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In this paper, the radiation pattern of 121 cell aperture antenna for a High-Altitude
Platform (HAP) communication network via TV White Space (TVWS) spectrum is
investigated. The HAP was placed 17 km above the ground with a coverage radius of
100 km and a cell radius of 10.5 km. For a co-channel cell group of 121 cells served by
a payload of aperture antennas on a HAP, the effect of the antenna aperture function
on co-channel interference has been explored. For each cell, the required antenna beam
widths were derived from the cell’s subtended angles. The proposed system coverage,
re-use distance, multibeam antenna pattern, Carrier-to-interference ratio (CIR), Carrier-
to-interference-plus-noise-ratio (CINR), and side lobe level values for uniform apertures
were investigated. To assess the system’s effectiveness, the CIR at each ground location
(x, y) and the cumulative distribution function (CDF) of CINR were investigated for
each co-channel cell category. The distribution of CIR levels as contour plots has been
presented. The CIR values are higher at cell centers and lower at cell edges. Furthermore,
the importance of minimizing the average side lobe level has been investigated. This
paper demonstrated that it is possible to get a good wireless broadband performance by
exploiting TVWS spectrums from HAP.

Keywords: Carrier-to-interference-ratio, carrier-to-interference-plus-noise-ratio, High al-
titude platform, Multi-beam, TV white space, Side lobe level.

1. Introduction

Wireless systems and their plethora of capabilities provide users with greater flexi-
bility and ease in connecting to a variety of communication networks. Wireless solu-
tions, with their diverse capacities, enable consumers to link to a wider range of com-
munication networks with greater convenience and ease. These bandwidth-hungry
telecommunication technologies/applications, on the other hand, placed wireless
infrastructure companies under unstoppable strain to maximize the use of scarce
radio resources. In this aspect, high altitude platforms (HAPs) technologies are
constantly being researched, for example, in [1]-[13] as a major role in broadband
wireless networking and applications, such as 3G/4G and LTE networks, WiMAX,
and others. HAPs are also used for crisis monitoring and prevention as a medium
of multicast coordination and emergency communication [12] and [13].

High elevation angle, line of sight communication, large coverage range, and
negligible effects of wind speed and weather at an altitude of 17 - 22 km are among
the several features of HAP that have attracted much interest to communication
research society [1]. Telecommunication distribution that is more cost-effective and
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affordable is important in locations where traffic volume is low and profit per user
is predicted to be lower. HAPs may be easily and inexpensively incorporated into
the networks of major mobile and internet networks to deliver a broad variety of
multimedia services for locations thus preventing power from dropping in unwanted
directions on the HAP and ground user. Authors in [4][6] [21][26]-[33] have evaluated
the HAP communications quality with LTE, WiMAX, and White Space (TVWS).
TVWS refers to the unused frequencies or gaps in the VHF and UHF spectrum,
between 470 and 790 MHz to be precise. This unused frequency can be used to
provide wireless internet services.

TVWS offers better mobility resilience, a longer transmission range, more pene-
tration capabilities, and less path loss than GHz bands. In this article, the coverage
and downlink performance of HAP wireless networks exploiting the TVWS spec-
trum is evaluated based on the carrier-to-interference ratio (CIR) and carrier-to-
interference plus noise ratio (CINR) power distribution from multi-beam payload
antenna. Moreover, the effect of side lobe level on the system performance is exam-
ined.

The rest of the paper is organized as follows: Section 2 provides TVWS broad-
band services from the HAPs; Section 3 presents the co-channel interference system
model; Section 4 presents the analysis and discussions of the simulation results; Fi-
nally, Section 5 presents the concluding remarks summarizing the key findings of
the study.

2. TVWS Broadband Services from HAPs

Figure 1 below describes a HAP communications system configuration exploiting
TVWS spectrums. The TVWS base stations are collocated on the platform em-
ploying a multi-beam antenna operating on UHF bands for the service link. In this
scenario, a 121-cell system has been considered employing a cluster size of 4 cells.
For HAP communications via TVWS spectrums, it’s very important to consider
the movements HAP may experience during its flight and as a result the movement
of the individual cells. Such movements can greatly impact communication links,
for example, by degrading communication quality and causing excessive signaling
due to numerous handovers. As of [7][8], beam forming techniques and antenna
configurations, which fix the location of cells have been investigated as a solution
to prevent such issues regardless of the movement of HAP.

