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Active RIS-Aided NOMA-Enabled
Space-Air-Ground Integrated Networks with

Cognitive Radio
Junjie Li, Liang Yang, Qingqing Wu, Xianfu Lei, Fuhui Zhou, Feng Shu, Xidong Mu, Yuanwei Liu, Pingzhi Fan

Abstract—In this work, we investigate an active reconfigurable
intelligent surface (RIS)-aided non-orthogonal multiple access
(NOMA)-enabled space-air-ground integrated network (SAGIN)
with cognitive radio, leveraging the flexible deployment of an
unmanned aerial vehicle (UAV) and the ubiquitous coverage
of satellite networks. The UAV serves uplink and downlink
users in the secondary network via NOMA and time division
multiple access mechanisms, respectively, while satellites provide
wireless backhaul for the UAV and primary users. We aim to
maximize the weighted sum mean rate and energy efficiency for
the secondary network by jointly the optimizing power allocation,
the RIS reflection coefficients (RC), the user matching factors,
and the UAV trajectory. We propose an alternating optimization
framework based on the block coordinate ascent (BCA) tech-
nique, which decouples the problem into multiple variable blocks
for alternating optimization until convergence. Moreover, we
investigate the performance of energy-efficient active RIS with a
sub-connected architecture, decoupling the RIS RC optimization
into amplification factor and phase shift subproblems to be solved
separately. Finally, simulation results validate the effectiveness
of the proposed schemes, and demonstrate weakness of passive
RIS and rationality and economics of sub-connected active RIS
architecture.

Index Terms—Space-air-ground-integrated network (SAGIN),
active reconfigurable intelligent surface (RIS), cognitive radio,
weighted sum mean rate, weighted sum mean energy efficiency.

I. INTRODUCTION

Recently, emerging network technologies, including the
internet of things (IoT), cloud computing, and artificial in-
telligence (AI), have significantly advanced technological de-
velopment and enhanced daily convenience, but have imposed
stricter requirements on network traffic, spectrum resources,
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and coverage breadth [1]. With the development of fifth-
generation technology in full swing, terrestrial communication
systems have been fairly sophisticated. Nevertheless, com-
petition for spectrum resources in low-frequency bands has
intensified, restricting the expansion of network capacity [2].
Concurrently, IoT technology, which is expected to drive
future demand, envisions a future where everything is con-
nected, overcoming traditional limitations to achieve coverage
in remote and harsh environments and high-altitude areas [3].

As a leading architecture for the development of sixth-
generation (6G) technology, the space-air-ground integrated
network (SAGIN) offers a promising solution [4], [5]. Specif-
ically, unmanned aerial vehicles (UAVs) serve as a crucial
link between satellite and terrestrial communications, typically
equipped with network in a box (NIB) systems that func-
tion as high-speed mobile servers that dynamically facilitate
communication, collaboration, and networking in an ad hoc
manner [6]. They can route packets for clients and relay
sensor data to centralized control centers, thereby improving
operational efficiency. The SAGIN leverages the strengths of
both UAVs and satellites, enabling seamless global coverage.
Notably, the dynamic regulation of UAVs makes them well-
suited for scenarios with limited energy supply, as they can
significantly reduce the communication link distance with
ground equipment, thereby improving energy efficiency (EE)
[7]. Furthermore, smart devices can leverage cognitive radio
(CR) technology to share the high-frequency bands of satel-
lites, effectively overcoming the challenge of spectrum scarcity
[8].

However, the signal stability of the primary user (PU)
remains vulnerable to degradation resulting from unpredictable
wireless electromagnetic wave transmission. Given the higher
priority of spectrum utilization by the PU, the performance
of the secondary user (SU) is critically limited for improved
communication of the PU [9]. As an innovative technology
for 6G, active reconfigurable intelligent surface (RIS) provide
an effective solution for directional control of electromagnetic
wave radiation. The internal design of active RIS comprises
intricate phase-shifting circuitry for precise control over the
radiation direction of incoming signals, coupled with a power
amplifier to bolster these signals [10]. Consequently, it shines
in CR networks by enhancing network capacity and sup-
pressing interference from secondary networks to the primary
network [11]. Crucially, active RIS effectively overcomes the
multiplicative fading effect inherent to passive RIS and is
suitable for serving UAVs and ground devices over long dis-
tances [12]. Motivated by the prospective superiority of active



RIS, this paper investigates the communication performance
of SAGINs based on active RIS with CR.

A. State-of-the-Art

It has been demonstrated that SAGINs can enhance network
throughput and reduce energy consumption via the dynamic
deployment of UAVs and resource optimization [13]-[16]. For
instance, by considering the non-orthogonal multiple access
(NOMA) technique for UAVs, a block coordinate descent
(BCD) method was proposed to maximize the EE of the
SAGIN [13]. The authors in [14] developed a SAG-IoT
framework with multiple UAVs as relays, and proposed an
algorithm to jointly optimize device scheduling, power control,
and trajectory optimization to maximize system capacity. To
simultaneously satisfy the demand for high-rate and low-
computing latency, a scheme was proposed where UAVs func-
tion as base stations (BSs) or mobile edge computing servers,
while satellites serve as clouds for continuous computation
[15]. In [16], a secure spectrum sharing strategy based on a
lightweight UAV blockchain was proposed, utilizing the se-
quential Vickrey auction mechanism of blockchain. However,
these solutions remain susceptible to performance degradation
in uncontrolled radio environments.

Moreover, the emerging RIS technology enhances UAV-
assisted communications by intelligently configuring the ra-
diative phase of the meta-atoms [17]-[19]. For example, the
authors in [17] designed an aerial RIS with flexible deploy-
ment capabilities, and proposed a scheme based on 3D beam
spreading and flattening techniques. In [18], a UAV system
equipped with RIS operating under the downlink NOMA
mechanism was studied, and an algorithm based on double
deep Q-Network was proposed for ensuring the endurance
of the UAV and the capacity of the system. Additionally,
the authors in [19] explored a hybrid full-duplex RIS-UAV
communication that determines the operating states of the
RIS and the UAV by selecting combinations. However, these
approaches are unable to utilize high-frequency band resources
from satellite communications and have limited coverage.

Recently, initial attempts on RIS-aided SAGINs investiga-
tions are underway [20], [21]. For instance, in [20], the authors
investigated SAGINs utilizing a hybrid free-space optics/radio
frequency (RF) high-altitude platform, infered a mathematical
model for the comprehensive effects of atmospheric turbulence
and hover, and proposed a link-switching mechanism that
adapts to varying weather turbulence. In view of the substantial
Doppler associated with RIS, the authors in [21] converted the
time-varying fading encountered in the time domain into the
delay-Doppler domain, and proposed a robust 2D orthogonal
time-frequency space modulation scheme. Unfortunately, due
to the multiplicative fading factor of passive RIS, its efficacy
in long-distance SAGINs is limited, particularly with fewer
meta-atoms. In contrast, active RIS offers an effective solution.

B. Our Contributions

In view of the above analysis, recent research has primarily
focused on the model design and signal processing of passive

RIS-aided SAGINs, while resource allocation remains under-
explored. Notably, there is a significant gap in studying active
RIS-aided NOMA-enabled SAGINs with CR, particularly in
jointly optimizing the two key performance metrics of rate
and EE. To fill these gaps, this paper investigates the prob-
lem of maximizing the weighted sum mean rate (WSMR)
and weighted sum mean EE (WSMEE) for active RIS-aided
NOMA-enabled SAGINs with CR. Our main contributions can
be summarized as follows:

\bullet We construct an architecture for an active RIS-aided
NOMA-enabled SAGIN with CR, where PUs are served
directly via satellite, while secondary uplink users (SUUs)
and secondary downlink users (SDUs) access the UAV
for relay to the satellite by NOMA and time-division
multiple access (TDMA), respectively. We formulate the
optimization problem aimed at maximizing WSMR and
WSMEE by jointly optimizing power allocation, UAV
flight trajectory, RIS reflection coefficients (RC), and
matching factors under the constraints of kinematics,
backhaul link capacity, maximum power, amplification
factor, interference tolerance, and minimum quality of
service (QoS) requirements. The optimization problem is
challenging due to the intricate interdependencies among
these variables.

\bullet To this end, we propose a joint optimization framework
based on the block coordinate ascent (BCA) technique to
decouple the original problem. We employ the Dinkel-
bach technique to subtract the objective function and
transform the blocks into tractable convex problems based
on Lagrangian dual reformulation, fractional program-
ming (FP) and successive convex approximation (SCA),
and constrained concave-convex procedure (CCCP) meth-
ods. Additionally, we optimize matching factors with
mixed-integer non-linear programming (MINLP) based
on the linear conic relaxation (LCR) technique.

\bullet Moreover, to enhance EE and reduce hardware costs,
we implement a sub-connected active RIS architecture
to reduce assembled amplifiers. We decouple the opti-
mization of RIS RC into an amplification factor block
and a phase shift block, and propose an energy-efficient
optimization framework. Furthermore, we establish a no-
fly zone (NFZ) within the PU distribution region.

\bullet Finally, the numerical results unveil that: 1) the proposed
schemes significantly enhance WSMR and WSMEE com-
pared to orthogonal and fixed trajectory optimization
schemes, while balancing performance and overhead with
a reasonable number of loaded UAV users; 2) passive
RIS exhibits limited effectiveness in the network, whereas
active RIS yields substantial improvements; 3) the sub-
connected architecture of the active RIS has significantly
improved WSMEE compared to the fully-connected ar-
chitecture, and the impact of the freedom sacrifice is very
limited.

The rest of this paper is organized as follows. Section II
proposes a system model of an active RIS-aided NOMA-
enabled SAGIN with CR, and formulates the problem of maxi-
mizing WSMR and WSMEE. A BCA-based joint optimization



Fig. 1. Active RIS-aided NOMA-enabled SAGINs with CR.

framework is proposed in Section III. Section IV proposes
an optimization framework for sub-connected active RIS. The
frameworks are analyzed and supplemented in Section V.
Simulations are performed in Section VI. Finally, conclusions
are given in Section VII.

Notation: In this paper, boldface letters indicate matrices
or vectors. \BbbR M\times N and \BbbC M\times N symbolize real and complex-
valued matrix of size M \times N , respectively. [\cdot ]T , [\cdot ]H , | \cdot | , \| \cdot \| ,
and \Re (x) symbolize transpose, conjugate transpose, modu-
lus, Euclidean norm, and real part, respectively. \angle , \otimes , and
\odot symbolize the angle, Kronecker, and Hadamard product,
respectively. For a vector \bfx , [\bfx ]i represents its i-th element,
and \mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g} (\bfx ) represents the diagonal operation. For a matrix
\bfA , \bfA i,j is the element in its i-th row and j-th column, and
\bfA \succeq 0 denotes the semi-definite matrix. \bfone N is a vector of
length N with all elements 1, and \nabla a is the gradient of a.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, we introduce the RIS-aided NOMA-enabled
SAGIN with CR and formulate its resource allocation opti-
mization problem.

A. System Architecture

As illustrated in Fig. 1, an active RIS-aided SAGIN with
NOMA is considered. This practically corresponds to the
case that BS power systems are not serviceable in remote or
post-disaster outbreak areas, where SAGINs are promising to
ensure the communication quality of the devices in the area
[22]-[24]. On the basis of the different needs of users, they
can be divided into real-time users and non-real-time users,
which are categorized as authorized primary networks and
unauthorized secondary networks, respectively. Specifically,
the primary network consists of a low-earth-orbit satellite
(primary BS) directly serving M PUs, while the secondary

TABLE I
SUMMARY OF NOTATIONS

Notation Description
hUsu,k, h

U
sd,j , h

U
p,m

\in \BbbC 
Channel between UAV and k-th SUU, j-th
SDU, m-th PU

hUD
k,j , h

SP
k,m \in \BbbC Channel between k-th SUU and m-th PU, j-

th SDU
\bfg r,u, \bff su,k, \bff sd,j ,
\bff p,m \in \BbbC Nt\times 1

Channel between RIS and UAV, k-th SUU, j-
th SDU, m-th PU

hSp,m, hu,s \in \BbbC Channel between satellite and m-th PU, UAV
\bfittheta ,\bfTheta Vector and matrix of RIS RC

\=\bfittheta ,\bfb 
Phase shift and amplification factor vectors for
RIS

ssu,k, ssd,j , sp,m
Information symbols for k-th SUU, j-th SDU,
and m-th PU

psu,k, psd,j , pp,m
Transmit power for k-th SUU, UAV to j-th
SDU, and satellite to m-th PU

\bfn R, PR
Thermal noise and maximum transmit power
of RIS

\bfq [l], vxy [l]
2D horizontal coordinate and speed of the
UAV at the l-th slot

nU , nsd,j , np,m
Complex additive white Gaussian noise
(AWGN) for UAV, j-th SDU, and m-th PU

\sigma 2
U , \sigma 

2
sd,j , \sigma 

2
p,m, \sigma 

2
R

Noise variance at UAV, j-th SDU, m-th PU,
and RIS

network involves a UAV acting as a relay between the satellite
and ground equipment, facilitating communication for K
SUUs and J SDUs.1 Let \scrM = \{ 1, . . . ,M\} , \scrK = \{ 1, . . . ,K\} 
and \scrJ = \{ 1, . . . , J\} denote the index of PUs, SUUs and
SDUs, respectively. The main parameters of the system are
summarized in TABLE I. Assuming that the satellite operates
within the same frequency band as the ground user and UAV
communications,2 and SUUs and SDUs are permitted to utilize
the spectrum licensed to PUs subject to the interference toler-
ance of the PUs. Without loss of generality, PUs, SUUs and
SDUs are randomly distributed within a circle area, where the
3D coordinates of the m-th PU, k-th SUU and j-th SDU can be
denoted as \bfS p,m = (xp,m, yp,m, 0), \bfS su,k = (xsu,k, ysu,k, 0)
and \bfS sd,j = (xsd,j , ysd,j , 0), respectively, and the coordinates
of RIS are \bfS R = (xR, yR, zR). The horizontal position and
altitude of the UAV vary with time, and its coordinate at
the t-th time are denoted as \bfS U (t) = (xU (t), yU (t), zU (t)),
0 \leq t \leq T .

For convenience, we discretize T into L equal slots, each
of duration \bigtriangleup t. Let \scrL = \{ 1, . . . , L\} denote the index of
L. When L is large enough, the UAV’s position can be
approximated as constant within each slot. Thus, the 3D and
horizontal positions of the UAV in the l-th slot can be denoted
as \bfS U [l] = (xU [l], yU [l], zU [l]) and \bfq [l] = (xU [l], yU [l])

T ,
respectively. Without loss of generality, assume that the UAV
flies at a fixed altitude zU [l] = z\prime U , \forall l \in \scrL , with a maximum
horizontal velocity of vxy\mathrm{m}\mathrm{a}\mathrm{x}. To accommodate hardware limi-

1For PUs, we focus on the received signal quality, and thus uplink
transmissions are not considered [9], [25]. SDUs and SUUs are designed for
single receive/transmit capabilities. However, these devices can be extended
to support simultaneous transmitting and receiving capabilities, where the
interference from the SUU to the SDU would be replaced by corresponding
self-interference.

