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Abstract—Terahertz (THz) communication has been consid-
ered as one of the promising technologies for future 6G wireless
systems. In order to cope with the high path loss in THz systems,
reconfigurable intelligent surface (RIS) with low-complexity re-
flecting elements has been proposed to strengthen signals and im-
prove the spectrum and energy efficiency. In order to acquire ac-
curate direction of the user equippment (UE) to send directional
beams, beam training is usually utilized. However, existing beam
training frameworks have not taken the wideband beam split
effect into consideration, so the beam training accuracy decreases
a lot in wideband scenario. To solve the problems mentioned
above, we propose an analytical beam training framework in RIS-
assisted wideband THz communication systems. Specifically, we
firstly propose a power distribution pattern (PDP) based direction
estimation scheme, where the exact value of the received power
is utilized to analytically calculate the direction. Then, we design
the analytical codebook for the proposed framework based on
the inherent parameters of the wideband THz system. Simulation
results show that the proposed framework can achieve the near-
optimal achievable rate performance with a lower beam training
overhead.

Index Terms—Terahertz communication, reconfigurable intel-
ligent surface, beam training, wide beam.

I. INTRODUCTION

Terahertz (THz) communication is considered as one of the
promising technologies to satisfy the high data rate require-
ment in future 6G systems due to its capacity to provide tens
of GHz bandwidth [1]. However, due to the high frequency
of THz band, the THz signals suffer from a severe path loss
[2], which limits the coverage of THz signals. Moreover,
significant attenuation happens when THz signals are blocked
by obstacles such as buildings and trees. Fortunately, recon-
figurable intelligent surface (RIS), which is composed of a
large number of low-complexity reflecting elements, has been
proposed to handle the above two problems [3], [4], which
can achieve high spectrum and energy efficiency.

In practical communication systems, the BS and RIS need
to know the channel state information (CSI) to realize accu-
rate beamforming. The CSI is usually obtained by channel
estimation. However, due to the high overhead needed for
accurate channel estimation, the beam training scheme is
utilized to realize the near-optimal achievable rate performance
with relatively low overhead [5], [6]. Specifically, instead
of estimating the entire channel, the beam training scheme
only need to utilize directional beams to explore the possible
directions in space and choose the best physical direction to
transmit signals. So far, several beam training frameworks
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have been proposed [7]-[11]. For example, in [7], a discrete
fourier transform (DFT) based beam training framework was
proposed to explore the whole space with DFT codewords.
By selecting the direction with maximum received power, the
direction of UE was acquired. In order to further reducing
the training overhead, in [8]-[10], hierachical codebooks were
proposed for massive multiple-input multiple-output (MIMO)
systems, where each beam of the upper layer was divided
into several narrower beams in the lower layer. By conducting
the beam training layer by layer, the best direction can be
decided based on the maximum received power at the UE.
However, the hierarchical search scheme requires frequent
feedback from the user to the BS/RIS, which introduces
extra burden to the communication systems. To solve this
problem, [11] proposed a multi-directional beams based beam
training framework for RIS-assisted massive MIMO systems,
which exploited the inherent sparse structure of the BS-
RIS-UE channel. By randomly generating the sensing matrix
and carry out a few rounds of full-coverage scanning, the
best direction lied in the intersection of the generated multi-
directional beams. However, in RIS-assisted wideband THz
systems, existing beam training frameworks may suffer from
severe performance degradation due to the beam split effect in
wideband systems [12]. Therefore, it is vital to eliminate the
consequence brought by the beam split effect and improve the
accuracy of beam training in RIS-assisted wideband systems.

In this paper, we propose an analytical beam training
framework for RIS-assisted wideband THz communication
systems, where we exploit the power distribution pattern (PDP)
of different subcarriers at different physical directions to ana-
lytically calculate the direction of UE based on the exact value
of the received power. By considering the beam split effect
in wideband THz systems during the direction estimation, the
accuracy of beam training improves. Specifically, we first elab-
orate the analysis of the PDP at different physical angles for a
certain beam, which is related to the central frequency and the
bandwidth of the THz system. Based on the PDP, we propose a
PDP-based direction estimation scheme to analytically acquire
the direction of UE. Then, we design a codebook for the
proposed analytical beam training framework depending on
the inherent parameters of the wideband THz systems such as
the central frequency and the bandwidth. Finally, simulation
results are provided to validate the proposed beam training
framework, which reveals that the proposed framework can
realize a more accurate beam training and achieve a higher
data rate than existing schemes in RIS-assisted wideband THz
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Fig. 1. RIS-assisted wideband THz communication system

systems.

