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ABSTRACT Emerging terahertz (THz) communication will become the main way of wireless communi-
cation in the future, it will also use hybrid precoding which combines analog and digital hybrid precoding
like millimeter wave communication systems, to reduce the system energy consumption. Indoor as a main
scenario for communication, to better meet the demands for data transmission. In this paper, an improved
hybrid precoding method based on successive interference cancelation and singular value decomposition
(SIC-SVD) is proposed for indoor Sub-THz communication systemwith sub-connected structures. However,
the introduction of phase shifters imposes constant modulus constraints, making the problem of hybrid
precoding difficult to solve directly. The proposed method first decomposes the optimization problem of
achievable rates for the system, based on the special structure of sub-connected, into a series of equivalent
sub-problems. The algorithm first designs the analog precoding matrix according to the SIC method, after
obtaining the designed analog precoding matrix, the algorithm defines an equivalent channel and employs
singular value decomposition (SVD) to obtain the digital precoding matrix. The simulation results show that
compared with the existing method based on SIC, the proposed algorithm has slightly higher achievable
rate and is closer to the optimal full-digital precoding method. At the same time, this paper also presents
a simple analysis of the proposed algorithm for imperfect channel state information (CSI) with different
accuracy. Simulation results show that the spectral efficiency is also very near to the perfect CSI case when
the accuracy of the CSI is 0.9.

INDEX TERMS Sub-THz, indoor communication, hybrid precoding, SIC.

I. INTRODUCTION
With the rapid development of information age, the capacity
demand of wireless communication is also growing rapidly
[1], [2]. The millimeter-wave band (30-300GHz) can no
longer meet the needs of communication equipment and
techology. In order to alleviate the shortage of spectrum
resources and meet the rapid growth of wireless data rates,
it is inevitable to explore new frequency bands. The tera-
hertz band has the advantage of a larger available bandwidth
than the millimeter-wave band, with more than ten times
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the frequency increase [3], [4]. At the same time, the ter-
ahertz frequency band (0.1-10THz) is considered as a pri-
mary frequency band for 6G wireless communication [5],
due to offering abundant spectrum resources and address-
ing the issues of spectrum shortage and capacity limitation
effectively in wireless communication systems [6], [7]. Fur-
thermore, the significantly decrease in wavelength allows for
more antennas to compensate for severe path loss through
precoding techniques, providing more antenna gains and
spatial diversity gains to communication systems, it is also
considered as a promising candidate for indoor communica-
tion due to its enormous spectrum availability and feasibility
of combating severe propagation attenuation and interference
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with large-scale antenna arrays. The indoor scenario is a
common communication environment in our daily life [8],
[9], [10]. For example, markets, gyms, office buildings and
other indoor occasions.When signals are transmitted in the
aforementioned indoor environment, they will be prone to
interferences, which will limits the performance of commu-
nication system. We can reduce interference and send signal
in a specific direction by precoding [11]. Therefore, it is
necessary to design a hybrid precoding method to obtain
antenna array gains for indoor wireless communication
scenarios.

In present millimeter and terahertz-wave communication
systems, considering the system power consumption and
complexity, traditional digital/analog precoding is no longer
applicable, thus hybrid precoding structure [12] has been pro-
posed by related scholars. This novel structure has attracted
a lot of attention due to its advantage of having fewer RF
chains than the transmitter antennas and has been success-
fully used in millimeter wave multiple-input multilpe-output
(MIMO) communication systems to reduce hardware cost
and complexity. At the same time, the antenna structure of the
transceiver is a key techology that affects the communication
performance. Most of previous relevant precoding works are
based on fully-connected structure, where each RF chain is
connected to each antenna via phase shifter for signal trans-
mission; theoretically, fully-connected structure is closest to
the communication system optimal performance. In [13],
a precoding vector has been designed for the transmitter
by utilizing the sparsity of the received signal with fully-
connected structure. For multi-user communication system
with fully-connected structure, [14] designs analog matrix
by extracting the conjugate transposed phase information of
the channel. The digital part is obtained through block diago-
nalization and zero-forcing design of the equivalent channel
matrix, which reduces the matrix dimension and hardware
complexity. However, as the frequency increases, the num-
ber of antennas at the transceiver also increases, making it
difficult to load the hardware and system power required
for fully-connected structure. Therefore, another traditional
structure is proposed: sub-connected structure [15]. Differ-
ent from fully-connected structure, sub-connected structure,
a RF chain is only connected to a subarray composed of
some antennas, so the number of RF chains and phase
shifters have been greatly reduced, achieving a good balance
between system cost and performance. Hence, the research
on hybrid precoding methods for sub-connected structures
has been attracted widespread interest from experts and
academics. A hybrid precoding method for sub-connected
structure was first proposed and designed in [16], which
sequentially designs the precoding matrix at the transmitter
based on the block diagonalization characteristics of precod-
ing matrix. However, the method pre-designed the digital
precoding matrix as a diagonal matrix, which leads to a loss
of generality in digital precoding. Additionally, the gains of
this method are solely derived from the analog precoding part,
resulting in a partial performance degradation.

