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Bistable smectic-A (SmA) liquid crystal display (LCD) is one of
the most promising devices for smart glass applications due to long-term
bistability, low haze at clear state, low transmittance at scatter state and low
power consumption. The need of a good simulation model for an LCD becomes
apparent during the design of driving system. Liquid crystal (LC) capacitance
is critical in the simulation of LCD pixels and is voltage dependent due to the
crystal characteristics. Bistable smectic-A LC capacitance model is introduced
in the paper. The study describes the most relevant conclusions obtained from
the measurements of electric properties of bistable SmA LCD samples and
electric equivalent circuit characterization.

Keywords: bistable, capacitance model, liquid crystal display,
smectic-A

1. INTRODUCTION

Simple parallel RC circuits usually represent the behaviour of liquid crystal
displays (LCD) in a variety of situations. These electric circuits are of great practical
interest, since they can be used in countless applications ranging from theoretical
studies to simulations of LCD elements [1] molecular director axis parallel the
surface of the cell.

Due to the anisotropy of LC material, the liquid crystal capacitance C, . is
not constant. It varies from a minimum capacitance when no voltage is applied
across the LC cell to a maximum capacitance when the LC cell is fully turned
on [2]. Thus, the liquid crystal capacitance C; is bias and time dependent. This
mechanism has been thoroughly analysed by some liquid crystal manufacturers
and laboratories. However, the formulation is very dependent on the specific liquid

crystal type [2], [3].



One particular feature of SmA liquid crystals is a marked hysteresis in their
switching to the extent that dielectric re-orientation (or other disturbances of the
smectic structure) does not relax when the electric field is removed, dielectrically
re-oriented SmA liquid crystals remain in the driven state until further forces are
applied [4]-[6]. This is explained via reference of the nature of the processes, which
are used to drive such liquid crystals [7], [8].

Existing studies do not provide detailed information on bistable SmA
LC operational, electrical properties. Contrary to a majority of studies that have
been conducted using small samples <50x50mm, the present research is based on
300x400mm large bistable SmA LC devices. The main goal of the current research
is to determine equivalent electric circuit component parameters to simulate a SmA
LCD cell, i.e., to create a simulation model which could help in designing a new
driving system for SmA LCDs.

2. EXPERIMENTAL PART

A total of two different experimental series have been performed. For these
experiments, bistable SmA LCDs have been manufactured by EuroLCDs Ltd. (see
parameters in Table 1 and Table 2). LCDs have 300x400mm outer dimensions
and active area equally divided into 8 pixels (one pixel is 95x275mm), which can
be switched individually or as a single unit if they are connected in parallel [9],
[10]. To maintain a constant cell gap, 15um plastic ball spacers with density of
10pcs/mm? have been used. LCs have been supplied by Dow Corning Corporation
[71, [8]-

Previous study on operational properties showed that the working voltage of
bistable SmA LCDs was 13V/um, clear (transparent or also known as homeotropic)
state frequency was 600Hz and scatter (light scattering or also known as focal conic)
state frequency was 30Hz [12].

Table 1
LCD Parameters
Dimensions 300x400mm
Spacer Size 15pum
Liquid Crystal Type Smectic-A
ITO Resistance 80 Q/sq
Table 2
LCD Operational Properties
Driving Voltage 13V/um
Driving Waveform DC balanced square wave
Scatter Frequency 30Hz
Clear Frequency 600Hz

The LC cell can be considered as an ideal capacitor. Due to its construction,
it is very similar to a flat capacitor, where both plates are made up of two indium
tin oxide (ITO) layers and between them there is LC material with €, [10]. More
precisely is to take into account conductivity loss and LC cell approximation in a
narrow band with a non-ideal capacitor model (Fig. 3), where R is the electrical
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resistance of the output (ITO layer and dielectric) and C is the electrical capacity of
a flat capacitor. By adding additional R and C elements, a model describing the LC
cell up to a frequency range of 10'-10"Hz can be obtained [1], molecular director
axis parallel the surface of the cell.

c—— Rp

oO—6

Fig. 1. LC cell equivalent electrical circuit, where R —ITO layer and dielectric resistance,
C — liquid crystal capacitance and R, — liquid crystal resistance.

The first experiment has been devoted to obtaining R, that mainly consists
of conducting, transparent layer, ITO resistance measured in ohms per square (£)/
sq). Typical values are 40—-100€2/sq. The thicker ITO layer, the lower resistance and
optical transmittance and vice versa. To achieve high optical transmittance and good
conductivity, ITO resistance must be chosen between 80—100€2/sq. Additionally, ITO
layer must be patterned to reduce LC breakdown. ITO must be patterned in strips
such that the resistance of the strips would increase, thus lowering the current in the
series. The great benefit of using patterned electrode is that the overall resistance
of the cell does not change, and the capacitive charging times of the cell are not
affected. Unfortunately, the patterning is visible to the eye since it scatters light.
Compromise between the optical quality and electrical properties should be found
[11], [13]. Bistable displays, in which an altering field at different frequencies is used
for switching from clear to scattering states and vice versa, require electric fields at
around 10 V/um for operation. When operated at such high voltages an electrical
breakdown is very likely to occur in the liquid crystal (LC).

Equivalent series resistance Rs (Eq. 1) can be determined by rapidly
applying voltage and measuring the voltage on a series-connected resistor
( Ry =5 — 1042 (see Figs. 2 and 3). At the first moment of time C is a short circuit
and a voltage divider is formed.

Fig. 2. Overview of the experimental setup used for measuring electrical properties of bistable
smectic-A liquid crystal displays. Used equipment: 1 — Agilent US032A, 2 — B&K Precision 9184,
3 — Agilent DSOX2014A, 4 — Agilent 33500B, 5 — Tektronix P5200, 6 — Apex PA93,7 R,

8 — bistable smectic-A liquid crystal display.
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Signal L. Signal o

Generator Amplifier ‘ 1

Fig. 3. Simplified functional schematic of electrical parameter measurement setup, where waveform
generator generates short 100us square wave impulse, signal amplifier amplifies impulse up to £190V
and outputs signal to bistable smectic-A liquid crystal display and additional resistance.

Rs can be calculated as follows:

(V;‘ - Vx)Rx

Ry =——— (1)

An effect related to the reorientation experienced by the LC molecules is the
change of the capacitance offered by a single LC pixel, C; . This capacitance depends
on the applied voltage because of the dielectric anisotropy of the LC mixture [10].

In the second experiment, the circuit shown in Fig. 4 is used to determine
equivalent parallel resistance Rp and capacitance C. In this case ¥ is not a rapid
voltage step but more gradual and R, = 1k (Eq. 2) [14]:

5D 1, © = 16O + 15, . @)

V,

Rs

e
C— | |Rp
vic Ir,
Vi o——
Ry
Ry

I
Fig. 4. Electrical schematic of electrical parameter measurement circuit, where V; — voltage applied to

LCD, R, Ry and C — liquid crystal display (see Fig. 1 for detailed parameter descriptions),
V, — measured voltage on LCD, R, — additional resistance.

After certain amount of time C is fully charged, I = Oand Iz, = Ig,. Since
Rs < R,, Rp, then Rp can be calculated according to the voltage divider formula (Eq. 1).
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When Rp is found I¢ can be calculated as follows:

3)

@) Vs —V(0)
R - .

Ic(t) = Ip, (¢) = I, () — I, (t) = R
x P

Total charge accumulated on the capacitor can be obtained by integrating I (t):
Qc = [Ic(®)dt (4)

Fully charged equivalent capacitor capacity can be calculated as follows:

Qc

C=y—w- ®)

An LC with high viscosity needs high electric field for operation. In large
electric fields, electrical breakdown is likely to occur. Electrical breakdown in
the cell is observed when the electric field intensity E in the LC layer is above a
specific breakdown value Ej,.. The E,; is governed by the conductivity of the liquid
crystal, surface smoothness of the electrodes, defects in coatings as well as point
defects, such as dust particles, in the LC layer. The dielectric breakdown in an LC
cell is a complicated process discussed elsewhere [15]. Based on the parameters
of the equivalent electrical circuit, it is possible to calculate power dissipation
on Rg and Rp:

2
R (0) = 120 Rs = Ry 2. ()

X

(Vs () =V (6)- (1425))2

Rp R (7

3. RESULTS AND DISCUSSION

The results obtained for the measurements of equivalent series resistance
Rg are shown in Fig. 5. Two different R, values were used (5.2Q, 10.4Q2). The
measurements were made at several V; values ranging from 5V to 195V with 5V
increment step. Blue dots represent R, = 5.2Q and orange dots — R, = 10.4Q. The
green line represents the mean value of both R, value measurement data. Pronounced
deviation is noticeable in 5V to 30V range. When the LC cell is energized, switching
is gradually taking place. This is due to the low rotational force caused by the electric
field applied to liquid crystal molecules if they are in the lowest energy state. From
40V to 195V Rs does not depend on the applied voltage and R ~ 71Q.



100

s R, =5200
* R, =10400
Re= 710
80 4 *
. ° b - .-. e .
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Fig. 5. Equivalent series resistance Rg dependence of Vg, with R, — 5.2Q and 10.4Q over 5V-195V
range with 5V increment step. Green line — mean value of both R, value measurement data, Rg = 71Q.

The results obtained for the measurements of equivalent parallel resistance
Rp are shown in Fig. 6. Dotted blue line represents measured Rp and the orange
line — the calculated mean value of R, in LCD working range of 100V-195V.
From 5V to 20V, there is an increase in resistance as it should be with different LC
materials (for example, cholesteric LC) were Rp increases up to 1MQ. In this case, a
rapid decrease follows, and parallel resistance decreases to = 13.5k() and from 125V
to 195V stays within 5 % deviation. Low resistance is explained by the difference of
the liquid crystal composition itself.

160

—— Ry~ 13.5kQ
140

120 4

100 -+

60 1

40 4

20+

s

0 T T T T T T T
0 25 50 75 100 125 150 175 200
Vs, V

Fig. 6. Equivalent parallel resistance Rp dependence of Vs, with R, — 1kQ and over 5V-195V range
with 5V increment step. Orange line — mean value of Rp in LCD working range of 100V—-195V,
R, = 13.5kQ
» .

Measured LCD C capacitance changes over 5V to 195V range of V; (see
Fig. 7). Dotted blue line represents C and the orange line — a mean value of C in
LCD working range of 100V-195V. Measured capacitance from 5V to 45V
C =~ 0.044uF with a slight drop at 35V. Then, increasing V, the capacitance increases
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to 100V and C = 0.053pF. Continuing increasing the voltage capacitance, the value
changes within 10 % range. Liquid crystal material dielectric permeability depends
on the position of the molecules and can be influenced by the external electric field;
C also depends on the applied electric field and it is not linear.

0.060
—— C= 0.053 um

A%V

0.050 1

C, uF

0.045 4

0.040

0.035 T T T T T T T
0 25 50 75 100 125 150 175 200
Vs, V

Fig. 7. LCD cell capacitance C dependence of Vs, with R, — 1kQ and over 5V-195V range with 5V
increment step. Orange line — a mean value of € in LCD working range of 100V-195V, C =~ 0.053pF.

The obtained power dissipation results on Rs and Rp are shown in Fig. 8.
Dotted orange line represents Rp and dotted blue line — Rg resistance. At 195V V,
which is the typical operational voltage of used LCD samples, Rg =~ 2.1W and
Rp ~ 6.3W. Both the equivalent parallel and series resistance show exponential
growth. Most of the power is dissipated on Rp. Rp can be reduced by minimising
voltage; however, this would affect the LCD switching speeds and optical parameters.
Rg cannot be reduced due to the proportional current required by the LCD to charge
its equivalent capacity.

