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ABSTRACT Utilizing unmanned aerial vehicles (UAVs) as relays has great potential owing to their high
mobility in communication networks. To fully exploit this mobility characteristic, we propose a UAV-
aided relaying scheme with a data ferrying protocol. By employing two UAVs, our proposed relaying
scheme performs virtual full-duplex (FD) transmission to increase the end-to-end spectral efficiency (SE)
performance. To further enhance the performance, we propose a center point adjustment algorithm and a
transmit power adjustment algorithm. We evaluate the performance of our proposed adjustment algorithms
by comparing the relaying schemes with and without the proposed adjustment algorithms. Simulation results
show that our proposed relaying scheme with our proposed adjustment algorithms can achieve higher SE

performance compared to conventional schemes.

INDEX TERMS UAV, relay, virtual full-duplex, spectral efficiency.

I. INTRODUCTION

Relaying has been extensively studied owing to its various
advantages in communication networks. Relaying is a com-
munication technique in which the relay assists in trans-
mitting the source’s information to the destination and has
advantages, such as coverage extension, path loss reduction,
and increased end-to-end performance [1], [2], [3]. Recently,
relaying has attracted attention owing to its utility in various
technologies, such as cognitive radio (CR), non-orthogonal
multiple access (NOMA), and device-to-device (D2D); fur-
thermore, it can satisfy the demand for coverage extension
when using mmWave in 5G [3], [4], [5], [6]. Relaying tech-
niques such as half-duplex (HD), full-duplex (FD), and vir-
tual FD have been proposed, depending on the transmittance
and reception of data. For HD systems [7], [8], [9], data
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transmission and data reception are performed separately by
dividing time and frequency resources, and various relay
selection schemes have been proposed to enhance the end-to-
end performance [8], [9]. Because the relay selection schemes
in [8] and [9] use buffers, transmitting data immediately
after reception is not essential, thereby increasing diversity
and end-to-end performance. However, despite various relay
selection schemes, HD has low spectral efficiency (SE) owing
to the pre-log factor caused by dividing resources. For FD sys-
tems, data transmission and data reception are simultaneously
performed at the same time and frequency. This simultaneous
transmission and reception causes self-interference (SI), and
studies have been performed to reduce SI [10], [11], [12].
However, it is difficult to completely remove SI owing to the
high power of the signal transmitted from the relay itself [5].
Additionally, practical application of FD is difficult because
of its expensiveness and complexity [13]. For virtual FD
systems, mimicking FD, data transmission and data reception
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are performed simultaneously to enhance the SE, whereas
the transmission and reception are performed separately by
different relays to avoid SI. Compared to SI, the occurrence
of inter-relay interference (IRI) is easier to prevent because
the separation distance between antennas is greater than that
in FD [14]. Regarding studies on virtual FD, such as [15],
successive relaying (SuR) was proposed that involves two
relays, each of which transmits or receives data alternatively.
Additionally, numerous relay selection schemes using buffers
have been proposed [16], [17], [18]. In [16], SFD-MMRS
scheme was proposed, which selects two relays that configure
the best source-relay and relay-destination links, respectively,
based on signal-to-noise ratio (SNR). In [17], a relay selec-
tion scheme named BA-SOR was proposed, which considers
IRI. Hence, a relay that configures the source-relay link is
selected based on the ratio of the transmitted signal power
to the interference signal power. In BA-SOR, an interfer-
ence cancellation (IC) technique that removes interference
larger than a certain intensity was considered. In [18], two
relay selection schemes were proposed to enhance the sum-
throughput. An optimization process for the transmit power
and relay selection was performed under the transmit power
limit and minimum required rate.

A. RELATED WORKS AND MOTIVATIONS

Recently, studies have been performed on the utilization of
UAVs as relays [19], [20] because of the reduced cost of a
UAV [3], [21] and compared to a conventional ground relay,
using a UAV is advantageous owing to its mobility. These
studies can be classified based on the method used to transmit
and receive data. In [22], when an HD relay (UAV) moves
along a circular trajectory, transmission time and transmis-
sion power are optimized to minimize the outage probability.
This process was performed in the Rayleigh channel and
Rician channel. In [21], when a UAV performs FD relay-
ing, its transmission power and trajectory were optimized to
maximize the system throughput. In [23], by employing the
SuR scheme in a UAV-aided relay system, the minimum rate
obtained by the user is maximized using power allocation
and relay selection. Additionally, IRI caused by simultaneous
transmissions was considered.

Various studies consider data ferrying and relaying in
combination when a UAV has a storage cache, such as
a buffer, and is employed in a delay-tolerant environ-
ment [24], [25], [26], [27], [28]. Studies combining data fer-
rying and HD relaying have been conducted [25], [26], [27].
In [25], for the circular motion of UAYV, the transmission time
is divided using the time-division duplex (TDD), and the UAV
receives and stores data from the source node for a certain
period of time, and then transmits the data to the destination
node. The transmission time and trajectory were jointly opti-
mized to maximize SE and energy efficiency (EE). In [26],
the TDD mode is adopted similar to [25] such that a UAV can
collect data from the source and forward the collected data
to the destination in the presence of an eavesdropper. The
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communication scheduling, transmit power, and trajectory
of the UAV were jointly optimized to maximize the secrecy
energy efficiency (SEE). In [27], for the rectilinear motion
of UAV, a multicasting scenario was considered in which the
UAV receives data from a base station, carries it for a certain
distance, and transmits the same data to multiple receivers.
To optimize EE and reliability, the energy minimization and
outage minimization problems were solved by considering
the data ferrying distance. In [28], the data ferrying tech-
nique was merged with a FD relaying system. When a UAV
moves rectilinearly, the transmission phase is divided into two
phases, in each of which the UAV performs FD relaying. The
objective was to enhance the EE by considering the motional
speed of the UAV. To the best of our knowledge, no studies
have combined data ferrying and virtual FD relaying for the
case of two UAVs used as relays moving along a circular
trajectory.

