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Abstract—In this work, we investigate the performance of
reconfigurable intelligent surface (RIS) assisted near-field wide-
band system. By considering the large-scale effect of a high-
dimensional RIS and frequency-selective channels, we derive
an accurate array manifold of the RIS in the near-field from
the scattering point of view. Subsequently, we conceive a near-
optimal RIS phase design for a single-user scenario to alleviate
the beam-squint effect of the wideband system. As for the multi-
user case, we provide a virtual-subarray-based phase shift design,
which mitigates the beam-squint effect as well as the mitigates
deleterious effects of beam concentration. Numerical results show
that the achievable data rate can be significantly improved by
the proposed schemes compared to the benchmarks both in
the single-user and multi-user cases. Explicitly, in the multi-
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user system, by leveraging the virtual-subarray-based phase
design, the achievable sum-rate can be doubled compared to
the conventional benchmarks.

Index Terms—Reconfigurable intelligent surface, near-field,
wideband communications, beam squint, rate optimization, phase
design

I. INTRODUCTION

RECONFIGURABLE intelligent surfaces (RISs) consti-
tute as one of the most promising next-generation solu-

tions [1]. They are capable of beneficially manipulating the
electromagnetic signals at a low cost with the aid of a large
number of reflecting elements [2], [3].

In the RIS-aided wireless communication systems, in addi-
tion to the beamformer design at the transmitter or receiver,
one of the most critical problems is the phase shift adjustment
of each passive element according to the propagation environ-
ment encountered. This formulation leads to joint optimization
of the beamformer weights and RIS phases. For instance, [4]
and [5] studied the joint transmit precoding design of RIS-
aided millimeter wave (mmWave) communications where [4]
presented a gradient-projection based method for minimizing
the mean-squared error between the received and transmitted
symbols, while [5] analyzed the phase design of multi-RIS
scenarios for maximizing the received signal power. Addition-
ally, the authors of [6] proposed a cross-entropy based method
for tackling this joint optimization problem in maximizing the
sum-rate in Terahertz (THz) communications. By contrast, Wu
et al. maximized the energy-efficiency of a THz system via
matrix adaptation strategy [7]. As a further development, a
deep reinforcement learning framework was designed in [8]
for THz communications in case of unquantized phase shifts.
Ning et al. reported on hierarchical codebooks constructed
via beam training and proposed hybrid beamforming digi-
tal/analog schemes for RIS-aided multi-user THz communi-
cations [9]. Moreover, the authors of [10] and [11] presented
discrete phase designs from a practical point of view, because
it is impossible to achieve a perfect continuous-valued phase
shift in practice due to hardware limitations.

Another key issue of RIS-aided communication systems is
the characterization of the path loss relying on the channel
modeling. In this content, E. Björnson and L. Sanguinetti
investigated the power scaling laws for asymptotically large
RISs and compared the performances of RIS-aided systems to
those of traditional MIMO systems [12]. Danufane et al. in
[13] introduced a path loss model for RIS-aided communica-
tion links by exploiting Green’s theorem. Özdogan et al. in
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[14] studied the path loss of RIS-aided systems based on the
assumption that the incident signals are transversal polarized
electromagnetic waves. Najafi et al. developed a RIS-aided
channel model relying on arbitrary linearly polarized incident
signals [15]. The authors in [16] presented a practical model
by considering the radiative characteristics of RIS, in which
the RIS unit is assumed as a non-isotropic radiator. Moreover,
Tang et al. reported on the free-space path loss models of RIS-
aided systems and confirmed these by experimental results
[17].

Although some of the existing studies oriented towards
RIS-aided wideband communications [4]–[8], their analyses
and discussions are usually based on adopting a narrowband
hypothesis where the channel models are assumed to be non-
dispersive, and the phase optimization is carried out at the
central carrier frequency. However, in wideband communica-
tions, the channels exhibit frequency-selectivity. For example,
the bandwidth of mmWave carries may be as high as several
Gigahertz (GHz), while that in THz communications ranges
from 2.16 GHz to 69 GHz [18]. The beam-squint effect [19]–
[22] caused by frequency-selective channels is one of the
impediments hindering the development of wideband com-
munications, which has been exploited in traditional wireless
communication systems operating without RIS. For instance,
the authors of [21] proposed a sparse phase shifter-based hy-
brid precoding architecture of which each antenna is controlled
by a pair of phase shifters. The authors of [22] introduced a
delay-phase precoding technology designed for hybrid beam-
forming, which involves time-delaying components. These
works exploiting beam-split mitigation mostly rely on the
hardware components, such as a phase shifter controller and
time delaying components. Since the passive characteristics
of RISs is their advantages, the undesired additional hardware
components increase not only the complexity of the system,
but also increase it’s power consumption, resulting in low
energy efficiency. Hence, the existing methods in the literature,
where beam squint is mitigated/exploited without RIS, are not
applicable to the RIS-aided wireless communication systems.

There is a paucity of literature on the beam-squint effect
in RIS-aided wideband communications. To the best of our
knowledge, the conference paper of Chen et al. [23] took the
beam-squint effect into account on the achievable downlink
rate of a RIS-aided MISO mmWave system. Their simulation
results show that the performance degradation caused by the
beam squint in a mmWave system exceeds 3 bit/s/Hz. This loss
is aggravated upon increasing the bandwidth. This knowledge
gap inspires us to investigate RIS-aided wideband MIMO sys-
tems and multi-user scenarios. Additionally, this phenomenon
has also been noted by Hao et al. [24]. Additionally, this
phenomenon has also been noted by Hao et al. [24]. However,
only single-user scenario has been addressed and time delay-
based method is only applicable to a specific type of RIS
which utilizes delay-adjustable metasurfaces.

Moreover, severe propagation losses occur in mmWave or
THz communications, hence resulting in short transmission
distances [25]. In this context, the concepts of holographic
communications [26], extremely large arrays [27], [28] and
near-field communications [29] have attracted substantial at-

tention, especially in RIS-aided scenarios where the transmitter
or receiver, or even both, operate in the near-field region of
the RIS. Hence, the traditional far-field assumptions are no
longer applicable for the channel modeling and performance
optimization of the near-field communications. For example,
Decarli and Dardari in [30] modified the calculation of the
near/far field boundary of a large-scale array from 2D2/2λ
[31] to 2D2 cos2 ϑ/2λ where ϑ is the angle with respect to the
boresight direction, which is more accurate. Furthermore, they
discussed the communication modes of the RIS-aided system
in the near-field. Cui and Dai in [32] investigated the near-field
channel estimation algorithms of RIS-aided communications,
and analyzed the differences between the near-field and far-
field channels in the angle-domain. Dovelos et al. in [33]
studied the near-field response of holographic RIS-aided THz
communications, and their results indicated that the traditional
far-field manifold of the RIS is unsuitable, because the planar
wavefront assumption is inaccurate in the near-field.

Against the above background, we investigate the achievable
uplink (UL) rate of a RIS-aided near-field wideband system.
The differences between the considered system and traditional
RIS-aided system lie in the following aspects. Firstly, the RIS
is deployed at the users’ side, i.e., the users are close to the
RIS. Thus, the traditional plane wavefront hypothesis is no
longer applicable. Secondly, the path loss based on the far-
field model, which ignores the effective area change of the
RIS caused by the angle between the users and RIS, is no
longer valid due to the near-field effect. Thirdly, the beam-
squint effect engendered by the wide bandwidth will impact
the performance. Fourthly, the RIS usually consists of large
number of elements, forming a large-scale array where the
signal delay experienced across the entire array cannot be
neglected. Last but not least, it is quite difficult in practice
to design or manufacture a RIS that can operate across a
broad frequency range. Therefore, the design of the RIS phase
shift and its performance optimization face new challenges in
wideband systems.

