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ABSTRACT In this paper, an energy-efficient full-duplex (FD) unmanned aerial vehicle (UAV) relaying
network is proposed, where UAV acts as a mobile relay and assists information exchange between two
transceivers. Specifically, the load-carry-and-delivery scheme is applied to positively take advantage of the
time-varying channel gain in delay-tolerant networks; meanwhile, the FD communication policy is used
to potentially further increase the energy efficiency (EE). In particular, the self-interference channel gains
follow the complex Gaussian distribution instead of being constant. The EE is first rigorously derived
and then, the optimum flight speed is determined under the information causality constraint to maximize
the EE. Numerical results demonstrate that the proposed scheme outperforms the half-duplex as well as
static schemes in terms of the EE. In addition, the impact of the self-interference cancellation factor on the
EE is also demonstrated, which provides valuable insights for the system design of UAV-assisted relaying
networks.

INDEX TERMS Energy efficiency (EE), delay-tolerant networks, full-duplex relaying (FDR), load-carry-
and-delivery (LCAD), UAV.

I. INTRODUCTION In particular, compared to terrestrial communication systems,

Nowadays, commercial UAVs for various applications have
been developed, including UAV for smart agriculture/
forestry, security/fire monitoring and express transporta-
tion. As an emerging technique, UAV-integrated networks,
have attracted significant considerations [1], [2], espe-
cially for dire or human hard-to-reach communication cir-
cumstances (i.e. fire brigades, earthquake-affected area,
border detection, and remote sensing) due to their low-
cost property, deployment flexibility, and intrinsic mobility.

The associate editor coordinating the review of this manuscript and
approving it for publication was Yi Zhang.
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UAV wireless systems bring new advantages, such as supe-
rior link quality of ground node (GNs) communication
channels [2], and greater network flexibility with fully
controllable flight trajectories in three-dimensional (3D)
airspace [3]. UAVs-enabled communication is expected to
improve cellular offloading for the overloaded base stations
(BSs) and accelerate data collecting for the device-to-device
(D2D) communications in the forthcoming 5G networks.
The UAV relaying technique also finds its wide applica-
tions in assisting communication between two distant nodes
[4]-[7]. Fadel Adib in MIT Media Lab builds UAV-based
radio frequency identification devices (RFID) relay to track
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boxes that dramatically extends the range of RFID, and could
help retailers keep track of goods [5]. In [6], the authors
investigated a UAV-relaying IoT scenario for sensor data
collection. Therein, a relaying system was designed for envi-
ronmental monitoring in agricultural applications. There are
also some projects that provide Telemetry, Videolink over a
selected area between ground station and UAV on mission [7].

Though UAV relaying transmission brings opportunities,
it also encounters challenges. In practice, a UAV has a
confined serving duration due to the practical size, weight,
and on-board battery capacity. UAVs on the market today
(e.g. DJI, Yuneec, and UVify) generally have a battery size
of 2300-5400 mAh and flight duration of 5-30 minutes
[8]-[10]. Achieving energy-efficient transmission is particu-
larly urgent and critical in UAV-assisted networks. As a single
metric, energy efficiency (EE) characterizes the amount of
successfully transmitted bits per unit energy. In [11]-[13],
energy-efficient terrestrial half-duplex relaying (HDR) trans-
missions were investigated, where the transmitting power was
optimized. To effectively improve the energy efficiency for
slotted transmission, the optimal slot length maximizing the
energy efficiency is investigated in [13]. [14] and [15] focus
on the UAV’s trajectory design to maximize energy efficiency
by taking the UAV’s propulsion energy consumption into
account. However, the above researches consider direct trans-
mission scenarios. To improve the EE of aerial UAV relaying
networks, except power management, two extra following
methods are concluded [1], [4], [12], [16]-[18]. Firstly, care-
fully design the UAV flight behaviours (including flight dura-
tion and speed) when it executes a relaying mission [1], [12],
[16], [17]. It is because UAV flight behaviours are closely
related with the flight energy consumption which accounts
for the very great proportion in overall energy consumption.
Propulsion energy consumptions can be reduced with appro-
priate flight behaviours improvement. Secondly, schedule the
data transmissions [4], [18]. This benefits from the fact that
UAV is able to be adapted to the varying channel gains due to
its intrinsic nature, which allows the received messages to be
stored and forwarded until the UAV moves to an area with a
higher better channel gain.