In addition, the higher frequency and shorter wavelength
of sub-THz signals enables a large number of antennas to be
place in a very small footprint, the basic component becomes
a subarray instead of an antenna, and no longer provides
dedicated RF chain for a antenna. Considering the complex-
ity of circuits and cost in sub-THz communication system.
It is more suitable to deploy the sub-connected structure for
sub-THz systems.

Based on the aforementioned scenarios and existing
problems, inspired by the successive interference cance-
lation (SIC) -based hybrid precoding method in MIMO
point-to-point systems, this paper proposed an improved
hybrid precoding algorithm based on successive interfer-
ence cancelation and singular value decomposition, built
upon its method and sub-connected structure used for hybrid
precoding. The main contributions of this article are as
follows:

1) In this paper, for the indoor sub-THz communication
system, the Access Point (AP) uses efficient sub-connected
structure. In order to better elimimate interference between
different subarrays. According to the specific sub-connected
structure at AP, the system total rate optimization problem
can be decomposed into sub-rate optimization problems of
multiple sub-antenna arrays.

2) Specifically, for different sub-antenna arrays, to elim-
inate interference and compensate for transmission loss.
We propose an improved precoding method, according to
the method of successive interference cancelation in [16],
design the analog precoding vector for the first sub-antenna
array based on corresponding rate optimization sub-problem,
the problem can transform into sequentially designing ana-
log precoding vectors by minimizing the mean square error
(MSE) between unconstrained optimal analog precoding vec-
tors and designing analog precoding vectors; after the part
of first sub-antenna array is eliminated from the expression
of total achievable rate, then design the rest of sub-antenna
arrays in the same way. Next, according to the equivalent
channel matrix formed by channel matrix and the designed
analog precodingmatrix.We use the traditional singular value
decomposition (SVD) method to design the digital precoding
matrix for equivalent channel matrix.

3) The final analysis and simulation results verify that
the performance and effectiveness of proposed hybrid
preocding method is slightly better than the method
of literature [16], and it is very close to the desired
optimal unconstrained precoding achievable rate. At the
same time, the results in imperfect channel state infor-
mation (CSI) cases are also considered, and the pro-
posed algorithm demonstrates excellent performance and
robustness.

The rest of this paper is organized as follows. Section II
briefly described the system model of indoor sub-THz com-
munication system and analyzed the system rate optimation
problem. Section III described the decomposition process
of optimization problem and the proposed hybrid precoding
method based on successive interference cancelation and
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singular value decomposition (SIC-SVD). The simulation
results of the achievable rate are shown in Section IV. Finally,
conclusions are given in Section V.
Notation: In this paper, we will use the following nota-

tion:Uppercase boldface letters represent matrices and low-
ercase boldface letters denote vectors. (.)T , (.)H , (.)−1, |.|

denote the transpose, conjugate transpose, inversion, and
determinatant of a matrix, respectively. ||.||2 denote the
ℓ2-norm of a vector. Re{.} and Im{.} denote the real
part and imaginary part of a complex number, respectively;
Finally, IN is N × N identity matrix.

