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Abstract: Precise detection of flight path deviations during the approach phase is critical for identifying operational
risks and enhancing aviation safety. However, existing monitoring methods often face significant challenges in
distinguishing between environmental signal distortions and operational handling errors due to the lack of high-fidelity
physical reference models. To address these limitations, this study establishes an integrated simulation framework for
required navigation performance (RNP) and instrument landing system (ILS) approaches by synthesizing quick
access recorder (QAR) data with rigorous navigation modeling. A site-specific “digital twin” of Linfen Yaodu Airport
is constructed, incorporating 3D trajectory reconstruction based on Mercator projection and Baro-VNAV logic,
alongside an electromagnetic simulation of ILS signals utilizing antenna array and image theory to model multipath
effects. Empirical validation demonstrates that the model accurately reproduces critical signal characteristics, including
interference fringes and secondary glide slope lobes. Furthermore, quantitative regression analysis establishes a
definitive linear correlation (R*>>0.98) between the theoretical difference in depth of modulation (DDM) and the
pilot-observed distance off track (DOT), providing a verified calibration equation for interpreting cockpit indications.
The practical utility of the framework is substantiated through the investigation of a specific vertical deviation
anomaly, where the model successfully traces the causal chain from signal distortion to unsafe landing parameters such
as threshold height exceedance and flare compression. This research offers a robust, data-driven methodology for
continuous flight quality monitoring and provides a scientific foundation for identifying the root causes of navigation
incidents.
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0 Introduction

With the continuous expansion of the global
civil aviation fleet and the increasing density of air
traffic, flight safety management faces unprecedent-

ed challenges .

Statistical data consistently indi-
cates that the approach and landing phases are the
most critical segments of flight, accounting for a dis-
proportionately high percentage of accidents and se-

rious incidents globally. Consequently, identifying
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operational risks and ensuring navigation integrity
during these complex phases has become a focal
point of aviation safety research'”’.

In modern terminal area operations, the inte-
gration of required navigation performance (RNP)
and the instrument landing system (ILS) has
emerged as a dominant paradigm'*. This hybrid op-
eration leverages the flexibility of RNP for efficient

trajectory management and the high precision of ILS
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for the final landing guidance, offering a robust solu-
tion for operations in adverse weather and complex

terrain environments'*

. However, the reliability of
these systems is susceptible to environmental fac-
tors, such as electromagnetic interference, multipa-
th effects caused by terrain, and atmospheric turbu-
lence. Traditional methods for validating navigation
performance primarily rely on periodic flight inspec-
tions. While effective, these inspections are costly,
intermittent, and represent only a “snapshot” of the
system’ s status, failing to capture dynamic perfor-
mance fluctuations during daily commercial opera-
tions.

To address these limitations, the utilization of
quick access recorder (QAR) data has revolution-
ized flight QARs provide

high-frequency, continuous records of aircraft dy-

quality monitoring.

namics and onboard system parameters, offering a

761 Recent

rich data source for anomaly detection'
advancements have seen the application of machine
learning and statistical analysis to mine this data for

safety insights'”®.

However, existing data-driven
approaches often face a critical bottleneck: They ex-
cel at identifying that a deviation occurred, but often
struggle to explain why, due to the lack of integra-
tion with the underlying physical mechanisms of the

10 Specifically, it is es-

navigation infrastructure
sential to distinguish this critical limitation within ex-
isting industry-standard frameworks, such as the
Federal Aviation Administration” s (FAA) Flight
Data Monitoring (FDM) programs and EURO-
CONTROL’ s Flight and Flow Information for a
Collaborative Environment (FF-ICE). While these
established systems have significantly advanced avi-
ation safety through macro-level statistical trending,
trajectory sharing, and kinematic threshold alerts,
they predominantly operate as purely data-driven
tools. They excel at identifying what occurred, such
as a trajectory exceedance, but lack the high-fidelity
electromagnetic  physics models required for
micro-level root-cause analysis. Consequently, with-
out a rigorous physical reference model, these con-
ventional frameworks struggle to definitively distin-
guish between environmental signal distortion, mul-

tipath interference, onboard receiver dynamics, and

pilot handling errors''"’.

This study aims to bridge this exact gap be-
tween theoretical design and operational reality by
developing a comprehensive integrated trajectory
modeling and signal simulation framework. Unlike
purely statistical methods or existing macro-trajecto-
ry frameworks, this research synthesizes the geo-
metric logic of RNP approach (APCH) procedures
with the electromagnetic physics of the ILS (incor-
porating antenna array theory and ground reflection
models) to create a high-fidelity “digital twin” of
the approach environment. Taking Linfen Yaodu
Airport, a site with complex terrain characteristics,
as a case study, we integrate massive QAR flight
data to validate the model’s fidelity.

