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Abstract—Downlink reconfigurable intelligent surface (RIS)-
assisted multi-input-multi-output (MIMOQO) systems are consid-
ered with far-field, near-field, and hybrid-far-near-field channels.
According to the angular or distance information contained in
the received signals, 1) a distance-based codebook is designed for
near-field MIMO channels, based on which a hierarchical beam
training scheme is proposed to reduce the training overhead; 2) a
combined angular-distance codebook is designed for hybrid-far-
near-field MIMO channels, based on which a two-stage beam
training scheme is proposed to achieve alignment in the angular
and distance domains separately. For maximizing the achievable
rate while reducing the complexity, an alternating optimization
algorithm is proposed to carry out the joint optimization it-
eratively. Specifically, the RIS coefficient matrix is optimized
through the beam training process, the optimal combining matrix
is obtained from the closed-form solution for the mean square
error (MSE) minimization problem, and the active beamform-
ing matrix is optimized by exploiting the relationship between
the achievable rate and MSE. Numerical results reveal that:
1) the proposed beam training schemes achieve near-optimal
performance with a significantly decreased training overhead; 2)
compared to the angular-only far-field channel model, taking the
additional distance information into consideration will effectively
improve the achievable rate when carrying out beam design for
near-field communications.

Index Terms—Beam training, codebook, multi-input-multi-
output (MIMO), near-field communications (NFC), reconfig-
urable intelligent surface (RIS).

I. INTRODUCTION

Millimeter wave (mmWave) communications (30 - 300
GHz) and Terahertz (THz) communications (0.1 - 10 THz)
have been recognized as promising candidate technologies for
future BSG/6G networks to realize the communication goals of
ultra-wide bandwidth and ultra-high transmission rate [1]-[3].
Although possessing extremely high bandwidth, mmWave and
THz communication suffer from high propagation losses due
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to penetration, reflection and diffraction, resulting in a reduced
link budget compared to that in the sub-6 GHz scenario [4].

To tackle the problems caused by high-frequency communi-
cations, reconfigurable intelligent surface (RIS) technology has
received extensive research attention due to its distinctive ca-
pability of restructuring the wireless propagation environment
and establishing additional reliable reflection-based links be-
tween the base station (BS) and the user [5], [6]. RISs consist
of numerous passive controllable reflecting elements that can
adjust the phase shift of incident signals with extremely low
power consumption, and thus have been regarded as one of
the main enabling solutions to achieve green communication
and coverage extension for next-generation wireless systems
[7].

The low-cost and low-complexity characteristics of RIS
reflecting elements have also promoted the emergence of ex-
tremely large-scale RIS to realize higher array gain. However,
with an increase in the number of RIS reflecting elements,
the boundary separating the near-field communication (NFC)
region and far-field communication (FFC) region becomes
more distant from the RIS, making the near-field region non-
negligible [8]-[10]. In contrast to the plane wave model in the
far-field region, the electromagnetic structure in the near-field
region is fundamentally different and the spherical wave model
should be used [8]. The spherical-wave propagation model for
NFC contains both angular and distance information, which
allows the resulting beam patterns to focus on a specific point
[9]. Thus, NFC can utilize the new dimension of distance to
realize more precise signal enhancement, interference manage-
ment and user localization for RIS-assisted wireless networks
[11]-[14].

However, reliable phase shift design for RIS-assisted com-
munication systems relies heavily on accurate channel state
information (CSI), which is challenging to obtain due to the
passive property of RISs. In addition, the massive number of
RIS elements in a multi-input-multi-output (MIMO) system
will also lead to extremely large pilot overhead and high
channel estimation complexity. Compared to cascaded channel
estimation based on least squares or minimum mean squared
error, codebook-based beam training has been widely adopted
for mmWave or THz communication systems [15]-[17]. The
beam training method can obtain CSI by estimating the phys-
ical directions of channel paths rather than the entire channel,
thus realizing lower complexity. Moreover, beam training can
directly achieve reliable beamforming by selecting a phase-
shift vector from among a set of pre-defined “codewords”
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during the training procedure, and thus is considered to be
an efficient approach to acquire CSI in RIS-assisted wireless
communication systems [18]-[20]. Existing codebook design
and beam training schemes cannot be directly applied to RIS-
assisted NFC systems or hybrid FFC & NFC systems.

Codebooks designed for FFC are mainly based on angular
information, which is reasonable because the distance from
any point on the transmitter to any point on the receiver
can be considered equal, and the phase of electromagnetic
waves received by different antennas is a linear function of
the antenna index in FFC. However, in NFC, the phase of
the electromagnetic waves received by different antennas is
no longer a linear function of the antenna index, but is related
to the distance between specific two points at the receiving
and transmitting ends. In addition, channel responses can be
decomposed into the Kronecker product of two vectors related
to angle of arrival (AoA) and angle of departure (AoD) in FFC,
which is no longer applicable in NFC due to the coupling
between angle and distance, bringing more difficulties to the
design of near-field codebooks.

Furthermore, in RIS-assisted communication systems, BS-
RIS link and RIS-user link may be in either far-field or near-
field situations, so there may be a mixture of far and near
fields. In such cases, the degree of difficulty of codebook
design will increase because it is necessary to comprehensively
consider the channel conditions of the two links, and as
a result, the size of the codebook will also become large.
Designing an efficient and accurate beam training method is
also a challenge.

A. Prior Works

1) Channel modeling for NFC: Signals in the far field of
an array lead to planar wavefronts that produce linear phase
variations and negligible amplitude differences across the
array. However, the situation is different for near-field signals.
In order to achieve better performance through reasonable
resource allocation, accurate channel models are essential for
NFC. Hybrid-field channel modeling schemes were studied in
[21] and [22], where the far-field and near-field components
are separately estimated. A polar-domain representation for
near-field channel models was proposed in [23], accounting
for the information in both the angular and distance domains.
Considering the different multi-path characteristics observed
by antennas at different distances in large-scale MIMO NFC
systems, the authors in [24] proposed a non-stationary distance
modeling framework.

2) Beam training schemes: The beam training process is
implemented by searching for the optimal beam from multiple
predefined directional beams (codewords). For beam training,
testing all codewords in the codebook during the training
process is the most straightforward approach. However, the
codebook and the resulting training overhead can be extremely
large for large-scale massive MIMO systems, especially when
considering both angular and distance information in NFC.
The authors in [15] proposed a new hierarchical codebook to
achieve uniform beam alignment performance with low over-
head for mmWave communication systems. For mmWave and
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sub-THz systems with multiple users, [4] and [16] proposed
hierarchical beamforming training strategies to carry out si-
multaneous training for multiple users. Aiming at overcoming
the resolution limit of directional angle estimation, [25] pro-
posed a codebook-based beam search approach for mmWave
massive MIMO transmissions. However, these codebooks are
designed for the far-field case. Considering the spherical
wavefront propagation model for NFC, [17], [26] proposed
a two-phase beam training method to sequentially perform
the beam sweeping in the angular and distance domains.
The authors in [27] proposed a novel spatial-chirp codebook
and subsequently proposed a slope-domain-based hierarchical
update policy, where the upper-layer beam searching range
was uniformly divided into several sub-ranges.