To tackle the above issues, we firstly analyze the behavior of
the RIS in the near-field and characterize the path loss of RIS-
aided near-field communications. Subsequently, we deduce the
RIS-aided channel model of near-field communications after
investigating both the large-scale and the beam-squint effects.
Then, we reformulate the achievable UL rate and provide
phase design schemes. Particularly, we propose a phase shift
design based on a virtual subarray strategy. In this way, we
can design the phase shift of the subarray according to the
corresponding center frequency of each subcarrier instead
of the center frequency of the wideband system. Therefore,
the complexity of hardware implementation will be greatly
reduced. In a nutshell, the main contributions of this paper
are as follows:
• Accurate array manifold of the RIS in near-field

wideband communications: We analyze the path loss
of the RIS from the scattering point of view and deduce
an accurate array manifold, i.e., array response vector
of the RIS by explicitly taking both the large-scale and
beam-squint effects into account.

• Frequency-dependent phase shift (FDPS) design in
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single-user scenario: We investigate both the optimal
and near-optimal phase shifts of the RIS in orthogonal
frequency division multiplexing (OFDM) systems, and
conceive a phase design based on non-uniform frequen-
cy response in a single-user scenario for mitigating the
rate erosion caused by beam squint.

• Virtual-subarray-based (VSA-based) phase shift de-
sign in multi-user scenario: We provide a phase shift
design based on the virtual subarray method capable of
forming multiple beams in multi-user scenario, which
mitigates the beam-squint effect as well as avoids the
beam concentration problem.

• Performance characterization of the proposed algo-
rithms: We present numerical results characterizing the
proposed FDPS and VSA-based schemes, and compare
them to the traditional phase shift that is designed
according to the central carrier frequency. The results
confirm that the proposed methods effectively mitigate
the beam-squint effects, thereby improving the achiev-
able UL sum-rate.

The remainder of this paper is organized as follows. We
present the system model and describe the optimization objec-
tive in Section II. The reflection model of the RIS elements
and RIS-based path loss are introduced in Section III, along
with the large-scale and beam-squint effects involved. Then,
in Section IV, our near-optimal solution and phase design
algorithms are proposed for the considered system. Finally,
we provide our simulation results and conclusions in Sections
V and VI, respectively.

Notation: The boldface letters in lower and upper cases
denote vectors and matrices, respectively; CM×N represents
the space of an M × N complex-valued matrix; (·)T and
(·)∗ denote the transpose and conjugate transpose operations,
respectively; b·c is the floor operation; the mod (x, y) oper-
ator returns the remainder of x/y and sort (·) represents the
operation of sorting in ascending order; |·| and ‖ · ‖ represent
the modulus operator and the Euclidean norm, respectively.
Please note that due to different implementation processes or
materials, different types of RIS may have different functions,
such as reflection, transmission/refraction, polarization and
even absorption [2], [34]. However, we only discuss the
performance of RISs operating in the reflective mode.

Reconfigurable  

intelligent surface 

(RIS)

U-users
Base station 

(BS)Obstruction

... ...

G U N´
Î

U NU NU N

M N´
ÎF

M NM NM N

Fig. 1. System model.

II. SYSTEM DESCRIPTION AND PROBLEM FORMULATION

By optimizing the phase shift, we maximize the achievable
rates of RIS-aided wireless communication systems where

the RIS is employed at the users’ side for the following
reasons. According to prior research in [34], the RIS should
be preferably located close to the transmitter or receiver due
to the “product path-loss” observation. Additionally, near-field
wireless communications have attracted increasing interest
[29]. Finally, most of the existing literature is dedicated to
scenarios where the RIS is close to the base station (BS) [27],
[35], [36], but there is a paucity of literature on the scenarios
of having the RIS close to the users.

As illustrated in Fig. 1, there are U users in the vicinity
of the RIS having N reflecting elements that is attached to
the facade of buildings. Without loss of generality, a single-
antenna is assumed at each user, while the BS antenna has
M elements. The direct links between the BS and users
are assumed to be blocked and hence they are neglected.
Leveraging OFDM technique, the wide operational bandwidth
is divided into numerous non-dispersive parallel sub-channels,
i.e., the dispersion is completely eliminated. Hence in this
manuscript, we investigate the optimization of a wideband
OFDM system.

We assume that there are K subcarrires in the bandwidth
of B having the center frequency fc. Hence, the center
frequency of subcarrier kth is fk = fc + B

K

(
k − K+1

2

)
. Let

Gk = [g1,k, . . . ,gU,k] ∈ CN×U represents the channel matrix
between the U users and the RIS, and Fk ∈ CM×N be the
channel matrix between the RIS and the BS over the kth

subcarrier, respectively, where gu,k denotes the channel be-
tween the uth user and the RIS over kth subcarrier. Hence, the
equivalent UL channel via the RIS is Hk = FkΘGk, where
Θ ∈ CN×N is a diagonal matrix having the nth elements
of Θn = Ane

jψn , which represents the reflecting coefficients
with An and ψn representing the reflected amplitude and phase
shift, respectively.

In the UL transmission, taking the kth subcarrier as an
example, the signal received at the BS over the kth subcarrier
is given by

rk =
√
pW∗Hkx + n, (1)

where p is the average transmit power of each user and W ∈
CM×U denotes the beamforming vector at the BS. x ∈ CU×1
is the vector of transmitted symbols from the users. n ∈ CM×1
denotes the vector of additive white Gaussian noises with each
element having a zero mean and a variance σ2.

Furthermore, we define ru,k and xu as the uth entry of rk
and x, respectively. Additionally, wu,k and hu,k = FΘgu,k
are the uth columns of Wk and Hk, respectively. Hence,
the signal received at the BS from the uth user over the kth

subcarrier is given by

ru,k =
√
pw∗u,khu,kxu +

√
p

U∑
i=1,i6=u

w∗u,khi,kxi + w∗u,kn.

(2)
Our objective is to maximize the achievable sum-rate at the

BS, which is formulated as where Ru,k is the achievable UL
rate of the uth user over the kth subcarrier.

Similar problems concerning joint beamforming and phase
optimization have been studied in the context of narrow-band
systems in [4]–[9]. But this problem presents new challenges
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P0 : R = max
W,Θ

1

K

U∑
u=1

K∑
k=1

log2

1 +
p
∣∣∣w∗u,khu,k∣∣∣2

p
∑U
i=1,i6=u

∣∣∣w∗u,khi,k∣∣∣2 + ‖wu,k‖2 σ2


︸ ︷︷ ︸

Ru,k

s.t. C1 : ‖wu‖ = 1, u ∈ [1, . . . , U ] ,

C2 : |[Θ]n| = 1, n ∈ [1, . . . , N ] ,

(3)

in near-field communications, especially in wideband systems.
On one hand, in near-field scenarios with the users close to the
RIS, the path loss and array manifold based on the traditional
far-field model become inaccurate, especially in the case of
large scale RISs. On the other hand, the phase shift design
based on the conventional narrowband assumption results in
performance loss in wideband systems, since it neglects the
beam squint caused by the wide bandwidth. Finally, the beam
concentration problem where the beam may be focused on
a fraction of the users population, or even on an individual,
results in poor performance for the remaining users and has a
grace impact on the total performance in multi-user systems.

To circumvent these issues, an accurate channel model is
conceived for RIS-aided near-field wideband systems and we
find a solution for problem P0 in this new context.

III. RIS-AIDED PATH-LOSS AND ARRAY MANIFOLD

To the best of our knowledge, the path loss based on the
far-field channel model is inaccurate in the near-field scenario,
and the time delay across a large RIS arrays becomes non-
negligible, especially in wideband systems [30]–[33]. Addi-
tionally, the inherent beam squint [19], [20], [23] caused by the
wide bandwidth degrades the performance quite significantly,
as detailed below.