2Standardization groups (e.g., ETSI) and researchers have proposed that
cognitive radio satellite-terrestrial networks in the L/C band allow satellite
networks to coexist with terrestrial networks within the same frequency band,
thereby addressing the spectrum resource shortage [26].



tations and users’ periodicity requirements, the UAV adheres
to the following constraints:

C1 :vxy [l] =
\| \bfq [l + 1] - \bfq [l]\| 

\Delta t
\leq vxy\mathrm{m}\mathrm{a}\mathrm{x},\forall l \in \scrL ,

with \bfq [0] = \bfq [L] .
(1)

To suppress interference and enhance the quality of received
signals, an active RIS technique is employed. Consider the
ideal RIS case with RC matrix \bfTheta = \mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g} (\bfittheta ), where \bfittheta =
[\theta 1, . . . , \theta Nt ]

T , \theta n = bn\=\theta n, and \=\theta n = ej\vargamma n . Here, bn and
\vargamma n denote the amplitude and phase of the n-th meta-atom of
the RIS, respectively, and Nt denotes the number of meta-
atoms indexed by \scrN = \{ 1, . . . , Nt\} . Notably, the RC of the
RIS can be adjusted to enhance the system performance of
the secondary network while mitigating the interference to the
primary network.

B. Channel Model

1) Air-Ground Access Link: All ground users are considered
quasi-static within each slot, while the UAV flies at a constant
speed. When communicating between the UAV and a ground
user, the signal received is a combination of line-of-sight (LoS)
and non-line-of-sight (NLoS) paths [27]. Since the LoS path
predominates in air-ground communication, we approximate
the LoS path probability as 1 for simplicity.3 Therefore,
the channel model between the RIS and the UAV can be
represented as

\bfg r,u[l] = c/(4\pi dUR[l]fc)\eta 
U
R\bfg 

\ast 
r,u[l], (2)

where fc, c, and \eta UR symbolize the carrier frequency, the
speed of light, and the attenuation weight, respectively, and
dUR[l] is the distance between the RIS and the UAV de-

noted by dUR[l] =
\sqrt{} 
\| \bfq [l] - \bft R\| 2 + (z\prime U  - zR)

2, wherein \bft R
symbolizes the horizontal coordinate of the RIS denoted by
\bft R = (xR, yR)

T . Assuming that the RIS is a uniform planar
array with Nt = N1 \times N2, \bfg \ast 

r,u[l] can be defined as

\bfg \ast 
r,u[l] =

\Bigl[ 
1, e - j 2\pi 

\lambda w
dfn

U
R[l], . . . , e - j 2\pi 

\lambda w
(N1 - 1)dfn

U
R[l]
\Bigr] T

\otimes 
\Bigl[ 
1, e - j 2\pi 

\lambda w
dfm

U
R[l], . . . , e - j 2\pi 

\lambda w
(N2 - 1)dfm

U
R[l]
\Bigr] T
,

(3)

where df and \lambda w denote the element spacing and carrier wave-
length, respectively. Additionally, nUR = \mathrm{s}\mathrm{i}\mathrm{n}

\bigl( 
\theta UR
\bigr) 
\mathrm{c}\mathrm{o}\mathrm{s}
\bigl( 
\phi UR
\bigr) 

and mU
R = \mathrm{s}\mathrm{i}\mathrm{n}

\bigl( 
\phi UR
\bigr) 
, where \theta UR and \phi UR denote the azimuth

and elevation angles, respectively.
2) Ground-Ground Access Link: Here, the links between

the RIS and the ground users and between the ground users
are considered. Assume that all channel state information is
known and quasi-static flat fading over one cycle. We consider
the channels as Rician fading, in which case \bff su,k[l] can be
expressed as

\bff su,k [l] =
\sqrt{} 
L0(dr,k)

 - \tau /2
\bff \ast su,k [l] , (4)

3Based on [28] and [29], for suitable UAV altitude and carrier frequency,
the LoS path probability approximation can be achieved as 1. Additionally, for
less dense environments (e.g., remote areas), satisfactory accuracy is attained
with the LoS path approximation [30]. The assumption of a LoS channel has
been widely adopted in UAV trajectory optimisation work [14], [30].

where \tau and L0 denote the path loss exponent and path
loss at reference 1 m, respectively, and dr,k denotes the
distance. \bff \ast su,k [l] symbolises the small-scale fading denoted by

\bff \ast su,k [l] =
\sqrt{} 

\alpha \ast 

1+\alpha \ast \bff 
LoS
su,k [l] +

\sqrt{} 
1

1+\alpha \ast \bff 
NLoS
su,k [l], where \alpha \ast is the

Rician factor, \bff LoS
su,k corresponds to (3), and \bff NLoS

su,k [l] represents
Rayleigh fading.

3) Space-Air/Ground Backhaul Link: Since the altitude and
cycle time of the UAV is significantly smaller than that of
the satellite, the effects of the satellite’s speed and frequent
hand-offs can be disregarded for one cycle, and the UAV is
recognized as being approximately stationary relative to the
satellite [15], [24]. Considering the effects of antenna gain,
path loss, and rain attenuation [15], the channel between the
UAV and the satellite can be expressed as

hu,s[l] =
c

4\pi fc\~hS

\sqrt{} 
Gt

uG
r
s\psi ra, (5)

where Gt
u and Gr

s symbolize the transmitting antenna gain
of the UAV and the receiving antenna gain of the satellite,
respectively, and \psi ra symbolizes the rain attenuation, \~hS
symbolizes the altitude difference between the satellite and
the UAV.

C. Transmission Schemes

To enhance the uplink access sum rate, the UAV serves the
SUUs via the power domain NOMA protocol and operates
in full duplex mode. Assuming the UAV is load limited, it
can receive transmissions from up to Ks users per slot, where
Ks \leq K. Let ak [l] denote the matching factor, such that
ak [l] = 1 if and only if the UAV serves the k-th SUU in the
k-th slot, otherwise vice versa. Therefore, SUUs uplink access
to the UAV has the following constraints:

C2 :
\sum 
k\in \scrK 

ak [l] \leq Ks, ak[l] \in \{ 0, 1\} ,\forall k \in \scrK ,\forall l \in \scrL . (6)

For convenience, we define
\=hsu,k[l] = hUsu,k[l] + \bfg H

r,u[l]\bfTheta 
H [l]\bff su,k[l],

\=hsd,j [l] = hUsd,j [l] + \bff Hsd,j [l]\bfTheta 
H [l]\bfg r,u[l],

\=hUD
k,j [l] = hUD

k,j [l] + \bff Hsd,j [l]\bfTheta 
H [l]\bff su,k[l],

\=hUp,m[l] = hUp,m[l] + \bff Hp,m[l]\bfTheta H [l]\bfg r,u[l],

\=hSP
k,m[l] = hSP

k,m[l] + \bff Hp,m[l]\bfTheta H [l]\bff su,k[l].

(7)

Neglecting self-interference [13], the signal received by the
UAV in the secondary network can be expressed as

yU [l] =
\sum 

k\in \scrK 
ak[l]

\sqrt{} 
psu,k[l]\=hsu,k[l]ssu,k[l]\underbrace{}  \underbrace{}  

Desired signal

+ \bfg H
r,u[l]\bfTheta 

H [l]\bfn R\underbrace{}  \underbrace{}  
Interference from RIS

+nU ,
(8)

where \BbbE 
\bigl\{ 
| ssu,k[l]| 2

\bigr\} 
= 1, nU \sim \scrC \scrN 

\bigl( 
0, \sigma 2

U

\bigr) 
means the

AWGN at the UAV, and \bfn R \sim \scrC \scrN 
\bigl( 
0, \sigma 2

R\bfI 
\bigr) 
.

The information symbol ssd,j transmitted by the satellite to
the j-th SDU is forwarded via the UAV relay operating decode
and forward (DF) protocol [16]. Given the UAV’s antenna
limitation and the suppression of inter-user interference, and



assuming SDUs access the UAV under a TDMA protocol,4

the received signal at the j-th SDU is denoted as

\gamma sd,j [l] = aj [l]
\sqrt{} 
psd,j [l]\=hsd,j [l]ssd,j [l]\underbrace{}  \underbrace{}  

Desired signal

+ \bff Hsd,j [l]\bfTheta 
H [l]\bfn R\underbrace{}  \underbrace{}  

Interference from RIS

+
\sum 

k\in \scrK 

\sqrt{} 
psu,k[l]\=h

UD
k,j [l]ssu,k[l]\underbrace{}  \underbrace{}  

Interference from SUUs

+nsd,j ,
(9)

where nsd,j \sim \scrC \scrN 
\Bigl( 
0, \sigma 2

sd,j

\Bigr) 
, and aj means the matching

factor between the UAV and the j-th SDU, satisfying

C3 :
\sum 

j\in \scrJ 
aj [l] = 1, aj [l] \in \{ 0, 1\} ,\forall j \in \scrJ ,\forall l \in \scrL . (10)

The signal received by the m-th PU can be expressed as

yp,m[l] = hSp,m[l]
\sqrt{} 
pp,m[l]sp,m[l]\underbrace{}  \underbrace{}  

Signal from satellite

+ \bff Hp,m[l]\bfTheta H [l]\bfn R\underbrace{}  \underbrace{}  
Interference from RIS

+
\sum 

j\in \scrJ 
aj [l]

\sqrt{} 
psd,j [l]\=h

U
p,m[l]ssd,j [l]\underbrace{}  \underbrace{}  

Interference from UAV

+
\sum 

k\in \scrK 

\sqrt{} 
psu,k[l]\=h

SP
k,m[l]ssu,k[l]\underbrace{}  \underbrace{}  

Interference from SUUs

+np,m,

(11)

where np,m \sim \scrC \scrN 
\bigl( 
0, \sigma 2

p,m

\bigr) 
means the AWGN at the receiver.

We employ successive interference cancellation (SIC) at the
UAV receiver to eliminate co-channel interference [33], and
the decoding order of the k-th SUU is defined by \pi (k). Specif-
ically, SUUs with higher channel gain power are prioritized for
decoding, while the i-th SUU with \pi (i) > \pi (k) is treated as
the interference for the k-th SUU. The signal-to-interference-
plus-noise ratio (SINR) by the k-th SUU accessing the UAV
is expressed as

\gamma su,k[l] =
\=psu,k[l]\sum 

\pi (i)>\pi (k),i\in \scrK 
\=psu,i[l] + \scrI \mathrm{i}\mathrm{n}\mathrm{t}

R,U [l] + \sigma 2
U

, (12)

where \=psu,k[l] = ak[l]psu,k[l]
\bigm| \bigm| \=hsu,k[l]\bigm| \bigm| 2 and \scrI \mathrm{i}\mathrm{n}\mathrm{t}

R,U [l] =

\sigma 2
R

\bigm\| \bigm\| \bfg H
r,u[l]\bfTheta [l]

\bigm\| \bigm\| 2. The SINR for the j-th SDU is indicated
as

\gamma sd,j [l] =
\=psd,j [l]

\scrI int
j,su[l]+\scrI \mathrm{i}\mathrm{n}\mathrm{t}

R,j [l] + \sigma 2
sd,j

, (13)

where \=psd,j [l] = aj [l]psd,j [l]
\bigm| \bigm| \=hsd,j [l]\bigm| \bigm| 2, \scrI \mathrm{i}\mathrm{n}\mathrm{t}

R,j [l] =

\sigma 2
R\| \bff Hsd,j [l]\bfTheta [l]\| 2, and \scrI int

j,su[l] =
\sum 

k\in \scrK psu,k[l]| \=hUD
k,j [l]| 

2.

4For uplink transmission, employing the NOMA technique with a single-
antenna receiver for multiple users is a common assumption, which improves
spectral efficiency and capacity [31]. Conversely, a single-antenna transmitter
with downlink NOMA technology poses challenges in terms of interference
management, power control, and signal processing, which are exacerbated by
the simultaneous implementation of NOMA in both uplink and downlink. To
this end, we employ the TDMA protocol for UAV downlink transmission to
reduce interference and decoding complexity, and improve spectral efficiency
[32].

To ensure the QoS for PUs, the secondary network restricts
the interference power transmitted to the m-th PU as

C4 :
\sum 
j\in \scrJ 

aj [l]psd,j [l]
\bigm| \bigm| \=hUp,m[l]

\bigm| \bigm| 2 + \sigma 2
R

\bigm\| \bigm\| \bff Hp,m[l]\bfTheta [l]
\bigm\| \bigm\| 2

+
\sum 
k\in \scrK 

psu,k[l]
\bigm| \bigm| \=hSP

k,m[l]
\bigm| \bigm| 2 \leqslant Ptol,m,\forall m \in \scrM ,\forall l \in \scrL ,

(14)

where Ptol,m represents the maximum interference tolerance
from the m-th PU to the secondary network.

The achievable throughput for SUUs and SDUs can be
denoted as

BsuRsu[l] = Bsu

\sum 
k\in \scrK 

\mathrm{l}\mathrm{o}\mathrm{g} (1 + \gamma su,k[l]), (15a)

BsdRsd[l] = Bsd

\sum 
j\in \scrJ 

\mathrm{l}\mathrm{o}\mathrm{g} (1 + \gamma sd,j [l]), (15b)

where Bsu and Bsd symbolize the transmit bandwidth of the
SUUs and SDUs, respectively.

The achievable throughput for the UAV-to-satellite backhaul
link can be expressed as

\^RS [l] = BS \mathrm{l}\mathrm{o}\mathrm{g} (1 + \gamma S [l]) = BSRS [l], (16)

where BS symbolizes the bandwidth of the backhaul link,
\gamma S [l] = pS [l]| hs,u[l]| 2/\sigma 2

S symbolizes the signal-to-noise ratio
(SNR) at the satellite, and pS [l] symbolizes the transmit power
of the UAV.

