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ABSTRACT 

ACCUMUlATIVE ERRORS IN 

WW-· LEVEL MOS-FET MULTIPLEXERS 

BY 

LWYD DANIEL GRIFFIN, JR. 

This paper provides a brief historical discussion of the development 

of time division low level multiplexing techniques and espe.cially emphasizes 

MOS-FET multiplexers curre.ntly being implemented. Error sources which may 

affect system accuracy and therefore must be considered in the design of the 

multiplexer are described. Some of the more significant of these errors: aliasing, 

interchannel crosstalk, static offset, transient coupled errors, and common-mode 

injected errors are analyz·ed and covered in detail. 

Equations expressing the overall interchannel DC crosstalk and static 

offs.et for a generalized multiplexer are derived and presented. Settling errors 

. . . 
arising from transient events in time division multiplexers are derived for a two 

channel multiplexer and plotted to illustrate their dependency on the multiplexer 

input and output capacitances. A multi-tier channel path is also examined for 

common-mode to differential-mode signal conversion. As a conclusion, the 

author discusses how these error sources accumulate and gives a means for 

predicting the overall cumulative average error to be expected from the time 

division multiplexing equipment. 
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-
INTRODUCTION 

The accuracy to which information can be sampled and time

division multiplexed depends on the information rate of the sampled 

signals, the multiplexer configuration, and the multip1exer switch 

characteristics. The maximum rate at which a time-division multiplexer 

cart be operated within a given percentage of accuracy is limited by the 

p~rameter characteristics of the devices used as the switching elements 

and how these switches are interconnected to form the multiplexer. 
. . 

.Metal-Oxide semiconductor field-effect transistors (MOS-FET) 

are predominately used today as the switching element in till)e-division 

multiplexing due to their attributes of high OFF impedance and very low 

leakage currents. Unfortunately, the devices exhibit several para

meters which limit the accuracy and speed with which information can 

be multiplexed. These parameters include ON resistance, input capa

citance, output ·capacitance and the signal levels necessary to switch 

the device ON or OFF. The errors produced in MOS -PET multiplexer 

equipment are a result of t~ese parameters and are a function of the 

data source impedance and output load impedance. 

This paper delineates some of the most significant of these ·error 

sources, i.l.lustrates their data source dependence, indicates how the 

errors accumulate, and enlightens the reader to the pitfaLls which may 

occur in low-level signal processing. 



1. HISTORY OF TIME-DIVISION MULTIPLEXING 

In early telemetry systems o~ly a few measurements were per

formed and each of the transducers wer~ usually hardwired through 

long cables to a single frequency modulated transmitter. As th~ art 
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of telemetry instrumentation expanded, a larger number of measure

ments were required and the type of measurements became more complex. 

The instrumentation engineer became faced with the problem of 

simultaneously monitoring a wide range of static, quasi-static, and 

dynamic signals representing varying physical parameters of experi

ments with which he was concerned. To alleviate this increased 

demand of high volume data gathering, time-division multiplexing 

(TDM) was developed. 

A TDM multiplexer acquires a number of variables from unrelated 

sources and permits these variables to ·share common processing and 

transmission equipment. Variables are sensed by transducers, whose 

outputs are continuous voltages representing the state of the variables. 

The most common types of _variables are physical phenomena: temperature, 

stress, strain, ·acceleration, vibration, etc. The transducer output 

voltage range of these signals tends to be quite low, typically less than 

a few hundred millivolts. 

Normally signal processing equipment requires high level signal 

ranges, typically zero to five volts; therefore, signal conditioning 

amplifiers are required to adapt the transducer outputs for processing. 

A substantial savings in size and cost can be achieved if the transducer 

outputs are multiplexed and then signal conditioned by a single amplifier 

as compared to signal conditioning prior to multiplexing, which requires 

an amplifier for each signal input. Hence, the need arises for accurate 



low-lev·e·rmu ltiplexing. Low level multiplexing equipment may be 

Single-ended, but U-sually -Consists of two or more parallel signal 

paths • . The s~ngle-ended type is the simplest a~d requires the least 
. . 

hardware; however, it can not differentiate between coupled noise 

and the sampled signal. Therefore, differential sa~pUng (the dif

ference between two parallel signal -paths) . is ·required to preserve 

the high common-mode rejection necessary in high noise environ

ment. 

Various types of qevices have been utilized as the switch ele

ment in TDM multiplexer equipment to date. Earlier multiplexers 

employed mechanical switches, such as crossbar scanners and relays; 

however, t~ey had the disadvantages of limited sampling speed, bulky 

size and they · were not particularly suited for airborne environments. 

Solid state devices marketed. in the l~te 1950's and early 1960's such 

as the diode .bridge, Bright switch and PINCH transistor were used and 

proven quite successful. In 1960, junction-field effect transistor 

3 

{J -FET) semiconductors were introduced for multiplexer switch appli

cations. In particular they were well suited for signa l multiplexing 

bec~use they did not have an inherent voltage o_ffset as their counterpart, 

the bipolar transistor. The J -FET did not require transformers to achieve 

high isolation between the input and the switch drive circuitry, and 

therefore was not duty cycle limited .. . J -FET 's, on the other hand, did 

have a disadvantage of turning-off due to transients being coupled from 

the source to the gate. 

