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Abstract:  Analog-to-digital converter additive post- ADC
correction using look-up-tables is considered. An aceurat | - - - - - — - - = |
expression is provided that predicts the ADC performance quantizer

after correction. The expression depends on differentiat n : !
linearity, random noise variance, and the numerical pi@tis st) | s(n) () | x(n)

N > (7, | (x
of the correction terms. The theory shows good agreement > {71} {xi} >
fs

when compared with simulations and experimental converter

data. L - _— — — _ _1
Keyword: ADC, post-correction, look-up table, fixed-point,
DNL.
Fig. 1: A model for the ADC converter with the quantizationnegented as
1. INTRODUCTION a two-step operation.
Analog-to-digital converter (ADC) post-correction hashe
proposed in many different forms, many of these apply- s(t) x(n) e y(n)
ing look-up tables (LUTSs) [1]. When designing ADC post- ——® ADC % > {e} >CA) >

correction systems, it is of great interest to predict wheat p
formance that can be anticipated. The performance wilt, nat
urally, depend on the characteristics of the ADC at hand- Fur
thermore, in a practical post-correction application weésy
likely that the correction values will be stored with fixedhpt Fig. 2: Additive correction system.
precision, which of course affects the corrected output. We

will in this paper present a theory linking the ADC perfor-

mance after post-correction with a number of design paramse output levek; which is assumed to be fixed but otherwise
eters. In particular, an expression for the signal-to-@aisd arbitrary. The quantization is defined such tkét) = x; if

distortion ratio will be provided. The theory is verified by s(n) €.%. Also, the width of a quantization region is denoted
computer simulations as well as experiments using a sfate-ohe’ code bin width
the-art ADC. . ' . .

The work in the present paper is a continuation of the !t iS assumed that the input valsen) is drawn from a

work in [2] The theories below have been refined and eX_StOChaStiC variabl& with probablllty denSity function (PDF)

panded from [2], now also accounting for the charactesstic fs(s). The temporal properties f@are immaterial since the

of the converter nonidealities and random noise effects, im?huantlze;_ls aststj_me% to bednon-ldynamc,_ "e';{ tr:et.\houtput of
proving the accuracy of the performance prediction. The pre! etq”ta” Izer at ima depends only on the Input at the same
sentation here is intentionally brief—the full derivatiomsd ~ 'MStant.

further results and discussions are found in [3].

2. QUANTIZER AND CORRECTION SySTEM 21 Pos-correction System

MODEL A static additive correction (described for instance in) [4]
Consider an ADC with continuous-time inpu(t) and employgd. Fig. 2 depicts thg correction system. The cardect
discrete-time outpuk(n), as depicted in Fig. 1. The ADC Valuey is produced by adding a correction tesfx) to the

is assumed to possess an ideal sample-and-hold circuis, Thlputp'utxlsp thaty = x+€(x). Every possible output valh;)ele

the sampled signad(n) is regarded as input to the system. {Xj}j_o is associated with a correction teefx) € {e;};=5 "
The quantizer ha$ bits, resulting inM = 2° quantization Optimal correction values for minimizing the mean-
levels. The quantizer output, denotéd), is a quantized ver- square error ES—y)?] are used (note that is a function
sion ofs(n). The quantization is defined By = 2° disjunct  of Sand that the expectation is w.f3. In [5] the minimum-
regions.%p through. -1, which together covers the entire mean-squared-error (MMSE) optimal correction values were
input range. Each quantization regiof is associated with derived. The result is that if the quantization regidug;}



are assumed fixed, the optimal correction values are given bthe quantizer is denotel The actual code bin width for the
k-th code bin is

6 opt = g MIrE[(y — §*S€ 7] WK = A+ dalK. )
Jse.r S Ts(s)ds (1)  The DNL naturally becomes DNL= da[k]/A in accordance
= : f d — A with [6] The difference:dA[k], k=12,...,M—2, are con-
fsey’j s(s)ds sidered to be independent realizations of a stochastialari

o . ) ) D with probability density functiorfp(d). It is assumed that
This is the correction that would be used if the correctidn va fo(d) is an even function — implying zero-mean r— and

ues could be represented using infinite precision. that the variance db is o2.