UAV half-duplex relaying (HDR) has been widely inves-
tigated [4], [17], [19] and [20]. A joint trajectory and power
optimization was performed in [17] and [19] to respectively
maximize the network throughput. Instead of throughput,
in [20], the authors focus on maximizing the energy efficiency
for UAV-HDR network that employs circular UAV trajectory
and time-division duplexing (TDD). Compared with the full-
duplex relaying (FDR) scheme, HDR consumes longer time
duration to complete transmission. Scanning the open liter-
ature, the throughput of FDR networks have been proved
to outperform that of the half-duplex scheme in some com-
munication scenario (i.e. higher channel gains, lower self-
interference (S1)) [21]-[23]. However, they mainly focus on
the terrestrial relays (i.e. static relays). In [24], the full-duplex
relaying (FDR) transmission sum-rate under the transmit
power budget was investigated, where the self-interference
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channel gains were fixed, which may not be practical [25].
UAV-FDR communications have remarkable potential since
it allows simultaneous data receiving and transmitting on the
same channel. Hence, FDR is a preferable candidate for UAV-
assisted network due to the time efficiency. This motivates
us to investigate the UAV-FDR scheme, in the hope that the
network throughput can be efficiently improved while UAV
relay serving time can be reduced. There are few works on
UAV-FDR transmissions. The most relevant work is [16],
where the outage probability is minimized for full-duplex
UAV that works in the decode-and-forward (DF) relaying
mode. However, the authors assume that the self-interference
can be eliminated completely in a relay node, which may be
not realizable in practice, and energy consumption is neither
taken into account.

Additionally, the UAV’s intrinsic mobility feature allows
the transmitters to trace the channel variations and only
communicate when the channel quality becomes sufficiently
good [1], [12], [14], [18]. With regard to tracing and posi-
tively exploiting the channel variations during the commu-
nications, one effective method is to apply the load-carry-
and-deliver (LCAD) paradigm that was first proposed by
Cheng, et al. in [4], [18]. Very recently, Yong Zeng, et al. did
some innovative work on integrating LCAD into UAV HDR
networks [17], [20], where only the network capacity instead
of the EE is concerned. However, there are very few studies
on integrating LCAD into FD relaying networks. LCAD-
based FDR is particularly applicable to delay-tolerant and
energy-constrained networks, where messages can be stored
until the channels become better. To the best of our knowl-
edge, it is still an open issue regarding a detailed study of
energy-efficient FD UAV-assisted mobile relaying networks.
Specifically, each transceiver works in the FD mode, and
simultaneous data loading and offloading are enabled.

In this paper, we will answer two challenging questions
for such a system: 1) how fo formulate the EE that combines
multiple important metrics, including signal to interference
plus noise ratio (SINR) and flight power consumptions?
2) what are the impacts of UAV flight speed on the EE?
The above two questions are critical for practical engineer-
ing implementations. Specifically, our main contributions are
listed as follows:

° An FD UAV-assisted mobile relaying scheme is pro-
posed. In particular, the self-interference complex
fading coefficients follow the complex Gaussian
distribution instead of being constant.

. As key metrics, the loading and offloading SINR are
first analytically derived. Based on that, the cumula-
tive distribution function (CDF) and the overall EE
are formulated.

° For the FDR, the impact of the self-interference
cancellation factor on the EE performance is
investigated.

o The optimum flight speed is obtained by the
genetic algorithm and under the information causal-
ity constraint.
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The rest of the paper is organized as follows. In Section II,
the system and channel model is presented. The UAV-FDR is
presented in Section III. EE optimization problem formula-
tion and analysis are given in Section IV. The genetic algo-
rithm is applied to efficiently seek for the optimum solution,
which is verified with the Brute-force method. In Section V,
the numerical results are presented and analysed. The con-
vergence behaviour is also given. Section VI concludes this
paper.

Notations: The notations are listed in Table 1.

TABLE 1. Notations.

Notation
hii, i € {S, D, R}

Description

Rayleigh fading coefficient of the
self-interference loop at node <.
node i-node j free-space path-lose
(FSPL) at time ¢.

P; transmitting power at node <.

n; ~ N(0,0?%) additive Gaussian white noise with
power o2 at different nodes. For
notation simplification, we assume
the noise power is the same at dif-
ferent nodes, i.e. all equal to o2.
unit-power transmitted  signal
from node ¢ at time ¢.

