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Abstract—This paper deals with the analysis of multi-channel
data-acquisition systems with the aim of identifying and combin-
ing the main uncertainty contributions according to the GUM
framework. Particular attention has been paid towards cross-
talk effect, which could be an important uncertainty contribution
in multiplexed data-acquisition systems. The uncertainty analy-
sis is described for three commercial data acquisition devices
highlighting that cross-talk specifications are often not suitable
for a reliable uncertainty estimation in operating conditions.
For this reason, an experimental set-up has been arranged to
fully characterize the inter-channel effects of the investigated
devices. The obtained results have highlighted that a proper
characterization of a data-acquisition system is effective in
estimating the actual performance at the frequency of interest
and in the operating conditions for the source resistance and the
input-channel configuration. Eventually, a customized procedure
has been proposed that is effective in correcting the cross-talk
effects also in very severe conditions of inter-channel disturbance.

Index Terms—electrical quantities, data-acquisition systems,
uncertainty, cross-talk

I. INTRODUCTION

Multi-channel Data AcQuisition (DAQ) systems are largely
used in research and industrial fields thanks to their flexibility
and scalability. An example of application in the bio-medical
field is described in [1], while [2] and [3] refer to applications
for renewable energy sources. Other examples that refer to
DAQ systems, which collect signals from several sensors, can
be found in structural-health monitoring [4], power metering
[5], environmental monitoring [6] and energy-harvester char-
acterization [7]. Thanks to the massive production of micro-
controller based boards and embedded systems, low-cost and
very compact DAQ systems have been arranged that also
include on-board signal-processing capabilities [8]- [9].

One of the open problems in the use of such DAQ sys-
tems consists in the correct interpretation of the uncertainty
specifications provided by the manufacturers. This problem
has been already highlighted in [10] and [11], where the
GUM uncertainty framework [12] has been considered as a
reference model for the combination of the main uncertainty
contributions of a single-channel DAQ system. The same
GUM approach has been compared to the numerical Monte
Carlo method [13] for a low-frequency application of a single-
channel DAQ system [14]. Other examples of uncertainty
estimation in virtual instruments and supervisory control and
data acquisition (SCADA) systems can be found in [15]- [17].
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The uncertainty analysis of multi-channel DAQ systems
requires further contributions to be taken into account, which
are mainly the cross-talk among channels and the settling time
for multiplexed channels [8]- [9]. Examples of estimation of
cross-talk effects can be found in [18]- [19], while suitable
design techniques for reducing cross-talk effects in printed
circuit boards are described in [20]- [21].

Useful guide lines for the characterization of DAQ sys-
tems can be found in the standard IEEE 1057 [22], but the
manufacturer specifications still remain questionable to be
interpreted, above all when inter-channel effects have to be
taken into account. The problem is investigated in this paper,
which describes the uncertainty analysis of multi-channel DAQ
systems with a particular attention towards the interaction
between active channels. This manuscript is an extended
version of the conference paper [23], where preliminary results
that are related to this issue were described.

In the section II, the common architecture of a multiplexed
DAQ system is provided and the main uncertainty contribu-
tions are identified. The GUM uncertainty framework is then
implemented in the section III starting from the specifications
of a commercial DAQ board. The section IV describes the
experimental set-up that has been specifically conceived to
characterize three different data acquisition systems, which
are two commercial DAQ boards and a micro-controller based
board. The obtained results are described in section V, while
the final remarks are summarized in the section VI.

II. MULTIPLEXED DAQ SYSTEMS
A. System architecture

The block scheme of a multiplexed DAQ system is shown
in Fig. 1, which refers to a system that is able to acquire
16 Referenced Single Ended (RSE) signals (switch SW2
connected to ground) or 8 differential signals (MUX1 and
MUX?2 driven to couple channels from CHO-CHS8 to CH7-
CH15). Suitable circuits are usually connected to the input
channels for protection of the next stages against over-current
and over-voltage. One should note that the presence of the
multiplexers allows the main components of the measuring
chain to be shared among different channels, thus obtaining a
compact and low-cost DAQ system.

The Programmable Gain Amplifier (PGA) is set to match
as well as possible the amplitude of each voltage signal to
the input range of the Analog to Digital Converter (ADC).
The output code D of each channel is eventually processed
according to the calibration function that describes the mea-
suring chain in order to provide the measurements of the input
voltage signals.
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Fig. 2. The cross-talk effect in a multiplexed DAQ system.

