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Abstract—We consider a novel hybrid active-passive reconfig-
urable intelligent surface (RIS)-assisted unmanned aerial vehicle
(UAV) air-ground communications system. Unlike the conven-
tional passive RIS, the hybrid RIS is equipped with a few active
elements to not only reflect but also amplify the incident signals
for significant performance improvement. Towards a fairness
design, our goal is to maximize the minimum rate among users
through jointly optimizing the location and power allocation
of the UAV and the RIS reflecting/amplifying coefficients. The
formulated optimization problem is nonconvex and challenging,
which is efficiently solved via block coordinate descend and
successive convex approximation. Our numerical results show
that a hybrid RIS requires only 4 active elements and a power
budget of 0 dBm to achieve an improvement of 52.08% in the
minimum rate, while that achieved by a conventional passive RIS
with the same total number of elements is only 18.06%.

Index Terms—Hybrid active-passive RIS, UAV communica-
tions, power allocation, RIS semi-passive beamforming.

I. INTRODUCTION

Unmanned aerial vehicles (UAVs)-enabled wireless commu-
nications have attracted much interest in the literature owing
to the controllable mobility and cost-effectiveness of the UAV
[1]. However, their system performance can be significantly
degraded due to the blockage of line-of-sight (LoS) links
and severe path loss caused by long-distance transmissions,
especially in complex urban areas [2]], [3]. Fortunately, these
challenges can be overcome by deploying reconfigurable intel-
ligent surfaces (RISs) in the system. RIS is a recent introduced
technology allowing reflect radio waves in preferred directions
to significantly improve the system performance [4]]—[7]. This
has motivated an increasing number of studies on RIS-aided
UAV communications systems [2], [3], [8]-[14]. Most of
these works focus on optimizing the system performance
through joint transmission and reflecting designs. Specifically,
in 2], [3[, [9], a joint design of UAV’s trajectory, power
allocation/transmit beamforming, and RIS passive coefficients
is proposed to maximize the system rate. The works [8], [11]],
[15] consider the secrecy rate maximization problems of RIS-
aided UAV systems with the presence of eavesdroppers. The
deployment of low-power consumption RISs can also improve
the system energy efficiency or reduce the transmit power at
the UAV under a constraint on quality of service. Motivated by
this, the works [12], [14], [16] focus on minimizing the power
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consumption [[16]] and maximizing the energy efficiency [12],
[14] of RIS-aided UAV communications systems. Moreover,
RIS-aided non-orthogonal multiple access (NOMA) [[16]], [17],
ultra-reliable and low-latency [18]], millimeter-wave [10], and
THz [[13]] RIS-aided UAV systems are also considered.

All the aforementioned works consider the passive RISs,
wherein the passive reflecting gains are generally limited and
can be easily surpassed by conventional relaying schemes
[19] unless a very large number of reflecting elements are
employed. In contrast, hybrid active-passive RIS architectures
[20]-[25] are equipped with a few active elements, enabling
both reflecting and amplifying gains simultaneously, can ex-
ploit the advantages of both the passive RIS and the relays.
They can thus overcome the potential limitations of the passive
RIS, especially in harsh transmission scenarios such as with
low transmit power and/or severe path loss. As a result,
the hybrid RIS is shown to provide significant improvement
the system spectral efficiency [22]], [26]], secrecy rate [27],
harvested energy [28]], and reliability [29]. A fully active RIS
with all active elements can achieve better spectral efficiency
[30]-[32]], which, however, requires higher power consumption
and hardware cost compared to the hybrid one. In [20], [21],
[33], [34]], active RIS elements with RF chains also enable
processing of incident signals and channel estimation.

Motivated by the above analysis, in this work, we propose
deploying the hybrid active-passive RIS to assist the aerial-
ground communications in UAV systems. Thanks to the sig-
nal amplification, the hybrid RIS with a small-to-moderate
size can efficiently compensate for the severe path loss and
blockage in the air-ground links, especially in complex urban
scenarios, as well as for limited transmit power budget at the
UAV. Focusing on system fairness, our goal is to maximize the
minimum rate among the users (UEs) by jointly optimizing the
UAV’s location, power control, and RIS amplifying/reflecting
coefficients. The problem is practically appealing but partic-
ularly more challenging compared to those with conventional
passive RISs due to additional power constraints and amplified
noise/interference caused by RIS active elements, and accord-
ing to the authors’ best knowledge, it has not been investigated
in the literature. To overcome the challenges, we propose an
efficient algorithm based on block coordinate descent (BCD)
and successive approximation (SCA). Specifically, the original
problem is first decomposed into subproblems, which are
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Fig. 1. Illustration of the considered hybrid RIS-aided UAV system.

