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Abstract In unmanned aerial vehicle (UAV) communication networks, trajectory planning and resource
allocation (TPRA) under channel prediction obtains great attention due to its significant energy-saving of
UAVs and user quality of service (QoS) gains. These potentials are primarily demonstrated under the as-
sumption of perfect channel prediction. However, due to the rapid-varying features of air-to-ground channels,
it is difficult to avoid the random channel prediction error (CPE), which may deteriorate the performance
of TPRA. In this paper, we investigate the problem of energy-efficient TPRA considering random CPE. The
problem is formulated as a mixed-integer non-convex optimization with chance constraints, which ensures
that QoS is robust to random CPE. To solve it, we first transform the chance constraints into deterministic
forms, which are further proved to be convex constraints by using the characteristic of quasiconvex functions.
Then, we design a modified successive convex approximation algorithm to iteratively achieve the optimal
solution. To cater to the high-speed movement of UAVs, a low-complexity heuristic online algorithm is tai-
lored. Specifically, we first relax the QoS constraints to find a feasible initial point and iteratively tighten the
lower bound of QoS constraints to obtain a suboptimal solution. Simulation results show that the proposed
algorithm can improve energy efficiency compared with the algorithm without prediction.
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1 Introduction

To provide ubiquitous communication services, aerial base stations (ABSs) based on unmanned aerial
vehicles (UAVSs) are proposed as a promising method to complete fast and flexible deployment of com-
munication systems [1-4]. Due to the high mobility, the UAV trajectory and communication resource
can be designed according to the real-time wireless environment and demands of ground users (GUs),
which introduces spatial degrees of freedom for providing a higher quality of service (QoS). Despite the
potential benefits, it is challenging to design the algorithm of trajectory planning and resource allocation
(TPRA) in UAV communication networks due to the high mobility of UAVs. On the one hand, the
resource allocation policy is generally outdated due to the delay imposed by channel state information
(CSI) collection and algorithm running. On the other hand, the perfect channel prediction is unrealistic
since air-to-ground channels in high-mobility UAV networks are rapid-varying [5]. Worse still, the channel
prediction error (CPE) is difficult to handle due to its randomness. Hence, to achieve efficient TPRA, it
is important to overcome the impact of random CPE on system performance. In this paper, we focus on
the robust TPRA under the imperfect channel prediction in UAV communication networks.
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1.1 Related work

Compared with terrestrial communication networks, UAV trajectory optimization is a unique and fun-
damental problem in UAV communication networks. In [6], the trajectory and data collection policy
is jointly designed in the low earth orbit satellite assisted-UAV networks to minimize the total energy
consumption. The energy-efficient UAV communication with a ground terminal is studied via optimiz-
ing the UAV’s trajectory [7]. In particular, the propulsion energy consumption model of the fixed-wing
UAV is derived as a function of UAV’s flying speed. Besides the trajectory planning, resource allo-
cation also significantly impacts the system performance. In [8], researchers studied the UAV access
selection and BS bandwidth allocation problems in a UAV-assisted IoT communication network, and
proposed a hierarchical game framework. Considering both the orthogonal multiple access (OMA) and
non-orthogonal multiple access (NOMA) modes, TPRA is investigated to maximize the minimum average
rate of GUs for UAV communication networks [9]. In [10], the user communication scheduling, UAV tra-
jectory, and resource allocation were jointly optimized to maximize energy-efficiency and satisfy quality
of experience (QoE) requirements of users. Studies on TPRA are generally based on two widely used
assumptions [6,11-14], i.e., (1) the exact mathematical model of CSI is given in advance and changeless,
(2) the time cost of CSI collection and algorithm running is ignored. However, the complete knowledge of
CSI is generally unknown in UAV communication networks. Moreover, the delay imposed by CSI collec-
tion and algorithm running may invalidate the resource allocation policy. Therefore, channel prediction
based methods should be studied for TPRA in UAV communication networks.

To effectively optimize TPRA and further improve the system performance, it is essential to predict CSI
of the air-to-ground channel between UAV and GU. Aided by the channel prediction, the online TPRA
is proposed and widely applied in UAV communication networks [15-17]. In [15], the shadow fading in
a given environment was predicted by leveraging the Gaussian process, and then the relay trajectory
is optimized by using the learned communication properties. In [16], a UAV was deployed to establish
communication links between users and base stations. The relay deployment is optimized via online
learning without prior knowledge of CSI. In [17], the 3D-trajectory planning and resource allocation were
optimized through an online algorithm, which only requires real-time and statistical knowledge of CSI.
In the literature above, CPE is not considered. However, in practice, the random CPE always exists
and further may result in the waste of resources and violation of QoS constraints [5,18]. Thus, it is
necessary to research robust approaches to handle the random CPE and further avoid QoS violations in
UAV communication networks.

As discussed above, TPRA with channel prediction is challenging in UAV communication networks.
On the one hand, the exact prediction of CSI is of paramount importance for TPRA due to the high-
mobility features of UAV communication networks. On the other hand, there is no such thing as a perfect
channel prediction in UAV communication networks. The random CPE is a huge obstacle to satisfying
QoS constraints of GUs.

