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Abstract—In this paper, we propose an enhanced 

approach to channel estimation in MIMO (Multiple 

Input, Multiple Output) systems by combining pilot- 

based estimation techniques with the MUSIC (Multiple 

Signal Classification) algorithm. Channel estimation is a 

critical component in MIMO systems to improve data 

transmission reliability, but existing methods often 

struggle with noise sensitivity and resource constraints. 

To address these challenges, we employ pilot signals for 

channel estimation and utilize the MUSIC algorithm to 

accurately classify signals, even in noisy environments. 

Simulation results demonstrate that the proposed 

method significantly reduces the Mean Squared Error 

(MSE) compared to conventional Least Squares (LS) 

estimation, particularly in low Signal-to-Noise Ratio 

(SNR) conditions. The method provides improved 

accuracy and robustness in channel estimation, making it 

an effective solution for modern wireless communication 

systems. 

 

Index Terms—MIMO, channel estimation, pilot- based 

estimation, MUSIC algorithm, signal classification. 

 

I. INTRODUCTION 

 

In modern wireless communication systems, MIMO 

(Multiple Input, Multiple Output) technology has 

become essential for enhancing data rates and 

improving signal quality. MIMO systems rely on 

multiple antennas at both the transmitter and receiver, 

allowing for better utilization of the available 

bandwidth. However, to achieve the full potential of 

MIMO, accurate channel state information (CSI) is 

required. Channel estimation, the process of estimating 

the CSI, is a critical task in MIMO systems, but it is 

often challenging due to noise, interference, and the 

limited number of pilot signals that can be used. 

method involves transmitting known pilot symbols, 

which the receiver uses to estimate the channel. While 

pilot- based methods are effective, they can be sensitive 

to noise and interference, especially when the signal-to-

noise ratio (SNR) is low or when the number of 

available pilots is limited. 

To overcome these challenges, we propose a hybrid 

approach that combines pilot-based channel estimation 

with the MUSIC (Multiple Signal Classification) 

algorithm. The MUSIC algorithm is a high-resolution 

spectral estimation technique that has shown promise in 

improving the accuracy of signal classification and 

parameter estimation, even in the presence of noise. By 

integrating MUSIC with pilot-based estimation, we 

aim to enhance the robustness and accuracy of channel 

estimation in MIMO systems, particularly in 

challenging environments. 

This paper is organized as follows: Section II provides 

a review of existing techniques for channel estimation 

in MIMO systems. Section III describes the system 

model and the proposed pilot-based estimation 

method. Section IV explains how the MUSIC 

algorithm is applied to improve channel estimation. 

Section V presents the simulation setup, and Section VI 

discusses the results. Finally, Section VII concludes 

the paper and offers suggestions for future research. 

 

II. OBJECTIVE 

 

The objective of this paper is to propose an enhanced 

method for channel estimation in MIMO systems by 

combining pilot-based estimation techniques with the 

MUSIC (Multiple Signal Classification) algorithm. 

The focus is on improving the accuracy and robustness 

of channel estimation, particularly in environments 

with low Signal-to-Noise Ratio (SNR) and limited 

pilot resources. We aim to demonstrate that the 

proposed method can significantly reduce Mean 

Squared Error (MSE) when compared to conventional 

channel estimation techniques such as Least Squares 

(LS) estimation. 
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Additionally, this paper explores the benefits of 

applying the MUSIC algorithm in MIMO systems, 

showing how it can improve signal classification and 

resolve closely spaced signals, which is particularly 

challenging in noisy environments. Through 

simulation-based analysis, we will validate the 

effectiveness of the proposed approach under different 

conditions, including varying SNR and pilot lengths. 

Finally, the paper will discuss potential areas for future 

work, such as optimizing the algorithm for real-time 

applications and exploring its application to large-

scale MIMO systems. 

 

III. LITURATURE REVIEW 

 

Li and Liao (2016) developed a pilot-pattern-based 

algorithm for channel estimation in MIMO-OFDM 

systems, optimizing pilot symbol usage to enhance 

Least Squares (LS) estimation. Their approach 

efficiently reduces pilot overhead while improving 

estimation accuracy in practical communication 

systems [1]. 

Zhang et al. (2018) integrated the MUSIC algorithm 

with pilot-based techniques to improve channel 

estimation in MIMO systems. This approach addresses 

the challenge of resolving closely spaced signals in 

noisy environments by enhancing the accuracy of the 

estimation process. Their work demonstrated the 

potential of MUSIC to achieve better performance 

than traditional methods, making it particularly 

effective in challenging communication condition 

source [2]. 

