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Joint UL/DL Resource Allocation for UAV-Aided
Full-Duplex NOMA Communications
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Guan Gui, Senior Member, IEEE, Tomoaki Ohtsuki, Senior Member, IEEE, Bamidele Adebisi, Senior Member,
IEEE, Haris Gacanin, Fellow, IEEE, and Fumiyuki Adachi, Life Fellow, IEEE

Abstract—This paper proposes an unmanned aerial vehicle
(UAV)-aided full-duplex non-orthogonal multiple access (FD-
NOMA) method to improve spectrum efficiency. Here, UAV
is utilized to partially relay uplink data and achieve channel
differentiation. Successive interference cancellation algorithm is
used to eliminate the interference from different directions in
FD-NOMA systems. Firstly, a joint optimization problem is
formulated for the uplink and downlink resource allocation
of transceivers and UAV relay. The receiver determination is
performed using an access-priority method. Based on the results
of the receiver determination, the initial power of ground users
(GUs), UAV, and base station is calculated. According to the
minimum sum of the uplink transmission power, the Hungarian
algorithm is utilized to pair the users. Secondly, the subchannels
are assigned to the paired GUs and the UAV by a message-passing
algorithm. Finally, the transmission power of the GUs and the
UAV is jointly fine-tuned using the proposed access control
methods. Simulation results confirm that the proposed method
achieves higher performance than state-of-the-art orthogonal
frequency division multiple-access method in terms of spectrum
efficiency, energy efficiency, and access ratio of the ground users.

Index Terms—Unmanned aerial vehicle, full-duplex, non-
orthogonal multiple access, message passing, resource allocation.

I. INTRODUCTION

The fifth-generation (5G) mobile network is being stan-
dardized and deployed worldwide starting in 2020, supporting
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three major communication scenarios, i.e., enhanced mobile
broadband (eMBB), massive machine-type communications
(mMTC), and ultra-reliable and low latency communications
(uRLLC) [1]. How to improve spectral efficiency is one of
the critical tasks in beyond 5G (B5G) and sixth-generation
(6G) wireless communications [1]. In recent years, both full-
duplex (FD) [2] and non-orthogonal multiple access (NOMA)
[3] technologies are considered as potential techniques to
improve the spectral efficiency. The FD can simultaneously
transmit and receive signals on the same channel at the
same frequency. With recent advances in self-interference
cancelation (SIC') technology [4—6], the spectral efficiency
of the FD mobile networks can theoretically be double of
the traditional half-duplex networks. Therefore, FD has been
regarded as a candidate technology for implementing future
wireless systems. In a parallel development, NOMA can serve
multiple users simultaneously by superimposing the signals
of users at the same frequency while at different power
levels [7, 8]. M. Elbamby et al. [9] demonstrated FD-NOMA
with resource optimization and power allocation to achieve
a high throughput in an ultra-dense network. L. Wang et al.
[10] presented user association and resource allocation in FD
hybrid NOMA (FDH-NOMA) system, which can increase the
sum rate of Internet of Thing (IoT) networks. Recent works in
the literature show that both NOMA and FD techniques can
coexist well and their combination can significantly improve
spectrum efficiency [10].

With the advantages of providing line-of-sight (LoS) chan-
nel links with ground users (GUs) and the ability of rapid and
flexible deployment, unmanned aerial vehicles (UAVs) have
been widely used recently as a relay in wireless networks to
improve system performance [11, 12]. Despite the promising
performance of UAVs, the improvement of robust scheduling
strategies remains a challenge in UAV-based cellular networks
[13]. In [14, 15], UAVs were utilized as a relay for wire-
less communications between ground terminals to improve
energy efficiency and system throughput. Since UAV-assisted
traditional networks are limited by spectrum resources, mobile
networks that integrate UAVs with NOMA [16-18] or UAVs
with FD [19, 20] were proposed to improve the spectrum
efficiency.In addition, many resource allocation methods [22]
have been comprehensively introduced.

Moreover, in [21, 23], a UAV-enabled non-orthogonal mul-
tiple access (NOMA) system is investigated, in which the
UAV acted as an FD relay to help the communication be-
tween the BS and NOMA users. In our previous work [24],
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a distributed successive interference cancellation (SIC?)-free
NOMA scheme was proposed for UAV-assisted emergency
communication in a heterogeneous IoT to increase the sum
rate of the GUs and the access ratio (AR) of the devices. In
our previous work [25], a UAV-aided air-to-ground cooperative
NOMA scheme was proposed, and joint resource allocation
was investigated to improve the spectrum efficiency. Different
from the above literatures, in order to improve the spectral
efficiency, we consider the application of NOMA and FD to
not only the UAYV, but also GU and BS.

In this paper, we propose a high efficient UAV-aided FD-
NOMA method to improve the spectral efficiency in the
UAV-aided FD-NOMA communication systems. The main
contributions of this paper are summarized as below.

o A UAV-aided FD-NOMA system is introduced, in which
a UAV hovers above the cell center to relay a partial
UL stream. In particular, all the devices operate in the
FD-NOMA mode. Moreover, through air-to-ground co-
channel interference suppression, we pair the user-to-
UAV and user-to-BS ULs on the same subchannels with
high spectrum efficiency. In contrast, in the DL, the
corresponding BS-to-user DLs can be paired on the same
subchannels of ULs; both approaches can improve the
spectrum efficiency.

o We use SIC? technology in NOMA to eliminate the
interference from different directions in the FD system
to simplify the system model, and double the spectral
efficiency of the FD.

e A mixed-integer non-deterministic polynomial-time
(NP)-hard optimization problem is derived for the
proposed FD-NOMA scheme, considering both UL/DL
issues on choosing receiver, pairing user, allocating
power, and assigning subchannel. In addition, the
constraints of the transmission and the signal-to-
interference-and-noise ratios (SINR) are considered for
the UAYV, the GUs, and the BS.

o A joint UL/DL stepwise optimization scheme is proposed
to solve the NP-hard optimization problem, which we
simplify to several sub-problems through receiver deter-
mination, user pairing, power allocation, and subchannel
assignments.

