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APPARATUS AND METHOD FOR THE
CHARACTERIZATION OF
ANALOG-TO-DIGITAL CONVERTERS

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

RELATED APPLICATIONS

This application claims priority of German patent appli-
cation number 10 2013 007 903.9. The entire contents of the
German patent application are hereby incorporated herein by
reference.

BACKGROUND

The subject matter of this application generally relates to
an apparatus and method for calculating parameters associ-
ated with analog-to-digital (A/D) converters.

Complex system-on-chip (SoC) components, such as
microcontrollers for automotive applications, include a plu-
rality of A/D converters. It 1s desirable that their function-
ality be checked during a production test. It may be advan-
tageous that in the future, 1n addition, a test can be carried
out during normal operation of the vehicle in the installed
state. Methods are known 1n which a linearly rising signal 1s
applied to one mput of a test A/D converter. From the
comparison of the output signal of the A/D converter with
expected values 1t 1s possible to determine offset errors (also

called zero point errors) and gain errors associated with the
A/D converter.

SUMMARY

Therelfore, it may be desirable to provide a method that
requires a mimmum effort for the test. It may be particularly
desirable to provide a test method that may be provided or
loaded 1nto a block to be tested (device under test, DUT).

In one embodiment, a method of characterizing an A/D
converter 1s provided. The A/D converter 1s configured to
convert an iput signal mmto a digital output signal. The
method may comprise: applying an input signal to the A/D
converter that 1n a first phase at least includes a gradient of
a rising exponential function with Euler’s number as the
base, and 1n a further phase has a profile of a falling
exponential function with Euler’s number as the base, inte-
grating a digital output signal associated with the A/D
converter during the first phase to provide a first sum,
integrating the digital output signal associated with the A/D
converter during the further phase to provide a second sum,
and calculating from the first sum and the second sum at
least a gain error of the A/D converter and/or a zero point
error of the A/D converter.

In another embodiment, an electronic circuit 1s provided
to characterize A/D converter. The A/D converter 1s capable
of converting an analog nput signal to a digital output
signal. The electronic circuit may include a generator for
providing an input signal. The mnput signal to the A/D
converter may 1n a first phase at least include a gradient of
a rising exponential function with Euler’s number as the
base, and 1n a further phase, the input signal may include a
profile of a falling exponential function with Euler’s number
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as the base. The electronic circuit may further include an
integrator to integrate a digital output signal associated with
the A/D converter during the first phase to provide a first
sum, the integrator to further integrate the digital output
signal associated with the A/D converter during the turther
phase to provide a second sum. Furthermore, the electronic
circuit may include a calculation unit for calculating from
the first sum and the second sum at least a gain error of the
A/D converter and/or a zero point error of the A/D converter.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments are shown and 1llustrated with reference to
the drawings. The drawings serve to illustrate the basic
principle, so that only aspects necessary for understanding
the basic principle are illustrated. The drawings are not to
scale. In the drawings the same reference characters denote
like features.

FIG. 1 illustrates an exemplary schematic diagram of a
circuit for determining zero point errors and/or gain errors of
an A/D converter under test;

FIG. 2 illustrates a curve associated with output voltages
of an A/D converter; and

FIG. 3 illustrates an exemplary embodiment of the circuit

illustrated in FIG. 1.

DETAILED DESCRIPTION

A device 1 1s 1llustrated in FIG. 1. The device 1 1s
configured to test an A/D converter 4. The device 1 may
include, 1n addition to the A/D converter 4, an oscillator to,
a function generator 3, a detector circuit 5 and a control
circuit 7. The various elements of the device 1 may be
monolithically integrated as an integrated circuit 6. In one
embodiment, all the elements of the device 1, except for the
A/D converter 4, are monolithically integrated as an inte-
grated circuit. That 1s, the A/D converter 4 may be imple-
mented as a separate component from the other elements of
the device 1. In yet another embodiment, one or more
clements of the device 1 1s a separate component.

As 1s 1illustrated 1n FIG. 1, the A/D converter 4 includes
inputs E and C. The E input 1s to recerve data. The C input
1s to receive a clock signal (CLK). The A/D converter 4 also
includes an output Q. The E input of the A/D converter 4 1s
coupled to an input IN of the itegrated circuit 6. The
oscillator 2 outputs the clock signal to the input C of the A/D
converter 4. The function generator 3 provides an analog
signal (u, ) at an output thereof. The output of the function
generator 3 1s coupled to the mput E of the A/D converter 4.
The output QQ of the A/D converter 4 1s coupled to an 1mput
ES of the detector circuit 3. In addition, the output Q of the
A/D converter 4 1s coupled to an mput E6 of the control
circuit 7.

