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ABSTRACT An efficient aeronautical telecommunication network (ATN) is proposed in this article based
on adaptive multibeam antenna arrays and high-altitude platforms (HAPs). First, the network structure
is demonstrated, and its geometry is analyzed based on a geocentric coordinate system that converts the
global positioning system (GPS) and altitude data of aircrafts and HAPs into direction-of-arrival (DOA)
information which is required for subsequent beamforming operation. The antenna array is then formed
by designing a low-profile dual concentric conical array (DCCA) with uniform elements distribution and is
used at the aircraft and HAP to achieve bidirectional beamforming. The antenna array elements are fed by an
adaptive-exponent sine profile function to reduce the sidelobe levels while the low-profile dual conical array
structure reduces the secondary major lobe and backlobe levels. The proposed beamforming technique is
also capable of providing multibeam towards several aircrafts at the same time for effective resource sharing
and management. The radiation performance of the array is demonstrated, analyzed, and compared with the
concentric circular array where it is found that the secondary major lobe has been reduced by 13 dB with
sidelobe level down to −40 dB relative to the mainlobe level. In addition, the bit energy-to-noise power
spectral density and probability of bit error of the proposed aeronautical network has been investigated at
different operating frequencies including 3.5 GHz and millimeter wave (mm-wave) frequencies of 28 and
39 GHz. The simulation results have shown that a channel capacity of about 3 Gbps can be achieved for
BPSK and QPSK signals using bidirectional beamforming for a channel bandwidth of 400 MHz at 28 and
39 GHz mm-wave frequencies while it is about 773 Mbps at 3.5 GHz for 100 MHz bandwidth that can be
provided over a line-of-sight distance of 896 km between an aircraft and HAP.

INDEX TERMS Adaptive arrays, aeronautical telecommunication network, conical arrays, high-altitude
platforms.

I. INTRODUCTION
A. BACKGROUND
Aeronautical telecommunication network (ATN) is one of
the most growing and demanding communication systems
in recent years due to the huge growth in aviation industry
[1]–[9]. Although ATN was mainly directed to aircraft oper-
ational safety and control traffic, passengers onboard aircrafts
can be provided by continuous Internet connectivity with
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high data rates to enjoy different services during flight. There
is a continuous need to increase the connection speed and
stability in ATN to achieve more efficient aircraft safety, help
fast expectation of any sudden failure in aircraft subsystems,
and keep the crew in contact with nearby airport or rescue
facilities at any time. When a high data rate ATN connection
is provided for aircrafts, this helps exchange extensive aircraft
sensor data with more measurements, and hence, efficient
real-time monitoring can be achieved. Even in situations
like aircraft system complete failure, the exact location of
aircraft can be determined, and as much possible rescue
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can be provided. High data rate ATN also helps passengers
to spend their inflight time in processing and following up
their businesses or even for entertainment. However, the high
speed of aircrafts and different regions they span make a
challenge to design efficient globally cooperative ATNs to
provide continuous inflight high-speed Internet connectivity.

Several communication systems have been designed and
adapted for ATN such as air-to-ground (ATG) [10], air-to-air
(A2A) [11]–[16] and satellite networks [17], [18]. In ATG
networks, an aircraft can be connected to some commercial
terrestrial cellular networks which direct signals to sky for
aircrafts. The high speed of aircrafts and long-haul flights
result in frequent handovers in ATG systems. In addition,
the data rates provided throughATG systems are very limited.
For example, the Gogo ATG-4 system [19] can provide max-
imum 9.8 Mbps for downloading, however practically, it falls
to some fractions of 1 Mbps and can serve limited number of
onboard passengers. Therefore, Gogo has moved to Ku-band
satellites to provide higher download speeds of up to 60Mbps
while the uplink from aircrafts can be provided by the con-
ventional ground ATG network. On the other hand, Nokia has
provided broadband ATG connection with long-term evolu-
tion (LTE) mobile network that could provide link speeds up
to 75 Mbps [20]. On the other hand, the A2A network is also
proposed without ground or satellite support [11]–[16] where
the network is based on ad-hoc aircraft-to-aircraft connection
strategy over the L-band. However, the A2A network is very
sensitive to aircrafts availability for providing continuous
connection with the network. For global ATN coverage in
regions where no ATG or A2A networks exist such as over
oceanic or very wide deserts, mobile satellite systems provide
the only existing coverage solution.

Satellite systems such as Inmarsat [21], OneWeb [22],
and Starlink [23] are some examples of systems which can
provide limited inflight Internet speeds. However, the high
orbital speed of satellites forces the occurrence of frequent
handovers especially for long-haul flights which increases the
system complexity and operation.

Recently, the idea of using stratospheric high-altitude plat-
form (HAP) [24] gains attention for aviation systems where
the global wide coverage advantage of satellite systems at
fixed station position could improve the system performance
and help increase the data rates especially at millimeter wave
(mm-wave) bands. HAPs fly at a quasi-stationary position of
about 20 km high in the stratosphere and provides very wide
coverage area approaching 1000 km diameter for ground
receivers with very optimistic communication performance
relative to both terrestrial cellular systems and satellites sys-
tems of any orbit altitude [24]–[28]. HAP can be utilized as
a flying basestation to provide aircrafts with high-speed data
connectivity and a network of HAPs can provide continuous
coverage over oceanic and wide desert regions like satellite
systems.

Therefore, HAP is expected to close the gap between
different conventional ground and satellite ATNs and
become the candidate of future high-speed Internet

aeronautical network. On the other hand, at mm-wave bands,
the communication link between aircrafts and HAP suffers
from high atmospheric losses [24] and needs efficient radio
resource management especially for the long-range connec-
tion between aircrafts and HAPs.