The authors attempted to demonstrate that digital beam forming will regulate
beam direction to offset the movement of HAP, implying that cell location is unaf-
fected by HAP position. In this work, we assume that regardless of HAP movement,
cell positions remain static.

As per the authors in [15]-[17], the availability of TVWS is high in African
countries like Ethiopia. The authors tried to investigate the amount of TVWS free
spectrums by using a geolocation white spectrum database (GLSD) while employing
the CSIR Calculation Engine (CSIR-CE) [16][17]. Based on this, we have considered
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Fig. 1. HAP system configuration via TVWS spectrums [9]

employing the TVWS spectrums on HAPs so as to deliver wide area and affordable
capacity wireless broadband for suburban and rural areas. For this work, we consider
using off-the-shelf TVWS communication technology on board the HAP, such as
the IEEE 802.22. This is the first TVWS standard envisaged

[19] for offering wireless access for rural area coverage of up to 100km. Installing
TIEEE 802.22 base stations on HAPS can provide even larger areas of wireless broad-
band service, by employing multi-beam antennas thus creating a TVWS cellular
network. In this paper, we evaluate the coverage and performance of TVWS broad-
band from HAPs and illustrate the effectiveness of the system. The scenario il-
lustrated in Figure 5 is considered. The scenario consists of a single HAP at 17
km altitude with a multi-beam antenna payload for serving multiple cells. The
HAP system coverage area and cell radius are assumed to be 100 km and 10.5
km, respectively. Furthermore, hexagonally arranged cells which are clustered in 4
frequency-reuse patterns for covering the service area are assumed as depicted in
Figure 4.

2.1. Coverage Model for HAP Wireless Networks Exploiting
TVWS Spectrum

HAP TVWS coverage area can be determined by using the minimum elevation
angle and the line-of-sight path loss model, radius of the earth, and height of the
system as can be seen in Figure 2.

The surface area coverage can be determined using

2m €
_ 2000 ) 201 _
S _/0 d¢/o de (R?sine) = 27 R? (1 — cose) (1)
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Fig. 2. Coverage model of HAP
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Furthermore, the distance and elevation angle can be related as (3)

coss(R+H)—-R 3)
Sind

Where R is the radius of the earth, h is the altitude of HAP and 6 is minimum

elevation.

Where

d =

2.2. Cellular Configuration in the HAP TVWS system

Cellular system interference is usually caused by users or cells operating on the
same frequency causing co-channel interference or operating on adjacent frequen-
cies causing adjacent channel interference. Interference can sometimes be caused by
non-cellular systems. The solution to prevent co-channel interference is separating
co-channel cells by a certain distance to get sufficient isolation between co-channel
cells. The ratio of cell radius (R) and re-use distance (D) is the co-channel interfer-
ence ratio (D/R or Q). D is the distance between the center of the cell interest and
the centers of the nearest co-channel cells. Co-channel cell separation distance can
be increased whenever D/R is increased. Thus, the interference is minimized. Ac-
cording to [20], for a hexagonal cell geometry the co-channel interference reduction
factor, @ is given by:
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Q=D/R=V3N (4)

where N is a cell reuse factor. Lowering the value of ) provides more capacity or
improved spectral efficiency, as doing so lowers the value of N. In this article, HAP
based on the TVWS spectrums, hexagonally arranged cells grouped in a variety
of frequency reuse patterns were examined. N is the number of frequencies to be
reused in the cellular system in this scenario, and 1/N is the frequency reuse ratio.
N may be derived by assuming hexagonal geometry [20]:

N=P+I1J+J* (5)

where I.J = 0,1,2, 3,..etc). The following approaches should be used to lo-
cate the closest co-channel cell. (1) move i cells along any chain of hexagons, and
(2) turn 60 anti-clockwise and move j cells as can be seen in Figure 3 below
fori =3 andj = 2 as discussed in [20].