II. SYSTEM MODEL AND BACKGROUND

In this section, we firstly introduce the system model of the
RIS-assisted wideband THz communication system. Then, the
traditional beam training framework based on DFT codebook
is reviewed.

A. System Model

We consider a downlink RIS-assisted wideband THz com-
munication system, as illustrated in Fig. 1, where both the
BS and the UE have a single antenna, and the RIS is an N-
element uniform linear array (ULA). The BS uses orthogonal

frequency division multiplexing (OFDM) with M subcarriers
to serve the UE. The bandwidth of the system is denoted as
B.

We considered the ray-based channel model for wideband
THz channel [13]. Specifically, the downlink channel at the
m-th subcarrier between the BS and the RIS hy,. ,,, € Chx1
with m = 1,2, ..., M can be denoted as

hyr i = Z gih) eIt g v(E),
=1

where 915 V) and Tb(TIT)n denote the path gain and the time delay
of the [;- th path for Iy =1,2,..., Ly, respectively, f,, denotes
the frequency of the m-th subcarrier, which satisfies f,,, =
fet£ (m—1— 21} with f. being the central frequency of
the system, L1 denotes the number of paths, and ay € Cchx1

denotes the array response vector which satisfies
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where gp( V) denotes the spatial direction of the [;-th path,
which satisfies ') = 2y sin(v")) for [} = 1,2,..., Ly
with (1) being the physical direction of the I;-th path, d
is the antenna spacing, c is the speed of light, and A. is the
wavelength at the central frequency. We define d = % = i

Similar to the definition of hy, ,,, the downlink channel at
the m-th subcarrier between the RIS and the UE h,, ., €

CN*1 with m = 1,2, ...

E (12)
ru m = 9ri/m€

la=1

, M can be denoted as

eI I m g (7/’%2)) 7 (3)

where gT(.qu’zn,Tlff?T)n, m7L271/),(,lf) denote the path gain of the

lo-th path, the time delay of the /o-th path, the frequency of
the m-th subcarrier, the number of paths and the spatial angle
of the Io-th path, respectively.

For the RIS, each of the element can re-scatter the incident
signal with a certain amount of phase shift. Let 6, and
Br € [0, 1] denote the phase shift and the amplitude reflection
coefficient of the n-th element on the RIS, respectively. The
reflecting matrix ©® of the RIS can be presented as

O] é dlag (/Blejela/BQSjeza "'7ﬂNej0N) ) (4)

where 6, € [0,27) and 3, € [0,1] for n = 1,2,...,N.
Eq. (4) reveals that the antenna elements of RIS are frequency-
independent. For simplicity, we assume the phase can be
shifted consecutively and 3, =1 for all n € {1,2,..., N}.

Based on the channel model and the reflecting matrix
mentioned above, by considering the scenario where the direct
link between BS and UE is blocked by obstacles like buildings,
the received signal y,, at the m-th subcarrier at the UE side
can be presented as

=h%  ®hy, .5 +n,

Tuw,m

&)

where hyy, 1, ©, hy, ,, denote the channel between RIS and
UE, the reflecting matrix of RIS and the channel between
BS and RIS, respectively, s denotes the transmitted signal at
the BS, and n is the AWGN noise following the distribution
CN(0,0?) with o2 being the noise power.

