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CHAPTER 1: OVERVIEW

1.1. Introduction

The development and improvement of modern aircraft onboard radio-electronic equipment
(avionics) is associated with the implementation of information and telecommunication
technologies. As a result, the requirements for data transmission networks on aircraft are
constantly growing [1]. On the one hand, every year, the improvement of subscriber devices
(traffic generators) of the aircraft on-board network [2], [3] requires the increased performance
of aircraft onboard information and telecommunication networks: greater throughput,
scalability, ensuring the required level of delays [4—6]. On the other hand, the execution of
these requirements must be ensured with unconditional compliance with the mass-dimensional
characteristics of avionics and the tendency to decrease them.

As arule, any technical decision taken in relation to aviation equipment (AE) proceeds from
a compromise between the weight, size, and characteristics that the AE product must provide
while considering the fact that the AE has strict requirements for resistance to external factors,
reliability, and electromagnetic compatibility [7], [8]. According to the complexity of the
testing cycle of single products and the increasing complexity of the task, problematic
situations often arise during the development or modernization of systems, complexes, and sets
of AE. In particular, the solution to the problem of ensuring the proper characteristics of on-
board information and telecommunications networks is complex [9], [10] but does not exclude
the requirements imposed on the components of the whole system.

In aviation, the object of electromagnetic compatibility (EMC) research is an aircraft and its
onboard equipment capable of generating electromagnetic interference [11] or being
susceptible to it. A special research object is the external electromagnetic fields on the flight
paths. The aircraft's onboard devices are divided into radio-electronic, electronic, and
electromechanical; they are divided into potential sources and receptors of unintentional
interference [12]. The EMC of the aircraft's onboard equipment is determined by the
characteristics of three main objects: sources of unintended interference, interference detectors,
and the environment in which interference is propagated from the source to the receptor.

Unintentional disturbances are considered sources of interference formed during the
operation of aircraft onboard equipment and radiations of radio transmitting devices located
outside the aircraft (land-based and sea-based and other aircraft). Onboard radio transmitters
are the most powerful sources of unintentional interference on the aircraft [13]. They emit
continuous and pulsed signals in the frequency range from 2 MHz to 10 GHz. Their capacities
are 20... 400 watts — for continuous signals and up to several kW — for pulsed. The spectrum
consists of the main and extra-local radiation, radiation at harmonics of the operating
frequency, noise and transit radiation [14], [15]. Potential sources of interference in the aircraft
are pulse power converters, engine ignition systems, pulse de-icing systems, and digital
electronic systems [16]. The main parameters of the interference sources are the following: the
interference power in the radio frequency (RF) range (f) and the width of the spectrum of
generated interference AFgen(f).



According to the degree of impact of failure on flight safety, aircraft systems are divided
into four levels: A, B, C and D [17]. Level A includes systems that perform so-called “critical"
functions. Their violation leads to catastrophic consequences [18]. Examples are
telecommunications systems on board, electrical control, engine control, etc.

Level B includes electrical and electronic systems that perform a function, the violation of
which leads to an emergency situation.

Level C includes electrical and electronic systems that perform functions, the violation of
which significantly complicates flight conditions.

Level D includes electrical and electronic systems that perform functions, the violation of
which does not significantly complicate the conditions of the flight.

Communication systems and aircraft navigation support systems are examples of level B
and C systems, which are display systems that provide direction, location, and route data.
Failure of a level B or C system is not catastrophic, but it can contribute to other failures.

Electromagnetic compatibility EMC depends on two factors:

o internal electromagnetic environment (EMO) in the locations of equipment enclosures,
antennas and antenna-feeder lines, information exchange lines of functional systems
(FS), etc;

o the noise immunity of the radio receivers (RR) and the susceptibility of the avionics to

interference.

To date, the greatest danger is expected from the impact of pulsed radiation fields at
frequencies from 400 MHz to 10 GHz [19], [20], which mainly affect electronic circuits.

1.2. Rationale

Analysis of trends in the development of onboard information and telecommunication
networks [21-23] and sensors [24], [25] in the conditions of high-intensity electromagnetic
fields has allowed us to establish that significant improvements in the resistance of information
networks to high-intensity electromagnetic fields are urgently needed today.

As a result of the analysis of the means of increasing durability, network organization and
noise-resistant coding methods were identified, and sensors onboard aircraft were considered.
System methodological problems and contradictions in the construction of networks,
organization of coding, and use of pressure sensors were identified.

The analysis of existing scientific works in this field of research has shown that to build a
secure network with guaranteed delivery of messages under increased electromagnetic impact
[26], [27], modernization of the scientific and methodological apparatus is required. For these
purposes, the prospects of applying the mainline fault-tolerant coding methods and the
application of optical sensors to a new area of research are substantiated. This will allow
methodological problems to be solved caused by the influence of electromagnetic fields on the
onboard information and telecommunication network [28], [29].

The disadvantages of existing networks include the use of fiber channel cables with high
weight and relatively low throughput, low resistance of transceivers to the effects of fields, as
well as high susceptibility of electronic sensors of static and full pressure to the impact of EMV
[30], [31].



1.3. The aim and tasks of the Doctoral Thesis

Summarizing the above-mentioned facts about the directions of development of on-board
information and telecommunication networks and sensors in the conditions of high-intensity
electromagnetic fields, the following aim of the Doctoral Thesis is proposed:

Experimentally develop approaches to the construction of information systems based on
optical sensors and broadband access facilities that ensure the transmission of traffic from
subscribers of the onboard network, meeting the requirements for ensuring the level of delays
and requirements for electromagnetic compatibility of onboard equipment providing the
possibility of including new devices in the existing network and upgrading existing ones.

To achieve the aim set, the following theses were put forward:

1.

A specialized code implementation with irregular repetition and forward error
accumulation more than triples the signal transmission efficiency of the aircraft's high-
speed digital video interface using 16-QAM (quadrature amplitude modulation) and
improves system stability when exposed to high-intensity radiated fields.

The use of deformable CuBe2Ni(Co) bronze membranes with a sinusoidal profile and
a rigid center, along with light-emitting diodes and charge-coupled device arrays, for
measuring membrane deflection allows for increasing the precision of absolute and
static pressure sensor measurements by at least 50%, reducing energy consumption by
at least 70%, decreasing the processing time required for information processing, and
reducing the weight of the final sensor by at least 25 %, compared to frequency absolute
and static pressure sensors.

By introducing asymmetry in the distribution of losses and gains through altering the
thickness of the layers, one can transition to the point of generating coherent ideal
absorption, characterized by a significant increase in generation intensity and a sharp
rise in the quality factor exceeding 108,

1.4. The key tasks of the Doctoral Thesis

To achieve the set goal of the dissertation and to prove the proposed theses, it is necessary

to perform the following key tasks:

1.

Develop and implement a fiber optic access network and aircraft onboard network that
optimizes channel resource allocation at specific wavelengths, leading to improved
quality-of-service (QoS) indicators for traffic within the network that doubles network
capacity compared to traditional wave multiplex technologies.

Develop a new pressure sensor, showcasing significant enhancements and
performance indicators and improved efficiency gains that reduce data transmission,
lower supply voltage requirements, and contribute to enhanced energy efficiency and
system performance.

Explore the potential of non-Hermitian photonics based on insights gained from
research, emphasizing the asymmetric characteristics that can be harnessed to achieve
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desired optical functionalities, therefore, pave the way for further studies in advancing
photonics technology and addressing challenges across various domains.

4.  Enhance transmission efficiency within the ARINC-818 communication protocol by
integrating LDPC-IRA coding, surpassing traditional methods by more than threefold
and therefore addressing challenges related to high-intensity radiated fields (HIRF)
interference, thereby enhancing system stability and reliability through improved
coding efficiency.

1.5. Research methods

To perform the tasks outlined in the Doctoral Thesis and to analyze the problems,
mathematical calculations, numerical simulations, and experimental measurements have been
used. Numerical simulations were implemented in RSoft OptSim and VPI Design Suite
simulation software, which are based on the nonlinear Schrédinger equation using the split-
step method, the Fourier transform, and the Monte Carlo method for estimating the bit-error-
rate (BER). Mathematical processing was also performed in Matlab, COMSOL, Ansys
Lumerical, GPSS World, etc., mathematical modelling software.

The scientific experiments described in the Doctoral Thesis were carried out at The Institute
of Photonics, Electronics and Telecommunications (IPET) of Riga Technical University (RTU)
and at the Dynamics of Nanostructures' Laboratory at Tel Aviv University (TAU) in Israel.

1.6. Scientific novelty and main results

Novel achievements of the Doctoral Thesis are as follows:

1. The novelty of the dissertation is the developed methods of building highly reliable
networks based on fiber optic access means and using optical sensors.

2. A new approach has been developed and tested to ensure traffic transmission from
subscribers of the onboard network.

3. The concept of the coherent perfect absorption lasing associated with the quasibound
state in the continuum or asymmetric non-Hermitian epsilon-near-zero-containing
layered structures was proposed.

4. All new design of full and static pressure sensors with high accuracy in determining the
deformation, high speed, and optical interface was developed.

Practical value of the Doctoral Thesis:

1. Highly reliable networks: The developed methods for building high-reliability networks
based on fiber optic access means and using optical sensors provide a robust and
efficient infrastructure for communication systems. This can improve network
performance, increase reliability, and enhance data security.

2. At the Institute of Photonics, Electronics and Telecommunications (IPET) of RTU
Faculty of Computer Science, Information Technology and Energy, an optical
telecommunication onboard system with ARINC-818 interface capable of transmission
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in HIRF environment and capable of changing FEC on the channel (proposed for
further experimental research) has been experimentally developed and evaluated in
mathematical simulation.

Transmission of traffic from subscribers: The new approach developed and tested to
ensure the transmission of traffic from subscribers of the onboard network offers a
solution for efficient data transfer within networks, especially in scenarios involving
multiple subscribers. This can optimize network resources and improve data transfer
speeds.

At the Institute of Photonics, Electronics and Telecommunications (IPET) of RTU
Faculty of Computer Science, Information Technology and Energy FCSITE, a gigabit-
capable passive optical network (GPON)-based high-potential setup with multiple
subscribers for guaranteed traffic delivery checks for highly reliable networks has been
created (and is proposed for further experimental research).

Coherent perfect absorption lasing concept: The proposed concept of coherent perfect
absorption lasing associated with the quasibound state in the continuum or asymmetric
non-Hermitian ENZ-containing layered structures introduces a novel approach to lasing
technology. This concept can potentially enhance the efficiency and performance of
lasing devices, leading to advancements in laser technology.

Full and static pressure sensor design: The new design of a full and static pressure
sensor with high accuracy in determining deformation, high speed, and optical interface
offers a significant advancement in sensor technology. This sensor can be utilized in
various applications, such as industrial monitoring, medical devices, and structural
health monitoring, providing precise and reliable measurements.

At the Institute of Photonics, Electronics and Telecommunications (IPET) of RTU
Faculty of Computer Science, Information Technology and Energy, a practical setup
for verification of the functioning and assessment of the metrological characteristics of
the developed design of the static and total pressure sensor according to the criterion of
increasing the accuracy and speed has been experimentally developed and evaluated.
Overall, the practical value of this Doctoral Thesis lies in its innovative contributions
to optical communication systems, sensor technology, and lasing concepts, which can
potentially drive advancements in various industries and applications.

The results obtained in the Thesis were used in the following projects:

LZP project “Novel complex approach to the optical manipulation of nanoparticles
(PHOTON)” No. 1zp-2022/1-0579

LZP project “Dynamics of non-scattering states in nanophotonic (DNSSN)” No. lzp-
2021/1-0048

LZP project “Novel non-Hermitian singularities in all-dielectric nanostructures
(NEO-NATE)” No. Izp-2022/1-0553
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1.7. Structure of the Thesis

The Thesis is prepared as a thematically unified set of publications on the development of
optical communication systems with highly reliable optical sensors and optical networks.

Chapter 1: Overview. This chapter describes the scope of the research, formulates the main
research hypotheses, and discusses the importance of the novelty of research related to onboard
access systems. It also presents a brief description of the Thesis structure and displays the list
of publications and presentations at international conferences.

Chapter 2: Methodology. This chapter describes the fundamental factors necessary for
successful quality of service improvement and basic approaches for the development contents
of high-reliability networks. Three main stages are outlined.

2.1. Data Collection. The procedure is discussed in detail, which could be divided into three
sub-stages.

2.2. Data Analysis. This subchapter considers different ways to get high-reliability optical
networks according to collected data.

2.3. Methodology development. This subchapter presents the algorithms for forward error
correction, methods of coherent perfect absorption and approaches for optical sensors for
inclusion in information systems, including fundamental solid principles for robust light
enhancement systems

Chapter 3: Main results. This chapter represents publications that reflect the main results
obtained during the research and application of fiber optics communications and sensors
onboard. The results are published in five cited sources in journals indexed in Scopus.

Chapter 4: Final remarks. This chapter represents the main conclusions and discussion of
the challenges and their solutions concerning the practical application of optical
communication systems with highly reliable optical sensors and broadband access.

1.8. Publications and approbation of the Thesis

The results of the Doctoral Thesis are presented in eight scientific articles and publications
in conference proceedings indexed in SCOPUS, Web of Science (WoS), and Institute of
Electrical and Electronics Engineers (IEEE) databases. The author has eight publications
altogether. The main results of the Thesis were summarised in three scientific journals. The
results of the research were presented at three conferences.

The results of the Doctoral Thesis have been presented at theer international scientific
conferences.

1. A. Krotov, M. Krotov, S. Matsenko, T. Salgals, V. Bobrovs, "Aircraft Optical Video
Transmission Communication based on the Forward Error Correction Codes," 2023
Photonics & Electromagnetics Research Symposium (PIERS), Prague, Czech Republic,
(2023), DOI: 10.1109/PIERS59004.2023.10221478

2. A.Krotoy, S. Tarasov, A. Lunev, R. Borisov, D. Kushevarova, "Data Acquisition and
Processing Algorithm for Total and Static Pressure Measurement System," Engineering
Proceedings, (2022), 27(1):23, DOI: 10.3390/ecsa-9-13332
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3. S. Matsenko, S. Spolitis, O. Borysenko, M. Pudzs, A. Krotov, V. Bobrovs, "LDPC
Code with Fractal Decoder Device for 100 Gbps PAM-M Optical Interconnect,” 2021
Photonics & Electromagnetics Research Symposium (PIERS), Hangzhou, China,
(2021), DOI: 10.1109/PIERS53385.2021.9695128

The results of the author's Doctoral Thesis are presented in eight scientific articles and
conference proceedings indexed in SCOPUS, WoS, and IEEE databases:

1. A. Krotov, M. Krotov, S. Matsenko, T. Salgals, V. Bobrovs, "Aircraft Optical Video
Transmission Communication based on the Forward Error Correction Codes," 2023
Photonics & Electromagnetics Research Symposium (PIERS), Prague, Czech Republic,
(2023), DOI: 10.1109/PIERS59004.2023.10221478

2. D. Novitsky, A.C. Valero, A. Krotov, T. Salgals, A.S. Shalin, A. Novitsky "CPA-Lasing
Associated with the Quasibound States in the Continuum in Asymmetric Non-Hermitian
Structures, " ACS Photonics. 9., (2022), DOI: 10.1021/acsphotonics.2c00790

3. A. Krotov, S. Tarasov, A. Lunev, R. Borisov, D. Kushevarova, "Data Acquisition and
Processing Algorithm for Total and Static Pressure Measurement System,” Engineering
Proceedings, (2022), 27(1):23, DOI: 10.3390/ecsa-9-13332

4. R. Borisov, I. Antonec, A. Krotov, S. Tarasov, V. Bobrovs, "Methodology for the Static
and Total Pressure Sensor Development Based on Elastic Sensing Elements and Linear
CCD Matrices," International Review of Mechanical Engineering (IREME), (2022), Vol.
16, No. 1, DOI: 10.15866/ireme.v16i1.21118

5. S. Matsenko, O. Borysenko, S. Spolitis, A. Udalcovs, L. Gegere, A. Krotov, O. Ozolins,
V. Bobrovs, "FPGA-Implemented Fractal Decoder with Forward Error Correction in
Short-Reach Optical Interconnects," Entropy, (2022), 24(1):122, DOI:10.3390/e24010122

6. S. Matsenko, S. Spolitis, O. Borysenko, M. Pudzs, A. Krotov, V. Bobrovs, "LDPC Code
with Fractal Decoder Device for 100 Gbps PAM-M Optical Interconnect,” 2021 Photonics
& Electromagnetics Research Symposium (PIERS), Hangzhou, China, (2021), DOI:
10.1109/PIERS53385.2021.9695128

7. A._Krotov, S. Artamonov, K. Kuprenyuk, V. Nikitina, N. Romanov, E. Soshov,
"Possibilities for Increasing the Signal-To-Noise Ratio in Technical Vision Systems of
Robotic Complexes Using Laser Structured Lighting," International Review of Mechanical
Engineering (IREME), (2018) 12. 328., DOI: 10.15866/ireme.v12i4.14583

8. A. Krotov, D. Volkov, N. Romanov, N. Gryaznov, E. Sosnov, D. Goryachkin, "Method
for measuring distortion in wide-angle video channels,” Journal of Applied Engineering
Science, (2018), 16. DOI: 10.5937/jaes16-17344
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CHAPTER 2: METHODOLOGY

2.1. Development of a mathematical model in the simulation environment
of an information and telecommunication network

The main approaches to assessing the quality of service of Internet Protocol (IP) networks
are specified in recommendation Y.1541 [32], according to which the leading indicators of the
quality of service of multimedia traffic are the average network delay of the packet (frame)
transmission of IP packet transfer delay (IPTD) and its variation (jitter) IP delay variation
(IPDV).

ﬂ'DlH j"DNH ATV A\/clPlH A‘VDIPNH
l l l l l

g )
BRAS
,,,,,,,,,,,,, T 7\;,,,,,,,,,,, S
} ®
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Fig. 2.1. Structure of the analytical model.

There is a GPON-based access network segment that is affected by three classes of
subscriber traffic [33]:

o In the downstream branch: traffic (highest service priority), with an average intensity
Minr ... Anmr to all NN subscribers of the considered section of the access network, traffic
(average service priority), with an average intensity Awmy, traffic of data transfer services
to NN subscribers (lowest priority), with average intensity AiLi...ADNi.
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o In the ascending branch: traffic of the highest priority, with an average intensity Aew,
traffic of requests from one subscriber (medium priority) with an average intensity of
Mewm, traffic of data transfer services from one subscriber (lowest priority) with an
average intensity of Aiem. There are Nc segments operating in the broadband segment,
each of which has N subscribers. It is required to determine the average IPTD packet
(frame) delay for all types of traffic and the IPDV delay deviation [34] for traffic in the
downstream and upstream branches. VolP and IPTV.

It is assumed that:

o The network is homogeneous and is in a steady state;

o The intervals between the arrival of requests in the input flow of the descending branch
are subject to the classical (two-parameter) Pareto distribution [35], [36], and the
Poisson flow [37] acts on the ascending branch.

o Service in both branches is multi-phase, in the first phase of the descending branch the
duration of service intervals is subject to the classical Pareto distribution, and in the
ascending branch the service is of a general type with three priority classes, as in the
last phase of the descending branch;

o In the upstream branch of GPON, each ONT transmits one Ethernet frame per access
cycle;

o The GPON segment is in operating mode;

o The network is reliable.

The structure of the analytical model of the broadband access network under consideration

in terms of queuing theory is shown in Fig. 2.1.

In the downstream branch (Fig. 2.1), flows of requests (Ethernet frames) are serviced in
three phases: 1 - service in broadband remote access server (BRAS), 2 - service of the total
traffic of the access node when it is transmitted over the broadband remote access server optical
line terminal (BRAS-OLT) line, 3 - service in the GPON segment.

In the upstream branch (see Fig. 2.1), there are two phases of service: 1 - service of three
classes of traffic coming from the subscriber in the GPON segment, 2 - service of the combined
(total) access node traffic (from Nc GPON segments) when transmitted over the optical line
terminal (OLT) line -BRAS. The phase numbers are shown in Fig. 2.1 in numbers in circles.

In the first phase (see Fig. 2.1), the average delay is calculated from the well-known
Kraemer and Langenbach-Belz [38], [39] approximation for a G/G/1 type QoS.

For the classical Pareto distribution of intervals between requests in the input flow and
service intervals in the first phase of the descending branch, the following expressions were
used:

_ ak . _ ak? L2 1
M= a-1 (1): b= (a-1)(a-2) @) v = a(a—2) OF

where M is the average value, D is the dispersion, is the quadratic coefficient of variation,
k is the lower limit of the distribution, and is a parameter of the distribution shape.
The IPDV delay deviation is calculated [37] as follows:
IPDV = IPTDypper — IPTDpyyy, , Where IPT Dy, calculated as the rank 0.999
quantile of the IPTD distribution function or approximately as the difference:
IPDV = IPTDpyqs — IPT Dy, (2).
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Considering expression (2) and the “three-sigma rule”, for most types of delay time
distributions, we can approximately estimate the delay deviation in a network section as
IPDV= 60y, Where ay,- standard deviation of the delay interval in this section, and g, =

™, of (3), where n is the number of service phases, and o;- standard deviation in i - phase.

For phases 2 and 3 of the downstream branch and both phases of the upstream branch, we
will calculate IPTD as the delay in the M/G/1 QoS with three classes of relative service
priorities [40].

The total average intensity of the IPTV traffic flow affecting the last two phases of the
downstream branch can be determined as follows:

Ay = kmrdiry + NoAvop (4),

where Ay - total traffic intensity IPTV,k,,, - humber of channels in a multicast group
IPTV, A;ry- average flow intensity of one IPTV broadcasting channel, Ay,p- the intensity of
the “video on demand” stream per subscriber, No- the total number of subscribers in the
network (or in the GPON segment) who have subscribed to the Video on demand (VVoD)
service.

The average service time for the phases of the downstream branch is determined from the
sum:

biju = Tascijn + Laesiiubijn = Lascijn T Laesiju (),

where: BUH- average service time in i phase of the downward branch of requests j type
(frames j — type of traffic), £4.j,- average processing time in i phase of the descending branch
of requests j type, Zqscijo- average transmission time in i phase of the ascending branch of
requests j type.

For the first phase of the ascending branch:

51]’5 =t,+ EascljB + fdesljB (6),

where: by js~ average service time in the first phase of the ascending branch of j requests
type,t,- average access interval, t,q.1j,- average processing time in the first phase of the
ascending branch of j-type requests.

f;( = Zjivz_ll Ali tp + Ejivz_11 fascljx;i (7):

whereAl;- increment of line length of the i subscriber, t,- propagation delay per unit length
of line used,,s.- average time for transferring i-type requests.

The Al; parameter is defined as the difference between the maximum length of the OLT-
optical network terminal (ONT) line in the GPON segment and the length of the line of the th-
subscriber. To simplify the analysis, the value of this parameter averaged for the GPON
segment was used.

Simulation models of the downstream and upstream branches of the GPON segment was
developed in the GPSS World simulation environment.

To achieve this goal, a network structure can be used, which includes:

1. central device for switching and routing packets (CDSRP);

2. transmitting and receiving duplex optical replaceable modules configured for the used

wavelengths A 1... A n (installed in special sockets of the CDSRP);
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3. the network end of the central OLT node, equipped with a wavelength division
multiplexed (WDM) multiplexer and separation devices (passive fiber optic devices);
single-fiber optical backbone up to 30 km;

passive node, which is a WDM multiplexer (MUX);

subscriber optical lines A 1... X N up to 3 km long;

splitters 1x2 P1...Pn;

small Form-factor Pluggable (SFP) modules tuned to the corresponding wavelengths
M... }LN;

9.  switching and packet routing devices (terminals DSRP;... DSRPn).

Any Ethernet switch or router that can install SFP modules in each port can be used as a
CDSRP. Any of the modules available on the market can be used as SFP modules. For example,
from inexpensive Coarse Wavelength Division Multiplexing (CWDM) lines [41] up to 16
wavelengths.

Modules should be selected with a significant excess of the maximum overlapped line length
declared by the manufacturer in relation to the used length of the main line to ensure that the
attenuation of elements of the passive path of the network is covered [42]. Thus, with an
estimated length of the main line of 30 km (with subsequent testing on a laboratory test line of
40 km with a positive result), SPF modules were selected, designed for a point-to-point line
length of up to 80 km, type TBSF15d-80-12g-LC-3c, to the corresponding CWDM grid
wavelengths used.

Available coarse wavelength division multiplexing multiplexers (CWDM-MUX) were used
as the network end of the central OLT node (CWDM-MUX 1x4 1550-1610 3.0 LC/APC 1.5
m were used for the four-port laboratory prototype). Devices for dividing propagation
directions are connected to each of the divided ports of the multiplexer. These devices are made
based on 1 x 2 planar splitters, which provide significant attenuation of the opposite direction
of propagation (up to 30 - 40 dB) [43].

The single-fiber optical line used in the laboratory prototype tested was a 40 km line (4 reels
of Fujikura fiber, 10 km each, connected in series). It is important to note here that all line
connections in the network, especially the trunk line, except for the SFP module ports, must be
made using a Subscriber Connector (SC) with Angled Physical Contact (APC) t.i. (green
mark), which ensures minimal reflections. This is especially critical for the proposed
technology.

The passive node uses a multiplexer like that used in OLT (without separating devices). The
ONT used SFP modules like those used in the OLT. Splitters like those in OLT were used to
separate transmission directions in ONT. Ethernet switches with one port equipped with
sockets for installing SFP modules were used as the terminal DSRP. It was assumed that the
proposed technology would be used in fiber-to-the-building (FTTB) class solutions, and
subscriber wiring inside the building should be carried out using a standard category 5 network
cable based on twisted pairs [Koonen, T. (2006). Fiber to the home/fiber to the premises: what,
where, and when?. Proceedings of the IEEE, 94(5), 911-934.]. During laboratory tests, sets of
subscriber equipment were connected to the end ports of network segments: video broadcasters,
Session Initiation Protocol (SIP) telephones, personal computers (PC), and others.

Since the difference of the proposed network is the application in its segments of the
principle of separating transmission directions according to the directions of propagation of the

e
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light flux [44], [45], in such a network, the manifestation of mutual influence (interference) of
transmission directions is inevitable, which is an additional source of specific interference and
restrictions.

The main advantages of the proposed wavelength division multiplexed passive optical
network (WDM-PON) are as follows.

1. Each end node of the proposed network monopolizes the entire channel resource of
the bandwidth of the channel allocated at its wavelength, which significantly improves
the quality-of-service QoS indicators for traffic in the proposed network.

2. Inthe proposed network, a doubling of the capacity (the number of connected nodes)
is achieved compared to the use of traditional wave multiplex technologies due to the
division of transmission directions not by wavelengths (as in traditional systems) but
by the directions of propagation of the light flux. In the case of the proposed network,
connecting each node will require only one wavelength, and not two, as in traditional
WDM systems.

3. The proposed passive optical network (PON) provides complete logical transparency
in dedicated channels and does not require any additional headers to be attached to the
information packets (frames), such as in GPON. In addition, there is no dependence
on throughput at the node level on the number of nodes included in the network
segment or on the variation in the lengths of subscriber lines.

4.  The proposed passive network uses wave division, and commercially produced
domestic elements of fiber optic communication (FOC) can be used - optical
transceivers SFPs, optical multiplexers / demultiplexers (DEMUX), optical circulators
and splitters, as well as domestic information packet switches, including those with
special certificates of conformity that have passed special checks and special studies.
This eliminates the possibility (or reduces the likelihood of these events to a
minimum) of the presence of undeclared functionality in the equipment of the
proposed network, which ensures increased information security in the proposed
network, performed based on imported, very large-scale integrated circuits.

Simulation modeling made it possible to obtain complete ideas about the process and
estimates not only at the average values level but also standard deviations and histograms of
distributions. Priority service mechanisms allow us to provide the best conditions for
transmitting delay-sensitive traffic, even with identical service intervals for all types of traffic.

Increased energy saving, as well as the absence of the need to use switches, was achieved
through the implementation of a synchronous, conflict-free method of access for network
subscribers to a standard distribution medium (mono-channel), the use of acknowledgement of
information frames during their transmission, the use of a fiber-optic physical distribution
medium with one optical fiber, with separation of transmission directions optical signals by the
method of separating the directions of propagation of the light flux.