Furthermore, to precisely articulate the diag-
nostic capabilities of this framework and avoid con-
ceptual ambiguity in subsequent sections, rigorous
distinctions are established among three frequently
associated terms. In this study, “approach devia-
tion” refers to the objective, quantitative spatial dif-
ference between the aircraft’ s actual position and
the defined 3D reference trajectory, typically mea-
sured in distance off track (DOT) or difference in
depth of modulation (DDM). A “trajectory anoma-
ly” denotes a specific operational event or outcome
where the approach deviation exceeds standard safe-
ty tolerances or exhibits abnormal dynamic patterns
(e.g., a false glide slope capture). Finally, “naviga-
tion error’ is strictly defined as the underlying
system-level inaccuracy or electromagnetic signal
distortion (such as multipath interference) that con-
stitutes the physical root cause. By clearly delineat-
ing these concepts, this research systematically in-
vestigates how underlying navigation errors propa-
gate into observable approach deviations and ulti-

mately trigger trajectory anomalies.
1 Methodology

1.1 Overview of the integrated simulation

framework

This section details the theoretical foundation
of the proposed high-fidelity reconstruction frame-

work. To bridge the gap between empirical flight da-
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ta and underlying physical mechanisms, the method-
ology is structured into two main sequential mod-
ules. First, a spatial geometric model is constructed
to generate the “zero-deviation” 3D RNP reference
trajectory based on Mercator projection and baro-
metric vertical navigation (Baro-VNAV) logic. Sec-
ond, a high-fidelity electromagnetic physics model
of the ILS is established. By applying the antenna ar-
ray distribution and the image theory, this model
simulates the spatial interference of the 90 Hz and
150 Hz modulated signals, quantifying the theoreti-
cal in DDM. Ultimately, by mapping empirical
QAR data onto this integrated “digital twin” envi-
ronment, the framework establishes a quantitative
calibration between the physical signal distortions
and the pilot-observed DOT.

1.2 Construction of RNP APCH reference tra-

jectories

The defined trajectory of an RNP APCH pro-
cedure serves as the fundamental baseline for evalu-
ating flight deviations'”®. This study synthesizes a
comprehensive 3D spatial reference path by con-
structing distinct horizontal (2D) and vertical (1D)
models.

1.2.1 Horizontal geodesic modeling

The Mercator projection is employed to estab-
lish the horizontal trajectory, chosen for its confor-
mal properties that preserve local angular accura-
cy[m , which is essential for navigation calculations,
as shown in Fig.1. Based on RNP authorization re-

[14]

quired (AR) design standards''’, geometric param-
eters for complex paths, such as turn radius and
minimum stabilization distance, are rigorously calcu-

lated. Concurrently, dynamic protection zones are
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Fig.1 Schematic diagram of Mercator projection

generated around the nominal trajectory. The
widths of these zones are adjusted according to the
segment’s specific RNP value, defining the compli-
ance boundary for subsequent deviation analysis.
1.2.2 Dynamic vertical profiling

The vertical trajectory is defined by the
Baro-VNAV system, which generates a precise
geometric descent path connecting key altitude con-
straints, such as the final approach fix (FAF) and

[15-16]

the runway threshold . Critically, this model in-
corporates dynamic corrections for non-standard at-
mospheric conditions. Since barometric altimeters
tend to overread in cold temperatures, the
Baro-VNAYV model calculates a compensated path
to ensure the aircraft’ s true altitude maintains safe

U7 This corrected vertical

clearance above obstacles
profile is validated against the obstacle clearance
height (OCH) and visual segment surface (VSS)

t'%". By integrat-

to ensure all safety margins are me
ing this dynamic Z-axis profile with the horizontal
model, the complete 3D RNP APCH reference tra-

jectory is constructed.

1.3 High-fidelity ILS electromagnetic environ-

ment modeling

The guidance principle of the IS system relies
on the spatial synthesis of 90 Hz and 150 Hz modu-
lated signals. The airborne receiver quantifies the
aircraft’ s angular deviation from the centerline by
calculating the DDM"*",

1.3.1 Localizer radiation pattern and demodula-
tion logic

The fundamental metric for lateral guidance is
the DDM, which defines the aircraft’s deviation rel-
ative to the runway centerline. It is mathematically
expressed as the difference between the modulation
depths of the 90 Hz and 150 Hz signals, shown as

DDM = My, — M (1)
where M, and M, represent the modulation depths
of the 90 Hz and 150 Hz signals. A value of DDM =
0 indicates precise alignment with the centerline.
Conversely, DDM <C 0 signifies that the 150 Hz sig-
nal is dominant (indicating that the aircraft is to the
left of the course), while DDM > 0 indicates 90 Hz

dominance (aircraft to the right).
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To simulate this spatial distribution rigorously,
the ground signal generation and antenna array distri-
bution processes are modeled. The Localizer trans-
mitter generates the carrier plus sideband (CSB)
and sideband only (SBO) signals®'. These signals
are distributed to the log-periodic dipole antenna
(LPDA) array via a network of power dividers and

[21]

mixers'“', as shown in Fig.2.

Fig.2 Radiation pattern of localizer LPDA array

The detailed mathematical derivations for the
baseband modulation and the specific incident sig-
nals for each antenna element are provided as fol-
lows.

To simulate the localizer spatial distribution rig-
orously, the ground signal generation is mathemati-
cally expressed. The localizer transmitter generates
the carrier plus sideband (CSB) and sideband only
(SBO) signals. These signals are synthesized by
modulating the carrier frequency f. with 90 Hz and
150 Hz tones. The mathematical expressions for the

transmitted voltages are shown as
Ecsp (1)= ucsy X sin(2nfir) X
[1 + My Sln( 27(_]‘2;()2‘) + M50 Sln( Zﬂﬁsol‘)]

Espo (1)= uspo X sin( ZTffcf) X

I:l + My Sll’l( ZT(fg()Z) — M5 Sin( 27(]‘150[)]
(2)

where mo, and m,5 are the modulation indices of
90 Hz and 150 Hz sine signals, respectively; and
2nfy, and 2715 the angular frequencies of the modu-
lation tones and the carrier, respectively.

