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Abstract—This work studies unmanned aerial vehicle (UAV)
relay-assisted Internet of Things (IoT) communication networks
in which a UAV is deployed as an aerial base station (BS)
to collect time-constrained data from IoT devices and transfer
information to a ground gateway (GW). In this context, we jointly
optimize the allocated bandwidth, transmission power, as well
as the UAV trajectory to maximize the total system throughput
while satisfying the user’s latency requirement and the UAV’s
limited storage capacity. The formulated problem is strongly non-
convex which is very challenging to solve optimally. Towards an
appealing solution, we first introduce new variables to convert the
original problem into a computationally tractable form, and then
develop an iterative algorithm for its solution by leveraging the
inner approximation method. Numerical results are given to show
significant performance improvement over benchmark schemes.

Index Terms—Information freshness, Internet of Things, timely
data collection, unmanned aerial vehicle (UAV).

I. INTRODUCTION

Nowadays, IoT has gained significant penetration in many
areas such as e-health, smart city, agriculture, and smart grid
[1], [2]. The number of IoT devices is estimated up to 100
billions by 2025 [3]. Nevertheless, as the restriction of available
resources for wireless communication systems, the design of
efficient IoT communications is becoming a daunting challenge.
More specifically, since base stations (BSs) are commonly
installed in permanent locations with fixed antenna height as
well as their sparse distribution which results in a degraded
performance in the case of severe fading or overloaded sce-
narios. It is infeasible to solve these problems by simply
increasing the number of BSs due to high installation and
maintenance costs [4]. Therefore, conventional systems hardly
satisfy the requirements of IoT networks. Moreover, in emer-
gency circumstances such that BSs are destroyed/isolated after
a disaster, they are unable to operate normally. Fortunately,
UAV communications could become a promising technology to
overcome the above drawbacks thanks to their mobility, agility,
and flexible deployment [5]. More specifically, the UAV can
fly closer to the IoT devices which significantly enhances the
network performance and reduces the total power consumption
of IoT users.

The timely data collection or information freshness in UAV-
assisted IoT communication networks has attracted consider-
able attention recently [6]-[9]. In emergency scenarios, out-
dated data may cause untrustworthy controllable decisions,
which may be catastrophic [9]. For instance, in latency-critical

IoT applications such as factory automation, smart grids, and
intelligent transport systems [10]. Since the IoT devices usually
have limited cache size, their data needs to be collected in
time before it becomes obsolete or is overwritten by the
new data. The authors in [6] proposed two UAV trajectory
design algorithms, namely, the Max-Aol-optimal and Ave-Aol-
optimal for effective data collection while considering the age
of information (Aol) metric. In [7], the authors formulated an
optimization problem to jointly optimize the UAV’s trajectory,
energy, and service time allocations to minimize the average
Peak Age-of-information (PAol) for a source-destination link.
In [9], both the UAV trajectory and the service bandwidth
allocation are optimized to maximize the total number of served
ground IoT users, whereas the UAV is required to collect the
devices’ data within their delay requirements.