10
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Fig. 8. Rs and Rp power dissipation dependence of Vs, with R, — 1kQ and over 5V-195V range with
5V increment step. Dissipated power at LCD operational voltage 195V (see Table 2) — Blue line:
Rg = 2.1W, orange line: Rp = 6.3W.



4. CONCLUSIONS

1. The experimentally obtained dependence of equivalent series, parallel
resistance and bistable smectic-A capacity on applied control voltage has
been presented in the paper.

2. The equivalent series Rg and parallel resistance R, studies show that Rg
stays within manufacturers’ provided ITO tolerances and do not depend on
applied voltage. Rp resistance is much lower compared to other LCD parallel
resistance with different LC materials (for example, cholesteric LC).

3. Capacitance C measurements give information about LCDs working range
100V—-195V, at which the applied electric field is high enough to be able to
rotate LC molecules and change LCD state from transparent to scattering
and vice versa. Additional in-depth research should be done in 5V-95V
range to fully understand LC molecule threshold voltage at which they
start to rotate.

4. Great attention should be paid to power dissipation because with such a
low internal parallel resistance LC can quickly reach its temperature limit
and LCD will stop working.

5. Simulation model parameters Rg = 71Q, Rp = 13kQ, C = 53nF will
provide sufficient information about electric functionality of large
size 300x400mm bistable smectic-A liquid crystal displays and can be
integrated into the development of larger systems.

Further research will be focused on additional experiments with bistable
smectic-Aliquid crystal displays due tounknown behaviour in long-term functionality,
long-term switching tests to understand degradation boundaries for LC and LCD,
driving waveform impact on the power consumption and optical parameters, etc.
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BISTABILO SMECTIC-A SKIDRO KRISTALU DISPLEJU
ELEKTRISKO PARAMETRU IZPETE

M. Maltisovs, D. Pikulins

Kopsavilkums

Bistabilie Smectic-A (SmA) LCD ir viena no daudzsolosakajam tehnologijam
gudro stiklu produktu izstradei, pateicoties ilgstosai bistabilitatei, augstai gaismas
caurlaidibai caurspidiga stavokli, zemai gaismas caurlaidibai gaismu izkliedgjosa
stavoklT un zemajiem energoresursu patériniem. Vajadziba péc laba skidra kristala
simulacijas modela paradas vadibas sistémas izstrades laika. Skidro kristalu (LC)
kapacitate ir kritiska LCD pikselu simulésana un ir atkariga no sprieguma $kidra
kristala Tpasibu del. Petljuma ietvaros tika veikti Skidro kristalu displeju virknes,
paral€lo pretestibu, kapacitates un jaudas meérijumi. Izdariti secinajumi par iegiitajiem
rezultatiem, izteikti priekslikumi turpmakajiem p&tjjumiem.

17.10.2019.
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The paper presents the improved method of noise immune Fibonacci
counting in the minimal form of representation. The method was tested and
investigated in the developed noise immune pulse counter based on a minimal
form of Fibonacci code with a fractal decoding device. The proposed device,
which is simulated in the NI Multisim software, possesses a homogenous
structure, increased noise immunity, performance and detection of bit errors in
the process of its operation.

Keywords: Fibonacci code, fractal decoding device, minimal form,
noise immunity, pulse counter, telecommunication systems.

1. INTRODUCTION

Digital devices are determined by the structural characteristics of components
of these devices, the improvement of which remains topical in our time. These
devices can be implemented based on noise immunity number systems, among
which the Fibonacci number system is distinguished [1]-[14].

The advantage of using noise immune number systems in digital devices
is that the introduction of natural redundancy takes place at the stage of choosing
the form of information representation. This allows for end-to-end control over the
transmission and processing of information in digital devices. In addition, the use of
noise immune number systems allows, in some cases, synthesising digital devices
and components more noise immune and high-speed than using conventional binary
number systems [6]-[9]. The feature of digital devices operating by noise immune
number systems is that the redundancy necessary for detecting errors is evenly
distributed in the structures of the digital scheme. Additional control schemes in
them are either not used at all or are used with minimal hardware costs [10]-[14].

Decoders and pulse counters are the components of digital devices. The
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counters, without decoding, synthesised based on the noise immunity number
systems have high noise immunity but do not have the ability of decoding, which is
necessary for their practical application.

Today, interest in Fibonacci codes is growing, as evidenced by a number of
publications [1], [2], [10]-[14]. In this paper, we used the Fibonacci code in the
minimal form of representation to build a high-speed noise immune counter with the
fractal decoder device. This allows corresponding digital devices to be noise immune
in other forms of the Fibonacci code representation. The noise immunity of pulse
counter based on the minimal form of the Fibonacci code with a fractal decoding
device can be used in high-speed telecommunication systems for collection and
transmission of information. The use of Fibonacci codes in the telecommunication
systems for collecting and transmitting information significantly increases the noise
immunity and speed of information transfer. The device in the form of the Fibonacci
counter with decoding also refers to automation and computing devices and can
be used in systems of discrete information processing as a noise immune counter,
pulse distributor, and the noise immune information coding device. The goal of the
research is achieved through the introduction of new design features that provide
efficient decoding of the counter states.

2. THE FIBONACCI CODE IN THE MINIMAL FORM OF
REPRESENTATION

The Fibonacci numbers are the following sequence: 0, 1, 1, 2, 3, 5, 8, 13...
F,. Each number in it, starting with the third, is defined as the sum of the two
previous elements: F,=F,_ +F,_,,F;=F,=1. In this paper, investigation of
the Fibonacci code in a minimal form of representation is performed. Fibonacci
code in the minimal form of representation by the following numerical function:
N=aF +a, F  +..+aF +..+aF, where q; €{01}is the binary digit of the i-th
bit of the positional representation of the number; n is the code length; F' is the
weight of the i-th bit, which equals the i-th Fibonacci number [4]. The appearance of
such combinations indicates the presence of errors. Table 1 shows, for example, the
Fibonacci code for n = 5, where n — the code length.

Table 1
The Fibonacci Code for the Code Length n=5
No. The Fibonacci code No The Fibonacci code

8 5 3 2 1 8 5 3 2 1
0 0 0 0 0 0 8 1 0 0 0 0
1 0 0 0 0 1 9 1 0 0 0 1
2 0 0 0 1 0 10 1 0 0 1 0
3 0 0 1 0 0 11 1 0 1 0 0
4 0 0 1 0 1 12 1 0 1 0 1
5 0 1 0 0 0
6 0 1 0 0 1
7 0 1 0 1 0
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The characteristic feature of the Fibonacci code in the minimal form of
representation is that it does not contain two consecutive units. Thus, the code
combination 11 is forbidden for the Fibonacci code in the minimal form of
representation [4].

3. THE METHOD OF NOISE IMMUNITY OF
THE FIBONACCI COUNTING

Based on the Fibonacci number system, the method of counting possesses
increased high speed, noise immunity and simplicity [1]. The advantage of the method
is the absence of operations of the Fibonacci number transition from the minimal form
to the maximal form and back, as is the case in the number of existing methods for
counting Fibonacci numbers, which increases counting speed [1], [2].

The working principle of the noise immune Fibonacci counter is based on
finding two bits with two 0 in the Fibonacci number, when counting from right to
left, and then setting the first bit to 1, while converting the low-order bits to zero [5],
[14]. For example, if the Fibonacci number 01001000 in the minimal form is 26,
then, in accordance with the proposed method, the next number equal to 01001001
is 27.

The method of the noise immune counting of Fibonacci numbers consists of
the following sequential steps:

1. The counting begins with code combinations containing zeros.

2. The lower-order bit of the code combination containing 0 is converted
to 1.

3. Then 1 is converted to 0, and 1 is put in front of 0.

4. The lower-order bit of those containing two consecutive zeros, with the
counting from right to left, 0 converted to 1. The lower-order bits, standing
to the right of 1, are converted to 0.

5. If there is one zero in front of the high-order bit unit of the code
combination, and there are not two zeros standing next to each other, then
the zero before the high-order unit is converted to 1. All other low-order
bits convert to 0.

6. The counting goes until the Fibonacci code combination appears, in which
between units there is only one zero, and in front of the high-order bit 1,
there is not more than one zero.

7. Theappearance of two consecutive units in the Fibonacci code combination
is a sign of an error.

For example, the 5-digit counting using the above method is shown in Table 1.
The counting in this case begins with the initial code combination 00000, consisting
of bits containing zeros. Then, the low-order bit is converted to 1. As a result, the
combination 00001 is obtained. Since only zeros are in front of this 1, it is converted
to 0 in the next step of the method, and 1 is put in front of the resulting 0, which
results in the code combination 00010. In front of 1 there are only zeros, it follows
that in the next step of the method 1 is converted to 0, and 0 in front is converted to 1,
which results in the code combination 00100. Since in the lower bits — zero, then in
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the next step of the method 1 is converted to 0, which results in the code combination
00101.

The presence of one zero between the zero bit and second bit results in the
next 1 entered to the fourth bit. In this case, all bits to the right of the third bit reset to
0, which results in the code combination 01000. Then the counting process continues
until there is one zero between the units in the Fibonacci number, and zero or one in
the most significant bit is 10101.

The method allows applying the simple and effective algorithm of detecting
errors such as transitions 0 to 1, since the method is based on the sign of the absence
of two or more adjacent 1. Based on this method, the noise immune, high-speed
Fibonacci counter is implemented [ 14]. Figure 1 shows the method of noise immune
counting of Fibonacci numbers.

START

Read input code
combination
bla)

Write 1 in a;lower-
order bit of the code
combination

:

Write 1 in ay1 lower-
order bit of the code
combination

;

Count nn numbers of
consecutive zeros in the
code combination

:

Write 1 to the lower-
order zero bit of the
code combination, with
m=2

:

Convert to 0 lower-
order bits to the right of
the last 1

;

Count ni numbers of
consecutive units in the
code combination, with

k<2

Error signal
output

:

Get the maximum of the
Fibonacci number

Output of the
Fibonacci
number

Fig. 1. (a) General block diagram of noise immune counting of Fibonacci numbers;
(b) Block scheme of noise immune counting of Fibonacci numbers, where b(a ]): a,..a,~ Fibonacci
code sequence; m — a number of zeros in the code combination;
k —a number of units in the code combination; N _— maximal of the Fibonacci number.
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4. EVALUATION OF NOISE IMMUNITY OF
THE FIBONACCI CODE

The share of errors detected by the noise immune code is determined by the
equation (1) [1]:

M
D=1-—, 1
N M

where M is the number of allowed code combinations; N is the number of all code
combinations equal to 2" .

Table 2 shows the share of detected errors D of the Fibonacci code for n = 10,
15, 20, 25, 30, 40, where the n is code length.

Table 2
The Share of Detected Errors D of the Fibonacci Code
n D n D
10 0.859 25 0.994
15 0.951 30 0.998
20 0.983 40 0.999

The share of the detected errors of the Fibonacci code from the code length n
is shown in Fig. 2.

1,00 [N D W RN S *X
0,98
0,96
0,94 - -
D 0,92 L
0,90
0,88

0,86 44

10 15 20 25 30 35 40

n

Fig. 2. The share of the detected errors by the Fibonacci code if different code lengths
n are used.