Later in the 1960 s, metal-oxide semiconductor field effect tran-

sistors (MOS-FET) became available. The MOS-FET switch had the 

same basic advantages as the J -FET switch and furthermore exhibited 

a much higher isolation from the input (source or drain) terminal to the 

gate terminal and required simpler drive circuitry. MOS-FET' s were also 



adaptable to monolithic integrated circuits with relative ease, which 

resulted in still greater reduction in cost, size, and weight of TDM 

multiplexers. 

Today, MOS-FET's can be purchased as single devices, as 

4 

mono lithic dual devices or as monolithic mu.tti.:..channe.l devices having 

from four to sixteen channels available. A few MOS-FET ·multiplexers 

presently available have the associated g~te dr~ve circuitry and decode 

logic designed into the same integrated circuit package. 
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2. ERROR SOURCES 

No measurement is without error. In the design or selection of 

any instrumentation system, there are many interrelated parameters 

affecting the system accuracy, all of which must be taken into consid

eration. Too often the signal source or transducer loading effects on 

the data multiplexer being employed are not well understood by the instru

:nentation engineer, and therefore inadequately specified. This is also 

true of the interconnect cabling between the transducer and multiplexer • 

. Figure I illustrates a simple diagram of a data channel which 

enumerates the pertinent error sources that must be considered in the 

design of a TDM multiplexer. The transducer transforms the measure

ment parameter into a continuous voltage which, prior to being sampled 

and time-division multiplexed, may be sign.al conditioned with a band

limited filter network. (Amplifiers ·also may be included as part of the 

signal conditioning.) In the process of data multiplexing multi-signal 

sources, sampling errors occur· because of insufficient sampling rates 

or multiplexer transfer inaccuracies. ·Multiplexer transfer inaccuracies 

often limit the sampling rates which can be achieved. 

Transfer inaccuracy of a multiplexer channel arises from non

idealistic switch ·parameters: finite ON resistance, finite OFF isolation, 

·leakage currents, and shunt capacitance, etc. Errors resulting from 

these non-idealistic parameters include static offset, dynamic settling, 

transient coupled charge, crosstalk, scatter, common-mode noise, etc. 

Many of these sources of error are input data source impedance dependent. 

For example, leakage currents flow out o(the channel input of the multi

plexer and through the source resistance (transducer or signal conditioner) 

producing an undesirable biasing potential drop called back-current 
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offset. An-other example is the reduction in the common-mode rejection 

(CMR) of the multiplexer channel due to large source res istances and 
. . 

unbalanced interconnecting· ·cable capacital).ces. (Channel CMR is dis-

cussed in greater detail in Section 8 .) 

In the paragraphs which follow, sever·a.l of t he above error sources 

are discussed in detail and are analized to derive mathern~tical expres

sions which clearly illustrates the input-source de pende nce, if it 

exists. 
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3. SPURIOUS INTERFERENCE 

A problem requiring major consideration in the design of any 

instrumentation system is electrical interference. By definition I 

electrical interference is any electrical energy in the · system which is 

unrelated to the desired signal information and which degrades the pre-
. . 

cision with which that information can be detected at th~ system 

output. 1 Electrical interference may be either random or periodic in 

nature and may encompass the frequency spectrum from audio to radio 

frequencies. 

Sources O"f interference are many and may include DC power cir

cuits 1 AC power circuits and their harmonics I thermoelectric generators I 

switching devices and in the case of aircraft I static surface potential 

discharge. Identification of these noise sources provides the basis for 

design techniques employed to minimize their effects. 

There are ·three principle methods which are used to reduce inter

ference: first I the source of noise can be minimized; second I the mode 

of energy transfer or pickup can be attenuated or eliminated; and third 1 

the measuring device may be designed to incorporate maximum noise 

rejection to the interference signal. Normally I all three of these methods 

are required when .low-level signals are being processed. Adequate 

shielding and proper grounding usually eliminate a majority of these 

interferences; however I in some cases I additional attention must be 

given to the channel and amplifier rejection characteristics. 

!Frank J. Oliver I Practical Instrumentation Transducers 1 (New 
York: HaydenBookCompanyl Inc., 1971), p. 290. 



The _ t.ype of cabling used to connect the transducer or signal 

conditioner to the multiplexer and how the cable is shielded and 

grounded are particularly critical in low-lev_el signal processingo 

For example, single wire channels provide· no rejection to the inter

fer_ence once the undesired interference is coupled to the line. On 

the other hand, a differential chann_e.l (one having two s.ignal ~aths) 

can provide a high degree of rejection to the coupled noise if the 

noise is equally common to both sides of the channel (common-mode 

signal). 

