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Abstract: With the development of millimeter-wave (mmWave) communication systems, large-scale reconfigurable
intelligent surfaces (RISs) have gained considerable attention as a promising technology for signal strength en-
hancement and coverage extension. However, as the antenna scale and bandwidth increase, RIS-assisted wideband
orthogonal frequency division multiplexing (OFDM) communication systems face challenges due to the near-field
range expansion and the beam split effect over the high-frequency band, complicating the acquisition of channel state
information (CSI). To tackle these challenges, we present a codebook-based three-stage beam training scheme by
using the beam split effect to bypass CSI estimation. Specifically, by analyzing the beam split effect in RIS-assisted
OFDM communication systems, we propose a beam-split-aware codebook capable of covering both the near and far
fields with fewer codewords compared to conventional narrow-band codebooks. Using such a codebook, a three-stage
beam training mechanism is adopted to obtain the optimal codeword with low time overhead, thereby facilitating
subsequent beamforming. Simulation results demonstrate that the proposed scheme outperforms existing near- and
far-field codebook-based schemes in terms of the beam training resolution and sum rate in the hybrid near—far field.
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1 Introduction tional transmission, which is crucial for alleviating
mmWave transmission attenuation issues, the expen-

With the rapid advancement of six-generation — gjve components of existing phased array antennas
(6G) wireless mobile communication systems,  at mmWave bands, such as phase shifters, hinder
millimeter-wave (mmWave) communication has gar-  their practical deployment and development (Wang
nered significant attention owing to its abundant X et al., 2018; Tariq et al., 2020; Zhang HB et al.,
bandwidth resources (Elayan et al., 2020; Ju et al., 2022). Recently, reconfigurable intelligent surfaces
2021).  Although massive multiple-input multiple-  (RISs), a novel type of artificial metamaterial (Cheng
output (MIMO) systems can achieve precise direc- ot al., 2023; Quan et al., 2023), offer a cost-effective
alternative by intelligently reflecting signals to en-
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accurate channel state information (CSI), codebook
design and beam training are widely employed to
offer efficient transmission schemes even in the ab-
sence of precise channel information (Wu W et al.,
2020). However, new challenges have also arisen due
to large antenna arrays and wide bandwidths. First,
as the scale of the antenna increases and the op-
erating frequency rises, the boundary between the
near and far fields, e.g., the Rayleigh distance in
classical electromagnetic (EM) theory, also expands
(Yue et al., 2024). Such expansion leads to de-
graded performance of far-field codebooks based on
the planar wave model (Liu YW et al., 2023). Sec-
ond, the widening band exacerbates the beam split
phenomenon in both the near and far fields, result-
ing in significant disparities in the beam directions
across different subcarriers in orthogonal frequency
division multiplexing (OFDM) systems (Wang BL
et al., 2018). Consequently, this phenomenon may
cause overlapping codeword coverage in conventional
narrow-band codebooks, which can lead to errors in
codeword selection during beam training, thereby re-
ducing the beam training resolution and achievable
data rates.

In the literature, existing works either focus on
a narrow-band near—far field codebook design and
beam training without considering the beam split ef-
fect (Zhang YP et al., 2022; Zhang YT et al., 2023;
Wu CY et al., 2024) or rely on extra hardware com-
ponents to deal with the frequency dependence in
wideband systems (Cui et al., 2023; Gao et al., 2023).
Within the realm of narrow-band near—far field re-
search, Zhang YP et al. (2022) employed a two-phase
beam training method across angular and distance
domains for ultra-large-scale array communication
systems, reducing the training overhead. For RIS-
assisted communication systems, a layered codebook
and beam training mechanism based on the near—far
field were proposed (Zhang YT et al., 2023). To
tackle the challenges posed by large bandwidth, Gao
et al. (2023) introduced true time delay (TTD) to
regulate the beam split phenomenon and optimize
far-field beam training. Similarly, Cui et al. (2023)
leveraged TTD and the beam split effect to reduce
the overhead of near-field beam training.

Nevertheless, in RIS-assisted OFDM commu-
nication systems, near-field and far-field communi-
cation should be considered simultaneously. Mean-
while, it may not always be appropriate to introduce

additional components due to hardware limitations
and to preserve the cost and power efficiency advan-
tages of the RIS (Chen YH et al., 2023). As such,
it is crucial to develop a codebook design and beam
training scheme suitable for RIS-assisted wideband
OFDM communication systems.

In this paper, we aim to develop a codebook
design and beam training scheme that leverages the
beam split effect for RIS-assisted OFDM communi-
cation systems in the near—far field. The main con-
tributions of this paper are summarized as follows:

1. We analyze the beam split effect in RIS-
assisted OFDM communication systems. Using such
an effect, we propose a codebook for wideband com-
munications, which is capable of covering both the
near and far fields with fewer codewords compared
with existing narrow-band codebooks.

2. Based on the proposed beam-split-aware
codebook, we propose a three-stage beam training
mechanism to obtain the optimal codeword with low
time overhead. By dividing the beam training pro-
cess into multiple stages, it reduces the training over-
head and mitigates the beam training error caused
by the frequency-dependent channel gain.

3. Simulation results demonstrate the effective-
ness of the proposed codebook design and beam
training mechanism. Compared with existing near-
field and far-field codebook-based beam training
schemes, our proposed scheme performs better in
terms of both beam training resolution and sum rate
in the near—far field.