A. RIS-aided path loss

Fig. 2 depicts the scattering model of a single RIS element
where the incident wave is a parallel polarized uniform plane
wave. The size of the RIS element is a×b, and di represents the
distance travelled by the incident signal from the transmitter
to the RIS. Additionally, θi refers to the angle of the incident
signal from the z axis.

Based on electromagnetic theory [31], [33], the incident
electric and magnetic fields are given by

Ei =

√
Z0GtPt
2πd2i

(ey cos θi + ez sin θi) e
−jw

(
y
′
sin θi−z

′
cos θi

)
,

(4)

Mi =

√
GtPt

2Z0πd2i
exe
−jw

(
y
′
sin θi−z

′
cos θi

)
, (5)

where Gt and Pt denote the antenna gain and transmit
power, respectively. Additionally, Z0 denotes the characteristic
impedance of the medium. Moreover, ex, ey and ez are the
unit vectors, while w = 2π/λ denotes the wave number.

Building on the analyses in [31, Example 6-5], the compo-
nents of scattered electric field at the point with the distance

h x

y

z

b

a iq

r

E
i

M
i

ind

rf
rq

RIS cell

Fig. 2. Reflecting model of a single RIS element.

h
-1 -0.5 0 0.5 1

 x

0

0.2

0.4

0.6

0.8

1

s
in

c
(

x
)

Fig. 3. sinc($πx) v.s. x.

dr and angle (θ, φ) are respectively given by

Eθ ' −j

√
Z0GtPt

2πd2i

a · b · ke−jwdr
2πdr

cos θ · sinφ · sincX · sincY,

(6)

Eφ ' −j

√
Z0GtPt

2πd2i

a · b · ke−jwdr
2πdr

cosφ · sincX · sincY,

(7)
where sincx = sinx/x, X = a · w · sin θ · cosφ/2, and Y =
b · w · (sin θ · sinφ− sin θi) /2.

Thus, assuming a receiver having an ommi-directional
single-antenna whose effective area is Ar = λ2Gr/(4π), the
corresponding power at this point is given

Pr =
E2

2Z0

(a)
=

a2b2GtPt
4πλ2d2i d

2
r

sinc2X · sinc2Y
(
cos2 θ · sin2 φ+ cos2 φ

)
(b)
=
a2b2GtGrPt

(4πdidr)
2 sinc2X · sinc2Y

(
cos2 θ · sin2 φ+ cos2 φ

),
(8)
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where (a) and (b) follow upon substituting E =√
(Eθ)

2
+ (Eφ)

2 and Ar, successively. Please note that we
analyze the characteristic of the RIS in its radiating near-field
(Fresnel) region, but not in its reactive near-field region [33].
Hence, the “back-coupling” effects occurring in the reactive
near-field of the nearby antennas/elements are neglected.

Proposition 1: With the aid of the RIS, the path loss ρ
between the source signal and receiver through a RIS element
is given by

ρ =
Pr
Pt

= a · b ·Gt/
(
4πd2i

)︸ ︷︷ ︸
ρ(di)

· a · b ·Gr · cos2 θ/
(
4πd2r

)︸ ︷︷ ︸
ρ(dr,θ)

.

(9)
Proof: The derivation is omitted for simplicity, which is

similar to that of [14, Lemma 2].
This decoupled form in (9) can fortunately help us gain a

better understanding of the RIS-aided path loss, which has
two parts, the distance-dependent path loss as di and dr,
respectively. Additionally, a · b · cos2 θ in ρ(dr, θ) is related
to the effective areas in the direction of θ, which are defined
as the area that is exactely perpendicular to the direction of
propagation [14]. A similar path loss model has been presented
in [14, Eq. (20)], in which the last term cos θi is approximated
by 1, because the incident signals are assumed to be planar
waves.

Lemma 1: In RIS-aided wireless communications, if either
the user or the BS having antenna gain G and distance d from
the RIS is in the far-field of the RIS, the path loss between the
user or BS and the RIS is calculated by ρ(d) = a·b·G/

(
4πd2

)
.

Conversely, when the user or BS is near the RIS, the path loss
is ρ(d, θ) = a · b ·G · cos2 θ/

(
4πd2

)
.

B. Large-scale effect and beam squint

According to the Huygens-Fresnel wave propagation prin-
ciple [37], the signals incident upon the RIS elements are
slightly delayed versions of the original signal arriving from
the users. Hence, take the uth user as an example, assuming
that the incident signal at the first element is y1,u = α1,uxu (t),
the baseband signal impinging at the nth element from uth

user is given by

yn,u (t)
M
= αn,ux (t− τn,u) e−j2πfcτn,u , (10)

where αn,u and τn,u = (dn,u − d1,u)/c denote the complex
channel gain and the corresponding path delay between the
uth user and the nth element [38]. Additionally, dn,u denotes
the distance from the uth user to the nth RIS element, while
c is the speed of light.

If the RIS is small, we have x (t− τm) ≈ x (t). However, a
high-dimensional RIS yields a non-negligible delay across the
array. Hence, (dn,u − d1,u) /c can no longer be ignored. In the

other words, the approximation x (t− τn,u) ≈ x (t) no longer
holds for a large RIS. For instance, for a uniform linear array
equipped with 128 elements and half-wavelength element-
spacing, when the incident path impinges from ϑ = 60◦, the
propagation delays across the array aperture are 0.58Ts and
0.92Ts in a typical LTE system (transmission bandwidth 20
MHz, center frequency 1.9 GHz) and typical mmWave-band
system (transmission bandwidth 1 GHz, center frequency 60
GHz), respectively, where Ts denotes the symbol period of the
single-carrier signal [19]. For an increased RIS scale, this non-
negligible delay across the array further aggravates. Hence, we
refer to this phenomenon as the large-scale effect in this paper.

Naturally, the impulse response of the channel between the
uth user and nth RIS element is

gn,u (t)
M
= αn,uδ (t− τn,u) e−j2πfcτn,u , (11)

where δ (·) represents the Dirac impulse function. Upon taking
the continuous-time Fourier transform of (11), we obtain the
frequency-domain expression of

gn,u (f) = αn,ue
−j

2πfc(dn,u−d1,u)
c

∫ ∞
−∞

δ (t− τn,u) e−j2πft dt

= αn,ue
−j

4πfc(dn,u−d1,u)
c

.

(12)

Hence, the channel vector between the uth user and the RIS
can be written as
gu =[
α1,u, α2,ue

−j
4πfc(d2,u−d1,u)

c , . . . , αN,ue
−j

4πfc(dN,u−d1,u)
c

]T
.

(13)

According to (9), αn,u =
√
a · b ·Gu · cos2 θn,u/

(
4πd2n,u

)
with Gu representing the antenna gain of the uth user. Ad-
ditionally, θn,u denotes the angle from the uth user to the
nth RIS element. Based on the geometrical structure, we have
dn,u =

√
d21,u + (n− 1)

2
d2e − 2 (n− 1) ded1,u sin θ1,u and

dn,u cos θn,u = d1,u cos θ1,u.
Then, (13) can be rewritten as (14) at the bottom of this

page where b (N,du) denotes the accurate manifold of the
RIS with du = [d1,u, . . . , dN,u] representing the distance
vector. Additionally, the corresponding traditional near-field
array manifold of an array is [39, Eq. (20)]

b (N,d) =

1√
N

[
1,
d1
d2
e−j

2πfc(d2−d1)
c , . . . ,

d1
dN

e−j
2πfc(dN−d1)

c

]T
.