II. SYSTEM MODEL AND PROBLEM DESCRIPTION
A. SYSTEM MODEL
This paper mainly study the sub-THz large-scale antennas
point to point communication system with sub-connected
structure in indoor environment, which can reduce the exten-
sive use of phase shifters, we first assume that the indoor AP
and user have perfect CSI. The AP is equipped with Nt anten-
nas and N independent RF chains, the user is equipped with
K antennas. Each RF chain derives an individual sub-antenna
array with M antennas. The number of sub-antenna arrays is
N for sub-connected architecture. To simplify, in this paper,
it is assumed that the AP uses N RF chains to transmit
N data streams to user with K antennas (i.e. N = K ).
Fig.1 shows a large-scale antenna hybrid precoding point-
to-point system model using sub-connected structure [17] in
the indoor sub-THz communication environment. The data
streams at AP first passes through the baseband for digital
precoding, after that, passes through the corresponding N RF
chains. Each RF chain is connected to a sub-antenna array
withM antennas viaM phase shifters [18], analog precoding
operation is performed by phase shifters connected to the
RF chains before transmission. Since transmitting one data
stream requiresM phase shifters, to transmit N data streams,
sub-connected structure requires NM phase shifters, whereas
fully-connected structure requires N 2M phase shifters. The
analog precoding part in this paper consists of phase shifters
[19], the main characteristics of phase shifters are: different
elements have same amplitude, only phases are different. The
final transmission signal x from the data streams by AP after
being processed by hybrid precoder can be expressed as:

x = FRFFBBs (1)

s = [s1, s2, . . . , sN ]T denote the transmitted signal vector
in the baseband. We assume used Gaussian signals with
normalized signal power E(ssH ) =

1
N IN . After analog and

digital precoding, the data streams are sent to user through
sub-antenna array connected to the corresponding RF chain,
then the signal vector received by user y = [y1, y2, . . . , yK ]T

in a narrowband system can be presented as

y = ρHFRFFBBs + n =ρHFs + n. (2)

where ρ is the average power, F ∈ CMN×N denotes hybrid
precoding matrix. FBB is digital precoding matrix. FRF is

analog precoding matrix. To satisfy the constraint of total
transmission power, it is required that ∥F ∥F ≤ N . The
analog matrix under sub-connected structure is as follows:

FRF =


fRF,1 0 · · · 0
0 fRF,2 0
...

. . .
...

0 0 · · · fRF,N


MN×N

(3)

According to sub-connected structure of the transmit
antennas, analog precodingmatrix at AP is set as a block diag-
onalizationmatrix, facilitating the design of analog precoding
vectors for different sub-antenna arrays. fRF,n ∈ CM×1 is
the analog precoding vector corresponding to the different
sub-antenna arrays. H ∈ CK×MN denotes channel matrix
based on an indoor sub-THz point to point communication
system. n is an Additive White Gaussian Noise (AWGN)
vector, whose entries follow the independent and identical
distribution (i.i.d.): CN (0, σ 2).

For the sub-THz indoor channels, sub-THz signals experi-
ence more severe path loss and atmospheric attenuation. As a
result, the paths generally consist of a LOS ray and several
non-LOS (NLOS) rays, the power of LOS path is often
stronger than NLOS paths [20]. Because of the stable indoor
communication environment and channel transmission con-
ditions, sparse path in sub-THz band, the scattering path is
limited [21], and the channel no longer follows the conven-
tional Rayleigh fading. In this article, we adopt common
Saleh-Valenzuela (S-V) geometric channel model to reflect
characteristics of sub-THz communication system. There-
fore, the channel matrix from AP to user can be expressed
as [22], [23], and [24]:

H = HLOS
+ HNLOS

=

√
MN
L

αLaMS (θ r )aHAP(θ
t )

+

nNL∑
u=1

αuaMS (θ r )aHAP(θ
t ) (4)

where
√
MN/L is normalization factor. NM is the total num-

ber of antennas at AP. nNL is the number of channel NLOS
paths, αu is the gain of uth path, satisfy CN (0, 1). aMS (θ r )
and aAP(θ t ) are the antenna array response vectors depending
on antenna array structure at AP and user, respectively. θ t , θ r

are the azimuth angles of departure and arrival (AoDs/AoAs),
respectively.

In current research on precoding methods, two commonly
used antenna array structures are typically employed: Uni-
form Linear Array (ULA) and Uniform Planar Array (UPA).
This paper considers using ULA structure [25] at transmitter
and receiver, and its array structure diagram is shown in Fig.2.

By analyzing and modeling Fig. 2, we can know that the
antenna array response vector at AP is [26]:

aAP(θ ) =
1

√
MN

[1, . . . , ejt(
2π
λ )D cos θ ,
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FIGURE 1. Sub-connected architecture of sub-THz systems.

FIGURE 2. ULA array structure.

