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Abstract 

The conventional millimeter wave systems are mostly designed to operate only for the 

Gaussian noise model. Although this model simplifies the noise removal problem, recent 

research findings state that a mixture noise model with additive impulsive noise is a more 

realistic approximation for millimeter wave channels. In this paper, we propose a novel 

approach to eliminate the impulsive noise effects on single-user millimeter wave massive 

multiple-input-multiple-output system using an adaptive fuzzy logic filter.  Hence, a fuzzy 

median filter is applied to the system and it is aimed to minimize the effects of the impulsive 

noise by ordering samples based on fuzzy rank. Simulation results show that the proposed filter 

successfully eliminates the impulsive noise effects and achieves a better bit error rate and 

spectral efficiency performance than the competing methods in the literature while also 

working efficiently in Gaussian noise.  
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Hybrid Decoder with an Adaptive Fuzzy Logic Filter for Single-User Millimeter Wave Systems 

under Impulsive Noise 

 

Abstract 

The conventional millimeter wave systems are mostly designed to operate only for the Gaussian noise 

model. Although this model simplifies the noise removal problem, recent research findings state that a 

mixture noise model with additive impulsive noise is a more realistic approximation for millimeter 

wave channels. In this paper, we propose a novel approach to eliminate the impulsive noise effects on 

single-user millimeter wave massive multiple-input-multiple-output system using an adaptive fuzzy 

logic filter.  Hence, a fuzzy median filter is applied to the system and it is aimed to minimize the effects 

of the impulsive noise by ordering samples based on fuzzy rank. Simulation results show that the 

proposed filter successfully eliminates the impulsive noise effects and achieves a better bit error rate 

and spectral efficiency performance than the competing methods in the literature while also working 

efficiently in Gaussian noise.  

 

Keywords: Mixture noise model, impulsive noise, fuzzy logic, millimeter wave, massive multiple-

input-multiple-output 

 

1. Introduction 

Mobile broadband communication requires a dramatic growth in the existing network capacity. 

Since there is a crucial increase in the number of users due to the rising demand for the smart system 

applications, the network capacity should be improved to serve the needs of the users. The researchers 

are predicting that the traffic load will increase approximately 1000 times in the upcoming decade and 

the existing 4th Generation (4G) network is not enough to deal with the huge demand [1, 2]. Thus, a 

new generation network called the 5th Generation (5G) needs to be employed for a new spectrum with 

much higher bandwidth. The promising candidate to achieve such higher bandwidths is the millimeter 

wave (mmWave) communication with the available spectrum between 3 GHz (λ=100 mm) and 300 

GHz (λ=1 mm). It is a fact that the available frequency band on mmWave is higher than all the licensed 

spectrum used by the current wireless communication systems [3-5].  

The capacity of the system can be increased further using the advanced antenna and diversity 

techniques, such as massive multiple-input-multiple-output (MIMO) [6, 7]. In the conventional MIMO, 

precoding is implemented at baseband using fully digital precoders. However, digital precoders require 

a dedicated RF chain with the signal mixers and analog-to-digital converters for each antenna element 

and this will increase the power consumption and the complexity of the system significantly. Therefore, 

hybrid analog/digital precoding is proposed by the researchers to reduce the power consumption and 

hardware cost of the system, since the hybrid precoders demand a very small number of RF chains 

compared with the number of antenna elements used in massive MIMO [8]. Besides the advantages of 

mmWave, there are some handicaps in mmWave which is not well addressed, such as the suppression 

of the noise.  

