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Abstract—Benefiting from tens of GHz of bandwidth, terahertz
(THz) communications has become a promising technology for
future 6G networks. However, the conventional hybrid beam-
forming architecture based on frequency-independent phase-
shifters is not able to cope with the beam split effect (BSE)
in THz massive multiple-input multiple-output (MIMO) systems.
Despite some work introducing the frequency-dependent phase
shifts via the time delay network to mitigate the beam splitting
in THz wideband communications, the corresponding issue in
reconfigurable intelligent surface (RIS)-aided communications
has not been well investigated. In this paper, the BSE in THz
massive MIMO is quantified by analyzing the array gain loss. A
new beamforming architecture has been proposed to mitigate this
effect under RIS-aided communications scenarios. Simulations
are performed to evaluate the effectiveness of the proposed system
architecture in combating the array gain loss.

Index Terms—Terahertz communications, reconfigurable intel-
ligent surface, beamforming, beam split, array gain.

I. INTRODUCTION

Benefiting from ultra-high data rates, terahertz (THz) com-
munication (0.1-10 THz) is considered as a key building block
for future 6G networks [1]. However, due to the high carrier
frequency, THz signals suffer from severe path loss, which
is the main obstacle for THz communications to move from
theory to practice [2]. To overcome the severe path loss of THz
signals, directional beams with high array gains need to be
generated by massive multiple-input multiple-output (MIMO)
with hybrid beamforming (HB) architecture.

To achieve this goal, different phase shifts (PSs) provided
by phase shifters (PSRs) array should be compensated at
different antenna elements [3]. It should be noted that the PSs
to be compensated at a certain antenna element is frequency-
dependent. Since PSR is a frequency-independent device, the
equiphase surfaces generated by the analog beamformer will
be separated at different subcarriers. Therefore, the beams
generated by the analog beamformer will point to different
physical directions surrounding the target physical direction
at different subcarriers. This effect is called “beam split” in
THz massive MIMO systems [4, 5]. In narrowband systems,
the BSE can be ignored as the mainlobe of beam can still
cover the target direction. As for wideband systems, splitting
can seriously deteriorate the system performance. Some efforts
have been made to mitigate beam splitting by introducing
frequency-dependent PSs using time delay (TD) network
[4, 6, 7]. Specifically, each antenna element is controlled
by time delayers (TDRs) in a one-to-one manner to realize

wideband beamforming in [6, 7]. Dai et al. [4] analyzed the
BSE in THz communication systems, and further proposed a
practical architecture based on HB structure with a small num-
ber of TDRs. Arguably, the beam splitting issue in wideband
communication systems has been greatly alleviated.

Additionally, the directional narrow beam is sensitive to
the obstacles, which easily results in communication outages.
Note that reconfigurable intelligent surface (RIS) is an artificial
meta-surface consisting of a large number of quasi-passive
and low-cost reflective elements. The phase of the incident
electromagnetic waves reaching the reflective elements can be
programmed to be electronically controlled so that the wireless
environment can be configured in a favorable manner [8].
Due to its quasi-passive characteristics, RIS is free of self-
interference and antenna noise amplification. Therefore, one
appealing and cost-effective solution to overcome the blockage
issue is to deploy RISs.

In this paper, the BSE in RIS-aided THz wideband com-
munications is studied. The fully connected HB architecture
with TDRs and PSRs (TDRs-PSRs) is considered, and a new
beamforming architecture is designed to combat the BSE in
RIS-aided THz wideband communication systems.
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Fig. 1. A RIS-aided downlink THz communication system.

II. SYSTEM MODEL

A. System Description

The system architecture is indicated as Fig. 1. We first
consider a downlink RIS-aided wideband THz communication
system where one BS equipped with NTX transmit antennas
sends simultaneously NS data streams to an NRX -antenna UE.
The BS employs the fully connected TDRs-PSRs HB architec-
ture with NRF radio frequency (RF) chains. As illustrated in
Fig. 2, compared with the conventional HB architecture, a TD
network is introduced as a new precoding layer between the
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(a) The conventional HB architecture [3]
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(b) The fully connected TDRs-PSRs HB architecture
[4]

Fig. 2. Comparison of HB architecture at the BS side.

