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A low-power interface for capacitive sensors
with PWM output and intrinsic low pass
characteristic

Nicolo Nizza, Michele Dei, Federico Butti, PaolouBchi

Abstract— A compact, low power interface for capacitive
sensors, is described. The output signal is a pulseidth
modulated (PWM) signal, where the pulse duration idinearly
proportional to the sensor differential capacitance The original
conversion approach consists in stimulating the ssor capacitor
with a triangular-like voltage waveform in order to obtain a
square-like current waveform, which is subsequently
demodulated and integrated over a clock period. Thecharge
obtained in this way is then converted into the ogut pulse
duration by an approach that includes an intrinsic tunable low
pass function. The main non idealities are thoroudk investigated
in order to provide useful design indications and ealuate the
actual potentialities of the proposed circuit. The theoretical
predictions are compared with experimental result®btained with
a prototype, designed and fabricated using 0.3Zam CMOS
devices from the BCDG6s process of STMicroelectroncsThe
prototype occupies a total area of 1028 515 mnf and is marked
by a power consuption of 841W. The input capacitance range is
0-256 fF, with a resolution of 0.8 fF and a tempetare sensitivity
of 300 ppm/°C.

Index Terms—Capacitive  sensor interface,
modulation, current mode, low power.

chopper

[. INTRODUCTION
APACITIVE sensors represent an important sectathef

sensor market. They consist of one or more sensing

capacitors, whose capacitance is a function ofgtemntity to
be sensed. The mechanism of capacitance variadonbe
either geometry variation produced by relative ldispment of
the capacitor plates [1], as in inertial [1-2] amakssure [3]
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sensors, or effective dielectric permittivity vaiden, as in the
majority of chemical sensors [4-5]. Recently, cajpae
sensing is finding new interesting applicationghie field of
biosensors [6] where it is being investigated gsr@mising
technique for label-free detection of DNA strandada
proteins [7].

Figure 1 shows the equivalent circuit of a capeeisensor,
where parasitic capacitances related to intercdromec with
the readout interface are also represented. Trengeelement
is capacitoiCy. As the quantity to be measured is swept across
its whole input range, capacitan€g varies fromCyq (offset
capacitance) an@yy. Typically, Cyois much larger than the
total excursion Cxy—Cyxo. The temperature and process
dependence o€yq introduces uncertainties that degrade the
sensor accuracy. In order to obtain an output dtyathiat is
free of Gg contribution, a reference capacitg (shown in
Fig.1) is often included in the sensor (differehtiansor). The
reference capacitor is nominally equal @, and, when
possible, should present the same temperature sotkgs
dependence &Sy. In many practical caseS, andCg have a
common terminal (labeled with 3 in Fig.1). In baled
capacitive sensors, such as in most acceleromé&giend Cr
are both dependent on the input quantity and tfegiation are
opposite. The interface should be designed to rted
differenceAC=Cx—Cx (differential interface).

C
X sensor .
P interface

Fig. 1. Parasitic capacitances arising from thenegation of a differential
capacitive sensor to a readout interface.

Parasitic capacitances are present across all rsézrsoinal
pairs and from all terminals and the interface grbuJsing a
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contributions from all parasitic capacitances, withe
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exclusion, clearly, o, andCy,,. These capacitances can beimple low pass filter.

effectively reduced by limiting the interconnectidangth
and/or individually shielding the sensor leads.

The limit of the proposed C-to-F and C-to-D conggstis
mainly related to inaccuracy issues. In most ctseénterface

Capacitive sensors can be read with several differesensitivity is strongly dependent on the absola#tkies of one

approaches. In last decades, considerable effast deen

or more device parameters (such as a resistanadinge to

focused on the development of compact and low powenavoidable dependence on temperature [19-23]relstiag

integrated interfaces, due to the growing commerelavance
of battery powered devices.

The most common approach to capacitive sensoifaciag
is to convert the capacitance (or capacitancereifiee) to be
acquired into a voltage (C-to-V interfaces). Theaidgl circuits
used to obtain C-to-V conversion are: the transeidamce
amplifier (TI) [7-9], the switched capacitor (SCharge
amplifier [10-11,13] and the chopper (CH) amplifjéd,12].
SC and CH amplifiers are widely used for fully tated
CMOS interfaces, since they do not need generadiod
demodulation of sinusoidal waveforms and reprefiemtbest
option when the highest accuracy and resolutiore Havbe
achieved. On the down side, the discrete natu®Qtircuits
makes them prone to noise fold-over, which, foivem noise
specifications, results in increased power consiampCharge
injection, deriving from non ideal switch operatiofis
generally reduced using fully differential architees that
require additional circuits, (e.g. input common maxbntrols)
to eliminate specific gain and offset errors [1Bjterfaces
based on the CH amplifier are virtually immune tise fold-
over but should be followed by a time continuous lpass
filter that seriously increases the occupied area.

In order to obtain a digital output, C-to-V interés have to

methods to cancel the temperature dependence@yesad in
[24-25,26] However, in order to extract the capawe value,
these circuits require algebraic operations invgvithe
duration of distinct pulses, partly offsetting thienplicity of a
pure PWM signal.

Recently, a fully integrated interface capable mfducing a
PWM signal with pulse duration linearly proportibrta a
capacitance has been presented [27]. The circasied on a
double slope integration approach, exhibits inicalty low
temperature drift and low dependence on parasitic
capacitances, but requires a relatively high supplyrent
(nearly 5 mA), mainly due to bandwidth and stapilit
requirements deriving from an OTA-based complexsetb
loop approach. An improved double slope interfaaith
much lower power consumption but requiring a graashd
terminal forCyx and then much prone to parasitic capacitance
interference was proposed in [28].

In this work, we present the analysis of a C-toddhwerter
that maintains the same advantages of [27] withdveters of
magnitude lower power consumption. The circuit uses
compact architecture that uses only local feedibacks and
incorporates chopper modulation to mitigate theeaffof
flicker noise and device mismatch. The circuit vimisially

be combined with an ADC, involving extra power andgroposed in [29], showing the effectiveness ofghproach by
complexity. Sigma-deltaZtA) ADCs represent the optimal means of simulations. A prototype has been desiguedi

choice, since they can be easily embedded into Sfie
interfaces [13-17] and need minimal analog cirguitvith

respect to Nyquist rate converters. This advaniagertially

compensated when on-chip high order decimatioeréltare
used. As far as power consumption is concernedrettpeired
high oversampling ratios make-A ADCs a power efficient
option only when low sampling rates are required.

