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Background
The most common issue found in the TI E2E™ Community 
for instrumentation amplifiers involves interpreting the 
datasheet plot for common-mode voltage versus output 
voltage (VCM vs. VOUT). Misinterpretation or misunder-
standing this plot results in forum posts that describe 
distorted output waveforms, incorrect device gain, or 
‘stuck’ outputs. Verifying that the device is operating 
within the limits of the VCM vs. VOUT plot is always the first 
thing I check when responding to an application issue.

This article introduces the VCM vs. VOUT plot for an 
instrumentation amplifier with two operational amplifiers 
(op amps) and delivers a thorough treatment of this 
amplifier topology. Additionally, the internal node equa-
tions are derived and used to plot each internal amplifier’s 
input common-mode and output-swing limits as a function 
of the instrumentation amplifier’s common-mode voltage. 
Finally, a software tool that simulates the VCM vs. VOUT 
plot is introduced.

The VCM vs. VOUT plot
The input common-mode and output-swing limitations of 
all internal amplifiers of an instrumentation amplifier are 
represented in the VCM vs. VOUT plot.

A typical VCM vs. VOUT plot for a two-op-amp instrumen-
tation amplifier is shown in Figure 1. The interior of the 
plot defines the linear operating region of the instrumen-
tation amplifier because each line in the plot corresponds 
to either an input or output limitation of one of the two 
internal amplifiers. The VCM vs. VOUT plot is specified for a 
particular supply voltage, reference voltage, and gain as 
shown in Figure 1.

Operating outside the boundaries of a VCM vs. VOUT plot 
causes the device to operate in a non-linear mode as 
shown in Figure 2.

A three-part series article and blog post discuss the VCM 
vs. VOUT plot for the ubiquitous three-op-amp instrumen-
tation amplifier.[1, 2] Two-op-amp instrumentation amplifi-
ers are popular because of their low-cost and relatively 
large VCM vs. VOUT plots. 

VCM vs. VOUT plots for instrumentation 
amplifiers with two op amps
By Pete Semig
Analog Applications Engineer, Precision Amplifiers

Figure 1. VCM vs. VOUT plot for two-op-amp 
instrumentation amplifier
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Figure 2. Instrumentation amplifier output 
distortion due to VCM vs. VOUT violation[1]
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图 1：两运放仪表放大器的 VCM 与 VOUT 关系
曲线图

图 2：由于违犯 VCM 与 VOUT 的关系而产生的
仪表放大器输出失真[1]

具有两个运放的仪表放大器的 VCM 与 VOUT 关系
曲线图
作者：Pete Semig
模拟应用工程师，精密型放大器

背景

在 TI E2E™ 社区中，针对仪表放大器最常见的问题涉及

到解释产品数据表中给出的“共模电压与输出电压（VCM 
与 VOUT）”关系曲线图。对这幅曲线图的曲解和误解将

导致那些说明失真输出波形、错误器件增益或“阻塞”