(15)

It is readily seen that compared to (15), the manifold in
(14) is more accurate because it not only takes into account
the delay of the spherical wavefront, but in reality the effective

gu =
√
Nα1,u

1√
N

[
1,
d21,u
d22,u

e−j
4πfc(d2,u−d1,u)

c , . . . ,
d21,u
d2N,u

e−j
4πfc(dN,u−d1,u)

c

]T
︸ ︷︷ ︸

b(N,du)

,
(14)
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area also changes as a function of the incident/emission angle.

Furthermore, the propagation delay effects become more
obvious for wideband systems, since the delay across the array
becomes comparable to or even exceeds the symbol period
[37]. Hence, the array manifold b (N,du) in (14) is more
accurate for wideband systems.

In the considered wideband OFDM system, the impulse
response of the channel between the uth user and nth RIS
element over the kth subcarrier in (12) can be recast as

gn,u,k (fk) = αn,u,ke
−j 4πfk(dn,u−d1)

c , (16)

where fk = fc + B
K

(
k − K+1

2

)
. Accordingly, in a wideband

system, b (N,du) can be recast as

b (N,du, fk) =
1√
N

[
1,
d21,u
d22,u

e−j
4πfk(d2,u−d1,u)

c , . . . ,

d21,u
d2N,u

e−j
4πfk(dN,u−d1,u)

c

]T
.

(17)

As it can be observed, in wideband systems, the array man-
ifold of the RIS is frequency-selective. Hence, the manifold of
each subcarrier is different, which is known as the beam-squint
effect in traditional massive antenna systems. Therefore, this
manifold model will be adopted for our RIS-aided near-field
wideband system hereafter.

The following proposition is presented to show that the
phase shift mismatch will lead to a deterioration of the array
gain and thus degrade the system performance. In addition,
the corresponding simulation result will be shown in Section
V-A.

Proposition 2: Based on the array manifold in (17), we
have |b∗ (N,d, fk) b (N,d, fi)| which may be approximated
by

|b∗ (N,d, fk)b (N,d, fi)|

≤ 1

Nγ cos3 θ0

{
1

2 cos θ0

[
arctan

(
4γN cos θ0
4−N2γ2

)
+ cπ

]
+

γN
(
4 cos 2θ0 +N2γ2

)
2
[
(4 +N2γ2)2 − sin2 θ0N2γ2

]}
, (18)

where we have γ = de/d0, and d0 denotes the distance from
the transmitter or receiver to the RIS center. In addition, we
have c = 0, when γN < 2 sin θ0, otherwise, c = 1.

Proof: Please see appendix A.

When the BS or the user is far away from the RIS, far field
assumption applies. With de being the element-spacing, we
have dN,u − d1,u = (N − 1) de sin θ1,u, and the approximate
manifold in the far-field is given by

a (N, θ1,u, fk) =
1√
N

[
1, e−j

4πfkde sin θ1,u
c , . . . ,

e−j
4πfk(N−1)de sin θ1,u

c

]T , (19)

Please note that the element-spacing is based on the center
frequency.

IV. ACHIEVABLE RATE ANALYSIS AND PHASE SHIFT
OPTIMIZATION

In this section, we commence by analyzing the case of a
single-user and proposing an algorithm for tackling the beam-
squint effect to draw some useful insights. Then we expand
our approach to a multi-user case. In the following discussions,
perfect channel state information is assumed for simplicity to
avoid detracting from phase-shift optimization, some channel
estimation methods may be found in [40], [41]. Additionally,
we assume that the theoretical phase shift of each RIS element
can be perfectly matched with the actual phase shift. In other
words, the phase shift is considered to be of infinite resolution.
The discrete phase with finite resolution is beyond the scope
of this paper and can be realized using existing methods [10],
[11], [42].

A. Single-user scenario

In this subsection, we first discuss the case of one user.
Again, we focus on user-side RIS where the user is in the
near-field of the RIS. Hence, the plane wavefront assumption
no longer holds, and the channel between the user and the RIS
over the kth subcarrier is

gk =
√
Nα1b (N,d, fk) , (20)

where b (N,d, fk) is the accurate manifold given in
(17) and d = [d1, . . . , dN ]. Additionally, α1 =√
a · b ·Gu · cos2 θ1/ (4πd21) is the path loss with θ1 and d1

denoting the angle and distance from the user to the 1st RIS
element, respectively.

As for the BS and RIS, we assume that they are in the far
field of each other. Then, the channel between them over the
kth subcarrier is given by

Fk =
√
MNαRBa (M, θRB , fk) a∗ (N,ϕRB , fk), (21)

where αRB =
√
a · b ·Gt/ (4πd2RB) with dRB being the

distance between the RIS and BS; θRB and ϕRB denote the
angle of arrival and angle of departure from the RIS to BS,
respectively.

Hence, in the single-user case, the problem P0 of (3) is
recast as

P1 : RSU = max
W,Θ

1

K

K∑
k=1

log2

(
1 +

p |w∗khk|
2

σ2

)
s.t. C1 : ‖wk‖ = 1, k ∈ [1, . . . ,K]

C2 : |[Θ]n| = 1, n ∈ [1, . . . , N ]

, (22)

where hk = FkΘgk.

1) Near-optimal phase shift design of the RIS: It can be
observed that the above problem cannot be solved directly,
and the maximum rate can only be obtained by achieving the
maximum rate over each subcarrier. Hence, we first discuss
the phase design over the kth subcarrier. The optimal phase
shift achieving the maximum rate over the kth subcarrier is
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given by

P2 : Rk = max
W,Θ

log2

(
1 +

p |w∗khk|
2

σ2

)
s.t. C1 : ‖wk‖ = 1, k ∈ [1, . . . ,K] , C2 :

∣∣∣[Θ]n,k

∣∣∣ = 1

.

(23)
According to [43], the maximum ratio combining (MRC)

scheme is the optimal beamforming strategy at the BS in this
case. Hence, to achieve the maximum rate over each subcarrier
by the MRC scheme, we have the following insights.

Theorem 1: In the single-user case, relying on the MRC
strategy at the BS, the optimal phase shift of RIS maximizing
the achievable rate over the kth subcarrier is given by

ψopt
n,k = 4π

[
fk (dn − d1)

c
− fk
fc
εe(n− 1) sinϕRB

]
, (24)

where εe = de/λc denotes the wave-length normalized spacing
between adjacent RIS elements. The maximum achievable rate
for this optimal phase shift is given by

RSU =
1

K

K∑
k=1

log2

1 +
pMNα2

1α
2
RBd

2
1

∑N
n=1

An
d2n

σ2

 .

(25)
Proof: Please see appendix B.

The optimal phase shift in (24) may indeed achieve the
maximum rate over the kth subcarrier, but it may reduce the
rates of the other subcarriers due to the beam-squint. To be
more concrete, with the phase shift ψopt

n,k in (24), we can obtain
the maximum of χk, but cannot get the maximum of χi when
i 6= k. In other words, we can obtain the optimal rate Rk
over the kth subcarrier, but cannot guarantee the performance
over the other subcarriers f 6= fk. It should be noted that,
although (25) can be used as an upper bound for the achievable
rate in the single-user case, it is uneconomical to implement
the solution in an actual wideband system. Therefore, it is
necessary to investigate a compatible set of phase shifts for
the whole band, which optimizes the achievable sum-rate of
all the K subcarriers.

Proposition 3: In the single-user case, relying on the MRC
scheme at the BS, a near-optimal phase shift maximizing the
achievable rate over the whole band is given by

ψnear
n = 4π

[
fc (dn − d1)

c
− εe (n− 1) sinϕRB

]
. (26)

Proof: Please see appendix C.
Although the phase shifts in (26) can achieve a near-optimal

solution maximizing the rate across the whole band, they fail in
alleviating the beam squint imposed by frequency-selectivity
of the wideband systems, since they are based on fc. To
mitigate the beam-squint effects, we introduce a frequency-
dependent phase shifting (FDPS) scheme in the following.