The most important uncertainty contribution that is related
to the presence of the multiplexers is the cross-talk between
channels, which is defined for sinusoidal signals as:

Cﬂ“—204m50<%2> (dB) 1)
2
where v o is the root-mean square (rms) value of the distur-
bance that propagates to the channel 1 due to the rms-value vo
of the signal that is present on the channel 2 (see Fig. 2 that
refers to the acquisition of two signals in RSE configuration).
The estimation of the cross-talk according to the equation
(1) could be a tricky problem, since it depends on the non
perfect insulation between the channels of the DAQ system
along the whole path (from the input connector to the MUX
inputs) and between the channels of the MUXs. In addition,
the cross-talk is affected by the source resistances 75, and
rgo and by possible ground loops among the active channels,
which also depend on the input configuration (RSE or DIFF).
The manufacturer specifications of commercial DAQ sys-
tems do not allow a reliable estimation of the cross-talk effect
to be obtained. For low-level systems, the cross-talk is not
provided and manufacturers suggest to maintain the source
resistance below a certain value to have negligible cross-talk
contributions. For medium-high level DAQ systems, the cross-
talk is stated, but not enough details are provided to estimate
the corresponding contribution in operating conditions. The

source conditions are usually not specified, there is no dis-
tinction between adjacent and not adjacent channels and only
a cross-talk value is provided in a specific frequency range,
e.g. from DC (Direct Current) to 100 kHz, or at the upper
bound of the frequency range.

The transient due to the channel switching is another
important effect that is related to the presence of the MUXs.
Manufacturers usually set a maximum source resistance, e.g.
1 k2, that allows this contribution to be made negligible.
However, a suitable settling-time has to be set in order to
allow the transient to be extinguished before the ADC samples
the signal vapc. Such a settling-time represents a trade-off be-
tween uncertainty and sampling rate, due to the dependence of
the actual sampling frequency of each channel on the settling-
time value. As an example, in a four channel multiplexed DAQ
system that requires a settling time of 2 us, the sampling
rate of each channel cannot be higher than 125 kSa/s, i.e.
1/(4-2 us), even though the ADC can work at a higher rate.
In the analysis of this paper, the assumption of settling time
that minimizes the transient contribution is considered always
valid.

B. Uncertainty analysis

According to the block scheme of Fig. 1, the ADC output
code Dj that refers to each of the i-th active channels can be
expressed as:

. _ VADCi _ Gi -
' Vy Vi /2NP

2

where Gj is the gain of the PGA for the i-th active channel,
while Vpr and Nb are full-range voltage and number of bit
of the ADC, respectively.

If the previous expression is rewritten highlighting the main
error terms, the ADC output code that corresponds to the input
channel 1 becomes:

Dy = Gy -2V (vy + ofT + Vog rrr)
' Vrr

+ Dot + 34 (3)
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where v?T is the error term related to the cross-talk, Vog rr1
is the offset voltage Referred To Input of the PGA, Dyg is
the offset error of the ADC, and d4 is the ADC quantization
error.

Starting from the input/output relationship (3), the measure-

ment of the voltage v, can be estimated as:

v = Vq(';?l -(I+ea)— (V‘*lem + Voff,RTI) +
“)
—% —ofT + err + eomrr + 1

where the term e takes into account the relative error of
PGA and ADC reference-voltage and the non linearity of the
system, n represents the electronic noise, while the terms epp
and ecyrg represent the systematic effects due to the Load
Effect and the Common-Mode Rejection Ratio (CM RR) of
the PGA.

Equation (4) represents the measurement model that can be
used to estimate the uncertainty of the voltage signal v; when
the different contributions are available. However, if the DAQ
system of Fig. 1 is integrated in a DAQ board or in a micro-
controller chip, the characterization of the whole measuring
chain is usually available and the equation (4) can be rewritten
as:

Vy-D
v = qG 1 -(1+ea)+eorr +eq+0r ' +erp+ecmrr+n
1

)

where

€OFF = V“'GiDl"“ + Vot RTI
(6)
€q = ngq

The uncertainty estimation according to the the GUM
framework [12] requires that each error term of equation (5)
is considered as a random variable (r.v.) and that the main
systematic effects are corrected. The terms ez and eopp
are considered r.v. with zero expected values and standard
uncertainties u(eg) and u(eorr), respectively. The term eq
can be also considered a r.v. with zero expected value and
standard uncertainty u(eq) = e,/v/12, but only if the sampling
process is uncorrelated with respect to the input signal or the
internal noise is larger than the quantization noise.

The systematic effect ep, depends on the source impedance
and on the impedance Zin of the input channel, which is
usually represented by means of a resistance Ryn shunted by
a capacitance Cyy. Since Ryy is of the order of gigaohm and
C1x could be tens of picofarad, the load effect is negligible at
low frequencies for source resistance up to few kiloohm, while
it could be comparable to the other uncertainty contributions
at high frequencies. The term ecyry is instead related to the
parameter CM RR of the PGA and to the Common-Mode
voltage voy, which is the average of the voltages applied to
the two inputs of the PGA. It could become comparable to the
other uncertainty contributions if a small differential voltage is
measured with a high common-mode voltage. When these two
systematic effects are not negligible, their compensation has

to be implemented in the calibration function and the residual
uncertainty contribution has to be estimated.

