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ADC border effect and suppression of quantization error
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The digital measurement and processing is an important direction in the measurement and control field. The quan-
tization error widely existing in the digital processing is always the decisive factor that restricts the development and
applications of the digital technology. In this paper, we find that the stability of the digital quantization system is obviously
better than the quantization resolution. The application of a border effect in the digital quantization can greatly improve
the accuracy of digital processing. Its effective precision has nothing to do with the number of quantization bits, which is
only related to the stability of the quantization system. The high precision measurement results obtained in the low level
quantization system with high sampling rate have an important application value for the progress in the digital measurement

and processing field.
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1. Introduction

In the digital age,!"! improving the digital measurement
accuracy is the goal that all fields have been pursuing. At
present, an important development trend is to reduce the quan-
tization error and improve the measurement accuracy by im-
proving the quantization bits.[>~!!] But when the figure of the
digital conversion improves, the sampling rate would be re-
duced. For a 24 bit quantized digital system, the sampling
rate is only a million samples per second (MSPS), while an
8 bit quantized digital system has a sampling rate up to a
gigabit samples per second (GSPS). The concept, applica-

12131 can make

tion, and development of the border effect!
the low bit quantization system realize the measurement ac-
curacy that is higher than the quantization resolution. Mean-
while, for the less quantization bits, the quantization system
could reach a higher sampling rate.['*) Based on this, in this
paper we will discuss how to apply the border effect theory
to the measurement of the multi-fuzzy zone border in digi-
tal measurement. >3] The border effect theory is verified by
the measurement of the AC voltage. In the actual quantified
measurement, we can make the corresponding fitting!'®! ac-
cording to the characteristics of the physical quantity. Com-
pared with the traditional analog to digital converter (ADC),
extracting the effective information!!7-2!! using the border ef-
fect in the digital quantization could obtain higher precision.
As a breakthrough progress in the measurement field, the bor-
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der effect is widely applied to some simple physical quantity
measurements where we can obtain better measurement re-
sults. It has also been fully applied in the precision frequency
measurement!?'=23] and has some advantages over the conven-
tional methods. If there is no detailed analysis of the bor-
der effect principle, it is very difficult to understand and ap-
ply in some complicated situations, such as the discrete fuzzy
zone, the concentrated fuzzy zone, and the dynamic multi-
fuzzy zone of the digital quantization process.

The essence of the border effect is that in the numeral
mode conversion process, the border value of the measure-
ment fuzzy zone between two adjacent quantizations is more
stable?*3%1 and then we can obtain higher precision than
traditional quantization through selecting these values of the
jump edge. The viewpoint of this technology aims to be
widely applied for various fields using digital quantization,
such as digital sensing measuring instruments, communica-
tion, navigation, positioning, and so on, >3/ that is, high preci-
sion measurement could be obtained by using the stability of
dynamic edge information in the multi-fuzzy zones. The same
approach that improves the measurement resolution and accu-
racy using the border effect could also be applied for the linear
varying voltage, >3] such as the linear degree measurement
of triangular wave and saw tooth wave voltages and the pre-
cision measurement of the linear phase comparator.*! It can
also be used for the detection and calibration of the input—
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output characteristics of the sensor. At the same time, this
method is more suitable for the measurement of the dynamic
characteristics of the fast changing signals, such as the rising
edge of the pulse signal, the rate of change of the slope, the
linearity of the signal change, and so on. In the processing of
these problems, the conventional sampling number and sam-
pling rate are contradictory, while the approach could make
the low-bit ADCP! with high conversion rate obtain high pre-
cision measurement. This will provide a better measurement
method for measuring the dynamic multi-fuzzy zone formed
by the limited resolution of the measure object,!!!l improv-
ing the accuracy in the measurement and control. This will
also open up a new way for the development of high precision
digital measurement, and promote the development of various
fields to a higher level.

