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Understanding Crosstalk in Analog Multiplexers

INTRODUCTION

One of the most troublesome errors in analog muitipiexers
is crosstalk. Various schemes have been devised to reduce
its effects. One designer will terminate the multiplexer in a
10kQ resistive impedance. Another will short the multiplexer
node to ground between address changes with an analog
switch. A third engineer will terminate the muitiplexer node
in 1MQ because he doesn't want to live with the attenuation
which comes about with any lower impedance. What is con-
founding about these three situations is that the solution is
correct in each case. THE CORRECT SOLUTION IS DIC-
TATED BY THE APPLICATION.

To understand why the solution is application dependent, it
is necessary to dig rather deeply into what crosstalk really
is. When this is done, crosstalk is found to have not one, but
three components in a multiplexer. To differentiate the com-
ponents one from the other, it is convenient to give them
names:

1. Static crosstalk (CT)

2. Dynamic crosstalk (DCT)

3. Adjacent Channel crosstalk (ACCT)

This application note explains the three crosstalk com-
ponents qualitatively and quantitatively. The qualitative
discussion telis what component(s) should be considered in
various applications. The quantitative discussion uses both
theoretical and empirical information to arrive at conclu-
sions about what performance should be expected.

STATIC CROSSTALK (CT)

To introduce the concept of crosstalk, Figure 1 is helpful. A
basic analog switch may be constructed with a FET (JFETor
CMOS) and a suitable driver which switches it OFF andON, as
shown in Figure 1a. The equivalent circuit, as shown in Figure
1b, models the analog switch such that when the ideal switch
(SW) is closed, the switch has an ON resistance Ron When
SW is open, the OFF impedance is determined by Ceq A
two-channel multiplexer circuit, made up of two anaiog
switches connected as shown in Figure 1c, shows how sig-
nals from one channel can be coupled into the other channel.
Theoretically, Vout consists of e, modified by the resistor
divider formed by Ron: and Ry (assumes reactance of Cpis>»
Ry). However, the capacitance of switch number two (Cga2)
does couple some portion of ezinto Vour. Thisis the simplest
example of crosstalk.

The model which explains static crosstalk is relatively simple
and may be derived from the OFF isolation model. Figure 2a
shows the OFF isolation model as capacitive coupling from
the input to the output of an OFF switch. This condition may
be duplicated in Figure 1c by opening SW, and settinge,=0.
Coupling from input to output is accomplished through Cgq,
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Figure 1. Essentials of an Analog Multipiexer

and this parameter may be computed from measurements
of Vin. Vour. and frequency. In the case of static crosstalk,
Ceq is shown coupling into a parallel combination of Ron
with R, and C (Figure 2b). The two channel multipiexer
shown in Figure 1¢ reduces to the circuit in Figure 2b, where
e1=0, 2 = V|, and Cgq is the coupling capacitance from
@3 to Vout-

Since R is generally 10kQ) or more, and typical analog
switches are less than 1k{}, static crosstalk is much smalier
than OFF isolation. The crosstalk and OFF isolation numbers
quoted on analog muitipiexer data sheets are derived from the
modeis shown in Figure 2. Unfortunately the one component
of crosstalk specified is the least troublesome of the three.
However the crosstalk figures on data sheets will alert the
designer to those devices which absolutely will not satisfy his
requirements.

There are applications where the static crosstalk specification
given on data sheets is adequate. when the multiplexer is
being used as a one-of-many switch, and is not being cycled
through all channeis on an automatic basis, then the static
crosstalk component will give accurate prediction of the
actual performance. Examples of such applications are:

1. Audio/Video Seiector Switch
2. Programmable Gain Ampilifier
3. Programmable Power Supply

MLILTIPLEXERS AND SWITCHES 12-13



(a) OFF ISOLATION EQUIVALENT CIRCUIT

Cea
Vin O— 1} .

T
C |
!

“OFF” ISOLATION (1S0o¢f)

The proportionate amount of a high frequency analog input
signal which is coupled through the channel of an “OFF"”
device. This feedthrough Is transmitted through Cpgorr to @
load comprised of Cpyoer) in parailel with an external load.
isolation generally decreases by 8dB/octave with increasing
frequency.

—o0Vout

i

AA
ad

—0

(b) STATIC CROSSTALK EQUIVALENT CIRCUIT
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The proportionate amount of cross-coupling from an “OFF”
analog input channel to the output of another “ON" output
channel.