II. SYSTEM MODEL

A model of UAV-aided FD-NOMA wireless cell is illustrat-
ed in Fig. 1. The BS is located at a center of a cell, and NV
users are randomly distributed in the coverage area of the cell.
All the GUs and the BS are employed with FD communication
technology. In the above cell, all the GUs and the BS operate
on the FD-NOMA scheme. The achievable spectrums are
equally divided into F7 subchannels. The unit bandwidth of
these subchannels is set as By. The UAV is deployed to relay
partial UL stream from the GUs for lower power consumption
and higher data rate. In this paper, it is assumed that the UAV
relays data using a decode-and-forward scheme, and perfect
SIC! is assumed. In addition, based on our previous work [25],
it has been verified that by utilizing UAV relay for the UL, the
GUs’ power can be significantly saved with lower cochannel

interference. Due to the energy limitation of the UAYV, it is only
used as the relay in the uplink, while the BS sends the DL
signals directly to the GUs. Additionally, the aerially relayed
and directly transmitted signals in the UL are superimposed
on the same subchannels to improve the spatial efficiency and
energy efficiency, whereas the DL signals transmitted from the
BS to the GUs are superimposed on the same subchannels.The
list of symbols is given in Table I.

wp» - p= e,
/fx 35 / — S v f::

BS UAV Downlink

User

Interference

Fig. 1. The model of the UAV-aided FD-NOMA wireless cellular network.
In the UL, the channels from the GUs to the UAV are
the ground-to-air (G2A) links. Referred to [25-27], the G2A
channel model is defined as
’r]LOS d;QA

GSIQJA = { nNLoSd;*’gA ’ (])
where 1S and NS are additional attenuation factors of
the LoS and NLoS channels, respectively. d; 7 is the distance
between the i-th GU and the UAV, as is the path loss factor
of the G2A channels. According to [25, 28, 29], the LoS
probability of the i-th GU with the G2A channel is

LoS 1

P T exp (B iy — 9] @
where 8 and v are constants related to the system environ-
ment, respectively. Additionally, 6; ;7 is the elevation angle
(measured in degrees) from the i-th GU to the UAV relay,
expressed as 6; ; = arcsin(Hy /d; ), and Hy is the hovering
height of the UAV. Since the UAV is assumed to be always
hovering above the BS, the LoS probability of the link between
the UAV and the BS is assumed to be 1 [24, 25]. The power
gain for the transmitting link between the BS and the UAV can
be expressed as Gy = 1™°"H;**. Moreover, the height
of the BS can be negligible compared to the UAV’s height.
Therefore, the direct links between the BS and the GUs are
ground-to-ground (G2G) is modeled as Gic’%,?f =d; p%|hy 2,
which denotes the power gain for the transmitting link from
the ¢-th GU and the BS on subchannel f, where d; p represents
the distance between the BS and the i-th GU, ag is the path
loss factor of the G2G channel, and hy is the amplitude gain
of the signals on subchannel f.

Due to the battery-power limitation of the UAYV, in the DL,
the BS directly transmits data to the GUs without the UAV.
Gg?ff denotes the power gain for the G2G transmitting link
between the i-th GU and the BS on subchannel f, and its
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TABLE I
LIST OF SYMBOL AND ITS DEFINITION.
Symbol Definition
Bo The bandwidth of the subchannel
2,7 Index of GU
d; Distance between the i-th GU and the UAV
di.B Distance between the BS and the ¢-th GU
di,j Distance between the i-th and the j-th GU
hy Amplitude gain of the signals on subchannel f
No The bandwidth of the subchannel
r? £ yE‘ [ Binary variables determined by the results of the
receiver and subchannel assignment for the ¢-th GU
Zo The additive white Gaussian noise
ap, oG the path loss factor of the G2A and G2G channels
B Constants related to the system environment
0i.u Elevation angle from i-th GU to UAV relay
yloS, pNLoS Attenuation factors of the LoS and NLoS channels
F; Minimum number of subchannels required by the -
th GU
APZ.U B The priorities for the receiver determination of the
i-th GU
pLos LoS probability of i-th GU with G2A channel
GS‘IQJA Power gain of G2A channel from i-th GU to UAV
GB’}‘}B Power gain for transmitting link between UAV and

BS

GG2G G2G

Power gain for transmitting link between i-th GU

i,B,f* Y B,i,f
and BS on subchannel f
gZG]%f} Power gain for G2G interference between i-th GU
H and j-th GU on subchannel f
Pgﬂ."f, Pg’j’f DL power of the BS to i-th and j-th GU on sub-
channel f, respectively
Sg‘?, Pfé% UL poyver of i-th and j-th GU on subchannel f,
respectively
P%.RE Relay power of UAV to BS
PZ.UL, PZDL Consumed power budget of i-th GU in UL and DL,
respectively
PUL, pDL Consumed power budget of GU in UL and DL,

respectively

Pz‘UL* , PZDL*

Maximum power budget of i-th GU in UL and DL,
respectively

PZI‘}W Power sum of paired GUs on subchannel f in UL/DL

RgQin, RngGf Subchannel capacity from BS to i-th and j-th DL
B o GU on subchannel f, respectively

Rf‘? Subchannel capacity from UAV to BS on subchannel

f

G2A G2G
Ry B5By

UL capacity from i-th and j-th UL GU on subchan-
nel f, respectively

RPL* , RPL*

Minimum total sum rate of ¢-th GU in UL and DL,
respectively

ngUi, xglﬁj GZG message from BS to i-th and j-th GU, respec-
tively

xGIf]i, xg,%]] GZG message from i-th and j-th GU in UL, respec-
tively

xgkv A2G UL interference from UAV
. UL - - ; :

ng{]‘, IGUJ FD introduced DL self-interference for i-th and j-th
DL GU, respectively

yg%]i, yg%]j Original received signal of i-th and j-th DL GU,

respectively

UL UL
Yuav: Yps

Received signal of UAV and BS, respectively

G2 G2G
VBi.f* VB.j.f

DL SINR of i-th and j-th GU on subchannel f,
respectively

UL UL
Yi,U,5> V5,8, f

UL SINR of i-th and j-th GU on subchannel f,
respectively

RE
Vi f

UL SINR of UAV on subchannel f

UL DL
Vif Viof

UL and DL SINR of i-th GU on subchannel f,
respectively

ULx DL
Yif oo Viof

Minimum SINR of ¢-th GU in UL and DL, respec-
tively

expression is the same as the definition of G?%Gf above. gf}f?

is the power gain for the G2G interference between the i-th

GU and the j-th GU on subchannel f, expressed as gle? =

d; ;“G\hf|2, where d; ; is the distance between the i-th and
j-th GUs.