输出的论坛帖子随之出现。当答复某个应用问题时，验

证器件工作在“VCM 与 VOUT 关系”曲线图的限值范围之

内始终是我检查的第一件事。

本文介绍了一款具有两个运算放大器（运放）的仪表放

大器的 VCM 与 VOUT 关系曲线图，并透彻地分析了这种

放大器拓扑。此外，还推导出了内部节点方程，并使用

这些方程来绘制每个内部放大器的输入共模和输出摆幅

限值与仪表放大器的共模电压之间的函数关系曲线。最

后，介绍了一款用于模拟 VCM 与 VOUT 关系曲线图的软件

工具。

VCM 与 VOUT 的关系曲线图

仪表放大器之所有内部放大器的输入共模和输出摆幅限

制因素在 VCM 与 VOUT 关系曲线图中进行了表示。

两运放仪表放大器的典型 VCM 与 VOUT 关系曲线图示于图 
1。该曲线图的内部限定了仪表放大器的线性工作区，因

为曲线图中的每根线对应于两个内部放大器之一的某个

输入或输出限制因素。VCM 与 VOUT 关系曲线图是针对一

个特定的电源电压、基准电压和增益而规定的，如图 1 
所示。

在 VCM 与 VOUT 关系曲线图的边界以外运作将致使器件工

作于一种非线性模式，如图 2 所示。

一篇包括三个部分的系列文章和博客帖子讨论了广泛使

用的三运放仪表放大器的 VCM 与 VOUT 关系曲线图。[1，2] 
两运放仪表放大器因其低成本和相对大的 VCM 与 VOUT 关
系曲线图而很受欢迎。
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Analysis of a two-op-amp instrumentation 
amplifier
Figure 3 depicts a typical two-op-amp instrumentation 
amplifier connected to an input signal. This topology has 
high input impedance and requires only one resistor, RG, 
to set the gain, which is the same as the three-op-amp 
topology. 

Figure 3 also depicts the definition of common-mode 
(VCM) and differential-mode (VD) voltages. A differential 
amplifier (for example, op amp, difference amplifier, 
instrumentation amplifier) ideally rejects the common-
mode voltage, VCM.

However, the signal-path imbalance from V+IN and V–IN 
to the output degrades the device’s common-mode rejec-
tion ratio (CMRR), especially over frequency (Figure 4). 
This degradation in CMRR is one of the primary reasons 
why two-op-amp instrumentation amplifiers typically cost 
less than their three-op-amp counterparts.

The transfer function for the circuit in Figure 3 is given 
by Equation 1. Notice that the common-mode voltage does 
not appear in the equation because ideally it is rejected by 
the instrumentation amplifier.

V V V G V V G VO IN IN REF D REF= −( ) × + = × ++ −  
(1)

Deriving the transfer function of this topology aids in 
understanding the VCM vs. VOUT plot. 

Figure 5 depicts a more traditional drawing of the sche-
matic in Figure 3. In order to determine the contribution 
of the reference voltage at the output, VO(VREF), apply 
superposition by shorting the input sources to ground. 

Amplifier A2 applies an inverting gain to VREF based on 
the ratio of RFA2 and RR. Similarly, A1 applies an inverting 
gain to the output voltage of A2 based on the ratio of 
RFA1 and ROA2. Equation 2 depicts the transfer function 
for VREF.
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Figure 3. Topology of a two-op-amp 
instrumentation amplifier
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10 100 1k 10k 100k

Frequency (Hz)

C
M

R
R

( d
B

)

100

80

60

40

20

0

INA333 (three op amp)

INA122 (two op amp)

Figure 5. Alternate drawing for Figure 3
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图 3：两运放仪表放大器的拓扑

