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Abstract. The authors study accuracy characteristics (dilution of precision) of an integrated
navigation-and-time field in the terminal area created by GLONASS with its mobile pseudolite
augmentation. A mobile pseudolite is placed onboard an unmanned aerial vehicle (UAV). The
purpose of the article is optimization of UAV flight path which will provide the best aircraft
positioning accuracy. The problem of finding an optimal track for the UAV was solved using
Hooke-Jeeves method for an aircraft approaching along a flexible track. The article presents the
results of the conducted experiments as the UAV optimal flight paths and their charts built
according to DOP values for cases of using stationary and mobile pseudolites. Practical
recommendations on the choice of optimization criteria are given, and the conditions for using a
mobile pseudolite placed on board an unmanned aerial vehicle are determined.
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AnHoTanus. VccrmenyroTcs XapaKTepUCTUKHM TOYHOCTH (TeoMeTpuyeckue (HaKTOPHhI)
WHTETPUPOBAHHOTO HABUTALIMOHHO-BPEMEHHOTO TOJIsI B 30HE a’poJpoMa, CO3/1aBaeMOro
cnytHUKOBOM cuctemor Hapurammu [JIOHACC npu ee ¢yHKIMOHAIBLHOM JIOMOJHEHHUH
MOOMJIBHBIM TMCEBAOCTYTHHKOM. [IceBIOCITyTHUK pa3MeleH Ha 60pTy OECIMIOTHOTO JETaTeIbHOTO
anmapata (BITJIA). [lenpto 1aHHOM CTaThH SABISETCA ONTUMH3ANUs TpaekTopuu mojieTta BIUIA, uto



MIO3BOJIUT JIOCTHYb HaWIy4dllleld TOYHOCTH OINpEAENICHUS KOOpAMHAT BO3IYIIHOIO CyAHA. 3ajada
HaXO0XJeHUs onTuMaibHOM TpaekTtopun BIUJIA pemrena ¢ ucnosb3oBanueM Metona Xyka-Jkusca
Ui cilydash 3axoJa Ha IOCaJKy BO3AYIIHOTO cyaHa MO TUOKOM Tpaekropuu. IIpuBeneHb!
pe3yJbTaThl MPOBEAECHHBIX SKCIIEPUMEHTOB B KQU€CTBE ONTUMAJIbHBIX TpackTopuil mosnera BITJIA u
uX TpauKOB, MOCTPOCHHBIX MO 3HAYEHUSM I€OMETPUUECKUX (PAKTOPOB JUIS CIIydaeB MPUMEHEHHUS
CTallMOHAPHOTO U MOOMJILHOTO TCEBAOCIYTHUKOB. J/laHbl MpakTHUYEeCKHe PEKOMEHAAINH 110 BEIOOPY
KPUTEpHUs] ONTUMH3AIMH, ONpPEICNCHBl YCIOBHS TNPUMEHEHUS MOOWIBHOTO IICEBJOCITYTHHKA,
pa3memienHoro Ha BITJIA.

KiawueBble cj0Ba: TICEBIOCIYTHHUK, MOOWIBHBIA IICEBIOCHYTHUK, OCCIUIOTHBIN
JeTaTenbHbI anmapat, reomerpuueckuit pakrop, [JIOHACC, ontuMuzanusi TpaeKTOpUHU MOJIETA,
MHTETPUPOBAHHOE HAaBUTAIIMOHHO-BPEMEHHOE I10JIE.

*CraThsl HalMCaHa B paMKax HCCIENOBaHUA NpHU (UHAHCOBOW MOJAEPIKKE TIpaHTa
Poccuiickoro ¢onna ¢yngamentanpabix ucciaegaoBanuii (PODU). IIpoexkt Ne 19-08-00010 A
«MHTemIeKTyabHas CUCTeMa IUIAHUPOBAHMS MapIIPYTOB U TIpaMKOB BO3AYIIHOTO BUKECHUS
IpaXJIaHCKOW aBHAIlMM TpPU HW3MEHEHWU METEOYCJIOBMI, CIpoca MacCaKUpPOB U TOTEpe
HaBHFaHHOHHOﬁ TOYHOCTH BO3AYHIHBIX CYAOB B IIOJICTC), BBIIOJHSIEMBIE B  MOCKOBCKOM
roCyJ1IapCTBEHHOM YHUBEPCHUTETE rpaxkaaHcKou aBuamuu. PykoBoaurtens npoekrta — E. E. Heuaes.