Low-level signal processing systems are particularly suscep

tible to interference signals; therefore, differential signal techniques 

are almost exclusively employed. Balancing of the channel signal 

paths, isolation of the channel from signa .( ground, or both, then 

become significant as to how much rejection of the undesirable inter

ference is achievable o 

9 

A balanced differential channel is one in which both signal paths 

are electrically identical and .are symmetrical with respect to the common 

reference point. In the balanced configuration, each of the two signal 

paths provides identical signal processing and therefore no net difference 

(common-mode to differential-mode conversion) occurs for common-mode 

type noise. However, if the channel is not balanced, common -mode to 

differential-mode conversion does occur and is dependent on both the 

degree of channel unbalance and the magnitude of channel impedances o 

(This subject is treated in some detail in a later section.) To achieve 

any further increase in noise rejection, the effects of the shunt imped

ances of the channel must be minimized .by making them _ sufficiently 

large so that the unbalance becomes insignificant. This minimization 

is accomplished by isolating the cha·nnel transmission paths from the 

I 
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common interference signal by shielding the channel. The shield, 

which surrounds both signal transmission paths, provides an auxiliary 

shunt or short-circuit path for the interference currents to return to 

the ground terminal of the interference source without entering the 

signal transmission paths. 

In multiplexer applications this approach requires switching 

the channel shield or guard as well as the channel, thus increasing 

the physical size of the multiplexer. Hence, guarding is not normally 

employed except where common-mode rejection of greater than 120db 

is required. 



.il 
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4. ALIASING 

In the process of reconstruction of sampled data, there is the 

possibility of introducing errors known as aliasing errors. Aliasing is a 

measurement error which is introduced when a continuous function is 

sampled periodically and then reconstructed by interpolation filtering 

or mathematical analysis of the samples. The value of the data sampled 

represents the data during the time of sampling, except for the measure-
. 

ment error; however, the difficulty arises in predicting the value of the 

data in between samples. 

The Sampling Theorem 2 developed by Shannon states that the 

data between sampli~g periods can be reconstructed in an ideal system 

if the data d9es not contain spectral components greater than one-

half the sampling rate. The minimum sampling rate (twice the highest 

frequency component in the band limited signal) is often referred to 

as . the Nyquist rate. This theorem is often interpreted in terms of 

bandwidth --the sampling frequency ( f ) being twice the bandwidth. . . s 
This interpretation is true of course, for a da.ta source having frequency 

components no greater than one-half the sampling frequency or a data 

source filtered with an ideal filter ·having a cutoff frequency equal to 

or less than one-half the sampling frequency. However, in a practical 

.system, true ideal bandwidth limited data signals cannot . be achieved. 

Therefore some data signal frequencies exist higher than one-half 
• I 

the sampling frequency. The energy associated with these higher 

2Leonard S. Schwartz, Principles of Coding, Filtering, and 
Information Theory, (Baltimore: Spartan Books, Inc., 1963), p. 81. 
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frequencies- causes an error to appear in the recovered data. This error 

phenomenon is known as aliasing. 

Aliasing errors are primarily dependent upon the sampling rate · 

·and the input data spectrum, but are independent of the amplitude 

probability distribution of the data. 3 A significant reduction in 

aliasing errors (less than one perc~nt) can be achieved·, as d~mon

strated by Stiltz, 4 if the sampling frequency is choosen to be ten times 

the data frequency half-power point and the data is attenuated by at 

least eighteen db per octave above the data' s cutoff frequency. 

Caution should be taken by the engineer when ·a.s signing high 

sampling rates in order to minimize aliasing errors. This conservative 

approach often carries with it performance penalties of higher irn.posed 

error throughout the measurement system due to an increase in the 

spectrum bandwidth of the sampler. 

3D. G. Childers, 11 Study and Experimental Investigation on 
Sampling Rate and Aliasing in Time-Division Telemetry Systems, 11 IRE 
Transactions on Space Electronics. and Telemetry, XII (December, 1962), 
pp. 267-283. 

4Harry L. Stiltz, Aerospace Telemetry, ·(Englewood Cliffs, N. J.: 
Prentice-Hall, Inc., 1961), p. 90. 



5. INTERCHANNEL CROSSTALK 

Crosstalk i? defined as the interference of one channel caused 

by interaction with another channel. Crosstalk is referred to often 

as signal feed-through. Sighal feed-through is a sig.nal that is 

transferred through an OFF channel impedance causing an error in 

another ON channel. There are other types of cross.talk errors other. 

than signal feed-through errors. As wiil become apparent }~ter, 
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) . . . 
crosstalk is also the result of residual stored charge o"n a multiplexer' s 

. . 
output capacitanc·e. Another form of crosstal_k ~rises from charge 

.transfer of gate signal through the gate.:.to-drain capacitance. (See 

Transient Coupled Errors, Section 7. ) The remainder ·of this section 

is concerne·d with the f:il'st type--direct crosstalk or signal feed- . 

through. 