Notations: Scalars are denoted by italic letters;
vectors and matrices are denoted by boldface low-
ercase and uppercase letters, respectively. For a
complex-valued vector @, the function diag(x) de-
notes a diagonal matrix whose diagonal elements are
the corresponding elements in @, and the expres-
sion & © y denotes that the elements in  and y
are divided correspondingly. * and ™ denote the
conjugate and transpose of x, respectively.

2 System model

In this section, we first introduce the RIS-
assisted OFDM communication system, and then
present the RIS and transmission models.
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2.1 Scenario description

As illustrated in Fig. 1, we consider a wideband
downlink system, where a base station (BS) equipped
with M antennas serves a single-antenna user equip-
ment (UE). By adopting time division multiple ac-
cess (TDMA), the proposed beam training mecha-
nism can be easily extended to multi-user scenarios,
which will be shown in Section 5. Without loss of
generality, we choose to present the system model
with a typical single user to streamline the analy-
sis (Chen YH et al., 2023; Cui et al., 2023; Wu CY
et al., 2024). Due to the dynamic wireless environ-
ment, the link between the UE and the BS can be
unstable or even fall into a complete outage (Yue
et al., 2023). To solve this problem, we deploy a RIS
to assist the communication, which is an N-element
uniform linear array (ULA). The BS uses OFDM
with K subcarriers to serve the UE. The bandwidth
of the system is denoted as B.
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Fig. 1 RIS-assisted communication system (BS: base
station; UE: user equipment)

2.2 RIS model

The RIS is composed of N reflective elements,
each of which is a sub-wavelength metamaterial par-
ticle connected by multiple electrically controllable
PIN diodes (Wu QQ and Zhang, 2020). By set-
ting biased voltages applied to the PIN diodes, the
RIS element can reflect the incident signal with a
frequency-independent phase shift accordingly (Liu
YW et al., 2021). Let I3, represent the reflection
coefficient and ¢,, the phase shift of the n*® RIS ele-
ment. Then, the response matrix @ of the RIS array
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to the incident EM waves can be expressed as

Q= diag(Flej“”,FgejW, A FNej“"N), (1)
[0,27) for all n = 1,2,..., N. For sim-
plicity, we assume that ,, can take continuous values
in [0, 27) and I, equals 1 for all n from 1 to N.

where ¢, €

2.3 Transmission model

As shown in Fig. 1, assuming that the UE is lo-
cated at (rcosd, rsinf), the general multipath down-
link channel at the k™ subcarrier between the UE
and RIS can be modeled as (Shi et al., 2024; Zhang
YP and You, 2024)
5,
k+1

LNLos (2)
\/ Ii—|—1 ru NLoS[k]

where « is the Rician factor. Ry 108 and hEQ’NLOs
denote the line-of-sight (LoS) channel and the [*!
non-LoS (NLoS) channel, respectively. The number

hru [k] = ru,L.oS [k]

of NLoS paths is represented as Lnros-

Due to the directional reflections of the RIS and
severe loss incurred by scattering, the LoS link is
typically stronger than other multipaths in mmWave
communications (Piesiewicz et al., 2007). Therefore,
in the remainder of this paper, we focus mainly on
the LoS channel path. Based on the spherical wave

assumption, the n'® element of Ry 1o0s can be ex-
pressed as
_ 2”fk ()
hos K] = grulk]e™ , (3)

where fr = fo + %(k —1- %) is the frequency
of the k' subcarrier with f. denoting the central fre-
quency of the system, and g,,[k] denotes the complex
path gain at frequency fr. Without loss of generality,
in this paper we assume that the channel gains g,,[k]
of different frequency subcarriers are independent of
each other (Boljanovic et al., 2021). The term (™)
represents the distance from the UE to the n'® RIS
element, which is given by

= \/7'2 — 210, dsing + 62 d?

a 29201 _ ain2

(’&)r—éndsinéi—l——é”d (1 —sin” 6)
2r

)

=Tr— 5ndwue + 6121d2uue7

(4)
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where approximation (a) is based on the Fresnel ap-
proximation (Sherman, 1962). When r > 7y, =

0.5,/ 2 if <, where D represents the antenna aperture,
the Fresnel approximation is accurate (Selvan and
Janaswamy, 2017). Transformation (b) is obtained
by defining ¥y = sinf and e = # The
coordinates of the n'" RIS element are expressed
as (0,6,d) with 6, = 22=N=L (n = 1,2,...,N),
where d = # is the element spacing. Then the
LoS channel of the RIS-UE link at the k*" subcar-
rier hyy Los[k] and the near-field steering vector a

can be written as

27 f
hru,LoS [k] = Gru [k]e_']Tkra('l/)ucv Hue, fk)v (5)

= L eiente®on),

VN (6)

efj271f(r(N)7r)]T'

a(v, p, f)

Considering that the BS antenna size is often
much smaller than the RIS antenna size and the dis-
tance between them, we assume that the RIS is lo-
cated in the far-field region of the BS (Yang et al.,
2024). When the BS is located at (I cos ¢, I sin ¢), the
downlink channel at the &*" subcarrier between the
BS and the RIS Hy,[k] € CV*M can be modeled as
(Wu CY et al., 2024; Yang et al., 2024)

