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 Transmission of high data rate over multipath environment is associated with 

many wireless applications. However, this transmission results in high delay 

which leads to inter-symbol interference (ISI) distortion and causes high 

error. The existing linear equalizer (LE) in multiple-input multiple-output 

(MIMO) systems such as zero forcing (ZF) equalizer used in addressing this 

problem reduces the ISI distortion completely but results in noise 
amplification. Likewise, minimum mean square error (MMSE) equalizer 

only reduces the noise but cannot eliminate ISI. Therefore, this paper 

proposed a hybrid LE for wireless fidelity (Wi-Fi) over Weibull fading 

channel. The hybridized ZF-MMSE equalizer was developed using 
conventional ZF and MMSE equalizers. Digital transmitted signal 

propagated over Weibull fading channel is received at the receiver through 

multiple antennas and then combined using maximal-ratio combining 

(MRC). The combined signal is then equalized using hybrid ZF-MMSE to 
eliminate both the ISI and the amplified noise. The developed model was 

simulated in MATLAB software environment and evaluation was performed 

using bit error rate (BER) and pout. The results obtained revealed that the 

hybrid ZF-MMSE equalizer gave better performance over existing 
equalizers in a MIMO system. Therefore, the proposed equalizer will help 

improve the performance of the Wi-Fi technology. 
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1. INTRODUCTION 

Nowadays, wireless communication is undergoing a strong expansion due to its applications in 

various facet of human endeavor. The remarkable growth of wireless services over the last decade 

demonstrates the massive and increasing demand for wireless networks. Wireless fidelity (Wi-Fi) is one 

major backbone of internet access and a branch of the third generation (3G) and beyond technologies which 

support multimedia services [1]. This technology is saddled with the interconnectivity of hundreds of 

millions of network subscribers for seamless and reliable data transmission. To ensure improvement in data 

transmission rate, network capacity, communication link reliability and good quality-of-service (QoS), 

multiple-input multiple-output (MIMO) systems were deployed. This helps to combat the effect of  

multipath propagation which degrades the quality of the transmitted signal in wireless communication 

environment [2]–[4].  

https://creativecommons.org/licenses/by-sa/4.0/
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Multipath propagation is a phenomenon that occurs at the channel of the wireless communication 

system with the transmitted signals exhibiting different impairment effects. These effects result in fading of 

the propagated signals due to delay spread and subsequently leads to inter-symbol interference (ISI) and 

noise enhancement. In order to address this problem, there have been many methods reported in the 

literature. Rake receivers is a traditional technique used in adjusting the effect of channel on transmitted 

signal by means of time-shift spreading sequence [5]. Another technique is the orthogonal frequency division 

multiplexing (OFDM) with the ability to mitigate adverse channel effect such as ISI without employing 

complex equalizer, however, this technique exhibits noise amplification [6].  

In addition, MIMO system is a configuration of multiple antenna deployment at both the transmitter 

and receiver. This technique reduces the multipath effects experienced by the transmitted signal [7] which 

results in some unacceptable errors and deteriorates the system performance. In view of these, equalization 

becomes important. Equalization technique is another method used at the receiver to eliminate ISI as a result 

of channel distortion in order to improve the reliability and quality of the received signal. Equalizers can be 

classified as non-linear and linear equalizers [8], [9].  

The non-linear counterpart is a feedback equalizer which changes the successive output of the 

equalizer without consideration for the noise effect [10]. The equalizers that fall into this category includes: 

maximum likelihood (ML), decision feedback equalizer (DFE), and maximum likelihood sequence 

estimation (MLSE) [10], [11]. On the other hand, linear equalizer refers to as feed-forward filter such as zero 

forcing (ZF) and minimum mean square error (MMSE) equalizers. However, these techniques reduced the 

ISI but suffers from noise amplification [12]. Research interest in ZF equalizer revealed that the equalizer 

possesses the ability to eliminate ISI with the aid of perfect channel state information (CSI) but degrades due 

to noise enhancement factor [13].  

On the other hand, MMSE equalizer is used to minimize the mean square error and has been 

revealed to possesses similar behaviour as ZF equalizer at high signal-to-noise ratio (SNR) while exhibiting 

matched filter characteristics at low SNR [12], [14]. However, it does not completely eliminate ISI and this 

limits the performance of wireless system applications [15]. There have been various existing works on 

equalizers which focused on reduction of ISI in wireless communication systems. Kumar et al. [9] performed 

a comparative analysis of M-ary phase shift keying (M-PSK) and M-ary quadrature amplitude modulation 

(M-QAM) schemes on least mean square (LMS) and recursive least square (RLS) equalizers over Rayleigh 

fading channel. The channel impulse response was normalized by using a maximum response value in order 

to reduce the channel distortion in wireless communication system. The result obtained showed that the effect 

of ISI was minimized while the noise amplification effect was not taken into consideration.  