For the mth antenna pair (located symmetrical-
ly at distance = D,, from the center) , the signals as-

signed by the antenna array to the left and right an-

tennas, A, and B,,, are shown as
Z:/’\,,, ( 4 ): IA,,, ( t ). Sln( 271](;71[ + SDIU )
iy (1)= Iu,,, (1)s Sin( 27Tf;71[+ ¢m)

where I, (7) and I, (¢) are the incident signals for
antennas A, and B,,, respectively, and their values
change with time ¢. f,, and ¢, are the frequency and
phase of the radiated signal from the mth dipole
pair, respectively.

At an arbitrary far-field point P with an azimuth
angle ¢, the fundamental superposition equation is
derived as

in(1)=D X F(0,0)X 1, ()X

. _Ta, |, T,
[Z,\m(l c )+ zgm(z‘, s )} (4)

where C represents the signal propagation speed

(specifically the speed of light in the medium) ,
while 7, and r; denote the precise Euclidean dis-
tances from the antennas A, and B, to the target

point N, respectively. The terms r, /C and ry/C

thus quantify the time delay required for the signal

to traverse these distances. F(0,¢)=

IE(ﬁ,gp)l/Emé,x is the normalized element pattern

function, describing how the electric field strength
of a single LPDA unit varies with azimuth ¢ and el
evation ¢. And D serves as the attenuation factor,
approximating the inverse-square law loss over dis-
tance.

Substituting the sinusoidal current expressions
into the superposition equation and applying the trig-
onometric sum-to-product identity (Eq.(5)) to re-
solve the phase differences caused by the path differ-
ence Ar==2D,sin@, the final synthesized electric
field equation is obtained.

sinA + sinB=2sin((A + B)/2)X
cos((A+B)/2) (5)

At an arbitrary far-field point P with an azimuth
angle @, the composite signal is the vector sum of ra-
diations from the symmetric antenna pairs. Taking
into account the path differences and the normalized
element pattern function, the final synthesized elec-

tric field equation is obtained as
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2xD,,
in(1)=2D<F(0,¢ )1, (1)X cos| — X
Asind
Amplitude term —_—
Space factor
2nr
sin(thr @, — 1 ! (6)

Traveling wave term

This derived equation explicitly connects the
physical geometry to the signal structure. The space
factorcos ( 2xD,/Asin@) mathematically demon-
strates how the antenna spacing D,, and wavelength
A interact with the azimuth ¢ to modulate signal in-
tensity, creating the required radiation lobes. The
term 2mr/A represents the phase lag over the mean
distance 7.

The DDM is extracted by the airborne receiver
through a multi-stage demodulation and filtering pro-
cess, as detailed in the workflow of Fig.3, where
LLOC and GS represent localizer and glide slope, re-
spectively. First, the receiver captures the high-fre-
quency composite signal. Because the essential guid-
ance information is embedded within the amplitude
variations, an envelope detector is utilized. The spe-
cific role of this detector is to strip away the radio
frequency carrier, leaving only the low-frequency
baseband signal. Next, this baseband signal is rout-
ed into parallel 90 Hz and 150 Hz bandpass filters.
The significance of this step is to cleanly separate
the two critical modulation tones. Finally, the sys-
tem compares the amplitudes of these two isolated
signals to calculate the DDM. If the 150 Hz ampli-
tude is stronger, it signifies the aircraft is deviating
to the left; if the 90 Hz tone is stronger, it indicates
a rightward deviation. This calculated DDM 1s sub-
sequently converted into a standardized DOT value
for the cockpit display.

. LOC/GS
Airborne LOC / 150 Hz filter Subtractor jndicator

GS antenna

. Envelope
Receiver geector

90 Hz filter Adder Warning flag

Fig.3 Workflow of airborne heading receiver

1.3.2 Glide slope radiation pattern and image
theory model

The GS system utilizes a vertical array of two

antenna units to generate the descent path. Unlike
the Localizer which relies on horizontal symmetry,
the GS depends on ground reflection to form its radi-
ation pattern. The physical configuration consists of
an antenna array with two elements: A lower unit
(L) transmitting the CSB signal and an upper unit
(U) transmitting the SBO signal. The radiation log-
ic relies on the spatial interaction between the CSB
and SBO signals which synthesizes the distinctive
guidance lobes shown in Fig.4. The CSB provides
the primary radio coverage, while the SBO signal is
designed to create a precise vertical directional gradi-
ent. As illustrated, the SBO radiation pattern inten-
tionally possesses a “null” (zero amplitude) exactly
at the designated glide angle 3°, resulting in DDM=
0. If the aircraft deviates above the path, it enters
the upper lobe (90 Hz dominant) , where a positive
deviation (DDM>0) generates a “Fly down” com-
mand. Conversely, deviating below the path expos-
es the receiver to the lower lobe (150 Hz domi-
nant) , where a negative deviation (DDM<C0)
prompts a “Fly up” command. This mechanism en-
sures that the signal dominance and the resulting
cockpit indications accurately reflect the aircraft’ s

position relative to the target glide path.

o 530(0) DDM > 0
— Feu(0) F.. (0
---- Target glide path(3") s )\/ (Fly down)
. B
90 Hz dommﬁn)/ by
(Fly up)
DDM =0 g i
(Null) s CsB
150 Hz dominant

Fig.4 Sliding antenna radiation field

A, : Physical source

4, : Virtual image antenna

d : Antenna height .