1.2 Contributions

In this paper, we investigate TPRA under imperfect channel prediction in UAV communication networks.
To handle the random CPE, we focus on how robustness can be incorporated into TPRA. An optimization
framework is proposed, where the framework is robust to CPE that follows a Gaussian distribution model.
The contributions of this paper are more specifically summarized below.

e We formulate a robust optimization problem to maximize the long-term expected energy efficiency
according to the real-time channel prediction. Specifically, the QoS requirements of GUs are modeled
as probabilistic chance constraints in which the CPE is a Gaussian random variable. Furthermore, we
adopt a safe approximation to transform the probabilistic chance constraints into deterministic forms,
which are proved to be convex constraints by using the characteristic of quasiconvex functions. Then, we
obtain the optimal solution with a modified successive convex approximation (SCA) algorithm.

e To provide a real-time TPRA, we further propose a low-complexity online algorithm. In particular,
we relax the initial QoS constraints since it is non-trivial to find a feasible initial point due to the coupling
between trajectory planning and resource allocation. Then, we design a heuristic algorithm to improve
the solution by iteratively tightening the lower bound of QoS constraints. Furthermore, simulation results
show that the proposed algorithm can improve the energy efficiency compared with the algorithm without
prediction.
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Figure 1 (Color online) The UAV network providing content service for GUs in a target region.

The rest of this paper is organized as follows. In Section 2, the system model of the UAV communication
network is presented. The TPRA formulation with the perfect channel prediction is proposed in Section 3.
In Section 4, the algorithm for the robust TPRA with random CPE is given. Simulation results are
presented in Section 5, which is followed by the conclusion in Section 6.

2 System model

2.1 UAV communication system model

We consider a UAV communication system including one ABS mounted on UAV and K GUs, which are
located in a squared target region with side length L (see Figure 1). Let £ = (1,..., K) denote the set
of GUs. The hover center and hover radius of the fixed-wing UAV are denoted by C = (C,,C,) and
R, respectively. In addition, the angular velocity of the fixed-wing UAV is denoted by a. Let wj, € R?
denote the horizontal coordinate of GU k. The flight duration T is divided into N7 equal-length time
slots, where the duration of each time slot equals T such that T = NpTs. Note that the location of
the UAV can be assumed to be unchanged during each time slot when T is chosen sufficiently small [7].
Let 7 = (0,..., Nr) denote the set of time slots, and w (t) € R2,Vt > 0 denote the horizontal trajectory
coordinates of the UAV at time slot ¢. The distance between the UAV and GU k at time slot ¢ is
given by

di (B, ) = \H? + [u (t) — wy?, (1)

where H is the flight height of the UAV. Letting 0y (¢) denote the hover angle with respect to GU k at
time slot ¢ (see Figure 1), we have

() — wi| = /R + 12 + 20 R sim (6 (1)), 2)

where [ is the horizontal distance from the UAV hover center to GU k (see Figure 1), ie., I =
Vlwi — CJ]2. Furthermore, in (2), we have 6, (t) = 6 (0) + «ot.

All GUs share the same frequency band multiplexed in time domain. Specifically, system bandwidth
W Hz is divided into Np orthogonal subcarriers, and each subcarrier can be allocated to at most one
GU in each time slot. Let Z = (1,..., Ng) denote the set of subcarriers. s; 1 (t) € {0,1} is the binary
subcarrier allocation indicator. Particularly, s; , (t) = 1 indicates that subcarrier ¢ is allocated to GU k
at time slot ¢ and s, 1, (t) = 0, otherwise. Let s denote the subcarrier allocation policy vector.

Let C = {1,2,...,C} denote the set of contents. In this paper, rateless Fountain coding is applied,
where each content is encoded into several different segments, and it can be recovered by collecting a
certain number of encoded segments. Specifically, we consider that each content is encoded into multiple
segments with size S bits, and a content can be recovered by collecting K encoded segments. Furthermore,
we set the storage capacity for caching segments in each GU as J = SK N¢ bits. In other words, each
GU can cache the encoded segments of N¢ contents. We assume that each GU sends its content requests
to the UAV at the beginning of each flight cycle. If GU k cannot collect at least K encoded segments
of the requested content s within a flight cycle, it will delete the received encoded segments of content s
from its storage.



Sheng M, et al. Sci China Inf Sci  December 2022 Vol. 65 222301:4

2.2 Channel model

Let P denote the transmit power from the UAV to GUs at each time slot. Therefore, at time slot ¢,
assuming subcarrier i is allocated to GU k, the achievable transmission rate (bits/s) on subcarrier i is
given by

(3)

ik (L, pik (1)) = Blog, (1 n PBopi (t) )

(dy (R,1))* NoB

where Ny denotes the noise power spectral density and B = W/Np is the bandwidth of each subcarrier.
Bo denotes the channel power gain at the reference distance. Moreover, we have p; i (t) = |hik (t)|2,
where h; ;(t) is the channel coefficient that captures the shadow fading and small-scale fading effects due
to multipath propagation.