The characteristics of the term v$'T depend on the pos-
sible correlation between the signal v; (the quantity under
measurement) and the signal vy, which is responsible for the
disturbance that propagates to the adjacent channel. However,
also this term can be considered a systematic effect by
implementing the correction method that is proposed in the
section V.D, which requires a preliminary characterization of
cross-talk effects.

In the next section, a numerical example is provided that
refers to a commercial DAQ board. The different uncertainty
contributions are estimated and the conditions that make
negligible the systematic effects err and ecyrpr are defined.
It will be also highlighted that the cross-talk specifications
are not suitable for a reliable estimation of the corresponding
uncertainty, thus requiring an experimental characterization of
the DAQ Board.

ITII. UNCERTAINTY ESTIMATION FOR A COMMERCIAL DAQ
BOARD

A numerical example is here provided that refers to a
commercial DAQ Board with the following specifications:

« bipolar full-range from —5 V to +5 V; N}, = 16

» maximum sample rate: 250 kSa/s

e ¢ =85-107%; eopr = 0.2 mV; u(eq +n) =118 uV

e Ry > 10 GQ; Cry = 100 pF

e« CMRR =100dB (DC to 60 Hz)

e CT =-75dB @ 100 kHz (adjacent channels)

e CT =-90dB @ 100 kHz (non-adjacent channels)

Manufacturers usually do not provide information related
to the probability distribution of gain and offset errors, then
a conservative choice is made considering these r.v. charac-
terized by uniform probability density functions (pdf) with
zero expected values and upper bounds equal to eg and eorr,
respectively. The corresponding standard uncertainties are then
estimated as:

2. 2.
_ 4% ﬂwllf),uv

u(ec) = ﬁ V12
(7

About the load effect of the DAQ Board on the signal
source, an upper frequency limit is estimated to make the term
eLg negligible with respect to eg, i.e. epg < €g/4 ~ 21-1075,
To maintain the relative load effect within this limit, for a
signal source with an internal resistance not higher than 100 €2,
the signal frequency has to be lower than 100 kHz. Resistance
source up to 1 k2 can be accepted provided that the frequency
is limited to 10 kHz.

The error term ecyrr can be neglected (relative effect
lower than 21 - 1076) if the common-mode voltage vcy is
not higher than the double of the differential voltage vp, since
CMRR = 100 dB. This condition is met if the input channels
of the DAQ board are configured as RSE, since vcy =~ vp /2.
In the DIFF configuration, a check has to be performed in
order to verify the stated condition.

A first estimation of the relative standard uncertainty w, (v ),
which does not include the term related to the cross-talk,

~49-107% u(eorr) =
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Fig. 3. Absolute (upper chart) and relative (lower chart) standard uncertainty
of the measured voltage v1 without considering the cross-talk contribution.

can be suitably obtained combining the identified uncertainty
contributions. When an indirect measurement method is im-
plemented, the matrix formalism is suggested in the GUM
framework in order to easily account for possible covariance
among the involved variables [24]. However, in the investi-
gated system, where a direct measurement method is imple-
mented, a reliable uncertainty estimation can be obtained by
making suitable assumption about the correlation among the
different uncertainty contributions. Since such contributions
are related to quantization and noise, gain uncertainty and
offset uncertainty of the measuring chain, the assumption of
not significant correlation, i.e. p(z;, LL‘J‘) =~ 0, seems reasonable,
thus obtaining:

up(vy) = \/UQ(GG) 4 U2(6<2)FF) N U2(eq2—|- n) "
V7 V2

In the upper chart of Fig. 3, the behavior of the absolute
standard uncertainty u(v1) is shown for voltages with absolute
value higher than 0.15 V. The lower chart of the same
figure shows, in the same voltage range, the relative standard
uncertainty wu,(v1), which is included between 59 ppm and
1090 ppm. One should note as the relative uncertainty becomes
very high when voltage values close to the ADC resolution are
measured.

The contribution related to the cross-talk of the DAQ system
has to be added to the estimated uncertainty, but the parameter
CT is stated at a specific frequency (100 kHz) and the
conditions for the source resistances of the involved channels
are not defined. Furthermore, the cross-talk definition refers
to sinusoidal signals, thus making questionable the estimation
of the cross-talk contribution for arbitrary signals. For these
reasons, an experimental procedure has been implemented in
order to estimate the cross-talk effects in different operating
conditions.

IV. EXPERIMENTAL SET-UP FOR CROSS-TALK ESTIMATION

With the aim of characterizing cross-talk effects in multi-
plexed DAQ systems, the experimental set-up that is shown in
Fig. 4 has been arranged, which refers to the RSE configura-
tion of the input channels.