In the literature, noise is generally modeled using Gaussian distribution to simplify the noise 

suppression problem. However, it is observed that the noise present in the mmWave frequencies may 

act non-Gaussian. This noise model can be expressed by a mixture model of Gaussian Noise (GN) and 

Impulsive Noise (IN). The main source of IN is considered as man-made and nearby devices often cause 

additive IN to the receivers. Since 5G technology requires an ultra-dense cellular network and machine-

to-machine communication is growing rapidly, the receivers are expected to be affected by a mixed 

noise rather than the classical White GN expressed in most of the research papers.  In addition, 

atmospheric and solar static signals caused by the sunspots and thunderstorms can also be represented 

by IN and it is expected to degrade the communication quality in mmWave bands [9, 10]. Recently, 

great research interest is growing to model IN behavior and it is observed that the Middleton Class A 

model [11] is a widely accepted and realistic model to express the mixture noise model for wireless 

communication channels [12-15]. Besides, it is shown that the presence of IN is affecting the 

performance of the system negatively for the applications operating in the mmWave frequencies [16-

20] and the degradation of the performance of massive MIMO systems under IN is investigated in [21]. 



Thus, a sophisticated method should be developed to detect and mitigate the effects of IN in mmWave 

massive MIMO systems. 

To enhance the performance of the systems under the effects of IN, several detectors have been 

designed and most of the works are based on clipping and blanking [22-24]. Although these methods 

are simple to implement, Bit Error Rate (BER) performances of the systems are not suitable for practical 

use in mmWave. In [25], a threshold mechanism is developed for the detection of the impulses and the 

performance of the system is improved with the use of an optimal threshold.  However, the performance 

of the system is not still well enough for practical use and there is a need for a more sophisticated 

method. In this manner, neural networks and deep learning algorithms are evaluated to improve the 

performance of the IN filters [26-28]. 

Another powerful approach to eliminate the IN effects is the fuzzy logic-based algorithm proposed 

in [29] and it is found out that this statistical method can fulfill our needs. This method aims to order 

the samples with fuzzy order and then eliminates the effects of IN using a fuzzy median filter. This 

algorithm is working well for IN channels but the performance is expected to degrade when the noise 

is distributed as Gaussian. Therefore, a threshold mechanism is built in [30] to detect the impulses and 

a fixed threshold is set to satisfy both impulsive and Gaussian scenarios. To improve the performance 

of the system further, an adaptive threshold mechanism is built in [31] and the filter is only applied on 

the detected impulses. The optimal threshold is found adaptively using the statistical measures, median, 

and standard deviation. It can be seen here that the threshold applied performance of the system in the 

Gaussian environment is much better than the system without any threshold.  

In this paper, we propose a hybrid decoder with an adaptive fuzzy logic-based filter to suppress the 

effects of IN on mmWave communication. The fuzzy logic-based filters are employed before on 

microwave systems, however, there is no implementation on mmWave systems. Therefore, we adapted 

the fuzzy logic algorithm to mmWave massive MIMO output system with hybrid decoding and a novel 

threshold mechanism is applied to detect the IN samples. A modified Z-score suggested in [32] is used 

to detect the outlier samples and it is observed that the proposed decoder with the filter that selects a 

proper threshold is suitable for GN and IN environments. Simulation results illustrate that the proposed 

decoder with an adaptive fuzzy logic filter suppresses the effect of IN successfully while also working 

efficiently in GN and achieves a better BER and spectral efficiency performance than the blanking and 

clipping methods developed in [25]. 

The rest of the paper is organized as follows. Section 2 provides a description of the system model 

of the mmWave massive MIMO system. Section 3 summarizes the proposed method based on fuzzy 

logic. Section 4 demonstrates the simulation results and finally, the research is concluded in section 5.  

 

Notations: Throughout this paper, matrix and vector definitions are denoted as bold upper-case and 

bold lower-case letters, respectively. Inverse, transpose, and Hermitian transpose are represented using 

the superscripts -1, T, and H respectively. 𝔼[ . ] refers to the expectation, det(. ) is the determinant of a 

matrix, and ℂ represents the set of complex numbers. ‖. ‖𝐹 denotes the Frobenius norm, ∘  refers to 

the elementwise multiplication, and 𝐈𝑁 is used to define an identity matrix with the size 𝑁 × 𝑁. Real 

and imaginary parts of a complex matrix or vector are shown as Re[. ] and Im[. ], respectively.  
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Fig. 1. System model for hybrid analog/digital architecture with a fuzzy filter in single-user mmWave massive MIMO system. 