Xq (t)

Il. SYSTEM AND CHANNEL MODEL

A. SYSTEM MODEL

A point-to-point communication in delay-tolerant device-
to-device (D2D) wireless networks is studied, where two
terrestrial transceivers, S and D, intend to exchange their
messages. Due to the severe path loss or the presence of
physical obstacles between S and D, a rotary-wing UAV flies
and acts as a mobile relay to assist message exchange. The
UAV works in an FDR fashion to fully exploit the relaying
capacity and further improve the energy efficiency of data
transmission. Specifically, we assume that each transceiver
is equipped with two antennas, one for receiving and another
for transmitting.

Second stage: First stage:

UAV loading/offloading
the signal from/to S

=25

UAYV loading/offloading the
signal from/to D

[ ) aN

® (S,0.H)

(=S0,0.H) s

N

4

D

FIGURE 1. Full-duplex UAV-assisted relaying system.
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\ Data loading
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As depicted in Fig. 1, a Cartesian coordinate system is

considered. S and D are respectively located at (Sp, 0, 0) and
(—S0, 0, 0). The UAV is equipped with the global position-
ing system (GPS) system and can automatically finish the
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designed airlines as well as automatically hover in need [26].
In this paper, the FDR UAV flies horizontally at a con-
stant altitude H and in straight lines back and forth at con-
stant speed v, as assumed in [20]. As such, extra energy
consumption due to descending/ascending operations and
acceleration/deceleration can be avoided. Without loss of
generality, the center, most left and right points of its tra-
jectory are pre-set as (0,0, H), (—So,0, H) and (Sp, 0, H),
respectively.

The UAV relay serving period completing information
exchange between S and D is equally divided into two stages,
i.e. the first stage (FS) and second stage (SS). Each stage
happens in one half-plane (see Fig. 1). We assume that it
takes the UAV § seconds to complete a one-way half-plane
trip. Correspondingly, the duration of each stage and serving
period are 26 and 48 seconds, respectively. Note that delay-
tolerant UAV-assisted communications have been adopted
in practice [12], [18], [27].1 Multiple consecutive serving
periods can be splited into a series of single period. The
analysis for each individual period is similar. As such, we
only take one period for illustrations. Note that our sce-
nario can be also applied to a stage consisting of multiple
time slots, where in each time slot, a message is delivered
between S and D.

Retum

Departure

| H
. |
Time | ! i I
]

intervals | 4— A5 —»u—(l—ﬂ)a—uh—a—/l)ﬁ—w—w —>':
| | i |
A ! A A

t=0 t=0 1=26

FIGURE 2. UAV flight process in the first stage.

The UAV movement in two stages are exactly symmetrical.
As depicted in Fig. 2, in the departure phase of the FS,
the UAV flies from (0, 0, H) to (Sp, 0, H). The time duration
of the departure phases can be calculated as A§, where A =
S(g/v is the fraction of flying. If vé > Sp (i.e. A < 1), the UAV
will be hovering at (So, 0, H) for 2(1 — A)§ seconds, after
which the UAV flies back to (0,0, H). In case that A = 1,
the hovering phase will be skipped. During the above process,
the UAV is closer to D than S. Afterwards, in the second stage
(SS) (i.e. when 26 < t < 44), the UAV is closer to S than D.
The details are omitted here.

B. CHANNEL MODEL
The UAV-to-D (or §) channel and the self-interference chan-
nels are all involved. We study the above channels as below:

11t has been shown that the larger delay comes at the benefit of a higher
spectrum efficiency [18].
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1) UAV-TO-D (OR S) CHANNEL

It can be noticed that in the first stage, when 0 < ¢t <
A4, the horizontal distance between the UAV and node D is
(So — vt) and the UAV-to-D distance dl/{,D(t) can be obtained
by vVH? + (So — vr)?. Similarly, when (2 — A)§ < 1 < 26,

the UAV flies from node D and dp,,(f) can be expressed as

VH? + [v(t — 8)]?. Hence, we have

dpp(1)

VH?2 4+ (So—vt)?, 0<t<As,
H

= , A <t <(2—A), 1)

VHZ +[v(t =82, Q2 —1)8 <t <?26.

