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How to use power scaling to maximize
power savings in a SAR ADC system

By Cynthia Sosa
Applications Engineer, Precision ADC - SAR ADC

Introduction

Designs for low-power analog-to-digital converters (ADCs)
need to minimize power consumption while maintaining
high performance. By modifying the digital timing and
power-supply voltages of a successive-approximation
register (SAR) ADC, the ADC’s power-scaling capabilities
can be used to achieve the design goals.

This article describes different elements in an ADC
system that consume power, provides methods for calcu-
lating total power consumption, and discusses the design
of a front-end driving circuit to maximize overall power
savings.

ADC power consumption

The SAR ADC architecture allows its operational charac-
teristics to be modified to scale down power consumption.
Before describing the modifications, first consider the two
basic phases to the internal operation of a SAR ADC:
acquisition and conversion. During the acquisition phase,
shown at left in Figure 1, switch 2 opens, disconnecting
the internal ADC comparator from the sample and hold
circuit. The conversion phase begins when the

sample-and-hold circuit disconnects from the external
circuitry and connects to the ADC comparator.

The average power consumed by the converter (the
power per cycle) is the sum of the power consumed
during both the acquisition and conversion phases divided
by the cycle time. During the acquisition phase, the power
consumed is solely from the quiescent current because
the internal circuitry is not operating; this is the zero-
power phase. The majority of power consumption occurs
during the conversion phase because the internal circuitry
for the capacitive digital-to-analog converter (CDAC)
generates the binary-weighted voltages and the internal
comparator performs the bit decisions. Digital communica-
tion usually occurs during the conversion phase and
Figure 2 illustrates an example of SPI digital communica-
tions of a conversion cycle.

It is possible to reduce the ADC’s power consumption by
decreasing the sampling rate. A lower sampling rate
increases the acquisition phase, which increases the time
the ADC is in the zero-power range. Reducing the
sampling rate will also result in a longer cycle time, which
also decreases the average power consumption.

Figure 1. The two phases of a SAR ADC: acquisition and conversion
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Figure 2. Example SPI digital communications of conversion cycle
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Different data converters will require different
approaches to adjust the timing. The most common device
type has an internal clock that sets the conversion time.
Regardless of cycle time, the conversion phase will always
remain the same length of time. Increasing the acquisition
time in these device types requires a decrease in the oper-
ating sampling rate. A constant conversion phase will
result in a longer cycle time dominated by the acquisition
phase.

Another device type uses an external clock and relies on
the frequency of the clock input to increase the acquisi-
tion phase. The clock frequency is inversely correlated
with the length of the conversion phase; thus, increasing
the clock-input frequency decreases the conversion time.
Increasing the clock frequency without changing the
sampling rate will result in an increase in the acquisition
phase, while the cycle time remains the same. Decreasing
the sampling rate further adds to the power savings by
elongating the cycle time.

There are other uncommon timing requirements not
covered. It is best to read the device datasheet to confirm
its operation.

Power consumption of the ADC power supplies

A SAR ADC will usually consist of two separate power
supplies: analog and digital. Each can scale down its
respective power consumption by modifying the device’s
operation and reducing supply voltages. Some devices
have a single power supply but the following general
methods still apply.

The analog voltage supply (AVDD) powers the device’s
internal conversion circuitry; thus, each conversion
contributes to the power consumed by the supply. The
more conversions per unit time, the more power the
device dissipates. The conversion frequency (in other
words, the sampling rate) is directly proportional to the
power consumed.

Equation 1 calculates the power consumption of the
analog power supply (Paypp), which shows how decreas-
ing the analog voltage reduces power. The AVDD may
determine the input range on certain devices; thus, it’s
best to use the lowest AVDD the system can support. The
current drawn from AVDD (Ipypp) is usually found in the
device data sheet based on the sampling rate (fg).

Pavpp = AVCCXIzypp €))

If Iaypp is not available, Equation 2 can be used to
calculate [,ypp using the analog current drawn at 1 MHz
(Iavbpe1 MHz), @ very common parameter:

f;
I =(1 x —5 2
AVDD ( AVDD@1 Mitz) TG @)

The digital voltage supply (DVDD) is used for the
device’s digital communications. The most common digital-
communication protocols are serial-peripheral interface
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(SPI) and inter-integrated circuit (I2C). For a device that
supports SPI, the line for serial-data output (SDO) deter-
mines the ADC power consumption, since it is the only
signal controlled by the device. The microcontroller
supplies the power consumed by the other digital lines—
including serial-data input (SDI), clock (CLK), and chip
select (CS)—as it drives these bus lines.

The average digital-power consumption (Ppypp) is a
function of DVDD and DVDD current (Ipypp), as shown in
Equation 3. The digital supply consumption is directly
related to DVDD; thus, use the lowest digital supply
voltage that the system can support.

The DVDD current shown in Equation 4 comprises
DVDD, the frequency of state changes to the digital
output signal (fgigital_outpur), and the load capacitance of
the digital output line (Cyigital_output)- The current is drawn
from charging and discharging the capacitance on the
digital-output line when the digital signal transitions to a
different logic level. If the digital communications function
at a higher frequency, the charging and discharging of the
bus capacitance occurs more frequently per unit time;
thereby increasing the digital current.