The oscillator 2 generates the clock signal during both a
normal operation as well as 1n a test operation. The clock
signal 1s received by the A/D converter 4 at the input C. The
clock signal received by the A/D converter 4 1s used by the
converter 4 as a sampling clock signal. The A/D converter 4
converts analog signals received at the mput E to digital
signals 1n accordance with the sampling rate of the sampling
clock signal received thereby. The digital signals are pro-
vided on the output Q.

As part of a normal operation of the integrated circuit 6,
the circuit 6 recerves an analog signal which 1s converted by
the A/D converter 4 into a digital signal OUT. The function
generator 3 switches 1ts output to a high impedance level.
The digital signal OUT 1s received by the control circuit 7
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and 1s used to generate a control signal (control) that is
output by the integrated circuit 6. The control signal may be
used to control an actuator of a controller unit, which 1s not
illustrated 1n FIG. 1. As an alternative embodiment, as 1s
shown by the dashed line coupled to the output Q of the A/D
converter 4, the digital signal OUT may bypass the control
circuit 7 and therefore be provided directly to an output of
the integrated circuit 6.

As part of a test operation of the integrated circuit 6, the
signal u, 1s provided by the function generator 3. In this
particular embodiment of operation, a signal 1s not provided
on the mput IN of the integrated circuit 6. Therefore, the
signal u, received at the input E of the A/D converter 4. The
signal u, 1s converted from an analog form to a digital form
by the A/D converter 4 and output as the digital signal OUT
output Q. The digital signal OUT 1s received by the detector
circuit 5, which generates 1n accordance with the digital
signal OUT a zero point error signal a, and a gain error

signal g, u,. The values of a, and g, u, can be output to
control circuits external to the integrated circuit 6, which
generate an error message 1f the values a, and/or g, u, are
outside a predetermined range. In an alternative, the values
may be used to calibrate the ATD converter 4. The evalua-
tion circuit 3 also receives the clock signal CLK at a clock
input C of the evaluation circuit 5.

FI1G. 2 shows the varnation of an output voltage Vout of an
A/D converter, such as the A/D converter 4, 1n response to
the mput voltage Vin of the A/D converter. In all graphs
shown in FIG. 2 provide a simplified representation of
various signals; quantization 1s not shown. That 1s, the
curves are drawn with straight lines, whereas output volt-
ages ol actual A/D converters generally have a stepped
response, or non-tlat profile. In the figure, a curve 1s shown
U,..,; that starts at the origin and has a linear trend. Au,,,,
curve starts, with an input voltage Vin of zero volts, at a
voltage a,, which 1s referred to as a zero error or offset. The
u,,,. curve 1s parallel to u,,,,; curve. Thus uPAR shows an
output voltage of an A/D converter, where the gain error 1s
zero. The u,__, curve shows the profile of an analog- to-
digital converter, the oflset error 1s greater than zero, namely
a5, and the gain error 1s larger than zero. Using the circuit
shown 1n the figures, these errors can be determined.

FIG. 3 illustrates an exemplary implementation of a
portion of the circuit 1 i1llustrated i FIG. 1. As 1s 1llustrated,
the A/D converter 4 1s provided i FIG. 3. Furthermore, a
detailed implementation of the evaluation circuit 5 1s pro-
vided 1n FIG. 3. As was discussed 1n FIG. 1, the evaluation
circuit S receives a clock signal CLK at the mput C and a
digital signal at the input ES. The evaluation circuit 5 include
a switch 51, a control circuit 52, 2 summers 53 and 54, 2
multipliers 58 and 57, a memory 591, a memory 39, a
divider 60, a divider 601, an adder 61, a memory 62, a
subtracter 63, a memory 64, a subtracter 635, a divider 66, a
memory 67, a multiplier 68 and a memory 69.

The mput signal u,, 1s applied to the data input E of the
A/D converter 4. The rise and fall of the input signal u_ 1s
shown 1n the graph associated with FIG. 3. As 1s illustrated,
the input signal u, 1s 1n a first phase between times t_ and t,
(Usz0:0)- The exponential increase of the mput signal u,, 1s at
least associated with Euler’s number. In a further phase,
between times t_and t; (ug,;), the exponential decrease of the
input signal 1s also at least associated with Euler’s number.

