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Deutsche Zusammenfassung

Wir entwarfen und testeten einen Required Navigation Performance (RNP) Authoriza-
tion Required (AR)-An
ug mit einem auf der Localizer Performance with Vertical guid-
ance (LPV)-Spezi�kation basierenden Endan
ugsegment f�ur die Piste 33 des Flughafens
Salzburg, �Osterreich. Der Landean
ug auf Piste 33 wird durch gebirgiges Gel�ande im
S�uden des Flughafens, das innerhalb der verl�angerten Pistenmittellinie liegt, stark er-
schwert. In der Folge sind alle derzeit existierenden, geraden Instrumentenan
�uge mit
Ausnahme von RNP AR-An
�ugen nicht realisierbar. Dies liegt daran, dass nur RNP AR
die erforderliche hohe Navigationsgenauigkeit bietet, um die Hindernisschutzbereiche, die
das An
ugpro�l umgeben und frei von Hindernissen sein m�ussen, klein genug zu halten,
damit sie nicht ins Gel�ande schneiden. Die Kombination von RNP AR und LPV wiederum
erm�oglicht es, die unter LPV verf�ugbare pr�azisere angul�are F�uhrung f�ur den Endan
ug zu
nutzen, ohne dabei auf die deutlich kleineren RNP AR-Hindernisschutzbereiche in allen
An
ugsegmenten verzichten zu m�ussen. In Salzburg k�onnen wir dadurch die An
ugminima
von 368 auf 218 Fu� �uber der Pistenschwelle reduzieren und gleichzeitig ein l�angeres En-
dan
ugsegment im Vergleich zu den bestehenden, reinen RNP AR-An
�ugen realisieren, da
kritisches Gel�ande und Hindernisse nun au�erhalb der Hindernisschutzbereiche liegen. F�ur
den Intermediate Approach verwenden wir gekr�ummte An
ugsegmente, die durch einen
konstanten Radius zwischen zwei Fixpunkten beschrieben werden (Radius to Fix legs).
Diese Segmente f�uhren auf den Endan
ugkurs und m�unden in ein horizontales Segment,
das m�ogliche H�ohenunterschiede beim Wechsel von barometrischer zu geometrischer LPV-
H�ohe kompensieren soll. Die L�ange dieses Horizontalsegments wird auf der Grundlage der
aktuellen Designregeln f�ur herk�ommliche LPV-An
�uge minimiert. Diese Regeln dienen
auch als Grundlage f�ur die Zusammenf�uhrung der verschiedenen Hindernisschutzbereiche
aus Intermediate Approach und Endan
ug. Der An
ug wird als Advanced RNP-Prozedur
mit 0,1 nautischen Meilen f�ur die 95-prozentige laterale Genauigkeit (RNP 0.1) auf jeder
Sequenz kodiert, da RNP AR nach dem Datenbankkodierungsstandard ARINC 424 nicht
mit LPV kombiniert werden kann. Level D Full Flight Simulator-Tests mit einem Airbus
A350 zeigten, dass diese Kodierung ausreicht, um unter allen zul�assigen Bedingungen RNP
0.1 zu erreichen, wobei der An
ug den Piloten trotzdem als RNP AR visualisiert wurde.
Unter sehr hohen simulierten Temperaturen wurde der LPV-Gleitpfad allerdings aufgrund
von Kon�gurationsfehlern der Piloten verfehlt, wobei das Szenario aus Zeitgr�unden nicht
wiederholt werden konnte. F�ur die Untersuchung der Fliegbarkeit des An
ugs bei sehr
hohen Temperaturen sind daher weitere Untersuchungen notwendig.
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Abstract

