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Abstract: In the paper, two approaches to measurements time. Hence, we considerably decrease the number of

circuit functions of analog parts of mixed-signgistems
controlled by microcontrollers are presented. Thage on
the utilization of internal resources of the miantollers.

The first approach uses an analog to digital cdever

(ADC), an analog comparator and a timer. The seaoral

elements of the BIST which have to be added tsyseem.
2. THE MEASUREMENT METHODS

In the papers [6,7] real and imaginary parts of the

uses only the ADC and the timer. The measuremerdircuits functions were measured in a standard usgg a

procedures are realized also by the microcontroar an
example, the transfer voltage function of a cirduitction
was chosen.
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1. INTRODUCTION

systems,

transmittance analyzer. Next, the measurement tréthd
measurement point) was placed on a map of ideatific
curves (Fig. 1) and fault localisation and idenétion were
carried out.

A particular identification curvé, was drawn based on
the transformation:

T(p)=ReF(p))i, +ImF(p))i,. @)

The fast development of the telecommunicationsywhere:iy, i, - are versorsF(p) — a circuit function in

multimedia and automobile markets which base onethix
signal embedded systems causes increased intardbe i
diagnosis of analog parts of these systems. Oftey have
hard-tested analog parts. It was reported [1] ilhahixed-

signal circuits, 95% of the test cost is expendedesting

the analog parts, while the digital counterpartsoaat for

only 5% of the overall test cost. Hence, new mettahbling
measurement and testing of analog parts of thestensy are
needed, especially using of BISTs, which minimatizst cost
and guarantee high quality of products.

Testing of analog parts is very difficult and niatnslardized,
because analog circuits are very varied and theyagplied in
various applications. In addition, the offered Bs%Fe dedicated,
only for selected few classes of circuits, e.gc-BtSTs for
analog to digital converters [2], BISTs for fullyiffdrential
circuits [3], BISTs based on the oscillation-testthodology
for active analog filters [4], BISTs for opamps .[54n
application of these BISTs introduces additionaireints to the
system, so it increases production costs. HeneeJafenent of
new measurement and testing methods simplifyingstilueture
and design of BISTs, which allows to decrease cssteeded.

In the paper two new measurement methods satisfiiig
above requirements and an analysis of accuracprasented.

Thanks to these methods we can use the microctamtrol
resources and

mounted in the system (its hardware
computing power) to realize the BIST. In this wag abtain
a reconfigurable BIST, which is created only duriegting

relation to the value of the elemgmnt

Fig. 1. A map of identification curves of the analg circuit from Fig. 2
for the voltage transfer functionK,

The curves represent changes of values of particula
elements from 04 om t0 100 om, Wherep; nom is Nominal
value of tha-th element.
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Fig. 2. An example of the analog part (where R1=R5kQ, C1=22nF,

C2=47nF)



2.1. The method bases on the ADC, the analog comparator
and the timer

In the paper [8] a new way of measurement of theuii
functions using internal resources of the microaullgr was

B
=
[}

Uy

[binary code] [binary code]

Ueur

proposed. It was illustrated on the example of andfer P B
fqnctlon. It is represented by .values easily-mesduand 0 s o0 e o 0 0 0 w0 20 &
simply computed by the microcontroller: the voltage : : : R -
amplitude measured by the ADC (representing the aco | @ @ || 1 1]
magnitude) and the time delay measured by the tifier Un : : . .

0 : : : :

phase shift) of an output signal of the tested amnaircuit.
The voltage amplitude, the voltage offset and tegudency
of a stimulating signal are known and determined.

Atmegalb
microcontroller

U ADCO
o A 10-bit ADC
U On-chip
AN Analog
Comparator
. ' .

sinewave Uggr
generator ‘ 16-bit Timer/Counter ‘

Fig. 3. An example of the mixed-signal system (wheR1=R2=5IQ,
C1=22nF, C2=47nF) for the first method

In this case the identification curkeis described in the
following way [8] (1):
T(p) =Uoun(P)is +7(P)i,» )
where:Ugyt i - the output voltage amplitude;, - time
delay.

For all p,
family of identification curves shown in Fig. 4.
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Fig. 4. A map of identification curves of the analg circuit from Fig. 2
for the transformation (2)

The measurement procedure consists of three [Brés|
shown in Fig. 5:
« measurement of the periddof the signal,
« measurement of maximum voltaggyr of the signal,
« measurement of the time delay

elements of the tested circuit we obtain the
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Fig. 5. The timing of the measurement procedure

Details of this procedure are described in [8].idt
realized by the microcontroller according to thenitig
shown in Fig. 5. A sine wavey is applied to the input of
the analog part. Its output is connected to theutirgd the
internal analog comparator and the input of the ADGhe
analog comparator detects a voltage greater than th
threshold voltag&rer, it turns on the Timer 0, which counts
1/4 of the periodl of the stimulus signal. The end of this
time determines the moment of the measurement ledg®
Uout of the circuit response signal by the ADC. Nex th
stimulating signal is applied to the input of theakg
comparator. Start of the analog comparator activabe
measurement of time delay;.

