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Abstract—Reconfigurable intelligent surfaces (RIS) are capable
of enhancing the wireless propagation environment of the future
Internet of Things (IoT). Recently, they have also been configured
as a transmitter to realize information modulation at low hard-
ware complexity. In this paper, we conceive a transmitter relying
on a single radio frequency (RF) chain for low-complexity RIS-
aided multi-user downlink communication. More explicitly, in the
proposed architecture, the multi-user information is transmit pre-
coded and modulated at the RIS by appropriately configuring the
phase shift and amplitude of each RIS element. We assume that
the distribution of multiple users obeys on a Poisson point process
(PPP), where we jointly optimize the total power reflected from
the RIS and the power allocation fraction assigned to each user,
under the practical constraint of a realistic amplitude limitation
of each RIS element. Additionally, we theoretically analyse the
ergodic rate, symbol error probability, outage probability and
coverage range of the proposed RIS-aided single-RF downlink
and confirm the accuracy of our analysis by simulations. Finally,
we compare its performance to that of the conventional multiple-
input-multiple-output (MIMO) systems employing multiple RF-
chains.

Index Terms—Reconfigurable intelligent surfaces (RIS), In-
ternet of Things (IoT) networks, passive modulation, power
allocation, alternating optimization (AO).

I. INTRODUCTION

THE fifth-generation (5G) systems are being rolled out
across the globe and research is well under way on mas-

sive multiple-input-multiple-output (MIMO) techniques [1],
millimeter wave (mmWave) communications [2] and ultra-
dense networking (UDN) [3]. However, driven by the ever-
increasing demands of the Internet of Things (IoT), research
has turned to the exploration of next generation concepts [4].
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To intensify the exploitation of the spatial dimension, ultra-
massive MIMO (UM-MIMO) techniques have been proposed,
where thousands of antennas are employed at transceivers to
support rates in excess of 1 Terabit per second (Tbps) in
support of the IoT [5]. However, a large number of radio
frequency (RF) chains is required by UM-MIMO systems,
which would impose excessive hardware complexity and cost.
To tackle this challenge, reconfigurable intelligent surfaces
(RIS) have been advocated as a benefit of their energy-
efficiency and cost-efficiency [6]–[11].

Briefly, the RIS is comprised of a large number of passive
reflecting elements, which can intelligently control the phase
shift and even the amplitude of the impinging signals [12].
As a benefit, RISs have found a wide range of applications
in IoT networks, such as joint beamforming for improving
the systems’ reception reliability [13], constructing physical
layer security networks [14], assisting the communication of
unmanned aerial vehicles (UAVs) [15]–[17], and localization,
positioning, sensing as well as mobile edge computing [18].
Furthermore, it was also shown that RISs are capable of
acting as a transmitter to modulate signals at a lower hardware
complexity than massive MIMO systems [19]–[27]. Specif-
ically, in massive MIMO systems, a large number of RF-
chains are required to modulate signals, while in the RIS-aided
transmitter scheme of [19]–[27] information is modulated on
the passive RIS by appropriately configuring the reflection
coefficient of each element, resulting in an energy- and cost-
efficient hardware architecture.

In [19], Basar et al. proposed a RIS-aided single-user
transmitter scheme, where the RIS is empowered by an
unmodulated carrier generated from a low-cost RF, which
contains a RF digital-to-analog converter with an internal
memory and a power amplifier, where the information is
conveyed via controlling the phase shift of each passive RIS
element. Given the channel state information (CSI), the phase
of all RIS elements can be adjusted for maximizing the
received signal-to-noise ratio (SNR), where M -level phase
shifts can be imposed on the signals reflected from all RIS
elements to create a M -ary phase shift keying (PSK) signal
constellation. As a further advance [20], Basar et al. employed
a similar system setup, in which a so-called blind access point-
RIS modulation scheme is employed for RIS-aided single-
user transmitter without any need for CSI. A binary phase
shift, i.e. 0 and π, is imposed on all RIS elements to create a
binary phase shift keying (BPSK) constellation. Compared to
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[19], the blind access point-RIS modulation scheme cuts down
the channel estimation overhead, albeit at the cost of some
performance erosion. In [21], Khaleel and Basar employed RIS
to realize Alamouti’s scheme, where an unmodulated carrier
generated by a single RF empowers the RIS. Specifically, the
RIS is divided into two blocks, where Alamouti’s scheme is
used based on configuring the phase shift of the RIS elements.
It was demonstrated that in line with Alamouti, a transmit
diversity order of two is achievable by the proposed RIS-
aided modulation scheme. In [22], Basar constructed an RIS-
based index modulation scheme, where the RIS is employed
between a single RF-chain and a multi-antenna receiver. A pair
of transmitter methods was proposed, namely RIS-aided space
shift keying (SSK) and RIS-aided spatial modulation (SM). In
the RIS-aided SSK, the signals radiated from the RF-chain
are unmodulated and information is only conveyed on the
specific receiver antenna. The phase shift of each RIS element
is configured for realizing passive beamforming from the RIS
to the selected receiver antenna. In contrast to RIS-aided SM,
the signal in the single RF-chain is modulated and information
is conveyed via both the modulated signals on the one and only
RF-chain and by the specific index of the selected receiver
antenna. At the receiver, a greedy detector and a maximum
likelihood (ML) detector are separately employed for recover-
ing the original information. To increase the throughput, Yuan
et al. [23] proposed a so-called RIS-aided receive quadrature
reflecting modulation (RIS-RQRM) scheme, where the whole
RIS is divided into two halves for processing the in-phase
and quadrature components, respectively. The information is
conveyed via each half of the RIS to form a directional beam
to a specific receiver antenna.

Tang et al. [24]–[26] reported on a range of practical
experiments for confirming the beneficial application prospects
of RIS-aided modulations, given its energy and cost-effective
hardware architecture. In [24], a single-user RIS-aided 8-
PSK architecture is proposed for configuring the phase shift
of 8 × 32 RIS elements, achieving a 6.144 Mbps data rate
at 4.25 GHz carrier frequency. In [25], the authors firstly
designed quadrature amplitude modulation (QAM) based on
independently controlling the amplitude and phase shift of
each RIS element by introducing a non-linear modulation
technique under the constraint of a constant envelope. In [26],
a real-time RIS-based Alamouti space-time scheme is realized.

However, the above RIS-aided modulation schemes are de-
signed for single-user communication scenarios. By contrast,
Liu et al. [27] employed RIS as a transmitter to deliver infor-
mation to multiple users, where a single-RF signal generator
provides energy for the passive RIS, and the information is
mapped to the phase shift of the RIS elements. When the
number of users is K and M -ary information is transmitted
in each time slot, there are MK possible symbol vectors. A
symbol-level transmit precoding (TPC) method is employed,
which finds the optimal MK RIS phase shift patterns to deliver
information to K users. The Riemannian conjugate gradient
algorithm and branch-and-bound algorithm are employed for
optimizing the RIS phase shift patterns for minimizing the
symbol error probability (SEP) of multi-bit RIS phase shift
resolution and that of single-bit RIS phase shift resolution,

respectively. However, since the number of RIS phase shift
patterns increases exponentially with the number of users, the
symbol-level TPC method only remains practically feasible for
a small number of users. Furthermore, no power allocation
algorithms may be readily employed for this system model
to ensure a particular quality of service (QoS) target and/or
fairness.

Against this backdrop, we propose an RIS-aided single-
RF downlink transmitter architecture for supporting multiple
users, where we apply the zero-forcing (ZF) optimization
criterion for our TPC scheme. Additionally, we design the
power allocation for the different users by optimizing the
sum-rate, the min-rate and the geometric-mean-rate. In our
proposed design, a single RF-chain is used at the RIS, and the
baseband signal is modulated at the RIS by configuring the
phase shifts and amplitudes of the RIS reflecting elements. Ad-
ditionally, we compare our theoretical analysis and simulation
results. Explicitly, our novel contributions can be summarized
as follows:

• We propose a RIS-aided single-RF downlink transmitter
design for supporting multiple users, where the multi-
user information is modulated at the RIS by configuring
the reflection phase shift and amplitude of each elemen-
t. The proposed design deploys a single RF chain to
communicate with multiple users, where the information
is modulated based on the configuration of the low-
complexity RIS elements. Hence, our proposed scheme
has reduced the hardware cost at high energy efficiency.