图 4：两运放与三运放拓扑的 
CMRR 比较

图 5：用于图 3 的替换制图
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两运放仪表放大器的分析

图 3 描绘了连接至一个输入信号的典型两运放仪表

放大器。该拓扑具有高输入阻抗且仅需一个电阻器 

RG 来设定增益，这与三运放拓扑是相同的。

另外，图 3 还表达了共模 (VCM) 和差模 (VD) 电压的

定义。理想情况下，差分放大器（例如：运放、差

动放大器、仪表放大器）可抑制共模电压 VCM。

然而，从 V＋IN 和 V－IN 至输出的信号路径不平衡降低

了器件的共模抑制比 (CMRR)，特别是在整个频率范

围内（图 4）。CMRR 的这种下降是两运放仪表放

大器的成本通常低于同档次三运放仪表放大器的主

要原因之一。

用于图 3 所示电路的转移函数在 (1) 式中给出。请

注意电压并未出现在该式中，因为在理想的情况下

其被仪表放大器所抑制。

VO = (V＋IN － V－IN) x G + VREF = VD x G + VREF  （1）

推导该拓扑的转移函数有助于理解 VCM 与 VOUT 关系

曲线图。

图 5 示出了图 3 中原理图的一幅更加传统的制图。

为了确定基准电压在输出端上产生的电压 VO(VREF)，

通过把输入电源短路至地来应用叠加。

放大器 A2 根据 RFA2 与 RR 之比给 VREF 施加一个反相

增益。同样，A1 根据 RFA1 与 ROA2 之比给 A2 的输出

电压施加一个反相增益。(2) 式描述了用于 VREF 的转

移函数。
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The gain applied to the instrumentation 
amplifier’s reference voltage should be 1 V/V. 
To fulfill this requirement, set RFA1 = RR and 
RFA2 = ROA2 = RF. Figure 6 depicts the 
updated two-op-amp topology that results in 
unity gain for the reference voltage. 
Furthermore, the internal nodes are labeled 
for future analysis.

Despite just two amplifiers and five resis-
tors, the circuit in Figure 6 has six gain terms. 
This is because each amplifier applies gain to 
three input signals. While it may be obvious 
that A2 applies gain to V–IN and VREF, A2 also 
applies gain to V+IN via the virtual short across 
the inputs of A1 and RG. Similarly, A1 applies 
gain to VOA2, V+IN, and V–IN. Equations 3 
through 8 depict the six gain terms associated 
with a two-op-amp instrumentation amplifier.
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Figure 7: Op amp input common-mode and 
output-swing ranges depend on supplies[1]
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Equations 9 and 10 depict the output voltages of amplifiers A1 and A2.

 
V V V G V G V GOA O IN A V IN IN A V IN OA A VOA1 1 1 2 1 2= = ( ) + ( ) + ( )+ + − −  

(9)

 
V V G V G V GOA IN A V IN IN A V IN REF A VR2 2 2 2= ( ) + ( ) + ( )+ + − −  

(10)

Substituting Equation 10 for VOA2 in Equation 9 and simplifying yields Equation 11.

 
V V G G G V G G GO IN A V IN A V IN A VOA IN A V IN A V IN A VOA= +( ) + ++ + + − − −1 2 1 2 1 2 1 2(( ) + VREF  

(11)

The relationship between the gain terms in Equation 11 is shown in Equation 12.
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Finally, using Equations 11 and 12, the transfer function for a 
two-op-amp instrumentation amplifier is shown by Equation 13, 
which is consistent with Equation 1.
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Op amp limitations
Linear operation of an instrumentation amplifier is contingent 
upon the linear operation of its primary building block; op 
amps. An op amp operates linearly when the input and output 
signals are within the device’s input common-mode and output-
swing ranges, respectively. The supply voltages used to power 
the op amp (V+ and V–) define these ranges (Figure 7).

Figure 6. Two-op-amp topology with internal nodes labeled
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图 6：两运放拓扑（给内部节点做了标记）

图 7：运放输入共模和输出摆动范围取决
于电源[1]