. . . , ej(MN−1)( 2πλ )D cos θ ]T

for 0 ≤ t ≤ (MN − 1). (5)

The array response vector at receiver has the similar form.
λ denotes the wavelength of signal. D is the antenna spacing.
In this paper, we assume the knowledge of channel matrix is
known perfectly and instantaneously to the AP, which can be
obtain by channel estimation with uplink training [27].

B. PROBLEM DESCRIPTION
According to system model and architecture described in
Section II-A, since the analog parts of AP is implemented
through phase shifters, it will be constrained by the constant
modulus of phase shifters. Therefore, the amplitude of each
non-zero element in the designed analog precoding matrix is
same, only the phase is different.

This article aims to maximize total achievable rate R of
the indoor sub-THz point-to-point communication system
by designing analog and digital precoders at AP. We only

consider the design of precoding matrix at AP and assume
perfect decoding at receiver. From Eq.(2), we can know that
the expression of the total achievable rate R is:

R = I (s; y) = log2(|IK +
ρ

Nσ 2HFFHHH
|) (6)

The hybrid precoding matrix F can be expressed as F =

FRFFBB. In the design procedure, there are some constraints
on the design of F:
Constraint 1: As shown in (3), FRF should be a block diag-

onalization matrix, i.e. FRF = diag[fRF,1, fRF,2, . . . , fRF,N ].
Constraint 2: The non-elements in each column of FRF

should have determined amplitude. And the amplitude value
is fixed as 1/

√
M .

Unfortunately, due to the non-convex constraint of analog
precoding matrix FRF , the total achievable rate (6) cannot be
directly solved. We can decompose the original communi-
cation procedure into two sub-procedures: the analog stage
and the digital stage. And this article focus on the design of
hybrid beamformer at AP. In this case, we aim to maximize
the mutual information I (s; y):

(FoptBB ,FoptRF )

= argmax
FBB,FRF

I (s; y)

= argmax
FBB,FRF

log2(|I +
ρ

Nσ 2HFRFFBBFHBBF
H
RFH

H
|) (7)

where FoptBB and FoptRF are the optimal baseband and analog
precoding matrices. The design approach of this article is
to calculate FoptRF at the first step, then derive FoptBB based on
Heq. Let xB = FBBs, the data-processing inequality can be
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FIGURE 3. Diagram of the SIC analog precoding.

expressed as:

I (s; y)
(a)
≤ I (xB; y) ≤ C (8)

where C represents the capacity of the point-to-point system,
famous thin-SVD can let inequality (a) turns into equality.
From this, we can infer that max I (s; y) only depends on the
design of FRF . So we have:

FoptRF = argmax
FRF

I (s; y)

= argmax
FRF

log2(|I +
ρ

Nσ 2HFRFFHRFH
H

|) (9)

At the same time, due to the block diagonalization structure
of analog precodingmatrixFRF . The approach shown in Fig.3
can be considered in this paper. The sub-connected structure
optimization problem with non-convex constraints is decom-
posed into a series of rate optimization sub-problems for sub-
antenna arrays. After that, the above sub-rate optimization
problems are solved separately. The rate of each sub-antenna
array is optimized in turn until the last sub-antenna array
is optimized. Based on above analysis, the proposed hybrid
precoding scheme will be described in detail in the next
section.

III. PROPOSED SIC-SVD ALGORITHM
A. DECOMPOSITION OF THE PRECODER DESIGN
PROBLEM
Based on the Eq.(6), we design the analog precoding matrix
at AP, we first assume that the digital precoding matrix sat-
isfies FBBFHBB = I to design analog precoder. According to
the special sub-connected architecture of analog precoding
matrix. We can divide the analog precoding matrix FRF into
[FRF,N−1, fRF,N ]. fRF,N is theNth column of FRF . FRF,N−1 is
aMN×(N−1) matrix contain the first (N-1) columns of FRF .
Then the total achievable rate R in Eq.(6) can be rewritten as:

R = log2(|IK +
ρ

Nσ 2HFRFFHRFH
H

|)

= log2(|IK +
ρ

Nσ 2H[FRF,N−1, fRF,N ]

[FRF,N−1, fRF,N ]HHH
|)

= log2(|IK | +
ρ

Nσ 2HFRF,N−1FHRF,N−1H
H

+
ρ

Nσ 2HfRF,N fHRF,NH
H ) (10)

By defining auxiliary matrix TN−1 as IK +
ρ

Nσ 2HFRF,N−1

FHRF,N−1H
H , Eq.(10) can be equivalently expressed as:

R = log2(|TN−1|)

