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LANDING GUIDANCE FOR AIR VEHICLES
USING NEXT GENERATION CELLULAR
NETWORKS

BACKGROUND

[0001] Next generation aircraft, such as Advanced Air
Mobility (AAM) vehicles, Unmanned Air Systems (UAS),
and Urban Air Mobility (UAM) vehicles, have the capability
to operate outside of traditional airports. For example, air
taxi services may operate in vertiports in urban areas and
package delivery services may need to approach and land in
completely undeveloped locations.

[0002] The next generation cellular networks, such as 5G,
will introduce improved location services using mmWave
high band signals. Such location services will use high band
beam forming and mimo antennas to provide decimeter
accuracy. These location services could be used “as-is” for
some air vehicle navigation purposes. However, autono-
mous and/or low-visibility landings require high accuracy,
continuity, and integrity, which the basic 5G location ser-
vices may not always be able to provide.

SUMMARY

[0003] A landing guidance system comprises at least one
edge node that operatively communicates with a mobile
communications network, wherein the mobile communica-
tions network includes a network location management
function, and at least one processor onboard an air vehicle,
the at least one processor in operative communication with
the edge node. The at least one edge node is operative to
provide landing guidance information to the air vehicle by a
method that comprises receiving location information from
the network location management function; generating the
landing guidance information for the air vehicle based on the
location information; and transmitting the landing guidance
information to the air vehicle when the landing guidance
information meets a reliability threshold. The at least one
processor is operative to guide the air vehicle to the landing
target area using the landing guidance information.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Features of the present invention will become
apparent to those skilled in the art from the following
description with reference to the drawings. Understanding
that the drawings depict only typical embodiments and are
not therefore to be considered limiting in scope, the inven-
tion will be described with additional specificity and detail
through the use of the accompanying drawings, in which:
[0005] FIG. 1 is a block diagram of a landing guidance
system for an air vehicle, according to one embodiment;

[0006] FIG. 2 is a flow diagram of an operation performed
by an edge node used in a landing guidance system for an air
vehicle, according to one implementation;

[0007] FIG. 3 is a block diagram of a landing guidance
system for an air vehicle, according to an exemplary
embodiment;

[0008] FIG. 4 is a block diagram of a landing guidance
system with radio frequency (RF) integrity monitoring,
according to another exemplary embodiment;

[0009] FIG. 5A is a flow diagram of a landing guidance
method for an air vehicle, according to one implementation;
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[0010] FIG. 5B is a flow diagram of further operational
steps when RF integrity monitoring is employed in the
landing guidance method of FIG. 5A;

[0011] FIG. 6 is a block diagram of an example landing
guidance system for an air vehicle, according to another
embodiment; and

[0012] FIGS. 7A and 7B are flow diagrams of an example
landing guidance method for an air vehicle, according to
another implementation, which can be employed in the
landing guidance system of FIG. 6.

DETAILED DESCRIPTION

[0013] In the following detailed description, embodiments
are described in sufficient detail to enable those skilled in the
art to practice the invention. It is to be understood that other
embodiments may be utilized without departing from the
scope of the invention. The following detailed description is,
therefore, not to be taken in a limiting sense.

[0014] A system and method of landing guidance for air
vehicles using next generation communication networks,
such as fifth generation (5G) cellular networks, is described
herein.

[0015] The present approach provides a landing guidance
solution that leverages the expanding next generation cel-
Iular networks, such as 5G networks, and does not rely on
traditional, expensive landing systems. For example, the
present system and method build on the basic capabilities of
5G networks and add the necessary components to meet the
accuracy and integrity requirements for landing air vehicles,
which would not be met with off-the-shelf 5G location
services.

[0016] The present system and method can be imple-
mented by adding edge node processing and a dedicated
network slice, to provide the necessary accuracy, continuity,
and integrity to landing operations for various types of
manned or unmanned aircraft or air vehicles. In the present
method, air vehicle location data is captured, and location
integrity data is generated. Both types of data may be stored
onboard the air vehicle, and/or in components within the
network, or as cloud storage.

[0017] Network slicing is a network architecture that
allows for multiplexing of virtualized and independent logi-
cal networks on the same physical network infrastructure.
Each network slice is an isolated end-to-end network tai-
lored to fulfil diverse requirements requested by a particular
application. The 5G cellular network standards enable net-
work slicing, which enables unique network protocols to
operate over the 5G radio frequency channels.

[0018] Air vehicles may use any number of en-route
navigation systems to approach a landing destination (e.g.,
a vertiport), such as satellite, radio, or visual navigation
systems. However, these en-route navigation systems are not
likely to provide sufficient location accuracy for safely
landing the air vehicle. For example, at one location of the
air vehicle approach to a vertiport, the air vehicle can begin
searching for the landing location by using the landing
location correction system disclosed herein. If the landing
location correction system is providing a sufficient quality of
information for a safe landing, the air vehicle can switch
from the en-route navigation system to the present correc-
tion system for determining the landing location corrections
until touch-down. Due to any number of environmental
factors, which may affect quality of the landing information,
the air vehicle can continue to use the en-route navigation
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system while continuing to assess the quality of the landing
location correction system. If the quality of the landing
location correction system required for a safe landing has
not been reached by the time the air vehicle reaches a
landing decision location, the landing location correction
system will alert a pilot that a safe landing guidance signal
is not available.

