
25

Analog Applications Journal

Texas Instruments Incorporated

3Q, 2013	 www.ti.com/aaj	 High-Performance Analog Products

Amplifiers: Op Amps

Exploring anti-aliasing filters in signal  
conditioners for mixed-signal, multimodal 
sensor conditioning

Introduction
Some sensor-signal conditioners 
are used to process the output 
of multiple sense elements. This 
processing is often provided by 
multimodal, mixed-signal condi-
tioners that can handle the out-
puts from several sense elements 
at the same time. This article 
analyzes the operation of anti-
aliasing filters in such sensor- 
signal conditioners.

Basics of sensor-signal 
conditioners
Sense elements, or transducers, 
convert a physical quantity of 
interest into electrical signals. 
Examples include piezoresistive 
bridges used to measure pres-
sure, piezoelectric transducers used to detect ultrasonic 
waves, and electrochemical cells used to measure gas  
concentrations. The electrical signals produced by sense 
elements are small and exhibit nonidealities, such as tem-
perature drifts and nonlinear transfer functions.

Sensor analog front ends such as the Texas Instruments 
(TI) LMP91000 and sensor-signal conditioners such as TI’s 
PGA400/450 are used to amplify the small signals produced 
by sense elements into usable levels. The PGA400/450 
include complete signal-conditioning circuits as well as  
circuits that generate stimuli for sense elements, manage 
power, and interface with the external controllers. Further
more, devices such as the PGA400 provide the ability to 
correct for the nonidealities of the sense elements.

Multimodal signal conditioning
Often, for the purpose of signal conditioning or higher-level 
monitoring, there is a need to measure outputs of more 
than one sense element. For example, processing the out-
put of a typically piezoresistive bridge requires measuring 
the outputs of both the bridge and a temperature sensor. 
Similarly, processing the output of a thermocouple requires 
measuring the outputs of both the thermocouple and a 
sensor that measures the connector temperature. The 
connector temperature is measured in order to perform 
cold-junction compensation. The scenario where more 

than one sense element is processed by the same signal 
conditioner is called multimodal signal conditioning.

Mixed-signal signal conditioning
Another aspect of sensor-signal conditioning is the electri-
cal domain in which the signal conditioning occurs. TI’s 
PGA309 is an example of a device where the signal condi-
tioning of resistive-bridge sense elements occurs in the 
analog domain. In devices such as the PGA400, the signal 
conditioning occurs in both the analog and the digital 
domains. The latter scenario is called mixed-signal 
signal conditioning.

A critical component of mixed-signal conditioners is the 
analog-to-digital converter (ADC). Figure 1 shows a block 
diagram of a multimodal, mixed-signal sensor-signal condi-
tioner. This figure shows that the two sense elements have 
independent signal paths until the signals reach the intelli-
gent compensation block. This block then combines the 
two signals to produce the processed output.

Nyquist criterion
A key aspect of mixed-signal sensor-signal conditioning is 
the discretization of the continuous-time analog-domain 
signal into a discrete-time digital-domain signal. In other 
words, mixed-signal conditioners are sampled systems. 
Hence, the well-known Nyquist criterion of sampling is 
applicable to mixed-signal sensor-signal conditioning. This 
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Figure 1. Multimodal, mixed-signal sensor-signal conditioner
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criterion simply states that the sampling frequency has to 
be double the signal bandwidth of interest. For Figure 1  
it is assumed that the amplifiers in each signal path limit 
the bandwidth of the signal in order to satisfy the Nyquist 
criterion. In other words, the amplifiers amplify the signals 
while at the same time providing the necessary anti-aliasing, 
or limiting of bandwidth, to satisfy the criterion.

Figure 1 also shows digital filters in the signal paths. 
The digital filters are used to reduce the signal band-
widths further to help improve the system’s signal-to-
noise ratio (SNR).

Unwanted sinusoid signals
For some applications, it may be desirable to reduce the 
cost of the circuit shown in Figure 1. Figure 2 shows a 
more cost-effective example wherein the two analog signal 
paths share an amplifier and an ADC. The signal paths in 
either circuit could have out-of-band sinusoid components 
introduced into either the sense element (for example, 
due to electromagnetic interference) or the signal path 
itself (for example, due to interference from adjacent  
circuits). Because of the common signal path in Figure 2, 
the digital filters may not be effective in eliminating out-
of-band or unwanted sinusoid components. This section 
analyzes this problem.

For this analysis it is assumed that the circuits in 
Figures 1 and 2 share the same conditions:

•	 ADC sampling rate: 10 kHz

•	 Amplifier bandwidth to satisfy Nyquist criterion: 5 kHz

•	 Signal band of interest or digital-filter bandwidth:  
2.5 kHz

•	 Unwanted sinusoid component at 3 kHz in sense  
element 1’s path

In the circuit in Figure 1, the unwanted 3-kHz signal  
is effectively attenuated by the digital filter. This is 

because the 3-kHz signal is not aliased into the baseband. 
That is, the 3 kHz will show up at 3 kHz—even in the digi-
tal domain.

However, if the same 5-kHz amplifier is used for the  
circuit in Figure 2, and if the signals from the two sense 
elements are alternately sampled, the digital filter will be 
ineffective in attenuating the unwanted 3-kHz signal. This 
is because the effective sampling frequency of the signal 
from sense element 1 is only 5 kHz, even though the ADC 
sampling rate is 10 kHz. Thus, the 3 kHz will alias into the 
baseband (or appear as an in-band signal), rendering the 
digital filter ineffective in removing the unwanted signal.