Kang et al. (2022) introduced CAGAN, a deep 

learning scheme that optimizes both pilot design and 

channel estimation for MIMO-OFDM systems. By 

leveraging a joint optimization approach, CAGAN 

outperforms traditional methods, particularly by 

requiring fewer pilots while maintaining high 

estimation accuracy. This innovation advances MIMO 

system performance, highlighting the role of deep 

learning in enhancing pilot-based estimation 

techniques [3]. 

Wang et al. (2023) investigated pilot reuse strategies 

for channel estimation in massive MIMO systems, 

focusing on reducing feedback overhead while 

preserving estimation accuracy. Their work addresses 

the challenges of massive MIMO systems, where pilot 

contamination and high overhead can degrade system 

performance. The proposed strategies help maintain 

accurate channel estimates without overwhelming the 

system with excessive pilot information [4]. 

Abdullah et al. (2021) examined pilot-based channel 

estimation in 5G MIMO systems, with a focus on 

adaptive pilot allocation to optimize spectral 

efficiency and reduce interference. Their research 

contributes to enhancing the performance of 5G 

systems by dynamically adjusting pilot usage to meet 

varying network conditions, ultimately improving 

both the accuracy of channel estimation and the 

overall system efficiency [5]. 

Yang et al. (2020) developed a hybrid channel 

estimation technique for MIMO-OFDM systems, 

combining compressive sensing and pilot optimization 

to improve the estimation process, especially in sparse 

channels. Their method leverages compressive 

sensing’s ability to handle sparse signals, enhancing 

the accuracy of channel estimation even in 

environments with limited pilot resources [6]. 

Liu et al. (2021) proposed an adaptive pilot design 

framework for MIMO-OFDM systems, aiming to 

minimize estimation errors and improve signal 

recovery in noisy conditions. Their approach adjusts 

pilot symbols dynamically, optimizing the trade-off 

between pilot overhead and estimation accuracy, 

thereby enhancing the overall performance of the 

MIMO system under realistic channel conditions [7]. 

Chen and Wang (2020) explored the integration of the 

MUSIC algorithm with compressive sensing for 

enhanced channel estimation in MIMO systems. This 

hybrid approach 

effectively tackles high-dimensional channels by 

combining the high-resolution capabilities of MUSIC 

with the sparse recovery strengths of compressive 

sensing, making it suitable for complex 

communication environments [8]. 

Zhang and Wang (2019) proposed a dual-step MUSIC 

algorithm for channel estimation, addressing signal 

interference and estimation accuracy challenges in 

multi-user MIMO environments. By refining the 

MUSIC algorithm’s resolution capabilities, their 

approach improves channel estimation performance in 

systems where multiple users share the same resources 

[9]. 

Gupta et al. (2022) focused on optimizing pilot 

sequence design for efficient MIMO channel 

estimation. They proposed a genetic algorithm to 

determine optimal pilot locations, thereby reducing 

estimation errors and improving system efficiency. 
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Their approach allows for better management of pilot 

resources, leading to enhanced performance in MIMO 

systems [10]. 

Azzawi and Tarek (2023) explored deep learning 

techniques for pilot design in MIMO systems, 

enhancing the robustness of channel estimation, 

particularly in dynamic environments. Their approach 

leverages the adaptability of deep learning models to 

optimize pilot patterns in real-time, improving system 

performance in rapidly changing communication 

conditions [11]. 

Huang et al. (2023) studied the use of sparse Bayesian 

learning for pilot-assisted channel estimation in 

underwater MIMO systems. Their work achieved high 

accuracy with minimal pilot overhead, making it 

particularly suitable for challenging underwater 

communication environments, where minimizing pilot 

usage is crucial due to limited bandwidth [12].. 

Wu and Liu (2021) developed an iterative approach 

that combines the MUSIC algorithm with deep 

learning techniques for enhanced channel estimation in 

MIMO-OFDM systems. This hybrid model improves 

the robustness and accuracy of channel estimation by 

iteratively refining the estimates through deep 

learning, making it highly effective in complex MIMO 

environments [13]. 

Li et al. (2022) reviewed pilot-based channel 

estimation techniques for MIMO systems, offering 

insights into the trade-offs between pilot overhead and 

estimation accuracy. Their work provides a 

comprehensive overview of current methods, helping 

researchers understand how to balance the need for 

accurate estimates with the practical constraints of 

pilot resources [14]. 

He et al. (2020) applied a multi-scale approach to pilot 

pattern design and channel estimation in large-scale 

MIMO systems. Their method enhances the efficiency 

of pilot usage in complex environments by optimizing 

the distribution of pilot symbols across different 

scales, improving channel estimation in systems with 

high-dimensional data [15]. 