2) FDPS design of the RIS: According to the above discus-
sions, the optimal phase shifts of (24) is frequency-dependent,
while the near-optimal shift of (26) relies on the central
carrier frequency fc. However, neither of them can deal with
the beam-squint effect. Based on these insights, we propose
a FDPS design to reduce rate degradation caused by beam

squint.

1

2
c

B
f -

2
q

B

2 2 1
q
-

2
c

B
f +

Fig. 4. Diagram of bandwidth division.

As illustrated in Fig. 4, the bandwidth B is evenly split
into 2q blocks. Hence, each block occupies the bandwidth of
B/2q , and the center frequency of each block is given by

f(t) = fc −
B

2
+

(2t− 1)B

2q+1
, t ∈ [1, . . . , 2q] . (27)

Accordingly, the RIS is divided into 2q subarrays virtually.
Then, the number of elements in each subarray is given by

Num (t) =

{
Nb, t ∈ [1, . . . , 2q − 1]
N − (2q − 1)Nb, t = 2q

, (28)

where we have Nb = bN/2qc with b·c denoting the floor
operation. Therefore, the index of each subarray element is
given by

I (t) =

{
[(t− 1)Nb + 1, tNb] , t ∈ [1, . . . , 2q − 1]
[(2q − 1)Nb + 1, N ] , t = 2q

. (29)

For notation simplicity, we define the frequency-dependent
phase shift as ψ [f (t)]. According to (24) and (26), ψ [f (t)]
can be expressed as

ψ [f (t)] = 4π

[
f (t) (dn − d1)

c
− f (t)

fc
εe(n− 1) sinϕRB

]
.

(30)
To avoid the phases concentrating on an individual frequen-

cy, we design the phases based on the above band division
and virtual subarray methods. Specifically, the RIS is virtually
divided into 2q subarrays corresponding to 2q band blocks.
More concretely, for the tth (t ∈ [1, 2q]) subarray, the phase
shift is designed according to f (t) as expressed in (30).

The specific processes are presented in Algorithm 1. Please
note that when the RIS is small, i.e.,Nb < 1 for a certain q, the
phase can be designed based on the central carrier frequency
fc directly, or a smaller q should be used. The performance
of this method will be evaluated via numerical simulations in
Section V.

3) Complexity discussion in single-user scenario: Accord-
ing to the existing analyses, it is a consensus view that
the complexity of MRC beamforming is proportional to the
number of transmit antennas (Nt) and the number of receive
antennas (Nr) in a massive input massive output system [45],
[46]. Hence, we adopt Nt · Nr · O(MRC) to represent the
complexity of the MRC scheme for a given Nt and Nr.
The complexity of (24) is M · O(MRC) and the complexity
of the phase shift design associated with this scheme is
M ·N ·K · O(MRC). And the complexity of the phase shift
design based on the phase shift in (26) is M ·N · O(MRC),
while the complexity of FDPS-based phase shift design is
related to the parameter of q, and it is M ·N · 2q · O(MRC).
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Algorithm 1: The FDPS design in single-user scenario.
Input: Initial key parameters: M , N , a, b, p, fc, K, B, Gt,

Gu, dRB , d1, θ1, q
1 Calculate Nb =

⌊
N
2q

⌋
;

2 if Nb ≥ 1 then
3 Initialize t = 1;
4 repeat
5 foreach n ∈ [(t− 1)Nb + 1, tNb] do
6 ψopt

n = ψ [f (t)] according to (30);

7 t = t+ 1;
8 until t > 2q − 1;
9 foreach n ∈ [(2q − 1)Nb + 1, N ] do

10 ψopt
n = ψ [f (t)] according to (30);

11 else
12 ψopt = ψ (fc) according to (30);

Output: The optimal phase shift of the RIS ψopt.

B. Multi-user scenario

In the previous section we have discussed the single user
scenario where the phase shifts are designed from the perspec-
tive of maximizing the achievable rate over the whole band.
However, this problem becomes more complex in the multiple
users scenario where the sum-rate of all users to be considered.
In other words, we need to maximize the achievable sum-rate,
while additionally giving cognizance to the rate of each user.

We assume that there are U single-antenna users and each
user transmits the signals at the power p. Analogous to the
single-user case of (20), the channel between the uth user and
the RIS over the kth subcarrier is given by

gu,k =
√
Nαub (N,du, fk) , (31)

where αu =
√
Guab cos2 θu,1/

(
4πd2u,1

)
is the path loss

between the uth and 1st RIS element; θu,1 and du,1 denote the
angle and distance from the uth user to the 1st RIS element,
respectively.

In this case, the problems P0 and P1 are rewritten as

P3 : RMU = max
Θ

1

K

U∑
u=1

K∑
k=1

Ru,k

s.t. C1 : wu,k =
hu,k
‖hu,k‖

, C2 :
∣∣∣[Θ]n,u,k

∣∣∣ = 1

. (32)

1) Near-optimal phase shift design of the RIS: We firstly
discuss the case of ideal phase shifts for each subcarrier, e.g.
the kth subcarrier. The achievable UL rate of the uth user is

Ru,k = log2

1 +
p
∣∣∣w∗u,khu,k∣∣∣2

p
∑U
i=1,i6=u

∣∣∣w∗u,khi,k∣∣∣2 + ‖wu,k‖2 σ2

.
(33)

Similarly to Theorem 1, in the multi-user case, we have the
following insight.

Theorem 2: For the sake of simplicity, we also adopt
MRC-aided beamforming at the BS in the multi-user scenario
considered, the optimal phase shift maximizing the achievable

rate of the uth user over the kth subcarrier is given by

ψopt
n,u,k = 4π

[
fk (dn,u − d1,u)

c
− fk
fc
εe(n− 1) sinϕRB

]
.

(34)
The achievable rate RMU in the multi-user scenario obeys

RMU ≤
1

K

K∑
k=1

U∑
u=1

log2

1 +
pMNα2

uα
2
RBd

2
1,u

∑N
n=1

An
d2n,u

σ2

 .

(35)
Proof: By substituting wu,k = hu,k/ ‖hu,k‖ into

(33)and neglecting the interferences among the users, we have
Ru,k ≤ log2(1 + p ‖hu,k‖2 /σ2). The proof is similar to that
of Theorem 1, hence omitted for simplicity.

Furthermore, analogous to Proposition 3, the near-optimal
phase design based on the central carrier frequency for the uth

user in this case is given by

ψnear
n,u = 4π

[
fc (dn,u − d1,u)

c
− εe(n− 1) sinϕRB

]
. (36)

However, the above pair of phase shifts can neither guar-
antee the performance over the entire bandwidth nor can they
alleviate the beam squint. Hence, we resort to a near-optimal
problem by optimizing the upper-bound of the achievable sum-
rate, and get the following near-optimal solution for the phase
shifts.

Proposition 4: When employing MRC beamforming at the
BS, a near-optimal phase shift maximizing the achievable
multi-user sum-rate is given by

ψ̃near
n =

{
[Tn]UK/2+[Tn]UK/2+1

2 , when mod (UK, 2) = 0
[Tn](UK+1)/2 , when mod (UK, 2) = 1

,

(37)
where Tn = sort

(
[Jn,1,1, . . . , Jn,1,K , Jn,2,1, . . . , Jn,2,K , . . . ,

Jn,U,1, . . . , Jn,U,K ]
)
, of which Jn,u,k =

4πfk [(dn,u − d1,u) /c− εe (n− 1) sinϕRB/fc].
Proof: Please see appendix D.

Based on the insights we gained, we have formulated the
following properties.

Property 1: When we have mod (UK, 2) = 0, we as-
sume that the middle two terms of Tn are Jn,v,i and Jn,u,k.
Then, we have the following cases.