[0019] Exemplary aircraft or air vehicles that can use the
present landing guidance system and method include
Advanced Air Mobility (AAM) vehicles, Unmanned Air
Systems (UAS), Urban Air Mobility (UAM) vehicles, ver-
tical take-off and landing (VTOL) vehicles, Unmanned
Aerial Vehicles (UAVs), or the like.

[0020] Further details related to the present landing guid-
ance system and method are described as follows and with
reference to the drawings.

[0021] FIG. 1 illustrates a landing guidance system 100,
according to an exemplary embodiment. The landing guid-
ance system 100 generally includes at least one edge node
110, which operatively communicates with a network loca-
tion management function 120 of a mobile communications
network 130. The edge node 110 also operatively commu-
nicates with at least one air vehicle 140, through a base
station 112, to provide landing guidance information to air
vehicle 140.

[0022] The edge node 110 can be part of a dedicated
network slice 132 of mobile communications network 130,
which can be implemented as a 5G network, for example.
The edge node 110 can include one or more processing and
data storage units. As part of network slice 132, edge node
110 has access to allocated resources in mobile communi-
cations network 130. For example, such allocated resources
in a 5G network include mmWave beamforming antennas
and radio channel selection.

[0023] The network location management function 120 is
operative to provide location information. In one example,
network location management function 120 can be a stan-
dard feature of mobile communications network 130, such
as a 5G network, and can be managed by a mobile network
operator. The network location management function 120
provides basic location information services for air vehicle
140.

[0024] The air vehicle 140 includes at least one onboard
processor 142, such as a landing processor, which is coupled
to a receiver 144 such as a radio receiver. The processor 142
is configured to receive landing guidance information from
edge node 110 through receiver 144 via base station 112.

[0025] As described in further detail hereafter, edge node
110 is operative to generate the landing guidance informa-
tion based on the location information from network loca-
tion management function 120. In this exemplary imple-
mentation, edge node 110 determines the accuracy and
integrity of the location information to verify if the landing
guidance information is reliable enough for safely landing
air vehicle 140 at a landing target area 150. In another
implementation, onboard processor 142 can determine the
accuracy and integrity of the location information to verify
if the landing guidance information is reliable enough for
safely landing air vehicle 140 at landing target area 150.

[0026] The edge node 110 then transmits the verified
landing guidance information to processor 142 through
receiver 144 in air vehicle 140. The processor 142 interfaces
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with air vehicle control electronics and/or a pilot to guide air
vehicle 140 to landing target area 150 using the landing
guidance information.

[0027] The deviations and feedback signals needed to
control the landing of air vehicle 140 can be calculated in
processor 142, providing for some degree of independence
from the network. Alternatively, the deviations and feedback
signals can be calculated on the ground at edge node 110, for
example, to save Size, Weight and Power (SWaP) for a
lightweight air vehicle.

[0028] FIG. 2 illustrates an operation performed by an
edge node 210, according to one implementation, which can
be used in a landing guidance system for an air vehicle. The
edge node 210 is operative to receive location information
from the network location management function (block
220), and generate landing guidance information for the air
vehicle based on the location information (block 230). The
edge node 210 determines the accuracy and integrity of the
location information to verify if the landing guidance infor-
mation meets a reliability threshold for safely landing the air
vehicle at the landing target area (block 240). The edge node
210 then transmits the landing guidance information to the
air vehicle if the landing guidance information meets the
reliability threshold (block 250).

[0029] FIG. 3 illustrates a landing guidance system 300,
according to one exemplary embodiment. The landing guid-
ance system 300 generally includes an edge node 310, which
operatively communicates with a network location manage-
ment function 320 of a mobile communications network
such as a 5G network. The edge node 310 also operatively
communicates with an air vehicle 340, such as an AAM
vehicle, UAS, UAM vehicle, VTOL vehicle, UAV, or the
like, to provide landing guidance information.

[0030] In this example, edge node 310 is implemented as
part of a network slice of the mobile communications
network such as a 5G network. The edge node 310 includes
one or more processing and data storage units 312. The edge
node 310 is operatively coupled to at least one antenna of a
base station 314, such as a mmWave beamforming antenna,
and has access to a radio channel selection function.
[0031] The network location management function 320
includes one or more processing and data storage units 322,
and provides basic location information services, such as
described previously.

[0032] The air vehicle 340 includes at least one onboard
processor 342, such as a landing processor, which is coupled
to an onboard radio receiver. The processor 342 is config-
ured to receive landing guidance information from edge
node 310 via base station 314, which transmits a radio
frequency (RF) signal to the radio receiver in air vehicle
340.

[0033] The edge node 310 is operative to generate the
landing guidance information based on the location infor-
mation from network location management function 320.
The edge node 310 determines the accuracy and integrity of
the location information to verify if the landing guidance
information is reliable enough for safely landing air vehicle
340 at a landing target area 350. For example, edge node 310
is operative to determine the accuracy and integrity of the
location information, to verify whether the landing guidance
information meets a reliability threshold for safely landing
air vehicle 340 at landing target area 350.

[0034] The edge node 310 transmits the verified landing
guidance information, such as through high band mmWave
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signals, to air vehicle 340 for use by onboard landing
processor 342. The processor 342 interfaces with air vehicle
control electronics to guide air vehicle 340 to landing target
area 350 using the landing guidance information.

[0035] While high band mmWave signals provided by 5G
networks offer high accuracy for location, there are several
limitations to this frequency range that a guidance system
needs to address. One limitation is the relatively short range
of these high band signals. This can be accommodated by
using the longer range but less accurate mid band signals
when the air vehicle is farther away from the landing site,
and switching to high band signals for final approach and
landing.