 
2. System Model  

Fig. 1 illustrates the system model for a single user mmWave hybrid massive MIMO system with a 

fuzzy filter at the receiver. It is considered that a Base Station (BS) having 𝑁BS antennas transmits 𝑁s 
symbols to a single Mobile Station (MS) operating with 𝑁MS antennas. For simplicity, both the BS and 



the MS assumed to have 𝑁RF RF chains with the constraint 𝑁s ≤ 𝑁RF ≤ 𝑁MS,BS. Since we focused on 

the downlink model, the transmitted signal can be written as 𝐱 = 𝐅RF𝐅BB𝐬 in which baseband precoder 𝐅BB ∈ ℂ𝑁RF×𝑁s and analog precoder 𝐅RF ∈ ℂ𝑁BS×𝑁RF  are applied respectively to the transmitted symbol 

vector 𝐬 ∈ ℂ𝑁s×1 such that, 𝔼[𝐬𝐬𝐻] = 𝐈𝑁s 𝑁s⁄  [8, 33, 34, 35]. The hybrid precoder is normalized to 

satisfy the power constraint ‖𝐅RF𝐅BB‖𝐹2 = 𝑁s and thus, the received signal observed by the MS can be 

expressed as 

 𝐫 = √𝜌𝐇𝐅RF𝐅BB𝐬 + 𝐧, (1) 

where 𝜌 is the average received power, channel matrix between the BS and the MS is denoted as 𝐇 ∈ ℂ𝑁MS×𝑁BS , and 𝐧 ∈ ℂ𝑁MS×1 is the noise vector modeled by the Gaussian mixture model [33-35]. 

At the receiver, a digital baseband decoder 𝐖BB ∈ ℂ𝑁RF×𝑁s and an analog decoder 𝐖RF ∈ ℂ𝑁MS×𝑁RF  

are applied to the received signal and the received signal after the decoding process can be shown as 

 𝐲 = √𝜌𝐖BB𝐻 𝐖RF𝐻 𝐇𝐅RF𝐅BB𝐬 +𝐖BB𝐻 𝐖RF𝐻 𝐧, (2) 

where only phase shifters are used to design the analog RF precoders which have unit modulus 

constraint as |(𝐅RF)𝑖,𝑙| = |(𝐖RF)𝑖,𝑙| = 1. Besides, the   Middleton Class A noise [11] can be written as: 

 𝐧 = 𝐰 + 𝐳, (3) 

where 𝐰 ∈ ℂ𝑁MS×1 denotes the additive white GN vector with an occurrence probability 1 − 𝜖 and 𝐳 ∈ ℂ𝑁MS×1 is IN vector that occurs with 𝜖 probability such that, 0 ≤ 𝜖 ≤ 1. The probability density 

function of the mixture model can be written as 

 𝑓 = (1 − 𝜖)𝑁(0, 𝜎𝑤2) + 𝜖𝑁(0, 𝜎𝑧2), (4) 

where 𝑁(0, 𝜎𝑤2) denotes the nominal Gaussian background noise with a variance 𝜎𝑤2  and 𝑁(0, 𝜎𝑧2) 
represents IN component which is also distributed by Gaussian density with a variance  𝜎𝑧2 [30, 11]. 

In this paper, due to the high free space path loss and limited scattering characteristics of mmWave, 

Saleh-Valenzuela [36] clustered channel model is used and thus, the channel matrix 𝐇 is given by  

 𝐇 = √𝑁BS𝑁MS𝑁cl𝑁ray ∑∑ 𝛼𝑖𝑙 [𝐚MS(𝜙𝑖𝑙MS, 𝜃𝑖𝑙MS)𝐚BS(𝜙𝑖𝑙BS, 𝜃𝑖𝑙BS)𝐻]𝑁ray
𝑙=1

𝑁cl
𝑖=1 , (5) 

where 𝑁cl and 𝑁ray denote the number of clusters and the number of rays respectively, 𝛼𝑖𝑙 refer to the 

complex gain of the channel with independent and identical (i.i.d) distribution 𝛼𝑖𝑙~(0, 𝜎2𝐈) in which a 

normalization factor ∑ 𝜎2𝐈𝐿𝑖=1 = 𝛾 is applied to the 𝛼𝑖𝑙 to ensure the constraint 𝔼[‖𝐇‖𝐹2] = 𝑁BS𝑁MS.  

