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ABSTRACT: Wireless communication has revolutionized modern connectivity, with millimeter-wave (mm-Wave) technology emerging
as a key component of next-generation networks due to its ability to deliver fast data rates and large capacity. Hybrid precoding is
an important approach in mm-Wave MIMO systems for optimizing spectral efficiency, and it relies largely on accurate channel state
information (CSI). The sparse characteristic of mm-Wave channels allows compressive sensing (CS) methods to be used for efficient
channel estimation, considerably lowering pilot overhead and computational complexity. This study describes a novel hybrid precoding
technique designed for reliable multi-user situations. The proposed two-stage framework uses SVD-based equal-gain transmission (EGT)
for analog precoding and a Kalman filter for baseband precoding to effectively reduce inter-user interference. Numerical assessments
show that the EGT-Kalman precoding method is comparable with standard strategies like zero-forcing (ZF) and MMSE precoding in
terms of spectral efficiency. Furthermore, the pilot overhead is calculated, indicating the efficiency of the suggested technique in reducing
training requirements while maintaining performance. This study highlights the promise of adaptive precoding techniques in developing
mm-Wave communication systems by providing resilient performance in stable multi-user scenarios while tackling the challenges of
sparse channel estimation.

1. INTRODUCTION

Millimeter-wave (mm-Wave) systems play a pivotal role in
the 5G ecosystem, offering extensive channel bandwidth

that significantly boosts data throughput and enhances network
performance. Despite these benefits, mm-Wave signals face
inherent challenges, including high susceptibility to path loss,
limited range, and vulnerability to obstacles, all of which de-
grade signal quality. To address these challenges, beamform-
ing emerges as a critical technique in mm-Wave systems [1, 2].
By directing signal energy toward specific directions, beam-
forming improves the received signal-to-noise ratio (SNR) and
extends coverage.
This technique is particularly essential in mm-Wave mas-

sive MIMO (Multiple-Input Multiple-Output) systems, where
it integrates three key components: channel estimation, pre-
coders, and combiners. Hybrid beamforming, which divides
signal processing tasks between the analog and digital domains,
provides a cost-effective solution without sacrificing perfor-
mance [3]. The design of precoding matrices in these systems
relies heavily on accurate channel state information (CSI) [4, 5].
However, obtaining CSI in mm-Wave systems is challenging
due to the large antenna arrays requiring extensive training and
the low SNR levels prior to beamforming.
To tackle these challenges, compressive sensing (CS) tech-

niques exploit the sparse nature ofmm-Wave channels to reduce
pilot overhead during channel estimation. In particular, match-
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ing pursuit algorithms are employed to estimate wideband mm-
Wave sparse channels in the delay domain. This approach is
especially beneficial in multiuser MIMO systems [6–8], where
effective precoding is vital for system performance.
In multiuser MIMO systems, multiple users share the same

frequency spectrum, leading to potential interference between
transmitted signals. Precoding mitigates this issue by shaping
transmitted signals to minimize cross-user interference. Ac-
curate CSI enables the base station to understand the channel
conditions for each user and adapt the precoding matrix accord-
ingly. This ensures that signals intended for different users re-
main isolated, thereby enhancing overall system performance.
In [9], the authors introduce low-complexity hybrid pre-

coding schemes tailored for multi-user massive MIMO sys-
tems. These schemes aim to address the high hardware and
processing complexities inherent in massive MIMO systems
while retaining the advantages of hybrid precoding. However,
they encounter limitations related to the trade-off between per-
formance and complexity. For instance, Zero-Forcing (ZF)
beamforming, while effective at nullifying inter-user interfer-
ence, may amplify noise, especially in low signal-to-noise ra-
tio (SNR) scenarios. This leads to suboptimal performance in
practical environments with varying SNR conditions. Further-
more, ZF beamforming depends on accurate channel state in-
formation (CSI), which is particularly challenging to acquire in
high-mobility environments typical of massiveMIMO systems.
In [10], the authors propose a Kalman-based framework for

hybrid precoding, introducing an analytical error expression to
simplify the Kalman algorithm and an iterative solution with
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manageable complexity. However, as the number of users or
antennas increases, the complexity of the Kalman-based ap-
proach can escalate significantly. Additionally, the effective-
ness of this method depends on accurate and up-to-date CSI. In
practical mm-Wave systems, obtaining and maintaining such
CSI can be difficult due to high mobility, rapid channel varia-
tions, and potential feedback delays.
The work in [11] presents an Orthogonal Matching Pur-

suit (OMP)-based algorithm to determine the Minimum Mean
Square Error (MMSE) precoders and combiners. While this ap-
proach is effective, it involves substantial computational com-
plexity, particularly in large-scale MIMO systems with many
antennas and users. Moreover, the performance of hybrid
MMSE precoding is heavily influenced by the accuracy of
channel estimation, which remains a challenge in practical sce-
narios.
Given these challenges, this paper focuses on designing hy-

