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Abstract— In this article, two methods are proposed to further increase the advantages of MIMO-OFDM systems such as high 

access quality, high data rates and spectral efficiency. The first of these is the combination of the MIMO-OFDM system with the fast 

Walsh Hadamard transform (FWHT) due to its high accomplishment with the ability to spread the data versus the disturbing 

influences of the channel. The second is the combination of Lifting wavelet transform (LWT), due to its superior advantages such as 

good time-frequency localization properties, ICI and ISI suppression capabilities due to its orthonormal structure, unlike fast Fourier 

transform (FFT), with MIMO-OFDM scheme. Computer simulation studies are carried out to verify the accomplishment of the 

suggested methods over the bit error rate (BER) and peak to average power ratio (PAPR) benchmark. From the acquired outcomes, it 

is noticed that approximately 6 dB of SNR gain and approximately 2 dB of PAPR gain are achieved with the proposed method. 
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I. INTRODUCTION 

Increasing spectral efficiency and improved connection security are the biggest challenges in the design of today's mobile and 
multi-user wireless communication systems. Increasing number of users and multimedia applications are increasing the need for 
high data rate in wireless communication systems. One of the problems encountered in achieving high data rates is multipath 
fading. The channel capacity of communication systems is significantly reduced due to the problems caused by multipath fading 
and inter user interference.  

One of the methods to counter the fading effects in wireless communication systems is to use multi-antenna, in other words, 
multiple input multiple output (MIMO) systems. This method is known as antenna diversity [1]. In wireless communication 
systems, high access quality and high data rates can be achieved with the use of multiple antennas at the transmitter and receiver. 
MIMO systems are basically systems that enable to increase the capacity of the communication link without the need for additional 
transmit power and additional bandwidth by using multiple antenna arrays at the transmitter and receiver [2, 3]. 

Orthogonal frequency division multiplexing (OFDM), on the other hand, is a multi-carrier modulation type that eliminates the 
increasing complexity due to frequency selective fading in radio channels and allows efficient use of the radio band [4]. With its 
multi-carrier structure orthogonal to each other, OFDM allows the data stream to be divided into parallel sub-taps and ensures that 
the channel exhibits flat fading characteristics in each tap. In this way, the effect of inter symbol interference (ISI) caused by fading 
is reduced and the error performance is increased [5]. In OFDM technique, high-speed data is divided to K pieces low-speed data 
strings. Thus, the symbol duration is K times longer (with the same symbol rate) compared to a system using a single carrier. The 
symbol duration becomes even longer with the addition of a cyclic prefix. Another important feature of OFDM is that it removes 
receiver complexity by allowing equalization in the frequency domain. In OFDM system using fast Fourier transform, broadband 
signal influenced by frequency selective channel is transformed into K narrow band flat damping signals. Therefore, an equalization 
in the frequency domain is achieved with a scalar division [5]. 

MIMO systems have been used in OFDM systems, which allow high-speed data transmission in recent years, since they are 
more resistant to fading than single-input and single-output (SISO) systems. In this way, data losses that can be caused by fading in 
a MIMO-OFDM system are minimized and data transmissions with less loss and high gain are realized [6]. Since OFDM is suitable 
for multiple antennas and allows bandwidth, it also facilitates equalization in the MIMO technique it is used with. In this way, it is 
possible to reach high data rates with the effect of MIMO on the channel capacity, and with the multi-carrier feature of OFDM, the 
frequency selective feature of the frequency selective channel model is eliminated. Therefore, MIMO-OFDM forms the basis of the 



next generation of wireless communication. In recent years, the use of MIMO systems, in which multiple transmit and receive 
antennas are employed, together with OFDM modulation has gained popularity. So much so that MIMO-OFDM systems form the 
basis of 4th generation communication. This is because the two systems complement each other perfectly. MIMO systems, which 
were first proposed for the flat fading channel model, become practically usable with OFDM systems. The reason for this is that 
OFDM systems offer a solution for frequency selective fading, which is frequently encountered in real life and adversely affects the 
error performance. With their multi-carrier structure, they allow the information string to be split into parallel branches and for each 
sub-carrier, the channel presents flat fading. As employed with MIMO schemes, they can reach high data rates, which is a very 
important requirement in practice. The reason for this is that MIMO schemes heighten the channel capacity value [7]. 

