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Abstract—Unmanned aerial vehicle (UAV)-aided two-way re-
laying networks are designed, where a UAYV is deployed to assist
multiple pairs of users in their information exchange. There are
two basic approaches for the user pairs’ information exchange
within a single time slot via the UAV relay. The first approach
is based on full-duplex, where all participants operate in the
full-duplex mode to transmit and receive signals simultaneously.
However, all transceivers have to operate in the face of severe
self-interference, which cannot be completely suppressed. The
second approach is based on conventional half-duplex, where
the users send their information to the UAV within a certain
fraction of the time slot, and the UAV relays them within the
remaining fraction to avoid the self-interference. In either ap-
proach, the joint bandwidth and power allocation maximizing the
sum information exchange throughput under realistic resource
and user throughput constraints poses a complex nonconvex
problem. New inner approximations are proposed for developing
path-following algorithms for their computation. Our numerical
results show that the time-fraction-based half-duplex approach
clearly outperforms the high-complexity full-duplex approach.

Index Terms—Unmanned aerial vehicle (UAV)-enabled com-
munication, two-way relaying, throughput optimization, non-
convex optimization.

I. INTRODUCTION

Unmanned aerial vehicles (UAVs) are capable of supporting
and/or replacing the communication infrastructure in case of
disasters, battlefields or sporting events, thanks to their high
mobility, configuration flexibility and cost-efficiency [1]-[5].
Hence the research of UAV-enabled communication has at-
tracted a lot of recent attention (see e.g. [1]-[9] and references
therein). A UAV was exploited as a flying base station (BS) for
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serving multiple downlink (DL) users, where the joint design
of the UAV’s altitude and beamwidth or the joint design of
transmit power, bandwidth, transmit rate, and UAV’s position
was proposed in [10] and [11], respectively for maximizing
the sum throughput. Similarly, the joint design of bandwidth
allocation, power allocation, the UAV’s altitude and transmit
antenna beamwidth was considered in [12] for maximizing
the users’ worst throughput under non-orthogonal multiple
access (NOMA). In [13], the authors considered the two-way
communication of multiple UAV-user links, which was imple-
mented by appropriately adapting the transmission directions
of each link. In [14], a full-duplex (FD) secrecy communi-
cation scheme was proposed, where the energy efficiency of
secrecy communication was maximized by joint the design of
UAV trajectory and UAV/source transmit powers. Exploiting a
UAV as a flying relay for two-hop communication between a
source and destination, the joint design of the UAV trajectory
and the transmit power was proposed in [15] for maximizing
the throughput. By contrast, the authors of [16] aimed for
minimizing the outage probability, while the authors of [17]
have improved both the fairness and the energy efficiency. The
placement of multiple UAVs for either multi-hop single links
or for multiple two-hop links between a source and destination
was considered in [18] by maximizing the end-to-end signal-
to-noise ratio. The associated radio resource optimization was
considered in [19] for supporting the time division long-
term evolution advanced (TD-LTE-A) standard with the aid
of multiple UAV-assisted relaying.

Two-way relaying (TWR) is capable of supporting in-
formation exchange between users in two steps [20]-[24].
Various UAV-aided TWR systems were considered in [25],
[26]. Explicitly in [25], the joint design of UAV position
and transmission power optimization was used for maxi-
mizing the sum rate, while in [26] the minimum average
rate maximization was considered by the joint design of the
UAV trajectory, transmit power and bandwidth. However, the
information exchange in [25], [26] is arranged via half-duplex
(HD) operation. Furthermore, the deployment of FD [27]-
[33] at all nodes using separate transmit and receive antennas
for simultaneous signal transmission and reception dispenses
with separate transmit/receive time slots. However, the main
impediment of this FD-based approach is the hostile self-
interference (SI) imposed by the co-location of the transmit
and receive antennas. Although there is encouraging research
progress in suppressing the SI, it is still an open challenge to
ensure that FD-based TWR outperforms the classic HD-based
TWR in terms of spectral efficiency [34], [35]. The solution
advocated in [36], [37] is the first one making TWR within
a single time slot implementable based on the conventional
HD solution. Explicitly, the users transmit their information
to the relays within a certain fraction of the time slot (TS),
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and then the relays forward the signal to the users during
the remaining fraction of the TS, hence only requiring a
single antenna for both transmission and reception, whilst
dispensing with SI. The benefit of fractional time allocations
in terms of improving the capacity of single-user and single-
input single output HD decode-and-forward systems has been
shown earlier e.g. in [38], [39]. To sum up, we provide a brief
comparison of the related literature in Table I.

Against this background, this paper investigates a UAV-
aided TWR communication network, where a UAV relay helps
multiple pairs of users to exchange their information within
one time slot. In order to avoid inter-pair interference, each
pair of users is allocated a sliver of communication bandwidth.
Additionally, the location of the UAV can be optimized offline
and then be fixed to save propulsion energy [40]. We aim for
jointly optimizing both the bandwidth and power allocation
for maximizing the sum of information exchange throughput
subject to the constraints of the power budget, total bandwidth,
as well as the users’ minimum required throughput. The
contributions of this paper are as follows.

e To address this constrained optimization problem with
the aid of a FD-based interface, which is nonconvex and
hence computationally challenging, we develop new inner
approximation techniques, which lead to an efficient path-
following procedure for its solution.

o For time-fraction (TF)-based and HD-based transmission,
this constrained optimization problem involves the addi-
tional decision variable of TF, which changes the nature
of the throughput functions involved. Hence, we propose
new inner approximation techniques to develop a bespoke
path-following algorithm for solving the problem. The
numerical results show that the TF-based approach out-
performs both the FD-based and the conventional HD-
based TWR techniques.