In our early work [19], we found that the power gain of channels from the UAV to GUs has correlations in
time domain. Thus, it is reasonable to design TPRA algorithm based on predicted CSI. In the considered
UAV communication network, exact dj, (t) can be obtained since the locations of GUs are known. Hence,
the CPE mainly reflects in the predicted channel coefficient. Note that, in practice, the channel prediction
generally only consists of the expectation and variance of channel coefficients rather than exact value [17].
Thus, in this paper, CPE is defined as the prediction error for the expectation and variance of the modular
squaring of channel coefficient, i.e., p;  (¢). The CPE is generally caused by the fast time-varying wireless
channel and the delay for collection of CSI. Let p; 1 (t) denote the predicted value of p; 1 (t), where
E{pir (t)} and V{p; (1)} denote the expectation and variance of p;j (t). Similarly, E {p;x (t)} and
V{pir (t)} denote the expectation and variance of p; i (t). L E{p;ix (t)} =E{pix ()} and V{5 1 ()} =
V{pir (t)}, the CSI is exactly predicted. Thus, in this paper, CPE mainly reflects in the predicted
error of E{p; 1 (t)} and V{p; % (t)}. ik (t) denotes the prediction error of E{p; s (t)}, ie., ik (t) =
E{pir ()} —E{pix (t)}. In this paper, ¥; j (t) is modeled as a normal random variate with expectation
pik (t) and variance o7y (), ie., Pik (t) ~ N(pix (t),07, (). Let ¥ = (ip(t),i€ ke K,teT)
denote the vector of prediction errors. We assume that prediction errors are independent with each other.
Thus, U is a normal multivariate random vector with expectation p = (p; % (¢),i € Z,k € K,t € T) and
variance o, where o = diag{o?; (1),...,0%, x (N7)}. In practice, if we know the biases of the channel
predictions before the planning, we can adjust the predicted channels accordingly. Hence, in the following
of this paper, we set p; i (t) = 0,i € Z,k € K, t € T, i.e., ;1 (t) ~ N(0, oik (1)).

2.3 UAV energy model

The energy consumption of UAVs generally consists of computing energy, propulsion energy and trans-
mission energy. In general, the propulsion energy is much larger than computing energy and transmission
energy. Thus, in this paper, the computing energy and transmission energy are ignored. The total
propulsion energy of the fixed-wing UAV is a function of velocity and acceleration [20]:

Ewa»:A Puwm3+ﬁ%<l+ﬁ?>

where v (¢) and a (t) are the velocity and acceleration of the UAV at time slot ¢, respectively. In addition,
a1 and ag are two parameters related to the aircraft’s weight, wing area, air density and so on. g is the
gravitational acceleration, and m is the mass of the UAV including all its payload. In this paper, the
total propulsion consumption within each flight cycle can be rewritten as [21]

at + gm ((w(T)? - (w(0)?) (1)

a2 3 a2
E(R) = |:(0/1 + —g2R2> (OéR) + E] TSNT
3
— (a1a3R3 + GQS R+
g

ag

aR

) T,Nr. (5)

Specifically, since the UAV flies at a constant angular velocity « and hover radius R, we have (v (T))2 —

(v (0))* =0 in (4).
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3 TPRA under perfect prediction

In this section, we first define the adopted performance metric, and then, we formulate the TPRA problem
considering perfect prediction of channel coefficients.

3.1 Quality of service for GUs

In this paper, we assume that the QoS of a GU is satisfied when the GU can successfully receive at least
Nq requested contents within a flight cycle. Thus, the QoS constraints of GUs can be given by

S sik () Terik (£, pik () = NQSK,  Vk € K. (6)
teTieC

Note that the left hand side of (6) is the expected data received by GU k according to the predicted
channel coefficient p; j (¢).

3.2 Optimization problem formulation

In this paper, we maximize the energy efficiency under the QoS constraints of GUs within each flight
cycle. The TPRA problem is formulated as the following optimal programming:

(P0) n}}za}E ZZZS’ k (1) Tsrik (t, pik (1))

teTzeIkeK

s.t. Cl: ZZSM ) Tsrii (B, ik (t) = NQSK, Yk € K,
teT i€l
C2:) sin(t)<1,VieI teT,
ke
C3:) sik(t)>1,VkeK, teT,

i€
Cd:s;p(t)€{0,1}, VieZ, teT,keKk,
Ch: Rmin < R g Rmax-

The objective function is to maximize the energy efficiency of the UAV communication system, where
the numerator is the total data received by all GUs during each flight cycle, which is a function with
respect to the resource allocation policy and hover radius. Constraint C1 is the QoS constraint of each
GU. Specifically, the QoS of a GU is satisfied when the GU can successfully receive at least Nq requested
contents within a flight cycle. Therefore, the QoS of a GU is satisfied if the GU can receive at least
NqSK bits within a flight cycle. Constraints C2 and C4 are imposed to guarantee that each subcarrier
is allocated to at most one GU at each time slot. Constraints C3 and C4 are imposed to guarantee that
each GU should occupy at least one subcarrier at each time slot. Constraint C5 restricts the hover radius
R.

Note that the solution of problem (P0) is an offline TPRA policy, where the value of channel coefficients
should be exactly obtained. However, in practice, despite machine learning and data mining techniques,
the channel prediction generally only consists of the expectation and variance of channel coefficients
rather than the exact value. In this case, the expectation of transmitted data is used as the system per-
formance metric. Considering the running time of algorithm, we formulate the online TPRA optimization
problem as

(P1) max =7 ZAk ot D Hu (7 ()

t€Tiyi€TkeK
st Cla: Apg, + > Hig (p;.?k (t)) > NoSK, Vk € K,
teTiy €T
C2-C5.
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In problem (P1), ¢y is the index of the current time slot, where 1 < t9 < Np — Tg, and T, =
{to +Tw, ..., Nr} with Tg denoting the algorithm running time. Ay, is the total number of bits received
by GU k until time slot ¢y + T — 1, which is given by

Aty = Z Zszk ) Tsrig (t, pik (1)) - (7)
tET\ Ty €T

In (7), 8 (t) is the subcarrier allocation policy for time slot ¢, 0 < ¢ < tp + Ty — 1, which has been
already optimized before time slot tg. Moreover, p; () is the real channel coefficient if channel ¢ is
allocated to GU k at time slot ¢. Furthermore, ﬁ;?k (t) is the prediction of p;  (t) at time slot ¢, and

