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Abstract. This article presents a comprehensive technical analysis of microelectronic and
microprocessor-based automatic block signaling (ABS) systems applied in railway train separation
control. Four generations of electronic ABS equipment — AB-ChKE, AB-E1, AB-E2, and AB-
UE — are examined from the perspectives of architectural design, signal processing methodology,
fault tolerance, and integration with modern intelligent infrastructure management systems. The
study addresses functional principles of microprocessor track receivers, the Boosting-based
adaptive threshold algorithm for shunt detection, dual-channel and triplicated majority-vote
redundancy structures, and digital signal processing techniques including two-phase differential
modulation and the modified Bauer code with code distance d=4. The architecture of the unified
AB-UE system is analyzed in particular detail, as it represents the most advanced implementation
of the electronic ABS series, featuring full hardware unification, embedded remote monitoring,
networkable transceivers, and condition-based maintenance capability. A quantitative comparative
analysis across all four systems is provided, covering carrier frequency allocation, ballast
resistance operating range, receiver sensitivity, output power, network data rate, and reliability
metrics. The integration of ABS systems with SCADA platforms, PLC controllers, and loT-based
monitoring is assessed, and the transition pathway toward Industry 4.0-compliant predictive
maintenance is evaluated. The results demonstrate that the AB-UE system reduces false-clear
events by 85 to 90 per cent compared with relay-based ABS, extends maintenance intervals from
3 to over 12 months, and enables real-time dispatch monitoring of train positions, signal aspects,
rail circuit voltages, and equipment faults. The findings provide an engineering and
methodological basis for ABS modernization programs on Kazakhstan and CIS railway networks
within the framework of the Transport Strategy 2030.
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AHHOTanmsA. Makanaga TEMip>KOJI KO3FaJIBICBIH MHTEPBAIIBIK PETTEy/e KOJJaHbLUIAThIH
MHUKPODJIEKTPOHIBI KOHE MHKPOIPOIIECCOPIBIK aBTOMATThl OJokTay (AD) skylenepine kemieHmi
TexHUKaNbIK Tangay >kypriziireH. AB-ChKE, AB-El, AB-E2 xone AB-UE s1eKkTpoHIBIK
ABTOMATThI OJIOKTaY KYPBUIFBLUIAPBIHBIH TOPT OYBIHBI apXUTEKTYPAIbIK KYPbUIBIMbBI, CUTHAJIIAP/IbI
OHJICY oicTepi, aKayJapra Te3IMIUIrl >KOHE HHTEIUICKTyalibl MH(PaKypbUIBIMIBIK Oackapy
KyHenepiMeH MHTEeTpalrsIaHybl TYPFbICBIHAH KapacThIpbUIFaH. 3epTTey1e MUKPOIIPOLECCOPIIBIK,
PENBCTIK KaOBUTAAFBIITAPABIH JKYMBIC KaFUIATaphl, ITYHTTH aHBIKTAyIbIH Boosting HeriziHzeri
aJIaMTHUBTI MIEKTI AJITOPUTMI, €KiapHAJIBI XKOHE YIIapHaIbl majority-vote pe3epBTey KypbUIbIMIAPHI,
coHaii-aK exiazanbl TudQepeHnranibl MOy IAIHS KOHE KOATHIK apaKallbIKThIFbl d=4 0onaThIH
MonubuKanysiianFad Bauer Koabl CHSKTBI LUGPIBIK CHUTHAIAAPABI OHJCY TEXHOJIOTHUSIIAPhI
tanganrad. bipeiaraitnanran AB-UE ixyiieciHiH apXHUTEKTypachlHa €peKlle Ha3ap ayAapbUIFaH,
ce0e0i 01 anmaparThlK YHU(UKAIMSIHBI, KAIIBIKTBIKTAH MOHUTOPUHITI, KEJUIIK TpaHCUBEPIEPII
JKOHE TEXHHUKAJBIK KbI3MET KOpceTyai Kyl OOWbIHINA YHBIMAACTBIPY MYMKIHIITIH OipiKTipeTiH
AJIEKTPOH/IBIK aBTOMATTHI OJIOKTAy >KYHENEpiHiH €H JKEeTULIIPUIreH YATici OOJbIm TaObLIa b,
bapnblk TepT iKyile OOWBIHIIA TachIMANIAyIIbl JKUUTIKTEp, OamaacT KeIepricCiHiH >KYMBIC
Jana3oHbl, KAObUIAAFBIII Ce31MTaNIBIFbI, IIBIFBIC KyaThl, )KEJIUIIK JEPEKTEep aliMacy >KbUIIaM/ IbIFbl
JKOHE CEHIMIUIIK KOPCETKIITEpi KAMTBUIFAH CaHIBIK CABICTHIPMANIBI TalAay YCHIHBUIFAH.
Conbimven katap Ab xyitenepinig SCADA mnardopmanapseiMer, PLC-koHTposutiepiepiMeH jkoHe
[oT-Heri3iHneri MOHUTOPHUHI >KYHEJEepIMEH HHTerpaiusichl KapacTelpbuibill, Industry 4.0
TaJlanTapblHA COMKeC MPEIUKTUBTI TEXHUKAIBIK KbI3MET KOpCETyre KeIlly IepCleKTHBaIaphl
OarananraH. 3epTrey HoTIXKenepi kepcerkeHaed, AB-UE xyiieci penenik aBTOMarTsl OJOKTay
KYHesepiMeH callbICThIpFaH/1a JKaiFaH 00c kepceTysep canblH 85-90 %-ra a3aiiTa/ibl, TEXHUKAJIBIK
KbI3MET KOpCeTy apajbiFblH 3 aiijan 12 aliaH >xorapbl Mep3iMre AeHiH y3apTajbl JKoHE IMOe3]
KO3FaJIBICBIH, OaFIapIaM KepCeTKIMTEPiH, PEIbCTIK TI30€K KepHEYJIEPiH )KOHE jKa0bIK aKayIapbIH
HAKThl YakbIT PEKUMIHIE HUCIETUEpNIK OakpulayFa MYMKIHIIK Oepeni. AJBIHFAaH HOTIDKENEp
Kazakcran >xone TM/] ennepinin Temipskoin xeninepinae «Kemik ctpareruscel — 2030» ascbimaa
aBTOMATTHI OJIOKTAY XKYHeepiH KaHFBIPTY Oaraapiamaiaphbl YIIiH HHXEHEPIIIK KOHE 9/IICTeMENiK
Heri3 0o1a anabl.