A signal generator (Tektronix AFG-3252), which is con-
trolled via USB interface by a LabVIEW Virtual Instrument
(VI) running on a PC, is connected to the input channel 2 of
the DAQ system under test through a source resistance g2 and
configured to produce sinusoidal voltage signals at different
frequencies. The voltage signal on the channel 2 is set to have
a peak-to-peak amplitude that is equal to the input range of
the DAQ system. The input channel 1 is connected to ground
through the resistance 7g1. The VI acquires voltage samples
from the two active channels and process them in order to
estimate the disturbance source v, at the input channel 2 and
the error term vy o at the input channel 1.

The Sampling Rate (SR kSa/s) of each channel is set to a
half of the maximum sampling rate of the ADC internal to
the Device Under Test (DUT) and SR samples are collected
at each tested frequency, thus acquiring a frame per second
for each of the two active channels. The collected samples
are processed with a flat-top window and then converted in
the frequency domain through a Fast Fourier Transform (FFT)
algorithm using the LabVIEW module Amplitude and Phase
Spectrum.vi. In order to obtain a reliable measurement of the
rms value, repeated frames are averaged in the time domain
until a minimum Signal to Noise Ratio (SN R) of 40 dB is
obtained. The SINR is estimated as the ratio between the rms
at the tested frequency by the rms of all the other spectral
components.

The rms values of the disturbance signal vs and the error
term v; o are evaluated as the FFT modules at the index
corresponding to the tested frequency. The ratio between such
rms values is calculated to estimate the cross-talk according
to equation (1).

To estimate the phase difference between the signals vq 2
and v9, the same LabVIEW module is used to find the phase
values at the frequency indexes of the maximum amplitude
and the estimated phase differences are unwrapped using the
LabVIEW module Unwrap Phase.vi. The unwrapped phase
difference is eventually corrected taking into account the time
skew between the two active channels, which is equal to the
sampling interval Tg of the ADC:

A¢:¢1*¢2+¢Corr:¢17¢2+27T'T8'fi (9)

where Ts = 1/(2- SR) and f; is the tested frequency.

The same procedure is used to estimate the cross-talk effects
in the DIFF configuration of the input channels of the DUT.
In this case, the resistor 14 is connected through the first
differential channel of the DUT and the disturbance signal is
applied to the other differential channels.

The uncertainty of the estimated cross-talk amplitude can
be obtained from the measurement model (1) propagating
the uncertainty of the parameters v; o and vs. Since both
parameters are the results of an FFT processing, according to
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Fig. 4. Block scheme of the experimental set-up that has been arranged to estimate the cross-talk effects.

[25] the main uncertainty contribution is due to the effective
number of bit B of the ADC and is expressed as:
Uq

u(v1,2) = u(ve) = V3.77 T
where N is the number of processed samples, while uq =
Vrr/(28 - V/12). The term /3.77 takes into account the
equivalent bandwidth of the flat-top window, which is used
to process the acquired samples due to the non synchronous
sampling here implemented.

The expression of the standard uncertainty of the cross-talk
amplitude depends on the correlation that exists between v 2
and vy. According to the expression (10), the corresponding
uncertainty contributions depend on the effective number of
bit of the ADC, which in turn mainly depends on noise
and distortion. For this reason, the assumption of negligible
correlation between v; o and v9 is considered, thus obtaining:

(10)

20 ? -20 1?

u(@T) = \/[ln(lO) : U1,2} TuA(vie) + [ln(lo) . 112] T (v)

1)

One should note that a different assumption for the cor-

relation coefficient p(v1,2,v2) in the investigated system has

negligible effects, since the sensitivity coefficient of CT" with

respect to vy o is several order of magnitude higher than the

sensitivity coefficient with respect to v. This is related to the

different order of magnitude of vy (about 3.5 V) with respect
to vy 2 (from about 30 1V to about 3 mV).

V. EXPERIMENTAL RESULTS

Thanks to the set-up described in the previous section,
the cross-talk effects have been estimated for three different
commercial DUTSs, which are two DAQ boards and a micro-
controller based board.

A. DAQ Board A

The first series of tests has been performed to characterize a
commercial DAQ board hereafter referred as Board A, which
is the same as the numerical example of the section III. The
cross-talk estimation has been obtained in the frequency range
from 100 Hz to 125 kHz. The uncertainty of the cross-talk

amplitude is estimated according to the expressions (10) and
(11) with an effective number of bit B that is equal to 12 and
a number of samples N = 125000. For each tested condition,
the cross-talk is reported as a couple of lines that corresponds
to lower and upper bounds of the confidence interval C'T"
2-u(CT).