Measurement results of the voltaggand time delay,
are stored in the form of single bytes.

2.2. The method bases on the ADC and the timer

The novelty of the paper is the new measurement
method described in this paragraph. The methodsnémd
the measurement of the circuit function only the@and
the timer.

At present almost each modern microcontroller has a
ADC and at least one timer. The analog comparagor i
contained in not numerous microcontrollers. Implatagon
of the previous method in microcontrollers withaurtalog
comparators requires to add an external analog amtyy,
which extends the BIST and increases its costs.
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Fig. 6. An example of the mixed-signal system (wheR1=R2=5IQ,
C1=22nF, C2=47nF) fir the second method

By giving up the analog comparator we simplify the
BIST (Fig. 6). However it is obtained by increased



complexity of the measurement algorithm, becausdawe wheren = 1,2, ..). If the voltage value at the momeng)is
to deduce the voltage amplitude of the input antputu smaller than the value at the moment (1,1) tihety/2 (the
signals and the time delay between these signaksdbanly right rotation instruction) and “direction” of saftmm is
on voltage samples (measured by the ADC) at momenthanged to the opposite (in this cdge= t,, — ty). So, we
determined by the timer. start the second iteration — steps: from (2,1)2d)( If the
last voltage sample is smaller than the previous, dhe
algorithm goes to the next iteration step wthdivided by
two and changed “direction” of changes of the valud his
procedure is repeated until, in théh iteration stepun ) —
Um, k- 1)< Ug, Wherek — the number of the voltage sample in
the j-th iteration stepuy — assumed minimum difference
between two last measured voltage samples, forhnthie
;ﬁlgorithm is finished. We storagly = Un g, andty = tm,.

Creating the measurement algorithm the following
assumptions were made:

« To determine the amplitudes of stimulugy and
responseuqyr Signals and the time delay, between
them only the ADC is used, synchronized by the time

« The algorithm should be simple as it is possibéeduse:

- its code has to occupy a small size in the progra
memory of the microcontroller, because this memor
is already occupied by the main program controlling Next, still to continue counting of the timg by the
the work of the embedded system, Timer 1, the ADC is connected to the output respaignal

- calculations should not be complicated. They shoulénd the algorithm of determination of the amplitude
base on an integer addition, a subtraction and @escribed above is again started vijtk T/4. At the end of
rotation (these operations are implemented as esingrunning this algorithm we obtaimbyr = Un gk, andtoyr = ty.
assembler instructions), because the microcontsolle
have small computing power.

« The periodT and the voltage offsdl s Of the input

stimuli signal are known.

+ Measured amplitudes are stored with 8-bit resatutio

(one byte), and the time delay with 16-bit resolution

(two bytes — the resolution of the Timer 1). measurement
procedure
3.2[ 3716 !

So the measurement procedure is finished with tytesh
stored, which represent amplitudes (maximal valwéghe
input stimulating signalyy and the output response signal
Uoyt, and one 16-bit world (also two bytes), which Isold
time delay between these signals= tout —tin-

:;] 3.1 THe |
1] AN, § reg. TONT1 = T
= ’ 44 start Timer 1
_ 11 Tu im0
Ti32 . .
pin ADC1 < input of the ADC
. {measurement of wpy)
¥
function
100 \ (U ) < determinationAmplitude (f,,)
+
m 12 Ui == U
/8 L i < {m
pin ADCO = input of the ADC
DU &0 100 150 200 250 300 380 400 480 500 (measurement Of UOUT;I
1 [impulses] +
Fig. 7. The idea of searching for the amplitude dhe sine wave signal function
(L. ) = determinationAmplitude {{,,)
An idea of determination of the amplitude (maximum 3
value) of the input signal and also the output aigsm shown )
. . . . . . . . stop Timer 1
in Fig. 7. The amplitude is searched in a iterativg. Fig. 7
shows only four iterations of sampling of the signa *;OUT% ;‘m
Moments of the samples are represented by arrowsrew ouT <= im
the first number is the iteration step, the second is the T tour—
number of the sample in the given iteration step.
At the beginning of the algorithm of determinatiofithe ret

amplitude the ADC measures the first sample ofitipait
stimulating signal in the first iteration step (L,at the
random moment which is assumed as the referenceentom
for all the algorithm. The valud is written also to the
variablet,, which keeps relative time between moments o
samples. In the next step (1,2) the ADC takes dmapte at
the moment,, = t,, + t4, wherety = T/4 (in practicet,, = t,, +

nT + tg, to consider the long conversion time of the ADC,

Fig. 8. Algorithm of the full measurement procedue

Fig. 8 shows the full measurement procedure. It is
]implemented in the form of a function. It consists an
initial stage and two time calling of the amplitude
determination function.