The UAV channels are mainly dominated by the line-
of-sight (LOS) component [14], [17], [18]. Although there
may be limited multipath fading due to ground reflections,
it occurs with a low probability. Furthermore, the Doppler
effect due to the UAV mobility is assumed to be per-
fectly compensated [12], [14]. The UAV-to-D FSPL can be
obtained as

1
hrp(1) = /W, when 0 <t <28, (2

PL(do)
dg
is a constant used in the log-distance path loss model with

PL(dp) the linear path loss at a reference distance dy. Without
loss of generality, we assume that all channels are reciprocal.
In the following, without loss of generality, G is normalized
to unity and a is set as a = 2. Let h,,(¢) represent the
channel gain in the mth (m € {1, 2, 3}) phase. m = 1,2,3
respectively represent the departure, hovering and phase.
We have

where a denotes the path-loss exponent and G =

hrp(t)
(o) = L 0=r=m,
{m
= hz(t)=ﬁ, A8 <t <(2— M8,
h3(t) = : , (2—M8 <t <?26.
H? + [v(t — 8§)]?

3
Due to the symmetry of the UAV movement in the FS and

SS, UAV-to-§ distance in the second stage, denoted by d gR(t),
can be given by
ng(t) = dpp(t —28), when 28§ <t <45. 4)

Correspondingly, the S-to-UAV FSPL is given as

hen(t) — 1 A 1
ST TN Gldl P~ digt)’
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when 26 <t <445. (5)

2) THE SELF-INTERFERENCE CHANNELS

Let hss, hpp, hgg represent the SI Rayleigh fading coeffi-
cients at node S, node D, and the UAV respectively. Assume
that |hRR|2, |hDD|2, |hSS|2 are exponential fading power
gains [25]. The probability density functions (PDFs) are
denoted by, respectively,

1L -3
‘f“’lRR|2 () = ;e aE
X
1 -5
_ o,
flhl)l)\2 0= ;e g
y
13 ;
f\hssl2 @) = ;e o ©)
z
where 02, 62, o2 represent the variances of |hgg|2, |hpp|?
x» 0y, 0, T€p RR|"> |NDDI|”,

|hss|?, respectively.

1ll. UAV-FDR COMMUNICATION

The LCAD scheme [18] is applied to fully exploit the channel
variations. Specifically, the data will not be transmitted until
the channel is advantageous (or equivalently, the UAV is
closer to one node). Additionally, bidirectional communica-
tion is performed. That is, in the FS, the UAV only communi-
cates bidirectionally with D. While in the SS, the UAV keeps
communicating bidirectionally with S. Specifically, in the FS,
the UAV simultaneously loads signals from D and offloads
the previously received signal from S to D. In the SS, the
UAV loads the signal from S while offloading the previously
received signal from D to S. Based on the above analyses, 28
also represents the data transmission delay.

In this section, we take the first stage as an example
to illustrate the communication scheme. The signal model
and formulations in the second stage can be obtained by
exchanging “S” with “D” in the corresponding notations.
The detailed offloading and loading schemes in the first stage
will be respectively presented in subsections III-A and III-B.

A. DATA OFFLOADING

We assume that the amplify-and-forward (AF) policy is
employed at UAV relay, which works in the full-duplex mode.
Though the self-interference exists, it can be eliminated by
an echo canceller [28], a phase conjugate array [29] or a
retrodirective antenna [30]. Specifically, the signals received
at the receiving antenna are first partially eliminated before
being forwarded to the next receiving node [24].

The signal received by the UAV relay is

xXr(t) = v/ Brs(0)ys (¢ — 26),

where yISe(t — 2§) is the received signal at the UAV in the
previous stage and can be represented as

Yt = 28) = /Pshsr(t — 28)xs(1 — 25)
++/ kPrhgrrxgr(t — 28) + ng, (8)

where k is the self-interference cancellation factor, the defi-
nitions of Pg, hsp(t — 26), xs(t — 26), Pr, hgr, xgr(t — 28) and

0<t<24, )
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ng can be referred to Table 1 for details; Bps(¢) represents the
power amplification factor at the UAV when it is in the FS
and can be achieved as

PR
Ps |hsg(t — 26)* + kPg |hgg|* + 02
The deduction for (9) is illustrated as below. Given that the

transmitting power at the UAV is Pg, it is required that the
amplified signal power equal Pg, i.e.

