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Abstract—In this letter, intelligent reflecting surface (IRS) is
adopted to assist unmanned aerial vehicle (UAV) to achieve
energy-efficient transmission. Specifically, the energy efficiency
is maximized by jointly optimizing the UAV trajectory, transmit
power and IRS phase shifts based on the statistical channel state
information (CSI), since the instantaneous CSI is difficult to
obtain due to the mobility of UAV and the passive structure
of IRS. The non-convex problem is decomposed into two sub-
problems of the trajectory and transmit power optimization, and
the phase-shift optimization. To deal with the non-convexity of the
first one, the successive convex approximation and Dinkelbach’s
algorithm are utilized. For the second one, a closed-form solution
is derived directly through equivalent transformations. Then, the
two sub-problems are solved iteratively to obtain an effective
solution to the original problem. Simulation results are presented
to validate the effectiveness of the proposed scheme.

Index Terms—Energy efficiency, intelligent reflecting surface,
statistical channel state information, unmanned aerial vehicle.

I. INTRODUCTION

The applications of unmanned aerial vehicles (UAVs) in
wireless communications have gained increasing attention.
Benefiting from the high mobility, UAVs can be deployed
rapidly compared with the conventional devices [1]. Hence,
UAV communications have been widely studied in various
scenarios [2]-[4]. For example, Wu ef al. maximized the
minimum throughput in a multi-UAV enabled wireless system
[2]. Zhou et al. studied a UAV-enabled mobile edge computing
wireless-powered system in [3], where the computational
performance and harvested energy were both improved. For
the secure transmission, Zhang et al. proposed two cooperative
dual-UAV enabled secure data collection schemes in [4], in
which the average secrecy rate and secrecy energy efficiency
(EE) were maximized, respectively.

Despite of the advantages of UAVs, some users may still be
in the blind areas without coverage. To resolve this issue, the
technologies that enable reconfigurable propagation environ-
ments, such as holographic MIMO surfaces [5] and intelligent
reflecting surface (IRS) [6], have attracted great attention.
Particularly, IRS can improve the performance of UAV-aided
wireless systems thanks to its ability to integrate multiple
units to cooperatively generate passive beamforming [7]. In
[8], Salhab and Yang investigated the applications of IRS in
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Fig. 1. IRS-assisted fixed-wing UAV air-ground network.

radio frequency and compared the IRS-equipped and IRS-
aided scenarios. Huang ef al. in [9] investigated an IRS-aided
network and leveraged deep reinforcement learning (DRL) to
maximize the sum rate. For the channel estimation of IRS,
the works in [10] and [11] have made a detailed elaboration.
Li et al. investigated an IRS-assisted UAV system, where
the average achievable rate was maximized by optimizing the
trajectory of UAV and the passive beamforming of IRS [12].
Furthermore, Mei er al. utilized DRL to facilitate the online
decision making in UAV-IRS systems [13]. Moreover, IRS can
also be mounted on UAVs as in [14] and [15], which provides
a new dimension for real-time position optimization of IRS
thanks to the mobility of UAV.

In the above-mentioned works, perfect instantaneous chan-
nel state information (CSI) was assumed. However, the in-
stantaneous CSI is difficult to obtain in practice due to the
mobility of UAV and the passive structure of IRS. In contrast,
using statistical CSI is more practical. For instance, Gan et al.
maximized the ergodic capacity in an IRS-assisted wireless
network in both uplink and downlink in [16]. Yu ef al
considered the simultaneous wireless information and power
transfer with the aid of UAV-IRS based on the statistical CSI,
where the average rate was maximized [17].

Motivated by this, we consider an IRS-aided UAV wireless
network using the statistical CSI, where the UAV serves both a
ground user and a high-altitude node. Considering the limited
on-board energy of UAV, we aim to maximize the EE with
respect to the UAV trajectory, the transmit power and the
phase shifts of IRS. This problem is non-convex. Therefore, we
decompose it into two sub-problems and solve them alternately
through using an iterative algorithm. Numerical results show
that the proposed scheme is effective to improve the EE for
IRS-assisted UAV networks with statistical channels.

II. SYSTEM MODEL

Consider an IRS-assisted air-ground network with a fixed-
wing UAV as shown in Fig. 1, where the UAV serves a
terrestrial user U; and a high-altitude node Uy with all the
nodes equipped with a single antenna. Assume that the direct
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path between the UAV and U; is blocked due to the urban
dense buildings. In order to improve the strength of received
signal at Uy, an IRS with M reflecting elements is deployed
to establish virtual line-of-sight (LoS) channels between them.