B. CONTRIBUTIONS

In this paper, a virtual FD relaying scheme with data ferrying
is proposed to enhance the system SE. Virtual FD relaying
simultaneously transmits and receives data; thus, it can have a
higher SE than HD relaying. Additionally, virtual FD relaying
prevents the ST occurring in FD relaying because transmission
and reception are performed by different relays. Additionally,
for data ferrying, SE can be increased by reducing the path
loss between the transmitting and receiving nodes. The main
contributions of this study are as follows:

o A relaying scheme that employs a virtual FD proto-
col and a data ferry is proposed to enhance the SE in
UAV-aided communication networks.

o To increase the end-to-end performance, methods for
adjusting the transmission power and center point
of the trajectory are proposed. By differentiating the
SNR and signal-to-interference-plus-noise ratio (SINR)
with respect to the transmission power and center
point of the trajectory, the corresponding variables are
adjusted.

o The simulation results show the effect of adjusting
the transmission power and center point of the tra-
jectory in relaying systems. Furthermore, the per-
formance of the proposed relaying scheme exhibits
a higher SE compared to the conventional relaying
schemes.

The remainder of this paper is organized as follows. In Sec-
tion II, the system model is presented. In Section III, our
proposed relaying scheme is introduced. In Section IV,
methods are presented for adjusting the transmission power
and center point of the trajectory to increase the perfor-
mance of our proposed relaying scheme. In Section V,
simulation results are presented to evaluate the perfor-
mance of our proposed relaying scheme using two of the
proposed adjustment methods. Finally, Section VI, con-
cludes the paper. Additionally, the main notations are given
in Table 1.
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TABLE 1. Notations.

Notation | Meaning
S Source node
D Destination node
R; i-th relay node (UAV), i € {1,2}
v Velocity of the UAV
H Height of the UAV
Center of the trajectory
r Radius of the trajectory
T Period
X; Position of node i
X; x coordinate of node i
0; Angle between R; and the y-axis
B Channel power at a reference distance
A Wavelength
[I11 2-norm distance
a Path loss exponent
Pg Transmit power of the source node
Py, Transmit power of the UAV
a? Noise power

FIGURE 1. Illustration of a UAV-aided communication network.

Il. SYSTEM MODEL

We consider a downlink UAV-aided communication network
in which UAVs are used as relays. As shown in Fig. 1, there
is a source node S, destination node D, and UAVs R; and
R», each containing a single antenna; thus, the HD mode can
be performed. The UAVs follow an energy-efficient circular
trajectory [25] at a velocity of v and height H. The UAVs act
as decode-and-forward (DF) relays; thus, each UAV that has
received data from S decodes and stores the data and then, for-
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wards the data to D. The center and radius of the trajectory are
denoted as C and r, respectively, and the UAVs are assumed to
rotate counterclockwise. The period T required for the UAV
to complete one round of the trajectory can be represented
as T=2mr / v. Without loss of generality, we consider the
Cartesian coordinates. The positions of S, D, and C can
be represented as Xs = (0,0,0), Xp = (xp,0,0), and
Xc = (xc, 0, H), respectively. As shown in Fig. 1, we assume
that r < xp / 2 and C is initially located in the middle of
S and D, ie., x4 = xp /2. If we assume that the two
UAVs R;, i = {1, 2} have moved for # seconds (0 <t <T),
the position of R; can be represented as Xg,(xc, 6;(t)) =
(xc — rsind;(t), rcosb;(t), H), where 0; (t) = 6; (0) + vt/r.
0; (t) represents the angle between R; and the y-axis at time
t. It is assumed that the direct communication between S
and D is negligible owing to the severe path loss caused by
long distances and obstacles [14], [22], [26], [29], [30]. Thus,
communication between S and D is assumed to be possi-
ble only via the UAVs. Accordingly, the ground-to-ground
communication link between S and D is not configured, and
each ground node can configure a line-of-sight (LOS) link
with each aerial UAV. We assume that the Doppler effect can
be ignored [21], [22]. Thus, a channel model can follow a
free-space path loss model, and the channel gain between
node i and node j can be represented as

gij =B X =X M
where B is the channel power at a reference distance of 1 m,
ie., B = (A/4n )2; A is the wavelength; X; and X; correspond

to the positions of nodes i and j, respectively; ||-|| denotes the
2-norm distance; « is the path-loss exponent and o = 2.

llIl. PROPOSED SCHEME

To enhance the performance of a UAV-aided relaying system,
we propose a scheme that considers virtual FD and data ferry-
ing in combination. Virtual FD can overcome the constraints
of HD by mimicking the FD. In this study, we apply the SuR
scheme [15] to our proposed scheme as a virtual FD.

Fig. 2 (a) shows the SuR scheme using two relays. The
total operating time can be divided into slot units, and com-
munication can be performed by dividing the slots into odd
and even. The SuR scheme can proceed as follows: In the odd
slot, R; can receive data from S and R, can transmit data to
D simultaneously. Excluding the first slot, Ry can transmit
data received from S in the previous even slot to D. In the
even slot, Ry can receive data from S and R; can transmit
data to D simultaneously. That is, in each slot excluding
the first slot, by utilizing two relays, one relay can perform
transmission while the other relay can perform reception in
turn so that the reception of data and the transmission of data
can be performed at the same time. Because the reception
and transmission are performed simultaneously, as shown in
Fig. 2 (a), IRI (dotted arrow) may occur in each slot; thus,
it is difficult to achieve exactly twice the HD performance.

Fig. 2 (b) shows data ferrying using a moving UAV that
relays data from S to D, each located terrestrially. From (1),
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(b) (©

FIGURE 2. (a) Successive relaying (SuR); (b) Data ferrying; (c) The proposed relaying scheme.

small distance between a moving UAV and ground node
corresponds to higher channel gain between them. Therefore,
if a moving UAV communicates with a ground node closer to
itself than the other ground node, a high channel gain between
the UAV and the ground node can be obtained. To exploit
this advantage, we adopt data ferrying using a moving UAV.
If a moving UAV enters the vicinity of S, it receives and
stores data from S until leaving its vicinity. Thereafter, the
UAV reaches the vicinity of D and transmits the stored data
until leaving its vicinity. Fig. 2 (b) shows the case where a
UAV in the vicinity of D transmits data to D. To establish
the criterion for determining the vicinity, we can use the
distance between the UAV and each ground node, i.e., S and
D.If | Xs — XRr|| < |IXR — Xp|l, then R is in the vicinity of S.
If |IXs — Xgr|l > | Xr — Xp|l, then R is in the vicinity of D.