Brs(OE(yS(t — 28)1%} = Pg, (10)

where [E{-} is the expectation operator and |z| means the
amplitude of z. Then, by combining (8) and (10), we
have (9).

The received signal at D is given as

yp(t) = kPphppxp(t) + hrp(t)y/ Br)ys (1 — 268)
+np, whenO <t <28 (11)

where Pp is the transmitting power at node D, hpp represents
the Rayleigh fading coefficient of the SIloop at node D, xp(?)
is the unit-power transmitted signal from D, hrp(t) is given
in (2), np is the AWGN noise at D.

Brs(t) = 9

B. DATA LOADING
The signal received by the UAV in the FS is expressed as

YR,Fs(t) =/ Pphrp(Oxp(t) 4+ / kPrhgrrxr(t) + ng,
when 0 <r <25, (12)

where xg(¢) and ng can be referred to Table 1 for details.
Additionally, the loading SINR, denoted as yjpaa,rs(t),
is calculated as
Pp |hgp(t)|*
kPg |hg|* + 0
where hgp(t) is the FSPL defined by (3).

Vioad Fs(t) = ,when 0 <t <28, (13)

IV. EE FORMULATION AND ANALYSIS

Note that though the UAV flight behaviour is symmetrical
in the FS and SS, data offloading/loading data rates are not
necessarily identical, depending on whether the transmitting
power at S and D takes the same value. Hence, the EE for
the whole period, instead of one stage, will be analysed in the
following. We first analyse the overall energy consumption
and the sum-bits, based on which the EE is formulated. The
optimal flight speed maximizing the energy efficiency is also
investigated.

A. ENERGY CONSUMPTION ANALYSIS
The overall energy consumption consists of UAV propul-
sion power consumption, communication power consump-
tion as well as SI power consumption. We assume that the
communication power consumption and SI power consump-
tion are negligible compared to the UAV propulsion power
consumption [31].

The average sum power consumption P;,, can be given as

I_)tot = AP() + (1 — M) Ppover, (14)
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where P(v) and Pjgyer are flying and hovering power con-
sumptions, which are given as [31]

PO P(1+3v2)+P( - v4 v? )72
V) = — ; _——
0 Ut%p ' 4yg* 22

1
+§fopsAv3, (15)
and
Phover =P0+Pi’ (16)

respectively. To be specific, Pg and P; in (15) and (16) rep-
resent the blade profile power and induced power under the
hovering state, respectively. They can be formulated as [31]
W3/2

P; _(1+kh)m. a7
In (15)-(17), Uyp, vo are tip speed of the rotor and mean rotor
induced velocity in the hovering state, respectively; fo, s and
p are the fuselage drag ratio, rotor solidity and air density,
respectively; R, is rotor radius (measured in meter); € is
profile drag coefficient; €2 is the blade angular velocity in
radians; kj, is the incremental correction factor to induced
power; W is the aircraft weight in Newton; and A is rotor
disc area [31]. Finally, the average energy consumption can
be calculated as

Eior = Piotds = 481 - P0v) +48(1 — 1) - Phover.  (18)

&
Py = gpsAQ3R31,

B. OFFLOADING SUM-BITS DERIVATION

1) OFFLOADING SINR FORMULATION

Under the AF relaying protocol, offloading SINR is an impor-
tant metric in measuring the instantaneous channel capacity.
Detailed offloading SINR derivations in the FS are illustrated.
The offloading SINR in the SS can be obtained by exchanging
“S” with “D” in all the following notations. We ignore its
details.

In the first stage, the SINR is calculated as the power of
xs(t —26) divided by the interference and noise power in (11).
From (8) and (11), it can be obtained that the offloading SINR
can be represented as

Cl
Y, ,Fs(t) = ,
o calhrr|? + c3lhpp | + calhgr*lhpp|? + cs
when 0 <1 <28, (19)
where

c1 = PgrPslhgp(t)* |hsg(t — 28)?,

2 = |hgp(t)|*kPg* + kPgo?,

c3 = |hsg(t — 28)|*kPpPs + kPpo?,

c4 = k2PDPR,

¢s = Prlhgp(t)]*0* + 0*Ps|hsg(t — 28)* + 0. (20)
The rate on the D — to — UAV channel is

Cop.ps = Blog(l +y,5 ps(), 0<1<28, (21)

where B is the bandwidth.
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An outage event occurs on the S —fo— UAV or D—to— UAV
channel when the fixed data transmission rate Ry is larger
than the achievable rate. Let §=20/8 — | and the probability
that the D — to — UAV offloading SINR is less than 6 can be
calculated by

Prou = {Voﬁ',FS < 6}. (22)
Then the CDF of Cy rs can be expressed as

‘dd > —c3y
Fi@)=e¢ & + / —e F o e dy,  (23)

c1/f—=cs

where y = IhDD| , 6 = C1/0 — ¢s5, Caq = o

(i.e., the solution of Z — ¢5 — c3y = 0).
Proof: Please refer to Appendix A.

