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Abstract: This research investigates the positioning performance of the L-band Digital
Aeronautical Communications System (LDACS) and presents a system architecture based
on carrier-smoothed ground-to-air pseudoranges (PRs), along with clock corrections de-
rived from asymmetric two-way time and frequency transfer (A-TWTEFT) filters. The
objective is to achieve required positioning accuracy and integrity for aviation operations,
addressing the complexities associated with utilizing a terrestrial communications system
for complementary positioning, navigation, and timing (CPNT). Through error covariance
analysis, this study assesses the steady-state value, convergence time, and bounding per-
formances of the filters. The positioning performance highlights the benefits provided by
the proposed architecture.

Keywords: two-way time and frequency transfer; Kalman filter; complementary PNT

1. Introduction

This paper summarizes the positioning capabilities of the L-band Digital Aeronautical
Communications System (LDACS) and introduces a system architecture that capitalizes
on the availability of continuous ground-to-air pseudorange (PR) and carrier phase mea-
surements while using lower rate air-to-ground measurements to estimate the air-ground
clock offset to improve solution geometry. The clock offset estimation is accomplished
using a novel asymmetric two-way time and frequency transfer (A-TWTFT) methodology.
The overall objective of this research is to enhance positioning accuracy and integrity for
civil aviation, tackling the challenges posed by the use of a terrestrial communications
system for complementary navigation. There have been demonstrations and analysis,
conducted primarily at DLR, that have demonstrated the feasibility of ranging with LDACS
to support alternative or complementary positioning, navigation, and timing (APNT and
CPNT, respectively) in case of disruptions to signals from global navigation satellite sys-
tems (GNSSs). In addition to current civil aviation operations, CPNT capabilities will
be especially critical for emerging advanced air mobility (AAM) systems. These systems
will operate at lower altitudes than conventional fixed-wing air transport aircraft, and
existing terrestrial navigation aids will likely not be able to satisfy AAM navigation perfor-
mance requirements. This paper begins with a description of the proposed CPNT system
architecture, with an emphasis on the measurement generation and error models. The
next sections describe the A-TWTFT process in more detail, followed by a presentation of
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the positioning simulation results. These results illustrate the benefits gained in terms of
positioning availability through the use of A-TWTFT processing.

2. LDACS PNT: Proposed System Architecture
2.1. LDACS Overview

LDACS is a cellular communication system that is proposed to co-exist in the L-band
spectrum currently used by distance measurement equipment (DME) [1]. LDACS employs
orthogonal frequency division multiplexing (OFDM) signal modulation with a bandwidth
of roughly 500 kHz, which provides a ranging accuracy sufficient to meet the aviation
required navigation performance (RNP) for enroute-to-terminal operations. The airspace is
divided into logical cells, each managed by a controlling GS responsible for the air-ground
communications in that cell. Aircraft or aircraft stations (ASs) within a cell can establish
authenticated connections with the controlling GS. The GS utilizes a frequency division
duplexing scheme to establish a bidirectional data link with the aircrafts under their control.
This approach uses separate frequencies for the forward link (FL), transmitted from ground
to air, and the reverse link (RL), transmitted from air to ground. The FL is broadcast
continuously, while the RL is shared among the ASs using a time division multiple access
(TDMA) protocol. In order to enable PNT, the cells have to geographically overlap and
have adequate frequency planning to avoid interference between neighboring cells and
legacy radio systems.

2.2. Measurements Processing and Protocols
2.2.1. Protocol Overview

FL and RL signals have different framing structures that align at the super-frame (SF)
and multi-frame (MF) boundaries, at 240 ms and 58.32 ms, respectively [1]. Figure 1 illus-
trates this concept, where the transmissions are aligned with respect to the LDACS system
time (LST), and the clock phase and frequency errors are shown to illustrate the actual
clock behavior. Each SF is identified by an index m, which is derived from the SF counter
available in the FL broadcast control (BC) message. The LST definition and messaging
is included in the LDACS Standards and Recommended Practices (SARPs) as part of the
International Civil Aviation Organization (ICAQ) standardization activities. This is a crucial
step to “future proof” PNT services over LDACS [2,3]. In addition to the BC message,
which is broadcast to all controlled ASs, a dedicated and authenticated PNT application
enables navigation data exchange, including the forwarding of RL measurements made by
the GS, for each GS-AS pair. Thus, the AS’s navigation processor has access to the FL and
RL measurements, corrections, and additional PNT parameters.