B. Conventional Beam Training Framework

Conventional beam training framework [7] usually apply the
DFT codebook, which can be presented as

2—N N-—2
W:[aN(_l)aaN(N)a"'aaN(N)]
M1 1 1 T

. . 2—N . N-—2

e T eJTF N 6J7T N
. ,2—N S N=-2
— e—2j7r 6371'2 N ej7T2 N (6)

. 2—N . N-2

_e—Nj‘fr I™N TN eﬂrNT_

During the beam training process, each column of W is
applied for beamforming to transmit pilots in different time
slots, and the UE can receive a series of pilots with the
received power being p = [po,p1,- - ,PN—1], Where p, =

2 : .
lyn|” = |2, diag (W [:,n]) by | . Let i denotes the index
of the largest receiver power, the best direction 0; = 21;,1\7 can

be decided accordingly. Then, the system can transmit data
with the beamforming vector being ay (252).

The above beam training framework is based on the direc-
tional narrow beams achieved by DFT codewords. However,
in wideband THz communication systems, considering the

2342

Authorized licensed use limited to: Princeton University. Downloaded on May 27,2024 at 14:02:52 UTC from IEEE Xplore. Restrictions apply.



2023 IEEE Global Communications Conference: Signal Processing for Communications

frequency-independent property of RIS, there exists beam split
effect [12], which means the spatial direction ¢, varies at
different subcarriers. This effect will lead to the phenomenon
that the beams at different subcarriers are steered to differ-
ent physical directions. As a consequence, traditional beam
training frameworks, if directly applied in wideband systems,
will experience a severe performance degradation since the
beam is not steered to the intended direction. Therefore, an
efficient beam training framework for RIS-assisted wideband
THz communication systems is needed.

III. PROPOSED ANALYTICAL BEAM TRAINING
FRAMEWORK

In order to estimating the direction of UE accurately in
RIS-assisted wideband THz communication systems, in this
section, we introduce the proposed analytical beam training
framework. Specifically, we first give an overview of our
proposed framework. Then, we elaborate the analysis of PDP
and propose the PDP-based direction estimation scheme. Fi-
nally, based on the PDP-based direction estimation scheme,
we design the analytical codebook according to the inherent
parameter of the THz system for the proposed framework.

A. Overview of Proposed Analytical Beam Training Frame-
work

In RIS-assisted communication systems, the location of the
BS and the RIS are fixed once deployed, so the channel
between BS and RIS has a much longer coherence time than
that between RIS and UE, which can be treated as quasi-static
[14]. Therefore, we suppose the channel hy, ,, between BS
and RIS is known perfectly by the BS and the purpose of
beam training is converted to selecting the best beam direction
between the RIS and the UE.

Traditional beam training frameworks only utilize the max-
imum received power to choose the best direction from a
series of previously designed directions. However, the beam
split effect caused by the large bandwidth makes the received
power of a certain beam at different directions in space vary
in a particular pattern, which is called the power distribution
pattern (PDP) in this paper. If the PDP can be analyzed specif-
ically, the direction of the UE can be derived according to the
received power. Following this idea, we can take advantage
of the PDP brought by beam split effect in wideband THz
systems to make this effect a benefit rather than a drawback.
The proposed analytical beam training framework can improve
the accuracy of beam training since we consider the beam split
effect during the analysis of PDP and analytically calculate the
best direction, making the beam training accuracy independent
of the angle resolution of the generated beams.

Based on this, the proposed analytical beam training frame-
work can be described as follows. During the beam training
stage, in the i-th time slot, the BS transmits training signal
with the RIS configuration being ® = diag (W, [:,7]), which
is selected from the proposed analytical codebook. The UE
saves the corresponding received power in each time slot. After
the time slots that is allocated for beam training are exhausted,

the received power is normalized by the power normalization
coefficient. The reason for introducing the power normaliza-
tion coefficient is that the beam width of different beam pairs
differs, which lead to the difference in the array gain since
the total transmission energy is fixed. Then, in the calculating
stage, the beam pair which has the largest normalized received
power p is chosen, based on which the direction of UE can
be directly calculated from the proposed PDP-based direction
estimation scheme. Finally, we transmit data according to the
estimated direction in the data transmission stage.

In the following two subsections, we will introduce in detail
the proposed PDP-based direction estimation scheme and the
design of our proposed analytical codebook.