Hux[k] = gor[kla (s, s, fi)b" (9, fi),  (7)

where ¥ps = sin @, pips = 1_521?2 ¢ and ¥ is the spatial

angle-of-departure (AoD) from the BS antennas to
the RIS. The path gain between the BS and the RIS
is represented as gn;[k]. The term b denotes the far-
field steering vector, given by

1 . .
b0, f) = —[1,e-2hd0 | omient (-1,

VM

(®)
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As shown in Fig. 2, let s[k] be the transmit-
ted symbol at the k'™ subcarrier. The BS first
precodes s[k] using a digital beamformer wvp|k],
where Tr(vp [k]vil[k]) < plk], with p[k] representing
the transmit power allocated to the k'™ subcarrier.
Then, the processed signal is transformed to the time
domain employing a K-point inverse discrete Fourier
transform (IDFT). The signal in the time domain is
then added the cyclic prefix (CP) to construct the
transmitted signal (Chen Z et al., 2022). At the
receiver side, the signal is first received by the UE
antenna. Then, the CP is removed and the K-point
discrete Fourier transform (DFT) is applied to re-
cover the frequency-domain signal. Accordingly, the
received signal y[k] at the k'!' subcarrier at the UE
can be presented as

ylk] = hey[FIQHu [Kop[k]s[k] + n[k],  (9)

where n[k] denotes the additive white Gaussian noise
at the k™ subcarrier, obeying a Gaussian distribu-
tion CA(0, 0%) with noise power 0. Note that exist-
ing algorithms for addressing carrier frequency offset,
phase noise (Salim et al., 2014), and impulse noise
(Suraweera and Armstrong, 2004) are applicable to
codebook-assisted OFDM systems. Therefore, the
proposed scheme can be applied in scenarios affected
by these impairments.

3 Beam split analysis and key ideas

In this section, we first analyze the beam split
effect of RIS-assisted OFDM communication systems
in the near—far field, and then present key ideas for
codebook design and beam training based on the

analysis.

{volk]}C
y volK] T [m] -
. K,; M| <&
vp[2 . = =
olz] | Kepoint IDFT [H Add CP HRF chain }y S m <
wlll 1| | _ g |m g Y RF | |Deletd | K-point
Digital : : : S |m| 2 chain CP DFT
beamformer| : U(; u u(j
L kpoi nHd & |m| 2
= ~point IDFT 4 Add CP [HRF chain ] | | |
o |m| @ \ }
\ } o = x
i
Y J I
BS RIS UE

Fig. 2 Schematic of the transmission model in the RIS-assisted communication system (BS: base station; CP:
cyclic prefix; DFT: discrete Fourier transform; IDFT: inverse DFT; RF: radio frequency; UE: user equipment)
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3.1 Beam split in RIS-assisted OFDM com-
munication systems

Now we analyze the beam split effect of RIS-
assisted OFDM communication systems. In the
following analysis, as mentioned in Section 2, we
focus on the LoS channel path in which the BS—
UE channel can be approximated as h.,[k] =~
hiuroslk] (K = 1,2,...,K) (Zhang YP and You,
2024). Upon observing the expression of a in Eq. (6),
we note that the steering vectors of wideband chan-
nels are frequency-dependent, whereas conventional
phased array antennas can provide only frequency-
independent phase shifts. This mismatch results in
the beams generated by the phased array at differ-
ent frequencies being focused on different locations,
giving rise to the beam split phenomenon (Cui et al.,
2023).

However, due to the additional wireless links in-
troduced by the RIS, existing analysis of the beam
split effect for traditional MIMO systems without
considering the metasurface cannot be directly ap-
plied to RIS-assisted communication systems. Thus,
we derive the specific formulation of the beam split
effect of RIS-assisted OFDM communication systems
in the near—far field, as detailed in Lemma, 1.
Lemmal Assume that the BS position in the ¢)—p
domain is at (¢ps, ftbs), and that the spatial AoD
from the BS antennas to the RIS is . When de-
signing the BS digital beamformer to align with the
BS—RIS channel and configuring the RIS such that
the beam corresponding to the central frequency f.
is directed to (¥(9), (%)), the beam at frequency fy
is focused on the location (v, k), expressed by

b= 20 )~ = Lo S Sey
i Jr Tk
(10)
Jfe (c) Jfe (c) Jik— Je
= 5 + s) — s — - = s S
= g (' + pbs) — v G 7
(11)
Proof The BS digital beamformer is designed to

align with the BS-RIS channel, given by
vplk] = /plk]b* (Y, fr), k=1,2,..., K. (12)

As such, according to Egs. (5) and (7), the received
signal in Eq. (9) can be written as

ylk] = alkla(®, 1), fi)Qa (s, tivs, fr)s[k]+n[k],
(13)
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where a[k] is a constant parameter. Below, we focus
on the key part a(¢(®), 1, fr)Qa(ius, pins, fr) in
Eq. (13) to configure the RIS. To direct the beam
at the central frequency toward (1/(®), (), the RIS
should be configured such that

Qa(Vus, tivs, fo) = a* (), 1 fo).