Pty = {ﬁf:’k (t),Vi € I,k € K,t € Ty, }. Accordingly, in problem (P1), H; (t, ﬁt"k( )) is the predicted
channel transmission rate of channel i from the UAV to GU k at time slot ¢,Vt € 720, where we have

i (155 (1)) =B {si (8) ToB1ogy (14 515, (1) C (dy (R,1) ) | (8)

with C' = Nﬂ %. Note that the online algorithm for TPRA programming problem in (P1) should be
performed in “each time slot. For facilitating a tractable TPRA algorithm design, we rewrite (8) as [17]

Hi (1,7 ()

(A2, () = E{pLS, () })C (dw (R, )~
(1+E{pl% ()}C (di (R, 1)) In2

Do (1) T.BE {1og2 (1+E ol (0} 0 (R0)72) +

(C (i (R, 1)) )51 (1) — B{ALS (D)) N O}

(21n2) (1 +E{p5 ()}C (dx (R, 1))

oy, (B (0}~ B, 0)C (e (R,1)
e (1 {0} € 0 07+ 010 e P

(O (di (R £) ") (B{(5[%, (1)*} — 2B{5i5% (DYE{A, ()} + (B{A% ()})?) +0]

=Sk (t) B

(2In2) (1 +E{pl, ()}C (di (R, 1))"7)2

T (C (A (R, 1) Var{gls, (1)) ]

g (1+ B {55 (0} € @ (R.0)) — R 010 (10

(9)
where (a) is due to the second-order Taylor series expansion of log,(1 + ﬁ;?k (t) C (dy (R, t)) %) around
E{p% (t)}, and o is the higher-order infinitesimal terms.

Furthermore, in UAV communication systems, E{ﬁf“k( )} > Var{p.% ()} holds in general since the
line-of-sight (LoS) path dominates in air-to-ground channels [17]. Thus we have

C2Var{p, (t)} e Var{p%, (t)} 0 (10)
(2In2) (1 +E{5 ()}C (di (R.1)) %2 (2In2) (B{py (H}?
In this case, we can obtain
i (155 (1)) = s (1) TBlogy (1+E {50, ()} C (d (R,1) %) (11)

In this section, we give the formulation for TPRA problem under perfect prediction of channel coeffi-
cients. However, this formulation is overwhelmingly idealistic for practical applications. In Section 4, we
give the robust TPRA algorithm considering prediction errors of channel coefficients.

4 Robust TPRA under prediction error

In this section, we study the robust TPRA algorithm, which considers the prediction errors of channel
coefficients. We first formulate a robust optimization problem with chance constraints, where the deter-
ministic equivalent forms of chance constraints are obtained by a tractable approximation. Then, we solve
the optimization problem with a modified SCA method. Finally, to cater to the high-mobility features
of UAV communication networks, a low-complexity algorithm is proposed to obtain real-time TPRA.
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4.1 Tractable approximation for chance constraint

In problem (P1), the expected data received by GUs is directly evaluated according to the predicted chan-
nel coefficients, which ignores the prediction error of channel coefficients. However, the prediction error
has significant impact on the QoS of GUs. Let d)t“ (t) denote the prediction error of E{5%, (¢)}, whose

variance is defined as 079 (). In addition, let ¥, = {wl (1), ij\?p,K (N7)}. Defining H; x(t, ﬁf(’k (t),
T/)fok (t)) as the predlcted channel transmission rate under prediction error, we have

Hip (1,79 (8),05 (1)) = s () ToBlogy (1+ (B{3% ()} + 015 1) C (d (R,) 7). (12)

We rewrite the QoS constraint Cla as a chance constraint form:

Clb: Pr{ Apey + 3. Hi (t Pl (), 0, (t)) > NoSK b >1-¢, VkeKk. (13)
teTey i€l

Note that the QoS constraints of GUs are satisfied with a predefined probability. Specifically, 0 < ¢ < 1 is
the maximum probability that the QoS of GUs cannot be satisfied. Constraint C1b is a chance constraint,
which is in general computationally intractable. In this case, a natural process is to replace constraint
C1b with a safe tractable approximation defined on a space contained in the feasible set of the initial
constraint. Accordingly, the feasible solution to the safe tractable approximation is feasible for the original
chance constraint.

To obtain a deterministic equivalent form of the chance constraint by a tractable approximation, the
chance constraint generally is represented as a linear summation of random variables [22]. Hence, we first
linearize constraint Clb. We define an auxiliary function as

J (K, pro, Vi) = NQSK — Ag, — Z Zﬁi,k (ta ﬁf,ok (t) ,wzok (t)> : (14)

teTiy €L

We first fix R and s, and consider constraint C1lb that dependes on ¥,,. We perform a linearization of
J (k, pty, Uy, ) with respect to Uy, and consider the approximation [23,24]:

5 0 (k, pr, ¥
T (k, ros Wr) = J (k, oy, 0) + Y Y FomobPio Zto 9J (K, Prg, Vty)
te€T, 1€L zk()

e (1) (15)

Ty =0

for wff’k (t) € [730;% (t), +30;"k (t)],Vi € T,k € K,t € Ty,. This approximation is valid with small O';Ok (1),
which is satisfied in the UAV system [17,23]. Furthermore, in (15), we have

a‘](kaﬁtovlpto) _ 751']9( )TBC( k(th))_Q )
Wi |y, o 02) 0 +E{F5 (0))C (@i (R,0) )