 However, OFDM systems are limited in use because of the precision in the positioning of sub-carriers and the consecutive 
pliability in frequency source allotment. These restrictions cause to more fascinating solutions in communication schemes 
employing novel waveforms based on versatile time and frequency filtering. Especially, the concern in communication systems 
employing novel waveforms that permit pliable utilize of time-frequency sources has raised in the last decade [8]. 

 On the other hand, it is essential to have both time and frequency knowledge in information sending, particularly in non-static 
information. In such cases, the Fourier conversion is inadequate and the short time Fourier transform (STFT) can not 
simultaneously give a good time and good frequency localization. STFT can separately analyze the high frequency constituents 
with narrow windows (wideband frequency investigation) and the low frequency constituents with wide windows (narrow band 
investigation). However, since the static window function is employed in STFT, it is not possible to perform these inspections 
simultaneously.  Therefore, a wavelet transform is needed, which gives good time localization at high frequencies and good 
frequency localization at low frequencies [9].  

 Although wave conversion has been used in signal processing applications for many years, it has been implemented beneficially 
in nearly every area of wireless communication technology in recent years [10, 11]. Also, the basic principle in the OFDM 
waveform based on the wavelet transform is simply replacing the discrete Fourier transform (DFT) and inverse DFT (IDFT) with 
the discrete Wavelet transform (DWT) and inverse DWT (IDWT) respectively. DWT-based OFDM (DWT-OFDM) structure 
comes out as an alternative to FFT-based OFDM structure, because of the flexible structure of wavelet transform and adaptive 
time-frequency distances on subcarriers [10, 11]. The separation of the input information to be sent in the DWT-OFDM scheme 
into distinctive frequency bands is executed by the low-pass and high-pass filter pairs.  

 In addition to these, orthogonal subcarriers in FFT-based OFDM schemes are comprised of sine/cosine signals. In such an 
application, the employ of rectangle window to distinguish subcarriers brings about high side band strength. In addition, the sub-
carriers are made up of the Sinc function, which has a boundless length in the frequency region. These two situations bring about 
ISI and inter carrier interference (ICI) drawbacks in FFT-based OFDM signals. These drawbacks can be mitigated by adding CP, 
which causes to a diminish in spectral efficiency. Thanks to the structural profit of wavelet-based OFDM techniques, there is no 
require to add CP. As an 𝑋 = [𝑋0, 𝑋1, … , 𝑋𝑁−1] data is made up of 𝑁 symbols are to be sent over the communication channel, each 
symbol of this signal is sent with N subcarriers with equal band-widths in the FFT-OFDM scheme. On the other hand, in the DWT-
OFDM scheme, each symbol has the occasion to be sent with sub-carriers with different band-widths. This flexibility enables the 
performance of the schemes to be improved by adapting the subcarrier scheme of DWT-OFDM in accord with the condition of the 
communication surroundings. The most basic reason for using DWT in the multi-carrier communication system structure is that it 
is based on orthogonality. Wavelets can be planned to accomplish better frequency localization and can eliminate the need for 
guard intervals by overlapping symbols in the time domain. This overlapping attribute raises symbol duration and thus provides 
better spectral efficiency. Also, the use of wavelet filters provides greater pliability, suggests a higher degree of stopband 
weakening, and results in good side lobe suppression [12]. Thus, the spectral loss caused by the use of CP in FFT-OFDM systems 
is reduced by the DWT method. In addition, in DWT-based multi-carrier communication system structures, the inverse wavelet 
transform output has a lower variance compared to the inverse Fourier transform output in OFDM [12]. As a result of this, it means 
that lower PAPR can be accomplished in DWT-based multi-carrier communication systems. 

