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Abstract— Terahertz (THz) systems have the ben-
efit of high bandwidth and hence are capable
of supporting ultra-high data rates, albeit at the
cost of high pathloss. Hence they tend to harness
high-gain beamforming. Therefore a joint hybrid
3D beamformer relying on sophisticated sensor-
based beam training and channel estimation is
proposed for Reconfigurable Intelligent Surface
(RIS) aided THz Multi-user Massive Multiple Input
Multiple Output (MIMO) systems. A novel joint
subarray based THz base station (BS) architecture
and the corresponding sub-RIS is proposed. The
BS, RIS and receiver antenna arrays of the users
are all Uniform Planar Arrays (UPAs). Moreover,
the conditions of maintaining the orthogonality
of the proposed joint architecture are derived in
support of spatial multiplexing. The closed-form
expressions of the near-field and far-field path-
loss are also derived. The Ultra-wideband (UWB) sensors are integrated into the RIS and the user location information
obtained by the UWB sensors is exploited for channel estimation. The optimal active and passive beamforming schemes
are also derived. Moreover, Precise Beamforming Algorithm (PBA) for joint RIS phase shift and user equipment (UE)
receiver beamforming is proposed, which further improves the beamforming accuracy by circumventing the performance
limitations imposed by positioning errors. Our simulation results show that the proposed system significantly improves
the spectral efficiency, despite its low complexity. Compared to the scheme operating without PBA, our proposed scheme
increases the spectral efficiency on average by 10.41%, 10.17%, and 5.19% for the three farfield configurations, and by
5.05% and 3.95% for the two nearfield configurations, respectively. This makes our solution eminently suitable for delay-
sensitive applications.

Index Terms— Joint hybrid 3D beamforming, TeraHertz, UWB sensors, beam-training, sub-RIS.
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T he data rate requirements of wireless communications
have increased rapidly with the explosive growth of

mobile devices and seamless multimedia applications. Hence,
the bandwidth available in the sub-6 Gigahertz (GHz) and
mmWave bands becomes tight, but as a remedy, the Terahertz
(THz) range of (0.1-10 THz) may be explored for 6G devel-
opment [1]. Given its short wavelength, a large number of
antennas can be packed into a compact transceiver. Graphene
based plasmonic massive MIMO nano-antenna arrays have
been developed in [2] for the THz band, relying on beam-
forming based angular multiplexing [3]. However, traditional
systems using a dedicated RF chain for each antenna are no
longer practical due to the unacceptable hardware costs. In
[4], a hybrid beamforming system associated with an array-
of-subarray structure is proposed for THz communications,
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in which the number of RF chains is much smaller than the
number of antennas.

In addition, although THz communication [5] [6] and
sensing [7] have the advantage of increasing the bandwidth
by orders of magnitude, it inherently suffers from limited
coverage range due to the diffusion loss caused by high
frequencies, the absorption of molecules in the atmospheric
medium and the higher probability of line-of-sight (LOS)
blockage [8]. A feasible way forward is to combine the
massive MIMO transciever with a reconfigurable intelligent
surface (RIS), whose phase shift can be controlled by a
low-complexity programmable PIN diode [9] in support of
6G systems [10]. It can improve the propagation conditions
by introducing controllable scattering to obtain beneficial
beamforming gains and mitigate the interference [11]. This is
achieved by increasing the freedom of transceiver design and
network optimization by intelligently ameliorating the wireless
propagation environments [12].

Despite the fact that the RIS optimization of most Mul-
tiple Input Single Output (MISO) systems can be directly
transformed into quadratic programming under quadratic con-
straints, there is a paucity of literature on the design of
RIS assisted MIMO systems [13], [14]. Hence, we conceive
a Mulit-user massive MIMO-aided and RIS assisted THz
system. Additionally, most of the open literature assumes that
the channel state information (CSI) of the RIS is perfectly
available [11] [15] [16] However, since all elements of the RIS
are passive, it cannot send, receive or process any pilot signal
for channel estimation. Moreover, a RIS usually contains
hundreds of elements, so the dimension of the estimated
channel is much higher than that of traditional systems, hence
requiring an excessive pilot overhead. Therefore, traditional
methods cannot be directly applied, and channel estimation is
a key challenge [17], especially for RIS-aided THz multiuser
massive MIMO systems. The phase shift opimization and
passive beamforming in THz RISs also constitute challenges.
Therefore, sophisticated schemes have been proposed for the
channel estimation of RIS-aided MISO systems [8] [18] [19]
[20], where the receiver is equipped with a single antenna.
However, these schemes cannot be readily combined with
the above-mentioned channel estimation schemes in massive
MIMO systems. A cooperative beam training scheme is de-
veloped in [21] to facilitate the estimation of the concatenated
twin-hop BS-RIS-UE channel. However, they assumed having
no obstacles between the BS and users, which may not always
be the case. In [22], the location information obtained by
GPS is used to assist RIS systems, but the altitude error of
GPS is quite high, about twice as high as that on the ground,
rendering the system performance severely affected by the
GPS errors. Moreover, GPS often fails in obstructed open
areas or indoors. By comparison, UWB wireless positioning
can reach centimeter level accuracy [23].

On the other hand, given its compelling benefits, Integrated
Sensing and Communication (ISAC) [24] have attracted sub-
stantial research attention. In this context, a number of ISAC
schemes have been proposed. For example, the co-existence
and joint transmission for a MIMO Radar-Communication
(RadCom) system is proposed in [25] subject to specific Signal

to Interference and Noise Ratio (SINR) constraints. They also
proposed a mmWave Massive MIMO ISAC system operating
in the face of interference [24]. A new cooperative method
was proposed in [26] for distributed target tracking relying
on the fusion of OFDM-based radar and communication.
However, traditional beam training methods are unsuitable
for the extremely narrow pencil beams of THz waves. Minor
misalignment in THz RIS passive beamforming with respect to
the users will result in severely degraded system performance.
To tackle the 3D beam training problem of RIS-aided THz
multi-user massive MIMO networks, we will integrate UWB
sensors into our system architecture and derive the optimal
passive beamforming weights - which may contain estimation
errors - as the initial input value of the algorithm. Thus the
efficiency of the beam training algorithm can be substantially
improved. The beam training optimization feedback may also
beneficially support 3D sensor networks in the Internet of
Underwater Things (IoUT) [27], and in Space-Air-Ground
Integrated Networks (SAGIN) [28].

