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Abstract

The Global Navigation Satellite System has become the primary source of position
information for airspace users. Consequently, the  role of conventional navigation aids
infrastructure is evolving. On one hand, some navaids are being rationalized,  and are no
longer maintained in operation.  On the other hand, Distance Measuring Equipment
evolves from a complementary service of VHF navaids into the short  -term solution for
ensuring the RNAV capability for air traffic when GNSS unavailable.  Therefore, the thesis
focuses on evaluation of the DME infrastructure and its possibility to rationalize while
providing a sufficient RNAV capability for the European air traffic. The proposed approach

for the network evaluation is represented by means of a software model of the air traffic
environment with relation to the current DME network. The rule -based model aims at
constructing an approximation of on -board DME interrogators interacting with DME
ground transponders while implemented machine learning algorithm  predicts the load
of the ground stations based on real measured data. The model is used for evaluating
the DME network capability simulating a specific distribution of DME interrogators in the

air traffic, reduced number of DME transponders, and a growth of  air traffic.
Keywords

Distance measuring equipment, Infrastr ucture Optimisation, Navaids Rat ionalization,

Area Navigation, GNSS Back-up, Rule-based Model , Gradient Boosting Regression
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Introduction

The Global Navigation Satellite S ystem (GNSS) has become the main source for providing

position and timing informatio n independently of terrestrial  radio navigation aids

(navaid s). In the Communication, N avig ation and S urveillance (CNS) domain in aviation ,
the usage of GNSS enables evolution of the Performance -based Navigation (PBN)
concept with the ability to serve areas with high traffic density efficiently. Consequently ,
airspace users are encouraged to use procedures based on GNSS in all flight phases. The
Commission Implementing Regulation (EU) 2018/1048 [1] encourages Air Traffic
Management/Air Navigation Service (ATM/ANS) providers to use satellite -based

navigation. [1,2]

The transmitted satellite signal is influenced by atmospheric attenuation on its way to
the Earth, and it is received in the form of a weak signal. Therefore, it is susceptible to
radio frequency interference (RFI) . An occurrence of harmful GNSS RFIwhich may affect
ATM operation has been reported. T he number of similar incidents increases every year ,
not considering the reduced traffic  caused by the COVID 19 pandemic . One of the most
known cases is when the source of the interference represented by a jammer is placed

in a vehicle moving on a highway or parking around an airport to avoid pay ing for the
satellite -based toll. Due to the interference of such a jammer, the GNSSprocedures
cannot be used for PBN approach procedures, or various airport procedures may be
negatively affected. Furthermore, there may be intentionally transmitted jamming or

even sp oofing signals for disabling the position determination of military ve hicles in war
zones. In case the alternative navigation source providing necessary performance is not
available, e. g. in oceanic airspace, the concerned flights need to be vectored by Air
Traffic Control ( ATQ service relying on information from surveillance and communication
systems. The GNSS outage may also be caused by a system error or space weather

phenomena . In any case, the affected part of airspace may be quite extensive. [ 2,3,4,5]

It is necessary to ensure the resiliency of CNS systems, in order to sustain the safety level
and efficien cy of the ATM system when GNSS isunusable . The aviation stakeholders are
fully aware of the urgent need to find measures to avoid any undesired impact which
could be caused by harm ful interference of the satellite -based navigation. This question
was addressed at the 12™ ICAO Air Navigation Conference , and it was also presented at
the 40™ ICAO Assembly, proposing individual measures . The measures included the
maintenance of an independent minimum operational network (MON), ensuring the

protection of the GNSS frequency spectrum by coordination with radio  -regulatory,

1



protection of the safety of civil aircraft during military exercises and operation s, and
supporting the development of alternative positioning, navigation and timing (APNT)

solutions . [4,6]

The individual GNSS components and the receivers are being improved in order to
strengthen the system resilience. One of the mean s how to mitigate the GNSS RFI threat
is using dual -frequency multi -constellation (DFMC) GNSS receivers. An amendment of
Annex 10, Volume | of the Chicago Convention adding provision s of the DFMC receivers
was introduced to ICAO Member states with applicabi lity in 2023 [7]. Besides that,
different Alternative Positioning Navigation and Timing ( APNT) concepts are being
developed to ensure adequate navigation performance to the air traffic as a GNSSback -
up. At this momen t, none of the system s has been chosen to be the standard for
worldwide usage by ICAO . However, the standardization process of LDACS ( L-band Digital
Aeronautical Communications System ) started years ago , and its navigation function

might serve the air traf fic as a GNSSback-up in the future. [3,7,8,9]

Even though the GNSS is the main mean for determining  position of aircraft and it plays
an important role in the time synchronisation used in other CNS systems , terrestrial
navaid s cannot be fully decommissioned and substitute  d by satellite -based navigation .
In order to maintain the resiliency and ensure the  safety of air operations, navaid s have
to support aircraft navigation in case of GNSS outage. Nevertheless, the current

infrastruct ure of ground -based systems can be optimised to go in line with the PBN
requirements . The current CNS network offers space for rationalis ation and
decommission ing of some ground beacons and maintain ing just the MON. The short-
term solution for GNSS back-up is considered DME/DME navigation which can ensure

required Area Navigation (RNAV) capability , complemented by VOR/DME where

necessary . In the long -term, the APNT system could provide better performance than the

current DME/DME and fits into the concept of integrated CNS (iCNS). [ 2,10]

The rationalisation of CNS infrastructure represents a significant part in the evolution of

the European Sky. Not only Europe is focused on keeping a back-up system to mitigate
for the loss of GNSS, but the FAA NextGen project also includes resilient navigation
infrastructure where DME, VOR and TACAN (Tactical Air Navigation System) network are
planned to be optimised and play a significant role during GNSS outage . In the case of

the FAA, the installation of new DMEs is considered necessary. [10,11,12]

This research is focused on the rationalisation of the DME/DME infrastructure. In

particular, it deals with a development of a software model of the DME/DME environment
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to evaluate the DME network capability in the European airspace represented by load

determination of individual ground stations .