Figure 2 is a simplified multiple switch circuit where all the 

channel switches are OFF (open) except channel 11 n 11 
: Ypi represents 

the peak voltage of the input voltage source of the /h_ stage and. RS. 
. . h 1 . t 

.represents the input source. resistance of the i- stage. The voltage 

error V . due only to the /h stage is deter~ined by replacing all .the 
rl . 

voltage sources other than V Pi with a short circuit and calculating the 

voltage produced across the output: 

v. 
n 

(l) 



RSi 

VPi-=.. 

+ 

v -Pn-

Channel 1 

Roff 

Channel i 

Roff 

R 
on 

Channel n 

• • • 

+t 
v.=>R 

_( 0 

• • • 

<::= R 
n 

(a) Multiple switch circuit -- channel n is ON. 

--

• . . 
• 

• • 

(b) ~imp.lified circuit with a.U voltage sources replaced with 

short-c~rcuit except V Pi. 

Figure 2 -- Equivalent circuit of multiple switch network for 

calculation of direct crosstalk. 
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1 
where R0 =---n--~1~----------~-----------------------

~=~ {2Ro;f + Rsk) + _2_R_o_n_+_1 -~-~- + --;1-
k~i 
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· Since R = 2R + R << R.. and R << iR + R then R0~ Rn and 
n on Sn .-L. n_ . off . Sk' 

therefore, equation 1 can be approximated: 

v = Rn(vPi) 
ri Rn + RSi + 2R

0
ff 

which can be further reduced to 

v~ 
n 

(2) 

(3) 

Equation 3 states that the voltage error_ pr~duced by the ith stage is 

directly proportional to the product of the ON channel switch resistance 

and applied voltag·e of the interference channel, and is inversely pro

portional to the channel OFF resistance ~ 

There are (n-1) unselected switches and all are approximately 

equal; therefore, the total peak voltage error by superposition is the sum: 

n-1 

v = Lv t n 
. i=1 

Substituting equation 3 into equation 4 y ields; 

n-1 . L R v~l n (vPi) 
t 2 R ff 

. 1 0 != 

the total peak voltage error. 

{4) 

{5) 



As an -example, suppose the circuit consists of a bank of 16 

gates and all the input sources · have 40 millivolt peak static signals 

except one unselected source which has . an o.vervoltage condition of 

16 

2"8 volts -- which .in aircraft is a very realistic situation. Also assuming 

typical values of R ff = 1, DOOM ohms, R . = ·1000 ohms, and R . = 
. o . 81 . on 
200 ohms, the total peak voltage error of this example computes as 

follows: 

or 

or 

Vt co: 7{ 1~·0~~n) 40mV + H 1. 4K.n . ) 
1000M.rt ZSV, · 

Vts::=::: 0. 391-Lvolts + l9.,5!J.volts, 

V s::=::: 20rrvolts. t I. . 

The ratio of this output error voltage to .the iriput peak signal voltage, 

which is also 40mV, is 

v 
_t_ ~ 20p.V = O S 10 -3 
VPn 40mV • x 

or approximately 0. OS percent error, which is due almost exclusively 

to the overvoltage channel. Normally, as illustrated by this example, 

~irect eros stalk in a sma.ll array MOS -FE.T multiplexer is not significant 

~xce pt in overvoltage conditions. 

If the input data source types consist of dynamic signals' then 

the · abov·e model and analysis must be moqified to account . for the multi

plexer's switch reactance and · the multiplexer's internal stray reactance. 

The technique presented above, however, is still valid. 
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6. STATIC OFFSET 

Static offset errors in MOS-FET multiplexers occur because of 

!eakage currents of the MOS-FET devices and amplifier bias currents. 

These currents flow through the ON resistance of the switches p.ro

ducing a voltage drop across the source-drain terminals of the device, 
. . 

thus producing an offset voltage. 

If the offset voltages of all channels throughout the multiplexer are 

identical, then the offset can be treated as an insertion loss which can 

be coll!pensated for by increasing the gain of the post-amplification 

stage. Unfortunately in real systems it is impossibl.e to compensate for 

all of the offset because of variations in ON resistance and leakage 

currents from·· one device to the next. Achieving perfect compensation is 

complicated by the fact that both ON resistance and . leakage currents 

are functions of bias voltages and temperature. 

ToneyS has previously computed the static offset error for a four 

tier J- FET multiplexer. Here the static offset error will be computed 

for a more generalized MOS-FET multiplexer model having 11 n 11 tiers. The 

single-ended multiplexer illustrated in Figure 3 will be used in the 

analysis, and the differential multiplexer configuration obtained by tak

ing the difference between two of these singled-ended multiplexers. The 

model employs the technique of tiering which is also referred to as pyra

miding, treeing and subcommutating. Tiering minimizes the offset due to 

SPhillip A. Toney, 11 Design Consid~rations for Differential Low 
Level Junction Field Effect Transistor Commutators, 11 IEEE Transactions 
on Aerospace and Electronic Systems, Vol. AES-3, No. 6, November, 

1967, pp. 871-898. 
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the leakage currents. 