III. INTERFERENCE CANCELATION

According to the above channel models introduced in Sec-
tion II, the ¢-th and j-th GUs are assumed to be accommodated
on subchannel f, both in the UL/DL. In the UL, we assume
that the j-th GU is directly assigned to the BS, and the ¢-
th GU is assigned to the UAV relay. In the DL, the i-th
GU can receive not only the DL G2G message from the
BS, but also the UL interference from the UAV to the BS,
the G2G DL interference from the BS to the j-th GU, the
G2G UL interference from the j-th GU to the BS, its UL
self-interference, and the noise. The original received signal
yog, of the i-th DL GU contains the FD introduced UL self-
interference, the A2G UL interference from the UAYV, the G2G
message from the BS, the G2G DL interference from the BS,
the G2G UL interference from the j-th GU and the noise. It
can be expressed as

DL __ G2G U DL G2G pG2G ,.UL
yeu, =\ OB i scu, T/ 9.4 Pjsrvcu,
G2A E,..UL G2G B DL
+ /Gt Py euiy T4/ GEarPB g e, )

+ 20 + L (2g%.)

where Pj,  and Pp ; , denote the DL power of the BS
to the i-th and j-th GU on the subchannel f, respectively,
ng,Gf denotes the UL power of the jth GU to the BS on
subchannel f, PR denotes the relay power of the UAV to
the BS, 22y, denotes the G2G message from BS to the i-th
GU, :cglfjj denotes the G2G UL interference from the j-th GU,
x4 denotes the A2G UL interference from the UAV, xggj
denotes the G2G DL interference from BS, z¢y;. denotes the
FD introduced UL self-interference, zy denotes the additive
white Gaussian noise, I,(-) denotes the SIC' function of FD.
Since the channel from the UAV to the BS is the A2G link
with LoS, the quality of the A2G channel is better than that of
the G2G channel. Hence, the received signal strength (RSS) of
the interference from the UAV for the i-th DL GU is always
much stronger than that from the BS and other GUs. In the DL,
based on the principle of the NOMA, the i-th DL GU, which
is on the cell edge UL with the UAV need more transmission
power from the BS than the j-th DL GU. Therefore, the RSS
of G2G message from the BS to the ¢-th DL GU should be
stronger than that of G2G DL interference from the BS to the
j-th DL GU. For the j-th GU, the RSS from the BS is always
stronger than the UL transmission signal strength. Thus, the
RSS of the G2G DL interference from the BS is stronger than
that of the G2G UL interference from the j-th UL GU.
Based on the above analysis in the DL, we utilize the SIC*
of FD to cancel the strong self-interference, and then use the
SIC? of NOMA to cancel the A2G UL interference from UAV.
Thus, the DL SINR of the i-th DL GU on subchannel f can
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be expressed as

G2G U
G2a GEarPray

YBii.f = . 4
o NoBo + ggﬁ(f’Pfé% + Gg?ﬁfpg,jtf

Based on the Shannon’s capacity theorem, the subchannel
capacity from the BS to the i-th DL GU on subchannel f can
be obtained as

R%?i(,;f = Bylogy(1 + ’Ygzzc})
GQ2G pU
= Bolog, | 1+ GziB’iéfziB’i’f G2G pB
NoBo + 9,57 Pilp s + GBay P

Byi,f" B.j,f
5

where Ny denotes the power spectral density of the noise, By
denotes the bandwidth of the subchannels.

Similar analysis as the i-th DL GU, for the j-th DL GU,
it can receive not only DL. G2G message from the BS to
the j-th GU, but also UL interference from the UAV to the
BS, G2G DL interference from the BS to the i-th GU, G2G
UL interference from the i-th GU to the UAYV, its UL self-
interference, and the noise. Thus, the original received signal
Yok of the j-th DL GU contains the FD introduced UL self-
interjference, the A2G UL interference from the UAYV, the G2G
DL interference from the BS, the G2G message from the BS,
the G2G UL interference from the i-th GU and the noise. It
can be expressed as

DL __ G2G B DL G2G pG2A ,.UL

yeu, =\ GrrPrjtcu; Y1\ 957 Fio frat,
G2A pRE,.UL G2G U DL 6
+/GSAPRPaty + /G5 PY, jren,  ©

+20 + (28,
where zgp is the G2G message from the BS, zgy, is the
G2G UL interference from the i-th GU, ng;W is the A2G UL
interference from UAV, zgp;. is the G2G DL interference from
the BS, zgp;, denotes the FD introduced UL self-interference.

Similar to the analysis for the i-th DL GU, the RSS of the
interference from the UAV for the j-th DL GU is obviously
much stronger than that from the BS and other GUs. In the DL,
according to the analysis for the i-th DL GU, we observe that
the RSS of the G2G DL message from the BS to the j-th DL
GU is weaker than that of the G2G DL interference from the
BS to the i-th DL GU. For the j-th GU, the DL RSS from the
BS is always stronger than the UL transmission signal strength
from each GU. Thus, the RSS of the G2G message from the
BS is stronger than that of the G2G UL interference from the
i-th GU. Similar to the i-th DL GU, for the j-th DL GU, the
SIC! of FD is utilized to cancel the strong self-interference,
and then the SIC® of NOMA is used to cancel the A2G UL
interference from UAV and the G2G DL interference from the
BS one by one. Thus, the DL SINR of the j-th DL GU on
subchannel f can be given as

GGQG PB

,_yg@G _ B,j,f" B.j.f (7)
= N )

Based on the Shannon’s capacity theorem, the subchannel

capacity from the BS to the j-th DL GU can be given as

RE’s = Bology (1+95757)

G2G B
GBiPBs

®)
= Bolog, | 1 +
o ( NoBo + gfﬁ?Pi?z?,‘}*)

where Piﬁ"? denotes the UL power of the i-th GU to the UAV
on subchannel f.

The original received signal yJ%;,, of the UAV contains the
FD introduced DL self-interference, the G2A DL interference
from the BS to the i-th GU and the j-th GU, the G2A message
from the the i-th GU to the UAYV, the G2A UL interference
from the j-th GU to the BS and the noise. It can be expressed
as

UL G2A pG2A . UL RE pU DL;
yoav =\ Gio Pigieco, /G sPp.i rves”

RE pB DL; G2A pG2G ,.UL
+mst +meUj

+ 20 + IS(xB{jW)

€))

where xglfjl denotes the the G2A message from the i-th GU,
:L'g gl denotes the G2A DL interference from the BS to the ¢-th
DL GU, a:géj denotes the G2A DL interference from the BS
to the j-th DL GU, zgp denotes the G2A UL interference
from the j-th GU, xB{gV denotes the FD introduced DL self-
interference.

According to the analysis for the i-th DL GU and the j-
th DL GU, the RSS of the G2A DL interference from BS
to the ¢-th GU is much stronger than that of the G2A DL
interference from BS to the j-th GU. It is well-known that the
DL power from the BS to each GU is stronger than that of the
UL transmission power from each GU to the BS [30], thus,
the RSS of the G2A DL interference from BS to the j-th DL
GU is stronger than the G2A messages from the ¢-th UL GU
and the G2A UL interference from the j-th UL GU. In the
UL, since the ¢-th UL GU is assigned to be UL with the UAV,
the the channel quality from the ¢-th UL GU to the UAV must
be better than that from the j-th UL GU to the UAV. Thus,
the RSS of the message from the i-th UL GU to the UAV is
much stronger than the G2A UL interference from the j-th
GU.

