UDK621.3:(63+54+621+66), ISSN0352-9045 Informacije MIDEM 35(2005)1, Ljubljana

THE PRINCIPLE OF NEW SIGMA DELTA MODULATION
TECHNIQUE BASED UPON THE USE OF A FLIP-FLOP

Martin Kollar!, Jan Saliga®

'Department of Theory of Electrical Engineering and Measurement;
2Department of Electronics and Multimedia Communications
Technical University Kosice, Kosice, Slovakia

Key words: sigma delta modulation, flip-flop, capacitive accelerometers

Abstract: This paper describes a new sigma delta modulation technigue. This technique is used for measurement of changes in half capacitive bridge to
detect deflections, which can result from acceleration input in practice. The half bridge is connected to a modified flip-flop circutt, the outputs of which are
used for one-bit force feedback. The modification of flip-flop consists in the implementation of a switched capacitor structure to achieve a perfect flip-flop
value symmetry and compensation of a flicker noise. Some theoretical considerations are verified by experimental results. An experimental circuit has
been constructed from discrete elements.

Osnove nove sigma-delta tehnike modulacije na osnovi
uporabe flip-flopa

Kju€ne besede: sigma-delta modulacija, flip-flop, kapacitivni merilniki pospeska

lzvle&ek: V prispevku opisujemo novo sigma-delta tehniko modulacije. Uporabliamo jo pri meritvi spremembe kapacitivnosti na mosticku namenjenemu
zaznavanju odmikov pri pospesevanjih. Mosti¢ek je prikloplien na flip-flop vezie, katerega izhode uporabljamo za povratno vezavo na mosticek. Mosticku
je dodana struktura stikalnega kondenzatorja, s pomodjo katerega dosezemo popolno simetrijo izhoda flip-fiopa in kompenziramo $um. Nekatere teor-
eticne predpostavke smo preverili s preiskusi. Preizkusno vezje smo izdeleli z diskretnimi elementi.

l. Introduction charge integration technique /1/. Other techniques can
be found in reference /2/.

A. Capacitive accelerometers Force balancing of the proof mass is attained by enclosing
the proof mass in a negative feedback loop. The feedback
loop measures deviations of the proof mass from its nom-
inal position and applies a force to keep the proof mass
centered. The accelerometer output is taken as the force
needed to null, or zero, the position, shown in Fig.1b.

In a typical capacitive accelerometer, the proof mass is
suspended above a substrate by compliant springs. Two
nominally equal-sized sense capacitors are formed be-
tween the electrically conductive proof mass and station-
ary electrodes /1/. When the substrate undergoes accel-
eration, the proof mass displaces from the nominal posi-
tion, causing an imbalance in the capacitive half-bridge,
shown in Fig.1a. This imbalance can be measured using

Taking into account only electronics of the system, the pre-
cision of measurement largely depends on position sense
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Figure 1a)  Sense element, b) schematic of sigma- deita feedback loop

28



M. Kollar, J. Saliga: The Principle of New Sigma

Delta Modulation Technique Based Upon the Use of a Flip-flop

Informacije MIDEM 35(2005)1, str. 28-33

interface. A great deal of contributions therefore focuses
on elimination of errors of charge amplifier as a main part
of the sense interface. Common-mode rejection ratio, flick-
er noise, dc offset of operational amplifier, and mismatch-
es in reference capacitors are the main problems that must
be solved. An excellent solution can be found, for exam-
ple, in /1/. In this solution, the op-amp flicker noise and
dc offset are measured and subtracted using correlated
double sampling /1/. By using an input common-mode
feedback /1/, the problems with common-mode rejection
ratio and with mismatches in reference capacitors are
solved. However, using this approach the system complex-
ity rapidly increases.

Considering the above-mentioned discussion, this paper
explores a new sigma-delta technique based upon the use
of a flip-flop circuit. Properties of the flip-flop and some
topics are therefore depicted in the following paragraph.