The total multiplexer de static offset voltage from input to 

output of the illustrated multiplexer is expressed 

m 

voff = r vif 

i=1 

where i and f are integers. 

The subscript f takes on a single value for each value of i and is 

bounded by k, r, and n for each stage. In order to compute V , 
· off 

{6) 

we must calculate the offset voltage of each individual tier developed 

by the .current flowing through the source-to-drain resistance of the 

conducting device. The potential drop across the Qi~ MOS-F~T in 

the i stage is 

v.f=R.fi. 
1 1 1 

{7) 

where R.f represents the source-to-drain resistance of the condu.cting 
1 . 

MO~-FET, Q if" . 

Examination of the leakage current I. reveals that it contains 
1 

all the leakage currents I.f, f = 1, 2·, ... r terms of the i th stage 
l . 

plus all the leakage currents of the stages to the right of stage i. 

Expressing this mathematically, 

. r 

I i = L \q + I ( i + 1) + 1s s < i + 1) 

q=l 
.th 

where there are r devices in the r- stage. The I. terms are the 
lq 

(8) 

substrate-to-:-drain leakage currents and are approximately equal to 

19 

IDSS, often given by manufacturers on data. sheets. The ISS term is 

the substrate-to-source leakage and is also approximately equal to 

IDSS. Summing all the current equations from i up to m and combining 



them yields:- --

I =~ [~~···n]+ ~\ 
i ~ ~ pq ~DSSp 

p=i q=l .. p=i+1 . 

(9) 

where k, r, •••• , n is the respective range of q for each tier. Sub-

stituting equation 9 into equation 7 produces the general expression 

for the offset voltage across each stage: 

v_if = Riff!:. ( r~~-· n) + I 1nss p] 
~- l q-1 p=l+1 

( 10) 

For clarification of this equation the following example of a 
. . 
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three tier multiplexer where m = 3, k = 8, r = 6, and _ n = 4 is presented. 

Also, assuming that ~evices o
15

, o
23

, and 0
31 

are the conducting 

MOS -FET• s, the tier offset voltages are: 

and 

4 

v 3 l = R3 l I 13q; 
q=l 

6 

v 2 3 = R2 3 [ I 12q + 
q=l 

8 

V 15 = RlS [ -~ 1
Iq + 

4 . 

I ' I3q+ IDSSl; 

q=l J 
6" 4 

L 1
2q + L 

q=1 q=1 

The total offset from equation 6 is: 

V = V . + V + .V 
offset 31 23 15 

Typi~a:.t values of leakage currents for MOS-FET -devices are in 

the order of 0. 1 to 1 nanoam pere and their .ON resistance 15 0 to 2 50 

ohms. Using the upper limit on current and re-sistance and assuming 

that all the leakage currents are equal and all ON resistances are equal, 



the voltage of-fsets for the above example is computed as 

v 31 = (2~0.n)(4) (lnA)' 

V 
23 

= (2 50.n) (11) (lnA), 

V 
15 

= (2 5 O.n) (20) (lnA) , 

and the total maximum voltage offset is th~ sum: 

Voff(A) = (250.n)(35)(l.OnA) = 8.75 f.LVO.lts. 

Similarly the total minimum offset expected is computed for the mini

mum values of current and resistance listed above to ·be 

V off(E3) = (1SO.n)(35) (0. 1nA) .= 0. 53 ~volts. 

He~ce taking the difference, V off(A) - V off(B), the wors.t-case offset 

for the differential channel is approximately eight microvolts. 

21 

For a · forty millivolt fu ll-scale input .signal source, the eight 

microvolts offs e t error would produce 0 ~ 0 2% error. Normally, the 

average of the sum of the individual channel voltage offsets is labeled 

the "multiplexer voltage offset error". The deviation of each channel 

offset from the average is termed the muitiplexer scatter error (channel

to-channel scatter) • 
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7. TRANSIENT COUPLED ERRORS 

Whenever one channel of a multiplexer is switched OFF and 

~nother channel is switched ON I transient errors occur. These transient 

errors are a result of two events. One is due to voltage ·signals being 

coupled from the gate control circuit through the drafn-to-gate and the 

source-to-gate capacitance$ to the switch's d.ra"in and source terminals. . . 

The other is due to the transfer of energy b~tween the mul tiplexer input . 
) 

capacitance and the multiplexer output capacitance. The magnitude· of 

the transient voltages fedthrough are a function· of the channel input 

·and output capacitances and the gate capacitances. These transient 
. . 

voltages coupled to the channel signa_! path will cause errors in the 

sampled data 1 if sufficient settling time is not available. The settling 

time is a function of the switch's time constants and it is usually 

defined to be the time require9 for the output voltage to settle to within 

a specified percent of the input s_ignal voltage each time a new channel 

is switched 0 N. 