Fig. 2 (c) shows the proposed scheme combining SuR with
the data ferrying used herein. Our proposed scheme uses two
moving UAVs to transmit and receive data simultaneously.
The section in which each moving UAV communicates with
a ground node can be adjusted using the above criterion. Thus,
for a UAV located at (0,7, H) to (0, —r, H) and rotating
counterclockwise along the trajectory, this section is defined
as the {S — R} section where it communicates with S. If a
UAV is located at (0, —r, H) to (0, r, H) and rotating coun-
terclockwise along the trajectory, the corresponding section is
defined as the {R — D} section where it communicates with
D. Finally, we can set 61 (0) = 0, 6, (0) = & and accordingly
01 (t) =vt/r, 0y (t) = + vt/r.

As shown in Fig. 2 (c), let us define a UAV close to S
as R; and a UAV close to D as Rj; therefore, Ry is in the
{S — R} section and R, is in the {R — D} section. Because
two moving UAVs were considered, each UAV can alter-
nate between the two sections. In {S — R} section, S and
moving R; can configure a link at each instance, whereas in
{R — D} section, moving Ry and D can configure a link at
each instance. Because R and R, simultaneously transmit
data and receive data, IRI can occur between R and R,, and
alink between R and R; can be configured. The channel gain
in each link can be represented by, respectively,

gsr, (xc,01) = B |Xs — Xg, (xc. 0| * (2

groD (xc. 62) = B | XR, (xc.62) — Xp|™“  (2b)
gRoR; =B (2r)7¢ (20)
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Because the distance between R; and Ry is |Xg, — Xg, || =
2r, the channel gain for IRI between R; and R, can be
represented as (2c). Using (2), the instantaneous received
SINR at R in {S —R} link and at D in {R, — D} link are
obtained by, respectively,

Psgsr, (xc, 61)

Ysr; (PR, Xc, 01) = (3a)
1 ( 2 ) 0,2 +PR2gR2R]

PR, gRr,D (xc, 62)
YRoD (PR, X, 62) = % (3b)

where Ps is the transmission power of S, PR, is the
transmission power of Ry, and o2 represents the power
of additive white Gaussian noise (AWGN). Particularly,
an IRI term appears in the denominator of (3a). Accord-
ing to (3), the SE of {S —R;} link can be obtained
using SEsg, (PRZ,XC, 91) = log (1 + VSR, (PRZ,XC, 91))
and the SE of {Rp, — D} link can be obtained using
SER,D (PRZ’ Xxc, 92) = logy (1 + YR,D (PR2, XxC, 92)).
Finally, the average SE of {S —R} link and average SE of
{R> — D} link can be represented as, respectively,

J— 1 7
SEsg, (PRZJCC) = ;/o SEsg, (PRQ, Xc, 9]) do;
1 Vs
= ;/o loga (1 + ysr, (Pr,. Xc, 61))d6)
(4a)
. 1 2
SER,p (PRZ, xc) == / SERr,D (PRz’ XC, 92) do,
1 7T27‘L’
= ;/ logs (1 + ¥R,D (PR, xC, 62))d62
’ (4b)

From (4) and information causalit_y [30], the average end-
to-end SE between S and D (SEsp (PRz,xc)) is deter-

mined by the minimum value between SEgg, (PRZ, xc) and
SER,D (PR2 , xc) .

SEsp (Pr,. xc) = min (SEgg, (PRr,,c) , SEr,p (Pr,. X))

(%)

The next section discusses ways to increase
SEsp (PR, xc).
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IV. ALGORITHMS FOR ENHANCING THE AVERAGE
END-TO-END SE

In this system, from (5), S_ESD (PRZ, xc) is determined by
the link with the lowest SE. If the minimum value between
S_ESR1 (PR2, xc) and S_ERZD (PR2, xc) increases, then the
average end-to-end SE (SEsp (PRZ, xc)) increases. Because
SE of each link can be represented by (4), we aim to improve
the average end-to-end SE by adjusting the center of the
UAV’s trajectory (xc) and the UAV’s transmit power (Pg,),
which affect each link’s SE.

A. CENTER POINT ADJUSTMENT ALGORITHM

In this subsection, a center point adjustment algorithm
is proposed to improve SEsp (PRz,xc). We assume
that Pr, is given and the center point can be shifted
along the x-axis. From Section II, the initial xc is
denoted as xicnitial. The initial performances of each link,
ie., SEsg, (Pr,,xM!) and SEg,p (PRr,,xM), were
compared and the x-axial movement direction of xc
was determined using the comparison results. The fol-
lowing three cases were obtained as the comparison
results: 1. S_ESRL (PRz’ xglitial) > SEr,p (PRZ’ xgﬁtial)’
2_' SESRI (PR_Q; xgntlal) _< SERQD‘(_P'sz xgutlal) 3.
SEgR, (PRz,xg““al) = SEgr,p (PRz,x‘C“mal). Henceforth,
we investigate the determination of x-axial movement direc-

tion of xc and optimal xc (xgp nma]) in Cases 1, 2, and 3.

]) CASE 1: ﬁSR] (PRZ,X(i:nitiaI) > ﬁRzD (PRZ,Xé:nitial)
The x-axial movement direction of xc is determined using the
following proposition.

Proposition 1: S_ERZD (PRZ, xc) is monotonically increas-
ing on xc = (—00, xp — r], and monotonically decreasing
on xc = [xp, 00). Additionally, ESR. (PRz,xc) is strictly
decreasing on xc = [xp /2, 00).

Proof: See Appendix A.

