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Identification of a one-bit lowpass sigma-delta moglator using BIMBO

E. Colinet, CEA-LETI, DCIS/SCME/LMEA, France
J. Juillard, SUPELEC, SSE, France

Abstract - We show how the BIMBO identification mehod can be used for the online identification of ta
digital filter in a sigma-delta modulator’s loop. This parameter estimation method only requires the
knowledge of the bit stream at the modulator output This approach does not rely on an approximation fo
the comparator (such as additive white noise or desbing function approximation). Moreover, it requires
no amplitude measurement, as opposed to most othenethods, and, thus, it involves no additional
electronics and it is therefore very economical tamplement it practically. The method is described fom a
theoretical point of view and an experimental vali@tion is given.

Keywords - sigma-delta conversion, parameter estimin, self-calibration.

| Introduction

Sigma-delta A/D converters are nowadays widely usatumerous applications, such as audio applinat[d-
2]. They also have received a lot of attentionhie field of MEMS [3-4] and of integrated electramibecause
they do not require delicate or surface-consumimejag components, as opposed to traditional A/Dveders.
Sigma-delta A/D converters consist of two partgg(Fi): a sigma-delta modulator and a (digital)efilhg -
decimation stage. The modulator outputs a oneiyitas which is equivalent to the input signal idirited
bandwidth. It is designed according to the follogvtvo principles:

» theinput signal is sampled at a rate much lartggn the Nyquist rate (oversampling),

» the quantization noise introduced by the compara&orejected out of the band of interest (noise

shaping).
Considering the classical linear approximation whionsists in replacing the comparator by an additihite
noisee, one can write:
s=STFle+NTFI[b, 1)
-1

M and NTF = ; .
1+H(z™) 1+H(z™)
Equation (1) shows that the modulator outputan not be used as is: it must be processed threegeral
filtering and decimation stages, which reduce tigma rate and filter out the quantization noiseorbbver,
since theSTFis usually different from unity, a deconvolutioropess must be employed in order to find out an
exact representation of sigrealmeaning that the transfer functibinhas to be known. This becomes problematic
in the field of integrated electronics, becauseesgdispersion sources exist (e.g. due to theédation process
or to environmental variations), which may resnlan imperfect knowledge &f and, thus, decrease the overall
performance of the converter. Ideally, a self-galilon function should then be added to the A/Dvester so
thatH can be monitored, its parameters estimated andd##icients of the digital signal processing pafrthe
converter adjusted accordingly.
Most existing identification schemes rely on a nueasient of the amplitude of a system’s output: ibialso
true of sigma-delta specific methods such as OBTTBis implies that the system’s output is usuajliantized
with a high resolution so that the quantizationsaeds as low as possible. It is very difficult tgeuthis approach
in the context of sigma-delta converters: the ougbuhe converter (after the filtering and deciioatstages) has
a high resolution but it holds very little inforn@t aboutH. On the other hand, the output of the comparator
does contain information abodt but with a very low resolution.
In this paper we describe an original method fag #stimation of the parameters of one-bit sigméadel
modulators, that does not rely on an amplitude oreasent. It is based on the BIMBO (Basic Identiiioa
Method using Binary Observations) method [6], whih generic identification process for systenthwinary
outputs. The rest of this paper is organized devigl first, the BIMBO method is described fromhedretical
point of view. Then, we show how it can be appliedsigma-delta converters and, more generallyjgma-
delta-based systems and discuss different appreactmsed or open loop, with or without prior knedge of
the system’s input. Some experimental results imengn the case of a lowpass sigma-delta A/D cdeve

where STF=

Il BIMBO

The BIMBO method is a more powerful, less limitimgrsion of the MLCF and MCLC identification methods
[6-9] for relay feedback systems. The common pbetiveen the three methods is that they do notaelgn



approximation (such as additive white noise or dbsw function approximation) of the comparatos a
opposed to other methods [5,10,11]. However, BIMB® none of the drawbacks of the other two methods:
* it does not rely on a slow self-sustained oscilatdf a closed-loop system, which can be diffi¢alt
obtain in the context of sigma-delta converters,
« the only components it requires are a one-bit ADG @ one-bit DAC.

The principle of BIMBO is the following (see Figf@r notations):

e generate a spectrally rich signgl such as a white noise. This signal can be a dregmal so that

the DAC can be implemented with ease.
¢ measure the system’s outpgyiusing a one-bit ADC, i.e. measigeS(y)
e using a discrete parametric model of the systermpete the estimated time respongg and
S = S(¥x)

 adjust the parametric model of the discrete systenmat a correct estimatioy) is produced.
An optimization algorithm is necessary for thistlagep. Lettingéd be the unknown system parameters, the
criterion that must be minimized is:
3O)= D (s -sEoE.  ©@

k=1..N
whereN is the number of samples arﬁ(.) is the comparator’s input-output relationship ually, S() is the
sign function.
It is simple to verify that this criterion is smbotind that it is convex whe# is chosen to represent the
coefficients of the unknown system’s impulse resgorin this case, a simple gradient algorithm isugh to
identify €. When the unknown system has an infinite impulssponse, it is more economical to take for
unknowns the coefficients of an ARX model of theteyn. This usually leads to a non-convex criterishich
can be optimized using, for example, a Hooke aedekealgorithm or simulated annealing.
For a finite number of samples, there usually existe volume off -space for which criterion (2) is zero (and,
thus, is minimal). It has been shown that, as tinalver of samples goes to infinity, this volume Ehito a
point.