. The quantizer is still fed with a signal modeled as a
2.2 Mean Squared Error Calculations stochastic variabl&, with a PDFfg(s). The MSE is written
Let MSEqg denote the mean squared error (MSE) for the quanas

tizer without correction, i.e.,

MSE = Eg[(S—y)?| = [ (s—y)?fs(s)d
MSEq = E[(S—x)% = [ (s—Q(s))? fs(5)ds (531 = [ (-3 teg s

2 2) =MZ)1 [ (s=yo? fs<s>dséMz: MSE(K),
_ Z /Wi(s_xi) fs(s)ds Lo )5 &

whereyy is the corrected output for theth level: y, = X + .
The mean-squared error in tkeh quantization regiot# as
a function ofda[K] is then

(8)

The resulting MSE after infinite-precision correction —ttisa
applying correction terms according to (1) —is

MSE, = E[(Sfy)z] =E [(S* X)2 — 2(87 X) e(x) + e(x)z] MSE(k, dA[k]) _ Eg[(S— yk)2|S€ S dA[k]]
= MSEq +E [¢(Q(9))?] —2E[(S-Q(S)e(Q(S)], (3) = [ (s-wrsls)as
where the last equality comes from applying (2). In order to o’

simplify the expression, we use (1) to obtain Note that the dependence dglK] is in .. Assume that the
quantization regiorty is sufficiently small, and thats(s) is

(9)

/ sfs(s)ds= (& +x) / fs(s)ds, (4) sufficiently smooth, so thé(s) can be considered a constant
s s Cy within .%.. Then, the MSE becomes
and use it to manipulate the last term of the expression (3)
into MSE(k; da[K]) = Cx /5, (s—yi)2ds (10)
“k
_ 2
E[(S-Q(9)e(Q(9)] =E [e(Q(S)) ] ’ ®) We also know (from (1)) in this case that the MMSE-optimal

Yk is the midpoint of #. With the substitution = s— y, the

which is in fact nothing but the variance of the Correctlonintegral can be written as

valuee. Reapplying this in (3) yields
) A+dal Ce
— 2
MSE, = MSEq —E [6(Q(S))"]. 6)  MSE(k; da[K)) = 2C /0 dt= 2% (A+dyk)°. (A1)

Since E[e(Q(S))?] always is a non-negative quantity, we _ _

can immediately see that the MSE after MMSE-optimal cor- _BY taking the expected value of M$E D) with respect
rection is never higher than the MSE before correction, of0 D, the MSE for thek-th quantization region is:
MSE, < MSEg. &

In the next section we will derive a more specific expres- _ . _ Sk 3
sion for the resulting MSE after correction based on certain MSE(k) = Ep [MSE(k; D)] = Ep { (A+D) ]
Ck US 3
=— (1+3A2 A°.

12
assumptions on the quantizer behavior.
3. OPTIMAL CORRECTION RESULTS UNDER 12
RANDOM DNL _ _
The fact thaD is zero-mean and thafB%] = 0, sincefp(d)

In this section we will pursue a limit on how good a quantizeris eyen, was used in the last equality. Upon inserting ths in
can be after correction. The nonidealities of the quantizer (g) the overall MSE is obtained as

terms of the differential nonlinearity (DNL) [6] are moddle

as random. The maximum achievable MSE after MMSE op- A3 o2\ M-1

timal correction is derived and found to be dependent on the MSE(U,%) = — <1+32) Z Ck. (13)

variance of the DNL process. The problem considered in this 12 A=

section was also studied in [7], and similar results as (Efgw

found then, but under different assumptions. It is perhaps more interesting to consider the relative
Assume that the ADC, or quantizer, suffers from a certairMSE. In particular, we consider the MSE related to the MSE

differential nonlinearity. We will here describe the DNlast for an ideal quantizer, fed with the same signal. The MSE for

tistically in the following way. The ideal code bin width of an ideal quantizer, denoted M§Es before, was expressed

(12)



in (2). By making the smoothness assumption again, the ideal

MSE can be approximated as b bits
K—J%
M-1
MSEq = Z}/yl(s—xk)zfs(s)ds aoc: [T TTTTT] I+I L_L
k=0 VSc7k
~2M_1C’ %tzdthSM_l’ (14) Corr: | | | | | | | I I
~ k; k/o —Tzkzock, -

where’ is used to denote tha¥,, andC; are not necessarily

equal to.%; andCy, respectively. The potential discrepancy Fig. 3: Addition of the ADC output with a correction value. &bits of the
between#, and.# does of course come from the deviation table value are shifted in order to enhance the precisidmeotorrected ADC.
da[K] in the regions. Since the regions may end up at different

places, the assumed constant valydor the PDFfs(s) May 4 EIxED-POINT RESOLUTION EOR CORRECTION
consequently change Gy. VALUES