Invpp = faigital_output X PVDPD X Cigital _output €))

The frequency of state changes is determined by the
number of output bits (usually the resolution of the
device) divided by the sampling rate. The TI Analog
Engineer’s Calculator!!! can help determine the capaci-
tance of the printed circuit board, but also add in any
external capacitance (including the pin’s capacitance) to
the total load capacitance. In lower-power applications,
SPI is popular because it only dissipates power when the
digital signal transitions logic states.

When using I2C, the power consumption is determined
by the pullup resistors applied to the data lines and the
communication’s frequency. Using the largest-value pullup
resistors the system can support will minimize power
dissipation when driving the open-drain output low.

When the device’s communication operates continu-
ously, the output is frequently pulled low causing signifi-
cant power consumption. On the other hand, when the 2C
bus is idle, it will not consume power. Designers will
employ I2C in low-power applications that use polling and
the device communicates infrequently.

In summary, one method to decrease the average power
consumption is to use the lowest possible power-supply
voltages and another approach is to decrease the sampling
rate of the device. These changes will help reduce both
digital and analog power consumption. The overall ADC
power-supply consumption is the addition of the two aver-
ages’ of supply-power consumption: Py = Pavpp + Povop-
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Power consumption of the ADC front-end

driver circuit

A typical input-driving circuit for a SAR ADC consists of
an amplifier, usually an operational amplifier (op amp),
which must also be considered. An amplifier’s power
consumption is directly related to its bandwidth, which is
a determining parameter in SAR ADC system perfor-
mance. The sampling rate of the ADC determines the
amplifier’s bandwidth requirement. The amplifier should
be able to charge the ADC sample-and-hold circuit to 0.5
least significant bits (LSB) within the allotted acquisition
time to show good settling.

For a high sampling rate, the acquisition time is short
and a high-bandwidth amplifier is required for good
settling of the internal sample-and-hold capacitor. For a
lower sampling rate, the acquisition time is longer; there-
fore, a low-bandwidth amplifier is sufficient for good
settling. Reducing the sampling rate also reduces the
amplifier’s bandwidth requirement while still achieving
good performance and enables the use of low-power, low-
bandwidth amplifiers. When designing the front- end
driving circuit consider TI Precision Labs — ADC: Front-
End Component Selection,[Z] as it explains how to select
an amplifier with the proper bandwidth and the external
resistor-capacitor (RC) charge-bucket circuit for an appli-
cation. Keep in mind that a lower-power amplifier will
have trade-offs, such as worse noise and slew-rate
performance.

Amplifier bandwidth is directly related to its quiescent
current and hence to its power consumption. Equation 5

Figure 3. Quiescent current versus
bandwidth of multiple amplifiers
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calculates the average power consumed by an amplifier by
multiplying the total supply voltage by the quiescent
current.

Pop = (V; = V) x1g )

The power supplies should also be at the lowest voltage
the amplifier can support while still maintaining correct
operation and performance. Figure 3 demonstrates the
relationship between quiescent current and bandwidth for
multiple amplifiers.

Applications that don’t require an input driving amplifier
would experience a large decrease in power consumption
because of the eliminated amplifier circuit. This operation
pertains to low-sampling-rate applications where a low-
frequency voltage input connects directly to the input of a
SAR ADC. There are trade-offs when using this topology,
such as a decrease in effective number of bits (ENOB).

Measured results

Table 1 demonstrates the total system power using the
ADS7042 ultra-low-power SAR ADC with AVDD = 3.3V,
DVDD = 3.3 V and the op-amp power supply at 4.5 V.
These three measurements use different amplifiers in the
front-end circuit to highlight the effects on total system
power. A combination of a high sampling rate and the
high-performing OPA320 op amp resulted in a total system
power consumption of 7696.4 nW, which is magnitudes
greater than a lower ADC sampling rate and the
nanopower LPV811 amplifier, which resulted in a total of
only 3.5 pW. At lower sampling rates, performance is still
high, as the bandwidth requirement is lower.
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Table 1. Total system power consumption of the ADS7042
ADC Measured Measured Measured Total
Amplifier | Sampling Amplifier | ADC Analog | ADC Digital System
Rate Power Power Power Power
LPV811 1kSPS 1.8 yW 0.737 yW 0.988 W 35pwW
TLV313 100 kSPS 192.7 pW 73.1 pW 135.8 pW 464.3 pW
0PA320 1 MSPS 6386 W 708.3 yW 655.2 yW 7696.4 pW
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Other sources of power consumption

Reducing the sampling rate will also scale down other
sources of power consumption within an ADC system,
such as the reference voltage of the device. Devices often
have an external reference voltage input used by the
CDAC. The reference power consumption will decrease
with lower sampling rates because the current consump-
tion drawn by the CDAC occurs less frequently.

High-precision devices need an external reference
whose noise and drift-error contributions must be kept
small to avoid degrading the performance of the data-
acquisition system. For devices such as the ADS7042,
Table 1 results are based on using the analog power
supply as a reference. The consumption of the external
reference is included in the analog power and scales
accordingly.

Conclusion

Reducing the sampling rate of a SAR ADC will reduce the
consumption of an ADC system by minimizing the ADC
digital, analog, and reference power consumption. A
decreased sampling rate also permits for a decrease in the
power consumption of the input driving amplifier; as the
lower sampling rate lowers the bandwidth requirement.
Reducing the supply voltages also minimizes power
consumption. For maximum power savings while still
maintaining high performance, use the lowest supported
sampling rate and an amplifier with the lowest bandwidth
that still meets performance requirements.
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