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Add a digitally controlled PGA with noise 
filter to an ADC

Introduction
In some applications, a signal with high dynamic range 
needs to be digitized. A common method of digitization is 
to add an external programmable gain amplifier (PGA) in 
front of the analog-to-digital converter (ADC). Only a few 
microcontrollers have internal PGAs. However, nowadays 
PGAs are available in a single chip with one or multiple 
input channels. Such PGAs add additional costs to the  
system and usually consume more power as a fixed-gain 
solution.

This article describes how to implement a PGA by using 
just a single resettable integrator, with the following  
benefits:

• The solution is economical and easy to design.

• Gain can be digitally controlled and calibrated.

• Signal noise is reduced with a low-pass filter, which is 
especially useful in noisy microcontroller environments 
and for small analog signals. The cutoff frequency auto-
matically adjusts with the chosen sample rate.

• The zero-level voltage reference can be controlled 
externally, which makes it handy for single-supply  
circuits where the zero level usually is set to VREF/2.

The basic circuit
Figure 1 shows the basic circuit, where an integrator is 
added in front of the ADC. The integrator can be reset 
with the signal fRES (1 = integrator is reset). The ADC is 
controlled with the signal fSH, which connects to the ADC’s 
sample-and-hold (SH) unit (1 = sample, 0 = hold). A falling 
edge starts the analog-to-digital conversion cycle.

Figure 2 shows a single analog-to-digital (A/D) conver-
sion cycle with the circuit from Figure 1. The cycle is split 
into four periods:

1. Integrator reset period: Resets the integrator to “0.”

2. Integration period: The integrator reset signal is 
released and the integrator starts to integrate.

3. Sample period: The ADC’s sample-and-hold unit 
samples the integrator output, VINT.

4. A/D conversion period: The sample-and-hold unit 
holds the voltage, and the ADC starts to convert.
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Figure 1. Basic block diagram of the PGA
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Figure 2. Single A/D cycle with gain = 1

为ADC添加一个带噪声滤波器的数控PGA
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图 1 PGA 基本结构图

图 2 增益=1的单A/D周期

引言

在一些应用中，需要对高动态范围的信号进行数字化。
一种常见的数字化方法是在模数转换器（ADC）前面添
加一个外部可编程增益放大器（PGA）。只有一少部分
微控制器拥有内部PGA。但是，现在的一些PGA均以一
个或者多个输入通道单芯片的方式出售。这类PGA增加
了系统的成本，并且由于是一种固定增益解决方案，它
通常会消耗更多的功率。

本文为您介绍如何利用一个单可重置积分电路来实现

PGA，这种方法的好处是：

 解决方案成本低且易于设计。

 可以数字方式控制和校正增益。

 使用低通滤波器减少信号噪声，其在高噪声的微控制器
环境且用于小型模拟信号时特别有用。截止频率随选
定采样速率自动调节。

 可以外部控制零电位电压基准。单电源电路时，零电位
通常设置为VREF/2，这种方法让其更易于操作。

基本电路

图1显示了这种基本电路，其在ADC前面添加一个积分
电路。该积分电路可由信号fRES (1 = 积分电路重置)
重置。ADC由信号fSH控制，其连接至ADC的采样保持
（SH）单元（1=采样，0=保持）。下降沿启动模数转
换周期。

图2显示了图1所示电路的单模数（A/D）转换周期。该
周期被划分为四个阶段：

1、“积分电路重置阶段”：重置积分电路为“0。”

2、“积分阶段”：积分电路重置信号被释放，积分电路
开始求积分。

3、“采样阶段”：ADC的采样保持单元对积分电路输出
采样，即VINT。

4、“A/D转换阶段”：采样保持单元保持电压，而ADC
开始转换。
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The duration of the integration period defines the PGA’s 
gain, as the voltage on its input influences the slope lin-
early: A doubling of the integration time doubles the gain. 
Figure 3 demonstrates this influence. The integration 
period is doubled and the voltages VSH are increased by a 
factor of two.

A nice benefit from this integration scheme is that the 
input signal is averaged during the integration period, 
which reduces out-of-band noise from the input signal, 
VIN. The filter’s impulse response is of finite duration and 
is comparable to the behavior of a digital FIR filter rather 
than to that of a standard low-pass filter.
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Figure 3. Single A/D cycle with PGA gain = 2

Practical configuration of a PGA
An inverting amplifier can be built with a single opera-
tional amplifier (Figure 4). The integrator can be reset by 
short-circuiting the capacitor, C, with the switch element, S. 
The components R and C influence the integrator’s gain.