B. CONTRIBUTIONS
The ambitious features of HAPs for aeronautical networks
are very encouraging, and therefore, this article has worked
on improving the communication link performance in the
network to efficiently provide high-speed data connectivity.
The propagation channel between an aircraft and HAP is
improved by proposing an adaptive beamforming technique
which provides narrow beams for the communication link
between aircrafts and HAPs and is performed at each of them
in a bidirectional fashion to boost the desired signals and
reduce the interference to other frequency sharing systems.

The HAP ATN is first investigated and geometrically
analyzed to make use of the continuously measured data
at aircrafts such as the global positioning system (GPS)
location and altitude which will be mapped to the essential
direction-of-arrival (DOA) information required in beam-
forming operation based on geocentric coordinate system
without performing extensive-processing DOA algorithms.
The antenna array is then designed to provide low sidelobes
and backlobes levels with low secondary major lobe level
by using uniform low-profile dual concentric conical array
(DCCA) with adaptive-exponent sine tapered feeding profile
function.

The HAP ATN radio resource management is further
improved by generating multibeam radiation pattern at HAP
which effectively share the same radio channel between sev-
eral aircrafts. This multibeam can be also generated at aircraft
during the handover process to provide seamless transition
of service between HAPs and aircraft. Finally, the impact of
pointing errors in mainlobe orientation at either an aircraft
or HAP is investigated where the proposed beamforming has
an important role in mitigating this problem by adapting the
mainlobe direction to maintain continuous communication
link with the minimum probability of bit error.

C. PAPER ORGANIZATION
After Section I, the HAP ATN system architecture is
investigated in Section II while Section III establishes the
HAP localization service table for aircrafts. In Section IV,
the DCCA and beamforming technique are proposed and
demonstrated, and Section V discusses the communication
link performance of the HAP ATN. Finally, Section VI
concludes the paper.

II. HAP ATN ARCHITECTURE
The communication environment between an aircraft and
HAP is very attractive to build an efficient and high-speed
network with minimal atmospheric and propagation losses
especially for frequencies below 10 GHz [24]. This network
can be further improved by adopting narrow-beam cellular
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communications between aircrafts and HAPs. The network
basestations are formed by HAPs while the aircrafts are
like mobile users. Above clouds, and during stable cruise-
height flights, the aircraft acts as a local basestation for
onboard passengers. They can enjoy high-speed Internet if the
communication link between the aircraft and HAP is main-
tained at the proper level of performance, and to achieve this
objective, there should be a powerful connection provided by
high-gain beams from the aircraft to HAP and vice versa.
These high-gain beams should be provided at both ends to
achieve maximum performance, and at the same time, high
spectral efficiency through frequency reuse where the same
spectrum can be reused at different directions with sufficient
angular separation.

FIGURE 1. Bidirectional multibeam aeronautical HAP network.

Also, a HAP can direct multiple beams of the same radio
resource to different aircrafts according to the location of each
of them. In the overlapping regions betweenHAPs, an aircraft
can communicate to the network through multiple beams
to different HAPs according to the co-channel interference
level and seamlessly perform handovers. The system can
therefore be represented as shown in Fig. 1 which explore the
dual-multibeam communication scenario between aircrafts
and HAPs. The system management is expected to be much
easier than performed in terrestrial mobile communications
systems because airflights can be easily scheduled, managed,
and the location of each aircraft is a deterministic variable.
Also, the locations of HAPs are almost fixed in the network
which simplifies the processing requirements for aircraft
to track HAPs. Information like flight schedules and GPS
location and altitude is essential in managing the proposed
bidirectional-multibeam strategy.

FIGURE 2. Geocentric coordinate system for aircraft-HAP aeronautical
network.

III. ESTABLISHING HAP LOCALIZATION SERVICE TABLE
FOR AIRCRAFTS
A. GEOCENTRIC COORDINATE SYSTEM FOR HAP ATN
The minimum required information by the aircraft and HAP
are their global positioning system (GPS) locations and alti-
tudes to establish proper connection and networking between
them. Based on the GPS information, each HAP can serve
any directly seen aircraft located inside its service area which
can be determined according to maximum ‘‘line-of-sight’’
(LOS) distance to an aircraft at a certain altitude. The com-
munication link distance between an aircraft and HAP can
be determined from their GPS location information. The
geometry in Fig. 2 maps the GPS latitude and longitude infor-
mation (2,8) into geocentric spherical coordinates (θG, φG)
as follows:

θG =

{
90−2 in the northern hemesphere
90+2 in the southern hemesphere

(1)

and

φG =

{
8 in the eastern hemesphere
360−8 in the western hemesphere

(2)

Therefore, the two GPS locations are mapped into two
points of different radial distances according to their altitudes.

Assuming that the geographical latitude and longitude
of the aircraft and HAP are (2at ,8at) and (2HAP,8HAP)

respectively, then the link distance can be calculated by:

dl =
√
(xHAP − xat )2 + (yHAP − yat )2 + (zHAP − zat )2 (3)

and

xHAP = (rE + hHAP) cos(φGHAP) sin
(
θGHAP

)
(4)

yHAP = (rE + hHAP) sin(φGHAP) sin
(
θGHAP

)
(5)
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zHAP = (rE + hHAP) cos
(
θGHAP

)
(6)

xat = (rE + hat) cos(φGat ) sin
(
θGat

)
(7)

yat = (rE + hat) sin(φGat ) sin
(
θGat

)
(8)

zat = (rE + hat) cos
(
θGat

)
(9)

where rE is the earth radius, hat and hHAP are the air-
craft and HAP altitudes respectively, (xat , yat , zat) and
(xHAP, yHAP, zHAP) are the aircraft andHAP geocentric Carte-
sian coordinates, respectively.