The current role of DME in the CNS system and its importance in relation to the PBN
concept is explained in the first  part of the thesis. It is followed by t he DME principle an d
technical description. Subsequently, the research background and existing approach is
presented . Based on the current state -of-art, the main objective of the thesis and
hypotheses are established. The research workflow is specified in the methodology,
complemented by a description of selected method s for achieving the objectives .
Afterward , the analysis of aircraft equipment capabilities creates one of the important
input sinto the model. Other data sources are further explained ,and parts of the model ,
as well as its functionality, are described in detail. Consequently, the model results are
validated by comparison with the real data. Based on the established hypotheses, the
testing scenarios are created ,and the hypotheses are confirmed or rejected . Finally, the
results are evaluated in the research summary , and the contribution of the thesis

highlighted in the conclusion.



1 Research Background /Current State of the Art

This research is conducted in the ATM/CNS area. The ¢ o6 H U a €hé dyadiic,E H
integrated management of air traffic and airspace including air traffic services, airspace
management and air traffic flow management ~ safely, economically and efficiently n
through the provision of facilities and seamless services in collaboration with all parties

and involving airborne and ground -OEHAa U & 133} hbihdt words, the ATM
includes all components that enable to  operate air transpor t, and it connects airports
with flights through the airspace . The role of the CNS infrastructure is to ensure required
operational performance for air traffic and to enable necessary airspace capacity.
Therefore, CNScreate s a crucial part of the air transport. The essential functions of the
CNSnetwork are represented by aeronautical information exchange via voice or digital
data communication systems , determination of the position of the aircraft , on-board for
the flight planning in the airspace , and on the ground to provide air traffic control

services. [14]

The main focus of this work is on the navigation component of the CNS systems,
particular ly on the DME and its role in the context of the evolving navigation environment

in aviation. As a reason of the development of satellite -based navigation, the PBN
concept has become a standard , and the need of operation has decreased concerning
some conventional navaid s. Besides the description of the DME principle, t he following
subchapters deal with the overview of navigation system s, the change that came with
the PBN concept, the future plans in the ATM/CNS area, and the impor tance of
maintaining the APNT navigation. In addition, research conducted within a SESAR JU
project is presented to show the current state -of-art of the rationalisation of CNS

infrastructure.
1.1 Navigation Systems

The main function of navigation systems isto  determine the aircraft vy & § E HAndofdérE ¢
to enable planning a flight route from a starting point to a target point through the
airspace. Before the invention of the radio navigation systems, pilots could fly only using

the visual navigation relaying on maps and dead -reckoning !. The development of
navigation aids increased the possibility  of getting better orientated in the airspace up

to using precise pro cedures enabling landing with zero  visibility. The first terrestrial

1 Dead-reckoning is a method based on estimati ng of current track, ground speed and position
based on the pr evious known positions . [15]
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navigation systems started thei r operation in the World War Il, such as ILS. They are

usually based on simpl e technical principles using properties of electromagnetic waves ,
and thanks to that , they can provide necessary robustness and have been used with

some technological enhancement until now .[15,16]

The position of aircraft can be determined following different me thods, indicating the
direction to a ground beacon, measuring the distance from the navigation system, their
combination, or independently, the aircraft position can be determined measuring the
changes in the movement of the aircraft with gyros and accelerometers. Besides that,

the aeronautical navigation also included systems using the hyperbolic method
measuring the time difference of arrival from several stations. GNSS replaced the last
mentioned systems in aviation. The overview of the navigation system is specified in

Figure 1.

Ground -based

Navigation
Systems

Space-based

Airborne INS/IRS/IRU

Figure 1 - Navigation systems overview [ 17]

The en-route position is usually not determined  just from one standalone navigation

system . However, the Flight Management System (FMS)is able to combine the posi tion
calculation from multiple sensor s to provi de the most accurate solution in order to
ensure advanced flight planning and g uidance systems in four -dimensions space (4D).

That is to say, FMS and the airborne radio signal multi -mode receivers are mostly
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doubled to have two independent inputs of the radio signal and its evaluation .Based on
the availability of the sensors, the FMS may automatically select the navigation mode in

the predefined order:

1 GNSS
17 DME/DME
1 VOR/DME

The majority of air liners are equipped with an inertial system (INS/IRS/IRU) which allows

integration with other  navigation sensors . In that case, the INS can be used as the only
source of navigation information  when no other data is available . Moreover , different
sensors may be used for co rrecting heading/altitude data. The airborne system
capabilities that ha ve to be provide d to fly a specific route or in specific airspace are

represented by performance requirements. This concept is known as Performance -
based Navigation (PBN). The navigation specifica tion is no longer sensor -based.
However, the particular specifica tion identifies which on -board equipment can be used

to meet the required performance of the navigation systems. [17,18,19,20]
1.1.1 Performance ypbased Navigation

