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CMOS analog switches have become ubiquitous on the 
inputs and outputs of many electronic systems. They may 
be used to select between multiple input channels on data 
acquisition systems or to disable outputs during power-up 
or power-down events. In fact, analog switches have 
become so common that their operation is often taken for 
granted. But analog designers should be aware that semi-
conductor switches exhibit behavior quite unlike their 
mechanical cousins. For example, the resistance of a 
CMOS switch in the closed position, referred to as the on-
resistance or RON, changes depending on the input volt-
age. This behavior is usually undesirable and can 
significantly distort the input signal in some applications.

To understand why CMOS switches behave in this man-
ner, it is necessary to understand their basic construction 
and operation. A typical solid-state analog switch consists 
of two MOSFETs of opposite channel polarity and config-
ured as a transmission gate as shown in Figure 1. The con-
trol voltages (C and C

–
) at the FET gates are dc voltages of 

opposite polarity. The switch is closed when the gate of 
the NMOS transistor is high and the gate of the PMOS 
transistor is low. Positive input voltages drive the VGS of 
the PMOS more negative, decreasing the PMOS on- 
resistance. Therefore, the PMOS is the dominant current 
pathway for positive voltages. Conversely, negative volt-
ages applied to the input terminal increase the gate-to-
source voltage, VGS, of the NMOS FET, decreasing its 
on-resistance and allowing current to flow through the 
NMOS pathway. 

The basic switch architecture allows for both positive 
and negative voltages to be passed, but also causes the 
overall resistance of the switch to change with the input 
signal. Figure 2 is a plot of the on-resistance of the 
TS12A12511 switch versus the signal voltage range[1]. An 
RON “flatness” parameter may be included in the datasheet 
specification table to quantify the maximum deviation in 
the switch on-resistance over the signal range. For exam-
ple, the RON flatness specification for the TS12A12511 is 
1.6 W (typical).

A basic analog output circuit incorporating a CMOS 
switch is illustrated in Figure 3. Here the switch is used to 
disconnect the load from the output of an operational 
amplifier (op amp). Such applications of CMOS switches 
are very common in audio applications to suppress clicks 
and pops during the power-up or down of preceding 
circuitry.

Reducing distortion from CMOS  
analog switches
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Figure 3. Signal distortion in a typical CMOS 
switch application
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Figure 1. CMOS transmission gate consisting 
of NMOS and PMOS transistors
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Figure 2. On-resistance variation of the 
TS12A12511 and example of RON flatness
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图 1：由 NMOS 和 PMOS 晶体管组成的 
CMOS 传输门