B. Proposed PDP-based Direction Estimation Scheme

We first introduce the method that we apply to generate
a wide beam. When generating traditional narrow beams with
spatial width W = 2/N, the beamforming matrix are designed
as ® = diag(ay (#)), which is inversely proportional to
the number of elements on RIS. If the number of elements
reduces, the spatial width of the beam will naturally increase.
Therefore, we follow the method in [15] and divide the RIS
into several sub-arrays to form a wide beam with designed
width.

Specifically, we divide the RIS into K sub-arrays, which

tisfi
satisfies 9K

N, — 7

where [V, is the number of antenna elements in each sub-array,
and w is the intended width. Since K and N, are two integers,
we have KN, < N, which means K = Ljifvj > Nﬂ —1, so
by substituting K with Nﬂ — 1, we get a sufficient condition
for (7) is N5 < 7%1\””_1 In order to get enough array gain
to compensate the serious path loss, we need NN to be as large
as possible so the array gain of each sub-array is high enough.
Therefore, we increase the Ny until it cannot satisfy (7) to get
the largest N, and K can be required by K = LNﬂJ

After determining K and N, we specify the directions of
beams generated by different sub-arrays to make them tile on
the intended range. Since the direction of the center is p, and
the beam width of each sub-array is 2/Ns. The direction of
the k-th sub-array can be presented as vy = p.+ 2’“_]\,#, k=
1,2, ..., K. Therefore, the reflecting matrix of RIS can be
written as

(7

1 . .
O [i(k,n),i(k,n)] = —e/TEmDNAn gl
N ®)
k=1,2,.. K+1,n=1,2,..., N,
where i(k,n) = (k — 1)Ns + n denotes the index of the RIS
units, and € is the phase compensation, which is represented
— (Ns—D)7
as Gk—k‘(T-f—ﬂ').
For a particular UE at ¢ and a wide beam steered to p with

width 2§ (both in spatial domain), with the subcarrier whose
frequency ranging from f; to fyy, the directions of beams at
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Fig. 2. Received power of the wide-beam-pair (a) Wide beam 1. (b) Wide
beam II.

each subcarrier range from ELM to 5%’ where &, = fin/fe- As
a result, for the m,,-th subcarreier, where m,, satisfies

mpyeMy={m| £-6<s< L +ome M},
M ={1,2,... M},

the UE can receive the signal normally. While for the m,,-th
subcarrier, which satisfies

mneMn:{m|¢<§—5H¢>gim+5,me/\/l},

M={1,2,.., M}
(10)

the UE cannot receive the signal normally. Therefore, while 1
changes, the received power at UE changes, which carries the
information of physical direction of the UE. This property
provides us with the possibility to make full use of the
exact value of the received power to improve the accuracy
and reduce the overhead of beam training in wideband THz
communication systems.

We consider a pair of wide beam, as is illustrated in Fig. 2,
for wide beam I, subcarriers indexed by m,; € M, =
{m | m < m < M} can transmit signals normally, while sub-
carriers indexed by m,; € M,; = {m|1<m<m}
cannot transmit signals normally. for wide beam II, sub-
carriers indexed by m, ;1 € My 1 = {m|1<m<m}
can transmit signals normally, while subcarriers indexed by
mprr € Mprr = {m|m<m < M} cannot transmit
signals normally. This phenomenon results in the difference
of the received power corresponding to the two wide beams
at the UE. If we design the directions and widths of the beam
pair carefully, we can use the received power to analytically
derive the physical direction of the UE, which changes the
idea of choosing to the idea of calculating.