Since the FD introduced DL self-interference is assumed
to be canceled, after using the SIC? of NOMA to cancel the
G2A DL interference from the BS to the i-th GU and the j-
th GU, respectively. The G2A message from the i-th GU to
the UAV can be decoded. Thus, the UL SINR of the UAV on
subchannel f can be given as

GG2APG2A
yR}E o U *4,U,f (10)
ol G2A pG2G -~
NoBy + Gij Pj,B,f

Based on the Shannon’s capacity theorem, the subchannel
capacity from the UAV to the BS on the subchannel f can be
calculated as:

RYF = Bology (1 +71F)

(2

G2A pG2A
wU U f

(11)
= Bylog, [ 1+ )
2 ( NoBo + GGgAP]%g)

>
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After the UAV receives the UL data from the i-th UL
GU, the UAV relays the data to the BS. The BS is assumed
to successfully use SIC? to decode the different data from
the direct and the relay links. Because the links from the
UAV to the BS are the A2G channel with LoS, their channel
gains are much stronger than those of the direct links. Based
on the principle of the PD-NOMA scheme, the strongest
signal should be decoded first. Correspondingly, in our system,
when the BS receives the superimposed signals, the data from
the UAV can be firstly decoded by the BS, verifying the
effectiveness of NOMA in the UAV aided system model.
Hence, the received signal yS& of the BS is composed of the
FD introduced DL self-interference, the enhanced messages
from the UAV and the i-th UL GU, the G2G message from
the j-th UL GU and the noise. It can be expressed as

UL _ G2G pG2G UL RE pRE,.UL
yss =\ GyB B e, +1/ Goply vuav
G2G pG2G,.UL pL, . DL;
+1\/Gre Pt irao, + 70 + Is(vpg™ + zpg”).

(12)
where xg%]J is the G2G message from the j-th UL GU, xgkv
is the message from the UAV, xglg is the messages from the
i-th UL GU, z2Li and z5%’ are the FD introduced DL self-
interference for the ¢-th DL GU and j-th DL GU.

According to the analysis of the received signals for the
i-th DL GU, the j-th DL GU and the UAYV, the RSS of the
enhanced messages from the UAV and the i-th UL GU is
much stronger than that from the j-th UL GU. Similar to the
UAV, we assume that the FD introduced DL self-interference
is canceled, using the SIC? of NOMA, the enhanced messages
of the i-th GU and the signals of the j-th GU can be decoded
one by one. The UL SINR of the i-th GU on subchannel f
can be expressed as

RE E G2G pG2A
Guipliy + Gin Py

G2G G2G
NoBo + GF57 P

UL
ViU, 5 =

13)

The UL SINR of the j-th GU on subchannel f can be
expressed as

G2G pG2G
,YUL — Gjanij»vi (14)
7B, f NyBo )

Based on the Shannon’s capacity theorem, the UL capacity
from the i-th UL GU to the UAV on subchannel f can be
calculated as:

zGE/Af = Bology(1 + %Ullff)

RE B G2G pG2A
= Bylog, (1 + Gusliy + Gin,fPi,U,f> (15)

NoBo + GFE’s 5

After the BS decodes the signals for the ¢-th UL GU, the
UL capacity from the j-th UL GU to the BS can be computed
as:

G20 = Bology(1+ )5 5)
G2G pG2G
= Bylog, | 1+ 7Gj’3’fpj’3’f (10
2 NoBy

IV. PROBLEM FORMULATION

According to the above models and assumptions, we for-
mulate a joint UL/DL resource allocation-based optimization
problem for N GUs randomly distributed in the coverage area
of the cell. The UAV and the GUs are assumed energy limited.
Therefore, the consumed power should be considered in the
optimization. The total consumed power consists of the UL/DL
transmission power as follows:

p =pYt 4 pbL, (17)
where PUT and PP" denotes the UL and DL transmission
power, respectively.

The UL consumed power consists of the transmission
power of the UL GUs. Thus, PUY" can be expressed as
PUL — SN P, where P, is the consumed power of
the i-th UL GU, which is expressed as P; = Z?ﬁl P; ¢,
where P; ; denotes the UL transmission power of the i-
th GU on subchannel f. Thus, it can be expressed as
Py =340 (ngpfgf} + yz‘B,fPfB?Sf)’ where z; and y;%
are binary variables that are determined by the results of the
receiver and subchannel assignment for the ¢-th GU. The same
setting as in [25], if the UAV is assigned to relay the UL of
the i-th GU on subchannel f, xff = 1, otherwise, ng =0.
Oppositely, if the i-th UL GU is directly linked to the BS on
subchannel f, yff = 1, otherwise yff = 0. In addition, we
prefer to accommodate different GUs on the same subchannels
for the diversity gains of the G2G and the G2A links [25].
Hence, a practical constrain can be as :cgf + yf i <1.

Accordingly, the consumed power of the GUs in the UL is
defined as

N Fr

PO =3 (@ PGS+ yl PRS-
i=1 f=1

(18)

Moreover, the DL consumed transmission power is consid-
ered the sum of the power consumed by the BS. It is assumed
that the DL subchannel is the same as the UL subchannel for
each GU. Accordingly, the DL power PP is expressed as:

N Fr

PPU =N (P gyl PR p)-
i=1 f=1

19)

Accordingly, the sum of the consumed power in the UL and
DL in (17) can be further expressed as:

F> U G2A B G2G
- (xi,fpi,U,f+yi,fP )

N
P=y 1y

i=1 | f=1

U puU B pB (20)
+ (mi,fPB,i,f+yi,fPB,i,f)

Following the optimization target, QoS demands for the
GUs should be considered [25]. P and PP denote the total
UL/DL transmission power of the i-th GU, respectively. Ry
and RPT denote the total sum rate of the i-th GU in UL/DL,
respectively. 7% and vPT denote the SINR of the i-th GU on
subchannel f in the UL/DL respectively. Similarly, P"%* and
PPL* are the i-th UL and DL GU’s maximum power budget,
RPL*, RPL* A UL* and P are the minimum QoS demands.
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Then, QoS constraints for the i-th GUs are given by

PJJL S P)ZUL*,P)iDL S PiDL*

RUL > RUL* RPL Z RZDL* (21)

L UL DL DL
e T i

Besides the QoS constrains for the GUs, the demands of the
capacity and the power consumption for the UAV in the UL
must be considered as well as the BS in DL. If Pj,,, and Pgq
denote the power budget of the UAV in the UL and the BS
in DL, respectively, it must be guaranteed that Pyay < Pjay
and Ppg < Pjg. Finally, the joint UL/DL resource allocation
problem of the UAV and the GUs based on the UAV-aided
FD-NOMA method can be formulated as:

(P1) : min P, subject to :

Fr

(C].) ( PGU2? + Yl fPG2G) < PiUL*
f=1
Fr

(02) ( szBzf+yz,,fP]I§,i f) <PDL*
f=1

f=1
(05) PBf7P PBzf7PB7,f>0
FT
(€6) > [2¥; min(REZ, RRE) + yP, RG2S, ] > RV
f=1
Fr
(CT) Y (wl ;R s +ylsRE.p) = ROV > RPY
f=1
(C8) v b = v by = v ey = A

(09) zf+yzf<1

(C10) lef <1 Zylf
171

(Cll) zf’yzf € {0 1}
(22)
The constraints (C1) and (C2) imply that the transmission
power constraint of the ¢-th GU in the UL/DL, respectively,
cannot exceed certain budgets. Additionally, constraint (C3)
and (C4) state that the total transmission power constraint
of the UAV and the BS cannot exceed a certain budget.
Constraints (C5) and (C6) represent the power and the rate
constraints for UL/DL GUs and the UAV, respectively.