The link distance has an upper limit at which it almost
tangent to the Earth’s surface and is given by:

dlMAX =
√
hHAP(hHAP + 2rE )+

√
hat (hat + 2rE ) (10)

dlMAX refers to the longest LOS distance between an air-
craft and HAP before complete blocking from the earth sur-
face occurs. It also defines the range of visible GPS locations
of aircrafts to HAP. The corresponding maximum ground
angle γgMAX is given by:

γgMAX = tan−1
(√

hHAP(hHAP + 2rE )
hHAP + rE

)
+ tan−1

(√
hat (hat + 2rE )
hat + rE

)
(11)

Therefore, the available aircraft service localization table
can be determined from the GPS location of a HAP as
follows:

2at = 2HAP ± γgMAX
∣∣sin(|18| − γgMAX )∣∣ , (12)

where 0 ≤ |18| ≤ γgMAX and

8at = 8HAP ± γgMAX
∣∣sin(|12| − γgMAX )∣∣ , (13)

where 0 ≤ |12| ≤ γgMAX and |12| = |2HAP −2at |

and |18| = |8HAP −8at | taking into consideration the
geographical directions.

The formula (12) and (13) can be applied if the difference
in latitudes and/or longitudes is less than γgMAX which means
that the aircraft lies in the HAP service area. The service
availability from a HAP depends on the inequalities of (12)
and (13) where at least one of them should be satisfied. For
example, if the maximum aircraft height is 11 km while the
HAP is positioned at 20 km high, then dlMAX ≈ 880 km
from (10) and the corresponding latitude and longitude limits
are:

2at = 2HAP±8.0479◦
∣∣sin (|18| −8.0479◦)∣∣ ,

0 ≤ |18| ≤ 8.0479◦ (14)

8at = 8HAP±8.0479◦
∣∣sin (|12| −8.0479◦)∣∣ ,

0 ≤ |12| ≤ 8.0479◦ (15)

Therefore, for any HAP, there is a set of visible aircraft
GPS locations that can be served by this HAP which can be
recorded in its service table for proper resource management.
The service tables of neighbored HAPs in a cellular HAP

ATN should have some shared aircraft GPS locations in the
overlapped areas which is necessary during handover opera-
tion between aircrafts and HAPs. In addition, for an aircraft,
the service localization coordinates from (12) and (13) should
be updated continuously during flight and if any HAP has
moved to another location, the whole network should be
informed by the new HAP GPS and localization table.

B. MAPPING OF GPS DATA INTO DOA INFORMATION
The GPS data received from an aircraft is very useful for
directing high-gain beams from HAP to this aircraft which
reduces the processing load required to find the aircraft DOA.
Accurate GPS information will lead to an optimum trans-
mission of signals in the system where the maximum power
radiated/received will be always directed toward the aircraft.
As the GPS data is changing during flight, the mainlobe
direction should be adapted also. Therefore, the GPS data can
be mapped directly to DOA information which represent the
mainlobe direction at the antenna array end.

Consider the geometry shown in Fig. 2, if the HAP
X -axis is maintained pointing to the North direction, then the
Y -axis represents the East, and the Z -axis is pointing to
earth’s center. The extension of aircraft location at the same
HAP height (Point A), HAP (point H ) and the point V form
a spherical triangle in which the following relation holds:

sin(∅o)
sin(θat )

=
sin(∅at − ∅HAP)

ζ
(16)

where ζ =
√
κ21 + κ

2
2 + κ

2
3 (17)

and

κ1 = cos
(
φGHAP

)
sin
(
θGHAP

)
− cos(φGat ) sin

(
θGat

)
(18)

κ2 = sin
(
φGHAP

)
sin
(
θGHAP

)
− sin(φGat ) sin

(
θGat

)
(19)

κ3 = cos
(
θGHAP

)
− cos(θGat ) (20)

Therefore, the azimuth DOA of the aircraft at HAP is given
by:

φo = sin−1
(
sin(θat )sin(∅at − ∅HAP)

ζ

)
(21)

and the elevation DOA of the aircraft is given by:

θo = cos−1
(
d2l + h

2
HAP − h

2
at + 2rE (hHAP − hat)

2dl (rE + hHAP)

)
(22)

The same procedure for obtaining (θo,∅o) of the aircraft
at HAP can be followed to obtain the DOA information of
the HAP at the aircraft to achieve bidirectional beamforming
between them.

As a case study, consider an aircraft that has a location of
(30◦N , 30◦E) and flying at an altitude of 11 km is commu-
nicating with HAP that has a location of (24◦N , 25◦E) with
altitude of 20 km high, then according to (21) and (22), the
DOA of the aircraft at HAP is (85.6◦, 35.4◦). The DOA pair
(θo,∅o) from (21) and (22) are now ready to be inserted in the
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beamformer at HAP which will be described and discussed
in the next section. One of the major considerations about
mapping theGPS data toDOA information at the beamformer
is the high sensitivity to the GPS measurements accuracy
which will affect the accuracy of mainlobe orientation dur-
ing connection. A 1◦ error in either latitude or longitude is
equivalent to approximately 111 km error in location on the
ground. So, the beamformer at either aircraft or HAP should
rely on very accurate GPS measurements.