A simpler alternative is represented by interfapesiucing
“quasi digital” signals [18], i.e. two-level sigmawhere the
information is given by either the frequency orgeutiuration.
Quasi digital signals are receiving a renewed @serdue to
the simplicity of the related interfaces, the pb#ity of direct
transmission over relatively noisy or non lineaarmhels and
the facility to convert them into real digital saja (coded)
using only counters.

Capacitance-to-frequency (C-to-F) converters aabaoly
the simplest interfaces for capacitive sensors2[]9,Their
compactness allows several distinct interfacesetplbced on
the same chip [21]. Capacitance to pulse duratierfaces
(C-to-D) are typically slightly more complex thant&F
circuits [22,23], but provide easier interfacing ta
microcontroller (MCU), since the frequency of théVM
signal can be synchronized to the MCU clock. Furtioze, a
PWM signal can be converted into an analog voltage a

fabricated using devices from the 0482 CMOS subset of the
BCD6s process provided by ST Microelectronics. iRviaary
measurements of the prototype characteristics weseribed
in [30].

In this work, we present a deepened analysis of the
proposed approach in order to show the impact oibws
circuit parameters on the system performances. ifithiesic
low pass characteristic of the interface and itsefieial effect
on the overall jitter is also highlighted. Thesepaortant
aspects were not dealt with in [29,30], while ayv@mplified
noise analysis was described in [31], where a tiigh
improved circuit was also proposed. In additionrigorous
theoretical analysis of non idealities, this workcludes also
the results of new measurements regarding noisetrapand
characteristic spread.

Il.  INTERFACE ARCHITECTURE AND OPERATION

The circuit topology and ideal operating principleas
described in [29, 30] and will be briefly recallbgre. The
block diagram of the system is shown in Fig. 2, ighthe
sensor has the same configuration as in Fig.1,evdkilis a
clock signal with 50 % duty cycle. The clock freqog is
fck =1/.

The interface is designed to read positk€ values
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(Cx>CRr.). The output PWM signal, is indicated with Block
RG (ramp generator) produces a triangular wavefoft), of
peak-to-peak amplitudé\Vs, synchronous with the clock,
while CA is a differential current amplifier withagq 1/2.
Blocks SA1 and SA2 are switch arrays that conrfeat input
port to the output port in a straight or crosseghifan
depending whether the digital input (indicated bg tnward
arrow) is high or low, respectively. CMP is a lowsteresis
comparator.

Ip
Cx | I lea SA2 Jx Ic
I | 7
[y [ o[ sletic > 1
| e .
| T
Cr lr + lca Ic
Ve [rg

T
>

l
N S I s
FAVAY AN N
Fig. 2. Schematic block diagram of the proposeerfate.

Current I, flowing into capacitorC,, is the sum of
contributions from currentdcs |p and Alg, which should
satisfy the following design conditions:

Alg > 1, +maxlg,; Ip >maxle); (1)

Considering zero input impedance for the CA, curtggis
given by:
1dvg
= 2
2 dt @
Depending on the logical values @ andp, three different

AC

1
ICA:E(IX =lg) =

intervals, A, B, Ccan be distinguished, as shown in Table |

The casek=1, p=1 is made impossible by tHeND gate. The

expression of current, as resulting from the state of SA1 and

SAZ2, is indicated for each interval. The first inafity in (1)
guarantees tha¥/. increases in the first clock half-cycle
(interval A) and decreases in the second half-cficieervals
B,C). We have supposed thag\0 at the end of interval A, so
that p turns high at the beginning of the second clock- ha
cycle, starting the output pulse. Whéggets negativep turns
low, ending the output pulse. It can be easily shokat the
system reaches the steady condition regardleskeofnitial
state. More details are given in [29,30].

TABLE |
CONTRIBUTION TOlc OF CURRENTS, Ip, Alg
Interval | Duration | ck p k lca
A T/2 1 0 -lp+dlgtlica ANACIT
B T 1 -Ip-dlg-lca -ANACIT
C T/2-1 0 +lp-dlg-lca -ANACIT

Note that the signs of botlz, andAlg contributions tolc
are reversed at each clock transition for the eftécSAL.
However, thelca sign is also alternated as a result of the

3

slope reversal (see the rightmost column in Tapled that the
Ica contribution is always positive across the wholeck
period. Clearly, for the waveforivic to be stationary, the net
charge accumulated intGy over a clock period should be
zero. The currenhl gives a null contribution, due to the sign
alternation produced by SA1. The charge contrilougibl ¢, is
given by:

AC (TdV, . AC(TdV,
=—— | 2—=dt-— = dt = AC[AV. 3
AT 2 Js dt 2 35 dt s 3)
From Table I, the contribution &f is given by:
Q, =21, (4)

Equating the total charge accumulated over a pefied
Qp+tQcp) to zero, we obtain the pulse duration:

T:Acg%
2l,

SinceACAVs is equal tolfaT, the second inequality in (1)
guarantees thatdoes not exceet/2.

An aspect that is important to point out is thatlSspplies
chopper modulation to the output current of the This shifts
the offset and flicker noise components across dloek
frequency and its harmonics. These components laea t
strongly attenuated by integration of the currant<,. The
overall result is the rejection of offset and flek noise
components introduced by the current amplifier. igorous
investigation about the actual residual noise asckffect on
the output pulse jitter is presented in Sect. Ill.

A simplified schematic view of block RG is shown in
Fig. 3(a). The circuit is based on a Miller intelgra made up
of the inverting amplifier My-Megy (dashed box in Fig.3), and
feedback capacitor i Two current sources, ) and My,
can be connected to the integrator input throughaid My,
respectively.Vgqop is a reference voltage that sets the upper
limit of the Vs waveform.

(®)

Vaa

Vstoﬂ

AAVs

v
l |

T2 T2

@ (b)
Fig. 3 Schematic view of the RG block (a) and ottpaveform (b).

In the first clock half-cyclely, is integrated producing the
increasing phase ofs. The decreasing phase occurs in the
second clock half-cycle, whdp, is integrated. Stability of the
DC value is obtained by making the increasing slslghtly
larger than the decreasing orlg.fly) and terminatind .
integration whenVs reachesVy,, The resulting waveform,
shown in Fig.3(b) is reliably synchronous with ttleck but
not perfectly triangular. However, it can be easifyown that
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Eqgns. (3) and (5) are still perfectly valid andttha
Tl (2 AC L g
2C,, Cy 4ly

In this way, we have obtained that the pulse widtls
proportional to the clock period and &€, as desired. Note
that only current and capacitance ratios apped6)inthus a
very small sensitivity to temperature can be exg@gprovided
that a precise clock frequency is used.