To illustrate more clearly the effects of these transient events 

the two channel multiplexer shown- in· Figure 4 will be considered. 

Pri~r to the multiplexer being .switched 1 channel 2 is ~ssumed to be 

ON and the. multiplexer output voltage 1 v 
0 

(t) equals the channel 2 

input voltage, v
2

• Cha~n~l 2 _is then switched OFF _allowing for 

break-before-make s~itching. to prevent shorting channel 2' s input 

data source to channel 1' s input data source during the transition 

state~ The rise time at the gate of MOS-FET 0 2 is a·ssumed to. be 
. . 

sufficiently slow 
1 

so that the multiplexer output voltage remains at 

the potential V 
2 

• 
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(a) Two channel single-ended MOS-FET multiplexer 
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t 
v g 1 (t} 

t 

~ - - .J I L - - - -- V g 2 (t) 

· Output 
Voltage 

t = 0 

.(b) Time relation of signal waveforms 

v 
0

(t) 

t 

Figure 4. -- Two channel multiplexer and control timing signal waveforms 
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At timet = 0, channel 1 is turned ON by switching the gate of 

Q 1 from+V8 to -v
8 

as ill~strated in Figure 4~ The multiplexer output 

voltage as a function of time can be calculate¢ from the equivalent 

circuit shown in Figure 5. Using the nodal method of analysis, the 

output voltage transfer function' s denominator can be determined to . 
have three roots, one root being at zero. ·The inverse o.f these two 

non-zero roots are the channel time constants. With a great deal of 

laborious effort the general expressions for these two time constants 

can be derived to be 

2A 
T1 = B+ K 

( 11) 

( 12) 

where 
2 -

A - R1RLRon (COCI- C sd) 

B = R C (R + R ) + R
1

c
0 

(R
1 

+ R ) - 2R 1R1C d 
1 I L on . on s 

K = [ B2 - 4A (R1 ~ RL + Ron) J 1/2 

.c = C + C + C + C d I 1 sb sg s 

CO= CL+ Cdb+Cdg+Csd 

R = R for the 0 N condition. 
on sd · 

Typically R >> R > R and c
1

>> Csd<<c 1• Usingthebinominal 
. L . 1 on l/2 . _ 

series expansion of (l + x) ; ]xi< l, (flrst two terms) and as!?um 

ing the above magnitude conditions, th~n the equations fo~ the above 

time constants can be approximated bY. the simpler expressions 

( 13) 
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SXMBOL DEFINITIONS 

Channel 1 input source· re-sistance 
Channel 2 input source resistance 
Gate-to-substrate pullup resistance 
MOS-FET cha·nnel resistance · 
Multiplexer output load resistance 
Channel I . input capacitance 
Channel 2 input capacitance 
Source -to-substrate c::apacitance 
Drain -to-substrate capacitance 
Source -to-gate capacitance 
Drain -to-gate capacitance 
Source -to-drain capacitance 
Multiplexer output load capacitance 
Signal voltage into channel I 
Signal voltage into channel 2 
Bias voltage to substrate of .MOS-FET switches 
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Bias voltag·e switched to gate of MOS-FET switches 

Gate 1 control voltage signal . 

Gate 2 control voltage signal 

Multiplexer output voltage 

Figure 5. -- Circuit model and symbol defin~tions. 
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(14) 

Similar reduced expressions have previously been derived by 
6 

Mogensen and Chan using a more elementary circuit and a different 

set of initial conditions. Utilizing these reduced forms, the multiplexer 

output voltage as a function of time can be determined by partial fraction 

techniques to be 

-t/T -t/T 
"'o ( t) = V 1 - K1 e 1 - K2 e 2 {15) 

where 

. Kl- CI! CO [ CI(Vl -V2)- (Csg- Cdg ~.~) (VG +VB)] 

K2 = ·C : c . [ c 0 (V 1 - v 2 ) + ( c + c d ) ( v G + v B ) ] 
I 0 sg g 

From equation 15 we can draw the following conclusions. Upon initial 

c~osure of the multiplexer switch device Q 
1

, at t = 0, the output 

voltage v 
0 

( t) initially decreases by the amount 

cd 
~ vo ( 0 ) ::;: _g ( v + v ) ( 16) c

0 
G B 

For time t > 0 the output voltage v 
0 

( t) . charges exponentially towards 

the input source ·potential V 
1 

, as a function of the two time constants, 

T and T . Immediately after the channel turns ON a portion of the 
1 2 

energy stored on the input capacitance, CI' is transferred to the output 

6Per Mogensen and Wallace Chan, "MOS multiplexer switches can 
do well at high frequencies," Electronics, November ll, l968,pp. 152-156. 



capacitan'?~ _9 
0

• This charge transfer occurs exponentially with the 

time constant r
1

. For t >> T . . l 

27 

vO(t) = Vl- CI ~CO [ CO(Vl -Vz) (17) 