then alternately solved with the SCA technique. Finally, the
proposed design is evaluated by numerical results, which
show that with the same total power budget, the hybrid RIS
offers remarkable performance improvement compared to the
systems without RIS and with the conventional passive RIS.
In particular, the performance gain is more significant when
the UAV’s transmit power budget is limited, which typically
happens in practice due to the UAV’s limited battery capacity.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

We consider a UAV-enabled air-ground wireless commu-
nications system, where K single-antenna UEs is served by
a single-antenna UAV. A hybrid active-passive RIS with N
elements is installed on a building facade to assist the air-
ground communications, as illustrated in Fig. [ We assume
that IV, out of IV elements are active. These active elements
can potentially be realized by low-power reflection amplifiers
[23]], [30]], which are recently introduced in [35]. The fully
passive RIS with NV, = 0 is a special case of the hybrid RIS.
Thus, in the following, we will use the general term “RIS” for
system descriptions, and use the specific terms “passive RIS”
or “hybrid RIS” for comparisons. We refer readers to [23]-[26]]
for more details on the implementation of the hybrid RIS.

Let A C {1,2,..., N} be the set of the RIS active elements,
|A| = N,. Let «, denote the coefficient of the nth element of
the RIS, where v, = |a,| €%, with 6,, € [0, 27) representing
the phase shift, and |a,| € [0, 1] for n ¢ A; otherwise, |a,| <
Gmax for n € A. Here, apyayx 18 the maximum amplitude of the
active element depending on the power amplification gain of
its active load, which is up to 40 dB [30], [35]]. We note that the
reflection amplitude of the RIS passive elements can be smaller
than unity for interference cancelation in multi-user systems
[7]. Let ¥ = diag{c,...,an} be the diagonal matrix of the
RIS coefficients. We define an additional factorization of Y
as ¥ = ®+ U, where ¥ = Iy oY and ® = (Iy — 1) o X
contain the active and passive coefficients, respectively. Here,
1+ is an N x N diagonal matrix whose non-zero elements are
all unity and have positions determined by A, and o represents
a Hadamard product.

Let v £ [vg,vx,v,)7, r, and uy denote the locations of
the UAV, the RIS, and UE k in a 3D coordinate system,
respectively. We assume that the UAV flies at a fixed altitude

v, the RIS is deployed at a fixed position, and the UEs have
slow mobility. Let hoy, b1 € CN*1, and hgk e CxN
denote the channels UAV—UE k, UAV—RIS, and RIS—UE
k, respectively, and let {gox,g&1, ggIk} be the correspond-
ing small-scale fadmg channels. As A result, we can write
h?k—CO ||V—ukH 1—<o v —rl” gl’th_
@G llr—ugl ™ g2 .- Here, (o represents the path loss at the
reference distance, i.e., 1 m, and {ep, €1, €2} are the path loss
exponents. Let hj, be the effective channel between the UAV
and UE k. Then, hj, can be expressed as hy, = ho i +h§’krh1.

Denote by s; and pj the transmitted signal andﬁpower
from the UAV to UE k, respectively, with E{|s,|?} =
The transmitted signal from the UAV can be given as z =
Zszl VPesk, 0 < Elepk < piav . where pidv is the
maximum transmit power of the UAV. The received signal
at UE k can be given as

Ye = /Prhisk + Z#k /Dihis; + (hfk‘llnr + nu) , (D

where n, ~ CN(0,02) is the additive white Gaussian noise
(AWGN) at UE k, and n, ~ CN(0,14 o o2ly) is the
total effective noise including the self-interference and AWGN
noise caused by the RIS active elements operating in full-
duplex mode. Thus, the term hgk\Pnr + ny in () is the
aggregated noise at UE k.