FL Frame PRR (mg = n), TOA&PRR (mq = n + 1),
g _ RL DC Sync Tile TOA & POA (mj = k), ... Super-Frame (240 ms)
% 6 | RL™ = DC Tile Available @ AS
> = --" § Multi-Frame 1 Multi-Frame 2 Multi-Frame 3 Multi-Frame 4
o w TOT (me = n + 1) (58.32 ms) (58.32 ms) (58.32 ms) (58.32 ms)
= o
8 g [roT(m,=n)
o= 672ms variable
QF e272m5,) >
RL
_____ RA1|RA2 DC Data
BC Data 1 cC Data
Az, = FL
variable
- \TOT (m; = k) | Multi-Frame 1 Multi-Frame 2 Multi-Frame 3 Multi-Frame 4
o | [, TOAZNPLQ/'(GSSZ*QGJF ) o| (5832ms) (58.32 ms) (58.32 ms) (58.32 ms)
a= mg=n
Ideal LDACS System Time
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Figure 1. (a) Illustration of FL and RL measurements and (b) FL and RL super-frame structure [1].



Eng. Proc. 2025, 88, 4

30f10

Time synchronization is critical to enabling pseudoranging-based navigation. Each GS
needs to include a timing subsystem responsible for synchronizing the local clock to LST.
The initial requirements and considerations are presented in [4]. In this work, we assumed
a 50 ns root-mean-square (RMS) network synchronization, which is representative of the
performance of readily available synchronization technologies. The AS synchronizes its
transmissions with the controlling GS to enable collision-free TDMA operation on the RL.
However, the capability of the LDACS to provide two-way pseudoranging measurements
using both the FL and RL allows for the determination of air-ground clock offsets, which,
as demonstrated here, leads to enhanced positioning availability. It is noteworthy that the
GS measurements of RL for each AS occur relatively infrequently (sub-Hz rate), whereas
the AS can measure the FL at a higher rate (>4 Hz). This asymmetry between the FL and RL
signals complicates the estimation of the air—ground clock offsets. The proposed processing
architecture addresses this challenge.

2.2.2. Pseudorange and Doppler Measurement Models

FL and RL message time-of-arrivals (TOAs) can be estimated by the AS and GS
receivers using the synchronization sequences in the signal structure. Similarly, phase-of-
arrival (POA) and Doppler can be computed using the synchronization sequences and the
pilot symbols. The FL time-of-transmit (TOT) is derived from the FL transmission schedule.
The FL BC messaging includes a provision for up-linking known TOT offsets. These timing
offsets could include known clock and radio frequency front-end calibration errors. After
decoding the BC PNT data, the aircraft can derive the FL. TOT. The FL code PR for the
message 1; is constructed as follows:

O (tm].) — R, (tm].) 4 C[Ara (tm].) — AT, (tm].)} T [Acﬁa (tm].) + Acgj(tmj)} + AT, (tm].) +epin (tm].) )

where Rj; is the true range between the “j-th” GS and the AS “a”, c is the speed of light, A7,
and At; are the clock phase offsets, ACE, s and ACFT,J are the residual group delay calibration
errors of the transmitter/receiver front ends, AT, is the residual tropospheric delay after
correction, and €, j; is the error term accounting for multipath and unmodeled effects.
Additionally, bj; = —b,;; = ¢ (AT, — AT]'] is defined as the clock phase difference between

the AS and GS clocks in meters, while AC oja = [ACFI]{, .+ ACZ,]} is the combined effect of
the AS and GS residual calibration errors. Note that tm]. is the true time of the message m i
according to the ideal LST time. The time variable notation is dropped here in order to