The rest of this paper is organized as follows. Section II is
devoted to FD-based TWR, under which each user pair is
allocated a communication bandwidth for their TWR. Then
Section III considers a pair of HD-based TWR schemes, which
are still implementable within a single time-slot. In the first
one, similarly to the FD TWR each user pair is also allocated
a communication bandwidth but they send their signals to the
UAV relay in the first half of the time slot and receive their
signal from the UAV relay in the second half of the time slot.
By contrast, in the second particular case each user transmits
and receives his/her signal over separate bandwidths, so there
is still no FD SI. Section IV is devoted to TF-aided HD-based

TWR, where each user pair is allocated a communication
bandwidth and they send as well as receive their signal over the
same allocated bandwidth within the allocated time-fractions
of the time-slot. In contrast to the first particular case of
Section III, where the time-fractions were fixed to 1/2, they
are now also optimized. The simulations carried out in Section
V show the clear advantage of the TF-aided TWR over its
counterparts. Our conclusions are drawn in Section VI. The
appendices provide the fundamental inequalities used in the
derivation of the algorithms.

Notation. n ~ CN(n, o) indicates that n is a circularly-
symmetric complex Gaussian random variable with a mean of
n and variance of . The optimization variables are printed in
boldface.

II. FULL-DUPLEX BASED UAV-ENABLED TWR

Consider a UAV-aided TWR communication network with
two groups of ground users as depicted by Fig. 1. Each ground
user (UE) k € {1,..., K} is paired with UE 7 (k) = K +k for
information exchange. We assume that there is no direct link
between the two UE groups, so UE k and UE n(k) = K + k
exchange information with each other via the UAV relay.

X
7 7 N N
- - N N
- - ~ ~

ol I st Lo
V V V V V V V V
Fig. 1: FD-based TWR

Let B be the normalized bandwidth, which can be shared
among the UEs, so that two way communication between UE
k and UE 7 (k) is supported by using a fraction

be=1/1,, k=1,... K, (1)

of B, where 0 < 1/7, < 1 is the fraction of the bandwidth.
Let hi and g be the ground-to-air (G2A) channel and
air-to-ground (A2G) channel between UE k and the UAV,
respectively,

In FD TWR communication, the UAV and UEs operate in
the FD mode. In support of this, each node has two antennas,

i



one of the antennas is for signal transmission, while the other
is for signal reception.

Let sy and s (1) represent the information symbol transmit-
ted by UE £ and UE 77(1{:), respectively, which are independent
and normalized, E(|s|3 ) = E(|s| y) = L Let us
furthermore deﬁne pk and p (k) as the power allocated to sy,
and sy (1), respectively. Accordingly, the signal received by the
UAV over the bandwidth 1/7; can be written as

Tk = hiPsSk + Ra()Pr(k)Se(k) T €Lk T MR E,  (2)

where e 7, models the effect of analog circuit imperfections
and the limited dynamic range of the analog-to-digital con-
verter (ADC) at the UAV, ngi ~ CN(0,0pav/7k) is the
background noise at the UAV with o7 4y = 02, and o2 is the
noise power density.

The maximum allowed transmit power of UEs is constrained
by PUmax_je,

pr < VPUmax 1 <k < 2K. 3)

In order to restrict the interference imposed on neighboring
networks, the total transmit power of UEs is limited by

PU max. (4)

sum

Zpk

The UAV processes the received signal and retransmits it by
allocating the power fraction 1/pg j to it

Tk 1
N = N (Pipksk + Mo (k)P (k) Sa (k) + €Lk
+nR7k) .

Let T = {Tk7k = 17 e 7TK} and P = {(pkapw(k)va,k)vk =
1,...,K}. Then the transmit power at the UAV over the
bandwidth by, = 1/7; can be expressed as

1
PA(T,p) = < h + | l
)y (T,p) = ka(l_USI) | k| Pk | (k)| fo (k)
+0UAV) , 5)
Tk

which is constrained by P4™ax ag
pPir,p) < PAM 1<k <K. (6)
For simplicity, in line with [36] we assume that

errk/PrE ~ CN(0,0%,PA(T,p)), where og; is the
UAV channel’s instantaneous residual SI attenuation level,

hence we have
OUAV
ot ) |
Tk

@)

o2

ST 2,2 2.2
1 gl (| k| Dk | w(k)‘ p

E(leprl®) =

Moreover, the sum transmit power of the UAV is also limited
by PR max.

sum

PQIEIII( 7p) = P];‘A(T7 p)

] =

k=1

M=

1
prnd — o)) (hk|2pi + \hﬂ(k)|2p72r(k)

+ OUAV
Tk
< PR max. (8)

sum

=~
Il

1

The UAV forwards the processed signals to all UEs and then
the signals received at UE k and (k) are given by

9k
VPR,k

+ Xk, kPESE + g, &)

Yk = (hkprsk + Py Pr () Sr(k) + €L1k + MR K)

k
Yn(k) = \/]% (Pkprsk + Por(k)Pr (k) Sn(k) + €L1k + NRE)

+ X (k)7 (k)P (k) Sm(k) T Mo (k) > (10)
where Xy k5K and Xr(k),x(k)Sx(k) respectively denote the FD
interference at UEs k and (k) with [xj k|* = [Xx(k),x() > =
0%, and ny ~ CN(0,0ug/7) and ng ) ~ CN(0,008/T%)
are the background noise at the receiver of UEs k and 7 (k)
with oy g = O’TQL.

We can rewrite (9) and (10) as

9k
Yk = ———Na(k)Pr(k)Sn(k) T hipr sk

9k
PRk PR,k

+ \/]% (errk +mRrk) + Xk kPKSE + 15, (11)
and
. 9r (k) 9r(k)
Yr(k) = \/ﬁhkpksk + \/ﬁhn(k)pw(k)sw(k)
Ir(k ~
+ \/T(R% (errk + MR k) + Xn(k),x(k)Pr(k) S (k)
+ N (k) (12)

where the first terms of their right-hand sides (RHSs) are the
desired signal components. The second terms represent self-
interference, which can be mitigated by estimating leakage
channel of both the forward and backward channels as well
as the allocated power and then reconstructing as well as
substituting the estimated SI. The last two terms represent the
background noise. It is worth noting that there is no inter-pair
interference in the received signals, since the communication
between the users of each pair of is carried out over their
dedicated bandwidth.