 However, the filters employed in conventional DWT processes include complex mathematical processes, and the Lifting 
wavelet transform (LWT) scheme has been improved to decrease this. LWT, which has been employed in image and signal 
processing implementations in recent years, is employed to mitigate many deficiencies of classical wavelet transform. The LWT is 
intended to decrease the working burden in the wavelet transform and alter the DWT employed in the computation of the wavelet 
coefficients [12]. Lifting scheme is the simplest and most efficient technique for wavelet transform [13]. When compared FFT and 
DWT with LWT, LWT’s 

• Reduced computational complexity,  

• Compared with the filter bank structure, better frequency localization and power consumption, 

• Easy implementation on the hardware side due to significantly reduced computational complexity, 

has such advantages. 

In this developed study, inspired by [8, 9, 14], it is suggested to combine MIMO-OFDM method with LWT conversion to 
improve both BER accomplishments and PAPR accomplishments in MIMO-OFDM communication schemes. Thus, it can be 



observed from the computer simulation outcomes that remarkable performances are acquired in both PAPR achievements and BER 
achievements in wireless communication schemes where LWT-MIMO-OFDM technique is applied. Even though there are a few 
studies [15-17] on the DWT-MIMO-OFDM system for PAPR reduction in the literature, as far as the authors know, there has been 
no study investigating MIMO-OFDM communication systems by combining MIMO-OFDM and LWT.  

In this study, another proposed method to increase the performance of MIMO-OFDM systems is to combine the MIMO-OFDM 
system with fast Walsh Hadamard transform (FWHT) due to its high achievement with the ability to spread data against the 
channel’s disturbance effects.  

 High reliability is evaluated by the bit error rate (BER) and is highly significant for systems where errors are less endurable. At 
high energy efficiency, low computational burden and low peak to average power ratio (PAPR) provide high energy efficiency [8, 
9, 14]. For these reasons, BER and PAPR changes were used as benchmark criterion in our analyzes. In addition to these, with the 
simulation outcomes, it has been demonstrated that the recommended LWT-MIMO-OFDM structure has lower PAPR and BER 
performances than conventional MIMO-OFDM schemes in areas where the distortion influences of the MIMO channel are 
efficient. 

 The remaining of the paper is arranged as below; Section 2 summarizes the general structure of the MIMO-OFDM 
communication scheme. In Chapter 3, explanations about the LWT-based MIMO-OFDM structure are given. Finally, computer 
simulation outcomes, inferences and discussions are presented in Chapters 4 and 5. 

II. MIMO-OFDM SYSTEMS 

MIMO-OFDM systems are obtained as a result of the use of multiple antenna systems in the receiver and transmitter layers to 
improve the system capacity on time-varying or frequency-selective channels and to increase the diversity gain of an OFDM 
system. A block diagram of a MIMO-OFDM system is given in Figure 1. 

 

Fig. 1. Block diagram of MIMO-OFDM scheme. 

The MIMO-OFDM scheme shown in Figure 1 is composed of M transmitting and N receiving antennas. Random binary data 

coming from the input of the system is modulated after being grouped depending on the modulation type to be used. Then the 

modulated data is separated depending on the number of antennas in the system. There is a single-input, single-output OFDM 

structure in the arm connected to each antenna. In each OFDM structure, the serial symbol stream is converted to parallel so that the 

IFFT can be received. The IFFT process provides the generation of subcarriers and conversion from the frequency region to the 

time region in OFDM. Later, CP is added to prevent inter-symbol interference, and then symbols are transmitted serially in the 

wireless environment. After the symbols sent from the mth transmitting antenna at the nth receiving antenna are converted into 

parallel, the CP is removed and the following signal is obtained after receiving its FFT. Thus, the MIMO-OFDM signal for the kth 

subcarrier and the nth receiving antenna can be written as follows: 

 