D. Energy Consumption Pattern
The energy consumption of UAV during flight is formulated

as [30]

Pfl\mathrm{i}\mathrm{g}\mathrm{h}\mathrm{t}[l] = P\mathrm{p}\mathrm{r}\mathrm{o}fi\mathrm{l}\mathrm{e}[l] + P\mathrm{i}\mathrm{n}\mathrm{d}\mathrm{u}\mathrm{c}\mathrm{e}\mathrm{d}[l] + P\mathrm{p}\mathrm{a}\mathrm{r}\mathrm{a}\mathrm{s}\mathrm{i}\mathrm{t}\mathrm{e}[l], (17)

where P\mathrm{p}\mathrm{r}\mathrm{o}fi\mathrm{l}\mathrm{e}, P\mathrm{i}\mathrm{n}\mathrm{d}\mathrm{u}\mathrm{c}\mathrm{e}\mathrm{d} and P\mathrm{p}\mathrm{a}\mathrm{r}\mathrm{a}\mathrm{s}\mathrm{i}\mathrm{t}\mathrm{e} symbolize the profile
power, induced power and parasitic power, respectively. They
are utilized to overcome resistance to the rotation of the
propeller blades, to generate downward air thrust, and to coun-
teract resistance to forward motion, respectively, as denoted by

P\mathrm{p}\mathrm{r}\mathrm{o}fi\mathrm{l}\mathrm{e}[l] = c0

\Biggl( 
1 +

3(vxy[l])
2

\Omega 2R2
a

\Biggr) 
, (18a)

P\mathrm{i}\mathrm{n}\mathrm{d}\mathrm{u}\mathrm{c}\mathrm{e}\mathrm{d}[l] = c1k0

\left(  \sqrt{} k20 + (vxy[l])
4

4v40
 - (vxy[l])

4

2v20

\right)  1
2

, (18b)

P\mathrm{p}\mathrm{a}\mathrm{r}\mathrm{a}\mathrm{s}\mathrm{i}\mathrm{t}\mathrm{e}[l] = c2(v
xy[l])3, (18c)

where c0, c1 and v0 symbolize the profile power parameter,
induced power parameter and mean induced velocity in the
hovering state, respectively, k0 and c2 denote the thrust-to-
weight ratio and parasitic power parameter, respectively, and \Omega 
and Ra symbolize the blade angular velocity and rotor radius,
respectively.

The transmit power used for communication by SUUs, UAV
and RIS in the secondary network is

Pcomm =
\sum 
k\in \scrK 

psu,k[l] +
\sum 
j\in \scrJ 

aj [l]psd,j [l] + \sigma 2
R \| \bfTheta \| 2F +\sum 

k\in \scrK 

psu,k[l]\| \bfTheta [l]\bff su,k[l]\| 2 +
\sum 
j\in \scrJ 

aj [l]psd,j [l]\| \bfTheta [l]\bfg r,u[l]\| 2.

(19)



The hardware-dissipated power in the secondary network is

Pdiss = KP c
su + JP c

sd +NtP
r
ps +BP r

pa, (20)

where P c
su, P c

sd, P r
ps and P r

pa denote the dissipated power
by each SUU, SDU, RIS phase shifter and RIS amplifier,
respectively, and B denotes the number of amplifiers.

The WSMEE for one cycle in the secondary network is
defined by

\eta EE \triangleq 

\sum 
l\in \scrL R[l]\sum 

l\in \scrL Psum[l]
, (21)

where P\mathrm{s}\mathrm{u}\mathrm{m}[l] = \varsigma UPfl\mathrm{i}\mathrm{g}\mathrm{h}\mathrm{t}[l] + P\mathrm{c}\mathrm{o}\mathrm{m}\mathrm{m}[l] + P\mathrm{d}\mathrm{i}\mathrm{s}\mathrm{s}[l], \varsigma U sym-
bolizes the weight of UAV flight energy consumption, R[l] =\sum 

k \eta su[l] \mathrm{l}\mathrm{o}\mathrm{g} (1 + \gamma su,k[l])+
\sum 

j \eta sd[l] \mathrm{l}\mathrm{o}\mathrm{g} (1 + \gamma sd,j [l]) sym-
bolizes the weighted sum rate in the l-th slot, wherein \eta su[l]
and \eta sd[l] are weights assigned to SUUs and SDUs for
prioritization.

E. Problem Formulation

Based on the above analysis, we jointly optimize the trans-
mit power \bfp su and \bfp sd of SUUs and UAV, the RC \bfittheta of the
active RIS, the matching factors \bfa su and \bfa sd for SUUs and
SDUs access to the UAV, and the flight trajectory \bfq of the
UAV, and formulate the problem of maximizing the WSMR

in the secondary network as

\scrP o
R : \mathrm{m}\mathrm{a}\mathrm{x}

\bfa su,\bfa sd,\bfp su,\bfp sd,\bfittheta ,\bfq 
\scrT (\bfa su,\bfa sd,\bfp su,\bfp sd,\bfittheta ,\bfq ) (22a)

\mathrm{s}.\mathrm{t}. C1, C2, C3, C4, (22b)

C5 :
\sum 
j\in \scrJ 

psd,j [l] \leq psd,\mathrm{m}\mathrm{a}\mathrm{x},\forall l \in \scrL , (22c)

C6 : 0 \leqslant psu,k[l] \leqslant psu,\mathrm{m}\mathrm{a}\mathrm{x},\forall k \in \scrK ,\forall l \in \scrL , (22d)
C7 : | \theta n| \leq \omega n,\mathrm{m}\mathrm{a}\mathrm{x},\forall n \in \scrN , (22e)

C8 :
\sum 
k\in \scrK 

psu,k[l]\| \bfTheta [l]\bff su,k[l]\| 2 + \sigma 2
R \| \bfTheta [l]\| 2F (22f)

+
\sum 
j\in \scrJ 

aj [l]psd,j [l]\| \bfTheta [l]\bfg r,u[l]\| 2 \leqslant PR,\forall l \in \scrL ,

C9 : BsuRsu[l] \leqslant BSRS [l],\forall l \in \scrL , (22g)

C10 :
\sum 
l\in \scrL 

ak[l] \geq Lsu,\forall k \in \scrK ,\forall l \in \scrL , (22h)

C11 :
\sum 
l\in \scrL 

aj [l] \geq Lsd,\forall j \in \scrJ ,\forall l \in \scrL , (22i)

where the objective function \scrT (\bfa su,\bfa sd,\bfp su,\bfp sd,\bfittheta ,\bfq ) \triangleq 
1
L

\sum 
l\in \scrL R[l]. Here, psd,\mathrm{m}\mathrm{a}\mathrm{x}, psu,\mathrm{m}\mathrm{a}\mathrm{x}, and PR in C5, C6,

and C8 symbolize the maximum transmit power of SUUs,
UAV, and active RIS, respectively. C7 defines the upper
bound \omega n,\mathrm{m}\mathrm{a}\mathrm{x} for the RIS amplifier. C9 ensures that the
information rate of SUUs transmitting to the UAV is less than
the maximum access rate of the UAV to the satellite backhaul
link to prevent blocking. C10 and C11 guarantee that the UAV
is accessed by each SUU (Lsu) and SDU (Lsd) at least a
minimum number of times within one flight cycle to ensure
service fairness among users.

Additionally, the problem of maximizing the WSMEE of
the secondary network can be formulated based on the above
analysis as

\scrP o
E : \mathrm{m}\mathrm{a}\mathrm{x}

\bfa su,\bfa sd,\bfp su,\bfp sd,\bfittheta ,\bfq 
\eta EE (23a)

s.t. C1 - C11, (23b)

C12 :
\sum 
k\in \scrK 

\mathrm{l}\mathrm{o}\mathrm{g} (1 + \gamma su,k[l]) \geqslant R\mathrm{m}\mathrm{i}\mathrm{n}
su ,\forall l \in \scrL , (23c)

C13 :
\sum 
j\in \scrJ 

\mathrm{l}\mathrm{o}\mathrm{g} (1 + \gamma sd,j [l]) \geqslant R\mathrm{m}\mathrm{i}\mathrm{n}
sd ,\forall l \in \scrL , (23d)

\^\scrT (\bfXi ,\bfitrho su,\bfitrho sd) =
\sum 
l\in \scrL 

(\eta su[l] \mathrm{l}\mathrm{o}\mathrm{g} (1 + \rho su[l]) - \eta su[l]\rho su[l] + \eta su[l] (1 + \rho su[l]) \Upsilon su (\bfXi ))

+
\sum 
l\in \scrL 

\sum 
j\in \scrJ 

(\eta sd[l] \mathrm{l}\mathrm{o}\mathrm{g} (1 + \rho sd,j [l]) - \eta sd[l]\rho sd,j [l] + \eta sd[l] (1 + \rho sd,j [l]) \Upsilon sd,j (\bfXi )).
(29)

\~\scrT (\bfXi , \bfitzeta su, \bfitzeta sd) =
\sum 
l\in \scrL 

\sum 
k\in \scrK 

\Biggl( 
2\Re 
\biggl\{ \sqrt{} 

\=\eta su[l]\=psu,k\zeta 
H
k [l]

\biggr\} 
 - | \zeta k[l]| 2

\Biggl( \sum 
k\in \scrK 

\=psu,k + \scrI \mathrm{i}\mathrm{n}\mathrm{t}
R,U [l] + \sigma 2

U

\Biggr) \Biggr) 
\underbrace{}  \underbrace{}  

\~Rsu[l]

+
\sum 
l\in \scrL 

\sum 
j\in \scrJ 

\biggl( 
2\Re 
\biggl\{ \sqrt{} 

\=\eta sd,j [l]\=psd,j [l]\zeta 
H
j [l]

\biggr\} 
 - | \zeta j [l]| 2

\bigl( 
\=psd,j + \scrI int

j,su[l] + \scrI \mathrm{i}\mathrm{n}\mathrm{t}
R,j [l] + \sigma 2

sd,j

\bigr) \biggr) 
\underbrace{}  \underbrace{}  

\~Rsd[l]

.

(33)



where C12 and C13 specify the minimum QoS requirements
R\mathrm{m}\mathrm{i}\mathrm{n}

su and R\mathrm{m}\mathrm{i}\mathrm{n}
sd for SUUs and SDUs in each slot, respectively.

Notably, when Psum[l] = 1, and constraints C12 and C13
are disregarded, \scrP o

E is equivalent to \scrP o
R. Without loss of

generality, we focus on solving \scrP o
E .

III. PROPOSED JOINT OPTIMIZATION SCHEME

Solving \scrP o
R and \scrP o

E is extremely challenging due to the
complex non-convexity of the objective function, the severe
coupling of C4, C8, C9, C12 and C13, the zero-one con-
straints of C2 and C3, and the decoding order of NOMA.
Hence, in this section, we propose a joint optimization frame-
work to solve \scrP o

E . Specifically, we decompose \scrP o
E into several

variable blocks to be solved by alternating optimization, as
outlined in Algorithm 1.

For simplicity, we initially examine the sum rate of SUUs
as

\sum 
l\in \scrL 

\sum 
k\in \scrK 

\eta su[l] \mathrm{l}\mathrm{o}\mathrm{g}

\left(   1 +
\=psu,k[l]\sum 

\pi (i)>\pi (k)

\=psu,i[l] + \scrI \mathrm{i}\mathrm{n}\mathrm{t}
R,U [l] + \sigma 2

U

\right)   
(a)
=
\sum 
l\in \scrL 

\sum 
k\in \scrK 

\eta su[l] \mathrm{l}\mathrm{o}\mathrm{g}

\left(   
\sum 

\pi (i)\geqslant \pi (k)

\=psu,i[l] + I int
R,U [l] + \sigma 2

U\sum 
\pi (i)>\pi (k)

\=psu,i[l] + I int
R,U [l] + \sigma 2

U

\right)   

(b)
=
\sum 
l\in \scrL 

\eta su[l] \mathrm{l}\mathrm{o}\mathrm{g}

\left(      1 +

\sum 
k\in \scrK 

ak[l]psu,k[l]
\bigm| \bigm| \=hsu,k\bigm| \bigm| 2

\scrI \mathrm{i}\mathrm{n}\mathrm{t}
R,U [l] + \sigma 2

U\underbrace{}  \underbrace{}  
\gamma su[l]

\right)      .

(24)
where (b) performs mutual elimination of K multiplicative
fractions. One can notice that the sum rate of SUUs is
independent of the decoding order of NOMA.

A. Transform Objective Function
Due to the fractional structure of the objective function,

\scrP o
E poses exceptional challenges in solution. To this end, we

employ the FP method to reformulate it into a subtractive form
for solving, leading to the following proposition.

Proposition 1: By applying Dinkelbach’s transform and
introducing the auxiliary variable \xi \in \BbbR [35], the original
problem \scrP o

E in (23) can be equivalently represented as

\=\scrP o : \mathrm{m}\mathrm{a}\mathrm{x}
\xi ,\bfa su,\bfa sd,\bfp su,\bfp sd,\bfittheta ,\bfq 

\sum 
l\in \scrL 

R[l] - \xi 
\sum 
l\in \scrL 

Psum[l] (25a)

s.t. C1 - C13, (25b)

where \xi is updated to

\xi \ast =
\Bigl( \sum 

l\in \scrL 
R\prime [l]

\Bigr) 
/
\Bigl( \sum 

l\in \scrL 
P \prime 

sum[l]
\Bigr) 
, (26)

wherein R\prime [l] and P \prime 
sum[l] symbolize the values of R[l] and

Psum[l] from the last iteration, respectively.
Based on the Lagrangian dual reformulation [34], one can

obtain \sum 
i

\eta i \mathrm{l}\mathrm{o}\mathrm{g}

\biggl( 
1 +

\nu i,1
\nu i,2

\biggr) 
\geq 
\sum 
i

\eta i \mathrm{l}\mathrm{o}\mathrm{g} (1 + \rho i)

 - 
\sum 
i

\eta i\rho i +
\sum 
i

\eta i(\rho i + 1)
\nu i,1

\nu i,1 + \nu i,2
,

(27)

where \eta i, \nu i,1, \rho i \geqslant 0, \nu i,2 > 0. By introducing auxiliary
variables \bfitrho su \in \BbbR L and \bfitrho sd \in \BbbR J\times L with \bfitrho sd[l] =
[\rho sd,1[l], . . . , \rho sd,J [l]]

T , \scrP o
E can be reformulated with \xi fixed

based on the above inequality as

\^\scrP o : \mathrm{m}\mathrm{a}\mathrm{x}
\bfXi ,\bfitrho su,\bfitrho sd

\^\scrT (\bfXi ,\bfitrho su,\bfitrho sd) - \xi 
\sum 

l\in \scrL 
Psum[l] (28a)

\mathrm{s}.\mathrm{t}. C1 - C13, (28b)

where \bfXi 
\Delta 
= \{ \bfa su,\bfa sd,\bfp su,\bfp sd,\bfittheta ,\bfq \} , and \^\scrT (\bfXi ,\bfitrho su,\bfitrho sd) is

defined as (29), wherein functions \Upsilon su (\bfXi ) and \Upsilon sd,j (\bfXi ) are
denoted by

\Upsilon su (\bfXi ) =

\sum 
k\in \scrK \=psu,k[l]\sum 

k\in \scrK \=psu,k[l] + \scrI \mathrm{i}\mathrm{n}\mathrm{t}
R,U [l] + \sigma 2

U

, (30a)

\Upsilon sd,j (\bfXi ) =
\=psd,j [l]

\=psd,j [l] + \scrI int
j,su[l] + \scrI \mathrm{i}\mathrm{n}\mathrm{t}

R,j [l] + \sigma 2
sd,j

. (30b)

To solve \^\scrP o, we utilize the BCA technique that alternately
optimizes each variable block while keeping the other blocks
invariant, as specified in the following subsections.