RF chains and the frequency-independent PSRs array. Specifi-
cally, each RF chain is connected to a TDRs subarray consist-
ing of KT TDRs, in which each TDR is connected to a PSRs

subarray consisting of P =
NTX
KT

frequency-independent

PSRs in a sub-connected manner. The TD network can realize
frequency-dependent PSs through TDRs, e.g., the PS −2πft
can be achieved by the TD t at the frequency f . Thus, by
utilizing the TD network, the fully connected TDRs-PSRs
HB architecture converts the conventional phase-controlled
beamformer into delay-phase jointly controlled beamformer,
which can realize the frequency-dependent beamforming.

To solve the signal blockage problem, a RIS equipped
with F unit cells is deployed. The widely used orthogonal
frequency division multiplexing (OFDM) with M subcarriers
is considered. We denote fc as the central frequency, B as the
bandwidth, and fm = fc +

B(2m−1−M)
2M as the frequency of

the m-th subcarrier with m ∈ {1, 2, · · · ,M}. The downlink
received signal ym ∈ CNRX×1 at the m-th subcarrier can be
expressed as

ym = HmΨGmAΛTD
m Dmsm + zm, (1)

where sm ∈ CNS×1 is the transmitted signal at the m-th

subcarrier with E(smsHm) =
1

NS
INS

and Dm ∈ CNRF×NS

denotes the frequency-dependent digital beamformer at the
m-th subcarrier satisfying transmission power constraint∑M
m=1

∥∥AΛTD
m Dm

∥∥2
F

≤ Ptotal. ΛTD
m ∈ CKTNRF×NRF =

blkdiag([e−j2πfmt1 , · · · , e−j2πfmtn , · · · , e−j2πfmtNRF ]) de-
notes the response matrix of the TD network, where tn ∈
CKT×1 = [tn,1, · · · , tn,KT

]T composes of the TDs realized
by the KT TDRs connecting the n-th RF chain. A ∈
CNTX×KTNRF = [A1, · · · ,An, · · · ,ANRF

] with An ∈
CNTX×KT = blkdiag([aPSn,1 , · · · ,aPSn,k

, · · · ,aPSn,KT
]) is

the frequency-independent analog beamforming matrix identi-
cal over all M subcarriers, where aPSn,k

∈ CP×1 composes
of the frequency-independent PSs realized by the k-th PSRs
subarray connecting the n-th RF chain. Gm ∈ CF×NTX and
Hm ∈ CNRX×F are the frequency domain channel responses
of the BS-RIS and RIS-UE links at the m-th subcarrier,
respectively. Ψ ∈ CF×F denotes the response matrix of the
RIS and zm ∈ CNRX×1 is the additive white Gaussian noise
at the m-th subcarrier.

B. Channel Model

Channel estimation is not the main focus of this work and
therefore we assume that all the channel state information
(CSI) involved is perfectly known at the BS and RIS through
the RIS controller as [9]. Considering downlink transmissions,
the wideband ray-based channel model [4] is adopted for THz
communications. The frequency-domain channel response of
the BS-RIS link can be expressed as

Gm =
∑L1

l1=1
αl1aRIS(ϕ̃

RX
l1 , ψ̃RXl1 , fm)aHBS(θ̃

TX
l1 , fm), (2)

where αl1 represents the complex path gain of the l1-th path
and L1 is the total number of the paths. aBS(θ̃

TX
l1

, fm) is
the transmit array steering vector of the BS for path l1 at the
subcarrier frequency fm, where θ̃TXl1 denotes the frequency-
dependent spatial direction of angle of departure (AoD) for
path l1. aRIS(ϕ̃

RX
l1

, ψ̃RXl1 , fm) is the receive array steering
vector of the RIS for path l1 at the subcarrier frequency fm,
where ϕ̃RXl1 and ψ̃RXl1 represent the frequency-dependent spa-
tial directions of azimuthal and elevational angles of arrivals
(AoAs) for path l1, respectively.

In this paper, we consider the uniform linear array (ULA)
and the uniform planar array (UPA) structure at the BS
and RIS, respectively. Furthermore,

√
F is assumed to be a

positive integer, and the widely used square RIS is adopted
in this paper. The relationship between the physical directions
(θ̂TXl1 , ϕ̂RXl1 , ψ̂RXl1 ) and the real directions (θTXl1 , ϕRXl1 , ψRXl1 )

can be represented as θ̂TXl1 = sin θTXl1 , ϕ̂RXl1 = sinϕRXl1 ,
and ψ̂RXl1 = sinψRXl1 ∈ [−1, 1]. The relationship between
the spatial directions (θ̃TXl1 , ϕ̃RXl1 , ψ̃RXl1 ) and the physical di-
rections (θ̂TXl1 , ϕ̂RXl1 , ψ̂RXl1 ) can be represented as θ̃TXl1 =