Fig. 3. How to locate the co-channel cells [20]

Locating a particular co-channel cell in a given cluster can be identified using

D= @i+ 7 (BV3) (6)

where R is the cell radius at the center of the hexagons. Figure 4 represents
hexagonal cell arrangements for a 4 reuse pattern.
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Fig. 4. Hexagonal cells for a 4-reuse pattern

2.3. Multi-beam HAP Antenna Pattern

The proposed HAP communication architecture exploiting the TVWS spectrum
considers cells formed by beams generated from multi-beam antennas onboard the
platform, just like in satellite communication systems. System performance is highly
dependent on the gain of the antenna being optimized in the desired direction. This
means proper antenna adjustment is essential. In an optimal cellular environment,
an antenna pattern will radiate consistent power through its serving cell, with no
power falling beyond the cell. However, in practice, power falling outside the cover-
age area occurs which results in interference to other neighboring cells. Therefore,
in this work, a directional antenna pattern is considered, in order to provide more
power radiation in the desired directions, thus preventing power from dropping in
unwanted directions on the HAP and ground user [21][26]-[33]. Antenna pattern af-
fects system QoS and network performance by determining the footprint, coverage
area, interference, and CIR values. Each antenna in the HAP payload is directed
to a different place within the coverage region. For each cell, the gain is subject to
angles from the boresight (i.e. § and ¢) [21]:

Agap (p) = 32in2 5 (max (cos(@)"H> ,S;-) (7)

2(2arccos ( /3 )

Avser (8) = Guser_boresight (maﬂﬁ (COS(9)nU) an) (8)
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where nH is the roll-off rate for the HAP antennas, nU is the roll-off rate for user
antennas. To prevent interference from other nearby systems on the same frequency,
the user antenna be extremely directional.

2.4. System Path Loss

Due to the fact that HAPs offer LoS communication, the Free Space Path Loss
(FSPL) model is extensively utilized for analyzing HAP systems. According to [21],
FSPL can be determined as

2
FSPLiap = (“j) (9)

Where d is defined as the link distance, and A is the wavelength of the signal. To
represent the FSPL in dB, we may use the following:

FSPLyap (dB) = 92.4 4 20log (fGHz) + 20log (dkm) (10)

considering the link distance d in kilometers and frequency in gigahertz.

3. Co-Channel Interference System Model

In this article, a single HAP flying at a height of 17 kilometers with multibeam
antennas serves as a base station for establishing a cell footprint on the ground.
HAP, which is equipped with a multi-spot-beam phased array antenna, would be
responsible for generating the ground cells. We split the HAP service zone into
121 cells in this study to create a suitable model of a prospective cell capable
of creating co-channel interference. As can be seen in the co-channel interference
model of Figure 5, Cell 1 is assumed to be the cell where our user-of-interest is
located (reference cell). When it tries to communicate with the other HAP antenna
such as cell 120, the user interferes with the HAP antennas 120 and 121, when they
are operating the same frequency band as that of cell 1, since the individual HAP
antenna has its boresight footprint in the center of the corresponding cell. As seen
in Figure 5, the platform payload has a large number of base stations. The user test
is done in the center of a reference cell that has been compromised by co-channel
interference caused by another user. As a consequence, two factors are added to
the user’s location, namely the azimuth angle, ¢y, and the user’s distance from
the cell center (d). Using ¢y and d, CIR) and CINR of each user location can be
determined, which in turn affects the system performance. Therefore, performances
of the proposed scenario that is HAP-TVWS system downlink will be evaluated
considering the coverage, CIR, CINR, and sidelobe labels as described in detail in
the following equations.
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Fig. 5. Interference geometry from HAP communication system exploiting TVWS spectrums: Co-
channel interference scenario

Calculations of the elevation and azimuth angles subtended by the circle of
radius r that encloses the cell using the cell geometry shown in Figure 5 [2][22]-[24]

Osup = tan"' (g +1/h) —tan™' (g —r/h) (11)

Dgup = 2tan™! (r/\/g 24 h2> (12)

The ground distance from the sub-platform point (SPP) to the cell center, as
illustrated in 6, is denoted by g. In addition, the HAP’s height is denoted by h.

Using Fig.7 as a guide, we can calculate the elevation (fy)) and azimuth ()
pointing angles from the HAP to the middle of each cell as follows:

0y = tan™* <%) (13)
Do = sinfli(c — 1;dsin§ + (ns — 1) g (14)

As seen in Figure 7, the multibeam antenna on HAPS will have a number of
cells on the field, with each cell being represented by (n,,n.) which are the number
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Fig. 6. Cell geometry from HAP communication system exploiting TVWS spectrums

of the concentric hexagonal ring n, and the number of the cell inside the ring
ng, 1<n.<6n,, n,#0
The cosine law may be used to calculate g as follows

g= \/(nrd)2 —(c=1)d? —2n,d?(c—1) cosgr (15)

Where d is the hexagon’s width and c is the cell’s position in relation to the
first cell’s side.