3) Beam training design for RISs: To implement beam
training for RIS-based systems, one must first construct an
appropriate RIS codebook based on information about the
cascaded channel. Then, based on the information obtained
during the training phase, the RIS selects the optimal code-
word from the predesigned codebook to perform passive
beamforming. For RISs with massive numbers of elements,
highly efficient beam training schemes with good performance
are required to reduce the training overhead. The authors in
[19] first proposed a hierarchical codebook-generating method
using pattern synthesis, then provided a hierarchical beam
training method using two multi-mainlobe codewords in each
layer. To train multiple users at the same time, a multi-lobe
beam training mechanism was proposed in [28] based on the
BS-RIS joint codebook, thus achieving reduced overhead. A
multi-beam training method was proposed for a RIS-assisted
multiuser system in [29], by dividing the RIS into multiple
sub-surfaces and designing multi-beam directions over time.
Although [20], [30], [31] proposed beam training schemes for
RIS-assisted NFC systems, only limited scenarios with single-
antenna users were considered.

B. Motivation and Contributions

As the size of the RIS increases, the near-field region
becomes non-negligible. In NFC, CSI is not only related
to the angle but also distance, thus the acquisition of CSI
becomes very important for proper beam design. The methods
for obtaining CSI can be roughly classified into two categories:
channel estimation and beam training [31]. In this article, we
consider the use of beam training to simultaneously estimate
the channel parameters and perform passive beamforming
[32], which is simpler than performing channel estimation first
and then separately determining the optimal beamforming.

Although there are numerous beam training schemes for
FFC, codebook and beam training design for NFC are still in
their infancy, especially for RIS-assisted systems. Moreover,
the effect of different channel modeling methods for FFC
and NFC has not been well investigated. In order to fill
this gap, in this article we focus on four different channel
models for downlink MIMO RIS-aided systems. Furthermore,
we design codebooks and beam training schemes for near-field
and mixed-far-near-field channels, which are further used for
RIS reflecting coefficient optimization. The main contributions
of our work are listed as follows:
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1) We consider four different channel models for a down-
link RIS-assisted MIMO system, namely, i) FF: far-field
model for both BS-RIS and RIS-user links; ii) NF: near-
field model for BS-RIS link, far-field model for RIS-user
link; iii) FN: far-field model for BS-RIS link, near-field
model for RIS-user link; iv) NN: near-field model for
both BS-RIS and RIS-user links. Here, the assumption
of far-field propagation leads to a planar-wave channel
model, while near-field propagation leads to a spherical-
wave channel model.

2) According to the angular or distance information con-
tained in the received signals, we design i) a distance-
based codebook for the NN channel model, based on
which we propose a hierarchical beam training scheme
to reduce the training overhead; ii) a combined angular-
distance codebook for NF and FN channel models, based
on which we propose a two-stage beam training scheme
to separately achieve alignment in the angular and dis-
tance domains.

3) To maximize the achievable rate, we propose an alter-
nating optimization (AO) algorithm to carry out the joint
optimization of the RIS coefficients and the transmit and
receive beamformers in an iterative manner. Specifically,
the RIS coefficient matrix is obtained by the proposed
beam training schemes, the optimal combining matrix at
the user is obtained from the closed-form solution for
the mean square error (MSE) minimization problem, and
the active beamforming matrix at the BS is optimized by
exploiting the relationship between the achievable rate
and the MSE.

4) We present numerical results revealing that: i) the pro-
posed hierarchical and two-stage beam training ap-
proaches yield achievable rate performance similar to the
exhaustive search (ES) method while significantly reduc-
ing the training overhead; ii) compared to angular-only
far-field channel models, the achievable rate is improved
by exploiting the additional distance information when
performing the beam design for NFC.

The organization for the rest of this article is as follows.
In Section II, we describe the proposed RIS-assisted MIMO
system and the four considered channel models. In Section
III, we design different codebooks for the different channel
models based on the angular or distance information in the
received signals. In Section IV, we propose an AO algorithm
to carry out the joint optimization in an iterative manner
for maximizing the achievable rate. In particular, two beam
training algorithms are proposed in Section IV-A based on
the predesigned codebooks, the combining matrix optimization
is given in Section IV-B, and the active beamforming matrix
optimization is described in Section IV-C. Simulation results
and conclusions are given in Section V and Section VI,
respectively.

II. SYSTEM MODEL

We consider a RIS-assisted downlink communication sce-
nario, where a single multi-antenna BS serves a multi-antenna
user. The direct path between the BS and the user is assumed
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to be blocked due to the existence of propagation obstacles.
The BS is equipped with an Np-element uniform linear
array (ULA) of antennas, and the user is equipped with an
Nvy-element ULA. The RIS consists of a uniform planar
array (UPA) with M = M,M, passive reflecting elements,
where M, and M, denote the number of elements along the
horizontal axis and vertical axis, respectively.

Four different channel models are considered for the RIS-
assisted communication system, as shown in Fig. 1. Specifi-
cally, these four channel models are respectively abbreviated
as (a) FF: far-field model for both BS-RIS and RIS-user links;
(b) NF: near-field model for BS-RIS link, far-field model for
RIS-user link; (¢) FN: far-field model for BS-RIS link, near-
field model for RIS-user link; (d) NN: near-field model for
both BS-RIS and RIS-user links. We assume that the system
operates at a frequency of f., so the wavelength of the signal
is A\ = +. Denote the array spacing as d, which we will
assume here to be d = Ac/2. Denote the array apertures
of the BS, RIS and user as Dg, Dr and Dy, respectively.
For the BS and the user with ULAs, the array apertures are
calculated as Dy = (Ng—1)d and Dy = (Ny-—1)d,
respectively; for the RIS with a UPA, the array aperture is
calculated as Dp = \/[(Mx —1)d)* +[(M, —1)d)*. The
comparison between the far-field region and near-field region
in RIS-assisted systems is summarized in TABLE I, including
the Rayleigh boundary when d = A./2.

A. Channel Model

In order to explore the differences among the four channel
scenarios in terms of signal model, beam design, transmission
performance, etc., we first provide mathematical descriptions
of the models below. More specifically, we will first present
the far-field model for the BS-RIS and RIS-user channels,
then give the near-field model for the BS-RIS and RIS-user
channels, and finally obtain the cascaded channel models for
the four channel scenarios mentioned above.

1) Far-field channel model: When the far-field channel
model is considered, the channel between the BS and RIS
is characterized by the Saleh-Valenzuela channel model [33],
given by

Lp—1

M N,
2N Bar (o o) aff (o), (D)
=0

Gfar —
B.R
Ly

where Lp is the number of paths between the BS and RIS,
Bo represents the complex gain of the line-of-sight (LoS)
component, 3; (1 <! < Lg — 1) denotes the complex gain of
the I-th non-line-of-sight (NLoS) path [34], a;* and ¢;* denote
the azimuth and elevation AoA associated with the RIS, ol
denotes the AoD associated with the BS, and ag (o, ¢*)
and ap (aP) are the array response vectors associated with

the RIS and the BS, respectively.