[0036] Another limitation is the sensitivity of the high
band signals to weather conditions such as heavy rain. The
basic mitigation for this limitation is the same as the
mitigation described above for limited range. That is, the
system may start in a lower frequency, longer range but less
accurate band, when the vehicle is relatively farther away
from the landing site, and switch to the more accurate high
band when the vehicle is close enough to overcome the
attenuation of the rain. This solution requires placing high
band transmitters as close to the landing site as possible.

[0037] However, in extreme weather situations, even if the
transmitter is located near the landing site it may not be
possible to provide the necessary accuracy at the required
distance from the landing site. One example would be if
there are obstructions nearby that require high accuracy
guidance to avoid. In this case, the edge node needs to be
equipped with a monitoring function that can determine if
the signals are currently able to propagate well enough to
support the required accuracy at the necessary range.

[0038] FIG. 4 illustrates a landing guidance system 400
that is provided with such a monitoring function, according
to another exemplary embodiment. The landing guidance
system 400 employs RF integrity monitoring, which is
described further hereafter.

[0039] The landing guidance system 400 includes an edge
node 410, which operatively communicates with a network
location management function (not shown), such as in a 5G
network, as described in previous embodiments. The edge
node 410 also operatively communicates with an air vehicle
440, such as a AAM vehicle, UAS, UAM vehicle, VTOL
vehicle, UAV, or the like, to provide landing guidance
information.

[0040] In this example, edge node 410 is implemented as
part of a network slice of a mobile communications network,
such as a 5G network. The edge node 410 includes one or
more processing and data storage units 412. The edge node
410 is operatively coupled to at least one mobile network
antenna 414, such as a mmWave beamforming antenna, and
has access to a radio channel selection function.

[0041] The air vehicle 440 includes at least one onboard
processor 442, such as a landing processor, which is coupled
to an onboard radio receiver. The processor 442 is config-
ured to receive the landing guidance information from edge
node 410 through antenna 414, which transmits a RF signal
to the radio receiver in air vehicle 440.

[0042] The edge node 410 generates the landing guidance
information based on the location information from the
network location management function, as described in
previous embodiments. The edge node 410 determines the
accuracy and integrity of the location information to verify
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if the landing guidance information is reliable enough for
safely landing air vehicle 440 at a landing target area 450.
[0043] An RF monitoring station 460 is located at a
predetermined distance from mobile network antenna 414.
The RF monitoring station 460 includes a signal processor
462, which is operatively coupled to an antenna 464 for
receiving and transmitting RF signals. The RF monitoring
station 460 is operative to monitor RF signal integrity, by
determining the current propagation characteristics of RF
signals within a predetermined distance from landing target
area 450. Example propagation characteristics of the RF
signals include received signal strength, and bit error rate.
[0044] The RF monitoring station 460 provides the propa-
gation characteristics of the RF signals as signal propagation
information to edge node 410 and/or to onboard processor
442 in air vehicle 440. The signal propagation information
is used by edge node 410 and/or onboard processor 442 to
determine if the entire system, including an RF path, is
expected to support an accuracy level and integrity needed
for safe operation in landing air vehicle 440 at landing target
area 450. Although a co-located or nearby monitoring sta-
tion is one implementation, alternately, information about
RF propagation conditions or predicted propagation condi-
tions can be provided by other observation or forecasting
systems.

[0045] For example, RF monitoring station 460 can be
located in a vicinity of landing target area 450 and at a
distance range that allows RF monitoring station 460 to
determine current propagation characteristics of the RF
signals in the area of interest. This signal propagation
information from RF monitoring station 460 can be used by
edge node 410 to determine the accuracy and integrity of the
location information, to verify whether the landing guidance
information meets a reliability threshold for safely landing
air vehicle 440 at landing target area 450. If verified, edge
node 410 transmits the landing guidance information to air
vehicle 440 for use by onboard processor 442 in guiding air
vehicle 440 to landing target area 450.

[0046] FIG. 5A is a flow diagram of a landing guidance
method 500, according to one implementation. The method
500 comprises providing a network slice of a mobile com-
munications network, such as a 5G network, with the
network slice including an edge node and base station
resources, and wherein the mobile communications network
includes a network location management function (block
510). The method 500 provides for receiving, in the edge
node, location information from the network location man-
agement function (block 520). The method 500 generates, in
the edge node, landing guidance information for an air
vehicle such as a AAM vehicle, UAS, UAM vehicle, VTOL
vehicle, or UAV, based on the location information (block
530).

[0047] The method 500 is operative for determining an
accuracy and integrity of the location information to verify
if the landing guidance information meets a reliability
threshold for safely landing the air vehicle at a landing target
area (block 540). The determination of accuracy and integ-
rity (block 540) may take into consideration the current local
RF propagation characteristics as described further below. In
one implementation, the edge node can determine the accu-
racy and integrity of the location information to verify if the
landing guidance information is reliable enough for safely
landing the air vehicle at the landing target area. In an
alternative implementation, an onboard processor of the air
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vehicle can determine the accuracy and integrity of the
location information to verify if the landing guidance infor-
mation is reliable enough for safely landing the air vehicle
at the landing target area.

[0048] Thereafter, method 500 initiates transmitting the
landing guidance information from the edge node to the air
vehicle if the landing guidance information meets the reli-
ability threshold (block 550). The method 500 then provides
for guiding the air vehicle to the landing target area using the
landing guidance information (block 560).