Unlike studies in [6]-[9], [11], [12] that only investigated
the UL or DL channel and simply applied HD communication
in their system. This is because the RT constraint should be
considered as the latency from edge users (or GW) to GW
(or edge users), wherein the GW is assumed to connect with
a core network by stable connections, e.g., wired cable. The
delay between the UAV and GW only can be neglected iff
this value is very small. Motivated from the above discussions,
this paper investigates the impact of latency constraints for
both the UL and DL channels in UAV relay-assisted IoT
systems. Especially, the UAV can be deployed in full-duplex
(FD) or half-duplex (HD) mode for a comprehensive study of
the advantages of each scheme. As the realistic requirement
to improve the estimation accuracy in a natural disaster or
emergency scenario, we propose to maximize the total collected
throughput, subject to the maximum speed constraint of the
UAV, total traveling time constant 7', maximum transmit power
at the devices/UAV, limited cache size of UAV, and latency
constraints for both UL and DL. Towards an efficient solution,
we first transform the relaxed problem into a computationally
tractable form by introducing additional variables and adding
an entropy-based penalty function. We then develop a low-
complexity iterative algorithm by leveraging the well-known
inner approximation (IA) method [13], which solves only a
simple convex problem at each iteration. In order to assess the
performance of the obtained solutions, extensive numerical re-
sults are provided to show the enhanced performance compared
with the benchmarks.
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Fig. 1: Illustration of the data transmission process of 2 IoT devices
with N time intervals. The first IoT device with initial data transmis-
sion time at Mgtart,1 = 2, timeout at nend,1 = 5. The second IoT
device with initial data transmission time at ngtart,2 = 3, timeout at
Nend,2 = 6. The UAV operates in the FD mode from time slots 5 to
6 since two devices utilize the same sub-carrier.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a wireless communication system where a UAV
acts as a relay to receive data from a set £ = {1,..., K} of K
IoT devices and then forward to a ground gateway (GW). Each
IoT device is equipped with a single antenna and operates in
the HD mode. The UAV is capable of adopting either FD or
HD mode. The total flying time of UAV is limited by 7'. Each
device is active at different time instances ¢, where 0 <t < T.
The device k’s location are represented by r, € R2X1 k €
K. We assume that the IoT locations, data sizes, the starting
data transmission time (i.€., Nstart,k), and deadline time (i.e.,
Nend,k) are known to the UAV through the control center. As
shown in Fig. 1, we denote ngiare kx and neng, i as the starting
data transmission time and latency constraint of the device k,
respectively. It is assumed that the UAV must collect device k’s
data during period ngtart,k < t < Nend, k- For simplicity, the
UAV flies at fixed altitude H (meters), which is the minimum
altitude to avoid obstacles [5]. Denote by ¢(t) € R2*! with 0 <
t < T the UAV trajectory projected onto the horizontal plane.
For tractability, 7" is divided into IV equally slots, i.e., T'= N&;
with &; denotes the duration of each time slot. Thus, ¢(t) can be
represented as (q[n])g:1 , where g[n] is the UAV’s horizontal
location at n-th time slot. Let V},,x denote the maximum flying
speed of the UAV. We then have the UAV’s speed constraint
llg[n] — ¢[n —1]|| < 64 = Vimaxdt,n = 2,..., N. Moreover,
N ={1,...,N} denotes the set of all time slots.

Let k£ and U represent for the k-th IoT device and the UAYV,
respectively. Henceforth, 15 and 2k denote the channel k& —
U and U — GW to convey the data of user k, respectively.
Then, the distance from £k — U or U — GW is dix[n] =

\/HQ—I— Ilg[n] — x|, ¥n, k, where i € {1,2}, r € {rr, qo}
with g denotes the GW’s location.

This work considers a practical channel model including both
large-scale and small-scale fading [14]. Concretely, the channel
coefficient at n-th time slot, h;;[n], is decomposed as [9]

hik[n] = Vwir[n]hix[n], (1)

where w;i[n] = wod,,” [n] represents for the large-scale fading
effects, with wy is the average channel power gain at the

reference distance d = 1 meter, and « is the path loss exponent.

h;i[n] accounts for the Rician small-scale fading coefficient in

H%hik[n] + lJ%Ghik[n]. Here, G
is the Rician factor; hy;[n] and hi,[n] ~ CA(0,1) denote the
LoS and NLoS components, respectively.