When invoking (11), (12), and (7), the signal-to-
interference-plus-noise ratio (SINR) at UE k and =(k)
after respectively removing the self-interference term

grhiprsi//PrE and  gr (i) Pr (k) Pr (k) Sn(k)//PRE 1S then



calculated as

2
051
wlr.B) = o P/ | 725
OUAV
X <|hk|2pi + Py P05 (1) + ™ >
[ 0'2 g
+ TV OSE e b+ U’ZPR’“], (13)
Tk |9k |9k
and
2 2 ‘7%1
Vr(k) (T: P) = [P pk/ [12
—Osr

ouA
X (IthQpi + () P05 (1) + Z—;j)

2
OUAV (o) OUE PRk
+ —L_ QPR,kPi(k) Tt } .
Tk |97r(k)| |97r(k)| Tk
(14)

In FD-based TWR, the amount of information exchanged by
the UE pairs is characterized by

Ry,(t,p) = P)) +In(1 + e (T, P))]

k=1,....K. (15)

The problem of maximizing the sum of the information
exchanged subject to the constraints of transmit power budget,
total bandwidth as well as the QoS for each UE in terms of
its throughput is then formulated as'

1
— [In(1 + v (r,
k

K
max ZRk(ﬂp) s.t. (3),(4),(6),(8), (16a)
K
> 1o (16b)
k1 'k
In(1 + (7, p)) > Teks (16¢c)
te{k,xk)}, k=1,..., K.

where (16b) constrains the sum-bandwidth and (16c) sets the
QoS for each UE in terms of its throughput thresholds.

By using the slack variable A £ (A1,..., Ax)” € RE, we
can express (16) by

K
max ;Ak st (3),(4),(6),(8),(16b), (16¢), (17a)
In[1+v(r,p)] +In [1+ v (1,P)] = Aemie, (17b)
k=1,..., K.

Note that the functions on the left-hand side (LHS) of (17b)
and (16c) are nonconcave, making (17) a computationally
challenging nonconvex problem. To handle the constraints
(17b) and (16c), we develop their new inner approximations,
which are based on a lower-bounding concave function ap-
proximation for the functions on the LHS of (17b) and (16c)
and on an upper-bounding convex function approximation for
the RHS of (17b).

Let (7(%),p(®) X\(%)) be the feasible point for (17) that is
found from the (k — 1)th of iteration.

For practical implementation, one needs guarding bandwidths between
/74

1) Successive UE throughput function lower bounding ap-
proximation: Applying the inequality (77) of Appendix yields

In[1 + v (,
(K) + bk Pr(k) — Ck [Vlw(k)\ pw

p) >

o2 OUAV
+% <|hk Pie + )Py + )
SI Tk
Lovav Xk, k2| - _|_O'Ub; PR, k] , (18)
Th |9k | |9
where
0> a” =In(1+ (2")2/5") - @2 /o7,
0< bl =2z )|hw(k | /y,:>, (19)
0< e = @) /a (@) + 5,
for
) A (k)
= |h7r(k)|pﬂ-(k)a
_ o?
1 2 T (PO + P05,
SI
2
OUAV OUAV Xk, k K K
+ w | T T | 2| pg%,)k(pl(c ))2
T T |9k |
OUE pg)k
19x1? + ('“””)
Furthermore, by using the inequality?
()
pR,kS((I;Rik)7k:17"'aKa (20)
2pR PR,k
under the trust region
ik —prr >0,k =1, K, 1)

it follows that the right-hand side (RHS) of (18) is lower
bounded by the following concave function

T](Cn)( ’p) (n) +b(n) P )_ck [|hﬂ(k)| pﬂ

2 a
(a2 + I P+ 7222 )

- ()P
g 2]7(%)

OUE (pgg)k) 1
|gk‘2 (2pR,k — pR,k)Tk

+

1- SI

ag
+ UAV+

Tk |gw|?

— PRk

+ (22)

(ng)k —prK)? >0 = (pEQL)Q > PRk (21)51;);@

under the trust region (21)

- pR,k) < (20)



Analogously,

v

In [1 + Ve (k) (Tu p)]

(K) (k) + bi&)pk :&-) [|hkzpi

o? OUAV
D0 (1P + T Py + 2% )

1-— O'SI
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ng"’),C

2
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Th P

— PRk
i OUE (pg’;)}c)z }
|9wwﬂ2(2p$%-—ka)m

o, (T.p),

under the trust region (21), where we have
0> alf =In(1+ (@%),)% /50 — @202 /50,

(k) (k)
0<b (k) = 2xﬂ(k)|hk|/yﬂ(k

>

(23)

(24)

() )
0 < ey = (i) /500 ((375)° + 050,
for
j%c) = [hlpy”,
7 0%

— I B |2 (p))2
Yrk) = 1-02)) (| kl*(py ")

o g w(k),m
i U(A)V 4 U(A)V 4 Ix (k), (1;)|
T, K K |gﬂ'(k)|

(k)
OUE ka
|g7r(k)|2 (k)

Since the functions r,(:“) and rff; are seen to be concave, the

nonconvex constraint (16¢) in (17) is thus innerly approximat-
ed by the following convex constraint

i P (000 )2

p% )k(pgzit))2

r e, p) > Fmk, L€ {kym(k)}, k=1,..., K. (25)

Finally, the remaining nonconvex constraint (17b) in (17) is
innerly approximated by the following convex constraint

K )\(K)T(K) )\k Tk
re (1)l (rp) = S (T ), (26)
Tk Tk

which exploits the following upper-bounding convex function
approximation for the RHS of (17b)

\() () .
M T (Mo Thoo sy 27)

4 /\("i) T("i)

k k

2) Path-following algorithm: The following convex prob-
lem is solved at the xth iteration to generate the next feasible
point (7(#+1) p(+1) A(5+1) for the nonconvex problem (17):

K
D A st (3),4),(6),(8),(16b), (21),(25), (26).

max
TPA
(28)
The computational complexity of (28) is
O(n*m*® + m*9), (29)

with n = 4K, which is the number of its decision variables,
and m = 7K + 3, which is the number of its constraints.

Note that 31, A ) and K b1 A (F”H) constitute a feasible
value and the optimal value for (28) SO

K K
+1

pRRTELES S

k=1 k=1
i.e., the three-tuple (7(++1) p(t1) A(x+1)) constitutes a bet-
ter feasible point for (17) than (T("),p("'),)\(")) as long as
(D) plet )y oL (k) p(“)) As such Algorithm 1, which
generates the sequence {(7(%), p("), \(*))} converges at least
to a locally optimal solution of the nonconvex problem (17)
[41].

