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Abstract

In this paper, a new relay system that uses the UAV as a relay station between the tethered UAV and ground
user (TU2U2G) is proposed. The TU2U2G system replaces the base station (BS) in the cellular system with a
tethered UAV (TUAV). The TUAV is a UAV that receives power over a cable from a ground control station.
It has advantages of high and variable altitude up to (100m) compared to BS. In addition, it overcomes the
UAYV drawback of the batteries' limited capacity. After that, a 3D placement Algorithm of the UAV as a relay
station in the TU2U2G system is proposed. It is presented to maximize the coverage by jointly optimizing the
transmitting power and relaying distance. The TU2U2G system shows better results than the traditional cellular
system in terms of optimum UAV height, maximum coverage radius, and maximum distance between BS and

UAV.
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1. Introduction

Unmanned Aerial Vehicles (UAVSs) are considered an important component of 5G. Due to the rapid
deployment, mobility, and flexibility of UAVs [1], [2], they are utilized to assist the cellular system as a
relay station to enhance the coverage. Several pieces of research were presented on using UAVSs as aerial
base stations to assist the cellular system. In [3-7], the placement of UAVs for coverage maximization is
proposed. An algorithm that jointly optimizes the 3D UAV placement and path loss compensation factor to

maximize the user coverage in the uplink transmission is proposed in [3]. An approach to minimize the
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total transmit power required to provide wireless coverage for indoor users is presented in [4]. A placement
algorithm that maximizes the number of covered users with minimum transmission power is proposed in
[5] . While the UAV Placement which maximizes the number of served users with different quality-of-
service requirements is proposed in [6]. In [7] an analytical approach is used to find the optimum altitude
of the UAV for maximum coverage. In [8-11], UAV placement for throughput maximization is proposed.
A joint trajectory and resource allocation algorithm for maximization of the system sum throughput is
introduced in [8]. A joint transmit power and trajectory optimization algorithm to maximize the minimum
average throughput is proposed in [9]. In [10], the minimum throughput of overall ground users is
maximized in the downlink communication by optimizing the scheduling of multi-user communication and
association jointly with the trajectory of UAVs and power control. Trajectory and resource allocation are
jointly optimized for maximizing the system energy efficiency in [11]. An algorithm to maximize the
downlink sum-rate of the network is proposed in [12]. An algorithm for UAV placement based on sparse
recovery is presented in [13]. However, all these works consider only the power constraints of the
communication link between UAV and the ground user mobile station (MS) and don’t consider the power
constraints of the communication link between UAV and the BS. Otherwise, researches that consider both
links is presented in [14-22]. [14-18] are proposed for throughput maximization. 3D placement of UAV as
a relay station for maximizing the average achievable rate through the one-dimensional linear search is
proposed in [14]. In [15], the optimization problem is formulated to maximize the system throughput. An
algorithm to find the UAV optimal position based on LOS information to maximize the end-to-end
throughput is proposed in [16] . [17] explores the relationship between system throughput and placement
of a UAV acting as a communication relay. An approach to jointly optimize throughput and the UAV’s
trajectory is presented in [18]. [19], [20] are proposed for data rate maximization. In [19] an algorithm to
find the 3D locations of UAVs besides the user-BS associations and bandwidth allocations of the wireless
backhaul to maximize the sum logarithmic rate of the users is proposed. Deployment algorithms for

deploying a multi-relay network to maximize the end-to-end achievable rate are presented in [20]. An
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approach to find the optimum altitude of UAV that minimizes power loss, outage probability, and BER is
presented in [21] while an approach to optimize the overall network delays is proposed in [22] All these
works are proposed for UAV to assist the cellular network. However, the antenna down-tilting and low
height of the cellular base station (BS) limits the ability of the UAV relay station to reach high altitudes due
to the power constraint on the path between UAV and BS [23]. In other words, using the UAV as a relay
station in the cellular system makes the UAV lose the advantage of deployment at optimum altitude which
reflects directly on the coverage [7]. On the other hand, using UAV as an alternative to cellular BS is not a
realistic solution because UAV has a drawback of the batteries' limited capacity which poses a challenge
for the lifetime of its operation. Therefore, a UAV cannot be available for the entire duration of the operation
as it is necessary to return for charging or replacing the battery. In this paper, Tethered UAV (TUAYV) is
proposed as an alternative to BS. TUAYV is a UAV supplied by both power and data over a cable from a
ground station (GS) as shown in Fig. 1. TUAV can achieve the main requirements of a reliable cellular BS

in terms of endurance and backhaul link quality and the advantage of the UAV's high altitude as shown in