% 90,k>

B. Problem Formulation

Based on (1)), the achievable rate of UE & (in nats/s/Hz) can
be expressed as

2
P ||
2 2\|pH 2 2 | 2)
>k P [l ” + o2 |y, ¥ |? + o
Let p''s denote the transmit power of active elements of the

RIS, it is cons‘trained as p™* < pi©.. Here, p° can be
computed as p™®

Ry =log <1+

= E{|¥(n, + mz)|P} = X ,cnlanl’éns
where &, = 02 + |h1 | Sor, pr, with hy, being the nth
element of h;. We aim at maximizing the minimum rate of
UEs through optimizing the location and power allocation of
the UAV as well as the RIS beamforming coefficients. This
problem can be formulated as

Mo me ) -
subject to 0 < Z P = < Poasxo (3b)
0<6,< 27r, Vn, (3¢)
|| <1, Vn ¢ A, (3d)
lon| < Gmax, VN € A, (3e)

2 ™
> el 6 < bl (3

where constraints (3c)-(31) are design constrains of the RIS.
Note in that is only active elements (n € A) can
amplify the signals with amplification gains restricted by
amax [30]. Problem (@) is nonconvex, and the optimization of
{v,{pr},{an}} are strongly coupled in the objective function
as well as constraint . To overcome these challenges, we
propose an efficient solution in the next section.



III. PROPOSED DESIGN

We first introduce variable 7 and arrive at the epigraph form

of (3) as

maximize T (4a)

Tvvv{pk}7{o‘ﬂ}
subject to Ry > 7, Vk, (4b)
(3B — (@D). (4c)

We utilize the BCD approach and decouple (@) into three sub-
problems, regarding UAV’s power control, UAV’s location op-
timization, and RIS beamforming design, which are elaborated
in the following subsections.

A. UAV Power Control

With given {v,{w,}}, the power control can be obtained
by solving problem

maxim%ze 7, subject to (3b), 1), @b), (5)

TPk

where (3b) and (3f) are convex, but @b) is not. To overcome
this, we first rewrite Ry, in () as

Ry = log (Z;;pj |hk|2 + 02) — Tk, 6)

where 07 £ 02|k, ®||2+02 is constant with {p }, and 7, =
log (341 Pj Ik ”+02). Now, constraint (@) can be rewritten
as log (Z]K:1 pj |hk|2+0£> > 747, Yk, where 7, is concave
with {p;};j#k- By the first-order Taylor approximation around
{pjZ }jsk, an upper bound of 7 can be found as

1 i
52 el (s = 1) (D
Pi j#k

T < Fub,k: £ 1Og(ﬁ§ci)) +

where ﬁf) £ Dith p§i) |hi|” +02. As a result, constraint (@b)
can be approximated as

K 2, 2 (D)
log (ijlpj | + crk) >r4rl) Vh o @®
Finally, we can approximate problem (3) by the following
convex program at iteration i:

maximize 7, subject to (3b), GI), (B). 9)

T){pk}
B. Optimization of RIS Coefficients
Given {v, {px}}, the coefficients of the RIS, i.e., {c,}, can
be optimized by solving the following problem:
maximize 7, subject to — (31, @b).

T’{O‘n}

It is easy to see that constraints (3c)-(3f) are convex with
respect to {a,,}, but (@b) is not. Furthermore, variable {c,}
has not been exposed in the current form of @DB). As the
first step to solve problem (T0), we express Ry, as a function
of {a,} in the following derivations. First, we can write the
signal-to-interference-plus-noise ratio (SINR) term in (]Z[) as

prlho + h5' ) hy|?
] i :
2 ik Pilhos +hy Xhi|? + 02 |hy O |? + 0

(10)

Tk = (1)

Let a £ [ag,...,ay]|T € CVNX, HQ,kr £ diag{hé{k} €
CN*N  and hia % H; 1 hy € CNV*1 Then, we obtain
hiy = hor + OtThlgyk and hgk‘I’ = aT]ljf\lng}k. With
straightforward algebraic operations, the numerator and de-
nominator of v, in (II) can be expressed as a”Q,a +
29%(04Htk) + e and aHQka—i—?SR(aHik) + ég, respectively,

~x ~T ~ % 2
where Q@ £ thu,khu,k’ t £ pkhu,kho,k, €k £ Pk |h0,k| >
~ 2 = ~x ~T
& = o+ X uPilhorl”,Qr = P INH, R Hy 1% +

~% ~T ~ ~ % .
Zj;ékpjh12,kh12,k’ and f;, £ Zj;&kpjh12,kh0,k' Thus, « is
exposed in the following form of Ry:

aHQka + 29‘{(aHtk) + e (12)
o Qo+ 2R (allty) + e, )

Ry (o) = log (1 +

With this form, we can rewrite constraint @b) as

T > T+ 7k, (13)

where 7, 2 log <||Q,§oz||2 + 2R(afg,) + ek) with
0, = 0, + Qk being positive semidefinite, #; =
t, + t, and r, = log(aQ a0 + 29‘%(O¢Hik) + éx).
Based on the 1ﬁrst-order Taylor approximation ar<1)und o,
we have [QFal® > F(a;Qy,a®) £ [0za®|? —
_1 o NH /1 1.