[0049] FIG. 5B is a flow diagram of further operational
steps when RF integrity monitoring is employed in the
landing guidance method 500 of FIG. 5A. In this case,
method 500 further comprises providing an RF monitoring
station located within a predetermined range of a mobile
network antenna (block 512). The predetermined range to
the mobile network antenna is dependent on local site
obstacles or conditions that can attenuate the 5G RF signal,
cause unacceptable multi-path conditions, or otherwise ren-
der the monitored signal to be not representative of the
propagation characteristics from the mobile network
antenna to the air vehicle. The method 500 determines, in the
RF monitoring station, signal propagation information
including current propagation characteristics of RF signals
within the predetermined range of the landing target area
(block 522). The method 500 then transmits signal propa-
gation information to the edge node and/or an onboard
processor in the air vehicle (block 532). The signal propa-
gation information is analyzed in the edge node and/or the
onboard processor to determine if an RF path is expected to
support the accuracy level and integrity needed for safe
operation in landing the air vehicle at the landing target area
(block 542). If the RF path is expected to support the
accuracy level and integrity needed, method 500 initiates
transmitting the landing guidance information from the edge
node to the air vehicle as indicated above (block 550).
[0050] FIG. 6 is a block diagram of an example landing
guidance system 600 for an air vehicle, according to another
embodiment. The blocks labeled as functions can be imple-
mented in hardware and/or software. The callouts between
blocks show the main data elements exchanged between the
functions.

[0051] The system 600 includes a landing location cor-
rection function 610, which is operative to provide an error
signal in a closed loop control for vehicle landing. The
landing location correction function 610 is also operative to
determine the accuracy and integrity of location informa-
tion. Further details related to the closed loop control are
described hereafter with respect to FIGS. 7A and 7B.
[0052] As shown in FIG. 6, landing location correction
function 610 has an onboard portion that includes an air
vehicle landing location function 612, which is implemented
onboard the air vehicle. The landing location correction
function 610 also has a ground portion that includes a
ground station landing location function 614, which is
implemented in a ground station, such as in a 5G edge node
or other ground system. The air vehicle landing location
function 612 and ground station landing location function
614 operatively communicate data with each other, such as
position, timestamp information 615.

[0053] The air vehicle landing location function 612 is in
operative communication with an air vehicle flight control
function 616. The air vehicle landing location function 612
is operative to receive a desired location signal 618 from air
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vehicle flight control function 616. The air vehicle landing
location function 612 is also operative to send a location
error signal 619 to air vehicle flight control function 616.
[0054] The ground station landing location function 614
operatively communicates with a communications network
location management function 620. The ground station
landing location function 614 is operative to receive posi-
tion/location information, such as a communications sys-
tem-determined air vehicle location 622, from communica-
tions network location management function 620.

[0055] Optionally, air vehicle landing location function
612 operatively communicates with one or more non-com-
munication systems landing location functions 624. The air
vehicle landing location function 612 can receive position/
location information such as position, timestamp informa-
tion 626, from non-communication systems landing location
functions 624. The non-communications system landing
location functions 624 may be other conventional landing
systems that are found on existing air vehicles, such as
Global Positioning System (GPS) functions, or Instrument
Landing Systems (ILS) functions. These optional sources of
position information can be integrated into landing location
correction function 610 if desired to provide a backup or
enhancement of the information from communications net-
work location management function 620.

[0056] An air vehicle pilot interface 630 is in operative
communication with air vehicle landing location function
612. The air vehicle pilot interface 630 provides status
information and an alarm signal to a pilot of the air vehicle.
For example, a landing location not available signal 632 can
be sent from air vehicle landing location function 612 to air
vehicle pilot interface 630 to generate the alarm signal. The
pilot may be on the air vehicle, remotely located, or can be
an autonomous function rather than a human pilot.

[0057] During operation, air vehicle flight control function
616 sends desired location signal 618 to landing location
correction function 610, and receives location error signal
619 back from landing location correction function 610. The
air vehicle flight control function 616 uses desired location
signal 618 and location error signal 619 to control the air
vehicle flight path using standard flight control methods. The
communications network location management function
620 uses the facilities of the 5G network or other network
(e.g., LTE, 6G, WiFi, or other networks that can provide
location information) to provide air vehicle location 622 to
landing location correction function 610.

[0058] FIGS. 7A and 7B are flow diagrams of an example
landing guidance method 700 for an air vehicle, according
to another implementation, which can be employed in land-
ing guidance system 600. The landing guidance method 700
generally includes an outer loop 710 that initializes the
system and provides high-level control of the landing guid-
ance operation, and an inner loop 730 that provides real-time
control of the landing guidance operation. For example,
outer loop 710 and inner loop 730 would be performed by
landing location correction function 610 of landing guidance
system 600 (FIG. 6).

[0059] FIG. 7A shows an example implementation of
outer loop 710 for landing guidance method 700. At the start,
outer loop 710 is operative to create a virtual and logical
network on a physical cellular communications network
system and dedicated hardware processing (block 712). For
example, outer loop 710 can create a virtual and logical
network using the network slice features of the 5G commu-
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nication network, or similar features of other types of
networks. Once a network slice is established, outer loop
710 continuously monitors the overall landing guidance
operation according to the following steps.