B.  Utilization of the flip-flop circuits in
sensor-based systems

First idea to use the flip-flop in sensor-based systems can
be found in /3/. The circuit in Fig.1 as the sensor based
on a flip-flop circuit has been introduced in this reference.
In comparison to the standard flip-flop, the control impuls-
es are not applied to the bases of the transistors but the
circuit is repeatedly connected to a voltage source, shown
in Fig.2. Note that flip-flop can be also controlled by a tri-
angular or sine wave signal. The standard flip-flop consist-
ing of two transistors and two resistors is characterized by
two stable states, one and zero. In case of ideal value sym-
metry because of a noise it is not possible to decide that
the stable state will be final. However, over a large number
of cycles the ratio of ones to zeros will be one - 50 % state
of the flip-flop /3/.
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A flip-flop circuit with triangular control
signal

Figure 2.

As described in /4/, when Cs+>Cs. and other parameters
are identical, the flip-flop takes the stable state ‘one’. It
means that a high potential Vi, is applied across capacitor
Cs+ while a low potential V; is applied across capacitor Cs..
Assume that standard capacitors of the flip-flop are re-
placed by sense capacitors according to Fig.3.

X%%

Figure 3. Schematic of capacitors Cs+,Cs.

An electrostatic force between parallel plates of capacitor
Cs+ is given by

_19Csy 2
=275 m

while between parallel plates of capacitor Cs: it is a force
given by

_10Cs_ 2
F = 2 o 4 (2)
The resultant force Frs=F+-F- may be shown to be
_1dCg 2
Ffs T2 ox Vfb ®

where Q%S_ = agi+ = agi" and szb = V/;?‘ ~V[2. In case
that flip-flop holds the stable state ‘zero' itis a force F=-Fs,
shown in Fig.3. Hence, controlling the flip-flop by a trian-
gular signal, the force is applied between parallel plates of
the sense capacitors to keep the proof mass m centered,
which corresponds with the principle of a capacitive ac-

celerometer.

To use the above mentioned principle, the perfect value
symmetry of the flip-flop must be achieved. Note that man-
ufacture inaccuracy of the resistors in the standard CMOS
technology is at least 15 %. Primarily, the problem with
mismatches in resistances of the flip-flop must be solved.
A modification of the flip-flop is described in the following
section.

Il.  Modified flip-flop circuit

A. Switched capacitor based flip-flop
circuit

As it can be seen in Fig.4a, the standard resistors are re-
placed by switched capacitors. The switches are repeat-
edly turned on and off in the following order S3,52,S1
and again S3. Corresponding control signals are shown
in Fig.5. When control frequency fsw of the switched ca-
pacitor C is at least two orders higher than the frequency
fc of the triangular impulse generator V, the circuit is equiv-
alent to the scheme shown in Fig.4b. To the point 1 as
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well as to the point 2 an equivalent resistance Reqy is con-
nected.

14 14
a) b)
Figure 4a)  Flip-flop with the switched capacitor,b)

equivalent circuit diagram
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Figure 5.

Equivalent resistance Reqy is given by well-known formula

1
@ g

(4)

The approach shown in Fig.4a has several important ad-
vantages, including its non-sensitivity to changes of the
capacitor C and the control frequency fsw. The circuit is
also realizable using CMOS technology. On the other hand,
switch charge injection as a new influence must be taken
into account. Switch charge injection and a noise within
the flip-flop are analysed in the following paragraphs.

B. Analysis of aflicker noise

Flicker noise in the flip-flop is mainly due to switches
51,52,S3. Flicker noise due to unipolar transistors T1,T2
can be omitted because these transistors are turned off in
the moment of turnover. Fig.6 shows a CMOS switch. Since
the switches are repeatedly turned on and off, a non-sta-
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tionary model and usage of time domain analysis is need-
ed to analyse the influence of flicker noise.
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Figure 6. CMOS switch

As shown in /5/, the root mean square (RMS) of noise
voltage Viy relating to the control circuit is given by

2
1 4oy
Vi :[%] ?J‘J‘J‘ g(M)C, (s,.]s, = 5,| )drds,ds, (5)

r 00 Ay

where Cox is the gate oxide capacitance, A is the channel
area, g is the elementary charge, Ay is the fastest transi-
tion rate, and AL is the slowest transition rate of the carri-
ers, g represents the distribution of A, Cy is an autocovar-
iance in the time domain /5/ and t; is the time during which
the switch is turned on. Typical values for 0.8um CMOS
process are as follows: Ay =10"%" A =4.10?"'s" Cox =0.8
fFum2, ke=1027, A=1 pm?. By numerical solving of (5),
for t=0.1 us, we get Viy=1.2 uV. Because of such a small
noise voltage, the influence of the flicker noise can be ne-
glected,

C. Analysis of KT/C and shot noise

Because both kT/C and shot noise are high frequency,
they are analysed in this paragraph together. To quantify
the effects of the noise on the value symmetry of the flip-
flop, it is useful to refer all noise sources to the points 1,2,
shown in Fig.4b.