IV. ONBOARD BEAMFORMING USING LOW-PROFILE
DUAL CONCENTRIC CONICAL ARRAY (DCCA)
A. SYSTEM REQUIREMENTS
In this section, we will utilize antenna arrays to generate
adaptive high-gain narrow beams from aircrafts and HAPs.
There are many antenna arrays structures that could be used,
however, the proposed communication system in this article
requires specific beam characteristics where the following
requirements should be achieved:

1- Electronic steering of beams at any direction in a
half-spherical solid angle.

2- Very low sidelobe levels.
3- Very low backward radiation.
4- Fast beam generation and adaptation with low process-

ing requirements.
5- Mainlobe gain control.
6- Conformal array structure for aircrafts considering

aerodynamics performance.
The above requirements are very necessary to achieve

high performance communications which ensures high-speed
Internet connectivity to aircrafts. The first two objectives
can be achieved through simple phased two-dimensional
arrays, while the second and third requirements need special
antenna weighting where several optimization techniques can
be applied [29]–[38]. The fourth requirement will focus on
beamforming techniques that fast calculate and adapt the
beam pattern through changing the weighting vector such
as tapered beamforming. Therefore, optimization techniques
that provide the lowest sidelobe levels through designing
non-uniform arrays with extensive calculation and learning
techniques to get the optimum weights will not be suitable
in this case. The fifth requirement can be easily achieved by
increasing or decreasing all weight values by the same factor
to control the mainlobe gain toward the aircraft. And finally,
the antenna arrays at the aircraft should be conformal to its
surface and therefore low-profile structures should be used
especially if it will be fixed on the aircraft fuselage.

B. DCCA STRUCTURE AND FEEDING PROFILE
As discussed in the previous section, to achieve the required
mentioned objectives, we may design an antenna array struc-
ture at HAP which will be in the form of dual concentric
conical arrays (DCCA) fixed at the bottom side of the plat-
form in Fig. 1. In array signal processing, the adopted antenna
elements in the array are assumed to be isotropic radiators
which can be practically achieved by several crossed-dipole

designs such as in [39]–[41] using half-wavelength dipoles
or microstrip patch antennas. The crossed dipole (or turn-
stile antenna) has been specifically chosen to investigate the
impact of the proposed array design and beamforming tech-
nique only without incorporating specific directional antenna
radiation characteristics. This isotropic antenna can be sup-
ported by metallic ground plane at quarter wavelength sepa-
ration distance to further reduce the backlobe radiation [42].

The array configuration has two low-profile concentric
conical arrays of different base angles where the outer conical
array has a higher base angle of 30◦ while it is 15◦ for the
inner one. This array structure is proposed to reduce the
backward radiation and provide very low sidelobe levels.
The same structure can be used onboard an aircraft where it
can be fixed on some partially spherical parts or can be fixed
in a radome over the wings or even on the aircraft nose. The
geometry of the HAP ATN indicates that it is always for HAP
to form beams downwardwhile for aircrafts it should form the
beams in upward directions.

Array configurations such as spherical-cap array [38] can
be also used, where it provides low backlobe radiation with
low secondary lobes in their radiation pattern, however it suf-
fers from wider beamwidths which reduces the efficiency of
spatial connectivity between aircrafts and HAPs. The mostly
related array configuration that can be compared with DCCA
is the concentric circular array (CCA) [30]–[37], therefore,
it will be compared in radiation performance with the pro-
posed DCCA.

FIGURE 3. Geometrical structure projection in the XZ -plane of the dual
concentric conical array (DCCA).

According to the geometry of the DCCA shown in Fig. 3,
we can determine the array steering vector, which is formed
by two sub-vectors, each corresponds to one of the conical
arrays as follows:

0 (θ, φ) =

[
γ o (θ, φ)

γ i (θ, φ)

]
(23)

where γ i (θ, φ) and γ o (θ, φ) are the inner and outer conical
arrays steering vectors formed by the sub circular arrays
steering vectors, so, if the inner and outer conical arrays are
formed by Mi and Mo coaxial circular arrays respectively,
then each of them is formed by vertically concatenated sub-
steering vectors where each corresponds to one of the circular
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array in conical array. Therefore, the nth element in the mth

vector will be given by:

cm,n(θ, φ) = e
j2π
λ
rm Eρp. Eρm,n (24)

where m = 1, 2, . . . ,M is the index of the circular arrays
with M = Mi + Mo and n = 1, 2, . . . ,Nm is the index of
elements in the mth circular array, Eρp is a unit vector toward
the observation pointP and Eρm,n is a unit vector toward the nth

element in the mth circular array and rm is the radial distance
from the origin to the mth circular array circumference.

The overall array factor can be written as follows:

Gc(θ, φ) =WH (θo, φo)0 (θ, φ) (25)

where WH (θo, φo) is the weight vector calculated for the
mainlobe direction (θo, φo) where it is chosen to taper the
currents of the mth ring elements according to the following
proposed profile:

αm =
(
sin (

πm
2M

)
)(µT /100)

(26)

where µT is the total number of elements in the array.
The array power gain is therefore given by:

Ap (θ, φ) = |Gc(θ, φ)|2 (27)

This proposed design of DCCA is expected to reduce the
sidelobe levels and secondary major image lobe formed at
θ > 90◦ for θo < 90◦. This secondary major lobe causes
unwanted radiation toward sky when the beams are formed
at HAP while for an aircraft, it is generated toward ground
causing radio interference with terrestrial networks that may
use the same frequency bands.

FIGURE 4. The array structures of (a) dual concentric conical array,
(b) concentric circular array.