Introduction

Over the medium term, the satellite navigation systems including Russia’s
GLONASS system will be an essential means of navigational support of all aircraft
flight phases in accordance with the ICAO categories [Ckpoinauk, 2020]. At the
present stage of development, however, the satellite navigation systems (SNS) have
insufficient integrity, interference resistance and sometimes accuracy of the
navigation and time field (NTF), and this reduces the efficiency of their use
specifically for solving problems of aircraft landing.

For supporting promising navigation applied processes [Performance-based
Navigation (PBN) Manual, 2013], GNSSs need the aircraft-based augmentation
system (ABAS), ground-based augmentation-system (GBAS), satellite-based
augmentation system (SBAS). The augmentations allow some GNSS drawbacks to be
compensated, in particular, the differential corrections for the coordinates measured
by users to be determined [Ckpsinuuk, 2020]. However, they are also subject to the
influence of some destabilizing factors so SBAS/ GBAS application does not fully
provide GNSS navigation accuracy. For instance, within its coverage area, SBAS
provides en-route flight, flight in the terminal area as well as APV-I and APV-II
approach. The APV-I and APV-II approach procedures can be accomplished only in
specific assigned zones, not in the whole SBAS coverage area [Global Navigation
Satellite System (GNSS) Manual, 2013]. GBAS problems are degradation of
coordinate correction accuracy as the aircraft recedes from a local augmentation
station as well as need for transmission of digital data (error corrections) over long
distances. For this purpose datalinks with high capacity are needed which requires
installation of additional onboard equipment for receiving differential corrections.

One of possible ways to improve the accuracy of SNS navigational sightings is
an augmentation in the form of a pseudolite (PL). In the traditional conception, PLs
are stationary transmitting ground-based or near-ground-based devices, (e.g., a high
mast, hot air balloon) the signals of which are synchronized with the SNS signals and



the signal parameters and their format are close or equal to the parameters and format
of SNS signals [babypoB u np., 2005; banos, I'eBopksH, 2002]. An integrated NTF
created within the PL coverage area possesses improved accuracy and reliability
characteristics in comparison with the initial SNS NTF.

Analysis of works [babypoB u np., 2016; bopcoeB u ap., 2011; Hurpyna, u
np., 2012] devoted to problems of using PL showed that augmentation of SNS
navigation satellites with one or several PL would improve the geometry in the
vertical channel, increase the information redundancy that would lead to
enhancement of accuracy and reliability of navigational sightings. The integrated
NTF generated with using PL can meet the requirements for aircraft navigation
accuracy during approach.

When applied PLs should be located in the terminal area optimally to achieve
the maximum accuracy of integrated SNS NTF. [Ckpsinuuk, 2020] shows that as
SNS geometry changes with time, the optimal location of a ground-based PL also
changes. Therefore, work [Ckpsimauk u ap, 2017], for instance, suggests using a
mobile PL to achieve the maximum accuracy of the integrated GLONASS NTF for
each time.

Application of a mobile ground-based PL involves a number of problems e.g.
shading its signals by terrain roughness or acrodrome facilities, limitations on speed
and movement area and others. Therefore, it is proposed to consider applying a PL
located on an UAV which significantly extends PL dynamic behavior and
possibilities of steady reception of its signals [Jones, 2017] as well as allows such a
method to be applied when an aircraft approaches on flexible trajectories. It is
necessary to solve the problem of finding an optimal UAV trajectory in the airspace
of the terminal area.