· J -t/T 
+ ( c + cd ) ( v + v } e 

2 
. sg · g . G B 

At this point in time the output voltage v 
0 

( t) is predominately 

controlled by the time constant T 
2 

and will charge to the final value V 
1 

if sufficient sample tim~ is available. The difference between the 

final value V 
1 

and the output voltage v 
0 

( t) at time ·ntn is defined as 

the· channel settling error. For a single -ended channel this difference is 

l 
Es ( t) - -c-I _+_c_o ( 18) 

In the case of a differe.ntial-ended channel, the settling error 

is the difference between the errors achieved for each of the two signal 

paths. If the signal paths are considered to be equally balanced; then 

the settling error can be calculated to be 

-t/T 
2 

e (19) 

For the .case of equally balance signal paths, the settling error 

portion attributed to the gate coupling capacitance is observe_d to · cancel 

out. Typical settling errors that can result from the phenomena of 

transient events described above are illustrated graphically in Figure 6. 

The curves are plotted for various sample rates, source resistance and 

multiplexer capacitances. .Time 11 t 11 is tJ:le period of time occurring after 



the chann~~ .ts turned ON. The settling error as a percentage of 

(V1 - V2) is plotted in Figure 6. The family of curves are a plot of 

28 

200 c
0

. 

% ED(t) = C + C e 
-t/r 

2 
(20) 

I 0 

From the graph we can see that, for the case where V 
1 

and V 
2 

are DC sources, which represents the peak amplitude of the input 

data, the higher the sample rate, the smaller the source resistance, 

or the smaller the output capacitance; then the less the settling 

error will be • . To minimize settling errors, the input capacitance 

should be either very small or very .large in value. 
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8. CHANNEL COMMON-MODE REJECTION 

Unfortunately, too many instrumentation engineers neglect to take 

in~o account the cable and multiplexer characteristics when specifying · 

the common-mode rejection (CMR) of. a channel. For DC lev~ls the 

cable and multiplexer impedances normally can be neglected and the 

common -mode rejection is fixed by the CMR of the differential amplifier, 

typically 100 db or so. However, at 400 Hertz the CMR is significantly 

degraded by the impedances of the multiplexer, cable qr both, because 

of the unbalance in the channel signal paths. The obvious solution 

appears to be t o balance the channel; however, this approach is costly 

for a large mult iplex er system, and perfect balance is impossible to 

achieve since t he degree of ·balance varies with frequency. 

How much unbalance can be tolerated? The answer to this 

question can be acquired by analyzing the circuit in Figure 7 which 

represents a typical channel from the transducer through the multiplexer. 

The "Zs 1 s 11 represent the series im~edances of the transducer, cable, 

and . multiplexer ON resistance; and the 11 Z1 
1 s 11 ~epresent the shunt 

impedances of the cable and multiplexer to th~ common reference 

ground·. 

The desired expression relating ·the output transform voltage to the 

input . transform voltage is the transfer function of the network. The 

transfer functi.on of Figure 7 is rather complex due ~o the many loops 

and is rather difficult to derive with normal loop or nodal analytical 

techniques. The task is simplified a great deal by recqgnizing the 

symmetrical, repetitive nature of the circuit. By treating the circuit 

as a series of cascaded two-port networks, a single section can be 

analyzed and the overall response obtained by matrix multiplication of 
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the individual sections. (There are no restrictions or problems in the 

cascade connections. 
7

) 

At first one might be inclined to consider the who(e circuit in 
. . 
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section "i" of Figure 7 as the basic two -port building block. This cir-

cuit does in fact yield the differential-mode signal conversion of the 
th 

i · stage; however the common-mode signal which passes through the 

network can not be applied to the next stage I since the output is purely 

differential. Hence I this circuit is not optimum for cascading. A 

better choice is one-half of the network of section "i". This network is 

redrawn as a two-port network in Figure 8. The respective open and 

short circuit transfer parameters "a"/ "b"/ "c" 1 and 11 d 11 are also listed. 

Other parameters also could be employed to characterize this network; 

however I they are less desirable I if cascading of several networks is 

desired. 

The voltage -current transform relation of the network in Figure 8 in 

matrix notation is 

[

ai 

c . 
. l 

(21) 

where the elements "a tl I 
11 b 11 

I 
11 C 11 

I and tid 11 of the matrix array are those 

defined in Figure 8 and the subscript 11 i 11 indicates the matrix is as so-

. d . h h . th· t. c1ate w1t t e 1 sec 10n. 

Cascading the tin 11 two-port networks of the upper half of the 

circuit in Figure 7 yields: . 

?wallace L. Cassell/ Linear Electric Circuits 1 (New York: 
Wiley & Sons/ Inc. I 1964L p. 456. 