AVg = (6)

L I

ezl

Fig. 4. Schematic view of the current amplifier Cilscluding also the
function oflp andAlg current sources and switch arrays SA1, SA2.

Fig. 4 shows the circuit designed to perform thecfions of
blocks CA, SAl, SA2, and of current sourdgsand Alg.

Currentsly andl enter the CA at the points indicated in Fig.4 _
with in; andin,. The required low input impedance is provided ™

by local feedback loops, involving only;MMs in one branch

4

produced by Mg and M.

The main sources of non-idealities are (i) finitgout
impedance of the current amplifier and (ii) noiske effect of
the former is an increased sensitivity to tempeeatand
process variations, while noise is responsibletifier jitter on
the output pulse duration.

ANALYSIS OF NON IDEALITIES

A. Finite input impedance.

The small signal representation of one CA input fiar) is
shown in Fig. 5. The output resistance of the cdeamirror
providing the bias current (M9-M14 in Fig.4) hasebe
considerate infinite with respect tg,. Capacitance€y andCg
are substituted by their maximum valu&) to represent the
worst case.

Fig. 5. Small signal representation of the CA inpoitt.

Analysis of the circuit yields the following simfiid
expression for the frequency dependent input impesl&,;,):

=1 1 4 juCer) D jotCe (10)

95 Gmalas m
where the approximation in the rightmost hand ikdveor

m5

and My, Mg in the other. The feedback loops are Compensatﬂ%quencies much higher thann(?crds)'l. This condition is

by capacitors €
The currents in Mand M, are mirrored with unity gain to
M, and M, respectively. Therefore:

lps =1 +1pg+ PUpgs
ID4 = Ix +ID14+5DD15

The integrating capacito, in Fig. 1, is replaced by two
grounded capacitors of valu€g Due to stabilization of the
output common mode voltage,= —lc,, So that:

(7)

_lpg—lo7
a~ ) (8)

Finally, considering thatpg—Ip; is equal to Hps —I1ps3),
depending on the configuration of switch SAL, isa the
clock value, we can substitute Eqns. (7) into ¢®faining:

ml[ﬁ +AIB+mQEID]

where my is =1 or 1 whenck is a logical “0” or “1”,
respectively, whilan, = -1 whenp is 0 andn,=1 whenpis 1.
Furthermore, the following substitutions have beperated:

lc

IX_IR

(9)

ZAIB:|D14_ IDle 2|D:|D15- It is easy to show that (9) h:

represents also the behavior of the block diagraffig. 2. It
is worth noting thatAlg is obtained by making M and Mg

reasonably valid at the frequency of the input iawe, which
is of the order of several kHz. ¥, is not negligible with
respect to the minimum sensor impedance (represenge
1/jCyy) then expression (2) should be modified to inclade
term dependent oz, itself. As a result, due to the dependence
of z, on MOSFET transconductances, the sensitivity to
temperature and process variations would be dedratie
minimize this problem, we will impose that:
|Z,.| Ot Ce -1 1
ng gml GZ (DCXM
with a, >>1. Expression (11) can be further transformed by
considering stability of the local feedback looped in the
input ports just to reducg,. Simple investigation of the circuit
in Fig. 5 shows that unity gain angular frequenay) (of the
loop and its first non-dominant pole frequency)(are given
by w=gmn/Cc and w=gns/Cxn, respectively. Imposing that
w,=3wy to get a reliable phase margin (about 70°), eqoati
(11) becomes:

V3o, W
CXM

Expressing gms as 2ps/(VesVi)s, and considering that

(11)

(12)

(i.e. Ip14 andlpye) different by design. Switch array SA1b hadps=Igas the following expression can be derived:

been added to extend chopper modulation to theewtisr
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leias :\/ENGS ~V1)sCom T (13) I, =< |I CA| >= AVs AC (15)

Equation (13) can be used in the design phaseltolate T
the required amplifier bias current for a given s@n
impedance to input impedance ratig). This will be recalled
at the end of this section to simplify the expreswf the jitter.
Note that a low input impedance, establishing wirground at

Note that Table Il is a generalization of Tablel the case
that the pulse width is not stationary.

TABLE Il
CONTRIBUTION TOIc OF CURRENTY 4, Ip, Alg (NON STATIONARY CASE)

the CA inputs, is also important to reject the effef parasitic -
. . Interval | Duration Ic
capacitances between the sensor terminals andayroun
A T/2 —p+dlgt+ia
B. Mechanism of noise generation B (n) —p-Alg+la
As far as noise is concerned, the clock signal Vvl C T/2-1(n-1) Io—dlgtia

considered ideal, so that the fluctuation on thisgwidth will
be ascribed only to the jitter on the trailing edyeorder to
determine the mechanism of jitter generation, itagvenient following expression can be easily found:

to focus on the measurement cycle, defined adrtieinterval 9 exp y '

between two successive trailing edges of the oupuise. 2| dt=(Alg—1 ,— 1, )u(n=1) = (Bl ;= 1 1+ 1, Yt(n) +T1 , (16)
Fig 6 shows the behavior of voltagels p andV¢ in then-th ;[ c ( . D)T ( BoA D) :
measurement cycle, beginning and ending at instaarsdt,, As far as the noise curreigtis concerned, its contribution in

respectively. The origin of the time axis is chossrshown in (14) can be represented by a random noise chaege)
Fig.6, so that thex-th pulse starts atT. The sequence formed gefined as:

by the durations of the output pulses is treatec akscrete

Summing up the charge contribution in the threeespithe

t, t,
time signal, indicated as(n). The three interval®\, B, G g, (n) EJ'icdtD Iicdt a7
forming the measurement cycle, have been namedeuhe 4 =T
with Table I. where the approximation of integrating over an éxack

Noise on the comparator threshol¥.,, causes the period () introduces a negligible error if the following
measurement cycle to begin and end at two differehtes of conditions hold:
voltageVc, as clearly represented in Fig.6.