Deployment of PBN procedures and routes has brought airspace users a possibility of
free navigation without constrain  ts about the location of terrestrial navaids. The PBN
concept enables to increase the airspace capacity and to optimise its utilization. In
addition, it improves safety and efficiency in airspace and procedures design , as shown
in Figure 2. The performance requirements applied to aircraft as well as aircrew are

represented by two navigation specifications; RNAV and RNP . [19]

Conventional RNAV RNP

LN . S O
e ", AN Waypoints AN Y
AN N RN Narrower

Ground-Based ™, ‘/Prutected Area

NavigationalAid ™, 2 o,
\ ‘ -.\

Dy

Seamless 0%
Vertical Path

Protected Area \

Limited Design Increased Optimized Use of
Flexibility Airspace Efficiency Airspace

Figure 2 - Difference between conventional, RNAV and RNP routes [ 21, edited]
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The difference between these two specificationsis  the inclusion of arequirement for on -

board performance monitoring and alerting system defined for RNP specification. The
other performance requirements are specified in terms of accuracy, integrity, continuity ,
and functionality needed for the particular operation. In addition, some navigation
infrastructure also requires availability to en able navigation application s, such as GNSS
SIS.Figure 3 represents the overview of the currently defined navigation specifications.

They are divided based on their usage in oceanic or remote areas or in en  -route and

terminal navigation applications.

Navigation specifications

RNP RNAV
(includes a requirement for on -board (no requirement for on -board
performance monitoring and alerting) performance monitoring and alerting)

Designation
RNP 2
Designation RNP1
RNP 4 A-RNP
RNP 2 RNP APCH
Oceanic and RNP AR APCH
remote RNP 0.3
navigation En-route and
applications terminal
navigation
applications

Designation
Designation RNAV 5
RNAV 10 RNAV 2
Oceanic and RNAV 1
remote En-route and
navigation terminal
applications navigation
applications

Figure 3 - PBN specification s[19]

Even thoug h the navigation performance is  defined by req uirements on the
abovementioned parameters, it can be met by provid ing navigation function from one
or more sensors. The purpose of the FMS is to choose an adequate navigation system or
its combination to determine the best position solution in the required performance. The
connection of the possible used navaids and navigation specification that can be

achieved by their usage is represented in  Table 1.



Table 1 - NAVAIDS and Navigation Specification [ 22]

NAVAID
NAV DME/
SPEC DME/ VOR/
GNSS IRU DME DME/ DME
IRU
RNAYV 10 n n
RNAV 5 n n n n
RNAV2&1 n n n
RNP 4 n
RNP 2 n n n
RNP 1 n n n
Advanced n n n
RNP - - -
RNP APCH n
APV Baro -
RNP APCH n
APV SBAS | With SBAS
RNP AR n
APCH -
RNP 0.3 n

Note: DME/DME and DME/DME/IRU sensors used for RNP are subject to ANSP requirements and
aircraft capability .

The SESAR JU research project Essential and Efficient Communication Navigation and
Surveillance Integrated System (EECNS) [18] provided industrial research that included
among other things , an investigation of p ossible DME/DME support of RNP 1 reversion
without modification of avionics. This solution assumed the sufficient integrity provided

by the ground infrastructure and appropri  ate training of the flight crew, and current
equipment capabilities of the ground station than in the current MO PS for DME Ground
Equipment, EUROCAE ED57 [23]. In 2020, EUROCONTROIlissued the European GNSS
Contingency/Reversion Handbook for PBN Operations [24], where the possible

operational infrastructure is introduced when GNSS is considered unusable.

Taken into account the evolving role  of GNSS and its position as the primary source of
navigation information, the importance of some terrestrial navaid s decreased. On the
contrary, the reis stilla need to re tain back-up navigation systems in operation  regarding
the GNSS vulnerability .



1.1.2 Future Evolution of Navigation

The priorities of the European ATM development and deployment are contained in the
European ATM Master Plan [10]. The document is regularly updated , including

contribution s from SESAR JU research projects represented by all ATM stakeholders.

The CNS infrastructure is usually operated by the nationa | Air Navigation Service
Provider s (ANSP)in Europe . Therefore, the network corresponds t o the need of individual
states but does not take into account the cross -border navaid s. This led to inefficient
mutual location s of the ter restrial navigation equipment. A s imilar situation arose from
limited cooperation between civil and military avi ation stakeholders, and both sid es
have been operating systems with substitutable functionality. The optimisation of the
CNS network would not only reduce the operational costs of CNS, but it could also help
to improve efficiency in the use of the radio spectrum. Besides the rationalisation of the
already existing sy stems, the ATM Master Plan introduced a future CNS system relying on
new digital integrated CNS soluti ons, together with GNSS and ADS -B. In addition , these
systems are complemented by the minimum operational network of the terrestrial
navaid s, such as DME and ILS. Theplan of the CNS system s transformation is shown in
Figure 4. The important idea of the CN S future infrastructure highlights the orientation

on the delivered services. In other words, it enables to operate the infrastructure not as
separate physical navaid s, but as one whole and integrated system with the required
flexibility and capability to  serve the future airspace needs. It can be supported by
enhancement of the civil -military cooperation, mutual interoperability of the systems

and willingness to shar e the data, with assurance of the data sharing , network protection

and its resilience to cyber attacks. [10]