Define the ratio between MSEZ) and MSK, as
It is not always feasible, let alone practical, to implemamt

A3 o2 M—1 ADC post-correction system, such as the one in Fig. 2, using
MSE(02) 12 <1+ 3A2) > C floating-point representation for the stored correction values

KZ (95) = k=0 (15) ¢ ']-\":’01. It is natural to settle for a specific precision with
MSEq Aj Mflc/ which the correction terms are stored, e.g., a certain numbe

12 k;) K of bits. Obviously, the performance of the corrected ADQ wil

depend on which precision that is used to store the correctio
The assumption that values.
The precision of digitally stored values is often stated as
M—1 M-1 a number of bits. Assume that the table is stored usibgs
Z)Ck ~ ZOC{( (16)  and that the ADC to be corrected converts the signal linto
k= k= bit values. If we know that the ADC only has error in the
. . . lower bits, then we can “shift” the bits of the correctionleab
is rather reasonable—multiplying each sumbgives an ap- - anq gbtain a correction with higher effective precisionr Fo
proximation of the integraf fs(s) ds= 1. Under thatassump- eyample, if the ADC has 10 bits, but only the 2 LSBs need
tion, k simplifies to correction, then the remaining bits of the correction value
) (minus the sign bit) can be used to get a better precision.
K~ (1+30D) . (17) After the correction with a shifted correction value we
A? have an ADC with a-bit resolution but a suprb-bit pre-
o ) . S cision. That is, the ADC still has goP2juantization regions,
This is the increase in MSE that is inflicted by the Difter  pyt the reconstruction levels after correction are repriese

MMSE optimal correction is applied. with more tharb bits.
The problem gets easier to analyze if the resolutign
3.1 SINAD and ENOB being the smallest possible difference between two difiiere

The result (17) above can be directly translated to a degrad&orrection values, is used instead of the actual numbettsf bi
tion in the signal-to-noise and distiortion ratio (SINARpd ~ T. Moreover, we are here only interested in the number of
the effective number of bits (ENOB). The SINAD is defined extra bitsdb added by the correction term. See Fig. 3 for an
as [6] illustration. The relationship betwe andn is straightfor-
SINAD = 2010g;, M Ssignal g M 3b
= 20logo s (18) n =29 LSBs. (21)

. It is assumed that the correction values never exceed the
where we can use RMgise= VMSE= /kMSEq. Thisisof  |argest number that can be represented byrthrrection
course assuming that there are no other noise sources-affegls meaning that saturation of the correction values dogs

ing the quantizer. Thus, the difference between the SINADhappen.

with optimally corrected DNL errors and the SINAD of an | gt & be the (uniformly) quantized version of the table

ideal converter is entry . This is the correction value that would be used
2 in a post-correction system with a fixed-point resolutipn
ASINAD = —10log,o (1+ 302> dB. (19) We assume th_at one o_f the quantization .cell's i_s cent_ered at
A zero. That is, if a certain correction term is within the mte

o ) ) val [-n/2,n/2] it will be quantized to zero, and, since the
The ENOB is directly linked with the SINAD (cf. [6]), quantization of correction terms is uniform (ideal rourf6;o
and we can therefore state the difference between the ENOA| other possible quantized values are located at an intege
Wlth DNL errors and the ENOB Of an |dea| converter as mu|t|p|e Ofr' Hence, we can Say that

§e{kn:k=...,-2,-10,1,2,...}. (22)

1Floating-point representation of numbers does not haveitafjreci-
. . . sion, but it is the closest to infinite precision we can mustea digital im-
again provided that the errors are corrected using (1). plementation.