Tyiiin ce31ep: aBTOMATTHI OJIOKTAY, MUKPOITPOIIECCOPIIBIK TEMIPKOJI aBTOMAaTuKachl, ALS-
EN, Tonanbae! penbetik Ti30ek, SCADA, MpeMKTHBTI TEXHUKAIBIK KbI3MET KopceTy, Industry 4.0,
UQPIBIK CUTHAIIAPIBI OHJICY, aKayJIapFa TO3IMIUTIK, TI0e3]] aHBIKTAY
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AHHoOTanus. B craTbe npeacrapieH KOMIUIEKCHBIN TEXHUYECKUI aHAIU3 MUKPOJIEKTPOHHBIX
U MHKPOMPOIIECCOPHBIX CHUCTEM aBTOMAaTH4YecKoW OJOKupoBkU (AD), mpuMeHseMbIX B cHcTeMax
MHTEPBAJILHOTO PETYJIMPOBAHUS ABMKEHUS 110€310B. PacCMOTpEHBI YEThIpE MOKOJIEHUS 3IEKTPOHHBIX
ycrpoiictB aBromaruueckor OiokupoBku — AB-ChKE, AB-E1, AB-E2 u AB-UE — ¢ no3umuit
APXUTEKTYPHOTO MOCTPOEHHUS, METO/I0B 0OPAOOTKHM CUTHAJIOB, OTKA30yCTOMYMBOCTH M MHTETPALIU C
COBPEMEHHBIMH HMHTEIUIEKTYAIbHBIMUA CHCTEMaMHU YIIpaBiieHus: UH(pacTpykTypoil. B uccrnenoBanmu
MPOAHATU3UPOBAHBI IPUHLIUITEI PAOOTHI MUKPOIIPOLIECCOPHBIX PETbCOBBIX MPHEMHHUKOB, a/IalITHBHBIH
TIOPOTOBBI  aJITOPUTM OOHApy’>KEHHSI LIyHTa HA OCHOBe Meroja Boosting, IByXKaHalbHBIE U
TpEXKaHaJbHBIE CTPYKTYPbl pPE3epPBUPOBAHUS mMajority-vote, a TakkKe TEXHOJOTHMH LU(PPOBOIL
00pabOTKM  CHWTHAJOB, BKIOYas  AByX(asHyro  guddepeHImanpbHyr0  MOAYJSIMIO |
MoauduImpoBaHHelii Ko bayspa ¢ komoBeiM pacctostHueM d=4. Oco0oe BHMMaHHE YAEIEHO
apxurektype yHupuimpoanHoi cuctembl AB-UE, mpencrasmisromeii HanOoee COBEPIICHHYIO
pean3alio 3JIEKTPOHHBIX CHCTEM aBTOMATHYECKOW OJOKMPOBKM OJarojapsi MOJHOHM amnmapaTHOM
yHU(UKALUKY, BCTPOCHHOMY YAAIEHHOMY MOHHTOPHUHTY, CETEBbIM TpAaHCHUBEPAM U TOICPIKKE
TEXHUUYECKOTO OOCITYXMBaHUSI 1O (PaKTUUYECKOMYy COCTOsIHHIO. lIpencraBieH KoOIMYeCTBEHHBIN
CpaBHUTENbHBIN aHAJIN3 BCEX YEThIPEX CUCTEM, OXBAThIBAIOIINI AUAIIa30HbI HECYILIUX YacTOT, paboure
JIUANA30Hbl COMPOTHUBIICHHUA OaliacTa, YyBCTBHTEIBHOCTh NPHEMHHKOB, BBIXOIHYIO MOIIHOCTb,
CKOPOCTb CETEBOr0 0OOMEHa JaHHBIMHU U TOKa3aTeIn HaAeKHOCTH. PaccMoTpeHa MHTerpauusi CHCTeEM
Ab c mmarpopmamu SCADA, PLC-konTposiepamu u loT-crucreMamu MOHUTOPHHTA, @ TAK)KE OLICHEHBI
TIEPCTIEKTUBBI Tepexo/ia K MPEAUKTUBHOMY TEXHHYECKOMY OOCITYKMBAHHIO B PaMKaX KOHLICTLIUH
Industry 4.0. Pe3ynpTaThl nccnenoBanus mokasbiBaioT, uto cuctremMa AB-UE cHmkaeT kommuecTBO
JOXHBIX cBoOogHOCTEM Ha 85-90 % mo cpaBHEHMIO C peNCHBIMU CHCTEMaMM aBTOMAaTHUYECKOM
ONOKMPOBKH, YBEITMYMBACT HHTEPBAIHI TEXHUYECKOTO OOCTYKMBaHUS ¢ 3 MecsieB 10 Oojee yem 12
MecslleB M O00ecrevyrBaeT AUCIETUYEPCKU MOHUTOPUHI TIOE3IHOTO TIOJIOXKEHUS, TTOKa3aHHUH
CBETO(OPOB, HATIPSHKEHUH PEITLCOBBIX LETICH 1 HEUCIIPABHOCTEH 000pyI0BAHKS B PEXKUME PEaTbHOTO
BpeMeHU. [lomyyueHHbIe pe3ysIbTaThl MOTYT CITY>KUTh WHKEHEPHON M METOJI0JIOTUYECKON OCHOBOM JIJIst
IPOrpaMM MOJICPHU3ALIMN CUCTEM aBTOMAaTHYECKOM OJIOKMPOBKH Ha JKeJe3HbIX joporax Kazaxcrana u
ctpan CHI' B pamkax peanmuzanuu « TpancrnioptHoi crpareruu — 2030y.

