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heterogeneous data traffic, ultra-high spectral efficiency, and
low latency services. This vision is spurring research activities
focused on defining a next generation multiple access (NGMA)
protocol that can accommodate massive numbers of users in
different resource blocks, thereby, achieving higher spectral
efficiency and increased connectivity compared to conventional
multiple access schemes. In this article, we present a multiple
access scheme for NGMA in wireless communication systems
assisted by multiple reconfigurable intelligent surfaces (RISs).
In this regard, considering the practical scenario of static users
operating together with mobile ones, we first study the interplay
of the design of NGMA schemes and RIS phase configuration in
terms of efficiency and complexity. Based on this, we then propose
a multiple access framework for RIS-assisted communication
systems, and we also design a medium access control (MAC)
protocol incorporating RISs. In addition, we give a detailed
performance analysis of the designed RIS-assisted MAC protocol.
Our extensive simulation results demonstrate that the proposed
MAC design outperforms the benchmarks in terms of system
throughput and access fairness, and also reveal a trade-off
relationship between the system throughput and fairness.

Index Terms— Next generation multiple access, reconfigurable
intelligent surfaces, MAC efficiency, access fairness.

I. INTRODUCTION

W ITH the envisioned demands for access by mas-
sive numbers of users, high spectral/energy efficiency

(SE/EE), and low-cost services (e.g., virtual/augmented reality
(VR/AR), holographic telepresence, etc.) for the forthcoming
Sixth Generation (6G) networks, research in future wireless
communications continues to focus on the design of next
generation multiple access (NGMA). To improve the SE/EE
and quality-of-service (QoS), the NGMA approaches have to
overcome the limitations of multiple access schemes in current
wireless network standards by leveraging the envisioned gains
of emerging techniques, such as reconfigurable intelligent
surfaces (RISs) and artificial intelligence (AI), as well as new
technologies yet to be defined [1]–[3]. These technologies
enabling or being enabled by NGMA also give impetus to the
design of medium access control (MAC) protocols, involving
joint communication, control, and computing functionalities,
which are expected to be vital for highly efficient massive
multiple access [4]–[6].

In the development process of multiple access tech-
nologies, conventional orthogonal multiple access (OMA)
schemes allow each user’s transmission in an orthogonal
way, thereby simplifying the transceiver design and avoid-
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ing interference among users, such as time-division multiple
access (TDMA), frequency-division multiple access (FDMA),
and code-division multiple access (CDMA). Compared to
the family of OMA schemes, the non-orthogonal multiple
access (NOMA) schemes have already been investigated in
5G networks due to bringing an additional degree of freedom
in the power domain, which help each user achieve its QoS
target [7]–[10]. However, both OMA and NOMA schemes
have limitations. Specifically, for OMA, the multiple access
efficiency is limited by the radio resources and the signaling
overhead, while for NOMA, most research thus far has focused
on static and broadband users, but without considering mobil-
ity and randomness [4].

A. Motivation

Next generation wireless networks are rapidly evolving
toward a distributed intelligent communication, sensing, and
computing platform, realizing the software-based network
functionality paradigm. Efficient NGMA schemes are required
to adapt to this trend. In this unifying context, there are several
challenges to be addressed by NGMA, with two of the most
prominent being the following:

• Challenge-1: How to improve the throughput perfor-
mance of NGMA approaches when operating in complex
wireless environments, where there exist both static and
mobile users?

• Challenge-2: How to achieve improved connectivity via
NGMA schemes, while guaranteeing access fairness?

Advances in metamaterials have recently fuelled research
in RISs for beneficially reconfiguring wireless communication
environments with the aid of large planar arrays of low-cost
reconfigurable elements [11]–[14], RISs are becoming a poten-
tial solution to tackle the above mentioned challenges. Facing
a practical network consisting of both static and mobile users,
the throughput performance and connectivity of traditional
multiple access schemes are significantly affected by the
randomness and mobility of users. For such cases, RISs can be
incorporated into the NGMA design to enhance the wireless
communication links of static and mobile users simultane-
ously, and thus improve the throughput and connectivity per-
formance. However, RIS-assisted NGMA approaches will face
the complex problem of the RIS design for massive numbers
of static and mobile users, which refers to multi-user resource
allocation and the RIS phase configuration optimization.

Motivated by these potential advantages, in this paper,
we investigate the intricate interplay between the MAC pro-
tocol and the RIS configuration, as highlighted in Fig. 1.
On the one hand, we demonstrate that the low-complexity
of the RIS phase profile configuration and implementation
significantly improves the MAC efficiency. On the other hand,
our efficient MAC protocol supports the coexistence of static
and mobile users in conjunction with our low-complexity
RIS configuration, thereby supporting a massive number of
users via multiple RISs. Based on these compelling features,
an efficient NGMA scheme is indeed eminently suitable for
next-generation wireless communication systems.

B. State-of-the-Art

Recently, RISs have introduced some significant changes
and new opportunities for wireless communications [15]–[18].

Fig. 1. The interplay of MAC protocol and RIS configuration.

This new paradigm results in the migration from traditional
wireless connections to “intelligent-and-reconfigurable con-
nections”.

1) RIS Configuration in Wireless Communications: Being
a newly proposed paradigm going beyond massive multiple-
input multiple-output (MIMO), RISs featured with low-cost,
ultra-thin, light-weight, and low power consumption hard-
ware structures provide a transformative means of wireless
environments into a programmable smart entity. In the con-
text of RIS-aided communications, the authors of [19]–[24]
focused their significant attention on the configuration of RISs.
Explicitly, Wu et al. studied the problem of joint active and
passive beamforming [19]. To achieve high energy efficiency,
Huang et al. investigated an RIS-assisted downlink multi-user
system by joint optimizing the transmit power and the passive
beamforming [20]. To increase the sum rate, Guo et al. studied
an RIS-aided multi-user multiple-input single-output downlink
system by jointly designing the beamforming and RIS phase
shifts [21]. To assess the effect of RIS phase shifts on the
data rate, Zhang et al. jointly optimized the number of RIS
phase shifts and RIS reflection beamforming for RIS-assisted
communication systems [22]. Li et al. jointly designed the
trajectory and the RIS reflect beamforming for UAV commu-
nications [23]. Abeywickrama et al. investigated a practical
RIS phase shift model, and jointly designed the transmit beam-
forming and the RIS reflect beamforming [24]. In addition, the
physical-layer security of RIS-assisted systems was analyzed
in [25]. Deep learning technologies in RIS-aided systems
were explored in [26]–[28]. Deep learning technologies instead
of conventional optimization methods were investigated for
RIS-assisted aerial-terrestrial communications [29], [30].

2) MAC Protocol for RIS-Assisted Communications: With
the development of the physical layer technological break-
through on RISs, an enormous amount of research effort
focus on the RIS-assisted multi-user communication sys-
tem, especially its MAC protocol for system improvement.
Until now, the distributed or the centralized MAC protocols
for the system performance improvement have been pro-
posed for RIS-assisted communications. To be specific, the
TDMA-based scheme was present to enable multiple users’
communications via RISs on the same frequency in different
time slots. For example, Hu et al. designed a frame-based
MAC protocol for the RIS-assisted sensing system to achieve
an accurate posture recognition [31]. Bai et al. proposed a
TDD transmission protocol for RIS-aided mobile edge com-
puting (MEC) systems [32]. Cao et al. proposed a frame-based
MAC protocol to converge RIS and MEC into space informa-
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tion networks [33], and Yang et al. extended these investiga-
tions to discuss an RIS-assisted intelligent spectral learning
system [34].