From (5), SEgp (Pg,, xc) is determined by the link with
the lowest SE. Thus, SEsp (Pr,. xc) increases as the min-
imum value between SEsg, (Pr,.xc) and SEg,p (PR, xc)
increases. As the constraint of » < xp / 2, xé{]i‘ial(z XD / 2)is
less than or equal to xp — r, i.e., xg‘i‘ial < xp — r. With the
Proposition 1, S_ERZD (PRz, xc) is monotonically increasing
on xc = (—00,xp — r]. Thus, when SEgg, (Pr,, xg‘iﬁal) >
SER,p (P, xg‘itial), the x-axial movement direction of xc is
determined as the positive x-axis (D-side). ‘

Furthermore, the distance moved by xc to attain xgp timal
must be determined. Thus, as xc moves toward D, the can-
didates for xgp mal e explored. If there is no intersection
between SEsg, (PR, xc) and SEg,p (Pg,,xc) while mov-
ing xc toward D, we only need to search xc such that
SER,p (PR, xc) has a local maximum (see Fig. 3 (a)). How-
ever, if there is an intersection between SEgg, (Pr,,xc) and
SER,D (PR, xc) while moving xc toward D, the x-coordinate
of intersection may not be equal to xgpnmal (see Fig. 3 (b)),
or it may be equal to xépnmal (see Fig. 3 (c)). Thus, we
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8 SEsg, (1 = 1300 m)
—— SERg,p (2 = 1300 m)
o local maximum
*  optimal
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*  optimal
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ze (m)
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FIGURE 3. Examples of SEgp and SEg,p when
SEsg, (PR2 ,xé“"ia') >SEg,p (Pr, ,xinitial) (a) The case that an
intersection does not exist. (b) The case that an intersection exists and

local maximum point is an optimal point. (c) The case that an intersection
exists and the intersection is an optimal point.

consider xc such that SEg,p (Pg,, xc) has local maxima and
xc such that SEgg, (Pr,.xc) and SEg,p (Pg,, xc) intersect
as candidates. After completion of the search process, xc
having the highest SEsp (PR2, xc) among the candidates is

. timal
determined as xgp mat
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2) CASE 2: SEg, (Pr,, xinel) < SEg,p (P, x(ie!)
The x-axial movement direction of xc is determined using the
following proposition.

Proposition 2: SEgg, (Pr,, xc) is monotonically decreas-
ing on xc = [r, 0o) and monotonically increasing on xc =
(—o00, 0]. Additionally, S_ERZD (PRZ, xc) is strictly increasing
on xc = (—o0, xD/Z].

Proof: See Appendix B.

From (5), SEsp (PRZ, xc) is determined by the link having
the lowest SE. Thus, SEgp (PRZ, xc) increases as the min-
imum value between SESR. (PRZ, xc) and SERZD (PRZ, xc)
increases. As the constraint of r < xp / 2, xm‘“al( XD / 2)
is greater than or equal to r, ie., r < x‘“mal Using
Proposition 2, SEgg, (Pr,.xc) is monotomcally decreas-
ing on xc = [r,00). Thus, when SESR] (PR xmmal) <
S_ERZD (PRZ, gmal), the x-axial movement direction of xc is
determined as the negative x-axis (S-side).

Furthermore, the distance moved by xc to obtain gp timal
must be determined. Thus, as xc moves toward S, the candi-
dates for xgp timal are explored. Herein, xc was determined to
be a candidate if ESR] (PRz, xc) has a local maximum or
S_ESR1 (PRZ, xc) and S_ERZD (PRz,xc) have an intersection.
After the completion of search process, xc which has the

highest SEsp (PRZ, xc) among the candidates is determined
optimal
as x¢ .

3) CASE 3: ESR] (PRZ,X(i:nitia[) = ERQD (PRZ,X(i:nitia])

Let us assume that the x-axial movement direction of xc
is the positive x-axis (D-side). According to the Propo-
sition 1, SEgr, (Pr,,xc) is strictly decreasing on xc =
[xp /2, 00). From (5), SEsp (PR,. xc) is determined by the
link with the lowest SE. Therefore, when xc = (xp / 2, 00),
SEsp (PR, xc) cannot be greater than SEsp (PRZ,xg‘iﬁal)
and it is independent of the increment in ERZD (PRZ, xc)
with x¢c = [xD/Z, ).

Furthermore, let us assume that the x-axial movement
direction of xc is the negative x-axis (S-side). According to
Proposition 2, S_ERZD (PRz, xc) is strictly increasing on xc =
(=00, xp /2]. From (5), SEsp (PR, xc) is determined by the
link with the lowest SE. Therefore, when x¢ = (—00, xp /2),
SEsp (PRz,xC) cannot be greater than SEgp (Pr,. xg‘iﬁal)
and it is independent of the decrement in SESR1 (PRZ, xc)

with xc = (—00, xp /2]. Finally, we can conclude that x!
Optlmdl

is x
4) A PSEUDO CODE FOR THE PROPOSED ALGORITHM

Algorithm 1 describes the pseudo code for the proposed
center point adjustment method. If SEsg, (Pg,. "““a]) >
SER,D (PR,, xM4l) (line 1), xc moves toward D as xc <
xc + Ax (line 9). Herein, if xc = [xp, 00), xc becomes
stationary and the loop ends (lines 6-8) because according
to Proposition 1, SEsp (PRZ, xc) is monotonically decreas-
ing on xc = [xp,00) as ESR. (PRz,xc) is strictly
decreasing on xc = [xp,00) and S_ERZD (PRZ,xC) is

VOLUME 11, 2023

Algorithm 1 Center Point Adjustment Algorithm

if SESR| (PRZ’ xlcnmal) > SERZD (PRZ’ xéntlal) then
while xc < xp do -
if xc is a local maximum point of SEg,p (P, . xc) then
insert xc in A
end if
if xc = xp
break
end if
xXc < xc + Ax
10:  if xg = xinersection then
11: insert xc in A
12: break
13: end if
14: end while
15: else if SEgg, (PR xmmal) < SEg,p (PR xmmal) then
16: while xc > 0 do L
17:  if xc is a local maximum point of SEgg, (Pr,.xc) then
18: insert xc in A

R A Al e

19:  endif
20:  ifxc =0
21: break
22:  end if

23:  xc < xc — Ax

24 if xo = xUeeCtion then

25: insert xc in A

26: break

27:  endif

28: end while

29: else

30: insert xc in A

31: end if

32: x Opumal <— argmax (mln (SESR1 (PRZ, l) SfERzD (PRZ, l)))

i€A

monotonically decreasing on xc = [xp,00) (see the
graph when xc > 1300m in Fig. 3). If xc attains the
local maximum of SEg,p (Pr,,xc) while moving toward
D (line 3), the corresponding xc is inserted into set A
(line 4). Additionally, if xc attains x¢¢i°n that denotes
the x-coordinate of the intersection between EMD (PRz, xC)
and S_ESR1 (PRZ, xc) while moving toward D (line 10), the
corresponding xc is inserted into set A (line 11). Herein,
xc becomes stationary (line 12). According to Proposi-
tion 1, SEgg, (Pr,.xc) is strictly decreasing on xc =
[xp /2, 00). Since xp /2 < xQersection, SEsR, (Pr,. xc) is
strictly decreasing on x¢ = [xg"ersecm’", 00). Thus, after
attaining xicme“wion SEsp (PRr,.xc) cannot be greater than
SEsp (Pr, ‘“te“ecuon) as SEgg, (Pr,,xc) is decreasing on
xc = [x‘cme“““o“, 00), independent of the increment in
SER,p (PR, Xc) on xc [xntersection | ) (see the graph
after the intersection in Flg 3 (b) and the first intersection
in Fig. 3 (¢)).