Fig. 2. Recently, AT&T's deployed the first TUAV to provide cellular coverage in Puerto Rico for the

suffered regions after Hurricane Maria [24] which means that, TUAV can be a realistic alternative to the
cellular BS. Therefore, we propose the TU2U2G system to replace the BS in the cellular system with TUAV

to maximize the UAV relay station coverage. The contribution of this paper resides in several aspects:

e Propose a new relay system TU2U2G system. It uses the TUAV as a viable alternative to replace
BS and provide seamless service over a cable that simultaneously supplies a stable power and a
reliable wired data-link connection from a ground control station [6]. Compared to the BS, TUAV
improves the system coverage due to its high attitude. Also, it overcomes the antenna down-tilting

which increases the path loss between BS and UAYV in the cellular System [3].

e Formulate the optimization problem to maximize UAV relay station coverage under the power

budget and maximum UAV height constraints for the TU2U2G system. For simplicity, the 3D
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placement of the UAV is decoupled to the vertical and horizontal placement. Then, a 3D placement

algorithm for the system is proposed.

e Numerical results are presented. TU2U2G the system shows better results than the cellular system
in terms of optimum UAV height, maximum coverage radius, and maximum distance between BS

and UAV.

The structure of the paper is organized as follows: Section 2 presents the system models. The 3D
placement of UAV for maximum coverage is proposed in section 3. Numerical results are discussed in

section 4. Finally, concluding remarks are in section 5.

Ground station Tethered wire contains the
power and data cable

Power supply /

Core network

FIGURE 1. TUAV station components
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FIGURE 2. Cellular BS V.S. UAV V.S. TUAV
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2 . System models

The proposed TU2U2G system consists of TUAV, UAV, and MS. The ground distance between UAV and
MS is R and 0 is the elevation angle. The ground distance between ground TUAV and UAV is d and a is
the elevation angle. TU2U2G communication links are the A2G link and the TU2U link. The A2G link is
between UAV and MS. TU2U link is between TUAV and UAV as shown in Fig.3. The UAV acts as an
aerial base station or a relay to extend the wireless coverage. To formulate the optimization problem, it is

essential to adopt the appropriate path loss models for the systems communication Links.

7y, W \

"l.n.

FIGURE 3.The TU2U2G system

2.1 Channels models
2.1.1 A2G Channel

The A2G path loss can be calculated by [4]:

PLyyg = FSPL + n; 1)
FSPL represents the free space path loss between the UAV and a ground receiver.n, refers to LOS and
NLOS excess path loss. The value of n; depends on the environment types [4]. The probability of having
a LOS connection between the ground user and a UAV is given by [4]:

1 )

PLOS(6) = 14 ayq * e(~bazGl0-aazc])
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Where a and b are constants that depend on the environment. Total path loss of the A2G link is presented
in (4) by substituting with (2)& (3) in(1).
Ng =NLosPLOS(6) + Nwos(1 — PLOS(6)) €)

A (4)

PL(R,0) = 15 are v oPaali—amaD + 201log(R * sec(h)) + B

2.1.2 U2U Channel

The TU2U path loss can be represented by a simple free-space propagation model [26], [27]. The free space
path loss (FSPL) depends on the frequency and the distance between the transmitter and the receiver. The
log-distance equation of FSPL is presented in (5).

Where (L) is the distance in meters, and (f) is the frequency in (Hz), and —147.55 is —20log (4?”) where

C is the speed of light. The distance (L) in (5) can be represented as a function of the ground distance
between TUAV and UAV (d;y,y) and elevation angle as in (6).