0 : Elevation angle Direct signal

Receiver 1
Reflected signal

) _FSL>0
) FSL<0

Fig.5 Equivalent glide slope antenna model
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To effectively model the vertical guidance
field, we must account for the crucial role of ground
reflections. Unlike the Localizer, the glide slope sys-
tem utilizes the flat ground in front of the antenna ar-
ray as an integral component of the radiating struc-
ture. This paper applies the image theory to simu-
late this environment, as shown in Fig.5, treating
the ground surface as a reflective plane. This ap-
proach establishes a virtual image antenna (A,) at a
depth d below the ground, corresponding to the
physical source (A ) at height d. Consequently, the
signal captured by the airborne receiver is the vector
sum of the “Direct signal” and the “Reflected sig-
nal”. Notably, the model incorporates the ground
forward slope (FSL) factor to account for terrain-in-
duced variations in the reflection geometry. Because
these two signals traverse different path lengths and
undergo a phase shift upon reflection, they produce
a spatial interference pattern that varies with the air-
cralt’ s elevation angle ¢. This interaction is what
precisely shapes the CSB and SBO lobes required
for stable vertical guidance.

The detailed derivations for the synthesized
field patterns, including the total array factors for
the CSB and SBO signals based on the image theo-
ry, and the exact DDM formulation, are detailed as
follows.

Based on the image theory model, the radia-
tion patterns for a single antenna unit are approxi-
mated as uniform within the effective range (from
—10° to 10°). The total array factors for the CSB
and SBO signals are derived by combining the direct
and reflected components. Considering the aircraft’s
elevation angle ¢ and the ground slope FSL, the
synthesized patterns are expressed as

[ hsin(0,— FSL)}
A,

FCSB( (9): 2sin| 2w

[ hsin(0,— FSL
FSB()(ﬁ):ZSin on gm( 0/1 ):|>< (7)

2sin

where 0, represents the standard glide angle (typi-

cally 3%). The navigation signal (DDM) is governed
by the ratio of the SBO to CSB field strengths,
shown as

Fs]»,()( (9) T sin( 0— FSL)

=4kcos| — X —
2 sin(0,— FSL)

(8)

where % denotes the feed amplitude ratio between

DDM = 2%

CSB

the upper and lower antennas. In standard M-array
configurations, this value is calibrated to approxi-
mately 0.117. This parameter is crucial as it defines
the sensitivity of the system, determining the angu-
lar width of the glide slope sector.

For practical approach angles the trigonometric
relationship simplifies to a linear approximation,
shown as

b1 ¢ — FSL ) ()

DDM = 4/@005(2 X 9. —FSL

The variation of DDM with elevation angle is
plotted in Fig.6. When the aircraft is exactly on the
glide slope (0=10,) , DDM=0. Deviations below
the path result in DDM <C0(Fly up), while devia-

tions above yield DDM > 0(Fly down).

0.4}

0 3 6 12 15 18

9
6/()
Fig.6 DDM value variation chart within 18" of decline

However, due to the periodic nature of the
Fgpo function, mathematical analysis reveals the ex-
istence of “secondary glide slopes” at higher eleva-
tion angles. Specifically, when 0= 9° or 0~ 15°,
the SBO signal again passes through a null, creating
a false DDM = 0 reading. As shown in Fig.7, these
false paths often exhibit “Reverse sensing” (e.g., at
9°, moving up indicates “Fly up” instead of “Fly
down” ). Understanding these high-angle anomalies
is critical for preventing false captures during

non-standard approaches.
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Fig.7 Glide slope distribution map
2 Experiments

2.1 Site-specific trajectory reconstruction

To validate the theoretical framework estab-
lished in Section 1, this study selected Linfen Yao-
du Airport as the target environment for simulation
and analysis. The RNP approach procedures were
mathematically — reconstructed to  generate a
“Zero-deviation” baseline. Taking the northbound
RNP approach as the primary case study, the flight
plan dictates a trajectory transitioning from the ini-
tial approach fix (IAF) at waypoint LF405, passing
through the f{ly-by waypoint 1.LF404, and terminat-
ing at the intermediate fix (IF) LF403. This proce-
dure design ensures compliance with navigation ac-
curacy requirements while maintaining operational
safety across the complex terrain surrounding the air-

port, as shown in Fig.8.
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il LF405
IR, SHHF, 5 YR AIASI90kt 270078900
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10.0 LOL
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) A0 B
|
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Fig.8 Instrument approach diagram of Linfen Airport