Aside from the power constraints, constraints (C7) and (C8)
represent the QoS constraint for the GUs in the UL/DL.
Furthermore, constraints (C9)-(C11) are the subchannel as-
signment rules for the i-th GU. Furthermore, if the i-th and
j-th GU are assumed to share the subchannel f, then the SINR
expression of the i-th GU and the UAV in constraint (C8) can

be denoted in detail as:

UL Vg if aly =ypy =1

i f G2G

' Vi if Yoy =gy =
RE RE G2G pG2A
Gp'pP} G“%fPng

G2G_pG2G
NOBO—FGJ%fPJéf

o536, Pz
NoBy

ngszsz f
By + PR+ G
vy =1

G%21Gfpg i f

NoBo + gC2¢ PR if yip =25y
G(??

: df al, =ypp =1
VRE = { NoBo + GS2APSRe " Tt T it (25)

0,if yff =x

(23)

DL

WF = (24)

if 2, =

GGQA

U _
=1
where i # j is considered in above Egs. (23)-(25).

V. OUR PROPOSED STEPWISE METHOD BASED ON MP

The joint resource allocation problem (P1) indicates that the
variables that have to be optimized include binary variables
G.e., d( and yl ) and nonnegative continuous variables
(e, P75, PIGE%(;, PRE, Py, and PG, ;). According
to the theory of convex optimization, it is evident that the
original problem is a non-convex mixed-integer nonlinear
programming (MINLP), which is NP-hard to solve. To solve
this problem, we propose a resource allocation scheme that
decouples the original problem into five sub-problems, namely,
receiver determination, power allocation, user pairing, sub-
channel assignment, and access control.

RE
Vi 2 % A. Step 1: Receiver Determination

According to [25], the priorities for the receiver determina-
tion of the ¢-th GU can be calculated in terms of the locations
of the GUs and the excessive path loss as

A}DiU/B UCAP d(aG aa) (26)
where 7); denotes the excessive path loss coefficient of each
GU, d; g denotes the distance between the i-th GU and the
BS,a¢ denotes the path loss factor of the G2G channel, o 4
denotes the path loss factor of the A2G channel, and Csp is
a preset constant. According to [24, 25], if APiU/ B is large,
the i-th GU is more likely to be assigned to the UAV in the
UL; otherwise, the i-th GU will more likely transmit signals
to the BS directly in the UL. Moreover, the minimum number
of subchannels required by the i-th GU are denoted as F;.
These are the same in the UL/DL and can be calculated on
the basis of the QoS targets as [25]:

RUL* J

) .

F; =
{Bolog
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B. Step 2: Initial Power Allocation

We use an example in which the result of the receiver
determination shows that in the UL, the i-th GU is relayed
by the UAV and the j-th GU directly communicates with the
BS; both are paired on subchannel f. Additionally, the UL
SINR constraints for the UAV are assumed to be the same as
those for the GUs. According to the constraint (C8) and (10),
(13) and (14), the UL transmission power constraints can be
represented as follows:

PGQG > ’YUL*NOBO
J3,B.f = GG2G
J,B,f

(28)

RE

pG2a < Jif
GGQAGC_}QG

U ~35,B,f

LU f =

(29)

UL G2G G2A ULx*
v G B,%Gi,U (1"‘%‘ )
“osttshece
~GEEEAREA I GE

RE NoBy

i,f = ~G2G 1G2ARE
GipyGir Gun

(30)

Similarly, according to the constraints (C5)-(C8) and (4)

and (7), the DL power constraints for the BS on the subchannel
f can be rewritten as follows:

Pyis+Phjp < Pp 31)

GEEAGTEY
rolesEGes,
gl e Gl UL

(32)

DL
B 7P NoBo
B.,j.f = GG2G G2A ;G2G
B,j,f~"i,U ~4,B,f

G2A NG2G HG2G
G GE GO
—l—’yUL*G» QAG 2( g_G-_QG
bLe e ol (i
+’7,DL*G 2G G2G G2A
f3.B,f iU
Fy s GGQG GGQG G2G
B’L* 7 UL %’ﬁ’é@@féc@’@f G2G
e p G B,i.,fgi,j,J(‘s

DLx*
U i NoBo
Ppiy2 "o

G2A ~G2G ~G2G ~G2G

G =Gt GEhGiE Gty G4
Each power item in (20) should be minimized to reduce
the power sum of the devices. Based on the minimum SINR
requirements, the transmission power of the GUs, the UAV,

and the BS on each subchannel can be initialized as follows:

G2G _VJUL*N()BO
3B f G2G
GiBl
Pg2A_7§J‘ENOBO(G%IQB?f + Gt ™)

iU, f— G2A ~G2G
Gi,U Gij,f

(35)

(36)

PGS S (1497 ]
-GY 12%% E 92
—GELE A Y§L*G§3A

PRE NoBy

f T AG2G ~G2A RE
' Gj,%?,fGiJzJ GU,B
(37)
GG2AG2G 7G2G
+Z’%L*C§é]2’£dégi‘f G2G
DL 7 iU UB ‘,égi,jéf
PU< _% No Bog + _DL*GGQ_G G_Q G¢ 2A
Bif=~ G v B, f 7B f iU
A RE DL G2¢ AG2G G2G

B’i* TULx ﬁﬁ’f Gi}f’fcﬁ’é’f G2G
T ey GRo Gy EHA

DLx GS2AGEG

= 77" NoBo +;G2GWJ’REEG%G,£
DI G2G (1G2A G2G e 1R ]Ci2A UL
B el B BT g5 7y Gy

Py

(39
According to the above access-priority (26), it is assumed that
the i-th GU is connected to the UAV, and the j-th GU is
connected to the BS. Meanwhile, in the DL, the G2G channel
of the j-th GU must be better than that of the ¢-th GU. On
the other hand, for the i-th GU, the G2A channel status with
the UAV must be better than the G2G channel status with the
BS.