From Fig. 2 it follows that the share of the detected errors by the Fibonacci
code with increasing » tends to 1.
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5. DEVELOPMENT OF HIGH-SPEED NOISE IMMUNE
COUNTER WITH FRACTAL DECODING DEVICE

The functional diagram of the high-speed counter based on the minimal form
of the Fibonacci code with the fractal decoder device for n = 5 is shown in Fig. 3.
The Fibonacci fractal decoder device consists of switching device 1, containing 2n
elements AND 1.1 - AND 1.10, a decoding block 2 consisting of elements NOT 2.1,
OR 2.1, NOR 2.2, OR 2.3. The structure of the fractal decoder consists of linear
decoders: Decoder 1 (DC1) and Decoder 2 (DC2). The linear decoder DC1 consists
of n-1 inputs and » outputs. The linear decoder DC2 consists of » inputs and n-2
outputs. The structure of high-speed noise immune pulse counter consists of control
unit 3, containing the element OR 3.1 and elements AND 3.1 - AND 3.4. The
disposition unit 4 consists of elements AND 4.1 - AND 4.4 with inverters at the
inputs. The analysis unit 5 consists of elements AND 5.1 - AND 5.4. The register 6
contains flip-flops TT 6.1 - TT 6.5 and elements AND 6.1 - AND 6.5. The counter
zero-setting unit 7 consists of the elements OR 7.1 - OR 7.4. The high-speed pulse
counter based on Fibonacci codes works as follows. In the initial position, flip-flop
of register 6 is set to zero. The first clock pulse sets the first flip-flop TT 6.1 to 1 and
prohibits the passage of signal to the flip-flops TT 6.2 - TT 6.5.

Ty 9 10 11 12 0 1 2 3 4 5 6 7
AND| [AND] [AND| [AND| [AND| [AND| [AND||[AND| [AND| [AND
1.10 L. L L7 L L5 1. L L. 1.
2 1
2.1
{ or
5 2.3
Decoder 1 Decoder 2
2.2 2.1
3
OR
3.1
[
By ol
34 33 32 3.1
1 1 1 1
4 AND AND AND AND
5
AND AND AND AND
5.4 5.3 5.2 5.1
< +—3 —F— = =
TT6.5 TT6.4 TT6.3 TT6.2 TT6.1
S R S S W S R S
AND AND  [AN AND
6.5 fet— 6.4 |«+— 6.3 Jot— 6.2 6.1
o C
7
E’ﬂ OR OR OR
7.4 7.3 7.2 7.1

Fig. 3. Functional diagram of the high-speed noise immune counter
with the fractal decoder device.
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The second clock pulse sets the first flip-flop TT 6.2 to 1 by the enabling signal
from the direct output of the first flip-flop TT 6.1. The flip-flop TT 6.1 is set to 0 by
the counter zero-setting unit 7.

The third clock pulse sets to 1 the third flip-flop TT 6.3, since the enabling
signals are supplied from the disposition unit 4, the analysis unit 5 and the second
flip-flop TT 6.2. The first and second flip-flops TT 6.1 - TT 6.2 are set to zero by the
counter zero-setting unit 7.

The fourth clock pulse sets the flip-flop TT 6.1 to 1, while the flip-flop TT 6.3
is also in 1 by signal from the disposition unit 4. This procedure is repeated until the
code combination is obtained, in which there is one zero between two units [ 14]. The
high-speed Fibonacci counter operates in accordance with Table 1.

In the initial position, all flip-flops of register 6 are set to zero, which
corresponds to code combination 00000. The first clock pulse sets the flip-flop
TT 6.1 to 1, through the first input of the element AND 6.1, to which the signal
arrives from the bus 8. The signal 1 from the output of the element AND 5.1 of the
analysis unit 5 arrives at the second input of the element AND 6.1, thus the following
code combination 00001 is obtained.

The flip-flops TT 6.2 - TT 6.5 are set to zero, since zero signals from the
outputs of other elements arrive at the inputs of the elements AND 6.2 - AND 6.5.
The presence of 1 in the low-order bit and zeros in the remaining bits gives the
possibility of recording 1 to the second bit.

The second clock pulse sets the flip-flop TT 6.2 to 1. The signal 1 from the
direct output of the flip-flop TT 6.1 arrives at the first input of the element AND 6.2.
The signal 1 from the output of the element AND 5.2 of the analysis unit 5 arrives
at the third input of the element AND 6.2. Two ones from the inverse outputs of the
flip-flops TT 6.1, TT 6.3 of the register 6 arrive at the inputs of the element AND 5.2.
Zero signals from the elements AND 6.3 - AND 6.5 of the register 6 and the element
AND 4.4 of the disposition unit arrive at the inputs of the OR 7.1 element, since the
flip-flops TT 6.3 - TT 6.5 are set to zero. As a result, the single signal appears at the
direct output of the flip-flop TT 6.2. Thus, the code combination 00010 is obtained.

The third clock pulse sets the flip-flop TT 6.3 to 1. The signal from the direct
output of the flip-flop TT 6.2 arrives at the second input of the element AND 6.3.
The signal from the output of the element AND 5.3 of the analysis unit arrives at the
fourth input of the element AND 6.3, since 1 arrives at the input AND 5.3 from the
inverse outputs of the flip-flops TT 6.3 and TT 6.4. The signal 1 from the output of
the element AND 4.1 of the disposition unit 4 arrives at the first input of the element
AND 6.3, since the zero signal arrives at the first input AND 6.2, which is the output
of the direct flip-flop TT 6.1. As a result of the inverse outputs of the flip-flops TT
6.1 and TT 6.2, the zero signal arrives at the element AND 5.1 of the analysis unit
5. From the output of the element AND 5.1, the signal arrives at the elements NOT,
after the signal arrives at the element AND 4.1. At the same time, from the output of
the element AND 6.3, the signal 1 arrives at the first input of the element OR 7.2 and
from its output at the second input of the element OR 7.1 of the counter zero-setting
unit 7, the output of which is connected to the reset input of flip-flop TT 6.1. Thus,
the flip-flops TT 6.1 and TT 6.2 are set to zero. Thus, the code combination 00100
is obtained [14].
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The fourth clock pulse sets the flip-flops TT 6.1 and TT 6.3 of the register 6
to 1. The signal 1 from the bus 8 arrives at the first input of the element AND 6.1.
The signal 1 from the output of the element AND 5.1 of the analysis unit 5 arrives at
the second input of the element AND 6.1. Thus, the flip-flop TT 6.1 is set to 1. The
signal 1 from the inverse output of the flip-flop TT 6.1 arrives at the first input of the
element AND 5.1 of the analysis unit 5.

Zero arrives at the second input of the element AND 5.1 from the inverse
output of the flip-flop TT 6.2. The signal O from the TT 6.1 arrives at the first input of
the element AND 5.1. The signal 0 from the output of the element AND 5.1 arrives
at the first input of the element NOT of the disposition unit 4.

Zero arrives at the second input of the element NOT of the disposition unit 4
from the output of the element AND 5.2, after which the signal arrives at the element
AND 4.1 from the output of the element AND 4.1. The signal of 1 arrives at the first
input of the element AND 6.3, as the input elements AND 4.1 are inverters. The flip-
flop TT 6.2 is set to 0 by the signal from the output of the element AND 5.2. Thus,
the code combination 00101 is obtained. The logic waveforms of the operation of
each of the incoming blocks in the device are shown in Fig. 4.

The counting continues until the maximum of the Fibonacci number 10101
is obtained. After the appearance of the maximum Fibonacci number, the counting
ends, the register is set to 0, after which a new counting cycle begins [14].
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Fig. 4. The logic waveforms of the high-speed counter based on the minimal
form of the Fibonacci code.

The device contains the 2-input elements AND 3.1 - AND 3.4 of the control
unit 3 for analysing the correct operation of the counter, the outputs of which are
connected by the 4-input element OR 3.1, and the inputs are connected to the direct
outputs of two adjacent flip-flops. If an error occurs as a result of counting, which
is characterised by the appearance of two adjacent units in the Fibonacci bits, then
signal 1 appears at one of the elements AND 3.1 - AND 3.4 and an error signal
appears at the output of the element OR 3.1 [14].

The presence of parallel chains of transfer signals in the disposition unit 4
and the counter zero-setting unit 7 significantly increases the speed of the Fibonacci
counter, and the use of the code Fibonacci based on the device determines its
advantage over binary counters by the noise immunity criterion.
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The decoding using the fractal decoder device is as follows: 4 low-order bits
of the first five Fibonacci bits are repeated in five numbers at the end of Table 1. The
difference between these groups of bits is the presence of zero or one in the high-
order bit, which characterises fractal structure of Fibonacci code [15].

At the initial position, one of the code combinations shown in Table 1 goes to
the inputs of the first and second decoder DC 2.1, DC 2.2. The first decoder DC 2.1
decodes the code combinations corresponding to the numbers 0—4 and 8—12 in Table
1, the second decoder DC 2.2 decodes the code combinations corresponding to the
numbers 5-7 in Table 1. When the combination of 0—4 or 812 arrives at the DCI,
signal 1 appears at one of the elements AND 1.1-AND 1.10 of switching device 1.

If the counter is in state 00001, which corresponds to signal 1 at the output of
the element AND 1.4 of switching device 1, all other outputs of switching device 1 are
set to 0, which is the result of decoding. Other code combinations are decoded by the
usual method [15]. If, as a result of decoding, an error occurs, which is characterised
by the appearance of two units that are next to each other in the Fibonacci bits, then
signal 1 arrives at the element OR 2.2, which indicates the presence of errors. The
operation of noise immune high-speed Fibonacci counter with the fractal decoder
device is simulated in the NI Multisim simulation and analysis system.

6. CONCLUSIONS

In this paper, the method of noise immunity of the Fibonacci counting in the
minimal form of presentation has been improved. The authors of the paper have
also developed the noise immune pulse counter with fractal decoding based on the
minimal form of the Fibonacci code. This device possesses a homogeneous structure,
as well as increased noise immunity due to the detection of bit errors in the operation.
The operation of the noise immune high-speed Fibonacci counter with the fractal
decoder device has been simulated in the NI Multisim software. The proposed noise
immune pulse counter can be used in high-speed telecommunication systems for the
transmission of information in very noisy channels. The use of Fibonacci codes in
telecommunication systems for collecting and transmitting information significantly
increases the noise immunity and speed of information transfer. The device such
as the Fibonacci counter with decoding also refers to automation and computing
devices and can be used in systems of discrete information processing as a noise
immune counter, pulse distributor and noise immune information coding device. The
goal of the research is achieved through the introduction of new design features that
provide the decoding of the counter. The research will be continued in the future with
the implementation of the Fibonacci counter using the fractal decoder device in the
field-programmable gate array.
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FIBONACI SKAITITAJA TROKSNNOTURIBA AR FRAKTALU
DEKODETAJA IERICI TELEKOMUNIKACIJU SISTEMAM

S. Matsenko, O. Borisenko, S. Spolitis, V. Bobrovs

Kopsavilkums

Petijuma paradita uzlabota metode, kas domata trokSnnoturigai Fibonaci

skaitiSanai minimala reprezentacijas forma. Metode tika testéta un izpétita
izveidotaja trokSnnoturigd impulsu skaititaja, kura pamata ir minimalas formas
Fibonaci kods ar fraktalu dekodétaja ierici. Piedavatajai iericei, kas ir simulta NI
Multisim programmatiira, piemit homogena struktiira, paaugstinata trok$nnoturiba,
veiktspgja, ka arT bitu klidu uztverSana darbibas procesa.
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The objective of the research is to develop information models in
order to improve the efficiency of evaluating the parameters of the wireless
channels in 802.11 standard. A feature of the information model of the wireless
channel of 802.11 standard is an opportunity to evaluate the efficiency of
transferring the information block taking into account the complete packet
and frame transmission cycle in the event of errors in frames. In addition, the
model accounts for the existence of other subscribers in the network and the
mechanism of competition for the physical resource of the frequency channel.
It has been established that channel efficiency is mostly affected by the presence
of destabilizing factors in the channel, which lead to an increase in the number
of service information and an increase in the transmission cycle due to the
creation of reciprocal queries.