Case 1: When v = u and i 6= k, the phase shift in (37) is
based on the uth user over the ith and kth subcarriers.

Case 2: When v 6= u and i = k, the phase shift in (37) is
based on two different users over an individual subcarrier, e.g.
kth subcarrier.

Case 3: When v 6= u and i 6= k, the phase shift in (37) is
based on two different users over two different subcarriers.

Property 2: When we have mod (UK, 2) = 1, the opti-
mal phase shift in (37) depends on an element of Tn, which
means that the phase shift is based on one user over one
subcarrier.

In view of the above discussions, although the phase shifts
in Proposition 4 relieve the beam squint to some extent, it’s
benefit remains limited, because at most two subcarriers are
involved in this method. Additionally, the phase shifts based
on one or two users will impose the performance erosion on
the remaining users. Hence, in the following, we propose a
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phase shift design based on virtual subarray.

1

B

2

1 2 2 1q
- 2q

2 1q
- 2q

RIS 

array

subarray

band 

blocks

thu

1st
thu thU

uN uN

2
c

B
f -

2
c

B
f +

Fig. 5. Diagram of the phase shift design based on our VSA
method.

2) VSA-based phase shift design of the RIS: As depicted
in Fig. 5, the RIS array is divided into U subarrays virtually
and the phase shift of each VSA specifically designed for the
individual user. Please note that in this paper, we take RIS as a
uniform linear array as an example for analysis. This method
can be extended to a planar array, and each column or row of
the planar array is divided in the same method. For instance,
the phase shifts of the uth subarray are designed for the uth

user leveraging the FDPS method as introduced in Algorithm
1. Additionally, Nu and Nu represent the first and last indexes
of the uth subarray. They are respectively given by

Nu = (u− 1)Na + 1, u ∈ [1, . . . , U − 1], (38)

Nu =

{
uNa, u ∈ [1, . . . , U − 1]
N, u = U

, (39)

where Na = bN/2qc denotes the number of elements in the
subarray.

Additionally, according to the FDPS method, the index of
each virtual subarray, such as the uth subarray, is given by (40)
at the bottom of this paper where Nu =

⌊(
Nu −Nu

)
/2q
⌋

denotes the number of bands in the uth subarray.
Analogous to (30), in this case, the phase shift of the

uth subarray with f (t) is denoted by ψ [u, f (t)] for ease
of expression. According to (34) and (36), ψ [u, f (t)] can be
expressed as

ψ [u, f (t)] = 4π

[
f (t) (dn,u − d1,u)

c
− f (t)

fc
εe(n− 1) sinϕRB

]
.

(41)
To illustrate this method intuitively, the processes are de-

scribed in Algorithm 2.

3) Complexity discussion in multi-user scenario: Accord-
ing to the analysis of the complexity of (24), we can read-
ily see that the complexity of the phase shift in (34) is
U ·M ·N ·K ·O(MRC), while the complexity of the phase shift
design based on the phase shift in (36) is U ·M ·N ·O(MRC).
Finally, the complexity of the VSA-based phase design is
U ·M ·N · 2q · O(MRC).

Algorithm 2: The VSA-based phase design in multi-user
scenario.

Input: Initial key parameters: M , N , a, b, p, fc, K, B, Gt,
Gu,dRB , d1,1, . . . , dU,1, θ1,1, . . . , θU,1, q

1 Calculate Na =
⌊
N
U

⌋
;

2 if Na ≥ 1 then
3 foreach u ∈ [1, U − 1] do
4 Nu = (u− 1)Na + 1,Nu = uNa;

5 NU = (U − 1)Na + 1,NU = N ;
6 foreach u ∈ [1, U ] do
7 Calculate Nu =

⌊
Nu−Nu

2q

⌋
;

8 if Nu ≥ 1 then
9 Initialize t = 1;

10 repeat
11 foreach

n ∈ [Nu + (t− 1)Nu + 1, Nu + tNu] do
12 ψopt

n = ψ [u, f (t)];

13 t = t+ 1;
14 until t > 2q − 1;
15 foreach n ∈

[
Nu + (2q − 1)Nu + 1, Nu

]
do

16 ψopt
n = ψ [u, f (t)];

17 else
18 The phase shift is ψopt

n = ψ (u, fc);

19 else
20 The phase shift is ψopt = ψ (u, fc);

Output: The optimal phase shift of the RIS ψopt.

V. NUMERICAL RESULTS

In this section, we characterize the performance of our RIS-
aided near-field wideband system. As illustrated in Fig. 6,
there are three users who are 5, 8, 10 meters away from the
RIS center, respectively. The angles between the users and
the RIS are independently and randomly distributed within
(0, 2π), and the results are based on the average of more than
1000 simulations. The central carrier frequency is fc = 300
GHz, and the number of carriers is K = 128. The bandwidth
B is varied from 5 GHz to 40 GHz. Additionally, the BS is
assumed to be 10 meters away from the RIS with a uniform
linear array of 64 antennas, i.e., M = 64. The number of the
RIS elements N ranges from 48 to 1440, and the size of each
RIS element is 0.1λc×0.1λc where λc = c/fc. Moreover, the
transmit power of each user is p = 1 mW, while the element-
spacing of BS antennas and RIS are half the wave-length.
Furthermore, the noise is calculated by σ2 = −174 + 10 lgB.
Please note that, unless otherwise indicated, we use N = 1000
and B = 10 GHz.

A. Array manifolds comparison

Firstly, as depicted in Fig. 7, we show the impact of the
RIS manifold on the achievable rate. Two single-user scenarios
are considered for comparison, namely the user distances of
5 and 50 meters. The performances marked by “Accurate”

Iu (t) =

{
[Nu + (t− 1)Nu + 1, Nu + tNu] , t ∈ [1, . . . , 2q − 1][
Nu + (2q − 1)Nu + 1, Nu

]
, t = 2q

(40)
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and “Approximate” are based on the array manifolds given
in (17) and (19), respectively. As seen, for the distance of
50 meters, the rates are almost the same, since the two curves
overlap. However, when the user is near the RIS, i.e., 5 meters,
there exists a gap between the rates of the two manifolds,
and their difference becomes more obvious with the increasing
of RIS scale. Therefore, the manifold in (19) will be more
accurate for the RIS-aided system, especially for near-field
communication systems, and this one is adopted to describe
the channel between the users and RIS hereafter.

Next, Fig. 8 presents the normalized array gain as discussed
in (18) where k and i are randomly selected in [1, . . . ,K],
and [1, . . . ,K] with i 6= k, respectively. Upon increasing
RIS scale, the achievable rate exhibits a downward tendency.
This decline is caused by the distance-dependent coefficient
of each term of the array manifold in (19), which is always
ignored in traditional systems. Additionally, for i 6= k, there
is a performance loss, which becomes more serious upon
increasing the scale of RIS. This phenomenon indicates the
inherent bottleneck in the wideband system. Explicitly, when
the phase shift is not matched to the operating frequency,
a performance loss is unavoidable. Hence, it is necessary to
conceive phase designs for mitigating the beam squint.

B. Achievable rate in single-user case

When presenting the simulation results, we use “Ideal” to
represent the upper bound of the achievable rate in (25), where
the phase shift is designed according to (24). The near-optimal
phase design proposed in (26) is marked as “Prop: Near-opt”.
Additionally, the FDPS associated with different number of
band blocks is marked as “Prop: q = 1”, “Prop: q = 2”, and
“Prop: q = 3”. Moreover, the scheme of [23] that is based on
the central carrier frequency fc is presented as a reference and
marked as “Ref: Center-freq”. Finally, in the single-user case,
only the performance of user-1 is discussed as an example.