2 gQ; a(l)) (Q,ia -0 a(l)). Thus, a lower bound of 7,
is found as

e > 7)) 2 log (F(a;Qk,a(i)) + 2% (al'fy) + ek). (14)
To address the nonconvexity of 7 in (I3, we introduce slack

variables by, which satisfies b, > aHQk,a—i—Qf)%(aHik). Then,
we can find an upper bound of r; as

by, — by

%)
bi) + €k

rE < r&&k £ Jog (bg) + ék) +
by applying the first order Taylor approximation around b,(f).
As a result, constraint (I3) can be approximated by the
following set of convex constraints:

Aoy > T+, VE, (16a)
be > a0+ 2% (aty), V. (16b)
Furthermore, we can rewrite (3f) as o Ea < piis, where

= = diag{&1,...,n} with &, = &, forn € A, and &, = 0
for n ¢ A. Finally, problem (T0) can be approximated by the
following convex program at iteration ¢:

maximize 7, subject to — (31), (164), (16D).

7,0, {bk }
C. Optimization of the UAV’s Location

With given {{px}, {ar }}, the UAV’ location is the solution
to the following problem:

maximize 7, subject to (31), @b),
TV

a7

(18)

which is nonconvex and very challenging. To address this
problem, we first expand the expression of Ry in @) to



show the role of v. Specifically, from the expressions of
{ho,k,hl,hfk} in Section , we can rewrite

pj hiel* = pj lhox|* + p;lhs krh1|2+2pjm<h0kh L Yhy)
=conj|lv—url C +ecrglv—r]|
o Iy —ug| TP |y — T2, (19)

A
where ¢y r; =

pilgorl’ Cor crn; 2 pilhy g ¢, and
Cokj = 2pj9‘{(ga‘7kh£{’k'rg1)§0 are constants with respect to
v. While ¢ ., 1,65 > 0,VE, j, car; can be either positive or
negative, making it very difficult to addressing the noncon-
vexity of ([@B). Regarding this, let us introduce set of slack

variables V £ {{vg 1 },{%o,;},v,, 01} satisfying

v < [y — w72, VE, (202)
oy > v —u,l| =2, 5, (20b)
vy < v —rl| 72, (20¢)
oy > |l —r| T2 (20d)

Furthermore, we introduce slack variables {a;, ax;} such that

|e2,kk| Do kU1, otherwise
1a)
72 —2 .
— ‘o kj”oj‘*‘cl kjvl+|02 kil Do, 01, if cakj >0
agj =

|ca,kj| v jv1, otherwise

2 2 :
< ) CoRRL ) + c1krv7 + [e2,kk| Vo v, if 2k >0
ap >

Co kk% T C1 kkvl

Co kjvo J +c1 kjvl
(21b)

Thus, (D) is equivalent to the following set of constraints:

a
1og(1 TN S 22)
O+ 22k g
(20d) — @TB),
which are still all nonconvex. To address (22), we follow a
similar approximation as for (7). Specifically, we have

) > 7. VE,

log (ak + E i a; + ak) > 7+ rub o Yk, (23)
ak]‘—ag?
where 7% 2 1og (o2 _()\ |, iZe ;
ub,k T g0 + Zj;ék akj + In what

follows, we provide some useful approximatiér#ls to tackle the
nonconvexity of (20a)-21b).

Lemma 1: Consider the following concave power, quadratic,
and bilinear functions: foou(7;¢) = —2%2 € Ryq,c >
lore < 0, fualxic) & —|x —c¢||*,x,c € C, and
foir(z,y,05) & d.xy, (z,y) € R? ,,8, = =£1, respectively.
Their convex upper bounds can be found by using the first-
order Taylor approximations as:

c—1

Jrow(T;€) < Fpou(a; ¢, 0) L(c—1)x§— cxy (24)
fana(x5€) < Fyua(x;€,%0) £ 2(¢ —x0)" (x —x0) — |lxo —¢l|?,
(25)

foir (2, 9365) < Fosa(x, 45 05, w0, y0) = 0.25(2 + 05y)>
+0.25(xg — 6590)* — 0.5(z0 — ds0)(z — Ssy). (26)