The coordinates of Uy, Us and IRS are denoted as q; =
[z1,Y1,21], d2 = [%2,¥2,22] and qr = [z1,yr,21], Tespec-
tively. The UAV flies at a fixed altitude H with a period of
T. To facilitate the analysis, T" is divided into /N equal time
slots, i.e., T'= N, where ¢ is the duration of each slot. The
horizontal coordinate of UAV in the n-th time slot can be
denoted by q[n] = [z [n],y [n]], where n € N' = {0,...,N}.
The IRS is deployed near U; and its passive beamforming is
mainly used to assist Uj. Thus, the signal from IRS to U,
is negligible due to the long distance. In the n-th slot, the
channels from UAV to IRS and from IRS to U; are expressed
as g[n] € CM*! and h,; [n] € CY*M_ respectively, while
ha [n] denotes the channel from UAV to the k-th user.
Let O[n] = diag{e/®["] ... e1%v["]} denote the phase-shift
matrix of IRS in the n-th time slot, where 6,,[n] € [0, 27) is
the induced phase shift of each reflecting element in the n-th
time slot, m € {1,..., M}.

Due to the higher locations of both UAV and Us, the channel
between them follows the free-space path-loss model as

haz [n] = \/pdy% [nl,n €N, (1)

where p is the channel gain at dg = 1 m, and dyz[n] =
lla[n], H] — q2|] m. Assume that the IRS is well deployed
to have LoS links with both UAV and U;. Thus, the channel
cofficient between UAV and IRS can be expressed as

gin] = \ oy [n][L.e 70l oI M ddul e

gln]
where dy;[n] = ||la[n], H] —qsl|, A is the carrier wave-
length, d is the antenna spacing, and ¢y [n] = zj{;ﬁgﬁ]

represents the cosine of angle of arrival from UAV to IRS.
Similarly, the channel coefficient of IRS-U; link can be written

as
- —j 3 _j2m(pf—
h’r-,l:\/pd?[l,e J*dqb“,_,,’e JEE(M—1)d¢r . (3
Ev‘,l
where d; 1 = |lar — ai|, and ¢;1 = FL-L denotes the cosine

of the angle of departure from IRS to Uyj.

Since U; is on the ground, its direct channel from UAV is
usually blocked by buildings in the urban environment. Thus,
we assume that U is in the blind area of UAV. Then, the link
from UAV to U; can be modeled by Rayleigh fading as

ha [n] = \/pdyS [n]h, 4)

where « denotes the path-loss exponent, dy;[n] =
l[a[n], H] — q1]|, and h is a zero-mean and unit-variance
circularly symmetric complex Gaussian variable.

III. PROBLEM FORMULATION

Assume that the two users can access the network through
orthogonal access technologies such as frequency division
multiple access to avoid mutual interference. In the n-th time
slot, the amount of information received by U; and Uy from

2

the UAV can be respectively expressed as

P1[n}Ihd,l["]‘F}”’l@[n]g[n]f)7 S)

T, [n]=0Blog, <1+ -2

2
T3[n] = 6Blog, (1 o selleanl [nHZﬁ’2[n]| ) : 6)

where B is the bandwidth, Pj[n] and Ps[n] are the transmit
power for U; and Uy, respectively, and o2 is the noise power.

Referring to [18], the propulsion energy consumption of the
fixed-wing UAV in the whole flight 7" can be given by

- Jafn]||? — el
E,=S " KelvinlP+—2 1+ V]l
1 2 2
+5M (IVINIIP = IVO)IP) . ™

where c¢; and co are the parameters related to UAV, g =
9.8 m/s? denotes the gravitational acceleration, M is the mass
of UAV, v([n] is the velocity of the n-th time slot, with v[0] and
v[N] denoting the initial and final velocities, respectively, and
a[n] is the acceleration. The position, velocity and acceleration
of UAV should satisfy

vin+1] = v[n] +a[n]é,n € {0,...,N — 1}, (8)
q[n+1] = q[n]+v[n]s+0.5a[n]é%,n € {0,..., N1}, (9)

”V[n]H < Vinaz,n €N, (10)
[v[n]|| > Vinin,n € N, (11)
lan]|| < amaz,n €N, (12)

where V)4, is the maximum speed, V,,;,, is the minimum
speed to guarantee the fixed-wing UAV aloft, and a4, is the
maximum acceleration.