The FDMA-based scheme was adopted as well as by
multiple users to communicate via RISs in the same time
slot on non-overlapping domain frequency channels, and
for example, Yang et al. proposed a practical OFDM-based
transmission protocol for RIS-enhanced communication sys-
tem [35]. Jung et al. also investigated the RIS-aided trans-
mission protocol combined TDD with OFDMA schemes to
achieve user scheduling and power control [36]. Moreover,
the SDMA-based scheme was used to support communications
among users via RISs either in a unique angular direction or by
spatial multiplexing [37]. Furthermore, NOMA schemes were
conceived for enhancing the multiple access performance of
RIS-assisted multi-user communications [38]–[41]. In contrast
to these centralized MAC protocols, Cao et al. designed a
distributed MAC protocol for RIS-assisted multi-user system
with considering mobility and randomness of users [6], [42].
Additionally, efficient AI-based RIS-assisted MAC protocols
have been investigated in [6], [30].

C. Contributions and Organizations

The major contributions are summarized as follows:
• Framework design: To improve the throughput perfor-

mance of NGMA, we propose an RIS-assisted multiple
access framework. In the proposed framework, the sta-
tic and mobile users can communicate with the base
station (BS) via RISs through different multiple access
schemes at a low cost.

• MAC protocol: To achieve high connectivity and access
fairness of NGMA, we design a MAC protocol that inte-
grates the scheduled-based and contention-based schemes
into a frame. By implementing different RIS config-
uration on different types of users, we achieve high
efficient RIS-assisted multiple access, while considering
randomness and mobility.

• Analysis and optimization: We first analyze the system
throughput performance of the proposed MAC proto-
col. Then, we formulate a joint optimization problem
to maximize the system throughput, while guaranteeing
the fairness of users. To solve the formulated prob-
lem, we decompose the original problem into two sub-
problems: the MAC design problem and the RIS phase
configuration problem, and then an alternating optimiza-
tion technique is adopted to solve them.

• Performance evaluation: We evaluate the proposed
MAC protocol in terms of system throughput and fair-
ness. Simulation results reveal a trade-off relationship
between the system throughput and fairness, and demon-
strate that our MAC design outperforms benchmarks in
terms of system throughput and access fairness.

The rest of this paper is organized as follows. We propose
a multiple access framework for RIS-assisted multi-user com-
munications in Section II. We then design a MAC protocol
for the proposed framework in Section III. Next, we analyze
the system performance of the designed MAC in Section IV.
Furthermore, we formulate a joint optimization problem that

TABLE I

LIST OF MAIN NOTATION

includes the MAC protocol and the RIS configuration to
maximize the system performance, and we also solve the
formulated mixed-integer nonlinear programming (MINLP)
problem in Section V. Simulation results are discussed in
Section VI. Finally, conclusions are drawn in Section VII.

Notations: As per the traditional notation, a bold letter
indicates a vector or matrix. max{·} and min{·} represent
the maximum value and the minimum value, respectively. The
amplitude of a complex number x is denoted by |x|. The main
notation we use is listed in Table I.

II. CONSIDERED MULTIPLE ACCESS FRAMEWORK

In this section, we first introduce the system sce-
nario of RIS-assisted multi-user wireless communications in
Section II-A, and then we present a multiple access framework
in Section II-B.

A. System Scenario

We explicitly consider the different mobility profiles of
users in practical scenarios (e.g., in smart industries where
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fixed sensors and mobile robots co-exist.), and improve the
efficiency of the MAC protocol and reduce the complexity
of the RIS configuration in our multi-user communication
scenario by exploiting users’ mobility profiles, as illustrated
in Fig. 2. In contrast to [43], [44], the users having similar
mobility profiles are grouped together to enhance the interplay
of the RIS configuration and MAC protocol. In our scenario,
we consider K existing users, Z new mobile users, M RISs
each having N reflecting elements, and a BS, where M RISs
are employed to assist the communications of K + Z users
with the BS over C sub-channels. Here, we define the existing
users and new mobile users as follows.

• Existing users: These are the users who are already
supported by the network. There are two types of existing
users: static users without mobility and mobile users who
may move out of the BS’s coverage area.

• New mobile users: These are users who are just joining
the network in the current frame due to mobility.

The set of existing users, RISs, reflecting elements and
sub-channels are denoted by K = {1, . . . , k, . . . , K}, M =
{1, . . . , m, . . . , M}, N = {1, . . . , n, . . . , N}, and C =
{1, . . . , c, . . . , C}, respectively. We denote the kth user as
Uk, k ∈ K̄, where K̄ = {1, . . . , k, . . . , K + Z}, while we
represent the mth RIS as Rm, m ∈M. Each user is equipped
with a single antenna and the BS is equipped with multiple
antennas. Each RIS is equipped with a controller connected
to the BS. The vector of reflected path between Uk and Rm

is denoted by gkm ∈ C
N×1, the vector of reflected path

between Rm and BS for Uk is denoted by hkm ∈ C1×N , and
the direct path between Uk and BS is denoted by rk, where
k ∈ K̄, m ∈M. In the system considered, a quasi-static fading
channel model and perfect channel state information (CSI)
are assumed.1 Each RIS is assumed to be equipped with
passive elements and operate in the non-overlapping frequency
domain.2 Additionally, we assume that one RIS can be used
by one user at a time, and each user has the same payload.
We also assume that the BS knows the network state of all
existing users.3

B. Framework

A multiple access framework is conceived for RIS-assisted
communications to exploit the symbiotic interplay between the
MAC protocol and RIS configuration. The proposed multiple
access framework is shown as in Fig. 2, which combines
two aspects: 1) the MAC protocol, and 2) the configuration
mode of multiple RISs. These two interact with each other
according to the dynamic wireless environments. The MAC
protocol is designed and optimized on a frame-by-frame basis,
and each frame is divided into three periods: a pilot period,

1Channel estimation in RIS-assisted wireless systems is an ongoing field of
research with approaches ranging from cascade channel estimation via passive
RISs to compressed sensing channel estimation via RISs with minimal and
basic sensing capabilities [45], [46].

2Compared with the desired reflected signal, the interference power caused
by reflections via the remaining RISs in non-overlapping frequency bands is
relatively low [47], and can be ignored.

3The new mobile users will be regarded as an existing user in the next frame
once it has joined in the current frame, and the BS will update the value of
K based on the dynamic network.

Fig. 2. The multiple access framework for RIS-assisted communications by
exploiting users’ mobility profiles, where K + Z users communicate with a
BS via M RISs. During a frame, based on pilot transmission and computation,
static users communicate with the BS by scheduling M RISs, while mobile
users communicate with the BS using these RISs by contention. The ratio of
the transmission period of two types is β/α, which is optimized by the BS
during the computing period.

t0; a computing period, t1; and a transmission period, t2. The
latter consists of the scheduled and the contended transmission
periods, the proportion of each is α and β, respectively.
In a frame, based on pilot transmissions and optimizing
computation, the proposed MAC protocol switches between
the scheduled and the contended modes (i.e., static users are
scheduled to communicate with the BS via M RISs, while
mobile users are allowed to contend for communications with
the BS via the same RISs.). If only static or only mobile users
have to be served in a frame, the proposed MAC protocol will
become a pure scheduled mode or a pure contended mode.
The ratio, β/α is optimized by the BS during the comput-
ing period. In addition, centralized optimization is used for
scheduled transmissions, while distributed optimization is used
for contended transmissions. In contrast to the conventional
RIS-aided MAC design methods [42], the proposed multiple
access framework incorporates the RIS configuration into the
MAC protocol, thereby improving the MAC efficiency as well
as reducing the complexity of RIS configuration.

Specifically, the proposed multiple access framework has to
achieve the following two challenging goals:

• For the MAC protocol, the low-complexity RIS con-
figuration helps with improving the system throughput
performance of the MAC protocol, while guaranteeing
the fairness of users.

• For the RIS configuration, an efficient MAC protocol can
decrease the RIS configuration complexity and improve
the RIS utilization, and thus the system throughput per-
formance of the MAC protocol can be further enhanced.

