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Abstract-For automatic correction of measurement transdemer additive iterative method (AIM) could be
used. But quantization error represents limitatfon correction process in application for analogdigital
converter. Combination of AIM with nonsubtractivithgring (ND) is proposed for this kind of appliat and
the principle of combination of both techniquesdisscribed in the paper. AIM is based on preciserse
element (IE) which in our case consists of pulséthivmodulation output and low-pass filter. Techmicumilar
to deterministic dithering is employed to achievegise processing of signal from IE. Analysis dfuance of
dither with uniform distribution upon the result$ correction is performed with the aim to find opél
parameters of ND. The optimal dispersion of ditleefound leading to meaningful error correctionnatiy
dependency of root mean squared error on measated s drawn to show how AIM improves accuracy.

I. Introduction

In modern equipment self-correction functions beeamportant. Very often analog-to-digital convertadDC)
integrated within monolithic microcontroller is wséor signal level measurements. Then ADC charesties
determine the overall metrology properties of meaguchannel. It is not difficult to make correctiof offset
and gain error of ADC. But correction of nonlingi&s is problematic especially if they vary in time

Special automatic correction of ADC is employedcasbination of two methods as discussed below. This
correction is focused on ADC nonlinearities [1].d#ilve iterative method (AIM) uses precise invesdement
(IE) for correction of nonlinear error of generahatog measurement transducer (MT). Besides integral
nonlinearity (INL) ADC naturally has quantisationr@. Quantisation limits efficiency of AIM, therafe in
designed measurement system AIM is combined witteding. We prefer nonsubtractive dithering (ND) tiois
application where low price is important aspectplementation of ND is easier than implementationthef
subtractive form. However other special kind ohdiing is applied for suppression of quantizatiomorein our
system. Technique based on deterministic dithereigs to obtain precise processing of signal frém |

. Principle of iterative correction

One of ways for measurement accuracy improvemethieisise of so-called structural-algorithmic megh§i],
where the measurement errors are diminished wilih dieauxiliary means. Generally for the AIM thraew
blocks should be added to MT and then four mairtkdoof the system are distinguished (Fig.1). In case
designed measurement system consists mainly afratexd components of single-chip microcomputer: Mif
our system is represented by ADC; block of proces$BP) — CPU (processor) with memory; inverse eletm
(IE) — pulse width modulation (PWM) circuits withGRfilter; switch — multiplexer (MUX).
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Fig. 1. Block diagram of our measuring system,ghd in frame corresponds to AIM.
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For our application only slow changes of measurdes,, are assumed. This value will be considered cotistan
during one correction process and it representsnib@n of actual system inpsit=E[s]. For precise evaluation
of s, ditherd is added before AIM. So in the initial step of Aignals=s,,+d is connected to the input of MT.
Corresponding MT outpui(sy) is then sent from BP to 18 o=h(sy,). At the same time BP changes the state of
SW. Therefore in next steps signal fromvike= hg(oy) is being sent to input of MT. Every next inputli®is
solved in BP from actual MT outpatand previous IE inpuly;.; according to following iterative formula

O =0t (Ok,O -0 ) (1)

If characteristic of IE is ideal, i.e. it is equalinverse of ideal MT characteristig"= h,, described algorithm
changes static error of MBh(sy)=h(sn)-h(sn) according to geometric serigh,;=(-C)'Ah. Factor C is
determined by ratio of derivatives (sensitivitie§error and ideal characteristics and if conditidrconvergence
is satisfied

_|aan( L an( |, 2)
‘ dx \ dx \

X=sp, X=sp,

then AIM suppresses MT error. Suitable ending cowlifor iterative correction should be used fapging the
process after sufficient number of steps, e.qg. lsdifférence between last two corrected valwgsdy;.1|<é&.
Generally, convergent iterative process tends taevaiven by characteristics of I&=hg"(sy). If it is not
possible to have an ideal IE, error of IE will infince results of correction. Deeper investigatiolE@roperties
can help to obtain negligible IE error.

A. Inverse element operation

Transfer characteristic of IE determines theorélfic@achable accuracy of measurement output afimection.
Inverse element for ADC is digital-to-analog corteer(DAC) and is built by means of pulse width miadion
output of microprocessor. PWM circuits are natyrgtecise but to get the mean of I1E output =E[wg]
corresponding to precise DAC result, low-pass ffilshould be added. Simple RC-filter (RCF) is used.
Frequency characteristic of this filter is deteresirby time constantzc, which has to be large enough to get
small amplitude oscillation of signal from IE. Blarge 7zc slows down measurement process because after
every step the process should wait until settlibfjlter output.

The block diagram of inverse element including pssing of signal from IE is depicted in the FigTa.speed
up the process we proposed to use combination abgrand digital filter. Time constamic is selected such
that output of analog RCF oscillates in the ranfyseveral LSB. As digital filter simple averaginf samples
(block AVE in the Fig. 2) in each step of the itira correction is used. The best way would be Byorwous
sampling here but there could be no possibilitgynchronize ADC and PWM circuits. Mathematical nioafe
error caused by non-synchronous sampling was dasign this model quantization is not considered ibu
could be used as model of IE error because thisgdE error is dominant for many values Nf Using the
error model time constant of RC-filterz=0,1 s) and number of sampldd=59) was found and proved by
simulations. For appropriate number of samplespecial case of quasi-synchronous sampling isaeHi

Fig. 2. Block diagram of creating and processingighal from IE. Dotted frames indicate blocks dMAfrom
the Fig. 1.