图 2：TS12A12511 的导通电阻变化及 
RON 平坦度示例

图 3：典型 CMOS 开关应用中的信号失真

在许多电子系统的输入和输出端上，大量地使用了 
CMOS 模拟开关。它们可以用来在数据采集系统的多

个输入通道之间进行选择，或者在上电或断电过程中

停用输出。事实上，由于模拟开关变得如此常用，因

此其操作经常被认为是理所当然的。但是，模拟设计

人员应当知道：相比于同类的机械开关，半导体开关

所表现出的工作特性是迥然不同的。例如：处在闭合

位置的 CMOS 开关的电阻（被称为“导通电阻”或

“RON”）会因为输入电压的不同而改变。该特性通常

是不合需要的，而且会在某些应用中使输入信号产生

显著的失真。

为了弄清 CMOS 开关以这种方式运行的缘由，有必要

了解其基本构造和工作原理。如图 1 所示，典型的固

态模拟开关由两个沟道极性相反的 MOSFET 组成，并

被配置为一个传输门。FET 栅极上的控制电压（C 和 
C）是极性相反的直流 (dc) 电压。当 NMOS 晶体管

的栅极为高电平且 PMOS 晶体管的栅极为低电平时，

开关是闭合的。正输入电压把 PMOS 的 VGS 驱动至更

负，从而减小了 PMOS 导通电阻。于是，PMOS 是
用于正电压的主要电流路径。相反，施加至输入端子

上的负电压却将增加 NMOS FET 的栅极至源极电压 
VGS，从而减小其导通电阻并允许电流流过 NMOS 路
径。

基本的开关架构虽然允许传递正电压和负电压，但也

会导致开关的总电阻随着输入信号而变化。图 2 给出

了 TS12A12511 开关的导通电阻与信号电压范围的关

系曲线图 [1]。在产品手册规格表中有可能提供了一个 
RON“平坦度”参数，以量化整个信号范围内开关导通

电阻的最大偏差。比如，TS12A12511 的 RON 平坦度指

标为 1.6 Ω（典型值）。

图 3 示出了一个内置 CMOS 开关的基本模拟输出电

路。这里，开关用于将负载与一个运算放大器（运

放）的输出断连。CMOS 开关的此类用途在音频应用

中非常普遍，可用于抑制上述电路在上电或断电期间

产生的“喀呖声”和“噼啪声”。开关导通电阻与负

减少源自 CMOS 模拟开关的失真
作者：John Caldwell
模拟应用工程师

模拟应用期刊 工业

AAJ 2015 年第一季度德州仪器



Texas Instruments 5	 AAJ 1Q 2015

IndustrialAnalog Applications Journal

The switch on-resistance forms a voltage divider with 
the load resistance RL and the output voltage is:
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In reality, the value of RON(S1) is not a constant, but is a 
function of VIN. As an example, assume that RON(S1) is a 
linear function of the input voltage:

 
R V R V RON S IN IN O( )1 ( ) = × +∆

 
(2)

In Equation 2, DR represents the change in switch on-
resistance with input voltage and RO is the resistance for 
an input signal of 0 V. In reality, the relationship between 
RON and VIN is more complex, but assuming a linear rela-
tionship simplifies the analysis while still revealing the 
 distortion mechanism. 

Inserting Equation 2 for on-resistance back into 
Equation 1 for output voltage gives a new equation:
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For simplicity, a generic form of Equation 3 can be gener-
ated by substituting the constants A and B for terms in 
the above equation:
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To show the introduction of distortion, this more generic 
equation can be written instead as its equivalent Maclaurin 
series (shown here to 5 terms):
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(5)

Now a sine wave is inserted as the input signal with 
 x = sin(2pft):
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(6)

Using the power reduction rules for trigonometric functions 
and simplifying the equation, the individual terms for each 
harmonic can be grouped together as shown in Table 1. 
The Maclaurin series was abbreviated to five terms so the 
amplitude for the harmonics are approximations. 

Although the on-resistance of a CMOS switch is almost 
never linearly related to the input voltage, this example 
provides some useful rules for reducing the distortion 
from analog switches. Looking at the equations for the 
individual harmonics, a reduction in distortion requires 
that either the value of A must be very small, or B must be 

very large. The latter option is very un-attractive in most 
applications. Recalling the equation for B:
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For B to be large, RO must be much greater than RL. Now 
the majority of the signal voltage is dropped across the 
switch, rather than the load resistor. The net effect is that 
the output signal is attenuated.

In most systems, it is more practical to reduce the value 
of A:

 
A

R
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(8)

Examining the equation for A, it can be seen that if DR = 0, 
the harmonic terms will be eliminated. Although this met-
ric is constantly being improved in analog switches, the 
on-resistance is never completely independent of input 
voltage. An alternate, and more common solution, is to 
select a load resistance value that is much larger than the 
variations in the on-resistance. This solution is commonly 
used on analog inputs, where RL is the input impedance of 
data acquisition circuitry and is typically very large. 

Unfortunately, other applications that use analog 
switches do not have the luxury of  specifying the load 
impedance. An example is switching the outputs to high-
fidelity headphones. Furthermore, the distortion caused 
by even minute variations in switch on-resistance repre-
sents a surprising amount of distortion. The total har-
monic distortion and noise (THD+N) of the circuit in 
Figure 3 was measured with a 2-VPP signal and load resis-
tances of 100 kW and 600 W. According to the TS5A22362 
analog-switch datasheet, the on-resistance at 0 V (room 
temperature) is about 0.37 W. The on-resistance will vary 
approximately 0.115 W over the range of the 2-VPP input 
signal. 