III. PROPOSED RIS-ASSISTED MAC PROTOCOL

Based on the proposed multiple access framework and its
design objectives, in this section, we present our scheme in
terms of two aspects: i) MAC protocol in Section III-A, and
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Fig. 3. The MAC protocol is a frame-based structure, which integrates the scheduling access and the contention access into a frame.

ii) RIS configuration in Section III-B. Then, an intuitive
example is illustrated in Section III-C.

A. MAC Protocol

Based on the proposed multiple access framework in
Section II-B, a MAC protocol that integrates the centralized
and distributed implementations into a frame is presented,
as illustrated in Fig. 3. The pilot period is further divided into
K pilot slots according to the number of existing users. Based
on the received pilot transmissions, the BS estimates the CSI
of static users and calculates their RIS configuration and MAC
protocol parameters during the computing period. Assume that
the scheduled transmission period contains J data slots, and
the jth data slot on sub-channel c is denoted as Dcj , c ∈
C, j ∈ J , where J = {1, . . . , j, . . . , J} is the set of data
slots on each sub-channel. Then the BS tightly coordinates
the multiple access of static users, following that, the static
users transmit their data to the BS via RISs based on the
scheduled results. During the contended transmission period,
mobile users compute the RIS configuration and contend for
their access based on their CSI.

Specifically, after the pilot transmissions and computing,
the static users are scheduled, while the mobile users (i.e., the
existing mobile users and the new mobile users in the current
frame) are allowed to contend. In this context, the implemen-
tation of the RIS-assisted MAC protocol goes through the
following four steps.

Step 1: Pilot transmissions. Based on the synchronization
of the BS, during the pilot period, K existing users transmit
their pilots to the BS for their RIS-assisted transmissions.

Step 2: Computing and feedback. During the computing
period, the BS has to carry out the computations as follows.

• User classification. After receiving the pilot transmission
of users, the BS classifies these users according to the
known network information. The type of a user is defined
as uk, ∀k ∈ K, which is denoted by

uk =

�
1, if Uk is static user, ∀k ∈ K,

0, if Uk is mobile user, ∀k ∈ K.
(1)

Thus, the number of static users is denoted as X =�K
k=1 uk. Let X = {1, . . . , k, . . .X} be the set of X

static users.
• Channel estimation. According to the user classification,

the BS estimates the involved links of static users based
on its pilot transmission on each sub-channel, i.e., gkm,
hkm, and rk , where k ∈ X , m ∈M.

• Resource allocation. Based on the channel information
of static users, the BS computes the MAC protocol para-
meters and allocates the slots, power, and RIS resources
for static users. To be specific, the BS first computes the
duration of the scheduled transmission period and that of
the contended transmission period, which is depicted in
Section IV. Then, the BS allocates M RISs and J data
slots to static users over C non-overlapping sub-channels.
Since each user is only allowed to use one RIS in a frame,
we define the state of M RISs for X static users as

akm =

�
1, if Uk ← Rm, ∀k ∈ X , m ∈M,

0, Otherwise, ∀k ∈ X , m ∈ M,
(2)

where Uk ← Rm means that Rm is allocated to Uk.
We then define the state of J data slots for X static users
as

tkj =

�
1, if Uk ← Dcj, ∀k ∈ X , j ∈ J , c ∈ C,
0, Otherwise, ∀k ∈ X , j ∈ J , c ∈ C,

(3)

where Uk ← Dcj means that Dcj is allocated to
Uk, we have c = m since each RIS is bonded to a
sub-channel.

• RIS phase configuration. The reflection parameters of M
scheduled RISs are computed at the BS to support the
transmission of X static users. Note that the computation
of RIS configuration should be considered with the MAC
protocol parameters, such as α, β, and t2.

Based on the above computations, the BS feedbacks the
scheduled information to static users during the computing
period.

Step 3: Scheduled transmission for static users. During
the scheduled transmission period, the BS instructs each RIS
controller to configure its reflection parameters and initiates
the RIS-assisted transmissions of the scheduled static users.

Step 4: Contended transmission for mobile users. As the
designated contended transmission period begins, the unsched-
uled mobile users (i.e., K−X existing mobile users and Z new
mobile users) start their multiple access and compute the RIS
configuration by themselves based on the estimated CSI, which
is calculated according to the sensing of each mobile user on
each sub-channel. In contrast to the scheduled transmission of
static users, mobile users have to negotiate with the BS for
their channel access and RIS configuration, which is based
on the distributed coordination function (DCF) scheme. Here,
the results that Y mobile users contend for M RISs can be
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denoted by

akm =

�
1, if Uk → Rm, ∀k ∈ Y, m ∈M,

0, Otherwise, ∀k ∈ Y, m ∈M,
(4)

where Uk → Rm means that Uk contends for Rm successfully.
Y = {1, . . . , k, . . . Y } is the set of Y mobile users, and Y =
K −X + Z .

Specifically, the involved four actions at mobile users and
the BS are described as follows.

• Sensing, computing, and Backoff. A mobile user senses
the state of C sub-channels. Once some sub-channels
are sensed to be idle, the mobile user computes the
configuration of unused M̂(M̂ ≤M) RISs and occupies
an optimal RIS and the according sub-channel, then starts
the backoff after a DCF inter-frame space (DIFS).

• Request. Once the backoff is finished at the contended
sub-channel, the mobile user sends a request-to-send
(RTS) packet included its RIS configuration information
to the BS on its occupied sub-channel.

• Feedback. If the requested RIS is available for the mobile
user on its occupied sub-channel, the BS allows the RIS
controller to configure the RIS reflection parameters, and
replies a clear-to-send (CTS) packet to the mobile user
after a short inter-frame spacing (SIFS).

• Transmission. Following the elapse of a SIFS, once the
CTS feedback is received at the mobile user, the mobile
user then transmits its data to the BS via the configured
RIS on its occupied sub-channel.

Given the dynamic switching between the scheduled mode
and the contended mode, our MAC protocol is capable of
maintaining the target rate via RISs at a low cost. Additionally,
the fairness of the static and mobile users having poor channel
conditions can be maintained by scheduling and effective
contention, respectively.

By implementing the designed MAC protocol, the overall
system throughput is calculated by

So =
t2

t0 + t1 + t2
(αSs + βSc), (5)

where Ss and Sc indicate the throughput of the scheduled
transmissions and that of the contended transmissions, respec-
tively. α and β are the ratio of the scheduled transmission
period and contended transmission period, respectively, and
α + β = 1, α ∈ [0, 1], β ∈ [0, 1]. In addition, t0, t1, and
t2 denote as the pilot, the computing, and the transmission
periods, respectively, denoted by the set T = {t0, t1, t2}. Due
to the introduction of RISs, the overall system throughput
in (5) is not only affected by the MAC protocol but also
significantly affected by the RIS configuration.

Introducing RISs enhances the quality of wireless links,
thereby attaining the following benefits of the MAC protocol.

• MAC efficiency improvement. On the one hand, a low-
complexity RIS configuration will reduce the computing
cost; On the other hand, the access latency of static
and mobile users can be reduced by the low-complexity
scheduling and the low-contention collision, respectively.
Thus, the efficiency of the MAC protocol is improved.

• MAC fairness improvement. Because of the separation of
static and mobile users and the low-complexity operation
on them, the fairness of users can be enhanced.

B. RIS Configuration

As illustrated in Fig. 3, the RIS configuration is integrated
into the computing period for static users and the contended
transmission period for mobile users. By separately config-
uring RIS phase shifts at the BS and mobile users for the
scheduled and contended transmissions, the complexity of the
RIS configuration is decreased.