As it is described in paragraph lla, the switches of the flip-
flop are repeatedly turned on in the following order
S3,82,8+, and again Sa. When it holds that Cs+,Cs>>Csw,
where Csw is an output capacitance of the switch, kKT/C
noise is largely due to sense capacitors Cs+,Cs. . There-
fore, RMS of the noise relating to the points 1,2 (see Fig.4a)

is given by VTh = 2kT C., where k is the Boltzman

constant, T is the thermodynamic temperature, and
Cs=(Cs++Cs.)/2.

Shot noise is due to switches S1,S5. Shot noise due to
switch Sz can be omitted, because the noise of this source
is equally distributed to the right and left side of the flip-
flop. As shown in /5/, RMS of the shot noise of the switch,
which is repeatedly turned on and off, leads to
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v, = /qI/:n/(ZCSW) where Vi is maximal voltage

across the switch and q is the elementary charge. By means
of Duhamel's integral it can be shown that v+

v =at—aR, Cs, (6)
and vy

v, =at—aR, C;_ (7)

eqy
where function at describes the triangular control signal
of the flip-flop (see Fig.2). Therefore, the maximal voltage
across the switch S1 is aReqvCs+ and across the switch Sz
it is a value aRsqCs.. In case of our circuit, shot noise due

to the switches $+,S»is given by Vrh -

the resultant high frequency noise between the points 1,2
of the flip-flop is given by

lll. Experimental results

A. Verification of the flip-flop
functionality

An experimental circuit was constructed from discrete ele-
ments. The switches were realized by means of an inte-
grated circuit 74HCT4066, and the transistors Ty,T2 in
N3515 differential pair were used. Primarily, the existence
of two stable states had to be verified. The flip-flop was
controlled by triangular impulses with the parameters as
follows: a=0.85 10 Vs™!, Tc=340 us, and other parame-
ters were t,=0.1 us, Tsw=0.4 pus, Csw=3.5 pF, and Cs+ ,Cs-
about 28 pF.

S

Figure 7. Courses of voltages vi,v2

Fig.7 shows oscilloscope courses of the voltages vi,vz .
During the experiment the flip-flop according to Fig.4a took
the stable state one or zero. It is sufficient evidence of the
existence of only two stable states.

B. Influence of a noise

Using (4), (8) and parameter values shown in the previous
paragraph it follows that RMS of the total high frequency
noise should be about 20 pV.

Fig.8a) shows the change of voltage vy which is caused by
a charge injection of the switch S1. When the switch Sy is
turned on, the switch Sz is turned off and therefore switch
charge injection can break the value symmetry of the flip-
flop. However, a frequency jitter of the triangular signal must
be taken into account in relation to the control frequency
fsw of the switches. From this point of view the influence of
switch charge injection relating to the points 1,2 (see
Fig.4b) is only an additive noise. The resultant probability
of distribution is then shown in Fig.8b. As it can be seen,
expected RMS of the total noise Vhois is 260 pV. Experi-
ments have been carried out to verify this value. The meas-
urement set up is shown in Fig.9a. The impulses from flip-
flop outputs were processed, through additive invertors
T3,R; T4,R, in a personal computer (PC). The measure-
ment procedure first involves the adjustment of the offset
compensation voltage Vor until 50 % state of the flip-flop is
obtained, as shown in Fig.9b. This voltage is then again
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Figure 8a)  Charge injection, b) resultant probability of distribution
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tuned until 84 % is obtained. The difference in the two
offset voltages is then the RMS of the noise. "Eighty-four
percent” is used because this is the probability of obtain-
ing a “one’ when the shift in the distribution equals Vpeis.
According to the theoretical conclusion, Vieis is 260 LV,
whereas the measured Viois was 290 uv.