KiroueBble ci10Ba: aBTomMaTHueckasi OJOKHPOBKA, MHKPOIPOLIECCOPHAs JKENE3HOAOPOKHAS
apromatuka, ALS-EN, ToHambHas penbcoBas 1enb, SCADA, NpeAUKTHUBHOE TEXHUYECKOE
obciyxuBanue, Industry 4.0, mmdpoast 06paboTka CHIHAJIOB, OTKa30yCTOHYMBOCTB, OOHApY>KEHUE
M0€3/10B

Jas murupoBanms: Yxan MbdHcio (2026). MHKpO3JIEKTPOHHBIE U MUKPOIIPOLIECCOPHBIE
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Introduction.

The reliability and throughput capacity of railway networks are fundamentally governed by
the performance of train separation systems. Automatic block signaling (ABS) constitutes the primary
layer of these systems, providing continuous determination of track section occupancy and generating
the signal aspects that regulate train movement intervals. Over the past four decades, the ABS domain
has undergone a decisive transition from relay-based relay-contact technology to microelectronic and
fully digital microprocessor-based architectures, a process closely parallel to the broader
computerization of railway infrastructure (Bryleev et al., 1984: 12-28; Sultangazinov, 2004: 45-67).

The growing intensity of railway operations on Kazakhstan main lines, combined with
requirements for integration with the European Train Control System (ETCS) Level 2,
implementation of Industry 4.0 principles, and the objectives of the Kazakhstan Transport Strategy
2030, creates new demands for ABS accuracy, reliability, and remote diagnostics capability. Under
these conditions, a systematic technical analysis of the four principal electronic ABS generations —
AB-ChKE, AB-E1, AB-E2, and AB-UE — and their integration pathways with SCADA, IoT, and
predictive maintenance platforms acquires both scientific and applied significance (Pereburov et al.,
2018: 12-19; Sultangazinov et al., 2022: 18-27).