If SEsg, (PR, xM) < SEg,p (Pr,, xM%4) (line 15),
xc moves toward S as xc <« xc — Ax (line 23).
Herein, if xc = (—o0, 0], xc becomes stationary and the
loop ends (lines 20-22) because according to Proposition
2, SEsp (PRz,xc) is monotonically increasing on xc =
(—o00, 0] as S_ESR1 (PRZ, xc) is monotonically increasing on
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xc = (—00,0] and SEg,p (PR, xc) is strictly increasing
on xc = (—o00,0]. If xc attains the local maximum of
S_ESR1 (PR2, xc) while moving toward S (line 17), the cor-
responding xc is inserted into set A (line 18). Addition-
ally, if xc attains x{Mersecion while moving toward S (line
24), the corresponding xc is inserted into set A (line 25).
Herein, xc becomes stationary (line 26). According to Propo-
sition 2, S_ERZD (PRz,xC) is strictly increasing on xc¢ =
(—00,xp/2]. Since xé‘terswion < xp / 2, S_ERzD (PR, xc) is
strictly increasing on xc = (—o0, x‘cmer‘ecm’“] Thus, after
attaining xg“ersecnon SEsp (PR,, xc) cannot be greater than
SEsp (PR2 1mersm“’“) as SEg,p (PR, xc) is increasing on
xc (—oo0, x2tersection] independent of the decrement in
ESRl ( PRza XC) on xc = (—00 x(i:ntersection]

If S_ESR1 (PRza initial) — SERzD (PRza lmtlal) (line 29),
xgitial coincides with xOPtlmal Thus, xMtal j
A (line 30).

After the search process completes, the xc with the highest
SEsp (Pr,, xc) among the candidates in set A is determined

s x P (line 32).

is inserted into set

B. TRANSMIT POWER ADJUSTMENT ALGORITHM

In this subsection, a transmission power adjustment algorithm
is proposed to improve SEgp. Particularly, R, denotes the
UAV transmitting data within the {R — D} section; thus, the
UAV’s transmission power is denoted as Pr,. We assume that
xc is given and the transmission power of UAV is not greater
than that of S (Pr, =< Ps) [31]. The initial PR, is denoted
as P“"mll To enhance SEgp (PRZ, xc) the initial performance

of each link, i.e., SEsg, Pi{‘;“al xc ) and SER,p (P‘m“al xc),
is compared and PR, is adjusted according to the comparison
results. In each case, we use the following proposition.

Proposition 3: SER,p (Pr,, xc) is strictly increasing on
Pr, = [0, c0) and S_ESR1 (PRZ, xc) is strictly decreasing on
PR, = [0, 00).

Proof: See Appendix C.

Henceforth, we describ_e the adjustment of Pr, to deter-
mine the optimal PR, (P;I; tlma1) that enhances SEgp (PRZ, xc)
in each case.

1) CASE 1: SEgp, (P,;";“a',xc) > SEg,p (Pli{‘zitia',xc)

From (5), SEsp (PR,. xc) is determined by the link having
the lowest SE. Thus, SEsp (PR,, xc) increases as the min-
imum value between ESR. (PRZ, xc) and ERZD (PRZ, xc)
increases. From Proposition 3, S_ERZD (PRz,xC) is strictly
increasing on Pr, = [0, 00). Thus, in this case, we increase
PR, in order to increase SEgp (Pg,, xc)-

Based on Proposition 3, if there is an intersection between
S_ESRl (PR2, xc) and S_ERZD (PRZ, xc) while increasing Pg,,
then PR, such that S_E.SR1 (PRr,, xc) and SEg,p (PR,, xc) have
an intersection is Pgﬂmal (see Fig. 4 (a)). Therefore, the inter-
section point is discovered while increasing PR, . If there is no
intersection between S_ESR1 (PRZ, xc) and S_ERZD (PRz’ xc)
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FIGURE 4. Examples of ESRI and ﬁkzb when
ESRI P'I!I;Itlal Xc >§RZD Plltmtlal Xc
intersection exists. (b) The case that an intersection does not exist.

. (a) The case that an

while increasing Pg,, PRi™ that denotes the maximum Pg,
coincides with PoRzumal (see Fig. 4 (b)).

2) CASE 2: SEsg, (Pli{‘zitia',xc) <SE,p (P,;"zitia‘,xc)
From (5), SEsp (PR,. xc) is determined by the link having
the lowest SE. Thus, SEsp (Pr,. xc) increases as the min-
imum value between ESR] (PRz, xc) and ERZD (PRz, xC)
increases. Using Proposition 3, S_ESR] (PRZ,xC) is strictly
decreasing on Pr, = [0, 00). Thus, in this case, we decrease
PR, in order to increase SEgp (Pg,, xc)-

From Proposition 3, if there is an intersection between
SEsg, (PR, xc) and SERZD (Pr,, xc) while decreasing Pg,,
then Py, such that SEsg, (Pg,, xc) and SEg,p (P, xc) have

optimal
an intersection is P lz

Proposition 4: When SEgg, (Pg‘zi‘ia],xc) < SEgr,p
(Pg‘zitial,xc), an intersection between ESR1 (PRz,xc) and

SER,p (PR, xc) always exists on Pg, = [0, Pm‘“al)
Proof: Because of Pr, < Ps constraint, 1f we assume
that Pr, = 0, we have Ps > 0. From (3) and (4), when
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Pgr, = 0, we have SEg,p (Pr,,xc) = 0 and when Pg >
0, we have SEgg, (Pr,.xc) > 0. Thus, when PR, = 0,
we have SEgg, (PRz, xc) > SER,D (PRz, xc). Finally, when
SEsg, (Pi{gﬁal,xc)
between ESRL(,RRz» xc) and SEg,p (Pr,. xc) always exists
on Pg, = [0, Pi{‘;“al).