To find an initial feasible point [7(?), p(®) A(©)] for (17),
upon taking any feasible point (7(°),p(®)) for the convex
constraints (16a) and (16b), we iterate the following convex
problem

max

. (%) e
DAk T...,Kee{%lg%k)}[r (7,p) = 7]

s.t. (16a),(16b), (21) (30)

until finding the nonnegative optimal value.

Algorithm 1 Path-following algorithm for FD-based TWR

1: Initialization: Set x = 0. Iterate the convex problem (30)
to obtain an initial feasible point (7(), p(®) (),

2: Repeat until convergence: Solve the convex optimiza-
tion problem (28) to generate the next feasible point
(A plet D) AEHD) for (17). Set & := k + 1.

3: Output (7(*), p(*)) as the optimal solution of (17).

III. CONVENTIONAL HALF-DUPLEX TWR

It is quite clear from (13) and (14) that the efficiency of
the FD-based TWR is critically dependent on the residual SI
attenuation level o g7, which cannot be suppressed to a level so
that the SI in their denominator becomes comparable to the
background noise. Furthermore, there are at least two ways
of implementing TWR within a single time slot as presented
below.

A. Half-time-division (HT) Based TWR

Under this approach, during the first half of the time slot,
the UE transmitters send their signals to the UAV and then the
UAV relays its received signals to the UE receivers during the
other half of the time slot, as depicted in Fig. 2.> Hence there
is no SI in (13) and (14). The resultant information exchange
throughput of UE pairs is given by

?k: [ln(l + :Yk(’ra p)) + hl(l + ﬁ/‘n'(k) (T7 p))] )

k=1,....K, (31)

PR

3If all nodes use the same antennas for signal transmission and reception,
a guard time occupying a certain fraction of the TS is required for switching
from the transmission mode to the reception mode and vice-versa



instead of (15), where we have

- 2 9 OUAV
= R ()| pw(;g)/{ T
and

5. T, — By 12p2 |:UUAV+ OUE pR,k:|7 33)
V(i) (T, P) = |Pge| pk/ T 962 T (

which represent the SINRs at UE k and UE 7(k) instead
of (13) and (14). The sum information exchange throughput
optimization problem corresponding to (17) is formulated as

OUE PR,k
|gk|2 Tk

(T, ) ] 3

max
T.P,A

K
Z/\k s.t. (3),(4), (16b), (34a)
k=1

(Ihk P+ [y P02 ) + UAV) < 2pAmax (34p)
* k=1,..., K,
N TUAV
> (IaP + Moo P + )
=1 PRk Tk
< 4pAmax (340)
In(1 + A(1,p)) > 277k, (34d)
telk,n(k)}, k=1,...,K,
In(1 + 3% (7, p)) + In(1 + Fr(x) (T, P)) = 2\ 7%, (34e)

k=1,..., K,

where (34b) and (34c) represent the transmit power at the UAV
over the bandwidth 1/7;, and the sum transmit power of the
UAV instead of (6) and (8).

[UE, ] [UE] [ UEq: | | UEa |
UAV's reception during the first half of the time slot
TYT
-~ - ~ ~
-~ ~ ~ ~
~ ~
Ve Vg ~SA ~SA
Y Y
[UE. ] [UE ] [ UEcs | | UEa |

UAV's transmission during the other half of the ime slot

Fig. 2: HT-based TWR

The problem (34) is nonconvex, since the pair of
throughput constraints (34d) and (34e) are nonconvex. Let
(7(9) pt¥) A(%)) represent the feasible point for (34) that
is found at the (k — 1)th iteration. Similar to (25) and
(26), the nonconvex constraints (34d) and (34e) are innerly
approximated by the following convex constraints

7 (r,p) > 2rmy, L€ {kym(k)}, k=1,....K, (35)

and
K (K /\(K)T(H) )\k Tk
l(c )( 7p) + r;r(;g)(’l—Jp) > k 2k ( (k) + W)Za (36)
A T
k k
where we have
A (s an) = af? + b prgy — e [hﬂ(k)| Pi)

+UUAV OUE (Pgl)z ]

Tk |gk|2 (QP(K) pR,k)Tk

and

(%)

AT poag) = o)

(k) (k) 2,2
n(k) + br(ky Pl ~ iy ['h” Pk

OUAV OUE (PR,k)
= PRI
k Ir(k) (2p & pR,k)Tk

with a{”, b, ¢ and o), b, ), defined by (19)
and (24) for

j](:) £ |h ‘pﬂ(k)a

?J;(f) £ UUAV/T;€ +UUEP /|gk|2 (n)7
and

557(:”&) 2 |hylpy”,

2?7(72) = JUAV/T;gH) + UUEPEQ);C/|QW(1¢)\2T;§K)~

At the x-th iteration we solve the following convex problem
to generate the next feasible point (7(*T1) p(s+D) A(=+1)) for
the nonconvex problem (34):

K
max E Ak
T,p,A

k=1

st (3), (@), (16b), (21), (34), (34c), (35), (36). (37)

Its computational complexity is (29) with n = 4K and m =
7K + 3. Like Algorithm 1, Algorithm 2, which generated the
sequence {(7(%), p(®) A(%))1 converges at least to a locally
optimal solution of the nonconvex problem.

Similarly to (30), upon taking any feasible point (7(°), p(®))
for the convex constraints (3), (4), (16b), (34b), and (34c), we
iterate the following convex problem

[ (7, ) — 27¢m]
), (34b), (34c¢),

max min
T,pAEk=1,.. K Ze{k Tr(k)}

st (3),(4),(16b), (21 (38)

until obtaining the nonnegative optimal value to locate an
initial feasible point (7(9), p(9 X)) for (34).

B. Bandwidth partitioning (BP) Based TWR

Under this approach UE k and UE 7 (k) send their signal to
the UAV over the bandwidth 1/7;, and 1/7,(y), respectively.*
The UAV then relays its received signal to UE w(k) and UE

4Guard bands are necessary for its practical implementation between the
adjacent bands of 1/7%, k=1,...,2K.