(16)

6‘](k'1ﬁt0f‘1!t0)|

For simplicity of notation, in the following, we replace 2970 (0
ik

v, =0 with J' (i, k., py,). Substitut-

ing (15) into constraint Clb, we can obtain
Pr o J (B pros0) + DY T (i kit pug) 1% (1) <0 p > 1—¢, (17)
teTiy €T

which is a linear summation of random variables wfok (t),Vi € Z,t € Ty,, k € K. Hence, constraint (17)
can be rewritten as an equivalent constraint [22]:

Clc: J(k, pt,,0) + Erflnv (g) Z Z ( (i, k,t pto))2 <0, (18)

teTiy €T
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where Erflnv(e) is the inverse error function satisfying

exp{fr2/2}dr =v, O0<wv<l.

1 [e.¢]
V27 /Erflnv(v)

As we can see, the equivalent constraint (18) is independent on the random variables 1/) (t),Yiel ke
K,t € Ty,, thereby being a deterministic form constraint. Accordingly, problem (P2) can be rewritten as

(P2') H}}%,a} Z kto + ZZZH’k(t p“c )0)

keK teTe, IELKEK
s.t. Cle, C2 — Cb.

Remark 1. Note that constraint Clc is a second-order cone constraint with respect to s for a given
hover radius R.

4.2 Optimal solution of TPRA

In the considered UAV communication network, the UAV will hover over the target area with a fixed
radius R. Thus, the hover radius should be optimized once at the beginning of the flight cycle. During
the flight cycle, the UAV only optimizes the subcarrier allocation strategy according to the real-time
predicted channel coefficients. At the end of flight cycle, the UAV can improve the prediction algorithm
to reduce the prediction error of channel coefficients, and further obtain a more appropriate hover radius
at the beginning of the next flight cycle. In the following, the programming processed at the beginning
of each flight cycle is called the hover radius and resource allocation (HRRA) programming, and the
program during the flight cycle is called the resource allocation (RA) programming.

4.2.1 HRRA programming

At the beginning of the flight cycle, the hover radius and resource allocation strategy are both optimized.
In this case, we have to = 0 and ), ., Ag,0 = 0. Hence, problem (P2’) can be written as

(P3) max ———r <ZZZHM tps (1), o))

teToi€Lkel
s.t. Cle, C2 — C5.

As we can see, the objective function of problem (P3) is a single ratio fractional function. Thus, we first
use Dinkelbach’s Transform to reformulate problem (P3) as

(P3) min yE (R) — G (R, s, o)
s.t. Cle, C2 — C5,

where G (R, s, po) is given by

G(R,s,po0) =Y > Y Hix(t,p0)(t),0). (19)

teToi€Tke

In addition, y is an auxiliary variable. Specifically, y is iteratively updated by

G (R(m)a S(m)a ﬁO)
E(RO)

ymt = (20)

where m is the outer iteration index. R and s(™ are the optimal solution of the m-th iteration. It
can be proved that convergence is guaranteed by alternatively updating y according to (20) since y is non
decreasing after each iteration [25]. In problem (P3’), the objective function is not a concave function, and

constraint Clc is not a convex constraint. Define auxiliary variate z; j (¢t) with z; j (¢) < %. Let
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d={d,(t),VE e K,t € To} and ® = {xy,Vk € K} with @ = {2 (t),Vi € Z,t € Tp}. With auxiliary
variate x; i, (t), we can rewrite (12) as

~ ~to ) B ~to o ik (t)
H; . (t, P (£) 95, (U) = TsBlog, < (]E {Pf ) (T )} + 95 (U) Cm)
> TuBlog, (1+ (E{4l% (0} +0l% 1) Caie (1)) - (21)
Similarly, Eq. (16) can be rewritten as

aj (k7 ﬁtoa ‘Ilto)
Oy (1)

B —six (1) TuBC (di, (R, t)) >

wymo  (02) (L i (D E{AS (1}C (A (R,1) )
- —TsBCx; (t)
" (2) (1+ B (0} Cani (1)

(22)

Accordingly, problem (P3’) can be written as
(P4)  min yE(R) -G (@)
s.t. C2 — C6,
Cld: U (k,po,x) + NoSK <0, Vk € K,

sl ieg kek, teTs,
(dr (R, 1))

where G1 () = >, D icr D pex IsB 10g2(1+1[*3{pZ i () }Cx; 1 (t)). Moreover, in problem (P4), U(k, po,
x) is given by

CT: 0<a(t) <

Uk, po,®) =— > Y T.Blog, (1+E{p), (t)} Cxi (t))

teToiel

(t) TsBCy (1) 2
+ Erflnv (¢) ZZ < In2) ( 1+E{ ( )}Cxik (t))> . -

teToic€l

0, (OTBCx; x(t . . . .
Lemma 1. \/Zte% ZiGI((ln Q)i}iﬁﬁ' (t;}gi ')k(t)) )2 is a quasiconvex function with respect to xy.
ik i,

Proof. Please refer to Appendix.
Aided by Lemma 1, we can obtain the following theorem.

Theorem 1. Constraint Cld is a convex constraint.

Proof. Please refer to Appendix.