施加至仪表放大器之基准电压的增益应为 
1 V/V。为了满足这一要求，设定 RFA1 = RR 
和 RFA2 = ROA2 = RF。图 6 示出了经过更新

的两运放拓扑，该拓扑产生了用于基准电压

的单位增益。此外，为了便于今后的分析还

给内部节点做了标记。

尽管只有两个放大器和五个电阻器，但图 6 
中的电路却有 6 个增益项。这是因为每个

放大器给三个输入信号施加了增益。虽然可

能很明显 A2 给 V－IN 和 VREF 施加了增益，不

过 A2 也通过 A1 和 RG 输入两端的虚短路给 
V＋IN 施加了增益。同样，A1 给 VOA2、V＋IN 

和 V－IN 施加了增益。(3)～(8) 式描述了与两

运放仪表放大器相关的 6 个增益项。

(9) 式和 (10) 式描述了放大器 A1 和 A2 的输出电压。

用 (10) 式代替 (9) 式中的 VOA2，并通过简化得出了 (11) 式。

(11) 式中增益项之间的关系示于 (12) 式。

最后，采用 (11) 和 (12) 式，两运放仪表放大器的转移函数

如 (13) 式所示，其与 (1) 式相符。

运放限制因素

仪表放大器的线性操作取决于其主要构件的线性操作；运

放。当输入和输出信号分别处在器件的输入共模和输出摆动

范围之内时，运放线性地工作。用于给运放供电的电源电压

（V+ 和 V-）限定了这些范围（图 7）。



Texas Instruments 11 AAJ 4Q 2015

IndustrialAnalog Applications Journal

A real-world example of common-mode and output-
swing limits is shown in Figure 8. Notice that the common-
mode range and output-swing ranges are not necessarily 
the same.

Two-op-amp node equations
With a solid understanding of the two-op-amp instrumen-
tation amplifier and op-amp limitations, the next step is to 
examine the node equations as indicated in Figure 6. The 
equations for VOA2 and VOA1 are already given by 
Equations 10 and 13, respectively. Equations for VIA1 and 
VIA2 from Figure 6 are given as:

 
V V V

V
IA IN CM

D
1 2

= = ++
 

(14)

 
V V V

V
IA IN CM

D
2 2

= = −−
 

(15)

The VCM vs. VOUT plot can vary based on gain and refer-
ence voltage. Therefore, Equations 10 and 13 through 15 
must be solved for VO as a function of the gain terms, VCM, 
and VREF. One important relationship that allows for this is 
obtained by solving Equation 13 for VD, as shown in 
Equation 16. 

V V G V V
V V

GO D REF D
O REF= × + → =

−

 
(16)

After making all of the proper substitutions and solving 
for VO, Equations 17 through 20 capture the linear operat-
ing region of a two-op-amp instrumentation amplifier at its 
output as a function of the gain terms, VCM, VREF, and the 
common-mode and output limitations of each amplifier 
(VIA1, VIA2, VOA1, VOA2).

V G V V VO IA IA CM REF_ 1 12= × × −( ) +
 

(17)

V G V V VO IA IA CM REF_ 2 22= − × × −( ) +
 

(18)

V VO OA OA_ 1 1=
 

(19)

V V V G V VO OA CM R A VOA OA CM_ 2 1 2 22 2= − + −( )  
(20)

In order to operate in a linear region, the voltage at 
VIA1 must not violate the input common-mode range of 
A1. Similarly, the voltage at node VOA1 must not violate 
the output swing limitation of A1. The same holds true for 
VIA2 and VOA2 for op amp A2. The values of the internal 
op amp limitations are not usually explicitly stated in an 
instrumentation amplifier’s data sheet. In lieu of such 

information, a combination of examining the device’s limi-
tations and measuring the linear operating region can be 
used to determine the values.

To move the input common-mode range closer to the 
negative supply voltage, some instrumentation amplifiers 
(for example, INA122) level-shift the inputs using preci-
sion transistor buffers.[1] This is particularly useful when 
operating with a single supply. 

Figure 9 depicts a TINA-TI™ simulation that plots 
Equations 17 through 20 for both the maximum and 
minimum common-mode and output-swing limits for the 
internal amplifiers of the INA122. The linear operating 
region is the interior of all lines.

Figure 8. Op amp VCM and VOUT ranges for 
3.3-V supply[1]
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Figure 9. VCM vs. VOUT plot
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图 8：运放 VCM 和 VOUT 范围
（对于 3.3 V 电源）[1]
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共模和输出摆幅限值的实例示于图 8。请注意，共模范