I 
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V (s)] n [ V (s)] 
em - -= n T. . ( n + 1) 

I em ( s) i = 1 [ J -I( n + l) ( s) 
=. [ TT 

where [ TT J is the matrix product of the parameters of the individual 

sections for all "n 11 stages of the network; Similarly, for the lower 

half of the circuit; 

V (s) * 

34 

(22) 

em 

* = [ T; J v(n + 1)(s) 

* · 
. . . (23) 

I ( s) 
em - I(n + 1) ( s) 

) 

where the asterisk symbol deno:tes the l~wer ·sections. Hence the 
. . 

voltage transfer functions of the composite 11 n 11 sect~ons ?re 

for the upper ha If: 

for the lower half: 

V (s) 
em 

V (s) 
em 

. (24) 

(25) 

* where AT, AT represents the composite II a II para. meter in the [ TTJ , [ T; J 
matrix 

The ratio of the input voltage to the difference of the output 

voltages of the composite circuit is calculated ~s: 

(26) 



V (s) --- em 
* A~T 

= 
* 

v(n + 1)(s)- v(n + 1)(s) 

The common-mode rejection of the network in Figure 7 is clearly 

defined to be 
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(27) 

(28) 

As an example, consider the effects of the cable and source 

impedances (represented in the first section) on the CMR performance 

of the channel. Normally, the multiplexer input impedance is much 

greater· than the cable shunt impedance to ground. Hence, the second 

section' s loading on the first section c·an be neglected without intro

ducing substantial error. With this assumption, the ratio of the 

difference of the output voltages to. the input voltage is: 

* V 
2
(s) - V 

2
(s) 

1 
V (s) 

em 
= --

or combining, 

* V
2
(s)- V

2
(s) 

V (s) 
em 

= 

(2 1i + 2 s1) + (6211 - 6281) 

2 11 ..:.. 6211 

(29) 

(30) 



which is approximately equal to: 

* . V 
2 

(s) -:- V 
2 

(s) 

V (s) 
em 

written as 

* V
2

(jW) - v
2

(jW) 
·( GLl ) ( ~R 2R . . Sl 

Sl . w(c2 - ~C2 ) RSl 
J Ll Ll 

V (jW) 
em 

From which the CMR is found by taking the product of 20 and the 

logarithm of the magnitude of the above expression. Typically 
2 2 - . 

C
11 

>> b..C
11

, therefore the CMR can be simplified to 

36 

(31) 

(3 2) 

(33) 

The CMR (Equation 33) is plotted as a set of curves in Figure 9. 

Note from equation 33 that the CMR is reduced by approximately six db 

each time either the shunt capacitance unbalance doubles or_ the · source 

resistance unbalance doubles. From Figure 9 we see that the common

mode rejection of the channel is degraded quite severly for a five 

percent unbalance in the source resistance and the shunt cable 

capacitance. 
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9. OVERALL MULTIPLEXER PERFORMANCE 

In the previous sections, expressions have been derived for 

several multiplexer error sources: crosstalk, offset , transient settling, 

and common-mode. There are other multiplexer errors: back-current 

offset, gain and amplifier loading, which have not been discussed fn 

this pap·er. These errors also contribute to the inaccuracy and therefore 

must be included in the statement of the overall performance of the 

multiplexer. 

The error expressions presented in the above sections have 

been derived in such a way so as to represent the peak error:- which 

may occur for that particular error source. To find the total cumulative 

peak error (vyorst-case or maximum) of the multiplexer, one must sum 

all of the peak errors for all the individual error sources. 

This cumulative peak error is .not truely representative of the 

typical accuracy performance which normally can be achieved with 

low-level MOS-FET multiplexers, but does provide the upper bound 

on the maximum error to be expected . . Ih fact, it is most unlikely 

that all the individual errors will be simultaneously maximum at any 

given time. Therefore, some means of stating the expected error in 

terms of an averag.e is desirable. One such means of stating the 

overall accuracy performance is by expressing the error as the root

mean-square (RMS) value of the individual peak errors. 8 The RMS error 

is found by summing the squares of the individual peak errors, taking 

8Petr Beckman, Probability in Communication Engineering, (New 
York: Harcourt, Brace and World Inc., 1967), p. 82. 
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_!he mean of the sum, and then taking the square root of the mean. If 

several errors are much smaller than the others, then the smaller errors 

tend to dominate the resulting RMS error and forces this error to be 
. . 

·much smaller than may normally occu.r in practice. Hence, another 

expression for error is often used; the root-sum-square (RSS) value. . . 

The RSS error is defined as the sq~are root o.f the sum of the squares 

of the individual peak errors. RSS error calculations give a more 

realistic error estimate than the RMS error calculation. 

In conclusion, we have seen from the above paragraphs, that 

the multiplexer configuration, the multiplexer switch characteristics, 

and the s·ample rate all effect the total accuracy of the system. Two 

of the largest sources of errors are attributed to the se~tling error, 

which shows up as channel crosstalk, and common-mode injected 

errors. Therefore, these two major error factors should be given 

special attention in the design phase. On the otherhand, one shouldn't 

overlook the other error sources, which may also cause significate 

errors if not considered. 
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