improve readability. The FL phase PR is modeled as follows:
Pja = R]'ﬂ + b]'a + CACQJ,]'H + AT]'a + €p,ia + N]'ﬂ)tj 2)

where AC, j, is the combined phase calibration error on the FL phase PR, €, ;, represents
phase multipath and additional errors, and Nj; and A; are the carrier integer ambiguity
and wavelength, respectively. The receiver also provides the PR rate (PRR) or Doppler
from either block processing (e.g., differentiating phase PRs) or directly from a phase-lock
loop numerically controlled oscillator rate value. The simplified PRR model is expressed
as follows:

('bjﬂ = R]'u + b]'a + éq),]'a 3)

where Rjﬂ is the true range rate, Bju = —b, j=¢ [A fa—Af ]} is the clock frequency difference
in meters per second, and €, j;, accounts for multipath and other errors. The variations of
ACy o and AT, are assumed to be negligible over the measurement interval. The same
structure in Equations (1)—(3) are used to express the RL measurements after reversing the
subscript order in each term, e.g., (04, ¢aj, ('pu].).
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2.2.3. FL and RL Processing Considerations

The FL signal-in-space (SIS) can support high measurement rates. A practical and
convenient assumption is that FL. code and phase PRs are made so that they are valid at
the SF boundary, yielding an update interval of 240 ms. In the RL, the update time of code
PR and PRR measurements is dictated by the number of logged airplanes. The allocation
is handled by the controlling GS and, for different algorithms and number of ASs, the RL
code PR update time can vary from a minimum of 240 ms to 12 s or more. The RL PRR is
similar, but it is possible to obtain measurements every 240 ms through the “keep-alive”
message present in each SF [1]. For our analysis, we assumed an RL PRR update time of
240 ms and an RL code PR update time that can vary from 240 ms up to 1 min, valid at the

SF boundary, similar to the FL.

2.3. PNT Airborne Architecture

LDACS can support three positioning and measurements modes: PR, two-way tim-
ing and ranging (TWTR), and the hybrid combination of PR and TWTR [2-5]. Figure 2
illustrates the measurement process for the hybrid mode. This architecture processes the
measurements and navigation data incoming from Ngg stations. The process is split into
two major branches: “TWTR-GS” and “Hybrid-GS”. The first one processes the FL and
RL info from the first j = 1 : Nyyrr GSs, while the second processes the FL info from the
remaining j = Npyrr + 1: Ngs GSs. In both branches, the FL code p;, and Phase PRs ¢;,
are generated and then processed by the smoothing filter. The FL carrier-smoothed code
(CSC) ;ju is then linearized, and together with the PRR (p].u, corrected for modeled errors,
e.g., tropospheric delay. The “TWTR-GS” branch additionally generates the RL PR p,; and
PRRs gba]. and combines them with the FL pair processes them in the A-TWTFT filter. The

filter estimates the clock phase Bja and frequency b ja differences for each of the Nryyrr GSs,
which are then used to correct all the Ngg FL CSCs and PRRs in the hybrid mode. These
corrections are not applied in the PR mode.

