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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, 3. 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) 16, [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. We first
consider a downlink RIS-aided wideband THz communication
system where one BS equipped with Npx transmit antennas
sends simultaneously Ng data streams to an Ny x-antenna UE.
The BS employs the fully connected TDRs-PSRs HB architec-
ture with Npp radio frequency (RF) chains. As illustrated in
Fig. |2l compared with the conventional HB architecture, a TD
network is introduced as a new precoding layer between the



Data
streams

Baseband
Processing

J[;

[5n- Q%[@.Q s

Analog
Beamformer
(A)

(a) The conventional HB architecture [3]

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 K7 TDRs, in which each TDR is connected to a PSRs

N
subarray consisting of P = % frequency-independent

PSRs in a sub-connected manner. Tﬁe TD network can realize
frequency-dependent PSs through TDRs, e.g., the PS —27 ft
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 f. as the central frequency, B as the
bandwidth, and f,,, = f. + W as the frequency of
the m-th subcarrier with m € {1,2,---, M}. The downlink
received signal y,,, € CVRX*1 at the m-th subcarrier can be

expressed as

m=H, G, AATPD, s, + 2, (1)
where s, € CNs*! is the tr?nsmitted signal at the m-th
subcarrier with E(s,,sf) = N—INS and D,, € CNrrxNs

denotes the frequency-dependent digital beamformer at the
m-th subcarrier satisfying transmission power constraint

Zn]\le HAAE;LDDmHF < Ptotal AmD CKTNRFXNRF =
blkdzag([ —j27 frmta R ’e_jQﬂ'fmtn’ e ’e*jQmetNRFD de-

notes the response matrix of the TD network, where t,, €
CETXL = [t, 1, tn k|7 composes of the TDs realized
by the Kp TDRs connecting the n-th RF chain. A €
CNTx*XKrNrr = [Ay -+ A, Ang,] with A, €
CNrx*Er = plkdiag([aps, ., - 8PS, 4" »APS, 1, ]) 1S
the frequency-independent analog beamforming matrix identi-
cal over all M subcarriers, where apg, , € CP>*1 composes
of the frequency-independent PSs realized by the k-th PSRs
subarray connecting the n-th RF chain. G,, € CF>*N7x and
H,, € CVrx*F are the frequency domain channel responses
of the BS-RIS and RIS-UE links at the m-th subcarrier,
respectively. ¥ € CF'*F denotes the response matrix of the
RIS and z,, € CVrx*1 is the additive white Gaussian noise
at the m-th subcarrier.
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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

L ~ ~ -
Gm = leil ahaRIS((bﬁXv 1/)113)(7 fm)ags(elq;Xa fm)a 2
where «;, represents the complex path gain of the ll th path
and L, is the total number of the paths. aBS( X fm) is
the transmit array steering vector of the BS for path [ at the
subcarrier frequency f,,, where 9TX denotes the frequency-
dependent spatial direction of angle of departure (AoD) for
path 1. aprs(¢pf™, ¢, f,) is the receive array steering
vector of the RIS for path l1 at the subcarrier frequency f,,,
where qﬁﬁX and wﬁX represent the frequency-dependent spa-
tial directions of azimuthal and elevational angles of arrivals
(AoAs) for path [q, 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, V'F is assumed to be a
positive integer, and the widely used square RIS is adopted
in thlS Raper The relationship between the physical directions

( ,qﬁ , X)) and the real directions (GTX ,qﬁ ,1/) )
can be represented as e“lTX = sin GTX ¢ = s1n¢1 ,
and 1/11 = siny/N e [-1,1]. The relatlonship between

the spatial directions (é}:X’ qZR , RX ) and the physical di-

rections (67, ¢fiX RX ) can be represented as orx =
2dLnTX = fm*rx ¢ — 2qfugRX — LugRX

wRX = 24 ’”w X = ’}C Y%, where d is the antenna spacing
set as d = A = 5% with A, being the wavelength at the

2 2fe
central frequency f. and c being the light speed. Consequently,

the array steering vectors can be given as

alls(0FX, ) = 1/\/Noxh(6F X fr, Nrx),  (3)
and
all s (OF5 RN, ) = 1VFR(oFX f X o, F), @)

4TX . jm2d Lm gTXx im2dim (Npx —1)LX
where h( 1 1f7n7NTX) [1,8] ¢ lla"'aej ¢ (Nrx—1) h ]7

(¢l1 7¢l1 ;fm, ) [ 6j7r2df%(z Sin(f?ﬁx Sinwﬁx+ycos ¢11§X)’



. ]7r2df"’ (VF-1) sin(blRl‘X sinwl}:‘l"x-i-(\/f—l) Coswﬁx)] and
0<xy<(¢7 1).