The achievable transmission rate (bits/s) of links £ — U and
U — GW to convey the data of device k at time slot n, for

the FD and HD operations, are respectively given by

the form of hi[n] =

v n] = awxn]B
Plk[n]\ﬁlk[n]\2w0/2
H2+||q[n]—rg]1?)”
10g2 1+ ( K . ) 9
PRSL S7 pop-[n] 4 02
k*eX\k
rig[n] = (2a)
riw [n] = a1x[n]B
B 2
gy [ 14— pulellslelPeo |
(#2 + laln] = rel?) 02
(2b)
rok[n] = ask[n]B
B 2
log, | 1+ pak[n][hak[n]|*wo s

a/2
(12 + llaln] = qoll”) " o

where ¢RST £ pRST| g1 (0] |2 with pRST € [0, 1) is the residual ST
suppression (SiS) level after real-time cancellations in analog-
digital domains and gy[n| denotes the fading loop channel at
UAV which interferes the UL reception due to the concurrent
DL transmission; o2 denotes the power of additive white Gaus-
sian noise (AWGN); B is the total bandwidth in hertz (Hz);
a1 [n] B and agx[n] B are the the portion of bandwidth allocated
for the UL and DL to transmit data of k-th device during time
slot n, respectively. In practice, for a large number of resources,
aix[n] and agx[n] are approximately continuous between 0
and 1. Thus, the bandwidth allocation should comply with the
following constraints Y a;x[n] <1, 0 < a;[n] < 1,Vk,n.

kek
From (2)-(3), the throughput of UL and DL to transmit the
data of device k at time slot n are
C1k[n] = 6:R1x[n], (€]
Cax[n] = 0;Rok[n], ®)]

respectively, where

N le[n},if’n S 7—1k

Rig[n] = { 0, otherwise ©)
| rogln],ifn € Ta

Rog[n] = { 0, otherwise )

with 7-1k £ {nstart,ka v ancnd,k}s 7-2k £ {ncnd,k + 17 ceey N},
(6) implies that the UL transmission £ — U only occurs during
time period 71j. On the other hand, the DL transmission U —
GW is conducted iff the UAV finishes the data collection for
that device, as in (7). Moreover, the total achieved throughput



on the UL and DL are represented as Cy;, = 5. §;Rix[n]
n€Tik
and Cop 2 3" §;Rox[n], respectively.
neTay
Then, we have the latency constraints
S,
/\kRik < (Nend,k — Mstart,k)0t, Tk, ®
1k
Sk
Ae—=— < (N — nena, k)0, Yk, 9
Roy,
where Sy denotes the data size, Ry, = Y. Rix[n], Rox =

n€Tik
> Rok[n]; (8) signifies that the device k& must transmit the

n€Tak
data kto UAV before the latency constraint; (9) implies that the
DL process is performed during the flying time of UAV.!

A practical operational constraint of the limited storage
capacity of C for the UAV is considered, which is stated as

> (Z Cix[l] nz_jcgkm) < C,Vn,
=1

kex

(10)

N
Where Z ClkH = )\kSk — Z 525R1k[] Czk[] ﬁ 5tR2k[]
l=n+1

Notably, to spend a part of storage capacity for future use, i.e., a
free cache size to store new incoming data, the amount of data
stored at the UAV is calculated as the size of files collected
from all devices till (n)-th time slot minus files transmitted to
GW till (n — 1)-th time slot as in (10).

To mathematically describe a successfully served device, a
new binary variable )y is introduced
A\ = { é, Device k is successfully served (an

, otherwise.

Let us define q 2 {q[n],¥n}, a = {aix[n], azx[n],k €
’C,’fl € N}v p £ {plk[n]7p2k[n]ak € ]C,Tl € N}a A £
{Ak,k € K}. By taking into account the storage limitation,
under the assumption that the locations, initial transmission
time, and timeout constraints of all IoT devices are known
a priori. Consequently, the problem for maximizing the total
throughput by jointly optimizing the UAV trajectory, the allo-
cation of resources (i.e., bandwidth and transmit power assigned

'We consider the system model in which the UAV does not transmit the data
during taking off and landing [15]. Thus, the data transmission process only
occurs when UAV is flying in the sky.