Kim and Lee (2021) proposed a reinforcement 

learning- based optimization model for selecting pilot 

locations to improve MIMO channel estimation.  By 

leveraging reinforcement learning, their method 

dynamically adjusts pilot locations based on real-time 

system feedback. This approach helps maximize 

channel estimation accuracy while minimizing 

overhead, providing a flexible and efficient solution to 

optimize pilot allocation in MIMO systems, especially 

in environments where channel conditions can vary 

significantly [16]. 

Wei et al. (2022) applied the MUSIC algorithm to joint 

channel estimation and localization in MIMO systems. 

Their research demonstrated that MUSIC can not only 

improve the accuracy of channel estimation in 

crowded and noisy environments but also assist in 

real-time localization of transmitters. This combined 

approach helps optimize both channel estimation and 

positioning accuracy, offering significant 

improvements in multi-user and multi-path scenarios, 

especially in complex urban settings [17]. 

Yu et al. (2020) explored the combination of 

compressive sensing and pilot optimization for efficient 

channel estimation in sparse MIMO systems. Their 

work showed that compressive sensing reduces 

computational complexity, while pilot optimization 

ensures high estimation accuracy with fewer 

resources. This approach is particularly beneficial for 

sparse channels, where traditional estimation 

techniques may fail to capture sufficient data, thus 

ensuring more efficient use of pilots in resource-

constrained environments [18]. 

Zhang et al. (2019) introduced a novel pilot design 

method by combining Least Squares (LS) with the 

MUSIC algorithm for improved channel estimation 

accuracy. This hybrid method addresses the challenge 

of signal interference in MIMO systems by refining the 

pilot design, ensuring that the system can better 

estimate the channel state. Their approach leads to 

significant improvements in both estimation accuracy 

and overall system performance, especially in high- 

interference environments [19]. 

Ahmed and Ahmed (2021) proposed a hybrid 

technique combining the MUSIC algorithm with 

compressive sensing to tackle channel estimation 

challenges in ultra-wideband MIMO systems. Their 

method optimizes the accuracy of channel estimation 

while reducing the necessary pilot overhead. By 

integrating compressive sensing with MUSIC, their 

approach ensures better performance in ultra-

wideband scenarios, where the high-frequency signals 

and large bandwidths require more efficient estimation 

techniques to maintain system reliability [20]. 

 

IV. METHODOLOGY 

 

The proposed research methodology aims to design a 
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hybrid MIMO channel estimation system by integrating 

pilot- based estimation techniques with the MUSIC 

(Multiple Signal Classification) algorithm. This 

approach seeks to reduce Bit Error Rate (BER) and 

increase the data rate in MIMO systems by enhancing 

the accuracy of Channel State Information (CSI) at the 

receiver. The methodology is structured into several key 

stages: system modeling, pilot-based channel 

estimation, MUSIC algorithm implementation, hybrid 

approach design, and performance evaluation. These 

stages ensure the development of an optimal MIMO 

system with improved channel estimation 

performance. 

1. System Modeling 

The first step involves the creation of a simulation 

model for the MIMO system. This model assumes the 

presence of multiple antennas at both the transmitter 

and receiver. The channel model is based on the 

following assumptions: 

 

• Multipath Fading: The MIMO channel experiences 

multipath fading, where signal reflection, 

scattering, and diffraction occur due to obstacles 

in the environment. 

• Flat Fading: The system operates under flat fading 

conditions where all subcarriers experience the 

same fading effect. 

• Linear Model: A linear model is adopted to 

represent the relationship between the transmitted 

and received signals. 

The channel is modeled as a time-varying matrix H, 

where each element represents the channel gain 

between specific transmitter-receiver antenna pairs. 

The channel’s characteristics are estimated over time 

using pilot symbols. 

 

2. Pilot-Based Channel Estimation 

Pilot-based channel estimation uses known reference 

signals (pilots) transmitted at regular intervals to 

estimate the channel matrix HHH. The process 

involves the following key steps: 

 

• Pilot Symbol Insertion:  Pilot symbols are inserted 

at fixed intervals within the transmitted signal. 

The number of pilots is determined based on the 

system's bandwidth and required estimation 

accuracy. 

• Least Squares (LS) Estimation: At the receiver, 

the LS method is used to estimate the channel 

matrix 𝐻 by minimizing the error between the 

transmitted and received pilot symbols. The 

received signal 𝑌 is related to the transmitted 

pilots 𝑋, the channel matrix 𝐻, and noise 𝑁 by the 

equation:    

 

𝑌 =  𝐻𝑋 +  𝑁 

           Where: 

                          𝑌: Received signal matrix. 