2d fmc θ̂
TX
l1

= fm
fc
θ̂TXl1 , ϕ̃RXl1 = 2d fmc ϕ̂

RX
l1

= fm
fc
ϕ̂RXl1 and

ψ̃RXl1 = 2d fmc ψ̂
RX
l1

= fm
fc
ψ̂RXl1 , where d is the antenna spacing

set as d = λc

2 = c
2fc

with λc being the wavelength at the
central frequency fc and c being the light speed. Consequently,
the array steering vectors can be given as

aHBS(θ̃
TX
l1 , fm) = 1/

√
NTXh(θ̂TXl1 , fm, NTX), (3)

and

aHRIS(ϕ̃
RX
l1 , ψ̃RXl1 , fm) = 1/

√
Fh(ϕRXl1 , ψRXl1 , fm, F ), (4)

where h(θ̂TXl1 ,fm,NTX)=[1,ejπ2d
fm
c θ̂TX

l1 ,· · ·,ejπ2d
fm
c (NTX−1)θ̂TX

l1 ],

h(ϕRXl1 ,ψRXl1 ,fm, F )=[1, ejπ2d
fm
c (x sinϕRX

l1
sinψRX

l1
+y cosψRX

l1
),
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· · · , ejπ2d
fm
c ((

√
F−1) sinϕRX

l1
sinψRX

l1
+(

√
F−1) cosψRX

l1
)] and

0⩽x, y⩽(
√
F−1).

Similarly, the frequency-domain channel response Hm be-
tween the RIS and UE can be presented as

Hm =
∑L2

l2=1
αl2aUE(ϑ̃

RX
l2 , fm)aHRIS(ϕ̃

TX
l2 , ψ̃TXl2 , fm) (5)

Here, the signs involved in Eq. (5) are defined in the similar
way as above.

Let F ≜ {1, 2, · · · , F} denote the set of all RIS unit
cells and define the response matrix of the RIS as Ψ =
diag(Ψ1, · · · ,Ψr, · · · ,ΨF ), where Ψr = βre

jφr with βr ∈
[0, 1] and φr ∈ [0, 2π] are the amplitude reflection coefficient
and the PS of the r-th unit cell respectively, which can be
optimized by the RIS controller. In this paper, we assume
βr = 1 for ∀r ∈ F to maximize the signal reflection.

III. BEAMFORMING DESIGN

In this section, we analyze the BSE and design the corre-
sponding beamforming for the above system.

A. Analysis and Design of Combined Beamformers for the BS

To better understand the BSE and its compensation mecha-
nism, we take a detour and first analyze it in a conventional HB
system. As shown in the Fig. 2(a), in a conventional HB archi-
tecture, different PSs provided by PSRs could be compensated
at different antenna elements so that all beams corresponding
to different subcarriers are oriented in the same physical
direction. Note that array steering vector aHBS(θ̃

TX
l1

, fm) is
frequency-dependent, which indicates that although the AoD
θ̂TXl1 is fixed, the steering vector and the PS to be compensated
will vary with frequency. However, for PSRs-based analog
beamforming, the PS of PSR is usually constant over the
entire bandwidth because the PSR is a narrowband frequency-
independent device. Consequently, the analog beamforming
direction corresponding to the maximum array gain should
also varys with frequency. Specifically, given an array steering
vector aHBS(θ̃

TX
l1

, fm), the normalized antennas array gain
generated by the analog beamforming vector âPS(θ̂, fc) in
the physical direction θ̂TXl1 is a superposition of the signals
radiated from all the antenna elements, which can be expressed
as the array factor (AF)

ĝAF (θ̂
TX
l1 , fm, θ̂, fc) =

∣∣∣aHBS(θ̃TXl1 , fm)âPS(θ̂, fc)
∣∣∣ . (6)

Under the narrowband assumption, the normalized array gain
ĝAF (θ̂

TX
l1

, fm, θ̂, fc) ≈ 1 1. As for the wideband case, the
normalized array gain achieves the maximum value 1 when the
following condition is satisfied: θ̂TXl1 = fc

fm
θ̂ [5]. It is found

that even though the intended beamforming direction is θ̂, the
actual matched physical direction θ̂TXl1 with maximum array
gain will decrease as the frequency fm increases. Therefore,
the conventional narrowband HB for mmWave cannot be
directly applied for THz wideband communication.