Gupta and Grover [16], the performance analysis of MIMO systems under multipath fading 

channels using different equalization techniques were presented. The authors investigated different equalizers 

such and ZF, MMSE, zero forcing-successive interference cancellation (ZF-SIC), minimum mean square 

error-successive interference cancellation (MMSE-SIC), ML, and sphere decoder to mitigate the effect of ISI 

and noise amplification. The results obtained showed that there was a better performance in bit error rate 

(BER) with reduced ISI and noise amplification for the equalizers with SIC under studied. However, the 

equalizers are hindered by implementation complexities. In the work of [12], the combination of ZF, MMSE, 

and SIC linear equalizer over Rayliegh fading channel for MIMO systems was proposed to eliminate ISI, 

noise enhancement and other interference. The result obtained showed that better ISI reduction performance 

was archieved as compared to individual conventional equalizers in terms of BER at high SNR regime.  

Waliullah et al. [15], the study of ZF and MMSE equalizers using binary phase shift keying (BPSK) 

modulation in MIMO systems was evaluated. The problem of ISI on received signal was investigated in 

multipath fading environment. The result shows that MMSE outperforms ZF in additive white Gaussian 

noise (AWGN) channel. This is because MMSE equalizer provides a better noise immunity with marginal 

interference mitigation while ZF enhances noise in the channel. AL-Qaysi et al. [17] worked on the BER 

performance of different quantization resolution levels on massive MIMO systems under different operating 

scenarios. In the work, MMSE was employed to mitigate the effect of inter user interference of the vector of 

the transmitted signal symbols from the vector of the received signal symbols. The adoption of the MMSE 

was due to its low computational complexity, good noise improvement and superiority over ZF detector. 

Mishra and Roy [18] used an adaptive signal processing algorithm as an equalization technique to address the 

problem of ISI in a MIMO system. The technique improved the performance of MIMO system whenever the 

tap coefficient is increased and the signal’s output converges. However, noise amplification increases linearly 

whenever the tap weight coefficients increase.  

Based on the reviewed literature, it is very evidence that existing works on the simultaneous 

mitigation of ISI and noise amplification which reduces the quality of the received signal in wireless 

communication systems has received little attention. Also, the review of literature shows that most works 

focused on AWGN and Rayleigh fading channels. Therefore, the contribution of this paper is to mitigate the 

effect of ISI and amplified noise in MIMO systems using hybridized ZF-MMSE equalizer over Weibull 



                ISSN: 2502-4752 

Indonesian J Elec Eng & Comp Sci, Vol. 26, No. 2, May 2022: 836-845 

838 

fading channel which is a composite channel that combines both aquatic and terrestrial environment. This 

will help in improving the system performance and provide a better QoS to the network users. The paper is 

organized as: i) section 2 represents the proposed model; ii) section 3 shows the simulation result; and iii) 

section 4 conclude our work. 

 

 

2. METHOD 

2.1. Hybrid zero forcing-minimum mean square error equalizer 

The hybrid ZF-MMSE equalizer is achieved by cascading the ZF and MMSE equalizers at the 

output side of the MIMO channel as depicted in Figure 1. This is to improve the performance of the system 

by ensuring that the ISI and noise amplification inherent in the conventional ZF and MMSE are mitigated. In 

this section, a closed form expression for the hybrid model for BER and outage probability are derived using 

the SNR and probability density function (PDF) of the received signal. 
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Figure 1. MIMO system with hybrid ZF-MMSE equalizer 

 

 

2.2. SNR analysis of the hybrid ZF-MMSE equalizer with MRC 

The received signals of the hybrid ZF-MMSE equalizer for MIMO system is given in [19] expressed 

as (1): 

 

𝑦 =  𝐻𝑥 + 𝑛 (1) 

 

where, 𝑦 is the received signal and has a dimension of [𝑁𝑅 × 1], 𝑥 is the transmitted signal and has a 

dimension of [1 × 𝑁𝑅], 𝑛 is the noise with dimension [𝑁𝑇 × 1] and 𝐻 is the time-varying Weibull MIMO 

channel with dimension [𝑁𝑅 × 𝑁𝑇] and is given as (2). 
 

𝐻 =

[
 
 
 

ℎ1,1 ℎ1,2

ℎ2,1 ℎ2,2

⋮ ⋮
ℎ𝑁𝑅,1 ℎ𝑁𝑅,2

⋯ ℎ1,𝑁𝑇

⋯ ℎ2,𝑁𝑇

⋱ ⋮
⋯ ℎ𝑁𝑅,𝑁𝑇]

 
 
 

 (2) 

 

The received signal experiences channel distortion due to the fading characteristics of Weibull 

distribution, which severely affects the quality of the transmitted signal. In order to mitigate this channel 

effect, the received signal after combining with MRC combiner is passed through a hybrid ZF-MMSE 

equalizer. This is achieved by multiplying the weight coefficient of the equalizer with the received signal in 

(1) which is obtained as (3): 
 

𝑊𝑍𝐹−𝑀𝑀𝑆𝐸𝑦 = 𝑊𝑍𝐹−𝑀𝑀𝑆𝐸[𝐻𝑥 + 𝑛]  (3) 
 

where, 𝑊𝑍𝐹−𝑀𝑀𝑆𝐸 is the weight coefficient of the hybrid equalizer. The hybrid equalizer in (3) used in the 

model is obtained by cascading both ZF and MMSE equalizers and is expressed as (4). 
 

