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Abstract—Reconfigurable intelligent surface (RIS) is a promis-
ing reflective radio technology for improving the coverage and
rate of future wireless systems by reconfiguring the wireless
propagation environment. The current work mainly focuses on
the physical layer design of RIS. However, enabling multiple
devices to communicate with the assistance of RIS is a crucial
challenging problem. Motivated by this, we explore RIS-assisted
communications at the medium access control (MAC) layer and
propose an RIS-assisted MAC framework. In particular, RIS-
assisted transmissions are implemented by prenegotiation and a
multidimension reservation (MDR) scheme. Based on this, we
investigate RIS-assisted single-channel multiuser (SCMU) com-
munications. Wherein the RIS regarded as a whole unity can
be reserved by one user to support the multiple data transmis-
sions, thus achieving high efficient RIS-assisted connections at the
user. Moreover, under frequency-selective channels, implement-
ing the MDR scheme on the RIS group division, RIS-assisted
multichannel multiuser (MCMU) communications are further
explored to improve the service efficiency of the RIS and decrease
the computation complexity. Besides, a Markov chain is built
based on the proposed RIS-assisted MAC framework to analyze
the system performance of SCMU/MCMU. Then the optimization
problem is formulated to maximize the overall system capacity of
SCMU/MCMU with energy-efficient constraint. The performance
evaluations demonstrate the feasibility and effectiveness of each.
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I. INTRODUCTION

HE EMERGENCE of the Internet-of-Everything (IoE)
T system, the rapid development of data-centric and auto-
mated processes have extended the coverage of mobile com-
munications from the legacy interpersonal communication to
smart interconnection among millions of people and billions
of devices. These devices are spurring worldwide activities
focused on defining the next-generation wireless communica-
tions that can truly meet the demands for a fully connected
and intelligent digital world [1], [2]. Currently, important 5G
and beyond technologies, such as Internet-of-Things (IoT)
paradigm have received much attention in academia and indus-
try, which brings considerable challenges and opportunities in
the fundamental architecture, the performance of the compo-
nent, and especially for the standards at the medium access
control (MAC) layer [3], [4]. It is admitted that the ongo-
ing unprecedented proliferation of intelligent communication
is posing new challenges to MAC that needs to cater to low
energy consumption, low cost, high intelligence, high capacity,
and easy implementation.

Recently, the reconfigurable intelligent surface (RIS) that
also is known as intelligence reflecting surface or holographic
multiple input multiple output surface (HMIMOS) [5], [6] has
been envisioned as intrinsic components of beyond 5G wire-
less systems to offer unprecedented spectral efficiency gains
and drive the wireless architectural evolution [7]-[9]. The core
concept of RIS is stacking a massive number of passive radiat-
ing elements to realize a continuous electromagnetically active
surface. RIS technology has been verified as an alternative to
beamforming techniques since RIS can tune the phase of the
incident signal by the intelligent reflection of elements with-
out buffering or processing [10]. In that way, the reflected
signal from RIS can be aligned with the nonreflected sig-
nal at the receiver to enhance the communication performance
and improve the coverage of the wireless systems [11]-[16].
In other words, manipulating the reflection characteristics of
the RIS can improve the propagation condition, enrich the
communication channel, and increase the energy efficiency.
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The most existing works focused on the RIS beamform-
ing design considering the global channel state information
(CSI) [17]-[27]. Basar [17], [18] proposed the RIS-aided
transmission strategy index modulation to improve the system
spectral efficiency. Wu and Zhang [21] studied the joint
optimization problem of active and passive beamforming.
Guo et al. [22] studied an RIS-aided multiuser system to
maximize the weighted sum rate by joint designing the beam-
forming and the RIS phase shift. Huang et al. [23]-[25] aimed
to maximize the sum rate and energy efficiency of RIS-assisted
multiuser downlink system. Abeywickrama et al. [26] inves-
tigated the RIS system that can capture the phase-dependent
amplitude variation in the elementwise reflection coefficient.
Han et al. [27] evaluated the performance of a LIS-assisted
large-scale antenna system with different propagation scenar-
ios. Even more recently, RIS-assisted uplink multiuser system
and RIS-assisted physical-layer security schemes were dis-
cussed in [28]-[30]. Besides the theoretic analysis of RIS, the
RIS prototype has been developed in [31], which combines the
functions of phase shift and radiation together on an electro-
magnetic surface, positive intrinsic-negative (PIN) diodes are
used to realize 2-bit phase shifting for beamforming.

A. Challenges and Motivations

Different from the various existing MAC [32]-[34], we
focus on designing MAC with the assistance of the RIS.
It is generally known that the achievable RIS techniques in
the physical layer have shown a profound potential in future
wireless communications, which inspires a feasibility solu-
tion on RIS enabling in the MAC layer. However, utilizing
RIS to serve multiple users’ transmissions at the MAC layer
still faces some challenges, such as 1) how to construct RIS-
assisted communications for the multiuser system; 2) how to
avoid interference at the receiver caused by RIS reflection;
and 3) how to jointly optimize the RIS configuration and
MAC layer parameters. These issues cannot be addressed by
directly applying the existing MAC schemes, to the authors’
best knowledge.

Motivated by the challenges raised, in this article, we mainly
focus on the compatible design of RIS-assisted MAC by taking
the following measures.

1) To address challenge 1), we design a novel RIS-assisted
MAC framework, where the negotiation and data trans-
mission are fit together in a hybrid way. During the
negotiation phase, each user acquires the RIS resources
to assist its data transmissions in a distributed way. This
kind of design is especially applicable in the IoT system
that pursues spectrum efficient and energy efficient.

2) To address challenge 2), we propose the multidimen-
sion reservation (MDR) scheme for each user. Using the
MDR scheme, each user can reserve the RIS resources in
advance to achieve multiple RIS-assisted data transmis-
sions without interference during the transmission phase,
thus improving the RIS elements utilization.

3) To address challenge 3), we formulate a joint
optimization problem for RIS-assisted communications
with considering RIS configuration, transmission power,
and MAC parameters to maximize the system capacity.

IEEE INTERNET OF THINGS JOURNAL, VOL. 8, NO. 18, SEPTEMBER 15, 2021

Moreover, the proposed MAC framework is feasibly
implemented in practice. Specifically, it is known that the
mature medium access schemes [e.g., carrier-sense multiple
access with collision avoidance (CSMA/CA) and time-division
multiple access (TDMA)] have already been implemented in
the commercial off-the-shelf (COTS) products, which may not
be likely modified. Therefore, the proposed MAC framework
can use the RIS elements efficiently with low complexity,
which shows the significance of practical implementation.

B. Contributions

In the article, the main contributions are summarized as

follows.

1) RIS-Assisted MAC Framework: We propose an RIS-
assisted MAC framework for the multiuser uplink
system. In this framework, we separate the negotiation
and RIS-assisted data transmissions in the time domain
using the MDR scheme, and we solve the RIS elements
allocation issue at the MAC layer to avoid interference.

2) RIS-Assisted SCMU/MCMU Communications: We
explore RIS-assisted single-channel multiuser (SCMU)
communications based on the proposed RIS-assisted
MAC framework. With the implementation of the
SCMU, the RIS serves one user at a time for complet-
ing the energy-efficient transmission. By introducing
the RIS group division, we then further extend to
RIS-assisted multichannel multiuser (MCMU) commu-
nications to support concurrent transmissions via the

RIS.
3) Analysis of RIS-Assisted SCMU/MCMU
Communications: We construct a Markov model

to analyze the system performance of RIS-assisted
SCMU/MCMU communications. Unlike the existing
analysis, we separate the contention process and
RIS-assisted data transmissions in the time domain.
Accordingly, we introduce the contention state and the
transmission state, which correspond to the negotiation
period and the data transmission period of the proposed
RIS-assisted MAC framework, respectively.