1 g\ ..
AENOB:—EIogz 1+3F bits, (20)



Also let

d=6&-¢ (23)

be the difference between the fixed-point and the infinite
precision correction terms. The notatid{x) denotes the
correction term quantization error associated with a djgeci

X i.e.,0(x) = § if x=Xx.
41 MSE

when the resolution tends to zero. The interpretation is
straightforward: since no correction is effected, the MSE i
that of the uncorrected quantizer. The MSE will increasé wit
n according to (28), but not any further than to MSE

5. RANDOM INPUT NOISE

Errors in the transfer function that are deterministic can b
compensated for. The results of the previous sections show

Once again we calculate the MSE of the corrected output sigloW successful this compensation is, taking the DNL of the
nal. The MSE obtained using the quantized correction termguantizer and the precision of correction values into astou

becomes
MSE; 2 E [(S—x—&(X))?] = E[(S—x—e(X) — 5(x))?]
2

= MSE, + E[5(X)?] — 2E[(S— X — e(X))3(X)].
(24)

The error termd(x) ultimately depends on the stochastic vari-

One error effect of a practical ADC thaannotbe compen-
sated for using look-up tableéss random noise. Since the
noise is truly random, it is impossible to say anything about
it, even with knowledge of the resulting output signal. Henc
it cannot be compensated for.

The random noise is modeled as an additive noise, with
varianceo?, added to the input of the quantizer. As a natural

ableS. Using the (modified) relationship in (4), it is easy to cOnsequence, the MSE of the output is increasedy

show that E{S—x—e(x)) 6(x)] = 0, and we obtain
MSE, = MSE, + E[5(x)?]. (25)

The second moment of the errofdx)?] can further be
written as

E[5(x)?] — / 50 fs(s)ds= Y /S E:aCLE

Jsc 7 0% fs(s)ds
- Z/sey. fs(s)d Jse 7 fs(s)ds

_ z/sey fo(s) dSE[82|S € .A].

(26)

Under the assumption that the quantization edors uni-
formly distributed in[—n /2, n/2], then each B?|S¢ .7 =
n?/12 for alli, and (26) becomes

I’]Z

2
2_ N~ _
E5(47) = 1 Iz/se/ fs(gds=1.  (@7)
The MSE in (25) then boils down to
n2

Sincen is expressed in LSBs, so should also M. Alter-

natively, the second term can be scaled\8yo get the result

in input units, e.g., ¥ (volts squared).

6. COMBINING THE THEORIES

The performance description provided in (28) above is de-
pendent on MSE— a quantity that is dependent on the actual
transfer characteristics of the ADC under test, the acgurac
of the calibration and correction schemes, and on the signal
considered. One way to obtain M§E of course to test it

in practice — that is calibrate an infinite-precision LUT and
use it to evaluate the resulting MSE after correction. Téjs i
however, cumbersome in many situations. It would therefore
be interesting to find an expression for MSthat could be
used to estimate the resulting performance of a post-dedec
ADC before it was calibrated.

In this section, the theories presented above are combined
to form a joint formula for the resulting performance after
correction, as a function of DNL, LUT resolution and random
noise.

Recall from (15) that the MSE after correction using per-
fect (infinite-precision) correction values could be exsed
as

MSE(03) = Kk MSEq = <1+3Z§> MSEq. (30)

Here,o3 was the variance of the DNL, addwas the nominal
guantization bin width.

In order to get a value for M§E— the error of an ideal
guantizer —we make the assumption that the quantizatipn ste
size of the ADC is small compared with the variability of
the source PDF and that the input signal does not overload the

It is reasonable to believe that the assumption leading uguantizer. Then, MSgis the classical result

to (27) is valid for smallp, i.e., when the quantization is as-
sumed to be “high-rate”. (See [8] for a thorough discussion
and precise conditions for the uniformity of the quantiaati
noise.) However, ag grows large the assumption will be-

come invalid, motivating the asymptotic analysis.

4.2 Asymptotic MSE

AZ

MSEQ = MSEyniform = TZ
Now, inserting (31) into (30), and this in turn into (28),

gives the resulting MSE after correction with a fixed-point

LUT. We also account for a random noise with variaogeas

in Sect. 5. The result is

(31)

Recall that one of the quantization cells is centered at zero

and that all table values that fall within [-n /2, n/2] will

be quantized te = 0. When we enlarge the correction value

guantization step, i.e., whep— o, all § will inevitably be

MSE, (03, 02) = (1+3

zero, since all table values will fall into the expanding tegn
region at zero. Consequently, the resulting MSE becomes

2Random noise can be compensated using oversampling and iagerag
techniques, but this limits the input frequency range.