         𝐻: Channel matrix 

                        𝑋: Pilot signal matrix 

        𝑁: Noise matrix. 

           The LS estimator minimizes the squared error: 

                 Minimize: ‖𝑌 − 𝐻𝑋‖2 

           The optimal estimate of 𝐻 is: 

       𝐻𝐿𝑆 = 𝑌𝑋† 

            Here 𝑋† is the Moore-Penrose pseudo-inverse 

of 𝑋. 

• Minimum Mean Square Error (MMSE): To 

improve upon LS in noisy conditions, MMSE 

estimation incorporates noise covariance. The 

MMSE estimate is given by: 

𝐻𝑀𝑀𝑆𝐸 = 𝐸[𝐻 ∣ 𝑌] 

Where 𝐸[𝐻 ∣ 𝑌]is the conditional expectation of 𝐻, 

which accounts for noise statistics and channel 

characteristics. 

 

3. MUSIC Algorithm for Channel Estimation 

The MUSIC (Multiple Signal Classification) 

algorithm is widely used for Direction of Arrival 

(DOA) estimation in MIMO systems. The steps 

involved in DOA estimation using MUSIC are as 

follows: 

 

1) Covariance Matrix Calculation: First, the 

covariance matrix 𝑅𝑦𝑦 of the received signal 

snapshots is calculated: 

𝑅𝑦𝑦 =
1

𝑁
∑ 𝑌𝐷𝑂𝐴𝑌𝐷𝑂𝐴

𝐻

𝑁

𝑛=1

 

          Where: 

                      𝑌𝐷𝑂𝐴 represents the signal snapshots. 

                         𝑁 is the number of snapshots. 

                        𝐻denotes the Hermitian) operation. 

 

2) Eigenvalue Decomposition: 

     Next, the covariance matrix 𝑅𝑦𝑦 undergoes 
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eigenvalue decomposition: 

                                           

     𝑅𝑦𝑦 = 𝐸𝛬𝐸𝐻 

 

                Where: 

 

        𝐸 is the eigenvector matrix. 

        𝛬 is the diagonal matrix containing the 

eigenvalues. 

 

The eigenvalues are sorted to separate the signal and 

noise subspaces, with the eigenvectors corresponding 

to the largest eigenvalues forming the signal subspace. 

 

3) Subspace-Based Estimation: 

The MUSIC algorithm uses the noise subspace 𝐸𝑛 for 

DOA estimation. The MUSIC spectrum    𝑃𝑀𝑈𝑆𝐼𝐶(𝜃) 

is defined as: 

 

𝑃𝑀𝑈𝑆𝐼𝐶 (𝜃) =
1

𝑎𝐻(𝜃)𝐸𝑛𝐸𝑛
𝐻𝑎(𝜃)

 

Where: 

 

   𝑎(𝜃) is the steering vector for angle 𝜃. 

   𝐸𝑛  is the noise subspace. 

 

The peaks of the MUSIC spectrum 𝑃𝑀𝑈𝑆𝐼𝐶 (𝜃) 

correspond to the estimated DOAs of the signals. 

 

4) Steering Matrix Construction 

The DOAs are used to construct a refined steering 

matrix 𝐴, which is formed by stacking the steering 

vectors corresponding to each estimated DOA: 

 

𝐴 = [𝑎(𝜃1), 𝑎(𝜃2), … . . , 𝑎(𝜃𝑘)] 

Where: 

 

 𝑎(𝜃𝑘) is the steering vector for the 𝑘𝑡ℎ DOA: 

 

 𝑎(𝜃𝑘) =

[1, 𝑒𝑗2𝜋
𝑑

𝜆
sin(𝜃𝑘),, 𝑒𝑗2𝜋

2𝑑

𝜆
sin(𝜃𝑘),, … … . , 𝑒𝑗2𝜋

(𝑁𝑟−1)𝑑

𝜆
sin(𝜃𝑘),] 

 

Here: 

λ is the wavelength of the signal. 

𝑑 is the antenna element spacing. 

𝑁𝑟 is the number of receiver antennas. 