In this paper a novel joint hybrid 3D beamformer relying on
a sensor-based beam training and channel estimation scheme
is proposed for RIS assisted THz multi-user massvie MIMO
systems. Explicitly, a novel joint architecture of subarray-
based THz base stations (BS) and the corresponding sub-
RISs is proposed. The RIS can be installed both on building
walls, facades and even on unmanned aerial vehicles (UAV)
for supporting 3D passive beamforming. We have also derived
the conditions of spatial multiplexing for the proposed system
architecture in RIS-aided THz networks, which has not been
addressed before in the literature. The BS, RIS and the receiver
antenna arrays are all UPAs. The UWB sensors are integrated
into the RIS and the user location information obtained by
UWB sensors is used for channel estimation and beamforming.
The optimal active and passive beamforming are derived and a
so-called Precise Beamforming Algorithm (PBA) is proposed,
which is capable of improving the beamforming accuracy
by eliminating the deleterious effects of positioning errors.
Simulation results show that our proposed system can achieve
significant improvement of the the spectral efficiency by the
proposed beam training scheme.

Against the above backdrop, our main contributions are:
1) We propose a novel joint hybrid 3D beamforming–BS

array-of-subarray and the corresponding sub-RIS architecture
for RIS-aided THz multi-user massive MIMO systems. Fur-
thermore, we have derived the conditions of orthogonality for
the proposed architecture in support of spatial multiplexing;

2) We conceive a UWB sensor-based channel estimator for
the proposed architecture. We have derived the optimal active
and passive beamforming, and proposed the PBA concept
based on user location information for joint RIS phase shift
and user equipment (UE) receiver beamforming. Thus, the
beamforming accuracy is improved and the system perfor-
mance is no longer constrained by the positioning errors of
the sensors, yet compared to other beam training schemes our
proposed scheme has the lowest complexity and search time,
rendering it eminently suitable for users having time-varying
positions or delay-sensitive applications;

3) We have derived the closed-form expressions for both the
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near-field and far-field path-loss of RIS-aided THz channels.
Both the near-field and far-field scenarios demonstrate the
efficiency of our proposed scheme.

4) The performance of the proposed system will not be
constrained by the number of users and there is almost no
interference among multiple users. Since the operations of the
users are carried out in parallel, the algorithmic complexity
will not be affected by the number of users. Additionally, the
BS subarrays and sub-RISs of the proposed architecture can be
flexibly or dynamically configured to meet the specific needs
of users.

5) Our proposed 3D beamforming architecture relying on
UPAs is eminently suitable for a range of emerging RIS aided
THz applications, such as the integration of terrestrial links,
UAVs, and satellite systems, since THz transceivers can be
fabricated as an array-of-subarrays of constructed graphene-
based plasmonic nano-antennas [2] and THz RISs can also
be fabricated based on metal/graphene hybrid materials [29].
The provision of beamforming optimization feedback is also
beneficial for sensor networks in 3D scenarios.

In Table I we boldly and explicitly contrasting the novelty
of our paper to the state-of-the-art at a glance.

The remainder of the paper is organized as follows. In
Section II, we describe both the system model, channel models
and proposed architecture. In Section III, we explore the
channel conditions to be satisfied for high-integrity spatial
multiplexing in our proposed architecture. In Section IV, the
closed-form expressions of the path-loss of the RIS-aided
near-field and far-field beamforming channels are derived. In
Section V, the proposed sensor based channel estimation and
beam training scheme is presented. Our performance analysis
is discussed in Section VI, followed by our simulation results
in Section VII. Finally, we conclude in Section VIII.

Notation: Boldface lower case and upper case letters are
used for column vectors and matrices, respectively. The su-
perscripts (·)∗ , (·)T , (·)H , and (·)−1 stand for the conjugate,
transpose, conjugate-transpose, and matrix inverse, respec-
tively. The Euclidean norm, absolute value, Hadamard product
are denoted by || · ||, | · | and ⊙ respectively. In addition, E {·}
is the expectation operator. For a matrix A, [A]mn denotes
its entry in the m-th row and n-th column, while for a vector
a, [a]m denotes the m-th entry of it. Furthermore, j in ejθ

denotes the imaginary unit, while I is the identity matrix.

II. SYSTEM MODEL, CHANNEL MODELS AND PROPOSED
ARCHITECTURE

In this section, we introduce the system model and the
channel models of 3D hybrid beamforming designed for RIS-
assisted THz MIMO systems, including the direct BS-to-user
path and the BS-RIS-user path. It is worth mentioning that in
the system model of the BS-RIS-user path, a novel joint hybrid
3D beamforming–BS array-of-subarray and the corresponding
sub-RIS architecture is proposed for RIS-aided THz multi-user
massive MIMO systems, which will be further detailed in the
following sections.

The system model we adopted is shown in Fig. 1. The
THz transceivers have array-of-subarrays of graphene-based

plasmonic nano-antennas [2]. The BS transmitter (TX) having
LB = Mt × Nt subarrays supports K users either with or
without RISs. The ith subarray of the BS is a UPA having
mt,i × nt,i antenna units. For simplicity and without loss
of generality, we let mt,i = mt, nt,i = nt, i = 1, ..., LB .
Note that LB is also the number of RF chains, since each BS
subarray is controlled by a dedicated RF chain. Due to limited
processing power, there is only a single subarray baseband and
RF chain consisting of mr,k×nr,k tightly-packed elements at
the kth user. For simplicity and without loss of generality, we
let mr,k = mr, nr,k = nr, k = 1, ...,K. The number LB of
antenna subarrays is assumed to be higher than K for attaining
high gains. UPAs are promising for THz communications
both in BS and user terminals, since they can accommodate
more antenna elements by a two-dimensional subarray for 3D
beamforming.

In THz communications, the link from the BS to the user
may be blocked. Hence we assume that the line-of-sight (LOS)
link from the BS to each user is indeed blocked, and a RIS
is applied for improving the link spanning from the BS to
the user by reflecting the signal. The RIS consists of a sub-
wavelength UPA having Υ passive reflecting elements under
the control of an RIS controller. The THz channel is highly
frequency-selective, but there are several low-attenuation win-
dows separated by high-attenuation spectral nulls owing to
molecular absorption [32]. Therefore, we can adaptively par-
tition the total THz signal bandwidth into numerous sub-bands,
say C sub-bands. The h-th sub-band is centered around the
frequency fh, h = 1, 2, . . . , C and it has a width of Πfh . If
Πh is small enough, the channel can be regarded as frequency-
non-selective and the noise power spectral density appears to
be locally flat. Thus, for the h-th subband signal, we will
discuss the direct path spanning from the BS to the user and
that from the BS to the user via RIS, i.e. the BS-RIS-UE path.