2) ACCUMULATED OFFLOADING SUM-BITS
LetAs,; . represent the sum bits of data offloading when the
UAV is in flying and hovering states in the FS,

26
AZOﬁC,FS = / (1 — F1(0)Rodr. (24)

LetAsy,; o represent the sum bits of data offloading when the
UAV is in flying and hovering states in the SS.

45
Ao ss = / (1 — F2(0))Rodt, (25)
26

where F>(0) is the offloading CDF in SS states, which can be
obtained by exchanging “Pg”” with “Pp”’.

Correspondingly, the final sum-bits in one complete
period are

AE = AZOﬂ,FS +AZOﬁ,SS' (26)

C. LOADING SUM-BITS DERIVATION
The CDF of yjpqq,Fs in the FS can be expressed as
Pn\higr)(f)lz 2
Fioad1(0) = e ot 27
Proof: Please refer to Appendix B.

LetAy,,,, rs represent the sum bits of data offloading when
the UAV is in flying and hovering states in the FS,

26
AY-load Fs = / (I = Fioaa1(8))Rodt. (28)

LetAsx,; ¢ represent the sum bits of data offloading when the
UAV is in flying and hovering states in the SS.

45
AZOﬁ”,SS = /(1 — Floaa2(0))Rodt, (29)
28

where Fjyq42(0) is the offloading CDF in SS states, which can
be obtained by exchanging “S” with “D”.

74354

D. EE OPTIMIZATION PROBLEM FORMULATION

AND SOLVING

Based on the above derivations, the resulting EE can be
finally expressed by

A
NEE = —=. (30)

tot

We aim at determining the EE-optimum v. The information
causality has to be satisfied, i.e. the total number of loaded
bits in one stage shall be no larger than that of being offloaded
in the next stage. To be specific, on one hand, we require that
the bit number loaded from S in one stage (i.e. when UAV
is in the left-half plane) shall be no less than that of being
offloaded in the next stage (i.e. when UAV is in the right-half
plane). Hence, the constraint (31) has to be satisfied.

Ay off Fs = AY load 55 (31)
As o585 = AY load Fs- (32)

On the other hand, we require that the number of bits
loaded from D in one stage (i.e. when the UAV is in the FS)
shall be no less than that of being offloaded to S in the next
stage. Hence, the constraint (32) must be satisfied.

The optimization problem can be formulated as

P1: v* = argmax ngg (33)
v
s.t. V < Vmax,
(31), (32), (34)

where (-)* represents the optimum solution, v,y represents
the maximum speed and is a constant.

Next, the genetic algorithm [32] is applied. Its basic idea is
to create a set of candidate speed strategies, and allow them
to evolve through crossover and mutation, so that the speed
strategy can develop towards a better solution, and can gradu-
ally approach the optimal solution. A chromosome is defined
as the vector of flight velocity, i.e. ClxM — [vi,va, -+ ,vml,
where M is the length of a chromosome. A population is
the set of chromosomes. Under the constraints (31) and (32),
we obtain the solution of (P1).

V. NUMERICAL RESULTS

In this section, we provide the analytical results and investi-
gate the impact of v on the EE. Additionally, the EE under the
FDR scheme will be compared with those under the HDR as
well as static-relaying schemes.

The parameter settings are applicable to practical engineer-
ing implementations and given in Table 2, unless otherwise
specified. Note that the settings of parameters in (15)-(17)
are provided in [31].

A. IMPACT OF v ON THE EE

The channel capacity that includes both data loading and
offloading capacity in the FDR scheme is first demonstrated.
Fig. 3 presents the channel capacity curves versus ¢. It is
shown that the channel capacity increases until the UAV
arrives at point (Sp, 0, H), where the UAV hovers and channel
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TABLE 2. Parameter settings.