 

4. Hybrid (LS and MUSIC) Channel Estimation 

The hybrid estimation approach synergizes pilot-based 

methods (e.g., LS or MMSE) with the high-resolution 

capabilities of the MUSIC algorithm. This method 

incorporates angular information into the channel 

estimate, significantly improving accuracy. The 

process involves the following steps: 

 

Refining the LS Estimate: 

The steering matrix 𝑨 incorporates angular 

information to refine the initial LS estimate:  

 

𝐻𝑟𝑒𝑓𝑖𝑛𝑒𝑑 = 𝐻𝐿𝑆 ⋅ 𝐴 

 

This step introduces the high-resolution spatial 

information from MUSIC into the initial pilot-based 

channel estimate. 

 

Final Hybrid Estimate 

The hybrid estimation is a weighted combination the 

refined MUSIC-based estimate and the initial pilot-

based estimate: 

 

𝐻ℎ𝑦𝑏𝑟𝑖𝑑 = 𝛼𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 𝛽𝐻𝑟𝑒𝑓𝑖𝑛𝑒𝑑 

Where: 

 

           𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙: Pilot-based estimate (𝐻𝐿𝑆or 𝐻𝑀𝑀𝑆𝐸) 

            𝐻𝑟𝑒𝑓𝑖𝑛𝑒𝑑: Refined MUSIC-based estimate. 

           α and β: Weighting coefficients such 𝛼 + 𝛽 =

1. 

 

By integrating these methods, the hybrid estimation 

achieves superior channel estimation accuracy and 

robustness in MIMO systems. 

 

5. Performance Evaluation 

The effectiveness of the hybrid channel estimation 

technique is assessed using the following metrics: 

 

• Bit Error Rate (BER) 

The BER evaluates the accuracy of the received data 

by calculating the fraction of bits incorrectly received: 

 

𝐵𝐸𝑅 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐸𝑟𝑟𝑜𝑟 𝐵𝑖𝑡𝑠

𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 𝐵𝑖𝑡𝑠
 

 

• Signal-to-Noise Ratio (SNR) 

The SNR measures the quality of the received signal 
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relative to noise, defined as: 

 

𝑆𝑁𝑅 = 10 log10 (
𝑆𝑖𝑔𝑛𝑎𝑙 𝑃𝑜𝑤𝑒𝑟

𝑁𝑜𝑖𝑠𝑒 𝑃𝑜𝑤𝑒𝑟
) 𝑑𝐵 

 

• Channel Estimation Error 

The accuracy of the estimated channel matrix 𝐻 He is 

quantified using the Root Mean Square Error (RMSE): 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑|𝐻𝑡𝑟𝑢𝑒 − 𝐻𝑒𝑠𝑡

2|

𝑁

𝑖=1

 

 

• Data Rate: Simulates data transmission using the 

estimated channel matrix and measures the 

increase in data rate compared to traditional 

methods. 

 

V.RESULT & DISCUSSION 

 

 BER vs. SNR Comparison 

 
Fig. 1 

 

The BER analysis in Figure 1 shows that the MUSIC-

based estimation has a lower BER than the LS 

estimation across all SNR levels. The hybrid LS-

MUSIC method achieves the lowest BER, 

demonstrating improved accuracy in detecting 

transmitted signals. 

 

Data Rate vs. SNR Comparison 

 
Fig.2 

As observed in Figure 2, the data rate for MUSIC-

based estimation is higher than LS estimation. The 

hybrid approach further enhances spectral efficiency, 

achieving the best performance among the three 

methods. 

These results confirm that integrating MUSIC with LS 

estimation significantly enhances MIMO channel 

estimation accuracy and improves communication 

system efficiency. 

 

VI.CONCLUSION 

 

This research presents a hybrid MIMO channel 

estimation approach by integrating the Least Squares 

(LS) estimation method with the Multiple Signal 

Classification (MUSIC) algorithm. The performance 

of the proposed hybrid method was evaluated in 

comparison to the standalone LS and MUSIC 

estimation techniques. The results demonstrate that the 

hybrid approach significantly enhances channel 

estimation accuracy, leading to a lower Bit Error Rate 

(BER) and improved data rate. 

 

From the analysis of BER vs. SNR, it is evident that 

LS estimation suffers from high BER, while MUSIC 

improves estimation accuracy by leveraging spatial 

information. However, the hybrid approach further 

refines the estimation process by combining the 

strengths of both techniques, reducing BER more 

effectively across different SNR levels. Additionally, 

the data rate comparison confirms that the hybrid 

method provides a higher transmission rate than LS 

and MUSIC alone, ensuring better spectral efficiency. 

 

Overall, the proposed hybrid channel estimation 

technique offers a more robust and efficient solution 

for next-generation MIMO communication systems. 

Future research can focus on optimizing 

computational complexity and extending this 

approach to dynamic environments with varying 

mobility conditions. 
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