(1) The direct BS-user path
The received signal of user k can be expressed as

ȳk = vHk QkWFs+ vHk nk, k = 1, ..., K, (1)

where s = [s1, s2, ..., sK ]T is a K × 1 vector containing the
transmitted symbols of K users, so that E {ss∗} = Ps

K IK ,
where Ps denotes the total initial transmit power and the
same power is assigned to each user. In (1), Qk is the
mrnr × LBmtnt THz channel matrix between the BS and
user k. The LOS components of the direct BS-user links are
blocked by obstacles, so we assume that the direct link channel
Qk contains only non-line-of-sight (NLOS) components; W
is the LBmtnt × LB analog transmit beamforming matrix
representing the equal power splitters and phase shifters. For
the array-of-subarray structure of (1), W is block-diagonal
structure and can be expressed as

W =


w1 0 · · · 0
0 w2 · · · 0
...

...
...

...
0 0 · · · wLB

 , (2)

where wl is an mtnt × 1 vector with |(wl)a| =
1√
mtnt

, l =
1, ..., LB , a = 1, ...,mtnt. Still referring to (1), F is the LB×
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TABLE I
OUR NOVEL CONTRIBUTIONS CONTRASTED TO THE STATE-OF-THE ART

our
paper

[30]-
2015

[11]-
2019

[8]-
2019

[9]-
2019

[13]-
2019

[22]-
2020

[31]-
2021

[3]-
2021

[16]-
2021

[21]-
2021

Joint BS
array-of-subarrays and
sub-RIS architecture for
spatial multiplexing

√

Near-field and far-field
path-loss of RIS-aided
THz channels

√

Sensor-based beam
training

√

Hybrid 3D
beamforming

√

RIS aided systems
√ √ √ √ √ √ √ √ √

THz Communications
√ √ √ √ √

Precise beamforming
√

multi-user massive
MIMO systems

√ √

Fig. 1. System model of 3D hybrid beamforming and sensor-based channel estimation for RIS-aided THz multi-user massive MIMO systems.

K baseband digital beamforming matrix used for interference
mitigation, where we have

F = [f1, f2, . . . , fK ] , (3)

with
||Wfk||2 = 1; (4)

fk is a LB×1 vector of the kth user; vk is the mrnr×1 receive
analog beamforming vector applied by user k with |(vk )b| =

1√
mrnr

, b = 1, ...,mrnr; nk is the mrnr × 1 Gaussian noise
vector at user k, i.e., nk ∼ N (0, σ2

kI), k = 1,..., K.
(2) The RIS-aided path
The RIS consists of a sub-wavelength UPA having Υ passive

reflecting elements. According to the subarray structure of
the BS, we also partition the RIS into Ls = Ms × Ns
sub-RISs. The ith sub-RIS consists of ms,i × ns,i elements,
i = 1, ..., Ls. Each sub-RIS is the dual counterpart of every

subarray of the BS. Thus, we have Υ =
[

i= 1]Ls
∑
ms,ins,i.

The adjacent elements are separated by ϱ ≥ λspp, where λspp
is the Surface Plasmon Polariton (SPP) wavelength [3], so
the mutual coupling between the elements is neglected. For
simplicity and without loss of generality, we let ms,i = ms,
ns,i = ns, i = 1, ..., Ls.

Let the THz channels spanning from the BS to RIS, and
from the RIS to user k, be denoted by G and Hk,o, respec-
tively. The RIS reflection matrix is denoted by O and the
reflection matrix from the kth sub-RIS to user k is denoted by
Ok. For the sub-RIS structure, O is an Lsmsns × Lsmsns
block matrix



XUFANG WANG et al.: JOINT HYBRID 3D BEAMFORMING RELYING ON SENSOR-BASED TRAINING FOR RECONFIGURABLE INTELLIGENT SURFACE AIDED
TERAHERTZ MULTI-USER MASSIVE MIMO SYSTEMS 5

O =


O1 0 · · · 0
0 O2 · · · 0
...

...
...

...
0 0 · · · OLs

 , (5)

where Ok is an msns × msns matrix; Ok = diag(qk),
where qk =

[
ekθ1,k , . . . , ekθi,k , . . . , ekθmsns,k

]T
, θi,k is the

phase of the i-th reflection element in the k-th sub-RIS,
i = 1, ...,msns. Without loss of generality, we assume that
the number of sub-RISs is Ls = K and the k-th sub-RIS
reflects the signals for the k-th user. Thus, we propose a
joint hybrid 3D beamforming–BS array-of-subarray and the
corresponding sub-RIS architecture. Further details will be
given in the following sections.

The received signal of user k can be expressed as

ỹk = vHk Hk,oOGWFs+ vHk nk, (6)

where G is the Lsmsns×LBmtnt element channel matrix of
the line spanning from the BS to the RIS. Furthermore, Hk,o is
the mrnr×Lsmsns channel matrix of the line emerging from
the RIS to the user k. Observe that ỹk can also be expressed
in the form of the desired and interference terms as follows:

ỹk = vHk Hk,oOGWfksk + vHk Hk,oOG

K∑
i̸=k

Wfisi + vHk nk.

(7)
The RIS-aided THz channel is dominated by the LOS path

and some indirect BS-RIS rays of NLOS propagation due to
reflections and scattering [30] imposed by the quasi-optical
characteristics of THz signals. Let Gk denote the mtnt×msns
channel matrix of the line spanning from the k-th BS subarray
to the k-th sub-RIS, while Hk denotes the mrnr × msns
channel matrix of the line spanning from the k-th sub-RIS to
the k-th user. Thus, Gk and Hk are modeled by

Gk = Ḡk + G̃k

=
√
mtntmsns[β

L
1,kasa,k (δk, κk)a

H
t,k (ψk, τk)

+

nNL∑
i=1

βNL1,k,iasa,k,i
(
δNLk,i , κ

NL
k,i

)
aHt,k,i

(
ψNLk,i , τ

NL
k,i

)
], (8)

Hk = H̄k + H̃k

=
√
mrnrmsns[β

L
2,kar,k (ϑk, ϕk)a

H
sd,k (ςk, φk)