At the initial stage the Timer 1 is started witle tralueT
written to its data register. This solution giveme for
executing instructions making the ADC ready for firet
measurement of the input signal. The first callfgthe
amplitude determination function determines the lgoge

of the input signalyy and the relative time for which this
signal has a maximum valug,. The second one provides

the amplitude of the output signabyr and the time of
occurrence of the maximum valtgr. At the end the Timer

1 is stopped, the time delawy, is calculated and variables

Uy UouT, T are stored.

[ determinati onAmplitude]
¥

ey =— Ox02
Ug =— PR
Ly = 0x00

fq=THd
frnt = 0x00

direction < 1

direction =1

| bt <= bty | | oot = = lg |

o < (T-tm) +lpe - {ctatay
fn <y

¥
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Uy = measurementADC
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Fig. 9. Flowchart of the amplitude determination finction

The algorithm of determination of the amplitudetioé

sinus wave (Fig. 7) was implemented in the ampdtud

determination function. This function gets the ahte t,
keeping an initial value of time for which the alijom
starts. It returns variables which contain the atué of the

signalu,, applied to the input of the ADC and the titpeof
the maximum value of this signal.

The variablesu;, u, andt,, contain temporary values of
the voltage sample earlier measured, the curremtigsured
voltage sample and time to activation of the next
measurement of the voltage sample by the ADC. The
variable uys keeps a value of an assumed precision of
determination of the signal amplitude. If the diffece
between two last measured voltage samples is hessthis
value, the algorithm is stopped and varialpjecontains the
voltage value of the last measured sample. Thebiart,
represents the time distance to the next voltagepka If
the algorithm goes to the next iteration step, tlatue is
divided by two. The bit variablalirection appoints the
“direction” of changes of the valug, If it is equal “1”, the
time to the next measurement of the voltage sanmple
lengthened by addition of thig value, else this value is
subtracted from this time. The value included & tariable
t. is directly written to the Timer 1 Data RegisteENT1.
The Timer 1 counts the tintg; diminished by the timéay
needed to activate the ADC and to write a new viduine
TCNT1 register. The idea of calculation of the titges
shown in Fig. 11.

T T
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Fig. 10. lllustration of the idea of calculating he timet; introduced to
the Timer 1

This way of determination of moments of voltage
samples is possible only for periodical signalss keen that
the signal is sampled only one for the peridd The
determination of the amplitude takest+ k; + ... +k; periods
T of the signal, wherg — the number of samples in théh
iteration step. So, this procedure occupies a lane.
Because the measurement procedure is elaboratessifay
it for e.g. self-testing of analog parts of the euxsignal
embedded systems and not for monitoring them, the
duration time of the procedure is not critical. Mover, the
time distance between two samples measured by B@ A
has to be greater than its long conversion titgs:
(minimum 65us). It is attended wheny > nT > typc, Where
n=1, 2, ... Our approach satisfies this critefi@ecause the
timet, is always greater then peridd= 1.12 ms.

After calculation of the timd, the measurementADC
function is called. This function returns the vgkasample
of the signal measured by the ADC in the form cfiragle
byte u,. Its flowchart is shown in Fig. 11.

This flowchart consists of three parts. First pafrithe
measurementADC function is realized in the mairgpam.
Its task is to synchronize the execution of thegpam with
the moments of the sampling by the ADC (to wait tloe
end of conversion of the ADC). The bit variaklait is used
for this aim. It is set by the main part of the dtian and
reset after the measurement by the ADC in its infr
service.



the measurement function, show the hierarchic stracof

the full measurement algorithm. Each of its levéise

algorithm of the particular function) is simple. mte, the
code of the complete measurement procedure is simoirt
satisfies the accepted condition of minimization splace
occupied in the program memory.