From the deployment point of view, the navigation systems optimisation enables
rationaliz ing the network of conventional navaids, such as NDB, VOR and DME, with
respect to the PBN concept. The gro und-based systems should provide a suitable
reversion capability for GNSS and support contingency function when GNSS is
unavailable. The evolution of deployment scenario also includes future terrestrial

ground -based technologies with  the potential to subst itute the current ones in the long -
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Figure 4 - Plan of CNS Transformation [10]

term. The network optimisation will support high performance and efficiency, taking into
account also operational costs and optimal utilization of radio spectrum . The
performance requirements allow service providers to choose the CNS technologies
according to their needs considering local specificities . The airspace users have the
option in adapting the ai rborne equipment of aircraft  likewise . The rationalisation of the

ground -based infrastru cture is represented in Figure 5.[10,24]
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Figure 5 - Deployment scenario for navigation systems [10]

The ATM Master Han proposes to decommission some of the terrestrial navaids,
nevertheless, the solution always meet s the high level of safety and security, in par ticular
cybersecurity, and resilience of the CNS network . The decommission of NDB raises from
its unsuitable role in the PBN concept. In an exceptional case, a n NDB can be used for
missed approach procedures. The role of VOR is also limited in the PBN concept because

of the supported specification of RNAV 5 used for en -route applications. However,
existing VOR ground stations can be maintained in order to support some reverse
operation when DME/DME is not available, in order to enhance situational awareness,
etc. DME/DME is considered the most suitable solution for ensuring sufficient PBN
capability in the short -term, as further described in the following subchapt  ers. At the
same time, the GNSS is supposed to increase its resiliency using DFMCin all phases of

flight. [10,25]

The European plan for CNS network rationalisation in terms of PBN does not create an
exception amongst the global strategies. The strategy is presented in an attac hment of
the ICAO Annex 10/Volume | [26],and the FAA also follows a similar evolution plan of CNS

By 2030 decommission

SES 806 units 9% 5 i
©r Yoa, e rambition is reached.
Com,: '
- Mige: |
NDNB I"m:: 90% ’Ss"oneg ' As from then, NAV MON is
etwo Decommission ambition tin full operations SES MON: 81 units
i ECAC MON: 112 units
ECAC 1117 units  10% MON . NDBs
SES 586 units % Per year decom. :
o 8% » MMissioney ; SES MON: 273 units
VOR Initial Decommission ambition : ECAC MON: 248 units
Network '

ECAC 748 units 47% MON L

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040

Figure 6 - NDB and VORdecom mission ambition s [27]
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infrastructure  [12]. The basics of the deployment of the MON are based on the
assessment of the current infrastructure.  As represented in numbe rs, the navigation
scenario contains an ambition to decommission 90 % of ~ the current NDB network and 53

% of the current VOR network. There is no assumption that these  navaid swill be rep laced

by another type of navaid , see Figure 6.[27]

As resulted from the abovementioned, DME play es a significant role in the short -term
horizon providing the necessary navigation performance to serve the air traffic as a GNSS
back-up. Therefore, the attention of this research is devoted to DME/DME and its

capability to provide PBN services.
1.2 Distance Me asuring Equipment

Distance measuring equipment represents a system for slant ranging between an
aircraft and a ground station . It was standardized by ICAO in 1952 and the operational
standard of DME was last updated with development of the DME/P version in 1986. Since
then, DME hasbecome an essential part of air navigation , and with collocation with other
systems such as VOR, ILS or MLS, it can serve the air traffic in en -route, approach, landing,
missed approach, and also departure phases of flight . The technology has been further
improved , and th e latest generation of DME transponders can overcome the level of th e
outdated operational standards and provide better navigation performance in line with
the RNP specifications . A EUROCAE (Th&uropean Organisation for Civil Aviation
Equipment) working group  number 107 (WG-107) has been working on a revision of
existing minimum  operational performance specifications for the DME ground
equipment and on development of a specification for avionics systemsf or RNP reversion
using DME/DME positioning [ 16,18,28].

DME consist s of two elements ; a DME interrogator fitted on-board of an aircraft an d
a DME transponder located on the ground. DME is based on a simple principle of

measuring the elapsed time from the moment of an interrogation tran smission from the
airborne interrogator to the reception of reply to this interrogation from the ground

transponder. When the time is measured, a distance representing a slant range between

aircraft and the ground facility can be determined as follows :

Y — 3y 2.1)
Where ‘Y is the slant range, T is the measured time between sending the interrogation

and receiving the reply, Qis a predetermined delay in the ground transponder, and  Qis

12



the speed of radio wave propagation. The measurement of the slant range

Figure 7.[29,30]

Interrogation signal
of aircraft

Reply signal of
ground station

Ground
station

—

—_—

Figure 7 - DMEprinciple [ 30]

is shown in

DME can be operated in two standards . The DME primarily used for en -route or TMA
navigation is referred to as DME/N;T da EOOGat 6EY 6E¢

spectrum characteristic. T he+ § Ga Odé Aa s

measuring element of MLS and it has two operationa
supporting flight operation in the final approach and runwa
mode , which is interoperable with DME/N.

description deals with standards of the DME/N, the pr

specified in the EUROCAE documents ED-36 and ED-53. [23,26]

L a ¥ nadoly H

| mode s; a final approach mode for
y areas and initial approach
For this research purpose, the further

ecision ranging element of MLS is

DME works in the UHF frequency band 960 -1215 MHz which falls into the radio spectrum

known as the L -band. The channel separation is 1 MHz , and the channels are divided into
channels X and Y for DME/N ; and channels W and Z intended for DME/P. The patrticular

channels are distinguished by the pulse pair spacing

;as shown in Table 2 . DME/N system

can be operated on one of the 25 2 channels; 126 X channels and 126 Y channels. The

ground transponders ha ve also defined different delay between the interrogation

reception and their reply transmission. The reply on interrogation is transmitted with

adifference of =~ @®Biz from the interrogation frequency.  [23,26]