• We consider a multiple user scenario with the users dis-
tributed according to a Poisson point process, and design
the power allocation algorithms by jointly optimizing
the total power reflected from the RIS and the power
allocation ratio of each user, under the constraint that the
amplitude of each passive RIS element must be smaller
than or equal to Unity. The system throughput and the
user rate fairness can be realized by adopting different
power allocation techniques.

• We provide both the theoretical analysis and simulation
results for characterizing the performance of our proposed
RIS-aided single-RF transmitter architecture, including its
ergodic rate, symbol error probability, outage probability
and its coverage range. Furthermore, we analytically
determine the number of RIS elements required by our
single-RF scheme for achieving the same channel capac-
ity as that of the conventional MIMO systems employing
multiple RF-chains. Explicitly, our results show that the
proposed single-RF chain RIS-based transmitter achieves
a comparable system performance to the conventional
fully-digital MIMO using multiple RF chains, while
employing low-cost passive RIS elements.

Finally, Table I explicitly contrasts our contributions to the
literature.

The rest of this paper is organized as follows. In Section II,
we present the system model, while our power allocation
methods are described in Section III. Section IV presents
the theoretical analysis of our proposed RIS-aided transmit-
ter scheme and contrast it to conventional MIMO systems.
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TABLE I
NOVELTY COMPARISON WITH THE LITERATURE.

Our paper [12] [13] [14] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27]

RIS-based modulation 4 4 4 4 4 4 4 4 4 4

Single RF-chain 4 4 4 4 4 4 4 4 4 4

Multi-user 4 4 4 4 4 4

Precoding 4 4 4 4 4

Correlated channel model 4

Power allocation 4 4 4

Sum-rate maximization 4 4 4

Min-rate maximization 4

Geometric-mean-rate maximization 4 4

Our simulation results are presented in Section V, while we
conclude in Section VI.

Notations: Vectors and matrices are denoted by boldface
lower and upper case letters, respectively, (·)T and (·)H rep-
resent the operation of transpose and Hermitian transpose,
respectively, Cm×n denotes the space of m×n complex-valued
matrices, diag{a} denotes a diagonal matrix with the diagonal
elements being the elements of a in order, In represents the
n × n identity matrix, 0n represents the n × 1 zero vector,
|a| (or |a|) represent the amplitude of the complex scalar
a (or complex vector a), ‖A‖∞ denotes the infinity norm
of matrix A, fX(x) and FX(x) are the probability density
function (PDF) and cumulative distribution function (CDF)
of a random variable X , respectively, a circularly symmetric
complex Gaussian random vector with mean µ and covariance
matrix Σ is denoted as NC(µ,Σ), E[X] represents the mean
of the random variable X .

II. SYSTEM MODEL

The proposed RIS-assisted downlink model is illustrated in
Fig. 1, where a single RF-chain generates an unmodulated sine
carrier wave of power Es and frequency fc, for illuminating
the N -element passive RIS. The RIS controller configures
the reflection coefficients, including the amplitude and phase
shift, of each RIS reflecting element, based on the multi-
user information1. At the receiver, K single-antenna users are
randomly distributed among a circ, obeying the PPP.

Compared to conventional massive MIMO systems, our
proposed RIS-aided transmitter system has a significantly
reduced hardware cost and complexity. In the conventional
massive MIMO systems, the baseband signals emanating from
the digital TPC are converted to RF signals by multiple active
RF-chains, and then radiated from multiple transmit antennas.
By contrast, in our proposed architecture, only a single RF-
chain is required for illuminating the RIS, and the multi-user
information is passively precoded based on the configuration
of RIS elements, yielding a low-complexity MIMO system.

As seen in [19], [22], [23], [27], and in Fig. 1, the RF
generator is close to the RIS, and its power can be focused on

1For M -ary signals and K users we have MK possible multi-user signal
combinations.
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Fig. 1. Illustration of the RIS-aided single-RF downlink transmitter system
model, including a base station (BS) with N -element RIS empowered by a
single-RF generator, transmitting information to K single-antenna users.

the RIS by a horn antenna without path-loss. Therefore, the
signal y ∈ CK×1 received by the K users is formulated as:

y = Hx + q = HPΛs + q, (1)

where H = [h1,h2, · · · ,hK ]H ∈ CK×N with hH
k ∈ C1×N

being the channel vector of the links spanning from the N
RIS elements to the kth user, q ∼ NC(0K , σ

2
qIK) ∈ CK×1

is the circularly symmetric complex Gaussian noise, and
x = PΛs ∈ CN×1 is the baseband signal mapped to the RIS
elements, in which s ∈ CK×1 is the multi-user information
symbol vector, P ∈ CN×K is the TPC matrix and Λ ∈ CK×K
is the power allocation matrix, which will be detailed in
Section III.

A. Channel Model

In most treatises [19]–[27], the signals reflected by all RIS
elements to the user are assumed to undergo independent fad-
ing, i.e. all N entries of the channel vector hH

k are considered
independent. This assumption is only valid when the distance
between the adjacent RIS elements is large enough [28].
However, in practical RIS scenarios, the entries in the channel
vector hH

k are correlated due to the limited physical size of
the RIS. As in [28], we employed the classic exponential
correlation channel model [29] for representing the channel
fading between the RIS and the users. Additionally, given the
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mobility of users, we assume that the signals between the RIS
and users experience Rician fading [30], [31]. The channel
vector hk is given by

hk =
√
υkwk, k = 1, 2, · · · ,K, (2)

where the path-loss from the RIS to the kth user is υk =
%0d
−α
k , with %0 representing the path-loss at the reference

distance of 1 meter, α representing the path-loss exponent
from the RIS to the users, and dk representing the distance
between the RIS and the kth user, and wk is the small-scale
fading of the links spanning from the RIS to the kth user,
given by

wH
k ∼ NC

(√ κ

1 + κ
wH
k ,

1

1 + κ
R
)
, (3)

with R being the covariance matrix of the non-line-of-sight
(NLoS) component of the channel vector wH

k , and κ denoting
the Rician factor. Furthermore, wH

k represents the line-of-sight
(LoS) component given by

wH
k =

[
1, · · · , e−j2πfcd0(nx sinψ(k) cosϕ(k)+ny cosψ(k)), · · · ,

e−j2πfcd0((Nx−1) sinψ(k) cosϕ(k)+(Ny−1) cosψ(k))
]H
, (4)

where Nx and Ny represent the number of RIS elements at
the vertical and horizontal direction, respectively, 0 ≤ nx ≤
Nx − 1, 0 ≤ ny ≤ Ny − 1. d0 is the distance between
adjacent RIS elements, and ψ(k) and ϕ(k) are the elevation
and azimuth angle of departure (AoD) of the signals from the
RIS to the kth user, respectively. According to the exponential
correlation channel model [29], R is determined by the
distance between the adjacent RIS elements. The (n1, n2)th
entry in R is rn1,n2 = exp(− δn1,n2

δ0
), where δn1,n2 is the

distance between the n1th and n2th RIS element, while δ0
is a constant that controls the level of correlation. For a user
equipment, δ0 would be around half a wavelength, whereas
for a base station it could be as high as tens of wavelengths
[32]. We represent the path-loss from the RIS to all K users
as Υ = diag{υ1, υ2, · · · , υK}, and the small-scale fading
from the RIS to all K users as W = [w1,w2, · · · ,wK ]H.
Therefore, the equivalent channel matrix between the RIS and
all K users is given by

H =
√

ΥW. (5)

We assume the instantaneous CSI, i.e. W, can be attained at
the BS. In practice this is acquired by channel estimation, as
detailed in [33].

B. Configuration of RIS Elements

As shown in Fig. 1, the RIS elements are employed for
modulating the baseband signal x, where the reflection coef-
ficient Φn of the nth RIS element is configured based on the
complex value xn. In the following, the details of configuring
the reflection coefficients, including the amplitude and phase
shift, are presented.