+

ñNL∑
i=1

βNL2,k,iar,k,i
(
ϑNLk,i , ϕ

NL
k,i

)
aHsd,k,i

(
ςNLk,i , φ

NL
k,i

)
]. (9)

where Ḡk and H̄k represent the LOS components, while G̃k

and H̃k denote the NLOS components; ψk (ψNLk,i ), τk (τNLk,i )
are the azimuth and elevation AODs (angle of departure) at
the k-th BS subarray, respectively; ϑk (ϑNLk,i ), ϕk (ϕNLk,i ) are
the azimuth and elevation AOAs (angle of arrival) at the k-
th user, respectively; δk (δNLk,i ), κk(κNLk,i ) are the azimuth and
elevation AOAs from the k-th BS subarray to the k-th sub-RIS,
respectively; ςk(ςNLk,i ), φk (φNLk,i ) are the azimuth and elevation
AODs from the k-th sub-RIS to the k-th user, respectively;

nNL and ñNL are the numbers of NLOS components; βL1,k
and βL2,k denote the corresponding THz LOS complex gains
given by

|βLg,k|2 = ξLg,k (dg,k, fh)

=
c2

(4πdg,kfh)
2 exp [−µ (fh) dg,k] , g = 1, 2, (10)

where ξL1,k and ξL2,k are the corresponding THz LOS path-
loss, µ (fh) is the absorption coefficient at frequency fh, d1,k
is the distance from the BS to the RIS, d2,k is the distance
from the RIS to the user, both for user k, and c is the speed
of light. Still referring to (8) and (9), βNL1,k,i and βNL2,k,i denote
the corresponding THz NLOS complex gains.

In Eq. (8) and (9), at,k (ψk, τk), and ar,k (ϑk, ϕk) are the
antenna array steering vectors at the k-th BS subarray and k-th
user, respectively:

at,k (ψk, τk)

=
1

√
mtnt

[
1, . . . , ej

2πr
λ [x1 cosψk sin τk+y1 sinψk sin τk]

. . . , ej
2πr
λ [(mt−1) cosψk sin τk+(nt−1) sinψk sin τk]

]T
,

(11)
where x1 and y1 denote the index of the BS antenna element,
0 < x1 ≤ mt − 1, 0 < y1 ≤ nt − 1. Additionally, r is the
distance between the BS antenna elements, and λ represents
the wavelength of THz signals. Still referring to (9), we have

ar,k (ϑk, ϕk)

=
1

√
mrnr

[
1, . . . , ej

2πγ
λ [x2 cosϑk sinϕk+y2 sinϑk sinϕk]

. . . , ej
2πγ
λ [(mr−1) cosϑk sinϕk+(nr−1) sinϑk sinϕk]

]T
,

(12)
where x2 and y2 denote the index of the user antenna element,
0 < x2 ≤ mr − 1, 0 < y2 ≤ nr − 1; and γ is the distance
between the user antenna elements.

Explicitly, asa,k(δk, κk) and asd,k(ςk, φk) in Eq. (8) and
(9) are the arrival and departure steering vectors at the k-th
sub-RIS, respectively. They can be expressed as follows:

asa,k(δk, κk)

=
1

√
msns

[
1, . . . , ej

2πϱ
λ [xs cos δk sinκk+ys sin δk sinκk]

. . . , ej
2πϱ
λ [(ms−1) cos δk sinκk+(ns−1) sin δk sinκk]

]T
,

(13)

asd,k(ςk, φk)

=
1

√
msns

[
1, . . . , ej

2πϱ
λ [xs cos ςk sinφk+ys sin ςk sinφk]

. . . , ej
2πϱ
λ [(ms−1) cos ςk sinφk+(ns−1) sin ςk sinφk]

]T
,

(14)
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where xs and ys denote the index of the RIS element, 0 <
xs ≤ ms− 1, 0 < ys ≤ ns− 1; and ϱ is the distance between
the RIS elements within the sub-RIS.

Therefore, upon combining (1) and (6), the signal received
by user k from the BS-user and from the BS-RIS-user channels
can be expressed as

yk = ȳk + ỹk. (15)

The THz channels are sparse and only few paths exists [30].
Moreover, the power difference of the THz signals between the
LOS and NLOS path is significant. Specifically, the power of
the first-order reflected path is attenuated by more than 10 dB
on average compared to the LOS path and that of the second-
order reflection by more than 20 dB [30], so THz channels
are LOS-dominant and the small-scale fading can be ignored.
Thus, we will focus on the LOS path of the THz signal
when exploring the channel condition, while relying on a RIS,
and on beamforming schemes. Furthermore, considering the
beamforming gain of the transceivers and the gains of the
RIS, the received power of the BS-user link in (15) is much
lower than that of the BS-RIS-user link.

III. CONDITIONS OF SPATIAL MULTIPLEXING FOR THE
PROPOSED ARCHITECTURE

In this section, we discuss the conditions of achieving
high multiplexing gains for the proposed RISs-aided THz
architecture. Since the propagation of signals at THz frequen-
cies is “quasi-optical”, the LOS path dominates the channel
complemented only by a few non-LOS (NLOS) reflected rays
due to the associated high reflection loss. Thanks to the
beamforming gain and flexible placement of RISs, a LOS
path may be present between each pair of the BS subarrays,
the sub-RIS and the user’s receiver subarrays. To achieve
high multiplexing gains in strong LoS environments at high
frequencies [3], the antenna spacing of both the TX and RX
together with that of the RIS element spacing should be set
much larger than the operating THz wavelength.

We first consider the BS-RIS channel. We denote the
distances between two adjacent subarrays at the BS transmitter
and two adjacent sub-RIS respectively by χ and α. Without
loss of generality, we assume symmetry in the remainder of
the paper, i.e., Mt = Nt = M , Ms = Ns = N . Thus, the
BS contains M ×M subarrays and the RIS contains N ×N
sub-RISs. The capacity is maximized when all columns of G
are orthogonal. According to the duality of the communication
transmission, the optimal spacing of the sub-RISs should be
the same as the optimal spacing of the BS sub-arrays. Hence
we formulate Theorem 1 as follows.
Theorem 1. To achieve spatial multiplexing gain for the BS
to the RIS line, the optimal spacing of the sub-RISs or the BS
subarrays is

αop =

√
q
d1λ

N
(16)

for integer values of q, where d1 is the distance from the BS
to the RIS, while λ is the wavelength of the THz signal.
Proof. The proof is given in Appendix A.

Theorem 2. To achieve a high spatial multiplexing gain for
the RIS to BS uplink, the optimal spacing of the BS subarrays
or the sub-RISs is

χop =

√
q
d1λ

M
(17)

for integer values of q, where d1 is the distance between the
centers of the RIS and BS arrays, and λ is the wavelength of
the THz signal.
Proof. The proof is similar to that of Theorem 1, hence it is
omitted here.