The task of finding an optimal track is identical both for a UAV and for an
aircraft and depends on boundary conditions and criteria. For example, work [Adler
et al., 2012] reviewed the task of constructing an optimal flight track under engine-
out conditions where the criterion is maximization of energy efficiency. Articles
[Bepemeii, CotaukoBa, 2016; Gardi et al., 2016; Khardi, 2012] deal with the multi-
criterion tasks of constructing an optimal flight track where the criteria are
minimization of noise, fuel consumption and account for weather conditions. In this
article, the optimality of the UAV trajectory with a PL onboard depends on the
navigational conditions formed in the terminal area.

The research purpose is to find an optimal flight trajectory and to estimate the
efficiency of using a mobile PL located on board a UAV for enhancement of
accuracy of the integrated GLONASS NTF by reducing DOPs in the terminal area
when approaching on a flexible trajectory.

Materials and research methods
The accuracy of the integrated NTF can be seen in the values of the Position
DOP (Position Dilution of Precision) or its components - vertical VDOP (Vertical
Dilution of Precision) and horizontal HDOP (Horizontal Dilution of Precision) DOP
at the observation point. At that,
PDOP>=HDOP*+VDOP?, (1)



and accuracy of position-fixing (horizontal coordinates) and that of flight
altitude determination are related to the values of the corresponding DOP by the
expressions
o=or*HDOP, og= or*VDOP

where 6, is a root mean square error (RMS) of position-fixing (radial RMS),
oy 1s RMS of determining the height, og is RMS of determining the pseudo-range to
the NS.

The author of work [Cxpeinauk u ap., 2017] solved the problem of finding an
optimal location of the ground-based PL which provides minimal mean value
VDOP,,.., along the whole glideslope. It was shown that, because of changing the NS
location relative to the aircraft due to their orbital motion, there is no single optimal
PL location providing the minimal DOP, in the case under consideration — VDOP ¢4,

With sufficiently good (no more than 2-2.5) VDOP values, the application of a
PL located at a typical point (not optimally) allows VDOP,,, to be improved by 22-
25%.The PL location at optimal points for considered moments of time allows
VDOP,,,.., to be decreased by 7-9% in comparison with its location at the typical
point.

Proposed in [Cxkpemmauk u ap., 2017] technique of finding the only
(quasioptimal) position of the ground-based PL allows VDOP,,.., to be decreased by
3-4%. Thus, to ensure the minimal DOP value along the whole landing trajectory it is
necessary to use a mobile PL located on a UAV. At that, the UAV should move along
an optimal trajectory formed by a set of points where the minimal DOP value is
achieved for each time of solving the optimization problem.

To conduct the research by methods of mathematical simulation in the
LabVIEW graphical programming environment the following initial data were
chosen:

— runway middle coordinates of the landing airdrome are 71.927 N 114.08 E,
the height above sea level is 30m, UTC + 9, the runway heading is 174.22 degrees;

— approach trajectory (fig.l): curvilinear (height is 600m) from the Initial
Approach point (IA) to the Final Approach point (FA) located at a distance of 10 km
from the runway threshold; rectilinear with the glideslope angle of 3 degrees — from
the FA point to the runway touchdown; aircraft speed along the whole trajectory is
250 km/hour;

— the initial UAV (mobile PL) position in the horizontal plane coincides with
the TA point, the UAV speed is equal to the aircraft speed on the landing trajectory;

— the optimization problem was solved by the Hook-Jeeves method at 22
selected discrete points of the aircraft flight trajectory which were separated by the 10
s time slots.

The problem of finding the optimal UAV flight trajectory was solved in the
horizontal plane (its flight at a constant altitude was considered) and in space (with a
change in the flight altitude). The optimization criterion was the DOP minimum
(either Position PDOP or horizontal HDOP or vertical VDOP) for navigational
sightings on the aircraft:

DOP(X 1. | X s X ygireon X g ) —> D,

Ai°



where X,,, is the desired vector of UAV coordinates at the i" trajectory point
and at the i" time moment, X, are the known coordinates of the aircraft at the i"
point of the trajectory at the i™ moment of time, X, are known coordinates of the
navigation satellites within the visual range, k is the number of visible NSs.