In addition, 𝐚MS(𝜙𝑖𝑙MS, 𝜃𝑖𝑙MS) and 𝐚BS(𝜙𝑖𝑙BS, 𝜃𝑖𝑙BS)𝐻 represent the antenna array response vectors in the 

MS and BS respectively, while the azimuth (elevation) angles of arrival and departures are denoted as 

the coefficients 𝜙𝑖𝑙MS(𝜃𝑖𝑙MS) and 𝜙𝑖𝑙BS(𝜃𝑖𝑙BS). The array geometry is assumed as uniform square planar 

array and under this consideration, the array response vector at the BS can be defined as 

 𝐚BS(𝜙𝑖𝑙BS, 𝜃𝑖𝑙BS) = 1√𝑁BS [ 1, … , 𝑒𝑗2𝜋𝜆 𝑑 (𝑝sin(𝜙𝑖𝑙BS) sin(𝜃𝑖𝑙BS)+𝑞cos(𝜃𝑖𝑙BS),… , 𝑒𝑗(√𝑁𝐵𝑆−1)2𝜋𝜆 𝑑(sin(𝜙𝑖𝑙BS) sin(𝜃𝑖𝑙BS)+cos(𝜃𝑖𝑙BS))]𝑇, (6) 

where 𝜆 and 𝑑 represent the wavelength of the signal and the space between antenna elements 

respectively, and p and q indicate the indices of the antennas such that, 0 ≤ 𝑝 ≤ √𝑁BS and 0 ≤ 𝑞 ≤√𝑁BS. The array response vector at the MS 𝐚MS(𝜙𝑖𝑙MS, 𝜃𝑖𝑙MS) can be defined using the same definition 

[33, 35, 37]. 

 

3. Proposed Adaptive Fuzzy Logic-Based Filter 

In conventional hybrid decoding systems, it is aimed to reduce the effects of noise and this noise is 

generally defined as Additive White Gaussian Noise (AWGN). However, for the mixture noise model, 

the IN components should be suppressed before passing the received signal through the decoder.  

Therefore, we propose an adaptive filter based on fuzzy logic that is added to the hybrid decoder as 

shown in Fig. 1 to suppress IN components at the receiver by reducing the effects of outlier amplitudes. 

Firstly, the median and the standard deviation of the real and imaginary parts of the received signal are 

calculated as  



 𝑚𝑒𝑑𝑅 = 𝑚𝑒𝑑(|Re{𝐫}|), 𝑚𝑒𝑑𝐼 = 𝑚𝑒𝑑(|Im{𝐫}|) 𝑠𝑡𝑑𝑅 = 𝑠𝑡𝑑(|Re{𝐫}|), 𝑠𝑡𝑑𝐼 = 𝑠𝑡𝑑(|Im{𝐫}|), (7) 

where the received signal vector can be shown in the form 𝐫 = [𝑟(1), 𝑟(2)… , 𝑟(𝑁MS)]. After that, the 

real and imaginary parts of the corresponding statistic components are fed into the fuzzifier separately 

to find the Gaussian membership degrees using the following functions  

 𝐹𝑅(𝑘) = exp(−||Re{𝑟(𝑘)}|−𝑚𝑒𝑑𝑅|22𝑠𝑡𝑑𝑅 ) and 𝐹𝐼(𝑘) = exp (−||Im{𝑟(𝑘)}|−𝑚𝑒𝑑𝐼|22𝑠𝑡𝑑𝐼 ). (8) 