Table 1: Approximate amplitude of fundamental and distortion 
harmonics for the example calculation 
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表 1：针对计算示例的基本谐波和失真谐波的近似幅度

基波

二次谐波

三次谐波

四次谐波

五次谐波

德州仪器数据转换器

为了说明失真的产生，可以将这个更加通用的方程改写

为其等效的麦克劳林级数（这里显示了 5 项）：
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载电阻 RL 形成了一个分压器，输出电压为：

在现实中，RON(S1) 的值并不是一个常数，而是 VIN 的一个

函数。例如：假设 RON(S1) 为输入电压的一个线性函数：

在  (2)  式中，ΔR 代表导通电阻随输入电压发生的变

化，而 R0 则是输入信号为 0 V 时的电阻。事实上，RON 
与 VIN 之间的关系更加复杂，但是假设一种线性关系不

仅可以简化分析，同时仍然揭示了产生失真的机理。

把用于计算导通电阻的 (2) 式代回到用于计算输出电压

的 (1) 式，可得出一个新的方程：

为简单起见，通过用常数 A 和 B 来替换上式中的各项，

可以生成 (3) 式的一种通用形式：

现在，把一个正弦波作为具有 x = sin(2πft) 的输入代

入：

采用三角函数的降冪规则 (power reduction rules) 并简

化该方程，可如表 1 所示将用于每个谐波的个别项进行

分组。麦克劳林级数被缩短至 5 项，因此谐波的幅度是

近似值。

虽然 CMOS 开关的导通电阻几乎从来不与输入电压呈线

性关系，但是本例为减少源自模拟开关的失真提供了一

些有用的规则。我们来看看用于个别谐波的方程，减少

失真将要求 A 的数值必须非常小，或者 B 的数值必须非

如欲获得很大的 B 值，则 R0 必须远远大于 RL。现在，

大部分的信号电压下降都出现在开关（而不是负载电阻

器）的两端。最终的效果就是输出信号被衰减。

在大多数系统中，更实用的做法是减小 A 的值：

仔细查看一下 A 的方程，可见如果 ΔR = 0，则谐波项

将被消除。尽管在模拟开关中此项度量指标一直在不断

地改善，但是导通电阻绝对不会完全不受输入电压的影

响。一种更为常用的替代解决方案是选择一个比导通电

阻的变化量大得多的负载电阻值。这种解决方案通常在

模拟输入端上使用，其中 RL 为数据采集电路的输入阻

抗，而且往往是非常大的。

不幸的是，其他采用模拟开关的应用并不敢奢望能够规

定负载阻抗。把输出切换至高保真度头戴式耳机便是一

个例子。此外，哪怕是由微小的开关导通电阻变化所

引起的失真其规模也是很惊人的。图  3 中所示电路的

总谐波失真与噪声之和 (THD + N) 是在采用 2 VPP 信号

以及 100 kΩ 和 600 Ω 负载电阻的情况下测得的。根

据 TS5A22362 模拟开关产品手册提供的数据，0 V（室

温）条件下的导通电阻约为 0.37 Ω。导通电阻在 2 VP-P 
输入信号范围内的变化量将在 0.115 Ω 左右。

常大。后一种选择在大多数应用中都是非常缺乏吸引力

的。回想一下 B 的方程：



Texas Instruments 6	 AAJ 1Q 2015

IndustrialAnalog Applications Journal

The measured THD+N over frequency is given 
in Figure 4 for two load impedances. With the 
100-kW load impedance, the THD+N is 
extremely low. In this case, the measurement is 
determined by the noise floor of the instru-
ment, roughly 0.0005%. However, decreasing 
the load impedance to 600 W increases the dis-
tortion by an order of magnitude to 0.005%. 
This level of distortion may not be acceptable 
in many high-precision analog systems. 

The distortion contribution from the switch 
is constant over frequency because the voltage-
drop across the switch does not change over 
the measured bandwidth. 