C. RADIATION PATTERN COMPARISON BETWEEN DCCA
AND CONCENTRIC CIRCULAR ARRAY
To investigate the radiation patten characteristics of the
DCCA, it will be compared with one of the most efficient
planar arrays which is the concentric circular array. A DCCA
is designed with two concentric conical arrays with base
angles of 30◦ and 15◦ as shown in Fig. 4(a), with interior
and exterior conical arrays are formed by uniformly spaced
5 rings for each. On the other hand, the concentric circular
array is designed by setting the two base angles of the DCCA
to 0◦ as shown in Fig. 4(b). The antenna elements in the two
arrays are uniformly spaced by a half-wavelength distance.
The proposed feeding profile in both arrays is given by:

wm (θo, φo)=
(
sin (

πm
2M

)
)(µT /100)

0m (θo, φo) (28)

where 0m (θo, φo) is the mth ring weighting vector and
0m (θo, φo) is its corresponding steering vector determined
at the mainlobe direction (θo, φo).

As shown in Fig. 5(a) and (b), the array 3D normalized
power pattern is tested for a mainlobe formed at the direction
(40◦, 150◦) in the two array structures exploring one of the
very important advantages of the proposed DCCA which is
the reduction of the secondary major lobe. The planar struc-
ture of the concentric circular array results in a secondary
major lobe of the same level as the mainlobe. Reducing image
lobe is very important as it causes very high interference and
degrades the system performance.

On the other hand, a more detailed normalized power
pattern is shown in Fig. 6(a) and (b) for the two arrays and
the normalized radiation pattern is viewed in the elevation and
azimuth planes in Figs. 7(a), 7(b), 8(a), and 8(b) respectively
to view the exact literal radiation levels.

In Figs. 7(a) and (b), the DCCA has a reduced secondary
major lobe of−13 dB and a backlobe level of−25 dB relative
to the mainlobe level, respectively. On the other hand, the
concentric circular array in Figs. 8(a) and 8(b) provides 0 dB
of secondary major lobe and a backlobe level of −25 dB.

The secondary major lobe in the concentric circular array
is converted from a strong peak of equal level as the mainlobe
to a lower level of radiation plateau in the DCCA at −13 dB
level. Therefore, there is an advantage of 13 dB on using the
DCCA compared to concentric circular array while the two
structures almost provide the same backlobe level of−25dB.
However, the concentric circular array provides a very deep
sidelobe level of −50 dB while the dual concentric conical
array has −40 dB, and although the concentric circular array
provides very deep sidelobe levels, the proposed DCCA still
provides a very acceptable sidelobe levels with the advantage
of reduced secondary major lobe.

D. DCCA MULTIBEAM GENERATION AND PERFORMANCE
The multibeam connections with different aircrafts can be
achieved by adjusting the weighting formula in (28) so that
it becomes the sum of individual beam weights provided
that the accumulated unwanted radiation levels do not affect
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FIGURE 5. 3D normalized absolute power pattern of (a) dual concentric
conical array, (b) concentric circular array.

the system performance. Therefore, the overall multibeam
weight becomes:

WIb =
∑Ib

i=1
ξiW (θi, φi) (29)

where Ib is the number of mainlobes required for establishing
high-gain communication link with a number of Ib aircrafts
and ξi is the ith beam gain control factor. Fig. 9 displays the 3D
power pattern of three mainlobes directed toward (85◦, 150◦),
(85◦, 210◦), and (85◦, 270◦) with ξi = 1. The detailed nor-
malized radiation levels are shown in Fig. 10 where the
addition of the three individual weight vectors in (29) results
in some increase in the backlobe levels which is raised to
−10 dB. In these two figures, the elevation angle is chosen
as the maximum allowable value where θoMAX = 85◦ which
corresponds to a mainlobe directed to the farthest aircraft that

FIGURE 6. The normalized power pattern variation in dB with elevation
and azimuth directions of (a) dual concentric conical array, (b) concentric
circular array.

can be communicated with. The mainlobe at θoMAX has the
widest beamwidth in the θ plane while the beams have almost
constant beamwidths in the ∅ plane.

On the other hand, the planar concentric circular array is
compared for multibeam generation with the proposed dual
concentric conical array for a sample of cogenerated three
mainlobe levels at (40◦, 30◦), (40◦, 150◦), and (40◦, 200◦)
with ξi = 1 and the 3D beam patterns are shown for the pro-
posed DCCA and concentric circular array in Figs. 11(a) and
11(b) respectively which show the clearly reduced secondary
major lobes in the DCCA pattern.

V. COMMUNICATION LINK PEROFMANCE OF HAP ATN
A. PERFORMANCE PARAMETERS AND AIRCRAFT-HAP
FREQUENCY ZONE PLANNING
The beamforming technique described in the previous section
provides narrow beams which can be generated at both air-
craft and HAP, and in this case, the communication link
can be seen as a dynamic LOS microwave link which effec-
tively mitigates the fading effects, and the aircraft-HAP
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FIGURE 7. Projection of the normalized power pattern in dB with
elevation angle (a) dual concentric conical array, (b) concentric circular
array.

system becomes single-input single-output if only one beam
is generated from each station towards the other. Under these
assumptions, we can determine the received signal power at
the aircraft receiver, Pa, which is given by:

Pa(θ, φ) = Ap|HAP (θ, φ)Ap|a (θ, φ)PHAP(
λ

4πdl
)
2 1
Lx

(30)

where PHAP is the HAP transmitted power, Ap|HAP (θ, φ) and
Ap|a (θ, φ) are the antenna array power gains at the HAP
and aircraft respectively, Lx is an extra loss due to atmo-
spheric absorption losses, feeder losses, polarization loss, and
any other losses, and (λ/4πdl)2 represents the free-space
loss (FSL).

