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Abstract. In this paper, the UAV as a relay forwards the information
of multichannel IoT to the data center in the case of terrestrial channel
fading. Throughput maximization for the multichannel IoT is studied,
respectively, subject to the constraints of information-causality as well as
total power and maximum rate of UAV. An iterative joint optimization
algorithm is proposed to optimize the subcarrier, power and UAV trajec-
tory alternatively, to achieve the optimal solution. The simulations show
that the dynamic subcarrier allocation outperforms the fixed subcarrier
allocation, and the joint optimization algorithm can improve the trans-
mission performance of the UAV-enabled multichannel IoT effectively.
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1 Introduction

Internet of Things (IoT) has been widely used in transportation, agriculture,
industry, logistics etc., which can realize the interconnections of all things based
on the Internet, traditional telecommunication network and other information
carriers [1]. However, relying on fixed communication facilities limits the mobil-
ity and deployment of the IoT. Recently, unmanned aerial vehicle (UAV) has
been used as an ideal relay to assist the ground communications, due to the
characteristics of agility, low cost and easy-to-deploy [2-4].

In [5], the optimal placement of an UAV in cooperative communications
had been studied, which focused on the reliability by optimizing the UAV
altitude. In [6], A system of multiple communication pairs had considered,
which improved the cooperative performance by joint optimizing the position
of UAV and resource allocation. In [7], Zeng et al. proposed an UAV-enabled
mobile relaying system, whose throughput was maximized by optimizing the
source/relay power allocation and the trajectory of the UAV by successive con-
vex approximation (SCA). In [8], Jiang et al. considered an UAV-relayed system
in the amplify-and-forward (AF) scenario, whose throughput was maximized by
jointly optimizing the transmission power and UAV trajectory. As the mobility
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of the UAV may generate great transmission performance difference, the fair-
ness problem for UAV-assisted communication system should be considered. In
[9,10], the authors maximized the minimum user rate for an UAV-relayed system
by joint power and UAV trajectory optimization.

Currently, there are fewer works on the UVA-enabled IoT, where the UAV
can relay the information for multiple nodes. In this paper, An UAV-assisted
multichannel IoT consisting of multiple nodes, one UAV relay and one data cen-
ter is considered. Each node uses a single subcarrier to transmit its information
to an mobile UAV, which then relays the information of all the nodes to and the
data center.

2 System Model

We consider an UAV-assisted [oT constituting of K nodes and one data center.
Assuming that the power for each node is constrained and the ground channel is
in severe fading, the direct links from the nodes to the data center are ignored.
Hence, the UAV is deployed to facilitate one-way communication from the node
to the data center, which can forward the data previously received from the IoT
node to the data center, as shown in Fig. 1.
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Fig. 1. A UAV-assisted IoT

Consider a Cartesian coordinate system, where the IoT nodes and the data
center are located at (z1,y1,0), -, (zk,yx,0) and (L,0,0). Assume that the
UAV is deployed at a stable height H, and there is no obstacle or building
that makes the UAV rise or fall frequently. The flight trajectory of the UAV is
denoted as (x(t),y(t), H) for 0 <t < T, where T is the flight time and x(¢),y(t)
represent the plane coordinates. The initial position and the final position of the
UAV are located at (z,,¥,, H) and (zp,yr, H), respctively. Hence, the minimum
distance between the initial position and the final position of the UAV is d; =

\/(xp - x0)2 + (yr — yo)Q. Considering that the maximum speed of the UAV
i8 Vinaz, 16t Vinaz = dimax/T ensure that at least one feasible trajectory exists
from the initial position to the final position. With the maximum UAV speed,
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we have \/(Vz(t))2 + (Vy(t))? < Vipas for 0 < ¢ < T, where Va(t) and Vy(t)
denote the derivatives of x(t) and y(t) in ¢, respectively.

Note that T is divided into U time slots, i.e., T' = U§;, where §; is so small
that the position and speed of the UAV in each time slot is constant. The UAV
trajectory in the uth slot can be described as (z(u),y(u)) for 1 < u < U.
Therefore, the constraints on the UAV trajectory and speed are given by

(@(1) = a0)" + (y(1) —go)” < &° (1)

(@(u+1) = 2(w)* + (y(u+1) — y(u))* < & (2)

(2p —2(U)* + (yr — y(U))* < €7 3)

where € = V,,4.0; is the maximum displacement of UAV within one time slot.