We then analyze in detail the received power of the wide-
beam-pair. As is illustrated in Fig. 3, we denote the central
direction of the wide-beam-pair as zi. Since the estimation of
the direction is based on the received power, the beam width
of each beam pair need to be the same so that their array gain
will be the same, which is fair for further calculating. Based
on (7), we approximatively set the width of the beam pair as
W =20 = B/ f.. As for the central direction of each wide
beam, we want to fully use the channel information carried
by each subcarriers. Therefore, for the m-th subcarrier, if it

€))

Beam training range
[~ 8,1+ 0]

Fig. 3. Designed wide-beam-pair and the corresponding beam training range

transmits signal normally at beam I, it should not transmit
signal at beam II and vice versa. As a result, the difference
of the central direction of the two wide beams should equal
the beam width, which means p; = g — 6 and py; = i + 6.
With this setting, UE in range [z — d, i + 0] is able to receive
the signals of both wide beams and the received power can be
utilized to calculate the physical direction of this UE.
For a UE at ¢ € [i — 9, [i + ], the received power of beam
I can be presented as
Csinz (sz(¢2—ﬂ+5)>
sin’ (“(¢2ﬁ+6)? ’
1D

where C is a constant unrelated to ¢ and ;. Similarly, for the
same UE at ¢ € [i — J, i + 4], the received power of beam
IT can be presented as

l9r(9)|” =

3 [af (ém) © ()]

m=1

M ‘ 2

sin? (szwz—n—&))

sin2 (Tr(¢72ﬂ*5)>

(12)

lgr1(9)]> = C

Then, we elaborate the proposed PDP-based direction es-
timation scheme. We introduce the ratio matric x which is
presented as

o (@)F ~lgir (&)
91 ()1 + lgrr (9)?
__sin(m(¢ — p))sin(wd)
1 —cos(n(¢ — 1)) cos(md)’
where ¢ — i € [—0,d]. The estimation of direction ¢ can then
be acquired by

13)

¢ = i — arcsin xsin(md) — x\/1 = x? sin(md) cos(rd)
= - 1
! Sin2(ﬂ-6) + x2 cos2(md)
(14)

Based on (14), we can estimate the direction ¢ of UE in two
time slots.
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Compared with traditional beam training schemes based on
choosing the best direction, the proposed PDP-based direction
estimation scheme considers the beam split effect in wideband
THz systems and analytically calculate the direction of UE
based on the PDP of the beam pair, which makes full use of
the information that is carried in frequency domain and makes
the beam split effect an advantage rather than a drawback.
Therefore, the proposed scheme improves the accuracy of
beam training since the beam split effect is considered during
derivation.

C. Design of the Proposed Analytical Codebook

Based on the above derivation, we will introduce the design
of proposed analytical codebook in RIS-assisted wideband
THz communication systems. The codebook design can be
devided into two steps. The first step is to design the codeword
for the directions where beam split effect is very weak,
which can be neglected. For this part, using tradtional beam
training codebooks is enough. The second step is to design
the codeword for the directions where our proposed analytical
beam training framework works well. The framework on how
to design the codebook is summarized in Algorithm 1.

Algorithm 1 Proposed Analytical Codebook Design
Input: Number of units on RIS N; bandwidth B, central
frequency f.; range parameter x; dividing parameter (3
Output: Central directions of the beam pairs p; estimation
range p; power normalization coefficient {; designed
analytical codebook W
1: Initialization:
p=l-yxhr=l-vxl¢=]
2: while Bu [0] /f. > —3 do

2
2

2 2
e Rk
2 2
4 p=1pl0]-.p,—p[0] +N};
2 2
5: = |= — |3
C N’C) N
6: end while
7: while p[0] > —1 do
8 fi=— 2p[0]f.
2fc—kB?’
o o=2m

11 P= —ﬂ—ﬁé,p,ﬁ—i—mﬂ;

Bpn ¢ Bp|

fo 7 fe I

13: end while

14: Generate the codebook W by Eq. (8) based on p
15: return p, p,{, W

12: (=

Specifically, we need to generate the central direction of
the beam pairs p, the estimation range p and the power
normalization coefficient ¢ for beam training, based on which
we generate the analytical codebook. During the generation
process, we first introduce a dividing parameter 8 to divide
the directions where beam split effect can be neglected and

the directions where beam split effect is serious. For the
first part, we utilize traditional narrow beam to estimate the
optimal direction, so the difference of central direction is 2/N.
Traditionally, the direction of narrow beam is equivalent to the
estimation range, so p is equal to g in this part, and the power
normalization coefficient ¢ is equal to the width of generated
narrow beam. For the second part where the beam split effect
is serious, we introduce the range parameter x. According
to (14), for a pair of designed wide beam, although we can
theoretically estimate the direction in range [ — ¢, i + ¢], the
gradient near the boundary is approximately O, which means a
slight error in x will result in a big mistake in ¢. In practical
communication systems, there exist various kinds of noise
and the error in  is inevitable, so we need to introduce
the range parameter x < 1 to limit the estimation range in
[@ — K4, i + kO] to improve the accuracy of estimation. Based
on the previous estimation range [i + 0, the central direction
of the next wide beam pair should satisfy