Keywords: bandwidth, channel level, effective data rate, physical level,
802.11 standard, wireless channel

1. INTRODUCTION

One of the common channel building technologies is the 802.11 standard,
which includes the function to quickly deploy local area networks in the corporate
and home sectors, easy connection of user equipment, and low cost of hardware
[1]. The development of the 802.11 standard made a contribution to the widespread
introduction of the concept of the Internet of Things and increasing requirements for
bandwidth channels.

However, the rapid spread of 802.11 wireless technologies and the emergence
of a large number of networks lead to the emergence of a large number of negative
factors that can significantly hinder the transmission characteristics of wireless
transmission channels [2]. They cause the delays in the channel and errors in accepted
packages. This results in an increase in the amount of service information and, as
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a result, in a significant impairment in the bandwidth of the channel. It becomes
unacceptable for high-quality telecommunication and information communication
services. These factors need to be taken into account at the design stages of
wireless networks. The most reliable estimation of such factors can be obtained
only by applying methods for evaluating network parameters and wireless channels
developed on the basis of experimental research. On the other hand, for the exchange
of information at the application level there is a mechanism for transmission by
the channel, which has its own factors to consider. Therefore, in addition to the
experimental methods, it is necessary to have models for assessing the transmission
of information in the channel, taking into account the parameters of the relevant
transmission mechanism.

Analysing the works [3]-[10], one can say that, as a rule, all existing studies
were aimed at obtaining a general information model of a wireless channel and
determining the software conditions for maximum productivity. However, the actual
rate of transmission has a direct dependence on the destabilizing factors in the
channel.

2. GENERAL DEVELOPMENT OF INFORMATION
MODEL OF THE WIRELESS CHANNEL

The general information model can be constructed using the following
expression [10]-[12]. The efficiency ratio of information transmission in the channel
can be written as follows:

Ver

Kef = E, (D

where Ve/ — the effective rate of information transmission; sz — the maximum
bandwidth of a channel, which is determined by the rate of frame transformation
into a bit sequence at the physical layer.

Let us consider options in terms of information transfer. The effective rate
of transmission is an amount of information », which is transmitted in the channel
for a certain time interval 7 (2). At the channel layer, depending on the transmission
system standard, the information is divided into frames (3), where N, — the number
of frames; L — the length of the frame.

v
Ver = 2 )

The time for the transmission of information in the channel is determined
based on the frame transfer cycle. The transfer time of frames taking into account
errors can be calculated using the expression:
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t = (tr +ts)(Ny + Ne), 4)

where 7 — frame transmission time; 7, — time of transfer of service information taking
into account the frame transmission cycle; N, — the number of received frames with
errors, for which the overwrite procedure is executed.

False frames increase the amount of repeated information transmitted on the
channel. They can be expressed via the probability of bit error occurrence. Then the
time of the information transfer in the channel can be written as (5), where P is the
probability of receiving the error frame:

t=Nf(tf+tS)(1+P). (5)

In semi-duplex systems, the transfer of a package is carried out in two stages:
arequest for the transfer of a package in direct 7, channel and reception confirmation
in reverse R . Thus, taking into account [4], the delay time for one frame transfer
frame can be defined as follows:

Lty +Lp
ts = trx + tre= % + 2 ta, (6)

pl

where ¢, — transmission time of the transfer request frame; #, — time to receive
a frame confirming the successful transmission of the information frame; L, and
L, — the lengths of the request and confirmation frames, respectively; ¢, — the time
delay between the frames of the transmission cycle, which is determined by the
technical features of the standard.

Considering the transmission cycle of the information frame and the delay in
the channel, the effective rate of transmission of information can be calculated by
substituting (6), (4) and (3) into (2):

NyL L
Ve = ——1—— o P - )
(6 + Fraphles 2tac) (NF +Ne) (1 T 2t ) (1+ P)

Taking into account (7), the efficiency ratio of the channel can be calculated
as follows:

L
f
K, = .
ST APt + 2t)Vy + Ly + Liy)
(®)

®)

The resulting expression is a general information model for any wireless
channel with a mechanism for retransmission of packets when registering errors.
The bandwidth of the channel can be expressed via the signal strength at the receiver
input [13].
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P
Vi=AFloga ( o S+1), ©9)
n 12

where P, — signal strength at the receiver input; P — a noise level in the channel;
P, — the level of interference noise.

Taking into account [9], signal/noise is the ratio of the energy of the signal £ to
transmit one bit of information to the noise power density, the following expression
can be formed:

Ey  Ppx AF
No Bi+P Vo’

(10)

where AF — the band of the frequency channel; N, — the power of white noise in the
channel; £, — the energy to transmit one bit of information.

Then, the bandwidth can be established by the expression:

Ver k),
AFN,

Vpi = AFlog,( +1). (11)

3. DEVELOPMENT OF INFORMATION MODEL OF WIRELESS
CHANNEL IN 802.11 STANDARD

To develop an information model of a wireless channel by 802.11 standard,
we consider transferring the information in terms of the application layer. Then, first
of all, the condition of information exchange without changes and transformations
must be fulfilled. After that, for the standard 802.11 channel, information transfer
will consist of two stages. Let us consider them on the basis of the complete cycle of
transfer of information block DU (Data Unit) between applications at the application
level, the scheme of which is shown in Fig. 1.

T ission TCP PDU

PPDU {1 s 1

BRTB | Vu Vit
=z
QAM |_)| OFDM |—)| MIMO | M | MIMO |_)| OFDM QAM

Fig. 1. The scheme of one cycle of transmission of DU block.
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The first stage implies formation of DU data blocks and their transmission in a
virtual channel. The DU itself is a useful piece of information used by applications.
DU length can be specified by the parameter L. The time of the DU passing through
the transmission path from one application to another per unit of time will determine
the efficiency ratio of transmission of information. To transmit this block in channels
and networks, there are PDAs (Protocol Data Units) that contain the service
information of the transfer protocol. The most common is the TCP/IP protocol
stack that adds the service information to the DU, which can be specified by length
L ,.,and L .. The TCP protocol has a duplex packet transfer mode with reliability
control mechanism [14]. This implies a link in the reverse direction of the service
information confirming receipt of the package, and in case of an error, the overwrite
is done. Therefore, the amount of information per packet cycle can be written as
follows:

LTSP/IP =L+ Lsrcp + Lsyp. (12)

The second stage involves transferring the data packet via the media (M)
using the hardware-software tools for creating a wireless channel at the channel and
physical layers [13]. The data packet is transmitted using internal information unit
called the frame.

The frames in 802.11 standard are formed at the channel layer and are called
MSDU (Mac Service Data Unit). They are customizable by the size of the PDU
and L., = L, MSAs are added to the MSDU to provide service information
by generating MPDU (Mac Protocol Data Unit) frames [15]. Thus, the amount of
information in one frame can be determined by expression (13), where L, . — the
length of the service information in the frame MPDU; L — the length of MSDU

frame.

MSDU

L

MPDU —

L +L =L +L + L

s.MPDU ‘MSDU s.MPDU s.TCP/IP * (13)

Let us consider the AMPDU aggregation as applied directly to the 802.11
standard. AMSDU aggregation is inappropriate because, in the presence of even
a small number of destabilizing factors, there will be a large number of errors in
frames for high-speed modes. Thus, the amount of information, taking into account
the cycle of transmission, is defined as follows:

Vs = Lgrs + Lspppy + MLyppy + Lers + Lack » (14)

where L, . — the length of the RTS frame; L_,,,,, — PPDU service information,
including preamble and header; L ., — the length of the CTS frame; L, ., — the length
of the confirmation frame; m — the number of MPDU frames in the aggregated frame

of the AMPDU.

The time required to transmit the amount of information in the channel,
taking into account service information and delays for the full frame of transmission
MPDU, can be written as follows:
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ts = toifs + tgo + trre + tsirs + ters + tsifs + tuppu t tsips + tack + 2tas, (15)

where 7, — delays in selecting time slots to prevent collisions; Ui, Lsis — inter-frame
delay and small intercity delay, respectively; 7, — RTS frame transmission time;
t.,; — time of transmission of CTS frame; ¢, ,,  — time of transmission of MPDU

frame; ¢, ., — time of transmission of the ACK frame; ¢, — the time delay of the signal.

According to the specification of 802.11 standard [13], the delay for choosing
time slots can be determined as follows:

tyo =random(0,CW min)-T, , (16)

where random () — a random function of choosing the size of the window of the
conflict to prevent overload and collisions in the channel; 7, — the length of the time
interval in CSMA/CA.

The time of transmission of the information frame will be (17), where

tS_PPDq — service information containing a preamble and a physical level (layer)
heading.
m: Lyppy
tuppu = Lspppy + ——— - (17)
pl

Frame transfer time RTC, CTS and ACK can be defined as follows:

Lgrs
trst = tspppy t Voo (18)
pl
Lers
ters = tspppu + v (19)
pl
Lack
tack = tspppu t v (20)
pl

There are also some delays associated with the formation and transmission of
the signal in the environment. After transforming the PPDU frame into a bit sequence
in the BRTB (Bit Rate Transform Block), it is possible to select a certain group of
delays. Thus, we can write:

tas = téﬁM + torpm + tiiimo + tsp + tgjch + toFpm + tiiimo + 2tpup - (21)

where tgjiM — the delay in the transmitter modulator; t5%,y — the delay in forming
OFDM,; tijiyo — the delay to the formation of spatial flows MIMO; ¢, — the delay of
the signal passing in the medium of transmission; t5¥,,, — the delay for the integration
of spatial flows MIMO; t&%,y — the delay on the inverse transform of OFDM;
t§ay — the delay in receiver demodulator; tpy,, — the delay for converting a frame to
a bit sequence at the PMD sublevel.
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Taking into account the useful information in the loop and the time it passes
through the wireless channel of the 802.11 standard, the efficiency factor will look
like this:

m(Luspu- Ls.TCP/IP)
Kes

(22)

(tDifS + tBO + 3t5if$ + 4tS.PPDU+tds)Vpl+LRT5+LCT5+mLMpDu+ Lack

The resulting expression is an information model of a wireless channel of
the 802.11 standard and provides an opportunity to evaluate the efficiency of the
transmission of the DU information block in the absence of errors in frames. The
amount of information in the TCP protocol when errors occur in the virtual channel
will be (23), where n — the number of packet reload cycles in case of errors.

LTCP/[P =L+ Ls.TCP + Ls.[P + Z(L + Ls:TCP + LSJP )i' (23)

i=1

The 802.11 standard has a mechanism that defines the number of retransmission
requests for well-received frames and the number of well-received frames, where the
request for retransmission was sent more than once. Thus, each retransmission cycle
is the transmission of the MPDU information frame using the RTS/CTS loop. In this
case, it is expedient to apply a period of estimation 7, for which a certain number of
frames without error NV, , and number of frames with errors N, will be transmitted (24).
Then, using expressions (3) and (4) the efficiency of the wireless channel 802.11,
taking into account frames with errors, can be determined by expression (25).