By using 24)-(26), constraints (20a)-(21b) can be approx-

imated by the following ones at iteration ¢:

v = ek | + Fpou (o i —2/e0, 05),) < 0, VE, (27a)
Faua(v;u7,v0) < 1/ Foou(To,534/€0, Ty ), ¥, (27b)
v = rll + Fyou(wy5 —2/e1,01”) <0, @70)
Fapa (i1, v D) < 1/ Foo(01;4/61,33), (27d)
@y, + o, kk Faua(Vg 5 O,Q((f)k) + et Faua (0150, 01)
+ Foi1(vg k> 15 880(C2 1k )5 Uéigc, vgi)) <0, Vk, (27e)
€0,k V.5 + C1ksU; + Foa1(Do,j, D13 sgn(ca,n)), v(())j,*( ))
<a;, Yk, J, 27

where sgn(z) returns the sign of z € R. Constraints (27a)—
(271 are convex assummg that €p,e; < 4. Similarly, by

€1/2 A
writing &, = o2 + cana(|v—rl 7)?, where ¢z, =
1.7 Co S5, pi is independent of v, we can rewrite (3f)
equivalently as the set constraint (27d) and

2
ZnGA || (‘73 + Z e3 nvl) < pil}lsax

In summary, we can approximate problem (T8) at iteration ¢
by the following convex program:

maximize 7, subject to (23), — (28).

T7v7

(28)

(29)

We summarize the joint optimization of the power allocation
and locations of the UAV and RIS reflecting/amplifying coeffi-
cients in Algorithm (1| In step 1, the initial solutions to 15 v},
O}, {a}, (67}, and VO = (o) 01”7, 5"} are
generated. In steps 2-7, subproblems @D, (91;7[) and 29) are
alternatively solved and {v?}, {p(}, {a}}, and V¥ are
updated over iterations until the objective value converges. The
total complexity of Algorithm [1|is O(J(vVK + 2(K + 1)3
VN +2K +1(N+ K +1)* + VK2 + 4K + 2(2K + 5)%)),

where J is the number of iterations until convergence.

Algorithm 1 Algorithm to Solve Problem (3))

Set i = 0. Generate initial values i v}, {(p},

1: Initialization:

and {o\”}. Initialize {b(o)} and V© = (O), 10),7(()0,1,7(0)}
to hold the equalities in (T6b) and (20a)— Qﬂ_%b respectively.
2: repeat

3:  Solve problem (@) for glven {»?} and {aﬁl)} to obtain
solution {pj}. Set {p(zJrl } = {pi}-

4:  Solve problem (T7) with given {p( Y @Y, and {b;ﬁ}
to obtain solutions a* and {bi}. Set " = a* and
{1} = {01

5:  Solve problem 29) with given {pgfﬂ)}, {7}, VO to
obtain solution {v*} and V*. Set {»“*Y} = {»*} and
VoD = v*,

6: Update ¢ =17+ 1.

7: until the increase in the objective value is smaller than e.

I'V. NUMERICAL RESULTS

In this section, we provide numerical results to validate the
performance gain of the hybrid RIS. In the simulations, we
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set v, = 100 m, By = —30 dB and 0121 = —90 dBm, and
02 = (n+1)02. Here, we recall that o2 is the total power of
noise and residual self-interference of the RIS, and n = 1
dB represents the possible residual self-interference caused
by the active elements [36], [37]. We consider an area of
100 x 100 m?, where K = 4 UEs are randomly and uniformly
distributed, and the RIS is placed at r = [50, 100, 50] m. We
assume Rayleigh fading channels between the UAV and UEs,
deterministic LoS channel between the UAV and the RIS, and
Rician fading channels between the RIS and UEs with a Rician
factor of x = 10. These are based on the fact that the LoS
links between the UAV and UEs can be easily blocked by
high buildings, while the RIS can be deployed at a certain
height to exploit the LoS channels [2[], [[15]], [17]. Thus, we set
{€o, €1,€2} = {3.2,2.0,2.2}. The positions of the RIS active
elements are fixed to A = {1,..., N,}. To solve the convex
subproblems, we use modeling tool YALMIP with MOSEK
solver. The convergence criteria is set to e = 107

We first show in Fig. ] the convergence of Algorithm [T}
which is initialized as follows: First, the UAV’s initial location
is right above the center of the area and at the height of
v, = 100 m. The UAV’s transmit power is initialized as
pr = piay /K, Vk, implying an equal power allocation to UEs.
Then, the initial coefficients of the RIS are set to a;") =
rej‘ggzg),Vn, where phase shifts {9510)} are randomly generated
in [0,27), and r satisfies (3¢) and (3f). It is observed from
Fig. 2] that Algorithm [I] converges after about 20 iterations.