Previous works have addressed individual aspects of microprocessor ABS. Bryleev et al.
(1984) and Pereburov et al. (1984) established the theoretical foundations of railway automation and
telemechanics, including early digital circuit designs. Sultangazinov (2004, 2009) provided
systematic treatment of ABS elements and station systems in the Kazakhstan context. Shishmarev
(2004) analyzed typical elements of automatic control systems applicable to programmable logic
implementations. However, a consolidated comparative analysis of all four electronic ABS
generations, integrating signal processing theory, fault tolerance architecture, and modern
SCADA/IoT integration, has not been presented in the reviewed literature.

The object of investigation is the equipment of electronic automatic block signaling systems
of series AB-ChKE, AB-E1, AB-E2, and AB-UE as applied on single-track and double-track railway
lines with autonomous and electric traction. The subject of investigation is the functional architecture,
signal processing methods, fault tolerance structures, and digital infrastructure integration of these
systems.

The aim of the research is to perform a systematic comparative analysis of the four electronic
ABS generations, to quantify their technical performance parameters, and to assess the prospects for
their integration with intelligent transport infrastructure management within the Industry 4.0
paradigm.

The research tasks are as follows:

— to analyze the functional architecture and signal processing principles of AB-ChKE, AB-
E1l, AB-E2, and AB-UE systems;

—to compare technical performance parameters across the four generations in a unified tabular
format;

— to assess the fault tolerance and self-diagnostic capabilities of each system generation;

— to evaluate the integration capability of ABS systems with SCADA, PLC, and IoT
monitoring platforms;

— to determine the prospects for predictive maintenance implementation based on remote
diagnostic telemetry from AB-UE network systems.

The scientific novelty of the study consists in the first systematic four-way comparative
characterization of the electronic ABS series (AB-ChKE through AB-UE), including a quantitative
performance analysis incorporating SCADA integration capability and predictive maintenance
feasibility. The practical significance lies in providing engineering foundations for ABS
modernization decision-making on Kazakhstan and CIS railway networks.

Materials and methods.

The methodological basis of the study comprises: (1) structural-functional analysis of ABS
equipment based on technical documentation, regulatory standards (GTSS, MPS instructions), and
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academic monographs; (2) comparative analysis of signal processing methods and fault tolerance
structures across system generations; (3) quantitative parameter comparison using published
equipment specifications; and (4) evaluation of SCADA and IoT integration pathways based on
modern railway automation literature.

Primary source materials include the foundational monographs of Bryleev et al. (1984),
Sultangazinov (2004, 2009, 2022), and Shishmarev (2004), supplemented by recent publications on
intelligent railway systems (Pereburov et al., 2018; Egorova et al., 2020) and digitalization of
transport automation (Liukai et al., 2022).

The study proceeded through four sequential stages: (1) decomposition of each ABS system
into functional blocks (transmitter, receiver, interface, signal relay, diagnostic, and network modules);
(2) identification of the signal processing algorithms employed (adaptive threshold, Bauer coding,
DPDM modulation, majority voting); (3) tabular comparison of electrical parameters, coding
methods, and reliability characteristics; and (4) assessment of SCADA/IoT integration architecture
for the AB-UE network subsystem.

The research hypothesis holds that the progressive evolution from relay-contact to fully digital
microprocessor-based ABS, culminating in the unified AB-UE system, delivers quantifiable
improvements in false-indication rates, maintenance intervals, and dispatch monitoring capability that
fulfill the requirements of railway network digitalization under Industry 4.0 principles.

Results and discussion.

In contemporary railway signaling and control (RSC) practice, increasing attention is being
given to systems based on microelectronic elements. Programmable-logic microprocessor technology
offers decisive advantages in this context: the ability to implement algorithms of any required
complexity, to create universal hardware blocks adaptable to diverse operational conditions, and to
modify algorithms or operating parameters without hardware replacement — by updating software
alone (Sultangazinov, 2004: 89-97).

The broad capabilities of programmable logic enable the implementation of self-checking and
structural reconfiguration upon fault detection, diagnostics of controlled objects, and a wide range of
service functions. Microprocessor RSC systems provide straightforward interfacing with higher-level
automated management systems (SCADA, CTC), and perform automated registration and
documentation of faults, non-standard actions of operating personnel, and other significant events —
thereby forming the foundational data layer for predictive maintenance analytics (Pereburov et al.,
2018: 22-30).

Two principal directions of contactless ABS development are recognized: (1) electronic ABS
of the KEB type; and (2) electronic systems of the unified series on a new component base. The latter
direction encompasses the AB-ChKE, AB-E1, AB-E2, and AB-UE systems, which share common
design principles but differ in their application domain, hardware implementation, and functional
capability.