4) Optimization and Simulation Results: We formulate the
joint optimization problems to maximize the system
capacity of RIS-assisted SCMU/MCMU communica-
tions with considering RIS configuration, transmit
power, and MAC parameters. Moreover, we conduct
the simulations on RIS-assisted SCMU/MCMU commu-
nications and demonstrate the performance of both in
terms of system throughput, signal-to-noise ratio (SNR),
and transmit power.

C. Organization and Notations

The remainder of this article is organized as follows.
In Section II, RIS-assisted communications system model
is presented. Section III proposes an RIS-assisted MAC
framework. Sections IV and V investigate how to imple-
ment the proposed RIS-assisted MAC framework in SCMU
communications and MCMU communications, respectively.
In Section VI, performance evaluation is presented. Finally,
Section VII concludes this article.
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TABLE I
LIST OF NOTATION

Notation | Definition
N The number of RIS elements
K The number of users
Uk User k
hi The direct channel from Uy to AP
Gk The channel from Uj to the RIS
Hy The channel from the RIS to AP for Ug
O Phase-shift matrix of the RIS for Ug
Sk Signal from Uy
I Phase-shift of element n for Uy
I Amplitude reflection coefficient of element n for Uy
pkg The transmitter power at Uy with the RIS
SNRg Signal-to-noise ration at AP from Uy
T'x The received power at AP from Uy via the RIS
dy The distance between U and AP
d,lc’" The distance between element n and Uy
dm The distance between element n and AP
Pris The hardware static power consumption at the RIS
Py The total power consumption at Uy with the RIS

P The transmit power at any Uy without the RIS

Tint Initial data transmission time of Uy
Teyele The data transmission cycle
Tk The number of reserved transmissions of Ug
{W,s} | Backoff value
¥ The transmission rate from “C” to “T”
n The transmission rate from “T” to “C”
P The stationary probability that a user keeps in “C”
q The collision probability while one user transmits
T The probability that one user transmits in a slot
Cs The probability of successful transmission
Ce The probability of idle channel
Ce The probability of collision
ts The time of successful negotiation
te The time of collision
T The length of a frame
th The length of the negotiation period
tr The length of RIS-assisted transmission period
R The achievable data rate at Uy
Stotat | The total capacity
£k The probability that Uy, transmits in one frame
Az + Ay | The size of RIS
lo i ly The size of RIS group
L The number of RIS groups
C The number of sub-channels
B The channel bandwidth
() The steady-state probability with j used sub-channels

Notation: For ease of reference, Table I summarizes the
main notations used throughout this article. Furthermore, C™
represents a x*y complex-valued matrix. diag(z) is a diagonal
matrix with its diagonal elements given in vector z.

II. RIS-ASSISTED COMMUNICATIONS SYSTEM MODEL

In this section, the system scenario, the channel model, and
the propagation model are presented, where the PHY layer
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aspects are introduced since we design the suitable MAC based
on the RIS physical layer characteristics [35], [36].

A. System Scenario

We consider a multiuser uplink wireless system, where the
RIS is attached with an RIS controller that can be controlled
by the AP via a separate wireless link [23]. The RIS con-
sists of N passive elements and can be further divided into
L groups. The L RIS groups are bonded with C subchannels
that can be used to assist the communication of K users (i.e.,
Uk, k € [1, K]) with one AP. The channels from the Uj to
the RIS, from the RIS to the AP, and from the Uy to the AP
are denoted by the set Gy = {G,i, Gl Gz/L}, the set
H, = {H,l, e, HZ, e, HZ/L}, and Ay, respectively, where
Gy € CWV/Dx1 gnd Hy e C'*W/D) | Besides, the communi-
cation bandwidth is B, and the occupied bandwidth by each
subchannel is B/C. We mainly focus on the uplink channel
access of multiple users with the assistance of RIS. Note that
each RIS element is just allowed to support one user’s trans-
mission and reflect its signal to AP at one time. Otherwise,
interference occurs. According to the value of C and L, the
system model in Fig. 1 can be classified into two cases as
follows: when 1) C = 1 and 2) L = 1, RIS-assisted SCMU
communications are shown in Fig. 1(a), where all RIS ele-
ments serve one user at a time on one channel. On the other
hand, as C > 1 and L > 1, RIS-assisted MCMU commu-
nications are shown in Fig. 1(b), where L RIS groups serve
multiple users at a time on C subchannels.

B. Channel Model

Based on the RIS channel model, the received signal at AP
from Uy in RIS-assisted SCMU/MCMU communications can
be denoted by

SCMU

By = s+ HiOpGese  +wy (D

—— —

Direct data link  RIS-assisted data link
and
MCMU ! !

Yk = sy + H;, ©,Gys1 +wr  (2)

S~~~ — —

Direct data link  RIS-groups-assisted data link

where s; represents the signal from Uy, which is identically
distributed (i.i.d.) random variable with zero mean and unit
variance, wy is additive white Gaussian noise (AWGN) of
Uy at AP with zero mean and variance o2. For RIS-assisted
transmission channel in (1) and (2), ®; and Gi can be
defined as

o :diag(¢,1,...,¢g,...,¢,§) 3)
and
0 = diag(¢"..... " ... M), )

Let ¢ = prel n e [1,N] and ¢/® = ™ %" () e
[1, N/L] denote the phase shift of each element n on the RIS
group [ for Uy, where {6}, B} and {Gli("), ,3,5")} are the phase
shift and amplitude reflection coefficient of element n on the
RIS group [/ for Uy, respectively. In practice, considering the
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Fig. 2. Reflection-based propagation model via the RIS.

hardware implementation, we assume that the discrete phase
shift with constant amplitude is operated on each RIS element.
Then, we have

o= [otiog =0 e 2 vl ®
and
l(n
o = o0 = 0" e wl.©

Without loss of generality, denote by b the number of bits used
to represent each of the levels, and then the set of phase shifts
at each element, 2, is given by £ = {0, A9, ..., A6V — 1)},
where A6 = 27/W, and ¥ = 2% denotes the number of
quantized reflection coefficients values of RIS elements. To
achieve the best signal reflection, the RIS controller should
adjust its reflection coefficient to make the reflected signals
coherently added at AP deliberately.

Let pkz be the transmitter power from Uy, to AP, the received
SNR at the AP from U in RIS-assisted SCMU/MCMU
communications can be calculated as

SNREMY — | (1 + H;©G) o |* /0> (7)
and

2
SNRYMY = | (1 + L@ G} ) i | /o2, )

C. Propagation Model

The motivation of the RIS is to control the radio envi-
ronment, where the wireless channel can be turned into
a deterministic by reconfiguring the propagation of the
electromagnetic wave in a software-controlled fashion. The
reflection-based propagation model via the RIS in a free-space
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RIS (L groups

(b)

RIS-assisted SCMU/MCMU communications system model. (a) RIS-assisted SCMU communications. (b) RIS-assisted MCMU communications.

environment is shown in Fig. 2. The received power at AP
from Uy through the RIS link can be obtained as

Ty = pp? )
k = Pk 4

where A is the wavelength, dj is the distance of direct link from
Uy to AP. The distance between the Uy and the RIS element
n, and the RIS element n and AP are denoted by d,i’" and d]z’",
respectively. Moreover, Af' = ([Zyr(dll’” —i—di’" —dpl/r) is
the phase difference between the RIS link and the direct link.
When dy is sufficiently large, we can assume dy = d,i’" +
d,f’" Vn € [1, N]. To achieve the best performance of the RIS,
the phase shift of each RIS element is aligned with the phase of
the LOS path. Considering this ideal case, (9) can be rewritten
as follows:

2
N —7 n
¢l’l X e jA@k

1
— —_— ©)]
dk ; dy" +d"

10
4 dy, (10)

then the received power at AP from Uy can be simplified as

follows:
) of 1 g
r N —
o N2 (d)

which shows that the received power at the AP is proportional
to N2 and is inversely proportional to d,%. In other words, the
number of RIS elements can affect the power gain and thus
displays potential in low power and data-intensive wireless
communications. Note that 'y pkz(l /dk)2 holds if RIS is
not used, i.e., the part that eryzl([@'; x e’jAG:]/[d,i’" + d,f’”])
in (9) can be removed. This can be viewed as a direct link
channel model.