_ B _ _ B _
Hnew — K7 HUnew = MHold + K Hold = —P [0] 3
o 2p[0]fe
= Hnew 2fc _xB’

Then the central direction of the next wide beam is determined.
We can extend the codebook until the estimation range can
cover the whole space. It is worth noting that the array gain of
different wide beam is different because the total transmission
power is fixed but the width of wide beam varies. Therefore,
we need to generate a power normalization coefficient for each
wide beam, whose value is in proportion to the beam width.
After getting the received power of each codeword p, we get
the normalized received power by p = p ® ¢. By choosing
the maximum element in p, we can determine which pair of
wide beam can estimate the direction of this user. Then the
estimated direction ngS can be obtained by (14).

IV. SIMULATION RESULTS

In this section, simulation results are provided to show
the achievable rate performance of the proposed analytical
beam training framework. The parameters of the RIS-assisted
wideband THz communication system are set as: Npg = 1,
Nris = 1024, Nyg = 1, f. = 100 GHz, B = 10 GHz,
the number of subcarriers are set to be 128. We consider
that the THz channel is quasi-optical, and the number of
paths is set as L = 1. The direction of UE is set to satisfy
¢ ~U(—7/3,7/3).

Fig. 4 illustrates the achievable rate performance of the
proposed beam training framework compared with multi-
diretional beam training framework mentioned in Subsection I
and traditional exhaustive beam training framework. Here we
set the training overhead as 128. The parameter () in multi-
directional beam training framework represents the number of
beams sent at each slots. We can observe from Fig. 4 that our
proposed analytical beam training framework outperforms the
typical frameworks, and it can obtain the near-optimal achiev-
able rate performance compared with the optimal situation
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whose direction of UE assumed to be known perfectly by the
BS and RIS. In addition, the trational exhaustive search cannot
work in such a low overhead. We can also observe that existing
beam training scheme such as the exhaustive search framework
can barely work in such a low beam training overhead.

To better demonstrate the overhead different frameworks
need, Fig. 5 illustrated the achievable rate performance of
different frameworks as the training overhead increases. Here
we set the SNR is set as 5. The x-axis represent the beam
training overhead. We can observe from Fig. 5 that proposed
analytical beam training framework can achieve near-optimal
achievable rate performance after the training overhead is suf-
ficient, and the proposed analytical beam training framework
outperforms the existing frameworks. In addition, when the
training overhead is limited, the achievable rate performance
is far better than existing frameworks. This is because our
proposed framework can reduce the training overhead to a
large extent when the UE is far from 0° since the beam split
effect is severe. By scanning the space from 90°/ — 90° to
0°, we can accurately estimate a large proportion of directions

with a very low training overhead. We can also observe from
Fig. 5 that the traditional exhaustive search framework can
barely work when the number of RIS units is very large.

To sum up, the proposed analytical beam training framework
can reach the near-optimal achivable rate with a low training
overhead, and is adaptive to future communication systems
with a large number of antenna units.

V. CONCLUSION

In this paper, we investigated the beam training problem
in RIS-assisted wideband THz communication systems. To
address the beam split problem in wideband communication
systems, we proposed the analytical beam training framework,
which promoted the traditional idea of choosing the best
direction to the new idea of calculating the best direction.
Since the proposed framework considered the beam split effect
in wideband communication system and took full advantage
of the relative values of the received power, it could improve
the beam training accuracy in future communication systems.
Simulation results show that the proposed framework can
obtain the near-optimal achievable rate performance with a
low overhead, which outperforms the existing beam training
framework.
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