+ log2(|IK +
ρ

Nσ 2T
−1
N−1HfRF,N fHRF,NH

H
|)

(a)
= log2(|TN−1|)

+ log2(|IK +
ρ

Nσ 2 f
H
RF,NH

HT−1
N−1HfRF,N |) (11)

and (a) is true due to the fact that |I + AB| = |I + BA| by
defining A = T−1

N−1HfRF,N and B = fHRF,NH
H . The second

term on the right side of Eq.(11) represents the achievable
sub-rate of the Nth sub-antenna array.
Then afterN such decompositions, the total achievable rate

R in (11) can be presented as:

R =

N∑
n=1

log2(1 +
ρ

Nσ 2 f
H
RF,nH

HT−1
n−1HfRF,n) (12)

N represents the number of sub-arrays of transmitter.
From the transformation of Eq.(10), Eq.(11) and Eq.(12),
we observe that the total achievable rate optimization prob-
lem can be transformed into a sum of sub-rate optimization
problems for a series of sub-antenna array. It can significantly
simplify a complex problem that has non-convex constraints.
After that, inspired by the SIC method for multi-user signal
detection in [28], we can use a similar way to optimize each
sub-antenna array sequentially in Fig.3. Then, we present
how to design the analog and digital precoding vectors for
each sub-antenna array in detail.

Through Eq.(1), it can be seen that the design of hybrid pre-
coding matrix contains analog precoding matrix and digital
precoding matrix. Therefore, this paper designs the precod-
ing matrix at the AP in two stages. The analog precoder is
designed first, and then design the digital precoder.

B. SIC-BASED ANALOG PRECODER DESIGN
In this section, we focus on how to solve Eq.(12), that
is how to design the analog precoding vectors for N sub-
antenna arrays. Each sub-antenna array is connected to
a RF chain independently, the analog vector of the first
sub-antenna array can be optimized by assuming that all
the other sub-antenna arrays are closed. From the analysis
in Section III-A, it is clear that the sub-rate optimization
problem of solving the sub-antenna array analog precoding
vector can be described as

foptRF,n = argmax
fRF,n∈S

log2(1 +
ρ

Nσ 2 f
H
RF,nGn−1fRF,n) (13)

where Gn−1 = HHT−1
n−1H, S is the feasible set of all

feasible analog vectors satisfying the constraints proposed
in SectionII-B, note that the nth precoding vector only has
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M non-zero elements from the (M (n − 1) + 1)th one to
the (Mn)th one. Therefore, the fHRF,nGn−1fRF,n in Eq.(13)

equivalent to f
H
RF,nGn−1fRF,n. fRF,n denotes the non-zero part

of fRF,n. And Gn−1 = RGn−1RH
= RHHT−1

n−1HRH is the
corresponding sub-array matrix of Gn−1 by only keeping the
rows and columns of Gn−1 from the (M (n − 1) + 1)th one
to the (Mn)th one. R = [0M×M (n−1) IM 0M×M (N−n)] is the
corresponding selection matrix.

Through the above transformation, the Eq.(13) can be
equivalently written as:

f
opt
RF,n = argmax

fRF,n∈S
log2(1 +

ρ

Nσ 2 f
H
RF,nGn−1fRF,n) (14)

S is the feasible set of all possible vectors satisfying
Constraint 2. After that, we perform SVD operation on the
Gn−1 to obtain Gn−1 = V6VH , where 6 is a M × M
diagonal matrix containing the singular values of Gn−1 in a
decreasing order, and V is an M × M unitary matrix. The
optimal unconstrained analog precoding vector v1 is the first
column of V [29]. If fRF,n = v1, the system capacity will
be maximum. However, due to the constraints mentioned in
Section II-B, we cannot choose v1 as the optimal analog
precoding vector directly since elements of v1 do not obey
the constraint of unit modulus amplitude. So we need to
choose a suboptimal solution fRF,n as far as possible to near
v1 under the constraint of constant magnitude. From [30], it is
known that the optimal analog precoding vector for choosing
the optimization problem can be obtained by minimizing the
MSE between v1 and fRF,n under the constant magnitude:

E
∥∥v1 − fRF,n

∥∥2
2

= E
{
(v1 − fRF,n)H (v1 − fRF,n)

}
= E

{
vH1 v1 + f

H
RF,nfRF,n − 2Re(vH1 fRF,n)

}
(a)
= E

{
2 − 2Re(vH1 fRF,n)