__Using  Proposition 4, an intersection between
SEsR, (PRZ, xC) and SEg,p (PRZ, xC) always exists on
Pgr, = [0, Pi{‘;“al). Hence, Py, such that SEgg, (Pg,, xc) and

== . . . poptimal optimal
SER,D (Pr,, xc) have an intersection is P and P

< SEgr,p Pi{gt‘al,xc , an intersection

always exists on Pg, = [0, Pg‘zi‘ial).

3) CASE 3: ESRI (PlthiaI,Xc) = ﬁRzD (Pli{]zitial,XC)
Let us assume that PR, increases (Pr, > Pi{g‘ial). Accord-
ing to Proposition 3, SEsg, (Pr,.xc) is strictly decreasing
on Pr, = [0,00) and S_ERZD (PRz,xC) is strictly increas-
ing on Pr, = [0, 00). Because SEgsp (Pg,,xc) is deter-
mined by the link having the lowest SE, SEsp (Pg,. xc) is
strictly decreasing on Pr, = [Pi{l;“al, 00). Therefore, when
Pr, = (Pg;tial, 00), ESD (PRz, xc) cannot be greater than
SEsp ( Pg;itial’ X CP

Furthermore, let us assume that Pg, decreases (PR, <
Pi{‘;ﬂal). According to Proposition 3, SEsg, (Pr,.xc) is
strictly decreasing on Pr, = [0, 00) and S_ERZD (PRZ, x(;)
is strictly increasing on Pr, = [0, 00). Because
SEsp (PR,,xc) is determined by the link having the
lowest SE, ESD (PRz,xc) is strictly increasing_ on
[0, PRiiel]. Therefore, when Pr, = [0, PRI,

SEsp (PRz,xc) cannot be greater than SEsp (Pglzitial’ XC)~

Pr, =

Finally, we can conclude that Pg’;‘ial is Pﬁzﬁmal

4) A PSEUDO CODE FOR THE PROPOSED ALGORITHM
Algorithm 2 represents the pseudo code for the proposed
transmit power adjustment method. If SEsg, ( pglzitial’ X C) <
SER,D (Pglziﬁal, xc) (line 1), Pg, increases as Pr, < PR, +
APg, in order to increase SEgp (Pg,, xc) (line 3). According
to the transmit power constraint of the UAV (PR, < Ps),
the increase in Pr, is considered on PR, = [Pi{‘zitial, Ps]
(line 2). Let Pg‘;erse“i‘m denote Pg, such that SEgg, (Pr,. xc)
and S_ERZD (PRZ, xc) intersect. If Pr, attains Pg‘ztersecfi"“ Wh.ile
increasing Pr, (line 4), the loop ends because Pi{’zterse‘mo“

is Pgﬁmal (line 5). After the loop ends, the current Pg, is

determined as PORp timal (line 8).

If SEsg, (P{gziﬁal, xc) < SEg,p (Pglziﬁal, xc) (line 9), Pr,
decreases as Pr, <« Pr, — APR, in order to increase
SEsp (Pr,.xc) (line 11). Herein, the decrease in Pg, is
considered on Pg, = [0, P;{‘;“a‘] (line 10). If PR, attains
Pi{”ersw‘on while decreasing PR, (line 12), the loop ends (line
13). After the loop ends, the current Pgr, is determined as

PRI (line 16).
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Algorithm 2 Transmission Power Adjustment Algorithm
if ﬁsm (Pg'ziﬁal, XC) > ERzD (szitial’ xc) then
while Pr, < Ps do
PR2 <~ PR2 + A]_)Rz
if PR2 — Pglztersectlon then
break
end if
end while

optimal
P R, <~ P Ry

else if S_ESR1 (Piﬁlzi[ial, xc) < S_ERZD (Pglzmal, xc) then
10:  while Pr, > 0 do
11: Pr, < Pr, — APg,

PRI ERN

2

12: if Pr, = PRlerection then
13: break
14: end if

15: end 'wlllile
. optimal

16: PRz <~

17: else

18: Poptimal < Pr
: 2

19: end if

TABLE 2. Simulation parameters.

Parameter | Value

Xp 400~1600 m
Pg 01W

Pg, 0.025 W

Xc Xp/2

B -60 dB

o? -110 dBm

a 2

If ESRI (P Eﬁala XC) = ﬁRzD (Piﬁ]zitial, xc) (line 17), the

) ) ) Sl . timal
adjustment of PR, is not considered because Pi{‘;“al is PE‘; mat

and the current PR, is determined as PORI; timal (line 18).

V. SIMULATION RESULTS

In this section, we evaluate the performance of the pro-
posed relaying scheme, center point adjustment algorithm
and transmit power adjustment algorithm. The main sim-
ulation parameters are given in Table 2. The distance
between S and D is assumed as 400~1600 m and denoted
as xp (|| Xs—Xp|l = xp). The transmission power of S is
assumed constant at Pg = 0.1 W. In Section III, UAVs close
to S and D were defined as R; and Rj, respectively, i.e.,
R; denotes the UAV that transmits data within the {R — D}
section; thus, the transmission power of the UAV is denoted
as Pg,. We assume that the initial transmission power of R;
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FIGURE 5. Spectral efficiency of each link with varying r and xp.

is Pr, =0.025 W. As shown in Fig. 1, the x-coordinate of the

initial center point is set to xc = xp / 2. The channel gain at

the reference distance is 8 = —60 dB and the noise power is
2 =-110dBm.