We designed and tested a Required Navigation Performance (RNP) Authorization
Required (AR) to Localizer Performance with Vertical guidance (LPV) supported by
the space-based augmentation system of GPS approach for runway 33 of Salzburg Air-
port, Austria. Approach to landing on runway 33 is severely impacted by mountainous
terrain to the south of the airport that lies within the runway extended centerline, ren-
dering all straight-in approaches but those based on RNP AR impossible. That is due
to the high navigation accuracy available under RNP AR. It makes it possible to keep
the obstacle protection areas, which are constructed around the approach path and
must be clear of obstacles to ensure the required obstacle clearance, very small so
that they do not extend into the terrain. The combination of RNP AR and LPV, in
turn, makes it possible to use the more precise angular guidance for the �nal approach
available under LPV while still being able to exploit the signi�cantly smaller RNP AR
protection areas in all approach segments. In Salzburg, this enables us to reduce the
minima from 368 ft to 218 ft above runway threshold level while at the same time es-
tablishing a longer �nal approach segment compared to existing RNP AR approaches
because critical terrain and obstacles now fall outside of the protection areas. For
the intermediate approach, we use curved legs based on a constant radius between
two �xes (Radius to Fix legs) that lead onto the �nal approach course, followed by
a horizontal segment to account for possible altitude di�erences when changing from
barometric to geometric LPV altitude. The length of this segment is minimized based
on current procedure design rules for standard LPV approaches, which are also used
as a basis for the merging of the di�erent protection areas. The approach is coded as
advanced RNP with 0.1 nautical mile values for the 95-percent lateral accuracy (RNP
0.1) on each sequence as RNP AR can otherwise not be combined with LPV under
the database coding standard ARINC 424. Level D full 
ight simulator tests with an
Airbus A350 showed that this coding is su�cient to achieve RNP 0.1 performance un-
der all permitted conditions with the approach being presented to the pilots as RNP
AR. However, further research must go into the 
yability of approach at very high
temperatures, where the LPV glide path was missed due to con�guration errors made
by the pilots and the approach could not be repeated due to time constraints.