/

d=n.—(ns—1)n, (16)

where ng is an integer number between 1 and 6 on each side of the hexagon

L1
ns = 1+ Floor [n ] (17)

Ny

The floor is an integer operator. The directivity (Dynqs ) of antennas that have
main lobe patterns determined by a cosine function raised to a power n [2].

D = D,y42(cosd)" (18)
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Fig. 7. Hexagonal cell structure coordinate scheme

where 6 is the angle relative to the antenna boresight, and n is the factor roll-off.
At every location (z,y) on the ground, there is a directivity that may be found.
Where

32In2

(2arccos (4/3)) "+ (2arccos ( /3))

Where ny and ngy are roll-off rates of the azimuth and elevation respectively.
Considering the ground receivers are always connected to the strongest cell, the

received power is equal to
A \2
P D(-— =
TGy (47rd ) ]
A

PrGy ()2[D]max (20)

max —

Praz (z,y) = mazx

4rd
where Pr denotes HAPSs’ transmitter power, D denotes directivity gain and
Gy denotes receiver antenna gain.

CIR [2] for the co-channel cells category may be computed once the power in a
point (z,y) is determined (21).

Pmam (Z‘, y)
121
Zi:l P; (x, y) — Prax (xa y)
The footprint size and coverage area heavily depended on the required ground

CIR value. The bandwidth efficiency can be obtained from the CIR which has been
determined across the coverage area using

CIR (z,y) =

(21)
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n = logy (1+ CIR) (22)

The CINR can be obtained using

logo M Ry,

INR = 22270

SNR (23)

Where

Ng

I Z Puap—rvws,, Gaap—rvws (9),,Guser (9),,
LfeedermPFSPLmAatmm

(24)

m=1
Where the index denotes the interfering HAP interfering beams that cause co-
channel interference, (i.e. m = 1,2,.....121). I is the aggregate interference power
from m multibeam HAP antennas, Bn denotes the noise bandwidth of the receiver,
Rb, M and Ny denotes the bit rate, M-ary, and noise power spectral density re-
spectively. Pgap_71vws is the transmit power of the HAP base station exploiting
TVWS spectrums. Ggap_rvws (p) is the HAP base station transmitting antenna
gains in directions ¢ degrees off the beam center, Gy se, (0) is the receiving antenna
gain of the ground consumer in the direction of the m** HAP base station and
Leeder is the ground user receiving antenna feeder loss, Lrpgpy, is the free space
loss and Ay, represent the atmospheric absorption. Finally, the sidelobe level sys-
tem performance is a critical problem that will impact inter-cell interference and
system capacity.

3.1. Stidelobe Levels

In spite of the fact that frequency reuse schemes are employed to reduce the co-
channel interference, in HAPS cellular system communications, a high level of side-
lobes of the on-board antenna might be prone to unwanted effects. Whenever spot
beams are needed to provide a cluster of footprints, the power of individual beams
must be bounded in the cell boundary. Beams with significant side lobe levels might
cause interference with neighboring cells. The effect of the interferences can be as-
sessed by determining the signal-to-noise ratio (SNR) between the power of the
desired signal (Pq.(x,y)) and the noise power (Py) at each point of the ground.
In this case, the noise power is the sum of the thermal noise (Nt ) and the power
(P; (z,y)) of all the neighbor beams i which are using the same frequency of the
desired signal. Thus,

P, P,
SNR — maa:(xay> _ maz(aj,y) (25>

Py NT+Z£V:fl Pi(z,y)
where Ny is the number of neighbors that use the same frequency with the
desired signal. The cells using the same frequency are far sufficient to consider the
power of an interfering signal and can be obtained by:
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Fig. 8. Heat map depicting maximum available TVWS channels for the entire Ethiopia

P (xa y) = Pmam(xv y)SLL (26)
Yielding,

Pmaac(xay) ~ Pmaw(xvy) ~ 1

Py N;Pi(z,y)  Nysir
Where sy, side lobe label. As can be seen from equation (27), spy, of the onboard
antenna is crucial in demonstrating the system’s performance.