For a UPA with M, and M, elements (MM, = M) on
the horizontal and the vertical axes respectively, the RIS array
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Fig. 1. Different channel models for RIS-assisted communication system.

TABLE I
COMPARISON BETWEEN THE FAR-FIELD AND NEAR-FIELD REGIONS IN RIS-ASSISTED SYSTEMS

BS-RIS channel RIS-user channel
Far-field B,R > 72(DB+DR)2 TR,U > 72(DR+DU)2
Near-field TB,R < % TR,U < w
Boundary [(NB*1)+\/W]2>\C {(NUfl)Jr\/W]z)\u
(d=Ac/2) 2 P

response vector is given by

an () = |1+ ,e‘JQId(Mz—l)sinasinsor
T (2)
N—
where 0 <z < (M, —1) and 0 <y < (M, — 1), and ® is

the Kronecker product. For the ULA with Np elements at the
BS, the array response vector is expressed as [35]

1
v R
where 0 < n, < (Np—1). Since the response vector of a ULA
is constant in the elevation domain, we omit the parameter
in the response vector of the BS in (3).

Similarly, the channel between the RIS and user in the far-
field region is given by

. wd o T
ap () = AL e T (g

Ly—1

N
fdr g Z 5laU o )aR (al Pl ) 4)

where Ly is the number of paths between the RIS and user,
i denotes the azimuth AoA associated with the user, o and

D denote the azimuth and elevation AoD associated with the
RIS respectively, and the array response vectors ag (a}), @P)

and ay (aﬁ) can be generated similarly to (2) and (3).

Remark 1. Assume that the number of RIS elements is far
larger than the number of BS and user antennas. When the
far-field channel model is considered (no matter whether the
BS-RIS link or the RIS-user link follows the far-field model),
the rank v of the cascaded BS-RIS-user channel satisfies
r < min{Lg, Ly}, and we say that the channel has r degrees
of freedom (DoFs) [36]. Thus, the dimension of the transmitted
signal vector should satisfy ¢ < r < min{Lp, Ly}. When
environmental scattering is absent and no NLoS paths are
present, the rank of the cascaded channel is 1.

2) Near-field channel model: For communications in the
near-field domain, we consider a three-dimensional topology.
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In FFC, the signal propagation paths from transmitters to
receivers can be regarded as parallel to each other if they share
the same AoA. However, in NFC, the angle distribution is also
related to the distance between specific points of transmitters
and receivers. Assume that all the BS antennas are located on
the z-axis, where the coordinate of the midpoint of the BS
array is denoted as (0, 0, 0). Thus, the coordinate of the ny-th
antenna at the BS can be denoted as

qB (nb) = (ﬁbdv Oa 0) ) (5)

where 7, = np — Y=L

Similarly, assume that all of the user antennas are parallel
to the x-axis, where the coordinate of the midpoint of the user
array is (zu,yu, zu). Thus, the location of n,-th antenna at
the user can be denoted as

qu (nu) - (-TU + ﬁudv Yyu, ZU) ) (6)

where 1, = n, — %

Assume that all elements of the RIS are parallel to the XY-
plane. Denote the coordinate of the midpoint of the RIS as
(xR, Yr, 2r). Thus, the coordinate of the (m,, m,)-th element
of the RIS can be expressed as

qr (mwa my) = (I’R + mwdy YR + ’ﬁ’lyd, ZR) ) (7)

- _ - M,—1
where m, = m, — MT'Q L and my = m, — —%—. Further,

assume that the location and topology of the RIS are known.
Based on the above geometry, the LoS link for the near-field
channel between BS and RIS can be modeled as [37]

T
near __ 1 May M
B,R — [gB,R7 e agB,R [ 7gB,R:| ) (8)
My, _j2m B
where SR = {’imm,,le I e mayd L

-2 B

—j25d
I5c%mayNe | and Ky, n, X 75— denotes the

Mgy ,ny

/fm,, us NBe

free-space large-scale path loss between the n,-th antenna of
the BS and the (m,, m,)-th element of the RIS. The distance
between the n,-th antenna of the BS and the (mg,m,)-th
element of the RIS is given by

.y = llaB (n6) — ar (M, )|l ©)

which can be expanded as

B = \/ (@ + Mad — ipd)? + (yr + Myd)? + 22

2 =~ N2 o . :
\/rgzy + (fpd)™ — 20pdry, | sinag,  singd

—
S]

)

) B~ 4 B s B
R T, npd sin Xy, SO,
(7pd)? (lfsin2 av%tmy sin? g&ixy)

+ 2B I

Ty
(10)
with rf’%y denoting the distance between (0,0,0) and the
(mg, my)-th element of the RIS, O‘EL”’ ‘PELW denoting the
corresponding azimuth and elevation angle, respectively, and
(a) is obtained based on the first-order Taylor expansion
Vitzx= 1+%$—%$2+O($3).
Similarly, the LoS near-field channel between the RIS and
user can be modeled as

near

1 n N T
R,U = [gR,UW" agquUa"' 7gR}{j] ) (11)
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Mo —j2zqV T
where ERU = |Fng,1e 7 xe Tt
;

1

c2n U
—j2mq
s Bng, , M€ Ae Tmu, M

and Kp,, m,, X 70 denote the free-space large-scale path

loss between the n,-th antenna of the user and the (Mg, my)-
th element of the RIS. The distance between the n,-th antenna
of the user and the (m,, m,)-th element of the RIS is given
by

d}-{u,mzy = ”qU (nu) —qr (mwvmy)llg 5 (12)

which can be approximated as

U ~ U _x o U s U
Ty ™ Ty Ny d Sin Ay, SO,
(ﬁ,u,ai)2 (1—sin2 ocgwy sin? gp}iwy) (13)
QTELW )

with TELW denoting the distance between the midpoint of the
user array and the (m,,m,)-th element of the RIS, a}f%y,
<p5%y denoting the corresponding azimuth and elevation angle,
respectively.

Remark 2. When both the BS-RIS and RIS-user links are in
the near-field region, the rank of the cascaded LoS channel
is 1 = min{Ng, Ny, M}, which will be much larger than
I in the case of large-scale arrays, even in the absence of
NLoS paths. Thus, one of the main advantages of near-field
communications is that they possess higher DoFs and can
support q(q > 1) data streams without relying on abundant
environmental scattering’.