for UL/DL) can be formulated as

P 6, min(Ryz, R 12
Jnax, > 6y min(Rag, Rox) (12a)
ke

s.t. (8),(9),(10), (12b)
A € {0,1},Vk, n, (12¢)
(St min(le,ng) Z )\kSk,Vk, (12d)
K K
D GiRar =Y NSk, Vk, (12¢)
k=1 k=1
> Xk > Athresh, Vk (12f)
kel
Z aix[n] < 1,Vn (12g)
kex
0 < ap[n] < 1,Vk,n. (12h)
q[1] = qr,q[N] = qr, (12i)
llg[n] — g[n —1]|| < d4,n=2,...,N, (12j)
0< plk{n] < PP[n], vk, n, (12k)
0< Z pak[n] < PR¥[n], Vn, (121)

where constraint (12d) means that each served IoT device
uploads the minimum amount of data Sy. Constraint (12e)
guarantees that the device k is successfully served iff all the
data uploaded on the UL is transmitted on the DL. Constraint
(12f) points out that the total number of served IoT devices must
be larger than a given threshold value. Constraint (12i) takes
care of the initial and final locations of the UAV. Constraints
(12k) and (121) show that the total transmit power of device &k
and the UAV is lower than or equal to their maximum power
budgets P;"**[n| and P{j***[n], respectively.

Analytically, it is evident that problem P is a mixed-integer
non-linear program (MINLP), which is generally NP-hard. In
addition, the binary constraint (12c) and the non-convex con-
straints (12b), (12d), and (12e) introduces intractability. There
is no standard method for solving such a problem efficiently.
Nevertheless, at least a locally optimal solution may be obtained
by employing adequate relaxations to P. In the sequel, we
introduce an approximation method for P, followed by its
corresponding solution.

III. PROPOSED ITERATIVE ALGORITHM FOR SOLVING P

This section provides an iterative algorithm based on the TA
method to solve the design problem.

A. Tractable Formulation for P

To bypass the difficulty of binary nature of P, we re-
lax binary variables to continues ones as 0 < X, <
1,Vk. Then, we respectively introduce slack variables z1x[n],

zopln], and ti[n] that (H2 + Jlaln] = rl*) <
(z1k[n]) ¥/, (H2+||q[n]—q0||2> < (22%[n])¥*, and

such



pak=[n] + 02) < t1x[n], which yields

( ¢RSI Z

k*eK\k
rip 0] = awgln] B
pik[n]|hik[n]Pwo
log, (1 + exelnltanln] ) ,  (13a)
>
P ) =yl
pik[n]|hik[n]Pwo
log, (1 + )0 ) ,  (13b)
rog[n] = agk[n|B
P2k [n] |2k [n]Pwo
log, <1 + eon[]o? ) . (14)

By substituting (13) and (14) into (4), (5), (6), and (7),
we obtain C%[n], C[n], R [n], and RY[n], respectively.
Moreover, we have le £ Y RBn), BB 2 Y Roxln].

neTy ne€Tag
Next, the total throughput over N time slots received on

the UL and DL can be rewritten as CI> £ Y 6§ Rix[n]
n€Tik
and Cb £ " §;Rox[n], respectively. Let us denote z =
n€Tzk

{z1k[n], z2k[n],n € N,k € K}, t £ {t1ix[n],k € K,n € N'}.

Then, the problem P can be re-written as

Prelaxed :q,aI,Il:lﬁifz,t I;Cdt min R1k7 ) (15a)
s.t. (12f), (12g), (12h), (121), (12j), (12k), (121), ~ (15b)
0< A\ <1,Vk (15¢)
(£2 + llaln) = rell*) < Gaaln])*’® Vi,
(82 + lgln] = qoll”) < (zap[) ™™ ¥, (150)
K
@Y " page[n] + 0?) < tagn], VE,n. (15€)
k*=1,k* £k
Sk
)\kRT S (nend,k - nstart,k)5t7Vk7 (15f)
1k
Sk
/\k@ < (N = Nend k)0, Vk, (15g)
8 min(R%, R ) > A Sk, VE, (15h)
K K
D OR% =D Sk, VEeK (151)
= k=1
> (AkSk - Z 8. R ZétR >
keKx l=n+1
Yk, n. (15j)

Although problem Piglaxed 18 still non-convex due to the
non-convexity of constraints (15¢)-(15j). In what follows, we
apply IA framework to develop newly approximated functions
to convexify non-convex parts.