For DOP calculations, the UAV, aircraft and NS coordinates are shown in the
earth-fixed geocentric system. As the optimal trajectory of the UAV flight is
constructed in the geodetic reference system (latitude, longitude, altitude), the
coordinates are converted from geodetic to the earth-fixed geocentric system

[ CkpbinHuK, 2020].

During the research it is necessary to define how the result of optimization
problem solution depends on the used criterion (PDOP, HDOP or VDOP minima),
the aircraft and UAV flight altitude, the method of problem solution (in plane or in
space).
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Fig.1 Aircraft flight trajectory in the horizontal (a) and the vertical (b) planes

Research results and their discussion

To achieve research goals using the method of mathematical simulation, the
authors conducted computational experiments that differed in the options for using
mobile PL and using various optimization criteria.

Assessment of the optimization criterion influence on the DOP values with the UAV
flying along the optimal trajectory

The following situations were considered:

— PL is not available and navigation sightings are carried out only using the
visible NSs;

— PL is located at a typical point on the ground (point of location of the middle
marker), at a distance of 1 km from the beginning of the runway and on the extension
of its axis;

— the mobile PL is located on a UAV flying at an altitude of 50 m.



Fig. 2 shows the graphs for HDOP (fig.2,a), VDOP (fig.2,b) and PDOP
(fig.2,c) changing on approach and landing aircraft trajectory. The figures show the
following graphs: 1 — no PL and the navigation problem is solved only using the
visible NSs; 2 — PL is located at a typical point; 3,4,5 —a mobile PL, HDOP, VDOP
and PDOP optimization.

The analysis of the obtained results shows that using a ground-based PL
located at a typical point improves HDOP from 1.01 to 0.94, and VDOP from 2.2 to
1.5 at the IA point and to 1.2 for aircraft flying over PL. After the aircraft flies over
the PL, HDOP and VDOP degrade to HDOP = 0.97 and VDOP = 1.55.

The use of a mobile PL with HDOP minimum optimization gives an
insignificant gain in the HDOP value (by 0.002-0.004) and a slight deterioration in
the VDOP value (by 0.3—0.5) compared to the PL located at a typical point. When the
aircraft descends below the PL (Hp >H,;), we can observe HDOP degradation (by
0.04-0.05) and VDOP improvement (by 0.5). Thus, we can conclude that the
effectiveness of mobile PL use is critical to the ratio of the aircraft and the UAV
flight altitudes.
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Fig.2. Variation of DOP values at the points of approach and landing aircraft
trajectory

UAV trajectory optimization by VDOP minimum and PDOP minimum gives
almost the same results. This is caused by the fact that in the SNS the VDOP value is
always larger than HDOP, so its contribution to PDOP (ref. expression (1)) will be
decisive.

When the UAV flight trajectory is optimized by the minimal VDOP, the
HDOP value is slightly worse (approximately by 0.04) while the VDOP value will be
significantly improved (by 0.7-0.8) compared to using PL located at a typical point.

When the aircraft descends and condition Ha;<Hpp is met, the HDOP
improvement (approximately by 0.04) and the VDOP degradation (approximately by
0.8) 1s observed.

Thus, we can conclude that for optimizing UAV flight trajectory it is appropriate
to use the PDOP minimum or VDOP minimum criterion that provides the best
accuracy of the flight altitude determination and high accuracy of the aircraft
horizontal coordinate determination in the greater part of the approach and landing



trajectory. For this purpose, it is necessary to use a low-altitude UAV as, when the
aircraft descends below UAV flight altitude, the efficiency of the mobile PL use will

be decreased.

Estimate of optimization criterion influence on constructing an optimal UAV flight
trajectory

Let us consider a situation when the UAYV flies at an altitude of 50 m, the task
of optimizing its trajectory is performed in a plane with no restrictions on the region
of acceptable optimal UAV positions.