P . TWTR-GS Branch = TOT: Time-of-
SRS | - (o) T Paj (o) Transmit
! et Tja (tm; o(m, PR and {(p } At (t, = TOA: Time-of-Arrival
i N . GS Clock bt) (fmv) RL{ TOA;(m,) 1+ PRR meas BEY AS Clock (,\Ja = = POA: Phase-of-
TOT(my) ) ! 1 & (tm) Offset  |»d 1 \™ : Offset Est. LAf_ (t ) :
RUTOA(m,) Measurement Pre- || ! i . i (t ) Paj(ma) comp Jja \*m; Arrival
das(my) || Processing for + Monitor 1 \tm; o R
e ' TWTR GSs | = ¢:FL/RL
TOT(m) ) i=1,...,N ] {pjw #ja} PseudoRange Rate
o mA(m,) N ToT(m) ) | PR & PRR LOSRange,| (. ()] * 2 il
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ot Py, b oRia (t”'i) WLS RE (tml) smoothing | | ¢, Corrections S A
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: L] Navigation Va \tm; {7, fa(tam;), a(tam;)} Transter (TWTT)
' Measurement ' | 6Rja (zm]) Processing «  Af: Two-Wa
TOT(m) ) i | Pre-Processing for || ! Hybrid-GS Branch : v -
FL{ TOA(m) = Secondary PR-only || ! Rja (t"u) Bia F;epz;;ncy Transfer
POAM) )t | GSS (=Nl o T rorm)) | PR&PRR { I } LOS Range, - (TWFT)
' Ngs) - ] fLlrod meas comp a AS Clock & ja (t"‘i) S B DUV TES
i S || N | I > PgAa(’”i) * +PRCP Tropo SRya (tmy) Controlling GS' 1
1 EA S Y | 7 . “yn
' i om) smoothing Corrections ’ Z;d A? M‘;FT
" . o wirt.

Controlling GS “1”

L)
{ff'f“ (t"‘l')’ﬁ“ (t’"f)'ﬁla (t"‘i)’ﬁ“‘ (t"‘l')} and AS ‘a”

Sensors
Figure 2. LDACS PNT airborne architecture overview—hybrid positioning mode.

This architecture assumes a complementary filter to provide a smoothed estimate of
carrier ambiguity under the influence of a time-correlated multipath channel. Following
the theory in [6], an additional Gauss-Markov state is included to augment the filter and
bound the errors introduced by the propagation channel. The same approach is used for
the A-TWTFT filter and is discussed in detail in Section 3. The FL carrier-smoothed code
(CSC) is described as follows:

Ejﬂ = Rjs +bjg + cACjg + ATjq + €4 ju + €Cs 4)
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ZTWTT (tmj) =

pju (tmj> - paj(tma)

where AC ja is the residual calibration error after smoothing, and ecs is the estimation error.
The clock corrections are applied to the FL. CSCs on both the conceptual TWTR and PR
branches (Figure 2). Equations (5) and (6) describe the smoothed and clock corrected FL
PRs as output from the two branches:

PIVTR = Rjy + 8bjg + cACjy + ATjo + €g,ja + €cs (5)

<Hybrid ¥
p]-uy "= Rjs + 5b]'a + bl]' + CACju + ATja + €g,ja +€Cs (6)

where 6bj, = bj, — Eja is the residual timing filter error, and by = ¢ [Arl — AT]‘} is the time
synchronization error between the controlling GS named “1st” and a “j-th” GS. Clearly,
< Hybrid

P ]'1;1
integrated navigation processing block in Figure 2 estimates the unknown state update

has a larger overall error budget compared to ﬁjTﬂWTR due to the by; term. The

vector Jr as the weighted least-squares (WLS) solution to the linearized system of equations
as follows: )
Sr = (GTWG) GTWép, )

where Jp is the residual vector, G is the geometry matrix, and W is the WLS weighing ma-
trix, which is the inverse of the measurement covariance matrix. The system of equations is
augmented with measurements from an altimeter sensor to reduce the dilution of precision
(DOP) and enlarge the geographic area of service [5].

3. Asymmetric Two-Way Time and Frequency Transfer (A-TWTFT)

Let us consider the state estimation problem of clock-to-clock phase and frequency
differences between the AS and GS clocks. The differences are observed over an asymmetric
bidirectional radio channel affected by time-correlated multipath errors. In this work, we
consider a first-order Gauss—Markov process (GMP) to model the effect of multipath
ranging errors on both FL and RL PRs.