[ measurementADC]

3. AN ANALYSIS OF THE ACCURACY OF THE
MEASUREMENT METHODS

For the first measurement method, moments of
beginning and end of the periddand the time delay are
determined by the analog comparator (see Fig. §). |
inaccuracy depends on the delay of a comparisonttaad

Timer 1 threshold voltage which has to be equal to thesbffsltage.
Owerflowe Interrupt Because we use only triggering of the Timer/Couriter
¥ hardviare trigger Input Capture function on the comparator outpuhgi®dge,
r6g. TONT1 < ¢ of the ADC the synchronization introducing a delay of 1 —&klcycles
. ©

[9] for all measurements is invariable and it comgstes

itself.
- ADC
Interrupt So the measurement errdr of determination of time

delay r mainly depends on the deviation of the threshold
Uz =— req ADCDR (reference) voltage,« of the analog comparator in relation
to the offset voltag®lyis Of the signal. It is described by the
following relation:

i U +U
ret AT _ 1 s o T )
21T U

T amp

waif = 0

Fig. 11. Flowcharts of the measurementADC functioand united ) ] ] ]
interrupt services whereU,n is the amplitude of the sine wave signal.

0.1 T T T T T T T T T
Two remaining parts are realized in the interrgvices : : : : : : : : :
of the Timer 1 Overflow Interrupt and the ADC Corsien aHiE]

Complete Interrupt. e

The interrupt service of the Timer 1 is trivial t-anly
actualizes the data register of the new value eftitmet.. : : 5 5 5 5 : : :
The overflow of the Timer 1 auto triggers the ADC 01— ' ' ' ' ' ' ' '

. . 04 £03 D2 01 u} 0.1 0.z 0.3 0.4 0.5
conversion (in a hardware way). (Ugtoot— Uref } /U
omse re amp

£.05

. ln_ the Interrupt §erV|ce of the AD? the pqnversreault Fig. 12. Graph of delay comparison of the analogomparator as
is written to the variable, and the variablevait is reset. a function of the difference between offset and tishold voltages

From Fig. 11 it is seen that the measurement dlguaris ) )
very simple. It is possible, because the ATmegal6 In spite o_f the fact, that erretr/ T is about one grade
microcontroller has a rich set of multifunctiondlexible ~ Smaller than its source (difference between thestiold and
end extended peripheral devices (e.g. used by #taau:  ©Offset voltage), what is shown in Fig. 12 with teph of
flexible Timer/Counter 1 and especially an 8-chanbe-bit ~ the relation (2), it is worth to reduce this errdfe can do it
ADC with start conversion by auto triggering oneimupt I @ Simple way by the ADC measurement of the Difage
sources). It enables to elaborate a relatively kimp Yorst DEfOre proper measurements and by settingpto

algorithm of the measurement procedure. this value.

Using the interrupt system, for which each intetrbas For both measurement appr_oaches the accuracy of the
a separate program vector in the program memorgespa Mmeasurement result of the ADC is equal to 1 LS#ollows
and using the ADC with source triggers: Timer/Ceuht from the fact that the resolution of the ADC is Uit [9],
Overflow, it is possible to count exactly timesbetween the absolute accuracy (including INL, DNL, quantiaa

successive voltage samples with the precision ofyatal ~ ©Tor, gain and offset error) by tH®Cc ock = 200 kHz is
oscillator connected to the microcontroller. equal maximum 2.5 LSB, and we take into accouny &nl
high bits of the ADC conversion result.
The presented flowcharts (Fig. 8, 9 and 11) ofeeipe o ) o
functions, where the measurement function calls tive The 16-bit Timer 1 works with the precision of ystal

the determinationAmplitude functions, which in turalls ~ ©Scillator and it introduces only a quantizatioroer



For the second measurement approach an drroffthe  exact excess hardware. Additionally, it should dily fealized
time delay between the input and the output signaby embedded electronic systems in which it is imgleted.
particularly depends on the assumed minimum diffeeel,
between two last-measured voltage samples, for hwtiie
algorithm of the amplitude determination is finidhélhe
relation (3) presents the relation between thesgninades:

Based on the internal devices of the microcontraltel
its computing power we obtain a reconfigurable BI&Tis
created only during the self-testing time. Apaxnfr this
time, the microcontroller and its internal devigasrform

normal functions. Hence, we considerably decredse t
—= _arcsn{ ¢ ] (3)  humber of elements of the BIST which have to beedd
the system, which allows to decrease productiots.cos

e ! ! ! ! ! ! ! ! ! This approach can be used everywhere measuremients o
' ' ' ' ' : ' ' ' circuit functions of analog circuits are needed. iSoan be not
only used for fault detection and localization wfgée faults
in the analog part of the mixed-signal embeddedtrric
systems, as presented in [8], but also e.g.: foamatric
identification of technical or biomedical objectodelled by

0 i i i i i I i I I electrical circuits.
] 001 002 003 004 005 006 007 008 008 04
Ug f Uamp
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