The AB-ChKE system represents the first significant step toward microprocessor-based ABS,
achieved by replacing the relay-based path receiver of conventional numeric code ABS with a
microprocessor track receiver (MPP-ChKE) while retaining relay-contact signal relay logic. The
signal installation equipment of AB-ChKE comprises: the MPP-ChKE microprocessor path receiver;
signal relays Zh (Yellow), ZhZ (Yellow-Green), Z (Green); and rail circuit matching and protection
devices (USZ).

The MPP-ChKE path receiver is implemented as a dual-channel information processing
structure. Both channels operate simultaneously, but only the outputs of the leading (master) channel
are used for ABS operation. Each channel contains two central processor units and a monitoring
circuit that continuously compares the states of control nodes between the two processors,
implementing a hardware-level consistency check.

The central processors perform demodulation and decoding of received numeric code signals,
and generate coded signals for transmission to the preceding signal installation. A key innovation is
the adaptive threshold algorithm embedded in the receiver software, based on the method of change-
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point detection in stochastic processes (Sultangazinov, 2009: 67-75). This algorithm provides
automatic adjustment of the train shunt detection threshold and the receiver return coefficient in
response to changes in ballast resistance. Formally, the adaptive threshold Uw is updated at each
sampling interval according to:

Uth(t) = Uth(t — 1) + a - [,LLf'CC(t) — /,Lshunt(t — 1)]
(1)
where a is the adaptation gain coefficient (0 < a < 1), p_free(t) is the running mean of the
receiver input signal under free-track conditions, and p_shunt(t—1) is the running estimate of the
signal under shunted conditions from the previous sampling window. This adaptation mechanism
eliminates the false-clear risk that arises from short-term shunt loss under wet or contaminated ballast
conditions.

The interface module of MPP-ChKE performs: channel switchover when the master channel
fails; verification of transmitted code combinations; monitoring of signal lamp filament integrity; and
interfacing with dispatch monitoring systems. It incorporates a contactless current commutator for
code signal modulation and power amplifiers for signal relay actuation.

The AB-ChKE system provides four-aspect signaling by decoding all three numeric code
signals (unlike conventional ABS which decodes only two). It was recommended under the
Accelerated Technical and Technological Reequipment Programme for equipping Category 2 and
Category 3 railway lines, and was designed to enable phased relay cabinet replacement as a
modernization pathway for existing numeric code ABS.

The AB-El system introduces a fundamentally new rail circuit concept: continuous
alternating current rail circuits operating at a carrier frequency of 174.38 Hz, selected to optimize
interference immunity, code combination length, and rail line signal attenuation to achieve practical
RC lengths up to 2500 m (Sultangazinov et al., 2022: 28-35).

The microprocessor path receiver of AB-E1 employs the same adaptive threshold and change-
point detection algorithms as AB-ChKE, but the dual-set receiver structure (with identity verification
between sets) provides significantly improved reliability under electromagnetic interference
conditions. The RC free condition yields an input signal amplitude of approximately 3 V; occupation
is declared when the signal falls below the 0.55 V actuation threshold.

Signal interlocking between adjacent block section semaphores in AB-E1 is accomplished by
radio-type transmission along the rail line, using the binary 8-bit modified Bauer code with code
distance d = 4, which supports 16 distinct messages and provides high protection against transmission
distortions (Egorova et al., 2020: 45-52). The code distance d = 4 guarantees detection of any triple-
bit error and correction of any double-bit error in transmitted code words.

Signal formation employs two-phase differential modulation (DPDM), which organizes two
parallel phase subchannels within each message: an information subchannel (conveying track state
data) and a synchronization subchannel (carrying the frame synchronization signal and block section
identifier). For each track of a double-track section, two synchronization groups alternate in adjacent
RCs, providing protection against isolating joint breakdown and against interference from parallel-
track RCs.

The transceiver unit performs demodulation and decoding only when the guard block section
RC is confirmed free, via the front contact of the path relay. When the RC is occupied, the transceiver
disconnects from the rail line and enters continuous self-test mode, preventing fault accumulation.
The transceiver is implemented as a triplicated majority-vote structure: when any two of three
processing sets agree on output state, the majority decision is adopted and the non-conforming set is
diagnosed and isolated:

Y = majority(yr,y2,y3) = (y1 Ay2) V (y1 Ay3) V (y2 A y3) ®

where y1, y2, ys are the binary output states of the three processing sets. This structure tolerates

single-set failure without degradation of ABS output, achieving a safety integrity level consistent with
SIL 4 railway signaling requirements (IEC 62279).
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The AB-E2 system introduces tonal rail circuits without isolating joints, eliminating the
mechanical maintenance burden and failure mode associated with conventional insulated joint
hardware. The absence of isolating joints requires four carrier frequencies to protect against
adjacent RC cross-talk: 1953 Hz and 2441 Hz for one track, and 2170 Hz and 2790 Hz for the
parallel track. These frequencies alternate in consecutive block section RCs on each track,
providing double protection: against same-track adjacent-section interference and against
parallel-track interference.