An FFT of the output signal at 1 kHz into a 
600-W load (Figure 5) shows that the 2nd har-
monic is dominant, but spurs are visible above 
the noise floor up to the 5th harmonic. The 
 harmonics are due to the RON variations of 
the switch.

Conceivably, enclosing the switch inside the 
feedback loop of an amplifier allows for the 
additional distortion to be corrected, but this is 
not as simple as it may seem. The amplifier’s 
feedback loop must still be closed when the 
switch is open, otherwise the amplifier output 
would saturate to one of the power supply rails. 
Closing the switch while the amplifier output is 
saturated could cause an undesirable transient 
voltage at the load.

One solution to this problem is shown in 
Figure 6. In this circuit topology, two switches 
are used. One switch, S1, is the signal path for 
the load. The second switch, S2, allows the op 
amp feedback loop to be closed around the first 
switch. S2 contributes negligible additional dis-
tortion in the system because the op amp 
inverting input is a very high impedance. 

With both switches configured as shown in 
Figure 6, resistor R1 is in parallel with the path-
way through S1 and S2. For minimal distortion, 
the dominant feedback pathway should be through the 
switches and not through R1. Therefore, the on resistance 
of the switches should be much less than R1:

 
R R RON S ON S1 1 2 ( ) ( )+

 
(9)

Considering the 0.37-W on-resistance of an analog switch 
such as the TS5A22362, this requirement is easily accom-
plished. But other switch parts, such as the extremely 
popular CD4066B, have typical on-resistances greater  
than 100 W. 

When the switches are moved to their alternate position 
in order to disconnect the load from the amplifier output, 
R1 closes the feedback loop of the op amp. Stability must 
always be considered when placing a resistor in the feed-
back path of an op amp. The feedback resistor interacts 
with the input capacitance to degrade the feedback-loop 

Figure 4: THD+N measurement of the circuit in Figure 3
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Figure 5. Spectrum of a 1-VPK, 1-kHz sine wave at the 
output of the circuit in Figure 3
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Figure 6: A dual-switch solution to close the 
amplifier feedback loop
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图 4：图 3 所示电路的 THD + N 测量结果