N = [ (N + Np)dt . (24)

K=Y g 25
T N+N, (25)
The number of frames with errors can be determined by the probability of a
bit error [9]. Then the probability of receiving an error frame can be determined as
follows:

P=1—(1—-p). (26)

Considering (26) and (5), we can write it as follows:

Kef

Kepe = - 27

The resulting expression takes into account the transmission of the frame for
an individual mode of the channel operation when one radio is present in the network.
802.11 standard networks provide more than one subscriber, while they all exchange
frames on one frequency channel. The efficiency of the 802.11 standard channel,
taking into account the number of subscribers on the network, can be described as
follows:
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K, = . M(Lyppy = Loy = Lyrepir) , (28)
2-(1-p)- Z Vi ((tRTS/CTS + tSC)VpI + Lygs + Lepg +mLyppy + Loy )
i=1
where 7, ... — time frame transmission in the RTS/CTS cycle; 7 — time of scanning

of time slot by a subscriber; y, — the probability of receiving a frame from k-th
participant in the network.

4. ANALYSIS OF RESEARCH RESULTS

The reliability of the obtained models can be verified by mathematical
modelling and compared with the results of experimental studies [16]-[18]. Starting
conditions for modelling are selected based on the capabilities of the 802.11 standard.
We can perform the mathematical modelling of the information model (8) taking into
account expressions (9) and (11). The results are shown in Fig. 2.

Analysis of the results demonstrates that an increase in the effective rate of
information transmission in the channel reduces the information efficiency of the
channel, since the probability of frames with errors increases. Energy efficiency
shows that when reducing errors in the channel, it is necessary to increase the
power at the receiver input. The dependence of energy efficiency on the band of the
frequency channel was found to be different from the information one.

Ny
N0, Fedss,

Fig. 2. Channel efficiency: a — information; b — energy.

To analyse the efficiency model for the wireless channel of 802.11 standard,
a high-performance mode with aggregation of frames was selected. The results of
mathematical modelling are presented in Fig. 3. Frame aggregation is supported in
the 802.11n standard and is mandatory for high-performance modes of 802.11ac
standard.

PeeSiessS
RIS
P NaeNiesSs

::‘“ <S
SOCOSSSESSSSS,

Fig. 3. The ratio of channel efficiency: a — for frame aggregation;
b — when receiving frames with errors.
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Further, let us consider modelling the efficiency of the channel in the presence
of other participants in the network. For this purpose, we will set the maximum
loaded mode of the network, in which at the same time everyone is active and forms
MSDU frames (y, = ). From the practical point of view, on average, an access point
can support 20—40 users. The results of this simulation are presented in Fig. 4.

Fig. 4. The dependence of the efficiency of the channel on the number of channels:
a — the signal strength at the receiver input;
b — the effective transmission speed.

The obtained results of the analysis coincide with the experimental research
data. Namely, the signal strength level has insignificant changes from the number of
participants existing simultaneously. The greater the number of active participants
in the network, the lower the effectiveness of the physical frequency channel for a
single subscriber. For example, the difference in the efficiency rate of information
transmission is more than twice between one and two active participants in the
network [16]-[19].

5. CONCLUSIONS

1. The information model of the wireless channel of the 802.11 standard
has been obtained taking into account the complete packet and frame
transmission cycle. The obtained model provides an opportunity to carry
out an assessment of the transfer of useful information for both individual
mode and a network of several active participants. This model, unlike the
other existing models, takes into account the package construction and
frame construction, the technology of aggregation of frames.

2. It has been established that channel efficiency is mostly affected by the
presence of destabilizing factors in the channel, which lead to an increase
in the number of service information and an increase in the transmission
cycle due to the creation of reciprocal queries. It has been confirmed that
at the level of signal strength, the number of simultaneously existing
participants has little effect in contrast to the effective transmission speed
where the impact has a directly proportional dependency.
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INFORMACIJAS MODELU ATTISTIBA 802.11 STANDARTA
BEZVADU KANALA PARAMETRU NQVERTEJUMA EFEKTIVITATES
PALIELINASANAI

D. M. Mihalevskijs, V. M. Kicaks

Kopsavilkums

Petijuma mérkis ir izstradat informacijas modelus, lai uzlabotu bezvadu
kanalu parametru noverteéSanas efektivitati standarta 802.11. Standarta 802.11
bezvadu kanala informacijas modeli raksturo iesp&ja novertét informacijas bloka
parsiitiSanas efektivitati, nemot véra pilnu pakesu un kadru parraides ciklu kadru
kltdu rasanas gadijuma. Turklat modelis atspogulo citu abonentu esamibu tikla un
frekvences kanala fizisko resursu izmantosanas konkurences mehanismu.

20.09.2019.
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Currently, problems related to the operation and exploitation of safe
gas distribution networks are deepening in Latvia and Eastern Europe, as the
number of outworn underground gas pipelines is steadily increasing. It should
be noted that there is a rather wide choice of technology and materials for gas
distribution pipeline reconstruction, while at the same time there is no universal
method that equally meets all possible work requirements. Therefore, it is an
urgent task to understand the operational algorithm, while choosing optimal
reconstruction option, classifying and determining the criteria affecting the
choice, and determining the scope of each reconstruction method. Forthisreason,
it is necessary to develop a scientifically based methodology for selecting the
optimal method for the reconstruction of outworn gas distribution pipelines.
Therefore, there are the following tasks that need to be accomplished: to carry
out a complex analysis of reconstruction methods and factors determining
the choice of an optimal gas distribution pipeline reconstruction method as
well as perform the analysis of current state and development of gas supply
network; to develop an algorithm for selecting an optimal gas distribution
pipeline reconstruction method based on a multi-criteria approach; to develop
a mathematical model for the selection of an optimal reconstruction method
and scientifically based complex evaluation procedures taking into account
technical and economic criteria; to analyse the interaction of the polyethylene
gas pipeline with the steel frame during the post-reconstruction process using
U-shaped pipe; to develop recommendations for the optimisation of gas
distribution network reconstruction programmes. As a result of these tasks, a
scientifically justified methodology for the selection of an optimal method for
the reconstruction of the gas distribution pipes has been developed.

Keywords: gas pipelines, mathematical models, optimization, poly-
ethylene pipes, reconstruction
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1. INTRODUCTION

Natural gas distribution systems provide gas transmission to users. The
distributing gas pipelines are constructed in urban, village and residential areas.
Until 1998, only steel pipes were used to construct gas pipelines, but currently
polyethylene tubes are increasingly preferred. Distribution systems include gas
regulating equipment, special constructions and pipelines with closing devices, anti-
corrosive equipment and other network devices. The total length of the distribution
system pipelines in Latvia is 5907.69 km (Table 1).

Table 1
Distribution of Natural Gas Pipeline Construction
Length of pipelines owned by the company (km) 5,243.15
High pressure gas pipelines (km) 997.75
Medium pressure gas pipelines (km) 1,848.89
Medium pressure gas pipelines 100 mbar (km) 332.52
Low pressure gas pipelines (km) 2,063.98
Not owned by the company (km) 820.01
Length of pipelines carried out by the company (km) 5,907.69
Owned by gas operator (k) Steel pipelines - 3,292.64
Polyethylene pipelines 1,950.51
Steel pipelines 203.53
Not owned by gas operator (km) —
Polyethylene pipelines 616.48

The technical operation of the distribution pipeline systems is carried out
by the distribution system operator (DSO). The lifetime of the operating steel and
polyethylene pipelines is given in Table 2 according to 01.01.2019 data. Certain
complex and highly qualified works are carried out by the distribution system
operator’s special services (e.g., gas pipeline diagnostics, etc.).

Table 2
Lifetime of Operational Steel Pipelines
Lifetime of operational pipelines, years TOTAL

Gas pipeline

material below 10 | 10-20 20-30 3040 40-50 | above 50
iz:yethyle“e’ 32424 | 144544 | 14032 | 40.66 0.00 0.00 | 1950.66
Amount, % 17 74 7 2 0 0

Steel, km 30.23 244.43 729.25 985.62 846.95 456.64 | 3293.12
Amount, % 1 7 22 30 26 14

TOTAL 354.47 | 1689.86 | 869.57 | 1026.28 | 846.95 456.64 | 5243.78

Results of the analysis of the development phases of Latvian pipeline systems
allowed identifying changes in gas distribution network over the past 25 years; it
also allowed determining the current state of the network, taking into account the
lifetime of pipelines, as well as the level of gasification achieved in the regions and
defining the possibilities of using polyethylene pipes and the required gas distribution
pipe reconstruction amount. Since the steel pipelines are not constructed in a single
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year, they are operated with a variety of time, depreciation and other factors, which
require different technical operations and renovations.

The assessment of the technical state of the natural gas transmission pipeline
system (P>16 bar) has been studied by A. Borodinecs, A. Broks, A. Davis, A.
Jesinska, A. Kréslins. Natural gas distribution networks (P</6 bar) have been
studied in the recent years [1]-[6].

2. METHODOLOGY FOR ASSESSING THE TECHNICAL STATE OF
THE PIPELINE AND SETTING THE CONDITIONS FOR FUTURE
OPERATIONAL FEASIBILITY

The methodology for assessing the technical state of the distribution pipeline
systems and determining the conditions for future operational feasibility was
developed according to the algorithm developed in the study (Fig. 1).

Selection of diagnostics methods of gas pipelines ‘

v

Analysis [ Survey of the gas pipeline <
of the technical documentation ’ \ without opening of test pits

Test pits
are not required ifi 1 of the necessity

and extent of further survey
Survey of physical

mechanical properties
Test pits are required of metal is required

Survey of the gas pipeline ‘

Survey of the physical
mechanical properties of metal

l

Additional
A 4

survey
is required
Analysis of the survey results

by using test pits

> Identification of the technical condition
and further operation of the gas pipeline
Compliant ‘ Non-compliant

(planning of
reconstruction)

. " Discontinuation
Good for operation Marginal condition (emergency) of operation

>
>

The risk exceeds the admissible threshold
Identification y b
The risk is below

ofithaliisk the admissible
of accidents Development threshold
f

Continuation
of operation

}

in case of operation >

o
for safe operation

Expertise conclusion
Fig. 1. Algorithm for performing underground steel gas pipeline diagnostics.

In order to assess the technical condition, the possibility of non-accidents in
the gas pipeline must be calculated. According to the technical state of the pipeline,
the probability of non-accident — H;_, for case i shall be calculated using the following
relations based on the results of the technical diagnosis, taking into account the found
defects and damage (H;,,,):

. ms
Higp =I5, (1= kg - P(4)) (1)
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where [T — multiplication sign of multiplicators, s; — number of defects and types
of damage; ky — correction factor (occurrence of accidents); P(4;) — probability of
occurrence of an accident defect or damage, ms — the number of defects or damage
of one type.

After the prevention of any defects and damage (H;,,) detected during the
survey, taking into account defects and damage, which have not been observed for
objective and subjective reasons it is possible to calculate:

Hi,p = T2, (1 — kg - P(AD)™, @)

where Ly — the number of failures and/or damage, which were not observed.

ky for the hazards of defects and damage equal to the multiplication of
individual factors k;:

kz = ?=1 ki s (3)

where n — the amount of correction factors k;, i — the number of individual factor. L
can be calculated using (4):

L =ms- (%) (%)

where P;_,, is defectoscope operator probability of finding a defect or damage.
Probability of occurrence of an accident defect or damage and correction factor
(occurrence of accidents) for the hazards of defects and damage is determined on the
basis of statistical data on accidents and incidents on gas pipeline, and it is equal to:

P(4;) = ; 6]

N - AK;

where N - AK; — the average occurrence of specific type defects on the gas pipeline
per accident, on one kilometre of the pipeline within one year. Correction factors k;
can be calculated by (6):

; (6)

where kj, — the weight factor of the operating conditions, taking into account the
varying influence of different impact groups of operation; N; and Ny, — i — minimum
incidence of defects in one of the operating condition groups.