1 Introduction

Despite their low relevance to global air tra�c, airports such as Cristiano Ronaldo In-
ternational of Funchal or Innsbruck, Austria are known worldwide for their challenging
approaches. They are examples of an ever-growing number of airports bene�ting from Re-
quired Navigation Performance (RNP) Authorization Required (AR) approaches, which is
currently the only approach procedure to o�er high navigational accuracy and the ability to
use curved legs across all approach segments. Compared to conventional approaches, this
allows signi�cantly smaller obstacle protection areas around the nominal 
ight path and
renders the procedure design more 
exible. In consequence, three-dimensional instrument
approaches can often also be o�ered at air�elds where they were previously prevented by
tight spatial constraints such as terrain, obstacles or airspaces close to the air�eld. These
constraints have a particularly critical e�ect on precision approaches (PAs) such as those
based on an instrument landing system (ILS), so that less precise non-precision approaches
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(NPAs) with higher minima and without vertical guidance used to be the only alternative
in the past [1].
That gap was partially closed with the establishment of approaches with vertical guidance
(APVs), which, on the one hand, do not o�er the same precision in the �nal approach
segment as PAs but, on the other hand, o�er the vertical guidance that NPAs lack. They
consist of approaches based on the RNP AR and RNP approach (APCH) speci�cations
from the ICAO performance-based navigation (PBN) concept [2]. The main di�erence
between both lies in higher performance requirements with RNP AR that require the air-
craft operator to show evidence of aircraft capability and su�cient crew training before
obtaining authorization from the State regulatory authority to conduct such procedures.
In return, greater 
exibility in procedure design can be achieved due to improved navi-
gational accuracy, integrity, and additional functionalities. For instance, RNP AR allows
curved legs also in the �nal approach (RNP APCH does not) and enables lateral accura-
cies (95 percent total system error, TSE) of 0.1 NM in all approach segments, while RNP
APCH allows only 0.3 NM in the �nal and 1 NM in the remaining approach segments. As
a result, the RNP AR obstacle protection areas are signi�cantly smaller [1].
The RNP APCH speci�cation includes common performance requirements for all but the
�nal approach segment, where the di�erent requirements are expressed in di�erent minima
lines called LNAV/VNAV (Lateral Navigation/Vertical Navigation) and LPV (Localizer
Performance with Vertical guidance) for APVs [2, pp. II-C-5-1�.]. LPV approaches require
the use of GNSS augmented by a space-based augmentation system (SBAS) for lateral and
vertical navigation in the �nal approach. They can also be 
own as a Category (CAT) 1
precision approach with a minimum decision height (DH), at which the pilots must decide
whether to continue the approach or go-around, of 200 ft if certain signal-in-space per-
formance criteria are met. In contrast to LNAV/VNAV and RNP AR approaches, LPV
does not require the aircraft to 
y within a linear corridor but a cone that becomes nar-
rower towards the runway, so that the required navigation performance increases towards
the runway as well. This requirement can be ful�lled as LPV uses the ground-referenced
SBAS, where the GNSS position determined on-board the aircraft is improved with cor-
rections that are obtained using GNSS measurements from reference stations distributed
over a larger geographical region (usually continents or countries) in precisely known po-
sitions. The corrections, which are transmitted via a geostationary satellite, are thus only
valid locally within the geographical region but become more accurate with decreasing
aircraft height as they are based on GNSS measurements taken on the ground. In con-
sequence, navigational accuracy can be signi�cantly improved for approach applications
(low aircraft heights) to achieve a more precise lateral and vertical navigation there. In
particular, LPV approaches o�er a more precise vertical navigation compared to RNP
AR approaches, where the vertical navigation is based on the less accurate and varying
barometric altitude [3, 2].
Eventually, the better navigation performance in
uences the obstacle assessment that de-
termines the obstacle clearance height (OCH), down to which obstacle clearance can be
provided in the �nal and the missed approach. The OCH, in turn, sets the lower thresh-
old for the minimum DH [4, p. I-4-5-13]. That may give LPV approaches an advantage
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over RNP AR because the DH can - based on the improved vertical navigation accuracy
- potentially be lowered, especially considering that the minimum DH for APVs is 250 ft
rather than 200 ft [3]. However, this requires the protection areas to remain so small that
no obstacles causing a higher DH are detected. At airports with tight spatial constraints,
exactly that becomes a problem since only RNP AR allows su�ciently small areas.
Our goal is therefore to combine RNP AR approaches with LPV to compensate for the
disadvantages of RNP AR within the �nal approach, realizing lower decision heights by
means of LPV, without having to forego the higher RNP AR performance especially out-
side of the �nal approach segment. This could enable many air�elds with existing RNP
AR approaches to become available in even poorer visibility conditions (i.e., with even
lower ceilings) than currently possible, thus becoming more independent of weather. Even
though the number of large transport aircraft capable of 
ying LPV approaches is still
very limited (e.g. some Airbus A220, A350), it is expected to increase signi�cantly in the
near future [5]. That is supported by the continuously increasing number of published
LPV approaches and the large number of planned procedures. In the US, for instance,
there are already more LPV approaches published than ILS CAT I approaches, which is
hardly surprising given that LPV does not require ground equipment and can be used
more 
exibly compared to other precision approaches [6]. Through the combination with
RNP AR, we expect to create a promising approach procedure that combines the best of
both worlds - the accuracy of CAT I precision approaches with the 
exibility of RNP AR
approaches - thus narrowing the gap remaining between PAs and APVs further.
We investigate the combination for Salzburg Airport in Austria. It has a single runway
(RWY) 15/33 and is located southwest of the city directly on the northern edge of the
Alps. While the approach to RWY 15, which is equipped with ILS, leads over the rather