2. Method

2.1. Dynamic fuzzy zone and quantization stability in the

digital quantization

The multi-fuzzy zone is a unique property of the digital
quantization system, and the border of the fuzzy zone has a
very high stability too. Systematic analysis and experiment
validation of the quantitative edge show that higher resolution
than the device’s measuring precision can be obtained by pro-
cessing data at the dynamic fuzzy zone border. On the anal-
ysis of the fuzzy zone, through the periodic signal frequency

t,137-4% precision is improved sig-

stability in the measuremen
nificantly. On this basis, higher accuracy than the quantitative
value can be obtained by correcting and fitting values at the
dynamic multi-fuzzy zones. A digital quantitative dynamic
fuzzy zone diagram is shown in Fig. 1. It shows the quanti-
tative process of the actual signal, which forms a continuous
signal to a continuous ladder-like fuzzy zone. When the input
signal comes to the quantitative edge, the digital result changes
and has the minimum difference with the input signal in this
location.

digital code
4

AV

analog input

real signal

time

Fig. 1. Dynamic fuzzy zone of ADC.

For a practical digital quantitative system, the quantitative
resolution (dynamic fuzzy zone size) is

1 1/1
*=-LSB=-| 1
Vi=5LSB=2 (2NVREF>, ey

where V* is the maximum error of measurement, N is the
quantitative bit, and VRgr is the reference voltage.

Assume that AR is the quantitative resolution, namely, the
quantitative fuzzy zone, and &r is the stability of the fuzzy
zone border. The amplification coefficient A is given as

AR
A= 5 2)

In Fig. 1, half of the fuzzy zone is 1/2 LSB of quantitation,
and in the process of digital quantitation, the improvement of
the actual measurement precision A* is

| 1 1 1 1
A" = ELSBE = EARE = EA' 3)

The stability of resolution on the border is dr, and 6r is
related to temperature 7', noise S, and the conversion princi-
ple C. So when the environmental temperature change is very
small, and the noise of the circuit itself is very weak at the

same time, *!! the stability at the border will be very high

or=f(T,S,C). “)
The actual measurement error is
V*

r=n= or. (5)

According to Eq. (5), when the physical entity of a digital
quantitative system has been confirmed, the highest measure-
ment resolution can be reached under the border effect only
related to 8r. The conversion principle C of the converter
will be different, but once the device is determined, it is only
related to temperature 7 and noise S, the quantization error
determined by the measurement error can be eliminated. So
the actual accuracy measured is significantly superior to one
of the system itself. When processing data, the fuzzy zone
can be formed at quantitative borders. Cause data at borders
have stable and high precision characteristics, and the stable
characteristics will remain, correcting and processing the data
effectively can result in a higher precision.

2.2. Application of the border effect in data sampling and
waveform restoration

The data processing applying the border effect is shown
in Fig. 2, which is of strong representation and can be involved
in any digital quantization system.

According to the sample rate and quantitative value, we
can obtain the two-dimensional information of the input sig-
nal at quantitative edge. Then, we can fit the correction of
the input signal using these values and rebuild the input signal
to the greatest extent. Meanwhile, the process automatically
fits the optimization point, and further reduces the random

noise caused by the edge jitter. On this basis, according
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Fig. 2. Data acquisition and processing of border effect.

to the demand, the waveform parameters will be measured,
which will be more convenient and quick. Finally, we can ob-
tain a more accurate result than traditional direct measurement
with compensation and correction. If the measured signal is
a nonsinusoidal signal or a signal with distorted waveform,
the measurement for the valid value will no longer apply to
the principle “the corresponding relationship between the ef-
fective value and amplitude of the standard sine signal” de-
scribed in this paper. Fitting the measured signal according
to the sampling point and calculating the valid value by in-
tegral operation on the basis of the definition of valid value,
the higher precision measurement results can still be obtained
compared with the traditional measurement scheme. This is a
more advanced processing method. The measurement method
in this paper is only used as an example to explain the princi-
ple of the program. In Fig. 3, according to the digital value of
ADC, the sampling results will include more error at the top
and bottom points of the input signal, which will cause the loss
of the amplitude information, because the quantitative value is
an integer. Based on the border effect to fit the cure, we can re-
store the true amplitude information of the signal. At this time,
the real quantitative value is equal to the practical quantitative
value plus a small value which is less than one quantitative.
That is to say, the eliminating top of the waveform has been
compensation.
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Fig. 3. The dynamic fitting curve.
In order to improve the measurement accuracy, the tradi-