𝑊𝑍𝐹−𝑀𝑀𝑆𝐸 = 𝑊𝑍𝐹 × 𝑊𝑀𝑀𝑆𝐸 (4) 

 

The weight coefficient of ZF equalizer is given by [20] as (5): 
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𝑊𝑍𝐹 = [𝐻𝐻𝐻]−1𝐻 (5) 
 

where, 𝐻𝐻 is the Hermitian transpose of the MIMO system channel 𝐻. Similarly, the weight coefficient of 

MMSE equalizer is given by [21] as (6): 

 

𝑊𝑀𝑀𝑆𝐸 = [𝐻𝐻𝐻 +
1

𝑠𝑛𝑟
𝐼]

−1

𝐻𝐻 (6) 

 

where, 𝑠𝑛𝑟 =
𝜎𝑥

2

𝜎𝑁
2  is the ratio between variance of transmitted signal and noise variance and 𝐼 is an identity 

matrix. The expression in (4) is simplified by substituting (5) and (6) to yield, expressed as (7). 

 

𝑊𝑍𝐹−𝑀𝑀𝑆𝐸 = [𝐻𝐻𝐻 +
1

𝑠𝑛𝑟
𝐼]

−1

  (7) 

 

The output SNR of the received signal after passing through MRC in (1) is expressed by [22] as (8): 

 

𝛾𝑠 =
1

𝐾
∑ ∑

𝐸𝑠

𝑁𝑜

𝑁𝑅
𝑗=1 |ℎ𝑖,𝑗|

2𝑁𝑇
𝑖=1  (8) 

 

where, 𝛾𝑠 is the output SNR after MRC combiner, ℎ𝑖,𝑗 is the instantaneous Weibull fading channel for an 

independent and identically distribution (i.i.d) circular complex Gaussian random variables, 𝐸𝑠 is the average 

energy per symbol of the transmit antenna and 𝑁𝑜 is the noise power spectral density of the AWGN. 

Therefore, the output SNR of the received signal after passing through the hybrid ZF-MMSE equalizer 

𝛾𝑍𝐹−𝑀𝑀𝑆𝐸  is obtained as (9). 

 

𝛾𝑍𝐹−𝑀𝑀𝑆𝐸 = 𝛾𝑠  [𝐻
𝐻𝐻 +

1

𝑠𝑛𝑟
𝐼] (9) 

 

2.3. Probability density function of the equalized signal 

The PDF of the equalized received signal 𝑓𝛾𝑘
(𝛾𝑍𝐹−𝑀𝑀𝑆𝐸) is obtained by substituting (9) into the 

PDF of Weibull fading channel according to [22], [23] which yields as (10): 

 

𝑓𝛾𝑍𝐹−𝑀𝑀𝑆𝐸
(𝛾𝑍𝐹−𝑀𝑀𝑆𝐸) =

𝛽𝛾𝑍𝐹−𝑀𝑀𝑆𝐸

𝛽
2−1

2𝛼𝑖,𝑗

𝛽
2⁄

𝑒𝑥𝑝 [−(
𝛾𝑍𝐹−𝑀𝑀𝑆𝐸

𝛼𝑖,𝑗
)

𝛽

2
] (10) 

 

where, 𝛽 is the shaping parameter, 𝛼𝑖,𝑗 = 𝝀𝑖,𝑗 Γ(1 +
2

β
)⁄  is the scale parameters and Γ(∙) is a Gamma 

function. According to [22], by applying the Jacobian transformation to (10) yields as (11). 

 

𝑓𝛾𝑍𝐹−𝑀𝑀𝑆𝐸
(𝛾𝑍𝐹−𝑀𝑀𝑆𝐸) ≈ 

 
𝛽

𝛾𝑍𝐹−𝑀𝑀𝑆𝐸
𝑒𝑥𝑝(−(

𝜎

𝛼
𝛾𝑍𝐹−𝑀𝑀𝑆𝐸)

𝛽

2
)(∑

(
𝜎

𝛼
𝛾𝑍𝐹−𝑀𝑀𝑆𝐸)

𝛽
2(𝑖+1)

𝑖!

𝑁𝑇𝑁𝑅−1
𝑖=0 − ∑

(
𝜎

𝛼
𝛾𝑍𝐹−𝑀𝑀𝑆𝐸)

𝛽
2𝑖

(𝑖−1)!

