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Abstract—This article is a presentation of the analysis of new
class of logarithmic analog-to-digital converter (LADC) with
accumulation of charge and impulse feedback. Development of
mathematical models of errors, quantitative assessment of these
errors taking into account modern components and assessing the
accuracy of logarithmic analog-to-digital converter (LADC) with
accumulation of charge and impulse feedback were presented.
(Logarithmic ADC with accumulation of charge and impulse
feedback — analysis and modeling).
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I. INTRODUCTION

NALOG-to-digital converters (ADC) are the most
important link in the modern digital systems used in the

various areas of human activity, because they link these
systems with real objects whose information from sensors is
almost always (more than 90 %) given in analog form. The
accuracy and speed of these systems depend in the first place
on the characteristics and parameters used in ADC. From
many ADC special attention is paid to ADC with logarithmic
characteristic of conversion [1-20].

Logarithmic converters are indispensable for systems
working in a wide range of input signals of 80 dB or more.

Use of logarithmic conversion provides for an effective
solution to a number of important tasks, such as: compression
of dynamic range of input signals, ensuring constant relative
error of conversion, linearization of conversion characteristics
and carrying out logarithmic arithmetic operation, in which
multiplication, division or raising to a power is reduced to the
basic operations of addition, subtraction, multiplication and
division by constant factors. The last of these advantages is
probably the most important, because it causes a significant
increase in the speed of computerized systems, which is the
most important for control systems of real-time such as control
systems of manufacturing process and robot motion,
telecommunications, aero navigations, cosmic and others in
which delay in processing must be minimized.
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A. Objective and scope of work

The aim of this article is development of mathematical
models of errors, quantitative assessment of these errors taking
into account modern components and assessing the accuracy of
logarithmic  analog-to-digital converter (LADC) with
accumulation of charge and impulse feedback.

II. MODELING INFLUENCE OF PARASITIC CAPACITANCIES IN
THE LADC WITH CHARGE ACCUMULATION AND IMPULSE
FEEDBACK

To facilitate modeling let us draw simplified functional
diagram of LADC with charge accumulation and impulse
feedback which is shown in fig. 1, where: Uj, - input voltage,
Uyo to Uy>— control voltage, SW0 to SW2 — analog switches,
EC — output "End of conversion".

Since actual switches have different on and off times, then
during work of LADC there may be cases when one of the
switches for example SWO still did not turn on and second
SW1 had turned on. This will lead to the loss of the load on
accumulative capacitor and reduction of accuracy. Duration
time of these breaks should be long enough to allow switches
to turn on or off. Thus in each step of conversion of LADC
with charge accumulation and impulse feedback there will be
two phases (F1-F2), and each of them will determine
appearance of LADC model:

F1) discharging of accumulative capacitor which occurs
when switches SW0, SW2 are turned on and switch SW1 is
turned on;

F2) break: switches SW0, SW1 are turned off and switch
SW2 is turned on.Taking into account a simplified functional
diagram of LADC with charge accumulation and impulse
feedback (fig.1), we can note that non-ideal components will

be revealed by influence of interelectrode parasitic
capacitances and leakage currents.
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Figure 1. Simplified functional diagram of LADC with charge accumulation
and impulse feedback
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Influence of interelectrode parasitic capacitances comes
down to the influence of parasitic capacitances of
interelectrode analog switches, input capacitance of voltage
follower and input capacitance of voltage-current converter
VCT.

Taking into account construction and special work of LADC
with accumulation of charge and impulse feedback (fig.1) we
conclude:

1) interelectrode parasitic capacitances of analog switches
cause sudden change of charge of accumulative capacitor;

2) In the discharge phase (during switch SW1 is turned on)
control voltage is passed trough interelectrode capacitances
gate-source (Cgsi) and gate-drain (Cgp1) of switch SW1 on the
accumulative capacitor (C), and gate-drain (Cgpi1) parasitic
capacitance collects parasitic charge which value is
proportional to sum of control voltage and voltage measured
on the accumulative capacitor;

3) In pause phase ( during switch SW1 turned off ) parasitic
charge, which is accumulated on capacity Cgpi when control
voltage Uy acts , pass on accumulative capacitor C, changing
voltage level on it.

So, the interelectrode parasitic capacitances in LADC with
charge accumulation and impulse feedback cause following
effects: immediate change of capacitance of accumulative
capacitor; leakage of control voltage; passing parasitic charge.

Apart from parasitic capacitances errors of conversion of
LADC with charge accumulation and impulse feedback cause
leakage currents of components such as accumulative
capacitor, analog switches (SWO0 - SW2) and input current of
voltage follower.