It is noted that in order to prevent aliasing of the 
unwanted signal and to satisfy the Nyquist criterion, the 
amplifier bandwidth has to be lowered to 2.5 kHz. In this 
case, a 2.5-kHz digital filter is not needed any more; the 
digitized signal’s bandwidth is limited to 2.5 kHz by the 
analog amplifier.

Unwanted wideband white noise
The signal paths in Figures 1 and 2 can produce unwanted 
wideband white noise. To investigate and clearly under-
stand this, it will be assumed that the signal path does not 
have any unwanted sinusoid components. It will also be 
assumed that the signal path’s white noise is the dominant 
source of noise compared to the quantization noise, which 
is usually the case in such signal paths.

Anti-aliasing filters for white noise: Case 1
With the independent signal paths shown in Figure 1, each 
5-kHz amplifier acts as an anti-aliasing filter to limit the 
white-noise bandwidth of the respective signals to 5 kHz. 
The digital filters further reduce these bandwidths to  
2.5 kHz, thus achieving a certain signal-to-white-noise ratio.

With the two analog signal paths in Figure 2 sharing a 
5-kHz amplifier, sense element 1’s effective sampling fre-
quency is once again 5 kHz, assuming that the two sense-
element outputs are sampled alternately. In this case, all 
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Figure 2. Analog signal paths sharing an amplifier and an ADC
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analog-domain noise from 2.5 to 5 kHz aliases into the 0- to 
2.5-kHz range, which is the frequency band of interest. 
However, the root mean square (RMS) noise in this fre-
quency range is not affected! In other words, the SNR is 
the same for this circuit as for that in Figure 1.

Anti-aliasing filters for white noise: Case 2
For Case 2, it is assumed that the signal band of interest is 
1.25 kHz, which is half the band of interest used in Case 1. 
That is, the signal band is reduced because there is no sig-
nal content beyond 1.25 kHz that is wanted, and because 
limiting the noise bandwidth improves the SNR. Assuming 
that the 5-kHz amplifier is used for anti-aliasing, one will 
naturally conclude that a 1.25-kHz digital filter will reduce 
the bandwidth and achieve the same SNR for the circuit in 
Figure 1 as for the one in Figure 2. However, this is not 
the case. While it is true that, with the 5-kHz anti-aliasing 
filter, the RMS noise in the sampled domain is the same in 
both architectures, their noise densities are different. With 
the independent signal paths, the noise density of the 
sampled signals is NoiseRMS/√5

—
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—

z
—

, while the noise 
density for the common signal path is NoiseRMS/√2.
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Thus, using a 1.25-kHz band-limiting filter in the common 
analog signal path results in RMS noise of √1.
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 at the digital filter’s output. This noise 
is higher than the RMS noise in the independent signal 
paths, which is √1.
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. That is, the 
SNR in the common signal path is worse than that in the 
independent signal paths. Note that these RMS calcula-
tions assume ideal filters, which are filters with 0-dB gain 
in the passband and infinite attenuation in the stopband.

Table 1. RMS noise of the independent and common signal paths

AMPLIFIER 
BANDWIDTH 

(kHz) std(x_ind)

std(y_ind) 
WITH  

DIGITAL 
FILTER std(x_com)

std(y_com) 
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DIGITAL 
FILTER

5 7018 3250 7004 4806

2.5 4934 3300 4938 3365
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Figure 3. MATLAB®/Simulink® simulation model

Simulation model
Figure 3 shows a MATLAB®/Simulink® model used to ana-
lyze the effect of signal-path architectures on unwanted 
wideband white noise. The model includes both the circuit 
with independent signal paths and the circuit with a com-
mon signal path. Note that the downsample-by-2 block is 
used to represent the effects of alternate sampling of the 
common signal path. The analog amplifier is assumed to 
have a gain of 10 and is a fourth-order elliptical low-pass 
filter. The FDA tool in MATLAB/Simulink was used to 
design the digital filters in Figure 3, which are also fourth-
order elliptical low-pass filters.1

Table 1 summarizes the RMS noise of the 1.25-kHz digi-
tal filter when the amplifier bandwidth is 5 kHz or 2.5 kHz. 
The MATLAB “std” function was used to calculate the 
RMS noise.

For the amplifier bandwidth of 5 kHz, the RMS value of 
the ADC output and its downsampled-by-2 value shown in 
the “std(x_ind)” and “std(x _com)” columns, respectively, 
are about the same. That is, the downsampling does not 
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affect the RMS value. Therefore, if the downsampled value 
is used directly without further digital filtering, then the 
signal-to-white-noise ratio for the common signal path is 
the same as for the independent signal path.

For the amplifier bandwidth of 2.5 kHz, the RMS values 
of the digital-filter outputs are shown in the “std(y_ind)” 
and “std(y_com)” columns. From the data in these col-
umns, it is clear that the effect of the 1.25-kHz digital filter 
depends on the frequency of the analog anti-aliasing filter. 
If the anti-aliasing filter’s bandwidth is 2.5 kHz, which cor-
responds to half of the sampling frequency in the common 
signal path, then the noise at the output of the common-
path digital filter matches the noise at the output of the 
digital filter in the independent signal path. If, however, 
the anti-aliasing filter’s bandwidth is 5 kHz, then the RMS 
values of the digital-filter outputs are very different, 
resulting in different signal-to-white-noise ratios.

Conclusion
For multimodal, mixed-signal sensor-signal conditioners, 
the bandwidths of anti-aliasing filters have to be chosen 
appropriately to remove unwanted signals and to achieve 

the desired SNRs. If a sigma-delta modulator ADC is used, 
ADC samples that are unsettled after switching have to 
be discarded. This reduces the effective sampling rate 
even more.
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