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Joint Optimization of STAR-RIS Assisted UAV Communication Systems

Qin Zhang, Yang Zhao, Hai Li, Shujuan Hou, and Zhengyu Song

Abstract—In this letter, we study the simultaneously transmit-
ting and reflecting reconfigurable intelligent surface (STAR-RIS)
assisted unmanned aerial vehicle (UAV) communications. Our
goal is to maximize the sum rate of all users by jointly optimizing
the STAR-RIS’s beamforming vectors, the UAV’s trajectory and
power allocation. We decompose the formulated non-convex
problem into three subproblems and solve them alternately to
obtain the solution. Simulations show that: 1) the STAR-RIS
achieves a higher sum rate than traditional RIS; 2) to exploit the
benefits of STAR-RIS, the UAV’s trajectory is closer to STAR-
RIS than that of RIS; 3) the energy splitting for reflection and
transmission highly depends on the real-time trajectory of UAV.

Index Terms—Reconfigurable intelligent surface, simultaneous
transmission and reflection, unmanned aerial vehicle, passive
beamforming, trajectory design, power allocation.

I. INTRODUCTION

ECENTLY, the reconfigurable intelligent surface (RIS)
has been considered as an emerging technology for
future wireless communications [1]. However, the RIS is only
able to reflect the incident signals, which means it can only
achieve half-space coverage. To overcome this drawback, a
novel concept of simultaneously transmitting and reflecting
RIS (STAR-RIS) has been proposed [2], [3]. Different from
the traditional RIS, the scattering elements of the STAR-
RIS can reflect and transmit the incident signals at the same
time, and thus achieve full-space coverage. More importantly,
the STAR-RIS provides extra degrees-of-freedom (DoFs) by
manipulating both the transmitting and reflecting signals [4].
Since the STAR-RIS offers more advantages than traditional
RIS, there have been several studies on the STAR-RIS as-
sisted communications [4]—[8]. In [4], three typical operating
protocols for STAR-RIS were introduced, and the superiority
of STAR-RIS over RIS was revealed by simulations. In [5],
the sum rate maximization problem for STAR-RIS-NOMA
systems was studied by jointly optimizing the decoding order,
power allocation, and passive beamforming at the STAR-RIS.
Focusing on the power consumption minimization problem,
the beamforming of base station and STAR-RIS were jointly
optimized for a STAR-RIS aided communication system in
[6]. Besides, in [7], [8], a more practical model with coupled
transmitting and reflecting coefficients was considered to study
the resource allocation in STAR-RIS-aided networks.
In recent years, the RIS assisted UAV communications have
been intensively studied [9]-[11], where the UAV’s trajectory,
RIS’s passive beamforming and/or active beamforming at the
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Fig. 1. Illustration of the STAR-RIS assisted UAV communication systems.

UAV were jointly optimized. Despite the benefits of STAR-
RIS, there has been no work focusing on the interplay between
STAR-RIS and UAV communications, where the coupled
UAV’s trajectory and STAR-RIS’s transmission/reflection co-
efficient require careful design. In addition, the potential per-
formance gain brought by STAR-RIS in UAV communications
is still unknown. Motivated by these observations, in this letter,
a novel STAR-RIS assisted UAV communication framework
is proposed. We aim to maximize the sum rate of all users
by jointly optimizing the STAR-RIS’s beamforming vectors,
the UAV’s trajectory, and power allocation. To address the
formulated non-convex problem, we decompose it into three
subproblems and solve them alternately to obtain the solution.
Simulations show that STAR-RIS can achieve higher sum rate
than RIS. Besides, compared to the trajectory with the deploy-
ment of RIS, the UAV’s trajectory with STAR-RIS is closer
to the location of STAR-RIS in order to fully exploit the extra
DoFs and acquire larger channel gains. More interestingly, the
energy splitting for reflection and transmission modes highly
depends on the real-time trajectory of UAV.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

As illustrated in Fig. 1, we consider a STAR-RIS assisted
UAV communication system, consisting of one rotary wing
UAYV, one STAR-RIS, and K ground users, where all users
can access the UAV by NOMA. The UAV flies at a fixed
altitude of H. The flight time is decomposed into /N equal time
slots with sufficiently small slot length. Then the horizontal
position of the UAV can be expressed by N + 1 points in the
two-dimensional plane, which is denoted by q,, = [%, yn]T €
R2*1 ¥n € {1,2,..., N + 1}. The mobility constraints of the
UAV are q1 = qf, qn41 = q¥y and [|gu1 — qul® < D2,
where q? and qoN +1 Tepresent the initial and final locations
of the UAV, and D represents the maximum distance that the
UAV can move within a time slot.