[0060] Until the landing operation commences, the air
vehicle navigates to a landing system switch-over point,
which includes a latitude, longitude, and height above
ground (block 714). For example, the air vehicle may be
navigating using conventional position sources, such as
GPS, as is standard for this type of vehicle. At the point
where additional accuracy and/or integrity is required, the
subsequent steps of method 700 are performed as follows.
[0061] The outer loop 710 confirms connectivity and
determines latency between the air vehicle and the cellular
network (block 716) The connectivity can be confirmed by
the exchange of messages between the air vehicle and the
ground (cellular) network. The local propagation character-
istics can be determined by a local monitoring station such
as by measuring precipitation rates to infer the level of
attenuation, or by measuring RF loss in the relevant fre-
quency bands directly. Optionally, the monitoring can
include other environmental conditions relevant to the land-
ing operation such as visibility, wind, or other air traffic that
might interfere with the landing operation. The monitoring
can also check for the availability and accuracy of satellite
signals or other navigation systems that the air vehicle may
be using for navigation and landing.

[0062] The outer loop 710 then determines whether a
virtual and logical network service meeting mission require-
ments is available (block 718). If not, an alarm is sent to the
crew or navigation system (e.g., message “Landing Guid-
ance not Available”) (block 720), and the landing guidance
is terminated (block 722). If outer loop 710 determines that
a virtual and logical network service meeting mission
requirements is available (at block 718), then outer loop 710
retrieves local propagation characteristics (e.g., rain or other
weather data) (block 724). Optionally, other local environ-
mental conditions can be checked (e.g., wind, visibility, air
traffic, etc.).

[0063] The outer loop 710 then determines whether the
local conditions meet mission requirements (block 726). If
not, an alarm is sent to the crew or navigation system (block
720), and the landing guidance is terminated (block 722). If
outer loop 710 determines that the local conditions meet
mission requirements (at block 726), processing for inner
loop 730 is performed, as described below with respect to
FIG. 7B.

[0064] Forexample, if the network service is available and
the local conditions meet the operational requirements, outer
loop 710 can trigger the processing for inner loop 730 that
performs the closed loop control of the landing operation.
The outer loop 710 continues to monitor the status of the
network connection as well as the local environmental
conditions, and if any faults or degradation that would
prevent the safe landing of the air vehicle is detected, an
alarm is generated and sent to the operator and/or the
navigation system on the air vehicle so that appropriate
alternate action, such as aborting the landing and performing
a go-around maneuver can be initiated (block 720). In this
condition, the air vehicle will also revert to the standard
navigation system (e.g., GPS or other satellite navigation
system).

[0065] The outer loop 710 then determines whether the
landing mission is complete (block 732). If not, outer loop
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710 returns to block 716, and continues to monitor the status
of the network connection as well as the local environmental
conditions. Once outer loop 710 determines that the landing
mission is complete (at block 732), outer loop 710 is ended.
[0066] FIG. 7B shows an example implementation of
inner loop 730 for landing guidance method 700. The inner
loop 730 is operative to perform closed loop control of the
landing operation. At the start, inner loop 730 generates a
desired landing flight path (block 740), such as a continuous
three-dimensional (3D) path for the air vehicle’s current
position to the landing point. The inner loop 730 receives
accuracy and/or latency information from the communica-
tion system-based landing location correction function, and
optionally from other landing location correction systems
(block 742). For example, in a real-time processing loop, the
system will receive from the network a position accuracy
estimate and will monitor the latency of messages to and
from the network.

[0067] The inner loop 730 then determines if the location
service quality is sufficient for the landing operation (e.g.,
update rate greater than 1/s, accuracy less than 1 m) (block
744). If not, an alarm is sent to the crew or navigation system
(e.g., message “External location latency or quality failure™)
(block 746), and the landing guidance is terminated (block
748). For example, if the latency exceeds a minimum
requirement or the accuracy falls below a required minimum
(e.g., 1 meter, 95%), an alarm is generated and the guidance
is terminated. If this event occurs, the air vehicle flight
control system determines the next steps, which can include:
(1) flying to a safe holding position to wait and monitor the
landing site conditions to determine if another landing
approach can be attempted after some time has passed; (2)
navigating to an alternate landing location that might have
better landing conditions; or (3) return to the original point
of departure.

[0068] If inner loop 730 determines that the location
service quality is sufficient for the landing operation (at
block 744), then inner loop 730 receives a current position
from the virtual and logical network (block 750). The inner
loop 730 then fuses the location information from all avail-
able sources, taking into account the accuracy, resolution,
and latency of each source (block 752). An error signal is
then generated (i.e., deviation from the desired landing flight
path) (block 754). The inner loop 730 then generates control
signals to return the air vehicle to the desired landing flight
path (block 756). For example, in the case where the latency
and accuracy are good, inner loop 730 will receive the
position from the network, compare this position to a desired
position on the landing flight path, and use the difference to
calculate an error signal. Standard control methods, well
known to those skilled in the art of aerial vehicle control, can
then be used to return the vehicle to the desired flight path.
[0069] The inner loop 730 then finally determines if the air
vehicle is at the end of the flight path and in a position to
land (block 758). If yes, the air vehicle is landed and inner
loop 730 terminates (block 760). If the air vehicle has not
reached the end of the flight path (at block 758), inner loop
730 is continued by returning to block 742.