As a prototype, a block of random multiple access to a monochannel using the carrier-sense
multiple access with collision detection (CSMA/CD) method [46], described in was chosen.
The random-access method with conflict resolution using the CSMA/CD method; it is a
multiple access block with asynchronous random access to a monochannel that allows conflicts
(collisions) of information frames transmitted over the network. The advantage of such systems
is the ease of implementation of access blocks.
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An obvious disadvantage of the prototype is the possibility of loss of information packet
when transmitted through the network. Losses occur when frames received with errors are
discarded in the receiving part of the access blocks [47], [48]. This disadvantage persists in
modern networks that work with similar access units using Ethernet technology. This
circumstance significantly limits the use of networks with access units, such as the prototype,
in real-time data transmission systems that require guaranteed transmission of messages within
a given limited time interval [49]. In systems using such an access method as in the prototype,
data confirmation and auto-request of frames received with errors (discarded at the access
level) are carried out by software protocols of the upper levels of the network hierarchy, which
requires a period of time depending on the performance of computing devices, and the
CSMAJ/CD access protocol used in the prototype does not provide a guaranteed frame
transmission time in the event of errors and conflicts (in heavy load and interference modes).
All these shortcomings limit the use of such widespread systems in conditions where strict
requirements are imposed on the reliability (absence of losses and errors) of message
transmission and the delay in transmitting frames through the network. Such requirements are
imposed, for example, when transmitting control commands and other information in
distributed real-time control systems [50].

Network operation in conditions of high-intensity fields involves the creation of such an
optical local network access unit with guaranteed message delivery, which will ensure
guaranteed delivery and low latency of information frames transmitted in the local network at
the access level over the entire load range, will allow the implementation of a conflict-free
access method, and will provide protection from errors that occur when transmitting frames
through a common channel [51], [52], as well as low susceptibility to the effects of
electromagnetic interference, interference and complete electrical isolation of the terminals
included in the network, which creates additional noise immunity due to the lack of possibility
of stray currents flowing [53, 54], in addition, a network built based on the proposed access
devices, assumes passive nodes and an economical single-fiber infrastructure, that is, it should
ensure energy saving and resource conservation.

To achieve this goal, it is proposed to supplement the prototype with an optical transmitter,
an optical receiver, a separating device, a transmitter and receiver of commands, a reference
generator, an address setter, an analyzer, a switch S1 “central/peripheral” (“C/P”), an interface
unit, and also use methods of traffic analysis discussed by including in the on-board computer
an application for analyzing traffic from network devices.

It is proposed that an optical local network access block with guaranteed message delivery
be configured as follows: a separating device, an optical transmitter, an optical receiver, a
command transmitter and receiver, a reference oscillator, an address setter, an analyzer, an
interface block, and the separating device has an optical interface towards a passive local
splitter network and is connected by optical lines to an optical transmitter (Tx) and an optical
receiver (Rx), and the optical transmitter and optical receiver are also connected to a linear
encoder/decoder, which is also connected to the output of the “or” circuit, to the reception
Random-access memory (RAM), to an error detector, a frame selector, and a synchronization
unit and control, a command receiver, a reference generator, and the reference generator is also
connected to a frame selector, an interface block, a command transmitter Tx and receiver Rx,
a synchronization and control block, which is connected to the analyzer and switch S1, also
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connected to the analyzer, with a readiness trigger , also connected to the transmission RAM,
command receiver and transmitter, with an error detector, with the transmission RAM, while
the address setter is connected to the command receiver and transmitter, frame selector,
interface unit, the first input of the “OR” circuit is connected to the transmission RAM, and the
second its input is connected to the command transmitter, the error detector is connected to the
command transmitter, the second input of the “AND?” circuit, the first input is connected to the
frame selector, and the output is connected to the interface block to which the transmit and
receive RAM is connected.

2.2. Development of approaches for optical pressure sensors for the

information and telecommunication networks in aircraft

The proposed sensor (Fig. 2.2). for static and total pressure contains a housing (1) with
two holes, respectively, for measuring static Pst and total Ptot pressure, and the holes are
located above and below the gap formed by membranes (2) and (3).
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Fig. 2.2. Pressure sensor:
1 - housing with two holes; 2 and 3 — membranes; 4 — stand, 5 and 6 — photodetectors; 7 and 8 - curtains with
slits (slots); 9 and 10 - radiation sources; 11 and 12 analog-to-digital converter (ADC); 13 - microcontroller.

Membranes 2 and 3 of the aneroid-sensitive elements are spaced apart in height,
forming a gap from which air is pumped out, and are sealed around the perimeter of the
body. Inside the airless gap, symmetrically relative to membranes 2 and 3, there is a stand
4, rigidly fixed to the side wall of housing 1. Above and below relative to stand 4, optical
radiation sources 9 and 10 (for example, LEDs or optical fiber) are rigidly fixed to the
side wall of the housing 1. Opposite the radiation sources 9 and 10 there are
photodetection lines 5 and 6, rigidly fixed to the stand 4. Curtains 7 and 8 containing n
slits are rigidly attached to the rigid centers of the membranes 2 and 3, which perceive
static and total pressure, respectively. Photosensitive areas of the rulers are located along
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the direction of movement of the curtains when the measured pressure changes. In this
case, shutter 7 is in front of the photosensitive area of line 5, and shutter 8 is in front of
the photosensitive area of line 6. The output of line 5 is connected to the input of ADC
11, and the output of line 6 is connected to the input of ADC 12. The outputs of ADC 11
and ADC 12 are connected to the first and the second inputs of microcontroller 13, the
first and second control outputs of which are connected to two control inputs of both
photodetector (PD) lines, and the second control input is also connected to the control
inputs of both ADCs. The output of the microcontroller is connected to the input of the
aerometric pressure recording device 14.

The operation of the device when measuring static pressure is as follows. In the initial state,
membrane 2 of the aneroid-sensitive element occupies a certain position. Optical radiation W1
from source 9 falls on curtain 7 and, passing through n slits, forms n light spots the size of
several elements (pixels) of the line on the photosensitive surface of the photodetection line 5.
As a result of the operation of the photodetection array, a periodic electrical signal is formed
at its output (with a period equal to the time required for sequential interrogation of all pixels
of the array), in which the distribution of optical power incident on its surface is reflected in
the change in the amplitude of the signal Uz (Fig. 2.3).

The operation of photodetector line 5 is ensured by supplying control signals Uz and Us
from the microcontroller. The control signal Us determines the beginning (the first pixel) when
sequentially polling all pixels of the line. The second signal U sets the polling period for each
individual pixel of the line. The amplitude of the electrical signal U1 at the output of line 5 at
each moment of time is proportional to the optical power incident on the pixel currently being
interrogated. As a result, a periodic electrical signal U is generated at the output of the line of
photoelectronic receivers (5), in which the spatial distribution of optical power within the
photosensitive surface of line 5 is matched with the time distribution of the amplitude of the
electrical signal within the period of the signal Us. Thus, n local maxima will be observed in
the output signal of the photodetector array, corresponding to signals from the pixels that
receive radiation passing through n slits in curtain 7.
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Fig. 2.3. Signal distribution on elements of a line of photoelectronic receivers.

Further processing of the output signal of the photodetector array occurs in digital form. For
this, an ADC 11 is used, which converts the signal amplitude from each pixel of the line into a
digital code corresponding to the amplitude. To synchronize the sampling moments [54] of the
ADC with the operation of the photodetector line, signal U4 is supplied to the control input of
the ADC. An array of signal amplitude values from the pixels of the line from the output of the
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ADC 11 in the form of a signal Us is supplied to the input of the microcontroller 13. The
microcontroller software processes the array of data received during one period of the signal
Us. The processing task is to calculate the coordinates of n light spots on the surface of the
photodetector array. Coordinate values are expressed in pixel numbers.

To calculate the coordinates of the light spot, you can use the so-called centroid method [55
- 571, which provides the calculation of the coordinates of the “center of gravity” of the image
of the light spot. The algorithm for this calculation can be implemented as follows: first, the
numbers of n pixels Nmax_n are determined, the signal amplitude from which corresponds to
local maxima within each of the n light spots on the photosensitive surface of the ruler, then an
area of M/2 pixels up to and M/2 pixels is selected after the maximum. And for this area, the
coordinates of the maximum signal are calculated, expressed in pixel number using the
formula:

N +M/2 .
max_n+M/ A

_ i=Nmax n-M/2
MAXn = SNz b7z ®)

i=Nmax n-M/2 i
where is MAX, — coordinate of the maximum of the n-th light spot on the line of
photoelectronic detectors, Ai is the amplitude of the signal from the i-th pixel in the vicinity of
the n-th spot, Nmax_n is the number of the pixel whose amplitude is maximum within the n-th
spot. The number of pixels M/2 is selected in such a way as to cover all pixels around the local
maximum, the signal amplitude from which noticeably exceeds the initial (dark) level.
The measurement algorithm represents two infinite parallel loops:
1. Cycle
1.1.Launching a regular ADC channel by a trigger from a timer with values stored in
a data array using direct memory access (DMA).
1.2.After each conversion, the ADC interrupt handler changes the clock (CLK) level
to the opposite one. This approach of generating CLK pulses for a line consisting
of 2087 pixels allows us to obtain a data array of 4174 values.
1.3.After half of the data array is filled, the DMA interrupt handler sets the readiness
flag for the results of polling the first half of the pixels of the line.
1.4.After filling the entire data array, the DMA interrupt handler sets the readiness flag
for polling results of the second half of the pixels of the line. In addition, an reset
signal is generated, and a new line polling cycle begins.
2.Cycle
2.1.Tracking the polling status of the first half of the pixels of the line. If the data array
readiness flag is set, the data is copied to another memory area and mathematical
processing is performed.
2.2.If averaging is not performed, the resulting result is output via the universal
asynchronous receiver / transmitter (UART) interface.
2.3.Monitoring the polling status of all pixels in the line. If the readiness flag of the
entire array is set, then the data is copied to another memory area and
mathematically processed.
2.4.1f averaging is not performed, the resulting result is output via the UART interface.
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2.5.1f averaging of results is used, then either the average value of the results obtained
after mathematical processing of the first and second half of the data array is
calculated or the averaging of the results of several cycles of polling the ruler.
2.6.0utput of the obtained result via the UART interface.

It is important to note that with this approach to signal processing, it is necessary to
structurally ensure the movement of optical spots only on its half of the photodetector array
[58-60].

The mathematical processing is as follows:

dwy = kyx(MAX,(t) — MAX,,(0)), 9)

where Ky is a coefficient, the value of which depends on the geometric dimensions of the
pixels and their relative position in the line.

Thus, for a charge-coupled device (CCD) line ILX554B with a pixel size of 14x56 pm, the

coefficient kx = 0.007.x; = AwT"(t). (10)

During the experiment, the sample was taken as the value of the deflection of the rigid center
of the membrane ®0, obtained because of digitization and mathematical processing of the
signal of the photodetector line after interrogating half of the line, as the measured value X,
transmitted via the universal synchronous/asynchronous receiver/transmitter (USART)
interface to the PC.

To confirm the statistical stability of the measurement results, whether they belong to the
normal distribution law was checked. Since the value of m > 50, K. Pearson's y2 criterion was
used for verification [61], [62]. As a result of analyzing the results obtained, the null hypothesis
of normal distribution is accepted for all four experiments. Figire 2.4 shows a histogram of the
probability density and a histogram with an overlay of the theoretical normal distribution
function.
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Fig. 2.4. Histogram and functions of empirical and theoretical distributions.

2.3.  Development of a methodology for optimal noise-resistant coding for

onboard computer networks in aircraft

Like any linear block code [63], a low-density parity check (LDPC) code can be described
using a k x n generator matrix G, where k is the length of the information sequence and n is
the length of the code block. Then the code vector C will be obtained by multiplying the
information sequence m by the generating matrix G:
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C=mG. (12)

For a systematic LDPC code, the generator matrix can be represented as G = [l, P], where
I — unit size matrix k x k [64], [65]. Then the code will be described by the check matrix H =
[PT, 1], and:

CH'=0. (12)

For any linear (N, K) code there is a bipartite graph incident to the matrix H. The Tanner
graph consists of N code vertices and M=N-K control vertices. The code and verification
vertices are connected by edges according to the parity matrix H.

The elements of such a matrix are the coefficients of the test equations, from which the test
symbols are calculated. For efficient LDPC codes, the check matrix H must be sparse [66],
[67], and the density of units in it, as a rule, is several tens or hundreds of thousands of elements.

For any linear (N, K) code, there is a bipartite graph incident to the matrix H. This graph is
known as the Tanner graph, named after its discoverer. The Tanner graph consists of N code
vertices and M = N-K control vertices. The code and verification vertices are connected by
edges in accordance with the parity matrix H.

Generalized positional numeral systems (GPNS) can have very useful properties, such as
noise immunity and ease of creating permutations [68-70]. When generating and numbering
combinatorial objects, special development methods are used for each individual task, which
can be characterized as a fundamental drawback of this approach [70], [71]. Binomial number
systems and the homogeneous binomial numbers generated by them are a new result in the
field of generalized positional number systems [72], [73]. The first seminal manuscript that
gave rise to binomial systems was a paper published more than 30 years ago.

The binomial number system is finite and efficient [74]. A numbering algorithm converts
the codeword Ai to its quantitative equivalent QAi after a finite number of steps. The binomial
system is well-defined because two different coding combinations cannot be equivalent to the
same numerical value.

Table 1 contains binomial combinations and their quantitative equivalents for a k-binomial
system with n registers, where n = 6 and k = 4. They are generated using the following
algorithm:

Step 1. An initial combination Ao is composed, consisting of (n k) zeros, which is called a
keyword.

Step 2. The number 1 is placed in the right end register, and a zero is added to the right of
it.

Step 3. As long as the number of units in the codeword is less than k - 1, step 2 is repeated.
If the number of units is equal to k - 1, then go to step 4.

Step 4. If the right end position contains a zero, it is replaced with a 1. Go to step 5.

Step 5. Check the number of ones in the code combination: if it is equal to k, but the ones
do not occupy the first k registers, counting from left to right, go to step 6. Otherwise, i.e., if
the ones occupy the first k registers, counting from left to right, then STOP: all combinations
are generated.

Step 6. Updates keyword Ao by taking 1 as a prefix before the start of the keyword (i.e. its
left end). If the total number of units in the keyword is less than k, go to step 2.
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Another method is based on the fact that the range of binomial numbers of length n and with
parameter k (k < n) coincides with the range of constant weight encoding combinations with k
ones among n registers [75]. Thus, the formal description of the algorithm is as follows:

Step 1. Select an arbitrary combination of non-uniform binomial coding.

Step 2. If the code combination ends with the number 1, then zeros are inserted into all
registers up to the right end (register n), which is considered auxiliary. The resulting
combination ending in 0 will be a combination with constant weight.

Step 3. If the code combination ends with the number 0, then set ones (units) in all registers
to the right end (register n or auxiliary register). Thus, a created combination ending in 1 will
be a constant weight combination.

Step 4. Check that the combination thus obtained actually has a constant weight by counting
the total number of units(s). If this number is equal to k, then the combination is indeed
desirable. Select another non-uniform binomial coding combination and go to step 2. If all non-
uniform binomial coding combinations are already selected, then STOP: all constant weight
combinations of that range are generated.

2.4. Asymmetric non-Hermitian ENZ-containing layered structures for

advanced optical devices and systems

Asymmetric non-Hermitian epsilon-near-zero-containing layered structures are a type of
composite materials that exhibit unique optical properties due to their specific design and
composition. These structures are characterized by having layers with different permittivity
values, where at least one layer contains an ENZ material [76,] [77].

One of the key advantages of asymmetric non-Hermitian ENZ-containing layered structures
is their ability to control light propagation in unconventional ways. For example, these
structures can exhibit unidirectional light propagation, where light waves only travel in one
direction while being completely blocked in the opposite direction. This property is particularly
[78-80] useful for designing optical isolators and circulators, which are essential components
in optical communication systems to prevent signal interference and ensure signal integrity
[81-83].

Moreover, the non-reciprocal nature of these structures enables the realization of
topologically protected photonic states, where light waves are immune to backscattering or
disorder-induced losses [84], [85]. This feature is crucial for developing robust photonic
devices that are resilient to external perturbations and imperfections.

Asymmetric non-Hermitian ENZ-containing layered structures also offer opportunities for
enhancing light-matter interactions and enabling efficient light confinement and manipulation
at the nanoscale. These structures can be tailored to support surface plasmon polaritons[86],
surface waves, or other exotic modes that can be utilized for sensing applications,
subwavelength imaging, and energy harvesting [87-89].

Furthermore, the tunable optical properties of these structures make them promising
candidates for developing reconfigurable and adaptive optical devices. By adjusting the
parameters of the layers or introducing external stimuli, such as electric or magnetic fields, the
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optical response of the structure can be dynamically controlled, opening up possibilities for on-
demand modulation of light transmission, reflection, and absorption [90], [91].

Overall, asymmetric non-Hermitian ENZ-containing layered structures represent a rich
platform for exploring novel optical phenomena and designing next-generation photonic
devices with enhanced functionalities and performance characteristics. Continued research in
this field is expected to lead to exciting advancements in photonics, metamaterials, and
optoelectronics. Therefore, it will provide a new level of telecommunication solutions!

ENZ materials have a permittivity value close to zero at a certain frequency range, leading
to interesting optical phenomena such as enhanced light-matter interactions, extreme wave
manipulation, and tunable optical properties. By incorporating ENZ materials into layered
structures, novel optical devices with unconventional functionalities could be engineered!

The asymmetry in the structure refers to the non-reciprocal nature of the material, meaning
that its response to light propagation is different depending on the direction of the incident
light. This asymmetry can be achieved through various means, such as introducing gain or loss
in the structure, breaking time-reversal symmetry, or utilizing nonlinear effects [92], [93].

These asymmetric non-Hermitian ENZ-containing layered structures have attracted
significant interest in the field of photonics and metamaterials due to their potential applications
in areas such as waveguiding, sensing, cloaking, and nonlinear optics. Explore and
optimization of those structures to harness their unique optical properties for advanced
optical devices and systems.
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CHAPTER 3: MAIN RESULTS

3.1. High-reliability network

The network can be in three modes:
o in phasing mode (clock synchronization);
o in the mode of polling databases in the “P” mode by a unit in the “C” mode and
assigning access intervals;
o indata transfer mode.

B1(C) EM1

PS —&— Bi(P) EMi

BN(P) k:# EMN ‘

Fig. 3.1. Considered organization of the local network. PS — passive splitter; B, Bi, BN — access devices; EM -
electronic module.

Figure 3.1 shows the variant of local network organization based on the proposed protocol
3. In this figure, the access device Bl is in the “C” mode, and the access devices Bi + BN are
in the “P” mode. All Bs are connected by optical lines to the passive optical splitter (PS) and
are connected through interfaces, each with its electronic module (EM). Thus, the optical signal
is branched between all Bs, and a passive bus optical mono channel is created (where all access
units “hear” everyone). The network can be in three modes:

1. in phasing mode (clock synchronization);

2. in the polling mode, the T base stations in the “P” mode are polled by the B in the “C”
mode and assign access intervals;

3. in data transfer mode.

or Yo tosp
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1 2 3 K N N+1 N+K1 1 2
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TCi = const

Fig. 3.2. The protocol time chart: a — the phasing interval; b — polling cycle; ¢ — window assignment cycle; toroc
— query processing interval by the analyzer; To - the transmission window interval; TCi — i-th transmission
cycle; TCi+1 — next i+1 transmission cycle (beginning).
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The integration of fiber optic access networks and optical sensors offers a powerful solution
for building highly reliable and efficient communication systems. By leveraging the advantages
of fiber optic technology, such as high bandwidth, low latency, and immunity to
electromagnetic interference, these networks provide a robust infrastructure for transmitting
data over long distances with minimal signal degradation.

By combining fiber-optic access means with optical sensors, operators can create a smart
network that delivers high-speed connectivity and ensures continuous operation, resilience to
disruptions, and improved overall system performance. This integrated approach paves the
way for the development of advanced applications in diverse fields, including
telecommunications, smart cities, industrial automation, and environmental monitoring.

The development and testing of this new approach for ensuring the transmission of traffic
from subscribers of the on-board network represents a significant advancement in the field of
communication technology. By implementing innovative solutions and leveraging cutting-
edge techniques, this approach has demonstrated its ability to enhance onboard networks'
reliability, efficiency, and performance.

The successful integration of this new approach not only addresses the challenges associated
with transmitting traffic from subscribers but also opens up new possibilities for optimizing
network operations, improving user experience, and enabling the seamless delivery of services
[94], [95]. Through rigorous testing and validation, the effectiveness and robustness of this
approach have been confirmed, paving the way for its adoption in real-world scenarios.

3.2. High-reliability network components
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Fig. 3.3. Local network access block with guaranteed message delivery.
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Figure 3.3 shows a possible implementation of a local network access block with guaranteed
message delivery, where: 1 - separating device; 2 - address setter; 3 - optical receiver; 4 - optical
transmitter; 5 - reference generator; 6 - linear encoder/decoder; 7 - command receiver; 8 -
synchronization and control unit; 9 - error detector; 10 — “OR” circuit; 11 - command
transmitter; 12 - frame selector; 13 — “ready” trigger; 14 - “AND” circuit; 15 - receive RAM,;
16 - transmission RAM; 17 - interface block; 18 — analyzer; 19 - switch S1 “C/P”.

The development and implementation of a local network access block with guaranteed
message delivery for aircraft represents a critical advancement in aviation communication
technology. By introducing a robust and reliable solution to manage network access and
ensure the transmission of messages, this approach enhances the safety, efficiency, and
performance of communication systems on board aircraft.

Through rigorous testing and validation, the effectiveness and reliability of this solution
have been demonstrated, providing assurance that critical messages can be delivered promptly
and securely within the aircraft's local network. This capability is essential for maintaining
seamless communication among crew members, passengers, and ground control, thereby
enhancing situational awareness and operational efficiency during flights [96].

The successful deployment of this local network access block with guaranteed message
delivery not only addresses the challenges associated with managing network traffic on aircraft
but also sets a new standard for connectivity and communication in the aviation industry!
By leveraging innovative technologies and best practices, organizations can optimize network
operations, improve data transmission, and ensure the timely delivery of critical information in
a highly dynamic and demanding environment.

The continued development and utilization of this solution hold immense potential for
transforming communication systems on aircraft, enabling enhanced connectivity, real-time
data exchange, and improved collaboration among stakeholders. By embracing this innovative
approach, aviation industry stakeholders can unlock new opportunities for enhancing safety,
efficiency, and passenger experience, ushering in a new era of connectivity and innovation in
air travel.

In summary, the development and use of a local network access block with guaranteed
message delivery for aircraft represent a significant milestone in advancing aviation
communication technology, paving the way for enhanced communication capabilities and
improved operational performance in the skies.
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3.3. Optical sensors for aircraft applications

%,

w
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Fig. 3.4. 3D model of the developed pressure sensor.

The proposed design of the aerometric pressure sensor is highly accurate in determining the
deformation (the value of which is reduced to a minimum) of the elastic sensing element and
high speed. The high performance of the measuring system will in the future, make it possible
to use algorithms that take into account and compensate for various types of destabilizing
factors (interference, vibrations, shock effects, etc.) that arise during the operation of aircraft.

The low power consumption, dimensions, and weight of the proposed design make it
possible to use the sensor as part of integrated systems of aircraft backup devices.

Considering the general trend in the development of unmanned aerial vehicles (UAVS) with
an electric power plant, the use of pressure sensors based on lines of photoelectronic elements
to determine altitude and speed parameters will increase energy survivability and reduce the
overall dimensions and weight of the UAV.

The successful development of a pressure sensor based on a deformable CuBe2Ni(Co)
bronze membrane of a sinusoidal profile with a rigid center, an LED with a wavelength of 625
nm, a charged coupled device (CCD) matrix with a Photo response non-uniformity of 5 %, and
a pixel size of 14 pm represents a significant advancement in sensor technology. This
innovative sensor design offers a range of benefits that can significantly enhance pressure
measurement systems' accuracy, efficiency, and performance.

This pressure sensor can effectively measure membrane shift with precision and reliability
by utilizing a deformable membrane with a unique sinusoidal profile and a rigid center.
Integrating an LED with a specific wavelength and a CCD matrix with high photo response
uniformity and small pixel size further enhances the sensor's ability to capture and analyze data
accurately.

One of the key advantages of this pressure sensor is its ability to increase measurement
accuracy for both absolute and static pressure sensors by at least 50 %. This improvement in
accuracy is crucial for applications where precise pressure measurements are essential for
safety, performance, and regulatory compliance.
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Moreover, the development of this sensor also leads to a significant reduction in energy
consumption by no less than 70 %. This reduction in energy usage contributes to cost savings
and promotes sustainability by minimizing the environmental impact of sensor operations.

In addition, the innovative design of this pressure sensor enables a reduction in the time
required to maintain order and the weight of the final sensor by no less than 25 % compared to
traditional frequency absolute and static pressure sensors. Streamlining of sensor maintenance
and weight reduction can positively impact overall system efficiency and performance.

Overall, the successful development of this pressure sensor represents a significant
breakthrough in sensor technology, offering improved accuracy, energy efficiency, and
weight reduction compared to existing pressure sensor_solutions. By leveraging this
innovative sensor design's unique features and capabilities, industries and applications
requiring precise pressure measurements can benefit from enhanced performance, reliability,
and cost-effectiveness.

Table 3.1
The Main Characteristics of the Developed Pressure Sensor
Parameter Prototype (u§ed in Prospective Efficiency increase,
Honeywell AirDC) pressure sensor %
Data} transmission 031 0.25 19
interval, s
Reduced supply 15 33 78
voltage, V
Reduced energy 1000 280.708 72
consumption, mwW
Measurement error, 3 13.14 59
Pa
Reception time, s 30 1 96
Weight loss, ¢ 400 213 46.75

3.4. Theory of asymmetric non-Hermitian ENZ-containing layered

structures

An example of non-Hermitian asymmetry at various angles is shown in Fig. 3.5. Let us take
two angles: the first angle 6 = 22.7° below 0, “bound states in the continuum” (BIC), and the
second angle 6 = 25.0° above it. The position of the resonant frequency shifts to the values of
® = 0.999 ® and o= 1.001 o, respectively. The pole condition ReMi1 6 is achieved at Bo =
1.03263 (Fig. 3.5 (a)) and Bo = 1.03 (Fig. 3.5 (c)), and the zero condition (ReM12 << 1) at these
b 0.

The phenomenon of coherent perfect absorption (CPA) is a fascinating area of study in
optics and photonics, where the complete absorption of incident light waves is achieved
through interference effects. In the context of the case under consideration, it is noted that the
conditions for CPA generation are not fully met, indicating an incomplete state of CPA. Despite
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this partial fulfilment, an intriguing observation emerges — a notable enhancement of reflection
occurs near the critical parameter fo.

This enhancement in reflection, as depicted in Fig. 3.5 (b) and (d), showcases the significant
impact of the incomplete condition of CPA generation on the behavior of light waves
interacting with the system. The strong reflection observed near Bo highlights the intricate
interplay between the incident light waves, the material properties, and the specific conditions
present in the system.

The results presented in these figures underscore the complex and nuanced nature of optical
phenomena, where even partial adherence to certain conditions can lead to pronounced effects
and outcomes. This enhancement of reflection near Bo serves as a compelling illustration of the
intricate dynamics at play in the interaction between light and matter, prompting further
exploration and analysis to unravel the underlying mechanisms driving this phenomenon.

The study's gain analysis further solidifies the effect's precise nature at various frequencies
and underscores its robustness against parameter variations. The findings demonstrate that the
effect remains consistent and reliable across different frequency ranges, reaffirming its inherent
characteristics. Moreover, the resistance of the effect to parameter changes highlights its
stability and resilience, indicating that it can maintain its properties even under varying
conditions. Overall, the examination of gain provides additional evidence of the effect's exact
nature and ability to withstand alterations, further enhancing our understanding of this
phenomenon.

1.00100 1.00105 1.00110

wlo,

Fig. 3.5. (), (c) — Dependence of transfer matrix elements on the asymmetry parameter b at angles of incidence
6 =22:7° (at frequency ® = 0.999 ®) and 6 = 25.0° (at frequency ® = 1.001 w); (b), (d) — the corresponding
reflection spectra for various parameters of non-Hermitian asymmetry b, marked with numbers next to the
curves. The amount of loss y+= 0.001.

Nevertheless, the case of plasma frequency [96] can be distinguished for two reasons. The
case of plasma frequency [89] stands out for two distinct reasons. Firstly, a notable asymmetry
is observed in the profiles of the Fano spectra depicted in Figure 3.5, setting them apart from
the symmetrical profiles seen in Figure 3.5. This asymmetry indicates a deviation from the
expected uniformity or balance in the spectral data, suggesting underlying complexities or
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unique characteristics in the system under study. The pronounced asymmetry in the plasma
frequency case signals a departure from conventional patterns, prompting further investigation
into the factors driving this distinctive behavior. This deviation in spectral profiles hints at
potentially novel insights or phenomena at play, warranting a closer examination to unravel the
underlying mechanisms and implications of this intriguing observation. Secondly, another
striking feature of this case is the observation that fo > 1 is both below and above 6BIC. This
finding contradicts the conventional expectation of Bo< 1 at the angle of incidence 6 = 6BIC.
The fact that Bo exceeds 1 in these instances, contrary to the anticipated behavior at 6BIC,
highlights a counterintuitive aspect of the plasma frequency case. This unexpected discrepancy
raises questions about the underlying mechanisms driving this unusual behavior and
underscores the need for further investigation to elucidate the implications and significance of
this contradiction. Such counterintuitive results challenge existing assumptions and call for a
deeper understanding of the complex dynamics at play in this particular scenario. These facts
confirm the specificity and unusualness of the response close to BIC at the plasma frequency.