C. Step 3: User Pairing

According to the UL receiver priority in (26), the GUs are
divided into two groups, as shown in Fig. 2. The communi-
cation of the first GU group is relayed by the UAV, and the
other group directly communicates with the BS. It is assumed
that the DL GUs are paired in the same manner as that in the
UL. Thus, the GUs are paired according to the minimum sum
of the transmission power of all paired GUs in the UL as:

N/2 N/2

minz Z UijPij, Usj€{0,1},

i=1 j=1

(40)

where P;; = (1/Fr) Z?il Pfﬁ’?+Pf§%) is the power
sum of the paired GUs, U; ; is a binary variable. If the i-th GU
is paired with the j-th GU, then U; ; = 1; otherwise, U; ;= 0.
The paired user problem can be considered an assignment
problem, which can be optimally solved using the Hungarian
algorithm [31]. Considering the user pairing scheme with
worst-case, the time complexity of the user-paring algorithm
is O(N?), where N is the number of the GUs.

Fig. 2. User pairing.

D. Step 4: Message Passing-based Subchannel Assignment

It is assumed that the associated GUs need the same number
of subchannels and the assigned channels that the DL GUs
need are the same as that the UL GUs need. The i-th GU
is assumed to be paired with the j-th GU, thus, fo = y? -



Hence, (22) can be reformulated as:

N fr

mmz Z T f UW, subject to:

i=1 f=1
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PUL*

PDL*

=1
G2a
(C8) v s > 71UL*77]Bf > gy =,
G2aG DL+ UL+
’YB,Jf—’YJ ’%f =%

f=1

N

i=1

ng _ U(T -1) V f (46)

The metric fo can be computed recursively, until equation

(46) can be satisfied at time 7™ to obtain an optimal result
of the subchannel assignment scheme for the UAV uplinked
GUs. Furthermore, {z/)ztz + P!V} o denotes the £ sorted

z/)( )4 PMW listed in ascending order with z # f. Thus, the
complex1ty of the subchannel assignment algorithm mainly
depends on the complexity of sorting the F'" element. The
pseudocode of the message passing (MP)-based subchannel
assignment scheme is given in Algorithm 1.

Algorithm 1 The proposed MP-based subchannel assignment
method for the UAV-uplinked GUs.

Input: the initialized power sum of the associated GUs
pw .

if [

1: Initialization: Set ’(/JZ =0, Y 7 =0

2: While: xU(t) #*x t“ , Vi, 7, do:

3: Each UAV uphnked GU sends message w( ) asin (43)
to the UAV;

4: The UAV sends message z/zgfjl)
uplinked GU;

5: Each UAV-uplink GU computes marginal fz F Y and factor

UJ(cHl) as defined in (45) and (46) for each subchannel,
6: End while

Output: Result of the subchannel assignment scheme for the
i-th GU: CEZf,V’L f.

as in (44) to each UAV-

E. Step 5: Power Limits-based Access Control

The results of the above four steps allow us to classify the
GUs into UAV-uplinked users and BS-uplinked users on the
subchannels. The total power of the GUs in the UL/DL and
the power of the UAV can be given as:

(C11') =y, € {0,1} ) pUL— Z PG2A @7
where PIJW PZGL?"} + PJG§%+P51 erP B.j,f 18 the power
sum of the paired GUs on the subchannel f in the UL/DL. F; is UL R
the number of requested subchannels of the i-th GU, calculated P Z Y5, f 7B, f (48)
according to (27). According to [25, 32], the subchannel
assignment problem can be solved by the message-passing Fr
(MP) algorithm [33] with iterative computations as: Puav = Z Z foP FfE (49)
i€RDV f=1
o = ey "
LW 4 (1) ) 42 PPl= Z (foPg%f) (50)
*(1*Pi)(Pi,f )a27£f f=1
(t+1) _ (t+1) (t+1) DL Fr B B
Vra = —pmindy = (1= p) U (43) PPY =" (47 PE i s) (51)
f=1
g(t; = (t) it ¢(t) (44)  where PUL is the UL f -
i . power of the i-th GU relayed by the
e UAV, P/’L is the UL power of the j-th GU directly uplinked
fo _ { L it &g, <0 (45) with the BS, PPL and PJDL is the DL power of the i-th and the
b 0, otherwise 7-th GU, respectively; Py 4y represents the consumed power
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of the UAV. The power of the GUs, the UAV and the BS
on each subchannel can be calculated using (35)—(39). RDY
in (49) denotes a GU set uplinked with the UAV according
to the receiver determination results. According to the power
consumption results of (47)—(51), the initial power allocation
should be confirmed using the power budget constraints, i.e.,
(CH—(C4H).

Based on the demands of the UL/DL services for the GUSs,
according to [25], we adopt a soft access control scheme for
the GUs and a turbo access control scheme for the UAV.

1) Soft access control scheme for the BS-uplinked GUs: 1f
the UL service is acceptable to the j-th GU with a sum rate
lower than its demand rate R}JL*, the access control scheme
can reduce the total transmission power of the j-th GU one by
one. For example, if PJUL > P]UL*, the access control scheme
will reduce the highest power of the j-th GU on subchannel f
first. Then, the total power of the j-th GU will be recomputed.
The latest power allocation is regarded as the final power
allocation result until PJUL < P]UL* is satisfied. Otherwise,
the soft access control scheme is performed uninterruptedly
until it satisfies the power budget constraint.

2) Soft access control scheme for the UAV-uplinked GUs:
According to the access control results for the BS-uplinked
GUs, the power of the UAV-uplinked GUs can also be con-
firmed. If the power of the j-th UL GU on subchannel f
is assumed to decrease, the power of the paired i-th GU on
subchannel f in the UL can be updated as follows:

/ No Byl

Gc2a_ HYoboY;

Pvr =—cgazA (52)
iU

After obtaining the total updated UL power consumption of
the ¢-th UL GU by (47) and (48), the total uplink power of
the ¢-th GU can also be confirmed by the soft access control.
If PY% > PUL* the power of the i-th GU on the assigned
subchannels is reduced one by one in descending order until
PPL < PUL* s satisfied.

3) Turbo access control scheme for the UAV: We observed
in (37) that the power of the UAV is influenced by the UL/DL.
The power updated for the DL GUs and the UAV should be
considered simultaneously. According to the access control
results of the UL GUs, the transmission power of the UAV
on each subchannel is updated in the following three cases.

Case 1: If the initialized power of the i-th GU and the j-th
GU on subchannel f in the UL/DL are not reduced, the power
of the UAV, the i-th DL GU, and the j-th DL GU remain the
same as in (37)—(39).