In each RIS reflecting element, the reflection coefficient Φn
is controlled by the configurable load impedance Z(n)

L , given

by [34]

Φn =
Z

(n)
L − Z0

Z
(n)
L + Z0

, (6)

where Z0 is the free space impedance, usually set as Z0 = 50Ω
[35]. The corresponding amplitude βn and phase shift θn of
the reflection coefficient Φn can be written as

βn =
∣∣∣Z(n)

L − Z0

Z
(n)
L + Z0

∣∣∣, (7)

θn = arctan
(Z(n)

L − Z0

Z
(n)
L + Z0

)
. (8)

Based on [36], the circuit of configurable load impedance Z(n)
L

is shown in Fig. 1, including a bottom layer inductance Lbot,
a top layer inductance Ltop, a variable resistance Rn, and a
variable capacitance Cn. The equivalent load impedance Z(n)

L

is given by

Z
(n)
L =

jωLbot(jωLtop + 1
jωCn

+Rn)

jωLbot + jωLtop + 1
jωCn

+Rn
. (9)

The value of the load impedance Z
(n)
L can be configured

by controlling the variable resistance Rn and the variable
capacitance Cn. To independently control the amplitude βn
in (7) and the phase shift in (8) by configuring the load
impedance Z(n)

L , we can employ the following two methods.

First, according to [25], [26], a non-linear modulation
technique maybe employed for configuring the reflection coef-
ficients. Specifically, in each time slot (TS) of duration Ts, the
baseband signal xn(t) on the nth RIS element is defined under
the constant envelope constraint as xn(t) = ej

∆ϕ
Ts

(t+Ts−t0) for
0 ≤ t ≤ t0, and xn(t) = ej

∆ϕ
Ts

(t−t0) for t0 < t ≤ Ts, where
t0 is the circular time shift and ∆ϕ

Ts
characterizes the changing

rate of the phase that varies linearly with time. The reflection
coefficient Φn is determined by the first harmonic of xn(t),
as detailed in [26]. More explicitly, the amplitude of the first
harmonic is determined by adjusting ∆ϕ and its phase shift
by adjusting t0. Since the amplitude of the harmonic of xn(t)
is given by |sinc(∆ϕ

2 − π)|, the amplitude of the reflection
coefficient would satisfy 0 ≤ βn ≤ 1.

The second method is based on [37], [38], where the
amplitude βn and phase shift θn were shown to be controlled
independently by configuring the resistance Rn and capaci-
tance Cn of the configurable load impedance circuit in the
RIS element. Therefore, we opt for employing the following
method for independently controlling the amplitude βn and
phase shift θn by configuring the load impedance Z(n)

L . We
denote the resistance component and the reactance component
of the load impedance Z(n)

L as R(n)
L and X

(n)
L , respectively,

i.e. Z(n)
L = R

(n)
L + jX

(n)
L . According to (6), the reflection

coefficient Φn is given by

Φn =
R

(n)
L − Z0 + jX

(n)
L

R
(n)
L + Z0 + jX

(n)
L

. (10)
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Fig. 2. The relationship between the reflection coefficient Φn and the
configurable load impedance Z(n)

L , where Φn = βnej2πθn and Z
(n)
L =

R
(n)
L + jX

(n)
L .

Based on (7) and (10), we can get(
R

(n)
L − 1 + β2

n

1− β2
n

Z0

)2

+
(
X

(n)
L

)2

=
( 2βn

1− β2
n

Z0

)2

, (11)

which means that for a given amplitude βn, the load
impedance Z

(n)
L should be configured on a circle having

the center of
( 1+β2

n

1−β2
n
Z0, 0

)
and radius of 2βn

1−β2
n
Z0 for getting

different phase shifts θn ranging from −π to π. Note that
the load impedance Z(n)

L is located on the point (Z0, 0) for
βn = 0, and distributed on the imaginary axis R(n)

L = 0 for
βn = 1. Fig. 2 shows the relationship between the reflection
coefficient Φn and the configurable load impedance Z

(n)
L ,

where we have Φn = βnej2πθn and Z
(n)
L = R

(n)
L + jX

(n)
L .

As shown in Fig. 2, the amplitude and the phase shift of the
reflection coefficient Φn can be controlled independently by
configuring the resistance component R(n)

L and the reactance
component X(n)

L of the load impedance Z(n)
L , as reported in

[38]. Additionally, given that the resistance R
(n)
L is a non-

negative value, the amplitude of βn would satisfy 0 ≤ βn ≤ 1.

In summary, in this section we discussed two methods of
independently controlling the amplitude and the phase shift
of the reflection coefficient with the values in the following
ranges:

0 ≤ βn ≤ 1, (12)

−π ≤ θn < π. (13)

The reflection coefficients of all RIS elements can be described
as a vector Φ ∈ CN×1, given by

Φ = [Φ1, · · · ,ΦN ]T = [β1ejθ1 , · · · , βNejθN ]T. (14)

In the following sections, we will show how the reflection
coefficients are configured for realizing multi-user information
transmission.

C. Transmit Precoding Scheme

In this section, we present the design of the baseband
signal x on the RIS to realize the transmission of the multi-
user information s. In the conventional MIMO system, the
baseband signal can be represented by x = PΛs, with the
TPC P and power allocation Λ applied to the multi-user
information s, while employing multiple RF-chains. In our
RIS-aided single-RF system model, the aim is to design the
baseband signal on the RIS to achieve a similar effect to that of
x = PΛs, while employing a single-RF aided design, rather
than the conventional multiple-RF MIMO design.

In the following, we employ the ZF TPC method as a
design example, but other TPC schemes may also be readily
harnessed. The ZF TPC matrix is given by [39]

P = [p1, · · · ,pK ] =
√
NWH(WWH)−1, (15)

where pk is the TPC vector configured for the kth user, and the
constant parameter

√
N is employed for ensuring E[‖pk‖2] =

1. The baseband signal x can be formulated as

x =

K∑
k=1

√
λkpksk, (16)

where sk is the M -ary PSK information symbol destined for
the kth user2, i.e., sk ∈ SM−PSK, where SM−PSK is the set of
M -PSK modulated symbols, and λk is the power allocated to
the kth user.

In our system model, the single RF generator of Fig. 1
distributes the power of Es evenly among the N RIS elements,
followed by the phase and amplitude configuration. Then the
signal is reflected to the users. Thus, the power impinging on
each RIS element is Es

N , while the power reflected from the
nth RIS element is β2

n
Es
N . The total power reflected from all

N RIS elements, denoted as Er, is given by

Er =

N∑
n=1

(
β2
n

Es
N

)
=
Es
N

N∑
n=1

β2
n = Esξ, (17)

where ξ = 1
N

∑N
n=1 β

2
n is the average power reflectance of

all RIS elements. Since 0 ≤ βn ≤ 1, the power reflectance
should satisfy 0 ≤ ξ ≤ 1. Therefore, we get

λ1 + λ2 + · · ·+ λK = Er = Esξ. (18)

We now introduce λk = Esξλ
′
k, where λ′k is the power sharing

ratio of the kth user, satisfying

λ′1 + λ′2 + · · ·+ λ′K = 1. (19)

Then, the baseband signal x can be expressed as

x =

K∑
k=1

√
Esξλ′kpksk. (20)

The operation in (20), including the design of TPC matrix
and the power allocation algorithm, is completed by the RIS
controller, while further details of the power allocation are
included in Section III.