[0070] The processing steps of outer loop 710 and inner
loop 730 are independent of each other except for specific
interfaces. For example, in method 700, outer loop 710
triggers inner loop 730 and inner loop 730 is terminated
either due to latency or position quality error, or completion
of the landing. Because the processing rates and data inputs
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of outer loop 710 and inner loop 730 are different, it may be
advantageous to place inner loop 730 on the aerial vehicle
and outer loop 710 in an edge node of the 5G network or
other network. However, this is not required. For example,
a very small, lightweight aerial vehicle might have mini-
mum onboard processing capability, and thus both outer
loop 710 and inner loop 730 can be implemented in a ground
station. Conversely, a larger air vehicle with more process-
ing capability can implement both outer loop 710 and inner
loop 730 onboard the vehicle for maximum independence
from the network.

[0071] In various embodiments, the present system can be
implemented in hardware devices with embedded software
that can be connected securely to the cloud via wired or
wireless connection. The processing units and/or other com-
putational devices used in the method and system described
herein may be implemented using software, firmware, hard-
ware, or appropriate combinations thereof. The processing
unit and/or other computational devices may be supple-
mented by, or incorporated in, specially designed applica-
tion-specific integrated circuits (ASICs) or field program-
mable gate arrays (FPGAs). In some implementations, the
processing unit and/or other computational devices may
communicate through an additional transceiver with other
computing devices outside of the navigation system, such as
those associated with a management system or computing
devices associated with other subsystems controlled by the
management system. The processing unit and/or other com-
putational devices can also include or function with software
programs, firmware, or other computer readable instructions
for carrying out various process tasks, calculations, and
control functions used in the methods and systems described
herein.

[0072] The methods described herein may be imple-
mented by computer executable instructions, such as pro-
gram modules or components, which are executed by at least
one processor or processing unit. Generally, program mod-
ules include routines, programs, objects, data components,
data structures, algorithms, and the like, which perform
particular tasks or implement particular abstract data types.

[0073] Instructions for carrying out the various process
tasks, calculations, and generation of other data used in the
operation of the methods described herein can be imple-
mented in software, firmware, or other computer readable
instructions. These instructions are typically stored on
appropriate computer program products that include com-
puter readable media used for storage of computer readable
instructions or data structures. Such a computer readable
medium may be available media that can be accessed by a
general purpose or special purpose computer or processor, or
any programmable logic device.

[0074] Suitable computer readable storage media may
include, for example, non-volatile memory devices includ-
ing semi-conductor memory devices such as Random
Access Memory (RAM), Read Only Memory (ROM), Elec-
trically Erasable Programmable ROM (EEPROM), or flash
memory devices; magnetic disks such as internal hard disks
or removable disks; optical storage devices such as compact
discs (CDs), digital versatile discs (DVDs), Blu-ray discs; or
any other media that can be used to carry or store desired
program code in the form of computer executable instruc-
tions or data structures.
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Example Embodiments

[0075] Example 1 includes a landing guidance system,
comprising: at least one edge node that operatively commu-
nicates with a mobile communications network, wherein the
mobile communications network includes a network loca-
tion management function; and at least one processor
onboard an air vehicle, the at least one processor in operative
communication with the edge node; wherein the at least one
edge node is operative to provide landing guidance infor-
mation to the air vehicle by a method comprising: receiving
location information from the network location management
function; generating the landing guidance information for
the air vehicle based on the location information; and
transmitting the landing guidance information to the air
vehicle if the landing guidance information meets a reliabil-
ity threshold; wherein the at least one processor is operative
to guide the air vehicle to the landing target area using the
landing guidance information.

[0076] Example 2 includes the system of Example 1,
wherein the at least one edge node is further operative to
determine an accuracy and integrity of the location infor-
mation, to verify whether the landing guidance information
meets the reliability threshold for safely landing the air
vehicle at the landing target area.

[0077] Example 3 includes the system of Example 1,
wherein the at least one processor onboard the air vehicle is
operative to determine an accuracy and integrity of the
location information, to verify whether the landing guidance
information meets the reliability threshold for safely landing
the air vehicle at the landing target area.

[0078] Example 4 includes the system of any of Examples
1-3, wherein: the at least one edge node is part of a network
slice of the mobile communications network; and the at least
one edge node has access to allocated resources in the
mobile communications network.

[0079] Example 5 includes the system of Example 4,
wherein the allocated resources in the mobile communica-
tions network include access to one or more mmWave
beamforming antennas, and radio channel selection.

[0080] Example 6 includes the system of any of Examples
1-5, wherein the mobile communications network is a 5G
network.

[0081] Example 7 includes the system of any of Examples
1-6, wherein the at least one processor onboard the air
vehicle is operative to interface with control electronics
and/or a pilot to guide the air vehicle to the landing target
area using the landing guidance information.

[0082] Example 8 includes the system of any of Examples
1-7, wherein the at least one edge node is operative to
calculate deviations and feedback signals to guide the air
vehicle to the landing target area.

[0083] Example 9 includes the system of any of Examples
1-7, wherein the at least one processor onboard the air
vehicle is operative to calculate deviations and feedback
signals to guide the air vehicle to the landing target area.
[0084] Example 10 includes the system of any of
Examples 1-9, wherein the air vehicle comprises an
Advanced Air Mobility (AAM) vehicle, an Unmanned Air
Systems (UAS) vehicle, an Urban Air Mobility (UAM)
vehicle, a vertical take-off and landing (VTOL) vehicle, or
an Unmanned Aerial Vehicle (UAV).