We assume that the STAR-RIS is deployed at a fixed
height of zgr, equipped with M passive elements, and
the horizontal position of the first element is denoted
by wr = [zr,yr]’ € R2X!. There are R and T users
in the reflection and transmission spaces of the STAR-
RIS, respectively, and R + T" = K. Also, the location of
the k-th user is expressed as wj = [mk,yk}T e R2xL
Vk € {1,2,...,K}. Consider the STAR-RIS works
in the energy splitting (ES) mode, i.e., the energy of
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the signal incident on each element is split into the
energies of transmitted and reflected signals [6]. Let u? =

.0P Y p
[\/@eJGM’ \/@eﬂgz?% ceey meje'rnn7 o
€ CMx1 be the reflection (p = r) or transmission (p = t)

beamforming vectors of the m-th element at time slot
n, and the corresponding diagonal matrix is denoted by

®], = ding(uf) € €V {V/Biuns V/Blum € 10,11}
and {607,..60L ~€[0,27)} denote the amphtudes and phase
shifts of the reflection and transmission coefficients for
the m-th element at time slot n, respectively. Meanwhile,
according to the energy conservation law, A7, + 8. = =
Yme{l,...,M}, ¥n € {1,...,N}, should be satisfied.

We assume the perfect channel state information (CSI) of
all channels is available at the UAV!, and the optimized
transmission strategy can be exchanged among the STAR-RIS,
UAV and ground users by a dedicated control channel. As
shown in Fig. 1, since the STAR-RIS is generally deployed
to assist transmissions where the line-of-sight (LoS) links are
blocked by obstacles, the direct link from the UAV to each
ground user is a Rayleigh fading channel [9]. Therefore, the
channel vector of the UAV to user k at time slot n is

u é- u
h}9 = £ et hvd 1
kn (dzg)ol kn> ( )

where ¢ is the path loss at a reference distance of 1 meter,
dy? = \/H?+]|q, — wg||?> denotes the distance between
the UAV and the k-th ground user at the n-th time slot,
01 represents the path loss exponent, and A, is complex
Gaussian random variable with zero mean and unit variance.

The transmission link from the UAV to STAR-RIS and
from the STAR-RIS to ground users are assumed to be LoS
channels. Therefore, at the n-th time slot, the channel vector
of the UAV-STAR-RIS link is given by

, where

gL = (d“§)°2 [1, e 50den” | =i X (M-1dei|T = ()
n
where dV" = \/(H —2r)* + ||an — wr||? denotes the dis-

tance between the UAV and the STAR-RIS at the n-th
time slot, 09 represents the corresponding path loss ex-
ponent, and " = <E-Zn jg the cosine of the angle

d‘u.'r
of arrival (AoA) of the s1gnal And we define ©, =

[1,e77 deyn” .. —i & (M~ 1)d¢>““}T.
Similarly, the channel vector of the STAR-RIS to the k-th

ground user is given by

g7 = || 1 e KT,

e IEM-Dde 1T (3
(d;g)()s 76 ] I ( )

where d}? = \/2p%+ ||wr — wg||? denotes the distance
between the STAR-RIS and the k-th ground user, o3 represents
the path loss exponent, and ¢, = g”zl Fk is the cosine of the
angle of departure (AoD) of the signal o the k-th ground user.

I'The CSI can be obtained by recently proposed channel estimation tech-
niques for RIS-aided systems. With the perfect CSI assumption, the result
provided in this letter is actually a theoretical performance upper bound.