𝑌𝑛[𝑘] = ∑ 𝑋𝑚[𝑘]𝐻𝑛,𝑚[𝑘]𝑀
𝑚=1 + 𝑊𝑛[𝑘] (1) 

 



Here, 𝑋𝑚[𝑘] is the OFDM data symbol transmitted with the mth transmit antenna and the kth subcarrier (k = 0, 1, ... K-1), 𝑊𝑛[𝑘] 
corresponding to the symbol in the frequency region of the nth antenna 𝜎𝑛2 variance and zero mean additive white Gaussian noise, 𝐻𝑛,𝑚[𝑘], as given in the following equation, in the kth frequency region nth receiver (n = 1, 2, ... N) and mth transmitter (m = 1, 2, 

..., M) are the channel coefficients between the antennas.  

 

𝐻𝑛,𝑚[𝑘] = ∑ ℎ𝑛,𝑚[𝑙]𝐿−1
𝑙=0 𝑒−𝑗2𝜋𝑙𝑘/𝐾 (2) 

Here, the h’s are modeled as a zero-mean independent Gaussian random process. The impulse response of the Rayleigh fading 
channel can be written as: 

 

ℎ(𝑡, 𝜏) = ∑ ℎ𝑙(𝑡)𝐿−1
𝑙=0 𝛿(𝜏 − 𝜏𝑙(𝑡)) (3) 

 
 The channel impulse response is supposed to be stationary over the OFDM channel symbol time. 𝑇𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = 𝑇𝑆 + 𝑇𝐶𝑃; where 𝑇𝐶𝑃  is the cyclic prefix time, 𝑇𝑆 is the symbol time. This corresponds to a slowly changing channel; that is, the coherence time is 
greater than the symbol time. This supposition impedes the occurrence of inter-carrier interference (ICI). 

 The 𝐻 channel matrix is also a 𝑁 × 𝑀 matrix, for N receiving (n = 1, 2, ..., N) and M transmitting (m = 1, 2, ..., M) antennas 
(n,m )th components can be written as: 

 

𝐻[𝑘] = [𝐻1,1[𝑘] ⋯ 𝐻1,𝑀[𝑘]⋮ ⋱ ⋮𝐻𝑁,1[𝑘] ⋯ 𝐻𝑁,𝑀[𝑘]] (4) 

 
 The received information at the receiving side can be represented in matrix form as follows: 

 𝒀[𝒌] = 𝑿[𝒌]𝑯[𝒌] + 𝑾[𝒌] (5) 

 

 Here, 𝑿[𝒌] = [𝑋1[𝑘]  𝑋2[𝑘]  ⋯  𝑋𝑀[𝑘]]𝑇 and 𝒀[𝒌] = [𝑌1[𝑘]  𝑌2[𝑘]  ⋯  𝑌𝑁[𝑘]]𝑇, 𝑀 × 1 and 𝑁 × 1 vectors consist of 

transmitted and received data.  
 

III. PROPOSED LWT-MIMO-OFDM SYSTEMS 

 In this developed study, inspired by [8, 9, 14], the unit scheme of the recommended LWT-MIMO-OFDM technique, which 

combines MIMO-OFDM communication systems and LWT conversion, is shown in Figure 2. 



 

Fig. 2. Block diagram of the proposed LWT-MIMO-OFDM systems. 

 On the transmitter region of the LWT-MIMO-OFDM scheme illustrated in Fig. 2, the modulated data is used in a single-input, 

single-output OFDM structure in each branch connected to the antenna. In the proposed method, ILWT transformation is enforced 

to the modulated data with the aid of the following formula instead of the IFFT process in each OFDM structure (for detailed 

information on ILWT/LWT, see [8, 9, 14]). 

 

𝑉𝐼𝐿𝑊𝑇[𝑘] = ∑ ∑ 𝑋𝑛[𝑧]𝑈−1
𝑧=0

∞
𝑛=0 2𝑛2𝜑[2𝑛𝑘 − 𝑧] (6) 

 

Here, 𝑋𝑛[𝑘] is the modulated data, U is the number of subcarriers, and 𝜑[𝑘] is the wavelet function for the zth-order sub-carrier. 