MSE, = E[(S—x—0)?] =E[(S—X)?] =MSEy  (29)



The MSE consists of four terms: the first term is the MSE of 0 =
the ideal uniform quantization, the second term is the error f -5 °
inflicted by the DNL, the third term is the effect of limited- ool 2
resolution correction values, and the fourth term is theiinp 0
random noise. Note that the result is in squared input units, _aol §nDc
e.g., V. The resulting MSE in LSBis obtained simply by & ‘o
dividing the equation by?. T, ¢

5 -601 4 spurious o
6.1 SINAD S _sol
When characterizing ADCs the SINAD, defined in (18), is =

more frequently used than the MSE. It is therefore interest-
ing to state the result obtained above in terms of SINAD in-
stead of MSE. The SINAD is in most cases tested using a
sinewave signal. Let the amplitude of the test signalfig:s,
expressed in dB relative full scale. Hence, the RMS value is

-100

-120¢
0

SINAD =54.7 dB, THD = =57.1 dB, ENOB = 9.0]
0.1 0.2 0.3 0.4 0.5

normalized frequency

A10755S pb-1

V2

The RMS noise amplitude is obtained from the MSE expres2. A sinewave fit is made to the recorded data, as per the
sion (32) above so that IEEE standard [6]. The fitted sinewave is used as refer-

ence signal and a correction table is built (cf. [4]). The
RMSnoise= 1/ MSE;, (03, 02).

correction table is static, i.e., having one correctiomter
We obtain the expression

RMSsigna|= (33) Fig. 4: The average output spectrum of the 16 test signatséebrrection.

(34) per ADC code level. The correction terms are stored in

floating-point precision.

. Evaluate the correction. 16 sinusoid test signals are gen
erated, each having amplitude and frequency as above and
random initial phase. These are used as input to the ADC
model and the resulting output is corrected using the LUT.
The performance in terms of mean SINAD over the 16 se-
guences is calculated.

. The LUT correction values are quantized to lower preci-
sionn, and the evaluation step 3 is repeated for different
values off).

Fig. 4 shows the output spectrum of the uncorrected quan-
tizer, evaluated using the 16 sinusoids in step 3. Fig. 5(a)
shows the resulting SINAD after correction with varyingpre
cisionn. The graph shows the simulation results (‘0’) to-

gether with the theoretical res BINAD as predicted in (35)
(solid line). The graph also shows two horizontal lines, iehe
the upper (") shows the SINAD after correction with infi-
nite precision, and the lower[{) shows the SINAD of the
uncorrected ADC model. o
We see from the results that the theoretical IBIBIAD
aligns well with the simulation results, up ttb = 0. For
poorer resolution than that, i.e., féb < 0 implying n >

SINAD = 20b log,p2+ 10 Ioglog + AdeFs

2 (39)

a3 o]
—101logy, (1+3A'§ 0 r72+12“)

N2

for the resulting SINAD in dB. Note thaiggrs must be neg-
ative for this expression to be valid. If not, the quantizer i
overdriven, and the MSE in (32) is no longer accurate.

6.2 ENOB

The ENOB is defined in [6] as a function of the SINAD.
Straightforward calculations from (35) gives
). (36)

2
2, 12%

1 a3
ENOBDNLZb—é 00, 1+3E+’7 A2

7. SIMULATIONS

The results derived in the present paper have been tested
simulation experiments. In the experiment reported her
the model was a simple quantizer where the widths of th
quantization regions were randomly altered from an ide

uniform configuration.The input signal was first perturbed

by additive Gaussian noise, with zero mean and varian
02 = 0.05 LSP. The subsequent quantizer had a DNL th

e

i

a alues in this case had a magnitude less than 1.

11 B, the experimental SINAD approaches that of the uncor-

cted ADC. This is in perfect accordance with the discussio
Sect. 4.2, where it was argued that the performance would
ot be worse than that of the uncorrected ADC. It does also

make sense that a table resolutipr» 2 LSBs does not pro-

de much improvement, since the vast majority of the table

for each code level was generated as an independent observa-

tion of a zero-mean Gaussian random variable with varianc

03 = 0.002 LSE. The resolution of the quantizer lis= 10
bits. The following steps are taken in the simulation:

1. Calibrate a LUT. A sinusoid with amplitude -1 dBFS

g. RESULTS USING EXPERIMENTAL ADC DATA

The theories presented in the present paper have also been
evaluated using experimental ADC data, acquired from an

and random initial phase is used as input to the ADCAnalog Devices AD9430, 210 MSPS, 12 bit converter. The

model. The normalized frequency /fs) is selected to
3001/16384~ 0.1832, i.e., the conditions for coherent
sampling [6] are fulfilled for a record of 16 384 samples,
which is the size of the record taken.

test equipment used was described in [9], and the aquired dat
is described in detail in [3, Appendix B.3].