The results that refer to the RSE configuration of the input
channels of the board are summarized in the left part of
Fig. 5. The channel 1 is connected to ground through three
different values of the resistance ry; (= 0 €, 100 € and
1 k), while the source resistance 72 is maintained at 50 2.
The upper chart refers to the cross-talk between the adjacent
channels 1 and 2, while the lower chart shows the cross-
talk for non-adjacent channels 1-3 and 1-7. The manufacturer
specifications for adjacent and non-adjacent channels are also
shown in the two charts, which are —75 dB @ 100 kHz and
—90 dB @ 100 kHz, respectively. The comparison between
the manufacturer specifications and the obtained results in the
tested conditions highlights that the —75 dB limit for adjacent
channels is valid up to about 57 kHz for 741 =~ 0 2, 40 kHz
for rg1 = 100 © and 11 kHz for ry; = 1 k2. About non-
adjacent channels, the —90 dB limit is valid up to 40 kHz
for channels 1-3 (rg; = 100 Q and 752 = 50 ) and up to
63 kHz for channels 1-7 (rg1 = 100 Q and rgo = 50 Q).
These outcomes highlight, as expected, a strong dependence
of the actual cross-talk on the source resistances as well as
an important effect of the active channels (adjacent or non-
adjacent).

In the right part of Fig. 5, the results related to the DIFF
configuration of the input channels of the board are summa-
rized. Better results have been obtained in terms of cross-
talk, thus showing that also the input-channel configuration has
an important effect on the actual cross-talk. In this case, the
—75 dB limit for adjacent channels is valid up to 95 kHz for
rg1 ~ 0 Q and 750 = 50 2 and up to 74 kHz for ry; = 100
and 7z = 50 €. For non-adjacent channels, the —90 dB limit
is valid up to 96 kHz for channels 1-3 (rg; = 100 €2 and
rg2 = 50 ) and up to 82 kHz for channels 1-7 (rg; = 100
and g2 = 50 ).

Regardless of the cross-talk stated by the manufacturer, a
frequency limit can be estimated in the tested conditions in
order to consider negligible the uncertainty contribution v$'™
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Fig. 5. The measured cross-talk for the DAQ Board A: the left part refers to the RSE configuration, while the right part refers to the DIFF configuration.

in the equation (5). Starting from the uncertainty estimation of
Fig. 3, which shows a minimum standard uncertainty of about
165 uV, the standard uncertainty u(vF™) can be ignored if
its value is not higher than 40 ©V, which is about 1/4 of
the minimum value of w(v;). In the worst-case scenario of
a voltage signal on the channel 2 with an rms value ve =
5/ V2 2 3.54 V, the minimum cross-talk value is equal to:
cT
CTyin = 20 - logy {M} =

V2

12)

=20+ logyg (440 ) ~ ~98 dB

Taking into account this result, the cross-talk effects can
be considered negligible up to the frequency values that are
summarized in the Table I, which have been estimated using
the upper bound of the cross-talk confidence interval.

B. DAQ Board B

The second device that has been tested is another com-
mercial DAQ board hereafter referred as Board B, which is
characterized by the specification summarized below:
« bipolar full-range from —10 V to +10 V; Rix > 1 G
Ny, =16

» maximum sample rate: 50 kSa/s

« uncertainty at full scale: 6 mV; Integral Non Linearity
(INL): £1.8 LSB

o uleq +mn) =400 pV

e« CMRR =56 dB (DC to 5 kHz)

For this board, which has worse metrological characteristics
than the first one, the manufacturer does not provide informa-
tion related to the cross-talk effects, thus highlighting the need
of a proper characterization. Only general considerations are
given for multichannel applications, such as the use of short
high-quality cables and impedance sources lower than 1 k(.

A lower bound of the expected uncertainty is estimated
taking into account the contributions related to noise and
quantization and to the INL. The latter is stated as +1.8 LSB,

which corresponds to a maximum voltage error of about
550 ©V and then to a standard uncertainty u(INL) (assump-
tion of uniform distribution):

2550 uV
V12

The combination of noise and INL contributions corre-
sponds to a standard uncertainty of about 510 'V, which is
considered the limit of the contribution u(v{™) due to the
cross-talk. In the worst-case scenario (sinusoidal voltage signal
on the channel 2 with an rms value vy = 10/\/5 ~ 7.07V),
the minimum cross-talk value is equal to about —82 dB (see
equation (12)).

For this board, the cross-talk has been estimated in the
frequency range from 100 Hz to 25 kHz, which is a half
of the maximum sample rate of the internal ADC (50 kSa/s),
obtaining the results that are shown in Fig. 6. The uncertainty
of the cross-talk amplitude has been estimated for an effective
number of bit B = 10.7 and a number of samples N = 25000.
The minimum value CT},;, that makes negligible the cross-
talk effects is also shown in the figure (continuous magenta
line).