The signal VCOM defines the integrator’s zero-level volt-
age and can be set, for example, to VREF/2, where VREF is 
the ADC’s reference voltage. The integrator is reset to this 
voltage when the capacitor is discharged. Usually a VCOM 
signal is present in the system anyway. Often it is used as 
a virtual ground or bias voltage for single-supply analog 
signal chains.
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Figure 4. Practical configuration of the PGA

图 3 PGA增益=2的单A/D周期

图 4 PGA 的实际配置

积分阶段的持续时间长短决定PGA的增益，因为其输入

端上的电压影响线性斜线：积分时间翻倍，增益翻倍。

图3说明了这种影响情况。积分时间翻倍，电压VSH也翻

倍。

这种积分方法的一个重要好处是，积分期间对输入信号

求平均，其降低了来自输入信号VIN的带外噪声。滤波器

的脉冲响应持续时间有限，其与数字FIR滤波器而非标准

低通滤波器的性能相当。

PGA的实际配置

反相放大器可以有一个单运算放大器（图4）。利用开

关组件S，通过让电容器C短路，可以重置积分电路。组

件R和C均影响积分电路的增益。

信号VCOM决定积分电路的零电位电压并可进行设置，例

如，设置为VREF/2，其中VREF为ADC的基准电压。当电容

器放电时，积分电路被设置为该电压值。通常，VCOM信

号可以任何方式出现在系统中。它常常被用作单电源模

拟信号链的一个虚拟接地或者偏置电压。
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Figure 5 shows SPICE-simulation results of the circuit 
in Figure 4. The blue dots mark the sample moments of 
the ADC. As shown, the signal VIN is amplified by a factor 
of about –8. The red signal is inverted to the green due to 
the integrator’s inverting behavior.

How it works
The sample rate, the maximum desired gain, and the A/D 
conversion time influence the selection of the integration 
constant defined by the components R and C. As shown in 
Figures 2 and 3, the integrator needs enough time to reach 
the gain, G, within the duration of the integration period, t. 
The dependency of G and t can be calculated as

t
G .

R C

−=
×

The close time (integrator reset period) of the switch 
(S) depends on the impedance of the switch and the value 
of the capacitor (C).

Calibration
Tolerances of R and C lead to modification of the gain 
 factor. The capacitor should have a very small piezo effect 
to get a very linear integration. Capacitors can have an 
especially large tolerance--for example, 20%. This is just 
the initial tolerance, which can be calibrated once. 
Tolerances due to aging effects are very small (less than 
1% per year).

The gain and offset can be calibrated in the same way as 
with a standard ADC by applying known voltages to the 
input and calculating correction values for offset and gain 
based on expected and actual values. The calibration can 
be done for each gain factor used in the application.

Circuit variations
Using the PGA as a low-pass filter only (gain = 1)
In case input-signal amplification is not wanted, it is possi-
ble to use the PGA circuit only as a noise filter. The inte-
grator constant can be set to a value that leads to a fixed 
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Figure 5. SPICE-simulation results of circuit in Figure 4

图5显示了图4所示电路的SPICE仿真结果。蓝色的点标

示了ADC的采样矩。如图所示，信号VIN被放大至约原来

的8倍。由于积分电路的反相动作，红色信号被反相为

绿色。

工作原理

采样速率、最大期望增益和A/D转换时间影响R和C定义

积分常量的选择。如图2和3所示，积分电路需要足够的

时间来达到增益G，并且不超出积分期间的持续时间t。

G和t的依赖关系可以计算如下：

                          

开关（S）的关闭时间（积分电路重置时间）取决于开

关的阻抗和电容器（C）的值。

图 5 图 4 所示电路的SPICE仿真结果

校正

R和C的容差带来增益因数的改变。电容器应有非常小的
压电效应，以获得非常线性的积分。电容器会有特别大的
容差—例如：20%。这只是初始容差，其可以获得一次
校正。老化效应带来的容差非常小（不超过1%每年）。

通过把已知电压应用于输入端，然后根据预计和实际值
计算偏差和增益的校正值，我们可以用与使用标准ADC
时一样的方法来对此处的增益和偏差进行校正。我们可
以对应用中使用的每一个增益因数进行这种校正。

电路改进

仅把PGA用作一个低通滤波器（增益=1）

如果不想要输入信号放大，则可以把PGA电路仅用作一个
噪声滤波器。我们可以将积分电路常量设置为某个能够获
得固定增益1的值。在这种情况下，积分阶段会在采样之
后立即开始，而保持阶段会被设置为保持模式（图6）。
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gain of 1. In this case the integration phase can start 
immediately after the sample, and the hold stage can be 
set to hold mode (Figure 6).