at foothills of the Alps, the extension of RWY 33 projects into steeply rising terrain south
of the aerodrome. The terrain is, above all, characterized by the 1973 m high Untersberg,
whose massif lies just over 3 NM away from the runway threshold (THR) and intersects
the runway extended centerline. There are currently 2 RNP AR approaches published
for RWY 33 of which only variant Z allows an approach coming from the south, 
ying
through the mountains. As shown in Fig. 1, the approach follows the Salzach valley,
which is bordered on both sides by high mountains, and leads onto the �nal approach
course in a double bend that consists of several curved legs. They lead eastward past the
Untersberg massif and end in the last part of the �nal approach, which is a 1.5 NM long,
straight segment. The DH is at least 369 ft above threshold level [7, pp. LOWS AD2-1�.].
We want to replace the existing �nal approach with a straight LPV segment that shall be
incorporated in such way that changes to the existing approach layout (see Fig. 1) are
kept to a minimum. The approach shall then be coded for a navigation database that we
want to use for a simulator assessment with the Airbus A350 to test the approach.
The combination of RNP AR and LPV is neither practiced nor foreseen by ICAO proce-
dure design documents so far, so as a �rst step we must establish comprehensible procedure
design rules. The design rules for RNP AR APCH are described in ICAO document 9905:
Required Navigation Performance Authorization Required Procedure Design Manual [8],
while the rules for RNP APCH (including LPV) are described in ICAO Document 8168,
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Volume II: Procedures for Air Navigation Services Aircraft Operations (PANS-OPS), Con-
struction of Visual and Instrument Flight Procedures [4]. Detailed system and training
requirements for both speci�cations, as well as implementation guidance, can be found in
the PBN Manual (ICAO document 9613) [2].

Figure 1: Extract from the approach chart for the existing RNP Z RWY 33 (AR) approach. It follows
the valley of the Salzach coming from the south and leads onto the �nal approach course in a double bend
structure that passes the Untersberg massif to the east. The vertical path angle for the �nal approach
equals 3.6°. The inset shows the approach chart for our designed approach for comparison. The di�erences
in the lateral pro�le are highlighted in red next to the inset. Our longer straight �nal approach segment
causes a shift of the feeder segments towards the terrain, which is mitigated using the higher navigation
performance available with RNP AR [7, p. LOWS AD 2 MAP 13-3-2-1].

2 The procedure design basics of RNP AR APCH and LPV

Each approach procedure normally consists of four di�erent segments: The initial, in-
termediate and �nal as well as the missed approach. While most procedures have �xed
performance requirements that become higher towards the threshold, RNP AR allows the
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required lateral accuracy to be, within a certain range, 
exibly chosen with the highest
possible value being available in all approach segments. That accuracy is expressed as
RNP X, where X is the TSE in NM that must be achieved at least 95 percent of the

ight time. RNP AR allows values from RNP 1 to as low as RNP 0.1, which makes it the
approach procedure o�ering the highest lateral accuracy outside of the �nal approach [1].
In general, instrument approaches are protected against obstacles down to the OCH by
two kinds of protection areas called primary and secondary areas. RNP AR only uses pri-
mary areas, which have a semi-width equal to 2x accuracy value of the respective approach
segment, i.e. between 0.2 NM and 2 NM. The minimum obstacle clearance (MOC), which
is provided across the primary areas in the vertical direction in full, changes with di�erent
approach segments between 300 m for the initial and 0 m (in most cases) for the missed
approach. In the �nal approach, it is based on the performance of the barometric vertical
navigation system [1].
Under RNP APCH, the required lateral accuracy equals RNP 1 for all but the �nal ap-
proach segment (FAS). For LPV, the FAS is described by a lateral and a vertical cone
with the approach path being geometrically de�ned using a set of coordinates. Together
with other parameters for the FAS de�nition, these are included in the FAS data block
(DB), which is stored in the Flight Management System (FMS) on board the aircraft as
part of the loaded navigation database. The required navigation performance within the
FAS is adapted to the FAS volume and therefore angular [2, pp. II-C-5-1�.].
For obstacle assessment purposes, the FAS and the initial and intermediate phases of the
missed approach are considered as one segment, which we refer to as the LPV segment [4,
p. III-3-5-1]. Outside of that segment, the protection areas have a semi-width equal to 1.5x
applicable accuracy value (RNP 1) plus a bu�er value that depends on the 
ight phase.
For the initial and intermediate approach, the semi-width equals 2.5 NM with secondary
areas being applied, i.e. the outer quarters of each protection area are secondary areas
where the MOC decreases linearly from the full value to 0 at the outer edges [4, pp. III-
1-1-5�.]. 2 NM before the start of the �nal approach at the �nal approach point (FAP),
the surfaces converge to merge with the obstacle assessment surfaces (OASs), which are
protection areas used to determine the OCH, of the LPV segment at the FAP. For LPV,
the OASs form a complex surface system where the combined surfaces always have a min-
imum semi-width of 0.95 NM, corresponding to the semi-width of standard RNP APCH
protection areas for RNP 0.3 [4, pp. III-3-5-3�.].