}
= E

{
2(1 − Re(vH1 fRF,n))

}
(15)

(a) is true due to that vH1 v1 = 1, f
H
RF,nfRF,n = 1, according

to the above equation, minimizing the MSE is equivalent
to selecting an appropriate fRF,n to make the equation (15)
equal to 0, since the amplitude of fRF,n is constantly 1/

√
M ,

only the phase is different. From a geometric space perspec-
tive, corresponds to the complex plane, different fRF,n are
located on circle with the same radius. Obviously, the distance
between points with the same phase is the closest, and each
element of fRF,n has the same amplitude 1/

√
M . Thus the

analog precoding vector is obtained from the extracted phase
as:

foptRF,n =
1

√
M
ej̸ v1 (16)

̸ v1 denotes the phase of vector v1. After we have acquired
fRF,n for the nth sub-antenna array, the auxiliary matrix Tn
and Gn will be updated. The remaining several sub-antenna
array are designed by: updated Gn and SVD is performed

to obtain the optimal analog precoder vectors for other sub-
antenna arrays. Then we can obtain the optimal analog
precoding matrix:

FoptRF = diag
{
foptRF,1, f

opt
RF,2, . . . , f

opt
RF,N

}
(17)

C. DESIGN OF DIGITAL PRECODER BASED ON
EQUIVALENT CHANNEL
After the design of analog precoders for all sub-antenna
arrays at AP are completed. We fix the analog precoding
matrix, then pay attention to design the digital precoding
matrix.

In this section, we introduce the concept of equivalent
channel [31], [32], [33], i.e. define Heq = HFRF as the
equivalent channel matrix at the baseband. After that, we will
design digital precoding vectors based on the equivalent chan-
nel matrix Heq ∈ CNr×N to further promote system sum
rate performance.We bring the equivalent channel into Eq.(6)
to get:

R = log2(|IK +
ρ

Nσ 2HeqFBBFHBBH
H
eq|) (18)

In order to maximize the achievable rate of this com-
munication system, finding the digital precoding matrix is
equivalent to:

FoptBB = argmax log2(|IK +
ρ

Nσ 2HeqFBBFHBBH
H
eq|) (19)

The common digital precoding techniques include: ZF
precoding, MMSE precoding, BD precoding, etc. SVD
precoding is a technique used for channel precoding in
multi-antenna wireless communication systems. In order to
avoid multiple operations and obtain better performance, the
transmission power constraints of AP will not be considered
temporarily, the SVD operation is applied to the equivalent
channel matrix Heq to design optimal digital matrix [34]:

Heq = Ueq6eqVH
eq (20)

where Ueq ∈ CNr×N and VH
eq ∈ CN×N are left and right sin-

gular matrices of the equivalent channel matrix, respectively,
and both are unitary matrices. 6eq ∈ CN×N is a diagonal
matrix, which represents singular value matrix of the equiv-
alent channel. SVD precoding can fully utilize the channel,
decompose it into multiple orthogonal and no-interference
sub-channels for signal transmission, eliminate the mutual
influence between data streams.

For the convenience of further design the digital precoding
matrix, performing a simple transformation on Eq.(18):

R = log2(|IK +
ρ

Nσ 2F
H
BBH

H
eqHeqFBB|) (21)

Taking the decomposed result Eq.(20) into Eq.(21) we
can get:

R = log2(|IK +
ρ

Nσ 2F
H
BBH

H
eqHeqFBB|)

= log2(|IK +
ρ

Nσ 2F
H
BBVeq6

H
eqU

H
eqUeq6eqVH

eqFBB|)
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(a)
= log2(|IK +

ρ

Nσ 2F
H
BBVeq6

2
eqV

H
eqFBB|) (22)

(a) is true due to the fact thatUeqUH
eq = I. By observing the

above equation and utilizing the properties of unitary matrix,
to maximize Eq.(22), the optimal digital precoding solution
FoptBB of FBB isVeq. In addition, due to the fact that the number
of RF chains at AP equal to N , same dimension as matrix V.
So we can get optimal digital precoding matrix FBB at AP is:

FoptBB = Veq = [Veq,1,Veq,2, · · · ,Veq,N ] (23)