B. Optimizing (\bfitrho \ast 
su, \bfitrho \ast 

sd)

Fixing \bfXi , the function \^\scrT (\bfXi ,\bfitrho su,\bfitrho sd) is a differentiable
concave function w.r.t. \bfitrho \in \{ \bfitrho su,\bfitrho sd\} . By solving for the
zero partial derivative, i.e., \partial \^\scrT (\bfXi ,\bfitrho )/\partial \bfitrho = 0, the optimal
solutions can be given as

\rho \ast su[l] = \gamma su[l],\forall l \in \scrL . (31a)
\rho \ast sd,j [l] = \gamma sd,j [l],\forall j \in \scrJ ,\forall l \in \scrL . (31b)

Bringing \bfitrho \ast 
su and \bfitrho \ast 

sd back to \^\scrT reveals that the value of \^\scrT 
is only pertinent to \Upsilon su (\bfXi ) and \Upsilon sd,j (\bfXi ). Unfortunately, the
problem remains challenging to solve due to the non-convex
nature of the sum of multiple fractions. To address this, we
apply the multiple-ratio FP method to reformulate \^\scrP o [35],
leading to the following Proposition 2.

Proposition 2: By applying quadratic variation and in-
troducing two auxiliary variables, \bfitzeta su \in \BbbR K\times L with
\bfitzeta su[l] = [\zeta 1[l], . . . , \zeta K [l]]H , and \bfitzeta sd \in \BbbR J\times L with \bfitzeta sd[l] =
[\zeta 1[l], . . . , \zeta J [l]]

H , \forall l \in \scrL , \^\scrT (\bfXi ,\bfitrho su,\bfitrho sd) can be defined in
the following form:

\~\scrP o : \mathrm{m}\mathrm{a}\mathrm{x}
\bfXi ,\bfitzeta su,\bfitzeta sd

\~\scrT (\bfXi , \bfitzeta su, \bfitzeta sd) + h (\bfitrho su,\bfitrho sd) (32a)

\mathrm{s}.\mathrm{t}. C1 - C13, (32b)

where \~\scrT (\bfXi , \bfitzeta su, \bfitzeta sd) and h (\bfitrho su,\bfitrho sd) are defined by (33)
and (34), respectively, wherein \=\eta su[l] = \eta su[l](1 + \rho su[l]),
\=\eta sd,j [l] = \eta sd[l](1 + \rho sd,j [l]).

h (\bfitrho su,\bfitrho sd) =
\sum 
l\in \scrL 

(\eta su[l](\mathrm{l}\mathrm{o}\mathrm{g}(1 + \rho su[l]) - \rho su[l]))\underbrace{}  \underbrace{}  
\~h(\rho su[l])

+
\sum 
l\in \scrL 

\sum 
j\in \scrJ 

(\eta sd[l](\mathrm{l}\mathrm{o}\mathrm{g}(1 + \rho sd,j [l]) - \rho sd,j [l]))\underbrace{}  \underbrace{}  
\~h(\bfitrho sd[l])

. (34)

As a result, \~\scrP o is transformed into a tractable subtractive
form, which can be solved by updating (\bfitzeta su, \bfitzeta sd) and \bfXi .



C. Optimizing (\bfitzeta \ast 
su, \bfitzeta \ast 

sd)

Given \bfXi , by setting \partial \~\scrT (\bfXi , \bfitzeta su, \bfitzeta sd) /\partial \bfitzeta su = 0 and
\partial \~\scrT (\bfXi , \bfitzeta su, \bfitzeta sd) /\partial \bfitzeta sd = 0, the optimal (\bfitzeta \ast 

su, \bfitzeta 
\ast 
sd) can be

determined as

\bfitzeta \ast 
k[l] =

\sqrt{} 
\=\eta su[l]\=psu,k[l]\sum 

k\in \scrK \=psu,k[l] + \scrI \mathrm{i}\mathrm{n}\mathrm{t}
R,U [l] + \sigma 2

U

, (35a)

\bfitzeta \ast 
j [l] =

\sqrt{} 
\=\eta sd,j [l]\=psd,j [l]

\=psd,j [l] + \scrI int
j,su[l] + \scrI \mathrm{i}\mathrm{n}\mathrm{t}

R,j [l] + \sigma 2
sd,j

. (35b)

D. Power Allocation Optimization (\bfp su,\bfp sd)

Fixing the other variables to optimize \bfp su and \bfp sd, (33)
becomes \~\scrT (\bfp su,\bfp sd). Removing the irrelevant terms, \scrP o

E can
be reformulated as

\scrP 1 : \mathrm{m}\mathrm{a}\mathrm{x}
\bfp su,\bfp sd

\~\scrT (\bfp su,\bfp sd) - \xi \ast 
\sum 

l\in \scrL 
P\mathrm{s}\mathrm{u}\mathrm{m}[l] (36a)

\mathrm{s}.\mathrm{t}. C4, C5, C6, C8, (36b)

C9 : \gamma su[l] \leq 2BSRS [l]/Bsu  - 1,\forall l \in \scrL , (36c)
\^C12 : \~Rsu[l] + \~h (\rho su[l]) \geq R\mathrm{m}\mathrm{i}\mathrm{n}

su ,\forall l \in \scrL , (36d)
\^C13 : \~Rsd[l] + \~h (\rho sd[l]) \geq R\mathrm{m}\mathrm{i}\mathrm{n}

sd ,\forall l \in \scrL , (36e)

where \^C12 and \^C13 are obtained by relaxation via (33) and
(34). Consequently, \scrP 1 is a standard convex problem, and the
optimal solution can be readily obtained by modern solvers,
e.g., CVX.

E. RIS Reflection Coefficient Optimization \bfittheta 

Fixing the other variables to optimize \bfittheta , (33) becomes
\~\scrT (\bfittheta ). Then, \scrP o

E can be reformulated as

\scrP 2 : \mathrm{m}\mathrm{a}\mathrm{x}
\bfittheta 

\~\scrT (\bfittheta ) - \xi \ast 
\sum 

l\in \scrL 
P\mathrm{s}\mathrm{u}\mathrm{m}[l] (37a)

\mathrm{s}.\mathrm{t}. C4, C7, C8, C9, C12, C13. (37b)

For clarity, by defining \~\bff su,k[l] = \mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g}(\bfg H
r,u[l])\bff su,k[l],

\~\bff sd,j [l] = diag(\bff Hsd,j [l])\bfg r,u[l], \~\bff UD
k,j [l] = diag(\bff Hsd,j [l])\bff su,k[l],

\~\bff p,m[l] = diag(\bff Hp,m[l])\bfg r,u[l], \~\bff SP
k,m[l] = diag(\bff Hp,m[l])\bff su,k[l],

and
\bfLambda [l] = \bfLambda su[l] +\bfLambda sd[l] + \xi \ast \bfLambda R[l],

\bfv [l] = \bfv su[l] + \bfv sd[l], o[l] = osu[l] + osd[l],
(38)

where the individual symbol meanings are defined as (39),
wherein

\bfw u
k [l] =

\sqrt{} 
ak[l]psu,k[l]\~\bff su,k[l],\bfw 

d
j [l] =

\sqrt{} 
aj [l]psd,j [l]\~\bff sd,j [l],

cuk [l] =
\sqrt{} 
ak[l]psu,k[l]h

U
su,i[l], c

d
j [l] =

\sqrt{} 
aj [l]psd,j [l]h

U
sd,j [l],

\bfG r,u[l] = \mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g}
\bigl( 
\bfg H
r,u[l]

\bigr) 
\mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g} (\bfg r,u[l]) ,

\bfF sd,j [l] = \mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g}
\bigl( 
\bff Hsd,j [l]

\bigr) 
\mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g} (\bff sd,j [l]) ,

\bfF su,k[l] = \mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g}
\bigl( 
\bff Hsu,k[l]

\bigr) 
\mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g} (\bff su,k[l]) .

Then, substituting (38) for (37), \scrP 2 can be reformulated as

\mathrm{m}\mathrm{i}\mathrm{n}
\bfittheta 

\sum 
l

\Bigl( 
\bfittheta H [l]\bfLambda [l]\bfittheta [l] - 2\Re 

\Bigl\{ 
\bfittheta H [l]\bfv [l]

\Bigr\} 
 - o[l]

\Bigr) 
(40a)

\mathrm{s}.\mathrm{t}. C4, C7, C9, \=C8 : \bfittheta H [l]\bfLambda R[l]\bfittheta [l] \leq PR, (40b)
\=C12 : 2\Re 

\bigl\{ 
\bfb H [l]\~\bfv su[l]

\bigr\} 
 - \bfb H [l]\~\bfLambda su[l]\bfb [l] \geq \~osu[l], (40c)

\=C13 : 2\Re 
\bigl\{ 
\bfb H [l]\~\bfv sd[l]

\bigr\} 
 - \bfb H [l]\~\bfLambda sd[l]\bfb [l] \geq \~osd[l], (40d)

where \~od[l] = R\mathrm{m}\mathrm{i}\mathrm{n}
d  - od[l] - \~h (\bfitrho d[l]) , d \in \{ su, sd\} , \forall l \in \scrL .

Equivalently, C4 can be rewritten as

\=C4:\bfittheta H [l]\bfLambda m[l]\bfittheta [l] + 2\Re 
\Bigl\{ 
\bfittheta H [l]\bfv m[l]

\Bigr\} 
+ om[l] \leq Ptol,m,

(41)
where

\bfLambda m[l] =
\sum 

k\in \scrK 
psu,k[l]\~\bff 

SP
k,m[l]

\Bigl( 
\~\bff SP
k,m[l]

\Bigr) H
+ \sigma 2

R\bfF p,m[l]

+
\sum 

j\in \scrJ 
aj [l]psd,j [l]\~\bff p,m[l]\~\bff Hp,m[l],

\bfv m[l] =
\sum 

j\in \scrJ 
aj [l]psd,j [l]h

U
p,m[l]\~\bff p,m[l]

+
\sum 

k\in \scrK 
psu,k[l]h

SP
k,m[l]\~\bff SP

k,m[l],

om[l] =
\sum 
k\in \scrK 

psu,k[l]
\bigm| \bigm| hSP

k,m[l]
\bigm| \bigm| 2+\sum 

j\in \scrJ 
aj [l]psd,j [l]

\bigm| \bigm| hUp,m[l]
\bigm| \bigm| 2,

wherein \bfF p,m[l] = \mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g}
\bigl( 
\bff Hp,m[l]

\bigr) 
\mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g} (\bff p,m[l]).

Similarly, C9 can be rewritten as

\bfittheta H [l]\bfLambda U [l]\bfittheta [l] + 2\Re 
\Bigl\{ 
\bfittheta H [l]\bfv U [l]

\Bigr\} 
+ oU [l]

\leq \varepsilon U [l]
\Bigl( 
\sigma 2
R\bfittheta 

H [l]\bfG r,u[l]\bfittheta [l] + \sigma 2
U

\Bigr) 
,\forall l \in \scrL ,

(42)

\bfLambda su[l] =
\sum 

k\in \scrK 
| \zeta k[l]| 

2 \Bigl( \sum 
i\in \scrK 

\bfw u
i [l] (\bfw 

u
i [l])

H
+ \sigma 2

R\bfG r,u[l]
\Bigr) 
, (39a)

\bfLambda sd[l] =
\sum 

j\in \scrJ 
| \zeta j [l]| 

2 \Bigl( 
\bfw d

j [l]
\bigl( 
\bfw d

j [l]
\bigr) H

+ \sigma 2
R\bfF sd,j [l] +

\sum 
k\in \scrK 

psu,k[l]\~\bff 
UD
k,j [l] (\~\bff UD

k,j [l])
H
\Bigr) 
, (39b)

\bfLambda R[l]=
\sum 

k\in \scrK 
psu,k[l]\bfF su,k[l]+\sigma 

2
R\bfI Nt

+
\sum 

j\in \scrJ 
aj [l]psd,j [l]\bfG r,u[l], (39c)

\bfv su[l] =
\sum 

k\in \scrK 

\Bigl( \sqrt{} 
\=\eta su[l]\bfw 

u
k [l]\zeta 

H
k [l] - | \zeta k[l]| 2

\sum 
i\in \scrK 

cui [l]\bfw 
u
i [l]
\Bigr) 
, (39d)

\bfv sd[l] =
\sum 

j\in \scrJ 

\biggl( \sqrt{} 
\=\eta sd,j [l]\bfw 

d
j [l]\zeta 

H
j [l] - | \zeta j [l]| 2

\Bigl( 
cdj [l]\bfw 

d
j [l] +

\sum 
k\in \scrK 

psu,k[l]h
UD
k,j [l]\~\bff 

UD
k,j [l]

\Bigr) \biggr) 
, (39e)

osu[l] = 2\Re 
\Bigl\{ \sum 

k\in \scrK 

\sqrt{} 
\=\eta su[l]c

u
k [l]\zeta 

H
k [l]

\Bigr\} 
 - 
\sum 

k\in \scrK 
| \zeta k[l]| 2

\sum 
i\in \scrK 

\Bigl( 
| cui [l]| 

2
+ \sigma 2

U

\Bigr) 
, (39f)

osd[l] = 2\Re 
\biggl\{ \sum 

j\in \scrJ 

\sqrt{} 
\=\eta sd,j [l]c

u
k [l]\zeta 

H
k [l]

\biggr\} 
 - 
\sum 

j\in \scrJ 
| \zeta j [l]| 2

\Bigl( \bigm| \bigm| cdj [l]\bigm| \bigm| 2 +\sum 
k\in \scrK 

psu,k[l]
\bigm| \bigm| hUD

k,j [l]
\bigm| \bigm| 2 + \sigma 2

sd,j

\Bigr) 
. (39g)



R[l] = \eta su[l] \mathrm{l}\mathrm{n}

\left(   \sum 
k\in \scrK 

\left(   \chi D
su,k[l]\Bigl( 

dUsu,k[l]
\Bigr) 2 +

\chi R
su,k[l]\bigl( 
dUR[l]

\bigr) 2 +
2\Re 
\Bigl\{ 
DR

su,k[l]
\Bigr\} 

dUsu,k[l]d
U
R[l]

\right)   +
\chi R
r,u[l]\bigl( 
dUR[l]

\bigr) 2 + \sigma 2
U

\right)   
\underbrace{}  \underbrace{}  

f1(\bfq [l])

 - \eta su[l] \mathrm{l}\mathrm{n}

\Biggl( 
\chi R
r,u[l]\bigl( 
dUR[l]

\bigr) 2 + \sigma 2
U

\Biggr) 
\underbrace{}  \underbrace{}  

f2(\bfq [l])

+ \eta sd[l]
\sum 
j\in \scrJ 

\mathrm{l}\mathrm{n}

\left(   1 +
\chi D
sd,j [l]\Bigl( 

dUsd,j [l]
\Bigr) 2 +

\chi R
sd,j [l]\bigl( 
dUR[l]

\bigr) 2 +
2\Re 
\Bigl\{ 
DR

sd,j [l]
\Bigr\} 

dUsd,j [l]d
U
R[l]

\right)   
\underbrace{}  \underbrace{}  

f3(\bfq [l])

= f1 (\bfq [l]) - f2 (\bfq [l]) + f3 (\bfq [l]) ,\forall l \in \scrL .