Case 2: If the initialized power of the i-th GU uplinked
to the UAV on subchannel f is reduced in the UL, Pfff is
updated as zero, regardless of how the power of the j-th GU
uplinked to the BS changes. In contrast, regardless of how the
initialized power of the j-th UL GU is reduced,according to
(24), the power of the j-th DL GU is updated as follows:

P (NoB + 9P
G2G
GEs

G2G
GB,j,f

Py 4=
(53)

For the power of the i-th DL GU, two cases need to be
considered. In the first case, if the initialized power of the
j-th UL GU is not reduced, Pgm ¥ is updated as follows:

P (NOBO +9057 Py + GEAy P B]?J}f)

Foor= GEy
2
APE NoBo (G + ) g%2F + 9P G )

G2G (7G2G
GB,i,fGB’j,f

(54)
In the second case, if the initialized power of the j-th BS
uplinked GU is reduced, P ; ; and P are updated as:

DLx* G2G G2G . DLx*
w0 NoBo (GB,j,f+GB,i,f’7j )

B f= (59)

G2G G2G
GB’,i’fGB,j’f

Case 3: If only the initialized power of the j-th BS uplinked
GU on subchannel f is reduced in the UL, according to (23)
and (25), Pfﬁ and PZG[?? can be updated as:

me  NoBoy H
Py = GRE (56)
UB
on TRF (NoBot G52 PERY )
Py = GG2A
iU (57)
_ NoBoy/ ™

G2A
Gi,U

According to the updated transmission power of the UAV
on all assigned subchannels, the total power of the UAV can be
calculated using (49). Finally, the power of the UAV should be
confirmed by the power budget constraint (C3). Meanwhile,
according to (24), the power of the j-th DL GU ngj’ g s
updated as:

ypie (VB + gS29 PGEP)

//B -
B, f— GG2¢G
B.j.f (58)
77" * NoBo (GS[QJA + gfﬁ?’y}m*)
G
The power of the i-th DL GU Pgﬂ-}f is updated as:
w GEa
. GGQ,.G GG2A
_ ™ NoBo Jrf?fjt’;d%%g;fGG?JA
~ G2G G2A 1G2G s f
GBrGiv Gy GRS g
(59)

Because the UAV is the only relay for the UL GUs,
the access control scheme based on the power budget of
the UAV should jointly consider the UL/DL service for the
relayed GUs. Because the access control scheme should be
iterated among the UL GUs, the DL GUs, and the UAV until
PUL < pULx pPL < pPL* "and Pyav < Py are satisfied,
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the access control scheme for the UAV is called the turbo
access control scheme.

Based on the updated DL power, the total consumed power
of the DL GU can be obtained by (50) and (51) and can also
be confirmed by the soft access control. If PP > PPL*_ the
transmission power from the BS to the i-th GU on the assigned
subchannels will be individually reduced in descending order
until PP < PPM* is satisfied. Then, Py, ; = 0, and the
other power equations stay the same. For the j-th DL GU,
if PJDL > PJDL* , the transmission power from the BS to
the j-th GU on the assigned subchannels will be individually
reduced in descending order until PJDL < PJ.DL* is satisfied.

Then, PB]?’ ;5 =0,and PZRJZE Pfﬁ,(’}f,Pg,i’ f,Pin%/} are updated
as

G2A ~G2G UL UL

N-B G GiB, (L+75")

RE_ 020 ~GLE i GrE Yy

7 5 !

) GG2A (7G2G RE RE.ULL GJQ’G’ G2A
R e e e iy *GLB,fG])U

(60)

ULx
ch;f’}/j NOBO
3B, F G2G
quvi
IPLNoBo | G55y + 9525y |

G2G G2G
GrarGyBly

(61)

Pg, = (62)

G2G G2A UL
Gy + G *)

G2A G2G
Gsz Gj,B,f

PEH=7F NoBo ( (63)

Finally, after the above five steps, the proposed join-
t UL/DL resource allocation scheme provides optimal

results of the subchannel assignment and power as-

signment scheme. The results are listed in a set as
U .,B . pG2A. pG2G . pG2G. pG2G . pRE

{%fv Vi Biop Vs Py Ve jp Piy (-

It should be noted that, the transmission powers of GUs are
reduced one by one according to the SINR in egs. (23)—(25).
For the power-reduced GU, it does not mean the service will
not be offered to the reduced GU. Hence, we consider three
cases as below.

Case 1: If the users are crowded and the channels are
congested and moreover, other users demand high SINR, the
power-reduced GU is not sensitive to time, in order to save
system bandwidth, it can wait for a free channel for a while
and then continue to use NOMA scheme to transmit signal
again.

Case 2: If the power-reduced user is sensitive to time and
its power is sufficient, it can communicate directly with the
base station and use additional OFDMA channels. This is a
traditional problem, and existing techniques can solve it.

Case 3: If the power-reduced user is sensitive to time, but
the transmission power is not sufficient, it can use an additional
OFDMA channel for transmission through the UAV. In the
simulation, we take the Case 1 for example.

In this paper, the problem in (22) is decomposed into
five sub-problems without relaxation, which might bring sub-
optimality to the original problem. In the proposed scheme,
the local optimal solutions can be obtained in each step for
the decouple sub-problems. Meanwhile, based on the proposed

algorithm, although the final solutions cannot be guaranteed
globally optimal, it greatly reduces the complexity of the
algorithm. The significant performance improvements have
been verified by the following simulation.

VI. SIMULATION RESULTS AND ANALYSIS

In this section, we develop a simulation system to evaluate
the performance of the proposed scheme. To build a system
model for simulations, a ground cellular network is considered
with a radius of R = 200 m. A UAV is hovering directly
above the BS as the relay. The UAV’s height is Hy = 300
m. The total number of GUs is assumed to N = 32.
Additionally, the channel parameters of the simulation model
are considered as follows. The bandwidth of each subchannel
is Bp = 0.3125 MHz, and the number of the subchannels
is assumed to Fr = 32. The power spectral density (PSD)
of the noise is Ny = 5 x 10720 W/Hz. Moreover, the path
loss parameters of the G2A and G2G channels are ay = 2
and ag = 4, respectively [25]. The additional attenuation
fading are n™°> = —1 dB and nN°S = —10 dB, respectively.
According to [25, 28], in an urban environment, the parameters
in (2) are set to 8 = 0.16 and ¢ = 9.6. Furthermore, according
to [34], we consider the Rayleigh fading model for the G2G
channel. The demanded SINR of UL/DL is 10 dB and 20
dB, respectively. Moreover, the maximum transmission power
limits for the UAV, the GUs, and the BS are 3 W, 1 W, and 30
W. Six simulation schemes are tested to compare the results of
the proposed resource allocation scheme with that of different
communication schemes in Table II.

TABLE 11
SIMULATION SETTINGS OF DIFFERENT METHODS.