In the system, the user-RIS-BS channel is thus modeled
as a composition of two components, namely, the direct path
(i.e., the user-BS link) and the reflect path (i.e., the user-RIS-
BS path including the user-RIS link and the RIS-BS link).
Hence, the signal received at the BS from Uk through both
the user-RIS and user-RIS-BS channels is denoted by

yk = rksk����
direct path

+hkmΘkmgkmsk� �� �
reflect path

+wk, k ∈ K̄, m ∈M,

(6)

where sk represents the transmit signal of Uk, and it is an
independent random variable with zero mean and unit variance
(normalized power). wk denotes the additive white Gaussian
noise (AWGN) at the BS, wk ∼ CN (0, σ2). rk is the direct
link when Uk transmits data to the BS.

In (6), Θkm is the matrix of the RIS reflection coefficient
of Uk, which can be expressed as

Θkm = diag
�
φ1

km, . . . , φn
km, . . . , φN

km

	
, k ∈ K̄, m ∈M,

(7)

where φn
km = γn

kmejθn
km is the reflection coefficient of RIS

element n on Rm for Uk, {θn
km, γn

km} are the phase shift and
amplitude reflect coefficient of RIS element n on Rm for Uk.
In practice, we assume that a continuous phase shift with a
constant amplitude reflection coefficient is applied to each RIS
element, i.e., |γn

km| = 1, θn
km ∈ [0, 2ι), k ∈ K̄, m ∈ M, n ∈

N . Let Ψ = [θ11, . . . , θkm, . . . , θ(K+Z)M ] ∈ CN×(K+Z)M

denote the matrix of the RIS phase shift, where θkm =
[θ1

km, . . . , θn
km, . . . , θN

km]T ∈ CN×1 is the vector of the phase
shift of Rm that is aligned to Uk.

Accordingly, the SNR at the BS from Uk via Rm is
expressed as

SNRkm = |(rk + hkmΘkmgkm) κk|2 /σ2, k ∈ K̄, m ∈M,

(8)

where κ2
k is the transmit power of Uk.

As a benefit of the proposed MAC protocol, the RIS
configuration has the following three advantages.

• Complexity reduction. By implementing centralized and
distributed operations for static and mobile users instead
of harnessing centralized operation for all users, the
computational complexity of RISs can be substantially
reduced in the computing period and the contended
transmission period, respectively.
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Fig. 4. An intuitive example of the proposed framework.

TABLE II

SUMMARY OF DESIGN AND OPTIMIZATION

• RIS utilization improvement. Upon considering dynamic
wireless environments, each period of a frame can be
adjusted to improve the utilization of RISs.

• Service fairness improvement. The RISs can serve new
mobile users in the contended period of the current frame,
thereby providing fairness for the users.

C. An Intuitive Example

An intuitive implementation example with K + 1 users is
illustrated in Fig. 4, where K + 1 users include K existing
static and mobile users, and a new mobile user that joins the
system in the current frame.

In the illustrated example, by implementing the proposed
multiple access framework, K existing users are classified
into two types, i.e., X static users and K −X mobile users.
During the computing period, the scheduled transmission
period and the contended transmission period are optimized
based on the classification of users, then the BS schedules
X static users and M RISs for their RIS-assisted commu-
nications in the scheduled transmission period. Next, the
existing K −X mobile users and a new mobile user contend
for their RIS-assisted communications during the contended
transmission period. Based on the optimized RIS configuration
in the different transmission periods, each RIS controller is
controlled by the BS to support the static users and the mobile
users, respectively. A summary of design and optimization in
the multiple access framework, as illustrated in Table II.

IV. PERFORMANCE ANALYSIS

In this section, we thoroughly analyze the system through-
put performance of the proposed multiple access framework,
where the RIS-assisted scheduled transmissions are analyzed
in Section IV-A, and the RIS-assisted contended transmissions
are analyzed in Section IV-B.

A. RIS-Assisted Scheduled Transmissions

For the proposed multiple access framework, because of
employing TDMA and FDMA schemes for static users, the
system throughout of RIS-assisted scheduled transmissions,
Ss, is the sum throughput of each scheduled static user. Thus,
Ss can be expressed as

Ss =
1

αt2

X

k=1

M

m=1

J

j=1

akmtkjt
B

C
log2 (1 + SNRkm) , (9)

where B is the total bandwidth,
�M

m=1 akm = 1, ∀k ∈ X , and�J
j=1 tkj = 1, ∀k ∈ X , t is the duration of a data slot.
According to (8), (9) can be rewritten as

Ss =
Bt

Cαt2

X

k=1

M

m=1

J

j=1

akmtkj

log2

�
1 +
|(rk + hkmΘkmgkm) κk|2

σ2

�
, (10)

where αt2 = Jt,
�M

m=1 akm = 1, ∀k ∈ X , and
�J

j=1 tkj =
1, ∀k ∈ X .

To guarantee the RIS-assisted transmission of each static
user, the scheduled transmission period has to meet the fol-
lowing condition,

JC ≥ X. (11)

From (10), it can be observed that the system throughput of
RIS-assisted scheduled transmissions is mainly affected by the
configuration of RISs. Because the benefit of RISs, the data
rate of each scheduled static user is increased significantly. The
higher data rate is thereby improving the system throughput of
RIS-assisted scheduled transmissions when the value of αt2 is
given. In addition, the system throughput of RIS-assisted
scheduled transmissions is also improved by optimizing the
MAC protocol parameters (α and t2), i.e., using the minimum
time to achieve the RIS-assisted transmission of all static users.

B. RIS-Assisted Contended Transmissions

Based on the performance analysis of RIS-assisted sched-
uled transmissions, X static users are scheduled by the BS to
use M RISs in the duration of αt2, while the other K − X
mobile users, as well as Z new mobile users, are allowed to
contend for M RISs in the duration of βt2. In other words,
total Y = K −X + Z mobile users contend for M RISs in
the duration of βt2 for their RIS-assisted transmissions. Thus,
the performance of RIS-assisted contended transmissions is
analyzed as follows.

During the contended transmission period, we assume that
each idle sub-channel has an equal probability, 1

C , to be the
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best idle channel sensed by a mobile user, and the probability
that Vi mobile users select a given channel, PVi , can be given
by

PVi =



Ni

Vi

�

1
C

�Vi



1− 1
C

�Ni−Vi

, (12)

where Ni is the number of mobile users that contend for their
RIS-assisted transmissions at the ith time, and Vi is the number
of mobile users that select a given channel at the ith time.

Refer to [48], at the ith time, as Vi mobile users contend
for their access at the particular sub-channel, the successful
transmission probability (Pi,s), the idle probability (Pi,e), and
the failed transmission probability (Pi,c) can be expressed as⎧⎪⎨

⎪⎩
Pi,s = Viτi (1− τi)

Vi−1
,

Pi,e = (1 − τi)Vi−1,

Pi,c = 1− Pi,e − Pi,s,

(13)

where τi is the stationary probability that a mobile user
transmits a data packet in a random slot at the ith time, which
is expressed as

τi =
2(1− 2pi)

(1− 2pi)(W + 1) + piW (1− (2pi)
l)

. (14)

In (14), W ∈ [Wmin, Wmax] is the contention window and l is
the backoff stage. Wmin and Wmax denote the minimum and
maximum contention window, respectively. pi is the collision
probability at the ith time, which is calculated by

pi = 1− (1− τi)Vi−1. (15)

Therefore, the probability that there is a successful trans-
mission as Vi mobile users select the particular channel is
PViPi,s. Hence, the successful transmission probability in a
given channel at the first time can be expressed as

P1,C

=
N1


V1=1

PV1PV1,s

=
N1


V1=1



N1

V1

�
V1τ1 (1− τ1)

V1−1



1
C

�V1 

1− 1

C

�N1−V1

,

(16)

where N1 = Y . Note that each mobile user selects its best idle
channel based on its individual sensing, and then transmits its
data to the BS via the RIS on its selected best idle channel.
Moreover, by taking the effect of sensing errors into account
in the selection of the best idle channel, (16) can be rewritten
as follows:

P1,C =
Y


V1=1

P1,e



Y
V1

�

×V1τ1 (1− τ1)
V1−1



1
C

�V1 

1− 1

C

�Y −V1

. (17)

Refer to [49], the number of mobile users that successfully
transmit at the first time can be expressed as

Ñ1 = 	CP1,C
 . (18)

According to (18), the number of mobile users has to
contend for their RIS-assisted transmissions at the second time
can be denoted by

N2 = Y − 	CP1,C
 . (19)

Then, the number of mobile users that successfully transmit
at the first and second times can be expressed as

Ñ2 =

�
C

2

l=1

Pl,C

�
, (20)

where

P2,C =
N2


V2=1

P2,e



N2

V2

�
V2τ2 (1− τ2)

V2−1



1
C

�V2

×



1− 1
C

�N2−V2

. (21)

Similarly, the successful transmission probability at the ith
time and the number of mobile users successfully transmit at
the ith time can be respectively expressed as

Pi,C =
Ni


Vi=1

Pi,e



Ni

Vi

�
Viτi (1− τi)

Vi−1

×



1
C

�Vi



1− 1
C

�Ni−Vi

(22)

and

Ñi =

�
C

i

l=1

Pl,C

�
. (23)

In (22), the number of mobile users has to contend for their
access at the ith time, Ni, is denoted by

Ni =

�
Y − C

i−1

l=1

Pl,C

�
. (24)

Therefore, to guarantee the fairness of each mobile user
(i.e., each mobile user can transmit one time), the number of
contention times that can successfully meet the requirement
of Y mobile users, Nr, is expressed as

Nr =



i

I (Ni ≥ 0) , (25)

where

I (Ni ≥ 0) =

�
1, if Ni ≥ 0,

0, otherwise.
(26)

According to [48], it is known that the time length
required by one successful contention and transmission can
be expressed as

tr = RTS + CTS + td + 2SIFS + DIFS + 2δ, (27)

where td is the time length of a payload required by the
mobile user. Besides, RTS, CTS, SIFS, and DFIS are the
duration of request-to-send (RTS), clear-to-send (CTS), short
inter-frame space (SISF), and DCF inter-frame space (DISF),
respectively.
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Based on the above analysis, the system throughout of
RIS-assisted contended transmissions, Sc, is the sum through-
put of each contended mobile user, which can be expressed
as

Sc =
1

βt2

Y

k=1

M

m=1

akmtd
B

C
log2 (1 + SNRkm) , (28)

where
�M

m=1 akm = 1, ∀k ∈ Y .
According to (8), (28) can be rewritten as

Sc =
Btd
Cβt2

Y

k=1

M

m=1

akm

× log2

�
1 +
|(rk + hkmΘkmgkm) κk|2

σ2

�
, (29)

To guarantee the RIS-assisted transmission of each mobile
user, the contended transmission period has to meet the
following condition

βt2 ≥ Nrtr. (30)

According to (29), the parameters of the proposed
RIS-assisted MAC protocol can be designed as

β : α ≥ (Nrtr) : (Jt). (31)

Remark 1: Based on the throughput analysis in (10)
and (29), the overall throughput included the scheduled and
contended transmissions can be expressed as (32), as shown at
the bottom of the page, where

�M
m=1 akm = 1, ∀k ∈ X , and�M

m=1 akm = 1, ∀k ∈ Y . To improve the performance of the
proposed joint multiple access framework, the MAC protocol
parameters (e.g., T , α, β, and κ2

k ) and the RIS configuration
parameters (e.g., akm and Θkm) can be jointly optimized for
static and mobile users.

V. JOINT OPTIMIZATION AND SOLUTION

In this section, we first formulate a joint optimization
problem in Section V-A. We then decompose the original
problem in Section V-B, and we solve each sub-problem
in Section V-C and Section V-D. Finally, we discuss the
complexity in Section V-E.

A. Problem Formulation

In this paper, we aim for maximizing the overall system
throughput by jointly optimizing the MAC protocol and the
RIS configuration parameters. Specifically, the proposed joint
optimization is formulated as

P0 : max
{T ,α,β,tkj ,ρ2

k,akm,Ψ}
So (33)

s.t. t0 > 0, t1 > 0, t2 > 0, (33a)

α + β = 1,
β

α
≥ Nrtr

Jt
, α ∈ [0, 1],

β ∈ [0, 1], (33b)

tkj ∈ {0, 1}, ∀k ∈ X , ∀j ∈ J , (33c)
J


j=1

tkj = 1, ∀k ∈ X , (33d)

X

k=1

κ2
k ≤ Pmax, ∀k ∈ X , (33e)

κ2
k = Υ, ∀k ∈ Y, (33f)

B

C
log2 (1 + SNRkm) ≥ Rmin, ∀k ∈ K̄,

∀m ∈ M, (33g)

akm ∈ {0, 1} , ∀k ∈ K̄, ∀m ∈M, (33h)
M


m=1

akm = 1, ∀k ∈ X , (33i)

X

k=1

akm = J, ∀m ∈M, (33j)

M

m=1

akm = 1, ∀k ∈ Y, (33k)

|γn
km| = 1, ∀n ∈ N , ∀k ∈ K̄,

∀m ∈M, (33l)

θn
km ∈ [0, 2ι), ∀n ∈ N , ∀k ∈ K̄,

∀m ∈ M, (33m)

where (33a) limits the time length of t0, t1, and t2. (33b)
represents the feasibility of α and β. (33c) indicates that tkj

is a binary value, where tkj = 1 represents that slot Dcj is
allocated to Uk, otherwise tkj = 0. (33d) indicates that at
most one data slot is used by a static user in a scheduled
transmission period. (33e) indicates that the sum transmit
power of all static users has to be less than a maximum
transmit power, Pmax. (33f) indicates that the transmit power
of each mobile user is fixed as Υ. (33g) indicates that the
data rate of Uk has to be higher than a data rate threshold
Rmin. (33h) indicates that akm is a binary value, where akm =
1 represents that the Rm is used by the Uk, and akm = 0,
otherwise. (33i) indicates that at most one RIS is allocated to
a static user in a scheduled transmission period. (33j) indicates
that one RIS serves J mobile users in a scheduled transmission
period. (33k) indicates that at most one RIS is used by a
mobile user in a contended transmission period. (33l) and
(33m) indicate the feasibility of each RIS element’s amplitude
and phase shift.

So =
B(t + td)

C(t0 + t1 + t2)

M

m=1

⎛
⎝ X


k=1

J

j=1

akmtkj log2

�
1 +
|(rk + hkmΘkmgkm) κk|2

σ2

�

+
Y


k=1

akm log2

�
1 +
|(rk + hkmΘkmgkm) κk|2

σ2

��
. (32)
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We observe that the proposed joint optimization problem
P0 in (33) is an MINLP problem, which is NP-hard and
whose globally optimal solution is difficult to obtain by using
the common standard optimization approaches. On one hand,
since the switching of the scheduled transmissions and the
contended transmissions, only the static users have to be
scheduled by the BS within αt2, while the mobile users
contend for the RISs resources randomly in βt2. On the other
hand, the RIS configuration of each static user is computed
at the BS, while the RIS configuration of each mobile user
is computed by itself once it contends for the RIS. Hence,
the MAC protocol optimization will significantly affect the
computational complexity of the RIS configuration. Moreover,
the RIS configuration also significantly affects the overall
system throughput of the designed MAC protocol.

To this end, an alternative optimization method can be
invoked as an intuitive approach to solve problem P0 in (33).
Here, we first decompose problem P into two sub-problems;
one is the optimization of the MAC protocol, and the other one
is the optimization of the RIS configuration. We then solve
them according to the iteration method to achieve the joint
design optimization.