1In narrowband, fm ≈ fc. To achieve the maximum array gain,
the analog beamforming vector should be aligned with the array steer-
ing vector, i.e., âPS(θ̂, fc) = aBS(θ̂

TX
l1

, fc), and thus one have∣∣∣aH
BS(θ̃

TX
l1

, fm)aBS(θ̃
TX
l1

, fm)
∣∣∣ = 1.

Next, the BSE is analyzed in the fully connected TDRs-
PSRs HB architecture. Considering that all RF chains are used
to serve the same UE, then the analog beamforming matrix
An corresponding to the n-th RF chain should be used to
generate a directional beam in the physical direction θ̂TXn of
the n-th path, which has been shown to be near-optimal [3, 4].
Since each RF chain has its own corresponding TD network
and PSRs array, each individual RF chain is considered in the
following analysis about array gain. By adopting the optimal
analog beamforming vector âPS(θ̂, fc) = aBS(θ̂

TX
l1

, fc) in the
narrowband architecture here, the analog beamforming vector
aHPSn,k

(θ̂TXn , fc) ∈ CP×1 for the n-th RF chain controlled by
the k-th subarray consisting of P PSRs can be expressed as

aHPSn,k
(θ̂TXn , fc) = 1/

√
NTXe

jπ(k−1)P θ̂TX
n h(θ̂TXn , fc, P ).

(7)
With the frequency-independent analog beamforming matrix
An obtained from Eq. (7), a beam aligned with the physical
direction fc

fm
θ̂TXn at the m-th subcarrier frequency is gener-

ated.

Furthermore, the frequency-dependent TD network is intro-
duced to rotate the physical direction, where the beam gener-
ated by An at the m-th subcarrier frequency with alignment
from fc

fm
θ̂TXn to θ̂TXn . The TDRs-PSRs (TP) array response

ATP
m ∈ CNTX×NRF can be presented as

ATP
m =AΛTD

m =[aTP 1,m
, · · · ,aTPn,m

, · · · ,aTPNRF ,m
], (8)

where aTPn,m
∈ CNTX×1 = blkdiag([aPSn,1

, · · · ,aPSn,KT
])

· Tn,m = [aTPn,m[1,1]
, · · · ,aTPn,m[k,p]

, · · · ,aTPn,m[KT ,P ]
]T

with TH
n,m ∈ C1×KT = [ej2πfmtn,1 , · · · , ej2πfmtn,KT ]

as the frequency-dependent PSs vector for the n-th
RF chain, and the element aTPn,m[k,p]

is generated by
the p-th PSR connected to the k-th TDR satisfying
aTPn,m[k,p]

= 1√
NTX

e−j2π{[(k−1)P+p−1] 12 sin θTX
n +fmtn,k} for

∀k = [1, · · · ,KT ], p = [1, · · · , P ]. Then the array gain after
the TP array can be rewritten as

gAF (θ̃
TX
n , fm) =

∣∣∣∣∑KT

k=1

∑P

p=1
aTPn,m[k,p]

aHBS[k,p]

∣∣∣∣ (9)

=

∣∣∣∣∑KT

k=1

∑P

p=1

1

NTX
ejπ{[(k−1)P+p−1]( fm

fc
−1)θ̂TX

n −2fmtn,k}
∣∣∣∣ .

It can be observed that the normalized array gain in Eq. (9) can
achieve the maximum value 1 when the following condition
is satisfied, i.e.,

tn,k = [(k − 1)P + p− 1](fm/fc − 1)θ̂TXn /(2fm). (10)

As tn,k depends on specific p, the optimal TDR should serve
the antenna element in an one-to-one manner. However, due
to the economic issues, the one-to-many manner is adopted at
the BS, and the TD can be further obtained as

tn,k = (fm/fc − 1)(k − 1)P θ̂TXn /(2fm), (11)

where the TDR focuses on perfectly compensating the PS of
the first PSR in each PSRs subarray by setting p = 1. In
other words, after the beam alignment of the sub-connected
TP array, there is still a slight loss of array gain for different
subcarriers except for the central subcarrier. Specifically, sub-
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stituting Eq. (11) into aTPn,m[k,p]
, the retained item after TP

array at the m-th subcarrier should be

ζm =
∑KT

k=1

∑P

p=1

1

NTX
ejπ[(k−1)P+p−1]( fm

fc
−1)θ̂TX

n −2fmtn,k

(a)
= ej

(P−1)π
2 ( fm

fc
−1)θ̂TX

n ΞP

[
(fm/fc − 1)θ̂TXn

]
/P, (12)

where (a) comes from the equation
∑N−1
t=0 ejtπa =

sin Nπ
2 a

sin π
2 a

ej
(N−1)π

2 a, and ΞN (x) =
sin Nπ

2 x

sin π
2 x

with |ΞN (0)| = N

is the Dirichlet sinc function [10]. Clearly, for the non-
central subcarriers, the introduced array gain loss at the m-th
subcarrier in the physical direction of RIS should be

gBSlossm = 1−
∣∣∣ΞP [

(fm/fc − 1)θ̂TXn

]∣∣∣ /P. (13)