1. industrial Process Control
2. Telephony
3. Data Acquisition Systems
4. Telemetry

Each one of the above applications are a form of Time Divi-
sion Muitiplexing. In other words, these are sampled-data

ure 2. Model for Static Crosstalk

DYNAMIC CROSSTALK (DCT)
The dynamic crosstalk model can be derived from Figure 3.
The switch SW, represents one condition on the multiplexer
node (SW, is open). Actually SW, is continually switching
between OFF and ON. This is represented in Figure 3b. in
order to reduce crosstalk, multiplexers are designed to have
break-before-make switching so that no two channeis are
addressed at the same time. The finite open time of SW,
(shown in Figure 3b) represents the break-before-make ac-
tion. There are two “open” conditions on the multiplexer
node per cycie of the clock; thus the equivaient nodal
resistance (Rgq) may be computed as given in Figure 3b.
Tabie | shows some typical vaiues of static and dynamic
crosstalk. Static crosstalk values are given in lines 1 and 12.
There is a change in crosstalk as the ciock frequency (for
is varied. Starting at line 4 notice the variation in crosstalk
as Ry_is varied from 10kQ to 100kg while fc, x remains con-
stant at 100kHz. While Table | yieids some theorstical
values which give insight into the operation of dynamic
crosstaik, a-working multiplexer will have different values of
fow With respect to the maximum value of fgq. The real
world situation will be analyzed in a later section of this
paper.
Examples of muitipiexer applications which are dynamic in
nature are:
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(a) DYNAMIC CROSSTALK EQUIVALENT CIRCUIT
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NOTE: SWI is a time dependent switch. Its characteristic is shown in
Figure 3b.
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Figure 3. Model for Dynamic Crosstalk

Table 1. Computed Values of Static and Dynamic Crosstalk

CROSS-
UNE I fox T Teax Row Ru  Reg Ceg  TALK
NO. Hz Hz usec usec OHMS OMMS OHMS pF @8
T 1K 0 — 080 300 10K 291 030 105
2 10K 20K 50 080 300 10K €02 030 )
3 10K 40K 25 080 300 10K 913 030 9
4 10K 100K 10 080 300 10K 1845 0.0 ™
5 10K 100K 10 080 300 20K 3448 0.0 “
6 10K 100K 10 080 300 40K 0080 0.30 7
7 10K 100K 10 080 300 100K 16.25K 0.30 70
8 20K 50K 20 080 300 10K 1088 0.30 "
9 20K 80K 20 080 300 20K 1872 0.3 83
10 20K 50K 20 080 300 40K 3474 0.0 ™
11 206 50K 20 080 300 100K §275 0.30 70
12 200 0 — 080 300 100K 291 0.0 ”




systems where each channel is being continuously sampied
and the information for a given channel is contained in a
given time siot. In these applications, the static crosstalk is
almost meaningless, since the wrong choice of R (or fcix)
can be disastrous.

ADJACENT CHANNEL CROSSTALK (ACCT)

Adjacent channel crosstalk is the most confusing compo-
nent of crosstalk. in addition to its confusing nature, in
some cases, it is the most dominant component. While both
static and dynamic crosstalk are capacitive in nature, i.e.,
they vary with frequency at 6dB/octave, the adjacent chan-
nel crosstalk is invariant with frequency. In other words, it is
possible to have crosstalk when muitipiexing DC signails
such as the outputs of thermocouples, pressure trans-
ducers, etc. The parameters which must be dealt with are
Ry, C., Ron, and fc k. In addition, the break-before-make
time (= Tgry) Of the multiplexer is of importance. Before div-
ing into the details of this component of crosstaik, it will be
helpful to define what is meant by ACCT.

The term “adjacent” refers to time only. In other words,
channel two is adjacent to channel one if channel two im-
mediately follows channel one in time siots. Since the chan-
nel following is the “adjacent” channel, then channei one is
not adjacent to channel two, but rather the other way
around. Figure 4 illustrates the concept of adjacent chan-
nels. Assuming the mulitiplexer had, say, 1V on channel one,
2V on channel two. etc., then the output would look iike the
curve labeled ‘“‘channel addressed.” What is important
about the waveforms in Figure 4 is the way the adjacent
channel (in time) is shown. Note that while channel two is
adjacent to channel one, channel one is itself adjacent to
channel eight.