V 5%[71 e‘jeﬁln}

Therefore, at the n-th time slot, the combined channel vector
from the UAV to ground user k can be expressed as

G = 02 + (g37)H dLgur. )

For NOMA systems, the successive interference cancella-
tion (SIC) is adopted by ground users to decode their own
signals. Unfortunately, there are as many as K! decoding
orders for K users, and the decoding order is highly coupled
with STAR-RIS’s beamforming vector design [12]. In order
to reduce the complexity, we assume the decoding order has
been predetermlned Wthh is from user 1 to K. As a result,
the condition ‘g(K 1)n| > ... 2 |gln\ should
be satisfied. Besides, pln > ... 2 P(K—1)n = Pkn = 0is
used to ensure the fairness among users, where py, denotes
the transmission power allocated by the UAV to user k at time
slot n. Thus, at time slot n, the date rate of user & is

2
Rkn — 1Og2 (1 + e pkn‘gknl . 2) . (5)
Zi:k+1 pzn|gkn| +o

B. Problem Formulation

Let Q = {qu,Vn} denote the UAV’s trajectory, U =
{u?,¥n,¥p € {t,r}} indicate the beamforming vectors of
the STAR-RIS, and P = {pgn,Vn,k} represent the power
allocation. In this paper, our goal is to maximize the sum rate
of all users by jointly optimizing Q, U and P. Therefore, the
optimization problem can be formulated as

TS MDD (®)
s.t. q].:qlan+l:qN+17 (6b)
||qn+1 - an2 g D2,V’I’L7 (60)
mans B € [0, 1], Vm, Vi, (6d)
Hf,m, 0! . €10,2m),Ym,Vn, (6e)
o+ 8L, =1,Ym,Vn, (6f)

K
Zk:l Pkn < Pmax7vna (6g)
|gKn‘2 = ‘g(Kfl)n’ = . |gln|2 \V’TL, (6h)

where Pp,.x is the maximum transmit power of the UAV.
III. PROPOSED ALGORITHM

Problem P is difficult to solve because of the coupled vari-
ables and non-convex constraints. Therefore, we decompose P
into three subproblems, where the STAR-RIS’s beamforming
vectors, the UAV’s trajectory and power allocation are opti-
mized, respectively.

A. STAR-RIS’s Beamforming Vectors Optimization

When the UAV’s trajectory Q and the power allocation P
are fixed, problem P can be rewritten as

N K R
max
U Zn:l Zk:l kn

s.t. (6d), (6¢), (6f), (6h).

(Ta)
(7b)

In order to solve P1, we introduce the slack variables
Agn and By, where 1/Ay, = pknlgkn|2 and By, =
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ZiK:kH Dinlgin|® + o2 Thus, the achievable rate of user k
at time slot n can be given by

1
=1 14 —.
o =t (14 ) ®

Define vy, = {(ng)Hdiag (g5") Jﬁi}’ Vi = Vi Vi,
e? = [u?;1] and E? = e?(e?)"”, where EE -0, rank (E2) =
LBl = Bhns By e = Lop € {rt}, and
[®],,,..m represents the (m,m)-th element value of the matrix.
Therefore, according to (4), the combined channel gain from
the UAV to user k can be expressed as |gg,|"= Tr (Vi  ER).

Then, problem P1 can be transformed as

N K
P2 Ryn 9

Elr)uAkT%)k('vuRkn anl Zk:l r ©2)
s.t. (6), (9b)

1
1 1+ ——— 1 > Rpn, 9
0go ( + Akann) kn (9¢)
1
—— < Tr (Vi ED) pin, 9d)
Akm
K

Bin >Tr (VinER) Y | pin + 0%, (%)
E2~0 , 99
[Ezrl]m,m = IBfnn’ (9g)
Er vs1 1 =1 (%h)
rank (EP) =1, (91)

Tr (VinE2) = Tr (Vig1)nE2) >...> Tr (V1,EL) . (9))

For non-convex constraint (9c), we apply the first-order
Taylor expansion at local points A\™*) and B obtained in
the 71-th iteration. Then, constraint (9¢) is approximated by

1 1 1 logoe (A;mfA 5@:11 )) logse (BknfB,(c:ll ))
°g2< i A;:PB;:P) ACD (AT BEY) T B (Al B
= Rkn~
(10)
However, the optimization problem is still non-convex due
to constraint (91). Therefore, we propose the sequential rank-
one constraint relaxation (SROCR) approach to obtain a rank-
one solution. Firstly, the non-convex rank-one constraint (91)

can be relaxed as [12]