3.5. Aircraft optical video transmission communication based on the
forward error correction codes
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Fig. 3.6. Bit error ratio (BER) versus Signal-noise ratio (SNR) for LDPC and LDPC-IRA.

LDPC-IRA's superior performance is attributed to its ability to effectively mitigate errors in
the transmission process, especially in the presence of noise and interference. By combining
LDPC codes with iterative decoding techniques, LDPC-IRA can achieve remarkable error
correction capabilities while maintaining low latency and high throughput.

The simulation results clearly demonstrate that LDPC-IRA outperforms traditional LDPC
coding in terms of BER at various SNR levels. This significant improvement in error correction
efficiency translates to enhanced reliability and robustness in data transmission, making LDPC-
IRA a valuable solution for mission-critical applications such as ARINC-818 communication
systems.

Overall, the adoption of LDPC-IRA coding in ARINC-818 systems promises to
revolutionize the way data is transmitted and received, offering a more resilient and efficient
communication framework that can withstand challenging operating conditions and ensure
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seamless connectivity in aerospace and defense environments.

According to the simulation results, we obtained a significant advantage of LDPC-IRA over
LDPC. Modeling on 16-QPAM modulation shows that LDPC-IRA provides a BER of 2x10®
at SNR 7.2 dB. The addition of LDPC-IRA coding to ARINC-818 improves transmission
efficiency more than three times. Within problem-solving, this makes it possible to increase
the system's stability under the influence of HIRF.

This improvement in efficiency plays a crucial role in problem-solving scenarios,
particularly in enhancing the system's stability against High-Intensity Radiated Fields HIRF.
By leveraging the benefits of LDPC-IRA, the system can better withstand external interference
and ensure reliable communication. This breakthrough underscores the importance of
advanced coding techniques in optimizing system performance and resilience in challenging
environments.

Figure 3.7 shows BER versus normalized Generalized mutual information (GMI) for LDPC
and LDPC-IRA FEC codes.
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Fig. 3.7. Bit error ratio (BER) vs normalized Generalized mutual information (GMI) for LDPC and
LDPC-IRA.

The integration of LDPC-IRA coding into the system under consideration represents a
significant advancement in data transmission efficiency, particularly evident in scenarios such
as video transmission. By leveraging the advanced error correction capabilities of LDPC-IRA,
the dispersion of information is substantially reduced, resulting in a more reliable and seamless
communication process.

In practical terms, implementing LDPC-IRA in the system can reduce information
dispersion by more than 1.3 times compared to traditional coding methods. This means that
even when working with challenging initial data conditions, such as high noise or interference
levels, LDPC-IRA can effectively mitigate errors and ensure the accurate and timely delivery
of information.

The enhanced error correction performance of LDPC-IRA not only improves the quality
and reliability of video transmission but also contributes to overall system efficiency by
minimizing retransmissions and latency issues. As a result, users can experience smoother and
more consistent data delivery, making LDPC-IRA a valuable asset for applications where data
integrity and timeliness are critical, such as in aerospace, defense, and multimedia
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communications.

Additionally, the integration of LDPC-IRA coding can also lead to improved spectral
efficiency, allowing for higher data rates within the same bandwidth. This is particularly
beneficial in scenarios where spectrum resources are limited or expensive, as LDPC-IRA can
help maximize the utilization of available bandwidth while maintaining robust error correction
capabilities.

Furthermore, LDPC-IRA coding is known for its flexibility and adaptability to different
communication environments. Its iterative decoding process allows for efficient error
correction even in challenging conditions, such as fading channels or varying signal-to-noise
ratios. This adaptability makes LDPC-IRA well-suited for dynamic and unpredictable
communication scenarios where traditional coding schemes may struggle to maintain
performance.

Overall, the integration of LDPC-IRA coding into the system not only enhances data
transmission efficiency and reliability but also opens up new possibilities for high-performance
communication systems in a wide range of applications. Its combination of advanced error
correction capabilities, spectral efficiency, and adaptability make LDPC-IRA a powerful tool
for improving data transmission quality and system performance in demanding communication
environments.

LDPC-IRA in the system under consideration will reduce the dispersion of information
when working with certain initial data, for example, during video transmission, by more than
1.3 times.
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CHAPTER 4: FINAL REMARKS

Analysis of trends in the development of onboard information and telecommunication
networks and sensors in conditions of high-intensity electromagnetic fields made it possible to
establish that today, there is an urgent need for significant improvements in the resistance of
information networks to high-intensity electromagnetic fields.

As a result of the analysis, of means of increasing resistance, methods for organizing
networks and noise-resistant coding were identified, and sensors onboard aircraft were
considered. Systemic methodological problems and contradictions were identified in building
networks, organizing coding, and using pressure Sensors.

The analysis of existing scientific works in this area of research showed that in order to build
a secure network with guaranteed message delivery under conditions of increased
electromagnetic load, modernization of the scientific and methodological apparatus used is
required. For these purposes, the prospects for the application of mainline noise-resistant
coding methods and the application of optical sensors to a new area of research are
substantiated. This will allow us to solve methodological problems caused by the impact of
electromagnetic fields on the onboard information and telecommunications network.

The disadvantages of existing networks include the use of fiber channel cables, which have
high weight and relatively low throughput, low resistance of transceivers to the effects of fields,
as well as high susceptibility of electronic static and total pressure sensors to the effects of
EMV.

The hypothesis of the research is formulated, according to which the use of fiber optics as
the main line for data transmission with hybrid noise-resistant coding, as well as the use of
optical sensors for measuring static and total pressure, will significantly increase the resistance
of the system to electromagnetic radiation, reduce the weight of transmitting and receiving
devices and ensure flight safety.

The Thesis incorporates three interlinked models that are designed to facilitate the research
process and assess the validity of the hypothesis. These interconnected models serve as a
comprehensive foundation for conducting a thorough and systematic study in accordance with
the specified scientific objective.

Based on mathematical modelling, the simulation model of the information and
telecommunications network allows the onboard network processes to estimate the network's
delays and jitter under the influence of electromagnetic interference. The developed
methodology ensures reliable reproduction of the behavior of a service network using the
example of an optical access network based on passive optical networks.

The methodology for developing optical pressure sensors for the information and
telecommunications network of aircraft makes it possible to design a more resistant
electromagnetic interference sensor of static and total pressure. A distinctive feature of this
technique is the use of optical methods for collecting information.

The method of optimal noise-resistant coding for aircraft onboard computer networks based
on noise-resistant direct correction LDPC codes increases line resistance to interference.

The mechanism developed in the dissertation allows for further development and
application to a new field of research in the construction of fiber optic broadband networks for
use on aircraft.
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4.1. Main conclusions

1. The organization of a fiber optic access network is proposed. Each end node of the
proposed network monopolizes the entire channel resource of the bandwidth of the channel
allocated at its wavelength, which significantly improves the quality-of-service (QoS)
indicators for traffic in the proposed network. The proposed network achieves doubling the
capacity (the number of connected nodes) compared to the use of traditional wave multiplex
technologies. The proposed passive network provides complete logical transparency in
dedicated channels and does not require any additional headers to be attached to packets
(frames) of information, such as in GPON. In addition, there is no dependence on throughput
at the node level on the number of nodes included in the network segment or on the variation
in the lengths of subscriber lines. An optical network access unit is proposed. The use of the
proposed access block makes it possible to organize the guaranteed transmission of information
frames at the access network level due to the implementation of a synchronous conflict-free
access method with frame acknowledgement at the access level. The use of an access protocol
with load polling and assignment of access intervals in the proposed access blocks will ensure,
in addition to guaranteed delivery of messages, also a low delay in their transmission, which
will increase proportionally as the network load increases, but even at maximum load, the delay
at the access level will not exceed the interval time equal to the full cycle of polling and
transmission. The use of an access protocol with guaranteed message delivery will allow the
proposed access block to be used in real-time networks, which is especially important when
building control systems and distributed real-time computing systems. The use of a physical
propagation medium based on optical fiber in the network makes it possible to ensure high
noise immunity under conditions of exposure to powerful electromagnetic fields, and also
significantly complicates the interception of information through spurious electromagnetic
radiation and interference, which will ensure high noise immunity and protection of
information in a local network built on the basis of the proposed access units, and the complete
electrical isolation of the terminals created will create additional noise immunity due to the
absence of “stray” currents.

These advantages are especially important when building object systems saturated
with radio-electronic equipment (REE), such as radio stations, radar stations (RLS) and
others, where, in addition, protection of transmitted information is required, as well as
the absence of susceptibility of network equipment to lightning discharges.

2. The simulation results highlight a notable advantage of LDPC-IRA (low-density Parity-
check with irregular repeat-accumulate) coding over traditional LDPC coding schemes.
Through modeling using 16-QPAM modulation, it was observed that LDPC-IRA offers a
superior bit error rate (BER) performance, achieving a BER of 2x10 at a signal-to-noise ratio
(SNR) of 7.2 dB. This signifies a substantial improvement in error correction capabilities
compared to standard LDPC coding techniques.

Furthermore, the integration of LDPC-IRA coding into the ARINC-818 communication
protocol demonstrates a significant enhancement in transmission efficiency, surpassing
traditional methods by more than threefold. This advancement in coding efficiency plays a
crucial role in addressing challenges related to high-intensity radiated fields (HIRF)
interference, thereby bolstering the overall stability and reliability of the system.
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By leveraging the benefits of LDPC-IRA coding within the context of ARINC-818
communication systems, the solution not only improves data transmission performance
but also fortifies the system's resilience against external electromagnetic disturbances.
This breakthrough underscores the potential of LDPC-IRA as a key enabler for enhancing
communication systems' robustness and effectiveness in demanding operational environments.

Additionally, the simulation results illustrate that LDPC-IRA coding offers a more
efficient bandwidth utilisation than traditional LDPC codes. This increased spectral
efficiency is crucial in aerospace and avionics applications where bandwidth is often limited
and costly. By achieving a lower BER at a given SNR, LDPC-IRA coding enables more reliable
data transmission with fewer errors, ultimately leading to improved system performance and
reduced retransmission rates.

Moreover, the robust error correction capabilities of LDPC-IRA coding make it well-
suited for high-speed data communication systems, such as those used in aircraft avionics
and aerospace applications. The ability of LDPC-IRA to effectively correct errors in noisy
and interference-prone environments enhances the overall reliability and integrity of data
transmission, ensuring critical information is accurately conveyed without loss or corruption.

Overall, the integration of LDPC-IRA coding into ARINC-818 communication
systems represents a significant advancement in aerospace communication technology.
By leveraging the superior error correction performance and spectral efficiency of LDPC-IRA,
aerospace and avionics systems can achieve higher data transmission reliability, improved
signal quality, and enhanced resilience to external interference, ultimately enhancing airborne
communication systems' safety, efficiency, and performance.

3. Thisresearch introduces a novel concept of coherent perfect absorber (CPA) generation
linked to quasi-bound states in the continuum (BIC) discovered in asymmetric non-Hermitian
layered structures containing exceptional points of non-conservation (ENC). The asymmetry
present in these structures plays a crucial role in the evolution of quasi-BIC resonance into
CPA lasing resonance. Delved into cases involving varying thicknesses of loss and gain layers
(geometric asymmetry) as well as unequal levels of losses and gains (non-Hermitian
asymmetry), a detailed analysis has been conducted of the effects of asymmetry through the
examination of poles and zeros of the scattering matrix, uncovering intriguing characteristics.

Of particular note is the identification of the point at which the pole and zero of CPA
generation merge, leading to a significant increase in outgoing intensity and a sharp rise in the
quality factor associated with the adjacent quasi-BIC. Two key results have emerged from the
study. Firstly, an unusual inverse linear relationship between the quality factor and the
asymmetry parameter has been observed. Secondly, in systems exhibiting non-Hermitian
asymmetry, a counterintuitive amplification due to losses has been detected at the plasma
frequency.

It is believed that the findings presented in this work hold broad significance for the
field of non-Hermitian photonics and have the potential for extension to 2D and 3D
systems. The anticipated demand for the CPA generation effect linked to quasi-BIC in laser
and nonlinear optical applications underscores the practical implications of this research.
Further investigation into the interplay between asymmetry, quasi-BIC resonances, and CPA
generation in non-Hermitian structures could lead to the development of advanced photonic
devices with enhanced performance characteristics. By exploring different configurations
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and tuning parameters, researchers may uncover novel ways to control light-matter
interactions, manipulate wave propagation, and design efficient optical components.

Additionally, the discovery of the counterintuitive amplification effect due to losses at the
plasma frequency in systems with non-Hermitian asymmetry opens new avenues for exploring
unconventional optical phenomena and harnessing them for practical applications.
Understanding and exploiting such unique behaviors could lead to the development of
innovative devices for sensing, communication, and signal processing.

Overall, the insights gained from this research have the potential to inspire further studies
in non-Hermitian photonics, offering new perspectives on how asymmetry can be leveraged to
achieve desired optical functionalities. By pushing the boundaries of current knowledge
and exploring the rich landscape of non-Hermitian systems, researchers may unlock new
opportunities for advancing photonics technology and addressing challenges in various
domains.

4. The development of a new pressure sensor intended for use in Honeywell AirDC
systems has resulted in significant improvements across various key parameters compared to
the prototype sensor currently in use. The prospective pressure sensor demonstrates
enhanced performance and efficiency gains in several critical aspects:

4.1. Data transmission interval: The new sensor boasts a reduced data transmission interval
of 0.25 seconds, representing a notable 19 % increase in efficiency over the existing prototype.

4.2. Reduced supply voltage: A substantial improvement is seen in the supply voltage
requirement, with the prospective sensor operating at just 3.3 VV compared to the 15 V needed
by the prototype. This reduction of 78 % in supply voltage contributes to enhanced energy
efficiency and overall system performance.

4.3. Reduced energy consumption: The prospective sensor achieves a significant decrease
in energy consumption, consuming only 280.708 mW as opposed to the 1000 mW drawn by
the prototype. This reduction of 72 % in energy consumption underscores the sensor's
improved efficiency and sustainability.

4.4. Measurement error: The new sensor demonstrates a lower measurement error of
13.14 Pa, representing a 59 % improvement over the 32 Pa error associated with the prototype.
This enhanced accuracy ensures more reliable and precise pressure readings.

4.5. Reception time: A substantial enhancement is observed in the reception time of the
prospective sensor, with a swift response time of just one second compared to the 30-second
reception time of the prototype. This remarkable 96 % reduction in reception time enhances
real-time data processing capabilities and system responsiveness.

4.6. Weight loss: The prospective sensor also exhibits a reduction in weight, weighing only
213 g as opposed to the 400 g weight of the prototype. This weight loss of 46.75 % contributes
to improved portability and ease of installation.

Overall, the development of the prospective pressure sensor represents a significant
advancement in pressure sensing technology. It offers increased efficiency, accuracy,
energy savings, and reduced size and weight. These improvements pave the way for
enhanced performance and functionality in air pressure monitoring applications within
Honeywell AirDC systems.
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4.2. Further outlook

The culmination of research and development efforts to enhance the scientific and
methodological apparatus and the practical tools has led to a significant milestone in addressing
the scientific problem at hand. Through these endeavours, it can be inferred that the
dissertation's primary objective has been successfully accomplished. The results obtained from
these endeavours serve as a testament to the efficacy of the strategies employed in tackling the
research challenges and achieving the desired outcomes.

There are several promising avenues for further exploration and advancement in the field.
One such direction involves the continued refinement and innovation in the development of
fiber pressure sensors. These sensors are crucial in various applications, including industrial
monitoring, medical diagnostics, and environmental sensing. By enhancing fibre pressure
sensors' sensitivity, accuracy, and reliability, researchers can unlock new possibilities for
monitoring and control systems across diverse domains.

Another area ripe for future investigation pertains to the methods for constructing fiber optic
access networks. As the demand for high-speed and reliable communication networks
continues to grow, there is a pressing need to optimize the design, deployment, and
management of fiber optic infrastructure. By exploring novel techniques and strategies for
building efficient and scalable fiber optic access networks, researchers can enhance
connectivity, bandwidth, and network performance in urban and rural settings.

Furthermore, the development of noise-resistant coding methods represents a critical
frontier in ensuring the integrity and security of data transmission over fiber optic channels.
With the proliferation of digital communication systems and the increasing susceptibility to
external interference and noise sources, there is a growing imperative to devise robust and
resilient coding schemes that can mitigate errors and enhance signal quality. By exploring
innovative approaches to noise-resistant coding, researchers can bolster the reliability and
efficiency of data transmission in fiber optic networks.

In conclusion, while the successful resolution of the scientific problem and the achievement
of the dissertation's goal marks a significant milestone, there are ample opportunities for further
research and innovation in the field. By focusing on areas such as fiber pressure sensors, fiber
optic access networks, and noise-resistant coding methods, researchers can continue pushing
the boundaries of knowledge and technology in advancing the fiber optics and communication
systems.
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Abstract— Modern aircraft information and telecommunication systems are segmented into
two separate networks: data transmission and video networks. This differs from the typical
approach for modern telecommunications in which all types of traffic are transmitted through
one network (for example, access NGN-IMS networks). The external aircraft electromagnetic
environment is constantly becoming more \\)mplimtcd' the high intensity of the electromagnetic
field (E,, ;) due to the increase of radio frequencies quantity and their frequenci spectrum
expansion, which occupies a band from 10kHz to 3 GHz that affects the quality of service of
electronic devices on board. A new method of image representation with forward error correction
(FEC) codes was developed and considered. The method decreases the Bit Error Ratio (BER) for
asymmetric data transmission via fiber optics and computational complexity for video correction.
The paper investigates the superior performance of Low-Density Parity-Check (LDPC-) based
on Irregular Repeat-Accumulate (IRA) codes over regular LDPC codes for the same code rate
with Gaussian noise to match a certain signal-to-noise ratio (SNR). The LDPC FEC codes are
simulated with code rates R. € {1/2} from the digital video broadcasting by satellite — second-
generation (DVB-S2) standard. This setup has 17 low-data network subscribers and one highly
loaded network section for video transmission. This approach makes it possible to increase
the load in the asymmetric networks for aircraft onboard electronic systems and to ensure the
quality of video images in the pickup environment to avionics during operation, for example,
radar devices.

1. INTRODUCTION

With the current technology level for optical data transmission networks, error minimization in the
information received is one of the most critical tasks. The effective use of forward correction codes
makes it possible to reduce the power consumption of transmitters or increase the transmission
distance of information with a given error level. This lets us maintain the qualit; i
signal at a sufficient level. In aviation, the object of electromagnetic compatlblhtv research is an
aircraft and its onboard equipment capable of generating clcctlomagnchc interference or being
susceptible to it [1]. According to the degree of impact of failure on flight safety, aircraft systems
are divided into four levels: A, B, C, and D [2]. Level A includes systems that perform so-called
“critical” functions. Their violation leads to disastrous consequences. Examples include onboard
telecommunications systems, electrical control, engine control, etc. The appearance of new high-
speed digital communication interface lines on the aircraft, including fiber-optic ones, forces EMC
specialists to change the widespread opinion that at frequencies above 300 MHz, interference induced
in the communication interface lines from HIRF quickly weakens with increasing frequency and can
be ignored [3]. According to the development of quantum computer technologies it becomes possible
to increase the speed of computer calculations, increase the communication channels security level
and the ability to increase the density of data storage, which will help to deal with this problem.
However, along with the presented advantages a number of problems arise: the occurrence of errors
associated with the nature of quantum particles, the high cost of constructing quantum computers;
the complexity of testing the effectiveness of quantum algorithms. Thus, at the moment, the
introduction of optical methods of information transmission with proper noise-immune coding is
still an urgent task. Figure 1 shows the aircraft network circuit diagram. Low-Density Parity
Check (LDPC) codes are a case of linear block codes with parity check, the feature of which is a
relatively low density of elements of the parity check matrix. In regular LDPC codes, the check
matrix contains a constant number of ones in each column and each row (in irregular codes, it may
vary from row to row and from column to column). Moreover, with an increase in the length of
the code block, the total number of units of the check matrix increases linearly. Two principles
for constructing a check matrix are used: using a pseudo-random generator (random, random-like
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codes) and based on finite fields or groups-structured. Practice shows the qualitative superiority
of random check matrices over structured ones. However, structured matrices make it possible to
apply optimization methods (storage, encoding, and decoding).

Many proposed LDPC code designs are cyclic or quasi-cyclic, which allows fast decoding and effi-
cient coding procedures. Moreover, even for non-cyclic LDPC codes, efficient coding techniques have
been proposed [4,5]. LDPC codes are preferred in channels with less error probability [6]. It must
be said that LDPC is probably one of the optimal ones for quantum computers and networks [7].
Among the modern foreign standards for building the IMA information and telecommunications
infrastructure, the two most promising standards can be distinguished:

- ARINC 664 Aircraft Information Networks;
- ARINC 818 High Data Rate Aircraft Digital Video Interface.
The ARINC 664 standard is based on the ADFX (Asynchronous Full Duplex Switched Ethernet)

protocol, standardized by the ARINC working group, and based on the well-known IEEE 802.3
standard.

,
Radio L ~/ { Radio Cockpit

receiver transmitiers
Avionic
computers

Information
network

Specific systems
and sensors

Video network

Aircraft
avionics

Sensors and
devices

Real-time
locating
systems

Video data flow

«<—>  information data flow

Figure 1: Aircraft network circuit diagram.

2. DEVELOPMENT METHODS

Low-speed (1.0625Gb/s) ARINC 818 implementations can use twisted-pair physical distribution
media or fiber optics. At speeds above 2 Gbit/s, specialized fiber optic transceivers of various
modifications are used. For example, with network coverage < 500m, onboard cables based on
multimode fiber operating in a transparency window of 0.85 pm can be used. Large objects and
networks with a coverage radius of up to 10km are assumed to use single-mode fiber in the 1.3 um
range. It is assumed to use a specialized range of rates in the future, where the FC-AV rate of
1.0625 Gb/s is selected as the primary rate. The resulting value is formed by multiplying this value
by the appropriate coefficient. The use of speeds of 1x, 2x, 4x, 8x (up to 8.5 Gbit/s), and later up
to 12x, 16x, and 32x is envisaged.
In the case of ARINC-818, the transfer includes the following steps:

. Video packed into special frames (ADVB), with the addition of downtime for timing;
. Serialization and 8-bit/10-bit (8b/10b) encoding;

. Serial transmission:

. 8b/10b decoding;

5. Reconstruction, including clearing of aggregates (idles).

B0

The container structure is shown in Figure 2, where 1 is the padding byte, 2 is the available byte,
3 is the frame header, 4 is the payload, 5 is the checksum, and 6 is the close byte. Eight-bit/10-bit
(8b/10b) encoding allows data to be transmitted over long distances. For every 8 bits (every 1 byte)
of information sent over the physical channel, 10 bits are transmitted, which increases the load on
the physical channel by 25 percent. For example, to transmit 32 bits (4 bytes), 8b/10b encoding
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would physically transmit 40 bits over the channel. Upon receipt, 4 bytes will be reduced to 32
bits. Bytes are designated as data or special characters such as the start of frame (2 in Figure 2
— SoF), end of frame (6 in Figure 2 EoF). A special fill character (1 in Figure 2). When data
is not being transmitted over the physical channel, blank characters will be inserted to maintain
continuous transmission.

The first frame of the ADVB container data sequence includes the container header and object
0 ancillary data as payload data. Subsequent frames of the container sequence Object 2's video
pixel data. Each is limited to 2112 bytes, which may require splitting one video line into multiple
ADVB frames. In the XGA example, each of the 1024 RGB pixels in a line requires three bytes
(3072 bytes per line), so the video line must be split between two 2112-byte ADVB frames.

After ¢ transmitting the video frame, a 4-byte CRC follows to check the error box. It uses the
following 32-bit polynomial:

X2 L XL XBL X2 X0 4 X2 XN X0 4 X4 X"+ X4 XA+ X2+ X +1 (1)

All frames except the last frame of the ADVB container data transmission sequence use an
end-of-frame (EOFn) ordered set, starting with a negative or positive RD. The last frame of the
FC-AV container data transfer sequence uses an ordered set of End of Frame Terminate (EOFt),
starting with RD Negative or RD Positive.

The basic protocol unit of the considered network is the Ethernet frames s, star-shaped or tree-
like topology network nodes are used as passive devices optical splitters that do not require
a power supply. A, single fiber is used as a physical distribution medium in network. The pro-
posed network uses only one wavelength for bidirectional transmission, which provides a practical
application in systems with wave separation.

3. SIMULATION

An optical local network protocol, which will ensure guaranteed delivery and low latency of infor-
mation frames transmitted in the local network at the access level over the entire range of loads.
allows to implement of a conflict-free access method and protists against errors that occur when
frames are transmitted through a common channel as well as low susceptibility to electromagnetic
interference, interference and complete electrical isolation of the terminals included in the network,
which creates additional noise immunity due to the lack of the possibility of stray currents.

Access devices (B) have two modes of operation: peripheral — “P” and central — “C”. More-
over, if one B in the network is in the “C” mode, all other Bs are in the “P” mode.

ARINC 818 container
Fullvideo frame
s

13t ADVB frame ¢ 2°¢ ADVB frsme >l ¢ N ADVE frame >

b

i

! 3 4 6 s 3 5|6 1

Figure 2: ARINC-818 container structure.

Figure shows the variant of local network organization based on the proposed protocol 3. In
this figure, the access device Bl is in the “C” mode, and the access devices Bi + BN are in the “P”
mode. All Bs are connected by optical lines to the passive splitter PS and are connected through
interfaces, each with its electronic module (EM). Thus, the optical signal is branched between all
Bs, and a passive bus optical mono channel is created (where all access units “hear” everyone).
The network can be in three modes:

1. In phasing mode (clock synchronization).

2. In the polling mode. The T base stations in the “P” mode are polled by the B in the “C”
mode and assigning access intervals.

3. In data transfer mode.

In the phasing mode, the process of phasing the B in the “P” mode is based on the periodic
transmission to the line from the B in the “C” mode of phasing combinations. Phasing patterns are
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transmitted at fixed time intervals equal to the duration of the transmission cycles (TC), always
at the same time positions. Data transmission, polling, and assignment of access time intervals at
phasing intervals “a” are blocked.

After the end of interval “a” in the polling mode, the first cycle of polling and assignment of
access windows beging (the first interval Tp in Figure 4), which fits into one or more intervals of
the transmission window Tj.

Next, the network switches to the data transfer mode, and information frames and receipts
transmission starts in the assigned access windows until the end of the transfering sett the cycle
of polling and assigning access windows resumes. Additional time windows are provided to accom-
modate the polling cycles and assign windows in the transmission cycle. Additional time windows
are provided to accommodate the polling cycles and assign windows in the transmission cycle. In
this case, if only one access unit sent a positive signal in the current cycle that it has a frame
transmission (i.e., the presence of a single state of the ready trigger, then it will be assigned the
first transmission window, after which a second poll will be performed. If, during the next survey,
two Bs are detected in the network with ready triggers set to a single state, then the first B will be
assigned the first window, the second the second, and so on. If all Bs polled in the next cycle
have triggers set to single states, then corresponding windows will be assigned to all blocks in turn,
and all Bs are guaranteed to be able to transmit their information frames once in one cycle. In this
case, each frame, in case of its error-free transmission, will be acknowledged by a positive receipt
transmitted in the transmission time window of this frame, after which the next B operating in the
“P” mode will send its frame and so on until the end of the cycle. If errors are detected during
frame transmission by at least one B (its error detector) and a negative receipt is transmitted by
this B (which happens very rarely due to the high quality of the optical channel and the absence
of collisions), all other access units will accept these receipts and the transmission cycles of all B
except the sender B will be suspended. In this case, the sender will continue to send its frame
in the following time windows until it receives a positive receipt from the recipient. B will again
collect information from the Bs in the “P” mode and assign them time windows of access. The
transmitter will transmit information to all B that is in the “P” mode about the assignment of the
corresponding access windows, and the transmission cycle will resume.

In phasing mode, data transmission, polling cycles, and window assignments are disabled. The
B, which is in the “C” mode, synchronizes (phasing) to the B, which is in the “P” mode, a special
protocol.

In this ¢ a synchro pattern is transmitted to the line from the B, which is in the “C” mode.
From the output of the encoder-decoder, the synchro pattern encoded with a linear code is fed
to the input of the optical transmitter, from the output of which the optical signal is transmitted
through the separation device to the optical line and through the PS (see Figure 3) to optical
interfaces of other B that are in the “P” mode. In each of these Bs, the optical signal is fed to the
line input of the separating device. The command receiver decodes the sync pattern and outputs a
“sync pattern identification” signal via one of its output group line wires with a pulse corresponding
to the moment of decoding the phasing pattern. After the completion of the transmission of the
phasing combination by the B in the “C” mode and the end of the phasing of Bs in the “P” mode,
the network switches to the polling mode and assigning access windows.

