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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 piezo resistive 
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 thermo couple 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图1 多模态、混合信号传感器信号调节器
引言

一些传感器信号调节器用

于处理多个传感元件的输

出。这种处理过程通常由

多模态、混合信号调节器

完成，它可以同时处理数

个传感元件的输出。本文

对这类传感器信号调节器

中抗混淆滤波器的工作情

况进行详细分析。

传感器信号调节器基础知识

传感元件（变送器）将有

用的物理信号转换为电信

号，例如：用于测量压力

的压阻桥、用于检测超声波的压电传感器以及用于测

量气体浓度的电化单元等。传感元件产生的电信号都

很小，并且为非理想状态，例如：温度漂移和非线性

传输函数等。

传感器模拟前端（例如：德州仪器LMP91000）和传

感器信号调节器（例如：德州仪器PGA400/450），用

于把这些传感元件所产生的小信号放大到可用水平。

PGA400/450包含完整的信号调节电路，以及可刺激传

感元件、管理功率并与外部控制器连接的一些电路。

另外，如PGA400等器件还能够对这些传感元件的非理

想状态进行校准。

多模态信号调节

通常，为了实现信号调节或者更高级别的监控，我们

需要对多个传感元件的输出进行测量。例如，处理某

个典型压阻桥的输出，便要求同时对桥和温度传感器

的输出进行测量。同样，处理热电偶的输出，要求同

时对该热电偶和测量连接器温度的传感器的输出进行

测量。测量连接器温度的目的是完成冷接点补偿。同

一个信号调节器对多个传感元件进行处理的情况被称

作“多模态信号调节”。

利用信号调节器的抗混淆滤波器，实现混合
信号、多模态传感器调节
作者：Arun T. Vemuri，德州仪器 (TI) 增强型工业应用系统构架部

混合信号信号调节

传感器信号调节的另一个方面是发生信号调节的电

域。德州仪器PGA309器件的电阻桥传感元件的信

号调节发生在模拟域内。在如PGA400等器件中，

信号调节同时发生在模拟和数字域内。后一种情况

被称作“混合信号信号调节”。

混合信号调节器的一个关键组成部分是模数转换器

（ADC）。图1显示了一个多模态、混合信号传感

器信号调节器的框图。该图表明，在信号达到智能

补偿模块以前，两个传感元件始终都有独立的信号

通路。之后，该模块组合这两个信号，产生经过处

理之后的输出。

尼奎斯特（Nyquist）准则

混合信号传感器信号调节的一个重要方面是，将连

续时间模拟域信号离散化为离散时间数字域信号。

换句话说，混合信号调节器为采样系统。因此，著

名的尼奎斯特采样准则适用于混合信号传感器信号

调节。简单来说，该准则是指，采样频率必为信号

带宽的两倍。就图1而言，我们假设每个信号通路
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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图2 共用一个放大器和一个ADC的模拟信号通路

