’s, as shown in Fig. 5. Using this
configuration, the AD583 can be turned on, allowed to
warm up, take two fast samples, transfer them to the slave
sample-and-holds, and then be turned off. The slave sam-
ple-and-holds, which are continuously powered, use only
5.5 mW of power. The slave sample-and-holds, however,
are very slow to respond due to the low slew rate of the
OP-20’s. As a result, a delay of 200 us, between the time
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Fig. 5. Sample-and-hold circuit.

that the sample from the first channel is stored on the hold
capacitor of the slave sample-and-hold and the start of the
first conversion, must be included in the system timing.
Also, since the second slave sample-and-hold has to hold
its sample for a period equaling two ADC conversion
times, the hold capacitor on the second slave must be in-
creased to compensate for the droop.

The dual sample-and-hold configuration was tested and
it was determined that it was operating as expected. It was
realized, however, that the AD583 was being turned off
with as much as 10 V on the hold capacitor, and that the
hold capacitor was discharging through the unpowered
device. Since it was uncertain as to the effect this would
have on the AD583, the situation was corrected by in-
cluding a third switch on the input to the sample-and-hold,
which was connected to the analog ground. After trans-
ferring the two samples to the slave sample-and-holds, the
AD583 was placed in the ‘‘sample’” mode with the input
grounded, thus allowing the hold capacitor to discharge
before turning the device off.

One problem encountered in using the ADC-HC12B
was that the logic levels required by the device were equal
to the supply voltage which, in this case, is +15 V. Re-
ducing the +15-V levels out of the device to +5 V was
accomplished by using CD4050 CMOS inverters which
are capable of handling overvoltage signals on the inputs.
To pull the START CONVERSION signal up to +15 'V,
a spare switch in one of the DG211 packages was used.

VI. TESTING THE SYSTEM

The system was tested using a Hewlett Packard test sys-
tem consisting of an HP9845B computer, an HP3455A
digital voltmeter, an HP3325A function generator, and a
6940B multiprogramme:. The function generator was used
to provide a programmable dc input signal to the sample-
and-hold. The signal was measured using the digital volt-
meter. The digital output from the ADC was read by the
computer via an isolated input card in the multiprogram-
mer. Data acquisition and plotting were performed by the
9845B computer. The first test on the system was to de-
termine the linearity of the ADC. With the sample-and-
hold module bypassed, the input signal was applied di-
rectly to the ADC and the device characteristic was re-
corded by the computer. The test showed the ADC to be
highly linear with only a slight deviation from the ideal
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Fig. 6. System response as a function of sample-and-hold warm-up time
using a 0.0047-uF hold capacitor.
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Fig. 7. System response as a function of sample-and-hold warm-up time
using a 0.033-uF hold capacitor.

slope. The second test performed was to compare the
warm-up time for the AD583 measured using the oscil-
loscope and the results obtained using the ADC on the
sample-and-hold output. Fig. 6 shows the outcome of the
tests performed using a 0.0047-uF hold capacitor. The
data obtained using a 0.033-xF hold capacitor are shown
in Fig. 7. The results obtained using this method agree
quite well with those obtained earlier. The warm-up time
for the 0.0047-yF capacitor is shown to be between 50
and 100 us, while the value measured earlier was 90 us.
The warm-up time required for the 0.033-pF capacitor is
shown to be between 150 and 200 us. The value measured
earlier was 180 us. It can also be seen from these graphs
that the linearity of the overall system is not affected by
the inclusion of the sample-and-hold module, if the cor-
rect warm-up time is used.

VII. Power CONSUMPTION

Once it was known that the system was functioning
properly, the last area to be examined was the power con-
sumption. The breakdown for the analog portion at room
temperature is as follows:
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Power
Device Dissipation
ADC-HC128MM 30 mW
ADS583 6.5 mW
OP-20 (x2) 5.5 mW
DG 211 (x3) 60 mw
TOTAL 102 mW

The figures above use maximum continuous power dissi-
pation. The value obtained for the AD583 uses the max-
imum continuous power dissipation multiplied by 176 us/
4098 pus, the ratio of on time to switching period. The
total power dissipation of the sample-and-hold module
comes to 75 mW, a reduction of 66 percent over that of
operating the components continuously. This could be re-
duced even further by using the DG211 switches only for
power switching, where overvoltage protection is re-
quired, and on the inputs to the slave sample-and-holds,
where low-charge transfer is required. Replacing the other
two packages of DG211 switches with DG308 switches
would reduce the power dissipation of the sample-and-
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hold module by an additional 39 mW, to a total of 33
mW. This would make the total dissipation of the analog
portion 63 mW. The digital portion of the system con-
sumes slightly more than 25 mW. This is broken down
into two areas, the discrete logic and the EPROM. The
discrete logic, .being all CMOS, consumes only 350 uW
of power. The EPROM, however, consumes 25 mW,
contributing greatly to the overall system dissipation,
which would total 88 mW if the DG308 switches are used.

VIII. CONCLUSIONS

In some circumstances, the total power dissipation of a
mixed digital and linear system can be reduced by oper-
ating the linear devices in a low duty-cycle mode. CMOS
analog switches provide an efficient way of controlling the
power to the switched analog devices.
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