图 5：位于图 3 所示电路之输出端上的 1 VPK、 
1 kHz 正弦波的频谱

图 6：一款用于闭合放大器反馈环路的 
双开关解决方案

图 4 示出了在两种负载阻抗条件下整个频率

范围内的实测 THD + N。当负载阻抗为 100 
kΩ 时，THD + N 极低。在该场合中，测量

结果由仪器的噪声底层 (noise floor) 决定，

大约为  0.0005%。然而，把负载阻抗减小

至 600 Ω 将使失真增加一个数量级，达到 
0.005%。这种失真水平在许多高精度模拟系

统中都是不可接受的。

由于开关两端电压降在测量带宽内并未改

变，因此由开关引起的失真在整个频率范围

内是恒定的。

进入 600 Ω 负载的输出信号的 FFT（在 1 
kHz 频率下，见图 5）表明：二次谐波居主

导地位，但是在噪声底层以上直至 5 次谐波

都可以看到毛刺。谐波是由开关的 RON 变化

引起的。

可以想象，把位于放大器的反馈环路中的开

关封闭起来可以使更多的失真得到校正，但

这并不像表面看上去那么简单。放大器的反

馈环路在开关处于开路状态的时候必须依然

是闭合的，否则放大器输出将饱和至其中的

一个电源轨。在放大器输出处于饱和状态的

情况下闭合开关有可能在负载上引发一个讨

厌的瞬态电压。

图 6 示出了针对该问题的一款解决方案。在

这种电路拓扑中，使用了两个开关。一个开

关 S1 是用于负载的信号路径。第二个开关 S2 
则允许运放反馈环路围绕第一个开关进行闭

合。S2 在系统中增加的失真是微乎其微的，

因为运放的反相输入是一个非常高的阻抗。

当两个开关均如图 6 所示进行配置时，电阻

器 R1 与穿过 S1 和 S2 的路径相并联。为了实

现最小的失真，居主导地位的反馈路径应穿

过开关而不是穿过 R1。因此，开关的导通电

阻应远远小于 R1：

考虑到诸如 TS5A22362 等模拟开关的导通电阻为 0.37 
Ω，因此上述要求可以很容易地得到满足。但是其他的

开关部件（比如极为常用的 CD4066B）则具有大于 100 
Ω 的典型导通电阻。

当开关切换至其另一个位置以使负载与放大器输出断接

时，R1 将运放的反馈环路闭合。当在运放的反馈路径

中布设电阻器时必须始终考虑稳定性。反馈电阻器与输

入电容之间存在着相互影响，从而减少反馈环路相位余

量。（接下页）
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phase margin. A conservative rule of thumb is 
given in Equation 10, the derivation of which 
is given in Reference 2.

        

1

20 1πf C C
R

GBW CM DM( || )
≥

 

(10)

Where fGBW is the op amp gain-bandwidth 
product and CCM and CDM are the op amp 
common-mode and differential input capaci-
tances, respectively. Inserting the appropriate 
values for the OPA172, a precision op amp, 
gives a maximum value for R1 of 198.9 W. A 
200-W resistor is reasonably close to the calcu-
lated value to avoid stability concerns.
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(11)

The circuit in Figure 6 was tested in the 
previously described manner and the results 
are given in Figures 7 and 8. By enclosing the 
switch inside the feedback loop of the op amp, 
the additional distortion from the RON varia-
tion has been effectively eliminated. The 
THD+N measurement over frequency for both 
load impedances (600 W and 100 kW) are 
identical, and at the noise floor of the mea-
surement instrument.

Examining the FFT of the output signal 
(Figure 8) shows that the additional harmon-
ics from the TS5A22362 are now below the 
noise floor of the measurement instrument.

For high-performance analog systems where 
harmonic distortion must be minimized, 
enclosing a CMOS analog switch inside the 
feedback loop of an op amp can greatly 
improve performance. The circuit topology 
shown in Figure 6 reduces harmonic distortion 
from the switch and also allows the amplifier 
output to be completely disconnected from the 
load. The feedback loop of the op amp is 
closed regardless of the switch configuration, preventing 
the amplifier output from saturating and causing 
unwanted voltage transients when the switch is closed. 
Furthermore, a CMOS analog switch with extremely low 
RON variation is no longer absolutely crucial, which can 
potentially reduce system costs.
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Figure 7: THD+N measurement of the circuit in Figure 6
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（续上页）(10) 式给出了一条保守的经验法

则，其推导过程请见参考文献 2。

式中的 fGBW 为运放的增益带宽乘积，而 CCM 

和  C DM 则分别为运放的共模和差分输入电

容。将一款高精度运放 OPA172 的合适数值

代入，可得出 R1 的最大值为 198.9 Ω。200 
Ω  的电阻器是一种接近于计算值的合理选

择，其可避免发生稳定性问题。

按前文描述的方式对图  6  中的电路进行测

试，测试结果示于图 7 和图 8。通过封闭位

于运放的反馈环路内部的开关，可有效地消

除由 RON 变化所引起的额外失真。对于两种

负载阻抗（600 Ω 和 100 kΩ），整个频率

范围内的 THD + N 测量是相同的，并且位于

测量仪器的噪声底层。

通过检查输出信号的 FFT（图 8）我们发现：

来自 TS5A22362 的额外谐波如今低于测量仪

器的噪声底层。

对于那些必须最大限度地抑制谐波失真的高

性能模拟系统而言，封闭位于运放的反馈环

路内部的模拟开关能够极大地改善性能。

图  6  所示的电路拓扑可减少源自开关的失

真，而且还能实现放大器输出与负载的完全

断接。运放的反馈环路的闭合与开关配置无

关，从而可防止放大器输出发生饱和以及在

开关闭合时引起不希望有的电压瞬变。此

外，具有极低 RON 变化量的 CMOS 模拟开关

也将不再那么至关重要，从而有望降低系统

成本。
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