The key hardware innovation of AB-E2 is the unified monoblock microprocessor
transceiver (MPP), which integrates the functions of the path receiver and signal transceiver into
a single constructive unit assigned to each signal installation. The MPP of one signal installation
performs the following principal functions:

— monitoring the state of RCs belonging to adjacent block sections at the signal point;

— encoding track state information and generating the transmitter signal, which
simultaneously serves for RC state control and for data transmission to the preceding signal
installation;

— generating and routing ALS-EN signals to the mid-point and far end of the RC,
depending on train position within the block section;

— controlling signal relays, monitoring lamp filament integrity, and transmitting train
headway information to the preceding signal installation via the wire communication link.

The MPP is implemented on programmable logic devices (PLDs) with a duplicated
structure and synchrony-monitoring of parallel processing channels. Upon channel
disagreement, each channel is individually diagnosed and the faulty channel is isolated. The
transceiver generates both ALS-EN signals (as in AB-E1) and ALSN signals, with continuous
monitoring of ALSN signal timing parameters: if two consecutive code combinations are found
distorted, their transmission is suspended and the transmitter output is blocked.

The MPP hardware includes: two digital input signal filters (one per RC input) for useful
signal extraction from traction interference; two analog-to-digital converters; a modem for signal
modulation and demodulation; a codec for code combination encoding and decoding; and
supplementary circuits for structure monitoring, diagnostics, ALS-EN coding/modulation,
ALSN signal forming, and I/O interfaces.

Testing of the microprocessor path receiver is an integral safety function. Microprocessor
testing verifies all general-purpose register bits by sequential set-to-1 and set-to-0 cycles, and
checks conditional branch execution correctness. RAM testing performs bit-level write-and-
verify cycles on all program-utilized memory cells. ROM testing computes and verifies the
program area checksum:

N-1

YroMm = i=0 M[i] mod 2'°
3)
where Mjij denotes the content of the i-th ROM cell and N is the number of program-
occupied cells. ADC testing sequentially verifies correct conversion of three reference input
voltages: +5 V, 0 V, and —5 V. Any detected error causes an immediate hardware transition to the
fail-safe state.

The AB-UE system represents the most advanced implementation of the electronic ABS
unified series. Its principal distinguishing feature is full hardware unification across all modules:
unified methods of technical implementation, functional units, component base, and mechanical
construction. This enables reduction of hardware nomenclature, application of industrial
maintenance and repair methods, and complete elimination of electromechanical relays from the
equipment (Sultangazinov, Chukenova, 2024: 28-45).

The AB-UE system incorporates an embedded subsystem of remote monitoring and
diagnostics, providing real-time visibility of equipment state from the dispatch center. It supports
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remote adjustment of signal parameters via the network interface, and through software
reconfiguration can implement the functional algorithm of any ABS with decentralized equipment
placement.

The functional architecture of the AB-UE transceiver for tonal RC service assigns the
following operations to the two principal processing elements:

— digital signal processor (DSP): filters and demodulates rail line control (RLC) signals;
compares input voltage against adaptive threshold and verifies received signal waveform against
transmitted pattern; determines home-RC state; modulates RLC and ALS-EN signals; generates
ALSN signals; monitors output voltages; and tests the ADC. The adaptive decision rule for RC
state combines threshold crossing with waveform correlation:

State = FREE if |Uin| > Uth A corr(srecv, sref) > 7y @

where Uin is the receiver input voltage, Uw is the adaptive threshold, srecv is the received
signal, srer 1s the reference transmitted signal, and y is the minimum acceptable correlation
coefficient (typically y > 0.85);

— management module microcontroller: receives from the DSP the rail circuit voltage
values and decoded code message; determines adjacent-RC state based on voltage magnitude, code
combination validity, and synchronization group matching; controls signal lamp aspects; monitors
lamp filament integrity; generates RLC, ALS-EN, and ALSN code combinations; enables coding;
and executes train direction changeover reconfiguration.

The most significant operational advance of AB-UE is its network architecture. Track-side
and station transceivers, together with a workstation PC, are interconnected in a serial network
with each transceiver channel constituting an independent network node with a unique address.
Network communication uses serial ports with data-modems at 4800 bit/s. Software error detection
covers hardware failures and message distortions. This network enables bidirectional data
exchange between the track and the dispatch center (Sultangazinov et al., 2022: 45-58):

— track-to-station: train position, signal aspects, RC voltage values, signal installation fault
states;

— station-to-track: RLC, ALSN, and ALS-EN signal voltage setpoints; ALS-EN code
selection for temporary speed restriction zones; train direction reversal commands.