𝑁𝑇𝑁𝑅−1
𝑖=1 ) (11) 

 

Performing mathematical operation, the 𝑓𝛾𝑍𝐹−𝑀𝑀𝑆𝐸
(𝛾𝑍𝐹−𝑀𝑀𝑆𝐸) obtained in (11) can be approximated as (12): 

 

𝑓𝛾𝑍𝐹−𝑀𝑀𝑆𝐸
(𝛾𝑍𝐹−𝑀𝑀𝑆𝐸) ≈ 

 
𝑁𝑇𝑁𝑅𝛽𝜃

2(𝑁𝑇𝑁𝑅−1)!
(𝜃𝑁𝑇𝑁𝑅𝛾𝑍𝐹−𝑀𝑀𝑆𝐸)

𝛽𝑁𝑇𝑁𝑅
2

−1𝑒𝑥𝑝 (−(𝜃𝑁𝑇𝑁𝑅𝛾𝑍𝐹−𝑀𝑀𝑆𝐸)
𝛽

2) (12) 

 

which represents the PDF of generalized gamma random variables with parameters (
1

𝜃
,
𝛽𝑁𝑇𝑁𝑅

2
,
𝛽

2
) and 𝜃 =

𝜎

𝛼
=

Γ(𝑁𝑇𝑁𝑅+
2

𝜷
)

𝑁𝑇𝑁𝑅!ℷ
.  

 

2.4. BER analysis of the hybrid equalizer 

In this section, the BER analysis of the hybrid ZF-MMSE equalizer using M-PSK and the M-QAM 

are presented. In this paper, the BER expression of MMSE over Weibull fading channel at 𝛽 = 2 is 

employed for the modulation schemes of the Wi-Fi technology which are the BPSK, quadrature phase shift 
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keying (QPSK), 4-quadrature amplitude modulation (4QAM) and 16-quadrature amplitude modulation 

(16QAM). The reason for the choice is because the output of the ZF equalizer is used as the input to the 

MMSE equalizer and that Weibull fading reduces to Rayleigh.  

 

2.4.1. BER analysis using M-PSK modulation scheme 
Utilizing the BER of MMSE for BPSK modulation scheme presented in the work of Jiang et al. [11] 

the BER of hybrid ZF-MMSE for BPSK is obtained by substituting the received SNR in (9) which yields; 

expressed as (13): 

 

𝑃𝑏𝐵𝑃𝑆𝐾
𝑍𝐹−𝑀𝑀𝑆𝐸 = 𝐸[𝑄(√2(𝛾𝑍𝐹−𝑀𝑀𝑆𝐸)] (13) 

 

where, 𝐸 [∙] is the expectation function and 𝑄(𝑥) =
1

√2𝜋
∫ 𝑒−

𝑡2

2
∞

𝑥
𝑑𝑡 is the standard Gaussian 𝑄 function. 

Similarly, the BER analysis of the hybrid ZF-MMSE equalizer for QPSK scheme using the expression given 

by [24] and substituting the received SNR obtained in (9) yields; expressed as (14). 

 

𝑃𝑏𝑄𝑃𝑆𝐾
𝑍𝐹−𝑀𝑀𝑆𝐸 =

1

2
(1 − √

𝛾𝑍𝐹−𝑀𝑀𝑆𝐸

1+𝛾𝑍𝐹−𝑀𝑀𝑆𝐸
 ) (14) 

 

2.4.2. BER analysis using M-QAM modulation scheme 

The hybrid ZF-MMSE equalizer at the receiver of the MIMO system for 4QAM modulation scheme 

is obtained using [25] and then putting the received SNR is expressed as (15). 

 

𝑃𝑏4𝑄𝐴𝑀
𝑍𝐹−𝑀𝑀𝑆𝐸 = [𝑄(√𝛾𝑍𝐹−𝑀𝑀𝑆𝐸 − 3.9𝑑𝐵  ) ] (15) 

 

Similarly, using the BER for 16QAM modulation scheme expressed according to [26] and substituting the 

received SNR yields; expressed as (16). 

 

𝑃𝑏16𝑄𝐴𝑀
𝑍𝐹−𝑀𝑀𝑆𝐸 =

3

4
 𝑄 (√

4

5
𝛾𝑍𝐹−𝑀𝑀𝑆𝐸) −

9

16
 𝑄2 (√

2

7
𝛾𝑍𝐹−𝑀𝑀𝑆𝐸) (16) 

 

2.5. Outage probability analysis of the hybrid equalizer 

The outage probability 𝑃𝑜𝑢𝑡 of the equalized received signal can be expressed according to [27] as (17). 

 

𝑃𝑜𝑢𝑡 = ∫ 𝑓𝛾𝑡ℎ
(𝛾)𝑑𝛾

𝛾𝑡ℎ

0
= Pr(𝛾𝑍𝐹−𝑀𝑀𝑆𝐸 ≤  𝛾𝑡ℎ) = 𝐹𝛾𝑖,𝑗

 (17) 

 

Where, 𝐹𝛾𝑖,𝑗
 is the cumulative density function (CDF) and 𝛾𝑡ℎ  is the threshold SNR. According to [22] by taking 

the CDF of (11), the outage probability of the MIMO system with ZF-MMSE equalizer is obtained as (18). 