Fig. 9 showcases the achievable rate of different phase
designs for a single user at different RIS scales, BWs, and
SNRs where we have significant performance gaps between
the “Ref: Central” and “Ideal” schemes. This shows that
the central-frequency based phase shift, which is adopted in
narrowband systems, is not applicable to wideband systems.
These gaps indicate that the beam-squint effect caused by
the wideband frequency-selective characteristics will impose
substantial performance loss.

Fortunately, the proposed schemes are capable of reducing
the performance penalty to some extent. To be quantitative,
Fig. 9 (a) presents the achievable rate versus the RIS scale.
It is clear that both the near-optimal scheme and the FDPS
scheme outperform the central-frequency based scheme. As
expected, the FDPS scheme is particularly beneficial for large
scale RISs. More specifically, the FDPS scheme has the same
performance improvements as the near-optimal scheme when
the RIS is small, but outperforms the near-optimal scheme
when the RIS scale is larger. Additionally, we observe that
the maximum rates are obtained for q = 1, 2, and 3, when
the RIS scale obeys 144 < N < 240, 240 < N < 720, and
N > 720, respectively. This indicates that the parameter q
also has a significant impact on the performance and a larger
q should be adopted for a larger-scale RIS.

Furthermore, Fig. 9 (b) and Fig. 9 (c) illustrate the achiev-
able rate for different BWs and SNRs, respectively. As ob-
served, although adopting different q values has different
effects on the achievable rate, the FDPS scheme outper-
forms the proposed near-optimal and the central-frequency
based schemes by mitigating the beam squint. Moreover,
the proposed near-optimal solution is superior to the central-
frequency based scheme, because the latter ignores the large-
scale effects of Section III-B.

C. Achievable sum-rate in multi-user scenario

Similar to the single-user case, the phase shift by (34) is
marked as “Ideal” in the simulation results. The “Prop: Near-
opt” scheme is the phase design of (37). The “Prop: q = 1”,
“Prop: q = 2” and “Prop: q = 3” accordingly denote the
proposed VSA-based schemes corresponding to q = 1, 2, and
3, respectively. Finally, the “Ref: Center-freq” scheme of [23]
is shown as a benchmark.

Fig. 10 depicts the achievable sum-rate of the three users
seen in Fig. 6 at different RIS scales, BWs and SNRs.
The proposed schemes, including near-optimal and VSA-
based schemes, are also superior to the benchmark based
on the center frequency. This also reveals the efficiency of
the proposed scheme in face of the large-scale phenomenon
and beam-squint effect. While the muti-user scenario exhibits
similar tendencies to those in the single-user case, there are
also some differences.

Fig. 10 (a) shows the achievable sum-rate versus the RIS
scale N . Observe that when the scale is less then 240, the
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Fig. 9. Achievable rate in single-user case.
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Fig. 10. Achievable rate in muti-user case.

near-optimal scheme is the best option and the rates are at
most the same for all the VSA-based shemes. The maximum
rate is achieved for q = 1 and 2 when 240 < N < 480 and
N > 480. Compared to Fig. 9 (a), we find that for different
numbers of users U , different q values should be chosen for
rate maximization, because the array is virtually divided into
U subarrays. This trend reveals even at a specifical scale, each
subarray has reduced scale, a smaller q should be applied in
the multi-user scenario. Moreover, the proposed VSA-based
scheme achieves a 100% performance improvement in the
multi-user case. For example, when N = 1440, for the
proposed VSA-based scheme the sum-rate exceeds 20 bit/s/Hz,
while it is less than 10 bit/s/Hz for the “Central” scheme.

Similarly, Fig. 10 (b) and Fig. 10 (c) present the achievable
sum-rate for different BWs and SNRs, respectively. Further-
more, the proposed near-optimal scheme and the VSA-based
scheme outperform the “Central” scheme. By jointly observing
Fig. 9 (b) and Fig. 9 (c), we may find that the performance
gain becomes smaller at a given scale, especially for a wider
bandwidth. This is because the virtual partitioning of the array
will result in a reduced-dimensional subarray allocated to an
individual frequency, yielding a reduced array gain. On the
other hand, for a wider bandwidth, the frequency dispersion
becomes more severe owing to the aggravated beam-squint.
Nevertheless, the VSA-based scheme can cope brightly with
the beam concentration problem, which is not encountered in
the single-user case. This will be detailed next

Fig. 11 illustrates the benefits of the proposed VSA-based
scheme in avoiding the beam concentration issue. Specifically,
Fig. 11 (a) depicts the achievable sum-rate of the near-
optimal scheme where three cases are presented based on
(37), corresponding to three random locations. As seen, for the
near-optimal scheme, although the sum-rate can be improved
compared to the “Central” scheme as seen in Fig. 10, the beam
may be concentrated on an individual user, i.e., on user-1 in
case-1, hence resulting in the performance erosion for the other
users. The beam concentrates on user-2 and user-3 in case-2
and case-3 where the achievable rate of user-1 is degraded
severely.

Fortunately, this problem can be avoided by the VSA-based
scheme. Fig. 11 (b) shows the sum-rate of case-1 in Fig. 11 (a).
It is clear that by leveraging the VSA-based scheme, not only
the sum-rate is improved significantly, but also a beneficial
performance balance among users has been achieved. This
is an explicit benefit of the VSA division. On one hand, by
partitioning the array into subarrays virtually according to the
number of the users, multiple beams can be obtained, thereby
enhancing the links between the RIS and all users, instead
of only a single user or a fraction of the users. On the other
hand, the beam-squint effect can be mitigated by the FDPS
method at each subarray. Therefore, the VSA-based scheme
not only mitigates the beam squint, but also avoids the beam
concentration problem, thus improving the sum-rate.

Fig. 12 depicts the achievable sum-rate versus the number
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Fig. 11. Achievable rate with different phase design schemes.
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Fig. 13. Deployment comparison.

of users U . It is assumed that the number of RIS elements
is 480, the distances between the users and the center of the
RIS is 8 meters, and the angles between the users and RIS
are independently and randomly distributed within (0, 2π). As
shown by Fig. 12, the proposed VSA-based scheme is superior
to the reference scheme based on the central-frequency, and
the advantage becomes more significant as the number of users
increases. Take the results with q = 3 as an example, the
performance gain of the VSA based scheme over the reference
scheme is 7.695 bit/s/Hz with U = 4, and the gain increases
to 10.158 bit/s/Hz for U = 6.

D. Discussion

According to the above discussions, we observe that the
effectivity of dividing the RIS into multiple virtual sub-arrays,
which indicates that the potential of distributed deployment.
For example, Fig. 13 compares the centralized and distributed
deployment of RIS in single-user case. Specifically, we adopt
one RIS for the centralized deployment with N = 1200, and
four RISs for the distributed deployment, each with the same
size N = 300. As seen, with the phase shift based on center
frequency, the performance of distributed deployment is not
as good as that of centralized deployment. Additionally, for
the distributed deployment, the performance with the proposed
FDPS scheme with q = 2 surpasses that with center frequency.

Last but not least, adopting the proposed FDPS scheme,
the performance of distributed deployment outperforms that
with centralized one when the bandwidth is relatively narrow.
But, with the increase of bandwidth, the bean squint effect
aggravates and the advantages of distributed deployment fade
away. Nevertheless, the proposed FDPS scheme is superior
to the phase shift design based on center frequency in both
distributed and centralized deployments. Due to space limita-
tions, the specific deployment strategies are not discussed in
this paper.