The data packets produced after the ILWT conversion are sent through the frequency selective Rayleigh fading channel via 

antennas and arrive to the receiver later being distorted by the additive white Gaussian noise (AWGN). On the receiving side, the 

opposite of the transactions on the transmitter part is applied. On the receiving part, LWT conversion is applied to the data packets 

received from each antenna with the aid of the below formula instead of the FFT process in the classical OFDM structure. 

 𝑌𝐿𝑊𝑇𝑧 [𝑘] = ∑ 𝑅[𝑛]𝑁−1
𝑛=0 2𝑘2𝜑[2𝑘𝑛 − 𝑧], 𝑘 = 0, 1,2, … , 𝑁 − 1, 𝑧 = 0, 1,2, … , 𝑁 − 1 (7) 

 

Here, 𝑅[𝑛] denotes the degraded information with frequency selective channel and AWGN. The acquired information at the output 

of the LWT Unit is compensated in the MIMO Signal Detection Block. A flat channel equalizer is used in the MIMO Signal 

Detection Block, assuming that the MIMO channel is perfectly estimated. Then, after the corrected data is de-modulated in the I-Q 

De-Mapping Unit, the requested accomplishment criteria are attained. 

 In this study, it is recommended to combine FWHT transform and MIMO-OFDM system to examine the effects of FWHT 

conversion on the accomplishment of MIMO-OFDM schemes. On the transmitter part of the MIMO-OFDM scheme presented in 

Fig. 1, FWHT conversion is enforced to the modulated data with the aid of the presented following formula. 

 𝑉𝐹𝑊𝐻𝑇[𝑘] = ∑ 𝑋[𝑛]𝐹𝑊[𝑛, 𝑘],   𝑘 = 0, 1, … , 𝑈 − 1𝑈−1
𝑛=0  (8) 
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Here, 𝐹𝑊[𝑛, 𝑘] denotes the FWHT transformation. Then, the IFFT transformation is applied to the data to which the FWHT 

transformation is enforced, with the assist of the following equality.  

 𝑉𝐼𝐹𝐹𝑇[𝑛] = 1√𝑁 ∑ 𝑉𝐹𝑊𝐻𝑇[𝑢]𝑒𝑗2𝜋𝑢𝑛𝑈𝑈−1
𝑢=0 , 0 ≤ 𝑛 ≤ 𝑈 − 1 (9) 

 

 Then, the above-described processes are applied here as well, and after CP is removed from the data packets reaching the 

receiver as corrupted, FFT process is enforced with the assist of the following equality. 

 𝑌𝐹𝐹𝑇[𝑘] = ∑ 𝑅[𝑖]𝑒−𝑗2𝜋𝑘𝑖𝑈 ,𝑈−1
𝑖=0     𝑘 = 0, 1, … , 𝑈 − 1    (10) 

 

 After that, with the assist of the following equality, inverse FWHT (IFWHT) transformation is enforced to the data in the 

frequency domain. 

 𝑌𝐼𝐹𝑊𝐻𝑇[𝑘] = 1𝑈 ∑ 𝑌𝐹𝐹𝑇[𝑛]𝐹𝑊[𝑛, 𝑘],   𝑘 = 0, 1, … , 𝑈 − 1𝑈−1
n=0  (11) 

 

 Finally, the above processes are repeated here, and the requested accomplishment criteria are computed by employing the 

obtained data at the output of the I-Q De-Mapping Unit. 
 

IV. COMPUTER SIMULATION STUDIES 

 Computer simulation works are comprised of two chapter, BER-SNR performances in flat Rayleigh fading channel 

environment and PAPR performances. In the simulations, the BER and PAPR accomplishments of the Classic MIMO-OFDM, the 

proposed FWHT-MIMO-OFDM and the suggested LWT-MIMO-OFDM systems are compared in the 22 MIMO-OFDM scheme, 

in which 2 transmit antennas and 2 receive antennas are used. Computer simulations are acquired with 1000 Monte Carlo channel 

loops for BPSK, 4-QAM, 16-QAM and 64-QAM modulations. All of the simulation works were performed employing 1000 

MIMO-OFDM data packets, 16-bit CP, 64 subcarriers and 64-point FFT operation [18]. 