Fig. 5 shows the average SE of {S —R;} link (SEsg,)
and the average SE of {R, — D} link @RQD) of the pro-
posed relaying scheme for varying xp and trajectory radius r.
In Fig. 5, I and I represent the intersection points of S_ESRl
and S_ERZD for r = xp / 2and r = xp / 3, respectively. If the
x-coordinates of intersection points I and I are defined as
x1, and xi,, respectively, we can determine that x;, < xj,
because a decrease in r increases IRI, thereby causing a
decrease in SESR1 based on (3a) and (4a). For r = xp / 4,
the intersection point of SESRl and SERZD is not indicated
in Fig. 5 because xp only up to 1600 m was considered in
this simulation. As shown in Fig. 5, each S_ERZD decreases
as xp increases because the strength of the received signal
at D decreases as xp increases while PR, is fixed. Further-
more, each S_ESR1 increases up to a certain point and then
decreases. From (3a) and (4a), it can be observed that the
factors affecting S_ESR1 can be IRI and the strength of the
received signal at Ry. As xp increases, IRI and the strength
of the received signal at R decrease (in the case of IRI, the
increase in xp leads to an increase in r and which causes
a decrease in IRI). A decrease in IRI causes an increase in
SEgR,, and a decrease in the strength of the received signal at
R causes a decrease in ESR] .InFig. 5, S_ESR1 increases up
to a certain point, indicating that IRI is the dominant factor
affecting SEgg, in the corresponding range. Additionally,
because S_ESRl decreases after a certain point, the dominant
factor affecting S_ESRl is the strength of the received signal at
R; in the corresponding range. When xp is relatively small
(i.e., below a certain point), ESR] is greatly affected by IRI
because of its large magnitude, and when xp is relatively large
(i.e., after a certain point), IRI is small and S_ESRl is less
affected by IRIL Despite the transmission power of S being
higher than that of R, SESRl < SERZD range always exists
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FIGURE 6. Spectral efficiency of the proposed relaying schemes with and
without the center point adjustment algorithm.

in all cases because, unlike ﬁRZD, ESR1 is degraded by IRI
according to (3a) and (4a).

Fig. 6 compares the average end-to-end SE (S_ESD) with
and without the center point adjustment algorithm for varying
xp and r. For brevity, the cases with and without the cen-
ter point adjustment algorithm are represented as optimized
center (OC) and fixed center (FC), respectively. Our pro-
posed center point adjustment algorithm compares S_ESR1 and
S_ERZD and moves the center point based on their comparison
results to increase SEgp. The comparison results of SESR.
and SERzD can be obtained from F1g 5. For SESR1 < SER,D.,
our proposed algorithm increases SESD by moving the center
point toward S and for SESR1 > SERZD, our proposed algo-
rithm increases SEgp by moving the center point toward D.
For S_ESR] = S_ERZD, the center point is not moved because
the initial center point is optimal. The arrows in Fig. 6 indicate
the points at which xp = x1, and xp = xp,, respectively. For
S_ESR1 = S_ERZD, the initial center point is optimal, thus it can
be observed that S_ESD of OC and FC are the same at xp = xj,
and xp = x,. Simulation result shows that OC has higher or
equal performance than FC in all range of 400 m < xp <
1600 m.

Fig. 7 compares the average end-to-end SE (ﬁgp) of
optimized power (OP) case with our proposed transmit power
adjustment algorithm and SEgp of fixed power (FP) case
without the proposed algorithm. Simulation results indicate
that the performance of OP is greater than or equal to that
of FP in all ranges of 400 m < xp < 1600 m. According to
our proposed algorithm, SEsp increases with decreasing PR,
when S_ESR1 < S_ERZD, and S_ESD increases with increasing
Pr, when S_ESRl > S_ERZD The arrows in Fig. 7 indicate the
points at which xp = xy, (x,). According to our proposed
algorlthm SEgp of OP and FP are equal when SESRl =
SERZD because the initial PR, is optimal Pg,. Note that when
S_ESRl < S_ERZD, our proposed algorithm increases S_ESD by
decreasing PR,, which means that a higher performance can
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FIGURE 7. Spectral efficiency of the proposed relaying schemes with and
without the transmit power adjustment algorithm.
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FIGURE 8. Spectral efficiency of the proposed relaying schemes versus
conventional relaying schemes.

be obtained even though less transmission power is utilized.
This is because when Pg, is high, S_ESR1 decreases as IRI
increases owing to (3a) and (4a). Therefore, adjusting the
transmission power of this system is crucial to transmit data
in an energy-efficient manner.

Fig. 8 shows the average end-to-end SE @SD) of the
proposed schemes and conventional schemes. The following
are the two proposed schemes: one for adjusting the center
point (OC) and the other for adjusting the transmission power
(OP). It was assumed that r = xp / 2 for each case. The
following are the two conventional schemes: mobile HD and
static SuR [15], [25]. For mobile HD [25], it was assumed
that one UAV operating the HD protocol follows a circular
trajectory. Because this scheme optimizes the radius of the
trajectory to maximize the average end-to-end SE, SEsp was
measured using this optimized radius. For static SuR [15],
two terrestrial relays were employed. The position of each
relay was set to (xp / 2,r,0)and (xp / 2, —r,0), respectively;
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thus, the distance between relays was 2r. For all xp within
the given range, the proposed relaying schemes can achieve
a higher SE performance compared to conventional relaying
schemes. As the HD relaying scheme divides the time slots
based on the {S — R} range and {R — D} range, the SE
performance degrades. For static relaying, the performance
is degraded by the path loss that occurs depending on the
distance between the relay and target.

VI. CONCLUSION

In this study, a virtual FD relaying scheme for UAV-aided
communication networks is proposed. Two UAVs moving
along a circular trajectory were used as relays, and the virtual
FD relaying scheme was combined with data ferry technology
by utilizing the high mobility of the corresponding UAVs.
Furthermore, we verified that variations in the center point
of UAV trajectory and the transmission power of UAV vary
the SE performance by differentiating the SNR or SINR with
respect to the center point of trajectory or the transmission
power. Subsequently, the center point adjustment algorithm
and the transmit power adjustment algorithm were proposed,
which increase the proposed relaying scheme’s performance.
In future work, jointly optimizing the center point of the
trajectory and the transmit power of the UAV may be investi-
gated to increase the system performance.