中的放大器均对信号带宽进行限制，以满足尼奎斯特

准则要求。换句话说，放大器放大信号的同时，进行

必要的抗混淆（限制带宽），以满足尼奎斯特准则要

求。

图1还显示了信号通路中的数字滤波器。这些数字滤波

器用于降低信号带宽，从而进一步帮助改善系统的信

噪比（SNR）。

多余的正弦波信号

对于一些应用来说，可能需要降低图1所示电路的成

本。图2显示了一个更具性价比的例子，其中，两个模

拟信号通路共用一个放大器和一个ADC。上述两个电

路中的信号通路都有带外正弦波分量，其会进入传感

元件（例如，由于电磁干扰），或者进入信号通路本

身（例如，由于相邻电路的干扰）。由于图2所示公共

信号通路的存在，数字滤波器可能在消除带外或者多

余正弦波分量方面不起作用。本小节将对该问题进行

分析。

就了方便分析，我们假设图1和图2的条件相同：

ADC采样率：10kHz
满足尼奎斯特准则的放大器带宽：5kHz
信号带或者数字滤波器带宽：2.5kHz
传感元件1通路的3kHz多余正弦波分量

在图1所示电路中，多余3kHz信号被数字滤波器有效

衰减。这是因为3kHz信号未进入基带。也就是说，

3kHz将出现在3kHz下，甚至是在数字域内。

但是，如果相同的5kHz放大器用于图2所示电路，并

且两个传感元件的信号被依次采样，则数字滤波器在

衰减多余3kHz信号方面不起作用。这是因为，传感

元件1信号的有效采样频率仅为5kHz，尽管ADC采

样率为10kHz。因此，3kHz会进入基带（即表现为

带内信号），从而让数字滤波器在消除多余信号方

面不起作用。

请注意，为了防止出现多余信号失真，并满足尼奎

斯特准则要求，放大器带宽必须降至2.5kHz。在这

种情况下，便不再需要一个2.5kHz数字滤波器；数

字化信号带宽被模拟放大器限制在2.5kHz。

多余宽带白噪声

图1和图2所示信号通路会产生多余宽带白噪声。为

了研究和清楚地理解这个问题，我们假设信号通路

没有任何多余正弦波分量。同时，我们还假设，相

比量化噪声，信号通路的白噪声是主要噪声源（这

类信号通路的常见情况）。

白噪声抗混淆滤波器：案例1

由于存在图1所示独立信号通路，每个5kHz放大器

都起到一个抗混淆滤波器的作用，从而将各个信号

的白噪声带宽限制在5kHz。数字滤波器进一步将这

种带宽降至2.5kHz，从而实现某个信白噪比。

由于图2所示两个模拟信号通路共用一个5kHz放大

器，因此传感元件1的有效采样频率再一次为5kHz
（假设对两个传感元件输出进行依次采样）。在这

种情况下，2.5kHz到5kHz的所有模拟域噪声均进入

0kHz到2.5kHz范围（有用频带）。但是，该频率范

围内的均方根（RMS）噪声不受影响！换句话说，

该电路的SNR与图1所示电路一样。
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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

—
 kH
—

z
—

, while the noise 
density for the common signal path is NoiseRMS/√2.

—
5 
—

kH
—

z
—

. 
Thus, using a 1.25-kHz band-limiting filter in the common 
analog signal path results in RMS noise of √1.

—
25
—

 k
—

Hz
—

 × 
NoiseRMS/√2.

—
5 
—

kH
—

z
—

 at the digital filter’s output. This noise 
is higher than the RMS noise in the independent signal 
paths, which is √1.

—
25
—

 k
—

Hz
—

 × NoiseRMS/√5
—
 kH
—

z
—

. 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) 
WITH  

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 down sampling does not 

白噪声抗混淆滤波器：案例2

案例2中，我们假设有用信号带为1.25kHz，其为

案例1的二分之一。也就是说，由于在1.25kHz以
外没有我们想要的信号内容，并且噪声带宽限制

改善了SNR，因此信号带得到了降低。假设5kHz
放大器用于抗混淆，则我们会理所当然地得出结

论：1.25kHz数字滤波器可降低带宽，并实现与

图2所示电路一样的图1电路的SNR。但是，实际

却并非如此。利用5kHz抗混淆滤波器，两种构

架的采样域内RMS噪声相同，这的确没有错，

但是它们的噪声密度却不同。使用独立信号通路

时，采样信号的噪声密度为 ，而公共

信号通路的噪声密度为 。因此，在公

共模拟信号通路中使用1.25kHz限带滤波器，会

导致数字滤波器输出下的RMS噪声为

。 该 噪 声 高 于 独 立 信 号 通 路

（ ）的RMS噪声。也就是

说，公共信号通路的SNR比独立信号通路差。注

意，这些RMS计算均假设使用理想的滤波器，也

即0dB通带增益和无限抑止带衰减的滤波器。

仿真模型

图3显示了一个MATLAB®/Simulink®模型，其用于分析

信号通路构架对多余宽带白噪声的影响。该模型同时包

括使用独立信号通路和公共信号通路的电路。注意，采

样缩减2模块（downsample-by-2 block）用于表示公共

信号通路依次采样的效果。假设模拟放大器增益为10，
并且为是一个四阶椭圆低通滤波器。MATLAB/Simulink

图3 MATLAB®/Simulink®仿真模型

的FDA工具用于设计图3所示数字滤波器，其同样为四阶

椭圆低通滤波器。1

表1总结了放大器带宽为5kHz到2.5kHz时1.25kHz数字滤

波器的RMS噪声。MATLAB“std”函数用于计算RMS
噪声。

表1 独立和公共信号通路的RMS噪声
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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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使用5kHz放大器带宽时，ADC输出RMS值及其采样

缩减2值分别列举在“std（x_ind）”和“std（x_
com）”两栏内，其大概相等。也就是说，采样缩

减不影响RMS值。因此，如果采样缩减值在没有进

一步数字滤波的情况下直接使用，公共信号通路的

信白噪比与独立信号通路相同。

放大器带宽为2.5kHz时，数字滤波器输出的RMS
值列举在“std（y_ind）”和“std（y_com）”栏

内。由这些数据，我们可以清楚地知道，1.25kHz数
字滤波器的效果取决于模拟抗混淆滤波器的频率。

如果抗混淆滤波器的带宽为2.5kHz（相当于公共

信号通路采样频率的一半），则公共通路数字滤波

器输出的噪声与独立信号通路中数字滤波器输出的

噪声不相上下。但是，如果抗混淆滤波器的带宽为

5kHz，则数字滤波器输出的RMS值非常不同，从而

产生不同的信白噪比。

结论

就多模态、混合信号传感器信号调节器而言，必须

正确选择抗混淆滤波器的带宽，以消除多余信号和

达到理想的SNR。如果使用∑-Δ调制器ADC，则必

须丢弃那些在转换之后仍不稳定的ADC采样。这可

以进一步降低有效采样率。
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