The correction factor k; for the hazards of defects and damage allows taking
into account characteristics of the gas pipeline and operational influence on the
hazard level of defects and damage (Table 3).
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Table 3

Values of the Danger Adjustment Coefficients of Defects and Damage of the Gas Pipeline

Characteristics of an underground pipeline k.
L
Operational conditions (eventual)
between the village 1.00
Type distribution 1.05
inlet 1.10
low 1.00
Pressure medium 1.05
high 1.10
none 1.00
The route of the gas pipeline across natural and a water obstacle 1.05
artificial obstacles a road or a railway 1.10
aroad and a railway 1.15
Regulated distances from the gas distribution complied with 1.00
network not complied with 1.05
The protection potential is ensured along the whole 1.00
length or electrical chemical protection, not required '
The protection potential is ensured not along the
whole length at a high soil corrosion activity or if 1.10
there is a dangerous impact of stray
The protection potential is ensured not along the
whole length at a high soil corrosion activity and if 1.20
there is a dangerous impact of stray currents
Interruptions in the operation of the electrical 1.05
chemical protection device exceed permitted terms '

The likelihood of defect is determined:
* based on the characteristics of the used tools and equipment;

* Dbased on the parameters of the gas pipeline;

» Dbased on external factors such as the presence of interference, road surface

quality, soil moisture in the area where pipeline lays, etc.;

* based on subjective factors, such as the qualifications of the contractors.

Certain values are determined on the basis of external and subjective factors,

but must not exceed the maximum values.

The maximum parameters for the probability of defects and damage are given

in Table 4.
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Table 4

The Maximum Possibility of Identification of Defects and Damage of Gas Pipelines

The maximum
Description of the defect section ; deggzsé:;il(l)g:ff the
defect
Penetrating defect
High pressure 0.98
Medium pressure 0.95
Low pressure 0.90
Low pressure (d < 1mm) 0.85
Damage of insulation coating
Within the territory of an inhabited location 0.70
Within the territory of inl}abited locations where there are no connected 0.75
engineering communications
Outside an inhabited location 0.80
The lack of adhesion along the whole length of a gas pipeline 0.98
Destruction of the insulation coating along the whole section (the transitional
resistance below the critical value), as confirmed for several times by means 0.99
of test pit surveys

The values of P (4;) obtained from the operational statistics of DSO distribution

gas pipeline systems are given in Table 5.

Table 5
The Criteria for Assessing the Degree of Danger of Defects and Damage of the Gas Pipeline
Defects and damage of the insulation coating P(A)
Damage 0.0050
Unsatisfactory adhesion in a test pit 0.0015
Mechanical and The lack of adhesion along the whole length of a section 0.0700
structural Transitional resistance in a test pit below the critical value 0.0030
Destruction of the insulation coating along the whole length
. 0.0200
of a section
Defects and damage of the pipeline metal P(A)
Penetrating, d > 1 mm 0.250
Penetrating, d < 1mm 0.1500
Corrosion Local (ulcer, point) 0.0600
General, the remaining thickness of wall below 70% 0.0350
General, the remaining thickness of wall between 99% and
0.0200
70%
The loss of the pipeline strength 0.5000
Structural Rupture of a welded joint 0.2500
Defect of a welded jointd < 1mm 0.1500

When determining the number of defects and damage caused by corrosion
damage and found in a single viewing area of a size not exceeding 1.5 m, the principle
according to which more significant damage covers minor damage should be used.
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For example, if both transverse and point damage are detected in the single viewing
area, only the transverse one is taken into account. It is assumed that the number of
one type of defect per standard size single viewing area 1.5 m is /.

The assessment of the technical condition is carried out on the basis of the
boundary status criterion, the probability of non-accident is equal to 0.95. Based on
the diagnostic results of the gas pipeline, its condition can be evaluated as technically
appropriate, operational or boundary. Depending on the probability of non-accident
occurrence, developed and recommended time extensions of the safe operating
period of the gas pipeline are specified in Table 6.

Table 6
Recommended Extensions of Lifetime

The possibility of non-emergence of accidents, Recommended term of safe operation,
H;,, years, up to
0.990 — 1.000 10

0.980 - 0.990
0.975-0.980
0.970 - 0.975
0.967-0.970
0.964 — 0.967
0.960 — 0.964
0.955-0.960
0.950 — 0.955

<0.950

— N W A WA || |O

A gas pipeline whose technical condition is recognised as a boundary state
(Hi,, < 0.950) must be decommissioned, reconstruction or refurbishment of the
pipeline must be carried out. A gas pipeline whose condition is recognised as
operational (H;,, < 0.950) is considered fit for operation if safe operation measures
are implemented. If, despite the detection of defects, according to diagnostic results
and calculations, probability of non-accident until their elimination exceeds 0.950 and
the gas pipeline can be declared operational, these defects shall be considered as
repairable.

From the economic indicator aspect, the dominant method of reconstruction
is the one where polyethylene pipes are laid in without degrading the steel pipeline.
In addition, the impact of the territorial area of construction indicator, takes into
account the density and nature of the buildings in areas where gas pipes are laid.

Advantages of the reconstruction method with pipe laying without pre-
degradation are the following: simplicity of construction works; cheapness of
technology; the possibility of using standard polyethylene pipes and coupling parts;
complete refusal of electrochemical protection installation. Disadvantages are limits
of strength reserve coefficient; difficult gas leak detection; significant reduction in
flow and relatively low load-bearing capacity. Advantages of the reconstruction
method with pipe laying with pre-degradation are the following: the possibility of
replacing the pipes with the same or greater diameter pipes; there is no need to
clean the pipeline before; with polyethylene pipes, the reconstructed section does
not require standard polyethylene pipes. Disadvantages are that it is necessary to
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make reinforced pipes; significant constraints in the case of engineering networks,
expenditure related to the Environmental Impact Assessment; small length of
reconstructed pipeline sections and pipe curves make work difficult. Advantages of
reconstructing a tightly sealed pipe (U-type) are the following: minimal reduction
in pipeline diameter; permeability is not limited; no need for standard polyethylene
pipes in reconstructed pipeline. Minuses are that careful inspection and cleaning of
the old pipelines are needed; additional equipment for special pipe handling and
trained personnel is required; pipe diameter and pressure limits and refitting are
necessary. Advantages of the reconstruction by using synthetic pipe branch are the
following: minimum equipment required; it is possible to reconstruct long pipelines;
the possibility to reconstruct the gas pipelines at a pressure of up to 1.2 MPa.
Disadvantages are that it is possible to break the pipe branch in the reconstruction
process; after the reconstruction, the steel pipeline may require protection using
standard polyethylene pipes; relatively expensive technology; careful cleaning
of the old pipe needs to be done. Advantages of “primus line” [6] method are
high permissible load; high flexibility; high efficiency; non-significant impact on
landscape and protected areas; possibility to perform recovery of long pipelines with
sharp turns. Disadvantages are high costs of the technology; there are not many
large-scale entrepreneurs who could implement this type of technology and due to
the inaccuracy of the tractive force calculation, it is possible to break the pipe branch
during the laying process. Advantages of the open reconstruction method are that
there are no temperature or other limits for the performance of works; a potential
increase in pressure in a new city where an increase in gas consumption is likely to
occur. Disadvantages are high costs of the technology; high environmental pollution;
long duration of work; disruption of transport movement at work site.

The analysis of the existing European legislation confirmed the need to take
this indicator into account in the process of choosing the optimal gas distribution
pipeline reconstruction option, as the task associated with optimum reconstruction
is linked to many factors. This task should be based on high-quality engineering
research and diagnostic research data, safety requirements and evaluation of existing
regulatory framework [7]-[10].

3. ALGORITHM FOR SELECTING RECONSTRUCTION
METHOD FOR OUTWORN GAS DISTRIBUTION PIPELINES

As a result of the above-mentioned research and methods, the algorithm and
methodology for choosing the optimal method for the reconstruction of the outworn
gas distribution pipes have been developed (Fig. 2), based on a multi-criteria
approach.

The methodology developed is implemented in the following phases:
collecting information — identification of feasible solutions — appointing experts
and expert groups — determination of comparison criteria — identifying questions
and drawing up questionnaires — analysis of expert assessments — determination of
competence coefficients — multi-factor analysis mathematical model calculation —
comparing alternatives — choice of optimal method. The study, on the choice of an
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optimal reconstruction method, proposes an approach based on two sets of criteria:
technical and economic. The following criteria have been adopted using analysis
as well as technical documentation, with the greatest impact on the selection of an
optimal reconstruction option (Table 7).
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Fig. 2. Algorithm for choosing the optimal reconstruction method.

Based on criteria and the expert analysis questionnaire, assessment and data
collection were done in order to create a mathematical model. Taking into account
specific calculated competence coefficients and factor importance coefficients, a
group calculation was performed for each reconstruction method. The results and
calculations of engineers in the program complex Expert Choice indicated that
reconstruction for outworn gas distribution pipe, by using a method with tightly
attached pipe, might be considered optimal when assessed from the perspective of
technical criteria.



Criteria for Assessment

Table 7

Comparison criteria Symbol
Technical criteria
Gas pipeline operating pressure Cl1
Degree o'f prepgredness of reconstructed gas pipeline (volume of works and extent of 2
clarification of internal space)
Volume of earthwork C3
Diameter of reconstructed gas pipeline C4
Frequency of occurrence of emergency situations in case of the relevant method Cs
Level of restrictions of the transport movement intensity C6
Necessity of electrochemical protection C7
Land allocation area for the period of construction and assembly work C8
Degree of complexity of quality control C9
Possibility of use of the standard equipment C10
Territorial area of work Cl1
Permissible length of the reconstructed gas pipeline stage Cl12
Economic criteria
Construction costs C13
Internal rate of return Cl4
Net discounted profit C15
Profit index Cl6
Repayment duration C17
Duration of construction and assembly work C18

4. OPTIMAL SEQUENCE OF RECONSTRUCTION PROJECT

IMPLEMENTATION

Applying the optimal sequence of implementation of reconstruction projects
allows determining the order in which reconstruction should be done, taking into
account the technical condition and financial constraints of the distribution network
stations. To determine the degree of depreciation and the technical condition of the
gas distribution pipelines, it is proposed to perform the planned reconstruction in
the following stages: functional diagnostics and risk analysis of complex technical
diagnostics. According to the results of functional diagnosis, the technical condition

of the gas distribution system object may be recognised as:

« valid for work; condition of the site is described as free of defects and
damage that affects the bearing capacity and operational validity;

» valid for work; condition in which several assessable parameters do
not comply with the requirements or norms of the project, but this non-
compliance with the requirements does not lead to working disruption and
the bearing capacity of construction is ensured, taking into account the

effects of existing defects and damage;

* inoperable; the condition of the object, in which characterising ability of
at least one parameter, to perform the specified functions, does not meet

the regulatory technical and/or project requirements.
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If an object is found to be inoperable or if hidden defects are detected during
functional diagnosis, it is necessary to perform a complex technical diagnosis
of the site. A summary of implementation of the technical status assessment and
reconstruction projects is proposed based on a comparison of the risk indicators
with an acceptable risk. In order to carry out an overall risk assessment of gas
distribution network objects, it is proposed to confirm the expected loss due to the
accident, determining the amount of specific losses in monetary terms, which is not
limited only to a qualitative risk analysis. Optimal allocation of funds through the
implementation of the reconstruction program is an important task of reconstruction
of objects because it allows providing a certain financial effect in the circumstances
where financial constraints are imposed. The solution for the specific task is proposed
by using the dynamic programming method.