2Other modulation methods, such as QAM, are also readily applicable to
our proposed system model.
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Once the baseband signal x is evaluated in the RIS con-
troller using (20), given that the power impinging on each RIS
element is Es

N , the RIS elements are appropriately configured
to modulate the baseband signal x by adjusting the reflection
coefficients as √

Es
N

Φ = x. (21)

According to (12), since the RIS reflecting elements are
passive, the power reflectance ξ and the power sharing ratio
λ′1, · · · , λ′K should satisfy the condition that the maximum
amplitude of all elements in Φ is not higher than unity for all
possible information symbol vectors s, i.e.,

max
sk∈SM−PSK

∥∥∥ K∑
k=1

√
Esξλ′kpksk

∥∥∥
∞
≤
√
Es
N
, (22)

which can be simplified as

max
sk∈SM−PSK

∥∥∥ K∑
k=1

√
Nξλ′kpksk

∥∥∥
∞
≤ 1. (23)

It can be shown that the power reflectance ξ is dependent
on the TPC matrix P, which is determined by the channel
vector between the RIS and the users as well as by the TPC
method used, plus by the power sharing ratio λ′1, · · · , λ′K of
each user. These ratios are determined by the power allocation
method, but they are independent of the specific transmitted
information. However, (23) has a high computational com-
plexity, when determining the amplitude of the transmitted
signal in x for all possible MK information symbol vector s,
especially when the number of users K and the modulation
order M increases. Since the PSK-modulated signal sk has
a constant envelope, it can be observed that |pksk| ≤ |pk|.
According to the Cauchy-Schwarz inequality, we can get

max
sk∈SM−PSK

∥∥∥ K∑
k=1

√
Nξλ′kpksk

∥∥∥
∞
≤
∥∥∥ K∑
k=1

√
Nξλ′k|pk|

∥∥∥
∞
,

(24)

where the equality is established when the modulation order
obeys M → ∞. Therefore, the constraint in (23) can be
simplified as ∥∥∥ K∑

k=1

√
Nξλ′k|pk|

∥∥∥
∞
≤ 1. (25)

In the following section, we present the details of designing
the power sharing, i.e. determining the power sharing ratios
λ′1, · · · , λ′K and the corresponding power reflectance ξ under
the constraints in (19) and (25).

III. POWER ALLOCATION METHODS

According to (1), (5) and (20), the kth user’s received signal
is

yk =
√
υkw

H
kx + qk

=
√
υkEsξw

H
k

K∑
l=1

√
λ′lplsl + qk

(a)
=
√
υkEsξλ′kw

H
kpksk + qk

(b)
=
√
NυkEsξλ′ksk + qk, (26)

where (a) and (b) are true since wH
kpl = 0 when k 6= l and

wH
kpl =

√
N when k = l, respectively, when employing the

ZF method. At the receiver, the information destined for the
kth user can be detected directly according to the received
signal yk. The signal-to-interference-plus-noise-ratio (SINR)
of received information at the kth user is given by

ρk =
υkEsξλ

′
k‖wH

kpk‖2

σ2
q + υkEsξ

∑
l 6=k λ

′
l‖wH

kpl‖2
=
NυkEsξλ

′
k

σ2
q

. (27)

Based on (27), the achievable rate of the kth user is expressed
as

Rk = log2(1 + ρk) = log2

(
1 +

NυkEsξλ
′
k

σ2
q

)
. (28)

Our aim here is to determine the power sharing ratio
λ′1, · · · , λ′K and the corresponding power reflectance ξ under
the constraints in (19) and (25). We then opt for the alternating
optimization (AO) technique for iteratively calculating the
power sharing ratio λ′1, · · · , λ′K and the corresponding power
reflectance ξ. Specifically, when the power reflectance ξ is
fixed, we consider three power allocation methods, including
maximizing the sum-rate, maximizing the minimum rate (min-
rate) and maximizing the geometric-mean-rate, in order to
derive the power allocation ratio λ′1, · · · , λ′K , under the con-
straint of (19). Then, when the power sharing ratio λ′1, · · · , λ′K
is fixed, we employ the bisection method for calculating the
corresponding power reflectance ξ, under the constraint of
(25).

1) Maximizing the sum-rate: According to (28), the sum-
rate of the K users is given by

Rsum =

K∑
k=1

Rk =

K∑
k=1

log2

(
1 +

NυkEsξλ
′
k

σ2
q

)
. (29)

The optimization problem of maximizing Rsum can then be
formulated as

(P1.a) max
ξ,λ′1,··· ,λ′K

K∑
k=1

log2

(
1 +

NυkEsξλ
′
k

σ2
q

)
.

s.t. λ′1 + λ′2 + · · ·+ λ′K = 1,∥∥∥ K∑
k=1

√
Nξλ′k|pk|

∥∥∥
∞
≤ 1. (30)

Firstly, when we fix the power reflectance ξ and ignore the
second constraint in (P1.a), the optimization problem (P1.a)
may be written as

(P1.b) max
λ′1,··· ,λ′K

K∑
k=1

log2

(
1 +

NυkEsξλ
′
k

σ2
q

)
.

s.t. λ′1 + λ′2 + · · ·+ λ′K = 1. (31)

The optimization problem (P1.b) may then be solved by the
classical water-filling method detailed in [29].

Secondly, when the power sharing ratio λ′1, · · · , λ′K is
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Algorithm 1 Alternating optimization method conceived for
maximizing sum-rate/min-rate/geometric-mean-rate power al-
location schemes.
Input: [p1, · · · ,pK ] =

√
NWH(WWH)−1, initial ξmin,

initial ξmax, Esσ2
q

, υ1, · · · , υK , εξ, and iteration times T .
1: For t = 1 to T
2: ξ(t) = ξmin+ξmax

2 .
3: [λ

′(t)
1 , · · · , λ′(t)K ] = fsum(Esσ2

q
, ξ(t), υ1, υ2, · · · , υK),

4: or [λ
′(t)
1 , · · · , λ′(t)K ] = fmin(υ1, · · · , υK),

5: or [λ
′(t)
1 , · · · , λ′(t)K ] = fGM(Esσ2

q
, ξ(t), υ1, υ2, · · · , υK).

6: Repeat
7: if

∥∥∑K
k=1

√
Nξ(t)λ

′(t)
k |pk|

∥∥
∞ < 1− εξ,

8: ξmin = ξ(t);

9: elseif
∥∥∑K

k=1

√
Nξ(t)λ

′(t)
k |pk|

∥∥
∞ > 1,

10: ξmax = ξ(t).
11: end
12: ξ(t) = ξmin+ξmax

2 .

13: Until 1− εξ ≤
∥∥∑K

k=1

√
Nξ(t)λ

′(t)
k |pk|

∥∥
∞ ≤ 1.

14: end
15: Return Power allocation ratio λ′(t)1 , · · · , λ′(t)K , and power

reflectance ξ(t).

obtained, we can employ the bisection method in order to find
the power reflectance ξ that satisfies the second constraint in
(P1.a).

The detailed process of the alternating optimization method
conceived for maximizing the sum-rate is presented in Algo-
rithm 1, where ξmin is the lower bound of ξ and the initial ξmin
can be set to 0, ξmax is the upper bound of ξ and the initial
ξmax can be set to 1. Furthermore, εξ is the maximum tolerable
error of ξ and [λ′1, · · · , λ′K ] = fsum(Esσ2

q
, ξ, υ1, · · · , υK) is the

function of calculating the power sharing ratio of each user by
employing the classic water-filling method, given Es

σ2
q

, ξ, and
υ1, · · · , υK .

2) Maximizing the min-rate: Although maximizing the
sum-rate achieves the highest possible throughput of the whole
system, it is typically unfair for the users who have poor
channel condition. This is because most of the power is
allocated to the users having good channel conditions. This
often leaves near-zero rate for users having low SNR. By
contrast, maximizing the min-rate based power sharing method
maximizes the min-rate of all users. According to (28), the
minimum rate of all K users, denoted as Rmin, is given by

Rmin = min
k=1,··· ,K

Rk = min
k=1,··· ,K

log2

(
1 +

NυkEsξλ
′
k

σ2
q

)
.