In Fig. 3] we plot the optimized locations (for 20 channels)
of the UAV in the systems without RIS, with passive RIS,
and with hybrid RIS. It is observed that in all the considered

0.3
...... P
S R
= 025 1
= O
w o
~ s
Lot e
@
- 0.15
Z 01t/ A &0 [aie Without RIS
.g [ Passive RIS
g y, Hybrid RIS, N, =2
& 005¢" =" —Q— Hybrid RIS, N, = 4
....... —©— Hybrid RIS, N, = 8
o . . .
0 5 10 15 20 25 30
Maximum transmit power of the UAV (p) [dBm]

Fig. 4. Minimum rates versus UAV maximum transmit power, N =
40, Na = {2, 4,8}, piav € [0,30] dBm, pfls, = 0 dBm.

0.27

) d
0.265¢W
< 4

0.26 [

>

0.255 1

0.25 1

Passive RIS
Hybrid RIS, N, =

0.245 1

Minimum rate |nats/s/Hz|

0.241 0 26 3‘0 46 5‘0 6‘0 70 80 90 100

Number of RIS elements (V)
Fig. 5. Minimum rates versus numbers of RIS elements, N € [10,100],
Na = {2,4,8}, pi¥ = 20 dBm, pLi$ = 0 dBm.
systems, the UAV flies either above one of the UEs (e.g., sub-
area 2) or in between the UEs. However, with the deployment
of RIS, the UAV also flies above the RIS (sub-area 1), which
is not seen for the system without RISs. Furthermore, the UAV
deploys near the hybrid RIS more frequently than the passive
RIS. In particular, when the number of active elements in the
hybrid RIS increases, the chances that the UAV flies near the
RIS also increases, and there is a case that it flies right above
the hybrid RIS with NV, = 4 active elements. These results on
the UAV’s locations show that the hybrid RIS can significantly
enhance the air-ground channels so that the UAV does not
necessarily always flies near or in between the UEs; it can also
fly above the RIS to exploit the strong reflecting channels.

In Fig. @ we show the minimum rates versus the UAV
maximum transmit power. It is observed that both the passive
and hybrid RISs offer performance improvement to the system.
However, the gains of the passive RIS and hybrid RIS with
N, = 2 are limited. When the number of active elements
increases, i.e., with N, = {4, 8}, the hybrid RIS offers very
significant performance improvement. For example, at p;i, =
10 dBm, the passive RIS achieves an improvement of 18.06%
compared to the case without RIS, while those attained by
the hybrid RISs with N, = {4,8} are {52.08%,73.61%},
respectively. In particular, the gains of the hybrid RIS are more
significant at low py%’ , which generally happens in practice
due to the limited capacity of the UAV’s battery.

We show in Fig. [5] the minimum rates of the considered
systems versus N, i.e., N € [10,100]. It is seen that as N
increases, the passive RIS performs approaching the hybrid
ones. In contrast, the performance improvement is not always
clearly seen for the hybrid RIS. Specifically, with N, = 2, the
minimum rate increases quickly with N, but with N, = {4, 8},
it increases relatively slowly because the passive reflecting
gain is dominated by the active beamforming gains. Thus,



adding more passive elements does not provide significant
improvement to such hybrid RISs. Furthermore, it is seen that
a hybrid RIS with N = 10 and N, = 4 performs comparable
to the passive RIS with N = 100.

V. CONCLUSION

We proposed the deployment of the hybrid active-passive
RIS architecture to enhance the performance of UAV commu-
nications systems. In this hybrid RIS, a few active elements
were employed to provide the RIS with both reflecting and
amplifying gains. We formulated a max-min rate problem and
proposed an efficient algorithm based on the BCD and SCA
approaches to optimize the UAV’s location, power control, and
RIS amplifying/reflecting coefficients. Finally, the proposed
design was evaluated through extensive numerical results. It
was numerically justified that the hybrid RIS offers remarkable
performance improvement compared to the systems without
RIS and that with the conventional passive RIS. For future
studies, RIS-aided air-ground communications systems with
multiple UAVs and multi-antenna devices can be considered.