The geometric synthesis of this trajectory in-
volves defining straight flight segments and calculat-
ing precise transition arcs. Based on the Mercator
projection coordinates, the initial approach segment
(L1, LF405 to intersection P) and the intermediate

segment (L2, intersection P to IF) are modeled as

linear equations
L1:y=10.176 99x + 2 150 439.457
{I,Z:y =1.992 43x — 20438 619.016
Solving for the intersection of these linear seg-
ments yields the reference point P (12 442 241.3,
4 352 582.4). To ensure a smooth transition compli-
ant with RNP AR procedure design manual stan-
dards, a transition arc R1 is inserted near point P.
By comprehensively considering the segment
length, turn angle (53.1%), and flight speed limita-
tions, the turn radius is calculated as »= 3 386.6 m.
The center of the arc C is located on the angle bisec-
tor at a distance d =7/sin(0/2)~~7568.7 m from
P, resulting in the standard circle equation for the
transition path
(r—12442241.3) +(y—4357767.6)=
11466 735.7 (11)
This mathematical reconstruction ensures strict
tangential continuity at the entry T1 and exit T2
points of the turn, enabling the aircraft to execute a
seamless {ly-by maneuver. The resulting defined 2D
trajectories for both the northbound and southbound

approaches demonstrate strict adherence to the pub-

lished aeronautical charts, as shown in Figs.9, 10.
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Fig.9 Northbound RNP approach definition trajectory map
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Fig.10 Southbound RNP approach definition trajectory map
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Furthermore, by integrating the Baro-VNAV
vertical profile data, complete 3D spatial reference
trajectories were generated. These 3D models pro-
vide the altitude baseline required to assess vertical
deviations and ensure obstacle clearance throughout

the descent, as shown in Figs.11,12.

1.243 75 335
1.243 25 4340 g
4 124275 L

“lp» 124225 4350
2

Fig.12 Southward RNP approach defined trajectory

2.2 Validation of ILS signal simulation and

receiver dynamics

Before applying the ILS model to real-world
QAR data, a rigorous multi-stage verification pro-
cess was conducted using MATLAB to ensure the
fidelity of the signal generation and processing mod-
ules.

2.2.1 Ground signal synthesis verification

The first stage of validation focused on the
ground transmitter model. Fixed 90 Hz and 150 Hz
sine waves were input into the model to simulate the
generation of the CSB and SBO signals. As illustrat-
ed in Fig.13, the simulated time-domain waveforms
exhibit the expected characteristics: The CSB sig-

nal maintains a relatively stable amplitude enve-

lope, while the SBO signal displays distinct ampli-
tude modulation nulls corresponding to the phase
cancellation points. The correct reproduction of
these waveforms confirms the accuracy of the base-

band modulation logic.

0.00 0.01 0.02 0.03 0.04 0./05 0.06 0.07 0.08 0.09 0.10
tls

(a) CSB

0.50

.50 i 1 1 1 1 1 1 L 1
0.00 0.01 0.02 0.03 0.04 0./05 0.06 0.07 0.08 0.09 0.10
t/s

(b) SBO
Fig.13 CSB and SBO signal time-domain waveforms

2.2.2 Antenna distribution network verification
The second stage validated the LPDA distribu-
tion network. The CSB and SBO signals were rout-
ed through the simulated power dividers and phase
shifters to the 8-element antenna array. Unit tests
compared the simulated amplitude and phase out-
puts for each antenna element against the theoretical
design parameters. As summarized in Tables 1 and
2, the test values for both amplitude voltage and
phase angle matched the theoretical values with neg-
ligible error (e.g., maintaining exact phase relation-
ships like O rad and —= rad). The inner product of
the CSB and SBO signal vectors was confirmed to
be zero, verifying the orthogonality required for spa-
tial synthesis.
2.2.3 Airborne receiver dynamics verification
The final stage verified the low-altitude air-
borne detection model, specifically the response of
the envelope detector. The simulation inputted a
synthesized carrier signal to test the detector’ s
charging and discharging dynamics under zero ini-
tial capacitor voltage conditions. As shown in

Fig.14, the model accurately synthesizes the com-
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Table 1 CSB signal verification results

Heading antenna number

Parameter 1 5 3 1 s 6 7 3
Theoretical amplitude/V 0.055 0.143 0.363 1.000 1.000 0.363 0.143 0.055
Test amplitude/V 0.055 0.143 0.364 1.000 1.000 0.364 0.143 0.055
Theoretical phase/rad 3n/2 n/2 n/2 n/2 /2 n/2 n/2 3n/2
Test phase/rad —1.571 1.572 1.571 1.571 1.571 1.571 1.571 —1.571
Theoretical amplitude/V 0.415 0.700 0.890 1.000 1.000 0.890 0.700 0.415
Test amplitude/V 0.415 0.701 0.891 1.000 1.000 0.891 0.700 0.415
Theoretical phase/rad 0.000 0.000 0.000 0.000 —x —x —x —x
Test phase/rad 0.000 0.000 0.000 0.000 —3.141 —3.141 —3.141 —3.141
Table 2 SBO signal verification results
Heading antenna number
Parameter
1 2 3 4 5 6 7 8
Theoretical amplitude/V 0.415 0.700 0.890 1.000 1.000 0.890 0.700 0.415
Test amplitude/V 0.415 0.701 0.891 1.000 1.000 0.891 0.700 0.415
Theoretical phase/rad 0.000 0.000 0.000 0.000 —x —x —x —x
Test phase/rad 0.000 0.000 0.000 0.000 —3.141 —3.141 —3.141 —3.141
Theoretical amplitude/V 0.415 0.700 0.890 1.000 1.000 0.890 0.700 0.415
Test amplitude/V 0.415 0.701 0.891 1.000 1.000 0.891 0.700 0.415
Theoretical phase/rad 0.000 0.000 0.000 0.000 - —x - —x
Test phase/rad 0.000 0.000 0.000 0.000 —3.141 —3.141 —3.141 —3.141
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0.02

004 0.06 008 0.10

tls
Fig.14 Synthesized signal waveform at spatial point

bined signal waveform at a specific spatial point (e.
g., 13 431 m from the threshold with a 0.2° devia-
tion).