围和输出摆动范围不必相同。

两运放节点方程

在扎实地了解了两运放仪表放大器和运放限制因素之

后，下一步是细阅如图 6 中所示的节点方程。VOA2 和 

VOA1 的方程已分别由 (10) 式和 (13) 式给出。用于图 6 

中的 VIA1 和 VIA2 的方程给出如下：

VCM 与 VOUT 的关系曲线图会随着增益和基准电压而变

化。因此，必须求解 (10) 式和 (13)～(15) 式，以得出作

为增益项、VCM 和 VREF 之函数的 VO。实现这点的一个重

要关系是通过 (13) 式求解 VD 获得的，如 (16) 式所示。

在完成了所有的正确代换并求解了 VO 之后，(17)～(20) 
式在一款两运放仪表放大器的输出端捕捉其线性工作

区，作为每个放大器的增益项、VCM 和 VREF、以及共模

和输出限制因素（VIA1、VIA2、VOA1、VOA2）的一个函数。

如欲工作在线性区域中，则 VIA1 上的电压一定不能违犯 
A1 的输入共模范围。同样，节点 VOA1 上的电压切不可

违犯 A1 的输出摆幅限制。对于运放 A2 的 VIA2 和 VOA2 情
况也是如此。内部运放限制的数值在仪表放大器的数据

表中通常并未明确地表述。作为此类信息的替代，可通

过采用“检查器件的限制因素”与“测量线性工作区”

两者的组合来确定这些数值。

为了把输入共模范围移动至更靠近负电源电压，有些仪

表放大器（如 INA122）采用精准型晶体管缓冲器对输入

进行电平移位。 [1] 当采用单电源运作时这是特别有用处

的。

图 9 示出了 TINA-TITM 仿真，其针对 INA122 之内部

放大器的最大和最小共模以及输出摆幅限值标绘了 
(17)～(20) 式。线性工作区位于所有直线的内部。
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A software tool was developed to simplify the creation 
of VCM vs. VOUT plots for varying gains, reference voltages, 
and supply voltages. See Related Web sites an the end of 
this article for download links. Figure 10 depicts the VCM 
vs. VOUT plot for the INA122 given standard datasheet 
conditions. Notice that it compares well with Figure 1 and 
Figure 9. The datasheet plot in Figure 1, however, only 
depicts the output limitations of A1 and A2, whereas the 
software tool includes the common-mode limitations. 
Finally, note that the software tool can be downloaded to 
generate VCM vs. VOUT plots for both two- and three-op-
amp instrumentation amplifiers.

Summary
This article addressed the most misunderstood concept of 
two-op-amp instrumentation amplifiers: the VCM vs. VOUT 
datasheet plot. A thorough analysis of the two-op-amp 
topology was delivered along with the derivation of the 
internal node equations. These equations were used to 
create the VCM vs. VOUT plots. The output from the down-
loadable software tool was found to correlate well with the 
plot in the INA122 datasheet. This tool gives designers a 
simple method for ensuring linear operation of the instru-
mentation amplifier in their design.
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Figure 10. VCM vs. VOUT software tool

开发了一款软件工具，以使针对变动的增益、基准电压

和电源电压来生成VCM 与 VOUT 关系曲线图的工作得以简

化。下载链接请见本文末尾处的“相关网站”。图 10 
示出了给定的标准数据表条件下 INA122 的 VCM 与 VOUT 
关系曲线图。请注意，其与图 1 和图 9 吻合得很好。不

过，图 1 中的数据表曲线图仅描述了 A1 和 A2 的输出限

制，而此软件工具则包括了共模限制因素。最后，要注

意的是该软件工具是可以下载的，用以为两运放和三运

放仪表放大器生成 VCM 与 VOUT 关系曲线图。

总结

本文讨论了两运放仪表放大器的最大误解概念：数据表

中给出的 VCM 与 VOUT 关系曲线图。在推导内部节点方程

的同时对两运放拓扑进行了全面透彻的分析。这些方程

用于生成 VCM 与 VOUT 关系曲线图。由可下载软件工具提

供的输出被发现与 INA122 数据表中给出的对应曲线图

相当一致。这款工具为设计人员提供了一种确保仪表放

大器在其设计中执行线性操作的简单方法。
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