3 Procedure Construction

We develop the approach for aircraft of speed category D or lower, i.e. the indicated air
speed (IAS) at threshold must not exceed 165 kt [8, p. 3-1].
The required reference frame is the same for RNP AR and LPV and given by an east-
north-up (ENU) frame with origin at the threshold of RWY 33, rotated until the x-axis
lies on the extended center line and points in the opposite approach direction. The local
terrain and obstacle data are also considered in that frame and must therefore be converted
accordingly [8, p. 4-2] [4, p. III-3-5-5].
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3.1 General considerations and initial placement of the Final Approach
Point (FAP) and the Final Approach Course Fix (FACF)

Depending on the intended SBAS procedure type, the LPV segment is either called APV
I segment for LPV approaches as APVs or CAT I segment for LPV approaches as CAT
I precision approaches (also referred to as LPV-200 because of the minimum possible DH
of 200 ft) [4, p. III-3-5-1]. We expect CAT I performance for Salzburg, thus we develop a
CAT I segment [9].
The segment is protected against obstacles and terrain by an SBAS CAT I OAS system,
which equals a partially cropped and partially extended ILS CAT I OAS system. Both
consist of a total of six sloping surfaces W, X, Y and Z as shown in Fig. 2, however we
�rst concentrate on the ILS CAT I OAS system as the shape of that system dictates the
shape of the SBAS CAT I OAS system. The geometry of the surfaces is described by
the algebraic equation z = Ax + By + C, where x, y, and z correspond to the respective
OAS coordinates in the reference frame and A, B, and C represent constants. They must
be calculated separately for each surface depending on the approach and aircraft geom-
etry using the PANS-OPS OAS software. The end points of the surfaces are given by
the coordinates C, D, E at threshold height as well as C", D" and E", each 300 m above
threshold height, and are also output by the software [4, pp. III-3-5-3�.]. The approach
geometry in
uences the surface shape through the glide path angle (GPA), the reference
datum height (RDH), the GNSS azimuth reference point (GARP)-landing threshold point
(LTP) distance and the course width at threshold [10]. The last two parameters de�ne the
geometry of the lateral cone describing the FAS, with the apex sitting at the GARP and
the course width corresponding to the cone width at the threshold (given by the LTP).
We choose the latter to be 210 m by default [4, p. II-1-1-13], with the position of the
GARP 305 m behind the stop-end-of-runway, which we locate at the end of the landing
distance available (GARP-LTP distance = 2815 m) [7, pp. LOWS AD 2-13�.]. The RDH
corresponds to the glide path height above the LTP and is chosen to be 50 ft or 15 m,
analogous to the existing RNP AR approach, leaving the GPA as the only variable [4,
pp. III-2-6-1�.]. We set the GPA to 3.5° as the highest possible standard value because
higher GPAs cause the OAS system to be more compact and narrower, which is desirable
in view of the terrain situation. For CAT D aircraft with standard geometry and missed
approach climb gradient values, this yields the OAS coordinates from Fig. A1 (Appendix).
As shown in Figures 2 and 3, the resulting ILS CAT I surfaces do not cut into the terrain
of the Untersberg massif but extend just past it.