Therefore, the total power consumption of the Uy — RIS
— AP link can be given as

2 2
Ty ~ (N + 1)2pk2(—>

Y

Prc = o> + Pris + Tk (12)

where Prys is the hardware static power consumption at the
RIS, ,ok2 is the transmit power at Uy, and Iy is the revived
power at AP from Uy. If the RIS is not used, only direct link
Ur — AP exists, the total power consumption of the direct
link is P 4 'y, where P represents the transmit power of any
user without using the RIS. In other words, the transmit power
P can enable the AP to receive the signal from any user.
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Negotiation phase RIS -assisted transmission phase
L__(CSMA/CA) (TDMA)

IAT- AL T T 1 -TTT1-TT1

o
Handshake Slot

Fig. 3. RIS-assisted MAC framework.

IITI. RIS-ASSISTED MAC FRAMEWORK

In the multiuser uplink communications system, an RIS-
assisted MAC framework is designed in Fig. 3. Following the
CSMA scheme, each user proposes the uplink transmissions
and reserves the RIS resources (i.e., the RIS elements). The
AP estimates the channels of the direct link and RIS links, and
controls the RIS to assist each user’s uplink data transmissions
in TDMA mode. The detailed work on the channel estimation
can refer to the related [37], [38].

1) Frame Structure: The frame is shown in Fig. 3, where
each frame is separated into two phases: 1) the negotiation
phase and 2) the RIS-assisted transmission phase [39]. The
RIS-assisted transmission phase can be further divided into a
series of slots. In the negotiation phase, each user competes
for the access privilege according to the backoff mechanism
and then negotiates with the AP to reserve the RIS resources,
power resources, channel resources, and slot resources. As the
RIS-assisted transmission phase arrives, the RIS can be con-
trolled and switched to the requested users on the negotiated
channels and slots.

2) MDR Scheme: MDR is proposed in the negotiation
phase to implement RIS-assisted data transmissions. Each
dimension is defined as one type of reservation information.

1) Dimension 1 (D1) (Time Zone): The slots that are in the
RIS-assisted transmission phase can be reserved on the
channel;

2) Dimension 2 (D2) (Power Zone): The transmit power
can be used at the requested user while starting RIS-
assisted data transmissions;

3) Dimension 3 (D3) (RIS Zone): The phase shift of each
RIS element, which can be controlled by the AP to
align with the user’s direct data transmission in the
RIS-assisted transmission phase.

4) Dimension 4 (D4) (Frequency Zone): The subchannel
and the corresponding RIS group are requested by the
user at the negotiation phase for data transmission at the
RIS-assisted transmission phase. Note that one subchan-
nel is bonded with one RIS group. Once the subchannel
is reserved, the accordingly RIS group is reserved;

3) Extended Control Packets: Two types of extended con-
trol packets are introduced to implement the MDR scheme,
i.e., extended request to send (eRTS) and extended clear to
send (eCTS). The control packet structure of each is shown as
follows.

1) eRTS (Ti™, i, Teycle, ck» k) of Uk, k € [1,K]: eRTS
is an extension of the traditional RTS packet defined
in IEEE 802.11 DCF. Compared to RTS, five addi-
tional fields, i.e., the initial transmission time (Tki“i), the
transmission cycle (Tcycle), the number of reserved trans-
missions (7x), the subchannel (cx) and the RIS group (Ix),
are added into the eRTS. Note that the fields of ¢; and
I are omitted in RIS-assisted SCMU communications.
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2) eCTS (pi®, Ti™, ri, Teycles ks k) of Uk € [1,K]:
eCTS is an extension of the traditional CTS packet
defined in IEEE 802.11 DCF. Compared to CTS, six
additional fields, i.e., the transmission power(pkz), Tkini,
Teycles Tk, ¢k and I, are added into the eCTS. Note that
the fields of ¢ and [ are omitted in RIS-assisted SCMU
communications.

IV. RIS-ASSISTED SCMU COMMUNICATIONS

In this section, as shown in Fig. 1(a), we explore how
to implement RIS-assisted SCMU communications for the
multiuser uplink communications system, where only one
channel is considered, and all RIS elements serve one user
(e, L=1and C=1).

A. Basic Idea

The proposed RIS-assisted SCMU communications are
shown in Fig. 4. Based on the proposed RIS-assisted MAC
framework, the three-dimension reservation that includes D1,
D2, and D3 is introduced in the negotiation phase, wherein
each user competes for the channel to reserve the available
slots and RIS elements with AP. AP calculates the RIS reflec-
tion coefficients and the transmit power for the requested
user and then informs them of the data transmission dur-
ing the RIS-assisted transmission period. Once the mentioned
three-dimension reservation is constructed, the requested user
commences its transmissions in the reserved slots with the
reserved transmit power, and the RIS controller adjusts the
phase shift of each RIS element at the reserved slots to assist
the requested user’s transmissions. In RIS-assisted SCMU
communications, since the RIS controller updates all RIS ele-
ments’ reflection coefficients for one user at one time, the
complexity of RIS phase-shift adjustment is O(N).

B. Implementation Algorithm

The implementation algorithm of RIS-assisted SCMU com-
munications is presented in Algorithm 1. Considering the
uplink traffics of Uy, k € [1, K], Algorithm 1 contains two
phases.

1) Phase 1 (Negotiation Phase):

1) Step 1: The requested user competes for the channel
by operating the backoff scheme during the negotiation
period, i.e., each user sets its backoff value {W, s}, where
W € [CWqin, CWhax] and s € [0, m] denote the back-
off counter and the backoff stage, respectively. CWpin
and CWp,x are the minimum contention window and
maximum contention window, m is the maximum back-
off stage. Once the channel is sensed to be idle, each
user decreases W by one after a slot. Once the user
decreases W to zero, it wins the channel access privi-
lege. If a collision occurs, the value of s increases by
one until s = m.

2) Step 2: By sending the eRTS packet to the AP with the
power P, Uy requests its T,i(“i, Teycle, and 7 from AP
for its multiple RIS-assisted transmissions. Besides, the
other users keep silent by setting the network allocation
vector (NAV) when Uy is negotiating with the AP.

Authorized licensed use limited to: Princeton University. Downloaded on July 03,2022 at 21:01:06 UTC from IEEE Xplore. Restrictions apply.
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Negotiation period (t5,) RIS-assisted transmission period ()
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IS phase;shiftjconfi urati'on T
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controller l ’ 1 l ’
P P P P1 ZT szT PKZT Plzj Pki[ PKZT
O I =1 == =] I B e s
Tcycle
l Backoff I SIFS l User’s signal T AP’s signal T AP controls the RIS controller
Fig. 4. RIS-assisted SCMU communications, where L = 1 and C = 1. Each user contends the access privilege and negotiates with AP (i.e., eRTS/eCTS

exchanging) in a single channel.