5. CONCLUSIONS

Studies of existing methods for the reconstruction of outworn gas pipelines
have allowed identifying and systemising the main advantages and disadvantages
of each method, as well as identifying criteria that influence an optimal selection of
the method. It should be noted that the task of selecting an optimal reconstruction
method is a multi-factor one. The developed concept allows determining the optimal
method of reconstruction of gas distribution pipeline taking into account technical
and economic criteria. Technical feasibility has been demonstrated for the use of
polyethylene pipes in the reconstruction of gas pipes designed for 1.2 MPa operation
together with a steel frame, the role of which is fulfilled by a renewable steel gas
pipeline. The developed recommendations and algorithm allow determining an
optimal sequence for the implementation of reconstruction projects taking into
account both the technical state of the pipelines and the financial constraints.
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Kopsavilkums

Raksta apskatita zinatniski pamatota optimalas nolietotu gazes sadales vadu

rekonstrukcijas metodes izvéles metodika, balstita uz multi-kritériju pieeju, un
dotas rekomendacijas gazes sadales tikla rekonstrukcijas programmu optimizacijai.
Tas var risinat problémas, kas saistitas ar droSas gazes sadales tiklu darbibas un
ekspluatacijas nodroSinasanu, jo Latvija pastavigi palielinas nolietoto pazemes
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Temperature dependencies for Hall mobility of electrons for the
uniaxially deformed n-Si single crystals, irradiated by the flow of electrons
Q=1-10" el./cm? with the energy of 12 MeV, are obtained on the basis of
piezo-Hall effect measurements. From the analysis of these dependencies it
follows that under the uniaxial pressure (0-0.42) GPa and (0-0.37) GPa along
crystallographic directions [100] and [111], respectively, the deformation-
induced increase of the Hall mobility has been observed. On the basis of the
proposed theoretical model of mobility, this increase is explained by the decrease
of the amplitude of a large-scale potential with an increase in the magnitude
of uniaxial deformation and, accordingly, the probability of electron scattering
on this potential. The slight discrepancy between the obtained experimental
results and the relevant theoretical calculations at the low temperatures is
due to the fact that the electron scattering on the radiation defects, created
by the electron radiation, was not taken into account in the calculations. The
decrease in Hall mobility of electrons along with an increase in temperature
for unirradiated and irradiated silicon single crystals is explained by the
growth of the probability of electron scattering on the optical phonons that are
responsible for the intervalley scattering in silicon. The obtained results can be
used in designing and modelling on the basis of n-Si single crystals of various
electronic devices of micro- and nanoelectronics, which can be subject to the
extreme conditions of action of the significant radiation and deformation fields.

Keywords: hall mobility, large-scale potential, piezo-Hall effect,
uniaxial deformation

1. INTRODUCTION

Monocrystalline silicon is a promising material for micro- and nanoelectronics
thanks to the well-designed technology of its growing and relatively low cost [1]—
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[7]. It is known [7] that the traditional control of the electrical properties of silicon or
other crystalline semiconductors is carried out by doping with various impurities that
create in the band gap of semiconductor the discrete energy levels of the necessary
depth and concentration. But often this method is difficult to implement due to the
low solubility of the necessary impurities in semiconductors at higher concentrations
of the electrically active intrinsic defects or the absence of such impurities at all.
Solving this problem is possible by using the method of radiation technologies
[8]-[10]. This way, the formation of radiation defects in solids in the integrated
combination with other effects such as temperature, mechanical load, the presence
of an external electric and magnetic field, and the illumination allow purposefully
regulating by the properties of solid-state materials. As it is known [11]-[14], the
defects in silicon caused due to irradiation can play a role of various active centres
(donors or acceptors that change the concentration of charge carriers and the position
of the Fermi level, scattering and recombination centres that affect the electron and
hole mobility, life time of non-equilibrium charge carriers). Radiation changes of the
electrophysical properties of silicon practically for all temperatures are determined
by secondary defects (complexes of vacancies and interstitial atoms with each
other, with atoms of chemical impurities) or clusters of defects [12], [14]. Since the
basic properties of silicon are strongly dependent on the presence of the defective
structure, this, in turn, will have an impact on the parameters of the finished devices
manufactured on its basis, such as sensitivity, current amplification factor, response
time, stability, selectivity, dark current, etc. [15]-[17]. Designing and modelling on
the basis of silicon of the radiation-resistant pressure sensors, which are used in
the aerospace, rocket and space industries, thermonuclear and nuclear energy [18]-
[20], and of the strained heterostructures, which can be applied in the fields of high
radiation [21]-[23], require the detailed research of the impact of radiation irradiation
and deformation on the electrical properties of silicon. In most of the works, only the
effect of radiation or deformation on the physical properties of silicon single crystals
has been considered. But integrated investigations of the effect of radiation and
deformation on the electron transfer phenomena in silicon have not practically been
carried out. Therefore, in this paper, the impact of high-energy electron irradiation on
the electrical properties of uniaxially deformed single crystals n-Si is investigated.

2. EXPERIMENTAL RESULTS

The investigated silicon single crystals with a resistivity of 0.25 Q-cm, doped
with an impurity of phosphorus, concentration of N =2.2-10'° cm™, were grown at the
Department for Development and Fluctuation Analysis of Semiconductor Materials
and Structures of the V.E. Lashkaryov Institute of Semiconductor Physics, NAS
of Ukraine. Samples of such silicon single crystals were irradiated by the electron
flow Q=1-10"" el./cm?with energy of 12 MeV. Silicon single crystals were irradiated
at room temperature at the microtron M-30, whose parameters make it possible to
form the beams of accelerated electrons with energies in the range of 1-25 MeV
with monoenergy of 0.02 % and current of up to 50 pA. Temperature control was
executed using a copper-constantan differential thermocouple. During the irradiation,
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temperature of the silicon samples was regulated by blowing with vapours of liquid
nitrogen. We measured the temperature dependencies of the Hall constant and the
electrical conductivity for uniaxially deformed n-Si single crystals irradiated by the
electrons. Uniaxial deformation and electric current through the silicon sample were
directed along crystallographic directions [100] and [111]. Silicon samples for such
research were cut in the form of rectangular parallelepipeds, 0.8-0.8-10 mm in size.

After appropriate preparation, the investigated sample was immovably fixed
in brass pins using epoxy resin and placed in a thick-walled stainless steel tube. A
small slot was made in the tube for output of the conductors, soldered to the current
and Hall contacts of the sample. From below, the sample was supported by the pillar,
which was a ceramic cork held by the corkscrew propeller. The tube was vertically
attached to the casing with the help of the steel collet, which was installed in the
casing. The volume hollow cylinder carried the main load containing a tube in a
fixed vertical position. The upper surface of this cylinder had a thread tightened on
the tube, and the lower one rested on the casing. A mechanical load was applied to
the sample using a ceramic tube, which was inserted into a thick-walled stainless
steel tube. A steel rod rested on the ceramic tube. The force was transferred to the
steel rod and respectively to the ceramic tube and the investigated sample using the
horizontally located lever. A pressure sensor, which was a spring attached to the
lever, was used for creation of the mechanical load on the sample. The spring was
calibrated in such a way that the certain magnitude of stretching, which was fixed by
the vertically posted scale, corresponded to some value of the pressure force on the
sample. A reservoir, into which water was served through a tap, was attached to the
bottom of the spring. Due to the filling of the reservoir with water, the spring was
stretched and the pressure on the sample was increased. The load was removed from
the sample by opening the electric valve of the reservoir, which led to the leakage of
water and reduced its mass in the reservoir.

Uniaxially deformed sample that was in a thick-walled tube was placed
between the poles of the electromagnet, which allowed for a smooth change in the
magnetic field within the range from 0 to 0.6 T. The investigated sample was blowing
with vapours of liquid nitrogen. The temperature control of samples was carried out
also using a copper-constantan differential thermocouple. During the experiment, the
accuracy of the measurement of temperature was +1 K. The measurement error of
Hall mobility did not exceed 8 %, and the concentration — 13 %.

In the previous paper [24], on the basis of measurements of infrared Fourier
spectroscopy and the Hall effect, the nature and concentration of the main types of
radiation defects formed in silicon single crystals under such conditions of irradiation
were determined. It was shown that the main radiation defects were A-centres (VO,
complexes), A-centres, modified with impurity of phosphorus (VOP complexes) and
complexes containing interstitial carbon (C,O, complexes).

In order to study the effect of these defects on the electrical properties of
uniaxially deformed n-Si single crystals, the authors conducted the research of the
piezo-Hall effect at the uniaxial pressures along crystallographic directions [100]
and [111] for unirradiated and irradiated samples of silicon.

Figures 1 and 2 present the temperature dependencies of the Hall mobility
for unirradiated n-Si single crystals under condition of uniaxial pressure along
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crystallographic directions [100] and [111]. As it is well known [25], in silicon single
crystals at uniaxial pressure along the crystallographic direction [100] there will be
deformation redistribution of electrons between two minima of the conduction band
with low mobility, which descend down, and four minima with high mobility, which
ascend up on the energy scale. This explains the decrease in the Hall mobility of
electrons along with the increasing magnitude of the uniaxial pressure (Fig. 1).
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Fig. 1. Temperature dependencies of the Hall mobility for n-Si<P> single crystals at different values
of the uniaxial pressure along the crystallographic direction [100]: 1-0 GPa; 2-0.42 GPa; 3-0.83 GPa.

Reduction of the Hall mobility with the increasing temperature is due to the
increasing role of electron scattering on optical phonons, which are responsible
for the intervalley scattering of electrons in silicon [26]. Detailed investigations of
the tensoresistence of n-Si at uniaxial pressure along the crystallographic direction
[111] showed that resistivity increased along with a decrease in the electron mobility
by increasing the effective mass of electrons at transformation of a two-axis
isoenergetic ellipsoid of rotation in the three axes [27]. The increase in the magnitude
of tensoresistence of silicon with the increasing temperature in these conditions
is explained by the deformation non-parabolicity of the silicon conduction band,
which occurs by removing the degeneracy of the zones A, and A, at the point X, at
the edge of the Brillouin zone [27]. These reasons explain the decrease in the Hall
mobility of electrons with the increasing magnitude of the uniaxial pressure (Fig. 2).
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Fig. 2. Temperature dependencies of the Hall mobility for n-Si<P> single crystals at different values
of the uniaxial pressure along the crystallographic direction [111]: 1-0 GPa; 2-0.37 GPa; 3-0.74 GPa.
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For n-Si single crystals, irradiated by the electrons (see Figs. 3 and 4), the
Hall mobility of electrons increases and, reaching its maximum, decreases with the
increasing temperature.
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Fig. 3. Temperature dependencies of the Hall mobility for the irradiated n-Si<P> single crystals
at different values of the uniaxial pressure along the crystallographic direction [100]: 1-0 GPa
(unirradiated sample), 2-0 GPa, 3-0.42 GPa, 4-0.83 GPa. Solid curves are theoretical calculations on
the basis of expression (14): 5-0 GPa, 6-0.42 GPa, 7-0.83 GPa.
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Fig. 4. Temperature dependencies of the Hall mobility for the irradiated n-Si<P> single crystals
at different values of the uniaxial pressure along the crystallographic direction [111]: 1-0 GPa
(unirradiated sample), 2—0 GPa, 3—0.37 GPa, 4-0.74 GPa. Solid curves are theoretical calculations on
the basis of expression (18): 5-0 GPa, 6-0.37 GPa, 7-0.74 GPa.