The function for u_,_._ 1s provided by the following formula:

steig

~1
Ugzeig (D) = Upll —eT )
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The function for ug,;, 1s 1 provided by the following formula:

—f
Ugy(t) =uge 7.

The values u, and T are considered to be constants. The
value u, 1s chosen such that it 1s at or within a maximum
voltage or voltage range of the A/D converter 4.

As should be understood, in various embodiments, the
first and further phases may be switched. For example, the
first phase may be between times t_and t, (u,;) and proceed
the further phase between times t, and t, (u,;.).

The 1nput of the changeover switch 51 1s connected to the
output E of the A/D converter 4. The control circuit 52
switches the switch 51 so that the output of the switch 51 1s
selectively connected to the mput of the summing element
53 and to the mput of the summing element 54. The
summers 53 and 34 add the value applied to 1ts 1input to a
respective register value, respectively. The timing of the
addition can be determined in each case by the control
circuit 52, this also controls a reset, that 1s, the setting of the
register value to zero, 1t required.

The output of the summing element 33 1s connected to a
first input of the multiplier 58, while the second 1nput of the
multiplier 38 1s connected to an output of the memory 591.
The output of the summing element 54 1s connected to a first
input of the multiplier 57, while the second put of the
multiplier 57 1s connected to the output of the memory 591.

The output of multiplier 38 1s connected to a first input of
a divider unit 601, whose second 1nput 1s connected to the
output of the memory 39. The divider unit 601 divides the
output value of the multiplier 58 by the contents of the
memory 39, the output of the multiplier 57 1s connected to
a first input of divider unit 60, whose second mput 1is
connected to the output of the memory 39. The divider unit
60 divides the output of the multiplier 57 by the contents of
memory 39.

The output signal of the divider unit 601 and the output of
the divider umit 60 are each connected to an mput of the
adder 61, which outputs the sum of the two output signals to
the memory 62. This memory 62 stores the received value as
E.

The output signal of the divider unit 601 and the output of
the divider unit 60 are also respectively connected to one
input of the subtracter 63, which outputs the difference
between the values of the output signals to the memory 64.
This memory 64 stores the received value as A.

The output of memory 64 1s connected to a first mput of
the multiplier 68 whose second mnput 1s connected to the
output of the memory 69. The output of memory 64 1s the
one with the output g, u, and secondly connected to the
second 1nput of the subtracter 65. The first mput of the
subtractor 65 1s connected to the output of the memory 62.
The output of subtractor 65 1s connected to a first input of a
divider unit 66, whose second input 1s connected to an
output of the memory 67. The dividing umt 66 divides the
value present at 1ts first mput with the value present at its
second 1nput, and outputs 1t as a,.

The adder 61 outputs at 1ts output the sum of the values
at 1ts mputs. The multipliers each provide at their outputs the
product of the values at their inputs. The multipliers 58, 57,
68, the adders 61, the divider units 60, 601, 66 and the
subtracters 63 and 65 are each designed as digital circuits.
They may each contain one, not shown 1n the FIG. 3, a clock
input that determines the time at which the respective
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processing operation 1s performed. These clock inputs are
connected to outputs of the control circuit 52, not shown 1n

this FIG. 3.

Alternatively, the multipliers and dividers can be 1mple-
mented by a central processing unit. The central processing
may be switched 1n such a way that 1n a first time window,
the calculations of the units 53, 58 and 601 are performed,
and the calculations carried out by the units 54, 57 and 60
are performed 1n a second time window.

The embodiment 1llustrated 1n the figures, 1n particular

FIG. 3, consider falling considerations.

As 1mput signals, rising and falling exponential functions
will be used, taking advantage of the special properties of
the exponential function with the Euler’s number as a base.
The rising and falling edge of an exponential function with
the amplitude u, and the time constant T are described by the
following two relations.

—t
Uszeig,ideal (t) = 110(1 — E_?) Formula 1

—1 Formula 2
Ufall ideat (1) = Upe T

The time constant T 1s the same for both curves. If an A/D
converter has a zero error a0 and a gain error g0, the
tollowing voltages of the rising edge and the falling edge are
provided:

—t
Usteig (t) = ap + g[}U—O(l — E_?) Formula 3

—t Formula 4
Ugy(t) =ag +ggupe T

The method 1s based on the formulation or formation of
sums over defined measurement interval. The rising and
talling values from time t=T10 to t=T0+11 are given by the
tollowing.