Emax (EP) > o™ Tr (EP) | (11)

where €max (EP) is the largest eigenvalue of EP, and al™) e
[0,1] is a relaxation parameter in the 75-th iteration. And (™)
can be updated with the following formula [12]

. (Eg (n))
Tr (EZ(TZ))

where A(™) denotes the step size in the mo-th itera-
tion and needs to be resized according to the prob-
lem. Furthermore, since epax (E?) is non-differentiable,
it can be approximated by the expression epmax (EP) =
el (EI;(T?)) E” emnax (Eg“?)), where €max (Eg“ﬂ) de-

notes the eigenvector corresponding to the largest eigenvalue

(™) =min [ 1, + A™) (12)

Algorithm 1 Algorithm for STAR-RIS’s Beamforming Vec-
tors Optimization

1. Initialize U©, A and the error tolerance v, and calculate
E2© . Set a(® = 0 and the iterative index 72 = 0.

2. repeat

3 Solve the problem (13) to optimize EZ;

4 if problem (13) is solvable then

5. Update B2 = Ep, A(2HD) = A(m2),

6 else

7 Update B5(2FY — gE(2) A(2+D) — a72),
8 end

9. Update alm™) by (12), 2o = 72 + 1;
10. until |1 — (™) < v and the objective of (13) converges.
11. Obtain Ef, , and return the optimal solution U™,

Algorithm 2 Algorithm for UAV’s Trajectory Optimization
= 0 and the

1. Initialize Q<0>. Set the iterative index 73
threshold value 9.
. repeat
Solve the E)roblem (20) to optimize Q;
Update Q T3l — Q, 3s=73+1;
. until the increase of the objective value is below §.
. Return the optimal solution Q™.

AU AW

of E? () and E? (™) is the solution in the -th iteration.
Finally, the STAR-RIS’s beamforming vectors optimization
problem can be approximated as

N K
max Z Z Rkn
EﬁyAkanlqukn n=1 k=1

s.t. (6f), (9d) — (9h), (9)), (10), (13b)
e (Eg“z)) E? ermax (Eﬁ(”)) > ™) Tr (EP). (13¢)

max

P3: (13a)

Problem P3 without the rank-one constraint (9i) is a stan-
dard convex semidefinite programming (SDP) problem [5],
which can be effectively solved by standard solvers. Thus, the
algorithm for solving P1 can be summarized as Algorithm 1.

B. UAV’s Trajectory Optimization

If the STAR-RIS’s beamforming vectors U and the power
allocation P are given, problem P can be reformulated as

N K
P4 - m(gx anl Zkzl Ryn
s.t. (6b), (6¢), (6h).

(14a)
(14b)

To maximize the sum rate of users, it is assumed that the
phase alignment of the signals at the users can be achieved
[9]. As such, |g;~m|2 can be expressed as

(dgr) (i) ()™

O (VBT BV Frn]
Fun = 255l 021 (22) VATV V] )
2

and G =€|Ry2|
Then, slack variables jr, > ¢ = \/H? + [|q, — wy]|[?

2 jr—
lgkn|” = @) (15)