Table 2 y Pulse pair spacing and time delay for DME/N channels [ 23]

DMEN Pulse Pair Spacing Time
Channel [As] delay
Interrogation | Reply [As]
12 12 50
36 30 56
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X-Channel Interrogation Pulse Pair

Spacing 12us

X-Channel Reply
Pulse Pair is
identical to the
Interrogation Pair

Width

pt—>
Rise Timé Fall (Decay)
2.5pus  Time 2.5pus

Figure 8 y Characteristics of DMEinterrogation p ulse pair [ 31]

The DME signal consists of a pulse pair. Each pulse has a smoothly rounded Gaussian
shape, as represented in Figure 8. The pulse duration should take 3.5 As between the
leading and trailing edge of the pulse at 50% of the maximum amplitude. The pulse rise

from 10% to 90% of the maximum amplitude take s between 1.5 and 3 As. Similarly, the
pulse decay time should reach between 1.5 and 3.5 As. The instantaneous amplitude of

the pulse between points of 95% of maximum amplitude leading and trailing edge of

the pulse should not fall below the 95% value.  The pulse pair spectrum is within | 100 kHz
of the assigned channel frequency. At least 90% of the radiated energy in each pulse
shall be within 0.5 MHz . [23,29]

The block schema in Figure 9 further characterised the interrogator and receiver
elements of the DME system. Both parts are consisted of an omnidirectional antenna
with vertical polarization. The overall accuracy of the DME/N system is defined as of

~ E INBI. However, research showed that achieved accuracy in operation can reach

better results. [ 23,30]

DME is often used to complete the VOR system providing measurement of bearing from

or to a VOR ground station relative to magnetic north |, also-called radial. Therefore ,
VOR/DME is capable of providing full information about the position of an aircraft in
airspace relative to the ground station. The DME is preferably installed at the exact
location as VOR. DME may be also associated with an ILS system in order to provide a
source of the distance measuring function during landing as a substitute for marker
beacons. The DME/P ensures a similar function for MLS. DME facilities can also be
operated as a single facility without association with any systems. En -route ground

stations are able to serve an area in a range of 200 NM up to altitudes until the path loss
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Figure 9 - Block Dlagram of DME [31]

causes an decrease of the performance according to the standard [ 23]. The terminal
installation associated with ILS supports instrument approach procedures from arange
of 25 NM in altitudes down to 1000 ft above the runway . The collocation of DME with

other VHF system s or MLS hasa specified frequency allocation in Annex 10/Volume I [ 26].

The distance measuring section of TACAN operates in the same frequency band ,and it is
based on the same principles as DME In order to p rovide bearing measurement for  civil
aviation, TACAN can be associated with VOR as well; referred to as VORTAC. This
technology is shortly described in Chapter 1.3.

1.2.1 DME Interrogator

The DME interrogator is installed on-board of an aircraft. | t has a function of transmitting
interrogation in the form of pulse pairs, recognis ing the reply for its interrogation, in
order to calculate the slant range to the interrogated ground stations. The interrogator

can scan simultaneousl y more than one DME tr ansponder operated on different

channels [ 29].

The interrogator can work in different modes. The search mode is intended to identify
the ground station reply of own interrogations and set up the connection to the gr ound
station. The track mode ensures the distance measurement . In case the interrogator
loses connection with the ground station,t he memory mode of the airborne equipment
ensures retaining of the distance indication when it does not receive a suitable rep ly
signal for a certain time period (usually 10 s) instead of switching immediately to the
search mode. Provided that the signal is lost, the interrogator switches to the search
mode. Otherwise, the indicated distance is acquisitioned again , and the interr ogator
continue sinterrogating the same signal in track mode. Within the memory mode period,

the estimation of the slant range to the ground station is presented to the pilot. [29,30]

The average pulse repetition frequency (PRF) of the airborne interrogator , represented

by the number of transmitted pulse pairs per second, is considered 16 pp/s at maximum
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for each interrogated frequency, on the  assumption that 95% of the occupation time of
the interrogator is in track mode . In other words, 5% remains for the search mode. The
maximum interrogation rate in the search mode can reach up to 150 pp/s . The airborne
DME should acquire the correc t range within 2 s in 80% and switch to the track mode.
Provided that the interrogator has a 100 W or less peak pulse power, the average PRF can
reach up to 30 pp/s. When the airborne DME interrogates more channels , the PRFfor all

frequencies should be lo wer than 48 pp/s. [29]

In order to recognize replies of own interrogation s of an aircraft from other replies and
squitter pulses from the ground station,  the pulse repe tition rate is randomly changed.
This intention EA O8 Ec¢ éa o+ Thd&idekragator exparts Tt @ceeive the pulse
pairs replies from the ground station with the same repetition frequency, and it can
predict the time frame when the next reply should be received. While the DME
interrogator ident ifies its own responses from the ground station, it lock s on the ground
station , and it interrogates in the track mode.  The scanning DME can receive more than
one reply on the same channel. Under those circumstances, the airborne equipment
should track the station with the stronger signal  when the condition is met that one

signal is at least 8 dB or greater in amplitude than the next stronger signal .[26,30]

The aircraft equipment should correspond to the peak power of the second pulse at least

250 W when operati ng above 18,000 ft. Otherwise, the second pulse peak should be
interrogated with a power of at least 50 W. The highest power should not exceed 2 kW.
The first pul se should be transmitted with  power of a maximum difference 1 dB from the
second one. The receiver sensitivity level of the DME int errogator is set at maximum
of -83 dBm. Accuracy of the DME/N interrogator is defined with 95% the total error of
airborne equ ipment do es¢ ET  afn0aalU E %ofthe @alculafed diskancd 8

whi chever is greater. [ 26,29]