(32)

The problem of maximizing Rmin is formulated as

(P2.a) max
ξ,λ′1,··· ,λ′K

min
k=1,··· ,K

log2

(
1 +

NυkEsξλ
′
k

σ2
q

)
s.t. λ′1 + λ′2 + · · ·+ λ′K = 1,∥∥∥ K∑

k=1

√
Nξλ′k|pk|

∥∥∥
∞
≤ 1. (33)

Firstly, we fix the power reflectance ξ and ignore the second
constraint in (P2.a). Then the optimization problem (P2.a) can
be written as

(P2.b) max
λ′1,··· ,λ′K

min
k=1,··· ,K

log2

(
1 +

NυkEsξλ
′
k

σ2
q

)
s.t. λ′1 + λ′2 + · · ·+ λ′K = 1. (34)

The optimization problem (P2.b) is equivalent to ensuring that
the spectral efficiency of all K users is the same. Therefore,
we have:

υ1λ
′
1 = υ2λ

′
2 = · · · = υKλ

′
K . (35)

Since λ′1 +λ′2 + · · ·+λ′K = 1, the power sharing ratio of each
user is given by

λ′k =
1
υk

1
υ1

+ 1
υ2

+ · · ·+ 1
υK

, k = 1, 2, · · · ,K. (36)

According to (36), we can find that λ′k is entirely determined
by υ1, · · · , υK .

Secondly, when the power sharing ratio λ′1, · · · , λ′K is fixed,
similar to maximizing the sum-rate, we can employ the bisec-
tion method for finding the maximum of the power reflectance
ξ satisfying the second constraint in (P2.a). The detailed
process of the alternating optimization method conceived for
the maximizing the min-rate is shown in Algorithm 1, where
[λ′1, · · · , λ′K ] =fmin(υ1, · · · , υK) is the function of calculating
the power sharing ratio of each user by maximizing the min-
rate according to (36), given υ1, · · · , υK .

3) Maximizing the geometric-mean-rate: It is meaningful to
explore maximizing the geometric-mean-rate as well, since it
shows a substantially improved rate-fairness amongst the users
[12]. According to (28), the geometric-mean of the achievable
rate of all K users, denoted as RGM, is given by [12]

RGM =

(
K∏
k=1

Rk

) 1
K

=

(
K∏
k=1

log2

(
1 +

NυkEsξλ
′
k

σ2
q

)) 1
K

.

(37)

The problem of maximizing RGM is formulated as

(P3.a) max
ξ,λ′1,··· ,λ′K

K∏
k=1

log2

(
1 +

NυkEsξλ
′
k

σ2
q

)
.

s.t. λ′1 + λ′2 + · · ·+ λ′K = 1,∥∥∥ K∑
k=1

√
Nξλ′k|pk|

∥∥∥
∞
≤ 1. (38)

Firstly, when we fix the power reflectance ξ and ignore the
second constraint in (P3.a), the optimization problem (P3.a)
can be written as

(P3.b) max
λ′1,··· ,λ′K

K∏
k=1

log2

(
1 +

NυkEsξλ
′
k

σ2
q

)
.

s.t. λ′1 + λ′2 + · · ·+ λ′K = 1. (39)
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Algorithm 2 Double-loop bisection method conceived for cal-
culating the power allocation ratio in maximizing geometric-
mean-rate method.
Input: η1 = EsNυ1ξ

σ2
q

, · · · , ηK = EsNυKξ
σ2
q

, εc, and ελ.
1: cmin = min

k=1,2,··· ,K
ηk

(1+
ηk
K ) ln(1+

ηk
K )

.

2: cmax = max
k=1,2,··· ,K

ηk
(1+

ηk
K ) ln(1+

ηk
K )

.

3: Repeat
4: c = cmin+cmax

2 .
5: for k = 1 to K
6: λ′kmin =

√
1+

4ηk
c −1

2ηk
.

7: λ′kmax = max
{ ηk

c −1

ηk
, e−1
ηk

}
.

8: Repeat
9: λ′k =

λ′kmin+λ
′
kmax

2 .
10: if ηk

(1+ηkλ′k) ln(1+ηkλ′k) ≥ 1 + ελ,
11: λ′kmin = λ′k;
12: elseif ηk

(1+ηkλ′k) ln(1+ηkλ′k) ≤ 1− ελ,
13: λ′kmax = λ′k.
14: end
15: Until 1− ελ < ηk

(1+ηkλ′k) ln(1+ηkλ′k) < 1 + ελ.
16: end
17: if λ′1 + λ′2 + · · ·+ λ′K ≥ 1,
18: cmin = c;
19: elseif λ′1 + λ′2 + · · ·+ λ′K ≤ 1− εc,
20: cmax = c.
21: end
22: Until 1− εc < λ′1 + λ′2 + · · ·+ λ′K < 1.
23: Return Power allocation ratio λ′1, · · · , λ′K .

The problem (P3.b) is equivalent to

(P3.c) max
λ′1,··· ,λ′K

K∑
k=1

ln ln
(

1 +
NυkEsξλ

′
k

σ2
q

)
.

s.t. λ′1 + λ′2 + · · ·+ λ′K = 1. (40)

The problem (P3.c) may then be solved by using the classic
Lagrange multiplier method from the calculus of variations
[29]. Hence, we can formulate our problem as

J(λ′1, · · · , λ′K) =

K∑
k=1

ln ln
(

1 +
NυkEsξλ

′
k

σ2
q

)
+ c

K∑
k=1

λ′k,

(41)

where c is a constant called the Lagrange multiplier. Then,
we take the partial derivative of J with respect to the power
sharing variables to be optimized λ′1, · · · , λ′K and set them
equal to zero, which results in

∂J

∂λ′k
=

NυkEsξ
σ2
q(

1 +
NυkEsξλ′k

σ2
q

)
ln
(
1 +

NυkEsξλ′k
σ2
q

) + c = 0. (42)

Upon introducing ηk = NυkEsξ
σ2
q

, (42) can be written as

∂J

∂λ′k
=

ηk
(1 + ηkλ′k) ln(1 + ηkλ′k)

+ c = 0. (43)

It is intractable to derive the closed-form solution of (43),

hence we resort to numerical methods to find λ′k as follows.
Since it may be readily observed that ηk

(1+ηkλ′k) ln(1+ηkλ′k)

is a monotonically decreasing function in the interval λ′k ∈
[0, 1], the equation in (43) has a unique solution. We can
employ the double-loop based bisection method to determine
λ′1, · · · , λ′K under the constraint of λ′1 + λ′2 + · · · + λ′K = 1
and (43). The detailed process of the double-loop bisection
method conceived for calculating the power sharing ratio in
maximizing the geometric-mean-rate is shown in Algorithm
2, where εc is the maximum tolerable error of the outside
bisection loop (from line 3 to line 22), and ελ is that of the
inside bisection loop (from line 8 to line 15). In the inner
loop, we fix the constant value c and find λ′1, · · · , λ′K by
the bisection method. According to the value of λ′1, · · · , λ′K
obtained from the inner bisection loop, we find the value
of c in the outer bisection loop. We denote the solution
of maximizing the geometric-mean-rate in Algorithm 2 as
[λ′1, · · · , λ′K ] = fGM(Esσ2

q
, ξ, υ1, · · · , υK).

Afterwards, we can employ the classic alternating opti-
mization method to find the optimal power sharing ratio
λ′1, · · · , λ′K and the corresponding power reflectance ξ for
maximizing the geometric-mean-rate. The detailed process of
the alternating optimization method conceived for maximizing
the geometric-mean-rate is shown in Algorithm 1, where
[λ′1, · · · , λ′K ] = fGM(Esσ2

q
, ξ, υ1, · · · , υK) is the function of

calculating the power sharing ratio of each user by employing
the double-loop bisection method in Algorithm 2, given Es

σ2
q

,
ξ, and υ1, · · · , υK .

Proposition 1. The objective value of (P1.a), (P2.a) and
(P3.a) converges over multiple iterations by applying Algo-
rithm 1.