Fig. 3, a, Fig. 3, b, present the results of performing the optimization task with
minimal HDOP and PDOP used as an optimization criterion, correspondingly. Fig. 3,
c shows the curved part of the flight trajectory of the aircraft (curve 1) and UAV
(curve 2) on an enlarged scale.

For optimization by minimal HDOP, offset of the UAV and the aircraft
trajectory points at a constant altitude to the FA point is about 88 km and the form of
the UAV flight trajectory repeats the aircraft trajectory (fig. 3 ,a, trajectory sections
from point 1 to point 9). When the aircraft descends from the FA point, the optimal
UAV flight trajectory is close to the aircraft trajectory coinciding with it at the point
located at the altitude of 50 m (when Hpy=Hpy).

34 567 7215

(2382818, EA ——
20 ‘IA Nt ‘1}_‘,_1 L 3,5‘,.!_.,1 re ? s
: i i : »
i o : bl

f
\FA

o
W

76

Latitude, degrees
Latitude, degrees
Latitude, degrees

'."\
| 104
|

=
=

A |||
12

2. . ! ! | ! = M1 | 720 L
1138 1140 . 1142 1144 1148 135 137 1138 1141 1138 1138 1140
Longitude, degrees Longitude, degrees Longitude, degrees

a) b) c)
Fig.3 UAV and aircraft flight trajectory in horizontal plane

For optimization by minimal PDOP, the optimal UAV flight trajectory is close
to the aircraft trajectory (offset in the horizontal plane is 80 m on the section of the
constant aircraft flight altitude up to the FA point). The offset of the UAV flight
trajectory reduces from 80 m to 7 m in the aircraft descent segment. For Hy;<Hpp (in
the vicinity of the runway) the optimal point of the UAV flight trajectory gets offset
at a distance of more than 20 km.

Similar experiments carried out for other time intervals showed that, due to the
change in the grouping of navigation satellites within the visibility range, offset of the
optimal UAV flight trajectory in horizontal plane changes , for example, it decreased
and was 35 m on the flight section to the FA point and 3 m near the runway. The
reduction in the offset value at the stage of aircraft descent retains the character

described above.



It is obvious that performing a flight of a real UAV with a PL onboard along an
optimal trajectory at the final stage is almost impossible when there is its sharp offset.
Therefore, the UAV flight along the optimal trajectory should end at a point that
coincides in height with the aircraft flight altitude at the stage of descent.

To determine the most appropriate (in terms of ensuring the minimal or close
to the minimal PDOP value) UAYV flight trajectory when the condition Ha;<Hp; (final
segment of landing trajectory) is met, the studies were carried out the results of which
are presented in fig. 4, a for the following situations:

— The UAV is flying along an optimal trajectory at an altitude of 300 m up to
the FA starting point of aircraft descent, then it is hovering at the FA point (curve 1);

— The UAV is flying along an optimal trajectory at an altitude of 300 m up to
the FA starting point of aircraft descent, then it is going on flying along a straight
path at an altitude of 300 m above the aircraft landing trajectory (curve 2);

— The UAV is flying along an optimal trajectory at an altitude of 300 m (curve
3), the optimization task is performed in the horizontal plane;

— The UAV is flying along an optimal trajectory at an altitude of 300 m (curve
4), the optimization task is performed in space, the UAV flight altitude is limited to
50 m, the UAV can descend by 10 m for each optimization cycle.