3.1. Observables

Two-way time transfer (TWTT) between the GS and AS is obtained by combining the
FL and RL PRs that have similar or identical time validity. The observable TWTT is defined
as follows:

; s, (tm,) ) Mp,ja (tmj> Z_Mp,ﬂj(tma) . €0 ja (tmj) ;sp,aj(tmﬂ ) o

where M, is the code multipath, and ¢, represents the unmodeled effects. Since the FL

and RL operate on different frequencies, it is appropriate to assume that the noise and
multipath terms are uncorrelated but are statistically identical. It follows that

M, s — M, i\ > oM Iog
OMrwrr = \JE l( = 2 P:M) 1 - 72/7, Terwrr = %‘ )

The observable two-way frequency transfer (TWFT) is obtained combining the FL and RL
PRRs, as follows:

- (tmj) _ gbja (tmj) 2_ qbaj(tma) _ bja (tmj) N éja (fmj) z—éaj(tmﬂ). (10)

where the PRR multipath is small, and its effect is captured together with other effects
in e. With the same assumptions of Equation (9), we can define ¢, = Oe, /+/2. Cal-
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ibration errors are not modeled in Equations (8) and (10), as they are captured in the
final error budget as miscellaneous errors in Table 1. The corrections provided directly by
Equations (8) and (10) are valid in the past due to the delay it takes to transfer the RL
PR and PRR data from the GS to the AS PNT processing unit. In order to overcome this
issue, we introduced a Kalman filter (KF) that processes the measurements in the past and
propagates the estimates to the current time.

Table 1. Analysis parameters.

Clock Type o1, (m/s)/v/Hz 02, (m/s?)/v/Hz
AS-TCXO 1.20 x 1072 2.83 x 1073
GS-Rb 3.07 x 1073 1.34 x 1075
Multipath o, (m) T, (s)
Truth Model 32/V2 [0,5,10,20]
Filter (GMP overbounding) 81.40 1.60
Measurement Noise Cerprr, (M) Cepprr, (cm/8)
Truth/Filter 8/V2 12.70
Update Time Attwrr, (8) AtTwrr, (s)
Filter [0.24,0.48,0.96,1.92, 6, 12, 24, 60] 0.24

3.2. Filter Design

The process to be estimated is described as a discrete time linear dynamic system,
as follows:
x(t + At) = Fx(t) + w(t). (11)

. T
The state vector x = [bju bja xmp} is composed with the clock difference states and

the multipath state. The standard two-state model is used for the clock difference, where
the noise contribution comes from white frequency modulation (WFM) and random walk
frequency modulation (RWEM) [7]. The 3rd state is a GMP, which is used to model the time-
correlated multipath errors on the TWTT measurements. We express the state transition
matrix F and process noise Q as:

U%AtS U%Aiz

0 Uletj‘ 3 ) 0
At
0 |, 0= E{w(t)w(t)T} - 2 o3 At 0 . (12)
_ At _2At
e 0 0 0’3”, (1 —e Tmr)

where o7 and 07 are the diffusion coefficients that define the WFM and the RWEM, respec-
tively. oyp is described in Equation (9) starting from o), = 32 m RMS, which represents a
50% overbound to the result in [8]. The time constant 7;, ranges from 0 to 20 s to account
for modeling uncertainty. The process observables, zrwrr and zrwrr, are measured at
discrete time instances trwr and trwrr and are modeled as follows:

zrwrr (trwrr) = Hrwrrx(trwrr) + erwrr(trwrr), and zrwrer (trwrr) = Hrwerx(brwer) + erwrr(trwrr). (13)

The measurement matrices Hyyrr = {1 0 1} and Hrwrr = [0 1 0} link the process
states to the two types of measurements.

We propose a KF design that uses the same three-state model structure as the process
in Equation (11), but in order to bound the multipath time correlation, the GMP parameters,
Ooup and T,yp, are used. These are defined according to [6], where the true GMP parameters
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are assumed to have uncertainty in the ranges of T € [0,20] seconds and ¢ € [O, 32/ ﬁ}

meters. Hence, the actual process and filter transition matrix £ and process noise Q differ
A _ At ~ _2At

only by the terms f33 = ¢ ™o and Q33 = O'gvh <1 —e Toob ) The filter TWTT and TWFT

measurement matrices and noises are the same as the true process. Note that due to the

asymmetry in the FL and RL channels, the t7wrr and t7wrr might not coincide, and the

filters process the measurements at different rates. In practice, it is possible to process the

measurements one at a time since they have uncorrelated noises, erwrr and erwer [7].