It can be observed that the array gain loss in a given
physical direction depends on the carrier frequency as well
as bandwidth and the number of TDRs.

B. Analysis and Design of Response Matrix for the RIS

The receive raw signal at the RIS can be presented as

ŷm = GmATP
m Dmsm + zm = ĜmDmsm + zm, (14)

where Ĝm ∈ CF×NRF = [g1,m, · · · ,gn,m, · · · ,gNRF ,m]
denotes the equivalent channel response of BS-RIS link
at the m-th subcarrier frequency with gn,m ∈ CF×1 =∑L1

l1=1 αl1aRIS(ϕ̃
RX
l1
,ψ̃RXl1 ,fm)aHBS(θ̃

TX
l1
,fm)aTPn,m

denotes
the equivalent channel vector for the n-th RF chain.
Further, considering the BS and RIS as a whole,
Âm ≜ ΨĜm = Ψ [g1,m, · · · ,gn,m, · · · ,gNRF ,m] =[
Â1,m, · · · , Ân,m, · · · , ÂNRF ,m

]
denotes the frequency-

dependent equivalent RF response at the m-th subcarrier
frequency.

Similarly, focusing on the n-th RF chain, the equivalent
normalized array gain at the m-th subcarrier frequency in
physical direction (ϕ̂TXl2 , ψ̂TXl2 ) can be presented as

gAF (ϕ̂
TX
l2 , ψ̂TXl2 , fm) =

∣∣∣aHRIS(ϕ̃TXl2 , ψ̃TXl2 , fm)Ân,m

∣∣∣ . (15)

The normalized array gain achieves the maximum value 1
when Ân,m = aRIS(ϕ̃

TX
l2

, ψ̃TXl2 , fm) is satisfied. On the
other hand, to maximize the mutual information achieved
by Gaussian signaling over the RIS-UE channel, for ∀l2 ∈
{1, · · · , L2}, NRF of the vectors aRIS(ϕ̃

TX
l2

, ψ̃TXl2 , fm)

should be used as columns of Âm [3]. In addition, define
the ordered singular value decomposition (SVD) of the RIS-
UE channel at the m-th subcarrier frequency as Hm =
UΣVH . The first rank(Hm) right singular vectors arranged
in decreasing order in V can be linearly represented by∑L2

l2=1 aRIS(ϕ̃
TX
l2

, ψ̃TXl2 , fm), where aRIS(ϕ̃
TX
l2

, ψ̃TXl2 , fm)
with path gain arranged in decreasing order, is the main com-
ponent of the l2-th singular vector for ∀l2 = {1, 2, · · · , L2}
[11] 2. Therefore, the l2-th column vector Âl2,m should be de-
signed to generate a directional beam towards the l2-th path’s
physical direction (ϕ̂TXl2 , ψ̂TXl2 ) for ∀m = {1, 2, · · · ,M}.

2In this paper, we assume that L2 ≤ min(NRX , F ). That is reasonable,
considering that THz communication relies heavily on the line of sight (LoS)
path [12].

The problem is converted to make Âl2,m sufficiently “close”
to the optimal precoder aRIS(ϕ̃

TX
l2

, ψ̃TXl2 , fm), which can be
equivalently stated as

P1 : Ψ = argmin
Ψ

∥∥∥aRIS(ϕ̃TXl2 , ψ̃TXl2 , fm)− Âl2,m

∥∥∥2
F

(16)

s.t. Ψ = diag(Ψ1, · · ·,Ψr, · · ·,ΨF ),Ψr = ejφr,φr ∈ [0, 2π] .