The bit energy-to-noise spectral density, Eb (θ,∅) /No,
at the aircraft receiver is given by:

Eb (θ,∅)
No

=
Pa (θ, φ)
NoRB

(31)

FIGURE 8. Projection of the normalized power pattern in dB with azimuth
angle (a) dual concentric conical array, (b) concentric circular array.

where RB is the bit rate and No is the noise power spec-
tral density. For a communication channel of bandwidth Bw,
the signal-to-noise ratio at the aircraft is:

S(θ,∅)
N

=
RBEb (θ,∅)

BwNo
(32)

or
S(θ,∅)
N

=
Pa (θ, φ)
BwN o

(33)

The probability of bit error is directly related to the value of
Eb (θ,∅) /No and the digital modulation scheme. For BPSK
and QPSK, the spatial probability of bit error is given by [43]:

PB (θ,∅) =
1
2
erfc

(√
Eb (θ,∅)
No

)
(34)

where erfc(x) is the complementary error function. According
to the Shannon–Hartley theorem [39], the aircraft-HAP com-
munication channel spatial capacity assuming additive white
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FIGURE 9. Three mainlobes generated from the multibeam dual
concentric conical array directed toward the end-of-coverage aircrafts.

FIGURE 10. Normalized power pattern in dB of three mainlobes
generated from the multibeam dual concentric conical array directed
toward the end-of-coverage aircrafts.

gaussian noise (AWGN) channel which is bandlimited to Bw
Hz- is given by:

CHAP (θ,∅) = Bw log2

(
1+

Pa (θ, φ)
BwN o

)
bit/s (35)

To demonstrate the communication link performance,
the system spatial probability of error and capacity are dis-
played for the worst case of the link where the aircraft is
located at the coverage boundary of the HAP area. The
atmospheric loss variation with frequencies in [44], [45] has
investigated that frequencies below 10 GHz suffers much less
atmospheric losses than the higher mm-wave band frequen-
cies, therefore, a carrier frequency of 3.5 GHz is suggested
for providing reliable link performance for the aircrafts at the
coverage boundary of the HAP where the atmospheric and
FSL are highest and may become even worse during heavy
rains. On the other hand, if the aircraft is flying above clouds
and the complete LOS path to the HAP is passing above the
troposphere, then we can utilize the higher mm-wave band
frequencies such as 28 and 39 GHz where the atmospheric
losses are very low, and it becomes feasible for aircraft com-
munication. However, if the LOS passes again through the
troposphere, the lower 3.5 GHz frequency should be used.
Therefore, the HAP coverage area can be formed by two
circular zones as shown in Fig. 12 with the suggested carrier

FIGURE 11. Three mainlobe cogenerated by (a) CCA, (b) DCCA.

distribution to provide the highest possible data rates at lowest
atmospheric losses.

FIGURE 12. HAP aeronautical coverage zones base on frequency ranges.

Table 1 displays typical parameters and their values for
examining the system performance using the proposed array
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TABLE 1. HAP ATN operational parameters.

and beamforming technique for the HAP-ATN. As listed
in this table, the atmospheric losses for higher mm-wave
frequencies are great and therefore, it is recommended only
to use these frequencies for inflight cases where the LOS
is totally above clouds as the atmospheric losses are only
0.25 and 0.55 dB for the 28 and 39 GHz frequencies respec-
tively [24] for a link distance of 340 km.

FIGURE 13. HAP ATN overlapping and none-interfering zones.

One of the interesting features when establishing
cellular HAP ATN is the self-shadowing of earth to the
propagated waves which efficiently prevent the co-channel
interference between HAP aeronautical cells. The earth-self
shadowing effect is shown in Fig. 13where aircrafts can enjoy
free-of-interference zone of about 260 km long centered

under each HAP. The inter-HAP LOS link distance is about
1010 km which is required for continuous cellular coverage
ATN based on HAPs only.

TABLE 2. Performance summary of HAP ATN.

The resulted maximum channel capacity and the required
maximum transmitted HAP power to achieve an acceptable
bit error probability or rate of 10−13 are listed in Table 2 for
the three operational frequencies. The channel capacity may
reach more than 3 Gbps at the mm-wave frequencies 28 and
39 GHz if a maximum of 400 MHz channel bandwidth is
used and the minimum capacity 385 Mbps is obtained if the
channel bandwidth is reduced to 50MHz at these frequencies.
For 3.5 GHz frequency, the channel capacity 773 Mbps at
100 MHz bandwidth. These channels are powered with the
minimum required transmitted power to achieve the accept-
able bit error rate where at 3.5 GHz the channel is powered
with 0.18 Watt (22 dBm) while it is about 6 Watt (37.8 dBm)
for the 39 GHz carrier with 400 MHz bandwidth.

FIGURE 14. Spatial Eb (θ,∅) /No in dB for the bidirectional beamforming
system (clipped at −10 dB).

The spatial variations of Eb (θ,∅) /No and the corre-
sponding probability of bit error are shown in Figs. 14 and
15 respectively for a mainlobe generated with the same
parameters as in Table 1 for the 3.5 GHz frequency.

The levels of Eb (θ,∅) /No are clipped at −10 dB to
clearly investigate the operational levels toward the aircraft.
On the other hand, the spatial probability of bit error shown
in Fig. 15 has a minimum value of about 6.9 × 10−14 at the
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FIGURE 15. Spatial probability of bit error for the bidirectional
beamforming system.

mainlobe direction with the aircraft. The required transmitted
power per channel to achieve this performance level is only
0.18 Watt or 22.55 dBm and this is due to the dual (bidirec-
tional) gain provided at the aircraft and HAP assuming the
same array structure and antenna weighting profile, noting
that this transmitted power is required at the end-of-coverage
contour while at shorter LOS paths, it may be further reduced.