CHANNEL
ADDRESSED

Figure 4. Adjacent Channel Concept

The fact that information is “carried forward” from one
channel to the nex: (in time) suggests a storage mechanism
as causing ACC™ Thus the multipiexer nodal capacitance
becomes the prir 2 suspect. Figure 5 iliustrates how infor-
mation is carriec *orward from one channel to the next as
the addresses are changed. The address code is shown in
Figure 5a, while F zure 5b shows the theoretical multiplexer
output. Note tha: :ne even numbered channels have zero
voit on them, wr & the odd channels have their channel
number in volts. ~=is arrangement best iliustrates how the
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Figure 5. Adjacent Channel Crosstatk

information is transferred to the adjacent channel (as
shown in Figure 5c). While the theoretical MUX output
switches from channel three (3 volts) to channel four (0
volt) at the moment of the address change, note the delay
in the actual MUX output caused by Tgrk. During this time
the MUX node discharges along an RC curve determined by
the load capacitance (C_), and the load resistance (R,).
When the break-before-make time (Tgry) is over, channel
fouris turned ON and the RC product is suddenly reduced to
RoNCL. A curve which details how this all takes piace is
shown in Figure 6. Before leaving Figure 5, the arrangement
suggests a method of avoiding adjacent channel crosstalk.
In other words, the alternate grounding of channels pre-
vents channel one signais from reaching channel three...
channel three from reaching channel five, etc.

The curve in Figure 8a shows a typical nodal discharge for a
set of real world conditions. The curve is normalized and
Tenx is chosen to be 900nsec. An accepted method of
measuring Tggy is from the 50% point of the channel which
has been turned OFF to the 50% point of the channel which
is being turned ON. This concept is iliustrated in Figure 6b.
in this case (Figure 6a) Tgpx is measured from the moment
of the address change. While this is not totally correct, the
agreement between theoretical and actual results is good
enough to justify the simpler model which is derived. Since
most designers are interested in crosstalk which is less
than the resolution of the discharge curve, the ACCT vs.
time graph gives crosstalk down to 90dB. In other words, the
ACCT is down 90dB in less than 1.25usec.

Adjacent channel crosstalk is a problem in every applica-
tion where dynamic crosstalk must be considered; however
there are techniques to minimize its effects. A popular way
to diminish adjacent channel crosstalk is to short the
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multiplexer node to ground between address changes. This
requires an additional analog switch which should be fast
and have low Ron. An alternative approach to reducing adja-
cent channel crosstalk is to ground every other channel in a
multiplexer. This technique was illustrated in Figure 5.

MEASUREMENT OF STATIC CROSSTALK

Figures 7 and 8 give the element vaiues for a typical PMi
JFET MUX-08 on channel three. in the case shown, the OFF
isolation was first measured and found to be 75dB. With R,
and fgg known, then Cgq was caiculated. Once Cgq is
known, then Rgq may be calculated from the static cross-
talk measurement made in Figure 8. Rgq is the parallel com-
bination of R, and Rgy; thus it is possibie to compute Ron
and this value is also shown in Figure 8. The measurements
thus far are relatively simple and only require a voitmeter
which is capable of measuring signals which are 100dB
below the reference signal. On the other hand, the measure-
ment of dynamic crosstalk is a bit more invoived, and re-
quires a more compiex system.

MEASUREMENT OF DYNAMIC CROSSTALK

The crosstalk measuring system shown in Figure 9 is to be
used for measuring dynamic crosstalk. The signal from Ms
is fed into M, where it is multiplexed onto the OUT terminal.
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Figure 8. Typical Static Crosstalk Element Values

M, contains the muitiplexer under test and a decoding cir-
cuit. The decoding circuit aliows the selection of any two
channels to be used as a two channel multiplexer. M; is a
high-speed buffer used for driving the IN terminal of M. M,
contains a multiplexer operated in a demuitiplexer mode,
along with decoding circuitry to allow several combinations
of two channel demulitiplexing. The signal which appears on
S, is fed through M, (high-speed butfer) to Mg for spectrum
analysis. In short, if no errors are introduced by the multi-
plexer-demultipiexer system, the output shouid be the same
as the input.

Since the system in Figure 9 is capable of measuring
dynamic crosstalk, a good check of its performance is to
repeat the static crosstalk measurements. M; is set to have
IN connected to Sg, at all times. M, is set to have S; con-
nected to OUT, and the signal thus measured is taken as the
reference signal. Static crosstalk is measured by connect-
ing S, (or Sg) to OUT, with V) still applied to S,, and again
measuring Vour. The relative signal levels represent static
crosstalk. This measuring technique was used to verify the
accuracy of the system.