We will conduct analysis of influence of these all factors on
work of LADC with charge accumulation and impulse
feedback.

Based on functional diagram fig. 1 let us define model of
LADC with charge accumulation and impulse feedback (fig.
2), which takes into account interelectrode parasitic
capacitances of components. Numbers in indexes of parasitic
capacitances gate-drain (Cyq) , gate-source (Cg) and drain-
source (Cgs) indicate number of the switch to which
corresponding capacitance belong. Input capacitance of
voltage follower is marked as Ci, and output capacitance of
VCT as Cout.

SWO0

OUp

Figure 2. Model of LADC with charge accumulation and impulse feedback
which takes into account interelectrode parasitic capacitances
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Transmit coefficient of voltage follower VF does not depend
on the value of capacitance leakage because there is no
potential difference between input and output of VF, which is
made on OA and its voltage transmit coefficient is equal to
one.

A. Instantaneous change of accumulative capacitor.
Logarithm base &, in LADC with charge accumulation and

impulse feedback depends on value of conversion coefficient
of VCT, stability time of discharge when switch SW1 is
turned on and capacity of accumulative capacitor. Taking into
account connections of capacitances on the basis of
equivalence theorem of electrostatic systems [13] under the
assumption of equality of appropriate capacitances of switches,
ie.

C

gsl

ngl = ng2 = ngO = Cg

=C

o2 =C C

gs0 = Lgs
s Cast = Cyga = Cyy0 = Cyy
Formula for calculating basis of logarithm has form
1=Y - 1/2(C+3Cyy +Cyy +2C4 +C, + C,ypy)
T1+Y£/2C+3Cyy +Cyy +2Cy5 +Cpy + Cony)
Substituting value of logarithm base in the formula for the

description of characteristic of conversion of LADC we define
error (AN, ) of output code from instantaneous change of

(1)

capacitance of accumulative capacitor caused by interelectrode
parasitic capacitances of components on i-th tact of conversion

N, = d 1 'an,-,,
Ing Ingy, Uo

Absolute error of voltage on accumulative capacitor from
instantaneous change of capacitance of accumulative capacitor
has value on N-tact of conversion

AUyg = (€N =& U, @

The results of the calculations are shown in fig. 3, which
shows that absolute error from instantaneous change of
capacitance of accumulative capacitor by interelectrode
parasitic capacitances decreases together with decrease of
parasitic capacitances and at their values of no more than 4pF
absolute error is less than 4.1 uV .

8_
4pF
4
1pF
AUng[uV] 0+
-4 2pF
T 1§ &
Un[V]

Figure 3. Absolute error of voltage on accumulative capacitor measured from
instantaneous change of capacitance C
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B. Leakage of control voltage.

Let us consider a change in voltage on the accumulative
capacitor from leakage of control voltage through parasitic
capacitances of switch SW1.

Using superposition principle and omitting resistance of
switch SW1 in the on state, we receive model of LADC with
feedback, which takes into account leakage of control voltage
(fig. 4). In fig. 4 marked

Cio =Cq +Cqys G =C+2C,; +2C, +C;, +C,yy .

Cc

17

Figure 4. Model of LADC with charge accumulation and impulse feedback
which takes into account effect of control voltage leakage

As you can see, fig. 4 shows diagram of capacitive voltage
divider. Control voltage U, is divided by the divider and

gives an increase of voltage on the accumulative capacitor
(AU).
U Cgs + ng U
C+3Cyy +Cy+2C, +C,,+C,,,

Let us consider process of charge collecting, taking into
account an increase in voltage on accumulative capacitor from
leakage of control voltage through interelectrode parasitic
capacitances from switch SW1 .

After first clock impulse (first tact) voltage on accumulative
capacitor from leakage of control voltage will have value of

Uy, =¢U,-AU,

©)

where AU - increase of voltage on accumulative capacitor
from leakage of control voltage.
After second clock impulse (second tact) voltage on
accumulative capacitor will be equal to
U,, =¢U,,—AU  or

Uy, =&U,—EAU - AU =
=&, - (£+1)-AU
After third clock voltage on accumulative capacitor will be
equal to
Us, =¢U,, —AU or
Us, = EU = E(E+1)-AU - AU =
=&, — (& +&£+1)-AU
Similarly, we find voltage on accumulative capacitor, taking

into consideration leakage of control voltage and after next N
clock impulses

Upy =ENU = (EN T +EN 74+
+E2 4 E+])-AU

or by using a known formula for sum of terms of
geometrical progression
1-¢&N
1-¢

First term on the right side of above formula is the value of
voltage on accumulative capacitor after collecting N clock
impulses taking into consideration error from instantaneous
changes of capacitance of accumulative capacitor and second
term — absolute error of the voltage ( AUy, ), caused by the

Uy = QZNUO -

AU @)

effect of leakage of control voltage
AUy, = =g AU (5)
Ny l—é:

Fig. 5 presents a graph of error from leakage of control
voltage. It shows that this error is negative and that increase of
absolute value with increasing interelectrode  parasitic
capacitance (Cp) is equal to -1 mV for C, = 1 pF, -2mV for C,
=2 pF and -4 mV for C, =4 pF.