(51)

where

\bfLambda U [l] =
\sum 

k\in \scrK 
\bfw u

k [l](\bfw 
u
k [l])

H
,

\bfv U [l] =
\sum 

k\in \scrK 
cuk [l]\bfw 

u
k [l], oU [l] =

\sum 
k\in \scrK 

| cuk [l]| 
2
,

\varepsilon U [l] = \mathrm{e}\mathrm{x}\mathrm{p}

\biggl( 
BS

Bsu
\mathrm{l}\mathrm{o}\mathrm{g} (1 + \gamma S [l])

\biggr) 
 - 1.

Since the right-hand side of inequality (42) is convex, we
apply a first-order Taylor expansion to the transformation as

\bfittheta H [l]\bfG r,u[l]\bfittheta [l] \geq 
\bigl( 
\theta H [l]

\bigr) [t]
\bfG r,u[l]

\Bigl( 
2\bfittheta [l] - \bfittheta [t][l]

\Bigr) 
, (43)

where \bfittheta [t][l] represents the value from the previous iteration
of \bfittheta [l]. By Substituting (43) into (42), we obtain

\=C9 : \bfittheta H [l]\bfLambda U [l]\bfittheta [l] + 2\Re 
\Bigl\{ 
\bfittheta H [l]\bfv U [l]

\Bigr\} 
+ oU [l] \leq 

\varepsilon U [l]
\Bigl( 
\sigma 2
R\bfittheta 

H [l]\bfG r,u[l]
\Bigl( 
2\bfittheta [l] - \bfittheta [t][l]

\Bigr) 
+\sigma 2

U

\Bigr) 
,\forall l \in \scrL .

(44)

Synchronizing the above, \scrP 2 can be reformulated as

\=\scrP 2 : \mathrm{m}\mathrm{i}\mathrm{n}
\bfittheta 

\sum 
l\in \scrL 

\Bigl( 
\bfittheta H [l]\bfLambda [l]\bfittheta [l] - 2\Re 

\Bigl\{ 
\bfittheta H [l]\bfv [l]

\Bigr\} \Bigr) 
(45a)

\mathrm{s}.\mathrm{t}. \=C4, C7, \=C8, \=C9, \=C12, \=C13. (45b)

Noticeably, \=\scrP 2 constitutes a quadratically constrained
quadratic programming (QCQP) problem, for which the opti-
mal solution can be efficiently obtained by optimization tools
such as CVX and primal-dual subgradient (PDS) [36].

F. UAV Trajectory Optimization \bfq 

Here, with fixed other variables optimizing the UAV trajec-
tory, \scrP o

E can be rewritten as

\scrP 3 : \mathrm{m}\mathrm{a}\mathrm{x}
\bfq 

\~\scrT (\bfq ) - \xi \ast 
\sum 

l\in \scrL 
Psum[l] (46a)

\mathrm{s}.\mathrm{t}. C1, C4, C8, C9, C12, C13. (46b)

Since the energy model of the UAV involves a complex
function of its coordinates, it necessitates suitable deformation.
Practically, the thrust-to-weight ratio k0 is approximated to
be 1 due to the vertical force equilibrium. Hence, it can be
determined by

P\mathrm{i}\mathrm{n}\mathrm{d}\mathrm{u}\mathrm{c}\mathrm{e}\mathrm{d}[l] = c1

\left(  \sqrt{} 1 +
(vxy[l])

4

4v40
 - (vxy[l])

4

2v20

\right)  1
2

= c1\varpi [l],

(47)

where \varpi [l] is an element of the auxiliary variable \bfitvarpi \in \BbbR L

with \bfitvarpi = [\varpi [1], . . . , \varpi [L]]
T . By conversion, one obtains

1

(\varpi [l])
2 = (\varpi [l])

2
+

(vxy[l])
2

v20
. (48)

Let fin(\varpi [l]) = (\varpi [l])
2 - 1/(\varpi [l])

2
+(vxy[l])

2
/v20 , which is

a monotonically increasing function about \varpi [l] for \varpi [l] > 0.
For tractability, let

fin(\varpi [l]) \geqslant 0. (49)

(49) provides a suitable relaxation of (48) without affecting
the optimal value of the objective function. The constraint in
(48) achieves equality when the objective function attains its
optimal value, and thus this is equivalent.

However, (49) remains jointly non-convex for vxy[l] and
\varpi [l]. Therefore, we apply a first-order Taylor expansion to
derive its global lower bound as

2(\bfq \prime [l] - \bfq \prime [l  - 1])
T
(\bfq [l] - \bfq [l  - 1])

v20\Delta t
 - \| \bfq \prime [l] - \bfq \prime [l  - 1]\| 

v20\Delta t

+\varpi \prime [l] (2\varpi [l] - \varpi \prime [l]) - 1/(\varpi [l])
2 \geqslant 0,\forall l \in \scrL , (50)

where \bfq \prime and \varpi \prime represent the values from the last iteration
of \bfq and \varpi , respectively.

Next, we formulate R[l] equivalently as (51), where

CD =
c

4\pi fc
, \chi D

su,k[l] = ak[l]psu,k[l]C
2
D,

\chi R
su,k[l] = ak[l]psu,k[l]

\bigm| \bigm| CD\eta 
U
R\bfe 

H
r,u[l]\bfTheta 

H [l]\bff su,k[l]
\bigm| \bigm| 2,

\chi R
r,u[l] = \sigma 2

R

\bigm\| \bigm\| CD\eta 
U
R\bfe 

H
r,u[l]\bfTheta [l]

\bigm\| \bigm\| 2,
\chi D
sd,j [l] =

aj [l]psd,j [l]C
2
D

\scrI \mathrm{i}\mathrm{n}\mathrm{t}
j,su[l] + \scrI \mathrm{i}\mathrm{n}\mathrm{t}

R,U [l] + \sigma 2
sd,j

,

\chi R
sd,j [l] =

aj [l]psd,j [l]
\bigm| \bigm| \bigm| CD\eta 

U
R\bff 

H
sd,j [l]\bfTheta 

H [l]\bfe r,u[l]
\bigm| \bigm| \bigm| 2

\scrI \mathrm{i}\mathrm{n}\mathrm{t}
j,su[l] + \scrI \mathrm{i}\mathrm{n}\mathrm{t}

R,U [l] + \sigma 2
sd,j

,

DR
su,k[l] = ak[l]psu,k[l]C

2
D\eta 

U
R\bfe 

H
r,u[l]\bfTheta 

H [l]\bff su,k[l],

DR
sd,j [l] = aj [l]psd,j [l]C

2
D\eta 

U
R\bff 

H
sd,j [l]\bfTheta 

H [l]\bfe r,u[l],

(52)

wherein \bfe r,u[l] symbolizes the array response vector of \bfg H
r,u[l].

Remark 1: It is noticed that \bfe r,u and \bfq are highly coupled,
rendering \scrP 3 exceptionally challenging to solve. Fortunately,
phase alignment can be achieved in practice by optimal pre-
coding design, resulting in a very limited effect of small-scale
fading [17] [37]. To simplify, we approximate \bfe r,u using its



last iteration value \bfe \prime r,u. Since \bfq typically changes minimally
per iteration, we approximate \bfe r,u \approx \bfe \prime r,u, which has a
negligible impact on the optimization outcome. Subsequently,
optimizing \bfq , we can evaluate the actual performance with the
actual \bfe r,u.

Since 1/
\bigl( 
dUi [l]

\bigr) 2
is convex w.r.t. dUi [l], i \in 

\{ (su, k), (sd, j), (R)\} , one can derive its lower bound
as

1/
\bigl( 
dUi [l]

\bigr) 2\geq 1/
\Bigl( 
\^dUi [l]

\Bigr) 2
 - 
\Bigl( 
dUi [l] - \^dUi [l]

\Bigr) 
/
\Bigl( 
\^dUi [l]

\Bigr) 3
\Delta 
= \Gamma i

\bigl( 
dUi [l]

\bigr) 
, i \in \{ (su, k) , (sd, j) , (R)\} ,

(53)

where \^dUi [l] symbolizes the last iteration value of dUi [l].
Introducing auxiliary variables \bfitalpha su \in \BbbR K\times L, \bfitalpha sd \in \BbbR J\times L,
and \bfitalpha R \in \BbbR L with \bfitalpha su[l] \in [\alpha su,1[l], . . . \alpha su,K [l]]T and
\bfitalpha sd[l] \in [\alpha sd,1[l], . . . \alpha su,J [l]]

T such that

\Gamma i

\bigl( 
dUi [l]

\bigr) 
\geq \alpha i[l], i \in \{ (su, k) , (sd, j) , (R)\} . (54)

Remark 2: For a RIS-aided single-input single-output
(SISO) system, optimal performance occurs when the cascade
phase of the reflecting link coincides with the phase of the
direct link. However, for a complex system, \Re \{ DR

su,k[l]\} or
\Re \{ DR

sd,j [l]\} may be negative in (51), which destroys the
concavity of f1 (\bfq [l]) + f3 (\bfq [l]) and necessitates separate
analysis.

Case I: \Re 
\bigl\{ 
DR

i [l]
\bigr\} 

\geq 0, i \in \{ (su, k) , (sd, j)\} . In this
case, 1/(dUsu,k[l]d

U
R[l]) and 1/(dUsd,j [l]d

U
R[l]) in (51) can be

approximated by introducing auxiliary variables \bfitalpha R1
su \in \BbbR K\times L

and \bfitalpha R1
sd \in \BbbR J\times L with \bfitalpha R1

su [l] \in [\alpha R1
su,1[l], . . . \alpha 

R1
su,K [l]]T and

\bfitalpha R1
sd [l] \in [\alpha R1

sd,1[l], . . . \alpha 
R1
sd,J [l]]

T , combining (54) yields\bigl( 
\alpha R1
su,k[l]

\bigr) 2
/\alpha su,k[l] \leq \alpha R[l],\forall k \in \scrK ,\forall l \in \scrL , (55a)\bigl( 

\alpha R1
sd,j [l]

\bigr) 2
/\alpha sd,j [l] \leq \alpha R[l],\forall j \in \scrJ ,\forall l \in \scrL . (55b)

Then, the lower bounds of f1 (\bfq [l]) and f3 (\bfq [l]) are expressed
respectively as

f1 (\bfq [l]) \geq \eta su[l] \mathrm{l}\mathrm{n}
\Bigl( \sum 

k

\bigl( 
\chi D
su,k[l]\alpha su,k[l] + \chi R

su,k[l]\alpha R[l]

+2\Re 
\bigl\{ 
DR

su,k[l]
\bigr\} 
\alpha R1
su,k[l]

\bigr) 
+ \chi R

r,u[l]\alpha R[l] + \sigma 2
U

\bigr) 
= \~f1

\bigl( 
\alpha su,k[l], \alpha R[l], \alpha 

R1
su,k[l]

\bigr) 
, (56a)

f3 (\bfq [l]) \geq \eta sd[l]
\sum 

j
\mathrm{l}\mathrm{n}
\bigl( 
1 + \chi D

sd,j [l]\alpha sd,j [l]

+ \chi R
sd,j [l]\alpha R[l] + 2\Re 

\bigl\{ 
DR

sd,j [l]
\bigr\} 
\alpha R1
sd,j [l]

\bigr) 
= \~f3

\bigl( 
\alpha sd,j [l], \alpha R[l], \alpha 

R1
sd,j [l]

\bigr) 
. (56b)

Evidently, \~f1 and \~f3 are joint concave functions for their
corresponding variables. Significantly, the constraints \~f1 and
\~f3 are equivalent to f1 (\bfq [l]) and f3 (\bfq [l]), respectively, i.e.,
the inequalities in (53), (54) and (55) must be satisfied at the
optimal solution for the equation to hold. Alternatively, it is
always feasible to increase \bfitalpha i, \bfitalpha R1

i , \bfitalpha R, i \in \{ su, sd\} to
increase the value of \~f1 + \~f3 without violating the constraints
of f1 (\bfq [l]) + f3 (\bfq [l]).

Case II: \Re 
\bigl\{ 
DR

i [l]
\bigr\} 
< 0, i \in \{ (su, k) , (sd, j)\} . We aim

to maximize R[n], and 2\Re \{ DR
i [l]\} /(dUi [l]dUR[l]), i \in \{ su, sd\} 

are negative overall need to find 1/(dUi [l]d
U
R[l]) upper bound.

For this, the following lemma can be invoked to transform
f1 (\bfq [l]) and f3 (\bfq [l]) into solvable functions [38].

Lemma 1: For any a and b satisfying a > 0 and b > 0, we
have

ab \leq a[t]

2b[t]
b2 +

b[t]

2a[t]
a2, (57)

where a[t] and b[t] correspond to fixed points around a and b,
respectively.

Applying Lemma 1, one can obtain

1

dUi [l]d
U
R[l]

\leq (dUR[l])
[t]

2(dUi [l])
[t]
(dUR[l])

2
+

(dUi [l])
[t]

2(dUR[l])
[t]
(dUi [l])

2

= \~\Gamma 
\bigl( 
dUi [l], d

U
R[l]
\bigr) 
, i \in \{ (su, k) , (sd, j)\} .