CNR = (27)

4. Simulations Results and Discussion

Figure 8 illustrates the map of Ethiopia indicating the available TVWS channels
in the VHF and UHF TV bands across the country. The heatmaps graphically
illustrate that many parts of Ethiopia can benefit from the TVWS spectrum avail-
ability especially the ones in the rural areas that can support different services /
different speeds whenever and wherever possible. Taking advantage of this opportu-
nity, we have considered installing TVWS base stations on HAP using the available
free spectrums so as to provide a large coverage and affordable connectivity for
suburban and rural areas

For improving the spectral efficiency and signal quality, frequency reuse is one
of the solutions. As can be seen from Figure 9, when the cluster size in a given
cellular tessellation is increased the frequency reuse distance is also increased. A
large value of D/R provides lower interference since the cluster size N is large even
though there is a tradeoff with capacity. Figure 10 shows the HAP coverage area
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using the TVWS link. Communication coverage from a single HAP can replace the
number of cellular communication system base stations. The coverage area can be
increased as the elevation angle gets smaller. Figure 11 illustrates the relationship
between propagation loss and distance between HAP to a user. As the distance
between HAP to a user increases, the loss increases as well.

5
a5/ 90 . . .

4 i

35 1

w
T
1

N
W
T
.

N

Surface area (8q.km)

=
3]

=y

0.5

Elevation Angle (Degree)

Fig. 10. Surface area coverage of HAP-TVWS
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Fig. 11. Loss as a function of distance between HAP and user

HAP cellular system performance exploiting TVWS spectrums was evaluated in
terms of CIR and CINR for downlink communications. The CIR performance and
cumulative distribution function (CDF) as well as CINR contour are investigated
as can be seen in Figure 12 and 13 respectively.

100

Y(km) -100  -100 X (km)

Fig. 12. CIR contour of maximum power distribution for aperture antenna model

As seen in Figure 12, users positioned in the cell’s center experience the highest
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CIR. When they approach the cell edge, CIR decreases by a five dB range.

Figure 13 indicates that for a given number of n, the directivity is maximum at
a certain angle subtended at the cell edge. As seen in the diagram, the value of n
would be 10, 20, and 30. The narrower beamwidth increased antenna directivity but
decreased elevation angle range. Figure 13 illustrates the influence of power roll-off
on directivity. From Figure 13, it can be seen that to maximize the power at the edge
of a cell subtending 10, 20, and 30 at the HAP, the value of n = 60 is chosen. As can
be seen from Figure 13, the directivity is maximum at the minimum subtended angle
and maximum roll-off factor and it is minimum at a higher minimum subtended
and minimum power roll-off factor.

If the beamwidth is too small, excessive power rolls off at the cell’s edge is
created and if the beamwidth is too broad, excessive power falls outside the cell.

Figure 14 shows the user antenna radiation mask. Three separate side lobe floor
values of -30dB, -25dB, and -20dB are seen in the diagram. To avoid interference
from other devices using the same frequency, the user antenna should be highly
directional.

The HAP antenna radiation masks for 5, 8, and 12 values of nH are shown in
Figure 15. The figure clearly shows how the antenna directivity increases as the
roll-off factor increases. As a result, as the roll-off factor increases, the antenna
beam width reduces.

Figure 16 depicts the cumulative distribution function (CDF) of the downlink
CINR of HAP using the TVWS spectrum. On average, TVWS downlink services
may be delivered at a level of around 28 dB. As can be seen from Figure 17, the
sidelobe level plays an important role in demonstrating the system’s performance.
The figure shows maximum SNR is achieved at —40dB and SNR is used to compute
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5. Conclusions And Future Works
5.1. Conclusions

In this paper, we proposed using a multibeam antenna payload to deploy a HAP
system exploiting TVWS spectrums. The feasibility of the suggested scenario co-
channel interference is then assessed using computer simulation in terms of CIR and
CINR. Co-channel interference caused by HAP using the TVWS communications
network is dependent on the antenna beam width, angular separation, and sidelobe
level. The HAP antenna radiation masks for 5, 8, and 12 values of nH are compared.
How the antenna directivity increases as the roll-off factor increases is investigated.
The effect of the sidelobe level is demonstrated so as to show its impact on system
performance.

5.2. Future Works

The logical next step in expanding this article is taking user mobility into account.
It is fascinating to see how the system responds to mobile users and how to best
serve them. This would include determining whether beam tracking and steering or
frequent handovers are more suited to serving mobile users. Artificial intelligence
and machine learning may play a key role in beam steering and handover by offering
mobility prediction. Additionally, more research may be done to determine how the
HAP’s location in relation to the service area’s center affects the system’s capacity
and coverage. Moreover, the work that is presented in this article is based on the
assumption that the HAP is, for the most part, stationary. On the other hand, it
might be worthwhile to research dynamically altering the HAP’s location to shorten
either individual or total connection lengths.
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