In this paper, the transmit channel is divided into M narrow-band subchan-
nels. w = {wm x(v), Yk, m,u}, where wy, (u) = {0,1}, represents the subcar-
rier assignment indicator in slot u. wy, x(u) = 1 represents mth subcarrier is
assigned to user k, otherwise, wy, x(u) = 0. We assume that the communica-
tion channels from the IoT nodes to the relay and the relay to the data center
are line-of-sight (LoS) links. Therefore, the Doppler effect can be ignored. The
distances from each IoT node to the relay and the relay to the data center at
slot u are given by dgx = VH? + (z(u) — 2)2 + (y(u) — yx)2,Vk and d,q =
VH? + (L — z(u))? + y(u)?, respectively. For simplicity, q(u) = [z(u),y(u)]T,
zqg = [L,0]T and 2, = |21, yx]? indicate the positions of UAV, data center and
IoT node, respectively. In the free-space path loss model, the channel gain from
the IoT nodes to the relay can be described as

_ Pk
H? 4 [lq(u) — 2(k)|[*°

where py denotes the channel gain at unit distance dyp = 1. We use p{ (u) to
denote the transmit power of kth node at slot u in subcarrier m. The maximum
transmit rate from the nodes to the relay in slot u can be given by

hsri (1) vk, u (4)

K M
Ry(u) = > wmn(u)logy (1+ P (u)vsri(w)) , Yu ()

k=1m=1

where v, = pi/o? is the reference signal-to-noise ratio (SNR), and e,k (u) is

defined as
Vk

- H? + [[g(u) = 2(w)][*
Similarly, the channel gain from the relay to the data center can be described as

_ Pk
H? + ||za — q(u)|*’

Yer k(1) Yk, u (6)

hya(u) Yk, u (7)
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and the maximum transmit rate from the relay to the center is given by

K M
Rp(u) =Y > wmk(u)logy (1 + pj () vrar(u) , Vu (8)

k=1m=1

where pi (u) denotes the transmit power of the relay at slot u in subcarrier m,
and Ypq, 5 (v) = m. Our goal is to maximize the total throughput from
the IoT to the data center by jointly optimizing w, p = {p;’fk(u), pfk(u), Yk, m,u}
and q = {(z(u),y(w)),Vu} as follows

U

(P1): max Z R, (u)
=2

q.p,w
u=

s.t. zuer(z-) < UZ_:RS(Z'), w=23,..U 9)

pr(u) >0, u=1,2...U—1 (12)
pr(u) >0, u=2,3,..,U (13)
iwmk(u) =1, m=1,2,..M (14)

k=1
(@(1) = 20)* + (y(1) = yo)* < & (15)
(2(u+1) = 2(w) + (y(u+ 1) —y(w)* < (16)
(@ —2(U)* + (yr —y(U))* < &° (17)

where (9) represents information causality constraint, i.e., the data capacity
forwarded from the relay cannot exceed that received from the IoT nodes, P;
and P, are total transmit power of IoT and relay, respectively, (14) represents
one user occupies one subcarrier within one time slot.



86 X. Liu and B. Lai

3 Optimal Solution to P1

(P1) is non-convex and hard to solve directly. Therefore, we divide it into three
suboptimization problems, including subcarrier allocation optimization, power
optimization and UAV trajectory optimization. Then (P1) can be solved by an
iterative algorithm for jointly optimizing subcarrier, power and trajectory. The
subcarriers can be allocated to the nodes according to the channel gains, which
are constant within one time slot. To guarantee transmission performance, one
subcarrier is allocated to the node with the best channel gain on it, and the
subcarrier cannot be occupied by the other users in this time slot.

3.1 Power Optimization

Assume the UAV trajectory is fixed, and the power optimization with fixed tra-
jectory is considered. By ignoring the UAV’s mobility constraints (15)—(17), (P1)
can be converted into the power optimization problem with fixed UAV trajec-
tory. However, it is still a non-convex optimization problem, which is difficult
to solve directly. Hence, we introduce the slack variables R, y(u),u =2,...,U to
solve (P1), and (P1) is rewritten as follows

K M

(PL.1):  max ZZZwmk vk (1) (18)

R
PwW Rk (W) 3 =] 0 o

K M u u—1
SEY Y Y wm () R (1) < Z;Rs(i) (19)

k=1m=1 i=2

M M
Z Wk () Ry g (u) < Z Win k(1) Ry g () (20)
m=1 m=1
K M U-1
DD wmk (W) plh (u) < Py (21)
k=1m=1 u=1
K M U
DD wmk (WP (w) < Py (22)
k=1m=1u=2
plh(u) >0, u=1,2..,U -1, Vk (23)
prg(u) >0, u=2,3,..,U, Vk (24)
K
Zwmk(u) =1, Vm (25)
k=1

where Ry (u) = logy(1 + o1 (0)ea(@), and Ro(w) = S0, 57 wyna(u)
R i (u), where R x(u) = logy(1 + pl,(u)¥srk(u)). The optimal power can be
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achieved by the water-filling algorithm. The Slater’s condition is satisfied for
(P1.1), where the Lagrangian function is given by