In problem (P4), the objective function and constraint C1d are convex function and convex constraint,
respectively. However, in problem (P4), constraints C4 and C7 are still not convex constraints. For
constraint C4, we relax integer constraints on variables s; i, (t) as s; % (t) € [0,1]. In addition, we apply
constraint s; . (t) = 7, (t) to ensure that s; j, () is a binary variable. This constraint is equivalent to
the set of condition {s; ; (t) < s?, (t),sik (t) = s?, (t)}. It can be obtained that s,  (t) > 57 (t) always
holds due to s; % (t) € [0,1]. T hus, we can replace constrain C4 with the following two constraints:

Cda: s;,(t)€[0,1], VieZ, teT, kek, (24)
C4b : ZZZ (sig (t) — 57, (1) < 0. (25)
teToieZ ke

Moreover, constraint C7 can be written as

CTra: —log(si (t)+ p)+log(xi (t) + p) + 2log (dr (R, 1)) <0, VieZ, ke K, t € To, (26)

Cib: 21 (t) 20, VieI, ke K, t €T, (27)



Sheng M, et al. Sci China Inf Sci  December 2022 Vol. 65 222301:10

where 0 < p < 1 is a constant ensuring s;  (t) + p > 0. Since constraints C4b and C7a are not convex,
we use SCA method to solve the problem (P4). For SCA method, variables are updated successively
until converging to the minimum of the approximated version of the objective function, which is a tight
lower bound of the objective function. Particularly, let F (si (t)) = sk () — 57 (t). For any given point

55”,3) (t), we have

P (s ) 2 550 (0~ (s 1) + (1250 (1)) (s () — 72 ()
£ F (s (1)). (28)
Let Q (sin (), ik (t),dr (R,t)) = —log(sik (t) + p) + (log (zi (t) + p) + 2log (di (R, t))). For given
sgrg) (t) ,:cg,";) (t), and d(m) (R,t), we have

Q (Si,k (t), @ik (), di (R, 1))
—log ( (n) () + p) + log ( m) (1) + p) + 2log (d(m) (R, t))
1

1 2
+
< ‘><>+p 2 () + p dwm,w)

)

x (Sk (t) = s\ () + @i (8) — 2 (8) + di, (R, t) — d™ (R, t))

2 Q (i () i, (1) di (R, 1)) (29)

Then, we can find a lower bound of problem (P4) by solving the following optimization program:

(P4') min yE(R)— )= &Y Y D Esin () = D D> pik (1) Q (si (1) i (1), di (R,1))

,®,8,d teToi€TkeEK teToi€TkeEK
s.t. Cld, C2, C3, C4a, C5, C6, C7h.

Note that problem (P4’) is convex and can be solved by standard optimization problem method, such as in-
ternal point method. We can iteratively tighten the obtained lower bound. Let Z(™) = {R(m), (M) s(m),
m)} denote the solution of m-th iteration and give a tolerance level £; > 0. The iteration process will

=(m 1)‘

(m
be stopped if ‘I“”i”l < £1. The algorithm is summarized in Algorithm 1.

Algorithm 1 Successive convex approximation

: Initialization
: Initialize iteration index m = 1 and initial point =)
Set tolerance level €1 < 1.
repeat
For given E(’"fl), solve problem (P4’), and obtain solution Zm)
Set m( )m —i(— 1. .
m m—
until | |Z0m-1] ‘
Adjust resource allocation strategy s following rule (32) to obtain s™.
: Solve problem (P4’") and obtain the optimal solution =*.

< €1.

©X I THwhe

Suppose = = {R, &, 5,0} is the solution found by Algorithm 1. It should be noted that there is still

no guarantee that = is the optimal solution of problem (P4) [26]. Particularly, § may be still not binary
but only nearly binary. Therefore, we adjust § by following the rule as below:

y 1, if 55 (t) > 0.5,
sy (t) = o (30)
0, if 5 (t) <0.5.
Final, we improve the solution of problem (P4) by solving the following convex program with given s*:
(P4")  min yE (R) - G (@)
s.t. C1d, C5, CT.

The total algorithm is summarized in Algorithm 1. Let {R*,x*,d*} denote the solution of problem
(P4”). Tt has been proved that =* = {R*, x*, s*,d*} is the optimal solution of problem (P4) [26]. The
total algorithm is summarized in Algorithm 2.
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Algorithm 2 The HRRA programming

1: Initialization

2: Initialize iteration index m = 1 and initial y.

3: Set tolerance level g5 < 1.

4: repeat

5: For given y(m), solve problem (P4), and obtain the optimal solution =*.
6 Calculate G(R, s, ho) and E(R).

7

8

Set m = m + 1 and calculate 3™+ according to (20).
1 [y(m) —y(m—1),

: unti W < eo.

4.2.2  RA programming

Since the hover radius is constant during the flight cycle, we only need to optimize the resource allocation
strategy based on the real-time predicted channel coefficients.
Let R* denote the optimal hover radius found by Algorithm 2. In this case, problem (P2’) can be

written as
(P6) max Y Apsy + > 3> Hin (179 (1).0)

keK t€Ti i€TkER
s.t. Clc, C2 — (4,

where t( is the index of current time slot. According to Remark 1, constraint Clc is a second-order cone
constraint with respect to s. Thus, problem (P6) is a convex 0-1 integer programming, which can be
optimally solved by SCA method mentioned in Algorithm 1.

4.3 Low-complexity online algorithm

In this subsection, we will give the low-complexity online algorithm for real-time TPRA. Generally, the
UAV-mounted processor cannot provide high computing capability. Hence, the proposed TPRA algorithm
should be completed in the shortest possible time. We take the HRRA programming as an example to
illustrate the low-complexity algorithm.