 

𝐹𝛾𝑡ℎ
(𝛾𝑍𝐹−𝑀𝑀𝑆𝐸) = 1 − 𝑒𝑥𝑝(−(

𝜎 𝛾𝑍𝐹−𝑀𝑀𝑆𝐸

𝛼
)

𝛽

2
)∑

(
𝜎 𝛾𝑍𝐹−𝑀𝑀𝑆𝐸

𝛼
)

𝛽
2𝑖

𝑖!

𝑁𝑇𝑁𝑅−1
𝑖=0  (18) 

 

Where, 𝜎 =
Γ(𝑁𝑇𝑁𝑅+

2

𝜷
)

(𝑁𝑇𝑁𝑅)!Γ(1+
2

𝜷
)
 is chosen as an approximation distribution equivalent to the convolution 

distributions. The outage probability obtained in (18) can be further simplified to yield, expressed as (19). 

 

𝐹𝛾𝑡ℎ
(𝛾𝑍𝐹−𝑀𝑀𝑆𝐸) ≈ 1 − 𝑒𝑥𝑝 (−(𝜃𝑁𝑇𝑁𝑅𝛾𝑡ℎ)

𝛽

2)∑
(𝜃𝑁𝑇𝑁𝑅𝛾𝑡ℎ)

𝛽
2𝑖

𝑖!

𝑁𝑇𝑁𝑅−1
𝑖=0  (19) 

 

 

3. SIMULATION RESULT 

In this section, the simulation of the MIMO system with hybrid ZF-MMSE equalizer for Wi-Fi 

technology over Weibull fading channel is presented. The simulation was carried out using MATLAB 

R2018a software. The simulation parameters used are as presented in Table 1. 

 



Indonesian J Elec Eng & Comp Sci  ISSN: 2502-4752  

 

Hybridization of zero forcing-minimum mean square error equalizer in multiple … (Damilare O. Akande) 

841 

Table 1. Simulation parameters 
Parameter Specification 

Data length 10000 

Number of antennas 2 × 2, 4 × 4 

Carrier frequency 5 GHz 

Channel Weibull fading channel 

Noise AWGN 

Transmit and recieve filter Square root raised cosine 

SNR 0:2:20 

SNR threshold 3 dB 

Roll off factor 0.25 

Filter gain 5 dB 

 

 

3.1. BER performance  

Figures 2 and 3 present the BER against SNR for different equalizers using BPSK modulation 

scheme for different antenna configurations and a 4 × 4 MIMO systems with different modulation schemes 

over Weibull fading channel. The results show that as the antenna configuration increases, the BER values 

decreases. This implies that by transmitting at high data rate over the Weibull fading channel, lesser bits are 

received in error.  

For instance, in Figure 2, a 2 × 2 MIMO system, at SNR of 8 dB, the BER values obtained were 

1.34 × 10−2, 1.07 × 10−2 , and 3.5 × 10−3 for ZF, MMSE, and the hybrid ZF-MMSE equalizers for BPSK 

modulation scheme, respectively. On the other hand, at SNR of 16 dB, the BER obtained were 1.7 × 10−3, 

8.0 × 10−4, and 3.0 × 10−4 for ZF, MMSE, and the hybrid ZF-MMSE equalizers, respectively. In the case 

of the 4 × 4 antenna configuration of the MIMO system, the BER values of 2.1 × 10−3, 1.7 × 10−3, and 

6.0 × 10−4, were recorded for ZF, MMSE and ZF-MMSE equalizers, respectively at SNR of 10 dB, while at 

16 dB, BER of 1.0 × 10−3, 8.86 × 10−5, and 4.35 × 10−5, respectively. Similarly, as the SNR increases, the 

BER values for both the 2 × 2 and 4 × 4 for all the equalizers reduces. The hybrid ZF-MMSE equalizer 

shows a superiority over the ZF and MMSE equalizer by reducing the ISI and noise enhancement that 

deteriorates the performance of the system.  

 

 

 
 

Figure 2. BER vs SNR for different equalizers using BPSK modulation scheme for different antenna 

configurations 

 

 

In Figure 3, with increasing number of transmitting and receiving antennas with different 

modulations, the result obtained depict that the higher the modulation order, the higher the BER value 

obtained. However, the BER decreases as the SNR values increases. This illustrates that by increasing the 

constellation sizes of both M-PSK and M-QAM of the transmitted signal under an unfavourable channel 

condition, the BER performance of the system degrades at the expense of increased data rate. 
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Figure 3. BER vs SNR for a 4 × 4 MIMO systems with different modulation schemes 

 

 

3.2. Outage performance  

The performance of the hybrid ZF-MMSE in terms of outage probability with different antenna and 

modulation schemes were presented in Figures 4 and 5. The result obtained in Figure 4 illustrates that the 

outage probability of 4 × 4 MIMO system outperforms that of the 2 × 2 MIMO system using BPSK 

modulation scheme. At SNR of 10 dB, the outage probability obtained were 4.87 × 10−2, 4.38 × 10−2, and 

2.83 × 10−2, for ZF, MMSE, and ZF-MMSE, respectively for the 4 × 4 MIMO system, while 7.7 × 10−3, 

1.12 × 10−2, and 1.1 × 10−2 were obtained for the 2 × 2 MIMO system.  