Il Application of BIMBO to a sigma-delta modulator

a) Principle
BIMBO can be applied online to identify the transfiegnctionH of a lowpass sigma-delta modulator using only
the bit stream at the comparator output. Suppase tis an unknown but constant sigeal the modulator input

- which is the normal operating regime of a lowpsigsna-delta A/D converter. One may, as a firsheste ofe,
use the averaged output:

€==—>s.. (3

Subtracting the known (measured) sigrsgl=sign(y,) from (3) yields an estimate of the unknown transfe
function’s input:

U =& -s.. (4

BIMBO can then be used in a first iteration stejpdntify a set of parameters ldfusing the approach described
in the previous section. This process must theitdsated: the set of parameters obtained at nkB step is
used to refine the estimation of inmytthis new estimation is used to updaige and BIMBO yields am™ set of
parameters foH, until convergence is reached. In case the injguiase, is known or imposed (in which case it

is more efficient to use a spectrally rich sign#igre is no need for this iterative process ardotirameters dfl
are obtained directly using:

N ©)

Finally, it is also possible to use open-loop BIMBBat is to open the sigma-delta feedback loop garrate
an input signag,, so that:

U, = €. (6)

b) Experimental results

The online approach described in the previous siose has been experimentally validated in the aafse
lowpass sigma-delta modulator. In this case, teertical transfer function is designed to be:



589k %71 -41240-3272 3 (z-0.700)
theoretich — -1 -2 5.89% ( )
1-1.8897 +0.891% (z-0.9807)(z - 0.9087)

This filter was implemented using switched capaiés. The complete circuit was fabricated using3&0m
CMOS technology (Fig. 4). Testing of the circuitealed that the performances were not as expedsidg the
online method described above, an identificatiohl @ done, based on the ARX structure of (8). 108&@@ple
points are used. The input is a constant but iisevis not precisely known. After a few iteratiottse algorithm
yields:

H

z+0.115
Heimgo =G ( 2 ©)
(z-0.9658(z-0.7537)
Note that gairs cannot be identified using BIMBO. However, thiefficient has only a very moderate impact

on the behaviour of the sigma-delta modulator fityccomes into play in the case of an imperfecidrthe
comparator, such as a dead zone). Comparing (8Y®nshows that there is an important dispersidméen

parameters ofH y,coreiica @Nd Hgmso - This dispersion comes from imperfections in thecteonic design. In
order to verify which model represents the reatwtrbetter, the theoretical performances of thelufator are
calculated using Matlab/Simulink, in the calse= H ¢ eica @nd in the caséd = H gz - The resulting outupt
spectra are then compared to the one that is alxbeFRig. 5 shows clearly thad g 5o iS more representative
of the real system thaHl  ooretica-

IV Conclusion

We have shown how BIMBO can be used for the onigdentification of the digital filter in a sigma-del
modulator’s loop. This parameter estimation metloodly requires the knowledge of the bit stream & th
modulator output. Thus, as opposed to other methbdegjuires no additional electronics and itisrefore very
economical to implement it practically. BIMBO hasndonstrated great robustness towards model's
imperfections (noise, non-linearity, etc.). It Hasen validated in several cases such as a lowgmss-slelta
A/D converter (presented here), a lowpass sigmi@deicro-accelerometer or a bandpass sigma-dela A/
converter and more exotic systems with binary astpgauch as a “Game of Life” cellular automaton.r Ou
current research is focussed on the implementatidiMBO in a real-time application so that the uheation
filter can be adjusted to the parameters of thetified filter.
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Fig. 2 - Block diagram of the BIMBO method. A partnic model of the real system is built so as tximéze

Fig. 3 - Block diagram of the BIMBO method for theline identification of a (lowpass) sigma-deltadulator.
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Fig.1 - Basic structure of a sigma-delta A/D comeer

| s

»
»

Ho(z™)

A

6

=

A 4

Criterionevaluation

A

Optimization
algorithm

the similarity betweers, and S, . A smooth criterion is given by (2).

Y
H(z™) - J 3
N

) > 3(6)=2 9’5 - S)F
Yk k=1

Ho(zh) > :IZ - L)
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The input of the parametric model is estimatedgistie current value of .




Fig. 4 - Circuit layout of the lowpass sigma-dettadulator.
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Fig. 5 - Comparison between the experimental amdilsited sigma-delta output spectra. The outputtspac
obtainedH g)\z0 fits the experimental spectrum better than theabtained withH ,¢oetica-