Initialization. To begin with, we give the initial hover radius R(®), which is obtained by minimiz-
ing F(R), i.e., R® = argming E (R). Note that the initial hover radius R(®) is the smallest energy
consumption radius. Then, we obtain the initial subcarrier allocation policy s(*) with the following rule:

1, if 4 =argmaxp?, (1),
0, (t :{ g ¢ P (1) (31)

0, otherwise.

According to s(?), the amount of received data for each GU during one flight cycle can be evaluated by
the robust rule shown in Subsection 4.1.

sik (t)
(5, po, R ZZTBlog2<1+E{m }m>

teToieT

2
( )TBC si k(1) .

— ErfInv (g) ZZ (dy (R,1))

si,k(t) (32)
‘i \(In2) 1+ E{p?, (¢ NCaimne)

If 71, (s, po, R) = NoSK,Vk € K, the initial subcarrier allocation policy 59 is the best one. Otherwise,
we define the lower bound of QoS, and alternately tighten the lower bound to satisfy the QoS constraints
of GUs. Specifically, we define the initial lower bound of QoS as follows:

()mm{ZZHM £ 50 (1) ),NQSK}. (33)

teToiel
Furthermore, the amount of transmitted data for GU k occupying subcarrier ¢ at time slot ¢ can be given

by
{P1 k (t )}C> .

7r (i,t) = TsBlog, (1 - e (RD) (34)
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Iteration. Consider the n-th iteration for optimizing subcarrier allocation policy. Let w1 and
R(™=1) denote the lower bound of QoS and hover radius in the (n — 1)-th iteration, respectively. Moreover,

let 7",(:_1) denote the amount of received data based on RV and s("~Y. Let Sy and Sy denote the
sets of GUs satisfying the lower bound of QoS constraint, i.e., r,(fn_l) > w™ Y and not, respectively.

Then, for GU k = arg ming, esy 7",(;11_1), set the tuple (¢/,t', k') as

Py (i) s Y (1) Y

(', k') = argmax ) , (35)
i€Z,tE€To,k1 €K1 7 (4, 1) /7" "
where K = Sy\ {k}. If r(n b _ e (17,1) = w™ Y| we set s(,";c, (t') =0 and SE?L (t") = 1. Otherwise,

setting K1 = K1\ {k’}, choose repeatedly ('t K untll K1 = 0. After obtaining s, update lower
bound of QoS constraint w™ according to (33) If w®™ > > NqSK, the subcarrier allocation policy s
is the best one. Otherwise, repeat above processing until w(") —wm D ey,

If w™ < Nq@SK, we need to update the hover radius R as follows. Consider the m-th iteration for
optimizing hove radius. Let I, denote the set of GUs whose distance to the hover center is smaller than
R(™=1  Similarly, Kout denotes the set of GUs whose distance to the hover center is larger than R(™~1).

Then, we define
QoS;, = > min { SO Hik (180, (£),0) — NoSK, o} , (36)

kEKin teToic€l
and
Sout = mm{ZZHM (t, 02 (t),0) — NQSK,O}. (37)
k€K out teToi€l

In each iteration, the hover radius is updated by

(m) _ p(m—1) (m) Q0oSin — QoSout
R =R + AR 008 | & [Q0Sou]” (38)
In (38), we have AR™) = max {ARmin, HAR(’”_”}, where AR, is the minimum value of hover radius
adjustment and 0 < 6 < 1. After updating hover radius R, we repeatedly optimize the subcarrier
allocation policy. Note that lower bound of QoS is non-decreasing after each iteration. Thus, lower
bound of QoS will tend to be NgSK as the number of iterations increases.

Stopping criterion. The iteration will stop until

\U (R(m) s(m) ﬁo) U (R(m—l) S(m_l),ﬁo) |

< €3, 39
|U( m—1) S(m 1)’p0)| 3 ( )

where e3 is the error tolerance for Algorithm 3 and
U (R<m>, s, ﬁ0> -G (R<m>7 s, [,O) _yE (R<m>) . (40)

The proposed low-complexity algorithm summarized in Algorithm 3. The RA programming can also be
solved by the similar algorithm shown in Algorithm 3.

Complexity analysis. We analyze the computational complexity of the proposed low-complexity
algorithm and compare it against the optimal. Problem (P4’) is a SoCP programming, which can be

solved by interior point method. The worst case of interior point method requires O (\/ NCon) iterations,

where Ncop is the number of constraints. Moreover, each iteration has a complexity of O(m? vazcl"“ n;i),

where m is the number of variables, and n; is the dimension of the i-th constraint. Therefore, the
complexity of the optimal algorithm is

o (z VE + 2N7K + NgNt + 3Ng N7 K (Ne N7 K)? (2K + 2N7K + NpNp + 3NFNTK)>

~ QO (l (NgNpK)? (2NpK + NeNp + 3NFNTK)3/2) )
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Algorithm 3 The low-complexity algorithm

1: Initialization
2: Initialize iteration index m = 1, and set tolerance level e3 < 1.
3: Give R(O), 50,

4: repeat
5 Set n = 1.
6 repeat
7 Obtain w™~ 1, R(*=1) 7'2"71), Sy and Sy.
8: Set k = arg ming; esy r;;;fl) and K1 = Sy \ {k}.
9: repeat
10: Obtain the tuple (i’,¢’, k") according to (35).
11: if T}J,Lil) — T (i',t') > w1,
12: set s, (') =0 and s (') = 1.
13: Break.
14: else
15: Set K1 = K1\ {k’}.
16: end
17: until K1 =0
18: if Ky == 0 or w™ > NoSK,
19: Break.
20: end
21: Set n =n + 1.
22: until n == Loop or w™ — (1) Ly
23:  ifw™ > NgSK,
24: Break.
25: end

26: Update hover radius according to (36).