L (p,w, {Au}, Ry i (u))

K K u
DS Z Wi e () Ry () + Z A (2 R = 3 S e, k<z>Rrk<z>) (26)

k=1m=1u= =1m=1i=2

where )\ > 0,u = 2,3,...,U are the Lagrange dual variables. By introducing
O = Sl uir M = 1,2,...,U— Land p, = 1 — 0 Aju = 2,3,...,U, the
function L can be rewritten as follows

L (pa w, {)‘u}a Rr,k(u))

K M U K M B
=D 3 puwm(u )+ 33 S buwmn(w)Rop(w)  (27)

k=1m=1u=2 k=1m=1u=1

G
|

The optimal solution can be obtained by solving the Lagrangian dual problem
as follows

miny, f(Au) (28)

st. Ay >0, Vu

where f(\,) = maxy w g, (u) L (P, W, Au; Br g (w)) , s.t. (20)-(26)

The dual function f(A,) can be obtained with fixed A\, by maximizing L
and then we minimize f(A,) by finding the optimal dual solutions A¥. Then
the optimal power values can be obtained by substituting A}. By applying the
Karush-Kuhn-Tucker (KKT) conditions and taking the derivatives of the objec-
tive function with respect to p7% (v) and p’. (u), respectively, the optimal power
values of IoT nodes and UAV can be obtained as follows

it = [ e - L] (29)
u) = |—— — ——| , Vu,
Pk nln2  yerp(u)
+
m* _ Hu _ 1
prk:( ) - |:I/1H2 Vrd,k(u)] ’ vu’k (30)

where n and v are the non-negative Lagrange multipliers associated with the
constraints (21) and (22), respectively, and [2]T = max{x,0}. Then we can get

R; ), (u) = [logy (59 k()]

3.2 Trajectory Optimization

Then the UAV trajectory will be optimized with the fixed power allocation. (P1)
can be described as follows

K M

(P1.2): max > > Zwmk( ) Ry (u)

W, Ry o (U) k=1 m=1u=2
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=1m=1li=
M M _
22:1 Win k(W) Ry g () < 21 Win k(W) Ry (1) (32)
((1) = 20)% + (y(1) —yo)* <& (33)
(z(u+1) = x(u)? + (y(u+1) = y(u))* < (34)
(xr —2(U))* + (yr —y(U))* < € (35)
where Ro(u) = Yo M log, (1 + W&W) and R, p(u) =

log, (1+ 7= ) where 7, () 2 pl ()3 and ok (u) 2 P (w) -
(P1.2) is a non-convex optimization problem, which can be solved using

the successive convex optimization method to optimize the trajectory incre-

ment of the UAV at each iteration. Assume (x;(u),y;(u)) is the UAV trajectory

after the jth iteration, and Ry ;(u) 2 log, (1 + H2+(Ij(u)_7;5£1f£(yj(u)_yk)Q) and

Rk ;(u) = log, (1 + H2+(L_7;k($;2+y2_ (u)> are the corresponding transmission
rates from the IoT nodes to the UAV and the UAV to the data center, respec-
tively. Furthermore, (J;(u),(;(u)) is denoted as the trajectory incremental from

the jth to the (5 + 1)th iteration. Then we can obtain [7].

Rag g1 () 2R 511 (u) = R (w) = asi,j(u) (85 (u) + G (u))
= bak,j ()6 (1) = con,j ()G (w), V. (36)

Reg g (u) ZR% 51 (w) = Reg g () = apij(u) (85 (u) + GG (u))
— briej(w)0;(u) — i 5 (w)G5 (), Vk. (37)
where {ask ;(u), bsk,; (1), cor,j(w)} and {ark ;(w), by j(u), csr,j(u)} are the coef-

ficients of the links from the IoT nodes to the UAV and the UAV to the data
center, respectively, which are describe as follows

, Yoo (u) logy
aski(U) = (@)’

bak (1) = 2 (2;(u) — x) askj (u), Yu, k (38)
Csk,j(u) = 2 (y;(u) — yr) ask,j(u)
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and
. k(u)log, e
Qrk,j (U) Td ; (u) ('Yv k(u)"’_drd ; (u))
bri,j(u) = =2 (L — z;(w)) ark,j(u), Vu, k (39)

crk,j(u) = 2y;(u)arj(u)