Tﬂ +Tl
szei g — Usteig (t) dt
!

:Tﬂ
TD+T1 —t
= f (a.;, +gaupll —eT ))dt
IZTD
TD+T1 TG+T1 —t
= f (ag + ggup)dt —f goug(e T )dt
IZTD I‘ZTD
To+7T N\ | Ta+T
= (ag + gUo t ‘Tg 1 +g0u0*r(e ) Tg 1
( —(To+t1]) :_T_D)
= (ap + gouo)1) +gyuprie 7 —e T
:&( :_T_l)
= (ap + gouo)T1 —goupre 7 \1 —e'7
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-continued

Tg+T
S it = f Uy (D) dt
=T

Tg+T ¢
f (El[} + gyupe T )dt
=T

TD -|-Tl T{}-I-Tl 1t
f apdt + f gﬂuﬂ(e? Jdt
I‘ITD I‘IT{}

Ta+T —f
Tg . +g,:,u¢,r(e T)

TD -I-Tl

— a{]t TD

( —(Ip+1y)
=apl| —gyuptie T

:T_D)

—To —Uy)
=agl| + gyupre T (l—e T )

Next, the sum 2S and the difference AS of the two
integration results are given by following.

Z S = Sgeig + 5 = (Zag + goug) T,

)]
AS = Sgteig = Spant = 8oUo It —2gguete 7 (

T, and T, can now be selected 1n this embodiment so that
the following relations hold:

-h 1
Ti=7In(2) s et =5

_TD
To=0-e 1 =1

Based on the curves in FIG. 3, this means that at the
istants to and tc, t each 1s set to zero, and that th—ta=td—tc==t
In (2).

Therefore the following may be provided for S and AS
as:

AS A | (
T_l =& = golo — golo @ = goUo

2.5 _

T,

1
- @] ~ —0.4427g,ug

Z — 2&1{] -+ g[}uﬂ — 2&{] — i~ 231{] —_ 2259&,

0.447

where g, 1s a dimensionless number that indicates the gain.
When g,=1 i the gain error 1s zero, that 1s, the gain of the
A/D converter 1s 1deal. The product 1s the gain g, u, times
the swept area of the input signal u, . The value a, has the
dimension of volts and returns the zero-point error.

For desired values, the following are provided:

For a practical implementations, the equations will be
mapped to a hardware structure, as shown for example in
FIG. 3.

Consequently, the values —2.259 and 2 1n are stored the
memories 69 and 67.

In the example shown, the integration i1s aided by the
summing units 33 and 54 and the multipliers 57 and 38. The
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summers will each receive a register. In this register, a
register content 1s stored in the form of a binary number. IT
the summers receives a rising clock edge at a clock mput, the
voltage applied to a data mput of the summing value 1s
added to the register content and saved the result of this
addition as the new register contents. At the end of the
measurement, the respective register content 1s multiplied by
one of the multipliers 57 and 58 by the constant factor TS.
The output signal of the multiplier 58 corresponds to a first
sum and S, the output of the multiplier 37 corresponds to
a second sum Sg .

The [at the] clock input of the summing elements 53 and
54 corresponds to the clock CLK, and hence the sampling
rate of the A/D converter 4, the stored value 1n the memory
1s equal to the period of the clock CLK.

In further not shown embodiments, the summing elements
53 and 54 are operated at a higher frequency than the CLK
and therefore a value stored in the memory 391 correspond-
ing to T 1s smaller than the period length of CLK.

In one implementation, the clock inputs of the multipliers
58, 57, 68, adders 61, 65, the divider units 60, 601, 66 and
the subtracter 65 are supplied with a clock having a lower
frequency as CLK. In the embodiment shown, the circuits
receive a clock signal only once during a measurement and,
in particular 1n one example, when the first and second
phases are over. For this purpose, a counter 1s provided in the
control circuit 52, which counts up to the end of the second
phase.

The integrating described herein may be accomplished by
way ol digital integration techniques. That 1s, an accumu-
lation of products from respective signal values and the time
interval from the previous signal value.