1.2.2 DME Transponder

Besides the replies on the aircraft interrogations,t  he DME transponder pseudo -randomly
transmits squitter pulse pairs independently of whether or not it is interrogated by an
aircraft. Therefore, the typical transmission rate reaches values about 800 pp/s; but at
least 700 pp/s. If an aircraft interrogation is received by the ground station, a part of  the
squitter pulses is replaced by the pulse pair s replies. The DME ground station is capable
of replying at a transmission rate of at least 2700 pp/s . The high -capacity transponders

are able to reply up to 460 O pp/s. These values should correspond to the maximum
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number of serving 100 aircraft simultaneously , respectively 200 for the high -capacity
ground station. In other words, t he replies capability of the transp onder should be
adequate to the peak traffic in the coverage of the ground station. Once this limit is
achieved, further interrogations cannot be replied to , and the DME station is considered
saturated. Furthermore, the additionally received interrogations force the ground
station to reduce its  sensitivity to maintain the maximum PRF. For his reason, the ground
station replies only to aircraft located closer to the station, and it ignores interrogations

from more distant aircraft. [23,26]

The coverage of the ground transponder is dependent on including both air and ground
transmitter powers, receiver sensitivities, antenna characteristics, aircraft altitude and

ground station antenna siting . For example, the omni -directional antenna of the
transponder can achieve a gain of 9 dB of the main beam with ana Aat ET 6E¢ Eé
Thus, the radiation pattern of the antenna in the vertical plane enables to receive the

transponder signal also below the horizon.  [23,32]

The interrogation pulse pairs with the correct spacing and nominal frequency shall
trigger the transponder reply if the received peak power density at the transponder
antenna is at least -103dBW/m 2 with the efficiency of 70% at minimum. The power
density of the interrogation signal at the transponder antenna can vary from the just
mentioned minimum up to a maximum of -22 dBW/m 2 when associated with ILS. This
sensitivity level can vary by 1 dB between the station load up to 90%. The peak EIRP
(Effective Isotropic Radiated Power ) of the DME ground station should ensure the

minimal peak pulse power density of - 89 dBW/m 2 in the coverage of the station. [23]

In order to avoid replying to echoes from multipath propagation, the DME dead time
represents a time period when the ground beacon does not generate a reply on the
received interrogation s after reception of a val id interrogation immediately followed by

its decoding . [26]

At least once in 40 seconds, the DME ground station will temporarily replace all pulses
with the identification at a transmission rate of 1350 pp/s. This 1350 Hz Morse-code
identifier enables to i dentify the DME ground station on -board the aircraft. In the
meantime, the aircraft maintains the identifier in the memory mode to prevent a loss of

the tuning. In case the DME is associated with a VHF navaid, the identification
transmission is s ynchronized with the VHF facility identification code. In other words, the
identification is tran smitte d three times from a VHF navaid at 1020 Hz and once from
DME at 1350 Hz.[16,23]
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Physical protection against weather condition s is necessary, and the reliability and
continuity of the service can be ensured using monitors. The continuit y of the service,
measured by mean time between outages , can be improved using redundancy, such as

dual monitors or dual transponders.  [23]

The system accuracy may be affected by several factors, such as airborne equipment,
propagation and ground equipment error. Never theless, the overall system should

achieve accuracy 0.2 NM. [ 23]
1.3 TACAN

Although the research is focused on DME/DME navigation, it is necessary to mention also
TACAN Thanks to its distance measuring function identical to the DME function, TACAN
can be used by civil aircraft. M ilitary aviation considered the collocation of VOR/DME
unsatisfactory for their usage, especially because of the large size and complex
installati on requirements in compar ison to the low -frequency VOR antenna. Therefore,
the US Air Force came up with a solution in the form of  a new system, the tactical air
navigation system. TACAN brought the integration of the bearing function with distance
measure ment into a single facility. Moreover, it enables better accuracy  than VOR, and it
is operated at a single frequency band. A new en -route navigation system VORTAC was
introduced, in order to meet requirements not only for military, but also for the civil
airspace users. In the case of VORTAC, the VOR bearing component satisfies th e needs of
the bearing determination for civil aircraft, and the distance component of TACAN
replaced the function of civil DME. Military aircraft uses TACAN for the determination of
both, azimuth and distance. It follows that TACAN is operated in the same frequency
band as DME and uses the fixed pairing of operation channels when collocated with VOR.
The TACAN compatible with DME was adopted by ICAO in 1959. [16]

Besides the DME pulse pairs, the TACAN ground station sen ds specifically coded pulses
with one main reference burst (MRB) of 15 Hz and one auxiliary reference burst (ARB) of