B. Proposed IA-based Algorithm

We first treat the non-convex functions 7% [n] and ri [n]
in constraints (15f), (15g), (15h), (15i), and (15j). Specifically,
they can be expressed as

rixn] £ aikn]®1k[n] > a1k [n]®1(n], (16)
i n] £ ase[n]®ok[n] > azkn]@ar[n], 17)
where
N Plk[“]\ﬁlk[nﬂgwo
®14[n] £ Blog, <1 L ) , (18)
7 2
®or[n] £ Blog, <1 + pae[n]|hax 1] w()) ) (19)
zok[n]o?

Builn] 2 B(Gi+ Go(prnln]) — G (puelnl, tualn), z1en)) ),

(20)

Borln] 2 B(& + &2 (paelnl) — & (pelnl, z2nln]) ). @D

Proof: See Appendix A. [ |
By introducing the slack variables ®Y}[n] and ®1}[n], we
have ®1;[n] > @' [n], ®or[n] > @ [n]. Consequently, r [n]

and 71 [n] are converted to the followmg constraints:
rikln] = T3 [n] £ aren) @Y [n], (22)
rai[n] > Toiln] 2 az[n] @3 [n] (23)

To deal with the non-convexity of right hand sides (RHSs)
of (22) and (23), we replace aix[n]®5.[n] and agk[n]®X [n]
by 0.25[(aix[n] + ®i[n))? — (aw[n] — @35[n])?] and
0.25[(age[n] + B () — (asiln] — B [n])?]. respectively.
Then, we apply the first-order Taylor to approximate the convex
functions (a1 [n]+®1x[n])? and (azk[n]+Pax[n])? at (j+1)-th
iteration, respectively. Thus, we have

, 9 A
R ) 1+fib,;<”[n}> GHT 1+2¢>‘1‘:(”tn1)

< (ainln] = o) In] + @ ] — 13V ]

2
_ (am[n] _4‘5113@[”]) A 7;111%[”]7 (24)
an[n](I)lgun] > (aéjk)[ ]+312bl:(j)[n]>2 + ( (jlc)[ ]+2(I)1k( )[ ])
% (azeln] = a5} [n] + @B n] — @3]
— (an[n] _Zl@g?e[n]) 2 7:12]?@[ ). (25)

To convexify (15¢)-(15]), we introduce slack variables 7" [n]
and 71f [n], such that

(26)
27

7
Consequently, substituting 7P [n] and r%[ n| into (4)-(7),
we obtain C’ill’c[ I, C’;‘,’C[ ], le}c [n], and Rlﬁc[ ], respectively.



Algorithm 1: Proposed IA Based Design to Solve (12)
Initialization: Set j := 0 and generate an initial feasible
point U for all constraints in (30).
1: repeat
2:  Solve (30) to obtain the optimal solution
U* £ (g%, a*, p*, A", 2%, t*, % r*).
3. Update q(1+1) =q*, a(1+1) — a* p(1+1) -
p*, AU .= /\*,z(JH) = z*,t(JH) :
4. Setj:=j+1.
5: until Convergence

plb 4 plb plb A plb
Moreover, we have R}, = > R\3.[n], Ry, = > Ry.[n].
n€Tik . n€Tar,
Next, the total throughput over N time slots received on

the UL and DL can be rewritten as 6}% > 5&?5‘2 [n]