tional digital method makes use of the average of many dif-
ferent collecting results. Because of different sampling points

with different measuring accuracy, the method has a great dis-
advantage. Only some minority points at the quantitative edge
are of high accuracy. However, most sampling points devi-
ate from the edge with huge error. The data processing on
the basis of these points is limited to their accuracy, so it is
very difficult to improve the measuring accuracy significantly.
The sampling value of points at the quantitative edge can be
achieved effectively, namely, the border effect, and the bor-
der can be obtained by use of the AC voltage signal quanti-
zation. Taking advantage of the border effect, a higher accu-
racy may be realized, owing to the high accuracy of the edge
points. In the actual experiments, a standard sine signal source
is used as the measured signal which is sampled and processed
by applying the border effect. The phenomenon of quantita-
tive edge would be more obviously, especially at the peaks
and troughs. The obtained border quantization value is used
to fit a sine wave, meanwhile, part of points deviating from
the fitting curve can be automatically removed by the system
device. Therefore, the measurement error could be reduced
greatly and it also means the higher measurement accuracy.

3. Results
3.1. Amplitude characteristic

The measurement accuracy can be improved greatly by
applying the border effect. Whether it is a centralized fuzzy
zone, a discrete fuzzy zone, or a dynamic progressive multi-
fuzzy zone, the quantitative fuzzy zone exists when it has the
quantization. And its essence is that the edge of the fuzzy
zone produced in the adjacent digital conversion is more sta-
ble than that in the whole fuzzy zone, and the edge posi-

12,131 of the fuzzy

tion of the fuzzy zone reflects the stability!
zone. Therefore, the edge value could be obtained effectively
based on the principle of the border effect. Because the edge
value has a higher precision than the quantization value and
its accuracy is only related to the border stability of the fuzzy
zone, the collected points are high precision points. Based on
the process of data processing, this method has higher mea-
surement accuracy than the conventional method. In order to
verify the measurement results applying the principle of the
border effect of the dynamic multi-fuzzy zone, we adopt the
signal source (Fluke5520) whose measurement error is up to
1/10000 to 1/100000 as the output signal of the system device.
The experiment results are compared among three measure-
ment methods, they are the 8 bit ADC using the border effect,
the direct measurement devices, and the high-precision Agi-
lent3458A. The result of relative error of the three methods
is shown in Fig. 4. Using the basis of the principle of the dy-
namic fuzzy zone of the multiple border effect has a significant
advantage over the ADC in a traditional direct way in measure-
ment. Compared with the advanced high precision measuring
equipment (Agilent3458A), they have similar error.
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Fig. 4. Amplitude characteristic relative error curve.

3.2. Frequency characteristics

The measurement results based on the border effect have
better amplitude and frequency characteristics. The measure-
ment of the effective value of the AC voltage is used to verify
the border effect of the dynamic multi-fuzzy zone. In the ac-
tual measurement, most signals are varied, for example, the
AC signal. Yet the constant DC signal is only a special case.
Therefore, the measurement of the AC voltage can widely rep-
resent the applications of many digital quantization measure-

42431 and reveal that the quantiza-

ments at the present stage[
tion resolution of the system devices is fixed, the measure-
ment accuracy is greatly improved when the multi-fuzzy zone
border information is obtained using the quantization stabil-
ity of the system.!!3] Comparing the 63 digital multimeter
GDMBS8261A (equal to 21bits) with 8 bit ADC direct measure-
ment, the results are shown in Fig. 5. We can see that the
6% multimeter has very high measurement accuracy below the
range 100 kHz. But when the frequency is up to several hun-
dred kHz, the measurement error would increase rapidly ow-
ing to the limit of the measurement principle. While for the
8 bit ADC measurements based on the border effect, we can
find that the frequency range is obviously higher than that that

of the 6% multimeter.
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Fig. 5. The frequency characteristic curve.