Scheme Notations Detailed Descriptions
FD-NOMA-UAV FD-NOMA scheme with a UAV above the BS
FD-NOMA-NUAV FD-NOMA scheme with a BS and no UAV
OFDMA-UAV OFDMA scheme with a BS and no UAV
FD-NUAV FD scheme with a BS and no UAV
NOMA-NUAV NOMA scheme with a BS and no UAV
NOMA-UAV NOMA scheme with a UAV above the BS

In Fig. 3, the access ratios (ARs) and share ratios (SRs) of
the GUs of the different schemes in Table II are compared.
The AR represents the user access performance of the different
schemes, which is the ratio of the GUs that can successfully
access the subchannels. The SR, which is the ratio of the GUs
that share the subchannels with other GUs in both the UL/DL,
represents the spectrum sharing performance of the schemes.
In Fig. 3, it is observed that both the SR and AR of the
FD-NOMA-UAV scheme are significantly higher than those
of the other schemes. The reason is that the G2A channels
provide better performance for communication, resulting in
more spectrum access and sharing opportunities for the GUs.
In the OFDMA-NUAV scheme, only a quarter of the GUs
can access the subchannel and no subchannles can be shared,
while only 50% of the GUs can access in the FD-NUAYV,
NOMA-NUAV and NOMA-UAV schemes, and all GUs can
access in both FD-NOMA schemes. Because G2A channels
are more beneficial for transmitting signals and provide more
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spectrum accessing and sharing opportunities for the GUs. No
subchannel can be shared in NOMA-NUAV and NOMA-UAV
scheme, because users use the different shared subchannels in
the UL/DL. Moreover, when the UL SINR is higher than 10
dB, the SRs of both FD-NOMA schemes decrease linearly.
Because a higher SINR requires more transmission power or
less interference. It is not possible to satisfy both requirements
of the associated GUs. Therefore, a higher SINR will lead to
more share failures in FD-NOMA schemes, causing a lower
SR and AR.

In Fig. 4, the sum power of the GUs and the UAV in the
UL/DL are simulated for different schemes. It is observed in
Fig. 4 that the consumed power of the GUs is the most in the
FD-NOMA-NUAYV scheme because of the highest SR and AR.
In contrast, in the FD-NOMA-UAYV scheme, the GUs consume
less power than that in the FD-NOMA-NUAV scheme. These
results indicate that the quality of the G2A UL channel is
better than that of the G2G UL channel, thereby significantly
reducing the power consumption of the GUs. As shown in
Fig. 4, the power consumption of the UAV is very low in

two schemes with a UAV as a relay (i.e., NOMA-UAV and
FD-NOMA-UAV). Meanwhile, the power consumption of the
GUs in the OFDMA-NUAV scheme is very low, since only a
quarter of the GUs can access the subchannels according to
Fig. 3.
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UL/DL power of all GUs versus UL SINR target for the different

In Fig. 5, the sum rates of the GUs and the UAV in the
UL/DL are compared for the different schemes. It is observed
that the FD-NOMA-UAV resource allocation scheme has the
highest rate. The FD-NOMA-UAV scheme not only consumes
less power of the GUs than the FD-NOMA-NUAYV scheme, but
also has the highest sum rates in the UL/DL. This is because
the G2A channels are more beneficial for transmitting signals.
In Fig. 5, the sum rates of GUs in FD-UAV and NOMA-
UAV scheme are almost the same and higher than that in
the NOMA-UAV and OFDMA-UAV. The sum rates of the
UAV in FD-NOMA-UAV is higher than that in NOMA-UAV
scheme, since more GUs can access the subchannels thanks to
the SIC' in FD, thereby the UAV can transmit more signals
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from GUs. In Fig. 6, the UL/DL power of the GUs is simulated
respectively for the different schemes. In the DL, the GUs in
the FD-NOMA-NUAV scheme consume the most power, and
the GUs in the FD-NOMA-UAV scheme consume less DL
power than those in the FD-NOMA-NUAV scheme. This result
is also attributed to the G2A channel in the UL, which affects
the DL power consumption. The UL power consumption of
the GUs in the FD-NOMA-UAV scheme is slightly less than
that in the NOMA-UAV scheme. Fig. 7 shows the UL/DL rates
of the GUs simulated for the different schemes. The UL rate
of the GUs in the FD-NOMA-UAV scheme is much higher
than that of the other schemes. The reason should also be due
to the benefit of the G2A channel. In contrast, the DL rate
of the GUs is the highest in the FD-NOMA-UAV scheme.
Meanwhile, when the UL SINR target is higher than 10 dB,
the DL rates of the GUs in the FD-NOMA-UAV and FD-
NOMA-NUAV schemes decrease because of the reduction in
the SR, which is shown in Fig. 3.
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In Fig. 8, the energy efficiencies of the GUs and the UAV
are simulated. It is observed that the energy efficiency of the
UAV in the FD-NOMA-UAV scheme is much higher than
that in the other schemes. Moreover, with the increase in the
UL SINR target, the energy efficiencies of the GUs and the
UAV in the FD-NOMA-UAV scheme decrease more rapidly
than those in the other schemes. It is because a higher SINR
requires higher power to suppress the interference. Next, the
performance of the proposed resource allocation in the FD-
NOMA-UAV scheme is investigated. The power budget of the
GUs (Pcu) equals 0.5 or 1 W, and the power budget of the
BS (Ppg) equals 20 or 30 W.

In Fig. 9, the AR and the SR of the FD-NOMA-UAV
scheme for different power budgets are simulated. It can be
observed that the SR decreases as the cell radius increases.
Regardless of the cell radius, the ARs of the different power
budgets remain the same. In Fig. 10, we observe that the
UL/DL rates decrease with an increase in the cell radius, and
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the rate of decrease increases when the radius exceeds 200 m.
The reason is that the SR decreases as the cell radius increases.
Moreover, a higher Pgg increases the DL rates of the GUs,
whereas a higher Pgy increases the UL rates of the GUs. The
reason is that a higher Pgg allows more GUs to access the
subchannels in the DL, and a higher Pgy allows the GUs to
consume more power to communication.

4.5

objective is to minimize the power requirements of the GUs
while guaranteeing the users’ QoS requirements. First, receiver
determination of the users was performed using an access-
priority method. Second, with the results of the receiver
determination, the initial power of the GUs, the UAV, and
the BS was determined. Third, based on the minimum sum
of the UL transmission power, the users were paired by the
Hungarian algorithm. Fourth, a UL/DL subchannel assignment
method was proposed for the paired users, the UAV, and the
BS. Finally, a soft access control scheme was presented based
on the power budgets. Simulation results demonstrated the
superiority of the FD-NOMA-UAV method over other methods
regarding spectrum efficiency and energy efficiency. In future
work, the effects of multi-UAV-aided FD-NOMA cells with
imperfect SIC on resource allocation will be considered.
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