The measurement of dynamic crosstalk ieaves M, exactly
as in the static case. With V) connected to Sy, M, is switched
between S, and Sg. The signal frequency (fsiq) was 40kHz
and fc x was 100kHz (see Figure 10). From the crosstalk
measured, the equivaient resistance (Rgq) is computed to be
11500 (see Figure 10a). To verify the validity of this measure-
ment, Rgq was calculated using the formula in Figure 10c
(Tark Was measured separately). Since there is very good
agreement between these two independently derived
values, both the measurement technique and the dynamic
crosstalk model are valid.
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Figure 10. Computed Dynamic Crosstalk for Actual Multiplexer

The numbers shown in Figure 10 apply to the measurement
system, but are uniikely in a real multiplexer. To satisfy
sampling theory limitations, fg,q must be less than one-half
the sampling frequency. Assuming fc x = 200kHz then each
channel in a multiplexer is addressed for Susec. This means
that it takes 40xsec to sample all channeis of an eight chan-
nel muitiplexer. in other words, each channel is sampled at
a 25kHz rate. Thus the maximum value of fg,q would be
12.5kHz. Figure 10D gives values of dynamic crosstalk (DCT)
which would be experienced if the values of Roy and Tapk
shown in Figures 10a and 10b were used. The first DCT col-
umn lists the vaiues for a Cgq of 0.13pF (measured value of
channel three). The second DCT column shows the perfor-

mance for Cgq = 0.5pF. The purpose for the second column
is to point out how critical minimizing stray capacitance is
to good crosstalk performance.

MEASUREMENT OF ADJACENT CHANNEL
CROSSTALK

The system shown in Figure 11 was used to measure adja-
cent channel crosstalk (ACCT). M, drives the address lines
of the MUX system and the gating input of M,. By setting the
period of M, (T2 to 10xsec, the puise rate out of M, is con-
trolled by the pulse rate of M, (40xsec) coming into the gate
input of M,. The output of M, is in the complement mode
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Figure 11. Adjacent Channel Crosstalk Measuring System

because the control input to M5 causes the S/H to HOLD
-when the input is high (1). Thus the sample period occurs

ring the time P,. M, also can delay its puise relative to
«ne puise out of M,, thereby allowing measurements of
crosstalk versus t, (start of the sample time). This informa-
tion is valuable because in many systems, a sample/hold
is used with a successive approximation ADC to encode
the analog output of the MUX. As will be shown, the ACCT
can be made negligible if a sufficient time elapses before
going to the HOLD mode for encoding the data. Since
“time is money,” the term “sufficient time” becomes im-
portant.

The nature of sample/holds and the nature of spectrum
analyzers can cause some apparent discrepancies in the
data observed by this measurement system. it is important
o note the spectrum analyzer “sees” the average of
everything that is presented to its input terminals. While it is
true the sample/hold hoids the last value it “saw,” the spec-
trum analyzer aiso looks at the signal present during the
sample/hoid’s sample time. Thus the equation which ex-
presses the signal level present as a function of time must
also account for the true averaging of the spectrum ana-
lyzer. Figure 12 shows the equations (12c) and the defini-
tions of the terms used in the equations (12a and 12b). The
term Ng is the relative signai ievel which the spectrum an&-
lyzer measures. if the model of the signal decay shown in
Figure 12a Is the correct one to explain the ACCT, then the
computed value of Ng should correspond to the measured
values. As will bs shown in Figure 14, the agreement does in
"act justify the model; however it was necessary to choose
@ measurement conditions very carefully.
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Figure 12. Predicting the Measurement System Response

in order to get good correlation between lab data and
theoretical predictions, it was necessary to use fairly long
time constants (R_ =22k and C, = 1000pF). With R, = 22kQ
and Cy = 50pF (Ron = 300%), the theoretical plot of ACCT (as
measured on the spectrum analyzer) vs. ty is shown in
Figure 13. Note that the data is plotted between 900nsec
and 1025nsec. The curve shows that a 10nsec error in t can
cause a 6dB error in reading on the spectrum analyzer. The
results shown in Figure 14 confirm the necessity of using
large capacitances to obtain predictable resuits. The theo-
retical curve tracks the actual data well in both cases;
however the 1000pF curve is better than the 300pF curve.
Notice that there is good agreement both at DC and at 4kHz.
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Figure 15. Predicting Adjacent Channel Crosstalk