(58)

Proposition 3: By introducing two auxiliary variables
\bfitalpha R2

su \in \BbbR K\times L and \bfitalpha R2
sd \in \BbbR J\times L with \bfitalpha R2

su [l] \in 
[\alpha R2

su,1[l], . . . \alpha 
R2
su,K [l]]T and \bfitalpha R2

sd [l] \in [\alpha R2
sd,1[l], . . . \alpha 

R2
sd,J [l]]

T ,
f1 (\bfq [l]) and f3 (\bfq [l]) can be reformulated as

\~f1
\bigl( 
\alpha su,k[l], \alpha R[l], \alpha 

R2
su,k[l]

\bigr) 
=\eta su[l] \mathrm{l}\mathrm{n}

\Bigl( \sum 
k

\bigl( 
\chi D
su,k[l]\alpha su,k[l]

+ \chi R
su,k[l]\alpha R[l] + 2\Re 

\bigl\{ 
DR

su,k[l]
\bigr\} 
\alpha R2
su,k[l]

+ \chi R
r,u[l]\alpha R[l] + \sigma 2

U ), (59a)
\~f3
\bigl( 
\alpha sd,j [l], \alpha R[l], \alpha 

R2
sd,j [l]

\bigr) 
= \eta sd[l]

\sum 
j
\mathrm{l}\mathrm{n}(\chi D

sd,j [l]\alpha sd,j [l]

+ \chi R
sd,j [l]\alpha R[l] + 2\Re 

\bigl\{ 
DR

sd,j [l]
\bigr\} 
\alpha R2
sd,j [l] + 1), (59b)

where

\~\Gamma (\beta su,k[l], \beta R[l]) \leq \alpha R2
su,k[l],\forall k \in \scrK ,\forall l \in \scrL , (60a)

\~\Gamma (\beta sd,j [l], \beta R[l]) \leq \alpha R2
sd,j [l],\forall j \in \scrJ ,\forall l \in \scrL , (60b)

and

(\beta su,k[l])
2 \leq 2 (\bfS \prime 

U [l] - \bfS su,k[l]) (\bfS U [l] - \bfS \prime 
U [l])

T

+
\bigl( 
dUsu,k[l]

\bigr) 2
,\forall k \in \scrK ,\forall l \in \scrL , (61a)

(\beta sd,j [l])
2 \leq 2 (\bfS \prime 

U [l] - \bfS sd,j [l]) (\bfS U [l] - \bfS \prime 
U [l])

T

+
\bigl( 
dUsd,j [l]

\bigr) 2
,\forall j \in \scrJ ,\forall l \in \scrL , (61b)

(\beta R[l])
2 \leq 2 (\bfS \prime 

U [l] - \bfS R[l]) (\bfS U [l] - \bfS \prime 
U [l])

T

+
\bigl( 
dUR[l]

\bigr) 2
,\forall l \in \scrL , (61c)

wherein \bfitbeta su \in \BbbR K\times L, \bfitbeta sd \in \BbbR J\times L, and \bfitbeta R \in 
\BbbR L are the introduced auxiliary variables with \bfitbeta su[l] =
[\beta su,1[l], . . . \beta su,K [l]]T and \bfitbeta sd[l] = [\beta sd,1[l], . . . \beta sd,J [l]]

T ,
and \bfS \prime 

U [l] symbolizes the value of the last iteration of \bfS U [l].
Here, the approximation of f1 (\bfq [l]) and f3 (\bfq [l]) is com-

pleted. While f2 (\bfq [l]) is convex for dUR[l], certain tools (e.g.,
CVX) do not support logarithmic functions to be internally
non-concave, and thus we leverage the concavity of the
logarithmic function for relaxation.

Proposition 4: Applying the concavity of the logarithmic
function, f2 (\bfq [l]) in (51) can be redefined as

\~f2 (\beta R[l]) = f2 (\^\bfq [l])+\eta su[l]
1/(\beta R[l])

2  - 1/
\Bigl( 
\^dUR[l]

\Bigr) 2
1/
\Bigl( 
\^dUR[l]

\Bigr) 2
+ \sigma 2

U/\chi 
R
r,u[l]

, (62)

where \^\bfq [l] and \^dUR[l] symbolize the values of the last iteration
of \bfq [l] and dUR[l], respectively, and (62) is constrained to (61c).



The constraint C8 can be reformulated as\sum 
j\in \scrJ 

aj [l]psd,j [l]
\bigm\| \bigm\| \bfTheta [l]CD\eta 

U
R\bfe u,r[l]

\bigm\| \bigm\| 2/(\beta R[l])2+\sum 
k\in \scrK 

psu,k[l]\| \bfTheta [l]\bff su,k[l]\| 2 + \sigma 2
R \| \bfTheta \| 2F \leqslant PR,\forall l \in \scrL .

(63)

For C4, this can be reformulated as

fp,m (\bfq ) =
\sum 
j\in \scrJ 

\Biggl( 
\chi D
j,m[l]\bigl( 

dUp,m[l]
\bigr) 2 +

\chi R
j,m[l]\bigl( 
dUR[l]

\bigr) 2 +
2\Re 
\bigl\{ 
DR

j,m[l]
\bigr\} 

dUp,m[l]dUR[l]

\Biggr) 
+ \scrI \mathrm{i}\mathrm{n}\mathrm{t}

m,sr[l] \leq Ptol,m,\forall m \in \scrM ,
(64)

where \scrI \mathrm{i}\mathrm{n}\mathrm{t}
m,sr[l] =

\sum 
k psu,k[l]

\bigm| \bigm| \bigm| \=hSP
k,m[l]

\bigm| \bigm| \bigm| 2 + \sigma 2
R

\bigm\| \bigm\| \bff Hp,m[l]\bfTheta [l]
\bigm\| \bigm\| 2,

\chi D
j,m[l] = aj [l]psd,j [l]C

2
D,

\chi R
j,m[l] = aj [l]psd,j [l]

\bigm| \bigm| CD\eta 
U
R\bff 

H
p,m[l]\bfTheta H [l]\bfe r,u[l]

\bigm| \bigm| 2,
DR

j,m[l] = aj [l]psd,j [l]C
2
D\eta 

U
R\bff 

H
p,m[l]\bfTheta H [l]\bfe r,u[l].

(65)

Similar to the above manipulations, by introducing
auxiliary variables \bfitbeta p, \bfitbeta R1

p , and \bfitbeta R2
p with \bfitbeta p[l] =

[\beta p,1[l], . . . , \beta p,M [l]]T , \bfitbeta R1
p [l] = [\beta R1

p,1[l], . . . , \beta 
R1
p,M [l]]T and

\bfitbeta R2
p [l] = [\beta R2

p,1[l], . . . , \beta 
R2
p,M [l]]T , then one obtains

(\beta p,m[l])
2 \leq 2 (\bfS \prime 

U [l] - \bfS p,m[l]) (\bfS U [l] - \bfS \prime 
U [l])

T

+
\bigl( 
dUp,m[l]

\bigr) 2
,\forall m \in \scrM ,\forall l \in \scrL ,

(66)

where \beta p,m[l] is a lower bound for dUp,m[l]. Next, two possible
solutions are performed.

Case 1: \Re 
\bigl\{ 
DR

p,m[l]
\bigr\} 

\geq 0. The function fp,m (\bfq ) in (64)
can be reformulated as

\~fp,m
\bigl( 
\beta p,m[l], \beta R[l], \beta 

R1
p,m[l]

\bigr) 
=
\sum 
j\in \scrJ 

\Biggl( 
\chi D
j,m[l]

(\beta p,m[l])
2

+
\chi R
j,m[l]

(\beta R[l])
2 +

2\Re 
\bigl\{ 
DR

j,m[l]
\bigr\} \bigl( 

\beta R1
p,m[l]

\bigr) 2
\Biggr) 

+ \scrI \mathrm{i}\mathrm{n}\mathrm{t}
m,sr[l],

(67)

where\bigl( 
\beta R1
p,m[l]

\bigr) 2
/\beta p,m[l] \leq \beta R[l],\forall m \in \scrM ,\forall l \in \scrL . (68)

Case 2: \Re 
\bigl\{ 
DR

p,m[l]
\bigr\} 
< 0. Applying the first-order Taylor

expansion, fp,m (\bfq ) can be reformulated as

\~fp,m
\bigl( 
\beta p,m[l], \beta R[l]\beta 

R2
p,m[l]

\bigr) 
=
\sum 
j\in \scrJ 

\Biggl( 
\chi D
j,m[l]

(\beta p,m[l])
2

+
\chi R
j,m[l]

(\beta R[l])
2 + 2\Re 

\bigl\{ 
DR

j,m[l]
\bigr\} 
\beta R2
p,m[l]

\Biggr) 
+ \scrI \mathrm{i}\mathrm{n}\mathrm{t}

m,sr[l],

(69)

where

\beta R2
p,m[l] \leq 1

\^dUp,m[l] \^dUR[l]
 - 
dUp,m[l] - \^dUp,m[l]\Bigl( 
\^dUp,m[l]

\Bigr) 2
\^dUR[l]

 - dUR[l] - \^dUR[l]

\^dUp,m[l]
\Bigl( 
\^dUR[l]

\Bigr) 2 ,
(70)

wherein \forall m \in \scrM ,\forall l \in \scrL , and \^dUp,m[l] and \^dUR[l] are the last
iteration values of dUp,m[l] and dUR[l], respectively.

Based on the auxiliary variables introduced above, C9 can
be redefined as

\sum 
k\in \scrK 

\Biggl( 
\chi D
su,k[l]

(\beta su,k[l])
2 +

\chi R
su,k[l]

(\beta R[l])
2 +2\Re 

\bigl\{ 
DR

su,k[l]
\bigr\} 
\=\alpha [l]

\Biggr) 
\leq \varepsilon U [l]

\bigl( 
\chi R
r,u[l]\alpha R[l] + \sigma 2

U

\bigr) 
, if \Re 

\bigl\{ 
DR

su,k[l]
\bigr\} 
\geq 0,

then \=\alpha = \alpha R2
su,k, other \=\alpha = \alpha R1

su,k.

(71)

In light of the above, \scrP 3 can be reformulated as

\=\scrP 3 : \mathrm{m}\mathrm{a}\mathrm{x}
\bfq ,\bfXi U ,\bfitvarpi 

\sum 
l\in \scrL 

\Bigl( 
\~f1[l] - \~f2[l]+ \~f3[l] - \xi \ast Psum (\bfitvarpi ) [l]

\Bigr) 
(72a)

\mathrm{s}.\mathrm{t}. C1, (50), (53-55), (60-61), (63), (66), (68), (70-71), (72b)
\.C4 : \~fp,m[l] \leq Ptol,m,\forall m \in \scrM ,\forall l \in \scrL , (72c)
\.C12 : \~f1[l] - \~f2[l] \geqslant R\mathrm{m}\mathrm{i}\mathrm{n}

su ,\forall l \in \scrL , (72d)
\.C13 : \~f3[l] \geqslant R\mathrm{m}\mathrm{i}\mathrm{n}

sd ,\forall l \in \scrL , (72e)

where \bfXi U symbolizes \bfXi U \in \{ \bfitalpha su,\bfitalpha sd,\bfitalpha R,\bfitalpha 
R1
su ,\bfitalpha 

R2
su ,\bfitalpha 

R1
sd ,

\bfitalpha R2
sd ,\bfitbeta su,\bfitbeta sd,\bfitbeta R,\bfitbeta p,\bfitbeta 

R1
p ,\bfitbeta R2

p \} , \~f1[l], \~f2[l], \~f3[l], and
\~fp,m[l] correspond to (56a), (62), (56a), and (69), respectively.
Evidently, \=\scrP 3 is a solvable convex problem that can be solved
by standard optimization tools.

\scrF (\bfa su,\bfa sd) =
\sum 

l

\Bigl( 
\eta su[l] \mathrm{l}\mathrm{n}

\bigl( 
1 + \bfa Tsu[l]\~\bfitgamma su[l]

\bigr) 
+ \eta sd[l]\bfa 

T
sd[l]\~\bfR sd[l]

\Bigr) 
 - \xi \ast 

\sum 
l
\bfa Hsd[l]

\Bigl( 
\~\bfP R,sd[l] + \bfp sd[l]

\Bigr) 
,

\~\bfitgamma su[l] = [\gamma su,1[l], . . . , \gamma su,K [l]]
T
, \gamma su,k[l] = psu,k[l]

\bigm| \bigm| \=hsu,k[l]\bigm| \bigm| 2/ \bigl( I int
R,U [l] + \sigma 2

U

\bigr) 
, \~\bfR sd[l] =

\Bigl[ 
\~Rsd,1[l], . . . , \~Rsd,J [l]

\Bigr] T
,

\~Rsd,1[l] = \mathrm{l}\mathrm{n}

\Biggl( 
psd,j [l]

\bigm| \bigm| \=hsd,j [l]\bigm| \bigm| 2
I \mathrm{i}\mathrm{n}\mathrm{t}j,su[l] + I \mathrm{i}\mathrm{n}\mathrm{t}R,U [l] + \sigma 2

sd,j

\Biggr) 
, \~\bfP R,sd[l] =

\Bigl[ 
\~PR,1[l], . . . , \~PR,J [l]

\Bigr] T
, \~PR,j [l] = psd,j [l]\| \bfTheta [l]\bfg r,u[l]\| 2,

PR,su =
\sum 

k
psu,k[l]\| \bfTheta [l]\bff su,k[l]\| 2 + \sigma 2

R \| \bfTheta [l]\| 2F ,\bfE sd,m[l] = [E1,m[l], . . . , EJ,m[l]]
T
, Ej,m = psd,j [l]

\bigm| \bigm| \=hUp,m[l]
\bigm| \bigm| 2,

ER
su,m = \sigma 2

R

\bigm\| \bigm\| \bff Hp,m[l]\bfTheta [l]
\bigm\| \bigm\| 2 +\sum 

k
psu,k[l]

\bigm| \bigm| \=hSP
k,m[l]

\bigm| \bigm| 2,\bfa L,k = [ak[1], . . . , ak[L]]
T ,\bfa L,j = [aj [1], . . . , aj [L]]

T .

(74)



G. Matching Factor Optimization (\bfa su,\bfa sd)

Fixing the other variables and optimizing (\bfa su,\bfa sd), \scrP o can
be rewritten as

\mathrm{m}\mathrm{a}\mathrm{x}
\bfa su,\bfa sd

\scrF (\bfa su,\bfa sd) (73a)

s.t. C2 : \bfone T
K\bfa su[l] \leq Ks, [\bfa su[l]]

2
k = [\bfa su[l]]k,\forall k, \forall l, (73b)

C3 : \bfone T
J \bfa sd[l] \leq 1, [\bfa sd[l]]

2
j = [\bfa sd[l]]j ,\forall j,\forall l, (73c)

C4 : \bfa Hsd[l]\bfE sd,m[l] + ER
su,m \leq Ptol,m,\forall m,\forall l, (73d)

C8 : PR,su[l] + \bfa Hsd[l]\~\bfP R,sd[l] \leq PR,\forall l, (73e)

C9 : \bfa Hsu[l]\~\bfitgamma su[l] \leq \varepsilon U [l],\forall l, (73f)

C10 : \bfone T
L\bfa L,k \geq Lsu,\forall k, (73g)

C11 : \bfone T
L\bfa L,j \geq Lsd,\forall j, C12, C13, (73h)

where the meaning of all symbols is explained by (74).
Indeed, (73) is a MINLP problem for which the solution is

NP-hard [39]. Here, we employ the LCR technique to relax
(73) and find a suboptimal solution instead [40].