[0085] Example 11 includes the system of any of
Examples 1-10, further comprising: a radio frequency (RF)
monitoring station located within a predetermined range of
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a mobile network antenna that allows the RF monitoring
station to determine current propagation characteristics of
the RF signals within the predetermined range of the landing
target area.

[0086] Example 12 includes the system of Example 11,
wherein: the RF monitoring station provides the propagation
characteristics of the RF signals as signal propagation infor-
mation to the at least one edge node and/or the at least one
processor onboard the air vehicle; and the signal propagation
information is used by the at least one edge node and/or the
at least one processor to determine if the system, including
an RF path, is expected to support an accuracy level and
integrity needed for safe operation in landing the air vehicle
at the landing target area.

[0087] Example 13 includes a method for landing guid-
ance, the method comprising: providing a network slice of
a mobile communications network, the network slice includ-
ing an edge node, wherein the mobile communications
network includes a network location management function;
receiving, in the edge node, location information from the
network location management function; generating, in the
edge node, landing guidance information for an air vehicle
based on the location information; determining an accuracy
and integrity of the location information, to verify whether
the landing guidance information meets a reliability thresh-
old for safely landing the air vehicle at a landing target area;
transmitting the landing guidance information from the edge
node to the air vehicle if the landing guidance information
meets the reliability threshold; and guiding the air vehicle to
the landing target area using the landing guidance informa-
tion.

[0088] Example 14 includes the method of Example 13,
wherein the accuracy and integrity of the location informa-
tion is determined in the edge node.

[0089] Example 15 includes the method of Example 13,
wherein the accuracy and integrity of the location informa-
tion is determined in an onboard processor of the air vehicle.
[0090] Example 16 includes the method of any of
Examples 13-15, wherein the mobile communications net-
work is a 5G network.

[0091] Example 17 includes a method for landing guid-
ance of an air vehicle, the method comprising: providing an
outer loop protocol that initializes a high-level control of a
landing guidance operation, and an inner loop protocol that
provides real-time control of the landing guidance operation;
wherein the outer loop protocol comprises: creating a virtual
and logical network on a cellular communications network
and a processor; when the air vehicle navigates to a landing
system switch-over point, confirming a network connection
and determining latency between the air vehicle and the
cellular communications network; determining whether a
virtual and logical network service meeting landing mission
requirements is available; if the virtual and logical network
service meeting the landing mission requirements is avail-
able, then retrieving local propagation characteristics; deter-
mining whether local environmental conditions correspond-
ing to the local propagation characteristics meet the landing
mission requirements; if the local environmental conditions
meet the landing mission requirements, and initiating the
inner loop protocol to provide real-time control of the
landing guidance operation; wherein the outer loop protocol
continues to monitor a status of the network connection and
the local environmental conditions until a determination is
made that the landing mission is complete.

Apr. 4,2024

[0092] Example 18 includes the method of Example 17,
wherein if the virtual and logical network service meeting
the landing mission requirements is not available, or the
local environmental conditions do not meet the landing
mission requirements, the method further comprises: send-
ing an alarm to a crew or navigation system of the air vehicle
indicating that landing guidance is not available; and termi-
nating the landing guidance operation.

[0093] Example 19 includes the method of any of
Examples 17-18, wherein the inner loop protocol comprises:
generating a desired landing flight path for the air vehicle;
receiving accuracy and/or latency information from a com-
munication system-based landing location correction func-
tion; determining if a location service quality is sufficient for
the landing guidance operation; if the location service qual-
ity is sufficient for the landing guidance operation, receiving
a current position of the air vehicle from the virtual and
logical network; fusing location information from all avail-
able sources, taking into account the accuracy, resolution,
and latency of each source; generating an error signal
corresponding to a deviation from the desired landing flight
path; and generating one or more control signals to return the
air vehicle to the desired landing flight path; wherein the
inner loop protocol continues to monitor the accuracy and/or
latency information and whether the location service quality
is sufficient, until a determination is made that the air vehicle
is at an end of the desired landing flight path and in a
position to land.

[0094] Example 20 includes the method of Example 19,
wherein if the location service quality is not sufficient for the
landing guidance operation, the method further comprises:
sending an alarm to a crew or a navigation system of the air
vehicle indicating an external location latency or quality
failure; and terminating the landing guidance operation.
[0095] From the foregoing, it will be appreciated that,
although specific embodiments have been described herein
for purposes of illustration, various modifications may be
made without deviating from the scope of the disclosure.
Thus, the described embodiments are to be considered in all
respects only as illustrative and not restrictive. In addition,
all changes that come within the meaning and range of
equivalency of the claims are to be embraced within their
scope.

What is claimed is:

1. A landing guidance system, comprising:

at least one edge node that operatively communicates with
a mobile communications network, wherein the mobile
communications network includes a network location
management function; and

at least one processor onboard an air vehicle, the at least
one processor in operative communication with the
edge node;

wherein the at least one edge node is operative to provide
landing guidance information to the air vehicle by a
method comprising:
receiving location information from the network loca-

tion management function;

generating the landing guidance information for the air
vehicle based on the location information; and

transmitting the landing guidance information to the air
vehicle if the landing guidance information meets a
reliability threshold;
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wherein the at least one processor is operative to guide the
air vehicle to the landing target area using the landing
guidance information.

2. The system of claim 1, wherein the at least one edge
node is further operative to determine an accuracy and
integrity of the location information, to verify whether the
landing guidance information meets the reliability threshold
for safely landing the air vehicle at the landing target area.