Another energy consumption is the transmit power, which
can be given by

E, =Y §{Pi[n] + P2[n]}, (13)

and it is limited by the maximum transmit power P, as
Pl[n]+P2[n] SP’maz (14)

According to the above analysis, we can obtain the EE as

S {Tyln] + Telal}
BE= E, + E,

Since the UAV keeps flying, the channels change rapidly and
it is difficult to obtain the accurate CSI in real time. Thus, we
are more interested in the average/expected EE based on the
statistical channels, defined as E{EFFE}. Only T}[n] involves
the channel hg1[n] containing random variables, which can
be equivalently written as (16) at the top of the next page. To
further analyze it, Proposition 1 is presented as follows.

15)

Proposition 1: An upper bound of the amount of informa-
tion can be obtained based on statistical channels such as

E{Tyn]}< Eup{Tl[n]}zaBlogzé+P;[f](XM il )),(17)

d%];[”} dzUJ[”}
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P;
T [n] = §Blog, <1 + — 1[ ] (ha1[n] + h,10[nlg[n]) (ha1[n] + hr,1®[n]g[n])H>
P 77 T «
— §Blog, (1 + 2 ”] (pdgiinlih™ +2Re { p*/2d; 1,1 ©[nldy | Infgnldy ()™ | +
7 (16)
J1 f2
272 =21 13 —i1sH Hi 7 H
p?d; 2453 ], ©n]gln)g" [n]|© ]k, 1] ))
fs
where X([n] = E{phh"} = p and Y[n] = p?d;3h,1©[n]  4,[n] < log, ( Peln] L ) nef0,...,N—1}, (23)
gl " [ ©" R vzl
Proof: According to the Jensen’s inequality, it holds that ~ where u;[n], uz[n] and uy[n] satisfy
E{logy(1 +x)} <logy (1+E{z}}). (18) dya[n] < uiln],n € N, (24)
;I:flpl[}ii;l]g 311: ﬂzgzen’s inequality to (16) and referring to [16] dy 2[n] < usln],n € N, 25)
dUJ[Tl} SU[[TLLTLE./\/’. (26)

BT ) <Esp i) =5 Blog, (L4 5V 7+ o+ )

19)
a Bin] ( X[n]  Yin]
£ 6Blog, <1+ o2 (dg’l[n] i dg, 1[n] )) ’

where a holds because E{ fo} = 0 according to the statistical
knowledge of E{h} = 0. [ |

According to Proposition 1, E{EFE} can be upper bounded
as

MMHSZﬁﬂ&ﬁﬁ@E”W“. o0

We aim at maximizing the upper bound of E{EE} by
jointly optimizing the UAV trajectory q[n/], the transmit power
P[n] and the phase shift @[n], where P[n| = [P;[n], Pz[n]].
The problem can be formulated as

SN B {T1[n]} + Ta[n]}

Pl 21
P 1 88 pny E,+E 1)
st. Eyp{Ti[n]} /6> Ryp,ne{0,..., N-1}, (21b)
TQ[”]/(S > Rthane {075N_ 1}’ (210)
q[0] = g, 21d)
q[N] =qr, 2le)
0< 0, <2mr,Vm, 211)
(8),(9), (10), (11), (12), (14), (21g)

where Ry is the rate threshold, and qp and qp denote the
initial and final positions of UAYV, respectively.

IV. SOLUTION TO MAXIMUM ENERGY EFFICIENCY

The problem (P1) is difficult to solve due to the non-
convex objective function (21a) and the non-convex constraints
(11), (21b) and (21c). To this end, we decompose it into
two subproblems and solve them separately. Then, an iterative
optimization algorithm is proposed to tackle the problem (P1).

A. Trajectory and Transmit Power Optimization

First, we optimize the trajectory and transmit power with
fixed phase shifts. To deal with the non-convex constraints
(21b) and (21c), we introduce two auxiliary variables t;[n]
and to[n] with

[]<102<1+

Pin ](X[n] Yn]
ufn] uiln]

)) ne{0,..., N}, (22)

As such, the constraints (21b) and (21c) can be rewritten as
Bti[n] > Rin,n €{0,...,N —1}, 27)
Bta[n] > Ryp,n € {0,...,N —1}. (28)

To deal with the non-convexity, we rewrite (22) and (23) as

(2h —1)0?  X[n] YIn
29
Pl = ugl] T )
tg[’ﬂ] _ 2
(2 o2 _ »p 30)

R Tk

However, (29) and (30) are still non-convex due to their right
sides. Specifically, X [n]/u{[n] +Y[n]/u?[n] and p/u3[n] are
all convex differentiable functions. Note that, the first-order
Taylor expansion of a convex differentiable function is its
global under-estimator. Therefore, we have