Algorithm 2 Path-Following Algorithm for half-time division
based HD
1: Imitialization: Set x = 0. Iterate the convex problem (38)
for an initial feasible point (7(*), p(*), \(¥)) for (34).
2: Repeat until convergence: Solve the convex problem (37)
to generate the next feasible point (7(*1) pet1) A(x+1))
for (34). Set k := Kk + 1.
3: Output (7(%), p(*)) as the optimal solution of (34).

k over the same bandwidth fractions with powers pg r(x)
and pg k., as depicted in Fig. 3. Then instead of (16b), the
bandwidth constraint is

S

/7, +1/Try) < 1. (39)
k=1
T -
/ / RN I/T"(K
A/l/r,[(.) ST \Al/rI \1/:,(
V
| UEK+1 [ | UE2k|

Fig. 3: BP-based TWR

Furthermore, instead of (31), the information exchange
throughput of UE pairs is given by

1 1
In[1 + 3k (7, p)] + — In[1 + Yy (7, D)), (40)
Tr(k) Tk
k=1,...,K,
with
_ OUAV OUE PR,k
(T, D) = x| *P2 /[ + : } (41)
( ) | (k)| (k) Tr(k) ‘gk|2 Tr(k)
and
_ OUAV OUE PRx(k
Tty (T, P) = I p} / [ + )} . @)
Tk |97r(k)\ Tk
For 7 2 {m,k = 1,....,mg)}, p =
{(pk7p7r(k)7pR,k7pR,7r(k))7k = 17"'7K}v and
X2 {\,k=1,...,2K}, the problem of sum information

exchange throughput optimization corresponding to (34) is

formulated as

K
max S Okt Aey) st (3),4),(39),  (43a)
T,p,A 1
ouAv max
(|hﬂ-(k)| pﬂ(k) + Toth) ) < PA’ ) (43b)
k=1,..., K,
1 .
(lhk “pi + ”U“V> < pAmE . (43¢)
PR, 7 (k) Tk
k=1,...,K,
K 1 oUA
UAV
Z < ('hﬂ—(k)2p727(k) t— )
— \PRk (k)
+ ('hk|2pi + OUAV)) < P;?lrglax’ (43d)
PR,x(k) Tk
ln(l + :Yk(’ra p)) 2 ’Fk:TTr(k:)a
ln(1+’77r(k)(7'7p)) > Fﬂ'(k)TIW k= 17"'7K7 (436)
In(1+ (7, P)) > MeTr(k),
ln(1+’_y7'r(k)(’r7p)) > AT((]C)T]C? k= 17"'7K7 (43f)

where (43b)-(43d) represent the transmit power at the UAV
over the bandwidths 1/7, () and 1/7; and the sum transmit
power of UAV instead of (6) and (8). Similarly to (34), (43)
is also a nonconvex problem, since the throughput constraints
(43e) and (43f) are nonconvex.

Let (707, p") \(®)) be the feasible point for (43) that
is found at the (k — 1)th iteration. Similar to (25) and
(26), the nonconvex constraints (43e) and (43f) are innerly
approximated by the following convex constraints

P, P) > TaTa(rys o (TD) = FagyTs k=1, K,

(44)
where we have
)\(H)T(Fu) A
(H) k k 7-7r(lc
(rop) 2 =P (G + ) k= L RS
k T (k)
AR o (H) A\
7(F) (k) Tk (k) Tk \2 _
w(k)( T,p) > 4 ()\(K) T(n)) , k=1,..., K(45b)
(k) k
under the trust region
W) — PR > 0.k =1,... 2K, (46)
where we have
_(k K K OUA
T‘,i )(T,p) = GI(C ) + b( )p (k) — Ck [lhﬂ(kﬂ p,r (k) + U(]:)/
ous <p§$>k> ]
19512 (2p%) — PRI Tr (R
and
=(r) OUAV

7 (r,p) = a4+ b0 pr — ) W 2+

n OUE (pg:l;)ﬂ( ))2
2 K
‘gﬂ(k)| (2p52,)7r(k) _pR,Tr(k))Tk




() B0 )

x(k)> Ox(k)y Cr(k) defined by (19)

with a,, (), b,C , c,c ) and a
and (24) for

) £ |h71'(k) |p.(n—l3C

—( ) A ()

= JUAV/T T UUEpR k/|9k|2 Tr(k)

and
7
w(k)

ET(L) £ O’UAV/

(fi)

lI>

|hx|py,
'+ ou ) o /19x 0 P

At the k-th iteration we solve the following convex problem
to generate the next feasible point (7(*1) p(st1) A\(<+1)) for
the nonconvex problem (43)

K

max Z()\k + /\ﬂ(k))

TPA k=1
st. (3),4), (39

The computational complexity of (47) is (29) with n = 6K
and m = 10K + 3. Like Algorithm 1, Algorithm 3, which
generates the sequence {(7(%), p(*), \())}, converges at least
to a locally optimal solution of the nonconvex problem (43).

Similarly to (38), upon taking any feasible point (7(°), p(®))
for the convex constraints (3), (4), (39), (43b), (43c), and
(43d), we iterate the following convex problem

), (43b), (43c), (43d), (44), (45), (46). (47)

( y p) - 7716’7—7'r(k,)7 Fgg@) (T’ p)
(3),(4), (39), (43b), (43¢), (43d),

until obtaining the nonnegative optimal value to locate an
initial feasible point (7(%), p(©)) for (43).

max min mln{r
T,p,Ak=1,...,. K

— Tﬂ.(k)’rk} s.t. (48)

Algorithm 3 Path-Following Algorithm for bandwidth divi-
sion based HD

1: Initialization: Set x = 0. Iterate the convex problem (48)
for an initial feasible point (7(%), p(*) \(%)) for (43).

2: Repeat until convergence: Solve the convex optimiza-
tion problem (47) to generate the next feasible point
(7(AD pstD) X+ for (43). Set £ := k + 1.