3) Cascaded channel model: Denote the phase-shift matrix
of the RIS as ® = diag(gbl, ce ) Omy ,ng), with ¢, =
e~ 6, € [0,27) denoting the phase-shift coefficient of
the m-th RIS element. Therefore, the cascaded channels of
the four scenarios mentioned above can be expressed as

1) Hpp = G OGET, (14a)
2) Hyr = GELOGHET, (14b)
3) Hpn = GEHOGH,, (14c)
4) Hyy = G OGET. (14d)

B. Signal Model

We assume that fully-digital beamforming is adopted at the
BS, and thus the BS transmitted signal is given by

s = Wx, (15)
where x € C?*! is the symbol vector, satisfying E [xx"] =
I,, and W € CVe*4 js the beamforming matrix or precoder.

Assuming the receiver adopts a linear combiner, the received
signal at the user is given by

y = UTHWx + Ufn, (16)

where U € CNvX? g the combining matrix, H €
{Hpr, Hxr, Hpn, Hyn} s the cascaded channel between

'In this article, we mainly consider the transmission of LoS path to compare
the performance of far- and near-field communications in a non-scattering
environment, i.e., Lp = Ly = 1. This setting is to demonstrate that NFC
can support multiple data streams and have higher DoFs in the same non-
scattering environments. In this case, only a single RF chain is required in FFC
due to the low rank of far-field channels [38], and 2¢ RF chains are required
in NFC to achieve the same performance as fully-digital beamforming [39].
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the BS and the user based on the specific channel model,
and n € CN (0,0%Iy,) is additive white Gaussian noise
(AWGN).

The maximum achievable data rate (bits/s/Hz) for the user
is given by

R(W,0) = log, [In, + HWW"H" 52| (17)

where |X| represents the determinant of the matrix X.

Remark 3. Equation (17) characterizes the maximum achiev-
able rate when the optimal combiner at the user, denoted as
Uopt, is adopted. Given {W, @}, closed-form solutions for
Uopt can be obtained, as detailed in the sequel.

III. RIS CODEBOOK DESIGN

The precise design of the RIS coefficient matrix requires
accurate channel information, which is difficult to obtain
due to the passivity of RISs. Therefore, in this article, we
consider exploiting beam training, which can perform channel
estimation and RIS coefficient optimization simultaneously. To
begin with, in this section, we will first design codebooks for
different channel models. Based on the information contained
in the received signals, angular-domain and distance-based
codebooks are designed for FF and NN models respectively,
while a combined angular-distance (AD) codebook is designed
for NF and FN models. Each column in the designed codebook
corresponds to one candidate RIS passive beamforming vector.

A. Angular-domain Codebook for FF

In this subsection, we consider an angular-domain codebook
that is universal in the far-field domain. Generally, existing RIS
codebooks for FF channel models aim at aligning the beam to
the strongest propagation path to maximize the beamforming
gain. Ignoring weak paths, the signal at the user can be written
as

yrr = B0’ U ay (of) aff (af, ¢f)diag (¢)

18
a (o, o2) all (aB)Wx + Ufn, 1%

where 3y’ denotes the complex gain of the cascaded LoS chan-
nel. By substituting the array response vectors ag (ag, op)
and ag (o, ¢f) into (18), the user’s signal can be reformu-
lated as

yrr = o' Uay (ap) eI Omtvin =) ol (o) Wx

NE

1

+UHn,

(19)
where v = % [(my — 1) sinaf singfy + (my, — 1) cos ¢} |
and v> = 2}7\er [ (mg — 1) sinaf singl + (my, — 1) cos oP].
Thus, the optimal RIS phase-shift coefficients are

0,, = v2 — v2. All candidate angle pairs on the beam
grid should be considered when accurate channel state
information is unavailable, which is one of the primary
principles for far-field codebook design.

Assume that U and W have already been designed to
align with the strongest path [20], and focus on coefficient
optimization at RIS for codebook design. U and W can be
designed with the channel information obtained through beam

6

training, and we will show how U and W can be obtained
later. Thus, the RIS codebook for the FF channel model can
be designed as [29] [31]

FrF = |:b(51761)7"' 7b(6m£75my> y T ab(ﬁM176My)(l*7
)

@2
where B, = oMozl with m, = 1,-++, M, 6, =
2 M=l with m,, = 1,-- -, My, and b (8, 0) is the follow-

ing far-field steering vector

- 27d

b(ﬂ,é) = [1’... ,eiJTC(szl)ﬁg}T(g

2D
[1’ o 76—j%(My—1)5}T.
Each column of Fgp is a candidate beam codeword for the
RIS in the far-field domain. This angular-domain codebook
design makes full use of the angular information of the far-
field paths.

B. Distance-based Codebook Design for NN

Angular-only far-field codebooks are not applicable to near-
field channels, even if only one or the other of the BS-RIS
and RIS-user links is in the near-field domain because both
distance and angular information are embedded in the received
signal. Therefore, novel codebooks are required to match the
channels in the near-field region. When both the BS-RIS link
and RIS-user link are in the near-field domain, the combined
signal at the user is given by (22) at the bottom of the next
page, where vy, mn, = ?\—7: ( g“,m + d%nb), determined by
the sum of the distances from the BS to RIS and from the RIS
to the user.

Define the following array steering vector related to the
distance

T

f(z,y,2) = exp {—j% (P11 s Ty ,TMI,My)J

(23)

where (z,y,z) denotes the coordinate of the BS or the

user, and 7, m, = [|(2,¥,2) ,qr (Ma, my)||,. Generally, the

height of the BS or the user is constant. Therefore, for the

design of the near-field codebooks, we mainly consider the

exploration of x and y, and the z component in f (x,y, z)
will be omitted hereafter.

Definition 1. {x1, - ,xp} and {y1, -+ ,ynN} are two sets
of vectors with the same dimension. The x operator is defined
as follows for vectors of equal dimensions:

(X1, xXm]* [y, YN

24
=x10y1, -, X1OyN, -, XM OYN],

where © denotes the Hadamard product.

We use a pair of coordinates to represent the rectangu-
lar sampling range on the XY-plane as (:vfnin,yr’;in) and
(wrknaxﬂyrlilax)’ where ‘rﬁlin (yrliun) and xfnax (yr];ax) are the
minimum and the maximum « (y)-coordinate of the sampling
points respectively, and k& € {B, U} indicates the BS or user.
Denote the number of points sampled on the x-axis and y-axis

as S and S, respectively. Taking the corresponding distance
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between the sampling points into account, the codebook at the
RIS for the NN channel model is given by

Fan = [£ (@¥,90) -+

«[F (@B,

k

k
where z and y; are

yfy = yﬁlin + (SZ/ -

The size of the codebook will increase with the number of

a.f( 9x7ysy>7”' 7f<IS 7y,]53‘y21 )
25
given by
1 k _ k.
2>$maxsxmm’ sy =1, ,5,,
’ (26a)
1

2

af( sl7ysy)>"' af(xg£7yg

) yfnxS;y’“n sy=1,-- .5,
Yy

(26b)

sampling points in each direction, and the accuracy of the

RIS beamforming will

C. Combined AD Codebook Design for Hybrid FFC & NFC

improve correspondingly.