4. A-TWTFT Numerical Results

The proposed A-TWTFT filter parameters intentionally deviate from those of the
actual process. Therefore, in order to evaluate the filter performance, we utilized the theory
of error covariance analysis described in [6,9]. This section presents the results of the
analysis in terms of the TWTT-state RMSE, convergence time, and bounding performance
for different TWTT update intervals Atrwrr.

4.1. Analysis Parameters

Let us consider a rubidium atomic clock (Rb) for the GS and a temperature com-
pensated crystal oscillator (TCXO) for the AS. The clocks WEM and RWEFM diffusion
parameters are derived from their Allan variance data presented in [7]. The TWTT mea-
surement noise is defined from Equation (9), where an 8 m RMS for both FL and RL PRs
is considered [5]. The TWFT measurement noise is 12.70 cm/s RMS; the derivation is not
presented in this paper. Lastly, the measurements updates intervals Attt and AtTwrr
stem directly from Section 2.2.3.

4.2. Results

Figure 3 provides a summary of the TWTT-state estimation results with Doppler
and/or PR measurements. Figure 3a shows the RMSE TWTT values of the true process and
of the KF (with Doppler) for Atrwrr = 1.92 s. The KF consistently bounds the true process

across various Tmp values.
Filter TWTT Estimation Error [TCXO-Rb]

40
(AITW.I_I.=1 .92s, AtTWFT=0.24s) [TCXO-Rb] -©-2min th. - No Doppler =€ -4min th. - No Doppler - -Steady-State - No Doppler
—»%—2min th. - Doppler —%—4min th. - Doppler —*—Steady-State - Doppler o

IS
5

w

o

—TWTT,,,, (0,,,=22.6m, 7, : 0.05)

true \“mp

=22.6m, 7 : 20.0s)
mp

N
o
T

30/ true \“mp

40} —TWTT, (0, =226m,7_:505)

! rue (Tmp mp 30| J
35 —TWTT,, (0,,,=22.6m, 7 10.05)

E TWIT, (o

"

- TWTT, ¢ (0, =81.4m, 7 - 1.69)

N
@

N
=)
L

TWTT RMSE (m)
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0 2 4 6 8 10 12 14 16 18 20 0 ' L I ' H i L
Time (min) 107" 10° 10! 102
AtTWTT (sec)

(a) (b)

Figure 3. Error covariance analysis results: (a) TWTT-state RMSE results for Attt = 1.92 s with
Doppler. (b) Summary of KF TWTT-state RMSEs for different Aty values with/without Doppler.

Figure 3b summarizes the KF TWTT-state RMSEs for different Aty values, illustrat-
ing the RMSEs at 2—4-min thresholds and at steady state, while comparing results with and
without Doppler. Clearly, Doppler significantly reduces the steady-state value, although
the benefit diminishes at the 4 min threshold and becomes negligible at the 2 min threshold.
Therefore, the filter behaves similarly during the initial minutes. However, over the long
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term, the Doppler measurements decreased the covariance growth in the filter prediction
step, thereby reducing the steady-state RMSE. Looking closely at Figure 3b, it can be seen
that the filter without Doppler exhibits overshoot behavior, as the steady-state is larger than
the 4 min threshold. In this case, the filter relies solely on the PR observations to estimate
the three-state vector %, and it takes several minutes to reach the steady state. Figure 3b
shows that for At values spanning from 240 ms to 1.92 s, the TWTT performance is
similar, whereas for Attyrr values larger than 1.92 s, the 2 and 4 min thresholds notably
increase. These findings can inform the design of a “fast-update” protocol, where a subset
of ASs could be prioritized, e.g., receiving TWTT updates at 1.92 s for about 2 min and then
switching to a slow 12 s update cycle.