(36) and (37) represent the lower bounds of channel capacities with given tra-
jectory increment. Then (P1.2) can be reformulated as follows

(P1.3): max Z Z Zwmk() R, 1 (u)

85 (u),¢Gj(u),w, Rr 1o (w) g=1 m=1 u=

K M u K M —
3 S S e DR < 5 S T ORI () (0
M M
Z:l Wik (1) Ry g (u) < 21 Wi,k (u )Rf"z}c,j—i-l (u) (41)
(5 (1) 405 (1) = 20)” + (5 (1) + ¢ (1) = 90)* < &2 (42)

(yj(U+1)+Cj(U+1)—yj(U)—CJ( u))® < 2, Vu (43)

(wp —2; (U) = 8; (U))* + (yr —y; (U) = G (U))* < &2 (44)

which is a standard convex optimization problem and can be solved by the
optimization tool CVX. Hence, the optimal solution to (P1.2) can be achieved
by solving (P1.3).

3.3 Joint Optimization

An joint power, subcarrier and trajectory optimization algorithm is proposed to
solve (P1) by alternatively optimizing (P1.1) and (P1.2). The joint optimization
algorithm is described in Algorithm 1.

4 Numerical Results

We consider an IoT with K = 8 nodes randomly distributed in 2000 m x 500 m
regions, and M = 8 subcarriers with the bandwidth of 20MHz and the
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Algorithm 1. Joint power, subcarrier and trajectory optimization.
Require: the initial and final locations of the UAV, the power of IoT nodes and UAV,
and the UAV trajectory;
1: while trajectory is not convergent or the maximum number of iterations has not

been reached do
with given UAV trajectory, optimize the subcarrier allocation according to the
channel gain;

3 with given power, optimize the UAV’s trajectory by solving (P1.2);

4:  with given UAV trajectory, optimize the power allocation by solving (P1.1);

5: end while

Ensure: subcarrier allocation, power of IoT nodes and UAV, and UAV trajectory.

N

carrier frequency of 4.9 GHz~5.04 GHz. The noise power spectrum density is
—169 dBm/Hz. The altitude of the UAV is fixed to H = 100 m, which can avoid
most obstacles. The maximum speed of the UAV is set as V0, = 60m/s. The
maximum average transmit power for each node and UAV is assumed to be
Py (u) = ph(u) = 20mW, respectively.

To verify the effect of mobile UAV on the IoT with the fixed UAV trajectory,
two UAV trajectories are considered: (a) UAV is static at the location (1000,
0); (b) UAV flies from the initial location (750, 500) to the final location (1500,
500) with the maximum speed towards the data center. Then we consider two
subcarrier allocation strategies: one is the subcarriers are dynamically allocated
at each slot according to the channel gain, and the other is the subcarrier allo-
cation is fixed in the first slot and remain unchanged until the end of the flight.
The total transmit rate of IoT R, versus the transmit time 7T is plotted in Fig. 2.
It is observed that the transmit rate under the mobile UAV is higher than that

—
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Fig. 2. Throughput in different subcarrier allocation and relay states.
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in the static UAV. In addition, the transmission under the dynamic subcarrier
allocation is higher than that under the fixed subcarrier allocation.

The UAV trajectory by the joint optimization algorithm is shown in Fig. 3.
It is seen that the UAV first moves toward the IoT nodes and then closer to the
data center instead of the direct flight. Such a trajectory can guarantee the UAV
to receive enough data from the IoT.
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400 [ = = ‘Initial trajectory q
= === 1st iteration
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Fig. 3. UAV trajectory evolution by Algorithm 1; the circle, square, triangle, and
diamond represent IoT node, data center, initial and final UAV locations, respectively.

5 Conclusions

In this paper, we propose resource optimization for an UVA-enable multichannel
IoT, which seeks to maximize the throughput of the IoT by jointly optimizing
subcarrier, power and UAV trajectory. The proposed optimization problems are
divided into two sub-optimization problems, i.e., the power optimization under
the fixed trajectory can be solved by the water filling algorithm, and the trajec-
tory optimization under the fixed power can be achieved by the successive con-
vex optimization. A joint optimization algorithm is given to obtain the optimal
resource allocation. Numerical results show that the proposed resource optimiza-
tion algorithm can improve the transmission performance of the UAV-enabled
multichannel IoT effectively.
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