52

2
where Ckn = W .
k

and [, > d*" = \/(H — 2r)° + ||an — wr||? are introduced,
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and problem P4 can be reformulated as Algorithm 3 Algorithm for Power Allocation Optimization
Dh 1. Initialize P9, and calculate {w,(ﬁl) } Set the iterative index
5: max Z Z logy | 1+ = L 74 = 0 and the threshold value &'.
Qln g Sm=1 k=1 Zi:kul—l Pin+t02/Skn 2. repeat
(16a) 3. Solve the problem (23) to optimize {tkn };
(r3+1) | _ _ .
s.t. (6b), (6¢), (16b) 4. Update {wlm } ={Yin}, u=Ta+ 1L
5. until the increase of the objective value is below &'
L > \/(H _ ZR)2 ¥ g — wR”2’ (16¢) 6. Obtain {v;,, }, and return the optimal solution P*.
Frn = \/ H2 + ||qp — wk”2, (16d) Algorithm 4 Proposed Algorithm for Problem P
1. Initialize U@, Q(® and P(®. Set the iterative index 7 = 0
Skn 2 S(k-1)n 2 -+ 2 Sin, (16¢) and the threshold value §”.
c I a 2. repeat
where Sy = @86z + gyera ooz T Gy 3. Update UTHY via Algorithm 1 with Q™ and P(");
" n T+1 3 . . T+1 T).
However, problem P5 is still non-convex. Therefore, at the 4. Update Q"+ )1v1a Algorithm 2 with U( +) a“le( :
5. Update Pt via Algorithm 3 with U*Y and
; ; (3) +(73) ;
given points I, *’ and j. °’, we derive the first-order Taylor Q™ and T =7+ 1;
expansions of (16a), Sy, l% and jzn, respectively, and obtain 6. until the increase of the objective value is below 6.
7. Return the optimal solution U*, Q* and P*.
Pkn > DPkn
log, (1+ K Dinto? /5 ) >log, (1 SE pzn+02/sl(c;3> >
. . . . 3) (- — K Iy ‘deri
*W/i:f)Lgf) (ln . zﬁl”)) _ W’i;s)Jliza) (]kn 7”(5;)) 7 Let Ypn = Y ;—p Pin and P(gi1)n = 0. Cons1der1ng the

(17)  first-order Taylor expansion of Ry, at the given point w (k +1)n
we have

= 10g2 (‘gkn|2'l/)kn + 0'2) 10g2 <|gkn| 1/} k+1)n +o )
2 > o0, (169), 2 > 205, — (;0)° (9 logyelgn] (ra) 22
n = “'n " 'n n » Jkn Z 2Jkn Jkn Jkn ) (19) — A (w(k—i-l)n — 1)[)( )’ (22)

Skn 2 ((73))"2 + (l§j3))02/lgk(;;;§,))01/2 + ( (Tg))

kn

~L{) (ln - lgfg')) — g (jkn - J;(wf)) Okn,

|gkn‘ d)ggi)l)n k+1)n
where W("’S): Peno>/In2 h d he i . ind Theref bl
kn PGS % S o) a(a 2> Where 74 denotes the iterative index. Therefore, problem P7
Zq-,:k+1 Pinto /Sk‘,n Zz—k Pinto /S kn Skn .
can be appr0x1mated as
(13) _  09Chn + 02 Fyn /2 J(Ts) 01G
kn T [,(r3)\°2t! (m3)) 22/2H ( (r3)\°1/2° Tkn T [ (r3)\°1t!
(l” ) (l" ) (jlw ) (J’m ) max g E Rin (23a)
01Fn/2 . . {pn } “—~n=1 k=1
T ’(‘T NCTEE and 73 denotes the iterative index.
3 T3
(17)" (57) 5.t Y10 < Paax, (23b)

Finally, the UAV’s trajectory optimization problem can be
transformed as

1pln_an Z...2 "/J(K—l)n_wKn > wKn = 0. (230)

. (n) L, — (13) - ) 20 It is easy to prove that the problem P8 is convex since it has
' Q, ng.]kn Zn 1 Zk 1 ( T Jin ) (202) a linear objective function and linear inequality constraints.
s.t. (6b), (6¢), (20b) After solv1rig probl::m 738; the power allocation can be. ob-
tained by p;, = ¥} —v , Vk,n. Then, the algorithm
Kn 2 Ot-1)n n> for solving problem P7 is summarized in Algorithm 3.
2
2 2 T: T:

(H—zr)"+lan—wr|"+ (l,(v 3)) *2l§wl 3)ln <0, 20d) D, Joint Beamforming Vectors, Power Allocation, and Trajec-

tory Optimization Algorithm

2 - 2 (7s) 9,7(73) ;
H+[lqn —w| +(] kn ) 2k Jin < 0- (20e) With the aid of Algorithms 1-3, the proposed algorithm

to jointly optimize the STAR-RIS’s beamforming vectors,
the UAV’s trajectory and power allocation is summarized
in Algorithm 4. Since the objective value of problem P is
non-decreasing after each iteration, the proposed algorithm is
C. Power Allocation Optimization guaranteed to converge [3].