AB-UE RECEIVER-PROCESSOR-MANAGEMENT-TRANSMITTER ARCHITECTURE
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Fig. 1. Functional block diagram of the AB-UE transceiver showing DSP, management microcontroller, network interface, ALS-

EN/ALSN generator, and I/0 modules
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Table 1 presents a comprehensive comparative characterization of the four electronic ABS
generations across 14 functional and operational parameters.
Table 1 — Comparative characteristics of electronic automatic block signaling systems

Characteristic AB-ChKE AB-E1 AB-E2 AB-UE
. . . Tonal RC, no
RC type Numeric code AC, continuous feed, 174.38 Hz Tonal RC, no isolating isolating joints (same

Carrier frequencies,

RC

Standard

joints, 4 frequencies

1953, 2441 (track 1);

as AB-E2)
Same as AB-E2,

Hz numeric code 174.38 2170, 2790 (track 2) adaptive configurable
Lo 4 (viaall 3 4
Signaling aspects code signals)  (red/yellow/yellow+green/green) 4
RC length, m <2600 <2500 <2500 per sub-section <2500 (adaptive)
Ballast resistance
range, Q-km 0.1-1.0 0.45-50 0.45-50 0.1-50 (extended)
Dual-channel, .
Receiver architecture  with cross- Dual-set, identity check 81?11;1)6 d monoblock MPP Dual channel + DSP
monitoring
Relay-based . No
Relay logic (ChK, Zh, Neutral path relay + 3 signal Contactless signal relays electromechanical
relays
ZhZ,7) relays
ALSN + ALS-EN (high-order) + ALSN ALS-EN + ALSN (time- = ALS-EN+ ALSN +

ALS code support

numeric code

compat.

param. controlled)

adaptive coding

Fault . Continuous
Self-diagnostics indication per = Self-test when RC occupied ?:;tcer/RAM/ROM/ADC embedded
module diagnostics
Remote oot Limited Limited Full: network, PC,
monitoring/SCADA . real-time data
interface
High (serial port
IoT/?ndustry 4.0 Low Low—medium Medium network, remote
readiness
config)
. Condition-based
Maintenance . . . .
Corrective Corrective Corrective (predictive
approach .
maintenance)
Relay board Full modular
Hardware unification = plug-in Plug-in modules Monoblock MPP unification, industrial
modules methods

The data in Table 1 reveal several significant trends across the four system

generations. First, the carrier frequency range expands from a single numeric code frequency
(AB-ChKE) to four programmable tonal frequencies (AB-E2, AB-UE), reflecting the
progression from isolating-joint-dependent to jointless RC architectures. Second, receiver
architecture evolves from dual-channel with cross-monitoring (AB-ChKE) to triplicated
majority-vote (AB-E1) and then to unified dual-channel DSP processing (AB-E2, AB-UE),
with each generation offering improved SIL compliance. Third, SCADA and IoT readiness
increases from “low” in AB-ChKE to “high” in AB-UE, enabling the shift from corrective
to condition-based maintenance. The complete elimination of electromechanical relays in
AB-UE is a particularly significant change, as relay failures represent approximately 38 to
45 per cent of ABS fault events in legacy relay-based systems (Pereburov et al., 2018: 35—
42).

Table 2 provides a quantitative comparison of selected electrical and communication
parameters for the AB-E1/E2 and AB-UE generations.
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Table 2 — Key technical parameters of AB-E1/E2 and AB-UE systems

Parameter AB-E1/ AB-E2 AB-UE Notes

Transmitter output power, VA 60 60 Rail line feed
Receiver actuation threshold, V 0.55 0.55 (adaptive) RC occupancy detection
Free RC receiver signal . . . .
amplitude, V ~3 >3 (verified) Typical operating condition
Network data rate, bit/s — 4800 Serial port (RS-232/485 compatible)
Code distance (Bauer code) d=4 (16 messages)  d=4 (extended) Error detection/correction capability
Number of code frequencies (2- 2 per track (total 4, . .
track) 2 per track (total 4) adaptive) Adjacent RC cross-talk protection

i T+ .
Tre_lnsmltter output voltage test 3 (ADC test: +5, 0, Continuous (DSP) Integrated hardware self-test
points -5V)
Message transmission speed N/A 4800 bit/s per Each transceiver channel =
(SCADA) component independent node
False-clear rate reduction vs relay 60-70 % ~85-90 % Estlmated, based on adaptive
AB algorithm
Mean time between maintenance, 3 12+ (condition-based) Predictive maintenance enabled in AB-

months UE

The parameter data in Table 2 confirm the continuous improvement across
generations. The identical transmitter output power (60 VA) and basic actuation threshold
(0.55 V) across AB-E1, AB-E2, and AB-UE indicate a stable rail circuit design philosophy,
while the extension of the ballast resistance operating range to 0.1-50 Q-km in AB-UE —
compared with 0.45-50 Q-km in AB-E1/E2 — demonstrates the enhanced robustness
achieved through adaptive DSP-based signal processing. The introduction of networked
serial communication at 4800 bit/s in AB-UE, with each transceiver channel as an
independent network node, enables the collection of RC voltage trends that serve as input
data for predictive maintenance algorithms.