Furthermore, Fig.15 compares the theoretical
envelope detection process (Figs.15(a,b)) with the
simulated output (Figs.15(c, d) ), where U;, U,
and 7, represent the input voltage, the capacitor volt-
age and the diode current, respectively. The simula-
tion results clearly replicate the transient response of
the capacitor voltage tracking the signal envelope,
eventually stabilizing into a steady operating state.
This confirms that the detection model can authenti-
cally reproduce the demodulation process required
to extract the DDM signal in a dynamic flight envi-

ronment.
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(a) Theoretical envelope voltage waveform
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Fig.15 Envelope detection process comparison of the

low-altitude onboard detection model

3 Results

3.1 Flight data acquisition and preprocessing

strategy

To quantitatively evaluate the proposed mod-
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el, this study conducted a comprehensive analysis of
flight operations at Linfen Yaodu Airport. The data-
set spans from January to December 2023, covering
283 flight segments. To ensure the reliability of the
deviation analysis, a rigorous data cleaning protocol
was applied to eliminate segments affected by ex-
treme weather or sensor errors, resulting in 175 val-
id approach datasets for detailed study. Key flight
parameters were extracted and decoded using Tele-
dyne’ s AirFASE flight data analysis software. As

detailed in the parameter selection criteria (refer to

Table 3), the analysis focused on Barometric Alti-
tude (_ ALT BARO) and GPS coordinates (LLAT/
LON) to reconstruct the actual 3D trajectory. Si-
multaneously, instrument landing system metrics,
specifically _Localizer_deviation and _Glide_devia-
tion (recorded in DOT units) , were aligned with
the TLS Status to verily the operational integrity of
the guidance signals. Theoretical deviations were
subsequently computed by mapping these QAR po-
sition data points against the “zero-deviation” refer-

ence models established in Section 1.

Table 3 Selected parameters for deviation evaluation

Parameter

Definition Role

_ALT _BARO
_DIST _TO_THR
_LAT GPS_CA
_LON_GPS_CA

Pressure altitude/ feet
Distance to runway threshold/m
Latitude/(°)
Longitude/(")

Calculate aircraft position

_Loclizer_deviation

_Glide _deviation

Heading deviation/DOT
Glide slope deviation/DOT

Compare with the oretical deviation

_ILS Status

ILS status

Display ILS working status

3.2 Spatiotemporal deviation assessment of

RNP segments

A comparative analysis of the Northbound and
Southbound RNP approach tracks reveals distinct
performance characteristics driven by trajectory ge-
ometry and environmental factors.

3.2.1 Analysis of Northbound approach charac-
teristics

The Northbound approach trajectory exhibited
a high degree of precision and stability. Statistical
analysis of the horizontal track deviation indicates a
mean lateral deviation of 213.8 m with a standard
deviation of 291.3 m. As illustrated in Fig.16, the
actual flight paths remain tightly clustered around
the defined trajectory, with the vast majority of
points falling strictly within the ==1 nm protection
envelope. This stability extends to the vertical plane
as well.

The 3D trajectory reconstruction in Fig.17
demonstrates that the altitude profile decreases
monotonically along the flight path, showing high
consistency with the defined Baro-VNAV descent
gradient. Although minor dispersion is observed in

localized areas, the overall altitude control adheres

well to safety margins, confirming the robustness of

the procedure design.

4362} « Actual flight path
4360-— Defined flight path
P Protection envelope

£
S 4356
= 43541
43521
43501
4.348F

1.2420 12425 1.2430 1.243 5 1.244 0 1.244 5
X/10'm

Fig.16 Horizontal track deviation distribution of North-
bound RNP approach

e Actual flight path
= Defined flight path

4.
4360 I\
Fig.17 3D track deviation distribution of Northbound RNP

approach
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3.2.2 Analysis of Southbound approach charac-
teristics

In contrast, the Southbound procedure present-
ed a more complex deviation pattern, characterized
by increased dispersion. The statistical mean devia-
tion rose to 297.8 m, with a standard deviation of
352.5 m and a maximum lateral deviation reaching
2489.7 m. As visualized in Fig.18, a significant ac-
cumulation of deviation occurs specifically during
the large-radius turning segments.

This phenomenon is further corroborated by
the 3D vertical analysis in Fig.19, where altitude
variations become more pronounced in the turning
zones compared to the straight segments. This “de-
viation accumulation” effect suggests that the com-
plex interplay between manual handling variability
and external environmental factors (such as cross-
winds during turns) significantly impacts navigation

precision in dynamic flight phases.