 

 

 
 

Figure 4. Outage probability vs SNR for different antenna configurations with BPSK modulation scheme 

 

 

In Figure 5, different modulation schemes were used to test the performance of the hybrid ZF-

MMSE equalizer. The result obtained shows that the outage probability decreases with increase in SNR. In 

addition, as the constellation sizes of each modulation schemes increase, more outages were observed but 

decreases with increase in the antenna configuration. 
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Figure 5. Outage probability vs SNR for ZF-MMSE using different antenna configurations and modulation 

scheme 

 

 

4. CONCLUSION 

In this paper, a hybrid ZF-MMSE equalizer for MIMO system over Weibull fading channel has been 

proposed. The existing ZF and MMSE equalizers used suffer from ISI and noise amplification which impact 

the performance of the Wi-Fi technology with multiple antenna deployment. To address these problems, ZF 

and MMSE equalizers have been designed in such a way that the received signal after passing through the 

MRC combiner is first equalized using ZF section and the output is feed as input to the MMSE section. The 

PDF of the received SNR analyzed over Weibull fading channel was then obtained by applying the Jacobian 

transform. In addition, the closed form expression of the BER and the outage probability were derived using 

the SNR and PDF analyzed, respectively. Simulation of the proposed model was then carried out in 

MATLAB R2018a software. The evaluation was then performed using BER and outage probability with M-

PSK and M-QAM modulation schemes according to the Wi-Fi technology standard. The results obtained 

revealed that the hybrid ZF-MMSE outperformed the conventional ZF and MMSE equalizers, respectively in 

terms of BER and outage probability at different antenna configurations. Hence, this implies that the 

proposed ZF-MMSE equalizer shows reduction in both ISI and noise amplification which is more efficient in 

M-PSK modulation scheme at the expense of M-QAM modulation scheme in high data transmission.  

 

 

REFERENCES 
[1] K. Pahlavan and P. Krishnamurthy, “Evolution and impact of Wi-Fi technology and applications: a historical perspective,” 

International Journal of Wireless Information Networks, vol. 28, no. 1, pp. 3–19, Mar. 2021, doi: 10.1007/s10776-020-00501-8. 

[2] D. Borges, P. Montezuma, R. Dinis, and M. Beko, “Massive MIMO techniques for 5G and beyond—opportunities and 

challenges,” Electronics (Switzerland), vol. 10, no. 14, p. 1667, Jul. 2021, doi: 10.3390/electronics10141667. 

[3] O. Agboje, N. Nkordeh, U. S. Idiake, O. Oladoyin, K. Okokpujie, and I. Bob-Manuel, “Mimo channels: optimizing 

throughput and reducing outage by increasing multiplexing gain,” Telkomnika (Telecommunication Computing Electronics 

and Control), vol. 18, no. 1, pp. 419–426, Feb. 2020, doi: 10.12928/TELKOMNIKA.v18i1.8720. 

[4] Z. K. Adeyemo, E. O. Rabiu, and R, O. Abolade, “Offset phase shift keying modulation in multiple-input multiple-output 

spatial multiplexing,” Transactions on Networks and Communications, vol. 3, no. 2, pp. 117–127, Apr. 2015, doi: 

10.14738/tnc.32.1144. 

[5] G. E. Bottomley, T. Ottosson, and Y. P. E. Wang, “Generalized RAKE receiver for interference suppression,” IEEE Journal 

on Selected Areas in Communications, vol. 18, no. 8, pp. 1536–1545, Aug. 2000, doi: 10.1109/49.864017. 

[6] K. Lee, S. H. Moon, S. Kim, and I. Lee, “Sequence designs for robust consistent frequency-offset estimation in OFDM 

systems,” IEEE Transactions on Vehicular Technology, vol. 62, no. 3, pp. 1389–1394, Mar. 2013, doi: 

10.1109/TVT.2012.2228285. 

[7] A. Goldsmith, Wireless communications. Cambridge: Cambridge University Press, 2005. 

[8] H. Zhang, H. Dai, and B. L. Hughes, “On the diversity-multiplexing tradeoff for ordered SIC receivers over MIMO channels,” 

in IEEE International Conference on Communications, 2006, vol. 3, pp. 1368–1373, doi: 10.1109/ICC.2006.254939. 