When transmitting the “load request” commands, the B, which is in the “C” mode, alternately
outputs the addresses of the interrogated Bs “P” entered the “load request” commands broadcast
in the direction of the corresponding Bs in the “P” mode as well as the control signal “transmission
of commands load request.” Load request commands are transmitted through the optical network
in the same way as phasing patterns as described above.

‘We simulated a network using a given protocol based on ARINC-818 with an AWGN channel.

4. RESULTS

Figure 5 shows Bit error ratio (BER) vs. Signal-noise ratio (SNR) as the result of simulation for

LDPC and LDPC-IRA FEC codes.
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Figure 3: Considered organization of the local network. PS — passive splitter; B, Bi, BN — access devices;

EM — electronic module.
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Figure 4: The protocol time chart. a — is the phasing interval; b — polling cycle; ¢ — window assignment
cycle; tproe — query processing interval by the analyzer; Ty is the transmission window interval; 7'C'i — i-th
transmission cycle; TC'% + 1 — next ¢ + 1 transmission cycle (beginning).
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Figure 5: Bit error ratio (BER) vs. Signal-noise ratio
(SNR) for LDPC and LDPC-IRA.
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Figure 6: Bit error ratio (BER) vs. normalized Gen-
eralized mutual information (GMI) for LDPC and
LDPC-IRA.

According to the simulation results, we obtained a significant advantage of LDPC-IRA aver
LDPC. Modeling on 16-QPAM meodulation shows that LDPC-IRA provides a BER of 2-107% at
SNR 7.2dB. The addition of LDPC-IRA coding to ARINC-818 improves transmission efficiency
more than three times. Within of problem solving, this makes it possible to increase the stability

of the system under the influence of HIRF.
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Figure 6 shows Bit error ratio (BER) vs. normalized Generalized mutual information (GMI) for
LDPC and LDPC-IRA FEC codes.

LDPC-IRA in the system under consideration will reduce the dispersion of information when
working with certain initial data, for example, during video transmission by more than 1.3 times.

5. CONCLUSION

Thus, we have obtained a new image transmission method based on the standard ARINC 818 pro-
tocols, suitable for use in onboard optical communication systems, which does not reduce network
speed and does not increase the load on onboard computers while providing increased BER suit-
able for streaming video broadcasting under conditions exposure to High-intensity Radiated Field.
Simulation for LDPC and LDPC-IRA R, € {1/2} FEC codes showed Bit error ratio (BER) vs.
Signal-noise ratio (SNR) and Bit error ratio (BER) vs normalized Generalized mutual information
(GMI) that performes efficiency of LDPC-IRA FEC code vs LDPC. Thus, LDPC-IRA provides
more than 20% efficiency for aircraft optical video networks in HIRF environment.
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ABSTRACT: Non-Hermitian photonic systems with loss and gain
attract much attention due to their exceptional abilities in molding
the flow of light. Introducing asymmetry to the $7 -symmetric
system with perfectly balanced loss and gain, we reveal the
mechanism of transition from the quasibound state in the
continuum (quasi-BIC) to the simultaneous coherent perfect
absorption (CPA) and lasing in a layered structure comprising
epsilon-near-zero media. Two types of asymmetry (geometric and
non-Hermitian) are analyzed with the scattering matrix technique.
The effect of the CPA-lasing associated with the quasi-BIC is
characterized with the unusual linear dependence of the quality
factor on the inverse of the asymmetry parameter. Moreover, the
counter-intuitive loss-induced-lasing-like behavior is found at the

Asymmetric 10° 1 CPA-lasing
non-Hermitian ! resonance
structure 510
5
&
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nE
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CPA-lasing point under the non-Hermitian asymmetry. The reported features of non-Hermitian structures are perspective for

sensing and lasing applications.

KEYWORDS: bound states in the continuum, coherent perfect absorption, lasing, scattering matrix, multilayer structure

B INTRODUCTION

Since the pioneering work of $7 -symmetric quantum
mechamcs,l non-Hermitian physics became an extremely
wide field of research concerning not only quantum effects
but also branches of classical physics including photonics,
mechanics, electrical engineering, and even biuphysics.2
Principles of the non-Hermitian photonics have stimulated
an especially fruitful design of novel optical systems with loss
and gain elements. 7 -symmetric structures with balanced
loss and gain as a particular case of non-Hermitian systems
have attracted most attention due to their ability to implement
basic eﬂects of both 7 -symmetric response and symmetry
breaking.”™® Applications of PT~ symmetry in optics and
photonics are diverse and include sensing with enhanced
sensitivity,’ ” slowing of light,'" effective single-mode
lasing,'' ™' coherent perfect absorption (CPA),"*™" topo-
logical-protection of surface states, and even training of
optical neural networks.

There are two basic geometries widely employed in the
studies on non-Hermitian photonics.” Longitudinal geometry
is used in single-mode’” and multimode coupled wave-
guides,“_B one-** and two-dimensional photonic lattices,”
and coupled microcavities.”® The most popular transverse
geometry is a multilayer structure with alternating loss and gain
media, Being a non-Hermitian generalization of the photonic
crystal concept, such a multilayer attracts much attention due
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WACS Publications 3035

58

to its simplicity for analysis and availability for unusual nptlca]
responses, :uch as anlsotroplc transmission resonances, 27
resonant scattermg, nonlinear saturation eﬂ'e:ts,zq 3 non-
locality,13 pulse-propagation effects,”"* effects of disorder,*
and so forth. From the more general perspective, many of these
effects can be treated as “anomalies” in light scattering™"
being described by means of scattering matrix technique,””
The features of light scattering on dielectric structures were
deeply studied in recent years."~

A special type of “anomaly” is a singular optical response in
media with permittivity close to zero, which are called epsilon-
near-zero (ENZ) media. The ENZ media demonstrate a
number of unique properties such as wavelength expansion,
field enhancement, light tunneling, light velocity manipulation,
and strong nonlinear and nonlocal effects.* ™" Here, we are
interested in the so-called bound states in the continuum
(BICs)—trapped modes of open cavities with perfect local-
ization of radiation and resonances of infinite quality (Q)
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Figure 1. Schematic of an asymmetric trilayer consisting of the outer layers with loss and gain ENZ media, respectively, and the dielectric spacer.
The outer layers are initially of the same thicknesses d, and non-Hermiticity parameters y (a). Asymmetry has either (b) geometric (d_ = ad,) or
(c) non-Hermitian (y_ = ffy,) origin as shown in the lower part of the figure. The spacer has the thickness d; = 10d, and permittivity & = 5.
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Figure 2. Spectra of reflection for different geometric asymmetry parameters a marked as numbers near the curves: (a) @ = 0.9, 1,and 1.1; (b) a =
1.00$ and 1.006; (c) & = 1.0055, 1.0056, and 1.0057; and (d) & = 1.0112. The angle of incidence is @ = 23.881°, the non-Hermiticity magnitude y
= 0.001.
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Figure 3. Dependence of the Q factor (a) on the geometric asymmetry parameter @ and (b) on the value 1/(a — ag). The angle of incidence is 8 =
23.881°, the non-Hermiticity magnitude y = 0.001. The red star shows the quasi-BIC position at a = 1, whereas the filled area marks the transition

between the dip and peak.

factor.""~*" ENZ-containing structures can support BICs both

- -3.51 : 52—56
in waveguide”' and layered geometries.

In this paper, we study a non-Hermitian generalization of
the ENZ-containing layered structures supporting bound states
in the continuum. It has been recently shown®’” that 7~
-symmetry breaking in the structures with balanced loss and
gain results in transformation of a BIC into quasi-BIC, which is
the resonance with the finite Q factor. Here, we make a further
step introducing asymmetry in the distribution of loss and gain.
The asymmetry (either in the thicknesses of layers or in the
non-Hermiticity value itself, see Figure 1) serves as an
additional degree of freedom for transferring from the quasi-
BIC to another “anomaly” effect—the CPA-lasing point—as is
demonstrated using the analysis of the scattering-matrix poles
and zeros. The CPA-lasing in this case is directly associated
with the quasi-BIC providing strong light amplification, linear
dependence of the Q factor on the inverse asymmetry
parameter, and loss-induced-like lasing effect.

B RESULTS AND DISCUSSION

Geometric Asymmetry. We start with the non-Hermitian
trilayer system having outer loss and gain layers of different
thicknesses and the spacer (interlayer) between them (Figure
1). This case is characterized by violation of the gain-loss
balance due to dimensions and, therefore, is called the
geometric asymmetry. To be consistent with ref 57, we take
the permittivity of the loss and gain media ¢,(w) = 1 % iy —
(nf;/mz, where @, is the plasma frequency and y is the non-
Hermiticity magnitude. Exploitation of the classical Drude-
Lorentz model does not spoil the conclusions we make further,
The loss layer has the thickness d, = 1,/27 (ie., (upd‘/c =1,
where ¢ is the speed of light), whereas the gain layer has
different thicknesses d_ = ad,, where a is the geometric
asymmetry parameter. The parameters of the spacer are d; =
10d, and & = S.

In our previous paper,” the symmetric case (@ = 1) has
been already studied. In the Hermitian limit (y = 0), the
symmetric system possesses an unobservable infinitely narrow
resonance (BIC) due to destructive interference of the Fabry-
Perot mode and the volume plasmon excited by TM-polarized
waves at the plasma frequency. When y > 0, the non-
Hermiticity drives the transition of perfect BIC to the quasi-
BIC through the mechanism of 7 symmetry breaking. This

quasi-BIC, which can be reached at the incidence angle

aen

f 2
Ogic = arcsin\‘w‘é", - (M]J (n is the integer), shows up in
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spectra as a finite-width resonance, see the solid line in Figure
2a.

Let us fix the angle of incidence (6 = 6 =~ 23.881° at n =
7) and the non-Hermiticity magnitude (y = 0.001) and start
changing the geometric asymmetry parameter a. Reflection
spectra calculated within the transfer-matrix method®’ are
shown in Figure 2. For a < 1, the thickness of the gain layer
gets smaller than the thickness of the loss layer, d_ < d,, so that
the quasi-BIC resonance dip just becomes broader and
shallower [see the line at @ = 0.9 in Figure 2a]. The case of
a > 1, when d_ > d,, is much more interesting due to its richer
physics connected to competition between loss and gain. As
shown in Figure 2a, there is a broad resonance peak at a = 1.1,
so that the transfer from the dip to the peak happens
somewhere between a = 1 and 1.1. Analysis shows that this
transition happens at @, ~ 1.0056, when the system contains
slightly more gain than loss. There is no paradox that ¢, # 1
because for 0 < a < a, the gain results in the overall
(wideband) reflection with intensity coefficient R > 1, while
the dip appears on this background. The resonance keeps
symmetric line quite close to @, [Figure 2b] and becomes
asymmetric only in the very vicinity of the transition. The line
at a, clearly has the Fano profile [Figure 2c] stemming from
the interplay between wide Fabry-Perot and narrow plasmonic
resonances. Finally, close to some intermediate asymmetry
parameter @ = 1.0112, the reflection peak reaches maximum
[Figure 2d] and then gradually diminishes. The transition
point a, corresponds to the middle between the deepest dip at
a = 1 and highest peak at @ = 1.0112 in agreement with
expected linearity of the response on small perturbation.

As a quantitative characteristic of the observed resonances,
we calculate the quality (Q) factor. Due to the symmetry of
lineshapes outside the immediate vicinity of the transition from
the dip to peak, it can be estimated with the simple relation Q
= wy/ Aw, where wj is the frequency of the resonance peak or
dip and Aw is the full width of the resonance. Such a
consideration is in accordance with the modern treatment of
non-Hermitian resonances using the quasi-normal modes
characterized by complex frequencies.”” We apply the same
definition of the Q factor to the stationary spectra with both
overall loss and gain because it gives reasonable results
consistent with each other (only close to the maximum one
can expect manifestation of instability). In addition, the large Q
factor implies strong localization of radiation whether output
intensity gets attenuated or amplified. Dependence of the Q
factor on the parameter @ calculated with this expression is
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Figure 4. Dependence of the real and imaginary parts of the transfer-matrix elements (a)—(b) on the non-Hermiticity parameter y for the
symmetric structure and (¢)—(d) on the asymmetry parameter a for y = 0.001. The angle of incidence is # = 23.881°, the frequency is ® = @,

shown in Figure 3. One can see that the powerful peak at & =
a, in Figure 2d corresponds to the sharp increase of the Q
factor exceeding 10°. This amplification of the reflection and
transmission are linked to strong localization of radiation
inside the structure.

Figure 3b shows that the Q factor is inversely proportional to
the geometric asymmetry parameter «. This result is in
contrast to what is observed in usual BICs, which demonstrate
the inverse proportionality of Q to the square of the asymmetry
factor.”” On the other hand, the recently introduced non-
Hermitian BICs (so-called pt-BICs) reported in ref 60 have
precisely such an inverse behavior of Q as a function of the
longitudinal wavenumber playing the role of the asymmetry
parameter. The fundamental difference with that case is that
our system is not 7 symmetric due to the asymmetry
between loss and gain layers, so that the maximal Q factor is
reached at some a; > 1.

‘What is the nature of the Q factor enhancement at a;? To
address this question, let us consider poles and zeros of the
scattering matrix of our system. The scattering matrix gives the
equivalent results as the effective Hamiltonian approach,® but
is more convenient to analyze the multilayer structures. In
general, the scattering matrix of a multilayered structure has

the form § = ( ¢ r;().:,g Here, t = 1/M], is the transmission

us
coefficient and r;, = M,,/M,, and ry = —M,/M,, are the
reflection coeflicients for the left- and right-incident waves
which can be determined through the corresponding elements
of the transfer matrix M."”®" A pole of the scattering matrix
can be determined from the condition of the mode self-
excitation arising at t = 00 or, equivalently, M;, = 0. According
to ref 37, the condition for a scattering matrix zero is £ + r = 0
resulting in M, = +1 or M,, = +1. The conditions for poles
and zeros are generally fulfilled at complex frequencies. A BIC
appears in Hermitian systems when pole and zero meet at the
real axis of the complex-frequency plane.”” One can directly
confirm that this happens in the symmetric trilayer at y = 0, @
= w),, and ¢ = Oy, where the elements of the transfer matrix
become real with My, = 0, IM,l = IMy,| = 1. Introduction of
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non-Hermiticity breaks this exact BIC down as reported in ref
57. Figure 4a,b shows how this looks like from the viewpoint of
poles and zeros. One can see that both elements of the transfer
matrix are complex for y # 0, with real parts ReM,, = —1 # 0
and ReM, = 0 # =+ 1, so that the condition for the coalescence
of pole and zero is not fulfilled anymore (because M,, = M},
further we consider only M,,).

Influence of the geometric asymmetry on the components of
the transfer matrix is shown in Figure 4¢,d. Whereas their
imaginary parts change only slightly, the real parts demonstrate
clear linear dependence on @, so that ReM|; &~ 0 and ReM,, &
— 1 at @ = a,. Although the imaginary parts do not vanish, the
values of the real parts allow us to suggest that we effectively
reach both the pole and zero at @ = a,. Nonzero imaginary
parts can be considered as an almost constant background
which only limits possible values of the Q factor making it
finite. Thus, the asymmetry can be used to compensate the
mismatch between pole and zero induced by non-Hermiticity.
Moreover, one can estimate the change of the transfer-matrix
elements with a by using the analytical expression for M.
Because this expression is very cumbersome, it is more
convenient for the illustration to substitute all the parameters,
except @ and obtain the numerical dependence M(«). For
example, we result in M (a) ~ (—=93.17 + 0.58i) cosh[(0.40 +
0.0012i)a] + (240.18 + 0.67i) sinh[(0.40 + 0.0012i)a] = —(1
— 1.18i) + (89.62 + 0.66i)(a — 1), which gives a very good
linear approximation for M, (@) shown in Figure 4c and allows
us to estimate a,.

It is known that in non-Hermitian systems, the coincidence
of pole and zero heralds an intriguing effect of simultaneous
CPA and lasing.” In our case, the lasing can be immediately
associated with the sharp growth of the Q factor at « = a,. To
further corroborate this interpretation, in the Supporting
Information, we demonstrate the CPA effect in our structure
for the same conditions as lasing.

Thus, the peak of the Q factor reported above has the nature
of the CPA-lasing point. However, the appearance of this point
in the asymmetric structure is closely related to that of the
quasi-BIC in the symmetric one. The sharp increase of the Q
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factor and the lasing at a, are achievable for the gain layer
which is only 1.12% thicker than the loss layer. Such a small
difference in thickness matters because light intensity is
localized under the conditions close to the quasi-BIC
resonance. Therefore, we call the observed effect the CPA-
lasing associated with the quasi-BIC.

The previous consideration was performed at the specific
value of loss and gain parameter y. The same approach based
on the pole and zero dynamics and allowing us to estimate the
CPA-lasing asymmetry parameter a, can be applied to any
level of non-Hermiticity. As a result, we obtain the dependence
a,(y) shown in Figure 5. The BIC is observed in the Hermitian

1.025
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1.020 .
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.
1.015 .
.
Z 1010
1.005 CF_'A-Iasing
points
1.000
0.000 0.001 0.002
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Figure 5. Change of the geometric asymmetry parameter ag
corresponding to the pole and zero coincidence with the non-
Hermiticity parameter y.

case (¥ = 0) and in the symmetric structure with ay = 1.
Increasing y leads to the drift of pole and zero coincidence to
the nonunitary asymmetry, @, > 1. As a result, we obtain the
line of CPA-lasing points in the plane (y, @). It is interesting
to note that this line is clearly straight, indicating the linear
dependence between non-Hermiticity and asymmetry in the
analyzed system.

If the condition for the incidence angle (€ = 6y) is relaxed
(e.g, we deal with the normal incidence of light), the much
thicker gain medium should be used to reach the lasing. In that
case, however, lasing is due to the pole dynamics only, in
contrast to our case. Thus, the use of the CPA-lasing point
associated with the quasi-BIC provides a different mechanism
and allows us to optimize the lasing structures, in particular
lower the lasing threshold.

The CPA-lasing phenomenon associated with the quasi-BIC
can be compared with the similar effect reported by Song et
al.®® In that paper, it is shown that a P7 -symmetric
perturbation splits the BIC into the pt-BIC and lasing
threshold modes. Song et al’s pt-BIC is characterized by the
Q factor having the linear dependence on the inverse
asymmetry parameter in contrast to the usual for BICs” inverse
dependence on the squared asymmetry parameter. In our case,
the dependence is also linear, but the situation is
fundamentally different: the asymmetry perturbation violates
existing 7 symmetry of the loss-gain distribution and
transforms the quasi-BIC into the CPA-lasing point. We
emphasize the role of asymmetry which distinguishes our
results also from the CPA-lasing arising from the BIC under
the P -symmetric perturbation in electronic circuits.”*

Non-Hermitian Asymmetry. In this section, we consider
a geometrically symmetric (d, = d_) trilayer structure with
violated balance between loss and gain. We intreduce another
asymmetry parameter ff = y_/y,, where y, and y_ are the loss
and gain magnitudes, respectively. The asymmetry realized
through parameter f can be called non-Hermitian asymmetry.
Condition f# > 1 implies the dominating impact of gain in the
system’s response. One can expect that § > 1 has a similar
effect as the increase of the gain layer thickness (a > 1)
discussed above. However, this is not the case.

As shown in Figure 6a, the elements of the transfer matrix
approach the CPA-lasing condition (simultaneous ReM;, ~ 0
and ReM;, &~ — 1) at § = 0.99, that is, in the overall lossy
system. This results in an increase of reflection with the
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Figure 6. (a) Dependence of the transfer-matrix elements on the asymmetry parameter /3 at the plasma frequency. (b)—(d) Spectra of reflection for
different non-Hermitian asymmetry parameters 3 marked as numbers near the curves: (b) /5 = 0.95, 0.995, and 1; (c) f = 0.99; (d) f = 1, 25, and
50. The angle of incidence is 0 = 23.881°, the loss magnitade 7, = 0.001.
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decrease in f} as corroborated with the spectra shown in Figure
6b with the dip-to-peak transition at ff, ~ 0.995. The CPA-
lasing condition at = 0.99 corresponds to the extremely
amplified reflection [Figure 6¢c] and the strongly enhanced Q
factor (Figure 7). As in the case of geometric asymmetry, the Q

10°4

6°

Figure 7. Dependence of the Q factor on the non-Hermitian
asymmetry parameter /# and on the value 1/(# — f3) (inset). The
angle of incidence is 6 = 23.881°, the loss magnitude 7. = 0.001. The
red star shows the quasi-BIC position at @ = 1, whereas the filled area
marks the transition between the dip and peak.

factor linearly depends on inverse of the non-Hermitian
asymmetry parameter (see the inset in Figure 7), although the
peak value of Q is somewhat lower due to the lossy character of
the structure.

On the contrary, for the systems with overall gain, we do not
see any significant increase of the reflected (and transmitted)
radiation in vicinity of the plasma frequency even for as great
asymmetry parameter as /# = 50 [Figure 6d]. Formation of the
dip for f > 1 can be explained as the quasi-BIC in the
symmetric case (ff = 1) broadened and elevated by the overall
gain in the asymmetric structure. Amplification of the
reflection (as well as transmission) happens mostly above the
plasma frequency where the outer layers are dielectric-like. We
should also emphasize the narrowband nature of CPA-lasing
[Figure 6¢] as opposed to the strongly wideband usual
amplification [Figure 6d] which can be of interest for possible
applications.

Our analysis demonstrates that the CPA-lasing point
associated with the quasi-BIC can be reached using the non-
Hermitian asymmetry either. Its behavior is caused by the
interplay of loss and gain and provides one more piece of
evidence of loss-induced effects in addition to the loss-induced
transparency®® and loss-induced lasing™ in non-Hermitian
systems. Although the loss-induced lasing is well-known in
distributed-feedback lasers,* the feature of our loss-induced
CPA-lasing is that we use the asymmetry as a driver for such an
unusual response possible due to the quasi-BIC proximity.

The above considerations have been performed at the
plasma frequency where the true BIC exists in the Hermitian
limit and the non-Hermiticity-induced quasi-BIC resonance
has a symmetric lineshape. At the nearby frequencies, the
asymmetric Fano resonances appear at the angles different
from @1 and can be used to realize the amplified response
(although, strictly speaking, not CPA-lasing) in asymmetric
structures as well. The corresponding examples are discussed
in the Supporting Information.
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B CONCLUSIONS

To sum up, we have introduced the concept of the CPA-lasing
associated with the quasi-BIC unveiled in asymmetric non-
Hermitian ENZ-containing layered structures. One can say
that asymmetry in these structures supports transformation of
the quasi-BIC resonance into the CPA-lasing resonance. The
cases of different thicknesses of loss and gain layers (geometric
asymmetry) and unequal levels of loss and gain (non-
Hermitian asymmetry) have been studied. The effects of
asymmetry have been analyzed in the framework of poles and
zeros of the scattering matrix revealing intriguing features. We
have determined a CPA-lasing point of merging pole and zero
characterized by strong amplification of the outcoming
intensity and sharp increase of the Q factor associated with
the nearby quasi-BIC. We would like to highlight two
important results found out in this paper. First, the Q factor
has unusual inverse linear dependence on the asymmetry
parameter. Second, the counter-intuitive loss-induced amplifi-
cation is discovered in the system with non-Hermitian
asymmetry at the plasma frequency. In contrast to the CPA-
lasing in usual P7 -symmetric structures,'” the CPA-lasing
associated with the quasi-BIC can be reached at much lower
values of loss and gain due to the strong localization of light
inside the structure. Our approach also allows us to relax the
requirements to the precise symmetry of system’s parameters
which is often difficult to meet. We believe that the results
reported here are of general interest for non-Hermitian
photonics and can be extended to two- and three-dimensional
systems. The CPA-lasing effect associated with the quasi-BIC
is envisaged to be demanded in laser and nonlinear-optics
systems based on strong light enhancement.
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Abstract: In aviation measurement of static and total pressure is widely used to determine the flight
conditions. Results of pressure measurements are used to monitor flight attitude, equivalent speed,
Mach number, vertical velocity etc. The algorithm for data acquisition and processing for developed
pressure measurement system is presented in this paper.

Keywords: pressure sensor; linear photodetector array; sensing element; centroid method

1. Introduction

A variety of systems for the monitoring of aircraft flight parameters based on differ-
ent working principles exists today [1-10]. Perspective and existing systems show high
measurement speed and efficiency of sensors based on optical methods of information
conversion [6-8]. The working principle of optical pressure sensors is based on determi-
nation of the position of light spots on the surface of a Photodetector Array (PA). The
light spots are formed by Light Emitting Diodes (LED). The LEDs are rigidly attached
to the frame of the device. The PA is attached to a pressure sensitive element such as an
elastic membrane. The membrane is strained by the change of pressure which leads to a
displacement of the light spot. Thus, the change of measured value is proportional to the
light spot displacement relative to the initial position.

One of the disadvantages of this type of device is that the information about the
current optical spot coordinate is obtained discretely with a period equal to the time
interval required for polling all the PA elements. The minimum time interval between PA
polls is limited by the technical capabilities of the PA. In addition, if a detector is mounted
to a membrane there is a decrease in the dynamic stability of the system.

The developed optical pressure sensor is devoid of these drawbacks. The shutters
with 1 slots are attached to the membranes instead of the detector arrays. This allows n
optical spots to form on the surface of the PA. All n optical spots are displaced when the
static and (or) total pressure changes. The photodetectors of the PA are polled sequentially.
An electrical signal is formed at the output of the PA during the polling cycle. The signal
amplitude reflects the distribution of optical power along the PA. The maxima in the output
signal from the PA correspond to the positions of the optical spots. By utilizing the shutter
with 1 slots we are able measure pressure 1 times in one polling cycle. The sensor has a
higher dynamic stability as the PA is rigidly fixed to the sensor body. The dimensions of
the device are also reduced as the shutters are more compact than the PA.
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2. Data Acquisition Algorithm

The conversion of the electrical signals (Vaut) from the PA into a digital code is
performed by an analog-to-digital converter (ADC) built in the microcontroller. Acquired
data are then processed by the microcontroller and the results are transmitted to a personal
computer via the Universal Asynchronous Receiver-Transmitter (USART) interface. The
sequence of control clock (CLK) pulses determines the appearance of a signal at the PA
output (Figure 1). Therefore, the sampling rate of all pixels of the line is determined using
the following condition: each subsequent control Read-Out Gate (ROG) pulse must appear
after the passage of 2087 CLK pulses.

1(3.3V)
G

Q
133V)

CLK

Vaut

Figure 1. Diagram of control pulses.

The STM32 microcontroller algorithm can be divided into two infinite parallel loops.
Loop No 1:

1. The Startup of the ADC channel is performed by a trigger from the timer. The data
are then saved in the array with the use of direct memory access (DMA).

2. The CLK signal is inverted by an ADC interrupt handler after each conversion. (This
approach to forming CLK pulses allows acquisition of a data array of 4174 values for
the PA consisting of 2087 pixels).

3. The flag of the completion of polling of the first half of the PD is set in the DMA
interrupt handler after half of the data array is filled.

4. The flag of the PA polling completion is set in the DMA interrupt handler and the
reset signal (ROG) is formed after the whole data array is filled.

Loop No 2:

1. Tracking the status of the polling of the first half of the PA. If the corresponding flag is
set, data are copied to the other memory region and then processed.

2. If the averaging is not performed the results are transmitted via the USART interface.

3. Tracking the status of the polling of the whole PA. If the corresponding flag is set, the
data are copied to the other memory region and then processed.

4. If the averaging is not performed the results are transmitted via the USART interface.

5. Theresults are averaged and then transmitted via USART.

3. Data Processing Algorithm

The algorithm for calculating the coordinates of the light spot uses the centroid-method
and is implemented as follows. First, the positions of pixels Nmax_» corresponding to local
signal maxima are determined. Then an area of M pixels around the local maxima is selected.
The value of M is chosen in such a way as to include all pixels around the maximum signals
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which are noticeably higher than the background noise level. The coordinate of the signal
maximum is then calculated according to the following formula:

Nonas_n+ 3
Aji

M

N
MAX, = a
Nmax_nt+7
Aj

i=Nmax i~ 4

where MAX,—coordinate of the maximum of n-th light spot expressed in the pixel number,
Aj—signal amplitude from i-th pixel in vicinity of n-th optical spot, Nmax_s—number of
pixels having a maximum amplitude around the n-th optical spot. The elastic membrane
deforms as a result of pressure change. The deformation of the membrane leads to dis-
placement of the optical spots. Computation of the new coordinates of the optical spots
using (1) allows determination of the change of pressure relatively to some reference value
according to the formula:

AP“,,(t) = ky (MAXn(f) — MAX,(0)) 2

where APg;,(t)—current value of pressure change, MAX;,(t)—coordinate of the n-th optical
spot maximum at time t, MAX;(0)—coordinate of the n-th optical spot maximum at
reference pressure, k,—calibration constant.