Proof: Here we present the proof for the conver-
gence of the objective value of (P1.a) as follows, and
that of (P2.a) and (P3.a) can be attained similarly. We
denote the objective value of (P1.b) based on a fea-
sible solution (ξ, λ′1, · · · , λ′K) as g(ξ, λ′1, · · · , λ′K). As
shown in Algorithm 1, if there exists a feasible solu-
tion to the optimization between line 6 and line 13, i.e.
(ξ(t+1), λ

′(t)
1 , · · · , λ′(t)K ) exists, it is also feasible for the opti-

mization of problem (P1.b). Thus, (ξ(t), λ
′(t)
1 , · · · , λ′(t)K ) and

(ξ(t+1), λ
′(t+1)
1 , · · · , λ′(t+1)

K ) in line 3 are feasible solutions of
the problem (P1.b) in the tth and (t+1)th iterations, respective-

ly. Then, we can show that g(ξ(t+1), λ
′(t+1)
1 , · · · , λ′(t+1)

K )
(a)

≥
g(ξ(t+1), λ

′(t)
1 , · · · , λ′(t)K )

(b)
= g(ξ(t), λ

′(t)
1 , · · · , λ′(t)K ), where (a)

is established due to the fact that λ′(t+1)
1 , · · · , λ′(t+1)

K is the
optimal solution to the problem (P1.b) for a given ξ(t+1),
and (b) is established since the objective function of (P1.b)
is independent of ξ and only depends on λ′1, · · · , λ′K .

IV. PERFORMANCE ANALYSIS

In this section, we theoretically derive the ergodic rate, sym-
bol error probability, outage probability, and coverage range
for our proposed RIS-aided single-RF downlink multi-user
transmitter architecture, and compare it to the corresponding
performance in the conventional MIMO systems.
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The derivation of the closed-form performance analysis for
our proposed architecture is intractable, because we do not
have the closed-form expression of the power allocation. For
ease of comparison with the conventional MIMO systems,
we assume that the entries in the channel vector hk are
uncorrelated, i.e. R = IN , which can be viewed as the
upper bound of the correlated channel case as shown in the
simulation results. We also assume that all the users have the
same large-scale fading, i.e. υ1 = υ2 = · · · = υK = υ, which
reveals that the power is evenly allocated to all the users, i.e.
λ′1 = λ′2 = · · · = λ′K = 1

K , and all users have the same SINR
of the received information, i.e. ρ1 = ρ2 = · · · = ρK = ρ.

According to (27), the SINR of the received information at
each user is given by

ρ =
NυEsξ

σ2
qK

, (44)

and the constraint in (25) is given by∥∥∥ K∑
k=1

√
ξ

√
N

K
|pk|

∥∥∥
∞
≤ 1. (45)

Therefore, the maximum value of the power reflectance ξ is

ξ =
K

N‖P‖2∞
=

K

N2
∥∥WH(WWH)

−1∥∥2

∞

. (46)

When the number N of RIS elements is large enough, the row
vectors in W are approximately orthogonal due to the channel
hardening, i.e. WWH = NIK [39]. Hence, we have

ξ =
K∥∥WH
∥∥2

∞

=
1∥∥ 1√

K
WH

∥∥2

∞

. (47)

We denote the sum of the absolute values of the entries in the
nth row of the matrix 1√

K
WH as Un, i.e.

Un =
1√
K

K∑
k=1

|wn,k|, (48)

where the RIS index is n = 1, 2, · · · , N , the user index is
k = 1, 2, · · · ,K, and wn,k represents the (n, k)th element in
the matrix W. Therefore, we have

ξ =
1

U2
max

, (49)

where Umax = maxn=1,2,··· ,N Un. Since all the elements in
W independently follow identical complex Gaussian distribu-
tions with unity variance, the amplitude of wk,n follows the
Rician distribution with the shape parameter κ and the scale
parameter of 1 [13]. We employ the method of moments for
approximating the distribution of Un as follows. The first and
second moment of |wk,n| are given by

E[|wn,k|] =

√
π

4(1 + κ)
L 1

2
(−κ), (50)

and

E[|wn,k|2] = 1, (51)

where L 1
2
(·) denotes a Laguerre polynomial. The mean of Un

is given by

E[Un] =
1√
K

K∑
k=1

E[|wn,k|] =

√
Kπ

4(1 + κ)
L 1

2
(−κ). (52)

The second moment of Un is formulated as:

E[U2
n]

=(
1√
K

)2E

[
K∑
k=1

|wn,k|2 +

K−1∑
k1=1

K∑
k2=k1+1

|wn,k1 ||wn,k2 |

]

=
1

K

[
K∑
k=1

E[|wn,k|2] +

K−1∑
k1=1

K∑
k2=k1+1

E[|wn,k1
|]E[|wn,k2

|]

]

=1 +
(K − 1)π

4(1 + κ)
L2

1
2
(−κ). (53)

Therefore, based on the moment-matching method, Un ap-
proximately obeys the Gamma distribution

Un ∼ Gamma(µ, ν), (54)

where µ is the shape parameter given by

µ =
(E[Un])2

E[U2
n]− (E[Un])2

=

Kπ
(1+κ)L

2
1
2

(−κ)

4− π
(1+κ)L

2
1
2

(−κ)
, (55)

and ν is the scale parameter given by

ν =
E[U2

n]− (E[Un])2

E[Un]
=

4− π
(1+κ)L

2
1
2

(−κ)

2
√

Kπ
(1+κ)L 1

2
(−κ)

. (56)

The PDF and the CDF of Un are given by

fUn(u) =
uµ−1 exp(−uν )

Γ(µ)νµ
, (57)

FUn(u) =
Γli(

u
ν ;µ)

Γ(µ)
, (58)

where Γ(µ) is the gamma function, and Γli(·;µ) is the lower
incomplete gamma function with parameter µ [40]. According
to order statistics, the PDF and CDF of Umax is given by [41]

fUmax(u) = N(FUn(u))N−1fUn(u)

= N

[
Γli(

u
ν ;µ)

Γ(µ)

]N−1
uµ−1 exp(−uν )

Γ(µ)νµ
, (59)

and

FUmax
(u) = [FUn(u)]N =

[
Γli(

u
ν ;µ)

Γ(µ)

]N
, (60)

respectively.

A. Ergodic Rate

The egodic rate of each user is given by

R = E[log2(1 + ρ)]

= E
[

log2

(
1 +

NυEsξ

σ2
qK

)]
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(a)
=

∫ ∞
0

fUmax
(u) log2

(
1 +

NυEs
σ2
qKu

2

)
du, (61)

where (a) is based on (49). Since f(x) = log2(1 + 1
x ) is a

convex function, we can formulate the lower bound of the
ergodic rate of each user as

R(LB) = log2

(
1 +

NυEs

σ2
qKE[ 1

ξ ]

)
= log2

(
1 +

NυEs
σ2
qKE[U2

max]

)
,

(62)

where E[U2
max] =

∫∞
0
u2fUmax(u)du is the second moment

of Umax, which is a fixed value for a given number of users
K, Rician factor κ and number of RIS elements N , and it
can be calculated by a numerical method such as the Gauss
quadrature [42].

Observe in (62) that when the number of RIS elements
obeys N → ∞, the lower bound of the ergodic rate of each
user increases exponentially with the transmit power Es.

On the other hand, for the sake of comparison, in the
conventional fully-digital MIMO, we assume that the number
of RF-chains is NRF. Then the rate upper bound is given by

R(UB)
MIMO = log2

(
1 +

NRFυEs
σ2
qK

)
, (63)

where the upper bound can be obtained when considering a
perfectly-known LoS channel.

Hence, based on (62) and (63), it can be shown that our
proposed RIS-aided single RF-chain based architecture having
N passive RIS elements achieves the same channel capacity as
the conventional fully-digital MIMO system employing NRF =
Nξ = N

E[U2
max]

RF-chains.

B. Symbol Error Probability

Since the M -PSK modulation scheme is employed by
our proposed RIS-aided single-RF downlink transmitter, the
theoretical symbol error probability is given by [43]

Pe = E
[ 1

π

∫ (M−1)π
M

0

exp
(
− ρ ·

sin2( πM )

sin2 t

)
dt
]

= E
[ 1

π

∫ (M−1)π
M

0

exp
(
− NυEsξ

σ2
qK

·
sin2( πM )

sin2 t

)
dt
]

=
1

π

∫ (M−1)π
M

0

∫ ∞
0

fUmax(u)×

exp
(
− NυrEs
σ2
nKu

2
·

sin2( πM )

sin2 t

)
dudt.