[9] A. Kumar, A. Tiwari, and R. S. Mishra, “Linear block equalizers in Rayleigh fading channel with normalized channel impulse 

response,” International Journal of Computer Applications, vol. 93, no. 6, pp. 21–26, 2014, doi: 10.5120/16220-5667. 

[10] Y. Chiu, “Equalization techniques for nonlinear analog circuits,” IEEE Communications Magazine, vol. 49, no. 4, pp. 132–

139, Apr. 2011, doi: 10.1109/MCOM.2011.5741157. 

 



                ISSN: 2502-4752 

Indonesian J Elec Eng & Comp Sci, Vol. 26, No. 2, May 2022: 836-845 

844 

[11] Y. Jiang, M. K. Varanasi, and J. Li, “Performance analysis of ZF and MMSE equalizers for MIMO systems: an in -depth study 

of the high SNR regime,” IEEE Transactions on Information Theory, vol. 57, no. 4, pp. 2008–2026, Apr. 2011, doi: 

10.1109/TIT.2011.2112070. 

[12] K. Pachori and A. Mishra, “Performance analysis of MIMO systems under multipath fading channels using linear equalization 

techniques,” in 2015 International Conference on Advances in Computing, Communications and Informatics, ICACCI 2015, 

Aug. 2015, pp. 190–193, doi: 10.1109/ICACCI.2015.7275607. 

[13] A. Shivhare, R. Kumar, and M. K. Patidar, “Review of MIMO-OFDM system using simulink model,” International Journal 

of Computer Sciences and Engineering, vol. 7, no. 3, pp. 72–75, Mar. 2019, doi: 10.26438/ijcse/v7i3.7275. 

[14] Y. Ding, T. N. Davidson, J. K. Zhang, Z. Q. Luo, and K. M. Wong, “Minimum BER block precoders for zero-forcing 

equalization,” in ICASSP, IEEE International Conference on Acoustics, Speech and Signal Processing - Proceedings, vol. 3, 

May 2002, pp. III-2261-III–2264, doi: 10.1109/icassp.2002.5745095. 

[15] G. M. Waliullah, D. Bala, M. A. Hena, M. I. Abdullah, and M. A. Hossain, “Performance analysis of zero forcing and MMSE 

equalizer on MIMO system in wireless channel,” Journal of Network and Information Security, vol. 8, no. 1 and 2, pp. 19–25, 

2020. 

[16] R. Gupta and A. Grover, “BER performance analysis of MIMO systems using equalization techniques,” Innovative Systems 

Design and Engineering, vol. 3, no. 10, pp. 2222–1727, 2012. 

[17] H. K. AL-Qaysi, T. Mahmood, and K. A. Humood, “Evaluation of different quantization resolution levels on the BER 

performance of massive MIMO systems under different operating scenarios,” Indonesian Journal of Electrical Engineering 

and Computer Science, vol. 23, no. 3, pp. 1493–1500, Sep. 2021, doi: 10.11591/ijeecs.v23.i3.pp1493-1500. 

[18] S. Mishra and J. S. Roy, “Blind channel equalization using adaptive signal processing algorithms in a MIMO system,” 

International Organization of Scientific Research Journal of Engineering (IOSR-JEN), vol. 9, no. 2, pp. 74–79, 2019. 

[19] A. J. Paulraj, D. A. Gore, R. U. Nabar, and H. Bölcskei, “An overview of MIMO communications - a key to gigabit wireless,” 

Proceedings of the IEEE, vol. 92, no. 2, pp. 198–217, Feb. 2004, doi: 10.1109/JPROC.2003.821915. 

[20] Y. S. Cho, J. Kim, W. Y. Yang, and C. G. Kang, MIMO-OFDM wireless communication with MATLAB. Singapore: John 

Wiley & Sons, 2010. 

[21] P. Li, D. Paul, R. Narasimhan, and J. Cioffi, “On the distribution of SINR for the MMSE MIMO receiver and performance 

analysis,” IEEE Transactions on Information Theory, vol. 52, no. 1, pp. 271–286, Jan. 2006, doi: 10.1109/TIT.2005.860466. 

[22] A. Bessate and F. El Bouanani, “A new performance results of MIMO system with orthogonal STBC over independent and 

identical weibull fading channels,” in 2016 International Conference on Advanced Communication Systems and Information 

Security, ACOSIS 2016 - Proceedings, Oct. 2017, pp. 1–7, doi: 10.1109/ACOSIS.2016.7843947. 

[23] M. K. Simon and M.-S. Alouini, Digital communication over fading channels, 2nd ed. New Jersey: John Wiley & Sons, Inc., 

2005. 

[24] S. Yatawatta, A. P. Petropulu, and C. J. Graff, “Energy-efficient channel estimation in MIMO systems,” Eurasip Journal on 

Wireless Communications and Networking, vol. 2006, no. 1, pp. 1–11, Dec. 2006, doi: 10.1155/WCN/2006/27694. 

[25] Z. Ding, “Joint blind equalization and carrier recovery of QAM systems,” in Proceedings 25th Conference on Information, 

Science and Systems, 1991, pp. 786–797. 