Let Ψ denote the minimal common multiple of 1
N and 1

M .
Then, after combining the condition (16) and condition (17),
we arrive at the unified optimal sub-RIS and BS subarray
design condition formulated as follows:

αop = χop =
√
qd1λΨ (18)

for integer values of q, where d1 is the distance between the
centers of the RIS and BS arrays, and λ is the wavelength of
the THz signal.

Thus, for the h-th subband signal, the unified optimal sub-
RIS and BS subarray design condition should satisfy

αop,h = χop,h =

√
q
d1c

fh
Ψ (19)

The separation of elements in the BS subarrays or sub-
RISs may be achieved via spatial interleaving. Moreover,
the required spacing can be realized by choosing the right
elements belonging to each BS subarray or sub-RIS. Each BS
subarray associated with the corresponding sub-RIS may focus
on a specific individual subband of the THz signal and can also
be tuned flexibly according to the different user distances.

Let us now consider the channels spanning from the sub-
RISs to the users. At the receiver side, each user has a subarray
and is generally separated, so the distance of two adjacent user
subarrays is usually large. Naturally, we cannot impose any
constraints on the user positions, which tend to be random.
So we must resort to exploiting the frequency selectivity of
the THz channels for spatial multiplexing. According to [30],
the THz channels have limited angular spread of about 40°.
Since the beam steering vectors associated with completely
different angles of large-scale antennas are nearly orthogonal,
for the channels spanning from the ith and the kth sub-RIS to
user k, we have

aHsd,i(ςi, φi)asd,k(ςk, φk) ≃ 0, ςi ̸= ςk, φi ̸= φk. (20)

As the RIS may be regarded as a large-scale antenna array,
the channel from the RIS to the user can be nearly orthogonal,
hence beneficial spatial multiplexing gains can be achieved.
For users that are close enough to be within the angular
spread, the pre-scanning and grouping technique of [30] can
be adopted.
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IV. PATH-LOSS OF THE RIS-AIDED NEAR-FIELD AND
FAR-FIELD THZ CHANNEL

Based on the assumption that the spherical wave generated
by the transmitter can be approximately regarded as a plane
wave at the RIS side when a transmitter is far away from the
RIS, the far-field and near-field boundary of the antenna array
is defined as D = 2L2

λ , where D, L and λ represent the
distance between the transmitter and the center of the antenna
array, the maximum dimension of the antenna array and the
wavelength of the signal, respectively [31]. For the RIS of the
proposed architecture, we have

D =
2N2msnsdxdy

λ
. (21)

Generally, dx = dy = λ
2 , so we get

D =
N2msnsλ

2
. (22)

Hence, for the hth subband THz signal, we have

Dh =
N2msnsc

2fh
(23)

Let us now discuss the THz channel path-loss in the near-
field and far-field of the kth sub-RIS, respectively. Let us
represent the kth sub-RIS-aided cascaded channel by

Zk = HkOG. (24)

Corollary 1. For near-field beamforming over the RIS-aided
THz channel, the path-loss of Zk of the kth user can be
expressed by

ζk =
c2

(4πf)
2
(d1,k + d2,k)

2 e
−µ(f)(d1,k+d2,k). (25)

where d1,k is the effective distance from the kth BS subarray
to the kth sub-RIS, and d2,k is the effective distance from the
kth sub-RIS to the kth user.
Proof. Based on the path-loss of the near-field RIS-aided
beamforming [31] and the THz channel (10), the path-loss
of the cascaded BS-RIS-user channel Zk can be formulated
as

ζk = ξL (d1,k + d2,k, f)

=
c2

(4πf)
2
(d1,k + d2,k)

2 e
−µ(f)(d1,k+d2,k).

Explicitly, the signal transmission process is equivalent to that
of a signal traveling the distance d1,k + d2,k.
Corollary 2. For far-field beamforming over the RIS-aided
THz channel, the path-loss of Zk of the kth user can be
expressed as

ζ̂k =
c2

(4πf)
2
d21,kd

2
2,k

e−µ(f)(d1,k+d2,k). (26)

where d1,k is the effective distance from the kth BS subarray
to the kth sub-RIS, and d2,k is the effective distance from the
kth sub-RIS to the kth user.

Proof. According to the path-loss of the far-field RIS-aided
beamforming [31] and the THz channel (10), the path-loss of
the cascaded BS-RIS-user channel Zk can be formulated as

ζ̂k =
c2

(4πf)
2
d21,kd

2
2,k

e−µ(f)(d1,k+d2.k).

V. SENSOR-BASED CHANNEL ESTIMATION AND BEAM
TRAINING SCHEME

In order to realize the proposed joint hybrid 3D beam-
forming BS array-of-subarray and the corresponding sub-
RIS architecture, in this section, we propose a sensor-based
channel estimation and beam training scheme. The location
information obtained by the sensor allows us to expedite the
channel estimation and beamforming processes.

Given the RIS-aided THz channel models of Section II,
estimating the RIS-aided channel is equivalent to inferring the
parameters of the channel paths; namely the AoA, the AoD,
and the path-loss of each path. The RIS locations are generally
known by the BS. Four UWB sensors are integrated into the
four corners of the RIS, as shown in Fig. 1, which is the
minimum number of UWB nodes required for supporting 3D
localization. Thanks to the ultra-low power density and 3.1-
10.6 GHz frequency band of UWB, the interference between
the UWB ranging signal and the THz signals is negligible.
The distance between each UWB sensor and the user can
be estimated using either a Time-of-Arrival (TOA) or Two-
Way Time of-Flight (TW-ToF) based ranging method [33].
However, they introduce the ranging error ε. Then, the 3D
user position can be determined by multi-lateration algorithm
upon solving a set of nonlinear equations:

[xsi − xU ]
2
+ [ysi − yU ]

2
+ [zsi − zU ]

2
= d̃2i (27)

where i = {1, 2, 3, 4}, Psi = [xsi , ysi , zsi ] indicates the
coordinates of each UWB node on the RIS, PU = [xU , yU , zU ]
is the unknown user position, and d̃i = di+ε = |PU − Psi |+ε
is the measurement of the distance between the UWB sensors
and the UE. Given the ranging error ε, an approximate of (27)
must be used instead of the intersection of four spheres at a
single point found in the ideal scenario [33].

We then adopt the user location information provided by
the UWB sensors to obtain angle and path-loss of the LOS
path. The AOD/AOA of the LOS path can be inferred by
trigonometry as follows.