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

Lo ~ o~
H,, = 212:1 a,ay (0, fm)ags(OLS UL fm) (5
Here, the signs involved in Eq. (B) are defined in the similar
way as above

Let 7 = {1,2,---,F} denote the set of all RIS unit
cells and define the response matrix of the RIS as ¥ =
diag(¥y,--+,¥,,--- ,¥p), where ¥, = B,.e/%" with 3, €
[0,1] and ¢, € [0, 27] 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
Br =1 for Vr € 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 aBS( X fm) is
frequency dependent, which indicates that although the AoD
Hl is fixed, the steering vector and the PS to be compensated
w111 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 ap S( X fm), the normalized antennas array gain
generated by the analog beamformrng vector aps(9 fe) in
the physical direction Gll is a superposition of the signals
radiated from all the antenna elements, which can be expressed =
as the array factor (AF)

Gar O £0.0.1.) = |afis O £a)ars(@. 1] ©

Under the narrowband assumptron the normalized array gain
gAF( i ,fm,H,fC ~ 1|l As for the wideband case, the
normalized array gain achreves the max1mum Value 1 when the
following condition is satisfied: @T X = 0 [3]]. It is found

that even though the intended bearnformrng direction is 6, the
actual matched physical direction ¢ 97X 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.

'In narrowband, f,, ~ fe. To achieve the maximum array gain,
the analog beamforming vector should be ahgned with the array steer-
ing vector, ie., aps(f,fc) = ap ( X fc), and thus one have

1.

all (07X, fm)aps (0L X, fm)| =

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
A, corresponding to the n-th RF chain should be used to
generate a directional beam in the physical direction 9 of
the n-th path, which has been shown to be near-optimal [3} i4].
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 apg(ﬁ fo) = aBS(/;T1 , fe) in the
narrowband architecture here, the analog beamforming vector

gsn,k (AZX, fe) € CP*1 for the n-th RF chain controlled by
the k-th subarray consisting of P PSRs can be expressed as

. TX
agsn,k (é\Z;X7 fc) = 1/ V NTXejﬂ(k_l)Pen h(é\ng fC7 P)
@)
With the frequency- independent analog beamforming matrix
A, obtained frorn Eq. (7/), a beam aligned with the physical
direction f . 0 orx 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 A,, at the m-th subcarrier frequency with alignment
from fc §TX to §T X The TDRs-PSRs (TP) array response
ATP ¢ cNtxxNrrF can be presented as

ATP AATD

[arp, .. sarp, APy ] (8)
N- x1 __ ;
where arp, . € CY"X*! = blkdiag([aps,, ., ,apSnYKT])
_ T
: Tnsm B [aTPn,m[l,l] " 7aTPn',m[k,p] U ’anyL,nL[KT,P]
with Tf,m € (ClxKr [ej2wfmtn,1’ o 76327rfmltn,KT]

as the frequency-dependent PSs vector for the n-th
RF chain, and the element TP, ikp) is generated by
the p-th PSR connected to the k-th TDR satisfying
1 7]271'{ [(k=1)P+p— 1]2 51nc9TX+fm tn k} for

ATP ikl — VNax C
VEk =1, KT]T p = [1,---, P]. Then the array gain after

the TP array can be rewritten as

H
gAF 7fm ’§ E e 1 TPy mik,p) 2BS k)

Z Z AT (=) Pp—1] (42 1) X —2fmtn i } |
p=1 NTX

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.,

tug = [(k = 1)P +p—1)(fm/fe — DOEX /(2 fm).

As t,, ;, 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

tuge = (fm/fo = D)k = DPOX/(2fn), (1)

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-

9)

(10)



stituting Eq. (TI) into arp, . . the retained item after TP
array at the m-th subcarrier should be

[(k_l)P""p_l](fiT:/_l)é:l:X_2f7ntn,k
=SS f

R

Zp [(fm/fe=VEX] /P, (12)
where (a) comes from the equation Zt Leitma —
srnMa (N 7, sin &% g
e = % and En(z) = % with [Ex(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

=1 [gp [(fu/fe - 0EX] /. 03)

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.

BS
glossm

B. Analysis and Design of Response Matrix for the RIS

The receive raw signal at the RIS can be presented as

ym = GmAfnposm + 2z = é:'mDmSm + Zm, (14)

where Gm € CFXNRF = [gl,ma s 8nmy 7gNRp,m]
denotes the equivalent channel response of BS-RIS link
at the m-th subcarrier frequency with g, ,, € CI*!

le_lallaRIS(d)l}?Xﬂ/Jﬁ fm)aggwl1 X fm)arp, . denotes
the equivalent channel vector for the n-th RF chain.