FIGURE 16. Spatial Eb (θ,∅) /No in dB for the bidirectional multibeam
connection (clipped at −10 dB).

B. MULTIBEAM AIRCRAFT-HAP COMMUNICATION
PERFORMANCE
The analysis in the previous section can be extended for
multibeam communication scenario where the aircraft and
HAP beamforming system generate multibeams to enhance
the communication performance. As shown in Fig. 16 the
special variation of Eb (θ,∅) /No for three beams gener-
ated at (40◦, 30◦), (40◦, 150◦), and (40◦, 200◦) from HAP
toward three in-range aircrafts using the same parameters as
in Table 1 at 3.5 GHz except the mainlobe direction. The
resulting capacity is the same as for the single generated beam
which is 773 Mbps and the corresponding spatial probability
of error is shown in Fig. 17 for the three beams which ensure
the required level of less than 10−13.
The multibeam generation at an aircraft toward multi-

ple HAPs could be done in the overlap zone where the
free space and atmospheric losses are maximum which
results in degraded communication link performance. On the
other hand, for HAP, multibeam generation boosts the

FIGURE 17. Spatial probability of bit error for the bidirectional multibeam
connection.

received/transmitted signals with multiple of aircrafts and
improves the system capacity and radio resource manage-
ment. Many in-range aircrafts can share the same radio chan-
nel capacity especially if mm-wave frequencies are used.

C. IMPACT OF POINTING ERRORS ON THE SYSTEM
PERFORMANCE
The proposed bidirectional beamforming technique boosts
the received signals at the aircraft and HAP where each of
them provides array gain of 38 dB as shown in the previous
section. In this design example, any pointing error in the
mainlobe direction either the aircraft or HAP will greatly
degrade the system performance if not manipulated prop-
erly. For HAPs, station keeping is very important for stable
network operation, so, beamforming provides a great advan-
tage to maneuver for this problem. Any positional shift in
HAP nominal position should be updated in the GPS service
table and all in-range aircrafts should be notified through a
broadcast control channel. Also, sudden rotational motion at
the aircraft should be manipulated by the onboard antenna
beamforming system.

FIGURE 18. Spatial probability of bit error with the beam pointing error in
the two directions.

The impact of pointing errors in both directions can be
demonstrated through the spatial probability of bit error and
Eb (θ,∅) /No as shown in Fig. 17 for 3.5 GHz operational
values as listed in Tables 1 and 2. As the beamwidth in the
azimuth direction is much narrower than that in the elevation
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one, then the system performance will be more sensitive
for pointing errors in the azimuth direction as previously
demonstrated in Fig 14. The impact of pointing errors on
the probability of bit error is clearly demonstrated in Fig.
18, where an error of ±1◦ in the ∅-direction at an aircraft
or HAP results in an increase in the probability of error from
6.9 × 10−14 to 1.5 × 10−12, i.e., an increase of 22 times,
while a ±2◦ error results in an increase to 2.66× 10−9. The
system performance is totally degraded at an error of ±3◦ at
which the probability of error is increased to 9.14 × 10−6.
On the other hand, the errors in the θ -direction is not as much
impacting as in the ∅-direction where an error of as much
high as ±17◦ increases the probability of error to 10−12.
Therefore, a fast and adaptive electronic beam steering should
be provided by the proposed array to tolerate any positional
instabilities by adjusting the mainlobe directions to maintain
the best communication performance between an aircraft and
HAP. If the antenna at an aircraft is assumed to be omnidi-
rectional, then unidirectional beamforming is done only at
HAP which means that there must be a 38 dB compensation
in the transmitted power from HAP that requires much larger
array size to provide higher transmitting gain and very high
transmitted power per channel.

D. IMPACT OF PRACTICAL UNIDIRECTIONAL ANTENNA
ELEMENTS ON THE POWER PATTERN
The analysis discussed in the previous sections assumes
isotropic antenna elements to demonstrate the impact of the
proposed DCCA design and beamforming technique on the
radiation pattern, specifically the sidelobe and backlobe radi-
ation levels. On the other hand, if practical antenna mod-
els with unidirectional pattern is applied with the proposed
DCCA, then the lateral and backward unwanted radiation is
expected to be further reduced. Therefore, in this section, a
crossed dipole antenna element with perfect conductor back-
plane is adopted to provide unidirectional radiation pattern
with almost isotropic response in one hemisphere to achieve
wide angle scanning from the designed DCCA in addition to
the reduction in backlobe levels. This antenna element design
is shown in Fig. 19 where it is formed by two crossed half
wavelength dipoles with one-quarter wavelength separation
from a perfect metallic ground plane. The complete specifica-
tions of the CCA and DCCA arrays using this unidirectional
element are listed in Table 3.

The MATLAB Phased Antenna Array Toolbox has been
utilized in the design and simulation process for determin-
ing the performance of both the CCA and the proposed
DCCA arrays. First, the crossed dipole antenna element is
designed using the geometrical dimensions listed in Table 3,
then assuming the antenna elements are fixed over a perfect
conductor ground plane that extends continuously under the
antenna array. The single crossed dipole antenna element
performance is shown in Fig. 20 where the power pattern has
a large reduction in the backlobe radiation that is relatively at
27 dB approximately below the mainlobe level. This reduced
backlobe radiation will be added to the reduction in backlobe

TABLE 3. Crossed dipole concentric circular array and DCCA simulation
parameters.