4350}
a3asf &

4340
g

6

=
= 4335+

4330

4325+ ® Actual flight path
== Defined flight path .
=== Protection envelope - 3

4.320

1.2425 1.2430 1.2435 1.2440
X/10'm

Fig.18 Southbound RNP approach horizontal track
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Fig.19 3D track deviation distribution of Southbound RNP
approach

3.3 Correlation modeling of ILS signal devia-
tions

A critical contribution of this research is estab-
lishing a quantitative link between the theoretical
signal model and the pilot-observed instrument indi-
cations. This step converts the abstract DDM values
derived from the equations in Section 2 into the stan-
dardized DOT units displayed in the cockpit.
3.3.1

Before establishing the conversion model, the

Localizer signal correlation

signal’ s spatial stability was first verified. The com-
puted heading deviation Diff (theoretical DOT) was
plotted against the distance Dis from the localizer an-
tenna. As shown in Fig.20, the regression line ex-
hibits a near-zero slope (Diff=0.010305317 —
4 X 10 °Dis), indicating that the signal structure re-
mains stable over distance without significant propa-

gation distortion.

* Data
0.020 - —— Fitting line
S 0015}
a
E 0.010
[a)
0.005

0.000

4000 6000 8 000 10 00012 000 14 000
Dis/m

Fig.20 Relationship between computed heading deviation

and distance

Subsequently, regression analysis was per-
formed between the theoretical localizer DDM
(M..(¢)) and the recorded DOT value (6). As
shown in Fig.21, the data points exhibit a tight lin-
ear distribution (R*=0.9826). The fitted equation
is

M., (¢)~—0.0775X ¢ (12)
where 0.077 5 represents the empirical sensitivity
factor. To predict cockpit indications from the mod-
el, the equation is inverted as

§=—Mu.(¢)/0.077 5 (13)

This confirms that the simulation accurately
captures the receiver’s response characteristics.
3.3.2 Glide slope signal correlation

A similar analysis was performed for the verti-
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0.15 * Data 3.4 Investigation of vertical profile anomalies
—— Fitting line

. 0.10 To demonstrate the model’s diagnostic capabil-
a 0:05 ity, a detailed investigation was conducted on a spe-
é 000 cific anomaly event occurring on June 15, 2023.
500 During this flight, the QAR data recorded a persis-
~0.10 tent glide slope deviation during the final approach

-0.15

L ! ! ! ! 1 ! phase.
-2.0 -1.5 -1.0 -0.5 0.0 05 1.0 1.5 2.0

4/DOT By inputting the flight trajectory into the Yaodu
Fig.21 Relationship between ILS heading model DDM and Airport ILS model, the specific deviation dynamics

DOT

cal plane. Fig.22 plots the glide deviation versus dis-
tance, demonstrating that the data points remain
well within the ICAO bend amplitude limits (green
envelope), verifying the signal quality.

The regression between the theoretical glide
slope DDM (M;(0)) and & yielded a sensitivity
factor of 0.087 5, resulting in the predictive equa-
tion, shown as

0=—M;;(0)/0.087 5 (14)

As shown in Fig.23, this linear model

(DDM = —0.077 58) effectively maps the vertical

angle deviations to pilot-centric DOT values.

® Data

= Amplitude limits
0.4 F—— Fitting line - d ) _

Diff / DOT

4000 6000 8 000 10 00012 000 14 000
Dis/m

Fig.22 Relationship between computed glide deviation and

distance
0.20 pxs;
>3 ® Data
0.155 — Fitting line

M,,(6)/ DDM
{3
o ]
o

_0‘20 1 1 1 1 1 1 &
-2.0 -1.5 -1.0 0.5 0.0 05 1.0 15 2.0
Jd/DOT

Fig.23 ILS glide model DDM and DOT scatter plot

were reconstructed. As illustrated in Fig. 24 (THR
denotes the runway threshold, AFE stands for
above field elevation, and NM represents nautical
miles) , a detailed QAR flight data visualization re-
veals the dynamics of the approach deviation. The
black curve represents the actual vertical trajectory
(altitude AFE) against the standard 3° GS envelope
(pink zone) , the blue curve maps the relative ter-
rain elevation (altitude AFE-radio height) , and the
top orange curve tracks the real-time ILS glide devi-
ation. At exactly 0.56 NM from the THR, the verti-
cal cursor captures an altitude AFE of 209 ft and a
relative terrain elevation of —59 ft. Notably, the air-
craft failed to maintain the standard 3°glide slope. In-
stead, it exhibited a significant upward deviation,
with the vertical DDM peaking at 0.8 (equivalent to
approximately +1 DOT) for a duration exceeding
1.5 s. This indicates a sustained “Fly down” com-
mand that is not effectively corrected by the pilot or
autopilot system. It is also important to consider
whether this prolonged command is influenced by

vertical wind shear rather than purely signal distor-
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from ILS / DDM
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Alt

4500
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0

! Atitude AFE-radio height —59 ft

1 0.56 0 =1
Distance to THR / NM

Fig.24  Deviation between aircraft relative altitude and ILS

standard 3° glide slope
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tion. In this specific case, by crossreferencing the
aircraft’ s pitch rate and vertical speed stability from
the QAR data with the simulated DDM trajectory,
the framework identified that the deviation followed
the predicted electromagnetic fringe patterns rather
than random aerodynamic oscillations. While wind
shear can cause transient path offsets, the sustained
nature of this event aligns with the reconstructed sig-
nal structure, allowing the model to effectively iso-
late infrastructure-related signal errors from aerody-
namic factors.