From the measurements the following parameters were
estimated:
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Fig. 5: Comparison between the theoretical expresSINAD (solid) and the results obtained through (a) simufatior (b) experimental data, both marked
with ‘0’. The top and bottom horizontal lines show the resgtSINAD after correction using floating-point precisidi\() and no correction at all (1),
respectively. Note that the model used to obtain the resul{g)i is not intended to describe the specific ADC used in (tWerefore the results show a
significant difference in scale between (a) and (b).

e Random noise variance;? ~ 0.8092 LSE. REFERENCES

. . 2 ~
» Variance of DNL: 0p ~ 0.004206 LSB. [1] Eulalia Balestrieri, Pasquale Daponte, and Sergio Rapano. A state
With these values we can estimate the performance in terms of the art on ADC error compensation methods. |EEE Transac-

of SINAD of the converter after correction using the formula tzlgggon Instrumentation and Measurement, 54(4):1388-1394, August
(35). :
An LUT is calibrated and used for correction. The proce-[2] Henrik Lundin, Mikael Skoglund, and Peter H andel. ADC post-

; ; i ; ; ; correction using limited resolution correction values. InProceedings
dure is quite similar to that used in the simulations of Séct. IMEKO 10th Workshop on ADC Modelling and Testing, volume 2,

with these modifications: pages 567-572, Gdynia/Jurata, Poland, September 2005.
e The sinusoid amthUde is 0.5 dBFS. [3] Henrik F. Lundin. Characterization and Correction of Analog-to-
e The S|gnal frequency is 60 124 547 Hz and the sample Digital Converters. PhD thesis, Royal Institute of Technology (KTH),
rate is 209 993 728 Hz. November 2005. TRITA-S3-SB-0575. Available from: htt p:

. /I ww. ee. kt h. se.
e The recorded data consists of sequences of 65 536 sam-
pIes each. [4] Peter Handel, Mikael Skoglund, and Mikael Pettersson. A calibra-

. . tion scheme for imperfect quantizers.|EEE Transactions on I nstru-
e 31 sequences are used for LUT calibration, and another mentation and Measurement, 49:1063—1068, October 2000.

set of 31 segeunces are used for evaluation. [5] Stuart P. Lloyd. Least squares quantization in PCM. |[EEE Trans-
Fig. 5(b) shows the results using the experimental ADC  actionson Information Theory, IT-28(2):129-137, March 1982.
data. We see a good match between the experimental resufé;; IEEE. |EEE Standard for Terminology and Test Methods for Analog-

and the predicted value from (35). to-Digital Converters. IEEE Std. 1241. 2000.
[7] Nicola Giaquinto, Mario Savino, and Amerigo Trotta. Detedion,
9. CONCLUSIONS digital correction and global effect of A/D converters nonineari-

. . ties. In Pasquale Daponte and Linus Michaeli, editorslnternational
In this paper, we have presented a method to _predlct_the per- workshop on ADC Modelling, pages 122—127, Slovak Republic, May
formance of an ADC after MMSE-optimal additive static cor-  1996. IMEKO.
rection. The results provided equations for the resultif®AV  [8] Bernard Widrow, Istv an Kollar, and Ming-Chang Liu. Statistical
SINAD and ENOB after correction. The theories show how  theory of quantization. 1EEE Transactions on Instrumentation and
the intrinsic ADC parameters — resolution, DNL variance and ~ Measurement, 45(2):353-361, April 1996.
random noise variance — and the resolution of the correctiofd] Niclas Bjorsell and Peter Handel. High dynamic range test-bed for
values all affect the fidelity of the output. The work preseht characterization of analog-to-digital converters. In10th Workshop
. . . on ADC modelling and testing, pages 601-604, Gdynia and Jurata,
herein is an improvement of the results of [2], now also tgkin - pjjand” September 2005.
DNL and random noise into account. The results were veri-
fied with computer simulations as well as using experimental

ADC data.