When Q satisfies Eq. (14), i.e., the center-frequency
beam is focused on (9(©),u(?)), the beam gain
é-(c) = |aT(w(C)7 M(C)7 fC)Qa(wbsa Hbs, fC)| reaches the
maximum value 1. According to Egs. (6) and
(14), we find that ¢, — 270Le (=8, dipns + 02d2 pins) —
2mle (—=5,dp(©) + 62d%pu9) = 0 (n = 1,2,...,N).
Similarly, for the k*" subcarrier with frequency fy,
when ¢, and fir satisfy Egs. (10) and (11), we can
verify that the beam gain at (@k,ﬂk) reaches the
maximum value, which implies that the beam at fre-
quency [y is focused on the location (@ZAJ;C, fik)-

As depicted in Fig. 3, when the bandwidth is
large, the beam split effect leads to a significant de-
viation. The beams produced by subcarriers at the
edge of the frequency band deviate from the center-
frequency beam, in both the far field and the near
field. Therefore, the beam split effect should be
elaborately considered in subsequent codebook de-
sign and beam training.

(14)

3.2 Key ideas of codebook design

Building on the analysis of beam split, this sub-
section outlines the key ideas of codebook design for
RIS-assisted OFDM communication systems.

According to Lemma 1, when configuring the
RIS to align the beam at the central frequency to-
ward a specific position, beams produced by sub-
carriers at other frequencies are directed toward
Therefore, the
coverage range of a wideband beam composed of mul-
tiple subcarrier beams surpasses that of a conven-
tional narrow-band beam. This implies that fewer
codewords are necessary to cover the near—far field,
thereby reducing the overhead of beam training.

Note that while the coverage of codewords ex-
pands, the high angular and distance resolution can
still be achieved. Given the orthogonality among
OFDM subcarriers, the UE can distinguish signals at
different frequencies. This is equivalent to further di-
viding a coverage-expanded codeword into coverage-
refined codewords by using subcarriers of differ-
ent frequencies. Coverage-refined codewords can

nearby positions via beam split.
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Fig. 3 Beam split in the far field (a) and the near field (b)

be regarded as a refined decomposition of coverage-
expanded codewords, where each subcarrier beam’s
coverage is individually represented, reflecting the
breakdown of the overall coverage across different
subcarrier frequencies.

In summary, codewords that leverage the beam
split effect, referred to as beam-split-aware code-
words, can undergo two treatments. Initially, they
are treated as coverage-expanded codewords to re-
duce codebook size and beam training overhead.
Subsequently, they are treated as coverage-refined
codewords to achieve superior angular and distance
resolution.

3.3 Key ideas of beam training

We now introduce the key ideas of the beam
training mechanism to be designed.

Considering the need for beam search across
both angular and distance domains, an exhaustive
approach would lead to significant time overhead.
To address this issue, our approach involves initially
conducting a preliminary angular search using only
angular-domain codewords to estimate the potential
angular range. Subsequently, more refined angular
and distance searches are performed using coverage-
expanded codewords within this narrowed range. It
is worth noting that the coverage-expanded code-
word can be decomposed into coverage-refined code-
words via beam split, allowing for high resolution in
terms of both angular and distance dimensions.

Additionally, due to the variations in channel
gain across different subcarriers, conventional beam
training schemes that rely on direct comparison of

signal strengths are no longer effective. Therefore,
we steer each subcarrier to the UE position as a
single-frequency beam to estimate the channel gain
across different subcarriers. By using the estimated
channel gains of different subcarriers, we normalize
the signal strength received by the UE during beam
training. This eliminates the offset effect caused by
frequency selectivity. As such, the normalized sig-
nal strength can more accurately reflect the angular
and distance information of the channel between the
RIS and the UE, leading to higher beam training
accuracy.

4 Beam-split-aware codebook design
for RIS

In this section, we describe our design of a beam-
split-aware codebook capable of effectively covering
the near—far field. We decompose the codebook de-
sign into angular sampling and distance sampling.
After acquiring the position of sampling points, code-
words are finally designed.

4.1 Angular sampling method

We first focus on the angular sampling method
for codebook design. Angular sampling in the near—
far field refers to sampling in the angular domain,
involving the discretization of the angles within the
near—far field region to obtain angular information of
the sampling points. Specifically, when the center-
frequency beam is directed to (), we determine
the width of the wideband beam, composed of all
subcarriers, by considering the angles v and g
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directed by beams at f1 and fx, respectively, where
fi=fe— % and fx = fe + %. The angles 1, and
1 can be obtained using Eq. (10).

In particular, in Eq. (10) we find that when
P(©) = —hyg, Le., the center-frequency beam is pro-
jected from the BS and reflected toward the user’s
direction in a mirror way in the ¥-domain, we have
Y = ¥© (k= 1,2,...,K). In other words, the
beams generated by subcarriers at different frequen-
cies are directed toward the same direction when
(©) = —hyq, allowing us to treat it as a traditional
narrow-band beam (Chen YH et al., 2023). The
parameter w is introduced to represent the width
of the wideband beam, and the angular coverage is
() — 2 () 4 2] when ¢)(¢) = —4)p,;. Without loss
of generality, the width of the narrow-band beam is
considered to be % in the sin 6 plane (Lin et al., 2017;
Chen YH et al., 2023). Therefore, in this paper, we
set the value of w to %