3) Step 3: On receiving the eRTS packet, if no collision
occurs on the reserved RIS and slots, the AP estimates
the phase shift of each RIS element, ¢, and calculates
the transmit power, pk2, at Uy as well. Besides, the AP
records ,okz, ™, 7, and Teycle into the eCTS packet,
and replies it to Uy while notifying the ¢, Ti™, rx and
Tcycle to the RIS controller. Otherwise, the AP uses a
new value T,i(“i* instead of T;™™ in the eCTS packet, and
replies it to Uy while notifying the RIS controller.

Step 4: Once Uy receives the eCTS packet from the
AP, Uy ceases its competition in the current negotiation
period and waits for the RIS-assisted transmission phase.
When the NAV expired out, other requested users con-
tinue the backoff procedure until the negotiation period
terminates.

2) Phase 2 (RIS-Assisted Transmission Phase):

1) Step 1: When the reserved slots arrive, Uy sends the data
with the transmit power, pk2. Meanwhile, RIS controller
sets the phase shift of each RIS element as 6}/, 6 €
Q@ Vn € [1, N], and reflects Uy’s signal to the AP.

Step 2: On receiving the accumulated reflected signal
from the RIS and the LOS’s signal from Uy correctly,
the AP replies an ACK packet to Uy.

Step 3: During RIS-assisted transmissions between Uy
and AP, other users set the NAV to cease their transmis-
sions until the reserved RIS-assisted transmissions of Uy
finishes.

4)

2)

3)

C. Performance Analysis

In this section, a two-state transition model [40] is illustrated
for the proposed RIS-assisted MAC framework, where each
user maintains two states: 1) the contention state “C” and 2)
the transmission state “T.” Let  and n denote the transmission
rate from “C” to “T” and from “T” to “C,” respectively. Then,
the stationary probability of two states can be given as

where g and 1 — g represent the stationary probability that a
user keeps in the state of “C” and “T,” respectively.

The two-state transition model, combined with the tradi-
tional backoff process, is constructed in Fig. 5, which is
different from Bianchi’s model [41] since the contention and
the data transmission are separated. Specifically, the state “C”
corresponds to the negotiation period, and the state “T” cor-
responds to the data transmission period of the proposed
RIS-assisted MAC framework. In our model, each contention
state of user is denoted by (s, W), where s € [0, m] and
W € [0, W,,,] denote the backoff stage and the backoff counter,
respectively. Then, we can get

1) Py wis,w+1 =1, W el0, Wy —2], s €0, m]
2) Po,wis,0 = q(1 —p)/Wo, W e [0, Wy —1], s € [0, m]
3) Py wis—1,0 =p/ W, Wel0,Wy—1], se[l,m]
4) Pm,Wlm,O :p/Wms W e [01 Wm - 1]

5) Priso=(0—-q¢1 —p), sel0,m]

6) Po,wir = q/Wo, W e [0, Wy — 1]

T Prr=1—¢q

(14)

where p is the probability that a collision happen while one
user transmits. Wy = 25W, is the contention window when
backoff stage is s, where Wy denotes the minimum con-
tention window. Expressions 1)—4) in (14) describe the backoff
process when users stay in the state of “C,” the remaining
expressions 5)-7) show that the reserved transmission pro-
cess when users keep the state of “T.” Specifically, expression
1) means that the backoff counter is decremented one with
probability 1. Expression 2) is explained that a new packet fol-
lowing a successful packet transmission begins a new backoff
process with probability g(1 — p)/Wo, here, s is valued 0, W
is reset in the range (0, Wy — 1). Expression 3) shows that an
unsuccessful transmission occurs at the backoff stage of s — 1,
the backoff stage is increased one (i.e., backoff stage become
s), and a new initial backoff counter value is uniformly selected

A n Yy in the range (0, W). Expression 4) illustrates that once s equals
O=@l-¢g=|—— —— (13) h . i L ) din sub
y+n y+n to the maximum value m, 1t 1S not increased 1n subsequent
2(1 —2p)q

T 7 g[(CWo + 1)1 — 2p) + pCWo(l —

(15)
2p)™]+2(1 —g)(1 —p)(1 —2p)
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Algorithm 1: RIS-Assisted SCMU Communications

1 Initialize |¢}| =0, o> = P ¥j, k € [1, K];
2 t=0;

3 Phase 1: Negotiation phase;

4 if ¢ is in Phase 1 then

5 if Uy has data to transmit then

6 Uy, sets its backoff value {W, s};

7 if W = 0 then

3 Uy sends eRTS to AP;

9 Uj j#k sets NAV and keeps silent;

10 AP receives eRTS and judges;

11 if no collision then

12 AP calculates ¢y, pkz;

13 AP replies eCTS to Uy;

14 Ap notifies the RIS controller about the
s Te™, 1 Teyeles

15 end

16 else

17 AP replies eCTS to Uy;

18 AP notifies the RIS controller about the
Ok, Tklm*’ ks Teycles

19 end

20 Uy, receives eCTS and waits for Phase 2;

21 end

22 else

23 | W——

24 end

25 end

26 else

27 | Uy keeps silent;

28 end

29 end

30 else

31 | Uy waits for Phase 1;

32 end

33 Phase 2: RIS-assisted transmission phase;
34 if 1 is in Phase 2 then

35 Uy transmits data to AP at the reserved slots with power
i

36 RIS controller sets ¢, and reflects Ug’s signal;

37 AP receives reflected and directed signals from Uy;

38 AP replies ACK to Ug;

39 end

40 else

a1 | Ui waits for Phase 2;

42 end

packet transmissions. Expression 5) models the fact that a suc-
cessful packet transmission switches from contention state to
transmission state with probability (1 —¢)(1 —p), and expres-
sion 6) illustrates the user switches into contention state from
transmission state with probability g/Wy. Finally, expression
7) shows that users maintain its original state of “T” with
probability 1 — g.

In the proposed RIS-assisted MAC framework, since the
MDR scheme is introduced into the access process of each
user, the stationary probability that one user transmits a data
packet in a random slot during the RIS-assisted transmission
phase, 7, is given by (15), shown at the bottom of the previous
page. In (15), p = 1 — (1 — 7)X4~1 is the collision probability
and ¢ = n/(y + n) is the stationary probability that one user
stays in the state of “C” (i.e., the user locates in the negotiation
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Fig. 5. Enhanced discrete Markov model based on the two-state transition.

period). Here, y and 5 can be calculated as

(16)

— s
Y= {e?"'{ﬂs"";ctc
)7 =

Iprmax
where t;, = eRTS + eCTS + DIFS + SIFS, § and t, =
eRTS + DIFS represent the time duration of successful nego-
tiation, idle state and collision, respectively. Here, eRTS and
eCTS are the transmissions time of the eRTS packet and the
eCTS packet, respectively. DIFS and SIFS are the duration
of DIFS and SIFS, respectively. #, denotes the time length of
one data transmission, and rpax 1S the maximum number of
reserved transmission which equals to (¢,/Tcycle). &, & and
. represent the probability of successful RIS-assisted trans-
mission, the probability of idle channel and the probability of
collision, respectively, which are given as

¢ = Kgr (1 — )
e =(1—-0)"
le = 1 - Cs — Ce-

To improve the channel utilization, we suggest Teycle =
N; * tp, ie., a guideline for setting Tcycle in the proposed
RIS-assisted SCMU/MCMU communications, where N, can
be approximately calculated by |[#,¢s]/t5]. When 1, is given,
a large Tcycle means that a big N,, which brings the more over-
heads. Note that if the number of data packets accumulated at
the MAC queue is larger than rpy,x, the user needs to contend
again in the next negotiation phase.