Up to now, the design of analog/digital precoding matrix
has been wholly completed. In general, the specific steps of
the proposed SIC-SVD hybrid precoding algorithm in this
article can be simply summarized as follows:

step 1:Input: Channel matrix H
Number of RF chains: NRF

t
Number of antennas in a sub-antenna
array: M

step 2:Obtain matrix:
Gn−1 = RGn−1RH

= RFHT−1
n−1HRH

step 3:Execute the SVD of obtained matrix Gn−1 to
obtain v1

step 4:Analog precoding vector:
foptRF,n =

1
√
M
ej̸ v1

step 5:Update the matrix of nth sub-array
Gn−1 = RHHT−1

n HRH

and Tn = IK +
ρ

Nσ 2HFRF,nFHRF,nH
H

Repeat step 1-5 for the Nth sub-array at AP.
step 6: Obtain equivalent channel matrix based on the

design analog precoding matrix: Heq = HFRF .
step 7 : Execute the SVD of equivalent channel matrix:

Heq = Ueq6eqVH
eq

step 8:Digital precoding matrix:
FBB = Veq(:, 1 : NRF

t )
step 9:Output: Precoding matrix:FRF ,FBB

IV. SIMULATION RESULTS
In this section, we provide simulation results for achievable
rate of the system. In order to better compare the performance
of proposed SIC-SVD hybrid precoding method, simulation
results provide the system achievable rate under different
SNRs, the SIC-based hybrid precoding with sub-connected
architecture and the optimal unconstrained precoding meth-
ods based on fully-connected and sub-connected structures
(f
opt
n = v1) and conventional analog precoding method [35]

are also compared and analysed.
The system simulation parameters are set as follows.

The carrier frequency is set as 0.28 THz, NM × K =

128/256× 16,NM represents the total number of antennas at
AP. K represents the number of antennas at user, N reprents
the numbers of RF chain and data stream,(K = N ). The
number of effective channel path L is set as 3. The antenna
arrays at AP and user are both ULAs. The channel matrix
is generated according to the channel model described in

FIGURE 4. Achievable rate comparison for an NM × K= 128 × 16(N=16)
Sub-THz system.

FIGURE 5. Achievable rate comparison for an NM × K=128 × 32(N=32)
Sub-THz system.

Section.II Eq.(4), with the spacing between the antennas set
to d = λ/2. The AoDs at AP satisfy [−π ,π ] uniform
distribution. The AoAs satisfy [−π/6, π/6] distribution. The
simulation results are obtained by averaging 10000 experi-
ments on the channel using the Monte Carlo method.

We first evaluate the achievable rate with different hybrid
precoding design methods. In the analysis process of this
section, we assume that the channel has perfect CSI con-
dition. Fig.4 shows the achievable rate in indoor Sub-THz
point-to-point system, where MN × K = 128 × 16(M = 8)
and the number of RF chains N is 16. We observe from Fig.4
that the proposed hybrid SIC-SVDprecoding outperforms the
conventional analog precoding with sub-connected architec-
ture over the whole simulated SNR region. The performance
is also slightly better than the SIC hybrid precoding method.
In addition, the proposed SIC-SVD algorithm in this simu-
lation parameters is very close to the optimal unconstrained
precoding using sub-connected architecture.
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FIGURE 6. Achievable rate comparison for an NM × K=256 × 16(N=16)
Sub-THz system.

Based on the above simulation results, we will compare
again by changing the number of RF chains at AP. Fig.5
shows the simulation results after changing the RF chains
from 16 to 32. By observing and comparing Fig.4 and Fig.5,
we can easily find that the proposed SIC-SVD method can
still keep good and steady performance even with an increase
in the number of RF chains. In addition, we can also conclude
that as the number of RF chains increases, the system’s
achievable rate also improves. Such as, when SNR = 0 dB,
the RF chains N=16, the achievable rate of the proposed
SIC-SVD method is 21.53 bps/Hz, when SNR = 0dB, the RF
chains N=32, the achievable rate of the proposed SIC-SVD
method is 25.97 bps/Hz.