Xl Y[l Xn] | Y] e
woll "l = gl Tl X
(ui[n] — w1 4[n]) — QY[n]ul_j[n] (ur[n] —ur;[n]), (31

p 3 2usg[n]
zp - ; (32)
T <@ﬂm W,
where uq ;[n], ug ;[n] and u; ;[n] are the values in the j-th
iteration, and the equalities hold if and only if w1 ;[n] = u1[n],
ug j[n] = ug[n] and us ;[n] = ur[n]. Thus, we can get the new
convex constraints as

QU 1o _ X | YDl
Al g
(ws ) = g ) ~2Y [y 3] (] —ur fl). (33)

(2t2[] — 1)0? 3 2uyn]
Pl <p@%m uaw>' .

Similarly, we introduce an auxiliary variable 7[n] to deal with
the non-convex constraint (11), such that

T[n] Z Vmi'm (35)
7[n]? < |lv[n]|?, (36)
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T[] < |lv;[lll* + 2v] In] (vIn] = vi[n]),  37)

where v;[n] is the value obtained in the j-th iteration.

Though all the constraints have been approximated to con-
vex ones, the problem still cannot be solved due to the non-
convex objective function. We use the auxiliary variable 7[n]
to decouple the velocity and acceleration in (7), and the upper
bound of F), can be obtained by

Eﬁp=25{clllv[n}3+% <1+”aZ§]” >}+Ak, (38)

n=1

where Ak = M (HV[N]H2 - ||V[O]H2> denotes the change
in the kinetic energy, which is related to the mass, initial speed
and final speed of UAV. Without loss of generality, we assume
that the initial speed is the same as the final speed, i.e., v[0] =
v[N], which means Ak = 0.

Based on the above, we can convert (P1) into (P2) as

N
> 0B {t1[n] + t2[n]}
n=1
(P2) max B 1 B, (392)

tn],ujqq [n],7[n]

s.t. (8),(9),(10),(12),(14),(21d),(21e),(24),(25),
(26),(27),(28),(33),(34),(35),37), (39b)

where t[n] =[t1[n].t2[n]] and w;[n]=[uy ;[n], uz,;[n],us;[n]].
To deal with the fractional objective function of (P2), the
Dinkelbach’s method can be applied. Based on this, we define

N
n= >, 0B{ti[n] +t2[n]} and p = E,P + E¢, and (P2) can

n=1
be transformed as

() e, 1= o
t[n],uln],7[n]
s.t. (8),(9),(10),(12),(14),(21d),(21e),(24),(25),
(26),(27),(28),(33),(34),(35),(37), (40b)

where v is a coefficient related to i and p. Thus, (P3) is convex
and can be solved via CVX.

B. Phase-Shift Optimization

We optimize the phase shifts based on the obtained tra-
jectory and transmit power. According to (5) and (6), the
phase shifts of IRS only affects the throughput of Uy, i.e.,
E,p{Ti[n]}'. The problem can be formulated as

(P4) e Eup{T1[n]} (41a)
s.t. 0 < O [n] < 2w, Vm. (41b)

According to (19), Pi[n]/o? and X[n]/d ,[n] are the con-
stants when the trajectory and transmit 7power are fixed.
Thus, the objective function (4la) can be approximated to
maximizing Y'[n]/d; ;[n], which is equivalent to maximizing
|hZ, ©[n]g[n]|. Although it is still a non-convex optimization
problem, we can get a closed-form solution due to its special
form. Specifically, we can establish

by, ©[n]g[n]| = |0[n]diag{h’, }g[n]|, (42)

Note that it can be easily extended to the multi-user scenarios where the
IRS serves different users in different time slots, using the same optimization
algorithm.

4

where O[n] = {e/%1I" . %[} Thus, the right side of
(42) in element-wise can be expressed as

hgm g1[n]
{ejalm, ... eituln]

hf{l,M am [n]

NI, gyl 4+ IR, g

®) . ,
< ‘6391[71]}1517191 [n]‘—i— . .+‘€J0A{[n]hrH,l,]\Jg]\/[[n] . (43)
where the equality at (b) holds if and only if

arg(e R gi[n]) = - =arg(e?M IR, )\ ga[n]) =067,
i.e., the angle of each item is the same. Without loss of
generality, assume 6* = 0. Therefore, the phase shift of the
m-th element of IRS in the n-th slot can be denoted as

Om[n] = —arg (hfl’mgm[n]) . (44)

Based on the above, the two sub-problems can be solved
separately. To solve the original problem (P1), we pro-
pose an iterative algorithm summarized in Algorithm 1.
The total computational complexity of this algorithm is
O(Tout(Lin (5N+3KN)3‘5)), where I,,; and I;, are the
numbers of the outer loop and inner loop, respectively.