ACKNOWLEDGMENT

This work has been supported in part by Academy of
Finland under 6G Flagship (grant 318927), EERA Project
(grant 332362), and Infotech Program funded by University
of Oulu Graduate School.

REFERENCES

[11 Q. Wu, Y. Zeng, and R. Zhang, “Joint trajectory and communication
design for multi-UAV enabled wireless networks,” IEEE Trans. Wireless
Commun., vol. 17, no. 3, pp. 2109-2121, 2018.

[2] X. Cao et al, “Reconfigurable intelligent surface-assisted aerial-
terrestrial communications via multi-task learning,” IEEE J. Sel. Areas
Commun., vol. 39, no. 10, pp. 3035-3050, 2021.

[3] S.Li, B. Duo, X. Yuan, Y.-C. Liang, and M. Di Renzo, “Reconfigurable
intelligent surface assisted UAV communication: Joint trajectory design
and passive beamforming,” IEEE Commun. Lett., vol. 9, no. 5, pp. 716—
720, 2020.

[4] N. T. Nguyen et al., “Machine learning-based reconfigurable intelligent
surface-aided MIMO systems,” in Proc. IEEE Works. on Sign. Proc.
Adv. in Wirel. Comms., 2021, pp. 101-105.

[5] S. Hu, F. Rusek, and O. Edfors, “Beyond massive MIMO: The potential
of positioning with large intelligent surfaces,” IEEE Trans. Signal
Process., vol. 66, no. 7, pp. 1761-1774, 2018.

[6] C. Huang et. al, “Reconfigurable intelligent surfaces for energy effi-
ciency in wireless communication,” IEEE Trans. Wireless Commun.,
vol. 18, no. 8, pp. 41574170, 2019.

[7]1 Q. Wu and R. Zhang, “Towards smart and reconfigurable environment:
Intelligent reflecting surface aided wireless network,” IEEE Commun.
Mag., vol. 58, no. 1, pp. 106-112, 2019.

[8] S. Li, B. Duo, M. Di Renzo, M. Tao, and X. Yuan, “Robust secure UAV
communications with the aid of reconfigurable intelligent surfaces,”
IEEE Trans. Wireless Commun., vol. 20, no. 10, pp. 6402-6417, 2021.

[9] J. Li and J. Liu, “Sum rate maximization via reconfigurable intelligent

surface in UAV communication: Phase shift and trajectory optimization,”

in Proc. Int. Conf. Commun. Network. in China, 2020, pp. 124-129.

L. Jiang and H. Jafarkhani, “Reconfigurable intelligent surface assisted

mmwave UAV wireless cellular networks,” in Proc. IEEE Int. Conf.

Commun., 2021, pp. 1-6.

X. Guo, Y. Chen, and Y. Wang, “Learning-based robust and secure

transmission for reconfigurable intelligent surface aided millimeter wave

UAV communications,” IEEE Wireless Commun. Lett., vol. 10, no. 8,

pp. 1795-1799, 2021.

M. Diamanti, M. Tsampazi, E. E. Tsiropoulou, and S. Papavassiliou,

“Energy efficient multi-user communications aided by reconfigurable

intelligent surfaces and UAVs,” in SMARTCOMP, 2021, pp. 371-376.

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Y. Pan, K. Wang, C. Pan, H. Zhu, and J. Wang, “UAV-assisted and in-
telligent reflecting surfaces-supported terahertz communications,” IEEE
Wireless Commun. Lett., vol. 10, no. 6, pp. 1256-1260, 2021.

K. K. Nguyen, at. al, “Reconfigurable intelligent surface-assisted multi-
uav networks: Efficient resource allocation with deep reinforcement
learning,” IEEE J. Sel. Topics Signal Process., 2021.

J. Li, S. Xu, J. Liu, Y. Cao, and W. Gao, “Reconfigurable intelligent
surface enhanced secure aerial-ground communication,” I[EEE Trans.
Wireless Commun., vol. 69, no. 9, pp. 6185-6197, 2021.

X. Liu, Y. Liu, and Y. Chen, “Machine learning empowered trajectory
and passive beamforming design in uav-ris wireless networks,” IEEE J.
Sel. Areas Commun., 2020.

X. Mu, Y. Liu, L. Guo, J. Lin, and H. V. Poor, “Intelligent reflecting
surface enhanced multi-UAV NOMA networks,” IEEE J. Sel. Areas
Commun., 2021.

A. Ranjha and G. Kaddoum, “URLLC facilitated by mobile UAV relay
and RIS: A joint design of passive beamforming, blocklength, and UAV
positioning,” IEEE Internet Things J., vol. 8, no. 6, pp. 4618-4627,
2020.