Figure 4. Agreement Between Measured and
Computed ACCT

PREDICTING AND CONTROLLING ADJACENT
CHANNEL CROSSTALK

The equations in Figure 12c can be used to predict how
much adjacent channel crosstalk one might expect in an ac-
tual system. An ail analog system will foliow the MUX with a

ADJACENT CHANNEL CROSSTALK vs TIME
FOR MUX-DEMUX AND MUX-8/H SYSTEMS DEVICE: MUX-08
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Figure 16. Computed ACCT vs Time for MUX-DEMUX and
MUX-S/H Systems
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demuitiplexer, which will have its own break-before-make

delay. An analog to digital system will have a sample/hold

amplifier in front of the A/D converter. Since the equations

which apply to these situations are different, they will be

discussed separately. Figure 15 summarizes the conditions
the equations which apply to them.

simce there is no held voltage, then Ny=0 in the multi-
plexer-demultiplexer system. This reduces Ng to the simple
form shown in equation (1). S; and S, follow in equations (2)
and (3). Since t, = Tp (break-before-make time of the DEMUX),
that time will have a significant effect on ACCT. The MUX-
sample/hold system imposes the condition S$1=8;=P;=0;
thus Ng = Ny. It will be instructive to compare the levels of
ACCT in these two systems versus their appropriate times.

Figure 16 looks at a “typical” system which will give approx-
imately one percent transmission error (33kQ R, and 300Q
Ron), and has 50pF C,. The value of C_is somewhat on the
high side (20pF being typical for MUX-08 connected to a buf-
fer amp), but it does give a conservative value for analysis.
What Figure 16 shows is rather startling. The adjacent chan-
nel crosstalk, while inherent in the muitiplexer itself, can be
eliminated in both systems by the proper timing. in the case
of the sample/hold it is only necessary to delay the hoid
command for approximately 1.2usec to have the ACCT
vanish completely. This is no problem, since most sample/
holds need at least 2usec to accurately acquire the signal
(this is particularly true of monolithic devices). The plot for
the MUX-DEMUX system relates to Tp, which is not ad-
justable for a given DEMUX. What is possible is to add some
delay to the address change for the DEMUX. In this way, the
DEMUX will not “look™ at the MUX output until the charge
from the previous channel has had a chance to dissipate.

~ NCLUSION

Table Il summarizes the forms of crosstalk and lists ways of
coping with them. Reduction of Roy is helpful in all three
cases. While Tgax should be minimized as much as possible,
it is important that no two channeis are ON at the same
time. in some cases, Tgay is chosen such that even over
temperature extremes, the break-before-make feature is
maintained. Since all three components of crosstalk are pre-
sent in a dynamic muitiplexer, the “careful circuit board
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Table 2. How to Handle Crosstalk

Variation
with 15,0

8dB/octave

Crosstalk
Component
Static

Ways to Minimize Eftects

¢ Minimize Roy
 Reduce stray capacitance (Cgq)
by caretul circuit board layout.

o Minimize RON

* Minimize 'CLK

¢ Minimize Tgpx, but Tenx>0is
needed to prevent shorting
channels together.

¢ Minimize R

+ Reduce stray capacitance (Cgo)
by caretul circuit board layout.

* Minimize Roy

s Minimize 'CI.K

* Minimize Tm. but TllK >01is
needed to prevent shorting
channels together.

* Minimize R, and C,

* WAIT before allowing sample/
hold or DEMUX to measure MUX
output.

Dynamic 6dB/octave

Adjacent NONE

Channel

layout” is important even though it is not listed in the ACCT
section.

This paper has pointed out the fact that static crosstalk
(given on multiplexer data sheets) is only one of the three
components of crosstalk. The modeis for static and dynamic
crosstalk are relatively simple and were discussed to show
how they are related. The most troublesome component of
crosstaik (adjacent channei crosstalk) was shown not to be
quite so straight-forward. For one thing, adjacent channel
crosstalk (ACCT) is not signal frequency dependent as are
CT and DCT. The mechanism which governs this form of
crosstalk is stored charge on the MUX node. While CT and
DCT must be minimized by careful layout and once present
in the muitiplexer cannot be reduced, such is not the case
with ACCT. Even though ACCT is present in the muitiplexer,
the proper timing of demultiplexer or sample/hold commands
can effectively eliminate ACCT from the total system.