5. Positioning Performance
5.1. Coverage Analysis

Let us consider a network made with five candidate sites that could be used in a
planned SESAR-sponsored flight campaign. This is representative of a plausible early
deployment layout. The candidate GSs are located in the region south-west of the DLR
campus in Oberpfaffenhofen. Our focus was on assessing the horizontal position error
(HPE) of the proposed architecture. We computed the coverage percentage within a 50 NM
radius area from the geometric center of the network for two services: automatic dependent
surveillance broadcast (ADS-B) navigation accuracy category 8 (NACp 8), with a 92.6 m
accuracy threshold, and RNP 0.3, with a 307.1 m accuracy threshold. Measurements from a
barometric altimeter were used to augment the WLS solution in Equation (7). The error
budget for the altimeter was derived from the procedure described in [5]. We assumed
ground omnidirectional antennas with a constant gain between elevations of 0.5 deg and
40 deg. The service radius of each GS was conservatively considered 84 NM due to
the limitation on the maximum transmit power. Terrain occlusion was included in the
analysis. When analyzing the hybrid mode, only the controlling GS in Oberpfaffenhofen
was assumed to be TWTR-enabled. Table 2 presents the FL. CSC error budget for the three
ranging modes.

Table 2. CSC FL PR error budget for each ranging mode.

Error Sources RMS, (m) PR-GS TWTR-GS Hybrid-GS
TOA Multipath
Post-Smoothing 16.00 16.00 16.00
TWTT Error - 14.00 14.00
Maximum GS Synch 15.00 - 15.00
Miscellaneous Errors [5] 7.10 5.86 7.10
Total 23.05 22.05 26.96

The TOA multipath error, 16 m, represents the RMS value obtained after a 2 min
filtering with a smoothing time constant of 100 s. Meanwhile, the TWTT estimation error,
14 m, was derived from a 2 min threshold for Atrwrr = 1.92 s or a 4 min threshold for
Atrwrr = 6 5. Considering typical operational durations, approximatively 20 min, 2—4 min
thresholds are a reasonable assumption for this “snapshot” analysis. The miscellaneous
error term accounts for the contributions of thermal noise, calibration, siting, residual
tropospheric delay, and TOT modeling errors.

5.2. Results

Figure 4 illustrates the 95% HPE of the three modes for a grid of potential user locations
at a 12,000 ft altitude. Although the error budget remains similar across the ranging modes,
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the results distinctly show the superior performance of the TWTR and hybrid modes
(Table 3). The enhanced service coverage stems from the significant reduction in DOP [4,5].
Note that for loosely synchronized networks (e.g., 100 ns or worse), the hybrid and PR
modes will suffer an increase in the error budget and subsequently the HPE, whereas the
TWTR mode is not impacted.
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Figure 4. Example of 95% HPE for operation at 12,000 ft: (a) PR mode; (b) TWTR mode; (c) hybrid
mode. The grey dots indicate regions not evaluated due to the operational zone (50 NM radius).

Table 3. HPE accuracy—coverage percentage over 50 NM radius at 12,000 ft.

PNT Mode NAC, 8 Coverage (%) RNP 0.3 Coverage (%)
PR 6.04 25.16
TWTR 53.84 97.90
Hybrid 48.02 84.13

6. Conclusions

This paper analyzes the A-TWTEFT filter performance using Doppler and/or PR mea-
surements over a time-correlated multipath channel. The proposed KF is tailored to handle
the FL and RL asymmetry while bounding the true process for various PR update times,
Attwrr, and true process parameters. The introduction of Doppler measurements reduces
the filter’s steady-state estimation error and provides insights for future algorithm de-
velopments. The positioning analysis shows the superior performance of the TWTR and
hybrid modes and the crucial role of the smoothing filters. Lastly, the characterization of
multipath has a substantial impact on the overall system performance. To develop more
precise models, additional data and thorough analysis are essential.
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