PLryou(dryay, @) = —147.55 + 20 log(f) + 20log(dyy,y) — 20 log cos(a) (6)

2.2 UAV transmission power, SNR, and probability of coverage

The transmit power P, of UAV can be written as
Pr, = Py, + PL @)
Where Py, is the received power (in dBm). PL is the path loss.
Therefore, the downlink SNR in dB is calculated as
SNR = Py, — PL — g2 8)
Where o2is noise power. The coverage probability is the probability that a user can achieve SNR above the
threshold (T). Therefore, the user coverage probability can be defined as
P. =P(SNR >T) (9)

Besides the SNR-based coverage approach, the coverage can be defined through path loss [7] [10].
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SNR>T (10)
Prp—PL—02>T (11)
PL < Ppp — Tpp — 02 (12)
PL < PL,, (13)

Here, a user is considered to be covered by the UAV if PL,y; < PLiyazc)- Therefore, the UAV coverage
radius can be mathematically defined as R|PL4ys = PLiyazc). It means that users at the distance R will

have the same path 10ss PLj426), While users with a radius less than R will experience path loss less than

PLtn(a26)-
e In the TU2U2G system, a UAV is considered to be inside the TUAV circular coverage if PLyy,y <

PL¢n(ruzuy- Therefore, the TUAV coverage radius can be mathematically defined as dry,y|PLry2y =

PLn(ru2uy-

2.3 Problem formulation
In this paper, the coverage is maximized by jointly optimizing the coverage radius of UAV (R) and the

distance between the TUAV and UAV (dry,p)- In other words, our target is to maximize the number of
covered users (N) per UAV under the power budget and maximum UAV height constraints. The problem
is formally written as follows:

max N (14)

N,Bixixy,huav.hruav

Subject to constraints:

C1:SNRy >T (15)

C2: SNRyyy > T (16)

C3:(x; —xp)?>+ (i —yy)* <R*+ M —-pB) Viel (17)
C4: (xy — x70)? + Yy — Yru)? < dryau” (18)

C5: Pr(A2G) < Py (19)

C6: Pp.(TU2U) < Prax (20)
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C7: hyavmin < hyav < hyavmax (21)

C8: hryavmin < hruav < Rryavmax (22)

We aim to maximize the number of users (N) covered by UAV in (14) under the constraints of transmit
power and UAV height. C1 ensures that the user received SNR should be greater than the SNR threshold
T4, - Therefore, the user is considered inside the UAV coverage. C2 imposes that UAV received SNR
should be greater than the SNR threshold Ty, for considering the UAV is inside the TUAV coverage. C3
assures that the user is inside the UAV coverage when located within the distance R from the UAV
center(xy, yy). Here B € {0,1} is a binary variable; M is a large constant to satisfy C3. C4 imposes that
the UAV inside the TUAV coverage when located within the distance d;y,y from the TUAV
center (xry, yry). C5 assures that the user power should not be greater than the maximum allowable
transmission power. C6 assures that the TUAV power should not be greater than the maximum allowable
transmission power. C7 implies that the UAV altitude must be within the region[hy sy min ; Puavmax]- C8

implies that the UAV altitude must be within the region[hyavmin; Aruavmas)-

3 . The proposed 3d placement of UAV

It can be noticed that the UAV height is a joint variable between constrains equations of each optimization
problem. Therefore, the 3D placement of the UAV is decoupled to the vertical and horizontal placement for
simplicity. First, the vertical placement aims to find the optimum UAYV heights for the maximum coverage
radius. Since the coverage area of a UAV is considered as a circular disc. Therefore, the horizontal

placement aims to find the center of the circular disc.

3.1 Altitude Optimization for Maximum Coverage

In the case of the TU2U2G system, the optimum height of the UAV is constrained by the maximum
allowable path losses of the A2G link and TU2U link. Therefore, in the following the optimum UAV height
for each communication link is separately obtained. Then, the final optimum UAV height for each system

Is obtained using the proposed algorithm.
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311 Finding the UAV height for maximum coverage radius between UAV and ground user

The optimal altitude that results in the maximum coverage region can be found by the first derivative g—s =

0. The optimal elevation angle 8,pr depends on the type of environment [4]. The radius of the coverage

area at 8,pr can be calculated from (4) .The hy,, that maximizes the coverage region is given by (24).