 

A. Flat Rayleigh Fading Channel Simulation Results 

In the first chapter, in which BER-SNR simulation works are carried out in the flat Rayleigh fading channel surroundings, 
classical MIMO-OFDM and the proposed FWHT-MIMO-OFDM and proposed LWT-MIMO-OFDM systems are compared. BER-
SNR performances are acquired for BPSK and 4-QAM signals. 

The impacts of distinctive wave families for BPSK modulation on the BER accomplishment of the suggested LWT-MIMO-
OFDM system are shown in Figure 3. 

 



 

Fig. 3. The acquired BER performances of the offered LWT-MIMO-OFDM technique with distinctive wave families 

in flat Rayleigh fading channel for BPSK signal. 

 In Fig. 3, as the effects of distinctive wave families such as bi-orthogonal1.1, bi-orthogonal3.3, coiflets1, daubechies6, 
daubechies8, haar, lazy, symlets3 and symlets8 on the acquired BER accomplishment of the offered LWT-MIMO-OFDM system 
are inspected in the flat Rayleigh fading channel for BPSK signal, it is seen that the best accomplishment is obtained with the lazy 
wave family and the worst accomplishment is obtained with the symlets8 wave family. The accomplishment of other wave families 
tumbles between the performances of these two wave families. Since the best accomplishment is obtained with the lazy wave 
family in this simulation, the lazy wave family is used in the suggested LWT-MIMO-OFDM system in the next comparison. 

 The BER performances of classical MIMO-OFDM, proposed FWHT-MIMO-OFDM and suggested LWT-MIMO-OFDM 
systems are compared for BPSK signal in Figure 4. 

 

Fig. 4. Evaluation of BER-SNR accomplishments of traditional MIMO-OFDM, offered FWHT-MIMO-OFDM and offered LWT-MIMO-OFDM systems  

in flat Rayleigh fading channel for BPSK modulation. 

 From Figure 4, where the BER-SNR performances are evaluated, it is noticed that the suggested FWHT transform has no 
assistance to the BER performance of MIMO-OFDM systems in the flat Rayleigh fading channel environment. The performances 
of the classical MIMO-OFDM and the proposed FWHT-MIMO-OFDM systems are almost the same. However, it is perceived that 
the proposed LWT-MIMO-OFDM scheme surpasses both methods and gives roughly 6 dB SNR development for 1E-4 BER level. 

 The effects of different wavelet families for 4-QAM modulation on the BER accomplishment of the offered LWT-MIMO-
OFDM technique are illustrated in Fig. 5. 



 

Fig. 5. The acquired BER accomplishments of the offered LWT-MIMO-OFDM method with distinctive wave families 

in flat Rayleigh fading channel for 4-QAM signal. 

 As Fig. 5 is examined, it is noticed that the best accomplishment is attained with the lazy wave family, similar to the previous 
BPSK modulation. Therefore, as the best accomplishment is attained with the lazy wave family in this simulation, the lazy wave 
family is employed in the offered LWT-MIMO-OFDM system in the next evaluation. 

 The BER accomplishments of traditional MIMO-OFDM, suggested FWHT-MIMO-OFDM and offered LWT-MIMO-OFDM 
systems are compared for 4-QAM signal in Figure 6. 

 

Fig. 6. Evaluation of BER-SNR accomplishments of traditional MIMO-OFDM, offered FWHT-MIMO-OFDM and offered LWT-MIMO-OFDM systems  

in flat Rayleigh fading channel for 4-QAM signal. 