The experimental results of the two groups are consistent
using the 8 bit ADC. Although the results of direct measure-
ment have good high frequency characteristics, the amplitude
characteristics have large errors.

The experiment indicates that the digital measurement ap-
plying the border effect principle could make the measurement
accuracy immune from the quantization bits, and verifies that
the border effect principle can be used to realize more higher
measurement resolution when measured in a dynamic state.
From the frequency characteristics, the method is equal to the
conventional ADC sampling. The measurement upper limit
of the AC voltage effective value is obviously higher than
that of the traditional rectifier filter mode,*>%! and its fre-
quency measurement upper limit depends on the highest sam-

C.[46-491 From the precision characteristics,

pling rate of AD
the maximum measurement error of the 8 bit ADC adopting
the conventional measurement scheme depends on the max-
imum quantization error. The measurement accuracy of the
single point can be greatly improved when it adopts the idea of
transforming edge value fitting. According to the existing ex-
perimental results, the measurement accuracy can be increased
by nearly 100 times under a certain noise background. For
multiple point measurement, because the fitting point has a
high precision, the fitting result also has a high precision.

3.3. Measurement of transient parameter about fast
changing signal
Figure 6 shows the applications of the pulse response
time, fast changing signal slope, and its transient response.
The input signal is a rising step, and its slope can be said to
have angle K. The picture shows the process of the digital
quantitative.

4 analog input 1 digital code

input signal

Fig. 6. Fast rising signal parameter measurement.

In order to obtain the change of the rise time or slope, we
measure the change AV of the signal amplitude during a period
of time AT, and calculate its slope K as follows:

AV
K=—". 6
AT (6)
Measured by the digital device, the method could be re-
duced in proportion, until the voltage we are concerned with

transforms the minimum voltage resolution of the converter,
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that is quantization error LSB, while the time interval trans-
forms the sampling interval Ar of the converter. Next we de-
rive the maximum range of signal slope variation measured by
the ADC.

The large time interval and the voltage variation are re-
duced to the minimum quantization level and the sampling rate
of the converter, the slope K can be expressed as

AV ILSB

TAT T A @

While the relationship between the sampling rate S and the
minimum sampling time Ar of the ADC is

1

At = —. 8
3 ®)
So the slope is
K =1LSB-S, )
and
1
1LSB = ZTVVREF, (10)
1
K= ZWVREFS- (11)

It can be seen from the above equations that the measur-
able slope range is related to the number of quantization bits
N, the reference voltage Vrgr, and the sampling rate S. The
realization of the maximum measurement slope variation re-
quires increasing the sampling rate, small quantization bits,
and improving the reference voltage level. Only low-bit ADC
meets the top two items. The low-bit converters applying the
border effect principle can improve greatly the measurement
accuracy, meanwhile, its conversion speed would not reduce.
Therefore, it is the only choice to measure the rapid change of
the signal, as well as the pulse measurement.

3.4. Actual measurement accuracy

The highest accuracy which the digital system can real-
ize depends on its stability. In our original work, the verified
experiments were mainly aimed at periodic signals.[*3] The
structure of the fuzzy zone was relatively simple, meanwhile,
the possible range of its application was not also very wide.
The experiment of dynamic multi-fuzzy zones can illustrate
that the measurement accuracy of the measuring device de-
pends on its stability index under complicated circumstances.
Therefore, it is the optimal selection for the dynamic digital
measurement to choose the high speed and low-bit ADC in-
stead of the low speed and high-bit ADC. This will provide a
very important reference for the future development and appli-
cation of ADC devices.

The actual measurement accuracy of the digital quantiza-
tion system depends on the sampling rate. The border effect is
used to improve the measurement resolution in dynamic digit

measurement. Its theoretical basis is that the conversion edge
value of the quantization system has significantly higher sta-
bility and accuracy than the other locations. So if we would
use the principle in practical applications, we must find the
exact location of the conversion edge value. The accuracy of
its value determines the accuracy that the system can reach.