About the results that refer to the RSE configuration (left
part of Fig. 6), similar cross-talk values have been obtained
between adjacent channels for different source resistance,
since the confidence intervals are overlapped. The frequency
range where the inter-channel effects do not affect the overall
uncertainty has an upper bound of 9 kHz for source resistance
up to 100 €2 and 8 kHz for a source resistance of 1 k{2.
Cross-talk values close to —70 dB are instead obtained at
the maximum tested frequency. The cross-talk between non-
adjacent channels for a source resistance 751 = 100 2 are not
distinguishable at low frequency (confidence interval between
about —104 dB and —92 dB), while it increases as the
frequency increases showing the lower values for the couple
of channels 1-3 (about —75 dB @ 25 kHz). For this board, it
should be noted that the couple of non-adjacent channels 1-4

u(INL) = ~ 317 pV (13)
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TABLE I
FREQUENCY LIMITS THAT ENSURE A NEGLIGIBLE CROSS-TALK EFFECT FOR THE DAQ BOARD A

RSE (rg2 = 50 Q)

DIFF (g2 = 50 £)

adj. channels non-adj. channels

adj. channels non-adj. channels

3 kHz (rg1 ~ 0 Q) 14 kHz (rg1 = 100 ) CH 1-7

6 kHz (rg1 ~ 0 Q) 15 kHz (rg1 = 100 Q) CH 1-7

2.1 kHz (rg; = 100 Q) | 11 kHz (rq; = 100 Q) CH 1-3

4 KkHz (rq = 100 Q) | 16.5 kHz (rg1 = 100 ) CH 13

RSE, channels 1-2, rg2 = 50 Q

DIFF, channels 1-2, rg2 = 50 Q2

rgl=0Q, £2-u(CT)

— — — rgl=100Q, £2-u(CT)
-80 - = . rgl=1kQ, +2-.u(CT)
— (T,

min

CT (dB)

CT (dB)

— rgl=0Q, +2.u(CT)
75F | == — rgl=100Q, £2-u(CT)
— CT,

min

10? 10° 104

102 108 10*
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= -95
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Fig. 6. The measured cross-talk for the DAQ Board B: the left part refers to the RSE configuration, while the right part refers to the DIFF configuration.

exhibits a cross-talk that is worse than the cross-talk between
adjacent channels.

The results obtained for the DIFF configuration are sum-
marized in the right part of Fig. 6, which highlights higher
interference between adjacent and non-adjacent channels with
respect to the RSE configuration. Cross-talk values higher than
C'Tiin have been obtained for frequency higher than 6 kHz
(adjacent channels, source resistance up to 100 €2), 10 kHz
(channels 1-3, source resistance 100 2) and 4.6 kHz (channels
1-4, source resistance 100 €2). The non-adjacent channels 1-4
exhibit the worse behavior at frequencies higher than 4 kHz
(cross-talk confidence level non overlapped with the interval
of the channels 1-3), thus confirming the outcome obtained in
the RSE configuration.

C. Micro-controller based board

The third device under test is a commercial development
board, which embeds the micro controller Atmel SAM3X8E
ARM Cortex-M3. The data-acquisition section internal to the
device has an architecture that is similar to a DAQ board,
including a multiplexer, a programmable gain amplifier and
an ADC. The input channels can be configured both in RSE
and DIFF mode. The ADC has been configured in free-
running mode with a sampling rate fs = 100 kSa/s and
with a resolution N, = 12. In these conditions, the main
specifications are:

« unipolar full-range Vrg from 0 V to 3.3 V;

e gain error: eg = 0.56 %; offset error: eopr = 11.5 LSB;

Integral Non Linearity: /NL = £1.0 LSB

o signal to Noise Ratio: SNR = 62 dB (single-ended
mode),
SNR = 64 dB (differential mode)

Also for this board, information related to the cross-talk
effects is not available, but the manufacturer states the maxi-
mum source resistance that ensures a correct behavior of the
Sample&Hold circuit, which depends on the sampling rate. For
the selected sampling rate, the maximum source resistance is
135 k€2 for 12-bit operations.

Estimating the rms value of the noise n from the worst
figure of the device (SN R = 62 dB) when the useful signal is
a sine wave with an rms value equal to 3.3/(2-/2) ~ 1.17 V,
the estimated noise contribution is e,, ~ 0.92 mV. Combining
this value with the quantization noise u(eq) = Vi /v12 =~
0.23 mV it can be obtained u(eq + n) ~ 0.95 mV.

In unadjusted conditions of the ADC, the application of
the expression (8) provides the results that are summarized
in Fig. 7, where absolute and relative standard uncertainties
of the input voltage v;, are shown (blue lines) in the range
from 0.2 V to 3.3 V. The same figure also shows absolute
and relative standard uncertainties after the compensation of
the offset error of the ADC (red lines), which is one of the
main uncertainty contribution.