In this section, we consider hybrid cascaded channel mod-
els, where one side of the RIS is in the far-field and the

other is in the near-field. As such, the link on one side of
RIS only needs to consider angular information, while the link

on the other side needs to consider both angular and distance
information. Taking the FN channel model as an example, i.e.,
with the BS-RIS link in the far-field and the RIS-user link in
the near-field, the received signal at the user is given by

YEN = UHGnear

diag (¢) GEzWx + U n.

27)

By substituting G‘r“ea’r in (11) and Giar in (1) into (27), yrN
can be expanded into the following form

been designed to align with the steering vector of the strongest
path. That is to say, W has been aligned to aff (af’) when
designing the RIS codebook.

Considering the array response in both the distance and
angular domains, we define the array steering vector as

T
2 _i2m
C(-T,y,ﬁ,é) = |:€ J>\ dll e JAchz,My:| ®

(30)
where dpn, m, = [[(7, 9, 2) ,9r (Me, my)||, and z is assumed

to be fixed and known.

A codebook design for hybrid cascaded channel models
should cover not only the angular region of all possible signals,
but their distances as well. Therefore, based on the received
signal model given in (27), the codebook for hybrid cascaded
channel models should be designed to include the following
two components.

1) Angular-domain sweeping, similar to FFC: To align the
phase on the FFC side, the full angular range will be covered
in the predesigned codebook. Therefore, the first component
of the RIS codebook for hybrid cascaded channel models is
given by

‘/__.I]-Ib: [b(ﬂ1751)7“' 7b

2ma—M,—1
M,

(B 0my )+ ,b(ﬂMx,aMy)J :

(€20)

where §,,, = with m, = 1 s Mg, O, =
M%IM”A with my =1,--- , M,.

2) Distance-domain sampllng, similar to NFC: For each

given angle pair 8 and §, all possible sampling points in

the feasible range should be included to align the phase on

the NFC side. Therefore, the second component of the RIS

M )
YFN = 4/737 %UH [ > o 6_1(9’"*”?7"), I codebook for hybrid cascaded channel models is given by
m=1 1"
M ; T f2’k:|:f :Ckvyk ) ,f(s,ys),~~,f(xk 7yk) *a
et it (o W v, T = LR A (o h )
m=1 “Ny.m
(28) where ¥ and y* . k € {B, U}, are defined as in (26). In
where pamcular k = B for the NF case, and £ = U for the FN case.
A o A A Accordingly, the codebook at the RIS for hybrid cascaded
My — A {(mr — 1) dsin ag sin ¢ channel models can be designed as
29) L 5B
+(my — 1) dcos pd + d}{m] : FNe = Fin * i (332)
Fen = Fiop * Frgy - 33b
Similar to the assumptions above for FF channels, we assume N Hb Hb (33b)
that the transmit or receive beam related to the far-field link has ~ where the definition of x is given in (24).
[ 1 (Om+11.m1) - 1 (0t ) |
m TV, m, - m TV, m,N,
Z ama e X v e b
NI M _ M ) (o
NN = (ﬁ) uH Z dB eI (Om+vn, m,1) Z F e 6*]( m+unu,m,NB) Wx+UHn, (22)
— 71 ,m~m,1 m=1 nu,m m,Np
A 1 j (O + ) A 1 j (O + )
—J\Um TVNy,m,1 —J\Um TVUNy,m,N
PN v PR v
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IV. AO-BASED ALGORITHM FOR MAXIMIZING RATE

We aim to maximize the achievable rate by jointly optimiz-
ing the combining matrix U at the user, the digital beamform-
ing matrix W at the BS, and the reflecting coefficient matrix &
at the RIS. Suppose each passive beamforming vector at the
RIS is selected from the predesigned codebooks. Therefore,
the mathematical form of the optimization problem can be
given as

(P) %aggR(W,diag(cb)), (34a)
st [W% < Puax, (34b)
e F, (34¢)

where F € {-FFF7~FNF7FFN1~FNN} in (34c) is the pre-
designed codebook based on the specific channel model.

To handle the highly-coupled non-convex problem in (34),
we propose an alternating optimization algorithm in this
section, where three sub-problems will be solved in an iterative
manner. First, based on the predesigned codebooks, differ-
ent beam training schemes will be proposed to perform the
channel estimation and the RIS optimization for the specific
channel models. Second, a closed-form solution for the receive
combining matrix at the user is obtained. Finally, the active
beamforming problem is solved by exploiting the relationship
between the achievable rate and the mean square error. Details
for solving these sub-problems are given in the following
subsections.

A. Beam Training Design for RIS

1) Angular-domain Beam Sweeping for FF : The most
direct method to perform beam training for this case is
sweeping through all possible angles if the resulting training
overhead is acceptable. The size of the FF codebook in (20)
depends on the number of RIS reflecting elements. Based on
the given angle pair <ﬁmx , 5my>, the corresponding codeword
is b (B, 0m, ), and the achievable rate can be calculated as

R (W, diag (b (Bm.,,0m,))) (35)

with given beamforming matrix W. The optimal codeword
is selected as the one that yields the maximum rate after
sweeping through all candidate codewords in (20).

2) Hierarchical Beam Training Scheme for NN : From (25)
and (26), we see that the NN codebook size is determined
by the number of sampled points on the z-axis and y-axis.
The beam training overhead can be reduced by reducing
the codebook size (i.e., increasing the step size between the
codebook samples), but this will reduce the performance of
the beam training. In order to solve this problem, we design
a hierarchical beam training approach that consists of several
different levels of sub-codebooks. These sub-codebook levels
are determined using different sampling ranges and sampling
step sizes.

As illustrated in Fig. 2, we divide the sampling range
parallel to the XY-plane into four sub-ranges in each layer,
and find the range corresponding to the optimal codeword as
the sampling range of the next layer. More particularly, in
the [-th layer, the rectangular sampling range defined by the

8

(X2, max s Y2.max) (X1, max> V'1,max)
layer-3
:layer—-L
""" @ (XL,max > Vi max)

Sub-range-4 (e min) Sub-range 3

layer-2

(¥2,mfn> Y2,min)
layer-1

Sub-range 1 Sub-range 2

(X1,min» V1, min)

Fig. 2. Illustration for the proposed hierarchical beam training procedure.

coordinate pairs (zf, vk, ) and (2. vk.), k€ {B, U},

min’ ymln
is divided into the following four sub-ranges:

1) (‘Tﬁlin7 yI’;in) ’ (‘rfnin + TA, yfmn + yA) ’ (368.)
2) (‘xﬁlin =+ TA, yrlilin) ’ ( Lmaxs ymln —+ yA) ) (36b)
3) (xfnin + IA, yﬁun + yA) 5 (Imlxﬂ ymax) s (36¢)
4) (@hain: Ynin +U8) 5 (Thin T 78 Umax) . (36d)
where ra = % [xrknax - xll’gnin} and yn = % liyrlilax - yrl?ain]'

Therefore, the sub-codebook for sub-range 7 of B and sub-
range j of U in the I-th layer, denoted by Fnn (1,4,7),%,7 =
1,2,3,4, can be generated based on (25). Each column in
Fnn (1,4, 7) corresponds to a codeword ¢y ; ; 5, with s denot-
ing the column index in sub-codebook Fnx (1,4, j). Based on
the given beamforming matrix W and codeword ¢y ; ; s, the
achievable rate can be calculated as

R (W, diag (¢1,is)) - (37)

In fact, R can be calculated based on the corresponding
received signal strength without accurate channel information.