According to Fig. 7, ADC has a minimal error of 1/2 LSB
in traditional function. We increase the sample rate in the time-
line that every quantitative fuzzy zone can include more sam-
ple points (the point in the timeline of the picture), and the
precise location of the quantitative edge is depending on the
interval of sample points. For a practical digital system, the
finite sampling rate results in that the sample point cannot be
infinitely close to the quantitative edge, and the quantitative
edge randomly changes with the input signal, both result in
the quantitative edge inaccuracy.

n+1 digital code
A
input signal
the border edge _~1 1~ 7| n+l
\ LSB
AL D . n
LSB
——————————— n—1
NM-At
o ~
At

Fig. 7. (color online) The relationship between actual resolution and sam-
pling rate.

When improving the sampling rate, the quantization error
LSB of a quantization system causes that there are M sampling
values between the adjacent quantitative fuzzy zones. At this
moment, the maximum error of the true position of the con-
version edge Az is the same as the maximum error AV on the
vertical axis and also the same as M subdivision on the fuzzy
zone. Therefore, the measurement error applying the border

effect is
1

AV = — .LSB. 12)
M
Here M is equivalent to the subdivision factor, and M is in-
versely proportional to Ar according to Eq. (8), so

1
AV o< S o - Ve (13)

That is, the formula can obtain the resolution AV by the border
effect. The measurement accuracy can be improved through
increasing the sampling rate when the quantization system is
fixed. The application of the border effect is a new implemen-
tation method for the high-precision digitized measurement.
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It can also be seen from the chart that improving the ac-
curacy using the border effect depends on the stability at the
conversion edge; it is shown as the subdivision of the time
axis. It means that the subdivision of the voltage on the verti-
cal axis would be converted to the temporal subdivision. The
biggest characteristic of the low-bit ADC is that they have a
very high sampling rate, which means that the low-bit ADC
as usual could achieve a high precision result by the border
effect.

4. Summary and discussion

By using this method based on the border effect, the bor-
der information of a dynamic fuzzy zone can be captured.
Therefore, we abandon the traditional data processing method,
which needs times of sampling and averaging to reduce the
quantization error. We collect data selectively, and find the
border location and convert data. For the quantitative system,
the quantization edge value has higher sensitivity compared
to the quantization resolution, and small changes of input will
cause the change of the quantitative results, and the difference

between real values is minimal. 1134447

1'So the precision of
the points on the borders is significantly higher than that in
other zones. Better results can be obtained by processing the
higher precision points. Due to the use of low converters, the
actual sampling rate can be very high. Based on the idea of
the border effect, high-precision measurement can be realized
and higher frequency range can be obtained at the same time.

In digital quantitation, research and application on bor-
ders of the dynamic fuzzy zone are based on single side sta-
bility. In a broad sense, it is a quantitative system of physical
properties for the quantitative of extreme stability, and it is
also a unique property which is often ignored in digital quan-
titative systems. Therefore, a further study of its characteris-
tics is the key technology of the border effect. In the digital
quantitative system, the linearity of quantitative borders also
needs to be focused on. Because ADC has the biggest non-
linear error related to the effective quantitative bit, [44-471 and
its value is at the minimum quantitative level, which leads to
a non-uniformity between multiple quantitative borders in the
whole quantitative range. The points at border locations will
change due to the non-uniformity. The deviation value is sig-
nificantly bigger than the stability of the quantitative border.
Actually, ADC products will make the error below 1/2 LSB.
In applications, the error of measuring results in the biggest
impact, therefore, we need to calibrate all quantitative borders
in ADC to make sure of the high precision of the measurement
results. ! In experiments, inevitably noise of the circuit itself

511 will be added to the measured results,

and additive noise
which leads to a small jitter in the actual conversion border
and it has higher instability than the actual stability. So the

quantitative random deviation of the border value should be

taken into account in data processing and by selecting sub-

sequent values at the borders, we can get rid of the interfer-

[47-49]

ence of random noise to make it closer to the border of

its true position. According to our experiments, under cer-
tain outside noise background, compared to the direct mea-
surement by ADC, the accuracy of the measurement results
applying the border effect principle could be improved nearly
100 times. This effect exists universally.
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