The growth of the Hall mobility of electrons for undeformed and uniaxially
deformed n-Ge single crystals, irradiated by electrons, was explained by the
decreasing resistivity gradients due to a decrease in the amplitude of the large-scale
potential with the increasing temperature and deformation and also the concentration
of charged radiation defects that were the active centres of scattering [28].

The concentration of electrons in the conduction band of irradiated n-Si single
crystals was determined on the basis of the piezo-Hall effect measurements at the
uniaxial pressures along the crystallographic directions [100] and [111] (Fig. 5).
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Fig. 5. Temperature dependencies of the concentration of electrons for the irradiated n-Si<P> single
crystals at different values of the uniaxial pressure along the crystallographic directions [100] and
[111]: 1-0 GPa (unirradiated sample), 2—0.83 GPa ([100]), 3-0.74 GPa ([111]), 4-0.37 GPa ([111]),
5-0.42 GPa ([100]), 6-0 GPa.

According to the data in Fig. 5, the concentration of electrons does not depend
on the temperature for the unirradiated single crystals n—Si (both in the absence
and in the presence of the uniaxial deformation). This is explained by the fact that
the phosphorus shallow donors will be fully ionized for the investigated range of
temperatures. The deep energy levels E- —0.17 eV and £ —0.107 eV, which belong
to VO, and VO P complexes respectively [24], will be ionized only partially for the
irradiated single crystals n—Si. The growth electron concentration with the increasing
magnitude of the uniaxial pressure along the crystallographic direction [100] (Fig.
5, curves 2 and 5) can be explained with a decrease in the ionization energy of these
complexes under the deformation [24], [25]. Only marginal increase in the electron
concentration in the conduction band of silicon is observed at uniaxial pressures
along the crystallographic direction [111] (Fig. 5, curves 3 and 4). In this case, the
activation energy of the main radiation defects, belonging to the VO.P complexes,
decreases slightly and at P>0.4 GPa does not depend on the magnitude of uniaxial
pressure [24].

3. THEORETICAL CALCULATIONS

To interpret the obtained temperature dependencies of Hall mobility of
electrons for silicon samples, irradiated by the flux of electrons Q=1-10"" el./cm?
with the energy of 12 MeV at uniaxial pressures along crystallographic directions
[100] and [111], we write the expression for the Hall mobility under condition of the
scattering of electrons on the large-scale potential [28]:

A
Ui = e A -2 1
0 exp( ij D

where gz, — drift mobility of electrons for homogeneous material, 4 — the Hall-
factor, A —the amplitude of the large-scale potential.
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where N — the concentration of charged defects, which is equal to the sum of
concentrations of the ionized donors N, and compensating charged acceptors N, &€ —
the dielectric penetration, n — the concentration of electrons in the conduction band,
q — the charge of an electron.

Electron scattering on the ions of phosphorus impurity, acoustic phonons and
optical phonons responsible for the intervalley scattering of electrons in silicon was
taken into account at the calculations of the drift mobility of the electrons and the
Hall factor. Mobility of charge carriers for any direction of isoenergetic surface,
which is an ellipsoid of rotation, can be determined from the ratio [28]:

,u:,ulsin29+,uH 00529, 3)

where @ — the angle between the considered direction and the main axis of ellipsoid;
u, and Hy are the mobility of charge carriers across and along the axis of the
ellipsoid, respectively.

In accordance with (3), for undeformed n-Si single crystals

1

2
Ho=gHy + T HL: “4)

Under uniaxial pressure along the crystallographic direction [100], two
minima of silicon conduction band will descend on the energy scale by a value [24]:

N 2_
AE, =_(:d +§‘:‘u)(Sll +2S12)P‘§5u(511 —S)P, (5)
and the other four minima will ascend by a value:

1

AE, = _(Ed + Euj(su +2512)P+§Eu(511 ~Si2)P. (©)

W | =

If n, is the electron concentration in descending minima, and n, — in four
minima which ascend at uniaxial pressure, then the total electron concentration in
the conduction band of silicon is the following:

n=n1+n2, (7)

For the non-degenerate electron gas:

y Ep—AE, y Ep-AE,
2 2mm, kT V2 ————
- 2(2717:;ij e M ny= 2( 717;115 j e KT . (8)
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Then

% AE -AE,
n m
My _[m )7,

kT — B, (9)

ny m

2 1 2 1

where m, =23 (mH miﬁ and m, =43 (mH mi)g are the effective mass of the density
of states for these minima. Taking into account the value of the components of the
effective mass tensor m; =0.9163m, and m, =0.1905m, for electrons in silicon,
my =0.51my,and m, = 0.8{m0were obtained.

From expressions (7) and (9), we find that

n Bn
:—’nzz .
B+1 B+1

mn (10)
According to (3), mobility of electrons in silicon at the uniaxial pressure along
crystallographic direction [100] in the two descending minima is equal to:

o =4, (11)

and for the four minima, which ascend on the energy scale,

Hy =H, . (12)

Then for an arbitrary value of the uniaxial pressure P, the conductivity n—Si
is the following:

op=qnu=qlmu +nyu,) . (13)

Taking into account expressions (10) and (13), electron mobility at the uniaxial
pressure n—Si along the crystallographic direction [100] is equal to

_ ,Ul"'BluZ. (14)

Moo=

The intervalley scattering of electrons on optical phonons is described by the
scalar relaxation time [29]. As shown in research [26], intervalley scattering in the
silicon is caused by the interaction of electrons with optical phonons at characteristic
temperatures 7., =190 K and 7,630 K. The constants of the optical deformation
potential for these phonons ZEq =1.8-10% eV /cm and E630 =4-10% eV /cm were
found in the studies. The values of the constants of the acoustic deformation potential
2,=923 eV and=E,; =2.12 ¢V are given in work [30]. Then, in the most general case
of electron scattering on the impurity ions, acoustic phonons and optical phonons
responsible for intervalley scattering, the expressions for the components of the
relaxation time tensor can be written as follows [29]:
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: (15)

where rla’i, %" are the longitudinal and transverse components of the relaxation time
tensor for scattering on acoustic phonons and impurity ions, respectively; 7, 7, are
the relaxation times for intervalley scattering on optical phonons at characteristic
temperatures 7, =190 K and 7,=630 K.

In the case of uniaxial pressure along the crystallographic direction [111], an
expression for the components of the effective mass tensor will be as follows [27]:

m m
My == My = ———, My =m, (16)
1+yP 1—yP

where y =6.74-10""" pa’.
The deformation non-parabolicity of the conduction band of silicon, which
explains the nonlinear growth of the tensoresistence and the dependence of

tensoresistence on temperature for such uniaxial pressure, can be represented as
follows [27]:

2( ;2 2 2
g(p):g(1+ig):h_(k_l+k_2+k_3} (17)
2 \my my o ma
m’
where 1 = AOPZ is non-parabolicity parameters, 4, = 20 I

In this case, the mobility for uniaxialy deformed silicon is equal to:

1
.Uo=§(.un+.uzz+.“33)- (18)

__ 4 __ 49 _ 49
My =——<T11 >, Up="—<Tpn>, l33=——<T33> (19)
myy my ms33

It is necessary to replace the variable x = £ with X =x+ 2kTx* in the
. o kT
calculations of these mobility components.

Figures 3 and 4 (solid curves) present the theoretical calculations of the Hall
mobility of electrons for irradiated n-Si single crystals, on the basis of expressions
(14) and (18), under condition of electron scattering on phosphorus impurity ions,
acoustic phonons and optical phonons responsible for intervalley scattering.

4. DISCUSSION OF THE OBTAINED RESULTS

From the analysis performed, it follows that for irradiated n-Si single crystals,
Hall mobility with the increasing temperature initially increases and decreases during
the crossing of the maximum. The growth of Hall mobility can be explained by two
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reasons: 1) by decreasing of the amplitude of a large-scale potential with an increase
of the electron concentration in the silicon conduction band due to the growth of
temperature or deformation; 2) by decreasing of the concentration of charged defects
belonging to the VOP and VO, complexes, and, accordingly, the probability of
scattering on such defects with the increasing temperature and uniaxial pressure.
These reasons explain the growth of the magnitude of Hall electron mobility for
the uniaxially deformed n-Si single crystals with an increase in the magnitude of
uniaxial pressure to 0.42 GPa (Fig. 3, curve 3) and 0.37 GPa (Fig. 4, curve 3) at low
temperatures. The decrease in the Hall mobility during the crossing of the maximum
is due to the growing probability of intervalley scattering of electrons on the optical
phonons with an increase in temperature. For such temperatures, the Hall mobility
of electrons, as in the case of unirradiated silicon single crystals, decreases with an
increase in the magnitude of uniaxial pressure. The slight difference between the
obtained experimental results and the corresponding theoretical calculations is due
to the fact that the relaxation time for electron scattering on the created radiation
defects was not taken into account during the construction of the theoretical model of
the Hall electron mobility for irradiated n-Si single crystals. Since radiation defects,
as a rule, create deep energy levels in the band gap of a semiconductor and their
microstructure is difficult to establish in many cases, it is a difficult task to simulate
the potential of the interaction of an electron with such defects. Today, solving such
problems is based on the creation of semi-empirical models of radiation defects,
which often do not allow interpreting the obtained experimental results. However,
the proposed theoretical model allows qualitatively and at certain temperatures
quantitatively explaining the features of the temperature dependencies of the Hall
mobility for the undeformed and uniaxially deformed n-Si single crystals with
radiation defects.

5. CONCLUSIONS

The obtained experimental results and theoretical calculations show that for
uniaxially deformed n-Si single crystals along crystallographic directions [100] and
[111], irradiated by high-energy electrons, a decrease in a large-scale potential under
the increase of temperature or magnitude of uniaxial pressure causes growth of the
Hall mobility. Hall mobility of electrons for irradiated n-Si single crystals at the
investigated temperatures and uniaxial pressures is determined by different relative
contribution of the mechanisms of electron scattering on optical phonons, which are
responsible for intervalley scattering, ions of phosphorus shallow impurities and large-
scale potential. The results can be used for constructing, on the basis of n-Si single
crystals of various electronic devices and sensors, strained silicon nanostructures
(Si-quantum dots and quantum wells, heterostructures SiGe), which can be applied
in the fields of high radiation and deformation. The presented theoretical model for
calculating the Hall mobility of electrons for irradiated n-Si single crystals can be
useful in modelling the electrical properties of other many-valley semiconductors
with radiation defects, the presence of which leads to the emergence of large-scale
potential.
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ELEKTRONU IZVKLIEDEJUMA MEHANISMI VIENASS
DEFORMETOS ATSEVISKOS SILIKONA KRISTALOS AR RADIACIJAS
DEFEKTIEM

S.V. Luniovs, V.V. Lisuks, V.T. Masluks, O.V. Burbans

Kopsavilkums

Aprakstiti elektronu Holla mobilitates temperatiiras atkaribas mérijjumi vienass
deformétiem atseviskiem n-Si kristaliem, ko izstaro elektronu plisma Q=1-10"" el./
cm? ar energiju 12 MeV iegiti, balstoties uz piezo-Holla efekta mérfjumiem. No
So mérfjumu analizes izriet, ka pie vienass spiediena (0-0.42) GPa un (0-0.37)
GPa kristalografiskajos virzienos ir noveérojams deformaciju ierosinats Holla
mobilitates pieaugums. Balstoties uz piedavato mobilitates teorétisko modeli, Sis
pieaugums ir izskaidrojams ar liela méroga potenciala amplitiidas samazinasanos,
vienass deformaciju magnitiidas palielinasanos un attiecigi iesp&jamu elektronu
izklied&jumu.
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