Drawing from the analysis, to ensure a com-
prehensive coverage of all angles while reducing the
number of samples, we propose the following angu-
lar sampling method to construct the angular sam-
pling set ¥(©) = {1/J§C)}- As shown in Fig. 4, the
angular sampling method we adopt involves itera-
tively updating the angular sampling set ¥(¢) and
the coverage range [Ymin, ¥Ymax]. We initialize with
w(©) = {—4pps}, where 1), represents the angle of the
BS in the -domain. Given the fixed positions of the
BS and RIS in practical communication systems, we
assume that their relative positions are known, be-
cause they can be accurately determined using meth-
ods like minimum variance unbiased estimation, co-

|:| Coverage range
| sampled angle j&domain
- — ™
-t | — g
Update angular _ — w
sampling set l Wmln=_wbs_%/ Yoo ¥ma=~ V¥t
-1 | J | | 1
Update current l e W
coverage range
-1 | 0 I | 1
v
\PITHH wmax

Repeat until angular
domain is covered

eI I O I I O B N A

Fig. 4 Illustration of angular sampling

ordinate descent, and compressed sensing (Hu et al.,
2021). The initial coverage range of the sampling set
is [=1)ps — 5, —Vps + 5 ]. We then iteratively expand
the coverage toward [—1, 1], which is the range of the
1-domain. Specifically, given the current coverage
range [Ymin, Ymax), we calculate the next sampling
angles toward —1 and 1, denoted as w(f) and z/J(f)
respectively, ensuring no overlapping. These angles
can be expressed as

IZJ(_C) - ff_I:(’l/)min_F’l/)bS) _wbsv (15)
S—C) = jff (wmax + wbs) - wbs'
The sampling set ¥() is then updated

to {w(_c),lp(c),wic)}. After adding w(_c) and z/JEf)
to wle),
panded, which can be obtained by using Eq. (10).
The updated coverage range iS [Umin, Ymax] =
(4 (8 4 ) = e, J (85 + ) — ] This
process is iterated until ¥, < —1 and Ymax > 1.

the current coverage range is also ex-

4.2 Distance sampling method

Next, we concentrate on the distance sampling
method. Similar to angular sampling, distance sam-
pling in the near—far field refers to sampling in the
distance domain. For distance sampling, the column
correlation is an important parameter used to char-
acterize the relationship between adjacent sampling
points (Cui and Dai, 2022; Zhang YP et al., 2022).
Assuming that p and ¢ are two adjacent sampling
points at different distances from the same angle,
their column correlation can be expressed as

7 cos(mt?/2)dt + [ sin(rit2/2)dt
G(B) = :
B
(16)
where 3 = Djf |ty — ] and D represents the an-

tenna aperture. Given the maximum value of column
correlation A, the function G(54) = A can be used
to determine S as

Ba =G (A),

where G71(-) is the inverse function of G(-). To
ensure that the column correlation between p
and ¢ remains below A, we require that Sa <

Djfmp — tig]. This leads to the following crite-
rion for distance sampling:

(17)

(18)
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We now show that this distance sampling cri-
terion can be generalized to the wideband case, as
detailed in Lemma 2.

Lemma 2 If the distance between two adjacent
beams at f. satisfies |u,(f) - ,u((f)| > 524]27 then the
distance between adjacent beams at fj, also satisfies

Bhc
|Mp’k_uq’k|ZD2—fk, k:1,2,...,K. (19)
Proof 2Using Eq. (11) and considering |u,(f) -
ug°)| > g§fcc , the following can be obtained:
|Hp,k — Haq.k]
_ ‘(ﬁu(“’) L _fcub ) B (éu“) Jr —fcﬂb )\
fe'? fr ) fe? fr 7
Y ANCROIPS fe Pac _ Bac
fe? T kDo D*fk

(20)

Through Lemma 2, we find that when sampling

the distance, we need only to control the column

correlation between the sampling points of the cen-

tral frequency f., as subcarriers at other frequencies

automatically meet the aforementioned criteria after

beam split. Therefore, given the maximum value of

column correlation A, we can calculate 54 accord-

ing to |G(Ba)| = 4, and subsequently obtain the
sampling distance set () via

U = (Nl =i i=0,1,2,...3,  (21)
c B2 ¢
where N(A) = DZAfC'

4.3 Codeword design

Below, the codeword design approach is pre-
sented. Based on the angular and distance sam-
pling methods, the position of each sampling point
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(ug"),wf’) can be determined in the near—far field.
Consequently, we record the RIS configuration di-
rected toward that point as its corresponding code-
word g; ; according to Eq. (14), which is expressed
as

gi; = a* W\, 1Y, f0) @ a(us, s, fo). (22)

Following this, we calculate 1; ; and p; ;. using
Egs. (10) and (11) to record the distance and angle
of the beam at fy, i.e., the beam generated by the
k' subcarrier, for subsequent beam training. The
proposed codebook design algorithm is outlined in
Algorithm 1.