Repeating the same considerations of the section V-A for
the estimation of the minimum cross-talk value that makes
the contribution v$T negligible with respect to the other
uncertainty contributions, values of CTy,;, equal to about
—54 dB and —71 dB are obtained in unadjusted and offset-
adjusted conditions, respectively.
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Fig. 7. Absolute (upper chart) and relative (lower chart) standard uncertainty
of the input voltage v;, (range from 0.2 V to 3.3 V) for the development
board in unadjusted conditions (blue lines) and after the compensation of the
offset error of the ADC (red lines).

The cross-talk effects of the development board have been
estimated in the frequency range from 100 Hz to 49 kHz. In
RSE configuration, the gain has been set to 1 and the offset
to zero for both active channels and the signal generator AFG
3252 has been set to provide a sinusoidal voltage signal with
a peak-to-peak value of 3.0 V and an offset of 1.65 V. A bias
voltage of about 1.65 V has been applied to the disturbed
channel in RSE configuration. In DIFF configuration, both
active channels have been configured with the gain set to 1
and the offset set to Vpr/2, while the signal generator has
been set with a peak-to-peak value of 3.0 V and an offset
of 0 V. The uncertainty of the cross-talk amplitude has been
estimated for an effective number of bit B = 10 and a number
of samples N = 49000.

The results that refer to cross talk among adjacent input
channels in RSE configuration (continuous thin lines) and
DIFF configuration (dashed thin lines) are reported in Fig. 8,
where also the cross-talk limits in unadjusted (thick magenta
line) and offset-adjusted (thick green line) conditions are
shown. One should note that in RSE configuration, reliable
cross-talk measurements (SN R > 40 dB) have been obtained
only at high frequencies, thus highlighting that cross-talk
effects at low frequencies were similar to the noise floor. The
figure shows that the cross-talk effects are always negligible
in unadjusted conditions, while in offset-adjusted conditions
it becomes comparable to the other uncertainty contributions
for frequencies higher than 8.5 kHz (RSE, source resistance
12 kQ) and frequencies higher than 16 kHz (DIFF, source
resistance 6.7 k(2).

The Fig. 9 summarizes the cross-talk among non-adjacent
input channels (left part for channels 1-3 and right part for
channels 1-4) and the line styles have the same meaning of the
previous figure. Also in this case, in RSE configuration reliable
cross-talk measurements have been obtained only at high
frequencies and for the channels 1-4 and the source resistance

Adjacent channels

.50 T
-60
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-80
&
Z
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5 90
-100
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— RSE, 12 kQ, +2-u(CT) == Limit unadjusted
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108

10*
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Fig. 8. The measured cross-talk among adjacent channels for the development
board: continuous thin lines refer to the RSE configuration, dashed thin lines
refers to DIFF configuration, while the thick lines refer to cross-talk limit in
unadjusted (magenta line) and offset-adjusted (green line) conditions.

100 © no reliable measurements have been obtained. About
the effect of the cross-talk as uncertainty contribution, it
remains negligible in any configuration and in all the tested
frequency range for unadjusted conditions. In offset-adjusted
conditions, for the non-adjacent channels 1-3 cross-talk effects
become not negligible for frequencies higher than 19 kHz
(RSE, source resistance 12 k(2) and frequencies higher than
38 kHz (DIFF, source resistance 6.7 k{2). For the non-adjacent
channels 1-4, the contribution of the cross talk has to be taken
into account only in RSE configuration, for frequencies higher
than 36 kHz and source resistance of 12 k).

For this board, the obtained results have shown that cross-
talk effects are negligible for any input-channel configuration
and for source resistances up to 12 k2 if none of the internal
errors is adjusted. If instead the offset error is compensated,
the uncertainty contribution due to the cross talk could become
not negligible in the tested frequency range, thus suggesting a
suitable configuration of the input channels and the connection
to sources with low resistance.

D. Cross-talk as a systematic effect

The results obtained for the three commercial devices
highlight that cross-talk effects are very different for each
device and are strongly dependent on the configuration of the
input channels and the source resistances. Another important
outcome is the need to include the disturbance from adjacent
or non-adjacent channels among the uncertainty contributions,
above all at high frequencies. However, it is also possible
to consider the cross-talk contribution as a systematic effect,
thus correcting it during the post processing of the acquired
samples.

The method here proposed, which is summarized in Fig. 10,
is based on a two-step procedure: during the first step (voltage
source vg set to zero) the characterization of the DAQ system
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Fig. 9. The measured cross-talk among non-adjacent channels for the development board: continuous thin lines refer to the RSE configuration, dashed thin
lines refers to DIFF configuration, while the thick lines refer to cross-talk limit in unadjusted (magenta line) and offset-adjusted (green line) conditions (left

part for channels 1-3 and right part for channels 1-4).

in terms of cross talk is performed, while in the second step
(vg1 turned on) the cross-talk effects are corrected.