N n€Tik
> 6. R [n], respectively. Particularly, as the
n€Tay

binary variable \j is relaxed to continuous values between
0 and 1 (15c¢) which does not guarantee that \; converges
to 0 or 1. This motivates us to execute a penalty function
P(AR) 2 M In(Ag) + (1 — M) In(1 — A\g) [16]. Since P(\) is
convex for Ag > 0, we replace P(\;) by its first order Taylor
approximation at (j + 1)-th iteration:

Alb A
and C) =

POw) 2 k(PO + 7POP) (0 = A7), @8)
where
vP(OAY) =AY — In(1 — A, (29)

Let us denote & = {®![n], & [n],Vk,n} and r =
{7 [n], 755, [n], Vk,n}. Bearing all the above developments in
mind, we solve the following approximate convex program at
(4 + 1)-th iteration:

Peonvex ;| max g}jcat min( Ry, Rar) (302)
s.t. (15b),(15¢), (15d), (15e), (26), (27), (30b)
/\k% < (nend,k - nstart,k)(shv}fa (30¢)
R
1k
Sk
Ap—=— < (N — Nend k)ét,sz (30d)
Rlb ’
2k
5y mln(le, Rgz) > A\pSk, VE, (30e)
Zatﬁz;% > Z e Sk, (30)
k=1 k=1
N R n—1 R
5 (xksk S s - zatR;zm) <o
ke l=n+1 =1
vk, n, (30g)

where By, 2 RS + kA VP(AY), Rop 2 R + kA, VPO,
We successwely solve the convex program (30) and update the
involved optimization variables until convergence, which output
at least a locally optimal solution to the relaxed problem. The
detailed algorithm is summarized in Algorithm 1.
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Fig. 2: Total achievable throughput vs. different network sizes.

IV. NUMERICAL RESULTS

In this section, we perform the numerical evaluations to
validate the proposed designs. Specifically, we consider K
IoT devices randomly distributed within the considered area,
ie., 500 m x 500 m, and the ground gateway is located at
(0, 500 m). The parameters are set as follows: K = 20,
H = 100 meters, B = 10 MHz, path loss exponent o = 2.3,

2 = —110 dBm, wp = -40 dB, P#* = 20 dBm, P =
15 dBm, S, = 30 Mbits, Rician factor G = 12 dB, the
maximum collection time deadline for each device k nend i
is uniformly distributed between ng;j; r and ngi, . The UAV’s
initial and final locations are deployed at ¢; = [300 m, 200 m]
and gr = [100 m, 0], respectively. For comparison purpose,
two benchmark schemes are considered. More specifically, the
Benchmark FD and Benchmark HD are implemented similar to
Algorithm 1 with the equal bandwidth allocated to each user,
ie., aip[n] = a[n] = £.

In Fig. 2, we evaluate the total collected data (in Mbits)
versus network sizes i.e., Area = z2. It is observed that
the larger the network size, the lower the throughput can
be achieved. This is because IoT devices are distributed in
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Fig. 3: Total achievable throughput vs. different cache sizes.

a wider area. Thus, the UAV must fly at a higher speed
to satisfy the time requirement of each device which is in
contradiction with the V;,,, constraint. Moreover, the FD and
HD methods outperform the benchmark ones due to the benefits
of optimizing bandwidth allocation.

Fig. 3 studies the influence of total traveling time and
storage capacity to the total amount of data, with Sy, is ranging
from 5 to 30 Mbits. It is shown that the proposed algorithms
significantly improve the performance compared with the refer-
ences for all values of cache size (Mbits). Specifically, the FD
algorithm can serve 77.04% of the total data amount and the
HD algorithm achieves less than 39.8% at C' = 400 Mbits and
N = 60 time slots. Whereas the Benchmark FD and Benchmark
HD respectively impose 7.65% and 1.28%. Moreover, it is
also observed that the more the traveling time is assigned, the
higher the amount of data can be collected. Since the UAV
has more time to exchange data between the IoT devices/GW.
Particularly, at N = 70, the HD scheme can obtain the same
performance as the FD one since the UAV has enough time for
collecting data from IoT users before transmitting to the GW.
Hence, when the total traveling time is sufficiently large, the
UAV should operate at HD mode for a simpler implementation

in comparison to that of FD mode.