According to (7), the achievable data rate at Uy can be
given by

a7)

REMU (40 ) = Blog2<l + SNRECMU) (18)

where B is the channel bandwidth.
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The total capacity of RIS-assisted SCMU communications
can be calculated as follows:

K

1Tk

~SCMU P SCMU

STotal  — E _T ekRy (ox, Px)
k=1

K
J SCMU
=§B;rksklog2(1+SNRk ) (19)

where 7 is the number of data transmissions at Uy in the
RIS-assisted transmission phase. T = f, + t, are the length
of a frame, where #, and ¢, are the length of the negotiation
period and the length of the RIS-assisted transmission period,
respectively. #, is the time length of one data transmission, and
tpry denotes the time length of r; data transmissions at Uy in
the RIS-assisted transmission phase. ex = ([#,¢s]/t:K) is the
probability that Uy commences its data transmissions during
the RIS-assisted transmission period. SNR;:’CMU is the SNR at
Uy, with RIS-assisted SCMU communications. Given the fixed
value of &g, (19) can be written as

K

N ttnd

Sl = TBY log, (1+ SNRFMU). - (20)
- k=1

D. Performance Optimization

Based on the aforementioned performance analysis of the
RIS-assisted MAC framework, the performance optimization
for RIS-assisted SCMU communications can be formulated as

. ~SCMU
P1: max Sotal

P12, k%01, Oy Tk
st. Cl: 0<p?<P—Pris Vk
C2: |pl =1 Vk,n
C3: 0l eQ Vik,n

C4: th+t,=T Vk
t iy
C5: —rmaxés < — Vk
Is p
C6: 1 <rp <rmax Vk 201

where C1 constrains the transmit power of each user. C2
and C3 separately illustrate the constraints of the amplitude
and phase shift of RIS elements. Constraint C4 constrains the
length of a frame, and C5 constrains the RIS-assisted trans-
mission period and the negotiation period. Constraint C6 limits
the number of data transmissions.

In (19), since ([#,t4¢s]/Tt:K)B is constant, problem P1 can
be transformed to (22), i.e.,

K

P2 : max Z Tk logz(l + SNRECMU)

NAT ¢ k=1

s.t. Cl1—-Ce. (22)
Since problem P2 is a nonconvex optimization problem, it

makes the solution difficult to achieve. The alternating-based

method is used to solve it, problem P2 can be split into two

subproblems as follows.
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1) Fixed Value of ry, ..., rg: Problem P2 can be simplified
as subproblem P2.1, where the phase shift of each RIS element
can be optimized to maximize the SNR of each user, which
is shown as

P2.1: max SNR;MY
ok O
st.  Cl—C3. (23)

According to (3)—(7), subproblem P2.1 can be rewritten as

max |(hx + Hy©,Gy) x|
or2:0}...0N

s.t. Cl - C3.

P21.1:

(24)

Refer to the existed algorithm which has been proposed
in [21], by iteratively optimizing one of p;* and 0y with the
other one being fixed at each time, subproblem P2.1 can be
simplified and transferred to a solved optimization problem.

For the Uy — RIS — AP link, the optimal phase shift of
the RIS element n and the optimal transmit power at Uy are
given by

9]:’* = arg(hkp;;) — arg(H]’:) — arg(GZ,O;f) (25)
and
h + H©;G
pf = /P~ Pris A kL (26)

|k + H O} Gyl

where arg(-) denotes the componentwise phase of a com-
plex. G} is the channel from Uy to the RIS element n,
H} is the channel from the RIS element n to AP. ®f =
diag(eielz e PEN ) denotes the optimal phase
shift of the RIS.

2) Fixed RIS Configuration Oy, ..., Ok and p12, el pKZ:
Problem P2 can be rewritten as a subproblem P2.2
K
P2.2: rlr,I.l.E.i,);x ; Tk
s.t.  C4-Ceo. (27)

Subproblem P2.2 can be viewed as a mixed integer lin-
ear program (MILP) problem that can be solved using the
branch-and-bound described as in [42].

V. RIS-ASSISTED MCMU COMMUNICATIONS

In this section, we extend RIS-assisted SCMU communi-
cations to RIS-assisted MCMU communications, wherein the
C subchannels and the L RIS groups are considered for the
multiuser uplink communications system, i.e., L > 1 and
C>1.

A. Basic Idea

The proposed RIS-assisted MCMU communications are
shown in Fig. 6, where the RIS elements can be divided into
L groups to support the multiple users’ transmissions on the
total C subchannels. Phase 1 is for negotiation on the com-
mon channel, and Phase 2 is for data transmissions via L
RIS groups on C subchannels. Note that the common chan-
nel can be divided into C subchannels during Phase 2, and
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RIS group L Sub-channel C
ommon channel RIS group / Sub-channel ¢
RIS group 1 Sub-channel 1

Phase 1 Phase 2

Fig. 6. RIS-assisted MCMU communications, where L = C > 1. Phase 1 is
for negotiation on the common channel, Phase 2 is for data transmissions via
L RIS groups on C subchannels that are divided by the common channel.

Ax

I,

n | RIS element at index n

[ i RIS group at index /

Fig. 7. RIS group division.

L = C > 1. Generally, the adjacent RIS elements are com-
bined into one group by prenegotiation (i.e., the eRTS/eCTS
exchanging) with the AP on the common channel. Each
RIS group can be reserved by the different required users
to assist the data transmission on the different subchannels.
Different from RIS-assisted SCMU communications, RIS-
assisted MCMU communications are presented based on three
strategies: 1) the RIS group division; 2) the subchannel alloca-
tion; and 3) the four-dimension reservation. It is noted that the
RIS group division is combined with the subchannel allocation
enabling one RIS group to support one user’s transmission on
one subchannel. In other words, the reflection coefficients of
different RIS groups can be adjusted by the AP for differ-
ent users to assist multiple data transmissions at a time, thus
significantly improving the efficiency of the RIS.

To implement RIS-assisted MCMU communications, we
consider three problems: 1) how to divide the RIS group
effectively; 2) how to allocate the common channel and the
subchannel for negotiation and RIS-assisted transmissions; and
3) how to achieve the four-dimension reservation.

1) RIS Group Division: In this article, a group that the
adjacent RIS elements can build a small block is illustrated in
Fig. 7. Without loss of generality, suppose that the size of the
RIS is A (A, : Ay), and the size of each RIS group is I(I; : [}).
Let L denote the number of RIS groups, 1 < L < A, we have
I =A/L (e.g., the elements in the area of I, * [, are regarded
as one group) and the RIS group ratio is 1//. Based on the
RIS group division scheme, it is evident that one subchannel
can be occupied by one RIS group. The complexity of RIS
elements’ reflection coefficients updating for one user in RIS-
assisted MCMU communications is O(N/L). Specifically, if
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the same reflection coefficient is adopted in one rectangular-
shaped group (i.e., each RIS group sets the same reflection
coefficient for all the elements included in one RIS group),
the AP only needs to adjust the phase shift of each group but
not each element. Therefore, the complexity of RIS phase-shift
adjustment can be effectively decreased to O(1).

2) Channel Allocation: To avoid the collision among the
different RIS groups, subchannels are used for RIS-assisted
transmission, where each subchannel is designated one RIS
group (i.e., L = C). During the negotiation between user and
AP, the eRTS/eCTS transmissions are allowed to execute on
the common channel. As the data transmission arrives, the
common channel is divided into multiple fixed subchannels,
which enables each RIS group to assist the user’s transmis-
sion. For example, the available bandwidth is B, assuming C
subchannels are required for the multiuser uplink communi-
cations system; the available bandwidth of each subchannel is
B/C. In other words, each RIS group can occupy the B/C (or
B/L) bandwidth without interference, and then AP can adjust
the phase shift of each RIS group to assist the different users’
data transmissions at different subchannels.