For the given UAV’s trajectory Q and STAR-RIS’s beam-
forming vectors U, problem P can be reformulated as

Similarly, problem P6 is convex and can be solved effi-
ciently by standard solvers such as CVX [9]. The proposed
algorithm for solving problem P4 is shown in Algorithm 2.

IV. SIMULATION RESULTS
N K In the simulations, we consider one STAR-RIS deployed at
maXZ Z Ry (21a) the height of zp = 20 m, and the first element is located at
P n=14ak=1"""

) WR = [O,O]Tm in a horizontal plane. For a fair comparison
s.t. (6g), (61). (21b)  petween STAR-RIS and RIS, one transmitting-only RIS and
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Fig. 2. (a) Sum rate vs. the number of STAR-RIS’s elements, N = 30. (b) The UAV’s trajectories in different situations, N = 30. (c) The average amplitudes
of the transmission and reflection coefficients of all elements vs. time slot n, M = 40.

one reflecting-only RIS with M/2 elements are employed at the
same location as STAR-RIS. Besides, the mode selection (MS)
protocol for STAR-RIS is also considered for comparison
[4]. The UAV flies at a fixed altitude H = 30 m, and

its initial and final locations are q? = [10,—250]" m and

al ., = [10, 250]" m, respectively. The flight time of the UAV
is decomposed into N = 30 time slots, and P,,x = 30 dBm.
The path loss exponents are 01 = 3, 05 = 2, and o3 = 2.8 [9].

In Fig. 2(a), the sum rate of users versus the number of
STAR-RIS’s elements is illustrated. It is found that with the
assistance of STAR-RIS or RIS, the sum rate of users grows
as the number of elements increases since more scattering
elements bring higher beamforming gains at the users. More
importantly, the STAR-RIS with ES outperforms the STAR-
RIS with MS or traditional RIS. This is because the STAR-RIS
for ES owns extra DoFs by splitting the energy of reflection
and transmission for each element, while each element for MS
can only operate in a binary mode, i.e., either in the reflection
or in the transmission mode. The traditional RIS exhibits much
worse performance as it can only reflect or transmit signals
by a fixed number of elements.

Fig. 2(b) illustrates the trajectory of the UAV, where the
users are located at both sides of STAR-RIS. It can be observed
that the UAV always flies and serves users at the right side
of STAR-RIS, i.e., a single STAR-RIS can achieve full-space
coverage, while it is impossible for a transmitting/reflecting-
only RIS. Besides, the UAV’s trajectory with STAR-RIS is
closer to the location of STAR-RIS compared to that with
RIS. This is because the STAR-RIS can provide extra DoFs
to further improve channel conditions by flexible reflect-
ing/transmitting energy splitting. Such an observation reveals
the potential advantages of STAR-RIS again.

Fig. 2(c) presents the average amplitudes of the reflection
and transmission coefficients of all elements in the STAR-
RIS at different time slot. It can be seen that at the first
and last several time slots, i.e., when the UAV is far away
from STAR-RIS, the amplitudes of reflection coefficients are
larger than that of transmission coefficients. This is because
the long distance leads to poor channel conditions between
UAV and STAR-RIS. Thus, more energy is allocated to the
reflected signals to acquire higher sum rate as the users in
reflection space are closer to the UAV and STAR-RIS. On the
contrary, when the UAV is closer to STAR-RIS at the middle
couple of time slots, better channel conditions between UAV

and STAR-RIS can be obtained. Since there are more users in
the transmission space, the STAR-RIS allocates more energy
to the transmission mode in order to make better use of the
passive beamforming gain and improve the sum rate of users.

V. CONCLUSION

In this paper, we studied the novel STAR-RIS assisted
UAV communications, where the sum rate of all users was
maximized by decomposing the formulated problem into three
subproblems. Simulations showed that the STAR-RIS can
achieve higher sum rate than traditional RIS owing to the extra
DoFs. Moreover, the UAV’s trajectory was closer to STAR-
RIS, and the energy splitting for reflection and transmission
highly depended on the real-time trajectory of UAV.
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