3. Output (7(%), p(*)) as the optimal solution of (43).

IV. OPTIMAL TIME-FRACTION-BASED (TF) HD TWR

In this section, we propose a TF-based scheme in which
the specific time fraction 0 < p < 1 is used for sending
information from all UE transmitters to the UAV, while the
remaining time fraction of (1 — p) is used for forwarding the
signals from the UAV to the UE receivers, as depicted in Fig. 4.
The hostile loop self-interference inherent in FD-based TWR
is thus absent in this TF-based TWR. Assuming that 1/py is
the power share allocated to UE k for sending its information

to the UAV. The physical constraint of 1/py obeys
1/pr < Pug, 1 <k <2K, (49)

where Pyp = 3PUmax,

[ UE, |- | UE, | [UE.. |-

UAV's reception during time fraction p

[ UE.. |

- ~
&~ A

[Ue] - [Ue] [Ue] -

UAV's transmission during time fraction 1-p

[ UE=. |

Fig. 4: TF-based TWR

The transmit power constraint of all UEs is

pY 1/pk < PO (50)

The signal received by the UAV over the bandwidth 1/ is
given by

h P (1) Sn
bk ) <’“>+nR,k>. (51)

\/IT]C \Pr(k)

The UAV processes the received signal and applies the transmit
power fraction 1/ppg j for its transmission

’I"kz\//j<

e N[ sk | P Se
= + +NRk
/PR VPRE \ Pk \/Pr(k)

which is physically limited by

1 <|hk|2
PRk \ Pk
where we have Pp = 3PAmax,

The sum transmit power constraint is formulated as
K 2
Z 1 <|hk|2 e (1) | n 0UAV>
—1 PRk Pr(k) Tk

Then the signal received by the UEs % and
as

o) |2 _
+\ )| +UUAV><PR’1<I€<K’
Pr(k) Tk
(52)

R,max
Psum .

(53)
7(k) is expressed

yk:m[ Vi (h

e (1) 57 (k)
+ + NR.k
VPR E \ /Pk

\/Pr(k)

X gk + k|, (54




and

—— | VB[ hesk Pag)Sem)
() a l PRk \ VPk v/ Pr(k) fuk

X Gr(k) T n‘n-(k)‘| . (55)

The SINR at UE k and 7(k) after rejecting their own SI is
then given by

(| i) |2 /DR, Dr ()
HOU AV /PR ETE + OUE/Tk|gk|?

(T, P ) = (56)

and

) ha|?
i) (T 1) = "/ pr.ipr (57)

C pouav /PRETE + OUE/Tklgn 2

Thus, the infirmation exchange throughput of the UE pairs is
defined by

[111(1 + ’Yk(’ra p, /J/))
+ In(1 + vy (7,0, 0)] k=1,...

Ry (T,p, pt) = (1;/0

K.
(58)

The problem of maximizing the sum information exchange
throughput subject to the constraints of our transmit power
budget, the total bandwidth and the UEs’ throughput is for-
mulated as

K

1—
s ;;;(7%A0Un(14—7%(r,p,u))
(1 + ey (7, P, 1)) (59)
st (16b),(49), (50, (52), (53), (59b)

1 _
(Tikﬂ) In(1 4 (T, p, ) > 7, (59¢)
velknk)}, k=1,...,K.

Compared to the problem (17), the presence of the new TF
variable ;¢ makes the problem (59) much more computationally
challenging. Firstly, the UE throughput functions in (59a) are
more complex than that in (17b). Secondly, in contrast to the
convex constraints (4) and (6), the power constraints (50), (52)
and (53) are no longer convex.

For appropriately addressing (59), we first introduce the new
variables ¢+ £ (t1,t5) with 0 < t; = 1/ and 0 < to =
1/(1 — ), satisfying the convex constraint

1ty +1/ty < 1. (60)

Then, (59) is rewritten as

K
1
— [In(1 t
g}g,}t( kz::lTth [H( +’7k(7—7p7 ))
+In(1 + Yo () (7, P, 1))] (61a)
s.t.  (16b), (49), (60) (61b)
2K
> — < Plmey, (61c)
1 Pk
hi|? Py |2 _
|| 1P (i) | WAV B (61d)
PRkPk  PR.kPr(k) PRkTEk
1<k<K,
K
Z( |ha? N (k) |2 L _ovav )
i= \L2PRAPE  L2DPREPr(k)  l2PRKTK
< Plhmaxy, (6le)
1
711’1(1 + 7@(77p7t)> Z FZ7 (61f)
Tito
te{k,nk)}, k=1,...,K,
with
P i) |2/ DRk DR ()
T,p,t) = : (62)
(T P,?) ouAv /PRETE + ouEt/Tk|gK|?
and
h 2
’Yﬂ'(k)(T»pat) = | kl /pRJCpk (63)

oAV /PR ETE + oUEtL/Ti|9r () [*

The constraints (61b)-(61e) are convex but the objective func-
tion (61a) is nonconcave and the constraint (61f) is nonconvex.
Next, we develop a successive lower-bounding approximation
for the UE’s throughput functions, under which (61f) is innerly
approximated by the convex constraint.

Let (%), p(®) +(%)) be the feasible point for (61) that is
found from the (k — 1)th iteration.

A. Successive UE-throughput function lower-bounding ap-
proximation

Applying the inequality (76) of Appendix yields
1
71n(1+7k(7-7p7t)) >

Trt2
() _ () ougt
ak i - g |* T

PR,kPr (k) n (v) [ OUAV
(r) (k) k

PR1Pr (k) TeDR
<), t T
12 Tk

where we have

0<al™ =3d" + 250,

0< b =1/ 5" + Drig”
0<e =1/g,

0<dl =1+ /27 50) /ity



for
7(@ = pgz ;fpfﬂ)/mﬂ(k | )
( )

Y = UUAV/Tk p%)k + UUEt

/ |9k|27'k
Furthermore, by exploiting the inequalities

(k) (k)
s PREPr(k) (pR k

K Pr(k
PrAD=(r) < B (P) 2 R R (5)
4 pg’%k ((k)
and
(1) (r)
t (%) ty ty Te  \2
< 66
Tk wk ( ’ ) 47.]5’{)(t(“) Tk ) ’ (66)

it follows that the RHS of (64) is lower-bounded by the
following concave function