By adopting the ES method, the optimal codeword can be
obtained for the first layer, as well as the optimal sampling
sub-range pair (7, j), which will be the sampling range in the
next layer. This process is repeated until the maximum number
of layers L is reached.

The hierarchical beam training procedure is summarized
in Algorithm 1. We define the size of the codebook as the
number of candidate codewords, i.e., the number of column
vectors. There are 16 sub-codebooks in each layer, and the
size of each sub-codebook is (.S, Sy)z. Therefore, with a given
maximum number of training layers L, the training overhead
can be calculated as 16L (SwSy)Q. For the same sampling
grid resolution and hence beam training accuracy, the training
overhead of ES will be 451 (S,5,)°.

3) Two-Stage Beam Training Scheme for FN and NF :
The size of codebooks Fnr and Fpy is determined by the
product of the number of RIS elements and the number of
sample points, which can be extremely large especially for
large RISs. Thus, while ES is a straightforward way to find
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Algorithm 1 Hierarchical Beam Training Scheme for NN

Input: sampling range x(y)fnin(max k € {B, U}, number of
sampled points in each layer S, and S,, maximum layer
Lmax-

Output: Oy, Ropt.

1: Initialization: | = 1, 2(y)%nma0 () = 2(¥) inmax)
k€ {B,U}, Ropt = 0.

2: repeat

3:  Divide the sampling ranges corresponding to both the
BS and the user into four sub-ranges according to (36);

4:  Generate sub-codebooks Fnn (1,4,7),4,7 = 1,2,3,4,
based on (25), where ¢ is the sampling sub-range index
for B and j is the sampling sub-range index for U,

5:  Based on the received signal strength, calculate the
corresponding R (W, ®) for each codeword;

6:  Find the maximum R (W, ©), the corresponding code-
word ©,, and the corresponding optimal sampling
sub-range index pair (i, j);

7. Update z(y )ﬁm(max) (1 +1) = 2(Y) Din(max) (1)

8: Update (E( )mln(max) (l + ]‘) = x(y)gﬂn(max) (l’])’
9: I+ + 1
10: until | = L ..

the optimal codeword from the predefined codebooks, the
training overhead and consumed time can be unacceptable. We
therefore propose a two-stage beam training scheme for the FN
and NF channel models. Specifically, all candidate angles are
swept through in stage one, and the distance is determined
in stage two based on the selected direction. The details are
given as follows.

Stage 1 Angular-domain beam sweeping: In the first stage,
we aim to find the optimal beamforming angle based on
the far-field codebook given in (20), with the objective of
maximizing the achievable rate in (17). All sampled angles
will be swept through in this stage, and the one yielding
the maximum achievable rate will be selected. Therefore, the
selected indices in the angular-domain sweeping stage can be
expressed mathematically as

<ml‘ ) my>opt

= argmax{b (Bmz,émy) € Frr ’R (W, @mz,my) },
(38)
where ©,,,, ., = diag (b (B, ,0m,)). Denote the optimal
index pair as {mw my).

Stage 2 Distance-domain sampling: In NFC, the beam can
be designed to point at a particular location, rather than just a
specific angle. Thus, in the second stage, we aim to determine
the optimal focusing point for the optimal direction. With a
given angle pair <m’ m;>, the selected sampling point in the
distance domain can be determined by

(et 08,
Y/ opt (39)
:argmax{( y) e D, ’R (W I )}
where Dy, is the samphng range for k, k € {B,U}, and
@ ck 1yk *dlag (C (Iq ayq 7Bm’ 76m’

Tse

Similar to the analysis in Sectlon IV- A2 we adopt a hierar-
chical beam training scheme in this stage to strike a balance

Algorithm 2 Two-Stage Beam Training Scheme for Hybrid

Cascaded Channel Models

Input: M,, M,, sampling range m(y)ﬁlm(max), k € {B,U},
number of sampled points in each layer S, and S,
maximum layer Ly ax.

Output: O,pt, Ropt.

1: Imitialization: m, =1, m, =1, R,y = 0.

2: Stage 1:

3: Generate sub-codebook }"%Ib based on (31);

4: repeat

5 repeat

6 if R (W,0,,, m,) > Ropt then
7 Ropt =R (W GmT,my);

8: (M, my) e = (M, my);

9 end if

10: My — My + 1,

11:  until m, = M,;

122 my < my + 1.

13: until m, = M,;

14: Stage 2:

15: repeat

16:  Divide the sampling ranges corresponding to the BS
(NF Case) or the user (FN Case) into four sub-ranges
according to (36);

17:  Generate sub-codebooks ]:12{y (1,1),i=1,2,3,4, based
on (32), where ¢ is the sampling sub-range index for B
(NF Case) or U (FN Case);

18:  Generate Fnp/pN = {]—"Hb} — N

19:  Based on the received signal strength calculate the

« | for each codeword;

corresponding R (W, S

20:  Find the maximum R [ W, 9’”’”1 ok,
ing codeword ®,¢, and the corresponding optimal
sampling sub-range index 1;

21:  Update x(y)* (i+1)=

220 I+ 1+1

23: until | = L ax.

, the correspond-

x(y)fnin(max) (l7 Z)’

min(max)

between the training overhead and accuracy. Thus, the two-
stage beam training procedure is summarized in Algorithm 2.
The overhead of the proposed two-stage beam training scheme
is M +4LS,S,, while that of the ES method is M x 4LS,.S,,.

Remark 4. The proposed beam training algorithms can be
easily extended to scenarios with multiple users by dividing
the RIS into multiple sub-surfaces, where each sub-surface
implements the proposed beam training schemes to realize
beam alignment for each user.

B. Closed-form Solution for U

With the estimated channel information acquired through
the beam training, we can perform the BS beamforming and
the user combining design. Although the combining matrix
U is not present in the objective function (17), it will have
an impact on the BS beamforming design and the achievable
rate. Therefore, we derive the optimal combining matrix U
at the user below. The principle of combining matrix design
is to recover the original transmitted signals, which can be
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transformed into a mean square error (MSE) minimization
problem. The MSE matrix of the user is given by

E=E[(y %) (y—x)"]
— (UPHW - L) (UPHW -1,)" + 02U U,

and thus the mathematical form of the combining matrix
optimization problem can be written as

(P1) minTr (). (41)

(40)

With given W and ©, the optimal solution U of problem
(41) can be obtained by solving 0Tr (E)/0U = 0, where
oTrE) — 3 (HWWHHY 4 01y,) U—2HW. After some
simple derivations, the optimal combining matrix U is found
to be

Uope = (HWWPHY 4 021y ) HW,  (42)

which is necessary for the optimal value of W to achieve the
maximum of (17).