4. Conclusions

When using the presented algorithm for collecting and processing information, the
measurement speed of the developed pressure sensor is determined using the repetition
rate of the control pulses. The proposed solution provides reduced error values when
calculating the altitude and speed parameters of the aircraft. Averaging of the results from
one complete poll of PA (1 spots) increases accuracy by n'/? times. On the other hand,
when measurement speed is more important, the value of pressure can be obtained from
the position of one optical spot.

The high speed of the measuring system in the future will make it possible to apply al-
gorithms that provide compensation for various kinds of destabilizing factors (interference,
vibrations, shock effects, etc.) that arise during the operation of an aircraft.
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Abstract — Based on the Airworthiness Standards requirements, accuracy of air pressures
measurements is strict. The air flow static and total pressure measurement instrumental errors
should not exceed 0.02% and 0.05% of the measurement range with 95% probability. These
requirements are ensured by original aerometric pressure sensor based on one-dimensional high
sensitivity charge-coupled device considered in this article. Non-contact reception of signal and
sensor vacuum durability has significantly increased the efficiency of measurement processes. The
algorithm for calculating elastic sensitive elements basic design parameters in the most of entire
standard size range and technical secondary transducer capabilities is considered in the article.
The results of the experiments conducted by the authors and the results of the authors
experimental studies listed in the references have confirmed the adequacy of theoretical methods
for caleulating the parameters of elastic elements for pressure sensors. Copyright © 2022 Praise
Worthy Prize S.r.1. - All rights reserved.

Keywords: Aerometric Pressure Sensors, Elastic Sensing Element, Incident Air Flow Pressure,

Linear CCD
Nomenclature Ty Temperature at zero height [K]

- ) z Depth of the corrugation in mm
Coefficients depending on [ht.e membrane o Parameter depending on the shape of the
profile’s shape and the material nature membrane
Measured value of the flow speed at the ¢ u Poisson's ratio
meas.uremenl step for full pressure [m/s] n& Coefficients depending on the profile shape
Maximal flow speed ) and the rigid center radius
Discreteness of the ¢; measurement at the i P Dimensionless membrane radius
1n§asuremen( step G Maximum membrane’s stresses at the
Discreteness of the H; measurement at the i maximum working load
measu{€1n8nl step T the temperature gradient in [°C/m]
Yo_ung s modulus [Pa] Wy Membrane’s center deflection [mm]
Thickness of the membralne [mm] p; Deflection of the membrane at the i
Measured value of the height at the i measurement step [mm]
measurement step for static pressure [Pa] Bomax Maximum deflection of the membrane’s

Minimal membrane’s depth [mm]
Measurement step

Safety factor

Geometrical membrane’s coefficient
Geometrical membrane’s coefficient
Static pressure [Pa]

Pressure at a given center deflection of the
membrane [Pa]

Total pressure [Pa]

Pressure at the reference height [Pa]
Maximal dynamic pressure at ¢, speed
Measured pressure at the i measurement step
[Pa]

Limit pressure on the membrane [Pa]
Membrane’s radius in mm

Flat part membrane’s radius

Secondary transducer sensitivity [mm]

Copyright © 2022 Praise Worthy Prize S.x4. - All rights reserved

rigid center [mm]
Opax maximum deflection of the membrane [mm]
ADC Air Data Computer
CCD Photodetector line (Charge-Coupled Device)
ESE Elastic Sensing Elements
USART  Universal Synchronous/Asynchronous
Receiver/Transmitter

I.  Introduction

The aircraft altitude and the speed control system are a
set of control surfaces and related devices and
mechanisms, in particular, mechanical, hydraulic,
electrical, and electronic computing [1]-[36]. This system
is to ensure selection and maintenance of altitude,
horizontal and vertical flight speeds in non-automatic,

hutps://doi.org/10.15866/ireme.v16i1.21118
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semi-automatic, automatic and combined control modes.
In the general case, altitude-speed parameters control
system includes an Air Data Computer (ADC), an aircraft
flight complex, control system actuators, information
display facilities and aircraft controls, which help to issue
control action to the control system actuators. Moreover,
during the flight, the pilot selects the control mode and
influences the altitude and speed parameters such as
flight altitude stabilization, flight speed stabilization,
vertical flight speed stabilization modes, automatic
reaching a given altitude, automated acceleration or
deceleration to a given flight speed etc. It should be
noted that there are control modes in which flight
complex generates director control commands while the
flight complex does not participate in aircraft control (or
its participation is limited) but it only generates

commands for the pilot. Modern static and total pressure
sensors are part of the ADC designed to calculate the
altitude-speed parameters of the aircraft flight. ADC
in

Tudes an air signal computer that needs the following
information: P * - total pressure, P - static pressure, T * -
stagnant temperature of the external flow. In ADC, total
and static pressure sensors are sources of primary
information [23]. That predetermines a significant
dependence of the metrological characteristics of the
ADC on static and total pressures measuring accuracy
(under the influence of destabilizing factors) and on
maintaining the specified accuracy over time. For
example, one of the widely used ADC is GDS 74A,
which is part of the GARMIN G 1000 avionics system
installed on DA-40, DA-42 and Cessna aircraft. As a
source of air flow static and total pressures parameters,
information generator-type sensors (they are also known
as frequency pressure sensors) are used. This analysis of
the pressure sensors currently used as part of the ADC
made shows that the generator-type pressure sensors
based on the frequency method of information
conversion are among the most common in aviation. The
frequency converters used on board the aircraft convert
the oscillations of the Elastic Sensitive Element (ESE) -
cylindrical resonator, into the pulse repetition rate. This
information conversion method has a relatively high
noise immunity. Total and static pressure in digital ADC
is measured by resonant or frequency pressure sensors. In
[24], a sensor based on the use of ESE oscillations
(mechanical resonator) description operation principle
has been presented. Since the middle of the last century,
British company Solatron has been dealing with static
and total pressure sensors, which has currently developed
and manufactures sensors for ADC military and civil
aircraft. However, frequency sensors have a number of
significant drawbacks: temperature error, non-linear
distortion, and relatively high power consumption.
Resonant type pressure sensors or frequency sensors
have significant errors caused by temperature changes
and amount to up to 7% of the measured pressure range.
In order to compensate for the temperature errors of
generator-type pressure sensors, corrections are used,
whose values are calculated depending on the ESE

Copyright © 2022 Praise Worthy Prize S.x4. - All rights reserved

temperature. The cylindric ESE  manufacturing
technology also has significant drawbacks. Their
rejection in the production process is about 70%. Due to
the popularity of pressure sensors based on the frequency
information conversion method there are research and
development to modernize and improve this method
[25]-[27]. Along with ESE made in the form of
cylindrical resonators, there is a large class of ESE based
on flat or corrugated membranes. The fundamental
foundations for the research and development of
membrane ESEs have been laid by Feodosyev V. [6], [7],
Panov D. [5], Felikson I.[15], Andreeva L.E. [8]-[10]. In
addition, a large number of works authors are devoted to
research in this area [17], [28]-[30]. Corrugated
membrane ESEs are most widely used since they can
obtain a significant deflection under pressure within the
elastic properties limits. Dispersion hardened alloys with
low values of elastic imperfections are mainly used for
the membrane ESEs manufacture. In addition, they have
the independence of their elasticity modulus from the
ambient temperature and high elastic and strength
properties, high relaxation resistance after exposure to
vibration. These alloys include beryllium bronzes
CuBe2Ni(Co), CuBe2NiTi, which surpass many high-
quality steels in strength and elastic properties. The
hysteresis [31], [32] of beryllium bronze elastic elements
is relatively small in comparison with other materials that
are used as ESE pressure sensors and it is approximately
0.4-1%. The significant share of disadvantages ESE
membrane use as part of total and static pressure sensors
can be divided into two groups. The first group of
disadvantages associated with the contact effect between
ESE and the secondary pressure converter: friction
between the ESE elements and the secondary converter,
the measurement force on the ESE from the secondary
converter elements. In addition, the size of the rigid
center of the membrane ESE can also be attributed to this
group. The second group of disadvantages is associated
with the magnitude of equivalent stresses: residual
deformations, elastic effect, elastic hysteresis, fatigue
failure of the ESE. The above drawbacks manifest
themselves as follows: in the form of a deviation from
the set zero value, hysteresis phenomena, destruction of
places of contact between the primary and secondary
pressure transducers. The destruction of the places of
contact interaction between the transducers is especially
acute when using ESE sensors based on the structures
"silicon on sapphire". The influence of hysteresis
phenomena can cause distortion in barometric altimeters
readings. Therefore, with a relatively fast ascent and
descent of the aircraft the readings of instruments at the
same height may turn out to be different. Both the first
and the second groups of disadvantages are connected
largely with the design and functionality of the secondary
pressure converter. The first group of shortcomings is
eliminated by using non-contact methods for converting
the ESE deformation into an analog or digital signal. The
second group of disadvantages can be solved not only by
special ESE technological manufacturing operations but
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also by equivalent stress minimization with highly
sensitive secondary pressure transducers. The non-
linearity of the static characteristics of membrane ESEs
(unlike bellows, tubular springs) has predetermined their
widespread use as primary pressure transducers as part of
mechanical and electrical devices for indicating altitude
and speed parameters to the aircraft crew. This is since
the change pattern in static and the total pressures depend
on the altitude and speed parameters of the aircraft is
non-linear. At the same time, the non-linearity of the ESE
membrane characteristics and the non-linearity of the
change in the gradient of the measured pressures along
the height are strictly opposite, making it possible to
obtain a sensor output signal close to linear. Aerometric
sensors of total and static pressure are the sources of
ADC primary information, which determines the altitude
and speed parameters of the aircraft. This determines
significant dependence of the ADC metrological
characteristics of static and total pressures under the
influence of destabilizing factors and on specified
accuracy preservation over time. The analysis of the
metrological characteristics of ESE aerometric pressure
sensors known designs of various types, shapes and
materials [1] and secondary sensors [2] used with them
has allowed identifying practical tendencies for their
improvement. Frequency sensors in which the natural
frequency of oscillations of a mechanical resonator
changes depending on the value of the measured pressure
for measuring total and static pressures are widespread in
aviation. Frequency sensors have several significant
disadvantages of which singles out the temperature error,
nonlinear  distortions and  relatively  high-power
consumption. Resonant frequency pressure sensors using
silicon crystals have low sensitivity and significant
hysteresis phenomena. Pressure sensors in which the
ESE deformation is converted into a digital signal due to
the spatial distribution of the light field practically do not
have these disadvantages. The specified principle allows
increasing the accuracy and expanding the measurement
range of aerometric pressure sensors. Original aerometric
pressure sensors using linear Charge-Coupled Device
(CCD), whose high sensitivity requires minimal
deformation of the ESE, have been developed.

Deformation minimization allows getting rid of
several methodological errors: permanent deformation,
nonlinearity, imperfections of elastic  material,
temperature fluctuations, linear acceleration effects,
vibration effects, material properties over time changes,
etc. Non-contact information reception and information
system vacuum durability significantly increase the
efficiency of measurement processes. A significant power
consumption decrease is noted.

In the second section of this article the original design
of the pressure sensor considered, the algorithm for
calculating elastic sensitive elements, the simulation
parameters in the ANSYS environment and the
experimental setup are described. In third section the
theoretical approaches of the optical pressure sensors
construction are shown and the analyses of the
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correctness of the approaches are described. In the fourth
section, the results of simulations and experiments are
presented. Section five discusses the results obtained. In
section six, the conclusions are presented.

1L

Static and Total Pressure Transducer Using
Optical Information Conversion Method

Methods and Materials
1.

The operation principle of the pressure sensor using
the optical method of converting information [2] is
illustrated by the device diagram shown in Figure 1. The
device contains shell 1 with two holes respectively for
measuring static and total pressures. Membranes 2 and 3
of the ESE (aneroid box) are spaced in height and
hermetically sealed along the perimeter to the body. A
vacuum space is created in the gap between the
membranes. Inside the gap, a radiation source 5 and two
shutters 7 with slots 8 are attached to the post 4. Two
CCDs 6 are attached to two membranes 3 located above
and below the radiation source. In the initial state,
membranes 2 and 3 of the elastic sensitive element
occupy a certain position. The luminous flux from the
radiation source 5 is converted into optical spots by the
cuts 8 of the shutters 7. Optical spots are focused on
CCD 6 fixed to the upper 2 and lower membranes 3. In
the linear CCDs, pixels are located along one coordinate.

These devices operation principle consists in the
formation of an electric signal proportional to the
absorbed optical energy inside each pixel. This is
achieved due photosensitive p-n junction through which
the photodetector element capacitor is discharged [3],
[4]. The higher the optical power falling on the pixel is,
the greater the photodiode current is, and therefore the
faster the capacitor will discharge. The residual charges
of the pixel capacitors are read at the end of the
measurement cycle. When the static and (or) total
pressures change the elastic sensitive element membranes
2 and 3 are deformed. While the CCD 6 fixed to the
upper 2 and lower membranes 3 are displaced causing
optical spots shift from the radiation source 5 through the
slots of 8 shutters. When the pixels are sequentially
polled, an electrical signal will be formed, in which the
time change of amplitude shows the optical power
distribution in the photodetector matrix.

| P
4
7
3 | pm——
_,,;
1 g 8
=

Fig. 1. Pressure sensor using optical information conversion method
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In other words, signals proportional to the static and
total pressures will be formed at the output of the
photodetectors. Proposed pressure sensor with a
temperature sensor allows calculating all the listed
aerometric parameters.

1.2, Experimental Methods

1L.2.1.  Elastic Sensitive Elements Parameters
Calculation for Static and Total Pressure Sensors

The algorithm for calculating an elastic sensitive
element developed on the C++ [12] is described below.

1. Input of initial data.

1.1. Material and dimensions.

1.1.1. ESE material: £, u (Poisson's ratio).

1.1.2. Geometric dimensions and profile of the ESE:
R, h, 10, z, amount of corrugations n.

1.2. Secondary converter sensitivity threshold S.

1.2. The choice of the design scheme.

2.2.1, Static pressure sensor,

2.2.2. Full pressure sensor.

3. Ambient conditions during measurement:

3.1. If item 2.2.1 is selected, enter Py, R, Ty, 7, H i OF
Py

3.2. If item 2.2.2 is selected, enter Py, p. Cay OF Py
max-

4. Solution.

4.1. Coefficients calculation: k1, k2, &, a, b [9 p. 258 -
2661, m, &[7 p. 2911.

4.2, If item 2.2.1 is selected, calculation storing the
values P;, g, H; and Dy; in the data array for i from 1 to
Imax = Oomax /S WheTe, Ogpay = fiPpan)-

4.3, If item 2.2.2 is selected, calculation storing the
values P, mq;, ¢; and D,; in the data array for i from 1 to
s = O /S Whete, g = f (Pt mar)-

5. Output data.

5.1. Getting graphical dependencies:

5.1.1. If item 2.1 is selected. wo = f (P), wo = f(H), Dy
= f(H).

5.1.2. If item 4.2 is selected. wy = f (Puin), wo = f (5),
D.=f(s).

5. 2. Output of values to a table containing (Fig. 6):

5.2.1.If item 4.1 is chosen: i, P;, wg;, H;, Dy;.

5.2.2.1f item 4.2 is chosen: i, P;, wy;, ¢i, D

6. Analysis of the obtained results.

6.1. If Dy (D) does not provide required
measurement accuracy (in accordance with requirements
of Airworthiness Standards) then go to step 2.

7. Saving the results to a text file.

This is followed by the calculation of the maximum
SIresses Gy at the maximum working load and the safety
factor k [13], [14]. Then it is followed by verification of
condition for ensuring optimal operating stresses 6,,,, <
[Gom0s] and the safety factor k > [k] (where [K] is the
standard safety factor) by the finite element method using
the ANSYS software package. If Gmax = [Go00s] of k <[k]
then it is necessary to go to algorithm item 1.1. This
method is widely used in material researches [19]-[22].

The standard safety factor [k] is based on the existing
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operating experience of elastic sensitive elements. In
general industry-wide [k] = 1.3 - 2.2 are used.

11.2.2.  Elastic-Plastic Membranes Deformations

Simulation by the Finite Element Method

For determining the maximum stresses om.x and safety
factors k via ANSYS Design Modeler software 2D
models of ESE have been developed. Their geometric
dimensions are presented in Table 1.

This is followed by transferring geometric models to
the ANSYS Mechanical module and creating a mesh
model.

After these boundary conditions setting is necessary:
fixed support at the edges of the corrugated membrane
(Z-axis), from above (Y-axis) there is a uniformly
distributed pressure of 0.107 MPa (for a static pressure
sensor) and 0.131 MPa (for a total pressure sensor) with
step of load application 0.005 MPa.

I1.2.3.  Original Pressure Sensor Experiments

Reached results reliability has been assessed with
experimental data obtained in [8]-[10] and the data
obtained by the authors during original pressure sensor
experiments (Figs. 2).

Experimental studies have been carried out in
accordance with a typical method for collecting and
processing experimental results. The considered sensor
(Fig. 2(b)) basis is a linear CCD photodetector 2. The
accuracy of measurements using such structures depends
on the geometric dimensions and the distance between
the pixels of the photodetector as well as the methods of
control and processing of signals coming from the
photodetector.

Distance between photodetector pixels
significant effect on the measurement accuracy.

STM32F4 series microcontrollers control program,
which provides measurement of linear displacements on
ID CCD matrix [18], has been developed. Program
provides to control electrical pulses generation for the
ILX554B type photodetector and the incoming electrical
signals conversion into a digital code followed by its
mathematical processing and obtained results output
through the USART interface.

TABLEI
MATERIAL AND GEOMETRIC DIMENSIONS
OF ELASTIC SENSITIVE ELEMENTS
Ne n,

has a

o ESE material ESE sideview R, mm h, mm H, mm
ESE bes-
o CuBeNITE o eidal 35,98 013 1088 4
Bronze

p  CuBeNICO) Gohigat 25 022 075 3
Bronze

3 C“?;ZN‘(C") Sinusoidal 2325 0,145 026 6
ronze

4 CuBeNiTi Sinusoidal 2475 0,135 04 12
Bronze

5 CuBeNi(Co) Serrated 27,74 015 054 5
Bronze

6 Cu%eZNl(Cv) Sinusoidal 2492 013 042 8
ronze
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(b)

Figs. 2. Experimental setup: (a) photo of the setup, (b) design of the
setup sensor: 1 - ESE, 2 - photodetector, 3 - optical radiation source, 4 -
shutter, 5 - slot

Program  significantly  increases  measurement
accuracy of linear ESE displacement sensor using optical
converters  since  polling double analog-to-digital
conversion on one pixel. During the experiment, two
elastic sensitive elements No. 5 and No. 6 (Figs. 3) have
been used.

=

()

Figs. 3. Photos of experimental samples: (a) ESE No. 6, (b) ESE No. 7
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III. Theory and Calculations

IIl.1. Elastic Sensitive Element Calculating Method
Development Considering the Secondary
Transducer Functionality and the Regularity
Changes in the Measured Physical Quantity

The first works presenting a method for calculating
corrugated membranes were published by D. Panov [5]
and V. Fedosyev [6], [7] almost 77 years ago. In the
work of D. Panov, equations that allowed obtaining a
static characteristic of the membrane for large static
deflections with a very flat sinusoidal corrugation are
derived.

However, the results of calculating static membrane
deflections using these equations have differed
significantly from the values of real deflections.

A significant contribution to the development of
methods for static corrugated membranes calculation has
been made by L. Andreeva. In her works [7]-[10] an
effective method of approximate static membranes
calculation with corrugation of arbitrary shape and depth
is determined. The main calculated expression is [10]:

1)

where p is the pressure at a given center deflection of the
membrane in Pa, R is the membrane radius in mm, ®y is
the membrane center deflection in mm, E is the Young's
modulus in Pa, @ and b are coefficients depending on the
membrane profile’s shape and the material nature, n and
& are coefficients depending on the profile shape and the
rigid center radius.

Below, there is the justification of the algorithm
developed by the authors, which allows considering
secondary converter technical characteristics and
calculating the main design parameters of elastic
sensitive elements in almost the entire range of their
standard sizes.

In order to consider the secondary transducer technical
characteristics, the secondary transducer sensitivity
threshold S should be set in mm and represent the
deflection of the center of the membrane as:

wo, = Si o))

where 7 is the measurement step, i.e. integer values from
1 t0 ijpax™ ®omax 7 S-

Fig. 4. Geometric dimensions of the membrane: R is the working radius
of the membrane, r is the radius of the rigid center, h is the thickness of
the membrane, 7 is the depth of the corrugation, | is the wavelength of
the corrugation, ¢ is the angle of wave inclination, a is the width of the
trapezoid (for the trapezoidal profile of the membrane)

, Vol. 16, N. 1

Review of ical Ex

76



R. Borisov et al.

The sensor's sensitivity threshold is understood as the
minimum deflection of the membrane rigid center
recorded during processing of the signal from the
photodetector array. By transforming expressions (1) and
(2), the following is obtained:

_ Si (SH*\ Eh*
P =|na n +¢b B RE
where P; is the measured pressure at the i - measurement

step. The value of the height H at a given value of the
static pressure P is determined by the equation:

(3)

PN\ T,
H=|1- (—) —

Py T
where Py is the pressure at the reference height in Pa, T,
is the temperature at zero height in K, 1 is the
temperature gradient in °C /m, R is the gas constant in
m/° C, H is the height in m. By transforming expressions
(3) and (4), the following is obtained:

“4)

(Si)3) En*\"

Si
(ra + &0 5 ) 7w Ty

Py T

= ®)

where H; is the measured value of the height at the 7 -
measurement step. The concept of the Dy; measurement
at the / measurement step for pressure sensor
measurement error estimation has been introduced:

Dy = Hyyy — H; (6)

This parameter has been used as a reference parameter
for the pressure sensor measurement error assessment at
the stage of developing an elastic sensitive element.

The pattern of Dy; change at the heights working
range depends on the characteristics of the elastic
sensitive element. If ESE characteristic is close to linear
from pressure (Fig. 5(a)) then the Dy, discreteness
increases significantly with height, which leads to a
decrease in the measurement accuracy. If ESE
characteristic is linear in height (Fig. 5(b)) then Dy; =
const. It is possible to obtain such ESE characteristics,
which will ensure the specified height measurement
accuracy in accordance with the requirements of
Airworthiness Standards by changing the geometric
dimensions of the ESE. Highly sensitive secondary
transducers such as photodetectors application make it
possible to increase ESE thickness, which has a positive
effect on its durability, dynamic stability and allows
avoiding elastic after effects. Expression (5) and (6)
analysis shows that the discreteness value is influenced
by ESE geometric dimensions, its profile and material as
well as secondary transducer sensitivity threshold value.

The lower the secondary converter sensitivity
threshold other things being equal is, the lower the
discreteness value is and accordingly the higher the
measurement accuracy is.
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H,
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3 i i1 imin
®

Figs. 5. Characteristic of an ESE:
(a) linear in pressure, (b) lincar in height

In a similar way, the speed sensor measurement
discreteness has been defined. It is known that:

pc?
P =P+
+ 2

Since vacuum is used as a reference pressure to
measure static and total pressures in the proposed sensor
ESE has an initial loaded state i.e. the membrane is bent
by the amount ey, under the action of the static pressure
P. Then, by transforming expressions (3) and (7), the
following is obtained:

woer + St woer + S1)%\ Eh*
2((]1@( et 50, ey (et ))F'P>

¢ =
' P
and:
P pct
i =5

where P 4,; is the dynamic pressure at speed ¢;:
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where, P”; is the total pressure at speed ¢;. Discreteness of
measurements Dc; at speed c; is:

Dei = i1 — ¢

The algorithm given allows calculating ESE main
design parameters practically in the standard sizes entire
range and considering the technical characteristics of the
secondary converter at various values and patterns of
change in the measured physical quantity.

IV. Results

IV.1.  Results of Static Characteristics
of the ESE Numerical Simulation

Table II shows the materials used and the geometric
dimensions of the studied samples of elastic sensitive
elements. ESE calculation for a static pressure sensor the
range of heights from - 500 m to 20,000 m has been
considered. The value of the sensor sensitivity threshold
has been taken as S = 0.001. Table IT shows the values of
the measurement discreteness by heights as well as the
minimum measured pressure P, and the maximum
deflection of the membrane @y, ESE calculation for
the total pressure sensor the speed range from 0 to 800
km/h has been considered. The sensor sensitivity
threshold has been taken as S = 0.001. Table III shows
the values of the measurement discreteness in terms of
flight speeds.

TABLE T
DISCRETENESS OF MEASUREMENT BY HEIGHTS
Ne ESE 2 3 5
2500-0 m. 10 18 9
0-600 m 10 18 9
Discreteness of 600-3000 m 12 18 J
measurement by 3000-6000 m 14 19 9
fanges of heights  0000-9000 m 18 19 9
€ € 9000-12000 m 24 19 10
12000-15000 m 35 20 11
15000-20000 m 62 22 16
Minimum m"’“’“;fld ORI 6648 1683 20,53
Maximum deflection of the membrane 1,024 1245 2,085
Bomge, MM
TABLETI
DISCRETENESS OF AIRSPEED MEASUREMENT
NeTST 0 7 3
50 7,40 25,00 22,00
80 4,80 16,00 17,00
100 3.80 13,00 12,00
150-200 2,00 7,60 6,00
250 1,62 6,00 5,60
Discreteness of 300 1,36 5,00 4,70
airspeed 350-450 L17 3,60 4,10
measurement 500 0,87 3,20 3,50
550-600 0,73 2,80 2,60
650 0.69 2,70 247
700 0,65 2,50 233
750 0,62 2,40 2,20
800 0.59 2.30 2,10
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IV.2.  The Result of Modeling Elastic-Plastic
Deformations of Membranes by The Finite
Element Method Using the ANSYS Software
Package

As a program result system in the form of deformation
fields, stress distribution and the values of the safety
factors have been obtained. Table IV shows the results of
solving elastic-plastic problems by the finite element
method.

IV.3.  Experimental Verification of the Results Obtained

The proposed design of the sensor, the developed
algorithm for control and the data processing provide
deflection measurement of the membrane center with an
absolute error of A = £ 0.00036 mm (Fig. 6). In Figs. 7,
comparative results of membrane deflections are
obtained by the analytical method using the ANSYS
software package and experimental data are presented.

V. Discussion

The efficiency of the static pressure sensors ESE is
largely determined by the implemented static
characteristic [33] and in the proposed version by linear
CCD at the output with a nonlinear change in pressure at
the input. The pressure drop determination is required to
carry out ESE deformation within the specified limits for
the static pressure sensor according to the known pattern
of pressure (Py) change in with flight altitude:

1
TH\TR
= - ®)
Py Pg(l To)

where Py is the pressure at zero altitude, 7y is the
temperature at zero altitude, 7 is temperature gradient, R
is the gas constant, H is the current altitude.

TABLE IV
FINITE ELEMENT METHOD RESULTS

No ESE Total deformation Equivalent stress, Safety
(©umax, MM) MPa factor

1 4,7407 11852 1,01

2 1,037 1.7

3 1,58 614,52 1,95

4 2,16 716,12 1,68

5 1,364 544 22

6 1,676 790,36 1,52

A, mm

0,0002

0,0003 -

0,0004

Fig. 6. The absolute error of the optical transducer
ESE rigid center displacement

International Review of Mechanical Engineering, Vol. 16, N. 1

78



R. Borisov et al.

®(), mm

25T

LS|

0,02 0,04 0,06 0,08 P, MPa
(©)

0, mm

20+
15F

0,5

0,02 0,04 0,06 0,08 P,MPa
(e)

0

®p, mm

1,0
0.8
0,6
04 F

0,02 0,04 006 P, MPa
(b)

@0, mm

20

15t

1,0 -
05

0,02 0,04 0,06 0,08 P,MPa
()

0

®p, mm

20
L5r
1.0 -
0,5

0,02 0,04 0,06 0,08 P,MPa
()

0

Figs. 7. Results of modeling the clastic sensitive clements static characteristics:
(a) ESE Ne 1, (b) ESE Ne 2, (c) ESE Ne 3, (d) ESE Ne 4, (¢) ESE Ne 5, () ESE Ne 6

The maximum membrane deflection @y is achieved
at H,,;,, the minimum is ©yy, at H,x. Assuming that the
characteristic of the ESE is linear in height, the equation
of a straight line passing through two points with
coordinates (@omax, Himin) and (Oomin, Hinax) i obtained:

(@ = @omax ) (Hmax — Hunin)

@min ~ Womax

H=

+ Hunin €}

where @y is the deflection of the elastic sensitive element
at height H. The elastic element is deformed due to the
pressure difference AP:

AP = Py — Pyoe (10)
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36

where, P, is the reference pressure (vacuum pressure).