brid precoding techniques based on CSI for spatial multiplex-
ing in large-scale mm-Wave MIMO systems. A novel hybrid
precoding algorithm, termed as the Singular Value Decompo-
sition Eigenvector Grouping and Tracking-based (SVD EGT-
based) Kalman precoding, is proposed to address the challenge
of maximizing system spectral efficiency. This algorithm in-
tegrates the radio frequency (RF) precoding matrix derived in
the first stage, as described in [9], with a Kalman scheme im-
plemented at the baseband level.
Additionally, the paper evaluates the performance of vari-

ous precoding schemes, specifically: Zero-Forcing (ZF) as a
baseband precoding technique combined with an RF precoder
that enforces constant norm constraints. MMSE, as a baseband
precoding technique, is also paired with an RF precoder that
adheres to constant norm constraints.
This exploration highlights the trade-offs among complexity,

performance, and practical feasibility in the design of hybrid
precoding systems for large-scale mm-Wave MIMO applica-
tions.

1.1. Proposed Approach

A two-stage hybrid precoding method is proposed. The first
stage performs RF analog combining, inspired by the single-
user system framework, leveraging the Singular Value Decom-
position (SVD)-based Equal Gain Transmission (EGT) prin-
ciple. In the second stage, baseband precoding for multiuser
systems is implemented using an iterative Kalman approach at
the base station (BS) to minimize inter-user interference effec-
tively.
By exploiting the sparse characteristics of mm-Wave chan-

nels, a low-complexity hybrid precoding algorithm is designed
utilizing channel state information (CSI). The analysis includes
evaluating the pilot overhead associatedwith compressive sens-
ing (CS) techniques and the computational complexity of the
proposed algorithm. Comparative assessments with existing
precoding methods demonstrate the efficiency and reduced
complexity of the new approach.

2. SYSTEM MODEL
To develop a system model for a stable or slowly varying chan-
nel multi-user system, we will outline a basic framework that
addresses a general multi-user MIMO system. This section
presents a mathematical model for mm-Wave channels, utiliz-
ing CSI to perform precoding. The model includes a novel
EGT based Kalman precoding, as well as other precoding tech-
niques such as Minimum Mean Square Error (MMSE) and
Zero-Forcing (ZF).

FIGURE 1. A multiuser millimetre wave hybrid system.

Figure 1 contains the RF precoding (PRF ), Base Band pre-
coding (PBB), number of streams (Ns), number of mobile sta-
tion users MS-m, analog combiner (wRF ), and channel repre-
sent by H . The BS is equipped with NRF

t RF chains; MS is
equipped with Nt antennas and one RF chain. In this network,
the BS communicates with each MS via one stream [12]. Then,
the signal at the user’s side, r, can be written as

r = HPRFPBBs+ n

The received signal with interference

r = HPRF pBBms+H

M∑
j ̸=m

PRF pBBjs+ n

The MS employs only analog combining wRF , and after the
combining process the estimated symbol of each MS can be
expressed as

wRF r = wRF (HPRFPBBs+ n)

r̂ = wRFHPRFPBBs+ n̂

The combining process with interference

r̂ = wRFHPRF pBBs+ wRFH

M∑
j ̸=m

PRF pBBjs+ n̂

2.1. mm-Wave MIMO Channel Model
The mm-Wave MIMO channel differs from conventional
MIMO channels in several key ways. Firstly, the high path
loss associated with mm-Wave frequencies causes significant
performance degradation, which can be mitigated through
beamforming techniques. Secondly, the closely spaced an-
tenna arrays in mm-Wave systems lead to a highly correlated
MIMO channel. Lastly, the sparse scattering environment
of the mm-Wave channel results in a reduced-rank MIMO
channel matrix [13–21].
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This study gives the downlink channel to simulate with L
scatters,

H =

√
NBSNMS

L

L∑
l=1

αlaMS (θl) a
H
BS (∅l)

whereNBS andNMS are the numbers of antennas at the trans-
mitter and the user side, respectively; L is the number of scat-
terings; αl is the complex gain of lth scattering; θl, ∅l are an-
gles of departure (AoD) and arrival (AoA) corresponding to
the lth cluster; and aMS(θl), a