) (1 pt) 2 0l — ) PP) o (ovav
’ b b () () P\ Tkprok
R,kPr (k) '
OUE (k K Tk

Tl é)(r,t))} —dy )(t(”) + ) (67)

2 k

Analogously, we have

1
7111(1 +77r(k)(7-7p7t)) >

Tito

(I)("f') .

k (p) +C() (UUAV
TkPR,k

K (k)
iy

NORETC
k) — Vi)

|gi[(]£|2/\l(j)(77 ))] dw(k)(t(n) + TZ;)) =
ryTpt),  (68)
with
o (p) 2 W(;ﬁf %)27 69)
Rk Pk
where
0 < alfy, = 3dY), + 2000,
0 < b, = 1/(@e0, i, + D,
0< cir(k) 1/y7r(k)7
0 < dly, =m(1+1/3%, 50 /778,
for

Tty = Pips /1w,
(k)

y.,(r(;c):UUAV/T ka"FUUEt )/|97r 1€)|2 .

)
B. Path-following algorithm

The following convex optimization problem is solved
at the xth iteration to generate the next feasible point

(7(s+D) plstD) #(5+1)) for the nonconvex problem (59)/(61):

max {r,(:’)('r, p,t) + TE;ZL)(T’ p, t)} (70a)

g

st. (61b) — (6le), (70b)
r{?(rpit) = e, (700)

£e{k,7r( W, k=1,... K.

The computational complexity of (70) is (29) with n = 3K +2
and m = 4K + 4. Like Algorithm 1, Algorithm 4, which gen-
erates the sequence {(7(*), p(*) t(®))1 converges at least to a
locally optimal solution of the nonconvex problem (59)/(61).
To find an initial feasible point (7(9),p(®) () for (59)
we take any feasible point (7(9),p(®) ¢() for the convex
constraints (61b)-(61e) and iterate the convex problem

rr pt)/Fe st (61b)—(6le),

(71)

max min min
7,p,t k=1,...,.K Ze{k,w(k)}

until it reaches a value which is more than or equal 1.

Algorithm 4 Path-Following Algorithm for FT

1: Initialization: Set x = 0. Iterate the convex problem (71)
to find an initial feasible point (7(9), p(®) ¢(0)) for (59).

2: Repeat until convergence: Solve the convex optimiza-
tion problem (70) to generate the next feasible point
(74D p(et1)) for (59). Set k := K + 1.

3. Output (7(%), p(*) (%)) as the optimal solution of (59).

V. NUMERICAL RESULTS

This section presents our numerical results characterizing
the performance of our algorithms. There are K = 10 UEs,
which are randomly placed within the cell leaving the cell
center at (100, 50, 0) meters, while the remaining K = 10 UEs
are randomly placed within the cell leaving the cell center at
(=100, 50, 0) meters. The radius of the cell is set to 50 meters.
The UAV is located at the position of (0, 50,200) meters. The
G2A channel is modelled by

hi = Grhi, (72)
while the A2G channel is modelled by
9k = Pkks (73)

where ¢ and ¢ denote the large-scale fading coefficients,
while hy and gy, represent the small-scale fading coefficients
of the G2A and A2G channel, respectively. The large-scale
fading is modelled as log-normal shadowing [42], formulated
as

PLk(dB) = PLy+ 10« loglo(dk/do) + X, (74)

where PLy = 20log,y(4ndofc/c) is the path loss at the
reference distance dj, the carrier frequency is f. and the speed
of light is ¢ = 3 - 108 (m/s). Furthermore, « is path loss
exponent, which is 2.51 for G2A and 2.32 for A2G [42]-[45],
dj, 1s the distance between UE k and the UAV, and X, is a



zero-mean Gaussian distributed random variable with standard
deviation ox (in dB) representing the shadowing effects.

As there is a dominant line-of-sight path in the propagation
channel, the small-scale fading coefficient following the Rician
distribution can be modelled as hy ~ CN (1, 202%) with
Rician factor Kr = |u|?/202. The carrier frequency is
fe = 2 GHz, the reference distance is dy = 1 meter and
the Rician factor is Kr = 10 [46]. The noise power density
is crfl = —174 dBm/Hz [11]. Other settings are pUmax — 9
dBm, PYmax — [ pUmax apd pAmax — gpRmax /[ The

computational tolerance is € = 1074,

A. Sum information exchange throughput optimization

This subsection analyzes the achievable sum information
exchange throughput obtained by four schemes, which are
labelled by “FD”, “HT”, “BP” and “TF” in all figures to refer
to FD-based TWR, HT-based TWR, BP-based TWR, and TF-
based TWR, respectively.

Figs. 5 and 6 plot the achievable sum information exchange
throughput versus SI attenuation level o%; € [—150,—110]
dB for each user throughput threshold of 7, € {0.1,0.3,0.6}
bps/Hz. Observe from Fig. 5 that when the value of og; is
small, which reduces the FD SI to a level similar to noise, FD-
based TWR performs significantly better than HT-based TWR
and BP-based TWR. However, as the value of og; becomes
higher and imposes FD SI higher than the noise, the latter
outperforms the former, since FD-based TWR fails to elimi-
nate the SI. By contrast, TF-based TWR always achieves better
sum information exchange throughput than the other schemes.
This is due to the fact that in contrast to TF-based TWR, the
time-fractions in HT-based TWR are fixed by definition at
1/2 without optimization. However, the optimization of the
time fraction is not trivial. Furthermore, since all UEs relying
on BP-based TWR are allocated separate bandwidths, each
member of a pair of UEs has half the bandwidth. This limits
their information exchange throughput.

Additionally, we examine the impact of each user through-
put threshold 7, on the sum information exchange throughput.
Observe from Fig. 5(a) that the optimal solution of the
different schemes satisfies the achievable throughput require-
ment of each user. However, when 7, = 0.3 bps/Hz, no
feasible solution can be found for FD-based TWR associated
with 0%, = —110 dB for satisfying each user’s throughput
requirement. Under high FD SI conditions it is difficult to
make the throughput of each user higher than 7, = 0.3 bps/Hz.
Furthermore, when #;, = 0.6 bps/Hz, there are no feasible
solutions for BP-based TWR and for HT-based TWR. Indeed,
this is also the case for FD-based TWR for 0%, > —130
dB. Furthermore, compared to Fig. 5, the sum information
exchange throughput of TF-based TWR and of FD-based
TWR in Fig. 6 is reduced a bit, because the feasibility set
becomes narrower for higher throughput requirements.