135 Hz. The airborne receiver evaluates the phase relation between the two bursts and

is able to determine the azimuth with an increased ac  curacy in comparison to VOR.
TACAN ground facilities work with a higher transmission rate  , and their output power can
reach up to 5kW . The value of squitter pulse pairs reaches 2700 pp/s . The rise time of the
gUAHA o8 UaéAssanrdihe decaytimEa OBH Ua é 6 ¢ A witich § slightlyE L
shorter than in the case of DME. [30]
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Taking into account the identical function of distance measuring between aircraft and
the ground station, there are no differences made considering TACAN or DME features in

this research .
1.4 Alternative Position, Navigation and Timing

As abovementioned, even though t he GNSS is evolving and the robustness and the
reliability will increase by using multi  -constella tion and operating on more frequencies
the threat of GNSS unavailability with asignificant impact on aviation remains. Therefore,
the preservation of the current positioning systems functional is reasonable for ensuring
the safety of aviation operation s. In this context, the best candidate for GNSS reversion
providing sufficient capability is DME/DME navigation . Some new alternative positioning,
navigation and timing system concepts have been designed in order to ensure the long -
term GNSS back -up, which are later mentio ned. However ,implementation such a system

is a complex and time -consuming matter. The conventional navaid s are usually operated
by the states in the European region. For that reason, the re is an opportunity to optimis e
the current D ME network independently on national borders considering the possible

increase in air traffic. [ 2,5,7,10]

Several research projects are ongoing in the area of APNT system concepts, as well as
improvement of the current systems and their network optimisation. A short summary

on APNT systems development is presented below. Although, the main focus | ies on the
DME/DME navigation solution and the following  rationalisation of the DME infrastructure

providing sufficient RNAV capability for the European Air Traffic network.

The standardization process of implementation of a new system in aviation always
represents a complex task in the way of new technical requirements applicability on
different aviation stakeholders worldwide. Th e compliance of a system with  strict safety
requirements and the development of the possible solutions is no  t only extremely time
consuming but also very costly. Considering the current fast development in the area of
digital technologies, the situation may occur when the new system is ready to be
deployed, the technology is already outdated. Therefore, all APNT candidates aim to
utilise the possible e xisting standards and equipment  or the evolving as a part of a new

system with a different primary intention.  [33].

Furthermore, the limitation of the aeronautical frequency spectrum has to be considered
by a new system implementation. Aviation spectrum users are criticized for the

inefficient utilization of the aeronautical bands, and different entities are trying to gain
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some allocation for sharing their services within aviation bands regardless of the safet y
threats. The most critical situation is  on aeronautical frequencies 960 -1215 MHz in the L-
band, where a large number of civil and military navigation and surveillance systems
operate on a spectrum sharing basis ,including DME. The new ly deployed system h asto
be accommodated with possibility to share frequencies with systems already in

operati on [33,34].

The most likely candidate for an APNT system, also considered as a long -term sol ution in
the European ATM Master plan, is the L -band digital aeronautical communication system
(LDACS) As stated in the name of the system, it is primarily intended for ensuring digital
communication in aviation. However, LDACS has already demonstrated its capability to
serve as an APNT system. Moreover, the research is conducted, in order to find a way, how
LDACS could also support surveillance and RPAS (Remotely Piloted Aircraft System) C2
link (Command and Control link) applications. LDACS is intended to be operated inthe L -
band, and its interoperability with other systems in the band remains a priority. The
specifications of the system are under development , and the standardization process
within ICAO is being prepared. The required documentation incl  uding LDACS SARPS
should be available till the end of 2022. [ 10,35,36]

The other APNT system concepts include eLORAN (EBhanced Long Range Navigation) ,
Mode N with using the reverse multilateration principle, and further development of
current DME. The other approach could also be to use a combination of the different
existing and proposed system s to determine an aircraft pos ition. Nevertheless, this
potential solution of the  so-called Modular -APNT requires data merging from various
ranging sources with different performance levels and n eeds to be further
investigated . Therefore , DME/DME is the only short term APNT. [34]
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1.5 DME/DME Positioning

The DME/DME navigation is based on the principle of measuring slant ranges from two

or more different ground stations. This enable s determination of the horizontal position

of an aircraft. This signal reception from several DME facilities with specific position s
enabl es to reach RNAV capability for en -route as well as for departure and arrival ro  utes.

In order to generate position with the required performance , a position of the ground
stations has to meet predefined conditions . For example, the FMS system must use DMEs

with aGaAET 6t a EcéAa Oar, Bed Kigure AE Simultanddusly, Stiiexrange
between aircraft and the two ground facilities must be greater or equal to 3 NM  and
lower or equal to 160 NM. The Ra - HnNnHT aC CUHT Oadbovehtherhstizon 8 E ¢
when viewed from the DME facilities. The position is then determined using the

triangulation method considering also previously calculated position in the FMS. [18,37]
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Figure 10 - DME/DME RNAVprinciple [38]

FMS considers Figure of Merit (FOM) value to identify the usable region of a DM  E facility,
see Table 3. The DME ground station has to broadcast its identifier signal, satisfy the
mini mum field strength requirements and must be protected from interfering DME

signal, otherwise , it will be considered invalid [ 37].

Table 3 - DME/DME RNAV FOM39]

FOM DME/DME RNAYV System of the aircraft must be:
Value | | ess than or equal to: (from the Less than: (above facility
facility) elevation)
0 25NM 12,000 ft
1 40NM 18,000 ft
2 130NM
3 Beyond 18 NM
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In the PBN environment, it is assumed that DME can be used for navigation at a maximum
range of 1 60NM. Information that indicates DME usable range (DOC) is stored inon  -board
Navigation database of FMS, which has a standardized format described in the

Specification ARINC 424 -20 Navigation System Database [39].