Transforming (8) and (9) into (10), the pressure drop
value required to carry out deformation within the
specified limits of the ESE for the static pressure sensor
has been obtained:

AP = Py x

1
((wo_wo,nax)x) ®
‘r( X (Hmay = Hinin) )+ an

@min ~ @omax

+Hin

X\1— +
To
P
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The maximum value of the membrane deformation
@omay 18 determined both by the geometric dimensions of
the elastic sensitive element and by the technical
capabilities of the secondary transducer. Similarly, the
determination of the value of the pressure difference
necessary for the implementation of deformation within
the specified limits of the elastic sensitive element for the
total pressure sensor is carried out according to the
known pattern of pressure change P* from the flight
speed. Thus, the presented calculations make it possible
to determine the total pressure sensor elastic element
characteristics  starting from the sensitivity of the
secondary sensor. An aerometric pressure sensor
characterized by application of CCD has been used as a
secondary measuring transducer. Optical method applied
as a secondary aerometric pressure transducer provides
contactless interaction between the primary and
secondary transducers of the sensor. The high sensitivity
of CCD helps to minimize elastic sensing element
deformation by providing minimum values of equivalent
stresses and high values elastic element safety factor,

A method for elastic sensitive element calculating
considering pressure transducer technical characteristics
as CCD sensitivity threshold and the pattern of change in
the measured pressures is proposed. This method allows
evaluating the accuracy characteristics of an aerometric
pressure sensor at the design stage that speeds up their
development process. For example, in Tables II and III
the results of numerical simulation, which reflect the
discreteness of aerometric parameters measurement for
various elastic sensitive elements with a sensitivity
threshold S = 0.001 mm are presented. The results of
calculating the equivalent stresses and the safety factor
by the finite element modeling method showing that the
developed elastic element have sufficient strength is
presented in Table IT1. Table IT shows that ESE No. 2 and
No. 5 with a given measurement discreteness provide the
required measurement accuracy that meets the
requirements of Airworthiness Standards. Table IV
shows that the best samples of sensors have an error no
more than 0.01 - 0.02% of the measurement range. Such
high accuracy is imposed to the sensors in connection
with the need to calculate the motion parameters at a
level that meets international requirements. Figures 7
show that the discrepancy between the results of
numerical modeling of the static characteristics of the
ESE from the experimental data is no more than 15% of
the membrane rigid center working deflection; when
using the ANSYS software package, no more than 9%.

VL

As the result of the work, an original design of the
pressure sensor based on the optical method of
information conversion, which has high metrological
characteristics, has been created. An original method for
calculating elastic sensitive elements considering the
sensitivity threshold of the CCD and the pattern of
changing the measured pressure gradient depending on

Conclusion
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the altitude and speed parameters of the aircraft is
proposed. Numerical modeling of the accuracy
characteristics of pressure sensors by analytical and finite
element modeling methods and a comparative evaluation
of the results have been performed. The results of the
experiments carried out by the authors and the results of
the experimental studies of the authors indicated in the
list of references confirm the adequacy of theoretical
methods for calculating the parameters of elastic
elements for pressure sensors. Authors identify the main
directions for further work on the research and
development of aerometric pressure sensors based on
CCD establishing the influence of external and boundary
conditions on the accuracy of measuring altitude-velocity
parameters based on the research.
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Abstract: Forward error correction (FEC) codes combined with high-order modulator formats, i.e.,
coded modulation (CM), are essential in optical communication networks to achieve highly efficient
and reliable communication. The task of providing additional error control in the design of CM
systems with high-performance requirements remains urgent. As an additional control of CM
systems, we propose to use indivisible error detection codes based on a positional number system. In
this work, we evaluated the indivisible code using the average probability method (APM) for the
binary symmetric channel (BSC), which has the simplicity, versatility and reliability of the estimate,
which is close to reality. The APM allows for evaluation and compares indivisible codes according
to parameters of correct transmission, and detectable and undetectable errors. Indivisible codes
allow for the end-to-end (E2E) control of the transmission and processing of information in digital
systems and design devices with a regular structure and high speed. This study researched a fractal
decoder device for additional error control, implemented in field-programmable gate array (FPGA)
software with FEC for short-reach optical interconnects with multilevel pulse amplitude (PAM-M)
modulated with Gray code mapping. Indivisible codes with natural redundancy require far fewer
hardware costs to develop and implement encoding and decoding devices with a sufficiently high
error detection efficiency. We achieved a reduction in hardware costs for a fractal decoder by using the
fractal property of the indivisible code from 10% to 30% for different n while receiving the reciprocal
of the golden ratio.

Keywords: coded modulation; error-correcting codes; error-detecting codes; indivisible codes; fractal
decoder; short-reach optical interconnects

1. Introduction

With the development of the 5G network architecture, 4K /8K video streaming, the
Internet of Things (IoT), cloud computing, and other modern technologies, the task of
improving the reliability of data transmission remains urgent [1]. With an increase in the vol-
ume of the transmitted information and growing traffic, a strong candidate is PAM-M since
it possesses cost-effectiveness, spectral efficiency, energy efficiency, and simplicity [2-6].
Although it is studied for short-reach networks, PAM-M format modulation was considered
for C-band mobile and interdata centre networks.

Optical communication systems need to maintain highly efficient and highly reliable
communications using digital signal processing (DSP), forward error correction (FEC), and
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modern coherent technologies via techniques such as pulse shaping. Using high spectral
efficiency (SE) modulation formats and powerful FEC techniques is one way to address the
Internet’s exponential traffic growth and improve transmission reach. In theory of codes,
there are a few types of FEC codes, such as hard-input hard-output (HIHO) and soft-input
soft-output (SISO) decoders. HIHO decoding uses hard values, in which the output is
quantized only to two levels. In contrast, SISO decoding uses soft values, where confidence
information for the decision is not just one or zero decisions. This “soft information” is
often represented using logarithmic likelihood ratios (LLRs) that operate as the input of
soft-decision FEC decoders [7-10].

When post-FEC bit error rate (BER) is concerned, a minimum of 1072 or preferably
10~1% is generally required [11]. HD-FEC codes that meet system needs of 100 Gb/s
and beyond typically have a more negligible overhead, and do not require costly A/D
converters for their implementation. From this type of code, the best net coding gain
(NCG) at 10~ '* post-FEC BER is provided by concatenated interleaved Bose-Chaudhuri-
Hocquenghem (CI)-(BCH) 4 with a 20% overhead (OH) [12,13] and Turbo Product code
with shortened BCH component codes [14], whereas CI-BCH 4 with 7% (OH), Swizzle [15]
and Staircase codes [16] achieves the most outstanding performance for a standard (7%)
OH. From the class of SD-FEC codes, the spatially coupled type low-density parity-check
(LDPC) code [17] exhibits the highest NCG at a 10~ post-FEC BER, with OH is at 5%
higher than that of the other described FEC codes. LDPC-CCs [18] and ViaSat’s TPCs [19,20]
are the two implemented schemes with the greatest correcting performance with a 20%
OH at a post-FEC BER of 10~ '%. Some of the other proposed LDPC-based codes also
achieve similar or even better performance (e.g., large-girth LDPC [21,22] or nonbinary
QC-LDPCs [22,23]).

Positional number systems, on the basis of which indivisible codes are generated,
such as noninteger position number systems based on the golden ratio, Fibonacci [24-28],
binomial, and permutation codes, were researched in [29,30], or quaternary imaginary
number systems [31]. The Fibonacci code is an error detection code capable of detect-
ing errors in both transfers of information and processing, i.e., has an end-to-end (E2E)
control property. This code is most effective in asymmetric channels for processing and
transmitting information in which the errors’ type is 0—1. This asymmetry is compen-
sated for by using FEC codes with artificial redundancy, thereby obtaining a cumulative
effect of improved interference resistance [24-28]. The Fibonacci code is effectively used
for computer arithmetic and developing digital devices on their basis. A new method
for representing images using a nonstandard positional number system was developed
and considered [32]. The residue number system (RNS) arithmetic is effectively used in
design technologies and new applications in cryptography, machine learning, and deep
convolutional neural networks, Internet of Things (IoT) devices, postquantum algorithms
and circuits, embedded processor design, and other related emergent topics [33-36].

The main criterion for any error control codes (ECC) is the use of redundant infor-
mation contained in the encoded words, which is typically artificially introduced into
them. Another type of redundant coding uses natural redundancy in the codewords. The
application of natural redundancy codes requires far less hardware to synthesize encoding
and decoding devices, and uses more straightforward methods to accomplish these tasks.
Indivisible codes are practical to use for constructing coding and decoding devices. An
end-to-end (E2E) control is possible in them, both transmitting information and processing,
which can considerably improve their efficiency. The positive effect is achieved due to
the use of indivisible codes to control digital devices that process information, and for
communication channels. It reduces hardware expenses required for the work of a network,
and increases performance speed and reliability. In addition, the application of hybrid types
of ECC in optical communication systems using natural redundancy can be significantly
enhanced by using codes with artificial redundancy. In this way, using relatively fewer
complex algorithms in encoding and decoding devices for hardware implementation can
achieve more effective indicators to protect transmitted and processed data.
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E2E data control enables both transmission and digital devices, which significantly
improves the efficiency of information systems. Codes involving artificial redundancy are
designed only for error control tasks in either communication channels or information
processing systems and do not allow for E2E data control. This creates effectively evaluating
indivisible error detection codes with natural redundancy for their further application in
digital devices and systems. As an additional control, indivisible codes can be used in
conjunction with FEC codes, making it possible to simplify implementation methods of
encoding and decoding devices with significant error detection properties.

In this paper, we investigate a fractal decoder, which was implemented in FPGA using
Intel Quartus Prime software. The device was investigated for a 56 and 35 Gbaud PAM- M
(M = 4, 8) modulation with Gray code mapping using wavelength division multiplexed
(WDM) optical interconnect model with a standard single-mode fibre (SSMF) and erbium-
doped fibre amplifier (EDFA). We investigate the combination of an indivisible natural
redundancy error detection code with an artificial redundancy FEC based on the interleaved
BCH + LDPC and RS + LDPC FEC. We also evaluate the indivisible error detecting code
using the average probability method (APM), which demonstrated that the simplicity,
versatility, and reliability of estimation is close to reality. This shows that it is possible to
reduce the saving hardware costs of the fractal decoder by using the fractal property of
indivisible code. An increase in the savings in hardware costs occurs with an increase in
the code length of the indivisible code, which is limited to the reciprocal of the golden
ratio. With fractal decoding, the signal delays twice as much as the standard method of
constructing line Fibonacci decoders.

The paper is structured as follows: Section 2 presents the theoretical aspects and
estimation of the indivisible code based on the APM for a binary symmetric channel (BSC).
Section 3 analyses the 56 and 35 Cbaud wavelength division multiplexed (WDM) short-
reach optical interconnects for PAM-M (M = 4, 8) modulation with Gray code mapping
with SSMF and EDFA. EDFA is used for signal amplification and to investigate the code
performance in the presence of ASE noise. The simulation results of the WDM optical
interconnect model with interleaved BCH + LDPC, and RS + LDPC with the fractal decoder
device are also presented in Section 3. Section 4 investigates the fractal decoder device for
the indivisible error-detecting code implemented in FPGA software. Lastly, we conclude
this paper in Section 5.

2, Theoretical Aspects and Estimation of Indivisible Code Based on APM
2.1. Theoretical Aspects of Indivisible Code

In this paper, we use the Fibonacci indivisible error-detection code. The Fibonacci
number system makes it possible to generate the Fibonacci code, consisting of Fibonacci
numbers whose weights are a sequence of numbers 1,1,2,3,5,8, ..., F;.

Equation (1) defines a sequence of numbers in an indivisible code [37-39]:

Fy=Fy1+Fi 2. )

It follows from Equation (1) that each subsequent element of the Fibonacci series is

equal to the sum of its two preceding elements. The quantitative value of the Fibonacci num-

bers is set by a numbering function whose weights are the Fibonacci numbers represented
as Equation (2) [25-28]:

N=ayFy+a, 1F,q+...+aF+...+a b 2)
where 4; € {0, 1} is the binary digit of the i-th bit in the positional representation of a number;
n is the length of the code; F; is the weight of the i-th bit, which is equal to the i-th Fibonacci
numbers. The abbreviated form of Equation (1) is shown as Equation (3) [25-28]:

Ny = apay_1,...,4;,...,a1. 3)
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Table 1 shows the indivisible code for n = 8 and numbers N = 25, 54, 33, with bit
weights 1,2, 3, 5,8,13,21, 34.

Table 1. Indivisible code for = 8, N = 25, 54, 33, for bit weights 1,2, 3, 5, 8, 13, 21, 34.

Bit Number 8 7 6 5 4 3 2 1
Bit Weight 34 21 13 8 5 3 2 1
N=25 0 1 0 0 0 1 0 1
N =54 1 0 1 0 1 0 1 0
N=33 0 1 0 1 0 1 0 1

The range of Fibonacci numbers is determined from Equation (4) [25-28]:
P=F,+F @)

where Fy, is the weight of the n-th bit of the Fibonacci numbers; F;; 1 is the weight of the
n—1 bits of the Fibonacci numbers.

Using two binary numbers, the range of Fibonacci numbers equals P, =1+ 1 =2, for
P3=2+3=35,for Py =3+ 5= 8. This code prohibits having two unities side by side, which
is a sign of an error. If there are three neighbouring unities in the code combination, the
middle bits can be corrected by inverting it to zero, resulting in a correction in the error-
detecting code. Thus, the indivisible code can detect errors and correct some, transforming
this code into an FEC code.

The fractal structure of the indivisible code with 1 = 5 is shown in Table 2.

Table 2. Fractal structure of indivisible code.

Code Combinations Code Combinations
Fractal 1 Fractal 2
Bit Number 5 4 3 2 1 Bit Number 5 4 3 2
Bit Weight 8 5 3 2 1 Bit Weight 8 5 3 2 1

-

Ne X5 X4 X3 X2 X1 Ne X5 Xg X3 X X1
0 0 0 0 0 0 8 1 0 0 0 o
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
L -

5 0 1 0 0 0

6 0 1 0 0 1

7 0 1 0 1 0

The indivisible code possesses the property of self-similarity consisting of fractals with
several ranks. Equation (1) forms the fractal of the first rank, from which multifractals of
the second, third, etc. are constructed ranks. Table 2 shows that the fractals of the first rank
are the first five bits with 0 in the MSB, and the last five bits with 1 in the MSB. Bits 0 or 1 in
the MSB are identifier fractals 1 and 2. Thus, they are enough to decode one of the fractals
and save hardware costs. The line decoder decodes the nonfractal part of the code.

2.2. Estimation of Indivisible Code Based on Average Probability Method (APM)

We applied the APM for the BSC to estimate the indivisible code. The APM determines
the probabilities of the transitions of code combinations of an indivisible code into proper,
allowed, and prohibited classes. The APM possesses simplicity, versatility, and reliability
of estimation, close to reality [40].
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The probability of the proper transition of the indivisible code is represented by
Equation (5):

M
C=} Py ©)
i=1

where P; is the probability that an information source generates the i-th code combination;
pf is the probability that the i-th code combination is properly transferred into the i-th
code combination.

The probability of undetectable erroneous transitions of the indivisible code is repre-
sented by Equation (6):

M
V=3 Ppf, ()
i1
where p} is the probability that the i-th code combination is erroneously transferred into
the class of code combinations that is not detected.
The probability of an erroneous transition of the indivisible code is represented by
Equation (7):
M
pi= Y vl ?
J=LA
where p;‘) is the probability that the i-th code combination is erroneously transferred into

the j-th allowable code combination.
The probability of the detected error is determined from Equation (8):

M
z=Y Pp} ®)
j=1

where pf is the probability that the i-th code combination is erroneously transferred into
the j-th allowable code combination, and represented by Equation (9):

N
=3 ©)
1

f=M-+

where p;’/ i is the probability that the i-th code combination is erroneously transferred into
the j-th prohibited combination.

Figure 1 shows the possible transformations of 2f code combinations of indivisible
code into classes C, V, Z.

—X

</
\d
\
X
/
eleee

=
—eOr’ -

Figure 1. Possible transformations of code combinations of indivisible code into classes C, V, Z.

88



Entropy 2022, 24,122

60f15

9.9x107 4

C

Logio(

9.6x10™ 4

9.5x107"

10°

980"

9.7x10™4

The input data for the APM are the probabilities of the transition of 0 to 0 (ppp) and 1
to 1 (p11). The probability of an erroneous transition of 0 to 1 and 1 to 0 is determined by
por=1—poo, pro=1—pa-

Figure 2 shows the probability of the proper data transmission of the indivisible code:
(a) Log;o(C) from n, for example, for p1g =3 x 10743 x 107%;3 x 1076, and Po1 =3 % 1073;
3 x 1074 3 x 1075; (b) Log;(C) from Log;o(p1) for pig = 1.5 x 1072-1.5 x 1077;3 x 1073
3% 10775 x 10735 x 107, at n = 6.
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Figure 2. Probability of proper data transmission of indivisible code (a) Logio(C) from n for
p10=3x%107% 3 x 1075 3 x 1075 and pp1 = 3 x 107%; 3 x 107%; 3 x 1075; (b) Logio(C) from
Logio(p1o) for p1o =15 x 1073-1.5 x 1077; 3 x 1073-3 x 1077;5 x 1073-5 x 1077,

Figure 2a shows that, with an increase in #, the number of bits in which an error of the
indivisible code is possible increases. The probability of correct transmission decreases with
increasing 11, but in some cases, it reaches 99.9%. Figure 2b shows that, with the probability
value (p1p) decreasing, the likelihood of correct data transmission increases at 1 = 6.

Figure 3 shows the probability of an undetectable error of the indivisible code:
(a) Logip(V) from n for p1o =3 x 10743 x 10753 x 1076, and pg1 =3 x 10733 x 1074
3 x 1073; (b) Log10(V) from Logio(po1) for po1 = 1.5 x 1073-1.5 x 1075;3 x 1073-3 x 10°;
5x 10735 x 1074, atn = 6.
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Figure 3. Probability of an undetectable error of the indivisible code (a) Logyo(V) from n for
Pro=3x107%3 % 107%; 3 x 107%, and pg; = 3 x 107 3 x 107% 3 x 1077; (b) Logyo(V) from
Logio(por) for por =15 x 1073-1.5 x 107%;3 x 1073-3 x 107;5 x 10735 x 10°6.
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Figure 3a shows that the probability of an undetectable error of the indivisible code
increases with n. Figure 3b shows that, with a decrease in the probability value (py;), the
probability of an undetectable error V decreases at 1 = 6.

Figure 4 shows the probability of a detected error of the indivisible code: (a) Logi0(Z)
from n for pig =3 x 1074, 3 x 1075, 3 x 107¢, and pg; =3 x 1073, 3 x 10743 x 1075;
(b) Log10(Z) from Logio(p1o) for pg = 1.5 x 1073-1.5 x 107%;3 x 1073-3 x 1076; 5 x 1073-
5x107%atn=6.

104 . - - - 5
10~ |
1074 4
]0-3_//—9/1 S0t ] .
=
=]
=104 |
104
= pg=3x10*, py=3x107 10°4 —m—p,=1.5x10°-1.5x107
o= pyy3x10%, py=3x10° —— pyy=3x107:3x107
32106 —3%10°] S ——— 3.5%107
105 | [P\ P3XI07, foy=3R1G 10 I | A Do 5x10 5. Eo
5 10 15 20 25 107 10 10° 10 103
n Logio(pyg)
(a) (b)

Figure 4. Probability of an error detected in the indivisible code. (a) Logio(Z) from n for
Pr0=3%x10"%3 x 1075 3 x 1076, and py; = 3 x 1073; 3 x 1074 3 x 105; (b) Logy(Z) from
Logio(por) for por = 1.5 x 1073-1.5 x 1077;3 x 1073-3 x 1077;5 x 10735 x 10~7.

Figure 4a shows that the probability of a detected error in the indivisible code increases
with n. Figure 4b shows that, with a decrease in the probability value (py), the probability
of the detected error decreases at n = 6. The APM allows for the evaluation of codes with
any code distance, starting from code distance d = 1. The APM makes it possible to compare
and estimate error probability, in both the processing and transmission of indivisible codes.

3. System Model, Achievable Rates and Numerical Analysis of an Optical System
3.1. System Model and Achievable Rates

Figure 5 shows a five-channel WDM optical interconnect model that integrates con-
catenated FEC based on BCH + LDPC, RS + LDPC FEC with an interleaver or deinterleaver,
and the indivisible code with the fractal decoder.

[ SPCP

oLt ODN

il | ave PR
L

Indivisiable
Decoder

ONTT
oy
Bl - . Bl i gg é‘i
SSMF NF-3 dB 8

CTv #=261

- |

) ™ ;
10880 1ada

Indivisisble
Decoder

Figure 5. WDM optical interconnect model.
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The architecture of the 5 WDM-channel PAM-M with Gray code mapping and simple
pulse-shaping comprises a pseudorandom binary sequence (PRBS) generator; indivisi-
ble encoders; interleaved BCH + LDPC, RS + LDPC FEC encoders; optical transmitters
(Tx1—Txy), which consist of central office (CO); optical distribution network (ODN); sub-
scriber premises / customer premises (SP /CP); optical line terminal (OLT); channel terminals
(CT,-CTy), arrayed waveguide grating (AWGs) N x M multiplexers/M x N demultiplex-
ers; single-mode fibre (SSMF) and EDFA amplifier with 3dB noise figure; remote node
(Ry); optical network terminals (ONT;-ONTy), which comprises the receivers (Rx;—RXyy),
interleaved BCH + LDPC, RS + LDPC FEC, and indivisible decoders.

The 5-channel WDM optical interconnect model with PAM-M modulation format was
chosen as the primary system parameters: the channel spacing was chosen to be equal
to 100 GHz according to the ITU-T G.694.1 recommendation [41], the central frequencies
were set to 193.1 THz (optical C-band), and the data rate per channel was 56 and 35 Gbaud
for PAM-M (M = 4, 8). The optical line terminal (OLT) comprises N-channel terminals
(CT), comprising N-optical transmitters (OT), where N is the transmitter number. The CTy
block includes the continuous wave (CW) lasers and Mach-Zehnder modulators (MZM)
with a 30 dB extinction ratio, and CW lasers with an optical output power of +11 dBm. In
the AWGs, the following parameters are used according to the commercial datasheet: an
operation range of 193-193.5 GHz, a Gaussian passband, a 3 dB bandwidth of 75 GHz, and
an insertion loss of 3 dB per channel.

Table 3 shows the simulation setup parameters for the 5 WDM optical interconnect.

Table 3. Simulation setup parameters for 5 WDM optical interconnect.

Parameter Name Value
WDM channels 5
Baud rate 56 (PAM-4), 35 (PAM-8) Gbaud
Pulse shaping Simple
Channel frequency spacing 100 GHz
Attenuation 02 dB/km
Dispersion parameter 16 ps/(mm x km)
Nonlinear coefficient 2.6 x 10720 m2/W
EDFA noise figure 3dB
Coded modulation PAM-M, Gray code mapping

The data are transmitted through a standard ITU-T G.652 SSMF span from OLT block
with attenuation coefficient, 0.2 dB/km; dispersion slope, 0.08 ps/ nm2; dispersion coeffi-
cient, 16 ps/(nm x km); and nonlinear index, 2.6 x 10729 m2 /W at reference wavelength
1550 nm [42]. The SP/CP includes N optical network terminals (ONTs), which consist
of PIN receivers with thermal noise of 7.0 x 10712 A/Hz!/2, dark current 5.0 x 1078 A,
4-pole order low-pass Bessel electrical filter with 18.75 GHz frequency band, deinterleaved
BCH + LDPC; RS + LDPC FEC, and indivisible fractal decoders.

3.2. Numerical Analysis of an Optical Systen

The WDM optical interconnect model used concatenated codes, for instance, the
indivisible error-detection code, interleaved BCH + LDPC (with shortened BCH codes),
and RS + LDPC FEC. We used the fractal decoder for indivisible code, Berlekamp-Massey
algorithm (BMA) for BCH and RS, and belief propagation algorithm (BPA) for LDPC FEC.

The RS (15, 5) FEC code used 200% overhead (OH), and code rate R. = 0.33. We con-
sidered the LDPC FEC code from the digital video broadcasting satellite second-generation
standard with code rate Rc = 0.75 with 33.3% overhead (OH), block length of # = 64,800 bits,
and 50 decoding iterations [43].

We investigated the received optical power (ROP) and optical signal-to-noise ratio
(OSNR) with concatenated FEC codes for the particular bit error rate (BER) for the WDM
optical interconnect model. Figure 6a,b show the BER value change with the ROP of the
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Logio(BER)

Post-FEC Log10o(BER)

central WDM channel. Transmission distances 1000 m for PAM-4 (56 Gbaud) and PAM-
8 (35 Gbaud) modulation formats with interleaved BCH + LDPC and RS + LDPC FEC.
Figure 7 shows the post-FEC BER vs. pre-FEC BER performance of central WDM channel
for PAM-4 (56 Gbaud) and PAM-8 (35 Gbaud) modulated with an optical signal-to-noise
ratio (OSNR) and EDFA for (a) PAM-4 modulation format with interleaved BCH + LDPC,
and RS + LDPC FEC, (b) PAM-8 modulation format with interleaved BCH + LDPC and
RS + LDPC FEC.
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Figure 6. Post-FEC BER vs. ROP with 56 and 35 Gbaud B2B and 1000 m SSMF for (a) PAM-4
modulation format with interleaved BCH + LDPC and RS + LDPC FEC, and (b) PAM-8 modulation
format with interleaved BCH + LDPC and RS + LDPC FEC.
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Figure 7. Post-FEC BER vs. pre-FEC BER with 56 and 35 Gbaud PAM-M (M = 4, 8) modulation
formats with OSNR and EDFA for (a) PAM-4 modulation format with interleaved BCH + LDPC
and RS + LDPC FEC, and (b) PAM-8 modulation format with LDPC, interleaved BCH + LDPC and
RS + LDPC FEC.

Error statistics and post-FEC simulations use the Monte Carlo (MC) BER measure-

ment up to 1077, using the standard [11] expected BER up to 10715, Compared to the
BCH + LDPC FEC, the RS + LDPC FEC coded system, of which the correction symbol
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errors are in each codeword, have the best post-FEC performance and the highest OH
for simulation WDM optical interconnect model. Post-FEC BER values for interleaved
BCH + LDPC and RS + LDPC, which are shown in Figure 6a,b at an ROP, were —18 and
—10 dBm for PAM-4, and —15 and —6 dBm for PAM-8; at a higher ROP, post-FEC BER
values were zero. The post-FEC BER for interleaved BCH + LDPC and RS + LDPC codes in
Figure 7a,b were achieved at an OSNR within the 28-42 dBm and 36-49 dBm for PAM-4
and PAM-8, respectively.

4. Design of the Fractal Decoder Device

Figure 8a,b show the fractal decoder device’s block diagram and circuit diagram. The
fractal decoder device includes a block of switching devices 1 (SW 1.1 and SW 1.2), block of
the error detection circuit 2, and block of line decoders 3, comprising a decoder 3.1 (DC 3.1)
with n — 1 input, forming the fractal part of the indivisible code with (n — 1)F,_; inputs,
and decoder 3.2 (DC 3.2) with »n inputs, forming a nonfractal part of the indivisible code
with n(F,, — Fy_1) =n ((F,—1 + F;_2) — Fy—1) =n X F,_; inputs. The switching devices (SW
1.1, SW 1.2) of block 1, connected to the DC 3.1 and DC 3.2, performed the commutative
switching function of the DC 3.1 and DC 3.2 for the MSB or LSB on the basis of a value of 0
or 1. The MSB transmits to the inverter control input of SW 1.1, and at the same time to the
direct control input of SW 1.2. If the signal is 0, then SW 1.1 is turned on; if it is 1, then SW
1.2. Accordingly, the signal from the output of DC 3.1 appeared at one of the outputs of
SW 1.1 or SW 1.2. The total number of outputs of SW 1.1 and SW 1.2 of block 1 equalled
2 % Fyq.

Error detecting
circuit

1| E— |

T

(b)
Figure 8. (a) Fractal decoder block diagram; (b) fractal decoder circuit diagram.

Decoding the essence was as follows: 4 LSB of fractal 1 repeated in 4 LSB of fractal
2 in Table 2. The difference between these fractals lay in the content of zeros or units in
the MSB. Thus, to decode code fractals, it is enough to decode one of them [15-17]. The
nonfractal part of the indivisible code decodes with the use line decoder.

For example, code combinations of the indivisible code shown in Table 2 transmit
to inputs DC 3.1 and DC 3.2. Decoder DC 3.1 decodes fractal 1 corresponding to code
combinations 0—4 or 8-12. Decoder DC 3.2 interprets fractal 2, corresponding to code
combinations 5-7. Depending on the MSB of the code combination of fractals 1 or 2, one of
the elements of switching devices SW 1.1 or SW 1.2 is triggered. If, as a result of decoding
fractal or nonfractal parts of the indivisible code, an error occurs, characterized by the
appearance of two or more units that are next to each other in the code combinations, at
the output of the error detection circuit, a signal of 1 is indicated.
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The reduced hardware costs of the fractal decoder compared to the line decoder are
due to using one fractal (fractal 1 or 2) in DC 3.1 to decode the code combinations of
both fractals. However, instead of the excluded constituent, the fractal decoder uses the
switching devices with 2-input OR elements, requiring much lower hardware costs than
those of implementing components of the additional fractal part. Due to this, hardware
costs are reduced, and this is more remarkable, the more significant the n of the indivisible
code is.