C. Active Beamforming Matrix Optimization

To solve the transmit beamforming optimization problem,
we introduce an auxiliary matrix F > 0, and reformulate the
original optimization as follows by exploiting the relationship
between the achievable rate and the MSE [40]

(P") Fmvycd,f (F,W,¢),

, (43)
s.t. (34b), (34¢),
where f (F, W, ¢) is given by
f(F,W,¢) =log |F|—Tr (FE). (44)

The optimal F of problem (43) can be obtained by solving
df/OF = 0, which is given by F = E~!. With given
F, U and ¢, the beamforming optimization problem can
be expressed by substituting E into (44) and removing the
constant terms:

(P2) H‘l)%,n Tr (WHHHUFUHHW) — 2Ty (?R (FUHHW))

s.t. (34b),

45
which is a convex optimization problem and its optimal
solution can be obtained using standard methods.

D. Overall Algorithm

The overall alternating optimization algorithm for maxi-
mizing the achievable rate is summarized in Algorithm 3,
where the optimal solutions in each iteration are the inputs
for the next iteration. First, with given U®) and ©® at
the t-th iteration, the optimal ®(+1) can be obtained by
carrying out the beam training scheme based on Algorithm 2
or Algorithm 1. The estimated channel information can also
be obtained in this step. Then, with given @ **1) and W) we
calculate and update the combining matrix U(**1) according
to (42). Although U is not included in the expression of
the objective function in (17), it will serve as input for the
next step in solving W. Last, with given Ut+D) @(+1)
and W) we first obtain the reformulated objective function

Distance-based codebook
(Section I11-B)

AD-combined codebook
(Section I11-C)

Codebook design
(Section IIT)

—PI RIS reflecting coefficient optimization |~---i
H

Hierarchical beam training
l Beam training (Section IV-A2)
Combining matrix optimization (Section IV-A)
(Section IV-B) ! Two-stage beam training H
l i (Section IV-A3) H
L |

Active beamforming matrix optimization
(Section IV-C)

Fig. 3. Illustration for the proposed algorithm.

Algorithm 3 Alternating Optimization-based Algorithm for
Maximizing Achievable Rate

Input: R (W, ®), maximum iteration times 7', convergence
threshold (.

Output: Ugpe, Oppe, Wopt.

1: Initialization: ¢t = 0, U®, @), W) R (W, @).

2: while t<T and T'>({ do

3: For given U®) and W), perform beam training based
on Algorithm 2 or Algorithm 1, and obtain e+,

4. For given ®¢*tD and W®  calculate and update
Ut according to (42);

5. For given UHD @+ and W*) | update W (1) by
solving problem (45);

6:  Calculate R (WD @(+1));

|R(W(t+1),@(t+1))—R(W(t) ,@(t))‘ ]

RWOSm)

7:  Calculate I' =

8 t<+t+1;
9: end while

by substituting E(*) in (40) into (44), and then obtain the
optimized beamforming matrix W(*+1) by solving problem
(45). This process is repeated until a maximum number of
iterations is reached or the convergence condition is satisfied.
The proposed algorithm is summarized in Fig. 3.

The computational complexity of the beam training mainly
comes from sorting, which requires O (M) operations
for angular-domain beam sweeping, O (16L (SxSy)2>
operations for the hierarchical beam training scheme,
and O (M +4LS,S,) operations for the two-stage beam
training algorithm. Solving problem (P1) for the combining
matrix involves matrix inversion, leading to a computational
complexity of O (Ng) [41]. According to [42], the worst-
case complexity for solving problem (P2) is O (¢*NJ)
using efficient interior-point methods. Thus, the overall
computational complexity of the proposed algorithm is
O (I3 (M +¢*N3 + N3)) for FF with angular-domain
beam  sweeping, O (I3 (16L (S.S, + ¢*Nj + N§)))
for NN  with hierarchical beam  training, and
O (I3 (M +4LS,Sy + ¢*Nj + N§)) for NF and FN with
two-stage beam training, with I3 representing the number of
iterations required for the convergence of Algorithm 3.

Page 10 of 42



Page 11 of 42

oNOYTULT D WN =

TABLE II
SIMULATION CONFIGURATIONS
Parameter Value
Carrier frequency 30GHz
Noise power -105dBm
Power budget at the BS 30 dBm
Transmitted signal dimension g of NN 2
Transmitted signal dimension g of FF/NF/FN 1
BS’s coordinate (0,0,0)m
User’s coordinate (24,0,0)m
RIS’s coordinate (12,0,8)m
Number of BS antennas 8
Number of user antennas 8
Number of RIS elements along x/y-axis 60, 2
Antenna spacing Ac/2

V. NUMERICAL RESULTS

The simulation configurations listed in TABLE II are
used unless stated otherwise. The following parameter set-
tings were used when executing the beam training schemes
for both the hierarchical beam training algorithm for
the NN channel model and the second beam training
stage for hybrid cascaded channel models. For hierarchi-
cal beam training, the sampled range in each direction
is set as [—1000A., 1000).]. For example, denote the co-
ordinate of the BS antenna midpoint as (zps,¥yBs,2BS)
where zpg is fixed. The sampled ranges of the BS in the
2- and y-directions are [xpg — 1000\., xps + 1000)\.] and
[yss — 1000\., ys + 1000\.], respectively. The same applies
to the sampled ranges of the user. The numbers of sampled
points for hierarchical beam training in the x- and y-directions
are both set as S; = S, = 2. The simulation results are
obtained by averaging over 500 channel realizations.

To compare the impact of different channel modeling meth-
ods and validate the effectiveness of proposed approach, we
conduct numerical simulations on the following schemes:

o NN, Perfect CSI: upper bound, where RIS beamforming
is performed with perfect CSI [43];

o NN, Hierarchical: NN channel model, proposed distance-
based codebook and hierarchical beam training scheme;

o NN, Uniform ES: NN channel model, the whole sampled
range is uniformly divided into several sub-ranges, and
the optimal codeword is obtained by exhaustive search?;

o NN, Mismatch: NN channel model, angular-domain code-
book and beam sweeping;

o NF/FN, Two-stage: hybrid-far-near-field channel model,
proposed combined AD codebook and two-stage beam
training scheme;

o FF, Angular-domain: FF channel model, angular-domain
codebook and beam sweeping.