3) Four-Dimension Reservation: In RIS-assisted MCMU
communications, four-dimension reversion is adopted by the
requested user and AP. Each dimension reserved zone is
denoted by D1 (r¢), D2 (,okz), D3 (@i), and D4 (¢, ly).

1) User Reservation in Phase 1: The requested user
reserves the resources of the time zone and the chan-
nel zone (e.g., ¢ and (ck, lx) are for the requested user
Up). Tt is noted that the RIS group can be determined
once the subchannel is selected. Besides, the reserved
information that is included in the eRTS packet can be
directly sent to the AP without the RIS assistance.

2) AP Reservation in Phase 1: On receiving the reserved
request that includes r; and (cg, lx) information from the
requested users, the AP makes the decisions as follows:
if the time resource and the subchannel (i.e., the RIS
group) are not occupied, the AP computes the optimal
transmit power and the optimal reflection coefficient of
the reserved RIS group that belongs to the RIS zone.
Then, the AP adjusts the phase shift of the reserved
RIS group to the optimal value to assist the requested
user’s data transmission with the optimal power (e.g.,
@f{ is for the requested user Uy relying on the reserved
RIS group [, with the power p;2). After this, the
reserved information is feedback to the requested user
and controller. Otherwise, the AP directly replies to the
requested user without the computation of the optimal
reflection coefficient.

An illustration of four dimension revision is displayed in
Fig. 8. It is assumed that four users (i.e., Uy, Uz, Us, and
Us) win the negotiation privilege and implement the four-
dimension reservation after finishing the backoff, where we
set Teycle = 4 slots, {r1, 72,73, 74} € [1, rmax]. Since the
periodic transmission, the reserved values of three zones com-
prising D2, D3, and D4 are fixed for one user in each
RIS-assisted transmission period, and these values may change
in the next frame. For example, in a frame, after negotia-
tion with the AP in Phase 1, U; reserves its slots set, i.e.,
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Fig. 8. Illustration of four dimension reversion.

{slot 1,slot 5,...,slot 4ri + 1}. In slot 1, the reflect
coefficients of elements that are included in the RIS group
[1 are adjusted as @1, and U;’s transmissions are supported
by the RIS group I; with power p;% on the subchannel c;.
As slot 2 arrives, the reflection coefficients of elements that
are included in the RIS group /, are adjusted as ©», and Us’s
transmissions are supported by the RIS group I, with power
,022 on the subchannel c¢;. Similarly, RIS-assisted transmis-
sions can be successively completed on Uz and Us. When a
new periodic start, the transmissions relying on the different
RIS group are repeated for Uj, U,, U3, and Uy, respectively.

B. Implementation Algorithm

Based on the three strategies mentioned above, the imple-
mentation algorithm of RIS-assisted MCMU communications
is shown in Algorithm 2, where four steps are operated in
Phase 1, and three steps are performed in Phase 2.

1) Phase 1 (Negotiation Phase):

1) Step 1: Uy wins the access privilege with backoff oper-
ation, and negotiates with the AP on the common
channel.

2) Step 2: By sending an eRTS packet to the AP at the
transmit power P, Uy requests Tkini,rk,Tcycle,ck for
its reserved RIS-assisted transmissions. The other users
keep silent by setting NAV when Uy is negotiating with
the AP.

3) Step 3: Once receiving the eRTS packet from Uy, the AP
judges whether the collision happens on the requested
channel and time. If not, the AP estimates the RIS
group’s phase shift and calculates transmit power at Uy.
Then, px2, Ti™, 7k, cx and Teycle are recorded into the
eCTS packet and is replied to Ug. The AP also notifies
the RIS controller about ¢,l(, Tkini, Tk Ck> I and Teyele.
Otherwise, the AP replies Uy without reservation.

4) Step 4: Once Uy receiving the eCTS packet from the AP,
if RIS group is reserved, Uy ceases its competition and
waits for Phase 2. Otherwise, Uy continues its competi-
tion and reserves the other RIS group. When the NAV
expires, other requested users continue the backoff until
Phase 1 terminates.

2) Phase 2 (RIS-Assisted Transmission Phase):

IEEE INTERNET OF THINGS JOURNAL, VOL. 8, NO. 18, SEPTEMBER 15, 2021

Algorithm 2: RIS-Assisted MCMU Communications
Input: C, L;
Output: ¢!, pi?, cx, Ik, Ti™ and ry;

1 Initialize |¢}| = 0, px*> = P, Vj, k € [1, K];

21t=0;

3 Phase 1: Negotiation on the common channel;

4 if t is in Phase 1 then

5 if Uy has data to transmit AP then

6 Uy sets its backoff value {W, s};

7 if W =0 then

8 Uy sends eRTS to AP;

9 Uj j=k sets NAV and keeps silent;

10 AP receives eRTS packet and judges;

11 if no collisions then

12 AP calculates ¢>,l(, ,ok2, Ie;

13 AP replies eCTS to Uy;

14 AP notifies t_h¢ RIS controller about qb,l(,

Ik, rxs cp, T, Teycles

15 end

16 else

17 AP replies eCTS without reservation;

18 end

19 Uy, receives eCTS packet and waits for Phase
2 arriving;

20 end

21 else

2 | W——

23 end

24 end

25 else

26 | Uy keeps silent;

27 end

28 end

29 else

30 ‘ Uy waits for Phase 1 arriving;

31 end

32 Phase 2: RIS-assisted transmission on L groups and C
sub-channels;

33 if ¢ is in Phase 2 then

34 Uy transmits its data with power, pkz, on the reserved

sub-channel in the reserved slots;

35 The RIS controller sets ¢,l{ for the RIS group I;

36 The RIS group Iy adjusts its phase-shift to reflect

Uy’s signal to AP on the sub-channel cy;

37 AP receives the signals from the RIS group /; and

the LOS path on the sub-channel c;

38 AP replies an ACK packet to Uy;

39 end

40 else

41 Ui waits for Phase 2 arriving;

42 end

1) Step 1: As Phase 2 arrives, Uy sends the data with the
transmit power ,okz. Meanwhile, the RIS controller sets
the phase shift of the reserved RIS group as 9,5"), and the
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RIS group assists Uy’s data transmission at the reserved
subchannel and the reserved slots.

2) Step 2: Once the AP receives the accumulated reflected
signal from the RIS group and the LOS’s signals from
Uy, the AP replies an ACK packet to Uy.

3) Step 3: When the reserved RIS-assisted transmissions
between U, and AP commence, the other users that
reserve the same RIS group set NAV to cease their trans-
missions until the reserved RIS-assisted transmissions
of Uy finishes. It is noted that the other users can con-
tinue RIS-assisted transmissions on the other RIS group
without keeping silent.

C. Performance Analysis

According to the performance analysis in Section IV-B, the
proposed Markov model is available for the subchannel as
well. According to (14) and (15), 7j,j € [1, C] that the sta-
tionary probability that one user Uy transmits a data packet in
a random slot when j subchannels are used is provided in (28),
shown at the bottom of the page.

Recalling (13), the value of g; and p; can be expressed as

nj

— (29)
Y+

qj =

and

pi=1—(1—5)%" (30)

where g; and p; denote the probability of a user Uy stays in
the “C” state when j subchannels are used simultaneously, and
the probability that a collision occurs on the common channel
when j subchannels can be used, respectively, K is the number
of users in the network.