[ Parameters | Value [[ Parameters [ Value ||
H 100 m So 1000 m
Ps 02W || Pp = Pg 01w
k 0.001 B 10 MHz
Ry 10° 5 50 s
o2 0.1 05 0.1
< 0.012 o 1.125
Q 400 o? —120dB
kn 0.1 w 400
A 0.79 s 0.05
Tiim 200 ) 73
o 0.3 R 05 W
a 2 G 1
9
8 —A-y=20
7k v=30
-~ y=40
7 6F —*—v=50
)
g8s5¢
=
G4t
S
Ssf
ol
1L
0 Lassssssasa NI
0 10 20 30 40 50

Time (second)

FIGURE 3. Channel capacity under FDR at different speeds (m/s);
0<t<46;25=100s.

gain remains unchanged. It also shows that the larger the UAV
speed is, the sooner it reaches the hovering point, which is
reasonable.

450
400 K geReRuTTT T T 088000
%
3 350 =N
2 ——FDR UAV
E 300 —6—HDR UAV
vm —¥— Static-UAV
4250 Y Brute-force
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2
5 200 30
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5 10
S 100t 0
w 20 40 60 80
50 1
0 ! ! i Y i
20 30 40 50 60 70 80

Speed(m/s)

FIGURE 4. UAV energy efficiency under different schemes.

Furthermore, to investigate the impact of v on the EE and
verify the advantage of the FDR scheme, we also present the
EE curves versus v under the HDR as well as static schemes
in Fig. 4. For the static model, data loading and offloading are
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FIGURE 5. UAV sum loading/offloading bits on the FS and SS. In (a),

pre-SS represents the SS in the previous period, while cur-FS resprents
the FS in the current period.

simultaneously performed at point (0, 0, H). For HDR model,
the UAV loads data from D in the FS and offloads data to S
in the SS.

Let ngpr and 7ngqic respectively represent the EE under
the HDR as well as static schemes. The following observa-
tions can be obtained. Firstly, the Brute-force (BF) searching
results reveal that ngg > nupr > Nstatic, Which indicates
that our FDR scheme outperforms the others in terms of the
EE. v*, the optimal solution obtained by the BF, is marked
with a star in Fig. 4. Compared with the half-duplex system
where the UAV only loads information in the half-plane,
the full-duplex system is more energy-saving because of its
higher transmission rate which leads to a smaller transmis-
sion duration and saves much energy for flight. Additionally,
we can see that constraints (31) and (32) are respectively
demonstrated in Figs. 5(a) and (b). Clearly, the constraints
are satisfied. Furthermore, the EE under the FDR scheme first
sharply increases with v until it reaches the maximum value
at v = 38.985 m/s; afterwards, it falls. The underlying reason
can be analysed as follows: as v increases, the UAV arrives at
the hovering point earlier, and stays there for a larger time
proportion, where data loading and offloading experiences
the best channel gains, such that the average channel capac-
ity is significantly improved. However, as v substantially
increases, the offloading data bit number increases gently as
depicted in Fig. 5, while the average flight power consump-
tion increases abruptly, which comprehensively leads to a
degraded EE.

The convergence curve is also presented in Fig. 6, where
the resulting optimal energy efficiency is 439.99 bits/joule
and the corresponding speed is around 38 m/s. The result
closely matches with the maximum ngg obtained by the
Brute-force. Hence, the validity of the genetic algorithm is
proved. Besides, the iteration stops at the 10th generation
(namely, 10 iteration times), which shows that the curve
converges very quickly.

Furthermore, the EEs when the UAV hovering in different
positions were compared. That is, the UAV simply hovers at
the middle point between D and S, over node D or node S.
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FIGURE 6. UAV energy efficiency curve under FDR with the genetic
algorithm.
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FIGURE 7. Static sum loading/offloading bit number in the FS and SS.

In (b), pre-SS represents the SS in the previous period, while cur-FS

represents the FS in the current period.

2.5‘ T 10‘ A

—A— |oading in the FS-Static —A— |oading in the pre-SS-Static
—6— Offloading in the SS-Static > —8— Offloading in the cur-FS-Static | |

Sum bits (Mbits)
Sum bits (Mbits)

0 0
100 150 200 100 150 200
Time(second) Time(second)

FIGURE 8. Static sum loading/offloading bit number in the FS and SS.
In (b), pre-SS represents the SS in the previous period, while cur-FS
represents the FS in the current period.