[26] S. Lijun, T. Youxi, L. Shaoqian, and H. Shunji, “BER performance of frequency domain differential demodulation OFDM in 

flat fading channel,” Journal of Electronic Science and Technology of China, vol. 1, no. 1, pp. 32–36, 2003. 

[27] X. Ma and W. Zhang, “Performance analysis for MIMO systems with lattice-reduction aided linear equalization,” IEEE 

Transactions on Communications, vol. 56, no. 2, pp. 309–318, 2008, doi: 10.1109/TCOMM.2008.060372. 

 

 

BIOGRAPHIES OF AUTHORS 

 

 

Damilare O. Akande     obtained his B.Tech. and M.Eng. degrees in Electronic and 

Electrical Engineering from Ladoke Akintola University of Technology (LAUTECH), 

Ogbomoso and Federal University of Technology, Akure, Nigeria in 2008 and 2012, 
respectively. He obtained his Ph.D. degree from Universiti Sains Malaysia, Malaysia in 2019. 

He is a member of Nigeria Society of Engineers and a registered member of the Council for 

the Regulation of Engineering in Nigeria (COREN). His research interest is on signal 

processing, cooperative communications and MAC layer design. He can be contacted at email: 
doakande@lautech.edu.ng. 

  

 

Zachaeus K. Adeyemo     obtained the B.Eng. and M.Eng. degrees in Electrical 

Engineering from University of Ilorin, Ilorin, Nigeria and his Ph.D. degree in Electronic and 
Electrical Engineering in 2009 from Ladoke Akintola University of Technology (LAUTECH), 

Ogbomoso, Nigeria. Prof. Adeyemo is a professor of Communication Engineering at the 

Department of Electronic and Electrical Engineering, LAUTECH, Ogbomoso. He is a member 

of the IEEE and registered engineer, Council for the Regulation of Engineering in Nigeria 
(COREN). His research interest is on wireless communications. He can be contacted at email: 

zkadeyemo@lautech.edu.ng. 

 

  

https://orcid.org/0000-0003-2229-8074
https://scholar.google.com/citations?hl=en&user=K9VpTsAAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=43260932000
https://publons.com/researcher/AAZ-8638-2021/
https://orcid.org/0000-0002-6378-8179
https://scholar.google.com/citations?user=_1oGm_UAAAAJ&hl=en&authuser=1
https://www.scopus.com/authid/detail.uri?authorId=34972712300
https://publons.com/researcher/5038148/zachaeus-kayode-adeyemo/


Indonesian J Elec Eng & Comp Sci  ISSN: 2502-4752  

 

Hybridization of zero forcing-minimum mean square error equalizer in multiple … (Damilare O. Akande) 

845 

 

Olakunle O. Arowolo     obtained his B.Tech. and M.Tech. degrees in Electronic 

and Electrical Engineering from Ladoke Akintola University of Technology (LAUTECH), 

Ogbomoso, Nigeria in 2013 and 2020, respectively. He is a member of the Nigeria Society of 

Engineers (NSE). His research interest is in wireless communication. He can be contacted at 

email: kunlezy53@gmail.com. 

  

 

Olasunkanmi F. Oseni     received his B.Eng. and M.Eng. degrees in Electrical 

Engineering from University of Ilorin, Ilorin, Nigeria and his Ph.D. degree in Electronic and 

Electrical Engineering in 2018 from Ladoke Akintola University of Technology, Ogbomoso, 

Nigeria. He is a member of the IEEE and registered member of the Council for the Regulation 
of Engineering in Nigeria (COREN). His research interest is in wireless communications. He 

can be contacted at email: ofoseni@lautech.edu.ng. 

 

  

 

Oluwole O. Obanisola     is with the department of Electrical Engineering at Ajayi 

Crowther University, Oyo. He bagged his B.Tech. degree in 2014 from Ladoke Akintola 

University of Technology, Ogbomoso and a M.Sc. degree in Telecommunication Engineering 
from the University of Ibadan in 2018, Nigeria. He is a member of Nigerian Society of 

Engineers and also a registered member of the Council for the Regulation of Engineering in 

Nigeria. His area of specialization are radio wave propagation and channel estimation. He can 

be contacted at email: oo.obanisola@acu.edu.ng. 

 

 

View publication stats

https://orcid.org/0000-0001-9573-8953
https://publons.com/researcher/5036260/olakunle-arowolo/
https://orcid.org/0000-0002-1784-8097
https://scholar.google.com/citations?hl=en&authuser=1&user=rkvM1YgAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=55375351600
https://publons.com/researcher/AFQ-4858-2022
https://orcid.org/0000-0002-0762-2422
https://scholar.google.com/citations?view_op=list_works&hl=en&user=a4VOTtEAAAAJ
https://publons.com/researcher/5037361/oluwole-obanisola/
https://www.researchgate.net/publication/360326576