The embodiments shown 1n the figures, in some embodi-
ments, the time 1nterval between two additions 1s constant in
the same as TS. For this reason, 1t 1s possible to mitially add
all the values to be added 1n succession to a register content
to subsequently multiply the contents of register with TS.
This can be 1llustrated with instructions 1n pseudo-code:

begin {

Register Contents: = 0;

from (t = TO) to (t = T1 - tclk) Loop {t: =t + tclk; Register Contents: =
register contents

+ out (t);} end loop;

result of integration = register contents * tclk;

end}

out (t) denotes the digital value that 1s output from the Q
output of the AD converter, and the tclk period length of the
clock CLK.

The single multiplication 1n the foregoing as compared to
a multiple multiplying has the advantage that little power 1s
consumed because usually a multiplication consumes more
power than an addition.

In other embodiments, the addition 1s not carried out
periodically at equidistant points in time, but also at non-
equidistant times. In this case, the respective output of the
A/D converter 4 1s multiplied by the time diflerence to the
previous time of calculation. The results of the multiplica-
tions are added to one another. The following pseudo-code
will 1llustrate this:

begin {
register Contents: = O;
from (t = TO) to (t = T1 TABT) Loop {t: = t + TABT; Register
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-continued

Contents: = register
contents + E * TABT;} end loop;
resolved of integration = register contents;

end}

The TABT refers to the time difference from the preceding
sampling time. If the time points are non-equidistant to each
other, the followed varies TABT.

However, the latter method of calculation may be used for
both equidistant points 1 time as well as non-equidistant
consecutive time points.

The implementations provided provide the determination
of the gain error and rounding errors. When the values for
these parameters are determined, these values can include
quantization by the analog to digital converter and rounding
errors. To minimize these rounding errors, it can be useful 1n
certain embodiments, for an A/D converter, for example, to
select a value other than zero for TO to start measuring
something later.

An embodiment of the method can be summarized as
follows:

It will be used for exponential functions with a known

amplitude u, and a known time constant T as stimuli for
the A/D converter.

The output code of the A/D converter are added up for the
rising and falling edge over specific time periods.

From the differences 1n the sums, the oflset error and the
gain error result may be found, and after the subtraction
or a division 1s carried out by a known factor.

Certain embodiments have the following properties:

The function values of the exponential function corre-
spond to the output codes of the tested ADC.

The amplitude u, corresponds to the number of possible
output codes. In the case of an A/D converter with a
resolution of B bits it is known that u,=2”*an incre-
ment of the A/D converter.

The exponential mput signal of the ADC 1s sampled at a
constant data rate {s and converted into a digital output
code.

The time 1nterval between two sampled values 1s equal to
Ts=1/1s.

A counter controls the number of the sampled values.

The well-known time constant T corresponds to T=Nt*1s
pulses.

The period of time T1 corresponds NT1=ln (2) t*is
pulses.

NT and NT1 are rounded to whole numbers or sizes.

The digital output of the A/D converter 1s connected to at
least one accumulator, which accumulates the output
codes of a certain number of cycles.

The start and the end of the accumulation 1s controlled by
a control unait.

Depending on the count, the flanks and further process
conditions, the summers are switched on and off.

A multiplication unit scales the obtained values from the
sums and differences to the final size.

Further exemplary examples have the following proper-

ties:

1. The tested A/D converter 1s fed with the falling and rising
edges of an exponential function.

2. The amplitude of the exponential signals 1s known.

3. The arrangement comprises at least one register, wherein
the A/D converter the falling edges of output value of the are
accumulated.
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4. The arrangement includes at least one register, wherein
the A/D converter the rising edges of output value of the are
accumulated.
5. The arrangement includes a control unit, which controls
the procedure. In particular, the control unit determines
whether the data on the rising or falling edge i1s to be
processed, as well as the points in time at which the
accumulation begins and ends.
6. The arrangement includes a number of computing units,
for forming sums, differences, quotients, and products.
7. The arrangement 1ncludes a processor (central processing
unit (CPU)), and the least part of the functional aspects of
the computing units can be mapped into the processor in the
form of a software program and executed by the CPU.
Although various exemplary embodiments of the imnven-
tion have been disclosed, 1t will be apparent to those skilled
in the art that various changes and modifications can be
made which will achieve some of the advantages of the
invention without departing from the spirit and scope of the
invention. It will be obvious to those reasonably skilled 1n
the art that other components performing the same functions
may be suitably substituted. It should be mentioned that
teatures explained with reference to a specific figure may be
combined with features of other figures, even 1n those cases
in which this has not explicitly been mentioned. Further, the
methods of the invention may be achieved in either all
soltware 1implementations, using the appropriate processor
instructions, or in hybrid implementations that utilize a
combination of hardware logic and software logic to achieve
the same results. Such modifications to the mventive con-
cept are mtended to be covered by the appended claims.