However, the model where the UAV hovers over node D or S
does not satisfy the information causality constraint (See
Fig. 7 and Fig. 8).

74356

Energy efficiency Tee (bits/Joule)

1071

{
——-FDR UAV,v=30

—&—FDR UAV,v=35

102 ——"HDR UAV, v=30 i 102~ HDRUAV, v=35 i
—*—Static UAV,v=30 —*—Static UAV,v=35
T

Energy efficiency Neg (bits/Joule)

| %

Lo fepin ¢l Lol gepimn &0
10°

10 10° 102 107" 10+ 10° 102 107"

Self-interference cancellation factor Self-interference cancellation factor

(a)

FIGURE 9. UAV energy efficiency under different self-interference
cancellation factors. (a) v = 30 m/s, (b) v =35 m/s.

B. IMPACT OF SELF-INTERFERENCE CANCELLATION
FACTOR ON THE EE

To investigate the impact of the self-interference cancellation
factor k on the EE and verify the advantage of the FDR
scheme, we present the EE curves versus k for two different
speed scenarios (i.e., v = 30 m/s, v = 35 m/s) in Fig. 9. For
the static model, data loading and offloading are simultane-
ously performed at point (0, 0, H). For the HDR model, the
UAV loads data from D in the FS and offloads data to S in
the SS.

It is first observed that the energy efficiency under the FDR
model decreases with k. On the other hand, compared with the
Static-FDR model, the UAV-FDR model decreases slowly,
which shows that our FDR scheme outperforms the others
in terms of the EE.

In addition, it can be noticed that the HDR performs better
when k approaches 1072, Note that in practice, k can be
smaller than 103 with the current self-interference cancella-
tion technique [28]-[30]. Fig. 4 shows that when £ = 0.001,
the EE of FDR is about 450 bits/joule and performs better
than the HDR.

VI. CONCLUSIONS

An energy-efficient full-duplex UAV relaying network has
been studied for the delay-tolerant networks. The load-carry-
and-delivery scheme has been applied to positively take
advantage of the variations of the channel gains. Addition-
ally, the self-interference channel gains were considered to
be random and follow the complex Gaussian distribution.
Numerical results demonstrated that the proposed scheme
outperforms the half-duplex as well as static schemes.

The optimum flight speed has been obtained to maximize
the EE by the genetic algorithm and under the information
causality constraint. The validity of the genetic algorithm has
been illustrated and the convergence behavior has also been
demonstrated. Finally, it has been shown that EE decreases
with the self-interference cancellation.
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APPENDIX
A. CALCULATIONS OF (23)
The CDF of y, rs in the FS can be expressed as

F1(0)

c
= Pr{ 2 2 2 2 < 9}
c2|hgr|” + c3lhpp|”+calhrr|“|hpp|~+c5
9 — cs5 — c3lhppl?

1—Pr 3
¢2 + calhppl|

|hgr|? < (35)

Let x = |hgg|?. Recall that y = |hpp|?, we have

gy
d—c5—c3 - 1 -
Pr{xf 0 y} [— 03/—26 "xzdxdy,
) + ¢4y [ofs
0

(36)

c
L —cs—eslhppl?

wher.e gzp = o Taloo? * Cdd is given below (23). Then
(36) is rewritten as
G5 —cy _cdd
Pr{x§9 y}_l—e oy
C2 + 4y

_ “6 3y
Gv e z4oxv+(2<7x dy

(37)

/_e

where cg is given below (23).
From (35), (37), the offloading D —
expressed as (23).

to — UAV CDF can be

B. CALCULATIONS OF (27)
The CDF of yjpuq,Fs in the FS can be expressed as

Pp |hgp(t)]?
kPg |hgg|* + o2

Polhrp®I® _ ;2

1—Prd|hpp> < —2% — — ,
|hrr|™ < P

Fioad1(0)

(38)

where the FSPLA hgp(t) is defined by (3). Let x = |hgg|>.
Note that

Pplhgp®)?
Pplhrp®I* _ 2 Polhgp®12 %D()l —o?

O" —_
Prix < P =1—-e kPRo?
R

(39)

From (38), (39), the loading D — to — UAV CDF can be
expressed as (27).
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