Next, Figs. 7 and 8 plot the achievable sum information
exchange throughput versus the UAV transmit power budget
of PEmax for 7 € {0.1,0.3,0.6} bps/Hz. The SI attenuation
level is fixed at ng ;1 = —130 dB. As expected, the achievable

sum information exchange throughput increases with Pmax,

14 I I I I

Sum information exchange throughput (bps/Hz)

-160 -150 -140 -130 -120 -110
2
ogr (dB)

(a) 7o = 0.1
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Sum information exchange throughput (bps/Hz)
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6 ‘ ‘ ‘ ‘

-160 -150 -140 -130 -120 -110
o%; (dB)
(b) 7 = 0.3

Fig. 5: Sum information exchange throughput versus %, as
the optimal value of (16) for FD, (34) for HT, (43) for BP,
(59) for TF, with K = 10 and 7, € {0.1,0.3}.

The achievable sum information exchange throughput of TF-
based TWR is always better than that of the other schemes.
Furthermore, observe in Figs. 7 and 8 the gap between TF-
based TWR and FD-based TWR is seen wider in PX;m% The

increase of PZ:max Jeads to higher FD SI, thereby hindering
the improvement of exchange throughput of FD-based TWR.

Additionally, for ¥, = 0.1 bps/Hz, the optimal solution
under the different schemes assists each user to satisfy its
throughput requirement. However, since we have 7y = 0.3
bps/Hz in Fig. 7(b), no feasible solution can be found for
BP-based TWR at PEma = 15 dBm. Furthermore, when
7¢ increases to 0.6 bps/Hz, there are no feasible solutions for
BP-based TWR and HT-based TWR. Moreover, no feasible
solution can be found for TF-based TWR and FD-based TWR,
when PEmax — 15 dBm.

Figs. 9 examines the impact of the number of users K on
the sum-rate of information exchange, which increases with

K in all schemes. With PE;max fixed, it is saturated when K
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Fig. 6: Sum information exchange throughput versus 0%, as
the optimal value of (16) for FD, (34) for HT, (43) for BP,
and (59) for TF, with K = 10 and 7, = 0.6.

exceeds a certain threshold. Furthermore, Fig. 10, which plots
the sum-rate versus the UAV’s altitude at PZm8% = 15 dBm
and 7, = 0.1 bps/Hz, shows that as expected, reducing the
power reduces the throughput.

Fig. 11 plots the optimal time fraction p of TF-based
TWR versus the transmit power budget of UAV PFmax jp
conjunction with 7y = 0.1 bps/Hz. It can be seen that the time
fraction p, which is used for sending information from all UEs
to the UAV, decreases when P:m2% increases. Given a higher
power budget, an increased time fraction is allocated to the
link spanning from the UAV to the UEs.

Fig. 12 plots the bandwidth allocations 1/ associated with
7¢ = 0.1 bps/Hz. All UEs are allocated separate bandwidths in
BP-based TWR, while UEs k and 7 (k) share the fraction 1/7y
of bandwidth in the other schemes. The bandwidths allocated
to UE pairs (6,16) and (9,19) are much higher than that
allocated to other UE pairs, because the channel gains g; in
the UE pairs of (6,16) and (9,19) are stronger than that of
other UE pairs, indicating that the sum information throughput
optimization may assign more bandwidth to strong UE pairs.
Next, Figs. 13(a) and 13(b) plot the optimal transmit power
allocation for the UEs to the UAV link and for the UAV to
UEs link, respectively. As seen in Fig. 13, the transmit power
allocation for the link spanning from the UEs to the UAV under
TF-based TWR is lower than that under the other schemes, but
the former needs more power for its transmission from the
UAV to UEs. This explains why TF-based TWR significantly
outperforms the other schemes in terms of its sum information
exchange throughput.

B. Algorithmic convergence

Fig. 14 characterizes the four algorithms convergence. The
HT-based TWR algorithm achieves the fastest convergence
rate. The BP-based TWR and FD-based TWR algorithms
require 23 and 30 iterations, respectively, whereas TF-based
TWR needs more iterations.

——TF
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Sum information exchange throughput (bps/Hz)
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Fig. 7: Sum information exchange throughput versus P2:max

with K = 10 as the optimal value of (16) for FD, (34) for
HT, (43) for BP, and (59) for TF

VI. CONCLUSIONS

Four UAV-aided TWR solutions have been conceived, where
pairs of users can exchange information via the UAV relay. A
pair of prospective approaches have been proposed to enable
information exchange between pairs of users within one time
slot. The first approach is FD-based TWR, which relies on
FD transceivers both at the UAV relay and at the users, while
the second approach is TF-aided HD TWR, which allows
both the UAV relay and users to employ a fraction of the
time to transmit and receive. In contrast to the first approach,
it is much easier to implement the second one for UAV-
enabled TWR. The problems of jointly optimizing both the
bandwidth and power allocation for pairs of users to maximize
minimum information exchange throughput have been solved
by our efficient path-following algorithms with the aid of new
inner approximation techniques. Our numerical results show
the advantage of TF-based HD TWR over conventional HD
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APPENDIX: FUNDAMENTAL INEQUALITIES
The following inequalities were proved in [36] and [47]:

In(1+1/zy) In(1 +}/5E§) 1 r oy

> (-2 _7
2t 23 zt (Zy + 1)zt T fg)
In(1+1/zg) In(1+1/zg)
- = - 7
27 z o t, (75)
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Fig. 10: Sum information exchange throughput versus the UAV
altitude with P2:max — 15 dBm and 7, = 0.1 as the optimal
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foralz >0,y >0,2>0,t>0,andz >0,y >0, z2>0,
t > 0, while
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forall x >0,y >0,and z >0, y > 0.
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