Non-inverting integration
The circuit in Figure 4 uses an inverting integrator. When 
this inversion is not acceptable, it is possible to use a non-
inverting integrator by adding a single-supply inverting 
buffer in front of the integrator.

Conclusion
This article has presented a cost-effective and simple way 
to implement PGA functionality in cost- and power-driven 
applications. Its filtering properties also reduce costs by 
eliminating the need for an external filter, which is often 

present in front of ADCs. Nevertheless, this method can-
not replace a PGA in all cases; for example, high sample 
rates or very large gain variations make such a solution 
difficult to realize.
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非反相积分

图4所示电路使用了一个反相积分电路。当这种反相不

可接受时，可以在积分电路前面添加一个单电源反相缓

冲器，从而让非反相积分电路的使用成为可能。

结论

本文介绍了一种高成本效益且简单的方法，用于在一些

成本和功率密集型应用中实现PGA功能。由于不再需要

常常出现在ADC前面的外部滤波器，它的众多滤波特

点还降低了成本。但是，这种方法并不能代替所有的

PGA，例如，高采样速率或者超大增益变化就会让这种

解决方案难以实现。
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客户认可并同意，尽管任何应用相关信息或支持仍可能由 TI 提供，但他们将独力负责满足与其产品及在其应用中使用 TI 产品 相关的所有法
律、法规和安全相关要求。客户声明并同意，他们具备制定与实施安全措施所需的全部专业技术和知识，可预见 故障的危险后果、监测故障
及其后果、降低有可能造成人身伤害的故障的发生机率并采取适当的补救措施。客户将全额赔偿因 在此类安全关键应用中使用任何 TI 组件而
对 TI 及其代理造成的任何损失。

在某些场合中，为了推进安全相关应用有可能对 TI 组件进行特别的促销。TI 的目标是利用此类组件帮助客户设计和创立其特 有的可满足适用
的功能安全性标准和要求的终端产品解决方案。尽管如此，此类组件仍然服从这些条款。

TI 组件未获得用于 FDA Class III（或类似的生命攸关医疗设备）的授权许可，除非各方授权官员已经达成了专门管控此类使 用的特别协议。

只有那些 TI 特别注明属于军用等级或“增强型塑料”的 TI 组件才是设计或专门用于军事/航空应用或环境的。购买者认可并同 意，对并非指定面
向军事或航空航天用途的 TI 组件进行军事或航空航天方面的应用，其风险由客户单独承担，并且由客户独 力负责满足与此类使用相关的所有
法律和法规要求。

TI 已明确指定符合 ISO/TS16949 要求的产品，这些产品主要用于汽车。在任何情况下，因使用非指定产品而无法达到 ISO/TS16949 要
求，TI不承担任何责任。

产产品品 应应用用

数字音频 www.ti.com.cn/audio 通信与电信 www.ti.com.cn/telecom

放大器和线性器件 www.ti.com.cn/amplifiers 计算机及周边 www.ti.com.cn/computer

数据转换器 www.ti.com.cn/dataconverters 消费电子 www.ti.com/consumer-apps

DLP® 产品 www.dlp.com 能源 www.ti.com/energy

DSP - 数字信号处理器 www.ti.com.cn/dsp 工业应用 www.ti.com.cn/industrial

时钟和计时器 www.ti.com.cn/clockandtimers 医疗电子 www.ti.com.cn/medical

接口 www.ti.com.cn/interface 安防应用 www.ti.com.cn/security

逻辑 www.ti.com.cn/logic 汽车电子 www.ti.com.cn/automotive

电源管理 www.ti.com.cn/power 视频和影像 www.ti.com.cn/video

微控制器 (MCU) www.ti.com.cn/microcontrollers

RFID 系统 www.ti.com.cn/rfidsys

OMAP应用处理器 www.ti.com/omap

无线连通性 www.ti.com.cn/wirelessconnectivity 德州仪器在线技术支持社区 www.deyisupport.com
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