Fig.6 also shows the relationship between the system
achievable rate and different SNRs for the algorithms such
as the proposed hybrid SIC-SVD precoding method and
the optimal precoding methods with sub-connected while
MN × K = 256 × 16(N = 16) and the antenna array
structures at AP and user are both ULAs. From the simu-
lation results, although the number of antennas at AP has
increased, it can be seen that the achievable rate of differ-
ent algorithms are still increase with the increase of SNRs.
The algorithm proposed in this paper is very close to the
optimal precoding in terms of performance effective and is
better than the precoding method based on SIC [16]. From
Fig.4, Fig.5 and Fig.6, we can observe that the proposed
algorithm maintains good performance regardless of varia-
tions in the number of transmit antennas or RF chains. The
channel information plays a crucial role in the design of
precoding techniques. In this paper, the proposed algorithm
considers the channel information by utilizing an equivalent
channel matrix that incorporates both channel matrix and
analog precoding matrix. The algorithm takes advantage of
the channel information and employed SVD to obtain the
optimal digital precoding matrix. As a result, the proposed
algorithm outperforms other existing algorithms in terms of
performance.

FIGURE 7. Impact of imperfect CSI on the proposed SIC-SVD precoding
for 128× 16(N=16) Sub-THz system.

Next we analyze a more practical scenario where AP has
imperfect CSI, and evaluate the impact of imperfect CSI
on the performance of the proposed SIC-SVD precoding
algorithm. In the previous simulation of this paper, we all
assume perfect CSI at AP and receiver. However, in practical
communication environments, we sometimes cannot obtain
perfect CSI due to uncertainties in the transmission environ-
ment and other factors such as estimation, feedback delays,
etc which will introduce errors [36]. No matter how precisely
or accurately design the channel estimation algorithms, there
will always be an error between the estimated channel and
the actual channel. Therefore, it is necessary to consider the
impact of imperfect CSI on the performance of the proposed
algorithm. The estimated channel matrix for the channel state
information Ĥ can be modeled as follows [37]:

Ĥ = γH +

√
1 − γ 2E (24)

In the expression, H represents the actual channel matrix,
γ ∈ [0, 1] represents the estimated CSI accuracy, and E is the
error matrix that follows the distribution i.i.d. CN (0, 1).

Fig.7 shows achievable rate comparison for the system
with MN × K = 128 × 16(N = 16), considering both
perfect CSI and imperfect CSI with different values of γ .
The simulation results indicate that the proposed SIC-SVD
method is not very sensitive to the accuracy of the channel
state information. In Fig.7, achievable rate of the proposed
SIC-SVD hybrid precoding method with γ=0.9 is very near
to the perfect CSI, and even the channel state information is
very poor (γ=0.5), the performance of the proposed SIC-SVD
hybrid precoding method does not decrease significantly and
a relatively high rate can still be achieved. Additionally, Fig.8
shows the achievable rate comparison for a indoor Sub-THz
system with MN × K = 256 × 16(N = 16), where similar
conclusions as those from Fig.8 can be derived. It is worth
noting that in Fig.8, the performance with γ=0.9 almost over-
laps with the performance with perfect CSI. By observing
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FIGURE 8. Impact of imperfect CSI on the proposed SIC-SVD precoding
for 256× 16(N=16) Sub-THz system.

FIGURE 9. Achievable rate by different algorithms under the perfect CSI
and imperfect CSI for 256× 16(N=16) Sub-THz system.

Fig.7 and Fig.8, it can be demonstrated that the proposed
SIC-SVD method has strong robustness and stability.

Fig.9 shows the performance comparison between differ-
ent algorithms (i.e. optimal unconstrained precoding, SIC
precoding) under perfect CSI conditions and the proposed
SIC-SVD precoding algorithm under imperfect CSI condi-
tions. The algorithms in Fig.9 are all simulated under sub-
connected architecture. Comparing the experimental results
of different algorithms, it is not difficult to find that when
γ = 0.9, performance of the proposed SIC-SVD algorithms
are still superior to the SIC precoding algorithm. The per-
formance of SIC algorithm lies between the estimated CSI
accuracy γ is 0.9 and 0.5, respectively.

V. CONCLUSION
In this paper, an improved hybrid precoding method is pro-
posed for a simple indoor communication system based on
sub-connected structures in sub-THz band. Using the idea of
SIC, the complex rate optimization problem is decomposed

into a series of sub-rate optimization problems, the digital
precoding matrix is first fixed to design the analog precoding
using SIC method, then the digital precoding part is designed
using conventional SVD precoding method based on the
equivalent channel. Simulation results also show that the per-
formance of the proposed algorithm is close to the achievable
rate of optimal unconstrained precoding. The scheme uses
sub-connected structure, which effectively reduces the com-
plexity of signal processing and approached the performance
of the optimal precoding. We also compared the performance
of proposed algorithmwith different accuracyCSI. Our future
work can be extended to the multi-user scenarios.
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