ntan(6ypr) aAZGbAZGAe(—bAzG[%PT—aAzG]) 0}

arg maxgy PLyyg (hUAVre) = {QOPT: 91n (10) [1+ aAZGe(—bAzc[eopT—aAzc])]z =

(23)
Proof: Appendix A

hyav = R *tan(Oppr) + hyns (24)
3.1.2 Finding the UAV height for maximum distance between TUAV and UAV

For a maximum allowable path loss between TUAV and UAV, the optimum angle a,prthat maximizes
dryzpcan be calculated from (25). The value of a,pr=0 which means that the maximum distance between
TUAYV and UAV is achieved when they are at the same level. The maximum distance of d;y,yat agpr Can
be calculated by (6). Then, optimum altitude difference between TUAV and UAV (Ah) is obtained by (26).
arg maxgy PLTUZU(hTUAV' hyav, a) = {agpr = 0} (25)
Proof: Appendix B
Ah = dyyy * tan(appr) (26)

3.2 Horizontal placement of UAV

The proposed horizontal placement aims to maximize the possible number of enclosed users considering the
maximum allowable distance of d;y,y. This is done by searching for the center of the coverage region under
Constraints C3, C4. C3 assures that the user is inside the UAV coverage when located within the distance R
from the UAV center. While C4 assures that the UAV is inside the TUAV coverage when located within the

distance d;y,y from the TUAV center.
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3.3 3D placement algorithm

In the proposed Algorithm, step (1) obtains the optimum hy sy for maximum coverage radius R under constraint
C1.Itis calculated from A2G path loss by finding 6p Which is obtained by solving the problem in
(23). Then, substituting by 8opt in (24) to calculate R. Then, substituting by 8opr and R in (24) to calculate

hyay -

Step (2) obtains the optimum Ah for maximum distance between UAV and TUAV under constraint C2. It is
calculated by solving the problem in (25). Then, substituting by agpr In (6) to calculate dry,y-Then,
substituting by agpr and dry,y (26) to calculate Ah.

Step (3) calculates hy,y and hpy,y to satisfy the constraints C7 and C8. First, the maximum altitude
difference between TUAV and UAV (Ah,,,,) is calculated by:

Ahmax = hyav — hTUAVmax (27)
Where hryay,, .. is the maximum altitude of TUAV. Then, the optimum of hy 4, and hyy 4y are found under
the constraints of maximum and allowable height.

In Steps (4), (5), R and d;, are calculated for the new hy 4 and hpy 4y from (24) and (26) respectively.
Step (6) solves the problem (14) under constraints C3 and C4 to find the UAV horizontal placement. This is
done by searching for the coverage region center (xy, yy) that maximizes the number of users (N).it is solved

by branch and cut method [10].

Algorithm: Obtain Optimal 3D Location (d, R,Ary4v, hyav)

Input: A, B,asz6.b426:80pt:1Bs: MLos » Mncoss Amshruav,,,, » S Puavy, Pruave, Pusg,
Output: (d, R, hyav.hryav)

1 Obtainhy 4y

Finding 8, prby solving the problem in

(23).

Then, substituting by 8opr in (24) to calculate R.

Then, substituting by 8opr and R in (24) to calculate hy 4y .

2 ObtainAh

Finding a,prby solving the problem in (25).

Then, substituting by aprin (25) to calculate d;y,y -
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Then, substituting by apr and d;y,(26) to calculate Ah.
3 Calculate Ah,,,, = absolute value of (hyay — hryav,,,.)
If(Ah> Ah,p,)then

Ah = Ahpgy

hryav=hruav,,,,
else

Ah=Ah
If ( hyay>hg) then
If(Ah,,,,=0) then

hryav=hyav

else

hyav = hryav,,,, +Ah

hTUAV:hTUAVmax
end If
else
hryav=hyav +Ah
end If
end If
4 Obtain R from(24)
5 Obtain d from(26)
6 Solve a problem: obtain UAV coverage center (x, yy) and users’ coverage N by
solving the problem (14).

The worst-case complexity of the proposed algorithm is analyzed as follows. The complexity of Steps 1 to 5
is 0(n), Step 6 which is implements the branch and cut method is 0(2™) and each branching node complexity
is 0(nlog (¢71)) where ¢ is the accepted duality gap. Therefore, the complexity of Algorithms is O(n +
2"n3>log (¢71)).