Algorithm 1 Iterative algorithm for (P1)
1: Initialize q and ©.
2: Repeat
3:  Set v =1 and the number of iteration j = 1. Based on
the trajectory q, get v;[n], uq ;[n], ue j[n] and uy ;[n].
4:  Repeat
5. Solve (P3) with given {y,v;[n], u1 ;[n] ua j[n]ur ;[n],
O} to get {v;41[n], u,j41[n], uz j11[n], ur i [n]}
6 Update: j =5+ 1, vy =n/pu.
7. Until Convergence and obtain q
8
9

Get © with q in the closed form.
: Until Convergence and obtain £ E

V. SIMULATION RESULTS AND DISCUSSION

Simulation results are provided to evaluate the performance
of the proposed algorithm. Unless otherwise specified, the
parameters are listed as follows. The flight altitude and period
of UAV are 100 m and 50 s, respectively. The parameters of
UAV are set to ¢; = 9.26 x 1074, ¢y = 2250, Viue = 100
/s, Vinin = 10 m/s , Gmae = 5 m/s°, and § = 0.2 s
[18]. The positions are set to q; = [200 — 400 0] m, q2 =
[700 — 300 50] m, q;f = [195 — 400 20] m, g = [0 0] m
and g = [1000 0] m. The number of IRS reflecting elements
M 1is 25. The channel gain at unit distance is set to p = —30
dB, the path-loss exponent o = 3.5 and the noise power is
set as 02 = —110 dBm. The maximum transmit power is 0.3
W, the bandwidth for each user is 360 KHz and the rate is no
less than 2 Mbit/s.

Fig. 2 shows the trajectories of UAV with different flight
periods and user distributions. Specifically, taking the line
between the start and ending positions of UAV as a reference,
the users are distributed on the same side in Fig. 2 (a) and
on different sides in Fig. 2 (b). Note that Fig. 2 is horizontal
without showing the heights. The positions of U; and IRS in
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Fig. 2. Trajectories of UAV with different flight periods and user distributions.

(a) On one side

x10*

Energy Efficiency (bit/J)
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Number of IRS elements

Fig. 3. Energy efficiency versus the number of IRS elements.

Fig. 2 (b) are [200 300 0] m and [195 300 20] m, respectively.
We can see from Fig. 2 that when the period is small, the
trajectory of UAV is close to a straight line due to the initial
and final positions. While as the period increases, the UAV
adjusts its trajectory according to different user distributions
to get closer to the users. However, since the fixed-wing UAV
cannot hover over the users and requires a certain speed to
stay aloft, the UAV will move away from users if the period
is relatively large, e.g., T' = 100 s.

Fig. 3 shows the EE versus the number of IRS reflecting
elements. We can observe that the EE increases with the
number of IRS elements. This is because a larger IRS can
achieve higher passive beamforming gain to enhance the
received signal power at Uq, and the EE can be improved. We
can also observe that a higher 7" results in an enhancement in
EE when T' < 50 s. However, when 17" > 70 s, increasing
T leads to a decreased EE. This can be attributed to the
observations in Fig. 2, where the UAV would fly away from
users over a relatively large period.

In Fig. 4, we compare the proposed scheme (PS) with
other benchmarks, namely without power optimization (W-
PO), without phase-shift optimization (WPSO) and without
trajectory optimization (WTO). We plot the EE, the amount of
information and the energy consumption in one flight period of
the four schemes for comparison. We can see that the overall
EE of the proposed scheme is always the highest. This is
because Algorithm 1 will make a trade-off between the amount
of information and the energy consumption to meet the service
requirement, while maximizing the EE.

VI. CONCLUSIONS

In this letter, we proposed an energy-efficient IRS-assisted
UAV transmission scheme based on the statistical CSI. The
ergodic EE was maximized by optimizing the UAV trajec-
tory, the transmit power, and the IRS phase shifts. We first
transformed the original non-convex problem into two sub-
problems and approximated them as convex ones, and then
iteratively solved the two sub-problems to obtain a feasible

200 400 600 800 10 0 200 400 600 800 1000
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Fig. 4. Energy efficiency, amount of information and energy consumption
of four schemes.

solution to the original one. We derived a design based on
the statistical CSI to avoid the challenging real-time channel
acquisition, and simulation results show that the proposed
scheme is effective in improving the EE.
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