 As Fig. 6 is analyzed, it is understood that similar outcomes and gains to the prior BPSK modulation were obtained. It is 
observed from Figure 6 that there is an increase in SNR values as only the degree of modulation increases. 

 

B. PAPR Simulation Results 

In the 2nd chapter, in which PAPR simulation works are performed, classical MIMO-OFDM and proposed FWHT-MIMO-
OFDM and proposed LWT-MIMO-OFDM systems are compared. PAPR performances are obtained for 16-QAM and 64-QAM 
modulations. 

Since each antenna has a SISO-OFDM signal in MIMO-OFDM systems, a discrete-time OFDM signal can be expressed 
mathematically as in the formula below. 

 𝑥[𝑛] = 1√𝑈 ∑ 𝑋[𝑘]𝑒𝑗2𝜋𝑘𝑛𝑈𝑈−1
𝑘=0 , 0 ≤ 𝑘 ≤ 𝑈 − 1 (12) 



 

Here, 𝑛 are discrete sampling points. 𝑋[𝑘] is the modulated data and 𝑈 is the number of subcarriers. Equation (12) expresses the 

inverse discrete Fourier transform (IDFT). 
For calculating the actual PAPR value of the continuous time OFDM signal in practical applications, in a discrete time OFDM 

signal; By adding (𝐿 − 1)𝑈 zeros to the discrete-time 𝑥[𝑛] OFDM signal, 𝐿 times upsampling is applied. The signal 𝑥[𝑛], 
consisting of the IFFT point of length 𝐿𝑈, can be described as: 

 𝑥[𝑛] = ∑  𝑋[𝑘]𝑒𝑗2𝜋𝑘𝑛𝐿𝑈𝐿𝑈−1
𝑘=0 , 0 ≤ 𝑛 ≤ 𝐿𝑈 − 1 (13) 

 

 Thus, the PAPR value of an OFDM signal can be defined as: 

 𝑃𝐴𝑃𝑅(𝑥[𝑛]) = 10 log10 [ max0≤𝑛≤𝐿𝑈−1{|𝑥[𝑛]|2}𝐸{|𝑥[𝑛]|2} ] (14) 

 

Here, max [. ] is the peak power of the signal, and 𝐸[. ] is the expected value of the signal.  

 In this study, 2 antennas are used in the transmitter for 𝑿[𝒌] = [𝑋1[𝑘]  𝑋2[𝑘] ⋯  𝑋𝑀[𝑘]]𝑇 input signal in MIMO-OFDM 

system. Therefore, time domain 𝑥1[𝑛] and 𝑥2[𝑛] signals are obtained by applying IFFT to 𝑋1[𝑘] and 𝑋2[𝑘] signals produced for 2 

antennas. Thus, the PAPR value in the MIMO-OFDM scheme can be expressed as follows [19]: 

 𝑃𝐴𝑃𝑅𝑀𝐼𝑀𝑂 = 𝑚𝑎𝑥{𝑃𝐴𝑃𝑅(𝑥1[𝑛]), 𝑃𝐴𝑃𝑅(𝑥2[𝑛])} (15) 

 

 The success of a PAPR reduction method is evaluated by the Complementary Cumulative Distribution Function (CCDF) 

measurement criterion. This value can be described as: 

 𝐶𝐶𝐷𝐹[𝑃𝐴𝑃𝑅(𝑥[𝑛])] = 𝑃𝑟[𝑃𝐴𝑃𝑅(𝑥[𝑛] > 𝛿)] (16) 

 

Here, 𝛿 represents a certain threshold level and 𝐶𝐶𝐷𝐹[. ] depicts the probability that the PAPR value of the 𝑥[𝑛] signal is higher 

than the 𝛿 threshold level.  

 The impacts of distinctive wave families on the PAPR accomplishment of the offered LWT-MIMO-OFDM system are shown 

for 16-QAM signal in Figure 7. 

 
 

 

 

 

 

 

 



 

Fig. 7. The obtained PAPR accomplishments of the offered LWT-MIMO-OFDM technique with distinctive wave families 

for 16-QAM signal. 