The filter is then applied to the received signal vector elementwise and the elements of the vector are 

redistributed depending on their fuzzy membership degrees. Thus, after the filtering operation, the 

elements of the received vector can be shown as 

 𝑟𝑅(𝑘) = Re{𝑟(𝑘)} ∘ 𝐹𝑅(𝑘) and 𝑟𝐼(𝑘) = Im{𝑟(𝑘)} ∘ 𝐹𝐼(𝑘), (9) 

where 𝑟𝑅(𝑘) and 𝑟𝐼(𝑘) are the elements of the real and imaginary parts of the fuzzy filter output, 

respectively. Finally, 𝑟𝑅(𝑘) and 𝑟𝐼(𝑘) are combined to form the output of the fuzzy filter as 

 𝑟𝐹(𝑘)=𝑟𝑅(𝑘) + 𝑗𝑟𝐼(𝑘), (10) 

where it can be shown in the vector form as 𝐫𝐹 = [𝑟𝐹(1), 𝑟𝐹(2), … , 𝑟𝐹(𝑁MS)] [29, 30]. After arranging 

the received signal, the output of the filter is passed through the hybrid combiners, 𝐖RF and 𝐖BB, which 

are calculated using the alternating minimization method given in [38]. It should also be noted that the 

hybrid precoders, 𝐅RF and 𝐅BB, are solved in the same way.  

 

3.1 Threshold Mechanism to Detect Outlier Samples 

In the proposed fuzzy filter, a threshold mechanism is designed to identify the outlier amplitudes 

which can be considered as IN samples, and the fuzzy filter is only applied to IN samples detected using 

the optimal threshold. Therefore, the proposed filter has the capability to perform adaptively in both 

GN and IN environments. Additionally, it is observed that the performance of the fuzzy filter is 

improved when the threshold is applied to the system. To detect IN samples, the modified Z-score is 

given by [32] 

  𝑀(𝑘) = 0.6745(𝑟(𝑘)−𝑚𝑒𝑑(𝐫))MAD , (11) 

where MAD denotes the Median Absolute Deviation that can be calculated as 

 MAD = 1𝑁MS ∑|𝑟(𝑘) − 𝑚𝑒𝑑(𝐫)|𝑁MS
𝑘=1 . (12) 

The potential outlier amplitudes can be detected when the absolute value of 𝑀(𝑘) is greater than 3.5 

[32]. It is shown in the simulations that the optimal threshold can be selected as 3.5 and the samples are 

considered as IN for |𝑀(𝑘)| > 3.5.   

 

4. Simulation Results 

In this section, we demonstrate the numerical simulation results of the proposed decoder with the 

adaptive fuzzy logic filter for different scenarios and give a comparison with the methods proposed in 

[25]. BER and the spectral efficiency performance of the system is calculated using the channel model 

represented in (5) for 𝑁cl = 10 and 𝑁ray = 5. It is assumed that the perfect channel state information 

is known and the arrival and departure angles are assumed to have a uniform distribution in [0, 2π], 
while the angular spread is selected as 10. In addition, each cluster is organized to have unit average 

power as 𝜎𝛼,𝑖2 = 1. The simulations are executed in MATLAB for a BS with 𝑁BS = 144 antennas which 

transmits 𝑁s = 1 symbols with 256 packets to a MS with 𝑁MS = 36 antennas through 𝑁RF = 6 RF 

chains. Besides, the signal is modulated using 16-QAM with a carrier frequency of 28 GHz and Signal 

to Impulsive Noise Ratio (SINR) is selected as -10 dB for IN channels. For more accurate results, each 

simulation is averaged over 1000 independent realizations 



 
Fig. 2. BER versus SNR in Gaussian channel (𝜖 = 0 ) for Fuzzy filter with threshold and without threshold. 

 

In Fig. 2, a fuzzy filter is applied to the system in the Gaussian channel where 𝜖 = 0 and BER 

performance is calculated for different Signal to Noise Ratio (SNR) values. The results show that the 

performance of the fuzzy filter is very poor when there is no threshold applied to the system and there 

is a huge gap with the performance of the system without fuzzy filter which is served as a benchmark. 