The 1nvention claimed 1s:
1. A method of characterizing an analog-to-digital con-
verter, the analog-to-digital converter configured to convert
an 1put signal to a digital output signal, the method com-
prising;:
applying the input signal to the analog-to-digital converter
that 1n a first phase at least includes a profile of a rising
exponential function with Fuler’s number as the base,
and 1n a further phase has a profile of a falling expo-
nential function with Euler’s number as the base;

integrating the digital output signal during the first phase
to provide a {irst sum;

integrating the digital output signal during the further

phase to provide a second sum; and

calculating from the first sum and the second sum at least

one of a gain error of the analog-to-digital converter
[and/or] and a zero-point error of the analog-to-digital
converter.

2. The method according to claim 1, wherein the rising
and falling exponential functions make use of a common
time constant.

3. The method according to claim 1, further comprising,
scanning the input signal using a constant sampling fre-
quency.

4. The method according to claim 1, wherein the rising
exponential function 1s given by

u(t) = ug * (1 —e?),

wherein t 1s time, T 1s a time constant, u, 1S a constant,
wherein u,, 1s smaller than or equal to a size of an 1nput range
of the analog-to-digital converter.

5. The method according to claim 1, wherein the falling
exponential function is given by u(t)=u,*e""™, wherein t is
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time, T 1S a time constant, u, 1s a constant, wherein u, 1s
smaller than or equal to a size of an input range of the
analog-to-digital converter.

6. The method according to claim 1, wherein the first
phase has a time duration of T, and the second phase has a
time duration of T,, T,=1,=In(2)*t, wherein T 1s a time
constant of the exponential functions.

7. The method according to claim 3, wherein the constant
sampling frequency is greater than 2°*1/(T,), where T, is a
time duration of the first phase and B 1s a resolution of the
analog-to-digital converter.

8. The method according to claim 1, wherein calculating
includes determining a difference value from the first sum
and the second sum.

9. An electrical circuit for characterizing an analog-to-
digital converter, the analog-to-digital converter configured
to convert an mput signal to a digital output signal, the
clectrical circuit comprising:

a generator to provide the mput signal, the input signal 1n

a first phase at least includes a profile of a rising
exponential function with Fuler’s number as the base,
and 1n a further phase has a profile of a falling expo-
nential function with Euler’s number as the base

an integrator to integrate the digital output signal during
the first phase [2] zo provide a first sum and to integrate
the digital output signal during the further phase to
provide a second sum;

a calculation unit to calculate from the first sum and the
second sum at least one of a gain error of the analog-
to-digital converter [and/or] arnd a zero-point error of
the analog-to-digital converter.

10. The electrical circuit according to claim 9, wherein the
rising and falling exponential functions make use of a
common time constant.

11. The electrical circuit according to claim 9, [scanning]
wherein the analog-to-digital converter is configured to scan
the input signal [has] a7 a constant sampling frequency.

12. The electrical circuit according to claim 9, wherein the
rising exponential function i1s given by

u(t) = ug * (1 —e'_?r),

wherein t 1s time, T 1s a time constant, u, 1S a constant,
wherein u, 1s smaller than or equal to a size of an 1nput range
of the analog-to-digital converter.

13. The electrical circuit according to claim 9, wherein the
falling exponential function is given by u(t)=u,*e""™,
wherein t 1s time, T 1s a time constant, u, 1S a constant,
wherein u, 1s smaller than or equal to a size of an 1nput range
of the analog-to-digital converter.

14. The electrical circuit according to claim 9, wherein the
first phase has a time duration of T, and the second phase has
a time duration of T,, T,=T,=In(2)*t, wherein T 1s a time
constant of the exponential functions.

15. The electrical circuit according to claim 11, wherein
the constant sampling frequency is greater than 2°*1/(T,).
where T, 1s a time duration of the first phase and B 1s a
resolution of the analog-to-digital converter.

16. The electrical circuit according to claim 9, wherein the
clectrical circuit in the analog-to-digital converter are mono-
lithically integrated.

17. The electrical circuit according to claim 9, wherein the
calculation unmit comprises a summation unit for calculating
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a sum trom the first sum and the second sum and a difference

unit for determinming a di
the second sum.

Terence between the first sum and
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