H
BS (∅l) are the directional an-

tenna gains at the transmitter and receiver antennas, respec-
tively. The normalized antenna array vectors at the transmitter
and the receiver, respectively, determine the beamforming di-
rections. Here, in [16] the antenna arrays are in 1-D Uniform
Linear Array (ULA) pattern with equally-spaced antennas. The
1-D ULA antenna array vector can be expressed by

aBS (∅l) =
1√
NMS

[1, ejπsin∅, . . . , ej(NMS−1)π sin ∅]
T

aMS (θl) =
1√
NBS

[1, ejπsinθ, . . . , ej(NBS−1)π sin θ]
T

2.2. SVD-Based EGT Analog Precoding
Equal Gain Transmission (EGT) for multiuser scenarios in-
volves the simultaneous transmission of signals to multiple
users in a way that each user’s signal is given equal power
across the transmission paths. Using EGT, the BS can transmit
each user’s signal with equal power across all available anten-
nas, even if they are at different distances from the base station
or experience different levels of interference and fading. In [9],
EGT uses SVD schemewhich improves the performance by do-
ing the orthogonalization of the channel matrix. We consider
the SVD of the channel matrix H as

H = UΣV H

In the SVD-EGT scheme, rather than fixing the phase-shift val-
ues based on the channel matrix H , they are determined us-
ing the conjugate transpose of the precoding matrix, V H . The
SVD-EGT approach begins by performing singular value de-
composition (SVD) on the channel matrix H . Afterward, it
fine-tunes the phase-shift values that are applied to the conju-
gate transpose of the right singular matrix, denoted as V H . V H

can be rewritten as

V H =


v11 · · · v1R
...

. . .
...

vK1 · · · vKR


From the first column of the above matrix, determine the phase
values of wr in step-6. In particular, w1 is determined by first
computing l1-norms of vk1, k = 1, 2 . . .K and determining
the highest value among them. Mathematically, the equation
wr ← e(−jvπ(r)r) will be written.

2.3. Kalman Base Band Precoding
Kalman precoding is a powerful technique that leverages the
Kalman filter for dynamic channel estimation and adaptive sig-
nal transmission. It is particularly effective in environments
with rapidly changing channel conditions, such as vehicular and
mobile communications.
The mobile station (MS) determined that the signal is se us-

ing the training vector s(n) at iteration n after the base station
(BS) sent the signal denoted by s. The Kalman Filter algorithm
minimizes the [17] mean squared error of the training vector
between the estimated signal-se and the sent message signal-s,
∥s− se∥2.

minFRF,FBB
E
{
∥s− se∥2

}
sn (n) =

(
wHHPRFPBB

)
s (n) + n(n)

minPRF ,PBB
E
{
∥I −HPBB(n|n− 1)∥2

}
Here H is the effective channel

PBB (n|n) = PBB (n|n− 1) +K(n)E {diag [e (n)]}
Here e(n) is the nth Kalman iteration error, K(n) the gain of
Kalman filter, and e(n) the error between s(n)-se(n). Then,
the equation is

PBB (n|n) = PBB (n|n− 1)+K(n)
I −HPBB(n|n− 1)

∥I −HPBB(n|n− 1)∥2F

K (n) = R (n|n− 1)HH
[
HR (n|n− 1)HH +Qn

]−1

R (n|n) = [I −K (n)H]R (n|n− 1)

3. THE PROPOSED PRECODING COMPUTATIONAL
COMPLEXITY
This section examines the computational complexity associated
with the proposed hybrid precoding algorithm. The complexity
of the proposed algorithm, as presented in Table 1, arises from
two main components: the assignment of RF precoding and the
computation of the baseband precoder. Consider the mm-Wave
MIMO system with Nt = 64, Nr = 16, M = 4, NRF

t = 4.
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TABLE 1. Complexity of the algorithmic solutions.

Paper Scheme Mode Analog BF Digital BF Channel estimation Total complexity
Anna

Vizziello [10]
Two stages of

Kalman precoding
Multiuser

With Codebook
Selection

Kalman
precoding

Perfect CSI
O (M W F NR)

+O(N(M3 +M2XNR))

Duy H. N.
Nguyen [11]

MMSE Based
precoding

Multiuser
Codebook-Based

Analog BF
SVD-Based
Digital BF

Perfect CSI O
(
KN3

R
)
+ O(N3

RNRF)

Muhammad
Hanif [9]

EGT
precoding

Multiuser
EGT based
precoding

ZF
precoding

Perfect CSI O
(
N3

t
)
+ O(N2

tNR)

Proposed
precoding

Multiuser
SVD-EGT

Based precoding
Kalman
precoding

Estimated CSI with
CS algorithms
and Perfect CSI

O(N2
tNR + N(M3 +M2NR))

Performing Singular Value Decomposition (SVD) on the chan-
nel matrix H has a computational complexity of O(N2

t NR)
where Nt and NR are the number of transmitting antennas and
number of receiving antennas. Since EGT relies on the right
singular vectors V , it plays a crucial role in optimizing hybrid
precoding. The key operations in Kalman filtering involve ma-
trix multiplications and inversions. The hybrid precoding sys-
tem consists of NR receiving antennas and M users. Kalman
Gain Calculation K(n) involves a matrix inversion and mul-
tiplication, with a complexity of O(M3) for the inversion and
O(M2NR) for the multiplications. The complexity of updating
FBB (n | n) is O(M2NR). The overall complexity per itera-
tion of the Kalman filter is approximately O(M3 + M2NR).
Suppose that the Kalman filter runs for N iterations. The to-
tal complexity of the Kalman-based baseband precoding would
then beO(N(M3 +M2NR)). Total Complexity of Combined
EGT and Kalman Precoding is (N2

t NR +N(M3 +M2NR).