Therefore, there is a need to identify IN samples using the threshold mechanism as suggested in section 

3. Fig. 3 plots the BER performance of the fuzzy filter for different threshold values at 6 dB SNR. It is 

observed that the optimal threshold can be selected as 3.5 and the optimal selection of the threshold 

makes the system suitable for both GN and IN conditions. The system is performing almost identical to 

the benchmark with the optimal threshold in the Gaussian channel as shown in Fig. 2. 

 
Fig. 3. BER versus noise threshold in Gaussian channel (𝜖 = 0) and IN channel (𝜖 = 0.02). 
 

Fig. 4 plots the BER performance of the system with various SNR values in IN channel for 𝜖 = 0.02  

and 𝜖 = 0.04. Here, it can be seen that the performance of the fuzzy filter with the threshold mechanism 

is better than the blanking and clipping filters for each IN channel. The clipping filter is performing the 

worst among the competing methods and the performance is very weak when there is no impulsive filter 

applied to the system. Moreover, Fig. 5 simulates the BER with respect to different epsilon values for 

SNR values 5 dB, 10 dB, and 20 dB. The results indicate that the performance of the fuzzy logic filter 



is the best among the competing methods for each epsilon and SNR values. The gap between the 

proposed method and the competing methods is increasing for low epsilon values at 20 dB.   

  
 

Fig. 4. BER versus SNR in IN channel (a) 𝜖 = 0.02 and (b) 𝜖 = 0.04. 

In Fig. 6, the spectral efficiency performance of the system is evaluated for different SNR values 

for 𝜖 = 0.02  and 𝜖 = 0.04, and the following rate expression is used to calculate the spectral 

efficiency [39]: 

 𝑅 = log2 det (𝐈𝑁s + 𝜌𝑁𝑠𝐑𝑛−1𝐖BB𝐻 𝐖RF𝐻 𝐇𝐅RF𝐅BB𝐅BB𝐻 𝐅RF𝐻 𝐇𝐻(𝐖RF𝐖BB)), (13) 

where 𝐑𝑛 = 𝜎𝑛2𝐖BB𝐻 𝐖RF𝐻 𝐖RF𝐖BB. It is shown that the proposed method is performing better than the 

competing methods and a tremendous improvement is achieved when it is compared with the system 

without any IN filter implementation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 5. BER versus epsilon for SNR values 5 dB, 10 dB, and 20 dB. 

 

 

 

 

(b) (a) 



 
 
Fig. 6. Spectral efficiency versus SNR in IN channel (a) 𝜖 = 0.02 and (b) 𝜖 = 0.04.  

5. Conclusion 
In this paper, we built a novel approach to suppress IN noise in mmWave massive MIMO systems. 

The proposed filter is based on fuzzy logic and it is placed at the receiver to detect the outlier samples 

which can be considered as IN amplitudes. In addition, a threshold mechanism is designed to make the 

system suitable for the GN and IN environments. BER and spectral efficiency of the proposed and the 

competing methods are evaluated for different setups to provide a comparison. The simulation results 

illustrate that the proposed method has a better performance for detecting and eliminating IN 

components than the blanking and clipping filters. Furthermore, it can be seen clearly that the 

performance is improved enormously when it is compared with the results performed by the system 

without any IN filter applied.   
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Figures

Figure 1

System model for hybrid analog/digital architecture with a fuzzy �lter in single-user mmWave massive
MIMO system.

Figure 2

BER versus SNR in Gaussian channel ( = 0 ) for Fuzzy �lter with threshold and without threshold.



Figure 3

BER versus noise threshold in Gaussian channel ( = 0) and IN channel ( = 0.02).



Figure 4

BER versus SNR in IN channel (a)  = 0.02 and (b)  = 0.04.



Figure 5

BER versus epsilon for SNR values 5 dB, 10 dB, and 20 dB.



Figure 6

Spectral e�ciency versus SNR in IN channel (a)  = 0.02 and (b)  = 0.04.