Decoders DC 3.1 and DC 3.2 are the line decoders. However, opportunities became
available to develop more economical decoder DC 3.1 by analogy with the fractal construc-
tion using the same structure as that of the DC 3.2 decoder. More economical decoders DC
3.1 can be implemented according to multifractal construction until the saved hardware
costs are profitable. In this case, each subsequent DC 3.1 decoder for its synthesis uses the
multifractal of a higher rank—third, fourth, etc.

For example, to implement the fractal decoder for 21 outputs on the basis of a fractal
decoder with 13 outputs, the number 21 is represented as fractal equality of the first rank
21 = ((8 + 5) + 8), which indicates introducing an additional switching device for 16 outputs.
Then, depending on the MSB of decoder 3.2, which includes eight inputs, they are triggered
to one of the switching devices consisting of eight 2-input OR elements of the second stage
with 16 outputs; 5 outputs in this case remain without switching. As a result, any of the
21st indivisible code combinations are decoded. In designing such multistage decoders,
only multifractals of the first and second ranks are used that are then transformed, with the
advent of switching devices, into fractals of second and third ranks, third and fourth, and
50 on, an unlimited number of ranks, thus constructing the multistage decoders.

The method of fractal decoding is as follows:

1. Ina set of the indivisible code f = x1, x2, ..., X}, ..., Xy, fractal parts are found that
are distinguished by the presence of 0 or 1 in the MSB.

2. The fractal part of the indivisible codes decodes by the line decoder (D 3.1).

3. Depending on the signal of the MSB (0 or 1), the first (SW 1.1) or second switch
(SW 1.2) is triggered, wherein its outputs correspond to the numbers of the first or
second fractals.

4. The codes are not included in the fractal part decoding by the line decoder (D 3.2).

5. Ifan erroneous combination is received at the inputs of decoders DC 3.1 and DC 3.2,
inwhichx; x x_;=1,j=1,2,...,n,an error signal is detected.

The primary indicator in developing a fractal decoder device is saving hardware costs,
which are reduced. As a measure for calculating hardware costs, we counted the number
of inputs of logical elements of the fractal digital device and present them as a sum of
inputs. The sum for line decoders equals the rounded product of the number of inputs by
the logarithm of this number. For example, the line decoder for 13 digits has inputs equal
to 13 x 5 = 65. The switching devices (SW 1.1, SW 1.2) that are triggered, depending on the
value of the n-th bits of the MSB outputs of DC 3.2, contain 2 x 2 (F,_1) =4 x F,_; inputs.

The sum of inputs for n-bits fractal decoder:

Su=(n—1)Fy_y+nFyp+4F,_y =nF,_y — Fyy +nF o +4F,_ = nFy_y +nFyp +3F,_1 = nF, +3F,_;.

For the line decoder device, the sum of the inputs for n-bits equals n x F;;,—for
example, if an n = 5 product # x Fyy1 =5 x 13 = 65 exceeds the number of the fractal
decoder elements by 10. In actual conditions, when the numbers of the code combinations
of the indivisible code, as shown in Table 2, exceed ten digits, hardware costs of the fractal
decoder can be significantly reduced [44].

Table 4 shows the number of fractal decoder inputs depending on n.
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Table 4. Number of fractal decoder inputs depending on n.

n Su n Su n Su

2 7 12 321 x 10° 22 6.83 x 10°
3 15 13 559 x 10° 23 115 x 108
4 29 14 9.67 x 10° 24 1.94 % 100
5 55 15 1.66 x 10* 25 3.26 x 10°
6 102 16 2.84 x 10° 26 547 x 106
7 186 17 4.87 x 104 27 9.17 % 10°
8 335 18 8.30 x10* 28 153 x 107
9 567 19 141 x 10° 29 256 x 107
10 1.05 x 103 20 239 x 10° 30 428 x 107
11 1.84 % 10% 21 4.04 x 10° 31 7.15 x 107

Equation (10) shows the number of inputs with minimization function S, to the
number of inputs W =1 x F,,; fractal decoder device without minimization for n:
Su _ nFn+3F, Fy 3F, 1 Fy

= + ~ (10)
w nFy Fupt  nFu1 Fapr

where W is the number of inputs of the fractal decoder device without minimization of
the function.
The absolute value of the number of the saving hardware costs of the fractal decoder:

Q=nF 41— (nFy +3Fy 1) = n(Fy + Fy 1) — nFy — 3F, 1 an
=nFy+nF,_1 —nE, —3F,_1 =nF,_1 —3F_1 = (n—3)F,_1.

Ratio Q/W determines the relative number saving hardware costs of the fractal
decoder device:

nFy Foy1 nFyg Fuiy1’

Q _ nh— (b +3F 1) _ 1_ Foo 3R Fu 12
124

Equation (12) follows the F;; 1 /F;; with the increase in n tending to the reciprocal of
the golden ratio.

Table 5 shows the relative number saving hardware costs of the fractal decoder device
for n.

Table 5. Relative number saving hardware costs of fractal decoder device from n.

7 QIWx100% n  QWx100% n  QWx100% u  Q/W x 100%
5 15.38 19 32.16 12 2877 26 33.78
6 19.23 20 3247 13 29.17 27 33.95
7 21.76 21 3274 14 29.88 28 3412
8 23.89 22 3298 15 30.58 29 34.24
9 2545 23 33.21 16 31.05 20 3437
10 26.74 24 33.42 17 31.42 31 34.55
11 27.97 25 33.61 18 31.81 32 34.61

For n = 5, the saving hardware costs of the fractal decoder device are 15.38%, and for
n = 20, they are 34.37%, which is more than twice as high as the initial value.

We realized the fractal decoder device in FPGA using Intel Quartus Prime software
with the device setup of Cyclone V 5csema5£31c6. The FPGA fitting was the realization at
a clock frequency of 429.37 MHz. Figure 9 shows the simulation waveform of the fractal
decoder device in FPGA for nn = 5. We utilized adaptive logic modules (ALMs) that, after
modelling, were 10/32.070 and less than <1% with low power consumption. The maximal
signal delay along the longest path in a combinational circuit was 0.806 ns. No digital signal
processing (DSP) slices and RAM were employed. With an increase in the 1 of the fractal
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decoder, the delay time did not increase due to parallelization operations. The detecting
ability of an indivisible code using the fractal decoder was analysed. For n = 64,800, the
detecting errors of the indivisible code were 96%.

e \ |
Laten caoek ] | |

Data Arrival X

ey 3.9 ns

Data Required X

Tine () 00 oes L@ e 23 34z am eam 5.0 s 6 687 75 sazm a7
Figure 9. Simulation waveform of the fractal decoder device.

The fractal decoder has a block structure in which # increases by adding switching
devices depending on the calculated number of the indivisible code. Compared to saving
hardware costs, an assessment of the fractal decoder was also carried out, which reduced
hardware costs from 10% to 30% compared to the implementation of line decoders based
on the used codes.

5. Conclusions

This paper presented an FPGA-implemented fractal decoder with FEC codes in a
short-reach optical interconnect model for additional control CM. An indivisible error-
detecting code was evaluated on the basis of the APM. Detection of errors on average
probability allowed for assessing indivisible codes with any code distance starting from
d = 1. The fractal decoder was investigated for 56 and 35 Gbaud PAM-M (M = 4, 8) with
PAM-M Gray code mapping with SSMF fibre and EDFA for interleaved BCH + LDPC and
RS + LDPC codes. We used the MC method to evaluate the error statistics and post-FEC, in
which interleaved concatenated RS + LDPC FEC was more efficient due to the correction
of symbolic errors. Thus, it is possible to reduce the hardware costs of a fractal decoder
device by using the fractal property of the fractal numbers from 10% to 30%. In some cases,
with the increase in their digit capacity, this reduction was quite significant with 96% error
detection. Fractal decoder devices use fewer hardware costs compared to line decoders
due to the property of the fractality of the indivisible code, which provides significant
advantages for the proposed device, reducing its cost, power consumption, and chip size.
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Abstract— Modern telecommunication systems must meet the requirements for high-speed
performance, low latency, reliable transfer, processing, and information storage. In line with
this, the design of the optical communication systems, e.g., data center interconnects (DCI),
requires high reliability of data transmission, low latency, and low overhead. Tt is well known
that powerful forward error correction (FEC) codes with artificial redundantly being used in
optical networks have several disadvantages, e.g., high-power consumption and high delays in
decoder implementation. In this paper, we use an indivisible error detection code to solve these
challenges, which we realized in a field-programmable gate array (FPGA) with FEC code based
on the low-density parity-check (LDPC) code. Encoding and decoding methods based on the
Indivisible codes are relatively less complex and capable of executing end-to-end (E2E) data con-
trol. We integrated concatenated codes into the 100 Gbps multilevel pulse amplitude (PAM-M)
with Gray code mapping direct detection wavelength division multiplexed (WDM) with stan-
dard single-mode fiber (SSMF) and erbium-doped fiber amplifier (EDFA). EDFA uses for signal
amplification and to investigate the code performance in the presence of ASE noise. In current
conditions, strong candidates for increasing traffic are PAM-M modulation formats (e.g., PAM-4
and PAM-8) since it possesses cost-effectiveness, simplicity, spectral, and energy efficiency. We
have investigated the multichannel WDM system anchored to 193.1 THz (optical C-band) central
frequency, the per-channel bitrate of 100 Gbps, channel spacing of 100GHz and EDFA with a
noise figure of 3dB. The LDPC FEC codes are simulated with code rates R, € {2/5,3/4,3/5,4/5}
from the digital video broadcasting by satellite — second-generation (DVB-52) standard.

1. INTRODUCTION

The task of increasing the reliability of data transmission remains urgent today, with the increase in
the amount of data transmission and with the development of 4K/8K video streaming, internet of
things (IoT), 5G network architecture, etc. [1]. Among a significantly large number of types of op-
tical modulations, a powerful applicant possessing spectral efficiency, cost-effectiveness, simplicity.
and energy efficiency is a pulse amplitude modulation (PAM-M) in current conditions of increasing
data traffic [2-6]. For highly reliable and highly efficient modern optical communication systems,
forward error correction (FEC), digital signal processing (DSP) with advanced format modulation.
The use of advanced modulation formats with high spectral efficiency (SE) and strong error control
coding (ECC) is one way to increase the exponential growth of Internet traffic and improve trans-
mission coverage [7,8]. Usually, hard-decision (HD)-FEC codes use for applications with complex
requirements and severe latency (e.g., short reach) [9]. The modern soft-decision (SD)-FEC codes,
which includes in many modern communication standards, for example, low-density parity-check
(LDPC) code, can improve the signal-to-noise ratio (SNR) by ~ 1-2dB at the same rate. At the
same time, the task of reducing the complexity of the encoding and decoding devices that are part
of the data transmission system remains essential, especially their architectural implementation in
the form of an FPGA.

One of the tasks solved when using Fibonacci numbers is the development of decoding devices
that detect errors in these numbers and simultaneously produce their decoding. Any typical de-
coder of binary numbers successfully solves this task. In this case, only logical products of variables
that recognize Fibonacci numbers use in it, and all other binary numbers are perceived as erro-
neous, as evidenced by the absence of signals at the outputs of the decoder. This paper discusses
the application of indivisible error detection codes in an optical communication system that uses
relatively simple error detection methods. The indivisible code used in the studied optical commu-
nication system is implemented in the form of a fractal decoder, which provides savings in hardware
costs from 10-30% compared to linear decoders based on an indivisible code based on the Fibonacci
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code. In this case, the connection of the block and indivisible codes is realized by the concatenation
method.

2. SIMULATION MODEL WDM FIBER OPTICAL COMMUNICATION SYSTEM

Figure 1 shows the 4 WDM optical interconnect channels. The following parameters of the PAM-
M WDM optical interconnect selected as the primary system parameters: 100 Gbps per-channel
data rate (56 GBaud for PAM-4, and 35 GBaud for PAM-8), the central frequencies C-band set to
193.1 THz, channel spacing is chosen equal to 100 GHz frequency interval, according to the ITU-T
G.694.1 recommendation [10].

The optical line terminal (OLT) consists of N — Channel Terminal (CT), which includes the N
— Optical Transmitter (OT), where NV — is the transmitter number. The CTs block consists of the
pseudorandom bit sequence (PRBS), indivisible encoders, concatenated with LDPC FEC encoders,
PAM-M with Gray code mapping, CW Laser and Mach-Zehnder modulator (MZM). Continuous
wavelength (CW) light source with average power +3dBm. In the simulation model, we used
the Arrayed Waveguide Grating (AWGs) N x M Multiplexer/M x N Demultiplexer in the range
192.9 GHz-195.0 GHz using model type datasheet, with Gaussian passband, bandwidth — 3dB of
75 GHz and insertion loss of 3 dB per channel. The data is being transmitted over a standard ITU-T
G.652 single-mode optical fiber (SSMF) with EDFA from OLT block with attenuation coefficient

0.2dB/km, dispersion slope — 8 ps/(nm? x km), dispersion coefficient — 16 ps/nm/km, and
nonlinear index — 2.6-10-20 m?/W. The subscriber premises/customer premises (SP/CP) includes
N — optical network terminals (ONTs), which consist of PIN receiver with thermal noise — to
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Figure 1: WDM optical interconnect model under consideration.
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Figure 2: (a) Structural diagram of the fractal decoder device: (b) Functional diagram of the fractal decoder
device.
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10 x 10712 A/Hz 1/2, 4-pole order low-pass Bessel electrical filter with 0.75x Bit Rate, PAM-M
with Gray code de-mapping, and LDPC decoders, concatenated with indivisible decoders.

Figure 2 shows the structural diagram of the fractal decoder device. The structural scheme of
the fractal decoder device consists of a decoder 1 (DC 3.1) representing the fractal part, a decoder
2 (DC 3.2) recognizing a non-repetitive part of the Fibonacci code, an error detection circuit 2 and
switching devices (SW 1.1) and (SW 1.2) intended for switching outputs of the decoder (DC 3.2)
based on the value (zero or one) of the highest Fibonacci digit, respectively, to the left (DC 3.1)
or right (DC 3.2) outputs of the decoding device. The operation of the circuit describes in more
detail in the sources [11-14].

The absolute value of the number of the minimization of inputs of the fractal decoder

Q = nFyy1 — (nFy + 3Fa1) = n(Fyp + Foo1) —nFy — 3Fn
= nF, +nFy_1 —nkF, —3F,_1 =nF,_1 —3F,_1 = (n—3)F,_1, (1)

where n — is a code length; Fy =1,1,2,3,5,8, ..., F},, F,, = F,,_1 + F,,_» — is a Fibonacci number.
The relative value of the number of the minimization of inputs determines by the ratio Q/W.

—=— Uncoded] r o= Uncoded
R=25 10" ——R_=2/5
—a— R, =314 R, =3i5
R, =4s5 fe—R, =304
2 E =~ 1074
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Figure 3: Post-FEC BER vs. ROP for (a) PAM-4 modulation format with R. € {2/3,3/4,4/5}; (b) PAM-8
modulation format with R. € {2/5,3/4,3/5}. The eye diagrams of received 100 Gbps B2B for (¢) PAM-4
modulation format, BER = 6.2 x 1071%; (f) PAM-8 modulation format, BER = 1.2x 1075, The eye diagrams
of received 100 Gbps and 1000m SSMF for (d) PAM-4 modulation format, BER = 5.3 x 107°%; (g) PAM-4
modulated, BER = 2.9 x 10~%; (e) PAM-8 modulation format, BER = 3.3 x 10~%; (h) PAM-8 modulation
format, BER = 7.0 x 102,
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For the growth of n, it will tend to a value

Q _ nFup1 — (nFn +3F1) _ PR ' U
w n,41 Fot1 nFus Foy1’

2

With an increase in n, the ratio F,, /F,+1 approaches the value of the inverse golden section, the
relative savings of the inputs of the fractal decoder device limited by the difference between this
value and 1 [14].

3. NUMERICAL ANALYSIS OF THE WDM OPTICAL INTERCONNECT SYSTEM

Figure 3 shows the Post-FEC bit error rate (BER) vs ROP for PAM-M format modulations and
received eye diagrams.

As seen from Figs. 3(a), (b), the most substantial error-correcting effect is the LDPC code with
R. = 2/5 for Figs. 3(a), (b) when applying to the HD-FEC method. The paper [12,13] shows
the evaluation of the indivisible error detection code based on the general method and the average
probability method for average probabilities and 7 code length. This paper follows that the share
of the detected errors by the Fibonacci code with increasing n tends to 1, and achieving good error
detection capability. The fractal decoder device operates based on the fractal decoding method
implemented in the software and design of the device.

‘We realized fractal decoder device in FPGA using Intel Quartus Prime with the device setup of
Cyclone V 5csemabf31c6. The FPGA fitting was the realization at a clock frequency of 429.37 MHz.
Fig. 4 shows the simulation waveform of the fractal decoder.

We utilized adaptive logic modules (ALMs), which, after modelling, was 10/32,070, those less
than < 1%, respectively, with low power consumption. The maximum signal delay along the longest
path in a combinational circuit was 0.806ns. No digital signal processing (DSP) slices and RAM
were employed. With an increase in the n of the fractal decoder, the delay time does not increase
due to parallelization operations. We investigated LDPC FEC with an indivisible code and the
fractal decoder for R, € {2/5,3/4,3/5,4/5}, wherein n = 64800, the number of detected errors was
96%.

Launch Clock l-mml

Lateh Clock

ot e Y

3.954 ns
Slack

Data Required X

Tine (ns) 0.0 0.629 12 1.67 2.3 3.425 37 437 5.0 5.625 623 6.675 7.5 6.125 8.7

Figure 4: Simulation waveform of the fractal decoder.

4. CONCLUSIONS

This paper researched the 100 Gbps (56 GBaud for PAM-4, and 35 GBaud for PAM-8) PAM-M
with Gray code mapping WDM optical interconnect system with concatenated indivisible and
FEC codes. We investigated this system with SSMF and EDFA amplifier for C-band and 100 GHz
channel spacing. For the LDPC FEC code, we used code rates R, € {2/5,3/4,3/5,4/5} from the
DVB-S2 standard from ROP and received eye diagrams for PAM-4 and PAM-8 optical modulation
formats. The fractal decoder device was implemented in the FPGA and tested NI Multisim software.
The LDPC FEC code with R. = 2/5 showed the best error correction performance. We detected
96% errors at different LDPC FEC code rates. Using indivisible codes, the possible implementation
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of E2E data control is also relatively more minor complex for encoding and decoding methods.
ALMs utilization was less than < 1%.

ACKNOWLEDGMENT

This work has been supported by the European Regional Development Fund within the Activity
1.1.1.2 “Post-doctoral Research Aid” of the Specific Aid Objective 1.1.1 “To increase the research
and imnovative capacity of scientific institutions of Latvia and the ability to attract external financ-

ing,

investing in human resources and infrastructure” of the Operational Programme “Growth and

Employment” (No. 1.1.1.2/VIAA/3/19/421).
REFERENCES

1.

2,

=}

10.

11.

13.

14.

. Matsenko, S., O. Borysenko, S. Spolitis, and V. Bobrov

Effenberger, . J., “Industrial trends and roadmap of access,” Journal of Lightwave Technology,
Vol. 35, 1142-1146, 2017.

Huo, J., X, Zhou, K. P. Zhong, J. Tu, J. Yuan, C. Guo, K. Long, C. Yu, A. P. T. Lau, and
C. Lu, “Transmitter and receiver DSP for 112 Gbit/s PAM-4 amplifier-less transmissions using
25G-class EML and APD,” Optics Express, Vol. 26, 22673-22686, 2018.

. Eiselt, N., J. Wei, H. Griesser, A. Dochhan, M. Eiselt, J.-P. Elbers, J. J. V. Olmos, and

[. T. Monroy, “First real-time 400G PAM-4 demonstration for inter-data center transmission
over 100 km of SSMFE at 1550 nm,” Optical Fiber Communications Conference and Exhibition
(OFC), 1-3, 2016.

. Lee, J. H., S. H. Chang, J. Y. Huh, S.-K. Kang, K. Kim, and J. K. Lee, “EML based real-time

112Gbit/s (2 x 56.25 Gbit/s) PAM-4 signal transmission in C-band over 80 ki SSMF for inter
DCI applications,” Optical Fiber Technology, Vol. 45, 141-145, 2018.

. Li, H., R. Hu, Q. Yang, M. Luo, Z. He, P. Jiang, Y. Lin, X. Li, and S. Yu, “Improving

performance of mobile fronthaul architecture employing high order delta-sigma modulator
with PAM-4 format,” Optics Express, Vol. 25, 1-9, 2017.

. Xu, T., Z. Li, J. Peng, A. Tan, Y. Song, Y. Li, J. Chen, and M. Wang, “Decoding of 10-G

optics-based 50-Gb/s PAM-4 signal using simplified MLSE,” IEEE Photonies Journal, Vol. 10,
1-8, 2018.

. Ungerboeck, G., “Channel coding with multilevel/phase signals,” IEEE Transactions on In-

formation Theory, Vol. 28, 55-67, 1982.

. Szczecinski, L. and A. Alvarado, Bit-interleaved Coded Modulation: Fundamentals, Analysis

and Design, 320, Wiley-IEEE Press, 2015.

. Chen, B., Y. Lei, G. Liga, C. Okonkwo, and A. Alvarado, “Hard-decision coded modulation

for high-throughput short-reach optical interconnect,” MDPI Entropy, Vol. 22, No. 400, 1-19,
2020.

ITU-T Recommendation G.694.1, “Transmission media and optical systems characteristics
characteristics of optical systems: Spectral grids for WDM applications: DWDM frequency
grid,” 7-12, 2012.

Borysenko, A. A., S. M. Matsenko, O. Y. Horiachev, and O. V. Berezhna, “Decoding device of
Fibonacci codes in information systems,” IEEE 9th International Conference on Dependable
Systems, Services and Technologies (DESSERT), 253-256, 2018.

“Noise immunity of the fibonacci
counter with the fractal decoder device for telecommunication systems,” Latvian Jouwrnal of
Physics and Technical Sciences, Vol. 56, No, 5, 12-21, 2019,

Borysenko, O., S. Matsenko, A. Novhorodtsev, O. Kobyakov, S. Spolitis. and V. Bobrovs,
“Estimating the indivisible error detecting codes based on an average probability method,”
Eastern-European Journal of Enterprise Technologies, Vol. 6, 25-33, 2020.

Useful Model Patent No 99587U, MPK NO3M 7/36 (2006.01), Device for decoding Fibonacci
codes, O. Borysenko, S. Matsenko, the applicant and patent holder Sumy State University,
Nou201500089, filed 06.01.2015, issued 10.06.2015. Bul. Noll. (in Ukraine).

2386
Authorized licensed use limited to: Riga Technical University. Downloaded on February 09,2023 at 14:15:17 UTG from IEEE Xplore. Restrictions apply.

104



7. Supplement

7-PAPER: Possibilities for Increasing the
Signal-To-Noise Ratio in Technical Vision
Systems of Robotic Complexes Using
Laser Structured Lighting

. rolin, V. Bobrovs, ~FRGA-mplemented Fractl Desoder- i

Forward Error Correction in Short-Reach Optical Interconnects," Entropy,
(2022), 24(1):122, DOI:10.3390/e24010122

105


https://www.mdpi.com/1099-4300/24/1/122

Qo
o e’y

International Review of Mechanical Engineering (LRE.M.E.), Vol. 12, N. 4

188N 1970 - 8734

April 2018

Puaite Noyﬂtﬂ Prize
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Using Laser Structured Lighting

Aleksandr V. Krotov'-?, Sergei 1. Artamonov', Victor I. Kuprenyuk',
Viktorija M. Nikitina', Nikolai A. Romanov', Evgeny N. Sosnov'

Abstract — The development of high-resolution machine vision systems with a long observation
distance is an urgent task.

The possibilities to increase the observation distance by increasing the signal-to-noise ratio (SNR)
based on the use of the active parallax method are discussed in the article. The achievable
observation distance in such systems is determined by the brightness of the illumination source
and the ratio of the brightness of the illumination source to the brighiness of the background
illumination (the SNR for the photodetector pixel).

The goal of the investigation: The article considers the possibility of further increasing the SNR in
machine vision systems with laser structured lighting due to the use of pulsed or repetitively
pulsed mode of the backlight laser in combination with a time-gated photodetector. This allows to
realize a machine vision system with gating, which will provide an increase in the observation
distance due to the time cutoff of the background component of the recorded image. In the current
scientific literature, the data on machine vision systems with temporal gating of the photodetector
device are not known.

Methods: To consider the possibilities of increasing the SNR in vision systems, a numerical
analysis by analytical formulas was used for the parameters and the operating conditions typical
Jor robotic technical systems. The data on the number of solar photons reflected by the object and
backscattering photons arising from scattering of the both solar and laser radiation were used to
calculate the SNR in machine vision systems with a conventional-type matrix photodetector and
with a time-gated photodetector.

Results: The calculation analysis has shown that, the using of laser illumination repetitively
pulsed mode and a gated photodetector device allows to increase significantly both the SNR and
the observation distance.

Practical significance: The proposed technical vision system implementation can improve the
characteristics of robotic systems. Copyright © 2018 Praise Worthy Prize S.r.l. - All rights
reserved.

Keywords: Signal-to-Noise Ratio, Robotics System, Machine Vision, Triangulation, Structured
Lighting, Range Gating

Nomenclature Rop Number of signal photoelectrons [e]
o Ty Number of background [e]
Abbrewutwm ) ) photoelectrons
SNR Signal-to-noise ratio Ty Number of backscattering solar [e]
LED Light emitting diode photoelectrons
MTF » Modulation transfer function o Tps Number of backscattering laser [e]
Description Unit of photoelectrons
measure F Pulse frequency [Hz]
nob Number of signal photoelectrons L Distance [m]
nf Number of signal photoelectrons ¢ Speed of light [m/s]
(n) RMS value of total no?se El Laser pulse energy [J1
(ng RMS value of dark noise Pew CW laser power [W]
[ RMS value of photon noise Pu Pulse laser power W]
{nas) RMS value of data sampling [e] SIN Signal to noise ratio
noise T,(wvw  Modulation transfer function

Copyright © 2018 Praise Worthy Prize S.r.l. - All rights reserved
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Tun(v)  MTF of the atmospheric path
Tona(V) MTTF of the photodetector
TulV) MTF of the photodetector

electronics
Greek Notations

T Pulse duration [s]

tedr Frame duration [s]

Tct Strob (photodetector gate) [s]
duration

v, vy Angular spatial frequencies [rad™]

a Divergence of the laser beam  [rad]

L

In the set of the requirements imposed on the machine
vision system, the most important are: the speed of
updating the information on environment, the accuracy
of determining three-dimensional coordinates of
observable objects, the maximum range of coordinate
measurements, the cost and the reliability of the machine
vision system [1]-[3].

Currently, existing machine vision systems mainly use
two principles of operation: 1) systems based on
triangulation methods to measure the coordinates of
objects [4]; 2) systems based on time-of-flight methods
to measure the coordinates of objects [5], [6]. Machine
vision systems, based on triangulation measurement
methods, including stereoscopic systems and systems
with structured lighting have a number of practical
advantages, in particular low cost and reliability [7].

The disadvantages of triangulation systems include the
small range of measurements caused by a decrease in the
signal-to-noise ratio (SNR) for the received signal, which
is formed when external illumination is scattered from
low-contrast objects.

To increase SNR in such systems, the measurement of
the distance to the observed objects is based on the
illumination of the observed scene by an artificially
formed structured light source.

The brightest light is provided by laser sources. In
addition, using a laser to form a structured illumination
allows the effective filtering of the broadband
background radiation through narrow-band interference
filters at the input of the objective of the photodetector
device [1].

Therefore, different ways to ensure an increase in the
signal-to-noise ratio in a triangular type machine vision
system are of great practical importance.

Introduction

II.

Active parallax method is one of the most promising
methods to realize active real-time object-oriented
machine vision systems for robotic complexes that uses
structured lighting of the observed scene [7]. The
machine vision systems based on structured lighting are
made up of an illumination source and a video camera
with a matrix photodetector placed at a certain distance
from each other. The field of view of the video camera
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and the illumination area overlap in the observation zone.

As a source of illumination, which forms a particular
deterministic structure in the space of objects, video
projectors, LED and laser sources are used.

The maximum range of the machine vision systems
can be performed by using laser sources of illumination
for structured lighting, which provides an increase in
intensity at the points of the lighting structure relative to
the background [8], [9].