0_
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-4
o S T T I
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Figure 5. Absolute error of voltage on accumulative capacitor from leakage of
control voltage

C. Transfer of parasitic charge.

As mentioned above, when switch SW1 turns off parasitic
charge, which accumulated on interelectrode parasitic
capacitance gate-drain of switch SW1 (in time when control
voltage is on its gate) transfers itself on accumulative
capacitor.

We formulated model of LADC with charge accumulation
an impulse feedback (fig.6), which takes into account
influence of carrying parasitic charge. Using this model, we
can define voltage on accumulative capacitor after carrying
parasitic charge, collected on capacitance gate-drain Cy,; key

SW1. It is important to remember that transferring charge
takes place after turning off switch SW1.
Lol

LLL L L
I A )

Figure 6. Model of LADC with charge accumulation and impulse feedback,
which takes into account the effect of carrying parasitic capacitance of switch
during discharge
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Parasitic charge gathered on capacitance C,,; at the end of

the first clock impulse is equal to
On =WU, +U,,) Cgyy
At the same time summary charges of capacitors

Ql = Q{,’l +in ’
0.=GC-U,,;
Cr=(Cu +Cgyo +Cyyo + C+Cp)) .

where

SO
O =(C+Cygyp +2C4 +Cp) - Uy, +
+(U, +Uy,) Cyy.
On the other hand summary charge

O =(C+2C,; +2C4 +Cy)- U,y .

Equalizing the right parts of the last two equations for
summary charge let us define voltage on accumulative
capacitor after first clock impulse, taking into account effects
of transferring parasitic charge and leakage of control voltage.

Uy=Uy, +kU, or U =&U,~AU+kU, ,

where
c
k= & (6)
C+2C,; +2C4 +C,
U,y - defined above, voltage value on accumulative
capacitor after first clock impulse with taking into

consideration effect of control voltage leakage
(U, =8Uy—AU ).

Similarly, we find voltage on accumulative capacitor and
after next clock impulses.

On second tact of conversion in the time of discharge, when
switch SW1 is turned on, voltage on accumulative capacitor
(with taking into consideration charge carrying in previous
clock impulse and transfer of control voltage)

Uy, =&U, =AU or U, =EU,—(E+1)- AU +&U,,

After second clock impulse (switch SW1 turned off) voltage
on accumulative capacitor
Uy,=U,,+kU, or U, =§2U0 —(E+D)-AU+(E+1)-kU,

Similarly, in the third tact of conversion during discharging,
when switch SW1 is turned on, voltage on accumulative
capacitor

Us, =8U,, =AU or

Uy, = EUy — (£ +E+1)-AU + (£ + DU,

and after turning off switch SW1 voltage on accumulative
capacitor
Uy =Us, +kU,, or

Uy =8U)—(E+E+1)- AU + (&2 +E+1) kU,
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In the end, after N-th tact of conversion when switch SW1
is turned off, voltage on accumulative capacitor (with taking
into consideration charge carrying and transfer of control
voltage) will be equal to

Uy =EUy— (N +EN 24+ &%+

+EHD) AU +(EN T +EV P4+ E 4 E4D) KU, o
LN _1—§N_ 1—§N_
Uy =&MU, Iz AU + Iz kU, (7)

On the right side of the equation (7) first term is the value of
voltage on accumulative capacitor, taking into account error
from the immediate changes of capacitance of accumulative
capacitor, second — absolute error AUy, from leakage of

control voltage, third — absolute error AU, from carrying

parasitic charge of switch SW1 during discharging
1-&Y
AUNq:?.kUy (8)

Calculated graphs of absolute error AUy, from carrying

parasitic charge of switch SW1 during discharge are shown in
fig. 6, which shows, that error AU, is positive and amounts

0.5 mV when C, =1 pF, 1 mV when C, = 2 pF and 2 mV
when C, =4 pF.