FIGURE 19. Crossed dipole antenna structure with perfect electric
conductor ground plane at 3.5 GHz.

radiation resulted from the convexity of the DCCA surface
along with the effect of tapered feeding profile in (26).

To investigate the contribution of the proposed DCCA
design on the backward and lateral unwanted radiation,
a CCA is designed with the same number of elements as
the DCCA using crossed dipole unidirectional antenna as
displayed in Table 3 and is shown in Fig. 21 (a).

The normalized power pattern from each antenna array
structure is examined for the two feeding cases which are the
uniform and the sine tapered feeding as proposed in (26) and
the results are shown in Figs. 22 and 23.

Fig. 22 (a) displays the normalized power pattern of the
crossed dipole CCA array using uniform feeding where the
backward radiation is reduced due to the crossed dipole uni-
directional pattern. The backward radiation is further mini-
mized when the sine feeding profile in (26) is applied to the
antenna elements except an image peak of −33 dB appeared
with the same azimuth angle φ but at θ = 135◦ due to
the symmetrical antenna elements distribution. The tapered

VOLUME 9, 2021 43335



Y. Albagory: Adaptive Bidirectional Multibeam HAPs ATN Using DCCAs

FIGURE 20. Power pattern of crossed dipole antenna with large perfect
electric conductor backplane with the design shown in Fig. 19.

FIGURE 21. Crossed dipole antenna arrays with ground backplane made
of perfect conductor: (a) CCA, (b) DCCA. Dimensions are normalized to the
wavelength.

feeding has resulted in reducing the sidelobe level to approx-
imately −33 dB.

On the other hand, as shown in Fig. 23 (a) the DCCA
array provides a slightly degraded performance in the case
of uniform feeding compared with the CCA array due to the
reduced effective array area, however as shown in Fig. 23
(b), the convex surface of the DCCA array results in improv-
ing the image and backward radiation levels compared to
the CCA when applying the proposed tapered sine feeding
profile.

The secondary image of the mainlobe appeared
in Fig. 23(b) at (135◦, 90◦) has been reduced to very deep
level of −57.6 dB with radiation ring of −46 dB which is

FIGURE 22. Normalized power pattern for crossed dipole CCA with: (a)
uniform feeding, (b) tapered sine feeding using (26).

much lower than that appearedwhen using conventional CCA
with the same feeding profile. Therefore, the proposedDCCA
provides an add-on reduction in the backward and lateral
unwanted radiation levels added to the reduction resulted
from the unidirectional antenna elements.

Reducing the unwanted backward and lateral radiation is
very necessary for reducing the interference with ground
or satellite systems using the same frequency bands. For
HAP, the secondary image that appears toward sky results in
interference to satellite systems, while backward radiation at
180◦ azimuth angular separation from the mainlobe direction
results in interference with terrestrial systems. The converse
for aircraft as the array is heading upward.

The performance comparison results are summarized
in Table 4 between CCA and DCCA using unidirectional
crossed dipole antenna elements. The main performance
improvements obtained from the proposed DCCA compared
with the conventional CCA are in the reduction of the
sidelobe and backward radiation including the secondary
mainlobe image and the backlobe levels which has been
confirmed using simulated practical antenna models.
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FIGURE 23. Normalized power pattern for crossed dipole DCCA with: (a)
uniform feeding, (b) tapered sine feeding using (26).

TABLE 4. Crossed dipole CCA and DCCA arrays performance comparison.

VI. CONCLUSION
The aeronautical HAP cellular network for aircrafts has been
proposed and discussed in this article using adaptive antenna
arrays where the network structure is first demonstrated, then
the radio coverage aspects are analyzed, and the communica-
tion link performance is improved by developing an adaptive
beamforming technique using low-profile dual concentric
conical array. The idea of converting the commonly used
GPS information of aircrafts and HAP in aviation systems

to direction-of-arrival information is investigated where a
geometrical model has been proposed based on geocentric
coordinate system and a set of conversion equations have
been deduced. Then, the radio link between an aircraft and
HAP has been improved through the generation of adaptive
narrow beams with low sidelobe and backlobe levels at both
the aircraft and HAP (bidirectional beamforming) where the
antenna elements at each array are fed by adaptive-exponent
sine profile.

The exchanged GPS information between aircrafts and
HAPs continuously adapt the mainlobe direction generated
from onboard beamforming systems to maintain the highest
performance of the communication link. When an aircraft
enters the overlap region between two HAPs, it may generate
multibeam toward the two HAPs to seamlessly handover the
communication channels between them and to maintain the
highest possible data rate for onboard passengers. Numerical
results have shown optimistic performance levels in terms of
the required transmission power, bit error rate and channel
capacity at the millimeter wave bands of 28 and 39 GHz for
the BPSK andQPSKmodulation schemes. For stable connec-
tion at over the whole HAP coverage zone, the 3.5 GHz can be
used with channel capacity of at least 773 Mbps at 100 MHz
bandwidth. For above clouds aircraft flights, the higher fre-
quency bands at 28 and 39 GHz could provide channel capac-
ities around 3 Gbps at 400 MHz bandwidth. The probability
of bit error rate is kept below 10−13 which is acceptable
for most applications. In addition, this performance has been
investigated for multibeam cases at which the HAP can
communicate with several aircrafts to efficiently share the
radio resource among in-range aircrafts. Finally, the impact
of positional instabilities on the system performance has been
demonstrated and discussedwhere the adaptive beam steering
provided by the proposed array at the aircraft and HAP has
an important to mitigate these problems and ensure reliable
and stable communication performance in the network.
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