B. Problem Decomposition

By using the Tammer decomposition method, the original
problem P0 is rewritten as

P̂0 : max
{akm,Ψ}



max

{T ,α,β,tkj ,ρ2
k}
So

�
s.t. (33a)− (33m). (34)

To solve the equivalent problem P̂0 in (34), the transformed
two sub-problems are illustrated as

1) Sub-Problem P1: MAC protocol optimization with fixing
the RIS configuration to maximize the overall system through-
put, i.e.,

P1 : max
{T ,α,β,tkj ,ρ2

k}
So

s.t. (33a)− (33g). (35)

Remark 2: In (35), we turn the MAC protocol optimization
into further study on the time resource allocation problem
and the power resource allocation problem, which can be
computed at the BS. Thus, sub-problem P1 can be transformed
as

P̂1 : max
ρ2

k



max

{T ,α,β,tkj}
So

�
s.t. (33a)− (33g). (36)

2) Sub-Problem P2: RIS configuration with fixing the MAC
protocol parameters to maximize the overall system through-
put, i.e.,

P2 : max
{akm,Ψ}

S∗o
s.t. (33f)− (33m). (37)

Remark 3: In (37), we turn the RIS configuration into
further study on the following two problems: i) the scheduled
transmission optimization problem at the BS, and ii) the

contended transmission optimization problem at each mobile
user. Thus, sub-problem P2 can be transformed as

P̂2 :



max
{akm,Ψ}

Ss

�
+



max
{akm,Ψ}

Sc

�
s.t. (33f)− (33m). (38)

C. Solution of the MAC Design Problem

Through observing the objective function and constraints
of the problem P0 in (33), as the usage state of RISs (akm)
and RIS configuration (Ψ) are fixed, the allocation of data
slot (i.e., tkj ) will not affect the overall system throughput.
Thus, solving P̂1 is equivalent to solving the following two
problems:

P1a : min
{T ,α,β}

{t0 + t1 + t2}

s.t. (33a)− (33d), (39)

and

P1b : max
ρ2

k

X

k=1

M

m=1

akm

log2

�
1 +
|(rk + hkmΘkmgkm) κk|2

σ2

�
s.t. (33e), (33g). (40)

To solve problem P1a, t0, t1, and t2 should be minimized.
According to the analysis of Nr and tr in Section IV,
to guarantee fairness of each user (i.e., each user can use one
RIS only one time in a frame), the optimizations of t0, t1, and
t2 are given by ⎧⎪⎨

⎪⎩
t∗0 = Ktp,

t∗1 = Omin,

t∗2 = J∗t + Nrtr,

(41)

where tp is the time of one pilot transmission, Omin is
the minimum computational complexity (i.e., the minimum
iteration time), and J∗ = X

C .
Based on the optimal t∗2, the optimal α∗ and β∗ can be

expressed as ⎧⎪⎨
⎪⎩

α∗ =
J∗t

J∗t + Nrtr
,

β∗ =
Nrtr

J∗t + Nrtr
.

(42)

Besides, given akm and Ψ, problem P1b can be easily solved
using the existed math tools since it is a strictly convex
problem. In the end, the solution of the MAC design problem
is illustrated in the proposed Algorithm 1.

D. Solution of the RIS Configuration Problem

For the sub-problem P2, since the MAC protocol parameters
(T , α, β, κ2

k) are fixed, P̂2 in (38) can be decomposed as
the centralized RIS configuration and the distributed RIS
configuration at the BS and mobile users, respectively. The
solution of each problem is presented in Algorithms 2 and 3,
respectively.
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Algorithm 1 MAC Design Algorithm for Solving P1 at
the BS

Initialization: K, C, M , Z, tp, t, σ2, gkm[0], hkm[0], Θkm[0],
akm[0], ρ2

k[0], the maximum iteration number is L1, and set
l1 = 0;

1: for user k ∈ K, confirms uk;
2: end for
3: Obtains X and Y according to (1);
4: Solves the optimal T ∗ according to (39);
5: Calculates J∗ according to (11);
6: Calculates Nr according to (25);
7: Calculates tr according to (27);
8: Calculates α∗ and β∗ according to (42);
9: for user k ∈ X ;

10: repeat
11: With fixing gkm[l1], hkm[l1], Φkm[l1], akm[l1], obtains

ρ2
k[l1] according to (40);

12: Based on the optimal T ∗, α∗, β∗, and ρ2
k[l1], obtains

gkm[l1 + 1], hkm[l1 + 1], Θkm[l1 + 1], akm[l1 + 1]
according to (43) and (49);

13: Updates l1 ← l1 + 1;
14: until l1 ≥ L1;
15: ρ2

k
∗

= ρ2
k;

16: end for
Output: T ∗, α∗, β∗, and ρ2

k
∗
.

1) Centralized RIS Configuration at the BS:

P2a : max
{akm,Ψ}

X

k=1

M

m=1

akm

log2

�
1 +
|(rk + hkmΘkmgkm) κk|2

σ2

�
s.t. (33g)− (33j), (33l), (33m). (43)

Problem P2a is an MINLP problem. To solve problem P2a,
multiple alternative iterations between akm and Ψ are operated
at the BS to obtain the RIS allocation and RIS phase shifts of
X static users.

(a) Centralized RIS allocation optimization. Fixed the phase
shifts (Ψ) of M RISs, problem P2a can be rewritten as

P2a1 : max
akm

X

k=1

M

m=1

akm

log2

�
1 +
|(rk + hkmΘkmgkm) κk|2

σ2

�
s.t. (33h)− (33j), (44)

where problem P2a1 is a “0−1�� linear programming problem,
which can be solved by the existed math tool.

(b) Centralized RIS phase shift optimization. Fixed the RIS
allocation (akm) of X static users, problem P2a can be
rewritten as

P2a2 : max
Ψ

X

k=1

M

m=1

akm

log2

�
1 +
|(rk + hkmΘkmgkm) κk|2

σ2

�

s.t. (33g), (33l), (33m). (45)

Problem P2a2 is non-convexity, and the optimization result
of P2a2 can be solved at the BS, which is highlighted in the
following observation.

Observation 1: As the RIS allocation (akm) is given, the
optimal solution to problem P2−1b is the one that maximizes
the channel gain via RISs. With this mind, its optimal solution,
Φ∗, is denoted by Ψ∗ = {θ11

∗, . . . , θkm
∗, . . . , θKM

∗}, where
θkm

∗ = {θ1∗
km, . . . , θn∗

km, . . . θN∗
km}, and θn∗

km = arg(rk) −
arg(hn

km)− arg(gn
km), ∀k ∈ X , ∀m ∈ M, ∀n ∈ N .

Proof: As for the solution of problem P2−1b, we have the
following inequality

|rk + hkmΘkmgkm|2 ≤ |rk|2 + |hkmΘkmgkm|2. (46)

The equality in (46) holds only when the RIS reflection
coefficients are equal to arg(rk) � arg(hkmΘkmgkm).

To optimize θn
km, n ∈ N , we let hkmΘkmgkm =

wkmΦkm, where wkm = [w1
km, . . . , wn

km, . . . , wN
km] ∈

C1×(N), wn
k = ejθn

km , ∀n ∈ N , and Φkm = diag(hkm)gkm.
Then, problem P2−1b can be simplified as

P3 : max
wkm

|wkmΦkm|2

s.t. |wkm
n|2 = 1, ∀k ∈ X , ∀m ∈ M, ∀n ∈ N . (47)

It is observed that the optimal phase shift of RIS element
n on the Rm for Uk can be obtained by setting w∗

km =
ej(arg(rk)−arg(diag(hkm)gkm)), and then we have

θn∗
km = arg(rk)− arg(hn

km)− arg(gn
km), (48)

where hn
km ∈ hk, gn

km ∈ gk, ∀k ∈ X , ∀m ∈ M, ∀n ∈ N .
2) Distributed RIS Configuration at Mobile Users:

P2b : max
{akm,θkm}

akm log2

�
1 +
|(rk + hkmΘkmgkm) κk|2

σ2

�
s.t. (33g), (33h), (33k)− (33m). (49)

To solve problem P2b at each mobile user, the distributed
RIS allocation and RIS phase shift problems are solved using
an alternative method.