As follows from fig. 4, a, the minimal value of PDOP=1.2 is achieved
practically along the whole trajectory of the aircraft approach and landing when
performing the task of optimization in space (curve 4). Given the impossibility of
performing the UAV flight along the optimal trajectory after the aircraft descends up
to altitude Hx;=Hp;, we can recommend the UAV hovering in the area of coincidence
of the UAV and aircraft trajectory altitudes (with consideration of safety of their
mutual position). In this case the PDOP value increases up to 1.8 but remains lower at
the final approach of the aircraft than for other UAV flight trajectories.
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Fig 4. PDOP change (a) and optimal UAV flight trajectory (b)

Fig. 4,b presents the UAV flight trajectories for performing the optimization
task by criterion of PDOP minimum in the horizontal plane (curve 1, Hpl=300 m) and



in space (curve 2, the UAV can descend up to the altitude of 50 m). As follows from
the obtained results, when H,;<Hp;, the optimal trajectory (curve 1) gets offset
relative to the aircraft trajectory and the lower the altitude of the aircraft flight is, the
stronger this offset is. For implementing the task of optimization in space with the
aircraft descending, the optimal UAV flight trajectory (curve 2) also descends
whereas being located under the aircraft trajectory. After reaching the altitude of 50
m (UAV altitude limit), the optimal trajectory gets offset essentially in the horizontal
plane relative to the aircraft trajectory.

Influence of NS terrain blockage on the construction of an optimal PL flight
trajectory

Under real conditions, reception of signals from all NSs in the aircraft visibility
zone can be impossible due to, e.g. shading of signals from NS by terrain inequalities
or high-altitude objects. This situation is very likely when aerodromes are located in
mountainous areas as well as in the zone of megacities.

Let us consider the influence of NS signals shading for the following
conditions:

— the UAV trajectory is optimized in the horizontal plane at the UAV flight
altitude of 300 m and 50 m, the optimization criterion is PDOP minimum,;

— the presence of shading will be taken into account by introducing a mask
angle of 15 degrees and 30 degrees into the program for simulating the orbital
GLONASS grouping and choosing a working NS constellation [Ckpsiniauk, Epoxus,
2012]. Under normal SNS receiver operation, the mask angle is 5 degrees.

The research results are shown in fig. 5, a (Hpp = 50 m) and in fig. 5, b (Hp, =
300 m) where curves 1, 2, 3 correspond to the mask angles of 5, 15 and 30 degrees.
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As can be seen from the presented results, the PL optimal trajectory depends on
its flight altitude relative to the aircraft and the shading presence. When Hpp < Hp;,
the optimal UAV trajectory is below the aircraft trajectory, and when Hpp > Hy;, it



gets offset in the horizontal plane, and the larger the height difference, the larger the
offset is. The stronger the influence of shading is (this corresponds to an increase in
the mask angle), the smaller the offset of the optimal UAV trajectory relative to the
aircraft trajectory is.

PDOP estimate analysis of the data showed that, under experimental
conditions, increase in the mask angle from 5 to 30 degrees led to an increase in
PDOP from 2.2 to 2.9 with no PL. Application of a mobile PL moving along an
optimal trajectory allowed us to reduce the PDOP to 1.2 (the mask angle equal to 5
degrees) and 1.7 (the mask angle equal to 30 degrees), i.e. 1.83 and 1.7 times,
respectively. However, at the final approach, when Hp; > H,;, the gain from the use
of a mobile PL decreases.

It should also be noted that in the investigated range of heights (from 50 to 300
m) almost the same PDOP value is provided regardless of the UAV flight altitude
with the PL installed on it when the condition Hp; < H,;1s met.

Conclusion

The conducted research shows that the use of a mobile PL located on board a
UAYV moving along an optimal trajectory makes it possible to increase the accuracy
of the integrated NTF by 5-7% in comparison with other ways of using PL.

It is recommended that:

— the Hooke — Jeeves method which has acceptable computation effort be used
as tooling for constructing a UAV optimal trajectory;

— the PDOP minimum be used as an optimization criterion;

— an UAV flight be performed at altitudes as low as possible;

— UAV hovering be used for providing high accuracy of the integrated
navigation-and-time field at the final approach (when Haircraft<Hpl).

It should also be noted that the use of a mobile PL will significantly mitigate
such a PL use disadvantage, as the «far-near» effect [Ckpoinuuk, Epoxun, 2012],
since the change of the distance between the PL and the aircraft will be much less
than when a stationary PL is used.
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