According to queuing model [43], the value of y; and 7;
can be obtained as

nj=Jjn €2V

and
&
628 + ity + Cle
where the value of 7 is given in (16).
Therefore, as the single-channel is extended to j sub-
channels, the probability of successful transmission (g{), the

probability of idle channel (&) and the probability of collision
(¢l can be, respectively, given as

& = Kgg(1 — 7)™
te=(1- f/)Kq"
Cc =1- {Y - Ce

For RIS-assisted MCMU communications, the process that

Uy accesses the subchannel after contending with other users
on the common channel is regarded as an M/M/C queuing

V= (32)

(33)
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model [44], [45], where the Uy successfully contending will
be served via one of the C subchannels. Let v(¢) denote the
number of used subchannels at time ¢, and the steady-state
probability 7 (j) with exactly j number of used subchannels is
defined as

mi= lim P{v(®) =j} j=0. (34)
11— 00

Based on the two-state Markov chain model, it is known that

a user accesses the subchannel with the rate y; when j sub-

channels are used, j € [1, C]. Since Z —1 7 = 1, and then the

steady-state probability 7; is calculated as

[Ton
n,:#, j=1,....C. (35)
it i 1
Given the achievable data rate at each user Uy,

RM™MU(p ) = (B/C)logy(1 + SNRMMY) The total
capacity of RIS-assisted MCMU communications on all sub-
channels can be calculated as follows:

C K
Iyry

~MCMU 14 MCMU
o =D > R MY (or. 1)

j=1 k=1

K
_ tpthB Z é' T[] Z - lng(l + SNRMCMU)
TtSKC s

=1 k=1
(36)

where 5‘;{ = ([thd] /t;K) is the probability that Uy transmits
data in Phase 2 when j subchannels are used.

D. Performance Optimization

To maximize the system capacity in (36). The performance
optimization of RIS-assisted MCMU communications can be
separately operated at the AP and users. Specifically, the
AP executes the phase-shift optimization of the reserved RIS
group for the requested users, and the requested users com-
plete the optimization of subchannel selection and the number
of reserved transmissions. Both of them are formulated in
problems P3 and P4, respectively.

1) Phase-Shift and the Transmit Power Optimization by AP:
Problem P3 is formulated to solve the optimal phase shift of
each RIS group as

K

P3: max Z log, (1 + SNRMCMU>

i 4!
P12, k501

1
st. C7: 0<pl<P— 7 Pris VK

C8: ¢ =1, nel Vk,lI
C9: ;" e® nel VklI

Cl0: l<I<L, L=C 37

2(1 - 2p))g;

(28)

I GlW D1 —2p) + pW(1 - 2pp")] +2(1— )1

-p)(1

—2p))
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where C7 constrains the transmit power of each user when
L RIS groups can be used. Constraints C8 and C9 separately
give the constraints of the amplitude and phase shift of the RIS
group for each user. Constraint C10 illustrates the feasibility
constraints.

To solve problem P3, we can maximize the SNR of each
user by adjusting the phase shift of the selected RIS group.
According to (3)—(7), problem P3 can be simplified as problem
P3.1, which is shown as

2
P31 max |(+H,©LG]) o)
oi2:6,"
st. C7-CI0 (38)

where Gf{ and H,l{ are the channel from Uy to the RIS group
[, and reflect to AP, @i is the reflection coefficient of the RIS
group /.

Refer to the existed algorithm which has been proposed
in [21], by iteratively optimizing one of p;” and Gli(") with the
other one being fixed at each time, the optimal phase shift of
the nth element on the RIS group / and the optimal transmit
power at Uy can be given as

Gli(")* = arg(hkpy) — arg( l(n)) —arg( ,l((")p,f) (39)

and
I+ H. O G
pe=y P~ RIS% (40)
| + H; 0 Gy
where Gi(”) is the channel from Uy to the RIS element n on

the group /, H,l((") is the channel from the RIS element n on
the group [ to AP, @0 = diag(¢® ....e% ... &% ). With
considering a same reflect coefficient for all elements in the
RIS group /, we have Gl(") Gi,H,i(") = H,lc, and 9,? =
Oli(") Vn € I, where Gf{ is the channel from Uj to the RIS
group /, H,lc is the channel from the RIS group / to AP. Thus,
the optional phase shift in (39) for the RIS group / can be
rewritten as

Gk = arg(hk,ok) - arg(Hl> - arg(kak>

2) Number of Reserved Transmissions Optimization by User
With Subchannel Selection: since each user is able to obtain
the state of each subchannel (e.g., the subchannel is reserved or
not) by performing eRTS/eCTS exchanging with AP. Let V(cy)
represent the subchannel c; can be reserved by the Uy or not.
In other words, if Uy successfully reserves one subchannel cy,
V(ck) = 1; Otherwise, V(cx) = 0. The problem formulation
at each user can be formulated as

(41)

tytpB
P4 : p i
Clyeees CK r[....r,‘ TtsKCZIC ]Zrk
s.t. C4, C6
f t
Cl1: ﬁrmaxé's < or
ts i

K
C12: Y V(e = g & /ts Vk

k=1
Cl13: V(cr) € 10,1} Vk
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Fig. 9.

Simulated RIS-assisted communications scenario.

Cld: 1< <C,C=L Vk (42)

where C11 constrains the RIS-assisted transmission period
and the negotiation period when C subchannels can be used.
Constraints C12 and C13 constrain the number of subchannels
for users.

Since ([t,1,B]/Tt;KC) Z 1 §SJT] is a constant when the
number of subchannels is given, problem P4 can be rewritten
as problem P4.1

K
D

K k=1

s.t. C4, C6,C11-C14.

P4.1 : max

(43)

Subproblem P4.1 can be viewed as a MILP problem that can
be solved using the branch-and-bound described as in [42].

VI. PERFORMANCE EVALUATION

In this section, given a fixed RIS location, we evaluate
the performance RIS-assisted MAC with NS-2.35 simulator.
Besides, the SimRIS simulator can be used for the RIS eval-
uation under considering the RIS location [46]. RIS-assisted
multiuser uplink communications system scenario comprising
one AP, one RIS and 100 users is considered. To simplify
the simulation, we assume that all users are with the close
position so as to achieve the same SNR at the AP, as shown
Fig. 9. Wherein d," = Vdy> + (d — d,)?, di" = dj = 2 m,
and d, = 5 m. The critical parameters are given as follows:
the length of one frame, the time duration of one data trans-
mission, and the transmission cycle are set to be 7 = 200
ms, tp, = 20 ms, t, = 0.5 ms, Tcycle = 18 data transmis-
sions, and rmax = 20, respectively. The packet size of eRTS
and eCTS are set to be 24 bytes and 16 bytes, respectively.
SIFS and DIFS are set to be 10 and 50 us, respectively. The
minimum contention window W, is set to be 15, and the maxi-
mum backoff stage m is set to be 6. The bandwidth is set to be

= 10 Mb/s, the operating frequency is set to be f. = 5 GHz.
The number of RIS elements is set to be N = 128, i.e., L =1
and A(16:8). For RIS-assisted MCMU communications, L is
valued as 2,4, 8, 16, where the size of RIS group are set
to be [(8:8), 1(8:4), [(4:4), [(4:2), respectively. Other required
parameters for each user (e.g., Uy) are set to be d = 60 m,

2 = —80 dBm, and P = 5 dBm (if not specified otherwise).