Algorithm 1 Beam-split-aware codebook design

Input: angular and distance sampling sets ¥(¢) = {¢;C)}

and U©) = {ugc)}, subcarrier frequency set F = {fx},
central frequency fc, and position of the BS (¢ps, tbs)-

Output: codebook G = {g;, ;}, angular and distance arrays
U= {Yijr},and U = {p; j 1}

1: for ,ul(.c) c U do

2 for ¢v](-c) c v do

3 Construct the codeword g; ; via Eq. (22)

4 Record v; ;1 via Eq. (10) // Angular split

5: Record p; ;1 via Eq. (11) // Distance split

6 end for

7: end for

Fig. 5 illustrates the coverage of the codewords
within the proposed codebook in the 3 — p do-
main. Note that when ¢ = 0, g;; corresponds
to the angular-domain codeword, i.e., the conven-
tional far-field codeword. Additionally, in Fig. 5,
we observe that subcarriers of different frequen-
cies within a single codeword are further divided
into different regions via beam split, indicating the

- - _—
- —
-7 16 ]
-7 g ——
-7 —

-7 1.4 T

1.2
L f,

Beam-split-aware 10 f, f,
codewords

0.8

. 0.6 ||
Angular-domain 0.54 0.56 0.58 0.60 0.62 0.64 0.66 0.68 0.70

codewords

Fig. 5 Coverage range of beam-split-aware codewords (¢ps = 0)
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potential for achieving high resolution in subsequent
beam training.

5 Three-stage beam training mecha-
nism

In this section, a three-stage beam training
mechanism characterized by low training overhead
is presented. We then extend the proposed scheme
to multi-user scenarios.

Specifically, in the first stage, we determine the
potential angular range by exclusively using angular-
domain codewords for beam training. After that, in
the second stage, an exhaustive search is conducted
in the ¥ — p domain using near—far field codewords
whose angle coverage range aligns with the potential
angular range. Finally, in the third stage, we esti-
mate the gain of each subcarrier and employ it to
normalize the received power from the second stage,
thereby obtaining the optimal codeword and esti-
mating the UE’s angular and distance information
through the proposed beam training.

As stated before, considering the quasi-static
property of the BS—RIS channel, we assume that the
channel Hy,[k] is known by the system (Hu et al.,
2021). Therefore, during beam training, we keep
the digital beamformer vplk] (k = 1,2,...,K) to
align with the BS-RIS channel according to Eq. (12).
Below, we provide a detailed explanation of how each
stage in the proposed three-stage beam training is
performed.

_

Second stage

5.1 First stage: potential angular range esti-
mation

As shown in Fig. 6, in the first stage, the BS ex-
clusively employs angular-domain codewords to con-
figure the RIS, which means that @Q is set as

QS = diag(go,), j=1.2,....J,  (23)

where J is the size of the angular sampling set ¥(®).
According to Eq. (9), the total received power of the
UE can be expressed as

K
wl) = SR K1QS) Hy [klon [K]s[k] + nlk]|[2.
k=1

(24)
Then, the index set of the codewords within the po-
tential angular range, denoted by J (1) is determined
by
(25)

T = {jOlwg), = p* maxwo,},

G
where p € (0, 1) represents the beam gain threshold.
In particular, p can be set as §7 corresponding to
the 3 dB dominant-angle region (Xiao et al., 2016).

5.2 Second stage: coarse direction and dis-

tance estimation

In the second stage, the BS uses beam-split-
aware codewords whose angular coverage range
aligns with the potential angular range for beam
training. This is achieved by setting Q as

Qz(',2j) = diag(gi;), i=1,2,...,1, j€ JV, (26)

Third stage

] Estimated
= If1 —channel gains

]

Single- | w-
frequency If Normalization
2

beams T

y -

\'_'Y'_'} %

The potential angular range

+The coarse direction and distance

The optimal
codeword

[

Fig. 6 Illustration of the proposed three-stage beam training mechanism
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where I is the size of the distance sampling set 2/(%).
Different from the first stage, the UE records the
. . e . (2)
received signal power of individual subcarriers w; ik
instead of their total power, which is denoted as

w'?),, = [|RL Q) Hy [Klup[K]s[k] + nlk]|*. (27)

)

Next, the coarse estimated direction and distance of
the UE, denoted as (w@), ﬂ(Q)), can be obtained by

i,k

(2(2)7}(2), /%(2)) = arg max w?
5O 22 = (s o con st 1), 2
(), ') (¢¢<2>,j<2>,k<2>alhm,j(z),k(z))a

where the optimal index (i®,7® E®) is deter-
mined by the UE and then transmitted to the BS.
On the BS side, (¢, 4() is considered to be the
element in ¥ and U corresponding to the index.

5.3 Third stage: channel gain estimation and
normalization

In the third stage, the BS sequentially transmits
single-frequency signals with frequencies correspond-
ing to each subcarrier. It configures the RIS with

Q,(C?’) = diag(a*(d}(z), ﬂ(2), fr) @ a(us, s, fr)),

29
k=1,2,... K, (29)

so that the beam is directed toward (6@, i(®)). The
received power, denoted as z[k], is recorded accord-
ing to Eq. (9), which is used to normalize wg.) x With

3 2
wz(,j),k = wz(j)k/z[k]

Finally, the optimal codeword g and final estimated
direction and distance of UE (1), fi) are determined
as follows:

(30)

Q
>
<.
Q
<3
o

(W, 1) = (Y55 50 13.5.2)-

Note that the normalization and the comparison are
performed by the UE, and that only the optimal in-
dex (2, 7 l%) is transmitted to the BS. Then, according
to the optimal index, the BS obtains g and (z/AJ, fv) for
future data transmission.