This led to several subsequent unsafe events,
as summarized in Table 4, including issues like ex-
cessive height at threshold, short flare time, and
low speed at touchdown, all contributing to in-
creased landing risks.

(1) Threshold height exceedance (Event 1813):
The persistent positive deviation caused the aircraft
to cross the runway threshold at a height of 60.39 ft,
significantly higher than the nominal reference.

(2) Flare compression (Event 1819): To com-
pensate for the excessive height, the landing maneu-
ver was forced into a compressed timeline, resulting
in a dangerously short flare duration of only 4.0 s.

(3) Energy management failure (Event 1023) :
The rushed flare prevented adequate speed bleed-off
and stabilization, leading to a touchdown speed of
119.38 kt, which was below the optimal safety mar-
gin for crosswind controllability.

This causal analysis confirms that the specific
ILS signal deviation identified by the model is the
root cause that destabilizes the entire landing se-
quence. It demonstrates that the proposed simula-
tion framework is not only a tool for theoretical veri-
fication but also a powerful instrument for investigat-

ing the mechanics of operational incidents.

Table 4 Detailed information on unsafe incidents

Code Event Relevant data Value
) ) Height at
1813 Height high at threshold 60.39
threshold/ft
1819 Short flare time Flare time/s 4.00

Calibrated air
1023 Speed low at touchdown 119.38

speed/ft

3.5 Sensitivity and robustness analysis of the

framework

(1) Boundary conditions and non-linearity:
The linear sensitivity factors (0.077 5 and 0.087 5)
derived in Section 3.3 are based on far-field and
small-angle approximations. As the aircraft ap-
proaches the “near-field” or during extreme angular
deviations, the trigonometric terms (sind, cosd) in
Eq.(2) may introduce non-linearities. However,
within  the
+0.2 DDM)

(<<2%), justifying the use of linear regression for

standard approach corridor (within

, these effects remain negligible
operational monitoring.

(2) Receiver and hardware variance: The mod-
el uses a standard sensitivity factor #=0.117. While
different receiver brands or aging components in
commercial fleets may cause slight shifts in the
DDM-to-DOT conversion ratio, our sensitivity
tests show that the high correlation (R*>>0.94) is
maintained even with a +5% variance in hardware
sensitivity, proving the model’ s robustness for di-
verse fleets.

(3) Environmental and seasonal impacts: Since
the glide slope DDM depends on FSL, seasonal
changes in ground conductivity or dielectric con-
stants at Linfen Airport were evaluated. Simulation
results indicate that while extreme soil moisture
changes can cause minor shifts in the theoretical
DDM null, the impact on the final calibration coeffi-
cients in Eqs.(7,8) is minimal, ensuring stable per-
formance year-round.

(4) Framework scalability: While the current
factors are site-specific to Linfen Yaodu Airport,
the framework itself is highly scalable. By updating
the antenna array geometry and site-specific parame-
ters in the core equations, this methodology can be
readily adapted to other airports with different 1L.S

configurations.

4 Conclusions

This study addresses the inherent limitations of
traditional flight inspection, specifically its intermit-
tency and susceptibility to environmental interfer-

ence, by establishing a comprehensive simulation
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framework that integrates QAR data with high-fidel-
ity navigation modeling. By synthesizing the geo-
metric logic of RNP APCH procedures with the
electromagnetic physics of the ILS, this research
provides a robust, data-driven methodology for con-
tinuous flight quality monitoring.

Three pivotal contributions emerge {rom the
empirical analysis at Linfen Yaodu Airport. First,
the development of a site-specific “Digital twin”
model effectively bridges the gap between theoreti-
cal design and operational reality. Integrating Merca-
tor-projected trajectories with image theory-based
signal synthesis enabled the precise reproduction of
the complex electromagnetic environment, captur-
ing critical characteristics such as multipath interfer-
ence and secondary glide slope lobes. Second, a de-
finitive quantitative correlation was established be-
tween theoretical signal parameters and pilot instru-
mentation. Regression analysis revealed a high de-
gree of linearity (R*>>0.98) between the DDM and
the cockpit DOT. This yields a verified calibration
equation that translates abstract signal deviations in-
to pilot-centric metrics, significantly enhancing the
interpretability of flight data. Third, the framework
demonstrated profound utility in forensic investiga-
tion. The reconstruction of the June 15, 2023 anom-
aly successfully traced the causal chain of an unsafe
landing, elucidating how a persistent vertical signal
deviation propagated through the final approach to
cause threshold height exceedance and flare com-
pression.

In summary, this research advances aviation
safety by facilitating a transition from periodic,
point-based calibration to continuous, trajectory-
based analysis. While the current empirical study fo-
cuses on a regional airport, the underlying physical
and geometric architecture of the framework is inher-
ently scalable. To adapt this “Digital twin” for larg-
er hub airports, future iterations can integrate dy-
namic multipath models to account for electromag-
netic interference caused by complex terminal build-

ings and denser traffic flows (e.g., taxiing aircraft).

Furthermore, by upgrading the image theory mod-
ule with high-resolution 3D digital elevation models
(DEMs) , the framework can address a much wider
spectrum of topographical multipath challenges. Ul-
timately, the proposed model offers a scalable solu-
tion for verifying route designs, monitoring signal
integrity, and preemptively identifying operational
risks, thereby providing a scientific foundation for
the next generation of flight quality assurance sys-

tems.
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