 When Fig. 7 is inspected, the impacts of distinctive wave families such as bi-orthogonal1.1, bi-orthogonal3.5, coiflets1, 
daubechies6, daubechies8, haar, lazy, symlets3 and symlets8 on the acquired PAPR performance of the proposed LWT-MIMO-
OFDM system for 16-QAM signal, it is seen that the best accomplishment is acquired with the lazy wave family and the worst 
accomplishment is obtained with the daubechies6 wave family. The performance of other wave families falls between the 
performances of these two wave families. Since the best accomplishment is obtained with the lazy wave family in this simulation, 
the lazy wave family is used in the suggested LWT-MIMO-OFDM system in the next comparison. 

 The PAPR performances of classical MIMO-OFDM, proposed FWHT-MIMO-OFDM and proposed LWT-MIMO-OFDM 
methods are evaluated in Fig. 8 for 16-QAM signal. 

 

Fig. 8. Evaluation of PAPR accomplishments of classic MIMO-OFDM, suggested FWHT-MIMO-OFDM and recommended LWT-MIMO-OFDM systems  

for 16-QAM signal. 

 From Figure 8, where PAPR performances are analyzed, it is noticed that although the suggested FWHT conversion has no 
contribution to the BER performance of MIMO-OFDM systems, it surprisingly provides a PAPR development of roughly 1 dB for 
1E-3 PAPR level versus MIMO-OFDM systems. However, it is noticed that the best PAPR accomplishment is acquired with the 
proposed LWT-MIMO-OFDM scheme and approximately 1.8 dB PAPR development is achieved for 1E-3 PAPR level compared 
to the MIMO-OFDM system. 

 The impacts of distinctive wave families on the PAPR accomplishment of the suggested LWT-MIMO-OFDM system are 
demonstrated in Fig. 9 for 64-QAM signal. 

 



 

Fig. 9. The obtained PAPR accomplishments of the offered LWT-MIMO-OFDM technique with distinctive wave families 

for 64-QAM signal. 

 As Fig. 9 is ispected, it is noticed that the best accomplishment is attained with the lazy wave family, similar to the previous 16-
QAM modulation. Therefore, since the best accomplishment is obtained with the lazy wave family in this simulation, the lazy wave 
family is used in the suggested LWT-MIMO-OFDM system in the next comparison. 

 The PAPR performances of classical MIMO-OFDM, proposed FWHT-MIMO-OFDM and proposed LWT-MIMO-OFDM 
systems are compared in Figure 10 for 64-QAM modulation. 

 

Fig. 10. Evaluation of PAPR accomplishments of classic MIMO-OFDM, suggested FWHT-MIMO-OFDM and recommended LWT-MIMO-OFDM systems  

for 64-QAM modulation. 

 Analyzing Figure 10, it is understood that similar outcomes and gains were acquired to the prior 16-QAM modulation.  

 

V. CONCLUSION 

In this article, it is proposed to combine LWT conversion and MIMO-OFDM system as a solution to PAPR problem, which is 
one of the biggest drawbacks of multi-input multi-output multi-carrier communication systems. In addition, the effects of FWHT 
conversion on the MIMO-OFDM system were investigated. While no contribution could be made to the BER performance with the 
proposed FWHT-MIMO-OFDM method, it was surprisingly observed that a PAPR gain of 1 dB was provided over the PAPR 
performance. However, the advantages of MIMO-OFDM systems such as high access quality, high data rates and spectral 
efficiency are further enhanced by the proposed LWT conversion. With the proposed LWT-MIMO-OFDM system, providing 
approximately 6 dB of SNR gain and approximately 2 dB of PAPR gain has revealed the importance of the study. Understanding 
that LWT conversion can be effective at these levels in MIMO-OFDM systems is the most important outcome of this article.  From 
these inferences, it has been understood that LWT conversion is a very important method to be considered in 6G and beyond new 
generation communication technologies. 
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