The procedure of the proposed three-stage beam
training mechanism is summarized in Algorithm 2.
Remark 1 For beam training, the complexity is
primarily reflected in the beam training overhead,
which refers to the number of time slots required.
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Algorithm 2 Three-stage beam training mechanism

Input: codebook G = {gi,;}, angular and distance ar-
rays ¥ = {t¢;;r} and U = {u;;r}, and beam gain
threshold p.

Output: optimal codeword g, estimated direction and

distance of UE (¢, fi).

// First stage

for go,j € G do

Transmit signals with go;
1)

Record the received power as w(() j

end for
Obtain J via Eq. (25) // Potential angular range
// Second stage
fori=1:1do
for je J ™ do
Transmit signals with g; ;

(2)
4,5,k

Record the received power as w

10:  end for

11: end for

12: Obtain (121(2),,&(2)) via Eq. (28) // Coarse estimation
// Third stage

13: for k=1: K do

14:  Transmit single-frequency signals to (¢, 4(?)

15:  Record the received power as z[k]
16:  Calculate w?j)’k via Eq. (30) // Normalization

17: end for
18: Obtain g and (¢, i) via Eq. (31)

The training overhead for an exhaustive search based
on the proposed codebook is equivalent to the size of
the proposed codebook, which is expressed as O(1.J).
Letting S represent the number of angular-domain
codewords within the potential angular range J),
the training overhead of three-stage beam training
is given by O(J + ST + K). Since S is typically
much smaller than .J, the overhead of the latter is
significantly reduced compared to that of the former,
as demonstrated in Section 6.

5.4 Extension to multi-user scenarios

Similar to the existing two-phase beam training
schemes (Zhang YP et al., 2022; Wu CY et al., 2024),
the proposed framework is also applicable in multi-
user scenarios by adopting TDMA. Below, we outline
how the proposed scheme is extended to multi-user
scenarios.

In the first stage, the BS exclusively employs
angular-domain codewords to configure the RIS,
with all UEs receiving signals simultaneously and
recording the received power, similar to a single-
user system. UEs then feed back the index sets of



1674

codewords within the potential angular range to the
BS in a time-division manner. The BS combines the
potential angular ranges corresponding to each user

u(l) to determine the total potential angular range
T given by

U

TJm = U j’u(,l)7

u=1

(32)

where U represents the number of UEs. In the sec-
ond stage, the BS transmits signals using beam-split-
aware codewords within the total potential angular
range J (V. UEs record the received power and feed
back their own optimal index to the BS in a time-
division manner. In the third stage, the BS trans-
mits single-frequency signals to each UE based on the
coarse estimates from the previous stage. UEs record
the signal strength and feed back the corresponding
index to the BS in a time-division manner.

6 Simulation results

In this section, simulation results are provided
to validate the effectiveness of the proposed scheme.
Specifically, we consider a RIS-assisted OFDM com-
munication system with M = 16 BS antennas and
N = 128 RIS elements. The central frequency is set
as fo = 30 GHz. The bandwidth is B = 0.1f, =
3 GHz with K =
of NLoS paths and Rician factor are, respectively,
LnLos = 10 and k = 30 dB, which is practical in the
mmWave frequency band (Liu W et al., 2023; Shi
et al., 2024). The UE is assumed to be uniformly
distributed within the region of § € (—%,%) and
r € (3,100) m, i.e., the hybrid near—far field of the
system. For comparison, the following schemes are

64 subcarriers. The number

performed as well:

1. Perfect CSI: The CSI is assumed to be per-
fectly known at the BS, which is considered as the
upper bound.

2. Proposed codebook-based exhaustive beam
training: Traverse all codewords in the proposed
codebook.

3. Traditional near-field codebook-based ex-
haustive beam training: Using the angular and dis-
tance sampling method to construct the near-field
codebook according to Cui and Dai (2022), traverse
all codewords in the near-field codebook.

4. Two-phase near-field beam training (Zhang

YP et al., 2022): The beam training is sequen-
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tially performed in the angular and distance domains
based on the traditional near-field codebook.

5. Wideband far-field beam training (Chen YH
et al., 2023): Develop an analytical beam training
framework based on the power distribution pattern,
which takes the wideband beam split effect in the far
field into consideration.

Fig. 7 shows the beam training overhead ver-
sus the relative bandwidth. Compared to the near-
field codebook, exhaustive beam training based on
the proposed codebook brings a significantly reduced
overhead, with a rapid decrease as the relative band-
width increases. Benefiting from the staged beam
training, the three-stage beam training based on
the proposed codebook (proposed scheme) further
reduces the training overhead. It can be observed
that the overhead of the proposed scheme decreases
with the reduction of the number of subcarriers, as
the channel gain at the frequency of each subcarrier
needs to be estimated in the third stage. Wideband
far-field beam training searches solely in the angu-
lar domain, resulting in its low training overhead.
However, subsequent simulations reveal that its per-
formance in the near—far field is considerably worse
compared to other schemes.