Next, the FAP must be placed within the OAS system. This can only be done as part
of the intermediate approach design since the FAP position in
uences how far the inter-
mediate approach legs and their protection areas, which must also be clear of terrain, are
shifted to the south and thus towards critical terrain.
Our basic idea is to extend the �nal approach slightly compared to the existing RNP AR
approach as PANS-OPS requires a minimum FAS length of 3 NM for LPV [4, p. I-4-5-1]. It
shall be reached via a double bend departing from the existing leg from WS805 to WS804
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Figure 2: 2-D view of the di�erent OAS systems (ILS CAT I, SBAS CAT I, our solution adapted to
RNP 0.1) from above along the runway extended centerline. Positive x equals south of the threshold.
The systems are plotted into the local terrain, which is colored from blue to yellow according to the
height di�erence to the runway threshold. The yellow dots represent obstacles. The ILS CAT I OASs are
highlighted by the red lines. The Y and X surfaces are mirrored on the x-axis, making for six surfaces in
total. Our designed approach track is plotted in green. The intermediate approach protection areas are
plotted in transparent green, however the �nal layout of the protection areas and assessment surfaces used
for our approach is shown in Fig. 4. The di�erences between the ILS CAT I OAS system and the SBAS
CAT I OAS system are given by the Z and Y surfaces being curtailed to a semi-width of 0.95 NM (1) and
the arti�cial widening of the system assuming an intermediate approach semi-width of 0.95 NM at the
FAP (2). For RNP 0.1 performance, we adapt those changes to a semi-width of 0.2 NM (3).

(hereafter called WS804 leg), meaning that with a longer �nal approach the WS804 leg
will have to be shortened. The double bend shall consist of only two curved segments in
the form of Radius to Fix (RF) legs [2, p. II-C-App 1-1].
Since November 4, 2021, Ref. [4] grants the possibility of combining LPV with (interme-
diate approach) RF legs to the �nal approach course under RNP APCH. We use those
rules and adapt them to RNP AR procedure design. RF legs to the �nal approach course
must not end at the FAP but at an upstream waypoint, the Final Approach Course Fix
(FACF). It must have a minimum distance to the FAP, which depends on the two points’
altitude di�erence and the outside temperature, to ensure that the LPV glide path is never
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Figure 3: 3-D representation of Fig. 2. The yellow lines represent obstacles. Numbers 1 - 3 are associated
with Fig. 2. Number 4 depicts the intermediate approach protection areas.

intercepted from above: In this case, the autopilot might not follow the pro�le and the
approach would have to be aborted [4, pp. III-3-5-2f.].
The threat results from the change from barometric to SBAS altitude, which grow in
di�erence with larger temperature deviations from the international standard atmosphere
(ISA). The di�erence is due to the temperature-related pressure altimeter error: Temper-
atures below ISA cause the true altitude to be below the indicated altitude (i.e. the plane

ies too low), while temperatures above ISA cause the true altitude to be higher than
the indicated altitude (i.e. the plane 
ies too high) [8, pp. 4-26�.]. In terms of missing
the glide path, high temperatures are therefore critical while low temperatures primarily
play a role when ensuring the required obstacle clearance for the initial and intermediate
approach segments.
By default, the FACF is to be placed 1 NM ahead of the FAP at the same altitude [4,
p. III-3-6-30]. However, due to its location on the �nal approach course, that would shift
our approach critically towards the terrain by the resulting extension to the south (see
Figures 1 - 3). In addition, from a procedure design perspective, the FACF - FAP seg-
ment does not count as part of the �nal approach and therefore does not contribute to
the required 3 NM length. For this reason, we want to keep the length L of the FACF
- FAP segment as short as possible. That is achieved following the procedure described
in Appendix D of Ref. [4] where the vertical displacement due to errors resulting from
using barometric altitude can be approximated for a given approach geometry and ISA
temperature deviation. The altitude error at the FACF must then be less than or equal
to the di�erence between the theoretical LPV glide path altitude at the FACF and the

8