li|<<|lc| and [t(n)-t(n-1)|<<T (18)

ck

The effect of comparator noise can be also modatec
chargeqcp(n) defined by:

qCP(n) = CO |_\/cmp(n) _chp(n _l)J (19)
Combining (14-17) and (19) we obtain the difference
equation:
a.[(n) _ bT(n _1) — T At 0c (n) B qCP(n) (20)
2l
where:
a:—(AIB_IAHD); b=a-1 (21)
21,

Equation (20) determines the sequerc® produced by the
forcing terms, represented in the right hand o} (&0the ideal

Indicating with I the ideal (noiseless) current flowingStimulusTA4/2lp, and by the noise charge sequertpel®) and
through capacitorCo and with i, the noise component 9ce(n)-

Fig. 6. Waveform ¥ between two successive pulse trailing edges.

superimposed tty, the following equation holds: Note that the ideal stationary solution, given by, can be
t, t, also derived from (20) and (15), imposin(n)=t(n-1) and
J ICdt+Jicdt = Co [Vemp(N) =Vemp(N —1)] (14) turning off the noise chargeg: andqe.

t t Here we are interested in calculating the jittgr(n)
The ideal component: is the sum of contributions from superimposed to the ideal solution. The analysi e
componentdlg, Ip andlca . The expressions of in the three performed considering thafC is constant, thus alsk, and
intervals of Fig. 6 are summarized in Table I, véhaghe coefficientsa andb in (20) are constant. In this way, it is
contribution oflc, is represented by currelt given by: possible to apply the discrete Fourier transform (29),
obtaining:
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. . jw) — jw o .
t (je) = H(joy 3l =Gee 1) (22)  Se(f) = D ToSInCIT(f ~ ki )]Se (f ~Kiy) (24)
D k=—00
where, Ty (j@), qe(jo) andges(ja) are the discrete Fourier Where sing{)=sin(x)/x. Since S(f) is a D-PSD, it is
transforms of the sequences(n), qc(n) and gce(n), sufficient to consider its behavior only in theental 0-f./2.
respectively, whileH(j¢) is obtained by substitutind“® into  The noise current; can be expressed as the sum of three

the Z-domain transfer function: contributions:
@) =——= 23) e =lica+(ACI2C, )iglm @) +i, T, (0 (25)
a_
derived from (20) by means of simple algebraic pges. ~ Whereica is the output noise current of the CA blogkis

Equation (22) represents an important result sinpevides a the noise superimposed to the current integratedhbyRG
method to derive the discrete power spectral deifEitPSD) block to produce the waveforvs (see Fig.3), and is the
of the jitter from the D-PSD of the noise charggssbmple noise superimposed te. We will indicate withSa(f), Sr(f)
multiplication by H(jw)%. Furthermore, sincac(n) andgep(n)  @ndSp(f) the PSDs ofc,, ir andip, respectively. Modulation
can be reasonably considered independent stochadticthe dimensionless signatg(t) andmy(t), depicted in Fig.8,
processes, their contributions are additive and d¢mn results from the combined effect of SA1 and SA2.

separately determined. The plot d{j)f° vs. frequency in the A .
interval 0.0%,-0.5f is shown in Fig. 7 for various values of R | !
parametera. Note thatH(jw) attenuates the high frequency +1mm ‘ ‘
components of the noise. The effect is strongehigher _1777‘41;u—u M.
values of parametes. Equation (21) suggests thatcan be ¢ TR T

increased by increasing the ratioAif with respect tdp and ~7'9-8- Representation of the dimensionless sigma§ and m(t).

I Considering (21) and (23) it can be easily shthvatH(Z)
is stable fora>0.5 Design condition (1) guarantee tlaats
greater than one, tht§{Z) cannot get unstable.

Note thatmy(t) is a signal with zero mean value, so that its
effect onic, is equivalent to a chopper modulation. According
to [32], the result is a spectrum with a constaalti® Sa(f.)
except for small frequency intervals centered cocklodd
harmonics, across which the amplifier d.c offsedl dlicker
noise contributions are shifted. Since the simeighting
function nulls for everyfy harmonics, these frequency
intervals can be neglected and we can considerttieasiné
function is multiplied by just the constant te®a(fy). This
would be strictly correct only if the CA bandwidtiere
a=47 infinite. However, the sirfcfunction rapidly decreases at high
frequencies, thus the error produced by this appration is
0.01 ‘ ‘ reasonably small. Using this assumption into (2%) applying

0.01 i 0.1 05 the following identity:

ck

1

IH(w)|*
o

+00
Fig.7. Frequency dependencetdj{o)f® for varuius values of parameter z sinc’ [T[T( f- kfck )] =1 (26)
k=—c0

It should be observed that (20) implies also a lpass  the contribution ofca to the Syc(f) D-PSD turns out to be
function for the signal ternTlx/2lp. In particular, it can be simply a constant spectrum equal t6S(f.) in the whole
easily shown that the small signal transfer functof the frequency interval 6fq/2.
interface is proportional thl(z). Thus, increasing produces a  The effect ofmy(t) onip is less straightforward, sineey(t)
benefit in terms of noise but also limits the signandwidth. depends on the impulseIf T is zero, the mean value oh(t)
Modeling of this effect for large signals is not ads zero as well, thus a pure chopper modulatioruscdf 1
straightforward since the signal, is also present in assumes its maximum valu&/2), my(t) is constantly equal to
coefficientsa andb, that, in this case, cannot be assumed to He so that the spectrum igfis left unchanged, including all the
constant. low frequency components. We will perform the as@ly
choosing this worst case. In addition, the Sfuoction in (24)

) does not significantly alter the low frequency caments,
In this paragraph, the dependence of the D-PShh0bn since it stays close to one over a relatively widirval

the contributing current noise power spectral dess(PSDs) around the origin. For the flicker components othig replica
will be analyzed. First, indicating wit§c(f) the PSD of the with k=0 has to be considered in (24), owing to thiElike
total noise current, and withSyc(f) the D-PSD of the noise decrease of this kind of noise. On the other htremal noise
chargg G, and .using simple .signal theory concepts, th@ontributions are constant over a wide band andoeaneated
following expression can be derived from (17): using (26). The result is that also the thermal s@oi

C. Contribution of the noise currents
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components are unaltered, thus the contributioin, db S;c  all these devices are transferred to the outputentiica
can be assumed to be simply equal®®p(f). through a factor 0.5.