Proposition 5: Applying the LCR technique and introduc-
ing the symmetric auxiliary matrices \bfA su[l] \in \BbbR K\times K and
\bfA sd[l] \in \BbbR J\times J , \forall l \in \scrL , (73) can be reformulated as

\=\scrP 4 : \mathrm{m}\mathrm{a}\mathrm{x}
\bfa su,\bfa sd,\bfA su,\bfA sd

\scrF (\bfa su,\bfa sd) (75a)

s.t. C4, C8 - C11, (75b)
\=C2 : \bfone T

K\bfa su[l] \leqslant Ks, [\bfa su[l]]k = [\bfA su[l]]k,k,\biggl[ 
1 \bfa Tsu[l]

\bfa su[l] \bfA su[l]

\biggr] 
\succeq 0,\forall k \in \scrK ,\forall l \in \scrL , (75c)

\=C3 : \bfone T
J \bfa sd[l] \leqslant 1, [\bfa sd[l]]j = [\bfA sd[l]]j,j ,\biggl[ 

1 \bfa Tsd[l]
\bfa sd[l] \bfA sd[l]

\biggr] 
\succeq 0,\forall j \in \scrJ ,\forall l \in \scrL , (75d)

\^C12 : \mathrm{l}\mathrm{n}
\bigl( 
1 + \bfa Tsu[l]\~\bfitgamma su[l]

\bigr) 
\geqslant R\mathrm{m}\mathrm{i}\mathrm{n}

su ,\forall l \in \scrL , (75e)
\^C13 : \bfa Tsd[l]\~\bfR sd[l]) \geqslant R\mathrm{m}\mathrm{i}\mathrm{n}

su ,\forall l \in \scrL . (75f)

Notice that, (75) is a solvable semidefinite programming
(SDP) problem, and the optimal solution is easily obtained
by the SDP solver. To map \bfa su and \bfa sd from the continuous
domain to the discrete domain, the first K largest terms of
\bfa su[l] and the largest term of \bfa sd[l] can be set to 1, and the
rest to 0, thereby completing the solution.

To summarize, suitable initial points are defined, \bfa su, \bfa sd,
\bfp su, \bfp sd, \bfittheta , and \bfq are optimized by alternating until \eta EE
converges, as outlined in Algorithm 1.

IV. PROPOSED ENERGY-EFFICIENT FRAMEWORK

In this section, we delve into energy-efficient RIS to align
with the green and energy-efficient future network develop-
ment theme.

A. Overview of Energy-Efficient RIS Framework

Typically, the phase shifters and amplifiers in an active
RIS are paired, allowing independent tuning of phase shift
and amplification for each meta-atom (fully-connected archi-
tecture), as shown in Fig. 2(a). Nonetheless, oriented to the

Algorithm 1: Proposed Joint Optimization Framework.

Initialize: Set initial points \{ \bfa [0]su,\bfa 
[0]
sd ,\bfp 

[0]
su,\bfp 

[0]
sd ,\bfittheta 

[0],\bfq [0]\} 
and iteration index t = 0.

1: while \eta EE is not convergent do
2: t = t+ 1;
3: Update \xi [t] by solving (26);
4: Update \{ \bfitrho [t]

su,\bfitrho 
[t]
sd\} by solving (31);

5: Update \{ \bfitzeta [t]
su, \bfitzeta 

[t]
sd\} by solving (35);

6: Update \{ \bfp [t]
su,\bfp 

[t]
sd\} by solving (36);

7: Update \bfittheta [t] by solving (45);
8: Update \bfq [t] by solving (72);
9: Update \{ \bfa [t]su,\bfa 

[t]
sd\} by solving (75);

10: end while
Output: WSMR, WSMEE, and UAV trajectory \bfq .

(a) Fully-connected architecture for active RIS.

(b) Sub-connected architecture for active RIS.

Fig. 2. Comparison of different architectures for active RIS.

trend of ultra-large-scale antenna arrays in 6G communica-
tions, thereby presenting a substantial challenge in terms of
economic feasibility and power consumption.

To this end, we introduce an active RIS featuring a sub-
connected architecture [41], as illustrated in Fig. 2(b). Notably,
the sub-arrays within this architecture are modulated by a
single amplifier, with multiple meta-atoms equipped with
distinct phase shifters. This configuration enables independent
phase shifts while sharing the amplitude, significantly reducing
the number of amplifiers required per sub-array. This approach
not only lowers power consumption but also facilitates the
design and deployment of the hardware, making it a promising
solution for future large-scale antenna arrays in 6G commu-
nication systems.

Denoting the number of amplifiers required by B = Nt/Np,
the RC vector of the sub-connected active RIS can be sym-
bolized as \bfittheta = \=\bfTheta \bfGamma \bfb = diag (\bfGamma \bfb ) \=\bfittheta , where \=\bfTheta \in \BbbC Nt\times Nt

and \=\bfittheta \in \BbbC Nt denote the phase shift matrix and phase shift
vector of the phase shifter, respectively, \bfGamma \in \BbbR Nt\times B is the
matching matrix between the amplifier and the phase shifter
denoted as \bfGamma = \bfI B\otimes \bfone Np , and \bfb \in \BbbR B with \bfb = [b1, . . . , bB ]

T

represents the amplification factor vector. As a trade-off, the
sub-connected architecture sacrifices some flexibility in beam



amplitude selection. However, as demonstrated in simulations,
this impact is minimal.

Since sub-connected architectures are distinguished from
fully connected architectures, the optimization of the RC is
different. Consider a basic SISO system, where direct links
and NLoS paths are ignored, the optimization results for the
RC are summarized in Lemma 2.

Lemma 2: In the maximum SNR problem for a sub-
connected RIS-aided SISO system, the optimal solution satis-
fies b1 = \cdot \cdot \cdot = bB when it holds.

Proof: Refer the Appendix A [42]. \blacksquare 
Remark 3: The aforementioned system can directly opti-

mize the RC \bfittheta before recovering \=\bfittheta and \bfb . However, in our
proposed complex EE optimization system, the amplitude of
the RC cannot be guaranteed to be consistent in view of
meeting the demands of multiple devices. Consequently, direct
optimization of the RC cannot guarantee the same amplitude
of the meta-atoms corresponding to the same amplifier. Ac-
cordingly, we will discuss the amplification factor and phase
shift, respectively.

B. RIS Amplification Factor Optimization

Firstly, fixing the other variables to optimize \bfb , \=\scrP 2 can be
reformulated as

\scrP 5 : \mathrm{m}\mathrm{i}\mathrm{n}
\bfb 

\sum 
l

\Bigl( 
\bfb H [l]\~\bfLambda [l]\bfb [l] - 2\Re 

\bigl\{ 
\bfb H [l]\~\bfv [l]

\bigr\} \Bigr) 
(76a)

\mathrm{s}.\mathrm{t}. \=C4\{ \~\bfLambda m, \~\bfv m\} , \=C8\{ \~\bfLambda R\} , \=C9\{ \~\bfLambda U , \~\bfv U , \~\bfG r,u\} ,
\=C12\{ \~\bfLambda su, \~\bfv su\} , \=C13\{ \~\bfLambda sd, \~\bfv sd\} , (76b)
\=C7 : [\bfb [l]]i \leq \=\omega i,\mathrm{m}\mathrm{a}\mathrm{x},\forall i \in \scrB ,\forall l \in \scrL , (76c)

where

\~\bfLambda [l] = \bfGamma H \=\bfTheta H [l]\bfLambda [l]\=\bfTheta [l]\bfGamma , \~\bfv [l] = \bfGamma H \=\bfTheta H [l]\bfv [l],

\~\bfG r,u[l] = \bfGamma H \=\bfTheta H [l]\bfG r,u[l]\=\bfTheta [l]\bfGamma ,

\~\bfLambda i[l] = \bfGamma H \=\bfTheta H [l]\bfLambda i[l]\=\bfTheta [l]\bfGamma , i \in \{ m,R,U, su, sd\} ,
\~\bfv i[l] = \bfGamma H \=\bfTheta H [l]\bfv i[l], i \in \{ m,U, su, sd\} .

(77)

Obviously, \scrP 5 is an intractable standard convex problem.

C. RIS Phase Shift Optimization

Due to \| \bfTheta \| 2F =
\bigm\| \bigm\| \mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g} (\bfGamma \bfb ) \=\bfTheta \bigm\| \bigm\| 2

F
= \| \mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g} (\bfGamma \bfb )\| 2F and\bigm\| \bigm\| \bfg H

r,u\mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g} (\bfGamma \bfb ) \=\bfTheta 
\bigm\| \bigm\| 2 =

\bigm\| \bigm\| \bfg H
r,u\mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g} (\bfGamma \bfb )

\bigm\| \bigm\| 2, it can be found
that the power consumption of the RIS and the interference
caused by RIS thermal noise in communication are indepen-
dent of the RIS phase shift. Then, by fixing other variables to
optimize the RIS phase shift \=\theta , \=\scrP 2 can be reformulated as

\scrP 6 : \mathrm{m}\mathrm{i}\mathrm{n}
\=\bfittheta 

\sum 
l

\Bigl( 
\=\bfittheta 
H
[l]\=\bfLambda [l]\=\bfittheta [l] - 2\Re 

\Bigl\{ 
\=\bfittheta 
H
[l]\=\bfv [l]

\Bigr\} \Bigr) 
(78a)

\mathrm{s}.\mathrm{t}. \=C4\{ \=\bfLambda m, \=\bfv m\} , \=C9\{ \=\bfLambda U , \=\bfv U , \=\bfG r,u\} ,
\=C12\{ \=\bfLambda su, \=\bfv su\} , \=C13\{ \=\bfLambda sd, \=\bfv sd\} , (78b)
\^C7 :

\bigl[ 
\=\bfittheta [l]
\bigr] 
n
\leq 1,\forall n \in \scrN ,\forall l \in \scrL , (78c)

Algorithm 2: Proposed Energy-Efficient Framework.

Initialize: Initial \{ \bfa [0]su,\bfa 
[0]
sd ,\bfp 

[0]
su,\bfp 

[0]
sd ,\bfb 

[0], \=\bfittheta 
[0]
,\bfq [0]\} and

iteration index t = 0.
1: while \eta EE is not convergent do
2: Steps 2-6 and 8-9 of Algorithm 1;
3: Update \bfb [t] by solving (76);
4: Update \=\bfittheta 

[t] by solving (78);
5: end while

Output: WSMR, WSMEE, and UAV trajectory \bfq .

where

\=\bfLambda [l] = \mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g}(\bfGamma \bfb [l])H\bfLambda [l]\mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g}(\bfGamma \bfb [l]),

\=\bfv [l] = \mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g}(\bfGamma \bfb [l])H\bfv [l],

\=\bfG r,u[l] = \mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g}(\bfGamma \bfb [l])H\bfG r,u[l]\mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g}(\bfGamma \bfb [l]),

\=\bfLambda i[l] = \mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g}(\bfGamma \bfb [l])H\bfLambda i[l]\mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g}(\bfGamma \bfb [l]),

\=\bfv i[l] = \mathrm{d}\mathrm{i}\mathrm{a}\mathrm{g}(\bfGamma \bfb [l])H\bfv i[l], i \in \{ m,U, su, sd\} .

(79)

Notably, we relax the unit-modulus constraint on the phase
shift for convenience, denoted as \^C7. Obviously, \scrP 6 is a
solvable QCQP problem. Upon obtaining the optimal \=\bfittheta \mathrm{o}\mathrm{p}\mathrm{t}, the
phase shift \=\bfittheta \ast with unit-modulus is obtained by normalization.
In fact, the modulus of \=\bfittheta 

\mathrm{o}\mathrm{p}\mathrm{t} can be complemented by optimiz-
ing the amplification factor to obtain the optimal amplitude of
the RC. Hence, the relaxation of the unit-modulus constraint
for the phase shift is justified here.

In summary, the optimization framework for the sub-
connected RIS architecture is outlined in Algorithm 2.

V. FRAMEWORK SUPPLEMENTS

In this section, we provide further elaboration on the pro-
posed joint optimization framework. Specifically, this includes
the expansion of the UAV NFZ and the convergence and
complexity analysis of the proposed algorithms.

A. Additional No-Fly Zone

For reasons such as security and interference suppres-
sion, we introduce a NFZ within the primary network cov-
erage area. To facilitate this, we assume that the NFZ
is a circle centered at (xN , yN ) with radius rN , i.e.,
DN =

\Bigl\{ 
(x, y) | (x - xN )

2
+ (y  - yN )

2
< r2N

\Bigr\} 
. Then, the

UAV flight trajectory is constrained as

(xU [l] - xN )
2
+ (yU [l] - yN )

2 \geqslant r2N ,\forall l \in \scrL . (80)

By Taylor expansion based on fixed points x\prime U [l] and y\prime U [l] of
xU [l] and yU [l], (80) can be linearized as

(x\prime U [l] - xN ) (2xU [l] - x\prime U [l] - xN )+

(y\prime U [l] - yN ) (2yU [l] - y\prime U [l] - yN ) \geqslant r2N ,\forall l \in \scrL .
(81)

Apparently, (81) is only related to \bfq , and thus we complete
the restriction by simply bringing the constraint (81) to the
subproblem of UAV trajectory optimization.



B. Algorithm Convergency

In Algorithm 1, the iterations (26), (31), (35), (36), (45) and
(75) are easily proved to be monotone non-decreasing, and the
approximation error of the array response \bfe r,u introduced into
\bfq optimization in (72) has a very limited effect on the result.
Similarly, for Algorithm 2, the iterations (76) and (78) are
monotonic and non-decreasing. Notably, since the flight energy
consumption directly affects the EE, the change of \bfq is more
stringent, and the error introduced by the \bfe r,u approximation
is more limited. Consequently, both algorithms converge to
feasible solutions, as will be verified in the simulations in the
next section.

C. Algorithmic Complexity

In this subsection, we provide the computational
complexity analysis of the two proposed algorithms.
Firstly, the computational complexity of closed-form \xi ,
\{ \bfitrho su,\bfitrho sd\} , and \{ \bfitzeta su, \bfitzeta sd\} can be approximated as \scrO (L),
\scrO (L(K + J)), and \scrO (L(K2 + J)), respectively. The
computational complexity of subproblems (36), (45), (72),
and (75) can be approximated as \scrO ((LK)

3.5
+ (LJ)

3.5
),

\scrO ((LNt)
3.5

), \scrO ((L(4K + 4J + 3M + 5))3.5), and
\scrO ((LK)2(LK + 1)2.5 + (LJ)2(LJ + 1)2.5), respectively.
Therefore, the overall computational complexity of Algorithm
1 is \scrO \{ IR\{ L+(LK)3.5+(LJ)3.5+(LNt)

3.5+(L(4K+4J+
3M + 5))3.5 + (LK)2(LK + 1)2.5 + (LJ)2(LJ + 1)2.5 +
L(K + J) + L(K2 + J)\} \} , where IR symbolizes the
number of iterations required for convergence. Similarly, the
computational complexity of subproblems (77) and (79) are
approximated as \scrO ((LB)3.5) and \scrO ((LNt)

3.5), respectively,
the overall computational complexity of Algorithm 2 can be
approximated as \scrO \{ IE\{ L+L(K+J)+L(K2+J)+(LK)3.5+
(LJ)3.5 + (LB)3.5 + (LNt)

3.5 + (LK)2(LK + 1)2.5 +
(LJ)2(LJ + 1)2.5 + (L(4K + 4J + 3M + 5))3.5\} \} , where
IE symbolizes the number of iterations required for
convergence.