(a) Distributed RIS allocation optimization. Since each
mobile user contends for its RIS, fixed the RIS phase
shift (θkm), problem P2b can be rewritten as

P2b1 : max
akm

akm log2

�
1 +
|(rk + hkmΘkmgkm) κk|2

σ2

�
s.t. (33h), (33k), (50)

where P2b1 can be easily solved by finding the best RIS link
for Uk.

(b) Distributed RIS phase shift optimization. Fixed the RIS
allocation (akm), problem P2b can be rewritten as

P2b2 : max
θkm

akm log2

�
1 +
|(rk + hkmΘkmgkm) κk|2

σ2

�
s.t. (33g), (33l), (33m). (51)
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Algorithm 2 Centralized RIS Configuration Algorithm for
Solving P2a at the BS

Initialization: X, C, M , σ2, gkm[0], hkm[0], Θkm[0], akm[0],
ρ2

k[0], the maximum iteration number is L2, and set l2 = 0;
1: repeat
2: With given X , T ∗, α∗, ρ2

k
∗
, akm[l2], gkm[l2], and hkm[l2],

obtains Ψ[l2] at the BS according to (45), where k ∈ X ;
3: Based on Ψ[l2], obtains akm[l2 + 1], gkm[l2 + 1], and

hkm[l2 + 1] according to (44), where k ∈ X ;
4: Updates l2 ← l2 + 1;
5: until l2 ≥ L2;
6: a∗

km = akm, Ψ∗ = Ψ;
Output: a∗

km and Ψ∗,∀k ∈ X .

Algorithm 3 Distributed RIS Configuration Algorithm for
Solving P2b at Mobile Users

Initialization: Y , C, M , σ2, gkm[0], hkm[0], Θkm[0], akm[0],
ρ2

k[0], the maximum iteration number is L3, and set l3 = 0;
1: repeat
2: With given Y , T ∗, β∗, ρ2

k
∗
, akm[l3], gkm[l3], and hkm[l3],

obtains γkm[l3] at Uk according to (51), where k ∈ Y;
3: Based on γkm[l3], obtains akm[l3 + 1], gkm[l3 + 1], and

hkm[l3 + 1] according to (50), where k ∈ Y;
4: Updates l3 ← l3 + 1;
5: until l3 ≥ L3;
6: a∗

km = akm, γ∗
km = γkm;

Output: a∗
km and γ∗

km,∀k ∈ Y .

Problem P2b2 is non-convexity. The optimization result of
P2b2 can be solved at each mobile user, and some comments
are highlighted in the following observation.

Observation 2: As the RIS, Rm, is obtained by Uk, the
optimal solution of problem P2−2b is the one that maximizes
the channel gain of Uk via Rm. Therefore, its optimal solution,
θkm

∗, is denoted by θkm
∗ = {θ1∗

km, . . . , θn∗
km, . . . θN∗

km}, where
θn∗

km = arg(rk) − arg(hn
km) − arg(gn

km), ∀k ∈ Y, ∀m ∈
M, ∀n ∈ N .

Proof: The proof of Observation 2 refers to
Observation 1.

E. Complexity and Performance Improvement

1) Computational Complexity: To solve problem P0 in (33),
the major involved complexity includes solving the MAC
design problem, the centralized RIS configuration problem,
and the distributed RIS configuration problem.

• Complexity for solving the MAC design optimization
problem: To get the optimal MAC protocol parame-
ters, the complexity is decided by the computing of
T ∗, α∗, β∗, and κ∗k. The involved computational com-
plexity in Algorithm 1 is O(K + X3L1 + M2N2L1 +
X2M2L1).

• Complexity for solving the centralized RIS configuration
problem: By using the alternative iteration method, the
involved complexity is decided by the computing of the
RIS allocation and the RIS phase shifts of X static
users at the BS. Therefore, the involved computational
complexity at the BS in Algorithm 2 is O(M2N2L2 +
X2M2L2).

• Complexity for solving the distributed RIS configuration
problem: By using the alternative iteration method, the

involved complexity is decided by the computing of
the distributed RIS allocation and RIS phase shifts at a
mobile user. Therefore, the involved computational com-
plexity at a mobile user in Algorithm 3 is O(M̂2N2L3+
M̂2L3), where M̂ is the number of unused RISs.

It can be seen that the computational complexity at the
BS can be reduced since the RIS configuration for static and
mobile users is optimized by the BS and each mobile user,
respectively.

2) MAC Protocol Performance Improvement by RISs: In
the proposed multiple access framework, the benefit of RISs
contains two folds: i) RISs assist each user to improve the
data rate, and ii) the different RISs design for static and
mobile users can improve channel efficiency due to the low
computational complexity. Based on these, the MAC protocol
performance improvement due to RISs is presented in the
following observation.

Observation 3: For the proposed multiple access frame-
work, denote ΔO as the decrement of computational com-
plexity. The performance improvement brought by decreasing
RIS configuration complexity is given by T+ΔO

T , and the
improvement brought by designing RIS configuration is lim-
ited by

�X
k=1

�M
m=1 akmξkm+

�Y
k=1

�M
m=1 akmχkm, where

ξkm, ∀k ∈ X , ∀m ∈ M and χkm, ∀k ∈ Y, ∀m ∈ M are the
data rate increment of Uk, k ∈ K̄ benefited from Rm.

In Observation 3, T and ΔO are expressed as�
T = t0 + t1 + t2,

ΔO ≈ O
�
K3L1

	
−O

�
X3L1

	
.

(52)

Since the computational complexity at the BS in the proposed
MAC framework is mainly affected by the number of static
users, i.e., the computational complexity without considering
mobility profiles is affected by O(K3L1), and that considering
mobility profiles is affected by O(X3L1), the decrement of
computational complexity, ΔO, can be obtained in (52).

Moreover, ξkm and χkm are calculated as

{ξkm, χkm}

= B

�
log2 (1 + SNRkm)− log2

�
1 +
|rkκk|2

σ2

��

= B log2



κ + Δκ

κ

�
, (53)

where κ = σ2 + r2
kκ2

k, and Δκ = |hkmΘkmgkm|2 κ2
k +

2rk |hkmΘkmgkm| κ2
k.

VI. SIMULATION RESUTLS

A. Simulation Settings

1) Network Scenario: We consider a network scenario that
consists of a BS, 2 RISs having 128 RIS-elements each, and
200 users (includes 100 static users, 80 mobile users, and
20 new users, the ratio of different types of users is denoted
by � = 5 : 4 : 1). All the users are uniformly distributed in a
square area of size 50× 50 (in meters) with the BS located at
(0, 0, 100) in three-dimensional Cartesian coordinates. From
a practical implementational perspective, the location of RISs
is generally fixed. Hence the location of RISs is given by
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Fig. 5. Simulation setup of the proposed multiple access framework.

(25, 50, 50), and (50, 25, 50) is illustrated in Fig. 5. Unless
stated otherwise, the other simulation parameters are set as
follows. A Rician fading channel model is assumed, where
the user-RIS and RIS-BS channels benefit from the existence
of LoS links having a path loss exponent of 2.2, while the
user-BS channels are NLoS links with a path loss exponent of
3.6. The power dissipated at each user is 10 dBm, the noise
power is -94 dBm, the number of sub-channels is 2, and the
bandwidth of each sub-channel is B = 10 MHz. The payload
size of each user is 500 bytes. The packet size of RTS and CTS
is set to 24 bytes and 16 bytes, respectively. SIFS and DIFS are
set to 10 μs and 50 μs, respectively. The minimum contention
window W0 is set to 15, and the maximum backoff stage m
is set to 6. Furthermore, we assume that each RIS occupies a
single sub-channel as a benefit of interference cancellation, and
each user is only allowed to use a single RIS to communicate
with the BS at a time. Lastly, when the number of users and
that of RISs changes, the results have to be evaluated on a
frame-by-frame basis.