The effect ofir is the most complicated of the three to be The thermal noise contribution &f andl, can be neglected
studied. The following considerations apply: i@)is actually with respect toSa(f) since these currents are set to a much
the noise component of two distinct currents, ngnmgl and smaller value thanlgas We will consider their flicker
Iow, acting in different clock half-cycles; (ii) theha&rge contributions that, summed up, give:
integrated by,y (noise component dfy) in its own half-cycle
is opposite to that accumulated by, in the previous half W
cycle, since the comparator CMP2 (that we will idesideal . bTDATGs
for simplicity) stops the integration &fy when the voltag®s where expression (6) has been used for the fab@t2Gy)

has returned to the starting point; (iii) the sigithe charge WIth T=Tma=T/2 (worst case) to simplify the resubL, and
accumulated by, is reversed bym(t) so that the charge (VesVy) are the gate area and overdrive vc_)ltagd_eDocfurrent
contribution of iy into Co simply duplicates the charge Source output MOSFET (M15), assumed identical &t of

1

2
So (1) +(aci2c, s, (f) D2 4NFIDv)zT (29)
t/D

integrated by, in the previous half cycle; (iMyy andlp are
derived from the same reference source using dumémors
so that, considering (6), noise contributions fraared
devices produce correlated effects that cancelsimuthe
expression of.

The consequence of point (iii) is thatproduces an effect
equivalent to a noise current equal tC(2Gy)iiv, directly

flowing into Co with no chopper modulation effects. With the

same considerations fgy, we can reduce the action of (24) o
the i,y spectral contribution to a simple multiplication 1%
The final expression deriving from the above coesation is:

Soc (1) =T2[Sa () + Sp (F) +(AC/2C,, )*S,, ()]

where the PSD ofyy has been indicated witBy(f). The
latter, similarly toSp, contributes tdsyc with also the flicker
noise components. Fortunately, due to point (iwlyahe
uncorrelated components have to be consider&g iandSy,.
In practice, only the output MOSFETs of the cormesfing
current mirrors (My in Fig.3 and Ms in Fig.4) contribute to
Soc and should be sized accordingly.

The thermal noise components of the three curr&idsP
have been calculated by approximating the curreisienof the
single MOSFETs with the saturation
S=8/3KsTagm(1+ng), Wherekg is the the Boltzmann constant,
T, the absolute temperature, amgthe body effect coefficient,
typically of the order of 0.2. The MOSFET transcocidnce
is calculated using the drain current square lagr@pmation,
from which: g=21pd(VesVy). The flicker current noise PSD,

Sk, is calculated with the expressionf (8. =g2N. /WL

where Nk is a process dependent constant 8¥id the gate
area.

Considering that the clock frequency is high enodgh
neglect flicker noise iBa(f.y), the following expression can be
derived:

(27)

2l BIAS

(Ves _Vt )A

2
SIA(TCK) ngA(l"' nB) kBTA (28)

where m, is the number of devices that significantly

contribute to the output noise (MOSFETs 1,2,3,4,64,7,18

in Fig. 4, i.e.my=8), which have been supposed to be biased

with the same overdrive voltag¥ds Vi) and d.c. bias current
(Igiag9- It can be easily shown that the noise currentcas of

thely, current source.

D. Contribution of comparator

The charge sequence given by (19) can be consideréte
result of two operations: (i) sampling of the comatar noise
at a rate that, neglecting the jitter, coincideshwhe clock
frequency; (ii) extraction of the first differencieom the
sequence obtained by the sampling process. The siiep
produces thermal noise fold-over in the intervdl ., while,

Mdue to their band limited nature, low frequency poments

are not affected by aliasing. The difference opemnantroduce
multiplication of the resulting spectrum by Siweighting
function that practically rejects low frequency qmments,
including flicker noise and possible comparatoseff The D-

PSD of the comparator contributions can be then
approximated by the formula:
Socp(f):4<:§sm2[niﬁi (30)

CK CK

where Scgg and B¢ are the comparator input referred broad
band noise (thermal noise) and bandwidth, respalgtiv

E. Total jitter estimation.
A first interesting step is the calculation of fiteer D-PSD.

expressiofrrom (22):

2 Soc () + Socp(f
Sw () =|H(j2rf)]* =2 ( )4+,2Q S2

We will first assume that the comparator contributiis
negligible, since, due to the form of (3@,cp includes only
high frequency components which, in turn, are redusy the
low pass characteristics bf(jc) (see Fig.7) when a>1. As far
as Syc is concerned, it is useful to calculate the flickeise
corner frequency, at which tHgf component given by (29) is
equal to the frequency independent contributioi28). Note
that, according to (5), if the clock frequency iaried, Ip
should be adjusted to maintain an ideal duty-cgsleursion.
Using thelp value for whicht reachTck/2 for AC=ACks, the
following result can be obtained:

- 6AVs Ne ACFS[ (VGS _Vt)A f
M, (L+ng) Wo L KT, Ves-Vi)s
With typical values for the process and design ipatars in

(32), corner frequencies several orders of magaitsialler

(31)

)

(32)

fi |
BIAS
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than the clock frequency can be obtained even mitkderate digital configuration word (24 bit) stored in intexl registries
gate area¥\pLp. For this reason and for the sake of simplicityaccessed by means of a three-wire serial interface.
we will also neglect the contribution of currehsandlp. A programmable dummy sensor was included into thip ¢
Therefore, the D-PSD of the jitter can be approxeaddy: to facilitate the circuit characterizatio@y is implemented by
5 Salfe) /- 2 a 500 fF capacitor whileCx was the sum of a constant
Sa(f) OT T“" (JZTff)l (33) capacitance, identical Gz, and a variable capacitor made up

In order to determine the dynamic range of therfate the of four bmgry weighted capacnors. that C.OUId .be ely
. . . -~ R connected in parallel. The total differential capmawe AC
guantity of interest is thems value of the jitterty, coinciding

with the standard deviatiam of the output pulse. Normalizing could be varied from 16 to 256 fF with step 16fifotigh four

configuration bits. Due to the required small cajaace
O tq the full scale value o,f the output pum@:ACFSAVSIZ!D’ values, non-standard capacitors were designed wasiadaps
the inverse of the dynamic range can be derivegtating

th tral densitv in (33 the int " of the three available metal layers. All capacitanalues were
e spectral density in (33) over the interval2 we get obtained by parallel connection of a single elemegnt

o, ? _T2 Sa(fek) fCK/2|H('2Ter2df (34) capacitor. Polysilicom’-implant capacitors have been used for
Trs - ACZAVE .([ J Co and Gy. Blocks CMP1 and CMP2 are conventional low

hysteresis comparators. Switch arrays SA1 and Satkb

Using (28) forSa(fod and considering that: implemented by means of and p MOSFETS, respectively.