[ll. Uniform dither and averaging

Quantization error limits measurement accuracynoRBC corrected with AIM. To overcome this limitati in
evaluating of measured valsg, intentionally added noise (dither) prior to quantization (prior to SW in Flg
can help. Then averaging of samples of sigmab,,+d can lead to resolution improvement for measureroént
means,=E[s]. This technique is called nonsubtractive dithg@r{ilND), as the noise is not subtracted from the
signal after quantization.

Influence of dither on quantizer could be generailyestigated from theory of quantization descrilred3] or

[4] where technique of creating of mathematical piledl is called area sampling. However other sauliée

[5] avoid area sampling while evaluating a parécuhccuracy parameter. In [5] mean error is derifrech
known deterministic behaviour of quantization emad known probability density function (PDig)f dither as
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expected value. The same result for mean errordcbel obtained according to theory of area sampling.
Assuming dither with zero mean and symmetrical (a@ad) PDF it holds

eSS

o 7K

whereq is quantization stepDq is characteristic function of dither with standael/iationgy ands,, is measured
input of quantizer with ND. Disadvantage of (3)dependancy on inpu, To evaluate single parameter
describing error of the whole range measuremensshietter to solve mean squared error (MSE) [6hiwione
guantization step

—n |

MSE(s, Ud):é

MEZ(s, o, )ds, = Ziiz ( qj 4)

[NJR=1

There are several types of dither analysed in Bually uniform noise leads to best results, ifkgapeak
value Dy of noise equal to one quantization stepould be provided. But it is often assumed in thethat the
number of processed sampldsis large when (3) or (4) give good error estinmatitn the microcomputer
application like thisN is small and therefore dispersion of measuremetgud should be included in model of
error like in [6] or [7]. The mean squared errorsisitable parameter for rating of dithering andrageng
performance if stochastic part of error after agarg is included into total MSE [6]

2
~+g?

MEE, (0, N)= 22 ( 1j zki (q} (5)

k=1

Such total MSE NISE;) was theoretically evaluated in [6] for Gaussiathet. But it is difficult to generate
artificial Gaussian noise. Uniform dither generdégds to better accuracy and could be generatly eag. by

asynchronous sampling of triangular signal. Theefae designed uniform dither for our applicatiamd a
derived theoretical model of total RMSE (Root MS$&) uniform dither

q? +D? ( 1) q®> . ,(mD
RMSE?(D,,N)=MSE.(D,,N)= d 4+{1-= sinc d
T( d ) T( d ) 12N N ) 22 q (6)

This formula embodies both the mean error and dsspe of measurement results. The second part Jof (6
reflects deterministic part of error which is zéoo Dy =I.q (I is positive integer) and negligible for larbg. But

the first part reflects dispersion of error andesisvith dispersion of added noise. This part isnimedul for
small numbeiN of averaged samples, when optimal dispersion thediis dependent dd. OptimalDy is then
less tharg.

IV. Experimental results and discusion

Experiments were performed with designed measuremsygstem, where AIM and ND with averaging was
implemented for error correction of 10-bit ADC. Ewaluate dispersion of results within error analysbtal
RMSE RMSE;) curves are depicted in the Fig.3a. Theoreticgleddency solved from (6) is proved by
simulation results seeing that light and dark diiags are almost identical for major part of grapmplemented
method significantly corrected gain error and dfiseexperiments. Main contribution of designedreaction is

in suppression of nonlinear error component. Thoeeefinear error part had been subtracted from oreazent
results before evaluation of experimental RMSEilly natural noise used the reduction of nonlireraor with
AIM s little. According to Fig.3a dither with stdard deviation close to 0.25 LSB (0.025 %) haslyeal
enhanced accuracy but without iterative correctidh of ADC has caused notable shift of experimertaive
against theory. AIM corrects INL and thereforehifts the curve closer to theoretical values. Asim case real
system is tested optimal dither dispersion is lothan theoretical optimum because natural noiggasent in
the input signal. According to Fig.3a quasi-optimrsthndard deviation of dither is found; = 0.2338
(0.02279 %) as the final parameter of our design.

For the designed measurement system the RMSE (ufnear error part) dependency on measured value
calculated from 20 measurements in each input Igyéd depicted in the Fig.3b. The points of minimure a
influenced by dispersion of results which is higladter correction with AIM. Main contribution of M is
suppression of peaks caused by INL. Finally ermrcorrected considerably under the 1/sqrt(12) LSB
(0,02819 %). In our case appropriate dither enabisssuppression of INL with AIM deep below 1 LSB.
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Fig. 3. RMSE of ADC with averaging before and afterrection with AIM:
a) total RMSE; b) RMSE evaluated in each pointaofge for quasi-optimal dither dispersion.

V. Conclusion

Combination of two methods has been implemented\RC error correction. Additive iterative methodIA)
automatically corrects integral nonlinearity andist based on precisely designed inverse elemenh- No
subtractive dithering with averaging enables cdiovaecbelow level of 1 LSB of used 10-bit ADC. Fomniform
dither theoretical dependence of total root mearasg error (RMSE) upon standard deviation of adugde
has been proved through measurements in the whb{g range. Quasi-optimal value of dither disperdiais
been found. Finally the RMSE has been reduced fgignily. Accuracy improvement evaluated in ENOB
(Efective Number of Bits) is 2.26 bit with final ke of 11.90 bit after correction. The designechtégue
requires minimal additional hardware componentdy(qassive low-pass filter) so it may be used ichea
microcontroller based measuring channel for whiod high speed is not the necessity. Such microaibertr
applications are widely used in industrial praxiday.
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