3. The system of claim 1, wherein the at least one
processor onboard the air vehicle is operative to determine
an accuracy and integrity of the location information, to
verify whether the landing guidance information meets the
reliability threshold for safely landing the air vehicle at the
landing target area.

4. The system of claim 1, wherein:

the at least one edge node is part of a network slice of the
mobile communications network; and

the at least one edge node has access to allocated
resources in the mobile communications network.

5. The system of claim 4, wherein the allocated resources
in the mobile communications network include access to one
or more mmWave beamforming antennas, and radio channel
selection.

6. The system of claim 1, wherein the mobile communi-
cations network is a 5G network.

7. The system of claim 1, wherein the at least one
processor onboard the air vehicle is operative to interface
with control electronics and/or a pilot to guide the air vehicle
to the landing target area using the landing guidance infor-
mation.

8. The system of claim 1, wherein the at least one edge
node is operative to calculate deviations and feedback
signals to guide the air vehicle to the landing target area.

9. The system of claim 1, wherein the at least one
processor onboard the air vehicle is operative to calculate
deviations and feedback signals to guide the air vehicle to
the landing target area.

10. The system of claim 1, wherein the air vehicle
comprises an Advanced Air Mobility (AAM) vehicle, an
Unmanned Air Systems (UAS) vehicle, an Urban Air Mobil-
ity (UAM) vehicle, a vertical take-off and landing (VTOL)
vehicle, or an Unmanned Aerial Vehicle (UAV).

11. The system of claim 1, further comprising:

a radio frequency (RF) monitoring station located within
apredetermined range of a mobile network antenna that
allows the RF monitoring station to determine current
propagation characteristics of the RF signals within the
predetermined range of the landing target area.

12. The system of claim 11, wherein:

the RF monitoring station provides the propagation char-
acteristics of the RF signals as signal propagation
information to the at least one edge node and/or the at
least one processor onboard the air vehicle; and

the signal propagation information is used by the at least
one edge node and/or the at least one processor to
determine if the system, including an RF path, is
expected to support an accuracy level and integrity
needed for safe operation in landing the air vehicle at
the landing target area.

13. A method for landing guidance, the method compris-

ing:

providing a network slice of a mobile communications
network, the network slice including an edge node,
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wherein the mobile communications network includes
a network location management function;

receiving, in the edge node, location information from the

network location management function;

generating, in the edge node, landing guidance informa-

tion for an air vehicle based on the location informa-
tion;
determining an accuracy and integrity of the location
information, to verify whether the landing guidance
information meets a reliability threshold for safely
landing the air vehicle at a landing target area;

transmitting the landing guidance information from the
edge node to the air vehicle if the landing guidance
information meets the reliability threshold; and

guiding the air vehicle to the landing target area using the
landing guidance information.

14. The method of claim 13, wherein the accuracy and
integrity of the location information is determined in the
edge node.

15. The method of claim 13, wherein the accuracy and
integrity of the location information is determined in an
onboard processor of the air vehicle.

16. The method of claim 13, wherein the mobile com-
munications network is a 5G network.

17. A method for landing guidance of an air vehicle, the
method comprising:

providing an outer loop protocol that initializes a high-

level control of a landing guidance operation, and an
inner loop protocol that provides real-time control of
the landing guidance operation;

wherein the outer loop protocol comprises:

creating a virtual and logical network on a cellular
communications network and a processor;

when the air vehicle navigates to a landing system
switch-over point, confirming a network connection
and determining latency between the air vehicle and
the cellular communications network;

determining whether a virtual and logical network
service meeting landing mission requirements is
available;

if the virtual and logical network service meeting the
landing mission requirements is available, then
retrieving local propagation characteristics;

determining whether local environmental conditions
corresponding to the local propagation characteris-
tics meet the landing mission requirements; and

if the local environmental conditions meet the landing
mission requirements, initiating the inner loop pro-
tocol to provide real-time control of the landing
guidance operation;

wherein the outer loop protocol continues to monitor a
status of the network connection and the local envi-
ronmental conditions until a determination is made
that the landing mission is complete.

18. The method of claim 17, wherein if the virtual and
logical network service meeting the landing mission require-
ments is not available, or the local environmental conditions
do not meet the landing mission requirements, the method
further comprises:

sending an alarm to a crew or navigation system of the air

vehicle indicating that landing guidance is not avail-
able; and

terminating the landing guidance operation.
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19. The method of claim 17, wherein the inner loop
protocol comprises:
generating a desired landing flight path for the air vehicle;
receiving accuracy and/or latency information from a
communication system-based landing location correc-
tion function;
determining if a location service quality is sufficient for
the landing guidance operation;
if the location service quality is sufficient for the landing
guidance operation, receiving a current position of the
air vehicle from the virtual and logical network;
fusing location information from all available sources,
taking into account the accuracy, resolution, and
latency of each source;
generating an error signal corresponding to a deviation
from the desired landing flight path; and
generating one or more control signals to return the air
vehicle to the desired landing flight path;
wherein the inner loop protocol continues to monitor the
accuracy and/or latency information and whether the
location service quality is sufficient, until a determina-
tion is made that the air vehicle is at an end of the
desired landing flight path and in a position to land.
20. The method of claim 19, wherein if the location
service quality is not sufficient for the landing guidance
operation, the method further comprises:
sending an alarm to a crew or a navigation system of the
air vehicle indicating an external location latency or
quality failure; and
terminating the landing guidance operation.
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