E. Bjornson, O. Ozdogan, and E. G. Larsson, “Intelligent reflecting
surface vs. decode-and-forward: How large surfaces are needed to beat
relaying?” IEEE Wireless Commun. Lett., vol. 9, no. 2, pp. 244-248,
2019.

A. Taha, M. Alrabeiah, and A. Alkhateeb, “Deep learning for large
intelligent surfaces in millimeter wave and massive MIMO systems,” in
IEEE Global Commun. Conf. (GLOBECOM), 2019, pp. 1-6.

G. C. Alexandropoulos and E. Vlachos, “A hardware architecture for
reconfigurable intelligent surfaces with minimal active elements for
explicit channel estimation,” in Proc. IEEE Int. Conf. Acoust., Speech,
Signal Processing, 2020, pp. 9175-9179.

N. T. Nguyen, Q.-D. Vu, K. Lee, and M. Juntti, “Spectral efficiency
optimization for hybrid relay-reflecting intelligent surface,” Proc. IEEE
Int. Conf. Commun. Workshop, 2021.

——, “Hybrid relay-reflecting intelligent surface-assisted wireless com-
munication,” arXiv preprint arXiv:2103.03900, 2021.

N. T. Nguyen et al., “Hybrid relay-reflecting intelligent surface-aided
wireless communications: Opportunities, challenges, and future perspec-
tives,” arXiv preprint arXiv:2104.02039, 2021.

A. Shojaeifard et al., “MIMO evolution beyond 5G through reconfig-
urable intelligent surfaces and fluid antenna systems,” Proc. IEEE, 2022.
N. T. Nguyen et al., “Downlink throughput of cell-free massive MIMO
systems assisted by hybrid relay-reflecting intelligent surfaces,” in Proc.
IEEE Int. Conf. Commun., 2022.

K.-H. Ngo et al, “Low-latency and secure computation offloading
assisted by hybrid relay-reflecting intelligent surface,” in IEEE Int. Conf.
Advanced Tech. Commun. (ATC), 2021, pp. 306-311.

S. Ahmed, A. E. Kamal, and M. Y. Selim, “Adding active elements to
reconfigurable intelligent surfaces to enhance energy harvesting for IoT
devices,” in IEEE Military Commun. Conf., 2021, pp. 297-302.

Z. Yigit, E. Basar, M. Wen, and 1. Altunbas, “Hybrid reflection modu-
lation,” arXiv preprint arXiv:2111.08355, 2021.

R. Long, Y.-C. Liang, Y. Pei, and E. G. Larsson, “Active reconfigurable
intelligent surface aided wireless communications,” IEEE Trans. Wire-
less Commun., 2021.

M. H. Khoshafa et. al, “Active reconfigurable intelligent surfaces-aided
wireless communication system,” [EEE Commun. Lett., vol. 25, no. 11,
pp. 3699-3703, 2021.

G. Chen et. al, “Active IRS aided multiple access for energy-constrained
10T systems,” arXiv preprint arXiv:2201.12565, 2022.

R. Schroeder, J. He, and M. Juntti, “Passive RIS vs. Hybrid RIS: A
comparative study on channel estimation,” in Proc. IEEE Veh. Technol.
Conf., June 2021, pp. 1-7.

J. He et al., “Channel estimation and hybrid architectures for ris-
assisted communications,” in Joint European Conf. Netw. Commun. &
6G Summit. 1EEE, 2021, pp. 60-65.

N. Landsberg and E. Socher, “A low-power 28-nm CMOS FD-SOI
reflection amplifier for an active F-band reflectarray,” IEEE Trans.
Microw. Theory Techn., vol. 65, no. 10, pp. 3910-3921, 2017.

R. Malik and M. Vu, “Optimal transmission using a self-sustained relay
in a full-duplex MIMO system,” IEEE J. Sel. Areas Commun., vol. 37,
no. 2, pp. 374-390, 2018.

D. Bharadia and S. Katti, “Full duplex MIMO radios,” in 11th USENIX
Symp. Netw. Syst. Design Implement. (NSDI), 2014, pp. 359-372.



	Introduction
	System Model and Problem Formulation
	System Model
	Problem Formulation

	Proposed Design
	UAV Power Control
	Optimization of RIS Coefficients
	Optimization of the UAV's Location

	Numerical Results
	Conclusion
	References