fci[/2|H(j2nf]2df = 1 (35) Minimum size devices have been used to implemdnthel

) 2T (2a-1) switches, in order to reduce charge injection. €ineuit was

the following expression is obtained: designed to work with an external 30 kHz-50% duyle

clock signal, from which the non overlapped clodkages,

o 2 2m, (1+n,) | T required to drive switch arrays SA1l and SA2, aterimally
( * J ==A & BIAS T (36) generated. The main waveforms have been routed to

Tes 32a-1 fy(Ves —Vi)a ACEAVS diagnostic pads through low input capacitance bsiffeéd

This result seems to indicate that increasing tloekc separate power supply line has been used for tfierbland
frequency (1) would be a viable method to reduce thehe serial interface in order to allow power conption
relative jitter. Actually, if fy is increased/gas has to be measurement of just the proposed circuit.

increased as well, to satisfy condition (13) on theut Table Ill shows the size of the main transistorsl dhne
impedance. Substitution of (13) into (36) results the values of @ and G, capacitors. All the currents in the circuit
following interesting design relationship: have been derived from a single reference soutwestiold
2 Itage referenced source [33]) by means of precisurrent
o) 2m/3a C k.T voltag _
| =2, (14 nB)ﬂ¢2 (37) mirrors. The nominal values of the relevant cuseare
Tes 3(2a-1) AC g AC AV

presented in Table IV. Sincky, Ip and dlg are digitally
where we have supposed thatc¢Vi)s=(VesVi)a for  adjustable, the corresponding tuning range and euna
simplicity. The most important quantity in (37), ise ratio control bits is specified in Table IV. Current tngihas been
between the equivalerkT/C noise (mean square voltage)accomplished by varying the effective width of My, and
associated to the full scale sensor capacitanagevahd the M., .. across the ranges reported in Table Ill. Digitall
square of the ramp peak-to-peak amplitutléy. A penalizing controlled parallels of MOSFETs have been usedrtalyce
factor is the ratiocCxw/ACks, since Cxy (maximum value of the effective width variation indicated in Tablé Il
capacitor Cx) can be affected by large offset capacitances The value ofigas results from (13) with\(ggV))s = 0.2 V,
(Cxo. In practical sensors, this ratio may be sigaffity C,\=0.75 pF (maximum value) arg=10°. Equation (6) was
greater than one. The clock frequency does nottatifie noise ysed to set the range b, in order to keep\Vs within the

performances of the circuit, at least until theuagstions made maximum output swing of block RG (1.2 V) for allogess
remain valid. Reducing the clock frequency impropesver corners.

consumption through (13) but, beside obvious litiotes on
the available signal bandwidth, a noise increadlecwentually
occur whenf, gets lower than the flicker noise corner

TABLE Il
PROTOTYPE DESIGN DATA(W/L IN MICRONS)

Ramp Generator Current
frequency of the current amplifier, producing acréase of (SG) Amplifier (CA)
Sa(fe) with respect to the value indicated by (28), whenly Miv | 10-18/50 | M. 4/12 Mg 56-53/50
the thermal contribution was taken into account. Mow | 10-18/50 [ Mg 2/2.5 Ms 3-9/100
Mawm 2.5/8 My 43.5/10 | Ms 44-47/50
IV. PROTOTYPE DESIGN AND EXPERIMENTAL RESULTS Mam 5/8 Mo 7.5/20 My7.18 4/4
A prototype has been designed using the (QmB823.3 V Msw 472 My 36.8/10 | Go 0.5 pF
CMOS device subset of the STMicroelectronics precesMov 50/50 M2 Mis an Cu 3 pF

BCD6s. Several circuit functions can be tuned bangjiing a
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The ranges of, andAlg were chosen in order to satisfy (1)the high level equal to the precise reference yelterer
when the maximum value df., calculated with (2), was (3 V). The average voltag¥py, extracted by the low pass
present (forAC=ACrs=256 fF). The voltag&/y,, (see Fig.3) filter LP is equal to {T)Vrer The signalVey is digitalized
was set to 1.25 V. Such a low value was requiredréwent with 16 bit resolution using a computer controlbtjuisition

Msy from being switched off. system (Pico Technology Ltd. ADC216). The LP filtisr
TABLE IV characterized by a"Sorder Butterworth frequency response

VALUES OF THE RELEVANT CURRENTS with 10 kHz bandwidth. A program running on a peido

Current | Value (nA) Control bits computer (PC) is used to calculate the power specof the
oS 700 _ voltageVpw. The on-chip registers were programmed from the

I 150-250 4 PC through a purposely built board equipped withAaalog

Io 10-30 4 Devices ADuC847 microcontroller used to drive theried

Alg 40-85 2 interface. The power supply was set to 3.0 V ared dlock

frequency to 30 kHz in all tests.
An optical micrograph of the whole prototype cell, Several configurations of the control bits were lesgd in
including the dummy sensor, bias sources and ditgno order to find the best operating conditions. Théueaof

buffers is shown in Fig.9. Dimensions are 16335 pn?. currently; was chosen to obtain the maximum amplitude of
The chips, packaged into 32 pin ceramic cases, haea the wav_ef_orm\/S (limited b_stt_c_thO 1.25V), and, according to
characterized with the experimental set-up showfdriO. (36), minimize the relative jitter. A best value 200 nA,

(nominal value) resulting iAVs<=1.1 V was found. The current
Ip sets the output pulse range through (6) but doésffect
the relative jitter. Thus the midscale vallg=20 nA, was
chosen. Thesk, andly; settings were left unchanged in all the
experiments performed on the prototype. The cuméntvas
varied to verify its effect on the filtering funoti H(j«). When
not explicitly specifiedplg was set to 55 nA.