(a)

≤ 1

π

∫ (M−1)π
M

0

exp
(
− NυEs
σ2
qKE[U2

max]
·

sin2( πM )

sin2 t

)
dt

(b)

≤ 2(M − 1)

M
Q

(√
2NυEs

σ2
qKE[U2

max]
· sin(

π

M
)

)
, (64)

where (a) holds, since f(x) = exp(− 1
x ) is a concave function,

and (b) applies the Chernoff bound to the Gaussian Q-function
[43]. It can be shown that the RIS-based modulation scheme
experiences a symbol error performance degradation if either
the modulation order M or the number of users K are
increased. However, RISs benefit from having large values

of N to counteract the detrimental effect of increasing the
modulation order. This increases the energy efficiency of
Internet of things networks, which can rely on high-order
constellations to support extremely high data rates and large
number of users. Furthermore, based on (64), when the number
of RIS elements obeys N →∞, the symbol error probability
exponentially decreases with the increase of the transmit power
Es.

On the other hand, the symbol error probability lower bound
of the high-complexity fully-digital MIMO systems is given
by [43]

P (LB)
e,MIMO =

1

π

∫ (M−1)π
M

0

exp
(
− NRFυEs

σ2
qK

·
sin2( πM )

sin2 t

)
dt

(a)

≤ 2(M − 1)

M
Q

(√
2NRFυEs
σ2
qK

· sin(
π

M
)

)
, (65)

where (a) applies the Chernoff bound to the Gaussian Q-
function [43].

Similar to the ergodic capacity analysis in (62), it can
be shown from (64) and (65) that our proposed RIS-aided
single RF-chain architecture having N passive RIS elements
achieves the same symbol error probability performance as
the high-complexity fully-digital MIMO system employing
NRF = Nξ = N

E[U2
max]

RF-chains.

C. Outage Probability

The outage probability, denoted as Pout, is defined as the
probability that the SINR ρ is lower than a given threshold
SINR ρth, i.e. Pout = Pr(ρ < ρth).

According to (44) and (60), the outage probability is for-
mulated as

Pout = Pr(ρ < ρth)

= Pr
(√1

ξ
>

√
NυEs
σ2
qKρth

)
= 1− FUmax

(√
NυEs
σ2
qKρth

)

= 1−

[
Γli

(√
NυEs

σ2
qKν

2ρth
;µ
)

Γ(µ)

]N
. (66)

Observe in (66) that the outage probability tends to 0 when
the transmit power obeys Es → ∞ or the number of RIS
elements obeys N →∞.

For comparison, the outage probability of conventional
fully-digital MIMO systems in the LoS channels, which can
be viewed as the lower bound outage probability of practical
fading channels, denoted as P (LB)

out,MIMO, is given by

P (LB)
out,MIMO =

1 , Es <
σ2
qKρth

υNRF

0 , Es ≥
σ2
qKρth

υNRF

. (67)

D. Coverage Range

The coverage range, denoted as dcov, is defined as the
maximum distance, where the SINR ρ is not lower less than



11

-27 -22 -17 -12 -7 -2 3 8 13
0

3

6

9

12

Fig. 3. Comparison of the ergodic rate versus γ for the conventional MIMO
and the proposed RIS-based single-RF downlink transmitter system.

a given threshold SINR ρth with the probability of (1−Pout).
Thus,

Pr
(Esυd−αrcov Nξ

σ2
qK

≥ ρth

)
= 1− Pout. (68)

Then, the coverage range can be formulated as

dcov =

(√
σ2
qKρth

EsυN
F−1
Umax

(1− Pout)

)− 2
αr

, (69)

where F−1
Umax

(·) represents the inverse function of FUmax(·).
According to (60) and (69), we can show that

F−1
Umax

(Pout) = Γ−1
li (νΓ(µ) N

√
1− Pout;µ), (70)

where Γ−1
li (·;µ) represents the inverse function of Γli(·;µ).

Then, using (69) and (70), we can formulate the coverage
range as

dcov =

(
EsυN

σ2
qKρth

(
Γ−1

li (νΓ(µ) N
√

1− Pout;µ)
)2

) 1
αr

. (71)

For comparison, the coverage range upper bound of the con-
ventional fully-digital MIMO systems, denoted as d(UB)

cov,MIMO,
should satisfy that(EsυNRF

σ2
qK

)(
d(UB)

cov,MIMO

)−αr
= ρth. (72)

According to (72), we arrive at:

d(UB)
cov,MIMO =

(EsυNRF

σ2
qKρth

) 1
αr
. (73)

It can be shown from (71) and (73) that our proposed
RIS-aided single RF-chain architecture having N passive
RIS elements achieves the same coverage range as the
conventional fully-digital MIMO system employing NRF =

N(
Γ−1

li (νΓ(µ) N
√

1−Pout;µ)
)2 RF-chains.

V. PERFORMANCE RESULTS AND ANALYSIS

In this section, the theoretical and simulation results of the
ergodic rate, symbol error probability, outage probability, and
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Fig. 4. Comparison of the symbol error probability versus γ for the con-
ventional MIMO and the proposed RIS-based single-RF downlink transmitter
system.
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Fig. 5. Comparison of the outage probability versus γ for the conventional
MIMO and the proposed RIS-based single-RF downlink transmitter system.
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Fig. 6. Comparison of the coverage range versus γ for the conventional
MIMO and the proposed RIS-based single-RF downlink transmitter system.

coverage range of our system are presented, and compared to
that of the conventional MIMO systems. Then, we characterize
the achievable rate and symbol error probability of three power
sharing methods, i.e. of maximizing the sum-rate, maximizing
the min-rate and maximizing the geometric-mean-rate, in our
proposed multi-user transmitter systems.
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Fig. 7. The relationship between the number of RF-chainsNRF in convention-
al MIMO systems and the number of RIS elements N in our proposed RIS-
aided single-RF transmitter scheme when the same ergodic rate is achieved.

A. Comparison of the Theoretical and Simulation Results

The theoretical performance of our proposed RIS-aided
transmitter architecture and the performance upper bound
of the conventional MIMO systems, derived in Section IV,
are compared in this section. Their accuracy is also verified
by simulations. Based on our comparison, we present the
number of RIS elements required for achieving the same rate
as conventional MIMO systems. Unless otherwise specified,
the system parameters employed in this section are set as:
the number of users is K = 8, the PSK modulation order
is M = 16, the distance between the BS and the users
is d = 100m, the path-loss at the reference distance of 1
meter is %0 = 30dB, the path-loss exponent is α = 2.4,
the noise power is σ2

q = −90dBm, the threshold SINR is
ρth = 20dB, the threshold outage probability is Pout = 0.001.
The number of RIS elements in our proposed architecture and
the number of RF-chains in the conventional MIMO are set
to N = 128, 512, 2048 and NRF = 16, 32, 64, respectively.
Similarly to [19]–[22], we consider the worse channel fading
case, i.e. the Rician factor κ = 0. Furthermore, we define the
SNR at the receiver side as γ = υEs

σ2
qK

.
In Figs. 3 - 6 we show the theoretical (theo.) as well as

simulation (simu.) results for the ergodic rate, symbol error
probability, outage probability, and coverage range versus the
SNR at the receiver side γ for both our proposed architecture
and for the conventional MIMO systems. As shown in these
figures, the simulation results closely match the theoretical
analysis. The performance of our proposed scheme improves
upon increasing the number of RIS elements. Observe for our
proposed method that when the number of RIS elements is
doubled, a channel gain of 3dB is achieved, implying that the
received power is proportional to the number of RIS elements,
i.e. to the RIS area. This is similar to the conventional MIMO
systems, where doubling the number of RF-chains brings
about 3dB channel gain. When N = 2048 RIS elements are
employed, our proposed architecture succeeds in outperform-
ing the conventional MIMO systems using NRF = 64 RF-
chains. It is important to note that only a single RF-chain
is required in our proposed architecture, and the information
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Fig. 8. The simulation comparison of arithmetic-mean-rate RAM, min-rate
Rmin, and geometric-mean-rate RGM versus γ, when considering different
power allocation methods.
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Fig. 9. The simulation comparison of arithmetic-mean-rate RAM, min-
rate Rmin, and geometric-mean-rate RGM versus γ, for different channel
correlation levels.

is conveyed by using the passive RIS. Since the cost of RIS
elements is considerably lower than that of active RF-chains,
our proposed RIS-aided single RF-chain architecture has lower
hardware cost than the conventional MIMO systems at the
same performance. It shows that there is a slight difference
between the theoretical analysis and the simulation results
when the number of RIS elements N = 2048, which results
from the employment of the moment-matching method for the
distribution approximation of the received SINR.