APPENDIXES
APPENDIX A
PROOF OF PROPOSITION 1
For convenience, the notations of variables are omitted; for
instance, yr,D (Psz Xc, 92) —  YR,D> SER,D(PR,, xC, 62)
—  SEg,p, and S_ERZD (PRZ’ xc) — S_ER2D~ SE;,
where £ € {SRy,R;D} is a logarithmic function, i.e.,
SEx = log, (1 + yx). The logarithmic function, f =
log, (x), (a > 1) is a strictly increasing function on x =
(0, 00). Accordingly, SE is a strictly increasing function on
vk = (0, 0o). Henceforth, we differentiate y; with respect to
Xc to examine the increase (or decrease) of y, SEy, and SEy.
First, using quotient rule, the differentiation of yr,p with
respect to xc can be represented as

0

% YR,D

—2PR,B (xc —xp — rsinb,)

o2 {(xc —xp — rsin 62)% + (rcos6p)? + H2}2,
(A1)

where m < 0, < 2.

The maximum value of the numerator of 9 /dxcyRr,p is
—2PR, B (xc — xp) when 6, = 2. If the maximum value
of the numerator is less than or equal to 0, then any value
of the numerator is less than or equal to 0. Because the
denominator of 9 / dxcyr,D is always greater than 0, when
—2Pg,B (xc —xp) < 0, the value of 8 /dxcyR,p is either
negative or 0. Because the derivative 9 / dxcyr,p forxc > xp
is always negative or 0, yr,p monotonically decreases on
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0 y —Ps,B2
~~ VSR — )
PR, [(2r) {02 + ProB 2r) "2} {(xc — rsind1)? + (rcos61)? + H2}]

(C2)

xc = [xp, 00). Hence, SEr,p monotonically decreases on
xc = [xp, 0o) for any 6, within the range [, 2], and thus,
S_ERZD obtained by (4b) monotonically decreases on xc =
[xDp, 00).

In (A.1), the minimum value of the numerator of
3 /dxcyr,p is —2Pg,B (xc —xp +r) when 6, = 3m/2.
If the minimum value of the numerator is greater than or
equal to 0, then any value of the numerator is greater than
or equal to 0. When —2Pg, 8 (xc —xp +r) > 0, the value
of 0 / dxcyr,D 1is positive or 0 because the denominator of
d / dxcyr,D is always greater than 0. Because the derivative
3 /dxcyr,p for xc < xp — r is always positive or 0, yr,p
monotonically increases on xc = (—o0, xp — r]. Hence,
SER,p monotonically increases on xc = (—o00, xp — r] for
any 6, within the range [, 277], and thus, S_ERZD obtained by
(4b) monotonically increases on xc = (—00, xp — r].

Second, using the quotient rule, the differentiation of ysg,
with respect to xc can be represented as

0

%VSRl

_ —2Psf (xc—rsin6y)
{024 Py, B (2r) 2 H{(xc—r sin6y)2+(r cos 0))2 +H2}
(A2)

where 0 < 6; < .

In (A.2), ysRr, strictly decreases on xc = [rsinfj, 00).
When xc > xp/2, as the constraint of r < xp/2, xc >
rsinf; independent of 0, and thus, ysg, strictly decreases.
Hence, SEsg, strictly decreases on xc = [xp / 2, 0o) for any
01 within the range [0, ], and thus, S_ESR1 obtained by (4a)
strictly decreases on xc = [xp / 2, 00). [ |

APPENDIX B
PROOF OF PROPOSITION 2
For convenience, the notations of variables are omitted, e.g.,
¥sr, (Pry,xc,01) — ¥swr,» SEsr, (Pr,.xc,61) — SEsg,,
and S_ESR1 (PRZ, xc) — S_ESRl. Additionally, the infor-
mation mentioned in Appendix A has been omitted. From
(A.2), if 0, is within the corresponding range, the maximum
and minimum values of the numerator of 0 / dxcysr, are
—2PsfB (xc — r) when 6 = /2 and —2PsBxc when 6 =
0, respectively. If the maximum value of the numerator of
d / dxcysr, is smaller than or equal to 0, then any value of
the numerator is less than or equal to 0. The denominator of
3 /9xcysr, is greater than 0; thus, when —2Pgp (xc — r) <
0,0 / dxcysr, 1s negative or 0. Accordingly, when xc > r,
¥sr, monotonically decreases. Thus, ﬁSRl monotonically
decreases on xc = [r, o).

If the minimum value of the numerator of 3 /dxcysg, is
greater than or equal to 0, any value of the numerator is
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greater than or equal to 0. When —2Psfxc > 0, the value
of 0 / dxcysr, 1is positive or 0, because the denominator of
d / dxcysr, is greater than 0. Accordingly, when xc < 0,
¥sr, monotonically increases. Thus, S_ESR1 monotonically
increases on xc = (—o0, 0].

From (A.1), yg,p strictly increases on (—00,xp + 7 sinf].
When xc < xp / 2, as the constraint of r < xp / 2,xc < xp+
r sin 6, independent of 65, and thus, yg,p strictly increases.
Therefore, ERZD strictly increases on xc¢ = (—00, xp / 2.1

APPENDIX C

PROOF OF PROPOSITION 3

For convenience, the notation of variables is omitted; for
instance, ysr, (PRZ’ Xxc, 91) — ¥sR;> SEsr, (PR2, xc, 91) —
SEsg, . and SEsg, (Pr,,xc) — SEsg, . First, we differentiate
YR,D Withrespect to PR, to examine the increase (or decrease)
of ¥r,p, SER,D, and S_ERZD. The differentiation of yg,p with
respect to Pr, can be represented as

0
aP—RzVRZD
_ B
o2 {(xc—xp—r sin6)? 4 (r cos 62)? + Hz}z’
(C.1)

where m < 0, < 2.

Because the derivative 0 / 0PR, YR,D is always greater than
0, yr,p strictly increases on Pr, = [0, 00). Hence, SERr,p
strictly increases on Pr, = [0, co) for any 6, within the range
[, 2], and thus, @RzD obtained by (4b) strictly increases
on PR, = [0, 00).

Second, we differentiate ysr, with respect to Pg, to exam-
ine the increase (or decrease) of ysgr,, SEsgr,, and S_ESRI.
Using the quotient rule, the differentiation of ysr, with
respect to PR, can be represented as (C2), shown at the top of
the page, where 0 < 6; < 7.

Because the derivative 0 / 0PR,ysRr, is always less than
0, ysr, strictly decreases on Pr, = [0, oo). Hence, SEgg,
strictly decreases on Pr, = [0, 0o) for any 8; within the range
[0, 7], and thus, ESR1 obtained by (4a) strictly decreases on
Pr, = [0, 00). |
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