27: Set m = m + 1.

\U(R("") Ls(m) ,5[)) 7U<R(’"*1) ,s(m=1) ﬁo) |
[U(rRm=D s(m=1) 54))

29: return The final resource allocation strategy and hover radius.

28: until

< e3 or m == Loop.

where [ is the number of SCA iterations. For the proposed low-complexity algorithm in Algorithm 3, the
computation of w™ and r,gn) has a complexity of O (Ngp N7 K). Each adjustment of subcarrier allocation
policy has a complexity of O (NypNy). Hence, the total complexity of the low-complexity algorithm
is O (Ials (Ne Ny K + NpNr)), where lo and I3 are the number of inner iterations and outer iterations,

respectively.

5 Simulation results

In this section, we present the simulation results to illustrate the performance of the proposed algorithm.
We consider a squared target region with side length L = 500 m and 10 GUs are randomly located in the
region. The bandwidth of each subcarrier is set as W = 200 kHz. The channel power at the reference
distance of 1 m is set as By = —50 dB. Each content can be recovered by collecting 4 encoded segments,
i.e., K =4, and the size of each encoded segment equals 300 kbits, i.e., S = 300 kbits. In addition, the
angular speed of the UAV is set as v = 7t/20 rad/s.

Figure 2 shows the impact of the flight height on energy efficiency. We compared the proposed algorithm
with the Gaussian process based channel prediction algorithm (GPCPA) [15]. As we can see, the energy
efficiency decreases with the increase of flight height. Intuitively, higher flight height will increase the
distance from the UAV to GUs, thereby reducing the transmission rate of channels and energy efficiency.
Moreover, we can find that a higher transmit power can increase energy efficiency. Specifically, a higher
transmit power can obtain a higher transmission rate, which can improve the number of bits received
by GUs with unit propulsion energy consumption. The propulsion energy consumption is greatly larger
than the transmission energy power. Hence, a higher transmit power can increase energy efficiency.

We then compare the low-complexity algorithm with GPCPA in Figure 3, where we plot energy ef-
ficiency as a function of the maximum probability of QoS violation €. As we can see, the increase of €
can improve the energy efficiency of the system. The reason is that a higher ¢ can make the resource
allocation strategy more flexible. Specifically, when ¢ is small, more subcarriers should be allocated to
the GUs with low received rate to ensure that they satisfy the QoS constraints, thereby reducing the
energy efficiency. Inversely, when the ¢ is higher, more subcarriers can be allocated to the GUs with a
higher receiving rate. In this case, more QoS violations may occur in the GUs with low received rate,
but the energy efficiency of the system will increase.
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Figure 4 (Color online) The energy efficiency of the UAV Figure 5 (Color online) The energy efficiency of the UAV
versus the QoS constraint (N¢). versus the variance of CPE.

The influence of QoS constraint is shown in Figure 4. In particular, a higher QoS constraint of GU
refers to the larger number of contents requested by GUs in each flight cycle. We assume that the QoS
constraint of each GU is equal. We set the flight height of the UAV as 300 m. The maximum probability
of QoS violation is set as 0.1, and the variance of CPE is set as 0.5. As we can see, a higher QoS constraint
can decrease the energy efficiency of the system. When the QoS constraint is high, the resource should
be more fairly allocated to each GU to ensure the QoS constraint. In this case, GUs with low received
rate generally occupy more resource, which decrease the energy efficiency of the system. When the QoS
constraint is low, a few subcarriers may guarantee the QoS constraints of the GUs with low received
rate. More resources can be allocated to the GUs with high received rate, and further improve the energy
efficiency.

In Figure 5, we show the impact of the variance of CPE on energy efficiency. We set the flight
height of the UAV as 300 m, and Nc = 15. Moreover, the transmit power is set as 1 W, and the
maximum probability of QoS violation is set as 0.1. As we can see, a high variance of CPE reduces
energy efficiency. The reason is that a higher variance of CPE means a more dispersive distribution of
CPE. A more dispersive distribution will generate a larger number of extreme values of CPE. To satisfy
the QoS constraint of GU under the extreme value of CPE, the resource allocation strategy will be more
conservative. More redundant resource allocation generally occurs in a conservative resource allocation
strategy, and further reduces energy efficiency of the system.

6 Conclusion

In this paper, we investigate the TPRA problem in UAV communication networks under imperfect channel
prediction. We model the QoS demands of GUs with chance constraints, which are further transformed
into deterministic forms with a safe approximation. Then, we prove the transformed optimization pro-
gramming is convex programming and propose a modified SCA method to optimally solve it. To cater
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to the high-speed movement of UAVs, a low-complexity algorithm is tailored. Simulation results show
that the proposed low-complexity algorithm generally outperforms GPCPA. Furthermore, the proposed
resource allocation can also be applied in other communication systems suffering from the channel pre-
diction error, e.g., the wireless multiple input multiple output relaying system [27], where the system
performance will greatly deteriorate if CPE results in the inapposite precoding matrix.
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