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analog switches
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Analog Applications Engineer

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 Rpy, 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 Vg 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, Vg, 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 rangelll. 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 Roy flatness specification for the TS12A12511 is
1.6 Q (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.
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Figure 1. CMOS transmission gate consisting
of NMOS and PMOS transistors
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Figure 3. Signal distortion in a typical CMOS
switch application
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The switch on-resistance forms a voltage divider with
the load resistance R, and the output voltage is:

RL _ VIN

Rongsy) +Ri,

ey

Vour = Vi
ouT IN RON(Sl)
4

Ry,

In reality, the value of Ron(s1) is not a constant, but is a
function of Viy. As an example, assume that Roycgyy is a
linear function of the input voltage:

Roncsy (Vin) = ARx Vi +Rg @)

In Equation 2, AR represents the change in switch on-
resistance with input voltage and R is the resistance for
an input signal of 0 V. In reality, the relationship between
Rpn and Vpy 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:

Vin
Vour=—— »n )
AR Rg
— VNt 941
Ry, Ry,
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:

R
Let x = Viy, A=BR B=—041,
Ry, Ry,
X
Ax+B

To show the introduction of distortion, this more generic
equation can be written instead as its equivalent Maclaurin
series (shown here to 5 terms):

then Vgyp =1 (X) = ©)
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f(x)=lx—i 2 A 3 A A s (5)
B g2 B’ B* B®
Now a sine wave is inserted as the input signal with
X = sin(2nft):
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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
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Table 1: Approximate amplitude of fundamental and distortion
harmonics for the example calculation
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very large. The latter option is very un-attractive in most
applications. Recalling the equation for B:

B=-—041 )

For B to be large, Rp must be much greater than R;,. 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=AR ®)
Ry,

Examining the equation for A, it can be seen that if AR = 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 Ry, 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 kQ and 600 Q. According to the TS5A22362
analog-switch datasheet, the on-resistance at 0 V (room
temperature) is about 0.37 Q. The on-resistance will vary
approximately 0.115 Q over the range of the 2-Vpp input
signal.
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The measured THD+N over frequency is given
in Figure 4 for two load impedances. With the
100-kQ 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 Q increases the dis- 0.1
tortion by an order of magnitude to 0.005%.

This level of distortion may not be acceptable g

in many high-precision analog systems. E 0.01
The distortion contribution from the switch =

is constant over frequency because the voltage-

drop across the switch does not change over 0.001

the measured bandwidth.
An FFT of the output signal at 1 kHz into a

600-Q load (Figure 5) shows that the 2nd har- 0.0001

monic is dominant, but spurs are visible above
the noise floor up to the 5th harmonic. The

Figure 4: THD+N measurement of the circuit in Figure 3
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harmonics are due to the Ry 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

Figure 5. Spectrum of a 1-Vpg, 1-kHz sine wave at the
output of the circuit in Figure 3

feedback loop must still be closed when the

switch is open, otherwise the amplifier output

would saturate to one of the power supply rails. -20
Closing the switch while the amplifier output is _40
saturated could cause an undesirable transient =
voltage at the load. g -6
One solution to this problem is shown in :i_ -80
Figure 6. In this circuit topology, two switches 3_100
are used. One switch, Sy, is the signal path for E
the load. The second switch, Sy, allows the op —1200

amp feedback loop to be closed around the first

) A NP

switch. Se contributes negligible additional dis-

—160 [

tortion in the system because the op amp

inverting input is a very high impedance. h
With both switches configured as shown in
Figure 6, resistor R; is in parallel with the path-
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Frequency (kHz)

way through S; and Ss. For minimal distortion,

the dominant feedback pathway should be through the
switches and not through R;. Therefore, the on resistance
of the switches should be much less than Ry:

Ry > Rongsi) + Rones2) )

Considering the 0.37-Q 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 Q.

When the switches are moved to their alternate position
in order to disconnect the load from the amplifier output,
R, 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
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Figure 6: A dual-switch solution to close the
amplifier feedback loop
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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.

! =R (10)

20mfqpw (Cop 1 Cpy)
Where fggw is the op amp gain-bandwidth
product and Cgy and Cpyy 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 Ry of 198.9 Q. A

0.1

s
Z 0.0
a
EE
=

200-Q resistor is reasonably close to the calcu- 0.001
lated value to avoid stability concerns.
! =198.9=R; (1D 0.0001

20m(10 MHz) (8 pF)

The circuit in Figure 6 was tested in the

Figure 7: THD+N measurement of the circuit in Figure 6
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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 Ry varia-
tion has been effectively eliminated. The
THD+N measurement over frequency for both

Figure 8: Spectrum of a 1-Vpg, 1-kHz sine wave at the
output of the circuit in Figure 6

load impedances (600 Q and 100 kQ) are 0
identical, and at the noise floor of the mea- Py
surement instrument.

Examining the FF'T of the output signal
(Figure 8) shows that the additional harmon-
ics from the TSH5A22362 are now below the
noise floor of the measurement instrument.

For high-performance analog systems where
harmonic distortion must be minimized, -120
enclosing a CMOS analog switch inside the
feedback loop of an op amp can greatly
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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
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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
R variation is no longer absolutely crucial, which can
potentially reduce system costs.
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