Fig. 7 shows the relationship between the number of RF-
chains NRF in conventional MIMO systems and the number of
RIS elements N in our proposed scheme, when the same rate
is achieved. Based on the analysis of Section IV-A, we showed
that NRF = Nξ = N

E[U2
max]

. Fig. 7 demonstrates that ξ (or U2
max)

is determined by the number of users. With the increase of
the number of users, more RIS elements are required by our
proposed architecture to get the same rate as the conventional
MIMO systems. For example, in the case of supporting K =
32 users, our proposed single RF-chain architecture having
N = 4000 RIS elements outperforms the conventional MIMO
systems having NRF = 40 RF-chains.
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Fig. 10. The simulation comparison of arithmetic-mean-rate RAM, min-rate
Rmin, geometric-mean-rate RGM, as well as Nξ, versus the number of RIS
elements N for different power allocation methods, where γ = −5dB.
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Fig. 11. Achievable rate convergence analysis when considering different
power allocation methods.

B. Simulation Based Comparison of Different Power Sharing
Methods in Our Proposed Architecture

In this section, we assume that the users are randomly
distributed in a circular area, following PPP, as shown in
Fig. 1. We denote the number of users K follows Poisson
distribution with the mean of K, i.e. K ∼ Pois(K), the
distance from the RIS to the center of the circular coverage
area as d, the radius of the circular user area as D, and the
wavelength of the carrier as ς . Unless otherwise specified,
the system parameters employed in this section are set as:

K = 50, M = 16, N = 1024, %0 = −30dB, α = 2.4,
d = 100m, D = 90m, the distance between adjacent RIS
elements is 1

4 ς , and the correlation level is δ0 = ς . Similarly
to [19]–[22], we consider the worse channel fading case, i.e.
the Rician factor κ = 0. Furthermore, we define the average
SNR at the receiver side as γ = υEs

σ2
qK

with υ = %0d
−α

. Thus,
according to (28), the achievable rate of the kth user is given
by Rk = log2(1 + Nξ υkυ Kλ

′
kγ), where λ′k is determined

by the channel conditions and the power sharing method
employed.

Since maximizing the sum-rate is equivalent to maximizing
the arithmetic-mean-rate, we define the arithmetic-mean-rate
as RAM = 1

K

∑K
k=1Rk. Fig. 8 compares the simulation

results of the arithmetic-mean-rate RAM, min-rate Rmin, and
geometric-mean-rate RGM versus the average SNR at the
receiver side γ, when considering the three power sharing
methods. As expected, maximizing the sum-rate achieves
the highest arithmetic-mean-rate, while maximizing min-rate
achieves the highest min-rate, and maximizing geometric-
mean-rate achieves the highest geometric-mean-rate. In the
maximizing the sum-rate method, at low SNRs, more power is
allocated to the users having good channel conditions, while
at high SNRs, power is approximately evenly allocated to all
users. Upon maximizing the min-rate, more power is allocated
to the users with poor conditions. Maximizing the geometric-
mean-rate strikes a tradeoff between maximizing the sum-
rate and maximizing the min-rate. This shows that at low
SNRs, maximizing geometric-mean-rate tends to the respects
of maximizing the min-rate method, where more power is
allocated to the users with poor condition. By contrast, at high
SNRs, maximizing geometric-mean-rate tends to the respect of
maximizing the sum-rate method in which the power is evenly
allocated to all users.

Fig. 9 compares the arithmetic-mean-rate RAM, min-rate
Rmin, and geometric-mean rate RGM versus the average SNR
at the receiver side γ for different channel correlation levels.
Observe that the system performance degrades upon decreas-
ing the distance between the adjacent RIS elements.

Fig. 10 compares the arithmetic-mean-rate RAM, min-rate
Rmin, geometric-mean rate RGM, as well as Nξ, versus the
number of RIS elements N for the different power sharing
methods, where γ = −5dB. Observe in Fig. 10 in terms of
both the arithmetic-mean-rate and geometric-mean-rate, that
the performance of maximizing the geometric-mean-rate tends
to that of maximizing the min-rate, when the number of RIS
elements N is small. By contrast, its performance tends to
that of maximizing the sum-rate when the number of RIS
elements N is large. In terms of the min-rate Rmin, naturally,
maximizing the min-rate attains the best performance, while
maximizing the sum-rate exhibits the worst performance. It
may be surmised that Nξ approximately linearly increases
with the number of RIS elements N .

Fig. 11 shows the convergence of the achievable rate when
considering different power allocation methods at γ = −7dB.
It is shown that the achievable rate converges over multiple
iterations by applying Algorithm 1. It is worth noting that the
achievable rate attained by maximizing the min-rate method
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Fig. 12. The simulation comparison of the average achievable rate in each
user for different power allocation methods, where the users indices are sorted
based on their average achievable rate in the descending order.

converges in the first iteration, since the optimization of the
power sharing ratio λ′1, · · · , λ′K in (P2.b) is independent of ξ.

Finally, Fig. 12 compares the average achievable rate of
each user for the different power allocation methods, where
the number of users are fixed as K = 10, and the user
indices are sorted based on their average achievable rate in the
descending order. Thus, according to (28), the achievable rate
of the kth user is given by Rk = log2(1+Nξ υkυ Kλ

′
kγ), where

λ1, · · · , λK are sorted in a descending order, and the values of
Nξ are numerically calculated as approximately 41, 46, 41 for
the method maximizing the sum-rate, min-rate and geometric-
mean-rate respectively when γ = −20dB. By contrast, they
are approximately 58, 46, 42 for the method maximizing
the sum-rate, min-rate and geometric-mean-rate respectively,
when γ = 10dB. This shows that maximizing the min-rate
ensures that all the users have similar achievable rate, while
the method maximizing the sum-rate exhibits rather unfair rate
allocation across the users. Specifically, in the low SNR region,
i.e. γ = −20dB, the users with good channel condition can
get high achievable rate, while the users with poor channel
condition are effectively disconnected. By contrast, in the high
SNR region, i.e. γ = 10dB, the achievable rate of all users
tends to be similar. The method maximizing the geometric-
rate can be viewed as a compromise between maximizing the
sum-rate and the min-rate.

VI. CONCLUSIONS

A RIS-aided single-RF downlink scheme supporting multi-
ple users has been proposed. Compared to the conventional
massive MIMO systems, our architecture has significantly
reduced the hardware complexity, since only a single RF-
chain is required for illuminating the RIS. The baseband
digital signals are precoded by the ZF method and modulated
by configuring the amplitude and phase shift of each RIS
element. We assumed that the distribution of multiple users
obeys the PPP, and the power allocation algorithms, includ-
ing maximizing the sum-rate, maximizing the min-rate and
maximizing the geometric-mean-rate, are designed based on
the alternating optimization method by jointly optimizing the
power allocation ratios λ′1, · · · , λ′K and the total power Esξ
reflected by the RIS, under the constraint that the amplitude of
each RIS element is not higher than unity. We found that the
average ergodic rate can be maximized by the method maxi-
mizing the sum-rate, while the method maximizing the min-
rate can ensure fairness for all users. The method maximizing
the geometric-mean-rate strikes a compelling compromise
between maximizing the sum-rate and the min-rate. Further-
more, we provided both theoretical analysis and simulation
results for characterizing the performance of our proposed
RIS-aided single RF-chain based method, and compared it
to the performance upper bound of the conventional MIMO
systems. Additionally, we theoretically derived the number
of RIS elements required by our proposed single RF-chain
based architecture to achieve the same channel capacity as the
conventional MIMO systems.
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