The area in which DME station ranging data is used by FMS is expressed by the following

categories:

1 Terminal yusable within radius 25NM below FL 120
1 Low altitude 2y usable within radius 40NM up to FL 180
1 High altitude vy usable within radius 130NM up to FL 600

The FOMparameter provides additional information about extended high altitude use
beyond 130NM. Moreover, it can indicate whether the navaid is included in a civil
international NOTAM system or is out of service. It is important to note that this database
is provided by data houses that support FMS manufacturers database maintenance and

is restricted due to its commercial value.  [39]
1.6 RNAV Procedure Service Volume and DME Coverage Criteria

As abovementioned, DME has been evolv ing since the system standards were lastly
updated , and they do not reflect the current system performance ,includi ng both, the on -
board equipment and the ground facilities. As far as the DME/DME navigation solution
has been considered a candidate for the short -term APNT in Europe, studies have been
conducted on the current DME performance as well as their combination for DME/DME
RNAYV. The evaluation of data collection and processing proved that the current DME
system is able to reach tw ice the better accuracy than the defined standard value . In
EfdaG NEGUHes E 37 éGEWN¢cU HRYVETOE¢ o6H EOAa
distribution than 0.1 NM, and a DME pair is able to provide the positioning accuracy at

least two times better than current standards considering the aforementioned angle

A6COT EY 6Ecds NG6T & E + EAIA Eé& 6B &8 DGIECHAS TP a.

for the error dist ribution of a single DME is specified in Figure 11. [9,40]

The DME/DME positioning performance meets the accuracy requirements of RNP 1
specifications. However, the on -board monitori ng and alerting system has to ensure the
integrity for using RNP procedures, which is not provided for DME/DME navigation by the

current avionics equipment. The FMSs are able to perform  reasonableness checks to

1 NSE (Navigation System Errate difference between the true positipand the estimated positiort]]
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Figure 11 - Histogram on DME Slant Range Error
Distribution [ 9]

verify the valid DME measurements to avoid da tabase errors and erroneous system
acquisition. Nevertheless, the DME/DME reasonableness checks are not considered as
a full on-board monitoring and alerting , which can be ensured by Receiver Autonomous
Integrity Monitoring (RAIM} in case of the GNSS. For this reason, stricter rules that
compensate this lack should be set on DME transponders in order to enable
RNP.[18,37 40]

The evolution of DMEDME positioning did not stop when it was  referred as the short -
term APNT solution, butitis also expected that using multiple DME station sto get more

precise position measurement will be further improved and put into operation. Besides
the accuracy improvement by determining an aircraft position using all DME facilities in

view, the multi -DME concept promises the system performance enhancement also by

enabling the implementation of on -board integrity monitoring .[42]

Nowadays, research can be focused on the further development of improvement of the
DME based on modern digital technology, in order to provide necessary performance
including integrity requirements to serve the air traffic when GNSS unusable . However,
this research is concerned with the current capabilities of the DME/DME RNAV

positioning.
1.7 Navaid s Infrastructure R ationalisation

The current conventional navaid s are usually operated in the European region according
to state needs. Therefore, the rationalisation of the VOR, DME and TACAN ground stations

infrastructure was assessed within a SESAR JUproject with regards to support of the PBN
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through ECAC (European Civil Aviation Conference) Member States; the project reference
is D1.4.B ECACy Wide Navigation Infrastructure Assessment [ 43]. The main objective of
this projec t was to propose optimisation of the current  navaid s infrastructure and to find

out whether decommission of some ground facilities would be possible.

The rationalisation of the navaids network is based on the results of the navaids
Infrastructure assessmen tin the individual ECAC Member States , including also a cross-
border network optimisation. The reports concluded the potential for reducing the

navaid s specified in Table 4.

Table 4 - Number of potential rationalised  navaid s [43]

Navigation Infrastructure
Across All ECAC States

Current 754 793 169
Rationalized 498 754 105

VOR DME TACAN

TOTAL

The main objective of this research was to assess the navigation infrastructure capability
across all ECAC states considering the state reports results in order to identify the
possible solution for the navaid s network optimisation , ensuring the sufficient RNAV
capability. However, the rationalisation of VOR and DME was based on coverage
estimation from limited information. Therefore, the results should not be considered as
an implementation plan for the future navaid s infrastructure , and a State ANSP is

responsible for operation of the navigation facilities providing the required performance.

The research identified several issues which could influence the navaid s rationalisation
solution. Fo r example, some of the states use a simulation tool considering an tennas
with their propagation characteristics for the navaids assessment . Nevertheless, the
DEMETER DistancE Measuring Equipment TracER ) tool uses DOC of the facility, which
may lead to different results. Another characteristic taken into consideration in the state
reports was that the capability has to be ensured at all en  -route levels , fully supporting
the current route structures and traffic flows. In this case, the evaluation promulgated
conventional routes were dependent on an evaluation where could have been used a

different approach for each state.
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The project report contains extensive studies on VOR/DME and DME/DME RNAV
capability and navaid s redundancy in different flight levels starting with the FL 95,
assumed like a minimum en -route level for the ECAC Member States. In addition, it
provides performance maps of the current state and the performance of the rationalised
navaids network as seen from Figure 12. The DME/DME coverage evaluation also includes
TACAN facilities and DME co-located with VOR. The individual maps of coverage were

created in the DEMETER environment concerning the facilities DOC and a terrain.

Figure 12 - Rationalised All ECAC DME/DME Performance FL95 [43]

REDy No redundancy (1 valid DME pair)

YELLOW\y Limited Redundancy (at least 2 valid DME pairs having 1 common DME)
GREENy Full Redundancy (2 valid and independent DME pairs)

BLUEy Excessive Redundancy (more than 2 valid and independent DME pairs)

Indeed, the SESAR project provides a complex assessment of DME/DME RNAV
performance from the perspective of the DME ground facilities, further research is
necessary to be carried out in order to evaluate the real impact of the DME stations

decommission.
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