1.5 L T T T T T ¥ T T 7 3
s 10f ./ —122
e 05} 112
dummy sensor serial interface 0.0L— I 40
Fig. 9. Layout of the prototype cell with the mditocks indicated. CS:
current source; RG: ramp generator; CA: current|diep 10F 3
S 05¢
Signal o0y V. |8 ~ 82: 3
generator _»DDDDDE—b 29 1ok . ¥/ . . .
1B TEST Ol 4l2 O 20 40 60 80 100
prog. line PR time (us)
O cHIP & ° 3F— : ; —
MC 3 >0 olP @ i
gooood > S 2t -
TRS-ZSZ Veer o 1F -
Vew 1 o Ot n ) b o
PC «»ADC [« LP [« 0 20 40 60 80 100
° *E time (us)
MUX Fig. 11. Experimental waveform measured on the ¢bg with AC=160
Fig. 10. Experimental set-up used to charactefieadst chips. fF.The parameter in théc plot is the currenfle.

The clock is provided by a HP 33120A signal germrat
while a digital oscilloscope (Tektronix TDS220) Heeen used ) .
to display and acquire the main circuit waveforifig.obtain AC=160 pF._ The varlqus curyes of voltagerefer to different
the signalVe, both differential linesve; and Ve, (see Fig.4) Alg values, indicated in the figure. The ou'tput wgmfp has
were acquired and the difference was calculateduyerical Peen recorded fohlg=55 nA; curves obtained with different
post-processing of the data. The duty-cycle ofdut pulse A!B values are practically indistinguishable on thalescof
(UT) has been estimated by converting it into a veltag,) F'9-11- _ . .
with the simple approach shown in Fig.10: the bldX The dependence of the pulse width on the diffeaénti
(implemented with an analog switch) produces a tfeawe capacitanceAC is shown in Fig. 12 for 11 different samples.

with the same behavior of the output PWM sigmabut with 1hese measurements have been performed at room
temperature. The sensitivity to temperature over ititerval

Fig. 11 shows the main waveforms in the circuit for
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0-80 °C was 300 ppm/°C [30]. Histograms of the etffand
sensitivity errors, estimated from the curves af.Fi2, are
shown in Fig. 13.

12+
10+

pulse width (us)

N B ] [e¢]
T T T T

100 150 200 250 300
AC (fF)

50

Fig. 12. Dependence of the output pulse duratioa sction of the sensor
differential capacitance, measured on a set ofiffdrent chips.

Frequency count
pO = N w S

5 10 15 20 25 30

Offset (us)

35 40 4

5[
4l
3l
2t
1t
o]
2

9

Frequency count

30 31 32 33 34

Sensitivity (us/pF)

35 36 37

Fig. 13. Offset and sensitivity histograms estirdateger the same sample set
of Fig. 12.
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the area of critical devices in order to reducenmaich errors.

It is worth noting that the offset and gain erraesre never
as high as to produce saturation of the interféea real
application, offset trimming can be achieved byddticing
digitally variable capacitors in parallel to bothet sensor
capacitance€yx andCg, while gain trimming can be obtained
by varyingCy, Iy or Ip.

The other important aspect to be taken into acc@uttie
effect of noise, visible as a jitter on the outputse trailing
edge. We have estimated the spectral density ofittbe by
measuring the PSD of voltagéy, derived from the PWM
output signal with the method shown in Fig.10. The
relationship between the noise spectral densityhefoutput
pulse width §;,) and the spectral density ®-w (Sypw) iS

given by:
S, (f
Sipw(f) = I\ll_(z )

The spectral density has been estimated by mears of
standard algorithm running on the PC. Since theieecet(n)
can be considered as a discrete time signal, satyjuéncies
up tofy /2 (15 kHz) are significant. The LP filter effeaily
suppresses components at the clock frequency agiterhi
order harmonics, preventing them from being alidsack to
the band of interest through the ADC sampling fiamct The
fiter response has been experimentally charaeteyiz
obtaining an accurate interpolation function thes been used
to correct the measured spectra. The backgrourse rafithe
system was two orders of magnitude lower than thasured
PSDs. The spectra have been recorded Will+160 fF,
varying Alg. The results are shown in Fig. 14 for the four
indicated Alg values. According to (33), the frequency
dependence o8y (i.e. Sypws Which is proportional t&y) is
given by H(ja)|? For eachhlg value, we have calculated the

2
VREF

(38)

The average sensitivity, calculated over the me&surpominal value of parameted, using (21) withl,=5.3 nA,
samples is 32.8us/pF, which is 18.4% higher than thegptained from (15). The respectivid(jle)|? functions have

theoretical value of 27.7us/pf predicted by (6). The
discrepancy may be ascribed to possible uncerairdf the
dummy capacitor values deriving from the use ofamscells.
The visible systematic offset (around 215) can be due to
unwanted parasitic capacitive coupling between rinate
interconnects of the dummy capacitor. In additionthe
systematic error, a significant dependence on ga®@rrors
can be evinced from Fig.13. It should be pointetitbat, with
the present configuration, it is not possible tetidguish the
contribution of the interface from that of the duynsensor.
As far as the interface is concerned, contributitnsandom
errors are likely to derive from gain errors of tharious
current mirrors. In particular, the input mirrorstbe CA (M1-
M3 and M2-M4) handle the input currerits and Ig, which
include a large common mode component, due todharon

been multiplied by a constant, equal to the noieeell
estimated in the almost flat region visible in thaerval

100Hz-1kHz, where flicker noise is still negligible. Imi$

way, the fitting curves shown in Fig.14 (smoothicdines)

have been obtained. The intrinsic low pass functien
confirmed and a good agreement with the frequeaspanse
predicted by (33) can be observed.

The asymptotic noise level at low frequencies (i t
absence of flicker noise) can be calculated us¥®)y &nd (38)
with the S value given by (28). With the design parameters
reported in this section, a value of 410° V¥/Hz is obtained.
This value is nearly 62 % of the measured noisellelhe
discrepancy has to be ascribed to the simple ravidecurrent
models used to derive (28). As far as flicker noise
concerned, a corner frequency equal to nearly 20céiz be

mode capacitanc€y,. Gain mismatch between the inputestimated. This result is in agreement with thedist®n of

current mirrors results in imperfect cancellatiori the
common components, producing an offset error. Tteer,
being modulated like the input signal, is not regecby SAL.
Inspection of Table Il shows that there is marginncrease

corner frequencies being much smaller than the kcloc
frequency (see Sect. IlI).
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107 | 40.A7

AN 55.nAj
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Fig.14. Noise power spectral density of the voltagg, measured for
differentAlg values. Solid lines represent the behavior preditly (33). The
dashed line represents a fit of the 1/f noise i ititerval 0.15-7 Hz. The
spectra have been obtained joining measurementorped over two
different frequency interval.