4 . Numerical results

In this section, numerical results of UAV placement for the TU2U2G system are presented. The optimum
values of the distance between TUAV and UAV, and distance between BS and UAV, and the coverage

Radius of the UAV are discussed. In addition to that, a comparison between the TU2U2G and cellular
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systems is presented. The system parameters are listed in Tablel.

Table 1. The systems parameters

Frequency 5.8 GHz
hins 2m
hgs 35m

hrvav,,,. 100 m
hs 60 m
L, 6
G, 1.7
V3 67

To compare the TU2U2G system with the cellular system, both are simulated at different allowable path
losses. Fig.4 shows that, at the same allowable path loss, the distance between TUAV and UAYV in the
TU2U2G system is greater than the distance between BS and UAV in the cellular system. Also, the
coverage radius of the UAV in the TU2U2G system is greater than the cellular system as shown in Fig. 5.

It means that the TU2U2G system can extend the coverage better than the cellular system.

TU2U2G V.s. Cellular system
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FIGURE 4. Distance between BS and UAV, and distance between TUAV and UAYV at different path loss values
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TU2U2G V.s. Cellular system
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FIGURE 5. coverage radius of UAV for TU2U2G and Cellular system different path loss values

Fig. 6 and Fig. 7 show the 3D placement for the TU2U2G system and the cellular system respectively. The
simulation is done at The A2G path loss = 100 dB. While A2A is set to different Path loss values 110 dB,
115 dB, 120 dB, and 125 dB. The optimum altitude of the A2G link for PL=100 dB is 225.9m and the
coverage radius is 208.7 m. In the TU2U2G system, using TUAV with variable and high altitude allows the
UAV to reach the optimum altitude of the A2G link. However, in the cellular system, the maximum
coverage of the UAV is 70m. Fig. 8 shows the increase of UAV height and coverage with the increase of
the TUAV height. On the other hand, the antenna down tilting and the low height of the Base station limit

the UAV height to a max of 70 m which reduces the coverage radius of the UAV.

hTUAVm

=100 m ; 'l' i

20 ?7
s & /4

=100 ’;f , S
S / éf é
T o) -

0 2000 4000 G000 8000

Distance between TUAN and UAN (d) [m] ~

PL=115dB PL=120dB PL=125%dBE

PL=110dB

FIGURE 6. 3D placement of UAV for different Path losses
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FIGURE 8. TUAV height Versus UAV height and coverage
5. Conclusion
A new relay system TU2U2G that replaces BS with TUAV is proposed. In the proposed system, the TUAV
has advantages of variable height up to 100m and overcoming the problem of antenna down tilting. The 3D
placement algorithm of UAV relay stations that jointly optimize the transmitting power and relaying
distance for the coverage maximization is proposed. TU2U2G the system shows better results than the
cellular system in terms of optimum UAV height, maximum coverage radius, and maximum distance

between BS and UAV.
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APPENDIX
Appendix A:

o The optimum height of UAV (h) for maximum coverage radius (R) can be found by

oR 86 a0 otan'(%) R

differentiating R with respect to h (5) =5 %5 = 0. 8ince— = ———% = ——>1, then

optimum altitude can be achieved by searching for the optimum elevation angle a,prthat maximizes

(R). It is calculated by the first derivative

a_R — 0 :Eq.(A.1)
a0
Tl'tan(eop'r) aAZGbAZGAe(_bAZG[HOPT_aAZG]) — 0 Eq(AZ)
91n (10) [1+ aAZGe(_bAZG[HOPT_aAZG])]Z -

Appendix B:

e The maximum distance between TUAV and UAV (d;y,y) can be found by differentiating d 5y with

ddryzuy _ Odryzy | O _ 0 tan_l(d) _ _ druau :
respect to Ah  ( ) ) = e 30 = 0. Slncba(m 3Gn = dratean? > 1, then optimum

altitude can be achieved by searching for the optimum elevation angle a,prthat maximizes (d;y,p). It is

calculated by the first derivative (6) with respect to «

ddryay 0 Eq.(B.1)
da
ddryay _ 7 tan(aopr) ~ 0 Eq.(B.2)
oa 91n(10)
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