V. CONCLUSION

This work investigated the trajectory design for FD/HD UAV-
assisted IoT communication networks under latency constraints.
Specifically, the total achieved throughput was maximized via
jointly optimizing the UAV trajectory, allocated bandwidth, as
well as the transmission power for the devices/UAV while com-
plying with delay-sensitive data collection and limited storage
capacity. Since our formulated problem was a mixed-integer
non-convex program, we transformed the original problem into
a convex form which was solved by an IA-based iterative
algorithm. Finally, numerical results showed that our proposed
designs outperform benchmark approaches.
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APPENDIX A
From [17, Appendix B], [18], the upper bound of z[n]t1x[n]
in 7% [n] is:

£ [n] (?w[nDQ
22{ n]

b o 22 [0] (1 [n)?
2t n]

(A.1)
By using [19, Eq. (20)], and (A.1), the lower bounds of
D11 [n] and Pox[n] are, respectively
P11[n] > P1x[n]
B(G+ G(pnln)) = Ga(pelnl, i), z1n]) )
(A.2)

[I>

Doy [n] > Pox[n]
£ B (51 + & (p2r[n]) — &3 (par[n], sz[n])), (A.3)

where the expressions corresponding to (1, (o, (3, &1, &2, and
&3 are provided in Table II.

REFERENCES

[1] Q. Pham, F. Fang, N. Ha, M. Le, Z. Ding, L. Le, and W. Hwang, “A
survey of multi-access edge computing in 5G and beyond: Fundamentals,
technology integration, and state-of-the-art,” IEEE Access, 2019.

[2] S. Gautam, K. S. Shree, T. D. Hieu, S. Chatzinotas, and B. Ofttersten,
“Hybrid backscatter and relaying scheme for 6g greencom iot networks
with swipt,” 10.36227/techrxiv.12893750.v1, 2020.

[3] K. Rose, S. Eldridge, and L. Chapin, “The internet of things: An
overview,” The Internet Society (ISOC), vol. 80, pp. 1-50, 2015.

[4] J. W. et al., “Energy-efficient data collection and device positioning in
UAV-assisted 10T,” IEEE Internet of Things J., vol. 7, no. 2, pp. 1122—
1139, 2019.

[5] Y. Zeng, Q. Wu, and R. Zhang, “Accessing from the sky: A tutorial
on UAV communications for 5G and beyond,” Proc. of IEEE, vol. 107,
no. 12, pp. 2327-2375, 2019.



P33 [0 s [n]2wo

z;i) [n]t(lylg [n]Iln2

D
¢1 2 log, <1 + Pik [n]lh1g[n]] wo> 7

21 It o]

, | & 2 logy <1+

_ I

nlhok [n]|*wo
zéjk) [n]e21n2

)

) [l fag [n]1 20 >

zégc) [n]o?

P 2y/p3 [n]V/p1xln] Rk [n]|w ~
Ca(piln)) & |h1k[nu2wo%, Eaparln]) £ SR 2\ [5G n] /oo )
1k 1k 2k
1 p{ [nlhak [n]] 2o

G(pikn) tikn], z1x[n]) & ——— - .
(Pre[n]; tainl. 21 [n]) PP )Rk n]2wo+22 ]t D n] © 2

() [n]tgjk) [n]In2

PialD? tﬁ?[n](zlk[n]P)

il 2 3 -
<p1k [n] ‘ 1k [n] | wo + 2t§Jk) [n] 2z§3€) [n]

[€))

N sy, [Pl hak[n]2wo

par[n]lhor [n]Pwo+22k ["]02)

&(p2x[n], 226[n]) & —5

p$) [nllAiag [n]|2wo+ 28] [n] o2

zéi_) [n]o21n2

(6]

(71

(8]

[9]

[10]

[11]

[12]

TABLE I: Equations corresponding to Appendix A.