The integral effect of noise is represented by ddesh
deviation of the output pulse duration. This par@mnbas been
estimated from 50 independent captures of the oyiplse,
taken using the digital oscilloscope. The test wegormed
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Table V varies from 44 to 48 dB. Note that thestadeave
been calculated for a sampling rate equal to thmckel
frequency (30 kHz). In this case, the interfacedvddth BW)
is determined by thél(jw) frequency response. The resulting
BW values are reported in Table V. The actual coutigm of
the flicker noise can be found by integrating tberesponding
PSD (estimated from the spectra of Fig.14) ovemgilienBW.
Considering a lower frequency limit of 0.1 Hz, tHieker
noise contribution to the total jitter mean squeatue is less
than 8% in all considered cases. Conversely, thegnce of
flicker noise should be taken into account if attiar BW
limitation is applied, for example by averaging cegsive
samples in order to reduce noise.

The total power consumption of the interface (dasdic
buffers excluded) was 84W, corresponding to a 28A
supply current, of which 12uA are used by the two
comparators, A by the current amplifier, 1A by the ramp
generator. The remaining |8A are due to the current source
and to circuits used to produce reference voltages bias
currents. Table VI compares the main circuit penance
parameter with those of other state-of-art capacéao time
converters present in the literature. Sensitivity parasitic
capacitances for the proposed interface was estimftom

with Alg set to 40 nA and 85 nA, obtaining the results 3,now'simulations performed with a capacitor connectdwvéen one

in Table V. The measured standard deviations, niirethto
the full scale, are compared to the predictionsemaing (36)
with the values of parametareported in the table.

TABLE V
MEASURED JITTER COMPARED TO PREDICTED VALUES

Alg a Or Ot/Trs O Trs (predicted) BW
40nA | 1.3 | 46ns| 0.63% 0.48 % 7 kHz
85nA | 25 | 28ns| 0.38% 0.31 % 2.6 kHz

The slight underestimation of the jitter is compkgiwith
the mentioned discrepancy between the measured
predicted power spectra. These data indicate thaatmns
(36) and (37) provide sufficient accuracy for estiimg the
circuit performances and guiding device sizing Wgrithe
design phase. The dynamic range resulting fromdtte. of

sensor terminal (node 1 or 2 in Fig.1l) and grounde to
stability requirements, the maximum parasitic cépace
value was 9 pF.

V. CONCLUSIONS

An original approach for converting small capadan
differences into pulse width has been describea Gihcuit
exploits chopper modulation to reduce the effect lmf
frequency noise and mitigate the performance spdeedto
device mismatch. The ideal transfer function ofititerface is

a¥pressed by equation (6), which includes only setinat can

be easily made precise and temperature indeper@arasitic
capacitances between sensor terminals and groenejected
by the low impedance of the current amplifier. Thain non-

idealities affecting the actual performance of thiecuit,

TABLE VI.
PERFORMANCE SUMMARY AND COMPARISON WITH RECENT WORKS
Reference [23] [27] [28] [26] This work
Type (diff/unip) unipolar unipolar unipolar differgal differential
Sensitivity 1.82us/pf 47ps/pf 3.88us/pf N/A 32 us/pf
Resolution 13 aF 900 aF 2.8 fF 200 aF 800 aF
full scale cap. variation opF 400fF 325fF 6.8pF 256fF
Power @ vdd 60uwW @ 1.0V 16.5mwW @ 3.3V 54uW @ 3V 21uW @ 3.3V 84W @ 3V
Sens/to/temp (total) N/A 300ppm/°C N/A low (N/A) 300 ppm/°C
Technology CMOS 0.18um CMOS 0.35um CMOS 0.35um CMOS 0.35um CMOS 0.32um
Area 0.01 mrh 0.2 mnt 0.09 mn 0.51 mnj 0.52 mns
Sensitivity to parasitic High (1.0) Low (2x103) High (1.0) Low (N/A) Low (3.7x10%) ¢
capacitancéS.
BW 16 kHz 10 kHz 25 kHz 65 Hz 2.6kHz

a Different full scales may be chosen changing darexl resistor? Proportional to the TCR of a reference resithiormalized to the sensitivity to the

input capacitancé.Simulated
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namely the finite input impedance of the currenpkiier and
noise (i.e. jitter) have been thoroughly analyzebtaining
important design indication.

In particular, (36) suggests that the relativejitinverse of
the dynamic range) can be reduced by either incrgabe
clock frequency or reducing the bias current of therent
amplifier. Unfortunately, the ratio between theseot
parameters is fixed by (13), once the ratio betwbensensor
impedance and amplifier input impedanag,) (is decided.
Following these design criteria the optimum relatjitter is
given by the very general expression (37), whertth bhpand
Inias dO NoOt appear. In (37) the relative jitter is maiaffected
by sensor characteristicExu, 4Crs) and by the amplitude of g
the triangular waveforivs,

Compared to other solutions, such as that desciibfB],
this is clearly a limitation since there are feygessibilities to
obtain large dynamic ranges. On the other handerdifitly
from other solutions, the bias current can be widelduced
without affecting the system performances, provitieat the
clock frequency is reduced of the same proportismother
interesting aspect is the described intrinsic l@aggpproperty
of the circuit that can be exploited to further ued the total
jitter.

Most of these features have been confirmed by the
measurement performed on the prototype. The lofo]
temperature sensitivity is confirmed over a widmperature
range, while the measured sensitivity, noise spedensity
and dynamic range are in good agreement with thdigtion
made on the basis of the mentioned design formiilas.only
unexpected discrepancy was the presence of a stitem
offset, which was attributed to charge injectior doi parasitic
capacitances among the internal interconnectionsthef
dummy capacitor.

Comparison with other state-of-art capacitanceret
converters shows that the strength of the proposedit is the
combination of low power characteristics, low stvigy to
temperature, capability of handling differentialnsers and
low sensitivity to parasitic capacitances. Simidharacteristics
are offered only by [26], which, on the other haddes not
produce a real PWM output but require further psstgy to
extract the information. The interface described [28]
presents comparable power consumption and conbigera
better resolution. Conversely, [23] requires a nafee
resistor, which may be a source of large tempegatansitivity
unless a stable off-chip component is used. A mahichange
evolution of the proposed circuit, aimed at impravthe noise [17]
and power consumption performances, has been hecent
invented and its effectiveness has been prelimiassgssed by [18]
means of electrical simulations [31].
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