Further, considering the BS and RIS as a whole,
Am = ‘I’Gm - ‘Il[gl,m7"’ s 8nymy ;gNRF,m]

LAI ms ,Kn,m, -+« ,ANpp.m| denotes the frequency-
ependent equivalent RF response at the m-th subcarrier
frequency.

Similarly, focusing on the n-th RF chain, the equivalent
normalized array galn at_the m-th subcarrier frequency in

physical direction (qﬁ ,1/) X)) can be presented as

gAF(a;TXa{[;Tvam) = aRIS(gTX Xa.fm);&nm . (15)

The normalized array gain achieves the maximum value 1
when An m = aRIS(¢l2 ,1/} X fm) is satisfied. On the
other hand, to maximize the mutual information achieved
by Gaussian signaling over the RIS-UE channel, for Vlg €
{1,---,La}, Ngrp of the vectors ams(@2 ,¢ X fm)
should be used as columns of A [3]. In addrtlon, define
the ordered singular value decomposition (SVD) of the RIS-
UE channel at the m-th subcarrier frequency as H,, =
UXVH. The first rank(H,,) right singular vectors arranged
in decreasmg order 1n V can be linearly represented by
212 1 aRlS(¢12 71/J ; fm), where aRIS(¢ ) 1/112 s fm)
with path gain arranged in decreasing order, is the main com-
ponent of the I»-th singular vector for Viy = {1,2,---, Lo}
11] Therefore, the I5-th column vector Al2 m should be de-
signed to generate a directional beam towards the l-th path’s
physical direction (¢, 9 *) for Vm = {1,2,--- ,M}.

’In this paper, we assume that Ly < min(Ngx, F). That is reasonable,
considering that THz communication relies heavily on the line of sight (LoS)
path [12].

The problem is converted to make %lz,m sufficiently “close”
to the optimal precoder agys (47~ , ¥1X, fn), which can be
equivalently stated as

~ ~ —~ 2
PL: % —argmin |anss(35 6L, ) = A (16)

st. W =diag(¥y, -V, - Up), U, = el 0, € [0,27].

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 ¥, to (P1)
can be obtained. Assuming that the BSE at the BS is perfectly
mitigated by setting arp,, ,, = aBs( i X fm)s Al2 m can be
approximately represented as

'K'ZQ m —
vy ,fm>a§s<9h ,fm>aBs<elz )
‘I’ Ly _ ~rx TX L (@TX _gTrX
- NZy thrall:NTX (911 9 ) o
~aprs(B75, U, fin).
From Eq. (I7), the element -&z27c[a:7y} corresponding to the

z-th row and the y-th column of the RIS with the subcarrier
frequency f. can be presented as

‘I’gl2 m o~

O ARIS ¢l1 ﬂ/J

a7

2 Ylay) =
Alz&[%y] = N2 \;*le_ LENrx (9 qusz)
TX

oI A TEL OF X 00X+ (2@l DX 4y cos p )] (18)

Substituting Eq. into .&270 = aR]S((;lI;X,’(Z?;X,fC),
then the exact solution Wy, , can be obtained as Eq. (9. 1t
can be observed that the response matrix Wy depends on the
l>-th path component. As each RF-chain is designed to form a
beam towards one path component, each RF chain should have
a different W. Ideally, each RF chain have a dedicated RIS to
serve it in an one-to-one manner. The [5-th RF chain should
be reflected by its dedicated RIS with an elaborate response
matrix in order to direct the beam at the frequency f. towards
the physical direction of the l»-th path component.

IV. SIMULATION AND ANALYSIS

TABLE I
SYSTEM PARAMETERS FOR SIMULATIONS

Symbol Quantity Parameter Description
Nrx 256 Number of the transmit antennas
Ngx 64 Number of the receive antennas
B 30 GHz Bandwidth
fe 300 GHz Central subcarrier frequency
Kr 16, 32 Number of TD elements
r 64 (8 x 8) Number of RIS elements
(§T ) (0.5) Physical direction of AoD at the BS
(¢7X $FX)  (0.4,0.5) Physical directions of AoAs at the RIS
($TX,9TX) (0.5, %)  Physical directions of AoDs at the RIS

The parameter settings are shown in TABLE |Il To better
illustrate the BSE, we compare the normalized array gain be-
tween conventional HB architecture and HB with TD network



N2, Feimal G 4y con ul}¥)

(19)

Yoo,y =

7 _ — — -
lelzl Q1 =Nrx (elq;X - HZX)G il

Nprx —1 TRX :
TX (é;I;X_é:I‘ZX)+(I¢lI%1XwﬁX+y cos wﬁxﬂ

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. (TI). 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.
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.
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Fig. 3. Comparison of array gain for two HB architectures.
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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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