The characterization step, which is based on the experimen-
tal set-up described in the section IV, is performed with the
DAQ system in the same configuration as in the operating
phase, but with no signal on the disturbed channel (CH1).
In this condition, the transfer function Her(jf) between the
signal V> measured at the channel 2 and the disturbance V; 2
is estimated at the frequencies of interest. During the normal
use of the DAQ system (signal applied to CH1), the acquired
samples are post-processed summing to them the inverted
signal at the output of the filter Hop(j f). In the scheme of Fig.
10, Hep1(jf) and Heopo (7 f) represent the transfer functions
of the active channels, which in normal conditions are equal
to the gain set on the two channels CHI and CH2.

The proposed method has been implemented on the DAQ
Board A in order to show its effectiveness during the mea-
surement of a small sinusoidal signal in the presence of an
isofrequential sinusoidal disturbance. The experimental set-
up of Fig. 4 has been modified using two channels of the
signal generator that provides two phase-locked sinusoidal
signals with rms values of 100 mV on channel 1 and 7 V
on channel 2. A resistor rs = 100 k() has been connected
in series to the output channel 1 of the signal generator in
order to obtain a voltage divider with the resistor 7 that has
an attenuation of about 1000, thus having a DAQ board input
signal with an rms value of about 100 pV. In this way, a source
resistance of 100 2 is maintained, which is the same used
during the characterization step. The VI LabVIEW has been
also modified as shown in the Fig. 11 in order to implement
the correction, for each tested frequency F(i) in the range
100 Hz + 125 kHz, starting from amplitude CT(i) and phase
PH(i) of the estimated cross talk. The obtained results are
summarized in the left part of Fig. 12, where the continuous
blue line refers to the estimated rms value at the input channel

1 when the disturbance is not present (channel 2 of the signal
generator turned off), while the red dashed line is the result
with the cross-talk effects not corrected. In this condition,
the effect of the inter-channel disturbance is evident, with a
relative rms error of about 56 % up to 10 kHz and of 1400%
up to 125 kHz with respect to the non-disturbed signal. In
the same chart, the dashed orange line is instead the results
obtained in the presence of the disturbance on the channel 2
but with the cross-talk correction turned on. The effect of the
correction is very clear in the right part of Fig. 12, with a
relative rms error with respect to the non-disturbed signal that
is of about 2.5 % up to 10 kHz and 16 % up to 125 kHz.

VI. CONCLUSIONS

The uncertainty of measurements provided by multi-channel
DAQ systems has been estimated in this paper according to
the GUM framework. Multiplexed DAQ systems have been
investigated, since this architecture is commonly used to
arrange compact and low-cost devices. Different uncertainty
contributions have been taken into account, including the
contribution that is related to the cross-talk between active
channels, which becomes not negligible when a MUX is
present in the measuring chain. It has been highlighted that
manufacturers often do not provide enough details for a
reliable estimation of this contribution in operating conditions.
For this reason, an experimental set-up has been proposed that
is conceived to estimate the cross-talk effect in DAQ systems
in the frequency range of interest, for different resistance
values of the signal source and in different configurations of
the input channels (referenced single-ended vs differential, and
adjacent channels vs non-adjacent channels).

Experimental results that refer to three commercial multi-
plexed DAQ systems have been reported in terms of measured
cross-talk. Such a parameter has been compared to the other
uncertainty contributions in order to identify the operating
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Fig. 11. Block scheme of the VI LabVIEW that implements the correction of the cross-talk effects.

conditions that make the cross-talk effects not negligible.
The uncertainty of the measured cross-talk has been also
evaluated, obtaining measurement intervals that are suitable
for the characterization purposes. It has also been shown that
the proposed procedure is effective in identifying the input
configuration (RSE or DIFF) and the active channels (adjacent
or non-adjacent) that minimize the cross-talk contribution.

Eventually, the authors have proposed to consider the cross-
talk effect as a systematic effect, thus having the possibility to
correct its contribution when it is not negligible (above all at
high frequencies). With this aim, a characterization procedure
has been proposed in order to identify the transfer function
between a signal that is applied to an input channel and the
disturbance that propagates to an adjacent or non-adjacent
channel. The effectiveness of the proposed method has been
shown developing a customized VI LabVIEW module that is
able to implement the cross-talk correction starting from the
results of the characterization of the DAQ system in operating
conditions. Experimental results that refer to sinusoidal input
signals in the frequency range of 100 Hz to 125 kHz have
shown a reduction of the cross talk effect up to 25 dB at the
highest tested frequency.
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