A. Numerical Results

In Fig. 10, the numerical results of RIS-assisted SCMU
communications are evaluated in terms of SNR, transmit
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power, and normalize throughput. Specifically, Fig. 10(a)
shows the received SNR at the AP versus the number of
RIS elements with the different distances between the user
and AP. It is observed that the received SNR is increas-
ing with N, and it has significant improvement compared
with the scheme without RIS. Besides, the received SNR is
enhanced when the user is closer to the AP (e.g., the received
SNR becomes better as the distance decreases from 120 m
to 30 m). Fig. 10(b) shows the transmit power at user versus
the distance between the user and AP with the different num-
ber of RIS elements. It can be seen that the transmit power
at user increases with d, and decreases with N. Compared
to the scheme without RIS, the user’s transmit power using
the RIS can be decreased significantly, and thus the energy
efficient is achieved in the multiuser uplink communications
system. Fig. 10(c) shows the normalized throughput versus
the number of users. As the optimal phase shift of each
RIS element is solved by the AP to support the uplink traf-
fic of each user, RIS-assisted SCMU communications can
achieve better throughput performance compared with RIS-
assisted CSMA scheme, where RIS-assisted CSMA scheme
denotes RIS-assisted transmissions using the conventional
CSMA/CA scheme. This is because the negotiation of the
RIS resources can avoid interference caused by the RIS reflec-
tion. Besides, the throughput performance can be improved as
rmax 18 increasing, this is because the increasing of negotia-
tion efficiency. And the upper bounds are given in terms of the
different rpax.

In Fig. 11, the numerical results of RIS-assisted MCMU
communications are evaluated in terms of SNR, transmit
power, and normalize throughput. Specifically, Fig. 11(a)
shows the received SNR at AP versus the number of RIS
groups with the different distances between the user and AP.
It can be seen that the received SNR decreases with L and d,
respectively. Compared to RIS-assisted SCMU communica-
tions, the SNR of RIS-assisted MCMU communications is
not only affected by the distance and but also by the number
of RIS groups. Therefore, the SNR of RIS-assisted MCMU
communications is lower than RIS-assisted SCMU communi-
cations. Fig. 11(b) shows the transmit power at user versus the
distance between the user and AP under the different numbers
of RIS groups and subchannels. It is shown that the trans-
mit power at user increases with d and L. Compared with
RIS-assisted SCMU communications, the transmit power at
the user with RIS group division is improved because that the
reflecting elements are divided into the different RIS groups to
support the different user’s communication at the same time.
It indicates that the fewer RIS groups, the less energy con-
sumption. Fig. 11(c) shows the received SNR at AP versus the
number of RIS groups under the different distances between
the user and AP. It can be seen that the received SNR decreases
with L and d, respectively. Besides, the higher SNR can be
gained in RIS-assisted SCMU communications compare to
RIS-assisted MCMU communications with the RIS group divi-
sion. As L increases from 2 to 16, the normalized throughput
decreases from 0.88 to about 0.65 after saturation and below
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the upper bound. It is observed that the value of #; increases
with the L and K, this is because the more RIS groups are used
to support users’ communications, then, the longer duration
of the negotiation period is required. Intuitively, the overhead
can be quantized as #,/(ty, + t,) = 1/(1 + ¢,/t;). It can be
observed that the overhead increases with the ratio of ¢/t
decreasing. It brings a higher negotiation overhead and leads
to a lower transmission efficiency. Therefore, the ratio of 7, /1,
can be dynamically adjusted to control the overhead and the
real-time transmission.

B. Simulation Results

In Fig. 12, simulation evaluations of RIS-assisted
SCMU/MCMU communications on the different operating
frequencies and the various schemes are given. Fig. 12(a)
evaluates the impact of operating frequency on RIS-assisted
communications system, where the operating frequency is set
to be 5 and 28 GHz, respectively, the number of RIS groups
is set to be 1, 2, and 4, respectively. It is shown that the SNR
significantly decreases when the operating frequency increases
to mmWave frequency due to the severe channel propagation
loss. Besides, the similar trends that have been verified in
Fig. 11(a) demonstrate the relationship among SNR, L, and
d in RIS-assisted SCMU/MCMU communications (i.e., the
better received SNR the lower L and d). Fig. 12(b) shows the

total throughput in mmWave frequency (i.e., fo = 28 GHz),
where the total throughput of RIS-assisted mmWave communi-
cations first increases and then slightly declines as the number
of users increases. Compared with the typical mmWave com-
munications without RIS, the performance of RIS-assisted
mmWave communications for each user can be improved up
to 50% when the number of RIS groups is set to be 1.
Fig. 12(c) shows the performance comparison among the
different multichannel MAC protocols in 5 GHz frequency,
where m-RCR MAC protocol [47] and DCA MAC proto-
col [48] are the benchmarks. Compared with m-RCR MAC
and DCA MAC, the proposed RIS-assisted MAC performs the
best due to the MDR scheme. In particular, due to the limi-
tation of the negotiation phase in the proposed RIS-assisted
MAC, the normalized throughput increases and then keeps
almost unchanged as the number of users increases. The
performance of m-RCR MAC is better than DCA since the
channel reservation is used, and its performance improves
with the number of data channels increasing before the
control channel saturation. However, its performance keeps
almost constant even after the control channel saturation.
The DCA MAC performs the worst due to its bottleneck
of the control channel, and its channel utilization decreases
with the number of data channels after the control channel
saturation.
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In Fig. 13, simulation evaluations of RIS-assisted
SCMU/MCMU communications in terms of the collision prob-
ability and the number of served users are presented. Fig. 13(a)
shows the collision probability versus the number of users. It is
observed that the collision probability first obviously increases
and then slightly climbs as the number of users increases. This
is because the collision probability is also affected by the prob-
ability that a user is staying at the “C” state besides the number
of users. Moreover, the collision probability also decreases as
the number of RIS groups increases due to more users are
allowed for accessing at a time. Fig. 13(b) shows the number
of served users versus the duration of the negotiation period
in RIS-assisted MCMU communications with a different num-
ber of RIS groups, where K = 300. When the duration of the
negotiation period is separately set to be 0.02, 0.03, and 0.05 s,
with the negotiation period enlarging, the more users can be
served. Also, the more RIS groups are divided, the more users
communicate with AP. Compared with RIS-assisted SCMU
communications, RIS-assisted MCMU communications can
serve more users, although the system throughput may be
decreased. Therefore, there is a tradeoff between the system
throughput and the served number of users.

VII. CONCLUSION

This article investigated how to utilize the RIS to assist
the multiuser uplink communications system and increase the
system’s coverage and rate with the power constraint. We
proposed an RIS-assisted MAC framework. With this design,
RIS-assisted SCMU/MCMU communications were presented,
respectively. In particular, RIS-assisted SCMU/MCMU com-
munications can be implemented by two separate phases:
1) the negotiation phase and 2) the RIS-assisted transmis-
sion phase. Before RIS-assisted data transmissions, the time
slots, the transmit power, the RIS elements, and even the sub-
channel can be negotiated in advance. In both cases, RIS
elements viewed as the reserved resources can be served for
uplink traffics based on the prenegotiation. It is thereby avoid-
ing interference caused by the RIS reflection and decreasing
energy consumption. Besides, RIS-assisted MCMU communi-
cations can reduce the RIS computation complexity compared
to RIS-assisted SCMU communications. Numerical results
on RIS-assisted SCMU/MCMU communications shown that
RIS-assisted SCMU communications can gain better through-
put, and RIS-assisted MCMU communications can serve
more users, and both of them can decrease the transmit
power.

In future work, we will address the distributed optimization
issues in RIS-assisted networks considering user location.
Besides, as the RIS technology is developed in mmWave/THz
communications [46], [49], designing RIS-assisted MAC in
mmWave/THz frequency is a potential challenge.
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