To determine the number of training layers of the hierarchi-
cal beam training scheme, we show the relationship between
the achievable rate and the number of training layers in Fig.
4. It can be seen that when L., > 12, the achievable rate
no longer increases with Ly,,x. Although the achievable rate

2If the sampling step is too small, the cost of the exhaustive search is
unacceptable for the communication system. Therefore, here we divide the
entire sampling range into 16 equal intervals in the x and y directions,
respectively.
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scheme.
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Fig. 5. Beam training overhead vs. sampling step size in multiples of d.

only improves slightly from Ly ax = 2 to Lyax = 12, we set
the total number of training layers hereafter as Ly.x = 12
for better performance. Also, we depict the achievable rate
obtained by the ES approach when the number of sampled
points is set as 8 and 16 in each direction. The size of the NFC
codebook is (S, Sy)Q, so it can be extremely large for large S,
and Sy. Thus, we only considered two scenarios with small
S, and S, to compare the performance between the proposed
hierarchical beam training and ES approaches. Note that we
divide the whole sampling range into two sub-ranges in each
direction, so there are 4 sampled points in each direction when
Sy = Sy = 2 for hierarchical beam training. Therefore, the
proposed hierarchical algorithm achieves the same accuracy as
ES with S, = S, = 8 when the number of training layers is
2, and it is also the same for S, =Sy = 16 when the number
of training layers is 3 and for S, = S, = 32 when the number
of training layers is 4, which verifies the effectiveness of our
proposed approach which has significantly reduced training
costs.

The required beam training overhead of various training
algorithms for different sampling step sizes is compared in
Fig. 5. For NN channel modeling, the proposed hierarchical
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Fig. 6. Convergence performance of the proposed algorithm.

near-field beam training approach greatly reduces the training
overhead compared to ES beam training, especially when the
sampling step size is small. When the step size is 160d, the
overhead of the hierarchical beam training approach is only
about 2% of that required for ES. When the step size is
500d, these two schemes have the same training overhead,
and the required number of training layers for hierarchical
beam training is 1. For hybrid FFC & NFC channel models,
hierarchical beam training always requires less overhead than
ES, regardless of the sampling step size.

The convergence performance of the proposed AO-based
algorithm is shown in Fig. 6. Based on the simulation pa-
rameters provided earlier, we can calculate that both the BS-
RIS and RIS-user links are within the near-field region. Since
the NN channel model with hierarchical beam training is
more accurate since it considers both angular and distance
information of the cascaded links, it will provide a higher
achievable rate. Furthermore, it can be seen that the obtained
rate by the proposed hierarchical beam training is very close
to that of the RIS beamforming with perfect CSI, while the
computational complexity significantly reduced. Although the
uniform ES scheme is also very close to the upper bound,
its overhead is much higher than the proposed scheme. Even
though the NN channel model is adopted, the performance
obtained with mismatched beam training is poor, because
distance information is not considered. The FF channel model
has the worst performance due to the accumulative channel
estimation error of links on both sides of the RIS.

For the NN channel model, the normalized received signal
strength is depicted in Fig. 7. We can see that the maximum
received power appears at coordinate (24, 0), which is exactly
where the user is located. Since the user’s antennas are
distributed parallel to the x-axis, the received signal strength is
also dispersed along the x-axis. Moreover, the RIS reflecting
elements are more distributed along the x-axis direction, which
will also lead to such a distribution of reflected signals.
Unlike FFC, NFC can achieve beam focusing, concentrating
the energy of the beam at a specific location.

In Fig. 8, we show the relationship between the achievable
rate and the power budget at the BS. As expected, regardless of
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Fig. 8. Achievable rate vs. maximum transmission power at the BS.

the channel model or beam training approach, the achievable
rate increases with the BS power budget. In addition, for low
BS power, NN with hierarchical beam training cannot fully
leverage its advantages for accurate channel estimation, thus
having a lower achievable rate than NF and FN. As the power
increases, the achievable rate of NN increases the fastest, and
its performance advantages become increasingly pronounced
compared to the other models. The rates achieved with the
NF and FN channel models are nearly the same for all power
levels, since the BS-RIS and RIS-user distances remain the
same, the number of antennas equipped by BS and user is the
same, and the same beam training methods are used for both.
Furthermore, the performance of the proposed hierarchical
beam training is always approximately equal to that under
perfect CSI and superior to other comparison schemes, which
verifies the effectiveness of the proposed scheme.

Fig. 9 shows the achievable rate for different numbers
of RIS reflecting elements M. The achievable rate for all
channel model and beam training approaches increases with
M, due to the higher passive array gains that can be obtained
from larger RIS. The NN channel model achieves the fastest
increase in rate as M increases since the near-field effect is
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greater for larger RISs, the NN model describes the channel
more accurately, and the hierarchical beam training approach
realizes a more effective beam focusing. Furthermore, the
achievable rate obtained using the NN channel model with
angular-domain beam training will be superior to that of the FF
model due to the more accurate channel information, even if
the utilized beam training approach is not specifically designed
for the NN model.

Fig. 10 shows the achievable rate as the RIS is located at
different points in the z-direction. Note that the z coordinates
of both the BS and the user are 0. For smaller z values, the
closer the RIS is to the BS and user, the more obvious the
near-field effect. Therefore, the performance gain of adopting
NN channel models and hierarchical beam training is more
significant with smaller 2, and the results are consistent with
that in Fig. 6 when z = 8. Moreover, as the distance
between the RIS and BS and the user gradually increases,
the performance gap due to different channel models and
beam training methods gradually decreases. It can be predicted
that when z is large enough, these curves will eventually
coincide, which also verifies that the near-field channel can
be approximated as the far-field channel.
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The achievable rate obtained for different RIS locations
along the z-direction is depicted in Fig. 11. It is not difficult to
see that the NN channel model with hierarchical beam training
always has the highest rate, regardless of the RIS location. In
addition, for the NN channel model, a peak appears on both
the BS and user side, which is consistent with the conclusions
for FFC. For the NF channel model, the maximum achievable
rate is obtained with the RIS near the BS, due to the more
obvious near-field effect of the BS-RIS link. As the RIS moves
away from the BS, the achievable rate decreases, although this
degradation in rate slows near the user’s location. For the FN
channel model, in contrast to NF, the peak appears around
the user. When adopting the NN channel model and angular
beam training, a peak occurs only when the RIS is deployed at
an equal distance between the BS and the user, which means
that angular beam training for the NN model is only useful in
restricted scenarios.

VI. CONCLUSIONS

In this article, we considered four different channel models
for a RIS-assisted downlink MIMO system. According to the
angular or distance information embedded in the received
signals under these specific channel models, we designed
different codebooks to match the beam steering vectors for
the RIS. Based on the predesigned codebooks, we proposed
two beam training approaches, which were further used for
RIS coefficient optimization. More specifically, for the NN
channel model, we designed a distance-based codebook and
proposed a hierarchical beam training algorithm to realize
beam alignment while reducing the training overhead; for
the NF and FN channel models, we designed a combined
angular-distance codebook and proposed a two-stage beam
training approach to separately realize beam alignment in the
angular- and distance domains. To maximize the achievable
rate, we proposed an AQO-based algorithm to carry out the
multi-resource optimization in an iterative manner. Numerical
results show that the proposed beam training approaches can
obtain achievable rate performance similar to the ES method,
while significantly reducing the training overhead. Our results
demonstrate that the use of distance in addition to angular



oNOYTULT D WN =

IEEE Transactions on Wireless Communications

information can effectively improve the system performance
with near-field channels.
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