Without loss of generality, the k-th BS subarray and
the k-th sub-RIS of Fig. 1 are assumed to be located at
(xB,k, yB,k, zB,k) and (0, 0, 0), respectively. Then the effec-
tive AOA at the k-th sub-RIS from the k-th BS subarray can
be calculated as

δk = arctan

(
yB,k
xB,k

)
, (28)

κk = arcsin

(
zB,k
d1,k

)
, (29)

where d1,k =
√
x2B,k + y2B,k + z2B,k.
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Similarly, the effective AOD from the k-th BS subarray to
the k-th sub-RIS are:

ψk = −δk, (30)

σk = −κk. (31)

Therefore, according to (11) and (13), at,k (ψk, σk) and
asa,k(δk, κk) can be obtained.

Let (x̂U,k, ŷU,k, ẑU,k) denote the estimated location of user
k obtained by the UWB sensors.The k-th sub-RIS calculates
its effective AOD from itself to the k-th user as

ς̂k = arctan

(
ŷU ,k
x̂U,k

)
, (32)

φ̂k = arcsin

(
ẑU ,k

d̂2,k

)
, (33)

where d̂2,k =
√
x̂2U,k + ŷ2U,k + ẑ2U,k.

Similarly, the k-th user calculates its effective AOA from
itself to the k-th sub-RIS as

ϑ̂k = −ς̂k, (34)

ϕ̂k = −φ̂k. (35)

Thus, according to (14) and (12), asd,k(ς̂k, φ̂k) and
ar,k

(
ϑ̂k, ϕ̂k

)
can be obtained. By substituting d1,k and d̂2,k

into (25) and (26), we can formulate the channel gain. In fact,
these channel gains are almost deterministic due to the LOS-
dominant characteristic of the RIS-aided THz channels, hence
the small-scale fading can be ignored.

A. Analog Active Beamforming Relying on User
Locations

Then, the estimated angle information can be used to design
the BS subarray’s active beamforming and sub-RIS’s passive
beamforming. However, because the active and the passive
beamforming are coupled, the optimization problem is non-
convex, so the global optimum is typically a challenge to find.
Although some suboptimal algorithms have been proposed
for MISO systems relying on alternating optimization [16],
the computational complexity of these algorithms is excessive
because of the large number of reflection elements. Hence we
circumvent this challenge by opting for the low-complexity
separate optimization of the BS subarray and of each sub-
RIS, because then convenient closed-form solutions can be
obtained. Specifically, the BS utilizes the angle information of
the BS-RIS link to design the active beamforming. Without
loss of generality, we assume that the k-th user is assisted by
the k-th sub-RIS. Thus, the active beamforming designed for
the k-th user should be aligned to the k-th sub-RIS. As such,
the transmit beam of the k-th BS subarray is designed as

wk =
√
pkat,k (ψk, σk) , (36)

where pk is the transmit power of the k-th BS subarray.
For the transmit power equally divided among BS subarrays
corresponding to different users, we have pk=Ps

K . Therefore,
the channel between the BS and RIS can be readily estimated
with the aid of the previously calibrated accurate angles, and
we would only focus our attention on the estimation of the
time-variant RIS-UE channels.

The received beam of the k-th user is given by

v̂k =
√
mrnrar,k

(
ϑ̂k, ϕ̂k

)
. (37)

B. RIS Phase Shift Based Passive Beamforming Relying
on User Locations

We then use the estimated angle information of the RIS-
user link for the RIS phase shift based passive beamforming
design. The k-th user’s received signal is maximized with the
k-th sub-RIS by optimizing the phase shift beam Ok. The
optimization problem can be formulated as:

maxOk

∣∣vHk HkOGWfk
∣∣2 ,

s.t.
∣∣∣[Ok]i,i

∣∣∣ = 1, i = 1, . . . ,msns.
(38)

According to yHXz = xT (y∗ ⊙ z) with X = diag(x), we
have

vHk HkOGWfk = qTk
[(
HT
k v

∗
k

)
⊙GWfk

]
= qTk

[(
HT
k v

∗
k

)
⊙ asa,k

]
aHt,kWfk .

(39)

Thus, the objective function in (38) becomes∣∣qTk [(HT
k v

∗
k

)
⊙ asa,k

]∣∣2 ∣∣aHt,kWfk
∣∣2 . (40)

According to (4) and (36),
∣∣∣aHt,kWfk

∣∣∣2 is a constant indepen-
dent of qk, so the optimization problem equals to

maxqT
k

∣∣qTk [(HT
k v

∗
k

)
⊙ asa,k

]∣∣2 ,
s.t. |[qk]i| = 1, i = 1, . . . ,msns.

(41)

Hence, the solution of the above optimization problem is

qk =
1

βL2,k

[(
HT
k v

∗
k

)
⊙ asa,k

]∗
. (42)

Using the estimated angles calculated from the position infor-
mation obtained by the UWB sensors, we design the RIS-aided
phase shiftto formulate the passive beam as

q̂k =
1

β̂L2,k

[(
ˆ̄HT
k v̂

∗
k

)
⊙ asa,k

]∗
. (43)

where ˆ̄Hk =
√
mrnrmsnsβ̂

L
2,kar,k

(
ϑ̂k, ϕ̂k

)
aHsd,k (ς̂k, φ̂k) .

Based on (37) and (43), both the phase shift based beam-
forming and the UE’s receiver beamforming both depend
on the angles calculated from the estimated user location
information obtained by the UWB sensors, which contains
positioning errors. The inevitable positioning errors will result
in passive transmit beamforming misalignment with the user,
which is further aggravated by the UE’s receiver beamforming
misalgnment with the RIS’ transmit beam. Given the extremely
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narrow pencil beam characteristics of THz signals, the sys-
tem’s performance will thus be severely degraded.

Without being constrained by the positioning errors of the
UWB sensors, we further propose the Precise Beamforming
Algorithm (PBA) for the joint RIS phase shift based beam-
forming and for the UE’s receiver beamforming design.

C. Precise Beamforming Algorithm for joint RIS Phase
Shift and UE Receiver Beamforming

As shown in Fig. 2, we propose the PBA for the improved
alignment of the RIS’s phase shift based beamforming and
the UE’s receiver beamforming. The accurate position of
the kth UE denoted by (xU,k, yU,k, zU,k) can be assumed to
be uniformly distributed within a sphere with the radius re
(for UWB positioning, generally re ≤ 0.1 m) and center
(x̂U,k, ŷU,k, ẑU,k) . The optimal active and passive beamform-
ing derived above (contains positioning errors) are used as the
initial input value of the algorithm. Thus the efficiency of the
beam training algorithm can be substantially improved.

Fig. 2. Precise Beamforming (PBF) for the RIS phase shift beamform-
ing (RIS-BF) and UE receiver beamforming (RBF) design based on the
user location.