25
2_
4pF
1.5
AU, [mV]
19 2pF
0.5 1pF
o ST D W "
Un[V]

Figure 6. Absolute error of voltage on accumulative capacitor from carrying
out parasitic charge during discharging of the switch

Resulting summative absolute error (AU, ), caused by an
impact of interelectrode parasitic capacitance, will be equal to

_gN
AUy =@ - £)- Ug+ =

(kU -AU) 9)

The results of the calculations of summative absolute error
(AUy,) are shown in fig.7, which shows that this error AU,
is negative and amounts -0.5 mV when C, = 1 pF, -1 mV for
C,=2pFand -2 mV for C, =4 pF.
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Figure 7. Summative absolute error from influence of interelectrode parasitic
capacitances of components

III. AN EVALUATION OF ACCURACY OF LADC WITH CHARGE
ACCUMULATION AN IMPULSE FEEDBACK.

Error of LADC, as also error of any other measurement or
conversion system, consists of methodological and
instrumental errors.

As it is well known, methodological error of ADC is
quantization error (J,,), and instrumental error (J;) is error

which occurs due to non-ideal components of ADC.

We define methodological and instrumental errors, using
methods by which we can find the resulting (summation) error
of LADC.

Adding errors will consider presence of correlation between
particular errors and will organize them to corresponding
groups by correlation coefficient. The sum of two errors,
including correlation is defined according to the formula

51y =02 +2K8,5, + 52

where 6, and &, correspondingly first and second error

k - correlation coefficient, which is equal to zero when
there is no correlation between errors and one when there is
strong correlation.

It should also be borne in mind, that in order to determine
resulting error (summative) one should use together nominal
errors as separate components.

Summation error of LADC (g, ) is equal to sum of

instrumental and methodological errors, which are not
correlated with each other. In relation to this correlation
coefficient takes value of zero (k¥ = 0) and summation error of
LADC is defined by an equation

Ssune =07 + S (10)

Relative error of quantization (J, ) of LADC depends on
choice of base value of logarithm & and is constant over the
entire range of input signals. Its value can be found by an
equation

S =ﬁ-100%

m

(11)

So 8, =0.35 % at £ = 0,9965522 (N = 2000) and &, =
0.1 %at & =0,9990009 (N = 9214).

Instrumental error of LADC is determined by non-ideal
components, and in particular by the influence of
interelectrode parasitic capacitances and leakage currents.

At the same time, error from: voltage polarization of VF,
VCT, Cmp, deviation from nominal value of capacitance of
accumulative capacitor and VCT resistors is omitted. VCT
resistors set value of logarithm base, these components are
compensated by adjusting LADC.

Evaluation of instrumental errors of various LADC we will
make with use of high-quality components, including OAs of
small input currents, for example OA K1409, for which input
currents are less than 50pA, and analog switches, for example
switch K590, in the best of these interelectrode parasitic
capacity is not higher than 2pF and leakage currents smaller
than 100pA.

Instrumental error of LADC is equal to (because its
components are not correlated with each other, the correlation

coefficient k¥ =0)
5, =\5e+ 67, (12)

where: O, - relative error of parasitic capacitances Cp, 9 -

relative error of leakage currents.

Research of LADC was carried out for range of input
signals from ImV to 10V. In this context, taking into account
input signals specified above, nominal error of LADC from
influence of interelectrode parasitic capacitances does not
exceed 0.01% (with C, < 2 pF), and leakage current less than
0,0016%. Since this last error is much smaller, instrumental
error of LADC actually is defined as error from the impact of
interelectrode parasitic capacitances, i.e. J; = 0, < 0,01% .

By setting error of quantization at 0,1%, summative error of
described LADC with charge accumulation and impulse
feedback will be obtained according to formula (10):
0., ~01%.

SUM

IV. CONCLUSIONS

On the basis of conducted research of LADC with charge

accumulation and impulse feedback, it can be concluded that:

1. Impact of interelectrode parasitic capacitances of
switches, VF and VCT on process of conversion is
caused by: instantaneous change of capacitance of
accumulative capacitor, leakage of control voltage and
transfer of parasitic charge of gate of switch SW1
during discharge.

2. Instrumental error from the impact of interelectrode
parasitic capacitance of the components of LADC
with charge accumulation and impulse feedback does
not exceed 0.01 % at C, = 2 pF (0.005% at C, = 1pF)
and is much smaller than in LADC with charge
redistribution and LADC with charge accumulation on
active and passive capacitor cells.

3. Summation error of LADC is practically totally
determined by value of quantization error for values
0.1 % or more.

4. In instrumental error of LADC, there is dominant error
from the influence of interelectrode parasitic
capacitances of the components.
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