2) Benchmark Schemes: We consider the following bench-
mark MAC schemes in the results for comparison.

• The centralized multiple access scheme (Scheme 1): The
BS schedules the resources and configures RISs for
users included the static and the mobile users without
contention.

• The distributed multiple access scheme (Scheme 2): The
static and the mobile users contend for their resources
and configures RISs by themselves without scheduling.

B. Performance Evaluation

Figure 6 evaluates the system throughput of three types of
RIS-assisted MAC schemes as the number of users increases.
Firstly, it is observed that the system throughput of each
scheme is improved with the assistance of RISs. This is
because the RIS can help user increase its data rate by
improving its link performance. Fig. 6 shows that the system
throughput of Scheme 1 and that of the proposed scheme
initially increase, but then tend to saturate as the number of
users increases. This is because the computation time ratio
of each frame is reduced upon increasing the length of each
frame. Then, the system throughput of Scheme 2 exhibits a
slight lesion after saturation due to the collisions. Additionally,

Fig. 6. System throughput comparison among the three schemes with RISs
or not.

Fig. 7. Impact of � on optimal β/α on the system throughput of the proposed
scheme.

as the number of users increases, the system throughput of
the proposed scheme becomes higher than that of Scheme
1 and Scheme 2. This is because the computational complexity
of Scheme 1 and the collision of Scheme 2 increase as the
number of users increases. However, as the number of users
increases, these two factors can be significantly alleviated in
the proposed scheme since the different MAC protocols and
RISs configurations are used for the static and mobile users.

As the number of users increases, Fig. 7 evaluates the
system throughput of the proposed scheme in terms of the
MAC protocol parameters. As shown in Fig. 7, when the ratio
of different types of users, �, is set as (6 : 3 : 1), (5 : 4 : 1),
and (3 : 6 : 1), the system throughput of the proposed scheme
decreases accordingly. This is because the ratio of mobile users
is increased and that of static users is decreased, which leads
to a bigger β/α. In the proposed scheme, as β/α increases,
the system throughput of the proposed scheme decreases,
and the decrement of system throughput gradually becomes
obvious. Here, the bigger β/α means that the longer time
will be spent on the contended transmissions. However, the
longer time also serves the same number of mobile users
and transmits the same payloads. In other words, the access
efficiency of the proposed scheme decreases as β/α increases.
This is mainly because the channel resources are not fully used
during the contended transmission period. Additionally, given
�, the scheduled transmission period is fixed once the number
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Fig. 8. Impact of N and M on the system throughput of the three schemes
with � = 5 : 4 : 1, where the number of users is 200.

Fig. 9. Impact of �, N , and M on the system throughput of the proposed
scheme, where the number of users is 200.

of static users is given, it is therefore existing an optimal β/α
that maximizes the system throughput of the proposed scheme,
while guaranteeing the fairness of users, e.g., the optimal β/α
is 0.93, 1.41 and 3.31 for each setting of �. Also, for each
setting of �, the system throughput has a minor decline as the
number of users increases.

Figure 8 evaluates the system’s throughput of the three
schemes in terms of the number of RIS elements and that
of RISs, respectively. Observe in Fig. 8 that the system
throughput of each scheme first increases and then saturates
as the number of RISs increases. This is because the access
efficiency of each scheme can be enhanced by having more
RISs. However, more RISs will increase the computational
complexity. Give � (5 : 4 : 1), compared to Scheme 1 and
Scheme 2, the proposed scheme performs better when the
number of RISs is less than 4. This is because the proposed
scheme decreases the computational complexity of static users,
while also decreases the collision of mobile users. As the
number of RISs is greater than 4, the throughput of Scheme 2
performs best due to the distributed computation and the
less collision. Additionally, the throughput of each scheme
increases as the number of RIS elements increases due to the
enhanced link performance.

Figure 9 evaluates the system throughput of the proposed
scheme in terms of �, the number of RIS elements, and the
number of RISs, respectively. Fig. 9 shows that the system

Fig. 10. Impact of � on the fairness of the three schemes, where the optimal
β/α is selected for the proposed scheme based on each �, and the number of
users is 200.

Fig. 11. Impact of � and β/α on the fairness of the proposed scheme, where
the number of users is 200.

throughput of the proposed scheme increases as the number
of RISs increases for each setting of �. This is because the
consumed time handling the same traffic payload of all users
decreases. Also, as the number of RISs increases, the incre-
ment of the system throughput gradually decreases. This is
because more time has to been spent on the RIS configuration.
Besides, compared to � (3 : 6 : 1), a better system throughput
can be obtained in the setting of � (6 : 3 : 1). This is because
the more static users are scheduled with a low computational
cost and the fewer mobile users decrease the collision. At last,
for each setting of �, the system throughput of the proposed
scheme increases as the number of RIS elements increases.

Figure 10 evaluates the proportion of served users via RISs
in three schemes when � is set as (5 : 4 : 1), (5 : 3 : 2),
and (5 : 2 : 3), respectively. It is observed from Fig. 10
that the proportion of served users gradually decreases in
Scheme 1, while keeps unchanged in the proposed scheme
and Scheme 2 when the setting of � varies from (5 : 4 : 1) to
(5 : 2 : 3). Compared to Schemes 1 and 2, the proposed
scheme serves all users in each case. To be specific, the
proposed scheme performs best, and Scheme 2 outperforms
Scheme 1 when more new mobile users join in, which can
be explained by two factors: 1) the new mobile users always
cannot be served in the current frame by RISs in Scheme 1
due to its centralized scheduling; 2) Scheme 2 cannot serve all
users since it brings more overheads compared to Scheme 1
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in the same transmission time. In Fig. 11, the proportion of
served users via RISs with the different settings of � and β/α
is observed. When the setting of � is (6 : 3 : 1), (5 : 4 : 1),
and (3 : 6 : 1), the proportion of served users in setting
of � is highest at the optimal β/α valued 0.93, 1.41, and
3.31. Additionally, if β/α is larger than its optimal value in
each setting of �, the fairness of each user can be achieved,
otherwise, the fairness cannot be guaranteed. Combined with
the results in Fig. 7, we conclude that there is a trade-off
between the system throughput and fairness in the proposed
scheme, which is achieved by calculating the optimal β/α for
a specific �.

VII. CONCLUSION

In this paper, we have conceived a multiple access frame-
work for RIS-assisted communications by integrating the
MAC protocol and the RIS configuration into a unified frame-
work. The proposed framework improves the MAC efficiency,
while reducing the RISs’ computational complexity and offer-
ing fairness for multiple users. Our MAC protocol allows
different types of users to be assigned to RISs and channel
resources by scheduling or contention schemes. By exploiting
the interplay between the MAC protocol and the RIS configu-
ration, we have investigated the joint optimization problem
of both designs to maximize the overall throughput, while
guaranteeing fairness for the users. Then, we have adopted
the popular alternative iteration method to obtain the prob-
lem’s solution. Finally, simulation results have been presented
to evaluate the MAC protocol in terms of its throughput
and fairness. We have seen that, compared to the bench-
marks, the proposed scheme achieves better access fairness
and system throughput. As the number of RISs and users
increase, harnessing RISs in our multi-user communications
scenario substantially expands the resource allocation search
space, hence resulting in increased computing complexity
and latency. In this context, an AI-based method that shifts
the complexity of online computation to offline training may
be a potential technique for further addressing the complex-
ity and latency issues of our RIS configuration and MAC
protocol [10], [27], [28].
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