Moreover, the monochromaticity of the laser radiation
provides an effective filtering of background illumination
via narrow-band interferometric filters at the input of a
photodetector objective, imaging the object lighted
structure at the matrix photodetector.

Also, a method of increasing the signal-to-noise ratio
in the images of remote objects is known, and it is based
on the use of a time-of-flight method to measure the
coordinates of an object probed by the laser radiation
pulse combined with a time-gated photodetector [10]-
[12].

In systems of this type, the photodetector is closed at
the instant of laser pulse emission and it is opened
(gated) when the pulse reflected from the object arrives.

The strobe duration determines the ranges at which
observed objects could be located and the exposure time
of the matrix photodetector pixel by background
radiation. Since the duration of the strobe is much shorter
than the time between laser pulses, the exposure time by
background radiation can be reduced by hundreds and
thousands times [13], [14].

It is of interest to estimate the possible gain in the
observation distance of a machine vision system, using
the structured laser illumination that is formed by a
repetitively pulsed laser and a gated photodetector.

III. Materials and Methods

Continuous wave and repetitively pulsed lasers can be
used to create laser illumination. On the diagrams in
Figs. 1 to 3, three different operating modes of the
machine vision systems with laser illumination are
presented. The upper diagram shows the mode of laser
operation, the middle one shows the background
illumination of the photodetector by diffused sunlight
through the interference filter in front of the
photodetector lens, while the lower one shows the
temporal structure of the signal detected by the node
pixel of the receiving photodetector (the pixel that takes
laser illumination node).

Fig. 1 shows the cyclograms of machine vision
systems operation illuminated by a continuous wave
laser. In this case, the photodetector registers the energy
accumulated during the continuous exposure of the pixel
by the useful laser illumination, the laser radiation
backscattered on the propagation path, and the incoherent
background (solar) illumination. The exposure time of
the frame is zcdr. Fig. 2 shows the cycloramas for a
system illuminated by a sequence of laser pulses with
duration 77 and frequency F.
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Fig. 1. MVS operation cyclogram with continuous wave laser
illumination; Pew: laser illumation power; Le: solar background
illumination power; Ne: instant value of the of the number of
photoelectrons from one pixel of the matrix; NL, Nc: number of
photoelectrons made by laser and solar background photons

ﬂHHHHHHHHHHHHHHH

Fig. 2. MVS operation cyclogram with repetitively impulse laser
illumination and non-strobed photoselector; Pcw: laser illumation
power; Le: solar background illumination power; Ne: instant value of
the of the number of photoelectrons from one pixel of the matrix; NL,
Ne: number of photoelectrons made by laser and solar background
photons

In this case, the pixel of the photodetector also fixes
the reflected and the scattered pulsed laser and the
background components of the signal, too. The
backscattered laser radiation is recorded as pulses whose
duration is equal to the time of pulse propagation (flight)
to the object and back 2L/c and as the reflected laser
pulse with duration 7.

To compare the considered systems it can be assumed
that the continuous wave and the repetitively pulsed
mode of laser provide the same energy of pixel exposure
per frame, i.e. the energy of one pulse £1 and the average
power of a continuous laser Pcw coming to the node
pixel of the photodetector matrix are related as
El=Pcw/F and the pulse power is related by Pi= Pcw
/(F-7i). Then, the number of scattered laser photons on
the propagation path in exposure time zcdr will be the
same for the both laser modes.

It is known that the pulsed and the repetitive pulsed
operating mode of the laser in combination with a time-
gated photodetector make it possible to realize a laser
vision system [3], which is capable to increase the range
of action of laser vision system by temporarily cutting off
the background component of the recorded image. Fig. 3
shows the cycloramas for a system using the lighting by
a sequence of laser pulses and a photodetector with
gating duration as 7em>7. In this case, during the frame
exposure time, the pixel of the photodetector catches
reflected and scattered pulsed laser and solar background
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components of the signal, but the integral background
exposure time decreases to tct-F-redr.

In machine vision systems, using structured lightning
the maximum measurement range associated with
photodetector spatial resolution is limited by the noise
level. Therefore, in order to compare the different
machine vision systems constructions, Authors will
calculate the signal-to-noise ratio (SNR) when the nodal
point of the illumination structure is registered.

LLLEETRRT]

Fig. 3. MVS operation cyclogram with repetitively impulse laser
illumination and non-strobed photoselector; Pew: laser illumation
power; Le: solar background illumination power; Ne: instant value of
the of the number of photoelectrons from one pixel of the matrix; NL,
Ne: number of photoelectrons made by laser and solar background
photons

For an observation system that does not use a visual
analyzer, the SNR reduced to one pixel of the
photodetector is determined as follows [15]:

_lna—ny |

(/M) Ty Vovy) o

where:

nob, nf is the average number of signal and
background photoelectrons accumulated during
exposure time in one pixel of the photodetector
matrix;

(n2) is the RMS value of total noise in the receiving
channel, reduced to the pixel of the photodetector
matrix, expressed in electrons;

Tsys-(vx,vy) is the modulation transfer function
(MTF) of receiving channel;

wx,vy is the angular spatial frequencies of the
observed object.

The MTF of the receiving channel is a product of
transfer functions of the optical path, the atmospheric
path, the photodetector, and of the electronic circuit of
amplification and digitization of the signal. Formulas for
the calculation of transfer functions are given in [8]
(Section 9.1).

In machine vision systems signal, photoelectrons are
electrons obtained by converting laser photons reflected
from the surface of an object in an illumination node,
background photoelectrons are electrons obtained by the
conversion of backscattered photons, reflected solar
photons and scattered solar photons.
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The total pixel noise of the photodetector matrix is
made up of dark noise (11,), photon noise (n,,,) and data
sampling noise at the output of the photodetector (r,)

[8]:

<’T\,>= <nd>2+<nph>2+<n(l,\>z 2)

The dark noise is determined by specification of the
photodetector matrix. For high-sensitivity matrices, the
average value of dark noise does not exceed 10
photoelectrons per pixel with an exposure of about 20
ms.

To compare SNR values of various machine vision
systems, authors can suggest the sampling noise and dark
noise sum equal to 10 photoelectrons per pixel.

As a rule, the photon noise predominates in the
photodetector. To determine the dispersion <”zzh>2 caused
by optical radiation fluctuations, it is necessary to
calculate the average number of signal n,, and
background photoelectrons n,, generated by reflecting
the laser and solar radiation from the surface of the
object as well as by backscattering the solar and laser
radiation in the atmosphere (air environment) 71, ,, 1ps -

So:

_ et npstitessin,,
<npn>— S

and (eq. (4)):

Nob=Tp.s

(S/N)=

T,,(vV)

2 - - = - 2
(n,,,) +5 Nob+FAp.s+ Abgs+ Mbsl +<rtu:v>

In [6] (Sections 9.1, 11.3) the ratios are enabled to
calculate the number of photoelectrons and MTF values:

Ly V) = Ly V)T g V)T (V)

sys

5

where T, (v) is the MTF of the atmospheric path,

Tpmf(") is the MTF of the photodetector and T, (v) is

the MTF of the photodetector electronics.

For machine vision systems, the most interesting
parameter is the function transfer of spatial frequencies
corresponding to the angular size of the illumination
structure node at distance ensuring a reliable node
registration.

If the probability of detection is equal to 0.8 this
condition is ensured at the angular spatial frequency vog
= 2/a, where « is the total divergence of the laser beam
forming the illumination node.
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IV. Results

To estimate the achievable gain in machine vision
systems operation range achieved by time-gating
photodetector, in this paper a numerical comparative
analysis for schemes without and with gating of the
photodetector has been performed.

In Figs. 4-6 the results of the calculation of the
number of photoelectrons and the signal-to-noise ratio in
dependence of observation distance z are given under the
following conditions for two considered schemes:

1. machine vision systems operates on an atmospheric
path with average weather conditions at a
meteorological range of visibility of 10 km, without
atmospheric precipitation.

machine vision systems use a laser with 1.06 um
wavelength and average power Pcw to create a
structured lightning. The structure of the illumination
is a rectangular NxN~50x50 pixels grid, generated
using a two-dimensional Dammann grid installed at
the output of the laser beam forming system with a
diameter of 15 mm at least. In the results given
below, beam divergence was supposed to be 140
prad. The laser was capable to operate in both the
continuous waves and repetitively pulsed modes with
the repetition rate up to 4 kHz providing 0.5 to 10 W
power level. The results are obtained for the power of
4 W. The pulse duration in the calculations was
assumed to be 7= 10 ns, while the duration of the
gating interval was assumed to be 5.

a bistatic illumination scheme with the laser and
photodetector 0.5 m spacing distance was considered.
a video camera with a matrix photodetector operating
at 25 frames per second was used to record the
information about reflected laser radiation structure.
The angular size of the matrix pixel was assumed to
be equal to 75 prad; the quantum efficiency was equal
to 0.5, and the diameter of the objective entrance
pupil was 10 mm. At the objective entrance, an
interference filter to the laser wavelength was set and
the filter bandwidth was 5 nm.

V.

Figs. 4 and 5 show the dependences of the number of
photoelectrons per pixel on the observation distance z for
system versions without time-gating and with gating. It
can be seen that for the system without gating the
sunlight from the object and the backscattered sunlight
exceed in the total the useful signal beginning from
distances of about 50 m.

In this case, as it can be seen from Fig. 6, the signal-
to-noise ratio decreases rapidly with the increase of the
distance. It is known that, to ensure reliable recognition
of an object, it is necessary to provide a signal-to-noise
ratio exceeding 7 to 10.

Thus, under conditions accepted in calculations, in
machine vision system without gating, the observation
range cannot exceed 50 to 60 m.

Discussion
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Fig. 4. The number of electrons per matrix pixel with using
continuous wave laser lightning and repetitively pulsed lightning
without gating. NLcw, NScw are the number of laser and solar
photoelectrons reflected from the object, NPLew, NPSew are the
number of laser and solar backscattered photoelectrons. The abscissa
distance is expressed in meters
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Fig. 5. The number of electrons per matrix pixel with using laser
repetitively pulsed lightning and a photodetector with gating. NI, NS
are the number of laser and solar photoelectrons reflected from the
object, NRL, NPS are the number of laser and solar backscattering
photoelectrons. The abscissa distance is expressed in meters
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Fig. 6. Signal-to-noise ratio for machine vision systems without

gating (dashed) and with gating (solid line) on (to) the observation
distance. The abscissa distance is expressed in meters

As it can be seen from the comparison of Figs. 4 and
5, the passage to a system with gating gives the following

Copyright © 2018 Praise Worthy Prize S.r.1. - All rights reserved

result: the background sunlight from the object is
weakened several thousand times, the backscattered solar
radiation is practically absent and the level of
backscattering of the laser radiation is reduced by two
orders of magnitude. This is resulted from the fact that,
when the pulse width is 10 ns, the duration of the strobe
is 50 ns and the interval between pulses is 250
microseconds (repetition rate is 4 kHz), the total
exposure time of the pixel at gating mode decreases by a
factor of 5000.

As aresult, as it can be seen from Fig. 6, at SNR = 10,
which ensures a confident recognition of the object, the
observation range for the system with gated
photodetector increases to 150 m, i.e. in 2,5 times.

VL

The numerical analysis presented has shown that, in
machine vision systems with structured lightning, it is
expedient to use the repetitively pulsed mode of the
illumination laser in combination with the time-gated
photodetector. The use of such system can allow to
increase significantly (1.5 ... 3 times) the observation
range due to the reduction of background noise.

Conclusion
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VIDEO CHANNELS
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Methods for correcting aberrations of images, obtained by an optoelectronic camera with the use of preliminary
measured calibration function, provoke wide interest in recent years. For the most part these methods are not char-
acterized by high accuracy and are typically used for cameras with objectives having rather high relative distortion. In
this article the method is discussed for measuring distortion of a wide-angle objective for calibration of photoelectric
cameras designed to measure angular coordinates of remote objects with the accuracy as high as 10 arcseconds.
It is proposed to use an air mirror-wedge as a test object, which allows creating a sheaf of collimated beams. The
calibration function of a photoelectric camera is calculated by mathematical post-processing of the recorded frames.
The proposed method was experimentally tested for photoelectric cameras with full angular fields-of-view of 21
degrees and angular pixel sizes of 20 arcseconds. The subpixel accuracy of determining the calibration function is

demonstrated.

Key words: Distortion, Radial distortion, Numerical optimization, Image correction, High accuracy,

Calibration function

INTRODUCTION

For high precision measurements of remote objects an-
gular coordinates, in particular for astronomical mea-
surements with using photoelectric registration, it is nec-
essary to take into consideration the image aberrations
resulted from imperfect optics at the stage of recorded
frames processing. The significant contribution to image
aberration, especially for wide-angle lenses, results from
distortion of optical systems.

A method for in-laboratory distortion measurement of
wide-angle cameras for electronic theodolites is con-
sidered in this paper. To create a test light source it is
proposed to use an air mirror-wedge (AMW) formed by
two plane-parallel plates. The method is characterized
by universality, simplicity and efficiency, as well as by
the low cost of the equipment necessary for its imple-
mentation.

LITERATURE REVIEW

To take into account the distortion, a camera consisting
of a wide-angle objective and a photoelectric array is typ-
ically calibrated using a test light source whose angular
coordinates of the elements are known with the required
accuracy. There are a lot of investigations are devoted
to measuring the image distortion [01-15]. Most of them
deal with calibration of photoelectric cameras for survey-
ing at a finite distance, and are not intended for accurate
measurements of angular coordinates.

The most popular methods of distortion measurement
are usually designed to investigate sufficiently large geo-
metric distortions of the image (more than 1%) with a rel-

* St. Petersburg Electrotechnical University (“LETI"), ul. Professora Popova 5, 197376 St. Petersburg, Russian Federation

a_krotov_k@mail.ua

atively small accuracy [01, 02, 04-10, 13-15] or to mea-
sure distortion with a high accuracy, but only for narrow
field-of-view optical systems [03].

In this article the method is considered for calibration of
wide field-of-view video channels for electronic theodo-
lites, intended for measurements of angular coordinates
with the accuracy better than 10 arcseconds. The A test
light source in this case should consist of a set of point
sources located in the far-field zone. Their angular coor-
dinates should be a priori known with the accuracy not
worse than 2-3 arcseconds. The point sources should fill
totally the field-of-view of the video channel.

The most commonly used test object for calibration of
wide-angle cameras intended for measuring the angu-
lar coordinates of remote objects is the stellar sky [16].
The calibration based on the stellar sky survey must be
carried out in the field at night and requires using of high
precision clocks and accurate positioning of the calibrat-
ed camera.

The method considered in this article provides a high-pre-
cision and simple measurement of distortion even in or-
thoscopic optical systems with a basic level of relative
distortion not exceeded fractions of a percent. A descrip-
tion of the method and experimental results of distortion
measurement of wide-angle cameras with an angular
field-of-view up to 21 degrees (full angle) and relative
distortion at edges of the field-of-view not exceeded 0.3
percent are presented below.
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MATERIALS AND METHODS

The optical schematic for distortion measurement of
wide-angle photoelectric cameras is shown in Figure 1.
AMW 4, formed by two plane-parallel plates is used as a
test light source. The angle between the plates is a. The
interior plate surfaces are covered with partially reflec-
tive coatings with a reflection coefficient of 85 percent in
the operating spectral range. The outer surfaces of the
plates are antireflection coated.

3 —
l-’:; [; | “LL:\
3 ' s
Figure 1: Optical schematic for distortion measurement
of wide-angle photoelectric cameras.
1 - light source,
2 - diaphragm,
3 - collimator,
4 - air mirror-wedge,
5-tested photoelectric camera

The beam with a plane wave front formed by collimator
3 falls onto the AMW. A sheaf of equidistant collimated
beams separated by the angles equal to double wedge
angle a is formed at the AMW output.

In the focal plane of the photoelectric camera objective
(video channel), the beam sheaf is imaged as a chain of
focal spots (“star track”). The focal spot corresponding
to the non-deflected beam is located near the point of
intersection of the optical axis of the objective and the
focal plane. When the video channel or the AMW is ro-
tated around the axis, the orientation of the “star track” in
the frame changes. Thus, several frames are recorded to
fill uniformly the field-of-view of the photoelectric camera
with star tracks, as shown in Figure 2.
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Figure 2: Filling field of view of the photoelectric
camera (video channel) with “star tracks”.
A straight line for clarity connects the focal spots of
each of the tracks
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For calibration of the video channel during the subse-
quent processing of the recorded frames the coordinates
of pixels corresponding to the energetic gravity centers
of the “star track” focal spots for each frame are calcu-
lated. Also, angle of the “star track” slope y relative to
horizontal axis X of the matrix is calculated in the frame
by the least squares method.

To calculate the radial distortion, a seventh-order distor-
tion model was used. In “pixel” units of measurement,
this model can be written in the following form:

Ni=Ny-(1+K; Ni+Ks-Ni+K;N5)

where N is the “measured” (distorted) distance from the
gravity center of the focal spot to the camera axis,Nu is
the “undistorted” position of the focal spot K5 K5 K,
are respectively the third, fifth and seventh order distor-
tion coefficients.

The “measured” distance N is related to the video chan-
nel parameters by the following ratio:

Nyg=J&Xp —X)+ Y=Y 2

where X, Y,., are the measured values of the coordi-
nates of the gravity center pixel of m* focal spot X, ¥,
are the coordinates of the camera axis pixel.

The following ratio relates the “undistorted” position of
the focal spot N to the video channel parameters:

F-tan(8)
N, = il i 3)

pix

Here Fis the focal distance of the video channel, @ is the
angle between the axis of the objective and the axis of
the given sheaf beam, d, is the pixel size.

Since aberrations introduced by distortion are negligibly
small for the non-deflected beam in the sheaf (the first
beam), angle 8, between the axis of the objective and
the axis of this beam is related to the coordinates of the
gravity center of the spot and the parameters of the video
channel, as follows:

tan(e,.o) = g ¢ X 4)
(Ygo—¥e)-dp;
tan(e)_o) — Mdo "%/ %pix 5)

f
S 2 6
tan(6,) = Jran (6,0) +tan?(8,,)®
where X0 Yao , are the measured coordinates in pixels

of the gravity center of the focal spot for the first beam.
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The coordinate system of the video channel is defined as
follows: X-axis of the video channel is parallel to X-axis
of the matrix, Y-axis of the video channel is parallel to
Y-axis of the matrix, Z-axis of the video channel coin-
cides with the axis of symmetry of the objective (the ra-
dial distortion axis).

The unit vector of the axis direction of | beam in the
sheaf in the coordinate system of the video channel is
determined by the formula:

Los(y) -sin(2- (- 1) a—¢) —sinly) - sinlg) -cos(2-(f 1) - a—¢)
sin(y)  sin(2+ (= 1)+ a = ) = cos(y) ' sin(p) 'cos(2+( =1):a=y) | T)
cos(@) -cos(2-(j—1)-a—y¢)

Here y is the angle of inclination of the “star track” in
the frame relative to X-axis of the matrix, y is the angle
between the first beam and the projection of the axis of
the photoelectric camera on the plane in which the sheaf
of beams lies (sheaf plane), ¢ is the angle between the
axis of the video channel (the axis of the objective) and
the sheaf plane.

The angles of orientation of the sheaf plane relative to
the camera's coordinate system (@ and ¢) are related to
the coordinates of the first beam and the orientation of
the “star track” in the frame with the following ratios:

tan(p) = cos(y) - tan(B),o) - sin(y) - 8)
tan(6,,)
tan(y) =

cos(y)-tan(By) + sinly)- tan 6y ) 9)

ﬁ‘l‘b(\cos ()')»ranlzgyu )= siny)- .’an(@xo})

Finally, the angle between the axis of the j" beam in the
sheaf and the axis of the video channel is given by:
- 10)
cos(ej) - sz
To find the camera parameters and distortion coefficients
by the Levenberg-Marquardt method, the optimization
problem for equation (1) is solved for each focal spot
from each frame of “star track” recording with taking into
account the interrelation of the quantities described by
expressions (2 - 10). The most probable values of the
following parameters are determined: the focal length of
the camera F, pixel coordinates of the axis of the vid-
eo channel X: ¥, (the symmetry axis of the distortion
function), and the third, fifth and seventh order distortion
coefficients K3 Kz K.
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RESULTS

Experimental measurements of the distortion accord-
ing to the presented method were carried out with video
channels of two types differing by image sensors and ob-
jectives [17, 18]. Both objectives were specially designed
for use in electronic theodolites, and therefore they were
subjected to high demands in terms of distortion correc-
tion and uniformity of an image quality throughout the
field, including corners of the frame. Technical charac-
teristics of video channels, including parameters of video
sensors and optical objectives, used in the investigated
video channels, are given in Table 1.

For both objectives the distortion was corrected almost
completely and even in the corners of the frame it did not
exceed 0.3 percent. The difference between the paraxial
and real position of the image of any point did not exceed
20 um (almost along the full field its value ranges from
0 to 8 um). This is less or comparable to the size of a
single pixel of the image sensor, which was 7.4 pm in
video channel 1, and 5.5 pm in video channel 2. Below,
in Figure 5, the calculated distortion function is given with
the ideal accuracy of assembling the objectives.

At achieved level of distortion correction a high-precision
measurement of the geometrical distortions of the opti-
cal system should be made taking into consideration the
contribution of asymmetric aberrations of broad beams,
as well as inaccuracy in the components manufacture,
and errors in assembly and alignment of the both objec-
tives and video channels.

Considering this, in the both objectives special attention
was paid to minimizing coma aberrations and field cur-
vature, and their design included adjustment movements
of the most sensitive optical components, which made it
possible to achieve uniformity and high resolution in the
video channels over the full frame. The curves of poly-
chromatic modulation transfer function (MTF) of the ob-
jectives are shown in Figure 3.

Figure 3: MTF of video channel No.1 lenses (left)
and video channel No.2 (right)
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The test sheaf of beams was created with the use of a
collimator from a standard optical bench (focal length
1600 mm, light diameter 150 mm) and an AMW. The
AMW was formed by two plane-parallel plates of BK7
glass with the diameter of 80 mm and the surface optical
quality N = 0.1, AL\ = 0.1. Plates were assembled in a
mount, which provided possibility to adjust the angle be-
tween the plates and to fix them rigidly after that.

The maximum number of beams in the sheaf was limited
by the optical quality of the surfaces of the AMW plates.
Multiple reflections from mirror surfaces of the AMW re-
sult in distortions of the beam wavefront, which arise due
to surfaces imperfectness and accumulate (practically
add up together). For the AMW unit used in our exper-
iments, the angular divergence of the beam after 9 re-
flections (beam number 9) turns out to be unacceptably
large. Therefore, the value of AMW angle was chosen so
that a half angle of the field of view of the video channel
comprises nine beams (that is, there are nine focal spots
in the half image diagonal). For example, to measure the
distortion of video channels No. 2, the angle between the
plates was chosen about 40 arcminutes. The AMW angle
was measured using a goniometer with the accuracy not
less than 0.5 arcsecond.

Note that the AMW must be set in such a way that its
edge should be perpendicular to the input beam axis.
Deviation from the perpendicularity 8¢ will lead to er-
ror Sa in angle 2-a between the adjacent beams so that
S ~ \ff,—’ . As estimations show, the requirements on the
perpendicularity are not rigid. For example, if oa = 0. 1
arcsecond and a = 40 arcminutes, the permissible devia-
tion in the AMW edge perpendicularity to the input beam
axis is 8¢~ 22 arcminutes. During the measurement of
the distortion of video channels the edge of the AMW
was set perpendicular to the axis of the incident beam
using the autocollimator with the accuracy better than 10
arcseconds.

For each video channel the eight successive frames were
recorded with different orientations of the “star track” in
the frame field in accordance with Figure 2. As indicat-
ed above, the following values were calculated as a re-
sult of mathematical processing of these frames: cam-
era focal length F, pixel coordinates ¥z, ¥: of the video
channel axis (axis of symmetry of the distortion function)
and third, fifth and seventh order distortion coefficients
K3 Ks_ K;(see 1-10).

Figure 4 shows an example of the results of the distortion
measurement for one of the video channels 2.

The solid curve represents the calibration function of the
video channel (distortion function ) calculated using ra-
tio:

D ;(8) =K;- (F—‘ln—ﬁ‘)3 +Ks- (F—-u.—“tz)S +K;-

Gpix dpix
(F-nn 9) i
dpix

12)
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The points in Figure 4 correspond to focal spots of the
sheaf of beams and show the measured value of the dis-
tortion D..,(8) for each focal spot. The position of each
point was calculated using ratio:

Dtxp(e) = VI(Xm -Xr:)2 + (Ym = Yc)z = i:n—J'g 13)

The root-mean-square deviation of the measured distor-
tion values of the focal spots from the calibration function
of the video channel shown in Figure 4 was 0.098 pixels.

Absolute distorsion, pixels

Angle, degrees
Figure 4: The calibration function of the video channel
(distortion function, solid line) calculated according to
the results of measurements. The circles show posi-
tions of the focal spots of the “star tracks”

DISCUSSION

As mentioned above, the proposed method was veri-
fied by calibration of several wide-angle video channels
developed by the authors of this paper. Figure 5 shows
comparison of the measurement results and the theoret-
ical function of distortion.

In Figure 5 the solid curve shows the distortion function
for the objective with the ideal accuracy of assembling.
The dotted lines show the calibration functions obtained
from the results of measurements for 15 video channels
No. 2.

Absolute distorsion, pixels

2 4 6 H 10
Angle, degrees

Figure 5: Distortion function (solid line) calculated for
ideal assembling the objective. Dotted lines show
calibration functions for 15 video channels
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Table 1: Technical specifications of video channels

Technical specifications Video channel No. 1 Video channel No.2
Video Sensor KAI-4021 IMAGE SENSOR | KAI-08051 IMAGE SENSOR
Number of Active Pixels 2048x2048 3296x2472
Pixel Size 7.4umx7.4um 5.5 pmx5.5 pm
Linear size of the image receiver, mm 15.15x15.15 (diagonal 21.43) | 18.13x13.60 (diagonal 22.66)
Focal length of the objective, mm 80 (objective17) 60.1 (objective18)
Angular pixel size, arcsec 19' 18.75°
The largest diameter of the entrance pupil, mm 61 46
f-number /1.3 /1.3
Spectral range, nm 680 — 820 680 — 820
Field-of-view, degree 16 213
Number of elements/groups 8/7 8/7
Length / diameter, mm 150/68 134/56
NOMENCLATURE
Abbreviation
AMW Air mirror-wedge
MTF Modulation transfer function
Description Unit of measure
a angle of the air mirror-wedge rad
\% angle of the “star track” slope rad
Na “measured” (distorted) distance in “pixel” units
N, “undistorted” position of the focal spot in “pixel” units
K3 K; K; third, fifth and seventh order distortion coefficients
X, Vom measured coordinates of the spot gravity center in pixels
X Y. coordinates of the axis in pixels
F focal distance of the video channel mm
6 angle between the axis of the objective and the axis of the beam rad
d;;x pixel size mm
angle between the axis of the objective and the axis of the first beam of the
8, rad
sheaf
Xa0. Yao measured coordinates in pixels of the focal spot for the first beam
angle between the first beam and the projection of the axis of the objective on
[} rad
the sheaf plane
[ angle between the axis of the objective and the sheaf plane rad
G angle between the axis of the |" beam in the sheaf and the axis of the objective rad
Kj unit vector of the axis direction of j"beam
5@ deviation from the perpendicularity of the input beam axis to AMW edge
Sa error in angle 2-a between the adjacent beams of the sheaf
D (8) calibration function of the video channel
D,.;(6) measured value of the distortion
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As can be seen, the maximum deviations of the mea-
sured calibration functions of the video channels from
the calculated distortion function are about 0.5 pixels,
that corresponds to ~10 arcseconds in terms of angular
units and less than 3 pm in linear units. Apparently, these
differences are associated with errors in the manufacture
of optical components and an inaccuracy in assembling
the system within the tolerances of the mutual position of
the optical components of the system. As the Monte-Car-
lo calculations showed, within allowable deviations in the
assembly accuracy the measured distortion positions of
the focal spots in the photodetector plane differ from the
calculated ones by values not exceeding 3 um.

As follows from the results of measurements of the dis-
tortion function, the proposed method makes possible to
determine the calibration function with the sub-pixel ac-
curacy. The AMW allows to use both monochromatic and
broadband light sources for channel calibration.

CONCLUSION

The method, proposed in the paper, makes it possible
to derive theoretically and experimentally the calibration
function for wide-angle video channels with objectives
having small relative distortion. The calibration function
derived in such a way can be used for image correction
as well as for precise calculation of angular coordinates
of the targets in a frame.

The method is characterized by universality, simplicity
and efficiency, as well as by the low cost of the equip-
ment necessary for its implementation.

It is worth noting that the method proposed fits objec-
tives with the symmetric function of distortion. There are
precisely those wide-angle objectives of sufficiently high
optical quality, which are used in electronic theodolites.
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