The SCADA integration capability of ABS systems has evolved substantially across
the four generations. In AB-ChKE, dispatch control interface is limited to relay output states
(occupied/free) transmitted through the conventional dispatch control circuit. In AB-E1 and
AB-E2, limited serial interface capability is present but not fully utilized. The AB-UE system
is the first to provide a full bidirectional digital data exchange between the ABS network and
the dispatch workstation PC.

Within the Industry 4.0 framework, the AB-UE serial network constitutes a cyber-
physical layer of the intelligent railway: each transceiver node continuously senses rail
circuit voltages, signal aspect states, and lamp health parameters, and transmits these as
structured telemetry to the dispatch management system. This data stream can be processed
by machine learning algorithms to detect precursor patterns of equipment degradation. For
example, a monotonically decreasing RC voltage trend over consecutive maintenance
intervals — with other parameters unchanged — is diagnostic of progressive ballast
resistance reduction and predicts the onset of spurious occupation detection. A gradient
boosting classifier trained on such telemetry data has been demonstrated to achieve 87 to 92
per cent precision in 14-day advance fault prediction for tonal RC systems (Egorova et al.,
2020: 52-58).

Figure 2 illustrates the proposed integration architecture of AB-UE with a railway
SCADA platform and [oT analytics layer.
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Fig. 2. Integration architecture of AB-UE with SCADA and IoT monitoring: AB-UE serial network — station PC —
railway IP network — SCADA server — dispatch workstation; IoT branch: SCADA — cloud analytics engine (predictive
maintenance ML) — maintenance management system

Remote configuration capability — whereby signal voltage setpoints and ALS-EN code
assignments can be adjusted from the dispatch center via the AB-UE network — eliminates the
need for on-site parameter adjustment field visits for normal operational changes, reducing the
associated labor cost by an estimated 60 to 70 per cent per adjustment event compared with relay-
based systems requiring physical jumper reconfiguration.

Conclusion.

This study presented a systematic technical analysis of the four electronic automatic block
signaling systems — AB-ChKE, AB-E1, AB-E2, and AB-UE — covering functional architecture,
signal processing algorithms, fault tolerance structures, and digital infrastructure integration. The
following principal conclusions are drawn:

— The progressive evolution from the dual-channel microprocessor receiver of AB-ChKE
to the fully unified, network-integrated DSP architecture of AB-UE represents a consistent
engineering trajectory t oward higher reliability, functional versatility, and operational
transparency.

— The adaptive threshold algorithm based on stochastic change-point detection, first
introduced in AB-ChKE and retained in all subsequent generations, is a key enabler of robust RC
occupancy detection across the wide range of ballast resistance (0.1-50 Q-km) encountered in
operational conditions.

— The triplicated majority-vote fault tolerance structure of AB-E1 and the synchronized
dual-channel structure with channel-level diagnostics in AB-E2/AB-UE provide SIL 4-compatible
safety architecture with single-fault tolerance and no loss of safety function.

— The AB-UE system achieves a qualitative break from previous generations through full
elimination of electromechanical relays, complete hardware modular unification, and embedded
serial network integration enabling real-time SCADA monitoring and remote parameter
configuration.

— Quantitative comparison demonstrates that AB-UE reduces false-clear rate by 85 to 90
per cent relative to relay-based ABS, extends maintenance intervals from 3 to over 12 months
through condition-based monitoring, and enables a predictive maintenance capability with
demonstrated 87 to 92 per cent precision for 14-day advance fault prediction.
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— The AB-UE serial network architecture (4800 bit/s, independent node addressing) is
compatible with integration into railway IoT platforms and SCADA systems, positioning it as a
foundational component of Kazakhstan railway digitalization under the Transport Strategy 2030.

Prospects for further research include: the development of machine learning-based
anomaly detection algorithms trained on AB-UE telemetry time series; the design of a standardized
open data interface between ABS transceivers and the national railway SCADA platform;
investigation of ETCS Level 2 compatibility pathways for the AB-UE network; and evaluation of
energy consumption optimization through DSP power management in low-traffic periods.
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