The algorithm is formulated in Algorithm 1:
It is worth mentioning that the results of optimal beam

training may also be fed back to the UWB positioning system
for improving its accuracy, which is also a further benefit of
joint sensing and communication.

D. Complexity Analysis

In this subsection, we compare the search complexity of our
proposed schemes to those of other beam training schemes
[21]. The results are shown in Table II. Compared to other
schemes, the search time of our proposed scheme is neg-
ligible and unrelated to N . By contrast, the complexity of

Algorithm 1 Precise Beamforming Algorithm (PBA) for the
RIS-aided phase shift based beamforming (RIS-BF) and UE
receiver beamforming (RBF) design

1: Input the RIS phase shift beamforming Ôk and the UE
RBF v̂k obtained above, the receiver beamforming (RBF)
codebook V at the UE and the phase shift based beamforming
(RIS-BF) codebook W at the RIS.
2: For k = 1 : K do
3: According to v̂k and the range of the UWB positioning
errors, select the sub-codebook from V to obtain Ṽk.
4: According to Ôk and the range of the UWB positioning
errors, select the sub-codebook from W to obtain W̃k.
5: Search Ṽk to find the optimal RBF vk for the kth UE so
that vk = argmax

∣∣vHk Hk

∣∣2.
6: Search W̃k to find the optimal RIS-BF Ok for the kth sub-
RIS so that Ok = argmax

∣∣vHk HkOk

∣∣2.
7: end for
8: Output: Ok and vk , k = 1, 2, ...,K.

the benchmarks increases. Therefore, the proposed scheme is
eminently suitable for time-varying user positions or delay-
sensitive applications.

E. Design of the BS’s Digital Precoder

Following the beam training and channel estimation using
sensor based PBA, we will now design the digital transmit
precoder (TPC) for interference cancellation among different
users. The digital TPC can be designed as follows. Let

Tk = vHk HkOGW. (44)

Specifically, the minimum mean squared error (MMSE) TPC
is formulated as

F = [f1, f2, . . . , fK ] =

[(
THT+

Kσ2

Ps
WHW

)−1

TH

]−1

.

(45)
The Zero-forcing (ZF) digital TPC employed as a benchmark
is formulated as:

F = [f1, f2, . . . , fK ] = TH
(
TTH

)−1
∆, (46)

where ∆ is a diagonal matrix representing the digital TPC
power so that ∥Wfk∥2 = 1, k ∈ K. Particularly, the k-th
diagonal element of ∆ is given by ∆k,k = 1

∥Wfk∥ .

VI. PERFORMANCE ANALYSIS

Based on the received signal (15), in this section, we
characterize the system performance in terms of the achievable
sum-rate of the users expressed by

R = E
{

[

k= 1]K
∑

rk

}
, (47)

where we have:
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TABLE II
COMPARISON OF BEAM TRAINING SCHEMES

Beam training schemes Applicable to RIS-aided
system

Applicable to THz Search time for RIS-aided system

Exhaustive search Yes Yes N2 +N4

One-side search [34] No No −
Adaptive binary-tree search [35] No No −
Two-stage training scheme [36] No Yes −
Tree dictionary (TD) and PS deactivation
(PSD) codebook based search [21]

Yes Yes 18N + 12 log3 N − 3 (TD) or
6N + 4 log3 N − 1 (PSD)

Proposed sensor-based scheme with PBA Yes Yes Negligible and not related to N

rk = log2

(
1 +

P
K

∣∣vHk HkOGWfk
∣∣2

P
K

∑K
i̸=k

∣∣vHk HkOGWfi
∣∣2 + ∣∣vHk nk

∣∣2
)
.

(48)
According to the orthogonality of different users arranged by
the sub-RIS and subarray of the BS, which is achieved by the
conditions shown in Section III, as well as the previous digital
TPC, we have

P

K

K∑
i ̸=k

∣∣vHk HkOGWfi
∣∣2 ≈ 0. (49)

Thus, we arrive at:

rk = log2

(
1 +

P
K

∣∣vHk HkOGWfk
∣∣2∣∣vHk nk

∣∣2
)
. (50)

Therefore, the performance of the proposed system will not
be constrained by the number of users and there is almost
no interference among multiple users. As the operation of the
system can be carried out in parallel, the algorithm complexity
will not be affected by the number of users. In addition, the
BS subarrays and sub-RISs can be flexibly configured to meet
the needs of different users.

VII. SIMULATION RESULTS AND DISCUSSIONS

In this section, we evaluate the performance of our pro-
posed system architecture and sensor-based channel estimation
scheme for RIS-aided THz multi-user massive MIMO systems.
We consider both the near-field and far-field of RIS-BF.
Since the proposed scheme is capable of accommodating any
number of users, it is assumed that there are 4 users having
different positions in the simulations. At the BS, each RF
chain is connected to a single sub-arrray and each subarray
corresponds to a user. Since there is a low-attenuation THz
transmission window at 350 GHz [32], we consider the THz
frequency subband at 350 GHz in the simulations. The number
of channels between the user and the BS is set to 3 due
to the sparsity of the THz channels [30]. The simulation
parameters are shown in Table III. The user locations are
generated randomly and the channel conditions of (20) are
satisfied. For the system operating without RISs, the channel
state information (CSI) is assumed to be perfectly estimated
by the BS. For the RIS-aided system, the BS initially does not
know the CSI and the channel estimation is conducted based

TABLE III
SIMULATION PARAMETERS

Parameters Symbols Values Units
Center frequency of
the subband f1 350 GHz

Noise power N0 −75 dBm
Bandwidth W 1 GHz
Number of Users K 4
Location of the
center of the RIS (0, 0, 0) m

Location of the
center of the BS in
the nearfield case

(-0.6, -0.7, 0.4) m

Locations of the
users in the nearfield
case

(0, 0, 1.1), (0, 0.45,
0.22), (0.742, 0, 0.3),

(0.71, 0.7, 0.1)
m

Location of the
center of the BS in
the farfield case

(-4, -4, -2) m

Locations of the
users in the farfield
case

(2, 2, 1), (0, 3.4,
0.85), (4, 0, 2.07),

(0, 0, 5.8)
m

on our proposed scheme. The simulations are conducted in
Matlab and 100,000 random runs are performed.