450
400 —#— Proposed scheme (K=64)
N —#— Proposed scheme (K=16)
—&— Proposed codebook+exhaustive search
350 + —4— Near-field codebook+exhaustive search
—>— Near-field beam training
- 300 - Far-field beam training
@©
[0]
< 250
(]
>
O 200
150
3
100
50 . . ;
0.10 0.15 0.20 0.25 0.30

Relative bandwidth, B/f,

Fig. 7 Overhead vs. relative bandwidth

We compare the average angle estimation er-
ror versus SNR in Fig. 8, where the angle error is
calculated using Af = |arcsin@ — arcsind|. The av-
erage error in the 1-domain versus SNR is shown in
Fig. 9, where the estimation error in the p-domain
is measured by Ap = | — fi]. The estimation error
of the high-overhead exhaustive search based on the
proposed codebook is consistently lower than those
of other schemes, which can be seen as the lower
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bound. We observe that as the SNR increases, the
proposed scheme can approach near-optimal perfor-
mance with reduced overhead. The large angle er-
ror in the far-field scheme is due to its neglect of
the spherical-wavefront channel characteristic in the
near—far field. By leveraging the beam split effect to
improve beam training resolution, the performance
of two schemes based on the proposed codebook sur-
passes that of two schemes based on the traditional
near-field codebook.

15 F —#— Proposed scheme q

—&— Proposed codebook+exhaustive search
—#4— Near-field codebook+exhaustive search

s —>— Near-field beam training

- Far-field beam training
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Fig. 8 Angle error vs. SNR
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Fig. 9 Error in pu-domain vs. SNR

Fig. 10 presents the average angle estimation
error of the proposed scheme versus the number of
RIS elements N with different numbers of subcarri-
ers K. The transmit SNR is set as 10 dB. It can
be observed that the average angle error decreases
as N increases. This is because a larger number
of RIS elements produces narrower single-frequency

beams, enabling more precise beam training during
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the second and third stages of the proposed mecha-
nism. Additionally, as K increases, the average an-
gle error gradually decreases, eventually to a steady
value. Considering that the training overhead in-
creases with the increase of K, there is a trade-off
between the estimation error and training overhead
(Zhang SP et al., 2023). In our simulation, we se-
lect K = 64 to achieve low estimation errors with
reasonable overhead.

0.8 : :
——K=4
—e—K=16
K=64
co06| ——K=256 |
S
o
<@
S04} ]
©
Q
(o]
8
2o02; ]
0 L L
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Fig. 10 Angle error vs. number of RIS elements

Fig. 11 illustrates the rate performance of dif-
ferent schemes versus the SNR. The sum rate is cal-
culated as

|| [K]QH: (K] [K]||*

| X
R:?I;logQ 1+

0-2
(33)
2.0 w
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Fig. 11 Sum rate vs. SNR

During beamforming, the response matrix @ is
obtained based on the estimated information (1, i),
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which is expressed by

Q = diag(a* (1, fi, fo) @ a(Pus, ivs, fo))- (34)

The digital beamformer vp is designed to align
with the BS-RIS channel according to Eq. (12). The
channels h,,[k] and Hy,[k] in the simulations are
generated based on the channel model expressed by
Egs. (2) and (7), respectively. Note that the channel
information here is used only in the simulations for
sum rate performance evaluation. For our proposed
scheme, the channel information h,,[k] is unknown,
and thus we propose a three-stage beam training
scheme to achieve beamforming without prior knowl-
edge of CSI. It can be observed that as the SNR
increases, the sum rate of the proposed three-stage
beam training approaches that of exhaustive search,
with a notable reduction in overhead. Benefiting
from the high beam training resolution and accurate
estimation of channel gains, the rate performance
of the proposed codebook significantly outperforms
that of traditional near-field and wideband far-field
codebooks. The low rate performance of the near-
field codebook stems from its neglect of the beam
split effect, and the low rate performance of wide-
band far-field beam training results from its failure
to account for the distance dimension and its inabil-
ity to serve near-field users effectively.

Fig. 12 depicts the sum rate of the proposed
scheme versus the number of OFDM subcarriers K.
It can be observed that as K increases, the sum rate
first increases and then decreases. The initial in-
crease comes from the improved beam training accu-
racy supported by more subcarriers. The subsequent
decrease implies that the performance enhancement

ighl
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Fig. 12 Sum rate vs. number of subcarriers

benefiting from high beam training accuracy is lower
than the performance degradation caused by beam
split in beamforming (Mamat and Santipach, 2012).
Additionally, we demonstrate how the limited RIS
quantization bits for discrete phase shifts affect the
performance of the proposed scheme. As the quan-
tization resolution increases, the gap between the
discrete phase case and the continuous phase case
diminishes. The gap becomes negligible and near-
optimal performance is achieved if the quantization
resolution exceeds three bits.

7 Conclusions

In this paper, we investigate a RIS-assisted
wideband OFDM communication system with un-
known CSI of the user in the near—far field. Leverag-
ing the beam split effect, we design a beam-split-
aware codebook capable of covering the near—far
field with fewer codewords compared to conventional
narrow-band codebooks. Based on such a codebook,
a three-stage beam training mechanism with low
training overhead is proposed.

From simulation results, we draw the follow-
ing conclusions: (1) Considering both near-field
and far-field EM propagation characteristics, the
proposed scheme is universally applicable to RIS-
assisted near—far field wideband systems; (2) Benefit-
ing from staged beam training, the proposed scheme
significantly reduces training overhead compared to
exhaustive search, while achieving comparable rate
performance; (3) By taking into account the beam
split effect, the proposed scheme outperforms con-
ventional schemes in terms of the beam training res-
olution and sum rate.
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