VI. CONCLUSION

The achievable rate optimization of RIS-aided near-field
wideband system was presented. Firstly, we analyzed the
path loss of RIS-aided communication links, and provided
the accurate manifold of the RIS in its near-field by taking
both the large-scale phenomenon and the beam-squint effect
into account. Based on the array manifold, we recast the
achievable rate maximization problem and proposed phase
design schemes for both single-uer and multi-user scenarios.
Specifically, a near-optimal solution and the FDPS scheme
were presented. We demonstrated that the latter effectively
mitigate the beam squint effect in the single-user scenario.
Moreover, a VSA-based scheme was proposed for mitigating
the beam concentration problem involved in the multi-user
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scenarios. Finally, numerical results validated the effectiveness
of the proposed schemes in improving the achievable rate
of near-field wideband communications. For instance, using
the VSA-based phase design, the achievable sum-rate can be
improved to more than twice when compared with the existing
methods.

APPENDIX A

For easy of discussion, we assume that N is an odd
values represented by N = 2N ′ + 1 with N

′
being

an arbitrary integer. Naturally, the elements are labeled as
[−N ′ , . . . , 0, . . . , N ′ ] with the 0th representing the central ele-
ment of the array. Additionally, d0 and θ0 denotes the distance
and angle w.r.t. the 0th element, respectively. According to the
geometry, we have dn =

√
d20 + n2d2e − 2nded0 sin θ0, n ∈

[−N ′ , . . . , 0, . . . , N ′ ] . By defining γ = de/d0, we have

|b∗ (N,d, fk)b (N,d, fi)|

=
1

N

N
′∑

n=−N′

(
1

1 + γ2n2 − 2nγ sin θ0

)2

ej
4π(fk−fi)(dN,u−d1,u)

c
.

(42)

An approximation of the second term of (42) is given in
(43) at the bottom of this page where the inequality (a) is due
to aejθa+bejθb ≤ a+b. Additionally, the approximation (b) is
obtained by exploiting the concept of definite integrals [28, Eq.
(17)] and by substituting x = γn. Moreover, (c) follows by the
integration of a proper rational fraction [44, Eq. (2.103.3)]. By
further transformations borrowed from trigonometric algebra,
(18) can be obtained.

APPENDIX B

For the MRC scheme, associated with wk = hk/ ‖hk‖, the
P2 can be recast as

P2(1) : Rk = max
W,Θ

log2

(
1 +

p ‖hk‖2

σ2

)
, s.t.

∣∣∣[Θ]n,k

∣∣∣ = 1.

(44)

Furthermore, with the aid of (20) and (21), we have
‖hk‖2 = MNα2

1α
2
RBχk, and the problem P2(1) becomes

equivalent to

P2(2) : Θ = arg max χk, s.t. |ψn,k| = 1, (45)

where we have

χk =

N∑
n=1

An
d21
d2n
e
j
[
ψn,k+4εeπ

fk
fc

(n−1) sinϕBR−
4πfk(dn−d1)

c

]
,

(46)
with dn denoting the distance between the user and the nth

RIS element, and εe = de/λc denoting the wave-length
normalized spacing between adjacent RIS elements. As readily
seen, χk can be maximized with all the summation terms being
in phase, namely, each term in the brackets equals to zero.
Hence, the phase in (24) and achievable rate in (25) can be
obtained.

APPENDIX C

According to Jensen’s inequality, we have
K∑
k=1

log2

(
1 +

p |w∗khk|
2

σ2

)
≤ log2

(
1 +

K∑
k=1

p |w∗khk|
2

σ2

)
.

(47)
By exploiting wk = hk/ ‖hk‖, problem P1 becomes

P1(1) : max
Θ

K∑
k=1

‖hk‖2 , s.t.
∣∣∣[Θ]n,k

∣∣∣ = 1. (48)

Furthermore, the objective function (OF) in (48) can be
recast as

max
Θ

MNα2
1α

2
RB

K∑
k=1

χk. (49)

According to (46), to obtain a near-optimal phase shift for
each RIS element, the above maximization problem can be
connected to the following minimization problem

P1(2) : min
ψn

1

K

K∑
k=1

∣∣∣∣ψn + 4εeπ
fk
fc

(n− 1) sinϕRB

−4πfk (dn − d1)

c

∣∣∣∣ ,
s.t. |ψn| = 1

. (50)

By defining Jn,k = 4πfk

(
dn−d1
c − εe(n−1) sinϕRB

fc

)
, the OF

in (50) can be rewritten as

min
ψn

K∑
k=1

|ψn − Jn,k| . (51)

N
′∑

n=−N′

(
1

1 + γ2n2 − 2nγ sin θ0

)2

ej
4π(fk−fi)(dN,u−d1,u)

c

(a)

≤
N
′∑

n=−N′

(
1

1 + γ2n2 − 2nγ sin θ0

)2

(b)
≈
∫ γN

′

−γN′

1

(1− 2 sin θ0x+ x2)2
dx

(c)
=

1

γ cos3 θ0

[
1

2 cos θ0

(
arctan

γN
′
− cos θ0 tan θ0
cos θ0

+arctan
γN

′
+ cos θ0 tan θ0
cos θ0

)
+

γN
′
(
1− 2 sin2 θ0 + γ2N

′2
)

(
1 + γ2N ′

2
)2
− 4 sin2 θ0γ2N ′

2


(43)
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Please note that Jn,1 ≤ Jn,2 ≤ · · · ≤ Jn,K , since f1 < f2 <
· · · < fK .

Furthermore, we have
K∑
k=1

|ψn − Jn,k| = (|ψn − Jn,1|+ |ψn − Jn,K |)

+ (|ψn − Jn,2|+ |ψn − Jn,K−1|) + . . .

(a)

≤ |Jn,1 − Jn,K |+ |Jn,2 − Jn,K−1|+ . . .

,

(52)
where the process (a) follows by exploiting |x− a|+|x− b| ≤
|a− b|. Additionally, the equation only holds, when ψn is
between Jn,1 and Jn,K , and between Jn,2 and Jn,K−1, and
so on. Hence, we have the following conclusion:

ψn =

{ Jn,K/2+Jn,K/2+1

2 , when mod (K, 2) = 0
Jn,(K+1)/2, when K mod (K, 2) = 1

; (53)

upon substituting fk = fc + B
K

(
k − K+1

2

)
into (53), (26) can

be obtained. Then the proof ends.

APPENDIX D
Upon using MRC beamforming at the BS, the total achiev-

able rate of U users over the whole band is given by

RMU =
1

K

U∑
u=1

K∑
k=1

log2

1 +
p ‖hu,k‖2

p
∑U
i=1,i 6=u

∣∣∣h∗u,khi,k

∣∣∣2
‖hu,k‖2

+ σ2


≤ 1

K

U∑
u=1

K∑
k=1

log2

(
1 +

p ‖hu,k‖2

σ2

)
(a)

≤ log2

(
1 +

p

σ2

1

K

U∑
u=1

K∑
k=1

‖hu,k‖2
)

(b)
= log2

(
1 +

pαRBMN2

σ2

1

K

U∑
u=1

K∑
k=1

αu |χu,k|2
)

,

(54)
where the process (a) followes by exploiting Jensen’s inequal-
ity and (b) is due to ‖a (M, θRB , fk)‖2 = 1. Additionally,

χu,k = a∗ (N,ϕRB , fk) Θb (N,du, fk)

=

N∑
n=1

d21,u
d2n,u

e
j

[
ψn+4εeπ

fk
fc

(n−1) sinϕBR−
4πfk(dn,u−d1,u)

c

]
.

(55)
Naturally, the near-optimal problem of P3 is given by

P3(1) : min

U∑
u=1

K∑
k=1

|ψn − Jn,u,k| , (56)

with Jn,u,k = 4πfk[(dn,u − d1,u) /c−εe (n− 1) sinϕRB/fc].
Please note that Jn,u,1 ≤ Jn,u,2 ≤ · · · ≤ Jn,u,K for u ∈
{1, 2, . . . , U} and n ∈ {1, 2, . . . , N}. Similar to the process
of (51)-(53), we obtain the optimal phase shift in (37) for
multiple users scenarios. Then, the proof ends.
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