For the far-field scenario, we first assume that each BS
antenna subarray is a 4 × 4 UPA and each user is equipped
with one RF chain associated with a 4 × 4 UPA subarray.
Each sub-RIS is also a 4×4 UPA. According to (22), we have
D ≈ 0.027 m. Then we increase the BS antenna subarray, RIS
subarray and user subarray to 8×8 UPA and 16×16 UPA. The
boundary is D ≈ 0.11 m and D ≈ 0.44 m, correspondingly.
Therefore, as both the BS and users are in the far-field of the
RIS, the locations of the center of the BS arrays and of the
RIS are generated randomly, and shown in Table III. For the
RIS-aided channel, the distance between the BS and the RIS
is 6 m while the distances between the RIS and the users are
3 m, 4.5 m, 3.5 m and 5.8 m, respectively. The simulation
results are shown in Fig. 3 (a)-(c). Observe that without the
proposed sensor based beam training and channel estimation
the performance of RIS-aided channel associated with ran-
dom phase is only a little better than that without the RIS.
For comparison, our proposed scheme achieves much higher
spectral efficiency than the original system operating without
the RIS, since our system architecture can effectively exploit
the spatial multiplexing gain of the RIS-aided THz multi-user
massive MIMO systems. Moreover, the sensor based PBA
scheme achieves higher spectral efficiency than that without
it, because the PBA further eliminates the effect of sensor
positioning errors. Compared to the scheme operating without
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PBA, our proposed scheme increases the spectral efficiency on
average by 10.41%, 10.17%, and 5.19% for the three farfield
configurations, respectively. Additionally, the proposed MMSE
scheme outperforms its ZF counterpart since ZF may cause
noise amplification. Thus, we only characterize the proposed
MMSE-based scheme in the following simulations.

For the near-field scenario, each sub-RIS is a 32×32 UPA.
According to (22), the boundary is D ≈ 1.76 m. Then we
increase the dimensions of the BS subarray and user subarray
from 4× 4 UPA to 8× 8 UPA. Since both the BS and users
are in the near-field of RIS, the locations of the center of the
BS and the RIS are generated randomly and are also shown
in Table III. The distance between the BS and the RIS is 1 m,
while the distances between the RIS and the users are 1 m, 0.5
m, 1.1 m and 0.8 m, respectively. The simulation results are
shown in Fig. 4 (a) and (b). Observe that our proposed scheme
can also achieve much higher spectral efficiency than the
original system operating without RIS. The spectral efficiency
of the sensor-based PBA scheme is on average 5.05% and
3.95% higher than that of the scheme operating without PBA,
for the two nearfield configurations, respectively. Furthermore,
the spectral efficiency in the near-field scenario is much higher
than in the far-field scenario, as the path-loss is more severe
in the far-field case, which indicates that for better system
performance, we can use more RIS elements to create near-
field communication for the THz signals.

VIII. CONCLUSIONS

A novel joint hybrid 3D beamforming architecture and
sensor-based training scheme was proposed for RIS-aided
THz multi-user massive MIMO systems. The initially derived
optimal active and passive beamformers are employed for RIS-
BF and user RBF. A PBA is also proposed for improving
the beam alignment accuracy. Compared to the benchmarks,
our proposed scheme has lower complexity and search time.
We have also derived the conditions of channel orthogonality
for the proposed joint architecture to achieve high-integrity
spatial multiplexing. Moreover, the closed-form expressions
of the near-field and far-field path-loss of the RIS-aided THz
channel are derived. Our simulation results show that the
spectral efficiency of our proposed system is much higher
than that of its counterpart operating without RIS or using
a RIS having random phases. Both the near-field and far-field
scenarios demonstrate the benefits of our proposed scheme.
Our proposed 3D beamforming architecture relying on UPAs
has practical potential for emerging RIS-aided THz applica-
tions such as integrated networks of terrestrial links, UAVs,
and satellite systems. The beamforming optimization feedback
would also be beneficial for 3D sensor networks. As our future
work, other forms of ISAC will be explored for RIS-aided THz
multi-user massive MIMO systems.

IX. APPENDIX A
PROOF OF THEOREM 1

Proof. Let (x, y) and (x̂, ŷ) be the coordinates of two arbi-
trary BS transmit subarrays and (u, v) be arbitrary coordinates
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(c)

Fig. 3. Achievable rate (bps/Hz) versus transmit power (dBm) in Far-
field case with 4 BS UPA subarrays, 4 UPA sub-RISs and 4 users: (a)
BS subarray 4 × 4, sub-RIS 4 × 4, user UPA 4 × 4; (b) BS subarray
8×8, sub-RIS 8×8, user UPA 8×8; (c) BS subarray 16×16, sub-RIS
16 × 16, user UPA 16 × 16.
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Fig. 4. Achievable rate (bps/Hz) versus transmit power (dBm) in Near-
field case with 4 BS UPA subarrays, 4 UPA sub-RISs and 4 users: (a)
BS subarray 4× 4, sub-RIS 32× 32, user UPA 4× 4; (b) BS subarray
8 × 8, sub-RIS 32 × 32, user UPA 8 × 8.

of a sub-RIS. The effective distance from the centers of the
BS subarray (x, y) and the sub-RIS (u, v) is

de =

√
d21 + α2

[
(u− x)

2
+ (v − y)

2
]
. (51)

For d1 ≫ α, according to the binomial approximation, we
have

de ≈ d1 +
α2
[
(u− x)

2
+ (v − y)

2
]

2d1
. (52)

So we can readily derive the inner product between the
corresponding channel columns as

⟨Gx,y,Gx̂,ŷ⟩

=

(
c

4πfd1

)2

e−µ(f)d1

×
N−1∑
u=0

N−1∑
v=0

ek
πf
cd1

α2[(u−x)2+(v−y)2−(u−x̂)2−(v−ŷ)2]

· asa,x,y (δx,y, κx,y)aHt,x,y (ψx,y, σx,y)
·asa,k (δx̂,ŷ, κx̂,ŷ)aHt,x̂,ŷ (ψx̂,ŷ, σx̂,ŷ)

=

(
c

4πfd1

)2

e−µ(f)d1

×
N−1∑
u=0

ek
2πf
cd1

α2u(x̂−x)
N−1∑
v=0

ek
2πf
cd1

α2v(ŷ−y)

· asa,x,y (δx,y, κx,y)aHt,x,y (ψx,y, σx,y)
· asa,k (δx̂,ŷ, κx̂,ŷ)aHt,x̂,ŷ (ψx̂,ŷ, σx̂,ŷ) .

(53)

The channels are orthogonal when ⟨Gx,y,Gx̂,ŷ⟩ = 0. There-
fore, without imposing any restrictions on the steering vectors,
we can obtain the following optimal value,

αop =

√
q
d1c

Nf
=

√
q
d1λ

N
(54)

for integer values of q.
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