[t is useful to know the measured capacitive error caused
by the noise. Since Vi is defined as a difference between
vz and vy, by means of (8) and (7) we get Vor=aReqCs+-Cs.).
According to the parameters of our circuit it follows that
Vot/(Cs+-Cs.) =1 mV/pF. Therefore, the noise causes the
capacitive error 290 fF.

In another experimént, soma extra capacitors were added
to the capacitor Cs:. Predicted and measured values of
the offset voltage Vs are shown in Tab.1.

Table 1. Predicted and measured values of Vg in the de-
pendence on an additive capacitance

Additive capacitance  Measured voltage — Predicted voltage
[oF] [mV] [mV]

5.5 5.7 5.5

11.9 11.7 119

12.7 13 12.7

IV. Conclusions

A new capacitive sigma-delta modulation technique has
been presented. This technique consists in usage of a
switched capacitor based flip-flop. Equivalent circuit is then
characterized by perfect matched load resistances. An-
other main advantages in comparison to the ordinary ap-
proaches are as follows: negligible flicker noise (only a few
LV), simplicity (charge amplifier, comparator and another
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Measurement set up, b) 50 % state of the flip-flop

compensating circuits are not needed), high capacitive
sensitivity (in refation to an offset voltage it is 1mV/pF).
The capacitive sensitivity may be at need regulated by a
control frequency of the switches. A disadvantage is rela-
tively high charge injection of the switches. However, test-
ed circuit was made only from discrete elements. By real-
ization on a chip the substantial enhancement can be ex-
pected.

Acknowledgement

The work presented in this paper was supported by a grant
from the Ministry of Education and Academy of Sciences
of Slovak Republic (VEGA), under Grants No.1/9030/
2002, 1/0376/2003.

This work has been published in the Proceedings of the
13th International Symposium on Measurement for Re-
search and Industry Applications and the 9th Workshop
on ADC Modelling and Testing, Athens, Greece,

IMEKO holds the copyright on the article, however authors
have permission to publish the papers elsewhere if prop-
erly reference to the original proceedings is made (in the
article it is reference /7/).

References

Lemkin, M., Boser, B.E.: “A three-axis Micromachined Acceler-
ometer with a CMOS Position-Sense Interface”, IEE Journal of
solid-state circuits, vol.34, pp. 456-467, 1999.

/1

/2/ Valenzuela, A.G., Azar, M.T.: "Comparative study of piezoelec-
tric, plezoresistive, electrostatic, magnetic, and optical sensors”,
Proc. SPIE, vol. 2281, pp. 125-142, 1994,

/3/ Lian, W., Middelhoek, S.: “A new class of integrated sensors

with digital output based upon the use of a flip-flop”, IEEE Elec-
tron Device Letters, vol. EDL-7, pp.238-240, 19886,



M. Kollar, J. Saliga: The Principle of New Sigma
Delta Modulation Technique Based Upon the Use of a Flip-flop

Informacije MIDEM 35(2005)1, str. 28-33

/4/ Kollar. M.: “Formula for the calculation of the equivalent voitage
of the flip-flop sensor”, www.Electronic Letters.com, vol. 2, 2002.
Available to: www.electronicsletters.com

/5/ Tian,H., Gamal,A.L.: Analysis of noise in CMOS APS. Available
{o:
http:/ /www-is!.stanford.edu/ ~abbas/group/papers_and_pub/
1_f_noise.pdf

/6/ Michaeli, L.: Modelling of analog-to-digital interfaces, Technical
University Kosice, p.164, 2001.

/7/ Kollar,M., Saliga, J.: The principle of new sigma-delta modula-
tion technique based upon the use of a flip-flop In: Proceedings
of the 13th International Symposium on Measurement for Re-
search and Industry Applications and the 9th Workshop on ADC
Modelling and Testing, Athens, Greece, 2004, vol.1, pp. 224-
229, ISBN 960-254-644-1.

Martin Kollar
Department of Theory of Electrical Engineering and
Measurement;

Jan Saliga

Department of Electronics and Multimedia
Communications

Technical University KoSice, Park Komenského 3,
041 20 KoSice, Slovakia

Tel: +421-55-6022579; Fax: +421-565-6323989;
E-mail: Martin.Kollar@tuke.sk

Prispelo (Arrived); 03.11.2004 Sprejeto (Accepted): 15.03.2005

33