VI. SIMULATION RESULTS

In this section, we provide extensive simulation results to
evaluate the performance of the proposed schemes.

A. Simulation Setup

Without loss of generality, we consider a 3D simulation
scenario, where PUs are randomly distributed within a circle
area centered at the origin with radius rN = 80 m, SUs are
randomly distributed between the circles with radii rN and
rO = 200m, and the active RIS is deployed at (0, 200, 10)m.5

Assuming that the UAV charging control station is positioned
at (100, 0, 100) m, the UAV departs from this location and
completes a cycle returning for maintenance and charging. The
number of PUs, SUUs, and SDUs are set to M = 2, K = 3,
and J = 2, respectively, and the maximum number of SUUs
accessing the UAV is Ks = 2. We set the carrier frequency as

5Notably, the division between PUs and SUs relies on spectrum prioritiza-
tion and transmission source characteristics, rather than geographical location.
Actually, all users can be distributed arbitrarily.

TABLE II
KEY SYSTEM PARAMETERS

Parameters Values

Path loss exponent
\tau r,su = \tau r,sd = \tau r,p = 2.3, \tau SP

k,m =

\tau UD
k,j = 3.5

Path loss at 1 meter L0 =  - 44.48 dB

Transmit power pS = 0.5 W, psd,\mathrm{m}\mathrm{a}\mathrm{x} = 0.1 W,
psu,\mathrm{m}\mathrm{a}\mathrm{x} = pR = 0.01W

Noise power
\sigma 2
S =  - 110 dBm, \sigma 2

sd,j =  - 80 dBm,
\sigma 2
R = \sigma 2

U =  - 90 dBm,
Transmit bandwidth BS = 30MHz, Bsu = Bsd = 10MHz

Dissipated power P c
su = P c

sd = P r
ps = 0 dBm, P r

pa = 3
dBm

Minimum QoS R\mathrm{m}\mathrm{i}\mathrm{n}
su = 3 bps/Hz, R\mathrm{m}\mathrm{i}\mathrm{n}

sd = 2 bps/Hz
Main parameters of the
UAV [30]

v0 = 4.03, \Omega = 300, Ra = 0.4, c0 =
79.8563, c1 = 88.6279, c2 = 0.0092

Maximum horizontal speed
of the UAV vxy\mathrm{m}\mathrm{a}\mathrm{x} = 25m/s

Antenna gain between UAV
and satellite Gt

uG
r
s = 30 dB

Rain attenuation \psi ra =  - 2.3 dB
Number and duration of
time slots L = 40, \Delta t = 1 s

Number of accesses to UAV
during a cycle Lsu = Lsd = L/3

Maximum interference tol-
erance Ptol,m =  - 80 dBW

fc = 4GHz, the number of meta-atoms and the amplification
factor for the RIS as Nt = 20 and \omega n,\mathrm{m}\mathrm{a}\mathrm{x} = 20 dB, the
Rician factor \alpha \ast = 10dB, the inter-antenna separation distance
df = \lambda w/2, the number of amplifiers B = Nt/10, and the
weights as \eta su[l] = \eta sd[l] = 1 and \varsigma U = 1.6 Other parameters
are shown in TABLE II. The following parameters remain
invariant unless otherwise noted.

For clarity, we initially define the following legend:
\bullet Proposed WSMR: Maximizing WSMR in secondary net-

works is based on Algorithm 1.
\bullet Proposed WSMEE: Maximizing WSMEE in secondary

networks based on Algorithm 2.
\bullet Circular trajectory: A fixed circular flight trajectory

centered at the origin with a radius of 100 maximizes
WSMEE based on Algorithm 2.

\bullet Fixed position: The UAV hovers at the initial point with
the aim of maximizing WSMEE.

\bullet Without RIS: Maximizing WSMR without RIS.
\bullet Passive RIS: Passive RIS-aided scheme aimed at maxi-

mizing WSMR.
\bullet OMA: Only one SUU for each slot is allowed to access

the UAV aiming to maximize the WSMR.
\bullet NFZ: There is a NFZ constraint designed to maximize

the WSMR scheme.
In Fig. 3, we show the WSMR versus the number of

iterations for the proposed schemes and the baseline schemes.
Apparently, all curves converge to stability rapidly, which
proves the feasibility of the proposed model and schemes.
Especially, the updating strategies of the ‘Proposed WSMR’
and ‘Proposed WSMEE’ schemes do not cause significant
fluctuations, which verifies the effectiveness of the proposed

6Here, we have not chosen to optimize the weighted factors. This is because
its easy to cause \{ nsu[l] = 1, nsd[l] = 0\} /\{ nsu[l] = 0, nsd[l] = 1\} , which
compromises the fairness and universality of the service.
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joint optimization design. Moreover, the performance of the
‘Without RIS’ scheme closely approaches that of the passive
RIS scheme. This proves that the performance gain of passive
RIS is weak by multiplicative fading in long-range scenarios,
while active RIS can overcome this drawback. Besides, the
scheme to avoid the NFZ has little impact on WSMR.

Fig. 4 illustrates the relationship between the number of
iterations for WSMEE comparison under different schemes,
where ‘Proposed WSMEE*’ refers to the fully-connected
active RIS scheme operating at the same dissipated power.
Intuitively, curves aiming to maximize WSMEE exhibit faster
convergence, while other schemes display minor fluctuations,
which is expected. Notably, the superior performance of
the ’Proposed WSMEE’ scheme compared to the ‘Circular
trajectory’ and ‘Fixed position’ schemes, which confirms the
effectiveness of the designed trajectory optimization. Schemes
focusing on maximizing WSMR generally show lower WS-
MEE due to increased energy consumption. Furthermore, the
sub-connected architecture achieves performance comparable
to the fully-connected architecture, which verifies that sacri-
ficing beam flexibility has minimal impact on performance.

Fig. 5 shows the horizontal flight trajectory of the UAV
under different schemes with varying number of SUs. We
observe in Fig. 5(a) that the UAV trajectory of the ‘pro-
posed WSMR’ scheme generally favors the RIS side and
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Fig. 5. Projections of optimized trajectories for the UAV.

lingers longer. This phenomenon becomes more pronounced
with an increasing number of SUs in the upper half of the
region, as shown in Fig. 5(b), which indicates that proximity
to the RIS enhances performance. The ‘Proposed WSMEE’
scheme trajectory also moves closer to the RIS side, appearing
smoother and closer to the initial point. This is because
traversing longer distances at higher speeds consumes more
energy, thereby reducing WSMEE. The curves for the ‘Without
RIS’ and ‘Passive RIS’ schemes largely overlap, demonstrating
that the effect of multiplicative fading causes passive RIS to
have minimal impact on performance. Additionally, the ‘NFZ’
scheme intentionally avoids the primary network region, which
proves the effectiveness of the design.

To illustrate the impact of active RIS parameters on sys-
tem performance, Fig. 6(a) shows the WSMR and WSMEE
versus the number of meta-atoms under different schemes.
Note that the legend style is only shape-dependent and not
color-dependent. Obviously, the WSMR and WSMEE of the
schemes with RIS assistance increase with the number of
meta-atoms, as expected. Moreover, the WSMR gap between
the ‘Proposed WSMR’ and ‘OMA’ schemes widens as the
number of meta-atoms increases, attributed to the improved
suppression of inter-user interference with more meta-atoms,
weakening the ‘OMA’ scheme’s advantage of free inter-user
interference. Importantly, for WSMR and WSMEE metrics,
the schemes’ performance ordering is different, which explains
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Fig. 6. WSMR versus active RIS parameters.

that higher WSMR does not necessarily correspond to higher
WSMEE.

Fig. 6(b) presents the WSMR and WSMEE versus the max-
imum amplification factor, with BS = 50MHz and ‘Proposed
WSMR*’ featuring pR = 0.1 W. As the maximum amplifica-
tion factor increases, the beamforming degrees of freedom of
schemes with RIS assistance improve, consequently boosting
their WSMR and WSMEE. It is noteworthy that increasing
the maximum transmit power of the RIS is not associated
with the performance of the ‘Proposed WSMR’ scheme when
the amplification factor is less than 20 dB. However, the
performance improvement of the ‘Proposed WSMR’ scheme is
limited when the amplification factor exceeds 20 dB, while the
‘Proposed WSMR*’ scheme exhibits significant enhancement.
This can be attributed to the fact that the optimal RC is slack
for the RIS maximum power at low amplification factors,
while it becomes constrained by the active RIS’s maximum
supply at amplification factors above a certain threshold.
Besides, the ‘Proposed WSMEE’ scheme significantly outper-
forms others in terms of the WSMEE metric.

To illustrate the relationship between the maximum inter-
ference tolerance of PUs and WSMR, we plot Fig. 7. Intu-
itively, the WSMR of all schemes increases as the maximum
interference tolerance, stabilizing around the threshold of -
90 dBW. This phenomenon arises because higher interference
tolerance enhances the flexibility in adjusting transmit power,
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Fig. 7. WSMR versus PU maximum interference tolerance.

RC, and UAV position, thereby improving performance in
the secondary network. Moreover, the difference between the
proposed scheme and the ‘Without RIS’ scheme validates that
RIS can effectively suppress the interference of secondary
networks to PUs. Notably, the proposed schemes achieve
similar performance at load finite Ks = 2 as at infinite
Ks = 3. This indicates that some users with better QoS can
be selected instead of the full matching scheme in practical
applications, which reduces load, signaling consumption, and
decoding complexity in SIC, while maintaining satisfactory
performance.

In Fig. 8(a), we set \varsigma U =  - 30 dB to scale down the UAV
energy consumption weights and plot the WSMEE versus
maximum transmit power of SUU with \omega n,\mathrm{m}\mathrm{a}\mathrm{x} = 25 dB
and BS = 50 MHz, where ‘Without RIS EE’ denotes the
without RIS scheme aiming to maximize WSMEE. Due to
the challenges of meeting minimum rate requirements at lower
power levels, it is ignored to emphasise the upper bound of
WSMEE. Obviously, the WSMEE of the schemes that initially
aim to maximize the WSMEE increases with the SUU’s
maximum transmit power and then stabilizes. This trend arises
because higher transmit power enhances spectral efficiency,
thereby boosting WSMEE. However, beyond a critical thresh-
old, further increases in transmit power lead to diminishing
returns as additional power consumption outweighs the spec-
tral efficiency gains. Moreover, the proposed scheme improves
WSMEE despite the additional power dissipation by the RIS
circuit compared to the ‘Without RIS EE’ scheme. Notably,
the performance of ‘Proposed WSMEE’ significantly improves
compared to the fully-connected ‘Proposed WSMEE*’ To fur-
ther illustrate the relationship between WSMR and WSMEE
with increasing SUU’s transmit power, Fig. 8(b) is presented.
Noticeably, schemes optimizing for WSMEE demonstrate an
initial increase in both WSMEE and WSMR with increasing
SUU transmit power, followed by stabilization. In contrast,
schemes aiming at WSMR initially increase WSMEE but
subsequently observe a decline, while WSMR keeps increas-
ing. This behavior highlights the trade-off where WSMR-
centric schemes increase power consumption to boost WSMR,
but at higher power levels, the incremental gain in WSMR
diminishes relative to the increase in energy consumption (e.g.,
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Fig. 8. System performance versus SUU maximum transmit power.

beyond 10 dBm). Thus, careful consideration is essential in
designing the maximum transmit power, balancing between
maximizing performance metrics and managing energy con-
sumption effectively.

VII. CONCLUSION

In this work, an active RIS-aided NOMA-enabled SAGIN
with CR was investigated. We proposed a joint optimization
framework for power allocation, user matching, RC, and
trajectory design to maximize WSMR and WSMEE. To further
enhance EE, we introduced an optimization framework for
active RIS with sub-connected architecture. Simulation results
affirmed the effectiveness of the proposed schemes, while the
optimization of UAV trajectories and the adoption of sub-
connected active RIS achieve better performance compared
to conventional schemes.

APPENDIX A
PROOF OF LEMMA 2

For an active RIS-aided SISO system, assuming that the
transmitter-to-RIS and RIS-to-receiver channels are \bfg \in \BbbC Nt

and \bff \in \BbbC Nt , respectively, the SNR maximization problem is
formulated as

\mathrm{m}\mathrm{a}\mathrm{x}
psd,\=\bfittheta ,\bfb 

\eta R =
psd
\bigm| \bigm| \bff H\bfTheta H\bfg 

\bigm| \bigm| 2
\sigma 2
R\| \bff H\bfTheta H\| 2 + \sigma 2

sd

(A.1a)

s.t. psd \leqslant psd,\mathrm{m}\mathrm{a}\mathrm{x}, (A.1b)

psd
\bigm\| \bigm\| \bfTheta H\bfg 

\bigm\| \bigm\| + \sigma 2
R

\bigm\| \bigm\| \bfTheta H
\bigm\| \bigm\| 2 \leqslant PR, (A.1c)\bigl[ 

\=\theta 
\bigr] 
n
= 1,\forall n \in \scrN . (A.1d)

We assume that \bfg and \bff are LoS links, and satisfy

\bfg = | g| \bfone Nt
\odot \mathrm{e}\mathrm{x}\mathrm{p} (j\angle \bfg ) , (A.2a)

\bff = | f | \bfone Nt
\odot \mathrm{e}\mathrm{x}\mathrm{p} (j\angle \bff ) . (A.2b)

Then, the optimal transmit power and RC can be obtained by
applying the Lagrange multiplier method as

popt
sd = psd,\mathrm{m}\mathrm{a}\mathrm{x},

\bigm\| \bigm\| \bfTheta opt
\bigm\| \bigm\| =

\sqrt{} 
PR

g2psd,\mathrm{m}\mathrm{a}\mathrm{x} + \sigma 2
sd

. (A.3)

Next, applying the Cauchy-Schwartz inequality, one obtains\bigm| \bigm| \bff H\bfTheta H\bfg 
\bigm| \bigm| 2 =

\bigm| \bigm| \bigm| \bigm| \sum Nt

n=1
f\ast ngn\theta 

\ast 
n

\bigm| \bigm| \bigm| \bigm| 2 \leqslant \| \bff \ast \odot \bfg \| 2\| \bfTheta \| 2, (A.4)

where equality holds if and only if

\=\theta n = \angle (fn  - gn) , b1 = \cdot \cdot \cdot = bB . (A.5)
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