However, the RIS can only change the phase like the
PSR, and it is hard to meet the alignment of each subcarrier
frequency. Let the beam of the central carrier towards the
physical direction of the UE, an exact solution Ψ0 to (P1)
can be obtained. Assuming that the BSE at the BS is perfectly
mitigated by setting aTP l2,m

= aBS(θ̃
TX
l2

, fm), Âl2,m can be
approximately represented as

Âl2,m = Ψgl2,m ≈

Ψ
∑L1

l1=1
αl1aRIS(ϕ̃

RX
l1 ,ψ̃RXl1 ,fm)aHBS(θ̃

TX
l1 ,fm)aBS(θ̃

TX
l2 ,fm)

=
Ψ

N2
TX

∑L1

l1=1
al1ΞNTX

(θ̃TXl1 − θ̃TXl2 )e−j
NTX−1

2 π(θ̃TX
l1

−θ̃TX
l2

)

· aRIS(ϕ̃RXl1 , ψ̃RXl1 , fm). (17)

From Eq. (17), the element Âl2,c[x,y] corresponding to the
x-th row and the y-th column of the RIS with the subcarrier
frequency fc can be presented as

Âl2,c[x,y] =
Ψ[x,y]

N2
TX

√
F

∑L1

l1=1
αl1ΞNTX

(θ̃TXl1 − θ̃TXl2 )

· e−jπ[
NTX−1

2 (θ̂TX
l1

−θ̂TX
l2

)+(xϕ̂RX
l1

ψ̂RX
l1

+y cosψRX
l1

)]. (18)

Substituting Eq. (18) into Âl2,c = aRIS(ϕ̃
TX
l2

, ψ̃TXl2 , fc),
then the exact solution Ψ0[x,y] can be obtained as Eq. (19). It
can be observed that the response matrix Ψ0 depends on the
l2-th path component. As each RF-chain is designed to form a
beam towards one path component, each RF chain should have
a different Ψ0. Ideally, each RF chain have a dedicated RIS to
serve it in an one-to-one manner. The l2-th RF chain should
be reflected by its dedicated RIS with an elaborate response
matrix in order to direct the beam at the frequency fc towards
the physical direction of the l2-th path component.

IV. SIMULATION AND ANALYSIS

TABLE I
SYSTEM PARAMETERS FOR SIMULATIONS

Symbol Quantity Parameter Description

NTX 256 Number of the transmit antennas
NRX 64 Number of the receive antennas
B 30 GHz Bandwidth
fc 300 GHz Central subcarrier frequency
KT 16, 32 Number of TD elements
F 64 (8× 8) Number of RIS elements

(θ̂TX) (0.5) Physical direction of AoD at the BS
(ϕ̂RX , ψ̂RX) (0.4, 0.5) Physical directions of AoAs at the RIS
(ϕ̂TX , ψ̂TX) (0.5,

√
3
2 ) Physical directions of AoDs at the RIS

The parameter settings are shown in TABLE I. To better
illustrate the BSE, we compare the normalized array gain be-
tween conventional HB architecture and HB with TD network
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Ψ0[x,y] =
N2
TXFe

−jπ(xϕ̂TX
l2

ψ̂TX
l2

+y cosψTX
l2

)∑L1

l1=1 αl1ΞNTX
(θ̃TXl1 − θ̃TXl2 )e−jπ[

NTX−1

2 (θ̂TX
l1

−θ̂TX
l2

)+(xϕ̂RX
l1

ψ̂RX
l1

+y cosψRX
l1

)]
. (19)

in Fig. 3. Fig. 3(a) corresponds to the results of Eq. (7), and it
is clear that the conventional HB structure fails to resolve the
BSE at the THz frequency band. Severe beam splitting occurs
at different subcarrier frequencies, and array gain is difficult
to accumulate effectively in the physical direction of the UE.
Fig. 3(b) corresponds to the results of Eq. (11). Apparently,
although there is still some array gain loss for non-central
carriers, the introduction of TD networks has greatly mitigated
the BSE. The array gain at the RIS side are shown in Fig. 4.
With our proposed beamforming scheme, the array gain loss
over the entire frequency band is quit small, and the array
gain can be further improved by adding a small amount of
TDRs. Therefore, the BSE under the blockage scenario is well
tackled.

(a) Conventional HB architecture (b) HB with TD network
Fig. 3. Comparison of array gain for two HB architectures.

Fig. 4. Comparison of array gains at the RIS side.

V. CONCLUDING REMARKS

In this paper, we present an architecture for jointly designing
beamforming of BS and RIS in the signal blockage case.
The simulations confirm that the beam splitting has been well
alleviated. Moving forward, it would be of interest to further
consider the achievable rate with the proposed architecture.
Given the numerous parameters involved, the optimization
problem of the achievable rate will be very complex, which
will be fully investigated in our subsequent work.
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