J. Liu, X. Wang, B. Bai, and H. Dai, “Age-optimal trajectory planning for
UAV-assisted data collection,” in IEEE Conf. Computer Commun. Works.
(INFOCOM WKSHPS), 2018, pp. 553-558.

M. Abd-Elmagid and H. Dhillon, “Average peak age-of-information
minimization in UAV-assisted IoT networks,” IEEE Trans. Veh. Technol.,
vol. 68, no. 2, pp. 2003-2008, 2018.

W. Li, L. Wang, and A. Fei, “Minimizing packet expiration loss with
path planning in UAV-assisted data sensing,” IEEE Wirel. Commun. Lett.,
vol. 8, no. 6, pp. 1520-1523, 2019.

M. Samir, S. Sharafeddine, C. Assi, M. Nguyen, and A. Ghrayeb, “UAV
trajectory planning for data collection from time-constrained IoT devices,”
IEEE Trans. Wireless Commun., vol. 19, no. 1, pp. 34-46, Jan. 2020.

P. Schulz, M. Matthe et al., “Latency critical IoT applications in 5G:
Perspective on the design of radio interface and network architecture,”
IEEE Commun. Mag., vol. 55, no. 2, pp. 70-78, 2017.

D. H. Tran, T. X. Vu, S. Chatzinotas, and B. Ottersten, “Energy-
efficient trajectory design for UAV-enabled wireless communications with
latency constraints,” in 2019 53rd Asilomar Conf. Signals, Systems, and
Computers, 2019, pp. 347-352.

D. H. Tran, T. X. Vu, S. Chatzinotas, S. Shahbazpanahi, and B. Ottersten,
“Coarse trajectory design for energy minimization in UAV-enabled wire-
less communications with latency constraints,” IEEE Trans. Veh. Technol.,
June 2020.

[13]

[14]

[15]

(16]

[17]

[18]

[19]

B. Marks, “A general inner approximation algorithm for nonconvex
mathematical programs,” Oper. Res., vol. 26, no. 4, pp. 681-683, 1978.
Y. Yuan, L. Lei, T. X. Vu, S. Chatzinotas, S. Sun, and B. Ottersten, “En-
ergy minimization in UAV-aided networks: actor-critic learning for con-
strained scheduling optimization,” in Arxiv, preprint arXiv:2006.13610.
U. Challita, W. Saad, and C. Bettstetter, “Interference management for
cellular-connected UAVs: A deep reinforcement learning approach,” IEEE
Trans. Wireless Commun., vol. 18, no. 4, pp. 2125-2140, April 2019.
B. Ashok, B. S. Mysore, S. Chatzinotas, and B. Ottersten, “A joint
solution for scheduling and precoding in multiuser MISO downlink
channels,” IEEE Trans. Wireless Comm., vol. 19, no. 1, pp. 475-490,
Jan. 2019.

V. D. Nguyen, H. V. Nguyen, O. A. Dobre, and O. S. Shin, “A new design
paradigm for secure full-duplex multiuser systems,” IEEE J. Select. Areas
Commun., vol. 36, no. 7, pp. 1480-1498, July 2018.

A. Beck, A. Ben-Tal, and L. Tetruashvili, “A sequential parametric convex
approximation method with applications to nonconvex truss topology
design problems,” J. Global Optim., vol. 47, no. 1, pp. 29-51, May 2010.
V. D. Nguyen, T. Q. Duong, H. D. Tuan, O. S. Shin, and H. V. Poor.,
“Spectral and energy efficiencies in full-duplex wireless information and
power transfer,” IEEE Trans. Commun, vol. 65, no. 5, pp. 2220-2233,
May 2017.