4. SIMULATION RESULTS AND DISCUSSION
This section presents an analysis based on simulation of the
proposed scheme. We find the pilot overhead of the applied
CS algorithms and compare them in terms of NMSE vs pilot
overhead (%). The performance of the proposed algorithm is
compared with that of zero-forcing and MMSE hybrid precod-
ing methods. Furthermore, we also provide the simulation re-
sults of the spectral efficiency as a parameter to evaluate the
performance of the proposed hybrid precoding scheme with
compressive sensing algorithms, which effectively describes
the mm-Wave environment. Figure 2 illustrates the pilot over-
head, defined as M/N , where M indicates the sparse channel
dimension and N the dimension of the received signal. The
OMP performed well with approximately 2.22% pilot over-
head compared to Cosamp. At an NMSE performance level of
−10 dB, the OMP algorithm achieves a pilot overhead of 23%,
and Cosamp algorithm achieves a 30% pilot overhead. Figure 3
compares the three hybrid precoding solutions with the pro-
posed Kalman precoding scheme. Besides, ZF and MMSE are
included. The proposed EGT-Kalman-based precoding method
was initially designed for a single-user system and later ex-
tended to a multi-user MIMO scenario. The proposed Kalman
precoding demonstrates superior performance compared to the

FIGURE 2. The NMSE versus the pilot overhead at SNR = 20 dB.

174 www.jpier.org



Progress In Electromagnetics Research C, Vol. 152, 171–176, 2025

FIGURE 3. Comparison among hybrid precoding solutions: achievable
rate varying SNR = [−20, 30] dB with number of antennasNBS = 64
number of MS antennas NMS = 16 and number of usersM = 4.

FIGURE 4. Comparison of hybrid precoding with CSI solutions: achiev-
able rate varying SNR = [−20, 20] dB with number of antennas
NBS = 64 number of MS antennas NMS = 16 and number of users
M = 4.

FIGURE 5. Comparisons of hybrid precoding with Perfect CSI solu-
tions: achievable rate varying SNR = [−20, 20] dB with number of
antennasNBS = 64 number of MS antennasNMS = 16 and number
of usersM = 4.

other methods. Figure 4 compares the three hybrid precod-
ing solutions including the proposed Kalman precoding scheme
with the CSI. Initially, the proposed Kalman precoding shows
better performance than others, but when these hybrid pre-
coding schemes are applied with CSI, the results are shown
in Figure 4. MMSE serves as the benchmark for SNR per-
formance, and the proposed algorithm achieves performance
closer to MMSE than conventional methods. In Figure 3,
only hybrid precoding was performed, and Kalman precoding
yielded the best results as shown. However, with CSI, MMSE
achieved the highest spectral efficiency. In Figure 5, the per-
fect CSI is the bench mark from Figure 4. The CSI with OMP

achieves the best results, followed by CoSaMP. A compari-
son of the three hybrid precoding solutions under both perfect
CSI and OMP-based CSI estimation highlights that the pro-
posed Kalman-based approach performs competitively, closely
matching MMSE, while outperforming conventional methods.
Perfect CSI and OMP with CSI produce nearly identical values
at 0 dB.

5. CONCLUSION

By combining EGT for RF beamforming with Kalman filter-
ing for digital precoding, the system can achieve a balance be-
tween computational complexity and performance, making it
suitable for large-scale MIMO systems in mm-Wave commu-
nication. This combined approach is particularly effective in
environments where high spectral efficiency and low bit error
rates are crucial, while also managing the hardware limitations
associated with mm-Wave systems. This paper applies OMP
and Cosamp algorithms to estimate sparse channels, aiming to
enhance performance. To assess these algorithms’ effective-
ness in practical channel estimation, we investigate multi-user
downlink channel estimation for hybrid architecture mm-Wave
massive MIMO systems. Simulation results reveal that OMP
outperforms Cosamp in terms of mean squared error (MSE)
and pilot overhead. Although the simulation results for the
proposed multi-user precoding algorithm in mm-Wave massive
MIMO systems show that it closely resembles the MMSE pre-
coding technique in terms of spectral efficiency, when these
precoding techniques were applied with based on CSI, the re-
sults were changed because the proposed Kalman based pre-
coding algorithm requires accurate and up-to-date CSI to per-
form effectively. MMSE precoding with accurate CSI gen-
erally achieves better performance than ZF and EGT based
Kalman precoding due to its simplicity and efficiency.
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